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Abstract

Our main purpose in this work is to derive an existence criterion for a Caputo
conformable hybrid multi-term integro-differential equation equipped with initial
conditions. In this way, we consider a partially ordered Banach space, and, by applying
the lower solution property, the existence and successive approximations of solutions
for the mentioned hybrid initial problem are investigated. Eventually, we formulate an
illustrative example for this hybrid IVP to support our findings from a numerical point
of view. Moreover, we plot the sequence of the obtained approximate solutions for
different values of noninteger orders.

MSC: Primary 34A08; secondary 34A12; 34A45

Keywords: Approximate solution; Hybrid initial value problem; Partially ordered
Banach space; Caputo conformable derivative

1 Introduction

From the beginning of creation, human beings were interested in discovering the mech-
anism of various processes of the world around in order to be able to answer some im-
portant questions. For this reason, by increasing the human’s knowledge and the comple-
tion of the science and technology, the mankind invoked new logical and computational
tools based on the modeling and computers. In this direction, the mathematical operators
are some of these tools useful for modeling the natural processes in the world. Over the
years, mathematicians have introduced various operators for different models, but since
fractional order models are more accurate than those of integer order, new fractional op-
erators have been defined for this goal today.

As we know, the Caputo and Riemann-Liouville fractional operators have been used
more than other operators for complicated fractional models (see, for example, [1-17]).
Later, the Hadamard and Caputo—Hadamard fractional operators were introduced by
some researchers and then different models were studied using these operators (see [18—
21]). In 2015, Caputo and Fabrizio [22] presented a new fractional derivative without sin-
gular kernel entitled the fractional Caputo—Fabrizio operator; and in the same year, Losada

and Nieto [23] investigated some properties of this new fractional operator. Some flexible
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properties of this nonsingular operator led to numerous published papers on the various
fractional models in this regard [24—27].

Following this path, Abdeljawad [28] developed the concepts introduced in [29] and in-
vestigated some properties of the well-behaved conformable fractional derivatives. In a
paper published in 2017, Jarad et al. [30] wanted to answer the question if one can extend
the standard Riemann-Liouville integral of fractional order so that we obtain a unification
to other fractional operators, including Riemann-Liouville, Caputo, Hadamard, Caputo—
Hadamard, and other derivatives [31]. To reach this goal, the authors introduced novel
integration and differentiation operators of fractional order based on conformable oper-
ators. Indeed, they defined new functional spaces and established some basic properties
of these new combined operators. After that manuscript, few papers have been published
so far which rely on these novel operators. For instance, in the following paper for the
first time, the authors applied new Caputo and Riemann-Liouville conformable opera-
tors in their BVP. Later the new problem involving the conformable differential equation
of Caputo type with four-point integral conditions

CCDLw(s) = gls,w(s) (a<s<T),

w(a) = uw(E) + ua,  w(T) = AT (o),

where €“D,? is the conformable derivative of Caputo type of order o € (1,2] with v €
(0,1], was considered. Above, X¢Z) # is the conformable integral of Riemann—Liouville
type of order 8 > 0.

In this manuscript, we intend to study the existence and approximation of solutions for
a fractional hybrid multi-term integro-differential equation in the Caputo conformable
setting. It is notable that the main motivation for this work is taken from a valuable paper
published by Somjaiwang and Ngiamsunthorn in 2016 [32]. They formulated a fractional
hybrid IVP involving the Caputo derivative as follows:

L Tw(s) - g(s, w(s))] = (s, w(s)),

w(sg) = wo € R,

1

where % is the Caputo derivative with respect to s € J = [so, 50 + k] of fractional order
o € (0,1] with sg > 0 and k > 0. The authors dealt with the existence of mild solutions for
this hybrid IVP and also they obtained an approximation of solutions by the help of an
iterative sequence [32].

By extending the hybrid initial problem mentioned in [32] to the newly defined fractional
operator introduced by [30], we intend to investigate the existence and approximation of

solutions for the following Caputo conformable fractional hybrid initial value problem:

CCDZICCDY" w(s) - G(s, w(s))] = "LV 5 (s, wls), "L wls), )

wiso) =wo, DL wlso) = Glso, wlso)),

where0< g, a* <1,6%n*>0, CCDg)*’Q denotes the Caputo conformable derivative of frac-
tional order f* and ®“Z}, ° denotes the Riemann-Liouville conformable integral of the
fractional order y* with v € (0,1] and s € J = [sg, 50 + k] so that s > 0 and k > 0. Also,
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¢:JxR—>Rand 6 :J x RxR — R are continuous functions. Notice that our pro-
posed hybrid initial problem is an extended version of the aforementioned hybrid problem
(1). Also, it is necessary to mention that we apply the same techniques used in the paper
published by Somjaiwang and Ngiamsunthorn [32] but for a new structure of the multi-
term integro-differential equation equipped with newly-defined Caputo and Riemann-—
Liouville conformable derivative operator given by (2). In other words, in the current re-
search work, we discuss two results on the existence and approximation of solutions si-
multaneously. To reach this goal, we first construct a successive sequence which approxi-
mates solutions and then derive the existence criteria by applying a theorem demonstrated
by Dhage et al. [33] which guarantees the existence of such solutions.

