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Abstract

Introduction: Understanding the initial dynamics of an epidemic, especially whether it will establish itself or die out, is
critical for public health policy. Deterministic models provide insight into average population behavior but cannot capture
the random chance, or demographic stochasticity, that governs the fate of an outbreak when infectious case numbers are
low. This is particularly relevant for COVID-19, where population heterogeneity due to vaccination significantly influences
transmission. In this paper, we develop and analyze a vaccine-structured epidemic model to quantify the probability of
disease extinction and understand how vaccination status impacts these early, uncertain dynamics.Materials and Methods:
We formulated a deterministic model using a system of eight ordinary differential equations (ODEs) to represent non-
vaccinated and vaccinated populations, incorporating waning immunity. A corresponding Continuous-Time Markov Chain
(CTMC) model was developed to capture stochastic effects. The basic reproduction number, %, was derived using the
next-generation matrix method. We applied multitype branching process theory to analytically calculate the probability
of disease extinction (Py) and used Gillespie’s Stochastic Simulation Algorithm to run 10,000 CTMC sample paths to
numerically approximate this probability (P4) and the finite time to extinction. The model was grounded using parameters
fitted to COVID-19 data from South Africa during the period from March 5, 2020 to March 21, 2022. Results: The basic
reproduction number was calculated as %y ~ 1.4130, indicating the potential for sustained transmission. The extinction
probability derived from the branching process (Py) showed excellent agreement with the simulated approximation (P4).
A key finding is that an infection introduced by a vaccinated individual has a significantly higher chance of extinction
(P4 =~ 0.90 — 0.93) compared to one from a non-vaccinated individual (P4 =~ 0.75 — 0.78). Furthermore, outbreaks initiated
by an infectious vaccinated person that do go extinct resolve the fastest (7" =~ 35 days), while those from an infectious non-
vaccinated person persist the longest (7' ~ 62 days).Conclusion: This study demonstrates that vaccination provides a dual
benefit in containing new disease introductions: it substantially increases the probability of stochastic fade-out and shortens
the duration of abortive outbreaks. These findings highlight the limitations of relying solely on deterministic thresholds
like Z and underscore the importance of stochastic models in providing a more nuanced risk assessment for public health
planning, emphasizing that vaccination is a powerful tool for preventing new sparks from becoming major epidemics.
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1. Introduction

In the last months of 2019, a new virus, called the 2019 Coronavirus (COVID-19), emerged in Wuhan, China
[1].The virus began to spread rapidly, resulting in a worldwide pandemic that affected every country and region of
the world. In November 2023, there were 771,820,937 confirmed cases worldwide, resulting in 6,978,175 deaths
[2]. The African region also experienced the wrath of this pandemic, although it occurred later than in other
regions. The first case was reported in Egypt on February 14, 2020, followed by Algeria on February 25, 2020 [3].
In March 2020, COVID-19 entered Southern Africa via South Africa [4]. Botswana, Namibia, and South Africa
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exhibited the highest prevalence rates in Southern Africa. Botswana’s prevalence rate was nearly 5238 cases per
100,000, Namibia’s was 4746 cases per 100,000, and South Africa’s prevalence rate stood at 4212 per 100,000 [5].

COVID-19 arises from a novel identified coronavirus called Severe Acute Respiratory Syndrome Corona Virus
2 (SARS-CoV-2) [1]. This virus is part of the coronavirus family, which comprises Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV).
However, SARS-CoV-2 exhibits a lower mortality rate [6]. Despite this fact, SARS-CoV-2 caused a more severe
pandemic compared to those caused by SARS-CoV and MERS-CoV. This was primarily due to the high level of
contagiousness of the virus, which enabled its rapid and extensive global spread. The increased transmissibility of
the COVID-19 virus can be attributed to various factors, such as its ability to spread through respiratory droplets
and aerosols, an extended period of infectivity, especially in asymptomatic carriers and the emergence of multiple
variants with greater infectiousness than the original strain [7].

COVID-19, an RNA virus with high mutation rates, led to the emergence of variants like Alpha, Beta, Delta
and Omicron, complicating containment efforts [8, 9]. Countries implemented stringent non-pharmaceutical
interventions, which significantly affected sectors like tourism and travel [10], highlighting the need for
vaccines. Various pharmaceutical companies, such as AstraZeneca, Johnson & Johnson, Pfizer, and Moderna,
were instrumental in the development of vaccines [11]. However, research has indicated that the immunity
provided by these vaccines is not enduring and diminishes over time, typically persisting for approximately six
months [12].The importance of ongoing non-pharmaceutical interventions was highlighted. Consequently, the
mathematical/statistical modeling community played a crucial role as well. Models were created to assess the
effects of both pharmaceutical and non-pharmaceutical interventions, aiding in making informed decisions based
on transmission rates, reproduction numbers, and recovery rates derived from their analyses.

Most infectious disease models use the concept of compartmental modeling frameworks [13]. In this kind of
modeling, a population is divided into compartments such as susceptible individuals, infectious individuals and
recovered individuals [13]. These models can be either deterministic or stochastic. Deterministic models, generally
structured as ordinary differential equations (ODEs), are straightforward, well-suited for well-understood systems,
and effectively average randomness over large populations [14, 15]. However, they lack the ability to incorporate
unpredictable fluctuations (randomness). In contrast, stochastic models cater to the randomness inherent in
probabilistic systems, such as disease outbreaks, using frameworks such as discrete-time or continuous-time
Markov chains (CTMCs) and stochastic differential equations (SDEs) [16, 17]. These models offer the ability
to simulate random fluctuations and heterogeneity in individual responses [18]. In particular, CTMCs prove
advantageous because they handle discrete state spaces and individual variability efficiently, making them suitable
for analyzing dynamics such as those of COVID-19 [18, 19].

1.1. Literature review

In the case of SARS-CoV, deterministic models have been instrumental in understanding disease spread and
control measures, as demonstrated in a study by [20] that analyzed the impact of quarantine strategies. In a
similar study by [21], a deterministic model was used showing how isolation measures, social distancing and
knowledge of diffusion conditions helped contain the pandemic. [22] developed a stochastic Susceptible-Infected-
Recovered-Cross-Immune (SIRC) epidemic model with time delay for COVID-19, incorporating environmental
white noise to enhance the model realism and provide more accurate insights into the disease dynamics. The
analytical and numerical results of the study highlighted the impact of different parameters on the spread of
the virus, emphasizing the importance of considering environmental noise in epidemic models. In a study by
[23], the CTMC model was applied to calculate the probability of the COVID-19 outbreak, to better predict
the disease outbreak and control its spread. The authors used the mathematical model of the 4 compartment
Susceptible-Exposed-Infectious-Removal (SEIR) to estimate the current trend and the upcoming infection status
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of COVID-19 at county levels of Texas.

While these studies provided vital early insights, recent literature has pivoted towards the long-term management
of COVID-19, where waning immunity and vaccination heterogeneity are paramount. Deterministic models alone
often fail to capture the probabilistic risk of resurgence when case numbers are low, a critical factor in post-
peak pandemic phases. For instance, [24] highlighted that the trajectory of COVID-19 in the coming years heavily
depends on the duration of immunity and the impact of vaccination, complex dynamics that simple SIR models may
oversimplify. Furthermore, [25] highlighted that population heterogeneity can significantly alter the herd immunity
threshold, leading to estimates that differ from those derived from homogeneous models. Recent work by [16]
further demonstrated that stochastic models often predict lower peaks and different extinction timelines compared
to their deterministic counterparts, particularly when accounting for heterogeneous transmission rates. This gap in
the literature necessitates a comparative approach using both deterministic and stochastic frameworks, specifically
tailored to vaccine-structured populations with waning immunity, to fully understand the risks of resurgence from
small introduction events.

1.2. Contribution and Research highlights

The primary motivation for this study addresses the limitation of relying solely on deterministic models to predict
early epidemic dynamics. While useful for large-scale average trends, deterministic frameworks cannot accurately
assess the probability of a disease failing to take hold when introduced by only a few infectious individuals. This is
particularly crucial when considering a heterogeneous population where some individuals possess partial, waning
immunity from vaccination. Understanding whether a ‘spark’ from a vaccinated individual is as likely to cause
a major fire as one from a non-vaccinated individual is vital for accurate public health risk assessment in the
current phase of the pandemic. This study aims to bridge this gap by exploring both deterministic and stochastic
compartmental models for COVID-19, explicitly incorporating the heterogeneity introduced by the decline in
vaccine-derived immunity.

1.2.1. Research Highlights The main contributions of this work are:

¢ the development of a unified vaccine-structured framework designed to track disease progression and waning
immunity across vaccinated and non-vaccinated sub-populations, grounded by parameters fitted to South
African data.

* to conduct a comparative threshold analysis to contrast disease behaviors, specifically extinction versus
outbreak scenarios, between deterministic approaches that use the basic reproduction number (R() and
stochastic approaches based on the spectral radius of the expectation matrix.

* to quantify the specific probability of extinction for scenarios where the disease is introduced by different
index cases (e.g., a single infected vaccinated individual versus an infected non-vaccinated one), employing
both analytical multi-type branching process theory and numerical Gillespie stochastic simulations.

1.3. Organization

The remaining sections of this paper are structured as follows: initially, the deterministic and stochastic models are
formulated in Section 2. In Section 3 the results from the data fitting, parameter estimation and sensitivity analysis
are discussed. Furthermore, numerical simulations are carried out in the same section. Finally, in Section 4 the
results are discussed and the paper concludes with Section 5.

2. Methods
This section formulates a deterministic model that represents the transmission dynamics of COVID-19 in South
Africa. The model considers the heterogeneity in the population due to vaccination by separating the population into

non-vaccinated and vaccinated subpopulations. These subpopulations are then further divided into compartments

Stat., Optim. Inf. Comput. Vol. x, Month 202x



A.NDOVIE, C. SHOKO, O.S. EWEMOOIJE AND S. RAMASAMY 3

representing the disease states of individuals. From this framework, a corresponding stochastic model is developed,
which reflects the randomness inherent in disease transmission during the early phase of an epidemic, when
incidence 1is still low.

2.1. Formulation of the Deterministic Model

The formulation of the model is based on the Kermack-McKendrick epidemic model [26], which introduces a
compartmental division of the population into susceptible, infected (or infectious), and recovered groups, known as
the SIR model. This current study broadens the model to incorporate additional characteristics found in individuals
affected by COVID-19, including those who have received vaccinations. Initially, individuals are categorized into
non-vaccinated and vaccinated groups, indicated by the subscripts n and v respectively. Consequently, the entire
population N (¢) can be expressed as N (¢) = N, (t) + N,(t), where N, (¢) is the total number of non-vaccinated
individuals and N, (t) represents the total vaccinated count. Within the non-vaccinated group, individuals are
further classified as susceptible (S,,(t)), exposed (E,(t)), infectious (I,,(t)), and recovered (R, (¢)). Similarly,
the vaccinated population is divided into parallel categories, using the subscript v instead of n. Thus, we have the
total numbers of the non-vaccinated and vaccinated populations as follows:

N (t) = Sn(t) + En(t) + In(t) + Ru(t) and  Ny(t) = Su(t) + Ey(t) + I,(t) + Ru(t).

In the above equation, ¢ represents a function that depends on time. However, for convenience, S,, will be used
instead of S, (t), S, instead of S, (t), and so forth from this point forward.

