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Abstract. In the present article we introduce two new combinatorial
interpretations of the r-Whitney numbers of the second kind obtained
from the combinatorics of the differential operators associated to the
grammar G := {y — yx™,x — x}. By specializing m = 1 we obtain
also a new combinatorial interpretation of the r-Stirling numbers of the
second kind. Again, by specializing to the case r = 0 we introduce a new
generalization of the Stirling number of the second kind and through
them a binomial type family of polynomials that generalizes Touchard’s
polynomials. Moreover, we recover several known identities involving the
r-Dowling polynomials and the r-Whitney numbers using the combinato-
rial differential calculus. We construct a family of posets that generalize
the classical Dowling lattices. The r-Withney numbers of the first kind
are obtained as the sum of the Md&bius function over elements of a given
rank. Finally, we prove that the r-Dowling polynomials are a Sheffer
family relative to the generalized Touchard binomial family, study their
umbral inverses, and introduce [m]-Stirling numbers of the first kind.
From the relation between umbral calculus and the Riordan matrices we
give several new combinatorial identities
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1 Introduction

The r-Whitney numbers of the second kind Wy, (1, k) were defined by Mezé
[24] as the connecting coefficients between some particular polynomials. For
non-negative integers n, k and r with n > k > 0 and for any integer m > 0

(mx+1r)" Zm Winr(n, Kk)xk
k=0

where x®* =x(x —1)---(x —=n+1) forn > 1 and x% = 1.

Cheon and Jung [8] showed that the numbers Wy, r(n,k) are related to
the Dowling lattices as follows. Let Qn(G) be the Dowling lattice of rank n,
where G is a finite group of order m. The coefficient of r° of the polynomial
Y o Winr(1n, k) is equal to the number of elements of Qn(G) containing n—s
distinct unit functions. This sequence generalizes the Whitney numbers of the
second kind, Wi, (1, k) = Wiy 1(n, k), that count the total number of elements
of corank k in Qn(G) [11].

Mihoubi and Rahmani [27] found an interesting combinatorial interpretation
for the -Whitney numbers of the second kind by using colored set partitions.
Recall that a partition of a set A is a class of disjoint subsets of A such that the
union of them covers A. The subsets are called blocks. Let r,n > 0 be integers,
and let A, be the set defined by A, :={1,2,...,7,v+1,...,n + 1} The
elements 1,2,...,r will be called special elements. A block of a partition of
the above set is called special if it contains special elements. Then Wy, ;(n, k)
counts the number of the set partitions of Ay in k+71 blocks, such that the el-
ements 1,2, ..., are in distinct blocks (i.e., any special block contains exactly
one special element). All the elements but the last one in non-special blocks
are coloured with one of m colours independently and neither the elements in
the special blocks nor the special blocks are coloured.

The r-Whitney numbers satisfy the following recurrence relation [24]

Wi k) =Wh =1,k —=1) + (km + 1)Wp, - (n — 1, k).

Moreover, these numbers have the exponential generating function [24]:

e’z [eMz _ ] k
Zernkn! S 0

Note that if (m,r) = (1,0) we obtain the Stirling numbers of the second
kind, if (m,r) = (1,7) we have the r-Stirling (or noncentral Stirling) numbers
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[4], and if (m,r) = (m, 1) we have the Whitney numbers [1, 2]. Many proper-
ties of the r-Whitney numbers and their connections to elementary symmet-
ric functions, matrix theory, special polynomials, combinatorial identities and
generalizations can be found in [9, 10, 12, 18, 20, 21, 24, 25, 26, 28, 29, 37].

The combinatorial differential calculus was introduced by Joyal in the frame-
work of combinatorial species (see for example [15, 3, 16]). However, by using
directly exponential formal power series and the combinatorics of their coeffi-
cients (see [19]), the fundamentals of the approach can be explained without
the use of the categorical framework involved in the theory of species. The com-
binatorial differential calculus is closely related to Chen context-free grammar
method [6]. However, they are not equivalent. Differential operators that are
not derivations can be combinatorially interpreted, and algebraic formulas ob-
tained from that interpretation. Only derivations have a counterpart in the
context of Chen grammars. The substitution rules in a context-free grammar
can be translated into a differential operator. By the iterated application of
the combinatorial version of it, the associated combinatorial objects emerge,
and not infrequently, in a simple and natural way.

Using the combinatorial differential calculus we present a new combinato-
rial interpretation to the m-Whitney numbers of the second kind. As a special
case we get a new combinatorial interpretation for the r-Stirling numbers of
the second kind and introduce the [m]-Stirling numbers of the second kind,
S (n, k). Through them we define the [m]-Touchard polynomials, that gen-
eralize the classical family and are also of binomial type. Their umbral inverse
give us the [m]-Stirling numbers of the first kind. The combinatorial inter-
pretation of the r-Whitney numbers (and of the generalization of the Stirling
numbers) of the second kind we present here are very natural. We construct a
family of posets Qn+(G), G a group of order m, that generalize the Dowling
lattices. Our interpretation of r-Withney numbers directly count the number
of elements of a given rank on those posets, and by M&bius inversion we get the
r-Whitney numbers of the first kind, as the sum of their Mébius function eval-
uated at elements of a given rank (Theorem 2 bellow). The r-Stirling numbers
of the first and second kind are interpreted in a similar way by specializing G
to the trivial group G = {e}. Also a similar interpretation is given in terms of
a subposet Qno(G) of Qn+(G) for the [m]-Stirling numbers (see Remark 2).

