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1. INTRODUCTION

Nonlinear systems caught much interest to engineers, biologists, physicists, mathemati-
cians and many other scientists by various phenomena concealed in the nature. Nonlinear
differential equations are used extensively in mathematical modelling to explain various
systems. In recent decades, the development of differentiation and integration has been
extended from integer order to arbitrary order which is known as fractional calculus. The
area of fractional calculus becomes a vibrant research area due to the fact that some
phenomena can be described more accurately with fractional derivative. There are sev-
eral applications of fractional differential equation in areas of application, for example,
economics, signal identification, image processing and so on (see [3, 9, 11, 12]). Several
definitions of fractional derivatives are found in the literature such as Riemann-Liouville,
Hadamard, Riesz, etc (see [1, 2]). One of the definitions was presented by Caputo and
was studied by many experts (see [2, 13, 14, 16]). The Caputo fractional derivatives are
widely used in physical application because the corresponding initial conditions involve
integer order derivatives which reflect a conventional meaning.
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For the development in theory of fractional differential equations, the topics that caught
much attention include the study on existence and uniquess of solutions, stability of solu-
tions, multiplicity of solutions and positive solutions for boundary value problems. There
are several techniques used to display the existence and uniqueness of solutions such as
Banach fixed point theorem, upper-lower solution method, Schaefer fixed point theorem,
Schauder fixed point theorem and so on (see [5, 7, 8, 10, 14, 17]). Furthermore, the per-
turbation of nonlinear differential equations appeals to several interests. In particular,
the perturbation of the derivative term in a differential equation by subtracting a non-
linear term is known as a hybrid differential equation. The existence of solutions of the
first-order hybrid differential equation given by

d

(2O = f(t,2()] = g(t,2(t)), for t€[to,to +a]

x(0) = xo
was first studied (see [8]). In 2016, the problem was extended to fractional order derivative
by [14] to study the existence and approximation of solutions to fractional order hybrid
differential equation in the sense of Caputo derivative given by

dOL

& lolt) — £ 2(0)] = g(t,2(0), Tor 1€ [fo,to +a]

x(0) = xo.
In 2018, [15] studied fractional diffrential equations involving a variable order RiemannLiou-

ville fractional derivative of order «(t) given by

tp — 7)—a)
a(t) _ i (t T) d
o =g ). Ta =) 7T
In 2019, [16] studied existence and unique result of approximate solutions to initial value
problem for fractional differential equation of variable order of the form

DEVa(t) = f(t,2, DIPx) 0 <t < oo

z(0) =0,
where the variable order Caputo fractional derivative was considered. Apart from the
existence and uniqueness of solution, the Ulam-Stability of fractional order differential

equation also caught much attention. In 2019, Ulam-stability for fractional initial value
problem

D u(t) = f(t.u(t) >0
Dg;lu(0+) = ug
with Riemann fractional derivative was studied in [4].
Motivated by these works, the purpose of this research is to extend the study of exis-

tence and Ulam-stability of solution of Caputo fractional order hybrid differential equa-

tions to the one with variable order given by
0DF Ole(t) = f(t.2(0)] = g(t,2(1), for t€[0,7],0<a(t) <1 an
2(0) = xo '

where
1

o) . ___ = t — 1)~ ®g (7)dr.
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Our result displays existence and stability of solutions to Caputo fractional order hy-
brid differential equation of one variable order which is more general than a differential
equation with a noninteger constant order appeared in the literature.

This paper is designed as follows. In Section 2, the notation and concepts of fractional
order hybrid differential equations of one variable order will be introduced and our frame-
work will be discussed. The existence of solutions to equation (1.1) and their stability
will be proved in Section 3 and Section 4, respectively. Lastly, in Section 5, an example
will be given to illustrate the obtained results.

