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1. Introduction

he differential and integral equations with deviating arguments usually involve the deviation of the
T argument only the time itself, however, another case, in which the deviating arguments depend on
both the state variable x and the time f is important in theory and practice. This kind of equations is
called self-reference or state dependent equations. Differential equations with state-dependent delays attract
interests of specialists since they widely arise from application models, such as two-body problem of classical
electrodynamics also have may applications in the class of problems that have past memories, for example
in hereditary phenomena see [1-4]. For papers studying such kind of equations, see for example [5-16] and
references therein.
One of the first papers studying this class of equations was introduced by Buicd [7], the author proved the
existence and the uniqueness of the solution of the initial value problem

dx(t)
o = flex(x(®), telab],
x(0) = x,

where f € C([a,b] x [a,]]) and satisfied Lipshitz condition.
EL-Sayed and Ebead [13] relaxed the assumptions of Buicéd and generalized their results, they studied the
functional integral equation of the more general form

x(t) = f(t, /Otg(s,x(x(s)))ds), telo,T],

where g satisfies Carathéodory condition.
El-Sayed and Ahmed [9] studied the existence of solutions and its continuous dependence of the initial
value problem

0
() = f(t,x(/j (s, x(s))ds)), ae. te(0,T],

x(0) = x,
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where g : [0, T] x R — R™ is continuous and g(t, x(¢)) < 1and ¢(t) < t.
El-Sayed and Ebead [11,12] studied the existence of solution and its continuous dependence of the initial
value problem of the delay-refereed differential equation

930 = fx(ztx1), ae te©T],

x(0) = xo,
with the two cases of state-delay functions

(i) g¢:[0,T] x R — [0, T] is continuous and g(t, x(t)) < t,
(i) g:[0,T] x [0, T] — [0, T] is continuous and g(t, x(¢(t))) < x(¢(t)).

Here we shall study the initial value problem of state-dependent neutral functional differential equation
with two state-delay functions

% [x(t) = it x(&1(t, (x(9()))))] = fa(t, x(g2(t, x(¢(1))))), ae.t €]0,T], 1)

with the initial data
x(0) = f1(0,x(81(0,x(0)))), 2

where g;, i =1, 2 are continuous and g3 (¢, x) < ¢(t) and g3 (¢, x) < x(t).

Our aim in this work is to study the existence of at least one and exactly one positive solution of the
Problem (1)-(2). The continuous dependence of the unique solution on the two functions g; and g, will be
proved. To illustrate our results some examples will be given.

In order to achieve our goal, we study the existence of positive solutions x € C[0;T] for the
state-dependent functional integral equation

() = Al EeON) + [ sl te ) ®

and we will show later that this integral equation is equivalent to the initial value Problem (1)-(2).

2. Existence of solutions

Here we study the existence of solutions x € C[0, T] for the integral Equation (3) under the following
assumptions

(1) f1:[0,T] x [0,T] — R™ is continuous and there exist two positive constants ky and k such that

If1(t2, x) = fi(t, )| < kilt2 — 1] + k2|x — y|.

(2) g1:[0,T] x [0, T] — [0, T] is continuous and there exist the two positive constants k3, k4 such that
181(f2, %) = g1(t1, y)| < kaltz — ta] + ka|x — y|

and g1(t,x) < ¢(t).

(3) f2:10,T] x [0,T] — R" satisfies Carathéodory condition i.e. f(t, x) is measurable in t for all x € C[0, T]
and continuous in x for almost all t € [0, T.

(4) There exists a bounded measurable function m : [0, T| — R™, m(t) < A, and a constant ks > 0 such that

fa(t,x) < m(t) + ks x.

(5) §2:[0,T] x [0, T] — [0, T] is continuous and g (¢, x) < x
©6) ¢:[0,T] — [0,T], $(0) = 0 and
() —¢p(s)| < [t =],

which implies that ¢(¢) < t.
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(7) There exists a real positive solution L € (0,1) of the equation
ky kyL? 4 (ky k3 — 1)L + M 4 k; = 0,

where M = A + ksT.
8) LT+ x(0) <T.

Now we are in a position to prove the following existence theorem.