By using classical results of umbral calculus we get that the r-Dowling poly-
nomials are of Sheffer type relative to the [m]-Touchard binomial family. Fi-
nally, from the relation between umbral calculus and the Riordan matrices we
give several new combinatorial identities involving the r-Whitney number of
both kinds, Bernoulli polynomials and Euler polynomials.
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2 New combinatorial models for r-Whitney,
r-Stirling, and new [m]-Stirling numbers

Chen [6] introduced a combinatorial method by means of context-free grammar
to study exponential structures. A context-free grammar G over an alphabet
X, whose symbols are commutative indeterminates, is a set of productions or
substitutions rules that replace a symbol of X by a formal function (formal
power series) in the set of indeterminates X, x — ¢y (X), x € A.

Here A is a subset of the alphabet X. The formal derivative D is a linear
operator defined with respect to a context-free grammar G such that for a
letter x € A acts by substitution by ¢(X), and it is extended recursively as a
derivation. For any formal functions u and v we have:

D(u+v) =D(u)+D(v), D(uv)=D(u)v+uD(v), D(f(u))=—-D(u),

where f(x) is a formal power series. For more applications of the context-free
grammar method see for example [5, 7, 13, 17].

The grammar formal derivative D can be equivalently written as a derivation
in the algebra of formal power series over a ring R containing Q, RI[[X]].

D=3 dulX)0x.

XEA

For A infinite, we have to make a summability assumption over the family of
formal power series {¢px(X)}xea. The variables in X are thought of as colors.
Each operator ¢y (X)0y is combinatorially interpreted as a corolla having as
root a ghost vertex of color x and weighted with the coefficients of the series
& (X) according with the distribution of colors of the leaves in the corolla. A
formal power series F(X) are also represented by corollas in a similar way but
without the ghost vertex. The combinatorial representation of the operator
acting over a series F(X) is obtained by dropping over the combinatorial rep-
resentation of F(X) corollas whose ghost vertices replace vertices of the same
color on corollas representing F (see Figure 1). Details and proofs of why this
combinatorial approach works can be seen in [19].
As an example let us consider the Stirling grammar ([6])

X — X.
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Figure 1: Corolla operator ¢(X)0; applied to F.

Applying the associated formal operator n times to y, it is known that

n

D'y = Z S(m, k)Xky) (2>
k=1

where S(n,k) are the Stirling numbers of the second kind. The differential
operator associated to that grammar is D = xyd, +x0x. We call it the Stirling
operator. The variables x and y are represented by vertices in two colors,
yellow and white. The operator D has as combinatorial representation the
sum of two corollas. The operator xydy acts over a white vertex replacing it
by a ‘ghost’ vertex % and connecting it to a yellow vertex x and to white one
y. The operator x0« places a ghost vertex in a yellow vertex and connects it
to another yellow vertex (see Figure 2).

X y X

Xy0y X0y

Figure 2: Combinatorial operator D = xydy + x0x.

When applying the operator more than one time, for simplicity, we replace
the ghost vertices by numbers to keep track of the order in which the operator
was applied. If we apply it n times to y (combinatorially represented as a
singleton vertex of color white) we obtain an increasing tree with a path (spine)
from the root to the white vertex on the top. Along each node of the spine
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there are linear branches having in the top of each of them one yellow vertex
with weight y. The elements of the branches along the spine form a partition
7t of [n]. The weight of each such tree is equal to x to the number of branches
(blocks of 7t) times y, the weight of the white vertex on top of the spine (see
Figure 3). In this way we get a visual proof of Equation (2).

Figure 3: A tree enumerate by D’y = (xy Oy + x0y)’y that corresponds to the
partition 7T = {{1,3K2,5, 7}{4, 6}}.

Let us now consider the context-free grammar G defined in [13].

G = {y ny’m’
X — X.

Hao et al. [13] proved as a particular case that

n
DMyx = Z Win (1, k)yx™H,
k=0

This grammar G corresponds to the differential operator D = yx™0dy + x0x.
In Figure 4 we show the combinatorial interpretation of this operator for
m = 2. Moreover, by the main theorem of [13] we have

n
Dryx" = Z Winr (1, k)yx™ . (3)
k=0

In Figures 5 and 6, we show the first and second derivative for m = 2 and
T = 3, respectively.

By the iterated application of the combinatorial version of the operator
D, dropping the corollas over one white vertex and v yellow vertices (yx")
we obtain the following combinatorial structure. A forest consisting of one
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b,

yzz(‘)y

Figure 4: Combinatorial interpretation for the operator D = yx™dy + x0x,
with m = 2.

Dya® = ya° + 3ya*

(‘; O 0O OEOOOOEOOOOE

Figure 5: The first derivative.

increasing tree, grown from the initial white vertex y, followed by r linearly
ordered branchless increasing trees (grown from the r yellow initial vertices,
x"). The trees of this forest are characterized as follows (see Figure 7).

1. The first tree has a spine of white vertices with an unlabeled white vertex
at the top having weight y. There are m (totally ordered) branches of
yellow vertices that sprout from each vertex on the spine. Each branch
has an unlabeled yellow vertex at the top, with weight x.

2. Each of the r branchless increasing trees consists of a set of internal
vertices (that may be empty) with an unlabeled yellow vertex at the
top, having weight x.

The total weight of each of this forests is equal to yx™+7, where k is the

number of vertices in the spine. Then, from Equation (3) we have that the
r-Whitney numbers Wy, ;(n, k) count the number of forests as above, having
k vertices in the spine, and n internal vertices in total.

Reinterpreting the forests of increasing trees we obtain the following com-
binatorial interpretation of Wy, +(n, k).

