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Abstract: The asymptotic behavior for a heriditary recursion
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is studied, where f is decreasing, continuous on (a, o) (a < 0), and twice differentiable at 0. The result
has been known for the case s = 1. This paper analyzes the case s > 1. We obtain an asymptotic
sequence that is quite different from the case s = 1. Some examples and applications are provided.

Keywords: heriditary recursion; asymptotic expansion; Euler—Maclaurin formula
Mathematics Subject Classification: 03D99, 11B37, 41A60, 65B15

1. Introduction

To the evaluation of sequences, which may be divergent, asymptotic expansions provide a way
to compute sequences with arbitrarily high accuracy [4, 11, 12, 17]. Many researchers have studied
asymptotics of partial sums and related inequalities. One of the most famous examples is the harmonic
sum [10, 15], which has an asymptotic estimate

n

1
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where y = lim,,_,., (H, —Inn) = 0.577 ... is the constant of Euler and &, — 0. Zhu [20] calculated the
asymptotic expansion of the finite sum of some sequences

n

Su= (2 +k)"

k=1

Other well-known examples of asymptotic formulas include the Euler-Maclaurin formula [12], the
Euler-Boole type summation formula [6] and the prime number theorem [1]. Griinberg [7] applied the
Euler—Maclaurin formula to obtain the asymptotic expansions of the sums,

(log k)? (log k)
; Z ki(lo k)p e Z kq(log K7

in closed form to arbitrary order (p, g € N). Wang and Wong [16] carried out the asymptotic estimation
of the partial sum Y}_, f,(k)g*®. Xu [19] provided an estimate for the partial sum

g 1 k+1
)’n(z):Zzl‘_l (z—ln p ) where 0 < z < 1.
k=1

Blagouchine and Moreau [2] derived the complete asymptotic expansion of the finite sum

n—1

I l
S,,(go,a)Echc(‘p+%), neN\ {1}, gp+%¢7rk, keZ.

=1

Some researchers have also given asymptotic estimates for some recurrences in combinatorial
mathematics and algorithms. For example, Xu [18,19] studied the asymptotic series of the generalized
Somos recurrence. Hwang, Janson, and Tsai [9] gave exact and asymptotic solutions of a divide-
and-conquer recurrence. Heuberger, Krenn, and Lipnik [8] presented some asymptotic analysis of
g-recursive sequences.

However, due to computational complexity and lack of tools or methods, very few papers have
investigated asymptotic expansions of heriditary recursions (refer to [5, Section 6.3, p. 291]). Recently,
Popa [13] investigated a heriditary recursion

1 n
x;>aand x4 = — Zf(%) for everyn > 1,
n
k=1

where f : (a,00) — (0,00) and a < 0. He gave the first five terms of the asymptotic expansion of
(xn),=1- The aim of this paper is to study the generalized form

x; >aand x,. = Zf( ) for every n > 1, (1.1)

where s > 1. Using only elementary techniques, we establish an asymptotic estimate of (x,),; in (1.1).
We obtain an asymptotic sequence for the case s > 1 that is quite different from the case s = 1. Some
examples and applications are provided.
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2. Preliminaries

In this section we first introduce the Euler—Maclaurin formula (see [3,6,14]), from which asymptotic
expansions of many sequences and sums can be derived.

Lemma 2.1 (Euler—Maclaurin formula). Suppose f is k-times continuously differentiable on the
interval |a, bl witha < b,a,b € Z. Then

Zb f(n) = f {f( ) - —
k
>

(=1

l//k( )f (k)(X)} dx

F0®) - f V@) Be.

Suppose f and all its derivatives go to zero as x — oo. Then we obtain by letting b — oo (and

adding f(a) to both sides),

N = 1 q (-1
Z fn) = f FOodx+ 3 (@ - ; EL @,

k
! kl) f SO (x)dx,

where By(x)’s are Bernoulli polynomials, B, = B(0)’s are Bernoulli numbers, and y(x) = Bi({x}).

