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Introduction

Since their introduction in 1988, Macdonald polynomials (described in [39]) have played a central
role in algebraic combinatorics. These polynomials are actually symmetric functions with coeffi-
cients in Q(g,t), and for appropriate specialisations of ¢ and ¢ they reduce to many well-known
families of symmetric functions, such as Schur functions, Hall-Littlewood polynomials, Jack poly-
nomials, and much more. Immediately after their introduction, a slightly modified version of the
Macdonald polynomials has been conjectured to be Schur positive, i.e. to be a linear combination
of Schur functions with coefficients in N[g, ¢].

Motivated by this conjecture, in the 90’s Garsia and Haiman introduced the S,,-module of diagonal
harmonics, i.e. the coinvariants of the diagonal action of S;, on polynomials in two sets of n variables,
and they conjectured that its Frobenius characteristic was given by Ve,,, where V is the nabla
operator on symmetric functions introduced in [3]. This conjecture was known as (n + 1)"~1
conjecture, the name coming from the dimension of the module. In 2001 Haiman proved the famous
n! conjecture, (now n! theorem) in [33], and in 2002 he showed how this results implies the (n+1)"~!
conjecture in [34]. Later the authors of [26] formulated the so called shuffle conjecture, i.e. they
predicted a combinatorial formula for Ve,, in terms of labelled Dyck paths, which refines the famous
g, t-Catalan formulated by Haglund in [23] and then proved by Garsia and Haglund in [I8]. Several
years later in [28] Haglund, Morse and Zabrocki conjectured a compositional refinement of the
shuffle conjecture, which specified also the points where the Dyck paths touched the main diagonal.
Recently Carlsson and Mellit in [6] proved precisely this refinement, thanks to the introduction of
what they called the Dyck path algebra.

In [29], Haglund, Remmel and Wilson conjectured a combinatorial formula for A, e, in terms

of decorated labelled Dyck paths, which they called Delta conjecture, after the so called Delta
operators Ay (and their slightly modified version A’), defined for any symmetric function f, which
have been introduced by Bergeron, Garsia, Haiman, and Tesler in [3]. In fact in the same article
[29] the authors conjectured a combinatorial formula for the more general Ay, A, e, in terms
of decorated partially labelled Dyck paths, which we call generalised Delta conjecture.

These problems have attracted considerable attention since their formulation: a partial list of works
about the Delta conjecture is [8] [16} 29, [30] 40| 4T 42|, [45], 46]. One of the two results that we will
present in this thesis is an important special case of the generalised Delta conjecture, the Schroder
case, i.e. the case (-, e,_qhq), which we proved in [I1I] by generalising some families of symmetric
functions introduced in [§].

In [38] Loehr and Warrington conjectured a combinatorial formula for Vw(p,,) in terms of labelled
square paths (ending East), called square conjecture. The special case (-,e,) of this conjecture,
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known as ¢, t-square, has been proved earlier by Can and Loehr in [5]. Recently the full square
conjecture has been proved by Sergel in [43] after the breakthrough of Carlsson and Mellit in [6].

The other main result that we will state in this thesis is the Schriéder case of a new conjecture of

ours, which extends the square conjecture of Loehr and Warrington. In fact, in [9], we conjectured

a combinatorial formula for [ﬁ;]]j]‘AhmAewkw(pn) in terms of decorated partially labelled square

paths that we call generalised Delta square conjecture. This reduces to the conjecture of Loehr and
Warrington for m = k = 0. Moreover, it extends the generalised Delta conjecture in the sense that
on decorated partially labelled Dyck paths it gives the same combinatorial statistics. Notice that
our conjecture answers a question in [29]. In the same work, we also prove the Schrider case, i.e.
the case (-, e,_qhq); the proof, as we already mentioned, will be presented in this thesis.

Some of the results regarding the Delta conjectures, expression by which we mean all the formu-
lations and variants provided so far, are also related to parallelogram polyominoes. These objects
and their relevant statistics will also be presented in this thesis, as they provide interesting material
to understand the combinatorics behind the Delta operators. The combinatorics of lattice paths
and parallelogram polyominoes, and the proofs of the Schréder cases of the two aforementioned
conjectures, will constitute the body of this thesis.

The statistics for parallelogram polyominoes have been first introduced in [I], then extended in [§]
and [II] to decorated objects. These extensions happen to match several g, t-enumerators for some
special cases of the Delta conjectures, and are especially useful in understanding some intermediate
steps in the algebraic recursions we use in the proofs, which are otherwise lacking a combinatorial
interpretation in terms of Dyck paths.

More results about these conjectures include the case ¢ = 0 of the generalised Delta conjecture,
which we proved in [I0]; this case happens to coincide with the case ¢ = 0 of both the generalised
Delta conjecture and generalised Delta square conjecture, which extends the result for m = 0 proved
in [16]. In [7] we also provided a non-compositional proof of the (-, e,—;_rh;hy) case of the shuffle
conjecture, and a connection between the newdinv statistic introduced in [I3] (further discussed in
[35]) and a more natural statistic on partially labelled Dyck paths.

This thesis is organised in the following way. In the first chapter, we are going to introduce all the
symmetric functions background needed to understand the setting, and then we prove an important
algebraic identity that will be crucial later on. In the second chapter we deal with the combinatorics,
giving all the relevant definitions of lattice paths, polyominoes, and their statistics; we also show
some interesting bijections which we can use to switch from a bistatistic to another. In the third
chapter we give the statement of the Delta conjectures, of which some are now theorems, and a
brief explanation about how to interpret the scalar products combinatorially. In the fourth and the
fifth chapter we state and prove the combinatorial and algebraic recursions respectively, show that
they coincide, and deduce the desired identities for the the Schroder case of both the Delta and
Delta square conjectures. In the sixth and last chapter we give an overview of the state of the art
for this family of conjectures, as well as some open problems and ideas on how to approach them.



CHAPTER

Symmetric functions

The goal of this chapter is to introduce all the algebraic structures needed to state and prove the
results. The background setting of this thesis is the algebra of symmetric functions.

1.1 Basics

Let K be a field, and let K[zy,...,2,] be the polynomial algebra on n variables over K The
symmetric group S,, acts naturally on this algebra by ¢ - z; = z,,, where the action is defined on
the generators z1,...,z, and extended as an algebra morphism. The fixed points of this action
form a subalgebra known as symmetric polynomials. In order not to be limited by the number of
variables, we introduce a bigger algebra that shares many relevant properties with the symmetric
polynomials.

For m > n we have a projection map pmn: Kz1,...,z,m] = K[z, ..., 2,] defined by ppn(z;) =
di<n;, i.e. it is the identity if ¢ < n, and O otherwise. These projections naturally restrict to the
symmetric polynomials and allow us to define the projective limit algebra A.

Definition 1.1. We define the symmetric functions algebra as
A =1mK[zy,... ,xn]s"
iy

in the category of graded rings, meaning that it is the direct sum (over the degree) of the inverse
limits of the homogeneous components in fixed degree.

We need to take the projective limit in the category of graded rings in order to only have formal
power series of bounded degree. The symmetric functions algebra A is endowed with an extremely
rich structure. In fact, it is graded, it has a non-degenerate scalar product, and it also has a Hopf
algebra structure.
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The grading is the natural one inherited from the polynomial algebras, and it is well defined as
every element is a formal power series of bounded degree. We denote by A4 the vector space of
symmetric functions that are homogeneous of degree d. The Hopf algebra structure is more easily
defined in terms of plethystic notation, which we will introduce later in this chapter. From now on
we are going to assume K to be a field of characteristic 0.

There are three well-known families of symmetric functions that generate A as a K-algebra, defined
as follows.

Definition 1.2. For n € N, we define eg = hg = pg = 1, and for n > 0 we define

° e, = Zi1<i2<---<in Ti, Tiy - - - T;, t0 be the n-th elementary symmetric function,
e h, = Eilgiggmgin Zi, Tiy - - - T;, to be the n-th complete homogeneous symmetric function,

® pp =) ;5 ;" to be the n-th power symmetric function.

In other words, e, is the sum of all the squarefree monomials of degree n, h,, is the sum of all the
monomials of degree n, and p,, is the sum of all the n-th powers of the variables. It turns out that
all these three families generate A as an algebra, as per the following theorem.

Theorem 1.3 ([44], Theorem 7.4.4, Corollary 7.6.2, Corollary 7.7.2]).

A:K[61,627...] :K[hth,...] :K[p17p27...].

Now we can look for bases of A as vector space.

Definition 1.4. A partition A\ = n of n € N is an element A = (A, A2,...) € NV such that
i > A; for i > j (i.e. the sequence is weakly decreasing) and > \; = n.

Its length is the minimum index £()) such that Ayy)41 = 0.

Since all the three families {e,, | n € N}, {h,, | n € N}, {p, | n € N} generate A as an algebra, the
monomials ey = ey, ex, - €Xiin) for A - n (and the analogously defined hy and p)) generate A
as a vector space. Thus we have three bases of A indexed by partitions.

Definition 1.5. For A - n, we define its Ferrers diagram to be the set of cells

FO) ={(i,7) |1 <i< A\, 1<j<lN)}.

Definition 1.6. For any partition A\, we define its transpose X' by X, == #{j | A; > i}, i.e. the
partition whose Ferrers diagram is the transpose of the one of \.
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It is convenient to also introduce the multiplicity of i in X, defined as m;(\) = #{j | \; = i}. It
is immediate that m;(\) = X, — A, ;. Let zy = [T k™*Mmy(\)!, which is the size of the conjugacy
class of a cycle of type A in ). One can show the following.

Proposition 1.7 ([44] Proposition 7.7.6]). For n € N, we have

AFn

The space A has two other notable bases, also indexed by partitions. We need a few preliminary
definitions.

Definition 1.8. A weak composition o F n of n € N is an element o = (a1, a9,...) € NV
such that Y «; = n. Its underlying partition A(a) F n is the partition of n obtained from « by
rearranging the a;’s in decreasing order.

We can now introduce the first of the two bases.

Definition 1.9. For A F n, we define

my = g x1a1x2a2

aFn

Ala)=A

to be the monomial symmetric function indexed by .

In other words, m is the sum of all the monomials whose exponents are exactly the parts of A. It
is clear that these elements form a basis of A(™).

Partitions admit two natural partial orderings.

Definition 1.10. The containment order on partitions is defined as

LCA <<= pu; <X\ foralli>1.

Definition 1.11. The dominance order on partitions is defined as

k k
pE<A = ) <Y N forall k> 1.

i=1 i=1
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Definition 1.12. Let A+ n and let F' = F()) be its Ferrers diagram.

A semi-standard filling of F is a function f: F — N\ {0} that is weakly increasing along rows
and strictly increasing along columns.

A standard filling of F is a bijective function f: F' — [n] that is strictly increasing along rows
and columns, i.e. a semi-standard filling whose entries form the set [n].

A standard (resp. semi-standard) Young tableau is a Ferrers diagram together with a standard
(resp. semi-standard) filling.

H[\D»Jk@‘

Figure 1.1: A semi-standard Young tableau of shape A = (5,4,2,1).

The underlying partition of a Ferrers diagram is called shape of the diagram. We denote by SYT())
(resp. SSYT(X)) the set of standard (resp. semi-standard) Young tableaux of shape A. It is now
possible to introduce the second basis.

Definition 1.13. For A F n, we define

ss= > e

(F,f)eSSYT(X) ceF

to be the Schur symmetric function indexed by A.

It is not obvious a priori that sy is a symmetric function, but in fact the Schur functions form
a basis of A. To show that they are symmetric functions, the traditional argument is to give
a different definition and then show that the two are equivalent by using a known lemma by
Lindstrom—Gessel-Viennot. More details can be found in [44] Section 7.15-7.16], we will only
restate a theorem we need, which is [44] Theorem 7.16.1].

Theorem 1.14 (Jacobi-Trudi identity). For A - n, we have

sy = det ((hA’iJrj*i)ffj)\)Xe(A)) .

The easiest way to show that the Schur functions are, in fact, a basis of A is the following combi-
natorial formula, which gives a unitriangular relation.
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Proposition 1.15. For A\ - n, we have

SA = E KAMWHL

pEn

where K, is the number of semi-standard Young tableaux of shape A and content p (i.e. the
filling has py 1’s, us 2’s, and so on).

Furthermore, K =1 and K, = 0 unless p < A in the dominance order.

Proof. The combinatorial identity is trivial once we know that the Schur functions are symmetric.

It is easy to see that Ky = 1, as the only way to fill a diagram of shape A with content A is to
have all the 1’s in the first row, all the 2’s in the second row, and so on.

Finally, if g € X in the dominance order, there exists k such that puy +--- 4+ pux > A1 + - + Ag; by
pigeonhole in a diagram of shape A and content p there must be a number lesser or equal than k
in a cell (4,7) with j > k, which is impossible because the columns have to be strictly i 1ncreasmg
Thus K, = 0 unless u < A in the dominance order.

We can introduce a notable endomorphism of A.

Definition 1.16. We define an algebra morphism w: A — A on the generators e,, by w(e,) = hy.

Proposition 1.17. The morphism w is an involution. Moreover, w(p,) = (=1)""!p, and
w(sx) = sx.

Proof. First of all, let us write the generating functions for e,, h,, and p,.

E(t) = ent" = [[(1+xit)

neN >0
1
hot"™ =
=2 =115
neN >0
1
P(t) :Zp”tn221f:r-t
neN i>0 v

We have the identities

d Iit 1
b H(t) = (;1_%75) (]1 1_m> = (P(t) = 1)H(t)
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Equating the coefficients, we have

n

n
nh, = Zpihn_i and ne, = Z(—l)z_lpien—i~
i=1

i=1
Applying w to the second identity and equating the coefficients again, we get w(p,) = (=1)""1p,,
as desired. This implies that w is an involution.

Now, notice that H(t)E(—t) = 1. We have the identity

n

S (1) eihn—i = no

=0

which is equivalent to saying that, given n € N, the matrices (h;—;); ;" and ((—1)i_jei,j)ﬁ;” are
inverses of each other. If A is any partition such that ¢(\) + ¢(\") < n, looking at the appropriate

minors one can show that
det ((hk7¢+j—i)f7(]f\)><€(>\)> = det ((6/\2+j—i)f,(f)xa’\)) .

Applying w and recalling Theorem [1.14] we have w(sy) = sy, as desired. Z

The Hall scalar product

We can now define a scalar product on A.

Definition 1.18. We define the Hall scalar product on A by declaring that the Schur functions
form an orthonormal basis, i.e.
(82 8u) = Ox -

This scalar product has several nice properties. First of all, notice that w maps an orthonormal
basis to itself, and thus it is an isometry. We also have that (hx,m,) = dx,, and (px,pu) = Ox u2x.

It is also worth noticing that the Hall scalar product is homogeneous, i.e. A® 1 AU for i # j.
This means that, when taking a scalar product, we can only look at the parts that are homogeneous
of the same degree.

