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1. Introduction

Consider the Levi (block diagonal) subgroup GL(n) C GL(n, C)

GL(p) = [ | GL(;, ©)

i=1

where n = (1, n2, ..., 1) i a sequence of positive integers summing to n. Define the
Littlewood—Richardson (LR) coefficient to be the multiplicity

LR’ = dim Homgy, (Resggg;;; ViV ® Vg, @ - ® VR,)

where V; is the irreducible GL(n, C) module of highest weight A and Vy, is the irreducible
GL(n;, C)-module of highest weight R;. There is a well-known set LRT (A; R) of Young
tableaux (which shall be referred to as LR tableaux) whose cardinality is the above coefficient
LR} [22].

In [41] one of the authors and J. Weyman began the combinatorial study of a family
of polynomials K;.z(g) which are g-analogues of the LR coefficients LR}, and are by
definition the Poincaré polynomials of isotypic components of Euler characteristics of
certain C[gl, ]-modules supported in nilpotent conjugacy class closures. The polynomials
K. r(q) were conjecturally described as the generating function over catabolizable tableaux
with the charge statistic, giving a simultaneous generalization of two formulas of Lascoux



28 KIRILLOV AND SHIMOZONO

and Schiitzenberger for the Kostka—Foulkes polynomials [19, 23]. The Kostka—Foulkes
polynomials occur as special cases in two different ways, namely, when each partition R; is
a single row, or each is a single column. When p has two columns, the Macdonald—Kostka
polynomial K, , (g, t) has a nice formula in terms of the polynomials K.z (g) where each
partition R; has size at most 2 [7, 40].

Our point of departure is the observation that when each R; is a rectangular partition,
the polynomial K;.gx(q) seems to coincide with another g-analogue of the appropriate
LR coefficients, given by the set RC(X; R) of rigged configurations [18]. One of the au-
thors had already given a bijection Wg : LRT(A; R) — RC(X; R) [10]. The latter set is
endowed with a natural statistic RC(X; R) — N. An obvious problem is to give a direct
description of the statistic on LRT(A; R) that is obtained by pulling back the statistic on
RC(X; R) via the bijection Wg. We offer two conjectures for this statistic, which gener-
alize the formulas for the charge statistic given by Donin [5] and Lascoux, Leclerc, and
Thibon [20].

Like the LR coefficients of which they are g-analogues, the polynomials K. (q) satisfy
symmetry and monotonicity properties that extend those satisfied by the Kostka—Foulkes
polynomials [41]. Indeed, some of these symmetries only appear after generalizing from
the Kostka—Foulkes case to the rectangular LR case. We give bijections and injections that
exhibit these properties combinatorially, for each of the three kinds of objects (LR tableaux,
catabolizable tableaux, and rigged configurations). In particular, the monotonicity prop-
erty is exhibited by functorial statistic-preserving embeddings of families of LR tableaux,
generalizing the theory of the cyclage due to Lascoux and Schiitzenberger [19, 25].

There is another g-analogue of LR coefficients introduced by Lascoux, Leclerc, and
Thibon [15, 20]. These polynomials arise in a completely different manner, namely, as
coefficient polynomials in a generating function over ribbon tableaux. We conjecture that
the polynomials K. r(g) coincide with theirs.

The paper is organized as follows. Section 2 recalls the definition of the polynomial
K;.r(g) and its symmetry and monotonicity properties. Sections 3 through 5 give the
three conjectured combinatorial descriptions for the polynomials K.z (g). Section 6 gives
(conjecturally statistic-preserving) bijections Wy from LR tableaux to rigged configurations
and Wyows(r) from rigged configurations to catabolizable tableaux. For each of these kinds
of objects Sections 7 through 10 give bijections and injections that reflect the symmetry
and monotonicity properties of the polynomials K. (g). These maps were defined so that
they are intertwined by the maps Wz and Wyows(r).

1.1. Update

The original version of this manuscript was submitted for publication in 1998. Three years
passed before it was refereed. During that time many of the conjectures became theorems.
The text is unchanged except for corrections and minor points of exposition. In this section
we shall indicate which conjectures have been proven, and where the proofs may be found.

There are several areas where the so-called generalized Kostka polynomials have arisen
(see the survey paper [12]). We give names to the polynomials which are naturally defined
in these various contexts.



A GENERALIZATION OF THE KOSTKA-FOULKES POLYNOMIALS 29

1. Twisted modules supported on the nullcone [37, 38, 41]. K,.r(g) (defined in (2.2))
is the graded Euler characteristic character of such a module. In [41] the notion of a
catabolizable tableau is introduced, and CT.g(q) is defined in (5.1) as the generating
function of such tableaux by the charge statistic.

2. Cyclage theory of Littlewood—Richardson tableaux, developed independently in 1998
by Schilling and Warnaar [35] and the second author [37, 38]. LRT.r(gq) is defined
in (4.3) as the generating function of Littlewood—Richardson tableaux, except that the
statistic (7.1) should used instead of (4.2).

3. Affine crystal theory [35, 39]. Here we shall denote by X, r(g) the classically restricted
one-dimensional sum, defined, for example, in [35, Def. 3.8].

4. Multiplicities of Bethe vectors [16, 18, 35]. RC;.r(q) is defined in (3.4) as the generating
function over rigged configurations. See also the survey article [13].

5. Parabolic affine Kazhdan—Lusztig polynomials [20, 26]. We shall denote these by ¢ (¢);

it is denoted K 5\’:\) (¢) in Section 2.10, where p and A are determined by R.

K =LRT is proved in [37, Thm. 10]. Up to the (unproven) equality of the two charge,
statistics (4.2) and (7.1), this is Conjecture 7. LRT = X is proved in [35, Cor. 5.2] and [39].
LRT = RC follows from [16, Def.-Prop. 4.1, Thm. 9.1]. The equality LRT = CT is proved in
the case that each rectangle is contained in the previous one, by [38, Thms. 4, 10]; perhaps
the closest result to proving this equality is [38, Thm. 21]. The equality LRT = ¢ (Conjecture
5) is the most important conjecture in this paper that remains open.

We now proceed through the rest of the conjectures in order. Conjectures 2 and 3 (for
LRT) follow from [35, Thm. 7.1] and [38, Thm. 30]. Conjecture 4 is true for K using an
easy geometric argument; see the discussion of [38, Thm. 2]. For LRT it is an interesting
combinatorial problem, settled by [35, (6.11)] and [38, Thm. 4]. Conjecture 6 follows from
K =LRT =RC. Conjecture 8 is known when LRT = CT is (see the previous paragraph).
We believe Conjecture 8 holds for any dominant sequence of partitions R, not only for
rectangles. Conjecture 9 is [16, Thm. 9.1]. Conjecture 10 is equivalent to Conjecture 8§ in
light of Conjecture 18, which is proved in [16, Thm. 8.3]. Conjecture 11 is [16, Lemma 8.5].
Conjecture 12 is [16, Thm. 5.6]. Conjecture 13 follows from [38, Thm. 4] and Conjecture
18, except for the statement about catabolizable tableaux. Conjecture 14 is [30, Thm. 5.7].
Conjecture 15 can be shown to hold using the results of [38] in the case that each rectangle
is contained in the previous one. Conjecture 16 is [16, Thm. 7.1]. Conjecture 17 follows
from results in [38, Sec. 3].

2. Definition and properties of K;z(q)

The material in this section essentially follows [41].

2.1. Generating function definition

Letn = (n1, m, ..., n;) beasequence of positive integers thatsumton,y = (y1, ¥2, - -+, ¥n)
an integral weight (that is, y € Z"), and Roots,, the set of ordered pairs (i, j) such that
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1<i<n+m+---+n < j<nforsomer.Let X, be the symmetric group on the set

A, [a, b] the closed interval of integers i witha <i < b, [n]=[1,n],x = (x1,x2,...,x,)a
sequence of variables, x” = x{"'x3" - x}",and p=(n — 1,n =2, ..., 1, 0). The symmetric

group X, acts on polynomials in x by permuting variables. Define the operators J and
by

J(f)y =Y (=D wE’f)

wEE[n]

wf =JMI)

J (1) is the Vandermonde determinant. For the dominant (weakly decreasing) integral weight
A=A = Ay > --- > A,), the character s, (x) of V; is given by the Laurent polynomial

5. (x) =mxt.

When A is a partition (that is, A, > 0), s; is the Schur polynomial.
Let B,(x; q), H, ,(q), and K, ,, ,(q) be the formal power series defined by

1
B,(x;q) = - -
(i,j)le;[ootsn 1 —gxi/x;
H, ,(x; q) = 7w (x" B,(x; q))
=Y 5. ()K;y.0(), 2.1)
A

where X runs over the dominant integral weights in Z". Ostensibly given by power series,
the K, , . ,(q) are in fact polynomials with integer coefficients [41].

Let R be the sequence (R;, Ry, ..., R;) with R; € Z" a dominant integral weight for all
i,and y (R) € Z" the weight obtained by concatenating the parts of the R; in order. Define

Ky:r(q) = Ky yr).n(@). (2.2)
It is known [41] that
K;.r(1) = LR}. (2.3)

From now on it is assumed that A is a partition and each R; is a rectangular partition
having n; rows and w; columns.

2.2.  Special cases

Let X be a partition.

1. Let R; be the single row (u;) for all i, where w is a partition of length at most n. Then

Ky.r(q) = K5, u(q),
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the Kostka—Foulkes polynomial. For a definition of the Kostka—Foulkes polynomials (as
well as the cocharge and Macdonald—Kostka versions mentioned below) see [27].
2. Let R; be the single column (1) for all i. Then

K;.r(q) = K+ (q),

the cocharge Kostka—Foulkes polynomial, where A’ is the transpose or conjugate of
the partition A and 5™ is the partition obtained by sorting the parts of 7 into weakly
decreasing order.