/LE»,L (M + 511)[11 HRn
Wrp R A A AN
Wrn Ry,
k ~
Sn S E 1, R
8 s (e [
Wy Sy ®Sn oE, oI, oR,

pEy (14 00) 1, PRy

Figure 1. Schematic Diagram of the Epidemiological Model.

The model is structured to capture the key epidemiological features of COVID-19, accounting for vaccination
status and waning immunity. New individuals are introduced into the population as non-vaccinated susceptibles
(Sp) at a rate . These individuals can then be vaccinated, transitioning to the vaccinated susceptible class (S,,)
at a rate ¢, or they can become infected. Upon infection (at rates A,, for S, and A, for S,), individuals move
to their respective exposed compartments, £,, or F,. These states represent the latency period of COVID-19,
which is well-documented in clinical studies [12]. During this time, individuals are infected but not yet capable
of transmitting the virus. Following the latency period, individuals progress at rates o,, and o, to the infectious
compartments, I,, and I,,. The term ‘infectious’ is explicitly used for these classes to differentiate them from the
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4 STOCHASTIC MODELING OF A VACCINE-STRUCTURED EPIDEMIC MODEL

‘exposed’ classes, which are infected but not yet transmitting the virus. After an infectious period, individuals
recover at rates -, and +,, moving to the recovered compartments R, and R,. A critical feature of COVID-19
epidemiology is temporary immunity [12]. This is modeled by having recovered individuals return to their
respective susceptible classes, with natural immunity waning at a rate w,, (R, — S,) and hybrid immunity
waning at a rate w,., (R, — 5,). Therefore, ‘recovered’ is used rather than ‘removed’ to emphasize that immunity
is not permanent. Finally, all compartments are subject to a natural death rate .

In recognition of the therapeutic benefits of vaccination, the rates of disease progression (o), recovery (7),
and disease-induced mortality differ between non-vaccinated and vaccinated populations. The model applies
the vaccination rate ¢ to all non-vaccinated compartments (S,,, F,,, I,, and R,,). This structure is a deliberate
simplification intended to capture the operational reality of a mass vaccination campaign operating with imperfect
information, where it is not feasible to screen for prior infection or current asymptomatic status. The S,, — S,
transition is the primary pathway, representing the vaccination of known-susceptible or healthy-identifying
individuals. The R,, — R, pathway accounts for the vaccination of recovered individuals, a process supported
by public health policy and the known immunological advantages of vaccinating previously infected persons.
Vaccination post-recovery has been shown to elicit robust ‘hybrid immunity’, leading to stronger and more durable
protection than infection-acquired immunity alone [27]. This pathway is a standard inclusion in many COVID-19
vaccination models [28]. The transitions F,, — F, and I,, — I, represent the vaccination of individuals who are
in the incubation period (exposed) or are asymptomatically infectious. In a real-world campaign, these individuals
are typically unidentifiable from the susceptible population. During the initial vaccine rollout, official public
health guidance from bodies like the U.S. Advisory Committee on Immunization Practices (ACIP) explicitly
recommended against virological screening for current infection prior to vaccination, as this would create
unnecessary barriers and critically slow the campaign [29]. This modeling structure therefore assumes that these
individuals are vaccinated at the same rate as the general population. The transition to a vaccinated compartment
(e.g., E, or I,) is a structural one, reflecting that the individual has received the vaccine. The potential benefits
of vaccination, such as a faster recovery (a higher ~,) or reduced mortality (a lower ¢,), are then captured by the
distinct parameters governing the vaccinated track.

The summary above, combined with the schematic diagram in Figure 1 and the variable and parameter explanations
in Table 1, results in the following system of ordinary differential equations:

QU

Sy (2)

T =t WSy + Wen B+ wrp Ry = (A + 6+ 1) S, (o
dS(;t(t) = §Sn — (Ao + p+ws0)So, )
dE;t(t) =A\Sp — (on + u+ &) En, 1
db:;}(t) = A\oSy = (00 + ) By + ¢En, 1
dlgt(t) = 00 By — (+ Yo + 0n + O) I, "
djgt(t) = ovEy = (1 + Yo + 60) Ly + ¢ln, w
dRCZ(t) N P S (1g)
dR;t(t) — oly 4 6B — (1 + ) Ry (1h)

The vaccine-structured model is described by equations (la)- (1h), with the forces of infection \,, and \,, given
by:
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A =

(ﬁnn-[n + ﬁnvIv) _ (61)1)]1) + ﬂvn-[n)
N and M\, = N .

All parameters are positive and the initial conditions of the system are as follows;

S (0) = Spy >0, S,(0) =S
1,(0) = In, > 0,

Vg Z 07 En(o) = Eno Z Oa Ev (0) = Evg Z 07
1,(0)=I,, >0, Rn(0)=Rn, >0 and Ry(0) = Ry, > 0.

To determine the rate of change in the total human population, we take the derivative of N along the systems of

equations (la)- (1h),

N:S71+Sv+En+Ev+In+Iv+Rn+Rv;
dN _dS,  dS,  dE, dE, dlI, dI, dR, dR,

dt
_ aN
dt

At At o dt . dt " odt o dt dt
= (Ii + ws’uSv + Wran + wrvRv - >\nSn - (¢ + M)Sn)

¢Sn - )\vSv - (N + wsv)Sv) + ()\nSn - (Un + ,u + ¢)En)

+ (

+ (A’USU -

+ (Uva - (,U + Y 4 0u) 1y + ¢In) + (ann - (N +9¢+ Wm)Rn)
+ (

(00 + W) Ey + ¢En) + (0nEn — (1 + yn + 0 + 0) 1)

Yol + oR,, — (,U + wr'u)R’u)-

Simplifying, the result follows,

AN
Y e UN — 6,1, — 6,1,
a  FTH

Table 1. Variables and Parameters in the vaccine-structured SEIR Model.

Notation Description

Sn Non-vaccinated susceptible individuals.

Sy Vaccinated susceptible individuals.

E, Non-vaccinated exposed individuals.

E, Vaccinated exposed individuals.

I, Non-vaccinated infectious individuals.

I, Vaccinated infectious individuals.

R, Non-vaccinated recovered individuals.

R, Vaccinated recovered individuals.

K Recruitment rate.

Ony Oy Progression rate for F,, and F, respectively.

Brnns Brvs Bov, Bon Infection rates for S,, and S, by I,, and I, and their interactions.
Vs Yo Recovery rates of I,, and I, respectively.

I Natural death rate.

On, Oy Disease induced death rate of [,, and I, respectively.

Wy Wrn s Wiy Vaccine derived, natural and hybrid immunity waning rates respectively.
10) Vaccination rate

2.1.1. Basic Model Properties

2
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Positivity of Solutions The positivity of solutions refers to the non-negativity of the solutions of the model (1).
This property is crucial for the equation to be epidemiologically meaningful, as it ensures that all state variables
remain non-negative for all time ¢. Consider the following theorem:

Theorem 2.1

Given the initial conditions S, (0) =
I, > 0,1,(0) = I, > 0, R, (0) = R,
(Sn(t), Su(t), En(t), Eu(t), In(t), Lo(t

Sno > 0,5,(0)=S,, >0,E,(0)=E,, >0,E,(0) =E,, >0,I,(0) =
, >0 and R,(0)=R,, > 0. The solutions
R, (), Ry(t)) of the system 1 are all positive for all ¢ > 0.

)

Proof
From equation (la) in the system of equations (1), it is assumed that
ds,
W =K+ Wsp Sy + Wrn R + wrp Ry — ()‘n + ¢ + M)Sn > _()‘n + p+ ¢)Sn

Therefore,

as,
ar > —(An + p+ ¢)Sn. 3)

Integrating (3) by separating the variables gives
S, (t) > S(0)e~ Antrtdt > vt 4)

Using the same method for the remaining differential equations (1b) to (1h), we have, respectively:

Sy(t) > S, (0)e~Avtntwsnlt > (5)

E,(t) > E,(0)e~rFontdlt > (6)

E,(t) > E,(0)e~1+o)t > g, (7)

I,(t) > I, (0)e~(#F7ntdntd)t > (8)

I,(t) > I,(0)e~ 7o t)t > )

Ry (t) > R, (0)e(HHotwm)t > (10)

Ry (t) > Ry (0)e~(HHer)t > 0, (11)

(12)

for all t.

O

Feasibility of the Model (Invariance) The feasibility of the model describes the region in which the solutions of
the system of equations is biologically meaningful.

Theorem 2.2

Suppose equation (2) holds, every solution of the model in the system of equations (1) with initial conditions in
Ri approaches and stays in the compact set I{ as ¢ — oo. Then the feasible solution, which is a positively invariant
set of the model, is given by

U= {(STMSU7ETL3E’L)7InaI’U7RnaR'U) € ]Ri. : N( ) S }

==
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Proof
From equation (2) we have

thus

o <k —uN(t). 13)

Multiplying by the integrating factor and using Birkoff and Rota’s theorem [30] follows

o <
¢ . (14)

Hence, as t — oo,

which implies 0 < N < g Then the trajectories of the model (1) are bounded in the region /. This completes the
proof. O

2.1.2. Equilibria and Stability Analysis of the Model

Disease Free Equilibrium (DFE) To determine the steady states of model (1), the right-hand side of the system is
set to zero:

K+ Wep SO 4 Wy RY 4wy RS — (A + ¢+ 11)S2 = 0,
¢Sy — (Ao + p + wsy) Sy = 0,

ASp = (o0 + p+ @) Ep = 0,

XSy = (00 + ) By + ¢E, =0,

onEy — (Yo + 0n + G)I =0, )
0w By = (1 + v + 0,)I) + I = 0,
Yaln = (1 + ¢ +wrm) Ry =0,
Yoly + R, — (1 + wro) Ry = 0.
Substituting E = EY = 10 = 19 = R = RY = 0 into Equation (15) gives:
K+ we Sy — (¢ + p)Sh =0, 16)

qSSg —(u+ wsv)SS =0,
hence,

0 ’i(wsv + H) and SO — ¢K‘

n:/‘(wsv+¢+ﬂ) N(st+¢+/~5).

Thus, the disease-free equilibrium (DFE) is given by
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8 STOCHASTIC MODELING OF A VACCINE-STRUCTURED EPIDEMIC MODEL

K (Wsy + 1) ok
wsy + ¢+ ﬂ)7 w(Wsy + ¢+ 1)

Further the initial total population size is N° = S9 + S9.

DFE = < ,0,07070,0,0) . a7y

Basic Reproduction Number The basic reproduction number, %, represents the average number of secondary
infections generated by a single infectious individual in a wholly susceptible population. Following the next
generation matrix approach described by [31], %, is determined for model (1).

Let . and ¥ denote the rate of appearance of new infections and the rate of transfer among compartments,
respectively, evaluated at the disease-free equilibrium Y = (0,0, 0,0, S%,52,0,0). The Jacobian matrices F and
V, derived from .% and ¥, are used to form the next generation matrix F'V ~! (see Appendix A.1). The spectral
radius of this matrix provides the basic reproduction number:

o = p(FV™') = (911 + g22) + %\/9%1 + 4912921 — 2911922 + 935,

where all positive parameters g;; (¢,j = 1,2, 3,4) are defined in Appendix A.l. The first term in the expression
represents within-group transmission among the non-vaccinated and vaccinated populations, while the second term
captures cross-group transmission effects. The detailed derivation of the Jacobian matrices, their components, and
the full expressions for g;; are provided in Appendix A.1.

