RESULTS AND CONJECTURES ON THE NUMBER OF STANDARD STRONG
MARKED TABLEAUX

SUSANNA FISHEL AND MATJAZ KONVALINKA

ABSTRACT. Many results involving Schur functions have analogues involving k-Schur functions. Stan-
dard strong marked tableaux play a role for k-Schur functions similar to the role standard Young
tableaux play for Schur functions. We discuss results and conjectures toward an analogue of the
hook-length formula.

1. INTRODUCTION

In 1988, Macdonald [Mac95] introduced a new class of polynomials and conjectured that they
expand positively in terms of Schur functions. This conjecture, verified in [Hai0l], has led to an
enormous amount of work, including the development of the k-Schur functions. The k-Schur functions
were defined in [LLMO03]. Lascoux, Lapointe, and Morse conjectured that they form a basis for a
certain subspace of the space of symmetric functions and that the Macdonald polynomials indexed by
partitions whose first part is not larger than k expand positively in terms of the k-Schur functions,
leading to a refinement of the Macdonald conjecture. The k-Schur functions have since been found to
arise in other contexts; for example, as the Schubert cells of the cohomology of affine Grassmannian
permutations [Lam06], and they are related to the quantum cohomology of the affine permutations
[LMO8].

One of the intriguing features of standard Young tableaux is the Frame-Thrall-Robinson hook-
length formula, which enumerates them. It has many different proofs and many generalizations, see
e.g. [Sta99, Chapter 7], [GNWT79], [CFKP11] and the references therein.

In this paper, we partially succeed in finding an analogue of the hook-length formula for standard
strong marked tableaux (or starred tableaux for short), which are a natural generalization of standard
Young tableaux in the context of k-Schur functions. For a fixed n, the shape of a starred tableau
(see Subsection 2.6 for a definition) is necessarily an n-core, a partition for which all hook-lengths are
different from n. In [LLMS10], a formula is given for the number of starred tableaux for n = 3.

Proposition 1.1 ([LLMSI10], Proposition 9.17). For a 3-core X\, the number of starred tableauz of
shape A\ equals
m!
L]

where m is the number of bozes of A with hook-length < n. O

The number of 2-hooks is L%J Therefore we can rewrite the result as

m!

I 7
i,JEA
h;;<3

Note that this is reminiscent of the classical hook-length formula.
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The authors left the enumeration for n > 3 as an open problem. The main result (Theorem 3.1)
of this paper implies the existence, for each n, of (n — 1)! rational numbers which we call correction
factors. Once the corrections factors have been calculated by enumerating all starred tableaux for
certain shapes, the number of starred tableaux of shape A for any n-core A can be easily computed. In
fact, Theorem 3.1 is a t-analogue of the hook formula. The theorem is “incomplete” in the sense that
we were not able to find explicit formulas for the (weighted) correction factors. We have, however, been
able to state some of their properties (some conjecturally), the most interesting of these properties
being unimodality (Conjecture 3.7).

Another result of interest is a new, alternative description of strong marked covers via simple
triangular arrays of integers which we call residue tables and quotient tables (Theorem 5.2).

The paper is structured as follows. In Section 2, we give the requisite background, notation, defi-
nitions, and results. In Section 3, we state the main results and conjectures. In Section 4, we give a
proof of the main theorem via quasisymmetric functions. In Section 5, we make the first steps toward
an inductive, GNW-style proof of the non-weighted version of the main formula, and discuss how to
prove it for small n. The main tool is an alternative description of strong covers directly in terms of
bounded partitions (instead of via cores, abacuses or affine permutations). We prove this description
in Section 6. In Section 7, we present a (conjectured) stronger statement that would give an inductive
proof of the main result. We finish with some remarks and open questions in Section 8.

2. PRELIMINARIES

Here we introduce notation and review some constructions.

2.1. Partitions. A partition is a sequence A = (A1, Aa, ..., \¢) of weakly decreasing positive integers,
called the parts of A. The length of A, £()\), is the number of parts, and the size of A, |A|, is the sum
of parts. A (weak) composition is a sequence o = (o, o, .. .,qy) of positive (non-negative) integers.

The Young diagram of a partition A is the left-justified array of boxes with £(\) rows and A; boxes
in row i. (Note that we are using the English convention for drawing diagrams.) We will often refer
to both the partition and the diagram of the partition by A. We write A C p if the diagram of A is
contained in the diagram of p, i.e. if £(A) < 4(p) and \; < p; for 1 <@ < £(N). If XA C p, we can define
the skew diagram p/X as the boxes which are in the diagram of g but not in the diagram of A\. If no
two boxes of /A are in the same column (respectively, row), we say that /A is a horizontal (resp.,
vertical) strip. A subset of the boxes in p/X is a connected component if for any two boxes there is a
sequence of adjacent boxes in u/A from one to the other. A connected component of p/\ is called a
ribbon if it does not contain any 2 x 2 block. The head of a connected component is the box furthest
to the northeast and its tail is the box furthest to the southwest.

For 1 <i<{(M) and 1 <j <\, box (4,7) refers to the box in row 4, column j of X\. The conjugate
of X is the partition N whose diagram is obtained by reflecting the diagram of A about the diagonal.
The (i, 7)-hook of a partition A consists of the box (7, ) of A, all the boxes to the right of it in row 4,
together with all the boxes below it in column j. The hook-length h;\j is the number of boxes in the
(i,7)-hook. The content of box (4, j) is j —i. When n is clear, for example, when A an n-core partition,
the residue of box (i,7) € A is j —imod n.

2.2. Cores and bounded partitions. Let n be a positive integer. An n-core is a partition A such
that hf‘j # n for all (i,7) € A. Core partitions were introduced by Nakayama [Nak4la, Nak41b] to
describe when two ordinary irreducible representations of the symmetric group belong to the same
block. There is a close connection between (k+ 1)-cores and k-bounded partitions, which are partitions
whose first part (and hence every part) is < k. Indeed, in [LMO5], a simple bijection between (k + 1)-
cores and k-bounded partitions is presented. Given a (k + 1)-core A, let m; be the number of boxes
in row i of A with hook-length < k. The resulting m = (w1, m9,...,7) is a k-bounded partition, we
denote it b(\). Conversely, given a k-bounded partition 7, move from the last row of 7 upwards, and
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in row ¢, shift the 7; boxes of the diagram of 7 to the right until their hook-lengths are at most k. The
resulting (k + 1)-core is denoted c(7).

Ezxample 2.1. On the left-hand side of Figure 1, the hook-lengths of the boxes of the 5-core A = 953211
are shown, with the ones that are < 5 in bold. That means that b(\) = 432211.

11]9]7]6[4][3]2]1] | ]
6lal2]1
31
1

—
’H|NH§CDCD4;

FIGURE 1. Bijections b and c.

The right-hand side shows the construction of ¢(7) = 75221 for the 6-bounded partition = = 54221.
o

Of particular importance are k-bounded partitions 7 that satisfy m;(7) < k—iforalli=1,...,k.
We call such partitions k-irreducible partitions, see [LLMO03]. The number of k-irreducible partitions
is k!.

Note that some confusion exists in the literature as to whether it is better to use k (which appears
in connection with, say, bounded partitions and k-Schur functions), n (which appears in connection
with, say, cores, affine permutations and abacuses), or, as Lam suggests, to use both k¥ and n and have
n =k + 1 always. In this paper, we mostly use k, but whenever n appears, it should be construed as
E+1.

2.3. Young tableaux and the hook-length formula. Young’s lattice ) takes as its vertices all
integer partitions, and the relation is containment. If A and p are partitions, then p covers A if and
only if A C p and |p| = |A] + 1. The rank of a partition is given by its size.

A semistandard Young tableau T of shape A is a Young diagram of shape A whose boxes have been
filled with positive integers satisfying the following: the integers must be nondecreasing as we read
a row from left to right, and increasing as we read a column from top to bottom. The weight of
T is the composition (a1,as,...), where «; is the number of i’s in 7. The tableau T is a standard
Young tableau if the entries are 1,...,|A| in some order, i.e. if the weight is (1,...,1). A standard
Young tableau of shape A represents a saturated chain in the interval [@, A] of the Young’s lattice. Let
()\(0), AL )\(m)), MO =9, A(") = X, be such a chain. Then in the tableau corresponding to this
chain, i is the entry in the box added in moving from A=) to A\(*).

