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EXISTENCE AND UNIQUENESS OF SOLUTIONS FOR A COUPLED
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Abstract In this paper, we investigate the existence and uniqueness of solutions for a
coupled system of Hilfer-Hadamard sequential fractional differential equations with multi-
point Riemann-Liouville fractional integral boundary value conditions. The existence of
solutions is derived by applying Leray-Schauder alternative theorem, while the existence and
uniqueness of solutions is established using the Banach fixed point theorem. In the end, two
examples are included to illustrate the applicability of the results.
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1. Introduction

Many researchers are interested in developing the concept of fractional calculus and studying
differential equations because of its extensive applications in scientific and technical phenomena,
such as immune system with memory [11], co-infection of malaria and HIV/AIDS [9], chaos
[47], chaotic systems [12], synchronization [48], dynamical networks [43], neural networks [5],
economic model [30], financial economics [13], compressible system with fractional viscous term
[34], etc.

As the mathematical models associated with physical phenomena contain initial and bound-
ary value problems, many researchers have shown a keen interest in developing the theoretical
aspects of such problems, for example, see the books [2,4,21], and a series of research arti-
cles [17,18,22,23,36-38,40,44,50,52]. The occurrence of systems of fractional differential equa-
tions in the mathematical models of physical problems [10,33,42] motivated many researchers
to explore the qualitative aspects of such systems, for example, see [19,24,25].

The study of existence and uniqueness of solutions of fractional differential equations are
typically established using fixed point theorems, which are foundational tools in functional
analysis, see the monographs [8,31,35]. In recent years, there are many works settling with the
existence and uniqueness of the solutions of boundary value problems for fractional differential
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equations by means of techniques of nonlinear analysis (fixed point theorem, Leray-Schauder
theory, and so forth), see for example [1,3,7,26-28,39,41,45,46,49,51]. Nowadays, Among the
various applications of FDEs, coupled systems of sequential fractional differential equations with
boundary value problems have also garnered significant attention due to their ability to describe
complex interactions between multiple components within a system.

In [14], Feng and Zhang considered the following a coupled system of nonlinear fractional
differential equations with three-point boundary conditions

“u(t) = f(t,u(t), DPv(t)), te€(0,1),
Pu(t) = g(t,u(t), DIu(t)), tE(&1%
U(0)=07 (1) = yu(n),v(0) = 0,v(1) = yv(n),

where 1 < o, < 2,p,¢,7v > 0,0 <n < la—q>1,8—-p> 1,y yf~1 <1, DX(x =
a, 3,p,q) is the Riemann-Liouville fractional derivative and f,g : [0,1] x R x R — R are given
continuous functions. The authors derived the existence of solutions by using the Schauder fixed
point theorem.

In [6], Aljoudi et al investigated a coupled system of Hadamard type sequential fractional
differential equation with coupled strip conditions given by

(DY + kDT Yu(t) = f(t,u(t),v(t), D(t)), k>0,1<q¢<2,0<a<l,
(DP + kD"~ Yu(t) = g(t, u(t), v(t), D° (t)), 1<p<20<d<l,

u(1) =0,u(e) = INv(n) I‘(1~y/ 1@(15, v>0,1<n<e,
o(1) = 0, v(e) = IPu(C) = F(lﬁ)/l (log i)ﬁ luis)ds, B>0,1<C<e,

where D) and I() denote the Hadamard fractional derivative and Hadamard fractional integral,
and f, g : [1,e]xR3 — R are given continuous functions. The nonlinearities in the coupled system
of equations depend on the unknown functions as well as their lower order fractional derivatives.
The authors obtained the existence and uniqueness results by employing the Leray-Schauder
alternative and Banach’s contraction mapping principle.

In [29], the authors studied a coupled system of sequential Hilfer-Hadamard fractional dif-
ferential equations

(D kD ) u(t) = f(u(t) v(1), 1<ar <2 0< B <1LE L],
(Hij’ﬁ2 + kQHsz—LBZ) v(t) = g(t,u(t),v(t), 1<as<2, 0<p<1telled,
with four-point coupled boundary conditions
=0,u(e) = v(f), 1<6<e,
0,v(e) = pu(n), 1<n<e,

where HD‘;j’B ‘ denotes the Hilfer-Hadamard fractional derivatives of order «; € (1,2] and type
Bi €10,1] for i € {1,2}, k1, ko € RT, f,g:[1,€] x R x R — R are given continuous functions, and
A and p are real constants. The authors in [29] established both the uniqueness and presence
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of solutions through the application of Banach’s contraction mapping principle and the Leray-
Schauder alternative theorem.

In [32], the authors studied a coupled system of sequential Hilfer-hadamard fractional differ-
ential equations with multi-point Riemann-Liouville fractional integral boundary conditions:

XHDﬁﬁh+mHD%”ﬂQu@):fmuu;mw% telle,

(HDa2,62+k2 Do~ 152)U(t):g(t,u(t),v(t)), te[lel,

n

) 0
u(l) = Z Ai If+ Z I’?(;Z) /1 (0; — 5)%Lu(s)ds,

i=1
1 "ﬂ _
v(1) = Z/‘J 1Hu(n;) Z (o . / n; — )7 u(s)ds,

where HDiﬁ"B * denotes the Hilfer-Hadamard fractional derivatives of order «; € (1,2] and type
Bi €0,1] for i € {1,2}, f,g:[1,e] x Rx R — R are given continuous functions. The existence of
solutions is proved using Krasnosel’skii fixed point theorem, while the existence and uniqueness
of solutions is established using the Banach fixed point theorem.

