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Abstract

The Zika virus, characterized by its complex transmission dynamics, poses a significant public health challenge.
This study presents a novel mathematical model employing Caputo fractional derivatives to capture the intricate
dynamics of the transmission of Zika virus between human and vector populations. Whereas the vector population is
split into susceptible, exposed, and infected groups, the human population is classified into susceptible, exposed,
asymptomatic, symptomatic, and recovered people. Our model incorporates fractional-order dynamics to better
account for memory effects and historical data, which are often overlooked in classical models. Positivity and
boundedness analyses verify the validity of the model, guaranteeing that all state variables are bounded and non-
negative throughout time. Furthermore, the Banach contraction mapping theorem is used to prove the solution's
existence and uniqueness. The next-generation matrix approach is used to obtain the fundamental reproduction

number (R,), which sheds light on the prerequisites for both disease persistence and outbreak. Numerical

simulations illustrate the model's dynamics, revealing the impact of fractional orders on disease spread. Optimal
control strategies, including vaccination, treatment, and environmental management, are integrated into the model to
assess their effectiveness in mitigating the virus's transmission. The simulations demonstrate that optimal control
measures significantly lower the number of infected individuals in both human as well as vector populations,
although the complexities of vector management highlight the need for careful calibration of interventions. Our
findings underscore the enhanced descriptive power of fractional-order models in capturing the real-world
complexities of Zika virus transmission. This model offers a robust framework for public health officials to design
and implement more effective control strategies, ultimately contributing to better management of Zika virus
outbreaks and other vector-borne diseases.

Keywords: Zika Virus, Fractional Differential Equations, Epidemiological Modeling; Caputo Derivative; Optimal
Control Strategies

Introduction

The Zika virus, a member of the Flaviviridae family mostly spread by Aedes mosquitoes, has become a major
worldwide health issue because of its link to serious neurological problems and adverse pregnancy outcomes. This
introduction aims to give a comprehensive overview of Zika virus, including information on its epidemiology,
clinical signs and symptoms, complications, prevention strategies, and the World Health Organization’s (WHO) and
other stakeholders’ continuing response activities. The Zika virus was first discovered in the Ugandan Zika forest in
1947, but it was not well known until outbreaks in Micronesia in 2007 and French Polynesia in 2013-2014 brought
it to the attention of the world. But it was the 2015 Zika outbreak in Brazil that caused the most alarm, especially
since it was linked to a rise in cases of microcephaly in children whose mothers had contracted the virus while they
were pregnant. Aedes mosquitoes are the principal vectors of the Zika virus, with Aedes aegypti serving as the
primary vector for human transmission (De Araujo et al., 2022: Muso & Baud., 2019). Since these mosquitoes are
usually active throughout the day, there is a higher chance of becoming exposed. Furthermore, during pregnancy,
the Zika virus can also spread vertically from mother to foetus through intercourse, transfusions of blood, and
potentially organ transplants (Griffin, 2012). The ability of Zika virus to be transmitted through multiple routes
underscores the complexity of its control and prevention. Most individuals infected with Zika virus are
asymptomatic, and those who develop symptoms typically experience mild and self-limiting illness, including rash,
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fever, conjunctivitis, muscle and joint pain, malaise, and headache (Agusto et al., 2017; Andraud et al., 2012). The
greatest worry, though, is that a pregnant woman may contract the Zika virus, which could result in serious prenatal
defects like microcephaly and other neurological complications like adult Guillain-Barré syndrome. The World
Health Organization (WHO) announced a Public Health Emergency of International Concern (PHEIC) in February
2016 in response to the Zika virus's growing threat. This declaration underscored the urgent need for concerted
global effort to address the propagation of Zika virus and its associated complications (Gonzlez-Parra et al., 2020).
While the PHEIC was lifted in November of the same year, the ongoing transmission of Zika virus in various
regions, particularly in the Americas, underscores the continued importance of vigilance and response efforts.

Efforts to combat Zika virus are multifaceted and encompass both prevention and control strategies. Key among
these is vector control, which aims to lower the amount of mosquitoes and reduce human-mosquito interaction. This
involves measures including removing mosquito breeding grounds, applying insecticides, and putting in place
neighbourhood-based mosquito control programs. Insect repellents, long sleeves and sleeping under mosquito nets
are examples of private safety measures that are crucial in preventing mosquito bites and reducing the risk of Zika
virus transmission (Hayes, 2009; Grifin, 2012). In light of the possibility of sexual transmission of the Zika virus,
especially between expectant mothers and their partners, sexual health education and counselling are essential
components of prevention efforts. Recommendations include practising safer sex or abstinence, especially for those
who reside in or return from places where the Zika virus is currently transmitted. Pregnant women are advised to
seek medical attention for testing and counselling, while those planning pregnancy are encouraged to consider the
risks associated with the Zika virus and take appropriate precautions (Idowu & Loyinmi., 2023; Khan et al., 2019).
In addition to prevention, efforts to improve diagnostic capabilities and clinical management are essential for
addressing Zika virus infections effectively. Laboratory confirmation of Zika virus infection is necessary due to the
overlap in symptoms with other arboviral diseases, such as dengue and chikungunya. However, access to reliable
diagnostic tests remains limited in many regions, highlighting the need for increased investment in diagnostic
infrastructure and capacity building (Loyinmi et al., 2024; Loyinmi et al., 2021). Despite advances in understanding
the Zika virus, no vaccine or targeted antiviral therapy is presently available to treat Zika virus infection. Research
efforts are ongoing to develop vaccines and therapeutics, but significant challenges remain, including the complex
nature of the virus and the limited understanding of its pathogenesis.

The World Health Organization (WHO) has been at the forefront of organizing international efforts to prevent,
detect, and contain epidemics in response to the Zika virus threat. This includes supporting countries in surveillance,
laboratory testing, vector control, and clinical management. WHO has also issued guidelines and recommendations
for the prevention and control of the Zika virus, aimed at guiding national and international response efforts. The
Zika virus poses a complicated and dynamic public health threat that has consequences for the security of global
health and while progress has been made in understanding the virus and implementing control measures, continued
vigilance and investment are essential to prevent future outbreaks and mitigate the impact of Zika virus on
vulnerable populations. By addressing the multifaceted aspects of Zika virus transmission, clinical management, and
prevention, stakeholders may collaborate to mitigate the impact of this emerging infectious disease and safeguard
the health and welfare of people across the globe.

