AIMS Mathematics, 11(7): 21036-21068.
ATIMS Mathematics DOI: 10.3934/math. 2026854
% : Received: 07 May 2026
o Accepted: 04 July 2026
http://www.aimspress.com/journal/Math Published: 16 July 2026

Research article

The impact of Lévy jumps on the dynamics of an HBV model with immune
interaction and intracellular transmission pathways

Faria Mirza!2, Ziyad A. Alhussain®*, Jun Feng"z’*, Anwarud Din*

! School of Mathematical Sciences, Chengdu University of Technology, Chengdu, 610059, PR China
2 Geomathematics Key Laboratory of Sichuan Province, Chengdu University of Technology,
Chengdu, 610059, PR China

Department of Statistics and Operations Research, College of Science, Qassim University,
Buraydah, 52373, Saudi Arabia

School of Mechanical and Electrical Engineering, Chengdu University of Technology, Chengdu,

610059, PR China

* Correspondence: Email: z.alhussain@qu.edu.sa, fengjun@cdut.edu.cn.

Abstract: This work develops a stochastic model to explore the dynamical behaviour of hepatitis
B virus (HBV) infection by incorporating virus-to-cell transmission, cell-to-cell transmission, and
the cytotoxic T lymphocyte (CTL) immune response under Lévy noise, which represents sudden
environmental perturbations. The model is formulated, and its feasibility is investigated. The study
is further enriched by proving the uniqueness, existence, and positivity of the global solution. A
sufficient extinction condition is derived by using a combined infected-virus Lyapunov functional.
In addition, a conditional sufficient criterion for long-term average persistence is established under
bounded-state dynamics. The extinction result shows that infected hepatocytes and free virus particles
vanish when the corresponding sufficient extinction condition is satisfied, whereas persistence is
obtained under the boundedness assumption on the normalization factor and the condition Ap > O.
At the end, numerical simulations are performed to validate and illustrate the analytical findings.
Additional numerical reliability tests, including step-size sensitivity, relative error estimation, positivity
verification, and comparison with a positivity-preserving truncated Euler-Maruyama scheme, are also
provided. The results demonstrate that stochastic environmental perturbations can significantly affect
the transmission of infectious diseases, including HBV. Significantly, excessive noise levels can greatly
restrict a population’s ability to spread the disease.
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1. Introduction

Epidemics refer to the rapid spread of infectious diseases within a population over a specific
period. An infectious disease is, in simple terms, a clinically verified condition caused by a
pathogenic microorganism. Epidemiology, in contrast, is the systematic study of disease patterns,
health-related events, and associated factors at the population level, with a particular emphasis on
infectious diseases. Throughout history, epidemics have posed significant risks to human societies.
For instance, in the mid-14th century, the Black Death originated in Central Asia and China before
reaching England, where it claimed the lives of nearly one-third of the population within a few
months [1]. Likewise, the Bombay plague (1896-1900) served as a stark reminder of the severe
dangers epidemics pose to public health systems [2]. More recently, the novel coronavirus
disease (COVID-19) spread to over 200 countries within a year of its emergence. As of
August 29, 2020, it had resulted in approximately 25 million confirmed cases and 0.84 million deaths
worldwide [3]. This ongoing global health crisis highlights the urgency and importance of
strengthening efforts to prevent and control infectious diseases.

Over 350 million individuals globally are reportedly chronically infected with the hepatitis B
virus (HBV) [4]. Additionally, studies show that between 25 and 40 percent of these people are
chronic carriers, which puts them at risk for infections and liver-related malignancies [5]. These
numbers indicate that among other medical emergencies, HBV is currently the most severe public
health concern. Many researchers are trying to expand the pioneering works of Nowak et al. [5,6] and
Perelson et al. [7] for the sake to gain a better understanding of the processes of HBV transmission
and therapy. Their within-host models have helped us understand how HIV and HBV are transmitted
and treated. The study of several mathematical models from both dynamical and control viewpoints
has helped researchers further enhance this field of study. These research studies mostly concentrate
on the transmission of viruses within a single class without the usage of cells; see [8] for more
information. Many models were used by Min et al. [9] and Zheng et al. [10] to find the best way to
understand how HBV changes over time. They chose the conventional incidence rate over other rates,
for example, the mass-action law. However, it is hard to fully understand how the disease works
because a person with a chronic HBV infection usually has a serum viral load of between 2
and 3 x 10'? copies of the virus [10]. Advances in immunology and molecular medicine have
revealed novel mechanisms involving extracellular vesicles and GPCR-mediated proton
sensing [11, 12]. Furthermore, recent studies have identified androgen membrane receptors and
developed dual antiviral-immunomodulatory therapeutics [13, 14].

We suggest considering the fact that HBV replication occurs after hepatocyte infection to explain
the internal dynamics of the virus’s life cycle. This delay implies that the amount of recently infected
cellular populations, as opposed to the number of cells already infected at time ¢, dictates the inflow of
virus-producing cells at that moment. Through the strength of the Cytotoxic T Lymphocyte (CTL)
response, in particular, the immune system plays a critical role in regulating viral development. Even
slight changes in the CTL response can greatly impact the load of infected cells and viral production.
In this regard, pertinent research emphasizes that, according to Murray et al. [15], the human immune
system is capable of destroying infected cells in addition to free viruses. Elaiw and AlShamrani [16]
introduced a four-dimensional model that integrates the humoral immune response with a generic
function. The researchers examined the global asymptotic analysis of all constant solutions using this
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function. It is prominent to mention that the systems presented in [17] do not incorporate a time delay.
Shi et al. [18] developed a model of HIV infection incorporating a CTL response delay and examined
the effects of this time delay on equilibrium stability. Incorporating a latent period in viral models is
crucial, as viruses infecting fully functional organs, like the liver, do not invariably result in
immediate damage. The incubation period for HBV typically spans from six weeks to six
months [19]. Several recent studies associated with vaccination and immune responses have
examined molecular mechanisms, immune regulation, and potential therapeutic approaches [20-22].

Mathematical modeling serves as an essential instrument for examining the dynamics of epidemic
spread and formulating effective control strategies [23,24]. Various mathematical formulas have been
explored in the past, including [25,26], to understand HBV transmission patterns. Even though many
models use deterministic methods, reference [27] shows how important it is to include environmental
factors in these models to explore more thoroughly how HBV works and how to manage it.
Unforeseen elements, including social dynamics and demographic traits, can intensify the
transmission and effects of illnesses. As a result, the variability and uncertainty present in the
environment of an epidemic can greatly affect its ongoing development and future direction. Several
researchers have developed stochastic models that incorporate environmental noise [24,25]. However,
white noise cannot capture sudden and large-scale changes in the population under consideration,
such as those caused by earthquakes, hazardous chemical exposure, severe weather, outbreaks of
diseases such as SARS and bird flu, and similar events [25-27]. Many scientists have suggested
combining Lévy noise with Gaussian white noise to overcome this constraint [28,29]. These elements
included the length of vaccine validation, the inclusion of multiple vaccination stages for long-term
immunity with time intervals specified, the assessment of vaccine-related mortality, and the addition
of abrupt ambient noise. The criteria required to either eliminate or keep the disease in check were
also determined by this study.

Studies demonstrate that HIV and HCV disseminate within a host through two primary
mechanisms: virus-to-cell infection via the extracellular milieu and cell-to-cell transmission through
direct contact [30-34]. Sourisseau et al. [35] showed that cell-to-cell viral transmission in vitro
happens much faster and more effectively than infection by free virus because it gets around many
biophysical and kinetic barriers. Monel et al. [36] established that direct cell-to-cell transmission in
vivo is more efficacious and powerful. Yang et al. [37] discussed the significance of exosomes in the
transmission of HBV and the impairment of natural killer cells in individuals with chronic infection.
These findings indicate that HBV infection involves both cell-to-cell and virus-to-cell transmission, as
exosomes facilitate the movement of genetic material between cells. During HBV infection,
uninfected hepatocytes may contract the virus by direct contact with infected hepatocytes or freshly
released free viruses. The link between HBV and the cytotoxic T lymphocyte (CTL) response was
described by Luzyanina and Bocharov [38] using a straightforward ordinary differential equation
model. Xie et al. [39], however, examined the stochastic dynamics associated with HBV. Din [40]
performed a bifurcation theory of a delayed HBV stochastic system that includes cell-to-cell
transmission. This study investigates the combined effects of the CTL immune response and
cell-to-cell transmission on HBV dynamics under Lévy noise.

