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We prove the Hyers-Ulam stability of a second-order linear functional equation in single variable
(with constant coefficients) that is connected with the Fibonacci numbers and Lucas sequences. In
this way we complement, extend, and/or improve some recently published results on stability of
that equation.

1. Introduction

In this paper C, R, Z, and N stand, as usual, for the sets of complex numbers, real numbers,
integers, and positive integers, respectively. Let S be a nonempty set, ¢ : S — S, X be a
Banach space over a field K € {C,R}, p,q € K, g#0, and a;, a, denote the complex roots of
the equation

x*—px+q=0. (1.1)

Moreover, {%(x) = x, ¢&"1(x) = &(¢"(x)), and (only for bijective &) ¢ (x) = ¢ 1(¢™(x)) for
x€Sandn e Ny :=NuU{0}.

The problem of stability of functional equations was motivated by a question of Ulam
asked in 1940 and a solution to it by Hyers published in [1]. Since then numerous papers
have been published on that subject and we refer to [2-7] for more details, some discussions
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and further references; for examples of very recent results see, for example, [8-12]. Jung has
proved in [5] (see also [13]) some results on solutions and stability of the functional equation

fx) = pf@E@) - af (8), (12)

in the case where S = R and ¢(x) = x — 1 for x € R. The result on stability (see [5, Theorem
3.1]) can be stated as follows.

Theorem 1.1. Let p,q € R, p* -4 #0,0 < |az| < 1 < |a1], a1,a0 €K, e >0, and g : R — X
satisfy the inequality

Sugllg(x) -pglx-1)+qg(x-2)[ <e. (1.3)

Then there is a unique solution f : R — X of the functional equation

F0) = pfG-1) - af(x-2) 1)
with
) (] - laal)e
Seplls @) = F NS o= e =D ATl ()

If S = Np and p, q € Z, then solutions x : Ny — Z of the difference equation (1.4) are
called the Lucas sequences (see, e.g., [14]); in some special cases they are called with specific
names; for example; the Fibonacci numbers (p = 1, 4 = -1, x(0) = 0 and x(1) = 1), the Lucas
numbers (p = 1,9 = -1, x(0) = 2 and x(1) = 1), the Pell numbers (p =2, g = -1, x(0) =0
and x(1) = 1), the Pell-Lucas (or companion Lucas) numbers (p = 2, g = -1, x(0) = 2 and
x(1) = 2), and the Jacobsthal numbers (p =1, g = -2, x(0) = 0 and x(1) = 1).

For some information and further references concerning the functional equations in
single variable we refer to [15-17]; for an ample survey on stability results for those equations
see [2]. Let us mention yet that the problem of stability of functional equations is connected
to the notions of controlled chaos (see [18]) and shadowing (see [19-21]).

Remark 1.2. 1f ¢ is bijective, then, with 77 := ¢!, (1.2) can be written in the following equivalent
form:

F(1@) = pf (1) - af ). (16)

Clearly, (1.1) is the characteristic equation of (1.6).

In view of Remark 1.2, from [22, Theorem 2] (see also [23]) the following stability
result, concerning (1.2), can be derived.
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Theorem 1.3. Let |a;| #1 fori = 1,2, ¢ be bijective, ¢ >0, and g : S — X satisfy the inequality

|2(x) - pg(a(x)) +ag (£ )]| <= (17)

sup
x€eS

Then there is a unique solution f : S — X of (1.2) with

2
2plls) =S O < =@ =1 1)

Theorem 1.3 appears to be much more general than Theorem 1.1 (obtained by a
different method of proof). But on the other hand, estimation (1.5) is significantly sharper
than (1.8) in numerous cases (take, e.g.,, a; = 1 +1/n and a, = -1 + 1/n, with some large
n € N). Therefore, there arises a natural question if the method applied in [5] can be modified
so as to prove a more general equivalent of Theorem 1.3, but with an estimation better than
(1.8). In this paper, we show that this is the case. Namely, we prove the following.

Theorem 1.4. Let ¢ >0and g: S — X satisfy inequality (1.7). Suppose that a1 # a, and one of the
following two conditions is valid:

(a) |lail <1fori=1,2;

() lail#1 fori=1,2and ¢ is bijective.

Then there exists a solution F : S — X of (1.2) such that

€ |a] |a| )
su x) - F(x)|l < + . 1.9
xegllg( )~ FG Ial—az|<lla1|—1l llaza| - 1] (1.9)

Moreover, if condition () is valid, then there exists exactly one solution f : S — X of (1.2) with
supsllg(x) = f(2)| < oo

Remark 1.5. Note that, for bijective ¢, Theorem 1.4 improves estimation (1.8) in some cases
(take, e.g., a1 =3/2, a0 = -3/2,0r a1 = 1/2, a, = —1/2); however, in some other situations
(e.g., a1 =3, a = -3), estimation (1.8) is better. Theorem 1.4 also complements Theorem 1.3
because ¢ can be quite arbitrary in the case of (a).

