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General solution to a higher-order linear
difference equation and existence of

bounded solutions

Stevo Stevi¢”

ST Abstrac

oo™ | We present a closed-form formula for the general solution to the difference equation

Xn+k = GnXn =Tfn, N €Ny,

where k € N, (Gn)nen, (fa)nen, C C, inthe case g, =g, n € Ny, g € C\ {0}. Using the
formula, we show the existence of a unique bounded solution to the equation when
lgl > 1 and sup,ep, Ifa] < 0o by finding a solution in closed form. By using the formula
for the bounded solution we introduce an operator that, together with the
contraction mapping principle, helps in showing the existence of a unique bounded
solution to the equation in the case where the sequence (gn)nen, is real and
nonconstant, which shows that, in this case, there is an elegant method of proving
the result in a unified way. We also obtain some interesting formulas.

MSC: Primary 39A14; secondary 05A10
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1 Introduction

Difference equations are an area of considerable interest. Some classical results can be
found, for example, in [1-4]. There has been some renewed interest in solvable differ-
ence equations [5-9] and systems [6, 10-13] and some closely related topics such as find-
ing their invariants or some applications [14—18]; see also numerous references therein.
In many of these papers on solvability, the equations and systems are nonlinear and are
transformed into some solvable linear ones by using suitable changes of variables.

A frequent situation is that a difference equation is transformed into a linear first-order
one [5-9], which is solvable ([4] contains a nice presentation of some methods for solving
the equation; see also [1], as well as [19] where the case of constant coefficients is con-
sidered). Moreover, an analysis shows that many systems are also essentially reduced to
the equation (see, for example, [6, 10] and the references therein). In our recent papers
on product-type difference equations and systems, we frequently use the corresponding
product-type first-order equation, which, in some cases, is also solvable (see, for example,
[11-13] and the references therein).
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One of the simplest inhomogenous higher-order linear equations is the following rela-
tive of the linear first-order difference equation:

Xn+k = qn¥n :ﬁfu ne NO: (1)

where (g,,)nen, and (f,).en, are real or complex sequences.
If g, =q#0 and f, = 0, n € Ny, then we have

Xnek —qx, =0, n €Ny, (2)
Since the associated characteristic polynomial to equation (2) is
Pi(h) = 1" ~q,

its general solution can be written in the following form [1-4]:

k k

Z qe )" "Zc, (&))", meN, (3)

j=1 j=1

where ¢j, j = 1,k, are arbitrary constants, {/q is one of the kth roots of g, and

(the notation will be used from now on).

Formula (3) shows that every solution to equation (2) converges to zero when |g| < 1,
every solution to the equation is bounded when |g| = 1, and all nontrivial solutions to the
equation are unbounded when |gq| > 1.

In [20] we presented some of our old results related to equation (1) for the case k =
2, which had been presented at some talks and/or conferences during the last decade.
Some of them seem folklore, but there are some nice ideas behind them. Let us briefly
describe the results of [20]. Namely, we have studied, among other problems, the existence
of bounded solutions to equation (1) when & = 2 in two different ways. Using a routine
method, it was shown that when g, = g € C\ {0}, the equation has the general solution

n-1

/
x"‘(f)n(c‘) Zzwqm) f)”(do+zz(fﬁ2) n € No, (4)

