G\ Journal of Integer Sequences, Vol. 20 (2017),

OIS Article17.55
92 a0

A Restricted Growth Word Approach to
Partitions with Odd/Even Size Blocks

Richard Ehrenborg, Dustin Hedmark, and Cyrus Hettle
Department of Mathematics
University of Kentucky
Lexington, KY 40506-0027
USA
richard.ehrenborg@uky.edu
dustin.hedmark@uky.edu
cyrus.h@uky.edu

Abstract

We use restricted growth words and multivariate generating functionology to obtain
the ordinary generating function for the number of partitions of an n-set into k£ blocks
of odd (respectively, even) cardinality.

1 Introduction

The Stirling numbers of the second kind S(n, k) enumerate the partitions of the set [n] =
{1,2,...,n} into k blocks. They satisfy the ordinary generating function identity

1

> Snk) -tk = : (1)
= (I—t)-(1—2t)--- (1 — kt)
Recall that the complete symmetric function h,, (z1, xs, . .., zx) satisfies the generating func-
tion identity
th(azl,xg,...,xk)~tm: L )
(1 —zqt) - (1 —xot) - (1 — myt)

m>0
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The expression S(n, k) = h,_x(1,2,..., k) for the Stirling numbers of the second kind follows
directly. For a reference on Stirling numbers, see [12, Section 1.9].

Let T}, and U, denote the number of set partitions of the set [n] into k blocks where each
block has odd (respectively, even) cardinality. These numbers have been well-studied in the
literature. The classical approach is via their exponential generating functions sinh(t)* /k!
and (cosh(t) — 1)*/k! or via a more bijective route; see [5, 10] and [1], respectively. We
study the ordinary generating functions of these numbers using restricted growth words and
multivariate generating functions.

In this paper we use the natural bijection between partitions and restricted growth words.
Our first step is to generalize (1) to a multivariate generating function. Next, by picking up
the terms where all the powers are even/odd, we obtain expressions for the ordinary gener-
ating function of partitions with each block size being odd (respectively, even). By viewing
these expressions as sums over walks on the integers, we give explicit product expressions
for them. Here we use homogeneous bivariate generating functions, making the proofs of the
essential identities straightforward. We end with a few open questions.

2 Restricted growth words

A restricted growth word, which we abbreviate as RG-word, is a word u = uqus - - - u,, with the
entries in the positive integers such that u; < max(0,uy, ug,...,uj_1)+1forall 1 < j <n.
Let RG(n,k) denote the set of all RG-words of length n with largest entry k. The set
RG(n, k) is in bijection with the set partitions of the set {1,2,...,n} into k£ blocks. Namely,
given an RG-word wuqus - - - u,, construct a partition by letting elements ¢ and j be in the
same block if w; = u;. Hence the cardinality of RG(n,k) is given by the Stirling number
of the second kind S(n, k). The notion of RG-words was introduced by Milne; see [7, 8, 9].
More recently, they appear in the papers [2, 3].

For an RG-word u = ujus - - - u, in RG(n, k), let =, be the monomial z{* - - - z7*, where
for all 7, ¢; is one less than the number of times the letter ¢ appears in u. Note that the
monomial x, has total degree n — k. We begin by generalizing equation (1) to a multivariate
version.

Theorem 1. For a non-negative integer k the sum of the monomial of an RG-word over all
RG-words with largest entry k is given by

1
Z Z 1—3:1) (1—zy—29) - (1—2y — 29 — - —Tp)

n>k ueRG(n,k)

Proof. Every RG-word u has a unique factorization v = 1wy - 2 - wy - - - k - wg, where w;
is a word with entries 1 through i. For any word w, let x(w) be the monomial where the
power of z; is the number of times ¢ appears in w. Note that x, is given by the product



x(wy) - x(wy) - - x(wy,). The result now follows by the sum

1

Wy

where w; ranges over all words with entries 1 through . O

Note that by setting z; = ¢*~! - ¢ we obtain a g-analogue of equation (1) which is due to
Gould [6]; see also [2, Thm. 4.1].

Let RG°Y(n, k) denote the set of RG-words u in which each letter occurs an odd number
of times and let RG**"(n, k) denote the set of RG-words u in where each letter occurs an

even number of times. By the bijection between RG-words and partitions we have that
|RG°Y(n, k)| = T,,x and |RG®*™(n, k)| = U

Theorem 2. The multivariate generating functions for RG°%(n, k) and RG™*™(n, k) are
gien by

Z Z Ty = 2—1k -ZF(Clxl,CQxQ,...,ckxk), (2)

n>k ue RGedd(n k)

1
Z Z l‘u:ﬁ‘ZCl'CQ"‘Ck;‘F(Cl$1702x2,...70k$k), (3)

n>k ue RGever (n,k)

where the sums are over all vectors @ = (c1,¢a,...,¢) € {—1,1}* and F(xy,29,...,13) is
the generating function in Theorem 1.