Compared with the existing HBV stochastic models, the present study has a distinct modeling focus.
The work in [25] considered a population-level HBV model with vaccination, time delay, Brownian
stochastic perturbations, real data fitting, and bifurcation analysis. The work in [29] investigated the
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impact of Lévy noise on a population-level HBV epidemic model and further developed a fractal-
fractional Atangana-Baleanu formulation. The study in [40] is closer to the present work because it
considered a within-host HBV model with virus-to-cell transmission, cell-to-cell transmission, CTL
immune response, time delay, and Brownian perturbations. However, Lévy jump perturbations were
not incorporated in that model. Motivated by these studies, the present work investigates a within-
host HBV model involving uninfected hepatocytes, infected hepatocytes, free HBV particles, and CTL
immune cells under Brownian perturbations and Lévy jump effects. The novelty of the present work
does not lie in the isolated use of CTL immune response, Brownian noise, Lévy jumps, or cell-to-cell
transmission, since these features have appeared separately in earlier studies. Rather, the contribution
of this study is the formulation and analysis of a within-host HBV model that combines virus-to-
cell transmission, cell-to-cell transmission, CTL immune response, Brownian perturbations, and a
common Lévy jump source with compartment-dependent jump amplitudes. This formulation allows
the model to describe continuous stochastic fluctuations together with sudden external shocks that
affect the biological components of the HBV infection process with different intensities.

In order to explain the spreading behavior of HBV within the cells and to present its long-term
consequences, we didies the whole population of the community into four disjoint compartments. The
model divides the biological components of HBV infection into four compartments. The variable X
represents uninfected hepatocytes, Y represents infected hepatocytes, V denotes free HBV particles,
and Z denotes CTL immune cells. These variables are introduced here briefly and are described in
detail near Eq (2.1) in Section 2. To add more complexity into the system and capture a realistic
picture of the underlying biological scenario, the effect of Lévy noises were taken into account. It is
widely accepted that such noises have more advantages over the standard Gaussian noises,
specifically in modeling epidemic diseases where randomness in the variables behave like the
assumed noise term. Introduction of jump-diffusion Lévy noise is especially noteworthy since it
reveals the development of the neuron membrane. Lévy-type stochastic perturbations are shown to
play a positive role in improving the stability behaviour of certian time-varying recurrent neural
networks. Furthermore, such models account for the latent stage of infection, which characterizes the
time-lag between an individual’s exposure to the pathogenic microorganism and the eventual
appearance of observable symptoms.

The main contributions of this work are summarized as follows. First, we formulate an HBV
infection model that incorporates virus-to-cell transmission, cell-to-cell transmission, and CTL
immune response under both Brownian perturbations and Lévy jump noise. Second, we establish the
existence, uniqueness, and positivity of the global solution, which guarantees the biological feasibility
of the stochastic model. Third, we derive sufficient threshold conditions for the extinction and
persistence of HBV infection. Finally, we construct numerical simulations based on a Milstein-type
scheme with jumps to verify the theoretical results and to illustrate the effects of stochastic
perturbations on HBV dynamics. The remainder of this manuscript is structured as follows. In
Section 2, we capture the dynamic of HBV through a model while incorporating Lévy noise and
present the underlying assumptions of the system. Section 3 provides the required stochastic analysis
and present the preliminary results needed for the subsequent discussions. The existence and
uniqueness of a global positive solution of the suggested stochastic model are established in
Section 4. Conditions ensuring the eradication of the disease are derived in Section 5. Section 6 is
devoted to analyzing the persistence behavior of the infection within the population. To illustrate and
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support the analytical results, Section 7 presents numerical simulations together with graphical
illusterations. Finally, the main conclusions of the study are summarized in Section 8, where possible
future research directions are also highlighted.

2. Model formulation

The HBV DNA virion infects the hepatocyte, initiating the intricate process by facilitating the
transport of rcDNA. Once within the cell, the nucleus repairs the rcDNA to produce cccDNA, the
necessary template for HBV replication. The transcription of cccDNA stimulates the synthesis of
pgRNA, whereas reverse transcription produces ssDNA and dsDNA. This series of events highlights
the complex life cycle of HBV within the host hepatocyte. The amount of the big outside antigen (P)
decides where these dsDNA molecules end up. The amount determines whether dsSDNA returns to the
nucleus or exports as new HBV virions. Additionally, HBV can spread across hepatocytes. Infected
cells, identified by their conspicuous surface antigens and double-stranded DNA, spread the virus to
neighboring cells. HBV infection includes interactions with infected hepatocytes. These interactions,
together with exposure to freshly released free virus, have the potential to infect non-infected
hepatocytes. Din [40] created a model of HBV infection from the individual patient perspective,
highlighting the CTL population, which is presented below:

dX BIX(V (1)  BaX(1)Y(1)

— —H- - NG - NG - X(2),

dY  pre"X(t-1)V(t—1) Lo X(t-1)Y(1-7)

o= N N —aY (1) Z(t) — Y (1), o
T = Y1) -V (1),

”;—% — WY (O)Z (1) - uaZ(2).

The quantity N(r) is used as a dimensionless normalization factor in the incidence terms, as explained
below. Let X(#),Y(z),V(¢), and Z(r) denote the concentrations at time 7 of uninfected hepatocytes,
infected hepatocytes, free HBV particles, and CTL immune cells, respectively. More precisely, X(?)
represents target hepatocytes that are susceptible to HBV infection, Y(z) represents hepatocytes
infected by HBV, V (¢) denotes the population of free virus particles released from infected cells, and
Z(r) represents the CTL immune response responsible for eliminating infected hepatocytes. The
quantity IN(7) is used as a normalizing factor in the incidence terms. Since the model contains
hepatocytes, free virus particles, and CTL immune cells, IN(z) should not be interpreted as the total
number of hepatocyte cells. The parameter I denotes the constant recruitment rate of uninfected
hepatocytes, while (11X(#)) represents their natural death rate. The infection of uninfected
hepatocytes occurs through two routes: virus-to-cell transmission, represented by 81X (7)V(z) /IN(7),
and cell-to-cell transmission, represented by BoX()Y(#)/IN(z). The parameter up denotes the
natural death rate of infected hepatocytes. Infected hepatocytes are eliminated by CTL cells at the rate
@Y (7)Z(t). Free virus particles are produced by infected hepatocytes at the rate Y (¢) and cleared at
the rate 43V (r). The CTL immune response is stimulated by infected hepatocytes at the rate
¥YY (#)Z(t) and decays at the rate usZ(t). The term 7 represents a time delay accounting for the
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latency in the infection process, and the factor (e~"17) represents the survival probability of infected
hepatocytes during the latency period.

The parameter S, plays an important role in the model because it describes the cell-to-cell
transmission of HBV from infected hepatocytes to neighboring uninfected hepatocytes. Biologically,
this route represents direct viral spread through close cellular contact, which may allow the virus to
avoid some extracellular clearance mechanisms. An increase in 3, strengthens the infection pressure
on the uninfected hepatocyte population and increases the production of newly infected cells.
Consequently, larger values of 8, can increase the threshold quantities associated with persistence and
make the infection more difficult to eradicate. In contrast, reducing 5> weakens direct intracellular
transmission and supports the decline of infected hepatocytes and free virus particles. Therefore, the
cell-to-cell transmission rate is a key parameter governing the transition between extinction and
persistence of HBV infection.

