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1. Introduction in modeling real-world processes with intricate dynam-
ics [3]. The theoretical analysis of FDEs involves ad-

Fractional differential equations (FDEs) provide a pow- vanced analytical techniques, and because closed-form

erful generalization of classical differential equations by
extending the notions of differentiation and integration
to non-integer orders [1]. This extension allows for a
more accurate and nuanced representation of complex
phenomena in many scientific and engineering fields,
particularly those characterized by memory effects and
nonlocal interactions that integer-order models often fail
to describe adequately [2]. As a result, FDEs have
found wide applications in areas such as viscoelasticity,
anomalous diffusion, control theory, signal processing,
and biological systems, highlighting their effectiveness

solutions are rarely available, the development of reli-
able and efficient numerical methods remains an impor-
tant and active area of research [4]. Additional applica-
tions can be found in [5, 6, 7].

A variety of approaches have been proposed in the
literature to define fractional integrals and derivatives,
each developed to address different modeling needs.
Among the earliest and most commonly used is the
Riemann-Liouville formulation, which extends the clas-
sical Cauchy formula for repeated integration to frac-
tional orders [2]. In contrast, the Caputo definition mod-
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ifies this approach by applying the integer-order deriva-
tive prior to fractional integration. This formulation
yields a zero derivative for constant functions and per-
mits the use of initial conditions that closely resemble
those of classical differential equations, making it par-
ticularly attractive for physical applications [8]. From a
numerical standpoint, the Griinwald-Letnikov definition
offers a discrete formulation based on finite differences
and is well suited for computational implementations
[9]. Another alternative is provided by the Hadamard
fractional operators, which are defined through loga-
rithmic kernels and are especially appropriate for scale-
invariant problems posed on intervals originating at zero
[10]. Beyond these, several other formulations such
as the Miller-Ross and Weyl fractional derivatives have
been introduced, each designed for specific classes of
problems and offering distinct advantages in the model-
ing of complex systems [11].

FDEs involving multiple non-integer orders have
gained increasing attention because they provide a more
flexible and expressive framework for modeling com-
plex system dynamics than single-order or classical for-
mulations. By incorporating several fractional orders
within a unified structure, multi-order FDEs are partic-
ularly effective in capturing intricate memory effects
and nonlocal interactions acting across different tem-
poral and spatial scales [12]. This enhanced model-
ing capability has led to successful applications in a
wide range of fields, including control theory, where
multi-order formulations can improve control perfor-
mance [13], viscoelasticity, where multi-term fractional
constitutive relations more accurately describe complex
stress-strain behaviors and multi-stage relaxation pro-
cesses [14], and anomalous diffusion, where multiple
fractional operators allow the simultaneous characteri-
zation of distinct scaling regimes and propagation rates
[15]. Beyond these areas, multi-order FDEs have also
been employed to model biological systems with hetero-
geneous memory spans and electrical circuits featuring
frequency-dependent components represented by multi-
ple fractional impedances [16, 17, 18, 19, 20, 21, 22].
Despite their clear advantages, the theoretical analysis
and numerical approximation of multi-order fractional
differential equations remain challenging, and their fur-
ther development continues to be an active and impor-
tant area of research [2].

A substantial body of work, as reported in [3, 23],
has produced numerous results on multi-order nonlinear
fractional differential equations of the form

L(D)R = h(p,R).

Sangita and Varsha [24] considered the following class
of nonlinear multi-order FDEs:

L(D)R(p) = h(o,R(p)),
p€[0,pl,p €[0,1] )

0<pfo<pPr<-<Pu-1<Pu<l,

where L(D) = p, CDP« + p,_y €DBe 1 4 oo 4y

#10.57647/mathsci.2026.2004.24

CDP + 11y €DP, pu; # 0 are real constants for j =
0,1,...,u, and € D# is the Caputo fractional derivative
of order .

By employing double-parameter Mittag—Leffler func-
tions, the authors derived the corresponding Green’s
functions for problem (1) under both periodic and anti-
periodic boundary conditions. In addition, they estab-
lished sufficient conditions for the existence and unique-
ness of solutions to the associated fractional boundary
value problem (BVP).

Fixed point (FP) techniques play a central role in the
analysis of nonlinear multi-order FDEs, particularly in
establishing the existence and uniqueness of solutions.
Among these, the Banach FP theorem is widely used,
as it guarantees the uniqueness of a solution by show-
ing that the operator associated with the differential
equation satisfies a contraction condition [18]. When
uniqueness is not required, alternative results such as
Schauder’s and Krasnoselskii’s FP theorems are com-
monly applied to demonstrate the existence of solutions,
especially in settings involving compact or completely
continuous operators [25]. In addition, ongoing exten-
sions of classical FP principles and the introduction of
new FP results have significantly expanded the class of
nonlinear fractional problems that can be addressed, ac-
commodating a wide range of boundary conditions and
functional frameworks [26].

Sun and Zhao [27] employed a FP theorem to examine
the existence of positive solutions for a class of multi-
order FDEs:

LD)YR=h({,R), £€(0,1),

where L(D) =R D% —p,_ Rpa~1_..._p, RDa1 0 <
g1 < -<qu<1,b;>0,and RD% (j =1,2,--- ,u)
are the Riemann-Louisville (RL) fractional derivatives.
Xiel et al. [28] studied the following class of multi-order
FDEs:

L(D)R(p) = h(0.R(p).R Df:R(p)).
eV =]0,+c),

plauR (P)|p=o =0,

where L(D) =R D% — b, RD%"" —... — p; RDJ1,
O<gi < <gqu<lueNb; eR, qg;+Pu<qu,
RDgi (j=1,2,---,u) and RDgf are the RL fractional

derivatives.

