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Abstract

The main purpose of this paper is to formulate a deterministic mathematical model for the
transmission of malaria which considers two host types in the human population. The one type
is called “child” comprising to all humans who have never acquired immunity against the malaria
and the other one ”adult”. Children are divided into susceptible, exposed and infectious and
adults are divided into susceptible, exposed, infectious and semi-immune. We obtain explicit
formula for the reproductive number, Ry in function of the weight of the transmission adult-
mosquito-adult, Ry,, and the weight of the transmission child-mosquito-child, Ry.. Then we study
the existence of endemic equilibria by using bifurcation analysis. We give a simple criterion for
forward and backward bifurcation when Ry crosses one. We explore the possibility of a control
of the malaria through a specific sub-group as children or adults or mosquitoes. We also provide
numerical examples.
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1 Introduction

Malaria is a mosquito-borne infection caused by protozoa of the genus plasmodium. Four species of
the parasite, namely: P. falciparum, P. vivax, P. ovale and P. malariae infect humans. P. falciparum
causes the most serious illness and is the most widespread in the tropics. It is estimated that about
1.5-3 million people, mostly children, die of malaria every year [41]. The parasites are transmitted
indirectly from human to human by the bite of infected female mosquitos of the genus Anopheles.
The biology of the four species of plasmodium is generally similar and consists of two distinct
phases: sexual at the mosquito host and asexual at the human host. The asexual phase consists
of at least three forms: sporozoites, merozoites, and trophozoites. After the bite by an infectious
mosquito, the sporozoite (parasite) enter the victims blood stream and invade a variety of liver cells.



Here, they give rise to the merozoite form after replication. The merozoites invade red blood cells
and they become the trophozoite form. Some merozoites differentiate into the sexual forms of the
parasite, either male or female, called gametocytes. Gametocytes are transmitted to a mosquito
during the blood meal of an infected person. In summary, gametocytes thus play a key role in
malaria transmission from human to mosquito and the sporozoites from mosquito to human.

Starting by the Ross’s model [38], mathematical modeling of malaria has known many refine-
ments. In 1957, Macdonald |27] reformulated the Ross’s model; the addition of acquired immunity
by Dietz et al. [13] has been the most outstanding. Further, other extensions has been made: on
acquired immunity in malaria which has been conducted in [3] and [6], on environmental effects
in |26, 43| and [44], on the spread of resistance to antimalarial drug in [5, 22| and [33], or on the
coevolution of immunity in [23]. Ngwa and Shu [32] and Ngwa [31] proposed a model involving
the growing of both population (humans and mosquitoes). Chitnis et al. [10, 9] included human
immigration.

These models do not make distinction between the susceptibility, the exposedness and the in-
fectivity of human host. However, the susceptibility of human host is depending on whether host
has lost his immunity (and is then becoming susceptible) or has not yet acquired it. immunity; in
the same way, the infectivity is differentiated following the host type. Indeed, acquired immunity
is developed after repeated infections generally after many years of chronic infection. It is never
complete and after interruption of exposure, human can lose his immunity and becomes susceptible
(see [3, 6, 4]). But by immunology memory, lost immunity can be rapidly restored when human
begin to be re-exposed against to infection. Humans who have acquired their immunity can tolerate
parasites without developing symptoms. They may become asymptomatic carriers of parasites in
the form of gametocyte but their infectivity of gametocytes to mosquitoes is very low following the
known principle transmission-blocking immunity (cf. [11, 20, 36]). New born (of a mother immune)
are protected due to maternal antibodies in the first 3-6 months of life. After these first months
they are vulnerable to clinical malaria episodes until they have built their own immunity [19] and
[39].

In order to differentiate the susceptibility, the exposedness and the infectivity of human host,
we develop in this paper a deterministic mathematical model for the transmission of malaria which
considers two host types in the human population. The one type host is considered vulnerable
because he can suffer and/or die of malaria and the second host type cannot! die of malaria but
can only suffer. We assume that all humans who have never acquired immunity against the malaria
are considered vulnerable and the other ones are assumed not vulnerable. Next, we call "child” any
human considered as vulnerable and "adult” any human considered as not vulnerable and denote
by, e, and, a, respectively the children and adults index. In endemic area, the real children? under
5 years of age are in majority the most vulnerable of malaria [28, 39, 19, 41, 34| and [8] because
they have not acquired their own immunity. Humans old in age (real adults) in a non-endemic area
such as the East African highlands and many parts of South America and Asia are considered as
some children according to our definition. Indeed, it has been shown that real children and real
adults have the same risk of malarial disease and infection depending on their first infections [7| and
[1]. That is what motivates us to disregard the age of the individual but rather the immunity of
the individual to structure the population. We model children group with a Susceptible-Exposed-

! Although this host type can die of malaria, the death rate is very weak so that we can neglect it in order to
simplify the model.
2The real children within the meaning of the word.



Infectious-Susceptible (ScEI.Se) model type until some children become adults and remains for
life and will follow the Susceptible-Exposed-Infectious-Recovered-Susceptible (S, Eql,RyS,) model
type. We model mosquito population with Susceptible-Exposed-Infectious (S, E,I,) model type.
Our goal is to develop a model in order to prevent malaria in areas of low, intermediary and high
transmission. This allows us to discuss on the effort required to control malaria through a specific
subgroup as the children group, adults group or mosquitoes group following the area studied and
the reservoir of infection for each sub-group.

The paper is organized as follows: In Section 2 we briefly outline the derivation of the model
and investigate the existence and stability of steady-state solution in Section 3. In Section 4, we
present some conditions required to control the malaria. Numerical simulations and some concluding
remarks will follow respectively in Section 5 and 6.

2 Malaria model
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Figure 1: A schematic of the mathematical model for malaria transmission involving the human host
susceptibility, exposedness and infectivity with variable children, adults and mosquito populations.

In order to derive our model, we divide the human population into seven subclasses (see figure
1): susceptible children Se, susceptible adults S, exposed children E, exposed adults E,, infectious
children I, infectious adults I, and immune® adults R,. Hence the total size of the population at
any time ¢ is denoted by Np(t) = Se(t) + Sa(t) + Ee(t) + Eq(t) + I(t) + 1a(t) + Ra(t).
We divide the mosquito population into three subclasses: susceptible, S,; exposed, E,; and infec-
tious, I,. Hence the total size of the mosquito population at any time t is denoted by N,(t) =
Sy(t) + Ey(t) 4 Ly(t).

3Immune is also call semi-immune because they are asymptotic carriers of parasites and are slightly infectious.



We begin to make the following assumptions:
(H1) We assume that both humans and mosquitoes are born susceptible.
(H2) We also suppose an immigration of children into children susceptible class at rate p- Ay, and an
immigration adults into adults susceptible class at rate (1—p)- Ay, where p € [0, 1] is the probability
for an immigrant to be a child, (1 — p) is the probability for an immigrant to be a children and Ay,
is the constant immigration rate of humans at any time ¢.
(H3) In order to simplify the model, we neglect as in Chitnis [10] immigration of exposed, infectious
and semi-immune humans.

Children enter the susceptible class, Se, either through birth at a per capita birth rate Ay or
through immigration at a constant rate p- Ay or by migration of an infectious child at rate p.. Adults
enter the susceptible class, S, either through immigration at rate (1 — p) - Ay or by migration of
adults in class R, at rate B,. Mosquitoes enter the susceptible class, S, by birth at a per capita
birth rate of mosquitoes A,.

