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The aim of this paper is to study a boundary value problem of the hybrid differential equation with linear and nonlinear
perturbations. It generalizes the existing problem of second type. The existence result is constructed using the Leray-Schauder
alternative, and the uniqueness is guaranteed by Banach’s fixed-point theorem. Towards the end of this paper, an example is

provided to illustrate the obtained results.

1. Introduction

The application of differential equations in different real
domains has increased the importance of this theory
which is still under development. Hybrid differential
equations are a subfield of differential equations which
also has enough importance. Recently, it has attracted the
attention of several mathematicians [1-5]. In [6], the
authors studied the following hybrid differential equation
with linear perturbation:

%[x(t) - f(t.x(@®)] = g(t, x(1)),
(1)

x(0) = xq,

where the existence of solutions to these problems has been
ensured using Dhage’s theorem.

Motivated by the abovementioned problem, we consider
the following boundary value problem for hybrid differential
equation:

%[x(t)f(t,x(t)) -g(t,x()] =h(t,x(t), tel=[0,a],a>0,

(2)

x(0) £ (0,x(0)) + ax(a) f (a,x(a)) = g(0,x(0)) + ag(a,x(a)) +

where fe@(IxR;R/{0})andg,h e €(IxR;R) are
given functions and «, 8 € R such that a #-1.

The proposed problem can be considered as general-
ization of problem (1) which becomes a special case if we
take f = 1, and also, the novelty is at the level of the rela-
tionship between the boundary values. Using Banach’s fixed-

point theorem, we show the existence and the uniqueness of
the solution of the proposed problem.

The fixed-point theorems used for hybrid differential
equations with perturbation of first or second type are those
based on the composition of the solution as sum or product
of two operators such as the Dhage case. For our case, we
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have a mixed problem which brings together the two types,
where we thought of using Leray-Schauder’s Fixed-Point
Theorem as a second existence result for which we will have a
single operator.

2. Preliminaries

First, we recall some basic results used in this paper. We start
by recalling Leray-Schauder alternative.

Lemma 1 (see [7]).
LetII: Y — Y be a completely continuous operator and

P ={yeY: y=20Ilyforsome0<d<1} (3)

Then, either the set &; is unbounded or IT has at least
one fixed point.

Now, we recall the following lemmas on which we will
base ourselves to build the solution of our problem.

Lemma 2 (see [6]). Suppose that x—x — g(t, x) is increasing
in R for each t € I. Then, for any h: I — R, the function
x € €(J,R,) is a solution of the hybrid differential equation

@ - gt x )] = h(t),

tel,
dt

(4)
x(0) =x, € R,

if and only if x satisfies the following hybrid integral equation:

t
x(t) =x9-g(0,xy) + g(t,x(t)) + Jo (h,s)ds, te].
(5)

3. Existence Result

Before presenting the existence results, we pose the following
hypotheses:

(i) The map x— x f (£, x) — g(t, x) is increasing in R
for each t € I.

ii) There exist positive constants v, and u_, such that
p f Hq

|f (5212,
lg (¢, x)| <Hg

(6)

(iii) There exists positive constants A £ A 7 and A, such
that

|f (%) = f (&) <Aglx = yl,
lg(t,x) — g (& MI<A lx - yl, (7)
|h(t, x) = h(t, p)| <Ay lx =yl

for eacht € I and x,y € R.
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Denote €:= € (I,R), the space of all continuous
mapping defined on I into R endowed with the norm
lxll = sup,;llx (D).

Lemma 3. Let h € €(I,R), then x is an integral solution of
(2) if and only if it satisfies the following integral equation:

B o

x(t) = Q+a)f(tx() (1+a)f(tx(1)

gltx®) 1
Tox) Fore @

: I (1, s, x(s))ds +
0

: r (hys, % ())ds,
0

for each t € 1.

Proof. Suppose that x is a solution for (2), then we obtain
x(t) f (£, x(£)) = x(0) £ (0, x(0)) — g (0, x(0)) + g (£, x(¢))
+ Jt h(s,x(s))ds, fortel.
0
9)
Then,
ax(a)f (a,x(a)) = ax(0) f (0, x(0)) — ag (0, x(0))
+ag(a,x(a) + «a r h(s,x(s))ds.
0
(10)
Hence,
x(0) £ (0,x(0)) + ax(a) f (a,x(a)) = (1 + a)x(0) f (0, x(0))
—ag(0,x(0))
+ag(a, x(a))
‘o I h(s, % (s))ds.
0
(11)

