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Abstract: The objective of this paper is to investigate the existence and uniqueness of solutions to fourth order
differential equations

v () + £(x, v(x)) =0, x € [a,b],

satisfying the three-point non-homogeneous conditions

v(a)=0,v'(a)=0,v"(a)=0,V'(b)—aV'({) = 4,

where 0 < a < { < b, the constants a, ¢ are real numbers and 1 : [a, b] x R — R is a continuous function. The framework
for establishing the existence results is based on sharper estimates on the integral of the kernel to connect with fixed
point theorems of Banach and Rus.

Keywords: differential equation, three-point non-homogeneous conditions, kernel, existence results, fixed point
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1. Introduction

The theory of differential equation has emerged as a powerful instrument for comprehending and interpreting
problems in a variety of scientific domains. The notion that the laws concerning these situations can be expressed
as differential equations of various orders with certain initial or boundary conditions. Especially, the fourth order
differential equations appear in the modeling of inelastic flows, viscoelastic, theory of plate deflection, bending of beams
and various areas of applied mathematics as well as engineering [1-4]. Due to their enormous importance in theory and
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applications, researchers have studied the existence and uniqueness of solutions to the differential equations of various
orders under certain conditions by different methods. We mention a few papers on the existence and uniqueness of
solutions to the boundary value problems of third order [5-9] and fourth order [10-14] for readers reference.

In 1988, Gupta [15] demonstrated the existence results for the deformation of stretchy beam with completely
supported edges and is characterized by a boundary problem of fourth order of the form

4
d—:‘—ﬁ4u +g(x,u)=e(x), 0<x<1,
dx

u(0)=0,u(l)=0,u"(0)=0, u"(1)=0.
In 2019, Li and Gao [16] discussed the solvability of fourth order boundary value problem
u® () = £ (x, u(x), w"(x)), x [0, 1],

u(0) =0, u(1) =0, u"(0) =0, u"(1) = 0,

which describes the deformation of an elastic beam whose two ends are simply supported in equilibrium state.
In 2021, Khanfer and Bougoffa [17] established the existence and uniqueness theorem for the nonlocal fourth order
nonlinear beam differential equations with a parameter

u™® + AX)u=Af(x,u,u"), 0< x <1,

1(0) = u(l) = j; POu(x)dx, 1'(0) = u"(1) = I;q(x)u”(x)dx.
Inspired by these papers, we consider the fourth order differential equation
@ (xX)+ f(x,v(x))=0,x €[a, b], (D
satisfying the three-point non-homogeneous conditions
v(a)=0,v'(a)=0,v"(a) =0,V'(6)—av'({) = , )

where 0 < a < < b, the constants a, x4 are real numbers, and establish the existence results by employing the fixed point
theorems. The main concern of this study is to describe the deformations of an elastic beam by means of a fourth order
boundary value problem, where the boundary conditions are given according to the controls at the ends of the beam.

Definition 1.1 A solution of the problem (1)-(2) is a function v € C“([a, b], R) and is satisfying (1)-(2).

The problem must be well-posed in real-world applications and in the interpretation of differential equations with
certain constraints. If a problem has only one solution and it has certain ideal conditions, we can validate the “well-
posedness” of the problem using a variety of methods. If the problem has two or more solutions or no solution, it is not
well posed from a modeling standpoint, and it must be ignored, and must be created a new model [18].

Now, we assume the following conditions are true in the entire paper:

(C1) f: [a, b] x R — R is a continuous function,

(b—a)’
(¢ —a)?

(C2) the constants a and b satisfies

# a, and
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9

2
a1, lalG-a)
O e —ac -0

(C3) |fCx, v) = f(x, w)| < Alv — w), for all (x, v), (x, w) € [a, b] x R, where 4 <

is a Lipschitz constant.

Below is the summary of the remaining part of the study. Section 2 describes the solution to the problem (1)-(2)
as the solution to the corresponding integral equation that includes the kernel, after which the sharper estimates of the
integral of kernel is calculated. The results for the existence and uniqueness of solutions of (1)-(2) are proven by fixed
point theorems using the estimates on the integral of kernel and the conclusions are supported by examples in Section 3.

2. Preliminary findings

We begin by expressing the solution of the problem (1)-(2) into the corresponding integral equation involving
kernel. The sharper estimates of the integral of the kernels are then computed. These will be useful in demonstrating our
main findings.

