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Abstract. Dengue fever is a typical mosquito-borne infectious disease, and four strains
of it are currently found. Clinical medical research has shown that the infected person
can provide life-long immunity against the strain after recovering from infection with
one strain, but only provide partial and temporary immunity against other strains. On
the basis of the complexity of transmission and the diversity of pathogens, in this paper,
a multi-strain dengue transmission model with latency age and cross immunity age is
proposed. We discuss the well-posedness of this model and give the terms of the basic
reproduction number Ry = max{R1, Ry} , where R; is the basic reproduction number
of strain i (i = 1,2). Particularly, we obtain that the model always has a unique disease-
free equilibrium Py which is locally stable for Rg < 1. And same time, an explicit
condition of the global asymptotic stability of P, is obtained by constructing a suitable
Lyapunov functional. Furthermore, we also shown that if R; > 1, the strain-i dominant
equilibrium P; is locally stable for R; < Rf (i, j = 1, 2, i # j). Additionally, the
threshold criteria on the uniformly persistence, the existence and global asymptotically
stability of coexistence equilibrium are also obtained. Finally, these theoretical results
and interesting conclusions are illustrated with some numerical simulations.
Keywords: dengue fever, age-structured model, cross immunity, uniform persistence,
stability.
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1 Introduction

Dengue is a vector-borne disease which was first described in 1779, and is common in more
than 100 countries around the world [16]. Dengue viruses are spread to humans through the
bite of an infected female mosquito (mainly Aedes aegypti and Aedes albopictus, which are known
as the principal vector of Zika, chikungunya, and other viruses). In recent decades, the global
incidence of dengue fever has increased dramatically and about half the world’s population
is now at risk. Each year, up to 400 million infections occur particularly in tropical and sub-
tropical regions [1]. Due to its high morbidity and mortality, the World Health Organization
has identified dengue as one of ten threats to global health in 2019 [44]. In order to understand
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the mechanism of dengue fever transmission, a lot of mathematical models have been used to
analyze its epidemiological characteristics [10,12,20,24,26,30]. For example, Esteva et al. [10]
proposed an ordinary differential equations for the transmission of dengue fever with variable
human population size, found three threshold parameters that control the development of this
disease and the growth of the human population. Lee et al. [24] formulated a two-patch model
to assess the impact of dengue transmission dynamics in heterogeneous environments, and
found that reducing traffic is likely to take a host-vector system into the world of manageable
outbreaks.

It is well know that dengue fever is caused by the dengue virus, which contains four dif-
ferent but closely relevant serotypes (DEN1-DEN4), for more details, see [9,11,43]. Medical
statistic results show that recovery from infection with one virus provides lifelong immunity
to that virus, but just temporal cross immunity to the other viruses. Subsequent infection with
other viruses increases the risk of severe dengue (including Dengue Hemorrhagic Fever and
Dengue Shock Syndrome) which can be life-threatening [43]. According to the diversity and
transmission mechanism of dengue fever virus, some multi-strain dengue fever models have
been established to investigate the effect of immunological interactions between heterotypic
infections on disease dynamics. One example can be found in Ref. [9], Esteva et al. proposed
a multi-strain dengue fever model, where the authors assumed that the primary infection with
a specific strain changes the probability of being infected by a heterologous strain. Another
example is that Feng et al. [11] established a multi-strain dengue fever model and found that
there exists competitive exclusion phenomenon between different strains. More research can
be found in [9,11,17,19,27,29,32,34,41,42] and the references therein. Of course, there is still a
lot of research that has not been mentioned, and the research continues.

The patterns of transmission, infectivity and latent period of infectious diseases play an
important role in the process of transmission. It is well known that the period for individuals
in latent compartment is different from one to one, which depends on individuals situation. For
dengue fever, the period for individuals in latent compartment varies from 3 to 14 days and its
distributions usually peak around their mean [3,7]. And for tuberculosis, the latent period for
individuals in latent compartment may take months, years or even decades. Therefore, several
epidemic models with latent age (time since entry into latent compartment) have been proposed
by many famous experts and scholars [5,21,37,40]. Particularly, Wang et al. [37] proposed an
SVEIR epidemic model with age-dependent vaccination and latency, found that the latency
age not only impacts on the basic reproduction number but also could affect the values of the
endemic steady state. They also showed that the introduction of age structure may change
the dynamics of the corresponding model without age structure. Additionally, recent studies
[3,15] pointed out cross immunity starts immediately after the primary infectious period and
prevents individuals from becoming infected by another strain for a period ranging from 6
months to 9 months, even to lifelong. To the best of our knowledge, there is currently no work

on the effect of cross immunity age on the dynamics of dengue fever model.
Based on the discussion above, it is necessary to incorporate latency age and cross immunity

age in the modeling of dengue fever. In this paper, we formulate a multi-strain dengue model
with latency age and cross immunity age to assess the effects of latency age and cross immunity
age on the transmission of dengue fever. The paper is structured as follows. The model is
proposed in Section 2, and the nonnegative, boundedness and smoothness of the solution of
this model are presented in Section 3. Section 4 analyzes the existence and stability of the
boundary equilibria of model, which includes the disease-free equilibrium and stain dominant
equilibrium. In Section 5, the uniform persistence of disease is discussed and the existence of
coexistence equilibrium is obtained, and the theoretical results are illustrated with numerical
simulations in Section 6. The paper ends with a brief conclusion.
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2 Model formulation

Studies have shown that the number of dengue admissions caused by a third and fourth dengue
virus infection have relatively few reported cases, accounting for only 0.08% — —0.80% of the
number of cases [14]. Therefore, it is reasonable to consider two strains in our model denote by
strain 1 and strain 2, where 1 and 2 can be DEN1-DEN4. The infected individuals are divided
into primary infected and secondary infected, and ignore further infections. Let S(t) represent
the number of susceptible individuals who are susceptible to both strain 1 and strain 2 at time ¢.
Ei(t), I;(t) and R;(t) represent the number of latent, primary infected and recovered individuals
with strain i(i = 1, 2) at time f, respectively. Likewise, Y;(t) be the number of secondary
infected individuals with strain i after being recovered from strain j (i, j = 1, 2, j # i) at time
t. Let R(t) represent the number of recovered individuals from secondary infection at time f (to
be permanently immune to both strains and hence there is no need to consider the evolution
of R(t)). At the same time, due to the short length of mosquitoes” life cycle, assuming that
a mosquito, once infected, never recovers and no secondary infection occurs. The mosquito
population is subdivided into susceptible class U(t), and infectious with strain i class V;(t)
(i =1, 2). Based on the transmission characteristics of dengue fever, we further propose two
basic assumptions:

(A1) For latent individuals, the latent age (time since entry into latent class) is denoted by a. Let
E;(t,a) denote the number of strain i latent individuals with latent age a at time t. Then
the total number of strain i latent individuals at time ¢ is given by E;( fo i(t,a)da.
The conversion rate at which the latent individuals become 1nfect1ous depends on the
latent age, and is denoted by ¢;(a), i =1, 2.

(A2) For recovered individuals, assume that the cross immunity wanes with time. Denote the
cross immunity age, i.e., time since entry into recovered class R;(i = 1,2), by b. Let R;(t,b)
represent the number of the recovered individuals from strain i (i = 1,2) at time ¢ and
Cross immunity age b. Then the total number of strain i recovered individuals at time ¢ is
given by R;( fo i(t,b)db,i = 1,2. The rate at which the cross immunity wanes of R;
(i=1,2) depends on cross immunity age, and is denoted by 6;(b),j = 1,2.

