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A CLASS OF LOGARITHMICALLY COMPLETELY MONOTONIC
FUNCTIONS AND THE BEST BOUNDS IN THE FIRST
KERSHAW’S DOUBLE INEQUALITY

FENG QI

ABSTRACT. In the article, the logarithmically complete monotonicity of a class
of functions involving the Euler’s gamma function are proved, a class of the
first Kershaw type double inequalities are established, and the first Kershaw’s
double inequality and Wendel’s inequality are generalized, refined or extended.
Moreover, an open problem is posed.

1. INTRODUCTION

It is well known that the classical Euler’'s gamma function I can be defined for
x> 0as [(z) = [ e 't" ' dt. The digamma or psi function 1 is defined as the

logarithmic derivative of T' and 1 for i € N are called polygamma functions.

The ratio ?E:; has been researched by many mathematicians in the past more
than fifty years. In [32] J. Wendel gave for 0 < b < 1 and = > 0 the following
double inequality

1-b
x I(z+0b)
< ——72<1. 1
(a:+b) < I S M
W. Gautschi showed in [7] for 0 < s < 1 and n € N that
s T'(n+1)

1-s _

Tt <exp[(1—s)Y(n+1)]. (2)

A strenghened upper bound was given by T. Erber in [6]:

P(n+1) < 4(n+s)(n+ 1)t
I'(n+s) dn+ (s +1)2

J. D. Kecki¢ and P. M. Vasié¢ gave in [11] the inequalities below:

re B
a,afl.e <F(a)<m'€ , 0<a<hb. (4)

, 0<s<l1l, neN, (3)

bb—l
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The following closer bounds were proved for 0 < s < 1 and = > 1 by D. Kershaw

n [12]:
1—s 1/291—s
s I(z+1) 1 1
($+2) <F(Z+8)<|:x_2+<s+4) :| s (5)
exp[(1 — s)p(z + s'/?)] < m < exp[(l — s)w<x 42 —g 1)] (6)
Let s and t be nonnegative numbers, & = min{s, t}, and
1/(ts)
Tl +1t) Cu stt
zs4(x) = |D(z +s) (7)
ew(m+‘s) — CC, S = t

inz € (—a,00). In [4, 5, 13, 14, 20, 30], a monotonicity and convexity of z, ;(z)
was obtained: The function z;.(z) is either convex and decreasing for |t — s| < 1
or concave and increasing for |t —s| > 1. From this, the best bounds in the first
Kershaw’s double inequality (5) were deduced.

For a and b being two constants, as x — oo, the following asymptotic formula is
given in [1, p. 257 and p. 259):

v_al(z+a) (a—b)(a+b-1) 1
v ['(z+0b) =i 2z +O(x2)' ®)
For recent development and more detailed information on this topic, please refer
to, for example, [4, 5, 13, 14, 19, 20, 22, 24, 30] and the references therein.

Recall [2, 5, 15, 26] that a function f is said to be completely monotonic on an
interval I if f has derivatives of all orders on I and (—=1)"f()(z) > 0 for z € T
and n > 0, and that a function f is called logarithmically completely monotonic on
an interval I if f has derivatives of all orders on I and its logarithm In f satisfies
0 < (=1)*[In f(x)]*® < oo for all k € N on I. For our own convenience, the sets of
the completely monotonic functions and the logarithmically completely monotonic
functions on I are denoted respectively by C[I] and L[I]. In [2, 15, 25, 26, 28, 29],
it has been proved that L[I] C C[I]. The well known Bernstein’ s Theorem [33,
p. 161] states that f € C[(0,00)] if and only if f(z) = [;* e~**dpu(s), where p is a
nonnegative measure on [0, c0) such that the mtegral converges for all x > 0. In [2,
Theorem 1.1] and [8] it is pointed out that the logarithmically completely mono-
tonic functions on (0, 00) can be characterized as the infinitely divisible completely
monotonic functions studied by Horn in [10, Theorem 4.4]. For more information on
the classes C[I] and L[I], please refer to [2, 15, 25, 26, 27, 28, 29] and the references
therein.