2. PRELIMINARIES AND FRAMEWORK

Let J = [0,7] be an interval in R where T' > 0. We denote by C(J,R) the space of
continuous functions x : J — R . The space C(J,R) is a Banach space with the supremum
norm ||.|| defined by

l2]| = sup | (t) |.
teJ

In this work, we consider the fractional order hybrid differential equation with initial
condition given by (1.1), where f € C(J xR,R), g € C(J xR, R) and initial data z¢ € R.
The fractional derivative involved in this study is in the sense of Caputo which is defined
as follows.

Definition 2.1. [14] Let a > 0, the left Caputo fractional derivative of order « for a
function x(t) is defined by
1 ¢
oDix(t) = 71“(71 — a)/a (t— 7')"70‘71:1:(") (r)dr

where n — 1 < a <nandn € N.

Definition 2.2. [14] Let o > 0, the left Riemann-Lioville fractional integral of order a
for a function z(t) is defined by

Jdix(t) = ﬁ/ (t — 1) ta(r)dr.

Definition 2.3. [1] Let 0 < a(t) < 1, the left Riemann-Lioville fractional integral of
order «(t) for function z(t) is defined by

1 t
o7 Va(t) = / t— 1) O g(r)dr, te .
t JJ( ) F(O[(t)) " ( T) LIJ(T) T, €
Definition 2.4. [16] Let 0 < a(t) < 1, the left Caputo fractional derivative of order «(t)
for function x(t) is defined by
1

t
an(t)m(t) = / (t— T)*a(t)m’(T)dT, teJ

L1 —a(t)) Ja
Theorem 2.5. [1] Let v : [a,b] — (n — 1,n];n € N, then

n—1 .’E(k) (a)

ali' oD a(t) = x(t) — %l

(t—a)*, tela,b].

(]

=

=0
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Let P = {[0,T}], (T1, T3], (Ts, T3], ..., (Tn—1,T]} where Py € P is the k*" subinterval of
P and let a: [0,T] — (0, 1] be a piecewise constant function with respect to P. Thus, we
define the function a(t) as follow

N
alt) =Y aplk(t) ,te€[0,T] (2.1)
k=1

where 0 < a, <1, k=1,2,...,N, and I}, is the indicator function on Py, that is I (t) = 1
for t € Py, I;,(t) = 0 for elsewhere.
Thus the function «a(t) can be written by

[e%1 ,t € [O,Tl]
Qo ,t S (Tl,Tg}
a(t) = { @3 t € (Ty, T3]

ay ,t€ (TN_l,T].

According to (2.1) we get

T I S Ly

so (1.1) can be written by

N t — N t _
(t—s)" " , _ (t—s)7™ "(5,2(s))ds = x
S 10) [y s = 10 [ (I s e)ds =gt 0)

1 — o)
0<t<T.
(2.3)
Hence, on the interval [0, T}], (2.3) satisfies
t —o t —ai
/0 (Ft(li)al)x’(s)ds - /0 (Ft(lf)al)f'(s,x(s))ds —g(ha(t) 0<t<T.
(2.4)

Again on the interval (Ty,Ts], (2.3) satisfies
t - t —
(t—s)"* , /(tfs) 2
_— ds — _— ds = g(t,z(t Ty <t <Ts.
| s @as— [ st = altal) Ti<t<Ty
(2.5)
In the same way on the interval (T;_1,T;] , ¢ = 3,4,5,.... N(Ty = T), (2.3) satisfies
¢ —ay ¢ ey
(t—s)~ , /(t—s) o
_— — _ = ; < -
/0 T = ) x'(s)ds T —ar) fi(s,z(s))ds = g(t,z(t)) ,Tic1 <t<T;
(2.6)

Now, we present the definition of solution to problem (1.1) , which is fundamental in our
work.
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Definition 2.6. [15] We say that (1.1) has a solution, if there exist 1 € C[0,T}] satis-
fying (2.4) and z1(0) = zg; a2 € C[0, T3] satisfying (2.5) and 22(0) = zo; z; € C[0,T;]
satisfying (2.6) and z;(0) = zo (i = 3,4, ..., N).

