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Analysis of Mixed Fractional Integrodifferential Equations with Deviating Argument via
Monotone Iterative Technique

V. V. Kharat* M. A. Kazi, A. R. Reshimkar and M. T. Gophane

ABSTRACT: This paper deals about study of Riemann-Liouville fractional integrodifferential equations with
deviating and integral arguments under integral boundary conditions by developing a monotone interative
technique by introducing upper and lower solutions to Riemann Liouville fractional integrodifferential equa-
tions.
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1. Introduction

The theory of fractional calculus has been available and applicable to various fields of study. The
investigation of the theory of fractional differential and integral equations has started quite recently. One
can see the monographs of Kilbas et.al. [19], Podlubny [27].

Integral boundary conditions are used in blood flow models, population dynamics, cellular systems,
chemical engineering, plasma physics, heat transmission, thermo elasticity, etc. Such conditions arise
when the values of the dependent variable at the boundary points depend upon its values in the domain.
As the integral boundary conditions are more precise than the local boundary conditions, modelling of
such physical phenomena with integral boundary conditions are preferred over local boundary conditions.
The detailed work in concern with fractional differential and fractional integrodifferential equations can
be found in the articles [1]-[6], [8]-[18], [20]-[33] and references cited therein.

In this paper, we are studying the Riemann-Liouville’s fractional differential equations with deviating
and integral arguments under the integral boundary conditions :

Dg.a(s) = h(s, als), a(é(s)), Kals)), Hla(s))).s € 2 =[0,7]
T (1.1)
q(0) = M/o qlv)dv+b, beR

where h € C(Q x RLR), ¢ € C(Q,9Q), ¢(s) <s, s€Q, u>0, 0<o <1, the continuous functions
K, H:QxQ— R are given by,

K(q(s)) = / " K(s, v)a(v)dv, (1.2)
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-
))2/0 H(s,v)q(v)dv, (1.3)

where K(s,v), H(s,v) > 0 with K7 = sup{|K(s,v)|:0 < s, < T} and Hy = sup{|H(s,v)| : 0 < 5,0 <
T}

and

We show that problem defined by (1.1) has the existence, uniqueness of a solution by using Banach
fixed point theorem. Also, we consider the existence, uniqueness results for Riemann-Liouville fractional
differential equations with deviating and integral arguments under the integral boundary conditions using
monotone method.

2. Preliminaries
To discuss main results, we require some definitions, lemmas and hypotheses that is defined as follows:
Definition 2.1 ([19],[27]) The Riemann-Liouville fractional integral of order o, with right hand side

is pointwise defined on (0, 00) is given by

I51q(s) =

1 ) o—1
m/o (s —v)" " q(v)dv, o >0, (2.1)

Definition 2.2 ([19],[27]) The Riemann-Liouville fractional derivative of order o with m—1 < o <m

D§,q(s) = (;S) (155 7q(s)) = T ! a” /s(s — )" q(v) dv, s> 0. (2.2)

m—o)ds™ J,

Lemma 2.1 ([19]) Let ¢ € C™[0,T],0 € (m —1,m),m € N. Then for s € Q,

,_n

m—1 k

15, Dg q(s) ! —q"( (2.3)
k=0

V)

Consider the space C1_,(Q,R) = {q € C((0,T],R) : s'77¢(s) € C(, R)}.

Lemma 2.2 ([7]) Let n € C1_,(Q,R) where for some s1 € (0,T], n(s1) =0 withn(s) <0,0< s < sq,
then D°n(sy) > 0.

Lemma 2.3 Consider h € C(Q x R* R). If function ¢ € C;_,(2,R) is a solution of the problem (1.1)
if and only if q is a solution of the integral equation

1 T

06 = 57 [ (=07 (s 0. al0). Klalo)). Hla))dvp [ oo (24)

Proof: Let q is a solution of (1.1). With Lemma 2.3, we get,

15, Dga(s) Z
If g € C1_-(2,R), and m =1 in above equation, we get,
15, D3 q(t) = q(t) — q(0) (2.5)

As we know from problem (1.1), D§, q(s) = h(s, q(s), q(¢(s)), IC(q(s)),”H(q(s))), substituting in (2.5)
results,

15, (s o), a(6(9). Klalo)). Wal9) | = ) =400 (2.6
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By using equation (2.1) in the above equation, we get (2.4).

