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Abstract. In this paper, we consider the combinatorial formula for the Schur coefficients of the integral form
Tu(X3q.45)
1]
we have found explicit combinatorial formulas for the Schur coefficients in one row case, two column case and

of the Macdonald polynomials. As an attempt to prove Haglund’s conjecture that < s (X )> € Nlgl,

certain hook shape cases [Yoo12]. A result of Egge-Loehr-Warrington [ELW10] gives a combinatorial way of getting
Schur expansion of symmetric functions when the expansion of the function in terms of Gessel’s fundamental quasi
symmetric functions is known. We apply this result to the combinatorial formula for the integral form Macdonald
polynomials of Haglund [Hag08] in quasi symmetric functions to prove the Haglund’s conjecture in more general

cases.

1. Introduction

In 1988, I. G. Macdonald [Mac95] introduced a remarkable new basis for the space
of symmetric functions. The elements of this basis are denoted P, (X; g, ) where u is a
partition, X = (x,x2,...), and g, ¢ are two free parameters. The P, (X; g, t)’s, which
are now called Macdonald polynomials, specialize to many of the well-known bases for the
symmetric functions by suitable choices of the parameters g and ¢. They were immediately
hailed as a breakthrough in symmetric function theory as well as special functions, as they
contained most of the previously studied families of symmetric functions as special cases, and
yet satisfied many interesting properties, such as a multivariate orthogonality relation. Upon
the introduction, Macdonald also defined the integral forms J,,(X; g, t) of P, by multiplying
certain polynomial of ¢ and ¢, and conjectured that they can be expanded in terms of modified
Schur functions s, [X (1 — #)] with coefficients in N[g, #]. This is known as the Macdonald
positivity conjecture and it has been proved by Haiman [HaiO1] algebraically, and by Assaf
[Ass07] combinatorially.

On the other hand, Haglund noticed and conjectured that for any k € N,
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and the conjecture has been verified by the author [ Yoo12] in one-row case, two column case
and certain hook shape cases by finding explicit combinatorial descriptions for the Schur co-
efficients. In this paper, to further investigate Haglund’s conjecture, we apply the combinato-
rial method of Egge-Loehr-Warrington [ELW10] to get the Schur coefficients of J,, (X; g, t),
given the combinatorial formula for J,,(X; ¢, t) in terms of the fundamental quasisymmetric
functions [HagO8].

2. Background

For a permutation o € S, let Des(o') denote the set of i € {1,2,...,n — 1} such that
i + 1 appears to the left of i in 0. If Des(o) = {i1 < i» < --- < ix}, then we define Des’ (o) to
be the corresponding composition (i1, i» — i1, ..., n —ix) F n. Given a partition A, a standard

Young tableau of shape A is a bijection T : dg(A) — {1,2,...,n} for which T values are
increasing along the rows and up the columns of dg(A), where dg(A) is the left-south justified
Young diagram of A. We let SYT(A) denote the set of standard Young tableaux of shape X.
Given T € SYT()), define the reading word tw(T) by reading the values of 7 along the
rows from left to right, starting from top to bottom. Then define Des(T') and Des'(T) to be
Des(rw(T)) and Des’(rw(T')). Note that the Schur function can be expanded in terms of the
fundamental quasisymmetric functions as a sum over the set of standard Young tableaux.

THEOREM 2.1 [Ges84, Sta99].

sH= Z Fpes' (1) -

TeSYT(L)

2.1. Schur versus quasisymmetric expansion. A skew diagram A/u is a rim-hook
of A if A/ does not contain any 2 x 2 subdiagram and any two consecutive cells of A /u share
an edge. A rim-hook is special if it starts from the cell in the first column. The number of
rows of a rim hook H is referred to as its height, denoted by ht(H). The sign of a rim hook
H is defined to be (— )M =1 A special rim-hook tableau S of shape A and content « is a
partition of the diagram of XA using special rim-hooks such that the length of the i-th rim-hook
from the bottom is ;. The sign of S is the product of the signs of the rim hooks of S. For
more details about rim-hook tableaux, see [ER90].

FIGURE 1. Examples of special rim hook tableaux of shape A = (5, 5, 3, 2)
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Egge-Loehr-Warrington [ELW10] gives a combinatorial description of Schur coeffi-
cients, given a fundamental quasisymmetric expansion of any symmetric functions.

THEOREM 2.2 [ELWI10, Theorem 11]. SupposeF is a field, and we have a symmetric
function

f:ZCAsA: ZdaFa (cr,dy € F).

Abn alE=n

Then we have

=Y daKi(e )
=7

forall .\ n, where

Kiwn= Y Ky (B.N,

B finer than o

and K}, is a right inverse of the Kostka matrix K, with entries K} (o, 1), the sum of the signs
of the special rim-hook tableaux of shape A and content .

If each rim-hook contains exactly one cell in the first column of the Ferrers diagram of
A, then we say that the rim-hook tableau S of shape A and content « (or equivalently, (¢, A))
is flat. Then we can simplify the description of K,/ («, 1) even more.

THEOREM 2.3 [ELWI10, Theorem 15]. Let « = n, A & n. If (o, A) is flat, then
K} (o, A) = K, (a, &) = 1. Otherwise, K (o, 1) = 0. In particular, K (a, ) = x (¢ = 1)
when A is a hook.

