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Preface

This habilitation thesis consists of my four articles [15l, 16, M7, 18], which can be found
in the four chapters of the thesis. The first three articles are published, or are accepted for
publication, in refereed journals. The very recent (and thus unpublished) preprint [I8| resp.
Chapter ] contains an application of the operator formula in [I7, resp. Chapter B], providing
a new proof of the long-standing refined alternating sign matriz (ex-)Conjecture first proved
by Zeilberger [65]. Thereby, it underlines the significance of this operator formula and should
consequently be included in this collection of articles.

There are common themes linking the four parts of the thesis. One connection is quite
obvious — the articles deal with enumeration problems on closely related combinatorial objects.
In [15) M6l resp. Chapter [l and 2] T have solved two plane partition enumeration problems
and in [I7), M8, resp. Chapter B and H] T am considering alternating sign matrices. Plane
partitions are two-dimensional integer arrays, which are decreasing along rows and columns,
thus generalizing ordinary (one-dimensional) partitions. Alternating sign matrices, on the other
hand, are equivalent to two-dimensional integer arrays of triangular shape (monotone triangles),
which also decrease along rows and columns and, in addition, strictly decrease along diagonals.
The significance of these objects is partly due to their close relations to other areas such as
representation theory of classical groups and statistical mechanics. On the other hand, this field
is undoubtedly challenging and thus attracting because the enumeration of these objects subject
to a variety of different constraints leads to nice product formulas of compelling simplicity, which
(still) seem to require highly non-trivial proofs. In the following two paragraphs we give a short
account on the history of this area. (An extensive treatment of this topic can be found in
Bressoud’s book [7].)

Plane partitions appeared for the first time in the work of MacMahon [40] about a century
ago. In the early 1960s, contributions by Carlitz, Cheema, Gordon and Houten [8), 9, 22, 23,
24, 25| prove an increasing interest in these objects. Then, in two important papers by Bender
and Knuth [6] and by Stanley [55] respectively, the connection between symmetric functions
and the enumeration of plane partitions is established and, from that time on, plane partitions
are intensively studied objects in enumerative and algebraic combinatorics. The paper by
Bender and Knuth also contains the well-known Bender-Knuth (ex-)Conjecture, which was
subsequently proved by Andrews [2], Gordon [26], Macdonald [38, Ex. 19, p. 53] [39, Ex. 19,
p. 86] and Proctor [46l, Prop. 7.2]. In fact, Andrews showed the equivalence of this conjecture
with a conjecture on the generating function of certain symmetric plane partitions, which is
already due to MacMahon [40] and was proved by Andrews [I] much later. Another proof based
on the Weyl character formula for type B, was given by Macdonald in [38 Ex. 17, p. 52]
[39, Ex. 17, p. 84 — 85]. In the following, the interest focused on the enumeration of the nine
other symmetry classes of plane partitions [56], all which, quite remarkably, result in simple
product formulas. This task was finally accomplished in 1995 by the work of Andrews [4],
Kuperberg [36], Mills, Robbins and Rumsey [41, 43], Proctor [5l, 47|, Stanley [56] and
Stembridge [60]. The only exception is the g-enumeration of totally symmetric plane partitions
and a refined enumeration of totally symmetric self-complementary plane partitions [43], which
are still open.
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Alternating sign matrices were introduced by Robbins and Rumsey [52] in the course of
generalizing Dodgson’sﬂ condensation of determinants algorithm for evaluating determinants.
Out of curiosity, they raised the problem of enumerating alternating sign matrices of fixed size
and came up with the appealing conjecture that the number of n x n alternating sign matrices
is given by the simple product formula

ﬁ (35 —2)!

e (n+j—1)!

This turned out to be one of the most difficult problems in enumeration that was ever consid-
ered. In 1996 Zeilberger [64] finally succeeded in proving this conjecture. His proof is based
on constant term identities. A further breakthrough was possible after Jim Propp’s discovery
of a surprising relation to statistical mechanics: physicists had introduced a model (siz-vertex
model) for “square ice”, which turned out to be equivalent to alternating sign matrices. Ku-
perberg [34] was able to use their results on the six-vertex model to give another proof of
the alternating sign matrix theorem. As early as in the 1980s and in perfect analogy to the
considerations regarding plane partitions, Robbins [53] proposed the study of the eight sym-
metry classes of alternating sign matrices, as in six cases the enumeration again seemed to
result in simple product formulas. Kuperberg solved some of these problems and introduced
new classes of alternating sign matrices in [35]. Enumerations of further symmetry classes, as
well as refined enumerations, 2-enumerations and 3-enumerations of alternating sign matrices
were established by Colomo and Pronko, Eisenkolbl, Hamel and King, Okada, Razumov and
Stroganov, Stroganov [10, 0T, M4, 28, 44, 49, K0, 51, 6T, 62, 63]. Now, all conjectures
from [63] are solved, except for the conjecture on diagonally and antidiagonally symmetric
alternating sign matrices of odd order. However, there is another fact which still seeks for an
explanation: there are the same numbers of many types of alternating sign matrices as there
are of other types of plane partitions. For instance, there are exactly as many alternating sign
matrices with no symmetry as there are plane partitions with full symmetry. So far, none of
these relations between alternating sign matrices and plane partitions is bijectively explained
and to construct such a bijection is currently one of the most challenging problems in this field.

In view of these relations between plane partitions and alternating sign matrices it is natural
to aim for a unified approach to solve the respective enumeration problems. This is a central
motivation for the research presented in this thesis. In the four articles, I have developed
a “polynomial method” to solve various problems in this area. Indeed, many enumeration
formulas are polynomials in certain parameters if the other parameters are fixed. For instance,
the binomial coefficient (i) is a polynomial in z for fixed n. It is a fundamental fact that
a polynomial (in one variable) of degree n is determined by n + 1 “independent” properties.
Examples for such properties are zeros or certain symmetries of the polynomial. This fact
motivates the following method for proving polynomial enumeration formulas: suppose we
consider an enumeration problem where we suspect the enumeration formula to be a polynomial
in certain parameters. The method consists in the following three steps.

(1) First we have to prove that the enumeration formula is indeed a polynomial. This is
often accomplished by a simple recursion.
(2) Next we have to compute the degree of the polynomial.

IReverend Charles Lutwidge Dodgson is better known as Lewis Carroll, the author of “Alice in wonderland”.



(3) Finally we have to deduce enough other properties of the polynomial in order to be
able to compute it. What “enough” is, is determined by the degree of the polynomial.

This establishes the basis for my point of view on plane partition and alternating sign matrix
enumeration problems here. My method can be seen as an alternative approach complementing
the standard technique in this field, where one translated] the enumeration problem into a
(in many cases highly non-trivial) determinant evaluation problem. Next I elaborate on this
alternative approach by individually discussing the articles of the habilitation thesis.

In [I5, resp. Chapter [ T present a new refinement of the Bender-Knuth (ex-)Conjecture,
which easily implies the Bender-Knuth (ex-)Conjecture itself. This is probably the most ele-
mentary way currently known to prove this result. In [6l, p.50] Bender and Knuth conjectured
that the generating function of strict plane partitions with at most ¢ columns and parts in
{1,2,...,n} is equal to

n

) _ T let i dls
= T
2 =1
where [n;q] =1+q+---+¢" 7 [a;ql, = H?:_Ol [a+1; g] and the norm n(7) of a plane partition
is defined as the sum of its parts. Surprisingly, my research led me to the observation that
the refined enumeration with respect to a new parameter k, which counts the number of parts
equal to n, still results in a simple product formula. Namely, the generating function of strict

plane partitions with at most ¢ columns, parts in {1 2,...,n} and k parts equal to n is
Mk +15q)n 11+ ¢ — ﬁc—i—z—qu
[15q)n P

If we set ¢ = 1 in this formula and fix n, we obtain a polynomial in k of degree 2n — 2, which
gives the number of strict plane partitions with at most ¢ columns, parts in {1,2,...,n} and k
parts equal to n. Remarkably, the polynomial factorizes nicely into distinct linear factors over
Z. With enumeration polynomials of this type, the properties characterizing the polynomial
in Step 3 of our method are typically the zeros together with an additional evaluation of the
polynomial. The idea, which we have used in [T, resp. Chapter [I] to explain these zeros, is
interesting in its own right: we find a “natural” combinatorial extension of strict plane partitions
with at most ¢ columns, parts in {1,2,...,n} and exactly k parts equal to n to arbitrary integers
k and notice that the extension is simply impossible if k is a zero of the enumeration polynomial.
This may sound strange at first, however in this case, the combinatorial extension can be defined
by using Gelfand-Tsetlin patterns, which are objects equivalent to strict plane partitions. This
explains roughly how I prove the Bender-Knuth (ex-)Conjecture refinement in the special case
g = 1. In order to obtain the result for arbitrary ¢, I had to extend the method to so-called
g-polynomials.

In [T6 resp. Chapter ] I present a further refinement of the Bender-Knuth (ex-)Conjecture,
thereby refining Krattenthaler’s refinement [30] and my own refinement from [15, resp. Chap-
ter M. Namely, I have computed the generating function of strict plane partitions with parts
in {1,2,...,n}, at most ¢ columns, p rows of odd length and k parts equal to n. The method,

2In the case of plane partitions, this translation is usually accomplished by the Lindstrém-Gessel-Viennot
theorem for non-intersecting lattice paths [21], 37|, whereas with alternating sign matrices the determinantal
expression for the partition function of square ice [34} [35] can often be used.
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which T use for proving the result, is an extension of the method presented in [15, resp. Chap-
ter []. On the one hand, I had to extend the method to so-called g-quasi-polynomials. More
remarkable is that in this case, the zeros together with one extra evaluation of the g-quasi
polynomial do not suffice in order to uniquely determine it. Consequently, some additional
properties of the enumeration polynomial had to be deduced. The proofs in this paper are
rather technical. In the end, they heavily rely on non-trivial transformation and summation
formulas for basic hypergeometric series.

In [I7), resp. Chapter B] the situation is different. There, I consider monotone triangles with
prescribed bottom row (kq,...,k,). Monotone triangles with bottom row (1,2,...,n) are in
bijection with n x n alternating sign matrices. It is not hard to see that the number of monotone
triangles with prescribed bottom row (ki, ks, . .., k,) is given by a polynomial in (ki, ks, ..., ky).
Thus, in contrast to the enumeration polynomials in [T5), 16, resp. Chapter Mand B, we consider
a multivariate enumeration polynomial in this case. Moreover, this polynomial does not factor
over Z, and, therefore, we have to work with other properties of the polynomial. In this case, I
found operators, which are polynomials in shift operators, whose application to the enumeration
polynomial produce certain symmetries of the polynomial. Thereby, I was able to prove that

the number of monotone triangles with prescribed bottom row (ki, ks, ..., k,) is
. kj — ki
( II (a +EkpAkq)> I ==
1<p<g<n 1<i<yj<n

In this formula, E, denotes the shift operator, defined by E, p(z) = p(x+1), and A, := E, —id
denotes the difference operator. This class of enumeration formulas seems to be new and, very
likely, it allows elegant presentations for some other enumeration formulas as well. Let us remark
that operator formulas of this type can often be translated into constant term identities.

Even though the operator formula is a compact way to express the number of monotone
triangles with prescribed bottom row, it can still be challenging to apply it as we see in the
last chapter [I8, resp. Chapter H] of this thesis. Namely, in order to use the operator formula
to give another proof of the refined alternating sign matrix theorem, one has to evaluate it
at (ki,ko,...,k,) = (1,2,...,n). I have carried out this (non-trivial) evaluation in [T7, resp.
Chapter B], where I succeeded in proving a refined version of the alternating sign matrixz theorem
first given by Zeilberger [65]. Moreover, in this article, I was able to compute the number
of certain 0-1-(—1) matrices generalizing alternating sign matrices, thereby providing a new
generalization of the alternating sign matrix theorem.

This need not to be the end of the story. I plan to further apply (and thereby further
develop) the polynomial method in the theory of plane partitions and alternating sign ma-
trices and beyond. For example, it would be nice to find other applications of the method
for proving polynomial enumeration formulas that factorize over Z as presented in [I5] resp.
Chapter [M]. Moreover, it would be interesting to find g-versions of the operator formula from
[17, resp. Chapter B], thereby providing weighted enumerations of monotone triangles. How-
ever, I also believe that there are other (triangular) arrays of non-negative integers, whose
enumeration formula can be expressed using operator formulas. An example may be the tri-
angular integer arrays corresponding to totally symmetric self-complementary plane partitions
(TSSCPP-triangles) [43]. (Zeilberger [64] calls generalizations of them “magog trapezoids”.)
This, and our experience from [I8, resp. Chapter H] in evaluating operator formulas, could
be helpful in attacking a long-standing conjecture from [42] on the refined enumeration of
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TSSCPP-triangles. This research may also help in finally constructing a bijection between
TSSCPP-triangles and monotone triangles.
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CHAPTER 1

A method for proving polynomial enumeration formulas

ABSTRACT. We present an elementary method for proving enumeration formulas which
are polynomials in certain parameters if others are fixed and factorize into distinct linear fac-
tors over Z. Roughly speaking the idea is to prove such formulas by “explaining” their zeros
using an appropriate combinatorial extension of the objects under consideration to negative
integer parameters. We apply this method to prove a new refinement of the Bender-Knuth
(ex-)Conjecture, which easily implies the Bender-Knuth (ex-)Conjecture itself. This is proba-
bly the most elementary way to prove this result currently known. Furthermore we adapt our
method to g-polynomials, which allows us to derive generating function results as well. Finally
we use this method to give another proof for the enumeration of semistandard tableaux of a
fixed shape which differs from our proof of the Bender-Knuth (ex-)Conjecture in that it is a
multivariate application of our method.

17



18 1. POLYNOMIAL ENUMERATION FORMULAS

1. Introduction

1.1. A simple example. Let F(r, k) denote the number of partitions (\1,...,\,), i.e.
Al > A > ... > A\ >0, of length r, with parts in {0,1,...,k}. It is basic combinatorial
knowledge that

F(r k) = ( .
For fixed r this expression is a polynomial in k& with distinct integer zeros. In this paper
we present an elementary method for proving polynomial enumeration formulas of that type,
together with some non-trivial applications. The underlying idea is to find the appropriate
extension of the combinatorial objects under consideration to (typically) negative integer pa-
rameters and with this “explain” the zeros of the enumeration polynomial.

To be more concrete let us first demonstrate this 3 step method in terms of our simple
example.

(1) In the first step we extend the combinatorial interpretation of F'(r, k) to negative integer
k’s. For k < 0 we define

F(rik)=(=1)"[#A1,...,\) €Z" with k <A\ <X < ... <\ <0

k+r) (k+1)-(k+2)-...-(k+r)

r 7’!

This definition seems to appear from nowhere, however, the following step should convince us
that it was a good choice.

(2) In this step we show that for fixed r the function k& — F(r, k) can be expressed by a
polynomial in k of degree at most r. This is equivalent to A" F(r, k) = 0, where the differences
are taken with respect to the parameter k. In order to show this we use induction with respect
to r. The initial step follows from F'(1,k) = k + 1. Assume that 7 > 1 and k£ > 0. Then

AF(r k)= F(r,k+1) — F(r,k)
=[#A, A2, ) withkE+1> XM > ... >\ > 0]
— [# A1, A, A ) With E > A > 000 > A > 0]
=[#A, A2, ) withk+1>M>...> A >0and A\ = k+ 1]
=F(r—-1k+1).
If £ < 0 we have

AF(rk)=F(r,k+1) — F(r, k)
= (—1)"[#N, Ay, ) with E+1 < Ay <o < A < ()
(S O A A With B < A < ... < A, < 0]
= (=D " MH#ENL Ay A) with k< A\ < ... <A\, <0and A\, =k + 1]
=F(r—-1k+1).
The induction hypothesis implies A"F(r — 1,k + 1) = 0 and thus A" F(r, k) = 0.

(3) In the final step we explore the integer zeros of F(r, k) in k. Consider the definition of
F(r, k) for negative k’s and observe that F'(r, k) =0 for k = —1,—-2,..., —r. By Step 2 F(r,k)
is a polynomial in k& and therefore it has the factor (k + 1),, where the Pochhammer symbol
(a)y is defined by (a), = [[/=, (a +1). The degree estimation of Step 2 implies that this factor
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determines F'(r, k) up to a factor independent of k. Observe that F(r,0) = 1, and thus this
factor is equal to 1/r! and the formula is proved.

1.2. The method. We summarize the general strategy in the example above and with
this establish our method for proving polynomial enumeration formulas. It applies to the
enumeration of combinatorial objects which depend on an integer parameter £ and where we
suspect the existence of an enumeration formula which is polynomial in k& and factorizes into
distinct linear factors over Z. The method is divided into the following three steps.

(1) Extension of the combinatorial interpretation. Typically the admissible domain
of k is a set S of non-negative integers. In the first step of our method we have to find
(most likely new) combinatorial objects indexed by an arbitrary integer k which are in
bijection with the original objects for k € S.

(2) The extending objects are enumerated by a polynomial. The extension of the
combinatorial interpretation in the previous step has to be chosen so that we are able
to prove that the new objects are enumerated by a polynomial in k. In many cases
this is done with the help of a recursion. Moreover the degree of this polynomial has
to be computed.

(3) Exploring “natural” linear factors. Finally one has to find the k’s for which
there exist none of these objects, i.e. one has to compute the (integer) zeros of the
polynomial.ﬂ Typically these zeros will not lie in S, which made the extension in Step 1
necessary. Moreover one has to find an additional (and thus non-zero) evaluation of
the polynomial which is easy to compute. The zeros and the single non-zero evaluation
determine the polynomial uniquely and we are finally able to compute it.

The last step shows the limits of this method. Even if one succeeds in the first two steps, it
may be that the polynomial has non-integer zeros or multiple zeros and the method as described
does not work. On the other hand the enumeration problems which result in polynomials that
factorize totally over Z are exactly the one we are especially interested in and where we are
longing for an understanding of the simplicity of the result.

1.3. A refinement of the Bender-Knuth (ex-)Conjecture. Next we explain a plane
partition enumeration result we have obtained by using this method. The main purpose of the
rest of the paper is the proof of this result. Let A = (Aq, Ag,..., \;) be a partition. A strict
plane partition of shape X is an array mi<i<r1<;j<x, of non-negative integers such that the rows
are weakly decreasing and the columns are strictly decreasing. The norm n(m) of a strict plane
partition is defined as the sum of its parts and 7 is said to be a strict plane partition of the
non-negative integer n(m). For instance

7

— N e Ot
w Ot

6
)
3

n the first step it may have been necessary to introduce a signed enumeration outside of the admissible
domain in order to have the same enumeration polynomial for all k’s. In this case we have to find the k’s for
which objects cancel in pairs with respect to the sign.
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is a strict plane partition of shape (6,4,2,2) with norm 52. In [6, p.50] Bender and Knuth
conjectured that the generating function of strict plane partitions with at most ¢ columns, parts

in {1,2,...,n} and with respect to this norm is equal to
[c+ ;5 q;

§ q )
}_Jl: [Zv Q]z

where [n;q] = 1+q+ -+ ¢! and [a;q], = H?:_OI l[a + i;q]. This conjecture was proved
by Andrews [2], Gordon [26], Macdonald [38, Ex. 19, p.53] and Proctor [46l, Prop. 7.2].
For related papers, which mostly include generalizations of the Bender-Knuth (ex-)Conjecture
see [12, 13, 29] B0, 48, (9].

Using a “g-extension” of our method we have obtained the following new refinement of this
result. As an additional parameter k& we introduce the number of parts equal to n in the strict
plane partition.

THEOREM 1.1. The generating function of strict plane partitions with parts in {1,2,...,n},
at most ¢ columns and k parts equal to n is
Zq Mk 4+ 1;qlp1[1 + ¢ — k; gl ﬂc—i—z—i—lq
[1a q]n—l _ ]

If we sum this generating function over all £’s, 0 < k < ¢, we easily obtain the Bender-Knuth
(ex-)Conjecture. Probably this detour via Theorem [[Tlis the easiest and most elementary way
to prove the Bender-Knuth (ex-)Conjecture currently known. In [32, Sec. 3] the authors come
to the conclusion that all other proofs of the Bender-Knuth (ex-)Conjecture “share more or
less explicitly an identity, which relates Schur functions and odd orthogonal characters of the
symmetric group of rectangular shape”. In our elementary proof this is not the case.

We first prove the special case ¢ = 1 of Theorem [L1], i.e. we compute the number of strict
plane partitions with parts in {1,2,...,n}, at most ¢ columns and k parts equal to n, see
Theorem [[2 (Observe that for ¢ = 1 the formula in Theorem [Tl is a polynomial in &, which
factorizes into distinct linear factors over Z.) This result is new as well. Later we will see that
the method can be extended to g-polynomials in order to prove the general result.

1.4. Outlook and outline of the paper. We plan to apply this method to other enu-
meration problems in the future. The most ambitious project in this direction is probably our
current effort to give another proof of the Refined Alternating Sign Matrix Theorem. There
is some hope for a proof along the lines of the proof of Theorem [[T], for details see Section [
Moreover we plan to extend our method to polynomial enumeration formulas that do not factor
into distinct linear factors over Z. Hopefully the lack of integer zeros can be compensated by
other properties of the polynomial.

The rest of the paper is organized as follows. In Section B we introduce our combinatorial
extension with respect to k of strict plane partitions with parts in {1,2,...,n}, at most ¢
columns and k parts equal to n as proposed in Step 1 of our method above. In Section
we show that these objects are enumerated by a polynomial in k& which is of degree at most
2n — 2 (Step 2) and in Section @l we show that the polynomial has the predicted zeros (Step 3).
This concludes the proof of Theorem [Tl for ¢ = 1. In Section [ we apply the method to give
another proof of the formula for the number of semistandard tableaux of a fixed shape. This
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application of our method is of interest since in this case we have to work with more than just
one polynomial parameter. Finally we extend our method to what we call “g-polynomials” and
prove Theorem [[l in its full strength in Section @ In Section [ a connection of our result to
the Refined Alternating Sign Matrix Theorem is presented.

Throughout the whole article we use the extended definition of the summation symbol,
namely,

b fla)+ fla+1)4+---+ f(b) ifa<b
> fi)=10 ifb=a—1 . (1.1)
i=a —fb+1) = f(b+2)— - —fla—1) ifb+l<a—1

This assures that for any polynomial p(X) over an arbitrary integral domain / containing Q
there exists a unique polynomial ¢(X) over I such that Y Y_ p(z) = ¢(y) for all integers y.
We usually write Y Y_ p(z) for ¢(y). We use the analogous extended definition of the product
symbol. In particular this extends the definition of the Pochhammer symbol, for instance

(@)1 =1/(a—1).
2. From strict plane partitions to generalized (n — 1,n,c¢) Gelfand-Tsetlin patterns

Let n be a positive integer. A Gelfand-Tsetlin pattern with n rows is a triangular array of
integers, say
An.n

Ap—1,n-1 Ap—1,n

az3 ce ce a3 n
a2 9 a2 3 c. c. a2n
ai 1.2 a3 c. c. a1n
such that a;; < a;_1j for 1 <i <j<mnanda;; <aj1,4+1 for 1 <i<j<n,see [68, p. 313
or [20, (3)] for the original reference. An example of a Gelfand-Tsetlin pattern with 7 rows is
given below.

0 0 0 2 2 4 6

The following correspondence between Gelfand-Tsetlin patterns and strict plane partitions is
crucial for our paper.

LEMMA 1.1. There is a bijection between Gelfand-Tsetlin patterns (a; ;) with n rows, parts
in {0,1,...,¢c} and fized a,, = k, and strict plane partitions with parts in {1,2,...,n}, at
most ¢ columns and k parts equal to n. In this bijection (ayn,ain-1,...,a11) is the shape of
the strict plane partition.

