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Abstract

In the paper, the authors establish an integral representation of the Catalan numbers, connect the Catalan numbers with
the (logarithmically) complete monotonicity, and pose an open problem on the logarithmically complete monotonicity of a
function involving ratio of gamma functions.
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1. Introduction

It is known [22] that, in combinatorics, the Catalan numbers Cn for n ≥ 0 form a sequence of natural numbers that
occur in tree enumeration problems of the type, “In how many ways can a regular n-gon be divided into n − 2 triangles if
different orientations are counted separately?” The solution is the Catalan number Cn−2. They are named after the Belgian
mathematician Eugène Charles Catalan. The first few Catalan numbers Cn for 0 ≤ n ≤ 11 are

1, 1, 2, 5, 14, 42, 132, 429, 1430, 4862, 16796, 58786.

Explicit formulas of Cn for n ≥ 0 include
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1
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(
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)
=
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and
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, (1)

where
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∫ ∞

0

tz−1e−t d t, <(z) > 0

is the classical Euler gamma function and
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is the generalized hypergeometric series defined for complex numbers ai ∈ C and bi ∈ C\{0,−1,−2, . . . }, for positive integers
p, q ∈ N, and in terms of the rising factorials

(x)n =

{
x(x+ 1)(x+ 2) · · · (x+ n− 1), n ≥ 1,

1, n = 0.

The asymptotic form for the Catalan numbers is

Cx ∼ 4x√
π

(
x−3/2 − 9

8
x−5/2 +

145

128
x−7/2 + · · ·

)
.

For more information on the Catalan numbers Cn, please also refer to the monographs [1, 2] and the website https:

//en.wikipedia.org/wiki/Catalan_number and references therein.
In this paper, motivated by the explicit expression (1) and by virtue of an integral representation of the gamma function

Γ(x), we establish an integral representation of the Catalan numbers Cx for x ≥ 0.
Our main result can be stated as the following theorem.

Theorem 1. For x ≥ 0, we have

Cx =
e3/24x(x+ 1/2)x√

π (x+ 2)x+3/2
exp

[∫ ∞

0

β(t)
(
e−t/2 − e−2t)e−xt d t

]
, (2)

where

β(t) =
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2

)
.

2. A remark and an open problem

Before proving Theorem 1, we give a remark on the formula (2) and pose an open problem as follows.
Recall from [4, Chapter XIII], [20, Chapter 1], and [24, Chapter IV] that an infinitely differentiable function f is said to

be completely monotonic on an interval I if it satisfies

0 ≤ (−1)kf (k)(x) < ∞

on I for all k ≥ 0. Recall from [8, 9] that an infinitely differentiable and positive function f is said to be logarithmically
completely monotonic on an interval I if

0 ≤ (−1)k[ln f(x)](k) < ∞

hold on I for all k ∈ N. For more information on logarithmically completely monotonic functions, please refer to [10, 11, 14, 19].
The formula (2) can be rearranged as

ln

[ √
π (x+ 2)x+3/2

e3/24x(x+ 1/2)x
Cx

]
=

∫ ∞

0

β(t)
(
e−t/2 − e−2t)e−xt d t. (3)

Since the function β(t) is positive on (0,∞), see [3, 15, 25] and references therein, the right hand side of (3) is a completely
monotonic function on (0,∞). This means that the function

(x+ 2)x+3/2

4x(x+ 1/2)x
Cx, x > 0 (4)

is logarithmically completely monotonic on (0,∞). Because any logarithmically completely monotonic function must be
completely monotonic, see [11] and references therein, the function (4) is also completely monotonic on (0,∞).

The function (4) can be rewritten as

(x+ 2)x+3/2Γ(x+ 1/2)

(x+ 1/2)xΓ(x+ 2)
, x > 0. (5)

Hence, the logarithmically complete monotonicity of (4) implies the logarithmically complete monotonicity of (5). The
function (5) is a special case of the function

Γ(x+ a)

(x+ a)x
(x+ b)x+b−a

Γ(x+ b)
(6)

for a, b ∈ R, a 6= b, and x ∈ (−min{a, b},∞). It seems that the function (6) does not appear in the expository and survey
articles [6, 7, 11, 12, 13] and plenty of references therein. Therefore, we naturally pose an open problem below.

