A REMARKABLE ¢, t-CATALAN SEQUENCE AND ¢-LAGRANGE INVERSION
A.M. Garsia! and M. Haiman!

ABSTRACT. We introduce a rational function C),(q,t) and conjecture that it always
evaluates to a polynomial in ¢, ¢ with non-negative integer coefficients summing to the

familiar Catalan number n%rl (27?) We give supporting evidence by computing the spe-

cializations D, (q) = Cy(q,1/q) q(g) and Cy(q) = Cn(q,1) = Cy(1,q). We show that,
in fact, D, (q) g-counts Dyck words by the major index and C,(q) g-counts Dyck paths
by area. We also show that C),(q,t) is the coefficient of the elementary symmetric
function e, in a symmetric polynomial D H,,(z; g, t) which is the conjectured Frobenius
characteristic of the module of diagonal harmonic polynomials. On the validity of cer-
tain conjectures this yields that C),(q,t) is the Hilbert series of the diagonal harmonic
alternants. It develops that the specialization DH,(x; ¢, 1) yields a novel and combi-
natorial way of expressing the solution of the g-Lagrange inversion problem studied
by Andrews [2], Garsia [5] and Gessel [11]. Our proofs involve manipulations with
the Macdonald basis {P,(x;q,t)}, which are best dealt with in A-ring notation. In
particular we derive here the A-ring version of several symmetric function identities.

Introduction

Our ¢, t-Catalan sequence is defined by setting

t2El 2%a (1 — (1 — H0,0 1— a’tl’ Z a’tl’
Cn(q,t) — Z q ( )(a ql)+1 l ( a+q1 ) q

1.1

where the sum is over all partitions of n. All products and sums in the p** summand are
over the cells of p and the parameters [,1’, a,a’ denote the leg, coleg, arm and coarm of a
given cell. That is, for a given cell s, when p is depicted by the French convention (see the
figure below) [, ', a, a’ give the number of cells that are strictly north, south, east and west of
s in . The symbol []%? is to express that this product omits the corner cell with I’ = a’ = 0.
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On the surface, 1.1 appears to define only a rational function of ¢ and t. Neverthe-
less, computer data and representation theoretical considerations lead us to conjecture that
Cy(q,t) evaluates for all n to a polynomial with non-negative integer coefficients and to-

tal degree (;? In fact, a perusal of the tables in the appendix quickly reveals that the
coefficients of the resulting polynomial always add up to the familiar Catalan number

o = <2n> 1.2
n+1\n

To support our conjecture we shall show here that the specializations

Da(g) = Cala,1/q) g2 and Culg) = Culg,1) = CulL,q) 13
are themselves familiar g-analogues of the Catalan number. More precisely we show that
1 2
Dn(q) = n] 1.4
[n+1 Lnlg
and that C),(q) satisfies the recurrence
Z k= le 1 Cn_k(q) (With C(] = 1) 1.5

The proof of these identities is obtained by computations involving bases of symmetric
polynomials, which are best expressed in A-ring notation, a device which we pause to explain
very briefly, referring the reader to [3] or [8] for a fuller account. We represent an alphabet
of variables by a formal sum, usually denoted with a capital letter, as for instance

X =z +T24 -+ o



More generally, alphabets are allowed contain monomials as well as variables, so that mul-
tiplication of alphabets makes sense. Now, given a symmetric function f, the plethystic
substitution of X into f, denoted f[X], is merely

fIX] = flz1, 20, ...,xp).

One extends this to alphabets involving negative letters by writing f (uniquely) as a poly-
nomial in the power sums p; and setting

Pe[X = Y] = pp[X] — pe[Y].
This is well-defined and also yields
Pe[ XY = pe[X]pe[Y].

More generally, there is no difficulty in extending the notion to infinite alphabets, so that
we may consider such expressions as

fIEE] = fIX +aX + X+ ;

1—q

note that the replacement f[X] — f[lXTq] is inverse to f[X] — f[X(1 — ¢q)], as we would
expect.

It develops that the proof of 1.5 is intimately related to the g-Lagrange inversion problem
studied by Andrews [2], Garsia [5] and Gessel [11]. To see how this comes about we need to
review some material concerning the Macdonald bases {P,(x;q,t)},, {Qu(z;q,t)}, defined
n [19]. Recall that {P,(x;q,t)}, is the unique family of polynomials which is triangularly
related (in dominance order) to the Schur function basis and satisfies a Cauchy identity
which, in A-ring notation, can be written in the form

ha XY 170 = D Qu(w;4,t) Pu(y; q,1), 16
pukn
with l+1)
11 — ¢
Quizqt)y = JE=ZTC ) p g by, 17

[1(1 = g*+'t')
where both products run over all the cells of ¢ and the parameters [, a are respectively the
leg and the arm of the cell as defined above. Macdonald also sets

Tu(wiq,t) = [T(1 = ¢*™") Pu(wiq,t) = [[(1 = ¢"'t") Qulw;4,1), 1.8
and conjectures that JH(:E; q,t) has an expansion of the form
(g, Z SAX(1—1)] Kxu(g,t) 1.9
AFn

where Sy () is the customary Schur function, and Ky, (g, t) is a polynomial with non-negative
integer coefficients. Here we shall have to deal with the two bases

Hy(z;q,t) = Ju[75:0, 1] =D Sa(x) Kau(g,t) 1.10

AFn



and

ffﬂ(:c; q.t) = H,(z;q,1/t) ) 1) = > Sz K/\u q,t) 1.11
AFn
where as in [19] we set
==Y U= (-Dm=> (%) 1.12
In fact, to simplify our notation let us also set
> q"t" = Bu(q.1)
" (1 - “ltll) = 11,.(q, ?)
H( - at+) :h“(q,t)
ML~ 1"+ = h(a.1) 143
(" — ") = hu(q. )
a 1 _
[ —¢*) = h,(q.1).
This given we may simply write
2n(p) g2n(e') (1 — $)(1 — g) 11 B t
Colat) = 3 g™ (1 - 8)(1 — q) (g, ) Bulg, ) 714

ukn il’u(‘]? t) il’,/u(q7 t)

Now it develops that this expression is none other than the coefficient of the familiar elemen-
tary symmetric function e, (x) in the Schur function expansion of the symmetric polynomial

H,(z; () () 1—q) (g, t) Bu(q,t
pukn h ( ) h ( )
In fact, it can be shown (see Theorem 2.2 below) that
HH(Iﬂ q, t) |S1n = Kl”,#(‘]? t) = tn(,u)qn(,u’)’ 1.16

where the vertical bar denotes extraction of a coefficient—in this case the coefficient of
Sin—in the Schur function expansion of the symmetric function H u(z5¢,t). Equation 1.16
yields

Cu(q,t) = DH,(x;q,1)|spn- I.17

Given this expression for C),(q,t) in terms of DH, (x;q,t), we shall show that equations 1.4
and 1.5 follow from the more general specializations

1 N
DH,(z:q,1/q) ¢®) = T X1 1.18

and
DH,(x;q,1) =) (Hq ) full —4ql, 1.19

where f,, denotes the so-called forgotten basis element indexed by .
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The connection with g-Lagrange inversion derives from the fact that if for convenience
we set

kn(@;q) = kn(q) = DHp(2;54,1) 1.20
then the formal series
f(z) =2 knlq) ¢"2" 1.21
n>0

is the ¢-Lagrange inverse of the series

F(z)=> F,2"= ° _ where E(z) =) en(x) 2" 1.22
n>1 E(Z) n>0
More precisely we show that
Y. Fa f()f(zq) - f(zq" ") = 2. 1.23

The contents of this paper are divided into four sections. In the first we review the
g-Lagrange inversion results of [5] and recast them in A-ring notation. As a byproduct
we also obtain a novel and combinatorial way of expressing the solution of the Andrews-
Garsia-Gessel ¢-Lagrange inversion problem. In the second section we prove the identities
[.18 and 1.19 and derive from them 1.4 and I.5. In the third section we briefly review the
representation theoretical background that underlies all our computations. We refer the
reader to [7],[8], and [19] for further information covering this material. The main object
of this section is to show that all the conjectures given in [12] concerning the module of
diagonal harmonic polynomials can be replaced by the single statement that DH, (z;q,t)
is the bivariate Frobenius characteristic of this module. Recent results [13] by the second
author have also brought forward a 2-parameter family C{"™(q,t) of rational expressions
which reduce to C,,(q,t) for m = 1. Computer data leads to the conjecture that C\™(q, 1) is
(for m,n > 1) a polynomial with non-negative coefficients adding up to (W;;r") /(1+nm). In
the fourth section we present some evidence supporting this conjecture by extending some of
the methods and results of Sections 1 and 2. We conclude by presenting some further open
problems and conjectures which arise in the study of this new family.
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1. ¢g-Lagrange inversion in A-ring notation

The general ¢g-Lagrange inversion problem we are concerned with may be stated as follows.
We are given a formal power series

F(z)=Y F, 2" (Fi=1) 1.1

k>1



and we are seeking a formal power series

f) =3 f (=1 1.2
k>1
which satisfies the equation
Yo F f(2)f(zq) - f(z¢") = 2 1.3
k>1

Note that equating the coefficients of 2™ we obtain the sequence of identities
fo==2 Fe f(2)f(z0) - f(z"") | (n>2) 1.4
k=2

which recursively determine all the coefficients of f(z). Thus the solution of 1.3 exists and
is unique. Our task is to show that a very useful form of the solution may be obtained by
rewriting one of the basic identities given in [5] in A-ring notation. To this end we need to
recall some of the contents of [5].

We begin with the following fundamental fact:

Proposition 1.1
For any two sequences {0}, and {¢,}, we have

S 0 f(2)f(zq) - f2g"T) =Y 6 2" 1.5

n>0 n>0

if and only iof
> 0,2" = 0 F(2)F(2/q)--F(z/q""). 1.6

n>0 n>0
See [5], Theorem 1.1 for the proof of this result.

In what follows we work with the collection FP(q) of all formal power series

0(z) = > Oa(q) 2" 1.7

n>0

whose coefficients 6,,(q) are rational functions of ¢q. This collection is closed under all stan-
dard operations on formal power series including taking logarithms, exponentials, functional
composition and ¢-Lagrange inversion. For instance, given the equation

Zenz":epo%zk, (6=1) 1.8

n>0 k>1

one can compute the pg ’s from the 6, ’s or vice versa by means of the Newton formulas

6, 1 0 0
292 91 1 e 0
36 0 0
pe(@) =det | 2 720 bl 1.9
: : : ) N
PR .« e e .« e e .« o e 01 1
kO, Oy - - Oy 6
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and

pl _1 0 P P 0
p2 pl _2 P P 0
_3 PR, 0
Ou(p) =det | 2212 P07 1.10
. . . T T 0
P1 —k+1
P DPk-1 - 0 D2 p1

which are easily derived by differentiating 1.8, equating coefficients of equal powers of z, and
applying Cramer’s rule.

