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ABSTRACT. We present a general convolution formula involving the generalized Stirling num-
bers of Hsu and Shiue and the degenerate Bernoulli polynomials of Carlitz. As special cases,
this formula yields new convolution formulas for weighted Stirling numbers of both kinds,
Bernoulli polynomials of both kinds, binomial coefficients, and harmonic numbers. The for-
mula also encompasses several familiar recurrences for these combinatorial sequences.

1. INTRODUCTION

Hsu and Shiue [5] defined generalized Stirling number pairs by the generating function

k
(1 + at)B/o — 1)

5 (1.1)

where (a, ) # (0,0). The usual Stirling numbers of the first and second kinds s(n, k) and
S(n, k) are given by the parameters (a, ,7) = (1,0,0) and (o, 8,7) = (0, 1,0), respectively.
(When a@ = 0 or 8 = 0, the equation is understood to mean the limit as & — 0 or § — 0.)
The parameters (1,0, —z) and (0,1, z) give Carlitz’ weighted Stirling numbers of the first and
second kinds, and the parameters (1, A, 0) give the degenerate Stirling numbers of Carlitz. Hsu
and Shiue demonstrated that there is, in general, a duality between the generalized Stirling
numbers with parameters («, 8,7) and (8, a, —r). These sequences are of great importance in
combinatorics and number theory. See [6] for further algebraic and combinatorial viewpoints
on these sequences.

Carlitz [2] defined the degenerate Bernoulli polynomials BT(LU))()\,QJ) for A # 0 by means of
the generating function

((t)u_1> (T+ A" =" B\, x)tnj!, (1.2)
n=0

03 Sttty = sy

n=~k

1+ M

where Ay = 1. When A — 0, we obtain the usual order w Bernoulli polynomials Bflw)(x) =

(w) (0, x), which are generated by

NN
(5) e =T (13)
n=0 ’

and for the case y = 0, we have limy_, )\_”Béw)()\, Azx) = n!bglw)(x), where the order w

Bernoulli polynomials of the second kind b (x) are defined by

t b T _ - (w) )"
<log(1—|—t)> (1+1) nzzobn (z)t". (1.4)
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In all cases involving Bernoulli numbers, when the order w = 1 or the argument z = 0,
we will often suppress that part of the notation. These polynomials are also important in
combinatorics and number theory, being related to power sums, generalized factorial sums
[2, 8], divided differences of binomial coefficients [1], game theory probabilities [3], and coset
products in factor rings [7].

In this paper, we demonstrate a different kind of relation between these sequences, which
may be expressed as a general convolution identity. Several special cases will be observed such

) ZZ; <?> (Hn — Hj)bj =n (1.5)
and |

where H, =1+ % 4+ % denotes the nth harmonic number.

2. MAIN RESuULT

Theorem 2.1. If k > w, we have
« (n ) ()
> (j)sm Jokia, BB (A @) = (z)sm—w,k—w;a,ﬂ,rwm,
7=0 w

where \3 = «; and for k < w, we have
n—k

> (?)S(n Jokia, B.r)B (N 2)B = (Z)ﬁ( RIoN x+5)6” k.
5=0
Proof. If A3 = «, then replacing t with St yields
= tn t v
> a0 = (ragmay) 0+ (2.1)

Therefore, if k > w, we have

[ZSnka,B, ] [ZW A\, 7)B ]

w Bla _ k—w
_t —(1+ at)(r—l—ﬁﬂ:)/a <(1 + Oﬁ% 1) , (2.2)

k;l
whereas, if k¥ < w, we may write
ZS n, k; o, B,r) ] [Z ']

tk
k;l

—(1 + ABt)atr/B) <5t>w_k. (2.3)
1+ ABt)e — 1

Equating coefficients of ¢" /n! gives the result. O
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3. LiMITING CASES

When XA = 0, our convolution involves the order w Bernoulli polynomials and weighted
Stirling numbers of the second kind, and the result is either a weighted Stirling number of the
second kind or a Bernoulli polynomial, depending on whether k& > w.

Corollary 3.1. (A =0 case) If k > w, we have

n—k n
Z <n>S(n — 7, k; 0, l,r)B](-w)(:c) = (%,)S(n —w, k—w;0,1,7r+ x);
7=0 J (w)

and for k < w, we have
n—k n n
. —k

> (j)s(” — k0,1, B} (@) = (k)Bffik (@ +7).
j=0

When p = 0, our convolution involves the order w Bernoulli polynomials of the second kind
and weighted Stirling numbers of the first kind, and the result is either a weighted Stirling
number of the first kind or a Bernoulli polynomial of the second kind, depending on whether
k> w.

Corollary 3.2. (u=0 case) If k > w, we have

n—k n
Z <7;>S(n—],k,lvo’r)j|b§w)($) = EZ};S(” - wak —w;l,O,T—FQT);
Jj=0 w

and for k < w, we have

= S(n J,k,l,O ), (w) by (@ + )
Z ) () = 2t T
< .

