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Abstract

This paper is devoted to prove the existence of solutions of the nonlinear
Sturm-Liouville boundary value problem on time scales in Banach spaces.
We obtain the sufficient conditions for the existence of solutions in terms of
Kuratowski measure of noncompactness. Monch’s fixed point theorem is
used to prove the main result. By the unification property of time scales,
our result is valid for Sturm-Liouville differential equations and difference
equations, but more interestingly by the extension property, it is also valid
for Sturm-Liouville g-difference equation.

1 Introduction

The measure of noncompactness, initiated by fundamental papers of Kuratowski
[28] and Darbo [17], developed by Banas and Goebel [9] and many authors in
the literature, plays an important role in the theory of nonlinear analysis which
has been improved fast recently because of its extensive practical applications in
many fields such as engineering, economics, optimal control and optimization.
The measure of noncompactness has been successfully applied to the theory of
differential equations (see [3, 14, 31, 35] and references therein), difference equa-
tions [1, 21], integral equations [5] and differential inclusions, i.e., multi-valued
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functional differential equations [13, 22, 32].

After Hilger [24] initiated the concept of time scale and Aulbach and Hilger [25]
published the first article on time scales, the differential equations, difference
equations and quantum equations [26] (h-difference and g -difference equations
are based on h-calculus and g-calculus, respectively) were unified and extended
as the dynamic equations. The most important advantage of a time scale is that
it provides not only a unified approach to study the discrete intervals with uni-
form step size (the lattice hZ), continuous intervals and discrete intervals with
non-uniform (variable) step size (for instance g-numbers), but also, more inter-
estingly, it gives an opportunity to extend the approach to study the combination
of continuous and discrete intervals. Therefore, the concept of time scales can
build bridges between the continuous, discrete and g-discrete analysis.

Sturm Liouville equation has been extensively studied in both continuous and
discrete cases [7, 20, 29, 33, 36]. After the theory of time scale is created and it
has been shown to be applicable to any field with discrete or continuous models
(or combination of these), the study on Sturm-Liouville equation turned out to
be Sturm-Liouville dynamic equation for which the existence of the solutions has
been presented [8, 18, 19, 34].

However the theory of dynamic equations in Banach spaces on an arbitrary time
scale is still a new research area. In this article, we focus on this gap. By unifying
both the discrete and continuous cases, as well as extending to the g-discrete case,
we derive the existence of the solutions of the dynamic Sturm-Liouville problem
in Banach spaces. These kind of dynamic equations have the same advantages
as in a real-valued case and an increasing number of possible applications. For
the dynamic equations in Banach spaces, the first articles are written by Cichori
et.al. [15, 16]. Authors prove the existence of the classical, Carathéodory and the
weak solutions of the first order Cauchy dynamic problem via measure of (weak)
noncompactness.

The more general form of Sturm-Liouville equation with mixed derivatives in fi-
nite interval is introduced by Atici and Guseinov [8]. Then Topal et.al [34] study
the existence of positive solutions for the the Sturm-Liouville boundary value
problem with real valued nonlinear term f. In this paper we prove the existence
of the solutions of boundary value problem

(P (1) + f(t,x(),x2(1), 2V (1) =0, t€[0,00), 1)
a1x(0) — By lim p(t)x®(t) =0,
) t—0+ . A (2)

a tlgg x(t) + B2 }Lr?o p(t)x>(t) =0,
in Banach spaces. For this purpose, we first express the boundary value problem
(1)-(2) as an integral equation by means of Green’s function. Then by imposing
some conditions on the nonlinear term f in terms of Kuratowski measure of non-

compactness, we obtain a fixed point of the operator associated to this integral
equation using Monch’s fixed point theorem.
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2 Preliminaries

We refer to the books [10, 11] for the general theory of dynamic equations on
time scales. To understand the so-called dynamic equation, we present some
preliminary definitions and notations of time scale which are very common in
the literature [2, 10, 11, 24, 25, 27].

Let (E, || - ||) be a Banach space and T denote a time scale (nonempty closed
subset of real numbers R). Throughout this paper, by an interval |4, b] we mean
{t € T:a <t <b}. Inparticular, the time scale half line is denoted by | =
[0,00) = {t € T:0 <t < oo}. Other types of intervals are assumed in a similar
manner. By a subinterval I of |, we mean the time scale subinterval.