Definition 2.7. The function z € C(J,R) is called a solution of (1.1) if it satisfied the
integral equation

120D w(t) — f(t,2(t)] = o L2 g(t, x(t

ol oDy (t) = [t x(8))] = ol g(t, x(1))

From Theorem 2.5 and (2.1) the integral representation of a solution of equation (1.1)
satisfies

x1(t) = xo + f(t,21(t)) — f(0,20)) + ﬁ/@ (t—s)* " tg(s,21(s))ds (2.7)

on [0,T1].
Again the solution of equation (1.1) satisfies

xo(t) = xo + f(t,22(t)) — f(0,20)) + ﬁ/o (t — 5)*27 g (s, 2o(s))ds (2.8)

on (Tl, TQ]
Repeatly, on the interval (T;_1,T;], we have

2i(t) = 30 + f(t,2:(8)) — F(0,20)) + = )/0 (t = )% g(s,i(s))ds. (2.9)

F(Oéi

Let X be a Banach space. A mapping A : X — X is called a nonlinear contraction if
there exists a continuous function ¢ : Rt — R* such that

Az — Ayl < o([lz — yll),
for all z,y € X, which ¢(r) < r for r > 0. In particular if ¢(r) = cr, 0 < ¢ < 1, then A is
called a contraction on X with contraction constant c.

Theorem 2.8. [(] Let K be a closed, convex, and nonempty subset of X. Let A, B :
K — X be two operators satisfying:

(a) Ax+ By € K for all z,y € K

(b) A is a contraction on K

(¢) B is completely continuous on K

Then the operator equation Ax + Bx = x has a solution.

Definition 2.9. Let f : J x R — R be a function. Then f(¢,u) is globally Lipshitz
continuous if there is a constant C > 0 such that

1f (@t u) = f(t,0)|| < Cllu— vl
for all z,y € Rand all t € J.

Definition 2.10. [4] The equation (1.1) is Ulam-Hyers stable if for each £ > 0 and for
each solution z; € C([0,T;],R), i =1,2,..., N of the inequality

lo Dy [wi(t) = f(t, 2i(t)] — g(t, (1)) < e (2.10)
there exist a real number ¢; > 0 and a solution y; € C([0,T;],R) of equation (1.1) with
|2i(t) — yi(t)] < cie.
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Definition 2.11. [4] The equation (1.1) is generalized Ulam-Hyers stable if for each € > 0
and for each solution z; € C([0,T;],R), i = 1,2,..., N of the inequality

lo D¢ [wi(t) = f(t, 2i(t)] — g(t, (1)) < e (2.11)
there exist a function ¢; : Rt — R* with ¢(0) = 0 and a solution y; € C([0,T;],R) of
(1.1) with

|lzi(t) — yi (V)] < ¥i(e).

3. EXISTENCE OF SOLUTION

In this section, solution of fractional order hybrid differential equation of one variable
order is obtained via Krasnoselkii fixed point theorem in a suitable function space. The
initial value problem (1.1) can be reformulated as an integral representation of a solution
given by

xi(t) = xo + f(t,2;(t)) — (0, 20) + F(Li)/o (t—8)*tg(s,z4(s))ds,

for t € (T;—1,T;]. We denote by LP(J,R) the space of all Lebesque integrable functions
on J with [.|z,-norm given by

T P
/|ﬂ0%%.
0

Definition 3.1. A mapping 8 : J x R — R said to satisfy L?-Caratheodory’s conditions
if

(i) t = B(t, ) is measurable for each x € R

(ii) * — B(t, x) is continuous a.e. t € J and

(iii) for each r > 0, there exist function h, € L?(J,R) such that

1B(t,x)] < he(t), teJazeR, |z <r

)z, =

We state the assumptions used in this paper as follows:
(AO) There exist positive constants My < 1 and M, < 1 such that

1£(t,u) = f(t,0)| < Myllu—v|| and [ f(t,u)] < My(|ull +1),

for all u,v € C(J,R).
(A1) The function g(t, z) is LI-Caratheodory.
(A2) There exist positive constants M, such that

||g(t,u) - g(t7v)|| < MQHU - UH7
for all u,v € C(J,R).