When an infectious mosquito (in class I,,) bites a susceptible child (resp. adult), the parasite
enters the child (resp. adult) body with some probability c,e (resp. ¢,q) and the child (resp. adult)
will move to the exposed class, Fe, (resp. E,). After a given time the child (resp. adult) moves from
the exposed class into the infectious class, I, (resp. I,) at a rate v, (resp. v,). Infectious children
can go back to the susceptible class, S,, at a rate p. if they have not yet acquired their immunity or
move to the immune class, R,, at a rate a. after many years of chronic infection. By immunology
memory, immunity of infectious adults in class I, might be rapidly restored when they begin to
be re-exposed at infection. Consequently, we assume that infectious adults move to the immune
class, R,, at a rate a, before becoming susceptible. Immune individuals in class R, can lose their
immunity if they have not a continuous exposure to the parasite and go back to the susceptible
class, S,. Children leave the population through a density-dependent per capita natural death rate
frn and through a per capita disease-induced death rate v.. But adults leave the population only
through a per capita density-dependent natural death rate fp,.

When a susceptible mosquito bites an infectious child (resp. adult, resp. immune) the parasite
enters the mosquito with some probability ce, (resp. cay, resp. Cqy)* and the mosquito moves from
the susceptible to the exposed class F,. The exposed mosquito becomes infectious and enters the
class I, after a given time and remains infectious for life. Mosquitoes leave the population through
a per capita density-dependent natural death rate f,.

Let pup, (resp. p,) be the density independent part of the death rate for humans (resp. mosquitoes)
and pap, (resp. poy) be the density dependent part of the death rate for humans (resp. mosquitoes).
As in [32] and [10], we assume f,(Np) = pp + ponNp and f, (Ny) = piy + proy Ny.

Let ne, (resp. mng) be the average number of bites given to children (resp. adults) by one
mosquito per unit time.

The probabilities cye, Cya, Cev, Cav and &, are assumed belong to the interval |0,1[, the parameters
Ahs Auy Ve, Va, Vo, Qe Qay Pey Bas tos 120y ks W2k, e, Mg, and Ay are assumed to be positive except
for the disease-induced death rate, 7., which is assumed to be nonnegative.

Using the standard incidence as in the model of Ngwa and shu and Ross-Macdonald, define
respectively the infection incidence from mosquitoes to adults, k,, from mosquitoes to children, k.,

4The probability of transmission of the infection from infectious adults is much lower than the one from infectious
children (cey > cav) and the probability of infection transmission from recovered humans is much lower than the one
from infectious adults (cqv > Cav) (cf. [11, 20, 36]).



from adults and children to mosquitoes, k,, at any time ¢ as follows

I I 1 - R
ka = Cvanaﬁvh7 ke = Cveneﬁza kv = Cavnaﬁi + CevneNieh + cavnaﬁz- (1>

Now, we write the model describing the spread of malaria in the form:

d;;e = pAp+ M Ny + pele — fo(NR)Se — ke(t)Se, (2a)
d;;“ = (1 —p)Ap + BaRa — frn(Np)Sa — ka(t)Sa, (2b)
e = RS~ (e + Fu(Ni)E, (20)
e = Ru(0)Sa— (o + (Vi) B (2d)
% = VeEe — (e + e + pe + fr(Nn)) e, (2e)
U = VBu (@0 + (N, (26)
Do~ aelet aala — (Bat Fu(N)Re, (28)
div = AN, = fu(N) Sy — ko) S0, (2h)
e h(0)Sy— (e L) B (21)
% = By, — fo(Ny) 1. (2j)

By adding up the equations (2a)-(2g) (resp. (2h)-(2k)) we obtain the equation for human (resp.
mosquitoes) total population:

dN,
= At Ny — fu(Na) N el (32)
dNy

7 ANy = fo(Ny)Ny. (3b)

To analyze this model, we make the change of variables:

o S S _BE __E . _L . _lL __R
e_Nh7 a_Nh7 e Nh7 a Nh’ e Nh’ a_Nh7 a_Nh7
(4)
’U_va U_Nv, U_Nv7
so that
(Se + Sa) + (e +e€q) + (te +ig) +7a =1, sy +e,+iy=1. (5)
Using precedences, the infection rates (1) become
. N, . N, ) ) -
ka = CpaNagly * 7”’ k;e = Cypellely * 7’”’ kv = CqvNala t CevNele + CavNaTa- (6)
Ny, Ny,
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If we introduce the following variables

A A A
Mlthp—k)\h, My=" 4 xy, Mz=" v+,
]Xh NhA Ny,
M4:Fh+l/a+)\h7 M5:Fh—|—)\h+ae+'}’e+pea (7)
h h
A A
Mﬁzih‘i‘)\h‘i‘aa; M7:7h+>\h+ﬂa7 MSZVU+)\U’
Ny, Ny,

then system (2)-(3) re-writes:

dse . .

dst = Ml (t) - MQ(t)Se + Pele + YeleSe — ke(t)867 (8&)

dee

det = ke(t)se + Yelcee — M3(t)ee, (8b>

deq

% = ka(t) : (1 — Se — (ee + ea) - (ie + ia) - Ta) + Vele€a — M4(t)€av (SC)

% = Ve€e + Veiz - M5(t)i6’ (Sd)

dig .. .

E = Vg€q + Yelela — Mﬁ(t)lav (86)

dr,, ) ) .

o Qele + gl + Velera — M7(t)ra, (8f)

d
% = kv(t) . (1 — ey — Zv) — Mgey,, (8g)

diy )

é = Vpey — Ayply, (8h)
dN, ) .
7; = A+ Ny, — fh(Nh)Nh — 'YeZeNha (81>
dN, :

dt )\UN’U - fU(N’U)N’U' (8.])

We assume that the initial conditions lie in €2 defined by €2 = €)1 x Q9 where

Q1 = {(8e, €er Caries iy Tas €uyiy) € [0,1]3/0 < ey +1iy < 1;0 < 8¢ 4 € + €q + e +ia + 74 < 1}, (9)

and for Ay > g,

0< N, <
20y, H2v

Ay — Ay — 24 4pon A Ao — o
92={<Nh,Nv)eR2/0<Nhs n =tk o/ On = ) & Qi ! } (10)

We denote points in Q by x = (s, €c, €q, i, ia, Ta, €0 ivs Npy, Ny)t. Then we re-write system (8) in
the compact form

OZ = fi), i=1,...,10, (11)

and we readily obtain the following result which will guaranty the global well-posedness of malaria
model (8):




Theorem 1. If the density-dependent mosquito birth rate A, is greater than the density-independent
mosquito death rate p,, for any initial condition in ), system (8) has a unique globally defined
solution which remains in Q for all time t > 0.

Proof. Local existence of solution follows from the regularity of function f = (fi,..., fip) which
is of the class C' in Q. It remains to show the positivity and boundedness of solutions. We
first show that € is forward-invariant for all (Ny, N,) € Qo. It is easy to see that if z; = 0,
then z, = dx;/dt = fi(x) > 0,4 = 1,...,8. It follows that if e, + i, = 0 then e} + i, > 0, if
Se + €c+ €q +ic+iqg+rq =0 then s, + e, + e, +i, + i, +r., > 0. Moreover, if e, + i, = 1 then
e+il, ==X\ <0,if se+ect+eq+icticg+r, =1then s, +e, +el +il +i, +7r!, = %Z(p—l)—ﬁara <0
because p € [0, 1].

Next, we show that Qg is forward-invariant for all (s, ee,€q,lc,iq,Ta,€v,iy) € 1. For some
mp, My > 0 small enough, if N, = my, then N,’l > 0 because N,’L = Ap + Apmyp — upmp —
,ughm% — Yetemp — Ap > 0 as my, — 0; if N, = my, then N|, = my(Ay — py — p2omy) > 0 if
only Ay > py + proymy. It follows that for m, — 0, N/ > 0 because we have assumed that A, > p,.
It is easy to see that limsup, . Ny (t) < (Ay — y)/ 2y and

limsup,_, . Np(t) < (Ap — pn + \/(/\h — 1p)? + 4ponAp)/pon. We conclude that the solutions of
malaria model exist globally in €. O

3 Existence and stability of steady-state solution

In this section, we analyze the existence and stability of equilibria including disease free equilibrium
as well as endemic equilibria. We recall that equilibria for system (8) are defined as the zeros in €2
of the vector valued function f = (fi,..., fio).

