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On an Infection-age Structured Epidemic Model
with Multiscale*

Yongle Fu!, Yunfei Lv'"" and Yongzhen Pei'

Abstract Considering the individual difference, this paper deals with an
infection-age structured epidemic model coupling within-host and between-
host for environmentally-driven infectious disease. The full system with two
time scales, the cellular level and population level, is first separated into the
isolated fast and slow systems. For the isolated fast and slow systems, com-
bined with the within-host and between-host reproduction numbers, R,,0c and
Ry, we give the complete global dynamics by using Lyapunov function re-
spectively. Our results indicate that when there is no virus in environment
the disease can be not only controlled, but also eliminated. However, when
there is always virus in environment the disease is only controlled but not e-
liminated. Furthermore, the coupled slow system has complex dynamics with
multiple positive equilibria and backward bifurcation. The virus contaminated
environment plays a critical role on backward bifurcation. When the initial
environmental virus is below some threshold the disease will be eliminated,
when it is above the threshold the disease will develop an endemic disease.
Some numerical simulations are performed to illustrate these results. The age
structured model is more general, and this work includes some previous results.

Keywords Age structure, Coupled system, Basic reproduction number, Sta-
bility, Backward bifurcation.
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1. Introduction

There are many viral infectious diseases among human beings. The common viral
infectious diseases include 2019-nCoV, influenza, AIDS, rubella, respiratory virus
infection, viral hepatitis, etc. These diseases not only cause huge social and eco-
nomic losses, but also cause great harm to human health. Based on the dynamical
mechanisms of the disease transmission, mathematical model can be established
to study the properties of the model solution, That is, the threshold conditions
which have been widely used to control and predict the current and future epidemic
prevalence.

Infection age, which is the time passed since a host was infected, measures the
amount of viruses accumulated in an infected host. Some works on HIV/AIDS
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and 2019-nCoV, have found that different infection age leads to significant differ-
ences in infection rates and mortality caused by diseases. Age structured infection
model can be used to describe the individual difference. For instance, the exposed
individuals and infected individual have different transmission rates. Recently, in-
fection age has been introduced into epidemic models to study this phenomenon,
for example [1,4,12, 16,24, 25]. Nevertheless, the introduction of the infection age
brings about changes to the model from ordinary differential equation to first-order
partial differential equation (the well-known age structured model), increasing the
difficulty of the study.

However, infectious disease dynamics are dominated by many interconnected
scales, from complex within-host infection processes to between hosts and environ-
ments. Therefore, the other individual difference we take account in this context is
that the disease driven by environment has two time scales: the cellular level and the
population level. At the cellular level, the virus infection process within the hosts is
called the fast system, which usually takes the form of cell-virus interactions, while
at the population level, disease transmission between hosts is a slow process, which
refers to the transmission of disease among individuals. Therefore, both questions
will be raised, and how does the coupling of virus and individual affect the process
of disease transmission? What is the impact of infection-age structure on disease
dynamics?

The dynamic behavior of the within- and between-host is often considered sepa-
rately, but it is found that the establishment of the coupled model will have new in-
sights. For Toxoplasma gondii, authors in [3,21] proposed a coupled cell virus model
and SI epidemic model, where the virus in polluted environment plays a major and
determinant role in transmission of Toxoplasma infectious disease. Backward bifur-
cation may occur in [3,21] when the basic reproduction number is less than 1, in
which stable disease-free equilibrium and endemic equilibrium can coexist. In such
case, the disease can persist and be hard to control. This means the basic repro-
duction number will not be sufficient to described whether the disease is endemic or
not, and the initial values should be paid attention to. Based on the coupling mod-
els of [3,21], authors in [7] considered the disease-induced mortality, obtained the
similar dynamic behavior and studied the evolution of virulence. The other work-
s described virus replication and their respective immune responses while disease
transmission is represented by the ST model [2], the dynamics of cholera within
and between hosts [25] as well as the effects of within-host and population-level
dynamics on malaria transmission dynamics [1]. Furthermore, infectious disease
models with time-varying parameters and general nonlinear incidence rates have
been analyzed in [12]. Authors in [13,26] considered the impacts of Wolbachia on
the mosquito-borne diseases in a heterogeneous environment.

The assumptions in the above articles are made on the basis of homogeneity
without considering individual differences. That is, the infection age is not taken
into account, especially for the coupled within- and between-host model. Authors
in [20] derived a stage-structured epidemic model from an age structured model,
while did not discuss the age structured model. Recently, the model of [7] has
been extended in [14], where the mortality was considered as the function of the
infection age. However, it did not consider the infection age of cells in the host.
As stated in the pieces of literature [5,6,10,11,17-19,27], the infection age of viral
diseases is of great important. Therefore, we will introduce the infection age into the
coupled within- and between-host models, which is more in line with the biological
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background, and increases the difficulty in mathematical research.

In this paper, our approach of establishing model is based on the idea of sep-
arating biological time scales, a fast time scale associated with the within-host
dynamics and a slow time scale associated with the epidemiological process and the
environment. The article is arranged as follows: In Section 2, we propose the model
framework by using a hybrid system of ordinary differential equations and partial
differential equations. The separate method in [8] is extended to the age structured
model in terms of the singular perturbation theory. In Section 3, we obtain the
main results by defining the basic reproduction numbers, establishing the positivity
and boundedness of solutions, global dynamics, multiple positive equilibria, back-
ward bifurcation, numerical simulations and biological meanings. In Section 4, a
discussion is carried out to show that the age structured model is more general.
Finally, the main proofs of theorems are given in Appendix.

2. Model formulation

This paper considers a general coupled within- and between-host epidemic model
with infection-age structure. This model can be used to describe the environmentally-
driven infectious diseases such as Toxoplasmosis. As an obligate intracellular proto-
zoon, Toxoplasma gondii can cause the zoonotic toxoplasmosis. Humans are able to
be infected via accidental ingestion of water or food contaminated with the oocysts
of Toxoplasma gondii. Toxoplasmosis can result in severe clinical symptoms and
even death to immunocompromised individuals such as infants and pregnant wom-
en. So far, we cannot prevent and control cat toxoplasmosis due to the lack of
information on the formation of oocysts. In this paper, we try to investigate the
mechanism of within- and between-host transmission of the environmentally-driven
infectious diseases.

In order to consider the individual difference, we introduce age structure in the
following coupled model

T(t) = A. — V()T (t) — mT(t),

aT*(t,a) " aT*(t,a) _ 7(m+ 5(a))T* (¢, ),

V(t) = )+ f a)T*(t,a)da — cV (),
(1, 0) = kV( )T (t),

S(t) = A — BE()S(t) — pS(t),

PG 4 AL — —(u+ p(a))] (¢, ),

E(t) = (1 - E(®)) [;"° V(©)0(a)I(t, a)da — yE(t),
I(t,0) = BE(t)S(t),

where T'(t), T*(t,a) and V (t) are the densities of healthy cells, infected cells with
infection age a and the virus load at time ¢; S(t) denotes the numbers of susceptible
individuals; I(t,a) represents the density of infectious individuals with infection
age a at time t; E(t) represents the level of environment contaminated by the virus
at time ¢, or the concentration of virus per unit area or volume of a region being
considered (0 < E < 1). The framework of the environmentally-driven infectious
disease model (see Figure 1).
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Within a host, the healthy cells are infected by the virus with the law £V (¢)T(t),
which will flow into the infected cells. Thus, the new infected cells are given
by T*(t,0) = kV(¢)T(¢t) (boundary condition). The recruitment of viruses with-
in a host has two ways. One is when the cells die, the viruses are released and
infect other cells. In this process, a mass of viruses are released with the level

0+OO 0(a)p(a)T™*(t,a)da, where 6(a) and p(a) are per-capita infection-induced mor-
tality rate of cells and virus production rate with infection age a respectively. The
other is the input of the virus contaminated environment given by g(F). This de-
notes an added rate in the change of virus load due to the continuous ingestion of
virus by the host from contaminated environment. In this work, we assume that
environmental contamination is measured by the concentration of virus living in the
environment, and that hosts acquire infection by ingesting contaminated food. The
function g expresses that the environmental contamination is an increasing function
of the number of viruses in the host. These biological considerations suggest that
the function g should have the following properties.

