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Abstract. The logistic equation, which is usually represented as a differential equation, is used to simulate
the population expansion or the spread or evolution of phenomena within a confined area. However, it is
frequently discussed in terms of the evolution of solutions in unbounded time and the longterm behavior
of the population size. In this paper, we analyze it by using variable order fractional calculus within the

constraint of a finite time frame, allowing for a more realistic and applicable assessment of real-world
scenarios with finite resources or boundaries.

1. Introduction

The theory of dynamical systems is a field of mathematics and physics that investigates the mathemat-
ical behavior and the corresponding classification concerning how systems evolve over time by providing
valuable insights into the complexities that surround the development of real-world processes in response
to their initial conditions and the governing equations that describe the dynamics, which may vary from
simple deterministic systems to extremely complicated and chaotic ones. This theory possesses wide-
ranging applications in physics, engineering, biology, economics, and even in the social sciences, allowing
researchers to examine the stability, periodicity, and long-term behavior of systems, making it an indispens-
able tool for predicting and modeling the behavior of different events in the natural and social world.

As a result of its obvious importance and vast range of applications, fractional calculus in mathemat-
ical modeling has grown in popularity and significance, thus gaining prominence in diverse scientific
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and engineering domains such as science, engineering, finance, and social sciences, by extending the tra-
ditional concepts of differentiation and integration to non-integer orders rather than being confined to
integer numbers, and consequently allowing to examine derivatives and integrals with fractional indexes,
revolutionizing our understanding of complicated structures thanks to its ability for capturing intricate
behaviors involving memory, heredity, and complex dynamics. However, recent research work has shown
that constant fractional order calculus is not the ultimate tool for modeling every natural occurrence. As a
result, variable order fractional calculus is presented and extensively investigated for its capacity to offer
a better description for problems with local and nonlocal circumstances (see [1, 4, 5, 12-15, 20, 22] and the
references therein).

The logistic equation is a fundamental mathematical model that is utilized to predict the population
growth or the spread of phenomena in a constrained context. It was initially presented in the nineteenth
century by Pierre Francois Verhulst and has since then been a cornerstone in many domains, including
ecology, epidemiology, economics, and even the study of social trends.

The logistic equation’s continuous form is expressed as a nonlinear ordinary differential equation of the

type

do X(t)
X = KX(t)( )

"% M

X(0) = Xo.
This equation takes two essential aspects into account: the Malthusian parameter k¥ > 0, expressing the
intrinsic growth rate of the species, and K, representing the carrying capacity of the environment.

X
If we take 9 = X then equation (1) is reduced to the nonlinear differential equation written as

2.9 = k8 (1 - 309),
5(0) = S,

)

X
where 9 = 20

This simple but powerful model captures the idea that growth is initially exponential but eventually
flattens as the resources become scarce, making it especially useful for predicting and understanding
population dynamics, disease outbreaks, market saturation, and other scenarios where the growth is
constrained by the available resources. Because of its wide range of uses and adaptability, the logistic
equation has become a vital tool for academics as well as decision-makers across many fields.

In [19], B. ]. West studied a more generalized version of the logistic equation by incorporating a memory
term through the use of fractional derivatives in continuous time
COR9(t) = k(1) (1 - (b)), 3)

8(0) = S0,

where0 <@ < 1,9 € R, and CD‘OK denotes the Caputo fractional derivative operator of order @.
The author of [19] provided the exact solution to this extension of equation, which has been denominated
as West function, given by

8(b) = i (%)n Eo(=nx®t?), @)

n=0

where E; denotes the so—called one parameter Mittag-Leffler function, denoted by

(o) An
E[D(A) = ;) m, > 0, A€ C, (5)
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which was first proposed by G. M. Mittag-Leffler and may be thought of as a generalization of the expo-
nential function. In the previous expression, I' represents the Gamma function, defined as:

I'(z) = f Fletdt, R(z) > 0.
0

Shortly after, I. Area et al., in a short note [3], showed that the real function (4) proposed by B. J. West
[19] is not an exact solution for the fractional logistic equation.