where cy,dy € C, and ,/7 is one of two possible square roots of 4. Employing (4), it was
shown that the equation in the case g, = g, n € Ny, has a unique bounded solution when
|g] > 1 by finding its closed-form formula. The formula motivated us to introduce an oper-
ator that, together with the contraction mapping principle [21], helped us in showing the
existence of a unique bounded solution to the equation under some conditions on (g,,) ey, -
A more general linear second-order difference equation was later studied in a similar way
in [22]. A natural problem is to try to generalize the results by using the procedure for
arbitrary k, which is technically not so easy. Recently in [23], we have managed to solve
the problem for the case k = 3, which suggested us that there was a related solution in the
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general case. However, the problem for the case of an arbitrary k was left open because
of many technical difficulties. This paper is devoted to solving the problem. Namely, fol-
lowing the ideas in [20], we first present a closed-form formula for the general solution
to equation (1) in the case g, = g, n € Ny, g € C \ {0}. Using the formula, we show the
existence of a unique bounded solution to the equation when |g| > 1 and sup,,., |fu| < 00
by finding the solution in closed form. Then, using the formula for the bounded solution,
we introduce an operator that, together with the contraction mapping principle, helps in
showing the existence of a unique bounded solution to the equation when the sequence
(gn)nen, is real, nonconstant and satisfies some additional conditions which will be speci-
fied later. We also obtain some interesting formulas.

Some other applications of fixed-point theorems in investigation of difference equations
can be found in [1, 24, 25] (see also the related references therein), where a variant of the
Schauder fixed-point theorem [24, 25] is frequently applied. The majority of such papers
construct suitable operators by using some summations, which can be regarded as some
kind of solvability methods.

As usual, by [*°(Np) we denote the Banach space of bounded sequences u = (u,),en, With

the supremum norm

lllloo = sup 2,]. (5)

neNy

By Vi(t1, 3, ..., tk) we denote the Vandermonde determinant of kth order:

1 1 1 . 1
tl t2 t3 . tk
2 2 2 2
Vk(tlrtb-u,tk) = tl t2 t?) . tk
A NP
It is well known that
Vit ta, .. ) = 1_[ (t - t). ©
1=<i<j<k

2 Main results

Our first result shows that there is a closed-form formula for general solutions to equation
(1) when (gx)nen, is a constant sequence. From the theoretical point of view, we know
that for each inhomogeneous linear difference equation with constant coefficients, such
a formula exists. On the other hand, we know that the polynomial equations of order
greater than or equal to five need not be solved by radicals, which implies that there are
linear difference equations with constant coefficients for which we cannot find a closed-
form formula for their general solutions. The result shows that there is a class of linear
equations of arbitrary order for which it is possible to find such a closed-form formula.
Moreover, the result gives only one formula that includes all the solutions to the equation.

Lemma 1 Counsider the difference equation

KXpsk — q%n =fn, 1 € Np, (7)
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where k € N, g € C\ {0}, and (f,)sen, is a given sequence of complex numbers. Then, the

general solution to the equation is

k-1 n-1 _S]f
=Y (¥ge)" (cs tT XO: (W)’*k>’ n e No, (8)

s=0
where c;, s = 0,k — 1, are arbitrary numbers, and }/q is one of the kth roots of q.

Proof Based on (3), we try to find the general solution to equation (7) in the form

k-1
X = Z ¥ (¥ge%)", neN,, )
s=0

where (CS))HGNO, s =0,k —1, are some undetermined sequences.

To do this, we pose the following conditions:

k-1

Xpel = ZC,,+1 f8 n+1 ZC f8 n+1

k-1
Xpug = Z Cn+ n+2 _ ZCS)(WSS)VHZ,
s=0

(10)
k-1
Kokt = ch+l \/_8 n+k 1 Cs n+k 1
s=0
for n € Ny, from which it follows that
k-1
n+l
Y (e =) (¥as)" =0,
s=0
k-1
+2
(e =) (V') =0,
o (11)
k-1 .
n+k-1
(6 - ) (@)™ =0
s=0
for n € Ny.
From (7), (9), and the last equality in (10) with » — n + 1, we easily get
k-1 .
(e =) (Y2*)"™" = 1, (12)
s=0

for n € Ny.
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Since g # 0, for each fixed n € Ny, equations (11) and (12) are equivalent to the following

k-dimensional linear system:

