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APPLICATION OF FIXED POINT THEOREM FOR
UNIQUENESS AND STABILITY OF SOLUTIONS FOR A
CLASS OF NONLINEAR INTEGRAL EQUATIONS
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ABSTRACT. In this paper, we prove the existence, uniqueness and stability
of solution for some nonlinear functional-integral equations by using gen-
eralized coupled Lipschitz condition. We prove a fixed point theorem to
obtain the mentioned aim in Banach space X = C([a, b], R). As application
we study some volterra integral equations with linear, nonlinear and single
kernel.
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1. Introduction and preliminaries

In this work, we try to prove the existence, uniqueness and Hyers-Ulam sta-
bility (for simplicity, HUs) of the solutions of the following non homogeneous
nonlinear Volterra integral equation

w(@) = fi(2)+ o ( / ZF(:c,t,u(t),v(t))dt> = T(u,v), )
v(z) = falz) + ¢ (/a F(x,t,v(t),u(t))dt) =T(v,u)

where z,t € I = [a,b], —00 < a < b < 0o and ¢ is a bounded linear map-
ping on X. this functional integral equation produces many integral equations
which have arisen in different science fields such as theory of optimal control,
economics and etc. Investigation on existence theorems for diverse nonlinear
functional-integral equations has been presented in other references.
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In this study, we will use the iterative method to prove that equation 1.1 has
the mentioned cases under some appropriate conditions. On the other hand, in
this paper, we prove the HUs theorem of 1.1 under generalized coupled Lipschitz
condition on F.

We say a functional equation is stable if for every approximate solution there
exists an exact solution near it. In 1940, answering a problem of Ulam [23] af-
firmatively, Hyers [12] proof the following result (which is nowadays called the
HUs stability theorem):

Let S = (S, +) be a Abelian semigroup and assume that a function f : S — R
satisfies the inequality

[f(x+y) = flz) = fy) <e

x,y € S for some nonegative e. Then there exists an additive function h : S — R
that
Ih(z) = f(z)| <€,
holds.
Ever since, the stability problems of functional equations have been exten-
sively investigated by several mathematicians. Example of some recent develop-

ments, discussions and critiques of that idea if stability can be found in [5, 6, 10]
and [11].

In this section, we introduce and recall some basic definitions and use them to
obtain our aims in Section 2 and 3. Finally in Section 4 we offer some examples
that verify the application of this kind of nonlinear functional-integral equations.

In this section, we recall basic result which we will need in this paper.

Consider the non-homogeneous non-linear Volterra integral equation 1.1. We
assume that f : [a,b] — R is continuous and F' is a mapping in the domain

D = {(z,t,u) : z,t € [a,b],u € X}.

Throughout this article, we consider the complete metric space (X, d), which
is define as

d(fag) = Inax |f(l‘) —g(l’)|,

z€la,b]
for all f,g € X and as we mentioned, we assume that ¢ is a bounded linear
mapping on X.

Note that, the linear mapping ¢ : X — X is called bounded, if there ex-
ists M > 0 such that ||¢(z)]] < M|z|; for all z € X. In this case, we define

loll = sup{lezl: » £ 0,2 € X}. This ¢ is bounded iff ||| < oo.

=l
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Note: As ¢ is bounded linear mapping on X, then ¢(z) = Az where A\ does
not depend on z € X.

Definition 1. ([5]) We say that equation 1.1 has the HUs if there exists a
constant K > 0 with the following property; for every e > 0, (y1,y2) € X2, if

@ - 50— ¢ ([ Pt | <

ly2(z) — fo(z) — ¢ (/ F(x,t, v(t),u(t))dt) | <e

then there exists some (u,v) € X? satisfying
u(z) = fiz) + ¢ (/ F(x,t,u(t),v(t))dt) ,
v(x) = falx) + ¢ (/: F(sc,tw(t),u(t))dt)

such that
u(z) — y1(z)] < Ke,
v(z) = y2(z)| < Ke.
We call such K a HUs constant for equation 1.1.

