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ON THE EXISTENCE OF SOLUTIONS TO SOME NONLINEAR
INTEGRODIFFERENTIAL EQUATIONS WITH DELAYS

I. K. PURNARAS

ABSTRACT. Existence of solutions to some nonlinear integral equations with
variable delays are obtained by the use of a fixed point theorem due to Dhage.
As applications of the main results, existence results to some initial value
problems concerning differential equations of higher order as well as integro-
differential equations are derived. The case of Lipschitz-type conditions is
also considered. Our results improve and generalize, in several ways, existence
results already appeared in the literature.

1. INTRODUCTION AND PRELIMINARIES

In the recent paper [5], Dhage and Karande considered the initial value problem

x(t t
(1.1) % {f(t,gn()t))} = fo g(t,z(s))ds, teJ
x(0) = xo,

where J = [0,7] for some positive number T, f : J x R — R — {0}, and g :
J x R — R, and established existence results under mixed generalized Lipschitz
and Caratheodory conditions. A similar problem concerning existence of solutions
to the initial value problem (i.v.p., for short)

2 x(t t
(1.2) j? {f(t,(z()t)):| = fo g(t,x(s))ds, teJ
xz(0) =z, «'(0) =a,

has been investigated by the authors in [7]. Both problems are studied by means
of fixed point theory (see [8]). For some existence results concenring initial value
problems for differential or integrodifferential equations where the derivative of the
function % is involved, the reader is refered to the papers [2-7].

Motivated by the work in [5] and [7], the purpose of this note is to generalize and
extend the results presented in these papers to an integral equatiion that includes
(1.1) and (1.2) (as special cases) meanwhile relaxing the assumptions posed on the
functions f and g in [5] and [7]. More precisely, we consider the following integral
equation

(1.3) a(t) = f (&, 2(t), 2(9(1))) [Q(t)+/0 H{(t, s)g(s, x(s), z(n(s)))ds| , teJ,
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where f and g are real-valued functions defined on J x R?, H(t,s) is a continuous
function on J x J, 9, n € C(J,J) with 6(t),n(t) € [0,t], for all t € J, and xq is a

real number. For our convenience, we set
fo =sup|f(t0,0)] and o =sup|Q(t)].
teJ teJ

By a solution of the integral equation (1.3) we mean a function z : J — R such
that the function H(¢,s)g(s,z(s),z(n(s))) is integrable on J with respect to s for
any t € J and satisfies (1.3) for all t € J. We note that, as the assumptions on the
delay 6 imply that 6(0) = 0, it immediately follows that for any solution z of the
integral equation (1.3) it will hold

(1.4) zo = f (0,20, 20) Q(0),

where zg = x(0). Let BM(J,R) and C(J,R) denote the space of real valued
bounded measurable functions on J and the space of continuous real valued func-
tions defined on J, respectively. Clearly, C'(J,R) equipped with the norm

lz =yl = supla(t) —y(®)l, 2,y € C(JR),
€

becomes a Banach space while (C(J,R),]-||) with the usual multiplication is a
Banach algebra. Whenever there is no case of misunderstanding we’ll use the same
symbol in denoting the usual max-norm of R", i.e.,

H(zla ,IZ?n) - (yla ,yn)H = maX{|:C1 - y1| PRXED) |£L'n - yn|} :

We seek solutions of the integral equation (1.3) that belong to the space C(J,R).
It is not difficult to see that the integral equation (1.3) includes not only the
problems (1.1) and (1.2) as special cases but, also, some i.v.p.’s concerning more
general equations. We deal with this matter in Section 3 where we apply our main
result to problems (1.2), (1.3) and to some more general problems, and in Section
4 where some discussion on this subject is cited.
In order to state our results, we need some definitions.

Definition. A function f:J x R™ — R s called k— Lipschitz if there exists a
function k € B(J,R) such that k(t) > 0 a.e. in I and

lf(t.z) - fEpI < k@) [z-7l, teJ
for all T,y € R™.

Definition: Let (X, ||.||) be a normed space. An operator T : X — X is called

(i) totally bounded if T maps bounded subsets of X into relatively compact
subsets of X.

(ii) completely continuous if T is totally bounded and continuous.

Definition. Let (X, ||-]|) be a normed space. A mapping T : X — X is called
(i) contraction on X if there exists a real constant « € (0,1) such that

IT(z) =T <allz -yl for any 2,y € X.
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(ii) nonlinear contraction with contraction function ¢ if there exists a continuous
unction ¢ : RT — RT such that
Ji

Tz —Ty|| <¢(lx—yll) forall z,y e X and ¢(r) <r for all r> 0.

The function ¢ is called a D—function for f on X with contraction function ¢.

(ili) D—Lipschitzian if there exists a continuous and nondecreasing function
¢ :RT — R™ such that

1Tz —Ty|l| < ¢ (|lx—yll) forall xz,y e X and ¢(0) = 0.

The function ¢ is called a D—function of f on X.

Clearly any Lipschitzian mapping is D—Lipschitzian and any nonlinear contrac-
tion is D—Lipschitzian but the converses may not hold (See [1]).