3.1 Disease-free equilibrium point and reproductive number
3.1.1 Disease-free equilibrium point

The equilibria solutions for which there is no disease are generally called disease-free equilibrium
point (DFE). A disease will not exist within the three populations if the following classes e, €4, i,
ia, Ta, €u, by are all zero. Let xqp. (resp. Xgre) be the disease free equilibrium with the proportion
(resp. original) variables for malaria model (8) (resp. (2)). The following theorem shows that zgf.
(resp. Xgpe) exists and is unique. Like models (2) and (8) are equivalent x4, and Xgs. are also.

Theorem 2. The malaria model (2) or (8) has a unique equilibrium point with no disease in the
population on £ where
zgre = (s5,0,0,0,0,0,0,0, Ny, N;) (12a)
dee = (52707 07 52’07 07 07 S:’O’ O) (12b)



and

An — An — ph)? + dpop A Ap —
Np o= M pin + v/ (n = pn)? + 4pion R Nl 1) (13)
2p19p, 20
s5 = 22— s=1-3s,
e J]\\[% + )\h a e
Si = sINi Si—siNi (130
Sy = syN;y=1-N,. (13d)
The proof is given in Appendix A.1.
Next, at the DFE we simplify the writings as follows. We denoted
M; = M;(Ny),i=1,....8, fy=fa(Ny), fo=[fo(N;) from (14).
Note also that f; = ]I\X/i + Ap, from (8i) and f; = A, from (8j) at the DFE. It follows
h
Mék:fﬁ-i‘Ve, Mi:f;;'i‘ya? M§:fif+04e+%+Pe, (14)

MngﬁkﬂL%, M;:f];k“_ﬁaa MgzMSZVU+Av-

3.1.2 Reproductive number R,

A key concept in epidemiology is the basic reproductive number, commonly denoted by Ry. Usually,
Ry is defined as the expected number of secondary individuals produced, in a completely susceptible
population, by a typical infected individual during its entire period of infectiousness. In the case
of malaria where the disease is transmitted between two hosts types (humans and mosquitos),
the interpretation of 'secondary individuals’ has lead some authors to define Ry as the number of
humans infected by single infected humans during his entire infectious period (cf. [27, 32, 2]); that is
a definition originally used for malaria. Others Authors define Ry using the next-generation matrix
approach [2, 10, 9| described in [12, 42]. This approach defined Ry as the number of individuals
(humans or mosquitoes) infected by a single infected individual (humans or mosquitoes) during his
entire infectious period, in a population (humans and mosquitoes) which is entirely susceptible. The
difference is that the first definition approximates the total number of infections within a human
class given by one infective human belonging to this class whereas the second one gives the mean
number of new infections per infective in any class per generation where a generation refers to the
infection. We will see in Section 4 that these two definitions depend on the goal we want to reach.

To derive the reproductive number for our model, we use the next generation approach. We have
three host types indexed by e for children, a for adults and v for mosquitoes. The next-generation
matrix K is :

Kee Kea Kev
K = Kae Kaa K(w )
Kve Kva va

where each element K, represents the expected number of secondary cases in host, indexed by s,
produced by a typical primary case in host, indexed by r in a completely susceptible population.
We assume that there are no infections transmission between children, between adults, between
adults and children, only transmission from children to mosquitoes, from mosquitoes to children,



from adults to mosquitoes, from mosquitoes to adults, therefore Kee = Koo = Koy = Kge = Kea.
As a consequence, K simplifies to

0 0 K.,
K = 0 0 K, |. (15)
K’U@ Kva 0

Like K,s has the concept of reproductive number, it can be easily derived as the product of the
survival probability until the infectious state, the contact number per unit time, the probability of
transmission per contact and the mean duration of the infectious lifetime see [18].

We derive heuristically the elements K., Kqy, Kype, Kpq of K. We recall that the disease-free
equilibrium (DFE) corresponds to steady state solutions where there is no disease within the three
host types; this means that the populations are entirely susceptible. The infectious class corresponds
to variables I, I, R,, I, and the infected class are the variables F,, E,, F/,. When a disease is newly
introduced in a population by one infected individual, the next generation approach defines Ry
as the average number of secondary cases produced by that infected during his entire infectious
period. In the case of our model, a new infected can be introduced either in the susceptible children
or susceptible adults or susceptible mosquitoes.

e First, we introduce a single newly infected child in population at the DFE state (ie. all adults
and mosquitoes are assumed to be susceptible). Note that this child can infect a mosquito if he
survives in the class F. and enters respectively in the infectious classes I. and R,. Let K., be the
expected number of mosquitoes that this child will infect. This child comes out of the class E, with
a survival probability, ve/(f; + ve), and enters the class, I., where he/her could infect a susceptible
mosquito if there are infectious contact with a probability ce, and a contact number, ne%, with
a mean duration of the infectious lifetime, 1/(f} + o + 7e + pe), in that class. This child might
become adult in entering the class R, with a probability v./(f5 + ve) - aa/(ff; + cte +7e + pe); where
he could still infect a susceptible mosquito if there are infectious contact with a probability ¢4, and
a contact number, na%, with a lifetime, 1/(f; + B,), in that class. Consequently, we can write

K, as the sum of expected number of mosquitoes infected by the class I. denoted, K, elg and by the
class R, denoted K% ie.

ev

Ko = Klo4 K where (16a)
v S 1
Kle = N Cey - , 16b
ev f;: + Ve EN;; ev f;‘; + O[e + ,_)/6 + pe ( )
Sk 1
Kg)a — Ve Qe v (160)

.ni.c . —_
fidvefi+actvetpe N  fi+pa

e Now, we introduce a single newly infected adult in the population at the DFE state (ie. all
children and mosquitoes are assumed susceptible). Let K, be the expected number of mosquitoes
for which this child will infect. Using the same reasoning as previous , we can write K, as the
sum of expected number of mosquitoes infected by the class I. denoted, K2 and by the class R,



denoted K% ie.

av

Ko = Klo4 KFe  where (17a)
1 S* 1
Kla — gL Cay  ——, 17b
aw fid+ve Ny U fitag (17)
Sx o 1
Kﬁ)a Va Qa v (17C)

.ni.c L ——
fitvaly+aa Np T fi 4 Ba

e Next, we consider adults and children entirely susceptible near the DFE and introduce a single
newly infected mosquito in the mosquito population. Let K., (resp. K,,) be the expected number
of susceptible children (resp. adults) for which this mosquito will infect.

This mosquito comes out of the class FE, with a survival probability, v, /(f; + 1), and enters
the class, I,,, where it could infect a susceptible children (resp. adult) if there are infectious contact

with a probability c,e(resp. ¢yq) and a contact number, nef,—% (resp. ng ff‘% ), with a mean duration
of the infectious lifetime, 1/f;, in that class I,,. We define :

Uy S* 1
K. - e 18
ve f{; T, e N;; Cye f{f’ ( a)
S 1
Kva = o = (18b)

.CU(Z.E'

The value of Ry is mathematically defined as the spectral radius of K ( see [12]). Therefore we
can state the following proposition:

-n
Rz aN;Z

Proposition 2.1. The reproductive number for malaria model (2) is explicitly given by the formula
(19) where Kye, Kya, Kev and Kq, are respectively defined in (18a), (18b),(16) and (17) :

RO = \/Kve : Kev + Kva ' Kav- (19)

Consider a human population at the DFE without adults. This means that all susceptible adults
are protected by a vaccine or other control measures type. This also corresponds to an area where
there are no adult at the DFE. Therefore S; = 0 and S; = N; ie. s} = 1 allowing to take Ky, = 0
in Equation (18b). It follows that Ry = /K[, - K¢, where we denoted K}, = K, when s’ = 1.
Now, consider a human population at the DFE without children. S} = 0, allowing to take K, =0
in Equation (18a). It follows Ry = \/K}, - Koy and K}, = K,, when s} = 1.

