ON »n-DIMENSIONAL STIRLING NUMBERS

by SELMO TAUBER
(Received 16th September 1968)

1. Introduction

Stirling numbers of the first and second kind play an important part in many
branches of mathematics, in particular in combinatorial analysis and statistics.
For their definition and properties we refer to (5) where a whole chapter is
devoted to their study. Stirling numbers have been generalized in many ways.
One generalization is given in (1). In this paper we generalize the results of
(1) to n dimensions. In order to simplify the notation we use methods of linear
algebra.

Let x,, x,, ..., X, be n independent complex variables and X a vector in
the n-dimensional vector space V, i.e.

X =[x %3 -5 %,), XeV. §))
Let I be the set of positive integers and zero and let p,el, k= 1,2, ..., n.
We define Pe Vby
P =[p1, P2 s Pal )
and the norm of P to be
p=IPl =pi+p+...+p, €))
We next introduce several summation symbols. First
B
> 4)
p=a
means a summation where p = | P, a £ p £ B, o, Bel, a and B being fixed

positive integers or zero. It should be noted that in this case it may happen that
p. <o for some k, provided that p = «. In particular, if « = 0, (4) becomes
8

P &)

p=0
where allp, = 0,andp = || P|| £ B. Also if a = f, (4) becomes

a

X =2, (6)

p=a p=a

which means that p = | P || = « = constant.
Another kind of summation is defined by the symbol
B
PR )
P=A

where 4 =[ay, ay, ..., a,], B=1[by,b,,...,b,], and a, < p, < b, for k = 1,
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2,...,n,and a,, b, p, €I. The summation (7) can also be written in one of the
following forms:
by by

YOS S = Eplan by, palaz by), oo pilam bD. @)

P1 =41 p2 = a2 Pn = 0n
Finally, let meI; we consider the functions M(m), N(m), k = 1,2,...,n,
defined for m €I and the vector

N(m) = [Ny(m), No(m), ..., N(m)], ®
and the scalar product
Nm).X = kgl N (m)x,. (10)

2. Q-polynomials and A-numbers
Using the notation of Section 1 we define the Q-polynomial

r

X, r)=0(r) = ,..11 [nM(m)+ N(m). X] (11

= 3 AwP) [T x
k=1

p=0
with A(r, P) = 0, for p,>r, r<0, or p,<0,k = 1,2, ..., 1
The coefficients A(r, P) are called} (generalized) n-dimensional Stirling
numbers of the first kind, the n-dimensions corresponding to the polynomial Q

which is in n variables.
We first find a recurrence relation for the A-numbers. We clearly have

O(r+1) = 'ﬁfl [rM(m)+ N(m). X1 = QR [nM(r+ 1)+ Nr+1). X]

=nM(r+1) Y A@, P) [] xB+N@r+1).X Y A(r, P) ] x
P=0 k=1 p=0 k=1

r+1 n
= Z A(r+1,P) l—I x,f".
p=0 k=1
By equating the coefficients of equal monomials in x,, x,, ..., X,, we obtain
A(r+1, P) = nM(r+ 1)A(r, P)+ N@r+1) . A(r, P,), (12)
where :
Ps =[p1’p2’ cos Ds—15 Ps+1» "'9pn] (12(1)
and
A(l‘, Ps) = [A(r9 PI)’ A(r’ PZ)’ LS ] A(l‘, Pn)]9 (12b)
thus
A(r, P) = nM(r)A(r—1, P)+ N(r) . A(r—1, P), (13)

which is the recurrence relation for the A-numbers.

3. Examples and special cases
(i) For n = 1 we have
A(r, p) = M(n)A(r—1, p)+ N(r)A(r—1, p—1)
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ie.
AP = M()A?_, + N(r)A2Z],
which is the same as (8) of (1). In particular, for M(m) = ~m+1, N(n) = 1,
o) = (x), = x(x—D(x~2)...(x—r+1),
AP = St? = (—r+1)Stl_, +StP= 1,
i.e. the Stirling numbers of the first kind.
(ii)) For Mm) =0, N(m) =1,k =1,2,...,n,

A(r,P)=< r ) p=|P|=r
Pi1> P25 -+ Pn

i.e. the multinomial coefficients as studied in (2) and (3).