Our results are based on the following theorem by Dhage [2].

Theorem D. Let S be a closed, convex and bounded subset of a Banach algebra
X beandlet A: X — X and B: S — X be two operators such that

(a) A is D—Lipschitzian with a D— function ¢,

(b) B is completely continuous, and

(¢c) x=AxBy =2 €S, forally € S.

Then the operator equation AxBx = x has a solution whenever M¢(r) < r,
r >0, where M = ||B(S)|| :==sup {||B(z)] : z € S}.

2. MAIN RESULTS

Before we prove the main result of the paper, we state assumptions (h;) and
(ha) posed on the functions f and g respectively. These assumptions describe, in
a way, the ”allowable growth” of the functions f and g that guarantee existence of
solutions to equation (1.3). Note that the bound function on f is not assumed to be
Lipschitz while the bound functions on g need not posess any kind of monotonicity.

(h1) The function f:J xR xR — R satisfies

|f(t, 1, 22) — f(t,y1,92)| < ¢ (max {|x1 — y1|, |z2 — ya|})
for (z1,y1), (22,y2) ER®, L € J,

where ¢ : RT — R is continuous and nondecreasing with ¢(0) = 0.

(hy) There exist a continuous function 2 :[0,00) x {(z,y) ER?: 0 <y < x} —
(0,00), and a function v € L*(J,RT) such that v(t) > 0 a.e. on J satisfying
l9(t, 2, 9)] < 7(O)Ux,y), a.e. on J for all z,y € [0,00)x{(z,y) eR*: 0 <y <z}

We note here that, for our convenience, the notation

W)= sup_ Qrr),
0<y<z<r

will be used in the rest of the paper without any further mention.
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Theorem 1. Assume that (hy) and (hg) hold. If there exists an v > 0 such that

t
©) 60) + falsup |01+ w(0) [ 1A 0.9)| 3 (0)is| <
€ 0
then the integral equation (1.3) has a solution on J.

Proof. Let X = C(J,R) and recall that X equipped with the usual sup-norm is
a Banach algebra. We define the mapping A : X — X by
(2.1) Aat) = f (1, 2(0),2(0(0)), te T,
Then A is D—Lipschitz on X with a D—function ¢. Indeed, in view of (h;) we have
forany z,y € X and t € J

|Ax(t) — Ay(1)] f (&2 (t), 2(9(1))) — f (£, y(t), y(I(1)))]
< ¢ (max{fa(t) —y(@)], [z(0() —y(W(@))})
¢ ([l= =yl

which immediatley implies that
[Az — Ay|| < ¢ (lo —yl]) for z,y € X.

Set S, = {x € X : ||z|| < r}, where r is a positive real number r satisfying condition
(C) Clearly, S, is a closed, convex and bounded subset of X. We define a mapping
B:S. — X by

(2.2) Bz(t) = Q(t) +/O H(t,s)g(s,z(s),xz(n(s)))ds, teJ.

We will show that the operators B and A satisfy (b) and (c) of Theorem D.

The continuity of the operator B is an immediate consequence of the continuity
of the functions g, n, ¥ as well as of the continuity of the integral operator on J.
We claim that B is completely continuous.

First, let us show that |B| is bounded on S, by a constant depending on 7.
Indeed, in view of (hg), for any x with ||z|| < r we have for t € J

[Bx(t)] = ‘Q(tH/O H{(t,s)g(s, x(s), z(1(s)))ds

s|mm+4um@m@uawmmws
SIMMfAW@M%MM@wme
< I+ [ 1@ swp_ 0t yds

ww+wmAMWMM@w

and so, it holds

t
IBw(t)ISIQ(t)HW(T)/ [H(t,s)[y(s)ds, teJ.
0
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Taking the supremum over ¢, from the last inequality it follows that

(2.3) |IBz|| <R, z €S,

where we have set R = sup [|Q(t)| + w(r) fot |H (t,s)|v(s)ds| . Since the constant R
teJ

is independent of x, it follows that the operator B is uniformly bounded in S,..
Now we show that B(S,) is an equicontinuous subset of X. Let x € S, C X and
t,7 € J. Without loss of generality we may assume that ¢ < 7. We have

|B(t) — Ba(7)]

_ ‘Q@Q(TH / H(t, )g(s, 2(s), 2(n(s)))ds / " H(r 5)g(s. 2(s), 2(n(s)))ds

IN

Q) — Q)| + / H(t, 5)g(s, 2(s), 2(n(s)))ds — / H(r, 5)g(s, 2(s), 2(n(s)))ds
0 0

Jr

0

H{(r,s)g(s,2(s), x(n(s)))ds — /OT H(r,s)g(s,x(s), z(n(s)))ds

IN

t
Q) — Q)] + / [H(t5) — H(r.5)] g(s, 2(s), 2(n(s)))ds

" / H(r, $)g(s, 2(5), 2(n(s)))ds

IN

Q) — Q(7)] +/0 |H(t,s) = H(T, )| |g(s, 2(s), 2(n(s)))| ds

+/ [H (7, 8)| |g(s, 2(s), 2(n(s)))| ds

IN

Q) — Q(7)] +/0 |H(t,s) = H(7, )| v(s)2(2(s), z(n(s)))ds

+ [ ) 6)92(a(s). al0(s)))ds

IN

[Q(t) = Q(T)[ + sup IH(t,S)*H(T,S)I/O Y(s) sup  Q(z,y)ds

0<s<t 0<y<z<r
t
b s (H(s)| [ o) swp_ Qeg)ds
(u,s)E[Tt]xJ T 0<y<z<r
and

|Bu(t) — Bx(7)| < [Q(t) — Q(7)[ + sup |H(t,s) — H(r,s)|w(r)