Based on the above assumptions, the model can be written as the following,

’di(tf) = Ap — B1S(H)VA(t) — B2S(H)Va(t) — mnS(t),

(;t + aa) Ei(t,a) = —(uy +€i(a) Ei(t, ),

dgit) _ /Ooogi(a)El-(t,a)da— (7i + ) L (1),
(§t+§b) i(1,0) = —B0;(D)Vi(1)Ri(t, b) — Ri(1,b), 2.1)
dﬁgt) = B:Vi(t) /Ooo 0:(b)R;(t,b)db — (7v; +d; + un)Yi,

du
dt

dvi(t

t

—
~
~—

= A — a1 (L (8) + Y (E)U(E) — aa(L2(t) + Yo (£))U(E) — pnU(2),

~—

= ai(Li(8) + Yi(£))U(t) — pm Vi(t),
0) = BiS(H)Vi(t), Ri(t,0) = vili(t), i, j=1,2,i #],

I
=
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with the initial condition
S(0) =S9p >0, Ei0,a)=Ejp(a)>0, L(0)=1Ip>0, R;i(0,b)=Rj(b)
Yl(o) = YiO > OI U(O) = uO > 0/ ‘/1(0) = ‘/iO > 0/ i= 112/

>0,
= (2.2)

where Ejy(a), Rig(b) € L1 (0,00), and L! (0,00) is the space of nonnegative and Lebesgue inte-
grable functions on (0,00). In model (2.1), A;, and A, are the recruitment rates of human and
mosquito population, respectively; 1/u;, and 1/, denote the life expectancy for human and
the average lifespan of mosquito, respectively; B; is the infectious rate from mosquito to human
with strain i; 7; is the recovery rate of human with strain i; d; is the disease induced death
rate in human with strain i and a; is the infectious rate from human to mosquito with strain i,
i =1, 2. All these parameters are assumed to be positive.
For model (2.1), the following hypotheses are reasonable.

(H1) &(+), 6;(-) € LY. (0, o) are bounded with essential upper bound &;, §;, and Lipschitz contin-
uous on R with Lipschitz coefficients M,;, Mg;, i = 1, 2, respectively. Besides, assuming
that 6;(-) € [0,1), if 6;(-) € (0,1), then there exists cross-immunity between the two
strains; if 6;(-) = 0, then individuals recovered from primary infection with one strain
confer lifelong immunity to both strains.

(H2) a; and b; are the maximum ages of latency and cross immunity, the f ;o Ejo(a)da = 0 and
f,-j’ Ryp(b)db=0,i=1, 2.

The state space of model (2.1) is defined as follows, X = R x L1 (0,00) x L% (0,00) x R% x
L}r(O, 00) X L}r (0,00) x ]Ri. For any X = (x1, 1, 2, X2, X3, 1, P2, X4, X5, X6, X7, Xg) € X the norm
is defined by

8 0 0 S 0
IXllx = Yl + [ lgr@lda+ [ lga@lda+ [ pa(@)ldo-+ [ o)

For the convenience, we denote the solution of model (2.1) by X(¢t) = (5(¢), E1(t,-), Ea(t,-),
Li(t), L(t), Ri(t,-), Ra(t, ), Ya(t), Ya(t), U(t), Vai(t), Va(t)). Let Xo := (So, E10(+), Exo(+), Lo,
I, Ryo(+), Rao(+), Y10, Y20, Uo, V1o, Vo), then the initial condition (2.2) is rewritten as X(0) =
Xo. Furthermore, we denote by X(f, Xo) the solution of model (2.1) with the initial condition
X(0) = Xo.

3 The well-posedness

Solving E;(t,a) and R;(t,b) in the second and fourth equations of model (2.1) along the charac-
teristic line t — a = const and t — b = const, respectively, we have

BiS(t —a)Vi(t —a)yi(a), 0 <a<t,

Ei(t,a) = ni(a)
Ejpgla —t)————, 0<t<a,
0( )ni(a—t)
@3.1)
’}/ili(t — b)Q](t, b), 0<b<t,
Ri(t,b) = Q;(t,b)
i — ) <t <
Ralb~ 0y (f 5 0SS b

where ﬂi(u) —=e foﬂ(ﬂh‘Fei(S))dS’ Ql(t,b) — e fob[5i9i(5)‘/'i(t*b+5)+]4h}dsl i, ] — 1’ 2, i # ]
On the existence and nonnegativity of solution for model (2.1), we have the following result.
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Theorem 3.1.

(i) For any Xy € X, model (2.1) has a unique solution X (t) with the initial condition X(0) = X
defined in maximal existence interval [0, to) with ty > 0.

(ii) X(t) is non-negative for all t € [0, to).
(iii) If So > 0, Ejp(a) > 0, Iy > 0, Rjp(b) >0, Yjp >0, Uy >0, Vig > 0 (i =1, 2), then X(t) also
is positive for all t € [0,ty).

Proof. From the Ref. [39], it is clear that conclusion (i) holds. From (3.1), we directly yield that
Ei(t,a) > 0and R;(t,b) >0 (i=1, 2) for all t € [0, tp). We can obtain that the solution X(t) of
model (2.1) with positive initial value remains is positive by the method of Ref. [38]. From the
continuous dependence of solutions with respect to initial value, we immediately obtain that
X (t) is non-negative for all t € [0, tp). This completes the proof. O

Denote

D = {X = (S,Eq(a),Ex(a), h, I, R1(b),Ra(b), Y1, Yo, U, V1, Vo) € X :

A A
s+2(||E Mo + 1+ [IRi(b >HL1+Y1~) < B UV < "1}

m
The following result is on the boundedness of solutions of model (2.1).

Theorem 3.2. For any initial value Xy € X, solution X(t, Xo) of model (2.1) is defined for all t > 0
and is ultimately bounded. Further, D is positively invariant for model (2.1), i.e., X(t, Xo) € ID for all
t > 0and Xo € D, and D attracts all points in X.

Proof. From Theorem 3.1, it is obvious that X(t, Xp) > 0 for all t € [0, t). Define

N +Z</ i(t,a)da + Lt +/ tb)db+Y()>

and N, (t) = U(t) + Vi (t) + Va(t), from model (2.1), we have

dfilht(f) = A — N (F) —d(Ya(8) + Ya(£)) < Ay — Ny (8),

which implies that

A A
AhU)SInaX{Pm,Vh}, Nﬁﬁ)fznmX{A@,m}-
[/

m

dNw(t)
dt = Do = pom

Nu(t), (3.2)

Hence, Nj,(t) and Ny, (t) are bounded on [0, ty), which implies that X(t, Xo) is defined for any
t > 0. Further, from (3.2), we have limsup,_ . Ny (t) < Ay/pp, limsup, , N (t) < A/ . It
follows that X(t, Xp) is ultimately bounded. Furthermore, ID is positively invariant for model
(2.1), and D attracts each point in X. The proof is complete. ]

From Theorems 3.1 and 3.2, we obtain that all nonnegative solutions X(t, Xo) of model (2.1)
with the initial condition X(0) = X, generate a continuous semi-flow ® : R, x X — X as
(Dt(X()) = X(t, Xo), t>0, XpeX.

On the asymptotically smoothness of the semi-flow {®;};>o, we have the following result.

Theorem 3.3. The semi-flow {®;}>o generated by model (2.1) is asymptotically smooth. Furthermore,
model (2.1) has a compact global attractor A contained in X.

This theorem can be proved by using the standard argument, see [40] for detailed proof
methods.
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4 The existence and stability of boundary equilibria

Model (2.1) always has a disease-free equilibrium Py = (5%,0,0,0,0,0,0,0,0,0,U*,0,0), where
S* = Ap/pp, U* = Aw/pim. For the convenience, denote K; = [ ¢;(a)ni(a)da, i =1, 2. It is
clear that K; € (0,1), i =1, 2.

