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Abstract. The zoonotic infection campylobacteriosis poses a significant public health burden,
contributing to widespread morbidity and, in severe cases, mortality, particularly among vulnera-
ble populations such as children, the elderly, and immunocompromised individuals. The economic
impact is considerable, with costs arising from medical care, hospitalization, lost productivity, and
the need for stringent food safety measures. In this paper, we model the dynamics of campylobac-
teriosis with drug resistance in humans and animals using fractional derivatives. The fundamental
concepts of fractional derivatives are presented to analyze the disease dynamics. Our work focuses
on both the quantitative and qualitative analysis of the proposed model. The fixed-point theorem
is applied to investigate the existence and uniqueness of solutions. We also examine the stability
of the system through analytical techniques. To further explore the system, a numerical scheme
is introduced to visualize the solution pathways and assess the influence of various factors. We
demonstrate the dynamics of campylobacteriosis with drug resistance, highlighting the effects of
different factors on infection levels. Furthermore, our results identify the key factors crucial for
effective disease control and management.
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1. Introduction

The most common bacterial infection, campylobacteriosis, which primarily causes gas-
troenteritis in humans, is mainly caused by Campylobacter coli and Campylobacter jejuni
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[20]. The disease is primarily zoonotic, meaning it is transmitted from animals to humans,
with the most common sources being contaminated poultry, untreated water, and raw milk.
Symptoms include abdominal pain, fever, diarrhea, and nausea, typically lasting from
several days to a week [5]. In severe cases, particularly in vulnerable populations such as
young children, the elderly, and immunocompromised individuals, the infection can lead to
complications such as bacteremia or neurological conditions like Guillain-Barré syndrome.
The seasonal nature of campylobacteriosis, often peaking in warmer months, underscores
the importance of continuous monitoring and food safety practices to reduce transmission
rates [6]. The growing concern over antimicrobial resistance (AMR) in Campylobacter
species poses a significant challenge for treatment. Resistance to commonly used antibi-
otics, such as fluoroquinolones and macrolides, has increased, making severe cases more
difficult to manage and prolonging illness duration [9]. This rising resistance highlights the
need for stricter regulatory measures in both human medicine and agriculture, where an-
tibiotic use in livestock contributes to resistance. Addressing campylobacteriosis requires
a multifaceted approach, including improved hygiene in food handling, water treatment,
and surveillance to prevent outbreaks. Additionally, research aimed at understanding the
dynamics of campylobacter transmission and resistance is crucial for developing effective
public health interventions and safeguarding food safety [4].

Mathematical models are essential tools for representing real-world problems, and nu-
merous techniques have been developed to effectively conceptualize these models [2]. Sev-
eral mathematical models have been developed to study the transmission dynamics of
campylobacteriosis. A comprehensive understanding of the dynamics of campylobacte-
riosis at both policy and implementation levels in public health is essential for devising
optimal control strategies and cost-effective prevention measures [4]. Deterministic models
are critical in enhancing this understanding by offering a theoretical framework that iden-
tifies key factors contributing to the spread and control of the disease [8, 13]. Deterministic
modeling involves the development, testing, and validation of models that mathematically
represent natural phenomena, systems, or hypotheses. These models provide a systematic
approach to understanding and predicting the behavior of such phenomena from a math-
ematical perspective [18, 19]. The emergence of drug-resistant Campylobacter strains has
become a major public health issue [24]. The overuse of antibiotics, especially in livestock,
has fueled resistance, making infections harder to treat. Drug-resistant Campylobacter
spreads between animals and humans through contaminated food, water, or direct con-
tact, complicating control efforts [23]. This resistance significantly reduces the efficacy of
antibiotics such as fluoroquinolones and macrolides, thereby increasing the risk of severe
illness. Understanding the dynamics of drug-resistant campylobacteriosis is crucial for
formulating effective strategies to mitigate its spread and safeguard public health. Conse-
quently, this study investigates the transmission dynamics of campylobacteriosis in both
human and animal populations, with a particular emphasis on the implications of drug
resistance.

Fractional calculus offers several advantages for modeling real-world problems, partic-
ularly in fields like biology, engineering, finance, and physics [7, 22]. The application of
fractional calculus to real-world problems facilitates a deeper understanding of complex



S. Boulaaras et al. / Eur. J. Pure Appl. Math, 17 (4) (2024), 3781-3800 3783

systems, leading to more effective solutions and interventions in various fields [3, 14]. The
use of non-integer framework in modeling biological phenomena enhances the accuracy,
flexibility, and comprehensiveness of mathematical representations, facilitating a better
understanding of the complex dynamics inherent in biological systems [15, 21]. This ef-
fectiveness ultimately contributes to improved predictions, analyses, and interventions in
various biological and public health contexts [1]. This flexibility of fractional calculus
enhances the realism of mathematical models, facilitating the exploration of non-linear
interactions and complex feedback mechanisms inherent in biological processes [11, 16].
Consequently, fractional calculus functions as a robust framework for enhancing our un-
derstanding of biological dynamics, thereby facilitating the development of more effective
strategies for disease control, treatment planning, and public health interventions. Thus,
we have opted to model the dynamics of campylobacteriosis using fractional calculus to
achieve more detailed and reliable results for best control policies.