0<s<t

/O t (s)ds

T
+ sup |H(u,s)|w(r)/0 ~(s)ds

(u,s)€[r,t] X [7,t]

As H is assumed to be continuous on J x J it follows that

lim sup |H(u,s)]| =0 and lim { sup |H(t,s)— H(T,S)|:| =0
=7 | (ws) el x T t—=7 [o<s<t
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From this fact and the continuity of @ we obtain

|Bx(t) — Bx(t)] — 0 ast— 7.
Hence B(S,) is an equicontinuous subset of X, which, in view of the Ascoli-Arzeld
theorem implies that B(X) is relatively compact. Consequently, B is a completely
continuous operator.

Now we show that if y is an arbitrary element in .S, and x is an element in X
for which = = AzBy, then z € S, i.e.

y € Sy and € X with v = AzBy = ||z <r.

To this end, let y be an arbitrary function in S,. Then, for any z € X with
x = AxBy we have for t € J

[z(t)] = |AzBy|

— 1 000000+ [ 1t 91l st

< If (tat) 2(00)) — F(£,0,0)+ £ (£,0,0)]
< (IQ(t)I +| [ e s)g(s,y<s>,y<n<s>>>ds)
< (=) + ol

< 1o() + il [|Q<t>| o) [ () W(S)dS]

which, in view of (C), implies
|z(t)] <r foralltelJ.

As the last inequality holds for any t € J, it follows that ||z|| < r, hence xz € S,.
This clearly implies that the operators A and B satisfy (c) of Theorem D.

It remains to show that M ¢(r) < r, where M = || B(S,)|| = sup {||B(x)|| : « € Sy}
Indeed, by (2.3), (C) and the nonnegativity of fy, we have

Mo(r) < RI6() + fol
= o) + fo]sup [|Q<t>| +or) [ JHs) v(s)ds}
teJ 0

< 7.

The proof of our theorem is now completed.l

Before we proceed to our next result, we cite two remarks concerning condition
(©).

Remark 1. In the case that fo # 0, i.e., if f(¢,0,0) is not identically zero on
J, then condition (C) may be relaxed by substituting ”<” by ”<”, i.e., by

© 60) + falsup |01 +w(0) [ 1A 0.9)| 1 (5)is| <.
ted 0
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Note that the strict inequality in (C) is needed so that the condition ” M ¢(r) < 17

in Theorem D is satisfied. Thus, if fo # 0, then (C) may replaced by (C).

Remark 2. As it concerns the function H, we notice the following:

(i) In case that the function |H| is monotone in its first argument and |@| has
the same type of monotonicity as |H|, then (C) may be simplified. For example,
if H is nondecreasing in its first argument, i.e., if |H(t1, s)| < |H (t2, s)| for (t1, s),
(t2,s) in {(t,s): 0 < s <t te J} with t; <ty and |Q| is nondecreasing on J, then
(C) becomes

(C) [¢(r) + fol

T
QD)+ w(r) / (T, s>|v<s>ds] <,

However, if this is not the case, then the difference between the real numbers
t T

sup Q)] +w(r) Jy [H(L, )| 4(s)ds| and |Q(T)|+w(r) J; |H(T. 5)|7(s)ds may be-

€

come too large to be ignored (see, also, the first application in the next section).
(ii) One can easily see that, in fact, there is no need to assume that H is defined
on the whole rectangle J x J but only on J x {(t,s): 0 <s<t,t e J}.

Now we state three propositions concerning the way that condition (C) may be
modified according to the behavior of the functions ¢ and w at infinity. First we
deal with the case that ¢ and w are unbounded.

Proposition 1. Assume that (hy) and (ha) hold. Moreover, assume that both
functions ¢ and w are unbounded. If

(C1) {Sup /OtIH(t, S)|’y(s)ds] [liminfM]

teJ uU— 00 u

<1,
then the integral equation (1.3) has a solution on J.

