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Resumo

A dengue, doenca causada pelo virus da dengue (DENV), é endémica nas Américas e constitui
a arbovirose de maior prevaléncia mundial, apresentando indices crescentes de morbidade e
mortalidade. Trata-se de uma doenga sistémica, sazonal, infecciosa, de caréter agudo e febril,
transmitida a populacdo humana pela picada de fémeas do mosquito Aedes aegypti ou Aedes
albopictus infectadas pelo DENV. A ineficiéncia dos métodos usuais de controle, quimicos e
mecanicos, a expansdao do mosquito para novas dreas e o impacto dessa arbovirose sobre o sistema
de saude tornam urgente a busca por novas estratégias de controle. Nesse contexto, a liberacao
de mosquitos infectados com Wolbachia, uma bactéria intracelular capaz de inibir a replicacao
do virus no organismo do vetor, tem sido utilizada em larga escala. Adicionalmente, a vacinagao
da populagdo — atualmente em curso — pode atuar como uma pega-chave na reducio e eventual
supressao dos casos de infec¢do por dengue. Neste trabalho, propde-se um modelo de equacdes
diferenciais ordindrias para descrever a interacao entre as populacdes de vetores infectados e
nao infectados por Wolbachia, a populagao humana e o virus da dengue. Considera-se ainda a
vacinacao da populagcdo humana. Os resultados mostram como o efeito combinado da vacinagdo e
da reducgdo da capacidade vetorial altera a prevaléncia da doencga, destacando regides no espago de
parametros nas quais uma ou ambas as medidas de controle podem alcangar redugcdes substanciais

ou até a eliminacdo completa da transmissdo da dengue.

Palavras-chave: controle bioldgico; vacina¢do; equacgdes diferenciais ordindrias; limiares.



Abstract

Dengue, a disease caused by the dengue virus (DENV), is endemic in the Americas and constitutes
the most prevalent arboviral disease worldwide, with increasing rates of morbidity and mortality.
It is a systemic, seasonal, acute febrile infectious disease transmitted to the human population
through the bite of female Aedes aegypti or Aedes albopictus mosquitoes infected with DENV.
The inefficiency of conventional chemical and mechanical control methods, the expansion of the
mosquito into new areas, and the impact of this arboviral disease on public health systems make
the search for new control strategies urgent. In this context, the release of Wolbachia-infected
mosquitoes—harboring an intracellular bacterium capable of inhibiting viral replication within
the vector—has been implemented on a large scale. Additionally, vaccination of the population,
which is currently underway, may play a key role in reducing and potentially suppressing dengue
cases. In this work, we propose a system of ordinary differential equations to describe the
interaction between Wolbachia-infected and uninfected vector populations, the human population,
and the dengue virus. Vaccination of the human population is also incorporated into the model.
The results illustrate how the combined effects of vaccination and reduced vectorial capacity
modify disease prevalence, highlighting regions of parameter space in which one or both control

measures can achieve substantial reductions or even complete elimination of dengue transmission.

Key-words: biological control; vaccination; ordinary differential equations; thresholds.
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1 Introduction

Dengue is currently the most prevalent arboviral disease worldwide, being reported in
more than 100 tropical and subtropical countries. The dengue virus (DENV) is an arbovirus
belonging to the Flaviviridae family and the Flavivirus genus, and it comprises four distinct
serotypes (DENV-1, DENV-2, DENV-3, and DENV-4), with DENV-2 being the most prevalent
serotype in Brazil (MENEZES et al., 2021). Transmission occurs through the bite of the mosquito
Aedes aegypti Linnaeus, 1762 (Diptera: Culicidae), which is considered the primary vector of
the disease in Brazil. It is known that A. aegypti prefers tropical, warm, and humid environments,
which also characterizes dengue as a seasonal disease. These mosquitoes typically breed in
stagnant water habitats (BIASSOTI; ORTIZ, 2017).

In 2023, a total of 1.408.684 dengue cases were confirmed in Brazil, of which 1.179 were
fatal. In 2024, dengue virus infection in Brazil reached a historical record, with 5.973.343 reported
cases nationwide - an increase of 324.04% compared to 2023 - and 6.321 deaths attributed to the
disease. In 2025, 1.469.018 dengue cases had been confirmed in Brazil, representing a 75.41%
decrease relative to the previous year, with 1.776 deaths caused by the virus. In the same year,
877.795 dengue cases were confirmed in the State of Sao Paulo, including 1.480 cases in the city
of Botucatu (Governo Federal, 2025).

Currently, the main methods for controlling the disease include public education and
prophylaxis (reducing sites with standing water, where the vector lays its eggs), mosquito popula-
tion control (with insecticides and larvicides), and medical intervention after infection (mainly
hydration and symptomatic relief). During outbreaks, the most direct and effective approach
to ensure vector population control is the use of insecticides; however, this is not a sustainable
method, since A. aegypti has developed resistance to insecticides, and their continuous use
can cause severe environmental damage (BALDACCHINO et al., 2015). Thus, the search for

alternative control strategies, such as biological control, has become increasingly urgent.

Wolbachia is an intracellular symbiotic bacterium found in more than half of all insect
species worldwide, and its application in biological control has attracted considerable attention
in recent years. It has been demonstrated that the use of Wolbachia can inhibit dengue virus
replication in A. aegypti (HOFFMANN et al., 2011; WALKER et al., 2011). Different Wolbachia
strains, such as wMel, wAlbA, wAlbB, wAu, and wMelPop, produce distinct effects on the mos-

quito, including a reduction in the vector’s lifespan, preventing the dengue virus from becoming
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infectious within its lifetime (WALKER et al., 2011), or the deformation of the proboscis (mouth-
part structure), rendering the vector ineffective I TURBE-ORMAETXE; WALKER; O’NEILL,
2011). Another well-documented effect is the reduction of dengue virus particles present in
the mosquito’s saliva (TURLEY et al., 2009). One of the most significant effects induced by
Wolbachia is the phenomenon known as Cytoplasmic Incompatibility (CI), which occurs between
the gametes of infected males and the eggs of uninfected females, leading to embryo death. In
contrast, females infected with Wolbachia produce viable infected offspring when mating with
either infected or uninfected males through maternal transmission, resulting in a reproductive
advantage over uninfected females (WALKER et al., 2011). These factors demonstrate that the

use of this bacterium is indeed effective as a biological control strategy.

In Brazil, the Wolbachia Method, patented by the World Mosquito Program (WMP),
is implemented by the Oswaldo Cruz Foundation (Fiocruz) with funding from the Brazilian
Ministry of Health. The project aims to promote the release of Aedes aegypti mosquitoes infected
with Wolbachia as a strategy for vector control and for the suppression or interruption of the
transmission of arboviruses such as Dengue, Zika, and Chikungunya. The first field trials began in
2014 in the State of Rio de Janeiro, in Tubiacanga, a neighborhood located on Ilha do Governador
Island. In Niterdi, Rio de Janeiro, the release of Wolbachia-infected mosquitoes started as a pilot
project in the Jurujuba neighborhood in 2015. In 2017, the program was expanded for the first
time within the municipality, and by 2021 the method already covered 75% of the city. Currently,
Niterdi is the first city in Brazil to be protected by the method; the 158 confirmed dengue cases
reported in the year of project implementation decreased to 67 in 2023, representing a reduction
of approximately 64%. Data demonstrating the effectiveness of the protection provided by the
Wolbachia Method were released by WMP Brazil. In addition to the decrease in dengue cases,
these data also indicate a 60% reduction in Chikungunya and a 40% reduction in Zika in the
areas where the entomological intervention was carried out. The Wolbachia Method is also
being applied in Belo Horizonte, state of Minas Gerais. Its implementation in the state capital
took place in stages. The first stage, in the Venda Nova region, was completed in January 2021.
In 2022, a new expansion phase began, and the releases were concluded in 2023. Currently, a
randomized controlled clinical trial, of great epidemiological importance, is underway to assess
the method’s efficacy and its impact in terms of population protection. Belo Horizonte is also home
to the Wolbachia Biofactory, responsible for maintaining the complete life cycle of A. aegypti
mosquitoes infected with Wolbachia (Wolbitos), from egg production to adult mosquitoes, as
well as the distribution of these biological materials and administrative coordination. The facility
is expected to reach a weekly production capacity of approximately two million mosquitoes
(Fundagao Oswaldo Cruz, 2024).

In the municipality of Joinville, in the State of Santa Catarina, the program began in
December 2023. In 2024, the community engagement phase was initiated, consisting of outreach
activities to promote the Wolbachia Method. These actions involved public and state schools,

including teacher training, as well as the participation of teams engaged in the process. This
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was the final phase before the release of mosquitoes, which started in August 2024. For the first
release phase, 20 weeks of mosquito releases and 70 routes were planned, meaning that the
releases continued until January 2025 (DIVESC, 2024). For the second release phase, technical
teams established 3.844 release points distributed across 84 routes. The strategy provides for 26
weeks of field releases through early 2026. The selection of neighborhoods considered criteria
such as the number of breeding sites and confirmed cases. The selected neighborhoods comprise
approximately 75% of Joinville’s population (Prefeitura de Joinville, 2024). In Joinville, at the
beginning of 2025, a 98% reduction in dengue infection cases was observed compared to the
previous year. According to the Joinville Department of Health, 58.322 cases and 66 deaths from
the disease were recorded in the first four months of 2024. During the same period in 2025, 622

cases and no deaths were confirmed (G1 Santa Catarina, 2025).

Other Brazilian cities where the technology is being applied include Campo Grande
(MS) and Petrolina (PE). Community engagement activities are also planned to be carried out in
Uberlandia (MG), Presidente Prudente (SP), and Natal (RN) (FIOTEC, 2024).

Developed by the Butantan Institute in Brazil, the tetravalent dengue vaccine Butantan-
DV has been formally approved by the National Health Surveillance Agency (Anvisa), on 26
November 2025, for use in the Brazilian population aged 12 to 59 years and represents the
first single-dose dengue vaccine in the world protecting against all four dengue virus seroty-
pes. Clinical trials conducted with over 16 000 volunteers demonstrated an overall efficacy of
approximately 74% against symptomatic dengue, more than 91% effectiveness against severe
disease, and 100% protection against hospitalization due to dengue, with robust safety profiles
in both previously exposed and previously unexposed individuals (Instituto Butantan, 2026).
Following the regulatory approval, a first batch of doses has already been manufactured and
delivered for early deployment through the Brazilian Unified Health System (SUS). The national
vaccination strategy launched in January 2026 includes a pilot mass vaccination campaign in
Botucatu (Sao Paulo), where the immunization program targets eligible residents aged 15 to 59
years in order to evaluate the real-world impact of vaccination on dengue transmission and disease
burden (Ministério da Sadde, 2026). The federal Ministry of Health and Instituto Butantan plan to
scale production and distribution throughout 2026 and beyond, in coordination with the National
Immunization Program (PNI), with the aim of progressively expanding coverage and integrating
Butantan-DV into routine public health vaccination schedules (Presidéncia da Republica — Casa
Civil, 2025; Agéncia Brasil, 2025).

Another immunizer, produced by the Japanese pharmaceutical company Takeda, the
Qdenga vaccine, made available through the Brazilian Unified Health System (SUS), is a tetrava-
lent immunizer developed from a live attenuated virus, that is, a weakened form of the infectious
microorganism. This condition enhances the immune system’s response, acting similarly to the
body’s natural defense during dengue infection (CAMBAUVA, 2024). By the end of 2025, Brazil

is expected to receive 5.2 million doses, in addition to a donation of 1.3 million doses, allowing for



1. Introduction 4

the vaccination of 3.2 million people with the two doses required to complete the immunization
schedule (SOCIAL, 2024).

Mathematical modeling in the context of biological control applied to population dyna-
mics brings us back to discrete-time models, such as the work of Caspari and Watson (1959),
which proposed one of the first mathematical models to study the effects of cytoplasmic incom-
patibility caused by infections on the population dynamics of mosquitoes. It was established
that if the infection does not generate fitness costs, its frequency should increase; however, in
a scenario where the infection reduces insect fecundity, for the infection to continue spreading,
its frequency in the population must exceed a critical threshold, corresponding to an unstable
equilibrium point of the system. This study concluded that cytoplasmic incompatibility has a
strong influence on mosquito population dynamics, as it promotes a reproductive advantage for

the infected population.

From the perspective of discrete models, several authors have modeled the effects of
Wolbachia on vector population dynamics and its impact on dengue transmission. Yu and Zheng
(2019) proposed a discrete model to study the persistence of Wolbachia infection that exhibits
various dynamic properties, including bistable, semi-stable, and stable equilibrium points. Their
model describes the infection frequency of Wolbachia in mosquitoes in terms of cytoplasmic
incompatibility induced by the bacterium, fecundity cost, and maternal transmission failure of
Wolbachia from mothers to offspring. The model also considers competition between Wolba-
chia-infected and uninfected mosquito populations. It was observed that with a high cytoplasmic
incompatibility rate and a low maternal transmission failure rate, the population size of Wol-
bachia-infected mosquitoes rapidly becomes greater than or equal to that of wild mosquitoes,
provided that the impact of infection on mosquito fitness is not substantial. Numerical simulations
showed that there exists a lower threshold for the initial number of released Wolbachia-infected
mosquitoes required for the infection to establish in the population, and that successive releases
of infected mosquitoes accelerate its persistence. Another model investigating the introduction
of infection into wild mosquito populations was proposed by Li, Guo and Xing (2020). This
model identifies four equilibrium points — the absence and prevalence of infected mosquitoes,
population coexistence, and the existence of a small number of infected mosquitoes — whose
stability depends on the birth and death rates of uninfected and infected vectors, the transmission

rate of Wolbachia, and the fecundity cost associated with inter-population competition.

Other authors have used systems of ordinary differential equations to study the use of
Wolbachia as a means of suppressing dengue virus transmission. Li and Liu (2021) proposed a
compartmental SEI model for Wolbachia-free and Wolbachia-infected mosquitoes, coupled with a
compartmental SIS model for the human population. The dengue-free equilibrium points depend
on the parameter that measures the fitness cost of infection in mosquitoes: if there is no cost,
three equilibrium points exist; if there is a cost, four equilibrium points are found. Two additional

endemic equilibria (with dengue circulation), corresponding to the extinction and persistence of
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the Wolbachia-infected mosquito population, are also observed. The stability of these equilibrium
points depends on the fitness-related parameter and on the basic reproduction number, calculated
using the next-generation matrix method. A sensitivity analysis was performed to discuss how
the parameters affect the basic reproduction number and the endemic equilibria. This analysis
highlighted the importance of the mosquito biting rate, revealing that the endemic equilibrium is
most sensitive to this parameter and positively correlated with it. Numerical analyses demonstrated
that the introduction of Wolbachia drastically reduces dengue virus transmission and that the
initial proportion of infected mosquitoes determines whether the infection will successfully
establish and spread within the mosquito population. It was concluded that during outbreaks, the
release of Wolbachia-infected mosquitoes must occur in a sufficiently large fraction to suppress
dengue transmission. The study also emphasized the importance of reducing the mosquito biting

rate, achievable through the use of protective nets and repellents.

Ogunlade et al. (2023) investigated the effect of releasing A. aegypti mosquitoes infected
with Wolbachia on reducing dengue virus transmission in Townsville, Australia. The model
distinguishes between locally acquired and imported human dengue cases. To quantify the impact
of releasing infected mosquitoes, the author examined two scenarios: pre-Wolbachia and post-
Wolbachia. The human population is divided into SEIR compartments, while the mosquito
population, composed of Wolbachia-free and Wolbachia-infected mosquitoes, is structured
into SEI compartments, in addition to a compartment representing the aquatic stages of the
vector. The model also distinguishes between male and female mosquitoes, such that mating
between uninfected females and infected males produces no viable offspring due to cytoplasmic
incompatibility. The influence of climatic factors on the mosquito life cycle is also incorporated;
the mosquito’s maximum environmental carrying capacity, related to the total human population,
is modeled as a periodic function. The effectiveness of the Wolbachia intervention is evaluated
by comparing the cumulative dengue cases in the presence and absence of Wolbachia-infected
populations. With respect to imported dengue cases, it was observed that they were significantly
lower during the pre-Wolbachia period, reflecting an increase in dengue cases in nearby regions.
When considering only locally transmitted dengue infections, this number decreased drastically
after the introduction of infected mosquitoes—highlighting the importance of distinguishing
between local and imported cases. Finally, parameter estimation revealed that the probability of
dengue transmission from a Wolbachia-infected mosquito to a susceptible human is approximately
twenty times lower than that of an uninfected mosquito. Based on the estimated transmission rates,

Wolbachia proved highly effective in substantially reducing dengue incidence in Townsville.

Within the scope of mathematical models addressing Wolbachia based dengue control,
Escobar-Lasso and Vasilieva (2020) formulated a two-dimensional monotone model of ordinary
differential equations describing the competition between Wolbachia-infected and wild mosquito
populations. The model retains the essential biological mechanisms, maternal transmission and
cytoplasmic incompatibility, while remaining analytically tractable through the theory of mono-

tone dynamical systems. Four equilibria were identified: the trivial equilibrium corresponding to
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total extinction of mosquitoes, two boundary equilibria representing the exclusive persistence of
each mosquito type, and one coexistence equilibrium. Under determined parameter conditions,
the boundary equilibria are asymptotically stable, the coexistence equilibrium is unstable, and
the extinction state is a nodal repeller. This configuration defines a bistable system where esta-
blishment of Wolbachia-infected mosquitoes requires initial values above a threshold manifold

separating the attraction basins of the two boundary equilibria.

Building upon the previous monotone formulation, Orozco-Gonzales et al. (2024) de-
veloped a bidimensional dynamical system to describe the long-term persistence of different
Wolbachia strains in competing mosquito populations. The proposed model incorporates imper-
fect maternal transmission, incomplete cytoplasmic incompatibility, and direct loss of Wolbachia
due to thermal stress. The system can exhibit up to four equilibrium points: a trivial equilibrium
representing total extinction of mosquitoes, a Wolbachia-free equilibrium corresponding to in-
fection loss, and two coexistence equilibria where infected and uninfected populations persist
simultaneously. Under determined conditions, one coexistence state is unstable while the other
is locally asymptotically stable, shaping a bistable regime in which the long-term outcome de-
pends on the initial densities of each mosquito population. This qualitative behavior explains
why some strains, despite being initially introduced in high numbers, may fail to persist in the
environment. Numerical analyses confirmed these results and compared the performance of four
Wolbachia strains (wMel, wMelPop, wAlbB, and wAu), revealing distinct persistence capacities

and temperature-dependent stability patterns among them.