Motivated by the above papers, in this article, we consider the existence of solutions for the
following a coupled system of Hilfer-Hadamard sequential fractional differential equations

\

(ﬂﬁ@+hﬂﬂﬂ@y4)f@m)()m(»,o<mq¢em¢

" i (1.1)
(5052 + kD32 ) 0(t) = (¢, u(t), v(0), DVu(D)), 0 <~ <1t € [Le],

with multi-point fractional integral boundary conditions

. Ai " - 5)%Ly(s)ds
u(l) = Zuﬁv ;F(éi)/lwz Y Lu(s)ds,

v(l) = ZNJ Lu(ng) Z Féij]) /17“ (n; — 8)7 u(s)ds,

where HDa“ﬂ * denotes the Hilfer-Hadamard fractional derivatives of order «; € (1,2] and type
B; € [0,1] for i € {1,2}, D7, D° are the Hadamard fractional derivatives, ki, ks € R, f, g :
[1,e] x R x R — R are given continuous functions. I% and I% are the Riemann-Liouville
fractional integral of positive order #; and n; € (1,e), and A;, p;(1 < i < m,1 < j < n) are real
constants.

The novelty of our problem (1.1)-(1.2) consists of the consideration of the system of Hilfer-
Hadamard fractional differential equations with derivatives of diverse orders and the presence
of fractional derivative terms in the nonlinearities of the system, this different from [29, 32].
The important highlight of this research are the boundary conditions of the problem, which are
coupled strip boundary conditions, multi-point Riemann-Liouville fractional integral boundary
conditions that make it applicable to a broader class of mathematical models than that of
[6,14,29]. The existence and uniqueness of solutions are established using fixed point theorems
such as Leray-Schauder alternative theorem and the Banach fixed point theorem. All these
remarks lead to the conclusion that problem (1.1)-(1.2) are novel in the context of the systems
of coupled Hilfer-Hadamard boundary value problems.
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The rest of the paper is organized as follows. In Section 2, we present some useful preliminar-
ies and lemmas that are to be used to prove our main results. We also appear some important
theorems to demonstrate our main problems. In Section 3, by using Leray-Schauder alterna-
tive theorem and Banach contraction mapping principle to obtain the existence and uniqueness
results. In Section 4, two examples are given to illustrate the result of our theoretical results.

2. Preliminaries and lemmas
In this section, for the convenience of reader, we introduce some notations and lemmas that will
be used in the proof of our main results.
Definition 2.1 ( [20]). The Riemann-Liouville fractional integral of order av > 0 of a function
f i la,00) — R is given by
I 1
o f(f) = —— / (t— ) f(s)ds, t>a.
¢ I'(a) Ja

Definition 2.2 ( [20]). The Hadamard fractional integral of order o > 0 for a function f :
[a,00) — R is defined as

o 1 t £\ dr
HI‘ﬁf(t):F(a)/a <10gT> f(T)T’ t>a,

where [a] denotes the integer part of the real number «, log(:) = log,(+).

Definition 2.3 ( [20]). The Hadamard fractional derivatives of order a > 0, for a function
f :[a,00) = R can be written as

gD f(t) = 6" (ul) " f(t), n—1<a<n, n=|a]+]1,
where 0" = (t%)".

Definition 2.4 ( [16]). The Hilfer-Hadamard fractional derivative of order a and type § of f
is defined as

(D2 1)) = (T o310 ) o)
= (" SHLT ) (@)
= (" uD] (1),
)

where HI(S% vy=a+nf — af and HDI(ZJ)r are the Hadamard fractional integral and derivative.

Lemma 2.1 ( [16]). Let « > 0, n = [a]+1 and 0 < a < b < oo. If f € L'a,b] and
("2 £ (1)) € AC}[a,b], then

S Ol )a)

(e’ “ya—j—1
(HIa+HDa+f F(O[ — j) (lOg (l) .

“M

Lemma 2.2 ( [16]). Let a >0,0<p<1,y=a+nB—af,n—1<y<n,n=[a]+1 and

0<a<b<oo. If feL'a,b] and (gl " f(t)) € AC}a,b], then

"221 5(n—j—1)(H[:;’Yf))(a) g Lyt
INCE) a

Wl (eDXC F)(t) =p I (5D, f)(t
=0

<.
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Lemma 2.3. Let hi,hy € C([1,€],R), and A=1— AB # 0,

m by 0; 51 - n i n; - »
= 1 v B — R (o} 1 Y1 d )
; r(5:) /1 (i logs) ™ ; () /1 (nj = )~ (log s)"~ds

Then, u,v € C([1,¢e],R) are solutions of the Hilfer-Hadamard sequential fractional differential
equations

(pr‘rﬂl n leD;"flﬂl) wt)=hi(t), 1<a1<2 0<p<ltellel, o)
2.1
(HD‘fi’ﬁ? + kQHDf‘i‘l’52> v(t) =ha(t), 1<as<2, 0<py<1,te]l,el,
if and only if
_(logt)’yl—l e @ B 1 /6 E a;—1 @
u(t) = A kl/l u(s) s T, log . hi(s) .
N 5i—1 s dr 1 s s\t dr
- i — 8)% — — log — ho(r)— )d
2 1) [t (i [0S gy [ (er) 00T o
€ ds 1 € e\ 2! ds
+ A|:k32 1 v(s)? " T(a) /1 (log s) hg(s)?
n ) s s a1—1
ac] /n] j s"j—1<k / u(r dr L / (10 S) 1 dr) ]}
- - — = g — hi(r)— )ds
j; I'(o5) J1 (i =) ' ") r T(a) /i r 1(r) r
t ds 1 t AN ds
— kl . U(S)? + F(O[l)/l <10g s) hl(S)?, (22)

