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Abstract

In this paper, we establish a new asymptotic expansion related to the Wallis ratio. By using
the exponential Bell polynomials, we show that the coefficients of the asymptotic expansion can
be recursively determined. In addition, an explicit expression for the coefficients is given. Our
results improve and generalize the existing ones [1].
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1 Introduction

Let Z+ be the set of all positive integers. For n € Z, the double factorial n!! is defined by
[(n=1)/2]
=[] (n-2i), (1.1)

1=0

where the floor function |z| denotes the largest integer less than or equal to z.
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Using the double factorial, the Wallis ratio is usually defined as

— 1N r 1
w, = @n-bit_ 1 Dlnts) (1.2)
(2n)!! VrT(n+1)
where T" is the classical Euler gamma function which is defined by
I'(2) :/ t*"'e7tdt, Re(z) > 0. (1.3)
0

The study and applications of W,, have a long history and a lot of literature [2-6]. Recently, many
authors paid attention to giving increasing better approximations for the Wallis ratio. For example,
Guo, Xu and Qi proved in [7] that the double inequality

g(l_iym 4( 1)" n—1

<Wp,<-=-[(1——
™ 2n n

1.4
n -3 2n ’ (1.4)

where for n > 2 is valid and sharp in the sense that the constants \/e/m and 4/3 are best possible.
In their paper, Guo et al. also proposed an approximation formula for W, as follows

o o) 5

With the help of a lemma first proposed by Mortici [8], which plays a key role in many interesting
works related to approximation of mathematical constants and special functions [9-25], Qi and
Mortici [1] improved the double inequality (1.4) and the approximation formula (1.5). They provided
a best approximation formula of the Wallis ratio:

e 1\" 1

and proved this formula is the best approximation of the form

Wi \/7< )n ”n+“, n — oo, (1.7)

where a is a real parameter. The approximation formula (1.6) can be viewed as an improvement of
(1.5), because the approximation formula (1.5) is the special case a = —1 in (1.7). Qi and Mortici [1]
further generalized the best approximation formula (1.6) as

1 as as a4 as
W \/7<17—) 7exp(ﬁ+$+ﬁ+$+'“>, n — oo, (1.8)

where the ay’s are determined by an infinite triangular system

k-1 plk—1 1+ (-1 1 1
— cee (=1 = — —
a1 < 1 >a2+ +(=1) <k2>ak 1 (& + 1)2r1 k+1+2k
which has a solution a1 = 0, a2 = 1/24, a3 = 1/48, a4+ = 1/160, as = 1/960, ..., and they improved
the left-hand side of the double inequality (1.4) as

¢ 1\ 1 1 1 1
we S (1- 1) — ). 1.
Wn =7 ( 2n> Jn P (24n2 T 2807 T To0ns © 960no) (1.9)

Moreover, several other types of asymptotic expansions of the Wallis formula have been obtained by
physical methods [26,27] and probability integral method [28]. In [29,30], various generalizations
were derived.
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Motivated by these interesting works, in this paper we will consider the following asymptotic
expansion which is more general than (1.7):

e 1\" 1 c1 Co 1/r
Wo~ oS (1- — —(1 a,e ) , - oo, 1.10
7r( 2n) vn +n+7ﬂJr neree (1.10)

where r is a nonzero real number. One of the goals of this paper is to find an explicit expression
for the coefficients ¢;(i = 1,2,...) based on the exponential complete Bell polynomials. Also, we
will show that the ¢;’s can be recursively determined. Therefore, a series of the best approximation
formulas of the Wallis ratio W,, including Formula (1.6) can be derived. In addition, an explicit
expression of the coefficients a;(i = 2,3,...) in (1.8) will be derived. Our approach is based on
the complete asymptotic expansion of InT'(z) and some basic facts from combinatorics. The work
in this paper can be also considered as an application of the Bell polynomials in the asymptotic
expansion of a type of special numbers.

2 Preliminaries

It is well known that Bell polynomials play very important role in enumerative combinatorics [31].
They are also important in our derivation, so we start from the definition of Bell polynomials and
some properties of them. In the following, we are ready to introduce two kinds of Bell polynomials.
One is of partial type and the other is of complete type.

The exponential partial Bell polynomials, named in honor of Bell [32], are the polynomials

Bnyk = Bnﬂk(fbl,xz,...,l‘n_kﬁ_l) (2.1)
in an infinite number of variables z1, z2,..., defined by the formal double series expansion:
ex uim o :ZB ﬁuk (2.2)
P =1 "ml k>0 "l .

or, what amounts to the same, by the series expansion:

0o k
1 t™ t"
m=1

n>k

An alternative representation is

_ n! c1 .2
Brk(z1,22,. .., Tnpy1) = Z (Il epl (e o T2 (2.4)
where the summation takes place over all integers c1,ca2,... > 0, such that:
c1+2c2+---=n,
it =k

The first few cases of the exponential partial Bell polynomial are

Bii(z1) = 1, Ba1 (1, 22) = 2o, Bao(w1) = a7,

Bs,1(x1,x2,23) = 3, B3 2(x1,x2) = 3x122,B3,3(x1) = .
From (2.3) the exponential partial Bell polynomials can be recursively determined:

n—1
kBnx = Z <7Z>1’nsz,k1~ (2.5)

I=k—1
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Related to exponential partial Bell polynomials are exponential complete Bell polynomials Y,
Yo (z1,z2,...,2,) defined by

> tm "
exp(Z xmm!> :1+ZY"E’ (2.6)
m=1 n>1

in other words:

Yn = zn:Bn,k, Yo = 1.
k=1

For an application of the Bell polynomials to the asymptotic expansion of the Somos recurrence
constant, one is referred to [33].