We can define a reproductive number for an infection due to transmission adult-mosquito-adult
denoted R(l)a, and for an infection due to transmission child-mosquito-child denoted R(l)e so that
R}, approaches the average number of children or mosquitoes infected by a single infected child
or mosquito during his entire infectious period in a population (children and mosquitoes) which is
entirely susceptible assuming there are no adult in the population at the DFE; and R(l)a, approaches
the average number of adults or mosquitoes infected by a single infected adult or mosquito during
his entire infectious period, in a population (adults and mosquitoes) which is entirely susceptible
assuming there are no children in the population at the DFE. It is clear that Rée = K] - Ke
and R}, = /KL, - Ka.

If we denote Ry, = sZRéa and Rg. = SZRée, we can interpreted Rp,, as the weight of the
transmission adult-mosquito-adult dues to the the susceptibility of adults and Ry, as the weight for
the transmission child-mosquito-child dues to the the susceptibility of adults.
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Therefore, using (19), we can rewrite Ry in function of both weights of transmission Ry, and

Ry, as follows:
Ry =1\/R3,+ R3, (20)

The local stability of the disease-free equilibrium, Xy, is governed by the reproductive number
Ryp. Using standard methods, we can show that the basic reproductive number Ry defined above
acts as a threshold for the stability of the disease-free equilibrium Xg.; if Ry < 1 then the DF'E is
locally asymptotically stable. This means that introduction of a small number of individuals near
the disease free state does not lead a epidemic. Whereas it is unstable if Ry > 1.

In the following subsection, we simplify the writing of R%a and R%e by writing it in terms of M,
i=1...8 as follows:

s Uy . 1 ve 1 Nj - 1
Ry, = M *NgSg * Coa - )\7@ X : : M; : N;% | NaCav + nacavohzﬁ;< ) (21a)
K?)a I:E;'U
v 1 v 1 N} 1
R% = ’l}* . nes* . CU6 — X 6* . " . ,i . <n€C€’U —|— naawae*> . (21b)
‘ M8 ‘ /\U 3 M5 Nh M7
IE;E KCU

3.2 Bifurcation analysis for R, near one

An endemic equilibrium point is stationary solution of the evolution system (8) where the compo-
nent are positive. In this case, the disease persists in the population. It is difficult to find an explicit
formula of the endemic equilibrium point because the system of equations (8) is complex. Conse-
quently, we give a simple criterion for existence and stability of super and sub-threshold endemic
equilibria for Ry near one. Before stating these results, we first rewrite the equilibrium equations for
model (8) in two dimensions. We recall that the stationary solution is obtained by solving f(z) = 0
where f = (f1... fip) from Equation (11).

Lemma 2.1. The stationary system (8) can be reduced to two dimensions in the form :
F(@) =0, @= (i i) € Uy x U, C R? (22)

where F € C™(Uy x U, R?), m > 2, Uy =| — 04, 04| and Ue =] — 8¢, 8e[ with de, 6, €]0,1].
Moreover by setting U =]0,0,[ and US =]0,0.[, to each solution of Equation F(u) = 0 belonging
to the set Ul x U correspond to a unique solution of initial stationary problem f(z(a)) = 0 where

z(u) € Q.

F is explicitly given by Equation (39) and all the details of Lemma 2.1 are proved in Appendix
A.2. Next, we denote by U = U, x U.. Now in order to carry out a bifurcation analysis, we re-write
(22) in the form

F(ua,\) =0, (23)

where A is a bifurcation parameter introduced. The latest having the following properties
(Al: A € V C R where V is a neighborhood of A = 0.
(A2): Ry >1<= A>0and Ry=1for A=0.
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(A3): F(0,\)=0forall A\ e V.
(A4): DyF(u,\), D2F(u,\) € C3(U x V).

From Theorem 2., there exists a unique DFE; hence the point u = 0 corresponds to zgs.. Let
(udfe, ) be the disease-free equilibrium for Equation (23) where ugse(iq,%e) = (0,0). Assumption
(A3) implies that ugr. remains a disease-free equilibrium for all values of A\. Next, we denote by A(\)
the quantity DgF (ugpe, ). We can then derive the following properties for the function F'(u, \) :

Lemma 2.2. For each A\ € V', matriz A(\) has two simple eigenvalues o1(\) and o2(N\) such that
01(0) = 0; 02(0) < 0 and o1(X) # 0 if X #0.

The above lemma is proved in Appendix A.3. Let v and v** be the positive right and left
eigenvectors of A(0) corresponding to the null eigenvalue, 1(0) normalized by vIv = v**v = 1. If
we set h = v** D2 F (ugse, 0){v,v), we can state this following result:

Theorem 3. If h £ 0 then, there exists a neighborhood U C U of u = 0 and a neighborhood V C V
of A = 0 such that YA € V, the equilibrium equation (23) has a solution w(\) € U \ {0}. Moreover,
the solution w(\) is strictly positive if and only the product hoy(X) is strictly negative.

The proof of this result directly follows from a general bifurcation result stated for instance in
[14, Appendix 2|. We can now investigate the direction of the bifurcating solution @(\).

Corollary 3.1. Let
 CpeNelyleSg My MG Ny

Te = TN MMM Ny

(24)

There exists n €]0,n.[ such that

1. If h <0, then there exists an endemic equilibria T € §) near the disease-free equilibrium, xgfc
for1<RE<1+n.

2. If h > 0, then there exists an endemic equilibria T € Q near the disease-free equilibrium, s,
forl—n<R%<l.

The proof of the above corollary can be found in Appendix A.5. The threshold parameter
expression h is explicitly derived in Appendix A.4 and follows from heavy computations.

To give a biologically meaningful interpretation of the above result, note that when h < 0,
making Ry slightly greater than 1 by a small changes in parameters gives rise to a positive branch
of equilibrium. But if we decrease Ry slightly less than 1 there is no endemic steady state. This
bifurcation type is often called a supercritical or forward bifurcation. Now, when h > 0, we obtain a
positive branch of equilibrium when Ry is slightly less than one. This bifurcation type is also called
a backward bifurcation or a subcritical bifurcation. To summarize, if we use directly the quantity
Ry to control the malaria, we must lower Ry below 1 to prevent it when h < 0. But when h > 0,
Ry should be less that a quantity, denoted by R, to prevent the malaria. From Corollary 4.1, we
can expect R? < 1 —n for all € [0,7.]. We recall that in most epidemic models investigated, the
bifurcation tends to be forward at Ry = 1. Recently some authors have found epidemic models
leading to the subcritical (backward) bifurcation at Ry = 1 and stressed its important consequences
for the control of infectious disease, cf. [14, 15, 17, 25, 24, 29, 9, 42|. Indeed, for a given parameter
set, multiple stable states could exist even if Ry < 1. For small changes in the values of these
parameters, major changes in equilibrium behavior can occur.
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4 Effort required to control malaria

For a disease which is transmitted at least between two host types such as the malaria, Roberts and
Heesterbeek, in [16, 37|, showed that Ry defined as an average (via the next generation approach)
would be a bad indicator when the required control effort is aimed to a specific host type. They
suggested an appropriate reproductive number where they introduce the "type-reproduction number
T” for each host type. It is interpreted in [16] as ” the expected number of cases in individuals of type
1, caused by one infected individual of type 1 in a completely susceptible population, either directly
or indirectly”. The previous models for malaria transmission consider two host types: human and
mosquito. It is clear that the original definition of the reproductive number for malaria coincides
with the type reproduction number T} if we consider the human population as type host 1. Our
model consider three host types: adults, children and mosquitoes. If we use directly the quantity
Ry to control the malaria, the previous section shows that we must lowers Ry less than 1 (resp.
R.) to prevent the malaria when A < 0 (resp. h > 0). In each condition required, we need to
target the control simultaneously at all the sub-groups to reduce Ry below 1 or R.. Given that it
is very difficult and expensive to aim a control to all sub-groups to eliminate the malaria, we ask
the following question: can we prevent malaria through a specific subgroup as adults or children or
mosquitoes?

