MOMENTS OF HYPERGEOMETRIC HURWITZ ZETA FUNCTIONS

ABDUL HASSEN AND HIEU D. NGUYEN

ABSTRACT. This paper investigates a generalization the classical Hurwitz zeta function. It is shown that
many of the properties exhibited by this special function extends to class of functions called hypergeometric
Hurwitz zeta functions, including their analytic continuation to the complex plane and a pre-functional
equation satisfied by them. As an application, a formula for moments of hypergeometric Hurwitz zeta
functions is developed, extending the formula by Espinosa and Moll for moments of the classical Hurwitz
zeta function.

1. INTRODUCTION

In our paper [2], we investigated a family of special functions called hypergeometric zeta functions as a
generalization of the Riemann zeta function. In this paper, we investigate a generalization of the Hurwitz
zeta function, which we refer to as hypergeometric Hurwitz zeta functions, defined by

1 o ms—&-N—Qe(l—a)x J . L1
= < . .
5.0 = 5T | Ryt 0<a<y) (11)

Here, N is a positive integer and Tv—_1(x) is the (N — 1)-order Taylor polynomial of e®. Observe that for
N =1, ¢i(s,a) = ((s,a), where

1 0o gL,sfle(lfa)ﬂc
s,a) = dx 1.2
o) =717 [ T (12)
is the classical Hurwitz zeta function. Following Riemann, we develop the analytic continuation of {y (s, a) to
the entire complex plane, except for N simple poles at s = 1,0,—1,--- ,2— N, and establish many properties

analogous to those satisfied by the classical Hurwitz zeta function as was done in [2] for hypergeometric zeta
functions.

In section 2, we formally define hypergeometric Hurwitz zeta functions, establish their convergence on a
right half-plane, and develop their series representations. In section 3, we reveal their analytic continuation
to the entire complex plane, except at a finite number of poles, and calculate their residues in terms of
generalized Bernoulli numbers. In section 4, we establish a series formula (called a pre-functional equation)
for hypergeometric Hurwitz zeta functions that is valid on a left half-plane and use it to establish a formula
involving their moments, extending a formula for moments of the classical Hurwitz zeta function given by
Espinosa and Moll in [1].

2. PRELIMINARIES

In this section we formally define hypergeometric zeta functions, establish a domain of convergence, and
demonstrate their series representations.
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Definition 2.1. Denote the Maclaurin (Taylor) polynomial of the exponential function e by

N Ik
Tn(x) =) 0
k=0

We define the N*"-order hypergeometric Hurwitz zeta function (or just hypergeometric Hurwitz zeta function
for short) to be

L R N>1, 0 1 2.1
= > < . .
CN(S,G) F(S-i—N—l)/O ea:_TNil(x) T ( - 5 <as ) ( )

Lemma 2.1. (x(s,a) converges absolutely for o = R(s) > 1.

Proof. Choose 0 < « < 1 such that a + « > 1. Let K > 0 be such that e” > e*® + Ty_1(z) for all x > K.
This is equivalent to e” — Ty_1(z) > e**. For o > 1, we have
dx +/ dx
K

1 K
ov(s ol < FerN o) [/o

K (1—a)x,.c+N—2 0o
1 l/ e(l—a)z g du +/ xg+N—26(1—a—a)md$] _
0

e(l—a)zxs+N—2

e® —Tv_1(x)

e(l—a)mxs—l-N—Q

e —Thn_1(x)

IT'(s + N —1)] zN /N! K

The first integral is finite and since 1 — a — @ < 0, the second integral is convergent. This proves our
lemma. (]

The next lemma establishes a series representation for (x (s, a).

Lemma 2.2. For o > 1, we have

(n(s,a) =Y fu(N,s,a), (2.2)
n=0
where
fu(N,s,a) = - /OO g N2 (ac)e_(”"’“)gc dx (2.3)
n » 9y _F(S+N*1) 0 N-1 . .

