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The r-Bell numbers are generalized using the concept of the Hankel contour. Some properties parallel to those of the ordinary Bell
numbers are established. Moreover, an asymptotic approximation for r-Bell numbers with real arguments is obtained.

1. Introduction

The r-Stirling numbers of the second kind, denoted by {}} ,
are defined by Broder in [1], combinatorially, to be the
number of partitions of the set {1,2,...,n} into k nonempty
subsets, such that the numbers 1,2,...,r are in distinct
subsets. Several properties of these numbers are established in
[1-3]. Further generalization was established in [4] which is
called (r, B)-Stirling numbers. These numbers are equivalent
to the r-Whitney numbers of the second kind [5] and the
Rucinski-Voigt numbers [6].

The sum of 7-Stirling numbers of the second kind for inte-
gral arguments was first considered by Corcino in [7] and was
called the r-Bell numbers. Corcino obtained an asymptotic
approximation of r-Bell numbers using the method of Moser
and Wyman. Here, we use B,,, to denote the r-Bell numbers;
that is,

- [+
B =Y i} 0

k=0

In a followup study of Mez6 [8], the r-Bell numbers B, ,
were given more properties. One of these is the following
exponential generating function:

n

ZBW% = exp (rt+(et— 1)) (2)

n=>0

A more general form of Bell numbers, denoted by G, g,
was defined in [9] as

x! rz+(ef-1)/g Az
Gypp = - L?,e ( )/ﬁﬁ’ (3)
where the parameters x, 7, and 8 are complex numbers with
Rr > 0, R > 0, and x! = I'(x + 1). In this paper, we define
the r-Bell numbers with complex argument using the concept
of Hankel contour and establish some properties parallel
to those obtained by Mez6 in [8]. Moreover, an asymptotic
formula of these numbers for real arguments will be derived
using the method of Moser and Wyman [10].

2. r-Stirling Numbers of the Second Kind

Graham et al. [11] proposed another way of generalizing the
Stirling numbers by extending the range of values of the
parameters n and k to complex numbers. This problem was
first considered by Flajolet and Prodinger [12] by defining
the classical Stirling numbers with complex arguments using
the concept of Hankel contour. Recently, the (r, §)-Stirling
numbers with complex arguments, denoted by {} } 5, were
defined in [9] by means of the following integral representa-
tion over a Hankel contour %

X x! rz( Pz y dz
[ — — 1 s
{y}ﬁ,r Y1\ BY2mi Lfe (e ) zx¥H @

where r and f are complex numbers with R7 > 0, R 8 > 0,and
x! = I'(x + 1). We know that, for integral case, the r-Stirling
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numbers of the second kind may be obtained by taking 8 =
1. Hence, using (4), we can define the second-kind r-Stirling
numbers with complex arguments as follows.

Definition 1. The r-Stirling numbers of the second kind

{747}, of complex arguments x and y are defined by

xX+r x! rz( z y dz
= -1 R
{}’ + T’}r y127i Lre (e ) z*+1 )

where r is complex number with R7 > 0 and x! = I'(x + 1),
and the logarithm involved in the functions (¢ — 1)’ and z**'
is taken to be the principal branch. The Hankel contour %’
starts from —oo below the negative axis, surrounds the origin
counterclockwise, and returns to —co in the half plane Jz > 0,
such that it has a distance € < 1 from the nonpositive real axis.

Remark 2. Since R+ > 0 and Rz — —o0, the integral in (5)
converges for all values of x and y. Also, {}i7}, is a mero-
morphic function of x (for any fixed y) with poles at the
nonpositive integers, and it is entire as a function of y (for
any fixed x not a negative integer).

Remark 3. By the change of variable on the integral in (4), say

w = Pz, we can express { }; in terms of { J}}as follows:

;
X+ —

{;}ﬁ =p e g r/ﬁ. (6)

Because of relation (6), every property of (r,f3)-Stirling
numbers with complex arguments will have a corresponding
property for r-Stirling numbers with complex arguments and
vice versa. For instance, the (r, 8)-Stirling numbers in [9]
satisfy the following relation:

{;}ﬁ - {;: }}ﬁ +(By+7) {x; 1}[3’7. %

Replacing r with fBr, we get

S PR SRR ACh o N

Using (6), we obtain

i P
e +§
+_r
L
Bry _
:Bx_y x+<ﬁ> 1
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x+(%)—l} '
BriB

+ B (By + Pr) <l
y+pr

)

Thus, we have

X+7r x+r—1 x+r—1
{y+r} :{y”-l} +(y+r){ yr } (10)

On the other hand, the (r, )-Stirling numbers in [9]
satisty the relation

{y}ﬁ’r ‘Byyl Z( 1y <§/> (Bi+r)". @)

Again, replacing r with fr, we obtain

y=i (Y ; x
{y}ﬁﬁr ﬁyy,Z( 1) <j)(/31+/3r)- (12)
By (6), we get

r
i B

e B . x

ﬁ Brip 1)

Thus, we have
x+r
y+r r_

Let’s state these relations formally in the following theo-
rem.