Theorem 1. Let the assumptions (1) — (8) be satisfied, then the state-dependent integral Equation (3) has at least one
positive solution x € C[0, T].

Proof. Let X = CJ0, T| be the class of real valued continuous functions defined on [0, T|. Define the subset S|
of X by
Sp={xeX:|x(tp) —x(t1)] < L|ta — t1]}.

It is clear that Sy is nonempty, closed, bounded and convex subset of C[0, T].
Now define the operator F associated with Equation (3) by

Fx(t) = il x(@ (6 x@0)) + [ fo(sx(g2(sx(@E))ds, € 0.T]
It is clear that F makes sense and well-defined.

Now, first we prove that the class of functions { Fx} is uniformly bounded on the set Sy. Let x € X, then
for t € [0, T], we obtain

[Fx(t)] = |f1(tIX(g1(ffX(¢(t)))))+/Ot fa(s,x(82(s, x(¢(5)))) ) ds|
f(t x(g1(t,x(9(1)))))| + '/; |f2(s,x(g2(s, 2(¢(5)))) ) |ds.

IN

Using assumptions (1),(2) and (6) we can get

|1 (t x(g1(t x(9(1))))) — f1(0,x(81(0,x(0))))| + |f1(0,x(g1(0,x(0))))]

ki T +ka |x(g1(t, x(¢(t)))) — x(81(0,x(0)))| + 1 £1(0, x(g1(0,%(0))))|

k1 T+ky Lg1(t, x(¢(t))) — g1(0,x(0))[ + x(0)

k1 T+ky L (ks T+ ka|x(¢(t)) — x(0)]) + x(0)

ki T+ko L (k3 T+ k4 L ¢(t)) + x(0)

(ki + kp k3 L + kokg L?) T + x(0). 4)

it x(81(t x(9(1))))) ]

(VAN VAN VAN VANRN VAN

Using assumptions (3) and (4) we can get

|f2(t x(g2(s, x(9(£))))) | ks x(g2(s, x((t))))
ks {|x(82(s, x((t))
S(L gZ(S/x( t ))

(

n
) = x(0)[ +x(0)} + m(t)
(1)) +x
ks(L x((t)) + x

(0 ))+A
0)) + ®)

IANIA AN IA

Now from (4) and (5) and by assumption (8), we get
t
|Fx(t)| < (k1 + ko k3 L 4 koky L2) T+ X(O) +/0 (k5(L x(qb(s)) + X(O)) + A)dS
t
< (ky +kaks L+ kaky 12) T + x(0) +/0 (ks(L T+ x(0)) + A)ds

t
< (k1+k2k3L+k2k4L2)T+x(0)+(k5T+A)/ ds
0
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< (kg +ko k3 L+ kokg L2 4+ M) T + x(0)
LT+x(0)<T.
This proves that the class of functions { Fx } is uniformly bounded on the set S;.

Next, we prove that F : S; — Sy and the class of functions {Fx} is equi-continuous on the set S;. Let
x € Sp and £y, t, € [0, T] with t; < 5 such that |5, —f1| < J, then

|Fx(ty) — Fx(t1)] = |fi(t2, x(g1(t2, x(¢(£2))))) + otZ f2(s,x(g2(s,x(¢(s)))) ) ds

5]

—filtu (g1t x(9(0)))) = |1 fa(s x(82(s x(¢(5)))))ds

< VAalta (a2 x(0()) = i (b x(5a (01,60 |+ [ (s x(galo x(0(5) s

IN

kilta — t1] + ka|x(g1(t2, x(¢(t2)))) — x(g1(t1, x(9(t1))))| + /ttz(k5 T+ A)ds
< kalty = | +kalx(g1(t2, x(¢(t2)))) — x(g1(t1, x(p(t1))))| + Mt2 — 1.