Theorem 1 The r-Whitney numbers Wy, +(n, k) count pairs of the form
{(B, fg)}Ben, V) where

1. The first component is a partial partition of {1,2,...,n}, having exactly
k blocks, WgeB = A C {1,2,...,n}, plus a coloring on each block,
fg : B — [m]. The coloring on fg assign to the minimum element of B
the color 1.
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Figure 6: The second derivative.

D*Pz = ya™ + 8ya® + 9ya?

2. The second component V = (B1,By,...,B;) is a weak r-composition of
n]—A

+

UBT:[n]—A.

)=

—_

Proof. We are going to prove that the first tree is in bijection with the colored
partitions described in Item (1). We assign to each vertex of the spine of a
given tree the set of vertices of the m branches attached to it plus the vertex
itself. In this way we obtain the partial partition 7t with k blocks in total. Then
color the vertices on the ith branch of each block with color i,1=1,2,...,m,
and assign color 1 to the vertex on the spine. Observe that, since the tree is
increasing, the vertex on the spine has the minimum label of its block. This
construction is clearly reversible (see Figure 7). The r branchless trees are
naturally associated to the composition V by assigning the ith tree its set of
internal vertices Bj.
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O
® O @

Figure 7: Whitney forest for m =2 and r = 3.

g

We represent a colored set (B, fg) by placing the color of each element as its
exponent (B, fg) = {b’®)|b € B}. In this way, the colored partition associated
to the tree in Figure 7 is {{1',8',13%},{2',3',5%,7%},{6",9'}}. The composition
is equal to V = ({4,10},0,{11,12}).

Example 1 The v-Whitney number W3(2,2) = 1, the pair being
({1 {21, (0,0)). For W,3(2,1) = 8, it enumerates pairs, the first compo-
nent is a 2-colored partition on a subset A of {1,2} having one block. The
second component a weak 3-composition of [2] — A. The pairs being

1 ({01%,21,(9,0,0)),
2. (1", 2%}, (9,0,0)),
3. ({1, ({2),0,0)),
4 ({1, (0,423, 0),
5. (1M, (0,0,{2))),
6. ({2"}}, ({13,0,0)),
7. ({21, (0,{1},0),
8. ({{2"), (0,0,{1})).
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Remark 1 We get the following combinatorial interpretation for the gener-
alized Stirling numbers of the second kind obtained by specializing v and m.

1. For m =1 we get a combinatorial interpretation for the r-Stirling num-
bers of the second kind Sy(n, k). They count the pairs (1, V), 7 a parti-
tion of some subset A of [n], V a weak r-composition of [n] — A.

2. For v = 0 we get a new generalization S™(n, k) of the Stirling num-
bers of the second kind. It counts the number of colored partitions, as in
Theorem 1, Item (1), but over the whole set [n].

Definition 1 We define the [m]-Touchard polynomials, T,[lm} (x), by

T (x) = 3 st (n, )Xk,
k=1

The polynomial family {TT[lm} ()22, is of binomial type, i.e.,

TV (x) =1,
= n
W) =3 (1) T )
k=0

We shall prove it in Section 5.

3 The r-Dowling posets

Let By and B, be two disjoint sets, and f; two functions, f; : Bi —» C,i=1,2.
Recall that the disjoint union of f; and f, fi wf, : By W By — C is defined as
follows:

i (X), if x € By;

fa(x), if x € By.

fiwf(x) = {

Let G be a finite group of order m. We consider the set of pairs as in Theorem
1, but where each function fg, B € 7, colors the elements of the block B with
elements of the group G (instead of [m]) in such a way that it assigns to the
minimum element of B the identity of G. We call that kind of colorations
unital. Consider functions f : [n] — G of the form f = Wge,fp, where each
coloring fg : B — G is unital. By simplicity, the pair (7, f) will be denoted by
7t and will be called a (unital) colored partition. Let Qn (G, k) be the set of
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unital colored partitions-composition pairs on [n], where the colored partition
has exactly k blocks. Denote by Qn;(G) the union W_,Qn (G, k), i.e., the set
of colored partition-composition pairs (7', V) having 7t an arbitrary number of
blocks, k =0,1,2,...,n. Clearly, by Theorem 1, the number of unital colored
partition-composition pairs in Qn (G, k) is the r~-Whitney number Wy, ;(n, k),
that is Wir(n, k) = |Qnr(G, k). We are going to define a partial order on
Qn,r(G) such that its ranked Mobius function gives us the r-Whitney numbers
of the first kind,

Wik = Y (0, (n, V). (4)
(nf, V), Imj=k

This construction generalizes the classical Dowling lattice [11], recovered as
a particular case of this by making r = 1.
For a coloration f: A — G, and an element g of the group, we define a new
coloration f * g by
(f*g)(x) :=f(x) x g, x € A,

where * is the operation of the group.

We introduce two kind of operations on the set Qnr(G). Let (nf, V) €
Qn,r(G). We obtain another colored partition-composition pair (T, V') €
Qn,r(G) by the following two kinds of operations.

1. The compositions remain unchanged, i.e., V. = V' and T is obtained
from 7t by joining some blocks of 71, By, By,..., B¢, B = Lﬂf:] Bi (we assume
that the family is listed according with the minimum element of the
blocks; minB; < minBji,1). The rest of blocks remain the same. The
coloring h is obtained in the block B as a unital linear combination

hg = fg, * g1 Wfp, x g W--- W fp, * gy, (5)

where g1 = e is the identity of G, and gz, g3, ..., g¢ are arbitrary elements
of G. The coloring on the rest of the blocks of T remain the same, hg: =
fgs, for B’ # B. It is clear that hg is again unital.