In particular, the starring operations of [5]

* Zk
0(z) — 0%(z) =exp Y pklgz) 1=q" L
0(z) — *0(z) =exp k>l pklg : 1—(21/q)’“

send an element 0(z) € FP(q) with 6y = 1 into another such element. It is easy to verify
from 1.11 that we have (when 0y = 1)

_ ()
0*(2q")

"0(z)

W. 1.12

0(2)0(zq) -+~ (2" ") and  0(2)0(2/q) - 0(2/q" ") =

Two other basic operators on FP(q) introduced in [5] are roofing and unroofing, respec-
tively defined by setting

M(z)=> b, q_(g) 2" and VO(z)=> 6, q(g) 2" 1.13

n>0 n>0
Un-roofing was introduced in [5] to untangle ¢g-products of the form
A ®yB(2)=Y A,z" B(z/q¢") 1.14
h>0

More precisely, we have
" (A ®B) () = ("A)(2) ("B)(2), 1.15

as can be easily verified by equating coefficients of 2™ and using the simple identity

h+k h k
('3 =)+ () +nk
It is standard practice in the classical Lagrange inversion theory to write the given formal
series F'(z) in the form
z z

This given, one of the expressions for the solution of 1.3 given in [5] may be written in the
form

F(z) =

(Eo =1). 1.16

f(z) == vv**%(éq)), 1.17




a result we will shortly re-derive in proving Theorem 1.1 below.

The main difficulty we encounter in applying formula 1.17 consists in the problem of
inverting the formal series V*E(z). It develops that this inversion can be easily carried out
by recasting 1.17 as a symmetric function identity. To see how this comes about we need to
make a slight change of notation. Because of the algebraic independence of the elementary
symmetric functions e, (x), there is no loss in assuming that the coefficients E,, can be written
in the form

E, =en(x1,29,23,...) = ep(x),

for a suitable infinite alphabet © = {x1,x2,z3,...}. This point of view enables us to derive
from 1.17 a remarkable expression for the coefficients of the solution of 1.3. To state the
result in a form convenient for our applications we rewrite our unknown series in the form

f(2)=2K(zq) =2 Y_ kalq) 2" ¢" 1.18

n>0

This simply amounts to setting

fo = Ena(9)g" 1.19
This given we can show that 1.17 is equivalent to the following sequence of identities:
Theorem 1.1
Forn=1,2,... we have
i Z(Hq u11q>fu[1_Q] 1.20
pukn %

where f, is the ‘forgotten’ basis element indexed by p.

Proof
Proposition 1.1 gives that 1.3 is equivalent to

S i F(2)F(z/q)- F(z/¢"") = 2. 1.21

k>1
Rewriting F'(z) according to 1.16, this becomes

()
2 N EEG) B

k>1

Multiplying both sides by *FE(z) and using the second equation in 1.12 with € replaced by
E gives

S fe g O E(z/qY) = 2 E(2).

k>1

By 1.15, unroofing both sides untangles this ¢-product into the equation
f(z) "E(z) =" (2 "E(2)) = 2 " E(2q).
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This establishes 1.17. Substituting the expression in 1.18 for f(z) and replacing z by z/q
yields the identity

V*E(z/q)
To invert the series V*E(z/q) we start by writing *E(z/q) in exponential form and use A-ring
notation. This yields the following sequence of equalities:

K(z) = 1.22

) (—1)k—1(5/)k
E(Z/Q) = eXp Zkzl pk,g 1 i)_(l/(q)/kq)

) (—1)k ¥
— exp Yy HGE

- Pk[li(—q] k
= exp D p>1 & (—2)

= Zmz0 bl (=2)™

where in the present context py(z) and h,,(z) simply denote the power sum and complete
homogeneous symmetric functions in the alphabet z = {z,25,...}. This yields us the
expression

VE(z)g) = Y bl ¢(3) (=)™, 1.23

m>0

The same reasoning that allowed us to write 1.16 yields that we shall have
(%) B[] = hulA] 1.24
for some suitable infinite alphabet A. Substituting in 1.23 we get

VE(z/q) = Xmso hml[A] (—2)"
— exp (Zk>1 pi[A] (—Z)k), 1.25

where again, pi[A] denotes the power sum in the alphabet A. In this form Y*FE(z/q) is easily
inverted. Namely, we have

1
g 9 (S B ).

Multiplying this by 1.25 with z replaced by zq and using 1.22 gives

K(2) =exp (i 2= <q —1) )
= exp Zk21 kaLA]( ) ( qk) k)
=exp (2g>1 pik[Agj D(—1)k= Zk)
= Zmzo em[A(1—q)] 2™

In particular, equating coefficients of 2™ we derive that

kn(q) = en]A(1 — q)]. 1.26



On the other hand, a simple argument based on the fact that the elementary and forgotten
bases are dual with respect to the Hall inner product (see [20]) yields us the identity

Al —=q)=>_ huJA] ful—q]. 1.27

pukn

and 1.20 follows then immediately from the definition 1.24 of the alphabet A.

Remark 1.1

We should point out that 1.24 and our referring to A as an alphabet is only a device to
guide us into the proper use of matrices relating the various bases of symmetric functions.
For instance, if {c,}, is any sequence whatsoever, writing it in the form ¢, = h,[A] allows
us to denote by e,[A] the sequence {d,}, which is related to ¢, in the same manner the
sequence {e,(x)}, of elementary symmetric functions is related to the sequence {h,(x)}, of
homogeneous symmetric functions. In particular, since in any alphabet x with more than 2
letters eg(x) = h3(x) — ha(x), then es[A] is only a convenient way to refer to the polynomial
dy = cf — Co.

Our next task is to show that the coefficient k,,(¢) in the solution 1.20 of our ¢-Lagrange
inversion problem has also a remarkable combinatorial interpretation. To do this we need
some notation. We recall that the points of the x, y-plane with integral coordinates are called
lattice points and the squares with lattice vertices are usually referred to as lattice squares.
The lattice squares with unit side will be referred to here simply as cells. The cells with
vertices (i,1), (1 + 1,7 + 1) will be called diagonal cells. The lattice square with vertices
(0,0), (n,n) will be denoted by SQ[n]. The collection of all diagonal cells in SQ[n] will be
referred to as the diagonal of SQ[n]. This given, we let D,, denote the collection of all lattice
paths from (0, 0) to (n,n) which proceed by NORTH and EAST steps and constantly remain
weakly above the diagonal of SQ[n]. Paths in D, are referred to as Dyck paths; it is well

known that D,, has cardinality equal to the Catalan number C,, = n—+1( ) Given D € D,
we let a(D) denote the number of cells below D and strictly above the diagonal. We may
interpret a(D) as the area between D and the diagonal of SQ[n]. The figure below shows an

element of Dy, the diagonal of SQ[9] (dark shading) and the area between (light shading).
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To each path D € D,, we associate a vector (D) = (i; < iy < --- < 1i,), where i is the
x-coordinate of the unique NORTH edge (ix,k — 1) — (ig, k) in the path. It is easy to see
that a vector I = (i1 < iy < --- <14,) comes from a path of D, if and only if its coordinates
satisfy the conditions

n<k—1 (k=12...n—1).

For instance in the example above
I(D)=(0,0,0,0,2,2,2,5,5).
It is also easy to see that the quantity
11ttt F iy

gives the number of cells of SQ[n| that are weakly above D. This immediately gives the
identity

a(D) = (5) —ir =iy — -+ — i, 1.28

We can also represent the vector I(D) in the form 01t ... (n — 1)* ! where a; = o;(D)
gives the number of NORTH steps of D along the line x = i. In our example this would be
ag =4, ap = 3, a5 = 2, all other a; = 0.

It develops that the coefficient £, (¢) can be obtained by an appropriate g-counting of the
elements of D,,. This connection is a simple consequence of a factorization of the paths of
D,,. More precisely, given D € D,, and given that (D) = k we can break D up (see figure
below) into a vertical step of length k followed by a sequence of paths

Din,s Dinys - .., Dy,

11



each preceded by an EAST step, with D,,, € D,,, and
mi+mo+---+mp=n—%k (m; > 0) 1.29

Of course, if one of the summands here is 0 the corresponding path must be assumed to be
consisting of a single lattice point and all we see is the EAST step that precedes it. Moreover,
we require that the path D,,, has its first and last vertices on the line v =i+ y — k. A look
at the figure below should give a clear idea on how this factorization should be carried out.

e
A

Symbolically, we can represent this factorization by writing

k
D=V, +>Y (Ei+ Dy,) 1.30

i=1

where V}, denotes the initial vertical portion of D consisting of the first K NORTH steps, and
the symbol E; represents the EAST step that precedes D,,,. Note that the number of cells
weakly east of D,,, and strictly west of the diagonal of SQ[n] is given by a(D.,,) + (k —i)m,
thus the factorization in 1.30 yields us the identity

a(D) = (5) +2 (a(Du,) + (k —i)m; ), 1.31

where the (g) is contributed by the cells weakly east of V;. This given, we can state our

combinatorial interpretation of k,(¢) in the following form.

Theorem 1.2 .
k(@)= Y. ¢ I eam(@) 1.32
=0

DeD,
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Proof
Denote for a moment the right-hand side of 1.32 by ¢,,(¢). The factorization 1.30 and
the identity 1.31 imply that we must have

m;—1

n k
=3 ¢ ey(a) > II g (Pma)+(E= H Cay(Dy) (T
k=1

mi+-+mp=n—k =1 Dn,. €Dp.

From this we immediately derive that ¢, (q) satisfies the recursion
n & k
= Z q(Z) 6k(l’) Z H —i)mi QSmZ ) 1.33
k=1 mi+--+mp=n—k i=1

where we must adopt the convention that ¢o(q) = 1. This given, to complete our argument
we need only show that &, (q) itself satisfies the same recursion. Our point of departure is
equation 1.21, which after multiplying both sides by E(z) and using 1.16 becomes

Y. fuz F(z/q)- F(2/q""") = z B(2).

n>1

Canceling the common factor z and making the replacement z — zq we obtain

> farr F(z)--- F(z/q"™") = E(2q).

n>0

We can use Proposition 1.1 once more and get

S far1 2" =Y eal) ¢ f(2)f(2q) - fzg" ). 1.34

n>0 n>0

But now 1.18 and 1.19 allow us to rewrite 1.34 in the form

Y k(@) @M 2" =) enlr) ¢" ¢) 2" K(2q)K(2¢%) - K (2q").

n>0 n>0

Making the replacement z — z/q we finally obtain

S kale) 2" = Y ealw) ¢B) 2" K(2)K (2) - K(2q").

n>0 n>0

Equating coefficients of 2" yields the recursion

— zi: ex(z) ¢(2) 3 IT ¢“ ™k, (q)

mi—+--+mp=n—k =1
which is plainly equivalent to the one in 1.33. This completes our proof.