Efforts to develop a Zika virus vaccine have led to several promising approaches. One pioneering effort by the
National Institute of Allergy and Infectious Diseases’ (NIAID) Vaccine Research Center (VRC) involves a DNA -
based vaccine. This vaccine, similar to one developed for West Nile virus, uses a DNA segment to induce an
immune response. Initial Phase 1 trials began in August 2016, with an optimized version tested later that year. These
trials showed that the vaccine induced a neutralizing antibody response and was safe. A Phase 2 trial, VRC 705,
started in March 2017 to further assess safety, immunogenicity, and efficacy in preventing Zika infection (Yun &
Lee., 2017). Another promising approach is the purified inactivated Zika vaccine (ZPIV) developed by the Walter
Reed Army Institute of Research (WRAIR), which builds on strategies used for Japanese Encephalitis and dengue
vaccines (Loyinmi & Gbodogbe, 2024; Sikka et al., 2016). Phase 1 trials at multiple sites confirmed its safety and
immunogenicity. NIAID's Laboratory of Viral Diseases developed an investigational live attenuated vaccine,
rZIKV/D4A30-713, combining dengue and Zika virus genetic material. This candidate entered Phase 1 trials in
August 2018 and could potentially be combined with a dengue vaccine. Additionally, mRNA vaccines, being
evaluated in collaboration with GlaxoSmithKline and Moderna, offer rapid development and scalability. The
investigational AGS-v vaccine targets mosquito saliva proteins to prevent multiple mosquito-borne diseases. Lastly,
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a vaccine using vesicular stomatitis virus (VSV), successful in Ebola vaccines, is in the early development stages for
Zika.

Controlling the spread of Zika Virus (ZIKV) primarily hinges on managing the Aedes mosquito population, as these
mosquitoes are the primary vectors for transmission (Tesla et al., 2018; Padmanabhan et al., 2017). High-density
human populations, lack of immunity, virus mutations, and global warming all contribute to the propagation of
ZIKV. Despite various transmission modes, prioritizing mosquito control is crucial. Effective measures include
mechanical, biological, and chemical strategies to prevent mosquito breeding and reduce their population. Chemical
control, while effective, poses risks such as resistance and bioaccumulation, prompting a shift toward biopesticides
(Duffy et al., 2009; Bearcroft, 1956). Plant extracts and essential oils have shown promise in mosquito control.
Additionally, bacteria like Wolbachia pipientis can disrupt mosquito reproduction and reduce virus transmission.
Genetic engineering techniques, such as using siRNA to induce male sterility, offer another avenue for control.
Fungi and fish are also explored for their potential to control mosquito populations, though further research is
needed to ensure their viability and ecological safety. Given the absence of a commercial ZIKV vaccine, significant
advancements are being made in vaccine development. Several candidates are in the preclinical and clinical phases,
with transmission-blocking vaccines (TBVs) showing great promise (Loyinmi & Gbodogbe., 2024). These vaccines
prevent the spread of the virus from infected to naive individuals, potentially benefiting entire communities.
Utilizing fields like immune profiling, bioinformatics, and reverse immunology could accelerate the development of
effective and cost-efficient ZIKV vaccines (Idowu & Loyinmi., 2023; Khan & Atangana., 2020; Agbomola &
Loyinmi., 2022). Public education on mosquito-repelling herbal products, which are safe for all individuals
including pregnant women, is vital. Protecting health workers and ensuring safe blood and organ donations are also
critical (Krauer et al., 2017; Mehrjardi, 2017). Globalization and climate change have exacerbated the spread of
ZIKV, necessitating infrastructure improvements and effective public health strategies. Understanding all
transmission modes, educating pregnant women on travel risks, and enhancing epidemiological data are essential for
comprehensive control efforts. International cooperation and data sharing on mosquito control are crucial for global
ZIKV management, alongside rapid vaccine development to bring effective solutions to market.

Researchers across various scientific and engineering disciplines have recently shown a growing interest in utilizing
fractional differential equations for mathematical modelling, particularly in epidemiology (Loyinmi & ljaola., 2024;
Khan & Atangana., 2020; Rezapour et al., 2020). Fractional-order models offer unique advantages over classical
differential equations, mainly due to their ability to incorporate memory effects, a characteristic absent in classical
models. This property stems from the inherent features of fractional differential equations, which account for the
historical behaviour of a system, providing a more comprehensive understanding of dynamic processes. Fractional
differential equations have been increasingly employed to model both infectious and non-infectious diseases
(Loyinmi et al., 2024; Banuelos et al., 2019). One prominent example is the extensive research on Zika virus, where
fractional models have yielded significant insights. Studies using fractional-order models based on the Caputo
derivative have effectively captured the complex dynamics of Zika virus transmission and control measures.
Similarly, tuberculosis has been studied using fractional-order models that consider endogenous reactivation and
exogenous reinfections, providing a nuanced understanding of disease progression and recurrence. In the context of
HIV/AIDS, researchers have developed fractional-order epidemic models incorporating the Mittag-Leffler kernel.
This approach has facilitated the analysis of the disease's spread and the impact of various intervention strategies.
The flexibility and adaptability of fractional-order models have also been demonstrated in studies of other diseases,
showcasing their broad applicability and effectiveness. Contrastingly, classical differential equations, which rely on
integer-order derivatives, lack the ability to capture the memory and hereditary properties of complex systems.
While classical models have been instrumental in advancing epidemiological studies, they often fall short of
accurately representing the long-term dependencies and non-local behaviours observed in real-world scenarios
(Alfwan et al., 2023; Kibona & Yang., 2017). Fractional-order models bridge this gap by offering a more detailed
and accurate depiction of disease dynamics, accounting for past states and interactions over time. The increasing
application of fractional differential equations in epidemiology highlights their potential to enhance our
understanding of disease mechanisms and improve the effectiveness of control and prevention strategies. By
integrating memory effects and historical data, fractional-order models provide a powerful tool for researchers and
public health officials to address current and future challenges in disease modelling and management.

Our central aim is to delve into the intricate dynamics, efficacy of control strategies, and computational estimations
inherent in the fractional-order Zika virus model under scrutiny. Our inquiry begins by scrutinizing the model's
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positivity and constraining attributes through conventional mathematical analysis techniques. Following this, we
ascertain the fundamental reproduction number utilizing the next-generation matrix approach and assess the model's
asymptotic stability. Furthermore, employing an adaptive predictor-corrector algorithm alongside the fourth-order
Runge—Kutta (RK4) method, we conduct comprehensive numerical simulations, thereby validating the theoretical
insights across a broad spectrum of scenarios. This multifaceted approach ensures a robust examination of the
model's behaviour and underpins our understanding through rigorous computational analysis.

The theory of fractional calculus

In this section, we shall acquaint ourselves with the fundamental concepts and nomenclature of fractional calculus
theory, primed for its application in scrutinizing the infectious disease model at hand. Furthermore, its multifarious
utility spans a spectrum of scientific domains.