Proof. Given such a Gelfand-Tsetlin pattern, the corresponding strict plane partition is
such that the shape filled by entries greater than ¢ corresponds to the partition given by the



22 1. POLYNOMIAL ENUMERATION FORMULAS

(n — i)-th row of the Gelfand-Tsetlin pattern, counting from the top. As an example, consider
the strict plane partition in the introduction. If we choose n = 7 and ¢ = 6 then this strict
plane partition corresponds to the Gelfand-Tsetlin pattern above. 0

Therefore it suffices to enumerate Gelfand-Tsetlin patterns (a;;) with n rows, parts in
{0,1,..., ¢} and fixed a,,,, = k. Why should this be easier than enumerating the corresponding
strict plane partitions? Recall that k is the polynomial parameter in our refinement of the
Bender-Knuth (ex-)Conjecture which we want to make use of when applying our method. In
order to accomplish Step 1 of the method we have to find a “natural” extended definition of
strict plane partitions with parts in {1,2,...,n}, at most ¢ columns and k parts equal to n,
where k is an arbitrary integer which does not necessarily lie in {0, 1,...,c}. (Parts equal to n
may only appear in the first row of a (column-)strict plane partition with parts in {1,2,...,n}
and thus, when considering strict plane partitions, we must have k£ € {0,1,...,¢}.) “Natural”
stands for the fact that the extension has to be chosen such that the extending objects are
enumerated by a polynomial in k. In order to find this extension it seems easier to work with
Gelfand-Tsetlin patterns rather than with strict plane partitions. Next we define generalized
Gelfand-Tsetlin patterns which turn out to be the right extension.

Let r,n,c be integers, r non-negative and n positive. In this paper a generalized (r,n,c)
Gelfand-Tsetlin pattern (for short: (r,n,c)-pattern) is an array (a; j)1<i<r+1,i—1<j<nt+1 Of integers
with
1) ai;—1 =0 and ajny1 = c,

2) if a;; < a; 41 then a;; < a;_1; < a; 541
3) if Qi > Qjj+1 then Qi > Qj—15 > Qjj+1-
(37

(
(
(

A (3,6, ¢)-pattern for example is of the form
0 44 ay5 46 c
0 as3 as.4 ass ase c
0 29 2.3 a2 4 25 a2.6 c
0 1,1 a1,2 a3 1,4 ai1s ai,6 C,

such that every entry not in the top row is between its northwest neighbour w and its northeast
neighbour e, if w < e then weakly between, otherwise strictly between. Thus

is an example of an (3, 6, 4)-pattern. Note that a generalized (n—1,n, ¢) Gelfand-Tsetlin pattern
(a; ;) with 0 < @y, < cis a Gelfand-Tsetlin pattern with n rows and parts in {0,1,...,c} as
defined at the beginning of this section. This is because 0 < a,, < c implies that the third
possibility in the definition of a generalized Gelfand-Tsetlin pattern never occurs.

Next we introduce the sign of an (r,n, ¢)-pattern a = (a; ;), since we actually have to work
with a signed enumeration if a,, ¢ {0,1,...,c}. A pair (a;;,a;;+1) with a;; > a; ;41 and
i # 1 is called an inversion of the (r,n,c)-pattern and (—1)#ofinversions j5 gaid to be the sign



3. F(n—1,n,¢;k) IS A POLYNOMIAL IN k£ OF DEGREE AT MOST 2n —2 23

of the pattern, denoted by sgn(a). The (3,6, 4)-pattern in the example above has 6 inversions
altogether and thus its sign is 1. We define the following expression

F(ryn,c; ki, ko, .. k) = Z sgn(a),

where the sum is over all (7, n, c)-patterns a = (a; ;) with top row defined by a,41,4+; = k; for
i=1,...,n—r. Now it is important to observe that for 0 < k < ¢ the number of (n — 1,n, ¢)-
patterns with a,,, = k is given by F(n—1,n, c; k). This is because an (n — 1, n, ¢)-pattern with
0 < @, < ¢ has no inversions. Thus F(n — 1,n,c; k) is the quantity we want to compute. It
has the advantage that it is defined for all integers k, whereas our original enumeration problem
was only defined for 0 < k < c.

3. F(n—1,n,c¢;k) is a polynomial in k of degree at most 2n — 2

In this section we establish Step 2 of the method above for our refinement of the Bender-
Knuth (ex-)Conjecture. The following recursion for F(r,n,c; ki, ks, . .., k,—,) is fundamental.

F(ryn,c; ki, koo ky ) =
ki ko ks

Z Z Z i Z F(r—1,n,¢l,le, ... lhri1). (1.2)

11:0 lQZkl ldsz ln—T:kn—r—l ln—r+1:kn—r

It is obvious for (ki,ko, ..., ky) with 0 < k; < ko < ... < Kk, < c. After recalling the
extended definition of the summation symbol (ILTl) one observes that the generalized (r,n, c)
Gelfand-Tsetlin patterns and F(r,n,c; ki, ..., k,_,) were simply defined in such a way that
this recursion holds for arbitrary integer tuples (ki, ..., k,_,). This recursion together with the
initial condition

FO,n,c; ki, koy. .. ky) =1

implies the following lemma.

LEMMA 1.2. Letr,n be integers, r non-negative and n positive. Then F(r,n,c; ki, ... kn_r)
can be expressed by a polynomial in the k;’s and in c.

In the following F(r,n,c;ky,..., k,_,) is identified with this polynomial. In particular
F(n—1,n,c;k) is a polynomial in k£ and with this we have established the first half of Step 2 in
our method. Next we aim to show that F(r,n,c; ky, ..., k,_,) is of degree at most 2r in every
k;. This will imply that F'(n—1,n,c; k) is of degree at most 2n — 2 in k and completing Step 2.
However, this degree estimation is complicated and takes Lemmas [L3HLG.

The degree of F(r,n,c;ky,..., ko) in k; is the degree of

k; kit1
Y Fr—1ncl,. . i), (1.3)
li=ki—1 lir1=k;

in k;, where kg = 0 and k,_,,1 = c. Let us assume by induction with respect to r that the
degree of F(r — 1,n,¢;ly, ..., lh—rt1) is at most 2r — 2 in each of [; and [;;1. By ([L3)) we can
easily conclude that the degree of F(r,n,c;ky,...,k,—) in k; is at most 4r — 2; however, we
want to establish that the degree is at most 2r. The following lemma shows how to obtain a
sharper degree estimation in summations of our type.
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In order to state this lemma we have to define an operator D; which turns out to be crucial
for the analysis of the recursion in ((C2). Let G(ky, ko, .. ., k) be a function in m variables and
1<:1<m—1. We set

DiG(kl, coey km) =
G(l{il, ceay ki—lu ki, ki+17 ki+2, <y km) + G(k?l, ceay ki—la ki+1 + ]_, ]{32 - 1, ki+27 ey km)

LEMMA 1.3. Let F(xy1,2z5) be a polynomial in x1 and xo which is of degree at most R in each
of x1 and xy. Moreover assume that D1 F (xq,x2) is of degree at most R as a polynomial in x,

Yy b
and xs, i.e. a linear combination of monomials 7'zl withm+n < R. Then >, > F(x1,x2)
z1=a z3=y

Yy b
is of degree at most R+2 iny. If D1F(x1,29) =0 then Y > F(x1,x3) is of degree at most
r1=a r2=yY

R+1muy.

PT’OOf. Set Fl(xl,l’g) = DlF(Jfl,l’g)/z and FQ(ZEl,l’Q) = (F(ZL’l,l’g) - F(ZL’Q + ].,ZL’l - 1))/2
Clearly F'(xq,x2) = Fi(x1,22) 4+ Fy(x1, x9). Observe that Fy(zo+1,21—1) = —Fy(z1, x2). Thus
Fy(x1,x9) is a linear combination of terms of the form (x1),,(z2 + 1), — (21)n(22 + 1), with
m,n < R. Now observe that

szl £E2+1 ( )(Qfg—i-l)m:

r1=a r2=Y

1 1

m+1n+1

(@ = 1Dn1(b+ 1)1 — (@ = 1)1 (b4 Dnyr — (@ = 1)pia (Y)myr+
(04 Dnt1(@)ma1 + (@ = D1 (@)nr1 — (04 Dmg1 (Y)ny1) -

Yy b
and thus > > Fy(xy,z5) is a polynomial of degree at most R + 1 in y. By the assumption
r1=a r2=Yy
Yy b
in the lemma > > Fj(x1,x2) is of degree at most R + 2 in y and the assertion follows. [
r1=a T2=Y

Thus it suffices to show that D;F(r,n,c;.)(k1, ..., k,_.) is of degree at most 2r as a polyno-
mial in k; and k;1. In Lemma[[Hwe show a much stronger assertion, namely we prove a formula
which expresses D;F(r,n,c; k1, ..., kn—y) as a product of F(r,n —2,c+ 2;ky, ..., ki—1,kizo +
2,...,k,—»+2) and an (explicit) polynomial in k; and k;;, which is obviously of degree 2r. For
the proof of Lemma we need another lemma.

LEMMA 1.4. Let G(ly,ls,13) be a function on Z3. Then

k1 ko ks
D, (Z Z Z G(h,lQ,lg)) (ko, k1, ko, k3) =
li=ko lo=k l3=k2
ko1 ko o b ke
(3 S nonnn 35 nann)

l1=k1+1lo=kq l3=k1—1 l1=ko lo=k1 l3=k1—1



3. F(n—1,n,¢;k) IS A POLYNOMIAL IN k£ OF DEGREE AT MOST 2n —2 25
If H(ly,1y) is a function on Z* then

k2 ky  ka—1
<Z ZHll,ZQ) k’l,k’g,k‘g ———Z Z DHll,lg.

l1=k1 lo=k2 li=k1 lo=k1—1

Proof. The left-hand side in the first statement of the lemma is equal to

k1 ko k3 ko+1 k1—1
E E E G(l1, 1, 13) + E E E G(l1,12,13).
l1=ko lo=k1 l3=ko l1=kgo lo=ko+11l3=k1—1

In this formula, we reverse the middle sum of the second triple sum and split up the first sum
in this triple sum to obtain

k1 ko ks Ky ko
PRI ANED DY Z (I, I, Is)

l1=ko lo=k1 l3=k2 l1=ko lo=k1 l3=k1—1
ko+1 ko

- > > Z G(ly, 1, 13).

l1=k1+1lo=kq l3=k1—1

Next we cancel some common terms in the first and the second sum and obtain

k1 ko ko—1 ko+1 ko
- § E § l17l27l3 § § E l17l27l3
li=ko lo=k1 l3=k1—1 lh=k14+11l2=k1 l3=k1—1

which is equal to the right-hand side of the first statement. The proof of the second formula is
easy. 0

Let r > 1. We need the following identity.

Z Z (v —2' —r+3) 3y —2' +1) = o 1_1)(y—.r—7“+2)2r_1(y—:)3+1) (1.4)

r'=xy'=x—1

It follows from

(=2 —=r+2)y—(y —2" =7 +3)22),

N —

(Y = 2" —r+3)a(y —2'+1) =

the summation formula
b

e+ wha = (0 whass — (0= 1+ )

zZ=a

and the fact that (—r + 1)9, = 0 and (—7)q, = 0.
LEMMA 1.5. Let r,n,i be integers, r non-negative, n positive, 2 < n—r and 1 < i <n—r—1.
Then

2
DiF(r7 n, c; ‘)(kla sy kn—r) - (_1)1” '(ki+l - kz -7+ 2)2r—1(ki+l - kz + 1)

(2r)!
X F(’I",TL—2,0-'—2;]{71,...,]{fi_l,ki+2+27...,kn_r+2).
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Proof. We show the assertion by induction with respect to r. For r = 0 there is nothing to

prove. We assume r > 0. By () and Lemma [ the left-hand side in the statement is equal
to

ki1 kiv1+1  Eiqpq kito

-3 Z Z Z Z Z . Z DiF(r—1,n,¢;. )Ly, ..., lhry1)

11=0 z 1= kz 2lz—k +1 lz+1 k lz+2 k_l ln—r+1:kn—r

kit kip1—1 kit3

+Z Z Z Z Z ) Z DiaF(r—1,n,¢. )l lyri1)

11=0 lz z 1l2+1 k lz+2 k llz+3 k1+2 ln—r+1:kn—r

In this formula, we replace D;F'(r—1,n,¢;.)(l1, ..., lh_ry1) and Dy  F(r—=1,mn,¢;.) (11, ..., lp—ri1)
by the expressions implied by the induction hypothesis. Furthermore we apply (L) to obtain

2
(_1)Tm(ki+1 —ki—r+4+2)9_1(kig1 — k; + 1)

1+2 1+3 C

OSNES S SHD SR 5

11=0 li—1=ki—2 lz+2 ki— llz+5 kz+2 lnf'r+1:kn7'r
F(’f’— 1,71—2 c+ 2'[1,... li—l,lz‘+2+2 lz‘+3+27.~;ln—r+1 +2)

1+3 C

Y Y Y oy

ll 0 lz 1= kz 21 kz 1l2+3 k1+2 ln—r+1:kn—r
F(?“—l,n—2,0—1—2;[1,...,li_l,li,li+3—|—2,...,ln_r+1—1—2)).

We shift the range of summation of l;15,0;13,...,l,_r+1 by two and compensate this shift with
the appropriate change in the summand. In the first multiple sum, we rename [; ;5 to [; and
merge the two multiple sums. We obtain

(=1)" (2r)! (kig1 — ki —r +2)or1(kig1 — ki + 1)

kz 1 ’L+2+2 'L+3+2 c+2

XZ Z Z Z Z F(T—]_,’I'L—2,C+2;l1,...,li_l,li,li_,_g,,...,ln_r+1)

L=0  li—i=ki—oli=ki—1 liya=kito+2  ln—rp1=kn_r+2
= (—1)7“%(]{%1 — ki —1r+2)9_1(kip1 — ki + 1)

X F(r,n—2,¢4+ 25k, .o kicy, kige + 2,0 ke +2)
and the assertion follows. O

We are finally able to prove the degree lemma.

LEMMA 1.6. Let r,n,i be integers, r non-negative, n positive and 1 < i < n —r. Then
F(r,n,c;ky, ... kyy) is a polynomial in k; of degree at most 2r.
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Proof. We prove the assertion by induction with respect to r. For r = 0 it is trivial. Assume
r>0and 1 <i<n—r. The degree of F(r,n,c;k1,..., ko) in k; is the degree of (L) in
k;. By Lemma the degree of D;F(r — 1,n,¢;ly,...,l,_ry1) as a polynomial in [; and [;;4

is 2r — 2. Moreover the degree of F'(r — 1,n,¢;l1, ..., lh_rv1) in l; as well as in [,y is at most
2r — 2 by the induction hypothesis. The assertion follows from Lemma OJ

4. Exploring the zeros of F(n —1,n,¢; k)

We finally establish Step 3 of our method for the refinement of the Bender-Knuth (ex-)Con-
jecture.

LEMMA 1.7. Let r,n, i be integers, r non-negative, n positive and 1 < i < n—r. Then there
exists no (r,n, c)-pattern with first row

(07k17“‘7kn—ruc)7
ifky=—-1,-2,...,—rork, ,=c+1lc+2,...,c+r.

Proof. Suppose (a; ;) is an (r,n, ¢)-pattern with a,41,11 € {—1,—2,..., —r}. In particular
we have 0 > a,11,41 and thus the definition of (r, n, ¢)-patterns implies that 0 > @, > @y41,541-
In a similar way we obtain 0 > a;; > az2 > ... > ap, > @pq1,41. This is, however, a
contradiction, since there exist no r distinct integers strictly between 0 and a, 11,41 if ay41,41 €
{-1,-2,...,—r}. The case that a,11, € {c+1,c+2,...,c+r} is similar. O

We obtain the following corollary.
COROLLARY 1.1. F(n—1,n,¢;k) /(1 + k)pn—1(1 + ¢ — k)n—1) is independent of k.

Proof. By Lemmal[l, (1+k),_1(14+c—k),_1 is a factor of F(n—1,n,¢; k). By Lemma[[6,
F(n—1,n,c;k) is of degree at most 2n — 2 in k and the assertion follows. O

THEOREM 1.2. The number of strict plane partitions with parts in {1,2,...,n}, at most ¢
columns and k parts equal to n is given by

n—1 .
F(n—1,n,ck) = (14 E)p1(14+c—k)n 1 (c+it i
=1

(1)n—1 (4):

Proof. We prove the assertion by induction with respect to n. Observe that the formula is
true for n = 1 since F(0,1,c; k) = 1. Assume n > 1. By Corollary [Tl

F(n—1,n,¢c)
(1+c)p-1(D)p-1

Observe that if we have a,, = ¢ in an (n — 1,n, ¢)-pattern (a;;)1<i<ni-1<j<n+1 then a;, = c
for all 4. This implies the recursion

Fn—1,n,¢k)=1+k),1(14+c—Fk)p

F(n—l,n,c;c):ZF(n—2,n—1,c;k). (1.5)

k=0
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We need one other ingredient, namely the following hypergeometric identity

i(l +E)m1 (14— K)o = (1)2,_, Z (m;ﬁz 1) <c— i:r_n; _ 1)

k=0 k=0
(1) (c +2m — 1) _ (1)2,_1(c+ 1)am_1
mC2m — 1 (1)2m-1
where the second equality is equivalent to the Chu-Vandermonde identity; see [27, p. 169,
(5.26)]. With the help of the recursion ([LH), the induction hypothesis for F(n —2,n — 1, ¢; k)

and the hypergeometric identity we are able to compute F'(n — 1,n,¢;c) and with this F(n —
Lin,ck). O

, (1.6)

REMARK 1.1. By the symmetry of Schur functions, the number of strict plane partitions of
a fized shape with x; parts equal to i is equal to the number of strict plane partitions with g
parts equal to ¢ for every permutation w. Thus Theorem [LA gives the number of strict plane

partitions with parts in {1,2,...,n}, at most ¢ columns and k parts equal to i for arbitrary
i€ {1,2,...,n}. However, note that this does not generalize to the generating function of these
objects.

COROLLARY 1.2 (Andrews [2], Gordon [26], Macdonald [38], Proctor [46]). The number

of strict plane partitions with parts in {1,2,...,n} and at most ¢ columns is
H c —|— 2
=1

Proof. By Theorem [[2 the number of strict plane partitions with parts in {1,2,...,n} and
at most ¢ columns equals

k+1),1(14+c—k (c+i+1);
;(Jr)(l()Jr U++

The assertion now follows from ([LHl).

5. Semistandard tableaux of a fixed shape

In this section we apply our method to the enumeration of semistandard tableaux of a fixed
shape. This result is certainly well-known. Nonetheless we think it might be interesting for
the reader to see another application of our method which moreover uses more than just one
“polynomial parameter” as opposed to the single parameter k in the example above. (At this
point the reader may wonder what we mean by a multivariate application of our method, since
we have only described the case of a single polynomial parameter in the introduction. However,
it is straightforward to generalize this method to a multivariate version, as should become clear
in this section.)

Let A = (A1, A, .., Ax) be a partition and r a positive integer. A semistandard tableau
of shape A with entries between 1 and r is a filling of the Ferrers diagram of shape A with
entries in {1,2,...,r} such that rows are weakly increasing and columns are strictly increasing.
(Semistandard tableaux and strict plane partitions are equivalent objects. Indeed, if we replace
every entry e in a semistandard tableau with entries between 1 and r with » — e we clearly
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obtain a strict plane partition. However, we choose to use the notion of semistandard tableaux
in this section for historical reasons.) It is well-known [B8, p. 375, in (7.105) ¢ — 1] that the
number of semistandard tableaux of shape \ with entries between 1 and 7 is
I Ai—Aj+j—iﬁ(Ai+k:+1—z')r_k
=i Al (k+1—i)

1<i<j<k

if k& < r, otherwise this number is obviously zero by columnstrictness. If £ = r the formula
simplifies to

ANi—ANj+7j—1
I1 ity (1.7)
1<i<j<r J =
It suffices to prove this formula, for the number of semistandard tableaux of shape (A, ..., \g)
is equal to the number of semistandard tableaux of shape (A1,..., A, 0,...,0) (r — k zeros).

The expression in (L) is a polynomial in the A;’s which is up to a constant determined by
its zeros \; = \; —j +1, 1 <7 < j <r. Clearly the number of semistandard tableaux of shape
A= (A1, Ag, ..., A\) with entries between 1 and r can be interpreted to be zero if \; = \; —j+i
for some 4,7 with 1 <i < j < r, since A is not a partition in this case. However, we have to
find a combinatorial extension to arbitrary A € Z" such that the number of objects is zero if
and only if \; = A\; —j + ¢ for some 4,7 with 1 <47 < j <7, and thus this number is non-zero
for many (A1, ..., A,) that are not partitions. Again the proof is divided into three steps.

1. Extension. We extend the combinatorial interpretation of the number of semistandard
tableaux of shape A to arbitrary A € Z". The situation is somehow “reversed” to that in our
Bender-Knuth (ex-)Conjecture refinement. In Lemma [l we have showed that semistandard
tableaux of shape A with enries in {1,2,...,r} are in bijection with Gelfand-Tsetlin patterns
with 7 rows and prescribed bottom row (Aq, Ar_1,..., A1).

A generalized reversed Gelfand-Tsetlin pattern of size r (for short: reversed r-pattern) is a
triangular array (a; j)1<i<ri<j<r of integers with

(1) if Q51 S Qj 5 then Q51 S Aj41,5 S Ai j
(2) if Qi j—1 > Qjj then Qjj—1 > Q15 > Q-

For instance,

6 1 3 3

is a reversed 4-pattern. Note that a reversed r-pattern (a; ;)1<i<ri<j<r With a1; < a3 < ... <
a1, is a Gelfand-Tsetlin pattern with  rows in the original sense. A pair (a;;_1,a;;) with
aij—1 > a;; is called an inversion and (—1)#ofinversions ig gaid to be the sign of the pattern,
denoted by sgn(a). We define

Ap(ky, .. k) = Z sgn(a),

where the sum is over all reversed r-patterns a = (a; ;) with prescribed bottom row a;; = k;.
If by < ky < ... <k, then A.(kq,...,k.) is the number of semistandard tableaux of shape
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(kr, ..., k1) with entries in {1,2,...,7}. This is because a reversed r-pattern with a;; < a2 <
... < ay, has no inversion.

2. Polynomial enumeration formula. Observe that the following recursion holds for

Ap(ky, o k).
ko ks kr
Ay, k) =)0 0 Y Al L) (1.8)
li=k1 lo=k2 lr—1=kr_1

It is similar to (CZ). Since A;(k1) = 1 we can conclude that Ag(ki,...,k;) is a polynomial in

(k1y.ooy k).
Next we show that A,(ki,...,k,) is of degree at most r — 1 in every k;. This is done by
induction with respect to r. Moreover, we show that D;A,(ki,...,k,) = 0 for all i and r > 2.

The assertion on the degree is obviously true if r = 1,2 since Ag(ky, k2) = ks — k1 + 1. Moreover
D1 As(ky, ko) = 0. Assume that r > 2. By induction A, _q(ky, ..., k._1) is of degree at most r—2
in every k; and D;A,_1(ky,...,k._1) = 0for all i. Thus, by (LX) and Lemma 3 A, (ki,..., k)
is of degree at most r — 1 in k;. Moreover, by Lemma [C4, D; A, (k1,...,k.) =0 for all 1.

3. Linear factors. In this step we find the zeros of A, (ky, ..., k) and use them to deduce
the formula. By definition there exists no reversed r-pattern with a;; = a; ;41 + 1 and thus

A,«(k’l, cey ki—l; ki+1+1, ]{Zi+1, kH_Q, ceay k?,«) =0 for all 7. In fact A,«(k’l, <y k?,«) =0 lsz = ]C]+j—2
and 7 < j:
Akt ki by 4 — ki Ky k) =
_Ar(kla"'>ki—laki+l+17kj+j_i_17ki+2+17"'7kj7"'ak7“):"':
(=17 Ak, ki ki + Lk + 1, ki 4+ 1k, k) =0,

where the [-th equality follows from D;; 1 A.(k1, ..., k.)=0. Therefore A,(kq,...,k,) has the
factor [[,<; <, (kj —ki+j—i). This factor is a polynomial of degree r —1 in every k; and thus

Ap(ky, .o k) =C H (kj —ki+j—1),
1<i<j<r
where C' does not depend on (ki,..., k). Since A4,(0,...,0) = 1 we conclude that C' =
[Ticicj<:r ﬁ and ([L7) is proved.