Conversely, assume that q satisfies equation (2.4). On taking Riemann-Liouville derivative of order o
of both sides, we get first equation of the problem (1.1). On putting s = 0 in equation (2.4), we get the
integral boundary condition

r
00 = [ alw)dv+.
0
This completes the proof.

Lemma 2.4 Assume that {qs} is a set of all continuous functions defined on Q, for each 6 > 0, which
satisfies

DFas(s) = h(s, as(s), as(6(s)), Klas(s)), Hlas(s))),s € 2 =[0,7]

-
q5(0) = M/ gs(v)dv +b,b € R,
0

where

h(s, a5(s), as(o(s)), K(gs(s)), H(qg(s)))‘ < M for all s € Q. Further set of {qs} is equicontin-

uous on §2.
Proof: Consider 0 < s1 < so < T, with equation (2.4), we have

lgs(s1) — gs(s2)| = ‘1“(10) /051(51 - U)J*Ih(sl,%(sﬁa96(¢(51)),IC(q(;(sl)),H(qé(sl)))dv
_ % /052(32 - y)"—lh(SQ, qs5(s2),a5(d(s2)), K(qg(sg)),ﬂ(qé(sg)))dv

M /81 1 /82 1
< — s1—v)? dv— S9 — ) "dv
o) /s ( ) ; ( )
M /81 1 S1 1 S2 1
= (s1—v) "dv — {/ (s2 — )7~ dv—i—/ (s2 —v)7~ dv}
L(o)] Jo ! 0 ? s1 ?
M (e g o
:UTU)B(SQ_S” + 57 — s3]
2M
< — — c 1)
or 1
As |sy — 51| <€, for e = § %, we get |gs(s1) — gs(s2)] < 9.

3. Existence Results

Theorem 3.1 Assume that
1. he C(Q xRYLR), ¢(s) € C(Q,Q), ¢(s) <s, s€Q

2. there exist non-negative constants M, N, L and Q such that the function satisfies
|h(s,q1,42,93,q4) — h(s,71,72,73,74)| < Mlq1 — 11| + Ng2 — ro| + L]gs — 73] + Qlga — 74
VseQand q, € Ri=1,2,3,4.

If
1 1 LT + QH7T)

o—1 (
”<T_F(a+1)[(M+N)T T o1

then the problem (1.1) has unique solution.

7).

Proof: Define an operator G given by

T

5 | =0 (s ao) a6, Klato)) Hlale) o+ [ atordo b

(G0 = 7153
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Now, we show that operator G : C1_,(Q2,R) — C1_,(2,R) is contraction map.

For any q, r € C1_,(, R), consider

I1Gq — Grl|

= max (Gq)(t) — (Gr)(1)|

= max F(lg)/os(s—v)"—lh<s, q(s), a(¢(s)), K(q(s)),y(q(s))>dv+M/OTq(v)dv+b
} [F(lco /0( —0)7h(s, rls), 1(8(s)), K(r(s), Hr(s)) )do + /OTr@)deH

= max 1“(1(7)/05(8_v)0_1 [h(s, q(s), q(é(s)), K(q(s))7’}-[(q(s)))

—h(s, 7(s), (0(s)); K(r(s))ﬂ(r(s)))}de / la0) - o

.
< _
mascie [ la(o) = o)l

1 ° o—1
+ m‘/o (S — ’U)
(s, 79, 006D, Klr(e). 1O ()]
T
< gleagu/o |
1 ° o—1
o J,
[ M) = )]+ Nla(60) = 001+ £Kla9) = K(r(6))] + QI a(s) - H(r(5) ]

(s, a9 ato(s). Kla(o)). (a(s)

dv

q(v) = r(v)|dv+

< max {ﬂ/TdUJF L[-/\/1 + N /S(S — ) v + EICT/ (s =) tv dv
s€Q 0 F(g) 0 F(U) 0
OHT

g
70, LKy TN QHy TV
< |f17"||0[#7+<)W+/‘q (o) (0 + o ' T(o) (o+1)0}
To' TUJrl

~llg = rle [0 + W+ N s + sk + Qe

Hence, G is a contraction mapping. Therefore by fixed point theorem of Banach, the problem (1.1) has a
unique solution.

Corollary 3.1 Consider M, N, L and Q are constants, A € C1_,(Q,R). Then the linear problem

Dg,q(s) + Mq(s) + Nq(¢ +£/ICsv dv+Q/ H(s,v)q(v)dv = A(s), 0 <o <1, s€Q,

-
q(0) = ,u/ q(v)dv+0b,beR
0
(3.1)
has a unique solution.