0= [0 g [ ()0t
St [P o (h [ e s [ () )

1
e ds 1 € e\t ds
B @ _ logS)  hi(s)Z
* [kl 1 u(s) s P(041)/1 ( OgS) 1(s) s

St f 0 (o o0 i [ (e) i)}
~ ky /jv(s)ig 4 r(;) /j (log z>a21hg(s)?, (2.3)

where v; = a; + 26; — ay i fori € {1,2}.
Proof. Solving (2.1), we obtain

( I DL 4 ey I HD;”{W) u(t) =g I°Eha(t).

By Lemma 2.2, we have

§@=i=1)( 1°™m 1 .
( il ) )(loglt)“ﬁ*1 + kil Dy () = I (t). (24)
=0

w0 =2 0, o)

J
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From Eq. (2.4), by Definition 2.4 one has

Spliy M u)(1 I u)(1
F(%) L(m —1) (2.5)
+ kil (] 1HD71 Yu(t) =g I ha (1),
where 1,72 € (1,2] for i € {1,2}. Then, by Lemma 2.1 we get
Spll Mu)(1 I u)(1
U(t) ( H )( )(10g t)fyl—l (H 1+ )( )(log t)'yl—Q
1 (HI2 " )(1) y1—2 o '
+k‘1HIl+ U(t) — W(logt) :H11+h1(t).
Equation (2.6) can be written as
t ds t ds
u(t) =co(logt)" 1 4 ¢; ((log M2 4 ky / (log 3)71_2> —ky / u(s)—
N ° ! § (2.7)
a1 — S
- log — ha(s)—
+ 1“(a1)/1 ( Ogs) 1(s) s’
where ¢y, c; are arbitrary constants. In a similar way, we have
t ds t ds
v(t) = do(log )72 +d1<(1ogt)’v22 + ko / (10gs)722> — ko / v(s)—
1 5 1 5
(2.8)

1 t ty\a2—1 ds
+F(a2)/1 (g )" hae)

where dy, d; are arbitrary constants. Using the first boundary conditions of (1.2), u(1) = 0, and
v(1) = 0 together with Egs. (2.7) and (2.8), yield ¢; = 0 and d; = 0, respectively. Egs. (2.7)
and (2.8) become

u(t) = co(log )" — kl/l U(S)@ + P(;) /1 <log§>al_1h1(s)@, (2.9)

S

and

S

t S t az—1 s
o(t) = do(log t)* ™ — ka/1 v(s)% + F(;)/l (10g Z) ha(s) % (2.10)

Next, the second boundary conditions of (1.2) together with Egs. (2.9) and (2.10) yield

€ ds 1 € e\ ¥t ds
—k a5 ogl) ()Y
co 1/1 u(s) 5 + F(Oél)/1 ( 0g5> 1(s) 5

Zm:r / (0; — 5)% 1<d0(logs)”_1 — /lsu(r)cff" (2.11)

=1

o, (o i>a2_lh2<’“>cf«r>ds
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€ ds 1 € e\t ds
— = log — =
do k'Q/l v(s) S + I 2)/1 < og$> ha(s) .

- Fégj) /1’73- (nj = )77 <c°(10g Mk /ls u(r)% (2.12)

=1

+F(;1)/18<logi>al ha(r )Lﬁa)ds

Note that A =1 — AB # 0, thus the system (2.11) and (2.12) has a unique solution for ¢y and
dg. By Cramer’s rule and simple calculations, it follows that

A [kl/ ) - r(;) /1 <1°g §>a1_1’“(3)d§
i /9 0; — 5)%~ <k2/18@(7«)ir—F(a2) As<1ogi>a21h2(r)f>ds]
A[ / ) /16(logi>a2_1h2(s)cij
Zl / - ><k [ v [ (oe2) " i )as
=a e [0 g [ (e 9”—1@(8)?
Z; / —s)aj1<k1 /ju(r)‘ff —r(al)/ls <log i>a11h1(7’)az>ds}
+ x| / w5~ T ) <10g§>a1_1h1<8)d§

S oo v (o) )]

Substituting the values of ¢g, dy back into Egs. (2.9) and (2.10), we obtain solution (2.2) and
(2.3). 0

Lemma 2.4 ( [15]). (Leray-Schauder alternative theorem) Let F' be a completely continuous
operator. Let e(F) = {x € E : x = AF(x), for some 0 < X\ < 1}. Then either the set ¢(F) is
unbounded or F has at least one fized point.

and

3. Main results

Let X = {u:u € C([1,e],R) and Du € C([l,¢,R)}, Y = {v:v € C([1,¢],R) and D% €
C([1,€],R)} with the norm

lullx = llull + | D7ul| = sup |u|+ sup |D7ul,
6[1,6} te[lve}

lolly = [loll + [[D°0]| = sup [v]+ sup [D%v].
te(l,e] te[l,e]
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Observe that (X, ||.||x) and (Y,].|ly) are the Banach spaces. In turn, the product space (X x
Y, ||.||xxy) is a Banach spaces with the norm

[ (u, )| xxy = llullx + |lvlly, for (u,v) € X xY.