Denote the basic reproduction number R by

Ro = max{R1, Rz}, Ri:M:ﬂx%xﬂx Yo
NG T N R I A TR

Here, B;/um represents the number of secondary infections one infectious mosquito will pro-
duce in a completely susceptible human population, «;/(y; + u,) represents the number of
effective contact human to mosquito during the infectious period of human and K; represents
the probability of an exposed individual becomes infective. Therefore, R; can be considered
as the basic reproduction number of strain i, which is defined as the average number of sec-
ondary infective of strain i, produced by a single infective of strain i in a completely susceptible
population.

Let Ex(t,a) = L(t) = Ra(t,b) = Ya(t) = Vo(t) = 0 in model (2.1), then we obtain the
subsystem that only strain 1 exists as follows

K, i=1,2 (41

dsdg” = A= BiIS(VA(E) — mS(E),
<aat + aa) Ei(t,a) = —(uy + £1(2))Ex(t,a), Ex(£,0) = BiS(H)VA (D),
dIi(t)

= /Ooo e1(a)Ei(t,a)da — (y1 + pp) (1),

dat ) (4.2)
<at + ab) Rl(t,b) = —]/lth(t,b), R1<t, O) = 'YlIl(t)/
(t)

= A (t) — o L (HU(F) — unuU(E),

dVi(t)
dt

Clearly, model (4.2) always has a disease-free equilibrium py = (Ay/11,,0,0,0, Ay / pim, 0). Let
p1 = (S, E{(a), If, R} (), Uj, V;") be the positive equilibrium of model (4.2), then

= Délll(t)U(t) — }lmvl(t).

Ap = B1STVT — HnSi =0, A — 0 U} — U =0,
d ., . d ., .
a,E1() = —(pn +e1(a))Eq (a), 3 Ri(b) = —pRi (b), 43)

/o e1(a)Ef(a)da — (y1 +up)ly =0,  E{(0) = B1SiVy, Ri(0) =l

From (4.3),

_ _ A 0(11*/\
R¥(b) = R*(0)e b — I'e Vhb’ u: — 7711, V= #’
1(0) 1(0) Y1l 1 oL+ fim 1 H (01 I+ )
* * *Y 7% * H (0(11*+I’£ )(71—’—;”1)
E{(a) = E{(0)m(a) = B1S1Vi'mi(a), S =11 R0 .
a1 B1AmKy

Substituting the above formulas for V", Ef (a) and Sj into the first equation of (4.3) yields

= B8 AKs — (i) _ g (Ra—1)
Pl ) (B + i) #1(B1w + )
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Thus, from the expressions of S§, Ef(a), I, Ri(b), U; and VY, it can be easily seen that model
(4.2) has a unique positive equilibrium p; if and only if Ry > 1. Therefore, model (2.1) has
a strain 1 dominant boundary equilibrium P; = (S}, Ef,0,I;,0,Rj(b),0,0,0,U;, V}*,0) when
R1 > 1, where

57— Malv ) (Rapintn + Brim) ey Pt (@) (r1 + i) (Ra = 1)
! 181 Am (B1Am + pmpn) K1 ! a1 (B1Am + pmpn) K

(R =D, Ri(p) = (Ri- D) yapnpize
l a1 (B1Am + pmpn)’ ! a1 (B1Am + Pmpin)
U — Am(B1Am + pmpin) vV — Ampn(R1 —1) _
U wm(Raptnim + B1Am)’ U (Rapnpim + BiAm)

Similarly, model (2.1) has a strain-2 dominant boundary equilibrium P, = (53,0, E;, 0, I3, 0,
R3(b), 0,0, U3, 0, V) when R, > 1, where

o — Hun(r2 + ) (Raptntim + B2AAw) Ei(a) = Hantinr2(a) (v2 + 1) (R2 — 1)
2 22BN (B2 Am + pmpin) K2 2 w2 (B2 Am + pmpn) Kz

= (R =Dy, R3 () = (R2 — 1) vapppie ™"
2 aZ(,BZAm + Vm,uh) ’ 2 “2<ﬁ2Am + ﬂml’lh)
Uz — Am(B2Am + pmpin) Vv — Ampn(R2 — 1)
2 = 7 2 — .
wm(Ropnpim + BalAm) (Ropnpim + BalAm)
Summarizing the discussions above, we have the following theorem.
Theorem 4.1.

(i) Model (2.1) always has a disease-free equilibrium P,.
(ii) If R1 > 1, then model (2.1) has a strain 1 dominant equilibrium P;.
(iii) If Ry > 1, then model (2.1) has a strain 2 dominant equilibrium P;.
On the stability of boundary equilibria of model (2.1), we first obtain the following results.

Theorem 4.2. If Ry < 1, then the disease-free equilibrium Py of model (2.1) is locally asymptotically
stable, and if Ro > 1, then Py is unstable.

Proof. Let S(t) = S* +s(t), Ei(t,a) = ei(t,a), Li(t) = i;(t), Ri(t,a) = ri(t,a), Yi(t) = yi(t),
U(t) = U* 4 u(t) and Vi(t) = v(t), i = 1,2. Linearizing model (2.1) at equilibrium Py, one has

diil(tt) = —PB1(t)S o1(t) — Ba(t)S va(t) — mas(t),
<aat - Eiz) ei(t,a) = —(un +€i(a))ei(t, a), eit,0) = BiSvi(t), wa
dl(;it) = /Ooo ei(a)ei(t,a)da — (i + upn)is(t),
{ <§t + aab) ri(t,b) = —puri(t, ), ri(t,0) = viii(t), i =1,2.
and Cdus(t
B b+ i )l),
W) — s (8) + 1 (DU~ (i) + 2 (DU — pra(1), (*5)
\ dﬁgt) = (i (t) + yi())U" — pwoi(t), i =1,2.
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It is easy to obtain that lim;_,. y;(t) = 0, i = 1, 2 from the first equation of model (4.5). Thus,
we only need to consider model (4.4) and the following limit system of model (4.5)

du(t . % . *
d(t ) = —uqzl(t)u — &zlz(t)u — ‘uml/l(t),
ant) (4.6)
C;.t = aiii(t)u* - ymvi(t), i= 1, 2.
Let s(t) = 5e™, ei(t,a) = ¢;(a)eM, i;(t) = i;eM, ri(t,b) = Fi(b)eM, u(t) = ae™ and v;(t) = v;e',
where 3, 7;, 7;, i and 9; (i = 1, 2) are positive constants, ¢;(a) and 7;(b) are nonnegative
functions, then we obtain the following eigenvalue problem
()\ + ]lh)g = —‘315*51 — 1325*?72, (/\ + ym)ﬁ = —oclflu* — Délezu* (4.7)
and -
(At = [ e@a(a)da, (A )t = wiU
dei(a) d7;( (4.8)

g = (mntei(a) +A)Ei(a),
ei(0) = BiS*0;, 7(0) =y, i=1,2.
From (4.7), it follows that

_,315*771 + B25*D2 <0 Ay = _06117111* + apipU*
5 ’ B i

Therefore, the stability of Py depends on the eigenvalues of (4.8). Directly calculating from the
equations of ;, ¢;(a) and 7; in problem (4.8) yields the following characteristic equation

D(i,BiAhAm © _ [ (sNd .
A+ + = —/ e(ae Jo Atuptei(s)) Sdgl i=1,2. 4.9
Denote
DC'IBiAhAm o — (YA ) d
LHS = A+ ;i +uy, RHS = G(A) = l—/ eila)e Jo A+ptei(s)) Sda.
' N = ot ) Jo

It is easy to verify that for any eigenvalue A, if Re(A) > 0, when Ry < 1, then
ILHS| = i+ pn,  |RHS| < G(ReA) < G(0) = Ri(vi+pn) < [LHS[, i=12

This leads to a contradiction. Thus, all eigenvalues A of problem (4.8) have negative real parts,
which implies that lim; 0 7;(t) = 0, lim; 0 €j(t,a) = 0, lim; 0 v;(¢) = 0 and lim; o 7i(¢,b) =
0. Therefore, P, is locally asymptotically stable when Ry < 1.