(H1) ¢(0) =0, g(E) 20, g'(E) > 0, g"(E) < 0.

One of the simplest forms for g(F) considered in [3,8] is the linear function g(E) =
wkE, where w is a positive constant.

Between — host

l A

wl |pa)l
(1-B) [/ V0(a)I(t,a)da
———————————— > Tt ) - -0 »
uS / : 3 9(E) ~E
Within — host v (;( ) 7( . 7(; ;df o
| a)p(a)T*(t,a)da |
| <L V) e |
T |
j ¥ j
! A, - VT 5(a)T* |
: lmT mT* :

Figure 1. This framework can be used to model the environmentally-driven infectious diseases. Our
multiscale model involves two scales: between-host (top) and within-host (bottom) by focusing on the
transmission between susceptible and infected hosts in contaminated environment and the virus-cell
interactions within an infected host.

Between hosts, the susceptible individuals are infected via ingesting the con-
taminated water or food described by SE(¢)S(t). Similarly, the new infected hosts
are given as I(¢,0) = BE(t)S(t) (boundary condition). After a host becomes an
infected individual, it releases viruses which can contaminate the environment. Let
6(a) be the virus releasing rate per host with infection age a, which is proportional
to the number of infected hosts and the within-host virus concentrations. Thus, the
rate of environmental contamination is f0+oo V(t)8(a)I(t,a)da.

We give three important assumptions as follows.

(H2) The functions p(a), §(a), 0(a), ¢(a) € LT (0,+00) are bounded;



On an Infection-age Structured Epidemic Model with Multiscale 329

Table 1 Description of parameters and frequently used symbols.

Symbol  Description

A, Recruitment of cells
k Per-capita infection rate of cells
m Per-capita natural mortality of cells
o(a) Per-capita infection-induced mortality rate of cells with infection age a
p(a) Per-capita virus production rate with infection age a
c Per-capita clearance rate of virus in the host
g(E) The rate of additional increase in virus concentration in the host
Ay Recruitment of susceptibles
Per-capita infection rate of hosts in the contaminated environment
Per-capita natural death rate of hosts
o(a) Per-capita disease-induced death rate of hosts with infection age a
6(a) Per-capita virus releasing rate with infection age a
v Per-capita clearance rate of virus in the environment

(H3) The parameters A., k, m, A, B, u and v are all nonnegative constants, and
their definitions are listed in Table 1;

(H4) The initial conditions: 7'(0) > 0, V(0) = 0 and T*(0,a) = n(a) € L} (0, +00);
S(0) =0, E(0) > 0 and 1(0,a) = £(a) € LT (0, +00).

By applying the method of characteristics, the solutions T*(¢,a) and I(¢,a) are
given by

T (t.a) EV(t —a)T(t — a)e Jo (m+d(dr 4~ 2.2)
,a) = : .
n(a _ t)e_ fo (7rL—i—(3(r+a—t))d7"7 t S a,

and

E(t —a)S(t —a)e Jo nteldr ¢~ ¢
Ity = | PPUOSE (2.3
Ela—t)e” o (ute(rta=t))dr t<a.

Base on the above assumptions, in view of [15, Theorem 3.1], the existence and
uniqueness of the solutions can be obtained by rewriting the differential equations
(2.1) with boundary and initial conditions to the integral equations.

2.1. Separation of the fast and slow systems

Since the within-host dynamics and the between-host dynamics have different time
sales, we next separate the two time scales by applying the perturbation theory.
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For this, we introduce the slow time variables s = et and 7 = ea, where 0 < € < 1.

Along almost every characteristic line, it follows that d“ = 1. Thus, Z—Z = 1. Note

that the time scale of between hosts dynamics is Slower than that of within hosts
dynamics, and the parameters related to population level dynamics are smaller. We

introduce new variables

Ri=-hn B=2f, fi=m =17 3(@)=el@), 0o)=0).
Denote ‘’= E and ‘/’ —— . Then, the full system can be written as
T'(t) = Ae — KV ()T (t) — mT(t),
6T*(t,a) + BT*(;,a) _ _(m a))T*(t a)
V/(t) = g(E(®) + [, 8(a)p(a)T*(t, a)da — eV (1), (2.4)
S'(t) = e(f\h — BE(t)S(t) — AS(1)),
P + 2 = e+ ) 1),
B(t) = ¢ (1= B0)V(®) [ 0@)(t,a)da —TE(W) ) -
Let
Ti(s) =T(t), Ty (s,7) =T"(t,a), Vi(s) =V (t),
S1(s) =S(t), ILi(s,7)=1I(t,a), Ei(s) = E(t).
Therefore, with respect to the slower time s, we have
€T (s) = A — kVi(s)Ti(s) — mTi(s),
€ (BT%(?T) + BT%(TS’T)) = —(m+61(7)) Ty (s, 7),
€Vils) = g(En) + i (D (1T (s 7)dr = Vi), .
Si(s) = A, — BE1(s) 1( ) — mSi(s),
Ohfer) 4 Olilen) - (uﬂm( NIi(s,7),
Ev(s) = (1= Ex()) [y Vi($)01 () [1 (s, 7)dr = FEx(s),

where 81 (7) = d(a), p1(r) = p(a) and @1 () = @(a), 01(7) = 0(a).

Next, we analyze the whole system by analyzing the fast and slow dynamics of
the system respectively. The fast dynamics can be analyzed by the system (2.4),
when € = 0

T'(t) = Ae —kV() (t) —mT(t),
gg o) | o) (m +8(a)T* (1), (26)
V'(t) +f (a)T*(t,a)da — cV (1),

in which F is considered as a constant parameter. The slow dynamics can be
analyzed by the system (2.5) when e = 0. For unify notation, we still use the
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original notations and obtain

S'(t) = A, — BE(H)S(t) — pS(t),
Ollta)  BI(La) — (4 4 o(a))I(t,a), (2.7)

E'(t) = (1-E@®) [," Vo(a)I(t,a)da — yE(t),

where the fast variable V' will be replaced by its value at a steady state of the fast
system (2.6).

3. Main results

In this section, we will discuss the isolated fast system, isolated slow system and
the coupled slow system respectively. Combined with the reproduction numbers, we
obtain the main results including the positivity and boundedness of solutions, global
dynamics, multiple positive equilibria, backward bifurcation, numerical simulations
and biological meanings. The corresponding proofs are given in Appendix.

3.1. Analysis of isolated fast system

Compared to the dynamics at the population level, the within-host dynamics is fast.
In such case, the between-host (slow) variables can be viewed as constants. The
linking variable E(¢) in the within-host (fast) system is a constant and 0 < E < 1,
where ¥ = 0 means there is no virus in the environment, £ > 0 represents there are
viruses in the environment and E = 1 indicates that the virus in the environment
reaches its maximum. Thus, the fast time system (2.6) is an isolated within-host
virus infection system.

First, with regard to the positivity and boundedness of the solutions for system
(2.6), we have the following results.

Theorem 3.1. The solutions (T'(t),T*(a),V(t)) of (2.6) remain positive and ulti-
mately bounded for nonnegative initial dates and boundary conditions.

