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Abstract

Our intention of this paper is to prove the existence, uniqueness and stability of solution for some
nonlinear functional-integral equations by using generalized tripled Lipschitz condition. We also
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, non-linear and single kernel.
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1. Introduction and preliminaries

Let us consider the following non homogeneous nonlinear Volterra integral equation,

u(x) = fi(x)+¢ </ﬂx F(x, t,u(t),v(t),w(t))dt) = T(u,v,w),
v(x) = fo(x)+ ¢ </:F(x, t,v(t),u(t),v(t))dt> = T(v,u,v) (1)
w(x) = fa(x)+ ¢ (/:P(x, t,w(t),v(t),u(t))dt> =T(w,v,u)

where, x,t € [ = [a,b], —00 < a < b < o and ¢ is a bounded linear mapping 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.

In this study, we will use the iterative method to prove that equation 1 has the mentioned cases under
some appropriate conditions. On the other hand, in this paper, we prove the Hyers-Ulam stability
(HUs) theorem of 1 under generalized tripled Lipschitz condition on F.

We say a functional equation is stable if for every approximate solution there exists an exact solution
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near it. In 1940, answering a problem of Ulam [23] affirmatively, 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

[fle+y) = flx) = fy)l <e,

x,y € S for some nonegative €. Then there exists an additive function & : S — R that

[h(x) = f(x)[ <,

holds. Ever since, the stability problems of functional equations have been extensively investigated by
several mathematicians. Example of some recent developments, 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. We assume that f : [4,b] — R

is continuous and F is a mapping in the domain
D={(x,tu):x,t€[ab],ucX}.
Throughout this article, we consider the complete metric space (X, d), which is define as

d(f,g) = max f(x) —g(x)],

for all f,¢ € 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 exists M > 0 such that ||¢(x)|| <
M]||x||; for all x € X. In this case, we define ||¢|| = sup { Lol #0,x € X} This ¢ is bounded iff

B3I

]l < eo.
Note: As ¢ is bounded linear mapping on X, then ¢(x) = Ax where A does not depend on x € X.

Definition 1.1. We say that equation (1) has the HUs if there exists a constant K > 0 with the following

property; for every € > 0, (y1,y2,y3) € X3, if

yi(x) = fi(x) — ¢ (/ F(x, £, u (t),w(t))dt) <e,
1a2(x) — fo(x) — @ (/ F(x,t, 0 (t),v(t))dt) <e
y3(x) — fo(x) — ¢ (/ F(x, ¢, w( (t),u(t))dt> <e
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then there exists some (u,v,w) € X° satisfying

X

u(x) =f1(X)+(P<
o() =fz(x)+¢<
w(x) =f3(X)+<P<

F(x, t,u(t),v(t),w(t))dt) ,
F(x, t,v(t),u(t),v(t))dt> ,
F(x,t,w(t),o(t), u(t))dt)

X

X

— T

such that
|u(x) —y1(x)| < Ke,

[0(x) = y2(x)] < Ke,
[w(x) — y3(x)| < Ke.
We call such K a HUs constant for equation (1).

Definition 1.2 ([6]). Let & denote the class of those functions B : [0,00) — [0,1) which satisfies the condition
B(ty) — 1 implies t, — 0.
Definition 1.3 ([6]). Let B denote the class of those functions ¢ : [0,00) — [0, c0) which satisfies the following
condition :
(i). ¢ is increasing,
(ii). foreach x >0, ¢(x) < x,
(iii). B(x) =2 e, x #£0.

For example, ¢(t) = put, where 0 < u < 1, ¢(t) = 75 and ¢(t) = log(1 +t) 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

lin X

Theorem 2.1. Consider the integral equation 1 such that
(i). F:DxDxD — Rand f: [a,b] — R are continuous.
(ii). ¢ : X — X is bounded linear transformation.

