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Disjoint convolution sums of Stirling numbers
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Abstract. By means of the connection coefficient approach, disjoint convolution sums
involving the Stirling numbers of the first and second kinds are evaluated in closed form.
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1. Introduction and motivation

Suppose that {pg(z)}r>0 constitutes a basis for the polynomial space. Then for a
polynomial Q(x), it can be expanded uniquely in terms of {pi(z)}r>0. Denote the
connection coefficient corresponding to py(z) by

(Pe@:Q@), suchthat Q@)=Y pil@) (me@iQ@). ()

k>0

In accordance with Knuth [7], the unsigned Stirling number of the first kind

and the Stirling number of the second kind will be denoted here by [Z} and {Z},

respectively. Define the rising and falling factorials by (x)o = (z)o = 1 and
(@)p=z(x+1)---(x+n—-1) for neN,
(@) =2(x—1)---(r—n+1) for neN.
)

Then for the three polynomial bases {z*}r>0, {(2)x x>0 and {{z)) }r>0, the Stirling
numbers are connection coefficients among them via

() = kz:) [Z} ¥ and z" = é{:} (),

where the first relation is equivalent, under x — —zx, to the following one:
- n
Y NES
k=0
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There exist numerous identities involving Stirling numbers of both kinds (see
e.g. [3, Chapter V], [5, §6.1] and [1, 2, 4, 6, 8, 10]). One well-known formula is the

convolution
zn: [n} EY  (n) (n—1)!
= Lkl m S \m) (m -1
As a warm-up, we reproduce its proof here as follows. Consider the expansions

=3[l - [ 2 {5} e

o I
ST LN

Then the convolution sum in question results in the connection coefficient
[<z>m; (z)n] , which is known as the Lah number

n\ (n—1)! n—1Y\ n!
L = — = —. 2
(n,m) (m) (m—1)! <m — 1) m! @)
As remarked by an anonymous referee, the above formula can also be proved by
making use of the calculus of finite differences. Denote by A, the forward differ-

ence operator of unit increment with respect to y. Then the Newton interpolating
polynomial at the points {0,1,2,...,n} yields the equality

(y+Z—1> é(i)A$(9+Z—1>

m

y:0.

Evaluating the differences

A?(y—’_n_l) = <y—|—n—1> for 0<m <n,

n n—m

we can see that the polynomial equality is equivalent to

which leads us to the same formula as in (2).
Another well-known result is the orthogonal relation

S [ E = xm=m,

k=m
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where the logical function x is defined by x(true) = 1 and x(false) = 0. This can
analogously be justified by making use of the expansions

i n i n k k
S I DY (A T
k=0 k=0 m=0
B n N n s n k
=S 3 mk{ﬁ{m}

and then determining the connection coefficient
(@i @) = xtm=mn).

Motivated by these two identities, for an arbitrary integer parameter A we shall
examine the following two classes of convolution sums:

Pmin(X) = > {ki)\] {:1} ®)

These convolutions of Stirling numbers are called “joint” for A = 0 and “disjoint”
otherwise when A # 0. In the next section, two general summation theorems will
be established for ®,, ,(A) in accordance with A > 0 and A < 0. Then in Section 3,
two analytic formulae will be shown for the alternating convolution sums ¥, ,(X).
Several remarkable identities will be deduced as consequences. The first four are
anticipated as follows:

m m!
n n!
q)mn 1) = 5
n(=1) (ml)(ml)'
_ n—m (n_ 1)'
\Iim,n(l) - (_1) ml )
0, 1<m<n
Upn(—1)=¢-n, m=n
-1, m=n+1.

