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ABSTRACT

This paper presents a number of identities for Dirichlet se-
ries and series with Stirling numbers of the first kind. As
coefficients for the Dirichlet series we use Cauchy numbers
of the first and second kinds, hyperharmonic numbers, de-
rangement numbers, binomial coefficients, central binomial

coefficients, and Catalan numbers.

RESUMEN

Este articulo presenta identidades para series de Dirichlet y
series con nimeros de Stirling de primera especie. Como coe-
ficientes de las series de Dirichlet usamos nimeros de Cauchy
de primera y segunda especie, nimeros hiperarmonicos, sub-
factoriales, coeficientes binomiales, coeficientes binomiales
centrales y nimeros de Catalan.
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1 Introduction

n
We consider the unsigned Stirling numbers of the first kind N defined by the equation

1 — | n 1
W:Z E | zx+1)---(x+n) (1.1)

n=k

(see [2], [15, p. 29 and p. 171]) or by the well-known exponential generating function [10, p. 351]

(_1)klnk(1—x)=i " g <) (1.2)
k! k| n! ' '

n=~k

These numbers have a very strong presence in combinatorics and also in classical analysis. For

example, it is known that for k£ > 1

n 1

Ch+1)=)" o (1.3)
n=k

where ((s) is Riemann’s zeta function. This representation appears in Jordan’s book [12] (see
equation [6, p. 166] and equation (3.1) on [12, p. 194]; also the more general formula on p. 343 in

this book). Interesting comments and a new proof can be found in Adamchik’s paper [1].

The corresponding result for the Hurwitz zeta function (s, a) was proved in [2]

(%) n 1
k+1,a)=T —_ 0, k>1 1.4
et =@} | | oy @20 k21 (14)
together with the representation
o Hp _ — | n | ¥ (n)
S-S ] e g
p= n==k
1 1 . d .
where H, =1+ 3 + .-+ —, Hp =0, are the harmonic numbers and ¢ (z) = . InT'(x) is the
n x
digamma function. A representation for the polylogarithm Lis(x) = Z :v_s in the spirit of (1.3)
n
n=1

was also proved in [2]. Other results in this line were obtained by Wang and Chen [16].

In this paper we want to develop a method of replacing ((k + 1) by other Dirichlet series in the
spirit of (1.4) and (1.5) and obtaining representations in terms of Stirling numbers. More precisely,

we consider the following problem arising from the above representations: given a Dirichlet series
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of the form

n=1

we want to find the coefficients b,, so that

In the following section (Section 2) we state our main theorem which gives a solution to this
problem for the case when the numbers ay are the coeflicients of an analytic function. Then in
Section 3 we derive from this theorem a number of corollaries. For illustration, here are some

identities proved in Section 3

k 00 [ 1
n 1
k41— i +1) = —  (k>1
+ ;C(H) n; o | e *z
o0 1 o0 _TL_ nl
T = 2 e=> 5| (k=0
o 2LV D e |k el
| | B@2n+2)
> ppemm =2 | | k20

n 1 1
———=—- (k>0
Zéll’p—l—l’”l—i_Z k| nl2n+3) 2 (k20)

where C), are the Catalan numbers and S(x) is Nielsen’s beta function.

2 Main results

Theorem 2.1. Suppose the function

o0
= E akxk
k=0

is analytic on the unit disc |x| < 1. Then we have the representations

DI X n|1 "
;p£+1:,§(1’+f)k+1:; k E/O f(@)(A — )" de (2.1)

oo

ap -1 k 1
Z(J(p+1)k+l = k!) /o f(@)(In )" dz. (2.2)
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Proof. In the representation (1.1) let x = p > 1 be a positive integer and write

1 1
W:Z E|plp+1)--(p+n) 23)

We know that

1 1 !
=—B 1 Pl —2)"d
e I S IR Tht el n!/o“’” (=) de

where B(p, ¢) is Euler’s beta function defined by

1
B(p,q) = %i?if; = /0 a:p_l(l - a:)q_l dx.

Next, multiplying both sides of (2.3) by ap—1, summing for p = 1,2, ..., and exchanging the order

of summation we have

[e'e) ap 1 [e'e) 0 n 1 /1 N
N e M M T AL
This proves (2.1). The representation (2.2) follows from (2.1) by bringing the summation inside the

integral and using equation (1.2). It can be proved also directly by expanding f(z) and integrating
term by term. The proof is completed. (I

Some remarks. A Dirichlet series of the form (1.6) is called convergent, if it is absolutely
convergent for some sg. In this case it is absolutely and uniformly convergent for Re(s) > sg
[9, 11]. Also, as shown by Charles Jordan in [12; p. 161] the Stirling numbers of the first kind

have asymptotic growth

— = !'(7 + Inn)ktt (2.4)

for k > 1 fixed. Here 7 is Euler’s constant. We will keep this asymptotic in mind for the corollaries

that follow.