For z > 0 and a > 0, let

(x +a)!=T(z + a) I'(x + a)
2T (z) zol(z) ’ ©)

where T is the classical Euler’s gamma function. In [24], among other things, the
logarithmically completely monotonic properties of the functions h,(z) and f,(x)
are obtained:

(1) hmgb_)oJr he(x) = F(Zjl and limg o he(z) =1 for any a > 0,

(2) ho(z) € L](0,00)] if 0 < a < 1,

(3) [ha(@)]"* € £[(0,00)] if a > 1;

ha(z) = and  fa(z) =
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(4) limgy_ fo(z) =1 for any a € (0, 0),
(5) fa(z) € L[(0,00)] and limy o4 fo(2) = 0 if a > 1,
(6) [fa(z)]7t € L£[(0,00)] and lim, o1 fo(z) =0if 0 < a < 1.

Observe that the functions he(x) and f,(x) can be rewritten as

Tz +a) _oT(z+a)
ha(z) = tra_— — d o(z) =a'" = 1
@=@+a " pey ad L) =s R (o)
In [3], the function Il:giiig (x + %)871 for s € (0,1) is proved to be completely

monotonic in (0, 00).
These hint us to consider the logarithmically complete monotonicity of the func-
tion
b—ar(‘r+a) (11)
I(z+0b)
for x € (—p,0), where a, b and ¢ are real numbers and p = min{a, b, c}.
The first main result of this paper is the following Theorem 1.

Hypeo(x)=(x+c¢)

Theorem 1. Let a, b and ¢ be real numbers and p = min{a,b,c}. Then
(1) Hgﬂbuc(x) € ﬁ[(_pv OO)] Zf (a’7 b7 C) € Dl(av bv C); where

1
Di(a,b,c) = {(a,b,c):a+b2 Le<b<ec+ 2}

1
U{(a,b7c):a>b20+ 2}

U{(a,b,c):2a+1<a+b<1la<c}
U{(a,b,c):b—1<a<b<c}
\{(a,b,c):a=c+1,b=c}.

(2) [Hape(@)]™ € L[(—p,00)] if (a,b,c) € Da(a,b,c), where

(12)

1
Ds(a,b,c) = {(a,b,c):aerz lL,e<a<ce+ 2}

U{(a,b,c):b>azc+;}

U{(a,b,c) :b<a<c} (13)
U{(a,b,c):b+1<a,c<a<c+1}
U{(a,b,c) :b+c+1<a+b<1}
\{(a,b,¢):a=c+1,b=c}
\{(a,b,¢c):b=c+1,a=c}.

As a direct consequence of the monotonicity of H, j () and a generalization and

a refinement of the first Kershaw’s double inequality (5), the following Theorem 2,
the second main result of this paper, is established.

Theorem 2. Let a, b and ¢ be real numbers, p = min{a, b, c} and § be a constant
greater than —p. If (a,b,c) € D1(a,b,c), then inequality

I'(z+a) (14)

(x+c) b < 71“@ D)



4 F. QI

holds in x € (—p,00) and inequality
F(:c+a)<F(6+a) z+c\*"
Mxz+b) ~T@+b)\d+c

sounds in x € [§,00). If (a,b,c) € Da(a,b,c), then inequalities (14) and (15) are
reversed in (—p, 00) and [0, 00) respectively.

(15)

Remark 1. Let us take a =1 and 0 < b < 1 in inequality (14). Then inequality
I'(z+1)
I'(z+0)
is valid in (—p, 00) for (b,c) € D1(1,b,e)N{(b,c) : 0 <b <1} ={0<b<1l,c<
b < 1}\{(0,0)}. This implies that, in particular, inequality
I(z+1)

I'(x +b)

(40" < (16)

(x+b)170 < (17)

is valid in (—b,00) for 0 < b < 1.
It is clear that inequality (17) not only refines the lower bound but also extends
the range of the argument x of the left hand side in inequality (5).

