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EXISTENCE AND APPROXIMATION OF SOLUTIONS TO
THREE-POINT BOUNDARY VALUE PROBLEMS FOR FRACTIONAL
DIFFERENTIAL EQUATIONS

RAHMAT ALI KHAN

ABSTRACT. In this paper, we study existence and approximation of solutions to some three-

point boundary value problems for fractional differential equations of the type
“Diu(t)+ f(t,u(t) =0, te(0,1),1<qg<2
u'(0) =0,  u(l) = Eu(n),
where 0 < &, 7 € (0,1) and “D{_ is the fractional derivative in the sense of Caputo. For
the existence of solution, we develop the method of upper and lower solutions and for the
approximation of solutions, we develop the generalized quasilinearization technique (GQT).

The GQT generates a monotone sequence of solutions of linear problems that converges

monotonically and quadratically to solution of the original nonlinear problem.

1. INTRODUCTION

The study of fractional differential equations is of fundamental concern due to its important
applications to real world problems. Many problems in applied sciences such as engineering
and physics can be modeled by differential equations of fractional order [1, 2, 3]. Tt has
been observed that the models with fractional differential equations provide more realistic
and accurate results compared to the analogous models with integer order derivatives, see,
[4, 5]. Existence theory for solutions to boundary value problems for fractional differential
equations have attracted the attention of many researcher quite recently, see for example
6,7, 8,9, 10, 11, 12] and the references therein. However, the method of upper and lower
solutions for the existence of solution is less developed and hardly few results can be found in
the literature dealing with the upper and lower solutions method to boundary value problems
for fractional differential equations [13, 14, 15, 16, 17]. The method of quasilinearization is
somewhat developed for initial value problems for fractional differential equations [18, 19,
20, 21] but results dealing with quasilinearization to boundary value problems for fractional

differential equations can hardly be seen in the literature. The paper seem to be an attempt
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to develop the generalized quasilinearization to three-point boundary value problems for

fractional differential equations.
2. PRELIMINARIES
We recall some basic definitions and lemmas from fractional calculus [4].

Definition 2.1. The fractional integral of order ¢ > 0 of a function g : (0, 00) — R is defined
by

¢ v L[ gls)
R = 55 ), 72

provided the integral converges.

Definition 2.2. The Caputo fractional derivative of order ¢ > 0 of a function g € AC™|0, 1]
is defined by

1 tg™(s)
cYg _ —
Dj,g(t) = T —q) /0 = S)qinﬂds, where n = [q],

provided that the right side is pointwise defined on (0, 00).

Remark 2.3. Under the natural conditions on g(¢) the Caputo fractional derivative becomes

conventional integer order derivative of a function ¢(t) as ¢ — n.

Lemma 2.4. Forq >0, g € C(0,1)NL(0, 1), the homogenous fractional differential equation
‘D3, g(t) =0 has a solution g(t) = c1 + cat + c3t® + ... + c,t™ !, where ; € R, i =0,1,...,n
andn = [q] + 1.

Now, we consider the following nonlinear boundary value problem for fractional differential
equation
_CDO+u<t> = f(ta u<t>)7 te (07 1)7 1< q < 2
u'(0) =0, u(l)=Eu(n),
where £, n € (0,1) and the nonlinearity f : [0;1] x R — R is continuous.

(2.1)

Definition 2.5. A function « is called a lower solution of the BVP (2.1), if o € C|0, 1] and
satisfies
—Diya(t) < f(t at), t € (0,1), &/(0) = 0, a(1) < Eer(n).

An upper solution 5 € C|0, 1] of the BVP (2.1) is defined similarly by reversing the inequality.
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We know that for h € C0, 1], the linear problem
DRt = hult)), te(01)1<q<20)=a ull)— Euln)=b

has a unique solution given by

1 1
22) )= g=gb+elsi—0 - (-0} + / G(t, $)h(s)ds, t € [0, 1],
- 0
where
,
R S R
(i-or@ , Ostslnzs,
(17! (1) (—s)r~!
Gt 5) = orw Vemsssstsl
7 (1=5)~ 1 —£(n—s5)1"" 0<t<s<n<l
of@ =t=ssis
(st
| o O<tssslinss

is the Green’s function. The Green’s function G(¢,s) > 0 for all ¢, s € (0,1). Hence, if
a<0,b>0and h(t) > 0 on [0,1], then any solution u of the linear BVP is positive on
[0, 1]. Thus, we have the following comparison results.