2. Proof of Theorem 1.4

Clearly, a; + a, = p and aja; = g. We start with the case K = C.
Fix i € {1,2} and first assume that |a;| < 1. Write

AL = af[(8(0) - (p- a8 (81 )], xes ke 2.1)
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Then, for each k € Ny and x € S,
AL(x) - ALy () = af[g(85)) - (p - a) g (841 ()]
- a1 (8 @) - (- a)g (87 ()] (22)
= af[2(¢5) - pg (81 + 4z (82 ()],

whence
|4k0) - Abs 0| < lailte (23)
and consequently
) ) k+n-1 )
|4 - AL, )| < S laie, neN. (2.4)
j=k

This means that, for each x € S, {Al(x)},y is a Cauchy sequence and therefore there exists
the limit F;(x) = lim,_, ,, AL, (x). Further, for every x € S,

PEi¢(x) - aFi(£(0) = pa;’ lim A}, (x) - ga;” lim A}, ,,(x)

= pa; ' Fi(x) - qa;"Fi(x) (25)
= Fi(x),
and, by (2.4) withk =0and n — oo,
leggllg(x) - (p-a)gE(x) - Fi(x)]| < ufw (2.6)

Now, assume that |a;| > 1. This means that ¢ is bijective. Let
A0 = [3(8F @) - (p-a)g(EH @)], xes kel @7)
Then, foreach k e Nand x € S,
AL() - A () = a*[g (67 (0) - (p - a)g (57 ()]
~a g (e @) - (- a)g (82 w)] (28)
= a*[g(s7) - pg (477 (@) + ag (2 ()
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and next, by (1.7),

”A}( (x) - A};_l (x) ” < |ai| e. (2.9)
Hence,
||A;(x) — AL (x) || < imirf*"g, neNy, x€S. (2.10)
j=1

So, for each x € S, { Al (x)},oy is a Cauchy sequence and consequently there exists the limit
Fi(x) = lim,_,, A (x). Note that, for every x € S, (2.5) holds and, by (2.10) with k = 0 and

n — oo,

elailt e

1—|a? el =1

SUISDHS(X) - (p-ai)g(x) - Fi(x)]| < (2.11)

Thus, we have proved that, for i = 1,2, inequality (2.6) holds and F; is a solution to
(1.2). Define F : S — X by

a

a
—1a2 Fi(x) -

2 _F(x), x€S. (2.12)
—_ a2

F(x) :=

a a

Then, for x € S, it follows from (2.5) that

PFE() - aF (£()) = -2 [ ¢(0) ~gFa (£
- PP — aFa (£ )] (2:13)
= F(x)

and, by (1.1) and (2.6),

1
lar -

P € < |a1] N |as| >
la1 = az| \[la1| = 1]~ [|la2| = 1]

In the case where ¢ is bijective, the uniqueness of F results from [22, Proposition 1], in
view of Remark 1.2.

|g(x) = F(x)| = o] |(a1 — a2)g(x) — a1 Fi(x) + a;Fa (x) ||

(2.14)
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Now, assume that K = R. Then (see, e.g., [24, page 39], [25], or [26,27,1.9.6, page 66])
X2 is a complex Banach space with the linear structure and the Taylor norm || - || given by

(x,y) +(zw) = (x+z,y+w) forxyzweX,

(a+ip)(x,y) = (ax - Py, px+ay) forx,yeX, a,peR, (2.15)
|(x,y)||; == sup ||(cosB)x + (sinO)y|| forx,yeX.
0<6<27

Clearly, max{|lx||, [yll} < |(x, Y)llz < llx][ + [y forall x, y € X.
Define y: S — X% by y(x) := (g(x),0) for x € S. Then,

() = px @) +ax(8))Ir <e, xeS. (216)

So, by the previous part of the proof, there exists a solution H : S — X? of (1.2) such that

€ |ai] |as| >
- < . .
llxc(x) = Hx)|| < |a1—a2|<||a1|—1| + T2l 1) xeS (2.17)

Write p;(x1, x2) = x; for x1,x, € X,i=1,2.Clearly, F : S — X, given by F(x) := p1(H(x)) for
x € S, is a solution of (1.2), and (1.9) holds.

It remains to prove the statement concerning uniqueness of F. So, let Fy : S — X be a
solution of (1.2) with sup, ¢|[g(x) — Fo(x)|| < oo. Let Hy(x) := (Fo(x),p2(H(x))) for x € S. It
is easily seen that Hj is a solution of (1.2). Moreover, for every x € S,

IH (x) = Ho(x)lly = IF (x) = Fo(x)|l < [|F(x) = g(x)[| + [|g(x) = Fo()]|- (2.18)

Hence, by [22, Proposition 1], H = Hy, which yields Fy = F.

3. Consequences of Theorem 1.4
Now we present some consequences of Theorem 1.4 and some results from [22, 28, 29].

Theorem 3.1. Let ¢ > Oand g : S — X satisfy (1.7). Suppose that one of the following three
conditions is valid:

(i) |ail < 1fori=1,2and a; # ay;
(ii) |ai| #1 for i = 1,2 and ¢ is bijective;
(iii) (ii) holds and ay # as.