2.2. Quasisymmetric expansion of J,(X; ¢,t). Given a diagram of a partition p,
three cells u, v, w € w are said to form a triple if they are situated as shown below,

including the case when u and v are in the first row. Given a standard filling o of 1, we define
an orientation on such a triple by starting at the square containing the smallest element of o,
and going in a circular motion, towards the next largest and ending at the largest element.
We say that the triple is an inversion triple if this circular motion is counterclockwise, and
coinversion triple if the circular motion is clockwise. For the cases when u and v are in the
first row, we put —oo’s below the cells in the first row. Given a triple u, v, w in u, we define
the middle square of the triple, with respect to o, to be the square containing the middle
number of the three {o (1), o (v), o (w)}. If u and v are in the first row, then we let the middle
square be u if o(u) < o(v), and v otherwise. Then define coinv, (o, 1) to be the number
of coinversion triples for which s is the middle square, and inv, (o, ;) to be the number of
inversion triples for which s is the middle square.
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For a given filling o of  and s € u, let

nondes, (0. 1) = {leg(s) +1, if o(South(s)) > o (s) and South(s) € 1,

0, otherwise
maj. (0. 1) = leg(s), if o(North(s)) > o(s) (i.e., descent at North)
95191 =10 , otherwise,

where South(s) denotes the square below s and North(s) denotes the square above s.

We recall that Haglund [HagO08, Corollary A.12.1] derived the quasisymmetric expansion
of the integral form Macdonald polynomials from the combinatorial formula for the Macdon-
ald polynomials of Haglund-Haiman-Loehr [HHLOS].

THEOREM 2.4 [Hag08].

@2.1) Ju(X:4,0 =Y Dw. (@, ) Fpeguy(X)

weSy
primary

where primary implies that i can occur in the bottom i rows, for 1 <i < n, and

D(w,u) (q7 l‘) — 1_[<qinvS(w,,u)tnondes.q(w,p,) _ qcm’nvs(w,u)tl+majs(w,u)) ,
SER

and we identify a permutation w with the standard filling of u whose reading word is w.

Then by combining Theorem 2.2 and Theorem 2.3, we can get the Schur coefficients of
Ju(X:q,1).

J,u(X;CIat)Z Z D(w,u)(CIat)FDes’(w)(X)

u_)ESn
primary

2.2) = Z( > D(w,m(q,t)K,;(Des/(w),A)>sA,

Abn weSn
primary

where K (Des'(w), A) is 1 up to the sign of the special rim-hook tableau. In this paper, we
compute specific Schur coefficients of certain cases by using the combinatorial description of
K, (Des'(w), ).
REMARK 2.5. Note the following combinatorial formula for J,(X; g, ).
THEOREM 2.6 [HHLO5].
‘]M (X;q,1) = Z Xaqmaj(a,u’)tcainv(a,u/)

nonattacking fillings
oof i
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x l—[ (1 _ qleg(u)+1tarm(u)+l) l—[ (1 _ t)

uep’ /

1% uep
o (u)=o (South(u)) o (u)#o (South(u))

If we set = g* and divide by (1 — ¢)!*!, then we get

. k
‘Iﬂ (X:q,9%) — Z Xaqmaj(a,u’)+kcoinv(a,u’)
(1 —q) —
nonattacking fillings
oof i
x l_[ [leg(u) + k - arm(u) + k + 1]q l_[ (kg
uep uep'
o (u)=o (South(u)) o (u)#o (South(u))

hence the g-positivity is obvious in the monomial expansion.

3. Computation

From now on, we use the notation A LUl B to denote a shuffle product of two sequences
of numbers A = (ay,...,ar) and B = (b1, ..., b,), and A|| B to denote the concatenation of
two sequences A and B. Also, given u, || = n, we identify a permutation w € S, with the
standard filling of u whose reading word is w.

3.1. Computation of (J,(X; q,1), s441 1n-+-1)). By Theorem 2.3, for A = (k +
1, 1"%=1), we know that K¥(a, A) = x(a = A), and we can easily get that w € S, satisfying
Des’(w) = A is of the form

3.1 weF:={1,2,....0)w@mn—1,....k+2)]|k+1}.
Before we start with simple cases, define an operator ¢ by
$((q"t: =) = 4" ("' 1: -

PROPOSITION 3.1.
b n—k n — 1
(Jay Sy 1, 1m—t-1y) = (g~ "D q)n-q(2)[ ' } ,
q

where (a; q)n = (1 —a)(1 —aq)---(1 — aq”_l).

PROOF. We calculate Dy, (n))(q, t) for w’s in (3.1) by induction. By considering w’s
in F as fillings of u = (n), we can divide F into two subsets according to the element in the
first cell of 1 : (i) when 1 is in the first cell and (ii) when 7 is in the first cell. We let

Fi={lQ ... 0 wmn—1,. .. k+2]lk+1},
Fo=nlld,....own—1,... . k+2)llk+1}.
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After fixing the first element of p, we can use the induction hypothesis. In JFj case, if
we ignore the first 1 in the fillings, then the rest (say w’) forms the set of fillings for

<J(n—1), s(k,l”*"*))& ie.,
w e Fl ={Q2, ... 0w mn—1,.. . k+2lk+1}.