Taking the function

1 oo
f(x):m:;xn7 || <1; an=1 (n=0,1,...)

/01 f@)(1—2)"da = /01(1 —2)" e = %

and (1.3) follows immediately from (2.1). Our main applications are given in the next section.

we have for n > 1
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3 Corollaries

We first give a new proof to equation (1.5). Applying (2.1) to the function

f(z) = ZHanC (lz] <1)

we find

i%:i : %{_/Olln(l—x)(xl—:v)"ldx}.

p=1 n=~k

With the substitution 1 — 2 = e~* this integral becomes

0 te_"t e ,
| = =3 G =Y
m=

and (1.5) follows. It is good to mention that

2

1y — & L1
3.1 Dirichlet series with hyperharmonic numbers

Let hsf) be the hyperharmonic numbers defined by the equation

n+r
hngJrl) = (Hn4r — Hy)
r

for integers n, r > 0 [8]. When r = 0, hY = H, are the harmonic numbers. The generating
)

function for h% is given by
> In(1 —z)
RNgh = ——— 2 1).
>onpan =~ (el < 1)
) In(1 —z)
Let n > r. We apply our theorem to the function f(x) = —W where the parameter r + 1
-

is used for technical convenience. It is easy to compute

1 z)(1 —x)"dr = — 1n —z2)(1—z)" "l de = 1 1n —x —x)" "
| r@a—ayae == [ng-o0-artae = — [ -aja0 -

S In(l-—z)(1—2)""

n—r

1 1
1 1
1—z)" " de = :
0+n—7’/0( z) v (n—r)?

This gives the following.
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Corollary 3.1. . For every k > r > 0 we have the identity

e h(TJrl) oo n 1
p—1
= - . 3.1
2 = 2| | .

In particular, for » = 0 we have (compare to (1.5))

s Hp_l . S n 1
; i _nz:; i (3.2)

3.2 On a result of Victor Adamchik

Adamchik in [1] discussed series of the form

G =S | " |-

=k nlnd
and showed that
G(k,q) = G(q, k) (3.3)

that is,

| n 1 | n 1

1; | nlne 1;1 q nlnk
With ¢ = 2 this property implies equation (3.2) since - (n — 1)!H,—1. In the next result

2

we will connect two different series of Stirling numbers of the first kind.

Corollary 3.2. For any two integers ¢ > 0, k > 0 we have
= S 3.4
Z q n[(n + 1)k+1 Z k n[(n + 1)q+1 ( )

n=q n=k

Proof. We take the function
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we find from the general formula (2.1)

> p—1 1 ° n (_1)q /1
—_ = In?(1 —2)(1 —2)"dx
pz::l q |PT-1) nz:; k| nld Jo (1 ==l -2)

t

and with the substitution 1 —z = e¢™" we compute

(] _ oV e — (1)1 g iyt o, _(=1)7!
/0 In?(1 —z)(1 —2)"dx = (-1) /0 tle dt = (T 1y

which gives the representation

; . e | | e
Replacing p by n + 1 gives the desired result for all ¢ > 0, & > 0. ([

This shows a symmetry like the one in (3.3) for G(k, q).

For ¢ = 0 we find for every k > 0

o0 n 1
n; ) (n+1)!:1. (3.5)

Note that the same result follows from (1.1) for z = 1. The value of this remarkable series is
independent of k. For £ = 0 on the left hand side we have only one term, 1. For £ > 1 fixed from
(2.4) we find the asymptotic behavior for large n

n - (v 4+ Inn)k-1
E | (mn+1)! nn+1)(k-1)!

which shows a very slow convergence. For instance,

100 1
— <038
; 5 | (n+1)! <
For ¢ =1, k > 1, we have P (p — 1)! and (2.1) implies the closed form evaluation
1
i N i71 k+1 zkjc('ﬂ) (3.6)
| 2 k+1
Z |k | IR T D 2
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where the second equality follows from the recurrence relation

3 1 o l+p-p 1
;p(“l)k“_Zp(p+1)’“+1_zp(p+1)’“ Ck+1)+1

p p=1 p=1

:ZW—C(!H—U—((M—FQ ete.
p=1

For ¢ = 2 we have L (p — 1)!Hp—1 and therefore,
2

(3.7)

etc.

3.3 Dirichlet series with Cauchy numbers

The Cauchy numbers of the first kind ¢,, and second kind d,, are interesting combinatorial numbers.