Using assumptions (2) and x € S, we can get

Lig1(t2, x(¢(t2)))) — &1 (t1, x(¢p(t1))))]

L k3|t — t1| + L ka|x(¢(t2))) — x(¢(t1)))]
Lkslty — t1] + Lka|@(t2) — p(t1)]

Lks|ty — t1] + L2ky |tp — 1]

(g1 (2, x(P(t2)))) — x(g1 (t1, x(¢(t1))))|

VAR VAN VAN VAN

Then, we have

[Fx(t2) = Fx(t1)]

IN

kilty — t1| + ko (L k3|t — t1] + L2ky |to — t1]) + M|ty — 1]
= (k2k4L2+k2k3L+k1+M)|t2—l‘1|
L|t2—f1|.

Hence, we proved that F : S — S; and the class of functions {Fx} is equi-continuous on the
set S;. Applying Arzela-Ascoli Theorem [17], we deduce that F is compact operator. Now we show that
F is continuous. Let {x,} C Sp, x, — x on [0,T], ie. |xu(¢(t)) — x(¢(t))] < e this implies that
|2 (gi (5, x(p(t)))) — x(gi(t, x(¢(t))))| < € for arbitrary €1, > 0, i =1, 2, then

[xn (i (£, xn(@(£)))) — x(&i(t, x(¢(£))))]
< [on (8i(t xn(9(8))) — xn (i (L, x(¢(8))))] + |xn (i (E, x((£)))) — x(gi(t,
< LIgi(t xn(¢(1))) — gi(t, x(¢(£)))| + [xn(gi(£, x(¢(1)))) — x(gi(t, x(9(£))
<e i=1,2.

x(¢(£))))]
)

Then
X (8i(t, xn (@(£)))) — x(8i(t, x(@(£)))) in Sp, =1, 2
and by using the continuity of the functions f;, we obtain

fi(t xn(gi(txa(@())))) — At x(g1(tx(p(1)))))-

Now by using the continuity of the functions f,, assumption (5) and Lebesgues dominated convergence
theorem [17], we obtain

[ Rl ne®Mas = [ (g o),
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and

lim (Fx,)(t) = %gg;ja(t,xn(gl(t,xn(¢(t))))).+7y£2)/£ff§(t,xn(gz(t,xn(¢(t)))))ds

= Al @) + [ faltx(galt 10()ds
= (Fx)(b).

This proves that the operator F is continuous.

Now all conditions of Schauder fixed point theorem [17] are satisfied, then the operator F has at least one
fixed point x € S;. Consequently there exists at leat one solution x € C[0, T| of Equation (3). This completes
the proof. O

Now, we introduce the following equivalence theorem.

Theorem 2. Let the assumptions (1)-(8) be satisfied, then the initial value Problem (1)-(2) has at least one positive
solution x € C[0, T).

Proof. Let x be a solution of the Problem (1)-(2). Integrate (1) and substitute by (2), we obtain the integral
Equation (3). Let x be a solution of (3) differentiate (3) we obtain (1) and the initial value (2). This proves the
equivalence between the Problem (1)-(2) and the integral Equation (3). Then the Problem (1)-(2) has at least
one positive solution x € C[0, T]. O

3. Applications
As application of our results, we introduce the following corollaries;
Corollary 1. Let the assumptions (1) — (8) of Theorem 2 be satisfied, if

(i) g1(t,x(¢(t))) = f‘P (s))ds, g¢3:[0,1] x [0,1] — R is continuous and g3(t, x(t)) < 1,
(i) g(t, ( )) = x(t).

Then the initial value problem

(t)
;t [x(t) — fi(t, x(/qjt g3(s,x(s))ds))| = fo(t, x(x(¢p(t)))), ae. te(0,1],

x(0) = f1(0,x(0))
has at least one positive solution x € C[0, T}.

Corollary 2. Let the assumptions of Theorem 1 be satisfied with g1(t, x(¢(t))) = ¢(t) and go(t, x(¢(t))) = x(¢p(t)).
Then the integral equation

K(0) = Filtx(@(0) + [ fols,x(o(o))ds, 1€ [0,T]

has at least one solution x € C[0, T]. Consequently the initial value problem

% [x(t) = fu(t, x(¢(1))] = fo(t, x(x(¢(t)))), ae. t€[0,T]

with the initial data x(0) = f1(0, x(0)) has at least one positive solution x € C[0, T|.

