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The case k = 2 of the Shuffle Conjecture®

ADRIANO GARSIA, ANGELA HICKS AND ANDREW STOUT

It was conjectured in [5] and proved by Mark Haiman in [13] that
the Frobenius Characteristic of the S,, Module of Diagonal Har-
monics is none other than Ve,. Here V is the symmetric func-
tion operator introduced in [1] with eigen-functions the modified
Macdonald basis {H,,},,. The Shuffle Conjecture [12] expresses the
scalar product (Vey, hy by, -+ - by, ) as a weighted sum of Parking
Functions on the n x n lattice square which are shuffles of k£ in-
creasing words. In [10] Jim Haglund succeeded in proving the k = 2
case of this conjecture. In this paper we give a new and more di-
rect proof of the combinatorial part of Haglund’s argument and
obtain a substantial reduction in the complexity of the symmetric
function part.

1. Introduction

In this writing it is convenient to represent Parking Functions in the n x n
lattice square by two line arrays

P ['Ul vg - Un:|
ul U2 DY un

with wy,us,...,u, integers satisfying u; = 0 and 0 < u; < u;—1 + 1 and

V = (v1,v9,...,v,) a permutation in S,, satisfying

U =uUi—1+1 = v; >v;_1.

Here and after, the collection of Parking Functions on 1,2,...,n will be de-
noted PF,. We will denote by o(PF’) the permutation obtained by succes-
sive right to left readings of the components of the vector V' = (v1, v, ..., vy)
according to decreasing values of uy, ug, ..., u,. We will here and after refer
to o(PF) as the “diagonal permutation” of PF. It will also be convenient
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to let ides(PF') denote the descent set of the inverse of o(PF'). We also set

n
area(PF) = Z u;q and
i=1

(1.1)  dino(PF) = > (x(us = uy &vi < vj) + x(us = uj + 1&v; > vy).
1<i<j<n

This given, each Parking Function is assigned the “weight”
w(PF) — tm"ea(PF) qdin'u(PF) Qides(PF) [X]

where for S C {1,2,...,n — 1}, Qs[X] denotes the corresponding Gessel [9]
fundamental quasi-symmetric function in x1, 9, ..., Ty,.

Parking functions are endowed by a colorful history and a jargon (see for
instance [11]) that is very helpful in dealing with them combinatorially as
well as analytically. For us it is sufficient to be able to translate properties
of the two line array to visual properties of the corresponding tableau. A
single example of this correspondence should be sufficient for our purposes.

In the figure below we have a Parking Function as it is usually depicted

together with the corresponding vector U = (uy,ug, ..., uy) on its left and
its corresponding vector V' = (v, va,...,v,) on its right.

1 s] |s
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PF_01223011 2| [} 1
2[8) 8
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oL4 4

The diagonal of shaded cells is usually referred to as “main diagonal” (or
O-diagonal) of PF. The numbers in the lattice cells are the “cars”. The
path along whose vertical steps we have set the cars is the “Dyck” path
“supporting” PF. This given, the components of U = (uj,us,...,u,) are
none other than the orders of the diagonals containing the cars. In this case
car 3 is in the third diagonal, 1 and 8 are in the second diagonal, 5,7 and
6 are in the first diagonal and 2 and 4 are in the main diagonal. We have
purposely listed the cars by diagonals from right to left starting with the
highest diagonal. This gives the diagonal permutation o(PF). It is clear
from this imagery, that the first sum in (1.1) gives the total number of cells
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between the supporting Dyck path and the main diagonal. We also see that
two cars in the same diagonal with the car on the left smaller than the car on
the right will contribute a unit to dinv(PF'). The same holds true when a car
on the left is bigger than a car on the right with the latter in the adjacent
lower diagonal. It will be convenient to think that the parking functions,
with a given Dyck path D in the n x n lattice square, are constructed by
first placing circles along the of NORTH steps of D and then filling the
circles with 1,2,...,n in a column increasing manner.
The so called “Shuffle Conjecture” asserts that

(1‘2) Ve, = z tarea(PF)qdinv(PF) Qides(PF) [X]
PFePF,

Here V is the symmetric function operator defined in [1] by setting for the
modified Macdonald basis {H,[X; ¢, t]}, introduced in [4]

k
(1.3)  VH[X;q,1] = "Wg" W) H,[X;q,1] (n(u)ZZ(i—l)ui)
1=1

From a result of Gessel [9] it follows that (1.2) is equivalent to the following
identity holding true for all partitions p = (p1, po, . . ., k)

(Ven, Py Py - - - hﬂk>

_ Z tarea(PF)qdi’rw(PF)X(O_(PF) € EywEsw - UUEk)
PFePF,

where h,, hy, - - by, is the “homogeneous” symmetric function basis indexed
by p, Fh, Ea, ..., E} are successive segments of the word 1234 - - - n of respec-
tive lengths p1, po, ..., uk and “x(o(PF) € EywEyw---wEy)” is to indi-
cate that the sum is to be carried out over parking functions in PJF,, whose
diagonal word is a shuffle of the words F1, Eo, ..., Ej.

The k& = 2 case of the Shuffle conjecture may be stated as follows

Theorem 1.1 (J. Haglund). For all 0 < j < n we have

<V€n, hjhn7j>

(1.4) = ) erealPR PRy (o(PF) € 12+ jUJj +1---n)
PFePF,

where the sum is over Parking Functions with diagonal permutation a shuffle
of12---j with j+1---n.
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In [10] this result is obtained as a corollary of the following sharper
identity.

Theorem 1.2 (J. Haglund). For all 0 < j <n and 1 <k <n we have

<Ahj Enky en>
15) = Y terelPEgm PR (o(PF) €12+ 5 UJj + 1+ j +n)
PFePF, (k)

where PFn(k) is the collection of Parking Functions in the n x n lattice
square that have k of the cars j +1,...,j 4+ n in the main diagonal with car
Jj+nin the cell (1,1).