(s) n+l
> (G —a) ()™ =0,
s=0
k-1
(s) n+2
(o =) ()" =0,
s=0
(13)
k-1 .
(s) n+k-1
Y (el =a)) ()" =0,
5=0
k-1
(s) (s) s\ntk f”l
C—C5)(e = ——
s=0( n+ n )( ) (W)n+k
in unknown variables cfﬁl Y, s=0,k-1.
The determinant of the system is
1 gntl 82(n+1) .. 8(k—1)(n+1)
1 g2 82(n+2) L. 8(k—1)(n+2)
Ak(l’l) _h 8n+3 82(n+3) L. 8(k—1)(n+3)
1 gtk 82(n+l<) con gDk
1 1 1 1
1 ¢ g2 gh-1
. etk 1) 2 o4 . £2(k=1)
1 gkl g2-D) olk-D(k-1)
(n+1)(k=Dk
=g 2z Vk(l,s,...,ek_l). (14)

From (13) and (14), by some calculation and using properties of determinants, we get

(n+1)(1-k)k
o ___ & *
C—c) =———
ml T Ty, .., ek )
1 ehtl . gls—1(n+1) 0 gls+1)(n+1) . glk=1)(n+1)
1 ™2 ... g2 0 gt ek-D(n+2)
1 SVH-B . g(s—l)(n+3) 0 8(s+1)(n+3) . 8(k—l)(n+3)
X
1 €n+k—1 . 8(5—1)(n+k—1) 0 8(s+1)(n+k—1) . 8(k—1)(n+k—l)
1 8n+k . 8(5—1)(n+k) (/{/g‘)mk 8(s+1)(n+k) . 8(k—1)(n+k)
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1 1 1 0 1
1 e g5l 0 gstl
1 82 (8(5—1))2 0 (8s+1)2
X |. . .
1 Ek_2 (8(3—1))/(—2 0 (€(s+1))k—2
k-1 (s-1)yk-1 Jn (s+1)\k-1
1 e (e*) TpE )
(_1)k+s+18—s(n+l)fn
T (Y ViLe, ..., 5 )
1 1 1 1 1
1 £ 85—1 83+1 gk—l
« 1 82 (8(s—1))2 (£s+1)2 (8(1«1))2
1 8k—2 (8(3—1))k—2 (8(s+1))k—2 (S(k—l))k—z

Via(Le,...,e5Le5, e

k—l)

= (=1 k+s+1 —s(n+1)
e Vi e, eF D)

By using formula (6) it follows that

Via(Le,...,e55 e g%
Vi(l,s,..., ek 1)
_ 1
= (85 _ 1) . (83 _ Ss—l)(8s+1 _ SS) . (Sk—l _ Ss)
(_1)k—1—s
= (85 _ 1) . (83 _ 85—1)(85 _ 8s+1) . (85 _ 8/(—1) :
Now note that
ZF-1=(-1)(z-&")(z-&)(z- &™) (z-&"),

from which it follows that

(85=1) - (e =) (" = &) - (5 — 571

=lim(z-1)--- (z—ss’l)(z—s“l) e (z—ak’l)

z—>¢$

k_1
= lim = ke*®D,
z—eS 7 — &5

From (15), (16), and (18), since &X = 1, it follows that

9 ) 2 ey
n+l n = k(\k/é)m'k

forneNgands=0,k-1.

(g(k—l))k—Z
(S(k—l))k—l

(15)

(18)

(19)

Page 6 of 12
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Summing up (19) from 0 to n — 1, we obtain

n-1
1 ‘”f
“er i) o (20)
j=0
for n € Ng and s = 0,k — 1, where ¢, := cg), s=0,k-1.
Employing (20) in (9), we get formula (8), as desired. O

Remark 1 It is interesting that the determinant Vi(L,¢,...,651) can be calculated in
closed form (see, for example, [26, p. 46], [27, p. 61]). Namely, we have the following for-

mula:
Ve(Ley..., k1) = kBT 602, (21)
From (16), (18), and (21) we obtain

-1 s+l k-1
Vkl—Vkl(la, LT, e )

- (- 1)1< 1-s kkT ZE (k-1)(3k>~2k~85)

fors=0,k-1.
Our next result gives an application of Lemma 1 in the investigation of the existence
of a bounded solution to equation (7) when |g| > 1 and (f},),en, is a bounded sequence of

complex numbers.