Corollary 3. Let the assumptions of Corollary 2 be satisfied with fy(t,x) = t, then the initial value problem

dy;(tt) = f(t, (x(x(¢())))) ae, te€(0,T],

x(0) = 0
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has at least one positive solution x € C[0, T| where f(t,x) = fo(t,x) +1

4. Uniqueness of the solution

In this section, we prove the uniqueness of the solution for the Problem (1)-(2). Therefore, we have to
assume the following assumptions

@) 1faltx) = falt, )| < ks |x =],
@) sup,|f2(t,0)| < A, te[0,T],

(3') [g2(t, x) — &2(t, y)| < kelx —y|.

Theorem 3. Let the assumptions (1)—(3), (5)—(8) and (1')—(3') be satisfied, ifkp (Lky+ 1)+ ks T (Lke+1) < 1, then
the initial value Problem (1)-(2) has a unique positive solution x € C|[0, T].

Proof. Assumption (4) of Theorem 1 can be deduced from assumptions (1') and (2’) as follows

ks |x| + [f2(t,0)]
k5 x+ A,

| fa(t, x)|

<
<

then we deduce that all assumptions of Theorem 1 are satisfied and the solution of Equation (3) exists. Now
let x, y be two solutions of (3), then

)~y = [Alx(E@l @O + [ folsx(salsx(@(:)ds

ity y@O)) ~ [ (s (s y(0(s))ds
[t (gt 20t >>>>> filt (&1 (6 y(@(1))]

+ [ 12051025, 5(06)) — ol y(82(5,y(0()) s
ko [x(g1 (1, x(6(1)))) — y(1 (£, y(@(1))

s [ x(ga(sx(9(9) ~ ylgals,y(9(9) s

IN

IN

But

) = y(&1(ty(¢(1))))]

= [x(g1(t, x(9(£)))) — x(g1(£,y(@(1)))) + x(81(£,y(¢(1)))) — y(&i (L y(@(£))))]
< Jx(g1(t x(9(1)))) — x(g1(y (@) + [x(81(£ y(9(1)))) — y(81(ty

< Lig1(t, x(¢(£))) — &1(t,y(¢(0)))] + |x(81 (£, y(¢(1)))) — y(g1(t, y(d ()

< Lk [lx =yl +[lx =yl

= (Lks+1)[lx =yl

[x(81(t x(¢(£)))
(

Similarly, we can obtain

[x(g2(t, x(¢(1)))) = y(g2(t, y(¢(£))))] < (L ke +1)[[x = yll-

Now
t
lx(t) —y(t)| < k (Lk4+1)|\x—y||+k5/O(Lk6+1)||x—y||ds,

and

lx=yll < (k2 (Lks+1)+ksT (Lke+1))]lx—yl.
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Then we deduce that
(1— (k2 (Lk4+1)+k5T(Lk6+1))> llx—y|| <0,

and from the assumptions (ko (L ks +1) +ks T (Lks+1)) <1 we can obtain x = y and the solution of (3) is
unique. Consequently, the initial value Problem (1)-(2) has a unique positive solution x € C[0,T]. O

5. Continuous dependence
5.1. Continuous dependence on the function g;
Here we prove that the solution of the Problem (1)-(2) depends continuously on the function g;.

Definition 1. The solution of the Problem (1)-(2) depends continuously on the function g1, if Ve > 0, 34(e) >
0 such that

g1 —gill <o =[x —x"|| <e

where x* is the unique solution of the equation

% [x*(t) = fu(t, (&7 (8 (2" (9(1))))))] = fo(t, 2" (g2(t, X7 (¢(1))))), ae. tE€[0,T], (6)

with the initial data

x*(0) = f1(0,x"(81(0, (x*(0)))))- )

Theorem 4. Let the assumptions of Theorem 3 be satisfied, then the solution of initial value Problem (1)-(2) depends
continuously on the function g;.