In summary, finding exact solutions to the fractional logistic equation explicitly can be challenging.
For this purpose, researchers typically resort to numerical methods to explore the system’s behavior and
dynamics, such as finite difference methods or spectral methods. These methods can provide valuable
insights into the behavior of the system described by the fractional logistic equation (for more details, see
[8-11] and the references therein).

Recently, in [7], K. Devendra et al. analyzed the logistic equation with the novel fractional derivative
given by Caputo and Fabrizio

(6)

CF@&S(,{) = k() (1 - S(t)),
9(0) = o.

Motivated by the aforementioned works, in this paper, we study the dynamical properties of the following
fractional logistic equation involving the variable order Caputo fractional derivative

@(t) —
{C@w 8(t) = k(D1 - (), 0<t<T < +oo, (VOFLE)

9(0) = So,

where 0 < @(t) <1, 9 € R*, x >0, and CDgft) denotes the Caputo fractional derivative operator of variable
order @(t) for the function 3(t) defined by [2, Definition 30]

t
Coy@® g(py — 1 Ny
D°I9(h) A= o®) f (t-s) 0 (s)ds, t>a,

and the Riemann-Liouville integral of variable order @(t) for 9 is given by [18]

O8(t) = —

t
- E0) fa (t —5)°D719(s)ds, t>a.

Itis known that, when the order @(t) is a constant @, then the variable order fractional integral and derivative
operators coincide with its constant order counterparts. Therefore, due to the property of semi-group, we
obtain the following properties

I{D1 I(Dz — Iu)z I{Dl

at “at at “at
_ I®1+(Dz
a+

However, some recent studies have proved that such properties do not hold for variable order fractional
operators. Indeed,

@1(t) yo(t) @y () 7o1(t)

Iﬂf Iﬂf + Ia+z Iml

@1(t)+@2(f)

# 17

where @1(t) and @,(t) are general non negative functions. We shall give an example to prove these claimed
arguments.
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Example 1.1. Let @1(t) = o @y (t) = R )=t for0 <t <1 Then

RO = | (tr_ (St)ﬂ)_ [ j; S - (é)_ hdh]ds
f(t=9)TsT
o T ()"

@1 (F) 72 (t) _ ( ) T
Io+ Io+ S(t)|t:%_ 0 r( )F(

~ 0.12138,

[0 (t—s)51 f(s_h)'”:l—l
19:99(t) = f ) [0 e hdh]ds

M_
—
N—=
|
wn
F—J N—
195}
o
[

@ (t) 7o1(t) _
12207 s(t)L:% fo TR ds
~ 0.19956,
1 2|2
2009, = f sds= >
2 0 0
= 0.125.

9182

Here, we have written the approximations with several decimal positions in order to clearly illustrate that these

quantities are different. Therefore,

Iowj(t)lowf(t)s(t)} ;t I(DZ(t)I(Dl(t)S(t)L,l
=3

+ IE)Df(tHBZ(t S(t)L:l

This paper is organized as follows. In Section 2, we present some definitions and necessary lemmas as-
sociated with the variable order logistic equation. In Section 3, we establish some existence and uniqueness
results for the solutions of the problem (VOFLE). In Section 4, the uniform stability of initial value problem
(VOFLE) associated with variable order Caputo fractional derivative is discussed, and we complete the

paper with some numerical approximations to illustrate the obtained results.

2. Preliminaries

This section introduces certain essential concepts and lemmas that will be important to present the main

results in the next sections.

