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SOLVABILITY OF A FRACTIONAL DIFFERENTIAL
PROBLEM FOR BEAM EQUILIBRIUM

AICHA CHOURAQUI, ZOUBIR DAHMANI AND YAZID GOUARI

(Communicated by E.-H. Laamri)

Abstract. In this work, we investigate a novel nonlinear differential problem involving Caputo
derivatives. The problem features sequential derivatives that do not adhere to the semi-group and
commutativity properties. Under certain specific conditions, the problem simplifies to a fourth-
order ordinary problem, representing the static equilibrium of an elastic beam. Using the Banach
contraction principle followed by Schaefer’s fixed point theorem, we establish two key results
regarding the uniqueness of solutions and the existence of at least one solution. We provide an
example to validate one of these results. Additionally, we discuss Ulam-Hyers stability, including
noteworthy limiting-case examples.

1. Introduction

Fractional calculus generalizes the concepts of classic differential calculus to non-
integer order, so fractional differential equations are a generalization of classical dif-
ferential equations, where the order of differentiation [17] can be a fractional or non-
integer. These equations have attracted the interest of many researchers due to their abil-
ity for modelling complex mechanisms displaying innate qualities and memory, when
integer-order differential equations are not entirely descriptive [1, 2, 3, 4, 5, 13, 21].
One of the most used concepts in fractional calculus, the Caputo derivative, which is
exceptionally useful [9, 14] for starting value problems, and that makes it appropriate
for physical applications. A significant use of fractional differential equations is in the
analysis of beam deflection systems and/or equations. The potential of beams to re-
sist forces imposed across to their axis makes them structural elements. The classical
beam theory explores how beams bend and deflect under different weights; it is gen-
erally modelled using fourth-order ordinary differential equations [27]. But the pres-
ence of fractional derivatives in these models can provide a more precise description
of materials possessing viscoelastic characteristics and non-local behaviour, which are
frequently found in intricate engineering materials and complex structures. This results
in fractional differential models that provide profound understanding and better design
skills in applied physics and engineering by more precisely modelling the deflection
and dynamic response of beams. Let’s mention some of the published articles that are
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related to the work underway presently. First in [27], the authors studied the existence
of positive solutions for the following nonlinear system. It is employed to characterise
the buckling of an elastic beam that has endpoint support.

(4)( 1)+ Pud"(t) — ouu(t) = fi(t,u(t),v(1)), 1 € (0,1)

( )+B2V//( ) v (t) =/ (t (t)7v(t))7 re (071) (1.1)
(0) u(1l) =u"(0) =u"(1) =0,
v(0) = v(1) =v"(0) =V"(1) =0,

where, f; € C([0,1] x RT x RT R¥), RT = [0, +c0) and B, € R verify B; < 272,
—Biz <o, O(,‘/Tl?4+ﬁ,'/7172 <l,i=1,2.

By giving a cone P in C([0,1]) x C([0,1]); where C([0,1]) is the space of all
continuous functions from [0, 1] to R, the authors proved an existence of positive solu-
tion results, then by constructing over a product cone, they estabilished another positive
solution result.

In [28], the authors studied the classical problem of elastic beam differential equa-
tion with two parameters, when the nonlinear term satisfies some growth conditions
only near the origin.

{u<4><x> 2RO () + (2 (3) + B ()" () = 2 f (o), x € [0,1),
u(0) = u'(0) = u"(1) = u"(1) — ug(u(1)) =0,
where A >0, u € R, f:[0,1] xR— R, g: R — R is a continuous function, & €
C'[0,1] is nonnegative, for & = 0, the problem describes the static equilibrium of an
elastic beam which is fixed at the left end of x = 0 and is attached to a bearing device
at the rightend of x =1.

In [26], the authors investigated the existence and uniqueness of solutions for the

following system which contains sequential Caputo derivatives; the Caputo derivative
is a particular case of the new mixed fractional derivative introduced by K. Hattaf [12].

{("D“Jr/l"D“l)X(t) = ft.x(1),y(0), Igix(1), Ig2y(t)), t € (0,1)
(°DP + uDP=1)y(e) = f(e,x(2), y(0), It x(e), I3 ¥(2)), 1 € (0, 1),

(1.2)

(1.3)

with
{xm) =x(0) =0,x(1) =0,x(1) = [y x(s)d X (s) + fy y(s)dRa(s),
Y(0=y'(0)=0,y/(1) =0,y(1) = [y x(s)dT1(s) + fo ¥(s)dTa(s),

where, I({+ is the Riemann-Liouville integral of order v, with v = (p1,q1,p2,¢2) and
the Riemann-Stieltjes integrals with given bounded variation functions Xy, 8,,J;,J,.
Such systems can be used in bio sciences, see [1, 2] and their references. The authors
obtained existence and uniqueness results for solutions of the system.

