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Analytical and Numerical Investigation of
Fractional Delay Differential Equations under
Relaxed Lipschitz Assumptions

Sami Segni®’, Hamza Guebbai' and Ridha Dida!

Abstract Fractional delay differential equations constitute a powerful math-
ematical framework for modeling complex dynamical phenomena exhibiting
memory and delay effects. In this study, we investigate a class of fractional
delay differential equations incorporating Caputo and Riemann-Liouville frac-
tional derivatives with a delay term. Unlike previous approaches, we establish
the existence and uniqueness of the analytical solution under relaxed Lipschitz
conditions on the nonlinear terms, without requiring contraction assumptions.
Utilizing Picard iteration techniques, we demonstrate convergence of the nu-
merical method under these Lipschitz conditions, thereby broadening the ap-
plicability of our model to a wider range of real-world scenarios. Additionally,
numerical tests are conducted to validate the effectiveness and accuracy of the
proposed method, further highlighting its utility in practical applications. Our
findings offer new insights into the modeling and analysis of complex dynamical
systems, with implications for various scientific and engineering disciplines.

Keywords Fractional differential equation, delay term, Picard method, nu-
merical integration
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1. Introduction

Fractional differential equations (FDEs) provide a powerful mathematical frame-
work for modeling complex dynamical phenomena across various scientific domains,
ranging from physics to biology to engineering. The introduction of fractional
derivatives generalizes classical derivatives, allowing for a more precise description
of non-local and non-stationary phenomena.

Incorporating both Riemann-Liouville and Caputo fractional derivatives [9] into
differential equations with a delay term constitutes a particularly fascinating and
relevant area of research. This class of problems offers several scientific and practical
advantages: Modeling Non-Local Temporal Dynamics [10], Flexibility in Modeling
Real-World Phenomena [12,13], In-Depth Mathematical Analysis and Practical Ap-
plications in Technology and Engineering [11].
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In this study, we focus on a specific class of FDEs that incorporate both Caputo
and Riemann-Liouville fractional derivatives along with a delay term introduced by
Hallaci et al [1]. The equation under investigation is given by:

Vi€ [0,T], REDY(“DPu(t) — gt,u(t —7))) = f(t,ult)),
Vt € [-7,0],u(t) = o(t),

tli_r}notl’o‘ CDPu(t) =0,

' (0) = 0.

This equation captures the intricate interplay between fractional calculus, delay
dynamics, and nonlinearity, making it a subject of considerable interest in both the-
oretical and applied mathematics. The Caputo and Riemann-Liouville derivatives
offer a comprehensive framework for describing the temporal behavior of systems
with memory and non-local effects, while the delay term accounts for delayed in-
teractions in the system.

In this paper, we aim to explore the analytical properties and numerical solu-
tions of this fractional delay differential equation. We investigate the existence and
uniqueness of solutions using Picard’s sequence under some lipschitz conditions. For
the numerical analysis, we employ numerical integration techniques to approximate
the solutions.

By delving into this class of equations, we contribute to the broader understand-
ing of fractional calculus and its applications in dynamical systems theory, paving
the way for advancements in modeling and analysis of complex phenomena.

In our study, we utilized Picard iteration techniques to establish the existence
and uniqueness of the analytical solution, under relaxed Lipschitz conditions on f
and g, without the need for contraction assumptions as in previous works [1, 10,
11]. Moreover, these Lipschitz conditions were found to be sufficient for ensuring
convergence of the numerical method. This approach allowed us to broaden the
scope of applicable scenarios and enhance the robustness of our model in handling
various real-world complexities.

2. Problem position

In this section, we introduce the fractional differential problem to be studied in this
paper and his integral equivalent form. Let f,g: [0,7] Xx R — R be two continuous
functions, where T" > 0. Our goal is to solve numerically the following fractional
differential equation (F'DE) with a delay 7 > 0

Ve e [0,T], REDY(“DPu(t) — g(t,u(t —7))) = f(t,u(t)),
Vt e [—7,0],u(t) = o(t),

Jim #17* CDPu(t) =0,

u’ (0) =0,

where 0 < o < 1,1 < 8 < 2, ¢ is a given continuous function and « is the unknown
to be found in C°[0, 7], #X'D* the Riemann-Liouville fractional derivative is given,
fora € Jn—1,n[, n €N, by
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dar t o
vt >0, RLD%(w:ﬁﬁ/o (t— )" g (5) ds,

and “D? is the Caputo fractional derivative, which is given for o € |n —1,n],
n € N by

L e ) (g ds
o | T e ) s

where, I' is the Euler gamma function defined for o by

Yt >0, “D(t) =

F(a):/ e > tdn.
0

Hallaci et al. [1] showed that (FDE) is equivalent to the following fractional
integral equation (FIE)

1 ¢ B
u(t) = F(a—l—ﬂ)/o (t — )21 f(s,u(s — 7))ds

L t —5)P Lg(s,u(s — 7))ds
g [ (€= 9" gl s = s+ 0(0),
with,

Vt e [—7,0],u(t) =o¢(t).

