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Abstract
The so-called (-analogues of the Stirling numbers of the first and second kind are
considered. These numbers cover ordinary binomial and Gaussian coefficients, p, ¢-
Stirling numbers and other combinatorial numbers studied with the help of object
selection, Ferrers diagrams and rook theory.

Our generalization includes these and now also the p, g-binomial coefficients. This
special subfamily of F-nomial coefficients encompasses among others, Fibonomial
ones. The recurrence relations with generating functions of the (-analogues are
delivered here. A few examples of (-analogues are presented.

1. Introduction

Let w = {w;};>1 be a vector of complex numbers w;. The generalized Stirling
numbers of the first kind C}'(w) and the second kind S}}(w) are defined as follows:

Cp(w) = Z Wiy Wiy * Wiy
1<iy <in< -+ <ip<n
) (1)
Sk (W) - Z Wiy Wiy *+* Wiy, -

1<y <io< - <ipg<n

If the elements of the weight vector w are positive integers then the coefficients
are interpreted as a selection of k objects from k of n boxes without and with box
repetition allowed, respectively. In this case the number of distinct objects in the
s-th box is designated by the s-th element of the weight vector w.

One shows that the numbers C}!(w) and Sj/(w) cover among others, binomial
coefficients, Gaussian coefficients and the Stirling numbers of the first and second
kind, see for example Konvalina [6, 7]. Indeed, if we fix w; = 1, we obtain ordinary



INTEGERS: 11 (2011) 2

binomial coefficients:
n

am=(y) so=("""")

Setting w; = ¢*~! gives us Gaussian coefficients:

cr(q) = ¢ (Z)q Se(q) = (n+llj 1>q.

In this note, the ordinary Stirling numbers of the first kind are defined in the
following way

O T IR W AR
k=0

and the second kind

n

(1—33)(1_2;)...(1_%) Z){n;tk}xk

k

Letting i = (1,2,3,...), i.e.,, w; =1, gives

=], i1y so={"1"}

Furthermore, if i, 4 = ([1]p.q, [2]p.q; - - -) Where [i], ; = Zizlpi’sqsfl, then we ob-
tain p, ¢-Stirling numbers considered by Wachs and White [12]

) e +k
p(2)5k (ip,q) = {n } )
p.q

n

which satisfy the following recursive relation

n 1 fn—-1 n—1
), ot s,
P.q P,q P.q

)

We refer the reader also to Wagner [13], Médicis and Leroux [11].

Notice, that the weight vector w in the definition of the coefficients C}}(w) and
S (w) is constant and independent of the number n. The ¢-analogue of the Stirling
numbers introduced in the next section do not require this assumption. We define
the weight vector w,,({) dependent on the number n and a complex number (.

We show that our approach covers the well-known combinatorial numbers men-
tioned above and contains, e.g., Fibonomial and more general p, g-binomial coef-
ficients [2, 3, 4] relevant with cobweb posets’ partitions and hyper-boxes tilings
considered by Kwasniewski [9] and the present author [5].
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2. A (-analogue of the Stirling Numbers
Take a vector w,,(¢) of n complex numbers w;(" ¢, where i = 1,2, ..., n, i.e.,

Wn(C) = <w1("*1, wQC"72, ey wn_lg, wn> (2)

We write it as W, for short and denote the i-th element of W, by 0, ; or just w;
for fixed n € N. We assume wq(¢) = () and g = 0.

It is important to notice, that the j-th element of w,, () is not equal to the j-th
element of w,,(¢) while n # m in general. Indeed, w;¢" ™7 # w;¢™ 7.

Definition 1. For any n,k € NU {0} the {-analogues of the Stirling numbers of
the first kind C}}(W,,) and the second kind S} (W,,) are defined as follows:

Cr (W) = Z Wiy Wiy« + Wi, (3a)
1<i1<ig< - <ip<n

1<y <ip< - <ip<n

with CJ (W) = S7(W,) = 1 due to the empty product.
2.1. Combinatorial Interpretation

If the w; are positive integers, the coeflicients é’,?(virn) and S’g(\?vn) denote the
number of ways to select k objects from k of n boxes without box repetition allowed
and with box repetition allowed, respectively. In this case, the size of the i-th box
is designated by the i-th element of w, ({) for ¢ = 1,2,...,n. However, all the
results in this note holds for any vector w of complex numbers and can be proved
algebraically.