Definition 2.1. Let T > 0, and [0, T] be a closed interval of R. We denote by:

i) C([0, T],IR) the Banach space of continuous functions 9 : [0, T] — R, with the usual supremum norm

I9lleo := sup{l9())I, ¢ € [0, TT}.
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it) LY([0, T], R) the Banach space of measurable functions 9 : [0, T] — R that are Lebesgue integrable, equipped
with the norm

T
1911 :f [9(s)l ds.
0

Definition 2.2. [21, Definitions 2.1 —2.3] Let S be a subset of the real space R. We introduce the following notation:

i) S is called a generalized interval if it is either a standard interval, a point, or the empty set (.
if) Assuming that S is a generalized interval, the finite set P consisting of all the generalized intervals contained
in S is termed as a partition of S provided that every x € S lies in exactly one of the generalized intervals in the
finite set P.
iit) Evidently, the function @ : t — R is piecewise constant with respect to the partition P of S, if, forany I € S, ®
is constant on L.

Lemma 2.3. [14] Let @1, @, > 0,0 <a < b, and 9 € L'(a,b) with “DS'S € L'(a,b). Then the unique solution of
the following equation

CO™8(t) =0
is given by

() =00+ o1(t —a) + oot —a)? + - + g1 (t —a) 7,

and
[2COYI() =9t + o0+ o1t —a) + o(t—a)* + -+ + gt —a) ™,

withl =[o]+1, k€R, k=0,1,...,1 -1
Furthermore,

O IOLY(H) = 9(F),

at “at

and

222 9(F) = [21219(F) = 12729 (p).

at “at at “at

3. Existence of solutions

Based on the previous discussion, in this section, we present our main results.
Let P = {[0,T1], (T1,T2], (T2, T3],..., (Tu-1,T]} be a partition of the finite interval [0, T], and let @(¢) :
[0, TT — (0, 1] be a piecewise constant function with respect to P given by

@1, te [0/ Tl]l

! @, te(Ty,T2]
o(t) =) @l =
I=1

CDn/ t e (Tn—lr T]/

where 0 < @; < 1,1 €{1,2,...,n} are constants, and I is the characteristic function for the interval [T;_1, T/],
l1ef1,2,...,n},1e,

]-/ ift e [Tlfll Tl]/
I(t) =
1t {O, elsewhere.
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To reach our primary conclusions, we first do some basic analysis on the equation of problem (VOFLE).
Indeed, since

n
o(t) = )" @li(b),
1=1
we get

t . n f —
C ~o(t) _ (t - S) o) ’ _ (t B S) @ ’
1%9@_OiﬁTaﬁw@@_Z@mﬁ-—:ES@@. 7)

So, the equation of the problem (VOFLE) can be written as the following
Cya(t) -
D8 = Z]Il(t)f F(l 8 (s)ds =x3(t)(1 = 9(t)), 0<t<T<+oo. (8)

Therefore, in the interval [0, T1], it can be written as

Lt —s)

Cqyo
D13t = L TA—an

(s)ds = k9(H)(1 - (), 0<t<T. 9)

Again, in the interval (Ty, T], it can be written as

( 5)™

COP3(t) = T o)

U= ™ gy ds = k8(B)(1 - 8(t)), Ty<t<To (10)

In the same way;, in the interval (T;_;, T7], it can be written as

f(t-s)™

D0 = | ta-a)

(s) ds = k()1 - 8(t)), Ti1 <t<T. (11)

We denote by E; = (C([0, T;], R), || - |lg,) the class of functions that form a Banach space with the equivalent
norm

I-llg, = sup e™|- (), N>0, l1€i{l,2,...,n}.
te[0,T)]

Thus, we may consider the following auxiliary initial value problems of constant order defined on the
intervals of the type [T}_1, T1], [ € {1,2,...,n}, as follows

(12)

COPO(E) = k() - 9y(t)), T <t<Ty,
91(0) = o

Definition 3.1. Forl € {1,2,...,n}, we say that 9; is a solution of the initial value problem (12) if 9; € C[0, T;] and
it satisfies (12). Moreover, we say that 9y is a solution of the initial value problem (12) in the set

Bl = {‘91 € C([O/ TI]/IR) : |‘91(t)| < Rl/ Yt e [O/ T]]}/

with R, > 0, if

1) Forevery t € [0, Ty], (t, 9(t)) € D, where D := [0, T;] X Bg,, being Bg, := {9 € R : |9 < Ry}.
2) 9 satisfies (12).

