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Finite Hurwitz-Lerch Functions
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Abstract. We define the finite Hurwitz-Lerch function H,(f) (v, y) = ZZ;(], ﬁ Then we explore some

properties of them and give some applications, including Coppo’s formula, the sum of powers of
consecutive integers, Mellin differential operator, and some others.

1. Introduction
ForneN,x,y,se Cwithy #0,-1,-2,--- ,—(n — 1) (when R(s) < 0, y = 0 is allowed), we define the
finite Hurwitz-Lerch function as follows:

-1

k
H(x,y) = S
(x,y) k;‘ K+ )

It is strongly related to the Hurwitz-Lerch zeta function ®(x, s, v).

=

o0 k
x ) s
O(x,s,y) = Z G+ = }}I_IEOH;)(X, Y-
k=0

And the elementary translation property of ®(z, s, x) for a fixed positive integer m is
D(z,s,x) = 2"D(z,8,m + x) + Hﬁ,i)(z, X).

The Hurwitz-Lerch zeta function ®(x,s,y) is a generalization of the Hurwitz zeta function ((s;x)
®(1,s,x), polylogarithm function Lis(z) = z®(z,s,1), and the Lipschitz-Lerch zeta function ¢(&, s, x)
(e, 5, x) (see, for details, [20, 22, 23, 29-33]). On the other hand, H(1,z + 1) = H® (z) which is called
the generalized harmonic function, and

n
1
HY(L,) =HY0) =HY = ) -
k=1
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The generalized harmonic functions appear often in mathematics and physics. For example, they
appear in the computation of Feynman integrals in massive higher order perturbative calculations in
renormalizable quantum field theories (see [1, 5, 21]) and in the computation of multiple zeta values or
Euler sums (see [6, 15, 26-28, 34]).

Forx,y,s e Cwithy #0,-1,-2,--- , —n (when R(s) < 0, y = 0 is allowed), let us define

k

(s) _ - n X
Sw 0 y) = kZ('; (k)—(k e M

The sequence b, is the binomial transform of the sequence a,, if b, = Y.;_, (})ax. It satisfies the binomial
inversion formula a, = Y,;_, (})(-=1)"" br. Moreover, if b, = Y|_, (Z)(—l)kak, we call b,, are the dual
sequence of a,,. By Eq. (1) we know that Sﬁf)(x, y) is the binomial transform of x"/(n + y)°.

In fact, HY(x, y) is the dual sequence of —S(nsil(—x, y). Moreover they have the following relation:

n Y
Z(“) GV M p @m0, ), @
k=0

kl(k+x)"  x(x+1)---(x+n)

where Py, (x1, ..., X,) is the modified Bell polynomial which is defined by [7, 14]

exp [Z %sz = Z Pu(xy, ..., x,)2".
k=1 m=0

The above equation was first derived by Coppo in 2003 (ref. [11, Page 17]). In 2006, Coffey [10] reported
this formula again. Connon [11] reviewed it in 2008 and called this formula “Coppo’s Formula”.
In 2008, Chu and Yan [9] proved the following formula:

n K 1 ¢
kzzo‘(_l)k(z)(x . ) Z H Pl s n)m 3)

Diaz-Barrero [16] proposed the special case (£, x) = (2,0) of this formula as a monthly problem in 2005.
And then Diaz-Barrero et al [17] in 2007 proved for the special cases ¢ = 3,4 of this formula. In the next
year Chu and Yan [9] gave a proof for the general case of this formula. In 2012, Chu [8, Theorem 3.1]
gave another proof. However, this formula is the binomial inversion formula of Eq. (2). We will explain
them in Section 3.