They are defined by the generating functions

—x dn
1-2)ln(l—z) Dt

n=0

where |z| < 1 (see [7, p. 294] and [3, 14]). Now consider the function

1—2x

-z = (=),
)= iy = 2 o (el <)

Using again the substitution 1 —z = e~ we compute

1 0 q _ -t oo —(n+1)t _ ,—(n+2)t
1 2
/ f(:c)(l—a:)"dx:/ 766*<"+1>tdt:/ c c dt = n 2F
0 0 0

n
t t n+1

as this is a Frullani integral. After changing the index p — p 4+ 1 we get the following result.
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Corollary 3.3. For every integer k > 0 we have the series identities

(-1 pcp | 1. n+2
= = —1 . 3.8
I e o M T as
S R — d, | n |1 ( 1)
= = —In{l1+—-). 3.9
;p!pk pgop!(p—l-l)k“ ; k| n! n (39)

Proof. The first identity has been proved above. For the second one we use the function

in the same way. (I

Both series on the right hand sides of (3.8) and (3.9) are very slowly convergent series with positive

terms. In (3.9), for instance, with & > 1 fixed

3.4 Dirichlet series with derangement numbers

The derangement numbers

(=)
<.

are popular in combinatorics [7, p. 180] and [10, pp. 194-200]. We will relate them to Stirling

numbers of the first kind. The generating function for the derangement numbers is given by

e * > z"
D = = D, — 1).
@)= 1= =2 Dy (el <)
In this case

! — ) dx = lefm _xnflx_l 1etn71 = (=1)"(n — efl_n_l(_l)j
/OD(:E)(I )d—/o (1-2) d—e/o "Lt = (—1)"(n — 1)! ‘

<
Il
o

and therefore, we come to the series identity below.
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Corollary 3.4. For every integer k > 0

0o oo 00 n—1 ;
Dy D, no (=D [ (-1)
— — et — - . (3.10)
; (p—1)ip*+t z;)p!(erl)’““ nZ:; k| n = I
From Taylor’s formula we get the estimate
n—1 BERY
I =P
par S n!

which assures convergence for the last series in view of (2.4).

The computation of the above integral shows that with f(x) = e * in (2.1) we come to
! —x n n+1 —1 . (_1)j
e " (1l—x)"de=(-1)"""nlle —Z—|
0 .

=0 7

and this result implies the identity

G VL o N U O (R Y o
;W_; % (=)t el_jz::O 5 ) (3.11)

In the same way

1
/ e“l—z)"de=nl]e—
0

j=0 J!
and therefore,
I e— = 1. (3.12)
;p!(pﬂ)’““ ; k ;03!

3.5 Identities for Dirichlet series with binomial and central binomial

coefficients

Noticing that

1
1
l—2)de=—— (A>-1
[ a-0rar= g 0>
we take the function
i r
flz)=Q1-2)" = Z (=D)"2", 2| <1, an = G
n=0 n

and from (2.1) we come to the next result:



Dirichlet series and series with Stirling numbers 113

Corollary 3.5. For every integer k >0 and k+r+1>0

> r (_1)p _00 n 1
pz:;) P W‘% T (3.13)

Here we need n+r+1 > 0. This will be true when k+7r+1 > 0 or r > —k — 1. This identity was
obtained in [2, Example 10] by other means.

When r is a nonnegative integer, the sum on the left hand side is finite. For example, when r =0
equation (3.13) turns into (3.5). For r = 1 and r = 2 we have correspondingly as in [2, Example

10]

1 | n 1
l——= = —_ 3.14
2k+1 7; k n!(n +2) ( )
1 1 | n 1
l——+ 7 = —_ 3.15
2k + 3k+1 7; k n!(n +3) ( )
etc.
For r = —1/2 and r = 1/2 the binomial coefficients take a special form
-1/2 2 1 1/2 2 1
Plocor ()L [ ) s [P ) 5
p P 4 p p 4r(2p — 1)

and (3.13) produces the two identities involving central binomial coefficients:

Corollary 3.6. For any k>0

> [ 2p 1 < | n 1
S . (3.16)
102:;) p | 4P(p+ 1)k+t ; k| n!(2n+1)
=\ » 47(2p — 1)(p 4+ 1)k = |k n!(2n +3)° '

In particular, with £ = 0 in (3.16) we have the evaluation

S () ot
=\ »p 4r(p+1)

1
coming from the generating function of the Catalan numbers for z = 1 (see next subsection).

Wang and Xu [17] studied series similar to the one on the left hand side in (3.16) and evaluated
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them in terms of multiple zeta values.

3.6 Dirichlet series with Catalan numbers
We involve now the Catalan numbers

o= %
P p
which are very popular in combinatorics and analysis [4], [7, p. 101], [8, p. 53], [10, p. 203]. Tt is
easy to see that for p > 1

2p 1

p 2p—1

=2C, ;.