3. Letk be a positive integer and R; the rectangle with k columns and »; rows. Then K. g (g)
is the Poincaré polynomial of the isotypic component of the irreducible GL(n)-module
of highest weight (A; —k, A, —k, ..., A, —k) in the coordinate ring of the Zariski closure
of the nilpotent conjugacy class whose Jordan form has diagonal block sizes given by
the transpose of the partition n*. In the case u = (1") these are Kostant’s generalized
exponents in type A.

4. Let A be a partition of n and p a two-column partition. In this case J. Stembridge [40]
gave an explicit formula for the Macdonald—Kostka polynomials, which has the form

4 r
K}»,(Z’,l"’z’)(q7 [) = qu[ki| Mf—k([)
k=0 4

where the M f_ . (1) are members of a family of polynomials M¢ (¢) that are defined by it-
erated degree—shifted differences of ordinary Kostka—Foulkes polynomials. S. Fishel [7]
gave a combinatorial description of the polynomials M,‘fl (t) in terms of rigged configura-
tions, using a variation of the original statistic of [18] on the set of rigged configurations
corresponding to standard tableaux. Using the original statistic but replacing standard
tableaux by tableaux corresponding to sequences of tiny rectangles of the form (2), (1,1),
and (1), we have

Mf_k(t) == K)\,((z)r—k’(l’ l)k,(])n—b) (t) (24)

The polynomials M (t) are defined by a recurrence that may be interpreted in terms
of minimal degenerations of nilpotent conjugacy class closures [14]. If the right hand
side of (2.4) is replaced by a conjecturally equivalent formulation involving rigged
configurations, the resulting formula is proven in Section 10.

2.3.  Defining recurrence

The polynomials K. (q) satisfy the following recurrence which generalizes Morris’ recur-
rence for the Kostka—Foulkes polynomials [29] and Weyman’s recurrence for the Poincaré
polynomials in case (3) above [43]. The polynomials K.z (g) are uniquely defined by the
initial condition

K. r)(q) = iR,
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and the recurrence

Kir(q) = Yoo =DM K, p@LRY ) (2.5)
T

WETn)/ By X Xy +1.0)
where w runs over the minimal length permutation in each coset in X, of the given Young
subgroup, a(w)Aand B(w) are the first n; and last n — 5, parts of the weight w™! (A + p) —
(R; 4+ p),and R = (Ry, R3, ..., R,). The w-th summand is understood to be zero if o (w)
has a negative part.

The case that R = (R, R;) is now calculated explicitly. Suppose @ > u,. It is easy to
show that for any A,

LRy &, €1{0.1}. (2.6)
Assuming this multiplicity is one, it follows from (2.5) that
K.k (9) = ¢ 2.7
where d is the number of cells in X strictly to the right of the p-th column.
Example 1 We give a running example. Letn =9, u = (3,2, 1), n = (2,4, 3). Let
R=1((3,3),(2,2,2,2),(1,1, 1)) Ar=(5,4,3,2,2,1,0,0,0)
Applying (2.5), all summands are zero except for the identity permutation. Using the LR

rule, it is not hard to see that the summand for 7 is zero unless t is one of the three partitions
(3,3,3,2),(3,3,2,2, 1), and (3, 2, 2, 2, 1, 1). Three applications of (2.7) yield

,,,,,,

=q¢’ (@’ +2¢° +q") = q¢° +2¢° + ¢*.
2.4.  Positivity

The sequence R is said to be dominant if y (R) is. The following positivity conjecture and
theorem are due to Broer.

Conjecture 1 ([2]) If R is dominant (but not necessarily a sequence of rectangles) then
K;;r(q) € Nlg].

Theorem 1 ([1]) Conjecture 1 holds when R is a sequence of rectangles.

Example 2 For A = (2, 2) and the non-dominant sequence of rectangles R = {(1), (3)},
Kyr(q) =q — 1.
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2.5. Cocharge normalization
Given a sequence of rectangles R, let r; ;(R) be the number of rectangles in R that contain

the cell (i, j), or equivalently, the number of indices a such that i, > i and n, > j. Define
the number

n(R) =Y <r"’f2(R)> 2.8)

@)
and the polynomial
Kiur(@) =q4"®Kir@™") 2.9)

When R consists of single-rowed shapes, the above assertion and both the two Kostka—
Foulkes special cases imply that

Ko@) =q""K (g™

where n(p) = > i ( 1*23' ). This coincides with the definition of the cocharge Kostka—Foulkes
polynomials.

Example 3 In our running example, the matrix (r; ;) is given by

3
3
(ri,j) = 5
1

—_— = NN
S O = =
oS O O O

with all other entries zero, so n(R) = 2(2) + 3(%) =9and ng;R(q) =g’ +2¢* + 4>

Here is another version of the positivity conjecture, which adds an observation about an
upper bound on the powers of ¢ that may occur.

Conjecture 2 For R dominant, K »r(q) € N[q].

2.6. Reordering symmetry

Theorem 2 ([41]) Suppose R and R’ are dominant sequences of rectangles that are
rearrangements of each other. Then K,.gr(q) = K,.r (q).

This property is not obvious since the reordering of the sequence of rectangles results in
a major change in the generating function H, ,(x; q).
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2.7.  Contragredient duality symmetry
Let rev(n)~denote the reverse of 1. Fix a positive inte~ger k such that k > A, and k > u; for
all i.~Let A =~(k — Ak —Ay_1,..., k=X and R; = ((k — u;)") for 1 <i < t. Note
that A (resp. R;) is obtained by the 180 degree rotation of the complement of the partition
A (resp. R;) inside the k x n rectangle (resp. k x n; rectangle). Then
Proposition 3 ([41]) For R dominant,

KA;R(C]) = K;;rev(ﬁ)(Q). (210)

Example 4 In our running example, take k = 5. Then we have

K(5,432,2,1,0,0,0),(3,3),2,2,2,2),(1,1,1) (@) = K(5,5.5.4.3,3,2,1,0),((4,4,4),(3,3,3,3),2.2) (q)-

2.8. Transpose symmetry
Let R’ be the sequence of rectangles obtained by transposing each of the rectangles in R.
Conjecture 3 Let R be dominant and R’ a dominant rearrangement of R’. Then

Kir (@) = Kur(@), (2.11)

where the left hand side is computed in GL(m) where m is the total number of columns in
the rectangles of R.

This property is mysterious; it is not obvious from the properties of the modules that
define the polynomials K.z (g).

Example 5 In the running example, A’ = (6, 5, 3,2, 1, 0) and

R'=(2,2,2), 4,9, 3)
R'=((44),03).(2.2,2)

Using (2.5) we have
K — 5t 4
(6.5.3.2,1,00.(4.4).3).2.220(@q) = ¢ + 29" + q°,

which agrees with the computation of K »:r(q) in Example 3.

2.9.  Monotonicity

Let a and 8 be sequences of nonnegative integers. Say that o > 8 if @™ > 8% in the domi-
nance partial order on partitions.
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Given a sequence of rectangles R, let T (R) be the partition whose parts consist of the
n; such that u; = k, sorted into decreasing order. In other words, 78(R) is the multiset of
heights of the rectangles in R that have exactly k columns. Say that R > R’ if 75 (R) > t¥(R)
for all k.

Conjecture 4 Suppose R and R’ are dominant with R > R’. Then K;.r(q) > Ki.r(q)
coefficientwise.

Example 6 Let R be as usual and R" = ((3), (3), (2, 2,2, 2), (1, 1, 1)). The sequence of
partitions ¥ (R) and t*(R’) are given by

T(R) =(3). 4, (2).0,...)
T(R)=((3),®, (1, D,0,..)

Now
Kir(q) =29 +4¢°+3¢° + ¢*
which dominates K.z (q) coefficientwise.

Suppose all of the rectangles have the same number of columns k, so that T/ is empty
for j # k. In this case Conjecture 4 may be verified as follows. For the partition u of n, let
A, be the coordinate ring of the closure of the nilpotent conjugacy class of matrices with
transpose Jordan type w. If v is another partition with > v, then restriction of functions
gives a natural epimorphism of graded GL(n)-modules A, — A . This special case includes
a monotonicity property of the cocharge Kostka polynomials:

Kio(q) > Kiulq) ifp>v. (2.12)

The first combinatorial proof of this fact was given in [19, 24, 25]. It uses two substan-
tial results. The first is the original interpretation [23] of the Kostka—Foulkes polynomial
K. . (g) as the generating function over the set 7' (A, w) of tableaux of shape A and content
w with the charge statistic. The second is a cocharge-preserving embedding of 7 (A, ©) into
T (X, v). An alternate proof of this fact is given in [3, 11]. Under the statistic-preserving
bijection in [18] that sends tableaux to rigged configurations, the image T (A, ) is easily
seen to be a subset in the image of T (A, v), yielding (2.12).