Another interesing thing is that the number H, C m)(l 0) = Xj_; /" is the sum of powers of consecutive
integers. The classical sums of powers of consecutive integers formula is usually called Bernoulli’s
formula:

1 o (m+1
1™ 4 om mo, o —1)y" = B m+1-k 4
+2"+3"+ .-+ (n-1) m+1kZ=;4( K )kn 4)

form > 0, n > 1, where B, is the Bernoulli number defined by /(¢! — 1) = Y., B,t"/n!. v’Ocagne [25] in
1887 gave another formula using Stirling numbers of the second kind:

- n+1
Mo oMy 1
1" 42" 4 ohp Z k.(k N l)S(m,k),
k=1
where S(m, k) is the Stirling number of the second kind defined by

k
S(n, k) = %Z(—l)k-i(';)i".

i=0
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In 2012, Boyadzhiev stated this identity again in [3]. One of the generalizations of the Stirling numbers
of the second kind is defined by [4, 25]:

Sea,n) = % ;(—1)"-’<(Z)(c + k)%, )

(i

It can be seen that S.(a,n) = “—; Sff“)(—l,c). Therefore we give a more general formula of sums of

powers of consecutive integers:

Z(cu Z( o5 1o

The special case c = 0 leads to v’"Ocagne’s result. We explore this formula in Section 4 and also give more
applications in Mellin differential operator ©, = (z - d/dz + c), and the Riemann zeta values, etc.
2. Basic properties of H:f)(x, y) and SLS) (x, y)

We list some well-known basic properties of ®(z, s, x) and Sﬁf)(x, y): If either |z] < 1 and R(s) > 0 or
z =1and R(s) > 1 the integral representation of ®(z, s, x) is (see [19, 30])

s—1 ,—(x—1)t
D(z,s,x) = F()f Per a (6)

Connon found the integral representation of S,(f) (x,y) as follows [12, Eq. (5)].

1 (o]
SO x,y) = —f £le V(1 + xe )" dt
=55 ) (1+xe)
and the ordinary generating function (ogf) [12, Eq. (13)].
iz"s@(x y) = ch(i 5 y) 2] < 1. @)
= 1-z \1-2""
And Connon also got the following identity [12, Eq. (11)]:

= SO(=x, y)

a1 - sP(x,s +1,y) —logx - O(x,s, y).

n=0
First, we establish the binomial transform relationship between H,(f) (x,y) and SS)(X, Y).

Proposition 2.1. Forn € IN, we have

Hff)(x,y) = Z(Z)(—l)k_lsl(f_)l(—x,y), and (8)
k=1

Y ey = Z(Z)(—l)“H,i”(—x,w. ©)
k=1

Proof. Since S,(f)(x, y) is the dual sequence of (—x)"/(n + y)°, we have

n-1

} -1 n—1
H(S)(x ) = Z Z (I;)(_l)rsgs)(_x, y) = ;(—1)r5£5)(—x, Y) kZ:: (I;)

k=0 r=0
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n—1
k
By using the well-known identity Z (r) = (r :_l 1), we get
k=r

n—-1

HY(y) =) (V N 1)(—1)?55”(—90 v

r=0
Eq. (9) is just the binomial inversion formula of Eq. (8). O
The following identities are another forms of the above identities:

Corollary 2.2. For n € N, we have

SS)(—X, Y _ Zn: (n) (_1)kHI(21 (x, v) HSJ)q (x,y) = ) (n) (_1_)k5]({s)(_x, Y)

n+1 k k+1 ! n+1 k k+1

k=0 k=0

Using the basic integral techniques, we get the integral representation of HY(x, y) as follows.
Proposition 2.3. The integral representation of HY(x, y)is

1 _ xne—nt

1 ®
H,(f)(x,y) = @‘[0 t 16 ytm dt. (10)

We give some sum formulas for Hﬁ,s)(x, y) and Sif ) (%, ¥) in the sequel.

