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EXTREMAL SOLUTION TO GENERALIZED DIFFERENTIAL
EQUATIONS UNDER INTEGRAL BOUNDARY CONDITION

MIGUEL VIVAS-CORTEZ*, OSWALDO J. LARREAL B.,
AND JUAN E. NAPOLES VALDES

ABSTRACT. In this article, by utilizing the monotone iterative strategy cou-
pled with the strategy of upper and lower solutions, we get the existence of
extremal iteration solution to generalized differential equations under bound-
ary conditions of type Riemann-Stieltjes, which at the same time provides
the principle of comparison for these solutions. The results obtained are
illustrated with appropriate examples.

& Note to author: Use 2000 Mathematics Subject Classification.

1. Preliminaries

The notion of derivative is in the very essence of Ordinary Calculus, and it
has attracted attention of many researchers and mathematicians such as New-
ton, I’Hospital, Leibniz, Abel, Euler, Riemann, etc. Later, several types of frac-
tional derivatives, what will we denote D%, have been introduced to date Eu-
ler, Riemann—Liouville, Abel, Fourier, Caputo, Hadamard, Grunwald—Letnikov,
Miller-Ross, Riesz among others, extended the derivative concept to fractional
order derivative (see [10], [13] and [14]).

In recent years, Fractional and Generalized Calculus has received a lot of the
attention, not only in Pure Mathematics, but in multiple fields of applied science.
Between its own theoretical development and the multiplicity of applications, the
field has grown rapidly in recent years, in such a way that a single definition of
the fractional derivative or integral does not exist, or at least is not unanimously
accepted, in [2] suggests and justifies the idea of a fairly complete classification
of the known operators of the Generalized and Fractional Calculus, we can also
point out that in the work the authors study this phenomenon and support the
appearance of various operators, both in theoretical and practical research. Let
us point out that these developments have been obtained in different contexts,
and not with a single starting point, that is, they are taken as a basis, from the
Riemann-Liouville integral, to that of Katugampola, through other formulations
such as Weyl’s, Hadamard, or Erdelyi-Kober, in this way various authors have
defined different integral operators, even from different notions of generalized local
derivatives, this last point of view is the one present in our work.
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We believe that it is convenient to take into account the historical route that
is presented in Chapter 1 of [1] where a historic route of differential operators,
whether local or global, is made, starting from Newton’s classical formulation and
arriving at Caputo’s Definition, which serves as the basis for presenting a differen-
tial operator, with a new parameter, and providing a great variety of applications,
taking into account the difference between both types of differential operators,
global and local. A seminal question is addressed in 1.5.1 (p.24), where sentence
“We can therefore conclude that both the Riemann-Liouville and Caputo opera-
tors are not derivatives, and then they are not fractional derivatives, but fractional
operators. We agree with the result [15] that, the local fractional operator is not a
fractional derivative” (p.24). For all the above, we can affirm that there is a great
variety of integral operators, which have proven their usefulness in solving a great
variety of applications and in successive theoretical developments.

Classical fractional differential operators have a group of known deficiencies,
although local operators appeared in the 60s, it was not until 2014 that these
disadvantages were overcome when Khalil et al. [9], defined and formalized the
operators using the classic idea of the limit of a certain incremental quotient and
obtained a derivative that was called conformable, in 2018, a new work direction
was opened when what was called non-conformable was introduced (see [6] and
[11]). These differential (local) operators have proven their usefulness in multiple
applications, for example [2, 3, 8, 4, 5, 12, 7].

Motivated by the above works, we consider the existence of solutions for the
following nonlinear conformable fractional differential equation involving integral
boundary condition, using the method of upper and lower solutions and its asso-
ciated monotone iterative technique

NYwu(t) = f(t,u(t)), t € (0,1)

1 1.1
u(0) = / u(t)du(t) -

where f € C((0,1) x R,R), fol x(t)du(t) denotes the Riemann-Stieltjes integral
with positive Stieltjes measure of u, and N{ f(t) stands for the A -derivative.