2.10. Generalized Kostka polynomials and ribbon tableaux

According to (2.3) and Conjecture 2, the generalized Kostka polynomials are g-analogues
of tensor product multiplicities. Another g-analogue of tensor product multiplicities was
introduced by A. Lascoux, B. Leclerc and J.-Y. Thibon [20] using the spin generating
functions for the set of p-ribbon tableaux. We refer the reader to [20, Sections 4 and 6] for
the definitions of the notions of a p-ribbon tableau 7', the spin s(7') of a p-ribbon tableau,
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and the “p-ribbon version” of the modified Hall-Littlewood polynomials Gif') (Xn; q). Let
A be the partition with empty p-core and p-quotient (Ry, R, ..., R,) (see [27, Chapter 1,
Example 8], for the definitions of the p-core and p-quotient of a partition A). By definition

GV Xugy= Y. ¢ PxmD,
T€Tab,(A,<n)

where the sum runs over the set Tab, (A, < n) of p-ribbon tableaux of shape A filled with
numbers not exceeding n, wt(T') is the weight or content of the ribbon tableau 7', and
§(T)= —s(T) +max{s(T) | T € Tab, (A, < n)} is the cospin of the p-ribbon tableau T,
cf. [20, (25)]. It is known [20, Theorem 6.1] that GE\P) (Xy; q) is a symmetric function.
Following [20], let us define polynomials K f\p,\) (g) via the decomposition

G (X ) =Y K5 (@)si(X,).
A
The p-quotient bijection of Littlewood, induces a weight-preserving bijection from p-ribbon
tableaux of shape A to p-tuples of tableaux of shapes Ry, R;, ..., R, [42], yielding the
equality

GV (Xui 1) = sg, (X)sry (Xn) - - 58, (X0)

Taking the coefficient of s; (X,,), it follows that G(A”) (X,; 1) is the multiplicity of the highest
weight s/(n)-module V; in the tensor product Vg, @ - ® Vg,.

Recall that a sequence of partitions R=(Ry, ..., R,) is called dominant, if for all
1 <i < p — 1, the last part of R; is at least as large as the first part of R; .

Conjecture 5 Let R = (Ry, ..., R,) be a dominant sequence of rectangular partitions,
and A the partition with empty p-core and p-quotient (Ry, ..., R,). Then

Ki.r(q) = ]%5\’1)(61)-
3. Rigged configurations

Rigged configurations are combinatorial objects that provide a new interpretation of the
Kostka—Foulkes polynomial [18]. However, this construction applies for arbitrary sequences
of rectangles, not just those consisting of all single-rowed rectangles. This section follows
[18].

Let A be a partition and R a sequence of rectangular partitions such that |A| = ), |R;|.
Let R; have n; rows and w; columns as usual. A configuration of type (A; R) is a sequence
of partitions v = (v', V2, ...) such that

k
|

W =Y "x = pwamax(y, — k. 0)
j>k a>1
==> A+ pamin(k, 1) 3.1

Jj<k a>1
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for each k > 1. Note that if kK > £()) and k > n, for all a, then vk is empty. We make the
convention that v° is the empty partition.

For a partition p, let Q,(p) = p| + p5 + - - + p}, be the number of cells in the first n
columns of p. The vacancy numbers of the configuration v of type (1; R) are defined by

Pen() = (") =20, (") + 0, () + )" min(uy, 1) 8, 4 (32)

a>1

for k,n > 1, where §; ; is the Kronecker delta. Say that a configuration v of type (A; R) is
admissible if Py ,(v) > Oforall k,n > 1.

Example 7 In the running example, there is a unique admissible configuration of type
(X; R), given by

v=((1),2 D, 2D, 2D, (1)

Below is the table Py ,(v) of vacancy numbers for k, n > 1 with k as row index and n as
column index.

S = O O = O O

1 1
0 1
11
0 0
1 1
11
0 0

A rigging L of an admissible configuration v of type (A; R) consists of an integer label
L* for each row v¥ of each of the partitions of v, such that:

1. 0 < Lf < P ye(v) foreveryk > land 1 <5 < £(v%).

2. If vf = v‘fﬂ, then Lf > L§+1.

Only some of the vacancy numbers Py, (v) appear as upper bounds for the labels L¥, namely,
those where n is a part of the partition v*. The second condition merely says that the labels
for a fixed partition vk and part size n, should be viewed as a multiset.

Example 8 To indicate the maximum rigging L.« of the configuration v, we replace
each part v} by its maximum label Py, (v), obtaining

Lmax = ((0), (0,0), (1, 1), (0,0), (0))
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So v has the four riggings

((0),(0,0), (0,0, (0,0), (0))  ((0),(0,0), (0, 1), (0, 0), (0))
((0), (0,0), (1,0),(0,0), (0))  ((0), (0,0), (1, 1), (0,0, (0))

A rigged configuration of type (A; R) is a pair (v, L) where v is an admissible configu-
ration of type (A; R) together with a rigging L. Let C(A; R) denote the set of admissible
configurations of type (A; R) and RC(X; R) the set of rigged configurations of type (1; R).

The first important property of rigged configurations is that they are enumerated by the
LR coefficient LR%,.

Theorem 4 ([18])
Pra(v) + m, (VF)
A . _ ;
LR, = |[RC(:; R)| = UeCX(;R) kl;[1 ( o (F)
where m,,(p) denotes the number of parts of the partition p of size n.

Rigged configurations are endowed with a natural statistic we call cocharge. Let (v, L) €
RC(A; R). Denote by oy, = (vk)fl the size of the n-th column of the k-th partition vk of v.
The cocharge of (v, L) is defined by

2(v%)
cocharge(v, L) = cocharge(v) + Z Z Llsc

k>1 s=1
- (3.3)
cocharge(v) = Z Qe (O — Cy1,0)
k,n>1
The g-binomial coefficient is defined by
<n> _U=g"U=¢g""H--d-¢""h
k/, (I=¢gHU =g (1-9q)
Define the polynomial RC;.g(q) by
RCA;R(Q) — Z qcocharge(v,L)
(v,L)ERC(*;R)
= Z qcocharge(v) l_[ (Pk,n(v) + Tn(vk)> . (3.4)
veC(iR) k=1 m (V°) p

Conjecture 6 For R dominant,

K;:x(q) = RCy.r(q) (3.5)
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Example 9 Let v be the sole member of RC(A; R) as above. We have

cocharge(v) = 1(1-2)4+22—-2)4+22-2)+22-1)+1(1 -0)
+00-D)+1d-D+11-D+1(1-0)
=(-14+24+D+(-14+1) =3,

so that RC;.g(q) = ¢>(1 + ¢)(1 + q), which agrees with ngk(q).

4. Littlewood—-Richardson tableaux

This section discusses a set LRT(1; R) of tableaux that has cardinality LR)}Q-

For the definitions of a (semistandard) tableau, skew tableau, and the (row-reading) word
of a tableau T (denoted here by word(T)), see [6]. We shall often identify a (skew) tableau
with its row-reading word. Let P(w) denote Schensted’s insertion tableau for the word
w [34]; it is the unique tableau of partition shape that is equivalent to w under Knuth’s
degree three relations [17]. A right factor of the word w is any word v such that w = uv
for some word u. Say that a word w is lattice if the content of every right factor of w is a
partition.

We now fix notation for the sequence of rectangles R. Let the intervals A, A», etc., be
given by dividing the interval [n] into successive subintervals of sizes 1, 1, etc. Let K; be
the rectangular tableau of shape R; whose j-th row consists of u; copies of the j-th largest
letter of the interval A; for 1 < j < ;.

Example 10 Let A = (5,4,3,2,2,1) and R = (Ry, Ry, R3) with Ry = (3,3), R, =
2,2,2,2)and Rz = (1,1, ). u=3,2,1),n = 2,4,3),y =(3,3,2,2,2,2,1, 1, 1),
A =1[1,2], A, =[3,6], A3 = [7,9].

—
—_
AN L b~ W

K, = K, K;

AN L b~ W

Say that a word v in the alphabet [n] is R-LR (short for R-Littlewood—Richardson)
if the restriction v|4, of v to the alphabet A;, is lattice in the alphabet A; for all i, or
equivalently, that P(v|4,) = K; for all i. Clearly an R-LR word must have content y (R).
Let LRT(X; R) be the set of R-LR words which are also tableaux of shape A. We call
these LR tableaux. Note that if each rectangle of R is a single row, then LRT(A; R) =

T, y).
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Example 11 LRT(A; R) consists of the following four tableaux.

111 3 3 111 3 3 1 11 3 7 1 11 3 7
2 2 2 4 2.2 27 2 2 2 4 2 2 2 8
4 5 7 4 4 8 3 58 3409
56 55 4 6 4 5
6 8 6 6 59 56
9 9 6 6
“4.1)
Let T be the first tableau. The skew tableaux T'| 4, are given below.
111 - - .. .3 3
2 2 2
S 4 5 . 7
Tlay = T|A2=5 6 Tlay =
6 8
9

We have word(7' | 4,) =222111, word(T | 4,) = 65645433, and word(T | 4,) =987, which are
lattice in their respective alphabets.

The classical Littlewood—Richardson rule [22] immediately yields the following result.
Proposition 5 |LRT(A; R)| = LR},

Next we define a statistic charge, on LR tableaux.

Let v be a word of partition content. Say that the sequence of words {v', v?, ...} is a
standard decomposition of v, if the v’ are standard words (words without repeated letters)
of weakly decreasing size and v is a shuffle of the words {v'}, that is, the v’ may be
simultaneously disjointly embedded in v and exhaust the letters of v.

Now let R be dominant, v an R-LR word, and {v'} a standard decomposition of v. Say
that {v'} is proper if v'| A, 18 either empty or the decreasing word consisting of the letters
of Aj, foralli and j. Assuming this holds, let u' be the reverse of the word obtained from
v’ by replacing each letter in A; by the letter j. Define

2

charge,(v) = min cocharge(u") 4.2)
gCr o Xl: g

where {v'} runs over the proper standard decompositions of v and {u'} is related to v’ as
above. Say that a proper standard decomposition of an R-LR word v is minimal if it attains
the minimum in the definition of charge, (v).
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1. When p is a partition and R; = (u;) for all i, the subalphabet A ; = {j}, so every standard
decomposition is proper and u' is the reverse of v’. But for standard words, the cocharge
of the reverse of a word equals the charge. So charge, is the usual charge statistic,
since Donin [5] asserts that the particular standard decomposition given by Lascoux and
Schiitzenberger [23] is always minimal.

