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Abstract

In this paper, an attempt is made to present an extension of Darbo’s theorem, and its application
to study the solvability of a functional integral equation of Volterra type.
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1. Introduction and preliminaries

The concept of measures of noncompactness was first devised by Kuratowski [I3]. Another measure
of noncompactness is called Hausdorff measure of noncompactness which has been introduced by
Gohberg, Goldenstein, Markus [12], Sadovskii [I5] and Geobel [11]. Moreover, for instance, in [I]
general definitions of tow measures of noncompactness (Kuratowski, Hausdorff) and their connections
are presented. Kuratowski and Hausdorff measures of noncompactness are useful tools in many
branches of nonlinear analysis. However, since we don’t know the compactness criterion in all Banach
spaces, applying them is sometimes difficult and in some cases impossible [§]. Moreover in different
Banach spaces we need to look for equivalent relations for measures of Hausdorff and Kuratowski so
that we are able to analyze these measures of noncompactness better [7].

Sadovskii for the first time, presented the measures of noncompactness in the form of axiomatic
ways in [I4]. Presenting the axiomatic ways of the measures of noncompactness solves the above
problems to a great extent [6]. For introducing the axioms of the measures of noncompactness, at the
outset, we give notation, definitions and some supporting facts which will be necessary afterward.
For this reason, suppose that E is a given Banach space which has the norm ||.|| and zero element
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6. If the closed ball in E is centered at z and has radius r, we show it by B(z,r). In order to show
B(0,r), we write B,. If X is a subset of E, in that case, we can show the closure and the closed
convex hull of X with the symbols X and ConvX respectively. Also X +Y and AX (A € R) are
used to show the algebraic operation on sets. Furthermore 91z is used to denote the family of all
nonempty bounded subsets of E and g denote its subfamily includes all relatively compact sets.

Definition 1.1 ([7]). A mapping p : Mr — Ry is said to be measure of noncompactness in E if
it satisfies the following conditions

1) The family kery = {X € Mg : u(X) = 0} is nonempty and kerpy C Ng.
X CY = pX) < puY).

intersection set Xoo = N2, X, is nonempty.

Observe that the intersection set X, from axiom (6) is a member of the kerp. In fact, since pu(Xo) <
p(X,,) for any n, we have that u(X.) = 0. This yields that X € keru (see [4]).

Definition 1.2 ([9]). A measure u is called sublinear, if satisfies the following tow conditions
(1) sOAX) = Nu(Y) for AER,
(2) WX +Y) < p(X) + uY),

where X,Y € Mg.

Definition 1.3 ([9]). A measure u satisfying the condition p(X UY) = max{u(X), u(Y)}, will be
referred to as a measure with mazximum property.

Other properties of measures of noncompactness may be found in [7].
In 1995, Darbo used the concept of measures of noncompactness and concluded the existence of
a fixed point for condensing operators. The Darbo theorem is stated as follows.

Theorem 1.4 ([10]). Let 2 be a nonempty, bounded, closed and convex subset of a Banach space
E and let T : Q — Q be a continuous mapping. Assume that there exists a constant k € [0,1) such
that

p(TX) < kp(X)

for any nonempty subset X of (2, where p is a measure of noncompactness defined in E. Then T has
a fixed point in set §2.

In fact we can consider the Darbo theorem, an extension of Schauder fixed point theorem which
can be stated as follows

Theorem 1.5 ([2]). If Q is a nonempty, conver and compact subset of a Banach space E and
F :Q — Q is continuous on the set 2, then the operator F' has at least one fized point in the set §Q.

In this paper, we are going to present an integral type extension of the Darbo theorem in Banach
spaces. Then we will have a look at its application, using a number of remarks and examples.
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2. Main results

In this section, using the technique of measure of noncompactness, we prove the main result of
this paper.