Definition 1. The fractional integral of Riemann-Liouville order ¢ with respect to a function f , denoted as
f :R" — R, is defined as:

Ly ”)
1“f(t) == | (t=n)" f(n)dn,
1ol
Definition 2. The Caputo derivative of a function g(t) over the interval [0, T] can be denoted as:
@
1 -
b _ k—a-1 | (k)
Dig(t)=———|(t- dn,
DY) = gyl )9

Where k = |77| +1 and |77| represents the integer part of 77 in [0, 1].
Definition 3. The Laplace transform of the Caputo derivative can be represented as:

m-1 ®)
L{*Drg(t)}=5°G(s)- Y " (0™
n=0
Definition 4. The Mittage-Liffler function Ea,a+ﬂ (Y) can be expressed as
1 (4)
Ea a+ (Y) =— 5t Y'Ea a+ (Y)
) e
Definition 5. The Laplace transform of the function 7 Ea,ﬂ (i ,Uta ) can be written has
S a—pf (5)
LIt/ E, (e )l ==—
«“r S“Fu
Where the two-parameter Mittage—Leffler function is E., (t) with o, 5> 0.
General Mean Value Theorem: Let g(t) < b[a,c]and ;Dég(ﬁ) € b[a, C] for 0 <o <1
Then g(t) is:
80) = 0@) + 1 DFOU (t-a) wherea s f<ar, Vare (ac) ©

Also, if ;Dsog(ao) >0,0, € (a,c), then 3 neighborhood N of «,, such that
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g(t) > g(a), vt e N.Otherwise if :Dgog(ao) <0,a, €(a,c), then I neighborhood N of ¢, such that
g(t)<g(a),vteN.

Model description and formulation

The Zika virus exhibits distinctive transmission dynamics, characterized by a comprehensive population structure
that is segmented into two separate cohorts: one dedicated to humans (Np), another to vectors population (Nv). The
human population is further divided based on individuals' infection status, including those vulnerable to the Zika
Virus (Sp), exposed individuals (Ep), exposed individuals that are not showing clinical symptoms (lap), exposed
individuals with clinical symptoms (Isp), symptomatic individuals undergoing treatment and those who have
successfully recovered (Rp) from the infection. The vector population is similarly classified into three categories:
vector susceptible to the zika virus (Sp) who have not been infected yet, exposed vector (Ev), and infected vector
(Iv) carrying the Zika virus. The flow chart of this model is illustrated in Error! Reference source not found.:

The force of infection for both human and vector populations are given as follows:

o
w," =61, +6,1,,+6,1,)5,
(24
o, = (94|sp +05|AP)SV
Table 1 provides detailed descriptions of the parameters governing transitions between these compartments within
the model, elucidating the Zika Virus transmission dynamics as well as the impact of interventions.

L e S —>H,

0 (m),r
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(1-»)p ¢u 5 M
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v v oo
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Figure 1. Diagram of the Zika Virus Model

The equation governing the Zika virus model of Caputo fractional derivatives can be expressed as follows:
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D{S, =@

Where, @

pa_(a)pa""upa)sp

*DYE, =0,"S, —(1-a“p* +a"y  +u," ,
D¢, =(-a E, —(-b" )57 +b7 g7+,
DI gy =y E b B — (e 1 48, s
DT =t (o 41, I

D{ Ry = (1=b )81 ot 0 Tep — 11, Rs

;DS =@ —(a)va +,uva)SV
*DUE, =o,“S, —¢" + 1" E
oDl =¢“E, —u,”1

=(o,1

\

\Y

U, +6,1 0 +6,1,)8, and 0, = (6,1,

And the initial condition is given has
S,(0)=0,E,(0)>0,1,,(0)>0, 1(0) >0,T,,(0) >0,R,(0) 20,5, (0) > 0, E, (0) 20, 1,(0)

Table 1. Variables of the Model

+6?5IAP)SV,

U]

Variables Description Values References
[0)) ) Birth rate in the human susceptible class 300 Estimate
M, Mortality rate of human population 0.00019204  Padmanabhan et al, 2017
a Proportion of exposed humans who are 0.18 Duffy et al, 2009
symptomatic
b Proportion of asymptomatic humans who are 0.5 Estimated
symptomatic
V4 Latency period of the virus in humans 0.2 Bearcroft 1956
yij Transition rate of asymptomatic to symptomatic 0.2 Padmanabhan et al, 2017
T The transition rate of symptomatic humans to 0.9 Assumed
treated compartments
5p Zika virus-induced rate 0.00071429 Assumed
o Recovered rate of treated individual 0.05 Estimated
D, Recruitment rate of vectors 0.04 Banuelos et al, 2019
4, Vector’s lifespan 0.04 Griffin 2012
) Latency period of Zika virus in vectors 0.1 Andraud et al, 2012
0, Symptomatic human-to-susceptible human contact 0.1 Banuelos et al, 2019
rate
0, Asymptomatic human to susceptible human contact  0.0992 Banuelos et al, 2019
rate
0, Vector to human contact rate 0.4 Banuelos et al, 2019
0, Symptomatic human-to-vector contact rate 0.5 Banuelos et al, 2019
O, Asymptomatic human-to-vector contact rate 0.5 Banuelos et al. 2019
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Analysis of the fractional model
Positivity of Solution
Given that the fractional model (7) observes the human and vector population, it is imperative to demonstrate that all

state variables remain positive throughoutt >0 .

Theorem 1
Consider the initial

1S,(0)>0,E,(0)>0,1,,(0) >0, 15,(0) > 0,T,,(0) > 0,R,(0) > 0,S,(0) > 0, E, (0) > 0, I (0) }sD

The solution domain{S , E lso,Tp, Rp, S, Ey s 1} of the fractional model exhibits positivity across all

p ) I Api
parameters within the invariant region D — ‘Ri .