2. When R; = (17) for all i, an R-LR word v is necessarily standard, so vl =v and by
definition charge (v) = cocharge(u')

Example 12 Let R=((2,2), (2,2,2),(2), (1)) so that u=(2,2,2,1) and n=(2, 3,
1, 1). The alphabets A; are given by [1, 2], [3, 5], [6, 6] and [7, 7]. Let A=(5,4, 2,1,
1,0, 0). We indicate part of the computation of charge, for the tableau 7" given below.

1 3 3 6
2 4 6
5

~
|
Y

We have word(T") =7.5.45.2246.11336. It turns out that charge z (word(7")) = 7. There are
at most 2° = 8 distinct proper standard decompositions of word(7') depending on choices
involving the letters 4, 5, and 6; the pairs of ones, twos, and threes occur side by side and
thus do not generate other proper decompositions. The unique minimal decomposition is
v! =7542613, v> = 524136. To see this, reversing these subwords gives (3162457, 631425).
Replacing each letter in A; by j we have the pair of words (u', u?) = (2131224, 321212).
To take the cocharge we act by automorphisms of conjugation to change them to partition
content, obtaining (2131124, 321211). Taking the cocharges of these words, we obtain
(3, 4) whose sum is 7. Let us now perform the same computation for the circular standard
decomposition of Lascoux and Schiitzenberger (which is always proper): v! =7524136
and v? =542613. We have u' =3212124 and u?> =213122. Acting by automorphisms of
conjugation to move to partition content, we have (3212114, 213112), whose cocharges are
(6, 2) whose sum is 8, which is not minimal.

It would be desirable to have an algorithm that computes a minimal standard decom-
position. The above example shows that the algorithm of Lascoux and Schiitzenberger for
selecting a standard decomposition in the computation of charge, does not work for charge .

For R dominant, define

LRTyr(g) = Y. g™, (4.3)
TeLRT(A;R)

Conjecture 7 For R dominant,

K;.r(q) = LRT;.r(q).
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5. Catabolizable tableaux

We recall from [41] the notion of an R-catabolizable tableau. Recall the subintervals A;
and the canonical rectangular tableaux K; from Section 4. Let S be a tableau of partition
shape. Suppose that S|4, = K. Let S, be the first n; rows of the skew tableau S — K and
let S_ be the remainder. Define the (row) R;-catabolism Catg, (S) of S to be the tableau
P(S4+S-). Say that S is R-catabolizable if S|4, = K and Catg, (S) is R-catabolizable in the
alphabet [, + 1, n] = [n] — Ay, where R = (R2, R3, ...). The empty tableau is considered
to be the unique catabolizable tableau for the empty sequence of rectangles. Note that an
R-catabolizable tableau must have content y (R).
Denote by CT'(X; R) the set of R-catabolizable tableaux of shape A.

Example 13 Recall the tableaux K|, K,, and K3 from Example 10. Here are the four
tableaux that comprise the set CT(A; R).

6 6 6
7

AN W

5
6

~N o -
(e < SR
o o=

1
2
8

O N B W N =
0 A~ W N =
O L B W N =
whn A W N =
AN N kWD =
O H~ W N =
(=) LY T O S R
wnm A W N =

Let S be the first of these tableaux. The following calculation shows that § is R-
catabolizable.

1 1 5 6 5 6 3 3 7
2 2 6 4 4
3 37 3 37 5 8
S = S—K; = S.S_ =
4 4 4 4 9
5 8 5 8 5 6
9 9
3 3 7
4 4
CatR] (S) = 5 5 CatR2CatRlS =8 CatR3CatR2CatRlS =0.
9
6 6
Define
CTur(@)= Y. g™, (5.1)

SeCT(.:R)
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Conjecture 8 Let R be dominant. Then

Ky.r(q) = CT).r(q).

When each rectangle in R is a single row, this formula (as well as that in Conjecture 7)
specializes to the description of the Kostka—Foulkes polynomials in [23].

When each rectangle is a single column, this formula specializes (with some work [41])
to a formula for the cocharge Kostka—Foulkes polynomials [19].

6. Bijections between the three sets

In [18] two bijections LRT(A; R) — RC(A; R) were given, in the case that all were single
rows or all single columns. When all are single rows, LRT(A; R) = T (A, ), the set of
tableaux of shape A and content n. When all rectangles are single columns, there is an
obvious bijection LRT(A; R) — T (A', n) given by taking the transpose of a tableau and
then relabelling (see the LR-transpose map in Section 9). In [18] it is asserted that the first
of these two bijections is statistic-preserving. One of the authors [10] has given a common
generalization of these bijections, which we denote by

&g : LRT(L; R) - RC(\'; R").

For those that have some familiarity with [18] we point out two twists in its definition.
The first difference is in the labelling convention. In [18] the bijections use the notion of a
singular string in a rigged configuration (v, J), that is, a part v;‘ whose label Jsk attains the
maximum value Py .« (v). This convention is called the quantum number labelling. Here we
employ the coquantlim number labelling, in which a singular string is a part v whose label
L* is zero. The second difference is the direction in which the cells of the rectangles R;
are ordered. In [18] the cells of the one-rowed rectangles are ordered along rows, but here
the cells of the rectangles are ordered along columns. This accounts for the transposing of
shapes in passing from LR tableaux to rigged configurations.

Conjecture 9 For R dominant, the bijection ®y is statistic-preserving, that is, for 7' €
LRT(A; R) and (v, L) = ®x(T), we have

charge,(T) = cocharge(v, L).

The dominance of R is only necessary for the definition of chargep.

This bijection may also be used to define a map from rigged configurations to catabolizable
tableaux. Let rows(R) be the sequence of rectangles obtained by slicing each rectangle of
R into single rows. Recall the weight y = y (R); its parts give the single-rowed shapes of
rows(R). In our running example, rows(R) = ((3), (3), (2), (2), (2), (2), (1), (1), (1)) and
y =(3,3,2,2,2,2,1, 1, 1). Similarly, define columns(R") to be the sequence of transposes
of rows(R). We have the bijection

o)

rows(R)

: RC(A'; columns(R")) — LRT (A, rows(R)) = T (X, y)
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It is clear from the definitions that there is an inclusion
RC(\'; R") € RC()\'; columns(R")).

Let
br : RCOM'; R — T (A, y)

be the restriction of the map (I);)}vs( &) to the subset RC(A'; R").

Conjecture 10 If R is dominant then Imbg = CT(A; R), and bg o O is a bijection
LRT(A; R) — CT(X; R) sending chargey to charge.

In Section 10 the composite map LRT (A; R) — CT(A; R) is given without using rigged
configurations as an intermediate set.

7. Symmetry bijections

Let R and R’ be any two sequences of rectangles that are rearrangements of each other. It
follows immediately from the definitions that RC(A; R) = RC(); R’), so that

RCy;r(q) = RC).r(q)

We now give the symmetry bijections of LR tableaux and a another conjectural description
for charge,. Fix the sequence of rectangles R = (R;, Ry, ..., R;). Let R be the set of
rearrangements of R. Xy, acts on R in the obvious way. For u € X}, we wish to define
bijections

ug : LRT(A; R) — LRT(A; uR)

that give an action of X;; on LR tableaux in the sense that the two bijections LRT (A; R) —
LRT (A; vuR) given by (vou)g and v,g o ug, coincide. When each rectangle in R is a single
row, these bijections coincide with the action of the symmetric group on the plactic algebra
by the automorphisms of conjugation [25], whose Coxeter generators are sometimes called
crystal reflection operators.

Suppose that u is the adjacent transposition s; = (12) and R = (R, R») consists of two
rectangles. Let P € LRT(A; R). By (2.6), both the sets LRT (A; R) and LRT (1; (R,, R;)) are
singletons, say { P} and { P’} respectively. In this case the bijection s; = (s) ¢ is defined by
s1 P = P’, and its inverse (also denoted s, by suppressing the subscript) is given by s; P’ = P.
The tableau P’ can be calculated as follows. Let A}, A}, K| and K/, be the subalphabets
and canonical tableaux for the sequence of rectangles s R = (R,, R;). Clearly P’| a=K {
The remainder P4, of P’ is the tableau of shape A/ R, obtained by the jeu-de-taquin given
by sliding the tableau K7} to the southeast into the skew shape A/R; using the order of cells
defined by the skew tableau P|4,.

Next suppose u =5, where p>1.Let B=A, U A ;. Let (P, Q) be the tableau pair
corresponding to the column insertion of the row-reading word of the skew tableau T'|p.
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Since T € LRT (A; R), the tableaux T'|4, and T |4, are lattice with respect to the alphabets
A, and A, respectively. Since the lattice condition is invariant under Knuth equiva-
lence, it follows that the restrictions of P to the alphabets A, and A, are lattice, so
that P € LRT(p; (R,, R,+1)) in the alphabet B, where p is the shape of P. Let P’ be
the unique tableau in the singleton set LRT (p; (Rp4+1, R),)) in the alphabet B. By [44]
[Theorem 1], there is a skew tableau U of the same skew shape as T|g, whose row-
reading word corresponds to the tableau pair (P’, Q) under column insertion. Define s, T
be the tableau which agrees with U on the alphabet B and agrees with T on the com-
plement of B. Note that 5,T € LRT(X; s, R) since latticeness is preserved under Knuth
equivalence.

