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Abstract

Necessary and sufficient conditions are presented for a function involving the divided difference of the
psi function to be completely monotonic and for a function involving the ratio of two gamma functions to
be logarithmically completely monotonic. From these, some double inequalities are derived for bounding
polygamma functions, divided differences of polygamma functions, and the ratio of two gamma functions.

2010 Mathematics subject classification: primary 26A48, 33B15; secondary 26A51, 26D15.
Keywords and phrases: necessary and sufficient condition, complete monotonicity, logarithmically
complete monotonicity, divided difference, ratio of two gamma functions, inequality, psi function,

polygamma function.

1. Introduction

A function f is called completely monotonic on an interval 7 C R if f has derivatives
of all orders on / and
D P20

holds for all k>0 on /. For convenience, in what follows, the class of completely
monotonic functions on / is denoted by C[/]. The class of completely monotonic
functions may be characterised by [14, p. 161, Theorem 12b] which reads that a
necessary and sufficient condition for f(x) to be completely monotonic for 0 < x < oo
is that

fx) = f ) e da(t),
0

where a(t) is nondecreasing and the integral converges for 0 < x < co. This means that
f €Cl(0, 00)] if and only if f is a Laplace transform of the measure .

A function f is said to be logarithmically completely monotonic on an interval / C R
if it has derivatives of all orders on I and its logarithm log f satisfies

(-D*(log f(x)® >0
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for k€ N on I. In what follows, the set of all logarithmically completely monotonic
functions on / will be denoted by L[/]. The logarithmically completely monotonic
functions on (0, o) are characterised in [1] as the infinitely divisible completely
monotonic functions studied in [4].

The inclusive relationship L[/] € C[/] has been proved in several papers. For
detailed information, see [7, Section 1.5], [9, Section 1.3], [10, Section 1] and closely
related references therein. Furthermore, it was discovered in [1] that every Stieltjes
transform belongs to L[(0, c0)], where a function f defined on (0, o) is called a
Stieltjes transform if it can be expressed in the form

f=a+ f B
0 S+ X

for some nonnegative number a and some nonnegative measure u on [0, o) satisfying
fooo du(s)/(1 + s) < co. For more information on this topic, see [11].
The classical Euler gamma function may be defined for x > 0 by

[(x)= foo e dt. (1.1)
0

The logarithmic derivative of I'(x), denoted by ¥(x) =T"(x)/T'(x), is called the psi
function, and ¥®(x) for k€N are called the polygamma functions. The special
functions T'(x), ¥(x) and y®(x) for k € N are fundamental and important and have
many applications in mathematical sciences.

In [6, Thorem 1.3], the following necessary and sufficient conditions were
established: the function

W(x) — 10gx+c—: (1.2)

belongs to C[(0, c0)] if and only if @ > 1, as does the negative of (1.2) if and only
if @< % For more information on equivalences of these necessary and sufficient
conditions, see [2, 5], [8, pp. 1977-1978, Section 1.5], and the review articles [7, 9]
and the many references cited therein.

In order to alternatively verify the monotonicity and convexity of the function

(F(x + t))‘/“*) L

I'(x+s) (1.3)

for x € (—a, ), where s and ¢ are real numbers and a = min{s, ¢}, the following
complete monotonicity of the divided difference of the psi functions was discovered
in [5, 8]: for real numbers s and 7 and « = min{s, ¢}, the function

Lp(x+t)—¢(x+s)_ 2x+s+t+1

, S*ETL
§0i(x) = t—s 1 2(1x+s)(x+t) (1.4)
w(x+s)_x+s_2(x+s)2’ s=t
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for |t — s| < 1 and its negative —d,,(x) for |t — 5| > 1 belong to C[(—a, o)]. For the
history, background, and recent developments of the study of the function (1.3),
see [3, 8], [7, Sections 3.9, 3.20.1 and 6.1] and closely related references therein.

We now generalise the function d,,(x) in (1.4) by introducing a parameter A as
follows. For real numbers s and ¢, define

Y(x+1)—yY(x+s) a 2x+s+t+24
t—s 20+ )(x+1)°
5s,t;ﬂ(x)=

, A
O S T G

NEN
(1.5)

s=t

on (—a, o), where 41 €R and @ =min{s, t}. It is clear from (1.4) and (1.5) that
(5s,t;1/2(x) = 6s,t(x)-

Motivated both by the necessary and sufficient conditions for the function (1.2) to
belong to C[(0, 0)] and by the complete monotonicity of the function (1.4), it is natural
to ask: what are the necessary and sufficient conditions such that the function (1.5)
belongs to C[(—a, o0)]? This question is answered by our Theorem 1.1 below.

