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Let {u,} be a higher-order linear recursive sequence. In this paper, we use the properties of error estimation and the analytic method
to study the reciprocal sums of higher power of higher-order sequences. Then we establish several new and interesting identities

relating to the infinite and finite sums.

1. Introduction

The so-called Fibonacci zeta function and Lucas zeta func-
tion, defined by

o 1 o 1
CF (s) = n:1F_rs,’ CL (s) = y,:1L_sn’ @

where the F,, and L, denote the Fibonacci numbers and Lucas
numbers, have been considered in several different ways;
see [1, 2]. Ohtsuka and Nakamura [3] studied the partial
infinite sums of reciprocal Fibonacci numbers and proved the
following conclusions:
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where |- | denotes the floor function.

Further, Wu and Zhang [4, 5] generalized these identities
to the Fibonacci polynomials and Lucas polynomials. Various
properties of the Fibonacci polynomials and Lucas polynomi-
als have been studied by many authors; see [6-13].

Recently, some authors considered the nearest integer of
the sums of reciprocal Fibonacci numbers and other well-
known sequences and obtained several meaningful results;

if n is even,n > 2,
if nis odd,n > 1,
(2)
if n is even,n > 2,
if nis odd,n > 1,

see [14-16]. In particular, in [16], Kili¢ and Arikan studied a
problem which is a little different from that of [3], namely,
that of determining the nearest integer to (Z;C:’n(l/vk))_l.
Specifically, suppose that [lx|| = [x + (1/2)] (the nearest
integer function) and {v,},-, is an integer sequence satisfying
the recurrence formula

Vo = PVp1 tqQVp o T Vps t ot Vg (3)

for any positive integer p > g and n > k. Then we can
conclude that there exists a positive integer n, such that

k=n vk
fOI‘ all n > no.

In [17], Wu and Zhang unified the above results by
proving the following conclusion that includes all the results,
[3-8, 15, 16], as special cases.
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Proposition 1. For any positive integer n > m, the mth-order
linear recursive sequence {u,,} is defined as follows:

Uy =AUy Uy o+ o+ 0y Uy i + Olymo (5)

with initial values u; € N for 0 < i < m and at least one of them
not being zero. For any positive real number 3 > 2 and any
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positive integer a; > a, > -+
integer n, such that

B !
Z - =U, — Uy s
k=n U

In particular, taking B — +00, there exists a positive integer

n, such that
-1
( Z 11[ )
k=n"k

It seems difficult to deal with (Zﬁn(l/ui)fl for all
integers s > 2, because it is quite unclear a priori what the
shape of the result might be. In [18], Xu and Wang applied
the method of undetermined coefficients and constructed
a number of delicate inequalities in order to study the
infinite sum of the cubes of reciprocal Pell numbers and then
obtained the following meaningful result.

> a,, > 1, there exists a positive

(nzmn). (6)

=Uy, — Uy s (ﬂ 2 ”2) . (7)

Proposition 2. For any positive integer n > 1, we have the
identity

(E7) ]
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3 if nis even, n> 2,
- 61 91
2 2
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if nisodd, n> 1.

To find and prove this result is a substantial achievement
since such a complex formula would not be clear beforehand
that a result would even be possible. However, there is no
research considering the higher power (s > 2) of reciprocal
sums of some recursive sequences. The main purpose of this
paper is using the properties of error estimation and the
analytic method to study the higher power of the reciprocal
sums of {1, } and obtain several new and interesting identities.
The results are as follows.

Theorem 3. Let {u,} be an mth-order sequence defined by
(5) with the restrictions a,,a,,...,a,, € Nanda, > a, >
- > a, > 2. For any real number 3 > 2 and positive

integer 1 < s < |logg, ad], where o, ;... e, are

the roots of the characteristic equation of u, and d”' =
max {la; |, [, - . ., o, |}, then there exists a positive integer
ny such that

-1
Lpn] sk s s
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Taking f — +o00, from Theorem 3 we may immediately
deduce the following.

(n=ny). (9)
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Corollary 4. Let {u,} be an mth-order sequence defined by (5)
with the restrictions a,, a,,...,a,, € Nanda, > a, > --- >
a,, = 2. For positive integer 1 < s < |log,, ad], where
o, &, ..., &,  are the roots of the characteristic equation of
u, and dtl = max{|a, |, |, ], ..., |a,_1]}, then there exists a
positive integer n, such that

-1
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For positive real number 1 < f8 < 2, whether there exits

an identity for
rl sk \
(Z —) )
Ui

k=n

=0, (n=ny). (0)

is an interesting open problem.

2. Several Lemmas

To complete the proof of our theorem, we need two lemmas.

Lemma5. Letay,ay,...,a,, € Nwitha, >a,>--->a,, > 1
and m € N with m > 2. Then for the polynomial
F0) =¥ @™ —ax e ma, k=g, (1)

we have the following:
(I) polynomial f(x) has exactly one positive real zero «
witha, < a < a, + 1;

(II) other m—1 zeros of f(x) lie within the unit circle in the
complex plane.