2. The components of V' are the same as the components of V except one,
say Vj, which is augmented by some blocks of 7t; while 7t is reduced by
these blocks. Precisely:

4
V{ = Vi fori#j,and V{ =V;U JB,,
i=1

n = T[f{]?)],Bz,...,Bg}
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From now on we follow the convention, for concrete examples, of separating
the colored partition-composition pair (7if, V) with double bars,

anV = (nf) V)

f can be represented as a factored monomial with expo-

=1 < I bf(b)>. (6)

Ben bGBi

A colored partition 7
nents in G

For example, if G = FJ is the multiplicative group of the Galois field F5 =
7./(5), the colored partition {{1',83,13%},{2',3% 53, 7%},{6',9%}} is represented
as the factored monomial (1'8%132)(2'3%5%72)(6' 93). A unital linear combi-
nation as in Equation (5) can be represented as the expansion of a monomial
of monomials,

4 9i
th(b) — H < H bei(b)> — waf:ﬁBi(b)*gi.

beB i=1 beB; beB

For example, 1183132223351 746492 = (11 8313%)1 (27 3* 53 72)2(6" 93)* repre-
sents the unital linear combination g; =1, g = 2, g3 = 1 and g4 = 2, with
By = {1}, B, ={2,3,5,7}, B3 ={6,9}, B4 = {8,13}. The operations (1) and (2)
are clearly closed on Qn;(G). Now we can define the partial order on Qn(G).

Definition 2 Let (n', V) and (", V') be two elements of Qnr(G). We say
that
(n, V) < (7" V)

if (T", V') can be obtained from (7', V) by any sequence of operations (1) or
(2) above. It includes de empty sequence, that gives us (7', V) = (", V'),
In other words, < is defined to be the transitive and reflexive clousure of the
union of the binary relations defined by operations (1) and (2).

The resulting relation is antisymmetric because the operations (1) and (2)
are directed. If (t", V') is obtained from (7', V) by any non empty set of
operation, we can not reverse those changes and go back to (mf, V) by using
any sequence of these operations. This is because each of them increases the
quantity max{|B[ : B € m} U{[Vj| : j = 1,2,...,7}, the maximum of the sizes
of blocks of the partition together with those of the composition. The poset
Qnr(G) has a least element 0=12[...n/[(0,0,...,0). The maximal elements
are of the form (J||V, V being a composition of [n].
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Example 2 Consider the set Qq1,(G), where G =FZ'. Its element
254343674 8% 9110 112)|({1}, 0)
comes from
' |IlV = 25234316 7489210 112||({1}, 0)
by an operation of type (1), because 6789 = (672)(89%)3. Similarly,

34%67%189%1({1,2,5,10,11},0)
is obtained from T'|[V by an operation of type (2).

It is easy to check the following proposition, that gives an equivalente way of
defining the partial order on Qn(G).

Proposition 1 Let (7f, V) and (", V') be two elements of Qn,(G). We have
that (7', V) < (", V') if and only if

1. For every s =1,2,...,7, V, C V..

2. Every block B; of m={B1,By,..., By} is either contained in V{ for some
s € [r] or in some block B of 7. In the second case, we have that B =
Wg,cBBi, and for each i; By C B, there exists a g; € G such that hlg, =
g, * gi. In the case in which minB; = minB, then g; = e.

Lemma 1 Let (n, V) be an element of Qn(G), 7 having ezactly k blocks.
Then the set of elements (T, V') greater than or equal to (7', V), such that T
has exactly j <k blocks, is equal to the r-Whitney number Wi +(k,j).

Proof. Order de blocks of m according with their minimum elements, @ =
{B1,By,..., By}, minB; < minBi, . For each block B of T and s = 1,2,...,7,
define the sets (subsets of [k]), B = {i/B; C€ B} and \78’ = {ilB;y € V{}. By
part (2) of Proposition 1, we have hg = W, 5B * gi. We define the quotient
coloration h by hi(i) = g;, i € B. Let ip be the minimum element of B.
Since the elements of 7t are listed according with their minimum element, the
minimum of By, is also the minimum of the whole set B. Let x = minB;,. Since
hg and fBiO are both unital, we have

e = hg(x) = fg, () * giy = e * gi, = gi, = i (i0).

Then, h% is unital for every B e T, and uniquely obtained from h and f. By

part (2) of Proposition 1, (?hq,{\f’ ) is a colored partition-composition pair on
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[k]. The correspondence (T, V') = (", V') is a bijection, and we have that
|1l = j = [7]. The inverse (", V') — (", V') is obtained by making

B = LﬂieﬁBi
hB = LﬂieﬁfBi * hd (1)
Vi = Ve (W, g,Bi), s=1,2,...,m

Example 3 As an example of the bijection in Lemma 1, let
|V = 25%34316 7489210 112||({1}, 0)
and
™MV’ =678 9107 11%({1,2,5},{3,4)).

We shall verify that '||[V < |V’ and construct ’/thII\Af’.
Enumerating the blocks of ™ we have By = {2,5}, B, = {3,4}, B3 = {6,7},
By ={8,9}, Bs ={10,11}. Since

674839107 11% = (67%)'(89%)%(10112%)?
and
(“)2)5}){3)4}) - ({]}U{2)5})® U{3)4}) - ({1}U B],@ U BZ))
we have that T'|[V < TV, and get TV’ = 3143 52||({1},{2}).

The poset Qn(G) is ranked. The rank of an element is n — k, k being the
number of blocks of the colored partition.