As we know, the basic reproduction number plays an important role on the
study of epidemiology and within-host pathogen dynamics. There is an infection-
free equilibrium Uy = (Tp, 0, 0) with Ty = %7 if £ = 0. Based on the method
of [9], we define the within-host reproduction number by

1

“+oo
Ruo= 1 - / 5(a)p(a)o(a)kToda,

where o(a) = e~ J3'm+3(r)dr s the probability that an infected cell can survive to
infection age a. Note that Ty is the number of healthy cells at the beginning of
the infection, k is the infection rate of cells. Then, o(a)kTy is the average number
of secondary cases by one virus which can survive to infection age a. Besides,
1 0+°° d(a)p(a)da represents the amount of viruses released by one virus during its
survival period, where % is the survival time of the virus. Therefore, R, represents
the average number of virus released by all secondary infected cells by one virus
during the survival period of the virus at the early stage of infection.

With help of the basic reproduction number, we now discuss the existence and
stability of equilibria in (2.6). For the global stability of equilibria, we will take the
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Lyapunov function technique combined with the LaSalle invariance principle. Since
the phase space is the infinite dimensional Banach space, according to Theorem
4.2 in [22, Chapter IV], the relative compactness of the orbit should be given first.
Applying the method of Theorem 3.1 in [23] for the isolated system, we can obtain
the relative compactness of the orbit and omit the proof. Based on this, we next
construct suitable Lyapunov functions and prove the global stability.

For the case of F = 0, the system (2.6) has infection-free equilibrium Uy =
(T, 0, 0) and infectious equilibrium Uy = (T, T (a), V), if Ryo > 1, where

T, T(a)=ol@h, (1-5), V=l (3.1)
Theorem 3.2. Assume E = 0 in the system (2.6). The infection-free equilibrium
Uy is globally asymptotically stable (GAS), if Rwo < 1, and whereas the infectious
equilibrium Uy is GAS, if Ry > 1.

Remark 3.1. Theorem 3.2 indicates that when there is no virus in the environment,

e., £ = 0, the cell infection depends on the basic reproduction number R,q.
When R, < 1, the virus and the infected cells will eventually be cleared. When
R,o > 1, the virus will eventually stabilize at a positive balance V. Meanwhile,
the healthy and infected cells eventually stabilize at the positive equilibrium levels
T and T*(a). The case of E = 0 can be viewed as that infected hosts are kept in
quarantine or treatment. In order to clear the virus in the host, we can decrease
the basic reproductive number R, so that R,o < 1 by enhancing the immunity
and undergoing some sort of therapy ( increasingc), or decreasing the infection rate
of cells (k), or decreasing the amount of viruses released by an infected cell during
its survival period (N = f Jo(a)da). These can be shown in Figure 2 in
the case of £ = 0.

For the case of E > 0, if the system (2.6) has an equilibrium U, = (T(E), fg(a),
V(E)), then it satisfies
Ae — kV(EYT(E) —mT(E) =0
T (a
TBE; H= (m +8(a)) T (a),

(3.2)
)+ [y ba)p(@) Ty (a)da — cV(E) =0,
TE( ) = kV(E ) T'(E).
Simplifying the above formula yields the equation
fQ(E) — alf(E) +ay =0, where a; = % + Ty (1 + leo) , Gy = }g}i.

The discriminant of the above equation satisfies
A= al 4a9 > 0.
Putting the forth equation into the first formula of (3.2), we obtain TE(O) =m(To—

T(E)) > 0if T(E) < Tp. It follows that the larger root does not satisfy the positivity
of T%(0), and Us is a unique infectious equilibrium of the system (2.6), where

T(B) = (0~ Vol —daz),  Tpla) = ma(a)(Ty — T(E)),
V(E) =1 (g(E) +m(Ty — T(E))N) .

(&

(3.3)
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We have the following results.

Theorem 3.3. For E > 0 is a constant. The unique infectious equilibrium Uy =
(T(E),T}(a),V(E)) is GAS. Furthermore,

. UO = (TOaOaO)a fO’f’ Rwo S 17
lim Uy = . .
E=0 Uy =(T,T (a),V), for Ryo > 1.

Remark 3.2. The case of £ > 0 shows that the infected hosts are exposed. In
such case, the virus in the host cannot be extinct unless there is no viral environ-
ment. Meanwhile, healthy cell, infected cell and the virus eventually stabilize at
the infectious equilibrium Uy = (T'(E), Th(a), V(E)), which are related to the lev-
el of environment contaminated E. Furthermore, the viral equilibrium level is an
increases function of F, i.e.,

d ~ 1d T(E)
—V(E)=-———=9(E) |1+ ———=—| > 0.
iz ) = cagdl )< " a§—4a2>
Moreover, the viral equilibrium level is a decreasing function of the clearance rate
of virus ¢, an increasing function of the infection rate of cells £ and the amount of

virus released by a within-host infected cell during its survival period N respectively.
This is can be shown in Figure 2.

Remark 3.3. Theorems 3.2 and 3.3 show that as the virus in the environment is
gradually cleared. That is, £ — 0, the virus in the host will be gradually removed,
when R,,o < 1; even if the virus in the environment is gradually removed, the virus
in the host will eventually still stabilize at a positive balance V, when Ry, > 1.

As time goes on, the virus in the host will be excreted and contaminate the
environment after a period of time, and conversely increases the amount of viruses
in the environment. When the amount of viruses in the environment reaches a
certain level, more healthy hosts will be infected, so that the virus begins to spread
among the hosts. Then, the disease will be prevail among hosts and the epidemic
regular pattern expressed by the age structured SIFE model (2.7).

3.2. Analysis of isolated slow system

We assume V' is a constant in the slow system (2.7), which becomes into an isolated
between-host system.

Note that the fast system (2.6) is similar to the slow system (2.7), some results
of (2.7) are the same as that of (2.6), and we omit their proof. First, we give the
positivity and boundedness of the solutions.

Theorem 3.4. For the slow system (2.7), the solutions remain positive and ulti-
mately bounded for nonnegative initial dates and boundary conditions.

We define the between-host reproduction number as
1 Feo
Ry = ;,BSOV/ 6(a)mw(a)da,
0

where 7(a) = e~ Jo'(mte()dr ig the probability that an infected individual can

survive to infection age a. From our assumptions, we know that Sy = % is the
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number of healthy individuals at the beginning of the epidemic; 8 represents the
infection rate of hosts; L is the survival time of the virus; V f0+oo 0(a)m(a)da is the
amount of an infected individual discharging virus into the environment. Therefore,
Ry indicates the number of secondary infected cases in which an infected individual
can infect susceptible in their survival time at the early stage of infection.

(a) (b) (c)

1

Stable Region of U, ] Stable Region of U, ] Stable Region of U,
e 700 RW0<1: RW0>1 —E=0 ' —E=0
i |—E=0 E=05 1000) I E=05
! E=05 600 —E=1 1 —E=1
—E=1 - - —k=k* ! - - -N=N*

q

N

Figure 2. The monotonicity of the virus equilibria level V(FE) as functions of the clearance rate of
virus ¢ in (a), the infection rate of cells k in (b) and the amount of virus released by an infected cell
during its survival period N in (c) respectively. It is easy to verify that ¢ = ¢*, k = k™ and N = N*
are equivalent to R, = 1 in (a), (b) and (c). The blue region is the stable region of Us for the case
of E € (0, 1]. When E = 0, the left red solid line, i.e., ¢ < ¢* (corresponding R, > 1), is the stable
region of Uy and the right solid line, i.e., ¢ > ¢* (corresponding R0 < 1), is the stable region of Uy in
(a). The illustrations of the red solid line in (b) and (c) are similar to (a). For each figure, all other
parameters are fixed, given by (a): m = 1.5 x 1072, A, = 8.5 x 103, k = 1.5 x 1074, w = 4 x 10%,
N =0.1368; (b): m = 1.5 x 1072, A, =5 x 103, ¢ = 10, w = 3 x 103, N = 4; (¢): m = 1.5 x 1072,
Ae=85x10% c=10, w=14x 10%, k = 1.5 x 10~

Let (S,I(a),E) denote an equilibrium of (2.7), which satisfies the following
equations

Ap — BES — S = 0,

8(19(;1) = —(u+ ¢(a))I(a), (3.4)
V [F°0(a)I(a)da(1 — E) —vE =0,
1(0) = BES.