Remark 2. Now let us take a =1, 0 < b < 1 and 6 = 1 in inequality (15). Then
inequality

Iz +1) < 1 (:v+c)1b

T(x+b) ~T(1+b)\1+c
validates in [1,00) for (b,¢) € D1(1,b,¢) N {(b,c) : 0 <b< 1} N{(b,c) : —p <1} =
{0<b<le<b<1}n{(bc): —p<1}\{(0,0)} ={(be):0<b<1l,-1<c<
b < 1}. In particular, for 0 < b < 1, inequality

(18)

1-b
Petl) . 1 (o+h (19)
D(z+b) ~ T(1+b)\1+5b
makes sense in x € [1,00).
Standard argument reveals that if
1/2—+/b+1/4)(1+0b) "/T(1+0b 1
ps W2 VOO 4D YTAFH) 41, (20)

= (1+b) YTA10) —1
then inequality (19) would be better than the right hand side of (5). It is easy to
obtain that lim,_o+ A(b) = co and

Y _\/Ber
lim A(b) = e VI 6193686 < 1,

b—1— 2e7 —e
where v = 0.57721566 - - - is the Euler-Mascheroni’s constant. This means that
inequality (19) refines the right hand side of (5) if b is closer enough to 1 and that
the upper bound in (19) is better than the one in (5) if z is larger enough.

Remark 3. The inequality (1) can be rewritten as

_p _ T(x+1) _
It < 2L < gttt 21
@t < gl <a (21)
It is easy to see that the range of the argument x in inequality (17) is larger than
that in the left hand side of inequality (21).
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Taking a =1, 0 < b < 1 and § = 0 in inequality (15) yields

I(x+1) 1 (z4+c\'7°
r@+m§r@< c> (22)

for (b,c) € D1(1,b,c)N{(b,c) : 0 <b<1}N{(be): —p<0}={0<b<1le<b<
1}n{(b,c): —p <0} \{(0,0)} = {(b,c) : 0 <b<1,0<c<b<1}. In particular,
inequality
T(z+1 1 =
(x41) < x+b (23)
T(z+b) ~ T\ b
makes true in [0, 00) for 0 < b < 1. When
P (24)
b YT —1
the upper bound in (23) is better than that in (21).
Remark 4. Since
_ 1 [T(xz+a) Va=b) (x)+z
1/(a=b) _ _ ,a
Hape()] x+c {F(z + b)} x+c (25)
and
2p.a(x) = [Hapo(@)]Y (2 +¢) — (26)

the monotonicity and convexity of 2 () and the logarithmically complete mono-
tonicity of H,p .(x) are connected.

Remark 5. Equation (25) shows that (1+b) *¢/I'(1 4+ b) in (20) and b */I'(b) in
(24) can be rewritten as [Hyp5(1)]"/ =Y and [Hy 45(0)]/®~1 respectively. The
graphs of these two functions, pictured by MATHEMATICA 5.2, remind us that these
two functions are increasing in b € (—1,00) and b € (0, c0) respectively.

In [19], using some monotonicity results and inequalities of the generalized
weighted mean values with two parameters in [9, 16, 17, 21, 31], it was verified,

F(s):| 1/(s—r)
T'(r)

among other things, that the functions [

and s > 0. In [30], it was showed that ﬁ € C[(—a, 00)].
Now it is natural to propose the following open problem: Let § > 0, A > 0 and
p be real constants and k € N such that > \(26)2¢~1. For z,y € (-4, 00), define

are increasing in both r > 0

1 T(6+2)]YEY sty
M+ )21+ u|T(0+y ’ ’
@5k (,y) = ( w(5+)y) ( ) (27)
e
21 1 =Y.

What about the monotonicity, complete monotonicity, logarithmically complete
monotonicity or Schur-convexity of the function @5 x . x(z,y)?