Proof: The proof holds from Theorem 5.1.
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4. Monotone Iterative Method

In this section using monotone iterative method with the method of upper and lower solutions, we
show that existence, uniqueness of solution for the problem (1.1) .
We show that the following lemma as comparison result which will be used in proving the main results.

Lemma 4.1 Let ¢ € C(Q,Q) where ¢p(s) < s on Q. Let z € C1_,(,R) holds the inequalities

DZ, 2(s) < —Mz(s) — c/ K(s,v)z(v)dv — Q/ H(s,v)z(v)dv = Fa(s), 1)
z(0) <0,
where M, N, L and Q are constants. If
—(1+TH)M+N]<T(c+1) (4.2)

then, z(s) <0, V s€ Q.
Proof: Let a function zs(s) = z(s) — 6(1 + s7), & > 0. Furthermore

D@, z5(s) = Dg, z(s) — Dg 0(1 4 57)
]

< Fz(s) — FTo=1) —ol(o +1)
= Flzs(s) +6(1 +s7)] — 6 L"F(i—l) +T(c+ 1)]

s T
_F25(5)+5{—M(1—|—s”) —N(1+s% —E/O K(s,v)(1 4 v7)dv — Q/O H(s,v)(1+v7)dv
1
-~ sT(o—1)
< Fzs(s),

~T(o+ 1)}

with Fzs(s) = z(0) — 6 < 0.

We show that Fzs(s) < 0. Let us suppose Fzs(s) £ 0 on Q. Therefore, for s; € (0,T] as Fzs(s1) =0
with z5(s) < 0, s € (0,s1). Hence from Lemma 2.2, D§, Fzs(s1) > 0. Then, as Fzs5(s1) = 0, Hence,
consequently we have

S1 T
0 < Fzs(s1) = —Nzs(p(s1)) — /3/ K(s1,v)zs(v)dv — Q/ H(s1,v)zs(v)dv (4.3)
0 0
IfFN =0,£L=0,9 =0, it gives absurd result as we get 0 < 0.
IfFN=0,£L=0,9<0, it follows if H(s1,v) < 0 which is impossible.
IfN =0,£<0,9=0, then K(s1,v) < 0 which is impossible.
IfN =0,£<0,Q <0, then H(s1,v) + K(s1,v) <0 which is impossible.

IfN <0,£=0,9 =0, then we must have zs(p(s1)) > 0 which is impossible.

If N <0,£=0,Q9 <0 then, the equation (4.3) has negative right hand side, which is not possible.
IfN <0,£<0,9 =0, then the equation (4.3) has negative right hand side, which is not possible.
IfN <0,£<0,Q <0, then the equation (4.3) has negative right hand side, which is not possible.

Therefore, It gives z5(s) < 0 on Q. Further z(s) —6(14+s7) <0 on Q. As, 6 — 0, we have z(s) <0 on
Q.

Definition 4.1 A pair of functions [zg, yo] in C1—_,(2,R) are respectively known as lower and upper
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solutions of the problem (1.1) if the following inequalities hold:

-

Dg,xo(s) < h (s,xo , oo / K(s,v)zo(v)dv, / H(s,v)zo(v ) , 0(0) §/ xo(v)dv+b
0

(4.4)

D yo(s) = h (S,y0(5)7y0(¢(5))7/05 $,v)yo(v / H(s, v)yo(v ) Yo(0) = /OTyo(U)dU+b
(4.5)
Theorem 4.1 Suppose that
1. he C(Q x RYLR), ¢(s) € C(,9Q), é(s) <s, s€Q,
2. zg,yo i C1—s (2, R) are lower and upper solutions of the problem (1.1) as xo(s) < yo(s) on Q,
3. there exist non-negative constants M, N, L and Q such that the function h satisfies
h(s,q1, 42,93, q4) — h(s,71,72,73,74) > =M(q1 —71) = N(g2 — 12) — L(g3 — 73) — Q(qa — 74),

for
zo(s) <71 < g1 < yo(s), zo(d(s)) <1< a1 < yo(e(s)),

| Koo < v < as < [ Kt vt
0 0

T T
/ H(s,v)zo(v)dv <1y < qq < / H(s,v)yo(v)dv,
0 0
then there exist monotone sequences {x,(s)} and {y,(s)} with {x,(s)} — x(s) and {yn(s)} — y(s) as
n — oo for all s € Q in C1_-(Q,R) , where x and y are minimal and mazimal solutions of the problem

(1.1) respectively and x(s) < q(s) < y(s) on Q.