In the next section, we are going to deal directly with the integral version (FIE)
of our problem. Firstly, we show that (FIE) has a unique solution v € C°[0,T]
supposed to be equipped with its usual norm,

v € C 10,71, [l¥]| = max |v(t)].

0<t<T

Secondly, we use numerical integration to build an approximation of w.

3. Analytical approach

Our goal in this section is to build acceptable hypotheses in order to obtain a unique
solution u of the following (FIE)

) =557 | ()P (s (s — 7))ds
+ ﬁ /Ot(t — 5P (s u(s — 7))ds + 6(0). (3.1)
Changing s by s + 7, we get
u(t) :ﬁ /tTT(t — 7 — )PP f(s 4 7, u(s))ds
+ ﬁ /tTT(t 7 — ) Y g(s + 7 u(s))ds + B(0). (3.2)
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But, for all t € [—7,0], u(t) = ¢(t), then

1 t—T1 . .
u(t) :m/o (t—T—S) +8 f($+7',u(3))ds
L t—1 s 671 s T uls s
+F(/s)/o (t )" (s + 7, u(s))ds + ht), (3.3)

where V¢ € [0, 7], and

0
() :ﬁ / (t— 7 — )P f(s + 7, 9(s))ds

—T

1 0
G /_ (t=7=5)"""g(s +7,(s))ds + $(0). (3.4)

Theorem 3.1. Assume that f and g verify the following Lipshitz proprieties
(Cy):3Ly >0, Vt € [0,T), Vz,T € R |f(t,x) — f(¢,T)| < L1]z — 7|,
(Cy) :3Ly > 0, Vt € [0,T), Vz,ZT € R |g(t,z) — g(t,T)| < Lo|z — Z|.

Then, equation (3.8) admits a unique solution u € C°[0,T].

Proof. We introduce a Picard sequence {uy, }nen as

Uy = h,
YE L = 0 )= ﬁ/o _T(t — 7= 8) P (s + 7, un(s))ds
L t—7 _T—SB_l s (s 5
) /o (t )7 g(s + 7 un(s))ds + h(t).

We obtain, Vt € [0, T],
|tunt1(t) — un(t)]

_#t_T — 71— 8) P F (s + T un(s)) — f(s+ T, un_1(s))]ds
_‘F(OH-B)/O (t )P f (s + 7 un(s)) = f(s + T, un-1(s))]d

1 t—7 .
+m/o (t—7—s)° [g(s+7,un(s))—g(s+r,un_1(s))]ds(

7L1 o =) TPy (s) —u s)|ds
S [ T ) — (o)

L2 t—7 _T_S'B_lu s) — u s 5
F(ﬁ)/o (t ) | n(s) n—1( )|d )

Therefore, Vn > 1, V¢ € [0,7],

el Lo — 7)1 [t
|un+1<t>—un<t>|s<L1(if(a o+ ) [ o) = el

+
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Repeating the last inequality n—times, we obtain: V ¢t € [0, 7],

Ly(T — 7)*th=1  Ly(T — 1)~ \ 1"
“"“”‘“"”"( Tath) ' T )mH

where,
Ll(T—T)a+’B_1 LQ(T—T)’B_l
Lo+ B) INGE)

proving that Z (tn, — Uup_1) is uniformly convergent in C°[0,T] to a function wu,
n>1

H= /0 | f(s+7,h(0))|ds+ /o lg(s+7, h(0))|ds,

Le .
vt e [0,7T) : ; (un(t) = un—1(t) = lim un(t) = u(t).
We use the continuity of fand g to prove that w is solution of (3.3). Now, to
show the uniqueness, we set @ € C°[0,T] as a new solution of (3.3).
Then, Vt € [0,T

—1

ult) — )] = (“ g+ ) [ 1uts) = (o1
Lr-n" L
<< Tatp) )/ uls) = als)ds.

We use Lemma 3 from [2] to obtain V¢ € [0,T],u(t) — @(t) = 0, proving the
uniqueness. O

4. Numerical approach

From the previous section, we understand that if (C1) and (C2) are verified, the
system

u(t):¢(t, tel-r0 (4.1)
u(®) a+/3 / (t =7 — )7 f(s + 7 u(s))ds

+ == / (t =1 — )" "Lg(s + 7,u(s))ds + ¢(0) (4.2)
L'(B) Jo
admits a unique solution u € C°[—,T].

The objective of this section is to build a numerical approximation of the exact
solution u. For that, we use Nystrom method because of its efficiency to deal
with this type of Volterra equation as show in many previous works [2-6]. Let us
introduce a subdivision of the interval [—7,T] in the following sense.