Theorem 1 Assume that |q| > 1 and f := (fy)nen, C C is a given bounded sequence. Then,

there is a unique bounded solution to equation (7).

Proof Employing (8), it follows that

k-1 o PRt s
s\ km+
ot = (Y4 <% 2 (W)fl*)
j=0

s=0

- k-1 y 1 k-1 km+l-1 Ss(lij)fj
= (¥4q) (;CSE + %Z ’ (W)j+k> (22)

forall m e Ngand [ =0,k - 1.

Since |g| > 1 and f is bounded, we have

k-1 km+I-1

e Wl _ Kl
2 ,Z “k - ,Z():imﬁk Yaya-n <> 23

foreach/=0,k-1.
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From (22), (23), and the assumption |g| > 1, we see that, for a bounded solution (x;,),en,
to (7), there must be

oo k-1 i
i e
sl _ ] .
E ce™ = — E =S, (24)
k
s=0 k j=0 s=0 (W)ﬁ
for[=0,k-1.

Equalities (24) are a k-dimensional linear system in variables cs, s = 0,k — 1, whose de-
terminant is Vi(1,¢,...,&%!) = V4. By solving the system we have

1 . 1 So 1 . 1
e ... 52 s, & .. k-1
111 g2 ... (6622 S, (&9)? . (e%*-Dy2
TV T .
1 8k—2 . (8(3—2))k—2 Sk—z (g(s))k—z . (S(k—l))k—z
1 Sk—l . (S(S—Z))k—l Skfl (S(S))k—l . (S(k—l))k—l

(D) S W
T Vi@, s,..., ek

(25)

for s =1, k, where Wi, [,s = 1,k, are (k — 1)-dimensional minors of the determinant in (25)
corresponding to the element on the position (/, ).

They can be obtained by the coefficients of the following polynomial of (k — 1)th order,
which is defined by the Vandermonde determinant:

1 1 e 1 1 1

1 & ... 52 x & e k-1

1 g2 .. (8(5—2))2 X2 (85)2 . (S(k—l))Z
Pr(x) =

1 8k—2 . (8(5—2))/(—2 xk—z (S(s))k—z . (8(k_1))k_2

1 8k—1 . (8(5_2))k_1 xk—l (8(5))/(—1 . (e(k—l))k—l

_ ( 1)k+s k— IWk +( 1)k+s 1, k- 2Wk Ls+ oo+ (_1)S+1W15
= (D -1 (x - e 2) (- 6) - (-5
x Via(Le,.. R (26)
where the second equality is obtained by expanding the determinant along the sth column,

whereas the third one follows from (6).
First, note that from (26) it follows that

Wis = Vici(Le,..., 5% 65,0, 657, (27)

Now note the following equality:

k-1

Z 0, s+km, (28)

=0 k, s=km,

for m e Z.



Stevi¢ Advances in Difference Equations (2017) 2017:377 Page 9 of 12

From (28) and (26) we have

k-1
Wi_1s = Vk_l(l,s,...,85_2,55,...,81‘_1) Z ¢

j=0,75-1
k-1
= Vk,l(l,e,...,ss’z,ss,...,sk’l) Zs’ — 51
j=0
= Via(Le,..., e 6., e, (29)

Now note that from (17) and the Viéte formula, it follows that

Z el et =0 (30)

0<j1<ja< < <k-1

fort=1,k-1.
From (26), (30) with ¢ = 2, and the calculation in (29) we have

Wias = Via (1,8,...,85_2,85,...,8/(_1) E e
1<j1<ja<k=1j1,ja#s—1

k-1
= Vk_l(l,s,...,é‘s2,88,...,81(1)( E gl — g5 Z 8’)

0<j1<jp <k-1 j=0,j#s—1

=26 Dy (1, €., 72,65, sk’l). (31)
Assume that, for an m € {2,...,k — 2}, we have proved that
Wi_ms = (=1)"e™ Dy, (1,8, . ..,85_2,8S,...,8k_1) (32)
and

