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1. Introduction

The r-Whitney numbers of the first kind wy, ,(n, k) and the second kind W,, ,(n, k) were
defined by Mez6 [29] as the connecting coefficients between some particular polyno-
mials. Note that the »-Whitney numbers of the second kind are exactly the same num-
bers defined by Rucinski and Voigt [45] and the (r, §)-Stirling numbers defined by
Corcino et al. [15].

For non-negative integers n, k and r with n > k > 0 and for any integer m > 0,

(mx +1r)' = kaWm,r(n,k)x& (1
k=0
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and

n
m"x% =Y " wy(n, k) (mx + 1), )
k=0
where
N xx—1D---(x—n+1), ifn>1;
X— =
1, ifn=0.

The r-Whitney numbers of the first kind and the second kind satisfy the following
recurrences, respectively [29]:

Wy (M, k) =W p,(n—1,k— 1)+ (m —nm —r)wy (n —1,k), 3)
Wiy, k) =Wy ,(n — 1, k= 1)+ (km +r)Wy, ,(n — 1, k). 4)

Moreover, these numbers have the following rational generating function [10]:

n n—1
> W nn = k)b =T = ¢ + mk)x), (5)
k=0 k=0
n 'xk
HZ;: Wonr ot X = 0= G ) (1 + mibon) ©

Note that if (m,r) = (1,0) we obtain the Stirling numbers [21], if (m,r) = (1,r)
we have the r-Stirling (or noncentral Stirling) numbers [7], and if (m,r) = (m, 1) we
have the Whitney numbers [5,6]. See [3,10,16,38] for combinatorial interpretations of
the »-Whitney numbers, [26-28] for their connections to elementary symmetric functions,
[13,14,17] for asymptotic expansions of W,, (n, k), [34,35] for their connections to matrix
theory, [29,39] for their relations with the Bernoulli and generalized Bernoulli polynomials
and [12,18,24,25,42,43] for their ¢ and (p, q)-generalizations.

In this article, we study some families of combinatorial polynomials associated with the
r-Whitney numbers of the second kind. They are the r-Dowling polynomials, r-Whitney—
Fubini polynomials and the r-Eulerian—Fubini polynomials. They are defined by using
generating functions in a similar way as in the classical cases. Then we derive several
combinatorial results by using the algebraic method introduced by Rota in [44] and com-
binatorial arguments by means of (r, m, x)-partitions. Finally, we study the root structure
of the r-Dowling polynomials. In particular, we analyse the leftmost zero of these polyno-
mials and its asymptotic behavior. Additionally, we show that the sequence of r-Whitney—
Fubini polynomials is a log-convex sequence and we prove that these polynomials have
only negative real zeros in the interval ] — 1, O[.

2. The r-Dowling polynomials
Cheon and Jung [10] defined the r-Dowling polynomials of degree n by

n
Dm,r(n, x) = Z Win,r (1, k)xk-
k=0
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They found some combinatorial identities by means of Riordan arrays. In this section, we

use a technique from linear algebra introduced by Rota [44] to give an alternative proof of
some results of Cheon and Jung.

Theorem 1. The exponential generating function for the r-Dowling polynomials is

o 7" ez _ |
E Dpr(n,x)— =exp|rz+x . (7)
n! m

n=0

Proof. Let V be the vector space of polynomials. It is clear that the following sequence is
a basis of V:

The r-Whitney numbers of the second kind satisfy

n

1
=3 (x’;r) m Wi (n, ). (8)

=0
Then
" x—r\t
Lm,r(xn) = L, (Z (T) mle,r(n, l))
=0
n
=D Wanr (0. 1) = Dy p (1. ).
1=0
Therefore,

me r(”l x)_ ZLm r(xn)_ - (Z (xnzy)n) = Lm,r(exz)-

n=0

Note that e¥¢ = e* (emz)% = (1+ u)%, where u = ¢”* — 1. Then by the binomial
theorem we get

Lin (€)= &Ly (1 +0)'7) = €L Z(x_’) v

J=0 ]!
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e )
|

T xu

. —etenm .,

J:
j=0

Then equation (7) follows. O

COROLLARY 2

The r-Dowling polynomials satisfy the relations:

L4 Dm,r—i—] (n,x) = ZZ:O (Z)Dm,r(ka x).
© Dy, x) =Y 5o (1) (= D" * Dy ry1(k, x).

Proof. Since

n

00 z emzfl
eZZDm,r(n,x)ﬁ = exp ((r—i— Dz +x )

m
n=0

Cauchy’s product implies the identities. ]

From the above corollary, we obtain the following identities:

n

n
Dm,r+s(nv X) = Z <k>sn_k’Dm’,(k, X),
k=0
n

Dy, x) =Y (Z)(—s)"‘kbm,r+s (k. x).

k=0

forany r,s > 0.