Proof. Since |Ty—1(x)e *| < 1 for all > 0, we can rewrite the integrand in (2.1) as a geometric series:

= e Wt TN=2 Z [Ty_i1(z)e™®]" = 2tV -2 Z TR (x)e(nFa)z,
n=0

n=0

xs+N726(17a)a: efawms+N72

et — TN_l(l‘) - 1-— TN_l(x)e—“

The lemma now follows by reversing the order of integration and summation because of Dominated Conver-
gence Theorem:

1 > >
s = e ) T B @e
0 n=0
o0 1 oo
- Yl ), e,
n=0

O

Unfortunately, the coefficients f,, (N, s, a) given by (2.3) have no closed form in general. However, in the
special case where s = 1, we find that f,,(V, 1, a) is harmonic so that (x (s, a) has the same formal harmonic
series representation as the classical Hurwitz zeta function at s = 1. This is the content of the next lemma.
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Lemma 2.3. For f,(N,s,a) given by (2.3), we have

1
n+a

fa(N,1,a) =

Proof. Since 2V =1 = (N — 1)! [Ty _1(x) — Ty—_2(z)], it follows that

1 o0
fu(N.1,0) e e e as
+JO

(N -1

/ TRt (z)e=(MFo)e gy — / Tn_o(x)Th_(z)e"H0 4y,
0 0

But the two integrals above merely differ by 1/(n + a), which results from integrating by parts:

o0 o
/ Tt (z)e~ ("2 gy = + / Tn_o(x)Th_(z)e” T dy,
0 0

n—+a

This establishes the lemma.

(2.4)

O

We are now ready to describe a ‘Dirichlet series’ representation of hypergeometric Hurwitz zeta functions.

Lemma 2.4. For R(s) =0 > 1, we have

nloa) = Y NS
n=0

where
n(N—-1)
ar(N,n)
= E = N —1);.
/LN(TL,S,LZ) — (n ¥ a)k (S + )k

Here ai(N,n) is generated by

N_lxk no n(N-1)
(TN—l(l'))n—<Z k') = Z ar(N,n)z".

k=0 k=0

Proof. With ax(N,n) as defined in (2.7), we rewrite f,(N,s,a) as follows:

1 > S — mn —(n—ra)x
fa(Nys,a) = m/o zs 2TN-1($)€ () g
1 00 a(N—-1)
= 7/ piTN=2 Z ar(N,n)zk | e=(mF)T dy
n(N-1) —
1 1 o0 xs—i—k—i—N 2
= N v -z
F(SJFN, 1) nstN—1 /0 kzzo ak( 7”) (’n+a)k e T
n(N-1)
1 1 ar(N,n) [ N2 -
= N 7 S CDd
I'(s+ N —1)nstN-1 Z (n+a)k /0 N c@

k=0

(2.6)

(2.7)
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Then reversing the order of the inner summation with the integration, we obtain

(N-1)
1 1 " ap(N,n) [
" N _ ) s+k+N—-2 -z
f( ,s,a) F(S+N_1)ns+N—1 I;) (n—i—a)k/o z e x
B 1 n(Nzl) ag(N,n)T(s+ N +k—1)
- pstN-L P (n+a) T(s+N-1)
n(N-1)
1 ar(N,n
N GALN) o L N~ 1),
(n—i—a)S*N*l kZ:;) (n+a)k (5+ )k
un(n,s,a)
(TL + a)erNfl :
Formula (2.5) now follows from (2.2). O

We note that the coefficients pn(n, s, a) have no closed form in general (at least the authors are not aware
of one); however, for the particular case where s = 1, the following formula holds.

Lemma 2.5.
n(N-—1)

pn(n,1,a) = Z

k=0
Proof. Since f,(N,s,a) = un(n,s,a)/(n+a)* =1 holds even at s = 1, we have from (2.4) that
pn(n,1,a) = (n+a) f,(N,1,a) = (n +a)N 71

ar(N,n)

Mt aF (N)g=n+a)N ! (2.8)

3. ANALYTIC CONTINUATION

In this section we follow Riemann by using contour integration to develop the analytic continuation of
(n(s,a). Asin [2], we consider the contour integral

1 / (_w)s%»Nfle(lfa)w dw
v

In(s,a) = 97 o Ty w’ (3.1)
where the contour + is taken to be along the real axis from oo to § > 0, then counterclockwise around the
circle of radius d, and lastly along the real axis from § to co (cf. Figure 1). Moreover, we let —w have
argument —7 backwards along oo to § and argument m when going to co. Also, we choose the radius § to be
sufficiently small (depending on N) so that there are no roots of e¥ —Ty_1(w) = 0 inside the circle of radius
6 besides the trivial root zg = 0. This follows from the fact that zo = 0 is an isolated zero. It is then clear
from this assumption that Iy (s,a) must converge for all complex s and therefore defines an entire function.