In [4], the authors investigated the existence of solutions and their Ulam-stability
for the problem.

{D“u(X) = filxu(x),v(x)) +a1g1(x,u(x)) + bihi (x,u”" (x)),

(1.4)
DPy(x) = fo(x, u(x),v(x)) + asga(x,v(x)) + baha (x,v" (x)),



FRACTIONAL DIFFERENTIAL PROBLEM FOR BEAM EQUILIBRIUM 275

under the conditions.
W (0)=u"(1)=0,
v(0) =v(1) =v"(0) =v"(1) =0,

—N
<
—~
S
=
Il
N
~
—
SN—
I

where, x € [0,1], 3 < a,p <4, D* and DP denote the fractional derivatives in the
sense of Caputo, and f; € C([0,1] x R x R,R), g;,h; € C([0,1] xR, R), a;,b; € R.

In [7], K. Bensaassa et al. studied existence and uniqueness of solutions and sta-
bility in the sense of Ulam Hyers of the system.

{DOCIDOCZ = f1(6,u(x),v(x)) + @11 (x,u(x)) +bihi (x, D°u(x)), (1.5)

DPIDP2y(x) = fo(x, u(x),v(x)) + aaga (x,u(x)) + bahy (x, DOu(x)),

under the conditions.

u(0) =u(l) =a,
u'(0)=u'(1)=0,
v(0) =v(l) = b,
V(0)=V(1)=0,

where, a;,b; € R, for i = 1,2, D% DPi D% are some fractional derivatives, 0 < § < 1,
fieC([0,1] xRxR,R), g;,h € C([0,1] x R,R).

In [6], the authors studied with the existence and uniqueness of solutions for the
following coupled system with several seqential derivatives.

DUD2DBD%x(t) = Hy(t,x(t),y(t)) + a1 f1(x(t)) + b1g1 (D" D®x(t)),

teJ=10,1]
DPLDPDBDPsy (1) = Hy (1,x(t),3(1)) + az o (y(t)) + baga (DPrDP2y (1)),
teJ=10,1] (1.6)

x(0) = x(1) = D% D%x(1) = D%x(0) =0,
¥(0) = y(1) = DP1DP2y(1) = DPy(0) = 0,

where, D D% D% D% DB pP2 pPs pPs are Caputo fractional derivatives, 0 <
o, <1,0<B:;<1,i=1,---,4, ap+ay <oy, B+ <Ps, i R=R,g;:R—-R
and H; : [0,1] x R? - R, j=1,2 are continuous functions, and H;(z,0,0) #0, f;(0) #
0, gi(0)£0,i=1,2.

Very recently, Y. Boulatriour et Z. Dahmani [8] studied the following generalized
problem associated with elastic beam system in which the authors introduced a supple-
mentary derivative in the sense of Caputo of order 6 —1; 1 < § < 2 and two general
nonlinearities Fi,F,.

DU DPruy (x) = F (o, uy (x), u2 (x), DO uy (x), DOy (x)), (1.7)

D%DP2uy (x) = Fy (x,uy (x), uz (x), D ua (x), D up (x)), (1.8)
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under the conditions

u1(0) =ui (1) = 6y,
u1(0) = uy(1) =0,
u2(0) = ux(1) = 6,
15(0) = u5(1) =0,

where, for i = 1,2, 6; e R*, F; € C([0,1] x R*,R) and D%, DPi, D’ are Caputo frac-
tional derivatives, with 0 < ot, 00 < 1, 2 < 1, B, < 3. The authors explored the system
by using the Banach contraction principle and the Schauder fixed point theorem to prove
the uniqueness of solutions and the existence of at least one solution. Ulam-Hyers was
also discussed by the authors.

In the present paper and with the intention of advancing the research mentioned
previously and done in [29] in the fractional case, we investigate the existence of solu-
tions and Ulam-stability of the following Caputo fractional problem including sequen-
tial derivatives:

DUD®DU D% (1) = hy (1, D2DD% (1)) + ha(t, D% (1), D% D% (1))
+ha(1,9(1)), 1€,

¢(0)=0

D%¢$(0)=0 (1.9)

D%D%¢(1)=0

D®D%D¢(1) — ug(¢(1)) =0

O<o <1, i=1,2,3,4, uekR,

where J :=[0,1], D% are Caputo fractional derivatives, o + o > 1; o+ 03 > 1;
og+oy>1.Fori=1,3,h:[0,]]xR—>R, hp:[0,]]x RxR—Rand g:R—R
represents force of the bearing device.