Proof: For any ¢ € C1_,(2,R) satisfying ¢ € [xo,yo], consider the following linear problem :

Dg q(s)=h (574(5)aC(¢(5))7/08 / H(s,v) >

+ M[C(s) = q()] + NC(¢(s) — a(¢(s)

+LU dv—/ K(s,v)q dv}JrQ{/ H(s,v)C v)dv/OT’H(s,v)q(v)dv}

T
4(0) = / g(v)dv + b.

0

Then, by the Corollary 3.1, the linear problem (4.6) possesses a solution q(t). o)
Now, we designate the iterates as given below and construct the sequences {x,}, {yn} by
Dg+acn+1(s):h<s,xn / K(s,v)xy (v dv/ H(s,v)xp (v >
= Mzn41(s) = 2n(s)] = Nzns1((s)) — 2n(e(s))]
- c[ /O K (s, 0) 41 (0)dv — /O K(s,v)mn(v)dv} (4.7)

- Q{/OTH(s,v)an(v)dv — /OT’H(&U)Z'n(U)d’U]

T
anrl(O) = A :L’n('l))dl) + ba
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Dg+yn+1(3) =h <S7yn(5)7y7z(¢(5)) / (8,0)yn(v / H(s,v)yn(v )
— Myn+1(8) = Yn(8)] = N{yn+1(6(s)) — yn(d(s))]
—L[/O K(S,U)y7L+1(U)dU—/O K(s,v)yn(v)dv] (4.8)

—Q[ATwawmquv—ATwawawm}

-
1ir(©) = [ pae)do .
0

from the arguments made above, (4.7) and (4.8) exists, we get the existence of solutions x1 and y1
respectively, forn = 0 in the problems (4.7) and (4.8). Now, We prove that z¢(s) < z1(s) < y1(s) < yo(s).
Define z(t) = x1(s) — xo(s). As, lower solution is xo(s) of the problem (4.7), we get

with z(0) = x1(0) — z9(0) > fOT.Z‘O (v)dv + b — fo zo(v)dv — b = 0. From Lemma 4.1, As z(s) > 0
it gives x1(s) > xo(s) on Q. In similar manner, one can prove that x1(s) < yi(s) with y1(s) < yo(s)
on Q. Hence, we obtain zo(s) < z1(s) < y1(s) < yo(s). Suppose that for k > 1 result is true i.e.

£k 1(8) < 74(5) < wls) < g1 (5) on .
Claim: x(s) < 2x+1(8) < yr+1(8) < yi(s) on Q.

Define z(s) = x+1(s) — zx(s). Then

D, #(5) = Dfyns1(5) — DEa(s)
s T
>h (s,xk(s),xk(qﬁ(s)),/o K(s,v)xk(v)dv,/o H(s,v)xk(v)dv>
— Mlzgi1(8) — 21(8)] — Nzir1(6(s)) — 2 (8(s))]
—E{/O K(s,v)xk+1(v)dv—/() K(s,v)xk(v)dv]

- Q[/OTH(S,U)$k+1(U)dU - /OTH(s,v)mk(v)dv}
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—h(s,xkl( y Tp—1(¢ /ICsvackl dv/ H(s,v)xk—1(v)d >

+ Mz (s) — wr-1(s)] + Nz ((s)) — zx-1(4(s))

+c{ / K, v)n(v)dv — / K(s,v)xkl(v)dv}
+Q[/ H(s, v)an (v dv—/ H(s, 0)zp 1 (v )d]

> —Mz(s) — E/ICsv dv—Q/ H(s,v)z(v)dv

i
2(0) = zk4+1(0) — 24(0) = /0 xp(v)dv + b — /0 ZTp—1(v)dv —b
T
> /O (o () — a2 (0)]dv = 0.

Hence, we obtain z(t) > 0 from the Lemma /.1, implying that xxy1(s) > x(s) for all k on Q. Similarly,
we can show that xi11(s) < ypy1(8) with yrr1(s) < yr(s) for all s on Q. Therefore, by mathematical
iduction, we get

o< S < S Sy <<y <y1 < Yo

on .