REMARK 1.2. The extension of our method introduced in the following section can be used

to derive the g-version of (L), see [B8, p. 375, (7.105)].

6. Extension of the method to ¢g-polynomials

A natural question to ask is whether it is possible to obtain a generating function version
of Theorem Of course only this would refine the Bender-Knuth (ex-)Conjecture. Clearly
our generating function (see Theorem [[]) is not a polynomial in k, however, we introduce the
notion of a g-polynomial below and find that the generating function is such a g-polynomial.
Thus we adapt our method to g-polynomials in this section.

Let I be an integral domain containing Q. A g-polynomialover I in the variables X, X»,..., X,
is an ordinary polynomial over I(q), the field of rational functions in g over I, in ¢, ¢*2, ..., ¢*".
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The ring of these g-polynomials is denoted by 1,[X7, ..., X,]. For expressions of the form

X1>a1( Xg)ag Xn)an

q*(q q .- (g
in a g-polynomial, where the a; are non-negative integers for 1 < i < n, we also write

qao+a1X1+a2X2+...+aan

We define [X;q] = (1 —¢¥)/(1 — q) and [X;q], = [[=y [X + i;¢]. Observe that
[Xl; Q]ml [X27 Q]mz s [Xn7 Q]mna
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(m1,ma,...,my,) € Z,m; > 0, is a basis of I,[Xy,...,X,] over I(¢). This basis is the most

convenient for our purpose.
If we review the proof of Theorem we see that the following two basic properties
polynomials were crucial.

e If p(X) is a polynomial over an integral domain containing @, then there exists a

(unique) polynomial 7(X) with degr = degp + 1 and

> plx)=r(y)

for every integer y.

o If p(X) is a polynomial over an integral domain containing Q and ay,as,...,a, are

distinct zeros of p(X), then there exists a polynomial r(X) with
p(X)=(X—a))(X —ag)...(X —a,)r(X).

The following analogs holds for ¢-polynomials.

of

e If p(X) is a g-polynomial, then there exists a (unique) g-polynomial r(X) with degr =

degp + 1 and

> p(@) g =r(y)

for all integers y. (The degree of a g-polynomial in X is defined as the degree of the

corresponding ordinary polynomial in ¢*.) In order to see that note
(X lnsr = [X = L gl = ¢ n + 1] [X; g,

which implies
Yy

q
;5 qlng" = ————=v; qln 1.9
;[ qJnq [n+1;q][y(ﬂ 1 (1.9)
for all integers y.
e If p(X) is a ¢g-polynomial and ay,as,...,a, are distinct integer zeros of p(X), then

there exists a g-polynomial r(X) with

p(X) = ([X;q] = [ar; gD (1X; ¢] = [az; q]) - - - (X5 ¢ = [ar; g])r(X) =

gttt (X gy g][X = asiq] - [X — ap; q)r(X).
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The proof is analogous to the proof for ordinary polynomials, namely the fundamental
identity is

(X3 4" = [asg]" = ([X:q) —[a; q]) '_ (X5 ) a; q)" 77 = ¢*[X = a; ] Z_:[X q|'la; g" 1"

REMARK 1.3. In the following we often use expressions like [y — x + i;q]; which are no
q-polynomials in x and y. However, in our formulas these expressions always come together
with a factor ¢°7 and thus [y — x + 4; q];¢°7 is used as a shorthand for the degree j polynomial

{;& (¢ — ¢vT ) /(1 — q). With this interpretation our formulas are indeed q-polynomials in x
and y.

Using these g-analogs it is quite straightforward to modify the proof of Theorem in order
to prove Theorem [[1l In the following we sketch it by stating the g-versions of the definitions
and lemmas that are necessary to prove Theorem [[2

The norm of an (r,n, c)-pattern is defined as the sum of its parts, where we omit the first
and the last part in each row. Our first observation is that the bijection in Lemma [Tl is
norm-preserving. We introduce a g-analog of F'(r,n,c;ky,...,k,_,). Let

Fyrn, i, b ) = (Z sgn(a)qnorm(a)> (gt

where the sum is over all (r,n,c)-patterns a = (a; ;) with a,11,4;, = k; fori =1,2,...,n —r.
Observe that F,(n —1,n,c; k) ¢* is the generating function of strict plane partitions with parts
in {1,2,...,n}, at most ¢ columns and k parts equal to n. We have F,(0,n,c;k1,...,k,) =1
and

F,(r,n, ¢ kl,kg, . kn_r) =

k1 ko

. L1l Al —
E E g E g Fo(r—1,n,cl,la, ... Layi1) g7 noril o (1.10)
l1 0l2 k’l ld k2 ln r—kn r— 1ln r4+l1=— kn T

This shows that Fy(r,n,c; k1, ko, ..., ky—) is & g-polynomial in (ky, ..., k,—,). Next we have to
show that F,(r,n,c; ki, ..., k,—y) is of degree at most 2r in k;. For that purpose we need the
following g-analog of Lemma

LEMMA 1.8. Let F(x1,2) be a g-polynomial in x1 and xo which is of degree at most R in
each of x1 and xo. Moreover assume that D1 F (xq,x3) is of degree at most R as a q-polynomial
in 1 and x5, i.e. a linear combination of monomials (¢**)™(q"*)" with m +n < R. Then

Y b
> > F(xy,x0)g" ™2 is of degree at most R+ 2 in y.

T1=0 T2=Y

Next we state the g-analog of ([LAl). Let » > 1 be an integer. Then

y oyl
DN W - —r+3idasly — 2+ 1ig) ¢ (L4 ¢ ¢
1

=z y'=xr—

2rx

y—2—1+2q1ly —x+1;qlq

N
-7 Zr—Lqrd

(1+4")g 2 (1.11)
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The proof is analogous to the proof of ([Cl). First one has to use the following transformation.
' =o' —r+3idlorsly — 2"+ L) (1+ ¢ ) = [y =2 =1+ 2 ql2020" " + [y =2 =7+ 31 ¢l

Then the fundamental identities are

b —w+1

Dt wighg’ = [ 1

eS| ([b+w;qlus1 — [a — 1+ w;glnt1)

zZ=a

which is an easy consequence of (L) and
(2;q]n = (—1)"q"ETO=D2 [y —n 4 1:¢],. O
Lemma [[4] and ([CTI) imply the g-analog of Lemma

LEMMA 1.9. Let r,n,i be integers, r non-negative, n positive and 1 < i <n—r —1. Then
P44

[1; qlar
X qr(1+4i—4n+5r)/2Fq(T7 n — 2, c+ 2, kla Ceey ki—b ki+2 + 27 ey kn—r + 2)

Din(7“> n, c -)(k’b cees k‘n—r) = (—1) [k’i+1 — ki —r+2; Q]2r—1[ki+1 — ki + 1; ‘J]q%ki

Lemma shows that D, F,(r,n,c;.)(k1,. .., kn—y) is of degree 2r in k; and in k;1q. In the
next lemma we see that this is also true for Fi(r,n,c; ky, ..., ky,—,) itself.

LEMmMA 1.10. Let r,n,i be integers, r non-negative, n positive and 1 < i < n —r. Then
Fy(r,n,c ky, ... kny) is a g-polynomial in k; of degree at most 2r.

Proof. Use (CLI0), Lemma[9and Lemma[[in the same way as their analogs in Lemma [[6l
UJ

This lemma, Lemma [ and the second property of g-polynomials imply the following
g-analog of Corollary [Tl

COROLLARY 1.3. Fy(n—1,n,¢;k)/([1+k; qln_1[l +c— k; qln_1¢™Y*) is independent of k.
We are now able to prove our main theorem.

Proof of Theorem[Il. We prove the assertion by induction with respect to n. Observe that
the formula is true for n = 1 since F,(0,1,¢; k) = 1. Applying Corollary in the same way
as Corollary [l was applied in the proof of Theorem [[Z it suffices to check the formula for
F,(n —1,n,¢;c). For that purpose we need the recursion

F,(n—1,n,¢c¢c) = qcn_cz F,(n—2,n—1,¢k)q"
k=0

and the following identity

C

[15(1]%1—1[C+ L; (J]2m—1

D L+ Eiqlmaa[l+ ¢ = ki glmo1 ¢ = (1.12)
k=0 [1; qlam—1
which can be deduced from the ¢g-Chu-Vandermonde identity, see [B, (3.3.10)]. O

Finally we are able to prove the Bender-Knuth (ex-)Conjecture.
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COROLLARY 1.4. The generating function of strict plane partitions with parts in{1,2,...,n}
and at most ¢ columns is .
H [c+i;5q)i

Proof. By Theorem [[LT] the generating function is equal to

Zq "k A+ Lgla[l +e— K Q]nlﬁ[c+i+1;Q]i—l
o (1 qln i1 [4: q;
The assertion follows from ([CT2J). O

7. A final observation

A monotone triangle of size n, see [T, p. 58], is an (n — 1,n,n + 1)-pattern with strictly
increasing rows. Monotone triangles of size n with the central part of the first row equal to k
are easily seen to be in bijection with alternating sign matrices of size n, where the unique 1
in the first row is in the k-th column. Let A(n, k) denote the number of these objects. It was
conjectured by Mills, Robbins and Rumsey [42] (well-known as the Refined Alternating Sign
Matrix Theorem) and proved by Zeilberger [G5] that

Aoy — B 1(1—|—n— H

( -1 n—l—z 1

Surprisingly it turns out that the number of (n — 1,n,n — 1)-patterns (a; ;) with a,, =k —1
divided by A(n, k) is independent of k. In fact it is equal to
t+7+n—2
I = 12j 2

1<i<j<n—1
the number of (n — 1) x (n — 1) x (n — 1) totally symmetric plane partitions, see [60]. As in
the case of the enumeration of (n — 1, n, ¢)-patterns, it suffices to show that

A(n, k) /((F)na (1471 = F)na)

is independent of & in order to prove the formula for A(n, k), see [, Sec. 5.2] for an explanation.
Therefore we hope to find another proof of the Refined Alternating Sign Matrix Theorem which
is along the lines of the proof of Theorem [C2Z The situation is similar to that of strict plane
partitions which is under consideration in this paper. First, one would have to find an extension
of the combinatorial interpretation of alternating sign matrices of order n such that the unique
1 in the first row is in the k-th column to arbitrary integers k. That is to say that one would
have to find combinatorial objects indexed by a positive integer n and an arbitrary integer k
which are in bijection with alternating sign matrices of order n, where the unique 1 in the
first row is in the k-th column for k € {1,2,...,n}. In the view of the fact that generalized
(n — 1,n,c¢) Gelfand-Tsetlin patterns were the right extension of the strict plane partitions,
one would rather work with monotone triangles than with alternating sign matrices. Next it
would have to be shown that for fixed n these objects are enumerated by a polynomial P, (k)
in k& of degree 2n — 2. Typically, this could be done by a recursion similar to ([C2). Finally
it would have to be shown that there exist none of these extending combinatorial objects if
k=0,—-1,...,—n+2ork=n+1,n+2,...,2n— 1.
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We also wish to remark another way one could bijectively prove the Refined Alternating
Sign Matrix Theorem. We have already seen that it would suffice to show that the number of
(n — 1,n,n — 1)-patterns (a; ;) with a,, = k — 1 divided by the number of alternating sign
matrices of order n, where the unique 1 in the first row is in the k-th column is independent of
k. Thus, a bijection between (n—1,n,n —1)-patterns with 0 < a,,,, = k—1 < n—1 on one side
and pairs consisting of a monotone triangle of size n with the central part in the first row equal
to kand (n —1) x (n — 1) x (n — 1) totally symmetric plane partitions would simultaneously
prove the formula for A(n, k) and for the number of (n—1) x (n—1) x (n—1) totally symmetric
plane partitions.

Acknowledgment: The author thanks the referees for their careful reading of the manuscript
and many helpful comments.






CHAPTER 2

Another refinement of the Bender-Knuth (ex-)Conjecture

ABSTRACT. We compute the generating function of column-strict plane partitions with
parts in {1,2,...,n}, at most ¢ columns, p rows of odd length and k parts equal to n. This
refines both, Krattenthaler’s [80] and the author’s [I5, resp. Chapter [ refinement of the
Bender-Knuth (ex-)Conjecture. The result is proved by an extension of the method for proving
polynomial enumeration formulas which was introduced by the author in [I5, resp. Chapter [J
to g-quasi-polynomials.
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1. Introduction

Let A = (A1, Ag,...,As) be a partition, i.e. \; € Z and A\ > Ay > ... > A\, > 0. A strict
plane partition of shape X is an array Il = (7; ;)1<i<r1<j<); Of non-negative integers such that
rows are weakly decreasing and columns are strictly decreasing. For instance,

[T I
— N RO
N Ot
N Ot

is a strict plane partition of shape (5,4,2,2). The norm n(Il) of a strict plane partition is
defined as the sum of its parts and II is said to be a strict plane partition of n(IT). Thus,
47 is the norm of our example. Strict plane partitions and closely related objects have been
enumerated subject to a variety of different constraints. In 6, p.50] Bender and Knuth had
conjectured that the generating function of strict plane partitions with at most ¢ columns and
parts in {1,2,...,n} is equal to

where [n;q] = 1+ g+ -+ ¢ = (1 —¢")/(1 —q) and [a;q], = [} [a + i;q]. (Here and
in the following we consider the generating function with respect to the norm of a strict plane
partition.) This conjecture was proved by Andrews [2], Gordon [26], Macdonald |38, Ex. 19,
p.53] and Proctor [6l, Prop. 7.2]. For related papers, which mostly include generalizations of
the Bender-Knuth (ex-)Conjecture, see [12), 13, 15l 29], B0, 48, (9.

In particular, Krattenthaler [30] computed the generating function of strict plane partitions
with parts in {1,2,...,n}, at most ¢ columns and p rows of odd length. On the other hand the
author [15], resp. Chapter [l computed the generating function of strict plane partitions with
parts in {1,2,...,n}, at most ¢ columns and k parts equal to n. In this paper we refine these
two results. The main result is the following.

THEOREM 2.1. The generating function of strict plane partitions with parts in {1,2,...,n},
at most ¢ columns, p rows of odd length and k parts equal to n is given by

Mn,c,p[k + 1; Q]n—l[k —Cc—n+ 1; Q]n—lqk + me,p((—l)kan + (_1)nq(n—1)(2c+n)/2+k

[y

Syl

1

kE+1,qlnalk—c—i+1;qlia[k—c—n+1;q—i1
[15q)ic1[1; qln1—i[c+ i+ 15 ¢)ns

V[ Lkt i Liglaoialk = c =0+ 1 q]n—l)

i

%
— 2

[1§ Q]i—l[h Q]n—l—i[c +i+1; Q]n—l
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where
p+1 P
q( 2 )[n 1][0 q _ q(Q) [p 1][C+2n q] e+ 1iqln1 [1iqlm1 nﬁl (o2 1ig]m_s 2|C
I [c+piqln [c+p+1iq]n 2 e [24;q]n—i[25q]
n,c,p —
P n—1 [1 ]n [C+27/ ]'n i

(q(Q)[P]_q()[ D : 1H[2zq]nql2z,q] 2 fe

and

_1\yn—1,(n—1)(2¢c+n)/2
Moy = (=D""¢q

(15 qln—2

) (q(%“l)[nl—)l][c;q] ([ 1 [c+2n—1;q] )+€(5)[231] [c4+2n—1;q]2 ) 1:[ [e42i5q)n—s 2e

[c+piqln n—1iq]  [c+n;ql[2n—2;q] ctp+1igln [c+n;q][2n—2;q] T26qln—i

(7 [0 1) et T e ke

In these formulas the notion of the g-binomial coefficient is used. It is defined as follows.

[n] {m fo<k<n

[1;q]k
k

0 otherwise
At the end of Section Bl we show that Theorem Pl implies Krattenthaler’s and the author’s
refinement of the Bender-Knuth (ex-)Conjecture and, consequently, the Bender-Knuth (ex-)
Conjecture itself.

Our method for proving Theorem EJlis an extension of the method for proving polynomial
enumeration formulas we have introduced in [I5, resp. Chapter [J. It is interesting to note
that this elementary method completely avoids the use of determinants, which is unusual for a
plane partition enumeration. The method is divided into the following three steps.

(1) Extension of the combinatorial interpretation. It only makes sense to ask for
the number of strict plane partitions with parts in {1,2,...,n}, at most ¢ columns
and k parts equal to n if k € {0,1,...,c}. This is because all n’s must be in the first
row of the strict plane partition by the columnstrictness. In the first step we find a
combinatorial extension of these strict plane partitions to arbitrary integers k, i.e. we
find new objects indexed by an arbitrary integer &£ which are in bijection with strict
plane partitions with & parts equal to n if k € {0,1,...,c}.

(2) The extending objects are enumerated by a g-quasi-polynomial in k. Using
a simple recursion we show that the extending objects are enumerated by a g-quasi-
polynomial (see Definition EZII). Moreover the degree of the g-quasi-polynomial is
computed.

(3) Exploring properties of the ¢-quasi-polynomial that determine it uniquely.
A g-quasi-polynomial of given degree n and period p is determined by a finite number
a(n,p) of (independent) properties such as zeros or other evaluations. In the last step
we derive enough properties of the g-quasi-polynomial in order to compute it using the
degree estimation from the previous step.

Note that this article contains two types of extensions of the method for proving polynomial
enumeration formulas presented in [I5], resp. Chapter []. Firstly, the method is extended to
g-quasi-polynomials, see Definition EZTl More remarkable is, however, the following extension:



40 2. REFINEMENT OF THE BENDER-KNUTH (EX-)CONJECTURE

In [T5], resp. Chapter [[] we have described a method that is applicable to polynomial enumer-
ation formulas that factorize into distinct linear factors over Z. There the “properties” in the
third step are simply the integer zeros together with one (easy to compute) non-zero evalu-
ation. (Thus, the third step was entitled “Exploring natural linear factors”.) In this article
we demonstrate that the lack of integer zeros can be compensated by other properties of the
(g-quasi-)polynomial.

The paper is organized as follows. In Section B we give the combinatorial extension of
strict plane partitions as proposed in Step 1. In Section B we introduce ¢-quasi-polynomials
and establish their properties needed in this paper. In Section Bl we show that the generating
function of strict plane partitions which is under consideration in this paper is a ¢-quasi-
polynomial and we compute its degree (Step 2). In Section ll we deduce enough properties of the
g-quasi-polynomial in order to compute it (Step 3). In Section [l we perform the (complicated)
computation and in Section [ we derive some g-summation formulas which are needed in the
computation.

Throughout the whole article we use the extended definition of the summation symbol,
namely,

b fla)+ fla+1)+---+ f(b) ifa<b
> fiy=30 fb=a—1 . (2.1)
i=a —fb+1) —f(b+2)—---—fla—1) ifb+1<a—1

This assures that for any polynomial p(X) over an arbitrary integral domain I containing
Q, there exists a unique polynomial ¢(X) over I such that Y Y_ p(z) = ¢(y) for all integers
y. We usually write >"Y_,p(z) for ¢(y). We use the analogous extended definition of the
product symbol. In particular, this extends the definition of [a;q],, for example [a;q]_1 =

(¢—1)/(¢" "' =1).

2. Extension of the combinatorial interpretation

In this section we establish the combinatorial extension of strict plane partitions with parts
in {1,2,...,n}, at most ¢ columns and k parts equal to n to arbitrary integers k. This extension
was already introduced in Section 2 of [I5] resp. Chapter [[l. We repeat it here in less detail.

Let r,n,c be integers with 0 < r < n. A generalized (r,n,c) Gelfand-Tsetlin pattern (for
short: (r,n,c)-pattern) is an array (a; j)1<i<r+1,i—1<j<nt+1 Of integers with

(1) Qii—1 = 0 and Qi n+1 = C,
(2) if a;; < @41 then a;; < a1 ; < @541
(3) if Qi 5 > Q41 then Qjj > Ai—15 > Qjj+1-

The norm of an (r,n, c)-pattern is defined as the sum of its parts, where the first and the
last part of each row is omitted. A (3,6, ¢)-pattern for example is of the form

0 (44 ay5 46 c
0 as ;s a3 4 ass ase c
0 29 2.3 a2 4 25 26 c
0 1,1 a1,2 a3 1,4 a1 1.6 C,
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such that every entry not in the top row is between its northwest neighbour w and its northeast
neighbour e, if w < e then weakly between, otherwise strictly between. Thus

is an example of a (3,6,4)-pattern. Note that a generalized (n — 1,n,c) Gelfand-Tsetlin pat-
tern (a;;) with 0 < a,, < c is a so-called Gelfand-Tsetlin pattern with n rows and parts in
{0,1,...,c}, see |58, p. 313] or |20}, (3)] for the original reference. (Observe that 0 < a,,, < ¢
implies that the third possibility in the definition of a generalized Gelfand-Tsetlin pattern
never occurs.) The following correspondence between Gelfand-Tsetlin patterns and strict plane
partitions is crucial for our paper.

LEMMA 2.1. There exists a norm-preserving bijection between Gelfand-Tsetlin patterns (a; ;)
with n rows, parts in {0,1,...,c} and fized a,, =k, and strict plane partitions with parts in
{1,2,...,n}, at most ¢ columns and k parts equal to n. In this bijection (a1 ,,a1n-1,.-.,011)
is the shape of the strict plane partition.

Proof. Given such a Gelfand-Tsetlin pattern, the corresponding strict plane partition is such
that the shape filled by parts greater than ¢ corresponds to the partition given by the (n—i)-th
row (counting from the top) of the Gelfand-Tsetlin pattern, where the first and the last part
in each row of the pattern are omitted. Thus, the strict plane partition in the introduction
corresponds to the following Gelfand-Tsetlin pattern (The first and last part in each row are
omitted).

O

Therefore, it suffices to compute the generating function with respect to the norm of (n —
1,n, ¢)-patterns with fixed a,,, = k, 0 < k < ¢, and where exactly p values of a1 1,a12,...,a1,
are odd. However, (n—1, n, ¢)-patterns are defined for all a,, ,, € Z and thus we have established
the combinatorial extension apart from the following technical detail. That is that we actually
have to work with a signed enumeration if a,,, ¢ {0,1,...,c}. Therefore, we define the sign of
a pattern.

A pair (a; j,a; j41) with a; ; > a; ;41 and i # 1 is called an inversion of the (r,n, c)-pattern
and (—1)#ofnversions jg gaid to be the sign of the pattern, denoted by sgn(a). The (3,6,4)-
pattern in the example above has altogether 6 inversions and thus its sign is 1. We define the
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following generating function

]—7’(](7’7 n,c,p; ]{;1, k;2, ey kn—r) = (Z Sgn(CL)qnorm(a)) /qk1+k2+~n+knfr7

where the sum is over all (r,n,c)-patterns (a;;) with top row defined by k; = @,41,4; for

¢t =1,...,n —r and such that exactly p of a;1,a12,...,a1, are odd. It is crucial that for
0 < k < c the expression F,(n — 1,n,¢,p;k)¢" is the generating function of (n — 1,n,c)-
patterns with a,, = k and where exactly p of a11,a12,...,a1, are odd. This is because an

(n—1,n, c)-pattern with 0 < a,,,, < ¢ has no inversion. Thus, F,(n—1,n, ¢, p; k) is the quantity
we want to compute. It has the advantage that it is well defined for all integers k, whereas our
original enumeration problem was only defined for 0 < k£ < c.

3. g-quasi-polynomials and their properties

In the following, let R be a ring containing C. A quasi-polynomial (see [57, page 210]) in
the variables X7, Xs,..., X, over R is an expression of the form

Z le,mg,...,mn(XlaXQa'">Xn) X{nIX;nQXgLna

(m1,ma2,...,mn)EL" ;m; >0

where (X1, Xo,...,X0n) = Cmymo,..mn (X1, Xo, ..., X,) are periodic functions on Z" taking
values in R, that is there exists an integer t with

le,mg,...,mn(klu ey kia ety kn) - cml,mg,...,mn(kla ceey kz + tu R kn)

for all (ky,...,k,) € Z" and 4, and almost all ¢y, m, (X1, ..., X,) are zero. Let (myq,...,my)
be with ¢y m, (X1,...,X,) # 0 such that my + ... 4+ m, is maximal. Then my + ...+ m,
is said to be the degree of the quasi-polynomial. (The zero-quasi-polynomial is said to be of
degree —oo.) The smallest common period of all ¢, m, (X1,...,X,) is the period of the
quasi-polynomial. (In this paper we only deal with g-quasi-polynomials of period 1 or 2.) In
Section 6 of [15 resp. Chapter [l we have defined g-polynomials. The following definition
of g-quasi-polynomials is the merge of these two definitions. In this definition let R, denote
the ring of quotients with elements from R[g] in the numerator and elements from C|g] in the
denominator.