After calculation, the disease-free equilibrium Wy = (Sp,0,0) always exists, and

the unique endemic equilibrium Wy = (S1, I1(a), F1) exists, if and only if Ry > 1,

where

Ry —1
Ryo + %

5= <1+ o ) L(a) = n(@)fSiE1, By (8:5)

CptB 1o

Next, we consider the global stability of equilibria of (2.7).

Theorem 3.5. The disease-free equilibrium Wy is GAS, if Ry < 1, and the en-
demic equilibrium Wy is GAS, if Ryy > 1.

Remark 3.4. In the within-host system, the case of g(E) = 0 means that the virus
in the environment does not infect the cells in the host. In such case, the virus in the
infected host will eventually be eradicated, and the disease caused by the virus will
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eventually be eliminated, when R, < 1. In fact, R, measures the invasiveness of
the virus to the healthy hosts. The virus can invade the hosts, if Ry, > 1.

Combining with Theorems 3.2 and 3.5, we can conclude that the disease-free
equilibrium Wy of (2.7) and the infectious equilibrium Uy of (2.6) are GAS, if
Ry < 1 and R,o > 1. This shows that even if the disease can be eliminated the
virus still can survive in host. That is, the number of viruses in host is so low
that the infected host does not infect the susceptible hosts. It happens because
that although the transmitting capacity of the disease induced by virus is low, the
invasive ability of the virus is so strong that it can survive in the infected host.
It is even possible that the virus is gradually adapting to its hosts and becoming
less dangerous. We summarize the stability of equilibria of isolated fast and slow
systems in Table 2.

Table 2 Stability of equilibria.

Uy GAS Ryo < 1 The diseases and virus will be eliminated.

Rpo < 1 Wo GAS
Uy GAS Ryo >1 The virus can survive, but the disease will be eliminated.

Rypo > 1 Wy GAS Uz GAS There is an endemic disease and the virus survival.

Remark 3.5. The between-host reproduction number Rpq is dependent on the
virus equilibrium level V' in the host. If Ry > 1, then the virus in the infected
host remains a positive equilibrium level V' > 0, and the endemic equilibrium W;
is GAS. This means that the virus in the environment has an increasing effect on
the virus in the host, i.e.,

dBy  p(u+B)BSo Jy~ 0(a)m(a)da
v V(R + B)?

Theorem 3.3 shows that the virus always survives in the host no matter how strong
the invasive ability of the virus R, is, and the equilibrium level is increased with
respect of E. Thus, the endemic disease is dependent on the transmitting capacity
of the disease Ryg.

> 0.

In this subsection, we always assume that the amount of viruses in host is a
constant. In fact, the equilibrium level of V' is an increasing function of E, and the
between-host reproduction number is also an increasing function of V. Therefore,
it is necessary to investigate the coupled system.

3.3. Disease dynamics of the coupled system

In the above subsections, we assume E and V are independent constants and in-
vestigate the isolated fast and slow systems respectively. Note that V in (3.3) is
an increasing function of E, and the solution (T'(¢),T*(t,a), V(t)) of isolated fast
system (2.6) has
Uo = (T070a0)a fOrE]:Oyfi’wO <L
Jim (T(6), T°(2,7), V(©)) = { Uy = (T, T (a), V), for B =0, Ruo > 1
Uy = (T(E), Ti(a), V(E)), for E > 0.
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Thus, since E = 0 is the limit of E > 0 (E — 0), it only needs to consider the case of
E > 0. In this way, Uz = (T(E),Tg(a), V(E)) is the unique infectious equilibrium
of the fast system. When E > 0, since the within-host dynamics is faster than the
between-host dynamics, we can assume that the state of the within-host system has
reached its equilibrium. Let V(¢) = V(E(t)). The system (2.7) can be rewritten as
the following coupled slow system

S(t) = An — BE(t)S(t) — pS(1),

S+ U = —(u+ pla)I k),
B(t) =1 - E@)V(E®) [, 0(a)I(t,a)da — vE(t), (3.6)

I(t,0) = BE(t)S(1),
S(0) = s, I(0,a) =&(a), E(0) = ep.

Note that the between-host reproduction number Ry is a linear increasing func-
tion of V(E), and the virus equilibrium level V(E) is an increasing function of E.
Furthermore, we have the following limiting behavior of the V(E), as E — 0:

~ . ~ 0, for Rw() S 1,
V(0) = lim V(F) = .
E—=0 7m(R}‘C’° 1), for R0 > 1.

Thus, Ryo > Rbo, where Rbo is defined as

» . ﬁSOV(O) /+oo H(a)ﬂ(a)da _ Oa RwO < ]-7
0

Y %ijo—l) f0+oo 0(a)m(a)da, Ruo > 1.

For the trivial case of R,o < 1 and E(t) = 0, the virus in the infected host will
eventually be cleared and the disease caused by the virus will eventually be eliminat-
ed. Therefore, in the following discussion, we always assume the basic reproduction
number R,y > 1 or E(t) > 0. In this case, the quantity V(0) = W rep-
resents the number of viruses within a host at the initial stage of environmental
contamination. The term V(0) O+°O O(a)m(a)da denotes the amount of viruses that
an infected host discharges into the environment at the beginning of the infectious
disease. Sy is the number of healthy host at the beginning of the infectious disease.
Therefore, Ry indicates the number of secondary infected cases in which an infected

host can infect susceptible in their survival time at the early stage of infection.

Remark 3.6. Note that the basic reproduction number R,,q is independent on F.
If Ry < 1, both equilibria Uy (for E = 0) and U, (for E > 0) may be GAS for the
isolated fast system. Bistability may occur. We show this in Figure 6.

First, we consider the existence of equilibria of (3.6). Obviously, the coupled
system (3.6) has a disease-free equilibrium Wy(Sp,0,0) with Sy = AT’ Let W =
(5,1(a), E) denote the positive equilibrium of (3.6), which satisfies the following



On an Infection-age Structured Epidemic Model with Multiscale 337

equations
A — BES — uS =0,
2 = —(+ p(a)T(a),

e ~ N (3.7)
(1- E)V(E) o 0(a)l(a)da —~E =0,
1(0) = BES.
As discussed in the above subsection, we have
3 _ _uSo PN gEQ 5 _V(B) [ 6(a)I(a)da
S = FI I(a) = BEST(a), FE T [ (T @)dary” (3.8)

Obviously, 0 < E < 1. Substituting 5 and I(a) into the third equation of (3.7), it
follows that E satisfies H(E) = 0, where

H(B) = F(B) — G(B). F(B) = (1— BY(B).G(B) = — 1BE+W
(B) = F(B) - G(E). F(B) = (- )V (B).0(F) = - SEZEM

- o 1
H(0) =V(0) - 35 i g(a)w(a)da =V(0) (1 B I?To) ’

- _ v(ﬁ+u)
H(l) - uBSo [, o0 9(a)r(a)da <0,

H(E) = 1=E (g'(E) - mNT'(E)) —V(E) -

C

5
nSo f0+°° 0(a)m(a)da "

If Ryo < 1, then V(0) = 0 and H(0) < 0. It is difficult to judge the sign of H'(E),
we continue to compute

H'(E) = 1= (¢"(B) - mNT"(E)) - 2 (¢/(E) - mNT'(E)))

Note that T'(E) < 0 and T”(E) > 0, it follows that H”(E) < 0, for all 0 < E < 1.
This shows that H(E) is an upper convex function. Let Hys = maxo<g<i H(E).
Based on the reproduction number Ebo, we have obtained the following results.
Theorem 3.6. The existence of system (3.6) equilibria are as follows:

(i) The system (3.6) has a disease-free equilibrium Wy.