The research is structured as follows: Section 2 outlines the core ideas and principles
of fractional theory. Section 3 introduces a model designed to capture the transmission
dynamics of campylobacteriosis in humans and animals with drug resistance. In Section 4,
a thorough analysis of the campylobacteriosis dynamics is conducted. Necessary stability
conditions are established in Section 5. In addition to this, a computational technique is
presented to illustrate the system’s solutions under varying input factors. The final section
provides a summary and concludes with final remarks.

2. Theory and results

Here, we present the ideas of Caputo’s fractional operator to investigate the dynamics
of campylobacteriosis. The fundamental concepts and theory are detailed as:

Definition 1. [17]. Suppose b(t) such that b(t) ∈ L1([g, h], R), then the integral Caputo is

ℏIg
g+
b(t) =

1

Γ(ℏ)

∫ t

0
(t− r)ℏ−1b(r)dr, (1)

where ℏ is the fractional order with 0 < ℏ ≤ 1.

Definition 2. [17]. If we take b(t) such that b(t) ∈ Cn[g, h], then the Caputo derivative
is presented as

LCDℏ
0+b(t) =

1

Γ(n− ℏ)

∫ t

0
(t− r)n−ℏ−1hn(r)dr. (2)

Lemma 1. [17]. Suppose b(h) and take the subsequent system{
LCDℏ

0+b(t) = u(t), t ∈ [0, τ ],
b(0) = u0, n− 1 < ℏ < n,

(3)

whereas u(t) belongs to C([0, τ ]) and

b(t) =
n−1∑
i=0

dit
i, for i = 0, 1, . . . , n− 1 and di ∈ R.
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Definition 3. For Caputo operator, the Laplace transformation is expressed as

£[LCDℏ
0+b(t)] = rℏb(r) −

n−1∑
k=0

rℏ−k−1bk(0), (4)

whereas n− 1 < ℏ < n. Additionally, the norm on X is defined as

||b|| = max
t∈[0,τ ]

{|b|, for all b ∈ X }. (5)

Theorem 1. [10]. Suppose X denote a Banach space, with the condition that the mapping
G : X → X is simultaneously compact and continuous. If

E = {b ∈ X : b = λGb, λ ∈ (0, 1)}, (6)

is bounded, then, there is a fixed point of G.

3. Formulation of fractional dynamics

Here, we formulate the transmission dynamics of campylobacteriosis in animals and
humans with drug resistance. The animal population is denoted by Na , while the human
population is symbolized by Nh. In this formulation, each population is further distributed
into three classes: susceptible, infected, and recovered individuals. We assumed the re-
cruitment and natural death rate of humans by Ξh and µh while the recruitment and
natural death of the animals is denoted by Ξa and µa.

Regarding the population of infected humans, they undergo treatment at a consistent
rate of ϵ1θ1, where ϵ1 denotes the efficacy of the drug, and the recovery due to drug is
indicated by τ1. In addition to this, ϵ1τ1p1Ih shows the strength of Ih who show resistance
to the drug, with p1 ranging between 0 and 1 signifying the ratio of resistance acquisition
to the drug. Therefore, the expression ϵ1τ1(1 − p1)Ih signifies the fraction of susceptible
individuals affected by the drug. Moreover, a segment of the Ih undergoes spontaneous
recovery at a rate denoted by δ, while another portion succumbs to the infection at a rate
of ρ. In the same way for animals population, they undergo treatment at a consistent
rate of ϵ2θ2, where ϵ2 denotes the efficacy of the drug, and the recovery due to drug is
indicated by τ2. In addition to this, ϵ2τ2p2Ia show strength of Ia who show resistance
to the drug, with p2 ranging between 0 and 1 signifying the ratio of resistance acquisition
to the drug. Therefore, the expression ϵ2τ2(1 − p2)Ia signifies the fraction of susceptible
animals affected by the drug. Moreover, a segment of the Ia undergoes spontaneous
recovery at a rate denoted by δ, while another portion succumbs to the infection at a
rate of ρ. In Figure 1, the flow chart of the infection has been illustrated to highlight the
overall phenomena. Then, we have the dynamics of campylobacteriosis in term of ODE
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with the above assumptions is given by