Comparison results: If v/(0) <0, u(1) > &u(n) and “Df, u(t) <0 on (0, 1), then u > 0 on
(0,1).

If w'(0) > 0, u(1) < &u(n) and “Di, u(t) > 0 on (0,1), then u <0 on (0,1).

3. MAIN RESULTS

Theorem 3.1. Assume that there exist lower and upper solutions «, 3 € C[0,1] of the BVP
(2.1) such that « < 3 on [0,1]. Assume that f : [0,1] x R — (0,00) is continuous and
non-decreasing with respect to w on [0,1]. Then the BVP (2.1) has C[0, 1] positive solution
u such that a(t) < u(t) < B(t), t € [0,1].

Proof. Define the modification of f,

f@.B(1), ifu>p(t),
(3.1) F(t,u) =< f(tu(t), if at) <u< B(t),
flt,at), if u<alt).

Clearly, F' is continuous, bounded on [0, 1] x R and is non-decreasing with respect to u for
each fixed ¢ € [0, 1]. Hence, the modified BVP

(3.2) =Dl u(t) =F(t,u(t), 1 <g<2, te(0,1),u'(0)=0,u(l)==Eu(n),
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has a solution u. Moreover, we note that a solution u of the problem (3.2) such that
alt) < u < p(t), t € 0,1], is a solution of the BVP (2.1). We only need to show that
a(t) < u < p(t), t € [0,1], where u is solution of the BVP (3.2). In view of the non-

decreasing property of f, we obtain
(3.3) flta(t)) < F(tu) < f(8,8(1)), (£u) € [0,1] x R.

Set m(t) = a(t) — u(t), t € [0,1], then, m’'(0) > 0, m(1) < &m(n). Using the definition of

lower solution and (3.3), we obtain
_cDg+m<t> = _cDg+a(t) + cDg+u<t) < f(ta Oé(t)) - F<t7u<t)) <0,te [07 1]

By comparison result m(t) < 0,¢ € [0,1]. Similarly, we can show that u(t) < ((t), t €
[0, 1]. O

Now, to develop the the iterative scheme, the generalized quasilinearization, choose a
function ¢(t,u) with ¢, ¢u, ¢uu € C([0,1] x R) such that aa—;gb(t,u) > 0 for every t € [0,1]
and u € [a, 3] and

2
ou?
where & = min{a(t) : t € [0,1]} and 3 = max{3(t) : t € [0,1]}.

Define F': [0,1] x R — R by F(t,u) = f(t,u) + ¢(¢t,u). Note that F' € C([0,1] x R) and

(3.4) [f(t,u) + (¢, w)] = 0 on [0,1] x [a, A],

2

u?

(3.5) F(t,u) >0 on [0,1] x [a, 3],

which implies that

(3.6) ftu) = fty) + Fult,y)(u—y) = [0t u) — ot y)), t € [0,1],

where u, y € [@, 5]. Using the non decreasing property of ¢, with respect to u on [a, 3] for
each t € [0, 1], we obtain

(37) ¢(t’ u) - ¢(ta y) = gbu(ta C)(u - y) < gbu(ta B)(u - y) for u > Y,

where u, y € [@, ] such that y < ¢ < u. Substituting in (3.6), we have
(3.8)  f(t,u) = f(t,y) + [Fult,y) — ¢ult, D)(w —y) = f(t,y) + Mu—y), foru >y,
where A = min{0, min{ F,,(t, &) — ¢, (¢, 3) : t € [0,1]}}. We note that X < F,(t,2)—¢,(t,5) <

fu(t,B) -t €[0,1].
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Define ¢ : [0,1] x R x R — R by
(3.9) g(t,u,y) = [t y) + Au—y).

We note that g(t,u,y) is continuous on [0,1] x R x R and for u,y € [a, (], using (3.8) and
(3.9), we have

ft,u) = g(t,u,u).