Z e g = (=1)m e, (33)
0<j1< < <k=1,j1,ccrfm#s—1

Then, from (26), (30) with ¢ = m + 1, and (33) we have

Wim-1s = Vk_l(l,s,...,85_2,85,...,81‘_1) E g ... ghmn

0=j1 < <l SK=Lj1,e 1751

2 k-1
= Vk,l(l,e,...,ss ,E5,...,8 )

% ( }: ... gimil _ g5l Z 81“1..,817”)

0=j1< - <me1 <k-1 01 << k=L 1,0 fm#s—1

= (-1l DY (L., 652,65, 6. (34)

From (29), (34), and the method of induction we see that (32) holds.
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Employing (18), (24), and (32) in (25), we get

for s = 0,k — 1, where we have also used that

k-1 k-1 k-1 k-1
1=0 t=0 t=0 =0

and, then applied (28) in the cases ¢ = s and ¢ # s (note also that |£ —s| < k).
Using (35) in (8), we get

1 k-1 ] e,
n=—— > (¥e°)") ! 36
RS 2] ~ (Y (36)

for n € Ny.
Using (28), by a direct calculation we verify that (36) presents a solution to equation (7).
Also, we have that

T
bl < TRy =D |

00, ne€Ny,

showing the boundedness of the solution. The uniqueness of the bounded solution follows
from the unique choice of constants ¢;, s = 0,k — 1, in (35). O

Remark 2 Note that by using (28) in (24) it follows that
o0
fl+mk
Sl == Z (W)l+mk+k
for[=0,k-1.

Now, motivated by (36) and some operator theory technique, we prove a result on the
unique existence of bounded solutions to equation (1).

Theorem 2 Counsider equation (1) where

l<a<gq,<b, neNy, (37)
or

-b<q,<-a<-1, neNy, (38)

for some positive numbers a and b, and (f,)nen, is a bounded sequence of complex numbers.
Then the equation has a unique bounded solution.
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Proof We may assume that (37) holds. The reasoning in the case (38) is similar. Choose a
number g such that

q € (max{a, (b +1)/2},b) (39)
and write (1) as follows:
Knsk = G%n = (qn — Q%0 +fn, 1 € No. (40)

Now we introduce the following operator:

X | S ((q, q)u; +f)
Au) = ( Z Vo . (41)
VIENO
Assume that u € [*°(Np). Then (41), together with some simple estimates, implies
S0 e (g - Q)uy + )
|4, = sup ( Z ST
<supt 1 Z k((qx +Q)|}tk| + [fl)
neNg K | &g+

_ b+ q)llulloo + [1f oo
| /a1 gl -

Hence, A(I*°(Ny)) C [*°(Np).
Assume that u, v € [*°(Np). Then, using (28) and (41), we have

1 Y e (g — q) (- v)
460 - AW, = sup | (¢3)" z et [CTt7
neNy \/_ ]
- sup (W)n i (qn+kj - q)(uwrkj - Vn+kj)
neNo pn (W)n+kj+k
oo
< sup |qn+kj —-q| |1;l:11+kj - Vn+/<j|
neNy j=0 q
—a,b-
Lcmxlgzabodh,, ), (42)
qg-1
By the choice of g it follows that
A -, b -
§i= max{q - a,b - q} €(0,1),
qg-1
so (42) can be written as
|A@) - AW)|| , <dllu v (43)

for u,v € [*°(Np), which means that A : [*(Ny) — [*°(Np) is a contraction.
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The Banach fixed point theorem says that the operator has a unique fixed point, say
X = (x5 nen, € 1°(Np), that is, A(x*) = x*, or equivalently

* i1l o sos("’)(( q)x; +f)
X, = % Z q)1+k n € Np. (44-)
It is not difficult to verify that (44) is a bounded solution to (1) for n € Ny. O
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