dSh
dt = Ξh − βh(Ih + Ia)Sh + νhRh − µhSh,
dIh
dt = βh(Ih + Ia)Sh − ϵ1τ1(1 − p1)Ih − (γh + αh + µh)Ih,

dRh
dt = ϵ1τ1(1 − p1)Ih + γhIh − (νh + µh)Rh,

dSa
dt = Ξa − βa(Ih + Ia)Sa + νaRa − µaSa,
dIa
dt = βa(Ih + Ia)Sa − ϵ2τ2(1 − p2)Ia − (γa + αa + µa)Ia,

dRa
dt = ϵ2τ2(1 − p2)Ia + γaIa − (νa + µa)Ra,

(7)

where

0 ≤ Sh(0), 0 ≤ Ih(0), 0 ≤ Rh(0), 0 ≤ Sa(0), 0 ≤ Ia(0) and 0 ≤ Ra(0).

Additionally, the size of animals

Na = Sa + Ia + Ra,

similarly, the size of humans
Nh = Sh + Ih + Rh.

A fractional framework for an epidemic model involves incorporating fractional-order

Figure 1: Flow chart of the dynamics of campylobacteriosis.

differential equations or fractional calculus principles into the traditional models used
to describe the spread of infectious diseases. By introducing fractional derivatives or
integrals, the model can capture memory effects and long-range interactions, providing a
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more accurate description of certain epidemiological phenomena. Therefore, we represent
the above model of malaria via non-integer derivative as

LC
0 Dϑ

t Sh = Ξh − βh(Ih + Ia)Sh + νhRh − µhSh,
LC
0 Dϑ

t Ih = βh(Ih + Ia)Sh − ϵ1τ1(1 − p1)Ih − (γh + αh + µh)Ih,
LC
0 Dϑ

t Rh = ϵ1τ1(1 − p1)Ih + γhIh − (νh + µh)Rh,
LC
0 Dϑ

t Sa = Ξ − βa(Ih + Ia)Sa + νaRa − µaSa,
LC
0 Dϑ

t Ia = βa(Ih + Ia)Sa − ϵ2τ2(1 − p2)Ia − (γa + αa + µa)Ia,
LC
0 Dϑ

t Ra = ϵ2τ2(1 − p2)Ia + γaIa − (νa + µa)Ra.

(8)

In the above, the Liouville-Caputo’s operator is indicated by LC
0 Dϑ

t , with the index
of memory represented by the symbol ϑ. The results derived from fractional systems
offer increased reliability and precision owing to the non-local characteristics inherent
in biological processes. Additionally, fractional systems possess a hereditary property,
offering insights into both past and current states for future predictions. Recognizing
Caputo’s derivative as a more dependable and versatile analytical tool, we have depicted
the dynamics of campylobacteriosis infection within the framework of fractional calculus.

Theorem 2. The solutions (Sh,Ih,Rh,Sa,Ia,Ra) to the fractional system (8) describ-
ing campylobacteriosis are both non-negative and bounded.

Proof. To prove the theorem, we proceed as

LC
0 Dϑ

t Sh |Sh=0 = Ξh + νhRh ≥ 0,
LC
0 Dϑ

t Ih |Ih=0 = βhIvSh ≥ 0,
LC
0 Dϑ

t Rh |Rh=0 = ϵ1τ1(1 − p1)Ih + γhIh ≥ 0,
LC
0 Dϑ

t Sa |Sa=0 = Ξa + νaRa ≥ 0,
LC
0 Dϑ

t Ia |Iv=0 = βvIhSa ≥ 0,
LC
0 Dϑ

t Ra |Ra=0 = ϵ2τ2(1 − p2)Ia + γaIa ≥ 0.

(9)

Thus, the solutions of (8) are non-negative. For the boundedness of solution, we initially
sum all compartments within the host population.

LC
0 Dϑ

t (Sh + Ih + Rh) ≤ Ξh − µh(Sh + Ih + Rh), (10)

this implies that(
(Sh + Ih + Rh)

)
≤

(
Sh(0) + Ih(0) + Rh(0) − Ξh

µh

)
Eϑ(−µht

ϑ) +
Ξh

µh
.

The obtained result is derived the theory of the work [17], we have the following(
Sh + Ih + Rh)

)
≤ Ξh

µh

∼= M1.

In the same way, taking the compartments of animal population of the system (8), we
find that Sa + Ia + Ra ≤ M2, where M2 = Ξa

µa
. Consequently, the solutions of the

campylobacteriosis dynamics (8) exhibit both positivity and boundedness.
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Now, denote the disease-free steady state of (8) by E0(S 0
h ,I

0
h ,R

0
h,S

0
a ,I

0
a ,R

0
a) which

is (
Ξh

µh
, 0, 0,

Ξa

µa
, 0

)
.