THeOREM 1.1. Let s and t be real numbers and let &« = min{s, t}.
(1) For|t—s|<1:
@  O5pa(x) €Cl(-a, )] if and only if 1 < 1;
(b) —0s50(x) €Cl(—, 0)] ifand only if A > 1 — %It — ).
(2) For|t—s|>1:
(@)  Oy(x) €Cl(=a, )] ifand only if A < 1 — 1]t — sl;
(b)  —0,p1(x) € Cl(—a, 00)] if and only if 2> 1.
3) For|t—s|=1:
(@)  O5a(x) €Cl(—a, 00)] if and only if A < 1.
(b)  —=6,,.2(x) € C[(~a, 00)] if and only if 1 > L,
(c) the function 6,;.(x) is identically zero if and only if A = %
As a direct application of Theorem 1.1, the logarithmically complete monotonicity

results of a function involving the ratio of two gamma functions can be deduced as
follows.

THeOREM 1.2. For real numbers s and t, define

()C+ t)/l/(t—s)—1/2 r(x+ t) 1/(t—s)
( ) , S*EL

—s)+1/2
Hs,t;/l(x) _ (x+9) s I'(x+5)

1 A
—_— +0H+—|, =t
e Gt i)

on (—a, ), where A € R and @ = min{s, t}. The following conclusions are valid.
(1) For|t—s|<1:

(@)  Hgpa(x) € LI(—a, o) ifand only if 1> 1 - 1|t — s|;

(b)  (Hya(x)™ € LI(=a, )] if and only if A< 5.

https://doi.org/10.1017/5S0004972712001025 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972712001025

312 F. Qi, P. Cerone and S. S. Dragomir [4]

(2) For|t—s|>1:
(@) Hgpa(x) € L[(—a, oo)] if and only if A > 2,
(b) (Hepa(x)” Ve LI(-a, co) ifand only if 1< 1 — %It — .
(3) For|t—s|=1:
(@) Hypa(x) € LI(-a, )] if and only if 1> 3;
(b)  (Hyea() ™ € LI(=, 0] if and only if A < §;
(c) the function H;;..(x) identically equals 1 on (—a, ) if and only if 1 = %

As consequences of Theorems 1.1 and 1.2, the following double inequalities
are immediately derived for the polygamma functions, the divided differences of
polygamma functions, and the ratio of two gamma functions.

TueorEM 1.3. The following statements are true.

(1)  For x>0, the double inequality

k- 1)! k!

pi 7 <D -

holds if and only if 1 < % andy; > 1.
(2) Let a and b be positive numbers and k € N.

(a) For0<|b—al|<1, the double inequality

SO )

< (_l)k l(lr//(k 1)(b) _lr//(k l)(a)) (17)
b—-a

(k—l)‘ 1 k-D!/1 1
2 (ak-lrﬁ)+y2 b-a (J_ﬁ)

holds if and only if B, < and V21— Ib —al.
(b) For Ib al > 1, the double inequality (].7) is reversed if and only if B <
1- —|b—a|andy2> 5

(3) Let a and b be positive numbers and k € N.
(@) For0<|b—a| <1, the double inequality

B3/(b—a)+1/2 T 1/(b-a) v3/(b—a)+1/2
a a
( ( )) (18)

pBs/(b-a)-1]2 I'(a) b3/ (b-a)-1/2
holds if and only if B3 > 1 — —Ib al and s < 5

(b) For Ib al > 1, the double inequality (1.8) is reversed if and only if B3 <
1- —|b—a|andy3 > 1
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(4) Let s and t be real numbers, @ = min{s, t}, and x € (p, ) C (—a, ).
(@) For0Q<|t—s| <1, the double inequality
(p + P72 T (p 4 ) \Va) (x 4 5)BalG=5+172
(p + s)BA/(I_S)*'l/z(F(p + s)) (x + [)ﬁA/(l_S)_l/z
C(x + £)\//=9
(F(x + s))
(p + 9712 T(p + 1) \ME=9) (x + 5)r4/=9+1/2
(p + sysl@=9+1/2 (r(p n s)) (x + 1)yl G=9-172
holds if and only if B4 < % and y4 > 1 — 3|t — s|.
(b) For |t —s|> 1, the inequality (1.9) is reversed if and only if B4 > % and
ya<1-1r—sl.

(1.9)

Remark 1.4. We remark that taking a = x + % and b =x+1 in the right-hand side
of (1.8) yields

1\3/2
(;8: ;)2 ) gi i;/z :( B 2(x1+ 1>)l/2(“ ;)

on (-1, 00), which is obviously better than the inequalit
2 y q y

I'(x+1) 2 1
(F(L_;)QHz (1.10)

on (—%, o0). The inequality (1.10) is a long-standing upper bound obtained in [12]. For
more information about the inequality (1.10), see [7, pp. 21-22, Section 3.1].

RemMARrk 1.5. There have been some results similar to but different from our
Theorems 1.2 and 1.3. For details, see [10] or related contents in [7, 9].