Theorem 2.1. Let E be a Banach space, and €2 be a nonempty, closed, bounded and convex subset of
a Banach space EE and let T : € — € be a continuous operator which satisfies the following inequality

/ " etnar < o / " ety

for any nonempty subset X of ), where p is an arbitrary measure of noncompactness and ¢ : R, —
R, is a nondecreasing function, such that lim,_,., Y™ (t) = 0 for anyt > 0. Also, ¢ : [0+o00[— [0+ 0]
5 a Lebesgue integrable mapping which is summable on each compact subset of [0+ oo| and for each
e >0, fo t)dt > 0. Then T has at least one fized point in §Q.

Proof . We define the sequence (2,, as follows
Q=0 and Q,=ConvTQ,_1, n>1.

If there exists a natural number such as ny such that p(£2,,) = 0, then Q,,, is compact and in such
case, by using Theorem T in () has at least one fixed point. So without loss of generality, we
assume for every n > 1, u(€2,) > 0. Taking into account such assumption, we have

Qn convT Sy
foﬁt( +1) go(t)dt _ OM( v ) gO(t)dt

fO#(TQn) SO (t)dt

< vl dt)
< (Y ebar)
<

< w( 1 (1)t

Now regarding the fact that for every ¢ > 0, fo t)dt > 0 we can conclude that u(2,) — 0 as
n — oo. Now since (2, is a nested sequence, in view of axiom 6 of Definition we deduce that
Qoo =N, 2y, is a nonempty, closed and convex subset of the set 2. Moreover, we know that Q. is
a member of Keru. So £y is compact. Keeping in mind that 7', maps €2, into itself it is possible to
apply Schauder fixed point theorem. Therefore the operator T', has at least one fixed point in €,
Since 2., C €, the proof of the theorem is completed. [J

More, in this section, there are some remarks and examples of Theorem [2.1]

Remark 2.2. By letting
et)=1 and YPt)=k 0<k<1,
in Theorem [2.1], then we have

w(T'X) w(X)
[ et =) < bute) =l [ etran

So in such case the Darbo theorem is obtained.
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Now, we present an application of Theorem in fixed point problems in metric spaces.

Corollary 2.3. Let ) be a nonempty, bounded, closed and convex subset of the Banach space E and
let T : 2 — € be an operator sech that for each x,y € 1,

/OIITzTy o(0)dt < w(/ollwy gp(t)dt),

where ¢ : Ry — Ry is a nondecreasing function with lim, . ¥"(t) = 0 for every t > 0 and
@ [0 4 oo[— [0+ 0] is a Lebesque-integrable mapping which is summable on each compact subset
of [04 oo[. Also, for each e >0, [5 p(t)dt > 0. Then T has at least one fived point in Q.

Proof . We define
w:Me — Ry w(X) =diamX, X € Mg.

Checking axioms 1-6 of Definition (1.1} we can understand the above defined p, is a measure of
noncompactness on the space E (cf. [5]). Moreover, under the above assumption, we have

supg yex | Te—Tyll supg yex lz—yll
/ o(t)dt < w( / gp(t)dt).
0 0

So, we can get

/ " etnar < / " o).

Now Theorem guarantees the existence of a fixed point for the operator T'. [J

3. Application

In this section, we use Theorem [2.1], to prove the existence of a solution for the integral equation
of Voltera type

x(t) = f(t, z(t)) +/0 g(t, s, x(s))ds, teR,. (3.1)

We work on the Banach space BC(R) which consists of all defined, bounded and continuous func-
tions on R.
We endow the space BC(R,) with the standard norm

2] = sup{|(£)] - ¢ > 0}.

Let us fix a nonempty and bounded subset X of BC(R,) and a positive number L > 0 for x € X
and ¢ > 0, we denote the modules of continuity of the function x on the interval [0, L] by W% (z,¢)
and define it as follows

wh(z,e) = sup{|z(t) — z(s)| : t,s € [0, L], |t — s| < e}.