Using the method developed by Roberts and Heesterbeek |16, 37|, we evaluate the type-reproductive
number T, Ty, T,, respectively for each host type: child, adult and mosquito. We begin to denote
by p(Q) the spectral radius of a matrix @, the prime denotes the transpose of a vector and I the
3 x 3 identity matrix.

By definition, cf. [37], for all | = a,e,v, T} = E;(K(I ~ (I -P)K)'E,
where

1
P.=10

7Pa: 7PU:

oS O O
o O O
o O O
O = O
oS O O
S O O
oS O O
= o O

0
E.=(100),E,=(010),E,=(0 0 1),

and K is the next-generation matrix defined in Equation (15). the authors show in [16, 37| that T;
is well defined if the host types k # [ (ie. other than host type l) cannot support by themselves an
epidemic. Mathematically, it is shown that 7 is well defined if p((I — F})K) < 1. Indeed, if T is
well defined, reduce T} below 1 is sufficient to reduce Ry below 1, by only targeting a control to the
specific host [.

Their assumption is valid when the model cannot exhibit a backward bifurcation i.e h < 0. But
when h > 0, we replace the criterion p((I — P))K) < 1 by p((I — P,)K) < R, < 1. Using the above
definition, the expressions of T, T, and T, are obtained as follow

2
T, = R°e2 and p((I — P.)K) = Ry, (25a)
]. - ROCL
R3,
T, = 5 and p((I — P,)K) = R, (25b)
T, = R2 and p((I — P,)K)=0. (25c¢)

Assume h > 0. The same reasoning can be applied when h < 0 by setting R, = 1.
It is clear that T, is well defined if Ry, < R.. T}, is also well defined if only Ro. < Rc. As p(({ —
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P)K) =0 < 1, T, is always well defined without condition upon the adults or children. We may
summarize the results as follows:

(i) In area where Ry, < R. and Ry, < R. such as 1 < Ry < R.v/2 or 1 < T, < 2R?, it suffices to
target a control to one of the three host types to eliminate the malaria.

(ii) In area where Ry, < R. and Ry, > R, it is sufficient to target a control to adult or mosquito
host types to eliminate the malaria.

(iii) In area where Ry, < R, and Ry > R, it suffices to target a control to child or mosquito host
types to eliminate the malaria.

(iv) In area where Ry > R. and Ry, > R., we need to target a control to mosquito or simultane-
ously to adult and child host types.

Assuming that the malaria control program is aimed to reduce the number of susceptible in a
given host type [, [ = a,e,v following one of the conditions (i-iv). Recall that the next generation
matrix coefficients, denoted by Kj;, represent the expected number of individuals of host type [
which would be infected by a single infectious host type j. Assuming that the above controls act
linearly on Kj;, one can linearly reduce the number of susceptible host type [ with [,j = a,e,v.
A proportion s; > 1 — R2/Tj of susceptible host type I need to be protected (by the control) to
eliminate over time the malaria in the three populations (cf. |16, 37] when R. = 1). For the adults
or children, this control strategy is feasible by using insecticide-treated bed nets or intermittent
prophylactic treatment or a vaccine. Concerning the mosquitoes, the vector control measures such
as indoor residual spraying with insecticides is possible.

In area where the condition (i) is satisfied, it suffices to protect permanently a proportion of
adult greater than 1 — R2/T, or a proportion of children greater than 1 — R2/T,, or eliminate a
fraction of mosquitoes greater than 1 — R2/T,, but smaller than 0.5.

In area where the condition (ii) is satisfied, it suffices to protect permanently a proportion of adults
greater than 1 — R2/T, or eliminate a fraction of mosquitoes greater than 1 — R?/T,.

In area where the condition (iii) is satisfied, it suffices to protect permanently a proportion of
children greater than 1 — R?/T, or eliminate a fraction of mosquitoes greater than 1 — R2/T,,.

In area where the condition (iv) is satisfied, it suffices to eliminate permanently a proportion of
mosquitoes greater than 1 — R? /T, at birth to eradicate the malaria or protect simultaneously the
children and the adults.

Now, we will explore the natural fulfilment of conditions (ii) and (iii) depending on the study
area. We need to recall some results: note from Equation (41) that Ro. = siR}, and Ry, = st R},
where s = (§Ep + M)/(FF + M), 52 = (§5 (1= p)/ (% + M) and 57 + 8] = L.

e Natural fulfilment of the condition (ii).

Consider an area where the per capita birth rate of human, Ay, is very low so that it can be neglected.
Only the immigration of people supports the human population. Mathematically if A, — 0, then
st — p and s; — 1 — p. It follows that if most of immigrants travel over a long distance by
leaving an endemic area and go to an non-endemic area, then p — 0 leading to Rg. < 1. We then
must target the control to the adults to prevent the disease. Hence, if a vaccine were available, it
suffices to vaccinate any susceptible immigrant.

e Natural fulfilment of the condition (iii)
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Example 1: Ry, might be naturally below 1 following the principle known as transmission-
blocking immunity (cf. |11, 20, 36], which consider that immunity reduces the transmission of
parasite from adult to the mosquito. Hence the probability of transmission from semi-immune
to mosquito is neglected, ¢,, ~ 0 allowing to take K[« = K« ~ 0. Also the probability of
transmission from a infectious adult to mosquito ¢4, may be become smaller due to the fact that
the adults already acquired an immune memory.

Example 2: Suppose that most of immigrants travel over a long distance. Assuming they leave
an area where there is no malaria (as a part of Europe) and go to an endemic area, then p — 1.
Consequently Ry, — 0 < 1.

Ezample 3: Assume that the constant immigration rate Ay is very low, s} — 1 and s}, — 0
and Ry, < 1.

Example 4: If the per capita birth rate of human, Ay, is very large such that \p, > up + 4usnAp
then Ny /Ay — 0 and s} — 0 while s} — 1. It follows that Ry, < 1.

These results will be discussed in the last Section.

5 Simulations

In this section, we first give a simple example to prove that our model can exhibit a backward
bifurcation following the criterion derived in Section 3. Furthermore, we explore the behavior of the
malaria model (8).

To illustrate the bifurcation analysis, we have chosen realistic parameter values compatible with
malaria, and such that Ry is close to 1. Specifically, with the set of parameters in Table 3 (area 1)
except Ay, p and n.. The simulations were conducted using Maple. In order to evaluate the criterion
described in Corollary 4.1, we consider two cases: in each case, we set the parameters Ay and p, and
consider A = n, — npg, the bifurcation parameter. We denoted by np, the value of the parameter
ne for which Ry = 1.

. (a) Forward bifurcation (b) Backward bifurcation
0,009- ]
1 0,012
0,008 |
0,007 00107
0,006 ]
1 0,008
0,005 1
ie | ie
0,004 0,006+
0,003 0 004:
0,002 1
0,001 0.0027
0,000 1 T T T T T T T T 0,000 : . r T T T |
099 1,00 100 1,02 103 1,04 105 1,06 107 1,08 0,96 0,98 1,00 1,02 1,04 1,06 1,08
Ro Ro

Figure 2: Bifurcation diagram for model (8) showing the endemic equilibrium values for the propor-
tion of infectious, i.. We used the parameters in Table 3 (area 1) except A, = 0.06,p = 0.5 for a
forward bifurcation and Ay, = 0.01,p = 0.30 for a backward ones. The simulations were conducted
using Maple’s tmplicitplot.
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%107 (a) Infectious class: h=-0.343<0, R0=0.994 x 1072 (b) Infectious class: h=0.9434>0, R0O=0.9800

e - ol -

-

Prevalence ie, ia, iv
Prevalence ie, ia and iv

I I I I I I I I I
2 2.5 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (.days) 5 Time idays) X 10°

Figure 3: Initial conditions: s, = 0.5838, e, = 0.0000, e, = 0.0000, 7, = 0.0025, 7, = 0.0001, r, =
0.0916, e, = 0.01,4, = 0.005, N, = 500, N, = 12000. The system approaches the endemic equilib-
rium point given in Table 2 for the figure (b). The simulations were conducted using MATLAB’s
ode45.