Definition 2. ([6]) Let § denote the class of those functions 5 : [0,00) — [0,1)
which satisfies the condition

B(t,) = 1 implies t, — 0.
Definition 3. ([6]) Let B denote the class of those functions ¢ : [0,00) — [0, 00)
which satisfies the following condition :
(i) ¢ is increasing,
(ii) for each x >0, ¢(x) < z,
(iii) B(z) = 2@ e, z#0.

For example, ¢(t) = ut, where 0 < p < 1, ¢(t) = H—Ll and ¢(t) = log(1l + 1)
are in B.

2. Existence and Uniqueness of the Solution of Nonlinear Integral
Equations

In this section we will study the existence and uniqueness of the nonlinear
functional integral equation 1.1 in X

Theorem 4. Consider the integral equation 1.1 such that

(i) F:DxD—Rand f:[a,b] = R are continuous.
(ii) ¢ : X — X is bounded linear transformation.
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(i) There exists an integrable function p : [a,b] X [a,b] = R and ¢ € R such
that
|F (2t ur,01) = |F(x, 1, uz,v2)| < p(, 1) ¢(|u —v)), (2.1)
for each z,t € [a,b] and (u1,v1), (ug,v2) € X2.
. b
(iv) SUPzela,b] fa p?(x, t)dt < ||&0H27%b*a)'
Then the integral equation 1.1 has an unique coupled fized point (u,v) € X2
Note: We define 2.1 as a generalized Lipschitz condition.

Proof. Consider the iterative scheme

Unt1(x) = fi(z) + ¢ </aw F,t un(t), vn(t ))dt> = o on), (2.2)

tniae) = fale) + o ([ Flat0a(0,un0)t) = T(0s.0)

where (ug,v9) € X? is an arbitrary initial guess. So

[unt1() = un ()|
= |T(unavn) - T(un—lavn—1)|

< Jo ([ Fetun@noa) - ([Pt w)|
< Jo ([ et = Pt s, @)t

<l || (P tunl0). 000 = Flo 10,00 ()t

< el [ 1t 0, 00(8) = Pl a0 s ()

<l || (Ftnle). 0 0) = Flo 1000 ()t

< el / (2,006 () — 1 () )l

< el (/ “( ) (/ |(Jun(2) = un—1(z )I)dt> : (2:3)

Similarly we have

‘vn+1(x) — v ()]

b 2
< el (/ xtdt) (/ 16(|on (2 vnl(m)|)dtdt> L (24)
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As the function ¢ is increasing then

o (d(un, unfl))
¢(d(vn7 vn—l))a

O(|un(z) — up—1()])
¢(|vn(z) — vo—1(2)])

IN A

S0, we obtain

b b
d2(”ﬂ+1=un) < H‘PHQ < zl[lpb]/ p2(x,t)dt> (/ ¢2(d(un,un1))dt)
< ¢ (d(un, un-1)) (2.5)
and
b b
P (ns1,vn) < ol <~21[1pb]/ pQ(w»t)dt> (/ ¢>2(d(vmvn1))dt>
< ¢*(d(vp,vn_1)). (2.6)

By 2.5 and 2.6 we have

A(Unt1,Un) + d(Vnt1,0n)
P(d(tn, un—1)) + ¢(d(vn, vn-1))
P(d(tn, un—1) + d(vp, vp-1))
P(d(un, un—1) + d(vVn, vn—1))
d(tn, Up—1) + d(vn, Vp—1)
= Bd(un, un—1) + d(Vn, vn-1))(d(tn, tp—1) + d(vp, vp_1)) (2.7)
and so the sequence {d(un+1,un) + d(Vpt1,vn)} is decreasing and bounded.
Thus there exists » > 0 such that

IN A

'(d(um un*1> + d(Un’Unfl))

nhango[d(unJrla un) + d(anrlv vn)] =T

Assume r > 0. Then from 2.7 we have

d(u'rH—l; un) + d(”n—i—h 'Un)
d(unv unfl) + d('l}n, ’Unfl)

