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Identities for partial Bell polynomials de-
rived from identities for weighted integer com-
positions
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Abstract. We discuss closed-form formulas for the (n, k)-th partial Bell
polynomials derived in Cvijovié [2]. We show that partial Bell polynomi-
als are special cases of weighted integer compositions, and demonstrate
how the identities for partial Bell polynomials easily follow from more
general identities for weighted integer compositions. We also provide
short and elegant probabilistic proofs of the latter, in terms of sums
of discrete integer-valued random variables. Finally, we outline further
identities for the partial Bell polynomials.
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1. Introduction

In a recent note, Cvijovié¢ [2] has derived three new identities — which we
list in Equations (@), (@), and (@) below — for the (n,k)-th partial Bell

polynomials in the variables z1,xa, ..., Zn—k+1, Which are defined a
By (21,22, ... ,xn,kﬂ) =
Ln—k
Sty (e YD
Oy ! VI (n—Fk+1)! ’
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1 Another way to deﬁne the partlal Bell polynomials is by the formal power series expansion

Pt wmt™) =2 Bk, m27'L',"'m” b+ 4n This would also immediately lead
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to Corollary Ml below if we deﬁned the subsequent concept of weighted integer compositions
k

by the formal power series expansion (Zm>0 flm)t m) =2 >0 (fb)ft", with notation

as explicated below.
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where the summation is over all solutions in nonnegative integers ¢1, ..., ¢y k41
of ty+2l+--+(n—k+ly_kt1 =nand by +lo+ -+ g1 = k.
Such identities may be important for the efficient evaluation of the partial
Bell polynomials, as hinted at in Cvijovié¢ [2], who also indicates applications
of the polynomials. Importantly, they generalize the Stirling numbers S(n, k)
of the second kind, since S(n,k) = By x(1,...,1).

The purpose of the present note is to show that these identities are
special cases of identities for weighted integer compositions and to outline
very short proofs for the more general identities, based on sums of discrete
random variables. Our main point is to compile (identical or very similar)
results developed within heterogeneous communities of research, and to com-
bine these results. Finally, in Section ] we present three additional identities
for the partial Bell polynomials. Throughout, we write B, ; as a shorthand
for By, kx(x1,...,Zn_k+1), unless explicit reference to the indeterminates is
critical.

2. Preliminaries on weighted integer compositions

An integer composition of a nonnegative integer n is a k-tuple (71,...,7g),
for k > 1, of nonnegative integers such that 7 + --- + 7, = n. We call
k the number of parts. Note that order of part matters, and this distin-
guishes integer compositions from integer partitions. Now, to generalize, we
may consider f-colored integer compositions, where each possible part size
s € N=1{0,1,2,...} may come in f(s) different colors, whereby f : N — N.
For example, the integer n = 4 has nine distinct f-colored integer composi-
tions, for f(0) = 2, f(1) = f(2) =1, f(3) = f(4) = f(5) = --- = 0, with
k = 3 parts, namely,

(2,2,0),(2,2,0%),(2,1,1),(1,2,1),(2,0,2),(2,0%2),(1,1,2),(0,2,2), (0", 2,2),

where we use a star superscript to distinguish the two different colors of part
size 0. For weighted integer compositions we let, more generally, f(s) be an
arbitrary real number (or even a value in a commutative ring), the weight
of part size s. Colored integer compositions have been discussed in [6] [9] [10],
and weighted integer compositions have been under review in Eger [4], but
have been investigated as early as Hoggatt and Lind’s [7] work.

Let (fl) f denote the number of f-weighted integer compositions of n

with k parts, when the range of f is N, and let (z)f denote the total weight
of all f-weighted integer compositions of n with k& parts, when the range of
f is the set of reals R. We then have the following theorem.
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Theorem 1. Let k,n > 0 be integers, and let f : N — R be arbitrary. Then
the following identities hold.

(fi)f =3 flm) - flmo), @)
() =S (0t )0esor o

where the sum in (@) is over all solutions in nonnegative integers 7y, ..., T
of 71 + -+ + mx = n, and the sum in (@) is over all solutions in nonnegative
integers £g, ..., 0y of g+ -+ £, =k and 0¢y + 141 + - - - + nf,, = n. Finally,

1 . . .
(Zo elk ¢ ) = W denote the multinomial coefficients.