Proof. Assume that none of the functions ¢ and w is bounded. It suffices to
show that (Cp) implies (C). Consider an arbitrary positive number . Due to (Cy)
we may find a sufficently large r such that

(2.0 [sup / (9 v(s)ds] Brw(r) <7,

teJ
and

t
fo <ed(r),  qo < ew(r)sup / (2, 5)| 7(s)ds.
teJ Jo

Then we have

60 + fl s [|Q<t>| o) [ 1 S)IW(S)dS]
< [o(r) + fo] {qo + W(T)itelg)/o |H(t,s)] 'y(s)ds]

< 1600 + 000 [swtsup [ 1)1 (0)ds 4 wsup [ 1) (5
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and so

00) + Al sup [|Q<t>| o) [ () W(S)dS]

teJ

<(1+e)%0 {sup/ H(E, 5)| 1(s) }

In view of (2.4), from the last inequality we have

[6(r) + fol sup [|Q<t>| +w(r) / H(t, s)h(s)ds] < (142
ted 0

which, as € is arbitrary, implies that (C) holds true.
Our assertion is proved.l

Let us note, here, that in case that the function fot |H(t, s)|v(s)ds is bounded
on [0,00) (e.g., if it is nonincreasing on [0, 00)), then (C;) implies that (1.3) has a
solution on [0, 7] for any T > 0. We may, also, notice that, if the (nondecreasing)
functions ¢ and w are both unbounded and such that lim infw = 0, then

U— 00

condition (C;) is satisfied for any choice of the initial interval [0,7]. The next
corollary is an immediate consequence of Proposition 1. We note that, in the
sequel, we use the notation h(u) ~ u? to denote that there exists some k € R such

that hm h(“) = k, and the notation h(oo) to denote the limit lim h(u).

U—00

Corollary 1. Assume that (h1) and (hs) hold.

(i) If both functions ¢ and w are unbounded and
lim inf M
U—00 U

=0,
then the integral equation (1.3) has a solution on J =[0,T] for any T > 0.
(i) 1f
o(u) ~uP and w(u) ~u? for some p,q € (0,1) with p+q <1,
then the integral equation (1.3) has a solution on J =[0,T] for any T > 0.

Obviously, if the function d)(")u‘”(u), u > 0 is nondecreasing then lim inf M
may be replaced by lim W It is pointed out that it may happen that both

functions ¢ and w be strictly increasing but the function M

pelietw) _ o

not be monotone,

still satisfying lim in

U— 00

Proposition 2, below, deals with the case in which at least one of the functions
¢ and w is bounded. Recalling that the functions ¢ and w are nondecreasing, as it
concerns the boundedness of ¢ and w there are only three cases to be considered.

Proposition 2. (I) Assume that ¢(c0) = My and w is unbounded. If

. w(u) 1

C su / H(t,s } [hmmf ] < ,
() s [ 0,00 s [iming =2 | < L
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then the integral equation (1.3) has a solution on J.
(II) Assume that w(oco) = Ma and ¢ is unbounded. If

(Cs) [sup /O t |H(t,s)|7(s)ds} [nmquﬁ(“)} < !

teJ u—oo U q + Masup fot |H(t,s)] ’Y(S)ds7
teJ

then the integral equation (1.3) has a solution on J.
(IIT) If both w and ¢ are bounded, then the integral equation (1.3) has a solution
on J=1[0,T] for any T > 0.

The proof of Proposition 2 may be easily obtained following the same arguments
as those in the proof of Corollary 1 and so it will be omitted.
Proposition 3 refers to the case that at least one of the functions ¢ or w behaves
at oo like ¢? for some p € (0, 1).
Proposition 3. Assume that (hy) and (ha) hold. Moreover, asssume that
d(u) ~uP  or  w(u) ~uP for some p e (0,1).

If (Cy) holds then the integral equation (1.3) has a solution on J.

Proof. Tt suffices to prove that, in view of our assumption on the behavior on ¢
or w, (Cy) implies (C). Let 0 be a positive number such that

<f0<1

and assume that ¢(u) ~ u? at +o0o. By ¢(u) ~ uP it follows that for any ¢ € (0,p)
it holds u? < ¢(u) for sufficiently large ¢ hence, by our assumption there exists an
arbitrary large u such that

1

wlw(u) < o(u)w(u u
(u) < p(u)w(u) < ilel}])f0t|H(t’s)|7(s)ds

and so
1

< n ult—e
su}]) fo |H(t,s)|v(s)ds
te.

or

w(uw) - 1
u
u sup fot |H(t,s)|v(s)ds
teJ

from which it follows that

w(r) fo [sup/t |H(t, S)|'y(8)ds] — 0 asr — oo.
teJ Jo

r

Therefore, in view of ¢(u) ~ uP, we may consider a sufficiently large » > 0 such
that

r 3 T 3
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and so

660) + falsup [ |0 + o) [ Ji0.9)| (5

t
< [6() + fol sup [qo o) / H(, 9) v<s>ds]
teJ
= [o(r) + fol g0 + &(r)w( Sup/ |H(t,s)|v(s)ds + w(r fosup/ |H(t,5)]v(s)ds
teJ teJ
1-— 9
<
240
_ 2,
< r

i.e., (C) is satisfied. The proof for the case w(u) ~ u? for some p € (0,1) is similar.l

Now we explore condition (hy) a little more. In a way, condition (C5) in Theorem
2, below, gives an example of a ”suitable” function 2 such that (hs) holds.

Theorem 2. Assume that f satisfies (hy) and
(hy) There exists a function v € L*(J,R*) such that for some r > 0 it holds

é )Ly & - :| !
(Co) S l9(t, z,y)| < ~(t) LS(T) i s L) (5)ds
teJ

forall t € J.