2. Specializations and further identities

13



To proceed with our developments we need to review some further material from the
theory of Macdonald polynomials. We recall that in [19] Macdonald introduces an operator

on the space A,, of symmetric polynomials in the variables {zy,xs,...,x,} by setting for
PeA,
=3 Ai(x) TV P(z) 2.1
=1
with .
Ai(e) = [T 25 2.2
gt T
and '
Tq(z) P(x) = P(x1,...,Ti—1,qTi, Tit1, .-, Tp)- 2.3
It is shown there that the eigenvalues of ¢, are given by the sums
Yo=Y " g (ntn). 2.4

i=1

We can see, that as long as ¢ and t are generic, the 7, s are all distinct. This allows
Macdonald to construct P,(z;¢,t) as the unique polynomial satisfying the conditions

a) 51 ($ q7 t) = ,YMPM(I’a q7 t) 25
b) P (JT q,t) |Su(r) =1

The polynomials H, (25 q,t) which enter in our formula I.15 have a similar characteriza-
tion. It will be convenient here to express this characterization in A-ring notation. A first
step in this direction is provided by the following basic identity.

Theorem 2.1
For any symmetric polynomial P(x) we have

1 "

o P(x) = 1—tP(x) + r— PIX + 22)Q[z(t — 1)X] |0 2.6
where )
— 2T
Qlz(t -1 X]| = _ 2.
(= 0X] = 7= 7
Proof

Before we proceed with our argument we must recall that all A-ring identities may be
deduced from the single basic principle that the operation py[-] is a ring homomorphism:

pe[X + Y] =pe[X] +pe[Y] and  pe[XY] = pi[X]pe[Y].

Thus if we define

Qz) =] 7 _1x = exp (Z pkli$)) 2.8

i i k>1
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then 2.7 becomes a simple consequence of the identity
pelz(t = DX =2F "= 1) af. 2.9

This given, to show 2.6 it is best to verify it on the power symmetric function basis. Note
that since we may write for any integer m > 1

TOpm(x) = pul X + (q = 1)7:] = pu[X] + pulg — 127",
we see that for any partition p = (pug; > po > -+ > pp > 1) we have (from 2.1)

G pp(e) =T Ae) Ty (9 [X] + 2y lg = 1) 2l)
= Ssciin Thogs P [X) Thees Pl — 1) 0y Ai(a) w2=res™.

Note next that the kernel in 2.7 has the z-partial fraction expansion

2.10

Qz(t —1)X] = =t ; TR
which gives that for an integer m we have
zn: Ai(z) =t = { tgz_ll ~ %f m=0
~ (tz) [2X(t—1)] |0 ifm>1.

Using this identity for m = Y, cq ¢t we can rewrite 2.10 in the form

01 pu(f) =

() + 5 Tscnn Hrgs P [X] res p‘ftrz[qwl]Q[ X(t—1)] |20
() + 25 Ty (2 [X] + P [522]) QL2X (8 — 1)) |20

»—A»—A
»—A|»—A

¢ Pu
¢ Pu
which reduces to 2.6 by the additivity of the power symmetric function.

Macdonald in [19] derives a number of specializations for his polynomial P,(x;¢,t). One
of them plays an important role here. In A-ring notation it can be stated as follows.

Proposition 2.1

1—u. _ H(tl/ B qa’ u)
PN[E’q’t]_ m 2.11
This yields the following specialization for our polynomial H u(z5q,t).
Corollary 2.1 .

1 —uq,t) =[]0 - ¢“t" w) 2.12
In particular we must have
n—1

ST ou" Kooy u(g:t) = T (1 + ¢7¢" u) 2.13
r=0
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Proof
Multiplying both sides of 2.11 by h,(¢,t) and using I.10 and 1.8 gives

Hy[1—u;q,1] = Ju[1=% 0. 1] = [T(#" = ¢ w).
Replacing ¢ by 1/t and multiplying by ¢"*) we get from I1.11

lf]“[l —u;q,t] = () H(t‘l/ - q“/ u) = H(l - tl/q“/ u),

as desired. Now, using 1.11 again, this may be rewritten as
ST S —u] Kau(g,t) = JJ(1— "¢ w). 2.14
A

However, it is well known and easy to show that

Sal—u] = {(—U)T (1—w) ifA=(1"n—r) -
0 otherwise.
Thus 2.14 reduces to
n—1
Z (_u)r(l — U) K(1r7n_r)7“(q7t) — H (1 _ tl qa u)
r=0

and 2.13 follows upon division by 1 — u and changing the sign of .

~ We are now in a position to derive our A-ring characterization of the polynomial
H,(z;q,t). To this end let us set for any symmetric polynomial P(z)

A, P(z) = P[X] — P[X + 120201 of_2X] |.o. 2.16

This given we have

Theorem 2.2
@) Ay (s 0 =100~ 0B A, (x:q.1 -
Proof
Using Theorem 2.1 we we can rewrite a) of 2.5 in the form
1 "
17 D@a ) + o= BulX + g, 1] QX (= 1)] o = v Pulas g, 1)

Making the replacement X — multiplying both sides by h,(q,t) and using 1.8 we get

lt’

1 " X—(1 1— z
T3 et s Al UolCO g 1] Q= 2X] [0 = v Jul 255 0,1,

16



which is converted by [.10 and 2.4 into

1 " —g)(1— N i
1-¢ Hu[X5q,t]+ F—1 Hy[X - Wﬂﬁ] Q[—2X] |0 = (Z t qul> H,[X;q,1).
i=1

)+n—1

Making the replacement ¢ — 1/t, multiplying by ¢™(* and using 1.11 gives

L (25, t) + 1 H (X + 2000 4 Q[—2X] [0 = (Z it q“i> H,X;q,1. 218

i=1

Now note that for a partition p = (u1 > po > -+ > p, > 0) we have from 1.13

(=0) Bua.t) = 35070 =) = 3 = S0
i=1

or better n
S = P2l (1 - q)Bu(g,t).
=1

Substituting this in 2.18 we finally obtain

L H X q 41 Hu[X + 82205000 ) O[—2X] o = (552 — (1 - q)Bu(g, 1)) Hu[X;q,1

t t

which is easily reduced to 2.17 a). Finally, equating coefficients of 4" in both sides of 2.13
we get that the coefficient of the Schur function Si»(z) = e,(z) is precisely as asserted in
2.17 b). This completes our proof.

Note that since the polynomials B,(q,t) are all distinct, 2.17 a) fixes H,(z;q,t) up to
a multiplicative constant. Clearly, this freedom is removed by the knowledge of any one of
the coefficients in the Schur function expansion I.11. Thus we see that 2.17 a) together with
2.17 b) uniquely determine H u(2;¢,t). In particular we must have

Corollary 2.2

Hy(x;t,q) = Hy(z;q,t) 2.19

Proof
The definition 2.16 makes the operator A; symmetric in ¢ and ¢. Thus from 2.16 a) we
get N
Ay Hy(z3t,q) = (1= t)(1 = q)Bu(t, 9) Hu(w; t, q).

On the other hand 2.17 b) becomes
f{H(I; t,q) |en(m) = tn(“/)qn(“)-

However, since B,(t,q) = By (q,t) we see that the polynomial H 4 (25, q) satisfies precisely
the conditions which characterize H,/(z;¢,t). Thus 2.19 must hold true as asserted.

17



We are now in a position to establish our specializations 1.18 and 1.19. Both of them
have straighforward but tedious verifications. However, we will follow here a more indirect
path to them since in the process we will collect some rather remarkable identities. We start
by noting that our polynomials {H, u(z5q,t)}, satisty the following Cauchy formula :

Theorem 2.3

ZE ) g I )
enl XX =) Hy( Q)~/(yQ) 2.20

12 h',u q7 ) h’,u( )

Proof
Making the replacements X — % and Y — W in 1.6 and using [.8 and .10 we get
Hy(x;q,t) Hu(y; q,t)

XY p\y 4y pu\dyr Y

hn[(1_t)(1_q)] = Z 2.21

h#(q> t) h,/u(q> t)

Making the replacement ¢ — 1/t and using .11 gives

i Hy(z; 0, t) Hu(y; .0) iy -
hn L _ " , q, " P B t ’]’L(/J) t ’I’L(,Uz). 2.22
lT=oa=a) 2 hu(q, 1/t) W, (q,1/)

Now note that

h(q,1/t) =TI(1 = g"t~'71) = (=1)"t "0 ="hy, (g, 1),
W (q,1/t) =TI = ¢*Tth) = t=Whl (g, t).

Thus, since for any alphabet A we have h,[—tA] = (—t)"e,[A], we easily see that 2.20 follows
from 2.22 upon cancelling the factor (—¢)"™ from both sides.

Formula 2.20 has the following immediate specialization:
Corollary 2.3

X(1—u pu\4vy 4y

X(-w y_ ; L 2.23
(1_t)(1_q h“(q7 t)h"/u,(q7 t)

en

Proof
Just make the replacement Y — (1 — u) and use 2.12.

A further specialization is obtained by eliminating the presence of u in 2.23. This gives
Corollary 2.4

2.24

(=" pulgpa] = 22 g
B

Proof

Note that each summand of 2.23 has the factor (1 — ) in the numerator and reduces to
the corresponding summand in 2.24 (see 1.13) if we divide this factor out and set u = 1. On
the other hand, we have

X(1—u) _ n—1 X 1—
enlgnacgl = CU" pelagmay]

(1 —u)?] 2.25

18



where the symbol O[(1 —u)?] is to indicate that the remainder is a sum of terms all divisible
by (1 —u)? at the very least. This is simply due to the fact that the expansion of e,, in terms
of power sums can be written in the form

n

en(T) = % > sign(o) Hpi(l’)mi(a')

T o€eSn i=1

where m;(o) is the number of cycles of length i in o. Thus the first term in the right hand
side of 2.25 represents the contribution of the full cycles of S,, and the rest comes from the
remaining permutations. This given, we see that we can divide both sides of 2.23 by (1 —u),
set u = 1, and obtain 2.24 as desired.