Define an operator F': X xY — X xY by

Fu,0)(t) = (Fi(u, 0)(t), Fa(u,0)(1)), 6.1)
where
it = i M9 % - L [ (o) s a0 D% 2
St [ o (s [0
- ré@) /1 <10gi)arlg(w(r),v(r),DWu(r))ff")ds}
+ A[kQ /lev(s)cf _ F(;) /1 <log z)wlg(s,u(s),U(S)’Dwu(s))is
RIS R
B r(;) /1 <10g)al_lﬂr,u<r>,v<r>,D%<r>>ff“>ds} }
—h ;“(S)df + o / (bg Z)al_lﬂs,u(s),v<s>,D%<s>>dj, (3.2)
o= (k)g?_l{ [’“2 /18”“) @ - r(;) /1 <10g §>a2_lg(s,u<s>,v<s), D’%))?
St o (o f e
- A <10g5>a11f<nu<r>,v<r>,D%<r>>‘f)ds}
oo [’“ 00T o | (log j)al1f<s,u<s>,v<s>,p%<s>>f
I AR G
B r(;) /1 <1°g i)arlg(ﬂuw%v(r%D”u(r))‘ff)ds} }
o /jv(s)c.l: + oo /j <10gz>a2lg<s,u<s>,v<s),mu<s>>‘f. (3.3)

Next, we give the following assumptions, which will be used in the rest of this paper.
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(H;) There exist real contants m;,n; > 0(i = 1,2,3) and mg > 0,n9 > 0, such that for all
te(lel,z; e R(i =1,2,3)

|f(t, z1, 22, 23)| < mo + myl|z1| + ma|za| + m3|zs],

l9(t, w1, 22, 23)| < no + nalaa| + nalwe| + nglas.
(Hy) There exist positive constants L and L, such that for all ¢ € [1,e], z;,v;, 2z € R(i = 1,2)

’f(ta x17y1a23) - f(t,$2,y2,23)| < (|.T1 - Z'2| + ‘yl - y2| + |21 - 22|)
]g(t,acl,yl,z;),) - g(t,ZL‘Q,yQ, Z3)| < (|:E1 - l‘2| + |y1 - y2| + |Z1 - Z2|)

We use the following notations in the proofs:

—Z| Z| 5+ —Z|J| ”JUJH (3.4)

M= |i|[ Fww AL W = i:", Wy = |2§|. (3.5)
Note that A < w and B < w. And

a=(1e g ) (fersn * i)

+( =) (s * T 7)) 39
e

L AT
P )(Wmax{:f;”f’wa’;z%)

+ (1 + r(11—5)> <k2M + r(azj\fn + ma}?@i’f{’)}%). (3.8)

Theorem 3.1. Assume that functions f, g : [1,e] xR — R are continuous and (Hy) hold. Then
the system (1.1)-(1.2) has at least one solution (u*,v*) € X x Y.

Proof. We will prove that F', defined by (3.1), has a fixed point. We divide the proof into two
steps.

Step I. We show that the operator F' : X x Y — X x Y, defined by (3.1), is completely
continuous.
First the continuity of the functions f and ¢ implies that the operator F'is continuous.
Now, we show that F' is compact. Let Bp = {(u,v) € X xY : [[(u,v)|xxy < R} be a
bounded subset of X x Y. By (Hy) for (u,v) € Bg, we have

£ (8, u(t), o(t), D°u(t)| < mo +malu(t)] +mafv(t)] + ms| Dou(1)]

< mg + my ||ul| x + max{mg, m3}|v|y
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< mg + max{my, ma, ms}|(u,v)|| xxy
= Ly,
and similarly
lg(t, u(t),v(t), D7u(t))| < ng + max{ni,no, na}|(u,v)||xxy := L.
Then, we have

IFa (o)) |
<7 { i [ s [ (10 ) (s, u(s). (s). Div()] 2

+Z IA|/ - '—1(k2/ Jo(r)

1

* Tay) I (1°gf)m_llf(nu(r)w(r»D%(r))\cf)ds]}

t ds 1 ¢ £\t ds
s [ s [ (st Gt o6 Do

1 Ly ] Ly(log )2
gm{[klnmwr(mH) 30165 / (0; — )7 (k2||vu1ogs+ o )d]

=1

IMJ / ’( Ly (log s)
+w[k2\|u||+ +1 +Z 3= &) Rallull log s + T2 ) ds

+ k1 lul| logt + Lr(gigj)l)
<l [+ w0+ )

+w[k‘2p+r(a};+ 0 +w(kz1p+ 1) ]}+k1p+ L1+ 0
:<k1p+ l“(ofll))M—F <k2p+ W,

which, upon taking the norm for ¢ € [1, e], ylelds

| Py (u,0) (1) < <k1p+ F(QLHQ M+ <’f2p+ r<aL+1>> e

By definition of Hadamard fractional derivative with 0 < § < 1, we get

=g (02 i) o
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e

Hence,

1F3(u, v)lx = [[F1(u, )] + | DY Fi(u, v)]]

< (1 n F(11—7)> <<k‘1p n I‘(ofl—i—1)>M n <k‘2p n F(afi—l))W1>‘ (3.9)

Similarly, we can get

| Fo(u, v)(t)] < <k2P+ F(aé’il»M - <k1p+ 1“(ofl+1)> Wa,

and
1

|D® Fy(u, v)(t)] < O] <<k‘2p + H;;%)M + <k1p + F(Ofll)> W2>.