(iii). There exists an integrable function p : [a,b] x [a,b] — R and ¢ € R such that

|F(x,t,u1,01,w1) — |F(x,t,up, 03, w2)| < p(x, t)p(max{|u; — uz|, |v1 — v2|, w1 — wal}), (2)
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for each x,t € [a,b] and (u1,v1,w1), (12,02, wp) € X5.

. b
(i) SUpeio Jo 1* (% ) < oty

Then the integral equation 1 has an unique tripled fixed point (u,v,w) € X°.

Note: We define 2 as a generalized Lipschitz condition.

Proof. Consider the iterative scheme

Up1(x) = fi(x) + ¢ (/axF(x, t, un(t),vn(t),wn(t))dt> = T(up, vn, wy),
Dt (1) = Folx) + ¢ ( [ F, vn<t>,un<t>,vn<t>>dt)
wns1(0) = )+ ([ PGt (0),00(0), ()

T(vn, Un, 0y), 3)

T (wy, On, tin)
where, (1, v, wy) € X% is an arbitrary initial guess. So

|un+1 (X) — Uy (x)’ = |T(un/ On, wn) - T(un—ll On—-1, wn—1)|

< ‘go </axp(x, : un(t),vn(t),wn(t))dt> _ g (/:F(x, : un_l(t),vn_l(t),wn_l(t))dt> ‘
< ‘q) < / (E(x, b un (), 0n (£), wn (£)) — F(x, t,un_l(t),vn_l(t),wn_l(t)))dt> '

X(F(x, b (), v,(8), wn(t)) — F(x, b, tp—1(t), v—1 (), wy—1(t))dt]

IA
s
xa\

< gl [ Gty un(6) (6, 0(6) ~ F G 02 (6,201 (0) 001 (1))

< gl [ PGt (1), o0 0, 0a(8)) — F bt 1(6) 00 (8) w1 (8)))e

< gl [ p Op(ma s (x) — -1 (0) fon(x) — o1 ()], () — w2 (x) 1)t
< gl [ pGe p(lien(x) = 1wy (x)

< loll ([ <xt>dt)2(f|¢<\un<x> i >|>dt)2 @

Similarly we have

2

ol ([ e} ([ gtlouce) a2 e ®

IN

|Ont1(x) — v (x)]

and

IN

Wy y1(x) — wy(x)|

loll ([ #tar) ([ ioan) - wacapaa) @

As the function ¢ is increasing then

¢([un(x) = un1(x)]) < P(d(utn, tn-1)),
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¢([on(x) = 001 (x)]) < P(d(vn,vn-1)),
¢([wn(x) —wy1(x)]) < ¢(d(wn, wn-1)),

S0, we obtain

b b
Py, ) < ||<o||2(sup / p%x»)dt) ([ g2t mar)
x€lab] 74 a
< (0 1)), @)
b b
Poyo) < ||<p||2(sup / p2<x,t>dt> ([ o aton,ou0i)
x€la,b] 74 a
S (Pz(d(vnrvn—l) (8)

and

A (wpq,w,) < | o] g e
wvwn) < gl sup [ pCe bt ) ([ g2 w,))dt
x€Ela,b] 74 a
S (Pz(d(wn/wn—l))- (9)

By (7), (8) and (9) we have

IN

P(d(ttn, un-1)) + ¢(d(0n, 0n-1)) + P(d(wn, wy-1))

¢(d(un, up—1) + d(vn, vu—1) + d(wy, wy 1))
¢(d(un, un—1) + d(0n,0n-1) + d(wy, wn-1))
d(up, uy—1) +d(vn, vy-1) + d(wy,, w,—1)

(d(un, up—1) +d(vn,v4—1) + d(wy, wy_1))

d(tps1,un) + d(Vns1,00) + d(Wyi1, Wn)

IN

= B(d(up, ty—1) +d(vn,vy—1) + d(Wn, wy—1))(d(Un, Uy_1)