Definition 1.1. Let f : [0,+00) — R a function. Then the A -derivative of f of
F(t+net™) = r(t)

order « is defined by N{* f(t) = }lbin%) forall t > 0, € (0,1).
—

If f is a—differentiable in some (0,a), and lim;_,q+ Nl(a)f(t) exists, then define
NV F0) = lim N f (1)
t—0+

Lemma 1.2. Let f:[0,400) — R be differentiable, then

o

NTF() =" f'(t)

Theorem 1.3 (Mean value theorem). Let [a,b] C [0,+00), and let f : [0, +00) —
R. Suppose that Let f be a continuous on [a,b] and suppose that f is differentiable
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Definition 1.4. Let f : [0,400) — R be differentiable, the inverse of the N-
derivative is defined as

NOF(s) = /0 ST F(r)dr

Lemma 1.5. Let f :[0,+00) = R be differentiable and 0 < o < 1. Then, for all
t > 0 we have

NENT f(t) = f(t) — £(0) (1.2)
NINZLf(s) = [(s) (1.3)

1.1. Properties. Let f and g be N -differentiable at a point ¢ > 0 and « € (0, 1].
Then

(1) NP'(af +bg)(t) = aNT'(f)(t) + DNT (9)(¢)
(2) NP (t7) =€t "qt?7 1 g eR.

(3) N(C) =0, C constant.

(4) N7 (f9)(t) = fNT(9)(t) + gNT (f)(2)

(5) N (g (t) = gNT (f )(tg)Q—(ng‘(g)(t)
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FIGURE 2. Graphics f(z) = sin(z), N f(z) for a =
1,2,4,6,8,1000 and [ f(s)ds.

(6) If, in addition, f is differentiable then N (f) = et * f/(t).
(7) Being f differentiable and o = n integer, we have N7(f)(t) = et " f'(t).

Remark 1.6. with observation 6 we can obtain properties for the trigonetric, ex-
ponential and logarithmic functions, so in this way we can try to solve differential
equations using this method.

Definition 1.7. A function v € C'((0,1),R) is known as a lower solution of (1.1),
if it satisfies

Neu(t) <f(tu(t)).t € (0,1)
u(0) < / u(t)du(t)

If inequalities (1.4) are reversed, then w is an upper solution of problem (1.1) .

Lemma 1.8. Let0<a <1, a€R and A,B € C((0,1),R). Next, we present the
following existence and uniqueness results for linear equations.

NYu(t) = — A(t)u(t) + B(t), te (0,1)

u(0) :/0 u(t)du(t) +a

(1.4)

(1.5)
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1
IfTy=1- / e NAWdu(t) £ 0 then the equation has a unique solution
0

u(t) = e VAW Lu(0) + N2, (BN A0 (1.6)
Proof. Multiplying both sides of the first equation of the problem (1.5) by NAM)
and using Lemma 1.2, we can get
NTAONTu(t) + A(t)u(t)eN A = B(t)eNT AW

In other words, by means of the product rule (item 4 of the properties above ),
equality turns to

N [eNglA(t)u(t)} = B(t)eNA® (1.7)
Applying N2, to both and (1.2) side of (1.7), we have

NIAWD (1) — u(0) = N (B(t)eNflA(t)) (1.8)
u(t) = u(0)e N AN = ¢ NLAD N, (1N AW (1.9)

Then
u(t) = e [le ™ " A(r)dr <u(0) n /OteT_uB(T)eNalA(T)dT> (1.10)

From the equation (1.9) we obtain:
1 (3 (3
du(t) = / [0 e, (B@HNAO)] du)
0
1 1 " 1 " "
/ u(t)dp(t) — u(0) / e NUAWD gy (1) = / [e*N—lA“Wfl (B(t)eN—lA@)ﬂ dp(t)
0 0 0
From the hypothesis (1.5) we obtain:
1 o 1 . .
u(0) <1 - / eNlA(t)du(t)> —a+t / [e*N—lA“W‘_ﬁ (B(t)eN—lA@))] dp(t)
0 0