Definition 2.1. The forward jump operator o : T — T and the backward jump operator
p: T — Taredefinedbyo(t) =inf{s € T: s > t}and p(t) =sup{s € T: s < t}
respectively. We put inf@ = supT (i.e. o(M) = M if T has a maximum M) and
sup@ = infT (i.e. p(m) = m if T has a minimum m).

The jump operators o and p allow the classification of points in time scale in the following
way: t is called right dense, right scattered, left dense, left scattered, dense and isolated
ifo(t) =t o(t) >t p(t) =t p(t) <t p(t) =t=0c(t)and p(t) < t < o(t)
respectively.

Moreover T* denotes Hilger’s above truncated set consisting of T except for a possible
left-scattered maximal point. Similarly, Ty denotes the below truncated set obtained from
T by deleting a possible right-scattered minimal point.

Next we define the so - called A(V)-derivative and A(V)-integral for Banach
valued functions similar as A(V)-derivative and A(V)-integral on time scales
[10, 11]. The basic properties of A(V )-derivative and integral for Banach valued
functions are analogue to A(V)-derivative and integral for the real case.

Definition 2.2. Let f : T — E. For t € T, we define f2(t) by

() = tim £

t
s—t 0'(

and for t € Ty, and £V (t) by

For the most common time scales, the A and the V derivatives are stated be-
low:

@IT=R,f*=f"=Ff,

(b) If T = Z, f* = Af, i.e., the usual forward difference operator and f¥V = Vf,
i.e., the usual backward difference operator,

© T =K, =q20{0} = {¢*: k € Z} U {0}, where g # 1 is a fixed real

number,fA(t) =N f(t) = % ande(t) = V,f(t) = f(:a ijlc(/tq/)q)
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Hence the theory time scale allows the unification and the extension of the differ-
ential and the difference equations.

Definition 2.3. We say that f : T — E is right dense continuous (rd- continuous) if f
is continuous at every right dense point t € T and lim f(s) exists and is finite at every
s—t~

left dense point t € 'T.
Similarly, we say that f : T — E is left dense continuous (Id- continuous) if f is
continuous at every left dense point t € T and lim+ f(s) exists and is finite at every
s—t

right dense point t € T.
Definition 2.4. A function F : T — E is called a A-antiderivative of the function
f:T — Eif FA(t) = f(t) holds for all t € T. Then the A-integral is defined by

[ fone = F() ~ ),

and similarly a function F : T — E is called a V-antiderivative of f : T — E if
FY(t) = f(t) holds for all t € Ty. Then the V-integral is defined by

t
/ F(T)VT = F(t) — F(a).
a
Remark 2.5. [10] (Existence of antiderivatives)

(i) Every rd-continuous function f has a A antiderivative. In particular if to € T
then F defined by

t
F(t):= | f(r)At, teT
to
is an antiderivative of f.

(ii) Every ld-continuous function f has a V antiderivative. In particular if ty € T
then F defined by

t
F(t):= | f(r)VT, teT
to
is a V antiderivative of f.

Theorem 2.6. (The mean value theorem for V-integrals) If f : | — E is V- inte-
grable then

[ £Vt € (1) -conve(1),

where I is an arbitrary subinterval of J, uv(I) is the Lebesgue V-measure of I and
conv f (1) is the closure of the convex extension of f(I).

Proof. Let Igs be the set of right scattered points of I. By the properties of V-
integral on Banach spaces (V-analogue Theorem 5.2 of [12]), we obtain

Jfwvi= [ fwas T fuus )

ti€lgs
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Theorem 5.2 and Lemma 3.1 of [12] lead us to have

/f(t)Vt € mes(I\ Igs)-convf(I)+ Y f(t

[ tGIRS
C mes(I\ Igs)-convf(I) <Y pvl(t
ti€lrg
C (mes(I\Igs)+ ), pv(t)) convf(I)
ti€lgs
— (1) - conv (D).
Here mes(I) denotes the measure of the interval I. u

Theorem 2.7. (Mean value theorem for A-integrals) If f : | — E is A- integrable

then
| £t € ua(r) - comaf(n),

I
where I is an arbitrary subinterval of | and ua(I) is the Lebesgue A-measure of 1.