For convenience, let (k — 1); be Pochhammer’s symbol defined as
k—1):=1, *k-=1);:=(k-Dk(k+1)k+2)---(k+i-2), fori>1.
— 1)
Put ¢;(a) = (@ . )
i!

Fora > 1,let ¢ (a/) denote the Riemann zeta function, namely,

f@)= YL
k=1

In order to compute the asymptotic expansion, we need the following asymptotic estimate of sums
and sequences.

Lemma 2.2. Let « > 1. Then

(i)
= 1 1 1 1
kzﬁ_(oz—l)n“‘1 2ne O(n_“)’ e
(ii)
o 1 1 1
i s e P ) e

AIMS Mathematics Volume 9, Issue 11, 30443-30453.



30446

(iii)

1 _ 1 _ i civ1(@)
(l’l _ 1)0—1 ne-1 s neti ’

(@—1)

i!

where ¢ (@) =
1
Proof. (1) By the Euler—Maclaurin formula, f(k) = —, @ > 1, we obtain
— 1 <1 1 = B,‘ (a/),-_l
— = —dy+ — + ——
kzzr;ka jn\ ya Yy 2ne Z i na+z—l

1 1 ) 1
:W+%+O(’/l—a).

(i) It is clear that
n—1
1

Then the result (ii) immediately follows from (1).
(iii) Using the Maclaurin series (1 + x)’ = 1 + (’f)x + (g)x2 + o(x?), we have

1 1 1 1
— = -1
(l’l — l)a—l ne-l po-l (1 _ %)(x—l

Z Cis1 (a)
- nati .

3. Main results

We first give some asymptotic estimates of the sequence (x,),, which is defined by (1.1).

Lemma 3.1. Suppose that the sequence (x,),s, is defined by (1.1), f is decreasing, continuous on
(a, ), a < 0, and twice differentiable at 0 with a Taylor series f(x) = f(0) + f'(0)x + f”(0)x* + o(x?).
Then the following results hold:
(1) lim x, =0,
(i) lim n*'x, = £(0),
(iii) the finite sum
n— 1 1

0(—), n — oo,
nS

: 1 1
f( ©) = £(0) = fO)f (0)({(s)—m_%)+

k=1
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Proof. (1) Since f takes positive real numbers, we get x, > 0 for all n > 2. Since the inequality ? >0

for all k£ > 2 and f is decreasing, we get f(%) < f(0), and
D) = Fn+ Y A(FE) < £l + (= DO,
=1 =2

We deduce that for every n > 1

0cu o Z () < Lo+ 0 D7) A

Since s > 1, it follows from the squeeze theorem that lim,,_,, x,, = 0.
(i) Moreover, by (i), we have lim,_,, x,,/n = 0. From the Stolz—Cesaro theorem, and the continuity

at 0, we obtain

lim — Zf (%) =1 ): £(0).

n—oo n

1
Let n > 2. It follows from (1.1) that x,, = I Zf( ) Then
— )%=

. _ . Xn
lim n*~'x, = lim 1

n—oo n—o00 T

ns

(n 1)3 Zf(Xk)
= lim —————

n—oo .
ns-1

T S )
= lim S = £(0).

n—00 —_
ns-1

(iii) Since f is differentiable at 0, we have

i 70O _

ke *
It follows from (ii) and f(x) = £(0) + f'(0)x + f”(0)x* + o(x?) that
% 0™ 4 0 4 o
FEH = FO = F O + 17O +0(GEY)

_ f0)f'(0) f2(0)f”(0) ( 1 )
- ks k2s +o ﬁ .

By Lemma 2.2 (ii), we have

Y 1(f(O)f’(O) f20)f"(0) N ( 1 ))
o —

Z(f( )= 1) =) = =

k=1 k=1
, 1 1 1
=£(0)f'(0)(&(s) - T 5 to(—). n— e

O
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The following theorem gives the first three terms of the asymptotic expansion of x,,.

