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The Combinatorics of the Garsia-Haiman Modules
for Hook Shapes (Extended Abstract)

Ron M. Adin, Jeffrey B. Remmel, and Yuval Roichman

ABSTRACT. Several bases of the Garsia-Haiman modules for hook shapes are given, as well as combinatorial
decomposition rules for these modules. These bases and rules extend the classical ones for the coinvariant
algebra of type A. We also exhibit algebraic decompositions of the Garsia-Haiman modules for hook shapes
that correspond to the combinatorial interpretation of the modified Macdonald polynomial that has recently
been proved by Haglund, Haiman, and Loehr [20, 21].

1. Outline

The Garsia-Haiman module A, was introduced in [12], in an attempt to prove a conjecture of Macdonald,
and indeed played a major role in the solution [23]. When the shape p has a single row, this module is
isomorphic to the coinvariant algebra of type A. Our goal here is to understand the structure of the dual
Garsia-Haiman module A}, when y is a hook shape (k, 1=k,

A family of bases for the dual Garsia-Haiman module of hook shape is presented. This family includes
the k-th Artin basis, the k-th descent basis, the k-th Haglund basis and the k-th Schubert basis. While the
first basis appears in [14], the others are new and have interesting applications.

The k-th Haglund basis realizes Haglund’s statistics in the hook case. The k-th descent basis extends
the well known Garsia-Stanton descent basis for the coinvariant algebra. The advantage of the k-th descent
basis is that the Sj,-action on it may be described explicitly. This description implies combinatorial rules
for decomposing the bi-graded components of the module into Solomon descent representations and into
irreducibles. In particular, a constructive proof of a formula due to Stembridge is deduced.

The rest of the paper is organized as follows. Preliminaries and background are given in Section 2.
Bases for the dual Garsia-Haiman module of hook shape are presented in Section 3. An explicit formula
for the action of the Coxeter generators on the k-th descent basis and the resulting combinatorial rules for
decomposing the bi-graded homogeneous components are described in Section 4. Proofs of two of the main
theorems are sketched in Sections 5 and 6. Relations with the combinatorial interpretation of the modified
Macdonald polynomial that was recently proved by Haglund, Haiman, and Loehr [20, 21] are discussed in
Section 7.

This is an extended abstract; complete proofs and more details will be given in [4].

2. Background

In 1988, I. G. Macdonald [27] introduced a remarkable new basis for the space of symmetric functions.
The elements of this basis are denoted Py (T;q,t), where A is a partition, T is a vector of indeterminates, and
q,t are parameters. The P\ (T;q,t)’s, which are now called “Macdonald polynomials’, specialize to many of
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the well-known bases for the symmetric functions, by suitable choices of the parameters ¢ and ¢. In fact, we
can obtain in this manner the Schur functions, the Hall-Littlewood symmetric functions, the Jack symmetric
functions, the zonal symmetric functions, the zonal spherical functions, and the elementary and monomial
symmetric functions.

Given a cell s in the Young diagram (drawn according to the French convention) of a partition A, let
lega(s), legh(s), armx(s), and arm/ (s) denote the number of squares that lie above, below, to the right,
and to left of s in A, respectively. For each partition A, define

ha(g;t) == H(l — garmals)glean(s)+1)
SEA

For a partition A = (A1,...,Ag) (where Ay > ... > A\g > 0) let n(\) := Zf 1(i—=1)A;. Macdonald introduced
the (g, t)-Kostka polynomials K ,,(g,t) via the equation

Ju(@50,t) = hy(q, 1) Pu(T5 g, E:Kk#q7SA X(1-),

and conjectured that they are polynomials in ¢ and ¢ Wlth non-negative integer coefficients.
In an attempt to prove Macdonald’s conjecture, Garsia and Haiman [12] introduced the so-called modified
Macdonanld polynomials H,,(T;q,t) as

u(Ti g, ZK,\H (q,t)sx(T),

where K (¢, t) := t"" K} ,(g,1/t). Their idea was that H,,(T;, q,t) is the Frobenius image of the character
generating function of a certain bi-graded module A, under the diagonal action of the symmetric group S,.
To define A,,, assign (row, column)-coordinates to squares in the first quadrant, so that the lower left-hand
square has coordinates (1,1), the square above it has coordinates (2,1), the square to its right has coordinates
(1,2), etc. The first (row) coordinate of a square w is denoted row(w), and the second (column) coordinate
of w is the denoted col(w). Given a partition u F n, let p also denote the corresponding Young diagram,
drawn according to the French convention; it consists of all the squares with coordinates (4,7) such that
1<i<{(u) and 1< j < p;. For example, for u = (4,2,2), the labeling of squares is depicted in Figure 1.