This was proven in a particular case by Mihoubi and Belbachir [37] and before that in
an even more special case by Mez6 [32]. The combinatorial description that we are going
to introduce for D,, ,(n, x) makes the proof of this formula straightforward.

Now, we find an ordinary generating function of Dy, ,(n, x). In order to determine
the ordinary generating function we need some other notions. The rising factorial (a.k.a.
Pochhammer symbol) is defined by

(x), =+ = x(x+DE+2)---(x+n-=1), ifn>1,
S OF ifn = 0.

9

Itis obvious that (1),, = n!. Fitting our notations to the theory of hypergeometric functions
defined below, we apply the notation (x), instead of x". The next transformation formula

X = (=) (=x),. (10)

holds.
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The hypergeometric function (or hypergeometric series) is defined by

o (ank(@)i - - (ap)k t

t) Z G by K

ai,az,...,ap
bi,ba, ..., by

Note that the denominator of equation (6) can be transformed using the falling

factorial:
1=rx)1—F+m)x)---(1— @+ mk)x)
(1 —x)(1 =2x)--- (1 = (r + mk)x)
- Mzla—io[1S'a—e+ox) - T = ¢+ (k= Dhm +i)x)
Kk (%)M
bk (DT (L= =t - 1)
k1 (%)%
T ()
Hence

00 1 (l)L k—1 m—1
3 W k0" = (- r—im— )
r} ()

From (9) and (10), we get

1 r+mk+1 1
(L) = cormmn (1)
X/ rmk+1

X
1 1
= (—1)rtmk (——) (—— +r+ 1) .
x r+1 X mk

Therefore
1

i (—1)rtmk+11 (l)L kl:[
Wi r(n, k)x" = LS ( —r—lm—l)
n=k (_)lc)r+1 (__ +r+ l)mk =

Since
L = (=1 X
rx

(- -
and from equation (10) we have

o0 -1 - T :
Z Wm,r(nv k)xn = rx xr+x—1) 1_[ (r Himd- ;>m1 '

_1(T mk 1=0

><I—-><|.—
SN—

r+1

n=k
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We multiply both sides by z¥ and take summation over the non-negative integers:

0 -1 0 (—Z)k k—1 1

> Dpr(n. 2)x" = — H<r+lm+1—_>

n=0 rx—1 k=0 (5 )mk 1=0 *m-1
(

S (e (2 (221 (2 )
=0 Wk mik\ m. Jy m k

-l & (o (Vmk
- L o )

k=0

_ i (=z/m)*
rx —1 O((v—i—m—l)/m)k
wherev=r+1— % Therefore we have the following theorem.

Theorem 3. The ordinary generating function of r-Dowling polynomials is

—z/m).

Note that if m = 1, we obtain the ordinary generating function of r-Bell polynomials

(see [32,37])
-1 1 rx—1
_Z> - r)c—]f?lF1 ( L{fil Z>.

Z Dr(n, )x"
The last equality follows by Kummer’s formula [1, p.505].

oo

" 1
E Dm,r(na Z)x == lFl rx+mx—1
=0 rx —1 —

mx

1
1F1 ( rxtx—1
X

Theorem 4. The r-Dowling polynomials Dy, »(n, x) satisfy the recurrence relation

n
Dm,r(n +1,x) = ’"Dm,r(ns X)+x Z (’;.)mn_jpm,r(j’ X). (11)

j=0

Proof. Note that

l -1
X—r\-_ x-—r x—r_l—
) =)

Then for any polynomial P(x), we get

Ly ((x —r)P(x —m)) = xLy, r(P(x)).

Indeed, if P(x) is a polynomial of degree n then it can be written as

0 2 n
—r\- X —r\— X —r\—
) 1< ) n( ) .

m m

X
P(x) = bo(
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Therefore

m,((x_r)m—m))—Lmr((x—r) (Zb (%)))
(B2 ()
= L, (m (;.bi ! ))

In particular, if P(x) = (x + m)" we obtain

Lm,r(x”+1 —rx")y=xLy, ((x + m)”)

n
n .
= L, ("t — rLy (X)) =xLp, E < _>m"_fx/
J

J=0

Jr e ()
) " ]Dmr(] x).

= Lp, r(xn+]) =rLp, r(x )+XZ<
J

= Ly (") = L (2" )+x2(
J

Then equation (11) follows. O

2.1 Combinatorial proof of Theorem 4

Itis not hard to find the combinatorial meaning of the values of the D, (1, x) polynomials,
at least when x is a positive integer.

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 often called blocks. Any fixed partition can be written
uniquely: we order the elements in the blocks in increasing order and we put the blocks
into increasing order with respect to their first elements. This representation is called the
partition’s standard form.

For instance, the below partition is in standard form

{1,7,9}, {2}, {3, 4,5, 8}, {6}, {10, 11}.

