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Combinatorics of the immaculate inverse

Kostka matrix

Nicholas A. Loehr & Elizabeth Niese

ABSTRACT The classical Kostka matrix counts semistandard tableaux and expands Schur sym-
metric functions in terms of monomial symmetric functions. The entries in the inverse Kostka
matrix can be computed by various algebraic and combinatorial formulas involving determi-
nants, special rim hook tableaux, raising operators, and tournaments. Our goal here is to de-
velop an analogous combinatorial theory for the inverse of the immaculate Kostka matrix. The
immaculate Kostka matrix enumerates dual immaculate tableaux and gives a combinatorial
definition of the dual immaculate quasisymmetric functions &},. We develop several formulas
for the entries in the inverse of this matrix based on suitably generalized raising operators,
tournaments, and special rim-hook tableaux. Our analysis reveals how the combinatorial con-
ditions defining dual immaculate tableaux arise naturally from algebraic properties of raising
operators. We also obtain an elementary combinatorial proof that the definition of G}, via dual
immaculate tableaux is equivalent to the definition of the immaculate noncommutative sym-
metric functions &, via noncommutative Jacobi—Trudi determinants. A factorization of raising
operators leads to bases of NSym interpolating between the G-basis and the h-basis, and bases
of QSym interpolating between the G*-basis and the M-basis. We also give t-analogues for
most of these results using combinatorial statistics defined on dual immaculate tableaux and
tournaments.

1. INTRODUCTION

1.1. THE KOSTKA MATRIX AND ITS INVERSE. The Kostka matrix and its inverse
are central objects in the theory of symmetric functions. For each positive integer n,
the Kostka matrix K,, has rows and columns indexed by integer partitions of n. The
entry K, (A, ) in row A, column g, counts the number of semistandard Young tableaux
(SSYT) of shape A and content u. These are fillings of the cells in the diagram of A
with uy copies of 1, s copies of 2, etc. such that every row is weakly increasing from
left to right and every column is strictly increasing from bottom to top. Let Sym,, be
the vector space (over any field F') of symmetric functions of degree n. Three bases
of Sym,, are the monomial basis (my), the Schur basis (sy), and the complete basis
(hy). The Kostka matrix and its transpose connect these bases, as follows:

(1) Sy = ZK,L(A,u)mH; hy = ZKn()\, )8
" A
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The sums here range over integer partitions of n; we omit the subscript n in K,
when it is clear from context. Here and below, we assume familiarity with standard
notation for partitions and symmetric functions, which can be found in references
such as [11, 14, 15].

If we order integer partitions of n lexicographically, then the Kostka matrix is
upper-triangular with diagonal entries equal to 1. Thus we have an inverse Kostka
matriv K—! = K ! that provides inverse transition matrices to the ones above:

(2) my=> K '\ wsu  su=Y K '\ ph
“ A

ExXAMPLE 1.1. When n = 4, there are five integer partitions of 4, which we write in
abbreviated form as 4, 31, 22, 211, and 1111. The Kostka matrix K, and its inverse
K, ' are shown here:

4 31 22 211 1111 4 31 22 211 1111

4 1 1 1 1 1 4 1 -1 0 1 -1
31 0 1 1 2 3 31 0o 1 -1 -1 2
K:22 0 0 1 1 2 |; K22 0 O 1 -1 1
211 0 0 O 1 3 211 0 O 0 1 -3
1111 |0 0 O 0 1 1111 O O 0 0 1

There is a rich combinatorial theory for the inverse Kostka matrices in Sym. The
following four methods (two algebraic formulas and two associated combinatorial mod-
els) are available for computing the entries K=1(\, p1).

(1) Jacobi-Trudi Formula. K=1(\, u) is the coefficient of hy when we expand the
determinant s, = det[h,,;—;| expressing the Schur function s, as a signed
sum of products of complete symmetric functions hg.

(2) Special Rim Hook Tableau Model. Egecioglu and Remmel [6] showed that
K~1(\, u) is the sum of the signs of all special rim hook tableaux (SRHT) of
shape u and type A (see §4.4 for definitions and more details).

(3) Raising Operator Formula. According to Macdonald [14, (3.4"), pg. 42],
K~'(X, ) is the coefficient of 7y when we expand s, = [[,_;(I — Ri ;) ® hy.
Here I is the identity operator and R;; acts on any hg by incrementing f3;
and decrementing §;, but there are subtleties (see §2.1 for a full explanation).

(4) Tournament Model. The raising operator formula translates into a combina-
torial model for K=1(\, 1) as a signed sum of certain tournaments. Details
appear in §4.1.

1.2. THE IMMACULATE KOSTKA MATRIX. Our goal in this paper is to extend the
combinatorics of the inverse Kostka matrix from the space Sym to the spaces NSym
and QSym. Here Sym is the self-dual Hopf algebra of symmetric functions, while NSym
and QSym are the dual Hopf algebras of noncommutative symmetric functions and
quasisymmetric functions, respectively. We will only require the vector space structure
of these Hopf algebras, rather than the full machinery of the product, coproduct, and
antipode map. For more information on NSym and QSym, see [7, 13].

A variety of Schur-like bases have been studied in NSym and QSym, each of which
leads to a possible version of the classical Kostka matrix [1, 2, 7, 8]. We focus on the
version arising from the immaculate basis (&,) of NSym and the dual immaculate
basis (6%) of QSym, first defined in [2]. These bases, which are indexed by integer
compositions «, can be defined in two equivalent ways. There is a combinatorial
approach based on tableaux, as well as an algebraic approach based on the non-
commutative Jacobi—Trudi formula.
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The combinatorial approach needs the following definitions. A (strict) composition
of n of length k is a list @ = (a1, o, ..., ax) of k positive integers with n = ag +as +
-+ 4+ a. Note that o; = 0 is not allowed in a composition. Let Comp,, be the set
of all compositions of n. Let Comp be the set of all compositions. The diagram of a
composition « is an array of boxes, where row ¢ consists of «; left-justified boxes. Our
convention is to number the rows from bottom to top and number the columns from
left to right. A dual immaculate tableau of shape « is a filling T of the diagram of «
with positive integers such that every row is weakly increasing from left to right, and
column 1 (the leftmost column) is strictly increasing from bottom to top. The content
of T is the list (f1, fa2,...) where f; is the number of times i appears in the filling 7.
For each n, the immaculate Kostka matriz is the matrix K,, with rows and columns
indexed by compositions of n, such that /C,,(a, 8) is the number of dual immaculate
tableaux of shape o and content 3. As before, we omit the subscript n when it is clear
from context. Ordering compositions lexicographically, one readily checks that each
matrix C,, is upper-triangular with 1s on the diagonal, so K, is invertible over Z.

EXAMPLE 1.2. For a = (4,2, 3) and 8 = (2, 3,2, 2) the dual immaculate tableaux with
shape « and content 3 are:

3[4]4] 3[3]4] 3[3]4] 3[4]4]
213 212 214 212 .
1 12|2| 1 12|4| 112|2| 1 12|3|
EXAMPLE 1.3. When n = 4, we compute:
4 31 22 211 13 121 112 1111 4 31 22 211 13 121 112 1111
4 1 1 1 1 1 1 1] 4 (1 -1 0 1 0o o0 o0 -1]
31 o1 1 2 1 2 2 3 31 01 -1 -1 0 1 0 1
22 oo 1 1 1 2 2 3 22 00 1 -1 -1 0 0 1
.2 o0 0 1 0 1 1 30 a2 /00 0 1 0 -1 0 -1
13 00 0 0 1 1 1 1’ 13 00 0 0 1 -1 0 1
120 /0 0 0 0 0 1 1 2 12210 o0 0 0 0 1 -1 -1
112 |0 0 0 0 0 0 1 1 12 {0 0 0 0 O 0 1 -1
1mirjo o 0o 0o 0 0 0 1 111jo0 o 0o 0 0 0 0 1

Now let (M4 ) be the monomial basis for QSym, and let (h,,) be the noncommutative
complete basis for NSym. By definition, (M,) and (h,) are dual bases for NSym and
QSym. This means that there is a bilinear pairing (-, -) : QSym x NSym — F (where
F is the field of scalars) such that (M,,hg) = x(o = ). Here and below, for any
logical statement P, x(P) =1 if P is true, and x(P) =0 if P is false.

By analogy with (1), we define:

(3) &L= K(a,/)Mg;  hg =3 K(a, ).
B o

These formulas explicitly define the dual immaculate functions &}, in QSym and
implicitly define the immaculate functions &, in NSym. Multiplying by the inverse
immaculate Kostka matrix, this definition is equivalent to:

(4) My =Y Ka,8)8%  &5=> K (a,B)ha.
5 e}

Another equivalent version of these formulas is to define G, by the M-expansion
in (3) and then declare that &, is the unique dual basis of NSym, meaning that
(6%,63) = x(a = B) for all compositions «, (.

Algebraic Combinatorics, Vol. 4 #6 (2021) 1121
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1.3. THE NONCOMMUTATIVE JACOBI-TRUDI FORMULA. The algebraic approach to
defining &, and &}, goes in the opposite direction. First we define & by a non-
commutative version of the Jacobi—Trudi formula. Given any m x m matrix A with
entries in a (possibly noncommutative) ring, let the top-to-bottom determinant of A be

(5) det[(A) = Y sgn(w)A(1Lw(1)A2,w(2))- - Alm,w(m)).
wWESy,
Here S,, is the set of permutations of {1,2,...,m}, and we multiply the chosen

entries of A in order working from row 1 down to row m. For any composition

B=(B1,...,Pm), we define

(6) S5 =det{Ng i ilmxm = Y SE(WIN(, 1 0(1)1,804+w(2)~2,m.r, B +w(m)—m):
WES,

where hg = 1 and hy = 0 for k < 0. Then we declare that (&%) is the unique basis
of QSym dual to the basis (&3) of NSym.