By the induction hypothesis, we know that

(3.2) > D n-1)(@. 1) = (Ju1). S 1n-+-1y)

w'eF]
b n—k n—2
= (g~ "Dt o1 g [k_l } :
q

If we put 1 in front of the the fillings in F|, then it would not change the factors in
Dy, (n—1y)(q, t) and the cell with 1 itself contributes (1 — q" ') to D, (q, 1).

In the second case, if we let 7, = {[(1, ..., k)W (n —1,...,k+2)][lk + 1}, then F} is
the set of fillings for (J,—1), $(x1,1»-+-2)) and again by the induction hypothesis, we have

—(n—2— n—k—1 n—2
(3.3) (Jo—1)s St nt2y) = (@~ "2 01 g), 1 g2 >[ B } :
q

If we attach the cell with n in front of the fillings in 7, then n does not create any inversion
or coinversion triples since n is the largest number, but every entry to the right of n gains one
inversion created with n. Thus, the contribution to Dy, ())(g, t) in this case would be

—(—2— n—k—1 -2
(A= 0¢((g= "2 D1 9),1) ¢ >[ ”k } :
q
Hence, we get

oy St 1)) = (L= g" 1) - <(q_(”_k_1)t; Dn-1 - q(%[ Z - f } )
T g
+( - t)¢<(q—("—2—k>t; q),H) .q("-';-‘)[ " 2 }

q

= (q_(n_k_l)t; q)n . q(ﬂgk) n—1
k q

Note that ¢((¢ =" "270t; ¢)u—1) = ¢" g~ "+ Vt; ¢)ur. O

We apply a similar idea of using induction to find the Schur coefficient of J,, when the
Schur function is indexed by hook shapes.
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THEOREM 3.2. Forany u b n,

!
(S Spy1,1-4-1)) = [l—[ gD gm0y Dy —1 (1 = qk_lﬂf“")}

i=1
w—k — l
q

where | +m = 1 and l is the number of i’s with ,u; > 1 and m is the number of i’s with
wi = 1.
PROOF. Recall that we are only considering the fillings of the form
weF={[(,2,....,0)w(n,n—1,...,k+2)]||k+ 1}

which satisfy Des’(w) = A for A = (k + 1, ln_k_l). Also, note that due to the primary
condition for the fillings of u, the entry 1 should be in the first row, and since the numbers in
the set (1, 2, ..., k) should be in that relative order in the fillings of w, all the numbers in the
set (1,2, ..., k) come in the first row. Hence, we fill the cells in u with numbers from » in
decreasing order, from left to right, starting from the top row (i.e., in reading order) up to the
second row. This part of the filling will be fixed. Then we only have to consider the fillings of
the first row which are of the form

{[(L2,.... 0w (i, pr— 1, ... k+3,k+2)]lk+ 1}

Having this observation, we can divide the set of fillings F in two subsets: when 1 is in the
(1, 1) cell, and when 11 (which is the largest possible entry in the first row) comes in the (1, 1)
cell. If we fix the entry in the (1, 1) cell, then consequently we get to fix all the elements in
the first column, so we can use the induction hypothesis for the parts to the right of the first
column. If we remove the first column of x and let ft = (1 — 1, 2 — 1, ...), then by only
considering the relative order of fillings of 1, we get (Jg, 54 jn-u k) Which is

nin-1

(1,2, ... )Wy, ..., k+2)
FIGURE 2. Fillings of p
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(Jll’ s(k,l"—”l‘k)>
[—1

= []_[ A e WANRTC qk"'t"i‘ﬂ)}
i=1
—k _ 2
(3.4) x (g~ =01 gy,q 2|
k—1 q

l
= [l_[ e e T O q""“t“t‘)}
i=2

(e —k)— wy—k -2
x (g~ HO71 g),g (2D P :
k—1
q
If we attach the first column containing 1 in the (1, 1) cell, then the first column itself gives

(q.0) = ;0,1 (1= g

!
w| s ,1"1)
11’

and since the elements in the first column are the largest in each row, the entries above the
first row to the right of the first column would gain one inversion. Thus, this subset of fillings
contributes the following to Dy, ,)(q, 1) :

(t5 1) -1 (1 = qm—lt“’w[nﬁ:z g2 ((q= P10, (1 - q"—f“r“z‘)}

X(q_(ﬂl_k)_lt; q)mq(mzik) K= 2
k—1 q

(3.5) = (t; t),ul_l(l—qm—lr“’l)[nﬁzzq<l'—1>(“?—1>(q—<f—1>r; Dp—1 (1 = qk—l’“t“x‘)}

w—k —
w(g—m—R=1ps gy A (Y| HIZ 20
k—1 q

Similarly, if we consider the subset of fillings with 1 in the (1, 1) cell, the fillings of ji;
part would give (Jj, s(k+1’1n7mfk71)) and the first column itself gives (1 — t"’l)(t; t)ﬂﬁ—l’
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Attaching the first column to i would give

l
(1= 190t 1)1 4 []‘[ g PV ((q 0, 1) (g — qk—’“r“i)}

i=2

x 9 (g™ g),) -q<’”z“>[ o2 }

(3.6) [ !
= (1= ")t 1), [l—[ A (i R qk"'“t*‘b}
i=2
x (g0 ), ~q"+(“'2_k)[ w2 } :
k q

Adding (3.5) and (3.6) gives (Ju, S¢q1, 1n-+-1))- O

3.2. Two row case. We make the following observation which will be used to prove
several Schur coefficient formulas of J;, 4)(X; g, 1). Letn = a + b.