Then 2.8 yields lim, 00 8(d(Un+1,Un)+d(vnt1,v,)) = 1. Then S ¢ § and this
contradiction. So r = 0 and then lim,,— oo (d(tp+t1, Un) + d(vnt1,v,)) = 0. Next
we show that {u,} and {v,} are Cauchy sequence. On the contrary, assume
that

< B(d(tn, up—1) + d(vp,vp—1)), n=1,2,3,....(2.8)

lim (sup(d(un, um) + d(v,,vm))) > 0. (2.9)

n,Mm—00

By the triangle inequality and relation 2.7 we have
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d(uny um) + d(vn7 Um) S d(una un+1) + d(’Un, vn—i—l) + d(un+17 um,—i—l)
+ d(vn-i-h Um-l—l) + d(um-i-la U'm) + d(vm-i-la Um)
S d(una un+1) + d(/Una anrl) + d(uerl» um) + d('Uerl, Um)

+ (B(d(tn, ) + d(Vn, vm))) [d(tn, Um) + d(Vn, Vi)
hence
[A(tn, Um) + d(vn, vm)] — (B(d(Un, Um) + d(Vn, V) [d(Un, Um) + d(Vn, V)]
< d(tn, Unt1) + d(Vn, V1) + d(Umg1, Um) + A(Vmg1, V)

d(un7um) + d(“rmvm) - (]- - ﬂ(d(unaum) + d(’l}n,’l)m)))
< d(un, Un+1) + d(vnv Un+1) + d(um+1a um) + d(vm+1a Um)

A(Un, Um) + d(Vp,vm) < (1= B(d(tn, Up) 4+ d(Vp, )~ E
[d(tn; Unt1) + d(Vn, Vny1) + d(Ums1, um) + d(Vm1, Om)]-

Since
lim sup[d(tn, um) + d(vp, vm)] > 0
n,M—00
and
Hm  [d(tn, um) + d(Vn, v,)] =0
7n,M—00
then

lim  sup((1 — B(d(un, um + d(vy, v)) ") = +oo,

n,M—00

from which we obtain

lim  sup(B(d(un, um) + d(vn,vm))) = 1.

n,m—00

But since 8 € 4, we get
lim  sup(d(tn, tm) + d(Vn, v )) = 0.

n,m—oo

This contradiction 2.9 and shows {u,} and {v,} are Cauchy sequence in X.
Since (X,d) is a complete metric space, then there exists (u,v) € X? such
that

Jim (un,vp) = (4, 0).

Now by taking the limit of both sides of 2.2, we have

w= lim w, 1(z) = lim (fl(z)Jrgo</jF(x,t,un(t),vn(t))dt>)

n—oo

= filx)+¢ (/x F(x,t, nh_)n;o un(t),nli_{rol0 vn(t))dt>
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= filz)+¢ </aw F(:c,t,u(t),v(t))dt)

and

n—oo

v=lim v,_i(z) = nlLH;O (fQ(x)Jrcp(/:F(x,mn(t),un(t))dt))
= flz)+e ( / wF(x,t,nlgrolo un(t), lim un(t))dt>

n—oo

= folz)+ o </le(x,t,v(t),u(t))dt> .

So, there exists an unique solution (u,v) € X2 such that T(u,v) = u and
T(v,u) =v. O

3. Stability of Nonlinear Integral Equation

Theorem 5. The equation T(z,y) = x and T(y,x) =y where T is defined by
1.1 under the assumption of Theorem 4, has the Hyers-Ulam stability that is for
every (o, B) € X2 and € > 0 with

d(T(a, B),a) < e
and
d(T(8, ), B) < €
there exists an unique solution (u,v) € X2 such that T'(u,v) = u and T(v,u) = v
and
d(a,u) < Ke
d(B,v) < Ke
for some K > 0.