Therefore, {x,} and {yn} are the sequences monotonic and uniformly bounded. Hence, {Dg, xy}
and {D§_ yn} are uniformly bounded on € in context of (4.7) and (4.8). By using the Lemma 2./ the
sequences {x,} and {y,} are equicontinuous. Hence, by theorem of Arzela-Ascoli sequences {x,} and
{yn} converge uniformly to x and y on § respectively.

Let us prove that x and y are the minimal and mazimal solutions of the problem (1.1). Let q be any
solution of (1.1) different from x and y. For k as positive integer, x(s) < q(s) < yr(s) on .

Consider z(s) = q(s) — xr+1(s). Therefore ,

Dgyz(s) = Dgya(s) — D3y aisa(s)

s T
> h <s,q<s>,q<¢<s>>, / K(s, v)q(v)dv, / H(s,v>q<v>dv>

+ Mlzkia(s) — zr(s)] + Nzpra(o(s ))—xk ¢(s))]

|:/’CSU3:]§+1 dv—/levxk()dv]
+ [/ H(s,v)xpq1(v dv—/ H(s,v)zk(v)d ]
> —

[q(s) = zpt1(5)] = Na(d(5)) — wr4+1(o(s))]
L{/S K(s,v)q(v)dv — /05 ,C(S7'U).Tk+1('v)d'l}:|

—QU (s, v) dv—/TH(s V)2 (v )dv]

>~ Ma(s) — U/csv dv}— UHSU }
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and -
2(0) = q(0) — 7x41(0) = /0 [q(v) — zx(v)]dv >0

From Lemma 4.1, we get z(s) > 0, inferring q(s) > xr1(s) ¥V k on Q. Also, we can show that q(s) <
Yr+1(8) V k on Q. Since, xo(s) < q(s) < yo(s) on Q. With mathematical induction it comes xx(s) < g(s)
and q(s) < yr(s) ¥ k. Therefore, x1(s) < q(s) < yx(s) on Q, k — oo, we get x(s) < q(s) < y(s) on Q.
Hence, the functions x(s),y(s) are the minimal and mazimal solutions of the problem (1.1).

Theorem 4.2 Suppose that
1. If conditions of the Theorem /.1 satisfies, and

2. there exists non-negative constants M, N, L and Q so that the function h holds ,
h(&(hy q2, 43, C]4) - h(S, 1, 7"2,7‘37’1"4) S M(Ql - Tl) +N(Q2 - T2) + E(Q3 - T3> + Q(Q4 - T4)7 (49)

for
wo(s) <71 < q1 < yo(s), zo(P(s)) <2 < g2 < yolo(s)),

[ Ksom@ias < v <o < [ Koo,
0 0
T T
| He @ << i< [ s omd,
0 0
then the problem (1.1) possesses a solution.

Proof: As x(s) <y(s) on Q. It is enough to show that x(s) > y(s) on Q. Let z(s) = y(s) — z(s).
Let

Dgyz(s) = DG, y(s) — Dgya(s)

h( /ICsv U)dv,/T’H(s,v)y(U)dv>
—h( /ICsv dv/ H(s,v)x )

z(s) —y(s)] = Nz(d(s)) — y(6(s))]

—£[/ICSU dv—/lev dv]— [/ H(s,v)a v)dv—/T’H(s,v)y(v)dv}
= —M'z(s) — N'x( U/csv dv}— U H(s,v)z ]

whereM/:_Ma N/:_Nv ‘C/:_E, Q' =-0.

z(O):/oTy(v)dv+b—/0Tx(v)dv—b:/OT[y( ) —x( :/ v)dv < 0.

Therefore, by the Lemma /.1, we must have y(s) — x(s) <0, on Q, i.e.y(s) < xz(s) on Q. Therefore, we
have x(s) = y(s) on Q. Then, the problem (1.1) possesses a solution.

Let

Example: Consider the following problem

ln2

Dog(s) = escos’als) 4 fos q(v)dv + - f v, 5 €(0,in2] (4.10)
g0)  =puf] q(v)dv

Solution: Here, D ( ) is Riemann Liouville fractional derivative of order 0 < o < 1 with 0 < D7¢(s) <
e?. Take yo(s ) e?® and zo(s) =0 on € as upper and lower solutions of problem (4.10) respectively
which guaranties existence of a solution by Theorem 4.2.
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