Proposition 2.4. Let x,y,z,s €e Cwithz # 1,n € N,and y # 0,-1,-2,-3,--- ,—n (when R(s) <0,y =0is
allowed), then we have

n

(s) k_ _Z () _ gy
;Hk (6, y) = 7 [HY (2, ) - 2'HY (). (11)

Proof.

n n k-1
(s) k _ (s) X ] k i
sz (x,v)z Z [Hk_l(x, y)+ k—ixgr z° + "
1 k=2

k=
" =l gkl
_ (s) k+1 _ pq(s) n+1 Yz
= ZHk (x, v)z H, (x, y)z"" + Z k+yy
o k=0
STt P PR S
:ZZHk (x,]/)z _Hn (xr]/)z +Z (k+ )S.
e k=0 Y

For |z| <1, we let n — oo in Eq. (11), we get the ordinary generating function of HY(x, Y).

Proposition 2.5. For x,y,z,s € Cwith |z| < 1and y #0,-1,-2,-3,--- (when R(s) < 0y = 0 is allowed), the
ordinary generating function of HY(x, y) is

Y HY (2" = 20,5, v).
n=1

Let z — 1in Eq. (11) and apply L'Hospital’s rule, then we get the following identitiy.
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Proposition 2.6. For any n € IN, we have
n
Y HO ) = (v + WHY (x, ) — HE ™ (x,0)
k=1
Using (}) = (";") + ({-}), we obtain
Lemma 2.7. For a positive integer n, we have
S5, y) = 50,00 y) + 257 (o y + 1),
Proposition 2.8. For a positive integer n, we have
n n-1
(z—-1) Z Sl(f)(x, y)Z +xz Z Sl(f)(x, v+ 12" = SY(, )2 - Sés)(x, Y).
k=0 k=0

Proof. Using the above lemma we have

Z S,(:)(x, Yk = Sgs)(x, y) + Z [S,(:_)l(x, y)+ xS;il(x, v+ 1)] ZF
k=0 k=1
n-1 n—-1
= S(()s)(x, y) + Z S,(:)(x, Y2+ x Z SI(:)(x, y+ 1)L
k=0 k=0

Then we conclude this proposition. [
Let z = 1 in the above proposition, we have the following formula.

Corollary 2.9. For a positive integer n, we have

=
—

x S,(f)(x, y+1) =590, y) - Sf)s)(x, Y).
0

>~
Il

3. Coppo’s formula

Here we list some preliminaries about symmetric functions. For more details, we refer the reader
to [24]. Let hy, and p,, be the m-th complete homogeneous, and power-sum symmetric polynomials, in
infinitely many variables x1, x», . .., respectively. They have associated generating functions

1
1—tx;’

X; H'(t)

1—tx;  H(@)’

HE) = hith =

LRIl

Il
—_

e

1l
—_

P(t) pitt =

1

]

Let the modified Bell polynomials P,,(x1,x2, ..., X,) be defined by [7, 14]

exp [Z %Zk] = ZPm(xl,xz,. . .,xm)zm.
k

=1 m=0
The general explicit expression for Py, is

1 X1 k1 X ki
Pu(x1, ..., %) = Z W(T) (E) )

k1 42k +--+mky,=m
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It is well-known that for j being a nonnegative integer,

]’l]‘ ZPj(pl,pz,...,p]‘). (12)
Let xx = (k+x)7%, forall 1 < k < nand x; = 0 for k > n. Then

1

i = R TR

1<k <<k <n

and p, =H"(1,x+1),

where we write iy = 1. Now Eq. (12) gives us the evaluations of h,,:

1

1) (m)
Tttt G rn ~ Do Qx+1) . B+ 1)), (13)

1<k <-+-<kp<n

The right-hand side of Eq. (13) has a integral representation as stated in [7, 13]. Here we state it as a
lemma.

Lemma 3.1. Forn € N, m € Ny, x € R with 0 < 1 + x, we have

1 00 ~ . B ym
(1) (m) — A+x)y 1 _ ,~yyn—17
Pm(Hn 1Lx+1),...,H"1,x+ 1)) BTy fo e (1-e) ! dy,
where B(x, y) is the Euler beta function and P,,(x1, ..., Xm) is the modified Bell polynomial.