Since the present work focuses on Brownian perturbations and Lévy jump noise, we consider the
non-delayed case of model (2.1). Taking 7 = 0 gives e”"'" = 1, and the delayed variables reduce to
their current values. Thus, the corresponding non-delayed deterministic system is

aX  BX(OV()  BXOY()
- TNG NG X,

0 BXOV() | BXOY()

=+ R - X (02(0) Y ), )
= oY) -V (),

W X (Z(1) - wez 1)

System (2.2) is used as the deterministic baseline for the stochastic model.
The equilibrium points of system (2.2) are obtained by setting all right-hand sides equal to zero.
The disease-free equilibrium is

I1
Eyp = (—, 0,0, 0). (2.3)
H1

This state represents the absence of infection: uninfected hepatocytes are present, while infected
hepatocytes, free HBV particles, and CTL immune cells are absent.

The basic reproduction number of system (2.2) is obtained from the infected variables Y and V at
Ey. Since Ng = Xo = I1/u1, we have Xo/INy = 1. The linearized infected subsystem is

dY
I (B2 —m2)Y + 51V,
t
4V 2.4)
— =0Y —u3V.
Therefore, 5 5
_|_
R, — /ﬁ+ Bi6 _ B ﬁz,ust 2.5)
Ha o Hop3 H2p3

Here, ﬁ—i measures the contribution of cell-to-cell transmission, while /’1%3 measures the contribution

of virus-to-cell transmission through free virus particles. Thus, Rp < 1 indicates local infection
extinction near [Egy, whereas IRp > 1 indicates that the infection can invade and persist.
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The positive endemic equilibrium is denoted by
E* = (X", Y*, V", 2Z").
From the equations 6Y — 3V = 0 and yYZ — usZ = 0, with Z* > 0, we obtain

5
v =E v =2

b

Y YH3
Let
B =u +aZ”.
Then [1-Y*B* B
X* = - , 7 — _/12'
M1 a

The value of B* satisfies
(11 —aY*) (B)?
0 0
+ [ozH +maY” (1 + —) —Hip2 + a/('[l +,32) Y*] B’
M3 M3
0
—a(& —|—ﬁ2)H =0.
M3
Hence, E* is biologically feasible when the positive root B* satisfies

B* > uy, IT>Y*B".

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

In this case, all components of E* are positive, and the equilibrium represents a chronic HBV infection
state in which uninfected hepatocytes, infected hepatocytes, free virus particles, and CTL immune cells

coexist.

Since the model contains different biological quantities, namely hepatocytes, free virus particles,
and CTL immune cells, these variables cannot be added directly in their dimensional form. Therefore,
before introducing the normalized incidence terms, we assume that the state variables have been
scaled by suitable positive reference levels. More precisely, if X, Y., V., and Z. denote reference
concentrations for uninfected hepatocytes, infected hepatocytes, free virus particles, and CTL

immune cells, respectively, then the corresponding dimensionless variables are given by

= . X(1) 7 oY) S Vi) =, Z(1)

. V() === Z0)

Y, Ve -z

The normalization factor is then defined in terms of these dimensionless variables as

N() = X(1)+ Y1)+ V() + Z(2).

For notational simplicity, the hats are omitted in the rest of the paper, and we write

IN(7) = X(7) + Y(2) + V(¢) + Z(z).
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Thus, IN(#) should not be interpreted as a dimensional total population of hepatocytes, virions, and
immune cells. Rather, it is a dimensionless effective normalization factor used to scale the virus-to-
cell and cell-to-cell transmission terms. Under this interpretation, the transmission parameters are
understood as rescaled parameters corresponding to the nondimensionalized model.

The initial conditions associated with model (2.1) are assumed to satisfy

4
(X,Y,V,Z)(0) e R%.

Under these initial conditions, the non-negativity of the solution and its boundedness on finite time
intervals can be established by standard arguments.

It is widely recognized that mathematical models, irrespective of how many parameters and
variables they contain, cannot fully capture the complexity of real-world problems. Consequently,
discrepancies often exist between actual observations and theoretical predictions. This limitation is
particularly evident in epidemic modeling, where the dynamics of the disease are frequently
influenced by various environmental disturbances such as tsunamis, earthquakes, and climatic
variations. These abrupt and irregular events may interrupt the continuity in the system trajectories,
making classical stochastic perturbations based on Gaussian white noise insufficient to accumulate
such sudden variations. For example, Shah et al. [28] showed that Lévy jump processes can improve
epidemic models by capturing abrupt environmental discontinuities and sudden shocks in system
behavior, which cannot be fully represented by Gaussian white noise alone. From the perspective of
disease control, Lévy-type stochastic perturbations can offer valuable insights into the intrinsic
randomness and sudden fluctuations that characterize the transmission of infectious diseases.
Motivated by these observations, the present work incorporates Brownian perturbations and Lévy
jump noise into a within-host HBV model with virus-to-cell transmission, cell-to-cell transmission,
and CTL immune response, to better capture the realistic behavior of the underlying infection
dynamics. However, the main aim of the present study is to investigate the independent effects of
Brownian perturbations and Lévy jump noise on HBV dynamics with virus-to-cell transmission,
cell-to-cell transmission, and CTL immune response. By incorporating Brownian perturbations and
Lévy jump noise into system (2.2), the deterministic model is extended to the following stochastic
system:

dx(t):[l"[ ﬁlxﬂgzt\)’(” ﬁzxﬂé’()g(t)-mx@)]dwmx (1)dB (¢ f S (X)X ()N (dx1 ),
(1) = [ﬁ lxﬂg()})/(t) + ﬁzxﬂ\(f()g(’) Y () Z (1) - ,qu(t)]dt + Y (1)dBa(r)
+ [ S200¥ ()N,
0 2.12)
dW(t)=[(5Y(t)—,u3\7(t)]dt+ag\/ (1)dBs (1 f 83 (x)V ()N (dy1 ),
dZ(z):[wa)zu)—mz@)]dmmz (1)dBa(t f Su(x)Z ()N (dy1 ),

where (dy1) = (dt,dx). Let B;(¢), for i = 1,2,3,4, denote independent Brownian motion processes
defined on a complete probability space (Q), F,P), equipped with a filtration {¥};>0 satisfying the
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usual conditions. The parameters «;, for i = 1,2, 3,4, stand for the intensities of the Gaussian white
noises associated with the stochastic processes. Furthermore, X(7), Y(¢7), V(¢7), and Z(¢~) denote
the left-hand limits of the processes X(7), Y (#), V(¢), and Z(t), respectively. Let N(dy) be a Poisson
random measure defined on a measurable subset Q C [O, oo) with characteristic measure v, satisfying
v(Q) < 0. The corresponding compensated Poisson random measure is denoted by

N(dy1) = N(dy1) — v(dx)dt.

The functions S; : Q — R, fori = 1,2, 3, 4, describe the magnitudes of the random jump perturbations
of the system. These functions are assumed to be bounded and measurable with respect to B(Q) and
satisfy S;(x) > —1. Moreover,

f n(1 4+ Si(x)Iv(dx) <0, i=1,2,3,4.
0

These assumptions ensure that the jump terms are well defined and that the logarithmic terms appearing
in [td’s formula with jumps are meaningful.
For compactness, throughout the paper we define

S; = L[Si(x) —In(1+ S;(x))]v(dx), i=1,2,3,4,

and )
jl-(t)zffln(l—i—S,-(x))ﬁ(ds,dx), i=1,273,4.
0 Jo

Equivalently,
dj,-(t):fln(1+s,-(x))ﬁ(d;,dx), i=1,2,34
0

3. Preliminaries

This portion demonstrates some important results necessary to substantiate the study’s major
conclusions. Examine a full probability space (Q),IF,TF, > 0, P) with a filtration satisfying the normal
criteria, namely right continuity and the inclusion of all P-null sets in Fy. Let y(¢) € R" denote a
solution to the following stochastic differential equation, now including Lévy jumps:

dy(t) =Ty (y(1),t)dt + Fa(y(), 1)dB(r) + fxlﬁ(}’(f—)af’ x)N(dx1). (3.1
The Lévy jump term in Eq (3.1) is introduced to describe sudden and discontinuous perturbations in
the system dynamics. While Brownian motion represents continuous random fluctuations, Lévy
jumps account for abrupt changes caused by rare but significant environmental or biological events.
In the context of HBV dynamics, such jumps may represent sudden changes in viral replication,
immune response, treatment effect, or other external disturbances affecting the host environment.
Therefore, including Lévy jumps allows the model to capture both continuous stochastic fluctuations
and sudden shocks in the infection process.
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In the above, F; = F;(y(r),t) for i = 1,2 are the measurable functions from the space R" X R to R"
and R™ respectively, whereas F3 is from the space R" x R, x X into R". For t € [0,T], B(-)
represents a d-D Brownian motion, P(dt,dy) is a one-D Poisson compensated system, and y(¢7)
represents the left-hand limit of the solution y(z). For a given function G € C!2(R" x R ;R ), the
corresponding L-operator, obtained from SDE (3.1), may be represented as.