4. Inversion problem

Using the results of (1) we can write, using the notation B(p,, m) for Bj,
corresponding to N,(m),

xpe= § By MOy, m, (14)
where
0ulxiom) = T [MEO+xNS] = 3, A, xi,
and

B (py, m) =0 for p, <0, m<0, and p,<m.
1t follows that

ﬁ xge = ﬁ |: {Z B(pr> mi) Qi mk):l 15)

k=1 k=1 m=0

(Z(")m,[O, Pl]’ m2[0, Pz]’ cens mn[()’ )] klj1 Bi(Pr, mi)Qulxes my)

B(P, M) ] Quxe mo),
[4] k=1

1M~

M

n
where kI:[l B(p,, m)=B(P,M), P=[py,pss...,0,)s M = [my, my, ..., m,}.

(15) gives the inversion of (11), i.e. the expression of an arbitrary monomial in
Xy, X3, .ovy X, In terms of one-dimensional Q-polynomials. The coefficients
B(P, M) will be called (generalized) n-dimensional Stirling numbers of the fourth
kind. The name will be justified later.

5. Generalized quasi-orthogonality

For the definition of orthogonality and quasi-orthogonality we refer to (4).
It is necessary to generalize these definitions for n dimensions.
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We consider the two sets of numbers A(P, Q) and B(Q, S), where
P=[py,p2-sPa)s @ =[91:02 .- 2], S =1[s152.,5]
I Pl=p 1QN=q NSIl=s

and define quasi-orthogonality between the two sets of numbers by the relation

P n
2 BP 04 =5 = ] % (16)
where the summation is to be understood as in (7) and where 4(Q, S) = 0 for
9 <S8 4, <0, 5, <0, and B(P, Q) = O for p,<q;, px<0, 9, <0,k = 1,2, ..., n.
We next consider the two sets of numbers A(p, Q) and B(Q, s). We define
their quasi-orthogonality by the relation
P

Y. Alp, 9B, s) =43, an

g=s
where the summation is to be interpreted as in (4) and the property is com-
mutative.

The definition given by (10) in (2) does not fit either definition given here
since the meanings are different.

We shall prove the following theorem that will be important in what follows.

Theorem. If the numbers B(P, Q) are quasi-orthogonal to the numbers
A(Q, S) and to the numbers C(Q, S) then A(Q, S) = C(Q, S).

Proof. According to the definition we have, with S £ g < P

. B(P, Q)A(Q, S) = o3,

?M'v ?Mm

By subtracting these two relations from each other we obtain

P
ZS B(P, Q)[A(Q, $)~C(Q, 5)] =0, (18)

where B(P, Q) # 0. Thus for P = Q = S, B(P, P)[A(P, P)— C(P, P)] = 0, so
that A(P, P) = C(P, P). We now generalize the notation of (124) by writing
Pat,bu, co = [pla D2s coes Pe—15s Pe— @5 Drsts o5 Pu—1> Pu—b, Put1s +++»

Dy—1sPy—Cs Dp+15 ++» pn]:

where a, b, cel and a = p,, b £ p,, ¢ = p,. Itis clear that we can change
a, b, c into —a, —b, —c, with the obvious interpretation. If then, in (18), we
take S = P, we obtain

B(P, P)LA(P, P)—C(P, P)]+ B(P, P)[A(P,, P)—C(P,, P)] = O.
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Since A(P,, P,)— C(P,, P} = 0, it follows that A(P, P,) = C(P,, P,), and general-
izing by induction with 0 < a £ p,, we obtain
A(P, P,)) = C(P, P,,).
Continuing the proof we can fairly easily establish first that
AP, P, ) = C(P, Py, )

and from there by induction that A(P, P,, ,,) = C(P, P,, ,,), Wwhere 0 £ b < p,.
1t follows that
A(P—at, ~bus P) = C(P—at, — by P)a

where a, b € I without other limitation. From there we finally obtain
A(Q, S) = C(Q, 9),

which holds for any Q and S provided thatg,, s, €I, Q,Se V,(k = 1,2, ..., n),
since for ¢, <s, both 4 and C numbers are zero.