2. Proofs of theorems
We are now in a position to prove our theorems.
Proor oF THeorEM 1.1. For |s—¢ =1, by (1.5), we may equivalently discuss the
complete monotonicity of the function
1-24
2x+ s)(x+s+1)

6s,s+1;/l(x) =

which follows obviously from the fact that the product of finitely many completely
monotonic functions is still completely monotonic.
For s = t, we may equivalently discuss the complete monotonicity of the function

1 A
Y-~ -5
X X

on (0, o0), which can be derived directly from [2, Theorem 2] and [6, Thorem 1.3]
mentioned above.
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For s # t and s — t # 1, the function &,,,1(x) can be rewritten as

L 1 24\ 1 24 1
.,l,/l(x) t_sﬂl/’(x-‘ru) u 2 t—s x+t+ +t_s X+ s

Differentiating consecutively and employing the well-known formulas

Yy P00 = (=D f i Le dt

0 l1-e

1 1 00
o tr—l —xt dt
D) fo ¢

for k € N and positive numbers x > 0 and » > 0, we obtain

and

1 !
oM (%) = f Y D (x + u) du
r—s s
—1)*k!
_(l)k((1 2/1) 1 +(1+ 2/1) 1 )
t—s/)(x+ )kt t—s/)(x+ syl
—1)k
— ( ) ff —(x+u)v dv du
t—s T-e ~¢
—_1)k 00
) (( 24 )f Ve~ dv+(1 + 24 )f Yre=(r+s dv)
t— S 0 r—s 0
= l)f t—s Sl—ev du
21 24
((1 ) (1 + —)e ))vke_”dv
t—s t—s
—SV + e—tV /l(e—SV — e—t\/) k .
_(_)f((t—s)(l—e‘) 2 i=s )ve v

v _eftv_efsv_l_eftv)k_xv
=0 [ (=7 ) S A

VN (t_s)(e—sv+e—tV) vV _ oV P
= ( 1)[(1 e ) ey

t—s e —e
= (-1 k _ _ ﬂ) k —xv d
=D fo I—e  2tanh((t - 5)v/2) —s ¢ Y

for k € {0} U N. Therefore, if

1 t—s
A< -
1 —eVv 2tanh((t — s)v/2)

_ 2" tanh((t — s)v/2) — (t = s)(e" = 1)
B 2(e" — 1) tanh((7 — 5)v/2)

@2.1)

2 A, t—5)
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for all v € (0, 00), then

(D! (020 and  6,.(x) € Cl(—a, )];

S,

if the inequality (2.1) reverses, then

(-Dfsf)

5,54

(x)<0 and —0d;,.(x) € Cl(—a, o0)].

Straightforward computation gives

AAv,r) 1, 2(rv) e 1 ((rv)2 2(rv) (v)2 z(v))
——— = —Pesch? =) - ——= = —=([=] esch’(=) (=) csch?(=])).
av & )T e Te\7) S ) 2]

Since the function x csch x is strictly positive and decreasing on (0, o), it follows that

0A(v, r) [<0 ifr>1,
ov >0 ifO<r<l.

Accordingly, the function A(v, r) is increasing for 0 < r < 1 and decreasing for » > 1 on
(0, o0). Using L"Hopital’s rule yields

_ . e"(2tanh(rv/2) + r(sech®(rv/2) - 1)) 1
lim A(v, r) = lim 3 ==,
v=0* v—=0* 2¢¥ tanh(rv/2) + r(e” — 1) sech*(rv/2) 2
It is easy to see that

t_
lim A, 1y =1 - =3,

y—00 2

Since the function A(v, r) is even with respect to the variable r € R with r # 0, for
O<|t—s|<1,
|t — sl
2
Inequality (2.2) is reversed for |t — s| > 1. Consequently:

1
§</l(v,s—t)<l— (2.2)

(1) the function d;.(x) is completely monotonic on (—a, oo) if either A < % and
0<|t—s|<10r/l<1—%It—slandlt—s|> 1;

(2) the function —d,,.,(x) is completely monotonic on (—e, o) if either 1> 1 —
Ht—slandO<|r—s|<lord>1and|t—s/>1.