G| (32

2| 22

Ly | 12| 1,3 | A4

Fi1GURE 1. Labeling of the cells of a partition.

Fix an ordering wy, ..., w, of the squares of u, and let

Au(xl,...,xn;yl,...,yn) = det( row(w;)— 1ycol(w]) 1)‘ .
1,3

3
For example,

Loy 8 v o1 xn 23 2ty
Loy 3 y5 w2 T2y2 5 a3y
A4,272(x17'"7x8;y17"'7y8):det .

1 ys Y3 vys wxs xsys 73 xiys

Now let A, be the vector space of polynomials spanned by all the partial derivatives of A, (21, ..., zn;y1,. ..

The symmetric group .S,, acts on A, diagonally, where for any polynomial P(x1,...,Zn;y1,...,¥ys) and any
permutation o € S,

P(xi,.. s xn;yty ey Un)’ = P(Xoyy ooy To, 3 Yoys - - -3 Yo, )-

 Yn)-
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The bi-degree (h,k) of a monomial z{* ---aPry{" -+ -y~ is defined by h:= > p; and k := > 1 | ¢;. Let
Af,h’k) denote space of homogeneous polynomials of degree (h, k) in A,. Then
A, =P Aal».
(h,k)
The S),-action clearly preserves the bi-degree, so that S,, acts on each homogeneous component A&h’k). The
character of the S,-action on Af,h’k) can be decomposed as
(h,k) h,k
W =3
Abn

where xA is the irreducible character of S, indexed by the partition A and the c&hf)’s are non-negative

integers. Garsia and Haiman conjectured [12] that, as an S,-module, A,, carries the regular representation.
This conjecture was eventually proved by Haiman [23], by exploiting the algebraic geometry of the Hilbert
Scheme.

3. Bases

Consider the inner product (, ) on the polynomial ring Q,, = Q[z1,...,Zn, Y1, - .,Yns] defined as follows:
for any two polynomials f,g € @y, (f,g) is the constant term of

f(arla e aazn§ay1v . aayn)g
Let A7 be the module dual to A, with respect to (, ).

3.1. The k-th Descent Basis. The descent set of a permutation 7 € S,, is
Des(m) := {i|m(i) > w(i + 1)}.

Garsia and Stanton [17] associated with each m € S,, the descent monomial

n—1

. o |Des(m)N{j,...,n—1}|
ar =[] (nqywm@) = [ oy ™™ '
i€Des(m) J=1

Using Stanley-Reisner rings, Garsia and Stanton [17] showed that the set {a, |7 € S, } forms a basis for the
coinvariant algebra of type A. See also [36] and [5].
DEFINITION 3.1. For every integer 1 < k < n and permutation w € S,, define
|Des(m) N {i,....k—1}, if1<i<k;
d® (7)== { o, ifi=k
[Des(m) N {k,...,i =1}, ifk<i<n.

DEFINITION 3.2. For every integer 1 < k < n and permutation w € S,, define the k-th descent monomial

o) = H (Ta()* Tn(i)) - H (Yr(it1)  * Yr(n))

i€Des () i€Des(n)
i<k—1 i>k
k—1 n
dik)(ﬂ') dik)(ﬂ')
= x y i
150" 1 v
i=1 i=k+1

Note that aS,”) = a,, the Garsia-Stanton descent monomial.

THEOREM 3.3. For every 1 < k < n, the set of k-th descent monomials {aS,’“’ | m € S,} forms a basis
for the dual Garsia-Haiman module A?k k)

Two proofs of Theorem 3.3 are given in [4]. In Section 5.2 of this extended abstract we sketch a proof
via a straightening algorithm. This proof implies

COROLLARY 3.4. A?/ﬂn—k) = Q[a’:,gj]/[&)ln_k), where the ideal I(J,Z)ln_k) is generated by
(1) the elementary symmetric functions e;(x1,...,2,) (1 <i<n) and e;(y1,...,yn) (1 <i<n);
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(2) the monomials xi, --- x5, (1 <iy <--- <ip <n) and yi, -+ Yi, oy, (1 <01 <o <lipopgr < n);
and
(3) the monomials x;y; (1 <i<n).
This result has been obtained, in a different form, by J.-C. Aval [7, Theorem 2].