Iftr, = (1 — fol e‘NglA(t)du(t)) # 0 then problem (1.5) has a unique solution,
beside

1
a —|—/ [efolA(t)Nfl (B(t)eNflA(t))] du(t)
u(0) = 0 - (1.11)
1 _/ e—NflA(t)du(t)
0

O
Example 1.9. Consider the differential equation

Niu = — (e% sin (t)) u+ t2ecos (=141 u(0) =1 (1.12)
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Here A(t) = et sin (t) and B(t) = t2e%s (=11 So by (1.6) we obtain:
/3
wt) = = +1 ecos(t)fl
=5 +1)
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FIGURE 3. Flux of the equation (1.12).

Lemma 1.10. Let 0 < a < 1. Suppose that A,u € C((0,1),R) satisfies
NYwu(t) < —A(t)u(t) + B(t), t € (0,1)

1
u(0) < / u(t)du(t) + a
0
Then u(t) <0 on (0,1) provided Ty, > 0.

Proof. Let B(t) = Nu(t) + A(t)u(t) and a = u(0) — /1 u(t)du(t), we know that
B(t) <0, a <0 and ’
Niu(t) = —A(t)u(t) + B(t), t € (0,1)
1
u(0) = /0 u(t)du(t) +a

Using I',, > 0, we have then by (1.10), we can conclude that
u(t) < u(0)e NAM <
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The proof is complete. O

2. Main Results

In this section, we prove the existence of extremal solutions for conformable
fractional differential equations involving integral boundary condition. For conve-
nience, we list some assumptions.

H1: f:(0,1) x R — R is continuous.

H2: Assume that vp,wo € E = C(0,1) is lower and upper solution of prob-
lem (1.1), and vo(t) < wo(t)

H3: There exists a function A € E with I', > 0 which satisfies.

for vp(t) <z <z < wp(t)

Theorem 2.1. Assume that H1, H2 and H3 hold. Then there exist monotone
iterative sequences {vy}o- o, {wn}ieq C E such that

lim v, =v, lim w, =w
n— oo n— o0

uniformly on (0,1), and v, w are the extremal solutions of problem (1.1) in the
sector [vg,wo] = {9 € E : vo(t) < g(t) <wp(t), 0 <t <1}

Proof. For all v,,,w, € E, let

NVnsa(t) = £ (G vn(t) = A(t) (a1 () —wa(t)), € (0,1)
N wn1(t) = f (wn(t)) = A(t) (wn 1 () — wn(t)), T € (0,1)

1

1 (2.1)
%ﬂ®=4uwwmwxwﬂ@=ﬁwmwmw>

Thus, the iterative sequences {v,} and {w,} can be constructed by Lemma 1.8.
Firstly, we shall prove that

Vp < Un+1 Swn—O—l < wp, n:07172a"'
Let p = vy — v1. According to (2.1) and definition 1.7, we have

{ Nip(t) =1N1‘1Vo(t) —Nflm(t) < ft () — £t wo(t) + A) (vi(t) —wo(t)), t € (0,1)
p(0) < [y vo(t)du(t) — fy vi(t)du(t)

1p(t) < —A(t)p(t), t € (0,1)

1
mmsépww@

Therefore, by lemma 1.10 we have 1(t) < v1(t). Similarly, we can prove that
wi(t) < wo(t), t € (0,1) Now, let » = v; — wyq, according to (2.1) and (H3), we
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have
NT7(t) = f (1t vo(t) — f(Etuo(t) — At) (n1(t) — vo(t) — wi(t) + wolt))
< A(t) (wolt) — vo(t) — A(t) (n1(t) — vo(t) — wi(t) +wo(?))
= —A()r(t)

r(O):/O r(t)du(t).