Definition 3.2. We say that the problem (VOFLE) has a solution 9, if there exist functions 9;,1 € {1,2,...,n}, such
that 91 € C[0, T1] satisfying equation (9), and 91(0) = So; 92 € C[0, T>] satisfying equation (10), and 82(0) So;
9y € C[0, T}] satisfying equation (11), and 9;(0) = Sy, foralll € {3, ..., n}.



M. D. A. Zaak et al. / Filomat 39:26 (2025), 9179-9189 9185

Remark 3.3. We say that the problem (VOFLE) has a unique solution, if the functions 9; in Definition 3.2 are
unique.

Theorem 3.4. Let R; >0, forl € {1,...,n} be such that

K
| + HH———t" <R
[0 T+ 1) <R,

where H; := max {}I' IRi(1 =R))|,|—Ry(1+ Rl)l}. Then the auxiliary initial value problem (12) has a unique solution
with 9 € By, foralll € {1, ..., n}.

Proof. For alll € {1,...,n}, and from the properties of fractional calculus, the fractional order differential
equation in (12) can be written as

d

I = 81(8) = 191D = 9i(),
using Lemma 2.3, we integrate the above equation @;—times. Therefore, we obtain

S(t) = o + I} (k&1 = 8)) (¢). (13)
Define the family of operators N;: 8, — E;, [ € {1,...,n}, by

(NSD() = S0 + I5! (18:(1 = 8)) ().
We prove that N|(B)) € 8B;,1 € {1,...,n}. Indeed, for each ! € {1,...,n}, we have

NS = [0 + I (1911 = 7)) (B)|

t
K @]— —
+mf<t-s) L)1 - 9i(s))ds

1 K
o1 = 1900+ i st < Ri
F( N [Sol + T+ D) <R

This way, N; : 8, — By, for [ € {1, ..., n}. Moreover, for 9, S, €8,

<9l + H,

eNINIEI(E) = MO = x| {310 - 818) - ($30) - S0

<x f =9 09,6) = S6)L + 1949 + 189D s

@)
t—s)@ ~ ~
< [ o) - S0 + 9691+ 186
o T(@)
(t—s)™! _N(t—
<x(1+2R =9 ¢
(1 + 2R)IIS; = Sillg, f @) —e s
~ ,.L_CD/ 1e—NT
< - -
= K(1 + ZRI)”S[ \91“51 j{; r(ch) dr.
This implies that
TI -1 —NT 5
INI(81) = M)l < 1e(1 + ZRI)I Ty dt |19, = ille,,
and it can be proved, by V1rtue of the Banach contraction principle, that, if we choose N > 0 large enough
-1 —N'r
such that x(1 + 2R;) f ——— dt < 1, then we obtain that the operator N; has a unique fixed point for

allle(1,2,...,n}.
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Conversely, from Eq (13), we get

Sl(t)_K FDI(SI() 92(t))

dt o
1—a 1—a G
I DESI(t) S dtloi’(sz(t) SH(1)
O = Kdi L7 191 (94(H) — 9%(t))

DR 9u(t) = 1(S1() — $ (1)),
Also, from the continuity of the solution, we deduce that

81(0) = 8o + 1 I7 (8i(t) — 97(1))|,_,
= 9.

In view of Remark 3.3, we have the uniqueness of solution to problem (VOFLE). [

4. Uniform stability

Definition 4.1. Under uniqueness hypotheses, for a given | € {1,2, ..., n}, we say that the solution 9, of the initial
value problem (12) is uniformly stable if, for every € > 0, there exists 6 > O such that

90—l <6 = II9-3llg, <&,
where 9 is the solution to the initial value problem (12) with the initial condition
3,(0) = 9o

Definition 4.2. Under uniqueness hypotheses, we say that the solution to the problem (VOFLE) is uniformly stable
if all the functions 9;,1 € {1,2, ..., n}, are uniformly stable.