By using the second equation in (2), we obtain

P« rh(s,x(s))ds.
0

l+a 1+a

x(0)f (0,x(0)) — g(0,x(0)) =

(12)
By replacing in (9), we obtain
= ﬂ _ o a
x0= (I+a)f(t,x(t) A+a)f(t,x(t) JO h(s, x(s))ds
g(t, x(1)) 1 t
+f(t,x(t)) +f(t,x(t)) J’Oh(syx(S))ds, tel
(13)

The other implication is trivial.
Now, we can give the definition of an integral solution of
problem (2). O
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Definition 1. An integral solution of problem (2) is a (2) x satisfies the following integral equation:
function x € € which satisfies the following:

(1) The map t+—— xf (t,x) — g(t,x) is continuous for
each x € R, and

8 « [ g(t,x(1))
x(t) = - h(s,x(s))ds + ——=
O trafex®  Grafesm Jo" ¥ )
(14)
L | s
t s, x(s))ds,
F&x () o
for each t € I. To reduce the form of mathematical expressions, con-
sider the following notations:
7, =Bl + akylal +(p, +ak; |1 +al,
T, = vfll + af,
my = aky, (lal +|1 + al), (15)
. MBI+ (v Ay + Ay )11+ al + a(vpdy + A g (N + k) (lad +11 + at])
Vi1 +a
where r is a real number which will be defined later. Proof. First, we define the following closed ball:
Now, we can provide our first existence result. B, ={x € 26 |xl <7}, (17)
Theorem 1. Suppose that (Ay) — (A;) are satisfied. In ad-  pare
dition, assume that the following condition is verified:
4
. r> . (18)
max{w,—3} <1 (16) Ty — T3
T
2 Also, we define the following operator II on € by
Then, the problem (2) has a unique solution.
B « I @ g(t,x(t)) 1 J t
IIx(t) = - h(s,x(s))ds + + h(s, x(s))ds, 19
O v afexm Traresm o SO o Tax ), " 09

for each t € I. The proof will be made in two steps:



(i) TIB

CcB

r = re
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Indeed, for x € B, and t € I, we have

ITI(x) ()] < A + il r(lh(s,x(S)) = h(s,0)] +|h(s,0)])ds

0

L +allf (& x@E) 11+allf (8 x(8))]

lg(t, x (1) 1 !
+ ) + ) JO(Ih(s,x(s)) — h(s,0)] +|h(s,0))ds

AL, o J-a(/lhlx(s)|+kh)ds
[ Jo

_vf|1 + o vfll +a

w1t
L J (Ll ()] + K )ds
Vf Vf 0

_ Bl + akylal py+aky ak,(lal +]1 +al)
- vf|1+oc| Vs vf|1+oc|
T

T3
<—+—r.
T, T

(ii) Hence, according to (18), we obtain

T ()l <.

m n
[TI(x) (£)] < (1 - ﬂ—3>r +=2r<r. (21) (iv) IT is a contraction:

(iii) Then,

2 T,

For x, y € B, and t € I, we have

(20)

(22)
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B ~ B |
fltx(®) (+a)fy®)

o
+ —(1 P YITRTO) J h(s,x(s))ds—

o

* (1+oc)f(tx(t))J h(s y()ds (1+oc)f(ty(t))

gtx(®) glty®) |gty®) gty 1)
f6x@®) fhxm)” |f(tx(t)) ft.y®)

_ I
[TT(x)(t) H(y)(t)lﬁl(Ha)