Now, assume that Ry > 1 and rewrite the characteristic equation (4.9) in the form

D‘i,BiAhAm o —["(A i(s))d ;
(A) = A+ + ——/ ei(a)e” oMmtealDdsda =0, i=1,2.
glz( ) ( Yi ,uh) Vhﬂm(/\+]/lm) 0 z( )e a l
Obviously,
aiBi N A

G1i(0) = (i +pn) — /0 ei(a)e JotmteloNdsdg = (y; + un)(1—="R;) <0,

W2,

and lim)_,. G1;(A) = +o0. Hence, the characteristic equation (4.9) at least has a positive real
root. It implies that equilibrium Py is unstable. This completes the proof. O
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Next, we discuss the global stability of equilibrium Py. To do so, define
qi(a) = / gi(s)e” limral@Ndeqs, =12
a

It is easy to obtain that

dﬁia) = (up +ei(a))gi(a) —ei(a), ¢i(0)=K; i=1,2.

Theorem 4.3. If Ry < min{Ky, K}, then disease-free equilibrium Py of model (2.1) is globally asymp-
totically stable.

Proof. Define a Lyapunov functional as follows

2

L(t) = Z <'/0°o qi(a)Ei(t, a)da + Il(t) + KIYZ(t) -+ ﬁiAh KZVl(t)) .

i=1 mph

Calculating the time derivative of L(¢) along the solution of model (2.1), it can be easily obtained
that

g@ws () — (v + ) )+;(ﬁﬁf (H)(1(H) + Yi(1))
b /;:K ) +g (K ﬁzV/ db — (i + d; +Vh)KiYi(f)>

<i@xs () — (v + 1), )+2(W@””wm+mm

i=1 i=1 Hinln

B /;ZK > +Ii (K ﬁzV/ (t,b)db — (7; + dj +#h)KiYi(t)>

< Y <‘BZK1VZ ( )+/OOOR]-(t,b)db— > ) +Z ( Yi+ mn)( 1)Ii(t))

+i ( vi+ ) (Ri — Ki)Yi(t )> —d1Y1(t) — daYa(t).

i=

Restricting to set ID, we have S(t) + fo j(t,b)db — Ay/py < 0 for all t > 0. Hence, when
R; <K;(i=1, 2), we have dL(¢ )/dt <0, and the equality holds only if I;(t) = Y;(t) = 0 and

( +/ b_m>:0'

When [;(t) = Y;(t) = 0, it follows that lim;_,« V;(t) = 0 and lim;_, U(t) = U* from the sixth
and seventh equations model (2.1). Further, it is clearly that lim; . S(t) = S* from the first
equation model (2.1). Then, from the second and fourth equations of model (2.1), we obtain
that lim; e E;(f,4) = 0 and lim;_,e R;(t,b) = 0. Thus, {Py} is the largest invariant subset of set
{X € D :dL(t)/dt = 0}. By the LaSalle’s invariance principle, Py is globally asymptotically
stable. The proof is complete. O

Remark 4.4. In the Section 6, by the numerical example, we verify the disease-free equilibrium
Py is globally asymptotically stable when Ry < 1. However, our theoretical analysis can only
obtain the global stability of Py when Ry < min{Kj, K»}. This is an open question, and we will
continue to work on it in future studies.
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Now, we show the local stability of equilibrium P; of model (2.1). Let S(t) =
Ei(t,a) = Ei(a) +ex(t,a), L(t) = I +ir(t), Ri(t,b) = Ri(b) +ra(4,D), U(t) =
Vi(t) = Vi +o(t), L(t) = ix(t), Ro(t,b) = ra2(t, b), Yi(t) = yi(t) and Vo (t) = va(t), i =
the linearized system of model (2.1) at equilibrium P is as follows

s(t)
u; +
1, 2,
ds(t)

a = —Pisioi(t) = pas(H)Vi — PaSiva(t) — uus(t),

— 4+ ;ﬂ) e1(t,a) = —(up +e1(a))ei(t,a), e1(t,0) = B1Siv1(t) + B1s(t) V7,

+ 8> ex(t,a) = —(up +€2(a))ex(t,a), ex(t,0) = B2Siva(t),

(it = /0 8i(ﬂ)€i(t,a)dg — (’)’z + ,uh)ii(t), i=1,2

ri(t,b) = —Bab2(b)v2(t) Ry (b) — pri (£, 1), 11(£,0) = mia(h),

=pVi /Ooo 01(b)r2(t,b)db — (71 + d1 + pn)y1,
Broa(t) [ B(0)RI(B)AD — (12 -+ da+ )y

= —a1(ia(8) +yr())UT — ()7 — aa(ia(t) + y2(8) ) Uy — pmu(t),

T a1 (i1 (t) +y1 () Uy + aqu(t) I} — pmor(t),

= (i () + y2())Uf — pm0a ().

Firstly, we discuss the equations with strain 2 in model (4.10). Let ex(t,a) = &(a)e, i»

+ S*/
u(t),

then

Tz(t b) = _,8191( )Vl*rz(t, b) — ]/lhi’z(t,b), rz(t,O) = 'YZiZ(t); (4.10)

(t) =

heM, ry(t,b) = 72(b)e™ and vy(t) = B.eM, where 1y, > and 0, are positive constants, & (a) and

72(b) are nonnegative functions, then we can get the following eigenvalue problem

déczh(za) = —(A+un+ea))er(a), &(0) = B2S70,
A+ 724 )2 = /Ooo ex(a)ér(a)da,

dr;éb) = —(A+B101(D) V5 + un)72(b),  72(0) = 721,
(A 4+ v2+do+ up)Jo = B202 /Ooo 0,(b)R% (b)db,

(A + pm) 02 = a2 (i + §2) U,

and characteristic equation

Ga(A) = (A4 i) (A 472+ o+ uy) — {azﬁzuf " eawri@)an

w2 Bophm (71 + i) (A + 72 + do + py) /°° A pptea(s))ds }
_ er(a)e Jo i da
a1B1K1 (A + 72 + pn) (@)

= G3(A) — G4(NA) =

(4.11)

(4.12)
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Suppose that

R2>R1‘:R1<1_“252 lfo 2() 1() )/

pm (2 + d2 + i)
then, G»(0) = Ripm(v2 +d2 + ) (R — R2) < 0. Furthermore, it is easy to verify that G»(A) is
increasing with A, and lim,_, 1« G2(A) = +oc0. Hence, the equation (4.12) at least has a positive

real root, which implies that P; is unstable.
On the other hand, if R, < Rj, then

G3(A)] = (72 +d2 + pn),

1G] < Ga(Red) < Ga(0) = i (12 + o+ ) g2 + il [~ B2(BIRG (D)0 < 1Ga(A)],

for the eigenvalue A with Re(A) > 0. This leads to a contradiction. Hence, all eigenvalues of
equation (4.12) have negative real parts when R, < Rj. In this case, the stability of P; depends
on the eigenvalues of the following problem,

dfi(tt) = —p1Sto1(t) — B1s(H) VI — pps(t),

B = [T a@etayda— (n+ i)

<aat + aa> e1(t,a) = —(uy +ea(a)ea(t,a), ex(t,0) = piSjor(t) + pis(t) V7,

<E?t + aab> ri(t,b) = —ppr1(t,b), r1(t,0) = mir(t), (4.13)

dy (¢ =
ycllt( ) _ ﬁ1V1*/O 01(b)ra(t, b)db — (y1 +dv + pn)y1,

dt;(tt) = —ap (i1 (t) +y1 ()U] — aqu(t) 7 — pmu(t),
\ dvét(t) = a1 (i1 (£) + y1 ())Uf + aqu (B — pvr (£).