In this context, the present study proposes an extended compartmental framework that
integrates both human and mosquito dynamics, in order to explore the combined effects of human
population vaccination and Wolbachia based control on dengue transmission. By considering the
human vaccination process within the interaction dynamics of mosquito populations, the model
enables a direct comparison between two major dengue suppression strategies: biological control
through Wolbachia dissemination and immunization of the human population. The analysis
focuses on how the interplay between these interventions can modify disease prevalence and
the persistence of infection, highlighting parameter regimes under which either or both control

methods can lead to a significant reduction or elimination of dengue cases.

Objective

Mathematical modeling of the population dynamics of Wolbachia-infected and wild (non-
Wolbachia-infected) Aedes aegypti mosquitoes, as well as the human population, under conditions
of dengue virus circulation, considering a scenario in which vaccination of the human population

is implemented.

Specific Objectives:
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i. To construct a compartmental mathematical model describing the population dynamics of
wild and Wolbachia-infected Aedes aegypti mosquitoes, along with the human population,

under dengue virus transmission conditions.

ii. To incorporate the effects of human vaccination into the model and evaluate its impact on

the transmission dynamics of dengue.

iii. To perform a theoretical analysis of the model, including identification of equilibrium

points and examination of their stability.

iv. To simulate various scenarios using numerical methods to assess the effectiveness of
Wolbachia deployment and human vaccination, both individually and in combination, in

reducing dengue transmission.



2 Methods

The present work is developed in the format of mathematical propositions and proofs.
For clarity and readability, the main text presents only the results and their interpretations in
continuous form, while the complete statements of all propositions and their corresponding
proofs are presented in Appendix A, where Appendix A.1 addresses the mosquito subsystem

and Appendix A.2 the human subsystem.

2.1 Proposed Model

We model the dynamics of Aedes aegypti using a compartmental SI (Susceptible—Infected)
framework, structured to distinguish two vector subpopulations: mosquitoes free of Wolbachia
and mosquitoes infected with Wolbachia. For the human population, assumed to remain constant,
we adopt a compartmental SIR (Susceptible—Infected—Recovered) model to describe the host
epidemiological dynamics. Furthermore, a vaccination scenario for the human population is
explicitly considered, and immunity loss is not incorporated. Transmission occurs between
susceptible vectors and infected humans through mosquito bites, and likewise between infected
vectors and susceptible humans, also through the mosquito bite. We assume that the mosquito-
human transmission rate is the same for both mosquito populations, whereas the human-mosquito
transmission rate is lower for Wolbachia-infected mosquitoes. The model assumes a 1:1 mosquito
sex ratio, and all vector variables represent female mosquitoes. Lastly, the aquatic stages of the

vector are not considered.

Table 1 summarizes the state variables and their definitions, whereas Table 2 presents
the parameters used in the formulation of the model and their respective definitions. Figure 1
provides a schematic representation of the model structure corresponding to the system of ordinary
differential equations defined by (1)-(7).
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Table 1 — State variables and definitions.

Variable Definition

Si(t) Susceptible human population

I, (t) Infected human population

R,(t) Recovered human population

S (t) Susceptible wild mosquito population

I:(t) Infected wild mosquito population

Sy(t) Susceptible Wolbachia mosquito population
I,(t) Infected Wolbachia mosquito population

Table 2 — Parameters and definitions.

Parameter Definition Unit

L, Human mortality rate day™!

Vh Human recovery rate day™'

1z Vaccination rate of the human population day™!

o Factor related to competition between mosquitoes  individual ~*
pi, i € {f,w} Mosquito fertility rates (p; > p.,) day™!

Wi, i € {f,w} Mosquito mortality rates (u; < i) day™!

B;, i€ {f,w} Human-mosquito transmission rates (5, > f3,,) day~!

Bi, i € {f,w} Mosquito-human transmission rates (3; = f3,,) day~!

A;, i€ {f,w} Recruitment rates individual - day
§€(0,1) Probability of maternal transmission of Wolbachia -

n e (0,1) Strength of cytoplasmic incompatibility -

Human Population

dsS S

dithzluhNh_(ﬁf If+6w [w> (]\;;> _(:uh_'_yh) Sh (1)
dl S

dith = By Iy + Bu 1) (NZ) — (W + ) I 2
dR

7; =Sy + W L — o Ry, €)

where N, (t) = S,(t) + I, (t) + R,(t); with N,(t) = N,. Because the human population is
constant, we can consider only two equations (e.g., (1) and (2)), since we can obtain R, as
R, = N, — (S, +1,).

Wild Mosquitoes
as — I

dl — I
ditf =By S (h> — iy Iy )
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Figure 1 — Schematic representation of the mathematical model. Source: author’s own elaboration.

Wolbachia-Infected Mosquitoes

ds - I
7_;1 - Aw e_UM(t) - 57}) Sw (]\;L> - :uw Sw (6)
h
dlw — -[h
e — I 7
£ =3, Sw(Nh) o I, @
where

Ay = py (S + 1) PR 4 py (1= 6) (S + L),
Ay = puw 0 (Sy + 1,),
M(t) = Sp(t) + 1;(t) + S, (t) + L,(t).

Representing the biological features of Wolbachia-infected mosquitoes, we consider
Pw < py, for mosquito fertility rates, and .y < p,,, for mosquito mortality rates. One can observe
that both recruitment rates, A;, A,,, are multiplied by e=7*(*)_ where o is the density-dependent
competition parameter. Furthermore, the mosquito and human dynamics are coupled through the

transmission parameters, which is reduced for Wolbachia-infected mosquitoes, that is, 3, < Bf.

Observing the recruitment rate A, the first term, p;(S; + ;), represents the reproductive
contribution of wild female mosquitoes to the growth of the wild mosquito population. These
females may mate either with wild male mosquitoes or with Wolbachia-infected male mosquitoes,
accounting for incomplete cytoplasmic incompatibility (1 — 7). Such interactions are governed
by the encounter rates (S; + I;)M (t)~" and (S, + I,,) M (t)~", respectively. The second term,
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Puw(Sw + 1,,), represents the reproductive contribution of Wolbachia-infected female mosquitoes
to the growth of the wild mosquito population, where (1 — ) accounts for imperfect maternal

transmission.

Looking at the recruitment rate A, the quantity p,, (S, + I,,) represents the reproductive
contribution of female Wolbachia-infected mosquitoes to the growth of the Wolbachia-infected
mosquito population, where § < 1 denotes the maternal transmission parameter, which governs
the introduction of Wolbachia-infected offspring, since infected females transmit the bacterium

to their progeny regardless of the male mosquito’s infection condition.

Lastly, we present Table 3, which summarizes the biologically relevant parameter sets
considered throughout this work, representing the life-history traits of wild mosquitoes and the
wMel, wMelPop, wAlbB, and wAu Wolbachia strains (OROZCO-GONZALES et al., 2024).

Table 3 — Numerical values of the mosquito life traits under favorable ambient temperatures.

Wolbachia strain None wMel wMelPop wAIbB wAu
Female fecundity pr =455 p,=455x%x09 p,=455x05 p,=455%x08 p,=4.55x%x0.98
Mortality pup =003 p,=0.03/09 pu,=0.03/05 pu,=0.03/08 pu,=0.03/0.95
CI degree N/A n € 1[0.9,1] n € 1[0.9,1] n € [0.98,1] n=20
Maternal transmission N/A § €[0.9,1] § €0.9,1] 0 €[0.98,1] § €[0.98,1]
Virus blockage None Moderate Very high High High

2.2 Fast Vector Dynamics

Mosquitoes have a reasonably shorter lifespan than humans, so we can consider the
human population to be constant while observing changes in mosquitoes populations. At first, we
solve the system of mosquito differential equations while treating the human state variables as
constant values. Consequently, mosquito populations are modeled independently, with human
variables entering the equations only as fixed values rather than dynamic components. Once the
mosquito subsystem has been analyzed and its equilibrium points determined, these solutions can
be substituted into the human equations. The resulting reduced system describes the long-term

behavior of the human population.
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3 General Mosquito Subsystem

The mosquitoes subsystem of ordinary differential equations is written as

dd? = Ay e MO 5.8, I, — s Sy

Ciiltfzﬁf Splp — pyp Iy (A)
djg” — A, e™MO _F S, I — 1 S,

Cg;” = Ew Swln — pio I,

with recruitment rates

(Sf+If)+(17"7)(Sw+Iw)
M (t)

Af = Py (Sf + If) + pw(l - 5) (Sw + -['w)’

Ay = pu 0 (S, + 1), alongside with

B,=2L, B,=2o and  M(t) = S;(t) + I;(t) + Su(t) + L(2).

3.1 Positiveness
Define the nonnegative set
Q. ={(S;,1;,8,,I,) eER*: S; >0, I; >0, S, >0, I, >0}

Assume that the initial condition satisfies (5;(0), /;(0), S,,(0), I,,(0)) € ,,. We prove that €2,,
is positively invariant for the mosquito subsystem by verifying that, on each boundary of €2,,, the
corresponding component of the vector field is nonnegative. This guarantees that the vector field

is inward—pointing or tangent on the boundary and prevents trajectories from crossing 2,,,.

Boundary S; = 0.If S; = 0, then

s,

dt |,y

— Af e—oM(t) Z 0’
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since e="M® > (0 and A; > 0 for nonnegative mosquito variables and parameters.

Boundary /; = 0. If /; = 0, then

I,
dt

B, S 1, >0,

If=0

because S; > 0 and [, > 0.

Boundary S,, = 0. If S, = 0, then

dS.,
dt

— A efaM(t) >0

w — Y

Sw=0

since A, = p,0(S, + I,,) > 0.

Boundary 7, = 0. If [, = 0, then

i,
dt

because S, > 0 and [, > 0.

Thus, on each boundary of §2,,, the corresponding component of the vector field is nonnegative,
and the trajectory cannot cross §2,, through the boundary. Therefore, €2,, is positively invariant for
the mosquito subsystem. Consequently, for any initial condition (S;(0), 1;(0), S,,(0), 1,,(0)) €

),,,, the solution satisfies

3.2 Jacobian Matrix of Mosquito Subsystem

To analyze the local stability of the mosquito equilibrium points, we calculated the
Jacobian matrix (J) of the mosquito subsystem defined in (A). Furthermore, we shall evaluate the

matrix J at each corresponding equilibrium.

o o OAg LY . OA, .
Let J} = O_Afe M . J;L = UAwe M, 87‘5} = Sf» ai[f = AIfa E = ASw’
% = A,, and z := e~ for brevit
o1, = A z:i=e "M, vity.
The Jacobian matrix of the mosquito subsystem is writtten as
(Nopz—Jb = B0 —py Apyz—Jb — Apy 2z — J]
Efjh —Hy 0 0
J = B
_J;L _J:L pwéz - JJ) - Bw[h — M pwéz - JJ}
i 0 0 B, |
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The complete derivation of the Jacobian matrix for the mosquito subsystem is available
in Appendix A.

3.3 Mosquito Subsystem Equilibrium Points

Throughout the algebraic analysis, the following quantities are introduced:

l. Q; = PI denotes the basic offspring number of wild mosquitoes, defined as the mean

)
number of descendants produced by a single wild mosquito over its lifetime.

w0
2. Q, = Pu® denotes the basic offspring number of Wolbachia-infected mosquitoes, re-

presenting the mean number of infected descendants produced by one infected mosquito

during its lifespan, accounting for maternal transmission.

w(l—0
3' Q’w,f = p ( )

f
Wolbachia-infected mosquito. This quantity captures the contribution of imperfect maternal

represents the expected number of wild mosquitoes produced by a

transmission, whereby a fraction of the offspring emerges uninfected.

— Qw,f + Qu;

4. Q. : AUAYY; defines the coexistence threshold for the mosquito populati-

s
ons. In particular, the condition (). > 1 characterizes the regime under which wild and

Wolbachia-infected mosquitoes can coexist.

1
5. M =S;+1;+S,+ L, = —1In(Q,) denotes the total mosquito population size at the
o

coexistence equilibrium.

Within our analytical work, we have determined four equilibrium points for the mosquito
subsystem, three of which are non-trivial. Complete derivations are provided in Appendix A

(Proposition A.1.1).

3.3.1 Trivial Equilibrium

The trivial equilibrium
E, =(0,0,0,0)

corresponds to the extinction of both wild and Wolbachia-infected mosquito populations.

Setting
dSy dIy dS, dI, _0
d — dt  dt  dt
and solving the resulting algebraic system yields S; = I; = S,, = I,, = 0, which defines the

equilibrium point E.
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3.3.1.1 Local Stability of Equilibrium Point F,

At the trivial equilibrium £, = (0,0, 0, 0), the Jacobian matrix reduces to

Pr— @]h — Ky Py pu(l —0) pu(1—10)
J(E,) = ijh “Hy :O 0
0 0 pud =Bl =  pud
0 0 B.I, .

This matrix is block diagonal, with wild-type and Wolbachia blocks

J, = [pf - Ef‘[h — Uy Py ] J = [Pwé - Ew-[h — Hw pu)5]
= ) ) w T :
Biln —Hy

At mosquito extinction, /;,, = 0, yielding

Jo_ P B P 7o Pud =l Pud |
f 0 — ) w 0 _

The eigenvalues of the wild-type block are given by
Ap=—pyp o A =pp =y =pp(Qp — 1)
On the other side, the eigenvalues of the Wolbachia block are written as
Ao = —lws  Ap = Pl =y = po(Qu — 1)
Hence, all eigenvalues have negative real parts if and only if

Q<1 and Q, <1

Therefore, the trivial equilibrium E, = (0,0, 0, 0), corresponding to complete mosquito
extinction, is locally asymptotically stable if, and only if, both basic offspring numbers satisfy
Qs < land @, < 1. The biological interpretation is that if neither mosquito population can
reproduce at an average rate of at least one mosquito per generation, both populations will go
extinct (Proposition A.1.2).

3.3.2 Wolbachia Extinction Equilibrium Point

This equilibrium represents a scenario in which the Wolbachia-infected mosquito popula-

tion becomes extinct, while the wild mosquito population persists,

E; = (”f (@) Ol _In(@y) .0, 0) .
O pup+ Bl 7 py+ Bl
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From a biological perspective, this configuration reflects the possibility that Wolba-
chia-infected mosquitoes fail to establish within wild mosquito population. Moreover, from a

mathematical standpoint, it arises because the state
(Sf7 If? Swa [w) = (Sij%[ifa 07 O)

constitutes a particular solution of the algebraic system obtained by setting all right—hand sides

of the mosquito subsystem equal to zero.

3.3.2.1 Local Stability of Equilibrium Point £,

We analyze the local stability of the Wolbachia extinction equilibrium point

Ef_(uf Q) B (@)
T pp+ By In O pp+ By I

,o,o) C3ifQ; > 1.

Substituing £y equilibrium values into the Jacobian Matrix leads to

B w(l—0) —ps(n +In(Q W(1=8) = py(n+(Q)))]
~ByIn = 1y (Qy) py(1-In(Qy)) pull ~9) g(” n(Q)  pu(l=0) g(n n(Q)))
Byl — s 0 0
(3 pud
0 0 o, (B + 1) 5
L 0 0 B,1I, i,

The matrix J(E;) is upper triangular, in block structure, and can be written as

J; B

HE) =10

9

where J; and J,, denote the wild-type and Wolbachia mosquito blocks, respectively. The eigen-

values of J(E;) are therefore given by the eigenvalues of J; and J,,.

For the wild mosquito block J, the trace and determinant satisfy

tr(Jy) = =g [ (@) +1] <0, det(Jy) = s (Qy) (s + B, 1) >0,

for all (; > 1. Hence, both eigenvalues of J; are real and strictly negative.

Since steady-state £y corresponds to Wolbachia extinction, where the state variables

(Sw, 1) = (0,0), we assume Ew = 0. Under this assumption, the Wolbachia block reduces to

pud w0
Jw - Qf * Qf )
0 — [y

which is a triangular matrix, with eigenvalues located on the principal diagonal,

A, = —l, < 0, for all parameter values, and

w
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Xf:uw<g’;’—1><0 = %—1<0 = Q, < Q.

oy

One can observe that J(E) is an upper-triangular matrix, meaning its eigenvalues are
the calculated eigenvalues of J; and J,, blocks. Under the existence condition of the equilibrium
point, (), > 1, the wild block eigenvalues presents negative real parts, and the stability of E is
determined by the sign of \}:

A<0 = Q,<Qy.

w

Therefore, the Wolbachia extinction equilibrium £ is locally asymptotically stable if, and only if,
Q; > max{1l,Q,}. As Q; and Q,, can be interpreted as mosquito fitness, the biological meaning
is that wild mosquito persistence and Wolbachia extinction are possible in a scenario where the
wild mosquito can produce at least one offspring per generation and its fitness is greater than that
of the Wolbachia-infected mosquito (Proposition A.1.3).

3.3.3 Mosquito Coexistence Equilibria

w)Tw

These equilibria, denoted by F, = (ij, I]?, SE T i) , represent the persistence of Wol-
bachia-infected mosquitoes within wild mosquito population. Biologically, it corresponds to a
scenario in which the population infected with the bacterium becomes established and actively
participates in the reproductive dynamics of susceptible wild mosquito populations, producing
new Wolbachia-infected offspring through maternal transmission while simultaneously inducing

cytoplasmic incompatibility.

: By —_ :
Let us define the constant quantity 3/ := ﬁi—f” The equilibrium components are given

explicitly by
M )@ 1) £ M +1)] a1+ 5 2+ ) St e
%= 201+ B 2+ B7)] ’
+ + + o l . + +
I7=p" 57, Se = 71% 50 L In(Q.) — (S} +17)],

1
It = gln(Qw) —(S;+I7+5S5).

We recall that )

denotes the total mosquito population size at the coexistence equilibria. Since all the state variables

are nonnegative, admissibility requires

1
Ij>0<:>gln(Qw) > S;+I7+8) <= Q,>1
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Hence, we impose the condition (), > 1 as a necessary requirement for the coexistence equilibria

to be positive and admissible, and therefore biologically meaningful.