DEFINITION 2.1. A q-quasi-polynomial in X1, Xs,..., X, over R is a quasi-polynomial
over R, in ¢, q¢%2, ... ¢*". Let RylX1,Xa,...,X,] denote the ring of q-quasi-polynomials
m Xq,...,X, over R.

Observe that R, [X1,...,X,] is the ring of ¢g-quasi-polynomials in X; over
Rogl X1, s Ximt, X, -, X,
We define [X;q] = (1 — ¢¥)/(1 — q) and [X;q], = [['=y [X + i;¢]. Observe that
[ X33 @l [X23 lms - -+ [Xans i,

with (mqy,ma,...,m,) € Z" and m; > 0, is a set of independent generators of Ry, Xy, ..., X,
over the periodic functions.

The following two properties of polynomials were crucial for our method for proving polyno-
mial enumeration formulas which we have introduced in [I5], resp. Chapter []. Since we want to
extend our method to ¢g-quasi-polynomials, we have to find g-quasi-analogs of these properties.
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(1) If p(X) is a polynomial over R, then there exists a (unique) polynomial r(X) with
degr = degp+ 1 and

for all integers y.
(2) If p(X) is a polynomial over R and a is a zero of p(X), then there exists a polynomial
r(X) over R with

p(X) = (X —a)r(X).
Regarding the first property, we show the following for g-quasi-polynomials.

LEMMA 2.2. Let p(X) be a q-quasi-polynomial in X over R with degree d and period t.
Then Y Y, p(x)q” is a q-quasi-polynomial over R in y with degree at most d + 1 and period at
most t.

In order to prove this lemma we need a definition and another lemma.

DEFINITION 2.2. Let p — f(p) be a function, e.g. from C to R,. Then the q-differential-

operator dip is defined as follows
q

d . flgp) = fp)
dqpf(p)_ plg—1)

The n-fold composition is denoted by dq%.

If we apply the ¢-differential operator to a laurent polynomial we obtain the following.

di Z aip’ = Z[Za qlaip™". (2.2)
i=b

(T

Note that this is also true if b > c.

Xy:[x; g o™t = d <0”_1((0q)y“ ~ 1))

~ dyon (0g—1)

Proof of Lemma[ZZ3. By (Z2) we have the following identity.
y
(Z qxo_m—i-n—l) '
=0

¢ r _r+n—1 __ O.n—l((o_q>y+1 - 1)
2T = (cq—1)

LEMMA 2.3.

z=0

)

> [ziglage" =

z=0

d
dqo™

The assertion follows from

z=0
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REMARK 2.1. If p = 1 in the statement of the lemma, it is possible to make a stronger

assertion.
Y

. T _ q .
;[xvcﬂnq - [7’L+ Lq] [y7Q]n+1
1t follows from [2;qlnt1 — [& — Liqlns1 = [25¢lng” [0 + Liql.

Proof of Lemma[ZZ. Suppose p(X) is a g-quasi-polynomial with period ¢. Let p € C be a
primitive ¢-th root of unity. Then p(X) can be expressed as follows

P(X) = po(X) + pXpi(X) + p*  pa(X) + ...+ p ¥y (X)),

where p;(X) are g-polynomials, i.e. g-quasi-polynomials with period 1. Suppose d is the degree
of p(X). Then, for every i, we have

d
= a;;[X;4q];,
=0

where a; ; are coefficients in R,. Thus, by Lemma 3]

d O_j—l((o-q>y+1 _ 1)
S asleid e = 3w d<ﬂ< (0q— 1) )

=0 =0 =0 j=0 =0 7=0

o=p’
The assertion follows after observing that

o ()

is a g-quasi-polynomial in y of degree at most j + 1. 0

o=pt

Next we consider the second important property of polynomials for our method. It suffices
to derive an analog for g-polynomials. Suppose p(X) is a g-polynomial over R and a is an
integer zero of p(X). Then there exists a g-polynomial 7(X) over R with

p(X) = ([X5q] — [a;¢]) r(X) = ¢"[X — a;¢] r(X).

The proof follows from the following identity

—_
—_

n—

Xia)" = o) = (X q) — [asa]) p_[Xiaf [asa)™™™" = ¢"[X —aiq] p_[X:q)'[asg]" ™

7

n—

I§
o
<.
I
o

This property implies that if aq,...,a, are distinct integer zeros of a g-polynomial p(X) over
an integral domain R, then there exists a g-polynomial (X)) with

T

p(X) =r(X) [[IX —ai;q].

i=1

This will be fundamental for the “g-Lagrange interpolation”, which we use in Lemma T4l
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4. Fy(n—1,n,c,p;k) is a g-quasi-polynomial in k

In this section we show that Fy,(r,n, ¢, p; k1, . .., kn—,) is a ¢-quasi-polynomial in kq, ko, . . ., ky—y
with period at most 2. Moreover, we show that the degree in k; is at most 2r.
The following recursion is fundamental.

F(Tn Cp;kl7k2a"' kn—r):

Shaby E,(r—1,n,e,p;lh,la, ..o by pyg) gt T2 Finrin - (2.3)
> 2

l1 0l2 k’l ld k2 ln r—kn r— 1ln r4+l1=— kn T

Furthermore,

E(0,n,e,pikr, ) — {1 if exactly p of ky, ko, ..., k, are odd

0 otherwise

= Z H612 5 Heo,z(kj) =: S(n,p)(k1,. .., kn).

eo2(k
1<y <2 <...<ip<n j=1 ] 1

Here, x — e;,(x) is the function defined on integers with

1 z=i modt L)
em«w:{ RS | (e

— 0l
0 otherwise o<jsi1gpi P TP

where p € C is a primitive ¢-th root of unity. The identity
F,(0,n,¢,pi k1, .. ki ky) = Fy(O,n,e,pykyy oo ki + 2,000 k)

for all i, 1 <14 <n, implies that F,(0,n, ¢, p; k1, ..., k,) is a ¢-quasi-polynomial with period 2.
The recursion (Z3) and Lemma implies (inductively with respect to r) that Fy(r,n,c,p;.)
is a ¢g-quasi-polynomial in (ki, ko, ..., k,_,) with period at most 2.

For our purpose it is convenient to define the following generalization of F,(r,n,c,p;.).

DEFINITION 2.3. Let n,r, r < n, be non-negative integers and A(ky, ..., k,) a function on
Z*. We define Gy4(r,n, c, A) inductively with respect to r: G4(0,n,c, A) = A and
Gy(r,n,c, A)(k1, ... kn—y) =

k1 ko

> Z Go(r —1,m,¢, A) (I, ly, . .. lyyyy) gH T2 Hri (2 4)

ll 0l2 kl ln r+1=— k'n T

With this definition, we have Fi(r,n,c¢,p;ki1, ..., kn—r) = Gy(r,n,c,S(n,p))(k1, ..., ko).
We define T'(n,i)(ki,... k) = > (—1)kntkit-tki  The following lemma shows

1<j1<g2<...<ji<n
that S(n,p) is a linear combination of T'(n, 1),7(n,2),...,7(n,n) and T'(n,0) := 1.
LEMMA 2.4.

S(n,p) = 2n 3 mf )(—1)l C) (Z:;) T(n, i)

=0 l=max(0,i—n-+p
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Proof. Set [n] :={1,2,...,n} and fix P C [n] with |P| = p. Then

1—(=1)k 1 —1)ki
[evsth) TT casth) = [[ =5 TT =50 =

jer JE[n\P jep Je€\P
min(p,)
— _§ : § : (_1)l § : (_1>kj1+...+kjl § : (_1)km1-i-...-i—lfmi_l7
=0 |= max(Oz n+p) 1<j1<...<g5<n, 1<my<...<m;_;<n,
Jjx €P mg €[n]\P

where the second equation follows from expanding the product. In the last expression, ¢ counts
the number of 4-(—1)** we choose from the product of the n factors of the form 1+ (—1)* and
[ counts the number of —(—1)* we choose. Observe that

Z > (=Dt D G ) L R (;)(":;)ML i),

], 1<51<...<41<n, 1<mi<...<m;_;<n,
\PI =p Jjr€P mg €[n]\ P

since every (—1)Fe1tFhei 1 < 2y < ... < x; < n, appears with multiplicity (Z) (Z_Z) on the

left-hand-side. This is because there are (;) ways to choose the elements from {xy, ..., z;} =: T

which lie in P and ("_2) ways to choose the elements in [n] \ I which lie in P. O

In [I5) resp. Chapter [ we have shown that G,(n—1,n,¢,1)(k) is a ¢-polynomial of degree
at most 2n—2. Now, we aim to show that, more general, the degree of G,(n—1,n,¢,T(n,p))(k)
in k is at most 2n — 2 as well. The linearity of A — G,(r,n,c, A) and Lemma P24 then implies
that the degree of G (n —1,n,¢,S(n,p)) in k is at most 2n — 2.

In fact, we show that the degree of G,(r,n,c,T(n,p)) in k; is at most 2r. The com-
putation is rather complicated. Assume by induction with respect to r that the degree of
Gy(r —1,n,¢,T(n,p))(k1,...,kn—y) in each of k; and k;1; is at most 2r — 2. The degree of
Gy(r,n,c,T(n,p)) in k; is at most the degree of

1+1

Z Z —1,n,e,T(n,p)(l1, ... lnrs1)

z—kz llz+l k

in k; (with kg = 0 and k,,_,,1 = ¢). Using Lemma 2 this allows us to conclude easily that
the degree of G4(r,n,c,T(n,p)) in k; is at most 47 — 2, however, we want to establish that the
degree is at most 2r. The following lemma is fundamental for this purpose. In order to state
it, we need to define an operator D; which is crucial for the analysis of (Z24)).

DEFINITION 2.4. Let G(k1,...,kn) be a function in m variables and 1 < i < m —1. We
set

DiG(ky, ... ky) =
G(k‘l, ey ]{37;_1, ki; ]{37;+1, ki—i—?a ceey k’m) + G(k’l, ey ki—l; ]{57;+1 + 1, ]{57, — 1, ki+27 ey km)
The following lemma shows the significance of the operator in the computation of the degree.

LEMMA 2.5. Let F(x1,x2) be a q-quasi-polynomial in x1 and xo which is of degree at most
R in each of x1 and x5. Moreover assume that D1 F (x1,x5) is of degree at most R as a q-quasi-
polynomial in x1 and xs, i.e. a linear combination of “monomials” [x1;q|m[T2; qlnpl* p5> with
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m+n < R and where p1 and py are roots of unity. Then ) " _ azgzzy F(xy,x2)q* T2 is of
degree at most R+ 2 in y.

Proof. Set Fy(x1,x2) = D1F(x1,22)/2 and Fy(xy,29) = (F(21,22) — F(2a + 1,21 — 1)) /2.
Clearly F(xq,x2) = Fi(x1,x2) 4+ Fy(x1, ). Observe that Fy(zo+1, 21 —1) = —Fy(21, x2). Thus
Fy(x1,x9) is a linear combination of expressions of the form

ro x1—1

(215 qlm[w2 + L1 lupT 057 — [0 @l + 1 qlmpi® 3
with m,n < R and where p; and ps are roots of unity . We set
d <p"‘1((,0q)y“ - 1))
dgp” (pg —1)

This is a g-quasi-polynomial in y of degree at most n + 1. Lemma B3 implies

C(% n, p) =

> Z 21 Gl + 1 e 0 — [0 gl + 1 gl p5 g

o —
= (c(y;m, p1) — cla — 1, m, p1))(c(b+ 1,1, p2) — c(y, n, p2))
— (c(y,n, p2) — cla—1,n, p2))(c(b + 1,m, p1) — c(y, m, p1))
= c(y,m, p1)c(b+ 1,n,p3) —cla—1,m, p1)c(b+ 1,n, ps) + cla — 1,m, p1)c(y, n, p2)—
c(y,n, p2)e(b+1,m, p1) + c(a — 1,n, p2)e(b+1,m, p1) — c(a — 1,n, pa)c(y, m, p1).

Thus > Y ZZFy Fy(z,y)g""Y is of degree at most R + 1 in y. By the assumption in the

r1=a

lemma )Y _, ZZFy Fy(z,y)g""Y is of degree at most R+ 2 in y and the assertion follows. [

LEMMA 2.6. Let m,i be a positive integers with 1 < i < m — 2, and G(ly,...,l,) be a
function on Z™. Then

ZZ Z Gy, .. L) | (koK. k)

ll k()lg kl lm—km 1

kz 1 k1+1+1 k1+1 1+2 z+3

Yy Y 3 Y Y % oo

ll kO l’L 1= kz 2lz—kz+1 lz+1 k l’L+2 k llz+5 kz+2 lm:kmfl

z+l 1+1 1 1+3

LY Y Y Y Y Y b

ll kO lz 1= kz 2l kz 1l1+1 k lz+2 k 1l1+3 kz+2 lm:k'mfl
where 1 = (l1, ..., ln).
Proof. We set

z+3

g(lia, L lipr) = Z Z > Z Gy, ... L)

li= kO lz 1= kz 2lz+3 kz+2 Im=Fkm—1
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The left-hand side in the statement of the lemma is equal to

1+1 1+2 z+1+1 i z+2
E g g lz; l2+17 Z+2 E E E lza lz—i—l; z+2)
z—kz 1 lz+l k lz+2 k1+1 1 1 1 lz+1 k1+1+1 lz+2 k -1

In the expression, we reverse the middle sum in the second triple sum and split up the first
sum in this triple sum to obtain

z+l 1+2 kz k1+1 k1+2
§ § § lZ? lig1,1 z+2 § § § g lza lit1, z+2)
z—kz 1 lz+1 k lz+2 k1+1 1 kz 1 lz+l k lz+2 k -1

1+1+1 z+l z+2

Z Z Z lza lz+l> z+2)

li=ki+1 lip1=k; lizo=k;—1

Next we cancel some common terms in the first and the second sum and obtain

kit1 kiy1-1 kiv1+l kit kito
S Y S sl S 2 2 2 slelinli)
li=ki—1 Liy1=k; liyo=k;—1 =ki+1lir1=k; liyo=k;—1
and this is equal to the right-hand side in the statement of the lemma. ([l

We need another definition before we are able to prove the lemma which is crucial for the
computation of the degree.

DEFINITION 2.5. Let r be a non-negative integer and B(x,y) a function in x and y. We
define Z(r, B)(x,y) recursively: Z(0, B)(z,y) = B(x,y) and

y+1 y

Z(r, B)(z ZZZr—1Ba;y)w+y

r'=x+1y'=

In the following lemma we establish a recursion which expresses D;G,(r,n, ¢, A) in terms of
Gy(r,n—2,c+2,A%) and Z(r, By) if A fulfills a certain “decomposition condition”.

LEMMA 2.7. Let r,n,i be integers, r non-negative, n positive, 2 < n —r and 1 < i <
n—r—1. Moreover, let A(ky, ..., k) be a function on Z™. Assume that there exist two families
of functions (Bj(w,y))1<j<m and (Aj(k1, ..., kn2))i<j<m with the property that

m

> Bj(ki + i, kisa + 1) Aj(kr, o kioy ki + 2,k + 2)

J=1

foralli, 1 <i<n-—1. Then

DiA(ky,. .. k)

Dqu(’l“, n,c, A)(kla s Z 2r T( 2ntrtl) Z(’l" B; )(kl + ia ki-i—l + Z)
7j=1

X Gq(r,n — 2,C—|— 2,14;)(]{51, .. -aki—l>ki+2 + 27 .. -7kn—r + 2)
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Proof. We show the assertion by induction with respect to r. For r = 0 there is nothing to
prove. Thus, we assume r > 0. By Lemma .0 the left-hand side in the statement is equal to

z+l+l 1+1 1+2

Z Z Z Z . Z D;Gy(r —1,n, ¢, A)(I)gh+-+n—rn

l1=0 li=k;+1 lz+l ki lz+2 ki—1 ln—r+1:kn—r

1+1 z+l 1

N Z Z Z Z : Z Dz’+1Gq(T —1,n,¢c,A) (l)ql1+“‘+lnfr+1

11=0 lz—kz 1 lz+l k lz+2 k -1 ln—r+1:kn—r
In this expression we replace D;G,(r—1,n, ¢, A)(1) and D;11G,(r—1,n, ¢, A)(1) by the expression
implied by the induction hypothesis. We obtain

( 1) m kiv1i+1  kipa

|G D Y it
T Z ST 20— 1B+ il +i)g

lLi=ki+1 1 1=Fk;

kiyo ¢
DI D S 5
11=0 li—1=ki—2 lito=k;—1 by 1=k
Gyr—1,n—2,c+2 A/.)(ll7 o list e + 2, Ly + 2)gh it et A
kit1 kit1—1
* Z Z )(ll-i-l +i4+ 1,10+ 1i+ 1)(] lit1+lit2
liv1=k; liyo=Fk;—1
Kits c
<3 Z > X
11=0 li=ki—1 liv3=kiy2 Ly—ri1=kn—r

GQ(T - 17 n— 27 c+ 2’ A;)(lla sy lia li+3 + 27 ceey ln—r-i-l + 2>qll+m+li+li+3+m+ln_T+1) .

We shift the range of summation of l;,5,0;13,...,l,_r11 by two and compensate this shift with
the appropriate changes in the summands.

1) m
uqr(—znwﬂ) Z Z(r, By) (ki + 4, ki1 + 1)

2r
j=1
( 1+2+2 2+3+2 c+2
ll 0 1 1= kz 2lz+2 k"l‘l lz+3 kz+2+2 ln—r+1:kn—r+2
Gor = 1,n = 2,4+ 2, AN, oo lias Lipay ooy Ly gy )gi et Hlisetetinri

k1 ki1 k; kitr3+2 c+2

11=0 li—1=ki—2 l;=k;_ 1l2+3 k1+2+2 ln—r+1:kn—r+2

GQ(T - 17 n— 27 c+ 27 A;)(lb ey li7 li+37 sy ln—?”-i-l)qll+m+li+li+3+m+ln_r+1)
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Finally, we rename [; 5 in the first multiple sum to /; and merge the two multiple sums. The
result is equal to the right-hand side in the statement of the lemma. 0

In the next lemma we give a bound for the degree of Z(r, B)(x,y).

LEMMA 2.8. Suppose B(x,y) is a q-quasi-polynomial in x and y of degree d, i.e. a linear
combination of terms of the form [x; qlm[y; qlnpfpy with m +n < d and where py, pa are roots
of unity. Then Z(r, B)(x,y) is of degree at most 2r + d in x and y.

Proof. By induction with respect to r it suffices to show that

y+1 Y

SN [ dlaly dlopt 08

'=x+1y'=x

is of degree at most m +n + 2 in x and y. Using the notation from Lemma 22 we see that
this double sum is equal to

y+1 Y
( > [ qlmpt ‘1q’”) <Z[y’;q]np§’_lqy>

' =x+1 y'=x
= (C(y + 17 m, pl) - C(l’, m, pl))(c(ya n, p?) - C(l’ - 17 n, P2))
and the assertion follows. O

In order to be able to apply Lemma X1, we show that T'(n,p)(k1, ..., k,) has the “decom-
position property”. Observe that

DZT(n7p> - 2T(TL - 27p)<k17 R ki—l? ki+2 + 27 RS kn + 2)
+ (=) 2T (n —2,p — (k. ki, ki + 2, Kk + 2),
where T'(m, q) = 0 if ¢ < 0 or ¢ > m. Thus, by Lemma 27,
D;G,(r,n,c,T(n,p)) =

1y
( 2T) ¢ P Z(r, 1) (i + 4, Kigr +14)

X Gy(r,n—2,¢4+2,2T(n—2,p))(k1,. ... kic1, kizo + 2, ... kp—yp + 2)
+ Z(r, (1)) (ki o+, K + 1)
X Go(r,n—2,¢c42,2T(n—2,p—2))(ki,...,ki-1,kiva +2,.. . kyy +2)). (2.5)
By Lemma R, Z(r, 1)(k;, ki 1) and Z(r, (—1)FTF+1) (k;, ki) are g-quasi-polynomials in k; and
ki1 of degree at most 2r and thus the same is true for D;G,(r,n,c,T(n,p)). Finally we show

that this implies that G,(r,n, ¢, T(n,p)) is a ¢g-quasi-polynomial in k; of degree at most 2r for
all 1.

LEMMA 2.9. Let n,r be positive integers, r <n and 0 < p <n. Then Gy(r,n,c,T(n,p)) is
a q-quasi-polynomial in k; of degree at most 2r fori=1,2,....,n—r.

Proof. We show the assertion by induction with respect to r. For r = 0 there is nothing
to prove. We assume that r > 0 and that the assertion is true for G4(r — 1,n,¢,T(n,p)). The
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degree of D;G,(r — 1,n,¢,T(n,p))(li,...,lh—r+1) as a g-quasi-polynomial in /; and [;;; is at
most 2r — 2. Therefore, by Lemma 23, the degree of

ki1

ki
Z Z GQ(T - 17 n,c, T(”ap))(ll, ey ln_r+1)qli+li+l

li=ki_1 lip1=k;
in k; is at most 2r. By (24)), the same is true for the degree of G,(r,n,c,T(n,p)) in k;. O
COROLLARY 2.1. Let n be a positive integer and 0 < p < n. Then Fy(n —1,n,¢c,p; k) is a
q-quasi-polynomial over C of degree at most 2n — 2 in k.
5. Exploring properties of the ¢-quasi-polynomial F,(n —1,n,c,p;k)
First we observe that F,(n — 1,n,¢,p;k) is zero for k = —1,-2,...,—n+ 1 and k =
c+1l,e+2,....,c+n—1.

LEMMA 2.10. Let r,n,p be integers, 0 <r <n and 0 < p <n. Then F,(r,n,c,p;.) is zero
forky=-1,-2,...,—randk, ., =c+1,c+2,...,c+r.

Proof. 1t suffices to show that there exists no (r, n, c)-pattern with first row
(0, ]{31, ey kn—ra C),

ifky =—1,-2,...,—rork,_, = c+1,c¢+2,...,c+r. Indeed, suppose (a; ;) is an (r, n, c)-pattern
with a, 41,41 € {—1,—2,..., —r}. In particular, we have 0 > @, 11,41 and thus the definition of
(r,n, c)-patterns implies that 0 > a,, > @,4+1,41. In a similar way we obtain 0 > a; 1 > ass >
... > Qpy > Grg1041. This is, however, a contradiction, since there exist no r distinct integers
between 0 and a,+1,41. The proof is analogous if a, 41, € {c+1,¢+2,...,c+1r}. Il

The zeros in Lemma do not determine the g-quasi-polynomial F,(n — 1,n,¢,p;k)
uniquely and thus we need additional properties. To this end we have the following two lemmas.

LEMMA 2.11. Let r be a non-negative integer. Then we have
Z(?”, (_1)x+y) - (_1)x+yqr(x+y)0r + TT(QE, y>7
where C, € Q(q) and T,(x,y) is a g-polynomial in x and y over Q.

Proof. The assertion follows from the following identity by induction with respect to r.

+1 x T T
r'=x+1y'=x (]‘ + Q>2

Suppose p(X) is a g-quasi-polynomial in X with period 1 or 2. Then there exist unique
g-polynomials py(X) and po(X) with the property that
p(X) = (=1)pi(X) + pa(X).
We write SPx (p(X)) = p1(X). The following lemma shows that SPy, F,(r,n, ¢, p;.) has a simple
structure.