LG(.1) = G, )F () + Gi(01) + 5[FL (1, ) F2(0) Gy (0.)]

(3.2)
+ fX G(F3(1.3) + 301) = F3(y.1,x)Gy (1) — Gy 1) v(d),

d G o d >
where G, = 6—?. Gy = (a—ygl, 6—yg2, s gg”) Gy = (ay(% Jnxn- Using Ito’s theorem with jumps [33], the

above equation becomes:

dG = LG + Fa(y,1)Gy(y,1)dB(t) + f[Q(y + F3(y.1,2),1) = GN(dx1). (3.3)

X

Lemma 3.1. (Lemma 5.1, [41]) Let f € C[[0,00) X Q), (0, 00)]. If there surely exists two real numbers
Ao, A such that

log f(t) > At + (¢ /loff )ds, a.s., (3.4)

where F € C[[0,00) X O, R] and lim,_,c m = 0 a.s., then

lim inf — f f(s i a.s. 3.5

t—00 /l
4. Existence uniqueness and positivity of the solution

Establishing the presence of a non-negative solution inside the allowable zone is essential for
examining the dynamic behavior of the system (2.12). Verifying that the parameters of system (2.12)
adhere to the growth and Lipschitz criteria will guarantee the existence of a non-negative solution.
Additional examination of Lyapunov function techniques is crucial to assess the non-locality and
positivity of the solutions. By employing the approaches specified in [42], we want to conduct a
thorough examination of the convergence and stability characteristics of the system, therefore
improving the comprehension of its behavior. Before examining these features, we will first delineate
the primary assertion and provide thorough evidence for it.

Condition 1. For every M > 0, there exists a constant Ly > 0 such that
f |Zi(u, x) - Zi(a, )c)|2 v(dx) < Llu — @), i=1,...,4,
0

for

lul V] < M,
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where
Zi(u,x) = Si(x)u, u=U;(r), (U1, U, U3, Us) = (XY, V,Z), i=1,...,4

The functions S; : Q — R, i = 1,...,4, represent the jump amplitudes associated with Lévy
perturbations. Throughout this work, we assume that

Si(X)>—1, izl,...,4,

and

f Si(x)Pv(dx) <o,  i=1,....4,
0
which ensure that the corresponding compensated Poisson integrals are well defined.

Condition 2. The function
[In(1 + S;(x))l

is bounded, namely,

IIn(1 +S;(x))l < C, Si(x) > -1,
where C is a positive constant and i = 1, ... ,4.

Theorem 4.1. For any initial condition (Xo, Yo, Vo, Zy) € ]Ri, system (2.12) admits a unique global
positive solution

(X(),Y(1),V(),Z(t)) eRY, >0,
almost surely.

Proof. By looking into the coeflicients of model (2.12), we can say that it satisfies the underlying
local Lipschitzness, hence Condition 1 holds for any initial values (X,Y,V,Z)(0) € ]Ri. For each
t € [0,7,), there is a unique trajectory (X,Y,V,Z)(¢), where 7 is the explosion time. To demonstrate
that this solution is global, 7, = co must be proven. Choose a large enough integer ko > O such that
the beginning values (X,Y,V,Z)(0) are within the interval [%, ko]. The following stopping time is
defined for each integer k > ko:

x| =

7 = inf {t € [0,7.) : min{X(¢),Y(¢),V(¢), Z(t)} < — or max{X(¢),Y(¢),V(z), Z(t)} > k}.

4.1)

For the sake of simplicity, we adopt the convention that inf ) = oo, where () stands for the empty set.

By definition, the sequence {7} is non-decreasing as k tends to co. Let 7o = limg_, Tg, Which implies

that 7., < 7, almost surely. Therefore, the main objective of this theorem is to verify that 7., = oo

almost surely. Suppose, on the contrary, that this claim does not hold. Then, there exist two constants
T > 0and € € (0, 1) such that

Plt <T} > e 4.2)

Resultantly, there exists an integer k; > ko such that

Pl{r, <T}> eforall k > k. 4.3)
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Let us define a C*-function, G : R — Ry,

G=(X=1-X)+(Y=Ci=Ciln2) 4 Co(V—l—In )+ C5(Z-1-nZ). (44
C Cy Cs

Moreover, L denotes the infinitesimal generator associated with system (2.12). For each 7 € [0, 74 A T},
the subsequent expression is produced by applying 1t6’s formula onto the G function:

dG = LGdt + al(X - l)d]Bl(l‘) + Q/Q(Y - Cl)dIBz(t) + CL/3C2(V - 1)d]B3(l‘) + a/4C3(Z - 1)d]B4(l‘)
+ fQ [S1(x)X —log (1 +S;(x)) +S2(x)Y —Cylog (1 + S2(x))] N(dx1)

- 4.5
+L[S3(X)V—C210g(l—|-83(x))—|—S4(X)Z—C310g(1+S4(X))]N(d)(1), (45)
where
. 1 BXV  BXY C\(B/iIXYV  BXY
L= (1= L BXY B SRV XYy

CZ C3

+ (Cz - V)(éy —/13\/) + (C3 — z)(y'dYZ —,u4Z)

@ + Ca3 4 Cra3 + Cse]
+ 5 + 81 +C1S8 + Cr83 +C384
<IT+pB1+ B2 +ur + CraZ + Ciuz + C20Y + Cous
+ C3yYZ + Caug —aYZ — 1Y = Cyuu Z

a/f + Cla% + Cza% + C3a/i
* 2

+ 81 +C1Sy +CrS3 + C384.

Let CzéY—qu =0= Cz = %, C3’}/YZ—Q’YZ =0= C3 = % and ClaZ—C3,u4Z =0=
C = %. Thus,

LG <T1+B1 + B2 +u1 + Crun + Cous + Cspy

a/% + Cla% + Czag + Cgai (4.6)
+ 3 +S81 +C18 + G853 +C384 =K.

Initially, by integrating both sides of Eq (4.5) from O to 74 A T, and subsequently computing the
expectations, we obtain:

E [G(X(Tk A T),Y(Tk A T),V(Tk A T),Z(Tk A T))] < G(Xo,YO,Vo,Zo) + KT. “4.7)

Define Q) = {rx < T}. Then, P(Q)) > € for all k > k;. Consequently, for every w in (), at least one
component of (X (7¢), Y (1x), V(74), Z(1x)) is equal to 1 or k. Thus,

G(X (), Y (1), V(1) Z(10)) = (k=1 —Ink) A (% 1 +1nk).
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According to Eq (4.7), we obtain

G(Xo0,Y0,Vo,Zo) + KT > E[10,G(X(7x), Y(7%), V(1%), Z (1) )]

26[(k—1—lnk)/\(%—1_|_1nk)]. 4.8)

Letting k — oo, the right-hand side tends to infinity, while the left-hand side remains finite. This
contradiction implies that 7, = oo almost surely. Hence, 7, = oo almost surely. Moreover, since
S;(x) > —1, every jump changes the corresponding state variable by the multiplicative factor 1 +
S,-(x) > 0. Hence, starting from positive initial data, the solution remains in IRi almost surely for all
t > 0. This concludes the proof. O

Remark 4.1. Theorem 4.1 establishes the mathematical and biological feasibility of the proposed
stochastic HBV model.  Since the variables X(t), Y(t), V(t), and Z(t) represent uninfected
hepatocytes, infected hepatocytes, free HBV particles, and CTL immune cells, respectively, their
values must remain non-negative for all time. This theorem guarantees that the solution of
system (2.12) exists globally and remains in the positive region almost surely. Therefore, the
subsequent extinction and persistence analyses in Sections 5 and 6 are performed on biologically
meaningful solution trajectories.