We introduce two more notions to describe our proof in a simpler form. Let, n > 0 be
integers, and let us consider the set

Apr={12,....,r,r+1,....,n+r}

The elements 1, 2, ..., r will be called distinguished elements by us. A block of a partition
of the above set is called distinguished if it contains a distinguished element. Then the above
mentioned interpretation is as follows:
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Letn,r > 0 and m, x > 1 be positive integers, and let us write all the partitions of the
set A, into the standard form. Then D,, ,(n, x) is the number of the partitions of A, ,
such that

e the elements 1,2, ..., r are in distinct blocks (i.e., any distinguished block contains
exactly one distinguished element),

e all the elements but the last one in non-distinguished blocks are coloured with one of
m colours independently (note that the last element is also the maximal in the block,
thanks to the standard form),

e the non-distinguished blocks are coloured with one of x colours independently,

e neither the elements in the distinguished blocks nor the distinguished blocks are
coloured.

The partitions of A, , satisfying the above assumptions will be called (r, m, x)-
partitions.

To take an example, let r = x = 2 and m = 3. The m = 3 different colours of the
elements will be fixed as blue, red and green, while the blocks will be coloured with x = 2
colors: yellow and cyan. Then a typical (2, 3, 2)-partition of Ay > looks like

{1,7,9},{2}, {3, 4,5, 8}, {6}, {10, I 1}.
(The distinguished elements are underlined.) We are now ready to prove Theorem 4.

Second proof of Theorem 4. Let n,m, x > 1 and r > 0. Then a typical (r, m, x)-partition
of A,+1, can be constructed recursively as follows:

o If the last element n + 1 of the set A, happens to be in a distinguished block, then
we have r possible such cases, because there are r distinguished blocks. The other
elements previously goes to an (r, m, x) partition in D,, ,(n, x) ways. Altogether we
have rD,, ,(n, x) possibilities.

o If the last element of the set A, , is in a non-distinguished block (this can happen,
because n > 1), then its block, say B, might contain other elements as well. Let us
suppose that B contains j elements plus n+ 1. These j elements are non-distinguished,
so 0 < j < n. We have (") possibilities to fill up the block B. These j elements are
not maximal, and hence are needed to be coloured with one of the m colours. To
perform this colouring we have m/ possibilities. The remaining n — j + r elements
preliminarily must form an (r, m, x)-partition and this can be done in Dy, ,(n — j, x)
ways. One more step remains: since B is not distinguished, it must be coloured with
one of the x colours. All of these together give x(?)mj Dp.r(n — j, x) possibilities.
Summing over the disjoint possibilities j = 0, 1, ..., n, we are done.

O

In [4], the authors consider the case when x is a real or complex number.

2.2 Dobinski’s formula

There exist several formulas to calculate the Bell numbers. One of them is by using the
Dobinski’s formula [11,19,21,40]
ey &L
Bi=-) —.
!
e = k!

The following theorem generalizes this identity to our case.
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Theorem 5. The r-Dowling polynomials satisfy the identity
s "o
Dpr(n, mx) = — Z be,

er 0 s!
5=l

for s an integer. In particular,
1 N (ms + r)"
Dy r(n,m) = - ZO g
5=

Proof. From equation (1) we have for any integer s,

s!
(s —k)!°

n n
(ms +1)" =Y m Wy, (n, s =Y " m W, (n, k)
k=0 k=0

Then

(ms+r)" = mE Wy, (n, k)
s! _ho (s—=k!

In the next step, we multiply both sides by x* and sum from m = 0 to co. Then

oo xs o n mk s
S0 = 3 6w}
s=0

s=0 k=0
0o n k I+ k
Wm,r(”vk)< k )xH—k

S
1=0 k=0 I+ k)]
n

=e* mka,r(n, k)xk = e*Dy.r(n, mx).
k=0

O

If x = 1/m in the above theorem, then the r-Dowling numbers D,, ,(n, 1) := D, (n)
satisfy the identity

1 X (ms +r)"
Do) = < )
s=0

2.3 An integral representation

In 1885, Cesaro [9] found a remarkable integral representation of the Bell numbers (see
also [2,8]):
2n! T

£i0
B, = —Im e® sin(no)do.
e 0
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It is not hard to deduce the ‘r-Dowling version’.

Theorem 6. The r-Dowling numbers have the integral representation
Dyy(n,1) = Dyr(n) = 1/m Im/ e e sin(n)do.
Proof. We need the following identity [8]:

T T j"
Im/ e/® sin(nd)do = e
0

2n
The r-Whitney numbers can be represented in closed form [29]

k

1 k ;
Wor(n k) = —o > (J.)(—l)"—f (mj + )"
j=0

From the above equation, we get

Wy r (1, k) = 2: kZ( )( k= ’Imf ™41 Gin(n0)de

Zn'
= —1Im
T k'mk

/ @ — 1)ke"" sin(n6)do.

