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Abstract: This paper introduces a novel fractional Susceptible-Infected-Recovered (SIR)
model that incorporates a power Caputo fractional derivative (PCFD) and a density-
dependent recovery rate. This enhances the model’s ability to capture memory effects and
represent realistic healthcare system dynamics in epidemic modeling. The model’s utility
and flexibility are demonstrated through an application using parameters representative of
the COVID-19 pandemic. Unlike existing fractional SIR models often limited in represent-
ing diverse memory effects adequately, the proposed PCFD framework encompasses and
extends well-known cases, such as those using Caputo-Fabrizio and Atangana-Baleanu
derivatives. We prove that our model yields bounded and positive solutions, ensuring
biological plausibility. A rigorous analysis is conducted to determine the model’s local
stability, including the derivation of the basic reproduction number (Rp) and sensitivity
analysis quantifying the impact of parameters on Rg. The uniqueness and existence of
solutions are guaranteed via a recursive sequence approach and the Banach fixed-point
theorem. Numerical simulations, facilitated by a novel numerical scheme and applied to
the COVID-19 parameter set, demonstrate that varying the fractional order significantly
alters predicted epidemic peak timing and severity. Comparisons across different fractional
approaches highlight the crucial role of memory effects and healthcare capacity in shaping
epidemic trajectories. These findings underscore the potential of the generalized PCFD ap-
proach to provide more nuanced and potentially accurate predictions for disease outbreaks
like COVID-19, thereby informing more effective public health interventions.

Keywords: SIR model; generalized power fractional derivative; stability; simulations;
numerical analysis

1. Introduction

The study of infectious diseases is a critical area in epidemiology, where mathematical
models serve as essential tools for understanding disease spread dynamics, predicting
outbreaks, and evaluating the effectiveness of interventions. The Susceptible-Infected-
Recovered (SIR) model, a cornerstone of epidemiological modeling, classifies populations
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into susceptible (S), infected (), and recovered (R) compartments. Its simplicity and
versatility have allowed for extensive adaptations to incorporate real-world factors. For
example, Marinov [1] employed an adaptive SIRV model with time-dependent rates to
analyze the dynamics of COVID-19, integrating data from various national contexts to cap-
ture transmission variations and to evaluate vaccination strategies. Similarly, Balderrama
et al. [2] explored optimal control strategies for a SIR epidemic model under quarantine
limitations, highlighting the trade-offs between quarantine stringency and economic or
social disruption. Further illustrating the adaptability of the SIR model, El Khalifi [3]
investigated an extended SIR model with gradually waning immunity, acknowledging
individual heterogeneity in immune system responses and demonstrating the impact of
duration of immunity on long-term disease prevalence. These studies highlight the ability
of the SIR model to address real-world complexities, while also suggesting limitations in
capturing the influence of past events on current disease dynamics.

However, traditional SIR models often simplify disease dynamics by assuming in-
stantaneous interactions and neglecting historical factors, such as the influence of past
infection rates on current immunity levels. To address these limitations, fractional-order
derivatives, which extend the concept of differentiation to non-integer orders [4-7], have
emerged as a powerful tool. In contrast to integer-order derivatives, fractional deriva-
tives inherently incorporate memory effects and long-range interactions, leading to more
accurate representations of biological processes like disease transmission and recovery.
This characteristic has led to several applications in the context of SIR models, which
offer potentially more accurate predictions of epidemic spread. For example, Algahtani [8]
analyzed a fractional-order SIR model that incorporates the capacity of the healthcare
system, showing an improved fit of the model to the observed infection data compared
to its integer-order counterpart. Kim [9] introduced a normalized time-fractional SIR
model using a novel fractional derivative designed to improve understanding of the in-
fluence of fractional-order on epidemiological dynamics and disease prediction accuracy,
specifically demonstrating a reduction in prediction error when forecasting peak infection
rates. Riabi et al. [10] investigated a fractional SIR epidemic model with the Atangana—
Baleanu—-Caputo operator, utilizing the homotopy perturbation method to obtain a series
solution and demonstrating an increased number of immunized individuals compared
to other methods. Alazman et al. [11] introduced a diffusion component into a fractional
SIR model and analyzed its impact using a general fractional derivative, illustrating the
effects of diffusion on the model’s dynamics, revealing how diffusion can alter the spatial
distribution of the infected population, a feature absent in traditional models. Beyond
epidemiology, fractional calculus shows promise in areas like modeling drug delivery
in pharmacokinetics, where non-local tissue interactions affect drug distribution, and in
neuroscience for capturing memory effects in neuronal signaling. However, challenges
remain in the widespread adoption of fractional-order models, including the computational
cost of solving fractional differential equations and the difficulty in directly interpreting
fractional-order parameters in terms of underlying biological mechanisms. Nevertheless,
the ability of fractional calculus to capture memory and non-local effects makes it a valuable
tool for enhancing the realism and predictive power of models in diverse biological systems
exhibiting delayed responses or cumulative effects.

The utility of fractional calculus extends far beyond epidemiological modeling, with
applications across various scientific fields. These applications leverage fractional calcu-
lus’s ability to capture complex dynamics and memory effects often observed in real-world
phenomena. Examples include physics and polymer technology, where fractional calculus
aids in modeling complex material behaviors [12], and electrical circuits, enabling the
incorporation of fractional-order elements for enhanced circuit representation [13]. In
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bioengineering, fractional calculus is utilized to model biological processes [14], while
in robotics, it facilitates the design of fractional-order controllers for improved perfor-
mance [15]. Its utility extends to fluid mechanics, where it helps model non-Newtonian
fluid behavior [16], and electrodynamics of complex media, aiding in describing materials
with memory effects [17]. Control theory benefits from fractional-order controllers, offering
advantages over traditional methods [18], and, as discussed previously, disease model-
ing leverages fractional calculus to capture memory effects and non-local interactions in
epidemiological models [19]. This widespread applicability underscores the power of frac-
tional calculus in capturing complex behaviors not adequately represented by traditional
integer-order calculus.

Within epidemiological modeling, the application of fractional calculus to the SIR
framework has been explored using various fractional derivatives, including Caputo,
Caputo-Fabrizio, and Atangana-Baleanu. These derivatives incorporate memory effects
and non-local interactions, leading to more realistic representations of the spread of infec-
tious diseases [20-22]. The Caputo fractional derivative is well suited for systems with
well-defined initial conditions, while the Caputo-Fabrizio derivative is useful for systems
with less-defined initial states. The Atangana—-Baleanu derivative, with its non-singular
kernel, provides advantages in modeling complex dynamics with crossovers. However,
many studies focus on specific fractional derivatives, potentially limiting the exploration of
generalized operators that can encompass a wider range of behaviors and simulate diseases
with diverse memory characteristics. The selection of an appropriate fractional derivative
is a crucial consideration, as it can significantly influence the model’s properties, such as
stability and the existence of solutions. While fractional SIR models have been applied to
various diseases, a more thorough investigation of their qualitative and quantitative prop-
erties is still needed. Many previous studies have concentrated on numerical simulations,
often lacking in-depth exploration of the theoretical foundations, such as the boundedness,
positivity, and stability of solutions. Furthermore, rigorous comparisons between different
fractional derivatives are often absent.