It should be remarked that the formula above for ¥, ,,(1) is equivalent to [5, Identity
6.25]. Finally, the paper concludes with a brief discussion about similar convolution
sums of Lah numbers, where a few examples will be provided.
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2. Evaluation of positive sums ®,, ()

In this section, we are going to derive two summation formulae for ®,, ,(A) according
to A > 0 and A < 0. Starting with the Stirling expansions in succession

T
L

n—>\
_ (Mm] & n k42
(I)n— _k_ﬂj +kz_0[k+)\:|$

N IMIAS {kzi)\] Xk: {:L}mm
Z et ) @ 3 {kiA] {Z}

we derive the following equality:

I I
I T
CIMIT

8

bl
Il
o

b

o
3
]
o
ke
]
3

SenSLE %S e

The above expression on the right is a polynomial. In order to determine it
explicitly, we recall that for n € N, there is a binomial identity

n—1 .
r+n—1\ x z+5—1
(=2 00T)

which is equivalent to

() =z Z (n ;,! L' (x)j, where neN. (5)

By pulling out the initial term, we can proceed further with

n—1 ('fl— 1)'
(@) =z(n—1)+2 Z T(m)h
Ji=1
— 1)
—an-irat Y UG,
n>ii>ga20 It I
n—1
n—1)! n—1)!
AR SRS PR S e T
hm N> i1 > 2 >4s >0 J192 I3

For n, A € N with n > A, we can show by induction that

(m)nzzwk Z (n_l)!

k=1 n>j1>j2> > _12>1 J1J2 Jk—1

+ Z &(x)h.

n>]’1>j2>'“>jA20]1]2 Ix—1"Jx
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Then we can state (4) equivalently as
n—A>\ n—A>\
n k (n—1)!
DD I N K S I e e
- N I
m=0 o LAl Lm N> S>> ja >0 I 12T TIA=L TN
By reversing the summation indices, we can now evaluate the connection coefficient

[<x>m; ) M()]

L ) 12
0<i1 << -<ix<n

(n—1)! o
0§i1<i2<2‘“<i>\<n m (<£C>m’ ( )11 ]
B 2 ML(il,m).

l ! -Z .-.Z
m<iy<ig<---<ix<n 1 2 A

Dy n(N)

Observing further that

n—1

S R R - S Sy )

- 1! 29 1\ _
ix=A+m—1 A m<iy <io<---<ix—1<ix 1 2 A-1
we find the following interesting property.

Proposition 1 (A > 0: Recurrence relation).

n—1

b= 3 =D o).

7!
i=A+m—1

The same referee pointed out that this proposition can also be proved by com-
bining (3) with the following known recurrence relation (specified by £ = k + A):

o) esn) )

This identity can be found in [7, Identity 6.21] and can be shown by classifying
the permutations of {1,2,...,n} with £ cycles according to the length n — i of the
(specific) cycle that contains the largest element ‘n

Define the multiple harmonic numbers by the elementary symmetric function

oo(m;n) =1 and ox(m;n) = Z H -

m<iy <io<-<ix<n j=1 Y
Then for n, A € N with n > A\, we can write

n—A>A
—1
Zx (n—1Dlog_1(1;n—1) —&—xAZ (n ——on1(f+1L;n-1).
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From this, we can see that (4) is also equivalent to

nif(@mnif {ki/\] {:L} =nZ:A(9:)J<nJ_,1>'oA 1G+1n—1).

m=0 k=m 3=0

Therefore, the connection coefficient can be evaluated by

n—A\
Qmn(N) = [<x>m§ Z(x)J n ]_! 1)'U>‘ 1+ Lin— 1)]

[
M|

o+ 1 - 1) (@i (), )

~ox-1(j + L;n — 1)L(j, m).

After some simplification, this is highlighted as the following theorem.
Theorem 1 (A > 0).

n—>\ j—l
mn ( 1)‘7)\ 1(]+1 n_l)
Jj=

The first two formulae corresponding to A = 1,2 are recorded below.

Corollary 1.

(@ ) =

o o= 3 GV

i=m+1

n—l) (n—1)!

m m!