EXAMPLE 1.4. For 8 = (3,4, 1), we compute

hs hy hg
G341 =det] | h3 hy hs | =hsgy 4+ hsz — hgs — hys;.
0 hg hy

Due to noncommutativity, the answer is not zero even though the determinant has
two equal rows.

To see that this approach is equivalent to the combinatorial approach, one must
check that the h-expansion of &z (as given by the Jacobi-Trudi formula) really does
agree with the expansion in (3) obtained by inverting the matrix of dual immaculate
tableau counts. The equivalence of the two definitions is known but non-trivial; we
give a combinatorial proof of this fact later (Theorem 4.7). We take the combinatorial
formulas (3) and (4) as the definition of (&,) and (&%) to be used here.

1.4. OVERVIEW OF RESULTS. Section 2 defines raising operators R; ; on various ab-
stract vector spaces and examines algebraic properties of the inverse Kostka operators
[Ii;( = R; ;) on each space. Section 3 develops combinatorial algorithms for com-
puting these operators and their inverses based on manipulations of filled diagrams.
Analysis of these algorithms leads naturally to expressions involving dual immacu-
late tableaux (Theorem 3.9) and analogous fillings of diagrams where rows of length
zero may occur (Theorem 3.6). Applying raising operators in stages leads to bases of
NSym interpolating between the G-basis and the h-basis, and dual bases of QSym
interpolating between the G*-basis and the M-basis (§3.7).

Section 4 develops combinatorial models for the entries in the inverse of the dual im-
maculate Kostka matrix. We provide formulas involving tournaments (Theorem 4.3),
transitive tournaments (Theorem 4.4), noncommutative determinants (Theorem 4.7),
recursions (Theorem 4.9), and special rim hook tableaux (Theorem 4.12).

Section 5 defines t-analogues of inverse Kostka operators, dual immaculate
tableaux, tournaments, and the associated bases of NSym and QSym. These
t-analogues can be viewed as noncommutative and quasisymmetric versions of
the Hall-Littlewood polynomials, of which there are several in the literature al-
ready [2, 8, 9].
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2. ALGEBRAIC DEVELOPMENT OF INVERSE KOSTKA OPERATORS

In this section, we study the algebraic properties of inverse Kostka operators
IL- j(I — R; ;) acting on various abstract vector spaces. Later we specialize these
results to obtain information about transition matrices in QSym, NSym, and Sym.
Throughout this discussion we fix a positive integer m and a field F. All vector
spaces use scalars coming from F' (the theory also works for free Z-modules). I
denotes the identity map on the vector space currently being considered. We set
[m] ={1,2,...,m}.

2.1. AcTiON ON LISTS OF INTEGERS. Let Z™ be the set of all ordered lists
[a1,...,am,] with each a; € Z. Let V; be the vector space having Z™ as a basis. Thus,
by definition, every v € V; is a finite formal linear combination of m-element lists of
integers. For distinct 4, j € [m], define the raising operator R; ; : Vi — Vi to be the
linear map on V; that acts on basis vectors via

Ri’j([ah...,ai7...,aj,...,am]) = [al,...,ai—&—l,...,aj—1,...,am].

For example, Ry 3(—2[3,1,5] + 5[2, —3,0]) = —2[4,1, 4] + 5[3, -3, —1].

In the F-algebra of all linear operators on V), all these raising operators commute
and obey the associative and distributive laws. We can now give a rigorous explanation
of the raising operator formula stated in §1.1. Given a partition u = [p1,..., tm]
with m parts, first apply the operator [[, ¢, <, (I — Ri;j) to [p1,..., um] € Vo to
obtain some linear combination of m-element lists. Then apply the evaluation map
E : Vo — Sym that sends each list & = [aq,..., ] to hq = ha, - hq,, (where
ho = 1 and hy = 0 for k < 0, and the hg’s commute). The resulting symmetric
function is known to be the Schur function s, [14, pg. 42].

Trying to analyze [],_ j(I — R, ;) in Vp is problematic, however, for the follow-
ing reason. Although each R;; is invertible (clearly R; jl = R;;), the operators
I—R;; : Vo — Vp are not invertible. For example, taking m = 2, we claim that
no v € Vg solves (I — Ry 2)(v) = [0,0]. Comparing coefficients of basis vectors on both
sides of this equation, we see that any solution v must include all terms of the form
Z}Z:l_oo clk, —k] + > 5o o(c 4+ 1)[k, —k] for some ¢ € F. But whatever we choose for
¢, this expression is not a finite linear combination of basis vectors. So there is no
solution in the space Vj.

2.2. ACTION ON LISTS OF NONNEGATIVE INTEGERS. To address the non-invertibility
of I — R; j, we pass to a smaller vector space. Let ZZ; be the set of all ordered lists
[a1,...,am] where each a; is a nonnegative integer. We sometimes omit commas from
such a list if no confusion is likely. Let V' be the vector space with basis 7. For
distinct ¢,j € [m], define the raising operator R; ; : V' — V to be the linear map
acting on basis vectors via

a1,y a;+1,...,a;, —1,...,a,] ifa; >0;
J J

Ri' gee s @iy ey Qjyeeny Qi) =
oo i ag, o and) {0 if a; = 0.

Intuitively, if the old raising operator produces a list with a negative entry, that list

is discarded from the answer. For example, Ry 3(—2[3,1,5] + 5[2,3,0]) = —2[4, 1, 4].
These raising operators (like any linear maps on a vector space) still obey the

associative and distributive laws, but they no longer commute in general. For example,

RLQ o Rz’g([g, 0, ].D = R172([3, ]., 0]) = [4, 0, 0], but 32’3 o) Rlyz([?), 0, 1]) = R2,3(0) =0.

However, if 4, j, a, b are four distinct indices, then R; ; does commute with Rg 3. Sim-
ilarly, for a fixed index j, the operators R ;, Raj, ..., Rj_1; all commute. This is
because R; ; o Ry, ; sends a basis vector [aq, ..., an] to zero iff a; < 1iff Ry ;0 R;

Algebraic Combinatorics, Vol. 4 #6 (2021) 1123
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sends [aq,...,an] to zero. We also have the following restricted version of commu-
tativity. Suppose R;, j,,..., R;, j, are given raising operators and [a1,...,a) is an
input such that for all j € [m], the number of occurrences of j in ji,...,Jjs is at
most a;. Then applying these raising operators to input [a1,...,a], in any order,
produces the same output. This holds since the exceptional case where a basis vector
is sent to zero never applies. More specifically, the output here is [by, ..., b,,], where
by =ar+> 0 _y x(ir =k)—>.0_, x(jr = k) for k € [m]. This formula is unchanged
by reordering the given raising operators.
Due to noncommutativity, we must take care in defining what [, _,(I—R; ;) means.

For each fixed j between 2 and m, define a linear map 7; : V' — V by

j—1

Tj - (I - Rl,j) ¢} (I — RQJ‘) O---0 (I — Rj—l,j) - H(I - Ri,j)'

i=1
For definiteness we compose the factors I — R; ; in the indicated order, although these
factors do commute. Next, we define the inverse Kostka operator on V to be

T:Tongo...on:HTj.

So T, acts first on an input vector, then T, _1, etc. ending with T5. We use this order
to ensure that we get the expected answer for Sym when working in V' rather than
Vo (see the discussion below (11) in §4.1).

Acting on V, it is no longer true that R 1 = R;;. In fact, each R;; is a locally
nilpotent linear operator on V. This means that for each v € V, there exists a positive
integer N (depending on v) such that RZN]( ) = 0. More specifically, starting with the
basis vector [a1,...,q;,...,a,] and applying R; ; repeatedly, we obtain zero after
N = a; + 1 steps.

The local nilpotence makes it easy to invert I — R; ; using the formal geometric
series formula. Specifically,

(I-Rij) ' =I+Ri;+R};+ - +RN+--=) R,

The sum on the right side has only finitely many nonzero terms when applied to
any specific input vector v. We could also fix n and restrict attention to the subspace
spanned by lists [a1, .. ., am] With a+-- +am = n. On this subspace, R; ; is nilpotent
of index n+1, and (I — R; ;)= =>""_ RS .. For example,

(I —Ri3)7([2,1,3]) = [213] + [312] + [411] + [510].

It is now routine to invert the full inverse Kostka operator on V. For fixed j, we
have T, ' = (I = Rj_1 ;) to--o(I =Ry ;)" Then T~' =T o0 Tyt o Tyt
Expanding this with the distributive law, we see that 7! is the sum of all terms of
the form

€m—1,m €1,m Pem—2,m— €1,m— e e e1,
R 1 "'Rl R 2 1'R1’1m711 R23R13R1122,

m—1,m m—2,m—1

where each e; ; is a nonnegative integer.

2.3. AcTiON ON COMPOSITIONS. Let W be the subspace of V' spanned by basis
vectors [a1, ag, ..., an,] where all zero parts (if any) occur at the end. More formally,
this means that if a; = 0 then a;41, ..., a, must also be zero. By dropping any zero
parts at the end, these lists correspond to (strict) compositions with at most m parts.
Later we will identify the abstract basis vectors [aq,...,a;] with particular basis
elements of QSym and NSym.