In consequence, we get

1F2(u, 0)lly = [1Fo(u, 0)[| + [|1D° Fa(u, v) |

e

Hence, from (3.11) and (3.12), we infer that F; and F5 are uniformly bounded, which implies
that the operator F' is uniformly bounded.

Finally, we show that F'is equicontinuous.

Let t1,t3 € [1, €] with ¢; < t3. Then we have

|F1(u, v)(t2) — Fi(u,v)(t1)]

|(log ta) "~ — (log t1)" 7| /e ds
< _
> | A ’ k1 ) |u(8)‘ s

+ F((ln) /1e <10g Z)al_l\f(& u(s), v(s), Dé”(s))‘%
E R [l [
1

=
+ Fan /1 (logi)az !90:u<r>7v<r>,mu<r>>|cff“>ds]

+A[,€2 1e|v(s)l‘f+ré2)/j <log§>a21yg(s,u(s),U(S)jmu(s)),d‘:

* r((lyl) /1 <1°gi)al_llf(ﬁu<r),v<r),D%(r))\Cﬁ’)ds] } +hy /tt \u(s)]%
* F(;) / <(1gt> - <1ogt;>m_1)|f<s,u<s>,v<s>,D%<s>)Cf
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" /: <logi2>a11’f(8,u(s),v(s)7Dév(s>) ds

|(log )"~ — (log t1)7 ! H L
< k _
= Al el 1)
A /ai §i—1 Ly(log s)*2 Ly
0; — )51 kollw||1 Z21085) ~ k 2
+§i_£r<5¢> 00— (Bl tog s+ FHE I | o bl +

|45 /"j Ly(log s)*! 2 ds
— k 1 ———|d k —
+Z e )77 Rallullogs + 5 B 5 Jds |+ Rl [

t1
L /tl og2)" T~ (10g2)" d8+/t2(lo By ds
L(a1)| Jq &% s s 4 & s

|(10gt2)’Yl—1 — (10gt1)’yl_1| 14 Lo
< - e
S |A’ k1R+F(a1+1)+w k2R+F(Oé2+1)

reln rgn e (o )|

[(log t2)** — (log t1)™'],

FiR+ —
+ K1 +F(a1—|—l)

and

|D7F1(u, U)(tz — D’yFl (u, U)(t1)|

)
<ty () . (162) Rewof = (i) [ (16) Ao
) <1Ogts2>_7_ <1Ogt81>_7 ds d d /h <logt;>_%f

Aol d i
7F(1— ) dtQ Vdt,

Zdt,  tdh
+ ¢ d /t2 lo t—2 _7@
2dt2 & s |

Hence, we get

+ [t2

\Fl(u,v)(tg) — Fl(u,v)(t1)| — 0 and \DVFl(u,v)(tg) — D”Fl(u,v)(t1)| — 0, to — t1.
In the same way, we have
| Fy(u,v)(t2) — Fa(u,v)(t1)] = 0 and |D° Fy(u,v)(ta) — D° Fy(u,v)(t1)| = 0, ty — 1.

Hence, F; and F5 are equicontinuous and so the operator F' is equicontinuous. Therefore, by
Arzela-Ascoli theorem, we deduce that the operator F is completely continuous.

Step II. We define a set e(F) = {(u,v) € X x Y|(u,v) = kF(u,v),0 < k < 1} and show
that it is bounded. Let (u,v) € e(F), then (u,v) = kF(u,v). For any t € [1,e|, we have
u(t) = kFy(u,v)(t),v(t) = kF2(u,v)(t). Then, by (Hp), we obtain

[u(t)]
<|F (u, v)(t)]

<ol P [ s ks [ (e E) " vt Dot
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S [0t [
-1

+ A[kg |v(8)|§ + F(l /e <log )aQ—llg(s,u(s),U(S)jpvu(s))’ds

1 s ) s

—gr'é:b/ﬁ« o (i [t
» S(logfj)al £ ur). o). D <>>|)ds]}
+h / %+ s / o)™ st vt Dot
<ox{ b / ) 4 s [ (10 )al1<mo+m1|u<t>\+m2\v<t>\+m3m%<t>|>f

+;J?;J>/1 “1<k2/|v
+F(1 /S<log >a21(n0+n1]u()|+n2|v(t)\+n3]D7u(t)|)dT>ds]
+A[k2/ fo(s) )/e<log )a21(n0+n1|u(t)\+n2\v()+n31mu()|)d§
_E": i / ot [ i
+ r«lm [ (1082)"™ o mafut® + mape) + msi0eo) Yo}
e [ 1% s [ (108 )™ om0+ mtoto + malpr o

1 mo + my||u||x + max{me, ms}||v
{[k1||u| L o+ mallullx {ma, ma}|v[ly
F(Oél—l-l)

i
+Z' '/ (6 — 5)" (kguvuylogs

(no + max{ni, n3}||ul|x + nallv[ly)(log s)*? > ds}
F(Oég =+ 1)
no + max{ny, n3}|ul|x 4 nallv|ly
F(Oxz + 1)

+ZF'“;] / "y — )7 (klruuxlogs

(mo + mu|ullx + max{mz, ms}|[v]ly)(logs)*
+ o 3 oo}

+

+w |:k2||va +
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(mo + mallul|x + max{ma, m3}||v|y)(logt)™

+ ki ||lu|| logt +

T(o +1)