The Frame-Thrall-Robinson hook-length formula shows how to compute fy, the number of standard
Young tableaux of shape A\. We have:
A"
T
Hi,jeA h3;
This formula has a well-known weighted version; see [Sta99, Corollary 7.21.5]. For a standard Young
tableau T, define a descent to be an integer ¢ such that ¢ + 1 appears in a lower row of T than ¢,

and define the descent set D(T) to be the set of all descents of T. Define the major index of T as
maj(T) = ZieD(T) 7, and the polynomial

f)\ (t) _ Z tmaj(T)’

(2.1) fr=
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where the sum is over all standard Young tableaux of shape A. Then

_ AN
(2.2) ) = o (h3)

Here b(A) =3, (i — )X\ =, ()5;)’ (@) =1+t+...+t"Land (i)' = (1) (2)--(3).

2.4. Strong marked and starred tableaux. The strong n-core poset C,, is the subposet of ) induced
by the set of all n-core partitions. That is, its vertices are n-core partitions and A < p in C,, if A C p.
The cover relations are trickier to describe in C,, than in ).

Proposition 2.2 ([LLMS10], Proposition 9.5). Suppose X\ < p in Cp, and let C1,...,Cy, be the
connected components of u/\. Then u covers A (denoted \ < ) if and only if each C; is a ribbon,
and all the components are translates of each other with heads on consecutive diagonals with the same
residue.
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FI1GURE 2. The 4-core lattice up to rank 6.

The rank of an n-core is the number of boxes of its diagram with hook-length < n. If A < u and
p/ A consists of m ribbons, we say that pu covers \ in the strong order with multiplicity m. Figure 2
shows the strong marked covers for 4-cores with rank at most 6. Only multiplicities # 1 are marked.

A strong marked cover is a triple (A, i, ¢) such that A< p and that ¢ is the content of the head of one
of the ribbons. We call ¢ the marking of the strong marked cover. A strong marked horizontal strip
of size v and shape /) is a sequence (v, p(+1), ci)gol of strong marked covers such that ¢; < ¢;41,
O = X v = 4. If X\ is an n-core, a strong marked tableau T of shape \ is a sequence of strong
marked horizontal strips of shapes p(+1 /u(® i =0,...,m —1, such that (¥ = ¢ and u™ = X. The
weight of T is the composition (rq,...,7,,), where r; is the size of the strong marked horizontal strip
1 /=1 If all strong marked horizontal strips are of size 1, we call T a standard strong marked
tableau or a starred tableau for short. For a k-bounded partition 7 (recall that n = k + 1), denote the
number of starred tableaux of shape ¢(7) by £,

Ezample 2.3. Take k = 3. Figure 3 represents a strong marked tableau of shape 6311 and weight 421.
Here a star means that the box (necessarily the head of a ribbon) is one whose content is the
marking of a strong marked cover. The number, say 1 in box (2, 1), tells us which of the strong marked
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FIGURE 3. An example of a strong marked tableau.

horizontal strips the box belongs to. And the index, say 4 in the box (2, 1), tells us which of the strong
marked covers in the strong marked horizontal strip the box belongs to. So the sequence of strong
marked covers in the first strong marked horizontal strip is (0,1,0),(1,2,1),(2,3,2),(3,41,4), in the
second strong marked horizontal strip it is (41,411, —2), (411,521,5), and the third strong marked
horizontal strip consists of only one strong marked cover (521,6311, —3).

Standard strong marked tableauz, or starred tableauz, represent saturated chains in the strong n-core
lattice much as standard Young tableaux do in Young’s lattice. The difference is that now more than
one component may be added in moving from A=Y to A(; one of those components must be starred.

1* 2% | 3* 1% 2% | 4* 1*|2* 4‘ 1* 3% [4* 1*13* 4‘ 11 4 |4*
4* 3* 3* 2% 2% 2%
4 4 4* 4 4* 3*
FicUre 4. All starred tableaux of shape 311.
Figure 4 illustrates Féf} = 6. o

If A is a k-bounded partition that is also a (k 4 1)-core (i.e., if Ay + £(\) < k + 1), then strong
marked covers on the interval [, A] are equivalent to the covers in the Young lattice, strong marked
tableaux of shape A are equivalent to semistandard Young tableaux of shape A, and starred tableaux
of shape \ are equivalent to standard Young tableaux of shape .

As with semistandard Young tableaux, we may standardize any strong marked tableau. We stan-
dardize the tableau strip by strip by replacing j; by (j + ¢ — 1)1, and then renumbering to avoid
repetition. The marks remain with their boxes.

Ezample 2.4. The standard marked tableau in Figure 3 standardizes to the starred tableau in Figure 5.

1:[21]3
14,1617
51
7

41|61

= ¥

A

FIGURE 5. Standardization of the tableau in Figure 3.

Note that we can delete the indices 1 without losing any information. o

2.5. Schur functions and fundamental quasisymmetric functions. For the definition of A, the
ring of symmetric functions, see [Mac95] or [Sta99]. For a partition A, define the monomial symmetric
function

my = my(x1,T2,...) = Zxa,
«
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where the sum is over all weak compositions « that are a permutation of A\, and ® = 7232 ---. For
partitions A and p of the same size, define the Kostka number Ky, as the number of semistandard
Young tableaux of shape A and weight p. Define the Schur function

S\ = Z K)\#m#
with the sum over all partitions. The Schur functions form the most important basis of A and have
numerous beautiful properties. See for example [Sta99, Chapter 7] and [Mac95, Chapter 1].

Let m be a positive integer. Fundamental quasisymmetric functions may be indexed by m and
subsets of {1,2,...,m — 1} (for example, [Hag08]) or by compositions of m (for example, [Sta99]). In
this paper, we use subsets. For a subset D of {1,2,...,m — 1}, let

(2.3) Qup = Y. Tty
11 < Sy
i <th41 if heD
denote the fundamental quasisymmetric function corresponding to m and D.

We have the classical result of Gessel [Ges84] that Schur functions can be expanded in fundamental
quasisymmetric functions. To state this, we define a descent of a standard Young tableau T to be an
integer 7 such that i + 1 appears in a lower row of T than 7, and define the descent set D(T') to be the
set of all descents of T. Then we have

(2.4) sx =Y Q.nr)-
T

Here the sum is over all standard Young tableaux of shape A.

2.6. k-Schur functions. There are at least three conjecturally equivalent definitions of k-Schur func-
tions. Here, we give the definition from [LLMS10] via strong marked tableaux. For k-bounded parti-
tions 7 and 7, define the k-Kostka number K}(r]i) as the number of strong marked tableaux of shape

¢(m) and content 7. Then we define the k-Schur function
25) = KB,

where the sum is over all k-bounded partitions 7.

If 7 is also a (k + 1)-core, then strong marked tableaux of shape 7 are equivalent to semistandard

Young tableaux of shape 7, and therefore in this case sgrk) = S;.

The original definition of k-Schur functions was via atoms [LLMO03], which we will not use here (but
see 8.2). Note that in full generality, the k-Schur functions (in any definition) have a parameter t. In
this paper, t = 1.

2.7. Splitting of bounded partitions. For a k-bounded partition 7, denote by Jx(7) the boxes of

¢(m) with hook-length < k. If Jx() is not connected, we say that = splits. Each of the connected

components of dy(7) is a horizontal translate of 9 (7*) for some k-bounded partition 7¢. Call 7!, 72, ...

the components of «.

Ezample 2.5. Figure 6 depicts 05(54433211).

Eﬁaﬁm

FIGURE 6. Splitting of a k-partition.

It follows that 7 splits into components 5,44, 33211. o
Denton [Denl2, Theorem 1.1] proved the following.
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Theorem 2.6. Suppose m splits into ©',..., 7. Then
m
SSTk) = H sfﬁ) U
i=1

3. MAIN RESULTS AND CONJECTURES

For a starred tableau T, define the descent set of T, D(T), as the set of all ¢ for which the marked
box at i is strictly above the marked box at ¢ + 1. Define the major index of T, maj(T'), by ZieD(T) i.
For a k-bounded partition 7, define the polynomial

(3.1) F®() = 37 mai™),

T

where the sum is over all starred tableaux of shape ¢(7). Recall that F™ denotes the number of such
starred tableaux, ie. F\¥ = F,gk)(l).

Our main result is the following theorem.
Theorem 3.1. Let m be a k-bounded partition, and write

T = <ka1+1'w1 (k, _ 1)a2+2<w2 o 1ak+k-wk>

for 0 < a; <i. Then

ko wi () (k—i k
F®) (1) = i Q) (e M 1)
(|0_|)! Hk . (j)zf:l w; min{4,j,k+1—i,k+1—5} ’
j=
where o = (k% (k —1)%2,...,1%).
By plugging in t = 1, we get the following.
Corollary 3.2. Let w be a k-bounded partition, and write

= <kal-',-1~w17 (k _ 1)(12+2-wg7 o 1ak+k’-wk>’

for 0 <a; <i. Then
(F) _ )t F"
lo|! H?ﬂ jZle w; min{s,j,k+1—i,k+1—5}’

where o = (k% (k —1)%2,...,1%). O

The theorem (respectively, corollary) implies that in order to compute F® (t) (resp., Fﬁk)) for all

k-bounded partitions 7, it suffices to compute F(gk)(t) (resp., Fék)) only for k-irreducible partitions o;
recall that there are k! such partitions.