Disease free Equilibrium and Stability The stability analysis of the disease-free equilibrium assists in
understanding the long-term dynamics of a disease. This analysis is dependent on the basic reproduction number,
as explained by the theorem below.

Theorem 2.3
The disease-free equilibrium point X is locally asymptotically stable when %, < 1, while X° is unstable when
Hy > 1.

Proof
The Jacobian matrix .J evaluated at the disease-free equilibrium point X = XY is
M, M.
Jo = Jx—xo = < My M ) (18)
with
JEE JEI JES JER
M - 7]\4’ =
! ( J[E JII > 2 < JIS JIR >
Jsg  Jsr Jss  Jsr
M - 7]\4’ =
3 ( JRE JR] > 4 < JRS’ JRR >
where the detailed calculations for each component sub-matrix (e.g., Jgg, Jgr, - - ., Jrr) at the DFE are presented
in Appendix A.2.

Therefore, with an = (Bnnln +anlv) and %U = (/B'U’UI’U +/8U7LI7L)’ the matrices M; and M, at the DFE
simplify to:

0 0
—(on +p+9) 0 Brna Eryon
BunSS Buov Sy
M, = ¢ —(oy+p) o O
0 Oy ¢ _(M + Yo + 61})
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An - ¢ 0 Bnn an
— ¢) AU BU"L BU'U
- C, 0 -D,—¢
0 C, ¢ —D,
and

uw+ o Wsp 0 0
_ -0 B+ wey 0 0
My = 0 0 f+wem+o 0
0 0 ¢+ Wy

The Jacobian Matrix Jy has a characteristic equation that is the product of the characteristic equations of M; and
My. Since the eigenvalues of M, are negative, the remaining four eigenvalues depend on the characteristic equation
of M7, which is

M4+ HN + H )2+ HA+H*=0 (19)

where

Hy = (A, + Ay + Dy + Dy)

Hy = (A, Ay — BynCh — BywCy + ApyDy + AyD,, + A, D, + A,D, + D, D,),

= A A, + A, D, + A,D, + (A4, D,, — B, Cp) + (AyDy — By, Cyy) + D, Dy,

Hy = (-A,Bp,Cp — ApBy,Cy + A A,D,, — B,,C,D,, + A, A, D, — B, C,,D, + A, D, D, + A,D, D),
= (A, + D,)(A,D, — By,Cy) + (Ay + D) (An Dy — BpnCh),

Hy = By BynC1Cy + BppByyCrnCy — ApByyCo Dy, — AyBupnCrn Dy + Ay AyDy Dy,

= _AnA'UDan + (BnnBvU - Bm;an)OnC’u + A’UDU(AnDn - Bnncn) + AnDn(Ava - vacv)-
(20)

According to Descartes’ rule of signs [32, 33, 34], the number of negative roots for the characteristic equation (19)
is equal to the number of sign changes in its coefficients. Consequently, equation (19) contains four negative roots
if

H, >0, Hy >0, H3>0, Hy>0. 21)
The conclusions presented in (21) remain valid provided that the parameters in (20) meet the following conditions:

(AnDn - Bnnon) > 07 (Ava - vacv) > Oa

(22)
— A, AyDy Dy + (B Byy — BryByn)CnCy > 0.

O

Endemic Equilibrium and Stability The endemic equilibrium is a state in which a disease is present in the
population; however, the disease does not die out or increase exponentially. This occurs when the reproduction
number is greater than one. Considering model (1), by setting the right-hand side to zero, the endemic equilibrium
satisfies the following equalities:
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g
K4 Wso Sy + wrn Ry, + wr Ry, — (Bund,, + ﬁnv-[:)NZ — (¢ +p)S;, =0, (23a)
S

¢S:L - (61)1)]; + anIZ)NZ — (M + wsv)S;; = 07 (23b)
S

(Bnnl:; + ﬂnvlrj)NiZ - (O'n + u+ d))E: =0, (23¢)
S

(ool + Bun ) S — (0, + W) + 0F; =0, 3

OBy — (1 + 00 + @) = 0, (23e)

'VnI;: - (N +o+ Wrn)R:z =0, (23g)

'YUI:; —+ (bR:jL - (M + wrv)Rz =0, (23h)

Combining (23a) with (23c) and (23b) with (23d) results in;

K+ WspSy + Wrn Ry, + wry Ry — (¢ + 1) Sy, — (00 + o+ ¢)E;, = 0,

24

The aim is to represent S,,, S, I,, I,,, R, and R, as linear functions of E,, and E,,. Through algebraic manipulation
(detailed in Appendix A.3), we obtain expressions for the state variables (Eq. 77) and the total population N* (Eq.
78).

Together with these expressions, equations (23c) and (23d) can be rewritten as:

(B ER) = ann EX? + 2(an + ano EX)ES + (20, EF + ay, E?) = 0, (25)
fo(EX EY) = bynEX? 4+ 2(byy + buo EX)ES + (20, Ef + by EX?) = 0, (26)
with the coefficients (any, @y, ..., by,) being complex combinations of the model parameters, as detailed in

Appendix A.3.
The endemic equilibrium point X* is located at the intersection of f,,(E*, E*) = 0 and f,(E}, EX) = 0.

Theorem 2.4 (Existence and Uniqueness of the Endemic Equilibrium points.)
If one of the following conditions hold, then model (1) has a unique endemic equilibrium point X *.

anpn 7# 0 and by, # 0,
Gnpn = 0and by, # 0,
Apn 7A 0 and b,,, = 0,

Qpn = bnn =0.

bl .

Proof

Case 1: a,,, # 0 and b,,,, # 0

Let E7 be considered as a function of E*. From equation f,,(E, E¥) = 0, whichis a,,, E}? + 2(ay, + ano B )E +
(2a,E} + aywE}?) = 0, for a unique solution for E; (given E}), we require the discriminant A,, of this quadratic
in £’ to be zero. Let A = a,,,, B =2(a, + anuE}), and C = (2a,E; + a,,E*?). The discriminant is A,, =
B? — 4AC. Setting A,, = 0:

(2(an + anp EX))? = 4ann (20, B 4 apy EX?) = 0. 27
If A,, = 0, the unique solution for E is E = —%:

2 n ’I’l’U‘E‘},< n ’ﬂ’UE*
E*:_ (a’ +a’ ’U):_a’ +a ’L). (28)

n
20nn (nn
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Similarly, from equation f,(E}, E}) = 0, which is by, E:? + 2(bp, + bp EX)E}: + (20, Ef + by EX?) = 0, for a
unique solution for E* (given E), we require its discriminant A,, to be zero. Let A’ = by,,,, B’ = 2(b,, + by E),
and C' = (2b,E} + by, E}?). Setting A, = (B')?2 — 4A'C" = 0:

(2(by, + bno E))? — 4byy (20, B + by E52) = 0. (29)
If A, = 0, the unique solution for E}; is E} = —£5:
o 2bn A bueED) byt by
T e T b G0

Equating the expressions for £ from (28) and (30):
CantanoE] by + b EY

Ann bnn

Thus,
Arnbn — buna
v a’ILU bnn - annbnv ’ ( )

provided that the denominator D,y = Gpnobpn — Gnnbny 7 0. Substituting this £ back into equation (28):

E* _ _an + an’uE: — 1 <an + Ao annbn - bnnan >

n
ann ann

a’TL’U bTLTI - a”nn bTL'U

Thus,
nbpy — Gnyb
E* — nvnuv nv-¥n . 32
" anvbnn - annbnv ( )
For these unique values of £ and E;; to be the endemic equilibrium, they must satisfy the conditions A,, = 0 and

A, = 0. Substituting £ from (31) into (27) yields the first condition on the coefficients:
(an 4 Ao EX)? = ann (20, EF + a4, B12).
Noting from (28) that a,, + ano E; = —an, E, this condition becomes:
(—annEX)? = ann (20, EF + ay EX?)
Since ay,, # 0:
ann(Ep)* = 20,Ey + auo (). (33)

Similarly, substituting E from (31) into (29) yields the second condition. Noting from (30) that b,, + b, E;, =
—b,n £, this condition becomes:
(_bnnE;)Q - bnn(2va»: + bva:;Q)
Since b,,,, # 0:
bun (B2 = 20, E7 4 by (B2 (34)

Therefore, for a unique endemic equilibrium (E, E?*) given by (32) and (31) to exist under the assumption that E
is a unique root of both quadratics (for a given E7), the coefficients a;;, b;; must satisfy conditions (33) and (34),
where E and E; are themselves expressions in terms of these coefficients as defined in (32) and (31). Substituting
the expressions for E and E into (33) and (34): Let Dy, = anybnn — Gnnbny. Condition 1 becomes:

<anbnv - anvbn > 2 ) (annbn - bnnan> + <annbn - bnnan ) 2
Apnp | ———=—— =20y | ——————————— Qyy | —————
Dab Dab Dab

Multiplying by D?, (assuming Dy, # 0 for E}:, E to be well-defined):

ann(anbnv - anvbn)2 - 2av (annbn - bnnan)Dab + Ayy (annbn - bnnan)2~ (35)
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Condition 2 becomes:

2 2
anbnv - anubn annbn - bnnan annbn - bnnan
bnn( Db > :2b’u( Db >+bvv( Db >

Multiplying by D?,:
bnn(anbnv - anvbn)Q - 2bv(annbn - bnnan)Dab + bvv(annbn - bnnan)Z- (36)

These two equations, (35) and (36), along with a,, # 0, b,, # 0, and D, # 0, define the conditions for this
specific type of unique endemic equilibrium. Additionally, E and E; must be positive for epidemiological
relevance.

Case 2: a,,,, = 0and b,,,, # 0
With a,,,, = 0, equation (25) simplifies to:

2(an + an EN)E: + (20, F; + avUE:Q) =0. (37

Equation (26) is by, B2 + 2(by, + bnw B E: + (2b, B + byy E2?) = 0. For a unique solution for £ from this
quadratic (given E}), its discriminant A, must be zero:

Ay = (2(by + bpoEX))? — 4byy (2b, EF 4 by EX?) = 0. (38)

If A, = 0, the unique solution for E is:
B by, + b B

E; = (39)
bnn
We substitute this expression for £ into the simplified equation (37):
T y .
2(an + any EY) (—2”) + (20, B} + a,, EX?) = 0.
Multiplying by —b,,,, (noting b,,,, # 0):
2(an + ano Bl (bp + by B5) — bon (20, B + ayp EX?) = 0.
Expanding and rearranging terms yields a quadratic equation in E;:
(201000 — Qopbun ) EX? + 2(anbny + anobn — avbng) Bl + 2a,b, = 0. (40)

Let P, = 2anubno — Goubnn, Qv = 2(anbny + anuby — aybpy), and R, = 2a,b,. So, equation (40) is P,E}? +
Qu.E; + R, =0.
Subcase 2.1: P, # 0 For a unique solution for E* from P,E}? + Q,E} + R, = 0, its discriminant must be zero:

Q*> - 4P,R, = 0. 41)

If this condition holds, then E} is uniquely given by E} = —Q,/(2P,). This value of E; must also satisfy the
condition (38). Substituting E = —Q, /(2P,) into (38) gives the second condition:

Q. \ )\’ Q. Qu\"\ _
(2 (bn + by <— 2D, — 4b,,, | 2b, ~3p, + by ~2p, =0. 42)
The conditions for a unique endemic equilibrium are a,,,, = 0, b,,, # 0, P, # 0, equation (41), and equation (42).
The resulting E} = —Q,/(2P,) and E} = —(b,, + bpy E) /by, must be positive.
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Subcase 2.2: P, = 0 Equation (40) becomes Q,E} + R, = 0. If @, # 0, then E} is uniquely given by E} =
—R,/Q,. This value of E! must satisfy the condition (38). Substituting E* = —R,/Q, into (38) gives the

condition:
R 2 R R\
W _ W W —0. 4
(2 (b”+bm< Q)>> o (2()”( Qv)+bw( Q>> ! @

The conditions for a unique endemic equilibrium are a,,,, = 0, b,,, # 0, P, =0, Q, # 0, and equation (43). The
resulting B = —R,/Q, and E} = —(b,, + by, E) /by, must be positive.