The proof of Theorem [ is simple. Identity () is a direct application of
the definition of (Z) s and (@) follows, combinatorially, from (2] by rewriting
the summation over integer compositions into a summation over integer par-
titions and then adjusting each term in the sum appropriately (in particular,
the multinomial coefficients account for distributing the parts in partitions).

Alternatively, when (5) is defined as coefficient of a certain polynomial,

f
then (@) can also be arrived at via application of the multinomial theorem

(see []) or the formula of Faa di Bruno [8] for the higher order derivatives of
composite functions (see [7]).

Interpreting f(s), for s € N, as indeterminates, Theorem [ identity (3]
immediately implies that f-weighted integer compositions ‘generalize’ partial
Bell polynomials.

Corollary 1. Let k,n > 0 be integers. Then:

k! k
— B (@1, 22, Tnk1) = ( ) ; (4)

whereby
fO)=fn—k+2)=f(n—k+3)=---=0,
f(8)=§, forse{1,2,....n—k+1}.

Corollary [Tl has been established in [I] in the more particular setting of
restricted integer compositions, or, classical ‘multinomial/extended binomial

coefficients’, where, in our notation, f(s) =1 for all s € {1,...,q}, for some
positive integer ¢q. This yielded the conclusion that partial Bell polynomials
‘generalize’ restricted integer compositions insofar as B, x(1!,2!,...,¢!,0,...) =
Z—; (:,)f’ where f is the indicator function on {1,...,q}.

Representation (2]) in Theorem [I]is very useful on its own since it cap-
tures an equivalence between f-weighted integer compositions and distri-
butions of sums of independent and identically distributed (i.i.d.) discrete
random variables as explicated in the following lemma.

Lemma 1. Let k,n > 0 be integers and let f : N — R be arbitrary. Then there
exist i.i.d. nonnegative integer-valued random variables X1, ..., Xj such that
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(:)f is given as the distribution of the sum of Xy,..., X} (times a suitable
normalization factor).

Conversely, the distribution P¢[X; + --- + X; = n| of arbitrary i.i.d.
nonnegative integer-valued random variables X7, ..., X; with common dis-
tribution function f is given by (fl) I

Proof. Consider (fl)f When f is zero almost everywhere, i.e., f(s) = 0 for

all s > x, for some = € N, then let £ denote the sum >, f(s') and let

g(s) = %—9) for all s € N. Consider the i.i.d. random variables X7, ..., X
with common distribution function g, i.e., P[X; = s] = g(s). By definition,
the distribution of the sum X; + --- + X is given as

PyXi+ -+ Xe=n]= > PXi=m] - PXi =m]

T4+ TE=n

— > glm)eglm)

T4 +Tp=n

:% > f(”l)"'f(wk):%(z)f.

Tt TE=n

When f is not zero almost everywhere, then note that

k k =
)y nJi

whereby f(s) = f(s) for s < n and f(s) = 0 for s > n, and Y;,...,Y}, are
i.i.d. random variables with common distribution function §(s) = %f), where
F=3venf(s).

Conversely, the distribution of the sum of i.i.d. nonnegative integer-

valued random variables X1, ..., Xy with common distribution function f is
given by, as above,

PiXi4--+Xp=n]= Y  PXi=m] - P[Xy=m]

T+ +Te=n

= ¥ swesm= ()

T+ +Te=n

applying Theorem [ in the last equality. U

Lemma [Tl has appeared in [4] and, in the special case when f is the dis-
crete uniform measure, in [I]. Lemma [I] allows us to prove properties of the
weighted integer compositions (:) f by referring to properties of the distribu-
tion of the sum of discrete random variables, which is oftentimes convenient,
as we shall see below.
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3. Identities and proofs

The three identities for partial Bell polynomials that Cvijovié [2] introduces
are the following:

n+1
Bn - k 1 [ Bn—oz. ) 5
R I
kl'kg n

Bn,kl-l—kQ - ]{1 +I€2 ' Z < > Ozkl n—ao,ka (6)

Xpp—1— 1 ak

-1
Bt = k—i—l (k+ 1) Z Z ( ) ’ < o )x"—al"'xak—l—akxak-
A= 1

(7)
As shown in Cvijovié [2], (@) easily follows inductively from (@). Therefore,
we concentrate on the identities (B) and (B). Throughout, we let k,n be
nonnegative integers and f be a function f : N — R. As we will see now,
identity (@) may be seen as a special case of the convolution formula for the
sum of discrete random variables.