Here the E,; are certain remarkable symmetric functions introduced in
[3] with sum

En1+En2+"‘+Enk:en

and Ay, is the particular case F' = h; of the operator obtained by setting
(for a given symmetric function F)

ApHL[X;q,1] = F{ > ti’lqj’l]ffu[X;q,t]-
(i.9)€n

The identity in (1.4) is proved by showing first that the polynomials
Hj,n,k: = <AhjEnk7 en)

satisfy the recursion

S

i
_ k+s—1
(1.6) Hjpp=1"""" [ ] Hp g js
q

s=1

and the proof is then completed by showing that the right-hand side of (1.5)
satisfies the same recursion and the same initial conditions.

Exploring possible extensions of the Haglund result we were led to study
the original argument in the minutest detail. This turned to be a remarkably
forbidding task for the final results is obtained in [10] via a tortuous path
through a forest of highly non-trivial symmetric function identities. This
prompted us to find ways to simplify the original argument by shortening
the steps and making them more transparent whenever possible.

This effort ultimately paid off even more than we ever expected. The
tangible by-products are firstly a shorter derivation of Theorem 1.1 from
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Theorem 1.2 and a shorter, simpler and more transparent proof of Theo-
rem 1.2, including a direct bijective proof that the combinatorial side of
(1.5) satisfies the recursion in (1.6). Secondly, the discovery by computer
data of the possibility of a substantial refinement of the identity in (1.4)
which we plan to pursue in our future investigations.

Much as we would like to have our presentation self contained, we will
need to use, without proof a number of Macdonald polynomial identities
established in [2, 6], and [7]. For the benefit of researchers that may wish
to work in this fascinating area of Algebraic Combinatorics we present in
section 1 a collection of identities in Macdonald Polynomial Theory which
we use here and have been proved useful in past work.

In the second section we derive the additional identities we need to prove
(1.3) and (1.4). In the third section we prove (1.4) which is the symmetric
function side of the recursion and determine the corresponding initial con-
ditions. In the fourth and final section we prove the right-hand side (1.5)
satisfies the same recursion by means of our direct bijection and thereby
complete the proof of Theorems 1.1 and 1.2.

Our end product should be a considerably less painful derivation of (1.4)
than the one given in [10].

2. A Macdonald Polynomial tool kit

The space of symmetric polynomials will be denoted A. The subspace of ho-
mogeneous symmetric polynomials of degree m will be denoted A=™. It will
also be convenient to let AS™ denote the subspace of symmetric polynomials
that are of degree < m. We will seldom work with symmetric polynomials
expressed in terms of variables but rather express them in terms of one
of the six classical symmetric function bases: “power” {p,},, “monomial”
{mu}., “homogeneous” {h,},, “elementary” {e,},, « forgotten” {f,},, and
“Schur” {s,}u-

We recall that the fundamental involution w may be defined by setting
for the power basis indexed by = (p1, 2, .., ) Fn

(2.1) wpp = (=1)"Fp, = (),

where for any vector v = (vy,vs,...,v;) we set |v| = Zle v; and [(v) = k.

In dealing with symmetric function identities, specially with those aris-
ing in the Theory of Macdonald Polynomials, we find it convenient and often
indispensable to use plethystic notation. This device has a straightforward
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definition which can be verbatim implemented in MAPLE or MATHEMAT-
ICA. We simply set for any expression F = FE(t1,t2,...) and any power
symmetric function py

(2.2) lE] = E(t5 k).

This given, for any symmetric function F' we set

(23) F[E] = QF(pl,pQ, .. ) pkaE(t’f,t’;,..‘)
where QQr is the polynomial yielding the expansion of F' in terms of the
power basis. Note that in writing E(t1,te,...) we are tacitly assuming that
t1,ta,t3,. .. are all the variables appearing in F and in writing E(t},¢5,...)
we intend that all the variables appearing in E have been raised to their k"
power.

A paradoxical but necessary property of plethystic substitutions is that
(2.1) requires

(2.4) pr[—FE] = —pi[E].

This notwithstanding, we will still need to carry out ordinary changes of
signs. To distinguish it from the “plethystic” minus sign, we will carry out the
“ordinary” sign change by prepending our expressions with a superscripted
minus sign, or as the case may be, by means of a new variables ¢ which
outside of the plethystic bracket is simply replaced by —1. For instance,
these conventions give for Xy = a1 + 2o+ -+,

prl="Xn) = (1)F Yy
=1

or, equivalently

n

n
prl—eXn] = =) "af = (1)) af
=1

i=1
In particular we get for X = z1 + x9 + 23+ - - -
wpr| X = pr[— X].
Thus for any symmetric function F' € A and any expression E we have

(2.5) WF[E] = F[-~E] = F[—¢E).
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In particular, if F € A=F we may also rewrite this as
(2.6) F[—FE] = wF[ E] = (-1)fwF[E].

The formal power series

2o (32)

k>1

combined with plethysic substitutions will provide a powerful way of dealing
with the many generating functions occurring in our manipulations.
For a given expression E we will set

Q[E] = exp (Z ]@)
k>1
and since for any two expressions A, B (2.1) gives
(2.7) prl[A + B] = pi[A] + pi[B].
We derive from this the fundamental formula
(2.8) QA + B] = Q[A] Q[B].

In particular when A =371, a; and B = 7", b; we get

H;n:1(1 — tb; )
[Ty (1 —tai)
Clearly, for any two expressions A, B we can also view Q[t(A — B)] as the

generating functions of the homogeneous symmetric functions plethystically
evaluated at A — B

(2.9) QtA — tB] =

Qt(A—B)] = ) t"hyu[A - B].

m>1

In particular, by equating coefficients of t™ on both sides of (2.9), (2.7) gives
(using (2.6))

(2'10) hm[A - B] - Z hm—T[A]hr[_B] = Z hm—r[A](_l)rer[B}
r=0 r=0

which is an identity that will play a crucial role in many of our calculations.
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Figure 2.1

To present our Macdonald polynomial kit, it is convenient to identify
partitions with their (french) Ferrers diagram. Given a partition p and a
cell ¢ € p, Macdonald introduces four parameters | = I,(c), I' = [}, (c),
a = au(c) and @’ = a,(c) called leg, coleg, arm and coarm which give the
number of lattice cells of p strictly NORTH, SOUTH, EAST, and WEST of
¢, (see Figure 2.1).