Case 3: a,,,, # O and b,,,, =0

With b,,,, = 0, equation (26) becomes linear in E}: 2(b,, + bpo B2 Ef + (2b, Ef + by, EX?) = 0. Assuming 2(b,, +

bnoEr) #0, Bf = —% Equation (25) is ann EX2 + 2(an + ano ) E + (2a,E? + a0 EX2) = 0. For

a unique E7 (given EY), its discriminant A,, must be zero:
(2(an + anvE}))? — 4ann (20, E; + an E3?) = 0. (44)

*
_ antany By

If A, =0, then B = —=— === Equating the two expressions for £} leads to a quadratic in E7: P'E:? +
"E* + Rl =0, where P = annbyy — 20n0bne, Q) = 2(annby — anbpy — anyby), and R, = —2a,b,,.
Subcase 3.1: P! # 0 For a unique E?, the discriminant of P/ E?? + Q! E} + R, = 0 must be zero:
(Q))* —4P[R, = 0. (45)

Then E = —Q, /(2P)). This E must satisfy (44):

/ 2 ’ ;N 2
(N e (o ()0 o

Conditions for unique positive endemic equilibrium: a,, # 0,b,,, = 0, P, # 0, (45), (46), and resulting E, E* >
0.
Subcase 3.2: P, =0 Then Q,E* + R, = 0.If Q! # 0, then EX = —R! /Q. . This E must satisfy (44):

’ 2 ’ s\ 2
o () () ()0 e

Conditions for unique positive endemic equilibrium: ay, # 0,b,, =0, P, =0,Q, # 0, (47), and resulting
E:EY>0.

Case4: a,, = 0and b,,,, = 0
Both equations (25) and (26) become linear in E;:

2an + an ES)E: + (20, E; + am,E;Z)

0, (48)
2(by 4+ b ENE? + (2b,EF 4 by EX?) = 0.

(49)

Assuming denominators 2(a,, + an, E;) and 2(b, + by, E}) are non-zero, we can express E from both: E} =
* *2 * *2

—% and £} = —% Equating these and simplifying (assuming E;; # 0 to divide by 2E7;
in an intermediate step) leads to a quadratic in E}: P’E*? + Q"E} + R =0, where P" = ayybny — buvlne,
QU = 2aybpy + Gyybn — 2byany — byyan, and RY) = 2(ayb, — byay).

Subcase 4.1: P! # 0 For a unique E7, the discriminant of P/ E*? + Q" E + R! = 0 must be zero:
(QU)* —4P[R] =0. (50)
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14 STOCHASTIC MODELING OF A VACCINE-STRUCTURED EPIDEMIC MODEL

Then E; = —Q?"/(2P/). Conditions for unique positive endemic equilibrium: a,,,, = 0, b,,,, = 0, P)/ # 0, equation
(50), and the resulting £ > 0 and E; > 0 (where E is found by substituting this £ into (48) or (49), ensuring
denominators are non-zero and consistent).

Subcase 4.2: P! =0 Then Q/E; + Rl =0. If Q! # 0, then E; = —R!//Q./. Conditions for unique positive
endemic equilibrium: ay,, = 0,b,, =0, P, =0,Q. # 0, and the resulting E > 0 and E} > 0 (with non-zero
and consistent denominators for E). O

Theorem 2.5 (Local Asymptotic Stability of the Endemic Equilibrium point)
The endemic equilibrium point X* is locally asymptotically stable when %; < 0 and unstable when %, > 1.

Proof
The Jacobian matrices for the non-vaccinated and vaccinated groups are respectively constructed as follows

€, Sk BnnSy  EnS; CnSy | ©n Crn
_W_(O'n+/v‘+¢) N+ T (N2 —vE T G
In = €05 Baw o %uSh | 6uS. % . , (5D
N Mt wer e W (@) T
0 Tn 0 _(/J/+¢’U +Wrn)
CuS, BuoSy Cv S, bv S, G Gy
_(N*)Q _(O'v“l‘u) N* (N*)2 _(Nx)Q +N* _(N*)2
—0oy ¢ — (1+7 +6y) 0 0
Jo = %.5; Bu | €S, S 4, o |+ O
~F B COLINN o ikl Ut R O
0 Yo 0 _(M +wrv)

with €, = (Bunl) + Buol)) and %, = (Buul) + Bunl)). J, and J, have the same structure so we use M to
denote them as follows

_knn knv knq _knr
kvn _kvv 0 0

M - _kqn _knv _qu knr (53)
0 krv 0 _krr

The corresponding characteristic equation of M follows

A+ HiN® + HoN* + HsA+ Hy =0, (54)
with
Hy = kpn + qu + kpr + kuv, (553)
H2 = (knnkvv - knvkvn) + knqkqn + knnqu + knnkr'r + qukrr + qukvv + kr'rkvv7 (SSb)
HS = qu(knnk'uv - knvkvn) + kr'r(knnkvv - knvkvn) + knqkanrr + knnqukrr + knqknvkvn+ (55 )
c
k’!’LT‘k’I"l}k’UTL + knqkanvv + qukTTkUU7

H4 = qukjrr(knnkvv - knvkvv) + knrkrv (qukvn - kvnknq) + knqknvkrrkvn (55d)

+ knq kqn ko -

Based on the Discartes rule of signs [32, 33, 34], the number of negative roots of the characteristic equation (54)
is equal to the number of variations in the change in the coefficient signs, so (54) has 4 negative signs if
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H, >0, Hy >0, H3>0, Hy>0. (56)

The conclusions in (56) hold true if the parameters meet:

(knnkvv - knvkvn) > O> (qukvn - kvnknq) > 0. (57)

To be precise, the characteristic values of the equation system within this model are entirely negative under
constraint (57), thereby indicating that the endemic equilibrium point is locally asymptotically stable. O

2.2. Formulation of the Stochastic Model

Deterministic models, such as the system of ordinary differential equations presented in Section 2, describe the
average behavior of a large population [14, 15]. However, the transmission of infectious diseases is an inherently
stochastic process, especially when the number of infected individuals is small, as is the case at the beginning of an
outbreak or when the disease is near elimination. Random events, or demographic stochasticity, related to individual
births, deaths, disease transmission, progression, and recovery can lead to outcomes that differ significantly from
deterministic predictions [16]. For instance, an infection may die out by chance even if the basic reproduction
number (%) is greater than one, an event not captured by deterministic frameworks [16, 17]. To account for
these random effects, which are crucial for understanding phenomena like disease extinction and the probability of
major outbreaks, a Continuous-Time Markov Chain (CTMC) model based on the assumptions of the deterministic
vaccine-structured model is developed.

2.2.1. CTMC Model Development A CTMC model where time ¢ € [0, 00) is continuous, and the state variables
representing the number of individuals in each compartment are discrete, non-negative integers is formulated.
Let S, (t), Sy(t), En(t), Ey(t), In(t), I, (t), Rn(t), Ry (t) denote these discrete-valued random variables for the
non-vaccinated susceptible, vaccinated susceptible, non-vaccinated exposed, vaccinated exposed, non-vaccinated
infectious, vaccinated infectious, non-vaccinated recovered, and vaccinated recovered individuals at time ¢,
respectively. The total non-vaccinated population is N,,(t) = S, (¢t) + E,(t) + I,(t) + R, (t), the total vaccinated
population is N, (t) = S, (t) + E,(t) + I,(t) + R,(t), and the total population is N (¢) = N, (t) + N, (t).

Let

be the random vector representing the state of the system at time ¢t. The CTMC model is assumed to be time-
homogeneous and to satisfy the Markov property, meaning that the future state of the process depends only on
the current state and not on the past history. Consequently, the time until the next event occurring is exponentially
distributed.

The possible state transitions and their corresponding rates for the CTMC model are defined based on the events
described in the deterministic model. These are summarized in Table 2. Each row in the table describes an event,
the change in the state vector, and the rate at which that event occurs. For a sufficiently small time interval At, the
probability of a particular transition (event j with rate r;) occurring is r; At 4+ o(At), and it is assumed that at most
one event can take place during such an infinitesimal interval.
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Table 2. Events, Transitions and Rates of the CTMC Model.

Event Population components at ¢ Population components at ¢ + At 7§
Recruitment of S,, (Sn, Svs Eny Ey, Iy Ly Ry, Ry)  (Sp + 1,8y, By By, Iny Iy, Ry, Ry) K
Infection Ofs'n, (SI7SlMEIHEHaI'I“IUanaR’U) ( -1 SmE +1 E117In7-[v7Rn7R11) )\nsn
Vaccination of S, (Sn, Svys Eny Ey, I, Iy, Ry, Ry) (Sn -1,S+L1LE,, E,I,,I,,R,,R,) &Sp
Natural death of S, (Sn,Svs Eny By, I, I,y Ry, Ry) (S — 1, U,E yEy, I, I, Ry, Ry) WSy,
Waning immunity of S, (SnySvy Eny By, Iy, Iy, Ry Ry)  (Sn+1,Sy — 1, En, By, Iy, Iy, Ry, Ry) WSy
Infection of S, (SnySvs En, Ey, I, Iy, Ry, Ry)  (Sn, Sy — 1,En,Ev +1,1,,1,, Ry, Ry)  AySy
Natural Death of S, (Sn, Svs Eny Eyy Iy Ly Ry, Ry)  (Spy So — 1, By By, Iy Iy Ry, Ry) 1Sy
Progression of E, to I, (Sn,Svy Eny By, I, Iy, Ry Ry)  (Sn, So, B — 1, By, I, +1,1,,R,,R,) o0,E,
Vaccination of F,, (SnySvy Eny By, L, Iyy Ry Ry)  (Sn, Sv, En —1,E,+1,1,,1,,R,, R,) ¢FE,
Natural death of F,, (Sn, Svs Eny Eyy Iny Ly Ry, Ry)  (Sny Svy B — 1, By, Iy Iy, Ry, Ry) wEy,
Progression of E, to I, (Sn,Svy Eny Ey, Iy, Iy, Ry Ry) (S, S, En, By — 1,1, I, + 1,R,, R,) 0,E,
Natural death of E, (SnySvy Eny By, I, Iy, Ry Ry) (S, Su, En, By — 1,1, 1y, Ry, Ry) wk,
Recovery of I, (Sn, Svs Eny By, Iy Ly Ry, Ry)  (Sny Svy Eny By In — 1,1y, Ry + 1, Ry)  ynln
Natural death of I,, (Sn, Svs Eny Ey, Iy Ly Ry, Ry)  (Sny Svy Eny By, Iy — 1,1y, Ry, Ry) wly,
Disease induced death of I,,  (Sy, Sy, En, Ev, In, Iy, Ru, Ry)  (Sny Sus Eny By, I, — 1,1, Ry, Ry) Onlp
Vaccination of I,, (Sn, Svs Eny By, Iy Ly Ry Ry)  (Sny Svy, Eny By, In — 1,1, + 1, Ry, Ry) @,
Recovery of I, (Sn, Svs Eny Ey, Iy, Ly Ry, Ry)  (Sny Svy Eny By Iy Iy — L, Ry, Ry + 1) 1y,
Natural death of I, (Sn,Svy Eny By, Iy Iy, Ry Ry)  (Sn, Su, Eny Evy Iny Iy — 1, Ry, Ry) ul,
Disease induced death of I, (S, Sy, En, Ev, In, Iy, Rn, Ry)  (SnySus Eny By, In, I, — 1, Ry, Ry) Ouly
Natural immunity waning (S, Sy, En, By, In, Iy, Rny Ry)  (Sn + 1,5y, En, By, Iy Iy, Ry — 1, Ry)  wen Ry
of R,
Vaccination of R, (SnySvs Eny By, I, Iyy Ry Ry)  (Sn, Sv, En, Ev, In, Iy, Ry — 1, R, + 1) @R,
Natural death of R,, (Sn, Svs Eny By, Iy Ly Ry, Ry)  (Sny Svy Eny By, Iny Iy, Ry — 1, Ry) uwRy
Vaccine-induced immunity (S, Sy, En, By, In, Iy, Ry, Ry)  (Sn+ 1,8y, En, By, In, Iy, Ry, Ry — 1) wiy Ry
waning of R,
Natural death of R, (Sn, Svs Eny Eyy Iy Lyy Ry, Ry)  (Sny Svy, Eny By, LIy Iy, Ry Ry — 1) 1R,
The sum of all possible transition rates from state Y (£) is given by (Y (t)), where:
(Y (b)) = K F A (S (t)+  dSp(t) 4+ pSn(t)
~~ —
Recruitment Sn. [nfection of S,  Vaccination of S,,  Death of Si,
+ wsy Sy (t) + Ay (8) Sy (8) + 1Sy ()
—_——— ——
Waning S, Infection of S, Death of S,
+ onEn (t) + OE, (t) + MEn(t>
——
Progression E,, —1I,, Vaccination of E,, Death of E,,
+  o,E,(t) + pE,(t)
—— ——
Progression E,— I, Death of E,,
+ n(t) + plo(t) + onln(t) +  OLi()
—— —— ———