LEMMA 3.3. Let u = (b,a). Consider the following set of permutations (identified
with the standard fillings of  whose reading words are corresponding permutations) for
r,s <a

F={l[m,n—-1,....n—(a@a—s—1)wEr+1,...,r+s)]|
[(L2,....nwEr+s+1l,r+s+2,....,a+9)]|[a+s+1,a+s+2,....,.n—a+s)}.
Ifr < s, then for any w € F,

D(w,ﬂ)(q, t) =0.

PROOF. Note that the elements of F fill the second row (top row) of p with (n,n —
l,....n—(a—s—1)wi(r+1,...,r+s) and the first row (bottom row) with (1,2, ..., r) L
r+s+1,r+s+2,...,a+s)fromtheleft,and (a+s+1,a+s+2,...,n—a+s) will

be fixed in the tail part of the first row. We use the notation [« : 8] to denote the domino
which is a column of w. For any fixed s, s > r, we use the induction on r.

Letr = 1. If r = 1 is below one of the numbers (n,n—1, ..., n—(a—s—1)),i.e., if we
have a domino of the form [n — « : 1] for0 < « < a — s — 1, then there also exists a domino
[2:s5+4 B]for2 < B < a. If the domino [n — « : 1] comes to the right of [2 : s + 8], then
since 2 is the smallest number in any triples containing 2, if we let ¢ be the cell containing 2,
then inve(w, i) = coinve(w, ) = 0. Thus ¢ contributes (t — t) = 0 to Dy, ,)(q, t) which
makes Dy, )(q, 1) = 0. If [2 : s 4 B] is to the right of [n — o : 1], then the filling of 1 would
have three dominos in the following order

nof . [2]... 3
s+8 sty




162 MEESUE YOO

where y > B. The entries to the left of [3 : s + y] are all greater than 3 except 1 and 2, so
if we say the cell containing 3 is ¢, then inv.(w, u) = coinv.(w, u) = 1. Hence the cell ¢
contributes (gt — gt) = 0 to Dy, ;)(q, t) which also makes Dy, ;) (g, t) zero. Now consider
the case when r = 1 is below one of the numbersin (r + 1,7 + 2, ...,r + s). If it is below
r+1,i.e., if there is a domino [r + 1 : 1], then there would also be a domino [r+2 : r +s5+ «]
where | < o« < a —r to the right of the domino [r + 1 : 1]. Since r + 2 is the smallest number
among the numbers consisting triples with it, the cell filled with r + 2 contributes (t —¢) = 0
to Dy, (g, t). If 1 is below r + B for B > 1, then r + 1 would be above a number of the
form r + s + B which is larger than r + 1. Also, r + 1 is the smallest among the numbers
consisting triples with it, so it contributes (t — t) = 0 to Dy, ,)(g, ). This proves the case
whenr = 1.

Now we assume that the lemma is true for 1 < r < s — 2. We can divide F into four
subsets with respect to the form of the first column domino; (i) fillings starting with [n : 1],
(i) fillings starting with [r + 1 : r + s + 1], (iii) fillings starting with [r + 1 : 1] and (iv)
fillings starting with [n : v + s + 1].

(i) If the first column of w is [n : 1], then the rest part of & would be filled with (n —
I,....,n—(a—s—1)w(r+1,...,r+s) in the second row to the right of n, and (2, ..., r) LU
r+s+1,r+s+2,...,a+s) in the first row to the right of 1. If we let

F={ln—-1,....n—(a—s—D)w@E+1,....r+s]
[Q,....nWET+s+1,r+s+2,...,a+9)]|[a+s+1,a+s+2,....,n—a+s)},
and it = (b — 1, a — 1), then by the induction hypothesis, we have

Dw,(q,1) =0

for any w € F. In fact, as we saw in r = 1 case, for each w € ]3, we can find a domino
[r +a : r + s+ B] which contributes 0 to Dy, ;)(q, t) due to the fact that the cell containing
r + « has the same coinversion and inversion statistics. Note that since the largest possible
coinv value is s — 2 in this case and s — 1 for inv, there exists a domino [r +& : r + s + ,3] to
the right of [r + « : r + s + B] for which the cell with r 4+ & has one more inversion statistic
than r 4+ «, having the same coinversion statistic. If we attach the domino [# : 1] in front of ft
filed with w € F , then every entry in the set (r + 1, ..., r +s) gains one coinv, and so the cell
filled with r 4+ & gets to have the same number of coinversions and inversions. So this gives 0
t0 Dy, u) (g, t). In case (ii), the cell containing 7 + 1 contributes (t — ¢) = 0 to Dy, 1)(q, 1),
since r + 1 is the smallest among the entries consisting triples with it, so it does not create any
coinversion or inversion statistics.