Algebraic Combinatorics, Vol. 4 #6 (2021) 1124
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The operators T" and 7 on V do not always send inputs from W to outputs in
W. To resolve this difficulty, we introduce a linear projection map P : V — W
that acts on basis vectors by moving any zero parts to the right end. For example,
P([2,0,3,0,1,0]) =[2,3,1,0,0,0] and P([2,4,1,3,0,0]) = [2,4,1,3,0,0]. We say that
P acts on a list by packing the nonzero parts of its input on the left end. We now
define our inverse Kostka operator on the space W by letting U = P o (T'|w ), where
T|w : W — V is the restriction of the operator 7' to the domain W. We similarly
define U; = P o (Tj|lw) for j = 2,...,m and U; ; = P o (I — R;;)|w for distinct
i,j € [ml].

Since T; = [[/Z1(I — Ri;), one might expect that U; = [[/Z] Ui ;. However,
the following example shows this is not true in general. On one hand, applying Us =
Po(I—Ry3)o(I—Ry3)to[1,1,1,1] gives P([1111]—[2101]—[1201]) = [1111]—[2110]—
[1210]. On the other hand, Us 3([1,1,1,1]) = Po (I — Ry3)([1111]) = [1111] — [1210],
so U1,3(Us2,3([1,1,1,1])) = [1111] — [2110] — [1210] + [2200]. Thus, Us # U; 3 0 Uz 3.

The example shows that we cannot indiscriminately insert new P’s in the product
of I — R; ;’s defining U. But there are certain locations where P’s may be inserted
safely. Specifically, we show later (Lemma 3.7) that Po[[j", T; = [[;, P o T; when
acting on vectors in W, so that U = Uy o Uz o - -+ 0 Uy, holds. This fact allows us to
invert U in m — 1 stages, writing U=! = U,,1o---0 U3_1 ) UQ_I. However, we no longer
have simple formulas for U j_l based on the geometric series, due to the presence of
the non-invertible projection map P. The next section shows how to invert each U;
and U itself using combinatorial models for these operators and their inverses.

3. COMBINATORICS OF INVERSE KOSTKA OPERATORS

This section gives combinatorial models for the action of the operators T, Uj, Tfl,
U;l, T-1 U~!, T, and U on basis vectors of VV and W. We visualize a basis vector
[a1,...,am] of V by a generalized composition diagram that has a; left-justified boxes
in row ¢ from the bottom. Working in V', we allow some rows to have zero boxes; but
for basis vectors in W, all such rows must occur at the top of the figure.

3.1. COMBINATORIAL ACTION OF T AND U;. Fix j between 2 and m. We begin with
a model for Tj = [T/Z] (I — R; ;) acting on input v = [ay,...,a,] € V. We create a
signed linear combination of diagrams by making the following choices in all possible
ways and adding the results. Start with the diagram of v with coefficient +1. First,
to model I — R;_ j, either leave the diagram unchanged or move one box from row
j to row 7 — 1 and change the sign. Second, either leave the diagram unchanged or
move one box from row j to row j — 2 with a sign change. Continue until the choice
for I — Ry ;, where we either leave the diagram unchanged or move one box from row
j to row 1 and change the sign. During this process, if all boxes in row j are moved,
then we must choose I (leave the diagram unchanged) from that point on.

The algorithm for T} can be described more concisely, as follows. Starting with the
diagram of v = [a1,...,an], decrease a; by some amount d with 0 < d < a;, and
increment d distinct entries in the first j — 1 positions of v. Use the coefficient (—1)¢
for this list, and add up all the lists that can be made from v in this way.

The action of U; = P o (Tj|w) is similar, but there are two modifications. First,
U, is only allowed to act on (linear combinations of) basis vectors in W. So any
input v = [a1,...,an] to U; must have all zero parts at the right end. Second,
for any output list w = =£[bi,...,by] produced by the algorithm for T}, we must
replace this list by its packed version P(w). Now v is already packed, and the choice
process creating w from v can only create a new zero in position j. Therefore, we have
P(w) = £[b1,...,bj—1,bj4+1,...,bm,0] when b; = 0 and P(w) = w when b; > 0. In

Algebraic Combinatorics, Vol. 4 #6 (2021) 1125
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terms of diagrams, when we make choices that move all a; cells from row j down to
lower rows, the part of the diagram above row j falls into the empty row j at the end.

EXAMPLE 3.1. Given v = [1,4,2,3,1], we compute T5(v) and Us(v) by acting on
diagrams. We have T5(v) = [14231] —[24131] —[15131] 4 [25031] and Us(v) = [14231] —
[24131] — [15131] 4 [25310]. The diagrams for v and Us(v) are shown below. We place
a minus sign in each cell moved by an R; ; operator to keep track of the sign.

R | [] 0 O
_>

L] L] L] L1 ] =

3.2. COMBINATORIAL ACTION OF T; ' AND U;'. Recall that the inverse of Tj =

Hz;ll (I — R; ;) is given algebraically by the geometric series formula

(7) Tit=3 > - D> Rio-oRyoRY,

e120e220 ej—120

Given a basis vector v = [aj,...,a,n] € V, we can compute T;l(v) by acting on
diagrams as follows. Do the following steps in all possible ways and add the results.
Starting with the diagram of [ai,...,a.], choose nonnegative integers ei,...,e;_1
with sum at most a;. For i =1,2,...,7 — 1 in turn, move e; boxes from row j to row
1. We mark each moved box with a + symbol, noting that there are no negative signs
in the formula for Tj_l.

Now we introduce a combinatorial operator U ]' on W that will turn out to be U ;1.
Start with the diagram of a packed basis vector v = [aq,...,a;,,] € W. As before,
choose ey, ..., e;—1 with sum at most a; and move e; boxes from row j to row i for
each 7+ < j. If there are still boxes left in row j, then we stop here and record the
resulting object. However, for choices of e; where e; +---+e€;_1 = a;, row j becomes
empty and the higher rows fall down (as happened with U;). When this occurs, we
continue the process, choosing ej,...,e;_; with sum at most a;;1 (the number of
boxes now in row j). We again move e} boxes from row j to row i for each ¢ < j. If
el + - +¢€j_; <aji1, then we stop and record the resulting object. Otherwise, the
rows above row j fall again and we continue recursively. This process must terminate
after finitely many steps, since eventually we run out of boxes above row j.

EXAMPLE 3.2. We have T; 1([3,1,2,1]) = [3121] + [4111] + [3211] + [5101] + [3301] +
[4201]. Using the following diagrams, we find U4([1, 1, 2,1]) = [1121]4[2210]+[3110]+
[4100] + [5000].

|

+ L Dl LA

3.3. PROOF OF INVERSE PROPERTY FOR Uj.

THEOREM 3.3. For 2 < j < m, the operator U]{ : W — W is the inverse of
U : W —->W.

Proof. 1t suffices to prove that U]’»OU ;i = I (the identity map on W). The other identity
U;oU ]’ = [ follows automatically because for each n and m, U; and U ]’ restrict to linear
maps on the finite-dimensional subspaces of W spanned by composition diagrams with
n boxes and m rows.
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When we act on diagrams by a sequence of operators, it is helpful to annotate the
diagrams by filling each box with its row number in the original input diagram. A
box that moves down due to a —R; ; term retains its number along with a minus sign
(drawn above the number to save space). Other boxes that move or fall down keep
their number with no sign. The next example illustrates this annotation process for
the operator sequence Uj o Us.

EXAMPLE 3.4. We compute Uj(Us([2311])) by drawing annotated diagrams. First we
find U3([2311]) = [2311] — [3310] — [2410] as shown here:

LN

(4] (4]
2]2] 2]2] [2]2]2] [2]2]2]3]"
1 1 1111]3 11

To continue, we find Uj(Us3([2311])) = U4([2311]) — U4([3310]) — U4([2410]) by
applying U} to each of the three intermediate diagrams produced in the previous
step. The seven positive diagrams for U5([2311]) are shown here:

E —

3 4 4

2[2]2][2]2]2][2]2]2 2[2]2]4][2]2]2]3][2]2]2]3][2][2]2]3]4]
11 L[1]3][1]1][3]4][1]1]3 11 L[1]4] [1]1

The six negative diagrams for —U3([3310]) — U4([2410]) are shown here:

[4] [4]

2[2]2] [2]2]2 2[2]2]4] 2[2]2]3] [2]2]2]3] [2][2]2]3]4].
L[1]3] [1]1[3]4] [1]1]3 1]1 1[1]4 11

Noting the cancellation of terms with the same shape but opposite signs, the final
answer is U}(Us([2311])) = [2311] = I(][2311]).

We now prove that the cancellation seen in the example holds in general. Fix
j > 1. To prove U o U; = I, it suffices to show that U}(U;(w)) = w for all basis
vectors w = [ay,. .., ay,] of W. We show this by introducing a sign-reversing, shape-
preserving involution on the set of annotated diagrams that appear in the calculation
of UJ’»(Uj(w)). Observe the following property of such diagrams: each row i < j con-
tains (among other things) at most one box labeled —j, followed by zero or more
boxes labeled j.

Given such a diagram z, find the least row index ¢ < j such that a box with —j or
J occurs in that row. If there is no such ¢, then neither U; nor UJ’- moved any boxes
down, so we must have z = w. This diagram (which is positive) is the unique fixed
point of the involution, corresponding to the output term w.