Recovery of I, Death of I, Disease death I,, Vaccination of 1,
+ ylu(t) + ply(t) +  6,1,(1)
Recovery of I, Death of I, Disease death I,

twmBRn(t)+  ORu(t)  + uR,(t)
~—— —— ——

Waning R,, Vaccination of R, Death of R,
+ Wiy Ry (t) + Ry (1)
N——
Waning R, Death of R,,

where A\, (t) = (5””‘1’"(%J(rt‘;"”l”(t)) and )\, (t) =

(Bv’ulv(tj)vtgvnln(t)), with N (¢) > 0.
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The CTMC framework allows for the direct simulation of sample paths of the epidemic process using algorithms
such as Gillespie’s Stochastic Simulation Algorithm (SSA). This approach enables the estimation of quantities like
the probability of disease extinction or outbreak, and the expected time to extinction, which are critical for assessing
public health risks and intervention strategies. During the early stages of an epidemic, when the number of infected
individuals is small and the number of susceptibles is large (close to the disease-free equilibrium values S and S?),
the dynamics of the infected classes can be approximated by a multitype branching process. This approximation
will be used in subsection 4.2 to derive an analytical expression for the probability of disease extinction.

2.2.2. Branching Process Approximation The theory of multitype Galton-Watson branching processes boasts a
lengthy history. It has been employed to estimate the dynamics of the CTMC model in proximity to the disease-free
equilibrium (DFE) and the stochastic threshold for a disease outbreak [17, 16]. The stochastic threshold has a direct
link to the basic reproduction number, %, as defined in the related deterministic model [14]. Specifically, when
Zy < 1, disease extinction is certain, and the branching process is termed subcritical. Conversely, if Zy > 1, the
probability of disease extinction is less than one (though still positive), and this process is identified as supercritical.

The subsequent methodology applies a multitype branching process approximation of the CTMC model at the DFE
(where susceptible populations are S and SO, and N? = SY + S9) to estimate the probability of disease extinction.
The infected classes are of particular interest: non-vaccinated exposed (FE,), vaccinated exposed (F,), non-
vaccinated infectious (I,,), and vaccinated infectious (I,,). Let X = (X1, X5, X35, X4) = (Ep, Ey, I,, I,,) represent
a vector of integer random variables denoting the number of individuals in these respective states. Let J;; denote
the Kronecker delta. The offspring probability generating function (PGF) for an initial individual of type ¢, given
X; =6;; (i.e., starting with one individual of type i and zero of other types), is a function f; : [0,1]* — [0, 1],
expressed as:

filzrmz,ma,ma) = Y > YN Pk, ko, ks, ka)at okl (58)

k1=0 ko=0 k3=0 k4=0
In this context, P;(k1, k2, ks, k4) represents the probability that an individual of type ¢ generates k; individuals

of type j (for j = 1,2,3,4) over its lifetime before it is removed from its current state. The PGFs for the four
infectious types are defined as follows, based on the possible transitions from each state at the DFE:

OnT3 + GT2 +
on+ o+ 1

va4+ﬂ
UU+M

ﬁm Bun SO

fl(xlax27x37x4) =

f2($1,$2,x3,1'4) ==

212+ Bundy 229z + G4 + O + Yn + 1 (59)

57177 n_i_ﬁvw 1/+¢+6 +ryn+'u
"x1$4 + Bl ”562554 T o+t
an n + Bvu 'u + 6 + ’Y’U + u

f3($1,9€27$3,$4)

an

f4(1‘1,$2,373,1‘4)

Here, x1, z2, x3, x4 are dummy variables corresponding to the number of F,,, E,, I,,, I, offspring, respectively.
For instance, in f1, an E,, individual can progress to I,, (producing one z3 offspring) with rate o,,, be vaccinated
to become FE, (producing one x5 offspring) with rate ¢, or be removed (e.g., die) with rate p (producing
zero offspring of these types). Similar interpretations apply to fs, f3, and f;. Note that when an infectious
individual (Z,, or I,) successfully infects a susceptible, it produces one new exposed individual (F,, or E,) and
the original infectious individual itself is considered to survive that specific interaction event, hence terms like ;3.

As suggested by the theory of multitype branching processes [35, 36], the fixed points of the offspring PGFs provide
an estimate of the probability of disease extinction. Let (g1, ¢2, g3, ¢4) denote the minimal non-negative fixed points
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of the PGFs in [0, 1]%, which satisfy fi(q1, g2, q3,q4) = ¢; fori = 1,2, 3, 4. An estimate of the extinction probability,
given an initial state X (0) = (e,(0), e,(0),%,(0),%,(0)), is:

P, = lim P(X(t)=0)= qf”(o)qgv(O)qé”(o)qiv(o). (60)

t—o00

Thus, the likelihood of a major outbreak is:
Poul =1- Pext =1- qe"(O)q (0) ;n(O)qZ‘LU(O)' (61)

The expectation matrix, .# = [m;], is a 4 x 4 matrix where the element m ; signifies the expected number of new
individuals of type j produced by a single infectious individual of type ¢ during its infectious period (or before
transitioning out of its current state). Elements of .# are obtained by differentiating f; with respect to =; and then
evaluating all x, variables at 1:

8fi($173327 C5371'4)
333]‘

mji =
w1212:m3:w4:1

The expectation matrix .# (where rows indicate offspring type and columns indicate parent type, i.e., .#j;, =
expected offspring of type j from parent type k) is:
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The spectral radius of the expectation matrix, p(.# ), indicates whether the disease will fade away or persist [14].
A condition where p(.#) > 1 implies that ¢; < 1 for at least one j, offering a non-zero probability for disease
persistence (major outbreak). Conversely, if p(.#) < 1, the probability of the disease ultimately becoming extinct
is 1 [37, 14]. The characteristic equation for matrix .# is P(\) = det(.# — AI) = 0. For a 4 x 4 matrix, this is a
quartic polynomial:

M+ 030 + 0207 + ©1A + 0y =0, (63)

where the coefficients Oy, are functions of the elements m; of .#. In the CTMC model, the threshold for disease
extinction or persistence is identified by p(.#). This threshold in stochastic models mirrors the function of %, in
deterministic models. According to [14], there is a proven relationship between the stochastic and deterministic
thresholds for disease extinction, specifically p(.#) and Zy:

Ho <1 ifandonlyif p(#)<1
Ho > 1 ifandonlyif p(#)>1 (64)
Ho =1 ifandonlyif p(#)=1
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While handling the fourth-order polynomial (63) to find a direct closed-form expression for p(.# ) presents some
analytical difficulty, this is not necessary. The established relationship in (64) shows that the stochastic threshold
p(.#) =1 is identical to the deterministic threshold %y = p(FV ') = 1, where %, is derived using the next-
generation matrix (NGM) method. This %, provides the required interpretable, analytical threshold. In Appendix
A4 a full derivation is provided, which demonstrates the formal equivalence FF — V = (.# — I)W for the model
and explicitly derives the F' (new infections) and V' (transitions) matrices. Therefore, the threshold for disease
persistence is determined by the analytical expression for %, while the matrix .# is used to numerically solve for
the extinction probabilities (g1, g2, g3, ¢4) When the threshold is exceeded.

3. Results

Before data fitting, paremeter estimation and sensitivity analysis, it is necessary to perform exploratory data
analysis (EDA) on the COVID-19 data set to be used. The data set used for this study was retrieved from a
repository by [38]. The data set has daily and cumulative data on the number of COVID-19 infected patients,
deaths, and recoveries; however, we focus more on incidence data (infected patient data).

3.1. Data Fitting and Parameter Estimation Using the Deterministic Model

The fundamental characteristics of COVID-19 in South Africa are shown in table 3, where (), represents the first
quartile and @ is the second quartile. In the COVID-19 data set, data from March 5, 2020 to March 21, 2022 are
presented. The minimum recorded infection of 1 and a maximum of over 3.7 million illustrate the broad range of
values, spanning nearly 3.7 million cases. The first quartile (around 640,000) and third quartile (about 2.87 million)
indicate that half of the data lies between these values, highlighting substantial variability in infection levels across
different time points. The median of approximately 1.53 million suggests that half of the recorded infection counts
fall below this figure, while the mean (around 1.62 million) is slightly higher, reflecting a slight skew toward larger
values. The relatively high standard deviation (about 1.20 million) also confirms that the data are widely dispersed.
A skewness of 0.27 indicates a mild right skew, meaning most infection counts cluster toward the lower end but
with a tail extending toward higher values. Meanwhile, a kurtosis of 1.77 suggests the distribution has moderately
less pronounced tails compared to a normal distribution.

Table 3. Characteristics of South African COVID-19 Data.