The reader can observe that our problem is more general than the above problems,
they also can see that when ¢;; i = 1,2,3 are close to 1, we approach the particular
case [28]. The sequential idea on the derivatives of the system’s left side and the occur-
rence of derivative terms on both sides of the same system constitute the novelty of our
problem.

The paper is organized as follows: In Section 2, we introduce some notions and
notation that will be used throughout the manuscript. In Section 3, we transform our
problem to a fixed point problem. Section 4 is concerned with the main existence results
for the problem (1.9) and his Ulam Hayers stability. Finally, in the last section, we give
several examples to reinforce the results obtained.
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2. Preliminaries and background material

We need to introduce the Caputo derivatives and some other auxiliary lemmas, we
refer to the reference [14, 17].

DEFINITION 1. Let o >0 and f:J+—— R be a continuous function. The Riemann-
Liouville integral is defined by:

IF0) = g [ =0 e

DEFINITION 2. For any f € C"(J,R) and n— 1 < o < n, the Caputo derivative
is defined by:
dn

DEf(@) = IS (D)

To study (1.9), we need the following two results [14, 17]:

LEMMA 1. Let n € N* and n—1 < a < n. Then, the set of solutions of D*y(t) =
0; t € J is given by the polynomial expression:

n—1
y(1) =Y e,
i=0
where, c;€ R, i=0,1,2,....,.n—1.

LEMMA 2. In the case of n € N* and n— 1 < o0 < n, we have the property
n—1 )
1*D%(1) =y(1) + Y, cit',
i=0
with c; e R, i=0,1,2,...,n—1.

THEOREM 1. (Schauder Fixed Point Theorem, [10]) If U is a nonempty, closed,
bounded convex subset of a Banach space X and T : U — U is completely continuous,
then T has a fixed point in U .

THEOREM 2. (Arzela Ascoli’s theorem, [22]) Suppose U is a compact space,
C(U) is the supnormed Banach space of all continuous complex functions on U, and
@ C C(U) is pointwise bounded and equicontinuous.

Then @ is totally bounded in C(U).

Now, we prove the following equivalence between the above differential problem
and its integral equation:
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LEMMA 3. The differential problem

DU D2DBD%¢(r) =H(1),
¢(0)=0
D%¢(0) =0
¢(0) @1
D%D%¢(1) =0
D%D%D% (1) — ug(9(1)) =0
O0<o <1, i=1,234, pekR
is equivalent to the integral problem
oot osta o poaonto
1) = [HTRTETUH () 4 1)—I""H(1 2.2
001 0+ @)~ H O g o @)
1 o o +0 1ot
(I H(1) —ug(9(1))) — I H(1) (2.3)

_|_ R - .
F(O(z—f—l) F(OC3+OC4-|—1)
Proof. First and thanks to Lemma 2, we have

D®D%D% (1) = I“H (1) + py

1
DBD* (1) =1 H (1) + pr=—— +
o) (t) plF(OCz—l—l) 02
« o +onto 10t “
D™¢(t) =1"""""H(t) + + +
o) ®) P toat) Pt P
Y Z(X2+OC3+OC4 tOC3+OC4
1) =JNTRTBTUH () 4+ +
o) ) mﬂ%+%+m+w mﬂ%+m+m
104
+P3=——— +pa
p31“(a4+1) P4

(2.4)
We obtain the two first constants as follows:
$(0) =0= ps =0,
D*$(0)=0=p3; =0.
By considering the remaining conditions, we get
D®D%¢(1)=0

and
D®D®D (1) — ug(¢(1)) =0.

Hence, it yields that
p1 = pg(¢(1)) —I“H(1),
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and |
p2= m(l‘“H(I) —pg(9(1))) =1+ 2H(1).
For the second implication, we can see that
¢(0) =0
on+03
DS(e) = I CH )+ [1g(6(1) ~ I H) oy
1 o ot+op 1%
+ m(l H(1)—ug(o(1))) — 1+ H(1) Mo 1)
and
D™¢(0) =0,
(023 21071 _ gop+0p (04} taz
D®D*¢(t) = I H (1) + [ug(¢ (1)) — 1 H(l)]m
. muawm—ug<q><1>>>—1°‘l+°f2H<1>],
and
D®BD%¢(1) =0,
D@DSDAG() = I“H(t) + [ug(p(1) — [ H(1)];
and

D®D*D (1) — ug(¢(1)) =0.
The proof is thus achieved. [J

3. Transformation of the problem

In what follows, we use fixed point theory to study the above problem. Thus, we
can transform our problem into a fixed point problem.
Let introduce the space:

Y:={¢p €eC,R),D*¢ € C(J,R),D®D%¢ € C(J,R),D?D%D*¢ € C(J,R)},
we can easily verify that ' is a vector space and
1@lle = l¢]l + D%l +[IDD* ]| + |[DD*DU||-s

such that,
[¢]le =sup|@(r)], [|D™||e = sup[DX¢(r)],
re] re]

DD @]l = sup DD (1)]
te
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and
|D“DSD% 9|\ = sup | D2DED% (1)),
teJ

is a norm.
Let us verify that ¥ is complete. We take (¢,) as a Cauchy sequence in ¥, so

¢ — Pmllw —— 0.
n,m—-oo

But,

H(])n - ¢m||‘P = H(])n - ¢m||°° + HDOM(PH _Da4¢mH°° + HDO@D(M‘P" _Da3Da4¢mH°°
+|[ DD D% ¢, — D2DH DY .,

and
Hq)n - ¢rn||‘1’ = ||¢n - ‘i)me7
H(pn - ¢m||‘l" 2 ||Da4¢n _Da4¢mH°°a
H(pn - ¢m||‘l" 2 ||Da3Da4¢n _Da3Da4¢mH°°a
0w — Om|lw = || D2D% D% ¢, — D2 D% D™ ¢ | o,
therefore,
|6 — GOm0 —— 0, ||Da4¢n _Da4¢mH°° ——0,
n,m— oo n,m——4oo
| D% D% ¢, — D> D™ @y || cc ——— O
n,m—-oo
and

ID%2D%D% ¢, — D?2D% D% [0 —— 0.

n,m—-oo

Then (¢,), (D*%¢,), (D3D%¢,) and (D?D*D%¢,) are Cauchy sequences in
(C(L R), ||H<x,> , which is complete. Therefore, there exists ¢ in C(J,R) such that

1006l ~—=0.

and
|D%6, = D%¢ ]l =0, [ID“DH gy =~ DEDH ] ———0,
|D%D% D% g, — D=D® D% | ——0,
then,

160 — [l¢ —— 0.

n— oo

We conclude that (W, ||.||w) is a Banach space.
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We take the nonlinear operator B : ¥ — ¥ such that for all 7 € J:

tOLz+O€3+O€4

Bo(r) = 17 TS HE (1) + [ug(¢(1)) — I Hy (1)] T(oo+os+ou+1)

1 tOC3+OC4

+ m(lall‘l$(l) —ug((1))) — 1172 H(1) RO

where,

Hy(t) = hy(t,D*DSD* (1)) + ha(t, D¢ (1), D DM (1)) + hs (1,0 (1)).

4. Main results

We consider the following hypotheses:

(E1) : The functions & and k3 defined on [0, 1] X R are continuous. The function
hy defined on [0, 1] x R? is continuous. The function g defined on R is continuous.

(E2) : Suppose the existence of nonnegative constants r,1, such that forany 1 € J,
¢,0" € R, we have

|hi(t,¢) —hi(t,0%)| < 1l — 0|

Suppose also that there are nonnegative constants r(;), , r(n2),, such that forany z € J,
¢,0" € R, we have

2

|h2(t7¢17¢2) _h2(t7¢1*7¢2*)| < zr(h2)i|¢i - ¢i*|7
i=1

with;
2 = Max (rn2), 7(n2), )

and, forany t € J, ¢,¢* € R, we have
|h3(t,9) —hs(t,9%)
g(9) —g(¢7)

The following quantities are to be considered:

3¢ — o,
rglo —o*|.

NN

@1 := RT{ + (urg + RT3 + (urgI'3 + RUTS + RIS,
2 := RT{ + (urg + RT3 + (urgT3 + RUTS + RI)TS,
@3 := RIS + (urg+ RT3 + (urgl'3 + RUITS + R,
@4 := 2RT} + ury,
where,

1
Wi=—— R=r+r+ms.

Y ai+1)
i=k
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4.1. An existence and uniqueness result

Our first main result is the following theorem in which we establish a unique so-
lution for our problem. The proof is based on the principle of contraction of Banach:

THEOREM 3. Assume that the two hypotheses (E1) and (E;) are satisfied. Then,
4

the problem (1.9) has a unique solution, provided that 2 @; < 1.
i=1

Proof. According to Lemma 3, the fixed points of the operator B are solutions of
problem (1.9),/
Let (¢,¢ ) € ¥?. For t € J, we have
[BO(1) = BY'(1)| < 1725 F 4y (1, DP DB D% 9 (1)) — Iy (1, D D DU (1))
FITOT O o (1, D% (1)) — ha(£,D™ ¢ (1))
FIU TS s (1,0.(1)) — ha (1,9 (1))
+15]ulg(@(1)) = g(¢ (1)) + T30 [Hg (1) — Hy, (1))

HISTSI | Hg (1) — Hyy (1)] + T35 ullg(9(1) — g(9 (1))

FIAIR H (1) — (1),

thus,
IBo — BY'||.. < [RT}+ (urg+RUDTE + (urel3+ RIS + RIDTE 0 — ¢ w.

