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EXISTENCE RESULTS FOR SYSTEMS OF CONFORMABLE
FRACTIONAL DIFFERENTIAL EQUATIONS

BOUHARKET BENDOUMA, ALBERTO CABADA, AND AHMED HAMMOUDI

ABSTRACT. In this article, we study the existence of solutions to systems
of conformable fractional differential equations with periodic boundary va-
lue or initial value conditions. where the right member of the system is
L1 -carathéodory function. We employ the method of solution-tube and Schau-
der’s fixed-point theorem.

1. INTRODUCTION

Recently, a new fractional derivative called the conformable fractional derivative,
was introduced by Khalil et al. in [23]. For recent results on conformable fractional
derivatives we refer the reader to [T}, 2 B] [4} B} [I3] 17, 18] 2], 22]. Furthermore,
in [8, 19, 27, B2] the authors introduced a conformable fractional calculus on
an arbitrary time scale. For some recent contributions on fractional differential
equations, see [0} [10, [IT], T2 241, 25] B0, 3T, B3] [34].

In this paper, we establish existence results for the following system of confor-
mable fractional differential equations:

z(@(t) = f(t,2(1)), for a.e. t€1=1[0,b], b>0,
z € (B).
Where 0 < a < 1, f: I x R — R" is a L.-carathéodory function, =(®)(¢) denotes

the conformable fractional derivative of = at ¢ of order «, and (2B) denotes the
initial value or the periodic boundary value conditions:

(1.2) z(0) =z,
(1.3) 2(0) = x(b) .

Existence results for problem (1.1]), (L.2)) were obtained in [29], by using the
Banach fixed point theorem with f a continuous function. In the particular case
where n = 1, existence results for problem (1.1)) were obtained in [7] with nonlinear
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functional boundary conditions B(z(0),z) = 0 or H(z,z(b)) = 0, where B and
H are continuous functions that satisfy suitable monotonicity assumptions, their
results were established, for the scalar case, with the method of lower and upper
solutions and cover, as a particular cases, the boundary conditions and .
In [5] the authors solved problem (I.I)), (for n = 1), with f a continuous
function by the help of the solution-tube method. As we will see, the used definition
is equivalent to the existence of a pair of lower and upper solutions of the considered
problem.

In order to obtain the existence results for problem , we introduce the
notion of solution-tube of [[.I] which generalizes the notions of lower and upper
solutions given in [7]. It is inspired by a notion of solution tube for first-order
systems of differential equations introduced in [26], (see also [14] [15] and [16] on
time scales).

This paper is organized as follows. In Section [2] we introduce the definition
of conformable fractional calculus and their important properties. In Section [3]
we prove the existence and uniqueness of solutions to problem by using the
method of solution-tube and Schauder’s fixed-point theorem.

2. PRELIMINARIES

In this section, we introduce some necessary definitions and properties of the
conformable fractional calculus which are used in this paper and can be found in
[T, 23] 20, 29] and in [32] (If T is a real interval [0, c0)) are given:

Definition 2.1 ([23]). Given a function f: [0,00) — R and a real constant « €
(0,1]. The conformable fractional derivative of f of order « is defined by,

o St — f()
(2.1) F ) = lim -

for all ¢t > 0.

If f(@)(t) exists and is finite, we say that f is a-differentiable at ¢.

If f is a-differentiable in some interval (0,a), a > 0, and lim;_,o+ f(®)(t) exists,
then the conformable fractional derivative of f of order o at t = 0 is defined as

f(0) = lim_fl(t).

Example 2.2. Conformable fractional derivatives of certain functions as follow:

(1) (tP)(@) = ptP== for all p € R.

(2) (W)@ =0, for all A € R.

(3) (eP) (@) =ptl=aert  and (eat”)@) =peat” for all p € R.
Definition 2.3 ([32]). Assume f: [0,00) — R, f(t) := (f1(t), f2(t),..., fu(t))
and let o € (0,1] and ¢ > 0. Then one defines f(®)(t) = (fl(a) (t), féa)(t), cee féa) (1)
(provided it exists). One calls f(®)(¢) the conformable fractional derivative of f

of order « at t > 0. Function f is conformal fractional differentiable of order «
provided f(%)(t) exists for all ¢ > 0, in such a case, we say that f is a-differentiable
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at t. We define the conformable fractional derivative at 0 as f(*)(0) = 1II(I)1+ F ),
t—

provided it exists.