To address these gaps, we extend the classical SIR framework [23] by considering
the incidence rate as %SH, which suggests a closed population with density-dependent
interactions influenced by the total population size N (N = S + I + R). Furthermore, we
incorporate a R term, representing the rate at which recovered individuals lose immu-
nity and return to the susceptible compartment. Crucially, we employ a Power Caputo
fractional derivative (PCFD) [24], which generalizes well-known fractional derivatives
like Caputo—Fabrizio [25], Atangana—Baleanu [26], weighted Atangana—Baleanu [27], and
weighted Hattaf fractional derivatives [28]. The PCFD provides a flexible and adaptable
modeling framework capable of capturing diverse memory and non-local effects within
disease dynamics. This work primarily focuses on the theoretical development, math-
ematical analysis, and numerical simulation of the PCFD SIR model to demonstrate its
properties and potential. We use parameters representative of the COVID-19 pandemic to
demonstrate the behavior of our novel PCFD SIR model. The construction of this paper is
as follows: In Section 2, we present the construction of the proposed fractional SIR model.
In Section 3, we recall the necessary mathematical foundations, detailing the power Caputo
fractional derivative. Section 4 presents a rigorous qualitative analysis that demonstrates
the boundedness and positivity of the solutions, which is critical to ensuring biological
feasibility and applicability in the real world. In this section, we also investigate the sta-
bility of the disease-free equilibrium (DFE), deriving the basic reproduction number Ry, a
key epidemiological parameter for assessing the potential for disease spread. In addition,
sensitivity analysis identifies influential parameters, revealing factors affecting disease
transmission and recovery. In Section 5, we introduce a two-step Lagrange interpolation
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polynomial-based numerical method for approximating solutions to the fractional SIR
model. Then, in Section 4.2, we explore symmetric model cases, including Caputo—Fabrizio,
Atangana-Baleanu, and weighted Hattaf. Finally, Section 7 provides the biological interpre-
tation of our results and conclusions.

2. Mathematical SIR Model

In this section, we extend the classical SIR model [23], given by

%]I(z) = &7~ |@0 + (g — )b_HI}]I yI — ul,
%R(z) = oo+ (a1 — txo)b%d]l — uR,

ﬁ
are density-dependent and 1nﬂuenced by the total population size N (N = S + 1+ R). We

by considering the incidence rate . This suggests a closed population where interactions
assume that the total population size N is constant throughout the duration of the epidemic,
which is justified by the relatively short timescale of the epidemic compared to demographic
processes such as birth and death. Also, we add /R term, which represents the rate at
which recovered individuals lose immunity and return to the susceptible compartment. We
incorporate a power Caputo fractional-order dynamics and various important parameters
related to disease transmission, recovery, and mortality. The fractional derivatives introduce
memory effects and non-local interactions into the dynamics. The following model strength
lies in its adaptability according to power parameters p in PCDg;ﬁ P, allowing for the
exploration of diverse scenarios related to intervention and disease:

IP(CDC A, PS( ) 2/3 I/‘S + IR,
]P’(CD§ APy ZﬂSH { — biﬂ] I—(y+wu)l, 1)
FCDLY; PR( ) = [ e wo> H} ~(u+O)R,

with initial conditions S(0) > 0,1(0) > 0 and R(0) > 0. The definitions of parameters are
presented in Table 1. The SIR model (1) contains three equations as follows:

Table 1. Description of Model Parameters.

Parameter Description Units

A Recruitment rate Individual/Time

B Transmission rate (Individual - Time) !

U Natural death rate Time !

6 Rate of loss of immunity Time !
Baseline recovery rate attributable to .

xg h - . Time

ealthcare intervention

Maximum recovery rate when healthcare |

a1 L Time
resources are sufficient

b Density dependence influence parameter Individual

0% Infection-induced death rate Time !

N Total population size Individual

Susceptible Population Dynamics (S)

28I

FCDELTS(z) = A - =5
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where A represents the birth rate or influx of new susceptible individuals into the popula-
tion. The term %SH represents the rate at which susceptible individuals become infected,
B is the transmission rate, S is the number of susceptible individuals, I is the number of
infected individuals, N is the total population size (N = S + I 4- R), assumed constant (as

shown in Figure 1).

" Y+p 1

A A
\
2881 ‘
N
b
o ¥ (o — ag) —
ber ‘
|
L S _— _— |
)

Figure 1. Schematic diagram of the modified SIR model.

This form modifies the incidence rate % to account for saturation effects, emphasizing

that the infection rate depends on the number of individuals in S and I without relying on
the recovered population R. The factor of ‘2" accounts for the increased contact rates within
households of two individuals, where the probability of transmission is higher [29]. The
term uS represents the number of susceptible individuals dying per unit time, where y is
the natural death rate. The term SR represents the rate at which recovered individuals lose
immunity and return to the susceptible compartment.

Infected Population Dynamics (I)

~ 2BSI

FODERMIE) = =5

b
— |:0(0+ (061 —ao)m I— ('Y+]/l)][,

The term @ represents the same infection process as in the susceptible equation.

The term [Déo + (a1 — ) b%d]l represents the rate at which infected individuals recover
through healthcare intervention and leave the infected compartment. Here, ag is the
baseline recovery rate attributable to healthcare intervention, a; is the maximum recovery
rate when healthcare resources are sufficient, b is a constant modulating the recovery rate
based on the infected population [30]. The fraction bL-HI models the effect of healthcare
resource constraints: When I is small, the recovery rate approaches a1, when I is large,
the recovery rate asymptotically approaches «g. This reflects the real-world scenario in
which a surge in infections can overwhelm healthcare systems, reducing the quality and
availability of care for each infected individual. The term I represents the rate at which
infected individuals die from infection. The term ul represents the number of infected
individuals who die per unit time from natural causes.
Recovered Population Dynamics (R)

;PCD%%”’R(Z) = [zxo + (ag — “O>bL—;-]I I—(pu+9d)R.

The term [IXO + (a1 —ap) b%ﬂ] I represents the rate at which infected individuals re-
cover through healthcare intervention and enter the recovered compartment, as described
in the infected population equation. The term (y + J)R accounts for the removal of recov-
ered individuals due to: Natural death (y), loss of immunity (J), causing individuals to
re-enter the susceptible compartment.
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3. Basic Concepts

Definition 1 ([24]). For { € [0,1), with ,p > 0,and X € H'(a,b), where H'(a,b) is Sobolev
space. The PCFD of order T, of a function X w.r.t the weight function w,0 < w € C!([a, b)), is
defined by

ECDLATY (2) = ]Pfc_(?wzz) [ 7By (—1_55& - s)ll’) @X)(s)ds, @)

where PR, , is the Power Mittag-Leffler function given by

X (slnp)”
P —
Ezp,l(s) nzor(k Z),SEC,andk,l,p>O,

and PC(() is the normalization positive function satisfying PC(0) = PC(1) = 1.

Definition 2 ([24]). The Power fractional integral with order {, of a function X, w.r.t the non-
decreasing weight function w,0 < w € C'([a, b)), is defined by

PC{l P 1-¢ g My
2 Lo X(z) = W@)X(Z> —I—linC(C) I X(2),

where RLIZf,wX(z) is the standard weighted R-L fractional integral of order y given by

RL1Y X (z) =

1 1 z _
Wm/a (z — )P (wX) (s)ds.