Ay = 0.01,p = 0.30; for various values of n, between 0.150 and 0.190, Ry varies between 0.96
and 1.10 such that h remains strictly positive i.e. h € [0.909,0.946]. The set of parameter values
describe a backward bifurcation see Figure (2b). We note in Figure (2b) that when (for example)
we set ne = 0.15473 so that Ry = 0.9800 and h = 0.9434 > 0, we obtain two equilibrium values:
One stable ie = 0.009 and other unstable i, = 0.004. For a given initial condition, Figure (3b)
shows that the system converges toward the stable equilibrium i, = 0.009. Table 1 summarizes the
equilibrium values calculated for all the variables.

Ay = 0.06,p = 0.5; for various values of n. between 0.234 and 0.278, Ry varies between 0.989
and 1.099 such that h remains strictly negative i.e. h € [—0.346, —0.289]. The set of parameter
values describe a forward bifurcation see the figure (2a). The dynamic of the system is given in
Figure (3a) for n. = 0.236, giving Ry = 0.9947 < 1,h = —0.3430 < 0. We see the extinction of the
disease over the time.

To explore the malaria model (8), first we use the set of parameters in Table 3. (area 2)
which corresponds to a stable area of transmission (for example in parts of Africa). Figure 4 (left)
illustrates the behavior of the malaria System (8) showing that the endemic steady state solution
is unique and is locally asymptotically stable. In this area, Ry, Roq > 1. If we want to eliminate
malaria, we must target a control simultaneously on the children and adults or on the mosquitoes
which is very difficult because T, = 6.4719 and we must eliminate continuously 84.55% of susceptible
mosquitoes at birth (1 — 1/7;, = 0.8455). Now, we use the set of parameters in table 3. (area 1)
with Ay = 0.033,n. = 0.24,n, = 0.35 which correspond to a low area of transmission see figure 4
(right). Here, we have Rge, Ros < 1 but Rp > 1. In this area, malaria can be eliminate through a
specific host type. It suffices to protect either a proportion of children greater than 0.465 or adults
greater than 0.835, or eliminate a proportion of mosquitoes greater than 0.297. That will depend
on the feasibility.
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Figure 4: A numerical simulation of the malaria model (8). The left figure is plotted with parameter
values defined in Table 3 (area 2) giving Roe = 2.071 > 1, Ry, = 1.477 > 1, Ry = 2.544. The
right figure is obtained with parameter values defined in Table 3 (area 1) except A, = 0.033,n, =
0.24,n, = 0.35 giving Rgpe = 0.957 < 1, Ry, = 0.712 < 1,Ry = 1.193 > 1,71, = 1.869,T, =
6.076,T, = 1.424. Initial conditions: s = 0.9, e. = 0.0, ¢, = 0.0, i = 0.0, 7 = 0.0, r, = 0.0,
ey, = 0.0, i, = 0.001, Np = 500, N,, = 800.

Se Sa €e €a ge lq Tq Nh
0.5253 | 0.2859 | 0.0012 | 8.1094e-004 | 0.009 | 0.0072 | 0.1706 | 395.0297
S0 e iy N,

0.9990 | 0.0033 | 0.0023 | 12125

Table 1: Equilibrium values for the parameters in table 3 (area 1) except A, = 0.01,n, = 0.154 and
p = 0.30 giving Ry = 0.9800 < 1.

6 Concluding Remarks

We formulated a compartmental model for malaria transmission involving the human host suscep-
tibility, exposedness and infectivity with variable children, adults and mosquito populations. The
human population is split into seven classes: susceptible, exposed, infectious and semi-immune where
the susceptible humans are divided into two groups based on their susceptibilities; the exposed ones
are divided into two groups according to their incubating period, the infectious ones are divided
into two groups according to their infectivities. We divided the mosquito population into three
classes: susceptible, exposed and infectious. We defined a domain where the malaria model has a
unique globally defined solution which remains in this domain for all nonnegative time. We obtain
explicit formula for the reproductive number, Ry, derived from the local stability of the disease-free
equilibrium point, x4r.. We defined the weight of the transmission adult-mosquito-adult, Ro,, and
the weight of the transmission child-mosquito-child, Rge, due to transmission child-mosquito-child.
Then the reproductive number for the entire population is a square root of the sum of the square
of these weights for the two interaction types.

We gave a simple criterion for existence of super and sub-threshold endemic equilibria for Ry
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near one depending on a parameter h. For the forward bifurcation i.e. h < 0, there are super-
threshold endemic equilibria near the disease-free equilibrium point, z4s.. Further, for a backward
bifurcation i.e. h > 0, there are sub-threshold endemic equilibria near, x4r.. We did not provide
stability results on these equilibria.

We investigated the possibility of a control of malaria through one of the three host type (adults
or children or mosquitoes). We formulated the reproductive number specific to each host type. Our
model suggests that, in an area of low or intermediary transmission, it suffices to target a control
to one of specific host type to eliminate malaria. In an area of high transmission for which, most
of immigrants come from an area where there is no malaria, malaria can be eliminated through the
children. In the same way, in an endemic area where the constant immigration rate Ay is very low
or the per capita birth rate of human, )y, is very large, malaria can be always controlled through
the children. Sometimes epidemics occur in unstable malaria areas where the transmission differs
greatly from year to year. In these areas, if A, is very low, malaria can be eliminated by using
vaccines or by protecting any susceptible immigrant adult or child entering in these areas. On the
basis of our analysis, we conclude that if a vaccine or a simple preventive action were available,
we must research the specific host type to target the control in order to eliminate the malaria. In
area where we cannot target a control towards either child or adult host types to control malaria,
our model shows that, we can always target a control to mosquitoes to eliminate the malaria. It is
a well known result. But elimination of mosquitoes does not appear to be feasible in an endemic
area where the density of mosquitoes is very large. Even if these measures are feasible it is very
difficult and costly. But in an area with a relatively low intensity of transmission, the malaria can
be eradicated with success through the control of mosquitoes density. The typical example is in
Europe where the large-scale application of vector control measures such as indoor residual spraying
with insecticides has strongly lowered the transmission of malaria.

Since, the most vulnerable relate mostly to children, we must begin the control through the
children. This contributes to reduce the morbidity and the mortality. Furthermore, as the fulfilment
of the condition (iii) is frequently obtained, this control could also contribute to eliminate the
malaria over the time.

From the simulations with realistic parameter sets, we know that a backward bifurcation of
endemic steady states is possible for the malaria model (2). Hence, lower Ry below 1 is not always
sufficient to eliminate the malaria. Also, even if the malaria has been eliminated in a given area,
a small disturbance as the ecological changes could re-establish malaria in the three populations
(mosquitoes, children and adults). We must reduce Ry so that it enters the domain where the point
Zge 1s globally asymptotically stable.

As we have an explicit formula of h, in a next paper, we will investigate the non-fulfilment of
the criterion A > 0 giving the backward bifurcation. We will analyze the sensibility of both weight
of transmission Ry, Ro,. We will formulate a optimal control problem in order to investigate the
selection of a strategy of feasible control (technically and in costly) following the studying area.
We will take into account of semi-immune immigration that could transport an infection from
malaria to non-malarial area. We will model the immune rate, o, and the recovery rate p. of
children depending on the force of infection, k.. We will also consider the lost of immunity rate, 3,
depending on the force of infection, k.
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A Proofs

A.1 Proof of Theorem 2

Let x4fe be the disease free equilibrium with the fraction variables for model (8). It is easy to verify that x4
is a solution of the equilibrium system of equations f; = 0,7 = 1...10 for the model (8) in 2, so x4 is an
equilibrium point. Reciprocally we know that there is no disease in the human (resp. mosquito) population
if only e, = €4 =4 =i, =74 =0 (resp. e, =i, = 0.). If we substitute these zero values of terms e., eq, i,
ias Ta, €y, iy into the equilibrium equations, we find that the only equilibrium point for s. in ©; from (8a)
is s}; the only equilibrium point for Ny, in Qy from (8i) is IV}; and the only equilibrium point for N, in Qs
from (8j) is N;f. Then the only equilibrium point on  is zgp..