The corresponding characteristic equation of problem (4.13) is as follow
(A + 71+ pn) A+ BV + ) (A + 2l + i)
= w1 B1STUT (A + ) / e1(a)e” JoAter@+mldsq,  (4.14)
0
Dividing both sides of (4.14) by (A + p;,) (A + pm), we obtain

(A 71+ ) A+ PrVE ) (At aa i+ i) pn (71 + ) / Y er(a)e O+ @ pds g,
0

(A + pn) (A + pim) (A + pm) Ky

where, we also use the expressions of Sj and Uj. Denote

(A471+ ) (A + BV + pp) (A + I} + pin)
(A =+ ) (A + phim)

If A is a root of equation (4.14) with Re A > 0, then one further have

G5V > 71+ s [Ge(A)] < [Go(ReA)| < G6(0) = 11 + pn < |G5(A)],

Gs(A) =

7
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which leads to a contradiction. Hence, equation (4.14) has no any root with nonnegative real
part. This shows that characteristic equation corresponding to model (4.10) has only roots with
negative real parts. Consequently, the boundary equilibrium P; is locally asymptotically stable
if R1 > 1 and R, < Rj. To sum up, the following results are true.

Theorem 4.5. Assume Rq1 > 1, the boundary equilibrium Py of model (2.1) is locally asymptotically
stable when Ry < 'R]. Moreover, if the inequality is reversed, then Py is unstable.

Remark 4.6. If 6,(b) = 0 for all b > 0, then there is perfect cross-immunity and primary
infection with strain 1 prevents secondary infection with strain 2. In this case, from Theorem
4.5 we have that the boundary equilibrium P; is locally asymptotically stable when R > 1 and
R1 > Ro, i.e., strain 1 is dominant.

On the boundary equilibrium P>, we can also obtain similar result as follows.

Theorem 4.7. Assume Ry > 1, the boundary equilibrium P, of model (2.1) is locally asymptotically

stable when .
B uq,[%lu; fO 91 (b)R;(b)db
(1 +di+ pn) .

R1<R§:R2<1

Moreover, if R1 > R3, then P, is unstable.

Remark 4.8. If 61(b) = 0 for all b > 0, then there is perfect cross-immunity and primary
infection with strain 2 prevents secondary infection with strain 1. In this case, from Theorem
4.7 we have that the boundary equilibrium P; is locally asymptotically stable when R, > 1 and
Ro > R4, i.e., strain 2 is dominant.

Remark 4.9. Based on Remark 4.6 and Remark 4.8, we can conclude the following results. That
is, if 01(b) = 62(b) = 0 for all b > 0, then there is no secondary infection in model (2.1) and
there is competitive exclusion between strain 1 and strain 2.

5 Uniform persistence
Define X = L1 (0,00) x L1 (0,00) x RS and
A, & di .
y = {(El(), Ez('), I], Iz,Y],Yz, V], Vz) e X: /0 Ei(-,a)da + Iz() + Yz() + Vz() > O,Z = 1,2},

Y=R; x Y xL.(0,00) x L} (0,00) x R;.
Obviously, 9y = X'\ )V and

837 = X\j\) = {(El(‘)/EZ(‘)/ I, I>,Y1,Ys, Vl,Vz) € X: /Oa1 El(-,a)da+11(-) —|—Y1()

+Vi(:) =0or /

[ B a)da + () +Ya(0) + Val) = o},

8)70 = {(El()/ EZ(')rllr L, Y1,Y,, Wy, V2) < X :
/0 Ei(a)da+Li() +Y() + Vi(-) = 0,i = 1’2}’
3P, = {(El(-),Ez(-),11,12/Y1/Y2/ Vi, Vo) e X: /0 "Ei(.,a)da + L(-) +Yi(+)

+Vi(+) > o,/oﬁj Ei(-,a)da+Li(-) +Y;(-) + Vj(-) = 0}, Lj=12i#].
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It is clear that
9Y = 0YoUdY1 UdYs, 9V =Ry x9Y; x L1 (0,00) x L1 (0,00) xRy, i =0, 1, 2.

Theorem 5.1. If R1 > 1, Ry > 1, Ry > R and Rq > R, then the semi-flow {®(t) }+> is uniformly
persistent with respect to the pair (),0)), i.e., the disease of model (2.1) is uniformly persistent.

Proof. We prove, firstly, the following conclusions:

(i) The disease-free equilibrium Py is globally asymptotically stable for semi-flow {®(¢)}>0
restricted to 9)).

(ii) The boundary equilibrium P; is globally asymptotically stable and Py is unstable for
model (2.1) restricted to d); when R; > 1,i =1, 2.

For conclusion (7). If model (2.1) is restricted to 0))p, then it degenerates into

ds
d(tt) = A — pnS(h),
<§t aab> i(t,b) = —upRi(t,b), Ri(t,0) =0, i=1,2, (5.1)
du(t)
dt - Am(t) — ]l;nU(t)

\

We can obtain that lim; 1o S(t) = Ay /pp, im0 Ri(£,b) = 0 and limy—, 4o U(t) = A/ -
Therefore, Py is globally asymptotically stable for model (2.1) restricted to d))y. Then the con-
clusion (i) is true.

For conclusion (ii). If model (2.1) restricted in 0}, then it degenerates into

B Ay~ pisOWD) - us(o)
<aat ;’) (n + €1(a))Ex(t,a), Ex(t0) = B1S(D)VA (L),
di 0°° (@)1 (t,a)da — (1 + w) L (),
(;’t 4 ;ﬂ) Ri(t,b) = —pnRy(t,b), Ry(£,0) = 1L (b),
<aat + aab> Ra(t,b) = —(B161 () V(#) + ) Ra(t, b), Ra(t,0) =0, 62
dlgt(f) — BIVA(H) /0°° 01(b)Ra(t,b)db — (71 +d1 + ) Va (1),
) (s o+ a0,
dtcllgt) = A(t) — g (I () + Y4 (£))U() — pnU(8),
W o (h(e) + 1)U — i (1)

Obviously, lim; ;e Ro(t,0) = lims 4 Y1(t) = limy 40 Y2(f) = 0. Since the equation of
Ry(t,b) is decoupled from the other equations in model (5.2), we can consider the following
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system
' (A _ A s () — s (o),
<§t + 2V Erfta) = — (o + 1 (@) Ex(1,a), Ei(1,0) = BiS(OVI(0)
C“égt) _ Ooosl(a)&(t,u)da— (11 + m) L (), (5:3)
dLC’lEt) — Am(t) — s L (OU(E) — U (8),
0 _ )i

Model (5.3) has the equilibrium (S7, Ef(a), I, U3, V}"). Define Lyapunov functional
W(t) = Wi(t) + Wa(t) + Ws(t) + Wy(t) + Ws(t),
where

ko (52). i st (2o
wae) = tig (U20), wat = S (S, wae) = R (A1),

1 0411

with ¢(x) = x — 1 — Inx. Then, it yields that
AW (t (11 ARS(t .
) _ K183 ( — ) [Ah _ AuS®) + B1S(H)Vy —/Bls(t)Vl(t)]

ar 550 St
O AWS(H) - S 1o S(VA (L)
= s KBS <S*_S<t>> (S(”_ Vi )

— CKSH(BIVE + ) <4> <S( )) te ( S()))

L KBSV} (5;? S-SV + Vl(t)V1*> ,
1
P2 - [Mm@Ei@ge () @
= = [ (1) (B mra@) o
where Eq,(t,a) = dE;(t,a)/da. Since

<iz;zs>> - (48 0) (8 moet0).