4. Existence theory

The existence theory of epidemic models plays a vital role in validating and under-
standing the dynamics of infectious diseases, guiding public health strategies, and facili-
tating the development of numerical methods for analysis and prediction. This theoretical
framework is essential for effectively addressing and managing epidemics in a scientifi-
cally sound manner. Here, we will analyze the qualitative aspects of the dynamics (8) of
campylobacteriosis through existence theory. To achieve this, take the following steps:

V1(t,Sh,Ih,Rh,Sa,Ia,Ra) = Ξh − βh(Ih + Ia)Sh + νhRh − µhSh,
V2(t,Sh,Ih,Rh,Sa,Ia,Ra) = βh(Ih + Ia)Sh − ϵ1τ1(1 − p1)Ih − (γh + αh + µh)Ih,
V3(t,Sh,Ih,Rh,Sa,Ia,Ra) = ϵ1τ1(1 − p1)Ih + γhIh − (νh + µh)Rh,
V4(t,Sh,Ih,Rh,Sa,Ia,Ra) = Ξa − βa(Ih + Ia)Sa + νaRa − µaSa,
V5(t,Sh,Ih,Rh,Sa,Ia,Ra) = βa(Ih + Ia)Sa − ϵ2τ2(1 − p2)Ia − (γa + αa + µa)Ia,
V6(t,Sh,Ih,Rh,Sa,Ia,Ra) = ϵ2τ2(1 − p2)Ia + γaIa − (νa + µa)Ra.

(11)
Here, we can generalized the system (11) as follows:{

LCDϑ
0+Y (t) = L (t,Y (t)), t ∈ [0, τ ],

Y (0) = Y0, 0 < ϑ ≤ 1,
(12)

with

Y (t) = Sh(t),
Ih(t),
Rh(t),
Sa(t),
Ia(t),
Ra(t).



Y0(t) = Sh0,
Ih0,
Rh0,
Sa0,
Ia0,
Ra0.



L (t,Y (t)) = Y1(t,Sh1,Ih,Rh,Sv,Iv),
Y2(t,Sh,Ih,Rh,Sa,Ia,Ra),
Y3(t,Sh,Ih,Rh,Sa,Ia,Ra),
Y4(t,Sh,Ih,Rh,Sa,Ia,Ra),
Y5(t,Sh,Ih,Rh,Sa,Ia,Ra),
Y6(t,Sh,Ih,Rh,Sa,Ia,Ra).

(13)
By utilizing the aforementioned Lemma (1), we have the opportunity to represent the
system (12) in a corresponding integral formulation, as presented below:

Y (t) = Y0(t) +
1

Γ(ϑ)

∫ t

0
(t− r)ϑ−1L (r,Y (r))dr. (14)

To assess further, we utilized the following criteria based on Lipschitz conditions:
(C1) For q in the interval [0, 1), there are corresponding sets UL and VL such that the
below fulfills:

|L (t,Y (t))| ≤ UY |Y |q + VL . (15)
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(C2) One can find ML > 0, and for all Y and Ȳ belonging to the set X , subject to the
condition

|L (t,Y ) − L (t, Ȳ )| ≤ ML [|Y − Ȳ |]. (16)

Next, take the following mapping H on X :

H Y (t) = Y0(t) +
1

Γ(ϑ)

∫ t

0
(t− r)ϑ−1L (r,Y (r))dr. (17)

A solution to (12) exists under the conditions that C1 and C2 are fulfilled. To explore
the solution of suggested model, we follow these steps:

Theorem 3. The proposed campylobacteriosis system (8) exhibits at least one solution
provided that the conditions C1 and C2 are fulfilled.

Proof. First, apply the fixed-point theorem to prove the required findings. This theorem
will be demonstrated through a delineation of four specific stages, as mentioned below:
P1: First, to establish the continuity of H operator. The continuity of L (t,Y (t)) guar-
anted from the continuity of Yi for i = 1, 2, . . . , 5. Next, considering Yj, Y ∈ X in a way
that Yj → Y , we have H Yj → H Y . Furthermore, let us take

||H Yj − H Y || = max
t∈[0,τ ]

∣∣∣∣ 1

Γ(ϑ)

∫ t

0
(t− r)ϑ−1Qj(r,Yj(r))dr − 1

Γ(ϑ)

∫ t

0
(t− r)ϑ−1L (r,Y (r))ds

∣∣∣∣
≤ max

t∈[0,τ ]

∫ t

0

∣∣∣∣(t− r)ϑ−1

Γ(ϑ)