2 Preliminaries
In the current section, we state some fundamental and auxiliary concepts. According to

existing definitions in the literature, the concept of the Riemann-Liouville integral of or-
s (s—r)0"
0 T(e)
that the value of the integral is finite (see [34, 35]). Now, assume that o € (n — 1, n) so that

der o > 0 for a function w : [0, +00) — R is given by RZgw(s) = ! w(r)dr provided

n = [p] + 1. For a function w € AC%')([O, +00)), the fractional derivative of Caputo type is
given by

S (o _ pyn—0-1
CDgw(s):/0 %w(")(iﬂ)df

so that the RHS integral is finite-valued (see [34, 35]). The left conformable derivative at
the initial point sy for a function w: [sp, 00) — R with v € (0, 1] is defined as follows:

w(s + A(s —50)17Y) — w(s)
A

D wis) = )1\1_%

so that the limit exists [29]. Notice that Dy, w(so) = lim,_, 55+ Dy, w(s) whenever Dy, w(s) ex-
ists on (s, b). Moreover, if the function w is differentiable, then Dy w(s) = (s - so)l VW (s).
In this direction, the notion of the left conformable integral of w with v € (0, 1] is defined
by Z, w(s) = fs Z w(r)(r_;j)ﬁ ifthe integral is finite-valued [29]. In 2017, Jarad et al. [30] gen-
eralized the above notions of conformable operators to arbitrary orders in the Caputo and
Riemann-Liouville settings. For more information, assume that o € C with Re(p) > 0.
Then the Riemann-Liouville fractional conformable integral of a function w of order ¢

with v € (0,1] is defined by

. 1 S (s—50)" = (r—s0)" \ 7" dr
o= i [ g

0

if the value of the integral exists [30]. One can easily observe that if sp = 0 and v = 1, then
RCTw(s) reduces to the usual Riemann-Liouville integral *Z5w(s). On the other hand,
the Riemann-Liouville conformable derivative of a function w of order ¢ with v € (0,1] is

given as follows:

RCyv, v,n (RCv,n—
Dyrew(s) = Do (““ T2 w)(s)

Dy [ (s=s0)" = (r—s0)" "¢ &
“Tin-o) m( ) s

v
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7 times

— e
so that n = [Re(0)] + 1 and D" = Dy Dy - -- Dy where Dy denotes the left conformable
derivative with v € (0,1] [30]. In a similar way, it is obvious that if we take sy = 0 and
v = 1, then 2Dy °w(s) reduces to the usual Riemann-Liouville derivative *Djw(s). Now,

to define a similar concept in the Caputo setting, we construct
L,(sg) := {go 2 [s0,6] — R : Isl(’)go(s) exists for any s € [so,b]}
for v € (0,1] and set
]IU([SO,b]) = {w: [s0,b] = R:w(s) = I;gw(s) + w(sp), for some ¢ € Eu(so)},

where Z” ¢(s) = fsf) o(r)du(r,sg) = fsi o(r) (rd—’l,u is the left conformable integral of ¢ [28].

0 -50)
For n > 1, we define

c? ([so,b]) = {w: [s9,b] = R: D;’O’"_lw € ]IU([so,b])}.

50,V

Then, the Caputo conformable derivative of a function w € Cﬁ)’u([so,b]) of order ¢ with

v € (0,1] is given by

CCDSUO’Q w(s) = RCIS‘(’)’”’Q (D;JO’” w) (s)

1 s((S—So)U—(V—So)U
F(I’l - Q) S0

dr
(r—so)t-¢’

n—-o-1
) Dy wir)

v

where 7 = [Re(0)] + 1 [30]. Evidently, ““D5 °w(s) = “Dyw(s) if so = 0 and v = 1. Some
important and useful properties of the Caputo and Riemann-Liouville fractional con-

formable operators can be found in the following lemmas.

Lemma 2.1 ([30]) Let Re(o) >0, Re(ww) > 0, and Re(B) > 0. Then for v € (0,1] and for all
s> 8o, the following statements hold.:
(s1) LG RCTL™ w)(s) = (RCZL " w)(s),

, — T —
(s2) RCL (s — 50)"PD(2) = o bl (2 = s0)"1P+e ),

(53) *DL (s~ 50)" PV (2) = O [l (2 — s0) P,

(s4) D5 (*“Lyw)(s) = (*“Zyy ™ *w)(s), (Re(o) < Re(a)).

Lemma 2.2 ([32]) Let n—1<Re(o) <nandw e Cg ,([s0,b]). Then for v € (0,1], we have

n-1 v,j
Y v Dy w(so)
RCISO,Q (CCDSO,@W)(S) = w(s) 2 Zso 20/

J=0

! (s —s0)".