<Mi\{ [k1||u,x + mo + mlHuH)li(ZIanl{)m% ms}vlly

+ w<k2|v||y n ng + max{nli,(Zz}lUlH)X + n2||’l}”y):|

+w [kQHUHY 4 no + max{nla,(Zz}ﬂlll|f)x + nal|v|ly

v (g + Tl maxdma, ool

+ krf|ul|x + mo + mlHu“)li(—:anl{)m%m3}”UHY
=<k‘1||UI|X 4 Mot ml”“\\);ajnji{)mz,m3}Hva>M

+ <k2HUHY Lot max{nli,(Zz}J’r\UlH)X + n2||v|]y)W1’

which, on taking the norm for ¢ € [1, ¢], yields

Jull < (kluuux 1 mo+maullx + max{mmmz}nv\y)M

(o +1)
+ <k2||v||y Lot max{nli,(zi}ﬂz\)x + HQ‘UHY>W1.
Also ,
([ D7l Sﬁ [(leU\X 4 Mot mlHun)l(“(zlijl{)mz’ m3}\v||Y>M
" <k2\|v!Y LA max{nll“7(zz}4|r|ulH)X i ”2””HY> WJ .

In consequence, we get

[ullx =llull + | D7ull

§<1+ 1 ) [(/ﬂlHUHX—F mo+m1||uHX—I—max{mg,mg}Hva)M
I —7)

(o +1) (3.11)
no—i—max{nl,ng}HuHX—i—ngHva> ]
+ | k + Wy l.
(Falloly e :
Similarly, we can obtain
[vlly =[lv][ + [[D7||
1 no + nallv|ly + max{n, ng}|ullx
<[1l4+ =———— k M
<(1+ mrgy ) | (ke + Doz +1)
mo + mq||ul| x + max{meo, ms}||v|y
k Wo . 3.12
+ (kallullx + o 2 (3.12)

Taking into account the estimates (3.11) and (3.12) together with (3.6)-(3.8), we have

[ (w, v) || xxy
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=[lullx + [Jv]ly

1 mo + m1l||ul| x + max{ma, ms}||v|y
<14+ =—— killul|l x + M
<(1+ gy ) | (sl Fon +1)

no + max{ni, n3}|jul x +”2HU”Y> ]
+ | kol|v|ly + W
(Falloly Tort 1) !

| no + nallolly + max{nr, ns} fullx
14+ — k M
*( *m—a))K 2lfvlly + Tlaz + 1)

mo + m Jullx + ma{ma, ms} ol \
T(ag + 1) ?

() (was o)+ () (s e )
s (1 ) (0 e )
" (1 " F(11—5)> <k1W2 - ma;(({gzlfiiM + Fgﬁi))]
ety (1 ) (ka1 )

(1 m) (B e ey )

<wi + maX{w2,w3}H u, 'U)HXXYa

(
)

+ <k‘1”U’X +

which, in view of ||(u,v)||xxy = ||ullx + ||[v|y, yields

w1

< .
||(u,’U)||X><Y -1 maX{w27W3}

Therefore the set e(F') is bounded. By Lemma 2.4, we get the operator F' has at least one fixed
point, i.e. there exists (u*,v*) € X x Y such that (u*,v*) = F(u*,v*). Thus, the problem
(1.1)-(1.2) has at least one solution (u*,v*) € X x Y. O

Theorem 3.2. Assume that (Hs) holds. Then the system (1.1)-(1.2) has a unique solution
(u*,v*) € X XY, provided that

- 1+T(1—7) 14+T(1-9) 1+T(1-9) 1+T(1—7)
“'_k1< ri- T tTTa-9) W2>+k2< Ta-0)  TTTA-7) Wl)
L [14T(1—~) . 14T(1-0)
+r<a1+1>< M- T TT-9) WQ)
L 1+I(1—6) 14+T(1—7)
r(a2+1)< r'(1-296) M+ r(1—7) Wl)
<1.

(3.13)

+

Proof. We will use the Banach fixed point theorem to prove F' has a unique fixed point. Let
us define

Ni := max]|f(¢,0,0,0)| < co and Ny := max]|g(¢,0,0,0)| < oo.
te[l,e] te[l,e]

By (H3), we get
|f(t u(t), v(t), D°o(t))] < [ f(t u(t), v(t), D°o(t)) = f(£,0,0,0)| + | f(t,0,0,0)|
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< L(Jlull + [loll + | D%0[l) + M

= L||(u,v)| + N1,
lg(t, u(t), v(t), DTu(t))] < |g(t, u(t),v(t), DTu(t)) — f(¢,0,0,0)| +[f(¢,0,0,0)
< L([[ull + [[o]l + [[DYull) + N
L||(u,v)|| + Na.

We consider B = {(u,v) € X XY : |[(u,v)||xxy <R} with

N, 140(1—7) 14T (1-6) 14T(1-4) 14T(1—7)
> T (rasy M + o W2) + mam Crass 2+ ra—y )
P 1_‘_‘ .