Theorem 2. For any n,k € N we have

ég(wn) = wnck_lé]?,_ll (Wn—l) + Ckél?_l(wn—l)v (4&)
S’,?(V'Vn) = wn‘gg—l(wn) + Ck‘glrcb_l(‘;vn—l)a (4b)

where CJ(Wy,) = S8 (W) = 1 and C™(W,,) = 0 for s > n, S9(Wo) = 0 for k > 0.

Proof. The proof uses terms of the combinatorial interpretation of these coefficients,
but still holds for any vector W, of complex numbers. In point of fact, we consider
the sums (3a), (3b) and only play with its summations.

Fix a natural number n and take the weight vector W,, = (wi¢" ™1, ... w,_1(, wy,).
(a) Consider a k-selection with the last n-th box being selected (i, = n) and not



INTEGERS: 11 (2011) 4

selected (i < n), respectively (repetition of boxes is not allowed)
k k
Cy (W) = Z H w;, (" + Z H w;, ¢
1< <ip< -+ <ip=n j=1 1< <ia< - <ip<n j=1
Observe that we can rewrite the right-hand side of the above as follows:
k—1 k
wo Y Twess ¥ [wme
1<ir< -+ <ig_1<n—1j=1 1<ii< - <ip<n—1j=1

As we have already noticed, the vector w,, = w,(() is dependent on n, and the
j-th element of w,(¢) is ¢ times as large as the j-th element of w,,_1({) for j =
1,2,...,n— 1. Hence

k—1
G —wt Y Lw e

1<i1 <2< -+ <ip—1<n—1j=1

k
+ Ck Z H wij Cnflfij

1<i1<ia< - <ig<n—1j=1
= wnckilé’l?:ll (W7t—1) + Qkél?_l(‘?vn—l)-
(b) In the same way we prove the case with box repetition allowed. O
Notation 3. Let n € N and m € NU {0}. Denote by W™ the vector
W = (Wi 1" Wi 2C" 2, Wi 1 G Wi )

For m = 0 we have W(O) =w,.

Proposition 4. For any n,m,k € N we have

Cn+m Wn+m Z CJ mcn CA’IT ](ng))a (53)
k . A A~
SpE ™ (W) = Y GG (W) S (W), (5b)
=0

Proof. (a) We prove the first equation (5a). Consider the left-hand side, i.e., the
sum
Cn+m (Wn+m) — Z wilcn-i-m—zl Cwg, Cn—&-m—zk )

1<i1<ig< -+ <ip<n+m

Take j € {0,1,...,k}. We only need to show that the above summation might
be separated into (k + 1) disjoint sums where in the j-th one the first j variables



INTEGERS: 11 (2011) )

i1,%2,...,1; take on values from the set {1,2,...,n} and the remaining (k — j)
variables from {n +1,...,n+m}, ie.,

CPt™ (Wism) g E Wi, (VT (P

j=01<i1 << <n

E . nAM—iip1 g M
wlj+1< ! kaC .

n+1<ij 1< <ip<n+m

Finally, we need to correct the powers of (’s as follows:

Z wi1<n+m7“ Wy Cnerﬂ.j = C]méjn (Wn)

1<i1 <ig< - <3 <n
(b) The same proof remains valid for the coefficients Sg+m(€vn+m). O

This result provides a more general form of the recurrence relation (4a) for the
coefficients C}'(Wy,). Indeed, letting n = n’ — 1 and m = 1 in the equation (5a)
gives (4a).