5. Extinction of the HBV infection

This section focuses on the extinction of HBV, as stated by the system (2.12), as well as establishing
a threshold for forecasting illness persistence or eradication. To assist the presentation of the main
conclusion, we shall introduce two critical auxiliary lemmas that are required for the proof,

<S(t)> = %fOtS(x)dx.

The number IR for the stochastic system (2.12) is calculated as

B10 + Bous

Ry = = . 5.1
3 (12 + 5 + J182(0) = In(1 4 52(2)) ()
When the stochastic perturbations are removed, namely @ = 0 and S z(x) = 0, the stochastic
threshold Ry reduces to
Rn— B16 + Bops
pD=—"T—7,
H213

which is exactly the deterministic reproduction number given in Eq (2.5).

The deterministic threshold Rp in Eq (2.5) is obtained from the deterministic system (2.2) and
describes the infection invasion condition in the absence of stochastic perturbations. The quantity Ry
in Eq (5.1) is the corresponding stochastic extinction threshold for system (2.12). Compared with
Rp, the denominator of Ry contains the additional Brownian correction term a/g /2 and the Lévy jump
correction term

fQ[sz(x) “in(1 + $5(x))]v(dx).
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Thus, stochastic perturbations increase the effective removal rate of infected hepatocytes. When these
stochastic perturbations are removed, R reduces exactly to Rp.

Lemma 5.1. Let (X,Y,V,Z)(t) denote a solution to system (2.12) with the starting
condition (X,Y,V,Z)(0) € R%. Subsequently, almost surely, we have

Y(r) +X(1) + V(1) + Z(1)

lim =0. (5.2)
t—o0 t
. . (a%Va%Vag\/ai)
Moreover, if maximum(uy, 1o, 13, fa) > ——2%——=%, then, where Uy = X, U =Y, U3 =V, and
Uy =272,
1 !
llim " Ui(u)dB;(u) =0, i=1,2,3,4. (5.3)
—00 0
Then, )
_ fo fQ S;(x)U;(s)N(ds,dx) .
thm ; =0, i=1,2,3,4. 5.4

Upon examination, it is noteworthy that the proof of this Lemma closely resembles the statements
of Lemmas (3.1) and (5.1) in [43]. Consequently, the proofs of the lemma remain unproven in this
specific instance, and one can follow [44] for a detailed proof. The following theory is crucial for the
eradication of the pathogen from the population.

Theorem 5.1. Let (X,Y,V,Z)(t) be the positive solution of system (2.12) with initial
data (X,Y,V,Z)(0) € RY. Define
_ Popz + 1o

poMs

RE

Assume that
'RE <1,

and that the martingale convergence conditions in Lemma 5.1 hold, in particular,
2 2 2 2
ajVas;VayVay
2

maX(m,uz,m,M) >

Then the infected hepatocyte population Y (t) and the free virus population V (t) become extinct
exponentially almost surely. More precisely, there exist constants ¢ > 0 and p > 0 such that

1
lim sup - log (Y(t) -+ cW(t)) < —p, a.s.

t—o00
Consequently,
tlim Y(z) =0, tlim V(¢) =0, a.s.
Moreover,
tlim(Y(t)) = tlim(\/(l)) = tlim(Z(t)) =0, a.s.

Furthermore,

. 11

lim (X (1)) = —, a.s.

[—o0 /l]
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Proof. Since Rg < 1, we have

10
2> Pa+ '8—
u3

Hence, there exists a positive constant ¢ such that

A <e< 2P —p 2

M3 0
Define

a=u —pBr—cod>0, b= cuz—p; >0.

Let

L(1) =Y(t) +cV(2).
Using the equations for Y (¢) and V (), we obtain
dL(t) =dY (1) +cdV(t)

:[IBIX(Z‘)V(I) BaX(1)Y (1)
IN(7) IN(1)

-aY(t)Z(t) — Y (t) + c6Y (1) — cuz V(1) |dt

+ Q’QY(I)dle(l‘) + CC¥3W(I)LﬂB3 (l‘) -5
+ f S2(x)Y(17) + 83 (x)V ()] N(dr, dx).
0
Since
0< ;{T—((?) <1 aY(1)Z(t) 20
we have
ﬁlxﬂifgg( ) S,Blv(t) ﬁZxﬂ\(Tt()g( ) <ﬁ2Y(t)
Therefore,
dL(t) < [(B2— 2+ cO)Y (1) + (B1 — cu3) V(2)] dt
+a/2Y(l‘)dIBQ(Z) +C&3V(l‘)d]83(l) (5.6)
+ f [S2(x)Y (1) + ¢S3(x)V(17)] ﬁ(a’t, dx).
0
Using the definitions of a and b, we get
dL(1) < [-aY(t) =bV ()] dt + a2 Y (1)dBa (1) + cazV(1)dBs3(1)
4 f 1S2(x)Y(17) + S 3(x)V (1-)] N(dr, d). 7
0
Let b
p = min{a, E} > 0.
Then
—aY (1) - bV (1) < —p(Y (1) + V(1)) = —pL(1). (5.8)
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Thus,
d.E(t) < —p.ﬁ(t)dt + CL’zY(Z‘)d]Bz(I) + C(L’3W(t)d]B3 (t)

+ [ 1520X0) + e85V ()] W) (59)
0

Applying 1td’s formula with jumps to log £(7), we obtain

dlog L(1) < —pdt - %CY%YZ(t)‘;(c:)a/%Wz(I) gt
+ fQ [log(l 42 Z(X)Y(’_)Lﬂ;f)S 3(X)W(t‘)) _ Sz(x)Y(r—);(:_c;%(x)V(r) e
CL’QY(Z‘) ca3v(t)
L(1) L(1)
S2(x)Y(7) 4+ ¢S3(x) V(1)
i leog(l " L(17)

_|_

dB, (1) + dBs(1)

) N(dt,dx).

Since
log(1+u)-u<0, u> -1,

and the Brownian correction term is non-positive, it follows that
12240 cas3V (1)
L(1) L(1)

Sr(x)Y(r7) +eS3(x)V (7)) =
—i—Llog(l—F ) )N(dt,dx).

dlog L(1) < —pdi + dB, (1) + dB3(1)

(5.10)

The logarithmic jump term is well defined. Indeed, since S;(x) > —1,i = 2,3, we have

L Sz(x)Y(t"L—é—tf’u)%(x)V(t') _ 0+ Sz(x))Y(t‘)Jt_cgl +S3()V() 5.11)

Integrating from O to ¢, we obtain

log L(1) - log £(0) M(1)
t B t - t

where
B TarY(s)

M(r) = TcasV(s)

| ) dB;(s) + . T Z0s)

L(s
! So(x)Y(s7)+cS3(x)V(s™)\ =
—|—f0 Llog(l—i— ) N(ds,dx).

dBs(s)
(5.12)

The process M(¢) is a local martingale. Moreover,

OSY—(t)SI, 0<

L(1) L(1)
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Together with the boundedness assumptions on the jump amplitudes, this implies that the quadratic
variation of M (t) grows at most linearly in ¢. Therefore, by the strong law of large numbers for local
martingales,

M(t
lim L =0, a.s.
t—oo t
Consequently,
1
lim sup — log L(1) < —p, a.s.
t—00
Since r
t
Y(7) < L(1), V(1) < Q
c
we obtain
lim Y(r) =0, lim V(t) =0, a.s.
Hence,

tli)rg(Y(t)) = tliglo(\/(t)) =0, a.s.