On the other hand, we have

op+o3
DUBY) = IO H 1)+ (g (6(1) ~ 1™ Hy (1)) o
g (1) - weo (1)) — 1y (1) |

I(op+1) I(oz+1)’

and

ID“B¢ —D“B¢’ |l < [RTS+ (rg + RT3 + (rel3 + RUITE + RIS ¢ — ¢ [l

Also, we get
D®D%B¢(t) = IOCI+052H$(I) + [ug(o(1)) —Iang(l)]%
m(lalf@(l) —ug(¢(1))) _1061+a2H$(1) .

Therefore,
IDD%B¢ — D*D™B¢’ ||
< [RTT + (rg + RIS + (rel5 + RUITS + REY)][[0 — ¢ [w.



FRACTIONAL DIFFERENTIAL PROBLEM FOR BEAM EQUILIBRIUM 283

On the other hand, we can write
D“D®BDUBe(r) = IMHy(t) + [ug(¢(1)) —I1“Hy(1)].
Hence, we get
|D®D%D% By — D2DBDXBY [0 < [2RT} + prg] || — o[l
Consequently,
1Bo — B9 |w < (@1 + 2+ 03+ @a)[|0 — [ w.

The above condition imposed on @; + ¢ + @3 + ¢4 and by the Banach contraction prin-
ciple, B has a unique fixed point which is a unique solution of the problem (1.9). [

4.2. An example

EXAMPLE 1. We consider the following problem:

D0'5D0'6D0'7D0'8¢ ([) — 20016t+2 sin(D0'6D0'7DO'8 ¢ (l))
1 (D0'8¢ +D0'7D0'8¢(t))2 4 |D0'8¢(t) +D0'7D0'8¢(t)|

T 100e73 1+ D% (1) + DOTDOS ¢ )]

+ m COS((I) (t))
¢(0)=0
D¢ (0) =0
D> D%8¢(1) =0
DOSDYTDPR(1) — o cos(9(1)) = O,

4.1)
where, .
hi(1,9) = 5507 sin(9);

L (049 +[0+¢"]
h2(1,¢,¢ )_ 11006t+3 1+|¢+¢*| )

hs(t,¢) = WCOS((I)),

g(t) = cos(t),

= 200
‘We have:
@ =0.0131589, ¢, =0.0212733,

@3 = 0.0229992, @4 = 0.0106595,
@1+ @2+ @3+ @4 = 0.0680909,

The conditions of Theorem 3 hold. Therefore, problem (4.1) has a unique solution
over [0,1].



284 A. CHOURAQUI, Z. DAHMANI AND Y. GOUARI

4.3. Stability results

DEFINITION 3. The problem (1.9) has the Ulam Hyers stability if there exists a
real number Q > 0, such that for each v > 0, r € J and for each ¢ € ¥ solution of the
inequality

| D% D®2D%D% (1) — hy (1, D D% D% (1))
_hz(taDa4¢(t)7Da3Da4¢(t)) - h3(t7¢(t))‘ < L,

$(0)=0

D%¢$(0)=0

D%D%¢(1)=0

D2D%D% (1) — ug(¢(1)) =0

4.2)

there exists ¢* € ¥ solution of (1.9), such that
16— @7 [w < Qu.

DEFINITION 4. The problem (1.9) has the Ulam Hyers stability in the generalized
sense if there exists f € C(RT,RT), £(0) =0, such that for each v > 0, and for any
¢ € ¥ solution of (4.2), there exists a solution ¢* € ¥ of (1.9), such that

10— 0" le < f(v).

Now, we are able to prove the second main result.

THEOREM 4. Under the conditions of Theorem 3, problem (1.9) is Ulam Hyers
stable.

Proof. Let ¢ € ¥ be a solution of inequality (4.2) and assume (by Theorem 3)
that ¢* € ¥ is the unique solution of problem (1.9).
By integration of the inequality (4.2), we obtain

O +03+0y
’¢(I)_1al+a2+a3+a4H$(t)+[H8(¢(1))_IOCIH$(1)}F(OQI—|—063+OC4—|—1)
1 o gy 0o +0 py* & 4
| fra T B () - glo(1) -1 H¢<1>] F(a3+a4+1)‘ )

v
< )
MNou+owm+o+os+1)

By adding and subtracting ¢*, using (4.2) and (4.3), we obtain the following esti-
mate
v
*
=07 <
lo =97l Tl +o0p+oz+oy+1)
+[RT} + (urg + RUDTS + (rgl3 + RTITS + RIS [[0 = 97|,
(4.4)
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which implies that