Step I. First, we show that F'(Br) C Br. Let (u,v) € Bp, for t € [1,¢], we have
|1 (u, 0)(t)

< A|{[k1 / %+ s [ (108 )™ 100060, Do 2

+
—
o~
=
N~—
;\
V)
N
S
o
S| ®»
N——
B
|
_H
"y
—~
=
e
—~
=
:—/
<
—
=
:—/
—~
N———
QL
VA
—_
H—/

t t a1—1
[ g [ (0st) 1000, Do) S
1 Ll + o] + 1Dl + N
S!Al{ {kl”u” i ar +1)

+Z AL - (o + LU L 7D N
Ll + ol + 1D7ul) + N

+w [k2||v\ + oy + 1)

+Z Ny O (AR L C RS L LS AT PR
(Ll + o] + 1 D7ul) + M) Qog )™

+ k1||u| logt + oy £ 1)

1 LR+ N, LR+ N,

<R 2 (B )

LR+ N, LR+ Ny LR+ N,
twlko R+ ——— 4 w(kiR+ o— || p + kiR + 5——
“’[2 T(az + 1) “(1 r<a1+1>>]} T N+ 1)
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_ L
Al

LR+ N,
R+ — L
< YT Dag + 1)
LR+ N;
F(a1—|—1)

)[1+ww+\AH+ Al

LR+ N,
F(Oég + 1)

INCE

LR+

=kMR+ M + kWi R +

(

<k1MR+

and
1

[(1—7)
< L
"Il —-9)

4
dt

DYy (u, 0)()] < ¢

Therefore,

1
<k‘2R +

F(a1 + 1)

LR+ N,

Wla

P(O@ + 1)

)i

)‘5 Fu(u0)®)]

Ny

13 (w, 0) (8) [Lx =[1F1 (w, 0) (@) + [ D7 Fi (w, v) ()]

M+ keWi R+

LR+ N
F(O@ + 1)

).

1 LR+ Ny LR+ N
<14+ ——)kIMR+ kyW R+ Wi ).
<0+ ) (B ks R SO R )

In similar ways, we obtain
ER—I—NQ LR+ Ny
F. t)] < koMR + ky W3R
| 2(“71})( )| >~ h2 + k1 Wao +F(062+1) F(Oé1+1) 29
1 LR+ N LR+ Ny
DF t)] € =———( ko MR + k1 W,R Ws ).
| 2(“’”)()|—r(1—5)< SR P TR Y Py 2)
In consequence, we get
[ F2(u, v)(0)[ly =[[Fa(u,v)(t)]| + | DT F2(u,v)(t)]|
_ER+N2 LR+ Ny
<14+ ———)kaMR+ k;WoR + Wa ).
<( F(1—5))< 2 PR T+ 1) T(aq +1) 2)

Hence, from (3.13), we get

1 (u, 0) ()l x v = [F1(w, 0) () Lx + [[Fa(w, 0) () [ly < R,

which implies F(Br) C Bg.

Step II. We will show that the operator F' is a contraction. Let (u1,v1), (u2,v2) € X xY. Then,

by (Ha), for any t € [1, €], we have

1 € ds
SW{ {k’l/l lug(s) — U1(8)|?
e e a1—1 $
+ F(iu) /1 <1Og 3> £ (s,u2(s), va(s), D’va(s)) f(SaUl(s)vvl(s)’D%l(Sm%
m ) 0; S T
B
i=1 ’
s s az—1 "
Fiv [ (102) 7 Tatrat), (). D) - o (), (), D ()|
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L A ey oy S R OX RO RN ORI )

Oég) S

gt un(6) a9, D)% = 3 L [ =97 (b [t - o

+ ki [ [ua(s) —ua(s )|*

t a;—1 s
tiie (108 0) 1A () (60, DPea(o) = Fo (61, 1 (6), DPun ()|

SA{ [k:1|u2 —uy| + L(fup — | + |U;(_az’14|_41')|D7“2 — DVuy)
+ w [k2|vz — | + L(luz — | + ’v;(_o:lj—i)Dvw — DVuy)
+ zn: W <k1|u2 | ¢ P2 m Iv;(;lej)lmw - D”Ull))] }
+ ki|ug — u1| + L(lug —u1| + ’U;(—afz\rt)ll)”’u2 — DVuy)
< [mm R e
n Zin: [Ail (6 <]<32HU2 “ully + L(fluz — ur1(||ax21||11))2 - UIHY))]

L(|Jug — u1llx + [Jva — v1ly)
F(ag+1)

+w [kznvg —vlly +
= |p;l(n

+Z|:u]

+ ]{71||u2 — u1||X +

L(|luz — wallx + [lva — leY)ﬂ }

i llug — w || x +
=2 (s — ple e

L(lluz — wa||x + |lva — va]ly)
F(Oél + 1)
L(lluz — wa||x + |lva — v1]ly)
[ar +1) )
L([lu2 — wi|lx + [[v2 — vi]ly)
F(O{Q + 1) )
Wli
F(OLQ + 1)

=M <k1||u2 — u1HX +

+ W1 <k2||112 — ’U1||Y +

s[k1M+ kW 4 }(uuZ—u1||X+||v2—v1||y).

_ ML
F(Oél + 1)

Also we have

‘DFYFl(UQ, Ug)(t) - D’yFl (Ul, vl)(t)\
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1 d ! (AN ds
<ot log—) |F _F il
ST (tdt>/l <0g8> [E(uz, v2)(t) = Fi(ur, v1) (1)
ML WL
< |\ M+ -——" Wy 1 _ _ _
ST—r) [lﬁ +P(a1+1) + ko 1+P(a2+1)}(\\uz url|x + [Jva — villy)

From the above inequalities, we get

[ £ (u2, v2)(t) — Fi(u1,v1)(t)]|x
=||Fy(ug2,v2)(t) — Fi(u1,v1)(®)| + |DY Fi(ug,v2)(t) — DVFy (u1,v1) ()|

1 ML Wil (3.14)
<14+ =—— | |kitM + ———— + koW, _ — — .
_< +F(1_7)>[ 1 +F(a1+1)+ 2 1+F(a2+1)](”u2 utl||x + |lve — villy)
Similarly, we can find that
([ F2(ug, v2) (t) — Fa(u,v1)(#)|ly
ML Wyl (3.15)

1
<14+ — VoM +———" e Wot ——" _ _ '
_< T 5)> [ P Mo+ ) T T+ 1)] (luz = urlx + vz — wally)
It follows from (3.14) and (3.15) that

| F(u2,v2) — F(u1,v1) || xxy = || Fi(uz,v2) — Fi(ui,v)||x + || Fa(uz, v2) — Fa(ui,v1)|ly
< E(Jlug — ur]lx + [Jva = vily).

