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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.
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1. Introduction

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

x 1

C(S,X)=’;)m

for all complex numbers s with Re s > 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

-9)
£(s.x) = © / " a,

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: H;(x) = ¢ (s, x). 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

(=35

and the polygamma functions defined for all positive integers m and positive real numbers
x by

Y @) = ()" m! Z (1.1)

()C + n)m+l
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are special cases of the Hurwitz zeta function, namely H (1) = ¢(s), Hy(1/2) =

(2° —1)¢(s) and " (x) = (=1)"*'m!H,, 41 (x). The Bernoulli polynomials defined by
the generating function

ze™ Bn(x)
e? — 1 = Z

are also special cases of the Hurwitz zeta function:

__Bm+l(x) _
L(—m,x) = —m+1 m=0,1,2,...,),

(see Theorem 12.13 of [6]). It satisfies the following integral representation (see Theo-
rem 12.2 of [6]):

u= 1 e—Xu

H(x) = / du, Res>1
T'(s) l—cv

where I'(s) is Euler’s gamma function. 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

o0
Ru(u,v) = / g M-l log™ ¢t dt,
0
an example of which is
Ro(u, v) = u VT W)[(¥ (v) — log 1)* + Ha (v)],

with

I (x)
[ (x)

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

/2 7 T (3/4)v2m
/71/4 loglog(tan x)dx = > log (TM) .

Y(x) =

Its basic properties can be found in [5, 6]. Recently some authors studied this function
and obtained interesting inequalities (see [1-3, 7]). The main purpose of this paper is to
generalize the following 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— Dlexp (—nyr(x +1/2)) < [¥ ()] < (n = D!exp (—ny (x))

(n )W)( +1/2)1"* < [y (x0)] < (D!

k) oy n/k
= AR
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forallk=1,2,...,n—1,
o < (D" Y@+ )T — (DY P )T < By
where the constants o = (n!¢(n + 1))7"/" and 8 = ((n — 1)!)~'/" are best possible, and
)P x — 7V ) TR < (1)) ()
< ()T [x = (Vg gy,

where the constants & = ((n — 1)!)~"/" and B = (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 fixed real number x > 0, let

hx(s) = (s = DH; (x)) /671 @1
Then hy is strictly decreasing for s > 1; (see [1]).

Lemma 2.2. Fors > 2 and x > 0 we have

s2—1 (Hy41(x))?
2 " Hy () Hysa(x)

(2.2)

Proof. The proof follows from slight modifications in the proof of Theorem 2.1 and Coroll-
ary 2.3 of [4]. O

Lemma 2.3. Let x and s be positive real numbers with s > 1 and

sxs

A(s,x) = H\ <i> —x, (2.3)

where Hq_ L(@t) is the inverse of the function t — H,(t). Then we have
AA(s,x)

(a) % > 0.

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

(©) —Mgi’x) <0.

2
(d) Lok g;;»“ <0.

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

1

o(x,s) = m,

where A is defined by (2.1). Using (2.3), we get forall x > O and s > 1,
A(s, p(x,8)) = x — @(x,5). (2.4)
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Differentiation with respect to x gives forx > O and s > 1,

IA(s, P(x, s)) _ 1

dx T 9p(x,8)/0x 1 (2.5)
Since
09(es) [ (5 + DHea ()T [hx(s+2)T+l 6
x (sHyy1(x)'/ T LG+ 1) '

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

W > O forall x > 0 and s > 1. But since the mapping x — ¢ (x, s) is strictly

AA(s,x)
ax

increasing and continuous on (0, 0o) it is bijective, leading to > (Oforallx >0

and s > 1. This proves (a). From (2.3) we get for x > Oand s > 1,

1
Hyp1(x + A(s, %) = — 2.7)

sxs

Also, from the definition of Hy(x) we have H; (x) = —sHs41(x) and
1
Hs(x—i—l)—Hs(x):—;. (2.8)

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

5

1
sHy11(x +&e(x,s)) = pry (2.9

with0 < ¢ = e(x) < 1, forall x > Oand s > 1. From (2.7) and (2.9) we conclude
e(x,s) = A(s, x) that gives 0 < A(s,x) < 1 for all real numbers x > 0 and s > 1.
Since the function x — A(s, x) 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

(x + A(s,lx Ty - A A+ D) = e
or
AGs,x+1) = ! .
(Hys1(x + Al x + 1) — b)Y

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

X—>0Q0

sx5(x +1)° 1/(s+1)
= lim T TP —— —x|.
X—00 (x+1)5 —x$

1 —1/(s+1)
xli)H;OA(S,X) = lim <Hs+1 (X+A(S,X))— m) — X
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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 As(0) = 0, so that we get from (a) for x > 0 and s > 1 that

0=A(s,0) < A(s,x) < lim A(s,x) = 1/2.
X—> 00

This proves (b). For our convenience we let y = ¢ (x, s). Differentiating both sides of
(2.4) with respect to s yields

dA(s, IA(s, Gl
(s, y) (14 (s, ) Y _o (2.10)
as ay as
Since
dy  0¢(x,s)
— = —">0,
as as

by Lemma 2.1 and

dA(s, y)
— >
dy

0

by (a), we conclude from (2.10) that

IA(s, x)
— <
as

0

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

PAG, p(x,8)  3P(x,s)/9x°

dx2 (3 (x,s)/0x)%

so that to prove (d) it suffices to see

82¢(x, s)
_— >

2 0.