The growing interest in incommensurate, or multi-
order FDEs stems from their effectiveness in modeling
complex real-world processes where integer-order mod-
els fail. Developing a strong qualitative theory for this
versatile framework is therefore essential for understand-
ing and predicting such intricate dynamics. In this study,
we focus on a particular class of coupled multi-order
fractional differential equations defined on the infinite


http://doi.org/10.57647/mathsci.2026.2004.24

Mohamed Abdalla et al., Math. Sci 20 (3) 2026

295

half-line [0, +o0), which can be expressed as:

RDMR (p) — L(D)G (p, R (p). T (p)))

= F(p,mp),lfrs (0)). p e =10,+c),

Rpi 3 (p) — L(D)G (p, T (p), R (p))) )
=F (p,fi (p). IK”%(p)) peJ,

p' TR (p)] g = 0, p' T (p)],_, =0

such that r; + B, < ry, and 1z + &, < ty, for j, k =
1,2,--- ,u—1, where

u—1
L(D) = > b; "Dy,
j=1
O<ri<---<ry<l1, ueN,bj €R,

u—1
L(D) = ) ¢{ Dy,
k=1
O<t1<---<ty,<1, ueN,c, €R,

RDys, ®Dgs are RL fractional derivatives and Ioﬁj‘, It

RL fractlonal integrals W1th ry > Py and tu > Ku.

Moreover, p*F (p,4.€) .p*'G (p, ¢, f) ,pWF(p &4)
ol G(pfé“) € C(/xOx06;0), € [0,r4),

w,w’ € [0,1,), ® is a Banach space (BS) under the
norm ||.|| and C(., .) represents the space of all continu-
ous functions.

The manuscript is organized as follows: Section 2 in-
troduces the foundational definitions and essential pre-
liminary results that form the basis for the subsequent
analysis. Section 3 focuses on establishing the exis-
tence of solutions for the class of coupled multi-order
FDEs defined in the equation (2). This analysis is con-
ducted on the infinite interval [0, +co) using the Ba-
nach FP theorem. Section 4 provides a concrete ex-
ample to illustrate the practical relevance and effective-
ness of the theoretical framework developed in the previ-
ous sections. This example helps clarify the results and
demonstrates their applicability in real-world contexts.
Section 5 presents numerical simulations supporting the
theoretical findings. By employing a modified Adams-
Bashforth-Moulton method, we investigate three non-
linear systems with multi-term Caputo derivatives: a
memory-based oscillator, a neural-type model, and a
fractional epidemic model. These simulations highlight
the influence of memory effects on system behavior and
verify the accuracy of the proposed numerical approach.
Section 6 summarizes the main findings, emphasizes the
contributions of this work, and discusses potential direc-
tions for future research. Additionally, a list of abbrevi-
ations is provided to avoid repeated terminology.

2. Preliminaries

This section provides a brief review of essential prelim-
inaries. We /recall key definitions and fundamental re-
sults to clarify notation and establish a common founda-
tion before turning to the main body of the work.

#10.57647/mathsci.2026.2004.24

Following [29, 30, 31], we consider the pair
(01, 1I-ly,) is a real BS, where

||4<p)|| oo 1}

peJ 1+

{§€C(J 0):

L@ A

endowed with the norm ||{]l5, = sup,e; Trpi -

sume that

{gew o ||§<p>|| oo ﬂ>1},

pEJ 1+

equipped with the norm ||£|l;5, = sup,,c J )” . Then,

the pair (U2, |.l5;,) is a BS.
Clearly, the product (U = U} X Uy, ||.||zy) is a BS under

the norm [|( + &)l = 11l + 1€ 1], -
Definition 2.1 [3] For the function 4:

(1) The RL fractional integral of order 8 > 0 can be
described as

5. [h(p)] = F(ﬁ)/ (o= PP~ h(rdr, p > b,

provided that the right integral exists.

(2) The RL fractional derivative of order 8 > 0 can be
expressed as

RDE [h(p)] = (%) 1P [h(p)]

1 2 N
_F(u—ﬂ) (dp) ‘/h (p=r) h(r)dr, p > b,

where u = [B] + 1.

Remark 2.2 [3] Assume that the constants 8 > 0 and
k > 0. Then, the following properties are true:

(i) For h(p) € L(b,+00), I 1%, h (p) = I)7“h (p).
(i) For h (p) € L' (b, +0), RDL 12 1 (p) = h (p).

(iii) For h(p) € L'(b, +o0), RDﬁ I, h(p)[f:'(h(p).

W) 1. (p = D) (0) = o (¢ - )P

Lemma2.3 [3] For 8 > 0, { € L'(b,+), and
RDQ{ (p) € L'(b, +o0), we obtain that

LRDP £(p) = {(p) +ai(p - b)F!
+a(p = bP 2+ +a,(p-bPF",

for some a; € R, j € N,

Theorem 2.4 [32] Every contraction mapping from a
BS A into itself has a unique FP.


http://doi.org/10.57647/mathsci.2026.2004.24

296

Mohamed Abdalla et al., Math. Sci 20 (3) 2026

3. Existence and uniqueness results

This section is devoted to establishing the existence
and uniqueness of solutions for the coupled mixed-order
FDEs given in (2). We begin with the following Lemma:

Lemma 3.1 AssumethatR : J — Ujand J : J — O,
are continuous functions. The integral equation of the
coupled mixed-order FDEs (2) can be expressed as

R(p) = / (p=)""" F(r. R(r), 155 (r))dr

lﬂ( w)

Sy, [ oo

and

P
3(p) = %/ (p = 1) 1F(1,3(0), 5 R(1))dr

+Z /p (’F’(J“ " G 50, R (),

forall p € J.