Example 14 Let p = 2. The subalphabets for the sequence of rectangles s, R are A| =
[1,2], A5, = [3,5], and A} = [6,9], with B = [3,9]. Consider the first tableau T of
Example 11. The tableau s,T is computed as follows.

1 1 1 3 3 3 3
2 2 2 4 4
T=4 5 17 T|B=4 5 7
5 6 5 6
6 8 6 8
9 9
word(T) = 9.68.56.457.4.33
3 3 7 1 2 6 3 6 6
4 4 3 5 4 7
LS55 oot 8 b5 8
6 6 7 10 7 9
8 9 8
9 11 9
3 6 1 1 1 3 6
2 2 2 4
5 7 5 6 7
(27| = 7 T = 738
8 8 9
9 9

For an arbitrary permutation u € X, the bijection

ug : LRT(A; R) — LRT(; uR)
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is defined to be the composition u = s4,5,, - - - S4,, Where aja; - - - a, is a reduced word for
u. These bijections were chosen with the following property in mind.

Conjecture 11 The following diagram commutes:

LRT(x: R) -2 LRT(A;uR)

¢Rl l%R

RC(M'; RY) == RC(M; u(R"))

In particular, the bijection u is independent of the reduced word of u, and the bijections
of the form u g define an action of X, on the collection R of LR tableaux.

When each rectangle in R is a single row, a version of this result is stated in [3][(2.17)].

It suffices to prove Conjecture 11 for adjacent transpositions s,. We show that this
conjecture may be reduced to another conjecture on evacuation. Let ev =evy,; denote the
evacuation involution on tableaux in the alphabet [n]; it is defined by the conditions

shape(ev(T) i) = shape(P (T ljn+1-km))
for all 1 < k < n. Since latticeness is preserved by Knuth equivalence, ev restricts to a
bijection LRT (A; R) — LRT(X; rev(R)) where rev(R) is the reverse of R.

Consider also the involution 6 on RC(A; R) = RC(X; rev(R)) givenby (v, L) — (v, J)
where

LE+ U =P (v)
forallk > 1,1 < s < £(v%). This is slightly sloppy since the labels have to be reordered to
satisfy the formal definition of a rigging. The involution 6 complements each coquantum

number L¥ with respect to its maximum possible value.

Conjecture 12 The following diagram commutes:

LR(IM: R) —> LR(:rev(R))

Dp i J/q)rev(R)

RC(A'; RY) - RC(A'; rev(R"))

When each rectangle of R is a single row, a similar assertion is made in [18].
Lemma 6 Conjecture 11 follows from Conjecture 12.

Proof: We may assume that u =s,,. If p =1 this may be verified directly using the defini-
tion of the map ®g. So suppose p > 1. Again by the definition of ®, it suffices to assume
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that = p + 1, that is, 5, exchanges the last two rectangles in R. We have
evs,T = sievlT

for all T € LRT(A; R), which holds since latticeness is preserved by Knuth equivalence.
Using the fact that ev is an involution, that Conjecture 11 holds for s;, and assuming
Conjecture 12, it follows that Conjecture 11 also holds for s,. O

Next is another conjectural characterization of the statistic charge, on LR tableaux;
its definition requires Conjecture 11. The notation in the definition of the bijection s,
is used here. Let T € LRT(A; R). Define the statistic dj, z(T) to be the number of cells
in P = P(T|a,ua,,,) that lie to the right of the c-th column, where ¢ = max(up, tp+1).
Compare this to (2.7). Let

t—1
dp(T) =) (t = p)dp r(T).

p=1

The alternate definition for charge (valid for any R) is:

1
charge(T) = — Z d,r(uT) (7.1)

tueXy)

(see Conjecture 7). It is not clear why this quantity should be an integer. When each rectangle
in R is asingle row, (7.1) specializes to the formula for the charge givenin [21]. By definition

charge, ,(uT) = charge,(T) (7.2)

forall T € LRT(A; R) andu € Xy.

Example 15 Let us use (7.1) to compute charge, for the tableau 7' of Example 14. It is
necessary to compute the entire orbit of 7 under the action of X3).

O N N BN =
oo AN N =

~N o -

~ W
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1 1 5 5 5 1 11 3 6
2 2 6 2 2 2 4
3 3 7 5 6 7
1T = T =
4 4 7 8
6 8 8 9
9 9
1 15 8 8 1 4 4 4 6
2 2 9 2 55 5
szssz3 37 slszT=3 6 7
4 4 7 8
8 9 8 9
9 9
1 4 4 8 8
2 559
slszs]T=3 6 6
7 7
8 9
9

We now give the statistics d; , g, d2.4r, and d, g for each of the tableaux u7, with t = 3.

u diur dour dur
id 3 1 7
51 3 0 6
52 2 1 5
$251 3 0 6
5152 2 1 5
$15251 3 1 7

So charge,(T) = (7T+6+5+64+54+7)/3! =6.

Finally we give the symmetry bijection for catabolizable tableaux. Let R and R’ be
sequences of rectangles that rearrange each other and u € Zj,; the shortest permutation
such that y (R") = uy (R). From [3] it follows that the following diagram commutes, where
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u acts by an automorphism of conjugation:

T (%, y(R)) AN T(h y(R")
Prows(R) l \Lq)rows(R’)
Rc(A'; columnsR')) == RC(A'; (columns(R")"))

Conjecture 10 implies the following result.

Conjecture 13 The automorphism of conjugation u restricts to a bijection
Imbr — Imbg,

so that the diagram commutes:

Rc(M'; R") == RC(\'; (R")")
) e

T, y(R) — T, y(RY)

In particular, if both R and R’ are dominant, then u restricts to a bijection
CT(\; R) — CT(:; R).

The conjecture is trivial when each rectangle in R is a single row, but is quite interesting
even when each rectangle is a single column (in which case the permutation « is the identity).

Example 16 Let R'=s;R=((2, 2, 2, 2), (3, 3), (1, 1, 1)). Then the permutation u of
minimal length sending y (R) to y (R’) is given by u = 561234789, which has the reduced
word 43215432. Let S be the first tableau in Example 13. Here the operators s; are the
automorphisms of conjugation, or equivalently the rectangle-switching bijections for the
appropriate sequences of one-rowed rectangles.

6

AN W

5
6

~N o =
~N N W

5453528155545385,8 =

N N T B S
0 A~ W N =
O N AW N =
0 B~ W N =

8. Duality bijections

This section uses the notation of Subsection 2.7. Fix an integer & such that k > 2; and
k= p;forall1 <i <t.Let (R)" denote the sequence of rectangles whose i-th partition is
(R)', a (k — ;) x n; rectangle.
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First we define a duality bijection for rigged configurations.
Proposition 7  There is a bijection of admissible configurations

C(A'; R") — C((W)': (R))
v=0 2 v O, ) e b= 0 v v 0,

Furthermore, for every 1 <i <k—1and j > 1, P; j(v) = Pr_; j(V). In particular the
above bijection on configurations induces a cocharge-preserving map of ngged configu-
rations RC(M'; R') — RC((R)'; (R)') such that (v, L)+ (b, L) where L? = LX™” for all
l<p<kandl <s <L(WP) = L{H*P).

In other words, the bijection merely replaces the first k — 1 labelled partitions of (v, L) (the
rest are empty) by the reverse sequence of labelled partitions. The proof is straightforward.
It follows immediately that

RC)L’:R’ (Q) = RC(X)I;(]?)/ (‘Z)

Next we consider the duality bijections for LR tableaux. Let T be any tableau of shape
2 and content y. Define the dual tableau 7 of 7 (with respect to the n x k rectangle) to
be the unique tableau of shape A such that the jth column of T is the set complement
within the interval [n], of the (k + 1 — j)-th column of T. Clearly T has content y =
(k= Vns k= Va1, -, k= y1).

Example 17 In our examples, we have n = 9 and
A=(5,4,3,2,2,1,0,0,0) R=((3,3),2,2,2,2),,1,1))
Let k = 5. Then

*=(,55,4,3,3,21,0)
R =1(2,2),(3,3,3,3), (4,4,4)

The tableau T € LRT(A; R) is sent to T e LRT()N\; E).

113 3 3
1 11 3 3 2 2 4 47
2 2 2 4 4 5 5 7 8
T:457 7~":5669
56 6 7 8
6 8 7 8 9
9 &8 9

9
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The duality map respects Knuth equivalence in the following sense. Let b be a strictly
decreasing word in the alphabet [n]. Let b be the strictly decreasing word whose letters are
complementary in [n] to those of b.

Proposition 8 ([31]) Leta, b, ¢, and d be strictly decreasing words in the alphabet [n].
Thenab ~k cdifand only lfba ~k d déwhere ~ denotes Knuth equivalence. In particular,

for any skew tableau T, P(T) = P(T) where, for the purpose of applying the duality map,
all tableaux are regarded as having the same number of (possibly empty) columns.

The duality bijection on tableaux also restricts to a map from LR tableaux to LR tableaux.
Proposition 9  The bijection T + T restricts to a bijection
LRT(»; R) — LRT(.; R).
Furthermore, for every T € LRT (A; R) we have
chargex(T) = chargek(f‘), (8.1)
using (7.1) as the definition of chargeg.
Proof: Let T be a tableau of shape A and content y. The following are equivalent:
1. T e LRT(); R).

2. T4, is lattice in the alphabet A; for all i.
3. Forall 0 < j < k and all i, the last j columns of 7|4, have partition content in the

alphabet A;.