Definition 1.19. For f € A, we define the operator f* as the adjoint of the multiplication by
f. Namely, for every g,h € A, we have (f+g,h) == (g, fh).

Using the Hall scalar product, we can derive the following.

Corollary 1.20. For - n, we have

hM = Z K)\MS,\.
AFn
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Proof. From Proposition [1.15, we have (hy,s,) = K»,. The statement follows immediately. 2

Definition 1.21. We define the classical statistic on partitions n: {u | p = m,m € N} = N as

£(pe)

n() = 3"~ Dy

i=1

If we identify the partition p with its Ferrers diagram, i.e. with the collection of cells
()1 1<i<pm,1 <5<}

then for each cell ¢ € u we refer to the arm, leg, co-arm and co-leg (denoted respectively as
a,(c), lu(c), au(c), 1u(c)") as the number of cells in u that are strictly to the right, above, to the
left, and below ¢ in p, respectively (see Figure [1.2)).

I

Leg

Co-leg

Arm

Co-arm

Figure 1.2: Statistics on a Ferrer diagram.

1.2 Plethystic notation

The algebra A is endowed with yet another operation, the composition (or plethysm). We need to
introduce the plethystic notation first. See for example [37] for further details.

From now on, our base field will the field K := Q(g, ) of rational functions in two variables with
rational coefficients. Let Q(q,t)((x1,x2,...)) be the field of formal Laurent series in the indetermi-
nates x1, To,... with coefficients in Q(q,t). Recall that A = Q(q,t)[p1,pe, .. .| as algebra. Let

F=Y hatpreA
A

with fx(g,t) € Q(q,t), and let A(x1,x9,...5q,t) € Q(q,t)((x1,x2,...))-

Definition 1.22. The plethystic evaluation of f in A is

ey
fl4] = Z (g, t) H Az M x5 g M) € Qg 1) (w1, 22, .. 4).
A i=1
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Equivalently, f[A] is the image of the Q(g,t)-algebra homomorphism mapping p, to the formal
Laurent series obtained from A by rising every variable (including ¢, t) to the n-th power.

It is easy to check that f[z1 4+ 22+ ...] = f(x1,22,...). More generally, if A has an expression as
sum of monomials (possibly containing q,¢, but all with coefficient 1), then f[A] is the expression
obtained by replacing the z;’s with such monomials. In this sense, we can interpret a sum of
monomials as an alphabet, and a sum of expressions as concatenation of alphabets. We will write

XZ:SC1+IE2+...

(and the same for Y, Z) as a shorthand for a sum of variables.

The plethystic evaluation has several nice properties.

o If g€ A CQ(q,t)((x1,22,...)), then f[g] € A. This operation, called plethysm, is associative.

o If f € A then f[uX]=u?f[X] for any indeterminate u, and f[—X] = (—1)%wf[X]. Notice
that evaluating the indeterminates does not commute with the plethystic evaluation.

e The coproduct A(f[X]) = f[X + Y] and the antipodal map S(f[X]) = f[—X] define a Hopf
algebra structure on A.

e Let ¢ be the automorphism defined by f[eX] := wf[—X]. It corresponds to the substitution
x; — —x; (which is not the same as X — —X).

Since the sum of two alphabets can be seen as the concatenation, we can easily derive the following
summation formulae.

Proposition 1.23. For n € N, the following summation formulae hold.

e[ Xlen—ilY] and h,[X+Y]= Zn:hi[X]hn_i[Y].

n
=0 =0

en[X+Y] =

A detailed proof of this statement can be found in [37]. Now recalling that, if f € A(), then
f[-X] = (-1)"wf[X], we immediately get the following corollary.

Corollary 1.24. For n € N, the following subtraction formula holds.

n

en|X Y] = Z(—l)”_iei [X]hn—i[Y]

To deal with the products, we need the Cauchy identity.
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Theorem 1.25 (Cauchy identity). Let {ux | A F n,n € N}, {vx | A F n,n € N} be a pair of
dual bases of A with respect to the Hall scalar product. Then for n € N,

ZZU)\[XU Y

AFn

Proof. First of all, notice that the following are equivalent:

1. There exists a pair of dual bases {uy}, {vs} such that h,[XY] =", ur[X]vA[Y];
2. For every pair of dual bases {uy}, {va} the identity h,[XY] =3, ua[X]vx[Y] holds;
3. For every f € A, (h,[XY], f[X]) = f[Y].
It is immediate that (3.) = (2.) = (1.) = (3.), hence the statements are all equivalent. To

prove the statement is therefore sufficient to show (1.) for a pair of dual bases of our choice; we will
do that for {p,} and {2 }.

In particular, we will show that
Y haxY] =[] S > im[X]m[Y]
21—y 2
neN ij=1 A

and the statement will follow by isolating the part in degree n (because A is graded).

The first equality is trivial as XY = ) x;y; and the infinite product is precisely the generating
function for the complete homogeneous symmetric functions. The second equality requires a little
more work. We have

1
H m = Hexp log(l — xzy]))

4]

oo (3502 ) o 3 22
:exp@ky%[?"}cmm) > (ZM )n
S S () T (e

n S ar=n

=Y LX)
N A

where in the last step we collect the compositions with the same parts sizes. This proves the
theorem. 2

(e}

7N
s}
L
><

\_7
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We introduce a translation operator.

Definition 1.26. We define the translation operator 7,: A[[z]] — A[[z]] as 7, (f[X]) = f[X +z2].

This operator can be computed using the following formula.

Proposition 1.27 (20, Theorem 1.1]). For z any variable, we have

T, = Z 2 h,

reN

1.3 g-notation
Before moving to the next family of symmetric functions, it is convenient to introduce the so called

g-notation. In general, a g-analogue of an expression is a generalisation involving a parameter ¢
that reduces to the original one for ¢ — 1.

Definition 1.28. For a natural number n € N, we define its g-analogue as

[nly = P

Given this definition, one can define the g-factorial and the g-binomial as follows.
Definition 1.29. For 0 < k < n € N, we define

— - an n_ [n]q!
it = 1114, and M [Falln — ]

Many results about binomials naturally generalise to their g-analogues. For example, we have the
following.

Proposition 1.30 (g-Pascal identities). For 0 < k < n € N, we have the two identities

A TR P A e A P
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Proof. We have
HIS ot
oMo
[k]q k-1 q

ol I

k[nl} N {nl}

=dq

ko1, k—1],

as desired. The second identity follows immediately by swapping k and n — k. 2

Using this identities, which generalise the standard Pascal identities for binomial coefficients, it is
easy to show by induction that the g-binomials are actually polynomials with non-negative integer
coefficients.

It is convenient to introduce another notation, namely the ¢-Pochhammer symbol.

Definition 1.31. For z any variable and n € NU {co}, we define the g-Pochhammer symbol as

n—1
(@ q)n = [[(1 —2¢") = (1 - 2)(1 — 2)(1 —2¢°) - (1 —wq" ")
k=0
This notation is often handy. For example, we have the obvious identity [n],! = %, or the

following theorem due to Cauchy.

Theorem 1.32 (g-binomial theorem). For x any variable and n € N, we have

(2;q)n = i(—l)kq(‘ﬁ) |:Z:|q$k

k=0

We also have the following plethystic expansions for the elementary and complete homogeneous
symmetric functions.

Proposition 1.33. For k,n € N we have

k

exllnlg] = ¢®) m - and hillnly) = [" * : - 1] )

Furthermore we have the extension for n = oo, namely

o [1} — %

1—-gq

(¢ Dk
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See [44, Theorem 7.21.2, Corollary 7.21.3| for a proof of these statements.

Before moving on, we need to extend the definitions of g-binomial, as we will need a slightly stronger
version of Proposition [I.30] later.

Definition 1.34. For n, k € Z we define the ¢g-binomial as

")

] -seiE
B, 0 (@or

which agrees with Definition for 0 <k <n.

This modified definition is not necessarily symmetric in & and n — k unless 0 < k& < n. Also notice
that, since (z;¢)o = 1 as the ¢-Pochhammer symbol yields an empty product, then

{n} =1 for any n € Z.
P

Proposition 1.35. The first g-Pascal identity

NI R ]

holds for any n,k € Z.

Proof. For k < 0 and any n the statement reduces to 0 = 0+ 0; for £ = 0 and any n the statement
reduces to 1 = 1+ 0; for £ > 0 and n = 0 the statement reduces to

-1

1 _
0=10k1-¢q T 1 + k1
—q
(which is true); finally for &k > 0 and n # 0 we have
[”} _ (" F 1 g
klg (¢ )k
" @M 1" (@M
L—q" (¢ L—q" (¢
_ g (" %0k | (@
(@ 9k (4 @)k—1

_qk[n—l] N [n—l]
k g kflq

as desired.
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1.4 Macdonald polynomials

The Macdonald polynomials form another basis of the symmetric functions. They have been in-
troduced by Tan Macdonald in [39], and since then they played an important role in algebraic
combinatorics.

Remark 1.36. Macdonald polynomials can be defined in abstract starting from any root system. We
will only consider the one associated to the symmetric group, and we will actually use a modified
version that fits our purposes better.

As all the bases of A that we already introduced, Macdonald polynomials are also indexed by
partitions. Unlike the other bases, though, the definition of Macdonald polynomials relies on the
fact that the base field is Q(g,t).

Definition 1.37 (|32, Proposition 2.6]). The (modified) Macdonald polynomials ﬁu [X;q,t] are
defined by the triangularity and normalization axioms

(T1)  Hu[X(1—q)igt] = D aru(g, t)sx[X]
A>p

(T2)  HuX(1—1)iq.t] =Y bau(g,t)sr[X]
A>p!

(N)  (Hu[X;q,8], 50 [X]) =1

for suitable coefficients ay,(g,t), bau(g,t) € Q(q,1).

The modified Macdonald polynomials were actually first defined in terms of the original ones, but
since these properties characterise them uniquely, we will use this result as definition to avoid
introducing other families of symmetric functions that we are not going to use.

Let M = (1 — q)(1 —t). For every partition u, we define the following constants:

B Bula.t) = a0,

cep

DH::D ( ):MB (g,t) -1,

T, = = J[ @@ = g2t — ¢ (B,),
cEN

M, =T (qt) = [] (1—gu@),
cep/(1,1)

wy, = wy(q,t) = H(qau(c) — ¢l (ghu(e) _ gaul(e)+1y,
cep

We need to introduce a new scalar product on A.
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Definition 1.38. We define the star scalar product on A as

<f7 g>* = <wf[MX]7g>

It turns out that the Macdonald polynomials are orthogonal with respect to the star scalar product.
More precisely,

<ﬁ)\7f_jﬂ>* = w#(Qat)é)\,#'

Macdonals polynomials are needed to define some linear operators that will be crucial later.

Definition 1.39 (J2, 3.11]). We define the linear operator V: A — A on the eigenbasis of
Macdonald polynomials as _ B
VH,=T,H,.

Definition 1.40. We define the linear operator II: A — A on the eigenbasis of Macdonald
polynomials as B B
IIH, =11,H,

where we conventionally set IIg := 1.

The following result is extremely powerful, and it can be used to derive many of the identities in
the remainder of this chapter.

Theorem 1.41 (|20, Theorem 1.2]). For every f € A, uF n, we have

<f[X],fI“[X + 1]>* = vilT—Ef[XHX:Du .

We will need some classical identities involving the Macdonald polynomials. The first one is the
Macdonald-Koorwinder reciprocity [89, VI (6.6)] (see also [25, Theorem 2.16])

Theorem 1.42 (Macdonald-Koorwinder reciprocity). Let uk m, v+ n. Then

,H,[MB,) =1,H,[MB,).

The Cauchy identity holds for any scalar product and any pair of dual bases. In particular, using the
star scalar product and the Macdonald polynomials (adequately normalised), we have the following.
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Proposition 1.43. For n € N, we have

pukEn H

Proof. We can rewrite (h,[XY], f[X]) = f[Y] as (e, [ZF], f[X])+ = f[Y]. Since {ﬁu} and {%}
are dual with respect to the star scalar product, we can use the same argument as Theorem
and the statement follows immediately. 2

We need a small lemma.

Lemma 1.44. For n € N, we have

Hiy (1 - ¢)X] = (¢:9)nha[X]-

Proof. By definition is immediate that (n) is maximal in the dominance order, i.e. A F n, A >
(n) = A = (n); now from Definition (T1) we have H(,,)[(1 — @) X] = an)ym)(q;1)sn)[X] as
the sum is composed of one term only.

Making the substitution X — X/(1 — q), we get

~ X
Hp) [X] = amy(n) (4, 1)S(n) [1(1} :

and now, since by Definition m (N) we have that <ﬁ(n) [X],5(n)[X]) = 1, we can take the scalar
product with s(,) and get

We have
= (bt [155])
(m)(m) mX]sm |74
(as 8(n) = hn) <hn h L_q]>
1
v (g imnl )
AFn
(by orthogonality) = h,, [ ]
—4q
1
(by[L33) =
thus a(,)(n)(¢,t) = (¢; ¢)n and the statement follows immediately. Z

As a corollary of Proposition [1.43] we get the following expansion.
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Corollary 1.45. For n,j € N, we have

1, H,[X]

Wy

enlX[flg = (1= ) Y hyl(1 = 1)B,]
pukn

Proof. We have

eal XDl = e |2

by [C23) = 3 2 [{}f]

pukEn

H,[X]

H,[MB)| 1, H,[X
3 ) [X]

(as By = [lq) =

uhn 1T, Wy
_ H(j)[MBu] H#H#[X]
([ = 3 o e
pnEn J H

(by =Y [0 —1)B,] (g(qii 1L, H,[X]

(as Ty = (g:0)j-1) = (1 —¢7) > hy[(1 - t)B“]IW

pEn

as desired.

Evaluating at j = 1, we get the following.

Corollary 1.46. For n € N, we have

en[X] _ Z MBHHMHN[X].

We actually have a stronger result, but to prove it we need a lemma.

Lemma 1.47 (|39, Ex.2 p.362]). For every u b n, we have

<Hu[X]»S(n_k,1k)> = €k[Bﬂ - 1],

or equivalently N
<H,U[X]a ekhn—k> = ek[B/L]'
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Now we can state another expansion.

Proposition 1.48. For k € Z and n € N, we have

b [J\)H en—k [A)if] => M_

Proof. The expression is equivalent to

(o e 3] ) =i

By Definition and Lemma both terms are equal to (H,, exhy_1). The statement follows.

-

Finally, we define the Pieri coefficients as follows.

L

Definition 1.49. For k € N and f € A®), we define the Pieri coefficients ¢/, , df,, by

j[)(]Ljiﬁ[)(]:: 2{: Ciujiﬁ[)(L

vCr i

FIXIH,[X] = Y df, H,[X].

MO RV

where v Cy p means that v C p and |u| — |v| = k.