Theorem 3.1. Suppose that the sequence (x,),s, is defined by (1.1), f is decreasing, continuous on
(a, ), a < 0, and twice differentiable at 0 with a Taylor series f(x) = f(0) + f'(0)x + f”(0)x* + o(x?).
Then there exists a constant C € R such that
0
C = lim n*(x, - @) = 2(s) + (s = DF(0).

n—o0 n“'_l

Moreover, the sequence (x,),s; of (1.1) has the following asymptotic expansion:

f(0)+£+0(1)

ns—l ns s

n

nS

Proof. For every n > 2, we have

£(0) 1 = 1 1
- = )‘YZ(f(%)—f(O)%(( - —5)f).

s—1 _ _ s—1
n (n—-1 = n—1)

From Lemma 2.2 (iii) and Lemma 3.1 (iii), we can obtain

F1CO T TR 1 1
W = oy LU IO (G - =) O
4(s) + c1(5)f(0)
ns '
It follows that
n’ (Xn - ig(_)l)) - C:=Ls)+c1(8)f(0) =L(s)+(s—1)f(0). as n— oo.

This completes the proof. O
The following theorem gives the first four terms of the asymptotic expansion.

Theorem 3.2. Suppose that the sequence (x,),=, is defined by (1.1), f is decreasing, continuous on
(a, ), a < 0, and twice differentiable at 0 with a Taylor series f(x) = f(0) + f'(0)x + f”(0)x> + o(x?).
Let C be defined by Theorem 3.1. Then the sequence (x,),-1 of (1.1) has the following asymptotic
expansion:

(1) If1 <s <2, then

ns—l ns s—1 n25—1

O ¢ 1 1 1
_ (5=).

n

0 n25—1
(1) If s = 2, then
O, € 6-Dsf®-2 1)

ns~l o ps 2(s — Dns+!

n

ns+l

(1) If s > 2, then

Xn =

fO € -DsfO ( 1 )

ns—l ns 2n5+1 ns+1
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Proof. From Lemma 2.2 (iii) and Lemma 3.1 (iii), we deduce that

fO c S 1 1 C
n el s T (n—- 1)v ;f (0) ((n — 1)1 N ns—l)f(o) s
1 1 (s) () 1
= H(6- (s— DT 2_ns)+(01nss sz+s1 )f(o)‘—+ o)
1 (5)f(0) 1 1
TN . rj”l T T O(ﬁ)'

Casel.Letl <s<2. Then2s—1<s+1,and

o ¢ 1
n ns—l ns (S _ 1)n2s—l
Thus
fO)y C 1 1 1
n ns-1 ; - s—1 n2s1 <n2s—l)
Case2.Lets=2.Then2s—1=s+1 < 2s, and
SO c_ 1 f©) , 1y D
n ns-1 ns (s _ 1)n2s—1 ns+l ns+l ns+1’

where D = ¢, f(0) — = 1) Thus

n:

fO ¢ D ( 1)

ns—l ; ns+1 0 ns+1 .
Case 3. Lets >2. Then s+ 1 < 2s—1 < 2s. Hence, we have

f(O) +C2f(0)+0( 1 )
nstl '

ns- =1 ns ns+1

Xn =

Below is our main theorem, which gives the first five terms of the asymptotic expansion.

Theorem 3.3. Suppose that the sequence (x,),s, is defined by (1.1), f is decreasing, continuous on
(a, ), a < 0, and twice differentiable at 0 with a Taylor series f(x) = f(0) + f'(0)x + f”(0)x* + o(x?).
Let C be defined by Theorem 3.1. Then the sequence (x,),=, of (1.1) has the following asymptotic

expansion:

(1) If1 <s<?2, then

PO PCH S B A R
nb+

T sl s T g1 p2s-d s+
(1) If s = 2, then
fO) C (s—1)sf(0)-2 N (s—Ds(s+1Df0)-3 ( 1 )
+0

ns-1 ns 2(5 _ l)ns+l 6ns+2 ns+2 :

Xnp =
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(1) If2 < s < 3, then

f(o) (s — 1)sf(0) 1 1 1
n ns =1 nv + 2ps+l - s—1 ' n2s-1 + 0( )