This is actually a uniqueness theorem concerning the quasi-orthogonality
as defined by (16).

6. Quasi-orthogonality relations
According to (1) and the notation used here, we have

Y, B(n, )A(s, m) = 47; (19)
thus
P
Z By(pe, mPA(my, s) =655, k=1,2,...,n
my = Sk
and
n Pk n
I Y BpwmdAime,s)= T] 8% =65,
k=1 m=sic k=1
so that
P n n
% [ [T Bupw mk):": [T Am., Sk)] = 83,
M=s|lk=1 k=1
or
P
& B AWM, $) = &, (20)
where
1 Adme, 50 = AWM, ). (20a)
=1

It can be easily checked by constructing a numerical example that, in general,
A(M, S) = A(m, S).

It follows according to the uniqueness theorem that B(P, M) and A(m, S)
are not quasi-orthogonal. On the contrary the numbers B(P, M) and 4(M, S)
are quasi-orthogonal. We shall call the numbers A(M, S) the (generalized)
n-dimensional Stirling numbers of the third kind. It is clear that the Stirling
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numbers of the third and fourth kind are quasi-orthogonal to each other.
According to (19) and (20) the quasi-orthogonality property is commutative for
the B(P, M) and A(M, S) numbers.

7. Generalized n-dimensional Stirling numbers of the second kind

Since the numbers B(P, M) are not quasi-orthogonal to the numbers
A(m, S) we look for a set of numbers B(S, p) that is quasi-orthogonal to the set
A(m, S) in the sense of (17). As before we assume that B(S, p) = 0 for p<0,
and for | S || = s<p. We thus can write

llMs

A(m S)B(S, p) =962, m,pel. 21

In2)putp =m = 0 then A(0, ¢)B(¢, 0) = 1, where ¢ is the zero vector,
so that since 4(0,¢) = 1, B(¢,0)=1. We next put m = 1, p = 0 in (21);
with
E, =[8%8% ..,88 1,0, 081, s8], k=1,2,..,m,
we have

3 AW E)B(E, 0)+ 4L, $)B(4,0) =0.

This relation shows that the numbers B(S, p) are not defined unless we make an
additional assumption. We shall therefore assume that B(S, p) = (s, p), where
s = || S). This means, for example, B(E,,0) = f(1,0),k = 1,2, ..., n. Under
these conditions we can find the B(S, p) numbers and their recurrence relation.
Since these numbers are quasi-orthogonal to the (generalized) n-dimensional
Stirling numbers of the first kind we shall call them (generalized) n-dimensional
Stirling numbers of the second kind.

We introduce the notation ) A(r, P) = «(r, p), where | P = p and ¢

Pp=4q
is a given positive constant or zero. Starting from (13), we have

A(r, P) = nM(r)A(r—1, P)+ N(r).A(r—1, P),

N#).A(r—1,P)= 3 N(DAGr—1,P).
1

By summing both sides of this, we obtain
> A(r, P) = ofr, p) = nM(r) Z A(r—1,P)+ Y Y N{(NA(r-1,P,).
p=4q p=qgs=1
Since
Y A(r—1,P)=a(r-1,p)

and

T Y NOAr-1L,P)= ¥ Nm T A(r—1,P)
P=gs=1 s=1

= 3 N(Pa(r—1, p—1),
s=1
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where || P;{| = | P||—1 = p—1, it follows that the « numbers satisfy the
recurrence relation
or, p) = nM(r)a(r—1, p)+|| N(r) | «r—1, p—1). (22)