While the existence of the coefficients is a trivial because of linear algebra, the fact that the con-
tainments hold follows from [39, VI (6.7)] (see also [19]).

We can immediately derive that
1 ~ ~ ~ X | ~ ”
wycl]:l’ = <fLH#[X]7HV>* = <H#[X]7wf |:M:| HV[X]> = wﬂd#lfj[X/M]

so these two families of coefficients determine each other. It is convenient to define c,(jf,), d,(ﬁ,) by

hitH [ X] = > B H,[X] and e HE] H,[X]= Y dH,[X].

vCir i MOV

We have the following expansion.

Proposition 1.50. For any p F n, we have
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Proof. We have

By = e1[B,]

(by [L.47) = ( u7€1hn 1)

(er = h) = (H, -1)

(by [LT9) = (s )

(by [[49) Z c“><H hni)
vCip

(by — Z )
vCip

as desired. »

This concludes the section. More results involving Macdonald polynomials will be stated after the
introduction of the Delta operators.

Delta operators

The study of the Delta operators began with the Nabla operator (see Definition [1.39), introduced
by F. Bergeron and A. Garsia in [2], which shows a surprising amount of positivity properties.

A key role in the theory is played by Ve,. This symmetric function is Schur positive (i.e. its
expansion in the Schur basis has coefficients in NJq, #]), and in fact it does more: it is the Frobenius
characteristic of the bigraded S,, module called diagonal harmonics (see [34]) and it g,t-counts
parking functions with respect to two statistics (see [26], [6]). We will show more of this later.

The Delta operators generalise, in some sense, the Nabla operator. Many of the Delta operators
show positivity properties as well, which lead to new conjectures about possible combinatorial
interpretations for these symmetric functions.

Definition 1.51. For f € A, we define the linear operators Ay, A}: A — A on the eigenbasis
of Macdonald polynomials as

Afﬁli = f[B/J]Erﬂv lfﬁ/_t = f[B/J - 1]-ﬁ,u

Notice that, since e, [B,] = T}, for - n, we have V.= @, Ac, [y . So, while the Nabla operator
is not strictly a Delta operator, it can be obtained by gluing Delta operators on the homogeneous
subspaces. In this sense the Delta operators generalise the Nabla operator.

Proposition 1.52. We have that

M=) (-1)FA,,

keN

where, since A _f =0 for f € A n >k, the sum is locally finite (i.e. it has a finite number
of non-zero addenda).
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Proof. Since Macdonald polynomials form an eigenbasis for both IT and Ay for any f € A, it is
enough to check that the corresponding eiggnvallues match. Let pu F n, let us identify it with its
Ferrer’s diagram, and for ¢ € p let p(c) = ¢%(©1.(¢) We have

M= [ (1-guthl)

cepn/(1,1)
(expanding the product) = Z(fl)k Z H PRACIAC)
k=0 SCu/(1,1) c€S
#S=

n
(by definition of B, and plethysm) = Z(—l)kek[BM —1]
k=0

(as B, — 1 has n—1 terms) = Z(—l)kek[Bu —1]
keN

so the corresponding eigenvalues are equal, as desired.
Definition 1.53. For 0 < k < n, we define the symmetric function E,, by the expansion

en [Xl — Z] _ i <Z_;Q)kEn,k-

L—q] = (G

Notice that setting z = ¢/ we get

1—¢ " (¢7; (k45 -1
o [X q } _ (q,q)kEn’k:Z{ +J ] o
k=0 k=0 q

l—q
and in particular, for j = 1, we get
en=Epno+E,1+Ep2+---+E,,,
so these symmetric functions split e,,, in some sense. Notice that E,, o = 6, 0.

The following results will be useful later.

Lemma 1.54. For any symmetric function f € A, we have

<A€k f7 hn> = <f7 ekhn—k>-

Proof. Since the Macdonald polynomials are a basis, and the identity is linear in f, it is enough
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to show it for f = ﬁm uwEn.

<A5kﬁM[X]7 hn> = <ek[Bu}fI;u hn>
(by linearity) = ex[B,](Hyu, hn)
(by [L47) = ex[B,)]
(by [L47) = (H,u, exhn-i)

as desired.

1.5 A summation formula

The goal of this section is to prove the following theorem.

Theorem 1.55 ([8, Theorem 4.6]). For m,n,s € N, we have

S 2l 10— 0B JenlB,]

w
,ul—ern H

S S0l 1 1 e e [

We start with a lemma, which is the case n = 0.

Lemma 1.56 (8, Theorem 4.8]). For m, s € N, we have

%;n th[(l —t)B,] = ét’”” {r M Z a 1] th L)_(q] P —r H;] :

Proof. By Definition [1.53] and by linearity of V, we have

" fr4s—1
Ve, [X[s]q] = Z [ .1 ] VE, .
r=0 q
By [25] Theorem 7.2] we have
VE,, =t""(1-q) Z Y N L, B dl X0,
vkEn—r /LDT

which can easily be rewritten as [25, Equation (7.86)], namely

9B =t s [2] 1 [ 2]).
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It follows that

r=0 q
= [rds—1] .. X X
=amny [ e (e [ [155))
r=0 q
By Corollary we have
Vem[X[slg = V(1—¢") > hi(1-1t)B w
w
pEm K

which we can rewrite, using Definitions [T.39] and [T.40] as

Vem[X[slg) = (1= ¢°) Y ha[(1— t)BH]M

pukEm Wh
and now, equating the two expressions and applying II~!, we get
T, H,[X —1 X X
S = T
pEm Wi q —4q
as desired. 22

Now we need another lemma, which is due to J. Haglund. The ideas behind the proof of this lemma
are extremely important, and following the steps carefully one can infer the general strategy we
used to prove our summation formula, which is the core result behind the algebraic recursions that
will appear later in the thesis.

Lemma 1.57. Let f € A such that V=17_ f[X = hs[(1 —t)Bylem[By]. Then

’X D,

Zfﬂj)qh (1 - 1)B, Zen . H JXD:

pkn

where (f[X]). denotes the homogeneous component of f[X] in degree z.

Proof. We know by Theorem that

FIXL HuX + 1) = Vo fIXD |y

so we can rewrite the condition as

ho[(1 = t)Bulem[By] = (FIX], Hu[X +1])..
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Now,
3 H;[X} hs[(1 = t)Bylem[Bu] = HulX] (fIX], Hu[X +1]).
ukn H pEn H
> el ix). 7 A x]).
pEn i
-y Al <f[X],Zhiﬁu[X]>
ukn K r=0 *
72 H,[X] < e [JX\A f[X],H,L[X]>
ukn H r=0 *
_ H;[X] < e [m (f[X]>n_r,ﬁu[X]>
pEn s r=0
=S e 37| 1D
r=0
as desired. ’

Now we need a couple elementary but technical lemmas about g-binomials.

Lemma 1.58 (8, Lemma 4.11]). For s,i € N we have

g/ m . i(—lf‘kq(ij) B - lﬂ q [k +Z _ 1] ]

k=0

Proof. We have
e S ili— .
gt H = ¢V h[[s — i+ 1]
tly
= hilg" s — i+ 1]

i—1 s
q —q
{ 1—gq ]

- i | _liqifl 1-¢°
(by—kz_ohl—k[ l—q}hk[l—CI]
= D e alli = gl

k=0

I =S [
> : :
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as desired.

Lemma 1.59 (|8, Lemma 4.12]). For r, s,z € N, we have

60 o > 5 I 8 Pt T P e

i=0 j=0

Proof of Lemma [[.59l We prove the identity for z € Z, r + z > 0, by induction on s and r + z.
This clearly implies that it holds for r, s,z € N.

Since we require r > 0, we need the extra base case r = 0. In this case, the statement reduces to

L N K B G

and we have

(irsi—2)=hs, 1] i(_l)izq(;) {s - zL

11—q] = 1—z
NP T N 4 Ll P
faz | T i;( Ve e - A

Yy e
Z%(l) T

s —i]g![i — 2!
=3 dne e [

as desired. For s = 0, the statement reduces to

s

1 1
b0 =3 eennrer [ es [

J=0
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and we have

1 1
) Z e [

as desired. For r + z = 0 the statement reduces to
i+ 1] 1 1
0r,005,0 = ;JZO q*? |: i :|q s—i ﬁ_ Citj |:_1q Cr—j ﬁ

and we have

1 1 1 ]
5r,05s,0 = [1—(] - 1_(}} (hs iq (17Q)s>

(by [23, [32) — (; Liq} Lﬂ) <h Liq} :0(1yq<;> H)
_gjzo Sl[llq}hi[ 1(1]%[11(1]6”[1:}
_gg D™ Si[liq}hi[liq]hjLiq}eT_j[liq}
=330 [ g e [ e [

as desired. Finally, if s > 0 and r 4+ z > 0 we have

e pta)

= [ ] -2 -2
(by[[39) = oP|" 77 <qszr+5 IR )
- q q q

z | s—z
(by [[35) — (;)_7'—|—z_ [r+s—2 +aral7) r+z2-1 n r+z—1 r+s—2
v[L33) =g Lz J,ls—2-1], 74 7 z . z—1 ], s—z |,

A r+ 2] 'r?(il)1z1] +qq(){(r1) } [(r1)_+s1]
_ z;1§:r+(z—1)] {rq%—(s—l)—l] ' q
o1 - --1),
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so now we can use the inductive hypothesis and get

s—1 r

-2 O[] e [ e [ e [
- s—i—1 i—z+j—r | T r—j
i=0 j=0 q 17(] 17(1 17q
s r—1
i+ 1 1 1
+4q ZZ(] [ . } s—i [] €i—ztj—r+1 {—] er—j—1 {
i=0 j=0 q 1_(] 1_(] l_q
s—1 r
Z—‘r] 1 1 1
+4q ZZ(] [ } s—i—1 { } €i—ztj—r+tl [—} €r_j {
=0 =0 ¢ q 1_q 1_q 1_q

and since as r 4+ z > 0 then either » > 0 or z > 0 we can shift the indices of the sums and get

=[] a- e [ [ e [

i=0 j=0 q
l+j 1 1 1
- hsfi I i—z4+j—r | T 7 r—j |7
b=l d Z;E;)q [ L [1_(1}@ v [ 1—q}e J[l—q
T J
S N VO A A Y AR U S N IR SN D B O
(Z'—)’L 1) +q ;;q 2 i—1 qhsfz 1—¢ €i—ztj—r 1—g €r—j 1—g

S T

=(1- qs_i) q(;) [l —H] hs—i [1] €i—ztj—r {_1] €r—j {1]
=0 j=0 ¢l 1-4¢ toa b

L T KA P R
:ZZ O+ ]h [ e e

as desired. 3

We need just two more results before being ready to prove our summation formula. The first one
is due to A. Garsia, A. Hicks, and A. Stout. The second one is a consequence we proved.

Proposition 1.60 ([I7, Proposition 2.6]). For i,j € N we have

%

w5 ]o (3] - £ 20 eyt ] mio-om)

pkitg w k=0
Proposition 1.61 ([8, Proposition 4.9]). For 4,j € N, we have

o[ e[ )

r=0
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Proof. Using|l1.60, we have

v(n|]elm]) - = Mﬂ%) (1)) [ﬁ:,ﬂqhk[u—t)m

pkitj W =0
1] 2] 4]
r—1 q

q r=0

%

(by [[36) = ¢~ ) Y (—1

k=0

o
x hy [ ] itj—r []\)ﬂ
oy 053 %tm‘—rq(i) ] s =

e A
q

as desired. 3

Proof of Theorem [I.55l We want to find a symmetric function f € A such that

_ X+1 X+1
X = e | T en [

as evaluating the expression at X = D,, yields the hypothesis of Lemma [T.57]

e [£2 2] [55]

A SREEN

oD =535 e [ o [] S5O [ ] s[5 e 5]
e = 35 e [ e [ ot [ 1] e [T e [
oI55 ] a1,

S i e N

v=0
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Isolating the part homogeneous in degree d, i.e. fixing u + v = d, we have
11 i+k
deZhg 1{_] em—j [M}th kq()[ ]
1=0 j5=0 k=0 ¢ q
i+k
1 X 1 X
3w [y [ e [y o [5]
Now, making the substitutions d = m + z and u = r + z, we have
& 1 1+ k
e S5 [ s [ ] S0 2]
= q
i+k
1 1 X X
X Z Citk—r—z [_1 — q:l €j—k—m+r |:_M:| h7'+z |:1_q:| hm—r l:M:|
E 7 m .
) 1 iy[i+k 1
(r<id+k—2z = 2 . Z ; hs—i [1—(]] q(2) { ; Leﬁ-k—r—z [—1_(]}
11, 1 X X
X €m—j |:M:| 1 kejfk7m+r |:_M:| Pz |:1_q:| I — |:M:|
J ;
he—i |: :| q(z) |:Z+ :| Citk—r—2z |: :|
1—gq i, 1—g¢q
1 ki 1 X X
oo [ 7 eenes [ e [ 7 e 37

X U —r . 1 () 1+ k , B 1
e ;t hH[l—q]q { i Lmk_r_z{ 1—q}

q

1—t¢ X X
o [ v [ 155 e 3

o X X
(as r> k > O) = Tzot hr+z l:lq:| hmfr |:M:|

S [0 1] o [ e [ ]

i=0 k=0

m=ry r+z| |[r+s—1 X {
o =Yoo [0 e [ e [R):

r=0

o EE S o [ e[
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We showed that our function f satisfies
r+z| [r+s—1 X X
m z tm T hr z |7 hm—r EVEE
o= [ ] [ e [ e [

Notice that the expression equals 0 for z > s. Now multiplying by e,—.[X/M] and summing over
z we get

> e [37] (UTXs
el gy TN |

The statement now follows by Lemma [T.57} Z
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Combinatorial definitions

In this chapter we are going to introduce the combinatorial objects and their statistics that are
relevant to the Delta conjectures.

2.1 Lattice paths

The various Delta conjectures can be stated in terms of certain sets lattice paths composed of North
and East steps only, such as Dyck paths and square paths.

Definition 2.1. A Dyck path of size n € N is a lattice path from (0,0) to (n,n), composed of
North and East steps only, that lies weakly above the diagonal = y (the main diagonal).

We denote by D(n) the set of Dyck paths of size n.

Dyck paths of size n are one of the many instances of objects counted by the Catalan numbers

1 2n
C, = .
' n+1<n>

Definition 2.2. An area word of length n in a well ordered alphabet A with successor function
S: A — Ais a sequence of letters aq, ..., a, such that for 1 <i <n — 1, we have a;+1 < S(a;).

Dyck paths of size n are in bijective correspondence with area words of length n in the alphabet N
starting with 0, where the correspondence is given by defining a; as the number of whole squares
in the i-th row of the path that lie between the path and the main diagonal. Equivalently, a; is the
difference between the number of North steps and the number of East steps that occur strictly before
the i-th North step. For example, the area word of the Dyck path in Figureis (0,1,2,1,2,0,1,1).