Remark 1. The power Caputo fractional derivative, as given by Definition 1, generalizes some
fractional derivatives as follows:

(D) Ifp =e,w(z) =1and { = . Then, the Definition 1 reduced to the following definition
of ABC fractional derivative [26]

FoDER() = T [ B (e o)) (0) ()

(2)If p =e,w(z) = 1and = 1. Then, the Definition 1 reduced to the following definition
of CF fractional derivative [25]

DL () = 129 [ B (-9 )

(3) If p = eand { = . Then, the Definition 1 reduced to the following definition of weighted
ABC fractional derivative [27]

gcog;;x(z) - H;C_(?wzz) /ﬂz PE; , <_1E€(z - S)C> (wX)' (s)ds.

(4) If p = e. Then, the Definition 1 reduced to the following definition of weighted generalized
Hattaf fractional derivative [28]

~—

FEDEER() = TR [ "B (1 9)”) (wR) (e)s
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4. Behavioral Characteristics of the SIR Model (1)

This section undertakes a rigorous analysis of the SIR model defined in model (1),
focusing on its fundamental properties. We will establish the boundedness and positivity
of the model solutions, determine the stability of the DFE, derive the basic reproduction
number Ry, and quantify the sensitivity of R to variations in model parameters, thereby
revealing the key drivers of disease transmission.

4.1. Analysis of Solution Boundedness

Theorem 1. The SIR PCFD Model (1) yields solutions (S, 1, R) that are guaranteed to be physically
and mathematically feasible, lying within the region C), where

0= {(S,H,R);S+H+R < ‘;}

Proof. The critical condition for the model to be biologically and mathematically feasible
is that the total population size must be bounded. Thus, we have

IE(CD%;{J}/PN(Z — ]P’(CDEZJ]PS( ) +EC Dw PI(z) +EC Dw PR(z)
= A= usy R4 2
- 0<0+ (a1 — “O)bT]I I- (’Y+V)H
+ o + (aq ‘XO)bHI —(p+o)R
= A-pN(z) -
where
N(z) = S(z) +1(z) + R(=2).
Clearly
A —uN(z) =9I < A—uN(z).
This implies that

PCDESPN(z) < A — pN(2). 3)

Applying the Laplace transform of PCFD [24] on both sides of (3), we obtain
£(w(2); " DELN() ) < Lw(z)(A = uN(2))).

This implies that,

A PC({)w(a) _A o
N(z) < 2+ PO (-0l ()(N(O) H)pEw,l([PC(é)—(l—é*)u]Zg)

_ COp T z /
FeOo e B (Fogagn ) * @/ (-

Consequently, N(z) bounded by % According to the fact N(z) = S(z) + I(z) + R(z),
we deduce that (S, I, R) are bounded in Q2. This means ensuring the biological feasibility of
the model. This boundedness result ensures that the model predicts realistic population
sizes and prevents unbounded growth. [J

4.2. Nonnegativity of Solutions

Theorem 2. The SIR PCFD Model (1), with initial conditions (S(0) > 0,I(0) > 0O, and
R(0) > 0), guarantees non-negative solutions for all time.

Proof. To biological relevance of our model, all state variables must remain non-negative.
We will mathematically justify this by showing that each state variable is strictly positive
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for all z € [a, T]. This justification will be based on the analysis of the third equation in
model (1), presented below:

b
IaPCD%gJ;,pR(Z) = |:IXO + (0(1 — IXO)M:| - (]/l + §)R

Then, we have
FEDELTR(z) = —(n+ O)R. (4)

Applying Laplace transform of PCFD [24] on both sides of (4), we have
£]w(z); DI R()| = —(n +6)L[w()R(2)](5):

Thus, we obtain

PC(Dw(a)R(0) ¢(u+9) 4
[PC(Z) = (1 = 0) (4 + 9)]w(z) Py ( PCEQ) - (1) +)] )

Since R(0) > 0and 0 <F Ey; < 1, we determine that R(z) is positive for all z € [a, T].
Using an analogous argument, we can show that S and I are also positive, thereby estab-
lishing the model’s biological feasibility. Consequently, the population compartments (S, I,
R) are guaranteed to remain non-negative, reflecting the biological reality that populations
cannot have negative sizes. [

R(z) >

4.3. Disease-Free Equilibrium Point (DFE)

In the context of a SIR model, an equilibrium point is a state where the system is not
changing. Mathematically, this means that the time derivatives of all the state variables are
equal to zero. In this case, we are looking for values of S, I, and R where:

. ECD%Z’,”] S(z) = 0 (The rate of change of susceptible individuals is zero).
. ECD%Z’,’F I(z) = 0 (The rate of change of infected individuals is zero).
. E)(CD%Z’,”] R(z) = 0 (The rate of change of recovered individuals is zero).

Thus, we obtain

A-HEE _us+oR =0,

B~ |ro+ (@ —a0) gy [T- (r+m)I=0,

I
[a0+ (1 —oco)b%d]l— (4 + )R = 0.

By solving the above equilibrium equations, one can easily obtain the DFE point, £y,
for model (1) as follows:

fo = (S(0),1(0), R(0)) = (‘;o o).

4.4. Basic Reproduction Number

To derive the basic reproduction number, Ry, we first consider the equations governing
the dynamics of the susceptible (S) and infected (I) compartments, which are given by:

FeDENTS(z) = A — BE — us +0R,
FODERPI(z) = 2 — [mo+ (a1 — a0) g [T - (v + w)L
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The Disease-Free Equilibrium (DFE) is {p = (S = A/u,1 =0,R = 0). We assume a
constant population size, N = S + [ + R, and that at equilibrium, the birth rate balances the
death rate, i.e., A = uN. This system of equations can be expressed in a compact form as:

PCpiy” ﬁg] =F(z) = V(2),

where F(z) represents the rate of new infections and V' (z) represents the rate of transfer
out of the infected population. These are defined as:

_ 21
F(z) = [ 2681 ]
N

and
uS —A+6R
[Dco + (a1 — Dc())biﬂl} I+ (y+p)l
The Jacobian matrices of F(z) and V(z), evaluated at the DFE ({p= (S = A/u,1=0,
R = 0)), denoted by F and V, respectively, are:

2BA
o v 0
0 215—3 0 a1 +vy+u

V(z) =

7

Using the fact that Ry is the spectral radius of the next generation matrix FV !, and
substituting A = uN, the basic reproduction number Ry for model (1) is given by

R():iz'g .
o+ y+u

4.5. Stability Analysis

The stability of the Disease-Free Equilibrium (DFE) is critical in epidemiology. A locally
stable DFE prevents sustained epidemics, as pathogens diminish due to low reproductive
capacity. An unstable DFE risks outbreaks, even with minimal pathogen introduction.
Understanding DFE stability guides public health interventions, enabling targeted control
strategies to prevent disease spread.

Theorem 3. The DFE of the SIR model (1) exhibits local asymptotic stability for Ry < 1, whereas
values of Ry > 1 leads to instability in this equilibrium.

Proof. The model (1) is linearized at the no-disease equilibrium to examine its local stability.
This procedure leads to the Jacobian matrix, J(¢), which governs the dynamics of the
linearized model.