Moreover, let us put

wh(X,e) = sup{wh(x,e) : v € X},
wi(X) = lim._,ow"(X,¢),
wo(X) = limy 00w

h
~
=
N—
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Furthermore, for a fixed real number t € R, we put

X(t)={z(t): x € X}.

Now, we define the function p on family Mpo(Ry) as follows

p(X) = wo(X) + limsup diam X (t),

t—00
where diam X (t) is understood as
diam X (t) = sup{|z(t) — y(t)| : z,y € X }.

The function p is a sublinear measure of noncompactness which has maximum property on the space
BC(R,) (see[3]) and Kerp consists of nonempty bounded sets X such that members of X on R,
are locally continuous and tend to zero in infinity.

Let ¥ be the family of all functions such as 1) : R, — R, which are nondecreasing on R, and
also for each t > 0, lim,,_,o, ¥"(t) = 0.

Now assume that the functions f, ¢ in equation satisfy the following conditions.

(I) f:R; — Ry is a continuous function. Moreover, t — f(¢,0) is a member of the space BC'(R.).

(I1) There exists an upper semicontinuous function ¢ € ¥ and a Lebesque-integrable mapping
¢ : [0, +oo[ [0, +00] which is summable on every compact subset of [0, +oo[ and for every
e >0, [5¢(p)dp > 0 we have that

|f(t,z)—f(t,y)] |z—y]
/ cwio<v( [ elodp). teR., nyer
0 0

Moreover, we assume that 1 is superadditive i.e., for each ¢, s, € Ry, 1(t) + ¥ (s) < ¥(t + s).

(II1) g : Ry xR, xR — R is a continuous function and there exist continuous functions ¢, d : Ry —
R, such that lim;_, c(t) fg d(s)ds =0 and |g(t, s, z)| < c(t)d(s) for t,s € Ry such that s <,
and for each =z € R.

(IV) The inequality ( fo o(p p) q < fo p)dp has a positive solution 7y in which ¢ is constant
and defined as

| £(£,0)|4c(t fo (s)ds
q:SUP{/ w(p)dp:tzo}.
0

To prove Theorem [3.2] we need the below lemma.

Lemma 3.1 ([3]). Let ¢ : R, — R, be a nondecreasing and upper semicontinuous function. Then
the following two conditions are equivalent

(1) limy, 00 " (t) = 0 for each t > 0.
(2) ¥(t) <t for anyt > 0.

Theorem 3.2. Under the assumptions (I) to (IV)) the integral equation 3.1 has at least one solution
in the space BC(R,).
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Proof . We define the operator T on the space BC(R,) as follows

(Tx)(t) = f(t,x(t)) —|—/0 g(t,s,x(s))ds, teR,.

With regard to the above assumptions, the function 7T'x is a continuous function on R, for any
x € BC(R,). For an arbitrary fixed function z € BC(R,), we have
Tx)(t tax(t))—f(t,0)|+ t,0+t (t,s,z(s))|ds
fo|( )()Iw(p)dp fo\f( O)=FE0)+HFE0) I+ [y l9(t,s,2(s))] o(p)dp
z(t)] t,0)|+ t,s,x(s))|ds
w( 0|( (p ClP)—Ff‘f( ‘ f0|g( () (p)dp

w<f0x p(p)d )+f‘f(to‘+c 2O G (p)dp

IAIA

IN

So, we get

/0 " oo < o / - o(p)dp) + 0.

in which ¢ is a constant, defined in assumption (IV). So T maps the space BC(R,) in to itself.
Moreover in view of assumption (/V'), we deduce that 7" maps the ball B,, into itself in which 7 is
a constant appearing in assumption (/V)). Now we show that operator 7" is continuous on the ball
B,,. To do so, fix an arbitrary ¢ > 0 and z,y € B,, such that ||z — y|| < e. So we can conclude