4. For all 0 < j < k and all i, the first j columns of TA, has antipartition content in the
alphabet A;.

5. Forall 0 < j < k and all i, the last k — j columns of T| A, have partition content in the
alphabet A;.

6. T| 4, 1s lattice in the alphabet A; for all i.
7. T € LRT(%; R).

The equivalence of the first three and last three assertions follow by definition. The equiva-
lence of items 3 and 4 follows from the definition of 7. The equivalence of 4 and 5 follows
from the fact that for each letter x € A;, the letter x appears with total multiplicity u;.

To verify (8.1), it suffices to show that forall 1 < p <t — 1 and all u,

dpur@T) =d, zuT)
It is immediate that R = u R. It suffices to establish the identities

dpr(T) =d, z(T) forall R (8.2)
uT = uT forallu. (8.3)
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To prove (8.2), one can reduce to the case p = 1 and ¢ = 2 by Proposition 8. Without loss of
generality assume that ;t; > p,. Let o and B be the left and right partitions given by slicing
the skew shape A/ R; vertically just after the p-th column. The Littlewood-Richardson rule
implies that the 180 degree rotation of « fits together with g to form the rectangle R,. We
have

di g(T) = pon — ()Jl NI +)‘Lz)
:Xz +X;€_1 +“-+5\";<+1—M2
=d, z(T),

proving (8.2).

It suffices to prove (8.3) when u is an adjacent transposition s,. Let B = A, U A,4.
By the definitions it follows immediately that sp7~" and sﬁ agree when restricted to the
complement of the alphabet B. It remains to show that the restrictions of the two tableaux
to B agree. By Proposition 8, we may assume that p = 1 and # = 2. But this case follows
immediately since taking the dual tableau and applying s; both send LR tableaux to LR
tableaux, and all of the relevant sets of LR tableaux are singletons. d

It follows from (7.1) that
LRT;;r(q) = LRT;, 3(q)
Moreover,

Conjecture 14 The following diagram commutes

LRT(\; R) 4wl [RT(); R)

o | Lox

RC(M', R —> RC(\', (R)")
where the bottom map is given in Prop. 7.

To discuss the duality bijection for catabolizable tableaux, we give a modified defini-
tion that slices the tableaux vertically rather than horizontally. In this section let us refer
to R-catabolizability as R-row catabolizability and to the R;-catabolism as the R;-row
catabolism.

Let S be a tableau of partition shape with S|4, =K. Let §; and S, be the left and
right subtableaux obtained by slicing the skew tableau S — K vertically just after the
(1-th column. Define the R;-column catabolism CCatg, (S) of S by P(S,S;). Say that S
is R-column catabolizable if S|4, = K; and CCatg, (S) is R-column catabolizable, where
R = (R3, Rs,...). Let CCT()\; R) denote the set of R-column catabolizable tableaux of
shape A.

Proposition 10 S is R-column catabolizable if and only if S is R-column catabolizable.
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Proof: Fix a sufficiently large number k. All dual tableaux will be taken with respect to k
columns. Note first that S|4, = K if and only if S| 4, 1s the tableau of shape R, whose i-th
row consists of k — u; copies of the letter i for all 1 < i < ;. Then Proposition 8 implies
that the dual of the tableau CCatg, (S) with respect to the alphabet [1n] — Ay, is equal to the
tableau CCatj (S). The result follows by induction. O

The following conjecture connects the two kinds of catabolizability using the images of
the maps bg.

Conjecture 15 Suppose R is a sequence of rectangles such that R’ is dominant. Then
Imbr = CCT(X; R).

Using Conjectures 13 and 15 one obtains a duality bijection for row catabolizable tableaux
using automorphisms of conjugation and the tableau duality bijection.

Example 18 If the hypothesis of Conjecture 15 is not satisfied then CCT(x; R) could be
too large. For example, let A = (2, 2), R = ((1, 1, 1), (1)), and R’ = ((1), (1, 1, 1)).
Then CCT(A; R) is empty. But CCT(x; R’) is not; it is equal to CCT((2, 2); ((1, 1),
(I, D).

9. Transpose bijections

A bijection LRT(A; R) — LRT()A'; R") is given by the relabelling which sends T to the
transpose of the tableau obtained from 7 by replacing the j-th occurrence (from the left)
of the letter n; + 1, + --- 4+ n;_1 + k by the letter w1 + po + -+ + w;—1 + j, for all i,
1 <j <up;and 1 <k < ;. We call this map the LR transpose.

Example 19 1A' = (6, 5, 3, 2, 1) and R} = (2, 2, 2), R, = (4, 4) and R} = (3). The
set LRT(A'; R") is given by the following four tableaux, which are the images under the
LR transpose map of the four tableaux of LRT'(1; R) listed in Example 11.

1 1 4446 114446 11444 4114 4 4 4
2 2 5 5 6 2 2555 2 2 5 5 6 2 2555
3 3 6 3 36 3 3 6 3 36

4 5 55 55 56

5 6 6 6

For rigged configurations, we wish to defjne abijection RC(A; R) — RC(A'; R") (called
the RC-transpose) sending (v, L) — (¥, L) with the property that

cocharge(v, L) = n(R) — cocharge(D, I:). 9.1)

The bijection on configurations is most easily defined using a variant of the original
construction. Let v be an admissible (A; R) configuration. Recall that v° is the empty
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partition and o, is the size of the n-th column of the partition vk, Define the matrix (m; ;)
by

mij =0i—1,j — Qi,j 9.2)

fori, j > 1, or equivalently,

W=y my (9.3)
k=1

The matrix (m; ;) will be used in place of the configuration v. Let us calculate the row and
column sums of the matrix (m; ;) and the cocharge of v in terms of the m; ;. Let 6 be the
indicator function for nonnegative numbers:

1 if x>0,

0 =
@W=10 i x<o.

Since ap,; = 0 for all j and «; ; = O for large 7,
Zmi,]‘ = Z(C{i_l’j — Ol,',j) = 0 (94)
Using (3.1) and the notation 4 = max(r, 0), we have
Zmi,j = Z(Oli—l,j —ai ) =P =
J J
> (A,- = ta(na — G = 1)>+> - (x,» — > ta(na — i)+)

j>i—1 Jj>i

= A — Y 1abna — i), 9.5)

The cocharge (3.3) can be rewritten as

cocharge(v) = Z Qe (O — Ogt1,n)

k,n>1

- E (_ml,n — My — mk,n)mk+l,n
k,n>1

= - E M nM jn

n>1
Jj>k=>1

= _1/2 Z M M jp

n>1

j#k=1
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=12 mi, =172 ) mpumy,

k,n>1 J.k,n>1

=1/2> m;,

k,n>1

Mg n
- . (9.6)
= (")

where the last two equalities hold by (9.4). Define the matrix 1; ; by
i =—mj;i+ 00 —i)— Y 0t — )00 — j) 9.7)

Observe that this process is an involution. Applying this process to (s12; ;) with respect to
the pair (A'; R"),

A

m;j=—mj; +9()»; —i)— 29(770 —0)0(ua — J)
= —(—m,,j O =) = )0 ~ j)9(n-i)> +0(2; —i)
= 001 — )0 — J)
= m,-,j _’_0()\}! —l) —9()\,[ —]) = I’}’ll"j
Note that in (9.7) the sum over a is equal to r; ; (R), the number of rectangles in R that
contain the cell (j, /). We must show that the matrix (171; ;) corresponds to an admissible
configuration of type (A'; R").Let@; ;, 13;, P; (D), and m; (97) denote the analogous quan-
tities involving r; ; in place of m; ;. The first step is to show that each D' is a partition, that
is, m;(0") > O foralli, j > 1. We have

mi(V') =@ ; — i j1

1
= (=t j + 1 1)
k=1

(mjx—mjrp— 00 —k)+ 01 — k)

=1
+ZQ(Ma — k)OO — ) — 0. — (G + 1))

= Z(Olj—l,k — o — @+ o) —min(dj, i)
=1

+min(hygr, i) + Y min(pg, )8y, ;
a
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= 0;(v/™) = 20;(0)) + Q; (W) + > min(ua, )8y, ;
—min(A;, i) +min(A 1, 1)

= Pj,i(v) — min(kj, l) + min(kj+1, l) (98)

We require the following technical result on vacancy numbers, whose proof is in the
appendix. Recall that m,,(p) is the number of parts of the partition p of size n.

Lemma 11 Let v be a configurationof type (A; R). The following are equivalent.
1. v is admissible, that is, Py ,(v) > Oforallk,n > 1.

2. Foreveryk, n > 1, ifm,(v%) > 0 then Pr,(v) > 0.

3. Foreveryk, n > 1,

P (v) = min(Ag, n) — min(Aeir, n) 9.9)

Moreover, if v is admissible then
mn(vk) =0 whenever n > Agiq. (9.10)

From (9.8), Lemma 11, and the admissibility of v, it follows that plisa partition for all
i > 1. Next it is verified that ¥ is a configuration of type (A'; R').

i
D =D =) — i
j k=1

J

-y <m_,~,k — 005 — k) + Y 0(ts — O, — j))
Jj k=1 a

DO mix— Y min(aj, i)+ Y min(ia, i)
J J a

k=1

i
=DM+ ) min(ig, D
j=1 a

by (9.7) and (9.4). Comparing this with (3.1), ¥ is a configuration of type (A'; R'), since
R' is obtained from R by switching the roles of u and 5. Finally it must be verified that D
is admissible. Since the map m +> m is involutive as a map of matrices, it is valid to apply
the formula (9.8) to ¥ instead of v, obtaining

P () = m;(v)) + min(A!, j) —min(AL,,, j) = m;(v/) > 0.