Therefore

i0

00 (o)

2n! b4 me'” _ k ;
Z Wi r(n, k) = ilmf (Z %) e’ ’ sin(nf)do
k=0 T 0 m=K:

k=0

2n! T emeig i .
= —Im e n ¢e° sin(nd)do.
wel/m 0

2.4 Spivey’s formula
Spivey [47] proved a formula for the (n + m)-th Bell number

Bhm —ZZJ" “S(m, J)( )Bk,

k=0 j=0

(12)

where S(m, j) is the Stirling number of the second kind with parameters m and j. This
identity was generalized by Xu in [50]. From Theorem 4 of [50], we obtain Spivey’s

formula to r-Dowling polynomials:
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n h
n .
Dpr(n+hx)=3 %" (k)Dm,r(k, X)W (b, j)xd " m =k,

k=0 j=0

Finding the combinatorial proof is an easy task by the generalization of Spivey’s argu-
ment. Namely, Dy, ,(n+h, x) calculates the (r, m, x)-partitions of A,1_,. Such a partition
can be formed in the following way: We fix a k € {0, 1, ..., n} and make an (r, m, x)-
partition of A C A, , (there are (Z) different such subsets) in one of the D, , (k, x) ways
and another (r, m, x)-partition B of {1,...,r,n+r +1,...,n +r + h} with some, say
j + r, blocks in xJ Wi r(h, j) ways. We consider the unification of A and B such that
we take the union of the distinguished blocks, and the other blocks remain disjoint and
separated. For example, if n = 10, h = 5 and (r, m, x) = (2,2, 2) with element colors
blue and red and block colors yellow and cyan, then the unification of

A={1,59U{2,4, 11} U{7,8,12}
and

B ={1,13,15} U{2, 14} U {16, 17} U {18}
is

{1,5,9,13,15} U{2,4, 11,14} U {7, 8, 12} U {16, 17} U {18}.
Then, continuing the construction, we take the n — k elements stayed out from A, , \
{1,...,r} and put down one by one into one of the j non-distinguished blocks of the
partition of B in j” ¥ ways. Note that our unification process is bijective but putting these

elements into the distinguished blocks would lose the bijectivity.

At the end of this process we have to colour the former block-maximal elements of B

in m" =% ways.

Going back to our example, we have thatk = 1, j = 2 and the elements 3, 6, 10 € Ay,
stayed out. We must put these into the last two blocks, so we get

{1,5,9,13,15} U {2,4,11, 14} U {7,8, 12} U {3, 10, 16, 17} U {6, 18}.
We must colour these three elements in 2% = 8 ways to finalize the construction.
{1,5,9,13,15} U {2,4,11, 14} U {7, 8, 12} U {3, 10, 16, 17} U {6, 18}.

Note that knowing the values k, n, h, we can decipher the original sets A and B and the
set outlier set {3, 6, 10}, too.

2.5 A congruence for r-Dowling numbers

Gessel [20] introduced a method to study sequences defined by exponential generating
functions. In particular, he proved that there exists a sequence {a;}!'_, such that
Byn +an-1Bpyn—1+---+aoBy =0 (mod n!).

Rahmani [41] used this method to find a congruence analogue to Dowling numbers. Using
the same ideas it is not difficult to show the following theorem.

Theorem 7. Let n, i be non-negative integers, we have

n

ZRr(zr,';c!r)(t)Dm,r(i +k,t) =0 (mod n!),
k=0
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where
n ) n )
RID (1) = (=1) (j.)wm,r(n —j. o,
j=0

and wpy, r(n, k) is a r-Whitney number of the first kind.

3. The root structure of the r-Dowling polynomials

In this section, we study the structure of zeros of the r-Dowling polynomials. It is
known [10] that all the zeros of the r-Dowling polynomials are real and negative for
any r,m,n > 1. Cheon and Jung [10] also proved that the zeros of two consecutive r-
Dowling polynomials are interlacing. Here, we are going to study the asymptotic growth
of the leftmost roots, i.e., the unique (negative) zero with maximal absolute value.

In particular, we will use the definition

n
Dm,r(n, X) = Z Wm,,(n, k)mkxk
k=0

in order to facilitate the calculations. Note that 5,”,, (n,x) =Dy r(n, mx).

From this consideration it comes readily that the leftmost (unique) zeros of @\m, r(n, x)
steadily grow as n grows. This leftmost zero of ﬁm r(n, x) will be denoted by z;, ,, . In
this section, we would like to study how z;; , . grows asymptotically.

Note that identity (12) can be expressed as

r
m

k
1 [k r\n _ n r
_ . n—k k—j . _ . n—k
Winr(n, k) =m X jE_O(_ 1) (]) (] ) =m {k ;r:l } .