Our first identity with Catalan numbers comes from (3.17) written in the form

1 |7 1
= - — _. 3.18
Z 4r( p+1 JEL 2 7; k| n'(2n+3) (3.18)

Correspondingly, for k = 0,1, 2 we have from (3.18)

= Cp 1

Zﬁ = : (3.19)
STeTD
o~ Cp_1 JR 1 2In2 7

el o — 3.20
; rp+1)2 2 z:: 2n+3) 318 (8:20)
= Cpy 1 < H, 7 72 2,

B U N B a2y, 3.21
;4”@—1—1)3 2 ;n(2n—|—3) st ™3 (8:21)

where in equation (3.20) we used the evaluation (for example, from Wolfram Alpha)

i 1 8 2In2
“— n(2n+3) 9 3

and the second equality in (3.21) was found by Mathematica and was provided by one of the

referees.

The generating function for the Catalan numbers is [4, 13]

1+m ZC“’” (lef <4)



Dirichlet series and series with Stirling numbers 115

Replacing x by /4 we consider the function

and apply our theorem to it. Using the substitution 1 — x = t? we find

1 1 n 1 42041
n _ (1_17) _ £t —
/Of(x)(l—:zr) d:z:—2/0 71+md:c—4 ; 1+tdt—4ﬁ(2n—|—2)

where

_ 1tm—1 B o (_1)m
B(w)—/o 4= e

m=0

is Nielsen’s beta function. We come to the curious companion to (3.18)

> C x| n| B2n+2)
;;)4”(p+p1)’“+1_4z k nl (322

n=k

For k = 0 this gives the known identity

[e%e] Cp B B ~
pz:;) PoiT - 46(2) = 4(1 — In 2). (3.23)
For k=1 in (3.22) we find
= B(2n + 2)
> —r e + e Z (3.24)
=

and for k£ = 2 we have a series identity involving Catalan, harmonic numbers, and beta values

= Cy H,_ 1[3 (2n + 2)
S ity -y T (329)
= 4r(p+1)3
At the same time from (2.2)
= 20=1)F (1 (Inz)*
> gt <2 [ (3.26)
p=0 ar(p+1) k! o 1+v1l—=x

and for k£ = 0 this confirms (3.23). For k = 1 by computing the integral we find

> Cp B , w2
24177 =8-8m2+4(In2)° — —

e (3.27)
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which gives also the value of the series on the right hand side in (3.24)

2

= B(2n+2
ZM —2_2m2+ (In2)? - .
ot n 12

1
1
The integral / % 4z can be computed by the substitution 1 — x = t? followed by the
0

1+v1l—=x

expansion of In(1 — #?) in power series. More directly, one can use Maple or Mathematica.

3.7 Dirichlet series with even central binomial coefficients

in
The numbers appear in some interesting applications in mathematics [5, 6]. Their gen-

2n

erating function for 0 < z < 1 is (see [6])

= 4n ) am 1 1 1 L (V1= 1+
=21 o W_5(¢1—ﬁ+¢1+ﬁ>_5< Vi-e )

n=0

which is easily derived from the binomial series. The theorem implies the identity below.

Corollary 3.7. For every integer k > 0 we have the identity

i 4p 1 i n | A,
_ = — 3.28
1;0 op | 167(p+ 1)k+1 1; | n! (3.28)

where

An:%/ol (\/1—\/§+\/1+\/5> (1—z)"" 2 da.

This interesting integral supposedly has the form A,, = a,, — b,/2 with a,, b, positive rational

numbers. This hypothesis was suggested by several cases verified by Maple.

A rough estimate gives

3
2n+1

1
Angl/ (1+2) (1—2)" 2dx =
2 0

which in view of (2.4) provides good convergence for the right hand side in (3.28). Also, from (2.2)

we find the integral representation

> N : - (_l)k 1 . ! nz)* dr
pz:;) 9p | 16P(p+1)k+1 2kl /0 (\/1—ﬁ+\/1+ﬁ> (Inz)”d (3.29)

(—1)k2k 1 t t
k! /0<\/1—t+\/1+t

> (Int)* dt
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for every k > 0. For example, when £ =0, 1

< [ 4p 1 8 2
— = - -ZV2 (3.30)
1;0 op | 16°(p+1) 3 3
S 4p 1 80 32 16
= — — —(In8 2)+ =1 2+1 3.31
2\ o | e 5 9(11 +\/_)+3 n (V2 +1) (3.31)
etc. The inte al/l ( ! + ! > Int dt for (3.31) was co ted here by using both Maple
. I T n r . was mpu T US11,
B \Vi=t T VI P v e P

and Mathematica.

In conclusion, the author wants to express his deep gratitude to the referees for a number of

valuable comments and suggestions that helped to improve the paper.
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