We prove the theorem in Section 4.

Example 3.3. The following gives the formulas for k < 3.
(1) For k =1, we have Fl(ol)(t) =1 and therefore

FIL0) = o5y = (wat

This is consistent with [LLMS10, §9.4.1], which states that

1
Fl(“’)l = ’LU1!.
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(2) For k = 2, we have Fz(fio (t) =1 and Féfil(t) = 1. Therefore,

F(z) 2 (t) _ w2 (2w1 + 2w2)! -1 _ w2 (211)1 + 2,w2)!
e (0)- (2)" T (2)"
(2) t“’2(2w1 + 2wq + 1)! -1 tw2(2w1 + 2wq + 1)!
F2w111+2’”’2( ) = w1 +wa = w1 +ws :
0)!-(2) (2)

This is consistent with [LLMS10, Proposition 9.17], which states that

(2) - m!
F2l1m,—2l = 9lm/2]”

(3) For k = 3, we have

Fe = 1 B, = 1 -
Fe = 1 BB = v B = (@)@ sie)

so, among other formulas, we have

F(S) N t2w2+3ws (3'w1 + 4wy + 3ws + 3)! -t(l + t)
3w121+2w211+3w3( ) - (3)' ] (2)w1+2w2+w3 . (3)w1+w2+w3
tFwetustl . (Bwg + 4wy + 3wy + 3)!
- (2)w1+2w2+w3 ] (3)w1+w2+w3+1 ’
Using a computer, it is easy to obtain formulas for larger k. o

We now introduce weighted correction factors. For a k-bounded partition 7, let H,(rk)(t) =[] (hij),
where the product is over all boxes (i, ) of the (k + 1)-core ¢(m) with hook-lengths at most &, and let

g® = H,(rk)(l) be the product of all hook-lengths < k of ¢(r). Furthermore, if b; is the number of

boxes in the j-column of ¢(7) with hook-length at most k, write b = > (bQJ)

Ezample 3.4. For the 6-bounded partition m = 54211 from Example 2.1, we have
HO(1) = (1)'(2)°(3)*(4)*(5)(6)",  HLY = 207360
and b = 2(3) + 3@) + 2(%) =9. o
By introducing weighted correction factors C((yk)(t) for a k-irreducible partition o, we can, by The-

orem 3.1, express F#k)(t) (for all k-bounded partitions 7) in another way which is reminiscent of the
classical hook-length formula. More precisely, define a rational function et (t) so that

_ 7 (je )1 (1)
aPw
Note that this implies, in the notation of Theorem 3.1, that

(3.2) F{P(t)

e H e wi () B0 (e )1 08P ()

Fék) (t) = % s . 3
H,(t) - H?:l (j)Zizl w; min{s,j,k+1—i,k+1—5}
The correction factor C((,k) is defined as Cgk)(l).

For k < 3, all weighted correction factors are 1. For k = 4, all but four of the 24 weighted correction
factors — for 4-bounded partitions 2211, 321, 3211 and 32211 — are 1, and the ones different from 1 are

14+264+2 413 14+t+22 46 14204224283+t 14+t 4+3t2+3 +¢*

@B - @06 (3)° ’ (3)° ’

respectively.

We state some results and conjectures about the weighted correction factors.
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Proposition 3.5. The weighted correction factors are multiplicative in the following sense. If a k-
irreducible partition o splits into o*,02,...,0™, then Cy(t) = [[12, Cyi(t).

We prove the proposition in Section 4.

Conjecture 3.6. For a k-irreducible partition o, the weighted correction factor is 1 if and only if o
splits into o, 02, ... 0, where each o' is a k-bounded partition that is also a (k + 1)-core.

The “if” direction is easy: if a k-bounded partition o is also a (k + 1)-core, then strong covers on
the interval [0, o] are precisely the regular covers in the Young lattice, the starred tableaux of shape
o are standard Young tableaux of shape o, and the major index of a starred tableau of shape o is the
classical major index for standard Young tableaux; the fact that the weighted correction factor is 1
then follows from the classical weighted version of the hook-length formula (2.2).

The most interesting conjecture about the weighted correction factors is the following. Recall that
a sequence («;); is unimodal if there exists I so that a; < a1 for ¢ < I and o > ;4 for i > I, and
a unimodal polynomial is a polynomial whose sequence of coefficients is unimodal.
Conjecture 3.7. For a k-irreducible partition o, we can write
_ Pi(1)

Py(t)’
where Pi(t) is a unimodal polynomial with non-negative integer coefficients and Py (t) is a polynomial

1—Cy(t)

of the form Hf:_ll ()" for some non-negative integers w; .
In particular, we have 0 < Cy <1 for all o.

Ezample 3.8. The table in the Appendix gives 1 — C,,(¢) in the required form for 5-bounded partitions
with correction factor # 1. Note that indeed all numerators are unimodal (and almost symmetric),
and the factors in the denominators are (2), (3) and (4). o

4. PROOF VIA QUASISYMMETRIC FUNCTIONS
In this section, we prove Theorem 3.1. Let 7 be a k-bounded partition, and write
= <ka1+1'w1 (k, _ 1)a2+2<w2 o 1ak+k"wk>
for 0 < a; < 4. Our goal is to prove that
RO () 120

41 FR) (1) =
& ) = D T Gy S otk i)
=

where o = (k®, (k — 1)%, ... 1%).

The theorem comes from the expansion of k-Schur functions into fundamental quasisymmetric
functions and a result from [Lam08, LMO7].

Standardization of semistandard Young tableaux (roughly) explains the expansion of Schur functions
as a sum of fundamental quasisymmetric functions over standard Young tableaux. In the same way,
standardization of strong marked tableaux explains the expansion of k-Schur functions as a sum of
fundamental quasisymmetric functions, now over starred tableaux.

Conjecture 9.11 of [LLMS10] writes the k-Schur functions as a sum of monomials; namely for the
k-bounded partition m

(4.2) sk = Z AR
T

where the summation runs over strong marked tableaux T' of shape given by the n-core ¢(7), and wt T
denotes the weight of T. We take this as our definition of k-Schur functions; see (2.5).

In a starred tableau, we may replace the label ¢ + 1 with the label ¢ if and only if the content of the
box labeled with (i 4+ 1)* is greater than the content of the box labeled with ¢*. This is because the
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contents of the starred boxes in the i-th component must be increasing in a strong marked tableau.
The integer i is a descent of the starred tableau T if the box labeled i* is above that labeled (i + 1)*;
in other words, if the content of the box labeled with (i + 1)* is less than the content of the box
labeled with ¢*. The strong marked tableaux which standardize to a given tableau T are the ones
which respect T’s descents. We may therefore write

(4.3) s =" Qo)
T

where 7 is a k-bounded partition and the sum is over starred tableaux of shape ¢(m). See [AB12,
Equation 3.4].

Let us see how to use that to prove (4.1). We assume that w1 = ... =w;—1 =wj41 =... =wr =0
and w; = 1; the general case is almost exactly the same.

A k-rectangle R(i) is a partition of the form (i*+'=%), where 1 < i < k. Lapointe, Lascoux, and
Morse [LLMO03, equation (1.25), for the atom definition], Lam [Lam08, Corollary 8.4], and Lapointe
and Morse [LMO07, Theorem 40] all showed that if 7 is a k-bounded partition, then

K
(4.4) SS—JR(i) = s(p)sy"

where 7 U R(4) is the partition whose parts are the parts of 7 together with k — i + 1 parts of size 1,
and we have used the fact that the k-Schur function of a k-rectangle is the same as its Schur function.

Recall that a partition with no more than ¢ parts equal to k — ¢, as with o above, is called k-
irreducible. Equation (4.4) shows that all k-Schur functions can be built up by multiplying the k-Schur
function for a k-irreducible partition by the Schur functions for rectangles.

In particular,
(4.5) s = (sp(ey)™ -+ (sr1))“* 5,

where ™ and ¢ are the k-bounded partitions above.

Under our assumptions, when w; = 1 and all other w1, ..., w; are 0, this becomes
(4.6) s = spier1-n st

Using (4.3), expand both k-Schur functions in terms of the fundamental quasisymmetric functions.