13)

Here { n is an r-Stirling number of the second kind [7] which has the following

r
k+r .
generating function:

n

o rz
n+r Z__e_ Z—l)k
Dlkar| m= W€ '
n=0 r

This generating function of the r-Stirling numbers permits us to substitute rational numbers
in place of r. We would think that for non-integer rational  the combinatorial description
loses its meaning but — as (13) shows — via the r-Whitney numbers this combinatorial
meaning is recovered.

Using the fact that

n+r| _ k+r)"
k+r], k'
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we have

k n
mkW,,”(n, k) ~ % asn — oo.

For a first approximation, we use Lagrange’s estimation [36], which in our particular case,
for zeros of r-Dowling polynomials says that

k
Znmyr = Ryr + om,rs

where R, , and p,, , are respectively the maximal and second maximal elements of the

set
{(M)kzm}
(n—k)!

One can easily verify that the partial derivative

D 4/ (m(n — k) +71)"
ok (n — k)!

is always negative on [1, n] and that . W is maximal at k = 1 and the second
maximal element occurs at k = 2. It has been computed in [33] that

n—+r _ ("
o], =G e

n—+r
{n+r_2}r=g(n,r),
where
n—-1N\* ([, 1 1\ (n 5
g(n,r)::§< ) ) +<r +<r+§)n—§>< ) >+r(n—l).
Hence,

=
3
3

I

B n+ <
m" IWm,r(n»n_l)zmn{n—l-r;l—l}
()15 )
— n—2 _ — n n+L — n ( L)
,Om,r—\/m Wp.r(n,n 2)—\/171 {n+g_2} =,/m'g n,m .

Thus a rough estimate for the zeros of r-Dowling polynomials is given by

oy < m" (Z) +m" trn+ [mng (n %)

However, Samuelson’s result [46] states that all the zeros in a given polynomial

p) =x"+ax" '+ +a,_1x +ay
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are contained in the interval [x_, x4 ], where

ap n—1 2n
Xp=—— =+ alz— a.
n n n—1

Using this result, we obtain the following improved estimation.

*

w.m.r Of the r-Dowling polynomials l/)\m,, (n, x), we

Theorem 8. For the leftmost zero z
have that

" 1 n—1 ) 2n r
Gl < R+ = R = g (n, ).

Note that, after some algebra, from this result it follows that

IZZ,m’rI = 0(m"n?).

4. A definition of the r-Whitney—Fubini polynomials

DEFINITION 9

The r-Whitney—Fubini polynomials of degree n are defined as

Fnr (1, %) =Y Wi p (n, k) (k + 1)1 (mx)*.
k=0

Note that the r-Dowling and r-Whitney—Fubini polynomials are connected by the relation
+00
Dy, mxt)e " t"dt = Fp (0, x).
0

Note that if (m,r) = (1,0), we recover the Fubini polynomials (see, e.g. [48]). If
(m,r) = (1, r), we obtain the r-Fubini polynomials [30,31] and if (m,r) = (m, 1) we
obtain a slight variation of the Whitney—Fubini polynomials defined by Benoumhani in [5].

Having the notion of (r, m, x)-partitions in mind, it is easy to interpret F, ,(n, x):
for positive integer x, the positive integer number F, (1, x) is the number of (r, m, x)-
partitions of A, , such that

e the blocks are ordered, thanks to the factor (k + r)!,

o thelastelements in the non-distinguished blocks are coloured. This is so by the presence
of the factor m¥: there are k non-distinguished blocks and their last (maximal) elements
will be coloured with one of the m colours.

Such partitions will be called ordered (r, m, x)-partitions.

Theorem 10. The exponential generating function for the r-Whitney—Fubini polynomials
is

rle’s
(1 —x(em — 1)yr+1

00 o
E fm,r(nvx)_ = (14)
= n!
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Proof. Let T,, , be a linear transformation on V defined as

X —r l’ 1
Tpr =(l+nr, 1>0.
m

Applying T, , to (8), we obtain

n L
Tm,r(xn) = Tm,r (Z <x — r> mle,r(l’l, l))
m

=0

=Y U+ 1)) Wy r (n,1) = Fopr(n, %),
=0
Then

o n
z x=r
S Fonr 00,05 = Ty (€)= Ty (1410

where u = €% — 1. Then, by the binomial theorem,

s 7" X x—r\Lu

> 005 = T z( ) i
n! ‘ m

n=0

j!