Proof. Consider that

RDR (p) = L(D)G (p, R (p), T (p)))

+F (p.R (). 1529 (p)) . p € 7 = [0.409),

RDE.3 (p) = L(D)G (p, 3 (p), R (p)))

+F (0,3 (p), IR (p)), p e .

Applying the operators I'* and IO‘;, we have

17t (RO R (p)) = It (LD)G (p, R (p) 5 (p)))
+F (0. R (0). 153 (p)) ). 3)
and
1 (R0 3 () = 15 (LD)G (0.3 (p) . R (p)))
+F (.3 (0), IR (p))) . 4)

Using Lemma 2.3, Remark 2.2, and the initial condition,
it follows from (3) that

R (p) = by I7:"™'G (p, R (p), T (p)))
+o+ b I G (p, R (p), T (p)))

HEF (0, R () 1045 ()

u-—1
D bil G (0. ()9 (0))
=1

HEF (0, R (0), 1503 ()

—; . _ ru—1 Bu
- o5 /O (p = PV G, R, 185 () dr

‘= P (p—ryru-ri-1
+JZ_;17]"/0 F(ru—_rj)G(r,‘R(r),S(r)))dr’

#10.57647/mathsci.2026.2004.24

forall p € J.
Similarly, for all p € J, it follows from (4) that

e

50) = 7 / (p - 1) F (e R (1), 1P S (1) di
P _ ty—tr—1

+ch/ (pF(ti)— G (1, R (1), (1))

The following assumptions are introduced to ensure the
existence and uniqueness of solutions for the proposed
system and will be used throughout the subsequent anal-
ysis:

(Ay) Foreachs,s” € [0,r,), and w,w’ € [0,1,), there
exist differentiable functions £,¢ : Uy — J such
that the functions pSF(p £, 6), pWF(p £0): X
Ox0 — Oand p* G (p.L.€).p" G(p.&,0) 1 %
0 X ® — O are continuous.

(Ap) Forall p € J, ,¢§ : O — J and ", &
U, — J, there exist nonnegative continuous func-
tions Bj(.), B2(.), ..., Bg(.) such that

Is" [F (p, (1+ p)Z, (14 p)é),
—F (p, (14 p)Z*(1+ p)en)]|
< B1 () £ (0)~¢" ()I1+B2 (0) 1€ (0)=€" (o),
Y F (p, (14 pM)E, (1+p*)0)
—F(p, (14 pg, (14 p2) ||
< B3 (p) £ (0) =" ()I1+B4 (0) € ()~ (p)I,
[l TG (o, (1 + p")¢, (1 + p#)é)
=G (p. (1+p")", (1+pH)En)]|
< B5 (p) £ ()-2" (p)]1+Bs (p) 1€ (0)-€ (DI,
|G (o, (14 P2, (14 p)8)
=G (p.(1+p1)¢", (1 +p1)6) |
< B1 (p) I (p)=¢" ()1 +Bs (p) [l€ () =" ()]

where s, 5" € [0,7,), w,w’ € [0,1,).

(A3) Forall p € J, thereexist K; >0 (i =1,2,---,8)
with ¥¥_| K; € (0, 1) such that

o (p=r)™!
sup F(ru)(1+pu) f £ —Bi (r)dr <Ki,

P (p-t)”!
e M Jo B3 (1) d1 < Ko,

P (p—r)™”
pey TG Jo 7 By (r) dr < Ki,

1 o (p—t)™
SUP TG T e (1) Jo —By (1) dt < K,

ru=rj

) P (p=r)
/S)lelglgl|b]|r(’u*’z)(1+ﬂ”) 0 rs’

B5(r)dr£K5,

uz_:1| | P (p—t)u~tk~ B (dr <K
Sup 2, ICk r(tu—tk)(l+pl‘) 0 pre 7 <Ke,
peJk=1

po) !

u—1
1 P (
fs»upz bl e b e Be(r)dr <Ko,

P
S“PZ|Ck|r(zu—rk)r<xu+1)<1+p#) o pmBs()dr<Ks.
peJk=1
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(A4) Forall p € J, there exist Ly >0 (k =1,2,---,4)
such that

ZI;IJ) ot Jo (0 =n)" " IF(p,0,0)]| dr

<L < oo,

1 P w=1 7
U eyt fy (0= 0" |Fo.0,0]|ar

< Lp < oo,

u-1

sup 3 16| = yerapm Jo (0 =)
X ||G(p,0,0)||dr < L3 < oo,

u 1
sup Z ekl wryemem Jo (0 =)
peJ

G (o, 0, O)H dr < Ly < o.

We now present our main result in this section.

Theorem 3.2 Under the hypotheses (A)-(A4), the cou-
pled mixed-order FDEs (2) has a unique solution.

Proof. By the integral representation of problem
(2), established in Lemma 3.1, we define the opera-
tor the operator Y : U - Uas Y(% Np) =
(Y1(R,3)(p), Y2(R, I)(p)), where

Yi (R(p),3(p)) (5)
P
/ (p—r)«'F (r, R (r) ,Ioﬁl‘ﬁ (r)) dr

- r(m)

+Zb /pMG(r,%(r),ﬁ(r)))dr,

(ru=rj)
and

Y2 (3 (p), R (p)) ©)
1 e . u
- F(tu)/ (p =) lF(f,S(t),Iéi%(z))dt

# (p=!
+ch/ T eI W R @)

for all p € J and all (R(p), I(p)), (I(p), R(p)) € U.
Taking the norm on (6), we have

1Y, (% I,
i [0 oo

+ b; —/ (p—r)r"fr-"fl
J;' J|1—~(ru_rj) 0

X[G (r, R (r), 3 ()l dr,

#10.57647/mathsci.2026.2004.24

that is,

Y (R, Dy, < /
(1 +pH) lﬁ(ru)(1+P”)

s [F(r, R(r), 1P3(r)) - F(r,0,0) + F(r,0, 0)]“ dr

u-l 1 P (p_r)ru—rj—l
+jz=;|bj|l" ru—rf)(1+p/‘)/0 rs’ X
¥ [G(r, R(r), 3(r))) -

o !