On the other hand we see that (21) can be written

m

% Aem, B, p)= ¥ [z A(m, S)BGS, p)] = % Ba.p T 405

s = a=prPlLs=gq s=q

m

= q;pa(m’ Q)ﬁ(q’ p) = 55:9

so that the numbers a(m,q) and f(g, p) are quasi-orthogonal in the one-
dimensional sense. It follows therefore from theorem I of (1) that the f(r, p)
numbers satisfy the recurrence relation

B(r, p) = —[nM(p+1)f|| N(p+D|1r—1, p)+B(r—1, p—1)/|| N+ D). (23)

8. Summary of relationships

There are four kinds of generalized n-dimensional Stirling numbers. The
first kind defined by (11) is quasi-orthogonal in the sense of (17) to the second
kind defined in Section 7. The fourth kind defined in Section 4 is quasi-
orthogonal to the third kind defined in Section 6, in the sense of (16).

In addition we have defined in Section 7 the « numbers and have shown that
they are quasi-orthogonal in the one-dimensional sense (cf. (4)) to the generalized
n-dimensional Stirling numbers of the second kind, i.e. the f numbers.

For n = 1 the numbers of the first and third kind become the numbers of the
first kind of (1) and the numbers of the second and fourth kind become the
numbers of the second kind of (1).

9. Generating functions

Equation (11) defines the generalized n-dimensional Stirling numbers of the
first kind. At the same time it defines Q(X, r) as the generating function of
these numbers.

(i) The generalized n-dimensional Stirling numbers of the second kind are
defined in Section 7 and satisfy the recurrence relation (23). We find their
generating function by the method given on p. 175 of (5). Let

Gh(r, ) = #(0.0)= § (. Y
then
GA(r, p+1) = ¢(p+1, 1), GA(r+1, p+1) = ¢(p+1, 1)1,

and by substituting into (23) we obtain the difference equation satisfied by ¢,
ie.

¢+ 1, 9l N(p+2) | +tM(p+2)]]—14(p, 1) = 0.
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The general solution of this equation is given by

p—1
o(p, 1) = w(t)kl;[o Y| Nke+2)|| + M (k +2)],

where w(?) is an arbitrary periodic function of period 1. To find w(¢) we use
the boundary condition

o1, 1) = Zo B, D" = w([| N)| +tM(2)].
The same procedure can be applied to the generating function of the o
numbers.

(ii) Referring to Section 4 we can write

n n me M
l—_[ Qk(lk’ mk) = I_,[ Z Ak(mks sk)tlsck = Z A(Ms S)Ts = ¢(M, T)’
K=1 k=15<=o0 5=

where, symbolically,

n

TS = kUI tlsgk’ S = [sl, 825 eeey Sn].

This relation defines the generating function ¢(M, T) of the numbers A(M, S).

(iii) According to (12) of (1) for each k (which we leave out in order to
simplify the notation)

B(p, m) = — M(m+1)B(p—1, m)|NGm+1)+B(p=1, m=1)/Nem+1). (24)
On the other hand
GB(p, m) = ¢(m, 1) = ,,; B(p, m)

GB(p, m+1) = ¢p(m+1,1)
GB(p+1, m+1) = ¢(m+1, t)/t,
since B(0, m+ 1) = 0. Substituting into (24) we obtain
o(m+1, )[Nm+2)+tM(m+2)]—td(m, {) = 0,
which is readily solved to give
d(m, 1) = o(f) :lj: 1/ [N(k+2)+ tM(k+2)],
where
#1,1) = O INQ+M@] = 3 B, 1),

which defines w(¢).
It follows that

n n me—=1
Hl dlmy, 1) = knl () sI=—Io te/[N(s+2)+ tM(s +2)]

K= =
n o

= H Z Bk(Pk, mk)tpk = ¢(M9 T),

k=1 px=m
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where ¢(M, T) is the generating function for the generalized n-dimensional
Stirling numbers of the fourth kind, since

oM, T) = i B(P, M)T",
where

= Il & P=[pups - )

Remark. Special cases of the preceding numbers have been studied. One
complete example will be found in (6).
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