LEMMA 2.12. Let r,n,7,p be integers, r non-negative, n positive, 1 < 1 < n —r and
0<p<n. Then
SPy. Ey(r,n, ¢, pika, .. k) /g

is independent of k;.
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Proof. We show the assertion by induction with respect to r. For » = 0 there is nothing to
prove. Let r > 0. It suffices to prove that

7.+1

Z. Z > DiGy(r = Ln, e, T(n,p))(lh, .-, lucygr)g" T | /g™ (2.6)

lz—kz llz+l k

SPy

and

z+l

SPI@( Z Z ( 1,n,c,T(n,p))(ll,...,li,li+1,...,ln_T+1)

1 kz 1 lz+1 k
- GQ(T - 17 n,c, T(”ap))(lla SRR li—i—l + 17 lz - 17 R ln—r—i—l))qli—i_lHl)/qui (27)
are independent of k;, where ky = 0 and k,_,41 = ¢. By (Z3) and Lemma 2ZT1 D,G,(r —
Lin,c,T(n,p))(l1,...,lh_rt1) is of the form
(1)t gr=DOH D (1 Ly Ly dergr) + Tl i),

where H(ly,...,li1,livo,. ., lh_ri1) is a g-quasi-polynomial, T'(ly,...,l,_,+1) IS a g-quasi-
polynomial in (l1,...,4;1,liy2, .., l,_ry1) and a g-polynomial in I; and l; ;1. Therefore T' does
not contribute to (). Moreover we have

z+1

E E l Hin (7” 1)(l +lz+l (ll7 ceey li—l) li+2a ey ln—?“+1) qli+li+1

lz—kz 1l7.+1 k

1
= m((—l)kiqui(_1)ki71q7“k’i71 + (_1)kiq7“ki(_1)ki+1qr(ki+l+2)

g CRED (kR gr Rkt DY B ey L)
and (Z0)) follows. For (7)) observe that by the induction hypothesis
Gy(r—1,n,¢,T(n,p))(ly, ... . lh—rt1)
is a linear combination of expressions of the form
s lnllisr + 1 s @75 (1) liga + 1 gl [l glmg " D00 (1)l

and
q(r—l)li (_1)li—1q(T—1)(li+1 +1) (_1)li+1

over Ryglly, ..., lic1,lizo, ..., l—y]. Therefore
Gq('f’ - 17 n,c, T(TL?p))(llv ey li7 li+17 sy lTL—T+1)
—Gyr—1n,e,T(n,p))(ly,. .l + L, L =1, 0 lgn)
is a linear combination of expressions of the form

[li§ Q]m[li+1 + 1§ Q]n - [lu Q]n[li—i-l + 1; Q]mv (28>

g (=D Ly + 1 gl — [l glag TG (= 1) (2.9)

and
q(r—l)li (_1)11—1q(7‘—1)(l1+1+1) (_1)[1_‘_1 _ q(T—l)ll (_1>ll—1q(r—1)(ll+1+1)(_1)l1+1 — O
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over Ryg[ly, ..., li1,livo, ..., ln—]. Expressions of the form (Z8) do not contribute to (7). For
expressions of the form (Z0) observe that

z+1

Z Z (7” i l l[li—i-l + 1;q)n — [l q]nq(r_l)(li+l+l)(_1)li+1) qli+li+1 =

7, kz 1l7.+1 k
(_1)ki_1q7‘ki_1 _i_qT(_l)quTkz 1
1+q [n+1;q]([ +1 Qns1 = [Ki; @lnsr)
1 qr(_l)kzquz +q2r(_1>ki+1qu’i+1

B . (ks —1- _
[n + 17q]([kzaq]n+l [k:z 1 ;q]n+1) 1_|_q7"

(1+¢7)[n+1q] (= (DM ki + Liglo — ¢ (=10 [kisr + L qlna

+ (=) g ks gl + ki — L gl (1) g™
— [kis @lne1@® (= 1)F1 g™ 4 [kisq — 1; @lnga g™ (—1)F1g ™).

The assertion follows. O

COROLLARY 2.2. Let n be a positive integer. Then
F(?’L - 1777‘7 ¢ p; k) = Pn,c,p(k:) + (_1>kq(n_l)kLn,c,pa

where P, . (k) is a g-polynomial in k and L, ., is independent of k.

We define

Ghep = ZF —1,n,¢,p; k)"

This is the generating function of strict plane partitions with parts in {1,2,...,n}, at most
¢ columns and p rows of odd length. In the following lemma we prove that some special
evaluations of F,(n — 1,n,¢,p;k) in k can be expressed in terms of the generating function
Gpn-1.cp. This lemma together with Lemma ZT0 and Corollary provide enough properties
in order to compute F,(n —1,n,¢c, p; k) in the following section.

LEMMA 2.13. If p # n then
F,(n—1,n,¢,p;0) = Gpo1.cp
and if p # 0 then
Fy(n—1,n,¢,p;—n) = (_1)n_1q_3n(n_1)/2Gn—l,c+2,p—1'
Moreover we have
F,(n—1,n,¢,n;1) = q(”+2)("_1)/2Gn—1,c—1,0
and
Fy,n—1,n,¢,0,—n—1)=(=1)""tg DG | g, .
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Proof. For the first identity let (a;;) be an (n — 1,n,c)-pattern with a,, = 0 and ex-
actly p numbers of a1 1,a19,...,a1, are odd. This implies that a;; = 0 for all ¢ and thus
(ai,j)lgign_l,igjgn_i_l is an (n — 2, n— ]., c)—pattern where P of a12,013,...,01 are odd. In fact,
this induces a norm-preserving and sign-preserving bijection between these (n—1, n, ¢)-patterns
and these (n —2,n — 1, ¢)-patterns.

For the next identity, let (a;;) be an (n — 1, n, ¢)-pattern with a,,, = —n and exactly p of
ai1,0a12,...,01, are odd. This implies that a;; = —i. Therefore a;,41 ¢ {—3,—4,...,—n} for
1= 1, e, — 1. If we set bi,j = Qg + 2 for i < j and biﬂ' = 0 then (bi,j)lgign—l,igjgn—i—l is

an (n —2,n — 1, ¢ + 2)-pattern, where p — 1 of by2,b13,...,b1,, are odd. Again this induces
a bijection. However, the bijection is neither norm-preserving nor sign-preserving. The factor
(—1)"~1g=37("=1/2 takes into account the changes of norm and sign.

For the third identitiy, let (a; ;) be an (n—1, n, ¢)-pattern with a,,, = land all a1 1, @12, . .., a1,
be odd. The first assumption implies that a;; € {0, 1}, the second that a;; = 1 and therefore
a;; = 1 foralli. If weset b;; = a; ;—1then (b; j)1<i<n—1i<j<nt1 is an (n—2,n—1, c—1)-pattern,
where all by 2,613, ...,b1, are even.

The proof of the fourth identity is similar. 0

6. Computation of F,(n —1,n,c,p;k)

In this section we compute Fy(n — 1,n,c,p; k) using the properties we have established in
the previous section. For these computations we need some g-summation formulas which we
derive in Section [ First we show that Corollary X1l Lemma ZT0 and Corollary imply a
first strong assertion on the form of F(n —1,n, ¢, p; k).

LEMMA 2.14. Let n be a positive integer and 0 < p < n. Then Fy(n — 1,n,¢,p; k) is equal
to

Mn,c,p . [k; + 1; Q]n—l[k —c—n+ 1; Q]n—l + Ln,c,p X <(_1)k’q(n—1)k + (_1)nq(n—1)(2c+n)/2

—

n—

" <(_1)cq(;) [k +1; Q]n—lv{: —c i t+ 1 gl [k — c_n + L qln—i1
(5 qli1[1; qln-1-ilc + i+ 1; gl

1
@+ Ldialk+it+1ignialk—c—n+1; q]n_1>
(L qlica[l5 qln-1-ife + i+ 15q)n ’

2

where Ly, ., and M, ., are independent of k.

Proof. By Lemma -1 and Corollary we know that for k € {—1,—-2,...,—n + 1} and
ke{c+1l,c+2,...,c+n—1} we have

anc,P(k> - <_1)k+1q(n_1)kLTL,C,p‘

By Corollary 11 P, . ,(k) is a ¢-polynomial in k of degree at most 2n — 2. By “g-Lagrange
interpolation” the following polynomial is the unique g-polynomial @, .,(k) of degree at most
2n — 3 with Qncp(k) = (=1)kign=VrL, for k€ {-1,-2,...,—n+1} and k € {c+ 1,c+
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2,...,c+n—1}

—1 . n—1 .
i1 (n—1)i k—Jsq k—c—17;q
Z (1) g=Dig, H [» J ] [. J ]

g gz B4 G e il

—_

n— ‘ s k— k—c—j:
+ (_1)c+2+1 q(n 1)( +)Ln,c,p H [ J q] H [ . . J Q]

P
1 j=-n+1 1<j<n—1,j#i [ ]’Q]

2

This is equal to

—_
s

n—

<( )it (i "cpﬁ k+] q] ﬁ [k +jiq) 77 [k —c—jidl

i=1 j=1 ]] —it1 [,]_qu] j=1 [_Z_C_]7Q]
() e ﬁ [k + 75 4] ﬁ[k—c—j;Q] ﬁ [/f—c—j;cJ])
q nc . . . .
srlerivgid S li-gid 24 =734
n—1 .
- <( 1>z+1q—n 1) Jk+ 1 Q] 1k +i4+1qln1—[k —c—n+1;¢lh
o i—1 (1 —d;qli-1[1;qln-1-s[—n+1—c—14qln

4 (—1)eFiHL gDt k+1; Q]n—.l[k —c—i+1 Q}i—.l[k —c—n+1; Q}n—l—z‘>.
e+ i+ 15qln-1[l;qlicali —n+15¢)n-1-
The difference of P, . ,(k) and the g-polynomial displayed above is a g-polynomial of degree at
most 2n — 2 with zeros —1,...,—mn+1and c+1,...,c+n — 1. Thus, this difference is equal
to My, cplk + 1;qlpn—1[k — ¢ —n+ 1;¢]n—1, where M, ., is a factor independent of k. We use the
identity
21 qln = [—2 = n+ 1 qln(—1)" "+ D7)

in order to obtain the expression for P, . ,(k) in the statement of the lemma. O
We set
U,(k) =
-1 ,
(—1)ng-Detn)/ Z < k? + L glaalk—c—i+ 1;9}2‘—1[/{; —c—n+1Lqghin
(L qlia[l; qln-1-ilc + i+ 1; gl

(3) [k +15qliak +i+ 1 qln—ia[k — C‘_ n+1; Q]n—l) 4 (_1)kq(n—1)k
(L qlica[L; qln1-ilc + i+ 1;qln
and W, (k) = [k+ 1;q]n-1]k —c—n+1;¢l,,—1. Using these definitions, Lemma T4 states that

- q

Fy(n = 11,60 K) = LuneUno(k) + Mo Wo oK), (2.10)
It remains to compute L,, ., and M, . ,. In the following lemma we give recursive formulas with
respect to n for L, ., and M, .,. It is an immediate consequence of Lemma

LEMMA 2.15. The initial conditions are Ly ., = (_Tl and My ., = 5. If p ¢ {0,n} we have

Gn—l,qun,c(_n) + (—1)"q_3”(”_1 /2Gn_17c+2,p_1Wn7c(O)
Un.e(O)Wy o(—n) — U, o(—1) W, (0)

Ln7c7p -



56 2. REFINEMENT OF THE BENDER-KNUTH (EX-)CONJECTURE

If p = 0 we have the following recursion

(_1)n—lq—(n—l)(2n+1)Gn_17c+3’n_1Wn7c(O> _ Gn—l,c,OWn,c(_n _ 1)
Un,c(_n - 1>Wn,c(0) - Un,c(O)Wn,c(—n — 1) ’

Ln,c,O =

and if p = n then

q(n+2)(n_l)/2Gn—l,c—l,OWn,c(_n> + (_ ]-)nq_gn(n_l)/zGn—l,c+2,n—1Wn,c(1)

Ln cn —
@ Un (D)W o(—n2) — U (=) W o(1)

Concerning M, ., we have

Gn—l,qp - Un,c (0) Ln,c,p

Mn767p =

W,.(0) ’
if p#£n and
GO, = Uy () ey
e Wh.e(=n)
if p#0.

Proof. Lemma and (ZI0) implies the following equations. If p # 0 then
LicpUne(=1) + Mo cpWao(—n) = (=1)" g0 V2G, L pp o,

and if p # n then
LTL,C,pUTL,C(O) —"_ MTL,C,[)WTL7C(0) - Gn—l,c,p'

If p =0 we have
Ln,c,OUn,c(_n - 1) + Mn,c,OWn,c(_n - 1) - (_1)n_1q_(n_l)(2n+l)Gn—l,c+3,n—17
and if p = n we have

Ln,c,nUn,c(l) + Mn,c,an,c(l) = q(n+2)(n_l)/2Gn—1,c—1,0‘

For every p € {0,1,2,...,n} this gives a system of two linearly independent equations in L, .,
and M, .,. We use Cramer’s rule to obtain the recursions of L, .,. The recursions for M, .,

are immediate consequences of the equations.

In the following lemma we see that the denominators in the recursive formulas for L,, ., in

Lemma ZTH are products.
LEMMA 2.16. We have

Un,c(O)Wn,c(_n) - Un,c(_n)Wn,c(O) =

2[1; ¢ 1 (14 q) ! {% if ¢ is even

c(n—1)4+2n(n—1)
4 [c+nsq]

2[1; ¢*p—1[n — 1;q)(1 + ¢)*
q(n—l)c+2(n—1)(n+1)

y {[(C+ 2)/2;¢°]n if ¢ is even

Une(=n = )W o(0) = Upn o(0)Wo(—n — 1) = —

[(C+l)/2§q2]n ch is odd ’

[(c+1)/2:¢%]n+1(1+4) if ¢ is odd

[c+n+1;q]
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and
2[1;¢%la[n — Ligl(1+ ¢!
Unclwnc_ _Unc_ Wncl =
(c/2; 4% if ¢ is even
X c— 2ln . . .
[ 1)[ﬁi_]l;+q1](l+q) if ¢ 1is odd

Proof. The formulas for U, .(0), U,.(—n), U, (1) and U, .(—n — 1) in Section [, ZI2)-
(ZT13), imply that the denominators from Lemma are sums of at most 3 products. A
lengthy but straightforward calculation shows that these sums of product simplify to single

O

products.

We finally give the formulas for L, .,, M, ., and G, ¢p.

LEMMA 2.17. The generating function G, ., is equal to

n
1 [c+2i5q]n—i+1
p+1\ | M [c+p;q]n+1 1:[ [24-2¢;q] n—i 2‘0
Gnc = q( 2 ) 1=0 '
“r p ! [e4+2i—1;q]n—it1
) S e 2 fe
1=

For L, ., we have

n—1 .
H [c+2i+15q]n—i [c+1;q]n—1[1;q]n—1

[245q]n—:[24;q] 2

[c+p;aln [c+p+1;g]n

(q(p?)["ﬁ][c;ql _ q(g)[?i]“*Qn;q]) 2lc

Ln c,p — !
1. 1 .
[c+2z;q]n_i [l;q]n71 ( (p+21) |:n—1:| (;‘2) [n—i:|> 2 XC

[25q]n—i[245q] 2 P p—

and for M, ., we have

(_1)n—lq(n—1)(20+n)/2

Mn767p -

[1; qln—2
p+1 p

T let2idlas q(Q)[";l][cwﬂ( 1 [e+2n-1ig] ) +q(2)[’;ii] etontigs | g,

o [245q)n—i [c+Dialn [n—1iq]  [ct+niq][2n—2;q] [e+p+15g]n [c+nq][2n—25q]
X =

n—1

[c+2i+1;q] i 1 PEY1n—1|n—1 P) | n—1
,_Hl B (q( +) [ P } +ql9) [p—lb 2 fe

Proof. We show the assertion by induction with respect to n. For m = 1 observe that
Ll,c,O = 1/2, Ll,c,l = —1/2 and Ml,c,O = Ml,c,l = 1/2 Moreover

1_q2+c

{1+q2+q4+...+qcz T if ¢ is even
Gl,c,OZ

1+@+¢*+. . +q¢ = 11_311; if ¢ is odd

and
q+q3+q5+---+qc‘1=q(f__q;) if ¢ is even
Gl,c,l - 3 5 c_ q(l_qlgc) . . .
q+q¢ +q +...+q T if ¢ is odd
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Assume that the formulas are already proved for n — 1. Use the recursions in Lemma EZTH
(ZI2A)-EI3) and the formula for G,_; ., in order to check the formulas for L, ., and M, ..

By (211]) and (ZIH) we have

Gn,c,p = Z Ln,c,pUn,c(k)qk + Mn,c,an,c(k)qk -
k=0

;o A+ ED)e+2)/2¢%n (1 +¢) + (1= (=1)9) (e +1)/2¢°]n(1 — ¢*))
mer [1/2; %1 (14 ¢ 1) (1 +qm)

n— —n CcCTNn [
+Mn,c,p(_1) 1q( +1)(2¢+n)/2

Lgln_ilc + 15 gl
115 qlan— '
A lengthy but straightforward calculation proves the formula for G, . 0

Now we are in the position to explain why Theorem Pl implies Krattenthaler’s and the
author’s refinement of the Bender-Knuth (ex-)Conjecture. Krattenthaler’s refinement, see [30,
Theorem 21}, is the generating function G,, . ,, which we have computed in Lemma T and
thus we have reproved his result with different methods.

The author’s refinement, see Theorem 1 (resp. Theorem 1.1) in [I5] resp. Chapter [, is
the generating function of strict plane partitions with parts in {1,2,...,n}, at most ¢ columns
and k parts equal to n, i.e. the sum over all p’s, 0 < p < n, of the generating function in
Theorem Il In order to deduce Theorem 1 (resp. Theorem 1.1) in [I5] resp. Chapter [J from
Theorem ZT] of the present paper one has to show that

ﬁime:O
p=0

and
n n—l

Z(_1)n_1q(n—1)(k_c)_(g))+kM [c+i + 1 2 qli-

n,e,p — )

p=0 =1
where
k—c—n+1;ql,-1 = (—1)"_1q(”_1)(k_c)_(g) 1+c—k;qln
explains the factor accompanying M,, .,. However, Theorem 1 (resp. Theorem 1.1) from [15]
resp. Chapter [l was proved with methods similar to the methods we have used to prove
Theorem ZT] in the present paper and thus we omit to show this implication, since it is surely
a detour to prove Theorem 1 (resp. Theorem 1.1) from [T5] resp. Chapter [ in this way.

7. Some basic hypergeometric identities

In this section we derive some basic hypergeometric identities which were needed above.
The notation is adopted from [T9), page 1-6]. In particular, the basic hypergeometric series is
defined by

> 2\ \ S—r—+1
rcbs[z::: b,q,] > ““b (“T’(Z)fw (1mg®) ™ e,

n— 1,9

where the rising ¢-factorial (a; q),, is given by (a; q), := H;:Ol(l —aq'). (Observe that [z;q], =
(¢%;q)n/(1—¢q)™.) All identities in this section were handled with Krattenthaler’s Mathematica
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package HYPQ [3T]. A Mathematica-file containing the computations can be downloaded from
my webpage (http://www.mat.univie.ac.at/“ifischer/)).

The list of identities is the following. (For the definitions of U, (k) and W, (k) see Sec-
tion [@.)

- Liglh_ilc+ 15 qfan-
Z Wn,c(k>qk — (_1)n—1q(—n+1)(20+n)/2[ q]n—l[c Q]2 1 (211)
k=0 [L q]Qn—l
n—2 iy [ letbidno1 e s
(14 q)"~ oy i cisodd
n—1 7n—2 i [(c+2)/2:q]n— e
Upe(—n) = 2(1+4) ' Hi:l (1+4°) [C+2;q]3—1 : if ¢ is even (2.13)
n,c q(n—1D(Bn—-2)/2 [(c+1)/2;r_1]n(1+q) if ¢is odd
[C+17Q]TL
26" TI"=2(1 + ¢
Unc(l) _ q Hz:l ( +q)
’ (1+¢)"
-7[(66;?35{12[.22_}2;[1]1 if ¢ is even 2.14)
x e—Lign 1[n—2; c+n—3[caln— n— ;q)[2[n/2]; : : :
b _ sttt o
2(—1)"(1+ )" ' TII2(1 + ¢)
Une(—n—1) = ¢ DBn=1)2
[(C+4)[/C2J§LT]H£”_2;‘]] if ¢ is even (2.15)
X c 'Q’Tiin—' c+n |(c ;2n, n— ; n ; . . :
(o492 =] | ot (492l A=/ Leralbin/2l) it ¢ i odd
Unc(k)d*
k=0
B 2 [(c+2)/2;¢%-1(1 4 ¢°™) if ¢ is even (2.16)
1/2;¢%—1(1+ ¢ )1 +¢") |[(c+1)/2;¢%].(1 —¢*) if ¢ is odd '
First we consider (2I1]). Observe that
c c n. —c. . l—c—n.
Z Wn,c(k)qk _ Z (q ) q)kl(?c_;q)k (qa q)n—l(q 2n_;q>n—1 '
— (¢ )(d " D (I-q)
Therefore it suffices to show that
n. —c. 2n.
(@ Oela %k (75 9)e (2.17)

—(Gakl@ e (g5a)

Both sides are g-polynomials in n and therefore it suffices to show the assertion for all n with
n < 1 — c. Observe that in this case

3 ((q k(a5 D -y (g :

. l1—c—n. l—c—n.
(GO@ O (G O(d T
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since (¢"%q)r = 0if k > c and (¢" ¢ q)r # 0 for all k > 0. Using the basic hypergeometric
notation introduced above this infinite series can be written as

q,q
2¢l |iq1 —c— n7q>q:| .

We use the ¢-Chu-Vandermonde summation formula [T9] (1.5.3); Appendix (I1.6)]

[19

2¢1 |:a’ (i_n; q, q:| - anEC/a) q> 9 (218)
and obtain ( s )
" (T q)e

) 2.19

(@ q)c (2.19)

This is equal to the right-hand side of (21T).
Next we consider (Z12), (Z13), Id) and (ZIH). In these summations we first use some
contiguous relations before we apply the following summation formula

(= 90)s(aq; %) os (ad® /6% )

a,b
—a/bl = 2.2
0 L“I/b’ ¢4 } (=4/b: @)oo (0q/b;q)0e (2:20)
where (a; ) = ]O_O[(l — aq"), see [19, (1.8.1); Appendix (I1.9)]. We define
i=0
n—1

i k—i—lq]n_l[k—c—z—l—lq]z_l[k:—c—n—i-lq}n_z_l
ch k)= (2>[ ’ 7 - ,
(®) ;q [15qli—1[1s gln1-ife + 1+ 15 gl

and

Vo) =3 gl [kt Liglialk it Liglina[k — ¢ = nt 1iglnn
7 P (L glica[Li gln—1—ile + 1+ 15 gl
Observe that

Uno(k) = (=1)q=DCeAm/2((_1)e X, (k) — Yy o(k)) + (—=1)Fgn=DF, (2.21)

In order to prove (2I2), it suffices to compute X, .(0) and Y}, .(0). In both sums we can replace
the upper limit by oo, since (1),—1—; = oo if i > n. We write X,, .(0) in basic hypergeometric
notation and obtain

c+1 ,—n+2 . l—c—n
g nl (@ @)n-1(q Q)n_2
2017 i1 30 —q .
{ g ] (¢ @)n—2(¢T2% @) n-1

If we apply the following contiguous relation

s T e Ay T R e N VAL

and then (2220) we obtain the following formula for X, .(0).

l—c—n c+2. c+2n—1

s Dn—2(=¢ D)oo (0% ) o 107 oo

(@2 @) n—2(—0"1 @)oo (¢ @) o
(¢ (g s Dn—2(0" 0)1(—4 0 oo (0“5 0o q
(@2 @)1 ("™ ) 1(—¢" 1 @)oo (¢ @)

g (q

+

c+3 c+2n.

1 0%) oo

l—c—n
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Next observe that Y, .(0) is equal to

_ 2 et ] (@ 9(g g
1) 1 ¢ |:q g >q;q’_qn 1:| ) ) )
(P 02| gernnt (¢ 9)1(q ™ g

n—1 c+1.