Proposition 5. For any n,k € N we have

Cr (% ch"“‘ FHOAEI T (W), (6a)
=k

i) = > w; PTG (). (6b)
j=1

Proof. (a) Consider the sum (3a) from the definition of the coefficient CJ*(¥,,) and
separate it into (n — k + 1) sums where in the j-th one the last variable iy is equal
to (k+j) for j=0,1,...,n—k, ie.,

CH (W) = Z Z Wiy ¢TI w, (T (7)

=0 1<i1 < <ip_1<ip=k+j

= Z ij"*j Z w;, Cn7i1 . wik71<n7ik_1 ) (8)

Jj=k 1<ip < o<1 <j—1

3

Taking out the common factor ((*=7+1) from (k — 1) factors (w;¢"~*) gives

k 1)—1 j—1—1 j—1—1p—
Cp() = Y w7
j=k

1<ii <+ <ip—1<j—1

n
= 3wy H DG (W ).
j=k
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(b) The second equation (6a) might be handled in much the same way. Observe
only that the variable j takes on values from the set {1,2...,n}. O

Proposition 6. For any n,k € N we have

k -1
Crtt (Wnat) = 3 Crd (W )CTFDEDHE) TT wisa s, (9a)
j=0 i=0
A~ k A . .
Sptt (Wng1) = > Sp (W )¢ Dwd . (9b)

<
Il
o

Proof. (a) Consider the sum (3a) of C’Z+1(Wn+1) and observe that it may be sepa-
rated into (k + 1) sums where in the j-th one (j =0,1,2,...,k) we have

1<y < <@ <n—7J; th—jpa=n+1—-j+1.. ..,y =n+1

(b) In the case of the coefficient S;'™ (W,11) we may separate the sum (3b) into
(k + 1) sums where in the j-th one (j =0,1,2,...,k) we have

1< < <igpj <n; dg_jy1 =tk—jr2=-" =i =n+L

The rest of the proof is straightforward and goes in much the same way as the
proofs of Proposition 4 and Proposition 5. U

3. Generating Functions

Let n > 0 and define two generating functions:

An(z,y) =Y (=DFCR(wp)aky"F, (10a)
k>0

Bn(z) =Y SP(Wy,)zk. (10b)
k>0

Theorem 7. Forn > 1 we have

A (z,y) = H (y — wiC”_ix) , (11a)
Bn(z) = ma (11b)
i=1 ¢

with Ao(z,y) =1 and By(z) = 1.
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Proof. Applying recurrences (4a) and (4b), respectively, shows that A, (z,y) and
B, (z) satisfy

An(z,y) = (y —wn ) An_1(Cz,y)  with  Ag(z,y) =1,

1 .
Bn(x) = mgn_l(cw) with Bo(l‘) =
Solving these recurrence relations proves (11a) and (11b). O

Corollary 8. For any n,j € N the coefficients C',’J(\fvn) and S'g(v“vn) satisfy the
following relations

D (—1)FCR(W)S)_ i (W) =0, (12a)
k=0
D SR (1) TR (W) = 0. (12b)
k=0

Proof. Indeed, notice that A, (z,1)B,(z) = B, (z)A,(z,1) = 1 for any n € N. Using
the Cauchy product of power series with (11a) and (11b) finishes the proof. O

Let f(x) be a series in powers of 2. Then by the symbol [2"]f(x) we will mean
the coefficient of 2™ in the series f(x). For example we have

Sp(w) = [218,(@) = M ] =iy

i=1
Proposition 9. Let W = (w1, W, ..., W,) be the vector w, (), such that w; # W;
for any i # j. Then for n,k € N we have
zn: ) w(nJrkfl)
S ( ) = (_1)n—z i1 - AZ po N NN (13)
i=1 Hj:l(wi - w;) Hj:i+1(wj — ;)
where W; = w;("" fori=1,2,...,n.

