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Abstract

In the paper, by two methods, the authors find an explicit formula for computing Bell numbers in terms of Kummer
confluent hypergeometric functions and Stirling numbers of the second kind. Moreover, the authors supply an
alternative proof of the well-known “triangular” recurrence relation for Stirling numbers of the second kind. In a
remark, the authors reveal the combinatorial interpretation of the special values for Kummer confluent hypergeo-
metric functions and the total sum of Lah numbers.
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1 Introduction

In combinatorics, Bell numbers, usually denoted by B,, for n € {0} UN, count the number of ways a set with n
elements can be partitioned into disjoint and non-empty subsets. These numbers have been studied by mathemati-
cians since the 19th century, and their roots go back to medieval Japan, but they are named after Eric Temple Bell,
who wrote about them in the 1930s. Every Bell number B,, may be generated by

o ij
el — ZBkﬁ (1.1)
k=0

or, equivalently, by

o0

® xk
e Tl = Z(—l)kBkH. (1.2)

k=0
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In combinatorics, Stirling numbers arise in a variety of combinatorics problems. They are introduced in the
eighteen century by James Stirling. There are two kinds of Stirling numbers: Stirling numbers of the first kind and
Stirling numbers of the second kind. Every Stirling number of the second kind, usually denoted by S(n, k), is the
number of ways of partitioning a set of n elements into k£ nonempty subsets, may be computed by

k
S(n, k) = % >y (’:) (k= i)™, (1.3)

and may be generated by

(ez _ l)k e "

n=k

In the theory of special functions, the hypergeometric functions are denoted and defined by
. o) = (a1)n - (ap)n @
qu(al,...,ap,bl,...,bq,x)—;Wf (15)

for b; ¢ {0,—1,—2,...} and p,q € N, where (a)p =1 and (a), = ala+1)---(a+n—1) for n € N and any complex
number q is called the rising factorial. Specially, the series

1F1 CL b Z = T% (16)

k=0

is called Kummer confluent hypergeometric function.
In combinatorics or number theory, it is common knowledge that Bell numbers B,, may be computed in terms
of Stirling numbers of the second kind S(n, k) by

=" 8(n.k). (1.7)

k=1

In this paper, by two methods, we will find a new explicit formula for computing Bell numbers B,, in terms
of Kummer confluent hypergeometric functions 1 F; (k + 1;2; 1) and Stirling numbers of the second kind S(n, k) as
follows.

Theorem 1. Forn € N, Bell numbers B,, may be expressed as

n

B, = %Z(—l)"‘kkllﬂ(l@—k 1;2;1)S(n, k). (1.8)
k=1

It is well known in combinatorics that Stirling numbers of the second kind S(n,k) satisfy the “triangular”
recurrence relation

S(n,k)=Sn—-1,k—=1)+kS(n—1,k), kn>1 (1.9)
and
S(n,0)=S(0,k)=0, S(0,0)=1

See [2, p. 208, Theorem A]. In [2, pp. 208-209], the author provided an analytical proof and a combinatorial proof
of (1.9). In Section 3 of this paper, we will supply an alternative proof of (1.9) by virtue of some properties of the
polylogarithm Li, (z) which may be defined by

Lln i

over the open unit disk in the complex plane C and extended to the whole complex plane C uniquely via analytic
continuation.

(1.10)

K
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2 Proofs of Theorem 1

We now start out to verify Theorem 1 as follows.

First proof. Among other things, it was obtained in [8, Theorem 1.2] that the function

H(2) = et/* — Z LN (2.1)

for k € {0} UN and z # 0 has the integral representation

Hy(z) = m /OOO VEy(Lk+ 1,k +2;0)tke 2t dt,  R(z) > 0. (2.2)
See also [6, Section 1.2] and [7, Lemma 2.1]. When k& = 0, the integral representation (2.2) becomes
etr =1+ /OO Me—%lt, R(z) >0, (2.3)
o Vit
where T,,(z) stands for the modified Bessel function of the first kind
o0 L\ 2k
kz:ok'l“ u+k+1)<2> (24)

for v € R and z € C, see [1, p. 375, 9.6.10], and T represents the classical Euler gamma function which may be
defined by

oo
I'(z) :/ t*"le7tdt, Rz>0, (2.5)
0
see [1, p. 255]. Replacing z by e* in (2.3) gives
e . > I (2vt @
el =" = 1+/ 71( \[)e_e tdzt. (2.6)
o Vit

Differentiating n > 1 times with respect to 2 on both sides of (2.6) and (1.2) gives

e [ (2v1) d" et
d’e :/ @vE)dreet (2.7)
dzn 0 Vi dzn
and

= ~-1)"B . 2.8
dan eZ( ) k(k:—n)! (28)

k=n

From (2.7) and (2.8), it follows that

k—n o I (2v/t n _—e®t
ez ’“Bki:/O @ve)dret

n)! Vi dan
Taking x — 0 in the above equation yields
I(2 d"ee"t
(—1)"eB,, = / V), de T (2.9)
0 Vi 2 o