Next, applying Itd’s formula with jumps to log Z(¢), we obtain

2
a
dlog Z(1) = |yY (1) — pg — 74 — Sy dt + aydBy(t) + d T4 (1).
After integration and division by ¢, using
By4(t t
Hm(Y(t)) =0,  lim Ba)) _o i 2
t—00 t—00 t t—00 t
we get
log Z.(t a2
lim sup 0g Z(1) < —/14——4—84 <0, a.s.
t—00 t 2
Therefore,
tlim Z(1) =0, tlim (Z(1)y =0, a.s. (5.13)

Finally, integrating the equation for X(¢) over [0, 7|, we obtain

X(r) = X(0) BIX(OV({)\  [BX()Y(2)
S (S 50

fx \dB (s ff51 (X)X (57N (ds, dx).

BIX()V(1) X ()Y (1)
N() N()
and since (Y (¢)) — 0 and (V(r)) — 0, the two incidence averages vanish. By Lemma 5.1, the
martingale terms divided by ¢ vanish almost surely. Also, by Lemma 5.1,

(5.14)

Since

<p1V (1), <BY (1),

=0, a.s. (5.15)
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Therefore, -
lim(X(2)) = —, a.s. (5.16)

—00 l’ll

This completes the proof. O

Remark 5.1. Theorem 5.1 gives a sufficient condition for the extinction of HBV infection. The proof
is based on the combined infected-virus quantity L(t) = Y(t) + ¢V (¢), which avoids unsupported
ratios such as (V (1)) /(X (t)). Biologically, the condition Rg < 1 means that the combined infection
pressure from cell-to-cell and virus-to-cell transmission is weaker than the removal rates associated
with infected hepatocytes and free virus particles. Hence, infected hepatocytes, free virus particles,
and CTL immune cells vanish asymptotically, while the time-average level of uninfected hepatocytes
approaches 11/ u;.

6. The persistence of the model

In contrast to deterministic models, a model founded on stochastic differential equations (SDEs)
does not contain stable fixed points. Subsequently, it cannot assess the stability of the endemic
equilibrium (EE), the state in which the disease persists. Researchers have employed the concept of
uniqueness as an alternative approach to examine sickness persistence in stochastic models, therefore
accurately depicting epidemic persistence.

Definition 6.1. Provided that the condition specified below is satisfied, the solution of system (2.12)
will continue in expectation

1 t
mmwifymm>aa¢ (6.1)
0

—o0 t

To examine the duration of the HBV outbreak, it is advisable to consider the subsequent lemmas, as
shown in [29,41] for other illnesses as well.

Lemma 6.1. (Strong Law [45]) Let M = {M;};>0 be a real-valued continuous local martingale
vanishing att = 0. If
lim <]M,]M>t = 00, a.s.,

[—o0
then M
lim ! =0, a.s
e <M’ M>t
Moreover, if
M, M)
lim sup . ! < oo, a.s.,
{—o0
then M
lim — = 0, a.s
t—oo

Lemma 6.2. Suppose h € C([0,00) x ), (0,00)) and H € C([0,00) x O, R) 3 lim,,co ]HT([) =0 a.s.
IfVi >0,

!
Inh(r) > -1 f h(s)ds + Aot + H(1), a.s.,
0
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Then,
lim (h(1)) > oo

t—00 A

Here, A and Ay are respectively positive and non-negative real numbers.

This section discusses the long-term average persistence of the stochastic HBV model. In the
revised analysis, persistence is established through a conditional sufficient criterion. Since the
Lyapunov estimate contains terms involving X, Y, V, and Z, we impose explicit lower and upper
bounds on the normalization factor IN(¢). These assumptions allow the nonlinear terms to be
controlled rigorously and avoid the unsupported inequalities used in the previous version. The
resulting persistence condition is expressed in terms of the quantity Ap > 0.

Theorem 6.1. Let (X,Y,V,Z)(t) be the positive solution of system (2.12) with initial
data (Xo, Yo, Vo, Z) € lRi. Define

a? a?
1 2
m=m+7+81, 772:ﬂ2+7+32,
and assume that n; > 0 and 1, > 0. Let
IT IT
Cl - > CZ - .
m m

Assume further that there exist two positive constants Npin and Npax, with
0< Nmin < Nmax,

such that

Suppose that

C1C,11
Ap =29 282 o s a5 0.
Nmax

Then the infected hepatocyte population Y (t) persists in the long-term average sense. More precisely,

N .
liminf(Y(2)) > =—-Ap >0,  as.

Proof. Define

Gi(1) = Ci( - InX(1)) + Co( - In Y (1)). (6.2)
Applying It6’s formula with jumps to G (), we obtain

dGl (l‘) = LGl (l‘)dt - Cla’ld]Bl (t) - Cza’zd]Bz(l‘) - C1d T, (l‘) - Czdjz(l‘), (6.3)

where )

CiIT  CiBV(r) Ci1BY(1) Cia;

LG = — C —4+CS
1(7) X(r)+ N + N +Cu + ——+GS o
_CBX(OV () CBX(1) Cra3 '

CraZ C 24 08,
Y(ONQ N + CraZ(t) + Copan + 5t »S?
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Using the definitions of 71,72, C1, and C», we have

Cin1 + Conp = 211

Therefore,
CiIT  CB:X(¢) Cip1V(t) CiBY (1)
LGy (t) = - - 211 CraZ(t
=X " No Mt Np TN Tz ©5)
B C2ﬁ1X(I)W(1) '
Y(1)N ()
By the arithmetic—geometric mean inequality,
_GIT GpaX(1)  , [CiCol1B
X()  N() ~ N() -
Since IN(7) < Npax, We get
L, [GGllE ) CiClIB
N(Z) Nmax
Moreover, because all state variables are nonnegative and
IN(7) = X(2) + Y (1) + V(1) + Z(1),
we have V(1) Y0 Y(0)
t t t
— <1, Z(t) <IN(#) £ Nmax, — < .
N(l‘) ( ) ( ) s (f) Nmin
Also,
_OpX(V(@)
Y(ON@E)  —
Hence,
C1C,I1 C
LG1(1) < 24|22 L o1 4 €1y + CoatVinax + 222 Y (1)
Nmax Nmin (66)
CiB2
=-Ap+ Y(¢).
P Nmin ( )
Thus,
4Gy (1) < |-Ap+ Clﬁzw)] dt + dM(1),
min
where
M(l‘) = —ClallB] (l‘) - CQQ/QIBQ(I) -C191 (l‘) - Czjz(l‘) (6.7)
is a local martingale. Integrating from O to ¢, we obtain
C !
G1 (1) - G1(0) < —Apt+ 1'82fY(s) ds+ M(1).
Nmin 0
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Dividing by ¢, we get

B (1) 2 ap 4 SLOZGO) MO,

Since X(#) < Nmax and Y () < Npax, the function G () is bounded from below. Hence,

G (1) = G (0
tim int S = G1(0)

t—o00 t

> 0.

Moreover, by the strong law of large numbers for local martingales,

M(t
lim L =0, a.s.
t—oo t
Consequently,
.. Nmin
liminf(Y (¢)) > Ap >0, a.s. (6.8)
This proves that the infected hepatocyte population persists in the long-term average sense. O

Remark 6.1. Theorem 6.1 provides a conditional sufficient criterion for the persistence of HBV
infection in the stochastic model. In contrast to the previous version, the revised proof explicitly
assumes upper and lower bounds for the normalization factor IN(t). These assumptions are used to
control the terms involving X,Y,V, and Z, thereby avoiding the unjustified inequalities in the earlier
proof. Therefore, the revised persistence result should be interpreted as a sufficient persistence
condition under bounded-state dynamics.

7. Numerical analysis

The present part of the manuscript has two primary purposes. The first is to design an appropriate
numerical scheme for simulating model (2.12). The second purpose is to provide representative
numerical examples that explain the influence of various system components on the model dynamics.
Through these simulations, we obtain a clearer scenario of the qualitative behavior of the model and
the manner in which its parameters govern the evolution of the underlying epidemiological process.