—H —2p 0
JOP=10 26— (a1+7+p) O
0 g —H
The eigenvalues of the above matrix are A; = —y (this eigenvalue has multiplicity 2)

and Ay = 2B — (ag + 7y + p). For the DFE to be locally asymptotically stable, all eigenvalues
of the Jacobian matrix evaluated at the equilibrium must have strictly negative real parts.
Since Ay = —pu, where y is a positive parameter (death rate), it is always negative. Therefore,
the stability is determined by the sign of A,. The DFE is stable if A, < 0, that is: 28 —
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(a1 + v+ pu) < 0. This can be rearranged as 2 < (a1 + ¢ + p). Dividing both sides by

(w1 + v + u), we obtain
0+ y+u
This means that the DFE of the model (1) exhibits local asymptotic stability for Ry < 1.
If Ay > 0, then the DFE is unstable. This corresponds to 28 — (a1 +y+p) > 0.
Which, following the same steps as above leads to % > 1. Thus, the DFE is locally
asymptotically stable when Ry < 1, and unstable when Ry > 1. [

4.6. Sensitivity Analysis

This section is devoted to the application of sensitivity analysis of the basic reproduc-
tion number, Ry with the model parameters. The derived indices elucidate the significance
of individual parameters in the context of disease emergence and transmission processes.
Furthermore, this sensitivity analysis serves to gauge the model’s resilience to alterations
in parameter values. The following formula is used to ascertain the sensitivity indices:

R ¢ [0Rg
SEN," = — | —-|.
Ry [ ol }

Applying the above formula, we obtain the sensitivity indices of the parameters as

follows:

o SENS =1,

e SENR = —0.3556,
e SENY = -0.1531,
o  SEN® = —0.6436.

The sensitivity analysis indicates that controlling the transmission rate 3 is essential
to mitigate disease spread, as the basic reproduction number (Ry) exhibits the highest
sensitivity to this parameter. While increasing the infected rate (7, xg, a1, a2) also helps
lower Ry by increasing the recovery rate, its impact is comparatively less pronounced. The
natural death rate (¢) also influence Ry, though indirectly. Consequently, interventions that
directly target transmission remain the most effective for controlling the disease within the
model’s framework, followed by strategies that enhance recovery. Figure 2 presented the
sensitivity of Ry to each parameter in the model.

4.7. Scenario Analysis

Beyond the isolated impact of individual parameters on Ry, investigating the interplay
between parameter pairs unlocks a more nuanced comprehension of the model’s com-
plex dynamics. This pairwise analysis reveals how synergistic effects and countervailing
influences between parameters jointly shape disease transmission, a phenomenon often
obscured when considering single-parameter variations alone. The 3D contour plots shown
in Figure 3 effectively visualize the responses of Ry across these multifaceted parameter
landscapes, thus illuminating the sensitivity of the basic reproduction number to changes
in joint parameters. In addition, Figure 4 shows the contour plots of Ry as combinations of
pairs of two parameters, illustrating the basic reproduction number.
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Figure 2. Sensitivity indices of SIR model parameters.
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Figure 3. Contour 3D plots for illuminating the basic reproduction number Ry sensitivity to joint
parameter changes.
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Figure 4. Contour 2D plots for illuminating the basic reproduction number Ry sensitivity to joint
parameter changes.

0.01 0.02
a

4.8. Lipschitz Property

By Lemma 4 in [31], we can convert the PCFD model (1) as the following equivalent
integral equations:

S(z) 0 Ki(zS)
w(0
I(z) | = % To | +EC 07 | Ka(z,T) |, ©)
R(z) Ro Ks(z/R)
where
Ki(2S) = A—Z%L_uS+oR,
Ko(z,1) = 25_ [ao + (g — ao)b%ﬂ]ﬂ— (r+wL
Ks(z,R) = pw+m1—aw£ﬁﬁ—%#+®ﬁ-

Theorem 4. Let S, I, R, S, T, R be continuous functions in L'[o,1]. Define positive constants x1, X2
and x3 such that

S| = S()| < xq, || 1| = I(1)| <xp, || R = R(7)| < x3.
IS I}é’cgl()l e rggl()l 2 | Rl rggd()l 3

Then, the following kernels

Ki(zS) = A—%E—uS+dR,

_ s b
KZ(Z,H) = N — |:UC()+(“] —ao)m:l]l_ (')’"“u)]l,
Ka(zR) = [ao+ (a1 —ao)gly |1 (4 +O)R,
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satisfy Lipschitz conditions with Lipschitz constant k = maxf’:1 {Lx,} >0, such that

‘CKl = Zﬁ% +V)/
Lx, = zls%Jr [DéoJr(l’él*“o)bLH} +(7+M))/
£]K3 = (‘M-i-(s)

Proof. For K;(z,S) = A — %SH — uS + IR, let S,S e Ll [0,1]. Thus,

| (a—2%F —us+oR) - ( —%SH—VSMR) I

B (s-8) I+ul (s-8) |
(2@}‘2 +V>|| S1=S1 I

| Ki(z,8) ~Ki(,8) |

IN

IN

Put L, = (2%2 + y) > 0. Thus, we get

| Ka(z,81) —Ki (2,81) || < L, [ $1 = S ||
To further demonstrate the concept, we can obtain the following:
| Ka(z,$2) — Ko (Zr§2> I < Ly, | S2=$S2 |,

and
| Ka(zR) —Ks (2 R) || < Li | R-R |

Let
k= mgalx{EKi} > 0.
i=

Thus, the kernels K;,i = 1,2,3 are Lipschitz continuous with a Lipschitz constant
k>0.0

4.9. Existence of Solution via Recursive Sequences

In this section, we aim to prove the existence of a solution to the following model
using a recursive sequence approach. We will use the contraction mapping theorem to
show that the sequence converges to a unique solution. By (5) the solution of the model (1)

is given by
S(z) ” So Ki(z,S) RL Ki(z,S)
_ w(0) 1-¢ ¢
I(z) | = == || + 5= | Ka(z,I) | +1Inp I | Ko(z, 1) |.
R(Z) w(z) ]P)C(g) K3 (Z, R) Pc(g) K3 (Z, R)

Let’s represent the given system in a compact operator form. Define:

S(z) So
X(z) = |1(z) |, Xo= | I |,
R(Z) Ro

and
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Thus, the original system can be written as:
w(0) 1-¢ g M
X(z) = Xo + F(z,X(z)) +1In I; ,F(z,X(2)).
(@) = X0+ g FEXE) Hnpgas HuFEX()
Define the operator
w0, , 1-¢ ¢
H(X(z)) = Xo + F(z,X(2)) +1In I, ,F(z,X(2)).
(XE) = D%+ g FEXE) +npprs BaFEX()
We define a recursive sequence of vector functions {X;(z)},n =0,1,2,- - - as follows:
w(0), w0, 1-¢ ¢ My
X,41(2) = Xo + Xo + F(z,X,(2)) +Inp=—— 1, ,F(z,X;(2)).
1(2) = SEX0+ D%+ g FE X)) + Inppas BaFGEX(E)

Theorem 5. Assume that w(z) # 0 for all z in the considered interval [0, T| and the components of
F(z,X(z)) are continuous and bounded for all X and z in the interval [0, T|. Then, the model (1)
possesses a solution provided that:

(J 10 e T
BCQ)  [BCQ)I T+ 1)

where k is the Lipschitz constant defined in Theorem 4.

+ <1,

Proof. Let us define the operator H : C([0, T]) — C([0, T]) as follows

w(0)
w(z)

Forall X,Y € C([0, T]) and z € [0, T], we have

1-¢ g R
pC(g) X)) +np 1/,F(z,X(2)).