∣∣∣∣|Lj(r,Yj(r)) − L (r,Y (r))|dr

≤ τϑML

Γ(ϑ + 1)
||Yj − Y || → 0 as j → ∞. (18)

The continuity of H Yj → H Y is ensured from the continuity of L , guaranteeing the
continuity of H .
P2: In this stage, we will prove the boundedness of H . Take any Y ∈ X, and the
subsequent conditions are met by means of the operator H :

||H Y || = max
t∈[0,τ ]

∣∣∣∣Yo(t) +
1

Γ(ϑ)

∫ t

0
(t− r)ϑ−1L (r,Y (r))dr

∣∣∣∣
≤ |Y0| max

t∈[0,τ ]

1

Γ(ϑ)

∫ t

0
|(t− r)ϑ−1||L (r,Y (r))|dr

≤ |Y0| +
τϑ

Γ(ϑ + 1)
{UZ ||Y ||q + VL }. (19)

We shall next prove that H (T ) is bounded inside a bounded subset T of X . Take Y ∈ T ,
and by virtue of the bounded nature of S, one can find a non-negative value U satisfying

||Y || ≤ U,∀Y ∈ T. (20)
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In list of this, the outcome for any Y within the set T is derived from the above expression
as follows:

||H W || ≤ |Y0| +
τϑ

Γ(ϑ + 1)
[UL ||Y ||q + VL ] ≤ |Y0| +

τϑ

Γ(ϑ + 1)
[UL U q + VL ]. (21)

Thus, the boundedness of H (T ) is obtained.
P3: To prove equi-continuity, we assume t1 and t2 in [0, τ ] in which t1 ≥ t2. Subsequently,
we obtain:

|H Y (t1) − H Y (t1)| =

∣∣∣∣ 1

Γ(ϑ)

∫ t1

0
|(t1 − r)ϑ−1||L (r,Y (r))|dr

− 1

Γ(ϑ)

∫ t2

0
|(t2 − r)ϑ−1||L (r,Y (r))|dr

∣∣∣∣
≤

∣∣∣∣ 1

Γ(ϑ)

∫ t1

0
|(t1 − r)ϑ−1| − 1

Γ(ϑ)

∫ t2

0
|(t2 − r)ϑ−1|

∣∣∣∣|L (r,Y (r))|dr

≤ τϑ

Γ(ϑ + 1)
[UL ||Y ||q + VL ][tϑ1 − tϑ2 ] → 0 as t1 → t2. (22)

This ensures the relative compactness of H (T ) using the Arzelà–Ascoli theorem:
P4: Finally, we examine the set outlined as follows:

E = {Y ∈ X : Y = λBY , λ ∈ (0, 1)}. (23)

For the boundedness of E, let us suppose that Y belongs to E. For every t in [0, τ ], the
below condition fulfills:

||Y || = λ||BY || ≤ λ

[
|Y0|

τϑ

Γ(ϑ + 1)
[UL ||Y ||q + VL ]

]
. (24)

As a result, the boundedness of E is ensured. Through the Schaefer’s theorem, there is a
fixed point of the operator B. From this, there is at least one solution of the model (12)
of campylobacteriosis.

Remark 1. If the condition C1 fulfills for q = 1, then it is possible to demonstrate

Theorem 3 for τϑUZ
Γ(ϑ+1) < 1.

Theorem 4. There is a unique solution of (12) of campylobacteriosis infection if the

condition τϑUZ
Γ(ϑ+1) < 1 is satisfied.

Proof. . To establish the proof, we utilize the well-known theorem of Banach’s contrac-
tion, take that both Y and Ȳ belong to the set X .

||BY −BȲ || ≤ max
t∈[0,τ ]

1

Γ(ϑ)

∫ t

0
|(t− r)ϑ−1||L (r,Y (r)) − L (r, Ȳ (r))|dr

≤ τϑUL

Γ(ϑ + 1)
||Y − Ȳ ||. (25)

This implies that there is a unique fixed point for B, proving that the campylobacteriosis
model (12) has a unique solution.



S. Boulaaras et al. / Eur. J. Pure Appl. Math, 17 (4) (2024), 3781-3800 3790

5. Stability analysis

Here, we aim to demonstrate Ulam-Hyers stability (UHS) for the proposed model
of campylobacteriosis. The introduction of Ulam-Hyers stability dates back to Ulam in
1940 and was extended by Hyers [12]. The application of Ulam-Hyers stability to various
academic domains has been explored by several researchers. The core theory can be
summarized as follows:

Take G : X → X such that

K D = D for D ∈ X . (26)

Definition 4. The previously mentioned expression (26) qualifies as UHS if, for each
solution D within the set X and for any given ζ > 0, it is possible to identify.

||D − G D || ≤ ζ, (27)

for all t in the interval [0, τ ]. Furthermore, take a unique solution D̄ for the aforementioned
upper bound (26), such that Cq is a positive value, and the following condition is satisfied.

||D̄ − D || ≤ Cqζ, (28)

for all t in the closed interval [0, τ ].