We can easily see from 2.17 that the A; image of 2.24 produces a right hand side that
is remarkably close to the right hand side of defining formula 1.15. It turns out that this
calculation yields the following beautiful identity:

Theorem 2.4

3 Hy(z39,t) (1 = t)(1 — ¢)Iu(q, ) Bulg, t)

= = 2.26
14 h#(‘]?t)h',/u(q?t)

Proof

As we already observed, in view of 2.17, the right hand side of 2.26 is the result of
applying Ay to the right hand side of 2.24. Thus we only have to compute the image of
the left hand side. However, due to the linearity of the power symmetric function under
plethysm we immediately get from 2.16:

1-t)(1—q)/z
Apnla=ig) = palagig] — (Peladig) + ol Ty ) ==X o
= — pulH] Q=2X] | = —5Q[2X] | = (~1)"eu(a)

which gives 2.26.

It develops that both 1.18 and 1.19 can now be established by placing information ex-
tracted from 2.26 back into I.15.

Theorem 2.5

DH,(z;q,1/q) ¢©2) = 2.27

Proof
From 1.8 and 1.10 we get that

H,(v;q,1/q) = Hu(w;4,9)a """ = hu(g,q) ¢ Pul55 4, 4]

Now, Macdonald showed [19] that the polynomial P,(x;¢,t) reduces to the ordinary Schur
function when t = ¢. This gives

Hy(w;9,1/q) = hu(q,q) ¢ Su[2].

19



Thus the specialization ¢ = 1/¢ reduces 2.26 and 1.15 to the form

en(r) =, Sulis] Aula),

=g , 2.28
DH,(x;q,1/q) =%, S [1XTq] g ") A, (q).

Here the rational function A, (¢) can be identified without computation from the dual Cauchy
formula

en(®) = enl155(1 = q)] ZS Swll —q].
This gives that

DH,(x;q,1/q) q Z Syl )=n(u)-+n(u') Sl —ql.

In particular, from 2.15 we derive that this sum need only be carried out over hook shapes.
A simple calculation gives that when ' = (1", n —r),

(3) = n(w) +n(u) =nr

and using 2.15 with u = ¢ we get

DH,(r:0.1/9) d®) = 3 ST (-1)7¢" (1 q) . 2.29

w=(1"n-r)
On the other hand, 2.15 again with v = ¢"*! and y/ = (1", n — r) gives
Sull = ¢ = (=1)"¢""" (1= ¢"").

This permits us to write 2.29 in the form

DH ($ q71/q Z S _qn—i-l] 1_1q_nqk1 )

and 2.27 is now a consequence of the dual Cauchy formula

en[X 5L Z Sl Swll = ¢+, 2.30

This result yields more than 1.4. More precisely we have:

Corollary 2.5
For any partition A

n 1 _n+1
DH,(2;9,1/9) ¢®) |g,) = T 1] Sy [T, 2.31
q

In particular
1

2.32
[n+1],

Colg, 1/g) ¢©3) =

PR Sap——
q

i) = (n+ 1],

20



Proof
By splitting X from the rest of the argument of e, in 2.30 we obtain yet another dual
Cauchy formula. Namely

X1 qn+1 Z S / n+1]’

1—¢q

and 2.31 is obtained by substituting this in 2.27 and equating coefficients of Sy(x). To
prove 2.32 we note that the first equality follows from 2.31 because, as we have already
observed, 2.17 b) gives C,(q,t) = DH,(x;q,t) |c,x)- But then the second equality is a
simple consequence of the g-binomial expansion
1—gn+1 m-+n m
st =3 [

m n

and the corresponding Cauchy identity.
Theorem 2.6

DHn(r34,1) = 3 (Hq T 755 ) full = d], 2.33

pukn %

Proof
In [19] Macdonald gives the specialization

h
Pz 1,t)=1]] e
=1

where p/ = (py, iy, ..., pj,) denotes the partition conjugate to p. From this, using 1.8 and

[.10, we derive
h

Hu(w; 1,8) = T (6 e [25], 2.34

i=1

where as is customary, for any integer m and any parameter t we set
(B = (1= )(1 = 12) - (1 — ™).
Making the replacement ¢ — 1/t in 2.34, and using I.11 gives

] =(-D"t" H s 6u

Since as we have observed, for any alphabet A we have e,[—tA] = (—t)" h,[A], we are led
to the specialization

H,(x;1,t) = ") H (1/8) e

H,(z;1,t) = H

But now the symmetry expressed by Corollary 2.2 yields us also the other specialization

FIH(I§ q,1) = m h’ﬂz[L] 2.35

1—q

-

s
I
—_



This given, we are in a position to let ¢ — 1 in 2.26 and 1.15. To this end we note that the
coefficient of H,(x;q,t) in 2.26 may be rewritten in the form

(L= )k T7° (1 —t"g") Siy 711 — )
1 (0o, 11977 (g2 — t741) T (' — ¢+

where k£ denotes the number of parts of p and ag,as,...,as denote the lengths of the
successive vertical segments of the east boundary of the diagram of p. Since both numerator
and denominator of A,(q,t) have the factor (1 —¢)* as a common divisor, we can cancel it
out and set t =1 to get

Aulg,t) =

(k=D Ty (@1 iy (1—g™)
[Tio; ail (=1)~ kHZ 1 (@ 11 (Q)ui‘

Substituting 2.35 and this into 2.26 and making the appropriate cancellations we are finally
led to the expansion

Aulg,1) =

S gy B DS () 56

pooi=1 1=, o

On the other hand since for any two alphabets A and B we have the dual Cauchy formula
B] = Z hu[A] fu[B]
o

with f,,[B] denoting the forgotten basis element, we can use it with A = 1XTq and B=1-—¢q
and get that

= Z 1:[1 hm[%]fu[l - Q]-

Comparing with 2.36 we are led to the conclusion that

k=1 S, (1—g™)
Hf:1 ;! ‘

full =gl = (—1y |

Since the coefficients of H u(z5¢,t) in 2.26 and 1.15 only differ by the factor ")) we can
pass to the limit as £ — 1 in 1.15 and derive the specialization

k

DH l’ q, Z qn(“ H 1 —q .f,u ]

which is just another way of writing 2.33. This completes our proof.

Remark 2.1
This theorem establishes the claim we made in the introduction that the formal series
f(2) defined by 1.20 and 1.21 is indeed the solution of the ¢-Lagrange equation in 1.23. In
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particular, equating coefficients of e, (x) in 1.32, we deduce that the specialization C),(q) =
Cy(gq,1) may be given the combinatorial interpretation

Q)= ¢,

DED,
from which the recursion in 1.5 can be easily derived.

We close this section by establishing a number of identities closely related to our g¢,t-
Catalan which are also of independent interest. To do this we need to extract some further
information from the theory of Macdonald polynomials.

Theorem 2.7

H,(;q,t) = wH,(;1/q,1/t) ¢"#)¢"® 2.37

where w is the involution that interchanges the elementary and the homogeneous symmetric
function bases. In particular, we have

Ku(g,t) = Ky u(1/q,1/t) ¢"#¢) 2.38

Proof
We recall that in [19] Macdonald proved that

w P“(l', q7t) = Qul(l’auCJ)

Making the substitution z — 1 -, multiplying both sides by h,(q,t) and noting that
hu(q,t) = hu(t, q), formulas 1.8 and 1.10 give

w Hy(z;q,t) = Hy(z;t,q).
This is converted by I.11 into
w Hu(r39,1/t) t*W = Hy (251, 1/q) "0,

Using 2.19 we get i )
w Hy(w5q, 1/t) "0 = Hy(:1/g.) ¢,

and 2.37 follows upon replacing ¢ by 1/¢. The identity in 2.38 is then obtained by equating
the coefficients of Sy(z).

Theorem 2.8 T
X o H, (z;q,t
a) e"[(l—t)(l—q)] =2 fm(q‘ft) ki, (q,t)
b h X . qn(u’)tn(u)f{# (z3q,0) 2.39
) "[(l—t)(l—q)] =2 hu(q.t) bl (q.t)
Proof

Formula a) is an immediate consequence of 2.20. In fact, when the alphabet Y reduces
to a single letter z, the left hand side of 2.20 becomes

n X
2 enl Ty}

23



To evaluate the right hand side we note that, when Y = {z}, .11 reduces to
Hu(z:0,1) = 2" Kyula,t).
On the other hand since 2.17 b) essentially states that
f(l,w(q’ t) = g™ W)
then 2.38 for A = (n) gives
f((nm(q7 t) = g~ ")) g i) — q 940

Thus

FIH(Z, Q7t) = Zn
and we see that in this case 2.20 is none other than 2.39 a) multiplied by 2".
It develops that after making the substitutions t — 1/t, ¢ — 1/q formula 2.39 a) becomes
2.39 b). Indeed, if we do this we get

tn qn 6n[(1_t§§1_q)] :Z _ - )_Hll_(l(”,::{?,l/t) Ty )
i hu(g,t) tr=ng=nlO R (g, t) = g=n)—n

Cancelling the common factor t" ¢™ and using 2.37 we get

X3 whH,(x:q,t) g0 £"®)
R (RO AUR)

and 2.39 b) follows by applying the involution w to both sides of this relation.
Theorem 2.9

a) Ay 64%] = 61[X1 6n—l[m] . 9 41
b) At halg=a=g] = Zkco (D" halg=a=g) en-xlX]

Proof
Note that for any two alphabets A, B we have the addition formulas

a) en[A+ Bl =3}, ex[A] enr[B]

D) halA+ B] = S7_y hilA] b [B] 242

Using 2.42 a) with A = m and B = 1/z, from the definition 2.16 we immediately
obtain
X X S X X
Al €n[m] = €n[m] - kz_oﬁ’k[m] 6n_k[1/2’] Q[—?] |ZO. 2.43

However, since
1 forn — k=0,

en—k|l/z2] = { 1/z forn—k=1,
0 forn —k > 2,
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2.43 reduces to
A1 6n[

X _
m] = —€n1 W

as desired. Using 2.42 b) in an analogous manner we get

As =) = Ml =90 th [a=nag] fnk[1/4 Q=] 10

which reduces to 2.41 b) since here h,_;[1/2z] = (1/2)"* and

Q=] s = (~1)"* e, i [X]

z

The machinery we have put together allows us to derive an interesting collection of
identities. Remarkably, it develops that many of the sums that can be obtained by deleting
some of the factors in the ¢,t-Catalan summand evaluate to familiar expressions. We give
below a representative sample.