H(X(2)) = 0

Xo +

|00 ~H(Y) | € gy | B X(2) ~ Kz X(2) |
g RL "
Hinppirss Tl Fa XE) ~FE @) |,

By Theorem 4, F(z, X(z)) satisfies the Lipschitz condition k = max}_, { Lx, } > 0. Thus,
we obtain that
1-7
PC(Z)
4
PC(2)
1-¢ (g T¥
<k +
IPC(O)  [PC(O)| T(p+1)

Thus, by the Banach fixed point theorem, we have that H is a contraction operator.

I H(X) —H(Y) |[< kI X=Y]

+Inp

RL
kI X =Y [IFE1) 1)z

I X=Y].

Since H is a contraction mapping, the sequence {X,(z)} converges to a limit, which we
denote by X(z). This means that:

lim X, (z) = X(z).

n—oo
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And since X,,11(z) = H(X,(z)), taking limits as n — oo, and since H is a continuous
operator. We have that:

Tim X,r1(2) = lim H(X, (2)) = H(um Xn(z)).

n—o00 n—o0

and

That means the limit X(z) is a fixed point of the operator H. Therefore, X(z) satisfies:

é-R]L

X(z) = YOy 4 1= 1/, F(z,X(2)).

¢
w(z) @t pegF X @) TinPpe

Thus, a recursive sequence of functions X;,(z) approaches the solution. This sequence
converges to a unique function X(z), which represents the solution to the given system,

according to the contraction mapping theorem. Therefore, a solution exists for the given
system. [

5. Numerical Scheme with Power Caputo Fractional Derivative

We will now introduce a numerical method, based on the two-step Lagrange interpola-
tion polynomial [32], to approximate the solution of model (1). This approach is chosen for
its ability to achieve a balance between computational efficiency and accuracy in approxi-
mating solutions to systems of ordinary differential equations. The two-step nature of the
method allows for the inclusion of previous solution values, improving the approximation
in each iteration, while the use of a Lagrange interpolation polynomial ensures that the
approximation fits the known solution points well. From (5), the solution of (1) is given by

wla 1— 2SI
S(z) = » )TZEZ;SO M (Al i ”zgﬁ; 2y
+Ee e Ja G 9)" w(8>(A ~ S+ 0R)ds,

ey + ety (3R — Lo+ (@1 = a0) gy 1= (7 4+ 1)

& = + et Ja (2 ) w(e)x
(@ - {"‘0 + (a1 — Déo)b%ﬂﬂ —(r+ y)H)ds,
0 1—

R = { ot wen (ot et e o)

n z _

g Ja @ 9" ) (|20 + (@1 - a0)ty 1= (u+ O)R).

Let z;, = a + mh with m € N and & are the discretization step. One has

w(a 2BSI
S(zmy1) = Gy )ICWé ))So + \p(c(g)‘ (A /51 ySJrcSIZRQSH( m)
+ et Ji (zmr — )Y w(s) (A — BE — S+ 6R ) ds,
%Hﬁwﬁg)'(%ﬁ‘[“ +( “0)h+ﬂ (7+V)>( )
ema) = +ECE A Jo En = )Y M (s) x
<@_ [ao+(¢x1—a0)bi+ﬂ} — (y+ ) ) s

0 1—
R(zpe) — 1 ”z«?”éiﬂﬁwé»([“oﬂfl—ao)bh]ﬂ—wwm (m)
" n Zm —
+ e S s — )Y w(s) (w0 + (1 — o) gl 1= (4 + )R ) ds,
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which yields
1- 258]1
tearSo & gty (A — 2 — w8+ 0R) (m)

In(p 1

S(zmy1) = +W Yito f Hzpgr — ) w(s) %
(A - @ — yS+(5]R)ds,
s+ iy (3 - o+ e~ o= (4 ) )

In m -1
Izpe1) = +WPC(C|)|1"% Y fZZ]Hl (z141 — )Y tw(s) x
o - fao + (a1 — ao)b%ﬂ}]l —(r+ ,M)]I)ds,

o + iy ([0 + (1 — w0) g [T+ 71— ( + OR) (m)
Rlemaa) = +W T S (aria — )" eo(s)
0+ (a1 — a) b+ﬂ} I+90— (u+ J)R)ds.

By Lagrange interpolation polynomial through the points (z;_1,S(z;_1),1(z;_1),
R(z;_1)) and (z;,S(z),1(z;),R(z;)),1 =1,2,3,--- ,mand h = z;_1 — z;, we obtain

S0+ ey (A — 28 — HS + OR) (m)
2SI
In(p w(i-1) (A— 2 —uS+oR) (1-1)
+—m X 3 X
S(mia) = 4O ©

w(l) (A= ys+oR) (1
[ (a1 — 99— s)as 1 “OOTR RO

fz,zﬂ (2101 =) (s - Zlfl)ds} /

u?éu,n)) Io + \IP}(C_(g)\ (@ - ["‘0 + (1 — “O)b%ﬂ}ﬂ — (7 +M)H> (m)
lin(p) w(i—1) (25— [0+ (o1 —a0) g JI- (y+#)1) (1=1)
_ RO R Tt G x ;
Izpsr) = (8 —ter e itrenn) 0 )
lem(zl 1 *S)lpil(Z[fs)dSﬁ» N 0T (&1 hO b1 TTH %
S22 =)0 s = zia)ds]
;‘E(Zm)) ]10 + ‘P(c(g)‘ ([“0 + ("‘1 - O)bLJrHj| (V +5)R>( )
In(p)|C w(1-1) ([wo+ (a1 — ) 527 |1 (u+0)R) (1-1)
_ ) e T : e x g
R(zm) = w(z)([ (- )L]H (h+6)R) (1) ®
Sz - )V (z) —s)ds + e X
flﬂ(zl 1=8)" (s —z19) }
Furthermore, we have
Z141 -~ h¢+l
/Zl " (zZmgr — )V (2 — s)ds = eE) {(m DY (m—14+1+¢)— (m—1 +1)¢+1]/ )
and
z 1 — Yim—1+24¢)
M ez s = (=l Dm =124
é’ (Zm+1 S) (S Z]_ 1) lp(lp+1) ( _l)l/}(m_l+2+2¢) ( )
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Thus, by (9) and (10), the Equations (6)—(8) becomes as follows
f(% S0+ peggyy 1 (2, S(z) ) (m)
S(zmi1) = I +petsm ey T @~ D@1, S@o))AL,
+w(1) 1 (21,8(2))()BY, ],
17
N )ih{,zg;gno + e 92 (2 1(zm))
I(zmy1) = +‘p@(§)‘?(5+2) ) 2?1:1 [w(l —1)pa(zi- 1/]1(2171))“41,[:1,1 (12)
+w(1)pa (21, 121)) (DBY,) |
1+ Brbyoaon Rlen)
R(zmi1) = ""p@( )“1?((5,1]; W (zm) Zl 1[3‘7(1_1)@3(21 1/R(Zl—1))¢4,lf1ll (13)
+w(1) 3 (21, R(21)) (1) BY |
where
1(28(2) = A—PHLE _us(z) +0R(2),
p2(2,1(z)) = P — lag + (a1 — o) 5l |1(z) - (v + W),
Pz R(z) = [0+ (11— w0)5y]I(z) — (1 +O)R(2),
AV = (m =D (m -1+ 1+ y) — (m—1+1)",
BY = (m—1+1)¥(m—1+2+9)— (m—1)¥(m—1+2+2y).