Proof
Recall equations 7

DS, =0, (o, + 1," B,

DIE, =0,°S, —(1-a* )  +a"y" + 1, E,
D = (-2l E, (107 )5 46757 + 1,
DIl = a P By b B — (e + 1% + 5, s
DT = %1y — (0 + 11,7 T

$DRy = [L=b Bl ypt 0“Tep — 11,"R;

sDfS, =D, - (a)va +u,° )SV

DIE, = a,°S, - (¢ + 1" E,

DIl =¢"E, — 11,1

\%

The solution of the model (7) along one state axis, where other state variables vanish, gives
IS, k=@, (0, + 11,7,
DL, leaum oS, —(1-a e + 2y + 1,7 ), ®
0 by -, (-0 0 )
Dl . pie= AV E b B o — (e 11"+ 5, 1
DT b = 1 — (07 + 11, e
HYRA%ﬁm=@—bﬂﬂﬂM+oﬁg—uﬁRp
$DES, |y =D, — (wva ot )Sv
DE, e wim S~ + 17,
tha I, |Iv—axis= ¢aEv - ,Uva I,

Following the same procedures done for the boundedness of the solution, the solution for the above
equations is given as,

©)
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a a

() {sp(o)—q)ﬁsza,l(yp“t“)> 0,

Hyp
E,(1)=E,(0)E,.,(- (L-a ) +a"y* + 4, k)0,
1olt) = Le(0)E, o[~ (10 )" +b"" + 11, })> 0,

1o (t)= 156 O, o[- + 11,” +5,7k)> 0
TSP(t):TSP( ) al( ( + U, ) )>0
RP(t)ZRP(O E 1( ﬂpt )

5,(t)= GI)va{sv(o) ] (g 1)>0,

Hy
E,(t)=E,(0)E,..(- (" + 1) >0,
1,(t)=1,00)E, , (- 1) 0,

The solutions pertaining to the different compartments exhibit non-negativity. In light of the insights derived from
Equations (9), it can be deduced that the ensemble remains positively invariant with respect to temporal progression

(0).

Also, inthe E) —1,) — lso—Tsp —Rp —E, — 1, plane, the trajectory solution of the developed fractional model

(7) is positive, havingt* > 0, such that.
S,(t*)=0,E,(t*)>0,1,,(t*)>0, 15(t*)>0,Te(t*)>0,R,(t*)>

S,(t*)=0,E,(t*)>0,1,(t*)>0

and S, (t)< S, (t*). S,(t)<S,(t*)

On plane

SDZSp(t)L:t*:CD p”, and SDZSv(t) |t:t*:q)va’ (10)
Now, we apply Caputo fractional derivative mean value theorem, and we have

s, (t)-S,(t*)= (1)°D“(t)(t —t9)tetrt) a1
5, ()5, (t*) = —— D ()t —t*) teftt)

I(a)®
Finally, we have Sp(t)> ( ) ( )> SV( *) and this contradicts our assumption earlier fort*>0. So, the
susceptible classes S p(t) and S ( ) are nonnegative for all time t. Hence, the solution of the fractional derivative is
positive for all time t.

2.3.3. Boundedness of the solution
From (7), the total population size is

N, =S, +E, + 1+ 1lep+Tp+Rp,
N,=S,+E, +1,

And the differential equation involving fractional derivatives for the population is given by:
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cna _c a [ Y1 [ o Y1 [ oY1 [ Y4 [ Y]
DSN, =5 D5S, +5 DSE, +5 Dyl +5 Di 1o+ D5Teo +5 D5 R,
(o a1 N Y] [ Y [ Y
DN, = D5S, + DSE, + D51,

By incorporating the fractional model system of equations delineating human population dynamics from equation
(7) into the preceding expression and meticulously executing the elimination procedure, a profound outcome ensues.

cna _ a a a (12)
SDIN, =D, - 'N=5,"1g,

(C)D/?Nv:q)va_tuvaN

Theorem 2

The solution of the fractional model (7) is feasible at t>0 if they enter the region

D={S,.E,., s lsp:Tsp: Rs, S, Ey 1,3 R,

Proof
Demonstrating the constrained nature of the human population’s solution, we revisit equation (9) and employ the
Laplace transform on both sides of the equation.

[N Y22 _ a a a
0DﬂNp —d)p — MU, N —5p lsp
at disease-free, we have the equation to be
cna _ a a
0DﬂNp =0, —u, N
Re-arrange the equation above we have,
[N e Y4 a _ a
0D,,),Np +u, N —CI)p
Utilizing the Laplace transformation methodology, we observe (14)
LEDEN, J(S)+ 4, LINYS) = Liw,“ |s)

Following equation (3), the Laplace transform for the Caputo fractional derivate for the above equation is given as
a

(13)

m-1 (0]
S“W—ZOS““N“(O)WP“W: 8 where LNJ(S)=y/(S)=w

For m=0,0 < a <1, the equation becomes
0 D “
Sal//_ZSa—n—lN n(0)+ﬂpaW:Tp

n=0

Now, applying summation property, we have
« (15)

)

a a-1pn a. p
S“R—S“IN"(0)+ p, "y = S
Then, making K the subject of the above equation, we have

d aS*l Sa—l
!//:Sap a+SO! aN(O)
+ My + My

Utilizing the inverse Laplace transformation on both sides of the aforementioned equation yields the following
outcome.

(16)

-1 a-1 (17)
_as —t+N(0O)L™* _as .
S+ u, S+ u,

Applying the inverse Laplace transform and Mittage-Liffler function as in equation (5), we have

Lyj=0, "
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N() = 7t E, - 2,7t )+ NOYEE, . (- 22,t%)) (18)
Now, we apply definition 2.4, The Mittage-Liffler function as in equation (4), we have
(19)
Ade 1 Qe 1 (21
N(t):QDP t _Iu—at‘an’1<_'up t )——_ ata \/1 +N(0)Ea,l(_:up t )
P P

By simplification, we have

a

NG <o 1| No)- E, [ u,7t")
My My
Finally,
a (20)
lim N(t)< —=
t—o ,Up

Similarly, demonstrating the constrained nature of the vector population's solution, we revisit equation (9) and
follow the same procedure. So, we have for the vector population;

. D
lim N(t)< —-
t—wo ILlV

Existence and Uniqueness of the system

Prior to affirming the presence and singular efficacy of the Zika Virus remedy, it is imperative to initially delineate
the core functions as per the fractional derivative model (7), thereby establishing the fundamental basis for our
demonstration.

Al:q)pa_(a)pa—"/upa)sp 1)
A, =w,°S, —((1— a” );/“ +a’y” )Ep

Ay =(-a)y E, —(1-b")p" + b7 + 11, ) o
A, =a"y“E +b" Bl —(r“ + 1, +5p“)lSP

Ag=71 IP—(G‘Z+,upa)I'SP

Ay ={1=b%)BN ot 6“Top — 11,"R;

A =0f (a) +u, )SV

Ay =0, (¢ + 4, )EV

Ay =¢°E, - 1,1,

Also, Let Y (t)=(S,, E, 1, Isp Tep, Re, S, Ey o 1L T

and V(t,Y(t))=(n) ,i=123456,789.