Proof. The first formula (a) follows directly by letting A = 1 in Theorem 1 and
then evaluating the binomial sum

B, (1) = fl (nn—ﬂl)!@—_lJ _ (n;ﬂl)! (n; 1).

j=

= 3

Formula (b) follows from
by letting A = 2 in Theorem 1:

)5 ()

a) and Proposition 1 and can also be done analogously

j=mi=j+1

7”2‘:1 (n—1)! < ]f1 i nfl i—1
o i-m! m )
1=m-+1 j=m
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For A < 0, we have another explicit formula, where A, is the difference operator
introduced in the introduction.

Theorem 2 () < 0).

-\ i ; ,
—DAMIT AN (i .
i—0j—0 L J
- L(j+n,m) . _
= (—1)’\+JMA_Z/(n+y) A )
=0 J: y=0
Proof. Analogously, we have the expansions
n—>\ n
_ E+A
(W= Y {k+>\]x
k=—X
n—A\ n k k
S S PN D SR I T
x T)m
Pt k4 X = Lm
n—>\ n—>\
o n k
2L [

Multiplying across by x=*, we derive the expression
P (A) = (<$>m?$_)\(5€)n] ‘ (6)
Observing that

oA ) -0} =Y (‘ZA)W

=0

SR e

j=0 J
we deduce further from (6)

Z( )Z EV2 L (i @)

1= =0
A i -
(=D)AMI (4 )
- (LS {frenm,
=0 7=0

which gives the double sum expression in the theorem.
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By interchanging the summation order, we can rewrite

L(j+n7m)§§(_nlx):rj<_i)\) {;}

7=

L(J’fmm)g(n;:”( )Z () y

|
>

D,y n(N)

I
.
L1
(=)

4!

S S E()G
=3_A0< ) §<—1>k(i) (n 4K

Expressing the rightmost sum in terms of A, we obtain the second formula stated
in Theorem 2. O

When X is a small negative integer, the sums displayed in Theorem 2 contain
only a few terms and can be computed without difficulty. In particular, we have the
following three elegant formulae for A = —1, -2, —3.

Corollary 2 (m > —\).

n+1> (14+mn)n!
(n+1)(m—-1)

~(n+2\ (1 +m—n+4mn+m?*n?)n!
(€) mn(=3) = (m— 1) (n+1)(n+2)(m —1)!

3. Evaluation of alternating sums ¥, ,,(\)

For the alternating convolution sums ¥,, ,,(A), two companion formulae will similarly
be shown in this section. Again, we first consider the case A > 0. In view of the
Stirling expansions

(@) = §<—1>”—k HEES nf(—l)”—k—A [k i A] kA
k=0 k=0
Al n—X\ k
- l;)(_l)"—k {Z} 2 4 ()N S (=R {k j’r )\} mZ::O { :;} () m

0
_ :2:;(_1)”—’“ HESIC) (e ni(‘l)n_k [kiA} {:”L}
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we have the following expression:

The above expression on the right is again a polynomial. In order to have an
explicit polynomial expression, we must rewrite (5) by making the replacement x —
—x:

~———(x);, where neN.

(@ = ()= D1 + (o) 3 (1 D,
ST T LS R o ) L e Lo
n>j1> 220 JiJ2
n—1
— (=)0 = D0+ (aponr Y
ji=1
n—js (n—1)! 4
(o) Z 1) Juja - gs!

n>ji1>j2>53>0

In general, for n, A € N with n > A, we can prove by induction that

(@)n = f(—x)k 3 ED"n = 1)

k=1 B> gas s >1 JLJ2 T Ik=1

5 () P!

