NEW INEQUALITIES FOR THE HURWITZ ZETA
FUNCTION

NECDET BATIR

ABSTRACT. We establish various new inequalities for the Hurwitz
zeta function. Our results generalize some known results for the
polygamma functions to the Hurwitz zeta function.

1. INTRODUCTION

The Hurwitz zeta function (s, z) is traditionally defined for any =,
which is not a negative integer and zero, by the series

0o 1
((s,z) = ano oty

for all complex numbers s with Res > 1. In this paper we restrict x
to positive real numbers. We can analytically continue it to the whole
complex s-plane (except for a simple pole at s = 1) by means of the

contour integral
(1 — s—1, zz
e
c

271 1 —e?

where C'is a loop that starts from —oo along the lower side of the real
axis, encircles the origin and then returns to —oo along the upper side
of the real axis. For convenience, we will use a slightly non-standard
notation here for this function: Hy(x) = ((s, ). Hurwitz zeta function
occurs in a variety of disciplines. Most commonly, it occurs in analytic
number theory. The Riemann zeta function defined for Re s > 1 by

()= =

and the polygamma functions defined for all positive integers m and
positive real numbers x by
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W) = ()Y (1)

are special cases of the Hurwitz zeta function, namely H,(1) = ((s),
Hy(1/2) = (25 = 1)¢(s) and o™)(z) = (=)™ 'm!H,, 1 (2).
The Bernoully polynomials defined by the generating function

s Bl

er—1 n!
are also special cases of the Hurwitz zeta function:

G-m,2) = ~2zlt)

=0,1,2,...
m+1 (m ) -y S 7)a

please see[6, Theorem 12.13]. It satisfies the following integral repre-
sentation (see [6, Teorem 12.2]):

1 Oousflefa:u
H,(z) = du,
@ =157, ‘

1 —e

where I'(s) is Euler’'s gamma function, is valid for Res > 1. Among
many places in which H(x) appears we mention here two of them: The
first is the evaluation by Kolbig [10] of integrals of the form

R (u,v) = / e M og™ ¢ dt,
0
an example of which is

Ro(p,v) = p~ T (v)[(¢(v) — log 1) + Ha(v)],
with
I"(z)
I'(z)

() =

is logarithmic derivative of I'(x), also called the digamma function.
The second one is Vardi’s evaluation [11] of the integrals

/2 o I'(3/4)V2r
/ﬁ/4 loglog(tan z)dxr = §log (TM)) .

Its basic properties can be found in [5, 6]. Recently some authors
studied this function and they obtained interesting inequalities, see
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[1, 2, 3, 7]. The main purpose of this paper is to generalize the follow-
ing inequalities for polygamma functions proved by the author [9] to
Hurwitz zeta function: For all positive real number x and all positive
integers n the following inequalities hold:

(n = Dtexp (—n(z + 1/2)) < [ (@)] < (n = Dlexp (=n()),

o= ot < o« o
forall k=1,2,...,n —1,
o< (=1 1) 7 (@) T <

where the constants a = (n!¢(n +1))"Y" and 8 = ((n — 1)!)~/" are
best possible, and

1

< (n')n%l [[L' — (27 —i—ﬂ)n}_”‘{l’

where the constants o = ((n — 1)))™"/" and 8 = (n!¢(n + 1))~/" are
best possible. Our results lead to some new lower and upper bounds
for the Riemann zeta function.

The proofs of our main results are based on the following lemmas.

2. LEMMAS

Lemma 2.1. For a fized real number x > 0 let
ha(s) = ((s — 1) Hy(z))/C7Y. (2.1)

Then h, is strictly decreasing for s > 1; (see [1]).
Lemma 2.2. For s > 2 and v > 0 we have
21 (Ho()?

s2 Hy(z)Hgio(x)

Proof. The proof follows from slight modifications in the proof of The-
orem 2.1 and Corollary 2.3 of [4]. O

< 1. (2.2)
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Lemma 2.3. Let x and s be positive real numbers with s > 1 and

As,2) = H, ( ! ) o (2.3)

sxs

where H;'(t) is the inverse of the function t — Hy(t). Then we have
(a)22122) ),

(b) 0 < A(s,z) < 1/2.

() 2862) 8A (5,2)

(d) LaGa) 2N (s,z) A (s2) _ (.