Proof. The proof is A-analogue of Theorem 2.6. ]

See [6, 23] for the detailed research about the theory of Lebesgue A(V)- mea-
sure and Lebesgue A(V)-integral. Authors developed the theory by using the
measure-theoretical approach of Hilger [25].

Our fundamental tool is the Kuratowski measure of noncompactness [9]. For
any bounded subset A of E, the Kuratowski measure of noncompactness of A,
denoted by a(A), is the infimum of all ¢ > 0 such that there exists a finite covering
of A by sets of diameter smaller than . For convenience we present the properties
of the measure of noncompactness a:

1. If A C Bthena(A) < a(B),

a(A) = a(A), where A denotes the closure of A,

. a(A) = 0if and only if A is relatively compact,
(AUB) = max {a(A),«(B)},

(

a(

=

. a(AA) = |A|a(A) (A € R),

A+ B) <a(A) +a(B),

2.
3
4.
5
6
7. a(convA) = a(A), where conv(A) denotes the convex extension of A.

For the proof of the main result, we require the adaptation of Ambrosetti’s re-
sult [4] for the space ClAV (T, E), i.e, the space of Banach-valued functions defined

on a time scale T having continuous A and V derivatives.

Lemma 2.8. Assume that A C C{V(T,E) is bounded. Also assume that A® and AV
defined by {g” : g € A} and {gV : ¢ € A} respectively, are bounded and equicontinu-
ous. Then the measure of noncompactness in C2V (T, E) is given by

a(A) = max {sup w(A(t)),sup a(A2(t)),sup oc(AV(t))} .

teT teT teT
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Proof. First we show that

a(A) > max {sup a(A(t)),sup a(A2(t)), sup oc(Av(t))} .
teT teT teT

Let d = a(A) and € > 0. By definition of a(A) there exists sets Ty, Tp,... Ty €
k

ClAV(T,E) such that A C U T;and diam T, <d+e¢ Vi=1,2,...,k.
i=1
For ty € T, observe that

k k

k
Alto) € UTilho),  A%(t0) € T2 (o), AV (ko) € J T (10)
i=1 i=1 i=1

and
diam T;(to) < d+¢, diam T?(tg) < d+e, diamT) (to) < d +&.
Thus we have
w(Aty)) <d+e a(A%(ty)) <d+e a(AV(ty)) <d+e.

Since € and t( are arbitrary, we obtain

a(A) > max {sup a(A(t)),sup a(A2(t)),sup oc(Av(t))} . 3)
teT teT teT

Next we show

a(A) < max {sup a(A(t)),sup a(A2(t)), sup oc(Av(t))} .
teT teT teT

By the hypothesis, A* and AV are equicontinuous. By the continuity of A and
mean value theorems for A and V integrals (Theorems 2.6 and 2.7), we obtain the
equicontinuity of A. Since A, A% and AV are equicontinuous, for & > 0 there exist
0 > 0 and the set of points to,t1,...,t, € T such thatift € T and § € A then
there exists f; € T such that |t — t;| < ¢ implies

18(t) —g(t)ll <e 1Ig2(1) =gl <& IgV(t) =gV (k)] <e.

n
Letd = a(|J[A(H) | A ) AV (t;)]). Then there exist sets Ay, Ay, ..., Ay such
i=0
that

m

Ul A U AT < L) A,
i=0

i=1

and diam A; < d+efori =1,2,...,m. Define

B :={g e A:g(t)) € Aj, g*(t) € Ay, gV (k) € A}
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fori =1,2,...,nand j, kI =1,2,...,m. Note that A C | Biju. If g&,h € Bjjiy
ikl
and |t — t;| < ¢, then we obtain the followings:

[lg(£) = h(B)]] g (t:) = gD + [|h(t:) = k(DI + (|1 (t:) — g(£:)]]