Following Macdonald we will set

um

UOED WACEDACED S

CEWL CELL i=1

Denoting by 4/ the conjugate of p, the basic ingredients playing a role in
the theory of Macdonald polynomials are

T, = ) (i), Bu(g,t) = Z tha(0) gannle)

cEN
Hﬂ(qv t) = H (]. — tZIL(C)qaL(c))’ and
cep;e#(0,0)
wy(g,t) = H(qa“(c) — h(@F) (3l(®) _ gan(F1y,
cepn

together with a deformation of the Hall scalar product, which we call the
“star” scalar product, defined by setting for the power basis

(211) ap = OO T = )1 = ) zx(h = p),

where 2z, gives the order of the stabilizer of a permutation with cycle struc-
ture pu.
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This given, the modified Macdonald Polynomials we will deal with here
are the unique symmetric function basis {H 1 (X5 q, t)}u which upper trian-

gularly related to the modified Schur basis {sx[X/(t — 1)]} and satisfies the
orthogonality condition

(2.12) (Hx, Hy)e = x(A = p)wy(g,t).

The *-scalar product, is simply related to the ordinary Hall scalar prod-
uct by setting for all pairs of symmetric functions f, g

where it has been customary to let ¢ be the operator defined by setting for
any symmetric function f

(2.14) ¢ fIX] = fIMX]
with
(2.15) M= (1-1t)(1-q).

Note that the inverse of ¢ is usually written in the form
(2.16) fHIX] = fIX/M].
In particular we also have for all symmetric functions f, g

(2.17) (f.9) = {f,wg")s

The orthogonality relations in (2.12) yield the “Cauchy” identity for our
Macdonald polynomials in the form

Hy[X]H,[Y]
o

(2.18) Q[-eX¥] =>" e

which restricted to its homogeneous component of degree n in X and Y
reduces to

(2.19) e [XY] =% H,[X|H,[Y]

pukn
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In fact, from the definition in (2.11) it follows that the reproducing kernel
for the *-scalar product is given the sum

Z(—l)lmzwﬂ?ugg%[y] (1), [XY] — Q[ - (XY]

B I3

since the left-hand side of this identity must be equal to the right-hand side
of (2.18) the equality in (2.18) must hold true as well. It will be convenient
here and in the sequel to use the shorthand notation

M pe% XY

Q1] =9[ - e3r].

A crucial tool which provides many of the transformations we will need
in the sequel is the so-called Macdonald-Koorwinder “reciprocity” formula
(see [6, 15]). For our version of the Macdonald polynomials this formula can
be written in the following concise form

Ho[l +uDg] Hp[l +u Dy
[Teca(l —utq)  [lecp(l —utt'q”)

where for convenience we have set

(2.20)

(for all pairs «, f3)

(2.21) Da(q,t) = MBa(q,t) — 1.

We will use here several special evaluations of (2.20). To begin, canceling
the common factor (1 —u) out of the denominators on both sides of (2.20)
then setting u = 1 gives

Ho[MBg) Hg[MB,)

(2.22) I = P (for all pairs «, f3).

On the other hand replacing u by 1/u and letting u = 0 in (2.20) gives

(2.23) (_1)|Q\M — (_1)\B|£’5[Doz}

T T (for all pairs a, f3).

Since for § the empty partition we can take ﬁﬁ =1land Dg = —1, (2.20) in
this case reduces to

|
—

n

(2.24) Ho[l —u) =1 —ut!'¢”) = (1= u) ) (—u)"er[B, — 1].

cex

1
Il
o
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This identity yields the coefficients of hook Schur functions in the expansion.

(2.25) f{M[X;qat] = Z SM[X]KAu(qyt) = Z SM[XKE’TmSu)‘
ARl A ul

To see this we need the following auxiliary identity.

Lemma 2.1.

(2.26) sull —u] = {(()—u)r(l —u) ifp=(n-r1l"),

otherwise.

Proof. An application of (2.10) with A = X and B = uX gives
B[ X — uX] = Z | uX]
= Z P —r [ X]er [ X](—u)"
r=0

= hm[X] + Z (Sm—r,IT [X] + Sm—?"—l—l,l"*l) (_U)T

= hy[X](1 — u) + Zsm_mxu—uru —u)
r=1

On the other hand the Cauchy formula gives

(2.27) hn[X(1 = w)] = > 8u[X]sp[1 — u]

ukm

and (2.26) follows by equating coefficients of s, [X].
Thus (2.25), with X =1 — u, combined with (2.24) gives

n—1
(1—u) ZO Ve [By—1] = Z sull — u)(H,, s,,)

AFp]
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and (2.26) yields

(228) <H#7 3(n—r,l")> = eT[BM - 1]
Finally, from the identity e;h,— = Sy 1) + S(n—yr—1,1--1) it follows that
(2.29) (H,, erhn—y) = e:[B). O

The case 5 = (1) of (2.22) is also significant in that it reduces to the
identity

(2.30) Ho[M] = M B,I1,.

Now it was conjectured in [5] and proved in [13] that the bigraded Frobenius
characteristic of the diagonal Harmonics of S, is given by the symmetric
function

T, H,(X;q,t)Bu(q, ) (g, ) (1 — £)(1 — q)
w#(Qvt)

(2.31)  DHu[X;q,1] =)
pukn

Surprisingly the intricate rational function on the right-hand side is none
other than Ve,,. To see this we simply combine the relation in (2.30) with
the degree n restricted Cauchy formula (2.19), obtaining

282) ealX] = o [541] = 37 Bl Xi0 DBl D0 00~ D1 -0

pukn

and (1.3) gives
DH,[X:q,1] = Ve,.

This discovery is precisely what led to the introduction of V.

Our final ingredients we need, to carry out our proofs, are the coefficients
d,, and ¢, occurring in the Pieri formulas

(2.33) a) e, =) dyH, b)) etH,=)Y cuH,

P p—v



The case k = 2 of the Shuffle Conjecture 205

and their corresponding summation formulas (see [6, 7] for proofs)

) [Du(g,t)/tq] ifk>1
2.34 (g, T, MR ="
(234) 3 cwle,t) (Tu/T)* = {Bu(q’w oo

V=

(2.35) Y dul(qt) (T,/T,)F =

H—v

(=D er1[Du(gt)] ifk>1,
1 if k=0.