So, we can write the model (7) as follows:

DY (t)=A(Y (1)) Y(0)=Y,20,te[0,bJ0<a<1. (22)
In the given expression, condition L, >0 should be considered separately for each component. Problem (22),
which is equivalent to model (7), can be defined by integrating the following:

. (23)
Y(t) =Y, +r( )j(/z b)**A(b,Y (b))db.
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Subsequently, we will examine model (7) using the integral representation provided earlier. In this scenario, let's
T= C([O, K]; SR) represent the Banach space comprising all continuous functions that are mapping from the interval

(O, K‘) to R , equipped with the norm.

IL], =sup.jo. v (1)} (24)
and |L(t) =[S, (t)]+[E , (t)] [ ap (O) + [15p 0] +[Tsp (t) + |Rs () + S, (t) +|Ey (€] +]1, (1)
Where S, E 15, 156, Tsp, Rp, S, Ey , 1, all belong toC([O, K];ER).
Also, the operator L : 7 — 7 is defined by
1 4 o (25)
(YL)(®) = L +—= [ (B-b)"*A(b, L(b))db.
F(a) 0

Therefore, the operator Y is properly defined owing to the evident continuity of V' .

.
Theorem 3. Let L = (S_p, Ep, IAp, I_SP,T;P, R_P , §V, E_V N j , the function A = (Ai )T defined above satisfies

Alt, L(t))- A[t, E(t)}

Proof: We have the first component of the kernel A to be
@, (01, + 0,0, +6,1,)+ 1,75

<H,|L-L| ,forsome H, >0.

T T

p

‘A(t, L(t)- A(t, E(t)j

P
(26)

=10, 1y S+ 60, 1o S,+0, 1,5, 0,1,S, —0,1,,S, —0:1,S, + 1% S, — u”sS,

17sp p

Let
n, = max{ﬁl S_;,Hlsp}, n, = max{&z sTp,ezsp}, n, = max{eg S_p,t938p}then the equation above

can be reduced to

A L(t))—A(t, E(t)] on

I

| | SIS

+0N,

- a
sn Tap =l ap v Ly

+n,

sp

< m{

Where m; = max{n v nz,n&u‘p’}.
So,

A(t,L(t))—A(t,L(t)) 29)

<m )

Similarly, the rest can be demonstrated in a comparable manner. As a result, we can infer that

p

L[+ Nl ap — Lpp| + |1, = 1, [+[S, =S,

I —

L =T+ Mol ap = D ap|+ |1, = 1, |+|S, =S,
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L-L|,

T

<m,

AL A[t,L(t)j |

for m, =m, +m, + m; + m, + m; + M, +m, +mg +m,

a

Ma+1

then there exists a sole solution to model (7) on domain (O, (O] p"’) that maintains uniform Lyapunov stability.

Theorem 4: If the condition P = is satisfied by the preceding theorem, and condition Pm, <1 holds,

Proof: The function PlO, () p“ Jx ‘.Rf - ERE is evidently continuous within its specified domain. Consequently, we
demonstrate the existence of the solution.
To establish uniqueness, we employ the Banach contraction mapping theorem on the operatorY defined earlier.

Subsequently, we demonstrate thatY functions as both a self-map and a contraction.
oa

By definition, SUP, o o|P(t,0) =®,",

Then, we define | >||L|+©® * /1—©@m; and a close convex set H, = Ler: L. < 1},
Thus, with regard to the self-mapping attribute, it suffices to demonstrate that YH, —c H,.Solet Y e H,,
Then

) (29)
v, = tesup {‘ Ta) I B—b)P(b, L(b))db‘},
<L+ ( ) L. ]{l (B-b)*(P(, L(b))—P(b,0]+|P(b,0)|)db}
<[L|+ ( @)L, ]{ [(8-b)*(P(b, L(b))-H(b.0), + IIP(b,Oll)db}
<ol M o o)
ml+® * U A e
~ ml+® *
ol ey
(30)

=|L0|+P(mll+(I)p“)Sl.

Consequently, it is observed that operators YL — H, and Y exhibit characteristics of self-maps within the context.

Subsequently, we establish the contraction property of operatorY . Assuming operators L and L conform to the
abbreviated dynamical system, the application of the aforementioned theorem result yields the following.

o ey

:(L) ]{j(ﬁ b)*IP(b, (b))—P[b,E(b)Jdb},

YL-Y L
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B . .

<M syp jﬂ b)“*|L(b)- L(b)(db,

I(a)wbo, o

mL6)- <>{

Therefore, if Pm, <1thenY acts as a contraction mapping. According to the Banach contraction mapping

(32)

a

principle, Y possesses a unique fixed point on |_0,(DpaJ, serving as a solution to model (7). Additionally, the

uniform Lyapunov stability of the solutions ensues.

Basic Reproduction Number

We derive the fundamental reproductive rate of model (7) employing the methodology introduced by Diekmann and
Heesterbeek, known as the next-generation matrix approach in epidemiological analysis. By applying this technique,

R' =p(UV’1), the expressions for the novel infection components, denoted as U, and the transition

components, denoted as V , within model (7) are deduced.

((1—&“ )}/“ +a“y“ +,up°’)Ep
—@-a)E, +(1-b7)B + 0B + 1, N o
V=| —a"y B, =0 B + (e 4 11, + 8, N
(¢“+uV“)EV
_¢aEv+:uva|v
@1, +6,1,6+6,1,)5, (33)

1%sp

+ 95 I AP )Sv

P

((1_aa)ya Laty” +,upa)Ep (34)

—@-a)E, +(1-b7)B + 0B + 1, N o
V=| —a"y B, -0 B + (e 4 11, + 8,
(¢“+uV“)EV
_¢aEv+:uva|v

0 S, 65, 0 65, (35)

0 0 0 0

U=lo 0o 0 o0

0

0

0 63, 65,
0 0 0

o O O o
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(1-a ) +amp" + ) 0 0 0 0
—(1-ay” (a-b)p= +bp" + ) 0 0 0
V= —a%y” —b*p* z'“+,upa+5pa) 0 0
0 0 0 (p"+u) o
0 0 0 5 u”

Let p:(l—a“)y“ +a%y " q=—(1—a)7/“; r=-a“y“,; s:(¢“+yv‘”)

t:((l—b“)ﬁ“+b“ﬂ“+yp“) u=-b*pg* v:(r" +yp“+6p“) W=—-¢" x=pu"
Then,

p 00O O (36)
gtooo
V=r uv 00
0 00 s O
0 00 w X
And
0 0 0 o0 @7
p
4Ly 0 o
pt ot
yiofQu-tr v 1o,
pv o tv v
0 00 L o
S
o o o -"1!
L SX X