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

3% (x,
FO) (5417 (sHygr ()P
ax
, +D?2—1
X | (Hs42(x))” — WHS—H(X)HH-S(X) .
Applying Lemma 2.2 this reveals that
I (x,s)

Now we are ready to establish our main results.
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3. Main results

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

1 1
; exp(—sy¥(x +1/2)) < Hgy1(x) < ; exp(—sy¥ (x)), 3.1

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

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

Als,x) < AL x) = ()~ (1/x) —x. (3.2)
In [9], the author proved that
W) (1/x) —x < ¥~ (logx) — x.
Thus, by virtue of (2.3), (3.2) gives for s > 1 and x > 0,

-1 1 -1
I-ISJrl (—) < ¥~ (logx).

sxs

Replacing x by e¥ ™) here and using the fact that the function x — Hs_1 (x) is decreasing
for s > 1, we obtain

1
Hys1(x) < e~V
N

for all x > 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

v llogx) —x < 1/2
by [8], we obtain
v logx) —x — As, x) < 1/2

or using (2.3)

ot ogn) - 14 (1)
gxX) HH_1 - | < 1/2.

sxS
Replacing x by e¥®) here again, we get

1 -1
x—=-—<H
2

1
- (; eXP(—SI/f(x))> :
Therefore for x > 1/2 we find that
1
Hoi(x = 1/2) > —exp(=sy/ (x)).

Replacing x by x + % this becomes

1
Hiq(x) > " exp(—sy(x + 1/2)). O
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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
(PHpr1(x +1/2)V7 < (qHg1 ()4 < (pHpy1 (0)/7. (3.3)

Proof. The right inequality follows from Lemma 2.1. Applying Lemma 2.3(b) we get for
l<p<gq,

A(p,x)—A(g,x) < 1/2.

Using (2.3) this can be rewritten as

g1 1 1 -l 1
A ~ 5 = g+ axi )

Replacing x by
1
(PHp+1 ()P’
we get forx > 1/2,

1

_ 1
x—5< Hq+ll <C—](PHp+l(x))q/p> -

This is equivalent to
1
Hg1(x —1/2) > g(pHpﬂ(x))q/f’.

Replacing x by x + 1/2 finishes the proof of Theorem 3.2. o
Theorem 3.3. For all real numbers x > 0 and s > 2 we have

@)Y < (Hye + 1)V — (Hye)TVOTY < (s = VO,
where {(s) is the Riemann zeta function. Both the bounds are best possible.
Proof. For a fixed s > 0 and a positive real number x, let

p(x) = Als, p(x + 1,5)) — Als, p(x, 5)).
Then if we use (2.4) we find that

p(x) =ulx) —u(x +1) + 1, 3.4

where u(x) = ¢(x,s). By (2.11) we have u”(x) > 0 so that u’ is strictly increasing
on (0, 0o0). Therefore (3.4) implies that ¢ is strictly decreasing. This allows us to write
@(00) < p(x) < ¢(0) for all x > 0. Since

e0)=1—¢,s)=1— (sHp () VS =1=(st(s+ 1)~/
and ¢(00) = limy_ o ¢(x) = 1/2 — 1/2 = 0, we obtain that
O0<1l—¢x+1,5)+¢x,s) <1—(sc(s—+ 1),

Replacing the value of ¢ (x, s) and then rearranging these inequalities, we complete the
proof of Theorem 3.3. m|
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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: x — H;l (x).

Theorem 3.4. Forall s > 2 and x > 0 the following double inequality holds:
[x_(x]/(lfs)_i_a)l*s']fl/& <H57](x) < [x_(xl/(lfs)_’_b)]fé]fl/s’
wherea = (s — DY6=D and b = (C(s))l/(l_“) are best possible constants.

Proof. If we use (2.8) and replace x by HS_1 (x) in Theorem 3.3 and then rearrange the
resulting inequality, the proof is complete. m|

4. Remarks
Remark 4.1. In Proposition 3 of [7] it was obtained that the inequality

=Dy

¢(s) < 4.1

s—1

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

e(s—l)y 4s—le—ys
c-ne-n W GTheTon
and
e~ 2=Y)s=1) eG—Dy
— < (s <
—1 s—1

for all s > 2. Here y 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 x = 1/2 in Theorem 3.3, we find the following new
upper bounds for the Riemann zeta function:

(O =75
and

2S
—1 -1+ @5 - 1)1/(1%))1—5’

L) < 55

respectively.

Remark 4.3. Theorems 3.1 and 3.2 do not cover the cases 0 < s < land0 < 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.
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Remark 4.4. Numerical computations carried by the computer program Mathematica indi-
cate that the constant 1/2 in the left inequalities of (3.1) and (3.3) can be replaced by a
much smaller number.

Remark 4.5. We conjecture that the function

1 1/s
0 =(1— —
® ( c(s))

is strictly increasing for s > 1.

Remark 4.6. We also conjecture that the function x —

IA(s,x)
d

= is completely monotonic

forall s > 1 and x > 0. Recall that a function f is completely monotonic on an interval /
if f has derivatives of all order on 7 such that (—1)" f ™ (x) > 0on I, forall non-negative
integers n.
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