<
< etetetrd=d+3g (4)

g™ (t) —HA ()| < ||8A(ti)_g_A(t)U+||hA(ti)_hA(t)||+||hA(ti)_gA(ti)||
< e4et+e+d=d+3e (@)

gV () —=hV (1] < Hgv(fz’)—g_v(f)_H+Hhv(fz')—hv(f)|!+Hhv(fz’)—gv(fi)!|
< e+ete+d=d+3e (6)

Therefore diam By < d + 3¢, which implies

n

a(A) < d+3e=a(|J[AMH) A )| JAY (1)) + 3¢
i=0
< max{a(A(t)), «(A%(f)), a(AY(4))} +3¢

1<i<n

< max {supa(A(t)), supa(A®(f)), supa(AY(f))}+3e
1<i<n tie'][‘ tieT tiGT

Since ¢ is arbitrary,

a(A) < max {sup a(A(t)),sup a(A(t)),sup a(AV (1)) } . (7)
teT teT teT
Inequalities (3) and (7) complete the proof. [ |

In the proof of the main theorem, we apply the following fixed point theorem.

Theorem 2.9. (Monch Fixed Point Theorem)[30] Let D be a closed convex subset of
E, and let F be a continuous map from D into itself. If for some x € D the implication

V=conv({x}UF(V)) = Visrelatively compact

holds for every countable subset V of D, then F has a fixed point.

3 Main Results

Definition 3.1. A function x : T — E is said to be a solution of (1)-(2) provided
that x is A-differentiable on T, x8 . T — E is V-differentiable on T* = T* N Ty,
XAV . T* — E is continuous and (1)-(2) hold for all t € T*.

Let p, f, a1, a2, B1, B2 satisfy the following conditions:
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(C1) p: T — Ris a V-differentiable function on Ty = [0, c0), pv : Ty — Ris
© A
continuous, p(t) # 0, forall t € T, and / il < o0,
o p(s)
(C3) f: T x E3 — E is a Banach valued function,

(C4) |a| +|B1] #0, |az| +[B2| # 0.

To state the boundary value problem (1)-(2) as an equivalent integral equation,
we consider the homogenous equation

~(p(H)x2(1)Y = 0. (8)

Let u1(t) and uy(t) be the solutions of (8) the satisfying the boundary conditions

_ . Al _
u(0) = p1,  lim ug " (t) = ay, )
. . A
lim (1) = B, Tim uf? (1) = —a, (10)

respectively where x[21(t) = p(t)x®(t). Clearly

t As ® As
ul(t)—ﬁl—i_“l/o W and u2(t)—ﬁ2+062/t m
Moreover u1(t) and u,(t) satisfy (2). Let us set
D = —Wi(uy, uz) = ul™ (Duz (£) — uy (£l (1) (11)

Since the Wronskian of any two solution of (8) is independent of ¢, while t — oo
in (11) we also get

. . A
D=ua }Lr?o uq (t) + B2 tlgg ug ](t). (12)
Theorem 3.2. Under the condition D # 0 and / % < oo the dynamic equation
0

(p()x®(1)Y +h(t) =0, (13)
with the boundary conditions (2) has a unique solution
x(t) = / G(t,5)h(s) Vs, (14)
0
where h : T — E is any V-integrable function and

1 [ ug(Hua(s), 0<t<s<oo,

Glts) =5 { i () (B,  0<s<t<oo (15)
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Proof. If D # 0 then the solutions u;(t) and uy(f) of (8) are linearly independent
and therefore the general solution of the equation (13) has of the form

x(t) = cruq(t) + coun(t) + % /Ot(ul (s)uz(t) — ur (H)ua(s))h(s)Vs. (16)

Now we try to chose the constants c¢; and c¢; so that the function defined by (16)
satisfies (13)-(2). From (16) we obtain the following:

xBly) = cluw( t) 4+ c2 uz D/ up (s uz - ugA}(t)uz(s))h(s)Vs,
x(0) = c1u1(0) + coua(0) = 11 + cau2(0),
A40) = ul™(0) + el (0) = aar + cul(0).