Here v — p simply means that the sum is over v’s obtained from p by
removing a corner cell and p <— v means that the sum is over p’s obtained
from v by adding a corner cell.

It will be useful to know that these two Pieri coefficients are related by
the identity

(2.36) A = My, 2.

In these notes we will make extensive use of the operators Ap defined
for any symmetric function F' by setting for all p

(2.37) Ar H, = F[B,) H,

This given, we should note that the identity in (2.28) has the following
surprising consequence

Proposition 2.2. For all polynomials P € A=" we have
(2.38) (A, P hp) = (P, ephy—y).

Proof. Tt is sufficient to verify (2.38) for the Macdonald basis {H,},. But
then (2.37) and (2.28) give

(A, Hyyh) = ex[Bu)(Hy, hn) = er[Bu] = (Hp, erhnr). O
The following Macdonald polynomial expansions will occur in many
parts of our exposition
Proposition 2.3. For alln > 1 we have

] :Zgu[fu(§Qat]

pukn

Sh<

a) en[

b) [ en [5] = 3 AlBulHul X501
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¢) hn[%} _ Z Tuﬁu[X;Qat]

pukn Wy
I, H,[X;q,t
(2.39) d) (1) 'pp = 1=t)(1—q")> %
ukn H
and more generally for A\ n
H,[X] -

X

(2.40) sx[37] = % Z}u Ky .(g,t)

with the K Au(q,t) the coefficients appearing in the Schur function expansion

(2.41) H,[X] =) s\[X]Knu(a:t).
AFn

Proof. Note first that (2.39) a) and c) are the particular cases k = 0 and
k =n of (2.39) b). Now for any symmetric function F' € A=" we have

(2.42) Fl¥]=>" ﬂu;ru, Fl.=>_ ﬂmu,wm.

wy, Wy,

pukn ukFn

This given, (2.39) b) follows by setting F' = hge,_; and using (2.3), while
(2.41) follows by setting F' = Sy and using (2.40). For (2.39) d) we note that
(2.18) with Y — 1 — z and (2.24) give

(2.43) en[ X572 =Y —H’:U[X] [T —wtg™).

Since

1—u

(1= ")(1 = q"en [X574] = (=1)""palX] +0((1 - w)?).

(2.39) d) is obtained by dividing out the common factor 1 — u from both
sides of (2.43) and setting u = 1. O

A Macdonald polynomial tool kit would not be complete without the
following truly remarkable identity established as Theorem 1.2 in [6]. This
identity is gravid with combinatorial implications and has provided the cru-
cial step in the proof a variety of identities in Macdonald polynomial Theory.
We will see that it plays a crucial role here as well.
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Theorem 2.4. For any symmetric function f and any partition p we have
(244) <f7 [X+1 q, ])*:v_l(f[X_e])‘X%Du'

The reader is referred to [6] for a proof. Here we will use (2.44) in the
following special form.

Proposition 2.5. For all f € A=F and pu+n we have
(2.45) (o, Ha) =V Hwf (X =€)y, p -

Proof. The Schur function addition formula

X+Y ZS)‘/“
nCp

implies that for any symmetric polynomial P[X] we have

PIX+Y]= Zsu Y]SP[X

When Y consists of a single letter y this reduces to

(2.46) PX +y] = Z y"™ht P

m>0

Now with f replaced by wf* (2.44) becomes
(F Hu[X +10) = VT (wf X = d) | p, -

But then (2.45) for y = 1 gives

Z<f7 hi Hy) = VI wf X - 6])‘X—>DM'

m>0

But if f is homogeneous of degree k and p F n all the summands vanish
except for m = n — k reducing this identity to

(fy hy_p Hy) = VHwf*[X =€) ’X—>D,l,

which is only another way of writing (2.45). O
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To illustrate the power of this identity we will use it to derive the fol-
lowing expansion result which we will need in the next section.

Proposition 2.6.

(2.47)

hk[%q]en_k[%] :Z HM[X] Z [k? - 1i|qq(;)+r—kr(1)k—rhr[1\1/[_Bq“]'

Proof. Using the expansion formula in (2.42) we get

el glen 3] = 3 08, 06, i X e il

ukn W
(2.48) = > 2, 111l - X104 1)
pkEn

Now the identity in (2.45), with f = eg[(1 — t) X] gives

(2.49)
(peil(1~ 0X]hoe) = VX =)y, = T[]
Next note that we have
k k
S B SUSIESINET B S I e

Since —2(’“53) +2(5) = —k* 4 2ks + k — 25 we may write

k
VIS, = 2T PR
S:O * k—s
=3 T 2 hel = OB e [2)
s=0 r=0
£\ Gyres 2

N
he[(1 =) Bu] (—=1)F 7 i
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and since (k_‘;_r) - (’2“) +hks—s= () —rk+sr+ (Tgl) we get

—q

X—D,

7“ . k—r o .
Z qq —r . e, [(l_t)BM] [k ] q("’)(_l)s(qr)s

=0 s=0

v [35)
k

\3

(by the g-binomial Theorem)

k
1y e —r—
= S (1 0B (- ) (L - g (1 g
r=0
k
=3[ o ja - 0B,
r=1

which combined with (2.49) and (2.48) completes our proof of (2.47). O
3. Auxiliary Macdonald Polynomial identities

Recall the polynomials E,,;, were introduced in [3] by means of the following
expansion

(3.1) en [Xl - Z} - Xn: G aep

L—q] = (a9

In [10] Haglund establishes the following

Proposition 3.1. For all 1 < k < n we have

(3.2) VE, = " (1 = ¢ )Uhy [ 125 hnr [ 57]

where ¥ is the symmetric function operator defined by setting for all u
UH, =1,H,.