Definition 5. If the solutions D and D̄ of (26) satisfies the following

||D̄ − D || ≤ L (ζ), (29)

where zero have zero image, and L ∈ C(R,R). Then, the system (26) is generalized
UHS.

Remark 2. If the solution denoted as D̄ belonging to the set X holds (28). Then, the
below satisfies for all t in [0, τ ]:
(a) |ϖ(t)| ≤ ζ, where ϖ ∈ C([0, τ ];R),
(b) G D̄(T ) = D̄ + ϖ(T ).
Next, system (12) can be written in the following form after small changes:{

CDϑ
0+D(t) = D(t,D(t)) + ϖ(t),

D(0) = D0.
(30)

Lemma 2. Equation (30) satisfies the below

|D(t) − TD(t)| ≤ aζ, where a =
τϑ

Γ(ϑ + 1)
. (31)

Applying Lemma (1) and considering Remark (2), one can prove it effortlessly.
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Theorem 5. If the inequality τϑLD
Γ(ϑ+1) < 1 holds, the solution to equation (12) demonstrates

UHS nd extending the concept of a generalizes UHS as per Lemma (2).

Proof. . We consider the solutions D and D̄ ∈ X of the system (12) as part of the
necessary proof, thereby assuming:

|D(t) − D̄(t)| = |D(t) − D̄(t)|

≤ |D(t) − T D̄(t)|

≤ |D(t) − T D̄(t)|

≤ aζ +
τ ξLU

Γ(ξ + 1)
|D(t) − D̄(t)|

≤ aζ

1 − τξLU
Γ(ξ+1)

. (32)

Due to this, the solution of (12) of campylobacteriosis is UHS and generalized UHS.

Definition 6. If the below mentioned condition fulfills for any D ∈ X :

||D −KV|| ≤ Ω(t)ζ, for t ∈ [0, τ ], (33)

Then, the solution of (26) exhibits Ulam-Hyers-Rassias stability (UHS). Here, Ω belongs
to the space C[[0, τ ], R] and ζ is a positive value. In the case where Cq > 0, a distinctive
solution D̄ for the system (26) exists, meeting condition given as follows:

||D̄ − D || ≤ CqΩ(t)ζ, ∀t ∈ [0, τ ]. (34)

Definition 7. Consider the unique solution D̄ , and let D denote any alternative solution
to the equation (26), where

||D̄ − D || ≤ Cq,ΩΩ(t)ζ, (35)

whereas t resides in the interval[0, τ ] and Ω ∈ D[[0, τ ], R] such that Cq,Ω and ζ > 0.
Consequently, it indicates that the solution to (26) is a generalized UHS.

Remark 3. Take D̄ ∈ X, this solution satisfies (28) for all t in the interval [0, τ ] if
(a) |ϖ(t)| ≤ ζΩ(t), where ϖ(t) ∈ C([0, τ ];R)
(b) K D̄(t) = D̄ + ϖ(t).

Lemma 3. The system described in (2) with perturbation satisfies the subsequent condi-
tions:

|D(t) − TD(T )| ≤ aΩ(t)ζ, in which a =
τϑ

Γ(ϑ + 1)
. (36)

This can be easily proved with the help of Remark (3) and Lemma (1).
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Theorem 6. The solution to (12) corresponds to the UHS and generalized UHS based on

Lemma (3), provided that τϑLU
Γ(ϑ+1) < 1 is fulfilled.

Proof. Assume one can find a unique solution D̄ ∈ X , and for any alternative solution
D ∈ X of (12), the below satisfies:

|D(t) − D̄(t)| = |D(t) − D̄(t)|

≤ |D(t) − T D̄(t)|

≤ |D(t) − T D̄(t)|

≤ aΩ(t)ζ +
τϑLD

Γ(ϑ + 1)
|D(t) − D̄(t)|

≤ aΩ(t)ζ

1 − τϑLD
Γ(ϑ+1)

. (37)

Due to this, the solution to the equation (12) corresponds to UHS and generalized UHS.