(n—j)! J

We remark that in [9, eq. (4.3)], there is a convolution formula for Bernoulli polynomials
of the second kind with weighted Stirling numbers of the second kind. That formula seems to
share a kind of duality with the above corollaries.

4. ZERO-ORDER CASES

In this section, we consider the specializations of the main result when £ = 0, w = 0, or
k—w = 0. When k = w, the sum reduces to a single falling factorial or power; this occurs
because S(n,0;«, 8,7) = (r|a),, where

(rla), =r(r—a)---(r—(n—1)a) (4.1)
denotes the generalized falling factorial with increment «, with convention (r|a)y = 1 [5,
eq. (8)].
Corollary 4.1. (k= w case) We have
n—k
> (%)t ksasnsP s = (3 )+ Bl
§=0

where A3 = «; in particular for A =0, we have
n—k

2 <T‘L>S(n 3 k0,11 B (@) = <Z> (r+ )" "

=0
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and for p =0, we have

nz_k <;L>S(n — Jrk; 1,0, () = (Z) (el

§=0
When r = x = 0 in the above corollary, we obtain the orthogonality relations

n—Fk

T <;‘> S0 — j, ks o, 8,008 (VB = b1, (4.2)

J=0

where 9y, 1, is the Kronecker delta; in particular, we have

n—=k n
>, ( j>5(n_j, k)BY = 8., (4.3)

7=0
and
n—k
3 (”) s(n— 5, K0 = 6, (4.4)
j=0
in terms of the usual Stirling numbers s(n, k) and S(n, k) of the first and second kinds.

In the case k = 0, the generalized Stirling number disappears from the convolution, and we
obtain a recurrence involving Bernoulli polynomials only.

Corollary 4.2. (k=0 case) We have

n

3 (j) (rlc)asB (A 2)8 = BNz + (r/8))8",

§=0
where \3 = «; in particular for A =0, we have
> <”> I B (z) = B{ (x + 1)
=0 N
and for u =0, we have
(T @)y )
; (n_j)bj (z) = b (x + 7).

Note that the second equation (A = 0) of this corollary is a well-known recurrence for
Bernoulli polynomials, particularly in the case = 0. The third equation (u = 0) does not
appear to be so well known.

In the case w = 0, the Bernoulli polynomial disappears from the convolution, and we obtain
a recurrence involving Stirling numbers only.

Corollary 4.3. (w =0 case) We have
n—k
> ()00~ ks, 8. (el = Sk .7 + )
=0

where A3 = «; in particular for A = 0, we have
n—k
Z (?)S(n — 4, k;0,1, )2 = S(n, k;0,1,7 + )

=0
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and for p =0, we have
n—k

> (%) st ksr0.mit(7) = Sk 1.0+,

j=0
These two special cases (A = 0 and p = 0) are well-known recurrences for weighted Stirling
numbers, particularly in the case r = 0.

5. FIRST-ORDER CASES

When k£ =1 or w = 1, the generalized Stirling number may be simplified to

S(n, Lo, B,r) = 871 ((r + Bla)n — (r|a),) (5.1)
in terms of generalized falling factorials. This may be proven by induction from the recurrence
Stn+1,k;a,8,7) = S(n,k -1, 8,7) + (kB — na +1)S(n, k; o, B,7) (5.2)
[5, eq. (7)]. Taking the limit as § — 0 yields
1 1 1
Therefore, we have the following corollary.
Corollary 5.1. (k=w =1 case) We have
n—1
n i
> <]> ((r + Bla)n—j — (rla)a—y) Bj(A, )~ = n(r + Bzla),-1,
§=0

where A\ = «; in particular for X = 0, we have

nzl <"> ((r + )" — ") Bj(z) = n(r + =)™

=0

and for =0, we have

) Bt (70

J=0

In the case » = 0, the A = 0 case of the above corollary reflects the usual recurrence and
difference equation for the Bernoulli polynomials. In the g = 0 case, the weighted Stirling
numbers of the first kind reduce to generalized harmonic numbers; in particular taking r = n,

we obtain Zn: <7;> (Ho — H,)by(a) = <Z J_r :16) (5.4)

j=0
where H, = 1+ % 4 —1—% denotes the nth harmonic number, and more specifically for x = 0,
we get
" /n
> < > (H, — H;)bj = n. (5.5)
=0
Taking # = —1 and using the identity B = nlb,(—1) [4, eq. (2.10)] yields the identity
n B
3 <"> (H, — Hj)—2- =1 (5.6)
S \J !
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for the Norlund numbers BT(Ln).
These identities are special cases of a general class as illustrated in the previous corollary.
We conclude with a general statement of the result for k = 1.

Corollary 5.2. (k=1 case) We have
n—1

> () (4 By = ) 870 )8 = B o+ (/)87

J=0

where A\ = «; in particular for X =0, we have

n—1 n ' .
> () (ot 7 =) B a) = a4 1)
j=0

and for =0, we have

w g (w1
j;(n—j) {ﬁr—l*”'ﬂ_(nﬂ b (@) = by (@ ).

In the case k = 2, the Stirling numbers may also in some cases be expressed in terms of
generalized harmonic numbers of higher order. We leave the details to the reader.
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