29
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Figure 2.1: A Dyck path of size 8.

Definition 2.3. A square path of size n € N is a lattice path from (0,0) to (n,n), composed of
North and East steps only, ending with an East step.

We denote by SQ(n) the set of square paths of size n. These paths are rightfully called square paths
ending Fast in the literature, but since we are not going to deal with square paths ending North,
we omit the specification for brevity.

Definition 2.4. The shift of a square path is the maximum integer s such that the path intersects
the diagonal x = y+s. If a square path has shift s, the diagonal x = y+ s is called base diagonal.

Dyck paths are precisely the subset of square paths with shift 0. Square paths of size n and shift
s are in bijective correspondence with area words of length n in the alphabet [—s] UN such that
the first letter is non-positive and the last letter is non-negative. The correspondence is the same
as the one described for Dyck paths. Notice that we keep referring to the main diagonal (not the
base diagonal), hence the letters of the area word can be negative (but not smaller than —s).

We now need to introduce (partial) labellings and decorations, which allow us to define more general
objects. The following definitions are stated for square paths, but since Dyck paths are special cases
of square paths, they are meant for both.

Definition 2.5. A (partial) labelling of a square path of size n is a sequence 1, .. .,l, of (non-
negative) positive integers such that a; < a;11 = [l; < l;11 (for a partial labelling, we also
require a3 = 0 = I3 # 0 and {l; | a; = —s} # {0}). A (partially) labelled square path is a
square path with a (partial) labelling.
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More visually, a (partial) labelling of a square path is an assignment of (non-negative) positive
integer labels to each North step of the path such that the labels are strictly increasing along
columns (for a partial labelling, we also require that there is no 0 in the bottom-left corner, and
that at least one of the steps starting from the base diagonal has a non-zero label).

We denote by LD(m,n) (resp. LSQ(m,n)) the set of partially labelled Dyck (resp. square) paths
of size m + n with m 0 labels and n positive labels. We might omit the value of m if it is O (es.

LD(n) or LSQ(n)).

Partially labelled square paths have been introduced in [9], but the other definitions are prior
(labelled Dyck paths in [26], labelled square paths in [38], partially labelled Dyck paths in [29]).

Definition 2.6. Let 7 be a (partially) labelled square path of size n. Its associated monomial

is
n
i=1

xo=1

Notice that the evaluation at zy = 1 makes the 0 labels not contributing to the monomial (nor to
the degree), which explains why the word partially is used for labellings where 0 is allowed. When
dealing with partially labelled paths, it will be convenient to have two different parameters for the
number of 0 labels and the number of positive ones.

O

@
©)

O,

©,

Figure 2.2: A partially labelled square path in LSQ(2,6) with shift 3 and monomial z12z2%x324.

The paths whose set of labels is exactly [n], with n being their size, are in some sense a (finite) set
of representatives for the whole (infinite) set of labelled paths, so it will be useful to give a special
name to them. We do so in terms of preference functions and parking functions.
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Definition 2.7. A preference function is a function f: [n] — [n]. A parking function is a
preference function such that #{1 <j<n| f(j) > i} <n+1—1i.

We denote by PF(n) (resp. PR(n)) the set of parking (resp. preference) functions of size n.

Given a square path whose set of labels is exactly [n], we can determine a preference function by
defining f(j) = ¢ if the label j appears in the i-th column. It is easy to check that the correspondence
is bijective, and that f is a parking function if and only if it comes from a Dyck path. From now on,
we will identify preference functions and parking functions with the corresponding labelled paths.

Other than (partial) labellings, we need to extend our sets of objects by introducing decorated rises.

Definition 2.8. A rise of a square path is a North step preceded by another North step. A
decorated square path is a square path together with a set of decorated rises.

We denote by LD(m,n)** (resp. LSQ(m,n)**) the set of partially labelled Dyck (resp. square)
paths of size m 4+ n with m 0 labels, n positive labels, and k decorated rises.
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Figure 2.3: The Dyck path in Figure with a partial labelling and two decorated rises.

Dyck paths and square paths can be both (partially) labelled and decorated. In fact, these objects
will be relevant in the statement of the so called generalised Delta conjecture and generalised Delta
square conjecture.

In order to get there, we need to introduce three statistics on these objects, which are extensions
of the area (which is classical), the dinv (introduced by M. Haiman), and the bounce (introduced
by J. Haglund).
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Definition 2.9. The area of a (decorated) square path is the number

Z(ai + ),

iR

where s is the shift of the path and R is the set of the indices of its decorated rises.

More visually, the area of a square path is the number of whole squares between the path and
the base diagonal that do not lie in rows containing a decorated rise. The presence of a (partial)
labelling does not influence the area in any way.

Definition 2.10. The dinv of a (partially) labelled square path of size n is the number of
diagonal inversions of the path, where for 1 <i < j < n the pair (¢,7) is a diagonal inversion if
one of the following holds:

e a; = a; and [; < l; (primary inversion),

o a; =a;+1and l; > (secondary inversion),

e i =7j,a; <0,and l; > 0 (tertiary or bonus inversion).

The presence of decorated rises does not influence the dinv in any way. Notice that a square path
is a Dyck path if and only if it has no tertiary inversions.
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Figure 2.4: The square path in Figure with 2 decorated rises. It has area = 9, dinv = 6 (2
primary, 1 secondary, 3 tertiary), and dinv reading word 241231.
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Definition 2.11. The dinv reading word of a square path is the sequence of its non-zero labels
read starting from the ones in the base diagonal going bottom to top, left to right; next the
ones in the diagonal x = y + s — 1 bottom to top, left to right; then the ones in the diagonal
r =9y +s—2 and so on.

This convention for the reading word is the inverse of the one that is commonly used in the literature.

If the path is not labelled, we define its dinv as the dinv of the path together with the labelling
whose dinv reading word is 1,...,n, i.e. the one such that all the inequalities appearing in the
definition of diagonal inversion hold.

The third statistic it the bounce, introduced in [23], and its labelled extension pmaj. Unfortunately,
a further generalisation to square paths is yet to be found, so we will only define it for Dyck paths.

Definition 2.12. The bounce path of a Dyck path is the lattice path from (0,0) to (n,n)
computed in the following way: it starts in (0,0) and travels North until it encounters the
beginning of an East step of the Dyck path, then it turns East until it hits the main diagonal,
then it turns North again, and so on; thus it continues until it reaches (n,n).

We label the North steps of the bounce path starting from 0 and increasing the labels by 1 every
time the path hits the main diagonal (so the steps in the first vertical segment of the path are
labelled with 0, the ones in the next vertical segment are labelled with 1, and so on). We define
the bounce word of the Dyck path to be the sequence of integers bq,...,b,, where b; is the label
attached to the i-th North step of the bounce path. See Figure [2.5] for an example.

3 E

Figure 2.5: Construction of the bounce path (dashed) and the bounce word (left).
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Definition 2.13. The bounce of a Dyck path is the sum of the values of the labels of its bounce
word.

The bounce statistic actually has a generalisation for square paths, but it is rather complicated to
describe, it does not generalise to labelled objects, and it is not very useful for our purposes. We
will skip it.

Before introducing the pmaj, we need to recall what the major index of a word is.

Definition 2.14. Let py,...,pr be a sequence of integers. We define its descent set

Des(pi,...,pp) ={1<i<k—1|p;>piy1}

and its major index maj(p,...,px) as the sum of the elements of the descent set.

Definition 2.15. The pmaj of a (partially) labelled Dyck path is the major index of its parking
word, which is defined as follows.

Let C; be the set containing the labels appearing in the first column of D, and let p; := max C}.
At step i, let C; be the multiset obtained from C;_; by removing p;_; and adding all the labels
in the i-th column of the Dyck path; let

pi=max{z € C; |z <p;_1}

if this last multiset is non-empty, and p; := max C; otherwise. The parking word is py, ..., pn.

As it happened for the dinv, the pmaj is also not influenced by the presence of decorated rises. It
also has its own reading word (which is not the parking word).

Definition 2.16. The pmaj reading word of a Dyck path is the sequence of its non-zero labels
read bottom to top.

It is not difficult to check that the bounce of a Dyck path agrees with the pmaj of the same path
with the standard labelling I; = i. As an example, the Dyck path in Figure has parking word
54321061, pmaj = 2, and pmaj reading word 2451361.

The Loehr-Remmel bijection

In [27], J. Haglund and N. Loehr describe a bijection ¢: D(n) — D(n) mapping (dinv,area) to
(area, bounce). In a subsequent paper [36], N. Loehr and J. Remmel extended the bijection to the
set of parking functions of size n mapping (dinv, area) to (area, pmaj). We will describe the bijection
passing through several intermediate steps.
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Definition 2.17. Let o € S,,. A run of ¢ is a maximal decreasing sequence in the 1-line notation
of 0.

For example, if o = 716429583, its runs are 71, 642, 95, 83. We now define a function w: S, — N"
by saying that w;(c) is the number of elements greater than o; in the run containing o;, plus the
number of elements lesser than o; in the previous run (or plus 1 if ¢; is in the first run). In our
case, w(o) = (1,2,1,2,3,3,3,1,1). Notice that w; = 1.

Proposition 2.18. There is a bijection between PF(n) and the pairs (o,u) with ¢ € S,, and
u < w(o) € N*, where the inequality is componentwise.

We will actually show two such bijections, and the composition of the second one with the inverse
of the first one will be the desired bijection of PF(n) with itself mapping (dinv, area) to (area, pmaj).

First bijection Let f € PF(n), 7 its corresponding element in LD(n). We want to define a pair
(0,u) as in [2.18] such that area(r) = Y., u; and pmaj(r) = maj(o,, ---01). Let o := p(m) (the
parking word of ), and w; =1 — f(p;(7)).

Lemma 2.19. The map is well defined, i.e. 0 < u; < w;(o).

Proof. Recall that f(¢) is the number of the column containing the label i. It is clear that
f(pi(D)) < i, because the label p;(D) must be in the first ¢ columns by construction of the parking
word. This implies that u; =i — f(p;(D)) > 0.

The number i — f(p; (7)) is the delay between the moment in which p;(7) is scanned and the moment
in which it appears in the parking word. In fact, since f(p;(7)) is the column containing the label
pi(m), then it is also the minimum among the indices j such that p;(7) € Cj;; since it appears as
i-th letter in the parking word, then 4 is the maximum among these indices. By construction of
the parking word, for f(p;(7)) —1 < j < i the label p;(7) must be either lesser than p;(7) and
belonging to the previous run, or greater than p;(m) and belonging to the same run. The number
of such labels at most w; (o), hence i — f(p;(7)) < w;(o). 2

Since f(i) = (071); — U(s-1y,, the permutation o and the sequence u completely determine f. This
implies that the map is injective. To prove that it is actually a bijection, we have to show the
following.

Lemma 2.20. For (o,u) as in[2.18 f: i+ (07'); —u(,-1), is a parking function with parking
word 0.

Proof. Recall that f: [n] — [n] is a parking function if and only if

#{1<j<n|f(G)=i}<n+1-i
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Since u; > 0, then f(o;) =i — u; < i, so we have f(j) > i = j = o, for some h > i. There are
n+ 1 —d such A’s, thus f is a parking function.

Since the map is the inverse of the one we just defined, then the parking word of f must be 0. =

Lemma 2.21. area(r) = Y., u; and pmaj(r) = maj(o,, - - - o1).

Proof. The equality pmaj(7) = maj(o,, - - - 01) is trivial by construction.

We will now prove that >, u; = area(w). If f(i) is the column containing the label 4, then
n + 1 — f(i) is the number of whole squares in the row containing the label i between the path
and the right edge of the square containing the path. The total number of squares below the path
is also equal to the number of squares between the path and the main diagonal, which is area(w),
plus the number of squares weakly below the main diagonal (including the ones containing it). It
follows that

im +1— f(i)) = area(m) + (”;‘ 1)

and so
area(r) = if“ =@ - ("3 ) =nmen - (") - iilfm
("1~ éf(l) - Z - if(i) - Z( — ) = Z“
as desired. 3
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Figure 2.6: The Dyck path to the left is mapped to ¢ = 74321658, u = 01032011 by the first
bijection, which is mapped to the path to the right by the inverse of the second one.




38 CHAPTER 2. COMBINATORIAL DEFINITIONS

Second bijection Let f € PF(n), 7 its corresponding element in LD(n). We want to define a
pair (o,u) as in such that dinv(m) = 1", u; and area(w) = maj(oy,---01). Let o be the
permutation whose i-th run is given by the labels in the diagonal z +y = ¢ — 1 in =, in decreasing
order. Let u; be the number of inversions involving o; and any o; with j <.

Lemma 2.22. The map is well defined, i.e. 0 < u; < w;(0).

Proof. By construction u; > 0. Furthermore, if the labels o, 0; form an inversion and j < <,
then o is counted by w;(c). In fact, if o; and o; are in the same diagonal (i.e. the same run), by
construction of o we have that j <4 implies o; > oy, hence o; contributes to w;(c) whether they
form an inversion or not. For the same reason, if o; and o; are in two consecutive diagonals and
j <, then by construction of ¢ we must have ¢; in the lower diagonal (i.e. the previous run), so
if they form an inversion then o; < ¢;, which means that o; contributes to w;(c). It follows that
u; < w;(o), but the inequality is strict because of we have to add 1 to w;(o) if 4 is in the first run,
and if it is not then before any label in the diagonal x +y =7 — 1 there must be some label in the
diagonal z 4+ y =i — 2, and they cannot possibly form an inversion. 3

Lemma 2.23. The map is bijective.

Proof. Given (o,u) as in [2.18 we can build a labelled Dyck path 7 recursively. More precisely,
we can build a sequence of labelled Dyck paths of size k with labels in {o1,..., 0%} such that the
number of inversions involving ¢; and some o; with j <1 is exactly u;.

For k = 1 the path is trivial. Supposing to have already built the path of size k¥ — 1, then one has
wy (o) possibilities for the position of o: since it must be in a fixed diagonal, it can be either one
step North-East after any other label in the same diagonal (i.e. the number of elements in the same
run that we already used, which are the ones greater than oy), or immediately on top any other
label in the previous diagonal (i.e. the previous run), that must be strictly smaller by definition of
labelled Dyck path (so, there are as many as the number of elements lesser than oy in the previous
run), possibly moving one step towards North-East any label that were there before; if o belongs
to the first run, we have the extra option of putting it at the very beginning of the path.

This proves that the number of options we have is exactly wg (o). It is easy to check that the
contribution to the dinv of each of these options is different, and in particular it is O for the option
that puts oy in the highest possible row, and increases by 1 every time we move down to the next
possible spot (since we are adding exactly one inversion).

We can thus reconstruct 7 from (o, u), hence the map is bijective.

Lemma 2.24. dinv(m) = Y"1, u; and area(w) = maj(o,, - - - 01).