Considering the above lemmas, it is verified that the general solution of the homoge-

neous equation (CCDSUO'QW)(S) =0 is obtained by

n-1
w(s) = Y bjls—soV" = bo + bi(s — 50)" + ba(s — )™ + -+ + b1 (s — 50) "7,

j=0
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where 7 — 1 <Re(p) < n and by, by, ...,b,_1 € R. The rest of the present section is devoted
to recalling some preliminaries on the partially ordered Banach spaces (see [36—38]).

Assume that W = (W, <, || - |lyy) is a partially ordered Banach space. The space W is
called regular if for every nondecreasing convergent sequence {w,},>1 € W such that
w, — w* as 1 — 00, we have w,, < w* for each n € N [33, 38]. We say that the opera-
tor P : W — W is nondecreasing if for each wy, wo € W such that w; < wy, the inequality
Pw; < Pw, holds [36]. An operator P : W — W is said to be partially continuous at
v € W whenever for each ¢ > 0, there is § > 0 such that |I'Bw — Pv|yy < ¢ for any w e W
which is comparable to v € W with ||w — v||yy < § [37]. Moreover, ‘3 has the partial conti-
nuity property on W if it has the partial continuity property at every v € W. Particularly,
if 3 is an operator possessing the partial continuity property on W, then ‘B is continuous
on each chain € belonging to W [37]. In the following, we say that 3 is partially bounded
if P(C) is bounded for each chain € in the space W [37]. Besides, I3 is supposed to be
uniformly partially bounded whenever all chains 3(€) belonging to WV are bounded by
the same constant [37].

We say that 3 : VW — W is partially compact if for every chain € in the partially ordered
space W, the subset B(&) € W is a relatively compact [37]. Furthermore, 13 is supposed to
be partially totally bounded if the subset B(€) € W is a relatively compact for any totally
ordered and bounded subset € € W [37]. Therefore, when ‘B8 is partially totally bounded
and partially continuous, we say that 3 has the partial complete continuity property on
the space W [37].

Here, consider a nonempty set W furnished with an order relation < and a metric d.
The order relation < and the metric d are said to be compatible whenever the subsequent
property holds: if {w,},>1 is a monotone sequence belonging to W for which a subse-
quence {Wy }i=1 of {w,},>1 converges to w*, then we have w, — w* by letting n — oo
[36]. In the similar manner, let us assume that OV, <, || - |lv) is a partially ordered normed
linear space. In this case, the order relation < and the norm || - ||)y are said to be com-
patible whenever < and the metric d induced by || - ||yy are compatible [36]. For example,
notice that one can prove that the norms and the order relations defined on two spaces
(R, <,]-1) and (Cr(J), <, |l - ||) are compatible [36].

Let £: R* — R* be a nondecreasing function having the upper semicontinuity property.
We say that £ is a D-function if R(0) = 0 [36]. An operator B : W — W is said to be
partially nonlinear f)—Lipschitz if there exists a D-function, namely 8 : R* — R*, such
that

1PBw1 = Pwallw < K(Ilwi - wallw)

for all comparable elements wy, w, € W [37]. If for some k > 0 we have R(z) = kz, then
we say that P8 is a partially Lipschitz with constant k, where z € R*. Moreover, we say
that 3 is a partial contraction with constant k whenever k < 1 [37]. Finally, we say that
B is a nonlinear D-contraction whenever B is nonlinear f)—Lipschitz with R(z) < z for
each z > 0 [37]. The subsequent hybrid theorem is employed to derive the existence and
approximation of solutions for our fractional initial problem.

Theorem 2.3 ([37]) Suppose that (W, <, | - |lw) is a regular partially ordered Banach
space furnished with the order relation < and the norm || - |y which are compatible. Fur-
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ther, let 3 : W — W and Q : W — W be two nondecreasing selfmaps having the following
properties:

(ql) *B is a partially nonlinear D-contraction.

(q2) 9 is partially continuous and partially compact.

(q3) There is an element wy € W satisfying the inequality wo < Pwo + Quy.
Then there is a solution w* € W satisfying the equation w = PBw + Qw. Also, the sequence

of successive iterations {w,}5, represented by
W1 =Pw, +Qw, (m=0,1,2,...) (3)
is a monotone sequence converging to a solution function w*.

3 Main results
After presenting some basic concepts in the two previous sections, we are going to state
the desired existence and approximation theorems. To arrive at this goal, we define the
supremum norm ||wl|yy = sup,.y [w(s)| on the space W = {w(s) : w(s) € Cr(J)} where J =
[s0, 80 + k] with k > 0. Then (W, || - |ly) is a Banach space. Moreover, we consider a partial
order relation on the Banach space V. Indeed, for any v, w € W, the order relation v < w
given by v(s) < w(s) for all s € J yields a partial ordering in W. Therefore, an ordered triple
W, <, 11+ llw) is a regular partially ordered Banach space [33].