When i does exist, the involution acts as follows. If there is a —j in row ¢, change it
to j. If there is no —j in row ¢, change the first j in row ¢ to —j. One sees immediately
that the new object is another valid annotated diagram arising in the computation of
U ;(Uj (w)) with opposite sign as z. It is also clear that performing this action twice
restores the original object z, so we do have an involution. Thus all output objects
except w itself cancel, as needed. The previous example illustrates this involution.
The first object in row 1 is the fixed point [2311], and the remaining objects in row 1
match (in order) with the corresponding objects in row 2. O

The identity Tj_1 oT; = I can be given a similar combinatorial proof (which we
omit). Here the situation is simpler, since rows do not fall and there is no recursive
continuation of the motion process in T{l.
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3.4. TABLEAU DESCRIPTION OF THE KOSTKA OPERATOR T~ !. Next we use anno-
tated diagrams to give a combinatorial formula for 7-! (the Kostka operator on V')
in terms of tableau-like structures. For a filled generalized composition diagram D,
the shape of D (denoted sh(D)) is the list of m row lengths of D. The content of D

is the list (f1, fo,..., fm), where f; is the number of occurrences of ¢ in D. Recall
T =TyT3- Ty and T~' = T;1 ... Ty ' Ty . Therefore, we can compute the action
of T71 on a basis vector v = [ay,...,a,] € V as follows. Start with the annotated

diagram for v, which has a; boxes labeled j in each row j (rows of length zero may
occur). Generate a collection of filled diagrams by executing the following loop and
making all possible box motions. For j = 2,3,...,m in this order, move any number
of boxes down from row j to the end of lower rows, keeping the labels in each box.
Then T~!(v) is the sum of the shapes of all filled diagrams generated in this way.

EXAMPLE 3.5. Let v = [2, 1, 2]. Using the annotated diagrams shown below, we com-
pute

T (v) = [212] 4 2[311] + [221] + 2[410] + 2[320] + [230] + [302] + [401] + [500].

The first diagram arises by moving no boxes when j = 2 and no boxes when j = 3.
The second diagram (of shape [311]) arises by moving no boxes when j = 2 and
moving one box from row 3 to row 1 when j = 3. We see this same shape in the ninth
diagram, which arises by moving a box from row 2 to row 1 when j = 2 and moving
a box from row 3 to row 2 when j = 3. This explains why [311] has coefficient 2 in
T (v).

3]
1]

[1[1]2] [1]1]2]3]

(3]
23] [2 2[3 2[3[3]
1 1

3]
2
1 1[3]3] [1]1]3] [1

=N [0

13]

—
—_

3] _
3 3 3[3
1[1]2] [1[1[2[3]3] [1[1[2]3] [1[1[2]

The next theorem characterizes the filled diagrams that occur when we compute
T (v).

THEOREM 3.6. For any basis vector v = [a1,...,an] of V, T7'(v) = >, sh(D),
where we sum over all filled diagrams D with these properties:

(a) all rows of D are weakly increasing;
(b) D has content v;
(c) each copy of j in D appears in some row i < j.

Proof. First suppose D is one of the filled diagrams generated by the algorithm for
computing T~1(v). The initial diagram for v has content v, and the motion rules do
not change the content, so (b) holds. Since occurrences of j are moved to the end of
lower rows in increasing order of j, (a) holds. Since each copy of j begins in row j
and optionally moves down to lower rows, (c) holds.

To finish the proof, we must show that any filled diagram D with properties (a),
(b), (c) is produced in exactly one way by the algorithm computing 71 (v). Given
such a diagram D, we can produce D from the original filled diagram for v by the
following choices. For j = 2,3,...,m in order, move some of the a; copies of j in row
j down to lower rows so that the frequency of j’s in rows 1 through j matches the
frequency in D. This is possible, since D has exactly a; copies of j that all occur in
the first j rows. The choices made at each step are forced, so there is only one way
to produce D. O
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3.5. COMBINATORIAL ACTION OF T AND U. We can give a similar combinatorial
prescription for acting by T' = Tyo- - -0T,, on a basis vector v = [aq, ..., a;,] € V. Start
with the diagram of v, consisting of a; boxes in each row j. For j =m,m—1,...,2in
this order, move some number d > 0 of the boxes currently in row j into d distinct rows
i1,...,1q < j. Every box that moves causes a sign change in the coefficient of the final
object produced. In this case, even if we fill each box with its original row number,
there is not always enough information in the final filled diagram to reconstruct the
choices that produced it. This is because a box might be moved to its final location
in several steps as we proceed from j = m down to j = 2. We remedy this defect
in §4.1 by giving a combinatorial model for T'(v) based on tournaments. However, we
can use the current model to prove the following technical fact mentioned at the end
of §2.3.

LEMMA 3.7. The operator U : W — W factors as U = Us o Uz --- 0o U,,.

Proof. Recalling that U = P o (T|w) and U; = P o (T;|w), it suffices to prove
that P o [[7", T and []/_,(P o T}) have the same effect on any packed basis vector
v = [a1,...,an,] € W. On one hand, to compute [P o HT:Q T;](v), we act on the
diagram of v by using the procedure given for T', but at the end we pack each output
diagram by letting higher rows fall into any zero-length rows that have been created.
On the other hand, to compute [H;n:2 P o T}](v), we pack the diagrams after every
iteration of the loop over j =m,m —1,...,2. We claim that the extra packing steps
do not affect the signed objects that can be generated. Intuitively, this holds since the
packing step after T; does not affect the choices that can be made by later operators
T;_1,...,T5. The formal proof follows.

Since the input list v is already packed, we can assume without loss of generality
that every a; is positive. This is because the operators 7; and P o Tj, corresponding
to any zero parts a; = 0 at the right end of v, act first and send v to itself. Later
operators T; and P oT; neither affect nor are affected by these trailing zero parts in v.

Now, we prove the following statement by backwards induction on j ranging from
m down to 1: “if [[];_;c,, Tul(v) = 32, ¢;L; for certain scalars ¢; and lists L;, then
[i<scm P oTsl(v) =3, ciLi, where each L = P(L;), the first j components of L;
agree with the corresponding components of L;, and the first j components of L; are
positive.” Here we interpret an empty product of operators as the identity map. For
the base case j = m, >, ¢;L; and ), ¢;L; are both v, and the needed conclusions
hold by our assumption on v.

For the induction step, assume the quoted statement holds for a fixed j between
2 and m, and prove this statement also holds with j replaced by j — 1. Here,
[Hj—1<J<m Ty)(v) = 32;¢T5(Li) and [Hj—1<J<m PoTyl(v) = 3 ciP(T(LY)),
where L; and L) satisfy the conditions in the quoted statement. Let us compare how
T; acts on a particular list L; = [b1,...,b;,bj41,...,bn] with how P o T} acts on
the corresponding list Lj = [b1,...,b;, b} 4,...,b;,]. Here, by,..., b; are all positive,
and [0}, 4, ...,b,] is the packed version of [b;11,...,by]. Doing T; to L; will produce

rvm
a signed linear combination of new lists L;1,...,L;s,. Each list L; s arises from L;
by decreasing b; by some amount (possibly zero) and incrementing certain entries in
bi,...,bj—1. We can perform exactly the same actions on L} and then pack to get
new lists L} ;,..., L; ., such that each L; , agrees with L; s in the first j — 1 positions,
which all contain positive entries. The only difference between L; , and L; s is that if
the new entry in position j of L; s is zero, then P moves that entry to the right end

in L] .. Thus, L] ; = P(L; ) for all i and s, completing the induction step.
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The quoted statement is now known to hold for j = 1. This statement tells us
(among other things) that we can obtain [[[;_, P o Tj|(v) = 3=, ¢;L; by applying P
to [1_[;":2 T;](v) = >, c;iLi. This is exactly what we set out to prove. O

3.6. TABLEAU DESCRIPTION OF THE KOSTKA OPERATOR U~!. Thanks to
Lemma 3.7, we know U~! = U,'---U;'Uy;'. So we can give a combinatorial
model for U~! (the Kostka operator on W) similar to what we did in §3.4 for T-1.
Given a packed basis vector v = [ay,...,a,,] € W, compute U~!(v) as follows. Start
with the filled diagram of v where row j has a; boxes labeled j. For j = 2,3,...,m
in this order, use the recursive motion rule for U jﬁl (see §3.2) to move filled boxes
from row j into lower rows. This includes the possibility that higher rows fall into
row j and some of their boxes move down recursively. Do this in all possible ways;
the sum of the shapes of the resulting filled diagrams is U~ (v).

EXAMPLE 3.8. Given v = [2,1,2] € W, let us find U~ (v) = U; '(U;*(v)). First
compute U, ! (v) = [212] + [320] + [410] + [500] using the diagrams shown below.
313]

2 313 3

1] [1]1]2]) [1]1]2]3] [1]1]2]3]3]

Now U; ! acts as the identity on [320], [410], and [500], since the associated diagrams
have no boxes in row 3. Computing U; *([212]), we now move entries from row 3 down
in all possible ways, obtaining the diagrams shown here.

3[3]

3] [3] _
2 2[3] [2 2[3]3] [2]3 2
1[1] [1]1] [2]1]3] [1]1 1[1[3] [1]1]3]3]
= [212] + [221] + [311] + [230] + 2[320] + 2[410] + [500].

Thus, U~ (v)

When we characterize the filled diagrams appearing in the computation of U~ (v),
dual immaculate tableaux miraculously emerge. Recall (§1.2) that a dual immaculate
tableau is a filling of a composition diagram so that rows weakly increase from left to
right and the first (leftmost) column strictly increases from bottom to top.

THEOREM 3.9. For any basis vector v = [ay,...,an] of W, U™ (v) = > ,sh(D),
where we sum over all dual immaculate tableaux D of content v.