Then equation (14) follows. O

Theorem 11. The following equality holds for any real x # —1:

r+k X k "
Fomr(n,x) = (1+x)r+12( ><1+x) (mk +r)". (15)

Proof. Using the exponential generating function of 7, ,(n, x), we have

3 F " rle’ rle’” 1
Z m,r(nsx)a = (1 4 x — xemz)r+l - (1 4 x)r+! ' (1 _ xemz)r+1
1+x
i (rZ)l i r+k X g kmz
<1+x>r+11 ~ I+x

e¢]

_ r! Z r+k X kX r(km)l It
T &k 1+x) T

i=0 [=0
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X r+k
(1+x)’+lz< k )(
+
k

>k » r‘(km)"*"

o — i °
— ! z(n i)!

par I+x
o o0 r k k i Zn
<1+x>r+§ kz_:O( )( ) ()r(m) n!
- (S (1) () w5
. km +r)" | —.
(1 + x) (1+x)r+1 ,12=(:) (; ( k
Then equation (15) follows. O

We can easily have a recursion of F,, ,(n, x) with respect to the parameter r.

Theorem 12. The following equality holds:

n k
k
Fmrt1(n,x) = (r+1) E <Z> E (l>7:m,o(l,X)]:m,r(k =1, x).
k=0 =0

Proof. Using the exponential generating function of 7, - (n, x), we get that

_ (r+ et rle’®
nX(:)}-m r+1(n, x)— T 1—x(em —1) (1 —x(emz —1))rt!
o o
=@+1) (Z ) <me o(n, x)—) (mer(n X)—)
n=>0 n=0
o 7" © n n 2
= (r+1)( _‘> ( <l>fm,0(l,x)]:m,r(n_lax)> -
n=0 - n=0 \I=0 "
> [n Kk "
=r+DY. Y. (k) (Z <l>fm,o(l, X Fnrk =1, x)) -
n=0 k=0 1=0
Comparing the coefficients, the result follows. ([

The combinatorial proof is equally easy to present.

Second proof of Theorem 12. To consider all of the (r + 1, m, x)-partitions calculated by
Fm.r+1(n, x), we can do the following: we choose one distinguished element from r + 1
and we choose n — k elements from n going to its block. The remaining k elements will
go to (1) non-distinguished blocks or (2) distinguished blocks. Supposing that from k
elements / will go to non-distinguished blocks. Then, we have (]Ic)fmﬁo(l s X)Fmr(k—1,x)
cases. Summing over / and k, we are done. O
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4.1 Log-convex property

Let (a,),>0 be a sequence of nonnegative real numbers. We say that the sequence is log-

concave if a,a,42 < a,2l+1 for all n > 0. It is called log-convex if a,a,+2 > aﬁﬂ for all
n=>0.

COROLLARY 13

The sequence F, r(n, x) is log-convex in n for any positive x, because it is a convolution of
these [23]. This means that, in particular, the following inequality holds for the r-Whitney—
Fubini numbers Fp, r(n) = Fp r(n, 1):

fm,r(n - 1)-7:m,r(n +1) > fy%l’r(n)
Theorem 14. The following equality holds:
Fonrm,x)=mx@ +1)+r)Fpu,mn—1,x)+mx(x + 1).7:,;1’,(11 —1,x).

Proof. From the recursion (4) of r-Whitney numbers of the second kind, we get

Fmr(n,x) = Z Wir(n, k) (k + r)!(mx)k
k=0

=Y Wur(n— 1k = Dk +r)l(mx)*
k=0

+ Y (km A )W (0 — 1K) (k + r)!(mx)*
k=0

For the first sum,

n—1

D Wi (n=1, k=) (k + 1)mx)* =" Wy r(n = L)k + 7 + 1) (mx)**!
k=0 k=0

/
1 [
(Z Win,r(n —1,k)(k + r)!mk+1xk+,+1>

xr—l
k=0

/
1 n—1
= — <mxr+1 > Wi — 1)k + r)!mkxk)
X

k=0

1
== (mx" M Fp (0 — 1, %))

=+ DmxFp,(n—1,x)+ mxzf,’n,,(n —1,x),

while for the second

D Stk 4+ )W (n = 1, k) (k + ) (mx)*
k=0
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n—1

=m Zk(k + )Wy r(n — l,k)(mx)k +rFmr(n—1,x)
k=0
n—1

=m Y (k+r)k+r) Wy, (n—1,k)(mx)*

k=0
n—1
—mr Y (k4 1) Wy (0 — 1, k) (mx)* + r Fp (0 — 1, %)
k=0
n—1 !
m r k
=— (x D kA P Wy (n = 1, k) (mx) ) +r (1 —m)Fpr(n = 1,x)
k=0

= (T Fr (1= 1,20) 4 (L= m) F (= 1, 5)

=mrFpy,(n—1,x) +mx.7:,/n’r(n —Lx)+r(d—m)Fyu,,(n—1,x)
=mxF, (n—1,x)+rFpu,(n—1,x).