Theorem 2 The sum of the M6bius function over the elements of rank n—k in
Qn,r(G) gives us the r-Withney number of the first kind wp, (1, k). Denoting
by u the Mébius function of the poset Qn(G), we have

Wremk) = Y u(0,(xf, V). (7)
(nf,V), |7T‘:k
Proof. Define the matrix C(n,k) to be the right hand side of Eq. (7). It is

enough to prove that

Z C(Tl, k)Wm,r(k)j) = 6“»]"

0<k<n
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Let (", V') be an element of Qn,(G,j). By properties of the M&bius function
we have that

> w0, (n, V) =5(0, (", V") = 8. (8)
0<(n, V)< (th, V)

Summing over all the elements of Qn (G, j), interchanging sums and classifying
by the size of 71, we get

Bnj = > > u(0, (7', V)

(Th,V)€Qn,r(G,j) 0< (nf, V)< (th, V")

=) > O, v)

k=0 (nf,V)€Qn,(G,k) (Th V> (nf,V)
(T V EQn r(G,j)

=y u(0, (n', V) >

k=0 (nf,V)€Qn +(G,k) (T“v )> (7", V)
(T V EQn r(G,j)

=y u(0, (n, V(=" V))I(x", V') > (n, V), || = j}]

The last equality obtained by Lemma 1. O

Example 4 The poset of colored partition-set pairs, Qn,1(G), is isomorphic
to the classical Dowling lattice. See Figure 8 for the Hasse diagram of the poset
Q2,2(G), G being the group with two elements G = {—1,1} (writing 2 instead
of 27). From the diagram we get its Mobius function and obtain wy2(2,2) =
1, w(2,1) = —6, and wy,(2,0) = 8. Qnr{ 1,1}) generalizes the signed
partitions poset, TIm] obtained for v =1, TIn Qm({ 1,1}).

4 The r-Dowling polynomials

Cheon and Jung [8] defined the r-Dowling polynomials of degree n by

mrnu Zernk
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({1,21,0010]3 |0, {1.2D)ll0] 3 [({1}, {2hI]1 [{2}, {1)II0] 1

(0012 |- 0.0012 |- (.01 1] @0l |- @.0pike |- @ @) | -1

@012 | 1

Figure 8: Poset Q,(G), G ={-T1,1}.

They found some combinatorial identities by means of Riordan arrays. Let us
define the following generating function

o0

Hino(t) = H(tyx,y) = ePyx" = Z Z
n=0

nO

o
7’ Z km-&-r_
k=

It is easy to show the following

Lemma 2 We have the identities

x™),

DMyx" = yx"Dpr(n,

n
*' mrnx)

Hon,r(t) = ePyn” = yx Z
n=

Theorem 3 The exponential generating function for the r-Dowling polyno-
mials s

o¢] tn emt _ ‘l
Z Dinr(n,u)— = exp (Tt +u > .
n! m

n=0

Proof. Since D is a derivation, it is easy to show that the operator et? is

multiplicative. Hence

Hyy (1) = ePDyx" = e (yx™" + ryx") = (ePyx") - (ePx)™ + rePyx”
= Hpm,r (£ (x™e™ 4 1).

From that,
Hie(t)  d t
_ = 71 T t — m .Mm )
Hine(t)  dt n(Hm () =xTe™ 47

]
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Integrating and using the initial condition Hm(0) =yx', we get:
Xm
Hmr(t) =yx" exp{rt + H(emt -1k

By Lemma 2, making u = x™ we get the result. O

Theorem 4 The r-Dowling polynomials satisfy the following relation for any
integers 1,4 >0

M=

(1]:) "Dy (k).

Proof. Let Dmr % Y) =3 o Winr(n, k)yx*™*". Then

Dm,r-ﬁ-(’, (TL, u) =

~
Il

0

Hpe(t) = ePyx ™ = (e%x*) (e”x)
o et [ i~
—xe Hmr :X Zn! Z(].)enlpm,r(]ax)y)
n=0 =0

Therefore

n
Diyr(ny %, y) XEZ < >€nij,T(j,x,y).
j=

Modifying a bit this equality we obtain the desired result. O
In particular, if { =1 then

n

Dmmnu:Z() Dinr(kyu). 9)

k=0

In Theorem 5 we generalize the beautiful relation given by Spivey [34] for
the Bell numbers By,. The Spivey’s formula says that:

n+m—ZZJ“ *S(m, ] ( )Bk,
k=0 j=0

where S(n,j) is the Stirling number of the second kind. We generalize this
identity for the r-Whitney numbers by using differential operators.
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Theorem 5 The r-Dowling polynomials satisfy the following formula

Dpr(n +hyu) ZZ < ) e (K W Wi 1 (R, )i *mnk,

k=0 j=0
Proof. We compute the derivative in two ways. First, in a direct way
dh

o0 tn
dthHmT( yXTZDm’T(n—i-h, xm)ﬁ,

n=0

tD — etDPh and Lemma 2

and secondly, by using the identity (i—}:‘e
dh dn

dthHmr( ) = @

o tn'
x" (Z Dy r(my Xm)n,> (Dm,r(h» Xmemt)) .
n=0 ’

tDch

ePyx" =e yx" = ePyx" Dy r (h, x™)

(10)

Making the change u = x™ and from the generating functions in Equations

(4) and (10), we obtain

ZD‘“T Mm+hu)— (Z D r(n,u) ) (Dmyr(h)uemt)).

n=0

Expanding D r(h, ue™),

Diny(hyue™) =3 Wiy(h,jule™t
j=0

j=0

(11)

h 0o h K
= 2_Wi(h »Ju]Zm‘“‘t =3 | Wl jimbui | o
K k=0 \ j=0 :

By plugging it into Equation (11), computing the Cauchy product and equat-

ing coeflicients, we obtain the result.