The proof of (3.2) in [10] relies on a variety of auxiliary identities es-
tablished in [3] and [10]. As a result it is quite lengthy when all the details
are included. Fortunately we have been able to reduce it to what we be-
lieve are the bare essentials. However since it is still quite technical we will
postpone its proof to the end of this section. For the next auxiliary identi-
ties, expressed as a series of propositions, our proofs should be considerably
simpler than in the original work.
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Proposition 3.2. For A\Fm

_ 11,
(3.3) (A, VEne, hn) =t"F(1—¢")) —Zhi[(1 = 1) Byl [By ] K-
vbm Y

Proof. Using (3.2) the left-hand side of (3.3) can be rewritten as

(As,VEpg, hy) = tnik(l - q ASA\I]hk [%] [
= ”"“(1 — ") (A Wi [ Bk [ 37 ] €5)
(3.4) = "R (1 — b [ Jhnk[37], TAs )

%
“3‘
T

However the relations in (2.39) a) and (2.40), namely

35) @) ex =S 2 ) oy g

pukn Wh pukn Wh
I, H,[X
A, e x) = 3 DX v,
pukn ®
I,H,[X] <~ H,[MB,] -
by (3.5) b)) = - Ky,
(by (3:5) b)) = D0 =T 3T R,
pukn vkEm
H,[X I,H,[MB,] -
(Using reciprocity as in (2.12)) = Z ulX] Z ul ]K)«,u
pEn Wh vkm Wy
I, - H,[X] -
3.6 = LKy, 2 H,IMB,)].
(36) ;wUA,Zwu ulMB,]
vkEm pukn
Using (3.6) in (3.4) yields
<As>\ VEnka hn>
- I, - H,[X] -
=1 k(l - qk)z w_KX,V<h/€ [%q] hn—k [%] ) Z Z][ ]HM[MBV]>*
vkj v pukn w
_ I, - H,[X] -
n—k k v X X
=t""(1-¢q )2; —VK)\’,V(<hk[1—q]hn—k[M]7¥ Z}H H,[Y)«)y—mB,
vkj pukn

_ 11,
=" 1 - q"f); " L (Ko whie[ 25 ok [37]))y >, -
vre]
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In particular the identity in (4) has the following specialization
Proposition 3.3.
T,11

Wy

(37) <AhjEnk7 €n> = tn_k(l - qk) Z th[(l - t)BV]hTL—]C[BV]'

vkj
Proof. Letting A = (j) in (3.3) we see that Ky, = T}, and then (3.7) follows
from Proposition 2.2. O

Proposition 3.4. For all n,k > 1 the symmetric polynomial e, [X%]
has the following Macdonald polynomial expansion

_gk H,[X]|T,hy |(1-t)B,
3.5) e[ XL = (1 = ) 3 U020

Wy,

ukn

Proof. The Macdonald “Cauchy” formula in (2.19) gives

] el

M
X1 (1 £)(1-¢")]
(3.9) => .
pkEn
But
H,[(1 - 0)(1 - ¢")] = B, [M050] = 7, [MB]
, , X he [(1-8)B,,
(by reciprocity) = Hu% Hu%( s Dk
= (1 — ¢"I,h [(1 = t)B,].
Using this in (3.9) gives (3.8) as desired. O

By combining the last two propositions we obtain

Proposition 3.5.
(310) <Ahj Enlm €n> = tn_k<Ahnik€j [X%] y €j>.

Proof. Applying the operator A;, . to (3.8) with n — j we get

An, e[ XL = (1= b)Y B l00 B e[ B]

1—q Wy
vkj
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Thus, since <ﬁ,j, ej) =T, we also have

(311) (B, s [X 2L ) = (1) Y T hi[(1— 0)B ho 4B
vj v

But now a simple comparison of the right-hand sides of (3.7) and (3.11)
yields that (3.7) and (3.10) are in fact equivalent. O

The next identity is the contents of Corollary 2.9 in Haglund’s q,t-
Schroder paper. It is stated as follows

Proposition 3.6. For any positive integers m,n and any P € A™. we have
(3.12) (Ae,, ,en, P) = (Aypem, Sm)-

Proof. The operator A, _, applied to both sides of (2.32) gives

m—1

MBI, H,(z;q,t
(3.13) A, eq =Y At w234 )em,l[BM].

w
pukEn ®

Using again (2.32) with n — m we also have

(3.14) Aupem =Y MBolloHo(w:0:1) (wP)[Ba).

w
aFm «

Using (3.13) and (3.14) we get the explicit form of (3.12), which is

(3.15) 3 MBen-1lBul 7 py 3 MBalla by (B.).

pukn Wh aFm Wa
This given, our idea, as in Haglund’s paper, is to establish (3.15) by checking
its validity when P varies among all the members of a symmetric function
basis. It turns out that a simpler proof of (3.12) is obtained by testing (3.15)
with the modified Macdonald basis

{wﬁ—’w[MX;q,t]} ’

Wy
The source of the simplification is due to the fact that this basis is precisely

the Hall scalar product dual of the Macdonald basis {H 1}y- Using this

fact, putting P = % (3.15) gives
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MB.ILe,,—1(B,] 3 MB,I1, H,[MB,]

w w w.
v akFm a v

Carrying out the simplifications this may be rewritten as

BuIl, H,[MB,)]
We IL,

(3.16) BrenalB,] = Y

akFm
and Macdonald reciprocity reduces this to
(3.17) Byem-1|B,] = ; . Ho[MB,).
arm

Now we may rewrite (2.34) with k£ =0, as

B, = Z Caf-

B—a

Using this in the right-hand side of (3.17) gives

(3.18) RHS = Z ang— Z ZH [MB,] cap 22

aFm B—a BFm— 1 oz(—ﬁ

Next we use (2.36) to get

and (3.18) becomes

Brm—1 A
H,|MB

_ B’y [ " ’Y7q7 ]
Brm—1 A

proving (3.16) as desired. O
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Next, we give the proof of Proposition 3.1. To begin, it will be convenient
to set

LHS = VEy; and RHS = """(1 - ¢")Uhy[2 ) h, 1 [37]-
We are to show that
(3.19) LHS = RHS.
It turns out that it is easier to show that we have
(3.20) L LHS = | RHS

where “]” denotes the symmetric polynomial operator defined by setting,
for any symmetric function F[X;q,t] with coefficients in Q|g, t],

(3.21) LFX;q,t] = wF[X;1/q,1/1].

Since “}” is clearly an involution we see that (3.20) is equivalent to (3.19).
To carry this out we need the following auxiliary identities

Lemma 3.7. For all utn we have
(3.22) a) V=Vl b)) LU= (-1)"viw
Proof. Recall that by definition

(3.23)
a) VH,[X;q,t]=T,H,[X;q,t], b) VH,[X;q,t]=11,H,[X;q,t].