Theorem 2.4 ([32]). If a function f: [0,00) — R™ is a-differentiable at t > 0,
€ (0,1], then f is continuous at t.

Theorem 2.5 ([32]). Let o € (0,1] and assume f, g: [0,00) — R™ are a-differenti-
able at t > 0. Then, by denoting (fg)(t) = (f1(t) g1(£), ..., fn(t) gn(t)), we have
the following properties:

(i) (af +bg) @ =af® +bg(®  foralla, bcR;
(i) (f9) ) = fg'®) +gf;

i) (fg)® = LTI
(iv) If, in addition, f is differentiable at a point t > 0, then
FO@) =t f(1).
(v) If f is differentiable at t, then f is a-differentiable at t.
We introduce the following spaces:
CH(I,R") = {f:1 —R", is a-differentiable on I and f® ¢ C(I,R™)}.
Co(LR") = {f € C*(I,R") : f(0) = f(b) = 0}
Cop(IL,R") ={f € C*(L,R") : f(0) = f(b)}.

Definition 2.6 ([23]). Let « € (0,1] and f: [0,00) — R The conformable fractio-
nal integral of f of order a from 0 to ¢, denoted by I, (f)(¢), is defined by

D) = R0 = [ F6)das f/ F(s)s 7 ds.
The considered integral is the usual improper Riemann one.
Definition 2.7 ([32]). Let f: [0,00) — R™ and a € (0,1]. The conformable
fractional integral of f of order a from 0 to ¢, denoted by I, (f)(t), is defined by

- / F(8)das = (Ia(f)@), La(f2)(0), . Tn(f) (1)

where I, (f;)(t) is the conformable fractional integral of f; of order a from 0 to ¢,
fori=1,...,n.

Lemma 2.8 ([29]). Let 0 < o <1 and f: [0,00) — R™ be a continuous function
in the domain of I,. Then for all t > 0 we have

(I.()) ™ (1) = 1 ().

Corollary 2.9 ([I, 32]). Let f: [0,b) — R™ be such that I, (f*)(t) exists for
0 <t <b. Then, f is differentiable on (0,b).
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Lemma 2.10 ([I, B2]). Let f: (0,b) — R™ be differentiable and 0 < o < 1. Then,
for all t > 0 we have

(2.2) Lo (f*)(#) = f(t) = f(0).
The next result is an adaptation of Lemma 2 in [29].

Proposition 2.11. Let 0 < a < 1, and W be an open set of R™. If g: I — R"™ is
a-differentiable at t > 0 and f: W — R™ is differentiable at g(t) € W. Then fog
is a-differentiable at t and
« (03 T
(fog) () =f(9(t) (4"®) .
Here vT denotes the transpose vector of v.

Example 2.12. Let « € (0, 1], and z: [0,00) — R™ a-differentiable at ¢. It is not
difficult to verify that the Euclidean norm || - ||: R™\ {0} — [0, 00) defined as
lz()]| =< @(t), z(t) >/,
with (-,-) the usual scalar product in R", is differentiable.
By the previous Proposition, we have
o) _ (x(t), 2 ()
ooy = e
z(t)]]
Next, we develop the fractional Sobolev’s spaces via conformable fractional

calculus and their important properties. The basic definitions and relations based
on [32] (if T is a real interval [0,00)) are given:

Definition 2.13. Let B C I. B is called null set if the measure of B is zero. We
say that a property P holds almost everywhere (a.e.) on B, or for almost all (a.a.)
t € B if there is a null set Ey C B such that P holds for all t € B\ Ej.

Definition 2.14. Let A be a Lebesgue measurable subset of I. We say that
function f: I — R, is a function a-integrable on A if and only if t*~1f(t) is
Lebesgue integrable on A. In such a case, we denote

/AJ"’(t)dat:/At‘H f(t)dt.

Definition 2.15 ([32]). Let E C R be a measurable set, and let ¢: E — R be a
measurable function. We say that ¢ belongs to L. (E, R) is the following property
is fulfilled

[ 16O das = [ 1e(o)s~ds < 400,
E E
We say that a measurable function f: E — R™ is in the set L (E,R™) provided

/E 1£(5)] ds = /E 1£(s)]] s 1ds < +o0.

ie. f; € LL (E,R), for each of its components f;: E - R, i=1,...,n.
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Theorem 2.16 ([32]). The set LL (I,R™) is a Banach space together with the
norm defined for p € L (I,R™) as

ol s ) == / lo(t)]ldat.