(4.7) Z Qp(T) = SR(k+1-i) X Z Qp(T)-
T:T is a T:T is a
starred tableau starred tableau
of shape ¢(7) of shape ¢(o)
Recall that stable principal specialization of a symmetric function is the evaluation at 1,¢,t2,..., see

[Sta99, §7.8]. We consider the stable principal specializations of the functions in (4.7).
First we calculate sg(1-4)(1,¢,¢2,...). By Corollary 7.21.3 in [Sta99],
t(;)(k+1—i)
1— t)i(k+1—i) H(i,j)ER(k+1—i) (hij)7
where we used the fact that R(k + 1 —4)" has k + 1 — ¢ parts equal to 1.

(48) SR(k+17i)(17 t, t27 .. ) = (

The hook-lengths in a rectangle are arranged in diagonal stripes and there are min{s, j,k+1—1i, k+
1—j} boxes in R(k + 1 — i) with hook length j, as illustrated in Figure 7.
Equation (4.8) becomes

£ (3)e1-0)
(htl_g) 1Tk ~\min{i,j,k+1—i,k+1—5}
(1 — ¢)itk+1 )szl () {i.4.k+1—i,k+1—5}

(49) SR(k‘l’l*i)(la t7 t27 . ) =
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k 7 % k i
J 3 J

g 2 :

g 1 il-]1

FIGURE 7. Hook-lengths in a rectangle.

We have that ¢(o) is a (k + 1)-core of rank |o| and any starred tableau T of shape c(o) will have its
descent set contained in {1,2,...,|o| — 1}. We can then write

tcomaj(T)
= (oD =0

by Corollary 7.19.10 of [Sta99], where comaj(T) = 3 ;c p(7)(lo| —4). Similarly, when T is a starred
tableau of shape ¢(7),

(410) QD(T)(17tat25"‘)

tcomaj(T)
= (w1 — ¢yl

(4.11) Qp(ry(1,t,£%,...)

Now combine (4.10) with (4.3). The numerators of the stable principal specializations for s&) and

sgrk) count their respective starred tableaux by comaj. Since k-Schur functions are symmetric, we can

use [Sta99, Proposition 7.19.2] and turn this into counting by maj. We can therefore write

(k) (k)
F37(t) Fr(t)
(k) - o0 \"W) (k) —
12 T et -pe M T T i - e
Together with (4.9) and (4.6), (4.12) gives the desired result. O
Proposition 3.5 easily follows as well. Indeed, if o splits into o', ..., o™, then, by Theorem 2.6,
sth) = H sfﬁ-).
i=1
By (4.12),
FP (@) SR I0

(I —olet 15 (lo* DL — 1)l
If we use (3.2) and the fact that Y., |o*| = |o|, we obtain

27 Cot) ﬁ 0% Ca (1)
k - k
P o BHEP @)

Since we clearly have b%) = S~ 5 and HM (1) = I, Hélf)(t), the proposition follows. O

1=1 "ot
5. PROOF BY INDUCTION FOR SMALL k

The proof in Section 4 closely follows one of the possible proofs of the classical (non-weighted and
weighted) hook-length formula, see e.g. [Sta99, §7.21]. Note, however, that the truly elegant proofs
(for example, the celebrated probabilistic proof due to Greene, Nijenhuis and Wilf [GNWT79]) are via
induction. In this and the next two sections, we show the first steps toward such a proof.

In the process, we present a new description of strong marked covers in terms of bounded partitions
(previous descriptions included cores, affine permutations and abacuses). See the definition of residue
and quotient tables below, and Theorem 5.2.

We identify a bounded partition = = (kP*, (k — 1)P2,... 1P*) with the sequence p = (p1,...,Dk).
Given i,7,m, 0 < m < i < j <k, define p>9™ as follows.
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) ) +m ifth=1-1
Ph+m ifh=i-1 Ph ) )
) ) Ph—Mm ifh=1
iim _ )pn—2m—1 ifh=1 ijm . . e
= . . , P =sph—m—1 ifh=j if 1 < j.
ph+m+1 ifh=i+1 . ]
. pp+m+1 ifh=7+1
Ph otherwise.

Ph otherwise

In other words, to get p*™ from p, add m copies of k + 2 — i, remove m copies of k + 1 — i, remove
m + 1 copies of k + 1 — j, and add m + 1 copies of k — j. (If j = k, then we are adding m + 1 copies
of K — j = 0, which does not change the partition. If = 1, we have m = 0, so adding m copies of
k+ 2 —i =k +1 also does not change the partition.) To put it another way: to get p*/'™ from p,
increase the first m copies of k + 1 — ¢ by 1, and decrease the last m + 1 copies of K+ 1 — j by 1. See
Example 5.3.

Define upper-triangular arrays R = (r;;)1<i<j<k, @ = (¢ij)1<i<j<k by
o r;; =p;modj, r;; = (pi + ri41,;) modi for i < j,
e qj; = p;jdivy, qij = (pi +rit1,;)divi for j <i.
We call R the residue table and Q the quotient table.

Ezample 5.1. Take k =4 and p = (1,3,2,5). Then the residue and quotient tables are given by

0 0 0O 1 2 2 2
1 11 1 2 1
2 0 0 1

1 1

It is easy to reconstruct p from the diagonals of R and Q: py =0+1-1,po=1+1-2,p3=2+0-3,
P4 = 1 + 1-4. <&

It turns out that the residue and quotient tables determine strong marked covers (and probably
other important relations as well, see 8.5).

Theorem 5.2. Take p = (p1,...,px) and 1 < i <j <k. Ifry <riyij,...,7;5, then p covers phiiTii
in the strong order with multiplicity q;; + ...+ q;;. Furthermore, these are precisely all strong covers.
In particular, an element of the (k + 1)-core lattice covers at most (kgl) elements.

Ezxample 5.3. Take k =4 and p = (1, 3,2,5) as before. Let us underline the entries r;; in the residue
table R for which 73; < rit14,...,755.

0

= 1o
o = 1O

=1 = O

By Theorem 5.2, p covers the (exactly) following elements in the strong order:

o pl10 =(0,4,2,5) with multiplicity 1,

o p'20 = (1,2 3 5) with multiplicity 2 + 1 = 3,

o p>2%1 = (2,0,4,5) with multiplicity 1,

o pt39 = (1,3,1,6) with multiplicity 2 +2 + 0 = 4,
o p?31 = (2,2,0,7) with multiplicity 2 +0 = 2,

o p»32 = (1,5, -3,8) with multiplicity 0,

o p340 = (1,3,2,4) with multiplicity 1 + 1 = 2, and
o p4l = (1,3,3,2) with multiplicity 1.

Note that while (1,5, —3,8) does not represent a valid partition, the multiplicity of the cover is 0, so
we can ignore this cover relation. o
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For a k-bounded partition 7, we clearly have

FR) = Z Mer B,

where the sum is over all k-bounded 7 that are covered by 7, and m., is the multiplicity of the cover.
Therefore the theorem can be used to prove Corollary 3.2 for small values of k£ by induction. First, we
need the following corollary.

Corollary 5.4. Let p = (p1,...,pk), Pi < i, with corresponding residue and quotient tables R and Q.
Assume that for 1 <i < j <k, we have 135 < 1iy1j,...,7j;. For s; € N, write s = (s1,252,...,ksi).
Then p + s covers p?™i + s with multiplicity Gij + -+ q+si+...+s;.

The corollary implies that in order to prove Corollary 3.2, all we have to do is check k! equalities.
Let us illustrate that with an example.