By (3.13), it shows the operator F' is a contraction. Therefore, the boundary value problem
(1.1)-(1.2) has a unique solution (u*,v*) € X x Y. O
4. Applications

In this section, we give two examples to illustrate our main results.

Example 4.1. Consider the following system

31 1 11
(#D>2 + o D2 )u(t)
__lu(®)] [o(®) L sinD()
logt +50  (t+4)2(4+v®)])  (t+3)3 60
1 Ju(t)] in(rv(t) | 1 (D3uft)) oy
D2"l L Dl’l £ = U sin(mv 1 cos U —_
(D™ + 10H 2Jol®) 10+/(t + 24) * 707 + 60+ (t+7)2 7’ €lLel;
4 1
w(1) = 0,u(e) = 31%(3) + 131%(%),0(1) =0,v(e) = 1T)ﬁu(z) + 71%(2),
where op = 3,00 =2,f1 =3, o= 3.0 =5, 7 =3 Nn =572 =5k =,k = 15, A1 = 3,2 =
13,51 = %,62 = %,91 = %,92 = %,,ul = %, 2 = 7,0’1 = %,0'2 = %,771 = 2,7]2 = % We see that
(H1) holds, since
)l | o) | [Du(t)|
" Do 1 |u(
w0, DOl < G0+ =50~ F Jo0 T 60
L u®)] | @) | [DYu(t)]
t DYu)| < —
l9(t,u, 0, DMu)| < o5+ 0=+ m
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with
1 1 1 1 1 1 1 1
mo= _—-,Mmy = —-,M2 m3=_——-,No= -,N1 = 7,N2= -=5,N3 = .

64 507 27 100

Using the given data, we find that M = 2.0421, W; = 0.0998, and Ws = 1.6545. Thus, all the
conditions of Theorem 3.1 are satisfied. Therefore, Hilfer-Hadamard boundary value problem
(4.1) has at least one solution (u*,v*) € X x Y.

Example 4.2. We consider the following Hilfer-Hadamard boundary value problem

1
4 2+ logt t t in(D2v(t
D s L Dby — 2+ LoDt jo(t) snDho®) o
95 H 80 V99 +t2(5 4 [v(t)]) 40e
1
3 1 1 sinu(t) lu(t)] cos(D3u(t))
D2' + = D2M)y(t) = . telel,
(D= 4 55 P70 = G2 Y T+ @) T 32450 [1,e]
) 3 ) 1 3
u(l) = 0,u(e) = 2T30(2) + 6I20(5),v(1) = 0,v(e) = 5T T u(2) + —T2u(3),
9 2 3 21 2
(4.2
where a1:27a2:%7ﬁ1: 276221,5:%77:%771:%772_2;]@’1:%7]{2:%7)\1:
87)‘2 = 6)51 = %762 = %791 = 2762 = %7/’01 = 57”2 = 271170-1 - L';)aUQ = %7”1 = %7772 = %7 and
1
2+ logt)|ul ] sin(D2v)
t,u,v,D‘Sfu = ( + + ,
i ) 80 V99 +12(5 4 |v]) 40¢!
ot v, D) = sinu ] COS(D%U)

6102 T @rora+e) T3R50

We see that hypothesis (Hs) holds, because, for any wu;,v; € R for i = 1,2, one has

|f(t, w1, u2,u3) — f(t,v1,v2,v3)] (|lur —v1| + |ug — vao| + |us — v3l),

1
< -
— 40
1
lg(t, u1, ug, uz) — g(t,v1,ve,v3)| < *9(\711 — 1| + |uz — va| + |uz — v3),

with L = 45 and L = J5. We find that M = 2.7575,W; = 3.6622, and W, = 0.8156. Therefore,
we have

1+T(1—7) 1+T(1-9) 1+T(1-9) 1+T(1—7)

“(Fa—w * ra—&‘%>+“<Iu—® MH i) WJ
L 14+T(1—7) .  1+T(1-96)

+F(a1+1)< N Mt N W2>

L 1+T(1-94) 1+T(1—7)

*nw+n<1u—® M nvw>wﬁ

<1.

Thus, all the conditions of Theorem 3.2 are satisfied. Therefore, Hilfer-Hadamard boundary
value problem (4.2) has a unique solution (u*,v*) € X x Y.
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5. Conclusion

We have utilized the Banach contraction mapping theorem to establish both the existence and
uniqueness of the solution while applied Leray-Schauder alternative fixed point theorem to obtain
the existence of solution to a class of coupled system of Hilfer-Hadamard sequential fractional
differential equations with multi-point Riemann-Liouville fractional integral boundary value con-
ditions. Hilfer-Hadamard fractional differential system with derivatives of diverse orders and the
presence of fractional derivative terms in the nonlinearities. Consequently, we have presented
a set of sufficient conditions that demonstrate the existence and uniqueness of solutions for a
boundary value problem with multi-point Riemann-Liouville fractional integral boundary value
conditions. Additionally, two examples have been verified to validate the derived results.
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