Lemma 2. Let n, k; and ks be nonnegative integers. Then:
k1 +ka\ k1 ka
< n )f_ (x)f<y)f
Proof. By our previous discussion, it suffices to prove the lemma for sums of
i.i.d. integer-valued random variables X, ..., Xx,,Y1,...,Ys,. Now,

Pi(Xi+- + X))+ Y1+ +Y,) =n]

> PrXi+ X, =2l Pp[Yi+ o+ Vi, =y
r+y=n

T+y=n

by the discrete convolution formula for discrete random variables.
To formally complete the proofE we apply Lemmalll (or, more precisely,
its proof), leading to:

ki +ka\ (k1 + ke
no )y noJi

:Fn Z Pg[X1_|_...+Xkl:x]Pg[Y1+"'+Yk2:y]

F'Py[X1+ -+ Xiy sy = 1]

r+y=n
= Y FURXi+ -+ Xiy = PR Yi 4+ Vi, =)
r+y=n
-2.(,0),-2.0),0)
r4+y=n z f Yy f r4+y=n z f Yy f

2We omit this straightforward step in all subsequent proofs.
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Proof of identity [@). Using Lemma [ and Corollary [I] we obtain that

n! kl + k2> n! </€1> (kz)
Btk = 57— TR
kith (k‘l + k‘g)' ( n f (kl + kg)' Z T)e\Y /g

r+y=n
= L Bor, =B
(k1 + ko2)! mg/::n gl Dok y! vikz

kl!kg! n!
=——— Y ——B.nB
| (] z,k1 Py k2
(k‘l + k‘g) otgen xly!

k‘l!kg! (n)
| Z z,k1 2y, k2
(/fl + kg) oy x
O
The proof of the following identity for weighted integer compositions

which directly entails identity (B]) is a straightforward variation of the proof
outlined in DePril [3], who considers sums of integer-valued random variables.

Lemma 3. Let k,n > 0 be integers and let f : N — R be arbitrary with
f(0)=0and f(1) # 0. Then:

(n), = = & (k1) e s ()

s>1

Proof. Let Xi,...,Xk4+1 be ii.d. nonnegative integer-valued random vari-
ables, with distribution function f. Consider the conditional expectation
E[X1| X1+ ...+ Xkt1 = n+ 1]. Due to identical distribution of the vari-
ables and linearity of E[- | -], it follows that E[X | X1 +...+ Xp11 =n+1] =
Bt X | Xk £ Xepa=ntl] — nbd s, E[k“Xl—l | X1+ A Xpy1 =
n+1] =0, Wthh means that

_Z(k+1 _1)Pf[X1:s,X1+---+Xk+1:n+1]
PrXai+...+Xgp1 =n+1]

1 < k+1

1 &K k+1 k
= (k+1) Z(n+18_1)f(8)(n+1—s)f’

so that rewriting and shifting indices lead to the required expression. O

We omit the proof of identity (B since it is a simple application of
Lemma [3]
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4. More identities for the partial Bell polynomials

We mention the following three additional identities for partial Bell polyno-

mials,
1 n
Bn,k = E Z (Oé) xaana,kfly (8)

>0
n—1
Bn,k = Z ( _ 1>xaBna,k1a (9)
a>1 @
n
Bn,k(xla oo 7xn7k+1) = Z (Oé) x(lanfa,kfa(Oy T2y e vy xn7k+1)~ (10)

a>0

(note that ) is a special case of (@) which straightforwardly follow from
the following corresponding identities for weighted integer compositions,

(), -5,
(), sl
O, 00D, o

In Equation (I3), f(r) = 0 and f(s) = f(s) for all s # r (note that (1) is
a special case of (I3) in which r = 1). Proofs of identities (IIl) to (I3)) can,
e.g., be found in Fahssi [5] and Eger [4], who also give further identities for
weighted integer compositions.
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