Remark 2.17. Tt is not difficult to verify the following assertions for all a € (0, 1]:
(i) LL(I,R™) C LY(I,R"™).

(ii) Fort € I,t >0 and o: I — R™, it is satisfied that p(®) € L (I,R") if and
only if ¢’ € L*(I,R™).

Definition 2.18. A function f: I — R" is said to be absolutely continuous on I
(i.e., f € AC(I,R")) if for every € > 0, there exists n > 0 such that if {[ax, bx[} 1,
is a finite pairwise disjoint family of subintervals of I satisfying

k=m

k=m
Y (b —ar)<n, then Y [If(bx) = f((ar))ll <e.
k=1

k=1

Theorem 2.19 ([32]). Assume function f: I — R™ is absolutely continuous on I,
then f is conformable fractional differentiable of order o a.e. on I and the following
equality is valid:

f(t) = f(0) +/ f(s)dys, foralltel.

[0,2]

Definition 2.20. Let « € (0,1] and f: I — R™. One says that f € W&l (I,R™)

if and only if f € L. (I,R™) and there exists g: I — R" such that g € L} (I,R")
and

@3) [ 500 0dat = [ gO06()dat, forall ¢ € Ciy(LR).
I I
We denote
Vo (ILR") = {f € AC(I,R™) : f) € L (I,R"), f(0) = f(b)}.
Remark 2.21. We have Voo,‘l;l (I,R™) C Wé’f;)l (I,R™).

Theorem 2.22 ([32]). Assume that f € W(;fg}l (I,R™) and that (2.3) holds for
some g € LL (I,R™). Then, there exists a unique function x € Vil ([, b, R™) such
that

z=f 2 =g ae onl.

Theorem 2.23 ([32]). The set W&,;l (I,R™) is a Banach space together with the
norm defined as

ol aan = [ lo@ldat+ [ 16 Oldat,
’ 1 1

for every ¢ € Woofg,l (I,R") .
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Proposition 2.24. Let x € Woafl’)l (I,R™). Then ||z| € Woojg)l(I,R) and
< x(t), z*(t) >
z@)|@ = ==L 7 0 ge on {tel:|x(t)| >0}
@)
Proof. If z € Wocf;} (I,R™). By Theorems and , z is a-differentiable
a.e. on I. From Example 2.12] we obtain
< z(t), z(t) >

()@ =
Jo(o)] T,

a.e.on {t € I: |z(t)] > 0}.

O
We now define a notion of L!-Carathéodory function.

Definition 2.25. A function f: I x R"™ — R" is called a L} -Carathéodory function
if the three following conditions hold.

(i) for every x € R™, the function ¢ — f(¢,x) is Lebesgue measurable;
(ii) the function x — f(¢,x) is continuous almost every ¢ € I;

(iii) for every r > 0, there exists a function h, € L.(I,[0,00)) such that
| f(t,z)|] < hy(t) for almost every ¢ € I and for all x € R™ such that
]| <.

3. MAIN RESULT

In this section, we establish an existence result for the problem (1.1}). A solution
of problem (L.1I)) will be a function z € W' l’)l(I ,R™) for which (1.1)) is satisfied. We
introduce the notion of solution-tube of this problem as follows.

Definition 3.1. Let (v, M) € Wéfél(l, R™) x Woof’bl(l, [0,00)). We say that (v, M)
is a solution tube to problem (1.1)) if
(i) (x —v(t), f(t,z) — 0@ (t)) < M(t)M (@ (t) for a.e. t € I and every x € R"
such that ||z — v(t)|| = M(¢),
(ii) v (t) = f(t,v(t)) and M(t) =0 a.e.on {t € I: M(t) =0},
(iii) - if (*B) denotes (1.2)), then ||zo — v(0)| < M(0),
- if (B) denotes (1.3]), then ||v(b) — v(0)|] < M(0) — M (D).
If &« = 1, our definition of solution tube is equivalent to the notion of solution

tube introduced in [26] for first order systems of Ordinary Differential Equations.
Now, we introduce the following set