2. LEMMAS

In order to prove our main results, the following lemmas are necessary.
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Lemma 1 ([1]). For x >0 and w > 0,

1 _ L > w—1_-—x
xwr(w)/o e " dt. (28)
For k€ N and x > 0,
© -t _ ,—uxt
W(x) :—’y+/0 %dt. (29)
Lemma 2 ([18, 23]). For real numbers o and B with (o, 3) ¢ {(0,1),(1,0)} and
a # 3, let
efozt o efﬂt
Gop(t)={ Tt ' 70, (30)
08— a, t=0.
(1) The function gq () is increasing in (0, 00) if and only if (o, B) € D1(a, ),
where
D) = {(@.8) 0> 02 3
1
o{lasiazi-poss<s) o
U{(,B):a+1<p<1~a,a<0}
U{(a,8): B-1<a<pB <0}
\{(1,0)}
(2) The function gqa,5(t) is decreasing in (0, 00) if and only if (o, 3) € Da(a, §),
where
Do) ={(@): 52 1= a5 > a0
U{(a,ﬂ):ﬁ>a2;}
U{(e.8): 8 <a <0} (32)
U{(,8):f<a—1,0<a <1}
U{(e,0):1<a<1-p}

\{(1,0),(0, 1)}

Remark 6. The («, 3)-domains D;(«, 3) and Ds(a, 8) defined in Lemma 2, where
the function ¢, g(t) is increasingly or decreasingly monotonic in (0,00), can be
described respectively by Figure 1 and Figure 2 below.

Remark 7. In [18, 23, 30], the monotonicity, logarithmic convexity and 3-log-
convexity of the function g, g(t) in either (—o0,0), (0,00) or (—oo,00) have been
investigated thoroughly.
3. PROOFS OF THEOREMS
Proof of Theorem 1. By formulas (28) and (29), direct computation yields
InHypelx)=0—a)ln(z+c)+Inl(x+a) —InT(x+0b),
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AQO

ﬁ:i—a

ﬁ - % 6 = a—1
FIGURE 1. The (a, 8)-domain D;(a, ) in Lemma 2

In Hy po(z)] = b—a

+Y(r+a) —YP(x+b)

T +c
b—a 0 bt _gmat
= ——e P dt
x+c +/0 1—et ©
00 e(c—a)t _ e(c—b)t -
:_/0 {mﬂa—b) e Tty

= _/ [qa—c,b—c(t) + (a, — b)]e—(m—i-c)t d+
0

and, for k € N,

(—1)*[In Hy po(2)] P = / [da—cb—c(t) + (a — b)JtFLe @It qy,

where g, g(t) is defined by (30) in Lemma 2.

From ¢, 3(0) = 8 —a and gq—cp—c(0) = b — a, it is deduced that if gq—cp—c(t)
is increasing (or decreasing respectively) in (0, 00) then qq—cp—c(t) + (a — b) E 0 in
t € (0,00) and (—1)*[In Hyp o(x)]* z 0in z € (—p,00) for k € N. Combining this
with Lemma 2 reveals that H, p () € L[(—p,00)] if (a—¢,b—c¢) € D1(a—c¢,b—c¢)
and [Hyp(2)]7t € L[(—p,00)] if (a — ¢,b —¢) € Da(a — ¢,b — ¢). The proof of

Theorem 1 is complete.

Proof of Theorem 2. By formula (8), it follows that

Hypo(z) = <1 + ;)b_a {xball:((ziz))]
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iz
f=1—«

Y

.,°°° O

6:°°a+1
f=a
B=a-1

FIGURE 2. The (a, 8)-domain Ds(a, 3) in Lemma 2

_ (1+ ;)ba {1+ (a_b)(;;b_ D +O<;>}

— 1

as x — oo for all real numbers a, b and c.

If (a,b,c) € Di(a,b,c), the function H,p () is decreasing in (—p,00) and
Hgpe(x) > lim,_o = 1 which can be rearranged as inequality (14). Further,
if § is a constant greater than —p, then

Hapo(x) < Hopo(6) = (6 + C)bam

in [4, 00), which can be rewritten as (15) for x € [d, ).

If (a,b,¢) € Dy(a,b, c) and ¢ is also a constant greater than —p, then the function
H,pc(x) is increasing in (—p, 00), inequalities (14) and (15) are reversed respec-
tively. The proof of Theorem 2 is complete. O
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