Then there exists a solution F : S — X of (1.2) such that

sup|lg(x) - F( | < Me, (3.1)
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where

min{Mi, M}, if (i) or (iii) holds,
M =
Mo, if (ii) holds,
1 a1 |as| ) (3.2)
My = + ,
! |a1—az|<||a1|—1| llaz| - 1]
M2 . 1

TENCEDN

Moreover, if |a;| < 1 for i = 1,2, then there exists exactly one solution f : S — X of (1.2) such that
supesllg(x) = f (X < 0.

Proof. If (i) is valid, then Theorem 1.4 yields (3.1) with M = M. Further, by (1.7),

p 1 £
su F(x)) - =g@(x) + =8| < — 3.3
- $(F) g% g% |q] 39
and b; := a;/q =1/a; fori = 1,2 are roots of the equation
2-Prilog (3.4)
q q
Hence, by [22, Theorem 2], there is a solution F : S — X of the functional equation
1
F(#@) = TRE@) - LF) (3.5)
such that
e/l4] - Moe. (3.6)

suplls ) =FI < 272 (aaral -1

(The last equality is due to the fact that g = a;a,.) It is easily seen that F is a solution to (1.2).
Next, consider the case of (ii). Then, in view of Theorem 1.4, there is a solution F : S —
X of (1.2) satisfying (3.1) with M = M. Further,

sup|| (1) - pg (1) + ag@) | <&, (3.7)

with 77 := ¢. Hence, according to [22, Theorem 2], there exists a function F : S — X
satisfying (1.6) and inequality (3.1), with M = M,. Now, it is enough to note that F is a
solution to (1.2), as well.

Finally, if (iii) holds, then it is enough to use [22, Theorem 2] and Theorem 1.4 (the
case of (f)).



8 Journal of Inequalities and Applications
The statement concerning uniqueness results from [22, Proposition 1]. O

Remark 3.2. 1f |a;| = 1 for some i € {1,2} (or, equivalently, |a;| = |g| for some i € {1,2}), then
(1.2) can be nonstable, by which we mean that there is a function g : S — X such that (1.7)
holds with some real € and sup_¢||g(x) — f(x)|| = oo for each solution f : S — X of (1.2)
(see, e.g., 28], [22, Example 1], or [29]).

Remark 3.3. Note that, in the case where p, g, a1, a» are real numbers, we have
(laa] =1)(laz| = 1) = |q| + 1 =po (3.8)

with

lpl, ifg>0,
po = |ai| +|az| = (3.9)

\/p*—4q, ifg<0.

4. Some Critique and Final Remarks

Functional equation (1.2) has been patterned on difference equation (1.4). However, if we
want to apply the results of Theorems 1.1-3.1 to the Lucas sequences we come across two
obstacles. The first one concerns the domain of ¢ and arises from the difference equation (1.4)
being written in “wrong” historical form, inconsistent with the general concept of functional
equations. Actually it should be written as the functional equation

flx+2)=pf(x+1)-qf(x), (4.1)

which corresponds to (1.6). The second obstacle is connected with the restrictions on a;. For
some interesting cases (Fibonacci, Lucas, or Pell numbers), we have |a;| < 1 < |ay| (or, if
somebody prefers, |a;| < 1 < |a;|) and such case is not covered if ¢ is not bijective (which is
the case when S = Ny and ¢(x) = x — 1 or, equivalently, 7(x) = x + 1). All these obstacles can
be overcome if, instead of Theorems 1.1-3.1, we use the following result derived from [29,
Theorem 2.3].

Proposition 4.1. Let € >0, a; € K, and |a;|#1 fori=1,2,g:S — X, and

Sugllg(x +2) - pg(x +1) +qg(x)|| <e. (4.2)

Then there is a solution f : S — X of (4.1) that satisfies (1.8).

For instance, if p = 1 and g = -1 (the case of the Fibonacci and Lucas numbers), we
have the following.

Corollary 4.2. Letp =1,q=-1,& >0, and {a,},.cy, be a sequence in X with

sup||ans2 — pan + gan|| <e. (4.3)
neNy
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Then there is a sequence {Pn}, oy, in X such that

ﬂn+2 = Pﬁn+1 - q,ﬁn/ n € Ny,
4.4
sup||an — ]| < <2+\f5>£. (44

neNy

Proof. Note that (|a;| — 1)(|az| — 1) = 2 — /5. Thus, by Proposition 4.1, there is a sequence
{Bn}uen, in X such that (4.4) is valid. O

Remark 4.3. If p = 1 and q = -2 (the case of Jacobsthal numbers), then one of the roots of
(1.1) is equal to —1 and therefore (4.1) is not stable (see [28]), by which we mean that, for
each ¢ > 0, thereis ¢ : S — X such that sup_¢llg(x +2) — pg(x + 1) + qg(x)|| < € and
sup,.sllg(x) — f(x)|| = oo for every solution f : S — X of (1.6); for S = Ny such function g
can be chosen with, for example, g(0) = 0 and g(1) = 1 (in [28, the proofs of Lemma 2 and
Theorem 4] take y, := 1).
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