Z( 1)”< ) (+r)" (14)

Theorem 4. The r-Stirling numbers of the second kind with
complex arguments satisfy the following relations:

xX+r x+r-1 x+r-1
{y+r}r= {y+r—1}r+(y”){ y+r } 1
I Y SVl A IR N
yHrl, s J
Remark 5. We can give an alternative proof of this theorem.

That is, by applying integration by parts on (5) and using the
fact that /(e — 1) = (6 = 1)” + (¢ = 1)””", we obtain

N
{x+r} _ -1 J erz(ez_l)y—ld_z
y+r], (y-1)2mi e z*

- 1!
. w J (e -1y
y12mi P z

17)
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This implies (15) immediately. On the other hand, using
Newton’s Binomial Theorem, (5) can be expressed as

x+r] _ e y-j ﬁzjdz
{)’+f}r_y'2mj Z( D () zx*1

(j+r)z 9% dZ

SN ET RS

We know that Hankel’s contour integral is a unit for gamma
function over the set of complex numbers; that is,

(18)

(L J (—z)_xe_zdz> F'(x)=1, |z|< oo. 19)

27 Jor
This implies that
x! Nz Az
ﬁj M = () (20)

This completes the proof of (16).

The next theorem contains a property for {}17} which
is analogous to the identity that usually defines Stlrhng-type
numbers.

Theorem 6. The r-Stirling numbers of the second kind with
complex arguments satisfy the following relation:

(A A JON @)
k=0 r
where (t), =t(t —1)---(t =k +1).

Proof. Using (5) with y = k, a nonnegative integer, we obtain
o [x+7 x! 12/ z
Z{kﬂ} (t) = Z{k,ZmJ e -1 5o

517&()( —1)}

x! dz
— j- (e -1+1) -
27i Jor z*t

x! j- rz tz dz
= e e —
x

E Zx+l :
(22)

Thus, by (20), we prove the theorem. O

Remark 7. 1t is worth mentioning that this type of property
was not established for (r, 8)-Stirling numbers with complex

arguments. However, replacing ¢ with 't and r with r/f in
(21), we obtain

(ﬁ‘1t+ %>x _ kz;) . g (ﬁ‘lt)k,
r/B

r
X+ —

. B
(t+r)* Zﬁ * k+%

(23)

Using relation (6), we get

= i{i}ﬁ’r(t | B (24)

k=0

t+r)”

This is the corresponding property for (r, 8)-Stirling numbers
with complex arguments.

Remark 8. In a separate paper of the present authors, an
asymptotic formula for r-Stirling numbers of the second kind
with real arguments was established using the method of
Chelluri et al. [13].

3. r-Bell Numbers

Using Cauchy’s integral formula, (2) can be transformed into
the following integral representation of B, ,

n! J erz+(ez—1) dz
H n+l’
2mi Jy z

nr (25)
where the integral contour y is a small contour encircling the
origin. Since # is nonnegative in (25), the contour y can be
deformed into a Hankel contour # that starts from —oo
below the negative axis, surrounds the origin counterclock-
wise, and returns to —co in the half plane Jz > 0. We
assume that it is at distance <1 from the real axis. Now, let
us consider the following definition for the generalization of
r-Bell numbers B,,, where # is a complex number.

Definition 9. The r-Bell numbers B
are defined by
x!
B,,=—
T 2mi J

where r is complex numbers with R7 > 0 and x!

.- of complex argument x
rz+(e°—1) dz

Zx+1 > (26)
=T(x+1).

Since Rr > 0 and Rz — —o00, clearly, the integral in (26)
converges for all values of x. Moreover, B, , is a meromorphic
function of x with poles at the nonpositive integers.

It can easily be shown that

_ © k j (j+r)z —(x+1)d
kZ:;) k'z( ( >2mJ z z

(27)



By (16) and (20), we obtain
S| o] 2,

Hence, we have the following theorem.

Theorem 10. The r-Bell numbers are equal to

< [x+7
Bx,r :;;){k-’-r}r’ (29)

where x and r are complex numbers.