6. Numerical scheme for the system

Numerical and analytical methods are critical tools for solution analysis in mathemat-
ical modeling. They provide powerful approaches for approximating solutions to complex
problems, thereby enhancing both accuracy and reliability while offering flexibility in their
application. Here, a numerical method is introduced to solve the proposed fractional model
(8) of campylobacteriosis. The subsequent process is presented,

C
0 D

ϑ
t F (t) = ℏ(t,F (t)). (38)

Utilizing the fundamental theorem on the equation represented by (38), we acquire:

F (t) − F (0) =
1

Γ(ϑ)

∫ t

0
ℏ(η,F (η))(t− η)ϑ−1dη, (39)

therefore, at time t = tn+1, n = 0, 1, ..., the below is acquired:

F (tn+1) − F (0) =
1

Γ(ϑ)

∫ tn+1

0
(tn+1 − t)ϑ−1ℏ(t,F (t))dt, (40)

and

ℏ(tn) − ℏ(0) =
1

Γ(ϑ)

∫ tn

0
(tn − t)ϑ−1ℏ(t,F (t))dt. (41)

From (41) and (40), we have

F (tn+1) = F (tn) +
1

Γ(ϑ)

∫ tn+1

0
(tn+1 − t)ϑ−1ℏ(t,F (t))dt︸ ︷︷ ︸

Aϑ,1
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− 1

Γ(ϑ)

∫ tn

0
(tn − t)ϑ−1ℏ(t,F (t))dt︸ ︷︷ ︸

Aϑ,2

, (42)

where

Aϑ,1 =
1

Γ(ϑ)

∫ tn+1

0
(tn+1 − t)ϑ−1ℏ(t,F (t))dt, (43)

and

Aϑ,2 =
1

Γ(ϑ)

∫ tn

0
(tn − t)ϑ−1ℏ(t,F (t))dt. (44)

By employing the Lagrange approximation with respect to ℏ(t,F (t)), we derive:

P(t) ≃ t− tn−1

tn − tn−1
ℏ(tn,Fn) +

t− tn
tn−1 − tn

ℏ(tn−1,Fn−1)

=
f(tn,Fn)

h
(t− tn−1) −

ℏ(tn−1,Fn−1)

h
(t− tn). (45)

Utilizing the expression mentioned above yields

Aϑ,1 =
ℏ(tn,Fn)

hΓ(ϑ)

∫ tn+1

0
(tn+1 − t)ϑ−1(t− tn−1)dt

−ℏ(tn−1,Fn−1)

hΓ(ϑ)

∫ tn+1

0
(tn+1 − t)ϑ−1(t− tn)dt. (46)

After further simplification, we have

Aϑ,1 =
ℏ(tn,Fn)

hΓ(ϑ)

[2h

ϑ
tϑn+1 −

tϑ+1
n+1

ϑ + 1

]
−ℏ(tn−1,Fn−1)

hΓ(ϑ)

[h
ϑ
tϑn+1 −

1

ϑ + 1
tϑ+1
n+1

]
. (47)

Similarly, the below is obtained

Aϑ,2 =
1

Γ(ϑ)

∫ tn

0
(tn − t)ϑ−1

[ℏ(tn,Fn)

h
(t− tn−1)

−ℏ(tn−1,Fn−1)

h
(t− tn)

]
dt. (48)

Continuing with the simplification process, we arrive at the following:

Aϑ,2 =
ℏ(tn,Fn)

hΓ(ϑ)

[h
ϑ
tϑn − tϑ+1

n

ϑ + 1

]
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+
ℏ(tn−1,Fn−1)

hΓ(ϑ)

[ 1

ϑ + 1
tϑ+1
n

]
. (49)

Substituting (48) and (49) into (42), we have

F (tn+1) = F (tn) +
ℏ(tn,Fn)

hΓ(ϑ)

[2htϑn+1

ϑ
−

tϑ+1
n+1

ϑ + 1
+

h

ϑ
tϑn −

tϑ+1
n+1

ϑ + 1

]
+
ℏ(tn−1,Fn−1)

hΓ(ϑ)

[
− h

ϑ
tϑn+1 +

tϑ+1
n+1

ϑ + 1
+

tϑ+1
n

ϑ + 1

]
. (50)
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Figure 2: Visualization of the tracking paths of the compartments of the campylobacteriosis model (8) with
different values of ϑ, i.e., ϑ = 0.52, 0.58, 0.64, 0.70.

We examined the dynamical behavior of our campylobacteriosis infection model (8)
using the numerical scheme outlined above. Our primary objective is to utilize these find-
ings to show how the factors of the system influence the dynamics of campylobacteriosis.
Through our analysis, we aim to propose effective control strategies that can lower the
prevalence of campylobacteriosis. Time series analysis of an epidemic model involves exam-
ining and interpreting data collected over time to understand the patterns and dynamics
of the epidemic. This typically includes tracking the spread of the disease, identifying
factors that influence its transmission, and making predictions for future trends. In our
simulations, We have demonstrated the variation in the infected strengths of humans and
animals. The numerical simulations involve assumed values for the state variables and
parameters.