P (p - )’”_l

x (7)

*T(ra (1 +pH) /

Bu
IR ("] | )
(1) + By (p) —(1+r/‘)

x| By (p) dr

_ ru—1
—F(ru)(1+p,,) [ - tiEeo.ola

1
+Z|b"'lr ru—r~)(1 + pH)

P (p—r)yui! IR ()l
[

rs (1+rH)

15 ()l
1+ r#)) ar

+Bs (p)

u—1
1
+ b;
;' ]| F(ru—rj) (14 pH)

P
< ["o=r G (0.0 dr.
0
It should be noted that,

|55
EEToN

®)

! ' Bu—1
SW/“—ZU) I3 (@)|| dw

15, il s
Sr(ﬁu)/( LA T

_ 1Blks, / (r— )bt = rPu || 3| '
= T (Ba) F(Bu+1)
Applying (9) in (8), and using conditions (A3) and (Ay),
we can write
Y (R, Iy,
(1+p#)

- 1 /” (o)
B F("u)(l‘*',l)“) 0 rs(L+rH)
1

B1 (p) 1R I, dr

T () (1L + pM)L (Bu + 1)

o (p-ry
< [ S B () 19, dr + L

u—1
1
+ b
Jz_;|1| r—r)(l+p/‘)

P —r "u—r_,’—l
< /0 B T () R, dr

rs (14 rH)
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u—1
1
+ b;
;' J|F(ru—rj)(1+p/‘)

P(p—r)ui!
X./o WBG (p) 181ly5, dr + L3

o=

*Traa +p")/
By (p) IR I, dr
1

T () (1L + pML (Bu+ 1)

Pp-nm!
< [ B (o) 19, dr + L
0 reru

u-1 1
+ b;
;l JlF (ru—rj) (1 + pH)
p( )ru ri=1
x[ B By (¢) IR Iy, dr

u—1
1
+ b;
;l JlF ru—r-)(1+p”)

p( )ru ri=1
x/—iﬁr——&mMMWW+u
0

< K1 1Ry, + K3 13,
+Ks | R|l5, + K7 |81li5, + L1 + L3
= (K1 + K5) [|R |5, + (K3 +K7) (|85, +L1+L3! <co.

Similarly, one can write
1Y (3, R)lls,

(1+p#)
+(Ky + K3) [R5, + Lo + Ly < 0.

< (Kz + Ks) |||,

Hence,

[Fonl, o, e,
(1+ pH) (1 + pH) (1+p#)
< (K1 + K4 + K5 + K3) || R ][,
+(Ky + K3 + Kg + K7) | 355,
+L1+ L3+ Ly + Ly < o0,

Therefore, for all (R (p),3(p)) € U, we have
Y(R,J) 0.
Now, we prove that the mapping Y:U > Uisa

contraction mapping in U. Indeed, forall p € J, assume
that (R, J), (E, k) € U, then, we have

1Y (R, 3) (p) = Y (E, ) (p)lls,
(1+pH)

P
< Ty ¢
HF (r, R (r) ,Igffi (r)) -F (r,E (r) ,Igfh (r))‘ dr

#10.57647/mathsci.2026.2004.24

X [ (r,% (r),Igfs (r)) - (r,.:(r),lgfh (r))” dr

IS 1 P ru—-ri—1
+JZ=:4|bj|F(ru—rj)(1+p”)/o (p—r)
X[G (r,R(r),3 (r))) -G (rE(r),n(r)lldr

1
P (p ru ||rS

STl +p”)/

+’§|b~| 1 /” (p—r) i !
S (ru =) (L4 p#) Jo re

<[+ 16 ¢ ® (), 3 ) -G (2 @) B ar.

Applying hypotheses (A1) and (A,), we have

1Y (R,3) (p) =Y (E,R) (o)l
(1 + p*)

QR

“TG0a +p*‘)/
IR (r) - u(r)ll
PO T

543 (r) - 181 (r)“
(1 +rm)

+B> (r)

u-1
1
+ b;
;' le(ru—rj)(l+p/~‘)

P (p=ryi!
J

IR (r) -E@
o T
13 () @)l
+B6 (V) W dr. (9)

Using the fact (9), we deduce that

|5y = enn)|| |8 1560 =m0
(1 +rH) (1 +rH)
P13~ Tills,
C(Bu+1)
It follows from (9) and (10) that

1Y (R, 3) (p) = Y(E, 1) (p)ls,
(1+p#)
< IR — Elly, P (p—r)«!
T L) (1 +p#) Jo re
13 = 7llg,
T(r) T (Bu+1)(1+pH)

oyt
XA B () d()
+Z |b | ”% h‘“'(51

j) (1+ pH)
P — ) uTTj
X/O —(,0 - ) Bs (r) dr

rs (1 +rH)

(10)

By (r)dr



http://doi.org/10.57647/mathsci.2026.2004.24

Mohamed Abdalla et al., Math. Sci 20 (3) 2026

299

LE
+Z|”| L+ o)

x‘/op—(p—r)” ’ B (r) dr

r (1 +rH)
IR = Elly, P (p—r)ul
o ), e
N (13 = 7lly,
F(ru)r(lgu+1) (1+P”)

o) AV 7 |
x /0 LDy (ryd(r)

II% —‘“Ul
+Z KRy D
ry—rj—1
X '/Op %Bs (r)dr
||S h||02
+Z KTy
X '/Op %B6 (r) dr.