So forUV™, we have the fundamental reproductive rate corresponds to the spectral radius of the matrix
representing the propagation of infections to subsequent generations. Thus, from above, we obtain the expression for

R , where R, ' represent the reproduction for the human population and va denote the reproduction ration for
the vector population.
R, Sp 0 « ‘92((1“1)7%“'3“*(ﬂa+ﬂpa)aa7a)
H =T, oV oa = 1(1—8.)}/ + 2 a a
VaR® lﬁ 4, ' (T 4, +5p)
Also , ¢ S, a 95((1—3)7%%” +(ﬂa+ﬂpa)aa7a)
RV |« a a a 94(17a)}/ + - p p
b+ a1y N+ 11, b+ u, +6,%)

Analysis of the fractional model
Disease-Free Equilibrium (DFE)

The state of disease absence, (E,; ) denoted as the disease-free equilibrium within the fractional model (7), signifies
a stable condition wherein the disease undergoes eradication. Through the establishment of steady-state conditions

by equating the pertinent variables associated with the disease to zero, model (7) generates the subsequent
manifestation for the disease-free equilibrium.
o D “
EFD: pa 101010’010101_\/0(10

Hy H,
Now, by setting the state variables associated with the disease to zero and solving, we obtain the following:

a

(39)
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0= * —(wpa +ypa)8p

0=w,"S, —((1—a“ );/“ +a%y” + " )Ep
0=(-a) E, —(1-b" )" +b"5" + 1" N o
0=a"y B +b" B o — (e + 11," + 8, s
0=7% —(0'“ +ypa)TSP

0=[L—b")B"l o+ “Tep — 11," Ry

0=0“" —(a)v“ +,uva)Sv

0=0,"5, —(¢" + 1" JE,

0=¢"E, — u,°1,

Furthermore, at the point where E 1, 155, Tsp, Ro, B, and I, vanish, we derive:

D,

a

(40)

a

0_"p 0 _

S, =——and S, =
Hp My

Therefore, the determination of the equilibrium devoid of disease within the fractional model necessitates the

utilization of basic mathematical computations, as delineated subsequently:

(41)

a

() O
EFP = pa ,0,0,0,0,0,0,—,0
Hy Hy
Stability Analysis of the DFE
a @ a
Theorem 4: The state of disease absence within the system E™° = pa ,0,0,0,0,0,0,—-,0
Hy Hy

exhibits asymptotic stability when all eigenvalues of the Jacobian matrix associated with the system's dynamics are
characterized by negativity.

Proof:
In order to substantiate the aforementioned theorem, we undertake the computation of the Jacobian Matrix
oa @ a
pertaining to system (7) at the Disease-Free Equilibrium (DFE) point, E™° = pa ,0,0,0,0,0,0,——,0],
H, H,
followed by the assessment of the system's eigenvalues.
The Jacobian Matrix J (Sp, Eoilap lser Tsp R, Sy By Iv)of the system at DFE, is given as:
[, 0 -0, -0°s, 0 0 0 0 -07s, | (42)

0 —lbrent) e, 0°s, 0 0 0 0 6°s,

0 (-ayt -(pen) 0 0 0 0 0 0

0 ay” 0 P ) B 0 0 0 0
1= 0 0 0 T” “forsu) 0 0 0 0

0 0 0 (t-b)p° o -u 0 0 0

0 0 -6, -0,8, 0 0 -pu 0 0

0 0 43, 0,5, 0 0 0 -[pren) o

0 0 0 0 0 0 0 4 -

In the process of computing eigenvalues, we adhere to the following steps:
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SRy 0 -0,"S, -0S, 0 0 0 0 -0,S, (43)
[ I S XN 6°s, 0 0 0 0 0,
0 -ay (g +n)-2 0 0 0 0 0 0
0 ary” [ S e X W 0 0 0 0 0
P-4=| o 0 0 - o ruf)-2 0 0 0 0
0 0 0 (1-b )" o -0 0 0
0 0 -45, -5, 0 0 —u-i 0 0
0 0 45, 4,5, 0 0 0 —preu)2 0
0 0 0 0 0 0 0 e -

Clearly, the diagonal entries in the provided matrix represent the eigenvalues of matrix J. It is evident that these
eigenvalues are purely real and devoid of any imaginary components. The importance lies in the signs of these
eigenvalues, which are essential for evaluating the stability of the Disease-Free Equilibrium (DFE). In this specific
context, all eigenvalues demonstrate negative real parts, confirming the local asymptotic stability of the rotavirus at
the DFE.

Infection Persistence Equilibrium

Theorem 6.

In the fractional derivative model (7), the existence of the endemic equilibrium denotes a condition wherein diseases
endure within the population. Accordingly, the formulation for the endemic equilibrium can be delineated as
follows:

E, =(S,E, 1, Ie Te RS, E, |)
Where So o Bpla o lse Tee s Re s S0 L By L are determined by solving the following equation
DS, =@, —(-k o1, + 0, e+ 671, )+ 1,75,
DIE, = -k JO 1, + 0,1 + 01, )5, — (-2 p + 2%y 4 1, ,
D¢, = (1-a) E, —(1-b")B" +b°B" + 11, ) o
$Df g = a7 B+ b — (% + 11,7 45, g
DT = K, Igp —(a“ + ﬂp“)&p
DRy = (L-b" Bl o+ “Tep — 1" R,
eDrs, =0, — (1=K B 1, + 610 )+ 1,5,
SDIE, = -k O, 1, + 01,0 )5, — 97 + 1, E,
*DEI, = ¢°E, — "1

Additionally, by employing a numerical simulation methodology, we attain the endemic equilibrium through a
specified problem-solving strategy.

(50)

\

Fractional optimal control strategies
Here are pivotal elements of fractional optimal control for Zika Virus: we alleviate the transmission rate of the

human compartments through (1—k1), where klsymbolizes individual vaccination, k2 represents the effort of
treatment of symptomatic individuals. Also, we alleviate the transmission rate of the vector population through
(1—k3), where K, symbolizes environmental management (source reduction, water management and urban

planning). Based on these premises, the ensuing collection of novel Caputo fractional derivatives equations is
formulated:
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W W

‘DIE _(1 ko, +6,° AP+.9 |)s ~(a-a" e +amy 4 1, ),

DI, = (1-a)y“E, —((1—b“),8 N T
$Df g =%y B+ b — (% + 11,7 45, g
DTy =Ky lgp — (0 + 11, T

$DIRy = (L-b" )31 o+ “Tep — 1" R,

eDrs, =0, — (1K O 1, + 6140 )+ 1,75,
SDIE, = -k O, 1, + 01,0 )5, — (07 + 1 E,
DI, = ¢°E, - 1.°