(V]
Tl +o0p+oz+oy+1

10—l < )+<P1H¢—¢*||oo~

Therefore,

V
— %]l < < vo.
H¢ ¢ H F(a1+a2+063+054+1)(1_(/)1)

With the same arguments as before, we can write

(Y
Flon+om+oz+os+1)(1— @)

<vo”,

[D% (¢ — ¢")lle> <

)
< Vo,

D* D% o S =
I (0 =07l Flou+ o +oz+as+1)(1—@3)

and

[
D% D% D - < S
[ W=l < FaTmrmrai D0

Thus,
¢ —90*|w <v(o+0*+T+T").

And this implies, by definition, that (1.9) has the Ulam Hyers stability. [

REMARK 1. Taking f(v) := v(0+ 0"+ @+ @*), we obtain the generalised
Ulam Hyers stability of (1.9).

4.4. Existence of solution

Our second existence result of (1.9) is based on the fixed point theorem of Schauder,
We consider the following hypothesis.
(E3) : Forany u,v € R andeach ¢t € J,

[ (t,u)| < rwiful + g rpy = suphy (2,0),
teJ
(o (t,u,v)| < rpa), [l + r2), [V + T3 Thy = Su?hz(t,(),o),
te
|h3(t,u)| < rualul + s 1 —SUPh3(’ 0),
|g(t,u)| < relul —|—rg; re= supg(t70).
teJ
The following quantities are to be considered.

R* =rjy + 1+ 13 Ty =TT+ T30 + T3(T + 131
3 =T34+ 030 4+ T30 +T500)); T =T 4+ 173,
O] =Ty 43420 +4T}; 09 =5 + T35 + 15 + 1305 + 215 + 2.
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THEOREM 5. Assume that (E1),(E3) hold. If

B R+ 0l ulr, < 1, (4.5)

then problem (1.9) has at least one solution.

Proof. We’ll take several steps to establish the proof.

Step 1. B is continuous.
Let (¢,) be a sequence in y such that ||¢, — ¢||y — 0, as n — oo. For 1 € J, we

have

[BOu(1) —BO(1)]

< 1a1+a2+oc3+064<|h (1,D2DBD% ¢, (1)) — hi (1,D*? DB D* (1))
|

o £, D% 90 (1), DD 6, (1)) — hat, D% (1), D DU (1))
i3 (0, 60(0)) = ha(e,0(0))]) + D31l lg(a(1)) = 8(0(1))
131 (111 (1,0%D D% 9, (1)) i (1,0 D4 D% (1))
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D* (1))
Hi(1,90(1) — (1, 6(1)]) ]

A0 | (1 (1,0%D D% 9, (1)) = I (1,0%D D% (1)
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
s (1, 0a(1) = ha(1,0(1)]) | + T3 uallg(0(1)) — g0 (1)
T3 ||y (1,02 D% D% g, (1)) I (1,0%D4 D% (1)
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
Hha(1,9a(1) — ha(1,0(1)]) .

Since, ||¢, — ¢/ — 0 and by continuity of 4;, i =1,2,3 and g, we getfort € J;

1BOu (1)

—B¢(t)| — 0, as n — oo, and hence

|Bdy — B@||co — 0 as n — oo.

Similarly, for € J we have.

[D*Bn(1) — DB ()|

L [ttt <|h1 (t,D2D*" D%, (t)) — hy(t,D2D® D% (1))

|
+[ha(t, D% G (1), D“D* 9 (1)) — ha(t,D* ¢ (2), D* DX ¢ (1))
+[h3(t, 9u (1)) — hs(t,¢(t))|> + 15|l [g(6n (1)) — g((1))]
4T3 <\h1(1,Da2Da3Da4q)n(l)) —hy(1,D2D%D% (1))
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+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
Hh3(1,9a(1)) = ha(1,0(1))])

+I3031% (|h1(l,D°‘2D°‘3D°‘4¢n(l)) hy(1,D2D%D*¢(1))|

+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
{h3(1,9a(1)) = hs(1,6(1))]) + T3T3 |kl [g(0u(1)) — g(0 (1))
+F§I°‘1+°‘2<|h1(1,DO‘2DO‘3DO‘4¢n(1))—hl( ,D2DBD%¢(1))]
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
(L, n(1)) = a(1,0(1))]).