3.3.3.1 Existence of Mosquito Coexistence Equilibria £

The coexistence equilibria arise from the steady—state condition of the susceptible wild

mosquito state variable, which reduces to a quadratic equation in S; of the form

with coeflicients given explicitly by

A=nB'+17,  B=—M(8' +1)(Q.—1), o= Qo e
Qs

It is easy to see that A > 0, and we recall the previously defined quantities,

Qw,f - pw(l - 5) e Qc — Qw,f + Qw + TIQf
Iif o

We observe that
0<di<l = C>0, B<0 << @Q.>1.

Accordingly with Descartes’ rule of signs, and considering biologically admissible parameter
values, the coefficients satisfy A > 0 and C' > 0. Moreover, when condition (). > 1 is satisfied,
the coefficient B is negative. Consequently, the quadratic equation admits two positive real
solutions for S, which result in the two coexistence branches denoted by Sf and, in turn, the

coexistence equilibria £, (Proposition A.1.4).

Furthermore, coexistence equilibria of the mosquito subsystem are characterized by the
existence of real solutions of the presented quadratic equation in the wild mosquito population
St. The corresponding discriminant can be written as a function of the maternal transmission
probability of Wolbachia infection (9) (Proposition A.1.5) and the strength of cytoplasmic
incompatibility due to Wolbachia infection (1) (Proposition A.1.6).

Maternal transmission probability ().

The discriminant of the coexistence quadratic expression can be rewritten as a function

of the maternal transmission parameter parameter 9.

Quys
Qr

where Q. and @, ; depend on the § parameter. Since M?*(3/ + 1) > 0, real and distinct

A(0) =M*(BT+1)®(0), () = (Q.—1)* =4

coexistence equilibria exist if, and only if, ®(J) > 0.
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Introducing the constants

alz&a a2:p7w> szﬁa
M How My

and defining
so = ay + (n —1)Qy, 51 = az — ay,

the condition ®(J) = 0 can be written as a quadratic equation in J,
s26% + (23051 + 4na1Qf)(5 + (sg — 4na1Qf) =0.

Solving this equation yields two critical values,

_(23051 + 47]a1Qf) + \/<25031 + 4na1Qf)2 — 452 (53 - 4na1Qf)

2
252

5i - .
In regard of biological viability, we impose the condition that assures the discriminant
A(6) is strictly positive, which is satisfied when

D(6) >0 <= 6 € (—00,5_) U (d,,00).

Furthermore, considering the biological restriction 0 < § < 1, the admissible region

reduces to
5 (0,1)N ((—oo,a_) U, oo)).

Therefore, the maternal transmission probability determines the existence of the coexis-

tence equilibria, meaning that only admissible values of ¢ yield real solutions.

Figure 2 shows the equilibrium values of the wild susceptible mosquito S} as a function
of the maternal transmission (9). The green horizontal line represents the Wolbachia extinction
equilibrium E. The purple solid curve corresponds to the stable coexistence equilibrium £_,
and the purple dashed curve to the unstable coexistence equilibrium £, . The red vertical dashed

line indicates the coexistence threshold d, , above which the coexistence equilibria exist.

Figure 3 shows the parabola-shaped plot of the discriminant factor ®(4), over § € [0, 1].
The curve shows ® (), the horizontal dashed line marks ®(J) = 0, green vertical dashed lines
indicate Op,rm, calculated considering the wMel parameter set, and the positive discriminant root
d,, in red dashed lines. The negative discriminant root, calculated as §_ = —404.1573, is not

shown on the Figure.

Strength of cytoplasmic incompatibility (7).

The discriminant of the coexistence quadratic expression can also be written as a function

of the cytoplasmic incompatibility parameter 7).

Qw,f
Qs

A(n) = M*(BT +1)2@(n),  @(n) =(Q.—1)* —4n
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Figure 2 — Bifurcation diagram of the wild susceptible mosquito S; versus the maternal transmis-
sion probability 6. The Wolbachia-extinction equilibrium E; is shown in green, the
stable and unstable coexistence equilibria £_ and £, are shown in solid and dashed
purple, and the coexistence threshold d, is marked by a red vertical dashed line.
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Figure 3 — Plot of the discriminant factor ®(9), over § € [0, 1]. The curve shows ®(d), the
horizontal dashed line marks ®(J) = 0, green vertical dashed lines indicate 0,,,m, and
red dashed lines show ¢, coexistence threshold.
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Since M?(8/ + 1)? > 0, real coexistence equilibria exist whenever ®(n) > 0.

Substituting the expression for (). yields

N Quj+ Qu — Qf’

—1=
Q. n Q,

so that ®(n) is a quadratic polynomial in 7. Solving ®(7) = 0 gives two critical values,

Qw,f - Qw

ne =1+
- Qr Q

.

Qw,f (1 . %
o o

)

Hence, for the discriminant A(n) to be strictly positive, it suffices that

®(n) > 0 <= n € (—o0,n-) U (n;,00).

Imposing the biological restriction 0 < 7 < 1, the admissible values of 7 reduce to

me (0,10 (=001 U lniy0)).

Similarly as before, we observe that the strength of cytoplasmic incompatibility also

controls the existence of the coexistence equilibria, concluding that only admissible values of 7

yield real solutions.

Figure 4 shows equilibrium values of the wild-type susceptible mosquito population S,

as a function of the cytoplasmic incompatibility (7). The horizontal green line corresponds to

the Wolbachia-extinction equilibrium F;. The solid purple curve denotes the stable coexistence

equilibrium £, while the dashed purple curve denotes the unstable coexistence equilibrium £, .

The red vertical dashed line marks the threshold 7, above which the coexistence equilibria exist.

3.3.3.2 Local Stability of Mosquito Coexistence Equilibria £

To analyze the local stability of the coexistence equilibria /., we examine the Jacobian

matrix of the mosquito subsystem. Evaluated at £/, the Jacobian is

(%)
14

0

Bw[h luw - U(ﬁwlh + lu‘w)Szf

_,uw

@ @ e
Efjh —Hy 0
J(E)=| _ _
_O-<6w]-h + /’Lw>Si): _O-<5w]-h + :uw)Sqf _O-<Bwjh + :uw)Sqf -
0 0 B,
with oA
1 = —
Ji = —L =0 (BpI + 1) ST — By — puy,
11 Qw 8Sf ot f f f
1 0A =
JE = — L (B, + uy)ST,
12 0. 8[, " ( in Nf) f
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Figure 4 — Bifurcation diagram of susceptible wild mosquito .S versus the strength of cytoplasmic
incompatibility 7. The Wolbachia-extinction equilibrium E, is shown in green, the
stable and unstable coexistence equilibria £_ and £, are shown in solid and dashed
purple, and the coexistence threshold 7, is marked by a red vertical dashed line.

(S7 +1I7)

1
5P = 1P = 5|t = 0) - pn L

Qu

To determine whether F, are locally asymptotically stable, we apply the Routh—Hurwitz

criterion to the characteristic polynomial, instead of computing eigenvalues directly (GANTMA-
CHER, 1959) .
p(A) =det(A — J) = X + o, \° + ax N’ + as\ + ay.

For a quartic polynomial of this form, the Routh—-Hurwitz conditions are
a; >0, a, > 0, as > 0, a, >0, 10203 > a; + a’ay.
If these inequalities are satisfied, then all eigenvalues of J have strictly negative real parts, and
the corresponding equilibrium is locally asymptotically stable.
Coefficient a\™ is the negative of the trace of J(E*), ai") = —tr J(E.),
Coefficient a5 is the sum of the principal 2 x 2 minors of J(E.),
Coefficient a5~ is minus the sum of the principal 3 x 3 minors of .J(E.),
Coefficient '™ is the determinant of the Jacobian, a{* = det .J (EL).

Computationally, we substituted the explicit symbolic expressions of Jl(j-[), SE

w?

I fi and

I'£, corresponding to the negative coexistence equilibrium (£_), and the positive coexistence
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equilibrium (£, ). Then, we calculated a4, a,, as, a, coefficients of the characteristic polynomial,
considering parameter sets referred to the biological features of wild mosquitoes, wMel, wMelPop,
wAIlbB and wAu Wolbachia strains, presented on Table 3.

Substituing the negative coexistence equilibrium values (£_), all the coefficients conditi-
ons are satisfied, for the biologically relevant parameter sets. On the other side, when substituing
the positive coexistence equilibrium values (£, ), condition a, > 0 is not satisfied. By the defini-
tion of the coefficient expression, a{” = det .J (E.), we see that the determinant of the Jacobian

matrix is negative when considering the £/, equilibrium point.

Therefore, the equilibrium point £ _ is locally asymptotically stable, and the equilibrium
point £, is unstable, whenever conditions (),, > 1 and ). > 1 holds, alongside the conditi-
ons 6 € (0,1) N ((—00,d_)U(d;,00)) and n € (0,1) N ((—o0,n_) U (n,,00)) are satisfied
(Proposition A.1.7).

3.4 Chapter Conclusion

So far, we have shown that the mosquito subsystem admits up to four equilibrium points.
Following the fast vector dynamics approach (KEELING; ROHANI, 2008), we now substitute the
mosquito equilibrium values into the human equations, formulating reduced human subsystems

associated with each mosquito equilibrium.

Our analysis shows that the coexistence equilibrium branches arise as £, of which the
negative branch E_ is locally asymptotically stable, while the positive branch E, is unstable.
Accordingly, we define

E, . =FE_,

and henceforth refer to the coexistence equilibrium exclusively as F..

We further established that the Wolbachia extinction equilibrium E; is locally asymptoti-

cally stable whenever

Qf > maX{l? Qw}v

and that the coexistence equilibrium F, is locally asymptotically stable for parameter values
satisfying
Qu>1 Q.>1,

5 (0,1)N ((—00,5) U (5+,oo)), e (0,1)n <(—oo,77) U (m,oo)).

These results imply that the mosquito subsystem exhibits bistability, in which both equilibria
E; and E, are mathematically admissible. In this regime, the long-term mosquito dynamics are

determined by the initial condition

(S4(0),14(0), S,(0), I,(0)) € Q,,.
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Figure 5 — Susceptible wild mosquito (.S;) dynamics, under varying initial conditions of S;(0),
while keeping (1;(0), S,,(0), 1,,(0)) fixed.

Finally, the trivial equilibrium £, corresponding to the extinction of both mosquito popu-
lations, is not biologically relevant, and the coexistence equilibrium E, is unstable. Consequently,

only the equilibria £/, and E. are retained for further analysis.

Therefore, in the following chapter, which focuses on analyzing the general human
subsystem, we restrict attention to the reduced systems associated with the Wolbachia extinction

equilibrium E; and the stable mosquito coexistence equilibrium E..

At last, we highlight the critical role played by the initial conditions of the mosquito
subsystem, as illustrated in Figure 5, where horizontal dashed lines show the equilibrium value
for Wolbachia extinction steady-state £y, whereas pink dashed line is the locally asymptotically
stable equilibrium £_ and red dashed lines represent the separatrix, or the unstable equilibrium
£ . This demonstrates that the mosquito subsystem exhibits bistability, in the sense that long-
term dynamics depends on the initial condition (5;(0), 1;(0), S,,(0), 1,(0)) € Q,,, leading to

convergence toward distinct equilibrium regimes.
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4 General Human Subsystem

In this setting, mosquito populations are assumed to rapidly converge to an equilibrium
(KEELING; ROHANI, 2008) and the human dynamics are governed by a reduced two dimensional

system whose form depends on the equilibrium regime established in the mosquito subsystem.

Considering the existence of two distinct possible equilibrium points, namely Wolbachia

extinction and mosquito coexistence, let us now define the two vector fields

as;, ds;
Hf(S}):>[i):) = ddjzif ) HC(S;:L’I;) = dd[t}i (B)
dt dt

where, corresponding to Wolbachia extinction equilibrium,

dSj, £y of f
di = ppdVy, — Gf([h) Sy — (,Uh + Vh) S,
ar!

diz = Gf(];];) S;{ — (9 + ) I/:,

Bgf [i]: hl(@f)

f fth

Whereas, associated with the mosquito coexistence equilibrium,

ds; N Qe '
dth = ,uhNh - Gc(‘[;;) S; - <'uh + Vh) S;’
dI; N Qe c
dth = GC(];CL) Sh - (,}/h + l’bh) Ih’

BoIs + 1) 20(BuIf + 1) (B L5 + 1)

Since we consider the stable coexistence equilibrium £, = £, the expression M/~ on equations

with  G.(I}) = I;; B { B, In(Qu) + M~ (13 = psB.,) }
o

is given by

A R T}
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The defined vector fields represent the distinct dynamical regimes induced by the mosquito
population, as they generate the corresponding human subsystem of ordinary differential equations
(GUIDORIZZI, 2001; TESCHL, 2000). Let H denote the set of admissible human vector fields
generated by the established regime of the mosquitoes subsystem. In particular, H := { H;, H. },
where H; and H, are the vector fields corresponding with Wolbachia extinction and stable

mosquito coexistence, respectively.

Our analysis allows us to state that the general human subsystem is governed by one of the
vector fields Hy, H, € H, and therefore described by a reduced two dimensional system, whose
form depends on the equilibrium regime established in the mosquito subsystem. Accordingly, we

define the following two conditions:

(i) H; € H <= @Q; > max{1,Q,}, for the wild mosquito basic offspring number.

(ii) H. € H <= @, > 1, Q. > 1 alongside the conditions
de€(0,1)N((—o0,0_)U (d4,00)), n e (0,1)N((—o0,n_) U (n,,00)) are satisfied.

We conducted a stability analysis and showed that the mosquito subsystem exhibits bista-
bility, with both equilibrium points £y and E, being locally asymptotically stable. Consequently,
the long-term dynamics of the system depend on the initial conditions of the mosquito popula-
tion. Similarly as before, in order to describe mosquitoes dynamics, we have have defined the

nonnegative set
Qm = {(valfys'w7]’w) € R4 : Sf Z 07 -[f Z 07 S’w 2 07 I’w Z O}

In particular, we have proved that trajectories starting in €2, remain in €2,,,, for all £ > 0.

Thus, the initial conditions of the mosquito subsystem, i.e.: (S;(0), 1;(0), S,,(0), 1,,(0)) €
Q,,, are the key factor in determining which locally asymptotically stable equilibrium point,
E; or E, is selected, and therefore which vector field, /; or H., generates the corresponding

subsystem of ordinary differential equations.

4.1 Positiveness
Define the nonnegative set
Qh:{(Sh,fh)ERi: Shzo, [hz()}

Assume that the initial condition satisfies (5,(0), I,,(0)) € €2;,. We show that 2, is positively

invariant for each admissible human subsystem defined in (B).

Case 1: Wolbachia extinction regime.
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When condition (i) is satisfied, the human dynamics are governed by

ds;, f\ of f drj f\ of f
T pn Ny — Gy(1)) S — (pn + vn) S, o Gi(13))S) — (v + ) 1.,

where

BB, I In(Q;) |
g /’Lf—i_BfIh

Gy(I]) =
Note that Gf(I/f) > 0 forall I/ > 0.

Boundary S/ = 0.1If S/ = 0, then

ds;
—+r = Ny, > 0.
dt S£:0

Boundary [/ = 0.1f I] = 0, then G,(I/) = 0 and

dI!

T =0.

f_
I; =0

Hence, the vector field is inward pointing or tangent on each boundary of €2;,, and €2, is positively

invariant under the dynamics of the Wolbachia extinction regime.

Case 2: mosquito coexistence regime.

When condition (ii) holds, the mosquito subsystem converges to the stable coexistence
equilibrium point £., and the human dynamics reduce to

as;,

dt

= :uhNh - Gc(Lt) SiCL - (:uh + Vh) S;’

aly
dt

= G (I2) S — (7, + ) I¢,

where

G(~<];;) _ I; 6"{ B:wln(Qw) + iwi(:uwgf _:Nfﬁw) }
OBl + 1) 20(B 15 + 1) (B, I + pf)

All parameters and equilibrium quantities involved in GG, are nonnegative and moreover, Ew < E f
and piy < fr, = (puf; — ps3,) > 0. Hence, G.(I;) > 0.
Boundary S; = 0.If S; = 0, then

dse
dt

= N, > 0.

c_
Sh—O

Boundary /; = 0.If I; = 0, then G.(0) = 0 and

dI¢
dt

c_
Ihfo
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Thus, the vector field is inward—pointing or tangent on the boundary of €2, implying that €, is

positively invariant under the coexistence regime.

Therefore, in both admissible regimes, the human subsystem preserves nonnegativity.

Hence, for any initial condition (.5,,(0), £,,(0)) € €2, the corresponding solution satisfies

Sut) >0,  L(t)>0, Vt>0.

In the following sections, we analyze each admissible human vector field belonging
to H = {H,;, H.}, separately. For each regime, we explicitly state the corresponding reduced
two-dimensional human system, determine its equilibrium points, and establish the conditions for
existence and admissibility. Furthermore, we characterize the local stability of these equilibria,
deriving parameter-based thresholds that specify when the equilibrium is locally asymptotically
stable.

4.2 Wolbachia Extinction Regime

4.2.1 Wolbachia Extinction Equilibrium

In this setting, we analyze the human subsystem of ordinary differential equations indu-
ced by the mosquito population regime corresponding to the extinction of Wolbachia-infected
mosquitoes. This set of equations is obtained after substituting the equilibrium values associated
with the mosquito subsystem under the Wolbachia extinction scenario. Whenever condition (i) is

satisfied, the resulting human dynamics are generated by the vector field H; € H, given by

dsj
_ | dt
dt
which defines the corresponding subsystem of equations, written as

dsj o :
OTth = nNn = G(I]) S — (1 + va) S,
di
GT: = G (1)) ST — (v + ) I,

47 1
with Gf(f,{)zwf h m(Qf)f.
o :uf—i_ﬁflh

We observed that the human subsystem reaches an equilibrium that depends entirely on

the parameters related to the population of wild mosquitoes. The resulting equilibrium point for

_W)
3)

the human population, detoned by I/} = (S}, 1}), is expressed as

BIn(Q;)

o(yn + )

EJ}CL _ (U[ﬂf(’}/h + fin) + Ef,uhNh] Sf

“\BBWQ) + ol )
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which corresponds to the steady-state solution of the human subsystem under the Wolbachia

extinction regime (Proposition A.2.3).