Ezample 5.5. The 4-bounded partition p = (wy, 1 + 2ws, 2 + 3ws, 1 + 4wy) covers:

(w1 — 1,2 4+ 2ws, 2 + 3ws, 1 + 4w,) with multiplicity w,

(w1, 2ws, 3 + 3ws, 1 + 4w,) with multiplicity 1 + wq + we

(14 wq,2we — 2,4 + 3ws, 1 + 4wy) with multiplicity ws

(w1, 1+ 2ws, 1 + 3ws, 2 + 4dw,) with multiplicity 2 + wy + wy + w3
(1 + wy, 2w, 3ws, 3 + 4w,) with multiplicity 1 + wg + w3

(w1, 3 + 2wa, —3 + 3ws, 4 + 4dw,) with multiplicity ws

(w1, 1 4 2waq, 2 + 3ws, 4w,) with multiplicity 1 + ws + wy

(w1,1 4 2wsq, 3 + 3ws, —2 + 4w,) with multiplicity wy

We reconstruct the previous example by taking wy = 1,ws = 1, w3 = 0,wy = 1.
By the cover relations,

@

4wi131+2w3 92+3w3 1 1+4wy

. pU
= W1t L gy —13242w 9243wz 1 14+4wy

+ (1 + wy + w2) : Fii)l 32w5 93+3wg | 1+4wy

+ wa - F4(;14)rw1 32wo —294+3w3 | 1+4wy

+ (2 + wy + w2 + w3) : Fii)l 31+2ws 9143wz 1 2+4wy
+ (1 + w2 + ’U)3) : Fii)rwl 32wo 93w3 13+4wy

+ w3 - F4(3)1 3342w 9—3+3wz {4-+4wy

+ (1 + w3 + ’U)4) : Fij)l 31+2wg 9243wz {4wy

+U}4'F(4)

4wy 3142wz 9343wz 1 —2+4wy

Assume that Theorem 3.2 holds for all partitions with size less than p. Let us show the computations
for the first term on the right-hand side only. By Theorem 3.2 for F4(3)1—132+2w2 9243wy | 144wy (which has

: (4)
size 1 less than F4w131+2w222+3w“1+4w4),

) P

w1 —132+2wp 9243wz 1 1+4wy — L 40+ (wy —1)32(1+wo)92+3wg | 1+dwy
(4(w; — 1) +3(2 + 2wy) +2(2 4 Bwg) + 1(1 4 4wy)) Fladya s
51 . 2(w1—1)+2(w2+1)+2wz+ws (w1 —1)+2(w2+1)+2wz+wa g (w1 —1)+ (w2 +1)+wz+ws

(4w + 6wy + 6ws + 4wy +7)! -5
51.92. 3. 2wit2wa+2wz+ws Jwi+2wr+2w3z+ws Jwi+war+ws+wy
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After seven more similar calculations, we get

@ (4wy + 6wy + 6wz + 4wy + 7)!

4w131+2wp 92+3w3  1+dwy — 144 - 2w1+2w2+2w3+wa Jwi+2w2+2w3 +wa Jwr w2 +wsz +wa
(w1 + (1 4wy + w2) 4 2wy + 2(2 + wy + wa + w3)+
(1 +wy +ws) +ws + 2(1 + w3 + ws) + 2wy)

_ (dwq + 6wy + 6ws + 4wy + 8)!
- 144 - 2w +2wo 42wz +wy 3w1 +2wo+2wsz+wy 4w +wotwz+wy

4
B (4wy + 6wy + 6ws + 4wy + 8)!F§0;12211
- 8! . Qwi+2we+2ws+wy Jwi+2wa+2ws+wy Jwi +wa+ws+wy

This completes the calculation for ¢ = 49312211, In order to prove the statement for k = 4, we would
need to do 24 such calculations. o

The authors did all such calculations with a computer small k (k < 8).

Of course, one would want a proof for general k, preferably one in the (probabilistic) spirit of the
Greene-Nijenhuis-Wilf proof [GNW79]. It seems likely that before one could find such a proof, an
explicit formula for the correction factors would have to be known.

6. DESCRIPTION OF STRONG COVERS

In this section, we prove Theorem 5.2. The proof is via the known description of strong covers in
terms of abacuses. In particular, we show that the residue table counts inversions in certain permuta-
tions.

We know that k-bounded partitions, and k-bounded multiplicity vectors are in an obvious bijective
correspondence with each other. They inherit the cover relations from the strong Bruhat order on
n-core partitions and this is what we mean, for example, when we say one k-bounded multiplicity
vector covers another.

Lapointe, Morse, Lam, and Shimozono [LLMS10] assign each core partition an offset sequence
and then describe covers in the core lattice in terms of the offset sequence. We prove Theorem 5.2
by explaining the connection between the residue and quotient tables and offset vectors, so their
construction is reviewed here.

The edge sequence of a core partition is equivalent to its beta sequence (see Van Leeuven [vL.99])
and we use the beta sequence/abacus diagram to describe the offset sequence. Let v be an n-core
partition with ¢ parts, let » = fmodn, and let 81 > B2 > ... > B¢ be the first column hook-lengths of
~. Then the abacus of v has n runners, labelled by 1 to n and we place bead ¢, for ¢ from 1 to ¢, on
runner (8; —r)modn + 1.

The offset sequence d = (d1,...,d,) is defined by

_ {the number of beads on runner ¢ minus ¢ if1 <i<(—rmodn)+1

the number of beads on runner ¢ minus (¢ + 1) otherwise.

The extended offset sequence (d;);ecz of an n-core is defined by d;1j, = d; — j.

We will need the following description of strong covers found in [LLMS10]. Let d = (d1,...,d,)
be an offset sequence. Then the offset sequence (di,...,dq,...,dp,...,dy) covers the offset sequence
(d,...,d,,...,dy,....dy) if and only if either

(1) dy < dp and for all a < k < b, dy, & [dg, dp),
or

(2) dy <dy—1landforallb< k <mn,dy¢[dy,d, —1] and for 1 < k < a, dy — 1 ¢ [dp,d, — 1].
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In both cases, we say that this is an (a,b) cover. In the first case, d, = dp and the multiplicity is
dy — dg. In the second case, d), = d, + 1 and dj = d, — 1 and the multiplicity is d, — 1 — dp.

In Algorithm 6.1, we convert the k-bounded multiplicity sequence p = (p1,...,px) to the offset
sequence of the n-core corresponding to the k-bounded partition, via the abacus. This produces the
same abacus as produced by the 8 numbers of the corresponding (k + 1)-core. Right after that, in
Algorithm 6.2 based on Algorithm 6.1, we will describe how to assign a permutation 7, to p.

Algorithm 6.1. Let ¢ be the number of parts; that is, > p;, and set v to be mod n and q to be £ divn.
We start with an empty abacus of n runners, labelled by 1,2,...,n from left to right. For step 0, we
mark runner (—r modn) +1 as done; all others are free. For step 1, distribute pi beads on the abacus,
one on each runner, in order, always skipping runner (—rmodn) + 1 and cycling back to runner 1
when necessary. The runner following the runner where the last bead was placed is now marked as
done and out of play. Suppose step i has been completed and px + pr—1 + ... + pr—i+1 beads have been
distributed. Again, the next available runner following the runner where the last bead was placed is now
out of play. For step i+ 1, start distributing the next pp_; beads on the next available runner after that
one, always skipping runners marked as done. This continues until all £ beads have been distributed.

The components d;, 1 < i < n, of the offset vector can be read from the abacus. In particular,

d — {the number of beads on runner ¢ minus ¢ if1 <i<(—rmodn)+1

the number of beads on runner ¢ minus (¢ + 1) otherwise.

Algorithm 6.2. The permutation m,, which we now define, keeps track of the order in which runners
are marked as done, from last to first. Thus m,(n) = (—rmodn)+1, since runner (—rmodn)+ 1 was
the first marked as done. my(n — 1) records the second runner marked as done and so on. The value
of mp(1) is determined after step n — i, where p; beads have been placed.

By its definition, the permutation 7, has the property that it orders the offset sequence
(6.1) ry(1) 2 Ay (1) 2 07+ 2 Aoy (),
subject to the condition that if ¢ < j and d; = dj, then 7, ' (j) < m, ().

Ezample 6.3. Let us take the 4-bounded partition from Example 5.1, p = (1,3,2,5). The offset

e . 1 2 3 4 5

sequence for the partition in Example 5.1 is d = ( 0 -1 3 1 -3 >

The corresponding permutation m, is (3,4,1,2,5). This partition/offset sequence/multiplicity se-

quence covers 7 partitions/offset sequences/multiplicity sequences. Below we list them and the corre-
sponding pairs in the offset sequence.

piri | my(j +1) | mp(i) | offset sequence cover | multiplicity

pht? 4 3 (1) >(33) 1
ph?? 1 3 (63)>(3%) 3
p>>! 1 4 (61)>(13) 1
ph30 2 3 (A3)>(33) 4
pra 2 1 (21)>(14) 2
p340 5 1 (5 %)>(%2) 2
phhl 5 2 (A 25%)> (24 5) 1
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The construction of the abacus is presented in Figure 8; here n =5, ¢ = 11, r = 1, ¢ = 2, and

—r 4+ 1modn = 5. o
mp(5) mp(4) mp(5) mp(3) Tp(4) mp(5)
Step 0: mark runner —r+1  Step 1: distribute py = 5 Step 2: distribute ps = 2
as done. beads. beads.
mp(3) Tp(4) 7p(2) 7p(5) mp(3) mp(4) mp(1) mp(2) mp(5)
Step 3: distribute po = 3 Step 4: distribute p; = 1
beads. beads.