=Ll (3
v <€;fz;> woron (33)
sion () o

)

= K1E1(t O KlE1 0 <1 —1In (

then
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Furthermore,

e /“ (

0
—_ 81 El >E
1

) ( - Ei() ) do

1(t,a) 1* [FE1(t,a) >
+1 ) da,
(a 11 Il(t)Eik (a)

) (i (U5 — U(H)) + aaU (D) — ay (D) (1))

i) KiE O 11
dt wmI \Uj U@

K1 E; (0) o (U(t) — U7)? . () | L(t) U(t)h(t)
- unru; o HRE©) (1_ TR T Ufllf )
and
aws(t)  KEZO)VE (1 1 V(D)
i~ (v mm) (suono - )
- LU Vi) ULV
_K1E1(0)<11i*uf B ARRTRAAD] #1).
Therefore,
L = —kisilpnvi w0 (° (f)> o ( @)] rapisivi (e + G
B nS(t)Vl(t) _ t I*El(t Cl) nEl(t,lZ) a
sy 2)+ [ awriw(2- T hmE@ N Ee )a

_KE (U0 = U o Lt h()_vl(t) LMY

. 1
Ut u; up vy ULV

= st o (302) o (35)] +rosions [o (2) +o (%))

~ [Ca@Ei@ o <EEl )l ) ¢ (11[(; )] KlET(O%%%_ =

_KE©) [¢< (1) ( ) (P<UU*I*V22;1*>]+K1ET(0)4’<111(;)>

- Klslﬁﬂ/l(p(S( ) KiS; h[ ( t)> <55(1t)>]

~ L RMaL (0) (UL () — U2
- 81(“>El(“)"’<ﬁ*l< )L;l(l))d”‘ 1L¢<t>m 1

xp Uy (f)> (U(t)h(t)Vf)}
e o (gig) +o () +¢ (i) <0

It is clear that dW(t)/dt < 0 for any S(t) > 0, E1(t,a) > 0, I;(¢t) > 0, U(t) > 0 and V4(t) > 0,
and dW(t)/dt = 0 implies that (S(t), E1(t,a), I1(t), U(t), Vi(t)) = (S, Ej (a), I], U, V") for all
t > 0. Thus, by LaSalle’s invariance principle, equilibrium (S}, Ef(a), I}, U}, V}") is globally
asymptotically stable for model (5.3) when R > 1. From model (5.2), we easily obtain that
lim e R1(t,b) = Rj(b). This shows that equilibrium P; is globally asymptotically stable for
model (2.1) restricted to d); when R > 1. Moreover, from Theorem 4.2, we can obtain that Py
is unstable for model (2.1) restricted to ) when R; > 1. That is, conclusion (ii) is hold.

Similarly, we can show that P is globally asymptotically stable and P, is unstable for model
(2.1) restricted to 9)» when R, > 1.

Next, we claim that W3 (P)) N Y =@, W¥(P)NY =@, i =1, 2, where W?(P)) = {Xp € V' :
lirn,g_mo X(t, Xo) P()} and WS( ) = {XO S y hmt_m X(t, Xo) = Pi}, i= 1, 2.
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For W*(Py) N Y = @. Suppose that there exists a Xo € ) such that lim;_,. X(t, Xo) = P.
Then, for any constant € > 0, there exists a Tp > 0 such that

S*—e<S(t)<S* +¢€ 0<Ei(t,a) <e, 0<L(t) <€ 0<Ri(tb) <e

0<Yi(t)<e U'—e<U(t) <U +¢e, 0< Vi(t)<e, i=1, 2,
for all t > Tp. From the third and eighth equations of model (2.1), it follows that

dzy) — /Ooo ei(a)Ei(t,a)da — (i + pn)Li(t)

> (5"~ e1) [ exa)Vitt — am(a)da — (ri-+ ) (),

> i li(U(E) — i Vi(t) = a;(U" = €)Ii(t) — pm Vi(t).

dvi(h
dt

Let us take the Laplace transform of both sides of above inequalities. Since all functions above
are bounded, the Laplace transform of the functions exist for A > 0. Denote the Laplace trans-
form of the function f(t) by L[f(t)]. Using the convolution property of the Laplace transform,
we obtain the following inequalities for L[I;(t)] and L[Vi(t)],

{mwn ~1(0) 2 Bi(S" ) [ eilani(a)e M daLlVi(t)] - (v + ) LI,

LIVi()] = Vi(0) = a; (U =€) LILi(1)] — pm L[V ()]
Eliminating L[V;(t)] yields

L[L(t)] >

Since’ R; >1,i=

wi(S° — &)U — &) [ exlaypila)eda 1(0)
<A+um><A+%+uh> LI

1,2, we can choose A and € small enough such that

w;Bi(S* —e)(U* =€) [y ei(a)ni(a)e*"da
(A+ﬂm>(2\+%+uh)

>1, i=1, 2

Therefore, inequality (5.4) does not hold. This implies that W*(Py) N Y = @.
For W*(P;) N Y = @. Suppose that there exists a X3 € ) such that lim; ;. X(t,X1) = P;.

Then, for any constant € > 0 there exists a T; > 0 such that for all £ > T; one have

ST—61<S(t)<ST+€1, EI—€1<E1(IL,61)<ET—|—€1, O<E2(t,d)<€1,
0< Iz(t) < €1, If —€1 < Il(t) < Iik + €1, RT(b) —€1 < Rl(t,b) < Rf(b) + €1,

0< RZ(t,b) <€, 0< Yi(t) < €71, Uik —€1 < U(t) < Uik + €1,
Vl* —€1 < Vl(t> < Vl* +e€, 0< Vz(t) <€, i=1,2

From model (2.1), we can obtain

dljlgt) - /Ooo e2(a)Ex(t,a)da — (2 + ) Ia(t)

> pa(Si 1) [ 20)Valt — apala)da — (2 + ) (),
= B2Va(t) /Ooo 02(b)R1(t, b)db — (72 + da + pp) Yo(t)

> BaVa(t) [ 62(0)(Ri(0) — en)db — (72 + da + ) Ya(t),

> wy(Uy — €1)(La(t) + Ya(t)) — pmVa(t).

Ayt

(5.4)

(5.5)
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Take the Laplace transform of both sides of inequalities (5.5). Since all functions above are
bounded, the Laplace transform of the functions exist for A > 0. Then, we can get the following
inequalities for L£[L(t)], L[Y2(t)] and L][Va(t)],

AL[L(t)] — 1(0) = B2(ST — €1) /Ooo ea(a)2(a)eMdal[Va(t)] — (72 + pn) L1 (1)),
ALY (8)] = Y2(0) = B2 /Ooo 02(b) (R1(b) — €1)dbL[Va(t)] — (72 + da + pn) L[Y2 (1)),
AL[V2(t)] = V2(0) = az (U — 1) (L[L()] + L[Y2(8)]) — pm LIV2(2)].