In the following lemma, we introduce an equivalent integral structure for the solution
of the Caputo conformable hybrid IVP (2).

Lemma 3.1 Let i € W. Then wy is a solution function for the Caputo conformable hybrid

differential equation
CCDR[CDL w(s) - $(s,w(s)] = Fls) (5 € 3,502 0) (@)

endowed with initial value conditions w(sg) = wo and CCD;’O'“*W(SO) = @(s0, w(so)) if and only

if wo satisfies the integral equation

N v vy @*-1
W(S) = F(i*)/ ((S—SO) _(r—SO) > @(7’, W(V))L + W

v (r —sp)l-v

(5)

1 S(@—%V—V—ww>““1m dr

+ P E———
Io+a*) Jy v 7 (r —s0)'~"

Proof At the beginning, w is supposed to satisfy the Caputo conformable hybrid equation
(4). Clearly, we have “¢Dy* [CCDS“O'“*W(S) — ¢(s,w(s))] = h(s). Now, by taking the gth or-
der Riemann-Liouville conformable integral on the last equality, we obtain the following
equation:

CCpue” 5 1 (57 (s=50)" = (r—s0)” el dr
Diy* wls) = §(s, w(s)) = T'(o) /30 <f> h(r)m + by, (6)

where we wish to seek the constant by € R. By taking into account the second initial value

condition CC'D;)O’(X*W(S()) = @(s0, W(s0)), we get by = 0. In the sequel, by computing the o*th
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order Riemann-Liouville conformable integral on the two sides of (6), we obtain the fol-

lowing equation:

~ 1 S/ (s—s0)" — (r—s0)” \ "¢ 1. dr
wls) = (o +a*) /SO ( v ) h(r) (r—so)t-v

L1 S((S_SO)U_(V_SO)U
I'(a*) Js

a*-1 . dr
) ‘P(”;W(’"))W + by, (7)

v

where we wish to seek the constant b; € R. By taking into account the first initial value
condition, we get b; = wy. As a consequence, by substituting the obtained b, value into
(7), we get (5), which shows that the function w satisfies the integral equation (5). In
the opposite direction, one can easily check that w is a solution for the Caputo con-
formable hybrid IVP (4) whenever w satisfies the integral equation (5), and the proof is
completed. d

Remark 3.2 Inview of Lemma 3.1, the initial value problem (2) is equivalent to the integral

equation
1 S/ (s—s0)" = (r—s0)’\* " dr
wls) = ' (er*) /so ( v ) o) (r—sp)t-v
1
+ Wy +

I'(o +a* +6%)

s v v +a*+0% -1
X/ <(S_SO) —(I”—So) )Q &(r,w( ) RC_’Z'U?? w(r) dr

Definition 3.3 An element u € W is called a lower solution of the initial problem (2)

whenever we have

CCDSu,a*u(S) (s,u(s)) + ‘/;0( (s=s0)V—(r—s0)” r—so)U )g 11’1(}“) o 1 -,

u(so) < uo,

®)

where /(s) = & (s, w(s), RCIS%’"* w(s)).

This part of paper is devoted to proving the main result on the existence and approxi-
mation of solutions for the Caputo conformable hybrid multi-term IVP (2). For this aim,
consider the following assumptions:

(HPO) The real-valued functions ¢ : J x R - R and 6 : J x RxR — R are continuous.

(HP1) ¢ is nondecreasing with respect to w for each s € J and w € R.

(HP2) There is a number M; > 0 so that 0 < |¢(s, w)| <M, foralls€ Jand w e R.

(HP3) There is a D-contraction £ so that 0 < O(s,w1) — @(s,wy) < A(wy —wo) fors € J

and wy, wy € R with wy, < wy.

(HP4) 6 is nondecreasing with respect to (wy,u;) and (wq,u3) for any s € J and

(w1, u1), (Wa, up) € R
(HP5) There is a number Mgz > 0 such that 0 < |6(s,w,v)| < M; for all s € J and
(w,v) e R,
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(HP6) There is a function u € Cr(J) so that u is a lower solution for the Caputo con-
formable hybrid multi-term IVP (2); i.e. an equation (8) holds.