Then the integral equation (1.3) has a solution on J.
Note. If fy # 0, then ”<” in (C3) may be replaced by ”<”.

Proof. We define the operators A and B and consider the real number r and the
set S as in the proof of Theorem 1. It suffices to prove that the operators A and
B satisfy (b) and (c) of Theorem D.
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First, let us note that in view of (hy), for any # with ||z|| < r we have for t € J

|Bx(t)] = P@+AH@$MJ®JWWMS

t
< 1@+ [ (3 la(s.a(s).a(a()| ds
t
< QO+ [ HEs)| sw s,z ds
0 0<y<z<r
¢ r 1
H _
= |Q(t)|+/o 1t )] 7(e) [¢(r)+fo qo} sup [ [H (t, u)| y(u)du ’
ted
r 1 t
- H d
< 1001+ |05 ) s e, s
teJ
T
< Q01+ |5 )
T
= 50 o
and so, it holds
,
|B$(t)| < m, teJ.
Since ——— is independent of x, it follows that the operator B is uniformly

#(r)+fo
bounded in S,..

As in Theorem 1, we can prove that B(S,) is an equicontinuous subset of X.
This, in view of the Ascoli-Arzeld theorem implies that B(X) is relatively compact
and so B is a completely continuous operator.

Now we show that if y is an arbitrary element in .S, and x is an element in X

for which = = AzBy, then x € S,.. For an arbitrary function y in S, and for any
EJQTDE, 2007 No. 22, p. 11



x € X with x = AzBy we have for t € J

()] =
<
<
<
<

ie.,

|AzBy|

uammwﬂt|p /fns 95, 9(s), y(n(s)))ds

—~

|f (t,2(t),z(9(t))) — f(£,0,0) + f (¢,0,0)]
x(@tul/ﬂts g(s.y(s <<»m>
[p(ll]]) + fol
1
(Q |+/ Lt ) 7(5) [ o(r) + fo qo} sug)fot |H(t,u)|7(u)dud8
[p(l|]l) + fol

X

QU+ [t 0] et R

o(r) + fo sup [ [H (t, u)|y(w)du Jo
teJ

[o(1l]1) + fol

sup/|Hts|7

r
o o]
0 o(r) + fo 0 supfO |H (t,w)| y(u)du tes

N =~
u

[wmm+m(%+a5:%%>
[6(r) + fo] ——

o(r) + fo
,

|z(t)] <r foralltelJ.

As the last inequality holds for any ¢ € J, it follows that ||z|| < r, hence x € S,.
This clearly implies that the operators A and B satisfy (¢) of Theorem D.

It remains to show that M ¢(r) < r, where M = || B(S;)|| = sup {||B(x)|| : € S, }.
In view of the definition of B by (2.2), we have for ¢t € J

| Bz(t)]

= ’ /Hts s,2(s), z(n(s)))ds

Q)| +

[¢()+fo qo]supfO|Htls)|'y ds/u”s'”(

-
< q+[7q] / H(t,s)|v(s
Pl +fo supf0 |Ht s)|v(s) dsteJ | )

r

o(r) + fo’
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which implies that
r

HB(SC)” < m for any r € ST,
and so,
r
M =sup{||B(@)| : z €S-} < o
Thus,
M(r) < ﬁw) <.

The proof of our theorem is now completed.ll

It is not difficult to see that, in comparison with Theorem 1, what Theorem
2 really states is that condition (h;) may be replaced by (a more easily verified
condition such as) (Cs) thus allowing us to ask only for the existence of one function
(namely the function ) rather than two functions needed in (hy) (namely the
functions H and 7).

Now let us suppose that there exists an r» > 0 such that it holds

r 1
o(r) + fo (JO] Supfot |H(t,s)|ds’
teJ

©)  swp lglto,a.y)| < [

0<y<az<r

for some tg € J.

Let
(1) = sup{ sup |g<s,z,y>|}, tel.
s€0,t] L0<y<z<r

It follows that ~ is nondecreasing and continuous on J, hence for ¢y € J such that
(Cy4) holds, we have

A

r 1
sup |g(to,x,y)| < P———%}
O§y§z§T| ( ) o(r) + fo sup fot |H(t,s)|ds
teJ

wWo) [ L
: 7(t) [‘b(ﬂ + fo (Jo} sup fot |H(t,s)|ds
teJ

T 1
¢(r)+ fo QO} Sup fot |H(t,s)|~(t)ds

IN

o) |

Consequently, if for some r > 0 it holds

€ sl sw s} < |

teJ \(0<y<z<lr

r 1
¢(r) + fo qo] sup [ [H(t,s)| ds
teJ

then (hy) is always satisfied. We have thus proved the next result.

Theorem 3. Assume that (hy) holds. If there exists some r > 0 such that (Cs)
is satisfied, then the integral equation (1.3) has a solution on J.
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Finally we observe that, as the assumption of Theorem D asks that M¢(r) < r,
it follows that the most intense ”allowable” growth of f is that of ¢ tending to

be "linear from below” with Tlgrolo % = m and so Tlgxolo m = m. Clearly,

m > qo, is a necessity. It turns out that, either the function g is bounded by

M}% or an appropriate r has to be sought in the interval [0, R] where
teJ

su t,x < —nodo
Ogygggng( 2 Y)] fggf(le(t,s)lds

As a consequence of the above remarks, Theorem 3 can be restated as Theorem
3* below.