+ d(vn,vp-1) +d(wn, wy—1)) (10)

and so the sequence {d(uy,11, tn) + d(vy11,0n) + d(wWy1, wy) } is decreasing and bounded. Thus there
exists r > 0 such that

I}i_l;l;lo[d(un—&-lr un) + d(vn+1z Un) + d<wn+1/ wn)] =T

Assume r > 0. Then from (10) we have

A(ttps1, Un) + d(Vns1,0n) + d(wyi1, wy)

(i, 1ty 1) £ A(0, 0 1) & A (0, Wn) < B(d(up, tty—1) + d(vy, vy—1) + d(wn, wy—1)) (11)

wheren =1,2,3,.... Then (11) yields

lim B(d(upi1, un) + d(Vn41,0n) + d(wyi1, wy)) = 1.

n—oo
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Then B ¢ 4 and this contradiction. So r = 0 and then

lim (d(upy1, un) + d(Vns1,00) + d(wyi1, wn)) = 0.

n—o0

Next we show that {u,}, {v,} and {w,} are Cauchy sequence. On the contrary, assume that

lim (sup(d(un, um) + d(vy, vp) + d(wn, wy))) > 0. (12)

n,1m—00
By the triangle inequality and relation (10) we have
d(un, um) +d(Vn, 0m) + d(Wn, W) < d(Un, Ups1) +d(On, Vps1) + d(Wn, Wpi1) + d (U1, Ums1)

+d(vn+1/ Um+1) + d(wn+1/ wm+1) + d(uerlz um)

+d (g1, 0m) + d(Whii1, wm)

IN

d(”n/ un—i—l) + d(vn/ Un+1) + d(wn/ wn+1) + d(um+1, um)
+d(vm+1/ Um) + d(wm+1/ wm) + (ﬁ(d(un/ um) + d(vn/ vm)

+d(wy, wm)))[d(Un, thy) + d(Vn, Om) + d(Wy, W)

hence

[d(tn, ) + d(Vn, 0m) + d(Wy, W) — (B(d(thn, tm) + d(Vn, V) + d(wy, Wh)))

[d(un, ) + d(vn, vp) + d(Wn, Wi )]
< d(un, tin1) +d(0n, Vpi1) +d(wn, Wy i1)
+ d(Ums1, Um) + A(Oms1, 0m) + A(Wpg1, W)

A(ttn, ) + d(0n, V) + d(Wn, W) — (1 — B(d (i, ) + A(Vn, Om) + d(Wn, Wir)))
< d(up, ups1) +d(vn, v541) + d(Wy, Wyt1) + (U1, tm)
+ d(Vp1,0m) + d(Wyt1, W)

A1y, i) + (0, 0) + d(Wn, wy) < (1 — B(d(ty, i) + d (00, 0p) + d(Wn, wy)))
[d(un, tns1) +d(0n, Ony1) + d(Wn, Wni1)

+ d(“m—H/ um) + d<vm+1/ vm) + d<wm+1/ wm)]

Since

limsup[d(un, um) + d(vn, V) + d(wn, wy)] > 0

n,1m—00
and

111’1’1 [d(un, um) + d(vnl Uﬂ’l) + d(wn’ wm)] = O

n,m—o0
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then

lim sup((1 — B(d(un, um + d(vn, om) + d(wy, wy)) ") = 400,

n,m—o0

from which we obtain

lim  sup(B(d(un, um) + d(Vn, Um) + d(wy, wy))) = 1.

n,m—oo

But since g € J, we get

n,m—o0

This contradiction (12) and shows {u,}, {v,} and {w,} are Cauchy sequence in X. Since (X, d) is a

complete metric space, then there exists (1,0, w) € X> such that

lim (1, vy, wy) = (4,0, w.
n—oo

Now by taking the limit of both sides of (3), we have

w o= lim o (x) = lim <f1(x) " ( / “Fla un(t),vn(t),wn(t))dt>>

= )+ @ / F(x,t, hm un( ),}}i_{]folovn(t),r}i_r%lown(t))da

(
= —|—(p</Fxtu )w(t))dt)
0 = fim o1 = fim (o) + o ([P0, 1000, 00001 )