Proof. First suppose D is one of the filled diagrams generated by the algorithm for
computing U~!(v). Note that the initial filled diagram for v is a dual immaculate
tableau of content v. The action of each U j_l preserves the content. Also, a routine
induction on j shows that U j_l acts only on diagrams such that all values below row j

are less than all values in rows j and higher. It follows that each U ]71 (hence U itself)
preserves the property of having weakly increasing rows. Moreover, a value in column 1
only changes when a row becomes empty and higher rows fall down into the gap. Since
the initial values in column 1 form a strictly increasing sequence, this property is pre-
served throughout the algorithm. Thus, D is a dual immaculate tableau of content v.

Conversely, we now verify that every dual immaculate tableau D of content v
arises in exactly one way during the computation of U~!(v). Fix such a tableau D.
Let the strictly increasing sequence of values in column 1 of D be a1 < ag < --- < ag,
where a; = 1, and let M be the maximum value in D. Because rows of D weakly
increase, any occurrence in D of a value i < a; must occur in one of the first j
rows. Consider how we could produce D from the filled diagram of v during the
computation of U~!. The first step (acting by Uy 1) must terminate with as residing
in row 2, column 1, since none of the later U{l steps can displace the first entry in
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row 2. Similarly, the action by Us ! must terminate with as residing in row 3, column
1, and so on. This means that the box motions chosen in the U, ! step must be the
following: for ¢ = 2,3,...,as in this order, move the i’s from row 2 to their final
locations in D. Next, in the U3_1 step, we must act as follows: for i = as + 1,...,as,
move all the i’s from row 3 to their final locations in D. Continue similarly with
U[l, N U,;l. If M > ag, then we end with the following actions during the U,;_ll
step: for i = ap + 1,..., M, move all the ¢’s from row k + 1 to their final locations in
D. This procedure gives the unique sequence of choices leading from v to D. O

ExAMPLE 3.10. Given the dual immaculate tableau
5|5
314[5]
213
1[2]4]

of content v = [12223], Figure 1 shows the unique choice sequence that produces D
from the filled diagram for v. In Figure 1 the labels moving are in bold in each step.

D =

5[5]5] 5[5]5] 5[5]5]

Aldl oo [4l4] o [4]a] o v [5]5]5] i vt [B]5
313] —1[3]3] —|[3 —* [3]4 —" [3]4]5]
2[2 2 2[3 2[3 2[3
1] 1]2] 1]2 1]2]4] 1[2]4]

F1GURE 1. Illustration of the sequence of choices leading from v to D.

3.7. INTERPOLATING BASES FOR NSym AND QSym. Given a composition a €
Comp,,, with ¢ nonzero parts, let [a] denote the m-element list [aq, ..., ag,0,...,0],
which is a basis element of W. Theorem 3.9 translates into the following fact about
the immaculate Kostka matrix.

THEOREM 3.11. For all compositions 3 € Comp,,, U~([4]) = 2 aeComp,, Kla, B)[a].

Let NSym,, (resp. QSym,,) be the subspace of NSym (resp. QSym) consisting of
homogeneous elements of degree m. Also let W, be the subspace of W spanned by
the lists [a] with a € Comp,,,. We can identify the vector space W,,, with NSym,, by
identifying the list [] with the immaculate basis element &, for all « € Comp,,,. Then
U and U=, which map W, into itself, are identified with linear maps on NSym,,,.
Comparing Theorem 3.11 to the definition (3), we see that

(8) U ' (s)= Y  K(,8)8a=hg forall g€ Comp,,.
aeComp,,,
Thus, the Kostka operator U~ maps the G-basis of NSym to the h-basis, and the
inverse Kostka operator U maps the h-basis to the G-basis.
We have seen that the linear map U~! factors as U~! = Ut --- Uy 'U; !, where

each U ;1 maps W, into itself. Therefore, we obtain interpolating bases between the
h-basis and the &-basis of NSym,,, by defining

6y =[U7" - U;'U;")(6p) forall f € Comp,, and 1 <i < m.

Here Gg) = 63 and Ggm) = hg.

So far we have always considered vector spaces V and W spanned by lists of a
fixed length m (including trailing zero parts). These spaces naturally embed in the
corresponding spaces spanned by lists of length m +1 by appending a zero part to the
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end of each basis vector. The maps Ty, 41, Upt1, and their inverses act as the identity
on a list of length m + 1 ending with a zero part. In particular, the value of quantities
such as U(v), U~ Y(v), Uif1 e U{l(v), etc. remains stable if we append trailing zero
parts to v. By taking a suitable algebraic limit as m goes to infinity, we can extend our
entire discussion to spaces spanned by lists of infinite length that have only finitely
many nonzero parts. So for each positive integer i, we obtain a basis (GS)) of the
full space NSym = @m>0 NSym,,, where /8 ranges through all compositions. For all

g € Comp,,, and all N > m, we have GéN) = hg.

Inverting (8), we see that the matrix of the linear map U : NSym,, — NSym,,
relative to the immaculate basis (&3) of NSym,, is K1, where K is the immaculate
Kostka matrix. Therefore, the matrix of the dual linear map U* : QSym,,, — QSym,,,
relative to the dual basis (&) of QSym,, is the transpose of K~1. In other words,
recalling (4),

U (&)=Y, K 'a,B)8;=M, forallacComp,,
peComp,,

Thus the dual inverse Kostka operator U* maps the G*-basis of QSym,, to the M-
basis, while the dual of U ! maps the M-basis to the &*-basis. By applying U* or its
inverse in stages, we obtain interpolating bases between these two bases of QSym,,,.
As above, we can take a formal limit to get bases for the full space QSym, which are
dual to the bases (6;;)). Specifically, Gg)* = U} - U3U3(6}) for all compositions f3.

By adjusting the proof of Theorem 3.9 to stop the computation of U~! after U[l,

we can obtain a combinatorial expansion of G(ﬁl) in terms of the &-basis. Given a
composition ¢, let £(a)) = s be the number of positive parts of «. Given a composition
6 = (ﬁla v 7Bm) and JE [m]7 define ng = (ﬁla s 7ﬂj) and ﬂ>j = (ﬁj—‘—la v 7Bm)
Let K'(c, B<;) be the set of dual immaculate tableaux of shape a and content Sg;
such that every entry in the top row is j. Let o ® 35, be the composition consisting
of the parts of « followed by (841, -, Bm)-

THEOREM 3.12. For all compositions B with m parts and all positive integers 1,

m

(9) S = > K@B)Sat D I K(B<))Caus;-

acComp: acComp: j=1i

L) <i L(a)=1

Proof. Consider a typical object D generated when we start with the filled diagram
of [A], act by Uy *, U3_17 cey Ui_1 in this order, and then stop. If D has fewer than 4
rows of positive length, then (as in the proof of Theorem 3.9) D is a dual immaculate
tableau of content 8 and some shape « with ¢(«) < . Moreover, all such tableaux
arise exactly once in this computation. This accounts for the first sum in (9).

On the other hand, suppose D has at least i rows, and let j be the symbol in row g,
column 1 of D. Using the combinatorial description of the operators U, 1 one readily
sees that: i < j < m; the first ¢ rows of D form a dual immaculate tableau counted by
K'(a, B<;j) for some a with £(cv) = i; row i+ 1 of D must contain ;1 copies of j +1;
row i + 2 of D must contain ;4o copies of j 4 2; and so on. Thus the overall shape
of D is a e 3~ ;. Each diagram D satisfying these conditions (for some such « and j)
arises exactly once in the computation. This explains the second sum in (9). O

For instance, 6%21)2 = G212 + 632 + 641 + G5 by Theorem 3.12 or Example 3.8.

REMARK 3.13. Theorem 3.12 shows that each interpolating basis (Gg)) has a positive
integral expansion in the immaculate basis of NSym. By duality, the dual immaculate
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basis of QSym has a positive integral expansion in each basis (G(Bi)*). It would be
interesting to find (signed) combinatorial formulas for the expansions of (GE;)*) in
terms of other familiar bases of QSym such as the Young quasisymmetric Schur basis

or the fundamental basis.

4. TOURNAMENTS, DETERMINANTS, RECURSIONS, AND SPECIAL RIM
HooOK TABLEAUX

This section gives combinatorial models for the action of the inverse Kostka operators
T and U based on tournaments and related structures. This leads to several formulas
for the entries in the inverse of the immaculate Kostka matrix.

An m-player tournament is an m X m matrix 7 with entries in {0,1} such that
for all ¢ in [m], 7(¢,¢) = 0; and for all ¢ < j in [m], exactly one of 7(4,7) and 7(j,1)
is 1. Let T,, be the set of all m-player tournaments. Note that 7 € T,, is uniquely
determined by the values 7(7,j) with 1 <4 < j < m. The sign of a tournament 7 is
sgn(1) = ngKjgm(—l)T(i’j). Thus, sgn(7) is —1 if 7 has an odd number of 1s above
the diagonal, and +1 otherwise.

4.1. TOURNAMENT MODELS FOR INVERSE KOSTKA OPERATORS. Let us first con-
sider the action of the operator To =[], ¢, ;<,,,({ — R; ;) on the vector space Vo with
basis Z™. We can expand this product of operators using the generalized distributive
law. For each factor I — R; j, we choose either I or —R; ;, multiply together the chosen
factors, and add all the results. We can use a tournament 7 € T,, to record all the
choices made. Specifically, for each i < j in [m], we let 7(4, j) = 0 if we pick I from the
factor I—R; ;, and we let 7(4, j) = 1 if we pick —R; ; from this factor. We conclude that

TO = H(I — RiJ) = Z Sgn(T) H RiJ'

i<j 7€Tm i<j:
7(i,5)=1
For fixed 7 € T,,, the term in this sum indexed by 7 sends a list [a1,...,ay] in Z™
to sgn(7)[b1,...,bm], where
m k—1
(10) be=ar+ Y 7(kj)—> 7(i,k) for 1<k<m.
Jj=k+1 i=1

This holds since position £ initially contains ay, each R;; with i = k increments
position k, and each R;; with j = %k decrements position k. Identifying each list
[c1,-..,cm] With e, ---he,, € Sym, we obtain the tournament model for the inverse
Kostka matrix mentioned at the end of §1.1.