3.2. The k-th Artin and Haglund Bases. The second proof of Theorem 3.3 is sketched in Section 6.1.
This proof applies a generalized version of the Garsia-Haiman kicking process. This construction is extended
to a rich family of bases.

Let n be a positive integer and 1 < k < n. For every positive integer n, denote [n] := {1,...,n}. For every
subset A = {i1,...,ix} C A denote T4 := x4,,...,2;, and Ya = Y, ..., ¥s,. Denote T := Ty, = x1,...,T,
and y := g[n] =Y1,---sYn.

Let ¢ € [n] and let a A be a subset {a1,...,ar_1} of size k — 1 of [n] \ ¢. For any such a pair (4, c¢) let
B4 be an arbitrary basis of the coinvariant algebra of Si_1 acting on Q[Z4]; let A := [n]\ (AU {c}) and let
Ci = Cpu)\(4uj) be a basis of the coinvariant algebra of S, acting on Q[y4].

For every pair (4, ¢) define a monomial in Q[Z, 7],

m(A,C) = H xX; H Yj-
{icA| i>c} {jeA | j<c}
Then

THEOREM 3.5. The set

U me Ba Cs
A,c
forms a basis for the dual Garsia-Haiman module Azﬂk,lnfk)'

DEFINITION 3.6. For every integer 1 < k < n and permutation = € S,, define
H{j:i<j<kandnw(i)>n()}, #l<i<k;

B(m) = <o, ifi=k;
{j:k<j<iandw(j)<n(@)}, ifk<i<n.

For every integer 1 < k < n and permutation m € Sy, define the k-th Artin monomial

inv

k—1 n
oo (k) . (k)

(k) ._ inv;”’ () ) inv,"’ (m)
b = [l II v ™

i=1 i=k+1

and the k-th Haglund monomial

k—1 n
(k) o d5k> ™) . mv(k>(7r)
Cr” 7 T (i) 11 Yr (i)

=1 i=k+1

Interesting special cases of Theorem 3.5 are the following.

COROLLARY 3.7. Each of the following sets : {agrk)| T € Sn}, {b§,’“| m € Sp} and {c;’“)| T €Sy}
form a basis for the dual Garsia-Haiman module A?k Ln—ky-

REMARK 1.

1. Garsia and Haiman [12] showed that {b&’“) ;€ Sp} is a basis for Afk,ln—k)- Other bases of
Aly 1n-ry Were also constructed by J.-C. Aval [7] and E. Allen [5, 6]. They used completely
different methods. Aval constructed a basis of the form of an explicitly described set of partial
differential operators applied to A 1»-») and Allen constructed a basis for A?Iml"—k) out his theory
of bitableaux.

2. It should be noted that the last basis corresponds to Haglund’s maj-inv statistics for the Hilbert
series of Az‘mn_k) that is implied by his combinatorial interpretation for the modified Macdonald

polynomial H(k71n_k)(i; q,t); see Section 7 below.

3. Choosing B4 and C'z in Theorem 3.5 to be the Schubert bases of the coinvariant algebras of Sj_1
(acting on Q[Z 4]) and of S,,_j (acting on Q[7z]), respectively, gives the k-th Schubert basis. One
may study the Hecke algebra actions on this basis along the lines drawn in [2].
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4. Representations

4.1. Decomposition into Descent Representations. The set of elements in a Coxeter group having
a fixed descent set carries a natural representation of the group, called a descent representation. Descent
representations of Weyl groups were first introduced by Solomon [32] as alternating sums of permutation
representations. This concept was extended to arbitrary Coxeter groups, using a different construction, by
Kazhdan and Lusztig [25] [24, §7.15]. For Weyl groups of type A, these representations also appear in the
top homology of certain (Cohen-Macaulay) rank-selected posets [34]. Another description (for type A) is by
means of zig-zag diagrams [18, 16]. A new construction of descent representations for Weyl groups of type
A, using the coinvariant algebra as a representation space, is given in [1].

For every subset A C {1,...,n— 1} let
SA.={res, |Des(r)=A}

be the corresponding descent class; denote by p? the corresponding descent representation of S,,.