Statistics Infected
Minimum 1.00
Maximum 3704785.00
Q1 639901.50
Median 1528414.00
Q3 2871309.00
Mean 1616999.64
Range 3704784.00
Standard Deviation 1203633.35
Skewness 0.27
Kurtosis 1.77

The plot in Figure 2 represents daily new COVID-19 cases in South Africa (spanning March 2020 to March 2022)
and reveals a clear pattern of multiple waves of infection. Each wave rises sharply to a peak and then gradually
declines before the next wave begins. The first noticeable surge occurs from week 24 of 2020 to week 34 of 2020
(June 7, 2020 to August 22, 2020). It was followed by a second, larger wave in week 47 of 2020 to week 5 of
2021 (November 15, 2020 to February 6, 2021). The third wave emerges around week 19 of 2021 to week 37 of
2021 (May 9, 2021 to September 18,2021), showing a similarly sharp increase and subsequent decline. Notably,
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the largest spike appears toward the end of 2021, aligning with the emergence of the Omicron variant [39]. This
was during week 47 of 2021 to week 3 of 2022 (November 21, 2021 to January 22, 2022). Between these peaks,
the number of daily new cases dips significantly, indicating periods of lower transmission. The oscillations suggest
that factors such as public health interventions including vaccination campaigns and viral mutations played a role
in driving infection levels.
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Figure 2. Daily Infection Cases of COVID-19 in South Africa.

To validate the proposed vaccine-structured model,a parameter estimation process was performed by fitting the
deterministic system of differential equations (1) to the daily reported COVID-19 case data from South Africa.
The specific focus was on wave three, spanning from May 9, 2021, to September 18, 2021, as this period coincided
with active vaccination efforts [40]. The estimation process employed the Ordinary Least Squares (OLS) method
to minimize the discrepancy between the observed data and the model’s predicted incidence.

Let Y; denote the observed number of daily new confirmed cases at time point ¢; for j = 1,2,..., M, where M
is the total number of data points in the time series. Correspondingly, let Z(t;, ©) represent the model-predicted
daily incidence at time ¢;, which depends on the vector of unknown parameters © = (8, Bnv, Bvvs - - -, @). In the
context of the model structure, the theoretical daily incidence is defined as the rate at which individuals transition
from the exposed compartments to the infectious compartments, given by:

Z(t,0) =0, E,(t) + 0, Ey(t). (65)
According to [41] the parameter estimation problem is formulated as an optimization problem designed to find the

optimal parameter set © that minimizes the sum of squared errors (SSE) objective function, J(©):

M
J(©) = (Y; - Z(t;,0))*. (66)

j=1
Thus, the optimal parameter estimator is obtained by solving:
O = arg min J(O) 67)

where ) denotes the feasible parameter space defined by the lower and upper bounds listed in Table 4.
The numerical solution to this non-linear least squares optimization problem was implemented using the
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lsgcurvefit function in the MATLAB Optimization Toolbox, which utilizes a trust-region-reflective algorithm
to iteratively converge upon the ‘local minimizer’ subject to the specified boundary constraints.

Table 4. Bounds Imposed on the Parameters in the Optimization Problem.

Parameter Bounds Notes / Source

Jé] 0.19-2.14 Derived from Ry € [1.9,6.5] and v €
[0.10,0.33]; see [42] for Ry meta-
analysis.

Bnn 0.19-2.14 As above.

Bnwv, Bon, Bov  Bnnx[0.17-0.78] Multiplier = (1 — Vaccine Effi-

cacy(VE)_infection); VE against in-
fection range 22 %—83 %. [43]

Wsw 0.0020 - 0.0200 Corresponds to immunity duration
~50 — 500 days. (l/w) ; Vaccine-
induced immunity wanes substan-
tially by 3-6 months for infection.
[12]

Wrn 0.0010 - 0.0100 Natural immunity after infection may
last 100 — 1000 days before
significant waning. [44]

Wry 0.000004 - 0.0050 Hybrid immunity appears more
durable; thus slower waning. [45]

On 1x105-55x10"3 Infection Fatality Rate (IFR)
~0.53%-0.82% . [46]

Ov 1x1077-55x 10"* Assume vaccinated severe outcome
reduction ~50-95%.

On, Ov 0.07-0.50 Incubation period ~2-14 days, so
o = 1/incubation. [12]

Yn, Yo 0.10-10.36 Infectious period ~3-10 days so v =
1/infectious period.

1) 0-0.20 Depends on rollout speed; e.g.

0.01/day ~1% of susceptibles
vaccinated per day.

Table 5 presents the initial conditions for each compartment during the third wave. The parameter estimation
simulation spans from May 9, 2021 to September 18, 2021. The initial values for the simulation include S, (0),
calculated by deducting S,,(0) and I,,(0) from the total population of South Africa. As daily data for 7,,(0) were
not available, the exact value of the smoothed new case variable in the data set is used. The remaining initial
values, namely E,,(0), F,(0), I,,(0), R, (0), and R,(0), are set to zero based on the assumption that non-vaccinated
infectious individuals are beginning to infect the population during the third wave, thus focusing on values relevant
to that specific wave. Using these initial conditions, the data from [38] is fitted.

Table 5. Initial Conditions for COVID-19 Wave 3.

Variable Parameter Estimate Source

Sy(0) 59509694 Sp(0) = N(0) — S,(0) — 1,(0)
S, (0) 382480 [38]

E,(0) 0 Assumed

E,(0) 0 Assumed

1,,(0) 1710 [38]

I,(0) 0 Assumed

R, (0) 0 Assumed

R,(0) 0 Assumed
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As observed in plot 3, the model (1) fits well with the new daily COVID-19 cases in South Africa.
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Figure 3. South African COVID-19 Wave 3 Model Fit to Data.

In table 6, multiple parameter values are generated throughout the whole curve fitting process based on the data
from the third wave. These parameter values will be used to perform sensitivity analysis.

Table 6. Parameter Values for COVID-19.

Variable

Value / Initial Condition Source Units

R

i
/BTL"L
/8'"/1}
/BU'U
Bun
Wsy
wrn
UJT’U
On

20 [47] persons/day
0.0161 [47] day~!
0.96198 Fitted day—!
0.16159 Fitted day~!
0.016788 Fitted  day~!
0.026805 Fitted day~—!
0.010343 Fitted day~!
0.0053871 Fitted day~!
4.4706e %6 Fitted  day~!
0.23195 Fitted  day~!
0.062307 Fitted day~!
3.7319¢=% Fitted  day~!
4.3188e~07 Fitted day~!
0.35511 Fitted day~!
0.18351 Fitted day—!
0.018191 Fitted day—!
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3.2. Sensitivity Analysis

To assess the robustness of the model predictions and identify the most influential parameters driving the epidemic
dynamics, a global sensitivity analysis was conducted using the Latin Hypercube Sampling (LHS) method coupled
with Partial Rank Correlation Coefficients (PRCC). This approach is particularly effective for non-linear dynamical
systems where the relationship between inputs and outputs is monotonic but not necessarily linear.

The LHS method stratifies the probability distributions of the &k input parameters into /N equiprobable intervals,
ensuring a comprehensive exploration of the multi-dimensional parameter space. Let © = [01, 05, ..., 6] be the
vector of input parameters. N = 1000 samples were generated, constructing a parameter matrix X of size N x k.
The model system (1) was evaluated for each row of X to produce the corresponding output vector Y.

To quantify the sensitivity, the PRCC was calculated for each parameter, which measures the strength of the linear
relationship between the rank-transformed parameter and the rank-transformed output, while linearly accounting
for the effects of all other parameters. Let Ry, and Ry denote the rank-transformed vectors of the i-th parameter
and the output, respectively. Linear regressions of Ry, and Ry on the remaining ranked parameters are performed to
obtain the residuals €y, and €y . The PRCC is defined as the Pearson correlation coefficient between these residuals:

Cov(eg,,cy)
Var(ey, ) Var(ey)

PRCC(0;,Y) = (68)
A PRCC value close to +1 or —1 indicates a strong positive or negative influence, respectively, while a value near 0
implies negligible impact. The sampling design was executed using the 1hsdesign function, and the correlation
coefficients were computed via the partialcorr function in the MATLAB Statistics and Machine Learning
Toolbox. For more information on this method, refer to [48].
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Figure 4. PRCC Analysis for COVID-19 Third Wave.

According to figure 4, the parameters with significant influence on the model are the infection rates between
non-vaccinated individuals f3,,,,, the progression rate for the non-vaccinated individuals o,,, the recovery rates of
non-vaccinated individuals ~,,, and the vaccination rate ¢. [3,,,,, which is the infection rate between non-vaccinated
individuals, has a high positive PRCC suggesting that an increase in transmission rates among non-vaccinated
individuals is strongly associated with higher infections. The progression rate, o,, for the non-vaccinated exposed
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also contributes to higher infections. This is because it contributes to a higher number of infectious individuals.
The recovery rate of the non-vaccinated individuals -, is inversely proportional to the model output, meaning that
if the non-vaccinated recover quickly, the overall number of new cases will drop. The vaccination rate ¢, is also
inversely proportional, suggesting that increased vaccination rates will generally reduce infections.

3.3. Numerical Simulations for the Stochastic Model

Numerical illustrations will be used to depict the dynamics of both the deterministic and CTMC epidemic models.
The probability of disease extinction or outbreak is approximated, along with the finite time to extinction. All
the results in this section rely on the parameter values presented in Table 6. For these parameters, the basic
reproduction number Ry = 1.4130, and the extinction threshold for the CTMC model p(M) = 1.0880. p(M) is
supercritical implying a positive probability of disease persistence in the population.

3.3.1. Probability of Disease Extinction The probability of extinction, Py, is derived from the fixed point of
the multitype branching process, specifically equation (58). Py is compared to the approximated probability
of disease extinction, IP 4, obtained from a proportion of 10 000 sample paths of the CTMC model, for which
the total number of infected individuals, that is (E, + E, + I,, + I,) equals zero before reaching a minimum
outbreak size. According to table 7, Py and IP 4 are quite close signifying a good agreement level. The fixed point,
(q1,q2,43,q4) € (0,1)* of the offspring pgfs (59) is (q1, g2, q3,q4) = (0.7736,0.9204, 0.7464, 0.8998)

Table 7. Probability of Extinction P calculated from the fixed points of the branching process and numerical approximation
P 4 based on 10 000 sample paths of the CTMC model.

€n €y in Iy H)0 IPA

1 0 O 0 07736 0.7819
0 1 0 0 09204 0.9260
0 0 1 0 07464 0.7486
0O 0 O 1 0.8998 0.9055
1 1 1 1 04782 0.4979

The results in table 7 show that an infection introduced by a single vaccinated individual, whether exposed (E,)
or infectious (I,)) has a considerably higher chance of fading out compared to an infection starting from a non-
vaccinated individual, whether exposed (E,,) or infectious (I,,). This suggests that while vaccination may not
entirely stop individuals from being infected or infectious, it substantially reduces the likelihood of an infection.
As expected, if one of each individual in the four exposed/infectious categories (E, =1, F, = 1,1, = 1,1, = 1)
introduces the disease, the probability of extinction becomes very low. This implies that the risk of an outbreak
becomes higher if multiple people in different categories are infected at the onset of the pandemic. These results
underscores that even if vaccines do not have 100% efficacy, they play an important role in containing an epidemic
at the start [49]. In contrast to deterministic models, extinction can occur even if the reproduction number Ry > 0
due to demographic stochasticity that is present in populations. Figure 5 demonstrates disease persistence and
extinction in the CTMC model when Ry = 1.4130. For easy comparison the deterministic and stochastic paths are
drawn on the same graph.
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Figure 5. CTMC (Red and Green lines) vs Deterministic trajectories(Blue Lines) for each compartment in the Vaccine-
Structured Model. Parameter values are as in Table 6 with initial conditions Sy (0) = 735, S4(0) = 506, E,,(0) = Ey(0) =

Rn(0) = Ry(0) = 0, [,(0) = 2, ,(0) = 2.