Turning to the space V, the inverse Kostka operator 7' acts on nonnegative lists

v =[ai,...,an,] €V by a similar formula. Note first that
m j—1 m
(11) T=> JITICR) = > sea(m [ T[] Ris-
T7€ET,, j=21=1 TET,, Jj=2 i<yJ:

7(i,5)=1

We claim that we can find T'(v) in V' by computing Ty (v) in Vy (using formula (10))
and then discarding any output lists that have negative entries. This claim holds
because of the order in which we apply the R; ; operators in (11). The key point is
that if a list entry becomes negative after applying some of the operators encoded
by 7, then that entry must remain negative after applying all the operators encoded
by 7. Thus, a list that is sent to zero at some intermediate stage (working in V') must
also be sent to zero if we work in V{, and only discard lists with negative entries at
the very end.
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Finally, we can describe how the inverse Kostka operator U = P o (T|w) acts on
the space W. We use the same formula (11) given for T' (applied to basis vectors
[a1,...,am] € W), but at the end we must apply P by packing all the output lists.

EXAMPLE 4.1. The following table computes T'([3, 1, 3]) using tournaments. To visual-
ize (10), we enter a; = 3, as = 1, az = 3 along the main diagonal of each tournament
matrix 7 € T3. To find the output term =+[b1, ba, bs] corresponding to 7 via (10), we
start with each diagonal entry a; and compute by by adding the 1s to the right of ay
in row k and subtracting the 1s above aj in column k.

300] [300] [301] [301] [310] [310] [311] [311
110 [111]| [110] [111] |o10]| |011]| |010O]| |O11
113] [103]| [013] |003] |113| [103] |013]| 003
+[313] —[322] —[412] +[421] —[403] [412] +[502] —[511]

Packing these outputs and noting the cancellation of +[412], we get U([3,1, 3])
[313] — [322] + [421] — [430] + [520] — [511].

Let the difference wvector of a tournament 7 € T, be the list A(r) =
[61(7), -, 0m(7)], where 6(7) = 32,04 7(k,j) — >, 7(4, k). For each k € [m],
the outdegree of k in T is di(7) = Z;nzl 7(k, 7). Since 7(i, k) = 1 —7(k,1) for all i < k
in [m], we see that

(12) Gu(r)= > 7tk j)+ D (—1+7(k,j)) = dp(r) — (k — 1) for all k € [m)].

J >k jii<k
For lists of integers v = [a1, ..., an] and w = [by,...,by], let vOwW = [a;+b1, ..., am+
bm] (which is not the same as the formal linear combination v+ w in Vp). Our results
so far can be summarized as follows.

PROPOSITION 4.2. For all basis vectors v € V and w € W,

(13)  T()= Y sen(r)(v@®A(r)) and Uw)= Y sgn(r)P(we A(r)).

TETH, TET

Now suppose f is a (strict) composition of n with m parts. We know from The-
orem 3.11 that U([8]) = >, K '(a,B)[a]. It suffices to sum over compositions a
of n with at most m parts, as is readily checked. For any such composition «, let
T, (c, ) be the set of 7 € T, such that P([8] ® A(7)) = [a]. We deduce the fol-
lowing combinatorial formula for the entries of the inverse of the immaculate Kostka
matrix.

THEOREM 4.3. For all compositions o and S where 5 has m parts,

K (e, B) = Z sgn(T).

TE€Tm (a,B)

For instance, Example 4.1 provides the entire column of ~! indexed by 8 =
[3,1,3]. Specifically, the entries in rows 313, 421, and 520 of this column are +1, the
entries in rows 322, 430, and 511 of this column are —1, and all other entries in this
column are 0.

4.2. TRANSITIVE TOURNAMENTS AND THE JACOBI-TRUDI FORMULA. A tourna-
ment 7 € T, is called transitive iff for all i, 5,k € [m], 7(i,j) = 1 and 7(j,k) = 1
imply 7(i, k) = 1. It is well-known (see, for instance, Theorem 12.64 in [11]) that 7 is
transitive iff the list of outdegrees di(7), ..., d,(7) is a permutation of 0,1,...,m—1.
Let TT,, be the set of transitive tournaments in T,,.
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THEOREM 4.4. Formula (13) and Theorem 4.3 remain valid if we sum over transitive
tournaments in T,, and T,,(«, ), respectively.

Proof. Tt suffices to define an involution I on T,, such that for all transitive 7 € T,,,
I(r) = 7; and for all non-transitive 7 € T,,, sgn(I(7)) = —sgn(7) and A(r) =
A(I(7)). Fix a non-transitive 7 € T,,, so that not all outdegrees in 7 are distinct.
Choose the minimum 7 and then the minimum s > r such that d.(7) = ds(7).
Define 7/ = I(7) by interchanging the roles of r and s in 7. In more detail, writing
r'=s,8 =r, and k' = k for all k # r,s in [m], we define 7/(i’, ') = 7(i, ) for all
i,j € [m]. Since d,.(7) = ds(7), the list of outdegrees for 7/ is the same as the list
for 7. This implies that 7/ is non-transitive and I(7') = 7. Moreover, A(1) = A(7)
follows from (12). It is routine to check that sgn(7’) = —sgn(r) (see [11, p. 548] for
details). O

ExXAMPLE 4.5. Cancellation may still occur in the formula

K Ma,p)= Y sen(n).

T7ETT,H, (057/6)

For example, KX~1(32,212) = 0 due to the cancellation of the first two transitive
tournaments shown below, while K~1(41,212) = 0 due to the cancellation of the next
two transitive tournaments shown. These cancellations are possible because of the
packing of output lists when computing U([212]) = [212] — [221]. To guarantee that
the formula for £~!(a, B) has no such cancellations, it is sufficient that 3; > j for
1< 7 <{(p). For in that case, no zero parts occur in the lists appearing in U([g]).

2107 [201 2117 211
010] [111 010] [011
112 (002 012] (002
—[302]  +[320] +[401]  —[410]

We now describe the close relation between transitive tournaments and permuta-
tions. Let S, be the set of permutations (bijections) w : [m] — [m]. We identify
w € Sy, with the word wy,ws, ..., w,,, which is a rearrangement of 1,2, ..., m. Recall
that the inversion count inv(w) is the number of i < j in [m] with w; > w;, and
sgn(w) = (—1)mvw),

LEMMA 4.6. There is a sign-preserving bijection W : TT,, — S, such that
W(r) =wi(7),...,wn(7) =di(T)+1,...,dn(T) +1

(the list of incremented outdegrees of 7). The inverse bijection W' : S,, — TT,, sends
W= Wy,..., Wy € Sy to T, where for all i,j € [m], 7(i,j) is 1 if w; > w; and 0
otherwise.

Proof. We see that W’ does map S, into the claimed codomain TT,, by definition
of transitive tournaments, while W does map TT,, into the codomain S,, by the
characterization of transitive tournaments in terms of outdegrees. Given w € S,,, let
7 =W'(w) € TT,,. We check that W (r) = w. For each i € [m], d;(1) = X7, 7(i, )
is the total number of symbols in w that are less than w;. Since w is a rearrangement
of 1,2,...,m, the number of such symbols must be w; — 1. Hence d;(7) + 1 = w; for
all 4, so W(7) = w. As w was arbitrary, W o W’ is the identity map on S,,. Since S,
and TT,, are both finite sets of size m!, we conclude that W’ is the two-sided inverse
of W. To finish, we check that sgn(7) = sgn(w). We compute

sgu(r) = (—1)2i<i09) = (1) X(wi>ws) — (1)) — gon(w), O
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We can now relate the tournament-based formulas for X~! to the noncommutative
Jacobi—Trudi formula. The next theorem provides the promised combinatorial proof
of the equivalence of the two definitions (4) and (6) for the immaculate basis (&) of
NSym.

THEOREM 4.7. For all compositions «, 3 where 3 has m parts, K~1(c, B) is the co-
efficient of h, in det | [Ng,+j—ilmxm (and hence this determinant does equal Gg as
defined in (4)).

Proof. Fix compositions «, 3 where 3 has m parts. Theorem 4.4 shows that X~ *(c, 3)
is the sum of sgn(r) over the transitive tournaments 7 € T,,(«, 8). For any transitive
m-player tournament 7, the following conditions are equivalent:

7 is in Ty, («, B).

P[] & A(7)) = [a].

Packing the list 81 + §1(7), B2 + 62(7), ..., Bm + 0m (7) yields [a].