Using the contiguous relation

b, {(f(‘g’)q; " Z] _ (_1)r+:q1_7“+s g’j 1% ﬁ?gi (1 .4, {(éé%) 0 q—l+r—sZ:|) (2.22)

we transform the 3¢9 series into a ,¢; series. Next we apply the following contiguous relation

r—1

a, (A) _ ag, (A) r+s Hz 1 (1 ) ag, (qA> 1—r+s
r¢s|i (B) 7Q>Z:| _r¢s|: (B) 14 Z:| +(_1) azmr¢s|: ( ) 14,9 Z:| (223)
before we are finally able to apply (Z20) to the remaining two 2¢; series. We obtain a formula
for Y, .(0) in terms of rising ¢-factorials. If we combine this with the formula for X, .(0) we
obtain (ZI2).
The situation is similar for (Z13), (14, (21H), however, we do not give the proofs in detail.
In order to describe a set of contiguous relations which is needed before in each of these cases
(Z20) can eventually be applied, we use Krattenthaler’s table of contiguous relations, which can
be found in the HYP(Q documentation [31]. For more details see the Mathematica-file with the
computation, which can be found on my webpage http://www.mat.univie.ac.at/ ifischer/.

X, (—n) C34

Y,,.o(—n) C15

X,.(1) Cl4, C42, C34

Y e(1) C16, C15, C02, C41, C11, C37
X, .(—n —1) [ C14, C42, C34

Y, .(—n —1) | C14, C15, C36, C11, C37

Finally we consider (ZI6l), which is a double sum and thus the most complicated iden-
tity. By (Z2I) it suffices to compute Y ;_, X,(k)g* and >°;_, Vs.(k)g". First we compute
> o Xne(k)g®. The trick is to consider a more general expression: observe that X, .(k) is
the unique ¢g-polynomial in k of degree at most 2n — 3 with the property that X, .(k) = 0 for
k=-1,-2,...,—n+1and X, (c+1i) = (—1)"‘1q_(;)(—qn_1)i fori=1,2,...,n—1. (In
Lemma T4 X, (k) is actually constructed such that these conditions are fulfilled.) Conse-
quently S,.(d) :== 3¢_, X,,.(k)¢* is the unique g-polynomial in d of degree at most 2n — 2 in
d with S, .(d) =0 for d = —1 —2,...,—n and

. . _(n —1+ (—=¢")"
Sncc‘i‘l :Sncc 4 —1\)" 1 (2)+c+n—
et i) = 8, + (-1 g T

fori=0,1,...,n — 1. Thus, by ¢-Lagrange interpolation,
n —qn)t — 1 n—it1 .
Snc d — Snc + _1 n—1 —(”-ﬁ-c—l—n%) ( 5 ) -1 n+1
A0 =3 (Sucte) + (-1 LI (2
" [d+1;qluld —c— i+ 2;qlia[d—c—n+1;q],;
e+ 43 q]n[1; li-1[L; @l
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Apriori the degree of this g-polynomial is 2n — 1. Thus, the coefficient of (¢?)?"!

n n—i+1

Z (Sn,c(C) + (—1)"—1q—(g)+c+n(_qn)i — 1) q( 2 )(—1)”+iq_1+c+i+n—cn

i=1 L+q7 [+ 4 q]n[1; qlio1[1; qln—s
must be zero. We obtain the following expression for S, .(c) = 1_, Xneo(k)q".

(3

(—1)n—lq_(g)+c+n (2) Z [e+i59]n [1 dli1[L;q]n—s

+1
T1q ! R
Z [C+Z Q] [1 Q]’L 1[1 q]n %
This formula simplifies since
n i n—i+1 i
Z (1) CI( ") = — g Det(nt1)n/2 L lon—2 : (2.24)
— [+ 4 qluL; gli-1[1; @Jnsi [1;ql7-1[e + 15 qlan

In order to see that observe that the left-hand-side in this equation is equal to
TL2 —n n—
L {qc+1’q—?+1.q q} g2/ (] — g)2n-1
gttt (¢ D101 @)n

Using (ZI8) we obtain (Z24]). Thus
(_1)n—1q—(g)+c+n
1+qgn

Sne(c) =

q

cncnnl Z+2 c+1q][c+z—|—n—|—1q]nzl[n—zq] +1
i=0 [na q]n—l [L q]z '

Similarly one can show that

n—1 )
—1)" (n—1)(2¢+n)/2 —1 4 (=g ") 4 o '
- <Tn,c(0)+( 4 1—|—q(" - ))(—1)”"(1““2+”+2C"+2m+n2>/2
=0

y [d —c—n;qlald; qli[d + i + 1; Q]n—i—l)
[+ i+ 15 q]n[1; qli[1; q)n-1- ’

where T}, .(d) := > i_yYne(k)g". Again T, .(d) is a g-polynomial of degree at most 2n — 2,
however, the left-hand-side of the equation above is apriori a ¢-polynomial of degree 2n — 1.
Thus we obtain the following formula for T, .(0) = >~/ _, Yn..(k)¢".

FCISp—

(—1)n g (D Cetn)/2 & PRIl
(1+4¢") 5 Co(E)

= [e+i+15q)n[159):[1;q]n—i—1

Again the formula simplifies since

nz_i | (—1)ig("?) a9 (2.25)

eti+ Lglllidilian-iot e+ 1qlan2[liali
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In order to see that transform the sum into hypergeometric notation
¢ {q """ 1} ¢ = g
201 ’ 14,9
crntd (@ Dn-1(¢° 5 @

q
and apply the summation formula, see [19, (1.5.2); Appendix (I1.7)],

b1 {a,q‘”, @} _ (¢/a;q)n
o (¢ q)n

& a

to obtain the result. This implies that

n—1_—(n— c+n n—1
. (0):(_1> Ly~ (n=1)c+n) /2 Zq et LidiletitntLighian—digi
e (1 + qn) [na q]n—1[17Q]z
Therefore
¢ 14+ (=1)¢ (14+c)n —1)" —(n—1)(2¢+n)/2
14q" 14 q"
<"1 Jeg($)rele T Lidhle+ it nt Lighnialn gl
i=0 [7; qln-1[1; qli

B . ()[C+1Q][C+Z+n+1Q]nzl[ Z(J]i__ncH
2 1 [l (15 d]; = “)‘

Consequently, it suffices to compute

—_

n—

(57 te e+ L qlifc+i+n+1;qlh—i—1[n — i ¢l;

! [ qln-1[1; qli

~
Il
o

n—1

_Zq()[c+1 cqlile+i+n4 1;q)h—i—1[n — 4 ql;

(75 qln_1[1; qls (2.26)

and

—_

n—

(57 te e+ Liglilc+i+n+1;qlp—imaln —i5¢);
(75 qln1[1; 4l

q

~
Il
o

e+ Liglile+i+n+15q . ;
+Z [ qlilc+i+n ql 1n — zq]‘

[n: ql1[1; qli (2.27)

Using basic hypergeometric notation (220 is equal to

obs [<11+C,<1?’/2+C/2 g2 gt P 1} (@ (@™ o
q1/2+c/27_q1/2+c/2 q1+c+n y 4 (q ,Q)n_l

We apply the following transformation

q Q7 ) q;4)x 7 4) o0
p— N 2.2
4¢ |: 1/2’ 1/2 aq/b7 7t:| 2¢l|: bqt aqaa'q:| (t7Q) (Q/b,q> 9 ( 8)
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which can be found in [T9, Ex. 2.2] and obtain a 5¢;-series. We apply another transformation

o] St

see [19, (1.4.1); Appendix (III.1)], before we are able to apply the summation (Z20). We obtain
a formula for (Z226]) in terms of products of rising g-factorials. In basic hypergeometric notation

&ZD) is equal to

4¢3 |iq1+c’iq3/2+c/27_ q3/2+c/2 q -n . _qn—1:| (q2+2c’ q) (ql-l-c-Q—n7q>n 1
igq'/PHel?, —ighel? gttetn 0 (@M @)1(q"; @

We apply the following transformation rule

a,b,c,d ) -
193 [aq/b aq/c, aq/d’q7 —aq®/(bed)| =

5. [0/ (bed). a2 (bed) 2, —ag?/? [ (bed) 2, aV/2, V%, aq/(cd), aq/ (bd) aq/ (be) | _

" ag! ) bed) 12, —aq! 2 (bed) 2, 022 (bed), - 5 o?/(bed), ag/b,aq/c,aq/d 1
(a¢; @)oo (— 5 @) (a*** / (bed); @) e (~0*? %/ (bed); ¢) o

(a%¢?/(bed); q)oo (—agq?/ (bed); @)oo (01205 @)oo (—a' /23 4) oo
see [19, Ex. 2.13 (ii)], to obtain a g¢7-series. Next we apply the transformation rule

(2.30)

é [ a,a/?q, —a1/2q,bcdef
"7 al2, —al/?,aq/b, ag/c, aq/d, ag/e, aq/ f
a’q/(bed), aq®? [ (bed)'/?, —aq®?  (bed)'/?, aq/(cd), aq/ (bd), GQ/ (bc),e,f
801 [aqlp/(bcd)lp,—aql/2/(bcd)1/2 aq/b,aq/c,aq/d,a*q*/(bede), a bcdf)’q’aq/(ef)]
. (08:9)o0(aa/(ef); a)oo(a®q?/ (bede); ) (a*q®/(bedf); @)oo (2.31)
(ag/e; @)oo (aq/ f3a)o0(a?q?/ (bed); q) o (a®q?/ (bedef); @oc ™
see [19] (2.10.1); Appendix (I11.23)] and finally the summation formula

1q,a%¢% /(bede )

p (ab/q)l/2c Z(ab)l/4 1/2 3/4 —Z(ab)l/4 1/2 3/4 ,a,b,c,—c, —(abq)l/2/c qu/2 B
877 i(ab/q)/*c/?, —i(ab/q)*e 1/2 (bq/a)1/2c —(aq/b)1/2c —(abq)1/2 (abg)'/?, 2,q,( vz

(—(abg)/%¢; @)oo (—c(q/ab) % @)oo (aq;4%) o0 (b3 4*) 50 (2 4/ a3 4*) oo (P q/b; ¢%) o
(—(bg/a)'/2¢; q)oo (—(aq/b)1/2¢; @)oo (45 4%)oo(abg; G2 )00 (3¢5 4% ) oo (c2q/ (ab); ¢2) oo

see [1T9, Ex. 2.17(i); Appendix (II.16)], in order to obtain a formula for (217) in terms of
rising g-factorial. We combine the formulas for (Z26) and ([Z21) in order to settle (ZI6I).

(2.32)



CHAPTER 3

The number of monotone triangles with prescribed bottom row

ABSTRACT. We show that the number of monotone triangles with prescribed bottom row
(k1y. .. kn) €Z" k1 < ky < ... < ky, is given by a simple product formula which remarkably
involves (shift) operators. Monotone triangles with bottom row (1,2,...,n) are in bijection
with n x n alternating sign matrices.

65
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1. Introduction

An alternating sign matrix is a square matrix of Os, 1s and —1s for which the sum of entries
in each row and in each column is 1 and the non-zero entries of each row and of each column
alternate in sign. For instance,

0 0 0 120
0 1 0 -11
1 -1 1 00
0 1 -1 10
0 0 1 00

is an alternating sign matrix. In the early 1980s, Robbins and Rumsey [62] introduced alter-
nating sign matrices in the course of generalizing a determinant evaluation algorithm. Out of
curiosity they posed the question for the number of alternating sign matrices of fixed size and,
together with Mills, they came up with the appealing conjecture [42] that the number of n x n

alternating sign matrices is
n

11 CEw (8) = 2): (3.1)

e n+j7—1)"

This turned out to be one of the hardest problems in enumerative combinatorics within the
last decades. In 1996 Zeilberger [64] finally succeeded in proving their conjecture. Then, some
months later, Kuperberg [34] realized that alternating sign matrices are equivalent to a model
in statistical physics for two-dimensional square ice. Using a determinantal expression for the
partition function of this model discovered earlier by physicists, he was able to provide a shorter
proof of the formula. For a nice exposition on this topic see [7].

Alternating sign matrices can be translated into certain triangular arrays of positive integers,
called monotone triangles. Monotone triangles are probably the right guise of alternating sign
matrices for a recursive treatment [7, Section 2.3]. In order to obtain the monotone triangle
corresponding to a given alternating sign matrix, replace every entry in the matrix by the sum
of elements in the same column above, the entry itself included. In our running example we
obtain

00010
01001
1 0101
1 1011
11111
Row by row we record the columns that contain a 1 and obtain the following triangular array.
4
2 5
1 3 5

1 2 3 4 )

This is the monotone triangle corresponding to the alternating sign matrix above. Observe
that it is weakly increasing in northeast direction and in southeast direction. Moreover, it is
strictly increasing along rows. In general, a monotone triangle with n rows is a triangular array
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(ai’j)lgjgign of integers such that Qi j S Qi—1,5 S Qi 541 and Ai j < Qi 541 for all ’L,j It is not too

hard to see that monotone triangles with n rows and bottom row (1,2,...,n), i.e. a,; = j, are
in bijection with n x n alternating sign matrices. Our main theorem provides a formula for the
number of monotone triangles with prescribed bottom row (ki, ks, ..., k,) € Z".

THEOREM 3.1. The number of monotone triangles with n rows and prescribed bottom row
(k1,ka, ..., ky) is given by

ki — k;
( IT Gd +EkpAkq)> I =
- J—1
1<p<g<n 1<i<j<n
where E, denotes the shift operator, defined by E, p(x) = p(x + 1), and A, := E, — id denotes
the difference operator.

In order to understand this formula, there are a few things to remark. The product of
operators is understood as the composition. Moreover note that the shift operators com-
mute, and consequently, it does not matter in which order the operators in the product

11 (id +Ly, Akq) are applied. In order to use this formula to compute the number of mono-
1<p<g=zn

tone triangles with bottom row (k1, ..., k), one first has to apply the operator  []  (id+E,,A,,)

1<p<g<n

L% and then set z; = k;. Thus, at this time, we do not know how

to the polynomial  []

1<i<j<n

to derive (B from this formula.

Next we discuss the significance of the formula. In the last decades, the enumeration of
plane partitions, alternating sign matrices and related objects subject to a variety of different
constraints has attracted a lot of interest. This attraction stems from the fact that now and
then these enumerations lead to an appealing product formula or hypergeometric series, which
is, in spite of their simplicity, pretty hard to prove. Clearly, the search for these simple product
formulas gets more and more exhausted. Therefore, a new challenge is the search for possibilities
to give enumeration formulas for the vast majority of enumeration problems for which there
exists no closed formula in a traditional sense. The formula in Theorem Bl contributes to this
issue. At this point it is interesting to note that Zeilberger [64, Subsublemma 1.2.1] provides
a constant term expression for the number of monotone triangles with prescribed rightmost
southeast diagonal. (In fact, in his lemma, he considers more general objects, called n x k —
Gog trapezoids, which are monotone triangles with the n — k rightmost northeast diagonals cut

off. )

Also note that the second product in the formula in Theorem B, i.e.  [] k;:l;, is the
1<i<j<n
number of semistandard tableaux of shape (k, —n,k,_1 —n+1,...,k; — 1) and, equivalently,

the number of columnstrict plane partitions of this shape [B8, p. 375, in (7.105) ¢ — 1].
In fact, these objects are in bijection with monotone triangles with precsribed bottom row
(k1,ka, ..., k) that are strictly increasing in southeast direction, see Section 5 of [I5, resp.
Chapter []. Thus, our formula once more gives an indication of the relation between plane
partitions and alternating sign matrices manifested by a number of enumeration formulas which
show up in both fields, a phenomenon which is not yet well (i.e. bijectively) understood.

At this point it is also worth mentioning that we can easily rewrite the formula in The-
orem BT such that the second product is the number of semistandard tableaux of shape
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(kna . 7k1>
a(n;k SEE| (Er1+zT4E A )fiE“4 11 bk
y W1y - ooy Ivp kq kq kp kg kq 11 j—Z
1<p<g<n q=1 1<i<j<n
kj— ki +j—i
( 1T Qd+E@%L%AM>> | A
1<p<q<n 1<i<j<n 7=t

The method for proving our main theorem can roughly be described as follows. In the
first step, we introduce a recursion, which relates monotone triangles with n rows to monotone
triangles with n —1 rows. This recursion immediately implies that the enumeration formula is a
polynomial in kq, ks, ..., k,. In the next step, we compute the degree of the polynomial. Finally,
we deduce enough properties of the polynomial in order to compute it, where the polynomial’s
degree determines how much information is in fact needed. This method is related to the method
for proving polynomial enumeration formulas we have introduced in [15] resp. Chapter [[] and
extended in [16] resp. Chapter B]. In the final section we mention some further projects around
Theorem Bl we plan to consider next.

2. The recursion

In the following let a(n;ky,...,k,), n > 1, denote the number of monotone triangles with
(k1,...,kn) as bottom row. If we delete the last row of such a monotone triangle we obtain a
monotone triangle with n — 1 rows and bottom row, say, (l1,ls,...,l,—1). By the definition of
a monotone triangle we have k1 <13 <k <l <... <k, 1 <l, 1 <k, and [l; # l;;1. Thus

a(n;ky, ... k) = Z an—1;1,...,0l,1). (3.2)

(11, slp_1)€2Z™— L,
kq<ly<kg<...<ky_1<ly_1<kn,lj#li41

We introduce the following abbreviation

(k1,....kn)

(U1 eeirlp—q1)€ZP—1, (I1,esln—1)
k1<li<kg<...<kp_1<lp_1<kn,l;#li41
for n > 2. This summation operator is well-defined for all (ki,...,k,) € Z" with k; < ko <
... < k,. We extend the definition to arbitrary (ki,...,k,) € Z™ by induction with respect to
n. If n = 2 then

(k1,k2) ko
> AWM = A,
(1) li=k1

where here and in the following we use the extended definition of the summation over an
interval, namely,
b fla) + fla+1)+---+ f(b) ifa<b
d fiy=30 ifb=a—1 . (3.3)
i=a —fo+1)—fb+2)—--—fla—1) ifb+1<a-—1
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This assures that for any polynomial p(X) over an arbitrary integral domain I containing Q

y
there exists a unique polynomial ¢(X) over I such that > p(z) = ¢(y) for all integers y. We

=0

Y
usually write > p(z) for g(y). (We also use the analog extended definition for the product
=0
symbol.) If n > 2 then

(ll 77777 lnfl)

> S Al o)+ Y Al g k).

(ll ~~~~~ ln72) ln—1=kn—1+1 (ll ..... ln72)

We renew the definition of a(n; ky, ..., k,) after this extension by setting a(1; k1) =1 and

a(n;ky, ..., k) = Z an—1;l,...,0l,—1).

(I1,-5ln—1)

This extends the original function «(n; kq, ..., k,) to arbitrary (ki,...,k,) € Z". The recursion
implies that «(n;ky, ..., k,) is a polynomial in kq, ..., k,. We have used this recursion (and a
computer) to compute «(n; ky, ..., k,) for n =1,2 3,4 and obtain the following

1
11— ko ay 5 (=3k b - 2hky — kiko — 2K + kb3 + ks — ki ks + ks o+ 2haky — 3kt

k2 — ki k3 +kok3), %(201{2“11{:11{:2 —16k2 kg + 3k kg + 4k k3 + 3k k3 — kK3 +4kS — 5k k3 + kT ks —
20k3+ 16k ks —4k% ks —2Tkoks + 9k koks — 2k> koks — 3kiks ks + ki ki ks — 3k ks + 4k  k ks — kiks ks +
16k, k2 — 12k2k2 4+ 2k3 k2 — Ok kok2 4 6k kok? — k3 kok? + Ok2k? — 3k 1 kak? — 3k3k2 4 ki kik2 — 4k3+
8kiki — 2k k3 — 3koki — 2k koki + kTkok + 3k3k3 — kykaks — 2Tk ky + 20k3ky — 3k ky + 16koky+
24k, koky — 24kTkoky + 4K koky — 16k5ky + 9k k3 kg + 3k ks ky — ki k3 ky + 8k ky — 6k ki ky + kT kS ky+
1 kgky— 24k  ksky+ 15k  ksky— 2k kaky — 9k kska+2k5 kaky — k3 ky+ 9k k3 ky — 6k Tk ky+ Kk eyt
3kakiky—kikiky —5kiky+ 6k kiky — K2 kSky — AkokSky + k3 ki kg — 20k, k] +9kTk] — K k3 + dkoki+
15k kok — OkTkok + K2 kokly — 12k3K5 + 6k 1 k3K + 2ka kT — k1 kS k3 + 16ksk; — 24k, ksk + k% ks —
k3 kak +-Okoksk? —6k2kak? + k3 ksh? +3k2k2 — 3k k2k2 + 3koka k2 — kk2 4k k3k2 — ok k2 — 3k, ki +
R2KD + 2k ok — k2kokd — 2K2k3 4 ki k2KS + 3kski — Ak kskl + ki ksks + 2koksks — k2ksks + k2ki—

kik2kd 4 kok2k3).
From this data it is obviously hard to guess a general formula for a(n;kq, ..., k,). However, it
seems plausible that the degree of a(n;ky,...,k,) in k; is n — 1. In the following two sections

we prove that this is indeed true. Note that at first glance the linear growth of the degree is
quite surprising: suppose A(ly,...,l,_1) is a polynomial of degree no greater than R in each of
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lz‘—l and lz Then

(kl e ,kn

deg;,. Z Ally, ..y lp) | =

(I1,-5ln—1)

1+1

deg, Z ZAlla--' n1) — Al lico Ky kiy L, oo lmy) | S2R+2

z 1= kz llz—i

and there exist polynomials A(ly,...,[, 1) such that the upper bound 2R + 2 is attained.
Consequently, a(n;ky, ..., k,) must be of a very specific shape.

3. Operators related to the recursion

In this section we define some operators that are fundamental for the study of the recursion
defined in the previous section. The theory is developed in a bit more generality than is actually
needed in order to investigate «(n;ky, ..., k,). Recall that the shift operator, denoted by E,, is
defined as E,p(x) = p(x+1). Clearly E, is invertible in the algebra of operators of C[z] and we
denote its inverse by E_'. Observe that the shift operators with respect to different variables
commute, i.e. E,F, = E, E,. The difference operator A, is defined as A, = E, —id. However,
the difference operator A, is not invertible since it decreases the degree of a polynomial. If we
apply the shift operator or the delta operator to the i-th variable of a function, we sometimes
write F; or A;, respectively, i.e. Ay f(k,..., kn) = A;jf(k1, ..., k,). Moreover, A, f(ks, ks, k3),
for instance, is shorthand for

(AZQf(l17 l27 l3))‘l1:k3,l2:k3,l3=k3 :

The swapping operator S, is applicable to functions in (at least) two variables and defined as
Seyf(z,y) = f(y,z). If we apply S, , to the i-th and j-th variable of a function we sometimes
write SZ,]

In the following we consider rational functions in shift operators. In order to guarantee that

the inverse of the denominator always exists, we need the following lemma.
LEMMA 3.1. Let p(z1,...,2,) be a polynomial in x1, 27", 20, 25", ... 2p, 2% over C, and

fix an integer 1, 1 < i < n. Consider the operator

id +Ak1p(Ek1> Ek27 R Ek’n) = Op

on Clky, ..., k). Then Op is invertible and the inverse is
Op ' =Y (-1)'ALp(Ey,,Ery.. ... Ex,)',
1=0

where A) p(Ey,, Ey,, ..., E},)? = id. Moreover
degy. G(ki1, ..., ky) = deg, OpG(ky, ..., k,) = deg,, Op ' Gk, ... k).
Proof. Let G(ky,...,k,) € Clky, ..., ky|. First observe that
degy, G(ki1,...,k,) = deg, OpG(ky, ..., ky), (3.4)
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since Ay, decreases the degree in k; and p(Ey,, Ek,, ..., Ex,) does not increase the degree. It is
easy to see that

F(ky,... k) => (=1)'ALp(Ey,, Eg,y, ... Ey,)'Gky, .. k)

is a polynomial with the property that Op FF = G. (Observe that the sum is finite since
ALiG(k‘l, oo k) = 0if [ > deg;, G.) Assume there is another polynomial F’ € Clky, ..., k]
with the property that Op F/ = G. Then OpH = 0 with H = F — F’. Thus, by (B4,
deg;, H = deg,;, 0 = —o0, a contradiction. We obtain deg;, Op~' G = deg,, G if we apply (B3
to Op~ ' G. O

Next we define two operators applicable to polynomials G(ky,...,k,) € Clky, ..., k,]. We
set

Vi, ke

157y

= id+E, Ay Ay, = BN (id+Ey, Ay,

and
Vki ki1

T. = (id+£ '
ki k ( k Vki,ki+1 + Vk’i+17ki

i+1

—1
Ek:i Ski,ki+1)

i+1

By Lemma B, the inverse (Vi x,,, + Vi 1 k)" is well-defined. The following lemma explains
the significance of Ty, 1., for the recursion (E2).