In cases (iii) and (iv), we cannot use the induction hypothesis. Say we make a filling of
u by only using type (iii) or type (iv) dominos starting from the first column. Note that if we
put type (i) or type (ii) domino in this process, we can apply the induction hypothesis there
and derive D, ) = 0. Type (iii) dominos pair the numbers in the set (r +1,r+2,...,r +s)
which has s elements and the set (1,2, ..., r) which has r = s — 1 elements. Also, type (ii)
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domino pairs the numbers in the set (n,n — 1,...,n —a + s + 1) with a — s elements and
the numbers in the set (r +s + 1,...,a +s) witha —r = a — s + 1 elements. Due to
the discrepancy of the number of elements in two sets, there should be a domino of the form
[r +« :r+ s+ B]. If there are only type (iii) or type (iv) dominos to the left of this one,
then the cell containing » + « has no coinversions or inversions, and so it contributes O to
Dy, 1)(q, t). Thus we prove the lemma. d

We start by considering the coefficients of the Schur functions indexed by two-row
shapes.

PROPOSITION 3.4. For0 <k < 254,

(Jb,a) (X5 q, 1), S(p—k,a+k))

(.7 b—a,2.

b—a+1
= (t: 0)a(q"1%; Q)alqg ™ t; Qi (t; q)b_a_qu[ @t } :
q

k
PROOF. There are two special flat rim-hook tableaux of shape A = (b — k,a + k) :

[(——1] [—]

| —— —

The composition ¢ corresponding to the left rim-hook tableau is (b — k, a + k) and the set of
w € S, satisfying Des'(w) = «y is

Fr={1,2,....b—k)wb—-—k+1,b—-k+2,...,n) | b—k+1precedes b — k}.

Similarly, the right rim-hook tableau gives o, = (a +k —1,b —k 4 1) and the setof w € S,
satisfying Des’(w) = a; is

Fr={1,2,...,a+k—-—1)W(@+k,a+k+1,...,n)|a+kprecedesa + k — 1}.

Note that due to the primary condition, the elements in the set (1, 2, .. .) should be in the first
row, so the filling in the second row would be fixed, for any w € F; U F;, by the elements if
the second set of the shuffle product. Also, since the entries in the second row are increasing
from the left, notice that if we have a triple

with a < b < ¢, a gets to have no coinversions or inversions, so the cell containing a
contributes 0 to Dy, ,)(qg, t). This implies that we cannot have a domino of the form [« : 8]
with 8 > «, hence the first a entries of the first row would be also fixed by (1,2, ...,a). So
the entries in the part with column height 2 are fixed and they contribute (¢; q), (qb —as2. Qa
to Dy, 1)(q, t) forw € F; U F,.. Having the fillings of the two-rowed part fixed, we only have
to consider the factors from the tail part of size b — a.

Let

Fi={a+1,a+2,....b—kw@+b—k+1,a+b—k+2,...,a+b)},
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Fr={a+1l,a+2,....a+k—-1)wQRa+k2a+k+1,...,a+b)).
By using induction, it is not too hard to show that

b—a
Z D, (b—ay (g, 1) =(t;61)k(t;61)h—a—k[ r :| ,
q

lf)EF]

b—a
Z D, (b—ay(q, 1) = (t; Qr—1(t; Q)h—a—k+1[ k—1 } ’
2 q

weF,
Since K¥ (s, A) = +1 and K*(ar, A) = —1, we have
(Jb,a)(X: G, 1), S(b—k,a+k))

= (t; ¢)a(q® 1% Q)a(z D, p—ay(q, 1) — Z D(zb,(b—a))(‘]J))

wekF; weF;

= (t; ¢)a(q® 1% q>a((r; G q)b_a_k[ b ; “ }
q

—Uﬂhqaﬂhﬂ%ﬂ[i:f})
q

= (1 @)a(q" 1 @alq ™ 1 (s q>h_a_kq"[ "

b—a+1i|
q
O

Now we consider the case when the Schur functions are indexed by A = (r, s, 1* ) shapes.
Note that there are two special flat rim-hook tableaux of shape A as in Figure 3.

FIGURE 3. Two special flat rim-hook tableaux of shape A = (r, s, 1k )

The tableau in the left hand side has K;*(«, A) = +1 and the right hand side one has
K¥(a,A) = —1.

PROPOSITION 3.5.

_ _ k+1 a—1
(‘I(b,a)(Xv q,1), S(b,a—k,lk)> =(q kl? Q)a(qb at2; Qa(t; Q)o—a 'q( 2 )|: k :| .
q
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PROOF. Letn = a + b. Let F1(1) be the set of fillings w for which Des’(w) corre-
sponds to the first special rim-hook tableaux of Figure 3. That is,
Fin) ={1,2,....)ub+1,....n—kyw@m,n—-1,....,n—k+1)
such that b + 1 precedes b, andn — k + 1 precedes n — k} .

Similarly, we define the set of the fillings, F>(1), corresponding to the second special rim-
hook tableau of Figure 3.

FoM)={1,2,....,.a—k—1DHw@—k,....n—kwm,n—1,....,.n —k+1)
such that a — k precedesa — k — 1, and n — k + 1 precedes n — k} .