Proof. We define for s > 0 and a fixed real number x > 0

1
SR XeE)

where h, is defined by (2.1). Using (2.3), we get for all z > 0, and
s>1

A(s,p(x,s)) =z — ¢(x, ). (2.4)

Differentiation with respect to x gives for x > 0 and s > 1

OA(s, p(x, s)) _ 1
Ox 0o (z,s)/0x

1 (2.5)

Since

06(x,s) ((3+1)H5+2($))1/(S+1)r+1:lhx(s+2)r+l (2.6)

Or | (sHen(x)"" ha(s +1)

and h, is strictly decreasing for x > 0 and s > 1 by Lemma 2.1, (2.5)

implies that 226:2@3) ~ ( for all # > 0 and s > 1. But since the
mapping x — ¢ (z, s) is strictly increasing and continuous on (0, 00) it

is bijective, leading to 8(; 2) > 0 for all z > 0 and s > 1. This proves
(a). From (2.3) we get for x > 0 and s > 1

1

Ho(e + Als, 7)) = —.

(2.7)



Also, from the definition of H,(x) we have H.(x) = —sH,,(x) and

Hy(z+1) — Hy(z) = —%. (2.8)

If we apply the mean value theorem for differentiation to Hy(t) on the
interval [z, z+1] and use the relation (2.8), there exists an ¢, depending
on x and s, such that

sHyi1(x +e(z,s)) = %, (2.9)
with 0 <e =¢(z) < 1, for all z > 0 and s > 1. From (2.7) and (2.9)
we conclude e(x,s) = A(s,z) that gives 0 < A(s,z) < 1 for all real
numbers z > 0 and s > 1. Since the function x — A(s,z) is bounded
and monotonic increasing, it has a limit as x tends to infinity. In order
to compute this limit we replace x by x + 1 in (2.7) and use (2.8) to
get

1 1
= H, Als,z+1)— ———
(z + A(s, z + 1)) n@t+alse+l) s(x+1)°

or
1

(Hs+1 (x+ Als, 2 +1)) — 751

s(z+1)s

A(s,z+1) = x.

)1/(8+1) N

Since lim, oo A(s,x + 1) = lim, o A(s, ), using (2.7) this becomes

(HS+1 (2 + A(s,z)) — ﬁ) e x]

lim A(s,z) = lim

r—00 Tr—00

(x+1

sr®(x+1)* 1/(s+1)
—_ —z|.
(x4 1) —z°
Using L’Hospital’s rule it is easy to see that the value of this limit is

1/2. From (2.3) we also have A4(0) = 0, so that we get from (a) for
x>0 and s > 1 that

= lim

T—00

0=A(s,0) < A(s,z) < lim A(s,z) =1/2.

r—00

This proves (b). For our convenience we let y = ¢(x, s). Differentiating
both sides of (2.4) with respect to s yields
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9A(s,y) OA(s,y)\ Jy
— 77 1+ ——22 ) =2 =0. 2.1
. + ( + ay s 0 (2.10)
Since
Oy  0¢(w,s)
ds  Os >0
by Lemma 2.1 and
IA(s,y)
By >0

by (a), we conclude from (2.10) that
OA(s, x)
Os

for all x > 0 and s > 1. This proves (¢). Now we are ready to prove
(d). Differentiation of both sides of (2.5) with respect to x gives

PA(s, ¢(x,s)) B 0?P(x,s)/0x?

Ox? (06 (x, 5)/0x)*"

<0

so that to prove (d) it suffices to see

Po(x, s)

If we differentiate both sides of (2.6) with respect to =, we obtain for
all s >1and z >0

PO (54 1 (s ()
| Hurale)? = E S e (0 Hevalo)|.

Applying Lemma 2.2 this reveals that

% > 0. (2.11)

Now we are ready to establish our main results.



3. MAIN RESULTS

Theorem 3.1. For all real numbers x > 0 and s > 1 we have

éexp(—sw(x 11/2)) < Hoor(z) < éexp(—sw(x)), (3.1)

where ¥ is the logarithmic derivative of the classical gamma function,
known as digamma function.

Proof. Since s — A(s, z) is strictly decreasing by Lemma 2.3 (¢), we
have for s > 1 and x > 0 that

Als,z) < A(l,z) = () (1/z) — . (3.2)
In [9], the author proved that

W (1)x) — x < M logx) — .

Thus, by virtue of (2.3), (3.2) gives for s > 1 and z > 0

_ 1 _
H} (g) <y~ (log ).

Replacing z by ¢¥® here and using the fact that the function z —

H;'(z) is decreasing for s > 1, we obtain

1
Hyp(z) < —e™*v@),
s

for all z > 0 and s > 1. This proves the right hand side of (3.1). Since
A(s,x) < 1/2 by Lemma 2.3.b and

Y (logw) —x < 1/2
by [8], we obtain
Y (logz) —x — A(s,x) < 1/2
or using (2.3)
-1 o (1
'lb (10gl’>—Hs+1 (@) <1/2

Replacing 2 by e?® here again, we get
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oy <tk (Lo (-sui)).