)
)

With the same arguments as before, we get

|ID%B@, — D*Bo||.. —0, as n— oo,

and

[D%D% B, (1) — DX BY (1)
<19 |1y (1, DDA D%, (1)) — h (1, D= DD 9 1))

a1, D% 0,(1), D D% 0, (1)) = hae, DU (1), DU D% 1)
H{h3(1,00(1)) = a1, 0(1))]) + T3l lg(9n(1)) — g0 (1))
+T51% <|h1(1,DO‘2DO‘3DO‘4¢n(1)) —hy(1,D%2D%D%¢(1))]
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D* (1))
(1, 6a(1)) = a(1,0(1))])
+T51% <|h1(1,DO‘2DO‘3DO‘4¢n(1)) —hy(1,D%2D%D%¢(1))]
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D* (1))
H1h3(1,90(1)) = h3(1,0(1)]) + T3l [g(9n(1)) — g (6(1)]
S A (|h1(l,D°‘2D°‘3D°‘4¢n(l)) —hi(1,D2D%D%¢(1))|
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
+i3(1,6a(1)) = ha(1,0(1))]).

Hence,

|D% D% B¢, — DS D*B¢||.. — 0 as n— oo.
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Finaly we have

|D“D% D% B¢, (1) — D*?D*D* B¢ ()]
< 1% (Jhy (1, D D™ D% 6, (1)) — b (1, DDA D% (1))

ot D% 90 (1), DD, (1)) — a1, D% (1), DS DU ()|
3,90 1)) = ha(t, 0 ()] ) + 11l lg(0n (1)) — g(0(1)|
1 (11 (1,D%D4 D% g, (1)) ~ 1 (1,0 DA D% (1))
+[h2(1,D%¢,(1),DD* ¢ (1)) — ho(1,D* ¢(1),D**D*¢(1))]
Hh3(1,9a(1)) = (1, 0(1)]).

So,
|ID2D* D% B¢, — D2D*D*Bp||.c. — 0 as n — oo.

Then,
|B¢n —Bo||yy — 0 as n— oo

As aresult, B is continuous.

Step 2. Let us take p > 0, such that

< 191R*+192|M|}";§
Pz

with
O =91R+ Dofulry <1,

and €, = {9 € v : [0y < p}-
For ¢ € €, and for all # € J, using the hypothese (23) we obtain,

BO()
< [ty (1, DB DB DG (1))|+ s (1, D% 0 1), DU DU (1) [+ s (1, 6 1))]

+T3ullg(o (1))
31 (|1 (1,0 D™D ¢ (1)) [+ o (1, D% 9 (1), DO D™ (1)) [+ (1, (1))])

T30 (1 (1, DD D% g (1)) [+ o (1,D% (1), D% D% (1) |+ (1,6 (1)) )

+T4T3ullg(6 (1))
FT4I (hy (1,0 DS DS (1)) o (1, D% (1), D% DS 9 (1)) [+ hs(1,0(1)) )

< T3 (r ID™DBDAG oo+ 1y + 112y, D% 9 + 71, D DU
i+ 19l + i)

T3l (rell o+ 7 ) + TITE (1 [IDEDBD o+ 1y + g, D%
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021, DD e+ 7+ 11 9] + 73
03 (7 DDA D% e+ 75y + g, D6
+7(12), | D D% @ || + g + 113 [| 0 + rZa)
T3] (rell e+ ) + THTE (i ID=DS DS e+ 1y + 712, [ D50
02 IDED% ]+ g+ |0+ 733 )-
Hence
1B9lle < o (TaR+ (T3 + T4 1alr ) + TaR* + (05 + T403)lulry.
In the same way, we find
|D%B6 | < p (D3R + (T3 + T303) |l ) + T3R* + (03 4+ T303) [l

and
IDD%BY||. < 20(T2R+ T3] u|rg) +202R" + 215 ulry.
Finaly, we obtain
IDD D BY||. < 20(2T R+ |t|rg) +4T1R" +2|ulrs,
and
[BO|ly < pd + R+ Oafu|ry. (4.6)
This implies that ||B¢||y < p, then B(%)) C %), hence we get the stability.

Step 3. We prove that B(%)) is equicontinuous. Let #1,/ € J; t; <t and ¢ € 6.
Then,

1BO(12) = BY(11)]
< I(X1+O¢2+(X3+O€4 <|h1(t2,Da2Da3Da4¢(t2)) o hl([l,DazDa3Da4¢(tl))|

4.7
+|ha(t2, D ¢ (12), D D™ ¢ (t2)) — ha(t1,D* ¢ (11), D> D™ ¢ (11))| @D
4 |h3 (12, (P(tz)) _ h3(t1,¢(t1))‘> < I-‘éll)L (tgl+az+a3+a4 _ tf!1+ocz+a3+a4).
We have also
ID“B¢(t2) —D“B¢ (1)
< [ortortos (\hl(zz,mmam%(p(zz)) — hy(11,D D" D% (1,))]
(4.8)