Theorem 3.2. Suppose assumptions (A0)-(A1) are satisfied, then the fractional hybrid
differential equation with variable order (1.1) has a solution if a(t) € ( é, 1].
Proof. For each i =1,2,..., N, we define A, B: C([0,T;],R) — C([0,T;],R) by
Ax(t) = xo + f(t,2(t)) — f(0, z0)
1

Bzx(t) = F(Oéi)/o (t—8)* (s, z(s))ds.
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We set Bgr(zg) := {z € C([0,T;],R)||z — 29| < R}. Clearly Bgr(zo) C C([0,T;],R) and
Bpg(zg) is closed bounded subset of Banach space.

We first show that Az + By € Br(xo) when z,y € Bgr(zo). For any t € [0,T;], we apply
Holder inequality to get

|Az(t) + By(t) — ol < |f(t,2(t)) — f(0,z0)|

/ (6 — sy tpds)
T(a;)

/ |g<s,x<s>>|st)q
8Ty (e 4+ 1) + Ny (Jol + 1)

(
+(/ |<t—s>%-1|Pds);(/ o(s.2(s) |st)
(

< Mf(|l‘0| + R+ 1) +Mf(‘xo‘ +1

e / |<ts>ai1|Pds> /t|g<s,oz:<es>>|qu)é

RM; + 2M 1) e\ h
< r
2ty + D+ s (o) el
RM i1 Taip—p+1 % b
< 2 1) .
s+ 20 (o] + 1) (ap )l
q—1
Tq T ﬁ K
< Rilty 230y ool 410+ s (2, Il
1

<R

when R is large enough and % + % = 1. Hence, Ax + By € Br(zp).

Next, we show that A is contraction on Bg(zg). Clearly from Assumption (A0), we
have

[Az(t) — Ay(O)]] = [1f (8, x(t)) — f(t y(@))]]
< Mgz —yl.

It follows that A is a contraction on Br(zg).

Let {x,} be a bounded sequence of functions in C([0,T;],R) such that |z,| < r for
all n =1,2,3,.... By Holder inequality and (Al) we get

1 ¢ .
IBeall < sup g 16— g(o, o))

1 ( teip—p+1 )p Hh ”
sup .
tefo,r) L) \aip—p+1 a

q—1

1 quzlai—fqil ) a
< (7]
— 1 Tiq
I(a) (qqlai T g1

IN

IN
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Since «; € (%, 1], it follows that _Lyo; — ﬁ > 0. This show that B(Bgr(xo)) is uniformly
bounded in C([0, 7], R).
Next we will show that the sequence is equicontinuous. Let ¢1,ts € [0,T;] which t; < ¢y
| Bxy,(t1) — Bay(ta) |

< Nlai) / " (11— )" gl za(s))ds — / % (12— 9% (s, n(s))ds
< r(;) /0 (b= )71 = (t2 = )™ ] gls, 2a(s))ds

b / (t2 — ) g5, 20(s))ds

* rén/ (12 — ) g (s, 2a(s))| ds
— 0,

as |[t1 — ta] — 0. Since B(Bg(xo)) is equicontinuous, we apply Arzela-Ascoli theorem
to claim that B(Bgr(xg)) is relatively compact in Bgr(zo). Since this result holds for
each interval [0,7;], ¢ = 1,2,..., N, we obtain the existence of solution to (1.1) from the
Krasnoselkii fixed point theorem (Theorem 2.8 ). [

4. ULAM-HYERS STABILITY

From the integral representation of solution of (1.1) for each t € P; is given by (2.9),
we have the following stability result.

Theorem 4.1. Suppose that assumptions (A0)-(A2) is satisfied. Then the fractional
hybrid differential equation (1.1) is Ulam-Hyers stable.