By Theorem 10, we have verified that identity in (1) also
holds for B, , with complex argument x. This means that
the numbers B, , in Definition 9 belong to the family of Bell
numbers.

The next theorem asserts that B, , also possess a kind
of Dobinski’s formula which can easily be shown using

Definiton 9 and the expansion of e#*¢ 1.

Theorem 11. The r-Bell numbers are equal to

xr__z(k+r)’ (30)

where x and r are complex numbers.

Using (26) and (30), we obtain the following corollary
which is a kind of extension of the integral formula obtained
by Mezé in [8].

Corollary 12. The following integral identity holds:

i(k-l—?’)x _ x_'e rz+(e -1) dz
k! - Zx+1

271 (31)

The r-Bell polynomials of Mez§ [8] satisfy the recurrence
relation

B, ,(w)=rB,,(w)+wB, . (W), (32)
where x and r are nonnegative integers. This will reduce to

B, =1rB

X, T

+ By 1,1 (33)

x—1,r

when w = 1. Analogous to this relation, we have the following
relation which can easily be shown using (28), (15), and (16).

Theorem 13. The r-Bell numbers satisfy the following relation:

X+r

-1
By, =7Be 1, + Beoyrin + { r—1 } > (34)
r+1

where x and r are complex numbers.
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Proof. Summing up both sides of (15) gives

I 2

(35)

=(r+1)B,_

By applying (16), we get

v, [x+r-1
Zk{ k+r }r

k=0

—i[ 1),2(—)k”< )(ﬁ1+r)“]

Z[(k D& D= (1; 1)“’ Dt }

(36)

Hence, we have

v, [x+r-1
Zk{ k+r }r

k=0

x+r—-1 x+r-1
=_{ r—1 } _Bx—l,r+Bx—1,1+r+{ r—1 } .
r r+1

(37)

Substituting this to (35) completes the proof of the theorem.
O

Note that, when the parameters x, y, and r are nonneg-
ative integers, Definition 1 is just equivalent to the integral
representation of the r-Stirling numbers of the second kind

in [1]. Hence, the value of {*}77'} | is equal to 0.

4. Asymptotic Formula

An asymptotic formula for r-Bell numbers B, , was first
established by Corcino in [7]. But the formula holds only
when x is a nonnegative integer. Here, we aim to obtain an
asymptotic formula for B, , when x is a real number.

Using Definition 9,

dz. (38)

x,r

5! erz+(ez—1)
27i Lf z~t1
To obtain an asymptotic formula, we deform the path % into
the following contour: C, U C, U C; UC, U Cs, where
(i) C, istheline Jz = 27+ 65,8 > 0,and Rz < A, Aisa
small positive number;
(ii) C, is theline segment Rz = ¢, going from A +i(8—-27m)
to the circle |z| =
(iii) C5 and C, are the reflections in the real axis of C; and
C,, respectively;

(iv) Cs is the portion of the circle |z
C,.

= R, meeting C, and
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The new contour is C; U C, U C; U C, U Cs in the counter-
clockwise sense. This idea of deforming the contour # is also
done in [13]. The integrals along C,, C,, C,, and Cj are seen

to be
2+1)
(a9 ) )

It will also be shown that these integrals go to 0 as x — 0o

provided that x—y > x'/?. To see this, we consider C,. For the

other contours, the estimate can be seen similarly. We look at

erz+(ez—1) erz+(ez—1)
JC sz < JC oo |dZ| . (40)
1 1
Note that
erz+(ez—1)| _ |erz| e(ez—l)‘
(41)
Rz _R(e-1)
=¢ Ve .
Turning to e — 1,
ez 1= eLRzei]z -1
(42)
= [eRz cosJz — 1] +ie® sin Jz.
Thus,
erz+(ez—1)‘ _ erleeeRz cos ]ze—l
(43)
< erle |
Consider
MRz+e%—1<ri+et -1
AoAE N
=r/\+/\<1+—+—+—
2! 3! 4!
YD L (44)
<SIA+A[l+ -+ = +—=+
2 22 23
2
— A+ A (—) .
2-A
Choose A < 1,sothat2— A > 1. Then
MRz +e®—1<AQ2+71). (45)
This implies that
erz+(ez—1)| < e/\(2+r). (46)
Consequently, we obtain
rz+(e-1) 1
J e—ldz < eMZH)—ll (Cy), (47)
C1 Zx+ (27_[ _ 8)x+
where
I(Cy) = lim A-t. (48)