Theorem 4.3. Under uniqueness hypotheses (see the statement of Theorem 3.4), for alll € {1,2,...,n}, the solution
Sy of the initial value problem (12) is uniformly stable, that is, problem (VOFLE) is uniformly stable.

Proof. Direct computation gives

LD[—l e—N’L’

T)
- - T -
197 = Iillg, < 190 — Dol + x(1 + ZRl)f(; W at |19 — llg,,

which implies that, given ¢ > 0,

-1,-Nt  \7!

T/
19, = Sillg, < ( -x(1+ ZRl)f d’f) [99 — dol < ¢,
T(@)

provided that |39 — Sy| < 6, where the relation between ¢ > 0 and 6 > 0 is given by

TI -1 —NT -1
&= (1 k(1 + ZRZ)f T@ ) dT) 0.
1

In view of Definition 4.2, we have proved the uniform stability of the solution to problem (VOFLE). O
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5. Numerical methods and results

We recall the problem of interest, which is the following fractional logistic equation involving the
variable order Caputo fractional derivative

o) o5y — _ ~
{C1)0+ 3(t) = k()1 - (), 0<t<T<+o, (VOFLE)

3(0) = Sy,

where 0 < @(t) < 1, 99 € R*, and x > 0.
For a numerical study of this problem, we choose the finite difference method with different space steps
h[6,17].
The first step
Since the exact solution to this problem with @(t) = 1 is

o

() = S0 + (1 = S9) exp(—«t)”

we apply the finite difference method in this problem with size 0.001 and T = 10 for different expressions
of o(t) and 99, and we present the results obtained in the following images:

The exact solution and our approche with w=1 ,n=0.1,190=5 The exact solution and our approche with w=1,n=0.5,ﬂ0=3
T T T T 3 T T T T
) (1) — ) (t)
45t - =, _— =1, 0]
4l
351
3|
25¢
21
1.5
1 .
0 2 4 6 8 10 8 10
t t
Figure 1: The exact solution 9; and our solution with @(t) = 1 and x < 1.
The exact solution and our approche with m=1,:c=1,190=0.75 The exact solution and our approche with 1zv=1,n=2,190=0.5
1 - - 1 )
e (1) 0.95 - e ()
_— =, _ =)
0.95 - q 0.9
0.85 -
09 q 0.8
0.75
0.85 1 0.7
0.65 -
08r q 0.6
0.55
0.75 : ! : : 0.5
0 2 4 6 8 10 0 2 4 6 8 10

Figure 2: The exact solution 9; and our solution with @(f) = 1 and x > 1.
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We observe that the solution obtained with this method is the same as the exact solution.
The second step
Now, we calculate the solution of the problem (VOFLE) with the variable order @(t) in two cases (one for
the increasing case and other for the decreasing case) in the interval ]0, 1] for different 9y and size 0.001,
and the results are presented in the following figures:

Our approche with w=(9t+10)/100

Our approche with w=(9t+10)/100

0.95 -

09

0.85

0.8|

0.75

0.7 |

065[ s 11,0075
06k —6— r=3,0,=0.5
#=05,0,=0.75
0.55 | —— 1=0.1,0,=0.5
05 ‘ : : :
0 2 4 6 8 10

Figure 3: The solution 9 for different values of «, 99, and o(t) = 9?6(1]0.

Our approche with w=(-t+10)/10 Our approche with w=(-t+10)/10

—— r=1,0=2

2.8 —e— r=3,0,=3
£=0.5,0,=2

—t— 1=0.1,0,=3

0.95

0.9

0.85

0.8

0.75
07 e 1=1,0,=0.75

0.65 —6— £=3,0,=0.5

1=0.5,0,=0.75

0.6 —_— K:0.1,(?0:0.5

0.55

0.5

Figure 4: The solution 9 for different values of x, 99, and o(t) = —t1+010_
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