Proof. See Lemma 1 of [16]. O

Lemma 6. Let m > 2 and {u,},., be an integer sequence
satisfying the recurrence formula (5). Then for any positive
integer s, we have

u,=c’a+0 (" "d™") (n— o), (13)

wherec > 0,d > 1, and a; < « < a, + 1 is the positive real zero

of f(x).

Proof. From Lemma 2 of [16], the closed formula of u, is
given by

u,=ca"+0(d™") (n— o), (14)

wherec > 0,d > 1,a; < « < g, + 1, and « is the positive
real zero of f(x). Now we prove Lemma 6 by mathematical
induction. From formula (14), we have

W=+ 0 (d_zn) +0(a"d™") = o™ +O(a"d ™).
(15)

That is, the lemma holds for s = 2. Suppose that for all integers
2 < s < k we have

u,=ca+0 (" "d™") (n— o). (16)
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Then for s = k + 1 we have

Wkt = (ck(xk” +0 ((xk"—"d_”)) (ca”+0O(d™))

n

_ Ck+1(xkn+n +0 ((and_n)
17)
+0 (ock”df") +0 (ockn*nd’z")

_ Ck+1a(k+1)n +0 ((xkndfn) )

That is, Lemma 6 also holds for s = k + 1. This completes
the proof of Lemma 6 by mathematical induction. O

3. Proof of Theorem 3

In this section, we shall complete the proof of Theorem 3.
From the geometric series ase — 0, we have

1i€:1¢e+0(62):1+0(e). (18)

Using Lemma 6, we have
sk sk
49 4
u; ok + 0 (askkgk)

sk sk
! %
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(19)
Consequently,
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where h = max {(a; P*"" [P "), (1/a"d")}.

Taking the reciprocal of this expression yields

Lpn] sk
(2%)

k=n I/li
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th sn -1
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Casel Ifh = (ai[ﬁ "J_m/ocs“3 n=sm) then for any real number
B > 2 and positive integer s we have

sn sn sLpn]-sn sl pn]-2sn
a
R A | :<ﬁ> <l (22)
ain ain “s[ﬁnj—sn o

Case 2. If h = (1/«""d"), for any positive integer a;, > 2,1 <
(a/a;) < ad holds. Then for any positive integer s with

1<s< {log([x/ul)cxdj , (23)
we have
o o as—l n
Z_ . h= = < 1. 24
= w5 .

In both cases, it follows that for any real number 8 > 2
and positive integer 1 < s < [log, , yad | there exists n > 15
sufficiently large so that the modulus of the last error term of
identity (21) becomes less than 1/2. This completes the proof
of Theorem 3.

Proof of Corollary 4. From identity (19), we have

sk sk sk
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Consequently,
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Taking the reciprocal of this expression yields
-1
ga
k=n I/li
B 1
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For any positive integer s with

1<s< [log(“/al)(xdj , (28)
we have
sn—n s—1\"
fo4 «
— = < 1. 29
i ( ad ) 2

So there exists n > n, sufficiently large so that the modulus
of the last error term of identity (27) becomes less than 1/2.
This completes the proof of Corollary 4. O

4. Computation

We can determine the power s of different sequence u,, by
MATHEMATICA as the following examples.

Example 7. Let u, be the second-order linear recursive
sequence (see Table 1).

Example 8. Let u, be the third-order linear recursive
sequence (see Table 2).

Example 9. Letu, be the fifth-order linear recursive sequence
(see Table 3).

Therefore, we may immediately deduce the following
corollaries.

Corollary 10. Let P, = 2P, , + P,_, be the Pell numbers. For
any real number 3 > 2 and positive integer 1 < s < 9, there
exists a positive integer ns such that

L) sk \ s s

2 PP
E = ( -l > =0, (n>ng). (30)
= PI-: zsn 251’1 S

Corollary11. Let T, = 4T,_,+3T,_,+2T,_; be the generalized
Tribonacci numbers. For any real number 3 > 2 and positive
integer 1 < s < 11, there exists a positive integer ng such that

L§J4sk ! (Ts TS )—o
= le 451 [sn—s -

(n>ng). (3D
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TABLE 1
u, o d log, /. ad
U, =2, | +Uu,, 2.4142 2.4142 9.3653
U, =3u, | +u,, 3.3028 3.3028 24.8500
u, =4u, | +u, 4.2361 4.2361 50.3460
U, =5u, | +u,, 5.1926 5.1926 871630

TABLE 2
u, o d log, /. ad
U, =2U, | + U, 5+ U, 3 2.5468 1.5959 5.8020
U, =3u, | +2u, ,+u,, 3.6274 1.9044 10.1772
u, = 4u,  +3u,_, +2u,_; 4.7246 1.5370 11.9086
u, = 5u,_, +4u, , +3u,_; 5.8074 1.2050 12.9970