LEMMA 3.2. Let A(ly,13) be a polynomial in 1y and ls which is of degree at most R in each
of ly and ly. Moreover assume that T}, 1, A(ly, 1) is of degree at most R as a polynomial in Iy
and ly, i.e. a linear combination of monomials 7'y with m +n < R. Then

(k1,k2,k3 ko ks

)
Al ) =) > Al 1) — A(ks, k)

(l1,l2) l1=Fk1 la=k2

(k1,k2,ks3)
is of degree at most R+2 in ky. Moreover, if T}, 1, A(l1,l2) =0 then >, A(ly,ls) is of degree
(l1,l2)
at most R+ 1 in k.

Proof. We decompose A(ly,ls) = T}, 1,A(l1, lo) + (id =13, 1,) A(l1, l2). If we define A*(11,15) =
(id =17, 1,) (1) (l2) 4/ (Plq!)), it suffices to show that the degree of

ko ks

DY Al l) = A (ky, k) (3.5)

lLi=k1 lo=ks
p—1

in ky is no greater than max(p, ¢) + 1, where (x), = [[ (z + ). Observe that
i=0
v
id—T,,,, = Bh o (1d B, B S ),

Vl1,l2 + ‘/22,11
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where we use the fact that S), ,, R(Ey,, Ei,) = R(E,, EI,)S), 1, if R(z,y) is a rational function
in z, 271, y,y~!. Lemma Bl implies that

w332 (3) ()
9 ((ll +i—Jpillbt i) (b+i+1)pi(bh+i—j—1)-

(p =) (g —9)! (p—1)l(g —9)!
(h+i—J+Dpialla+g)gin (a+j+1)pia(li+i—7)g z‘—l)'

(p—i—=Dl(g—i-1) - (p—i-Dl(g—i-1)
Using the summation formula
b

S+ w) = ni1((b+“’>”+1 (a— 1+ W) (3.6)

zZ=a

we observe that ([BH) is equal to

y <_<k2+p—j) <k2+q+j—i—1)+<k‘z+q—j—1) <k2+p+9—2)
p—1+1 g—1+1 g—1+1 —1+1
_(k2+p ])(k2+q+]—z—2)+<k2+q—j—1)<k2+p+]—z—1)
p—i q—i q—i
_(k2+P—j—1)(k2+q+j—i—1)+(k2+q—j—2)(k2+p+j—z)
p—i q—i q—i

k2+p—j—1 k2+q+j—i—2 k:2+q—j—2 k2+p+]—2—1
- . . + . .
p—i—1 g—1—1 g—1—1 p—i—1
+R(k17k27k3)7

where R(k1, ko, k3) is a polynomial in kq, ko, k3 of degree no greater than max(p,q) + 1 in k.
If we replace j by ¢ — 7 in every other product of two binomial coefficients we see that this
expression simplifies to R(k1, ks, k3) and the lemma is proved. O
(k1,k2,k3)
In order to use Lemma to compute the degree of Y~  A(ly,l2) in ko, one has to
(11712)

compute the degree of T}, 1, A(l1,12) in [; and l;. However, the operator T}, ;, is complicated,
and thus it is convenient to consider a simplified version of 1j, ;, for this purpose, which is
obtained by multiplication with an operator that preserves the degree.

= Eki(vkiyki+l + Vki+17ki)Tki7ki+l =
(id +Sk’i,ki+1)Eki Vkiyki+1 = (ld +Ski7ki+1 ) (ld +Eki+1Aki)

i Gk, k) = degy, g, Th g G(Ra, - Ky), since

Veikin T Vi = 21d +(E + B ) A A,

i+1

/
Tk- k

iR+l "

Observe that degy, 1., Tk,
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decreases the degree of a polynomial in k; and k;,;. In particular,

Tki,k G(kl,,k}n) =0 < Tlii,ki_‘_lG(kl?"'?k”) =0.

and Aszk

i+1
i+1
4. The fundamental lemma

Suppose A(ly,...,1,) is a function on Z". In this section we prove a lemma that expresses

T]:?iyki+1 Z A(l17 BRI ln) (kla ceey kn+1)

in terms of T}, A(ly,...,l,) and T}

Lisliv1

irliyli-‘—lA(Zb ceey ln) = O

A(ly,...,l,). In particular, this shows that if

foralli=1,...,n—1 then

Th o > Al L) | (R Eg) =0

foralli=1,....,n
LEMMA 3.3. Let f(ky, ks, k3) be a function from Z3 to C and define
(k1 k2, ks ka)
gk, ko, k3, ky) = Z [, 1, 13).
(11, 2,13)
Then

T2/,3 g(kh k27 k37 k4) -

ks ko+1 ks—1 ks—1
( SNDIIDSENINNAES 38y ZTQ’,gf(zl,zz,lg))

l1=ko+1 lo=ko+11l3=ko l1=k1 lo=ko I3=k2
1 ks—1 ks—1 ks—1 ks—1
+3 (;; 12; Ao (id +EN)TY 5 f(lh, la, ko) — ;; ;; Ao (id +E3)Ty 5 f (ks + 1,12,13)>
1=R2 l2=K2 2=FK2 [3=k2

1
5 (T (ks ko ks + 1) = T f (ko b 1) + Th f (ks b, o) — T f (R B o))
- TII,Q f(k27 k37 k2 + 1) - T2/’3 f(kQ, kQ, kg)

Moreover, for a function h(ly,ly) on Z2,

(kl k2 kd) kg 1 kg 1
T, | Y hllala) | (ki ks ks) = Z N T, bl L),
(11,l2) l1 k1 lo=k1

Proof. We only sketch the proof of the first formula since the proof of the second formula
is easy. Observe that in this formula 77 , f (ks, k2, k2 + 1), for instance, is shorthand for

,‘Z_}/l,lgf(lh l27 kz + 1>}l1:k2,l2=k2 :
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By definition

ko k3 ka ko
gl ko ks k) = > Y Z Fllilo ) = Y flka ko, Is) = Y f(ly, ks, ks).

l1=Fk1 lo=ko l3=k3 I3=ks3 l1=k1
It is easy to see that
ko—1 kg k3
Noglhn, ko ks k) ==Y > fllikals) + Y Z Flka + 1,15, 15) — f(ko+ 1, ks, ks).
l1=k1 l3=k3 lo=ko+2 13=k3

This implies that

ks ks kg
(id +A2E3)g (K1, ka, ks, ka) = Z Z Z [l 1o, 13)

l1=k1 lo=ko l3=k3

k4 k2
= > [k ko ls) = > [l ks ks) — fka+ 1, ks + 1, ks + 1)

I3=k3 l1=k1
ko—1 k4 ks+1
- § E f(l17k27l3 § E f k2+1 127l3)'
l1=k1 l3=k3+1 lo=ko+2l3=k3+1

Next we want to apply the operator (id +S23) . Observe that

k2 k3
(id +Sy.5) <Z > Z ( 11,12,13) (k1 ko, k3, ka)

l1=k1 lo=kg l3=k3

ko k3 ka k3 k3
2D IPDIDINCHNIED DY Zflblm
l1=Fk1 lo=ko l3=k3 l1=Fk1 lo=ko l3=ko
k3 ko k3—1 k3—1 ko
Z Z Zflhl%l?» Z Z Zfl1,l2713 + Z Zfl17k2713
l1=ko+1lo=ko+1 l3=ko l1=k1 lo=k2 I3=k> l1=k1 l3=ko
k3 ka ks ks—1
+ Z Z (i, ks, l3) + Z Z f(ly, ks, l3)
li=k1 l3=k3 l1=ko+113=k2
k3 ko  ksz—1 kz—1
( Z > Z (id+S12)f (I Iy 1) + Y Y Z(id+sz,3)f(z1,12,zg)>
l1=ko+1 lo=ko+11l3=ko l1=k1 lo=ko l3=k2
ko ka k3 kq ks ks—1

+3°0S flka )+ 30N fln kst + S Y Fllh ks k).

li=k1 l3=k2 li=k1 l3=k3 li=ko+113=k>
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Therefore, we have

(ld +SQ 3)(1d +A2E3) (k:la kQa k3a k4)

k3 ko+1 k3—1 k3—1
S VNP VP SUNTRATES 3 vp SENTRAE)

l1=ko+1lo=ko+1l3=ko li=k1 lo=k2 l3=k2
ks ks+1 ks—1
+ > [l Lka+10s) = Y flhat Lks+1,05) = Y fka+ 1,1, ks)
I3=ko l3=ko l2_k2
ks+1 ks—1
+ ) flhs+ 1l ko) + Z Flla, ks, k) — Z (1, ko, Fo)
lo=ko+2 =ko+2 l1=ko+2

— f(ka ko, k3) — f(ks+ 1, ko + 1, ko + 1).

Finally check that the right-hand-side of this equation is equal to the right-hand-side in the
statement of the lemma. 0

This proves the statement preceding the lemma for n = 2,3. It can easily be extended to
general n by deriving a merging rule for the recursion (B2)). For this purpose we need another
operator. Let f(z,z) be a function on Z?. Then the operator I¥ transforms f(z,z) into a
function on Z by

Lof(@2)=fly=Ly)+flyy+1)—fly—Ly+1)=Ve.f(z,2)|,—, .-,

With this definition we have

(k1,....kn) (k1ye-oki—1,k}) (kY kig1,..kn)

> Al ) = Iyt o > S Al ). (3.7)

(I1,esln—1) (I1,e5li—1) (liyeln—1)
Fix a function A(ly,...,l,) on Z™ and an ¢ with 2 <i <n — 1. Let

(CC k kz+l y

Ay lisa ki ki i, L) = Y Al L)

(lz ll lz+1)

and

(k1. ski—2,w) (2,Ki4+3, kn+1)

Al (Bt g ki ki Kigs, - ) = > > AL ().

S Al L) =T AL L (R ki K ki K, o).
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Define
*
Ax,y(ll"" li—Qakhki—i—l;li—i—Q;---;ln) =
1 kit1 kit1 ki+1 kip1—1ki1—1
/ /
-5 2 X ZT“ oesl)+ S 3 3 T Al 1)
lic1=k;+1l;=k;+11;01=Fk; lic1=z l;=k; liz1=k;
+ +

kiz1—1 kip1—1

1
+5 S>> AGAHE )T Ak s, )

zlklz—i

kiz1—1 kip1—1

— Z Z Ai(id+Ei+1)Ti/,i+1A(llw~7lz'—2,k?z‘+1,lia---aln>

li=ki lip1=k;

1
5 (7;.’_171./1(. ok Kk L) = T A Ly ki K Ky + 1Ly, )

+ ﬂ,,i-}-lA(' ) li—27 ki? ki? ki7 li+27 .. ) 71,7,4-1"4( L li—27 ki+17 ki? ki? li+27 .. ))
- ﬂ,—l,iA(' tey li—27 ki7 ki—i—l? kl + ]-7 li+27 .. ) - I—Yz'/’i-}lA(' cey li—27 ki? ki? ki+17 li+27 . )

and

A oKy Ko ki ki Kigs, oo k) = Z Z ALyl

Then, by the first formula in Lemma B3, we have

TI:?i7ki+1 Z A(llﬁ B ln) (kb R kn-‘,—l)

= Ikz 1Ik1+2A** (kl, cey ki_g, k?z‘, kz’—i—l; k?z'+3, cee, kn+1). (38)

w,T,Y,2

If we use the second formula in Lemma B3 we obtain a similar formula for the case i = 1. By
symmetry an analog formula follows for i« = n. These formulas imply the following corollary.

COROLLARY 3.1. Suppose A(ly,...,l,) is a function on Z™ with T} , A(ly,...,l,) =0 for

lilita
alli, 1 <i<n. Then
(k1yeoknt1)
. S Al l) | (R k) =0
(I1,0msln)
foralli, 1 <i<n.
We come back to a(n; ki, ..., k,). By induction with respect to n we conclude that

T;;hkmoz(n; ki,....k,) =0

foralli, 1 <i < n,ifn > 2. (Note that a(2; ki, k) = ko—k1+1.) Thus Ty, 4, ,a(n; ki, ... k) =
0 for all ?. Therefore, by Lemma and by induction with respect to n, the polynomial

a(n; ky, ..., k,) is of degree no greater than n — 1 in every k;.
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5. Proof of the theorem

In the previous two sections we have seen that the fact that T,ghkmoz(n; ki,....k,) =0
for all ¢ is fundamental for the computation of the polynomial’s degree. In this section, how-
ever, we demonstrate that this property already determines «(n;kq,...,k,) up to a multi-
plicative constant. Observe that Ty, A(ki,...,k,) = 0 is equivalent with the fact that
(id +Ep,,, Ak, )A(k1, . . ., ky) is antisymmetric in k; and k;1q. In the following lemma we char-
acterize functions A(ky, ..., k,) with the property that

(id4+Ey,, ,Ag,)A(k1, ... ky)
is antisymmetric in k; and k;,, for all 7.
LEMMA 3.4. Let A(ky,...,k,) be a polynomial in (ky,...,k,). Then
(id+Ey,,  Ax,))A(k1, ..., ky)

s antisymmetric in k; and ki1 for alli, 1 <i<n—1, if and only if

( H (id +Ekqup)> Ak, ... k)

1<p<g<n

i+1

15 antisymmetric in ky, ..., k,.

Proof. First assume that (id +Ey,,, Ay, )A(k1, ..., k) is antisymmetric in £; and k4, for all
t. We have to show that

(ld +Ski,ki+1) ( H (ld +Ekqup>> A(klu ) kn) =0

1<p<g<n

for all 7. For this purpose observe that

(id +Ski ki) 11 (id+ By, Ar) | (Gd+Eg,, , Ax)AK1, .., k)
1<p<q<n,(p,q)#(4,i+1)
= 1T (id +Ep, Ag,) | (Gd +Ski oy ) (d +Er,, Ag)Alkr, - .o k) = 0,
1<p<q<n,(p,q)#(4,i+1)
because
11 (d+E,An) = | ] (d+E,Ax) ( I] aa +Ekqui)>
1<p<q<n,(p,q)#(i,i+1) B i i+1<g<n
X ( 11 (id+Ekqui+1)> <H (id+EkiAkp)> <H (id+Eki+1Akp)>
i+1<g<n 1<p<i 1<p<i

is symmetric in k; and k;; ;. Conversely, assume that

( 11 (id+Ekqup>> Alky, .. k)

1<p<g=<n
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is antisymmetric in kq, ..., k,. Consequently,

11 (id +Ex, Ar,) | (d +Sk, 4, ) (d +Ep o Ag ) ARy, - k) = 0,
1<p<q<n,(p,q)#(i,i+1)
for all i, 1 < i < n — 1. By Lemma Bl the operator I[I (d+EyAg,) is invertible, and
1<p<qg<n,

(p,q)#(iri+1)

therefore (id Sk, x,,, ) (id +Eg, , Ap, )A(k1, ... k) = 0. O

i+1

Using this lemma we see that

< 1T (id+Ekqup)) a(k,. .. k) (3.9)

1<p<g=sn
is an antisymmetric polynomial in kq,...,k,. A product of shift operators does not increase a
polynomial’s degree, and thus the degree of (B) in every k; is no greater than n — 1. Every
antisymmetric function in ky, ..., k, is a multiple of [ (k; — k;), and since this product is
1<i<j<n
of degree n — 1 in every k;, the expression in ([BY) is equal to C' [[ (k; — k;), where C' is a
1<i<j<n
rational constant. By Lemma B [ (id +£Ek,Ayg,) is invertible, and therefore
1<p<g=<n
an; ky,.... k,) = C
(n: ks, n) <H 1d+EkAk) Il ®
1<p<q<n 4 P 1<i<j<n

n
We compute the constant C. We expand a(n;ky, ..., k,) with respect to the basis [](k;)m,

=1
and consider the (non-zero) coefficient of the basis element with maximal (m,,m,_1,...,m;)
in lexicographic order. We show by induction with respect to n that (mg,m,_1,...,my) =

(n—1,n—2,...,1,0) and that the coefficient is H ( . Assume that the assertion is true for

(kh ,kn)

n — 1. A careful analysis of the definition of )  shows that the “maximal” basis element
(1 yeensbn—1)

of a(n; ky, ..., k,) with respect to the lexicographic order is the “maximal” basis element of

Sy

l1=Fk1 lo=k2+1 ln—1=kn—1+11=1

= J] -%. We obtain the following Theorem.
Jj—i

1<i<j<n

The assertion follows and thus C' = [] (1—11)!
i=1

THEOREM 3.2. The number of monotone triangles with n rows and prescribed bottom row
(k1, ka2, ..., ky) is equal to

1 k; — k;
(H id—l—Ekqup) H ;—z

1<p<q<n 1<i<j<n
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By the formula for the geometric series, the inverse of the operator id +Ej, Ay, appearing

in this formula is equal to

[e.e]

Ll Al

Z(_l) Ekqup'

1=0
This follows from the proof of Lemma Bl However, it is also possible to give a similar formula
for a(n; ky, ..., k,) which does not involve inverses of operators. In order to derive it, we need
the following lemma.

LEMMA 3.5. Let P(Xy,...,X,) be a polynomial in (X1, ..., X,,) over C which is symmetric
in (X1,...,X,). Then

k; — ks
j—i

=P(1,....1)- ] ki =k

| — 1
1<i<j<n J

P(Ey,....EB) ]

1<i<j<n

Proof. Let (mq,...,m,) € Z™ be with m; > 0 for all i and m; # 0 for at least one i. It
suffices to show that

doarroapre A T 7; — =0

TESK 1<i<j<n

By the Vandermonde determinant evaluation, we have

11 Bb et <(k ))
1<icj<n J T 1<ij<n \ \J — 1

Therefore, it suffices to show that

2 ng(a(l) - i;r(l) - 1) (0(2) - 7lj’ir(z) - 1) o (U(H) - iZw(n) - 1) =0

7'(',0'6811

If, for fixed 7,0 € S,, there exists an ¢ with o (i) —mr;—1 < 0 then the corresponding summand
vanishes. We define a sign reversing involution on the set of non-zero summands. Fix 7,0 € S,
such that the summand corresponding to 7 and o does not vanish. Consequently, {o(1)—mq)—
L,o(2)—mq@ —1,...,0(n) —mxum) —1} € {0,1,...,n—1} and since (mq,...,m,) # (0,...,0)
there are 7,7, 1 <14 < j < n, with 0(i) =mru) —1 = 0(j) —mxj) —1. Among all pairs (4, j) with
this property, let (i, ') be the pair which is minimal with respect to the lexicographic order.
Then the summand corresponding to 7 o (', ') and o o (¢, j') is the negativ of the summand

corresponding to 7 and o. U

Observe that [ (1+ X, (X, —1)) is symmetric in (X;,...,X,). Thus, by Lemma B3]

1<p,g<n

[ Gd+E,A) T ki — ki _ I ki = ki

— -
1<p,g<n 1<i<j<n J 1<i<j<n J
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Therefore, by Theorem B2,

1 ki — ki
k. k) = d+Er A =
a(n; ky, s k) ( H id—i—Ekqup) 1<g< i

1<p<q<n n J T
Lk — k,
= T A ld +Ekqup)> <
<1<pl:[q<n d+Ekqu”> ( 1—[ 1<2];!':<n J =t
= ( 11 (id+EkpAkq)> 11 u
L g—
1<p<g<n 1<i<j<n

and this completes the proof of Theorem Bl

6. Some further projects

In this section we list some further projects around the formula given in Theorem Bl we
plan to pursue.

(1) A natural question to ask is whether it is possible to derive the formula for the number
of n x n alternating sign matrices (B]) from Theorem Bl i.e. to show that

( 1T (id+EkpAkq)> 11 k_k]

1<p<q<n 1<i<j<n J T

(k1k,eokin)=(1,2,..n)  I=1

More generally, one could try to reprove the refined alternating sign matrix theorem
[65], which states that the number of n x n alternating sign matrices in which the
unique 1 in the top row is in the k-th column is given by

n—1

e M oy 510

An analysis of the correspondence between alternating sign matrices and monotone
triangles shows that a(n —1;1,2,...,k—1,k+1,...,n) is the number of n x n alter-
nating sign matrices in which the unique 1 in the bottom row is in the k-th column and
this is by symmetry equal to (BI0). This could be a consequence of an even more gen-
eral theorem: computer experiments suggest that there are other (ky, ko, ..., k,) € Z"
“near” (1,2,...,n) for which a(n; ky, . .., k) has only small prime factors. Small prime
factors are an indication for a simple product formula. A similar phenomenon can be
observed for some (ki,ks,..., k,) € Z™ “near” (1,3,...,2n — 1). It is not too hard
to see that a(n;1,3,...,2n — 1) is the number of (2n + 1) x (2n + 1) alternating sign
matrices, which are symmetric with respect to the reflection along the vertical axis.
Kuperberg [35] showed that the number of these objects is

n

n! (65 —2)
(2n)127 31;[1 (2n+25— 1)
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Let B(n; ky, ..., k,) denote the number of monotone triangles with prescribed bottom
row (ki,...,k,) that are strictly increasing in southeast direction. With this notation,
Theorem BTl states that

a(n;kl,...,kn):< I1 (id+EkpAkq)) Blnska, ... k). (3.11)

1<p<g<n

It would be interesting to find a bijective proof of this formula in the following sense: if
we expand the product of operators on the left hand side we obtain a sum of expressions
of the form

ERE?R . ErARAE AR B(niky, . k)

with a;,b; € {0,1,2,...}. We can interpret these expressions as sums and differences
of cardinalities of certain subsets of monotone triangles with n rows. For instance,

A, Bk, ... k)

is the number of monotone triangles that are strictly increasing in southeast direction
and with bottom row (k1,...,k,+1,..., k,) such that the (¢—1)-st part of the (n—1)-st
row is equal to k, minus the number of monotone triangles that are strictly increasing
in southeast direction and with bottom row (ki, ..., k,) such that the ¢-th part of the
(n — 1)-st row is equal to k,. In order to prove (BII), one has to show that these
cardinalities add up to the number of monotone triangles. Equivalently, one could
follow a similar strategy for the identity

( H (id —i—Ekqup)) a(n;ky, ... ky) = B(n ke, ... kn)

1<p<g<n

which is equivalent to Theorem B2

This is more a remark than another project: to prove Theorem Bl I have more or
less carried out an analysis of the recursion (BZ). T originally started this analysis
when considering a somehow reversed situation: let an (r,n) monotone trapezoid be a
monotone triangle with the top n — r rows cut off and bottom row (1,2,...,n). Let
y(ryn; k1, ...y kp—ri1) denote the number of (r,n) monotone trapzoids with prescribed
top row (ki1,...,kn—rs1). In particular, y(n,n; k) is the number of monotone triangles
with n rows, bottom row (1,2,...,n) and k as entry in the top row. In the bijection
between alternating sign matrices and monotone triangles, the entry in the top row of
the monotone triangle corresponds to the column of the unique 1 in the first row of the
alternating sign matrix. Thus, v(n,n; k) must be equal to (BI0). On the other hand,
we can also use (B2) to compute v(r,n; ky, ..., kyri1): v(1, 05k, ..., k,) =1 and

(Lkl 7~~~7kn7r+17n)

y(rny ke, k) = Z Y(r—=1,n b, lra).

(llv"'vln—T+2)
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With this extended definition, v(n,n; k) is a polynomial in k. In the following we list
it forn=1,2,...,6.