Theorem 3*. Assume that (hy) holds and the function G : [0,00) — [0,00)

with
6 =sw{ sw_lstealf, =0
teJ (0<y<z<r
satisfies
G 1
lim inf = (r) ] < - ,
r—oo | gy — 40 iug) fo |H(t,s)|ds
€

Then the integral equation (1.3) has a solution on J.

3. APPLICATIONS

In this section we apply the main results of the paper to generalize and extend
some known existence results for some initial value problems concerning differential
as well as integro-differential equations, still relaxing, in some cases, the assump-
tions placed on f and g. First we deduce results concerning the case where the
function f is Lipschitz and then we show in some detail how Theorems 1 and
2 may be applied to a second-order initial value problem concerning differential
equations with delays. Finally, we present the results obtained by the application
of Theorems 1 and 2 to initial value problems concerning higher order differential
or integro-differential equations.

3.1. The case of a Lipschitz function. Let us now assume that the function f
is Lipschitz with a Lipschitz function k, i.e., assume that

(h¥) There exists a (bounded) function k: J — R such that

|f(t, 21, 22) — f(ty1,y2)| < K@) [(21,91) — (22, 92)]|
for (x1,y1),(x2,92) € R2, te J.

Clearly, the function f is D—Lipschitzian with a D—function ¢(r) = Kr where
K = sup ||k(t)||. Theorem 4, below, is an immediate consequence of Theorem 1.
teJ
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Theorem 4. (Lipschitz) Assume that (hi) and (hy) hold. If there exists an
r > 0 such that

€ [+ 2] s leoi+ oo [ e seas)] <1

then the integral equation (1.3) has a solution on J.

Remark 3. Note that (Cr) implies that ||| w(r)sup [ JEH(t,5)] 'y(s)ds} <1
teJ

Hence, in order that (Cy) is satisfied it is necessary that there exists an r > 0 such

that
1

IFllsup | fy 172, )| 7 (s)ds]

As w is nondecreasing, we consider the following two cases.
(i) The function w is bounded on [0, c0) by the real number wy.
In this case, condition (Cy) may be replaced by

w(r) <wp =

(@) Ielsup [ 1Q00)] +0 [ 112 (5)05] <

(ii) The function w exceeds wy on [0,00). Then any appropriate r such that
(CL) holds has to belong in the interval [0,w™" (wp)]. Note that if wg = w(c0),
then the left part of (C}) becomes

Jo [H(t, 5)|(s)ds

sup [ | (¢, 5) (s)ds|

sup | [|k[[ Q)] +
tedJ

which is greater than one.
As a consequence of Remark 3 (i), we have the folowing corollary.

Corollary 2. Assume that (h¥) and (hs) hold. If
1

Il sup fs )1 5|

lim w(u) <

U—00
then the integral equation (1.3) has a solution on J.

Remark 4. Checking whether the requirement M¢(r) < r (in Theorem D) is
satisfied, we see that it suffices to be verified that

Mo = {sup Q) +wtr) [ g, la(epas| } el <
i.e., that

t
Iilsup (1001 +w(0) [ 1,955 < 1.
€ 0
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The last inequality is a consequence of (Cr). Note that in case that f(¢,0,0)
is not identically zero on J, then (Cr) may be replaced by (C7). Also, ob-
serve that the assumption on the function ¢ is to be D—Lipschitz, hence it is
not required that ¢(r) < r. This may allow us to consider Lipschitz functions
k with ||k|| > 1. For example, if the function w is bounded by wo and s =

sup [1Q(1)| +wo Jy |H(t,5)|7(s)ds| < 1, then k]| may well belong to (0,1). In
teJ

particular, condition (C}) does not not necessarily require that ||k| is less than
one, i.e., f may not be a contraction. Also, in Corollary 2, ||k|| is allowed to exceed

unity provided that lim w(w) [sup fot |H(t,s)] 'y(s)ds] < 1.
U—00 tG']

Towards a different direction, we may note that if w is bounded and the function

fOT |H(T,s)|v(s)ds tends to zero as T' — oo, then the interval J may be extended
arbitrarily.

Corollary 3. Assume that (hf) and (hs) hold. If
T
lim |H(T,s)|v(s)ds=0 and lim w(u) < oo

T—oo J u—00

then the integral equation (1.3) has a solution on [0,T] for any T > 0.

Example 1. Some suitable functions H and v so that the first limit in the
condition of Corollary 3 is zero may be

1
H(t,s):t3+1sl/2, 0<s<t<T

and
v(s) = 5% seJ.
Clearly,

T T 1 1 T2

As an immediate consequence of Theorem 4 we obtain the following corollary.