+ |ha(12,D% ¢ (12), D D™ ¢ (12)) — ha (11, D™ ¢ (t1), D D™ ¢ (11))|
(12, 0(12)) = a1, 9(0))] ) < TR (07275 e es),
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and

|D%D%B¢(1,) — DD B¢

(t1)]
(

1“1+°‘2(\h1(t2 D“D%D% ¢ (1)) — hy (11, DD D% ¢ (1) )|
(07 [0%% 8127 (07 (079 8127 (4’9)
+|ha(t2, D% ¢ (12),D° D™ ¢ (t2)) — 2 (fl,D “o(t1),D"D%¢(1))|
+ [h3(t2, 0 (12)) — ha(t1, ¢ (11))] AT o),
Finaly, we get
ID%D% D% B (17) — DD D% B (1)
<1 (|12, DDA DA (12)) I 11, D DH D% (11))|
(4.10)

+ |ha(t2, D% ¢ (12), D°D* ¢ (t2)) — ha(t1,D* ¢ (t1), D D™ ¢ (11))|

312, 0(2)) ~ Ia(r1,0.1)) ) <TF 15 =),
The right hand sides of (4.7), (4.8), (4.9) and (4.10) are independent of ¢ and tend
to zero as ¥y — .

From Step 1 to Step 3 and the Arzela-Ascoli theorem, we conclued that B is
completely continuous. Then by Schauder theorem, B has a fixed pointin y.

5. Examples

EXAMPLE 2. We consider the following problem:

0.55 n0.68 10.7 n0.75 0.68 n0.7 n0.75
DO PS8 DOT 0TS g (1) = 300et+3sm<D p°7D ¢<t+4>>

e +2t+1 1

* 500e"3 1 4-|DOT5¢ (1) + 3| 4| 3/DOTDOT5 ¢ (1) |

1 1
1200672 95(1 1 [9])
$(0)=0
DP756(0) =

D0'7D0'75¢(1) =0

D0.68D0.7D0.8¢(1) _ 75% COS((])(l)) — 07
5.1

where,

m(t:9) = 3500 f+3sm(¢+ )

e +2+1 1
500¢' 5 14[¢ + 3|+ /07|

h2(t7¢7¢*) =
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1 1
h3(1,9) = 555072 [95(1 + ¢I)} ’
5
g(t)=cos(t), u= 700"

The condition (4.5) is verified,
¥ = %R+ O|u|r, =0.0703008 < 1

then (5.1) has at least one solution.

EXAMPLE 3. We consider the following problem:

in(7) 1
DO-8DO3 P06 0.7 ¢ (4) — sin(
O0) = 3005 17 |DOSDO6 D07 (1)
! D79 (1) DD ()]

1
* 2334 33¢3 1 +

n e +1 1
100e 1 1+ |0 (2)]

L+D07¢(t)] ~ 1+ DOOD7¢(1)]

¢(0)=0
D"79(0)=0
DD (1) =0
DOSDO6 0T (1) — %cos(q)(l)) =0,
(5.2)
where, . 1
sint
hi(t,9) = 20065 1+ 9]’
2(t, 9, t33e37r+233 L+1]¢]  1+]|¢*[]’
1 1
h3(ta¢) = s

100 14 |o|
2

)= t = —.
8(t) = cos(r), =52

The condition (4.5) is verified,
O = R+ Olu|r, =0.2321664 < 1,

then (5.2) has at least one solution.

6. Conclusion

In conclusion, this study introduced a novel nonlinear differential problem char-
acterized by Caputo derivatives and sequential derivatives, which do not conform to
the semi-group and commutativity properties. Our findings demonstrate that under
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certain conditions, the problem simplified to a fourth-order ordinary differential prob-
lem, effectively modeling the static equilibrium of an elastic beam. By applying the
Banach contraction principle and Schauder’s fixed point theorem, we have proven the
uniqueness of solutions and the existence of at least one solution. The presented exam-
ple substantiated one of these key results, further validating our theoretical approach.
Additionally, the exploration of Ulam-Hyers stability, complemented by limiting-case
examples, added robustness to our analysis.

Future work will focus on extending these results to more complex systems involv-
ing fractional differential equations. Specifically, we aim to explore the applicability
of different types of fractional derivatives, such as Hattaf fractal and Riesz fractional
derivatives [11, 14], to broaden the scope of the problem. Furthermore, investigating
the impact of variable coefficients and non-homogeneous boundary conditions could
provide deeper insights into real-world applications. Finally, numerical simulations
and practical implementations in engineering contexts, such as structural analysis and
materials science, will be pursued to bridge the gap between theoretical findings and
practical applications.
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