T(v, M) := {z € W' (I,R") : ||a(t) — v(t)|| < M(t), foreverytel}.
Remark 3.2. If n = 1, our definition of solution tube is equivalent to the notion
of solution tube introduced in [5]. We point out that in this case the solution-tube

method is equivalent of the lower and upper solutions one. To this end, we introduce
the following definition:

Definition 3.3. A function v € W ;)1(1 ) is called a lower solution of (1.1)), if
@) ¥ = ftA®),  forae tel;
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(ii) - if (B) denotes (L.2)), then v(0) > xo,
- if (*B) denotes (1.3]), then v(0) > ~(b).
A function § € W&l (I) is called an upper solution of (1.1 if it satisfies (i),(ii)
with the reversed inequalities.
Indeed, we consider the following assumptions:

(A) There exist § < v respectively upper and lower solutions of (1.1)), such that
6 <y ae. onl.

(B) There exists (v, M) a solution-tube of (1.1)).

First, we prove the following assertion
If (B) is satisfied, then (A) is also fulfilled.
Define d =v— M and vy =v+ M.

(5 - m(t)) ( £(t,8) — (7+5)2<")(t)> < OO gope tel,

2

(v 520) (Flty) — CEYVO) < CDO W oo e,

It is not difficult to verify that, since § < v a.e. on I, that
5@(#) < f(t,6(t)), forae tel,
YO (t) > f(t,(t), forae. tel.

Moreover, from condition (iii) it is immediate to conclude that §(0) < z¢ < v(0),
provided is considered, and §(0) — 6(b) < 0 < (0) — ~(b) for conditions ([1.3)).
Now, let’s prove the reverse implication, i.e.
If (A) holds, then (B) is satisfied.

To this end, take v = (y +6)/2 and M = (y — §)/2, we have § = v — M and
y=v+ M.
For x € R such that |x — v(t)| = M (t), then z =y or z = §, and

6+A{ té_wt forae. tel,
(z—v(t)) (f(t,z)—v™ (1)) = j ) ( (t,9) 2 ()) €

) ( (t,v)— M(t)) for a.e. t €1,

(5

(v-

( St ) ( (HV)(Q) (t)) forae. t €1,
= (@)( 5+"’)<a) t for ae.t €l

(52 (v ®)) ,

= M(t)M@(t) forae tel.
We consider the following modified problem:
{m(a)(t) +az(t)= f(t,z(t)) +az(t), forae tel,

(31) z € (B).
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where
6 - {”Mw —u®) + o), it o v(o)] > M),
x(t), if |lz—o(t)| <M().

We need the following auxiliary lemmas, which are direct generalizations of [7,
Corollary 3.3 and Corollary 3.6], and we omit the proofs.

Lemma 3.4. For every g € LL(I,R"), 20 € R", 0 < a < 1 and p € R, problem

(3.3) () +px(t) = g(t), ae tel,
1.(0) = 2o,
has a unique solution x € Wocfél (I,R™) given by the expression:
b
(3.4) x(t) == / Gin(t,s)g(s)das + zoe &'
0
where
o ban |1, 0<s<t<D,
(3.5) Grn(t,s) = e "7t
0, 0<t<s<b,

Lemma 3.5. For everyg € LL(I,R"), A € R", 0 < a < 1 and p € R\{0}, problem

{x(a)(t)_;_pa:(t):g(t)7 a.e. tel],,

3.6
(36) 2(0) —z(b) = A,

has a unique solution x € WOO‘;)I (I,R™) given by the following expression:

b _pgo
(3.7 x(t) ::/ Gpe(t,s)g(s)das + A 167%7

0 —€ «
where

eas™=t") 1, 0<s<t<b,
(38) GPe(t7S) = T _DPpa pra

l—e @ et 0<t<s<b

The following lemma can be proved analogously to [5, Lemma 11].