Now, we are ready to demonstrate the main theorem based on above assumptions.
Theorem 3.4 Suppose that all seven assumptions (HP0)—(HP6) are valid. Then the Ca-

puto conformable hybrid multi-term initial problem (2) has a mild solution w* : J — R

and the sequence of successive approximations of w, (n=0,1,2,...) given by

Wae1(5) = iy oy (=) G (ry (1) =

(r=s0)1"
+ W + W ©)
X S;(M)Qm*w*—l&(r’ W,,(V),RCIS%'H*W,,(}"))W,
wo(s) = u(s),

is a monotone sequence converging to a solution function w*.
Proof Assume that W is a partially ordered Banach space equipped with supremum norm
Il - lw and order relation < defined at the beginning of this section. We derive an existence

criterion for the solution of the Caputo conformable hybrid multi-term initial problem (2)

based on the following operator equation:
w(s) = Pw(s) + Qw(s), (10)

where P : W — W and Q : W — W are two operators given by

s v vy oF-1
‘J3W(S)=F1 /((S—So) —(r—s0) ) o (r,w(r) dr

(O[*) v W
and
) 1 s (S _ SO)U _ (V _ SO)U o+a*+0* -1
QW(S)_F(Q+W*+9*) '/5‘0< v )
. dr
~ RCru,n -
x & (r,w(r), T w(r)) (r—sq)iv T 0

for any s € J. In the following, we intend to prove that the two operators ‘P and 9 satisfy
all the assumptions of Theorem 2.3. This claim is proved in five steps.

Step I In this step, we first verify that *J3 and 9 are nondecreasing. To do this, for any
wi, wp € W with wy < wy and by considering assumption (HP1), we obtain

1 S/ (s—s0)" = (r—so)’\* 1. dr
Pwi(s) = ) /SO< ) w(r,wl(r))(i

v r—sg)l-v

1 S/ (s—s50)" = (r—so)’\* " dr
ZFWﬂL( v ) Pl G

=Pw,(s).
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This inequality implies that the operator 3 is nondecreasing. In the same manner, in view

of assumption (HP4) and for each wy, w, € W with wy < wy, one can write

Qwi(s) — Qws(s)

= RETLev0™ (5 (5, wi(s), "L wi(s)) = & (5, wa(s), "I wa(s))) = 0.

So Qw,(s) < Owi(s), which means that £ is also nondecreasing.

Step I1. In this step, we intend to confirm that 3 satisfies (q2) in Theorem 2.3. In other
words, we show that 3 is a partially bounded and also a partially nonlinear D-contraction
on the space W. To reach this goal, consider an arbitrary element w € W. Due to the

boundedness of function ¢ stated in assumption (HP2), we have

s e W (v @1 d
|‘ﬁw(s)|:‘r((lx*)/<(s 50)” — (r so)) o (r () r

v (r —sp)1-v

ka*M(g
- Y
T v (a* +1)

*

Mg .
T D) (a*“’ﬂ) , which demon-

strates that P is bounded on the space W, and so by definition ‘B is partially bounded.

for any s € J. By taking the supremum norm, we get ||B[lyy <

Furthermore, according to assumption (HP3), for any w;, w, € W such that wy, < wy, we

obtain

k< R(llwr = wallw)

[Bwi(s) = Pwals)| = LG o (r, w1 (1) = b(r,walr) = — 2 @D

for each s € J, where since R is nondecreasing, so the latter inequality is obtained. There-
fore, we get ||Bwi(s) — Pwa(s)w < % for all wi,wy, € W with wy < wy. It
follows that ‘B is a partially nonlinear D-contraction on the space W, and so is partially
continuous.

Step III. At this moment, we investigate the partial continuity of the operator £ on the
space W. To achieve this purpose, let {w,},>1 be a sequence belonging to the chain ¢ in
W which converges to w as n — oco. From the boundedness of 6 based on assumption
(HP5) and also from the continuity of & based on assumption (%70) and by applying the
dominated convergence theorem, we reach

1 s _ U _ (4 v\ o+a*+0*—1
Jim (@Qn)(9) = / (<S 50) U(r 50) )
S0

r
lim & RCun* li
x lim 6 (r, wi(r), "L, wn(r)) (r — o)1V + nlpgo(WO)

= (Qw)(s)

for any s € J. It is observed that the operator sequence Qw, converges to Qw pointwise
on the interval J and also this convergence is monotonic due to the monotonicity of the

function 6. In the next step, we check the equicontinuity of {Qw,},>1 in W. Let 51,5, €
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J = [s0,80 + k] be such that s; < sp. Again by assumption (HP5), we may write

|(Qw,)(s2) = (Qw,)(s1)|

_ 1 %2 (55— 50)" — (r — )" \ ™ "
T |T(o +a* +6%) S v

dr
(r—so)t=v

1 S (51— 50)? = (r—sg) \ @ "
Clo +a* +6%) Jg,

x & (r, wa(r), RCIS%’"* wn(r))

v

dr

s

< ; /52 (52— 50)" = (r —s0)* \ & "
T Tlo+ar+6%) Jy v

dr

(r—so)tv

; /31 (52— )" — (r —sp)V \ @™+~
+
(o +a*+60%) Jg v

(51— So)? — (r — 50)? \ @+ +0"1
_ < . ) ]

dr

(r—so)t-v

- M; /52 (82— o)V — (r — o)V o+a*+0* -1 dr
T Llo+ar+6%) J v (r—sop)t-v

M (s mmsye
=%
I'(o +a* +6%) s v

(e ery e
(

r—so)l-v

x & (r, wa(r), RCIS%’"* wy(r))

|6 (r, wa(r), T2 (1)) |

X |& (r, wy(r), RCIS%'”* wn(r)) |

v

- Ms (2= 0)" = (51 = 50) """
“Tlo+a*+0*+1)

M (52— 50)" — (51 —50)" \ 2™ *"
—7  x|-
Flo+a*+60*+1) v

(s _SO)U(Q+01*+<9*) _ (51 _ So)v(g+a*+0*)j|
+

vlot+a*+0%)

v

By utilizing the dominated convergence theorem for the limit with respect to the second
component, we deduce that the RHS of the above inequalities tends to 0 by letting s; — s5.
Therefore, we find that Qw,, — Qw uniformly for all n € N. Consequently, the operator 2
possesses the partial continuity property on the space W.