Proof. The equality area(w) = maj(oy, - --01) is trivial because the elements in the i-th run of o
contribute by ¢ — 1 units each to maj(o, - -- 01), and they correspond to the labels in the diagonal
x +y =14 — 1, which contribute by ¢ — 1 units each to area(r).
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The equality dinv(m) = Y1 | u; is also trivial because both the left and the right hand side count
the total number of diagonal inversions of 7. 2

We can now conclude our proof.

Theorem 2.25. The composition of the second bijection with the inverse of the first bijection
yields a map ¢: PF(n) — PF(n) mapping (dinv, area) to (area, pmaj)

Proof. It follows immediately by all the lemmas in this subsection. 2

2.2 Polyominoes

While most of the statements can be expressed in terms of lattice paths, in some cases polyominoes
give more insight, for example when dealing with iterated recursions or complicated bijections.

Definition 2.26. A reduced (resp. standard) parallelogram polyomino of size m x n is a pair
of lattice paths from (0,0) to (m,n), composed of North and East steps only, such that the first
one, called red path, lies always weakly (resp. strictly) above the second one, called green path.

Figure 2.7: A 10 x 6 reduced polyomino.

We denote by RP(m,n) (resp. PP(m,n)) the set of reduced (resp. standard) parallelogram poly-
ominoes of size m x n.

There is an obvious bijection between reduced parallelogram polyominoes of size m xn and standard
parallelogram polyominoes of size (n + 1) x (m + 1), consisting of adding one North step at the
beginning and one East step at the end of the red path, adding one East step at the beginning and
one North step at the end of the green path, and then taking the symmetry with respect to the
diagonal x = y (thus swapping the red and the green path).

From now on, unless differently specified, the word polyomino has to be intended as reduced par-
allelogram polyomino. Details about the properties and the statistics on standard parallelogram
polyominoes can be found in [I]. The bistatistics we are going to introduce are preserved (up to a
normalisation) by either the bijection described above or its conjugate by another bijection we will
describe later, hence the two descriptions are completely equivalent.
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Reduced parallelogram polyominoes of size m x n are in bijective correspondence with area words
G0, Q1. .., 0Gmirn in the alphabet N =0 <0< 1<1<2<2<... starting with 0, with m + 1
unbarred letters and n barred letters. The area word can be computed in two equivalent ways.

The first one consists of drawing a diagonal of slope —1 from the end of every horizontal green step,
and attaching to that step the length of that diagonal (i.e. the number of squares it crosses). Then,
one puts a dot in every square not crossed by any of those diagonals, and attaches to each vertical
red step the number of dots in the corresponding row. Next, one bars the numbers attached to
vertical red steps, and finally one reads those numbers following the diagonals of slope —1, reading
the labels when encountering the end of its step and the red label before the green one. An artificial
0 is added at the beginning. See Figure for an example.
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Figure 2.8: The area word for the polyomino in Figure [2.7]is 00112111001001111.

Equivalently, we can build a Dyck path of size m 4+ n + 1 from the polyomino in the following way.
First we draw a North step; then, running over red and green steps alternatively, we draw a North
step in our Dyck path if the corresponding step in the polyomino was either a red North step or
a green East step, and we draw an East step in our Dyck path otherwise; finally we draw an East
step. Now we take the area word of the Dyck path and replace the alphabet N with N. Notice that
this gives a bijective correspondence between polyominoes with semi-perimeter m + n and Dyck
paths of size m +n + 1.

It is not hard to check that those definitions are equivalent (see [I] and [8, Section 1.2] for detailed
proofs and examples).

For a € Nlet |[a| =n € Nif a € {n,n} (i.e. its value disregarding the bar).

Definition 2.27. A rise of a polyomino is an index i such that a; > a;_; in the alphabet N. A
rise is unbarred if |a;| > |a;_1]| (i.e. if a; € N) and it is barred if |a;| = |a;_1| (i-e. if a; € N\N). A
rise-decorated polyomino is a polyomino together with a set of decorated unbarred rises. A doubly
rise-decorated polyomino is a polyomino together with a set of decorated rises (either barred or
not).

Unbarred rises correspond in the picture to diagonals of slope —1 connecting the end point of a red
North step with the end point of a green East step, with the value of the unbarred letter being the
length of the diagonal. Barred rises correspond in the picture to to diagonals of slope —1 connecting
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the starting point of a red North step with the end point of a green East step, with the value of the
unbarred letter being the length of the diagonal; this can be 0 (the two points may coincide) in the
case of a 00 rise.

Definition 2.28. The area of a (doubly rise-decorated) polyomino is the number

D _lail,

igR

where R is the set of the indices of its decorated rises.

More visually, the area of a (doubly rise-decorated) polyomino is the number of squares between
the red path and the green path that are neither crossed by a diagonal corresponding to a decorated
unbarred rise, nor contain a dot in a row whose matching red North step is a decorated barred rise.
For example, the area of the polyomino in Figure (that has no decorated rises) is 12.

We denote by RP(m,n)**J the set of doubly rise-decorated reduced polyominoes of size m x n with
k decorated unbarred rises and j decorated barred rises.

Definition 2.29. The dinv of a polyomino of size m X n is the number of diagonal inversions of
the polyomino, where for 0 < i < j < m+n the pair (7, j) is a diagonal inversion if a; = S(a;) € N
and S: N — N is the successor function.

For example, the dinv of the polyomino in Figure is 24.

Definition 2.30. A corner of a polyomino is an index ¢ such that neither a; = a;_1 nor
a;—o2 < a;—1 < a;. A green peak of a polyomino is a corner such that a; is unbarred, i.e the
corresponding green step is an East step preceded by a North step. A red valley of a polyomino
is a corner such that a; is barred, i.e. the corresponding red step of the polyomino is a North
step preceded by an East step. A corner-decorated polyomino is a polyomino together with a set
of decorated green peaks. A doubly corner-decorated polyomino is a polyomino together with a
set of decorated corners (either green peaks or red valleys).

We denote by RP(m,n)°%7 the set of doubly rise-decorated reduced polyominoes of size m x n with
k decorated green peaks and j decorated red valleys.

Definition 2.31. The bounce path of a polyomino path is the lattice path from (0,0) to (m,n)
computed in the following way: it starts in (0, 0) and travels East until it encounters the beginning
of a green North step of the polyomino (which can happen immediately, after zero steps), then
it turns North until it encounters the beginning of a red East step, then it turns East again, and
so on; thus it continues until it reaches (m,n).
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We label the steps of the bounce path starting from 0 and increasing the labels by taking the
successor in N every time the path hits changes directions (so the steps in the first horizontal
segment of the bounce path - which is the only one that can be empty - are labelled with 0, the
ones in the next vertical segment are labelled with 0, and so on). We define the bounce word of the
polyomino to be the sequence of integers by, by, ..., b,, where by := 0 and b; is the label attached
to the i-th step of the bounce path for ¢ > 0. See Figure for an example.

Figure 2.9: The polyomino in Figure 2.7 with a decorated green peak, a decorated red valley, and
the bounce path (dotted) shown.

Definition 2.32. The bounce of a (doubly corner-decorated) polyomino is the number

> Ibil,

igC

where C' is the set of the indices of its decorated corners.

For example, the bounce of the polyomino in Figure[2.9)is 25. The labels corresponding to decorated
corners are highlighted and disregarded.

Decorated polyominoes and their statistics first appeared in [8] with one set of decorations, and in
[11] with two.

Finally, we introduce a pmaj statistic for polyominoes. Here we switch to standard parallelogram
polyominoes because the combinatorics of the labellings is more natural.

Definition 2.33. A labelled parallelogram polyomino is a parallelogram polyomino where the
vertical steps of the first path are labelled with (not necessarily distinct) positive integers such
that the labels appearing in each column are strictly increasing from bottom to top.

We denote byLPP(m,n) the set of labelled standard parallelogram polyominoes of size m x n. For
m € LPP(m,n) we set l;(m) to be the label of the i-th vertical step. We define the associated
monomial z™ as we did for the labelled square paths.
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Figure 2.10: A 11 x 7 labelled standard parallelogram polyomino.

Definition 2.34. The pmaj of a labelled standard parallelogram polyomino is the major index
of its parking word, which is defined as follows.

Let C; be the multiset containing the labels appearing in the first column of 7, and let p; =
maxCy. For i > 1, at step i, if the i-th step of the green path is a North step let C; =
Ci—1 \ {pi—1}; if the i-th step of the green path is an East step let C; be the multiset obtained
from C;_; by replacing p;_; with a 0, and then adding all the labels in the column of 7 containing
the i-th green step (which we recall being an East step). Next, let p; := max{a € C; | a < p;_1}
if this set is non-empty, and p; := max C; otherwise. The parking word is p1 - - - Prmtn—1-

For example, the parking word of the polyomino in Figure [2.10] is 54200003100000620 and hence
its pmaj is 13. It is not hard to see that it the polyomino has the standard labelling I; = i then its
pmaj agrees with the bounce of the corresponding reduced parallelogram polyomino.

The pmaj statistic for polyominoes has been introduced in [§].

The ¢ bijection for polyominoes

In [1], the authors describe a bijection between the set of m x n standard parallelogram polyominoes
to the set of n x m standard parallelogram polyominoes, mapping (dinv, area) to (area, bounce). In
[I1] we slightly modified this bijection to suit reduced parallelogram polyominoes, and showed that
it actually extends to doubly decorated objects.

Proposition 2.35. For m,n,k,j € N, there exists a bijection (: RP(m,n)**7 — RP(m,n)°*J
mapping (dinv, area) to (area, bounce).

Proof. The map is essentially the same one described in [I, Section 4], adjusted to fit reduced
polyominoes as in [8, Theorem 7.5]. We will actually describe its inverse.

Pick a reduced polyomino with some decorated red valleys and green peaks and draw its bounce
path; then, project the labels of the bounce path on both the red and the green path. Let us



44 CHAPTER 2. COMBINATORIAL DEFINITIONS
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Figure 2.11: The first step needed to compute ¢, glvmg the partial word OOOOOO The final image
will be the polyomino with area word OOOOUI1)22211122110

call bounce point a vertex of the bounce path in which it changes direction. Now, build the area
word of the image as follows: start with a 0, then pick the first bounce point on the red path, and
write down the 0’s and the 0’s as they appear going upwards along the red path up to that point
(in this case, the relative order will always be with the 0 first, and all the 1’s next). Then, go to
the first bounce point on the green path, and insert the 1’s after the correct number of 0’s, in the
same relative order in which they appear going upwards to the previous bounce point. If a letter
is decorated, keep the decoration. Now, move to the second bounce point on the red path, and
repeat. See Figure for an example.

By construction the result will be the area word of a m x n reduced polyomino. It is also easy
to see that the area is mapped to the dinv, since the squares of the starting reduced polyomino
correspond to the inversions on the image.

Red valleys are mapped into barred rises, because when reading the red path bottom to top, one
reads the horizontal step first, which corresponds to an unbarred letter, and the vertical step next,
which correspond to the next barred letter. Moreover, the decoration is kept on a letter with the
same value. The same argument applies to green peaks being mapped to unbarred rises. This
implies that bounce is mapped to area. Z

Remark 2.36. Given a polyomino , by construction we have that the area word of 7 is an anagram
of the bounce word of ((r). In particular, the number of 0’s is preserved.
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Delta conjectures

One of the main reasons that motivates the study of the Delta operators is the surprising amount
of conjectured positivity results related to them. While some have been proven over the years, most
of them are still open.

3.1 The shuflle conjecture

The first one to have ever been introduced is known as shuffle conjecture, now a theorem by E.
Carlsson and A. Mellit (see [6]).

Theorem 3.1 (Shuffle Theorem). For n € N, we have

Ve, = Z qdinv(ﬂ)tarea(ﬂ)xﬂ )
m€LD(n)

In [36] the authors describe a bijection of PF(n) with itself mapping the bistatistic (dinv, area) to
(area, pmaj). As a corollary, the following holds.

Corollary 3.2. For n € N, we have

Ve, = Z qarea(ﬂ')tpmaj(ﬂ')xﬂ’
weLD(n)

The shuffle conjecture is especially important because Ve, has another interpretation, as the bi-
graded Frobenius characteristic of the S,, module known as diagonal harmonics. This is one of
the facts that first motivated the study of Macdonald polynomials, and it has been proved by M.
Haiman in [34]. See also [33] for further details.

45
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3.2 The Delta conjecture

The Delta conjecture is a generalisation of the shuffle conjecture, introduced by J. Haglund, J.
Remmel, and A. Wilson in [29]. In the same paper, the authors suggest that an even more general
conjecture should hold, which we call generalised Delta conjecture. It reads as follows.

Conjecture 3.3 (Generalised Delta conjecture). For m,n, k € N, we have

Ah A e = Z qdinv(w)tarea(ﬂ')mﬂ.

m en—k—1"N
TELD(m,n)*k

The Delta conjecture is simply the case m = 0 of the general case. Recalling that V|ym) =
Al |am, it is clear that for k = 0 the Delta conjecture reduces to the shuffle conjecture.

In analogy with the shuffle conjecture, the generalised Delta conjecture also has a version in terms
of (area,pmaj). Unfortunately the bijection by N. Loehr and J. Remmel does not generalise for
k > 0 (but it does for m > 0), so in the general case it is not proved that the two conjectures are
equivalent.

Conjecture 3.4. For m,n,k € N, we have

Ahm A e — Z qarea(ﬂ')tpmaj(ﬂ')xﬂ'.

en—k—1 T
TELD(m,n)**

We want to emphasise the (area, pmaj) version, despite it being less popular in the literature, because
certain symmetric functions are easier to interpret in this case.

3.3 The square conjecture
The square conjecture was first suggested by N. Loehr and G. Warrington in [38], and it was then

proved by E. Sergel in [43] using the shuffle theorem.

Theorem 3.5 (Square Theorem). For n € N, we have

VW(pn) = Z qdinV(ﬂ')tarea(w)xﬂ—.
TELSQ(n)

Unfortunately, adding zero labels and decorated rises to square paths in the trivial way and ¢, t-
counting the resulting objects with respect to the bistatistic (dinv,area) gives a polynomial that
does not match the expected symmetric function. This issue has been addressed by M. D’Adderio,
A. Traci, and A. Vanden Wyngaerd, who stated the generalised Delta square conjecture in [9].



3.4. THE POLYOMINOES CONJECTURE 47

Conjecture 3.6 (Generalised Delta square conjecture). For m,n, k € N, we have

n—k i
[ ]t AhmAe",kw(pn) — Z qdlnv(ﬂ)tarea(ﬂ)xﬂ.

[n}t mELSQ(m,n)*F

The square conjectures lack a (area, pmaj) version. The reason is that there is currently no extension
of the pmaj statistic to square paths.

3.4 The polyominoes conjecture

For the sake of completeness, we also state the polyominoes conjecture, first introduced in [§].