(ii) If Rywo < 1, then H(0) < 0 and (3.6) has two endemic equilibria W, =
(S1,T1(a), By) and Wy = (S, In(a), Ey) with By < By, if Hyr > 0; (3.6) has
one endemic equilibrium, if Hy = 0, i.e., W, = I//V\g; (3.6) has no endemic
equilibrium, of Hpr < 0.

(iii) If Rywo > 1, then V(0) > 0 and the following results hold.

(a)Assume Ryo < 1. The system (3.6) has two endemic equilibria Wi and

Wy with By < E‘g, if Hyr > 0; (3.6) has one endemic equilibrium, if Hy = 0,
ﬁ/\l /Wg, (3.6) has no endemic equilibrium, if Hyr < 0.

(A)Assume Ryo > 1. The system (3.6) has a unique equilibrium W =

(8,1(a), E).
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Theorem 3.7. The stability of system (3.6) equilibria are as follows:

(i) The disease-free equilibrium Wy is locally asymptotically stable (LAS), if Ryo <
1, and unstable, if Rpg > 1.

(i) If (3.6) has a unique endemic equilibrium W, then W is LAS, when #ﬁgﬁ <1.

(iii) If (3.6) has two endemic equilibria /Wl = (§1, fl(a),E'l) and ﬁ/\g = (S\Q,fQ(Q),EQ)
with E1 < E, then W1 is unstable, and W5 is LAS, when —L—= < 1.

p+BE =
1 T ;
o~
1 )
1 1
1 1
A | D
1 1
A 1 1
Ry > 1 )
1 1
s ]?/u'()l»\) 1 !
1 1
1 1
! ! 1 1
1 1
A L
T' T ! b = — ¥V T Ey - | l
1 L a- :
e = = — = — T ¥ .
0 315 116.3 400 635.4 700

Figure 3. The backward bifurcation and stability of the multiple endemic equilibria. It plots equilibri-

um E as a function of the clearance rate of virus c¢. The black and purple dotted lines, i.e., ¢ = 31.5 and
¢ = 116.3, represent Rpo = 1 and R0 = 1 respectively. These dotted lines divide the plane into four
regions A, B, C and D. There is one stable endemic equilibrium in region A, two endemic equilibria,
where one is stable the other is unstable in regions B and C, but there is no endemic equilibrium in
region D. For Rpg < 1, there may be two branches with the solid and dashed branches representing
the stable and unstable interior equilibria respectively. The vertical arrows indicate the directions of
solutions as time tends to infinity. Depending on the initial conditions, E(t) will converge to either 0 or

E on the solid curve.

Remark 3.7. If Ry < 1, ;HJBE <1 and Hjs > 0, then both equilibria Wy and W5

are LAS. In such case, bistability occurs. We show this in Figures 5 and 6.

Theorems 3.6 and 3.7 show that there is a backward bifurcation. For Rpy < 1 and

u:ﬂﬁ < 1, the system has two endemic equilibria for Hy; > 0, where one is stable

and the other is unstable, and a unique stable endemic equilibrium for Hy; = 0.
Similarly, for R, < 1 and u-&jﬁﬁ < 1, the above conclusions are obtained. This

can be shown in Figure 3. Besides, in this figure, there are four different stability
cases, which will be simulated respectively. Compared with results in [7,14], the
backward bifurcation can occur not only at the case of R,o > 1 and Rbo < 1, but
also R0 < 1 and Rbo = 0.

For some infection diseases with multiscale, it is difficult to obtain the exper-
iment data characterized the biological relationship between the transmissibility
and viral kinetics. This leads to many obstacles to translate the theory result of
multiscale models into practical policies. In order to get relevant data by tailored
experiment, it is better to provide a preliminary understanding for the infectious dis-
ease mechanism. This can be realized by rigorous analytical and numerical analysis
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for the established models with multiscale. Then, we give a numerical simulations
for our model to provide some help design testable functional hypotheses.

Except ¢, other parameters are taken as g(E) = 4 x 10°E, m = 1.5 x 1072,
E=15x10"3 A, = 85 x 103, N = 0.1368, A, =70, 3 =0.1, p = 7 x 1073,

v=15%x10"2,0(a) = 1.5x 1078 and p(a) = Hgé()%' After calculation, we have

Ry,0=1and IA%bo = 1 that are equivalent to ¢ = 31.5 and ¢ = 116.3, and thresholds
R0 and Rbo are a decreasing function of ¢. As shown in Figure 3, increasing the
clearance rate of ¢ from 0 to 635.4 yields that the coupled system has at least one
positive equilibrium. Once the value of ¢ is above 635.4 the positive equilibria will
disappear, leaving only the disease-free equilibrium. Next, we show the dynamics,
which is dependent on the clearance rate ¢ in the four regions of Figure 3.

In region A, ie.,, 0 < ¢ < 31.5, take ¢ = 20 as an example. The calculation
yields that R,o = 5.814 > 1, Ry = 1.7889 > 1, E = 0.95. Therefore, we know

H'JBE = 0.1406 < 1. Figure 4 shows that the endemic equilibrium W is LAS,

and the disease-free equilibrium Wy is unstable for system (3.6). In such case, the
solution behavior is not dependent on the initial conditions.

&)

3500
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2500

S(t)

2000

1500}

1000¢ \
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W)

0 50 100 150 200 250 300
Time t

0 50 100 150 200 250 300
Timet
Figure 4. (a) Time series of S(t); (b) The age distribution of I(¢,a); (c) Time series of E(t). It shows

that solutions will converge to an endemic equilibrium W.

In region B, i.e., 31.5 < ¢ < 116.3, take ¢ = 100 as an example. By calculation,
we obtain R, = 1.163 > 1 and Rbo = 0.0605 < 1. The numerical simulations
given in Figure 5 show that the disease-free equilibrium W, = (10000, 0,0) and
an endemic equilibrium W are LAS for system (3.6). In such case, the solution
behavior is dependent on the initial conditions. For example in Figure 5 (¢), in order
to eliminate the disease we can control the initial level of E(t) below a threshold
0.059 (Ey < 0.059). However, if the initial level of E(t) is above the threshold 0.059
(Eop > 0.059), the disease can develop an endemic disease.
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Figure 5. (a) Time series of S(t); (b) The age distribution of I(¢,a); (c) Time series of E(t). It shows

that solutions will converge to either the infection-free equilibrium Wy or the positive equilibrium Wg,
depending on initial conditions.

In region C, i.e., 116.3 < ¢ < 635.4, take ¢ = 200 as an example. By calculation,
we obtain R0 = 0.5814 < 1 and Ry = 0. Meanwhile, bistability occurs and the
solution behavior is dependent on the initial conditions. Combined with different
initial conditions, some biological meanings can be similarly given as in the above
case.

10000

8000)

I(t,a)

& 6000
4000|

2000) Sy

0 200 400 600 800 1000 120 0 100 200 300 400 500
Time t Time t

Figure 6. (a) Time series of S(t); (b) The age distribution of I(¢,a); (c) Time series of E(t). It shows
that solutions will converge to either the infection-free equilibrium Wy or the endemic equilibrium /W\Q,
depending on initial conditions.