Proof. Let v; € C([0,T;],R) satisfies the inequality (2.10), i =1,2,..., N. It follows that

1 ‘ Ocifl
1 ! ai—l
SEF(%)/O (t—s)¥ "ds
1 o
=T
ce I
- F(Oti + ].)

We let u; € C([0,T;],R), i =1,2,..., N be a solution of
oD [z(t) — f(t,2(t))] = g(t, x(t), for te[0,T],
z(0) = v;(0).

Hence, it satisfies

(4.1)

ui(t) = vi(0) + f(t, ui(t)) — £(0,0:(0))) +
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So we obtain from (A0) and (A2)
|vi(t) — wi(?)]

wi(t) — i (0) — F(twat)) + F(0,03(0))) — =1

I'(evi)

/ (t—8)*tg(s,ui(s))ds
0

<

vi(t) — v (0) — f(t,vs(t)) + £(0,v:(0))) — F(Li)/o (t — )" g(s,vi(s))ds

Mg ‘ a;—1 ) ,
S Ty T M) —wb] + F(ai)A (t =) oi(s) — uis)] ds.

Since My < 1, we can write

vi(t) — ui(t)]
i M, t — )% u(s) — uy(s)]|ds
ST D T, (¢ e - sl

By Gronwall inequality, we obtain

Js(t) — (1)
e M, ! _ )il
== MM + 1) eXp{(l—M»r(ai)/o (f=s)7d }

.. T { M,T% }
ex .
=0 = M)T(a;+1) PV (T = Mp)T (s + 1)
Therefore, (1.1) is Ulam-Hyers stable. (]

5. EXAMPLE

In this section, we give an example of hybrid differential equation of variable order
to illustrate our result. Consider the following hybrid fractional differential equation of
variable order

an~ !z
oD Vle(t) ~ St ae)] = 2" for v oo (5.1)
z(0) =
where
Ft2(t)) = %ﬂf(g)_’_l) (5.2)

and the fractional order «(t) defined by

3
- ,te|0,2
4 Y 6[7]
3

a(t): g at€(274]
4
- ,te€(4,6].
- te(,
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It can be seen that g(t,z) = % satisfies L?-Caratheodory condition since |g(t, z)| <
™

7, and the order a; € (3,1]. So the assumption (Al) is satisfied. Moreover, by mean
value theorem, we see that

tan"!(z) tan~! (y) 1

for z,y € R. Hence, (A2) is satisfied.
For the assumption on f, we can see that

d T 1— 22
dz (2@2 T 1)) T 222 +1)2
and
1— 22 1
| <2
for all z € R. By mean value theorem we get

Ft,2) = f(t9) = 2(95;—1— 1) 2(y2y+ 1)

IN

ol
) z =yl
Since f(t,0) =0, it follows that
Lf(t,z)| =[f(t,z) = f(£,0)] < 5 |9€| <5 (|96| +1),

which means that assumption (A0) holds with My = M t = 5. Therefore, all asuumptions
in Theorem 3.2 and Theorem 4.1 are satisfied. Hence, the hybrld fractional differential
equation of variable order (5.1) has a solution and is Ulam-Hyers stable. We remark that
the solution of (5.1) satisfies

_ z1(t) 1 ' S

z1(t) = 52+ 1) 12F(i)/ (t —s) dtan " (z1(s))ds ont € [0,2]
_ (1) 1 ! -2, -1

xao(t) = 330+ 1) + 12F(§)/ (t —s) 5tan™ " (w2(s))ds ont € (2,4]
_ 3(t) 1 ! —L -1

z3(t) = 20+ D) + 12F(§)/0 (t —s) 5tan”" (x3(s))ds ont € (4,6].

6. CONCLUSION

We present the proof of existence and stability of solutions for fractional order hybrid
diffrential equations with varible order Caputo fractional derivative a(t). The existence
result is proved by using Krasnoselskii fixed point theorem under Caratheodory and Lips-
chitz conditions for nonlinear terms. The result extends the class of fractional differential
equations to the one with variable order which is illustrated by an example.
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