6. SIR Model on COVID-19

A key strength of this model lies in its enhanced capabilities to simulate a range of
real-world infectious disease scenarios. Specifically, the model incorporates the SR term
(where ¢ represents the rate of immunity loss), thereby enabling the capture of diseases
where protection following infection is not lifelong, such as influenza. In such cases,
the model can effectively investigate the initial propagation of novel strains within a
susceptible population, and providing insights into the effectiveness of early intervention
strategies. Furthermore, the PCFD employs a flexible framework for capturing diverse
memory and non-local effects within disease dynamics according to its power parameter
p, and generalizes well-known fractional derivatives. Moreover, a density-dependent
recovery rate, represented mathematically by [ao + (21 — o) b%ﬂ] , accounts for the impact
of healthcare resource limitations, a feature particularly relevant for simulating outbreaks
where access to medical care significantly influences outcomes. In this section, we illustrate
the application and behavior of the SIR model using parameters representative of the
COVID-19 pandemic (Table 2) to provide a concrete real-world example and motivate the
use of this advanced fractional framework.

Here, we consider z € [0,1000], and the values of parameters as in Table 2 with initial
conditions (So, Ip, Rg) = (90,40,30). The complete code of simulations is provided in a
GitHub repository via the link: https:/ /github.com/Almalahi/COMPLETE-CODE-SIR-
MODEL (accessed on 29 March 2025).


https://github.com/Almalahi/COMPLETE-CODE-SIR-MODEL
https://github.com/Almalahi/COMPLETE-CODE-SIR-MODEL
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Table 2. Values of Model Parameters.

Parameter Value Units Ref.
A 1.75 Individual/Time [29]
B 0.01 (Individual - Time) ! [33]
U 0.005 Time ™! [29]
) 0.04 Time ™! [34]
X 0.2 Time ™! [29]
0 0.21 Time ! [23]
b 0.3 Individual [29]
¥ 0.2 Time ™! [35]

By these values, with PCFD model (1), we have Figures 5-7 present a graphical
depiction of the S, I and R with different fractional order of the PCFD model (1).

Susceptible Population (S) with Different Fractional Orders 60 Infected Population (1) with Different Fractional Orders

— — %=03
— {=0.35
— 7=0.4
— =0.45
500 50
400
40
m —
300
30
200
20
100
10
0 200 400 600 800 1000 0 200 400 600 800 1000
Date Date
Recovered Population (R) with Different Fractional Orders
70 — 0=0.3
—— 7=0.35
— 7=04
60 — =045
50
40
o
30
20
10 L/
0 200 400 600 800 1000
Date

Figure 5. Graphical depiction of the Susceptible S, Infected I and Recovered R classes with p = 10,
tp =2and ¢ = 0.3,0.35,0.4,0.45 of the power-law Caputo fractional model.

These visualizations offer a direct view into the dynamic interplay of the three epi-
demiological classes in different cases, illustrating their temporal evolution.
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Susceptible Population (S) with Different Fractional Orders Infected Population (1) with Different Fractional Orders
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— 5:0.95
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400 40
(V)] -
30
300
20
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30
20
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0 50 100 ..o 150 200 250
Figure 6. Graphical depiction of the Susceptible S, Infected I and Recovered R classes with p = 100,
p =2.5and { = 0.8,0.85,0.9,0.95 of the power-law Caputo fractional model.
Susceptible Population (S) with Different Fractional Orders Infected Population (1) with Different Fractional Orders
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Figure 7. Graphical depiction of the Susceptible S, Infected I and Recovered R classes with p = 10,

p =25and { = 0.8,0.85,0.9,0.95 of the power-law Caputo fractional model.
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7. Symmetric Cases of Model (1)

The fractional derivative employed within model (1) offers a high degree of gen-
eralization, encompassing several symmetric cases contingent upon the specific choices
of its parameters (, i, the fractional derivative’s power, p, and the weighting function,
w(z). In the ensuing subsections, we will explore and analyze simulations of these distinct
symmetric scenarios, for comparison, to highlight the flexibility of the PCFD and illustrate
the versatility and richness of the fractional model using the COVID-19 representative
parameter set.

SIR COVID-19 Model with Caputo-Fabrizio Fractional Approach

Ifw(z) =1,p = e, = 1. Then, the model (1) reduce to the Caputo-Fabrizio fractional
COVID-19 model given by

FCDES(z) = A — R — S+ oR,
1, 2BSI

PCDY l(z) = 27 — [ao + (@ — rxo)b%dﬂ —(r+ml (14)
A,

ECDEJ ER(Z) = [DC() + (2 — “O)bLH}H —(u+o)R.

With the same parameter values in Table 2, the graphs of approximate solutions in
case of Caputo—Fabrizio model (14) are given as follows:

Figures 8 and 9 provide a detailed graphical representation of the classes S, [, and R,
withw(z) =1, p = ¢, = 1. in different fractional order of the Caputo—Fabrizio fractional
model (14).

Susceptible Population (S) with Different Fractional Orders 50 Infected Population (1) with Different Fractional Orders
500 ] — Z=0.8 —— — =08
— {=0.85
— 7=0.9
— =095
40
30
20
10
0 100 150 200 250 0 50 100 150 200 250
Date Date

Recovered Population (R) with Different Fractional Orders

60

— t=08

50

40

30

20

10

50 100 150 200 250 300
Date

Figure 8. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the Caputo—Fabrizio fractional model (14) with w(z) =1,p = ¢, = 1. and { = 0.8,0.85,0.9,0.95.
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Figure 9. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the Caputo-Fabrizio fractional model (14) with w(z) =1,p = e, = 1. and { = 0.3,0.35,0.4,0.45.

SIR COVID-19 Model with Atangana-Baleanu Fractional Approach
If w(iz) = 1,p = ¢, = . Then, the model (1) reduce to the Atangana—Baleanu
fractional COVID-19 model given by

PCDELes (2 ) — 2 _ S + R,
P@Dw 2/381I [a0+ a1 — & biﬂﬂ— (r+mwl (15)
IE"(CD“’ R(z ) = [ + (o "‘O)bﬂl} —(n+o)R.

The graphs of approximate solutions of Atangana—Baleanu fractional model (15) are
given as follows:

° Figure 10 provide a detailed graphical depiction of S, I, and R populations as simu-
lated by the Atangana-Baleanu fractional model (15) with w(z) =1,p =¢,{ = ¢ and
£ =0.3,0.35,0.4,0.45.

SIR COVID-19 Model with Weighted Atangana—-Baleanu Fractional Approach
If p = ¢, = 1. Then, the model (1) reduce to the weighted Atangana—Baleanu
fractional model given by

FCDYG S (2 ) L yS + 4R,
]P’(CDétf.e 2ﬁS]I [ —ap biﬂ}ﬂ_ ('Y"‘.“)H/ (16)
FCDEGR(z > - [ + (s «wm} ~(n+O)R

The graphs of approximate solutions of weighted Atangana-Baleanu fractional model
(16) are given as follows:
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e  Figures 11 and 12 provide a detailed graphical depiction of S, I, and R populations as
simulated by the weighted Atangana-Baleanu fractional model (16) with w(z) = z+1,
p = ¢,{ = P with different fractional order.