In region D, ie., 635.4 < ¢, take ¢ = 650 as an example. By calculation, we
obtain R, = 0.1789 < 1 and Rpp = 0 in Figure 7. In such case, there is no endemic
equilibrium, and the unique infection-free equilibrium Wy is stable.
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Figure 7. (a) Time series of S(t); (b) The age distribution of I(¢,a); (c) Time series of E(t). It shows
that solutions will converge to the infection-free equilibrium Wy.

4. Discussion

In order to consider the individual difference, we propose an infection-age structured
epidemic model for coupling within- and between-host dynamics in environmentally-
driven infectious diseases. The model is described by a mixed system of ordinary
and partial differential equations, which is divided into a fast time and a slow time
systems with age structure by using the idea of perturbation theory. The separate
method in [8] is extended to the age structured model.

For the isolated fast and slow systems, combined with the basic reproduction
numbers R,,o and Ry, we give the complete global dynamics by using the lineariza-
tion method and Lyapunov function respectively. However, for the coupled system,
it is difficult to obtain the global results. The analysis shows that the existence
of the positive equilibria has many cases. When the system has two positive equi-
libria, a backward bifurcation can occur. This happens because that the disease
is driven by the virus contaminated environment which links the within-host sys-
tem to the between-host variable. Besides, the positive equilibrium Us of the fast
system is always GAS whether the within-host reproduction number is greater or
less than 1. In the coupled system, the existence of equilibria is dependent on the
limit equilibrium V' (F), which may be a nonlinear function of E. Thus, there may
be multiple positive equilibria and backward bifurcation. A question we want to
know whether the unique positive equilibrium of the coupled system is GAS. This
remains a question in the future.

The coupled system we analysised in subsection 3.3 is not the full system. It does
not tell us the role of the important linked function g(E) on the dynamics of the
full system. Besides, we consider only a linear representation of g(E). In fact, there
are different forms of g(E) to describe the linked relation between the within- and
between-host disease driven by contaminated environment. For example, authors in
[2] proposed three functional forms to express transmission rates based on viral load,
including linear, logical and Michaelis-Menten functions, and showed that there are
significant differences between the three forms. Therefore, it is an interesting but
challenging problem to consider the different forms in mathematical analysis and
numerical simulation for the full system, and we leave it for future investigation.

Our results presented in this paper extend those in [7,14]. If the parameters
related to infection age are constants, that is, d(a) = 4, p(a) = p and ¢(a) = ¢,



342 Y.Fu, Y. Lv & Y. Pei

0(a) = 0, the system (2.1) is simplified to the system of [7]

T(t) = Ae — V()T (t) — mT(t),
T*(t) = kV()T(t) — (m + 6)T*(t),
V(t) = g(E) + 6pT*(t) — ¢V (1),
S'(t) = An — BE(t)S(t) — pS(1),
I'(t) = BE(t)S(t) — (1 + @) (1),
E'(t)= (1-E@)V(t)0I(t) — vE(t).

The results and some important thresholds of [7] can be directly obtain from this
work. However, the existence and stability of positive equilibria for the case of
Ryo < 1 in [7] are not studied. This work provides complementary results as
follows.

Theorem 4.1. If Ry, < 1, then H(0) < 0 and (4.1) has two equilibria Wy and
Wo, if Hyr > 0; (4.1) has one positive equilibrium, if Hyr = 0, i.e., W = Wa; (4.1)
has no positive equilibrium, if Hyr < 0.

Theorem 4.2. The disease-free equilibrium Wy is LAS, if Ruo < 1, and unstable,
zf Ryo > 1. If (4.1) has two positive equilibria W1 and Wg, then W1 s unstable and
WQ is LAS, when u+ﬁE <1

If the difference of the cell is not taken into account, i.e., 6(a) = 8, p(a) = p, the
system (2.1) is simplified to

T(t) = A. — kV(£)T(t) — mT(t),
T+(t) = kV(£)T(t) — (m + 6)T*(t),
V(t) = g(E) + 6pT*(t) — ¢V (t),
S(t) = An — BE()S(t) — uS(2),
) 4 O — (i ()) (t,a),

E(t) = (1—E®) V(1) [;" 0(a)I(t,a)da — yE(t).

In this case, it has been studied in [14]. However, our conclusions also can generalize
conclusions of [14].

Furthermore, the model can be reduced to a stage-structured model by intro-
ducing the insidious periods of between-host and within-host, 71 and 75 respective-
ly. That is, the total exposed and infected cells are T} (t) = Tl T*(t,a)da and
T5(t f+oo T*(t,a)da. The exposed and infected hosts are I (t ) = [;*I(t,a)da

and IQ( )= f;oo I(t,a)da, which can be defined by assuming these functions as

0, 0<a<my, 0, 0<a<my,
é(a) = p(a) =
6, a>T1y, p, a> T,
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and
0, 0<a<my, 0, 0<a<my,
pla) = b(a) =
p, a> To, 0, a>To.

Combined with (2.6) and (2.7), the full system is simplified to the following system

T(t) = A — kV(H)T(t) — mT(¢),

T (t) = —mTy () + kV()T(t) — KV (t — 1) T(t — 71)e™™™,

Tr(t) = —(m+ T3 (t) + kV(t — 7)T(t — 71)e™™

‘_/(t) =g(E) + opT5(t) — cV(¢), (42)
S(t) = Ap — BE(t)S(t) — uS(t),

Li(t) = —pl(t) + BE(t)S(t) — BE(t — 12)S(t — T2)e +72,
Ly(t) = —(p + ) 1a(t) + BE(t — 72)S(t — m2)e ™,
E(t) = (1= E@)V(6)01s(t) — vE(t).

We claim that the stage-structured model is not a special case of the age structured
model, which are not equivalent. In fact, Theorem 3.3 shows that the fast system
has a unique positive equilibrium, which is GAS, when E > 0. However, a numerical
simulation implies that the equilibrium of the fast stage-structured model is unstable
(see Figure 8). Note that the 77 (¢) equation is decoupled from the equations of
T(t), Ty (t) and V(t). For the fast system, we only need to consider the three
equations for T'(t), Ty (t) and V(t). The parameters can be taken as g(F) = 1.5,
m =03, k=24x1075 A, = 9x 103 ¢ = 2.1, 5§ = 0.03 and p = 400. The
numerical simulation given in Figure 8 shows that the solutions with initial values
(751,8520,487000) are periodic oscillatory. As we know, the dynamics of (4.2)
remains a challenging problem.

(a) (b) ()

1a2af 7

4260 1.3238 7567
4258 1.3236

4256 — 1.3234] . u

T(t)
(t
{
2

4254 1.3232]
4252 1323

4250 13228 7.561,

Figure 8. The periodic oscillatory of the solutions of fast stage-structured model with 71 = 1.9. The
other parameters has been taken as above: (a) Time series of T'(t); (b) Time series of T4 (t); (c) Time
series of V(¢).
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Appendix

Proof of Theorem 3.1. Suppose it is not true, then there will be a minimum
time ¢;, so that T(t;) = 0, T(t;) < 0 and T(t) > 0, when 0 < t < ¢;. It is in
contradiction with T(tl) = A, > 0. Hence, T'(t) > 0 for all ¢t > 0.

From (2.2), T*(¢,a) remains positive for nonnegative initial dates and boundary
conditions. Putting T*(t,a) in (2.2) into V (), we have

V(t) = g(B) + [o kV(a)T(a)e™ Jo " Im+oWldrs(t — a)p(t — a)da
+ [ n(a — t)e Jolmtotrta=nldrg(q)p(a)da — eV (1).