O

The above identity was proved by using a different approach in [37]. Moreover,

this identity is a particular case of the main result of [36].
From Theorem 5 we obtain the following convolution formula.

Corollary 1 For 0 <s <n+ h, we have

n h
n . N _
Wm,r(n+h)s) = § <k>Wm,r(ha])Wm,r(k)s_])(]m)n k-
k=0 j=0
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In particular, if r = 1 we obtain the Theorem 4.3 of [13]. By setting h =1 in
Theorem 5 and Corollary 1 we obtain the Corollary 2.

Corollary 2 The r-Dowling polynomials satisfy the following recursive for-
mula

n
Dinr(n+1,u) = 1D r(n,u) + uZ <T;> m" D1 (5, w).
j=0

Therefore, the r- Whitney numbers of the second kind satisfy the recursive for-
mula

Wi+ 1,k) = Wi (0, k) + Z ( ) “*ij,r(j,k— 1).
j=k—1
The above corollary was proved in [8] by using Riordan arrays.

Theorem 6 The r-Dowling polynomials satisfy the following formula

n n .
Dmr(n,u) = Z <_>(r —5)" 7 Dms(j,u).

=0 V)

Proof. From Lemma 2 we have

Hm,r( ) = ot yX — et yxsethr s :erse(rfs)tf]_lm)s(t). (12)

By the Cauchy product we obtain
~ n n L~
By, y) =X Y <].)(r— S By %,y).
j=0

Therefore, we get the desired result. ]

In particular if s =1 we have (see Theorem 5.2 of [8])

Dm,r(na X) = Z(T - ])nij (?) Dm(j» X))

j=0
where Dy, (n,u) are the Dowling polynomials, i.e.,

n

Dm(n) u) = Z Wm(n) k)uk
k=0
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Corollary 3 The r- Whitney numbers satisfy the following formula
n n .
Wonr(n, k) = 3 <J. ) (= S W, ). (13)
=0
In particular, if s =1 we have

Wm,r(n) k) = Z (?) (T - ])nijwm(ja k)' (14)

j=0

Proof. From Theorem 6

n T j
Z Wm,r(n) k)yxmk+r — xS (Tl) (T o s)nf]' Z Wm,s (]) k)ykaJrs
k=0 =0 \) k=0
n n n
= Z Z < . > (r—s)" ]\/Vms(]>k)1.47<km—~_r
k=0 j=0 )
By equating coefficients, we obtain the result. U

5 The Sheffer family of [m]-Touchard polynomials
and r-Dowling polynomials

From the generating function of the r-Dowling polynomials (Theorem 3), mak-
ing v = 0, we get the generating function of the [m]-Touchard polynomials

o tn emt _ 1
> (x) =exp (x - > . (15)
n=0 ’

From this is immediate that they are of binomial type ([32]). From Equation
(9) we have the following identity relating them with the classical Dowling
polynomials

Dt (%) = Dn(myx) = 3 (“) T (x).

and hence,

T =y (“) (1) Dy (k).
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Our goal is to find the umbral inverse of [m]-Touchard sequence, i.e., the

polynomial family T =3 1, cnkXF satisfying
o~ n ~
AN () = Y s, T ) =x vn=0,1,2....
k=1

n
TTM() = Y ek () =X, Y =0,1,2.....
k=1

Let O(t) := (e™ — 1)/m, and consider its compositional inverse
O(t) =1In(1 + mx) .
Let 0y be the derivative operator acting on the polynomial ring C[x]. Let

O(9y) and O(dy) be the shift-invariant operators acting also on the polynomial
ring C[x],

emx 1T 1T & 0k EMT
O] = m  om gm X oom
0(0,) =In(1+mdy)m = li(—nkmk(k—])'ak i Pm (et ak
’ mk*] K k=1

Here we denote by E® the Shift operator E%p(x) = p(x+ a). By the classical

theory of umbral calculus :F\ (x) and T[m]( ) are the sequences associated to

E , and In(1T + md )m respectively. So

the operators

Tlm Fm]
Em - L " 7 -
T () = b‘“‘i LR, )

In(1+md) =TV (x) = nT™ (x).

The derivatives of the formal power series O(x) and O(x) are O’(x) = e™ and

(Ox) = : va respectively. The recurrence formula for families of binomial

type ([32] Corollary 1 of Theorem 8), gives us

i[lm] (x) = XE_mﬂ“ﬂ (x) = xﬂfﬂ (x —m), (16)
Ty[lm](x) = x(1+ max)TTET]] (x) = XTT[:T_I]] (x) + manT}jﬂ] (x). (17)
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From Equation (16) we obtain the polynomial family

~

T (x) = x(x —m)(x —2m) --- (x — (n— 1)m). (18)

From Equation (16) we also have the recurrence for [m]-Stirling numbers of
the second kind

S k) =SMm—1,%x—1)+kmSMmn—1%). (19)

We define the [m]-Stirling numbers of the first kind as the coefficients con-
. =[m] .
necting T, (x) with the powers.

Definition 3 We define the [m]-Stirling numbers of the first kind s™(n, k) as
the coefficients in the expansion ofTT[Lm] (x) =x(x—m)(x—2m) -+ (x—(n—1)m)
i terms of the power sequence, that is,

n
x(x—m)(x—2m)---(x—(n—1)m Zs

k=1
Remark 2 The [m]-Stirling numbers of the first kind have the following com-
binatorial interpretation in terms of the Mobius function. Considering Qn o(G),
the subposet of Qnr of elements of the form (7', (0,0,...,0)), sm(n, k) is the
sum of its Mobius function over the elements of rank n—X. The proof of this
fact is completely analogous of that of Theorem 2.