Define 1 < i < n to be a descent in a standard Young tableau T if i 4+ 1 lies strictly above and weakly
to the left of ¢ (in French notation). Denote the set of all descents in T' by Des(T).

The following theorem is well known.

THEOREM 4.1. For any subset A C [n — 1] and partition u b n, the multiplicity in the descent represen-
tation p? of the irreducible S, -representation corresponding to i is

m = #{T € SYT(n)|Des(T) = A},

the number of standard Young tableaux of shape pu with descent set A.

DEFINITION 4.2. A bipartition (i.e., a pair of partitions) X = (u,v) is called an (n,k)-bipartition if p
has at most k — 1 parts and v has at most n — k parts.
For a permutation ™ € S, and a corresponding k-descent basis element a&k) = Hi:ll xi’i(i) . H:;kﬂ y:i(i), let

A(m) = (Az(m), A\y(m)) := ((d1,da, ..., dk—1), (dn,dn-1,...,dit1))

be its exponent bipartition.
For an (n,k) bipartition X = (u,v) let
T2 = spang{a® + I 1,0y |7 € S, AalM)) <A},

where 4 is the dominance order on bipartitions (see Definition 5.6.1). Let

I = spang{al® + Ly | T € Sn, Ma) an}

be subspaces of the module A?k,lﬂ-’ﬁ)’ and let

R = gy g,

<

PROPOSITION 4.3. J;\k)ﬂ, J;\k) and thus Rg\k) are Sy -invariant.

LEMMA 4.4. Let A = (u,v) be an (n, k) bipartition. Then
(1) RP£{0} = (1<i<k-1) pi—pi1€{0,1}and(1<i<n-—k) vy —une€{0,1}.
If these conditions hold then a basis for Rg\k) 18
{a,@ + I?l;,wfk) | Des(m) = Ax}.
where

(2) Ay ={1<i<n|pi=pit1+1lor vy_jy1 =vn_i+1}
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THEOREM 4.5. The S,,-action on Rg\k) s given by

alhk, it L+ 1) — ()] > 1
si(@®) = {alP, if 7 G+ 1) =71(G) + 1

—al = e m s, TG ) =) L

Here s; = (j,j+1) (1 <j < n) are the Coxeter generators of Sy, {a,(,’“) —|—I(J,r€)1n_k) | m € Sy} is the descent
basis of Rg\k), and for m € Sy with 7= 1(j +1) = 77(j) — 1 we define

t o= w41,
m1 = max{i € Des(m)U{0}]i<t—1},
me = min{i € Des(m)U{n}|i>t+1}

(so that w(t) =j+ 1, w(t +1) =7, and {m1 +1,...,ma} is the mazimal interval containing t and t + 1 on
which s;m is increasing); and let A;(m) be the set of all o € S, satisfying

(1) (i <myori>mg+1)=0(i) =mn(i);
(2) the sequences (o(mi1+1),...,0(t)) and (c(t+1),...,0(m2)) are increasing;
3) o & {m s;m} (ie., {o(t),o(t + 1)} # {j,5 + 1}).

EXAMPLE 4.6. Let m = 2416573 € S7 and j = 5. Then:
J=5,7+1=6;t=4,t+1=25;
Des(m) = {2,4,6}; m1 =2, mg = 6; s;m = 2415673;

A;(7) = {2417563, 2456173, 2457163, 2467153}

Note that |Aj(m)| = ("2™) —2=(5) —2=4.

t—my
COROLLARY 4.7. The S,, representation on R(Ak) is independent of k.

THEOREM 4.8. Let A = (p,v) be an (n,k) bipartition. Rg\k) is isomorphic as an S,-module to the
corresponding Solomon descent representation determined by the descent class {m € S, | Des(m) = A},
defined in Lemma 4.4 above.

Proof. By Theorem 4.5 together with Lemma 4.4, for every Coxeter generator s;, the representation matrices
of s; on Rg\k) and on R(A") with respect to the corresponding k-th and n-th descent monomials respectively
are identical. By [1, Theorem 4.1], the multiplicity of the irreducible S,-representation corresponding to

in RE\”) is mg, = #{T € SYT(u) | Des(T) = A, }, the number of standard Young tableaux of shape
and descent set A). Theorem 4.1 completes the proof. ([