JAEDO=EIOL o )dp

IN

0 ( foz(t)_y(t)' 2(p)p)
S,T ,8,9(8))|ds
ffo lg(t,s,2(s))—g(t,s,y(s))| go(,o)dp

v (7™ elo)dn)

s,x(s))|ds
fofo lg(t,s,2(s))] gO(p)dp

¢ ,8,9(8))|ds
fofo lg(t,5,5(s))] o(p )dp

@/)(fo e(p dp) + [ o (p)dp,

IN +

IN + +

where we denoted

Further, in view of assumption (IIT), we deduce that there exists a number L > 0 such that

t
2k(t) = 20(t)/ d(s)ds < e, (3.3)
0
for each t > L. Thus, taking into account Lemma [3.1] and linking [3.3] and [3.2] for an arbitrary ¢ > L
we get

Tx —(T"
0I( )(t)—( y)(t)lgo(p)dp

< fo dp+fo
< fo e(p

So, for t > L, we get

(Tz)(t) — (Ty)(t)] < 2e. (3.4)
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Now, we define the quantity w”(g, ) as follows

lg(t,s,2)—g(t,s,9)|
wL(g7 €) - Sup{/ Sp(p)dp : ta S [07 L], T,y € [_TOJ TO]? HI - y” < 5}'
0
Now with regard to the fact that the function g(¢,s,z) is uniformly continuous on the set [0, L] x
[0, L] x [=70, 0], 50

limw”(g,e) = 0.

e—0

Now by considering for an arbitrary fixed t € [0, L], we conclude that

< (f; elo)dp +f0°L I p(p)dp
= U(J5 elo)p) + [ lp)dp.

Tx —(T
0I( )(@)—( y)(t)lgo(p)dp

(3.5)

Combining and it is possible to conclude that the operator T is continuous on the ball B,,.
Now, let X be an arbitrary nonempty subset of the ball B,,. Fix numbers ¢ > 0 and L > 0. Next,
choose t,s € [0, L] such that ||t — s|| < e. Without loss of generality, we assume that s < ¢. Then,
for x € X we conclude

Tz)(t)—(Tz)(s (t,x(t)) s,z(s) (t,mx(1))dr— [ g(s,7,2(7))dT

|Tx)(t)—(Tz)(s)] o(p) dp<f|f ®)—f( )+ g o Jo 9(s,m2(1)) lSO(,O)dP

0 t s
< f\f(t ()= f (5.2 ()| +1f (s:2(0)—f (s,2(s) |+ fy 9(t,ma(r))dr—f5 gs,ma(r))drl+ [y g(s,ma(r)dr—[5 g(s;7.a(r))dr| o(p)dp

0
< ferie) @(p)dp

) f\$(t o(p)dp + fog \g(tﬁ@(T))—g(saT@(T))\dT p)dp + ff lg(s,7,2(7))|dr o(p)dp
< Wl (f €) ( )dp

+w(f0 ) op)dp) + AN p(p)dp+ [;UOT p(p)dp

< Wl {(fe) ( )dp

+¢(fo dp) + fLwl ga) dp+ fasup{c s)d(t):t,s€[0,L]} @(p)dﬂ

(3.6)

where we denote

wh(f,e) = sup{|f(t,z) — f(s,2)| : t,s € [0, L],z € [—ro, 0], |t — 5| < €},
wi(g,e) = sup{|g(t, t,z) — g(s,t,x)| : t,s,t € [0,L],x € [—ro,70), |t — 5| < €}

Now with regard to the fact that f is uniformly continuous on the set [0, L] x [—rg,ro] and ¢ is
L
uniformly continuous on the set [0, L] x [0, L] x [—rg, 7], we can conclude [ (f:€) w(p)dp — 0

andf ¢(p)dp — 0 as ¢ — 0. Moreover, since ¢ = ¢(t) and d = d(t) are continuous on R, the
quantity Sup{c( )d(t) : t,s € [0, L]} is finite. From [3.6] we conclude