F(x,t, lim v,(t), lim u,(t), li_r)n vn(t))dt>

= p o ([ Ft o), o
= fAx)+e < | F, t,v(t),u(t),v(t))dt> |
and
w = Jimw,a(6) = fim (/049 ([ FG (0,000, m(0)et) )
— )+ o ([ PG, i (0), lim (0, Jm (1))t
= i)+ o ([ Fx 0,000, u(0))
So, there exists an unique solution (,v,w) € X°® such that T(wo,w) = 1,

T(v,u,v) =v and T(w,v,u) = w. O
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3. Stability of Nonlinear Integral Equation

Theorem 3.1. The equation T(x,y,z) = x, T(y,x,y) = y and T(z,y,x) = z where T is defined by 1 under
the assumption of Theorem 2.1, has the Hyers-Ulam stability that is for every (a, B,y) € X> and € > 0 with

d(T(a,B,7),a) <e
d(T(B,a,B),B)
d(T(v,B,a),7) <

| /\

there exists an unique solution (u,v,w) € X2 such that T(u,v,w) = u, T(v,u,v) =v, T(w,o,u)=w

and

d(a,u) < Ke
d(B,v) < Ke
d(y,w) < Ke

for some K > 0.

Proof. By relation 4, 5 and 6 we can write

’un—&-l (x) — Un (x)’ = |T(un/ On, wn) - T(un—lr On—1, wn—l)‘

IN

‘\(p( F(x, t,un(t), vn(t), w,(t ))dt) ® </xF(x t, un_l(t),vn_l(t),wn_l(t))dt>‘

)~ 100] < ol (o) ([ o) e sCopar)’

Hence

[uny1(x) —un(x)] <

1
2
[ ) - un1<t1>y2dn>

G

< b—a) //tllun (t2) — U 1(tz)!dt2dt1>
: ( b—a)? //tl/t2|”” (t3) = ttn— 2(t3)|dt3dt2dt1>

(@

(=

(=

Nl—=

tl ta n—1
b—a) / / / / |un(t3) — tn—a(t3) [Pty . dt3dt2dt1>
tl tz n— 1
d2 T (w0, vo, wo), to / / / / dt3dt2dt1>

x—a)

Nl—=

IN

IN

d2(T(u0, Uo,ZU()) 0)>
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d(T (uo,vo, wo), o)
COLEE
Similarly we have
’Un-i-l (x) —vn (x)’ = |T(vn/ Un, V) — T(Vp_1, U1, Un—l)‘

IN

‘go </HXF(x, t, vn(t),un(t),vn(t))dt> —¢ </axF(x, t, vn_l(t),un_l(t),vn_l(t))dt> '

|Un+1 (x) — Un (x)|

< ol () ([ o —ous o)

Hence

IN

|On11(x) = vn(x))]

1
—(1 / ‘Un t] — Uy 1<t1)| dt1>
fy
b—a)? // |on(t2) — v 1(t2)|dt2dt1>
H tz
b—a)l / / / n(t3) — vna(t3)] dthfzdh)

b tr n—1 %

a) / / / / |on(t3) = vn- 2<t3)| dty .. dt3dt2dt1>
1

2 t 5] n— 1 2
d T (vo, o, vo), Vo / / / / dt3dt2dt1>

x—a)

IN

IN

d*(T (o, uo, vo), Uo))

T(vo, uo, vo) vo)

(s
(5
(s

(s
(
(e

(nt)?
and
[Wni1(x) —wn(x)| = [T(wn, vn,1n) — T(Wn—1,0p-1, Un-1)|
< ’4) ( / "Fxt, wn(t),vn(t),un(t))dt> _g ( / ", t,wnl(t),vnl(t),un1(t))dt> ’
[Wn1(x) — wn(x)] 1
< ol (o) ([ o s o)
Hence

v~ wa ) < (o [ () = wna()Pn )