Therefore for x > 1/2 we find that
1
Hypr (2= 1/2) > —exp (=s9(z)).

Replacing x by x + % here this becomes

Hoia(r) >~ exp (~su(e +1/2)).

This completes the proof of Theorem 3.1.

Theorem 3.2. Let x, p and q be positive real numbers with 1 < p < q.
Then we have

(PHys (@ + 1/2))"" < (qHysa (2)" < (pHpi ()77 (3.3)

Proof. The right inequality follows from Lemma 2.1. Applying Lemma
2.3 (b) we get for 1 <p < g

A(p,z) — Ag,z) < 1/2.

Using (2.3) this can be rewritten as
1 1 1
—1 —1
ot () =3 < o ()

b
(pHyi ()"

Replacing x by

here we get for x > 1/2

1 _ 1
o=y < b (5 )",

This is equivalent to
1
Hypi(z —1/2) > E(PHerl(I))q/p'

Replacing = by = + 1/2 here finishes the proof of Theorem 3. 2. U



Theorem 3.3. For all real numbers x > 0 and s > 2 we have
(C(s)) VD < (Hy(w + 1))V = (Hy(a) VO < (s — 1)V,

where ((s) is the Riemann zeta function. Both of the bounds are best
possible.

Proof. For a fixed s > 0 and a positive real number x let
o(x) =A(s,0(x+1,5)) — A (s, p(x, 8)).
Then if we use (2.4) we find that
o) =u(r) —u(lz+1)+1, (3.4)

where u (z) = ¢(x,s). By (2.11) we have u” (x) > 0 so that u' is
strictly increasing on (0,00). Therefore (3.4) implies that ¢ is strictly
decreasing. This allows us to write p(00) < p(z) < ¢(0) for all z > 0.
Since

p(0) =1—6(1,8) =1 = (sHoa (1)"* =1 = (s¢(s +1)) /"
and ¢(00) = lim, o ¢(x) = 1/2 —1/2 = 0, we obtain that
0<1—¢(z+1,5) + oz, s) <1—(sC(s+1))7*,

Replacing the value of ¢ (z, s) here and then rearranging these inequal-
ities, we complete the proof of Theorem 3.3. U

The Hurwitz zeta function has been investigated by many authors
from many different directions and there have been a lot of literature
about it, but the inverse of it has not been investigated sufficiently,
and we know a little concerning it. In the following theorem, which
provides a beautiful application of Theorem 3.3, we establish sharp
upper and lower bounds for the inverse of the Hurwitz zeta function:
r — H;(z).

Theorem 3.4. For all s > 2 and x > 0 the following double inequality
holds:

|:l’ . (l,l/(l—s) + a)l—s:| —1/s - H_l(x) < |:x B (xl/(l—s) i b)1—5:| —1/s ’

S
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where a = (s—1)Y6=Y and b = ({(5))/=%) are best possible constants.
Proof. If we use (2.8) and replace x by H;!(x) in Theorem 3.3 and

then rearrange the resulting inequality we finish the proof. 0

4. REMARKS

Remark 4.1. In [7, Proposition 3] it was obtained that the inequality

(4.1)

holds for all s > 1. Now if weset z = 1/2 and = = 1in (3.1),respectively,
we get the following new bounds for the Riemann zeta function:

@(5_1)7 43—16—75
oo -1 e

and
—(2-7)(s-1) (s—1)y
e e
— < <
s—1 () s—1

for all s > 2. Here 7 is the Euler’s constant. Thus, Theorem 3.1 gives
a generalization and a converse of (4.1).

Remark 4.2. If we set x = 1 and = = 1/2 in Theorem 3.3, we find the
following new upper bounds for the Riemann zeta function:

1
< [
and
28
C<S) < 1—s?
21— (142 - 1))
respectively.

Remark 4.3. Theorems 3.1 and 3.2 don’t cover the cases 0 < s < 1 and
0 < p < 1, respectively but we believe that they are also valid for these
values of s and p. Similarly, Theorems 3.3 and 3.4 do not include the
case 1 < s < 2. We believe that they are also valid for these s.

Remark 4.4. Numerical computations carried by the computer program
Mathematica indicate that the constant 1/2 in the left inequalities of
(3.1) and (3.3) can be replaced by a much smaller number.
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Remark 4.5. We conjecture that the function

is strictly increasing for s > 0.

Remark 4.6. We also conjecture that the function x — % is com-

pletely monotonic for all s > 1 and = > 0. Recall that a fug;mtion fis
completely monotonic on an interval [ if f has derivatives of all order
on I such that (—1)"f™(z) > 0 on I, for all non-negative integers n.
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