Since the second component represents the equilibrium number of infected humans,
biological feasibility requires this quantity to be positive. In this sense, setting I > 0 ensures
that negative population values are not admissible. Imposing this condition yields the following

threshold for the existence of this equilibrium:

Q) >ty = exp {ufa(uh + ) (v + i) } _

Bﬁf N,

Therefore, the equilibrium E exists only when the defined quantity (), exceeds the
critical value 1, due to biological viability (Proposition A.2.4).

4.2.2 Local Stability of Equilibrium Point E}L

The local stability of the equilibrium point EJ’} is established through the analysis of
the corresponding Jacobian matrix. Two classical conditions are verified: the positivity of the
determinant, which provides a necessary condition for local stability, and the negativity of the

trace, which ensures sufficiency.

The determinant of the Jacobian is strictly positive whenever
det(J) >0 < Q;>1; — R >1,

where

fy 0 (pn + vi) (Y + i) P BB, (Q;) jun N,
=ex — R = .
e p{ BB pn Ny } fs 0 (Y =+ pon) (ftn + )

This quantity R/ works as a threshold parameter for the Wolbachia extinction subsystem, deter-

mining the parameter region in which E7 is locally asymptotically stable.

Furthermore, the analysis of the trace of the Jacobian shows that
tr(J) <0 < Q; >v¢; < R >1.

Therefore, the sufficient condition for local asymptotic stability coincides with the necessary
condition, indicating that whenever det(.J) > 0, the trace condition tr(.J) < 0 is also satisfied.
Consequently, the equilibrium EJ’} is locally asymptotically stable whenever condition ), > 1,
is satisfied, or equivalently, R/ > 1 holds. On the other side, Q; < ¢; <= R’ < 1 implies that
this equilibrium point is unstable (Proposition A.2.5).

4.2.2.1 R/ Under Wolbachia Extinction

Under Wolbachia extinction conditions, we computed the threshold R’ for the human
subsystem using the next—generation matrix method (DRIESSCHE; WATMOUGH, 2002). Line-
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arization of the infection dynamics at the disease—free equilibrium

N
hDFE: HriVh 7 I}ll)FEZO
Mn + Vp
yields the next—generation operator associated with new infections and transitions. The resulting
threshold quantity is B
R = /BMhNh Bf ln(Qf)
(e + 1) (Y0 + 1n) O iy
It is evident that this expression matches identically with the previously calculated result.

Therefore, the Wolbachia extinction equilibrium point is locally asymptotically stable if
R’ > 1, and unstable if R/ < 1 (Proposition A.2.6).

One can rewrite R’ expression in order to identify mosquitoes and human population

.= By =
components. Since 3, = N—’;, B, = ﬁ“’ and 5 = N—

P = e )

Moreover, we consider v, = 0 to clarify the relation between humans and mosquitoes.

e

R’ =0 = | —/——
( >h 0 [Niz,(’71L+MIL) Hy O

At last, one can see that (R’ )u,—o €xpression presents biological interpretation. The first
term represents human population, where (% + uh)‘l represents the mean infectious periqd,
according to  transmission parameter. The second term presents mosquitoes components, with i—’;
representing the contribution of mosquitoes to dengue transmission dynamics through parameter
B s> limited by mosquito mortality sy, whereas (Qf represents the total mosquito population

(i.e.: Sy + 1) at the Wolbachia extinction equlhbrlum.

4.2.3 Disease-Free Equilibrium as a Particular Solution of /1,

We next show that the disease-free equilibrium (DFE) is a particular solution of the human
subsystem of ordinary differential equations generated by the vector field H; € H, associated

with the Wolbachia extinction scenario.

Given that condition (i) is satisfied, thus Wolbachia extinction equilibrium point is locally

asymptotically stable, we recall that is defined

5§f Iﬂf ln(@f)

G (If) =
g py Bf T
so that the human subsystem under Wolbachia extinction is
s
CTth:#hNh—G (I]) S} = (n +wn) ST,
dl,

b = Gf([if) Sf: — (7 + ;uh)If{'
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At a disease—free equilibrium we impose ] = 0. Since G/;(0) = 0, the second equation

becomes

I}
so it is identically satisfied for any S{ > 0. The first equation reduces to
sy,
0= cTh = Ny — (pn + 1) SY,
t
hence N
S}{ — Hh h ]
273 + v,

Therefore, the disease-free equilibrium,

N
(5pre, rprey = (o)
fon + Vn

is a steady-state solution of the dynamical system generated by the vector field H;, representing

the Wolbachia extinction regime.

4.3 Mosquito Coexistence Regime

We now analyze the human subsystem of ordinary differential equations resulted from the
mosquito population regime corresponding to coexistence between Wolbachia-infected and wild
mosquitoes. As shown previously, the coexistence equilibrium admits two branches, £, and E_;
however, assuring that conditions (ii) holds, only the negative branch £ _ is locally asymptotically
stable, whereas F . is unstable. Consequently, we restrict our analysis to the stable coexistence

equilibrium, £, = E_.

The corresponding human dynamics are generated by the previously defined vector field
H.e H,

dS;
HAS; ) = | e |
dt
with
dsS;
dth = Ny = Ge(1;) S = (pn + va) S5,
dI;
= GUI) S = Ont ) I
where

Gun(Qu) | M(uf; — yP,) }
o(BI5+ ) 2By I+ 10,) (B I + 1)
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One requires the force of infection G.(I}) to be nonnegative. In this sense, assuming Ew < Ef
and p1; < fi,, we have (pu,,8, — psf,) > 0, and since the remaining factors in G.(I5) are

nonnegative, it follows that G.(I;) > 0, whenever I; > 0.

Since we consider the stable coexistence equilibrium £, = E_, the term M~ shown is

Qw,f
Qr |

ey [(@c—nﬁ(@c—l)z—zm

Under conditions in which both mosquito populations coexist, the human subsystem
reaches a nontrivial equilibrium characterized by positive values of both S§ and I;. At this
equilibrium, the number of infected individuals in the human population is obtained as the

solution of a quadratic equation in I;, expressed as

—b+ Vb2 — 4ac

I =
h 2@

with coefficients a, b, and ¢ given by

Ew Ef 1I1(Qw) gw Ef (/vbh + Vh)

Y

o 5
p— (ot ) (Eg,uf + 1,5) Jﬁw Hy n(Qu) M “(1uBy = 11B,)  Bu By (Qu) Ny
I o 2n o Y+ pn’
oo kv oy Ny By (@) M (B — pB)
I Va + fn o 2

The corresponding number of susceptible individuals is expressed as

N,
e — JIAYS _’Yh+,uh

h

= Ic.
223 + v, Hh + v,

Hence, we define E" = (S¢, I¢) as the equilibrium point corresponding to the human

dynamics in a scenario of wild and Wolbachia-infected mosquito coexistence (Proposition A.2.7).

Positivity of the Solutions

Under mosquito coexistence, the endemic human equilibrium /; is determined by the
quadratic equation
a(l[)?+bl; +c=0, a> 0.

In order to obtain explicit admissibility conditions in terms of the human-Wolbachia mosquito
transmission rate, [3,,, we solve the equations ¢ = 0 and b = 0 with respect to 3, and then

determine the corresponding sign regions for the coefficients.

Imposing the condition ¢ = 0 and solving for the transmission parameter ?w, we obtain

c=0<«—=
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0t 20 18 (o + ) (o + 10) = BN M~ B |
o (20 (@) o)

By =, =

Since c depends linearly on the transmission parameter Ew, with slope proportional to

(Ag—_ — M), the coefficient sign regions are:
n o

Q) M = : 3
If D(Q)> ) 5w>wc:>0<075w:¢c:>0207 5w<¢‘3:>c>0’

o 2n
1 M- - = =
If H(Qw)<2 ) 5w>¢c=>0>07 Bw:¢c:>C:07 6w<w0:>6<0'
o n

Let us define the quantity

A . :uh + Vp, ln(Qw) M_ ,uhNh = 1n<Qw)
pi= g | H -] - ; -
5 o 21 Vi + fn o

Similarly as before, setting the coefficient b = 0 and solving for ﬁw yields
b=0<+=

= .: How Ef U(Vh + Mh) [277 (:uh + Vh) + B Mﬁ}
S BB N Q) + (o ) [Bo M= = 20 + 1) — 205 n(Qu)]

Since b depends linearly on Ew, the sign regions are determined by the sign of A,:
If A, >0, §w>¢b:b>0, ﬁwzwb:bzo, §w<¢b:>b<0,
If A, <0, B,>0,=b<0, B,=1=0=0, 3, <t=>b>0.
At last, we determine the positivity regimes for the solutions of the quadratic in /;. Under

Descartes’ rule of signs, the sign of coeflicient ¢ determines the number of positive and distinct
roots, with respect to three defined regions (Proposition A.2.8). Accordingly,

(I) ¢ < 0 = the quadratic has exactly one positive root, for any sign of b.
(I) ¢ = 0 = the roots are 0 and —b/a, hence one positive root < b < 0.

(IIT) ¢ > 0 = two distinct and positive roots < b < 0 and A := b* — 4ac > 0.

Discriminant as a Function of 3

w

In order to characterize the existence of real solutions for the quadratic expression I;, we

study the discriminant as a function of the human-Wolbachia mosquito transmission rate, 3,,.

One can express A(f3,,) as a quadratic polynomial, written as
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2

= = = = - M-
AB.) = A:B, + 4B, + Ao, Ao—bé—[uwﬁf<”hﬁ”h+2n> >0,

Assume that A, > 0 and A, > 0. Then, for all ﬁw >0,

d;lw [A(Ew)} = 2A2Ew+A1 > Al > 07

so A is nondecreasing on [0, c0). Consequently,

AB,) > A(0) = Ay = B >0, VB, >0.

w

Thus,

A(B,) >0 for every admissible 3, > 0,

Therefore, the quadratic equilibrium equation in /; admits two distinct and real roots, for all

admissible values of the human-Wolbachia mosquito transmission rate Ew.

Within Proposition A.2.9, we show that, for the parameter set representing the biological
features of the wMel Wolbachia strain, the discriminant is strictly positive, that is, A(3,,) > 0.
Moreover, we verify that the system lies in region (I), so that the quadratic equation for /; admits

exactly one positive root.

Figure 6 illustrates the discriminant A(/3,,) plotted against the transmission rate Ew, where

purple dashed lines represent the threshold v, and green dashed lines show E calculated for

w?

the current parameter set.

4.3.1 Local Stability of Equilibrium Point £"
4.3.1.1 R°Under Mosquito Coexistence
Linearizing the infection dynamics at the disease-free equilibrium

DFE __ pn N, JPFE _

h - ) h -
M =+ U

yields the next-generation operator associated with new infections and transitions.

Evaluating G.(I;) at the disease-free equilibrium gives

_ BB, n(Q.) 5M- (ngf - Mfﬁw)
G.(0) = ot T ,

We are chosing the stable equilibrium point £_, so the minus branch, M ~, is given by

M- :M[(Qc—l)—w@c—”z_‘m %}-ﬂ'



4. General Human Subsystem 35

le—4

T Y

- Ew (param)

[=1
o
o

I

1
0.00 T~ — T e

o
=
[ae]
w
o
w

Human-Wolbachia transmission rate (Ew)

Figure 6 — Discriminant A(f3,,) versus Ew for the baseline wMel parameter set. The purple dashed
line indicates the threshold ¢/, = 3.3041 x 10~% and the green dashed line marks the

baseline value 3, = 10~*. Since 3,, > 1/, it follows that ¢ < 0, placing the system in
region (I) and implying that the quadratic equation for /; has exactly one positive root.

The resulting threshold quantity is

R = B/J'hNh 571} 1H(Qw) 4 M~ (Mwﬁf - :ufgw)
(fn + vi)(9n + fin) O [y 21 Ly 1y

Therefore, the human population equilibrium under mosquito coexistence conditions is
locally asymptotically stable if R > 1, and unstable if R < 1. Moreover, we can conclude that
E" equilibrium point is LAS whenever R° > max {1, R’} (Proposition A.2.10).

Thus, we rewrite R° expression in order to separate mosquitoes and human population

. 5 B8 = Ew N
components. Since 3, = N—’;, B, = e and g = Nih,
R — B Hn | B, n(Qu) M (108 — 1sB..)
(ke =+ vn) (v + p1n) Ny, O 20 [y fiy

At last, we consider v, = 0, and establish mosquitoes and humans contributions, through

its components on (R°),, _o.

B
Ny (v + 1)

(Rc)vhio -

Bw ln(Qw) + M~ (u“’Bf - :ufgw>
0 Hoy 277 Mo g '

The expression has biological meaning. The first term represents human population, with

the same mean infectious period and transmission interpretation as (R’),, _o. The second term
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presents mosquitoes components, where the first term inside square brackets, given by ;% repre-

sents the contribution of Wolbachia-infected mosquitoes to dengue transmission dynamics within

parameter 3, limited by mosquito mortality i,,, whereas ™“%) represents the total mosquito

population (i.e.: S; + I; + S, + I,,) at equilibrium. Furthermore, the second term represents the
wild mosquitoes contribution. Those are reasonable representations of each mosquito population,
as one can see when looking at A; and A, recruitment rates:
(S; + 1) + (L = n)(Su + 1)

Ay =p; (Sp+ 1) M)

+ pw(l - 6) (Sw + Lu)ﬁ
Aw = pu 8 (S + I,,).

The recruitment of Wolbachia-infected mosquitoes, A, is determined by Wolbachia-infected
individuals that do not lose the infection. In contrast, the recruitment rate of wild mosquitoes, A,
also includes a contribution from Wolbachia-infected mosquitoes due to the loss of infection.
Consequently, we expect [2¢ to contain an individual component associated with Wolbachia-

infected mosquitoes and a composite term associated with wild mosquitoes.

Additionally, we expect to glance at 2-quantities expressed as the product between human
and mosquitoes components, as much as it is for other vector-bone diseases (KEELING; ROHANI,
2008).

4.3.2 Disease-Free Equilibrium as a Particular Solution of .

Lastly, we demonstrate that the disease-free equilibrium is also a particular solution of
the human subsystem of ordinary differential equations generated by the vector field H, € H,

corresponding to the mosquito coexistence regime.

Assuming that condition (ii) is satisfied, hence mosquitoes coexistence is locally asymp-

totically stable, we have defined

G = I B {gﬁwlnm L M GuB, - B, }

Bolf +pmw) 20 (B L5 + 1) (B L5 + pup)

Then the human subsystem associated with mosquito coexistence can be written as

sy : :
b — N = GlI}) 85— (un + ) S5,
dl;

dth = G.(L;) S; = (n =+ ) I

At a disease-free equilibrium we impose /; = 0. Since G.(0) = 0, the second equation

becomes e
0=—"=0@G,[0)5:,
dt ( ) h
so it is identically satisfied for any S; > 0, and the first equation reduces to

_ds;

0
dt

= Ny — (pn + 1) Sy,
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hence
tn Ny,

fon + vn
Thus, the disease-free equilibrium point for the human subsystem under mosquito coexistence is

N,
(S}LDFE’I}ILDFE) _ HriVh 0],
Pr + Vg

S =

Therefore, the disease-free equilibrium is also a steady-state solution of the dynamical

system generated by the vector field H., corresponding to mosquito coexistence.

4.4 Simulations

For mosquitoes, we consider the parameter set representing biological features of wMel
Wolbachia strain, presented on Table 3. Additionally, the transmission rates are taken as Bf =
0.3, 3, = 0.1, and 8 = 0.2. To represent the life-traits of the human population, we use
= 4.0 x 107% ~,, = 0.2, with initial conditions (S}, I,, R;,) = (950, 25, 25), which implies
N, = 1000.

Using this numerical setup, we sweep the maternal transmission probability, § € [0.8,1.0)
(Figure 8), and the strength of cytoplasmic incompatibility, € [0.6,1.0) (Figure 9), within
50 points, and register the peak of infected humans /;,, representing human dynamics under
Wolbachia extinction conditions, £ }L, with blue circles, whereas using orange squares to represent

human population under mosquitoes coexistence, E" (see Figure 7).

In view of a scenario where vaccine is absent, on Figures 8 and 9, we use v, = 0 —

(0.2) (0.3) (5.021)
(1000)((0.2) + (4.0e — 05))] [(0.03) (0.005)]

= 10.0413 > 1,

(Rf)vh:O ‘param:

meaning that we are simulating over a scenario where the human equilibrium point correspon-
ding to the Wolbachia extinction regime, E”, is locally asymptotically stable. Similarly, when

calculating (R°),, o,

0.2)
(1000)((0.2) + (4.0e — 05))

(
((1%30)) (4.70) N M [(06.093> ((1%50)) — (0.03) ((1%30))]
( 0.03> 0.03

0.005) (09 2(0.9) (()9) (0.03)

= 2.8555 > 1,

=0.0009 and M~ =8.4281 —

(RC>Uh:0 |param (00009)

showing that the equilibrium point representing coexistence within Wolbachia-infected and wild

mosquitoes populations, E", is also locally asymptotically stable.
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This brief numerical analysis shows that, when considering biological relevant parameter
sets, describing biological features of wild mosquitoes, wMel, wMelPop, wAlbB, wAu and
Wolbachia strains, presented on Table 3, we are simulating scenarios where both equilibrium points
for the human population dynamics, representing Wolbachia extinction, E”, and coexistence

between wild and Wolbachia-infected mosquitoes, E”, are locally asymptotically stable.

On Figure 8, we perform a one-parameter sweep of the maternal transmission probability
o € [0.8,1.0), with the strength of cytoplasmic incompatibility fixed, and record the peak

number of infected humans 77°**. The vertical red dashed line marks the coexistence threshold

§,: for § > 0., coexistence becomes admissible and I}°**(E") decreases monotonically as
0 increases. For the baseline value used in the simulations (0 = 0.90, n = 0.90), we obtain
IP*(EM) = 221.338, while for § = 0.99 and = 0.90, we obtain I}°***(E") = 167.886. This
yields an absolute reduction of 53.452 cases, i.e., a percentage reduction of 24.15%, highlighting

that higher maternal transmission mitigates the outbreak peak under the coexistence regime.