Packing the list 51 +d; (7), Ba+da(7)—1, ..., B (T)+dm(7)—(m—1) yields [a].
Packing the list 81 +w1(7)—1, Bo+wa(7) =2, ..., B (T)+wp, (1) —m yields [«].
W (7) is a permutation w in Sy, such that

Nyt (1) 1,8 40(2) =2, A w(m)—m = Na-
Using this and the definition of the determinant in (6), we see that the sum of sgn(r)
over transitive 7 € T,,(a, 8) equals the sum of sgn(w) over all w € S,, that yield a
term h, when we expand det | [hg,+;—;]. Thus, K~!(a, 8) is indeed the net coefficient
of h, in this expansion. O

4.3. RECURSIVE COMPUTATION OF K~!. We can use Laplace expansions of the non-
commutative Jacobi—Trudi determinant to obtain recursions characterizing the entries
of K1, For any m x m matrix A, let A[i|j] be the matrix obtained by deleting row i
and column j of A. The most natural recursive expansions of a top-to-bottom deter-
minant proceed along row 1 or row m:
m m
det {[A] =) (=1)"A(L, j) det L [A[1[j] = D (=1)"* det L [A[m]|j]] A(m, ).
j=1 j=1
However, to ensure that the smaller subdeterminants are also Jacobi—Trudi determi-
nants, we need to consider an expansion of det ] [A] down column m, which is more
awkward to formulate.

For any list v € Z™, let A(v) be the m x m matrix with entries A(4,j) = hy,4+j—;
for i,7 € [m]. In this discussion, we do not replace the symbols hg by 1 or hy by 0
for k < 0. For any i € [m], let v be the list obtained by deleting the ith entry of v
and decrementing all subsequent entries. The key observation is that deleting row 4,
column m of A(v) produces the matrix A(v(*).

ExAMPLE 4.8. For v = (2,4, 1, 3),

ha h3 hy hs
hs hy hs he
h_; hg hy hy
hg h; hs hs

We have v(Y) = (3,0,2), v = (2,0,2), v® = (2,4,2), and v = (2,4,1). We see by
inspection that A(v)[i[4] = A(v®?) for i = 1,2,3,4.

A(v) =

Consider the defining formula (5) for det | [A(v)]. For fixed i € [m], we can
obtain the terms indexed by f € S,, with f(i{) = m as follows. First compute
det | [A(v)[i|m]] = det | [A(v?)] to obtain a sum of terms +h,,, where w € Z™ ! is a
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list of m — 1 integers. Adjust each such term by inserting v; +m — i into position i of
list w, and multiplying the sign by (—1)""™. Summing all the adjusted terms arising
from all ¢ € [m], we obtain det | [A(v)]. These ideas lead to the following recursive
technique for computing entries of IC~1.

THEOREM 4.9. For v,w € Z™, let D(w,v) be the coefficient of h,, when we expand
det | [A(v)]. Define v as above, and let wl” be the list w with its ith entry deleted.
(a) D(w,v) = x(w=wv) form=1, and
(14) D(w,v) = Z(—l)i+mD(w[i],v(i))X(wi =v,+m—14) form>1.
i=1

(b) For all compositions «, § where 5 has m parts,

(15) K ef)= > D8]

weZ™:

P(w)=[a]
Proof. (a) The formula for D(w,v) is true when m = 1, since det | [A(v)] = h,, in
that case. For m > 1, we obtain (14) by expanding det | [A(v)] along column m, as
described above. A term involving h,, arises in this expansion precisely when there
is an i such that det ] [A(v(*)] produces a term involving h, ;i and we insert w; into
wl as the new ith entry, modifying the sign coefficient by (—1)**™. Since the actual
value inserted is v; + m — ¢, we only get a contribution to D(w,v) for those i such
that w; = v; +m — 1.

(b) For compositions «, 3 where 3 has m parts, Theorem 4.7 states that X~ (a, 3)
is the coefficient of h,, in det| [A([3])], where now we do substitute hy = 1 and hy, =0
for k£ < 0. For lists w € Z™ without negative entries, this has the effect of replacing
each hy, by hp(,). The net coefficient of h, is the sum of the coefficients of h,, over
all w with P(w) = [a]. So formula (15) holds. O

4.4. SPECIAL RiM HOOK TABLEAUX. In the particular case where § is a partition
(meaning that the parts of § are weakly decreasing), we can give a formula for
K=(a, 8) involving special rim hook tableaux. We first review the analogous for-
mula, due to Egecioglu and Remmel [6], for the inverse of the original Kostka matrix.

Recall that we draw the Ferrers diagram of an integer partition p with the longest
row at the bottom. A special rim hook of length ¢ in the diagram of p is a sequence
of £ cells that starts in the leftmost column and moves right or down at each step.
The sign of a rim hook is +1 (resp. —1) if the rim hook occupies an odd (resp. even)
number of rows. Given partitions A and p, a special rim hook tableau (SRHT) of shape
w and type A is a decomposition of the diagram of  into a disjoint union of special rim
hooks such that the weakly decreasing rearrangement of the list of rim hook lengths
is A\. The sign of a SRHT is the product of the signs of its rim hooks. Egecioglu and
Remmel [6] proved that K—1(\, u) is the sum of the signs of all SRHT of shape y and
type A. For more details and an abacus-based proof of this formula, see [11, §10.16].

EXAMPLE 4.10. The diagram below shows all SRHT of shape u = (4,3, 3).

i i
M T T ] M
I |

oS RESLS NESLINE

The first three tableaux have sign +1 and types 433, 541, and 622, respectively.
The next three tableaux have sign —1 and types 442, 532, and 631, respectively. We
therefore obtain the six nonzero entries in column p of K=!. The same information
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can be found by taking the coefficients of hy in the (commutative) Jacobi-Trudi
expansion of the Schur function s433:

ha hs hg
5433 = det | ho hg hy | = hahzhs + hshghy + hehoho — hyhgho — hshahs — hehshy
h1 ha hs
= hy33 + hsa1 + heao — haao — hsza — heas.

To state our formula for X ~*(a, ) where p is a partition and « is a composition,
we introduce the notions of total content and content for special rim hook tableaux.
Let S be a SRHT of partition shape u = (i1, ..., ftm), where some parts at the end
might be zero. For 1 < i < m, let the special rim hook starting in row i have length
a; and end in row r;; if no rim hook starts in row i, let a; = 0 and r; = 7. The total
content of S is the rearrangement of the rim hook lengths aq,...,a,, produced as
follows. Start with the empty list; for i = 1,2,...,m, insert a; into position r; of the
current list. The content of S is the strict composition obtained by deleting all zero
parts from the total content of S.

EXAMPLE 4.11. The following diagram shows four SRHT of shape p = [3,3,3,3,2].

T T T |
| I__I " I__I | -
L |1 - -+ | L

] | : - 5 |
41 1 |

From left to right, these SRHT have total content [42530], [45302], [34511],
and [75200]. In more detail, the first SRHT has (a1,...,a5) = (2,4,0,3,5) and
(r1,...,r5) = (1,1,3,3,3). The total content algorithm builds the lists [2], [4,2],
[4,2,0], [4,2,3,0], and [4,2,5,3,0]. The examples show that we cannot compute the
content of an SRHT by scanning the boxes in the diagram in a predetermined order
and recording the lengths of the rim hooks as they are encountered.
Each SRHT shown above corresponds to a term in the noncommutative Jacobi—
Trudi determinant
hs hy hs he hy
hs hs hs hs hg
G3s3332 = det| | h1 ha hs hy hs
ho h1 ha hs hy
0 0 hghyhy
For example, the first SRHT corresponds to choosing hy from row 1, hy from row 2,
hs from row 3, hz from row 4, and hy = 1 from row 5. As we prove in the next theorem,
the total content of the SRHT agrees with the sequence of hy’s multiplied together
in top-to-bottom order. We remark in passing that using a left-to-right determinant
expansion would have led to a simpler content rule where we simply read the rim
hook lengths from bottom to top, but this alternate determinant does not equal &,
in general.

THEOREM 4.12. For all compositions  and partitions u, K= (o, p) is the sum of the
signs of all special rim hook tableaux of shape p and content .

Proof. For all lists v,w € Z™ such that v is weakly decreasing, let C(w,v) be the
sum of the signs of all SRHT of shape v and total content w. (This is zero if v or w
has a negative entry.) We first prove that C(w,v) = D(w,v) for all such lists v, w. It
suffices to check that the quantities C(w, v) satisfy the recursion and initial condition
in Theorem 4.9(a). Note here that if v € Z™ is weakly decreasing, then all the related
lists v(*) appearing in (14) are also weakly decreasing.

Algebraic Combinatorics, Vol. 4 #6 (2021) 1138



Combinatorics of the immaculate inverse Kostka matriz

When m = 1, the initial condition C'(w,v) = x(w = v) holds because there is
exactly one SRHT of shape (v1), which consists of a single positive rim hook of length
v1. Now suppose m > 1, and fix v,w € Z™ with v weakly decreasing. Consider a
particular SRHT S counted by C(w,v). Let the special rim hook starting in row m
of S end in row i. This rim hook has sign (—1)™~* = (—1)"*™. Deleting this rim
hook and the cells it occupies, we obtain a smaller SRHT S’ such that sgn(S) =
(—1)"*™ sgn(S’). One readily checks that since S has shape v, S” has shape v(?). Also
since S has total content w, S’ has total content wl!. Finally, w; is the length of
the deleted rim hook, which is v; + m — i since this rim hook starts in column 1
of row m and ends in column v; of row i. Conversely, by adding a rim hook of this
form above a smaller SRHT, we see that every S counted by C(w,v) arises in this
way from a unique choice of ¢ with w; = v; + m — i and a unique S’ counted by
C(wlv™). Thus, recursion (14) holds with D replaced by C. It follows by induction
that C(w,v) = D(w,v) for all v,w € Z™ such that v is weakly decreasing.