Using the first boundary condition of (2), we have
wilerfr + o (0)] = pilerar + oy (0)] = e2lorina(0) — proay” (0)] = 0.
Since D # 0, we obtain ¢y = 0. Therefore
x(t) = cyuy(t) + % /t (141.(5) 142 (£) — 1 ()14 () (5) Vs,
x[A](t) = c1u1 D / up (s — uw (H)up(s))h(s)Vs.
Hence

lim x(t) = o lim w0 +%/°°( 1(5)B2 — lim s (£)ua(5))h(s) Vs,

t—o0
lim xl4(6) = ¢ lim () + 5 / —auy(5) — lim u}® (1) (5))(5) Vs,

Using the second boundary condition of (2) and taking (12) into account, it can

be verified that | oo
c1 = —/ uy(s)h(s)Vs
D Jo

Replacing c¢; and ¢; in (16) we obtain that (14) is the solution of the boundary
value problem (13)-(2). [ |

By the virtue of Theorem 3.2, finding a solution x(t) of boundary value prob-
lem (1)-(2) is equivalent to finding a continuous solution x(t) of the integral equa-
tion

x(t) = /0 VGt 5)f(s,x(s), x* (5), 2V (5)) Vs. (17)

For the existence of the solution of the integral equation (17), we propose the
corresponding to integral operator:

F(x)(f) = /O TGt 8) (s, x(s), ¥ (5), 7 () Vs. (18)
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By our considerations presented above, it follows that the fixed points of the op-
erator F is the solution of (1)-(2). For x € ClAV (T, E), we define the norm of x by
||x|| = sup{[|x(¢)]| : t € T}.

To fulfill the conditions on the integral operator, we define the followings:

1 © As © As
M1=5(.31+0é1/0 m)'(ﬁz-ﬂxz/o w), (19)
My = M1/0 m(s)Vs, (20)
where m : [0,00) — RT is L — V-integrable function,
1
M, = —, Mz = —, 21
et p(h) e [ p(e() 1
Gt T) = /O°°|G(t,s) —G(1,5)| -m(s)Vs, tTeE] 22)
B={xeC(JE):||x|| <My, ||x(t) — x()]| <G(t 1),
1 1
) = ol < | —7\/ Vs + || [Tmo)vs

V() —xV(T ! - N S # Tms S
170 =0 = |7~ | (W*'p(pm)/f EIvel.

It is easy to verify that B is a closed, bounded and convex subset of E.

Theorem 3.3. Let f be a bounded and continuous function. Assume that there exist
L-V-integrable functions m, k : [0,00) — R satisfying

|| f(t, x,x1,x2)|| <m(t) for te€], x,x1,x€E, (23)
a(f(Ix AxBxC)) <k(t)max{a(A),a(B),a(C)} (24)

and
0<M/ Vs <1 fori=1,2,3 (25)

for I C ] and for any bounded subsets A, B, C of E. Then the boundary value problem
(1)-(2) has a solution.

Proof. Let F be defined as in (18). In order to fulfill the conditions of Moénch fixed
point theorem (Theorem 2.9) we first show that the operator F maps B into B.

FOI = 11 [ GE9)fs,x(),5(5), 57 () V|
< [T16s) - 175, x(5), 24 (5), 3% () V.

As
G(t,s) < %ul(oo)uz(o) = % (ﬁl + o /Ooo %) (ﬁz + o) /Ooo %) = My,
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we have
IFC @I < [ Mllf s x(5),x2(5), 5% ()] Vs < My [ m(s)Vs = Mo.

Consequently we show that the image sets F(B), F*(B), FV (B) are equicontinu-
ous.

[[F(x)(t) = F(x)(7)[| < /OOO|G(1‘/S) —G(T,9)] ||f(s,x(s),x%(s), 2V (5))|| Vs
< /O°° G(t,s) — G(1,8)|m(s)Vs = G(t, )

Since G(t,7) — O as t — T, F(B) is equicontinuous.
For the equicontinuity of F2(B), we show that ||F(x)2(t) — F(x)2(7)|| — 0 as
t — 7. Using the Green’s function (15), we obtain

A

FA0 = ([ 665, x(6), 549,57 ()95
= 5 5m (s, 5 0,17 ()78
55 [ (6)f s 7)1 6),27 () Vs,
Therefore Vt, T € J, we have

IE@)2(5) — F@)A(1)]]
t 00
1 L—L\ (/O wollmll - 1f1Vs + [ «x1||uz||-||f||Vs)

D|p(t) p(t)
+5 || ] @l el 1119
1 1 i 1 T
< 'M—W/O m(s)Vs—i—'ﬁ /t m(s)Vs,
which leads ||F(x)?(t) — F(x)?(7)|| = 0ast — T.