Recall that B; is the ith Bernoulli number defined by the power series expansion

o] i s 21
x x x x

=N"B=1-2 Boi——. 2.
-1 ; il 2+; 20)! @7

It is well known that Ba2;11 = 0, for all ¢ > 1, and the first few Bernoulli numbers are B; =
—1/2, By = 1/6, By = —1/30 and B = 1/42.

A formula approximating I'(z) for large values of z:

N(z+1) ~V2rzx (%)z ,

known as Stirling’s formula, is of special attraction. Many mathematicians are interested in
improving such formulas in the form of an asymptotic series. It is now of general knowledge that
the following Stirling series is (e.g., [34])

I'(z+1)=V2nrz (g) exp (E 5% ?Qf —— 1) .

In fact, the above formula can be equivalently rewritten as the following lemma.
Lemma 2.1. We have the complete asymptotic expansion of InT'(x + 1):

1 1 - Baj

It is worth noting that since Ba;+1 = 0, for all ¢ > 1, Eq.(2.8) can be reformulated as an equivalent
form

lnF(:E—i—l)N(x—&—%) Ine—z+ = ln2w+2ﬁ (2.9)

which will be used more conveniently in the next section.

3 Main Results

In order to determine the coefficients ¢; (i = 1,2, ...) in (1.10), we firstly derive an explicit expression
for the coefficients a;(i = 1,2, ...) in the following asymptotic expansion due to Qi and Mortici [1].
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Theorem 3.1. Asn — oo, we have

where
i—1
Bjyi [i—1\ 1 .
a; =0, ai:E e . — 1> 2. 3.2
1 j—13(7+1)<23>21_] - o

Proof. From (1.2) and (2.9), it follows

InW, = f%InWJrlnF (nJr %) —Inl(n+1)

1 1 1 = Bji1 . Bjn
~=(1-1 +nln{l1—-—)—-21 +§ — J ,—E _—J .
g(1—Inm)+n n( 2n> o " i+ (n—1/2) i+ ni

Since

oo

Z Bj+1 N~ Bi i J+k—-1)\1 1
](]—i—l)n—l/? J_lj]—l—l nd pard k 2k pk

it is not difficult to obtain

1 1 1 [i—1 1
InW, ~ (1-1 In(1-— —71 § By — :
nW, 2( nﬂ')—i—nn( ) nn+ nl G+ ) (zy) 57 (3.3)

which is equivalent to (3.1) with

i—1 1
) ]+1 .
a1 =0, a; E iG+1) ( j>2ij, i > 2.

Thus, the proof is complete. O

According to (3.2), the first few cases of the a;’s are

a1 =0 GQZL a3:i a4:i a5:i.
’ 24’ 48’ 160’ 960
See also Theorem 4.1 in [1]. Based on Theorem 3.1, we find a new asymptotic formula for W,, which
generalizes the best approximation formula (1.6).

Theorem 3.2. If r is a given nonzero real number, then the following asymptotic formula holds
true:

Wi ~ %(1—%)n%(1+%+%+---)w, n - 0o, (3.4)
where the coefficients c;’s are recursively determined by
c1 =0,
G= g Z TG —1)Bs j(Ler, 2lea, .., (6 — 7+ Dleijra)
+§7TB”1 (i_1>1 i>2 (3.5)
G+ \i-g)2 =T '
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Proof. From (3.3) and (3.4) it follows

¢S] i—1
C1 Cc2 1/r 1 Bj+1 71— 1 1

1n<1+i1‘;>=§:(_13_1<§:6§> . (3.7)

D (e ) S NS B (i-1) 1
SO (Sa) -Sas ()

j=1

The definition of the exponential partial Bell polynomials yields

> Eiee D176 = DB (Ller, 2Nea, ., (= 5+ Dles 1)
i=1 j=1

iii rBji1 (i—l) 1

St GG+ \i—j) 2

Equating the coefficients of 1/n on both sides and noting that B; 1(1lc1,2les, . .., ilc;) = ile;, we
derive (3.5). O

Notice that ¢; does not appear in the right-hand side of (3.5). Notice also both the Bell polynomials
B;,;’s and the Bernoulli numbers Bj’s can be recursively calculated. This means that (3.5) can be
computed by using symbolic software such as Maple or Mathematica. Having previously computed
c1,¢2,...,Ci—1, we can then compute ¢; using (3.5). In fact, the ¢;’s can also be explicitly given in
terms of the exponential complete Bell polynomials.

Theorem 3.3. If r is a given nonzero real number, then the following asymptotic formula holds

true:
e 1 | Cc1 C2 1/r
Wi~/ S (1= —(1 a,e ) . - oo, 3.8
7r< Zn) N +n+n2+ e (38)

where the coefficients c;’s can be explicitly given by
Cc1 = 0,
= %Yi(bl,b%...,bi), i> 2. (3.9)

Here

i—1

, rBjs1 [i—1) 1
bi=0, bi=ily —to )
1=0 ijlj(j—s—l)(i—j)wj’z—

Proof. From (3.6) it follows
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According to (2.6) we have

7

ex ii ~ By (i-1) 1 =14 Yi(bi,b by L
P ni +1) i—j)2-i ]~ R TR

i=1 " j=1 3 i>1
where
i—1
rB 1—1\ 1
— 0 J+1 .
b1 =0, b ZZ <z‘j>2i—j’l>2’
Equating the coefficients of 1/n’ yields (3.9). O

Finally, by virtue of Theorems 3.2 and 3.3 we give the first few cases of the coefficient ¢; to end this
section.
2 2

—0 - - - = =+ o
a=h o @Top ST YT Im2 1600 7 1152 960
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