\

Analysis of the Model Integrating Preventive Interventions

(51)

In this section, a framework has been developed that integrate a precise functional, emphasizing its controllability
via the implementation of Pontryagin's Maximum Principle. Focusing on the fractional optimal setup outlined in
equation system (51), emphasis has been placed on a significant control challenge, elucidated prior to engaging in
thorough global optimization. The intricate task of selecting the most effective strategies is encapsulated by the
functional objective denoted as H. The overarching predetermined objective involves diminishing the population

across all categories, all within a specified timeframe [0, T].
Let N = {(ki, K, k3)€ N }be Lebesgue measurable on[0,1],

where 0<ki(t)<1€[01]i=123
Next, we introduce the target function, G |, to be
Gk, ky k;) = j(x E, +X,T,, + X,E, += (Yk2+Yk2+Yk )jd

constraint to
DS, = a_((l—kaxé’“l +6,"1 5o + 0,1 )+”pa)s

DIE, = [l-kJO 1, + 0,1 + 01, )5, — (-2 p + 2y 4 1, ,

$Dfl, = (1-a)“E, —((1—b“),8 0B+ 1 N e
eDf g ="y B+ b — (% + 11,% 45, g
DTy =Ky lgp — (0 + 11, T

$DIRy = (L-b" Bl o+ “Tep — 1" R,

eDrs, =0, — (1-k“ O 1, + 6140 )+ 1,5,
SDIE, = -k O, 1, + 01,0 5, — (97 + 1 E,
DI, = °E, — "1

\

(52)

(83)

(54)

The concluding time point is denoted by the parameter T with coefficients aligning with the weight constants
attributed to the virus across distinct groups. The focal point in this segment is the reduction of operational costs, as
outlined in equation (54). Additionally, our exploration extends to include an examination of the social expenses

Y.k, Y,kZ and Y,kZ linked to the described scenario.
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To achieve the goal of tackling the control issue, our effort is focused on pinpointing (kl*(t), kz*(t), k;(t)) the
functionalities in order to

Glk, (K, (t) K, (t))= min{G(K) (k) N} (55)

Existence of an Optimal Control Solution
Theorem: Considering equation (51), let G(k) be the optimal control subject to (55), with the initial condition at

t=0. The optimal control is given by: (kl*(t), kz*(t), ks*(t)), such that

Glk, (K, )k, (t))=min {G(K) (k) e N}

Proof: The convex nature of the integrand regarding the control measures G ensures the presence of an optimal
solution for control.

Following this, it is crucial to delineate the most effective resolution. The Lagrangian is articulated in the subsequent
manner:

Ng = X,E, + X,T, +XE+2(Yk2+Yk2+Yk)t (50)
The Hamiltonian function is given as;
Ho = X,E, + X, T, + X,E +2(Yk2+Yk2+Yk X
(57)
Hsp[spl]"'HEp[Epl]-"HlAp[IApI]+H|5p[ISpl]+HT5p[TSpI]
M [Ry ]+ 11 [s, T+ 1 [E,]+ 11, [1,]
and
DS, =@, — (- ke Joo 1, + 0, e+ 671, )+ 1,75,
‘DFE _(1 ko, +6, 1+ 01,5, —(1-a”  +a“y” + 1, E,
i1, = (1-a) E —((1—b"),8 T
(58)

$Df gy =%y B+ b — (% + 1,7 45, g
DT =k, g — (0 + 11, T

$DIRy = (L-b" )31 o+ “Tep — 11, "R,

eDrs, =0, — (1-k* O 1, + 6140 )+ 1,75,
SDIE, = -k O, 1, + 01,0 )5, — (97 + 1, E,
DI, = °E, — "1

\

Provided H, ,| € {S Ep, Ap? Sp,Tsp, Rp ) SV, EV ) |V} are discrete and mutually exclusive variables.

We are ready to apply the fundamental prerequisites to the Hamiltonian (H ) for examination. To uncover the
adjunct equation and satisfy the transversality condition, we utilize the Hamiltonian. Through the application of
differential processes, we ascertain the values linked to the variables S ,E_ ,1,,, 1, Tsp, Rp, S, By 1,
concerning the Hamiltonian. This culminates in the derivation of the adjunct equation, articulated as follows:

o5, = et i) i)

p
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*DIE, = ‘Z';G =X, +11, (- pe +ay 4 )11, [a-ay<]-11, [a“y“]}

p

oCDtalAP = _8HG ((1_k1a)92a)8pnsp _((1_k1a)92asp)HEp +((1_ba)ﬂa +b*p" +ﬂpa)H|Ap

dl,.
—b*peI1, —[(1_ba)ﬂa]an +[((1_k3a )Hsa)sv }H& _[(1_k3a )gsasv]HEv

Dely, = —?:G ~ (-, s s —-k s e+ + a7 +0,7 ),
sP

—k, Tl + ((1_ ky* )94a )SVHSV - ((1_ K* )H4a )SvH E,

C (24 aH a [22 o
oD Tsp :_7G:_X2+(O' + 1, )HTSP_O' HRP}
dTsp
" oH »
th Ro :_dRG =H, HRP}

P

°Drs, = —ad';G ~ -k o, + 010 ) —(-k Jo 1, +€5“IAP)HEV}

OHg
dE

OthaEv:_ =_X1+(¢a+,uva)nlzv_¢an|v}

o1, == (Lo, oy e,

dl,
Given the transversality conditions, we have:
[1;,i €15,/ Ep Lags L Teps Ros Sy, By 1, .
In the effort to minimize the Hamiltonian, represented as Hg, concerning the optimal control variables, we

commence the differentiation process in relation to kl, kz,and K,. This process yields a series of mathematical

expressions, subsequently equated to zero to ascertain the optimal configuration of controls. This approach
ultimately leads to the derivation of the desired optimal control solution.
Taking (57), thus we have

H
dde:Ylkl-F(Hlalsp +02aIAP +03a|v)SpH5p _(Hlalsp +02aIAP +03a|v)SpHEp :0
1
dH
dsz = Yok - ISPH'SP + ISPHT;D =0
ddl—IKG:Y3k3 +(94a|5p +95GIAP)SVHSv _(64a|sp +95a|AP)SvHEV =0
3

We proceed with the process of obtaining the optimal control solution:
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e -1, Jar1, + 01,001, )8,

k*=
1 Yl

(HI 0 _HT )ISP

* _ S| sp
Kk, *=

Y,
K.* = [HEV _HSV Ie4a|5p +05a|AP)Sv
3 = Y,

Incorporating the boundary parameters, the solution is articulated as follows:
k;* = min {1, max{0,V, }};

k,* = min {1, max {O,Vz }}’
k,* = min {1, max {01V3 }}’

(62)

with,
V. = [HEp _Hspkglalsp +6," e +03alv)sp
=
Yy
2= Y,
V, = [HEV _HSV K04a|5p +05aIAP)Sv
3= Y,

Proved.Numerical simulation

This section offers numerical simulations designed to elucidate the dynamic characteristics of the Caputo fractional-
order deterministic nonlinear mathematical model concerning Zika Virus. Utilizing MATLAB software and
parameter values outlined in Tables 1, the simulations were executed. We choose the initial population to be Sp(0) =
300, Ep(0) = 0, lap(0)=1, Isp(0)=1, Tsp(0) = 0, Rp(0) = 0, Sv(0) = 300, Ev(0) = 0, Iv(0) = 1.