The equicontinuity of FV (B) can be obtained in a similar way.
The continuity of F is the direct result of the continuity of f. Indeed, let x,, — x
in B.

IFGea)(®) = FEMI = 1 [ Gt9)[F(s, %0, x) = £ls, 2%, x7)] Vs
< [T160) - 15 %0, 68 6Y) = Fls, 38,2 Vs,

which implies the continuity of F.

The existence of a fixed point of operator F is guaranteed via Mdnch fixed
point theorem. For this purpose, we let V be a countable subset of B satisfying
the condition

V =conv({x} UF(V)) forsome x € B
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and V(t) = {v(t) €e E:v €V, t € J}. Since V is equicontinuous then by Lemma
2.8 the function f — v(t) = a(V(t)) is continuous on J. For any € > 0 we separate
the time scale interval | = [0, K] U [K, o) into two subintervals in such way that

[ 6,95, V(6),vA(5), V(@) Vs < o

We split the subinterval [0, K] into m parts: 0 = t) < t; < --- < t,, = K and
denote T; = [t;,t;y1], i = 0,1,2,...,m — 1. The mean value theorem for V-
integrals (Theorem 2.6) implies the following embedding;:

K m—1 .t
/ G(t,s)f (s, V, V2, VV)Vs = Z/HG(t,s)f(s,V,VA,VV)Vs
0 i=0 t;

c 2 po(Ti)eony (G(t, T,)f (T, V(T:), VA(T), V(1))

The definition of operator F , properties of Kuratowski measure of noncompact-
ness, Lebesgue A-measure, Lemma 2.8 and the assumption (19), we lead

m—1
((FV)®) < L (T (G TF(T, VT, VAT, VI (1)) Vs

< Zyv )sup G(t, 5)a (f(T,-,V(Ti),VA(Ti),VV(Ti))>Vs

seT;
—1
< M Z uy (Ti) sup k(s) max{a(V(T;)),a(VA(T;)), a(VY(T}))} Vs

i= seT;
< M (V(t)) Z;,) v (Ti)k(4i) Vs
for all t € Ix = [0, K] and for some g; € T;. Hence as
K

F(V)(t) :/0 G(t,s)f(s,V, VA, VV) v5+/ ,8)f(s, V, V2, VV)Vs,

we acquire a(F(V)(t)) < Mia(V(Ix)) /000 k(s)V's + €. Since ¢ is arbitrary
*(F(V)(0) < Mia(V (1)) [ k() Vs. 26)

Analogously by the use of (21)

a(F(V)2(1))

K
— < /0 GA(t,9)f (s, V(s), VO (s),Vv(s))Vs>

< Y o (GA(L TA(T, V(T), VAT, VY (T:)) Vs

(T;) sup k(s) - max{a(V(T;)), a(VA(T;)), a(VY(T;))} Vs

i=0 seT;

ZP‘V i)Vs

A
&
]
=
3

IN
&
9
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forall t € Ix = [0, K] and for some g; € T;. Hence
((F(V) (1) < Ma(V (L)) [ k(s) Vs 27)

Moreover
«(F(V)V () < Maa(V(1)) [~ K(s)Vs (28)

can be obtained in a similar way. Therefore Lemma 2.8, equations (26), (27), (28)
and the condition (25) enable us to have

(e e]

2(F(V)) < max{Ma(V) /0 " k(s) Vs, Maa (V) /0 k(s)Vs, Maa (V) /0 " k(s) Vs
0

— max{M; /0 k(s)V's, My /0 k(s)V's, Ms / k(s)Vs) - a(V)
< a(V). (29)

Since V = conv({x} UF(V)), then (V) < a(F(V)). Therefore a(V) = 0, i.e., V
is relatively compact.

As a result all the assumption hypothesis of Ménch fixed point theorem are ful-
tilled and we conclude the fact that F has a fixed point which is the solution of
problem (1)-(2). [ |

o0
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