Proof. By relation 2.3 and 2.4 we can write

|un+1(1‘) - un(a?)| = |T(un7 Un) - T(Un—la vn—1)|

E ( / xF(a:,t,un(t),mo)dt)
—p (/ F(x,t,un_l(t),vn_l(t))dt> |

Il (W) YAZCE un_1<gg>|2dt>é |

IN

|tn1(2) = un ()]

Hence

fun+1(@) = un(@)] < ((b_la) /: (1) — un_l(tl)%)%
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b—a) / / [tn (t2) — Un—1(t2)] dtgdt1)
t1 pto
/ / / [un(ts) = un—2(t3)| dtsdtzdh)
b—a)?

(=
(=
(w5
(=
e

S a / / / /n ‘un t3 — Up— 2(t3)| dt dtgdtgdh)
t1 to tn_1 1
< T (ug,v0), ug / / / / ...dtgdtzdt1>
177(1) o
- d (T(“Ovvo) 0)
< (UOaUO) )

(n)7

Similarly we have

[Vn41(2) — v (2)] = |T(vn, un) — T'(Vn—1,Un—1)|

<y (/; F(a,t,v,(t), un(t ))dt> (/w F(z,t, v, 1(t), up_ 1(t))dt> \
on1(0) = 0a(@)] < ol (s )é ( / [on(2) — v1(2)] dt)

Hence

nir(0) = @) < (g [ Tonlt) = vuca )P )

= <(b—1a)2 / /:1 |v"<t2)”n—l(t2)|2dt2dt1>;
<(b—1a)3 /az /atl /:2 |vn (t3) — U"_Q(t3)|2dt3dt2dt1) 3

T t1 to tn—1 %
= (b_lan / / / e / |Un(t3) - vn72(t3)|2dtn . dtgdtgdtl)
1 - 1
<(b o a) d UOv uO Vo / / / / cee dtgdtgdt1>
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1 (—a)" »
< (gar ot )

d(T('U07u0)7'UO) )
(n!)2
Let (o, 8) € X2 and

1

2

d(T(a, B),0) < €
and
d(T(B,a),B) <e.

In the previous section, we proved that
u(t) = lim T™(a(t), B(t)
n—oo

and

v(t) = lim T"™(B(t), a(t)

n— oo

is an exact solution of the equation T'(z,y) = = and T'(y,z) = y. Clearly
there is N with d(T™ (a, 8),u) < € and d(T™ (B, a),v) < €, because TV (o, B) is
uniformly convergent to u and TV (8, o) is uniformly convergent to v as n — co.
Without loss of generality, for sufficiently large odd number N, we have

d(a,u) < d(a, TN (a, ) + d(TN (e, B),u)
< d(a,T(e, B)) + d(T(a, ), T*(a, B)) + d(T*(a, 8), T*(ex, 8))
+o A d(TV e, 8), TN (o, B)) + d(T (o, B), u)
d(a,T(, 8)) | d(e,T(a, B)) d(a, T (e, B))
< d(e,T(o,8)) + (1!)% + (2!)% 4+ -+ ((N—l!)%
+d(TN (o, B), )
1 1 1
S d(OL,T(OZ,ﬂ))(l‘F(U)%+(2!)%+"'+<(]V_1)!);>+6
11 1\? [1\? 1 \?
< E<{1+1+\@+\/6}+{<24) +(25> +~~~+<2N_1) }>+e
< ({1+1+1+ }+{—+2i3+ -+ Nl_l}
1
Has 235+24—5+ + N_2}>+e
7 1 1 1 1 1
< (2 Sttt N,1}+{2—2+2—3+ +2N21})+e