Let ®(x) € C([a, b], R), then the unique solution of the problem

v (x)+ ®(x) = 0, x €[a, b], A3)

satisfying the conditions given in (2) is obtained.
Lemma 2.1 Let A = 3[(b — a)’ — a({— a)’]. If the condition (C2) is fulfilled, then the unique solution to the problem
(3) with (2) is given by

3
v(x) = %Jr [[H(x e,

where
a(x —Ct)3
H(x, Y) = M(x, Y) +TN (&, ), (4)
R
(b — !
M=y O 5)
(x—a)’(b=Y) s<x<y<h
31(b—a)?
and

C-0*6-v* -V

2(b—a)2 2 a<Y<g<b,
Ngn= O ©)
%, a<<y<h,

Proof. The corresponding integral equation of (3) is
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V(x) = Ay + Ax + Ayx” + Ayx° —% [F=’ecnay, (7)
Ya
where 4, 4, A, and A4 are constants. Using the conditions (2) in (7), then we have the following set of equations
2 3 _

AO +A1a+A2a +A3C1 = 0,

A +24ya+3450% =0,

A2 + 3A3C1 = 0,

A(l—a)+24y(6—al)+34,(6% —al?) =T,
where

1 b acs
P=pt— [ =0 Y = 2 (¢ =) O(r)d ¥

On solving the above, we get

3 2
a’l’ 3a°T 3al” r
=8 4= 4 =2 and 4y =—.
A= h ="k = 3TA

Substituting these values in (7), we have

v(x) =[-a’ +3ax - 3ax? +X3]£—ljx(x—Y)3<D(Y)dY
A 3!Ya

(x—a)® 1 cb a ¢
:T{‘”E Jo@=nPeend Y == [ (¢ =) e(nd Y}

—% [J@-rromay

_ a0 @-a’[0-0)’ ~a({ -0’ +a(l ~a
A 3(b-a)’ ~a(¢ ~a)’)(6-a)’

2
)] j: (6-1)Y2D(Y)d Y

_a(x-a)’

¢ 2 L px 3
A [7¢- (D(Y)dY—ij‘a (=YY O()d ¥
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_#x=0)’ | (x=a) [ © vy v 4 LEZ € —a)”
A 31(b—a)? °0 2(b-a)’A

a(x —a)3

b )
[ 6=)’ocnd Y o

jf (& =) D(V)d Y —%j: (x=Y)’Dd(V)d ¥

_ ,u(x—a)3 +J-x|:(x—a)3(b—\()2 _(x—Y)3 }‘D(Y)d\(
A o 3lb-a)? 3!

b| (x—a)}(b—Y)? a(x—a)’
+f {—3 . }D(Y)d YA

2 2 2 2 2
[ RO € by o[ ER O
a 2(b—a)? 2 ¢l 2(b-a)?

u(x—a)y b a(x—a)’ ¢b
= [ M noend Y +TL N(&, )P Y

3
= ﬂ(xA— a) + ﬁ’ H(x, Y)O(Y)d Y.

To establish the uniqueness, let u(x) be another solution of (3) and (2). Take w(x) = v(x) — u(x). Then
wH(x)=0,x e[a, b], ®)
w(a) =0, w'(a) =0, w"(a) =0, w'(b)—aw'({) =0. )
Therefore, the solution of (8) is
w(x) = Dy +Dyx + sz2 + D3x3 ,

where D, D, D, and D, are the arbitrary constants. Apply the conditions (9), it can be written as a matrix form AD = O,
where

a a a
2

A= 0 1 2a 3a ’
0 0 1 3a

0 l-a 2(b-al) 306> -al?)

D=[D, D, D, D]
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and

o=[0 0 o o]

with |4| = A, which is not equal to zero from (C2). So, the matrix system AD = O has only a trivial solution. As a result,
w(x) =0 for all x € [a, b]. Thus, the uniqueness of solution of the problem (3) and (2) is proved.

O
Remark 2.1 By Lemma 2.1, v(x) is a solution of the boundary value problem (1)-(2) if and only if v(x) satisfies the
following integral equation

3
v(x) = @Jr [ H0e )£Cr VO, forall x <[, 6]

(10)
Lemma 2.2 The kernel M(x, Y) given in (5) is non-negative for all x, Y € [a, b].
Proof. The algebraic computations can be used to establish the positivity of M(x, Y).
m
Lemma 2.3 The kernel M(x, Y) given in (5) satisfies the following integral inequality
b
ja M(x, v)dvs%(b—a)“,for all x [a, b]. (11)
Proof. We now consider, then for all x € [a, b] to obtain
3 2 3 3 2
b - - - b(x— -
I Mz, Y)dY:JX (x—a)’(b 2Y) _(x=7) P (x—a) (b 2Y) /
a “l  3lb-a) 3! X 3lb-a)
X b
_|_0*e-0 a0t | e
18(b—a)? 24 18(b—a)*
G- -a) (x-a)f
18 24
x-w’(b-a) (- (x-w)’(b-a) (x-a)’
Let ¥Y(x) = T -y Then ¥'(x) = P % For stationary points, we have ¥'(x)