From the hypotheses (A3) and (Ay4), we get

Y (R, 3) (p) = Y (E, 1) (p)lly,
(1 +p*)
< (K1 +K5) IR = Elly, + (K3 + K7) [|3 = 7ill, -

Similarly, one can write

1Y (3,R) (p) - Y (1. E) (p)l,

(1+pH)
< (K2 + Ko) |13 = hillys, + (Kg + K3) IR = Ell, -

Hence,

[T ®.90-TEne)|,

(1 +pH)
Y (R, 3) (p) - Y (&) (p)lly,
(1+pH)
. 1Y (R, 3) (p) = Y(E,7) (p)ls,

(1+pH)
= (K1 + K5 + K4 + Kg) [|R = Ellgs,
+ (K3 + K7 + K> + K¢) |3 = 1|y,

8
< D KR, 9) = (E Ny
i=1

Because Z?zl K; < 1, the operator Y is a contrac-
tion. Consequently, the Banach FP theorem guarantees
a unique FP of Y, and hence a unique solution to the
considered problem.

4. An illustrative example

This section is devoted to a specific example that illus-
trates and validates our previously obtained results, of-
fering clearer insight into their implications.

#10.57647/mathsci.2026.2004.24

Consider the following problem:

RD3R (p) - L(D) (W) cos (8 () + 3 0))
5 sin (R (p) + 22 an”! (159 (p)) + 1.
RD(;S (0) = Z() (s 05 (% () + 3 9))
= 62 sin (3 (p) + 3 ™! (ISR () + o7,
p' R (p)l =0, 0" (p)|,y =0

L(D)—ZbRD O<ri<rp<ri3<l,b;, by €R,

0+7

L(D)= Z ciRDi,0<t <n<13<lcr,c €R,
k=1

rj+ﬁLt<ru,tk+Ku<tu’j7k= 1’27

for all p € [0,+00), where u = 3,7 = 2,71, = &,
1 1 1
r3 §7tl=ﬁ,t2=§’t3:4,bl=2,b2=1,
cir=c=1,8= %, K3 = 0 Also, we consider, u = 3,
1 1 1 1
S—Z,WZE,S/:E,W/:Z,
Clearly,

1
p3

G (p. R (p) .9 (p))) = Zas cos (R (p) + 3 (p)).
F (o, R (p). 155 (p)) &5 sin (R (p))
”2" tan™! (1533 (p)) 4+ pt
G (p 8<p>,%(p)>>=m{f§oo> cos (R (p) + 3 (p)).
F o950, ma(p)) 22 sin (3 (o))

23 an”! (IR (p)) + p

N\w

7 3

5 5
£-. By(p) = £+, Bs(p) = &,

1
By(p) = &5 ,Bs (p) Bg (p) =

Bsg (p) = ln(lOOO)
Therefore,

Hence, B, (p)

|
5
A
0
Z

ru—1
Ty ar

I(r.)(1 +P“)/
O o=y
- l“(r3)(1 +p3) Jo ri 9
1 P 11 1
1—3/ (p—r)3" ridr
o (3)(1+p%) Jo
r(§+1) .
= p§+§
AL+p)T(3+1+1)
F(%+ 1) o
Cor(t+ L) 1+p3

dr

2
<0.10985—2"_
1+p03
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it follows that

0.10985 x 0.53

IA

o}
sup [0.10985 3
pe[0,4+00) l+p

Q

0.0582205 = K.

Also,

1 o (p— 1!
r(tu><1+pﬂ)/o po B di

1 P 1.1
= — (p—1)3* " t2dt
or(z)(1+p3) Jo
I (L+1) Y
9F(}¢+17—2+1)(1+p3)

Al

<0.10533——,
(1+p3)

which implies that

0.10533 x 0.51

IA

5
sup [0.10533
pe[0,4+0) ( ( 3)

0.0537184 = K»

Q

Again,

! £ (p-rn!
C(r)T (Bu + 1) (1 + p#) 5P

I p@_@%wm
3 T 1 e—zdr
r( )r( +1)(1+p) ris

] /p(/o—r)3 rsdr
e2r(§)r(g+1)(1+p3) 0

F(l80+l) P15

AT+ 2+ I)F( + 1) (1+p%)

p 8

<0.14992 .
(1+p3)

Hence,

89
sup [0.14992—F"_| <0.14992 x 0.52
pe[0,400) (1+p°)

~ 0.0779596 = K3.

To evalute K4, we have

1 P (p—r1)ul
F(tu)r (Ku + 1) (1 +p:“) / 15— Ku B4 (t) dt

1

= (p—1)i~'t5dr
eZF(%)F(% + 1) (1 +p3)/0

- F(gﬂ) p¥ <0.13340 p¥

r‘( +2 +1)(1+P3)_ (1+p%)’

#10.57647/mathsci.2026.2004.24

taking Sup,,c(q 4o0)> We get

0.13340 x 0.54

IA

0.13340—"_ s
sup
pe[0,400) (I+p3)

Q

0.0720377 = K.