Step 1V. Here, we claim that the operator £ has the partial compactness property on
the space W. To see the validity of this claim, let us assume that ¢ is a chain belonging
to W. We need to check the uniform boundedness and equicontinuity of Q(€) in W. Let
v € Q(€) be arbitrary. Then we have v = Q(w) for some w € €. In view of hypothesis (HP5),
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one can write

|V(s)| = |Qw(s)|
_ 1 / (s —s0)” = (r —s0)" \ 2™
T +a* +6%) % v
x & (r, w(r) RCgv* w(r))L +w
e e O g T
< lwol + Ms $(s=s50)" = (r=so)? \2 " dr
=10 (o +a*+0%) Jg v (r—sp)l-v
M; (S _SO)U o+a*+0*
< |wol +
I'o+a*+6*+1) v
M- JAY o+a*+0*
<lwol + = (< o
Flo+a*+0*+1)\ v

for any s € J. Hence, this yields ||v|lw = [[(Q)wlw < O* for each v € Q(C€), which illus-
trates that Q(€) is uniformly bounded. In the following, the equicontinuity of Q(€) is
checked. Let w € € be arbitrary and take s1,52 € J such that s; < s5. We get

|(Qw)(s2) - (Qw)(s1)|

_ 1 2 [ (sp— 50)" — (r—s0)" \ @+~
" T(o +a* +6%) S v

dr
(r —s0)'~¥

; /SI (51— 50)” — (r — s0)V \ " "
(o +a*+6%) Jg v

dr
(r—so)t™v

x & (r, w(r), RCISI(’)"’* w(r))

x & (r,w(r), RCISI:)’"* w(r))

< 1 2 (55— 50)" — (r — s9)” \ & 7!
“Tlo+a*+6%) Jg v
dr
(r—so)t-v
1 . [((32 —50)" = (r = 50)" )Qﬁ

+
(o +a*+6%) Jg v

(51— 50)" — (r—sg)" \ @+ *7"~1
()

dr

(r—s0)'~"

X |& (r, w(r), RCISI(’)’"* w(r)) |

x |6 (r, w(r), "I w(r))|

.M 2 ((s2=50)" = (r=s0)\ """ dr
T Lo +a*+6%) J, v (r—so)t-v
Ms
+ e —
(o +a* +6%)

Page 11 of 19
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SUT /(55— 50)” = (r = s0)? \ !
()

(e ery e
(

r—so)l-v

v

v

- Ms (2= 50)" = (51 = 50) """
“Tlo+a*+06*+1)

M
+—
I'(o+a*+6*+1)

[ <(s2 — 50)" — (51— S0)" )@*“**9*
X —
v

(Sz _SO)U(Q+a*+9*) _ (51 _ So)v(g+o¢*+0*)j|

vlot+a*+0%)

It is observed that the RHS of the above inequalities tends to 0 uniformly for w € € by
letting s; — so. This shows that Q(€) is equicontinuous. Hence, it is realized that Q(€) is
relatively compact, and so £ has the partial compactness property in .

Step V. In the last part of the proof, we prove that there exists an element of W so that
condition (q3) of Theorem 2.3 holds. To reach this goal, in view of assumption (HP6),
there is a function u € Cg(J) such that u is a lower solution for the Caputo conformable
hybrid multi-term IVP (2). In other words, we have

DG u(s) < §ls uls)) + gy S (ST R0

u(so) < up € R*,

where /i(s) = 6 (s, w(s), RCZ;S’"* w(s)). By considering Lemma 3.1 and by reformulating a mild
solution, we get

1 S/ (s—s50)" = (r—so)"\* L. dr
u(s) < F(a*)fs ( ) w(r,u(r))(i+wO

0 v r—so)lv
1 f (s = 50)" — (r —50)" \ 2™ "
+
(o +a*+0%) Jg v
* d
x & (5,u(s), "CTY" u(s)) ﬁ
=Pu + Qu (11)

for every s € J. Hence, we find that u satisfies the operator inequality # < Pu + Qu and
condition (q3) of Theorem 2.3 is valid.