Eliminating £[1>(#)] and £[Ya(#)] yields

—e1) [ e2(a)a(a)a(a)eMda

LIVA(D)] 2 il — e a0 i

(A + pm) (A + 72+ pn)
n Jo 62(b)(R;(b) — €1)db }+ 5(0)
Atpm)A+r2+do+un) | A+

+ 0(2(11;( —61){ 12(0) + YQ(O) }
A+ pm Adyodpy  A+rat+datpp )

This is impossible when R, > R{. By calculation, we have S{U; = pwm(v1 + pp) /a1 1Ky, and

12B2S1Uj Jo” exp(a)da  aafolli [" (D)R()db Ry azpalli fy 62(D)Ri(B)db

tm (Y2 + pp) Um ( 2+d2+]/lh) R tm (2 + do + pp)

Therefore, we can choose A and €; small enough such that

—e1) Jy e2(a)ip(a)nz(a)e M da N Jo 62(b)(Ri(b) —e1)db } o1
(A pmn) (A 472 + i) A+ ) (A + 72+ do + )
This contradiction implies that W¥(P;) N Y = @.
Similarly, we can verify W*(P,) N )Y = @, when Ry > Rj. Thus, Theorem 4.2 in Hale and
Waltman [18] implies the semi-flow {®(t)};>0 is uniformly persistent with respect to the pair
(V,0Y)if R1 > 1, Ry > 1, R1 > Rj and Ry > Rj. This completes the proof. O

o B2 (Uy —61){ 5

As a consequence of Theorem 5.1, we have the following Corollary 5.2.

Corollary 5.2. If Rq > 1, ’R2~> 1~, R1 >~R§ anii R~2 >~R*, t}ien m0d~el (%1) Ilus at leaﬁt a coexistence
equilibrium denoted by P3 = (S*, E{(a), E;(a), I}, I3, R} (b), R3(b), Y{, Y5, U*, Vi, V).

Based on the discussion in Section 4 and Section 5, we can conclude the existence and
stability of the equilibria of model (2.1), as shown in Table 5.1. Here, LAS and GAS denote
locally asymptotically stable and globally asymptotically stable, respectively.

Remark 5.3. It should be pointed out that the numerical simulations show that if the coexis-
tence equilibrium of model (2.1) is existence, then it is stable. In fact, we have also obtained
the sufficient conditions for the stability of the coexistence equilibrium by constructing the
Lyapunov function. Due to additional technical conditions, we put this result in the appendix.
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Case Existence or stability | Case Existence or stability
Ro<1 Py is LAS Ro < min{Ky, Ky} Py is GAS
Ri>1 P; exists Ro >1 P, exists
Ri1>1, Ry <Ry Py is LAS R2>1,Ri <R; P, is LAS
Ri>1, Ro>1, coexistence equilibrium

Rz >Ri, R1>R; exists

Table 5.1: Summarizing the different scenarios depending on the threshold pa-
rameters.

6 Numerical simulation and discussions

In this section, some numerical simulations are conducted to illustrate our theoretical analysis
results. Since the longer one stay in the latency stage, the more one is likely to exposed to
the disease, and the risk of infection will increase, we assume that the age-dependent removal
rate ¢;(a) in model (2.1) takes the form ¢;(a) = x;a®exp(—y;a), where x;, y; > 0, i = 1,2,
see [21]. Similarly, in order to describe the primary recovery period and the level about
losing cross vaccine protection, we choose cross immunity waning rate function as 6;(b) =
u;(1+5exp(—v;b))~!, where u;, v; >0, i = 1, 2. Furthermore, the values of other parameters
of the model (2.1) are based on Refs. [6,36,42] and the references cited therein.

Example 6.1. The global asymptotic stability of the disease-free equilibrium of model (2.1).

We choose model parameters as follows: A, = 25, f; = 2.38 x 1076, B2 =225 x 107, Uy =
0.004, y1 = 72 = 0.14, d; = dp = 0.0001, A, = 21000, 1 = 3.75 x 1076, ay = 3.95 x 107, p, =
0.09, e1(a) = 0.01a% exp(—0.2a), e2(a) = 0.01 exp(—0.18a)a?, 01(b) = 0.45(1+5exp(—0.026b)) !
and 0,(b) = 0.48(1 + 5exp(—0.026b)) ! in model (2.1). By numerical calculations, we obtain
K; ~ 0.882, K, ~ 0.931, and basic reproduction number R ~ 0.8687 < K; and R, ~ 0.913 <
K;. Then, by Theorem 4.3, the disease-free equilibrium Py of model (2.1) is globally asymptoti-
cally stable. The plots in Figures 6.1(a)-(c) show this theoretical result.

Further, we only adjust the values of transmission rates 81 and B, and let f; = 2.48 x 10~°
and By = 2.32 x 107° in model (2.1), then by numerical calculations it is obtained that the
basic reproduction numbers R; ~ 0.9052 and R, ~ 0.9414. The values of K; and K, remain
the same as above, then Ry > K; and R, > K;. In this case, numerical simulations show
that the disease-free equilibrium P, is globally asymptotically stable, as shown in Figure 6.1(d).
However, numerical simulations show the disease-free equilibrium is globally asymptotically
stable if Ry < 1 without additional conditions. Therefore, we put forward an interesting open
question: If R < 1, then the disease-free equilibrium is globally asymptotically stable.

Example 6.2. The existence and stability of strain i (i = 1, 2) dominant equilibrium of (2.1).

Let Ay = 25, B1 = 9.85x107%, B = 6.85x 107, uj, = 0.004, v; = 0.07, 12 = 0.14,
dy = dy = 0.0001, A, = 21000, & = 1.75 x 1076, ap = 3.75 x 1076, p,,, = 0.07, &1(a) = e5(a) =
0.01a% exp(—0.28a), 61 (b) = 0.45(1 + 5exp(—0.026b)) ! and 6,(b) = 0.48(1 + 5exp(—0.028b)) !
in model (2.1). It is easy to calculate that parameter values satisfy all conditions of Theorem 4.5,
that is, R ~ 3.528 > 1 and R, ~ 2.7 < R} =~ 3.5055. By Theorem 4.5, the strain 1 dominant
equilibrium P; is locally asymptotically stable which is consistent with the simulation results
as shown in Figures 6.2(a)-(d). As we can see, in Figure 6.2(e), solution curves of I;(t), Yi(t)
and S(t) from different initial values all tend to a point in the first quadrant various, and the
number of (), Y1(t) + Ya(t) and V,(¢) all tend to zero, which is shown Figure 6.2(f). Therefore,
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Figure 6.1: The global asymptotical stability of disease-free equilibrium of
model (2.1) with the basic reproduction number Ry < 1, which implies that
the disease dies out.

numerical simulations imply that the strain 1 dominant equilibrium P; of model (2.1) is globally
asymptotically stable. In addition, the numerical simulation for the existence and stability of
P is similar to that of P;, hence we omit it here.

Example 6.3. The persistence of disease, the existence and stability of coexistence equilibrium
for model (2.1).

We choose A, = 100, B; = 2.85 X 1072, B2 = 4.25 x 1072, up = 0.004, y1 = 72 = 0.07,
dy = d, = 0.0001, Ay, = 5500, a1 = 8.75 x 107%, ap = 8.45 x 107, u,, = 0.05, e1(a) =
0.01 exp(—0.25a)a?, e2(a) = 0.01 exp(—0.31a)a® and 0;(b) = 62(b) = 0.4(1 + 50 exp(—0.05b)) !
in model (2.1). Numerical calculation follows that R ~ 48.22, R, ~ 47.23, R} ~ 41.3200 and
R; ~ 40.8999, which satisfy the conditions of Theorem 5.1 and Corollary 5.2. Therefore, the
disease is uniformly persistent and model (2.1) exists coexistence equilibrium which is consis-
tent with the simulation results as shown in Figures 6.3(a)—(d). Particularly, as we can see, in
Figures 6.3(c) and (d), solution curves of I;(t) and V,(t) from different initial values all tend
to a positive constants rather than zero. This implies that model (2.1) exists a globally asymp-
totically stable coexistence equilibrium. Of course, we also verify the globally asymptotically
stability of coexistence equilibrium by constructing a Lyapunov functional in the Appendix
with some strong constraint conditions, but these conditions are difficult to verify. This may be
related to our research methods and the selection of Lyapunov functional. This encourages us
to propose new research methods or construct more suitable Lyapunov functional to solve this
problem in the future research.