2
0. On solving, we get x = b. Since ¥"(b) = — ® 6a) <0, ¥(x) has maximum at x = b and is given by

3 4
max ¥(x)= max (x—a)’(b—a) (x—a)" | 1

=—(b-a)".
xela,b] xela,b] 18 24 72
Hence, the inequality (11).
O
Lemma 2.4 The kernel M((, Y) given in (6) satisfies the following integral inequality
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j:|N (& OKY S%(b—a)3.

Proof. We can consider, then
b b
[JIve. vy = jjw (YN Y

O -],

:'[4 = J'b ~a)’ (b- )’

ol 2b-a) 2 [1 ¢l 20-a)

SI:Y:—af(b—v) (sl PN el
ol 2(b-a)? 2 ¢ 20-a)

¢ b
I N (R M (o s Wl I B (S R R0 8
. 6(b—a)? ;

6(b—a)? 6
Le—ae-ar L —ay
6 6

1 3
<—(b-a)’.
3( )

Lemma 2.5 The kernel H(x, Y) in (4) satisfies the the following integral inequality

|| (6 —a)?
6-0)’ —a(c-ap?| |

b b- a) 1
Ia |H(x, Vldy < [g
Proof. We can consider, then
3
(S vy =] ‘M(x, 0+ 42w, v)}d Y

a(x a)

< j:|M(x,Y)|d Y+ f IV (&l Y

1 || (b—a)’ 1. 3
< (b-0) +—|A| x5 (b—a)

, .
iporary Mat, tics
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_G-w*|1, of-ay
O |8 |e-a?-a¢-a?||

The Banach and Rus fixed point theorems, which are stated below, are important tools for establishing our results.
Theorem 2.6 [19] Let d be a metric on a nonempty set D and the pair (D, d) form a complete metric space. If the
function F : D — D satisfies the following inequality for v, w € D,

d(Fv, Fw) < Bd(v, w), where 0 < S <1,

then there is a unique point §" € D with 79" = ¢".

Theorem 2.7 [20] Let d and p be two metrics on a nonempty set D and the pair (D, d) form a complete metric
space. If the function F : D — D is continuous with respect to the metric d on D and satisfies the following inequalities
forv, w € D,

d(Fv, Fw) < Gp(v, w), where 0 > 0, (12)

and

p(Fv, Fw) < kp(v, w), where 0 < x <1, (13)

then there is a unique point §" € D with F9" = ¢".

3. Main results based on metrics

The uniqueness of solutions to the problem (1)-(2) are established based on metrics in this section. Let D be the set
of all real-valued functions continuous on [a, b]. For v(x), w(x) € D, we now define the metrics on D as follows:

d(v, w) = ma); [ v(x)—w(x)|, (14)
and
1
p, w)=U:h/(x)—w(x) | dx)p,p>l. (15)

Here the ordered pair (D, d) forms a complete metric space, whereas (D, p) is a metric space but not a complete.
The following is a useful relation between the two metrics d and p on D and is given by

1

- 16
p(v, w)<(b—a)? d(v, w), forall v, we D. (16)

Let us consider the operator F: D — D as
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3
Fu(x) = @+ j: H(x, Y) £(Y, v(Y))dY, for all x €[a, b], a7)

where the kernel H(x, Y) is mentioned in (4).
Theorem 3.1 Suppose the conditions (C1)-(C3) are fulfilled. If a, b satisfies the following inequality

-1 |o(o-a)’ L (18)
O |8 |e-a-ag-a?|| A

then there is a unique solution to the problem (1)-(2).

Proof. We have to prove the problem (1)-(2) has a unique solution. It is enough to prove the operator F has a
unique fixed point ° € D with F9" = . According to (17), every such fixed point will also lie in C“([a, b]) as can be
directly shown by differentiating (10).

Consider, for any v, w € D and for x € [a, b], we obtain

3 3
000 = 0] = [ [P, 070 v =B [ v £ i v
< P[0 v = £0r O] d Y
< j:|H(x, | = wn)|d ¥
<2 j:|H(x, (v, W ¥

Gy D (0%
9|8 |e-a7-a-ay|

d(v, w),

using (C3). It is evident from the fact that

d(Fv, Fw) < Bd(v, w),

where

(o-a)*| 1, |et| (b — 1)

S T o o] |

Using (18), f < 1 and hence, the operator F is fulfilled the condition of Theorem 2.6. This implies that the operator
F has a unique fixed point and is the solution of the problem (1)-(2).
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Consider an example to demonstrate the above result.