Let Xgfe be the disease free equilibrium with the original variables for model (2). By substituting z.
in (4) after having used (5) to show that s* =1 — s* and s* =1, we find:
Xafe(Se, Ee,Ie, Sa, Eq, 14, Rq, Sy, Ey, I,) = (S5,0,0,5%,0,0,0,55,0,0), where
S =8Ny, Sk =s:N; and S; = N

A.2 Proof of Lemma 2.1

We first rewrite the stationary system of equations in two dimensions.

Let = (8¢, €c,€asic, iasTay Cu,in, Niy Ny) € Q the stationary solution of model (8) ie. f(z) = dz/dt = 0.
Let M;,i = 1,...8, the endemic values associated of variables defined in (14). Using (8f), we solve 7, in
term of i, and i,

el Qala
Fy = — _ _ —. 26
" M7 - ’Yeie M7 - ’Yeie ( )
From (8d), we solve é. in term of i, B
M - pTe -
€. = M5 = Tele Te. (27)
Ve
Solving for €, in (8e) in term of i, and i,, we find
M - eTe -
€, = M6 ~ Tele iy (28)
Z/a
By adding (8a) and (8b) we solve S, in term of i,
eM e eTe eTe - M M - eTe _.e
gezl/ 1+pyz+(72 73>( 5 72)2. (29)
Ve(MQ - ’Yeze)
Using (8j), we solve explicitly the positive equilibrium for the total mosquito population as
N, A'u - Mo
N, = v Ho (30)
N2v
We write the positive equilibrium for the total human population, Ny, in terms of i, from (8i) as
N, = M #n Yebe + /(A — pn — Yele)® + dpianin 31)
2p2p '
Solving from (8h) in terms of €, we find:
Ty = :—Zév. (32)
In order to solve &, in term of 7., we begin to solve k. in term of i, by using (8b) and (27),
7 M_eﬁe M_eﬁeie
ke:( 3 77’)( 5 ’yl)l. (33)

VeSe
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If we substitute the expression of i, from (32) into the expression of k. from (6) and identifying with the
expression of k. given in (33), we solve ¢, in term of i. as

> _ (M3 — ’Yege)(Mx'ﬁ — Vege)ge

v 34
Ve€Se ( )

where N
e(i.) = cn:—ﬁh (35)

Consequently we rewrite (32) in term of i, as follows

g _ (MS - ’Vege)(ME) - 'Ve{e)ge ﬁ

ﬂ - .
V€S, Ao

The equilibrium inoculation rates defined in (1) rewrites in term of i, and i, as follows:

ke(ic) = e(ie) - Eu(ie), (37a)

7o Cvana 7T

ko(ic) = — ke(ie), (37b)
ko (ia,ie) + ! + + ! i (37c)
v\las e = av'ta avNaQ®aq = = 'La CepTl C(wnaaei le.

! Cavlt Cantt M7 — Yele e M7 — TVele ¢

Finally, we substitute the terms . (ic), €c(ic), 7a(ia; ic), iv(ic), Na(ic) into the equilibrium equations (8c)
and (8g) which only on i, and i.. Therefore

ka(ge) ° (1 - 5@@6) - ée({e) - éa(ga;%e) - Z‘e - Z‘a - Fa(iaaie)) + (7556 - M4) ° éa(gaage) == O

v, (38)
%v({aage) . <]- - Ji\{)s . év@e)) - Mg . év(ge) = 0
Let o o ~ ~
Fi(a,1e) = kal ie) - (1 — 5e(ic) — eelic) — €alia,ie) — e — ia — Talia,ic))
+(7€Ze - M4) ea@aale)
(39)

Faiasia) = Ruinsi) - (1- My (i) - Vs )

By setting F(ig,ic) = (Fi(ia,ic), F2(ia,ic)), the equilibrium system of equations for model (8) becomes
F(u) = 0 where @ = (i,,1.) € R%

Next, we show that there exists a neighborhood U C R? of 4 = (0,0) such that F at least C?>(U, R?),
with respect to @ = (i, dc)-

Let us assume i, (resp. i,) is bounded in the interval U, =| — d.,0.[ (resp. U, =] — dq4,04[) with
Se,0a €]0,1[. Then, Np(i.) > 0 from (31) and it follows that 1/Ny(i.), M;(i.) € C™(U, x Ue,R), m > 2,
i = 1...7. Also, from (27) and (28), it is easy to see that é.(i) € C™(U, x U, R), m > 2. Note that
M; —Yeie >0,i=2...7.

Indeed, Ap+M\, Nj— fh(Nh)Nh YeieNj, = 0 from Equation (8i). As Ny, (i) > 0, it follows Ay, / Np+Mp —7eiec =
I (Nh) ie. My — Yeie = fu(Np) = pn + pon N > 0. We readily obtain the following results:

Mz —~eic = fa(Np) +ve >0, (40a)
My —=reic = fa(Np)+va >0, (40Db)
Ms —yeic = fa(Np) + e+ 7+ pe >0 (40¢)
Ms —yeic = fa(Np) +aq >0, (40d)
Ms —7eie = fa(Np) +Ba > 0. (40¢)



We can conclude respectively from (26), (27), (28),(29), ( 2), (33), (34), (35), (36), (37a), (37b), (37c), that
Taliasie), eliasic), €aliasic); 8eliasic)s €ul(iasic), ke(iayic), kalia,ic), kv(ia,ie) belong to C™(U, x U, R),
m > 2. Thus each function F; € C"™(U, x U.,R), m > 2, i=1,2, so that F = (Fy, Fy) € C™(U, x U, R?),
m > 2. If U is defined by U, x U, C R?, it is clear that U is a nelghborhood of = (0,0).

Let us denote by U} =]0,d.[, U} =]0,6,[ and Ut = U} x UF. Since M; —vyic > 0,4 =2...7, it is easy
to verify that for all 4 = (i,,i.) € U+ there exists T(iq,ic) = (8¢, e, €aricsia, Tas €vs vy N, N, ) € Q. This

concludes the proof Lemma 2.1.

A.3 Proof of Lemma 2.2

From Lemma 2.1, F(u, \) is continuously differentiable at least twice with respect to @ on U. Therefore we
can compute Dz F(ugfe, ).

- MM Coalta 55 M3 Mg
Vg CyeNe  VeS}h
DﬁF(udfe, )\) = 1 N MEMEME N ) (41)
i MMy M My Ny o
NaCav T NaCqv-Aq M'}k CoelteVyVeS? N; ( Oe)

We denote A(\) = D, F(ugge, A) and let us evaluate the determinant and the trace of the stability matrix,
A(N). We find
Ao MEMFMEMEME N7
det A(\) = 8347568 _h (1 - RY), (42a)

CoeMeVyVelVaSh N

Mi Mg | A Mg M3 Mg Ny

Vg CyoeNelypVeSti N¥

TrA(\) = - ( (1 - R36)> : (42b)

The matrix, A(\), has 2 eigenvalues for all X\. Let o1(\) and o2(\) be these eigenvalues defined below.

TrAN) + /(TrA(N))2 — 4det A(N)

o1(N) = . , (43a)
o) — TAQ) - \/(TYA2()\))2 — 4det A\ (43b)

A=0<= Ry=1<= Roso =1— Roe > 0, it follows that det A(0) = 0 and TrA(0) < 0. As an immediate
consequence o2(0) = TrA(0) < 0 and 01(0) = 0. We conclude that Dy F (ugy.,0) has a simple zero eigenvalue.
As the equilibria are strictly positive, from Lemma 2.1, each equilibrium corresponds to a unique solution of
initial stationary problem f(z(u)) = 0 where Z(@) € 2. We conclude the proof of the corollary.