Conjecture 3.7 (Polyominoes conjecture). For m,n € N, we have

Ahm eng1 = § qarea(w)tpmaj(w)w‘n'
TELPP(m+1,n+1)

where the area of a standard parallelogram polyomino is the area of the corresponding reduced
parallelogram polyomino (or equivalently, it is the number of squares between the two paths minus
a normalisation factor m 4+ n + 1).

Unlike the square conjectures, this conjecture lacks a (dinv, area) version instead. From some partial
results that we have, it is plausible that the introduction of a pmaj statistic on partially labelled
square paths will also enable the statement of a conjecture for A, w(pn+1) in terms of pairs of
paths from (0,0) to (m,n). This would allow for a generalisation of the polyominoes framework in
the same way as square paths generalise the Dyck paths framework.

3.5 Shuffle theory

To prove any of these conjectures, it is enough to show that the scalar product of the corresponding
symmetric function with any element of a given base agrees with the ¢, t-enumerator of the corre-
sponding set. If we choose the basis of complete homogeneous symmetric functions {hy | A F n},
the Delta conjectures predict that the scalar product of the corresponding symmetric function with
h)y is the ¢, t-enumerator of the subset of the relevant paths whose elements have a reading word
that is a @, A-shuffle. The goal of this section is to give the relevant definitions and prove this result.

First of all, recall that
Z qdinv(rr)tarea(ﬂ) and Z qdinv(ﬂ)tarea(ﬂ')xﬂ

mELD(m,n)*k TELSQ(m,n)*k

are both symmetric functions, as it is immediate that they are positive sums of LLT polynomials.
We also need to recall that (my,h,) = dy ,, that is, the monomial and the complete homogeneous
symmetric functions are dual bases. With that in mind, we can isolate the coefficient of m), by
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taking the scalar product with hy. But the coefficient of m) is the ¢, t-enumerator of the subset of
the relevant lattice paths whose set of labels is composed of A1 1’s, A2 2’s, and so on (we are using
the fact that the full series are symmetric functions). We can restate this result in term of shuffles.

Definition 3.8. Given two sequences (a1, ..., am), (b1,...,b,) two sequences of pairwise distinct
elements, their shuffle (a1,...,am) W (b1,...,by,) is the set of sequences (c1, ..., Cmin) such that

o {cp|1<k<m+n}={a;,bj|1<i<m,1<j<n}
ec.=a; cs=aj, 1<j] = r<s,

e c.=b,co=bj,1<j = r<s,

i.e. it is the set of sequences obtained by interlacing of the starting two sequences while preserving
the relative order.

Definition 3.9. Given u+n —d and v - d, a u, v-shuffle is a sequence of numbers from 1 to n

in
(1,0 ) W (0= gy +1,..0,m —d)
wmn—d+vy,...,n—d+1)w---w(n,...,n—vy +1)
i.e. a shuffle of £(41) increasing sequences of length p1,. .., t1,), and £(v) decreasing sequences
of length v1, ..., v, obtained by picking every time the smallest available positive integers.

We will write A-shuffle as a short for @&, A-shuffle. As we did for the reading word, this is the inverse
of the convention commonly used in the literature.

Notice that, for any A F n, the ¢, t-enumerator of the subset of any of the combinatorial sets defined
in Chapter 2] whose objects have a set of labels composed of A\; 1’s, A2 2’s, and so on, is the same as
the ¢, t-enumerator, with respect to the bistatistic (dinv, area), of the set of the objects of the same
kind whose dinv reading word is a A-shuffle. This is immediate, as replacing the 1’s with the first
decreasing sequence, the 2’s with the second, and so on, preserves both the area (trivially) and the
dinv (because the strict inequalities are preserved).

It follows that, to prove any of these conjectures, it is enough to show that the scalar product of the
corresponding symmetric function with any h) yields the g, t-enumerator of the set of the objects
of the right kind whose dinv reading word is a A-shuffle. For this reason the first conjectured result
was called shuffle conjecture.

From [25, Theorem 6.10] we have that if we take the scalar product with e,h, instead, we get
the ¢, t-enumerator, with respect to the bistatistic (dinv, area), of the set of the objects whose dinv
reading word is a p,v-shuffle. 'We omit the proof, as it would require introducing some extra
background theory about quasisymmetric functions.



CHAPTER

Combinatorial recursions

In this chapter we are going to show the two combinatorial recursions that are needed to prove the
so called Schrider case of the generalised Delta and Delta square conjectures, i.e. the (-, e,—_;h;)
case. These are at the moment the most general results that don’t require any specialization of the
variables ¢, t.

4.1 Partially labelled Dyck paths

For further details on the content of this Section, see [11].

As it often happens when dealing with these recursions, it is convenient to split our set into smaller
subsets and find a recursion for those. Define the subset

LD(m, n\s)™9 C LD(m, n)**
to consist of the paths m € LD(m,n)** such that
dr(m) e (1,2,...,n—j)w(n,n—1,....n—j+1) and #{1<i<m+nl|a;=0A1[l #0}=s.
Let labels from 1 to n — j be small, and the labels from n — j 4+ 1 to n be big. We set

LDq7t(m, n\s)*k,oj — Z qdinv(ﬂ)tarea(‘n').
TELD(m,n\s)*k 07

The generalised Delta conjecture predicts that

n

S LDyi(m, m\s)™M = (Ap, AL | en,enjhy)

s=1

and our goal is to prove this result.

49
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Theorem 4.1. For 0 < j,k,s < n, 0 < m, the polynomials LD, (m,n\s)**° satisfy the
recursion

sk o] s UL YK r+s—1
Dy oyhes = 305 O] [
q q

r=02=0

n—s—kr+z
-1 ,
% $mT E E q(g) |:7' ‘;L' Z:| |:7" +z : u :| LDq,t(m - S\U + h)*k:—h,o_]—(s—z)
u=0 h=0 q q

with initial conditions

1 )

Proof. Let us start with the initial conditions. The set LD (m,n\n)**°/ consists of the paths whose
non-zero labels all lie on the main diagonal, namely I; # 0 = a; = 0. Therefore, it must also
hold that [; = 0 = a; = 0, because the bottom-most label not on the main diagonal must be
a rise, and hence it can’t be a 0. It follows that all the a;’s must be 0, thus the area must be
zero. Furthermore there can be no rises, which explains d, ¢. The primary dinv among small labels
is counted by q(n;]). The primary dinv between small labels and big labels is taken into account
by [?]q Finally, the primary dinv between 0 labels and non-zero labels is counted by [m””l}q

because l; # 0.

For the recursive step, we first give an overview of the combinatorial interpretations of all the
variables appearing in this formula. We say that a vertical step of a path is at height i if its
corresponding letter in the area word equals 1.

e z is the number of small labels on the main diagonal.
e s — z is the number of big labels on the main diagonal.

r is the number of zero labels on the main diagonal.

e h is the number of 7’s such that a; = 1 and 7 is a decorated rise.

u is the number of i’s such that a; = 1, i is not a decorated rise, and I; # 0.

The strategy of this recursion is the following. Start from a path 7 in LD(m,n\s)**°. Remove all
the 0’s from the area word (with the corresponding labels), and remove the decorations on rises at
height one (which are not rises any more). Then decrease all the remaining letters by 1. In this
way we obtain a path in

LD(m — r,n — s\u + h)*F~hei=(s=2)

Let us look at what happens to the statistics of the path (see Figure .
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The area goes down by the size (i.e. m+n), minus the number of zeros in the area word (i.e. r+s),
minus the number of decorated rises (i.e. k), since these letters did not contribute to the area to
begin with. This explains the term ™7 (r+s+k),

The factor q(g) takes into account the primary dinv among 0’s that have a small label. The factor
[z] takes into account the primary dinv among 0’s that have a small label, and 0’s that have a big
label. Indeed, each time a one of the former precedes one of the latter one unit of primary dinv is
created. The factor [T+i_1] q takes into account the primary dinv among 0’s that have a zero labels
and the other 0’s, where we get s — 1 because [; # 0.

The factor q(g) takes into account the secondary dinv between 1’s that are decorated rises and
0’s that are directly below a decorated rise. The factor [T'}tz]q takes into account the secondary
dinv between those 1’s, and the remaining 0’s that have either a zero or a small label. The factor
[H'Z"u’“_l] . takes into account the secondary between the remaining 1’s and the 0’s that have either
a zero or a small label, where we get s — 1 because the first 0 that has a non-big label must be

before the first 1.

Summing over all the possible values of h,r, u, z, we obtain the stated recursion. z

@@|

@
2

G®

Figure 4.1: A Dyck path in LD(2,11\3)*?°* (left) and the resulting Dyck path in LD(1,8\6)*°3
after one step of the recursion (right).

The parameters for the recursive step of Theorem [4.1| shown in Figure (left) are n =11, m = 2
(blue/cyan), j = 4 (red/orange), s = z+ (s — z) = 2+ 1 (grey/orange), r = 1 (cyan), h = 1 (label
4), uw = 5 (labels 3,5,8,9,10). In Figure (right), the labels have been rescaled to make it a
parking function.
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This recursion is actually an iterated version of another one that is better explained in terms of

polyominoes. Let _ _
RP(m\r,n)**7 C RP(m,n)*"

be the subset of m x n reduced polyominoes with k£ unbarred and j barred decorated rises such that
the area word has exactly r (unbarred) 0’s, including the first one (hence 1 <r <m +1). We set

RPq7t (,,n\,r,7 n)*k,j — Z qdinv(ﬂ')tarea(-rr)-

TERP(m\r,n)*k.0J

Theorem 4.2. For 0 < j,k < m,n, 1 <r < m+ 1, the polynomials RP, ;(m\r,n)**J satisfy
the recursion

) T n w _ 1 ‘
RPq,t(m\nm*’w:tmT’““ZZQ(”H {HS » } RPyo(n—1\s, m—r+1)""5
q q

w s—w
w=0 s=0
with initial conditions

RPq,t(m\m + 1,7’L)*k’j = (Sk’o . q(;) [m;— :| |:m +7Z - '7:| .
q q

Proof. Let us start with the initial conditions. The set RP, ;(m\m + 1,n)**J consists of the paths
whose unbarred letters in the area word are all equal to 0. This implies that all the barred letters
must be equal to 0, and also that there are no unbarred rises, hence the factor 5 o. The dinv among

the 0’s and the decorated 0s is counted by (%) [+t

; ]q, while the dinv between the 0’s and the non

decorated 0’s is counted by [m+"_j]q.

m

The recursive step consists of removing all the 0’s, and going down by one step in the alphabet
0<0<1<.... Thearea drops by m+1—k —r (the number of unbarred, non decorated letters,
minus the number of 0’s). The factor q(;) [;]q takes care of the inversions formed by the the r 0’s
and the w decorated 0’s. The factor [Hz:z’)—l]q takes care of the inversions between the r 0’s and
the remaining s — w 0’s, where s is the number of total 0’s.

Now, barred and unbarred letters switch roles, and the w decorations of rises of type 00 disappear.
The remaining letters form the area word of a polyomino in RP(n — 1\ s, m —r+1)*~%* and the
statement follows. 2

Using the map ¢, thanks to Remark we can translate this recursion into one for doubly corner-
decorated polyominoes in terms of (area, bounce). Let

RP(m\r,n)°*J C RP(m,n)°*J
be the subset of m x n reduced polyominoes with & decorated green peaks and j decorated red

valleys such that the bounce word has exactly r (unbarred) 0’s, including the first one (hence
1<r<m+1). We set

RPq,t (m\,,,’ n)ok,j — Z qarea(ﬂ')tbounce(w).

TERP(m\r,n)°k.°J
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Theorem 4.3. For 0 < j,k < m,n, 1 <r < m+ 1, the polynomials RP, ;(m\r,n)°*J satisfy
the recursion

(s n
: w —w—1 _
Ry = 52520 T Regun i me e
q q

w S —w
w=0 s=0

with initial conditions

RP, . (m\m + 1,n)°"7 = 6, ¢ - q(2) [m + } [m e J] .
q m q

Proof. This is a direct consequence of Theorem and Proposition We will, however, give
a combinatorial interpretation.

Let us start with the initial conditions. The set RP, ;(m\m + 1,n)°* consists of the paths whose
unbarred letters in the bounce word are all equal to 0. This implies that all the barred letters must
be equal to 0, and also that the green path is a horizontal streak followed by a vertical streak,
hence there are no green peaks, which explains the factor d;,9. The area in the rows containing a

decorated red valley is counted by q(é) [m;rl] , while the area in the remaining rows is counted by
™4, q
q

The recursive step (see Figure consists of removing the first horizontal streak of the bounce
path and its first vertical step, i.e. taking the intersection with the rectangle going from (r — 1,1)
to (m,n) (orange in the picture). The factor q@) [;]q takes care of the area outside the rectangle
in the w rows containing a decorated red valley with horizontal coordinate from 0 to » — 1. The
factor [”2:271} . takes care of the area outside the rectangle in the remaining s — w rows, where
s is the number of total 0’s in the bounce word. We then reflect along the line x = y. The bounce
drops by m — r — k 4+ 1, because every unbarred letter decreases by one in the alphabet (so its
value drops by 1), except the r — 1 0’s, that are just removed, and the k letters corresponding to
decorated green peaks, whose value actually decrease, but they are not counted while computing
bounce and so they should be ignored. After one step of the recursion, the polyomino will be the
one delimited by the orange rectangle, flipped along the line z = y.

Now, the green and the red path switch roles, and the w decorations in the first » — 1 columns
disappear. We are left with a polyomino in RP(n — 1\s, m — r + 1)~ and the statement
follows. N

Iterating the recursion for (dinv, area) and making a suitable change of variables, we get the recursion
in Theorem [A.7] hence the two families of polynomials are equal. We will show a bijective proof of
this fact.

Theorem 4.4. For 0 < j, k,s <n, 0 < m, we have

LDy, (m,n\s)™* = RP(n — 1\s,m +n — j)**"~7
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Figure 4.2: One step of the recursion for reduced polyominoes.

Proof. We prove this theorem by showing a bijection
LD(m,n\s)**°7 — RP(n — 1\s,m +n — j)*n=7

that preserves the bistatistic (dinv, area).

Given the area word of such a decorated Dyck path, the first step of the bijection consists of putting
bars on letters corresponding to 0 labels (of which there are m); notice that since 0 labels can only
be assigned to valleys, and valleys are not rises, the word becomes an area word in the alphabet N
(i.e. we can’t have jumps like 01). The k decorations on the rises are kept as they are; notice that
all these rises are unbarred, since all the barred letters are valleys and hence they can’t be rises.
Finally one adds a decorated barred letter after each unbarred letter who has a small label assigned
(of which we have n — j). It is easy to check that in this way one obtains the area word of a doubly
rise-decorated polyomino in the expected set. See Example [L.5] for an example.