Jijz - da—1 - g

>jx'
n>j1>j2>->jx>0

By combining this with (7), we get the expression

D IDCS I ZCY PR B el s LY

m=0 n>j1> e > >y 20 JHI2TTIASL I
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After reversing the summation indices, we can manipulate the sum

CnV = @ 3 (m.”(".”!wnl]

| R PR
0<i1 <ip<--<ir<n 21012 )\
(=) (n—1)!
- 2 i g [<$>m;<x>¢1)
0<i1 << --<iy<n 112 A

1) (n —1)!
S (—)" " (n—1)

i1l g iy

0<i1<ig<--<iy<n

~1)" " (n — 1)}
-y ()" (-1

ml iy iy

m<ip<--<ix<n
By reformulating the last multiple sum in two different manners

n—A+1

> (-pEm (i2 — 1)! > (=1)"2(n—1)!
I T
—— M i< <ingn 20BN

and

S At IR I
N i1

! ml-ig - iy_
ix=m+A—1 A m<ig<iz<---<ix 2 -1

we find the following two remarkable equalities for ¥, ,(A\) when A > 1, which can
be seen to hold also in the case A = 1.

Proposition 2 (A > 0: Recurrence relations).

n—A+1

o= Y (o)
i=m41 ’
= i (_1)71*1'@\1,%1,(/\_1).
i=m4A—1 ’

By making use of the o-symbol, we also have a compact expression

(Y = (=1)"(n —1)! z_: Veor_1(1;m —1)

—a)* Y (=1 () & ;; 1)!‘”—10 +Ln-1).
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Hence the connection coefficient can alternatively be evaluated by

Sy (=D
Va0 = | @i 21, 0A—1(]+1;n1)]
n—>\
= oG - ) (@)
n—>\
= > o+t = Dt =),

which becomes the formula stated in the following theorem.

Theorem 3 (A > 0).

(n—1)!

\I]m,n()‘) = (*1)n7m m)!

ox—1(m+1;n—1).

As a consequence, we have the following formulae corresponding to A = 1,2, 3.

Corollary 3.

m!
_ n—m(n_ )' o 1)
(0) Upn(2) =(-1) - o1(m+1;n—1);
(& Wrn®) = (-1 O 1),

When A < 0, the corresponding formula is as follows.

Theorem 4 (A < 0).

v =3 (1), 0, S

=0

Proof. Alternatively, we have the expansions

(x)n = niA (—1)n—k=A [k JT: )\} e

k=—X

o S e [ ] B

k=—X m=0

= (—a) 7§<x>m 5—1)”"“ [/c V J {:1} '

m=0 k=m
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A

Multiplying across by (—z)~*, we derive the expression

Urnn(N) = (@ (=2) @) ) (®)
Observing that

a3 () e

L (55

we deduce from (8) the double sum expression

X (DX (A = [
Ui (A) = Z nAti ( i ) Z {J} [<x>m§ <x>n+j]
i=0 j=0
Y i,
o ()5 {i e
iz " i V=W
which becomes the formula displayed in Theorem 4. O

When A is a small negative integer, we can easily compute ¥,, ,,(A) by means of
Theorem 4. Here are the first two examples.

Corollary 4.

0, 1l<m<n

(a) \I/m,n(*l) = -n, m-=n
-1, m=n+1;
0, 1<m<n
2 -
(0) Umn(—2)= m men
’ 2n+1, m=n+1
1, m=n-+2.

4. Convolution sums of Lah numbers

By employing the approach of connection coefficients, convolution sums of Lah num-
bers can also be examined. However, the resulting expressions are quite involved.
Here we give five initial formulae as examples, which can be confirmed by using
the Chu—Vandermonde convolution formula. The informed reader will notice that
among these five identities recorded below, (9) is well-known and equivalent to the
equation appearing in [9, p. 44].
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> L(n, k)L(k,m) = 2""L(n, m),

k=m
n+1 2
S Ln, k= 1)L(k,m) _gnem(mAERTmmA
= 2n(n+1)
> (=1 "L(n, k)L(k,m) = x(m = n), (9)
k=m
n—1
3" (~1)* "L(n, k + 1)L(k, m) ("_m)('”_l) ,
P m:
0, 1<m<n-1
fasy nn—1), m=n-1
> (=D)F"L(n, k — 1D)L(k,m) = ’
P —2n, m=mn
1, m=n-+1.
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