1 3 1 Y. .
Example 3.1 Let us take a = E’ b=1¢ = Z, a= Z and f(x, v) = ¢ sinx + cosv. Then consider

v(4)(x)+exsinx+cosv=0,xe[%, 1}, (19)

with

(rafrar(yan-2rn

ThenA:3[(b—a)2—a(§—a)2]=4—5, Ixv) =|-sinv|<1and
64 ov
4 b—a)?
©-a)'i1, _ |ofC-a 47 =0.0027199<%.

9 8 ‘(b—a)z—a(g—a)z‘ T 17280

So, the claims of the Theorem 3.1 are met, and thus the problem (19)-(20) has a unique solution.
We use two metrics in accordance with Rus theorem for establishing the uniqueness of solution to (1)-(2).
Theorem 3.2 Suppose the conditions (C1)-(C3) are fulfilled. If there are two positive numbers p > 1, g > 1 such

that l+l = 1 with the inequality
P q

r \p

A jj(I:|H(x,Y)|quJqu <1, @D

then there is a unique solution to the problem (1)-(2).

Proof. We have to prove the problem (1)-(2) has a unique solution. It is enough to prove the operator F has a
unique fixed point §° € D with F9" = 3". According to (17), every such fixed point will also lie in C (4)([a, b]) as can be
directly shown by differentiating (10). We first prove that the inequality (12) of Theorem 2.7 is fulfilled. Consider, for
any v, w € D and for x € [a, b], we obtain

| Fv(x) = Fn(x)| < j:|H(x, || SOV = £ wN)|d Y

< j:|H(x,v)|,1|v(Y)—w(v)|dv

1 1

< U:m(x, [ d Y]q ﬂ,[ j:|v(v) —wn)| d YJP
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1

b q q
< A max U [H(x, 7)) de p(v,w),
xela,b]( v @

using (C3) and Hoélder’s inequality [21]. Now, we define

1
0= max U:|H(x, d Y)P .

x€la,b]
We conclude that

d(Fv, Fw) < Gp(v, w), for some 6 >0 and for all v, we D (22)

and so the inequality (12) of Theorem 2.7 is fulfilled. Using (16), the inequality (22) becomes

1
d(Fv, Fw) < Gp(v, w) < O(b—a)? d(v, w), for all v, we D.

Thus, for any given € > 0, we can take 6 = —<— such that d(v, w) < J, which implies that d(Fv, Fw) < ¢. Hence

0(b—a)?
the operator F is continuous on D with respect to the metric d given in (14).
Furthermore, we prove that the inequality (13) of Theorem 2.7 is fulfilled. Consider for any v, w € D and for all x
€ [a, b], we obtain

1
1 1 1717 \p

[I:|]—'v(x)—fw(x)|pdx]p <|[f [j:m(x, Y)|qujqA[I:|V(Y)—W(Y)|pd\r}p dx

a

1
2 \p
<A .[:U:P‘{(x, Y)|qd YJq dx | p(v,w)

and so we conclude
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1
2 p
b[ b q q
p(Fv, Fw) < A ju[ja|H(x,Y)| dY] x| pv,w)

=kp(v, w),
where

pop

k=1 j:U:m(x, ' qudx

Using (21), < 1 and hence, the operator F satisfies all the conditions of the Theorem 2.7. This implies that the

operator F has a unique fixed point and is the solution of (1)-(2).

Now, we consider the example to demonstrate the above result.
Example 3.2 Let us take a=0,b=1, = %, o=1and f(x,v) =1+ x + sinv. Then consider

v® +1+x+sinv:0,xe[0, 1],

with

v(0)=0,v/(0)=0,v"(0) =0, v,(l)_v,@ o

Then A = 3[(b — a)’ — a(¢ ~ a)’] = % and “af(a): .

algebraic computation, we get

1
.[ |H(x, Y)|2dY :ix9 —Lx8 +ix7 +ix6(1—x)5,
0 243 30 56 405

If 1 2 3167
[IOUOW(% V)| d Y]de = 17962560 0.00017631

and so

1

1f (1 2 2 1
(Io(.I‘0|H(xa Y)| d YJJXJ =0.0132782 < '

So, the claims of the Theorem 3.2 are met, and thus the problem (23)-(24) has a unique solution.

(23)

24

= |cosv| < 1. For simplicity, we take p = 2 and ¢ = 2 then by
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