Conversely, if the function J,,,(x) is completely monotonic, then d;,.1(x) > 0 on
(—a, 00), which can be rearranged as

1 ! 1
PN L PP L N N PO
(x+®u+)a_s1:¢Q+u)u o+ =) 2 A
From the proof of [8, p. 1981, Lemma 2.4],
1 1 1 1 1 1
e WD) < — 2.3
2 oo x VD365 300 @.3)

https://doi.org/10.1017/5S0004972712001025 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972712001025

316 F. Qi, P. Cerone and S. S. Dragomir [8]
for x > 0. From the left-hand inequality in (2.3) it follows that
As (X)) <(x+ $)(x+1)

1 ft 1 1 1 1/ 1 1
x( ( + + )du——( +—))
t—sJy\x+u  2x+u?  6(x+u)3 2\x+s5 x4+t

x+9)x+1) X+ 1 s+t (x+12=(x+5)?
= lo - ~ - + -

1
r—s 8 vt T2 T T RU—9Garox+n 2

as x — oo. Similarly, using the right-hand inequality in (2.3) yields

1 ol 1 1 1
Asa(x) > (4 5)ox + t)(t -5 ‘fs(x+ PRETER u)? ’ 6(x+u?  30(x+ M)S)du

1( 1 1 )) 1
2\x+s x+t 2

as x — oo. As a result, we have the limit

lim A,,(x) = 1.
X—00

Since xy(x) = xyp(x + 1) — 1,
lirg(xw(x)) =-1.

From this it follows using a standard argument that

. |s — 1]
1 A =1- .
Jim | 5.1(X) 2
Therefore, if |t — 5| < 1, then
. 1 |s — 1l .
A< }Lno}) Ags(x) = 3 <1- 5= Xll(l}gy)+ As(x)
and if |t — s| > 1, then
. ls—1 .. 1
A< X_l)l(r_l(ll)+ Ass(x)=1- 5 < )}1_{130 Ags(x) = 5

The necessity for the function —d; .(x) to be completely monotonic can be similarly
reasoned by repeating the above procedure. The proof of Theorem 1.1 is complete. O

Proor oF THEOREM 1.2. This follows from the fact that (log H;;1(x)) = 0541(X), as
defined in Theorem 1.1, and the definition of logarithmically completely monotonic
functions. O

Proor or THeorEM 1.3. The double inequalities in (1.6) may be deduced readily from
the complete monotonicity of the function d¢ .,(x) shown in Theorem 1.1.
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With the help of the complete monotonicity of the function &, .4 (x) for s # ¢, it easily
follows that the double inequality

B2

(k—l)!( (I )<(—1)k'(w(kl)(x+t)—tp(kl)(x+s))
t—s \(x+ 8 (x+0f t—s

k-D! 1 1
2 ((x+s)k+(x+t)k) @h
(k—l)!( 1 1 )

t—s \(x+ sk (x+ok

Y2

holds on (—a, o) if and only if 8, < Landy, > 1 - %Is —tlfor 0 < |t — s| < 1, and that
the double inequality (2.4) is reversed if and only if 8, <1 — %Is — 1t and y, > % for
|t — s| > 1. Setting x + s as a and x + ¢ as b in (2.4) produces (1.7).

As early as in 1948, by applying Holder’s integral inequality to the definition (1.1)
of the gamma function I'(x) and using the well-known formula I'(x + 1) = xI'(x), it was
established in [13] that the classical asymptotic relation

I'(x+s)
im =
x—oo  xST'(x)

holds for real s and x. This implies that

(x4 x T+ 1))\
Horal) = (x + )V =) ' X+ 9Hx+10) (x I'(x+ s)) —1 2:5)

as x = oo for s #t. By virtue of Theorem 1.2, when 0 < |t — 5| < 1, the function
H;;a(x) is decreasing on (—a, ) if and only if 4> 1 — %lt — §| and it is increasing
on (—a, o) if and only if 4 < % Hence, employing the limit (2.5) implies that the
inequality

()C + t)/l/(t—s)—l/2 (F()C + [) )1/(t—s)

2.
(x + )YE9+2A\T(x + 5) (20

holds on (—a, o) if and only if 1 > 1 — %lt — 5| and reverses on (—a, o) if and only
if A< % Similarly, when [ — s| > 1, the function Hj . (x) is decreasing on (—a, o) if
and only if A > § and it is increasing on (-, o) if and only if 1< 1 — §|r — s|. This
leads to the conclusion that the reversed version of inequality (2.6) is valid. Finally,
the double inequality

(x + s5)Bs/U=9)+1/2 (F(x +1) )1/(t—s) (x + 5)r3/U=9)+1/2 @

(x + nP/E=9-172 " \T(x + 5) (x + 1y /=9-172

holds on (-a, o) if and only if B3> 1—3|r—s| and y; <1 for 0<|r—s| < 1; the
double inequality (2.7) is reversed if and only if B3 <1 — %It— s| and y3 > % for
|t — s| > 1. Furthermore, replacing x + s by a and x + ¢ by b reproduces (1.8).
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The double inequality (1.9) comes from the fact that the inequality H..(p) >
H; .2(x) holds on (p, o) if and only if either 4 > 1 — %It —slforO<|t—s|<lord> %
and |r — 5| > 1, and that it is reversed if and only if either 4 < % forO<|t—s|<1 or
A<1 = %lt — 5| and |t — s| > 1. The proof of Theorem 1.3 is complete. ]
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