Corollary 4. Assume that (hl) and (hy) hold.
(i) If there exists an r > 0 such that

¢
() 17+ fol [ a0+ wsup [ H (92 (01 <
et Jo
then the integral equation (1.3) has a solution on J.
(i) Suppose that the functions |Q| and fot |H(t,s)|v(s)ds are nondecreasing on
J. If there exists an r > 0 such that

T
qOer(T)/O |H(T,s)|v(s)ds| <,
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then the integral equation (1.3) has a solution on J.

Finally, by condition (C%) in Corollary 4 we may, equivalently, take

fo g+t sup/ HE )| <= ot utr sup/ H ()2 o) ]+

teJ

which leads to

Jo g+ trisup f3 10, 9)| (5

<,
LIk [q +ulr)sup fi () v(s)ds]

provided that
t
Ikl [q+w<r>sup | e s)h(s)ds] <1
teJ Jo

Conditions involving the last two inequalities appear in several papers presenting
existence results to initial value problems similar to the one considered here (see,
for example, assumption (5.4) in Theorem (5.3) in [5]).

Next we apply the main results of this paper to two initial value problems con-
cerning a second-order differential equation (P2) and a higher-order differential
equation (P,). Though (P2) may be regarded as a special case of (P,), we choose
to state the results concerning both, (P3) and (P,). Results for the first-order
differential initial value problem (P;) may be obtained from the general case of

(Pn).

3.2. A second-order differential i.v.p.. Consider the initial value problem (P3)

2 z(t
(Py) pres {f(t,x(t)(,z)(ﬁ—(t)))} =g(t,z(t),z(n(t))), teJ
x(0) =z, 2'(0) =a,

where f and g are real-valued functions defined on J x R?, with f(t,xz,y) # 0 on
JxR2, 9, neC(J,J) with 0(t) <t, n(t) <t for all t € J, and xo and z1 are real
numbers. Let AC?(J,R) denote the space of continuous functions whose second
derivative exists and is absolutely continuous on J.

Following [6], we say that a function x € AC?(J,R) is a solution of the (Pg) if

I
the mapping t — (ﬁ) is differentiable and the derivative (ﬁ) is absolutely

continuous on J for all z € AC?(J,R) and z satisfies the equation in (P3) for all
t € J and fulfills the initial value conditions in (P3).

The next lemma verifies that the initial value problem (P3) is equivalent to an
integrodifferential equation. As it is quite elementary, its proof is omitted stating
it only for the sake of completeness.
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Lemma 2.1. Let g(s,2(s),z(n(s)) be a function in L*(J,R) for any = €
AC?(J,R). Then a function x is a solution of the initial value problem (Ps) if and
only if x satisfies the integral equation

(3.1)  a(t) = [f (¢ x(t), 2(9(1)))] {CO+01t+/O (t = s)g(s,z(s), 2(n(s)))ds | ,

telJ.
where
o
(3.2) O 70,20, 20)
and
_d z(t)
(3.3) a= {f(t,z(t),z(ﬁ(t)))]t_o

f(t,
—[f1 (0, 960,500) + f2 (0,0, z0) 21 + f3 (0, z0, zo) 219 (0)]}
forflz%,fé:d—fémdf%:—

Now we are in a position to apply the main result of the paper to the initial
value problem (P3). In view of Lemma 1 and the fact that

t T

sup/ (t—s)y(s)ds = / (T — s)v(s)ds,
teg Jo 0

from Theorem 1 for Q(t) = co + c1t, t € [0,T] and H(t,s) =t — s, (t,5) € J?, we

obtain the following proposition.

Proposition 4. Assume that (hy) and (ha) hold. If there exists an r > 0 such
that

t
00) + olsup [|Q(O] +(r) [ (¢~ 9p7(5)as] < v
€ 0
then the initial value problem (P3) has a solution on J.

In case that f is Lipschitz, as the function H(t, s) fo s)ds is nonde-
creasing in ¢, from Corollary 4(ii) we obtain Proposmon 5, below

Proposition 5. Assume that (hl) and (hy) hold. If there exists an r > 0 such
that

fo {rglgf o + ext] + w(r) fy (T - S)V(S)ds]

<r
1— |k [r%leajx lco + c1t] + w(r fo )ds}

then the initial value problem (P2) has a solution on J, provided that

T
il [max |co + crt| + W(T)/ (T = s)y(s)ds
teJ 0
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3.3. A higher-order differential i.v.p.. It is not difficult to see that results
similar to the ones presented in the previous subsection may be obtained by apply-
ing Theorems 1-4 to an initial vlaue problem concerning higher order differential
equations with delays. We state only the results obtained by applying Theorems 1
and 4.

Let us consider the initial value problem

" z(t
(Pn) v {m} =gt z(t),z(n(t)), teJ
z(0) = zg, 2/(0) =x1, ..., 2" D(0) = 2, 4

where f and g are real-valued functions defined on J x R?, with f(t,xz,y) # 0 on
JxR2, 9, neC(J,J) with 0(t) <t, n(t) <t for all t € J, and xq, T1, ..., Tp_1
are real numbers.