Applying “]” to both sides of (3.23) a) gives

(3.24) LY LB X1 g1/ = 2 wHL X1 /g,1/1]
m

Recalling the Macdonald identity
(3.25) T, wH,[X;1/q,1/t] = H,[X;q,1]
we see that multiplying both sides of (3.24) by T}, gives

1

LV H X q,t] = T—ﬁu[X;q,t]-
o
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This proves (3.22) a). Similarly (3.23) b) gives
(3.26) UL wH[X;1/g,1/1) = T,(1/q,1/t) wHL[X51/q,1/8].

However, for u - n we have

(/g 1/t)= [ a-t"q")= IT,.(q, 1)

cep/(0,0)

and another use of (3.25) gives

LU H X q,1) = I,H,[X;q,t] = (—1)" 'OV HL[X;q,1].

This proves (3.22) b). O

Now it is well known and easy to show (see [3]) that the expansion of
any polynomial P(z) in terms of the Pokhammer polynomials

(20 = (1= 2)(1 = 2q) -+ (1 — 2g" )

is given by the formula

P =Y & o qkfj[] Gl =1y P/,

k>0 ( r=0

Thus from the definition in (3.1) we immediately derive that

k
En[X;q) = q’“Z{ L —1)"en [X 4]
r=0
Thus
bk
_ k r r I
LHS = Vq 2:; o] dD e X
and since

. m (1-1/q)(1=1/q)~-(1—1/q")
rly = T/~ (0=1/q) (A= 1/q)1—1/¢7)~(0—1/7")

k1 2 gy
:[:|qr k
riq
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using (3.22) a), the definition in (3.21) gives

k
K1 o g (v L
L LHS =V ity [T}qqr “hr=G)(=1)7h, [ X L]
r=0
k

=Vt (] O

“1gn= kz[ ] )r— kr( 1)n—ren[X11:qqr]_

On the other hand (3.21) and (3.22) b) give

LRHS =t (1 — ¢ ) (-1)" 'V e [ en i[5
:tk_n(qkfl)( )n lv l\Iiek[ ]671 k[X]qn ktn—k
=¢" (1= ") ()T R [ en—k[ 7).

Thus (3.20) reduces to

(3.27)
k
S[E] aerrr i, Y] = (1 - ) (-1 el

r
r=0

However, the Macdonald Cauchy formula in (2.19) gives

en[X12L] = ¢, [X0=00-aD) _ Zﬁ uX WML,

1—¢q et wy, 1—¢q
Thus
. A, X] Ha[M L]
U le, [X ] = K
pukEn W Hu
H,[X] H,[MB,]
by (2.22) f = H
(by (222) for o, 6 = oy ) = 3 2=
pukn
H,[X] ry (MB,
=Y (= ghe [T

w
pukEn ®
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Here we have used H,[X] = (q, q)rhr[li_q] and I, = (q,q)r—1, and (3.27)
becomes

) k

[ J a7 1y = g
pkn r=

=(1—q )( D" il len-l 3]

which is easily seen to simplify to
7 k
HN[X] k-1 ")+r—kr k—ry [MB, X X
Z w Z [7’ — 1]qq(2) (=1 "he[F= q] hk[fq]enfk[ﬂ]

which is precisely the expansion in (2.47). This completes our proof of Propo-
sition 3.1.

4. The symmetric function side

The first step in the proof of Theorem 1.1 is given by the following surprising
identity

Proposition 4.1.
(4.1) <V6n, h]‘hn_j> = <Ah_7~€n+1—ja 6n+1_j>.

Proof. This is obtained in [10] by a magic double use of the identity in
(3.12), namely

(4.2) (Ae, _.en, P) = (Aupem, Sm)-
Haglund starts by using it with m — 1 =n and P = hjh,,_; obtaining
(4.3) <V€n, hjhn_j> = <A,3Jen_jen+1, Sn+1> = <Aen_] €n+1, ej hn+1_j>

here the last equality follows from (2.38) and the fact that A, ., =Ac Ac, .
Using (4.2) again withn - n+1,m —-n+1—jand P — ejhnH —j we get

(Ae,  ent1s€hnt1-5) = (Dhje,,r ;€n—jt1, Sn—jt+1)
(44) == <Athen,j+1, 6nfj+1>-

Combining (4.4) and (4.3) gives (4.1) as desired.
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Now note that by setting z = ¢ in (3.1) we derive that

n
(4.5) en = Z Eok.
k=1
Using this with n — n 4+ 1 — j we may rewrite (4.1) as
n+1—j
(4.6) (Ven, hjhn_j) = > (AjEn_ji1k ent1—s)-
k=1

But Theorem 1.2 with n — n + 1 — j asserts that

<AjEn—j+1,ka €n+1fj>

@ = > terealPRgmPEy (g(PF) €12+ juUj+1---n+1)
PFEPF 1 (k)

where here PF, 1(k) denotes the collection of Parking Functions, in the
(n+ 1) x (n 4+ 1) lattice square, with k of the cars j + 1,...,n + 1 in the
main diagonal and car n + 1 in the cell (1,1). This given, using (4.5) with
n — n+1— j we can convert (4.7) to

(Ven hjhnj)

48) = ) terePRglmPEy (o(PF) €12+ jUJj + 1 n+ 1)
PFePF,

where PF 41 denotes the collection of Parking Functions in the (n + 1) x
(n+1) lattice square, with car n+ 1 in the cell (1, 1). Since clearly, car n+1
does not contribute any dinv, and in addition, there are no cars above it,
n + 1 can be removed, without loss, along with its column and row, in each
term on the right hand side of (4.8) and thereby obtain that

(4.9)
(Ven, hjhn—j) = Z t“m“(PF)qdm”(PF)X(J(PF) €12---jUJj+1---n)
PFCPF,
which is precisely what Theorem 1.1 does assert. O

We are thus reduced to proving Theorem 1.2. As we stated in the in-
troduction, to do this we need only show that both sides of Theorem 1.2
satisfy the same recursion and initial conditions. We will thus begin with
the symmetric function side and prove (1.4), that is
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Proposition 4.2. Setting Hj,x = (Ap, Enk , €n) we have for all j > 1 and
1<k<n

j
_ k+s—1
(4.10) Eﬁmkzzt”’“E:[ : } Hypojs
q
s=1

Proof. Setting z = ¢* in the defining formula (3.1) with n — j we get
J

1-¢*71 _ ("9 1.
1*!1} - Z (¢:9)s Ejs.
s=1

ej [X

This given, (3.10) gives

_ ok
<Ahj E., 6n> =t" k<Ahn,k€j [Xlquq] , ej>

J
= "Ry A (A, By, eg)
s=1

and the identity

(", 9)s (=g~ —gts) [k +5— 1]
(4,9)s (1=1)---(1-¢) s g
gives (4.10) and completes our proof. O

Since the total number of cars decreases by k at each use of the recursion
and k£ > 1 we will eventually run in to a case where the number of small
cars vanishes, thus the following result settles all the base cases.