Remark 3.1.

(a) To be precise the contour v should be taken as a limit of contours 7. as € — 0, where the portions
running along the z-axis are positioned at heights +e. Moreover, the poles of the integrand in
(3.1) cannot accumulate inside this strip due to the asymptotic exponential growth of the zeros of
eV —Tn_1(w) =0 (see [2]).

(b) Since we are most interested in the properties of Iy (s, a) in the limiting case when § — 0, we will
also write Iy (s, a) to denote lims_,o In(s,a).
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Ah.
N

F1Gure 1. Contour 7.

We begin by evaluating Iy (s,a) at integer values of s. To this end, we decompose it as follows:

1 é e(lfa)we(erNfl)(longTri) dx

I S @
n(s;0) 276 J oo e* —Ty_1(z) x
1 caridiong 52)
211 |w|=6 ev — TNfl('w) w ’

1 0 e(lfa)we(s+N71)(logw+i7r) dx

Tm' F) et — TN_l(J?) ?

Now, for integer s = n, the two integrations along the real axis in (3.2) cancel and we are left with just the
middle integral around the circle of radius 9:

1 (_w)n-l-N—le(l—a)w dw
IN(n7a) = %

lw|=5 ew 7TN_1(U)) ?

Since the expression e~y (¢¥ — Ty _1(w))~" inside the integrand has a removable singularity at the
origin, it follows by Cauchy’s Theorem that for integers n > 1,

In(n,a) =0.

For integers n < 1, we consider the power series expansion

wNe=Dv /N1 L By (1 —a)
= : ™. 3.3
eV —Tn_1(w) T; m! v (3:3)

It now follows from the Residue Theorem that

I ( ) 1 (7w)n+N716(17a)w dw
n,a = -— —
AT 2100 Jipj=s €Y —Tn-1(w) w

_ (_1)n+N—1ﬂ " <Z Bnm(1—a) wm> dw (3.4)

2mi m! w2—n

m=0
(—1)"+N_1N!BN’1,TL(1 — a)
(1—n)!
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We now express (ny(s,a) in terms of In(s,a). For R(s) = ¢ > 1, the middle integral in (3.2) goes to zero
as 0 — 0. It follows that

In(s,a)

eﬂ'i(s%»Nfl) _ 677Ti(S+N71)
2me

) / (e" — T—1(x)) " el g* TN "2y
0

= SN = Dl N 1yew(s,a).

™

Now, by using the functional equation for the gamma function:

sin[r(s + N — 1)]

Nl1-—(s+N-1)I'(s+N-1) =

we obtain
Cn(s,a) =T(1 = (s+ N —=1))In(s,a). (3.5)

Remark 3.2. Equation (3.5) and the fact that 0 < a < 1 imply that the zeros of In(s,a) at positive integers
n > 1 are simple since we know by definition (1.1) that {x(n,a) > 1 for n > 1.

We close this section by proving

Theorem 3.1. (x(s,a) is analytic on the entire complex plane except for simple poles at {2 — N, 3 —
N, -+, 1} whose residues are

Res (Cx(s,a),5 = n) = (2— ) ( e ) Byin(l—a) (2-N<n<1). (3.6)

Furthermore, for negative integers n less than 2 — N, we have

-1
(n(nya) = (=1)~ N+ ( 1]_V” ) Bn.i-n(1—a). (3.7)

Proof. Since T'(1 — (s+ N — 1)) has only simple poles at s =2— N, 3— N, ---, and Ix(s,a) has simple zeros
at s =2, 3, --- it follows from (3.5) that {n(s,a) is analytic on the whole plane except for simple poles
at s =n, 2— N < n < 1. Recalling the fact that the residue of I'(s) at negative integer n is (—1)"/|n|!, it
follows from (3.4) that

Res((n(s,a).s=n) = lim(s—n)n(s,a) = lim [(s = m)0(L— (s + N — 1))Ix(s,0)
_ (_1)27N7n J B (_1)27N7n (_1)n+N_1N!BN,17n(1 _ CL)
= TeoNoa e = e TR 1—n)!