After five steps, we realize that two operators 33 and { satisfy all the conditions of Theo-
rem 2.3. Therefore, the operator equation w = Pw + Qw has a solution w*. In other words,
w* is a solution for the Caputo conformable hybrid multi-term initial problem (2) and also,
by Theorem 2.3, the approximate solutions w, given by (9) for the Caputo conformable
hybrid multi-term initial problem (2) converge to w* monotonically for all # =0, 1,2,...,
so finally, the proof is completed. O
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4 Numerical example

In the current section, we demonstrate an illustrative numerical example for the proposed
Caputo conformable hybrid multi-term initial problem (2). We show that our analytical
findings are valid and one can utilize the conditions of Theorem 3.4 to construct a succes-
sive sequence for approximating the solution function. We also illustrate these results by

plotting the graphs of approximate solutions for different values of noninteger orders.

Example 4.1 According to the proposed Caputo conformable hybrid multi-term initial
problem (2), we present the following hybrid multi-term IVP:

CCDGFCCDE wls) - ls, w(s))] = T & (s, wls), L w(s)),

« (12)
w(0.1) = 0.2, Dy w(0.1) = $(0.1, w(0.1)),

where g, a*, 0%, and n* € (0,1), v € (0,1], 59 = 0.1, wo = 0.2, and s € J = [0.1, 1] with k = 0.9.
Moreover, two function ¢ : § Xx R > R and 6 : J x R — R defined by

B(5,w) = ) w=0,

(=R SIE

X w<O0,
and

A~ *

(s, w,RCI;(’)”’ w)

1 1 [5/(s=s0) = (r—s0)"\" ! dr
=3 (1 + tanh(r(n*) /SO < ” ) W(r)i(r—so)l‘”)>

are continuous on [0.1,1] x R x R and so assumption (7P0) holds. One can see the graph

of the functions ¢ and & in Figs. 1 and 2. In view of the above graphs, it is obvious that
both functions ¢ and & are nondecreasing with respect to their components, and this
shows that assumptions (HP1) and (HP4) are satisfied. On the other hand, the function
¢ is bounded with upper bound M; = %, that is, for each w € R we have

(/)_2’

0§|€5(S,W)\§1‘ Y ‘_
2lw+1

Figure 1 Graph of the function @(s, w(s)) 05
0.45}
04f
0.35}
0.3r
0.25}
0.2r
0.5}
0.1
0.05}

0 " " "
-20 -15 -10 -5
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Figure 2 Graph of the function & (s, w, RCI;(})"’* w)
with v =1and n* =0.99

Besides, the function & is bounded by M; , since we have

=1
T i

~ * 1 * 1
0<6(sw, Ty w)| = §|(1 + tanh "IV w)| < M; = 1
for all w € R. Therefore, both assumptions (H{P2) and (HP5) are satisfied. To check as-
sumption (HP3), we verify that there is a D-contraction &: R* — R* given by R(z) = %z
for any z > 0 so that 0 < ¢(s, w1) — (s, wa) < R(w1 — wy) for each s € [0.1,1] and wy, wp € R
with wy < wy. In the first step, we take 0 < w, < wy. Then we observe that for any

s € [0.1,1], the following inequalities hold:

¢
~ 1( wi(s)  wa(s) )
T2\ mwi(s)+ 1 wals)+1
1 ( wi(s) — wa(s) >
2 \ wi(s)wa(s) + wi(s) + wa(s) + 1

< §|wl(s>—wZ(s)|

= R(Wl(s) — Wy (s)).

In a similar manner, for all s € [0.1, 1], one can easily see that the inequality 0 < ¢(s, w;) —
@(s, wa) < R(wy — wy) is also valid for wo < wy < 0 and wy < 0 < wy. Hence assumption
(HP3) is satisfied for the D-contraction £ in all three cases. Eventually, we check the valid-
ity of assumption ({P6) on the existence of the lower solution for the Caputo conformable
hybrid multi-term initial problem formulated by (12). We claim that the constant function
u(s) = 0 is a lower solution for the hybrid multi-term IVP (12) for any s € J = [0.1,1]. To

see this, one can write

1 57 (s—s9)V — (r—sp)° o dr
F(a") /( v ) Pl ) Gy

1 /s (s —s0)" — (r — o) \ 2" *¥"!
+
(o +a*+0%) Jy v
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~ u,n* dr
X a(r, W(V),RCISO'n W(V)) W
1 (s = 0.1)V &+ "
=02+
8T (o +a* +6*+1) v

for any s € J = [0.1, 1]. This implies that

0=u(s) <02+

1 ((s— 0.008)U)@+"*+"*

8o +a* +0*+1) v

for each s € J = [0.1,1] and so the constant function u(s) = 0 is a lower solution for the
hybrid IVP (12). Therefore, assumption (HP6) holds. Thus, we see that all hypotheses
(HPO)-(HP6) hold.