- <(b_1“)2 /ax /atl |wn(£2) — w1 (t2) lzdtzdﬂ) |
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t tz
a / / wn t3 — Wy — 2(t3)| dt3dt2dt1>

f1 rh n—1
(Z / / / / \wn t3 — Wy— 2(1‘3)’ dtn
t ot thq
d2 T (wo, vo, Uo), Uo /// /

x—a)

IN

d*(T (wo, vo, uo), “0))

(wo, o, Mo) uo)

(n!)?

(w5
(o
(>
e

Let («,B,7) € X® and

In the previous section, we proved that

u(t) = lim T"(a(t), B(t), 7(t))

o(t) = lim T"(B(t),a(t), B(1))
w(t) = lim T (y(), (1), a (1))

dt3dt2dt1>

f
.. dt3dt2dt1>

are an exact solution of the equation T(x,y,z) = x, T(y,x,y) = y and T(z,y,x) = z. Clearly there
is N with d(TN(a,B,v),u) < €, d(TN(B,a,B),v) < € and d(TN(v,B,a),z) < €, because TV (a, B, 7)

is uniformly convergent to u, TN(B,a, B) is uniformly convergent to v and TN(7, B, «) is uniformly

convergent to w as n — co. Without loss of generality, for sufficiently large odd number N, we have

d(a,u)

IN

A, T (@, B,7)) +d(TN (@, B,7), u)
(e, T(w, B, 7)) + )
oo ATV (@ B), T, B,0) + A(TN (@, ), )
dmjmﬂﬁw+dMT?ﬁ7D+dw€aﬁvD

(
)2 2!)2
d(lxl T(“;ﬁ,'}’)) d TN o u
e T

1 1 1

IN

IN

IN

IN

(frors g} { () + () ++ (o

T(a, B,7), T*(a, B,7)) + d(T*(a, ,7), T (2, B, 7))
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and

(7, w)

IN

IN

IN

IN

IN

IN

IN

IN

IN

IN

IN

VAN

IN

IN

VAN

S R ST I i L R R
2 22 " 23 N
1 1 1 1
+ ﬁ+ﬁ+ﬁ++ N2 +€

A B A
272278 PN 27" PNt

11
(2 - 2Nz3> =K
d(B, TN (B, o, B)) +d(TN (B, B),v)
d(B, T(B, &, B)) +d(T(B, o, B), T*(B, &, B)) + d(T*(B, o, B), T*(B, 2, B))

4o+ d(TNYB,a, B), TN(B,a, B)) + d(TN (B, a, B),0)
46, T (60, p)) + (B T(B2P)) | d(BT(Pwp))

(11)2 (2!)2
d(B, T(B, e, B)) N
(=D +d(T™ (B, a,B),0)
1 1 L
d(B, T(B,a,B)) ( ant @i ((N—l)')i) e

d(y, TN (v, B, ) + d(TN (v, B, a), w)
d(y, T(v, B, &) +d(T (v, B,a), T*(7, B,a)) +d(T*(v, B, ), T>(7, B, )
+- d(TN_l('Y/ ﬁ/“)/ TN(’Y/ ﬁ/‘x)) + d(TN(’)/, ﬁ/‘x)/w)
oA T B ) | d(y, T(v, B )
d(y, T(v,B,a)) + an! + o)}
LAty

T(’)’,,B,Dé)) d TN o) u
N ogr AN B

Nl—=

1 1 1
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11 1\2 /1\: 1 \:
S € {1+1+2+\/8}+ (24 +<25> + +(2N—1> + €
< el MVt
= 2 ) =

7
< €|5z+
- (2 { 2 272
< € ’ +<1-— ! +e€
11 1

= _— = K ,

< 2 2% > )

which complete the proof. ]

4. Examples

In this section we present some example of classical integral and functional equations which are
particular case of equation 1 and consequently, the existence, uniqueness and stability of there solutions

can be established using Theorem 2.1 and 3.1.