We first consider w € JF2(A). Due to the primary condition, the elements in the set
(1,2,...,a — k — 1) should be in the first row, and so the numbers in the second and the
third set which are larger than the numbers in the set (1,2,...,a — k — 1) get to fill the
second row. Then in the language of Lemma 3.3, this is the case whenr < a — k — 1 and
s > a—k,and sor < s. Hence, by Lemma 3.3, Dy, (p,a))(q, 1) = 0 for any w € F>2(1). So
we only have to compute Dy, (,4))(¢q, t) for w € Fi(A), and the primary condition fixes the
entries in the first row by (1, 2, ..., b) in this case. Then in the second row, we have

Fin) ={a+b,a+b—1,...,a+b—k+D)w®B+1,b+2,...,a+b—k)
such thata +b — k + 1 precedesa + b — k} .

Notice that )
know that

eF 10y P (g, 1) is nothing but (Jia), $(4—k,1t)) and by Proposition 3.1, we

_ k+1 a—1
s Sttt = @ 1590 g2 )[ ) } .
q
Combining the factors from the first row, we get

_ _ k+1 a—1
Ty (X, 0. 1), Spaiaty) = @51 @)alg" 1% )at: Q)b—a’q(Z)l: X } .
q

PROPOSITION 3.6. ForO0 <k <a-—1,

Jibay (X5 @, D) So—t a1k = (650 D1 (8 Da—ik=1(@" 1% @a—1(q ™'t Qp—a

k+1 a
x(1 — qh—k—2t2)q( 3 )“[b _a —i—k]q[ } )
k+1 q

PROOF. We also have two special flat rim-hook tableaux of shape A = (b — 1,a —
k, 1¥+1y as in Figure 3. Considering the primary condition for the fillings, we get the set of
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fillings corresponding to the special rim-hook tableaux from the left
Fr={12,....b—-DHw@,b+1,....n —k—-—1Hwmn—-1,....,n—k)

such that b precedes b — 1 and n — k precedesn — k — 1},
Fr={1,2,....,a—-k—1DHw@—-k,a—k+1,....n—k—1Dwmn—1,...,n—k)

such that a — k precedesa — k — 1 and n — k precedesn — k — 1}.
Note that due to Lemma 3.3, we only have to consider the following subsets of F; and F; :

Fl={ln,n—1,...on—k)w®d,b+1,...,n —k —2)]
I(L2,....a)ll@+1,....b—wn—k—11},
Fr={lm,n—1,....n—k)ywb,b+1,...,n—k—2)]
I(1,2,...,a=Dwn—k—1(a,a+1,....b— 1)},
Fo={lm,n—1,....n—kWa—k,a—k+1,...,2a —2k —2)]
I(1,2,...,a—k—1DwWRa—2k—1,....,2a —k—D]|QRa—k,....,n —k—1)}.

The fillings in F; U F,- which are not contained in the above three subsets are w’s satisfying
Dy, 1)(q, t) = 0. The computation of D, ,)(q, t) is a routine.

Y Dww(g ) =0 =g Vi1t @ari-1""“% @alt; Op-a—

wE]:ll

(k+l) _ a
(3.8) xqi2llb—algl S
> D@, ) = (g et (6 @aik—1(@" " Qa1 Dba
we]:l2
_a—k=1.2y (T 4b—a a
(3.9) x(1—g¢q 1°)g" 2 [k + 1], k41,
(3.10)
k+1
Y D@D = (¢ i ¢ Da-tk-1q" % a(t: @)p-aq 2 )[ ka } :
v +1
weF,

Considering the values of K («, 1), we get
(Jb.a) (X5 G, 1), Sp—1 q—k 1+1)) = (3.8) + (3.9) — (3.10)

= (t: ¢ V1 (6 Da—k—1G" % a1 Qi-a

k+1 a
x (1 — qb—k—th)q( ; )+1[b _a +k]q[ } )
k+1 q
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—

PROPOSITION 3.7. For0 <k < =41,

U)X, 4,0, So—k—1,a1k,1)) = (1 = D ED a1 (GDk=1(q" ™ 130)a—1(q " 150 b—a—r

k1 b—a b —a — 2k,
X q [a]q|: k :|q[b—a—k+l]q[k+l]q

x {(1 = g" I — " ')kl + ¢ g — D —¢" 2 —a — k+11,)

—1) k—1 [k]q[b_a_Zk]q[ b—a i|
T T—a—k+, [ k1],

+ (906D b—a—k—1(g —1) (g

PROOF. There are two special flat rim-hook tableaux of shape (b — k — 1,a + k, 1).
Each gives the following set of fillings:

3:\3:'\

| —— —

FIGURE 4. Two special flat rim-hook tableaux of shape . = (b —k — 1,a + k, 1)

Fr={1,2,....b—-k—-1Hwb—-k,b—k+1,...,n—-1)Wn

such that b — k precedes b — k — 1 and n precedes n — 1},

Fo={1,2,...,a+k—1DW@+k,a+k+1,....n—1)Wn
such that a + k precedes a + k — 1 and n precedes n — 1} .
We consider the following three subsets of F7 :
]-'11 ={b—k,b—k+1,....n—k—DJ|(1,2,...,a)|
[@+1,a+2,....b—k—1)Wm—k,n—k+1,...,n—1)LWn]

such that n precedes n — 1},

Fi={lb—kb—k+1,....n—k—=2)w(a+b]ll1,2,...,a)]
[@+1,a+2,....b—k—1Dwm—-k—1,n—k,...,n — 1]},

F={b-kb—k+1,....n—k—=2wnll[(1,2,....a—1)w @ —k—1)]|
[@a+1,....b—k—Dw@m—kn—k+1,...,n—1D]}.
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Note that the fillings in /7 which are not contained in any of .7-"{ fori = 1,2,3 make
Dy, 1)(q, t) zero by Lemma 3.3. By computation, we get

b—a

(4. b—a,2. . -1..