j h(s, y(s))ds

{a +oc)f(t (@)
j h(s, y(s))ds

1
+ h(s,x(s))ds - J h(s,y(s))ds
TLx0) j (& x(Ods =2 ) (t)) (575
+ h(s,y(s))ds— J h(s, y(s))ds
flex (t))J (76 f(t @ ],"
P e - £y [ s (9) - sy (9)lds 23
Vsl +al vell+al Jo
o a
3 o J (Ih(s, y () = h(s,0)l +|h (s, 0)Dds| f (, x (£)) = f (£, y ()]
vfll +al Jo
1
+—lgt,x(t) - gt y ()] + H—Zg |f (&, x(8)) = f (& y ()]
Vf ’)/f
1 t
+— I [h(s,x(s)) —h(s, y(s))lds
'Vf 0
1 t
+v_2 J0(|h(5,y(5)) —h(s,0)[ +|h(s,0)))ds| f (£, x () = f (¢, y ()]
f
A A Mr+ky,) A, A Ar(Ayr + k
(AP bl alledOr k) Ay Agky ol @by Qi R)) e
vf|1+oc| vf|1+0(| vf|1+oc| V¢ vf Vf Vf
which shows II is a contraction. for each x € of and t € I.
Thus, II is a contraction. Then, the existence and The proof will be given in several steps:
uniqueness of the solution is guaranteed by Banach’s fixed- T e s
. (i) II is uniformly bounded:
point theorem.
Now, we present the second existence result using For x € of and t € I, we have
Leray-Schauder alternative. O 1Bl la
ITI(x) (1)] < +
_ IL+allf (Ex@)] 11 +allf (& x(0)]
Theorem 2. Suppose that (A,) and (A,) are satisfied. In
addition, assume that there exist y,, y, >0, such that a lg (& x ()]
ot xspias +
|l (t, x)| <y, + p,lIx[l, foreach (t,x) € I X R. (24) 0 Lf (£ x ()]
1 1Bl + anylal
h dss———
Also, vy >ay,. Then, problem (2) has at least one If(t x(1))] J' (s, % (s))lds f|1 + af
solution.
N Hg +any,
Proof. Let &/ <€ be a bounded subset. Vs
Then, there exists #;, > 0 such that (26)

| (t, x ()] < np, (25)

Then, IT is uniformly bounded.
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(ii) IT is equicontinuous: For 0<7,<7,<a and x € &, we have

.| B ~ B |
N+ a)f(r,x(11)  (1+a)f (1 x(7y))]

o o |

(1 +a)f (1, x(7y)) B (1 +oc)f(12,x(12))|

g(rox(ry) glrpx(r, | |g(rz,x(12)) Q(Tz’x(sz
f(rpx(my)) f(Tl’x(Tl))| |f (t,x(71)) f(Tz’x(Tz))l

1
f(Tl’ x(71))

I (x) (,) - T1(x) (1,)| <

JO (s, x (s))]ds

h(s,x(s))ds

J moxonds- s |

h(s,x(s))ds — h(s,x(s))ds

1
Pl o
_'ﬁ'”’”'“' [f (r1x(m)) - f(fpx(fz))i+—|9(T1>x(fl)) 9(r2x(r,))

vfll

(Tl’x(Tl)) j

S Gox () = £ (rx (@) +1 (1=0) + 221 (x(5) = £ rax (m)] — 0
f f

ast, — ;.
(27)
Hence, II is equicontinuous. Then,
(iii) PPy is bounded: I 1Bl + any,lal +(yg + ay1)|1 + af (31)
x| < .
We denote by (vf - ay2)|1 + af
P ={x € R: x = 0ll(x),0<5<1}. (28) Thus, all assumptions of Lemma 1 are satisfied. So, IT has

at least one fixed point which is a solution for our problem.

Let x € &y and t € I, we have - . .
1 Now, we give an example to illustrate the obtained

1Bl + anplal //‘g a results. |
lx (| <—————+ +— +yllxl), 29
fll + 06| vf (’VI VZ ) ( )
which implies that Example 1. Consider the following problem:
Bl +anlal Hy a
<t Ty Iy )
Il < ;|1 +al " +vf (r + vl (30)
d 1 — cos(t) 1 1 1
— — " x(t - | ==+=x(t), telo,n],
. 8x(t) + 1 x(B)|x (0] t1+|x(t)| 5+7x() € [0,7]

(32)
1 1 1
— +1
48 1+|x(0)| 3e" 1 +|x(m)]

x(0) + 16x () + x ()| x (7)| =
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This problem can be written as (2), where

1 - cos(t)

Fltx(0) = 8+——

Ix (B,

1 1

6 T+ (33)

gt x(t)) =

h(t,x(t)) :é+;x(t), a=16andf = 1.

We can easily verify that

Vf=8,

(34)

We have v, >ay,; then, from Theorem 2, this problem
has a at least one solution.

Now, we know that a solution exists and we seek if it is
unique. We can easily verify that by using the following:

113 337
M= T

m, = 136, (35)
33n

T3 = —.

2T 7

We take r = 1 which satisfies condition (10). Then,

203 14197
w=——+
8704 38080

<l, m<m,. (36)

According to Theorem 1, we can deduce that our
problem has a unique solution.

4. Conclusion

In this paper, we treated a hybrid differential equation with
linear and nonlinear perturbations where we showed the
existence and uniqueness of the solution using Banach’s
fixed-point theorem, and also, we used the Leray-Schauder
theorem as another way to guarantee the existence of the
solution, which it was used for the first time, to our
knowledge, for this type of problem. In the future research,
we hope to generalize this problem either at the level of the
order of the derivative or the initial condition by taking
inspiration from [8, 9].
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