Wi (TX) wl(X,e)
[ eode<tmu( [ (o)),
0 € 0

Now with regard to the fact that v is upper semicontinuous, so

/OW(%(TX) p(p)dp < w</0wg<x> @(ﬂ)dp),
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and so

Awmmwm@sw(émmwwm@. (3.7)

Now we choose two arbitrary functions x,y € X. Then for ¢ € R we have
Tx Ty)(t (tx () —f(ty(t ¢ t,s,x(s))|ds ¢ t,8,y(s))|ds
fl( )(#)—( y)(”(p(p)dp < flf W)= FEy@O) I+ [y lg(t,s,z(s))lds+ [y 19(t,s,(s))] o(p)dp
< w(fkr(t) ?J(t)|gp(p d ) +f20(t)fo (s)ds ( )dp
z(t)— 2k
§¢<f0 )=y (®)] gO(p ) f (t)

This estimate allows us to get the following one

diam(TX)(t) diam X (t) 2k(t)
/ oo [ elodp)+ [ elordp
0 0 0

Now with regard to the upper semicontinuity of the functions ¢ we obtain

lim sup,_, o diam(TX)(t) lim sup,_, o, diamX (t)
/ wm@sw(/ MM@) (3.8)
0

0
So, combining [3.7 and [3.8] we can conclude

wo(TX) lim sup,_, oo diam(TX)(
I elpydp + [y e () dp

<u( o <>dp)+w(fh““p~°°d’“’"”’” Pl)dp)

wo (X (t))+limsup,_, o, diam(TX)(t
<< 0o( ®) N ( )()cp(p)dp),

or, equivalently

[ oo <o [ o)

in which g is the defined measure of noncompactness on the space BC(R;). Now, Theorem
completes the proof. [
Example 3.3. Consider the following functional integral equation

2

2+ 2t4

In(1 + (1)) +/ e sr (3.9)

o 3+ |cosz|

z(t) =
for t € R,. Observe that Eq. (3.9) is a special case of the functional integral equation (3.1)) with

f(t,!L‘) - 2+2t4tln(1 + |[L’|)
glt.s,x) = Soms

We show that all the conditions of Theorem are satisfied for the functional integral equation
(3.9). Conditions (I) is clearly evident. The function ¥ (¢) = In (1 + ¢) is nondecreasing and concave
on Ry and 9(t) < t for all ¢ > 0, and it is also easily seen that ¢(p) = 2 satisfies assumption (II),
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and for every € > 0, [ ¢(p)dp > 0. In addition, for arbitrarily fixed z,y € Ry such that |z| > |y|
and for t > 0 we get

j‘o|f(t790) f(ty)l go(p)dp _ %hl(ii\g‘l)
< In(1+ %)
< In(1+|z—yl)
< In(1+2|z—y|)

= @b( O'm_y'@(p)dp)

The case |y| > |z| can be treated in the same way. Thus, keeping in mind Remark [3.1| we conclude
that the function f satisfies assumption (II) of Theorem [3.2] In addition, observe that the function
g is continuous and maps the set R, x R, x R into R. Also, we have

l9t, s, )] < e's

for t,s € R and z € R. So, if we put ¢(t) = e™*, and d(s) = s, then we can see that assumption (III)
is satisfied. Indeed, we have

t—o00

lim c¢(t) /Ot d(s)ds =0

Now, let us compute the constant ¢ appearing in assumption (IV). We obtain

£ (£,0)|+¢(t) f d(s)ds
q = sup { / o(p)dp : t > 0} = sup{2t%e % : t > 0} = e 2.
0

Moreover, we can check that the inequality from assumption (IV) takes the form
In(1+2r)+q<2r

Obviously this inequality has a positive solution ry. For example, rp = 2. Consequently, all the
conditions of Theorem are satisfied. Hence the functional integral equation has at least one
solution in the space BC(R,).
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