On Figure 9, we vary the strength of cytoplasmic incompatibility n € [0.6,1.0) while
keeping the maternal transmission probability fixed, and compute the peak number of infected
humans I}°**. The vertical red dashed line indicates the coexistence threshold 7, : for n > 1,
mosquito coexistence is admissible and I7°*“( E") decreases monotonically as 7 increases. For the
baseline values adopted in the simulations (§ = 0.90, = 0.90), we obtain I7***(E") = 221.338,
whereas for § = 0.90 and = 0.99, we obtain I7°**(E") = 188.780. This corresponds to an
absolute reduction of 32.558 cases, i.e., a percentage reduction of 14.71%, showing that stronger

cytoplasmic incompatibility reduces the outbreak peak under the coexistence regime.

On Figure 10, we report the vaccination—threshold analysis obtained from the two ad-
missible reduced human subsystems, each one induced by a distinct equilibrium regime in the
mosquito dynamics. In particular, we compute two thresholds: R/, associated with the human
dynamics when the mosquito subsystem converges to the Wolbachia extinction equilibrium, and

Re, associated with the human dynamics when wild and Wolbachia-infected mosquitoes coexist.

These thresholds characterize local stability of the corresponding human equilibria:
R; < 1 implies that the equilibrium £ ;: is unstable, whereas R < 1 implies that the equilibrium
EY is unstable. Consequently, the critical vaccination rates are defined by the crossings R/ (v,) = 1

and R.(v,) = 1. For the parameter set considered, with N, = 1000, we obtain

W ~362%x10* and 9~ 1.17x 107,

where 1" is the vaccination rate required to bring R’ down to one, and v\ is the corresponding

threshold for R¢. The comparison y;f) < I/;(Lf )

indicates that, within the coexistence regime, a
smaller vaccination effort is sufficient to reach the stability threshold. In practical terms, this
means that the presence of Wolbachia-infected mosquitoes reduces the vaccination intensity

needed to control transmission, when compared to the regime in which Wolbachia fails to persist.
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5 Discussion

Under the fast vector dynamics assumption, mosquito populations are assumed to re-
ach equilibrium reasonably faster than the human population (KEELING; ROHANI, 2008).
This separation of timescales allows treating human variables as constants when analyzing the
mosquito subsystem. By solving this reduced subsystem, four equilibrium points were obtai-
ned, corresponding to distinct scenarios for mosquitoes populations: the trivial equilibrium, the

Wolbachia-mosquitoes extinction equilibrium, and two mosquitoes coexistence branches.

Our analysis reveals the simultaneous existence of two locally asymptotically stable
equilibria, the Wolbachia extinction equilibrium and the stable coexistence equilibrium, which
characterizes a bistable dynamical regime. In particular, we have shown that Wolbachia extinction
regime is admissible only when the basic offspring number of wild mosquitoes exceeds both
unity and the basic offspring number of Wolbachia-infected mosquitoes, that is, when Q) >
max{1, @, }, whereas the coexistence regime is possible when the maternal transmission and
the cytoplasmic incompatibility parameters exceed the established critical threhsolds, illustrating

their relevance within Wolbachia-infected mosquitoes release stategies.

In this setting, the steady-state of the mosquito population is not uniquely determined
by parameter values alone, but also depends critically on the initial conditions of wild and
Wolbachia-infected mosquitoes. Consequently, the success or failure of Wolbachia establishment
is inherently sensitive to initial condition, with invasion outcomes determined by the basin of

attraction in which the system is initialized.

The mosquito subsystem constitutes the central component of the coupled host—vector
model, as it determines the the long-term dynamics of vector populations that drive dengue virus
transmission. By explicitly incorporating density-dependent recruitment rates, maternal transmis-
sion probability of Wolbachia infection and the strength of cytoplasmic incompatibility due to
Wolbachia infection, we were able to identify and describe the biologically and mathematically
viable configurations of the vector populations, namely the Wolbachia extinction scenario and

the stable coexistence between wild and Wolbachia-infected mosquitoes.

Following the fast vector dynamics assumption, substituting the equilibrium values of
the admissible mosquito steady states into the human equations yields a simplified description of

the human population dynamics. This methodology allowed us to determine two distinct human
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vector fields, each generating a corresponding system of ordinary differential equations. The
resulting human subsystems are therefore regime-dependent, with their structure determined by
whether the mosquito population converges to the Wolbachia extinction equilibrium or to the

stable coexistence equilibrium.

In the Wolbachia extinction regime, dengue transmission is mediated exclusively by wild
mosquitoes, and the corresponding human subsystem is characterized by an epidemiological
threshold denoted by R’ . In contrast, under stable mosquito coexistence, both wild and Wolbachia-
infected mosquitoes contribute to the force of infection, leading to a modified transmission
structure and an associated threshold R°. In each regime, the disease-free equilibrium of the
human subsystem is locally asymptotically stable whenever the corresponding threshold satisfies
R’ < 1or R® < 1, respectively.

Focusing on the impact of Wolbachia infection traits on the peak of dengue infection,
increasing either maternal transmission probability or strength of cytoplasmic incompatibility
reduces the infection peaks, with maternal transmission having the most significant influence
(Figures 8 and 9). This behavior is consistent with the underlying mechanisms, since maternal
transmission directly sustains and increases the Wolbachia-infected mosquito population, whe-
reas cytoplasmic incompatibility induces a reproductive advantage for mosquitoes carrying the
bacterium. Furthermore, under a scenario of coexistence between wild and Wolbachia-infected
mosquitoes (Figures 7-10), dengue infection can be eliminated with a lower vaccination rate
compared to the scenario in which only wild mosquitoes persist. Moreover, when dengue is

established, the prevalence of infection is lower in the mosquito coexistence scenario.

In synthesis, the present analysis focused on modelling the dynamics of dengue trans-
mission within human population and mosquitoes, and our results shows that both scenarios,
representing Wolbachia-infected mosquitoes extinction, and its coexistence within wild mosquito

population are

(i) Biologically viable, since alongside nonnegative initial conditions, the vector solution remains

nonnegative, for all time ¢ > 0, i.e.:

X=X(t), XeR, X0)>0—=

X o {S;(t), Ip(t), Su(t), L,(t), Su(t), IL(t), Ru(t)} > 0, ¥Vt > 0.
(ii) Mathematically admissible, seeing that both equilibrium points £y and £, are locally asymp-
totically stable, when condition ); > max{1, @Q),, } is satisfied, for the Wolbachia extinction equili-
brium, and for the coexistence equilibrium, when conditions ¢),, > 1 and (). > 1 holds, alongside

the conditions 6 € (0,1) N ((—o0,0_) U (d,,00)) andn € (0,1) N ((—o0,n_) U (n,,00)) are
satisfied.

Within time, the mosquito population dynamics converge to one of the admissible equili-
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brium regimes, depending on the initial condition of the mosquito subsystem,
(57(0), 1£(0), S0 (0), 1,(0)) € .

This observation allows a straightforward interpretation: the success or failure of Wolbachia-
infected mosquito releases is intrinsically dependent on the chosen release strategy. In particular,
the timing, frequency, and magnitude of releases - such as weekly or monthly release schemes
- determine the effective initial conditions of the mosquito population and, consequently, the

long-term dynamics of dengue virus transmission between human and mosquito populations.
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6 Overview of Master’s Research and

Activities

Additional training includes participation in the Training Program in Quantitative Eco-
logy, funded by the Serrapilheira Institute. The program aims to prepare undergraduate and
graduate students for interdisciplinary research in ecology, emphasizing quantitative, mathemati-
cal, computational, and statistical approaches, and integrating theoretical coursework with field
practice across Brazilian biomes. It is structured as an intensive summer course, taught entirely in
English, followed by a field module in Atlantic Forest and Amazon reserves, in which participants

developed research projects grounded in quantitative analysis and ecological modeling.

Teaching experience includes participation in the Programa de Aperfeigoamento e Apoio
a Docéncia no Ensino Superior (PAADES), an institutional program that regulates teaching
internships at UNESP and aims to train students for academic instruction. Served as a teaching
assistant in Mathematics for the Biological Sciences Licentiate course, delivering theoretical
lectures, preparing exercise sets, and conducting computer lab sessions involving Python-based
algorithms to explore topics related to the discipline. Also served as a teaching assistant in Calculus
II for the Medical Physics course, designing and teaching theoretical classes and organizing
weekly supplementary sessions focused on problem-solving and discussion of core theoretical

concepts.

Extension activities comprise continuous involvement in the Atena Pre-University Pro-
gram, as Physics Professor and as General Student Coordinator. Additional outreach included
the Winter School — SignalSpark: Exploration in Arduino, Data, and Programming, designing

interactive sessions on programming and prototyping for elementary students.

Participated in and served on the organizing committees of several academic events,
including the XVI Workshop de Biometria and I Jornada a Pés-Graduacao. Presented research
through both oral and poster sessions at other events, such as the XLI and XLIV Congresso
Nacional de Matemdtica Aplicada e Computacional, XI Congresso de Biociéncias, XIV Um Dia

de Biometria and XVII Encontro Académico de Modelagem Computacional.
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Complete Statements of Results and Proofs

A.1 Mosquito General Subsystem

Mosquitoes have a much shorter lifespan than humans, so we can reasonably consider the human

population to be constant while observing changes in mosquitoes populations. Alongside the

following algebraic work, we set? =5 , E — Bu andé = 2 with 8; = 8, = 3.
g alg I Ny 2 Pw N Np, !

Let us now define the Jacobian matrix of the system. We shall begin by calculating the recruitment

rates derivatives.

0Ny 0Ny [ (Sp+ 1)+ (1 —n)(Su + 1) L (S5 + 1;)(Sw + 1)
os;, o1, M 1 M?
oA, OA, (S,+ 1,2  0A, A, oA, OA,
95, —or, U0 mem—ae— s G5 =5, =0 0 g8, T ol
ge’[’M(m) = e’(’M“)g(—oM(m)) = —ge ™ forx € (Sy, I, Sy, L)
ox ox ’ Jr 2t T
Now we define
ds e
ditf:Afe M(t)_ﬂf Sf (]\;Lh> — MUy Sf = Fl(Sf,.[f,Sw,]w)
dl — I,
Cth = ;S (]\;h) — g Iy = F5(Sy, 1y, Sy L)
ds., o I
= A MO =5, S, (N) — i S = Fy(Sy, 15, S0 1)
dl, — . (1, __
= BuSu ()~ L= Fi(Sy. Iy, S0 L)

Such that the J;; entries of the Jacobian Matrix are given by:

= pw(s
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OF, laAf o a M] 0 =
Ju=—t= oM A M| Z (B.S: I, — ;S
TS, T |as, r95,° 9s,
oA oA =
= [ UMTS: —oe”™MA ] /Bf Iy — g =e M lasjj _UAfl _ﬁf Iy — g
. Sy + 1)+ (1 —n)(S, + I, S+ 1:)(S, + L,
— M{pf[(f /) (M n)( )Jrn(f fX/(P )]—aAf} 5f1h [is
OF; OA 0 =
Jiz = 371; =e [E)I; - UAf] - an(ﬁf Syl — 114Sy)
. Sy + 1) + (1 —n)(S, + L, S+ 1:)(S, + L,
— M{pf[(f 7) (Mn)( )+n(f f]i4(2 )1—0./\]@}
OF 0N, 0 =
JIS _ 85'1 :efo']W [a;L_UAf] _ﬁ<5f Sf[h_,ufsf>
B S+ 1
=e M lpw(l 5)—pf77( SYE ) _UAf]
OF oA —
Juu = 8[1 =e M [a[f_aAfl ol (By Spln — psSy)
. S+ 1;)?
=e M[pw(l—é)—pm( szf) - Af]
or, = OF: OF: OF:
J21_675,J20:6f]h_1uf ) J22:67]f2:_,uf ) JQS:((TS;U:O ) JM:@Tj:O
OF: oA, _ o _ 0 _
oF: oA, 0 ] 0 =
= Gt = (G g | = B Suh — ) = e
OF: A, 9 —o 3
(]33—6753— —oM [as Aw‘|_as(6 S ]h S )ZG M(pw(s_O-Aw)_Bw]h_Mw

aI (ﬂ S [h S ): U]w(pw(s_o—Aw)
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Finally, we build the Jacobian Matrix of the general mosquito subsystem as:

Ju Jio Sz Ju
J21 J22 J23 J24
J31 J32 JSB <]34
Ju Jio Jiz Ju

J(Sf7]f7swa-[w> =

]

Proposition A.1.1. The general mosquito subsystem presents up to four equlibrium points, given
by (S}, I3, 8, I, ). The equilibrium points are Ej: trivial equilibrium, E;: Wolbachia extinction

w?) Tw

equilibrium and £.: mosquitoes coexistence equilibria.

Proof A.1.1. Accordingly to the fast vector dynamics, we consider the human state variables,

(Sh, I, Ry), as constants.

From Equation (5): o
= —  B; S, 1 .
0=T, S I —pg Iy — T, = 2200 (i)
Ky
From Equation (7):
= — BuS.I
Ozﬁw Sw I}L_M’w ]w - ]w:u (11)
Mooy
(ii) into Equation (6):
:w Sw [ -
0=p,0 (Sw + ﬂh) e MO B S, I, — fte S
P

B I =
0=25, [Pw 5 (1 + ﬂ“’h) e MO _ 3], — Loy
MTU

S, =0 (iii)
m5@+%ﬂeﬂm—mh—M (iv)

(iii) S, = 0 into Equation (6):
0=pu6(Sy+IL)e ™ =B, Syl — S = I, =0
(iii) S,, = 0 into Equation (7):

0=70, Sy I — pto Ly = I, =0
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Therefore, S, = 0 leads to I,, = 0: Wolbachia extinction.
(iii) S, = 0 = I, = 0 into Equation (4):

Ay =pp(Sp+1p) = 0=ps(S;+I;)e 7Bt — Ef Syl — py Sy

Substituing (i) [; = I; = @57;%:

B, S, 1 = =
0= p; (Sf+ﬂf,u;h) e (Sp+If) _ﬁf Se I, — s Sy

0="5% 1y

= o
Pr (1 + th) e "ty — Byl — Hf]

5 =0 W)
— BrIn\ —o(s;+T5) _ 7 .
pr (1450 ) eS0T B L=y ()

B, I — B, 1 = =
(vi): py (1 + ﬁ;}f) e oS+ = p, (W) e "SIt = B I + py

e oS+ — s (B [hi/m =B e Sp+1; = o (pf>

prlis +Br L) Pi 7 \My

0 — 1
Q=" — S, 4+1, = —In(Q))
Fy o

= Sf+7LSf h _ S (1+Bf[h) =S, (Nf +ﬁffh) = ilH(Qf)

My My My
— 1
S = Hr L@ , where [,,(t) :== I, € R isaconstantand @Q; > 1.
d Mf+/8f ]h

(v) S; = 0 into Equation (4):

0=3S; I —ps Iy = T;=0

.S, =0 = I,=0and S; =0 = I; = 0: Trivial equilibria.

E, =(0,0,0,0) : always exists.
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(vi) S; ==L 99 into Equation (4):
7 K Jrﬁf Iy,

_ _ B, 1 In
)Ih_ﬂfffﬁﬂfffzﬁf n <gf)
g ,uf“‘ﬁfjh

o Mf+§f[h

0=73, (w In(Q)

I = 2l (@)
g /“Lf—i_ﬁf[h

, where I,(t) :== I, € R isaconstantand @Q; > 1.

_ _ _ In — BsI, In . ..
2.8 =0 = [,=0and S; = & & == I; = Brin & : Wolbachia extinction.
T puptByr Iy T pptBy Iy

Ef:(uf Q) B L n(Qy)

ZZE <) 0,0): 3iEQ, > 1.
T s+ By In T g+ By I

At last, expression (iv) will lead us to coexistence.

Bu 1 wt Bl o =
(iV): Puw ) (1 + Bluh) e—aM(t) = Du 5 ('u—;ﬂh) e—aM(t) — Bw I, + L

oMb _ Mw(EIthuw) M

pw(S(:uw_‘_E[h) pw(s

In <pw 5) , with Q,, = pud

SHP

w w

M:Sf+lf‘|‘sw+lw == 1n(Qw) ) Qw > 1.

<<:>Sw—+_]w:]\4_(Sf—i_‘[f)

SHP

and also e~ = -, Q,, > 1.
(iv) into Equation (3):

Substituing (i) I; = I; = %S,« = Sy, where C;, = %

also using d = (1 —6) and 7 = (1 — n).

n(Sy +1;)+ (1 —n)M <

Ap = ps(Sy+ I) + pud[M — (Sf + If)]

= 208, + 17+ (=) (S, + 1)+ puB(S, + 1)
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= B, 4+ 1) + (Sy 4+ 1)lpr(1 = 1) = pud] + pudM

- %(Sf + C580)? + (S + Co50) (ps T — pud) + pudM

- %(Sf + CoSp)* 4 (S5 + CoSp) (s T = pud) + pudM

= BLL(S; 4+ 2570, + C3) + S [(1+ o) oy 71— pud)] + pudM

= pr nSH(1+2C, + C2) + MS; [(1+ Co)(ps 7 = pud)| + M?p,6

a5y _

—- 1
o {Pf nSH(1+2C, + C3) + MS; [(1 +Co)(ps M — Pw(s)} + M20w5}

w

_M(Bf -[h Sf "‘/,Lf Sf) =0
We can also rewrite the expression M (Ef I, Sy + py Sy) = 0 in terms of the constant C\:

C, = 5:% <:)Ef[h =y Cy = M(ﬁf I, Sy 4 pyp Sp) = M(py Cy Sy + g Sy)
= MSj ps(Cy + 1)

ds, ) ) e o 5 5L

L= {pfnsf(1+202+02)+MSf (14 Co)(ps T = pud)|+M pwé}Q—MSfuf(CzH) =0

We shall define new constants K

= (Cy+ 1) and K, = (1 +2C, + C?)