3.3.2. Finite Time to Extinction Stochastic models allow the estimation of finite time to extinction 7'. This finite
time to extinction also known as expected epidemic duration cannot be estimated by deterministic models, so this
is unique to stochastic models. Table 8 shows a significantly shorter duration when the infection originates from an
infectious vaccinated individual I, at T ~ 35.38 days. This is considerably faster than if the infection starts with an
infectious non-vaccinated individual I,,, where T' =~ 61.61 days. This suggests that while infections in vaccinated
individuals are more likely to go extinct, those that do are also resolved more rapidly. The corresponding histograms
in Figure 6 visually corroborates this, with the distribution for I,, extinctions being more concentrated at earlier

time points.

Table 8. Finite Time to Extinction for the CTMC model when the disease is introduced by a non-vaccinated exposed, a
vaccinated exposed, a non-vaccinated infectious and a vaccinated infectious individual. Parameter values are in table 6 with

Ro = 1.4130 and p(M) = 1.0880.

Group(s) introducing the disease P, T days
E, 0.7819 56.00
E, 0.9260 54.16
I 0.7486 61.61
I, 0.9055 35.38

Considering infections initiated by exposed individuals, an exposed vaccinated individual F, leads to an extinction
time of T ~ 54.16 days, while an exposed non-vaccinated individual F,, results in a marginally longer 7' = 56.00
days. The higher the probability of extinction aligns with a slightly shorter extinction duration.
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Figure 6. Approximate frequency distribution for the time of extinction for the CTMC model. Histograms are plotted based
on 10 000 sample paths. Parameter values are as in table 6 and initial conditions are specified above each graph.

Collectively, these results highlight that vaccination not only increases the overall chance of disease fade-out from
an initial case but can also dramatically shorten the duration of these outbreaks. This underscores the double
benefit of vaccination in curtailing early epidemic spread. The histograms consistently show that most extinctions,
regardless of initial state, occur relatively early, with a tail of less frequent, longer duration fade-outs.

4. Discussion

4.1. General discussion

In this study, the transmission dynamics of COVID-19 were investigated within a population characterized by
both vaccinated and non-vaccinated individuals. The model was developed and fitted using data from the third
wave of COVID-19 in South Africa, a period marked by active vaccination campaigns. The deterministic analysis
yielded a basic reproduction number of %, ~ 1.4130, indicating that, on average, the conditions were sufficient
for a sustained epidemic. However, deterministic thresholds often mask the crucial role of random chance in the
initial phase of an outbreak. This prompted an in-depth exploration of a stochastic analysis through the use of a
Continuous-Time Markov Chain (CTMC) model.

The stochastic analysis focused on quantifying the probability of disease extinction, a critical factor for public
health planning. A multitype branching process was employed to analytically derive the extinction probability

(Pp) and these findings were validated against simulations (P,4) using Gillespie’s algorithm [14]. The excellent
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agreement between Py and P4 (as seen in Table 7) confirms the robustness of the branching process approximation
for this complex, eight-state system. A central finding of this study is that the initial state of the infection
profoundly influences the likelihood of it fading out. An infection introduced by a vaccinated individual, whether
exposed (F,, P4 ~ 0.93) or infectious (I,,, P4 =~ 0.91), has a substantially higher chance of going extinct than
an infection originating in a non-vaccinated counterpart (F,,, P4 ~ 0.78; I,,, P4 ~ 0.75). This highlights a key
community-level benefit of vaccination: even if breakthrough infections occur, they are significantly more likely
to represent dead-end transmission chains that self-terminate before seeding a wider outbreak.

The findings align with and extend recent literature on vaccine-structured stochastic models. Previous
theoretical work by [28] demonstrated that in heterogeneous populations, the probability of a minor outbreak is
highly sensitive to the sub-group in which the infection is introduced. The results of this study confirm this in the
specific context of COVID-19 vaccination in South Africa, showing quantitatively how the ‘leaky’ nature of these
vaccines, where infection is possible but less likely to transmit, creates a distinct stochastic buffer. Furthermore,
while recent stochastic studies such as [50] have emphasized the role of non-pharmaceutical interventions (like
isolation) in increasing extinction probabilities early in a COVID-19 outbreak, this work complements this
by isolating the specific contribution of vaccine-derived immunity to this stochastic fade-out. Unlike simpler
stochastic models that may aggregate vaccinated and non-vaccinated susceptibles, the stratified approach allows
for a more granular risk assessment of breakthrough introductions.

This study further confirms that stochastic models provide insights unattainable through deterministic methods
alone [16, 14]. While the deterministic model predicted a sustained outbreak for %, > 1, the stochastic simulations
(Figure 5) revealed a spectrum of possibilities, including both major outbreaks and stochastic fade-out, which more
accurately reflects the uncertainty inherent in real-world epidemics. The analysis of the finite time to extinction
(T) further elucidated the dual impact of vaccination. Notably, outbreaks initiated by an infectious vaccinated
individual (,) that are destined for extinction resolve the fastest (1" ~ 35 days). This suggests that not only are
such transmission chains more likely to break, but they also persist for a shorter duration, limiting the window for
further spread.

4.2. Novel Insights and Practical Implications

Many models have focused on capturing key heterogeneities to guide policy, with age structure being a primary
consideration. For instance, the work by [51] developed a detailed age-structured model for West Africa to
specifically investigate the impact of vaccine prioritization strategies among different age groups. Similarly, [28]
constructed an age-structured model with vaccination to analyze epidemic data from China, focusing on the
stability of equilibria and sensitivity of the reproduction number to various parameters. While these age-structured
models provide critical insights into targeted vaccination campaigns, the model in this work concentrates on a
different, equally vital form of heterogeneity: the stochastic dynamics arising from vaccination status alone. The
model shares some similarities with the work of [52], which also analyzed COVID-19 vaccination in South Africa
(specifically Gauteng province) using a compartmental framework with vaccinated compartments. However,
their model’s primary focus was on exploring optimal control strategies through time-dependent parameters for
non-pharmaceutical interventions. In contrast, our model introduces a more complex internal structure, notably
the feature where vaccination is not just for the susceptible class but can occur in all compartments (E,, I,,, R,),
moving individuals to their vaccinated counterparts. This novel feature reflects a real-world scenario where
individuals at any stage of the natural infection cycle might receive a vaccine, altering their subsequent disease
trajectory.

While the aforementioned studies provide valuable deterministic and, in some cases, optimal control analyses,
this work is fundamentally centered on the stochastic nature of disease transmission. By formulating a Continuous-
Time Markov Chain (CTMC) model and employing multitype branching process theory, the analysis moves beyond
average-case predictions based on %;. The study analytically and numerically quantifies the probability of disease
extinction (Fy), a critical metric for the assessment of public health risk that deterministic models cannot provide.
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It is demonstrated how vaccination status dramatically alters this probability and also influences the finite time to
extinction for abortive outbreaks. This focus on the probabilistic fate of an outbreak, especially how it is shaped
by the interplay between non-vaccinated and vaccinated individuals at the very beginning of a transmission chain,
offers a unique and complementary perspective to the existing literature. The study therefore fills an important gap
by providing a stochastic analysis of a complex vaccine-structured model, yielding insights into the probabilistic,
rather than purely deterministic, impact of vaccination on epidemic containment.

4.3. Limitations

The main limitation of this study is its reliance on data from the third wave of COVID-19 in South Africa,
which may not be readily generalizable to other contexts. The unique socio-economic landscape and public
health infrastructure of South Africa may influence parameters in ways that are specific to the region. Thus, one
immediate next step for this line of research would be to apply the model to data from other countries to assess the
robustness of the findings and improve generalizability. Another limitation is the assumption that model parameters
remain fixed over time. This simplification may not fully capture the reality of an evolving pandemic marked
by dynamic shifts in population behavior, the emergence of new viral variants with different characteristics, and
changes in public health policy. Future studies could enhance the accuracy and adaptability of the model by
incorporating time-varying parameters or non-stationary time series techniques to better reflect these real-world
complexities. The model further presumes equal interaction between vaccinated and non-vaccinated groups and
does not account for age differentiation. This simplification does not accurately represent actual contact patterns,
and the lack of age stratification prevents the development of age-specific vaccination strategies. Adding contact
matrices and age structures would significantly enhance future research.

Furthermore, the model’s comprehensive nature, encompassing eight compartments and four infectious states,
introduces significant analytical complexity. While this provides more detailed insights, it renders analytical
expressions for the basic reproduction number (Ry) and endemic equilibria extremely complex and difficult to
interpret intuitively. The reliance on numerical methods to solve for key thresholds, such as the spectral radius of
the expectation matrix, may present a barrier to rapid replication or application by public health bodies without
access to advanced computational tools. To address this limitation, researchers can simplify the model by reducing
the number of classes or excluding certain demographic components, like death rates from specific compartments,
tailored to their research scenarios. Finally, the model adopts a simplified vaccination mechanism where the
rate ¢ is applied uniformly to non-vaccinated susceptible (S,,), exposed (FE,), infectious (I,,), and recovered
(R,) individuals. This uniform structure might overestimate the flow from non-vaccinated compartments into
the vaccinated classes, representing an area where future models could incorporate more targeted vaccination
protocols.

5. Conclusion

This paper developed and analyzed a vaccine-structured stochastic epidemic model to provide a deeper
understanding of COVID-19 transmission dynamics. By comparing analytical results from branching process
theory with large-scale CTMC simulations, we demonstrated that while the deterministic threshold (%, ~ 1.4130)
predicted a sustained outbreak, the probability of stochastic extinction for an initial case was high, particularly
when the infection originated in a vaccinated individual. Our findings quantitatively show that vaccination provides
a dual public health benefit: it dramatically increases the probability that a new infection will fade out by chance,
and for those that do, it significantly shortens the time to extinction. This work underscores the critical importance
of stochastic modeling in providing a more refined and realistic risk assessment for infectious disease control,
highlighting that vaccination is a powerful tool for preventing new sparks from igniting into major epidemics.
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A. Appendix

A.1. Derivation of the Basic Reproduction Number

To compute %, the next generation matrix approach as outlined in [31] was employed. The appearance of new
infective individuals in compartments [ and E is written as;

S

S
T _ v
ijXS - ((ﬁnn-[n + ﬂnvlv) N ) (/B’U’UI’U + ﬂ'unln) N ) 0707 7O> .