(3.11) E;l D,y (q, 1) = (t;q)a(q” 17 @a(t; Qr(qg ™ t; Q)b—a—kq[k]q[ k41 L,
we 1

Z D(w,p,)(Qs t)

eF?

(3.12)

= (1 =D Qa—1¢"%; Pa(t; s (13 Q)b—a—k—l[a]ql: Z:ll L’

and

(3.13) ) Dwuw(g. 1)

11)6.7:13
_ _ _ L b—a
== Qa1 (1= ) ") 10 50 bk (:)kg" ™ "[a]q[ B } .
q
Similarly, we divide /> into three subsets :

Fy={a+ka+k+1,....a+k+a-D|(12,... 0
[@+1,a+2,....,a+k—1) W QRa+k,2a+k+1,...,n—1)Wn]

such that n precedesn — 1},

F={la+ka+k+1,... 2a+k-2wnl|(.2... .40
[@+1,a+2,....,a+k—1D)WRa+k—-1,....,n—1)]},

]-'g’ ={[(a+k,a+k+1,....,2a+k—2)wn]|[(1,2,...,a—1) 1w QRa+k— D]
[@a,a+1,...,a+k—1)WQRa+k,2a+k+1...,n—1)]}.
Again, the fillings in /> which are not considered in the above subsets Fi fori =1,2,3,are

those which make Dy ,)(q, t) zero by Lemma 3.3. By computation, we get
(3.14)

—a b—a
Y D@D = alq" 1% @)alg =1t Qi1 (15 q)b_a_k[b—a—k]q[ C } :
wele q
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(3.15)

b—a,2 b—a
Z D(w,p,)(Qs H=U-1)(q)a-1(q 175 q)a(t; @)r—1(2; Q)b—a—k+l[a]q|: k—1 :| s
we]:zz g
and

(3.16) > Dawuw(g.1)

3
weF;

b_
= (1= Qa1 A=g" 12 (G792 Qa1 (t; Qp—a—i (g™ 't; q)qu[a]q[ ka } .
q

We get (J(h,a)[X, q, t], s(h—k—l,a—i—k,l)) by simplifying (3.11) + (3.12) + (3.13) — (3.14) —
(3.15) — (3.16). O

3.3. Rectangular shapes. Here, we consider the case when u = (™), form > 2.
We make an observation which enables us to obtain the Schur coefficients indexed by the
partition of the form (b —r, b — s, 1* ) of Jm) from the Schur coefficients of a similar form
in the expansion of J p).

PROPOSITION 3.8. Form > 2,

(Jom) (X5 4, 1), S(p—r p—s, 10-+s+bm=2))))

m—2

. b
= (H (@ @) - Q(Z)) (Jb.,b)> S(b—rp—s,17+5))

i=1

where -

., means to replace a single t by "=V and t* by t™.
t—>t"
2—t"

PROOF. LetA = (b—r, b—s, 10T5+t00m=2)) There are two special rim-hook tableaux
of shape A, of sign +1 and —1, each. See Figure 3. The special rim-hook tableaux give the
following set of fillings

Fir={1,2,....b—r)wb—-—r+1,b—r+2,...,b—r+b—y)
wbm,bm—1,....b—r+b—s+1)
such thatb —r 4 1 precedesb —r andb —r + b — s + 1 precedes b —r + b — s},

Fo={1,2,....b—s—1Dwb-—s,b—s+1,....b—r+b—ys)
wpm,bm—1,...,.b—r+b—s+1)
such that b — s precedesb —s —landb —r + b — s + 1 precedes b —r + b — s}.
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We want to compute Dy, ,)(q, t) over the two sets of fillings F; and JF,. Note that the set
of numbers (1,2,...,b—r)in Fjand (1,2,...,b —s — 1) in F, should be in the first row
of u = (b™) due to the primary condition. Now we claim that the second set of numbers
b—-—r+1,....b—r+b—s)yinFrand(b—s,b—s+1,...,b—r+b—s)in F, should
be in the first two rows. Say b —r + 1 (or b — s in JF, case) comes in higher rows than
the first two rows. Then since b — r + 1 is the smallest number in any triple containing it,
inversion and coinversion statistics are zero and hence the cell (say c¢) containing b — r + 1
contributes ¢18©+1 _ flee@+l — 0 to D, , (g, t). Hence, to fill u with Fy or F», we fill
the top (m — 2) rows with bm, bm — 1, ... in decreasing order, from left to right, starting