If there exists minimum time ¢y, so that V(¢) > 0 on ¢ € [0,%;) and V(¢;) = 0.
Then, V (t;) < 0. However, according to the above equation, we derive

V(t) + [P RV (@)T(a)e Jo* I H0drs (¢, — a)p(ty — a)da
+ ft (a—t1)e fol[m'Hs(H'a_tl)]drd(a)p(a)da > 0.

This gives a contradiction. Hence, V (¢) > 0, for all ¢ > 0.
Next, we prove that the solution of (2.6) is bounded. Let W(t) = T(t) +
JoF°° T*(t, a)da. Tt follows that

W(t) = A —mT(t) — [7°(m + 8(a))T*(t, a)da < Ao — mW (2).

Therefore, limsup,_,., W(t) < =< and T*(t,a) < % Additionally,

— m

V(t) < g(E) + 4= [*°§(a)p(a)da — cV (t) = —cV (t) + A,

m JO

where A = g(E) + 2= 0+°° d(a)p(a)da. The assumption of g(E) shows that it is
bounded, if E is bounded. Therefore, limsup,_, . V(¢) < %. This completes the

proof. O
Proof of Theorem 3.2. First, we consider the LAS of the infection-free equilib-
rium Uy. Transmitting Uy to the original point and linearizing (2.6) at (0, 0, 0)
yields

T(t) = —kTyV (t) — mT(t),

T(ta) 4 OT0) — (1 4 6(a))T*(t, a), (A1)

V(t) = [[78(a)p(a)T*(t,a)da — cV (1),

T*(t,0) = kTpV (t).

Suppose T(t) = c1e,V(t) = cae*, T*(t,a) = c3(a)e* are solutions of (A.1). We
obtain
A +m 0 1 C1

0 A+c-— O+Oo §(a)p(a)o(a)e=*da ) =0.
0 —kTp 1 c3(0)
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Therefore, we get the characteristic equation at Uy

—+oo
(A+m) ()\ +c— kT / 5(a)p(a)a(a)e>‘ada> =0. (A.2)
0
One root of (A.2) is A\ = —m, and the other satisfies A+c—kTy 0+OO §(a)p(a)a(a)e=??
da = 0. Furthermore, we have

kTy f0+oo S(a)p(a)o(a)e=**da
Atc

=1 (A.3)

To continue, (A.3) can be transformed into the following form

kTp

+oo
A= R—wo/o §(a)p(a)o(a)(Ryoe > — 1)da.

Suppose A = u + iv is a root of the above equation. Therefore, the real part of A is

u < Il;qu}; O+oo d(a)p(a)o(a)(Ryoe ™ — 1)da.
If Ryo < 1, then Ry0e * — 1 < 0 and all roots of characteristic equation have
negative real parts. Accordingly, the equilibrium Uy is LAS, if R, < 1.

To prove that Uy = (Tp, 0,0) is GAS, we introduce a Lyapunov function

T(t Foo kT
Li(t) = T(t) — Ty — Ty In # + [ Ki@T (ta)da+ 0y, (A4)

0 0 c
where Kj(a) = ¥ [ 5(g)p(f)e~ Jam+3(r)dr g A direct calculation shows that

K{(a) = —*2§(a)p(a) + (m + 6(a)) K1 (a) and K;(0) = Ryo. Taking the derivative
of Ly(t) along (A.4), we obtain

La(t) = —TOSTS kT (6)V (1) + KToV (1)
— f0+°° Ki(a) ((m +0(a))T*(t,a) + W) da

+ Ko [5°° §(a)p(a)T*(t, a)da — kToV (t)

a=0o0

— @O0’ V(1) — Ky (a)T* (¢, a) + [oF° K (a)T* (¢, a)da

T(t)

a=0

+ [7°° (Mg (a)p(a) — Ki(a) (m + 6(a))) T*(t,a)da

_% + kV ()T (t)(Ruwo — 1).

(A.5)
When R, < 1, we have delt( ) <. Furthermore, the equality Ll(t) = 0 holds, if
and only if T'(¢t) = Ty, T*(t,a) =0, V(t) = 0. Hence, Uy is GAS, 1f Ry < 1.
Next, we consider the LAS of the infectious equilibrium Uy = (T, T (a), V).
First, transmitting U; to the original point and linearizing (2.6) at (0, 0, 0). Second,
we get the characteristic equation at U

Jy ™ 8a)p(a)o(a)e **da.
f0+oo d(a)p(a)o(a)da

(A +m+kV) <i+1> =(\+m) (A.6)
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It is easy to see that the modulus of A 4+ m + kV is larger than the modulus of
f fo 5(a p(a)o(a)e™ da .
F 8(a)p(a)o(a)da

% + 1 is greater than 1. Therefore, the modulus of left hand side is greater than the
modulus of the right hand side, when R, > 1, this is a contradiction. In a word,
the equilibrium Uy = (T, T (a), V) is LAS, if Ryo > 1.

To prove the GAS of the equilibrium Uj, we introduce the other Lyapunov
function

is smaller than 1 and the modulus of

A + m, the modulus o

Ly(t) =T(t) - T~ Tl T8 4 L [ Ky (a)T  (a) (Tffa‘;) 1 -l TTSE;‘?) da
I 17 V(t
++ (V) -V -Tm 42,
(A.7)
where Ky(a) = [ 6(8)p(6)e [+ dg. Clearly K,(0) = [,7>° 8(a)p(a)o(a)

da = N. By using A, = kVT +mT and T = 757> computing the derivative of Lo(t)
yields that

Lo(t) = — 25 (T(t) = T)* + kVT — kV(O)T(t) — kVT 755
oS} T (a oT™ (t,a
— % Jo Ka(a) (1 - T*(i,g)) 5y da
— % Iy Ka(a )(m+5(a))T*(t,a) ( Tz(gag)) da

+x o 0 a)T*(t, a)d t) 15" 6(a)p(a)T=(t, a)da—|—

It is easy to compute that

d T (t,a) T*(t,a) | _ 1 T*(a) *
da ( Tw TG ) =T (1: Tt 91 (50)
T () \ (oot st T ()

1~ e T () :

Hence,

T*(a) \ 0T (t,a) _ 7/ \ d [ T*(t,a) T*(t,a)
(1 _ T*(t,a)) (ba) _ T (g) L ( L) e )
+ (m + 8(a)) (T*(a) _ Tt a)) .

Then, using integration by parts, it follows that

oo T (a aT™ (t,a
Iy~ Ka(a) (1*5«(5,2)) Toada

= Ky ()T (a) (Tg?‘;) ~1-In T;iz)))

a=0o0

=0 (A.9)
- fo ( T (a) TT > ( a) + Ka(a) - 7*(a)) da

+ ;" Ka(a) (<m+5< DT () = (m + 6(a))T* (t,0)) da.
Note that

e T (t,0) T (t,0)\ _ T [ T()V () T()V(t)
K5(0YT"(0) ( T g ) — NEVT (T “1-In T) .

(A.10)
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Putting it into (A.9), it follows from (A.3) that
00 T oT

Jo Ka(a) (1 - T*(gfﬁ)) 6(; 2 da

_ i T"(t,a) 1 T*(t,a)

= Ka(a)T (a) (52 — 1 m ) N

+f0°06<a>p<a> o) (s ;—1—1 n Tl ) da

T (TOVE) 1 TOV(E)
—Nk:VT( 2VO )1 TQY )

T"
+ fo (m+6(a ( a)) da.
Hence,
Jy¥ Kala) (1= 7ty ) Zihda + [ Ka(a)(m + 5(@)T"(t.0) (1~ f=% ) da

T*
_ ki T (t,a) T"(t,a)
_KQ(G,)T (CL)(T() —l—lnm)’

o . TV (8)
— NEV(§)T(t) + NKTV + NKTV In ZQV0
oo ¥ T"(t,a) 1 T (t,a)

+ fo d(a)p(a)T (a) <7T*(a) 1—1In ) )da.