Since I(Cl)/(27'r—<3)erl — 0asx — 00, we have the integral
along C, goesto 0 asx — 00.So what remains is the integral
along C;. That is,

X! erz+(ez—1)
xr A . J —ldza (49)
’ 2mi Jo, 2

where C, is a semicircle z = Re®, —a < 6 < a. Hence, by
Laplace method or following the analysis in [7],

| « i0 .
o~ 3 an J exp (eRe +rRe” - in@) de

’ miR" )
) (50)

xl (€ Re" 0.
~— exp (e +rRe” — m@) de.
2miR" )¢
In [7], the integration is along a circle about zero with radius
R. This number R is shown to be the unique solution to
H__w
X—TU

(51)

as a function of y (see Lemma 3 [7]). We see that the asymp-
totic formula for the r-Bell numbers obtained in [7] holds
for real argument x. Thus, we have the following asymptotic
formula.

Theorem 14. The r-Bell numbers B, , with real arguments x
and r have the following asymptotic formula:

D - (2R* +9R® + 16R* + 6R +2)

Bup ~ OV | 1+ 24eRR(R + 1 + re R)’ ,
(52)
where
x!exp (rR +ef - 1)
B 7R*[2 (r?eR + ReR + rR)]l/Z) (53)
D= (3R’ +8R* - 6R—4-2re *)re ™,

and R is the unique positive solution to

pel' +ru—x=0 (54)

as a function of p.

An asymptotic formula for (r, f)-Bell numbers G, , 5 has
already been established in [14]. However, the formula holds
only when x is a nonnegative integer. Here, using the same
method as employed above, we can show that this asymptotic
formula will also work for the case in which the parameters
x, r, and f3 are real numbers.

Now, for real parameters x, r, and f3, we have

_ x! rz+(e-1)/B dz
Gur = 5t | P )

where the path 7 can also be deformed into the following
contour: C, UC, UC; UC, U Cs, such that

(i) C, is the line Jz = -27 +6,6>0,andRz< A, Aisa
small positive number;



(ii) C, is the line segment Rz = A, going from A + (8 —
27) to the circle |z| = R;

(iii) C5 and C, are the reflections in the real axis of C, and
C,, respectively;

(iv) C, is the portion of the circle |z| = R, meeting C, and
C,.

Also, the new contour is C; UC, U C; U C, U C5 in the

counterclockwise sense. It can easily be shown that, along the
path C,,

Pz _ A
REiC 1)//3‘ < MOPH). (56)

Hence, as x goes to oo,

s — 0. (57)

J e 1/B dz
G

This can be done similarly along C,, C,, and C;. Thus, we have

Gx,r,ﬁ ~ dZ, (58)

X! erz+(e‘*’—1)/ﬂ
27 Jc3

Zx+1

where C; is a semicircle z = Re'e, -« < 0 <« Then

[ =0
Gerp ~ x__n J—a exp (ﬁ_le’BRee +rRe”® — ix - ,8_1> do

2miR

x! J'€ -1 RS | S0 -1
~—= | ex e + rRe” —ix0 — do.
2miR J-e P (/3 /3 )
(59)

This implies that the asymptotic formula for the (r, 8)-Bell
numbers obtained in [14] holds for real argument. Thus, from
[14], we have the following asymptotic formula for (r, 8)-Bell
numbers G, g with real arguments x, r, and f3:

Gx,r,ﬁ
X2 (1 +1/12x) exp (rﬁ + /:TleﬁE -p- x) (,BﬁE + r)x
[(x = R) B] 7 (BR + 1+ re #%)"”

D+E)

><<1+

where

D= (3R +8pR +3pR+3-108" —2re ™) re ¥,

(60)

E= (3 -56°)R +(218* - 30) R + (39p-55) K
+(24-30p7 )R+ (3871 -587%),
— gm/ o— =\ 3
F = 24Re™(BR+1+ 1R,
(61)
and R is the unique positive solution to

peP +ru—x=0 (62)

as a function of p.
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5. Summary and Recommendation

In this paper, we have defined r-Stirling numbers of the
second kind and r-Bell numbers with complex arguments
using the concept of Hankel contour and established some
properties parallel to those of the classical Stirling and Bell
numbers. Moreover, we have derived an asymptotic formula
for r-Bell numbers as well as for (r, §)-Bell numbers for real
arguments using the method of Chelluri and that of Moser
and Wyman.

We observe that, by employing those methods, one can
possibly establish an asymptotic formula for r-Stirling num-
bers of the second kind with real arguments and, conse-
quently, using relation (6), an asymptotic formula for (r, f)-
Stirling numbers with real arguments.
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