Proposition 4.3.

0 fl<k<n,

(411) HO,n,k = <Enkven> = <VEnk, hn> = { .
1 ifk=n.
Proof. Note that the first equality in (4.11) is simply due to the fact that
Ay, reduces to the identity operator for j = 0. The second equality follows
from (2.38) for r = n.
To prove the third equality we can make use of Proposition 3.1. In fact,
(3.4) with Ag, replaced by the identity operator gives

(4'12) <VEnk:> hn> = tn_k(l - qk)<hk[%]hn—k[%]a \Ile:;>*
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On the other hand from from (2.39) a) and d) we derive that

X I, H,[X] (1)t
\I]en = Z = (l_tn)(l_qn) pTL'
ukn

Using this in (4.12) immediately gives the first case of (4.11), since for 1 <
k < n the power sum expansion of the product hk[%q]hn,k[%] cannot
contain a term with p,. On the other hand for k = n (4.12) becomes

(VEnn, hn) = (1= ¢")(hal£25], 0pp)e = (1= @) (hn[£25),pn) = 1
as desired. O

Remark. There is an interesting recursive proof of (4.11) which uses the
symmetric function operator C, defined by setting, for a symmetric function
FIX]

(4.13) CoF[X] = (=3 'F[X — =) 0] |

In fact it is shown in [8] that the E,j can be recursively obtained from the
formula

n—k+1
(4.14) B = Z CoErap1-
a=1

Using this, the left hand side of (4.11) becomes

E
+

n—k+1

<Enk; €n> = <CaEnfa,kfla €n>

n—k+1
(415) = <Enfa,k717 Czh;;>*

a

)
I =

Il
i

with C} the *-scalar product dual of C,. Now it shown in [8] that C} acts
on a symmetric function F'[X] according to the plethystic formula

(4.16) C.PIX] = ()" 'P[X - <F]Q[%5]

z—a
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Using this we can show that

if 1
C*h*_{o ita>1,

a'’n * . .
. ifa=1,

and thus (4.16) is none other than
(Enksen) = (En—1 k=1, hp_1)x = (En_1k—1,€n—1)
and an obvious induction argument proves (4.11).
5. The combinatorial side

Recall that each Parking functions in PF,, is obtained by choosing a Dyck
path in the n x n lattice square, then filling the cells adjacent to the NORTH
steps of the path with circles (as shown below on the left) and finally filling
the circles with the numbers 1,2, ..., n in a column increasing way (as shown
below on the right).

N N
S - y 2
A 8/
P 5\
: S
- &
T 1\
b — w
h 7/
N 6\
L/ b
2

Denote by PF(j, n, k) the collection of parking functions whose diagonal
permutation o(PF) is a shuffle of 12---j with (j + 1)---(n + j) where
n + j is in the bottom left corner and there are exactly k£ of the elements
(j+1)---(n+ j) in the main diagonal. It will be convenient to refer to
(j4+1)---(n+j) as the “big” cars and 12-- - j as the “small” cars. Note that
the supporting Dyck path of a parking function PF' € PF(j, n, k) must have
columns of length at most 2. The reason for this is that, since the big cars
are increasing from higher to lower diagonals, none of the big cars can be
placed on top of another big car without a violation of the column increasing
condition. The same is true for the small cars. Thus we can at most place
one of the big cars on top of one of the small cars. This precludes columns
of length greater than 2. Recall that there are two ways for two cars to form
diagonal inversions:
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1. Two cars are in the same diagonal and the one on the left is smaller
than the one on the right. We call these “Primary diagonal inversions.”

2. The car on the right is in the immediately lower diagonal and it is
smaller than the car on the left. We call these “Secondary diagonal
mversions.”

Since in a parking function PF € PF(j,n, k) the small cars as well as the
big cars increase from right to left along diagonals and from higher to lower
diagonals, no primary or secondary diagonal inversions can be produced by
a pair of small cars nor by a pair of big cars. Thus a primary diagonal
inversion can only be obtained by a small car to the left of a big car in the
same diagonal and a secondary diagonal inversion can only be obtained by
a big car to the left of a small car in the immediately lower diagonal.

In summary, since the only thing that matters is whether the cars are
small or big, we may depict these parking functions by replacing all the big
cars by a 2 and all the small cars by a 1 as shown below.

[=2]
8]

For convenience we will call the latter a “1,2-Parking function” and denote
their collection by “PF(j,n,k)”.

It is easy to see that the family PF(j,n, k) is characterized by the fol-
lowing properties

a) There are j 1’'s and n — j 2’s.

b) k of the 2’s are in the main diagonal, with one of them in the lower left
corner.

c¢) Columns are strictly increasing.

It is also quite evident that, given an element PF € PF(j,n,k), by re-
placing the 1’s with 1,2,...,7 and the 2’s by j + 1,5 + 2,...n from higher
to lower diagonals and from right to left within diagonals we can recon-
struct the element PF € PF(j,n,k) that originated it. This allows us to
work with PF(j,n, k) and PF(j,n, k) interchangeably, with the understand-
ing that dinv(PF) = dinv(PF) and area(PF) = area(PF). It should also
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be clear than we need not reconstruct PF to obtain area(PF) since this
statistic is given the Dyck path supporting PF as well as PF. Likewise,
our observations concerning diagonal inversions in PF(j,n,k) show that
dinv(PF) = dinv(PF) can also be computed directly from PF itself, by
simply counting the pairs (1,2) which form a diagonal inversion.