> 5(a)p(a)T" (a)da, we have

alt) — o (T(t) —T)? — K(@)T (o) (L2 — 1 - n L)) ‘

di (t) T" (a) T (a) oo
+ % Iy 5(a)p(a)T" (a) (1 - % +1In %) da
+ % 57 0(a)p(a)T (a) (1 - P e 4 In TT%?) da
(A.11)
Note that In V(t)T(t) +1In TT*('(Z;) =In T(t) +In “//(%(i’(‘;)), and putting it into (A.11),
we have
dLo(t m feal ¥ T (t,a T (t,a
;t( : = _W(T(t) - T)2 - %KQ(G’)T (a) ( T(( )) —1-In T((a))) LZOO
+ % Iy §(a)p(a)T " (a) (1 7y TIn T(t)) da
0o sl VvV T*(t,a
+ 3 57 d@p(@ T () (1 - 7 T2 + m L)) da.
(A.12)

We find that all of the terms have the properties of function h(z) =z —1—Inz.
This means that positive-definite function L (t) has negative derivative. Therefore,
the equality £ Lo(t) = 0, if and only if T(t) = T, T*(t,a) = T (a) and V(t) = V.
Hence, if Ryo > 1, then the equilibrium Uy = (T, T  (a), V) is GAS. This completes
the proof. 0

Proof of Theorem 3.3. The proof of Theorem 3.3 is same as the case of U; in
Theorem 3.2. In fact, the infection equilibrium U; exists, only when R, > 1 and
E = 0. However, if E > 0, the positive equilibrium is unique existent without any
condition. Thus, it is easy to verify the result of Theorem 3.3 from the proof of the
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GAS of Us. O
The proofs of Theorems 3.4 and 3.5 are similar as Theorems 3.1 and 3.2.

Proof of Theorem 3.7. Let W = (§, f(a), E) be any equilibrium of system (3.6).
Linearizing the system (3.6) at W, we have

B3 — _(u+ BE)S(t) — BSE(t),

orfta) 4 O1ta) — _ (44 4 §(a))I(t, a),

D = (1- E)V(E) [, 6(a)I(t,a)da (A.13)
+ [l 6@ Ta)da- (V/(B)(1 - B) - V(E))| E() 1B,
I(t,0) = BES(t) + BSE(t).

(i) For the disease-free equilibrium Wy, there are two cases to discuss. If R0 <
1, then V(0) = 0. The three variables S(t), E(t) and I(¢, a) are decreasing and Wy
is LAS. If Ry > 1, then V(0) > 0. We have the following characteristic equation

(A + 1) ()\ +y = BSeV(0) ;7 H(a)w(a)e_)‘“da) —0.

We claim Wy is LAS, if Rbo < 1. Otherwise, there is a root A = oy + 10y with
o1 > 0. Substituting it into the second term, the real part satisfies

o1 =7 (w f0+°o O(a)m(a)e= 1% cos(oga)da — 1) <~ (Rbo — 1) < 0.

This is a contradiction.
Set

i) = (2 41— 250 5 g(o)m(ayeeda)

Note that f1(0) =« (1 — ]A%b()) and limy_,o f1(A) = 0. If Ryo > 1, the continuity

and differentiability of the function fi(\) tell us that there is at least one positive
root. Accordingly, equilibrium Wy is unstable, when Rbo > 1, and is LAS, if Ry < 1.
(ii) For the unique positive equilibrium W = (S 1 ( ) ) the characteristic

equation of system (3.6) at W can be established as follows

BS(1— BYV(E) [, 0(a)r(a)e>*da = 24ptoE </\ + )>) (A.14)

where Q(E) = F(F) — EF'(E) and F(F) is mentioned in (3.9). Clearly, F'(F) =
V(E)Y(1—-E)-V(FE)and Q' (E) = —EF"(FE) > 0. For the sake of convenience, set

LH(\) = 85(1 — E)V(E)

+o0 —Aa E
o B(a)m(a)eda, RH(X) = )\Jr/\lffE ()‘ T WI’Q((‘EIL;)) '

<1

That is, the characteristic equation has at least one root A = u + iv Wlth U > 0. In
this case, we can get following results

By contradiction, we assume that the equilibrium W is unstable, when

LH = B5(1 — E)V(E) [ 6(a)r(a)e"* (cos(av) — isin(av)) da,

RH = m ((U+M+BE>(U+M) + 02 —ivﬁf?) ( + PYFQ((;;) +’L’U)
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+009

Thus, Re(LH) < 8S(1 — E)V(E) 0 (a)m(a)da = ~y. Taking the real part yields

Re(RH) = b (u+ i+ BE)(u+ o) +0 )(U-F’YFQ((IEE))-F,BEU
Based on the definition and properties of F° (B), G( ) and Q(FE), it follows that
H(E) — EH'(E) > 0 (since H(E) = 0 and H'(E) < 0). That is, Q(E) > ~-

o0 - QE) o _u
(BSO 0 9(a)7r(a)da> . , B >~ migE Furthermore, we know

BB (utn) (u+ —22 ) +5Ev?

Re (RH) >u+ s 4 f(u ’U) where f(ua U) - (u+u)2+v2 )

wtBE

for (u, v) € R%. For obtaining the minimum fui, of f in R3, we derive the partial
derivative of f(u, v) with respect to u and v

af(u,v) _ v —(utp) of(wv) _ _2Autuo v
ou [(u+u)2+v2]2ﬁ 14 ( +5E 1) 9 Ov [(u+u)2+v2 2ﬁE:u ( +,BE) .

Note that 270%) = 0 & v2 — (u+ p)? = 0 and 282 = 0 & (u+ p)n = 0. This
shows that f(u, v) has only a stationary point (—u,0) in R?, and this stationary
point is not in the first quadrant. Thus, the minimum of f(u, v) in R% is reached
at the boundary OR%.

If BE < 1, it is easy to obtain that 8f(u v) > 0, when v = 0 and af(” v) >,

when u = 0. Hence, we have fiim = f(0,0) = olti f Furthermore,

Re(RH) > u+p+ 7(U+S;rf32 (u+ TBEE) + BEV? > ulgﬁ + uftfﬁ =,

which is a contradiction.
= 1, we directly have

,Y =
p+pE

" _, _
Re(RH) > u+ pu+ ZECpUt BB > ) 4 B = 4,

= < 1.

which leads to a contradiction. Therefore, W is LAS, if

(iii) In such case, we have H’(El) >0 and H'(F) < O
For the equilibrium W1 (Sl, 11( ), El) we can rewrite the equation (A.14) in
the following form fa(A) = 1, where

fa(N) =

(A+1)B51(1—E)V (E1) [,7°° 0(a)m(a)e **da

Otu+5E) (A+22ED

Based on the definition and properties of F(E), G(E) and Q(F), we have the result
~ ~ ~ . —1

H(E,) — E1H'(E1) < 0. That is, Q(E1) < v (BSO 0+°° 9(a)7r(a)da> . Hence,

when A = 0, we drive

f2(0) =

BS u(1—E1)V(Eq) f0+°°0(a)w(a)da BS1(1-E1)V(E1) [,F°° 0(a)m(a)da

’YQ(El) o
(n+BEn) F(By)

At present, we obtain f5(0) > 1 and limy_,o f2(A) = 0. Consequently, the charac-

teristic equation at Wy at least has a unique positive part thanks to the continuity
of f1(A). In other words, W is unstable.

If u+yﬁﬁ < 1, the positive equilibrium Wg is LAS similar to the discussion of

case ii. O
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