Theorem 2.10

s 00 ¢ (1 - )1 — @) Bulg,t) ulg,t)  _

pukn h“(q, t)h'/ (q7 )
) tn(u) qn(u) I (q,t) B 1
1 —t 1 —q)B ) gn(v)
3 5 (- By ik
pukn ( ) (q ) vbn—1 V(t) V(q)
() qn(u’) (1—1t)(1— q) B,(q,1) ) qn(y)
d) - LA
pukn h,u( q, )h',/u(q7 ) vEn—1 h’”(t)hl/(q) 9 44
) ] $n(m) qn(u’) _ $r(m) qn(u) :
pukn h’ﬂ(q7 t)hL(q, t) uk-n ( ) (

1

f) > = - =25

)
b
i Pu(a ), (g, 1) o hu(Dhu(q) ))
)

$2n(w) q2n(u’)

pkn E#(q7t)ﬁ,/u(q7t) pEn ( ) (
120 2n) (1 — 1) (1 = q) Bu(q, 1) o
h) Z 7 7 s - Z (—1) h 6k[(1—t)1(1—q)]
pukn h“(q,t)hu(q,t) k=0

where h,(t) and h,(q) denote the standard hook products, for instance

hu(t) = hy(t,t) = TI(1 — ¢t*T),

Proof
a) Just equate the coefficients of e, (x) in both sides of 2.26 and use 2.17 b).
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b) The Schur function expansion of the power symmetric function p,(z) may be written
in the form

Pa(X) =D X{w Salz)

AFn

where Xf\n) denotes the value of irreducible character y* at the n-cycles. In particular this
gives that

X 1 (="
pn[m”en(z) = 1 —t)(1—q") Pr(2) len@) = (1—t")(1—q")

Thus 2.44 b) follows by equating the coefficients of e, (z) in 2.24 and using 2.17 b).
c¢) Applying A; to 2.39 a) and using 2.17 a) we get

A enl=ia=g) = 22 Hy(;9,1) (1= (1 = 9)Bu(g.1) 2.45
=ni- ~ & hu(q. t)h,(q,t)

which gives (using 2.40)

(L-1)(1 -
Ay en|a=—) Sy (@) = Z i h ' 20
=000 Pt e g (g, )R (g, 1)

which is the left hand side of ¢). On the other hand we have

X enliig = X elXISX) Sulpty) 247

(1-t)(1—q) )(1—q)
vkEn—1

and since 1 if ( 1) and
1Ty = (n — an
e1(x) Su() |5 @) = {0 otherwise,

we derive that
X 1
e1[X] 6n_1[(1—t)(1—q)] |S(n>(r) - en—l[(1_t)(1_q)']> 2.48

and 2.44 c) follows by combining 2.41 a) with 2.46, 2.48 and the dual Cauchy identity

tn(z/) qn(z/)

1
Y R S § ! . 2.49
leomal = 2 oD
d) Equating coefficients of e, (x) on both sides of 2.45 gives
t"® g (1~ )(1 — q)Bu(q,t)
X pu\d>
Ay en[gag) leatw) = ) 2.50

pEn ;L,u(q7t)ﬁ,/u(q7t)
which is the left hand side of d). On the other hand since

1 ifr=1""and
0 otherwise,

1(®) 5,(2) Lo = |
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2.47 now gives
61[X] 6“—1[(1_5%1_(1)] |en(m) = S(n—l)[(l_t)l(l__q)], 2.51
and 2.44 d) follows by combining 2.41 a) with 2.50, 2.51 and the Cauchy identity

) gn)

Sn—l [%] = =~ =~ . 252
edlwDa = 2 T e
e) Equating coefficients of e, (z) in 2.39 a) and using 2.17 b) gives
$r(m) qn(u’)
6n[%]|en(m) - Z = = .
(=009 pukn h#(q7t)h,/u(q7t)
On the other hand, from the dual Cauchy formula
1
(1 t Z S (1 ) (1— q)] 2.53

pukn

we get
X
enlmaglle@ = Sl
and 2.44 e) follows from the classical identity

) gne)
Sl

el = () hulg)

Note that the same identity could be obtained by equating coefficients of S,y (= h,,) in 2.39
b).

f) Equating coefficients of S,y in 2.39 a) and using 2.40 gives

X
enl T lents) = 2_ 3 =

pukn h’ﬂ(q7 t)h,u(q7 t) ‘
On the other hand, from 2.53 we get

) gnn)

X 1
enlmana=al 1Sm = enla=na=ay) = TN 2.54
[(1 (1 q)] |5y [(1 (1 q)] o u(t) hu(q)

This establishes 2.44 f).
g) Equating coefficients of e, in 2.39 b) and using 2.17 b) gives

$2n(p) q2n(u’)

hn[%”en(m) = 7 7 ’
I-H{1-9) % hu(q: t)h),(q,1)
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But then from the standard Cauchy formula

hnlm=ha=a) = 22 SulX] Sulama=] 2.85

pukn

we derive that
Tl g g llent) = enlgpa=)]
and 2.44 g) follows from the dual Cauchy formula in 2.54.
h) Finally, equating coefficients of e,, in 2.41 b) we get

. B £2n(1) g2n(e') (1—4)(1—q) Bu(q,t)
AN hn[mﬂen(r) Zum hu(g;t)hs, (q,t) ) 2.56

= YhZo (1) hk[m] en—k[X]lew(@)-

But 2.55 rewritten for n = k gives

X
hie =) ekl Xleni) = 2 SuXT eniX]lew) Selma)-
vk

and 2.44 h) immediately follows since for v - k

Su[X] en—i[X]|en) = {0 ;tﬁerwisean

This completes our proof.

3. Diagonal Harmonics

We shall deal here with certain subspaces of the ring Q[X, Y] of polynomials with rational

coefficients in the two sets of variables X = {z1,%2,...,2,} and Y = {y1,v2,...,yn}. For a
given exponent vector p = (p1,pe2, -+, Pn) We set
P =atah? 2P and  |p|=p1+p2+-c+ pa 3.1
If
,y) =Y Cpga? yl 3.2
p,q
then we let
e P= Y. cpga’yt 3.3
Ipl=h,|q|=k

and refer to it as the bihomogeneous component of P of bidegree (h,k). A subspace M C
Q[X, Y] which contains all the bihomogeneous components of each of its elements is said to
be bigraded. 1f M is bigraded then it has the direct sum decomposition

M= @D Huis(M), 34

h>0 k>0
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where Hj, ,(M) consists of the bihomogeneous elements of M of bidegree (h, k) or, equiva-
lently the space
Hpp(M) = {m, 4P : P € M} 3.5

We refer to it as the bihomogeneous component of M of bidegree (h, k).

Recall that the diagonal action of the symmetric group S, on Q[X,Y] is defined by
setting for 0 € S,, and P € Q[X, Y]

U-F)::})Cx017$02"->$0n;y01>y02"'>y0n)' 3.6

Note that if a bigraded subspace M C Q[X, Y] is invariant under this action, then all its
bihomogeneous components are also invariant. In this case we have an associated bigraded
character Iy (g, t) which is defined as the bivariate generating function of the characters of
the components Hy, x(M). In symbols

Iwv(g,t) =Y > t" ¢" char Hy . (M). 3.7

h>0 k>0

We also have an associated bigraded Frobenius characteristic Cni(x; g, t) which is simply the
image of IIni(q,t) under the Frobenius map. In symbols

1
CM($7 q7t) =r HM(q7t) = E Z HM(Ua q7t) pA(U)(I)> 3.8

©o€eSh

where IIn(o;q,t) denotes the value of this character at o and py(,)(z) is the power basis
element indexed by the partition A(c) which gives the cycle structure of o. Since the Schur
function Sy(x) is the Frobenius image of the irreducible S,-character xy* we then have the
two parallel expansions

a) HM(q7 t) = Z)\Fn XA OA,M(‘]? t)

D) Cai(z:0,1) = Sarn Sa(2) Crna(g, ) 59

where the C\m(q,t) is the bivariate generating function of the multiplicity of x* in the
various bihomogeneous components of M. In particular, when M is finite dimensional,
Cm(g,t) will necessarily be a polynomial with non-negative integer coefficients.

This circumstance yields a representation theoretical approach to the Macdonald conjec-
ture concerning the coefficients K,(q,t). Note that I1.11 and 2.38 yield

Ku(q,t) = Kvu(1/q, 1/t) ¢"#¢®), 3.10

Thus if K,,(g,t) is a polynomial it must necessarily be of degree n(y') in ¢ and degree
n(w) in t. This shows that the Macdonald conjecture is equivalent to the statement that
the K au (¢, t) themselves are polynomials with positive integer coefficients. In particular we
may prove the Macdonald conjecture by constructing (for each ) a bigraded module whose

Frobenius characteristic is given by the polynomial H,(z;q,t). This observation has been
the point of departure in a continuing investigation that has brought forward a number of
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problems that are of interest in their own right. In particular, it ultimately brought us to a
path which led to the g, t-Catalan and the calculations of the present paper. To see how all
this comes about we need some further ingredients.

Let o= (1 > pg > -++ > pg > 0) be a partition of n and let

(p1, 1), (P2,92)s - - - 5 (P> Q)

be the pairs (I, a’) of the various cells of the diagram of p arranged in lexicographic order.
Set
A (z,y) = det |2y . 3.11

This given, we let M,[X, Y] be the space spanned by all the partial derivatives of A, (z,y).
In symbols
M,[X,Y] = L[0F 0F Au(w,y) . 3.12

Since the polynomial A, (z,y) is bihomogeneous of bidegree (n(u),n(y')) and alternates in
sign under the diagonal action, we can easily deduce from 3.12 that M, [X, Y] is, under this
action, a bigraded S,-module. We may then write its Frobenius characteristic in the form

Cwm, (39,1 Z Sx(x) Crulg, t). 3.13

Supported by extensive computer explorations and strong theoretical evidence, in [7] we
conjectured that indeed we have

Cw, (759, t) = H,(7;9,1). 3.14

This equality, which we refer to as the C' = H conjecture, is one of several that can be found
in [7], where we presented (for each y) a number of different constructions all of which,
upon the validity of the C' = H conjecture, should lead to the same bigraded submodule of
QX Y].

Clearly, 3.14 is equivalent to the identities

Cim, (g, t) = f{,\ﬂ(q,t).

Now it is shown in [9] and [8] that this does hold true for all ;1 when X is a hook and for
all A when p is a hook, a 2-row or a 2-column partition. Moreover, it has recently also been
verified (by different independent approaches in [1] and [21]) for all partitions of the form
pw=1%2n—k-2).

It is a classical construction of the invariant theorists that with every finite matrix group
action on the polynomial ring there is an associated space of harmonic polynomials which
are solutions of all corresponding non-trivial homogeneous invariant polynomial differential
operators. In the case of the diagonal action, the corresponding space of harmonic polyno-
mials, which we shall refer to as Diagonal Harmonics may be simply defined as the solution
space

DH,[X,Y] = { P(z,y) : Zaha’f =0 YV h+k>1} 3.15
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It is easy to see that we have here yet another bigraded subspace of Q[X, Y] which is also
invariant under the diagonal action.