Now, we develop the iterative scheme to approximate the solution. As an initial approxima-

(3.10)

tion, we choose wy = a and consider the linear problem
(3.11) —“Doyu(t) = g(t,u(t),we(t)), t € [0,1], 1 < ¢ < 2, v'(0) =0, u(1) = Eu(n).
The definition of lower and upper solutions and (3.10) imply that

g(t,wo(t), wo(t)) = f(t,wo(t)) = =“Diywo(t), t € [0,1], wp(0) > 0, wo(1) < Ewo(n),

g(t, B(t), wo(t)) < f(t,B(t)) < ="Dg,B(t), t € [0,1], 5'(0) <0, B(1) = £B(n),

which imply that wg and (3 are lower and upper solutions of (3.11). Hence by Theorem 3.1,
there exists a solution wy; € C[0,1] of (3.11) such that wy < w; < 5 on [0,1]. Again, from
(3.10) and the fact that w; is a solution of (3.11), we obtain

(3.12) =“Diywi(t) = g(t, wa(t), wo(t)) < f(t,wi(t)), t € [0,1], i (0) = 0, wi(1) = Ew (n)

which implies that w; is a lower solution of (2.1).

Similarly, we can show that w; and 3 are lower and upper solutions of the linear problem
(3.13) —Di,u(t) = g(t,u(t),wi(t), t €[0,1], 1 < ¢ <2, v (0) =0, u(l) = &u(n).

Hence by Theorem 3.1, there exists a solution wy € C]0,1] of (3.13) such that w; < we <
B on [0, 1]. Continuing in the above fashion, we obtain a bounded monotone sequence {w,,}

of solutions of linear problems satisfying
(3.14) wo <wp <wy <wsz < ... <w, <P on0,1],
where the element w,, of the sequence is a solution of the linear problem

—“Diyu(t) = g(t,u(t), wa-1(t)), t € 0,1], 1 < ¢ <2, ¥/(0) = 0, u(1) = &u(n)
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and is given by

(3.15) wa(t) = /0 G(t, 5)g(s, wn(s), wa_1(s))ds, ¢ € [0, 1],

The monotonicity and uniform boundedness of the sequence {w, } implies the existence of a
pointwise limit w on [0, 1] such that w,, — w uniformly. The dominated convergence theorem
implies that for each ¢ € [0, 1],

/0 Gt 5)g(5, wn(s), w1 (s))ds — /0 G(t, 5)f (s, w(s))ds.

Passing to the limit as n — oo, (3.15) yields w(t) = fol G(t,s)f(s,w(s))ds, t € [0,1], which
implies that w is a solution of (2.1).

To show that the convergence is quadratic, set e,(t) = w(t) — w,(t), t € [0,1], where w
is a solution of (2.1). Then, e,(t) > 0 on [0,1] and from the boundary conditions, we have
e’ (0) =0, e, (1) = €e,(n). Moreover, for every t € [0, 1], we have

n

(3.16)  ="Dfien(t) = F(t,w(t)) — ¢(t, w(t)) = f(E, wnr(t)) = Mwn(t) — wna (1)),

Using the mean value theorem and the fact that ¢, > 0 on [0,1] x [&, 3], we obtain,

¢t w(t)) = o

gb t, Wp—1
¢(t7 wn71<t>> + ¢u<t7 C_Y)(U}(t) - wn71<t>>7

v

< Fltus(6) + Fult, B)w(®) — w,1(8) + 2 (t) — s,y 1))

where w,,_; < § < w. Consequently,

F(tw(t) — ¢t w(t) < f(t, wai(t) + [Fult, B) — ¢u(t, @) (w(t) — was(1))

Fo.(x, 6
+ 7(2 )(w(t) —w,_1(t))*.
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Hence the equation (3.16) can be rewritten as

(3.17)
—Dle,(t) < [Fult, B) — ¢ult, @)]en(t) + W(en-l(t)f = Aen-1(t) — ea(t))
< [Fu(t, ) = du(t, @) = Nen—1(t) + Aea(t) + W(em(m?
< [Fu(t, ) = du(t, @) — Nen—a(t) + W@M@)? < pen(t) +dllen1]*, t € [0,1],
where p = max{F,(t, 5) — ¢, (t,@) — A : t € [0,1]} > 0 and d = max{Z=") . 4 ¢ [a, 7]}
By comparison result, e, (t) < z(t), t [0, 1], where z(t) is a unique solution of the linear
BVP
(3.18) —Dg,2(t) = p2(t) = dllen|®, 2'(0) = 0, 2(1) = €2(n),
and is given by
(3.19) en(t) < 2(t) = /01 k(t, s)dllen|* < Allenlf?,

where A = max{d fo (t,s)}, k(t, s) is the Green’s function corresponding to the homogenous

problem —“Dg, u(t)—pu(t) = 0, v'(0) = 0, u(1) = &u(n). Hence the convergence is quadratic.
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