Remark 3 From the generating function in Theorem 3,
o
t" e™ —1
5 i - e (+51),
= n! m

we have that the r-Dowling polynomials, DR“’T} (x) = Dmyr(n,x) are a Shef-
fer family relative to the [m]-Touchard, associated to the pair of generating

In(1 —i—mx)]/m),

; S S
functions ( )7

;ln(l—kmx)vm = (e e B
(]_{_mx)r/m) - ) m ’

being the inverse of<erX %> as an exponential Riordan array, see Equation
(23) bellow. For that, see [32], and [31] Theorem 2.3.4. Hence, we have the
binomial identity (see [31], Theorem 2.3.9)

DM +y) =Y Ccl) D T (). (20
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Its umbral inverse ZSR“ o) (x) is Sheffer relative to ﬁlm} (x). It is associated to the

pair (e”‘, %) .

From that we get next theorem

Theorem 7 The umbral inverse of the r-Dowling Sheffer sequence is equal to
D () = BT () = (x— 1) (x—r—m) -+ (x—r— (k= 1)m).  (21)

The r-Dowling sequence satisfies the identity

n
rir—m)(r—2m)---(r—(k—1)m
A b L L CE LTS
k=0 )
Proof. Since ﬁT[lm‘ﬂ (x) is associated to (e™, %), it is equal to the inverse

of the operator e™x = E applied to T (x) (see [31], Theorem 2.3.6). For the
same reason we have that DT[Lm’r](x) = (1 4+ mdy)"” mTT[Lm} (x). Expanding the
operator (1 +mdy)™™ by the binomial formula we obtain the result. O

6 Some applications from Riordan arrays

The r-Whitney numbers can be defined using exponential Riordan arrays. An
infinite lower triangular matrix is called a Riordan array [33] if its kth column
satisfies the generating function g(z) (f(z))k for k > 0, where g(z) and f(z)
are formal power series with g(0) # 0, f(0) = 0 and f’(0) # 0. The matrix
corresponding to the pair f(z), g(z) is denoted by (g(z),f(z)). The product of
two Riordan arrays (g(z),f(z)) and (h(z),1l(z)) is defined by

The set of the Riordan matrices is a group under the operator “*" [33]. The
identity element is I = (1,z), and the inverse of (g(z), f(z)) is

(9(2),f(2)) " = (1/ (g o) (2),(2)) (23)

Sometimes, it is useful to use exponential generating functions instead of ordi-
nary generating functions when we apply a Riordan array method. We call the
resulting array an exponential Riordan array and we denote it by (g(z), f(z)).
Its column k has generating function g(z) (f(z))* /klik=0,1,2,... (cf. [35]).



410 M. A. Méndez, J. L. Ramirez

The r-Whitney numbers of the second kind are given by the exponential
Riordan array:

e™ —1
Wi = W (1, K], s = <e . >

Therefore, as we have already seen in Remark 3, the r-Dowling polynomial

DR“ o) (x) is a Sheffer sequence for

((1 +mx)”™ In(1 —l—mx)]/m) .

In this section we give some explicit relations between the r-Dowling poly-
nomials and the Bernoulli and Euler polynomials by using the connection con-
stants anx in the expression m(x) = Y _, ankSk(x), where the polynomials
Th(x) and s, (x) are Sheffer sequences. These constants can be determined by
the umbral method [31, pp. 131] or equivalent by Riordan arrays [35, Theorem
6.4]. In particular, let sy (x) and m,(x) be Sheffer for (g(t), f(t)) and (h(t), l(t)),
respectively. If r(x) = 3 _, anksk(x), then anx is the entry (n,k)-th of the

Riordan array
g(lt) .~
<h(l(t))’f(1(t))> : (24)

The Bernoulli polynomials, B, (x), are defined by the exponential generating
function

o0 t‘ﬂ. teXt
ZBTL(X)F = et _ -] .

The Bernoulli numbers, By, are define by By := B,,(0). Moreover, the polyno-

mials By (x) are Sheffer for (€=, t) (cf. [31, 14]). The r-Whitney numbers of

t
the first kind are defined by exponential generating function [24]:

/N

» In®(1 4+ mz)

%) o N
1;me,r(n, k)H =(14+mz)™m o (25)
Theorem 8 Forn > 0 we have
& /n
Bu(x)=) > ( E)Bnng,r(ﬁ, K)D™ (x). (26)

k=0 {=k
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Proof. If By(x) =Y ¢ an, kDmT (x), then from (24) and (25) we get
e = 0 (T4 m =™ S (11 4 my /)
k! et —1
o In®(T+mt)  t
— v/
= [t"] ((1 +mt) /™ o R
n=k
_ ( S ( B)Bn_ewm,r(e,k)> =
n=0 (=0

Therefore, it is clear (26). O

The Euler polynomials, &£,(x), are defined by the exponential generating

function
o0
tn 2ext
Z 871()(.)7 - ti.
n!  et+1
n=0

The numbers &,, are define by &, := £,(0). Moreover, the polynomials &, (x)

are Sheffer for (et; 1t

From a similar argument as in above theorem we get the following theorem.

Theorem 9 For n > 0 we have

n) =3 Y () ot D™ v,

In the following theorem we analyze the connecting coefficients

n
=Y aniBe(x)
k=0
Theorem 10 For n > 0 we have
[m,7]
Dn (X) =

1 n n-k ¢ 1 .
P Z<£+1><€+1>Wm’r(n_e’ KM T (DB By(x). (27)

k=0 (=0 s=0
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Proof. From Equations (24), (1) and (15) we get

oo (L [ml]
Yy ¢ mtsB Tsil](”i
- 3 TS
n—k ¢ [m]

T 1 n
> (n) <£> W — g kme-s5, 1) &
== /) \s s+ 1 n!