Let R,gf’)m be the (t1,%2)-th homogeneous component of Aly 1n-r)-

COROLLARY 4.9. For every 0 < t1, 0 < t2 and 0 < k < n the (t1,t2)-th homogeneous component of
A’(*k 1n—t) is decomposed into a direct sum of Solomon descent representations as follows:

k)~ k
Rgl,)tz = @R& )7
s
where the sum is over all (n,k) bipartitions A = (u,v) with piv1 — p; € {0,1} (Vi), vigr — vy € {0,1} (Vi)

and
Z iztl Z (n—i):tg.

pi>pig1 and i<k vi<vi41 and i>k
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4.2. Decomposition into Irreducibles. A classical theorem of Lusztig and Stanley gives the multi-
plicity of the irreducibles in the homogeneous component of the coinvariant algebra of type A. For a standard
Young tableau T' define

maj(T):= Y i

i€Des(T)
where Des(T') is the descent of T', defined in previous Subsection.

THEOREM 4.10. [33, Prop. 4.11] The multiplicity of the irreducible S, -representation S* in the k-th
homogeneous component of the coinvariant algebra of type A is

4{T € SYT(N) |maj(T) = K},
where SYT(N) is the set of all standard Young tableauz of shape A.
In 1994, Stembridge [35] gave an explict combinatorial interpretation of the (g,t)-Kostka polynomials

for hook shape. Stembridge’s result implies the following extension of Lusztig-Stanley theorem.
For a standard Young tableau T define

majm(T) = E r
reDes(T)
i<r<j

and
comaj; ; (1) := Z (n—r).
re€Des(T)
i<r<j

THEOREM 4.11. The multiplicity of the irreducible S, -representation S* in the (h,h') level of A, 1n—k)

(bi-graded by total degrees in the x-s and y-s) is
W) = 4T € SYT(N) [ maj, 4 (T) = h, comajj,,(T) = 1},

where SYT'(X) is the set of all standard Young tableauz of shape .

Stembridge’s proof of Theorem 4.11 is rather complicated. Haglund [19] gave another proof of Theo-

rem 4.11 that uses his conjectured combinatorial definition of H +(T; q,t). Haglund’s conjecture has recently
been proved by Haglund, Haiman and Loehr [20, 21]. We give two proofs to this decomposition rule.

First Proof of Theorem 4.11. Combine Theorems 4.1 and 4.8 with Corollary 4.9. (]

A second proof of Theorem 4.11 is given in [4]. This proof is more straightforward and “combinatorial”.
It uses the mechanism of [21] but does not rely on Haglund’s combinatorial interpretation of H (1% n—k) (T3 ¢, 1).

5. Sketch of the First Proof of Theorem 3.3

5.1. A k-th Analogue of the Polynomial Ring.

DEFINITION 5.1. For every 1 <k < n let Iy, be the ideal in Q[z1,...,Tn,Y1,-..,Yn] generated by
(i) the monomials x;y -~ x;, (1 <ip < -+ <ip <n),
(ii) the monomials yi, -~ yi, ., (1 <41 <+ <ip_pg1 <n), and
(iii) the monomials z;y; (1 <i<n).
Denote
7779“) =Qlx1, ey Ty Y1y -« -5 Yn) /T

n n
For a monomial m = [ «7* ] yjj € Q[z1,. .- Tn,Y1,---,Yn] define the xz-support and the y-support
=1 j=1

Supp, (m) := {i|e; >0},  Supp,(m):={j|f; > 0}.
Let M) be the set of all monomials in Q[x1,...,Tn, Y1, -.,Yn] With
(i) [Supp,(m)| <k—1 (i1) |Supp,(m)[ <n—Fk (i1i)  Supp,(m) N Supp, (m) = 0.

OBSERVATION 5.2. {p+Zx|p € M,Sk)} is a basis for P,
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Cin—r  fin . Fino

; (k) — .fu
Every monomial m € My has the form m = z;* -2, """ -y vl

x-s and y-s). Let u := max; f; and define

e; €ip_ —f ~Fip—
¢(k)(m) = Iilll . xi;k_ll . mjl LRI .xjnj: ko, (xl e xn)u

(with disjoint supports of

PROPOSITION 5.3. The map 1*) : M,(Zk) — Mé") is a bijection.