A.4 Proof of proposition 3.1

To compute h := v** D2 F(ugg, 0) (v, v), we first evaluate the right v and left v** eigenvectors of A(0) checking

vy = vy = 1.

xo = (1, 72)T respectively xf* = (x3*,23*) is the right respectively left eigenvectors of A(0) where

I/a VE kK * %k N’LT
1 = kyq - PEYR) Ty = kye - a0 I = kqu, Ty =~
My Mg M3 M: Ny
Let
X1 T2
7_)1 = —_— ’]_}2 = — (443,)

2 2’ 2 2
Vi + 3 Vi + a3
2 2 2 2
NI+ x NI+ x
ok _ 1 2 ok Kk 1 2 ok
ot = VLT T2 g g VILTT2 g (44D)

i Xy + x5 T it + 25 X
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then v := (vy,v2)T respectively v** := (vi* ,v3*) is also the right respectively left eigenvectors of A(0)
checking vTv = v**v = 1.

0*F, 0%F.
It remains to compute D2 F (ugf., ). Calculations show that QT;(udfe’ A) = GT;(udfe’ A) =0 and
O*F 0’°Fy CoaNa  Ms M7 ([ Mg Qg Ye
e A) = o e A) = — — 1) — =2(¢&— 1) (M + M),
Dig i (uage, A) 01,01, (uage, A) CveMe  VeSE V, + Mz * Vg (€= (Mg + My)
0% Fy 0*Fy Ye - MiMgMg G,
e;/\:f ev>\:_ _1'avaa_7'7v
Diq i (uage; ) 01,01, (uage; ) M*% (€ ) - Cavlat €*SEV, v
0?Fy Coalta MEMZ (s Mz « 1 1
Z - A =—2. e 378 [ 2¢ 4 TS5 C 4 14+(1=8) ,
giz (e N) Coclte VST < s T Tap T s (G T
02F, Ve _ MIM:ME (Ge  ~eEN; 89 4o 4
Z-°2 A) = —2. 1€ —1) Gy —9. 28758 (e JeSTTh e Te  Je )
042 (uage; A) M*g(g ) - CavTaCte €*SE1, Ao Ay sk M3; Mg
where
2A), 1
_ (e) _ * * *
- 9 Se - * ele +Ve e_MM_ eyesg -1 9
3 N;\/(Ah — o + djan b v M; (Veve€ P 35 —7 (€ )
N (45)
v, *
Ge = CevMe + ’Cvavnaaei*v Go = CavNa + Eavnaaai*a € = Cvenel ’i
M? M Ao Nj
Finally when A close to 0,
0*F, x 0*F, x 0*F - 0% Fy -
h =wvg <28iaaie(Udfe,0)v1 v+ W(udfe,O)vl Vo + QM(udfe, 0)1)2 U1 + W(Udfeao)vz V2 | .
We rewrite h in the form h = vy(vi* A + v5*B) where
0*F, 0*Fy 0% F, 0 Fy
= 2781'& i (ugpe, 0)v1 + B (udfe,0)vz and B = 2 Di.0i (udfe, 0)vr + El (udfe; 0)va.
Some algebraic manipulations produce
CpaNg MIME (ME « o
A= _—9p, . pata 73775 (76 ° 41 Lee — 1) (M + M*
o { S D (SE 4 1)+ e - 0t + )
(46)
gy, Coalta M Mg s& My e Ll
— Oy, . Mata  TE37F5 ) 2C Y ,
2 CveNe  VeSE sk Ve M* o M; M
Ye ~ MiMzM; G,
B=-2 -1 avllaq - .
vy (M;g(f )CavNaCta + s
(47)

— 20, { Te (& — 1)Capnace +

MMM (Ge  ~eEN; 9 40 e
M;Q e*szye ’

and &, s(ee), G.,G, and €* are defined in Equation (45).
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A.5 Proof of Corollary 3.1

We first recall the results obtained in Appendix A.5. The eigenvalues read
o1(N) = TrA(N) + /(TrA(N))2 — 4det A(N)/2, and a2(A) = TrA(N) — /(TrA(N))2 — 4det A(X)/2, where

A Mg MMz MM Ny

CoeNeVyVelVSh N

det A(N) -(1-R?) and

MiMg | AoMg Mg Mg N,

*
Vg CyeNelVypVeSh N}

() = - - R)).

From Theorem 3., the bifurcating solution exists for A € V. Note that for all A € V and according to
Assumption (A1), we can always find a small 7, strictly positive such that R3 belongs to the interval
]1 —n,1+n[. As we are seeking strictly positive solutions, we have to find parameter values for which the
product o1 (A)h is strictly negative.

Let us first assume h > 0, then sign(hoq(A\)) = sign(o1(A)). Note that TrA(A) < 0 is a necessary condition
to have o1(A\) < 0. As R3 = RZ, + R%, €]1 —n,1+ 7], then RZ, <1+7.

MMM Mg Ny

CoeNelVyleSt N¥

CoeNeVyVeSes My Mg N
Voo M3 MZMg Nj '

Note that TrA(\) = (e +1—R2,) where 7. =

It is clear that for all n €]0,n.[, then TrA(A) < 0. As an immediate consequence, 01(A) < 0 <=1 -1 <
R2 < 1. We conclude that there exists an endemic equilibria @()\) strictly positive near the disease-free
equilibrium, ugf. for 1 —n < R3 < 1.

Let us now assume h < 0, then sign(hoy(\)) = —sign(o1(N)). As TrA(N) < 0 for all n €]0, [, it is easy
to check that o1(A\) > 0 <= 1 < RZ < 1+n. It follows o1(\) > 0 and 02(\) < 0. Finally, if A < 0, then there
exists an endemic equilibria @(\) strictly positive near the disease-free equilibrium, ugs. for 1 < R:<1+n.
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A.6 Parameter values

Parameters | Area 1 Area 2 Range

1.Ap co 0.033 0.0027-0.27

2.\ 1.1x107% | 1.1 x 1074 | 2.7 x 1075 1.4 x 1074
3.\ 0.13 0.13 0.020-0.27

4.Cpe 0.021 0.07 0.01-0.27

5.Coa 0.012 0.022 0.01-0.27

6.Cen 0.11 0.45 0.072-0.64

7.Cav 0.08 0.35 0.072-0.64

8.Cav 0.008 0.002 0.0072-0.64

9., 0.10 0.10 0.067-0.20

10.7, 0.09 0.09 0.067-0.20

11.1, 0.091 0.083 0.029-0.33

12.04 0.01 0.01 0.0014-0.017

13.ce 0.005 0.001 0.0014-0.017

14.7, 9.0 x10™® | 1.8 x107® | 0 —4.1 x 1074

15.pe 0.0083 0.033 0.0033-0.0714

16.53, 5.5 x107% | 2.7 x1072 | 1.1 x 1072 = 5.5 x 107>
17.pup, 1.6x107° | 1.6x10™® | 1.0x 1075 —-1.0x 1073
18. pon, 3.0x1077 | 3.0x1077 | 1.0x 1078 — 1.0 x 1076
19. 11 0.033 0.033 0.0010-0.10

20. 12, 8.0x107% | 8.0x107% | 1.0 x 1076 — 1.0 x 1073
21.7, . 0.30 0.13-0.47

22.n,4 0.30 0.40 0.13-0.47

23.p o 0.30 0.0-1.0

Table 2: Baseline values and ranges found in the literature for the model’s parameters which the
most is derived from [10, 32, 43| and [44] data. The dimensionless parameters are p, Cye, Cya, Cev,
Cav and Cqp. Moreover A\, Ay, Ve, Vo Qe Otq, Yes Pes Bas fos fh, Te and ng have as dimension days™ ",
Ap, and pop, have as dimension humans™ xdays™' and finally pa, is in mosquitoes ' x days~*. We
supposed that ng > ne because the most vulnerable are tendency to protect her body (for exemple In
[35], Port et al. showed that real children are less exposed than adults to mosquito bites).
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