0=ppn Ky S+ S;[MK\(ps 7 — pud) — MK, iy Qu] + M?p,0

=pPrM KQ S? + Sf[MKl(pfﬁ— pwg_ [y Qw)] + M2pwg

w0 w0
=K, 8218, [MK1 <”fn— pul —MQwﬂ TN VE
Ky Ky Ky Ky Ky

; — pwd _ pw(1=9) S
Now we define the quantity Q),, ; := "H—f ”T and also use )y = iy

=Qpn Ky S7+ S MK, (Qr 7 — Quy — Qu)] + Qu.f M?
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:77K25,20+Sf lMK1 (77_

Qus Qu Qu.s 3 1o
Qr @fﬂ*@fM

:nKQS}%—MKISf [wa_f_Qw_(l_n)‘|+waM2

wa Quw o _ Qu, fTRQuwANRf—Qy _ Qu, fHQuw+nQy
We can rewrite the expression + o (1 7}) a; Q;
and define the quantity (), : %}‘)M@f %}”MQ"C — g—; =Q.—1
ds w
— TJ_WK2S?_MK15J"(QC_1) CZQJCMQ—O quadratic in S}
’ f

where A =n K,, B=—-MK,(Q. —
At last, roots are given by:

55 =

R  Qy Qy

Qf

_ Quf g2
l)and C = Q—fM

_B+ /B2 —1AC
24 —

Qr

Qy

S?:M</j£;’l+l>(Qc—1)i\/

2

m _ ﬁffh ﬁ‘ffh Qu, f
)] -t (o ) e

M:Sf+]f+su,+]w:

(i) I, =

— S, + BU’I’LSW =39, (1 +

o

277[1+‘3f’h(2

Bffh
£ (2420

B.1
IF="tgk
Ky
1 1
; 111(@11;) e Su, + -['w = g hl(Qw) — (Sf + If)
B.1
Su, = (.S, , where C, = 5,u h

8,1,

w

) = 1(Qu) — (S, +1y)

Sp = —t [ Dn(Qu) - (87 +17)
/’l’w + 6 Ih ! !
And finally,
1
IF == In(Q,) — (57 +IF + S%).
g

Y
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Therefore, we calculated four steady-states representing the mosquitoes populations:

E, =(0,0,0,0) : always exists,

E, = (Nf n(Qy) Ef L _In(Qy)

= , = ,0,0): 3= Qs> 1,
O-,uf—'—ﬁf]h g /uf—'—ﬁflh

E_=(S;,17,8,,1,) : 3= Q. >1,

w?) T w

E, = (S;,[;,S+ I+) C Je=Q, > 1.

w)Tw

]

Proposition A.1.2. The trivial steady state £, = (0,0, 0, 0) is locally assymptotically stable
(LAS) if, and only if the conditions (); < 1 and ),, < 1 are satisfied.

Proof A.1.2. Substituing the trivial equilibrium values F, = (0,0, 0,0) into the Jacobian Matrix

leads to

pr = Beln— 1y py pu(l—9) pu(l—0)
J(E,) = Bf[h —Hy :O 0
0 0 pud =B, —pw  pud
0 0 ijh —Hw

Which can be written as two block matrices:

g = [P =Bili—ns pr |y g |0 = Bulh— s pud
By — iy Buln — o

But this is trivial equilibrium - mosquitoes extinction, so it is reasonable to consider that
(S¢, 14, S, I,) = (0,0,0,0) = I, = 0. With this, matrices J; and J,, are rewritten as

Jf:

Pr— Ky Py
0 —Hy

Starting of by calculating the eigenvalues of the Wild Mosquitoes Block
tr(Jy) = ps —2up det(Jy) = —ps(py — py) =

= Ay = [tr(Jp)]*—4ddet(J;) = (py—2ps) +4us(pr—hs) = ps—4psivs+4pi+4ps s — 4

Ap=ph = A/ =p;
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tr(Jr) £Ar  (pr—2up) £ pp A =1y

r= 2 9

AF = pr— by = p(Qp — 1)
On the other side, the eigenvalues of the Wolbachia Mosquitoes Block
tr(Jy) = pud — 210, det(Jy) = —piw(pud — phy) =

= Ay = [tr(J,)]" = 4det(Jy) = (pud = 240)” + 41 — p1)
= (pu;(s)Q - 4waw§ + 4,“3, + 4#11)/)1115 - 4/’L12u
Ay = (pud)” = AY? = pud

tr(Ju) £ VAL puwd = 2y £ pud Ay = —
2 2 )‘$:pw5_ﬂw::uw(Qw_1)

+
)\'w_

Therefore, the Jacobian Matrix has four eigenvalues:

A =—pp <0 , Ay=—p,<0
A= (Qr—1)<0= Q<1 , N =p,(Q.—-1)<0=Q, <1

At last, when both offspring number @, Q., are negative, A} and A} are also negative, meaning
that the steady state £, is LAS if, and only if @ < 1,Q,, < 1.

]

Proposition A.1.3. The Wolbachia extinction equilibrium point, £/, is locally asymptotically
stable if, and only if, the condition Q); > max{1, @, } is satisfied.

Proof A.1.3. Substituting the Wolbachia extinction equilibrium values,

= 9 f = )
T g+ Byl T up+ By

Fi- (S0, 5ok Bk o

into the Jacobian Matrix correspoding to the mosquito subsystem leads to

[ W(1—08) — +1 W(1—0) — +1 ]
=B dn — py In(Qy) Mf(l - ln(Q.f)) Pl ) g(n H(Qf)) pul ) g<77 H(Qf))
— f f
I - 0 0
J(E;) = By oy - y
0 0 ;" (B + 1) o
- ’ 0 Buln ~
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This matrix can be written in block form as

_|/r B
‘](Ef) - 0 Jw )
where
= pw5 = pw(S
I, = —Bdn ; fy In(Qy) Mf(l - hl(@f)) ’ I = Qif - (ﬁwfh + Mw) ij 7
ﬁflh i Bwlh M
and
pu(1=0) = pr(n+M(Qp))  pul(l=13) = ps(n+(Qy))
B = Qy Qy
0 0

We shall start with the eigenvalues of the wild mosquitoes block J;.
tr(Jy) = —pp In(Q) — iy = _Uf[ln(Qf> + 1} <0.

det(Jy) = [_Ef]h — py In(Qp)(—pep)] — [ (1 — hl(Qf))(Ef]h)] =y In(Qy) (s +§fjh) >0

Hence,
Qf > 1 — tr(Jf) < 0 and det(Jf) > 0.

which means both eigenvalues )\f are real and strictly negative. Therefore, the wild mosquitoes

block J; is locally asymptotically stable whenever £, exists ((); > 1).

On the other side, we shall calculate the eigenvalues of the Wolbachia block J,,,.
Since E; represents Wolbachia extinction, it is reasonable to assume the approximation
(Sy,I,) =0 = 3, =0.

Under which, the Wolbachia Mosquitoes Block .J,, simplifies to

Pud Pl
J, = | Q o Qf
0 — [y
o 4]
tr(J,) = pwa — 2/l det(Jy) = —fhw (pwa — Mw) —

2 P ? PO
A, =[0()] —4C, = <Qf - 2uw> + 4t (Qf - uw>

2
pw(s 1/2 pwé
Aw = — Aw = —
( Qy ) Qy
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and the eigenvalues of J,, are

wd w0 -
e VAL ot [N =

\E = =
b 2 2 Azzm_ﬂwzuw(%_ )
Qy @r
Hence,
A, = — [, < 0, for all parameter values, and
Qu
AL <0 = Q—f—1<0 = Q. <Qy,

Since J(E}) is a upper-triangular matrix, its eigenvalues are the calculated eigenvalues of J; and
J,, blocks ()\}E and A\%). Under the existence condition ); > 1, the wild block .J; is always stable
(both A < 0), and the stability of E is determined by the sign of \}:

AL <0 = Q,<Qy.
Therefore, E; is LAS if, and only if ; > max{1, Q. }.
L]

Proposition A.1.4. The equilibrium points corresponding to wild and Wolbachia-infected mos-

quitos equilibrium points exists if, and only if, the condition (). > 1 is satisfied.

Proof A.1.4. We recall that (), := Qu.s + gw +1Q; is the coexistence threshold, and define
_ f
B.1
the constant quantity 5/ = &
My

When solving for the steady-state solutions, we defined the quadratic A S7 + B S; + C = 0,
— f > g _ f _ — Qw.t g2
where A=n (' +1)>, B=—-M(p'+1)(Q.—1)and C = QfM.

According to Descartes’ Rule of Signs, the number of positive roots of the polynomial is equal

to the number of variations in the sign of its coefficients, so let us check the expressions signs.

We observe that

Bf:6f1h>0 — (B7+1) >0,

!
and(ﬁfjrlf:1+25f+(6f)2:1+6f(2+6f) > 0.

In such way that
A=n(B"+1)? =n[1+ 52+ 5] >0,
B<0,ifQ.>1

B:_M<5f+1)(Qc_1):_iln(Qw) (ﬁf—{—l) (Qc_l) — . ’
B>0,ifQ, <1
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C = GoL A — 020 (11n(Q,,)) > 0,if 6 < 1

Hw ;
0<d<l = C>0.

Notably, when condition (), > 1 is satisfied, the quadratic equation admits two positive roots,
Sfi, assuring the existence of two coexistence equilibria, £ . Therefore, (). > 1 is a necessary

and sufficient condition for the existence of the coexistence equilibrium points.
O

Proposition A.1.5. There exist critical thresholds, imposing conditions on maternal transmission

parameter 6. When ¢ satisfy the threshold conditions, the coexistence equilibria are admissible.

Proof A.1.5. The discriminant of the coexistence quadratic expression can be rewritten as a

function of the maternal transmission parameter 9.

Qus
Qp

where (). and @), ; depend on the § parameter. Since M 2(87 4+ 1)* > 0, real and distinct

A(0) =M*(B' +1)®(0),  2(6) =(Q.—1)"—4n

coexistence equilibria exist if, and only if, ®(5) > 0.

Introduce the constants

a; ‘= &’ Ay 1= pla Qf = ﬁ?
My How My
so that
Qu,s = a;(1—9), Q. = ao.
Hence,
B a;(1—=9)+ayd+ (n— 1)Q;
Qc —-1= .
Qy
Define
So 1= a; + (n — 1)Qy, S 1= Qy — Q.
Then 5 0
So + 81 w,f !
Q.—1= , SR )
Qy Qr  Qf

Substituting these into ¢(J) yields

So + $10 ? a,
=4n—(1-90
( 0, ) 477Qf(1 ),

which, after multiplying by ()7, becomes

(80 + 810)° = 4na, Q;(1 —§).
Expanding terms gives

s26° + (23031 + 477a1Qf)5 + (sg — 477a1Qf) = 0.
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Thus, the discriminant expression ®(J) = 0 is the quadratic
A562+Bg(5+05 — 0,

where
A5 = S?, B(g = 23081 + 477@1ny C(; = 83 — 477@1Qf.

The values of § for which the coexistence equilibria is possible (i.e. A = 0) are given explicitly
by the roots of:

5 _ —Bs £ VB —IAC;
= 2A; '

5 - (23051 + 4na1Qf> + \/(28081 + 477a1Qf>2 — 4s? (s% — 477(11Qf)
+ = .

2
2s?

Imposing the condition that assures the discriminant A(¢) is strictly positive, we obtain

O(§) >0 <= € (—00,0_)U(0;,00).

Furthermore, considering the biological restriction 0 < § < 1, the admissible region reduces to
5 (0,1)N ((—00,5) U, oo)).

At last, we observe that the coexistence equilibria exist (i.e., are real and admissible) whenever

the maternal transmission parameter 0 lies in the admissible region.
O]
Proposition A.1.6. There exist critical thresholds, imposing conditions on cytoplasmic incom-

patibility parameter 7. When 7 satisfy the threshold conditions, the coexistence equilibria are

admissible.

Proof A.1.6. The discriminant of the coexistence quadratic expression can be written as a function

of the cytoplasmic incompatibility parameter parameter 7.

Qw, i
Aln) =M*(B"+1)*0(n), () = (Q.—1)" —4n fo'
Since M?(37 + 1) > 0, real coexistence equilibria exist whenever ®(7) > 0.
Using
Qw, +Qw+77Q Qw7 +Qw_Q
QC = f f’ QC - 1 = 77 + f f7
Qs Qs
define 0 0
qo = . == ¢ =q+q—1

) q T )
oy T Qy
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Then
®(n) = (n+q)> —4Ango =" + (2¢ — 4q0)n + ¢*.

The discriminant of this quadratic polynomial in 7 is
A, =(2q— 490)* — 4¢° = 16¢o(1 — q1).

Provided A, > 0 (i.e. ¢, <1< Q. < @), the roots that satisfies A(n) = 0 are given by

—(2q — 4q) /A
Ny = 5 i =1+q —qE+2\/qp(l—q).

Equivalently, written purely in terms of the previously defined quantities, (Q;, Q., Qu.f),

_ Qw,f o % Qw,f . %
=1t g, F QJ Q <1 Qf)'

Our analysis show that parameter values satisfying ®(n) > 0 determine the existence of real
coexistence equilibria £, subject to the biological constraints 0 < 1 < 1. Therefore, for the

discriminant A(7) to be strictly positive, it suffices that
me 0,10 ((=o0,1) U (n1,9)).

Similarly as before, coexistence equilibria exist whenever the cytoplasmic incompatibility para-

meter 7 belongs to the admissible region.

]

Proposition A.1.7. The negative branch of coexistence equilibrium, £ _, is locally asymptotically

stable, whereas the positive branch, £, is unstable.

Proof A.1.7. To analyse the local stability of the coexistence equilibria £*, we examine the
Jacobian matrix of the mosquito subsystem. Collecting the expressions derived previously, the

Jacobian evaluated at £+ is

' @ @ I i
3,1, ~Hy 0 ’
0B+ 1)SE —0(Bdn+ 1)SE —0(Bydn+ 1)SE Byl — 0(B, I+ ) S
_ 0 0 B.I, —Huw
with
gw L A, —a(ﬁfIthuf)S}t — By L — py,

v Qw an JoE=
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1 OA; =
1(2i) = @ 7a[f . - U(ﬁflh + luf)Sfi7
1 (ST +1F)? =
Jfét) :Jff):Qle(l—fs)—PfﬁfMQf _0-<6f]h+lu’f>s}t7
and — =
1 I 1
M=-I(Q,), If= b “SE, 0 IE= Polu g
o My How

To determine whether E* are locally asymptotically stable, we apply the Routh—-Hurwitz criterion

to the characteristic polynomial, instead of computing eigenvalues directly.
p(A) = det(A — J) = X + a; N° + ax N’ + as\ + ay.
For a quartic polynomial of this form, the Routh—Hurwitz conditions are
a; > 0, a, > 0, as > 0, as > 0, ara,a3 > a3 + alay.
If these inequalities are satisfied, then all eigenvalues of .J have strictly negative real parts, and
the corresponding equilibrium is locally asymptotically stable (Gantmacher, 1959).
Coefficient agi).

The coefficient ai™ is the negative of the trace of J(E. ).

a® = —tr J(EF).

Coefficient a(zi).

The coeflicient 5™ is the sum of the principal 2 x 2 minors of J(E*). Using the explicit form

of J(E?*), the six principal minors are:

1. minor (1,2)
o .
5f[h —Hy
2. minor(1,3)
it i’

det J(Ei)[l’d] - det — = =
—0(ByIn + 1) Sy =0 (B, In + 1) Sy — By In

= —0(BIn + p)SE TG = By JE + (B, 1 + pu) SE TG,
3. minor(1,4)

det J(Ei)[lA] == det (
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4. minor(2,3)
0

det J(Ei)[273] - det — _qu — =
_O-(Bwlh + :UJw)Szju: _U(ﬁwlh + :uw)Srf - Bw]h

= Wy |:O-(Bwlh + 1) S5 + 5“}]4-
5. minor(2,4)

0
@mﬂEﬂmq:da< gf ):uﬂw.
_/’Lw

6. minor(3,4)

—0(ByIn + 110)SE — By e — (B L + p1u)SE
Bw[h _/’I”LU

= 0(B, I+ ) Sk (1 + B, 10)-

det J(Ei)[3’4] = det (

Thus,
a,gi) = Z det J(Ei)[iﬂ'],

1<i<j<4
. +
Coefficient a;(), ),

The coefficient a$” is minus the sum of the principal 3 x 3 minors of .J (E*), ie.

af = — Y det J(EF) im0

1<i<j<k<4

There are four such minors, corresponding to the index sets (1,2,3), (1,2,4), (1,3,4), and
(2,3,4).

1. minor (1,2,3)

+ + +
i i) Jis”

J<Ei)[1,273] = Ef—lh — Uy 0 S

—0 (B In + 10)SE =0 (B In + 1w)SE —0(B, I + 1) SE — B, 1

det J(E*)y sy = 0B lickinn) S i (= 1) 48,10 (S = I ) |+ 1y 10 +5, 15|

2. minor (1,2,4)

(£) (£) J(i)

11 12 14
J<Ei)[1,2,4] = Bflh — My 0

0 00—y

— det J(Ei)[1,2,4] = Hu (,Ufjfli) “‘@fjhjfzi))'
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3. minor (1,3,4)

(£) J®) g

11 13 14
J(Ei)[la?’v‘l] = _O-(Bw[h + /’Lw)S’j}: _U(Bwjh + ILL'UJ)S;‘J: - Bwlh /’Lw - J(Bw[h + /’I’UJ)Sif

O B’w[h _luw

= det J(E* ) = 0(B, I + j1,)SE [uw(Jf? — ) + B, LT - Jf?)]

4. minor (2,3,4)

—Hy 0 0
J(Ei)[2,3,4] = _O—(Bwjh + ,uw)S;: _O—(Bw[h + ,uw)S;‘;: - Bw]—h My — O-(Bw[h + /-Lw)S;l;:
0 Bw[h M

2
= det J(E)pas = — 1170 S5 (Bl + 1)

The coefficient a{® is therefore given by

ay? = — ( det J(E*)j12,5 + det J(E*)(1 24 + det J(E)(1 34 + det J(Ei)[2,3,4]>>

Coefficient aii).

This coefficient is the determinant of the Jacobian,

a® = det J(E*).