Therefore the map (m; ;) — (1, ;) defines a bijection C(A; R) — C(A'; R).
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This map is extended to riggings as follows. By Lemma 11 and (9.8), the map m +— m
has the additional property that

if m,(V*) >0 then P,(v)=m(d"). 9.11)
Applying (9.11) to the inverse map, it follows that
if m(®") >0 then P,;(D)=m,"). 9.12)

To show that the two sets of rigged configurations RC(A; R) and RC(A'; R') have the same
cardinality, it suffices to show that the rectangle of height m, (v¥) and width P ,(v) and
the rectangle of height m (0") and width P, 4 (D), are either transposes of each other or are
both empty. But this follows from (9.11) and (9.12).

Let us give a specific bijection between the riggings. Let (v, L) € RC(A; R). Let D be
the admissible configuration of type (A'; R") given by (9.7). Note that a rigging L of v
determines, for each pair k, n > 1, a partition p; ,(v, L) inside a rectangle of height
m, (v¥) and width Py, (v) given by the the labels of the parts of v¥ of size n.

Let L be the rigging of the configuration b such that p, x (D, L) is the transpose of the
complementary partition to px , (v, L) in the rectangle of height m,, (v¥) and width Pen(v),
forallk, n > 1.

Then the map (v, L)+ (D, f,) defines the RC-transpose bijection RC(A; R) —
RC(\'; RY).

Proposition 12
RCuir (@) = q"RCyr(q™) 9.13)
Proof: It is enough to check that the RC-transpose bijection (v, L) > (U, i) satisfies
cocharge(v, L) + cocharge(D, i) =n(R). (9.14)
(see (2.8)). By the definition of the rigging i, it is enough to check that

cocharge(v) + cocharge(d) + Z Pk,n(v)m,,(vk) =n(R). (9.15)

k.n>1

The sum Zk’n Pk,n(v)m,,(vk) is calculated first. For the vacancy numbers,
0, () = 20,0 + Q) = (a1 — 204 + i)
j=1

n
= Z(mk,j — My1,)
—

J
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and

a>1

Pen(v) = ) (mij —mig1) + ) min(ia, n)dy, k. (9.16)
j=1
The multiplicities m, (v*) are given by
k
My (V) = @ = enir = (=i + Ming). (9.17)

i=1

The desired sum is given by

D Poaym, (0 = Y ( (i j —mkH,j)+Zmin(ua,n>8m,,k>
1 a

k.n>1 k,n>1 j=
k
X E (=min +mins1)
i=1

= Z (my,j — my1 ) (=mg, +m;,q1)

k>i>1
nzj=1
+ )Y min(ua. m)8y, ) (—Min + M)
k>i>1 a
n>1
T
== mp Y >y min(ue, m)(=miy = M)
i,j>1 a i=1 n>1
Na  Ma
= —2cocharge(v) — Z Z Z mi
a =1 n=1
= —2cocharge(v) — Z Z m; ;0(a — j)O(Ma — i)
a i j>1
= —2cocharge(v) — Z m; jt; j (9.18)

i,j>1

where r; ; = r; ;(R) is as in the definition of n(R). (2.8)
Next the cocharge of the configuration ¥ is calculated. By (3.3), (9.6), and (9.7), we have

cocharge(V) = Z (m211> — (_mj,i +O0M;—10)—rj; ) (9.19)

i,j=1 2

%)

cocharge(D) = Z <<m211) i (9()»1'2_i)) n (”]21)

ij=1

Using the identities ( (5)+ (3) +aband (3') = (3) + a, we have
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—I’I’lj’[e()\j — l) —}—mj,irj,,- — 9()»1 - i)rj,,- +mj,,< +Fj’,'>

= cocharge(v) + 0 + n(R) + Z (mjirji
i,j>1

+ (=00 —i))(mj,; +7j0)).

Suppose i and j are such that 6(A; — i) = 0, thatis, i > A;. Then the cell (j, 7) is not
in the partition shape A. Since the number of rigged configurations |[RC(A; R)| is equal to
the LR coefficient LR)}Q, each rectangle R, must be contained in A. It follows that r;; = 0.
Eq. (9.10) guarantees that arj_;; = 0. Since i > A; > A4y, or;; = 0 also holds. By (9.2)
m; = 0. It follows that

cocharge(V) = cocharge(v) + n(R) + Z mjri

i,j=1

Together with (9.18), this implies (9.15). O

The transpose bijections were chosen with the following property in mind.

Conjecture 16 The following diagram commutes:

LR-transpose

LRT(.; R) ————— LRT(\'; R")

dp \L \L DR
RC-transpose

RC(\'; R") ———— RC(:, R)

We now give a map from the R-catabolizable tableaux of shape A, to the R-column
catabolizable tableaux of shape 5\, in the case that R is dominant.

Let S € CT(A; R).LetS; =Catg, (S) andlet Q; = Q.(word(S;)word(S_)) where word
(T) is the row-reading word of the (skew) tableau 7', and Q.(w) is the Schensted Q symbol
for the column insertion of the word w [34]. The image U € CT()A"; R") of S under our
proposed bijection, is uniquely defined by the property that CCat(U) = U; where U, is the
image of §; (which is defined by induction), and that Q) = Q(word(U,)word(U;)), where
Q(a) is the Schensted Q symbol for the row insertion of a (see the definition of CCatg, (U)).

In practice one first computes the sequence of tableaux Sp = § and S; = Catg, (Si—1),
together with the recording tableaux Q; coming from the column insertion of the appropriate
row-reading words. Then one computes the sequence of tableaux, ..., U,, U; by setting
U; to be the tableau such that CCatg (U;) = Ui+ with recording tableau 0!
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Example 20 Let S be the first tableau listed in Example 13. We give the successive
catabolisms of § together with the recording tableaux Q;.

11156
2 2 2 6
33 7
S=8 =
4 4
5 8
9
1 2 3
33 7
4 5 10
s =+ 48 0O,=6 7 11
'T5 509 '
8 9
6 6
11
7
$H =38 0r=2
9
Sy =0 05 =0

The sequence of tableaux U; are calculated by “reverse column catabolisms” whose row
insertions are recorded by the transposes of the QOs.

Us =0 0, =0
U,=6 6 6 0h=1 2 3
4 4 4 1 4 6 8
Ui=5555 Q=25 79
6 6 6 310 11
11 4456
22556
U=Uy=3 3 6
4 4
5

Conjecture 17 The above map gives a bijection CT(A; R) to CCT(A"; R") when R and
R are dominant.

The essential point to check is that U is in fact semistandard, since it is conceivable that
there could be violations of semistandardness between pairs of entries of the form U (i, w)
and U(i, uy + 1) fori > n;.
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10. Monotonicity maps

For this section assume that R > R’.

From the definitions it follows directly that RC(A'; R') € RC(A'; (R’)") which is obvi-
ously a cocharge-preserving embedding. At the end of this section we give a direct descrip-
tion of a related charge-preserving embedding ¢ : RC(X; R) < RC(X; rows(R)).

A consequence of Conjecture 10 is that if both R and R’ are dominant, then CT(A; R) C
CT(»; R).

For LR tableaux, we describe embeddings

0K . LRT(; R) — LRT(%; R')

where R > R’. To define such embeddings it is enough to assume that R covers R/, that is,
for some k, T/ (R) = t/(R’) for all k # k and T*(R) covers T¥(R’) in the dominance order.
Using the rectangle switching bijections we may assume that R and R’ have the form

R = ((k%), (k*), R3, R4, ...)
R = ((k*7', (k**"Y), R3, R4, ...)

where a > b+ 1. The injection is defined as follows; it generalizes the rectangle-switching
bijection in Section 7. Let T € LRT(1; R) and B = [a + b]. Then T|g comprises the set
LRT (p; ((k%), (k®))), where p is the shape of T|p. It follows that LRT (p; ((k*~!, k>*1)))
consists of a single tableau 7”. Let T’ be defined by 7’| = T” and T'|y)— = T|jn)-5- It
is clear from the definitions that 7’ € LRT (A; R’). The injection is givenby T +> T'.

By composing embeddings of the form 6 1’5’ for R > R’ a covering relation, one may obtain
maps of the form 0 1’5 for any pair R> R'.

This conjecture is a consequence of the following.

Conjecture 18 Let R > R’ be a covering relation. Then 6 ,’5' is independent of the sequence
of covering relations in &> leading from R to R’, and

g R
LRT(; R) —% LRT(}; R)
%) Lo

inclusion

RC(\'; R") —— RC(M'; (R")")
We conclude this section with a charge-preserving embedding
¢ : RC(\; R) = RC(A; rows(R)).

First we must define the charge of a rigged configuration and say a few words about
quantum versus coquantum numbers.
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The charge of a rigged configuration (v, J) is defined by
1(v%)
charge(v, J) = charge(v) + Z Z Jvk

k>1 s=1

where

charge(v) = Z

k,n>1

(ak_l,n — i+ Y (10— KO (g — n))
: .

The definition of charge is compatible with the quantum number labelling in the following
sense. Suppose (v, L) € RC(A; R); we view L as coquantum numbers. Let J be the rigging
of v obtained by complementing the rigging L, that is,

JE =P (v) — LX

Write Qg(v, L) = (v, J) for this involution. The J are quantum numbers. The point is
that

charge(v, J) + cocharge(v, L) = n(R). (10.1)
To see this, it is equivalent to show that

charge(v) = n(R) — cocharge(v) — Z Pk,n(v)mn(vk).

k,n>1

In light of (9.18) this is equivalent to

charge(v) = n(R) + cocharge(v) + Z M nFin-

k,n>1

where (my ) is the matrix associated to v (see (9.2)) and r , = 1, (R) is as in (2.8). Then

My + Tk
charge(v) = Z ( . 5 . )

k,n>1

Mi.n Tk,n
-2 (%) () )
k,n>1 2 2

= cocharge(v) + n(R) + Z Mg nVkn
k,n

which proves (10.1).
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Now let us define the map ¢. Let v = (v!, 12, .. .) be an admissible configuration of type
(X; R) and J arigging of v. Define ¢ (v, J) = (v, J) where

7 = v ()

a>1

and the quantum numbers on the “old” rows remain the same, and the “new” rows are
assigned the quantum number O.