Open Problem 1. What are the necessary and sufficient conditions on a, b ∈ R such that the function (6) is (logarithmically)
completely monotonic in x ∈ (−min{a, b},∞)?

https://en.wikipedia.org/wiki/Catalan_number
https://en.wikipedia.org/wiki/Catalan_number
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3. Proof of Theorem 1

Now we are in a position to give a proof of Theorem 1.
Let

h(x) = (2 ln 2)x− ln
√
π + lnΓ

(
x+

1

2

)
− ln Γ(x+ 2), x > 0. (7)

Employing the formula [23, (3.22)]
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)
+

∫ ∞
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As a result, we acquire

Cx = exp
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3

2
+ ln

(x+ 1/2)x
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+
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.

The proof of Theorem 1 is complete.

Remark 1. This paper is a companion of the articles [5, 16, 17, 18] and a slightly revised version of the preprint [21].
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[4] D. S. Mitrinović, J. E. Pečarić, and A. M. Fink, Classical and New Inequalities in Analysis, Kluwer Academic Publishers,
Dordrecht-Boston-London, 1993; Available online at http://dx.doi.org/10.1007/978-94-017-1043-5.

[5] F. Qi, A logarithmically completely monotonic function involving the gamma function and originating from the Catalan
numbers, ResearchGate Research, available online at http://dx.doi.org/10.13140/RG.2.1.1401.2009.

[6] F. Qi, Bounds for the ratio of two gamma functions, J. Inequal. Appl. 2010 (2010), Article ID 493058, 84 pages;
Available online at http://dx.doi.org/10.1155/2010/493058.

[7] F. Qi, Bounds for the ratio of two gamma functions: from Gautschi’s and Kershaw’s inequalities to complete mono-
tonicity, Turkish J. Anal. Number Theory 2 (2014), no. 5, 152–164; Available online at http://dx.doi.org/10.12691/
tjant-2-5-1.

[8] F. Qi and C.-P. Chen, A complete monotonicity property of the gamma function, J. Math. Anal. Appl. 296 (2004),
603–607; Available online at http://dx.doi.org/10.1016/j.jmaa.2004.04.026.

[9] F. Qi and B.-N. Guo, Complete monotonicities of functions involving the gamma and digamma functions, RGMIA Res.
Rep. Coll. 7 (2004), no. 1, Art. 8, 63–72; Available online at http://rgmia.org/v7n1.php.

[10] F. Qi, S. Guo, and B.-N. Guo, Complete monotonicity of some functions involving polygamma functions, J. Comput.
Appl. Math. 233 (2010), no. 9, 2149–2160; Available online at http://dx.doi.org/10.1016/j.cam.2009.09.044.

[11] F. Qi and W.-H. Li, A logarithmically completely monotonic function involving the ratio of gamma functions, J. Appl.
Anal. Comput. 5 (2015), no. 4, 626–634; Available online at http://dx.doi.org/10.11948/2015049.

http://dx.doi.org/10.1080/00207390801986841
http://dx.doi.org/10.1080/00207390801986841
http://dx.doi.org/10.1007/978-94-017-1043-5
http://dx.doi.org/10.13140/RG.2.1.1401.2009
http://dx.doi.org/10.1155/2010/493058
http://dx.doi.org/10.12691/tjant-2-5-1
http://dx.doi.org/10.12691/tjant-2-5-1
http://dx.doi.org/10.1016/j.jmaa.2004.04.026
http://rgmia.org/v7n1.php
http://dx.doi.org/10.1016/j.cam.2009.09.044
http://dx.doi.org/10.11948/2015049


Global Journal of Mathematical Analysis 133

[12] F. Qi and Q.-M. Luo, Bounds for the ratio of two gamma functions—From Wendel’s and related inequalities to loga-
rithmically completely monotonic functions, Banach J. Math. Anal. 6 (2012), no. 2, 132–158.

[13] F. Qi and Q.-M. Luo, Bounds for the ratio of two gamma functions: from Wendel’s asymptotic relation to Ele-
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