Lemma 3.6. Let r € Woofg)l(I,R), such that () (t) < 0 a.e. on{t € I :r(t) > 0}.
If one of the two following conditions holds,
(i) 7(0) <0,
(i) r(0) < r(b),
then r(t) <0 for every t € I.
Let us define the operators Ay, As : C(I,R™) — C(I,R"™) by

b [e%
Ai(2)(t) = /0 Grn(t,s)(f(5,2(s)) + a T(s))s* 'ds + zge ™
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and

b
A0 = [ Grele,) (57060 +a 2(5) s,

where Gy, (resp., Gp.) is the Green’s function related to the initial problem (3.3])

(resp., periodic problem (3.6)) and is given by expression (3.5) (resp., (3.8))) with
p=a.

Clearly, from Lemma (resp. Lemma with p = a, the solutions of problem
(3.1, (1.2) (resp. (3.1), (L.3) coincide with the fixed points of operator A; (resp.
As).

Proposition 3.7. Let f: I x R® — R" be a L} -Carathéodory function. Assume
there exists (v, M) € W1, R™) x WH(I,[0,00)) a solution tube of problem
(1.1), (1.3), then operator As is compact.

Proof. We first observe that, from Definitions and there exists a function
h € LL(I,[0,00)) such that

I, z(®)) +a z(t)] < h(t), forae tel andall z € C(I,R").

Let {xn }nen be a sequence of C(I,R™) converging to x € C'(I,R™). In this case,
it is clear that

b
WM%@%AMWMSAﬂ*@ﬂWWU@E@HaE@)
— (f(s,f(s)) + E(s)) H ds

b
SM/O s | (f (s, Tn(s)) + @ Ta(s))
— (f(s,7(s)) + a T(s))]| ds.

where M := maxs er |Gpe(t, s)|.

The continuity of operator Ay follows from the continuous dependence with
respect to x of function f, the definition of T and the Lebesgue’s dominated
convergence theorem.

To see that Ay(C(I,R™)) is relatively compact set on C(I,R™), consider z €
C(I,R™). Therefore,

[Az(z) ()] < M |17l Ly (1,0 -
So, A2(C(I,R™)) is uniformly bounded.

This set is also equicontinuous since for every t; <ty € I,
[ 42 () (t2) = Az () (t1)]]
b
_ H / Gre(ta, s)(f(5,7(5)) +aT(5)) das+ | Gpelta, s)(f(5,7(s)) +aT(s))das
to

Gpe(tl, s)(f(s,2(s)+a Z(s))das /Gpe t1,5)(f(s,7(s)) +aT(s))dqas

0
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—ty _ —t¢ b a_ja
< S (e 17 0) a0 s 2 5, 705) 705 )

to
+/ |G pe(ta,s) — Gpe(tl,s)|’|f(s,§(s)) + af(s)” das
ty1

t1 b
< Kle ™t — e_t?|(/ h(s)dys +/ h(s)das> +2M h(s)dys,
0

tz tl
where
es” es” b 1
K::max{ T ba}: -
sel (1 —e~ 1—e" 1—e"

By Arzela-Ascoli theorem, we conclude that the set As(C(I,R™)) is relatively
compact in C'(I,R™). Hence, Az is compact. O

The following result can be proved as the previous one.

Proposition 3.8. Let f: I x R® — R" be a L} -Carathéodory function. Assume
there exists (v, M) € V[/'OD‘I’)1 (I,R™) x WOO‘;} (I,[0,00)) a solution tube of (L.1)), (1.2)),
then operator Ay is compact.

Now, we can obtain our main theorem. The proof is on the basis on the one
given in [I6] for first order systems of ordinary differential equations.

Theorem 3.9. Let f: I x R® — R" be a LL-Carathéodory function. Assume
there exists (v, M) € ng,;l(I,R”) X Woofl’)l (1,]0,00)) a solution tube of (1.1). Then,
problem (1.1)) has a solution = € ngg)l (I,RM)NT(v, M).

Proof. We will do the proof for the initial case (1.2)). As we will see the proof for

the periodic problem (1.3)) is analogous.
By Proposition [3.8| the operator 4, is compact. It has a fixed point by the Schauder

fixed-point theorem. Lemma [3.4] implies that this fixed point is a solution for
the problem . Then, it suffices to show that for every solution z of ,
x € T(v, M).