Susceptible Population (S) with Different Fractional Orders Infected Population (I) with Different Fractional Orders
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e

Figure 10. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the Atangana-Baleanu fractional model (15) with w(z) =1,p =e¢,{ = p and { = 0.3,0.35,0.4,0.45.

SIR COVID-19 Model with Weighted Generalized Hattaf Fractional Approach
If p = e. Then, the model (1) reduce to the weighted generalized Hattaf fractional
model given by

ECDYYrS(z) = A — 22 yS + R,
FEDL () = ZﬁSH [ 1 — o) 51— (v + )L, (17)
IP(CD(:l'Ue R(z) = { + (¢ ‘XO) b+11} —(+ )R

The graphs of approximate solutions of weighted generalized Hattaf fractional model
(17) are given as follows:

Figures 13 and 14 provide a detailed graphical depiction of S, I, and R classes as
simulated by the weighted generalized Hattaf fractional model (17) withw(z) =z+1,p=e
with different fractional order.
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Susceptible Population (S) with Different Fractional Orders

Infected Population (1) with Different Fractional Orders
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Figure 11. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the weighted Atangana—Baleanu fractional model (16) with w(z) = z+1,p = ¢, = ¢ and
¢ =0.8,0.85,0.9,0.95.

Susceptible Population (S) with Different Fractional Orders Infected Population (I) with Different Fractional Orders
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Figure 12. Graphical depiction of the Susceptible S, Infected I, and Recovered R classes as simulated
by the weighted Atangana—Baleanu fractional model (16) with p =¢,{ = ¢.
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Susceptible Population (S) with Different Fractional Orders Infected Population (1) with Different Fractional Orders
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Figure 13. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the weighted generalized Hattaf fractional model (17) with w(z) = z+1,p = eand and { =

0.8,0.85,0.9,0.95.
Susceptible Population (S) with Different Fractional Orders Infected Population (1) with Different Fractional Orders
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Figure 14. Graphical depiction of the Susceptible S, Infected I and Recovered R classes as simulated
by the weighted generalized Hattaf fractional model (17) with w(z) = z+1,p = eand and { =

0.3,0.35,0.4,0.45.
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Tables 3-7 address the comparison of fractional models and the standard integer-order
SIR model against the “Actual COVID-19 Trend” characteristics.

Table 3. Comparative Evaluation Between Classical and power Fractional SIR Models vs. Actual
COVID-19 Data (Duration for { = 0.85 adjusted based on visual inspection of Figures 6 and 7).

Model Tvpe Peak Inf. Time Max Infected Epidemic Duration Alignment with
yp (days) Individuals (days) Real Data
Integer-order SIR [23,29] 35 48 ~90 Moderate
Fractional SIR (¢ = 0.85) 50 40 ~150 High
Actual COVID-19 Trend [36] 50-55 ~39-42 ~130-140 —
Table 4. Caputo—Fabrizio SIR Model (w(z) = 1,p = e, ¢ = 1.) vs. Actual COVID-19 Data.
Peak Inf. Time Max Infected Epidemic Duration Alignment with
Model Type
(days, approx.) (Imax, approx.) (days, approx.) Real Data
Integer-order SIR [23,29] 35 48 ~90 Moderate
Fractional SIR
(Caputo-Fabrizio, { = 0.85) ~40 ~39 ~130 High
Figures 8 and 9
Actual COVID-19 Trend [36] 50-55 ~39-42 ~130-140 —
Table 5. Atangana-Baleanu SIR Model (w(z) = 1,p =¢,{ = .) vs. Actual COVID-19 Data.
Peak Inf. Time Max Infected Epidemic Duration Alignment with
Model Type
(days, approx.) (Imax, approx.) (days, approx.) Real Data
Integer-order SIR [23,29] 35 48 ~90 Moderate
Fractional SIR
(Atangana-Baleanu, { = 0.45) ~35 ~38 ~250 Low to Moderate
Figure 10
Actual COVID-19 Trend [36] 50-55 ~39-42 ~130-140 —
Table 6. Weighted Atangana-Baleanu SIR Model (w(z) =z+1,p =e¢,{ = ) vs. Actual COVID-19
Data.
Peak Inf. Time Max Infected Epidemic Duration Alignment with
Model Type
(days, approx.) (Imax, approx.) (days, approx.) Real Data
Integer-order SIR [23,29] 35 48 ~90 Moderate

Fractional SIR (Weighted AB,

¢ = 0.80) Figures 11 and 12 ~22 ~40 ~110 Low
Fractional SIR (Weighted AB,

7 = 0.45) Figures 11 and 12 ~45 ~30 ~250 Low
Actual COVID-19 Trend [36] 50-55 ~39-42 ~130-140 —

Table 7. Weighted Generalized Hattaf SIR Model (w(z) = z+ 1, p = €) vs. Actual COVID-19 Data.

Model Type Peak Inf. Time Max Infected Epidemic Duration  Alignment with
yp (days, approx.) (Imax, approx.) (days, approx.) Real Data

Integer-order SIR [23,29] 35 48 ~90 Moderate

Fractional SIR (Weighted Hattaf, 50 40 130 High

¢ = 0.95) Figures 13 and 14
Actual COVID-19 Trend [36] 50-55 ~39-42 ~130-140 —
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8. Discussion and Biological Interpretation

This study introduced a novel SIR model incorporating a generalized PCFD and ap-
plied it using parameters representative of the COVID-19 pandemic (Table 2) to provide a
concrete real-world example and illustrate the potential of this advanced fractional frame-
work. The simulation results, presented in Figures 5-14 and summarized comparatively
in Tables 37, offer significant insights into how fractional calculus, particularly the flexi-
ble PCFD approach, can capture diverse epidemic dynamics. This section discusses the
biological interpretation of these findings, evaluating the performance of different frac-
tional derivatives against the standard integer-order model and benchmark characteristics
derived from actual COVID-19 trends, thereby addressing the need to demonstrate the
model’s relevance and potential advantages through illustrative simulations.

Our analysis reveals that the choice of fractional derivative and its associated parame-
ters (C, p, ¥, w(z)) profoundly influences the predicted epidemic trajectory, even when using
the same underlying parameter set (Table 2). This is clearly demonstrated in Tables 4-7,
where different symmetric cases of the PCFD yield markedly different alignments with the
benchmark COVID-19 trend. This highlights the importance of selecting an appropriate
modeling framework and tuning its parameters carefully for specific applications. The
fractional order, (, is particularly influential, primarily modulating the “memory” embed-
ded in the system—how strongly past events influence present dynamics. The ability to
adjust this memory effect via { is key to potentially achieving improved alignment with
real-world data. For instance, compared to the baseline integer-order model which showed
only moderate alignment (Tables 4-7), specific fractional models like Caputo-Fabrizio
(¢ = 0.85, Table 4) and Weighted Hattaf ({ = 0.95, Table 7) demonstrated high alignment,
successfully capturing the peak timing, magnitude, and duration characteristics of the
benchmark trend much more closely. This improved fit, as summarized in the overall
comparison (Table 3), suggests that the memory effects implicit in these specific fractional
orders better represent the underlying dynamics of the illustrative COVID-19 scenario than
the standard derivative. Conversely, other fractional derivatives like Atangana—Baleanu
(Table 5) and Weighted Atangana—Baleanu (Table 6) showed low alignment for the tested
parameters, emphasizing that simply using any fractional derivative does not guarantee
superiority.