FIGURE 8. Construction of the abacus corresponding to (1,3,2,5).

We use the following notation, because it helps us avoid many case statements. Let 7 € &,, and let
1<i<k<n

7(1) +n otherwise

{ﬁ(i) if w(k) < (i)

One important fact about 7, which is easy to see from the algorithm to build d and the definition
of 7, is

(6.2) pimodi+ [{k:i+i <k <nandm(i+1) <[my(k)lis1 < [mp(i)]iv1}] = [mp(D)]iv1 —mp(i +1).

Proof of Theorem 5.2. We claim that every entry r;; in the residue table with the property that
Tij < Tit1js---,7j; and g;j + -+ + ¢g;; > 0 corresponds to a multiplicity vector p*/"ii which p covers.
More precisely, a k-bounded partition (4, j)-cover corresponds to the offset sequence cover given by
(min(m,(j + 1), mp(2)), max(mp(j + 1), mp(2))). We will refer to this as a {m,(j + 1), mp(¢)} cover for
the offset vector. In this subsection, we explain the connection between these two descriptions of
covers. We need to explain why p covers p*/™ with multiplicity Qij + qi+1,5 + - - + gj; if and only if
{mp(j 4 1), mp(i)} is a cover with multiplicity [dre]j41 — dr(j41)-

Here is the plan. In Subsection 6.1, we define a statistic p;; for the permutation m,. We show that
the offset vector d has a {m,(j + 1), m,(¢)} cover if and only if p;; < pg; for j < k < i+ 1. Then in
Subsection 6.2 we show that p;; = r;;. We discuss the multiplicities of the cover in Subsection 6.3.
Finally, in Subsection 6.4, we verify the form of the multiplicity vector given in Theorem 5.2.
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6.1. The statistic p;;. This subsection defines the statistic p;; for 7 € &,, and makes no mention of
offset sequences, k-bounded partitions, etc. Let m € &,,. The set L;; = L;;(m) is defined for i < j by
Lij={m:1<m<i—1and 7(j+1) < [m(m)]j41 < [7(0)] 41}
Now we can define p;; as [L;].

Ezample 6.4. We continue with the same example. We have m = (3,4, 1,2,5) € &5, so that

Ly = {m:1<m<3and b < [m(m)]s < 7} = {3},
L3y = {m:1<m<2and b < [r(m)]s <6} ={},

Loy = {m:1<m<1landb<[r(m)]s <9} ={1},
L14 = {m:1<m<1andb < [r(m)]s <8 ={},

L33 = {m:1<m<2and 2 < [r(m)]s <6} ={1,2},
Log = {m:1<m<1and?2< [r(m)]s <4} ={1},

Li3 = {m:1<m<0and 2 < [r(m))s <3} ={},

Log = {m:1<m<1landl<[r(m)]s<4}={1},
Lo = {m:1<m<0and 1< [r(m)]3 <3} ={}, and
L1 = {m:1<m<0and4<[r(m)]3<8}={}

Thus, we have

p11=0 p12=0 p13=0 pu=0
p2=1 pa3=1 pay=1

p33 =2 p3a=0

pas =1

6.2. Offset sequence covers and p” Fix a multiplicity sequence p and its permutation Tp. Suppose
i <k <j+1 By (6.1), we know dr ;) < dr (k) < dr,(j4+1)- Therefore, d, () causes the failure of
{mp(j + 1), m,(i)} as an offset bequence cover if and only if m,(7+1) < [7‘(‘1)(]{:)]]4,_1 < [mp(3)]j41. This
means we will be done with the second step of our plan when we have proved the following lemma.

Lemma 6.5. Let1 <i<j<nandm € &,. We have p;; < pi; for all k such that i < k < j if and
only if [m(k)]jt1 € [7(j + 1), [n(9)]j41] for all k such that i < k < j.

Proof. This is a statement about permutations and has nothing to do with the relationship to the
multiplicity vector of a k-bounded partition.

Suppose i < kg < j and w(j + 1) < [7(ko)]j4+1 < [7(i)]j4+1, so that {m(j + 1), (i)} is not an offset
sequence cover. We must show that there is an m such that i < m < j and p;; > pm;. Let m be the
least integer such that ¢ < m < ko and [m(m)];+1 < [7(4)];4+1. Such an m exists, since kg exists. Then

(6.3) [w(m = D]jqa, [m(m = 2)]jq1, - [7(i+ D]y > [7(0)]j41 > [w(m)].

If € L, then [7(z)];41 < [r(m)]j=1 and 1 < & < m by definition of £,,;. By (6.3), z ¢
{i+1,i4+2,...,m—1}, forcing 1 <z < i. Therefore, z € L;; and p;; > pm;.
Conversely, suppose no such kg exists. That is, for all ¢ < k < j, we have [7(k)];+1 > [7(4)];41-
Then ¢ € Ly; for each k, whereas i ¢ L£;;. Additionally, suppose m € L;;. Then m < i < k and
[W(m)b‘_;,_l < [W(i)]j+1 < iﬁ(k)ij-i-la so that ﬁij C Ekj and Pij < Pkj foralli < k < J. O

We use induction on j — 4 to show that r;; = p;;. We combine the fact that

[mp(D)]it1 — mp(i + 1) {k:1<k<iand mp(i +1) < [mp(k)ix1 < [mp()ig1}]
+H{k:i+i<k<nand mp(i+1) < [mp(k)]it1 < [mp(i)ix1}]

[
pij +|{k i i <k <nand my(i 1) < [mp(B)]iss < [mp(d)ie )]
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with (6.2) to obtain r;; = p;; = p; mod .

We cover the induction step by brute force. There are six cases to consider, given by the relative

ordering of m,(j + 1), mp(i + 1), mp(7). We discuss two of these cases; the others are similar.

Case 1: m,(j +1) < mp(i + 1) < mp(i). Here L;; is the disjoint union of L;41,; and {k : 1 < k <
i and my(i + 1) < mp(k) < mp(é)}. The size of the first set is p;+1,; and the size of the second
is pi; = p; mod i, so the size of their union is p;1+1; + p; modi = (p;41,; + p;) mod .

Case 2: m,(j+1) <mp(i) <mp(i+1). Let A={k:1 <k <iand m(i) < mp(k) <mp(i+1)}. Then
Lij = Lit1,; \ A, where A C L;1,j. Then since |£;11 ;| is pi+1,; and |A|=—p; mod i, we have

pij = |Liv1,j] — Al = piv1j — (=pimod i) = (pit1,; + p;) modi.
6.3. Cover multiplicity. Suppose we have a {m,(i),7,(j + 1)} cover for the offset vector. The
multiplicity of this cover is [dr (iy]j+1 — dr, i), Which is dr (i) — dr,(j+1) if Tp(j + 1) < mp(i) and is

(i) — 1 = du,(j41) if (G + 1) > my(i). We have to show [dr,(i)]j41 — du, (i) = Y Ghj-
On the one hand, we have that

Ao d Qii if mp(i) > mp(i+1)
7p (1) mp(i4+1) — By . . .

gi +1 ifmp(i) <mp(i+1).

Thus,
J
dry (i) = dr,(j41) = Zth + [{m:i<m <jand mp(m) < mp(m+ 1)}
h=i

Let A;; = |{m: i <m < jand mp(m) < mp(m + 1)}| and note that

A — Ai+1,j if Wp(i) > 7Tp(’i + 1)
* Ai-‘rl,j +1 if Fp(i) < 7Tp(i + 1),

where
(6.4) A;; =0if (i + 1) < mp(¢) and 1 otherwise.
On the other hand,
any = {th %f Thi T Thy1; < h
gnn + 1 if rpp +rhg1, > he
Therefore, we must show that
4, = {I{m S m <l and r gy 2 mY (G4 1) < (i)
Hm:i<m <j—1and rmm +rmi1,; > m}|+1 if (5 +1) > m,(0)

Let Bjj = |{m:i <m < j—1 and "pm + m+1,; > m}|, so our goal is to show

_ [By if m,(j + 1) < mp(i)
(6.5) Aij_{B--Jrl if m,(j +1) > mp(d)
17 p P

We note the simple recursion for B;;:
B.. — Bi+1,j if T‘Z‘i+’r‘i+1,j <1
N Bit1j+1 ifri+rip; >4,
where
(6.6) B;; =0.

We will need the following claim, and then the proof will follow by induction and consideration of
cases.