4.2 Combinatorial proof of Theorem 14

Now we are going to present a combinatorial justification of the recursion in Theorem 14.
Proof. By its definition

n
Fnr (0, %) 1=y Wi, k) k + 1)l
k=0

is the total number of ordered (r, m, x)-partitions of the formerly defined set A, ,. This
means that the order of the blocks count in the individual partitions and any elements in
the non-distinguished blocks are coloured. To construct all such partitions, we have the
below possible cases:

e The last element n alone is in the first position. This offers mx 7, ,(n — 1, x) possi-
bilities.

e The element 7 is not the first but it has no other elements in its block. Such a partition
can be constructed in such a way that we construct an arbitrary ordered (r, m, x)-
partition on n — 1 elements with k + r blocks and we put down 7 after a block and we
colour n and its block as well. In total, we have

Wy r(n — 1, k) (k 4+ r)!m*x* - mx(k +r)

cases for any fixed k =0, 1, ..., n — 1. Summing over k, we have that the number of
possibilities can be expressed by the derivative of the r-Whitney—Fubini number

n—1
> Wi (0 = 1)k + r)lm*x* - max (k + 1)
k=0

n—1

= mxr Z Wy r(n — 1, k) (k + r)lm*xk
k=0
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n—1
+mx Z Winr(n — 1, k) (k + r)lkmFx*
k=0
=mxrFy, ,(n—1,x)+ mxzfr/n,,(n —1,x).
e The element 7 is put into a non-empty block. First, we construct an ordered (r, m, x)-

partition on n — 1 elements with given k + r blocks, and then put down n into one of
the k + r blocks. Up to this step, we have

Wi r(n — 1, k) (k + r)lm*x* - (k +r)
= W, (n — 1, k) (k + r)tmFx* o r + W (n = 1, k) (k + r)tmF bk

possibilities. We still have to consider the colouring. For that we have two different
cases: n goes to a distinguished block (these cases are counted by the first sum above),
then we do not colour n. Or, n goes to a non-distinguished block and it must be coloured.
Therefore, for the second sum above we multiply it by m. Summing over k, we get that
the number of cases is

Wr (n — 1, k) (k + r)imEx® o r + mWo (0 — 1, k) (k + r)!x*k
rFm,r(n—1,x)+ mxf,’,“(n —1,x).
Summing all of the particular cases above and rearranging the sum we have that
Fmrn,x) =mxFy, ,(n—1,x) +mxrFp (n—1,x) +rF,, (n —1,x)
+mx2.7-",;1’,(n — 1L x)+mxF, .(n—1,x)
=mx(14+r)+r)Fu,(n—1,x)+mx(x + l)f;n’r(n — 1, x).
O
5. The real zero property of the r-Whitney—Fubini polynomials

A sequence {ag, a1, ..., a} of the coefficients of a polynomial f(x) = Y ;_, agx® of
degree n with only real zeros is called the Pdlya Frequency sequence (PF). We are going
to prove that the sequence mk(k + )W, - (n, k) is a PF-sequence. To reach this aim, we
first prove an equally interesting fact.

Theorem 15. The following equality holds:

r 1 r 1
mx' 7 (14 )G D[ (14 )00 By o (n— 1,001 = By (n, X).

Proof. Let H(x) = xn (1 4+ x)' " 073 and G(x) = mx'"m (1 + )&~ D" It is not
difficult to show that

H/(x) — w[{(x) and G(x) = M
mx(x +1) H(x)

Therefore from Theorem 14, we have

Fmrn,x) =mx(r+1)+r)Fp,(n—1,x)+mx(x+ l)f,/n’,(n —1,x)

A e 1y (MW))
H (x) mx(x +1)
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mx(x+1) _
Wf”“(n l,x)H(x)

= GO Fnr(n = L, )V H' () + G, (1 — 1, ) H (x)
= GxX)(Fpmr(n—1,x)H(x))".

COROLLARY 16

For all r,m,n > 1, the r-Whitney—Fubini polynomials F,, ,(n, x) of degree n have only
negative real zeros in the interval | — 1, O[. That is, the sequence (Wy, ,(n, k) (k+r) !mk)z=0
is a PF sequence.

Proof. For
For(,x) =rrl+xrim(1 +7r),

the statement is true for any integers r, m > 0. We proceed by induction, and suppose that
the statement is true till n — 1.

1
. _r -——1
From the left-hand side of our theorem, we see that the term mx !~ (14+x) (’” )r can
have zeros only at x = 0 or x = —1. We will see that these are not zeros since they are
cancelled out by some factors of

[(xr'n;(l + x)Hr(l_%))}—m,r(n - Ll

Under the derivative the function has zeros at x = 0, x = —1 and, by the induction
hypothesis, it also has n — 1 zeros in the interval ] — 1, O[. So, by Rolle’s theorem, the
derivative must have n — 2 zeros in between the zeros of 7, ,(n — 1, x), and a zero
between —1 and the leftmost zero of F, ,(n — 1, x), and between 0 and the rightmost zero
of Fu.r(n — 1, x)). These altogether are n zeros, all in the interval ] — 1, O[. Since on the
right-hand side we have an n degree polynomial, we get that these are all the zeros. And,
in addition, as we mentioned, the other zeros at x = 0 and x = —1 cancels out. O

The particular case of r-Fubini polynomials Fi ,(n, x) was proven by Mez6 [30,31].
We remark that the proof of the corollary actually provide more information than what is
stated. It also shows that the polynomials 7, ,(n, x) and F, (n — 1, x) are interlacing in
the following sense.