Proposition 3.2 (Coppo’s formula). For m € Ny, Sf{")(—l, x) can be represented as

- n (_1)k m m—
kzz()‘(k) YT SU(=1,x) = B(n + 1, x)Pp_1(H'), (1,%),..., H" (1, x)). (14)

Proof.

(m) _ _ - n (_1)k _ - n (_]-)k f‘x’ —(k+x)t ym—1
S'(-L,x) = Z(k)—(k+x)m —Z oot ), ¢ dt
k=0 k=0
Trety ()-’“dt— f e ety gy
0 0 (m—l)'

Using the above lemma, we complete the proof. [

|
—~
§
>_\
‘::
/-\
H
~
=~

From Eq. (14) we know that B(n + 1, z)Pm_l(Hilljl( H1(1+11)(1, x))) is the dual sequence of 1/(x + n™).
Hence, the dual form of Eq. (14) is
n n .
Z (k)(_l)kB(k +1,2)Py- 1(HI(<1+)1' HI(<+1 1)(1,x)) - (x +n)m (15)

k=0
Since

Bk+1,x) =

T(k+ I _ _fx+k)"
Th+1i+x) | k

and by Eq. (13) we know that Eq. (15) is just Eq. 3) with £ + 1 =m
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4. Sums of powers and other applications

The Mellin differential operator ®, is defined by ©, = (zD +c), where D = d/dz and c € R. The Mellin
differential operator of order r € IN is defined iteratively by

8l=0, O.=0 ™).
For convenience we set ©° = [ as the identity map.

Proposition 4.1. [4, Lemma 9] Let A(z) = Y.,-oanz". Then the Mellin derivative of order r € IN has the
representation

Z(n +0)a,2" = OFA(z) = Z Se(r, K)ZF AP (2). (16)
n=0 k=0

The basic examples are
D(z,5 — 1,x) = O,D(z, s, x),

and Eq. (7.46) of [18]

a1\ % kzk
Since
m = n (_1)k n
S(-1,0 =) (k) G = DS ), (17)

k=0
we expand the positive power r of Eq. (16) to the negative power as follows.

Proposition 4.2. For ¢ > 0, we have

- az" - 3 kA0
,,Za o ;SC( m, k)X AP ().

Proof. Since AP(z) = X7 402", we have
N kAP = N e S
kzo‘ Se(—m, K)ZFAP(z) kZ:O‘ Se(—m, k); G

i a,z" i (Z)k!SC(—m, k).
n=0 k=0

The desired result is followed by the fact that the sequence n!(-1)"S.(—m, n) is the dual sequence of
1/(n +c)" (See Eq. (5)). Thus we complete the proof. [

As final applications we apply our results to obtain the expressions of the Dirichlet beta values (i), the
Dirichlet eta values 1(m), and the Riemann zeta values C(m + 1).

First we note that H,(f)(l, 1/2) = Hff )(—1 /2) = Y 25/(2k — 1) = ZSOS). Therefore we calculate the
values of f(m) as follows [14, Eq. (10)]. We apply Eq. (7) and Eq. (14),

I B G VA _ v S(=1,1/2)
p(m) = krr 27M0(-1,m,1/2) = ZW
k=0 n=0
0 (1) (m-1)
) B(n+1,1/2)P,1(HY,(1,1/2),..., H"D(1,1/2))
- Z 2n+m+1
n=0
_ v 2! 1 (m-1)
= Y S5=Pua(O,..., 00 ).
n=1 n(n)
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The last identity is obtained by the fact that B(n +1,1/2) = % Next we give the evaluation of the
n+l
Dirichlet eta values 1(m) [2, Eq. (4.2)].
= (—1)k! > 5M(-1,1)
n(m) = Z e = P=Lm 1) = Z nzT
k=1 n=0
I LDPuaH - HYEY) 3 Py (HY, .., H' )
- on+l - n-2n :
n=0 n=1

Since n(m) = (1 — 2n}—_l)C(m), for m > 1 we have

o &P, HY)
c(m+1)_2m_1; T .
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