To estimate K5, we can write

u—1 1
b.
;‘ J‘F(ru_rj)(l‘l'pﬂ)
P — ) uTj
X/ %35(r)dr
0 r
1
= b
;é;‘ s TTEYy
) _ a\n-rj—1 1
o[zt
0 rs In(81)
— bl
L(r3 —r)(1+p3)
p A T E )
[
) rs In(81)
1
+b
T(rs —ra)(1+p?)
P _ r3—r2—1 11
X/ (p-nt A
) rs In(81)
B 2
I'(5-5)(1+p%
X/W(p—mﬁ%-lrﬁ "
0 rs In(81)
1
rv——x1+m>
P —7)3 9 o
[
0 rs 11‘1(8])
B 2
F(E)(1+p) In(81)
P 2y 1
X (p=r)7  ridr
0
P 2_1 1
+— (p—r)s ' ridr
L(5)(1+p% In(81) Jo
) 2r(3+1) o7
DS + 1 +1) (1+p3)
ri+1 od
1n(81)F(9+ +1) (1+p%)
< 04529827 _ 4 070850 P°
. +0.
N (1+p%) (1+p%)
17
pﬁ
=0.68148 R
(1+p3)
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it follows that

IA

sup 0.68148 — p 3 0.13340 x 0.55
pe[0,+00) (I+p7)

0.07337 = K.

Q

To evaluate K¢, we obtain that

l)tu t—1

P (p-
Z' k'r(ru—tk)(upﬂ)/ o Bd
P (p- )’* ol
3)/ = By (1) dt

P (p - z>’3 o
3)/ - B7 (1) dt

CE 11)(1 +p

F(t3—l2)(1 +p
- k-1
1

P (p-niThTl i
(- 16><1+p3>/ 4 (1000

P ( t)%’g’l 1‘12
r(- -1 (1 +p3) / 15 n(1000) "

r(—+1) o4
1n(1000)r( s+ o+ (1+p%)
F(ﬁ"'l) 111 b
p24
— = 2(1000)[(= + — + 1
" (100013 + 52 + Va3 5
11
pH
_027489—,
(1+p%)

taking sup,¢(o, +o0), We get

A

u
sup [0.27489—L"—| < 0.27489x0.51
pE[0,+00) (1 +p )

0.0785074 = Ks.

Q

Also, we can estimate K7 as follows:

1
N e e

o) _ o\ u—rji—1
X ‘/0 u36 (r)dr

7S =Bu
by
C(rs—r)T (B3 + 1) (1 +p3)

Plp-nnt e
/0 B In(1000) "
+ b2
L(r3—rp)l (B3 +1) (1 +p3)

P p-ryrnt rm
X/O FA in(1000)
2
1n(1000)F(27)F( + 1) (1+p%)

x/ (o - r)%_%_1 rodr
0
1

1n(1000)r( )r(g )(1+p3)

#10.57647/mathsci.2026.2004.24

P 1_1_q 4
X (p—r)3 9 rodr
0

2r(;-‘ + 1) o3
- 8 L4 1 (1+p%)
In(1000)T(& + 4 + DT (4 +1
F(g " 1) P

+

ln(IOOO)F(9+ + )0 (§+1) T2

p
(1+p%)’

which implies that

0.44532

xous
IA

sup (0.44532 ——— 3 0.44532 x 0.51
pel0,+0) ( )

0.2271129 = K7.

X

Also, we have

1
2 G o e T D (T

P —t tu_tk_l
x/ %Bg (¢) dt
0 u

ci
C(r3 =) (k3 + 1) (1 + p?)
P(p—1)h !
—— B d
x/o g (1) dt

tS_K3

c2
+
[(3-0) (k3 + 1) (1+p3)

P _ \B-h-1
x/ uBg(l‘)dt
0

15k3
~ 1
ri-Hr 1—10+1)(1+p3)
X/p (p—t)%7%71 t12
o -5 In(1000)
. 1
FG-r(h+1)(1+pY
p(p_t)i—%—l 112
X/O -5 In(1000)
1

p 1_1 13
x (p—1)i" 16 1 t0ds
0

+

p 11, .1
X (p—1)s 87 t30dt
0

13
r(E +1) o8

In(1000)0(2 + 13 + 1)1“( 1) (1+p7)
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F(% + 1) p% Also, we have
+ 3
In(1000)1(% + 3 + 1)r( 1) (1+p7) 1) |
o8 ZN TG, =) (T + i)
_— 30201( = ‘ )
x / (p = )" 1G (p.0,0)|| dr
which yields, F(F3 —rl)(l +p3)./ (p=r)*""1G(p,0,0)| dr

l?

0.75448 x 0.52
(1 + p3)

—_—
IA

sup (0.30201
p€E[0,+00)

0.1570468 = K3.

Q

To estimate L, we can write

; g _ o\ u-l
F(ru)(1+pﬂ)/0 (o =r)"""|IF(p,0,0)|| dr

1 P 111
= T 3 / (p=r)3" ridr
;)1 +p°) Jo
r(3+1) P
_F(%+§+l)(1+p3)

( 3)

=1.0633921

it follows that

m\'—

1.0633921 x 0.57

IA

sup |1.0633921
pe[0,400) ( ( +p3)

Q

To evaluate L,, we have

—r(zu)(i oy /0,, (p—r)! Hf(p, o,o)”dr
e
= F(%)(1+p3)/0 (p—r)*  rodr

F(%”) p
T(3+g+ 1)<1 +p3) (1+p%)

ol—

p
1.063904 ————
(1+p%)’

hence,

1
sup | 1.063904—E" | <1.063904 x 0.58
pe[0,+00) (1+p°)

~0.6170645 = Ly<co.

#10.57647/mathsci.2026.2004.24

0.6061335 = Lj <oco.

r3—ry—1
trras [ 0= G (0.0l dr

1
1_1_4 13
= —r)3° 27T ————dr
F(%—%)(1+p3)./0 (=) In(81)

1
r3

A b e R
] 2r( +1) o}
In@BHI(E +1+1) (1+p%)
F(%”) ps
In(81)I'(2 + % +1) (1+p7)
= 0.681483
( 3)

taking Sup ¢ 4o0)> We Can write

1

I+ 3)

sup (O 681483 ) < 0.681483 x0.59

p€E[0,40)
~0.4020749 = L3 < c0.