Let (r;)ien and ((s;) jen be the sequences of the real zeros of polynomials f of degree
n and g of degree n — 1 in nonincreasing order respectively. We say that g interlaces f
[22], denoted by g < f, if

I KSp—1 << <rp<sp <.

So, by using the argument of the proof, we can state that

fm,r(” - 1,x) < fm,r(na Xx).
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Figure 1. Zeros of 7 3(4, x) (red) and 7 3(5, x) (blue).

Example 17. In figure 1, we show the zeros of the polynomials 7> 3(4, x) and 7> 3(5, x)

as

Fr.3(4, x) = 80640x* + 138240x> + 73920x% + 13056x + 486,

F2.3(5, x) = 1290240x° + 2822400x* 4 2131200x> + 648000x>
+ 69168x + 1458.

6. A definition of the r-Eulerian—Fubini polynomials

DEFINITION 18

The r-Eulerian—Fubini polynomials A, ,(n, x) are defined as

Amr(n,x) =Y Wy (0, k) (k + r)tmF (x = 1)"7F
k=0

1
=x—=D"Fur <n, ) .
x—1

Note that

n n—k

A, x) =3 S (1) (” ; k) Wi (1, k) (k + r)lm* 7

k=0 j=0

=) > =y (n ; k) Wi (1, k) (k + r)lm*x7

j=0 k=0

(16)

7)
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Then, we define the r-Eulerian—Fubini numbers a,, (1, j) by
" (n—k
amr(n, j) = Z(—l)"k’< i )(k + ) Wi, (n, k).
k=0

Moreover, if (m, r) = (1, 0) we recover the classical Eulerian polynomials.

Theorem 19. The exponential generating function for the r-Eulerian—Fubini polynomials
is

n r!(x _ 1)r+ler(x—1)z

D A, 0 = . (1)
=0 n:

(x — em(X—l)Z)r+1

Proof. The exponential generating function for the r-Whitney numbers of the second kind
is [29]

o0 n rz mz k
z e et —1

E Winrn, k)— = — .
n! k! m

n=k

Then we have

s n oo 00 .
Z()Am,r(n, x)% - Z Z W r (n, k) (k + r)im* (x — 1)"*"%

k=0 n=k

oo k ©© n
k4 r)!
=y S b — S
n:
k=0

_ 1)k
(x D n=k
B i (k-l—}")!mk . er(x—l)z - em(x—l)z -1 k
N (= D k! m
k
— fle =Dz i k4r\ [em—bz
o PN x—1 '
Then equation (18) follows. O

Theorem 20. The r-Whitney—Fubini polynomials satisfy the identity

Fonr (1, X) =Y (1, )(1 4 x)/x"7. (19)
j=0

Proof. From (17), we obtain

1 . 1\’
fm,r(nax) :xn-Am,r (n,x+ ) ZXnde,r(l’l,j) <x+ ) s
=0

X X

which results in (19). O
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Theorem 21. The r-Eulerian—Fubini polynomials are represented by the following infinite
sum:

-Am,r(n’ x) r

Proof.

> n 0 _Z yn V(v — 1\ +la—T12z
Z Ap.r(n, x) & ZAm,r(n, x)(l;;:) _ rl(x — D" 'e
=0 :

— (1-x)" nl (x —e—mzyr+l

+1
— plemr+D=r)z T-x )
I — xe™e

rH1 _(m(r+1)—r) o~ (T4 mzy j
=r!(1—x)"le ) ) (xe™)!
J

j=0

e (T T\ e (G 74 Dm —r)2)"
:rz(l_x)“;( ; )x/nX:(:) py
_rV(l_x)r-i-lZ Z < )((j+r+l)m—r)n

nO

So statement (20) follows. O
COROLLARY 22
The Eulerian polynomials satisfy the identity

.A(n X) ij (]+1)

1 - x)”‘H
In [35,49], the authors introduced a different family of Eulerian polynomials related to
r-Whitney numbers.
Theorem 23. The following equality holds:
amyr(n, i) = m( +r) —r)am,(n—1, j) +ray,(n—1,j—1)

n—1
. — k-1
+m Y k(=)D gy W (n - Lk)(” . )
k=0 j-1

where ay, ,(n, i) are the r-Eulerian—Fubini numbers.
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