The PCFD model, by its generalized nature encompassing these various forms, allows
for tuning these elements, offering enhanced flexibility to potentially match specific disease
characteristics more accurately than restrictive models. We now examine the behavior of
each population compartment, interpreting the simulation results (Figures 5-14) in light of
the comparative evaluation Tables:

e  Susceptible Population (S): As expected, S initially declines in all simulations. How-
ever, the rate of decline and subsequent recovery or stabilization varies significantly,
impacting the overall epidemic duration and alignment score. Models achieving
high alignment (Tables 4 and 7) exhibit S dynamics consistent with the benchmark
epidemic duration (130-140 days), showing significant depletion by the peak infection
time (e.g., S = 220 for CF, S ~ 200 for WGH at peak) and partial recovery towards the
end (S = 200 for CF, S ~ 180 for WGH). In contrast, models with lower alignment, such
as Atangana—Baleanu (Table 5), show dynamics (e.g., S =~ 150 at end) reflecting the
much longer predicted epidemic duration (~250 days). The diversity in S-dynamics
across Figures 5-14 illustrates the PCFD framework’s capacity to represent varied
scenarios, including those with potentially faster (e.g., Figure 11, WAB) or slower (e.g.,
Figure 10, AB) susceptibility changes compared to the benchmark.

e Infected Population (I): The dynamics of the I compartment are central to the com-
parative evaluation. The benchmark trend showed a peak around 50-55 days with
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a relative magnitude of ~39-42 individuals. The integer-order model predicted
an earlier (35 days) and higher (48 individuals) peak (Tables 4-7). Significantly,
the Caputo-Fabrizio ({ = 0.85, Table 4) and Weighted Hattaf ({ = 0.95, Table 7)
models closely matched the benchmark peak time (~40/~50 days) and magnitude
(~39/~40 individuals). This successful replication highlights the potential of these
fractional approaches (summarized in Table 3). In contrast, the Atangana—Baleanu
model (Table 5) predicted an early peak (~35 days), and the Weighted Atangana-
Baleanu model (Table 6) predicted either a very early peak (~22 days for { = 0.80)
or a lower peak magnitude (~30 for { = 0.45), both failing to align well with the
benchmark I curve characteristics. The PCFD’s ability to generalize allows it, in
principle, to capture dynamics ranging from the well-aligned cases (like WGH) to the
less aligned ones (like AB), depending on the chosen parameters (p, ¥, w(z), {). The
modulation of peak characteristics via the fractional definition, combined with the
density-dependent recovery term [30], is crucial for realistic simulation.

e  Recovered Population (R): The accumulation of the R population reflects the pro-
gression towards the end of the epidemic wave. In models with high alignment
(Tables 4 and 7), the R curve rises steadily and approaches its plateau around the
benchmark duration of 130-140 days (reaching R ~ 160 for CF, R ~ 180 for WGH).
This contrasts sharply with models showing poor duration alignment, like Atangana—
Baleanu (Table 5), where the R population continues to rise significantly beyond
140 days, reaching R ~ 210 only around 250 days. The diverse shapes of the R curves
in Figures 5-14 again showcase the flexibility conferred by the fractional derivative
choice, influencing factors like apparent recovery speed and the final proportion
recovered within a given timeframe, relevant to understanding immunity accumula-
tion [33].

In conclusion, this section explicitly addressed the need for demonstrating the real-
world relevance and motivation of the proposed PCFD SIR model through comparative
evaluation (Table 3). By applying the model using COVID-19 representative parame-
ters (Table 2) and comparing the outcomes against a benchmark trend (Tables 4-7), we
have shown that specific fractional derivatives generalized by the PCFD (namely Caputo—
Fabrizio and Weighted Hattaf under the tested conditions) can offer superior alignment
compared to the standard integer-order model. The primary motivation for using the
generalized PCFD framework lies in its inherent flexibility to capture a wider spectrum
of dynamics—particularly varying memory effects influencing transmission, peak charac-
teristics, and recovery patterns—than is possible with standard integer-order models or
single fixed fractional derivatives. The results clearly indicate that the choice of fractional
derivative significantly impacts predicted epidemic dynamics, and careful selection or
fitting is crucial. The comparative tables strongly suggest that the PCFD approach offers a
valuable and adaptable tool for exploring.

9. Conclusions

This study introduced and analyzed a novel fractional Susceptible-Infected-Recovered
(SIR) model incorporating PCFD and a density-dependent recovery rate reflecting health-
care capacity constraints. We proved solutions’ boundedness and positivity, analysed the
stability of the disease-free equilibrium, derived an explicit formula for the basic repro-
duction number (Rp), and conducted a sensitivity analysis. The analysis confirms the
biological plausibility of the model and reveals the dominant influence of the transmis-
sion rate () on Ry. Numerical simulations vividly demonstrate the significant impact
of the fractional order ({) on crucial epidemic characteristics, such as peak timing and
severity. This highlights a core strength and challenge of fractional modeling: the choice of



Fractal Fract. 2025, 9, 251

28 of 30

derivative and its associated parameters—the fractional order , the power parameters p
and 1, and the weighting function w(z)—collectively determine the type and strength of
memory embedded within the model. These choices profoundly influence predicted epi-
demic dynamics in simulation, modulating how past events shape current infection rates,
recovery processes, and mortality, thereby substantially altering projections of epidemic
spread, peak characteristics, and overall duration. For instance, lower fractional orders
generally emphasize longer-term historical dynamics, while higher orders prioritize more
recent events. The PCFD framework’s generality, encompassing specific derivatives like
Caputo-Fabrizio, Atangana-Baleanu, and generalized Hattaf (including weighted variants)
as special cases, offers significant flexibility. However, this underscores the critical impor-
tance of selecting or fitting these fractional parameters appropriately for specific disease
contexts, as different choices lead to distinct predictions in model outputs. Furthermore,
the model’s inclusion of detailed recovery pathways (both dependent on and independent
of healthcare intervention) and an infection-induced death rate enhances its realism in rep-
resenting diverse disease outcomes and the impact of healthcare systems. The comparison
Tables 3-7 demonstrates that models incorporating fractional derivatives—particularly the
Caputo-Fabrizio (CF) and weighted generalized Hattaf (WGH) cases—yield predictions
that are more consistent with observed data in terms of peak infection timing and total
case count. The advantage of fractional-order derivatives over classical models lies in their
inherent ability to capture memory and hereditary properties of the infection dynamics.
This allows the model to account for the influence of historical infection rates on current
behavior—something integer-order models fundamentally lack. As seen in our simulations
and comparative analysis, fractional models adjust more effectively to real-world outbreak
patterns, thereby offering superior descriptive and predictive power. One of the unique
strengths of our approach is the use of the Power Caputo Fractional Derivative (PCFD),
which serves as a unifying operator encompassing various well-known fractional deriva-
tives as special cases. This flexibility not only provides a broader mathematical foundation
but also allows the model to be calibrated based on specific memory kernels suited to
different types of epidemics. Such generality enhances the model’s adaptability across a
spectrum of diseases with varying temporal characteristics.. Future work will focus on
extending this model to incorporate spatial dynamics and age-structured populations, as
well as calibrating and validating the model against specific real-world epidemiological
time-series data, aiming to further enhance its utility for detailed epidemic forecasting
and control.
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