(1, Lk) = 1

v(2,2;k) = —1+3k—k?

v(3,3;k) = 1—12(48 — 92k 4+ 103 k% — 40 k3 + 5 k%)

v(4,4:k) = %(—2160 + 5910 k — 5407 k* + 2940 k*
—919k* + 150 k° — 10 k)

v(5,5:k) = %40(584640 — 1644072 k + 1970008 k*

—1211172 k3 + 456863 k* — 111708 k°
+17462 k5 — 1608 k7 + 67 k)

1
v(6,6;k) = %(—73316880—1—225502200/{:

—284097336 k* + 204504097 k*
—91897169 k* 4 27466950 k°
—5651016 £° 4+ 805518 k7
—77646 k% + 4655 k° — 133 k'°)

Unfortunately, these polynomials are not equal to (BI0). (For instance, they do not
factor over Z.) They only coincide on the combinatorial range {1,2,...,n} of k.
However, it might still be possible to compute 7(n, n; k) for general n.

Strikingly the degree of v(n,n; k) in k is 2n — 2 as the degree of (BI0). This linear
growth is again unexpected because the application of (B2) can more than double a
polynomial’s degree, see Section Bl However, one can use Lemma and an extension
of Lemma B3 to show that, more generally, the degree of y(r,n; k1, ..., ky_py1) is 2r—2
in every k;.

Finally we have started to investigate a g-version of the formula in Theorem Bl i.e. a
weighted enumeration of monotone triangles with prescribed bottom row (ki ..., k)
which reduces to our formula as ¢ tends to 1.



CHAPTER 4

A new proof of the refined alternating sign matrix theorem

ABSTRACT. In the early 1980s, Mills, Robbins and Rumsey conjectured, and in 1996
Zeilberger proved a simple product formula for the number of n x n alternating sign matrices
with a 1 at the top of the i-th column. We give an alternative proof of this formula using
our operator formula for the number of monotone triangles with prescribed bottom row. In
addition, we provide the enumeration of certain 0-1-(—1) matrices generalizing alternating sign
matrices.

83
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1. Introduction

An alternating sign matrix is a square matrix of 0s, 1s and —1s for which the sum of entries
in each row and in each column is 1 and the non-zero entries of each row and of each column
alternate in sign. For instance,

00 1 00
10 -1 10
01 0 —-11
00 1 0O
00 O 10

is an alternating sign matrix. In [41], 42] Mills, Robbins and Rumsey conjectured that there
are

H M (4.1)

(n+j—1)!

n x n alternating sign matrices. This was first proved by Zeilberger [64]. Another, shorter,
proof was given by Kuperberg [34] using the equivalence of alternating sign matrices with the
six-vertex model for “square ice”, which was earlier introduced in statistical mechanices. Zeil-
berger [65] then used Kuperberg’s observations to prove the following refinement generalizing

@)

THEOREM 4.1. The number of n X n alternating sign matrices where the unique 1 in the
first row is at the top of the i-th column is

n—1

l+n—1), (35 —2)
- ((ntl H nji]—l (4.2)

n

In this formula, (a), = [](a +1).
i=0
The task of this paper is to give an alternative proof of Theorem Il As a byproduct, we
obtain the enumeration of certain objects generalizing alternating sign matrices.

THEOREM 4.2. The number of n x k matrices of 0s, 1s and —1s for which the non-zero
entries of each row and each column alternate in sign and the sum in each row and each column
is 1, except for the columns n,n + 1,... k — 1, where we have sum 0 and the first non-zero
element is a 1, s

ﬁ (35 —2)! zn: 1(l+n—d)p (i+k—n—1
(n+j—1)!+4 (n—1)! i—1 '

Our proofs are based on the formula in Theorem 1 (resp. Theorem 3.1) of [I7, resp.
Chapter B for the number of monotone triangles with given bottom row (ky, ko, ..., k), which
we have recently derived. Monotone triangles with bottom row (1,2, ...,n) are in bijection with
n xn alternating sign matrices. The monotone triangle corresponding to a given alternating sign
matrix can be obtained as follows: Replace every entry in the matrix by the sum of elements
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in the same column above, the entry itself included. In our running example we have

00100
1 0010
110 0 1
1 1101
11 111
Row by row we record the columns that contain a 1 and obtain the following triangular array.
3
1 4
1 2 5

1 2 3 4 5

This is the monotone triangle corresponding to the alternating sign matrix above. Observe
that it is weakly increasing in northeast direction and in southeast direction. Moreover, it
is strictly increasing along rows. In general, a monotone triangle with n rows is a triangular
array (a;j)i<j<i<n of integers such that a;; < a;_1; < a;;+1 and a;; < a; ;41 for all 4,j. It
is not too hard to see that monotone triangles with n rows and a, ; = j are in bijection with
n X n alternating sign matrices. Moreover, monotone triangles with n — 1 rows and bottom row
(1,2,...,i—1,i+ 1,...,n) are in bijection with n x n alternating sign matrices with a 1 at
the bottom (or equivalently the top) of the i-th column. In [I7), resp. Chapter B] we gave the
following operator formula for the number of monotone triangles with prescribed bottom row
(k1,kay oo k) € 27

THEOREM 4.3 ([I7], Theorem 1). The number of monotone triangles with n rows and
prescribed bottom row (ky, ks, ..., ky,) is given by

(I eman) I 50

| —i
1<p<gsn 1<i<j<n J

where E, denotes the shift operator, defined by E, p(x) = p(x+1), and A, := E,—id denotes the
difference operator. (In this formula, the product of operators is understood as the composition.)

Thus, for instance, the number of monotone triangles with bottom row (kq, ks, k3) is

: . , 1
(ld +Ek1Ak2)(ld +Ek1 Ak3)(1d +Ek2Ak3>§(kZ2 — ]{31>(l{33 — ]{31>(l{33 — ]{52)
1
= 5(—3/<;1 + k2 2k ky — Kiky — 2k3 + kyk3 + 3ks — 4k ks
+ kiks + 2koks — k3ks + k3 — kik; + kok3).

We outline our proof of Theorem EETl To prove the theorem using the formula in Theorem
clearly means that we have to evaluate the formula at (ki,ke,.... k) = (1,2,...,4 — 1,i +
1,...,n+1). Let A,,; denote the number of n x n alternating sign matrices with a 1 at
the top of the i-th column and let «(n;ky,...,k,) denote the number of monotone triangles
with bottom row (ki,...,k,). Using the formula in Theorem L3, we extend the interpretation
of a(n;ky,... k,) to arbitrary (ki,...,k,) € Z™. In our proof, we first give a formula for
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a(n;1,2,...,n — 1,k) in terms of A, ;. Next we show that a(n;1,2,...,n — 1,k) is an even
polynomial in k if n is odd and an odd polynomial if n is even. These two facts will then
imply that (A,;)i<i<n i an eigenvector with respect to the eigenvalue 1 of a certain matrix
with binomial coefficients as entries. Finally we see that this determines A, ; up to a constant,
which can easily be computed by induction with respect to n.

We believe that this second approach to prove the refined alternating sign matrix theorem
not only provides us with a better understanding of known theorems, but will also enable us
to obtain new results in the field of plane partition and alternating sign matrix enumeration
in the future. A general strategy might be to derive analogous multivariate operators formulas
for other (triangular) arrays of integers, which correspond to certain classes of plane partitions
and alternating sign matrices and which simplify to nice product formulas if we specialize the
parameters in the right way. Hopefully these operator formulas can then also be used to derive
these product formulas.

2. A formula for a(n;1,2,...,n—1,k)

We start by stating a fundamental recursion for a(n; ks, ..., k,). If we delete the last row
of a monotone triangle with bottom row (ki, ks, ..., k,), we obtain a monotone triangle with
n — 1 rows and bottom row, say, (I1,ls,...,l,_1). By the definition of a monotone triangle, we
have ]{31 < ll S ]{32 < lg S NN S kn—l S ln—l < k‘n and ll 7& li—i—l- Thus

a(niky, .. ky) = > aln—1:1,... L), (4.3)

(I1,lp_p)€Z™ L,
K <ly<kg<...<kp_1<ly,_1<kn,li#l; 11

In the following lemma, we explain the action of operators, which are symmetric polynomials
in Ey,, Ey,,...,Eg,,on a(n; k... k,). It will be used twice in our proof of Theorem HETl

LEMMA 4.1. Let P(Xy,...,X,) be a symmetric polynomial in (X1,...,X,) over C. Then
P(Eg,, ..., Ex,)a(n ki, ... k) =P(1,1,...,1) - a(n; ki, ..., k).

Proof. By Theorem and the fact that shift operators with respect to different variables
commute, it suffices to show that

P(Ey,,....E,) ][ b b pa . I1 ki = ki

- -
1<icj<n J 1<icj<n J

Let (mq,...,m,) € Z" be with m; > 0 for all i and m; # 0 for at least one i. It suffices to show

that P
Mr(1) A Mr(2) M (n) g M
SO ATOATE A ] ﬁ_o.
TESn 1<i<j<n
By the Vandermonde determinant evaluation, we have

ki —k; k,
1<i<j<n J—1 1<4,j<n j—1

Therefore, it suffices to show that

3 sen ( 1 ) ( ks ) ( ko ) 0
g . = U.
Sy S\ o(1) = may — 1) \0(2) = gy — 1 o(n) = Magm) — 1
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If, for fixed m, 0 € S,, there exists an ¢ with o (i) —m.;)—1 < 0 then the corresponding summand
vanishes. We define a sign reversing involution on the set of non-zero summands. Fix 7,0 € S,
such that the summand corresponding to m and o does not vanish. Consequently, {o(1)—mrq)—
Lo(2)=mq@)—1,...,0(n) —mzum—1} € {0,1,...,n—1} and since (m4,...,my) # (0,...,0),
there are 7,7, 1 <14 < j < n, with (i) =myu) —1 = 0(j) —mx) —1. Among all pairs (4, j) with
this property, let (7', 7’) be the pair, which is minimal with respect to the lexicographic order.
Then the summand corresponding to 7 o (i, j') and o o (¢, j') is the negativ of the summand
corresponding to 7 and o. U

Let
ep(X1,..., X,) = Yo XX, X

1<i1 <i2<..ip<n

P

denote the p-th elementary symmetric function. Lemma ET] will be used to deduce a formula
for

ep—i(Erys Brys - o En,_a(nsky, ..o k;n)\ (4.4)

(kl7'"7k’n):(1727"'7n_17n+j)

in terms of A,; if 0 < j <p <n—1 (Lemma E3). If we specialize p = j in this identity we
obtain the desired formula for a(n;1,2,...,n—1, k), which we have mentioned in the outline of
our proof. The formula for (fE4]) will be shown by induction with respect to j. In the following
lemma, we deal with the initial case of the induction.

LEMMA 4.2. Let 0 < p <n—1. Then we have

" n—i
ep(Ekyy Bryy ooy B,y ) a(ns by, ..o kn)‘(k17--~,kn):(1,2,m,n) = Z ( )Anz

=1

Proof. First observe that for 1 <i4; <113 <...i, <n —1 we have

Ekil Eki2 e Ekipoz(n; ]{31, ‘e, kn)

(k1,eorkon)=(1,2,...,n)
—a(n;1,2,... i — 1y 4+ 1i 41, iy — Lig+ 1yig+ 1, iy — 1,ip + 1,4, + 1,...,7)
= > a(n =141, Jay oy jie1,in + Lyia +1,...,n)

1<51 <2552 <... i —1<7;, 1 <ig+1
J1<52<-<Jj; -1

= Oé(n;]_,2,...,i1 - ].,’il + 1,i1 + ].,’il +2,’i1 —|—3,...,n),
where the second equality follow from (E3)). In particular, we see that

iy Dok, i, (105 Ky )(kl,...,kn)=(172,...,n)

does not depend on iy, ...,7,. Consequently, the left-hand-side in the statement of the lemma
is equal to

n—1 .
1
(n ])a(n;l,Q,...,j—1,j+1,j—|—1,j—|—2,...,n). (4.5)
=1
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Next observe that by (E3))

an;1,2,...,7— 1,7+ 1,j+1,j+2,...,n)

Thus, (3) is equal to

() S (e () S

j=1

We complete the proof by using the following summation formula

> () -G - () -G

LEMMA 4.3. Let 0 < 7 <p<n-—1. Then

ep—j(Eky, Bryy ooy Bry_a(ns ke, kn)}(k

For p = j this simplifies to

a(n;l,...,n—l,n+j)ZZAn,i(Zj;il )
i=1

Proof. First we show how the first formula implies the second. For this purpose, we have

to consider » |
()50

Using (Hll_l) = (_lz) (—1)!, we see that this is equal to

-1y ((”J‘Z) () —ng ") (_lz)> |

We apply the Chu-Vandermonde summation [27, p. 169, (5.22)], in order to see that this is
simplifies to (Zﬂj_l) = (ZJZ Il)
Now we consider the first formula. By Lemma BTl we have

ep—j(Eky, ..oy By )a(ns ky, ..., kn)|(k1 ..... bon)=(1.2,...1— L)

= ( " ,)a(n;l,Q,...,n—l,n%—j)
p—=1J
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On the other hand, we have

ep—i(Eys -y Ex)a(n; ke, ..o k”>|(k1,...,kn):(l72,...,n—1,n+j)
= 6p—j—1(Ek’17 ey Ekn_l)ol(n7 kl, ey kn)‘(k1,...,kn)=(1,2,...,n—1,n+j+1)

+ 6p—j(Ek1> ey Ekn_l)a(n; k‘l, RN kn)}(kl7---7kn):(1727---,n_17n+j) .

This implies the recursion

ep—ij1(Eys -y Ex, )a(ns by, ... k">‘(k1,...,kn):(1,2,...,n—1,n+j+1)

— ( " ,)a(n;l,...,n—l,n—l—j)
—J
_ ep—j(Ekp ceay Eknfl)oz(n; ]{51, <y kn)‘(kl,...,kn):(l,Q,...,n—l,n—l-j) .

Now we can prove the first formula in the lemma by induction with respect to j. The case
j =0 was dealt with in Lemma E2] O
By Theorem E3 «(n; 1,2, ...,n—1,n+j) is a polynomial in j of degree no greater than n—1.
By Lemma B3 it coincides with ) A, ; (Zizl) for j=0,1,...,n—1 and, since ) A, ; (ZJ;ZI)
i=1 =1
is a polynomial in j of degree no greater than n — 1 as well, the two polynomials must be equal.
This constitutes the following.

LEMMA 4.4. Letn > 1 and k € Z. Then we have

d ok —n—1
a(n;1,2,...,n—1,k)ZZAn,i<Z+. Tf )
/l_
i=1

3. The symmetry of k — «a(n;1,2,...,n — 1, k)

In the following lemma we prove a transformation formula for a(n; k1, . . ., k,,), which implies
as a special case that k — «(n;1,2,...,n — 1, k) is even if n is odd and odd otherwise.

LEMMA 4.5. Let n > 1. Then we have
a(niky, ... k) = (=1)" a(n; ko, ... kn, k1L —n).
Proof. By Theorem
(=) a(n; kyy ... kp, k1 —n)

n

ki —k; v k1 — k; —
==t IT Gd+By A [T +E A T 2=
2<p<q<n p=2 o<icj<n J TV S v T
. a . k?j—]{?i - ki—l—n—kl
= [ Gd+E,Ax) [JGd+E,A) H = H —
2<p<q<n p=2 2<i<j<n =2
- ki — ki

= I Gd+E,An) [[Gd+E,20)E" ]

. _ Z. .
2<p<q<n p=2 1<i<j<n 7
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Thus, we have to show that

[I Ga+EiA) <H (id + By, Ax,) — B H(id+Ekqul)) I1 ki—ki

—1
2<p<g<n q=2 q=2 1<i<j<n J

Clearly, it suffices to prove that

( ] (d+E, A, H(id+Ekqul)> I ki— ki _ .

— 1
q=2 q=2 1<i<j<n J

We replace Ay, by X; and, accordingly, Ej, by (X; + 1) in the operator in this expression and

obtain
n

X+ D" [+ X+ 1)X,) =[]+ (X, + 1)Xy). (4.6)
q=2 q=2

By the proof of Lemma BTl the assertion follows if we show that this polynomial is in the ideal,

which is generated by the symmetric polynomials in X, X», ..., X,, without constant term.

Observe that (6) is equal to

—_

n—1

(X1 4+ 1)"ej(Xa, ., Xo) = Y X{e;(Xo+1, X5+ 1,..., X, +1)
§=0

n—

<.
Il
o

n— n—1

1 7 .
. i1
(X1 + 1)y (Xo, ..., X X{Z(n T )ei(Xg,...,Xn)

—1
=0 §=0 i=0 J

<.

i
L

=) (X + D)™ = XX+ 1)" 7)) ej(Xo, ..., Xp). (47)

<.
I
o

We recursively define a sequence (¢;(X));>0 of Laurent polynomials. Let go(X) = 0 and
g1 (X) = (X + )7 = X7 — q;(X) — ¢;(X) X7 (4.8)

We want to show that this is in fact a sequence of polynomials having a zero at X = 0. For

this purpose, we consider
Y)i=Y g(X)Y?
Jj=>0
Using (EE8) and the initial condition, we obtain the following
XY
1-XY)1—(X+1)2Y)
which immediately implies the assertion. We set

pi(X) = ¢;(X)(X + 1" X!

QX.Y) =

and observe that, for all j with j <n, p;(X) is a polynomial in X. The recursion (EJ) clearly
implies
pi+1(X)X = (X + )" — XI(X + )" — p;(X).
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Thus, (1) is equal to

n—

—_

(pj(X1) +pjp1(X1)X1) e (Xa, ., X)) = ij(Xl)ej(le ooy Xn).

=0

<.
Il
=)

Since po(X) = 0, this expression is in the ideal generated by the symmetric polynomials in

(X1,...,X,) without constant term and the assertion of the lemma is proved. O
If (@i ;)1<j<i<n is a monotone triangle with bottom row (ki, ..., k;,) then (—a; n41-j)1<j<i<n
is a monotone triangle with bottom row (—k,, ..., —k;). This implies the following identity.
a(n; ki, ke, ..o k) = a(ng —ky, —kn1, ..., —k1) (4.9)
Similarly, it is easy to see that
an; ki, ke, ... k) =a(nsky+e,ka+c,... ky+ ¢ (4.10)
for every integer constant c. Therefore
an;1,2,....n—1,k)=a(n,—k,—n+1,-—n+2,...,—1)
="' amn;-—n+1,-n+2,...,~1,~k—n)=(-1)""an;1,2,...,n — 1, —k),

where the first equality follows from (EE9)), the second from Lemma and the third from
#I0) with ¢ = n. This, together with Lemma E4l implies the following identity

. i+k—n—1 . i—k—-n—1

ZA"”< +z—1 ):(_1)71—1;14”@( i—1 )

for all integers k. In this identity, we replace (i_l‘;:?_l) by (—1)"_1(7"’?1_1) and (H’z:’l"‘_l) by
"N fi—2n\ (k+n—1

> (00

which is possible by the Chu-Vandermonde summation [27, p. 169, (5.22)] if i < n. We
interchange the role of ¢ and j on the left-hand-side and obtain

oy ' j_2n Fin—l = - (_1\nte k+n—1

k+n—1

S ))izl is a basis of C[k] as a vectorspace over C, this implies

j=1

j—i

for all integers k. Since ((

fori=1,2,...,n. We replace (]]__27) by (—1)7~ (2"72‘._1). Moreover we replace j by n+1—j

j—i
and use the fact that A, ; = A, ,4+1—; in order to obtain

ZAn,x—l)f“( =il ) A (4.11)
j=1

n—i—7+1
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Phrased differently, (4,1, An2,...,A,,) is an eigenvector of ((—1)7*! (n2f¢__ij_+11))1§i7j§n with re-

spect to the eigenvalue 1. In the following section we see that this determines (A, 1, An2, ..., Apn)
up to a multiplicative constant, which we are able to compute.

4. The eigenspace of <( 1)7+t (nzf:]_jl)) with respect to 1
1<i,j<n

Since (A1, ..., Any) is an eigenvector of ((—l)jJrl (n2f:3_+11)> , it suffices to show that
1<i,j<n

the dimension of the eigenspace with respect to 1 is no greater than 1. Thus we have to show

that the rank of
o 2n—i—1
(o () +os)
n—i—j5+1 ’ 1<ij<n

is at least n — 1. It suffices to show that

S 2n—1-—1
—1)/ y )
2<(%3t<n(( ) (n—z‘—j+1)+5”) 70

We shift 7 and j by one in this determinant and obtain

, 2n —1 — 2
_1)+1 .
158 <( D (n —i—j— 1) * 5’”) ' (4.12)
Let B, denote the matrix underlying the determinant. We define R,, = ((”+§:Z_1)> .
1<i,j<n—1
Observe that R,! = ((—1)“” (]:)> . Moreover, we have R, 'B, R, = B} +1I,_1, where
1<i,j<n—1

I~y denotes the (n — 1) X (n — 1) identity matrix and By is the (n — 1) X (n — 1) matrix
with (;fjl) as entry in the i-th row and j-th column except for the last row, where we have all
zeros. (This transformation is due to Mills, Robbins and Rumsey [41].) Thus the determinant

in ([EETZ) is equal to
det(B) + I,-1) = det ((Z_+]) +]n_2) :

1<i,j<n—2 j—1

where we have expanded B} + I,,_; with respect to the last row. Andrews [3] has shown that
this determinant gives the number of desecending plane partitions with no part greater than
n — 1 and, therefore, the determinant does not vanish. Recently, Krattenthaler [33] showed
that descending plane partitions can be geometrically realized as cyclically symmetric rhombus
tilings of a certain hexagon of which a centrally located equilateral triangle of side length 2 has
been removed.

In order to complete our proof, we have to show that (B, ;)1<i<, With

n—1

(T4 — )
B = (n—1)! 1:[

(3k — 2)!
n+k—1)!
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1<i,j<n

n—i—j+1

is an eigenvector of <(—1)j+1 (nzf:]_jl)) with respect to the eigenwert 1, i.e. we have to
1<i,5<n
show that
ﬁiblyﬂ m—i—1\Gu1(14n—j)n TT (3k — 2)!
o n—i—j+1 (n—1)! Pl (n+k—1)!

(p1 (1 + 10 — i)y TT (3k — 2)!

(n—1)! (n+k—1)!

This is equivalent to showing that

§3F{VH<2nfif1)(n+j—2)cm—j—1):<ﬁ+i—2)cm—i—{) (4.13)
= n—j—1+1 n—1 n—1 n—1 n—1
Observe that the left hand side of this identity is equal to

L) B (21 )6)-
(mZiffl)("Zf12)(?:f)_lﬁi“”"”<ni7[f;¥ﬂ)(?:i)::

Jj=1

on —i—1\ (n+i—2 n—l‘?]wﬂ —i\ _ (2n—i—-1\(n+i-2
n—1 n—1 i—1 n—i/ \ n-1 n—-1 )
where the first and third equality follows from (Z) = (—1)”(1’_%_1) and the second equality

follows from the Chu-Vandermonde identity; see [27, p. 169, (5.26)]. Consequently, A, ; =
n—1
Cy - B,; for C,, € Q. It is easy to check that C; = 1. Observe that >  A,_1; = A, 1, since

i=1

(n—1)x (n—1) alternating sign matrices are bijectively related to n xn alternating sign matrices
n—1

with a 1 at the top of the first column. Moreover, observe that we also have ) B, _1; = By1,
i=1

since
n—1 n—2 3]{5— n—1 ,. 7’L—Z -

n—2

=

i ! n—1 . . .
(3k 2) (n—2) i+n—=3\(2n—i—-3\

L (n+k—2)! —~\ n-2 n—2
n—2

(3k — 2)! 3n—>5

——(n—2)! = B,1,

g(n+k—2)!(n ) 2n — 3 5
where the second equality follows from an identity, which is equivalent to the Chu-Vandermonde
identity; see [27], p. 169, (5.26)]. Therefore, by induction with respect to n, we have C,, = 1 for

all n. This completes our proof of the refined alternating sign matrix theorem. Theorem
follows if we combine Theorem EJ] and Lemma E4l since a careful analysis of the bijection



94 4. ALTERNATING SIGN MATRICES

between alternating sign matrices and monotone triangles shows that «(n;1,2,...,n —1,k) is
the number of objects described in the statement of the theorem.
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