Figures 2 through 9 present dynamic models for individual compartments, showcasing fractional variations, while
Figures 10 through 15 demonstrate the influence of optimal control measures on human compartments.
Additionally, Figures 16 through 18 showcase the effect of optimal control on vector compartments.
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Discussion
Figures 2 through 9 provide a comprehensive visual representation of the dynamic intricacies inherent in Fractional
Ordinary Derivative Equations (FODEs), showcasing their heightened efficacy as descriptors for biological systems
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when compared to conventional integer-order models. Significantly, the depicted solutions of the model, governed
by the continuous evolution of the time-fractional derivative, consistently demonstrate convergence towards
equilibrium points.

Figure 10 illustrates the impact of optimal control measures on the human susceptible population in the context of
Zika virus transmission. The graph shows that as the optimal control measures increase—specifically, through
individual vaccination, treatment of symptomatic individuals, and environmental management—the number of
susceptible individuals in the human population also increases. This trend indicates that effective control strategies
successfully reduce the transmission rates, thereby preventing more people from becoming infected. Consequently, a
higher proportion of the population remains susceptible but uninfected, highlighting the effectiveness of these
combined interventions in managing the spread of the virus. Figure 11 illustrates the effect of optimal control on the
human exposed population. Initially, as the optimal control measures are increased, there is a rise in the exposed
human population for approximately three weeks. This initial increase can be attributed to the lag in the impact of
control measures such as vaccination and treatment. However, beyond this period, the exposed population begins to
decline as the effectiveness of these interventions becomes more pronounced. The subsequent reduction in the
exposed population underscores the importance of sustained and intensified control efforts over time to mitigate the
spread of the Zika virus. Figure 12 illustrates the impact of optimal control measures on the human asymptomatic
population in the context of Zika virus transmission. As the level of optimal control increases, the size of the
asymptomatic human population decreases significantly. This trend suggests that effective implementation of
control strategies such as vaccination and treatment efforts can substantially reduce the spread of the virus by
lowering the number of asymptomatic carriers who might unknowingly contribute to transmission. The figure
underscores the importance of robust public health interventions in managing and mitigating the impact of Zika
virus outbreaks. Figure 13 demonstrates the impact of optimal control strategies on the human symptomatic
population of Zika Virus. As the optimal control, represented by the combined efforts of individual vaccination,
treatment of symptomatic individuals, and environmental management, increases, the number of symptomatic
individuals decreases. This indicates that higher levels of control measures effectively reduce the spread and impact
of the Zika virus among humans. Specifically, the treatment of symptomatic individuals plays a crucial role in
reducing the number of symptomatic cases, highlighting the importance of robust healthcare responses alongside
preventive measures. Figure 14 depicts the relationship between the optimal control of human and the size of the
treated human population. As the optimal control increases, indicating a higher effort in treating symptomatic
individuals, it's observed that the treated human population decreases. This seemingly counterintuitive trend could
suggest that the treatment efforts are effective in reducing the number of symptomatic cases over time, hence
reducing the pool of individuals needing treatment. It underscores the potential effectiveness of intervention
strategies in controlling the spread and impact of Zika virus through targeted human treatment. Figure 15 illustrates
the impact of optimal control measures on the human recovered population in the context of Zika virus transmission
dynamics. As the optimal control increases, indicating intensified efforts such as vaccination and treatment, the
graph shows a decrease in the number of recovered individuals. This trend shows that while the control measures
effectively reduce transmission and thus the number of infected individuals, they also influence the recovery rate,
possibly due to altered disease dynamics or treatment efficacy. This emphasizes the complex interplay between
intervention strategies and population-level outcomes in combating infectious diseases like Zika.

In Figure 16, the optimal control on the susceptible vector population is depicted. As the control increases,
indicating higher efforts in environmental management like source reduction and water management, the susceptible
vector population also increases. This counterintuitive relationship suggests that intensified environmental
management might inadvertently create more breeding grounds for mosquitoes, leading to a rise in the susceptible
vector population. This underscores the complexity of disease control strategies, emphasizing the need for
comprehensive understanding and careful calibration of interventions to achieve desired outcomes effectively in
combating Zika virus transmission. Figure 17 depicts the impact of optimal control measures on the exposed vector
population over time. As the control effort increases, initially, there's a notable decrease in the exposed vector
population, suggesting effective management strategies such as environmental interventions. However, after
approximately two weeks, the exposed vector population begins to rise again. This implies a potential resurgence of
vector populations due to factors like environmental changes or diminishing effectiveness of control measures over
time. Further analysis would be needed to understand the dynamics driving this observed trend and to optimize
control strategies accordingly. Figure 18 depicts the impact of optimal control measures on the infected vector
population in the context of Zika virus transmission. As the level of optimal control increases, indicating intensified
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efforts such as environmental management, the infected vector population diminishes. This reduction suggests a
successful intervention in curbing Zika virus transmission within the vector population, possibly through strategies
like source reduction, water management, and urban planning. The figure underscores the effectiveness of proactive
measures in mitigating the spread of Zika by targeting the vector population, essential for controlling disease
transmission dynamics.

Conclusion

The optimal control measures implemented for managing Zika virus transmission exhibit promising outcomes across
both human and vector populations. As depicted in Figures 10-15, interventions such as vaccination, treatment, and
environmental management effectively reduce transmission rates among humans, leading to fewer symptomatic
cases and a lower overall impact of the virus. However, the complexities of disease dynamics are evident, as seen in
Figures 16-18, where intensified environmental management initially increases the susceptible vector population but
ultimately diminishes the infected vector population. This underscores the importance of comprehensive
understanding and ongoing assessment of control strategies to effectively combat Zika virus transmission dynamics.

Recommendations
Mathematical framework of the current study on Zika virus can be extended to include parameter estimation and
sensitivity analysis.
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