. b
from the top row. These cells contribute ([T/=%(g"+'7; q)p - ¢®) 10 Dey (g, 1). The
rest of the fillings in the remaining two rows will be the same to that we consider to compute
(Jb,b)» S(b—r,b—s,17+5)). The replacements of ¢ and 1% are due to the difference of the leg
lengths. U

When p = (b, b), we have an explicit expression for (Jp,p), S(b—r b—s, 17+5))-

PROPOSITION 3.9. Foru=(b,b),0<r <s<b-1,

(J,0)(X, g, 1), Sp—r p—s, 17+5))

.
= Z((I; a5kt Dp—s—k(q" T P51 (15 @b

k=1
r+ (TR (R [s —r+1l4 b s+k s
(3.17) xq 2 2 7“](1 Stk ) S q i q
+ x4 s > D)5 4 Dpso1(@" T g O

[s—r+1]q[b}[ r—1 }
Xi
[s + 114 r b—s—1 q

where x (A) = 1 if A is true and 0 otherwise.

PROOF. There are two special rim-hook tableaux of shape A = (b —r, b — s, 1"1%) as
it is shown in Figure 3. The set of fillings of the given descent set corresponding to the special
rim-hook tableaux with sign +1 is

,
]-'1=U{(n,n—1,...,n—s—k~|—1)LLI(b—r+1,b—r—|—2,...,n—r—s—k)||
k=1

L2,...,.b—rVwm—r—-s—k+1l,n—r—s—k+2,....,n—r—ys)
wmn—s—kn—s—k—1,...,.n—r—s+1)
such thatn — r — s + 1 precedes n — r — s in the bottom row}

Ux(r+s>b{(n,n—1,....,n—>b+1)|



SCHUR COEFFICIENTS OF THE INTEGRAL FORM MACDONALD POLYNOMIALS 171

[(L2,....0—r)w@®—-—r+1,....2b—r—s) W (b,b—1,...,2b —r —s +1)]
such that b — r + 1 precedes b — r and 2b — r — s + 1 precedes 2b — r — s}.
Note that the first union of sets should stop when k = b—s if r +s > b. Then by computation,

we get

B18) Y Deww(g D)
wE]'—l

= Z(O; sk Dpms k@1 @ (1% g TR

Rl

+ X0+ s > b)(t: g (% q)b_r(q"—r—fﬁ;q>rq(3>+(’“f“>[ b} [b’—l } .
4q q

r —s—1

Similarly, from the tableaux of sign —1, we have

-
]-'g:U{(n,n—1,...,n—s—k~|—1)LLI(b—s,b—s+1,...,n—2s—k—1)||
k=1

1,2,....b—s—1Duwmn—-2s—k,n—2s—k—+1,....,n—r —s)d
m—s—kn—-s—k—1,....n—r—s+1)
such that n — r — s + 1 precedes n — r — s in the bottom row}
Ux(r+s>b{(n,n—1,....,n—>b+1)|
[(L,2,....b—s=1D)Wb—s,b—s+1,....2b—r—s)w1(2b,2b—1,...,2b—r —s+1)]
such that b — s precedes b —s — 1 and 2b — r — s + 1 precedes 2b — r — s},

(3.19) Y Daww(g.n

wE]:z

,

e— e s+k r—k+1

:Z<(q T ekt Domst @ T @1 (1B @ps1g (TR
k=1

L)

b b—r—s g)+(r+5£b+l)

tz; q)s+1q(

+x(r+5>b) @ " Qp Or_s1(q
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X[silL[birL'

(Jo.») (X, g, 1), S(p—r b—s,17+s)) is the result of simplifying (3.18)—(3.19). d

Combining Proposition 3.8 and Proposition 3.9 gives the coefficient of the Schur function
S(b—r.b—s, 10+s+bon-2)y I Jpm) (X g, 1) for any valid r, s values, m > 2.

REMARK 3.10. The idea used to prove Proposition 3.8 can be applied to more general
situation finding the s, oy 4 g, 1-+s+bm-21) coefficientof J, when p = (b+a, b+ B, b™):

(J(b+a,h+/5,hm)(X; q,1), s(b+a—r,b+ﬁ—s,1<T+S+bm)))

m
—b+1,i b
= <l_[(q + g - q(2)><~](b+a,b+ﬂ), S(b+a_r’b+ﬁ_5’1r+s)> et
i=1 2 me2

REMARK 3.11. Note the g, t-Kostka polynomials K; (g, t) of Macdonald’s defined
by

Tu(X;q,0) =) Kuulg, D8, [X(1 = 1)],
A=l

where the square bracket implies the plethystic substitution. For the details of it, see [Hai99].
When ¢+ = 0, s,[X] is just the ordinary Schur function s, (X), and by the property of the
q, t-Kostka polynomials that

Klu(qs t) = K)\’/L’(tv Q) )
and

K0, q) = K@) = Y ¢,
TeSSYT(h, 1)

where K3, (q) is the Kostka-Foulkes polynomial and ch(T') is the charge statistic of Lascoux
and Schiitzenberger [LS78], we have

Ju(X:q,00 =Y Kiu(g, 0)sa[X]
Al

=Y Kuw (0, )si(X)

Aful

=Y Kuw@s.(X).

A ful

Hence, we can get some information about the Kostka-Foulkes polynomials from the explicit
expressions for the Schur coefficients of J, (X; g, 0).
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