In the initial simulation presented in Figure 2 and Figure 3, we demonstrated the
influence of the fractional order on the population of infected individuals in the proposed
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Figure 3: Graphical view analysis of the dynamics of the campylobacteriosis model (8) with the variation of ϑ,
i.e., ϑ = 0.70, 0.80, 0.90, 1.00.
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Figure 4: Visualization of the progression route of the campylobacteriosis model (8) with various values trans-
mission rate βh, i.e., βh = 0.50, 0.55, 0.60, 0.65.

model of campylobacteriosis. We assumed different values of the parameter ϑ in these
figures with comparison analysis to the ordinary system. In Figure 2, the values of ϑ is
considered to be ϑ = 0.52, 0.58, 0.64 and 0.70 while in Figure 3, the values of ϑ is assumed
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Figure 5: Numerical investigation of the model (8) of campylobacteriosis with various values losing rate of
immunity νh, i.e., νh = 0.25, 0.35, 0.45, 0.55.

Time in days
0 2 4 6 8 10 12 14 16 18 20

In
fe

c
te

d
 h

u
m

a
n
s

50

100

150

200

250

300

350

400

450

500

ǫ
1
= 0.25

ǫ
1
=0.30

ǫ
1
= 0.35

ǫ
1
= 0.40

(a)

Time in days
0 2 4 6 8 10 12 14 16 18 20

In
fe

c
te

d
 a

n
im

a
ls

30

40

50

60

70

80

90

100

110

ǫ
1
= 0.25

ǫ
1
=0.30

ǫ
1
= 0.35

ǫ
1
= 0.40

(b)

Figure 6: Graphical view analysis of campylobacteriosis model (8) with the efficacy of drugs in treatment ϵ1,
i.e., ϵ1 = 0.25, 0.30, 0.35, 0.40.

to be ϑ = 0.70, 0.80, 0.90 and 1.0. The effect of classical derivative and fractional derivative
can be seen in 3 which shows that fractional systems are more flexible and different values
can be considered rather than one. We observed that the index of memory has a significant
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Figure 7: Visualization of the tracking path of the model (8) of campylobacteriosis with different values of τ2,
i.e., τ2 = 0.38, 0.42, 0.46, 0.50.

and attractive effect on the dynamics of infected individuals. Furthermore, the decrease
in this system parameter can lead to a decline in the infection levels within the society.
It is evident that the number of infected individuals can be influenced by controlling the
memory index. Consequently, policymakers are encouraged to consider the memory index
as a viable tool for controlling and preventing the infection. In Figure 4, we have shown
the impact of transmission rate βh on the dynamics of infected individuals of the system.
We assumed the values of βh to be 0.50, 0.55, 0.60 and 0.65 in the second simulation.
Observably, this factor dangerous and elevates the risk of infection within society. Hence,
we warn health officials against this critical factor which increase the risk of infection.

In Figure 5, showed the consequences of lose rate of immunity on the transmission
dynamics of campylobacteriosis. We assumed the value of νh to be 0.25, 0.35, 0.45 and
0.55. In this simulation, we can see that this input factor is dangerous for the infected
humans and increase the level of infection. On the basis of this result, we can say that νa
is also dangerous which make the control more difficult in animals. In Figure 6, we have
shown the role of the efficacy of drug during treatment on the dynamics of the infection.
This factor exerts a positive impact on the system, contributing to a reduction in the
infection level. Figure 7 demonstrates the influence of the input parameter τ2 on the
dynamics of campylobacteriosis. The values of τ2 are assumed to be 0.38, 0.42, 0.46 and
0.50 in this simulation. This factor exerts a beneficial effect on the system, leading to a
decrease in the infection levels.
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7. Concluding remarks

In this research, we formulated the dynamics of campylobacteriosis with drug resistance
in both humans and animals using a fractional framework. We presented the fundamental
concepts of fractional derivatives to analyze the proposed model of infection. Both quali-
tative and quantitative analyses of the dynamics were conducted. The fixed-point theorem
was employed to investigate the existence and uniqueness of solutions, while the stability
of the system was established through analytical techniques. Additionally, we introduced
a numerical scheme to visualize the solution pathways of the infection and to evaluate the
influence of various factors within the system. Our findings illustrated the dynamics of
campylobacteriosis with drug resistance, emphasizing the effects of different factors on in-
fection levels. In this work, we identified key factors that are essential for effective disease
control and management. In future research, we plan to examine the impact of impulsive
vaccination on the transmission dynamics of campylobacteriosis to mitigate the economic
burden of the infection.
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