Integrating n—times the differential equation in (P,) on [0,¢] for ¢ € J and
taking into consideration the initial values in (P,,), we can see that the initial value
problem (P,,) is equivalent to an integral equation of the form

x(t)
f (s (t), 2(9(t)))

i.e., an integral equation of the form
(In) 2(t) = f(t, z(t),z(I(2))) x

t
cotert+ . +ep1t" 4 / (t —s)"Lg(s,z(s),z(n(s)))ds|, teJ
0

=cotcit+ .. e t"t 4+ /0 (t —s)""g(s,x(s), z(n(s)))ds

for suitable real constants cy, ..., ¢,—1 depending on the initial conditions xg, ..., Tp—1
and the function f.

Clearly (I,,) is an equation of the form (1.3) with Q(¢) = co+c1t+ ... +cp_1t" 1,
teJand H(t,s) = #(t —s)"71 (t,5) € J2. Note that the consistency condition
(1.4) is fulfilled with F0rezgy = Co- Observing that the function H is nondecreasing
in its first argument, from Theorems 1 and 4 we have the following propositions.

Proposition 6. Assume that (hy) and (ha) hold. If there exists an r > 0 such
that

w(r) [ _
660) + falsup [ |Q0] + =5 [ = oy ta(as] <
teJ n: Jo
then the initial value problem (P,) has a solution on J.

Proposition 7. Assume that (hi) and (hs) hold. If there exists an r > 0 such

that
fo sup z:cﬂfZ “’(T) fOT(T—s)”_lv(s)ds]
te
o <r
1— ||kl |su citt| + w(T) —s)n1y(s)ds
[l Leg ; I (T (s)
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then the initial value problem (Py) has a solution on J provided that

11| [?35) + “’(T)/O (Ts)"w(s)ds] <1.

n!

n

Z Citi

i=0

3.4. Integrodifferential equations. As already mentioned, the integral equation
(1.3) includes initial value problems concerning integrodifferential equations, such
as the problems (1.1) and (1.2). For example, integrating the integrodifferential
equation in (1.1) and taking into consideration the initial value at 0, we see that
(1.1) is included to the integral equation

a(t) = f (t,2(t)) [ﬁ+/{) (t — s)g(t,x(s))ds|, teJ

under the additional hypothesis that f (¢,y) # 0 for (¢,y) € J xR (see [5]). Clearly,
the last equation can be regarded as a special case of (1.3) by taking Q(t) = %,

te Jand H(t,s) =t—s, (t,s) € J2 There is no difficulty to see that (1.3) includes
initial value problems of the type

(ID,,) v [W} = Jo H(t,8)g(t,x(s),2(n(s))ds, te€J
ZC(O) = To, -T/(O) = T1y -0 ,’I](n_l) (0) = Tp—1

where the functions f, H, g, 7 and 6 are subject to the same assumptions as in
(1.3). Application of the main results of the paper to the case of such a problem is
left to the reader.

4. DISCUSSION

The generality of the integral equation (1.3) allow us to obtain results concerning
a great variety of initial value problems ivolving integral, differential as well as
integrodifferential equations. For example, a number of existence results can be
obtained by applying Theorems 2, 3 and 3* to the ivp (P,,) or Theorems 1-4 to the
iv.p. (ID,), e.t.c.. It is also noted that our results extend and generalize several
known results by considering delayed arguments, thus allowing the functions f and
g depend on z not only at ¢ but, also, at some previous time.

On comparison with other results already appeared in the literature, the tech-
nique developed in this paper enables us to relax several of the assumptions usually
posed in existence results concerning initial value problems closely related to (1.3),
such as the ones considered in [2-7]. For example, the requirement that the func-
tion f is Lipschitz may be relaxed to assuming that f is D—Lipschitzian and the
assumptions on the function Q (which dominates the function ¢g) may also be di-
minished as several requirements (such as continuity or monotonicity) are taken
away by simply considering the supremum of 2 on the triangle limited by the lines
y =, r = r and the nonnegative half-axis.

As it concerns the role of the function g, it may be noticed that, in some cases,
we can successfully deal with functions that are not necessarily Lipschitz on all of
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their domain, but may have a convenient Lipschitz-type behavior on neighborhoods
of arbitrarily large reals. For the function f, it should be mentioned that even in
the case that we assume that f is a D—function, we may still have the chance
to obtain existence results without the D—function ¢ being necessarily sublinear
or Lipschitz with constant less than unity. In Theoerm 3* the functions f and g
contribute to an easily verified condition that yields existence of solutions to (1.3).
The common action of f and g is revealed through the behavior of the product ¢w.
It is the behavior of ¢w at infinity that may annihilate some bounded quantities:
indeed, |Q| and fo appearing in (C) in Theorem 1 are not present in condition (Cy)
in Proposition 1. Note, also, that in Corollary 1 some appropriate behavior of the
function ¢w at infinity guarantees the existence of solutions to (1.3) on an interval
[0,T] for T arbitrarily large.

Finally, we may note that the technique developed in this paper may be applied
to integrodifferential equations with a finite number of delays yielding existence
results similar to the ones presented in this paper. A question yet to be answered
is whether results of some interest may be derived by applying this technique to
integrodifferential equations with more general type of delays.
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