Proof. This result follows from the fact that the RG-words in RG°%(n, k) have monomials
with all even powers, and the words in RG®V*"(n, k) have monomials with all odd powers.
All monomials containing odd powers are eliminated in the first sum and all monomials
containing even powers are eliminated in the second sum. O]

3 Generating functions

Let Wi (a) be the set of all walks of length k starting at a taking steps either —1 or 1. That
is, Wi(a) = {(ag,as,...,ar) € Z¥* : ay = a, a; — a;_1 € {—1,1}}. Define the rational
generating functions Gy,(s,t) and G (s,t) over the set of walks starting at 0 of length k by
the sums

1 1
Grls,t) = o - 2 (s —aot) - (s —axt) -~ (s — ayt)’

acWy(0)

1 ' (—1)k—ax)/2
o2k Z (s —agt) - (s —agt) -~ (s — apt)’

acWy(0)




Proposition 3. The generating functions Gy (s,t) and Gi(s,t) satisfy the recursions

Gr(s —t,t) + Gr(s + t,t
Grii(s,t) = sl )23 2 )v

_ Gils—t,1) = G (s +1,1)
B 2s ’
with the initial condition Go(s,t) = G (s,t) = 1/s.

Gfﬂ (s,1)

Proof. Observe that the substitution s — s — j - ¢ translates the sequence (ag, ay,...,ax) j
steps up, that is,

1 1
Guls =7 -41) 2k 66%};@ (s —agt) - (s —agt) -+ (s —agt)
By taking the average of Gi(s — t,t) and Gi(s + t,t), we obtain the average over all walks
beginning at +1. Divide by s, since each term of Gy.1(s,t) contains a factor of 1/s, and
use that the set Wj11(0) is given by the Cartesian product {(0)} x (W (1) U Wi (—1)). The
first recursion follows. The same proof applies to G,f(s,t) by considering the difference
GE(s —t,t) — GE(s + 1,1). O

Proposition 4. The generating functions Gi.(s,t) and Gi5(s,t) are given by the products

Gi(s,t) = H (s—i-1)7% (4)
z—ler;okd 2)
Gi(s,t) =2k — -5 [ (s—i-t)". (5)

Proof. Let gi(s,t) be the right-hand side of equation (4). We would like to prove that Gi(s, t)
and gx(s,t) are equal. Observe first that Go(s,t) = 1/s = go(s,t). Next observe that

1 1 2s

- = .
(s=(k+1)t) (s+(k+1)t) (s=(E+Dt)(s+ (k+1))
Multiply both sides by gx_1(s,t), yielding gx(s — t,t) + gp(s + t,t) = 2 -5 gry1(s,t). This
shows that gx(s,t) satisfies the same recurrence relations as Gy(s, t).
Let g (s,t) be the right-hand side of equation (5). We have that G5 (s,t) = 1/s =
g (s,t). Now consider the difference

1 1 25 - (2k+ 1)t

(s=(k+1t)(s—kt) (s+(k+Dt)(s+kt) (s—(k+1)t)(s—kt)(s+kt)(s+ (k+1)t)
Multiply both sides by (2k — 1)!! - t* . Hf:_ikﬂ(s — i -t)~!. This yields the recursion

g,f(s —t,t) — g,f(s +t,t)=2-s- g,irl(s,t).




Combining these results yields the following generating functions.

Theorem 5. For a non-negative integer k the ordinary generating function for the number
of RG-words where each entry occurs an odd or even number of times is Gy,(1,t) or Gi£(1,t),
respectively, that is,

k
d Tt F= [ a-i-p
n>k i=—k
i=k (mod 2)
k
> Ut =@k—1- k- JJ(1—i-0)"
n>k i=—k
Proof. In Theorem 2, set 1 = --- = x;, = t. Note that the monomial z, becomes ¢"~*

and the left-hand side of (2) and (3) becomes the generating function for the cardinality
of RG°Y(n, k), (respectively, RG®*"(n,k)). Next, under this substitution the term on the
right-hand side corresponding to the {—1,1}-vector ¢ becomes the term corresponding to
the walk @ satisfying a; — a;_; = ¢; in the function Gx(1,t) (respectively, Gi(1,1)). In the
signed case we use that the sign c; - - - ¢, is given by (—1)#~2)/2_ Finally, the result follows
by Proposition 4. O]

When k is even the generating function for 7;, ;. is given by

1
E:T N :
n,k t (1_22t2)(1—42t2)(1—k2t2)

n>k

Similarly, for £ odd we have

1
Tn 'tn_k: .
Z ok (1—12-82)- (1—-32-£2)-.- (1 - k2- 82

n>k

The generating function for U, is given by

ZU ek _ (2k — 1)1 - ¢*
Lk T e (T2 ) (LR )

We now obtain the following expressions in terms of the complete symmetric function.

Corollary 6. The number of RG-words with odd (respectively, even) number of each entry
s given by

hnT—k(22,42,...,k2), k even;
e has (12,32, k%), K odd,
Unje = (2k = 1)1 ha (12,22, KP).



Using the recurrence h,,(x1,...,xx) = Tg-hpm_1(z1,. .., k) +hm(x1, ..., TK_1), this corol-
lary yields the classical recurrences for 7, , and U, k.

4 Concluding remarks

Is there a bijective proof of Corollary 67 Is there a multivariate refinement of Theorem 57
For instance, is there a g-analogue of this theorem?

For more on the poset and topological structure of partitions with all blocks odd/even,
see [4, 11, 13].
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