Example 4.1. Consider the following linear Volterra integral equation

8 x
u(x) = x5—x7—|—/0 (1—t—x) (u(t))dt,

9 x
o(x) = xé_%+/ (1—t—x)2(o(t))2dt, (13)

0

7 xlo x 3 3

w(x) = «x BECE (1—t—x)°(w(t))’dt, x,tel0,1]. (14)

0

We have
|F(x,t,u1,01,w1) — F(x,t,uz, 03, w2)| = |(t—x)(u1 +01 +wi) — (t = x)(u2 + 02 + w2)|

(¢ = 2)[(Jur — 2| + [01 — 02| + w1 — w2])

F—x
- (‘ - ‘)<y<|u1—uz|+|v1—vz|+|w1—wz|>>,

where % < u < 1. Now we put p(x,t) = t’TX and ¢(t) = put. Because

1 1
2
sup / p(x, t)dt = <1,
xe[0,1] /0 6p?

then by applying the result obtained in Theorem 2.1 and 3.1, we deduce that the equation 13 has a stable unique

solution in Banach space C[0,1].
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Example 4.2. Consider the following linear Volterra integral equation

u(x) = 11—05 <1+x> 9/ arclttj—nﬂ sin(u(t))dt
o(x) = 110c0s<1+x> 9/ aritinxt cos(u(t))dt
w(x) = 210sm< ) 18/ aritj_nﬁ sin2(u(t))dt. (15)

We take

x arctan (x*t)
9 (1+xt)?
1 x arctan(x?t)

x arctan(x?t)

9 (T U@

|F(x,t,u1, 01, w1) F(x,t,up, vp,wp)| = (ug + v2 + wy)

|cos(v1) — cos(vy)]

1 x arctan(x2t
‘ xaretan(h) |in ) — sin(us)] +

5 (1t 9 dtxt?
1 xarctan(x?t) .
EW ’Sln(w1 - ZUQ)’
xarctan(x?t) [\ 1
S < W ) 18 <2‘ Sln(u:[) - Sln(uz)’

+2| cos(v1) — cos(v2)| 4 | sin(wq — wy) cos(w+)

xarctan(x2t) [\ 1
< (P ]) gt = el + or = val + n = wa),
Take p(x,t) = ar(clti;(t and (t) = {g. Since sup o] fo (x,t)dt < 1, then by applying the result obtained

in Theorem 2.1 and 3.1, we deduce that the equation 15 has a stable unique solution in Banach space C[0,1].

Example 4.3. Consider the following linear Volterra integral equation

(x) :_ﬂm+AA?x—w“wwm
o(x) = g@+AAQx—aamﬂm
w(x) = @+Aﬁﬂx—owwmﬁ (16)

where |A| < 1and 0 < a < . Then

|F(x,t,u1,v1,w1) F(x,t,up,v3,wp)| = |(x =) “Aug +v1 +wq) — (x — ) *A(up + v + wy)|

= [(x—=t)"*A|ug —ua| + [(x — ) Aoy — va| + | (x — ) "*Awy — wy|
< (e =BT AMJur — ua| + |01 — v2| + w1 — w2l)
xarctan(x?t) [\ 1
< — — _
N ( (1+ xt)2 ) 1g (2lsin(u1) —sin(u2)[ + 2| cos(v1) — cos(v2)]
+|sin2(uy) —sin2(uy)|)

xarctan(x?t) [\ 1
< _ 7 - _
= <<uﬁw )wmm | +2[o1 = 0] + [wr — w2l),
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1
Take p(x,t) = (x — t) " and ¢(t) = At. Since sup [ p*(x,t)dt <1, then by applying the result obtained in
x€[0,1] 0
Theorem 2.1 and 3.1, we deduce that the equation 15 has a stable unique solution in Banach space C[0,1].
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