This maps obviously preserves the area. The primary and the secondary dinv between 0 labels and
positive ones is trivially preserved (the corresponding letters in the area word still form a diagonal
inversion). The primary diagonal inversions among the small labels are replaced by the inversions
between the decorated barred letters and the unbarred letters that are followed by a decorated
barred one. The primary and secondary diagonal inversions between the small labels and the big
labels are now replaced by inversions formed by decorated barred letters followed by unbarred letters
that are not followed by a decorated barred letter (primary) or vice versa (secondary).

To build the inverse map, one proceeds as follows. Given the area word of such a polyomino, ignore
the barred decorated letters. The remaining ones, disregarding bars, still form the area word of a
Dyck path. This will be the actual path. If an unbarred letter is a decorated rise, then its image is
still a rise, and we decorate it. We put zero labels on the steps corresponding to (non decorated)
barred letters; those must be valleys, since there can’t be a letter of strictly smaller value in the
original area word of the polyomino, hence there is no restriction on their label (that can thus be
0). Next, we put a big label in all the rows, except those whose corresponding letter of the area
word of a polyomino is an unbarred letter followed by a decorated rise. Notice that all the steps
that are assigned a small label (i.e. a non-zero, non-big label) in the image must have this property
(i.e. coming from an unbarred letter followed by a decorated rise).
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It is clear that these two bijections are one the inverse of the other, and so the statement follows. =
Example 4.5. Figure ﬂ 4.3 shows a partially labelled decorated Dyck path in LD(2,11\3)*>°7 and
its image through the bijection. Its area word is (0,0, 1, 2, 1,1,1,0,1,0, 1, 1,1), where the asterisks

denote decorated rises.

First we add bars to letters corresponding to 0 labels, getting (0,0,1,2,1,1,1,0,1,0,1,1,1). Then
we add a decorated barred letter after every letter correspondlng to a small label i.e. labels with

value lesser or equal than 11 — 7 = 4, getting (0,0, 1, 1 2, 1,1,1,0, 0, 1,0, 0 1 ,1,1).
This is the area word of a polyomino in RP(10\3,6)**%, as expected.

@
30 .
@ *0 L1
@

%0 0 *1

1

(@=)]
—_
—

Figure 4.3: A Dyck path in LD(2,11\3)*2:°7 (left) and the polyomlno that is its image through the

bijection (right). The area word of the polyomino is (0,0, 1, 1, 27 1,1,1,0 O7 1,0,0,1,1,1,1).

4.2 Partially labelled square paths

For further details on the content of this Section, see [9].

As we did for Dyck paths, it is convenient to split our set into smaller subsets and find a recursion
for those. Define the subset _
SQ(m,n\s)**°4 C LSQ(m,n)**

to consist of the paths m € LSQ(m,n)** such that
dr(m) € (1,2,...,n—j)w(n,n—1,....,n—j5+1) and #{1<i<m+n|a;=—-aAl;#0}=s,

where a is the shift of the path. Let labels from 1 to n — j be small, and the labels from n — j 4+ 1
to n be big. We set

SQq,t(ma n\s)*k,oj — Z qdinv(w)tarea(ﬂ') )

TESQ(m,n\s)*k.°J
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Theorem 4.6. For 0 < j.k,s < n, 0 < m, the polynomials SQ,.(m,n\s)**°/ satisfy the
recursion

. ) m s . " Ll )
SQq,t(m, n\s)*k>0] = LDq,t(m’ n\s)*k‘,oj + qst’nfkfs Z Z q(2) |:T Z:l |:'r S :|
g q

z s—z
r=02z=0

n—k—sr+z

m—r E § mylu+h r+zt+u—1 xk—h,0j—(s—z

! Q(Q)[ h ] { u+h—1 ]Squt(m_’V”_S\u‘Fh)k hoj—(a=2)
u=0 h=0 q

with initial conditions

SQq.+(m, n\n)™°7 = LD, ;(m,n\n)**°7 = & - q("2") [n} [m +n— 1} '
4 q

Proof. The initial conditions are straightforward: if all the letters of the area word with a positive
label are minima, since the condition of ending East implies that one of them must be on the main
diagonal (i.e. the corresponding letter of the area word is 0), then all of them are on the main
diagonal, hence the minimum of the area word is 0 and the path is actually a Dyck path.

For the recursive step, we first give an overview of the combinatorial interpretations of all the
variables appearing in this formula. We say that a vertical step of a path is at height i if its
corresponding letter in the area word equals ¢ — a, where a is the shift of the path (i.e. the steps
on the base diagonal are at height 0).

We have that

e 2 is the number of small labels on the base diagonal.

s — z is the number of big labels on the base diagonal.

r is the number of zero labels on the base diagonal.

h is the number of 7’s such that a; = 1 — a and 7 is a decorated rise.

u is the number of i’s such that a; =1 — a, 7 is not a decorated rise, and [; # 0.

The strategy of this recursion is the following. Start from a path 7 in SQ(m,n\s)**°7. If it is a
Dyck path, it is counted by LD, ;(m,n\s)**°/. If it is not, remove all the minima from the area
word (with the corresponding labels), and remove the decorations on rises at height one (which are
not rises any more). In this way we obtain a path in

SQ(m — r,n — s\u + h)*khei=(s=2),

Let us look at what happens to the statistics of the path.

The area goes down by the size (i.e. m+n), minus the number of zeros in the area word (i.e. r+s),
minus the number of decorated rises (i.e. k), since these letters did not contribute to the area to
begin with. This explains the term ¢™+7—("+s+k),
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The factor ¢° takes into account the tertiary dinv that the minima generated (being them negative

letters with a positive label). The factor q(;) takes into account the primary dinv among the minima
that have a small label. The factor [sz]q takes into account the primary dinv among the minima
that have a small label, and the minima that have a 0 label. Indeed, each time a one of the former
precedes one of the latter one unit of primary dinv is created. The factor [r':jzl] . takes into account

the primary dinv among the minima that have a big label (which are s — z) and the other minima
(which are r + 2), where we get r + z — 1 because the last minimum cannot have a big label (it
must be followed by a rise).

h
The factor q(2) takes into account the secondary dinv betweensteps at height 1 that are decorated
rises and steps at height 0 that are directly below a decorated rise. The factor [“Zh]q takes into
account the secondary dinv among small labels at height 1, and 0 or small labels below a decorated

rise. The factor [ﬁ:_ﬁ;ﬁ;l} . takes into account the secondary among all the non-zero labels at height

1 (of which we have u + h), and the 0 or small labels at height 0 that are not below a decorated
rise (of which we have r + z — h), where we get u + h — 1 because the last rise comes after all the
minima (because the last letter of the area word is non-negative).

Summing over all the possible values of h,r, u, z, we obtain the stated recursion.






CHAPTER

Algebraic recursions

In this chapter we are going to show the two combinatorial recursions that are needed to prove the so
called Schrider case of the generalised Delta and Delta square conjectures, i.e. the (-, e,_;h;) case.
We are going to show that they match the combinatorial ones, thus proving that the ¢, t-enumerators
of the relevant agree with the symmetric functions as predicted by the Delta conjectures.

5.1 The family F(m,n\s)**°J

We now introduce the first of the families of symmetric functions that match our combinatorial
q, t-enumerators. Let

F(m,n\s)*k’oj = t”*k*S<Ahn7k75Aekem+n_j [(X[slql s embn—j),

which is the family Fr(/skfn described in [I1] Section 5]. We want to show the following.

Theorem 5.1. For 0 < j, k,s <n, 0 < m, we have

F(m,n\s)*k’oj = LDq,t(m,n\s)*k"’j.

We start with a lemma.

Lemma 5.2. For 0 < j,k,s <n, 0 <m, we have

Flm,m\s)™% = =51 =) 3 D (BJh (1 = HB,lexBulem(B,]
pEm4n—j H

-1 1,

— Z (11 VE,L_,C,S[X])|X:MBH w—ek[Bu]em[B/J.

pFEm4n—j H
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Proof. We have

F(man\s)*k’oj = tnikis<Ahn—k—sAekem+n_j [X[S]q] aemhn—j>

(by=t"—’“—s<1—qs><Ahn“Aek S -, R emhn_j>

pEm+n—j Wp

Oy B ="+ = ) Y s [Bulhl(1 = O Ber B[N, mns)

pEm—4n—j K

by 39 = (1 —¢*) S D (Bl - )BJexlB,]

w
pFEm—4n—j w

(i 1)

n— S S H
(by [1.48] - t"E (1 - ¢) Z ﬁhn—k—S[Bﬂ]hS[(l —t)Bylex[Bulem[By]
pEmA4n—j K

which proves the first equality. Now,

X X II
(x) = t"_k_s(l —q%) <hn_;€_s {] h [})‘ —Ler[Bulem|B,]
,ul—mz—i-:n—j M 1- q X=MB,, w‘u 8 8
_ 1I
(by [25}, (7.86)]) = Z (IT 1VE”_’§13)|X:MBH ﬁek{Bu]em[th]
pEm4n—j H
as desired. *

Proof of Theorem [5.3l We prove the theorem by showing that F(m,n\s)**°/ satisfies the same
recursion with the same initial conditions as LD, ;(m,n\s)**°7, stated in Theorem In order to
prove this, we show that it satisfies the recursion

F(m, n\s)™ 7 = frh= SZZCI ﬂ [r+i_1L

r=0 2z=0
X F(n—k—s,m+n—j\r+z)mJi-zemtn=j-k

with initial conditions

F(m, n\n)™*% = 5, - ("2") [”um+"_ 1L.

This recursion is the one in Theorem up to a change of variables. It is straightforward to check
that iterating it we get the one in Theorem .1}, which is exactly our statement.

Let us start with the initial conditions. We need to evaluate

(An_ Ay emin—j [X[n]g], emhn—j)
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which is clearly 0 if £ # 0, as in that case either A,_, or A, is the null operator. For k = 0 we
have

F(m,n\n)*™ = & olemini[ Xl emhn_j)

8 o[£ [2]).

(by=5k70< 3 FIH[X]EM[M[”]q]’hm ﬁ;]en_j [A);D

pFEm4n—j

*

(by [L.48) = dk.0 Z e[ By Hu[M[n]4]

pEm—4n—j

(N Rl |

m
as desired. Now we have to deal with the recursive step. We have
F(m,n\s)*kpj = tn_k_s<Ahn7k—sAekem+n7j (X [slq] s emhn—j)

Oy ED =" —¢) Y h BRI ~ )Buler[Bulen(B,]

pEm-4n—j H
n—k—s s 11 ﬁy MB
(by[[48) = " " (1 —¢) D —Eh(-t)Bulem[B,] ) en_k_s[By]%
prmAn—j H Vs v
—k—s 11, s H,IMB,
(by [42) = t" 7= > en——s[Bu] = (1 = ¢°) > Mhs[(l —t)B,em[B,]
vkn—s v pmin—j "
11 m s N1+ 2
1. — gn—k—s ks B2 (1 = ¢° m—r G)
(by [L33) = ¢ Z s B Q);t ;q { ' ]
r+s—1
X [ < s } hyq2[(1 = t) Bylhm—r[Bylen—j—=[By)]
q

a-e e SR

r=0 2=0

—r . 11,
x ™ (1 —q +z) Z wihmfr[BV]h'wkz[(l - t)Bl/]enfkrfs[Bl/]enfjfz[Bl/]
vkn—s Y

i3-Sy [0,

r=0 z=0 o r
x F(n—k—s,m+n—j\r+ z)n-i-memin=ji-k

as desired. 3
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We are left to prove that the sum over s of these polynomials yields (Ap,, Al . en,en_jhj), as
predicted by the Delta conjecture. We need another lemma.

Lemma 5.3. For every n > k > 0 and A - n, we have

Byen—r1[Ba—1]= > )BT,
pnCrA

Proof. We prove the result by induction on n — k. If n — k = 0 the statement holds trivially (we
get 0 = 0). Otherwise, we have

Byen_i—1[Bx — 1] = Brep—ix—1[Br] — Brén—ix—2[Bx — 1]
(by [L.48) = BA(Hx, €n—k—1hi+1) — Baenr—2[Bx — 1]
(by [L.I9) = Bx(hjp1 Hx, en—k—1) — Bren—g—2[Bx — 1]
(k+1
(by [L.49) = Ba Z ¢y, (Hy,en—r—1) — Baxep_p—2[Bx — 1]

vCh41A
(byE8) = By Y Toey oY — Baen—p—2[Br — 1]
VCrt1A
(by induction) = Z (Bx = B,)T, e\
l/Ck+1)\
1
(by [4], Proposition 5]) = Z (Bx = B)T)——~ B — B, Z CE\M) Llu) T,
l/CkJrl)\ vCipCrA

PORED DR

I/Ck+1>\ yC1,uCk)\

0 =% Y i,

()

nCrA vCip
k
(by [1.50) = Z C&M)BMTM
pnCrA
as desired. 3

Now we can finally show the last theorem.

Theorem 5.4. For 0 < j,k,s <n, 0 <m, we have

n

Z F(m,n\s)**% = (A}, Al ensen_jhj).
s=0
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Proof. We have

F m n s *k °J = t" k—s Ah Ac, lman—;|[X]s ,emhn_l)
n—k—s—ek J J
s=0

VED=Y Y OCVE XDy, teklBulenlB,

$=0 pFm+n—j

_ II
by = 3 (O Veu 4[X])y_yp —LenlBylemlB,]
. Bwy
pEm—4n—j
MBI, H,[X Il
by[LA5) = ) (Hl > Vw”> e[ Bulen|B,]
pEm4n—j vkn—k v s

X=MB,

by- Z Z MBA 1 em{B ] k[Bu]fL/[MBu]

Wy,

pEm4n—jvkEn—k

Em= Y Y zdeBTHem[Bu]ﬁuMBu

Wy
puEm4n—jvkEn—k ADgv

by- Z Z Z (k)MBT Hﬂem[BA:iiIA[MBM]

puFEm4n—jvkEn—k ADgv

WED- Y Y Y (k)MB Ty e | By H, [MB)]

Wy
puFEm4n—jvkEn—k ADgv

MB,T,11
byLa8) = > Y == [Balen—; [By)

AMnvCrA
MB,II
bY. Z A )\enfkfl[BA - 1]hm[B)\]en,J[B>\]
AFn
M B,II
by- Z a )\ BA]en k— I[B)\—lKH)\,en th>
AFn
MBI Hy\[X
(by [T = (An, AL, 12%7%7],@
AFn
(by ' AhmA/ k71e7“ en—jhj>
as desired. -

5.2 The family S(m,n\s)**°J

The second family of symmetric functions that match our combinatorial g,{-enumerators is very
similar to the first. Let

S(m,m\s)*) = %F(mm\s)*’“f‘ = gt Ay A s X[l embay),

Slq [s]q
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which is the family Sn k m described in [9] Section 4]. We want to show the following.
Theorem 5.5. For 0 < j, k,s <n, 0 <m, we have

S(m, n\s)*k’oj = SQq.(m, n\s)*k’oj.