DEFINITION 5.4. For1<m <n—1 let

(k) em(Z) = em(x1,...,Zn), fl<m<k-1;
ey 1=
" enfm(g):enfm(ylw'wyn)a kaémgn_]-

¢
For a partition = (p1,. .., 1e) with 1 < n let eftk) =11 eﬁtk.).
i=1

i

Sn
Consider the natural S,,-action on P,(Zk). Let ’P,(Zk) be the algebra of S,-invariants in P,(Zk). Then the set
Sn
{eftk) |p1 < n} forms a (vector space) basis for P Tt s easy to see that ®) : P P is an
isomorphism, which sends invariants to invariants. Unfortunately, %) is not multiplicative and does not
send the ideal generated by invariants (with no constant term) to its analogue; thus does not send a basis of

the coinvariants to its analogue. However, the map ¢*) may be used in finding a basis for Azﬁk,wfk)'

5.2. Straightening. Each monomial m € M,(Zk) can be written in the form

k—1 n
m= H T - H Yaiy:

i=1 i=k+1
where p1 > ... > pr—1 > 0and 0 < pgy1 < ... < p,. Here 7 = w(m), the index permutation of m, is the
unique permutation that orders first the indices ¢ € Supp, (m), then the indices i ¢ Supp, (m) U Supp, (m),
and then the indices i € Suppy(m). The z-indices are ordered by weakly decreasing exponents, the y-indices
are ordered by weakly increasing exponents, and indices with equal exponents are ordered in increasing
(index) order.

For a monomial m € M\ with index permutation 7 € Sn, m = Hi:ll mii(i) o | K yii(i), let the
associated pair of exponent partitions
)\(m) = ()\$(m)7 )\y(m)) = ((plap?a oo 7pk71)7 (pnapnfla R 7pk+l))

be its exponent bipartition. Note that A(m) is a bipartition of the total bi-degree of m.
Define the complementary bipartition p(m) = (pz(m), py(m)) of m to be the pair of partitions conjugate
to the partitions (p; — d;(7))¥= and (p; — d;(7))¥* ! respectively; namely,
(Ha)j =H1<i<k—1[pi—di(m) 24}  (V])
and
(hy)j =NHk+1<i<n|p—di(m) > j}  (V)).
If k£ = n then, for every monomial m € M,(ln), ty(m) is the empty partition. In this case we denote
(m) = pia(m).
With each m € Mék) we associate the canonical complementary partition
v(m) = po (™ (m)).
EXAMPLE 5.5. Let m = z3ysz3ysxd withn =7 and k =5. Then
m = zpririyiys, Am) = ((3,2,2,0),(4,1)), 7 =6134752 ¢ Sy,
A@) = ((1,0,0,0),(2, 1)), pu(m) = ((2,2,2,0)",(2,0)) = ((3,3), (1,1)),
YO (m) = wgalaSairtad,  ap = adricialiaolxl, v(m) = w(p® (m)) = (4,4,4,2,2,2)" = (6,6,3,3).
DEFINITION 5.6. 1. For two partitions A and p, denote A 4 p if A is weakly smaller than p in

dominance order. For two bipartitions \' = (ut,v!) and A2 = (u?,v?), denote \* < \? if ut < p?
and v' < V2.
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2. For two monomials my, mo € M,gk
(1) A(m1) 2 A(m2); and

(2) if A(m1) = A(mz) then inv(m(mq)) > inv(m(ma)).

) of the same total bi-degree (p, q), write my < ma if:

A Straightening Algorithm:
For a monomial m € P,(Lk), let 7 = w(m) be its index permutation, a® the corresponding descent basis
element, and v = pu(y»®) (m)) the corresponding canonical complementary partition. Write

m = a;’“> . el(,k) -2,
where ¥ is a sum of monomials m’ <y m. Repeat the process for each m’.

It is proved in [4] that this algorithm gives a basis. In particular,

LEMMA 5.7. (Straightening Lemma) Each monomial m € P has an expression

_ &) (k) (k) (k)
m= CLﬂ'(m)eu(rn) + Z nm/’maﬂ(m’)eu(m/)’
m’'<m

where N, m are integers.

Theorem 3.3 follows. O

6. Sketch of the Proof of Theorem 3.5

In this section we give a brief sketch of the proof of Theorem 3.5, which implies Theorem 3.3 as a special
case. The idea is to generalize the kicking process for obtaining a basis. The kicking process was used in an
early paper of Grasia and Haiman [14] to prove the n!-conjecture for hooks. We combine this process with
a filtration.