IA
/—\
1\3\\1
\_/

+

[0}
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11 1
- (5-5=) %

and
d(B,v) < d(B,TV(B,0))+d(TN(8,a),v)
< d(B,T(B,@) +d(T(B,), T*(B,)) + d(T*(8, ), T*(8, )
-+ d(TNTN(B,a), TN (B, ) + d(TN (B, a),v)
d(B,T(B,a))  d(B,T(B,)) d(B,T(B, )
< d(@T(ﬁ,a))—&- (1')% + (2')% +"'+m
+d(TN (B, a), v)
1 1 1
S d(B’T(ﬂ’Q))<1+(1!)§+(2|)§++((N—1)l)§)+€
11 1\? [/1\? 1 \?
< e<{1+1+\/§+\/6}+{(24) +<25> +...+(2N_1> }>+e
< e<{1+1+1+;}+{212+21:.)+~--+i_1}
+{2213+23’¥:3+24113+~'~+1\}22}>+6
7 1 1 1 1 1 1
< e<2+{22—|—23+--'+2N21}—|—{22+23+-~-+2N21}>+6
< 6(;4—{1—21\,123)—1'6
11 1
- (5 )= we
which complete the proof. O

4. Examples

In this section we present some example of classical integral and functional
equations which are particular case of equation 1.1 and consequently, the exis-
tence, uniqueness and stability of there solutions can be established using The-
orem 4 and 5.

Example 6. Consider the following linear Volterra integral equation

z® *
w(z) = xs_7+/0 (1=t — ) (u(t)) dt,
_ ¢ 2° Y 2
v(x) T 10+ ; (1—t—x)(v(¥)"dt, =,tel0,1]. (4.1)

We have
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|F(z,t,ur,v1) — F(x, t,ug,v2)| = |(t—x)(u1 +v1) — (& —x)(uz + v2)]
|(t — 2)[(lur — ua| + [v1 — va])

- <|t;x|> ((ur = uz| + o1 — v2l)),

where % < p < 1. Now we put p(x,t) = “Tm and ¢(t) = ut. Because

SUPye(0,1] fol p?(z,t)dt = 6[% < 1, then by applying the result obtained in The-
orem 4 and 5, we deduce that the equation 4.1 has a stable unique solution in
Banach space C[0,1].

Example 7. Consider the following linear Volterra integral equation

1 1 x [ arctan(z?t) .
u(l’) = ESIH (1 —|—x> —+ §A Wsln(u(t))dt
1 1 x (7 arctan(z?t
We take

|F(£E,t,’u,1,’l)1) - F(ZL’,t, u2,v2)|

x arctan(z%t) x arctan(z>t)

= 5 mrapr @t - 5Ty anr et vl
— D) ) sin(us)

3 2D cosfon) — cost)
< (D)) Hsin(ur) - sinfus)|

+| cos(v1) — cos(va)]

9
< ] x arctan(z?t) | 1
- (14 xt)? 9

)

(|U1 - ’LL2| + "Ul - vQ')v

arctan(z? . 1
Take p(x,t) = (ltT(t)"’t) and ¢(t) = §. Sincesup (o 1) fo P*(x,t)dt <1, then
by applying the result obtained in Theorem 4 and 5, we deduce that the equation
4.2 has a stable unique solution in Banach space C[0,1].

Example 8. Consider the following linear Volterra integral equation

u(z) = f(z)+ )\/:(x — &) u(t)dt

I~
—~
8
~
Il

glx)+ A /OI(:E — )" %o (t)dt (4.3)
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where [A| <1 and 0 < o < 1. Then
|F(z,t,u1,v1) — F(x,t, ug,va)|
[(x — )7 AMug +v1) — (2 — ) "*A(uz + v2)]
= (@ =) Mur — uz| +[(z — 1) AlJvr — 02
|(z = O Ajur — ua| + [v1 = v2])

x arctan(z?

+| cos(vy) — cos(va)])
rarctan(z?t) \ 1
<| (14 zt)? |> 9
Take p(z,t) = (x—1)"* and $(t) = A\t. Since sup,¢o 1] fol p?(z,t)dt < 1, then
by applying the result obtained in Theorem 4 and 5, we deduce that the equation
4.2 has a stable unique solution in Banach space C|0,1].

IN

IN

(Jur — uz| + v1 — v2l),
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