Proof. We will show this using the recursion for F(m,n\s)**°/ and manipulating it slightly. The
iterated version suits our needs better. Recall that F(m,n\s)**°/ satisfies the recursion

F(m,n\s)™7 = gn—k—s i i e [j q [7‘ +5— 1} q

r=0 2z=0 "
n—k—sr+z
)t 30 th [TJrZ} [rJerrul} F(m —rn — s\u+ h)E—ei=(s=2)
u=0 h=0 q q

with initial conditions

F(m,n\n)™° = 6,0 - ¢("2") [T%L [m +n— 1L.

If s = n the two families of polynomials agree, hence the initial conditions are the same, as expected.
If s < n, replacing F with S (i.e. multiplying both sides by %) we get

whoi Mgt s| [r+s—1
sty = Baeaee S 0[] [0
3 r=02=0 q q

n—k—sr+z

l 1 )
<m0 Zq; {r%—z] {r%—z—i—u ] F(m —r,n — s\u + h)*—hei=(s=2)
a q

u=0 h=0

—<1+q8[ Zp >t” k— s;;q H {r—ks—l]
n—k—s rtz

h —1 .
w $m=T Z Z (%) |:T+Z] {T—"_Z—i_u ] F(im—r, n—S\U—Fh)*k—h,OJ—(s—Z)
q

u=0 h=0

F(mn\s)*k07+q[ 0 qtnksrz();)q [] {r—&—s—lL
n—k—sr+z

o r+z] [r+z+u—1] [u+hl, wkeh.0i—(s—2
a3 SB[ | J Bt s oo
u=0 h=0 q
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m s n—k—sr+z
— F(m’n\s)*k,oj + qstn—k—s qu@) . gm=T Z Zq(g‘)
r=02=0 u=0 h=0
% [s]g! [r+s—1]! [r + ]! [r+z+u—1Jg! [uthlgfut+h—1]

[2]g![s — 2lg! [r]q![s — g! [Rl!lr + 2 — Rlg! [ulg!lr + 2 —1]g!, [s]g  [u+h—1]!
x S(m —ryn — s\u + h)*k-rei=(s==)

n—k—sr+z

_ F(m,n\s)*k’oj + qstnfkfs iiq(g) L gmT Z Zq(g)

r=0 2z=0 u=0 h=0
><[r+z] [r+s—1]!  [u+hlu+h-1]! [r+z4+u—1]! [s]4!
[rlq! 2! [+ 2 = 1g![s — 24! [7)q![ulq! [uth = 1![r +2 = hlg!, [s]a[s = 1]}

x S(m —r,n — s\u+ h)Fei=(s=2)

Fm, n\s)™® + g*t"*= SZZ‘J [rﬁ—z} [r—ks—lL

r=02=0 S
n—k—sr+z
u—|—h r+z4+u—1 k—h.oj—(s—
NS s S _ _ n)* ,0j—(s—2)
B EAL 103 s

which is the same recursion of Theorem .6l The statement follows.
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CHAPTER

State of the art

To conclude this thesis, we will give an overview on the available results on the Delta conjectures,
the open problems, and possible directions for future research.

6.1 The g,t-Catalan

One of the first remarks made after the introduction of the nabla operator by Bergeron, Garsia,
Haiman, and Tesler in [3], is that the scalar products (Ve,,e,), when evaluated at ¢ = ¢t = 1,
yield the ubiquitous Catalan numbers. Since the possibly most iconic set counted by the Catalan
numbers, the set of Dyck paths of size n, has a natural statistic given by the area, it was pretty
soon clear that the identity

(Ven endli=1 = Y ¢

7eD(n)

held. Moreover, this scalar product actually gives a polynomial which is symmetrical in ¢, ¢. Shortly
after, people started chasing a second statistic tstat: D(n) — N, equidistributed with the area, such

that
(Ven,en) = Z qarea(w)ttstat(ﬂ).
meD(n)

In the meanwhile, Haiman proved the Schur positivity of the Macdonald polynomials [33] and
Ve, [34], making the hunt even more interesting. After several years of failed attempts, almost
simultaneously two statistics with that property have been found: the bounce, by Haglund, and
the dinv, by Haiman. The conjectural identity

<ven7 en> — Z qarea(‘n')tbounce(ﬂ')
weD(n)

has been proved by Garsia and Haglund in [18], where they showed that bounce is indeed a valid
choice for tstat; shortly afterwards, Haglund and Loehr in [27] found a bijection ¢: D(n) — D(n)
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mapping (area, bounce) to (dinv, area), thus proving that

(Ven,en> — Z qdinv(w)tarea(ﬂ)
weD(n)

also held. Notice that, while we know by using the symmetric functions that (Ve,,, e,,) is symmetric
in ¢,t, neither of those combinatorial results implies this symmetry, and in fact, up to today, we
still lack a combinatorial interpretation of this apparently simple fact.

The so called ¢, t-Catalan is just the first chapter of the story. In [15], Egge, Haglund, Killpatrick,
and Kremer extended the statistics area, bounce, and dinv to Schréder paths, i.e. Dyck paths in
which diagonal steps are also allowed. In this thesis and in several other works in the literature,
Schréder paths have been replaced by Dyck paths with decorated peaks, the identification being
just replacing the diagonal steps with a North step followed by an East step, decorating the peak
they form. They extended the bijection ¢ to these Schrider paths, and conjectured the identity
that, in our notation, states

<V€n, hjen—j> _ Z qarea(w)tbounce(w) _ Z qdinv(ﬂ’)tarea(ﬂ').
meD(n)°J 7wED(n)%d

Shortly thereafter, Haglund proved the so called g, ¢-Schréder conjecture in [24].

6.2 The shuffle conjecture

In [26] we finally get the statement of the shuffle conjecture by Haiman, Haglund, Loehr, Remmel,
and Ulyanov, in terms of labelled Dyck paths. They extended the definition of the dinv statistic to
labelled objects, giving an interpretation of the full symmetric function Ve,,. The original statement
involved quasisymmetric functions and the scalar product with h,; without going into details, we
restate it as
Ve, = Z qdinv(w)tarea(ﬂ)xﬂ.
meLD(n)

In his work [24], Haglund actually proved not only the Schroder case (Ve,, hje,—;), but also the
two-shuffle case (Ve,,hjh,—;). In [36], Loehr and Remmel described the pmaj statistic, thus
extending the bounce to labelled objects. They also generalised the previously known bijections to
amap (: LD(n) — LD(n) sending (area, pmaj) to (dinv,area). As a result, we got the pmaj version
of the shuffle conjecture, equivalent to the dinv one, stating

Ve, = Z qarea(ﬂ')tpmaj(ﬂ')xﬂ’
meLD(n)

It is now 2007 when Loehr and Warrington, in [38], introduce the square paths conjecture. They
removed the restriction of the path lying above the diagonal x = y, replacing it with the weaker
condition of the path having to end with an East step. On this new set of objects, of which the Dyck
paths form a subset, they extended the definitions of dinv and area and suggested a combinatorial
interpretation of Vw(p,,) in terms of labelled square paths, which in our notation reads

Vw(pn) _ Z qdinv(w)tarea(ﬂ')xﬂ'.
relsQ(n)
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The (Vw(py,), en) case of this conjecture, known as g, t-square, has been previously proved by Can
and Loehr in [5].

Several years passes before the next big step towards a proof of the shuffle conjecture. It is only
in 2012 that Haglund, Morse, and Zabrocki introduce the compositional shuffle conjecture in 28],
which later on turned out to be a key tool in the proof. In that paper, the authors introduce
a family of operators on the symmetric functions, called C, for a F n, which with an abuse of
notation we identify with C,(1). These operators have the notable properties that ) ., Co =€,
and that VCy is Schur positive. A natural composition of n is associated to every Dyck path,
namely the one given by the lengths of the segments between every pair of consecutive points in
which the Dyck path touches the main diagonal. If we call LD(«) the subset of Dyck paths whose
diagonal composition is exactly «, then the compositional shuffle conjecture states that

VO, = Z qdinv(‘n')tarea(ﬂ)x'rr-
meLD(w)

In [13], Duane, Garsia, and Zabrocki introduce a newdinv statistic, recursively defined, which they
show that satisfy some two-shuffle compositional identity. Later on, in [35], Hicks and Kim gave a
direct, but still algorithmic, definition of the newdinv statistic. Later on, thanks to this composi-
tional refinement, Garsia, Xin, and Zabrocki managed to prove the two-shuffle (VCy, hjh,—;) case
of the compositional shuffle conjecture in [2I], and then the case (VCyq, hjhgen—;—k) in [22], which
was the first result that was not known in the non-compositional case. Their result remained the
most general available one before the conjecture was fully proved.

In the meanwhile, in an apparently unrelated subject, Dukes and Le Borgne introduced in [14] a
q, t-analogue of the Narayana numbers, that refine the Catalan numbers. Later on, Aval, D’Adderio,
Dukes, Hicks, and Le Borgne, in [I], extended the story to parallelogram polyominoes. They defined
three statistics area, bounce, and dinv on these objects, found a bijection sending (area, bounce) to
(dinv, area), and gave a combinatorial interpretation of (Ap _ e, e,) in terms of m x n standard
parallelogram polyominoes.

6.3 From the shuffle to the Delta

The year 2015 features not one, but two milestones in this field. The first one is the long awaited
proof of the shuffle conjecture: Carlsson and Mellit, in [6] (see also [31]), introduce the Dyck path
algebra, an algebra of operators which they use to prove the compositional refinement of the shuffle
conjecture. The refinement is crucial, as without it there is no way to write the needed recursions
for the symmetric functions side of the identity. The second milestone is the statement of the
generalised Delta conjecture by Haglund, Remmel, and Wilson in [29], in terms of partially labelled
decorated Dyck paths. In our notation, it reads
Ahm A en = Z qdinv(w)tarea(w)zﬂ

€n—k—1
weLD(m,n)*k

While the result by Carlsson and Mellit alone seemed to put an end to the story, if combined with
the conjecture by Haglund, Remmel, and Wilson, it opened more questions than it closed. Can
it be used to prove the square paths conjecture? Is there a compositional refinement of the Delta
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conjecture as well? What can we say about the Delta conjecture? Several people tried to answer
these questions, and this is the setting we’ve been working in. The first question, regarding the
square paths, was immediately answered by Sergel in [43], who showed that the shuffle theorem
implies the square paths conjecture, thus proving it. A first result heading towards an answer to
the second question, about a compositional Delta conjecture, has been shown by Zabrocki in [46],
who proved a compositional refinement of the Schroder case of the Delta conjecture.

6.4 Our results

This is where our work starts. Together with D’Adderio and Vanden Wyngaerd, in [§] we proved
the Schroder case (A, . en,hje,_j), and the two-shuffle case (A, ey, hjh,_j) of the Delta
conjecture. We also extended the statistics and the bijections in [I] to decorated polyominoes,
proved the Schroder case (Ap,_, en, hpen—k), and gave a bijection between the two-shuffle decorated
Dyck paths and the Schréder rise-decorated polyominoes. We also introduced a pmaj statistic on
labelled parallelogram polyominoes, stating the polyominoes conjecture

Ahmen+l _ Z qarea(ﬂ')tpmaj(ﬂ')xw'
TELPP(m+1,n+1)

Finally, we showed that a special case of the Delta conjecture can be used to introduce new statistics
on square paths that match a different ¢, t-square.

Later on, in [II] we proved the Schroder case (Ap,, A, _,  en,hje,_j) of the generalised Delta
conjecture, and gave another interpretation in terms of doubly decorated parallelogram polyomi-
noes, bijectively showing that the two are equivalent; in [9] we stated the generalised Delta square
conjecture

—k .
[’I’L ]t AhmAen_kW(pn) _ Z qdmv(w)tarea(ﬂ')xﬂ

[nle rELSQ(m,n)*k

in terms of partially labelled decorated square paths, and proved the Schréder case

[n — k]t

[n]t <Ahm Aen—kw(pn)7 h‘jen—j>'

These results are the ones showed with full details in this thesis.

In the meanwhile, in [16] Garsia, Haglund, Remmel, and Yoo managed to prove the Delta conjecture
at ¢ = 0, and Romero in [42] did the same at ¢ = 1. In [I0], again together with D’Adderio and
Vanden Wyngaerd, we proved the generalised Delta conjecture at ¢ = 0 (or equivalently ¢ = 0) and,
as a corollary, the generalised Delta square conjecture at ¢ = 0, since they happen to coincide.

Together with D’Adderio, in 7] we managed to give a proof of the (Ve,,, hjhre,—;_1) case of the
shuffle conjecture that does not rely on the compositional refinement. In the same paper we showed,
using a bijection, that the newdinv statistic in [I3] coincides with the natural dinv statistics on a
certain subset of decorated partially labelled Dyck paths.

In early 2019, Zabrocki conjectured in [47] a module, called super-diagonal coinvariants, that plays
for the Delta conjecture the role that the module of the diagonal harmonics played for the shuffle
conjecture, featuring a set of Grassmannian variables.
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Finally, again together with D’Adderio and Vanden Wyngaerd, we introduced in [12] the ©f oper-
ators, which we used to state a compositional refinement of the Delta conjecture

@ek VCa = Z qdinV(ﬂ')tarea(Tr)xﬂ—.

TELD(a)*k

We also proved a touching refinement of the generalised shuffle conjecture (i.e. the case k = 0 of
the generalised Delta conjecture) and showed that it implies the generalised square conjecture (i.e.
the case k = 0 of the generalised Delta square conjecture). Furthermore, the ©,, operators provide
a conjectural formula for the Frobenius characteristic of super-diagonal coinvariants with two sets
of Grassmanian variables, extending the one of Zabrocki in [47] for the case with one set of such
variables.

6.5 Future directions

The game is far from being over. The obvious next step would be to find a way to generalise the
tools provided by Carlsson and Mellit in order to prove the compositional Delta conjecture, and
then show that it implies the Delta square conjecture. In the same framework, a dinv statistic for
the generalised compositional versions of these two conjectures is still missing.

Even if the Delta conjectures were to be fully solved, there are still several other open questions.
Ay, w(py) is conjecturally Schur positive, and computational evidence suggests that it has an
interpretation in terms of pairs of rectangular paths. This would generalise the polyominoes frame-
work in the same way as square paths generalise Dyck paths, but the natural bistatistics we have
do not match the symmetric functions unless we set ¢ = 1 or ¢t = 1. Notice that this is not a special
case of the generalised Delta square conjecture, as it only holds for & < n.

For A - m and a F n, computational evidence suggests that O., VC, is Schur positive as well.
While the part in low degree conjecturally agrees with the Frobenius characteristic of super-diagonal
coinvariants with £(\) sets of Grassmanian variables (according to limited computational evidence),
there is no interpretation for the full symmetric function. Moreover, there is no combinatorial
interpretation whatsoever for £(\) > 2, and even for ¢()\) = 2 we only have conjectures for ¢ = 1
or t = 1. The hope is that there exists a more general framework that explains all of these Schur
positivity results, but it is yet to be found.
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