In additional, we fixed parameter values of model (2.1) as above, and only adjust the value
of cross immunity wane rate 6 (b) to be 0.2(1 + 50 exp(—0.05b)) !, 0.3(1 + 50 exp(—0.05b)) 1,
0.4(1+ 50 exp(—0.05b)) ! and 0.6(1 + 50 exp(—0.05b)) ~!, respectively, we obtain the Fig.6.3(e).
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Figure 6.2: The numerical simulation of the stability of strain 1 dominant equi-
librium for model (2.1) with the basic reproduction number are’R; ~ 3.528 and
Rz ~ 2.7.
It is easily to see that 0;(b) does not appear in the expression of the basic reproduction number

(i.e., the value of 6;(b) does not affect the dynamic behavior of the model) from equation
(4.1). However, the plot in Figure 6.3(e) show that the peak of secondary infection individuals
number with strain 2 increases remarkably with 6,(b) increases when the model persistent.
This illustrates that the value of cross immunity wane rate still play very important role in the
transmission of dengue fever.
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Figure 6.3: Numerical simulations of the persistence, the existence and stability
of coexistence equilibrium of model (2.1) with R; > 1, R, > 1, Ry > R; and
R1 > Rik

7 Conclusion

In recent years, many scholars have established lots of multi-strain dengue fever transmission
models, studied the existence and stability of the disease-free equilibria, endemic equilibria,
stain dominant equilibria, and competitive exclusion, and discussed the effects of the and mu-
tual immune of strains on on the spread and control of dengue fever [9,11,17,19,27,29, 32,
34,41,42]. However, most of which are described by ordinary differential equations (ODEs).
In this paper, based on the two-strain dengue fever model proposed in Ref. [42], we propose
a two-strain dengue fever transmission model with age structure to investigate the effects of
latency age and cross immunity on the transmission dynamics of dengue virus. This extends
the existing single-strain age structure models [4,5,8,36], which is a highlight of our paper.

By using these methods proposed in Refs. [18,33,38-40], we first obtain the non-negativity,
boundedness and asymptotic smoothness for solutions of our model. Further, the basic repro-
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duction number Ry = max{R, Ry} are defined, which plays a sharp threshold role in the
process of this disease outbreaks. That is, if Rp < 1, then the disease-free equilibrium Py is
locally stable, and P, is unstable for Ry > 1. Further, we also obtained sufficient conditions for
the global asymptotic stability of Py. To be specific, if Rg < min{Kj, K>}, then P, is globally
asymptotically stable. Of course, our numerical simulations suggest that Py is also globally
asymptotically stable when Ry < 1 (see Figure 6.1(d)). In addition, if R; > 1, this model has a
strain-i dominant equilibrium P; which is locally stable for R; < R} (i, j =1, 2, i # j). This
condition is similar to the threshold condition for the stability of strain-i dominant equilibria
of these multi strain ordinary differential equations [11,42]. And we have given sufficient con-
ditions for the uniform persistence of disease and the coexistence of the two strains. Finally,
the numerical simulation implies that the strain-i dominant equilibrium is global asymptotic
stability for R; > 1 and R; < R} (see Figures 6.3(c)~(d)). However, due to the limitations
of these research methods, the global attractivity of coexistence equilibrium obtained by us is
subject to certain technical conditions. Therefore, this issue needs further research.

From the expression of R;, it is easy to observe that their value depends on ¢;(a). Numerical
simulations also shows that if the period of cross-immunity between the two strains increased
(i.e., the rate of cross immunity waning decreased), the number of individuals with secondary
infection decreased, and then the number of severe dengue cases decreased (see Figure 6.3(d)).
This means that the latent age and cross immunity age play a important role in the transmission
of dengue fever. Additionally, other model parameters also have an impact on the value of
Ri, such as the rates of transmission («; and f;), the death rate and the recruitment rate of
mosquito (u, and Ay), and so on. Therefore, control or prevent the transmission of dengue
fever is mainly to reduce the number of mosquito and to increase personal protect awareness.
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Appendix

According to the Corollary 5.2 and the Figure 6.3, the coexistence equilibrium P is globally
asymptotically stable. Hence, we attempt to construct a Lyapunov functional to obtain the
theoretical analysis.

Theorem A.1. If the condition of Corollary 5.2 and the following inequalities hold

5 +/ 6.(D)Rs(b)db < 1, & +/ 6,(b)R; (b)db < 17,
0 B1 0 B2

wnt1(1—Ki) 1 it 2(1-K) 1
w1 Kq ’ o1 (’)/1 it Vh)/ 1%3:0) ’ (%))

ﬁ*<min{ (’)’2+d2+}lh)},
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then model (2.1) has a unique coexistence equilibrium Ps which is globally attractive.

Proof. Consider the Lyapunov functional as follows

L(t) = L1(t) + Lot +2{£21 +£31()+L’4Z~(t)+£5i(t)+£7i(t)},

where
Li(t) = 59 <SS£?> ’ Loi(t e / gi(a (Eét(,;t))) da,
L) = Tro <L§>> . Lu() = /O Ri (b)g (%ig) da,
Lai(t) = V¢ (if”) : Lo(t) = U'p (Lgt)) o L) =V <V¢(f)) |

Because of the complexity of the expressions, we make the derive of each component of the
Lyapunov functional separately.

dE(t) (; _ S(1t)> (m - A’f( ) B1S()T; + 1S()TF — BiS(OVA(E) — ﬁzSG)Vz(f))

_ _ 5 s . N\ (st siHwl
_Ah(z o >+ﬁsv<1 S(t))<§* £ )
Ok 1% §* S<t> S(t)V (t)

e V2< ‘S<f>)(§* oy
) .

1
' ¢<'S@>+¢<Si)>

=—A

5() _ S(HVa() _Hw)

)
( 5 s vy
BET (S_éf) g1 VZV?)
and
dﬁézt(t) _Ii- qui(a)fi} (”)St‘P Eé(t(aa))) da
=% ) a0 @ (Eg(tm) ) (e et o

where E;,(t,a) = dE;(t,a)/da. Since

o (Ei(ta)\ _ (Eta) Eia(t, ) .
au? ( E} (a) ) - ( E; (a) 1) (E,-(t,a) o e )>/

it can be easily shown that

d_ﬁl _ Ei(t,ﬂ)
i K/ 5t (B )
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By directly calculating, we have

Al L "y ( LZ)(&() F(ﬂﬁvda

Ei(t,a) I} I7Ei(t,a)
K / ( Era) L)  L(HE (a) ! 1) “

and

OO~* a
— _/0 R; (b) <ﬁ;(b _Ri(t,b)> <abR(t b) + Bi0; (D) Vi(t)Ri(t,b) + Ry t, b)) db
R

where R;,(t,b) = dR;(t,b)/db, i, j =1, 2, i # j. Since
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Thus, to sum up, we can get
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Therefore, we finally obtain
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It is easy to see that the sufficient condition for d£(t)/dt < 0 are

~ 1 ~
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This shows that equilibrium P; is globally attractive. This completes the proof. O
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