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Abstract

In this paper, by applying the fixed point alternative method, we give a necessary and sufficient condition in order
that the first order linear system of differential equations 2(t) + A(¢)z(t) + B(t) = 0 has the Hyers-Ulam-Rassias
stability and find Hyers-Ulam stability constant under those conditions. In addition to that we apply this result to
a second order differential equation §j(t) + f(¢)y(t) + g(t)y(t) + h(t) = 0.
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1. Introduction

In 1940, Hyers-Ulam stability was introduced by S.M. Ulam [18] to raise the question: suppose one has a function
y(t) which is close to solve an equation. Is there an exact solution z(t) of the equation which is close to y(¢)? (See
[4, 23]). In 1941, D.H. Hyers [4] gave an affirmative answer to the equation of Ulam for additive Cauchy equation in
Banach spaces. A generalized solution to Ulam’s problem for approximately linear mappings was proved by Th.M.
Rassias in 1978. Th.M. Rassias [21] considered a mapping f : F1 — Fs such that t — f(tz) is continuous in ¢ for
each fixed x. Assume that there exists # > 0 and 0 < p < 1 such that

1z +y) = f(2) = FIl < Ol=l” + [[y]”)

for any x,y € Ej.

After that, many mathematicians have extended Ulam’s problem in various directions (see [5, 11, 13, 14, 19, 20,
22]). A Hyers-Ulam-Rassias problem with differential equations: The differential equation qb( TR T ,y(")) =0
has the Hyers-Ulam-Rassias stability with respect to function 6 if there exist a constant M > 0 such that for given
a function y such that ’qb(f, vy, ... ,y("))f < 6(t), there exists a solution y. of the differential equation such that
ly(t) — yc(t)| < MO(t). Definition of Hyers-Ulam-Rassias stability significance since it means that if one is studying
an Hyers-Ulam-Rassias stable system then one does not have to reach the exact solution.(which usually is quite
difficult or time consuming). This is quite useful in many applications e.g. numerical analysis ,optimization,biology
and economics etc., where finding the exact solution is quite difficult.

Jung has proved the Hyers-Ulam stability of linear differential equations (see [15, 16, 17]). Furthermore, Jung
has also proved the Hyers-Ulam stability of linear differential equations by using the Laplace transform method (see

[7)-


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

16 International Journal of Applied Mathematical Research

The basic statements of the theory of ordinary differential equations (see [1, 2, 3, 6, 8, 10, 12]).

In this paper we will study stability of systems of first order with continuous coefficients, enabling us to apply
the results to all differential equations of high order by transfering it to system of first order, and also apply to
differential equations with constant coefficient in the same sense of proofs. There are two main sections : in section
3, we will give a necessary and sufficient condition in order that the first order linear system of differential equations
2(t) + A(t)z(t) + B(t) = 0 has the Hyers-Ulam-Rassias stability and find Hyers-Ulam stability constant under
those conditions. In addition to that in section 4, we will apply this result to a second order differential equation

§t) + f()y(t) + g(t)y(t) + h(t) = 0.

2. Preliminaries and Auxiliary Results

Definition 2.1 [5],[11],[22] Let I be any intervallet z: I — R A: I — R"*™ B : 1 — R", then

s(t)+ A(t)z(t) + B(t) =0 (1)

n

is Hyers-Ulam-Rassias stable with respect to ¢ : I — [0,00), with , ||z(t)|| = D_ |z:(t)], if there exists a real constant
i=1
K > 0 such that for each solution s € C*(I,R™) of inequality

12(8) + A(t)=(t) + B()[| < (1)
there exists a solution z € C*(I, R™) of equation (1) with
Is(t) = 2(t)| < Ke(t),V t € I

Definition 2.2 For a nonempty set X , a function d : X x X — [0,00] is called a generalized metric on X if and
only if d satisfies :

(¢) d(z,y) =0 if and only if x = y;
(i4) d(z,) = d(y, ) for all y € X ;
(791) d(z,2) < d(z,y) +d(y, z) for all z,y,z € X.

Theorem 2.3 (The fized point alternative) [9] Let (X,d) be a generalized complete metric space. Assume that
A: X — X is a strictly contractive operator with Lipschitz constant L < 1. If there exists a nonnegative integer k
such that d(A**1x, A*z) < 0o for some x € X, then the followings are true :

(a) The sequence {A™z} convergens to a fized point z* of A;

(b) x* is the unique fixed point of A in

X* = {y € X/d(Aka:,y) < oo};
(¢) Ify € X*, then d(y,z*) < 2zd(Ay,y).