7.1. Milstein scheme with jumps

To obtain approximate solutions of model (2.12), we employ the numerical scheme introduced
in [43]. This technique has been successfully applied to several models in the literature, as reported
in [44-46], demonstrating the reliability of the method for stochastic systems with jump components.
In order to implement this scheme, we consider the following settings: let x* € & stand for a
representative point in the jump space, and let IN* represent a positive integer. The discrete index n
takes values from the set {0,1,2,...,IN*}. The time interval [0, T] is divided into IN* equal
subintervals, each having length Ar = #, which defines the step size of the numerical process. Let
IN" = X"+ Y" 4+ V" + Z" represent the total effective population at the discrete time level #,. The
increment of the Brownian motions, denoted by AB;,, = B;(#,+1) — B;(#,), is generated by

A]Bi,n = \/Efi,n,
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where &;, are independent standard Gaussian random variables with mean O and variance 1. In
addition, the jump increment AL, = IL(z,+1) —IL(z,) follows a Poisson distribution with intensity
parameter vAt. The jump space is taken as Q@ = (0, c0), and the corresponding intensity measure
satisfies v(Q) < oo. With these definitions, the Milstein numerical scheme corresponding to
model (2.12) can be written as follows:

e ﬁlxnvn ﬁzxnyn
X" _X"+[H— NN — X" |At
2

(04
+ a1 X"AB,, + Elxn ((ABy4)* - At) + S (x*)X"AL,,

Yn-i—l — Y + [181 N + IBZINn —aY"Z" —,UQY”]AI + CL’QYHA]BZ’,;

a% n 2 * n
+5Y ((AB2a)® = At)+ Sy (x*) Y AL,
2
04
\VARRR v [(w" - /13\/"]& + a3 V"AB3,, + 73\/" ((AB3a)* = Af)+S3(x*)V"AL,,

2
04
zZrl — 7y [)/Y”Z” - mzn}m + a4 Z"ABy,, + 742" ((ABan)® = Af) + S4(x*)Z"AL,.

Here, S;(x*)AL,, for i = 1,2,3,4, represents the discrete approximation of the jump perturbation
associated with the jump amplitude function S;(x) in model (2.12). Thus, the jump terms in the
numerical scheme are directly linked to the Lévy jump functions introduced in the stochastic model.
To maintain consistency with the theoretical positivity of the continuous model, the simulations were
performed using a sufficiently small time step, and the non-negativity condition was enforced on the
numerical trajectories whenever small negative values appeared due to discretization error.

The numerical scheme employed in this work is not the only available procedure for obtaining
approximate solutions of such models. Another well-known and effective alternative method is the
positivity-preserving truncated Euler-Maruyama (PPTEM) method [46]. This technique has been
widely used in the existing literature and has proven to be a reliable tool for handling complex
stochastic models, particularly those involving jump perturbations and nonlinear dynamics [44—46].
For the purpose of performing numerical simulations of system (2.12), we considered the following
values of the parameters and initial conditions.

The parameter values and initial conditions used in Sections 7.2-7.5 are given in Table 1.
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Table 1. Parameter values and initial conditions used in the numerical simulations of
model (2.12). Here, (yL‘l) denotes concentration per microliter.

Parameters Set 1 Set 2 Set 3 Unit Source
I1 1.50 5.00 5.00 u L 1 per day Assumed
Bi 0.01 0.70 1.00 uL~! per day [40]

B 0.03 0.50 1.0 uL~! per day Assumed
Ui 0.20 0.30 0.01 day~! Assumed
i) 0.20 0.60 0.20 per day [40]

U3 0.40 0.30 1.00 per day Assumed
o 0.60 0.02 0.80 per day Assumed
@ 0.09 0.90 0.20 uL~! per day [40]

0 0.0005 0.10 0.20 per day Assumed
Y 0.001 0.20 0.20 per day Assumed
ay 0.09 0.60 - - Assumed
a 0.05 0.60 - - Assumed
3 0.03 0.60 - - Assumed
ay 0.05 0.60 - - Assumed
Xo 0.50 0.500 0.50 - Assumed
Yo 0.70 0.70 0.70 - Assumed
Vo 0.05 0.05 0.05 - Assumed
Zy 0.03 0.03 00.03 - Assumed

7.2. Step-size sensitivity, error estimate, and positivity verification

To examine the numerical reliability of the proposed Milstein-type scheme with jumps, we
performed additional step-size sensitivity tests for

At =0.10, 0.05, 0.025.

Since the exact solution of the stochastic jump system is not available, the numerical error was
estimated by comparing solutions obtained under successive time-step refinements. The Brownian
and Poisson increments were generated on the finest time grid and then aggregated for the coarser
time steps, so that the solutions were compared under the same stochastic sample path. For each state
variable U; € {X, Y, V, Z}, the relative error was computed as

on1/2
(22 v - 02

Ei(At) =

n1/2
At/2
( nN:o‘U,- & (tn) )

The total error was defined by
E(Ar) = Ex(At) + Ey(Ar) + Ey(At) + Ez(Ar).
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The results are reported in Table 2. The total relative error decreases from 1.8058 x 1072 to 1.1378 x
1072 as the time step is refined, which supports the numerical consistency of the scheme.

Table 2. Step-size sensitivity and relative numerical error for the Milstein-type scheme with
jumps.

Comparison Ex Ey Ey E; Total error
0.10vs 0.05 1.1467x 107> 1.2871x10° 7.3916x 10> 8.2323x 10> 1.8058 x 1072
0.05vs 0.025 6.6927x 1074 3.0264%x 1073 3.7194x 1073 3.9631 x 103 1.1378 x 1072

The positivity of the numerical trajectories was also checked by recording the minimum values of
all state variables. As shown in Table 3, the variables remain nonnegative for all tested time steps.
The very small values 2.2204 x 107! correspond to machine precision, indicating that the infected
hepatocytes, free virus particles, and CTL immune cells approach the extinction level numerically.
The normalization factor N(¢) also remains bounded during the simulations.

Table 3. Positivity and boundedness check for different time steps.

At min X min Y minV min Z min N max N

0.10 0.5000 22204 x 10710 22204x1071®  22204x 1071  1.2800 14.5640
0.05 0.5000 22204 x 10716 22204x1071®  22204x1071® 12800 14.5410
0.025 0.5000 2.2204x 10710 22204x 10716  22204x 10716  1.2800  14.6020

Finally, the Milstein-type scheme was compared with a positivity-preserving truncated
Euler-Maruyama scheme. The comparison is shown in Table 4. Both schemes preserve nonnegativity
and lead to the same qualitative extinction behavior. The final values of Y(¢) and V(#) are close to
machine precision in both methods.

Table 4. Comparison between the Milstein-type scheme and the positivity-preserving
truncated Euler-Maruyama scheme.

Scheme Minimum value  Final Y(¢) Final V(¢)
Milstein-type scheme with jumps ~ 2.2204 x 1071° 2.5814x 10716 22204 x 10716
PPTEM scheme with jumps 2.2204 x 10716 2.5826x 10716 22204 x 10716

The relative difference between the Milstein-type scheme and the PPTEM scheme is
Ex =30x107, Ey=6.5083x10"% Ey=28368x107% Ez=33780x107%,

with total relative difference 4.2 x 1073, Hence, the extinction behavior is not an artifact of the chosen
discretization method.
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7.3. Numerical simulation of extinction

By using the above scheme and the suggested values of the parameters, numerical simulations have
been conducted to support the theoretical outcomes for models (2.12) and (2.1) and to corroborate
the extinction criteria stated in Theorem 5.1. The discretization time step used in the simulations is
chosen as At = 0.10. The initial values and parameters of model (2.12) are based on those reported
in Table 1 (Set 1), while &y = 0.02, h, = 0.06, h3 = 0.004, and h4 = 0.04. Under these parameter
settings, the basic threshold parameter Ry satisfies Rp < 1. According to Theorem 5.1, this condition
guarantees that the infection will eventually dies out from the population. In other words, the solution
trajectories converge to zero as time evolves, indicating the gradual eradication of the infection. The
numerical results explaining this behavior are outlines in Fig. 1. Over time, HBV treatment may not
benefit everyone, including the same patient. To account for this variation, we may incorporate Lévy
noise in the model. Lévy noise, which displays random fluctuations or unpredictability in a stochastic
environment, can come from a number of sources. Interestingly, increasing the amount of white noise
can have a noticeable impact on the system’s dynamics, such as speeding up the killing of HBV-
infected cells. External factors that create volatility or unpredictability in the environment can results
an increase in Lévy noise within the model.