Proof. Let x and x* be the solution of the initial value Problems (1)-(2) and (6)-(7) respectively, then we have

[x() = x*(8)]

3 (6,251 (139 () + / ol x(2(s,x(9(:))ds

Al G @OM) + [ falsx (g2l 3 (95)) s
A& (9(0)) — (k5" (8 (4 (9(1)))
+ [ (s x(zas 10 >>>>> fals, %" (305, X" (§(5))))) s
(1)) = ** (i (5 (@)
s [ [x(galo,x(p(s >>>>) ¥ (82(5,%" (9(5)))) |ds

) )

ko [x(g1(t, x(¢(1))))) — x™(g1(t, 2™ (9(1))))

o 27 (g1(8 27 (9(1))))) — x™ (81 (12" (¢(1)))) | + ks T(L ke +1)[[x — x|
ko(L kg +1)[|x — x| + k2 L [g1(t, x™(9(2)))) — g1 (£, " (¢(2)))]

+ks T(L ke +1)[[x — x™|]

(ko (Lkg+1)+ks T(Lke+1))|lx —x*|| +ky L 6.

IN

IN

ko |x(g1(t, x(¢p

IN

—~

IN

IN

Then
ko L6

(1 — (kz (L kg + 1) + ks T(L ke + 1))
and by the assumption (ky (L ks + 1) + ks T(L k¢ + 1)) < 1, then the solution of (3) depends continuously on

the functions g1. Consequently the solution of the Problem (1)-(2) depends continuously on the functions g;
which complete the proof. [

lx =7 <

:e/
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5.2. Continuous dependence on the function g,

Here we prove that the solution of the Problem (1)-(2) depends continuously on the function g».

Definition 2. The solution of the Problem (1)-(2) depends continuously on the function g, if Ve > 0, 3(e) >
0 such that,

g2 = &2l <6 =[x —x*| <e,

where x* is the unique solution of the equation

% [x*(5) = At x" (81t (x"(¢(1))))))] = falt, x"(&3(t, x"(¢(t))))), ae, t€[0,T], ®)

with the initial data

x*(0) = f1(0,x"(31(0, (x*(0)))))- ©)

Theorem 5. Let the assumptions of Theorem 3 be satisfied, then the solution of initial value Problem (1)-(2) depends
continuously on the function g».

Proof. The proof follow similarly as the proof of Theorem 4. [

6. Examples

Example 1. Consider the following problem

d 1 1 Bt 1 et [x(Bt)e (Y
T x(t)_18<1+t2)_8x<1—0—x2(ﬁt))]_7—t+16x<1+sin2x([3t)> (10)

with the initial data
x(0) = —. 1)

g1t x(p(t)) = 1+x2(tﬁ 0’

g1(t,x) < Bt,

At x(gi(tx(¢(1))) = A +2) + éx(Hfz(tﬁ f)>’
fi(tx) = H(1+£)+ ix,

g2t x(p(t)) = B0

(tx) <x,

alt g2 0, 9(0) = 7+ 55 x (B0,

1land LT+ x(0) =062 < T =1.
Now all the assumptions of Theorem 1 are satisfied, then the Problem (10)-(11) has at least one solution
x € C[0, T].

Example 2. Consider the following problem

d 1 142 _ 2) gin2 (x(£2
i 1705 000 325y )| = s e 0 g (A ) @

with the initial data
x(0) = — (13)
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where t € (0, 1]. Here we have

o(t) =1,
81 (t x<¢(t))) = 1132 Zc(tQ)’
q1(tx) <t

)
tx(g(t x((t ))))) = 5(1+1) +if2x(1+3‘1‘zi(tz)>f
)

48 4 7
2 il’l2 2
$2(tx(p(1))) = « Lo,
p(Hx) <x,
2 in2 2
ol ¥t X09() = sy 230+ 1)+ (L),

fz(t x) = siysin?(3(t+1)) + 15 x. Thus, wehave ky = 5, ko = &, ks =, ky =2, ks = 5, A=1, M=
120, L~058 <1land LT+ x(0)~ 03139 < T = 3

Now all the assumptions of Theorem 1 are satisfied, then the Problem (12)-(13) has at least one solution
x € C[0, T].

7. Conclusion

Here we relaxed the assumptions and generalized the results in [8,11,14,18] and [1]. We proved the
existence of at lease one solution of the Problem (1)-(2). The sufficient condition for the uniqueness of the
solution have been given and the continuous dependence of the unique solution have been proved. Also some
examples and applications have been given.
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