For an integer N > 2, we define h = £ and M € N such that —7 + (M —1)h <
T < —7+ Mh, let now {t;}}, be a subdivision of [—7,T] such that

ti=—-14+1th, 0<i<M-—1,
tp=1T.
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With this subdivision, we use trapezoidal weights {W;}} given by:

h T — (M —1)h
Wo=5, Wu= aakied ),
2 2
Wi=h 1<i<M-1,
— (M —1)h
Wy = T ; )

as a numerical integration method. This is the most adequate method with our
equation because it verifies ( see [7]):

voe Ol T],  lim ‘ wa /T (t)dt’ ~0. (4.3)

Applying Nystrom method with trapezoidal rule to the systems (4.1)-(4.2) gives us
the following discrete system

1
T(a+fB)

ZWJ ti—7—t;)P gty +Tuy) Fh(t) N4+1<i< M, (4.5)

Jj=

N
Z t—T—t)O‘+5 1f(t + 7, uy)
e

where, U; =~ u(t;) for 0 < i < M.

Unlike system obtained with Nystrém method in [2,8] the delay term gives us an
explicit numerical systems (4.4)-(4.5) which facilitates the convergence study and
programming.

To study the convergence of our numerical method, we introduce the discrete
error {&;}M, as

Ei:Ui—u(ti), OSZSM

Now, we introduce the consistence errors for :
N+1<i<2N,

51 = /ti_T(t =7 =) T (s + 7, (s))ds

N
= D Wilti—m =) Tt + 7, 6 (1),
j=i—N
tifT

(ti —7—8) " lg(s+7,6(s))ds

S
Il
o\

N
= Y Wit —7— 1) glt; + 7 0()):

j=i—N
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But, for 2N +1 <+i < M, (T >> 7 and h small enough to obtain M > 2N + 2),
the consistence errors are given by

ti—T
0 = / (ti =7 = )" f (s + 7 u(s))ds
0
i—N

= Y Wit — 7 =) P (k5 + T ulty),

J=N

ti—T
5? = / (t; — 71— 5)6719(5 + 7,u(s))ds
0
i—-N

- Z Wjt; — 1 — ;)P gty + 7,u(t;)).
j=N

Using (4.3), it is obvious to obtain that

lim  max |6} = lim max [6?|= lim  max |6}
h—0 N+1<i<2N h—0 N+1<i<2N h—02N+1<i<M
= lim max |5f| =0.

h—0 2N+1<i<M

Also, it is clear that
=0, 0<i<N.
Theorem 4.1. Supposing that (C1),(Cs) hold, then

lim max |g|=0.
h—0 N<i<M

Proof. For all 2N 4+ 1 < i < M, we have:

1 i—N
= | m Z Wit —7 ftj)‘H’B*lf(tj + 7, u;)
j=N
1 i—N ’ 5
+ g O Wit =7 = 4P gty + 7o)
L(B) = J J J J
ti—T
Starm ), T e s
ti—T
- ﬁ/o (ti —7— )" "Lg(s+7,u(s))ds |
h i—N
< F(CY T B) (tz - T — tj)a+571 | f(t] + 7, Uj) — f(tj + T,U(tj)) |
=N
h szj
+ T(3) (ti—7—t;)" 7 | g(t; +7,u5) — g(t; + Tou(ty)) |
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+omax |5+ max |6
2N+1<i<M 2N+1<i<M
oh(r -7
. ,
< g el La) Z;VIEJHZ max_ 10|+ max 167,
J

which means, for all 2N +1 <1 < M,

i—N—1

Qh(T—T)(X-‘rﬁ—lmaX{Ll,Lg} Z ‘€|
L(B) —2h(T — )" max {Ly, Lo} =

lei] <

I'(B)
* T (o, (811+152) )
I'(B) —2n (T — 1) max {L1, Ly} 2N+1< <M
Applying Theorem 7.1 page 101 from [7], we obtain for all 2N 41 <14 < M,

T
el < Ay - @) (s, 01+, max 121
T'(8)—2h (T—7) max {L;, Ly} NI M AINHI<i<M
where
a+B—1 M—-N
2h (T — 1) max {L1, L2}
AN,M =1+ o .
F(ﬂ) —2h (T—T) max{Ll,Lg}
But,
M-N
L U )P max {Ly, Ly}
AN,M N T'(B)
Then,
27 (T — 7)* P max {Ly, Ly}
AN M~ exp ( T(3) .

Now, for N +1 <i < 2N, we use the same previous steps to obtain,

2h (T — 7)* P max {Ly, Lo} EN:

lei| < le;i]
NE) 2
+ max |6+ max [§2].
N+1<i<2N N+1<i<2N
We use |g;| =0,i— N < j <N, to achieve the proof. O

5. Numerical example

We take the same analytical example studied in [1], i.e

i = 2 sin(t
a=05=15T=1,f(t,x)= 51117(27 g(t,x) = cos(t) (t2€_e F 5 + Smi x))
If we take ¢(t) = texp(t), 7 = 0.2, the numerical results are presented in figure 1.
But, figure 2 represents the case where ¢(t) = —0.1sin(10xt), 7 = 0.3.
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Figure 1. ¢(t) = texp(t), 7 = 0.2
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Figure 2. ¢(t) = —0.1sin(107t), 7 = 0.3
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