The nearly flat profiles of Y(z), V(z), and Z() in Figure 1 are a consequence of the extinction
condition Ry < 1. Under the parameter values of Table 1 (Set 1), the infected hepatocyte population,
free virus particles, and CTL immune response decay rapidly during the early stage of the simulation.
Therefore, over the longer interval 0 < ¢ < 600, these trajectories remain close to zero and appear
nearly empty in the corresponding panels. This behavior is consistent with Theorem 5.1, which predicts
extinction of the infection when Ry < 1. In contrast, the persistence cases shown in the subsequent
figures exhibit nonzero trajectories over time.

AIMS Mathematics Volume 11, Issue 7, 21036-21068.



21061

@x0 R 810
0.7f

15

Y(t) with jumps
Y(t) without jumps
Y(t) without noise | 7

06

05¢F

0.4rF

03

Infected Cell Y(t)

02F

Susceptible Cell X(t)

X(t) with jumps
X(t) without jumps 01r
X(t) without noise

0 100 200 300 400 500 600 0 5 10 15 20 25 30
Time t (Days) Time t (Days)

© V() @

V(t) with jumps 1 003 Z(t) with jumps 1
V(t) without jumps — Z(t) without jumps
V(t) without noise N Z(t) without noise
o 0.025
[7)
e &
> 2 002}
a 0]
= 14
> © 0.015}
8 5
e E
* £ o01f
_
'_
O 0.005 |
0

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time t (Days) Time t (Days)

Figure 1. Extinction dynamics of the state variables of system (2.12) under the parameter
values of Table 1 (Set 1), where Ry < 1. Panel (a) shows the trajectory of uninfected
hepatocytes X(7) over the full time interval 0 < # < 600. Panels (b)—(d) show zoomed early-
time trajectories of infected hepatocytes Y (), free virus particles V(¢), and CTL immune
cells Z(t), respectively, over 0 < ¢ < 30, in order to make the transient behavior and the
differences among the cases with Lévy jumps, without jumps, and without stochastic noise
visible. The results show that Y (7), V(7), and Z(¢) approach zero, confirming the extinction
behavior predicted by Theorem 5.1.

7.4. Numerical simulation of persistence

To illustrate the persistence behaviour numerically, simulations are performed using the initial
conditions and parameter values listed in Table 1 (Set 2) for system (2.12). In this case, the
parameters h;’s are chosen as h; = 0.02, h, = 0.03, h3 = 0.004, and A4 = 0.05. The numerical
trajectories show that the infected hepatocytes and free virus particles remain positive over long time
intervals. This behaviour is consistent with the conditional persistence result in Theorem 6.1 under
bounded-state dynamics. The corresponding trajectories are shown in Figure 2.
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Figure 2. Persistence dynamics of system (2.12) under the parameter values of Table 1
(Set 2). Panels (a)—(d) display the trajectories of X(¢), Y(¢), V(¢), and Z(r), respectively,
and compare the cases with Lévy jumps, without jumps, and without stochastic noise. The
persistence of infected hepatocytes and free virus particles is consistent with the conditional
persistence behaviour described in Theorem 6.1.

7.5. Effects of Lévy noise
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In this subsection, the influence of Lévy jump noise on the long-term qualitative behaviour of the
proposed model is explored through numerical simulations. The analysis is primarily motivated by
the role of stochastic perturbations and jump amplitudes in shaping the persistence dynamics of HBV
infection. In particular, we investigate how variations in the Brownian noise intensities and Lévy jump
amplitudes affect the trajectories of the infected hepatocyte population. To improve the realism of
the formulation, model (2.12) incorporates two types of stochastic perturbations, namely Lévy jump
noise and Gaussian white noise. To explain their effects, relatively larger values of the noise intensities
a1, @2, a3, and a4 are considered, while the remaining parameter values are taken from Table 1 (Set 3).
At the same time, relatively large jump amplitudes are chosen as h; = 0.6, hy = 0.75, hs = 0.44, and
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h4 = 0.33. Under these conditions, the stochastic model (2.12) exhibits persistent infection dynamics
with pronounced random fluctuations. Figure 3 provides a graphical representation of the simulated
trajectories supporting this observation. In addition, larger values of the noise intensities generate

stochastic paths characterized by jump behaviour and visible fluctuations, as illustrated in Figures 3a—
3c.

14 |-
i1

T ,,.Ml T i N

I '|' ’ “u w Il ,lu il 9 T TV N

~N
o

Infected Cell Y(t)
Infected Cell Y(t)

I I I I I I I I I I
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time t (Days) Time t (Days)

(@) a; = 0.70,, = 0.75, 3 = 0.50, a4 = 0.55 (b) &) = 0.75,8, = 0.80,23 = 0.505, @y = 0.40

Infected Cell Y(t)

I I I I I
0 100 200 300 400 500 600
Time t (Days)

(¢) a1 = 0.70,a; = 0.75, a3 = 0.30, 2y = 0.45
Figure 3. Effects of Lévy jump noise on the infected hepatocyte population Y (z) under
different noise intensities. The simulations use the parameter values of Table 1 (Set 3) and
compare the trajectories with jumps, without jumps, and without stochastic noise. Larger
noise intensities produce stronger fluctuations and visible jump behavior, illustrating the
influence of Lévy perturbations on the persistence dynamics of HBV infection.

8. Conclusions
In this work, we examined a stochastic HBV model with virus-to-cell transmission, cell-to-cell
transmission, CTL immune response, Brownian perturbations, and Lévy jump noise. We first

established the existence, uniqueness, and positivity of the global solution. The extinction analysis
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shows that the infection dies out under the sufficient condition stated in Theorem 5.1. Moreover, a
conditional sufficient persistence criterion is obtained under bounded-state dynamics. Numerical
simulations support the theoretical findings and show that stochastic perturbations and Lévy jumps
can strongly influence the long-term behaviour of HBV infection. Additional numerical reliability
tests, including step-size sensitivity, relative error estimation, positivity verification, and comparison
with a positivity-preserving truncated Euler-Maruyama scheme, further support the robustness of the
simulations.

Although the proposed model provides useful insight into the stochastic dynamics of HBV infection
with CTL immune response, cell-to-cell transmission, and Lévy jumps, it has some limitations. First,
the model is based on a compartmental structure and therefore simplifies the complex intracellular
replication cycle of HBV. Second, the parameters are assumed to be constant, although in real patients
they may vary over time due to immune status, treatment response, disease stage, and other biological
factors. Third, the stochastic perturbations are introduced through Brownian motion and Lévy jumps
to represent environmental and biological fluctuations, but the exact intensity and distribution of such
perturbations are difficult to estimate from clinical data. Fourth, the model does not explicitly include
antiviral therapy, drug resistance, spatial heterogeneity in liver tissue, or detailed immune components
such as helper T cells, B cells, cytokines, and antibody responses. Moreover, the numerical simulations
are mainly intended to support the theoretical results and are not fitted to patient-specific data.

Future research may extend the present framework by incorporating treatment effects,
time-dependent parameters, distributed or state-dependent delays, fractional-order dynamics, spatial
diffusion, and additional immune response mechanisms. Another important direction is to estimate
parameters using clinical HBV data and validate the model predictions against patient-specific viral
load and immune response measurements. Such extensions would improve the biological realism of
the model and may help develop more effective strategies for HBV control and treatment.
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