Proposition 13 ¢ : RC(X; R) = RC(A; rows(R)) is a charge-preserving embedding.
This is an immediate consequence of the following description of ¢.

Lemma 14 The map ¢ satisfies the commutative diagram

RC(L: R) ——  RC(:: rows(R))

le TQmw:(R)
RC(A; R) RC(X\; rows(R))
transpose l T (ranspose, o« (r)

RC(\'; R") ——— RC(\'; (rows(R))")

inclusion

Proof: Let (v,J) € RC(A; R) and (D, J) the image of the composite map defined by
the commutative diagram. Let Qg (v, J) = (v, L), Qrowsry(V, J) = (¥, L), and let the
RC-transpose of (v, L) be (D, L). Observe that the composite map is charge-preserving.
We have

charge(v, f) = n(rows(R)) — cocharge(, I:)
= cocharge(7, L)
= n(R) — cocharge(v, L)
= charge(v, J)

by applications of (10.1) and (9.14) for both~R and rows(R).
So it suffices to show that the output (v, J) of the composite map agrees with ¢ (v, J).
Let (m; ), (m; ), and (ﬂ,j) be the matrices (9.2) corresponding to v, D, and 7. Let
ri.j =i j(R)and 7; ; = r; j(rows(R)) in the notation of (2.8). By two applications of the
definition of the RC-transpose map (9.7) and the definition of rows(R), we have
f;l,"j = —mj,,' +9()\,j — l) — Vj’,'
—1i OO — i) —Fj
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Solving for 7; ;, we have
lii =mji+rji—=Tji.

By (9.3) we have

J
@i =0 — Zl”j,i — T
k=1
J
=aji— Y > 0t —i)(OMa — k) — 1a81.4)

k=1
=i — Y 0(1a — D)(min(a. j) = 1a)

=i+ Y 0t — )00 — )+

This is equivalent to the assertion that the configuration in ¢ (v, J) is equal to v.
To check the riggings, consider an index k and a part size n. It is first shown that the
following two assertions suffice.

1. If m,(v*) > 0 and Py, (v) > O then pg , (v, J) = pr.n (D, J:).
2. If m,(¥*) > 0 and Py, (V) > O then py , (v, J) = o (D, J).

To see why these conditions suffice, let us consider a part n of 7%, so that m,(P*) > 0.
Suppose first that this part n is “new”. If P ,(V) = O then J obeys the definition of . So
suppose Py, (V) > 0. Then by 2, pr.,(v, J) = pr.n (D, J). Here the old parts of length n in
7% have the same labels as in V¥, using up all the nonzero parts of o, (V, J ). Therefore
the new parts n in 7% have label zero, and (7, J ) is as in the definition of ¢. Otherwise
suppose 7 is an old part of V¥, so that m,, (¥¥) > 0 and m, (v¥) > 0. If either P;_,(v) > 0 or
Py, (V) > 0 then by 1 or 2 we are done as before. If both are zero, then by admissibility
the quantum number for this part must be zero in both (v, J) and (v, J), and again we are
done.

Now the proof of 2 is given; the proof of 1 is similar. For 2, the hypotheses allow us to apply
(9.11) for (9, L) € RC(A; rows(R)), so that Ok (D, i) is the complement of the transpose
of px.n(V, L) in the m,, (PF) x Py, (V) rectangle. But by the definition of Qows(r), Pk.n (V, J)
is the complement of o , (V, L) in the m, (V%) x Py, (V) rectangle. It follows that p,, x (D, I:)
is the transpose of the partition p (¥, J), and that m; (") > 0 and P, (D) > 0. Applying
the same argument for (D, L) € RC(\'; RY) it follows that Pk.n (v, L) is the transpose of the
partition o, ¢ (D, L), so that 2 follows. O

It follows from the explicit description of ¢ that we can embed the set RC(X; R) into
RC(X; rows(R)) such that for each k¥ > 1 and a > 1 there exists a nonnegative integer
m = m(k, a) such that
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® Ukm+i — Uk,m+i+1 = Ma,

o Ji  =0forall0<i <, —k).

If this characterization of the set RC(X; R) is compared with that given by S. Fishel [7]
for the set Mf_ 4> it follows immediately that

Mf—k (t) — Z qcharge(u,J)
(w,J)ERC(M;R)

where R = ((2)"7*, (1, 1)¥, (1)"~?). This, together with (2.4), implies that the Poincaré
polynomial K. (q) and the above generating function over rigged configurations, coincide
in the case that R consists of some rectangles (2) followed by a sequence of rectangles (1, 1)
and (1).

Appendix

Before proving Lemma 11 it should be mentioned that the implication that 2 implies 1
is fundamental. It is used implicitly in the definition of the bijection from LR tableaux
to rigged configurations, even in the Kostka case. So all the results depending upon that
bijection require this lemma. Similarly, the definition of rigged configuration used in [7]
requires this lemma.

Proof: (of Lemma 11) Clearly it is enough to show that 2 implies 1 and 1 implies 3.

Suppose 2 holds. It is consistent with the definitions to make the convention that P o(v) = 0

for all k£ > 1. Using the notation o , for the n-th part of the transpose of the partition vk,

the difference of vacancy numbers is given by

Pin(v) = Peno1 (V) = o1 — 20t + iin + D 0(ia — 1)8y, i
a

which holds for k, n > 1. Taking differences again,

—Pen1(v) + 2Py (v) = Peni1(v)
= (Pen(v) = Pen 1)) = (Peni1(v) = Pea(v))
= m, (1) = 2m, (0F) + my O Y 8, 8,k

valid for k, n > 1. In particular the vacancy numbers have the partial convexity property
Pea() 2 1/2(Pep (V) + Poppr () if m, (V) =0. (IL1)

So for 1 it is enough to show that P ,(v) > O for sufficiently large and small n. For
small n, recall that P, o(v) = 0. For large n, Q, (v¥) = |v¥], so that the vacancy numbers
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satisfy

Pen(v) = 1 = 2005+ Y Y minuea, n)8,,

= > A= talng— (k= 1)y —2<Zx,- = a0 —k)+)

j>k—1 a>1 j>k a>1
+ D0 A=) salng — K+ D)g + Y min(ug, n)8,,
j>k+1 a>1 a
=i = M1 + y_min(0, n — (14)8,, - (11.2)
a>1

Thus for large n, Py ,(v) > Ay — Ak+1 > 0, proving 1.
To prove 3, note that

0 for n < Agiq
min(Ar, n) —min(Agyg,n) = {n— Ay for Appp <n < Ag (11.3)
M — M1 for Ay <n

For n < A4 there is nothing to show. Suppose n > A;. In light of (11.2) it suffices to
show that there is no index a such that 5, = k and n < p,. Suppose such an a exists. Then
Ua > n > Ag. In particular, the rectangle R, having n, = k rows and pu, columns is not
contained in the shape A. By Theorem 4 it follows that there are no admissible configurations
of type (A; R), which is a contradiction.

Finally suppose Ax+1 < n < Ag. In light of the partial convexity (11.1) and the boundary
conditions Py, ,(v) > 0and Py, (v) > Ay — Agy1, it is enough to show that m,(vV*) =0
forn > Ary1. Since vk isa partition it is enough to show A4 > v’l‘ for all k. Fix k.

Observe first that for any (A; R), if there is an admissible configuration of type (; R)
then A; > u, for all a. Indeed, if such a configuration exists then by Theorem 4, LRf > 0,
and by the LR rule there must be an R-LR tableau of shape A. But for this to happen, A
must contain R; for all i, hence A; > u, for all a.

Thus it suffices to exhibit a pair ()2; ﬁ) such that )11 = Ag+1 and R contains a rectangle
having v’l‘ columns. Define the partition A and sequence of rectangles R by

A= Chiests A2 -2
R={(ua)™ =Y ul(vf) |1 =b <t}

In other words, A is obtained from A by removing the first k parts, and R is obtained from
R by removing k rows from each rectangle and adding a single row for each part of the
partition v¥. Now it is enough to exhibit an admissible configuration of type (1; R). Recall
that we are assuming that v is an admissible configuration of type (A; R). Let U be the
sequence of partitions defined by 7? = v¥*” for p > 1. Let us check the condition that ¥
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is a configuration of type (A; R). For p=>1,

[57] = [+
Z )‘-j - Zﬂ'a maX(na —k_P, O)
j>k+p a
=Y hj= ) mamax((r =Ky —p,0)— Y~ vimax(l - p,0).
Jj>p a 1<b<t(")

To check that ¥ is admissible, let n > 1 and p > 1 first:
Ppa(D) = (37" = 20,(5) + Qu(3*) + D min(ia, )8y, 4, p
+ Zmin(v,’j, n)81,p
b
= 0, (VTN = 20,047) + 0, (TP + Y " min(a, 1)y, urp
= Piipa(v) 20 '
by the admissibility of v. For p = 1 and n > 1 we have
Pyy(®) = 0u() = 20,(8") + Qu(#) + Y min(ita, 18y, —),.1
z
+ Zmin(vlg, n)81,1
b
=0-20,(0""") + 0, (") + D min(ua, M8y, k11 + QW)
= Pii1a(v) = 0 a

again by the admissibility of v. Thus ¥ is an admissible configuration of type (A; R) and
the proof is complete. O
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