6.1. Generalized Kicking-Filtration Process. For every triple (4, ¢, A), where [n] = AU {c} U A
and |A| = k,|A| = n — k, define an (4, ¢, A)-permutation T(A,c,A) € Sn, in which the letters of A appear in
decreasing order, then ¢, and then the remaining letters in increasing order. For example, let n = 9,k =
4,c=5A= {1, 6, 7} then T({1,6,7},5) = 7,6,1,5,2,3,4,8,9.

Let <y, be the reverse lexicographic order on the permutations in S,, (as words). For a given n and k,
denote by 7 the t-th (A, ¢, A)-permutation in this order and m¢ := my,. Let N :=n(}}) be the number
of (A, ¢, A)-permutations.

For example, for n = 4 and k = 3, the complete list of permutations is

T((3a},2,{1}) = 4321, m(qzay,1,q2p) = 4312, m(q243,3,01)) = 4231,
7'('({24},17{3}) = 4213, ey 7T({12},47{3}) = 2143, 77({12}737{4}) = 2134

and the order is
4321 <, 4312 <1, 4231 <, 4213 <, 4132 <, 4123 <1, 3241 <, 3214 <, 3142 <1, 3124 <, 2143 <, 2134.

Thus the permutations are indexed by m = 4321, my = 4312, w3 = 4231, ..., m1 = 2143, 7wy = w12 = 2134
and the corresponding monomials are mi = x4T3y1, Mo = T4T3, M3 = T4Y1, M11 = Y3, MN = M1z = 1.
Let

Tt
To o= I iy

and define

t
L=1I+» miQlz,y] (1<i<N)
i=1
Clearly, Iy CI; C I, C--- C Iy = Q[z,7] and A?k,l"*k) = Qz,y]/In = @il(It/It,l) as vector spaces.
In particular, a sequence of bases for the quotients I;/I;_1, 1 <t < N, will give a basis for Azﬁk,wfk)' It
remains to prove that m; B4 Cz, where B4, Cj are bases of coinvariant algebras in T4 and gz respectively,
is a basis for I;/I;_1. This is an immediate consequence of the following lemma.
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LEMMA 6.1. (1) For each 1 <t < N there exists an explicit linear map
Je:miQlzal/(Azal") - Qlyal/(Algal™) — L/1i-1,
defined by
filme-p-q)=mi-p-q  (YpeQ[zal/(A[za]"), ¢ € Qlyal/(Alya]™)).
(2) f+ is onto.

Proof of Lemma 6.1. We shall start by defining a natural projection

Je:meQlz, gl — 1)1 1.

Clearly, f; is a surjective map (since, by definition, m:Q[Z, g] = I;). We claim that

me - (Y (@) + > (yy) + (M2 ™) + (Alg]") € Ly =ker (fy),
igA JgA

so that ft is well defined on the quotient

meQIE, gl/me (Y (i) + > (ys) + (Alz]") + (Alg]™)) =
igA jgA
my - Q[za]/(Alz4]" Q[z4]) - Q[5a]/(Al7a] " Ql7al)
and is exactly f; of the lemma.

To prove this claim, first, let ¢ € A. It is shown in [4] that mz; € I;_1; thus muz;Q[Z, §] C I;—;. This
is done by a combinatorial analysis of four complementary cases. Similarly, by considering four analogous
cases, one can show that if j & A then muy; € I;—_1.

In order to prove Theorem 3.5, it remains to show that f; is one-to-one. Indeed, for every 1 <t < N

dim (1,1, 1) < dim m,Q[za]/(A[z4]7)Q[4]/ (Al5a]T) <

dim Q[z.a)/{A[2]") QI /(Alga]") = (k — 1)L~ (n — k)
If there exists 1 < t < N, such that f; is not one-to-one then there exists ¢ for which a sharp inequality
holds. Then

N
dim Afy juny = dim Q[Z,7]/Io = dim t@l(ft/ft,l) <N-(k=1)!-(n—k)! = (Z: 1) (k—1D)(n—k)! = nl.