0 ML 1 [T
s (Z (0 ()

_ t
Wons (= 6 T4 (1) &)

0 - m [’} N i
£ ) (e

Therefore, it is clear (26). O

From a similar argument we get the following theorem.
Theorem 11 For n > 0 we have

n—k
DM = Y (; Y (;‘) Wi (n— 6 10T™ (1) + %Wm,r(n, k)) Eclx).

n
k=0 (=0

6.1 Some recurrence relations

The entries in a Riordan array can be expressed as linear combination of the
elements in the preceding row. That is, if dni1 41 is the (n+1,k+T1)-th entry
in a Riordan array, then there is a sequence A = (an)n>o such that

A1k = aodnx + ardnyir + a2dnyi2 +---, ag #0

The sequence A is called the A-sequence [30]. Additionally, any element in
column 0, except the element dgo, can be expressed as

dny10 =zodno +z1dng +z2dn + -+
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The sequence Z = (zn)n>0 is called the Z-sequence [22]. In general, the A and
Z sequences, and the element doo completely characterize a proper Riordan
array.

The above conditions can be write in terms of generating function. In par-
ticular, a triangular array D = [dn»k]n,keN is a Riordan array if and only if

g(0)
1—2Z(g(z))

where A and Z are the generating functions of the A-sequence and Z-sequence,
respectively.

The generating function for the A-sequence of the exponential Riordan array
of the r-Whitney numbers is given by

9(z) = and  f(z) = z(A(f(z2))),

o t _ i
f(t)  In(1+mt)/m  In(1+mt) —

where ¢y are the Cauchy numbers of first kind. They are defined by ¢, =
f(]) x2dx. See [23] for general information about Cauchy numbers. Taking in
count that any exponential Riordan array (g(x),f(x)) = (dnx)nx>0 satisfies
the recurrence relations (see [35, Corollary 5.7])

o0

n+1/k+j

dn+1,k+1 = Z K+ 1 < >] a)dnkJr])
=0 J

n
~ n—1
dnje—dn 1= (13 . >fn—€+1 de—1 -1,
=k
I n
kdnx = Z ((3 B ]>fn€+1 de—1x-1,
=k

where (a;) is the A-sequence and (&n,k)n,kzo = (g’(x), f(x)). Then we obtain
the following corollary.

Corollary 4 The r-Whitney numbers of the second kind satisfy the following
recurrence relations

> +1/k+j : .
Wi+ 1k+1) =Y 2 (T ) eimiWg, (n, k +7),
= k+1 j

n
—1
Wi (M, k) — Wi r(n — 1,k) = Z (1;_ ] >m““wm,r(e— L,Lk—1), n>1,
{=k
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n
kWi (1, k) :Z< n )m“_sz,r(ﬁ—Lk—]).

= -1

From the generating function (25) we obtain that the r-Whitney numbers
of the first kind are given by the exponential Riordan array

W, = e (n, k)] = <(1 +mz)”/™ In(1 + mz)‘/m>.

In this case, the generating function for the A-sequence of the exponential
Riordan array W7 is given by

t t mt — Lt
fy) et emt 7 %Bkm k!

m

where B,, are the Bernoulli numbers.
Therefore we obtain the following corollary.

Corollary 5 The v-Whitney numbers of the first kind satisfy the following
recurrence relations

= n+1/k+j - :
Wm,r(n'i'])k‘l‘]):ZT]z_i_]( ] ])B)'m]wm,r(n>k+]))
jf

Winr (1, k) + Z( ) (= €= )W (€ 1) (=m)"
(=0

T T
WM: wl\/]:

<?:11>(m)n_e(ne)!wm,r(e Lk—1), n>1,

KW (1, k) = ( " )(—m)“—“(n—e)zwm,r(e—1,k—1).

£—1
6.2 Determinantal identity

The r-Whitney numbers of both kinds satisfy the following orthogonality re-
lation (cf. [24]):

n n
Z Wm,r(na i)‘/Vm,r(i) S) = Z Wm,r(n) i)Wm,r(ia S) = 6s,n»

i=s i=s
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where 65, = 1 if s =n and 0, otherwise. From above relations we obtain the
inverse relation:

n n
fan = Zwm,r(n,s)gs — On= Zwm,r(nas)fs-
s=0 s=0

Moreover, we have the identity Wy = W, 1. where W, is the exponential
Riordan array for the r-Whitney numbers of the second kind.

From definition of the r-Dowling polynomials we obtain the equality W;-X =
Dm,r, where X = [1,x, x%,...]" and D= [D([)m’r] (x),D][m‘ﬂ (x), ng’ﬂ (x),...]".
Then X = W1Dy,; and

n
X =Y Wi (n, KD ().
k=0

Therefore

n—1
DI (x) = X" = 3 Wnp(n, DM (x), n> 0. (28)
k=0

From the above equation we obtain the following determinantal identity.

Theorem 12 The r-Dowling polynomials polynomials satisfy

1 X e xn! x™

T wnr(1,0) . Wmnr(n—1,0) Wm,r(1,0)
’DR“’T} (x) = (=" 0 1 cee Wm,r(n -1,1) Winr (1, 1)

0 0 1 Wmnr(n,n—1)

Proof. This identity follows from Equation (28) and by expanding the deter-
minant by the last column. O
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