Proof. Let us consider the generating function (11b). From the partial fraction
decomposition we get

e 1 - ni)
Sk(wn):[gjk]nm* Z l_an 133 Zal wi§

i=1

What is left is to find the coefficients a1, as, ..., a,. First, we multiply the above
by the denominator of (11b), i.e., by H;-Lzl (1 — ij"*jx) to get

1= iai ﬁ (1 — ij"*jx) .
i=1  j=

1
J#
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Observe that if we evaluate the above with x = (w;¢"~%)~!, all summands except
the i-th one vanish. Thus we obtain a;, i.e.,

o Wi 1 _ (we )™
1_aZH(1 wiC J):>al—H : _H;"Lzl_(wiC"’i*ij”*j)'

. 5 _ Wi ri—j

j=1 j=1 (1 . C )

i i v g7

Replacing w;("~* by 1; for each i = 1,2,...,n, we can rewrite the above as
w;L—l wirz—l
@i =1 (d; — ;) = i1 - n " N
?2 @ J szl (i — ;) Hj:z+1 (i — )
WPt

Example 10. Let i be the vector (1,2,3,...), i.e., w; = i for i € N. Then by
Proposition 9 we obtain the well-known identity for the Stirling numbers of the

second kind: i
Ok o\ n _ _ k—i Zn
Spox(i) = {k} —Z( 1) il(k — )

i=1 ’

4. Remarks and Examples

It is clear that C7*(W,,) and SJ(W,,) generalize the Stirling numbers of the first kind
C}r(w) and the second kind S} (w) if ( =1, i.e., w = (w1, w2, ..., wg,...) and

Ci(wa(1) =Cp(w),  Sp(wa(1)) = S} (w). (14)

Fix p,qg € C. A sequence {npq}n>0 of the elements n,, = > p""i¢" ' is
called a (p, q)-sequence. In the literature, the elements of (p, ¢)-sequences are called
(p, q)-analogues and are denoted by n, , = [n]p,4 (see Briggs and Remmel [1]).

Example 11. (p, g-binomial coefficients)
The p, g-binomial coefficients generalize binomial, Gaussian and Fibonomial coeffi-
cients [2, 3, 4] and are defined as

<”) _ Np.q! _Npg(n =g (n—k+1)p,
k D.q Fep,g!(n — k)p,q! Fp.g(k = D)pg-1pg 7

)

where np ! =npq(n—1)p 41,4 and 0, , = 1.
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Therefore, if the weight vector w,, (p) takes the form (p"~1 gp"=2,...,¢" 2p,¢" )

)

one covers the family of p, g-binomial coefficients [2, 3, 4], i.e.,
A E\ (k An + k-1
G =B () - S =" - 09
Pq P.q

Thus for any (p, ¢)-sequence with p,q € N, we have at least three different com-
binatorial interpretations of its p, ¢-binomial coefficients: expressed in the language
of cobweb posets partitions [9], tilings of hyper-boxes [4] and now as an object
selection from weighted boxes.

Example 12. (Fibonomial coefficients)

It is easy to show that the Fibonacci numbers define a (o, p)-sequence where ¢ =
(1 ++5)/2 and p = (1 — v/5)/2. Therefore, from the previous example, the (-
analogue also generalize the Fibonomial coefficients, i.e.,

k

Cite) =0 (1) o Ssea= (") L e

2

with the weight vector ¢, = ("1, pp"=2 ..., p" 2, p" 1)

. However, the com-
binatorial interpretation in terms of object selection cannot be applied in this case
vector ¢, does not consist of only nonnegative integers. Fixing s,n € N, from
Corollary 8 we have also

S,

k=0

Example 13. (p, ¢-Stirling numbers)
The ¢-analogue generalizes the p, ¢-Stirling numbers [12]. Indeed, let us consider

the vector i,(¢) = ([1],,7(1@"*1, [2]p,an72, ...y [nlp,q), where [i], , = Z;Zl prsgs!
for i € N and ¢ = 1. Then we have

Sp(1) = {”j;’“} 85 4(ia(1)) = {Z} (17)

)

Finally, by Theorem 2 we have that the (-analogues of p, g-Stirling numbers satisfy

e s e s

5. Final Remarks

The form of the weight vector w,({) given by (2) is one possible choice and we
expect that there might be many other useful forms that can be applied here, e.g.



INTEGERS: 11 (2011) 10

Wi, = wl'", ete. We leave it for further investigation. Our choice is caused by

unifying p, ¢-binomial coefficients and generalized Stirling numbers.
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