Lemma 2.4 For given real numbers a and b with a < b , let I = [a,b] be a closed interval and let be
X ={f:1— R"is continuous function}, and d : X x X — [0,00] a function is defined as follows :

d(f,9) = inf{c € [0,00]/[|f(t) = g(t)]| < cp(t)V t € I}
where (t) : I — (0,00) is a continuous function, then d is a generalized metric on X.
Proof. By definition of a function d , then for all f,g € X
(1) d(f,g9) =0 f(t) =g(t) for all t € I;
(2) d(f,9) = d(g, f)-
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To prove that d(f,g) < d(f,h)+d(h,g) for all f,g,h € X.
Assume that d(f,g) > d(f,h) + d(h, g) for some f,h,g € X. Then, by definition of d, there exists ty € I with

[f(to) —g(to)ll > {d(f,h) —d(h,g)}¢(to)
= d(f,h)e(to) — d(h,g)e(to)
> |[f(to) = h(to)ll + [[h(to) — g(to)ll

and this is contradiction . m

Lemma 2.5 For given real numbers a and b with a <b , let I = [a,b] be a closed interval and let
X ={f:I— R", is continuous function }, consider a generalized metric function on X, d : X x X — [0,00] which
is defined as follows :

d(f,g) = inf{c € [0,00]/[[f(t) — g()[| < cp(t) V T € T} (2)
where o(t) : I — (0,00) is a continuous function, then (X,d) is a complete metric space.

Proof. Let {h,} be a Cauchy sequence in (X,d). Then Ve > 0 there exist N. € N such that d(hm,,h,) < €
vV m,n > N..
That means that with equation (2)

Ve >03N. € N :Vim,n > No,Vt € I [|hu(t) — ha(t)]| < e(t). (3)

If t is fixed, equation (3) implies that {h,(¢)} is a cauchy sequence in R™. Since R" is complete, {h,(t)} converge
for each t € I. Thus, we can define a function h : I — R™ by h(t) = lim h,(¢).
n—oo

If we let m — oo, it then follows from (3) that

Ve >03N. € N:Vn > NVt € I|[h(t) — ha(t)] < ep(t), (4)

that is, since ¢ is bounded on I, {h,(t)} converges uniformly to h. Hence, h is continuous and h € X.
If we consider equation (2) and (4), then we may conclude that

Ve >03N. € N:Vn> N. d(h,h,) < e

that is, the cauchy sequence {h,(t)} converge to h in (X,d). Hence, (X,d) is complete. m

3. First order linear system of differential equations

We will prove the Hyers-Ulam -Rassias stability for the equation (1) on the intervals I = [a,b) , where —oco < a <
b < co.

Theorem 3.1 Let A: I — R™ "™ and B : I — R™ be continuous matrices functions and let for a positive constant
N, such that ||A(t)|| > N forallt e I.
Assume that ¢ : I — [0,00) is an integrable function with the property that there exists P € (0,1) such that

/ JA@)I| $(t)dtr < Pot) (5)

for allt € I. If a continuously differential function z : I — R™ wverifies the relation :
12() + A(t)z(t) + B(1)[| < ¥(¢) (6)

for allt € I.Then there exists a unique solution s : I — R"™ of the equation (1) which verifies the following relation:

P
(D) (7)

for allt € I and s(a) = z(a).

12(8) = s@)] <
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Proof. Let us consider the set @ = {h: I — R™/h is continuous and h(a) = z(a)} with a function d : Q@ x Q —
[0, 0] defined on 2 as
d(h1,ha) = dy(hi, he) = inf{K > 0,||hi(t) — ha(t)|| < Kp(t),Vt € I}. By lemma (2.4) and Lemma (2.5), the (€, d)
is generalized complete metric space. We define the operator T': Q@ — Q|

Th(t) = 2(a) — / (A(tD)h(t) + B(t)dtr t € T

a

for all h € Q. Indeed Th is a continuously differentable function on I, since A and B are continuous functions and
Th(a) = z(a). Now , let hy, hy € 2. Then we have

t

[ A ta(en) = ha(eayan)

a

IThi(t) = Tha (D)

< /||A('51)|| [h1(t1) — ha(t1)lldts
< d(hy, h) / Attt
< Pty )i € I
Therefore,
d(Thy(t) — Tha(t)) < Pd(h1, ha) (8)

Thus, the operator T is a contraction with the constant P. By integrating the both sides of the relation (6) on [a, t]
we obtain

t

2(t) — z(a) + / (A(t1)z(t1) + B(t1))dt1 || < %w(t) foralltel. (9)

a

which means d(z,Tz) < £1(t) < co. By the fixed point alternative (2.3)there exists an element s = lim 7"z and
n—oo
s is a unique fixed point of T'. In the set A = {h € Q/d(T™z,h) < o0} .