Furthermore, we define C' := a,aya3 — a3 — aja, such that C' > 0 <= a,aya3 > a3 + a’ay,

representing the second condition regarding the coefficients.

Because the resulting algebraic expression is too heavy when the explicit formulas for Jl(f), S,
I f and I are inserted, all numerical values of the coefficients o™ are computed computationally

for biologically relevant parameter sets.

In particular, when considering the parameter set representing biological features of wMel

Wolbachia strain, we calculated

| E* = (ay, as, a3, a4, C) | E* -

al™) = (0.2771, 0.0008, 1.046e°, 4.0638¢~, C'7) = 4.0638¢°),
al™ = (0.2195, 0.0124, 0.0001, —1.1504e~%, C'7) = 5.1188e7).

Therefore, a; > 0,a, > 0,a3 > 0,a, > 0, evaluated at E_, alongside with C' > 0, proving that
E_ is locally asymptotically stable. On the other side, when evaluated at £/, a, < 0. From its
definition, a{”’ = det J(F,) < 0 meaning that E, is unstable.
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The same analysis was perfomed considering different Wolbachia variants presented on Table
3, namely wMelPop, wAIbB and wAu strains, and the same pattern, with Jacobian presenting

negative determinant (a, < 0) was observed.

O
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A.2 Human General Subsystem

Once the mosquito subsystem has been analyzed and its equilibrium points determined, these
solutions can be substituted into the human equations. By doing so, the mosquito dynamics enter
as fixed contributions, and the resulting reduced system describes the long-term behavior of the
human population. This procedure allows us to characterize the equilibria of the complete system

by combining the steady states of mosquitoes with the corresponding human dynamics.

The equations are

ds;, 5

— = N = BTy + 1) Sn = (s + 1) S M
dl N

cTth = B¢ 4 Lo)Sh — (9 + )1 2)
dR

dth = Sy + ndn — pn Ry, )

where 3y = 8, = fand 3 = £

Nh,.

The human population is modeled so that it remains constant — birth replaces mortality, i.e.:
Sp+I+R,=N,, N,eR = Th 4 Zh 4 & =,

Ny, — B(If + 1,,)Sn — (un + vi)Sh + B(If + L,)Sh — (v + ) In + v S + v ln — n R

= Ny — Sy — pindy, — pn Ry, = pn (S + I, + Ry,) — pn (S, + I, + R,) = 0.

Thus, we can consider only two equations (e.g., (1) and (2)), since we can obtain R, as i), =
N, — (S, + 1).

Proposition A.2.1. The trivial equilibrium point for the human population is given by
E{;:( tin N ,0).
M =+ Vh
Proof A.2.1. Ej* = (0,0,0,0), for the mosquitoes, such that equations are written as
ds,,

dt

= up Ny, — (pn +v3,) S, =0 (1A)
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— N,
— g, = HniVp,
fon + Vh
dl
dith = (W + ) I =0 (2A)
Indeed,
dl, 1 1
%:_(’Vh‘i‘/ih)jh<:> Td[h:_<'7h+,uh)dt<:>/7djh:/_<7h+,uh>dt
h h

= || = —(y+ ) t+C, CER = I, = e nFumlt €

Let e¢ = I, then

I,(t) = I, e"Ontin)t . exponential decay

. I, = 0 is indeed a fixed point.
Therefore, the trivial equilibrium point for the human population is given by

E{;:( Hn ,o).
My + Vh

Proposition A.2.2. The trivial equilibrium point for the human population E} is locally asymp-

]

totically stable, everytime that it exists, which means when condition related to mosquitoes

population holds true (Q; < 1).

Proof A.2.2. To analyze its stability, we define the functions:

Fy(Sy, In, Ry) = pn Ny — (pn + v4)Sh
F5(Sh, In, Ry) = — (v + pn)1n

The Jacobian matrix is given by:

OF OF
;- [ ] _ [—mhm) 0
B ) 2 OFy | 0 .
asy, aly, (’yh + ,uh)

Since the matrix is lower triangular, its eigenvalues are on the main diagonal.
M= —(pn+ ), A=+ pn), As=—p

As all eigenvalues are real and negative, we conclude that the equilibrium point £ is locally

asymptotically stable.

]
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Proposition A.2.3. The equilbrium point for the human population in a scenario representing

_w)_
By

Proof A.2.3. Our analysis with respect to the mosquito subsystem shows that the corresponding

the extinction of Wolbachia infected mosquitoes is given by:

BlH(Qf)

o(yn + )

Eh — (U[Nf('Vh + fn) + ﬁfuh]\fh] =
A T )
B18In(Qy) + o (pn + va)]

equilibrium point, representing the Wolbachia extinction regime, is given by

Ef:(w Q) Bl Q) ’070)
T pp+ By Iy T pp+ By I

We substitute the steady-state values on the human population differential equations, obtaining

the two-dimensional system:

ds (B, I, In
cTh = Ny — B | = (gf) Sh = (b + n)Sh (1B)
t o :uf + Bf ]h
dl, (B, I, In
dih =4 - (gf) Sp— (v + n) I, (2B)
t o 2% + 5}” Ih
from Equation (2B):
— (B, In - — —|BB8 In -
0=1, L (gf)i h (Wh + Mh) = 1p L (gf)i Sy — (’Yh, + ,Uh,)
g /J’f+ﬁj'[h o /J/f—i_ﬁflh
I,=0 €y
— = . n -
ﬁiﬂ& Sh — (’Yh + Nh) =0 (11)
pgtBy I,
(i) I, = 0 into Equation (1B):
— N,
0= pn Ny — (pn +11,) S, = S = Hn i )
Ky + Vn
. .. 1ol s h wp Ny
which take us back to trivial equilibria £ = (ﬁ ) O).
On the other side, manipulating the expression (ii), we have:
S 8, I, 3,51 - __ BBl
o :U(WAH—M) PN + 04 _ B, 8 In(Qy) s 43,5 =5, B, 6 In(Qy)
py+ B0 B, 8 In(Qy) Sh o(Yn + pn) o (Y + in)

— = Bl
=5, ————~= —= (**
o(m+m) B, ™

)
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(ii) into Equation (1B):

: A (S B m(Qy) J‘f) ( DO\ ),

h = = .
o(Yn + Hn) By) (2 B(f iln(cjf))
a ’yh /Lh

The expression in square parenthesis can be rewritten as:

B, " BIn(Qy) By In(Qy) _ B, In(Q) - _ 158, o (Y + 1)
o " o(yn + pn) Bf (Shﬁ(f B 1“(?f)> o?(y + pn) " o ng B
U(%j i) By In(Qy) o _ U(%j i) 1145, _ S In(Qy) (o + i)
S, B8 ntm) " SBF B0 o 5. B,
Thus,
BI(Qs) s (yn + p1n) T
O—NhNh_ |: o - ng Sh_(ﬂh—i_yh)s
N, — BIn(Qy) T4 Mf('WL:"‘ fn) (o + 1)
o B,
= _57}L 61n(5—Qf) + (luh + Vh) + qu(ﬁ)/h:—i_ Iuh) + //JhNh
f
e 3 léln(Qf) + o + v) _ fg (Yn + Mh:) + EfuhNh
o 3,
g - Slrln ) + B 1N
Byl (Qy) + o (pn + v)]
Such that
7, =75, Bln<Qf) M E[Mf(% + ) +EfuhNh] Bln(Qf) _ Ky
o(Yn + ) B, Bf[ﬁ I (Q;) 4 o, +vn)] |0+ 1n) B,
And finally,
Ny=Sy+ 1+ Ry < Ry =N, — (S, + I,)
PRI Nh—{a[’uf(% + p1n) + B Ni] + {U[Mf(% + ) + ByunNa] | BIn(Qy) ] _,Uf}‘
B BIM(Qs) + o+ )] | By [BI(Qy) + o (pn +va)] [0 + 1n) By
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Therefore, we calculated the equilbrium point for the human population in a scenario representing

_W)_
By

Proposition A.2.4. The human equilibrium point representing the Wolbachia extinction regime,
E*, exists if, and only if, Q; > 1, = exp {”f 7 Hon) O Hiin) }, due to biological viability

the extinction of Wolbachia infected mosquitoes as:

Bln(Qf)

o(yn + )

E}L — ( O-[lj’f(IYh + ,uh) + Ef,uhNh] Sf

“\B Q) + o + )]

]

BBf upNp
condition.
Proof A.2.4.
I} >0 =
o é In(Qs) | By _ g [Mf(%-i-/ih) +Ef ,UhNh} & In(Qs) | B g
ot )] By By [B(Qp) +o(m + )| ) [oOn )] B,
{U [Nf(% + fin) + Ef MhNh} } B In(Qy) 1y
By [Bm(@Qs) + ol +m)] | [olm+m)] "~ B,

Bln<Qf) {Nf(% + Mh) + Ef /thNh} > Nf(% + ,uh) [B hl(Qf) + U(Mh + Vh)}

Bln(Qfo(% + pn) + Bln(Qf>§f pn Ny > [NfBIH(Qf> + MfU(,uh + Vh)} (Y + fin)

BI(Q )y (i + ) + BI(Q) By Ny — e BI(Qy) > prsor(pin + ) (e + i)
BI(Qy) |1y (0 + 1) + By 1 No = (o + )| > 1150 (o 02) (0 + 410
BIn(Q;) (B unNa) > 1170 (ptn + i) (9 + pin)

BI(Qs) (B 1tnN) > ot + v) (v + 11a)

BIH(QJ‘)(EJC pnNw) > o (i + vi) (Y + )

n(Q,) > Mf"(/vbiii i) (Y + )
") 5B, mN,
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0, > exp 4 Pl £ 1) + 1) } =
f €xp { ﬁ 5f Hthh '

Qs > 1,: biological viability.
O]

Proposition A.2.5. The equilbrium point for the human population, considering Wolbachia-
infected mosquitoes extinction is locally asymptotically stable whenever (), > 1, or conversely,
R’ > 1, for the defined threshold quantities, given by

fr0 (i + Vi) (Y + pn) s 3 By In(Qy) pn Ny
=ex — R = .
Vs =oxp { B B Ny } toy o (Y + fin) (i + )

Proof A.2.5. We calculated the equilibrium point £ ;: as:

Eh — (U[/ﬁf(% + pn) + ﬁhoNh] g BIn(Q;) _ ,uf)
"B BW@) + ol )T [otntm)| B,
We shall define the quantities:
] / f BE ln Q
g(l) = —%—, g(L) = —" &ZM.
s+ Bl (15 + B 1) o
ory oF, .
S, = —ag(ly) — (pn + ), al, = —ag' (1) S,
or, or, B
S, ag(lr), al, ag (1) Sn— (9 + ttn)
—ag(ly) — (pn +va) —ag'(In) Sy
J(Sp, 1) =
ag(ly) ag' (1) Sh— (9 + fn)

Using equilibrium conditions, we might rewrite the matrix as:

(Yn + )Ly oy (v + pn)?

e (Y + ) I} 1y (Y + i)’
T Oé—SZ - (7h + ,uh)
1 + 1 2 LN
tr(J) = w(v;szuz) - M’S;h — (v + ),

det(J) = T ;}uh (MhNh (At Vh)lg(% + Mh)) .
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Hence, equilibrium point is LAS if tr(J) < 0 and det(J) > 0.

The local stability of the equilibrium point E;} will be established through the analysis of its
Jacobian matrix. Accordingly, we shall divide Proposition A.2.5 into two auxiliary propositions:
the first one aims to demonstrate that det(./) > 0 (Proposition A.2.5.1), and the second to show
that tr(J) < 0 (Proposition A.2.5.2).

O

Proposition A.2.5.1. The determinant is strictly positive (det(./) > 0) if, and only if, Q; > 9,
or conversely, R/ > 1 (Necessary Condition).

Proof A.2.5.1.
det(J) >0 =

Vh +*uh </th N, — (k= v )y (v + m)) >0
Sk «a

(Mh + Vh)luf (,yh + luh)
(6]

<~ up N, >

oo PrOm ) + )

tn Ny,

Bﬁf In(Qy) - fs (i + i) (Y + pin)

o A (R)
n(Q frro (pn + Vi) (Y + fin)
B A
Q> o (pn 4+ vn) (v + ) } -
T { BB, i, f

And also, condition (R) holds that

BAEf In(Qy) pn Ny,

> 1
top o (Y + ) (e + o)

from where we can determine

BE (Q)/’l’hNh

R = .
g o (v + ) (pen + vi)
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codet(J) >0+ Q; >y < R > 1.

O

Proposition A.2.5.2. Considering a strictly negative trace (tr(.J) < 0), the conditions are the same
as the conditions that satisfies det(.J) > 0, i.e., Q; > ¥, & R’/ > 1 (Sufficient Condition).

Proof A.2.5.2. From Equation (2B):

ozﬁ(lehﬂ%))Sw%%+wwh=aﬂhﬁw%%+ﬂﬂh
o 1253 + Bf Ih
ag(1,)S, = (v + )l (%)

I,
ai}zsh = (v + pn) 1
My +5flh

aS, = (v + ) (g + B, 1)

= CYSh
+ B =
o+ Bl (9 + an)

Substituing (*) and () into (I):

(B, I, 1
0= N, —p (5f i n(gf) ) Sh — (Mh, + Vh)Sh = N, — ag<]h)SIz - (Mh + Vh)Sh
g ,Uf‘i_ﬁf Ih

oS,
Ny = (W + ) In + (e +v1)Sh = (W + pn) § i

Bf (’Yh + ﬂh) 5]"

Sy, — (Y + fin)

By

pn Ny =

+ (o + v1)Sh

Ef/’l’hNh = Sy — pry(Yn + tn) + B (o 4 v3) Sh

aSy, + Ef(:uh + 3) S = Ef“hNh (o n)
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Sh [04 + Ef(“h + Vh)} = EthNh + (v + pn)

By No + s (yn + 1)
{O[ + Ef(,uh + Vh)}

S, = (% * %)

and

_@ Ef:uhNh + ps(yn + Mh)]
o+ By (n + )]

Now, back to the determinant det(.J)

det(J) = %;';Mh []MI;Nh _ (pn + Vh)l;f(% + Mh)]

det(.J) sign depends on square brackets terms

N, < fs (Y =+ pn) (. + V) o< f (Y =+ pn) (. + )

«Q A

= det(J) <0

ps (v =+ i) (o + vn) o = Hr () G+ 1)

[T o i, = det(J) =0 (%)
N, > pr o+ ) (o vn) 1 +Mh])v(,uh ) det(J) > 0
« HpiVp,

We might evaluate expressions (* * %) and (* * **) under (%) condition.

(xx%) S, = Byt No+ ps (v + pin) ﬁfﬂhNhJFMf(%-FMh
h = — =

)
0t B tm)] BT G4

ppNp

unNuBy 4 g (it ) L1+ 110) + 1N B,
(o + ) |:#f("/h+#h)+ﬂhNth:| (in + i) {,uf(”yh + pn) + ﬂhNth]

wpNp

pn Ny,
Mn + VU

=S

and
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(r) o - [t )] (s

i N, ﬂh‘f‘Vh) s+ pn)

Now, back to the trace ¢r(.J), also evaluated under x condition

_ (v + pn)* Ny

tr(J) as; S;

— (o + ) =

tg(Yn =+ fin)” Ny
a* Sy St

tre(J) = — (9 + ) =

oy (W + pn)®  pNa B B B
frr (Y + pin) ( #hNR ) (Vn 1) = (v + ) = (o + i) = (Y + 1)

;Lh-‘rl/h

= _(,Uh + I/h) < 0.

Remembering that x condition is

Oé*: ﬂf(7h+uh)(uh+yh) — det(J)ZO

N’hNh

Hence,

(I) a<a* = det(J) <0

for any o < o*, E}? is a saddle point.

(II) a=a" = det(J)=0 and tr(J)<0

for a = a*, B} is LAS.
(II1) a > a* = det(J) >0

S, — EthNhj' tog(h =+ pn)
/ [Oé + B (kn + Vh)}

is decreasing with «

and



Appendix A. Formal Mathematical Statements — Complete Statements of Results and Proofs 77

o @thNh + iy (yn + /th)}

asS, = = is increasing with «.
@+ B, ( + )|
Hence,
. 2 N,
tr(J) = il )" b (vn + pn) is decreasing with «.
aSs S
One could have noticed that ¢r(.J) evaluated at o« = o*, tr*(J) = —(pu, + v1,) < 0 is negative

and tr(J) < 0 for any o > ™.

Therefore, for any a > a*, det(/J) > 0 and ¢r(.J) < 0, showing that the equilibrium point £} is
locally asymptotically stable.

At last, we have proved that that same conditions that satisfies det(.J) > 0 also satisfies tr(J) < 0.

Therefore, EJ’} is locally asymptotically stable if, and only if, Q; > ¢; <= R’ > 1,

i olup+ + BBy N
with 1/;f = exp {#f (#Ah: vp)(Yh #h)} and Rf — By In(Qf) pp Ny, .
BBy Ny wp o (vptup) (Bptvp)

O

Proposition A.2.6. The human population equilibrium under Wolbachia extinction equilibrium
point is locally asymptotically stable if R/ > 1, and unstable if Rf < 1.

Proof A.2.6. The following subsystem represents human population under Wolbachia extinction

ASu _ N4 (ﬁff,L In(Q;)

) Sy — (pn + vn)Sh,

dt - 7 ppt Efjh
dl, ~ (B, In
dt} =5 - (Q:f) Sh— (Y + ) L.
o Ky + 6f]h
One particular solution is the disease-free equilibrium (DFE)
hDFE _ /’l’hNh ’ [}?FE _ 0
Mn + Vp

New infection and transition terms:

F(Sp, 1)) = BS}L I (@IH(QJC)) ) V(1) = (v + pn) I
g Ky + /BfIh

Linearization at the DFE:

oF

vy _ A SDFEEf ln(Qf) ov
oI,

= , -— =, + .
orE h o1 al, Vn T Hn

DFE
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We use the next generation operator:

K=FV
Yields the epidemiological threshold:
o) = DSEBMQ) PN B g
Vot tn O py (ko +vn) (O + ) 0 py

R/ <1 = DFE is stable equilibrium.

Therefore, human population equilibrium under Wolbachia extinction equilibrium point is locally
asymptotically stable if R/ > 1, and unstable if R/ < 1.