Contradicting the n! theorem. This completes the proof of Theorem 3.5. g

7. Final Remarks

7.1. Haglund Statistics. Let £ be a filling of the Ferrers diagram of a partition p with the numbers
1,...,n. For any cell u = (i, j) € F,, let {(u) be the entry in cell u. We say that u = (¢,5) € F), is a descent
of &, written u € Des(§), if i > 1 and £((4, 7)) = €((i — 1,7)). Then maj(§) = -, cpes(e)(leg(u) +1). Two
cells u,v € F), attack each other if either

(a) they are in the same row: u = (4,5) and v = (i, k)), or
(b) they are in consecutive rows, with the cell in the upper row strictly to the right of the one in the
lower row: w = (i + 1, k) and v = (¢, ), where j < k).
The reading order is the total ordering on the cells of F), given by reading the cells row by row from top
to bottom, and left to right within each row. For example, the reading order of (4,3,2) is depicted on the
left in Figure 2. An inversion of £ is a pair of entries {(u) > £(v) where v and v attack each other and
u precedes v in the reading order. We then define Inv(§) = {{u,v} : &(u) > £(v) is an inversion} and
inv(§) = [Inv(€)] — X e pes(e) arm(u).

For example, if € is the filling of shape (4, 3,2) depicted in Figure 2, then Des(¢) = {(2,1), (2,2),(3,2)}.
There are four inversion pairs of type (a), namely {(2,1), (2,2)}, {(2,1),(2,3)},{(2,2),(2,3)}, and {(1, 3),(1,4)},
and one inversion pair of type (b), namely {(2,2),(1,1)}. Then one can check that [Inv(€)| =5, maj(§) =5
and inv(§) = 2. Finally, we can identify £ with a permutation by reading the entries in the reading or-
der. In the example of Figure 2, £ =2 796 1 3 4 8 5. Then we let D(§) = Des(¢71). In our example,
€1=516794283sothat D(&) = {1,5,6,8}.



GARSIA-HAIMAN MODULES 11

12 2|7
3145 &= 916 |1
6789‘ 3435‘

reading order

FIGURE 2. The reading order and a filling of (4, 3, 2).

L]

[ [

FIGURE 3. The skew shape corresponding to the composition (3,2,4).

Recently, Haglund, Haiman and Loehr [20, 21] proved Haglund’s conjectured combinatorial interpreta-
tion [19] of H 1(T;q,t) in terms of quasi-symmetric functions. That is, given a non-negative integer n and
a subset D C {1,...,n — 1}, Gessel’s quasi-symmetric function of degree n in variables 1, 2, ... is defined
by the formula

(1) Qup(@):= Y TaTay Ta,.

ay<as<--<an
AQ;=Qi41 :>7,¢D

Then Haglund, Haiman and Loehr [21] proved

(2) Hy(@qt)= Y ¢"Om9QQ, pe (@)
&pu={l,...,n}
Here the sum runs over all fillings £ of the Ferrers diagram of p with the numbers 1,..., n.

7.2. The Hilbert series of A, is equal to the coefficient of z1z2 - - - x5, in fIM (T; ¢, t). Since the coefficient
of 129 - - - &y, in any quasi-symmetric function @, p(T) is 1, it follows that the Hilbert series of A, is given

by

S dim APF M = BT, ) |omgen, = D g OEmIO),
k,r Ep~{1,...,n}
where the sum runs over all fillings £ of the Ferrers diagram of p with the numbers 1,...,n. No known basis

realizes this remarkable identity for general A,. The k-th Haglund basis described in Subsection 3.2 above
provides such a basis when p is of hook shape.

Note also that Corollary 4.9 has an interesting interpretation relative to (2), as follows. Given a compo-
sition & = (a1,...,ax) of n, let Z,(T) denote the ribbon Schur function corresponding to a. For example,
Z(3,2,4)(T) is the skew Schur function corresponding to the skew shape depicted in Figure 3. Gessel [18] proved
that if P(Z) is a symmetric function of degree n then, for any set D = {i; < iz <--- <ip} C{1,...,n—1},
(P(Z), Za(p)(T)) equals the coefficient of @, p(T) in the quasisymmetric function expansion of P(Z), where
a(D) is the composition (i1, 42 —i1,...,4k —ix—1,n — i) of n. This suggests that the coefficient of Q. p(T)
in the quasisymmetric function expansion of H +(T; q,t) should have an algebraic meaning in terms of the
Garsia-Haiman module A,,. To be more precise, the set {Z,(Z) : A - n} is a basis for the space A,, of homo-
geneous symmetric functions of degree n. Thus one could ask whether we can decompose A, = P, Rg\“ ),

where R(A” ) is an Sp-module under the diagonal action that affords the representation whose character under
the Frobenius map is Z(Z). Corollary 4.9 provides such a decomposition in the case where p is a hook.
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