Define 7 =7~ — ¥+ = (Q1,Q2,Q3,Q4)" — (Py, Py, P3, Py)T, where ¥~ represents individuals leaving
compartment I, and ¥+ denotes individuals entering compartment I by any means other than the emergence
of new infective individuals. The components are, respectively,

Pr=((on+ 1+ ¢)En, (00 + 1)Ey), P2=((t+vn+0n+ &) n, (1+ 7+ 00) 1),

Py = ((¢+M)Sm(ﬂ+wsv)5v)a Py = ((N+¢+wrn)Rna(M+wrv)Rv)v (69)
Q1 = (0,0FE,), Q2 = (onEn,00FE, + ¢1,,),

Q3 = (Hv(lssn)v Q4= ('YnInaVvIv + ¢Rn)

Let Y = (E,,Ey, I, I,,S,,S,, R.,R,) represent the variables for 4,5 =1,2,3,4 and define Y=
(0,0,0,0,59,590,0). According to Lemma 1 in [31], this yields

BnnSy  BuvSy

0 0 o N
ansu /BU’USU
r_ <8/1 (Yo)> _ 0 0 N N (70)
8YJ 4x4 0 0 0 0
0 0 0 0
and
(on+p+0) 0 0 0
oY, —¢ (0p+p) 0 0
= Yo = v 1
v= ()., DAL R 0| o
0 —0y —¢ (N+7v+5v)

which subsequently results in

gi1 912 913 G4

-1 _ 921 g22 G23 G24
PV = 0 0 0 0 ’

0 0 0 0

(72)

where

Stat., Optim. Inf. Comput. Vol. x, Month 202x



30 STOCHASTIC MODELING OF A VACCINE-STRUCTURED EPIDEMIC MODEL

_ Sgﬂnngn Sgﬁnv¢0n
I N U+ 6+ 00)0n +Tn ¥ A+ D) NOGLE 6+ 0) O + 70 + 1+ D)0 + 70+ 1)’
+ Sgﬂnv‘lso'v
NO(p+ ¢+ 0n) (i + ) (60 + 70 + 1)’
S0 B0y
N2 = N+ 0,) (60 + 70 + 1)
913 = S O + O )
NO [On+ymt+pt+d (Ont+vnt+u+0)(6o+w+p)
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I Ny + e+ 40)” 73
SS/anUn Sgﬁvv¢0'n
2= NGt 6+ 0) O+ Ya ¥ 14 0) | NOGLE &+ 0) B+ m T 1 F D) B0 + 70 F 1)’
. S Buuto
NO(p+ ¢+ 00) (1 + 00) (60 + 70 + 1)’
_ Sgﬂvvo'v
P22 7 N0+ )0 + 70 + 1)
S fon Buud |
NO [ontvm+ut+dé  (On+ym+pu+¢) 0+ +p)
S0 Buv
P24 N8y + 70 + 1),
The characteristic equation for the matrix 'V ~! can be expressed as follows:
Xt (—g11 = g22) A + (—g12gar + g11922) A (74)
Following this, the eigenvalues of (74) appear sequentially as follows:
A1 =0,
A2 =0,
Az = %911 + %922 - % \/g% +4.g12921 — 2 11922 + 939, (73)
1 1 1 /5 5
Ay = 591 + 3922 + 3 \/911 +4g12921 — 2911922 + g35-

with

\/9%1 +4g12921 — 2911922 + 939 = (911 — g22)* + 4912921 > 0.

In the next generation method approach, the basic reproduction number % is determined as the spectral radius of
FV~1, specifically:

Ko = p(Fvil)v
1 1 1/, 5 (76)
= 5911 + 5922 + 3 \/911 + 4 912921 — 2911922 + 93,

where all positive parameters g;; for (4,5 = 1,2,3,4) are specified in (73).
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A.2. Jacobian Sub-Matrix Components for DFE Stability

The following are the detailed calculations of the component sub-matrices for the Jacobian matrix Jy evaluated at
the disease-free equilibrium (DFE), as referenced in the proof of Theorem 1.

9B, 9B, (BnnInt+Bnvly)Sd (BanIn+Bnvls)SS
JeE = ( 9Ln 9By > - (NO)2 ~ (on +”0+ 2 S, (o

OB, v volotBonIn)S volotBundn)S®

I, GIoN _w(]\f#op)v—’—(b _%_(Ov_i_u)

NO (N0)2 NO (N0)2
ansg (Bv'ulv"l‘ﬁvnln)sg /B'uvsg (5vulv+6vnln)sg

9E, OE, BunSS  BunIn+Bnvls)Se  BnvSY  (Bunln+Bnvols)SH
Jer = ( > =
NO (N2 NO (N2

oI, oI
Jom—( 9B. 2B, \ _ [ On 0
1E — oI, I, - 0 o
9E. 0F, v

S B AEEEARA ')
o or 6 —(n+y+ )

0B, 0B, Sp 1 Sy

959 ] NO0)2 NO N0)2
JE'S = SE, % = _(Bnnln + ﬁnv-[u) (N9 50 50 ( i

ost  ost iy o —

OE, OE,
Jer = 6§n Ggu _ 1 (ﬁnn-[g + anlg) (ﬂ’fm‘[g + 5711;179)
2 (N0)2 (valg + 57)TLI1(7)) (ﬂm)lg + 6”n17(’))

o o1l ) =
75 5 00

oI, oI,
Jrp = OR,  OR, — 0 0
IR Ol Ol 0 0
OR,, IR,

Jrs =

7 N
QlQ
S

N
&S

Jop— (T2 88 ) Z L BunI) + BunID)SY (Bunl] + B I))S)
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IR, OR,
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85, 95, Brn 124 Bn0I2)SC  (BanI®+Bnol®)
J < 95, 95, > (NO)2 - NO - (¢ + ,u) Wsy
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A.3. Endemic Equilibrium Variable Derivations

The state variables at endemic equilibrium can be expressed as linear functions of E}; and E. The derivations
proceed as follows:

_ k + wS’US;t - wrnR;kl - wrvR: - (Un + 14 + ¢)E;

* — * *
Sy = Uno + Unn By, + Uno By,

(¢ + 1)
S* . E* E*
Sy = P8 ¥ oot W), 4 9P Uvo + Uvn By, + Uno By,
(1 + wso)
E*
IZ: Un n — /UnnE:;y
(1 + Y+ 0n + B)
oo, B o, E*
I = n + v = Uyn B + 0 B 77)
(40 +0u) (e + v+ 00 +¢) (47 +0y)
* Tn O'nE:L «
Rn = : = xnnEna
(M+¢+wrn) (N+7n+5n+¢)
* _ 'YUQSO'nE;: + Qb’Yno'nE;:
Y (M+wrv))(ﬂ+7v+5v)(,u+7n+5+¢ (N+wrv)(ﬂ+¢+wrn)(ﬂ+7n+5n+¢)7
’YUUUE;;

=Ty B + Ty B,
(,u + wrv)(ﬂ + Yo + 51))

The total population size N* is given by

N =S +S;+E+E,+1I:+1I,+R, + R},
= Uno + Unn B} + Unp B} + Upo + Upn B}, 4+ Uy By + Vpn B + Vyn B + Voo B + T By + Ton By + 200 E,
= Unpo + Upo + Unn B}, + Upn B} + 0pn B + Vyn B + Ton B + Tyn B + Uny By + Uy By + 030 B + 240 E,
= We + wpEy + wy B

(78)
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Substituting these into (23c) and (23d) yields the coefficients for equations (25) and (26) as follows:

Qpp = (/8nnvnn + 6nvvvn)unn - (Un +p+ ¢)Wm
2an, = (BunVnn + BnoVon)Uno — (0n + 1+ ¢)wo,
2am, = (BnoVow)Unn — (00 + p + @)ws,
= (BroVov)Uno,
= (BroVow)Uno,
ban = (BonVnn + BuvVunlvn — $wn),
(5vnvnn + ﬂvvvvn)uvo PWo,
anv = (BunVon + Bovuon)tuw + BovVuovlion — (0v + H)wn — wy,
2by = (BovVuutive — (00 + f1)Wo),
bov = (Buwow — (00 + p)wy).

(79)

A.4. Relationship Between the Stochastic and Deterministic Epidemic Threshold

In this Appendix section, the formal mathematical relationship between the stochastic expectation matrix .# and
the deterministic next-generation matrices F' and V' is demonstrated. The equation ' — V = (.# — I)WW enables
the calculation of the basic reproduction number %, = p(FV ~1), which is the same as the stochastic threshold
condition p(.Z) = 1.

The 4 x 4 expectation matrix .# = [mj;] is given by:

mip Mi12 M3 MMig
Mma21 M2 123 124
M =
mg31 Mgz MM33 1MM34
Mgl My2 M43 TNy

Substituting the parameters from the branching process, this matrix is:

Bnn S Brv S
NO NO
0 0 G S 0
NO +u o + 2 Nn L + 7%+ p
BunSY B Sy
¢ NO NO
= | et Pt 4 P b0y bt PR B 6 £ 4
e — Brn S0 Bon S“
— I ot b 0
i SO
U"+¢+M ﬂNnn + an +¢+6n+’7n+,lt
BnoSp | BuuSY
0 Oy ¢ S
0 0
ootp Dl Bl g bt p CRE B L5

First, the diagonal matrix W is defined, which contains the total transition rates w; (the denominators from .#) out
of each of the four infected states (E,,, Ey, I,, I,,).

wy =0, + ¢+

W = 0y + W
Bnn FnnPn /anSO

ws = =I5t + g F O O+ Y+
BrvSy | BuwSy

Wy = N0n+ N +61J+’Yv+,u
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The matrix W is explicitly:

wy 0 0 0
o w2 0 0
=10 0 w o

Next, the product (.# — I)W is computed, where I is the identity matrix. This product represents the Jacobian of
the infected compartments.

(m11 — Lwy M12Wa mizws M14Wy
(M — D)W = Ma1w1 (mag — 1)ws MazWs Mg Wy
m31wy mM32ws2 (m33 — 1ws Mi34Wy4

My1wW1 My2Ws2 mM43W3 (maq — 1wy

By substituting the definitions of m;; (from .#) and w;, each term can be simplified. For example, the term

(1,1) is (m11 — D)wy = (0 — 1)wy = —wy = —(op, + ¢ + p). The non-diagonal term (1,3) becomes mizws =

(W) ws = 2 ”](;OS %, The diagonal term (3, 3) simplifies as follows:

BunSy | BunSy
(m33 — 1)w3 = (NONO — ].) w3
w3
_ (BunSy | BonSy
“\no Tye ) s
Bnnsg 51;7158 ﬂnnsg ﬁvnsg
:( No T o )T\ Ty T e + ¢+ 0+ t+u
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Simplifying all terms in this manner yields the matrix (.#Z — I)W:

0 0
_(Un + (b + ,u) 0 Bnan: 67}\752
(M — DWW = ¢ —(ow + 1) Beae BouSy
On 0 _(¢+5n+')’n+/$) 0
0 I ¢ — (60 + ¥ + 1)

From the theory of deterministic epidemic models, the Jacobian of the infected compartments evaluated at the

Disease-Free Equilibrium is /' — V/, where F' is the matrix of new infections and V' is the matrix of transitions. For
system (1), this matrix is:

0 0
—(on+ ¢+ 1) 0 Bonln BraSn
BonSY BowSY
F-V = ¢ 7(O—U+:u‘) NO NO
On 0 _(¢+5n +7n +/”') 0
0 Oy o _(61) + Y + M)

By inspection, it is clear that (.# — )W = F' — V. This confirms the formal equivalence between the stochastic
and deterministic formulations. Additionally, this matrix can be broken down into F’, which includes positive off-

diagonal terms that depict new infections, and V, representing the negative of the remaining terms that account for
transitions and removals.

ﬁnnso Bro s9

O O 5 n 5 n

0 0 BimS0  BunSD
F = NO NO
0 0 0 0
0 0 0 0
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on+ o+ 1 0 0 0
v — —¢ Oy + 1 0 0
—On 0 ¢+ 0n+ 0+ p 0

0 —0Oy -9 5v+’7v+/~1

The condition for a major outbreak in the stochastic model, p(.#) > 1, is identical to the condition for an epidemic
in the deterministic model, %Z, > 1, where %, = p(F'V~!). Therefore, a closed-form analytical solution for the
eigenvalues of .# is not required. The epidemic threshold is fully described by the interpretable, analytical
expression for Zy = p(FV ~1), which can be derived from the matrices F' and V above.
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