(2 —n) < 9 ?n ) Byni-n(1—a),

which proves (3.6). For n < 2 — N, (3.4), (3.5), and the fact that I'(1 — (n + N — 1)) = (1 — N — n)! imply

(=) N=INI(1 - N —n)!Byi-n(1—a)

Crlna) = T~ (0 + N~ Dlx(n,a) = =

—1
o 1-
(—1) N ( Nn ) Baan(l—a),

which is (3.7) . This completes the proof of the theorem. O
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Ficure 2. Contour ;.

4. MOMENTS OF HYPERGEOMETRIC HURWITZ ZETA FUNCTIONS

In the present section, we discuss a ‘pre-functional equation’ satisfied by (n(s,a) and use it to derive a
formula for its moments. Let yr be the contour shown in figure 2 where the outer circular region is part
of a circle of radius R = (2M + 1)m, (M is a positive integer so that the poles of the integrand are not
on the contour), the inner circle has radius ¢ < 1, the vertical line is #(z) = —1. The outer semi-circle is
traversed clockwise, the imaginary axis is traversed from bottom to top, the inner circle counterclockwise
and the radial segment along the positive real axis is traversed in both directions. Then define

1 (7Z)s+N716(17a)z dz
L = — —. 4.1
r(s,a) 57 /w o —Twals) = (4.1)

We claim that I, (s,a) converges to In(s,a) as R — oo for R(s) < 0. To prove this, observe that the
portion of I, (s,a) around the outer circle and the imaginary axis tends to zero as R — oo on the same
domain. To prove this we first choose a constant P > 0 such that

AV < T 1(2)] < Blz|V7Y, forall |z| > P.
But then on the outer circle defined by |z| = |R(cosf + isin )| = (2M + 1), if we choose R > P then
le* — T_1] > n(e” — Clz|N 1),

where 7 = £1 and C' = A or B. Thus

ZN—le(l—a)z e(1—(1)z|z|N—l RN—-1g—aRcosf

~ (ea: _ C|Z|N71) - 77(1 _ CRNflechose)

converges to zero as R — oo, since —7/2 < 6 < w/2. On the imaginary axis z = iy, we have

e —Tn_1(2)

ZNfle(lfa)z

e —Tn-1(2)

Jy| V!

<
= AN T




8 ABDUL HASSEN AND HIEU D. NGUYEN

which converges to 1/A as |y| — oo. Since |(—2)*/z| < [2|™®)=1 and R(s) < 0, we conclude that the integrals
on the outer circle and the vertical lines both converge to zero as R — oco. On the circle of radius 26 the
integrand is bounded and hence the integral vanishes as 6 — 0.

In(s,a) = lim I,.(s,a). (4.2)

On the other hand, we have by residue theory

K
o (_Z)s+N—2e(1—a)z _ (_Z)s+N—26(1—a)z s
L.(s,a) = ]; {Res < P ,2=2 | + Res T (o) 2=2ZK || . (4.3)

Here, z;, = re'% and zj, = rre” "% are the complex conjugate roots of e — Tiy_1(2) = 0 and K = Ky is the
number of roots inside g in the upper-half plane. Clearly z; depends on N. We will make this assumption
throughout and use the same notation zj; instead of the more cumbersome notation zx(N). Moreover, we
arrange the roots in ascending order so that |z1] < |z2] < |z3] < ---, since none of the roots can have the
same length (see [2]). Now, to evaluate the residues, we call upon Cauchy’s Integral Formula:

s+N—-2_(1—a)z
Res <( ?) _ TN61((2) ) 2= 2k> = (=) FRellm zh}zlk ez—zTiNZi(d'
Since
lim Z— 2k _ 1 = (v 1)
z—zE €% — TN—l(Z) e*k — TN—2(’Zk) /ICV .

it follows that

(7Z)S+N 26(1 a)z > No1 . B
Res 2=z | = (=1 N — D)l(—z)* te(lm@)2k
( ez—TNfl(Z) k ( ) ( )( k)

Therefore,
K
La(s.a) = (~DV N = DU [(ma) e (mz) el (4.4)

k
Since K — o0 as R — oo, we have by (4.2) and (4.4),

In(s,a) = lim L, (s,a)
= 2=V YN - 1)!§: [(fzk)s*e“*am + (=) telma)z | (4.5)
k=1

Combining (3.5) and (4.5) we have proved the following pre-functional equation for {x (s, a).