It may be proved that A = {h € Q/d(z,h) < oo}. Therefore, the set A is independent of ng. To prove that the
function s is a solution to the equation (1), we derive, with respect to ¢, the both sides of the following relation

s(t)=Ts(t)vtelI
Thus,

for all t € I, which implies that the function s is a solution of the equation (1) and verifies the relation s(a) = z(a).
Applying the fixed point alternative again, we obtain d(h,s) < 25d(h,Th) for all h € A. Since z € A , we have

d(z,8) < 15d(2,Tz) < N(%P). Hence,

[2(t) = s(®)]l < N(i-P)

¥(t)
for all ¢ € I. This inequality proves the relation (1) . =

In the same manner it is possible to proved the following theorem of the Hyers-Ulam-Rassias stability of the
equation (1) on the interval J = (b,a] , where —co < b < a < 0.

Theorem 3.2 Let A:J — R"" and B : J — R" be continuous matrices functions and let for a positive constant
N, such that ||A(t)|| > N forallte J.
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Assume that 1) : J — [0,00) is an integrable function with the property that there exists P € (0,1)such that

[ 140w < Po (10)

for allt € J. If a continuously differential function z : J — R™ verifies the relation :
12(2) + A(t)2(t) + B(1)]| < 9(t) (11)

for all t € J,then there exists a unique solution s : J — R™ of the equation (1) which verifies the following relation:

P

[2(t) —s(@)]| < N_NP

¥(t) (12)
for allt € J and s(a) = z(a).

The Hyers-Ulam Rassias stability equation (1) on R will be proved by Theorem (3.1) and Theorem (3.2).
Corollary 3.3 Let A: R — R™ ™ and B : R — R™ be continuous matrices functions and let for a positive constant

N, such that ||A(t)|| > N for allt € R. Assume that ¢ : R — [0,00) is an integrable function with the property
that there exists P € (0,1) such that

/ JAG)I b(t2)des | < Pot) (13)
0

for allt € R. If a continuously differential function z : R — R™ wverifies the relation :
12(2) + A(t)z(t) + B(1)[| < ¥(¢) (14)

for allt € R, then there exists a unique solution s : R — R™ of the equation (1) which verifies the following relation:

P

[2(t) = s()[| < N_NP

¥(t) (15)
for allt € R and s(0) = z(0).

Proof. By relation (13) we have

/ JAGED $(t2)der < Pyt) (16)
0

for all ¢ > 0. Applying Theorem (3.1) , there exists a solution of equation (1) , s1 : [0,00) — R™, which verifies
relations (7) and s1(0) = z(0) . From relation(13) we also obtain

/ JAG)I $(t2)der < Py(o) (17)

for all ¢ < 0 .Applying Theorem (3.2), there exists a solution of equation (1), sg : (—00,0] — R™ which verifies
relation (12) and s2(0) = z(0) .It is easy to check if the function

s(t) = { s51(t),t =0 (18)

Sg(t),t <0

is a continuously differentiable function on R, a solution of equation (1) on R and it verifies relation (15).
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Corollary 3.4 Let A # 0 be n x n constant matriz and B : R — R™ be n X 1 a continuous matriz function (n x 1
constant matriz ). Assume that ¥ : R — [0,00) is an integrable function with the property that there exists P € (0,1)
such that

Jv| < e (19)

0

for allt € R. If a continuously differential function z : R — R™ wverifies the relation :
12() + Az(t) + B(#)[| < o (t) ([[2(2) + A=(t) + Bl < (1)) (20)
for allt € R, then there exists a unique solution s : R — R™ of the equation
2(t)+ Az(t) + B(t) =0 (2(t) + Az(t) + B =0)
which verifies the following relation:

() = s(0)] < T =0 (21)

for allt € R and s(0) = z(0).