Finally, to evaluate L4, we have

/Zf v, _tk;(l + pH)
X ‘/Op (p —r)u=i=1 ||6(p,0, O)H dr

— ‘1
S T(t3 - 1) (1 +p3)

p —
x/ (p—r)s -t “G(p, 0, O)“ dr
0
c2
T -1+ p%)

P —
< [Co-nr G
0
1

RS

/ (b= ln(IOOO)

l“(- - -)(1 +p?)

1
1_1_4 r3
—r)l6 i ——
X/O (p=7) In(1000) “"
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r (% + 1) o ! is equivalent to the Volterra-type integral equation:
" In(1000)(2 + L+ 1) (143 1=l k(0 1 '
n( ) (16 3 )( p>) y(t):zy ( )lk+ (t_T)alfl
l—‘(%+1) p% =0 k! 4 (a1) Jo
+1n(1000)r(l+i+1)(1+p3) ", Cp
N 875 x| f(r.y() = Y 4; DY y(r)| dr.
- 029169 L o
(1+p%)’ Let F; = f(tj,yj) — Xit, A CDfy;. Then the

it follows that

1

sup  [0.29169—L3 —| < 0.29169%0.59
p€[0,40) ( )

~ 0.1721014 = L4 < oo.

Based on what has been calculated, we conclude that
>3 K; =0.7980389 < 1 and Ly > 0, fork = 1,...,4.
Therefore, all requirements of Theorem 3.2 are fulfilled.
Hence, the problem (11) possesses a unique solution on
the unbounded interval [0, +0).

5. Numerical simulations

In this section, we present a modified Adams-Bashforth-
Moulton predictor-corrector scheme [12, 33, 34] for the
numerical solution of coupled system of nonlinear multi-
term Caputo FDEs. The class of equations under consid-
eration is given by:

3
D Ax, €D, R = f (1, R(1), B[9](1),

Jj=1

3
D25, €D, 3(1) = f5 (1,51, LIRI())
=1

where € D@ denotes the Caputo fractional derivative of
order 0 < @ < 1, and the memory-dependent terms are
fractional integrals:

ZI5]0) = %ﬁ) A (1= F13(0) dr,

LIRI() = % /0 (t = D 1R (1) dr,

Lett, =nh,n=0,1,..., N be auniform grid on [0, T']
with step size h = % The fractional integrals are ap-
proximated using the trapezoidal quadrature rule:

B n-1
B191) = i Dt =1)"19(0),
=0

hK n-1 o
LR (t) * 15 ;O(zn 1) 'R (1)),
The general multi-term Caputo equation:

S A,€D7y(0) = f(r.y (1),
j=1

y90) = yp, k=0,...,n—1,

#10.57647/mathsci.2026.2004.24

Adams-Bashforth-Moulton predictor—corrector method
proceeds in two stages:

Predictor (order 1):
(k)
y (0) oy ()
= t, b 1F
Z * Z

Corrector (order 2):

n—1 (k)
y(0) 1
Yn = Z k
k=0

((ll) (01)
1+ F, + Fjl,
k! " /llr(al) Z

with quadrature weights:
a\® = h[(k+1)? -k, b =al®.

Caputo derivatives of order & € (0, 1) are approximated
by discrete convolution:

CDzay(tn) ~ Zwk Yn—k»

where the weights w]i")

w(())zl, w](()z(l——a )w() k=>1.

are computed recursively:

k k-1’ =

This scheme enables stable and accurate simulation of
nonlinear coupled systems with memory effects, and is
well-suited for fractional-order dynamics with multiple
terms.

Example 5.1 Consider the problem (11) with the non-
linear source terms:
fr(p, R, IP) = p'2 . 95in(R)
+p'/%e? tan~! (75 (9)) + p'/
fs(p,3,1%) = p'/* - 10sin(9)
+,01/2Oe2 ~tan” N (Z®(R)) + /01/9
The fractional derivative orders and coeflicients are
given by:
5.3}, A ={21,1},
i ag={LL1}n

= {2
= {5

In Figure 1 shows numerical results obtained for nonlin-
ear coupled systems with memory effects for different
fractional integral values of 83 and «3, with initial con-
ditions R (0) = 0 and J(0) = 0 during the time interval
p € [0,1]. From these results, we show that computa-
tional methods have been carried out to demonstrate the
feasibility of the investigated theory.
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B,=0.1,k,=0.1
0.4

0.35} L

0.3F sz

0.25f »

solution
o
N

0.15

0.1

0.05 : =0 |
== =0(p)
0 0.2 0.4 0.6 0.8 1
p
B,=0.3,k,=0.3

0.4

0.35f

0.3r

0.25

0.2

solution

0.15j

0.1

0.05 : — 0P |
j--mm

0.35

0.31

0.25f

0.2y

solution

0.15

0.1

0.05 : — 0 [{
‘ ‘ ‘ el O(p)
0 0.2 0.4 0.6 0.8 1
P
B,=0.99, k,=0.99

0.35

solution

0.05 — ()|
o = ==0)
0 0.2 0.4 0.6 0.8 1
P

Figure 1. The behavior at 83 and «3, with initial conditions R (0) = 0
and J(0) = 0 during the time interval p € [0, 1]

#10.57647/mathsci.2026.2004.24

Example 5.2 We consider a nonlinear system describ-
ing two interacting variables, R (p) and J(p), using
multi-term Caputo fractional derivatives:

DY R(p) + “DYR(p) + DS R (p)
= —aR(p)’ + buanh(3(p)) + p*2,

€DY25(p) + CDYT(p) + CDYI(p)
= —c3(p)* + dsin(T°[R](p) + p",

where a = 1.5,b = 2,¢c = 1,d = 2.5. The model
includes memory effects, nonlinear feedback, and exter-
nal inputs. It can describe neural processes like adapta-
tion and memory. See Teka et al. [35] for related mod-
els using fractional dynamics in neuroscience. The sim-
ulation results of this nonlinear system, shown in Fig-
ure 2, reveal how memory and nonlinear feedback in-
fluence the behavior of the variables R (p) and J(p)
for different fractional integral values of «3, with initial
conditions R(0) = 0.1 and J(0) = 0.2, over the time
interval p € [0,4]. The inclusion of multi-term frac-
tional derivatives leads to gradual, memory-dependent
changes, capturing nonlocal temporal effects. The cubic
decay and hyperbolic tangent terms introduce saturation
phenomena, while the fractional integral 7,,[R](p) en-
ables the past behavior of R to modulate the evolution
of J. This dynamic coupling gives rise to complex tem-
poral patterns, potentially resembling neural adaptation
or delayed responses. Overall, the model demonstrates
how fractional operators and memory terms can yield
more realistic and adaptable system dynamics than tra-
ditional integer-order formulations.

Example 5.3 We consider the following system de-
scribing two interacting processes, R(p) and I (p),
which may represent, for example, the infected and re-
covered populations in a fractional epidemic model:

DY R(p) + DY R(p)
= —aR()I(p) + BIL[R]1(p),

€DY43(p) + DY (p)
= yR(p) - 63(p) +log (1 +|L[3](p)|) -

This system includes nonlinear infection coupling
('R, 9), recovery, reinfection memory effects via inte-
grals, and logarithmic feedback—modeling population
response, immunity, or long-term exposure [36, 37].
The simulation results in Figure 3 illustrate the evolu-
tion of the infected population, R (p), and the recovered
population, J(p), over time under memory effects, for
different fractional integral values of 83 and k3, with ini-
tial conditions R (0) = 0.3 and J(0) = 0.1, within the
time interval p € [0, 1]. The infected group increases
initially due to active transmission, then decreases as re-
covery and memory-based reinfection mechanisms take
effect. The recovered population grows gradually, in-
fluenced by the infection rate and long-term memory.
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s i
g S o
& -0.2 ~~~ (P) ||
§~.
-0.4 See N
_0.6,
-0.8 !
0 1 2 3 4
P
K3=0.3
0.8 .

Solution

Solution

-0.2 i i i
1 2 3 4
P
K3:0.99
1.4 T

Solution

Figure 2. The behavior at k3, with initial conditions R (0) = 0.1 and
J(0) = 0.2 during the time interval p € [0, 4]
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The fractional integrals 7, [R](p) and Z,[I](p) play a
significant role in shaping the system dynamics, demon-
strating how past states affect present behavior.

6. Conclusion and future work

Coupled multi-order FDEs play a crucial role in a wide
range of scientific and engineering applications due to
their enhanced capability to model complex phenomena
beyond the scope of classical integer-order systems. The
incorporation of fractional derivatives enables the ac-
curate representation of memory and hereditary effects
that are intrinsic to many real-world processes, includ-
ing viscoelastic behavior, anomalous diffusion, and bi-
ological interactions. In addition, the coupled structure
of these systems allows for the modeling of interdepen-
dent processes, where the evolution of one state variable
directly influences others. This feature makes them par-
ticularly well suited for describing complex networks
arising in areas such as control theory, neural networks,
and population dynamics. The multi-order formulation
further enriches their modeling flexibility by permitting
different system components to exhibit distinct memory
characteristics, thereby yielding more realistic and nu-
anced descriptions in applications ranging from finance
and signal processing to the behavior of complex mate-
rials.

In this work, we addressed the challenging problem of
establishing the existence and uniqueness of solutions
for coupled multi-order FDEs involving multiple frac-
tional orders, a class of systems that naturally arises
in many scientific and engineering contexts. By em-
ploying the Banach contraction principle, we derived
new sufficient conditions that guarantee the existence
and uniqueness of solutions. The theoretical results
were supported by a detailed illustrative example, un-
derscoring the practical applicability of the proposed
framework. To further demonstrate its effectiveness,
we implemented a modified Adams-Bashforth-Moulton
predictor—corrector scheme to obtain numerical solu-
tions. Three representative examples were examined,
modeling oscillatory systems, neural feedback dynam-
ics, and epidemic spread under memory effects. The
numerical simulations corroborated the theoretical find-
ings and clearly illustrated the impact of fractional-order
dynamics on system stability and long-term behavior.

Future research on coupled multi-order fractional dif-
ferential systems is expected to focus on the develop-
ment of more advanced analytical techniques to address
their inherent complexity. Important directions include
the investigation of qualitative properties such as vari-
ous stability notions, controllability, and observability
for broader classes of systems. The design of efficient
and accurate numerical methods, particularly for non-
linear problems, also remains a significant challenge.
Moreover, application-oriented studies aimed at inte-
grating real-time data into fractional-order models are
likely to further enhance their relevance. Finally, ex-
ploring the effects of stochastic perturbations and time
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B,=0.1,k,=0.1 delays represents a promising avenue for advancing the
10 ‘ theory and applications of coupled multi-order FDE:s.
—0(p)
-0 7. Abbreviations

Population

Population
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Figure 3. The behavior at 83 and «3, with initial conditions R (0)
0.3 and J(0) = 0.1 during the time interval p € [0, 1]
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FDE=—Fractional differential equation.
DE=differential equation.
RL=—=Riemann-Liouville.
BVP=—=boundary value problem.
FP—=—fixed point.

BS==Banach space.
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