Its discovery prompted the second author to carry out an extensive computer exploration
of the space DH,,[X,Y]. The resulting data suggested a number of surprising conjectures
concerning various specializations of the bigraded character of DH,,[X, Y]. These conjectures
are described in full detail in [12].

Now very recently, in an algebraic geometrical setting suggested by C. Procesi, the second
author, assuming the C' = H conjecture and a number of other desirable algebraic geometri-
cal facts, was led to conjecture that the Frobenius characteristic of DH,,[X, Y] is none other
than the symmetric polynomial defined by 1.15. That is, using the present notation, we
should have

Cpn, (r;q,t) = DH,(x;q,t). 3.16

Note that in particular, this implies that our g, ¢t-Catalan must necessarily be the Hilbert
series of the alternating part of DH,, [ X, Y.

It is precisely this development that led us to the calculations we have presented here.
Indeed, we were thus forced to investigate to what extent the implications of this identity
could be conciliated with the various conjectures ventured in [12]. We shall presently see that
all of the conjectures in [12] are, in fact, only specializations of 3.16 and they may be replaced
by the single identity in 3.16. Since this identity was derived through algebraic geometrical
considerations which are entirely independent of the calculations of the present paper and
the computer explorations that led to the conjectures in [12], this complete agreement may
be viewed as the most remarkable evidence in support of the C' = H conjecture. To fully
appreciate what we are asserting here we need to briefly review some of the contents of [12].

The most fascinating discovery advanced in [12] is that the diagonal action of S, on
DH, [ X, Y] appears to be equivalent to a sign-twisted version of the the action of S,, on
the so called Parking Functions of Konheim and Weiss [15]. In fact, there is even a graded
refinement of this, but to state it we need to know some properties of Parking Functions.

This concept, which also arises in computer science in the theory of hashing [14], can be
defined picturesquely as follows. On a one way street there are n parking spaces, labeled
1,2,...,n in succession. There are n drivers who plan to park on this street. Each of the
drivers has a preferred parking space in mind. Say the i'" driver wishes to park in parking
space f;. We call the map ¢« — f; a Preference Function. The cars arrive one at a time.
The i*" car proceeds to parking space f; and, if it is free, the driver parks there. However,
this place may already be occupied. If that happens, the driver will proceed (in the legal
direction) to the first available parking space and park there. A Parking Function is simply
a Preference Function under which all cars will be able to park. It is easy to see that not all
Preference Functions are Parking Functions. For instance if less than 4 drivers wish to park
in the first 4 parking spaces then more than n — 4 prefer to park in the last n — 4 parking
spaces and they cannot all park. However, this type of occurrence is the only thing that can
go wrong. More precisely, it can be shown that a Preference Function is a Parking Function
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if and only if for all k there are at least k drivers who prefer one of the first k£ places. In
symbols
4l fi<k}>k Vk=12...,n-1 3.17

There is a convenient way to depict a Parking Function, which reveals many of its properties.

8
3

In the n x n lattice square SQ[n] of Section 1 we represent the drivers that prefer the k"
place by labeled circles, stacked on the k! column starting at the lattice square at height
equal to one plus the number of drivers who prefer one of the first k£ — 1 parking places. The
figure above illustrates the Parking Function

(1 2 3 45 6 789
f_(316311361>
Driver i is represented by a circle labelled i, and we agree to place the labels in increasing
order along each column. This manner of representing a Parking Function brings into evi-
dence that there is a path D € D,, associated to each Parking Function. This is simply the
graph of the function & — #{i : f; < k}. The condition in 3.17 assures that this path
remains weakly above the diagonal. We can reverse the process and construct all Parking
Functions in the following manner. We first choose a path D € D,,. Next we draw circles to
the right of the vertical steps in the path. Finally we choose the labels that are to fall in each

column and place them there in increasing order. Note that if D has s vertical segments of
lengths di, ds, . .., ds then there are exactly

n
3.18
<d1 dy --- ds>

ways of placing the labels in the circles. It will be convenient to denote by P, the collection of
all parking functions on the one way street with n parking spaces, and by P, (D) the Parking
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Functions constructed in this manner from the path D. Now there is a natural way to let S,
act on P,. For a given o € S,, we simply replace the label i by ¢; and rearrange the circles
so that the labels again increase along the columns. In other words we assign the driver of
car o; what used to be the preference of the driver of car ¢. It is clear from our construction
that under this action P,, breaks up into n+r1(2:) orbits, given by the subcollections P, (D)
as D varies in D,,. This implies that the corresponding .S,,-representation contains precisely

2 . .
n%l(:) occurrences of the trivial representation.

The area a(D) under a Dyck path D corresponding to parking function f will be briefly
referred to as the weight of f. Note that since the corresponding Dyck path does not change
under the S, action, the weight itself will also remain invariant. This given, the Parking
Function conjecture made in [12] can be expressed as follows

Conjecture

The action of S, on the diagonal harmonics of DH,[X,Y] which are homogeneous of
degree k in the Y wariables is a sign-twisted version of the action on the collection of parking
functions of weight k.

Now it is not difficult to show (see [12]) that this conjecture is equivalent to the symmetric
function identity
Con, (z:0,1) = Y ¢"P I ean)(@). 3.19
DeD, i=1
Putting this together with 1.32, 1.20 and 2.33 we see that the Parking Function conjecture
(Conjecture 2.6.4 of [12]) is thus simply the special case t = 1 of 3.16. Note further that
since the coefficient of e,, in 3.19 is

Cn(q71): Z qa(D)> 3.20

DeD,

we can deduce that if 3.16 holds then the alternants of DH,, have a Hilbert series which
specializes for ¢t = 1 to the ¢g-Catalan number C,(q) defined by 1.5. The conjecture that the
dimension of the alternating part of DH,, is given by the Catalan number was also noted in
[12]. Of course, it is also a direct consequence of the ungraded Parking Function conjecture

since if we sign-twist a representation with n—}rl(?) occurrences of the trivial we will get a

representation with the n%l(%?) occurrences of the sign representation.
Conjecture 2.5.1 of [12] states that the coefficient of the irreducible character x* in

I1,(q,1/q) q(g) is given by the Schur function specialization

SA/(:[?q?“‘?qn) 321
I4+q+-+q '

Note that it is not even obvious that this rational function simplifies to a polynomial for
general A, let alone to a polynomial with positive integer coefficients. However, Proposition
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2.5.2 of [12] assures us that this is indeed the case. In A-ring notation this conjecture
translates into the symmetric function identity

Com, (x:0.1/1) oY) = DI, 0.1/ o) = - e [ X057

which, as we have seen, is the content of Corollary 2.5. Thus we see again that this second
conjecture from [12] is another specialization of 3.16.

Using conjecture 3.16 we get complete information about each of the invariant subspaces
Hp(DH,). In particular, we can easily calculate for large values of n the bivariate Hilbert
series of DH,,. In fact, it is not difficult to see that this Hilbert series is given by the formula

Fpm, (¢,t) = 95, Cpn,(;4,1), 3.22
where again p; denotes the first power symmetric function. So assuming 3.16 we obtain that

F,(g,t) t"Wg) (1 —#)(1 — q) (g, t) Bu(g,t
Fou, (q,1) = Y Lele ) 00 ( )(~/ ) IL,(q,t) Bu(q, 1)
pEm h#(‘]? t) h“(q, t)

: 3.24

where 3
FH((L t) = a;z?l Hy, (75q,1). 3.25

Now in [9] (see also [8]) we established a recursion from which F),(¢,t) is easily computed.
Our computations, carried out for n < 16, exhibit F},(¢q,t) as a beautiful polynomial with
integer coefficients giving further support to the Macdonald conjecture as well as our C' = H
conjecture, the latter implying that F),(¢,t) should give the Hilbert series of our modules
M, [X,Y]. In this manner we can also easily evaluate 3.24, the result of course agreeing
perfectly with the tables in [12] of the actual values of Fpmn,, (¢,t) for n < 7.

The present work has a closely related extension which leads to further combinatorial
constructs and conjectures. It develops that for each integer m > 0 the two sequences

¢ e g(mAnG) (1 — 4)(1 — q) (g, t) Bu(g,t)

Cm(q,t) = . u 3.26

and
H, (x5 q,t) tm i gmnle) (1 — 4)(1 — q) T,(q,t) Bu(q,t
DHflm)(I, q,t) — Z H(za 4, ) 4q _ ( ~/)( Q) H(q7 ) H(q7 )
pEn h“(q,t) h’,u(q7t)
admit a treatment that follows closely our treatment of C),(q,t) and DH,(x;q,t). To see

how this comes about we need some definitions. Let J = J,, denote the ideal generated by
the polarized power sums

3.27

and let A = A,, denote the ideal generated by the polynomials P(x1, X2, ..., Tn; Y1, Y25 - - -, Yn)
which alternate in sign under the diagonal action. For convenience let us set

RM[X;Y] = A" /A" T
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and twist its natural S,-action by the (m — 1)* power of the alternating representation,
so that the generators of this module, which are the minimal generators of A™~!, become
S,-invariant. It is not hard to show that the S,-alternating part of R(™[X;Y] is naturally
isomorphic (except for a sign twist) to the space spanned by any minimal set of generators
for A™. Let us call this space '™ In symbols

T™[X, V]2 A"/ MA™ where M = (21,41, .., Tn, Yn)-

Clearly RM™[X;Y] is a bigraded S,-module under the action described and T'"™[X;Y] car-
ries only the sign representation. This given, we let Crm)(z;q,t) denote the Frobenius
characteristic of R [X;Y] and let Fre(q,t) be the Hilbert series of T'™[X; Y]. From the
preceding remarks, we have

FI‘(m) (q7 t) = CR(m) ($a q, t) |en(m)- 3.28

Now the same algebraic geometrical considerations which produced 3.16 have led the second
author to conjecture that
Crom (x5q,t) = DH™ (23, 1). 3.29

Combining this with 3.28 and 1.16 we deduce the further conjecture that

which in particular implies that also C{™(q,t) must be a polynomial with non-negative
integer coefficients. It can be shown (see [12]) that R(™[X;Y] for m = 1 reduces to a
bigraded S,-module Q[X,Y]/J equivalent to DH,[X,Y]. Moreover, it is a special case
of the relationship between R(™ and I'™ that any basis of diagonal harmonic alternants
minimally generates A. This given, we see that 3.29 and 3.30 are natural extensions of our
conjectures concerning DH,,(x; ¢,t) and C,(q,t). We should thus suspect that some of our
manipulations in Sections 1 and 2 can be carried out also for an arbitrary m > 1. We should
also expect some interesting combinatorial descriptions for the specializations at ¢ = 1/q
and t = 1 for both DH\™(z;q,t) and C\™(q,t). It develops that this is the case up to a
point. We shall see that an exploration of these two constructs leads to some very interesting
questions.