(iv) If s = 3, then

fO) C (s- I)Sf(()) (s—Ds(s+1)f(0)-3 1
n = ns-1 + ; + 2pstl 615+2 0( )
(v) If s > 3, then

_SO € G=DsfO) = Dsis+ DAO) 1

n— ns-1 + ; + s+l 615+2 + 0( )

Proof. Case 1. Let1 <s<2. Then2s—1< s+ 1 <2s. By Lemma 2.2 and Lemma 3.1, we have
fO C 1 1

ns—l ns (S _ 1) n23—1

n2s-1 :

n—

n—1
_ O fOy C 11
- I’l _ l)s ;f f(O) ( 1)s—1 ns—l) ns + (S _ 1)n2s—1
_ 1 1 C1 C Cc3
- ;(g(S) - (S _ 1)ns—1 - 21’15) +( s + ns+1 + ns+2)f(0)
C 1 1

T

of(0) 1 C3f(0) (_) _af0)
n2s

ns+l 2n2s ns+2 ns+1 '
Thus
S (0) 1 1 c2f(0)
n— ns—1 ns s—1 ' n2s-1 + nstl O(ns+1 )
Case 2. Let s = 2. Then s + 2 = 25, and
f0 C D I af0 1, E
1@ _c_ D o)~ £
ns—l ns ns+1 2n2s ns+2 n25 ns+2
where

1 1
—sz(o)——l) E:C3f(0)—§~

Case3.let2<s<3. Thens+1<2s—-1<s+2<2s,and
JO € of® 1 1

"onsl ops o pstl (s — 1) n2s-1"
Case4.Lets=3. Then2s—1=s5+2 < 2s, and
W l@_C af® 11 ef0), 1) F
n ns-1 ns nstl (S _ 1) n2s-1 ns+2 n2s ns+2’
where 1
F=esf0) = o=y

CaseS5.Lets>3. Thens+2<2s—1<2s,and
JO) € af0) cfo)

ns-1 ns nstl ns+2 '

O
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4. Some examples
In this section, we give some applications of our results to several specific examples and a

comparison with Popa’s results
Example 4.1. Let (x,),>1 be a sequence of the real numbers defined by

Il a
Xp+l = —SZe £, x1€R, Vn>1.
n k=1

Note that f(x) = e* and f(0) =1
When s = 3, it follows from Theorem 3.3 (i) that limx,, = 0. Moreover,
3 c 1 3 1
=14+—- — + @ + 0 n2

Vnux,
n n2

When s = 1, it follows from in [13, Theorem 5] that
Inn A 2lnn 2A-1 (1)

+— - + +o|l=],
n2 n2 n2

Xp =
n n

since f'(0) = —1.
This example corrects some printing errors in [13, Corollary 6]. And it is easy to see that when
s > 1, the asymptotic sequence for the case s > 1 is completely different from the case s = 1
>1-¢*and

Example 4.2. Let (x,),>1 be a sequence of the real numbers defined by x,

1 © 1
— E —— VYn>1.
ns i In(e? + %) "

1
Note that f (x) 1n(e2 pyet and f(0) = X
When s = by Theorem 3.3 (i), we have limx, = 0, and

2C 4 3 1

2\/_Xn—1+7—m+@+0(;).
When s = 4, by Theorem 3.3 (v), we have limx, = 0, and

2C 6 10 1

2%, =1+ —+ =+ — +o|—=|.
no on2 n?

5. Conclusions
Our analysis shows that this heriditary recursion can be further expanded according to the residual
terms. By comparing asymptotic sequences, depending on the value of s, more and more terms of the
Volume 9, Issue 11, 30443-30453.

asymptotic expansion are obtained
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Our results show that, for the case s > 1, Eq (1.1) has the asymptotic expansion of the form

ka 1
j
X, = E —_+0(—), asn — oo,
— pnJ nk

while, for the case s = 1, Eq (1.1) has the asymptotic expansion of the form

k .
In”’ n In”* n
.xn = Z a[ + o b}
ni nk
J=1

where g; € [0, o), p; € R and where some of the constants a; may depend on the initial values.
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