Now for all compositions « and partitions p where p has m parts, Theorem 4.9(b)
says

KMoy = Y Clw,[u).
weZ™:
P(w)=[a]
Each SRHT of total content w has content P(w) (with trailing zeros deleted). So this
expression for K~ (a, p) reduces to the sum of the signs of all SRHT of shape u and
content «, as needed. O

REMARK 4.13. In contrast to the situation for partition diagrams, we have found no
satisfactory way of decomposing composition diagrams into rim hooks to give com-
binatorial objects satisfying the recursion in Theorem 4.9. Starting with the diagram
of § € Comp,,, one would have to remove 3; +m — ¢ cells (for some 4) in a way that
leaves the diagram of 3("). Various methods for drawing the diagram or removing
these cells all seem to produce substructures consisting of diagrams and/or rim hooks
that are disconnected.

5. t-ANALOGUES

The original Kostka matrix (§1.1) has a t-analogue that gives the expansion of Schur
symmetric functions in terms of the Hall-Littlewood symmetric polynomials P, [14,
Ch. ITI). Lascoux and Schiitzenberger [10] found a combinatorial formula for the entries
of this matrix based on the charge statistic. Specifically, the t-analogue of the Kostka
number K(, p) is the sum of t18°(%) gver all semistandard tableaux S of shape A
and content u. For more details on charge, see [14, II1.6] or [12, §3.3]. Carbonara [5]
found a combinatorial formula for the inverse of the t-Kostka matrix as a sum over
certain tournaments weighted by an appropriate power of ¢. See [12, §3.4] for a brief
summary of this formula.

In this section, we develop t-analogues of the inverse Kostka operators, the im-
maculate Kostka matrix, the inverse of the immaculate Kostka matrix, and related
concepts. The basic idea is to replace each raising operator R; ; by tR; ;, where t is a
formal variable, and trace the powers of ¢ through all the combinatorial constructions.

5.1. t-ANALOGUES OF INVERSE KOSTKA OPERATORS. Fix a positive integer m. We
use the vector space V' and its subspace W from §2. For 2 < j < m, define [T}, : V —
V by [Tj]; = [T/Z{ (I — tR; ;). Define [U;]; : W — W by [U;]; = P o [T}];|w. Define
the t-inverse Kostka operators [T], = [[;L,[T}]; and [U]; = P o [T];|w. The rules for
how these operators act on generalized composition diagrams are the same as before.
The only new ingredient is that whenever a box moves into a lower row due to the
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application of a raising operator, the coefficient of the resulting object is multiplied
by t. However, when boxes fall into a row due to application of P, no new t-factors
are introduced.

The inverse of [T}]; is given by formula (7) with the power ¢¢-1*+te2Fe1 jngerted
inside the sums on the right side. Theorem 3.3 holds for the t-analogues of U; and U J’-,
with the same proof. We need only observe that the involution preserves the t-power
(since changing the sign of a moved j does not affect how many boxes are moved
by a raising operator), and the fixed point w is not multiplied by any ¢’s. Similarly,
Lemma 3.7 is still true for the ¢-analogues, so that [U], = [[_,[Uj]:-

EXAMPLE 5.1. In Example 3.1, [Us];([14231]) = [14231]—t[24131]—¢[15131]+t3[25310].
In Example 3.2, [Us]; 1 ([1121]) = [1121] + ¢[2210] + 2[3110] + ¢3[4100] + ¢4[5000]. In
Example 3.4, the seven positive diagrams shown have t-weights 1, ¢, 2, t2, ¢, t2, t2
(respectively). The six negative diagrams have the same t-weights as their matches
under the involution.

REMARK 5.2. In important recent work [3, 4], Blasiak, Morse, Pun, and Summers
obtain detailed information about the k-Schur symmetric functions by applying cer-
tain products of ¢-raising operators to Schur functions, creation operators, etc. These
products are indexed by root ideals (or their complements) in the poset {(i,j) : 1 <
1 < j < m}. It would be interesting to see if their ideas carry over to give new bases
or other combinatorial information about NSym and QSym.

5.2. t~-ANALOGUE OF THE IMMACULATE KOSTKA MATRIX. The tableau description
of the Kostka operator T~! : V. — V (§3.4) has the following t-analogue. Given a
basis vector v = [ay,...,a,] € V, [T]; *(v) is a t-weighted sum of all filled diagrams D
satisfying conditions (a), (b), (¢) in Theorem 3.6. The power of t for a given diagram
D is the number of times an entry j in D appears below row j. This holds since the
only way a j initially in row j can move to a lower row is when it is moved there by
a raising operator tR; ;.

The t-analogue of the Kostka operator U~! : W — W is more interesting since the
action of P (the falling operation) does not introduce new t’s. In this case, we know
(§3.6) that U~1(v) is the formal sum of the shapes of all dual immaculate tableaux
with content v. Given such a tableau D with values a; < as < -+ < aj in column 1,
we find the t-power of D as follows. For 1 < ¢ < k, count the number of occurrences
of a; in D below row i. Add to these counts the number of occurrences of symbols j
in D such that there is no j in column 1 of D. Denote the total count by wt(D).

EXAMPLE 5.3. We compute the weight of the tableau D shown here:

5
4]5]
3l
2[4]

Note that the first column contains 1 < 2 < 3 < 5, so the labels in bold in the
diagram each contribute to the weight of D. Additionally, since there is no 4 in the
first column of D, the two 4’s in the diagram each contribute to the weight of D.
Thus, wt(D) = 5. This corresponds to the 5 raising operators used in Figure 1 to
convert the filled diagram of v = [1,2,2,2,3] to D.

THEOREM 5.4. For all basis vectors v of W, [U];*(v) = 3, t"*P) sh(D), where we
sum over all dual immaculate tableaux D of content v.

D =

Nt

Proof. Let D be a dual immaculate tableau with content v, maximum entry M, and
first column a; < as < -+ < ag. It suffices to show that wt(D) is the number of times
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a raising operator was applied in the passage from the initial filled diagram of v to D.
This process was described in the proof of Theorem 3.9 in §3.6. First, a; = 1, and all
occurrences of 1 in D are in row 1, so the 1s in D contribute nothing to wt(D). Second,
when the t-version of U;l acts, every occurrence of every symbol in {2,3,...,a9 — 1}
is moved by a raising operator from row 2 to row 1. Also, any occurrences of as below
row 2 must arrive there by a raising operator. Third, when the t-version of Uy L acts,
every occurrence of every symbol in {as+1,...,a3—1} is moved by a raising operator
from row 3 to lower rows. Also, any occurrences of ag below row 3 must arrive there
by a raising operator. We continue similarly. If M > ay, then at the end the t-version
of Ukjrll moves all occurrences of ay + 1, then ax + 2,..., M from row k + 1 to lower
rows via raising operators. We see from this description that wt(D) does indeed count
the total number of raising operators applied to reach D. O

EXAMPLE 5.5. The tableaux arising from the computation of U~1([2,1,2]) in Exam-
ple 3.8 are shown below, along with their ¢-weights.

3[3] . - 3 [3]

2 3[3 2[3 3 2 2[3] [2 2[3[3]

1] [afaf2] [a]a]3] [a]a]2]3] [1]1]3]3] [1]1] [1]1]3] [1]1 [1]1]2]3]3]
tO tl t2 t2 t2 tl tl t2 t3

Thus, [U]; 1([2,1,2]) = [212]+ (t2+1)[320] +2t2[410] +¢[221] +¢[311] +¢2[230] +¢3[500].

We now define a t-analogue of the immaculate Kostka matriz. For any compositions
a, B, let K(a, B;t) = 3., tVP) | where we sum over all dual immaculate tableaux of
shape a and content (. Using this matrix and its inverse in (3) and (4), we obtain
t-analogues of the immaculate basis of NSym and the dual immaculate basis of QSym:

Gp(t)=> K ' a,Bit)ha;  &4(t) =Y K(a,B;t)Mp.
= 8

We can also define t-analogues of the interpolating bases from §3.7. In fact, by us-
ing a different formal variable t; for each operator U;, we could obtain multivariate
analogues for these bases and the associated transition matrices.

5.3. -~ANALOGUE OF THE INVERSE IMMACULATE KOSTKA MATRIX. Formula (11)
expresses the operator 7" as a sum over tournaments 7 € T,, of certain products
of raising operators. We obtain the analogous formula for [T]; by replacing each
R; ; in (11) by tR; ;. The total power of ¢ in the term indexed by 7 € T,, is then
WH(T) = D1 <icjcm T(4: §). We obtain t-analogues of other formulas in §4.1 by replac-
ing sgn(7) by sgn(7) wt(7). In particular, we deduce from Theorem 4.3 the following
combinatorial formula for the entries in the inverse of the immaculate ¢t-Kostka matrix.

THEOREM 5.6. For all compositions «, 5 where 8 has m parts,

K (e, B;t) = Z sgn(7) wt(7).

TETm (e, 3)

However, unlike the ¢ = 1 case, we cannot replace the sum in Theorem 5.6 by a sum
over transitive tournaments. This is because the involution in the proof of Theorem 4.4
does not preserve the t-power, in general, as seen in the example below. Consequently,
there is no t-analogue of the noncommutative determinant formula from Theorem 4.7
or the special rim hook tableau formula from Theorem 4.12. Although the tournament
model involves more objects than these other models, we need tournaments to make
the t-analogue work.
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EXAMPLE 5.7. From the tournaments in Example 4.1, we compute all entries in col-
umn [3,1, 3] of the t-analogue of X~!: row 313 has 1, row 322 has —t, row 412 has
t? —t, row 421 has t?, row 43 has —t, row 52 has t2, row 511 has —t3, and all other
entries in this column are zero. The tournaments contributing to X~1(412,313;t) are
the two non-transitive tournaments in T3, and we see that the t-powers of these two
tournaments are unequal.
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