4. The extended family C{™(q,t): Results and problems.

In this section we give a brief overview of what can be proved concerning DH ™ (x; ¢, t)
and C(™(q,t). For brevity and to avoid repetitions we shall omit some of the details here,
especially when they can be easily filled in by imitating our previous arguments.

To begin with we have an analogue of Theorem 2.5. Namely

Theorem 4.1

n 1 mn+1
DH™ (2:q,1/q) ¢ (3) = e[ X128
n(10,1/q) q N [

1—q

] 4.1

Proof
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The same calculations that led us to 2.29 now yield

DH((2;¢,1/g)¢" &) = 3 ST (<17 ¢ (1 ).

w=(1"n-r)
Using 2.15 with u = ¢™"*! this can be rewritten in the form

1—q

DH™(1;4,1/q) ¢" ) = 3 SIS0 — ¢+ 1 — gmntt?

w=(1rn-r)
which easily yields 4.1 by an application of the corresponding dual Cauchy identity.

We thus obtain a complete analogue of Corollary 2.5:

Corollary 4.1
For any partition A

1

DH™ (2:4,1/q) ¢ )|, 1) = Sy [ 42
n ($7 q, /Q) q |S)\( ) [nm + 1]q A [ 1—q ]
In particular
n 1 mn-+n
Cg 1)) qm (G = L [ ] 43
W (q,1/9) q I no

In the case m = 1, as we have already mentioned, the right hand side of 4.3 g-counts
Dyck words by the major index statistic. However, we don’t know what the extension of
this property might be for arbitrary m. There is at least one clue. The lattice path setting
of Section 1 has a natural extension here. Denote by RE(™)[n] the lattice rectangle with
vertices (0,0), (mn,n). Proceeding in an analogous manner we shall let D{™ denote the
collection of lattice paths that consist of NORTH and EAST steps and constantly remain
above the diagonal joining (0,0) to (mn,n). Now it easy to show that, for ¢ = 1, the right
hand side of 4.3 gives the cardinality of D™ . Given a path m € D™ let us label each EAST
step by an a and each NORTH step by a b and let w(m) denote the word obtained by reading
these letters out of 7 from left to right. We might suspect that in general the right hand
side of 4.3 g-counts these words by the major index statistic as it does for m = 1. This is
not so even for m = 2. We must then leave it as an open problem to find the statistic on
words that works in the general case.

Our next task is to derive a combinatorial interpretation for the specializations at ¢ = 1 of
DH™) (x;q,t) and C™(q,t). We start with the following identity which can be established
by only minor changes in the proof of Theorem 2.6

Theorem 4.2

D)= (T nli] ) £l - 14

pukn %

To conform as closely as possible to the notation of Sections 1 and 2, let us denote the
symmetric function in 4.4 by k™ (q). For a given m € D™ let a(r) denote the number of
lattice squares below 7 that are above the diagonal of RE(™ (n) and let a;(7) denote, as
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before, the number of NORTH steps of 7 on the line = ¢. This given, we have the following
extension of the identity in 1.32.

Theorem 4.3

mn—1

k:(m Z qa(7r H Cay(m) (T 4.5

WED(m)

Obvious as this may be to conjecture, given 1.32, its proof turns out to be not entirely
routine. In fact, it will involve some rather surprising uses of our A-ring and Lagrange
inversion machinery. For the moment we shall let ¢{™ (q) denote the right hand side of 4.5
and shall obtain the equality k(™ (q) = ¢{™(q) as the ultimate consequence of a number
of auxiliary propositions which will progressively change both of them into a common final
expression.

Our basic ingredient here is the formal series

z

z) = Fy, 28 = . 4.6
)= & S BREG) - Gl
where, as in Section 1,
E(z) =) en(x) 2"
n>0
Let us also define f(z) = >35> fx 2* as the solution of the Lagrange inversion problem
S Fy f(2)f(zq™) - fzg®Ym) = 2. 4.7

k>1

Note that by Proposition 1.1 (with ¢ replaced by ¢™) this is equivalent to setting

S e F(2)F(z/q™) - F(z/q" ™) = . 48

k>1

Finally, following 1.19 let us also set

gn = k") (q) ¢ 4.9
This amounts to setting as in 1.18
=> g "=z K™ (zq) = z > k™ (q) ¢ 2" 4.10

Now it turns out that f(z) and g(z) are not equal, as we might have been inclined to believe.
Rather we have

Proposition 4.1
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The formal power series g(z) is the solution of the inversion problem

z

(k=)m
g F(2)F(z/q z/q = . 4.11
N ) FET = BOEGT) - B )
Proof
Using the notation of Section 1 we may write F'(z) in the form
"E(z/q™)
F(z)=2z ———. 4.12
e
Substituting this into 4.11 and making the necessary cancelations yields
* B km
S g 2 g *(Z/q ) _ z .
k>1 E(z) E(z)E(z/q) - E(2/q"?)
and a multiplication by *FE(z) gives
S ok 2t 7B B2/ = 2 B2 /g 7). 413

k>1

Since now ¢ plays the role of ¢, the natural unroofing operation we must work with here

should be

n>0

In fact, this untagles ¢"-products of the form

A ®gn B (2) =Y Ay 2" B(z/¢"™).

k>0

More precisely, we have
(A ®gn B)(2) = (YA)(2) ("B)(2).
This given, unroofing both sides of 4.13 we get
g(2) V*E(2) = 2 " E(2q).
Using 4.10, cancelling z and making the substitution z — z/q we get

\/*E'(Z)
VE(z/q)

We can now follow almost verbatim the steps in the proof of 1.20. The only change is that
now the alphabet A must be chosen so that

K(m)(z) =

g"3) hal25] = halA] (VR >0) 4.14



We are thus led again to the equation

kv (q) = ealA(L - ).

The dual Cauchy formula 1.27 then gives
k() = 30 hulA] full = d]

pukn

which by 4.14 is seen to be equivalent to our original definition 4.4. This completes our
proof.

We shall next examine f(z) and its relation to g(z). To this end it is more convenient to
set
f(z)=2H(zq) =2z > Hi(q) ¢" 2~ 4.15

k>0
This given, we obtain the following recursion for the coefficients of H(z).

Proposition 4.2

=3 ") e[ 3 H g 1 (q), 4.16
k=1

ni+-+ny=n—k i=1

Proof
Multiplying 4.8 by the denominator of F'(z) in 4.6, making the replacement z — z¢™ and
cancelling out z gives

S ot F(2)F(2/q™) - F(2/q* ™) = B(2q)E(2¢?) -+ E(2q™) = Y ex[qX 5L 25,

k>0 k>0

Using again Proposition 1.1 we deduce (by 4.15) that this identity is equivalent to

Z q Hi(q z = Z exlq X1 i ]z q ()H(zq)H(zq1+m)---H(zq”(k‘l)m),

k>0 k>0

The substitution z — z/q simplifies this to

Z Hi(q) 2z —Z ek[X1 7 ]z q ()H(z)H(zqm)---H(zq(k_l)m)

k>0 k>0

and our desired identity 4.16 immediately follows by equating coefficients of 2™.

Formula 4.16 reveals that H,(q) may be also be obtained by appropriately g-counting
ordinary Dyck paths. In fact, note that 4.16 is essentially 1.33 with ¢™ replacing ¢ and
er[ X %] replacing e(x). This observation immediately yields the following corollary of
Proposition 4.2.

Proposition 4.3

Z qma(D H 6al(D

DeD,

| 417
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The A-ring expression ej[X 11__":] may also be given a lattice path interpretation. To see

this, let I'(m, k) denote the collection of lattice paths (which proceed by EAST and NORTH
steps) that start at (0,0) with an EAST step and end at (m, k). For a path v € I'(m, k)
we let a(y) denote the number of lattice squares below v and let a;(y) denote as before the
number of NORTH steps of v on the line x = ¢. This given, we have

Proposition 4.4

XL = Y 0D ai)(@)eas) (@) - - Canin (). 4.18
~eTl'(m,k)

Proof
The addition formula for the elementary symmetric function e gives

6’f[X ll__q:]n] = Z €ko (I) qklelﬁ (I) qzkzekz (I) T q(m_l)kMA‘ekmﬂ (I) 4.19
ko+k1 +++km_1=k

Given a choice of ko, k1, . . ., k1 with ko+ k1 + -+ -+ k1 = k let y(ko, k1, . . ., km—1) denote
the path of I'(m, k) which has k; NORTH steps on the line x = m — 4. This establishes a
bijection between I'(m, k) and the summands in 4.19. Now it is easy to see that the number
of lattice squares under v(kg, k1, ..., kn—1) is given precisely by the sum

i+ 2k + -4 (m — Dkpy.

Since by construction o (y(ko, k1, ..., km—1)) = km—i we see that 4.18 is just another way of
writing 4.19.

This result allows us to rewrite the right-hand side of 4.5 as a sum over D,,. Namely we
have

Proposition 4.5

() =X cpem @7 T Caym (@)

g7 4.20
=Y pep, ) el

|- o, (o) [ X T

m

Cao(D) (%) €ay(0)[ X TL

Proof

Given a path 7 € D™ and an integer i € [0,n] let (mi,y;) be the point of 7 with a-
coordinate mz and highest y-coordinate. It is easy to see that there is a unique path in D,
which passes through the points

(07 0)7 (07 y0)> (17 y0)> (17 y1)> ) (27 yi—1)> (27 yi)> ] (TL, yn—1)> (TL, yn)

Let us denote this path by D(7).

For a given D € D, we can construct all the paths m € D™ for which D(7) = D by
the following procedure. We first take each EAST step of D and replace it by m successive
EAST steps to obtain a path 7(D) € D™ which passes through the points

(0,0),(0,90), (m,y0), (myy1), - (T myyi—1), (G myy), ..., (nm, Y1), (R M, yp).
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Then between the vertices ((i — 1) m,y;—1) and (i m,y;) of 7(D) we insert a subpath that
proceeds by EAST and NORTH steps and starts with an EAST step. Clearly, the area under
the resulting element 7 € D™ decomposes into the area under the path 7(D), which is
equal to ma(D), plus the area between the chosen subpath and 7(D) itself. Now it is not
difficult to see that Proposition 4.4 implies that summing over all possible choices of subpaths
produces the identity

nm—1
S "™ I eaim (@) =™ P engny(T) €ay(p) [X11__qq ]+ a1 (D) [Xll—_qq . 4.21
rep(™ i=0
D(mw)=D

But then summing over all D € D,, yields the equality in 4.20 as desired.

An immediate corollary of this result is a recursion expressing ¢{™(q) in terms of the
coefficients of f(z). This may be stated as follows.