Theorem 4.1. For R(s) <0
(n(s,a) =2(=1)N YN —1D)IP(1 — (s + N — 1)) Z[ yite—@ze 4 (g )smlema)z ) (4.6)
k=1

As an application of our pre-functional equation, we consider moments of hypergeometric Hurwitz zeta
functions. Our main result, Theorem 4.2 below, extends the formula for moments of the classical Hurwitz
zeta functions given by Espinosa and Moll ([1], Theorem 3.7). The following lemma will be useful in our
proof of the theorem.
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Lemma 4.1. If zg is a root of e* — Tn_1(z) =0, then
0 fM=N-1,
N n—M—1
1 M! Z L fM<N-1,
/ aMel=®20qq — neMa1 ¥ (4.7)
M Sn—M—1
-MIY 2 if M >N.
= n!
Proof. Integration by parts yields
zZ0 T
M!eM—]YHl(ZO) if M =N -1,
20
L ze T -T 20) +
/ aM =021 g — M!BMiﬁ(%) Y A V{— 1(5)“12” IS R S VP Y (4.8)
“k 0 n
e* —Tn_1(20) — ZnM:N ° .
M! St L i M >N
20
The lemma now follows from the fact that ef — Tv—1(29) = 0. O
We now state our main result.
Theorem 4.2. Let N >0 and M > 0. Then for ®(s) < —N,
0 i M=N-1,
N yM—n—1
nmIMIT(1 — N -1
1 Z : (1-(s+ ))CN(S—i—n—M—l) if M <N -1,
/aMCN(s,a)daz WaTe nI‘l— (s+N+n—-—M-2))
0 M
(-D)M="MIT(1— (s + N — 1)) .
-M-1 f M > N.
nznvr1—s+N+n—M—2))<N(s+" ) Mz
(4.9)
Proof. Denote by A =2(—1)N"Y(N — 1)!T'(1 — (s + N —1)). Then
1 1 [e%e]
/ aM{n(s,a)da = A/ aMZ [(—zk)s_le(l_a)zk + (—Ek)s_le(l_a)fk} da (4.10)
0 0 k=1

[ee] 1 1
AZ [(—zk)s_l/ aMe(l_“)Z’“da—i—(—ik)s_l/ aMe(l_a)dea] (4.11)
k=1 0 0

To justify the interchange of the sum and the integral above, we note that zx = zj + iy with zx > 0 and

yr > 0. Then
‘(_lzk)s—le(l—a)z;C _ |Zk|tf*1 |6zk‘€_ax"’
< el T ()]
S ﬁ |Zk|o'—1 |Zk;‘N_1

where we have used the fact that z is a root of e* — Ty_1(2) = 0 and |Ty_1(2x)| < Blzx|V~! for some

positive constant 3.
Now, recall from the work in [2] that |zx| > «k for some positive constant . Consequently,

(_Zk)s—le(l—a)zk < aa’—lﬁko-‘,-N—Z = Mk
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for all z; and 0 + N — 2 < 0. Since

o0
ZMk =a’ 1802 - N —0) < o0,
k=1
we see that this infinite series is uniformly convergent and hence the interchange mentioned previously is
admissible.
Next, we apply Lemma (4.1) to the roots zj to obtain the formula

0 if M=N-1,
N Sn—M—1
Do e My E—— i M<N-1,
/ a™ e\ TV da = e M+1 n: (4.12)
n M-—1
—M'Z kit M>N.

A similar integral formula holds for the roots Zj. Then substituting these formulas into (4.11) yields the
lemma. For example, if M > N, then

/0 aMCN(s,a)da _ AZ { Z —n% [(_Zk)s+n—M—2 + (_Zk)s+n—M—2}}

n=N

I
M:

(—1)M= ”M'I‘(l—(s—f—N—l))
nI'(l—(s+N+n—M-2)

SEE

n=N k=1

s (CDMMIN(L - (54 N - 1)
B Z: F(1l—(s+N+n—-M-2))

(n(s+n—M-1) (4.13)

The argument for the cases M = N — 1 and M < N — 1 are completely analogous. ]

Thus, we have shown in this paper that many of the properties satisfied by the classical Hurwitz zeta
function extends to hypergeometric Hurwitz zeta functions. However, the interesting and more challenging
problem of finding a functional equation for the latter remains open, as is the case for hypergeometric zeta
functions.
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