By lemma 1.10, we have v4(t) < wy(t), t € (0,1).
Secondly, we show that v1,w; are lower and upper solutions of (1.1), respec-
tively.

Nivi(t) = f(tvo(t) — A(t) (vi(t) —wo(t)) — f (t,vi (1) + f (£, 11(2))
< A(L) (v1(8) — wo(t)) — A(t) (v (t) — vo(t)) + f (¢, 01 (2))
= f(t,1(t))
1
v1(0) = on (t)du(t)

According to (H3) and definition 1.7, we deduce that v is a lower solution of
(1.1). Similarly, w; is a upper solutions of (1.1). By the above arguments and
mathematical induction, it is clear that

v < S Sl Swppl Swp <o <wp, n=0,1,2,0 00 (22)

Thirdly, we show that lim,,_ o v, = v,lim, .o w, = w. Hence, we need to
conclude that v, w, are uniformly bounded and equicontinuous on (0,1). Ob-
viously, the uniform boundedness of sequences vy, wy, follows from (2.2). Thus,
there exists L > 0 such that

|f (t,vn(t) — At) (Wna(t) —va(t)) < L
and
|f (8, wn(t)) — At) (W1 () — wn(t))] < L
Using Theorem 1.3, we get

1
[V (t1) = vn (t2)| = — | Dava ()] [t — 13

= 1 (v (6) — M) (&) — vaa @) — 15

Therefore, {v,, } are equicontinuous. Similarly, we obtain that {w,} are equicon-
tinuous too. By Arzela-Ascoli Theorems, we conclude that {v,}, {w,} have sub-
sequences {vy, }, {wn, } such that {v,, } — v, and {w,, } = w when k — oo. This
together with the monotonicity of sequences {v,,} and {w,} implies

nhﬁrr;c) vn(t) = v(t), HILH;O wn(t) = w(t)
uniformly on (0, 1). Please note that the sequence {v,} satisfies

Un(t) = e N AW [y, (0) + Ry (8)], t € (0,1)
1 (2.3)

v, (0) = ; vn(t)dp(t), n=1,2,...
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where
Ruyoa(8) = N |(f (6201(5) + A()m () N340
Let n — oo in (9) . We have

{ v(t) = e N1 AD[L(0) + Ru(t)], t € (0,1)
Jo

This shows that v is a solution of the nonlinear problem (1). Similarly, we obtain
to is a solution of the nonlinear problem (1) too. And
vo(t) < o(t) <w(t) <w(t), t € (0,1)

Finally, we are going to prove that v, to are minimal and maximal solutions of (1.1)
in the sector [vg,wp]. In the following, we show this using induction arguments.
Suppose that g(t) is any solution of (1.1) in the [vg,wp] that is

vo(t) < g(t) <wo(t), t € (0,1)
Assume that un(t) < g(t) < wy(t) hold. Let p(t) = vyy1(t) — g(t), we have

1'p(t) = N (t) — Ni'g(t)
= f (t,vn(t)) — A(t ) U1 (t) = va(t)) = f(E,9(1))
A(t) (9(t) = vn(t)) = A() (Vn41(t) = va (1))
= —A(t)p(f)

p(0) / p(t)du(t)

Then, by lemma 1.10, we have v, 11(t) < g(t), t € (0,1). By similar method, we
can show that ¢g(¢) < wp4+1(t), t € (0,1). Therefore,

Up <g<uwnp, n=12...

By taking n — oo in the above inequalities, we get that v < g < w. That is v, w
are extremal solutions of problem (1.1) in [y, wp]. Thus, the proof is finished.
O

3. Conclusions

In this article, using the monotone iterative technique we investigate the exis-
tence results for extremal solutions of some generalized differential equations. A
fundamental detail is that almost all the results derived in the paper are more-
or-less straightforward extensions of well-known results from the theory of the
first-order ordinary differential equations, since the generalized derivative is a ver-
sion of the first-order derivative.
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