In combinatorics, it is well known that Bell polynomials of the second kind, or say, the partial Bell polynomials,
denoted by By, (21,22, ..., Tn—k+1), may be defined by

n—k+1 0.

n! x;\ b
Bn7k($1,$2,...,xn_k+1) Z W H (?) (210)
1<i<n,f;€{0}UN H L e ’
S ili=n

n =k

i=1
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for n > k >0, see [2, p. 134, Theorem A], and satisfy

Bk (abxl, ab’zs, . . ., ab”*kﬂxn,kﬂ) = akb”Bn,k(xl, Ty e v o s T kt1) (2.11)

and

Bni(1,1,...,1) = S(n, k), (2.12)

see [2, p. 135], where a and b are any complex numbers. The well-known Fa& di Bruno formula may be described

in terms of Bell polynomials of the second kind By, x(x1, Z2,. .., Zn_k+1) by

B fog@) =3 FP@)Bok(@).6" @), o)), (213)
k=1

see [2, p. 139, Theorem C]. By Faa di Bruno formula (2.13) and the identities (2.11) and (2.12), we have

n

Z eiemtBn,k(_extv _eztv R _ezt) = eiemt Z(—Bmt)anJg(l, 1’ o 1)
k=1 k=1
n

e Sk — Yo )

k= k=1

dn efemt

dzn

—

as x — 0. Substituting the above limit into (2.9) leads to

1 & B o0 e 1 — o
B.=~ > (=" kS(n,k)A L2Vt 2e tdt = . D (1) ES(n, k)EY Fu(k A+ 12 1).
k=1 k=1
The required proof is complete. O

Second proof. From the definition of the exponential function and the formula

k! /°° i
= [ e *itdt, (2.14)
Zlc-‘r 0

it was obtained that

[e%s) 0 tk
V2 —q Il Y —. 7 2.15
¢ +/0 ‘ ;;) Kl(k + 1) (2.15)

Substituting z with e and using the exponential generating function for Bell polynomials

N ( .
Z (' ):Cn — (e 1) (2.16)
n!

n=0

lead to
—~Ba(D), ¥ N Bal=t) ax~

ez (=) _1+/0 e Z o Zk!(k+1)!dt. (2.17)
n=0 n=0 k=0

Equating coefficients of ™ and using the fact that

Bn(t) = _ S(n, k)" (2.18)

k=0

and B, (1) = B, the equation (1.8) follows. O
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3 An alternative proof of the recurrence relation (1.9)

In [11], the formula

zn: S(n,k)(k —1)12F = (=1)"Li,_, (1 + i) (3.1)
k=1

for n > 2 is listed. Making use of

d . 1.
1z Li,(z) = p Lip—1(2), (3.2)

see [10], and differentiating with respect to z = 2 on both sides of (3.1) give

Z S(n, k)klzk=1 = (—1)”“@ Li_, (1 + i)

k=1

which may be reformulated as

- 1

(1 Iz = (—1)" T Li_ - .

+2)> S(n,k)klak = (-1) L1n<1+x> (3.3)

k=1

Comparing (3.1) with (3.3) yields

n+1 n n n+1

> S(n+1,k)(k - 1)l )Y S(n, k)klz" S(n, k)klz® + 3" S(n,k —1)(k — 1)la*

k=1 k=1 k=1 k=2

= S(n, 1)z + S(n,n)nla" ! + i[kS(n, k) +S(n,k— 1))k —1)l2"
k=2

=z +nla"™ + ) [kS(n, k) + S(n, k- 1)](k — 1)la*
k=2

This implies that S(n,1) = S(n,n) =1 and

Sn+1,k)=S(n,k—1)+kS(n, k), k,n>2.

Thus, we recover the recurrence relation (1.9).

4 Remarks

Remark 1. In view of the formula (1.7), it is not clear why the new formula (1.8) is of interest for computing B,,.
Changing the point of view, it could be of interest to know that the sum on the right side of (1.8) evaluates to Bell
number B,,.

Remark 2. The equation (1.8) may be rewritten as

n

Z(il)nikaks(fnﬂk) = Ba, (41)

k=1

where aj is sequence A000262 in the Online Encyclopedia of Integer Sequences. Such a sequence aj has a nice
combinatorial interpretation: it counts “the sets of lists, or the number of partitions of {1,2...,k} into any number
of lists, where a list means an ordered subset.” In [4], it was obtained that

k
ar =Y L(k{), keN. (4.2)

See also [3]. This reveals the combinatorial interpretation of the special sequence k!y Fy (k + 1;2;1) and the total
sum Ly, = Zif:l L(k,£) of Lah numbers L(k,¢).
Remark 3. By the way, the authors of the paper [9] discovered some new results on the polylogarithm Li, (2).

Remark 4. This paper is a revised and extended version of the preprint [5].
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