TABLE 3

log

u, o d “Ozéal
u,=2u, +u, ,+u, ;+u, ,+u, s 2.6083 1.1855 42511
u, =3u, , +3u, , +2u, ;+2u, ,+u, ;39300 1.3189 6.0936

U, =4u, | +3u, 5, +u, 3 +u, ,+u, s 46959 1.4156 11.8100

u, =5u,  +3u, , +2u, 5 +u, +u, s 56055 1.4828 18.5257

Corollary 12. Letu, = 5u,_; +3u,_, +2u, 5 +u,_,+u, s be
a fifth-order sequence. For any real number 3 > 2 and positive
integer 1 < s < 18, there exists a positive integer n, such that

L) csk \ ! s s

5 u u,_
3 _<___1> —0, (n=m). (32
=y 5 5

5. Related Results

The following results are obtained similarly.

Theorem 13. Let {u,} be an mth-order sequence defined by
(5) with the restrictions a,,a,,...,a,, € Nanda, > a, >

> a, > 2. Let p and q be positive integers with
0 < g < p. For any real number 5 > 2 and positive
integer 1 < s < [logg, afdl], where a,ay,..., 0,
are the roots of the characteristic equation of u, and d* =
max {|le, |, [, . . ., v, |}, then there exist positive integers
ng, Ny, and n,, depending on a,,a,, ..., and a,, such that the

following hold.

(@ NP (—a) ™))
0, (n > ng).

) NEE @2, ) = W fa™ T =
a!" T = 0, (n = ng).

@ I (a) P ips, )~ CDP™

Spn+s Spn+Si S
alp T4 us a‘D qp)||=0,(n2n10).

—(=1)"(u, fay"+u;,_, [a]" ) =

P”*‘i/
pn—ptq

For  — +00, we deduce the following identity of infinite sum
as special case of Theorem 13.
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Corollary 14. Let {u,} be an mth-order sequence defined by
(5) with the restrictions a,,a,,...,a,, € Nanda, > a, >

- > a, > 2. Let p and q be positive integers with 0 <
q < p. For any positive integer 1 < s < |log,, ad|, where

o, 0y, ..., &, are the roots of the characteristic equation of u,,
and d™' = max {leyls 1o, - . s |, 1}, then there exist positive
integers n,;, ny,, and n,; depending on a,, a,, . .., and a,, such
that the following hold.
k
(@) I(E2, (a) ™ ) ()" s o+, Jai™ )| =
0,(n =mny).
k -1
(&) IEX @, ) = (U faP™ =

oo
afpn Y| = 0, (n > ny,).

“1 spk+sq / u

D IR

pn+sq
+ Upnpig

Pk+q )_ ( 1)Spn+SQ(u
a" T = 0, (n = nyy).

pnval

Proof. We shall prove only (c) in Theorem 13 and other
identities are proved similarly. From identity (19), we have

spk+sq spk+sq
(=) _ () (1+0(aPg7Pe1)) . (33)

uspk+q cSasPk+sq
Consequently,
[ Bnl spk+sq
Z (-a)
uS
k=n spk+sq
1 Lpnl —ay \$Pk+sa o Lpnl a;pkﬂq
- (; o + Z asPk+sa+pk+q gpk+q
k=n k=n
) ( l)spn+sq o <ﬁ)spn+sq ( I)SP"+5‘1
¢ (“s_al) a _al)

©)

spLﬁnJ+sq SP”
= +
( o ocspn+pndpn

( l)spn+sq o a spn+sq pn aiPlﬁnJ—sPn
- cs ((xs <; aspn asp[ﬁnj—spn

+0 ( ospn ’ apndpn )
( 1)517""'5‘1 of spn+sq SP” e
cs (OCS s (Xspn ’

(34)

where h = max {(a; P*"" [P ), (1/a"d")}.

Taking the reciprocal of this expression yields

<[§J (_al )spk+sq )
k=n u;k+q

cle-a) (‘)p -(1+O(K"))

S
o 1

S S spn
Ypnra  Upnpra o at™ W
a.;pn+sq aipnﬂq—sp aipn :

!

_ (_l)spn+sq .

(35)

Case 1. Ifh = (aiw "J_s") /(=) then for any real number
B > 2 and positive integer s we have

o o QSPU;”J spn a. \SPLBn]-spn—sn
= A= (2) <L
aj aj a
(36)
Case 2. If h = (1/«”*d"), for any positive integer a; > 2,1 <
(a/a,) < ad holds. Then for any positive integer s with
1<s< [log(“/al)ocpdpJ , (37)
we have
sn sn—pn s—p A"
o= =(“5 > <1 (38)
a; aj"dp ajdpP

Inboth cases, it follows that for any real number § > 2 and
positive integer 1 < s < [log,, ya’d’ |, there exists n > n,
sufficiently large so that the modulus of the last error term of
identity (35) becomes less than 1/2. This completes the proof
of Theorem 13(c). O
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