Lemma 6.6. We have that
i + i1,y > 4 if and only if [mp(i)]j41 € [mp(5 + 1), [mp(@ + 1)]j41]-
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Proof. Consider the algorithm to construct the permutation m, (and the offset sequence) from k-
bounded multiplicity vector p = (p1,...,px) . Suppose (i + 1) has been determined. Place p; =
@i 1 + 75 beads on the remaining i runners, starting at the first free runner after the one labelled by
mp(i +1). The last r; determine m,(i), and we deposit these starting again at the first free runner
after the one labelled by 7, (i + 1) . These beads will first be placed on runners in the complement of
[mp(4 + 1), [mp(i + 1)]j=1], and then in [m,(j + 1), [mp(¢ + 1)];41] if there are enough beads. There are
i — Ti41,; free runners in the complement of [m,(j + 1), [mp(i + 1)]]. Therefore, we have r;; > i — 1711 ;
if and only if [m,(¢)]j41 € [mp(j + 1), [mp(i 4+ 1)];41]. O

The base step of the induction follows from (6.4) and (6.6). Now assume that (6.5) holds for ¢ + 1
and j. Again, we have six cases, based on the relative positions of m,(7), m,(i + 1), and 7,(j + 1), and
again we prove only two of them.

Case 1: m,(i) < mp(i +1) < mp(j + 1). By induction, we have A1 ; = Bjy1; + 1 and we want
A;; = B;; + 1. Since mp(i) < mp(i + 1), we have A;; = A;11; + 1 and since [m,(i)];41 €
[7mp(j + 1), [mp(i + 1)]j41], we have r; + ri41,; > i, so that by Claim 6.6, B;; = Bij;1,; + 1.
Then Aij = Ai-i—l,j —+ 1 = (Bi-i-l,j —+ 1) —+ 1 = Bij —+ 1
Case 2: m,(i +1) < mp(i) < mp(j + 1). By induction, we have A;11; = Bit1; + 1 and again we
want A;; = B;j + 1. Since mp(i + 1) < m,(i), we have A;; = A; 1 ; and since [mp(i)]j11 &
(75 (5 + 1), [7p(i + 1)]j41], we have 7i; + 1115 < 4, 50 Bij = Bija,5.
Then Aij = AiJrl,j = (Bi+1,j + ].) = Bij + 1.

6.4. k-bounded multiplicity vector. Suppose the k-bounded multiplicity vector p corresponds to
the offset vector d and that d is a {7, (i), m,(j + 1)} cover, where i < j. Call the offset vector d covers
d. We have to show that d correponds to the k-bounded multiplicity vector p*"is | which will call p
in this section.

By [LLMS10], we

7 (d17"-7d7rp(i)7'-~ad7rp(j+1)>~"7dn) ifd:(d17...,dﬂp(j+1),...7dﬂ-p(i)7...,dn)
(dl,...,dﬂ.p(j+1) + 11;-~-7d7'rp(i) — 1,...,dn) if d = (d17...7dﬂ-p(i)7...’dﬂ—p(‘j+1),...7dn).

We consider how we would have to change p so that in Algorithm 6.1 we produce d instead of d.
We assume r =0, ¢ < j, and m,(j + 1) < m,(¢); otherwise, the arithmetic muddies the water too much.
Between runners m,(j + 1) and 7, (%), there are r;; runners whose labels are m,(m) for 1 < m < 4.
Since d covers d, there are no runners between runners 7, (j 4 1) and 7, (i) whose labels are ,(m) for
i <m < j+ 1. That is, when Algorithm 6.1 is used on p, at all steps from step n — (j + 1) to step
n — i, there are the same number of free runners between runners m,(j + 1) and 7, (?): 7;;.

At step n — (j + 1), we start at the first free runner after m,(j + 2). Up to now, the abacus for
p and p are the same. Suppose we distribute p; 11 = ;41 + 73; + 1 instead of ¢;;; beads. Then one
bead is for runner mp(j + 1) and we end at m,(i), so that that d. ;1) = d Next we distribute
m5(j) = mp(j) — 1i; — 1 beads, landing back at runner m,(j) = 73(j).

mp (i)

Similarly, at step n — ¢, we start at the first free runner after m,(i + 1) = m3(¢ + 1) and distribute
ty = tp — 1ij, landing at 7,(j + 1) instead of m(i). For the next step, we compensate by distributing

t; =t + 1ij beads, forcing m,(i — 1) = 75(i — 1) and realigning d with d.
This process is reversible; that is, if p»/™ is a covered by p, then we must have m = Tij

This completes the proof of Theorem 5.2.
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7. INDUCTION FOR THE WEIGHTED VERSION

It is clear that an inductive proof of the weighted version, Theorem 3.1, is necessarily more com-
plicated. Indeed, it is not clear what the recursive formula for F,gk)(t) would be: if we add a strong
marked cover to a starred tableau T to get T, the major index of 7" does not depend only on the
marked cover and the major index of T', but also on the the last cover of T.

It follows that in order to prove Theorem 3.1 by induction (for small k), we have to state a stronger
statement. The following conjecture postulates that it is possible to compute F 7Elc,z(ﬁ) =>r gmai(T)
where the sum is over all standard strong marked tableaux T of shape ¢(m) for which the marked box
with the largest entry is in row h.

Conjecture 7.1. For each k, there exist rational functions p((f}’J(t) for a k-irreducible partition o,

1 <TI<J <k such that

J—1mps1—j(0)

J
Y Porst)=(Tk+1=T)+ D)3 N p()
=1 =1 =1

E mrt1-g(o)

S perul®) = (o))
J=1 I=1

and such that the following holds. For a k-bounded partition ,
= (kP (k—1)P2, ... 1P%)

write p; = a; + tw;, where 0 < a; < i. For h, 1 < h < {(x), find (the unique) J, 1 < J < k, so that
pr+...+pjc1i<h<pi+...+pj, andwrite h=p1+...+pj_1+ 1+ Jm, where 1 < I < J and
m > 0. Then

k S (k4-1—4)w; +m - k
FE(1) X ir=dwiml (e1=0) pl) ()

O (Im])
In other words,

kwi(8)(k—i Sl —i)wi+m - k k
F(k)(t)_tzlzl (=it DS i 1=t mI (41-7) (| — 1)1 E (1)p*) (1)
,h - . k_w; min{i,j, —1, —J
(lo)! TTj=y (g it itz

The conjecture is essentially saying that each possible row h get a predictable, “fair” share of starred
tableaux. This is quite suprising; it does not seem to hold for standard Young tableaux.
Ezample 7.2. The following tables give the rational functions pffk} ;) for k = 2,3 (in row I and
column J of the table for o).

2010 [(2) 0 |201' [(2) 1
t

(2)
392010 [(3) 0 0 3201 [(B) 1 1
(4) 0 t(3) 0
(3) t(2)
392012 [(3) 0 0 |32 [[(3) (2) 0
(4) (2) t(2) 0
t2 t2(3)
302111 | (3) o) &322 3) (2
t(1+t+2t2 13 3702
( ) ) 0 t2(2) t ((32))
t3(3) 4
@

Of course, pgk} ;(t) get progressively more complicated for higher k. o
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It follows immediately from the definition of the major index that
£(m)
(k) Z g™t ZFT(k) ) + ZZF(k ),
i=h T

where both inner sums are over k-bounded partitions 7 of size |w| — 1 that are covered by 7 and so
that one of the ribbons of ¢(m)/c(7) has its head in row h (note that this can be described explicitly).
Therefore it remains to check that the formula for FT(rkf)L(t) from the conjecture satisfies the same
recursion.

8. FINAL REMARKS

8.1. There are also notions of weak horizontal strips and weak tableauz. For n-cores A and p, A C p,
we say that p/X is a weak horizontal strip if b(u)/b(\) is a horizontal strip and b(u’)/b()\') is a vertical
strip. If in addition |b(u)| = |6(A)| + 1, we say that u covers A in the weak order. A weak tableau of
shape A is a sequence of weak horizontal strips u(i‘*‘l)/u(i)7 i=0,...,m—1, such that u(® = @ and
p(™ = \. Define fT(rk) to be the number of weak tableaux of shape ¢(w). In [LLMS10], it was proved

_ (witws)!
that f21"112w2 f2w111+2w2 = Twilwy! ¢

It is not hard to prove by induction that

_22%2 () 4ws ) (waFws ) (w1 +2wa+ws —1)! (2w +2wa+2w3)!

f3“’1 22wz 13wz T wilwalws! (w1 +wz+ws —1)!1(2w1 +2w2) ! (2w +2ws3)!
f _ 22w2 (w1 4w2) ! (wa+wsz)! (w1 +2wa+ws)! (2w +2wa+2w3)!
wy Q2wg 1 1+3wz T w1 lwalws! (w1 +ws+w3)! (2w +2w2 ) (2w2 +2w3)!
f(3) _ 2%w2 (w1+w2) (watws)! (w1 +2wa+wz ) (2w1 +2wa+2wz+1)!
3wy 2wy 12+3wz T w1 lwalws! (w1 +wa+ws)! (2w +2w2 ) 12we +2w3+1)!