Proposition 4.6

m

o (q) = Lpen, q”Z U a(0) () €ay () [XTE] -+ - €ayy () [X L]
= ZZ:I qm(z) 6k(I) Znﬁ-'"—i—nk:n—k Hf:l qm(k—z)m an(q)7

4.22

Proof

This is yet another consequence of the path factorization. To avoid conflict of symbols,
we shall replace m; by n; in both 1.30 and 1.31, and otherwise use the same conventions we
made in Section 1. Thus we write

D=V, + i (EZ + Dnl) (Dnl € Dm)> 4.23
and i
a(D) = (5) + ; (a(Dy,) + (k —i)n; ) 4.24

The idea is to collect together and sum all terms corresponding to paths D which factorize
as in 4.23 for a fixed choice of k and ny,ns,...,nE. We see that in each of these terms the
first vertical segment of a path D € D, (that is V} in 4.23) contributes the factor ex(x),
and each of the other vertical segments of D contributes a factor of the form e,,[X 11__":].
Now we easily see from 4.17 that the sum over D, € D, of ¢™ a(Dn;) times all the factors
contributed by the vertical segments of D,,, must necessarily condense into the coefficient

H,,(q). Taking into account that 4.24 gives

k

m(* m(k—i)n;+m a(Dn,

g @ = gm(3) [T g —imetm a(dn)
=1

we see that the sum of all the D-terms which correspond to a fixed choice of k and
ni,Na,...,n, will produce the monomial

ex(x) ¢"C) TT ¢ oy (0) oo () -+~ H (@),

i=1
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and 4.22 necessarily follows by summing over all possible choices of k and ny,no, ..., ng.
This completes our collection of auxiliary identities and we can proceed to the

Proof of Theorem 4.3
We are left to show that also k(™ (q) is equal to the righthand side of 4.22. Our starting
point is the inversion problem in 4.11. Multiplying both sides of 4.11 by the denominator of
F(2) in 4.6 and cancelling out z we get
> e F(z/q™) - F(z/¢" V") = E(z/q").
k>1

Making the replacement z — 2z¢™ and changing the summation variable, we may rewrite
this as

Z Gerr F(2)F(2/q™) - - F(z/q% ™) = E(2q). 4.925

k>0

Using the basic inversion result of Proposition 1.1 (with ¢™ replacing ¢) and the definition
4.7 of f(z) we can convert 4.25 into the identity

S e 2= en(@) ¢ F(2)F(2q™) - fzg®TI™).

k>0 k>0

Rewriting ¢g(z) and f(z) by means of 4.10 and 4.15 we are led to

K(m)(zq) — Z ( ) qk Zk qm( ) H(zq)H(zq1+m) . _H(qu—l—(k—l)m)‘

The substitution z — z/q simplifies this to

KM (z) = > en(x) 2 qm(’;) H(2)H(z¢g™) - - H(zq*~ ™),

k>0

from which we immediately derive (equating coefficients of 2") that k(™ (q) is indeed equal
to the right hand side of 4.22 as desired.

As a corollary of Theorem 4.3 we obtain the following combinatorial interpretation for
the specialization of C(™)(q,t) at t = 1.

Theorem 4.4
Cim (g, 1 = > q*™. 4.26
rep{m™
Proof
Using 2.17 we see from the definitions 3.26 and 3.27 that C"™(q,t) is equal to the coef-
ficient of e, (z) in the Schur function expansion of DH(™ (z;q,t). Thus, 4.26 is obtained by
equating coefficients of e, (x) in both sides of 4.5.

Tables of C(™(q,1) may be easily computed through a recurrence which extends I.5.
This recurrence is best expressed in terms of the generating function

M () =1+ 2" Cl™(q,1), 4.27

n>1
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and it may be stated as follows.

Theorem 4.5
DM (2) =1+ 2 M ()™ (2q) - - - &™) (2¢™). 4.28
Proof
We recall that a k-ary tree is a planar tree all of whose nodes have either 0 or exactly k
children. We shall denote the collection of k-ary trees with n internal nodes by 7,(¥). We see
that 7 is simply the collection of customary binary trees. Thus the cardinality of 7,(?) is
given by the Catalan number. More generally we have

o) | 1 (mn - n) 129
1+mn n

It develops that 4.26 is a g-analogue of 4.29. In fact, the summation in 4.26 can also be
interpreted as a g-counting of 7,(™*1) according to a suitable area statistic. This can be seen
as follows. Given a tree T € 7,0, let us label each of its leaves by a and all the other nodes
by b. Reading these labels in the depth-first traversal of T yields a word in the alphabet
{a,b} which we shall refer to as the word of T' and denote by w(7T'). There is a standard
way to visualize words constructed in this manner from a planar tree. We simply associate
to T" a lattice path 7(T") whose steps are governed by the letters of w(7"). The idea is to
replace each b by a raising step given by the vector (1,k — 1) and each a by a down step
given by (1,—1). Then as we read one by one (from left to right) the letters of w(T") we
progressively construct all the edges of 7(7"). It is well known [18] and easy to show that the
resulting lattice path will remain above the z-axis, for all but the last step (which necessarily
corresponds to the last leaf of 7" in the depth-first order). This condition is necessary and
sufficient for a lattice path m with steps given by (1,k — 1) and (1,—1) to be the path of
a tree T € T.®. The case of interest here is when k¥ = m + 1. In fact, from the remarks
above we can see that there is a natural bijection between 7,(™*!) and D(™). Given a tree
T € T(™* we simply replace each (1,m)-step of m(T) by a NORTH step and each (1, —1)
step (except the last) by an EAST step. Clearly, this results in a path 7 € D™ . Moreover,
it is not difficult to show that the area a(m), as defined to give 4.26, counts also the number
of lattice points (i,7) (7 > 0) strictly below those vertices of 7(7") that are starting points
of (1, m)-steps. Denoting the latter number by A(7") we can thus rewrite 4.26 in the form

Mg,y =S ¢ 4.30

Ter ™t

In particular, if we let 7™+ denote the collection of all (m + 1)-ary trees, we must also
have
O (z) = > 2T AT, 4.31
TeT(m+1)
where n(T") denotes the number of internal nodes of T'. The latter of course is also equal to
the number of (1, m)-steps in 7 (7).
The functional equation in 4.28 follows from a factorization of the paths 7(7") which is
best explained in terms of the corresponding factorization of the words w(7"). Note that
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unless a T € 7™+t consists of a single leaf, its root will have m + 1 children and will
necessarily be labelled by a b. Since the letters of T" are derived from a depth-first order
reading, we have, by definition,

w(T) =bw(T)w(Ts) - w(Thir)- 4.32

Here w(T;) denotes the word of the i'" subtree of T, the latter being the tree rooted at the it
child of the root of 7. Now when we convert w(7") into 7 (7") the path 7(7}) will be attached
at the tip of the vector (1,m). As a result the contribution to A(T") coming from the letters
of w(Ty) is A(Ty) +m n(Ty). Similarly, it is not difficult to see that the letters of w(7;) will
contribute A(T;) + (m + 1 — i)n(7;) to A(T'). To summarize, 4.32 yields that

A(T) = mf (A(T)) + (m+1—)n(Ty)). 4.33

i=1

Since
m+1

n(T)=1+ Z n(T;),
i—1
we deduce from 4.32 and 4.33 that

m—+1
L(T) qA(T) — 5 H qA(Ti) ( » qm—i-l—z')n(Ti)
=1

Y

and the functional equation in 4.28 is thus obtained by summing over all possible choices of
T, To,. .., Ty

This combinatorial fact brings us to the central problem concerning C(™(q,t) We see
that upon the validity of the conjecture 3.30, there must be for each n and m two statistics,
a(T), B(T) on trees in 7™+ both having the same distribution as A(T), and such that

CMig,ty= S M PD, 4.34
TeTimth

Moreover we see from 4.3 that these statistics must also yield the identity

> gmen)-an o L fmaka)
TeTim+D [mn + 1], n q
However, we suspect that the problem of constructing these two statistics might be of an order
of difficulty comparable to the construction of the charge statistic in the work [17] of Lascoux
and Schiitzenberger. Thus the solution of this problem might require deeper combinatorial
methods than are being used in most of the bijective combinatorics of present day literature.
In particular we view our ¢, t-Catalan as a considerably more complex construct than any of
the multivariate Catalan polynomials that have been studied so far (see, e.g., [4]).
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As a final remark we should point out that the specialization of DH,,(x; q,t) given in 2.27
may be written in the rather suggestive form

DH,(x;4,1/q) ¢2) =

E(2)E(zq) -+ E(2q")| 4.35

where, as in 1.16, we set

E(z) =Y enlz) 2"

m>0

This makes DH,,(x;q,1/q) q(g) appear as yet another g-analogue of the coefficient of 2"+
in the solution f(z) = >, fn 2" of the Lagrange inversion problem

e
E(f(2))
Indeed, one form of the classical Lagrange formula would give
fast = —— By |
n+1 n+ 1 Z" .

Now, 1.20 and 2.33 gave us that the specialization DH,,(x;q,1) = k,(q) is none other than
1/q™ times the coefficient of 2" in the solution f(z) of the ¢g-Lagrange inversion problem
1.3. This suggests that the symmetric function DH,, (x; ¢, t) may also appear as a coefficient
in the solution of some ¢, t-analogue of Lagrange inversion. Given the bivariate symmetry
exhibited by DH,(x;q,t) this ¢,t-analogue should turn out to be quite remarkable. We
should point out that that none of the g-analogues that have been given in the literature so
far (see the references in [24]) lead to a formula such as in 4.35. Thus the construction of an
inversion problem yielding DH,,(z;q,t) should lead to new avenues in Lagrange inversion.
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Appendix: Tables of C,(q,1).

Displayed below are the polynomials C),(q,t) for n = 2 through n = 6. For convenience,
we have arranged the coefficients of each polynomial into an array: the coefficient of ¢"t*
appears in in position (h, k), indexed from (0,0) at the lower left. For example,

1
! ts the pol ial ¢ +q*t+qt+t2+ 1
11 represents the polynomial ¢° +¢*t +qt +1° +t".
1
1
02(q7t) 1
1
03(q7t) 1 1
1
1
1
11
Ci(g,t) 1 11
1 11
1 11
1
1
1
11
1 11
1 2 1 1
Cs(q,t) 1 2 1 1
1 2 2 11
1 2 2 11
11 2 11
1 1 1 1
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1]
2]

3]

1
1 1
1 1 1
1 2 11
1 2 2 11
2 3 2 11
1 33 2 11
Cole 1) 1243211
23 4 3 2 11
23 4 3 2 11
1 23 43 2 11
22 3 3 211
112 2 211
1 1 1 11
1
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