Proof. By Corollary (3.3) and let N = ||A]| . =

4. Second order differential equation

In this section we will prove the Hyers-Ulam -Rassias stability for the following scallar equation

§(t) + f(O)y(t) + 9@)y(t) + h(t) =0 (22)

In the same manner, at first we will prove the Hyers-Ulam -Rassias stability for the equation (22) on the intervals
I =la,b) , where —o0o < a < b < 0.

Theorem 4.1 Let f,g,h: I — R be continuous functions and let for a positive constant 0 < N < 1,
[f@)|+1g(t)] > N forallt € I. Assume that v : I — [0,00) is an integrable function with property that there exists
P e (0,1) such that

t

[ i@l +laeohetndn < Pot) 23)

a

for all t € I. If a function y € C?(I, R) verifies the relation

[§i(t) + f0)5(t) + g()y(t) + h(t)] < $(t) (24)
for allt € I, then there exists a unique solution s1 : I — R of equation (22) , which verifies the following relation

P

eyt (25)

ly(t) — s1(t)] <

forallt €I, and s1(a) = y(a).

Proof. Let z;

t Zo(t) = — f(t)2a(t (t)z1(t).
Let z(t) = { ZlE

) _
t; ] A(t) = [ g?t) ~1 } H(t) = { h?t) ]g,then equation(22) transfer into

st)+ At)z(t) + H(t) =0 (26)

+
I
<
—~
~
~—
N
V]
~+
~
I
I
-
—~~
o~
~—



International Journal of Applied Mathematical Research 21

for all ¢ € I. By hypotheses ,since |f(t)| + |g(t)| > N ,then ||A(¢)|]| = 1+ |f(¢)| + |g(t)| > N and by relation (23) we
t
obtain [ [|A()[|¥(t1)dt: < Piy(t).

a
Now, let a function y satisfy the relation (24) , since

0= 20 | =[50 ]

£(t) + A(t)=(t) + H(t) | %; } ’ [ g?t) f_<t1) ] [ zgg } " [ h?t> }

: it) — (1) |

L () + F()y(t) + g(t)y(t) + h(t)

= [|2(t) + A@®)z(t) + H@)|| = [3§(t) + f(O)I(®) + g(#)y(t) + h(t)| < ¥(t) , Hence, by Theorem (3.1) ,there exists
E;Eg of equation (26) and s(a) = z(a) such that ||z(¢) — s(t)|| < ﬁw(t) forallt e I.

Therefore, there exists s1(t) satisfying equation (22) and s;(a) = y(a) such that

y(t) = s1(t)] < ypy¢(t) forallt e I. m

In the same manner and by Theorem (3.2) we can prove the Hyers-Ulam -Rassias stability for the equation (22)
on the interval J = (b,a] , where —oo < b < a < c0.

solution such s(t) =

Theorem 4.2 Let f,g,h: J — R be continuous functions and let for a positive constant 0 < N < 1,
lf @) +1g®)| > N forallt € J. Assume that ¢ : J — [0,00) is an integrable function with property that there exists
P €(0,1) such that

a

/ (L4 1£(t0)] + lg(t0) ot )t < Pas(e) (27)

t

for all t € J. If a function y € C?(J, R) verifies the relation

() + F)5(t) + 9()y(t) + h(t)] < P(t) (28)
for allt € J. then there exists a unique solution sy : J — R of equation (22) , which verifies the following relation
9(t) ~ 51 ()] < e (1) (29)
Yo =Wl = Na = py

forallt € J, and s1(a) = y(a).
Now in the same manner Corollary (3.3) and by Theorems (4.1) and (4.2) , we obtain the following Corollary

Corollary 4.3 Let f,g,h: R — R be continuous functions and let for a positive constant 0 < N <1,
@)+ |g(t)| > N for allt € R. Assume that ) : R — [0,00) is an integrable function with property that there
exists P € (0,1) such that

t

/(1 + [FED+ gt DY (t)dty | < Pip(t) (30)

0

for all t in R. If a function y € C*(R, R) verifies the relation

[5(t) + F(£)y(t) + g@)y(t) + h(t)] < ¥(t) (31)
for allt € R, then there exists a unique solution s1 : R — R of equation (22) , which verifies the following relation
9(0) ~ 51(0)] < 7 (1) (3)
A (o

for allt € R, and s1(0) = y(0).

Remark 4.4 The results can be applied to all differential equations of higher order by transfering it to system of
first order.
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