Consider the set B:= {t € I : ||z(t) — v(t)|| > M (t)}. By Proposition 2.24] a.e. on

B we have
(lat) — o(t) | - M) = = v”(t>( ;f‘“) (?ﬁ OO ey,

Since (v, M) is a solution tube of problem (1.1)), we have a.e. on {t € B: M(¢) > 0}
that

(l(t) — vo(t)]| — M ()"

) —o(),2 () — o)
- ECER0] M)
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- EOEE0] M)
() —v(t), FL30) v @ ®) (@) — o). 7(t) — (1)) o
= M0 +a A M@)(t)
MM (1) .
< T 4 a0 - Jate) — v(Ol) - M0

<0.
On the other hand, we have a.e. on {t € B: M(t) = 0} that

(Ilz(t) — v(t)]| — M ()"
(2(t) — (1), F(t,2(t)) + ai(t) — az(t) — v (1))
|

— _ (a)
l2(O — o] M)

) — o(0), £t o) + avlt) —ax(t) — 0@ (B)
- 120 — o] M)

(@) — v0). (o) v @@)
< Lt la(t) — o(t)| - M)

< 0.

If we set, 7(t) := ||z(t)—v(t)||—M(t), then r(®) < 0a.e.on B:= {t € I :r(t) > 0}.
Moreover, since (v, M) is a solution tube to problem and x satisfies , then
7(0) < 0 and, as consequence, Lemma [3.6] (i) implies that B = 0. So, « € T'(v, M)
and the result holds for this case.

When the periodic case is studied, we follow the same steps with operator A,
and we arrive to the fact that

r(0) = r(b) < [[v(0) = v(b)[| = (M(0) — M (b)) <0,
and the result is fulfilled from Lemma [3.6] (ii). O

The following example is a modified version, considering a periodic condition, of
Example 4.6 in [16]:

Example 3.10. Consider the periodic problem:
(3.9) 23 (t) = aq||z(®)2x(t) — asx(t) + asp(t), ae. tel=][0,1],
' 2(0) = (1),

where @ = 1/3, a1, a2, ag € Ry such that a; —as +a3 =0, p: I - R" is a
continuous function satisfying ||p(¢)|| = 1 for every ¢ € I. Take v(t) = 0 and
M(t) = 1.

11

3

So, v € Wi (I,R™), M € Wi (1,10, 00]), v} () = 0, MB)(t) = 0, and
[v(1) = v(0)[] < M(0) — M(1).
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For x € R™ such that ||z — v(t)|| = M(t), then ||z|| = 1, and we have, for a.e. t € I

1

(@ —o(t), f(t,2) = 0'D(1)) = (z,a1]l2]*x — aze + a3 (t))

= arflz]|* = az||z|® + as(z, o (1))
<arllz|* = as||z]|* + asllz|l[le ()]
=a; —az+az3 =0

< M()MG)(1).

Since the set {t € I, M(t) = 0} = 0, condition (ii) holds trivially.
So, (v, M) 1s a solution-tube of . By Theorem 3 . 3.9, problem (3.9) has a

solution z € W (I R™) such that ||z(¢)|| <1 for every t € I.

Example 3.11. Consider the periodic problem:

—z3(t)+1 -2t
(1/2) () = x(— c0.1
610 2072 (1) 7 0.1],
z(0) = z(1).
This problem is a particular case of , , with n = 1, @ = 1/2, and
1—2¢
flt,x) = L It is clear that f is a L1/2—Caratheodory function. Take

Vvt
v(t) =0and M(t) =
So, v € Wo%fu,m) M € Wi (1, [0, 00]), v3)(1) = 0, MB)(t) = 0, and

[v(1) —v(0)] < M(0) — M(1).

For = € R such that |z — v(t)| = M (t), then © =1 or z = —1, and we have for a.e.
tel,
3
_ B = (o) (L2
(@ =v(®), f(t2) — v D (B) = (@) 7 ).
91—t
—2v/t3 if =1,

<0=M(t )M(%)() forae tel.
So, (v, M) is a solutlon-tube of (3.10] - By Theorem [3.9| . the problem (3.10)) has a

solution z € WO"’i (I) such that |z(t)| <1 for every t € I.
Observe that § = v — M and v = v + M are, respectively, upper and lower
solutions of (3.10]) follows from the fact that

5®Kﬂ:ogfm6®)=%¥;ﬂ7

€1[0,1], 4(0) <4(1),

and

VB () = 0> f(t, (1) = =2V, te[0,1], ~(0)>~(1),
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such that —1 < z(t) <1, forall t € I.
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