Hence, due to Theorem 3.4, we find that the Caputo conformable hybrid multi-term
initial value problem (12) has a mild solution w* : [0.1, 1] — R which is a limit function of

the monotone convergent sequence w, (n=0,1,2,...) defined by

0oL [P(Em0 ==\ i) dr
W1 18) = 2 (a*) /so < v ) wu(r) +1 (r —sp)l-v

1 / (s = 50)" = (r = s9)" \ "+
+
8l (0 +a* +0%) J, v

X (1 +tanh< 1 r((V—SO)V—(t—sO)V>1—n
') Jso »

dt dr (13)
(t—sp)t-v )) (r—so)t-v

for each s € J = [0.1, 1], where wy(s) = u(s) =0 for any s € J = [0.1,1].
The successive iterations of the sequence w,, to approximate the solution function w*

X wy(2)

for the Caputo conformable hybrid multi-term initial value problem (12) are illustrated
in Figs. 3 and 4 when the fractional order equals to ¢ = 0.2 with v =0.2and v =0.8. In a
similar manner, Figs. 5-6 illustrate the successive iterations of the sequence w,, to approx-
imate the solution function w* for the mentioned hybrid initial problem (12) when the
fractional order equals to o = 0.8 with v = 0.3 and v = 0.7. Finally, Figs. 7 and 8 illustrate

Figure 3 Approximating the successive iterations v=0.2
- 1.4 : . ; ; ;
wj, for the solution when o =0.2
— =0
121 n=1 1
- - =n=2 g
R " 3 .;!"f,_l: -
1l n= L
- = n=4 "“:.’ ot
n=5 e
08 n=6 Pt
P
— 2
El %
> 06f &
&
#
s” ot
04f /o
3
0.2f
0
02 03 04 05 06 07 08 09 1
s
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Figure 4 Approximating the successive iterations

wj, for the solution when ¢ =0.2
0.45

0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.05

-0.05

08 09

Figure 5 Approximating the successive iterations
0.9

wj, for the solution when ¢ =0.8

0.7

0.6

2 o04f

02f

0.1r

0.3 ’J,

— n=0
= = =n=1
fn=3
- = =n=4
== n=5

n=6
= = =n=7

08 09

Figure 6 Approximating the successive iterations

. 0.45
wj, for the solution when ¢ =0.8

0.15
0.1

0.05

-0.05

0.1

- = =n=1
'n=2

- = =n=3
== n=4
n=5

- = =n=6

08 09

the successive iterations of the sequence w, to approximate the solution function w* for
the mentioned hybrid multi-term initial problem (12) when the fractional order equals to
0 =09 with v =0.1 and v = 1, respectively. In this illustration for the iterative sequence w,

formulated by (13), we utilize the trapezoidal rule for an integration with step size 0.009

numerically.
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Figure 7 Approximating the successive iterations . v=0.1
wj, for the solution when ¢ =0.9 A — ‘ ‘
== n=1 ‘vff-““
on=2 e
2l s e ]
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Figure 8 Approximating the successive iterations 035 v=1
wj, for the solution when o = 0.9 ’
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Table 1 Some values of [|we — ws|| for different @ and v
o o 0 n* v ) llwe = wsl|
0.2 044 0.12 0.99 0.2 0.1 99103 x 107
0.2 044 0.12 0.99 0.8 0.1 21518 x 107/
0.5 044 0.12 0.99 0.2 0.1 10155 x 107
0.5 044 0.12 0.99 06 0.1 89234 x 107~/
0.8 044 0.12 0.99 0.3 0.1 24123 x 107
0.8 044 0.12 0.99 0.7 0.1 3.5160e x 10~/
0.9 044 0.12 0.99 0.1 0.1 23424 x 107
0.9 044 0.12 0.99 1 0.1 1.1042 x 1077

Moreover, since we cannot obtain the exact solution w* explicitly, we identify the relative

error between two iterates ||w, — w,_1 || as a stopping factor of the iterations whenever this

constant value is less than 0.009. In Table 1, we assemble the relative errors between two

successive iterates ||wg — ws|| for four different orders ¢ = 0.2,0.5,0.8, and o = 0.9, respec-

tively. The obtained results demonstrate that the sequence of successive approximations

of solutions w,, for the Caputo conformable hybrid multi-term initial value problem (12)

is convergent monotonically.
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5 Conclusion

It is important that we examine the fractional equations of the function with distinct
derivatives numerically from different aspects. In the current manuscript, we derive an
existence criterion for a Caputo conformable hybrid multi-term integro-differential equa-
tion equipped with initial conditions (2). Note that unlike other published papers in the
field of the existence theory, this hybrid problem is considered by a newly defined Ca-
puto fractional conformable derivative for the first time. In this direction, we consider
a partially ordered Banach space, and, by applying the lower solution property, the exis-
tence and successive approximations of solutions for the hybrid multi-term initial problem
(2) are investigated. Eventually, we formulate an illustrative example (12) to support our
findings from a numerical point of view. Moreover, we plot the sequence of the obtained
approximate solutions for different values of noninteger orders in Figs. 3-8.
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