22w2 (w1 Jr’ll)z)'(’d}g +wg)‘(w1 “+2wo +w3)!(2w1 “+2wo +2’LU'3+1)'
wilwalws! (w1 +we+ws)! (2w +2we+ 1) (2we +2ws)!

f3wl 21+2wg 13wy

f(3) o 22w2+1(w1+w2)!(w2+w3)!(w1+2w2+w3+1)!(2w1+2w2+2w3+1)!

3w l+2wg 1+3wg wilwalwg! (w1 +wa+ws ) (2w +2we+1) ! (2we +2ws+1)!

f(3) o 22watl () o) (waFws ) (w1 +2we +wz +1)! (2w +2wa+2ws+1)!
w1 21+2wz 1243wz w1 lwalws! (w1 +wa+ws)! (2w +2we+1)(2we +2ws3+1)!

We were unable to find formulas for £ > 4, but it beemb unlikely that simple formulas exist. For
example, the simplest recurrence relation that g(i,j) = f 23i14; Seem to satisfy is

a(t,7)g(i, 3) + (i, j)g(i,j + 1) — (i, j)g(i + 1,5) =0,

where
.. (3i+2j+1)(3i+2j+2)(63i2+111ij+108i+36j2+89j+45)
a(i,j) = 3
b(‘ ) 5(j+1)(2161’3+432i2j+432i2+219ij2+513ij+264i+36j3+125j2+139j+48)
L]) = 3

c(iyj) =(i + 1)(3i 4+ 1)(3i + 2) (9 + 12 + 11)

8.2. Our work has led us to consider (weighted) correction factors. They seem to be mysterious objects
that deserve further study. The unimodality conjecture (Conjecture 3.7) is certainly intriguing and
could hint that the factors have some geometric meaning.

Let us give another perspective on these factors. Since k-Schur functions are symmetric, they can
be expanded in terms of Schur functions; in fact, the original definition (conjecturally equivalent to
our definition) of k-Schur functions via atoms gives precisely such an expansion. For example,

(4)
S9911 = S2211 + S321-

Take the stable principle specialization (i.e., evaluate at 1,¢,¢2,...) and multiply by (6)!(1 —t)%. By
(4.12) and [Sta99, Proposition 7.19.11], we have

Fz(;lh( t) = fa211(t) + f321(t).
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Then, by (3.2) and [Sta99, Corollary 7.21.5],

q*Ca211 (1) q’ q*

@G)@ @ @6)  (3)°6)

and so
t3 1 1+2t+t2+ 3
Caa11(t) = (2)(3)(4) 5 + - =
(2)°(4) ()  (3)°(5) (2)(3)
8.3. There is also a formula for the principal specialization of sy of order i (i.e. evaluation at 1,¢,...,t"~?

see e.g. [Sta99, Theorem 7.21.2]), in which both hook-lengths and contents of boxes appear. By imitat-
ing 8.2, we can get rational functions (which depend on i) which converge to the weighted correction
factors as i — oo. These rational functions also seem interesting and worthy of further study.

8.4. As we already mentioned, it would be preferable to prove Corollary 3.2 by induction, as in
Section 5, but for a general k and in a way that would make apparent the meaning of hook-lengths
and correction factors (the ideal being a variant of the probabilistic proof from [GNWT79]). It seems
likely that one would need to know a formula for the correction factors before such a proof would be
feasible.

8.5. We showed (in Theorem 5.2) how to interpret the residue and quotient table to find strong
covers. We feel that residue (and quotient) tables could prove important in other aspects of the
k-Schur function theory. In the follow-up paper [Kon], the following results are presented:

Description of k-conjugates: Take a k-irreducible partition 7. Then the number of parts of 7(¥) equal
to i is the number of elements in row ¢ 4+ 1 that are strictly greater than the element immediately
above them. (A similar description exists for general k-bounded partitions.)

Description of weak covers: Identify a k-bounded partition 7 = (kP ... 1P*) with p = (p1,...,pk),

and write ¢; = (0,...,1,—1,...,0) (with 1 in position ¢ and —1 in position 7 + 1). It is obvious
that p + ¢; covers p in the Young lattice if and only if p;11 > 0. Denote the residue table of p by
R. Then p + ¢; covers p in the weak order if and only if 7;41;41,...,741,5 > 0.

Description of weak strips: More generally, for a set S C {1,...,k}, denote by 7% the partition
whose corresponding sequence is p + >_._¢ ;. Then 7°/7 is a weak strip if and only if Tiy1,; > 0
forallie S, j¢S,i<j.

i€S

Description of LLMS insertion: In [LLMS10], a variant of the Robinson-Schensted insertion for weak
and strong marked tableaux is presented. The procedure has very important implications, but
is extremely complicated. It simplifies slightly when specialized to standard tableaux [LLMS10,
§10.4]. The following description of case X hints that a description in terms of residue tables could
be possible. Note that case X occurs when all three known corners of a square in the growth
diagram are the same, say 7, and the number within in the square is 1. Then the unknown corner
of the square is 7 + ¢;, where 7 is the unique index for which r;4;; > 0 for i +1 < j < k and
rj;<j—1for2<j <.

)
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9. THE APPENDIX: CORRECTION FACTORS FOR k =5

9213 9312 9313 glg1q2
3 t2(1+t) 42 2
2)(9) (3)2 @ (3)2
319193 319211 319272 319213
+3 Tt t2 (142t4+2t242¢3 +2¢4445) t2 (142t4+2t2 413 +14)
3)(@) (4) (3)(4) (2)(4)2
319312 319313 3212 329171
t2 (242t42t2+13) t(1+t+t2 43414 42 t(1+t4t2)
33 (@? @ T@H@
329112 329113 3292 329271
t(1+41t) t2(141) t2(2) Tt
(3)2 3)(@) (3)2 (3)
329212 329213 329274 329312
t2(243t4+3t2+2t3+14) BL(t) t2(1+1) t(1+2t+2t2t+2t3+t4)
(3)2(4) (2)2(4)3 (3)2 (3)3
329313 qlolql 4lo172 4lo173
t(1+2t+3t2 433 42¢1) ¢ 2 t3
>)(3)(@ (2)(9) (3)(@) (4)2
419213 419312 419313 4131yt
t(14t4+t2+t3 414445 t2(242t+2t242t3 444 42 t(14t)
(2)(9)2 @ @ (3)2
413112 4lglgl 4lglglyl 4lglogly2
t2(141) Tt t(14t4+2t242t3 414 t(1+2t+2t242¢3)
3@ @) (2)(®)? (3)3
4l3lg113 4lglolyd 413192 Alglg2ql
t(1+2t+2t2 4243 42¢%) Tt t2(141) t(1+2t+3t2+3t3 42¢4)
(3)2(a) (4) 3)(4) (3)2(4)
41319272 41319213 4lglo2q4 4lglg312
t2(243t+2t2) t(14t412) t2(1+1) t(14+3t+3t243t3 414
e @@ @ BT E—
41319313 413272 4lg29171 4lg29172
Bo(t) t(14t+t2 4341 B3 (t) t(1+t)
(3)2(4)2 (4)? (2)2(4)3 (3)2
41329193 413292 41329271 41329272
t2(1+1) t(142t+2t2 4263444 t(243t+3t2 4263444 B4(t)
(3)(9) (3)3 (2)(3)(2) (3)2(4)2
41329273 41329274 41329312 41329313
B5 (1) t(142t+2t2 423 4¢4) t(1+2t+2t2 4243 44%) t(243t+5t2 453 45¢443t542¢6)
(2)2(4)* (3)3 (3)3 (3)(4)2

Bi(t) = 1+ 4t + 9t% 4 15¢% 4 19t* 4 20> + 165 + 10¢7 + 55 4 2¢°

Ba(t) =1+ 3t + 7t2 + 1163 + 13¢% 4+ 1145 + 8¢5 + 447 448

B3(t) = 2 + 5t + 10t% + 16t + 20t* + 19t° + 15¢5 + 9¢7 + 4% 4+ ¢°

Ba(t) =1+ 4t + 82 + 113 + 13t + 1145 + 7¢5 + 37 448

Bs(t) = 2 4 7t + 18t% + 36> + 58t + 75t + 8216 4 75¢7 4 5815 + 36t° + 1810 4 7¢tL 4 2412
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