Keeping all this in mind, let us set

(5.1) M; 5 = Z tarea(PF)qdinv(PF) — Z tarea(ﬁ)qdmv(ﬁ).
PFEPF(jin:k) PFEPF(jn k)

We are to show that
(5.2) M= Hjpp.

Given the results of the previous section we need only verify that we have

j
_ kE+s—1
(5.3) Mjp=t""%%" [ }anfk,j,s

S
s=1

and

5.4
(54) 1 ifk=n.

{0 if1<k<n,

o,n,k =

Now the latter is easily verified by the following reasoning. Since a PF €

PF(0,n,k) has no 1’s, and by property ¢) we can’t have a 2 on top of a 2,

all the 2’s must rest in the main diagonal. Thus the collection PF(j,n, k) is

empty unless £ = n, in which case its only element is the parking function

with all the 2’s in the main diagonal. The dinv and area of this parking

function are both 0, and thus (5.4) must hold true precisely as asserted.
We are left to show (5.3). We will do this by constructing a bijection

between P—.Fj,n,k and the family U ,, j, consisting of all pairs

(5.5) Uj,n,k = {(w,ﬁ) W e kal,s & PF € ﬁnfk%s with 1 < s < ]}

where Wj,_; s denotes the collection of all 1,2-words with & — 1 2’s and s
1’s.

Our plan is to start with a pair E PF) € Ujn,k and construct from it
a 1, 2-parking function ®(w, PF') € PF;j,,  with

(56) wezght(@(w,ﬁ)) _ tnfk > qcoim}(w) > tarea( F)qdinv(ﬁ)
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where for w = wyws - - - w, we set

coinv(w) = Z X (w; < wy).
1<i<j<n

Since we clearly have the identity

J
— k -1
(5.7) g weight(w, PF) = t"* E [ +j } M1 js
(w,PF)EU; n 1 s=1 !

to show that ® gives our desired bijection we only need to

1. prove that ® is onto.
2. verify that every step of the construction of ® is reversible.
3. prove the identity in (5.6).

Our map @, is obtained by a procedure which, given a pair (w,Il;) with
w € Wi_1,s and 11 € PF(n —k,j,s) constructs the corresponding element
®(w, 1) € PF(j,n, k) by the following 4 successive steps. For clarity we
will illustrate our construction by applying it to the pair (w,1I1) € Uss o,
when w is any one of the 6 words 2211, 2121, 2112, 1221, 1212, 1122 in W55
and II is the following element of ﬁ475’2,

Il
n

ITy

at the end of our construction we will display the corresponding 6 elements
Of ﬁ{),zg.

Step 1 Move all the 1’s one cell to the left and modify the Dyck path so
that the 1’s are adjacent to its NORTH steps. Call the resulting lattice
diagram IIs.
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1-.[1: 2 :>1-.[2: 2

Step 2 Interchange the 1’s and the 2’s. Call the resulting lattice diagram
II5. Note that since all the ones have moved and II; had s 2’s on the
main diagonal, the main diagonal of I3 will contain s 1’s and no 2’s.

~n

I,

I
~n

:'?Hg: 1

Step 3 Break up the lattice diagram of 1I3 into the s sub-diagram, which
start at the 1’s in the main diagonal, as shown below.

I3 = 1 = 1 1

Step 4 Given a word w € Wj_; ¢ by moving the s sub-diagrams NORH-
EAST insert k—1 2’s in the main diagonal in between the sub-diagrams
in exactly the same way the 2’s are in between the 1’s in w. This done
prepend a 2 on the bottom left of the resulting lattice diagrams.

In the following display we depict the results of applying Step 4 with each
of the six words in Wy . Here the lattice cell containing the prepended last
2 is thickened.
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1 1 (2]
2 2 1
1 1 2
2211 |2 2 1
1 2121 1 2112 |2
2 2 1
1 2 2
2 1 1
1 2 2
@}l 1 1
(2] (2]
| ’ J@
2 1 2
1 2 1
2 1 2
1 1
1221 2 1212 1 2121 |2
2 2 1
2 2 2
1 1 1
2 2 2
1 1 1
1) @ is onto

We need only to show that the increasing column condition is satisfied
after the second step of our procedure. Since we move only the 1’s, the
columns in Ils consist of 2’s in the same column as they were in 1I;
and the 1’s which occured one column to the right in II;. Since any
column in II; has at most a single 1 and a single 2, the same must be
true of Ils. In any column in Ils containing one of each, the 1 must be
on top of the 2 (or else the path corresponding to II; had a west step).
This gives us that I3 satisfies the increasing column condition.

2) Every step of the construction of ® is reversible

Given a 1, 2-Parking Function PF € PF(j,n, k), the number of ones
in the main diagonal yields s and the relative position of the 1’s and 2’s
in the main diagonal determine the corresponding word w € Wj_1 s.
This given, the removal of the two’s will bring us right back to the
end of Step 2. Finally, carrying out Step 2 and Step 1 successively
and in reverse yields the element II; € P—.Fn,kd’s needed in the pair
(w, PF) € Uj 5. To see this, note that the first element in the main
diagonal of PF' that isn’t removed must be a 1. This 1 will become
the required 2 in the (1,1) cell of PF. We have thus shown that @ is
invertible.
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3) Proof of the identity in (5.6)

We are to show that
weight(@(w7ﬁ)> — tnfk % qcoirw(w) % tarea(ﬁ)qdinv(ﬁ).

First, note that the area increases by n—k by from II; to IIs, in Step 1,
due the westerly motion of the n — k 1’s. Since all the elements added
afterwards are inserted in the main diagonal there are no further area
changes and the increase in area from PF to PF is precisely n—k. This
accounts for the factor t"~%. Note further that there is no change from
I1; to I3 since the combination of Step 1 and Step 2 replaces primary
diagonal inversions with secondary ones and vice versa as seen in the
diagrams below.

However in Step 4 the insertion of the £ — 1 2’s adds coinv(w) to the
change due to the interaction of these 2’s with the 1’s in the main
diagonal. This accounts for the factor ¢®™*®) in (5.6).

This completes our proof of the combinatorial recursion in (5.3).
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