]

Proposition A.2.7. The equilibrium point corresponding to the human dynamics in a scenario

of wild and Wolbachia-infected mosquito coexistence is given by E" = (S;, I;), with

B —b + b? — 4dac

L 2a

5o — pnNe (i) I

(tn +vn) (o + )

With the coefficients a, b and c of the quadratic expression in I} given by:

8.5, n(Qu) N B, 5, (1 + 1)

a

Y

a g
p — (it ) Bty +1By) | Bty m(Qu) | M(uaBs = p14B,) BB, 0(Qu) N
6 o 2n o Vo
_ Gt v)pony BN [ Bup0(@Qu) | M(uB; — p14B)
B Vn + o 2n

Proof A.2.7. Equilibrium points for the mosquitoes populations are given by

B, =(St, S5 07, I7) and E_ = (S;7,S5,1;,1;)

w?f?w w?f?w

such that equations are rewritten as:

dS:
dt

= ppN), — B(Ifi +1;)Sh — (g + 1) Sh

dl }:Lt AT+ +
o B+ 1;)Sh — (yn + ) Ly
For now, let us streamline the notation, keeping in mind that these calculations apply to both

coexistence equilibria /7, and £'_.
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We might start by manipulating the expression (/;+1,,). We have defined the constants ', = g Z’Jh
_ B . — _ In(Quw) _ Sty
and C, = o and also the relations /; = C5S; and S, = 2Ot~ oD Thus,

1 1

n(Q.)  S;(1+ @))]

1
= I+ 1, =—In(Qu) - [5f+ <0(01+1) (Ci+1)

= o(C+1)(I; +1,) = (C, + 1) In(Q.,,) — o(C1 + 1)S; — In(Q,,) + o(Cy + 1)5;

=In(Q,)[(C1+1) = 1]+ S;[o(Cy+1) —a(Cy+1)] = CiIn(Q,,) + 05;[(Co+1) — (C, + 1)]
— o(C,+1)(I;+1,) =CiIn(Q,) +05;(Cy — C)

CiIn(Q,) +0(Cy —C)Sy  CiIn(Q.)  (Co—C1)S;
o(C,+1) - o(CL+1) (Cy+1)

> If+]w:

Substituing the values of the constants C'; and C’,:

G-B)als smeun w[(3-E)s]

Ii+1, = —"= = = =
poo (2 1) (Begn) o@uhtm)  (Budit i)
3, n(Q,),  THw [(i-@) Sf} I
— o(I; +1,) = Ze—ewlh | e
(ﬁw [h+/l’w> (ﬁw Ih—i_:uw)

S In(@Qu) + oy (7 )

=l

B 1n(Qu) + opuSy (2 - 2x)

nf Hw

o(B, I + 1) - (B I + fiu)

— If+l1u - Ih,

S [ e et

MfO'(Ew Ih + Mw)

After some manipulations, we can rewrite this expression in the following form:

]f +] _ ]} [,ufﬂw ln(Qw) +J‘S’f(ﬂw§f _:ufﬁw)] ‘

/’l’fo-(Ew Ih + Mw)
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But there is a problem, due to the fact that S} is a function of the infected human population /,,,
ie.: Sf = g(-[h)

(s ()

zn[14—5f%/<24—ﬂf%)]
" “

2

. Eflh Eflh Qu, f
4n {1—1— i <2+ I )} o; M2

So we might rewrite it, in order the remove [, from the square root. After some manipulations,

we can rewrite this expression as:

M{(Qc—l)i\/(Qc_l)Q_Zln%}fJ
2n<ﬁQf<+1> '

We might already simplify it by setting M = M [(Qc - 1)+ \/(Qc —1)2 —4p %”J;J"J.

53 =

And now, substituing the new S; expression into (I; + I,,):

@ ln(Qw) + 7M (:uw Ef _Bf gw) } .
U(Bw Ih + ;uw) 277 (Bw ]h + Mw)(gf Ih + :uf)

G+h—h{

Hence, equations can be written as:

dS A 8 1 w M w: - :w
7; = pp Ny 5—%{ ﬂ:w n(Qu) + = w Bf ﬁfﬁ ) }Sh_ (#tn + Vi) Sk
(Bt + ) 2008, In + 1) (B 1n + fif)
dl, - B, In(Q,, M (B, — B,
dth:ﬂlh{ ﬁ:w H<Q ) + = (M ﬁf ﬁfﬁ ) }Sh—(’}/h‘i‘,uh)[h
U(5w11L+N11)) 277(5w]h+,uw)(6f]h+,uf)
Let’s define . _ _
7 MT. — 3
O-</8w[h+:uw) 27](6111]h+1uw)(/6f]-h+1uf>
At last, equations are rewritten as:
dSh A
7t = up N, — B I,G(1,,)Sn — (fun + Vi) Sh (10)
dl, A
B 1,G(1n)Sh — (v + ) I (20)

dt
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From Equation (2C):
(i) I, =0

0= BLG(I1)Sh — (v + )L = . _
(iil) BG(1n)Sh — (vn + ) =0

5 - - (’Yh + ,Uh>
G(1,)S, = (v, + == S5, =—— iii
B (}) h (% Mh) h 5G(Ih) (iii)
(iii) into Equation (1C):
0= pupN, — B L,G(I1,)Sy, — (i + v4)Sh
- - +
(pn + 1) Sy = Ny — B 1,G(1,) [M]
(pon + V) Sh = Ny — L(yn + f1n)
— pn N, [h(’Yh + ,Uh) .
S = — iv
" (i + ) (pon + vn) )
Comparing (iii) and (iv):
(v + 1) _ i N}, B Ly (yn + )
BG(];L) (pon + ) (pen + vi)
(Yn + in) _ B [ paNy Iy (vn + )
G(I,) (n+vn) (i + )
_ (Y + fin) (v ) (s o)
Gl) = = 1Ny, opten)] 4
B [(#hJFVh)  (uptvp) } Bl N = O+ ) 1]
L+ 1
G(I,) = (10 " Vi) T (v)
B e~
Comparing (i) and (v):
Bun(@Q,) | MGuBy-pB) () 1
o(Byln + pw) 208, 1n + Nw)(ﬁffh + py) g (%) —1I

We shall define

1 M8, — psB N,
b — B, H(Qw)7 by — (1B Mfﬁw)7 ky = (pn f Vh)7 and K, — ( JA ) '
o 2n Vn T+ M
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Such that
kl k2 k?’

3 3 3 -,
(/611)[h+luw) (ﬁwlh—i_/l‘w)(/ﬁf[h—i_luf) 4Tk

ko ks =
kl + = = (Bw-[h + ,wa)
(Bl + pig) ks — I

- ko = -
kv (Bydn + py) + ky = 2 - 7 (Budn + 1) (B In + py)
4 — 4n

s (B, I + g) + ko] (s = 1) = k(BT + ) (B 1+ o)

[klﬁf]h + Ky + kz] (ks — 1) = k(B I + t) (B L + pus)
Now, let’s define A, = l{:ﬁf and By = kypt; + ko, such that

[Aol), + Bo) (ky — 1)) = k3(B, 11 + Mw)(ﬁflh + 1ig)

AoLyks + Boky — AoI; — Boly = ks (Ewﬁfl}? + Ef[hﬂw + wahﬂf + Mfﬂw)

Aolyky + Boky — AOIEL — Bol), = ks Ewﬁfﬁ + (Ef:uw + Ewﬂ’f)[h + ﬂfﬂw}

= Aolyky + Boky — Aol — Bol), — ks @wgf-[}? + (Ef,uw + Ewﬂf)jh + Mfﬂw] =0

(—Ao = BuBks) I} + [Aoks — By — (Bt + Buotts ks I+ Boka — jugpsks

(Ao + BuBks) I + [ Bo + (Bt + Bootig ks — Aoka| I + s ks — Boks
which is a quadratic expression in [;,, with coefficients:
a = AO + Eu;gfkfﬁ?

b= B, + (Ef:uw + Ewﬂ'f)k?) — Aok,

¢ = spoks — Boky.

We might rewrite the coefficients in their original form:
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b:

(fn + Vh)(gw/if + Mw?f)jLEwa lﬂ(Qw)_i_M(MwEf - Mfﬁw) _Eu, Ef In(Q.) ( pn N}, >
B o 2n o Yot pin )

(n +vi) po by pnNw | Bty In(Qu) + M(pB; — psB,,)
6 Y+ o 27

CcC =
Finally, we calculated the equilbrium point (S}, I;"), given by:

Ny, (% + /~Lh)

—b + Vb% — 4dac
= , S, = — Ir.

2a (,uh + l/h) (,uh + l/h>

h

Our analysis of the human dynamics under the mosquito coexistence regime is restricted to the
locally asymptotically stable steady state £, = E_. Accordingly, we set M = M~ and define the

corresponding human equilibrium as E" = (S;, Ir), with

- —b+ Y b? — 4ac ge ,U/hNh Y + Mn
= , y = —

[C
" 2a Hn +Vh  fp+ Vg

Iy
This pair represents the steady-state solution of the human subsystem corresponding to the
coexistence regime between Wolbachia-infected and wild mosquitoes.

]
Proposition A.2.8. The signs of the coefficients b and ¢ determine the number of positive roots
of the quadratic equilibrium equation for /;. In particular, the sign changes of b and c occur at

the thresholds v, and 1., respectively, obtained by solving b = 0 and ¢ = 0 for Ew. Moreover,

the following positivity regions hold:
(I) ¢ <0 = the quadratic equation for /; has exactly one positive root, for any b.

(II) ¢ =0 = the quadratic equation for /; has exactly one positive root if, and only if,
b<0.

(I1I) ¢>0 = the quadratic equation for /; has two positive roots if, and only if, b < 0 and
A =0 —4ac > 0.

Proof A.2.8. Recall that the quadratic coefficient c can be written as

(n +vi) oty N (B n(Qu) | M~ = =
B _7h+/ih ( o + 2n ('uwﬁf_'ufﬁw)) '
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Expanding the terms in Ew, we obtain

+ w N, M~ = | w M—\=
C:(Mh me My HadVh [ 1 By + 1 <H(Q)_>5w],
g Yo+ bn | 27 o 2n

Assuming 2@uw) £ M_ solying ¢ = 0 for E ields the threshold value ., given b
g, 2 g w Y g y

0 s (20 5 (0 + 1) (o + 1) = B Ny, M~ B, |

Ve = = :
B inNu g (20 In(Qo) — o M~
Since c depends linearly on Ew with slope proportional to (]‘g—; — @) , the sign regions are

determined as follows:

If In(Q.,) - M-

, §w>w0=>c<0, Ew:@bcéc:o, Ew<wc:>c>0,

o 2n
1 M- = - =
i M) A S s s s 0 Bumtim =0, By <u s e <0
g n

Similarly, the coefficient b is given by

o (pen + ) (Ewﬂf +:uw§f) Ew py In(Q,) M- = 3 _5w§f In(Qu) pnN,
b= 3 + = o (HwBy—HsB.,) . et

Collecting the constant terms and the terms in Ew, we rewrite b as

3 Hh + Vp, M~ 27 + Up, 1D(Qw) M~ :uhNh, 3 1n(Qw) -
b= ~ ~ — — )
Mwﬁf( 5 2n>+luf< T ) e |

Assuming

" (uh Tuh N In(Q,) B M‘) B Ny = In(Q.,) 40,

B o 2 ) wtm o

solving b = 0 for Ew defines the threshold value v/, namely

o Ef o (Y + fn) [277(,% + ) + 3 Mﬁ}
277351” finNw In(Qu) =+ prp (Y + pin) [BUM_ —2n0o(un +vin) — 2n 3 ln(Qw)} '

wb:

Since b depends linearly on E with slope given by

pn v, In(Q,) M- N, = In(Q,)
,uf N + - - f )
B o 2n

Vn T+ M o
the sign regions are determined by the following two cases:

It i, (uh —i: vy, N In(Q,) M‘) 1n Ny, Ef In(Q,) >0,

_'Yh‘f‘Mh o

I6; o 2n

B, >y =b>0, B,=ty=b=0, B, <t =b<0,
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<0
o 2n ! ’

| w M- N, =1 w
If ,Uh‘i:Vh " n(Q.,) B _ HadVn n(Q.)
Yn + Un o

§w>¢)b:>b<0, Ew:m;»b:o, §w<¢b:>b>0.

Finally, we characterize the positivity regions for /;. By Descartes’ rule of signs, the number of

positive roots of the quadratic equation for I; is determined by the signs of b and c. Accordingly:

(I) ¢ < 0 = two real roots with opposite signs, hence exactly one positive root, for any b;
() ¢ =0 =roots are 0 and —b/a, thus exactly one positive root if, and only if, b < 0;

(IT) ¢ > 0 = two positive roots if, and only if, b < 0 and A = b* — 4ac > 0.

Therefore, once the signs of the coefficients b and c are determined, considering the thresholds

1y, and 1., the number of positive roots of I; follows from the three regions defined above.

]

Proposition A.2.9. For the biologically relevant parameter sets, present on Table 3, representing
distinct varieties of Wolbachia bacterium, the discriminant satisfies A(3,,) > 0. Moreover, the
system lies in region (I), and therefore the quadratic equation defining /; admits exactly one

positive root.

Proof A.2.9. First, we write the discriminant of the quadratic expression I; as a function of the

human-Wolbachia mosquito transmission rate, A(/3,, ). For brevity, define the quantities
M~ uhNh

1 ,
k= —, A o= , (= n(Q“’).
2n Yn + U o

Then we rewrite the coefficients a, b, and c as functions of the transmission parameter Bw. First,

o(3,)=75.7, (e+ “hg”h).

Moreover, collecting the terms in ﬁw, we write

b(?w) =by+b Ew’ C(?w) =Cy+ Ewa

where

bo =t B, (ththrk), by = 1y (“h"g”hw—k) ~4B,¢,

and
(o + V) oo f s

_ﬁk:uwgfv Clzﬁﬂf(k’—ﬁ)

Co

The discriminant is defined as

A(B,) = b(B,)* - 4a(B,,) c(B,)-
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Substituting the expressions for a, b, and ¢, we obtain

AG) = (bt 05 =4 55, ¢+ 25| (@ aF)

—2 —
= A, B, + A B, + Ao,

with coefficients

2
=2, +v, M~
AO:bgzﬂiﬂf<M’A h—|— ),

B 2n
— (In(Q,
A1:2bobl—4ﬁf<n(f )+”h;f””>co,
Agzbf—élﬁf (ln(gw) +thl/h>cl‘

Iy + Uy M‘) [ﬂf </Lh—i—Vh N n(Qu) M‘) D 3 ln(Qw)]

B o 2n Yo+ T o

= <1H(Qw) Un +Vh) l(,uh, iz B Ny, M~ u 1
o B B Yo+ pn 2 0 ’

and

+ v In(@,, M- N,
AQZ[Nf(MhA h+ (Q )_ >_ Hn
Yn +

3 (hl(Qw) Lt nyh> [ 11Ny, " (M— - ln(Qw)ﬂ .

Yn + Un 2n o

B

g

1n<@w>r

One can observe that the discriminant A(/3,,) is written as quadratic polynomial, given by

A(Ew) = Azﬁi + Alﬁw + Ap.

Considering the parameter set representing the biological features of the wMel Wolbachia strain,

presented on Table 3, we obtain
Ay =2.1521x107% >0 = A, = bg > 0, A, = 0.0696 > 0, A, =571.9730 > 0,

and

1 M~
MQuw) _ 411207 > 5 = 146.2536.

o Ui

Highlighting the admissible domain for the transmission parameter, 3, € [0, c0), we present a

direct demonstration that the discriminant is strictly positive, that is, A(3,) > 0. Recall that

2

P+ U M_> > 0.

A(Ew) = A, Ei + A Ew + Ao, Ay = 6(2) = l,uw Ef < B + o0
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Since A, > 0 and A, > 0, for all Ew > (0 we have
d — —
— [AB,)] =24,8, + A > A, >0,
g,

so A is nondecreasing on [0, c0). Consequently,
A<Ew) Z A<0) = AO = b(z) > 07 v%w Z O

Therefore,

A(B,) >0 for every admissible 3, > 0,

and the quadratic equilibrium expression /;, admits two real and distinct roots for all admissible

values of the human—Wolbachia transmission rate (3,,.
Moreover, for the same parameter set,

_ Py

=l

=10"" >, =33041 x 107® = <0,

showing that the system lies in region (I), and the quadratic expression in I; has exactly one

positive root.

Thus, we have proved that the quadratic equation for /; has two real roots of opposite signs, and
therefore admits exactly one positive root. The same pattern was observed when considering
the biologically relevant parameter sets presented on Table 3, representing distinct variety of

Wolbachia bacterium.

O

Proposition A.2.10. The human population equilibrium under mosquito coexistence conditions
is locally asymptotically stable if R > 1, and unstable if k¢ < 1.

Proof A.2.10. The following subsystem corresponds to human population under mosquito coe-

xistence regime.

dS A

dith = up Ny — B 1, G(1,) S, — (pn + v1,)Sh,

dl, -

dt =31, G(Ih) Sy — (’Yh + Mh)ffn

with G(1,) = —e0(@e) CTRIED
0w + Bouln) 20w + By In) (g + B, 10)
}LDFE o N, ’ ]hDFE —0
Un + Vg

F(S,, 1) = S, I, G(I,), V(L) = (9 + ) L.
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oF A oV
e () M A IOV
8 ]h DFE 6 h ( ) a Ih DFE Vi Hr
B 1 M wﬁ - Ew
G(O) _ /Bw n(Qw) + (’u f Hy )
O [ 277 oy H'f

oOF oV
F = , = , K=FV.

Ol lpre Ol pee

BSPTE G (0) B N, B,(Qu) | M(puB; — psP)
Vo + fin (n + )0+ p0) | 0 p 21 fhao g

Therefore, Disease-free Equilibrium is LAS <= R, < 1, and conversely, DFE is unstable

<= R, > 1 and henceforth the human population equilibrium under mosquito coexistence

conditions is locally asymptotically stable if 2° > 1, and unstable if R < 1. Moreover, we can

conclude that E_ equilibrium point is LAS whenever R° > max {1, R'}.

]
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