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Abstract: In this paper, a coupling SEIR epidemic model is proposed to characterize the interaction
of virus spread in the body of hosts and between hosts with environmentally-driven infection, humoral
immunity and incubation of disease. The threshold criteria on the local (or global) stability of feasi-
ble equilibria with or without antibody response are established. The basic reproduction number Ry is
obtained for the SEIR model without an antibody response, by which we find that the disease-free equi-
librium is locally asymptotically stable if R,y < 1. Two endemic equilibria exist if R,y < 1, in which
one is locally asymptotically stable under some additional conditions but the other is unstable, which
means there is backward bifurcation. In addition, the uniform persistence of this model is discussed.
For the SEIR model with an antibody response, the basic reproduction number R is calculated, from
which the disease-free equilibrium is globally asymptotically stable if Ry < 1, and the unique endemic
equilibrium is globally asymptotically stable if Ry > 1. Antibody immunity in the host plays a great
role in the control of disease transmission, especially when the diseases between the hosts are entirely
extinct once antibody cells in the host reach a proper level. Finally, the main conclusions are illustrated
by some special examples and numerical simulations.

Keywords: virus infection model; humoral immunity; antibody response; incubation; environmental
effect; stability

1. Introduction

Infectious diseases have serious impacts on human health, social stability, economic development,
happiness of families, and even national security. In particular, humans beings are facing serious
threats from various kinds of viruses, e.g., AIDS, influenza, hepatitis B, dengue, cholera, MERS,
SARS, Ebola and COVID-19 [1-6]. Therefore, it is vitally important to study the dynamic properties
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of viral spread, which could provide evidently theoretical guidance for the prediction and control of
disease transmission.

During the past few decades, many epidemic models of various viruses have been extensively in-
vestigated by medical scientists, and bio-mathematicians, and many very important results have been
obtained, e.g., [7-21] and the references cited therein. In particular, the dynamics of infectious diseases
driven by environmental viruses have gradually become central issues. Therein, the epidemiological
processes among several compartmental classes of the population, and the virus infection processes in
hosts are coupled by two kinds of models at quick and slow time scales, respectively, which are very
different from most existing models that study these two processes separately and do not explicitly
connect them. During the disease transmission process, the environmental contamination rate depends
not only on the number of infected individuals but also on the density of the virus, which makes it more
necessary to study the interaction between these two different kinds of transmitters of disease by using
coupling models, i.e., the transmission model of a virus in a single host and the disease spread model
between hosts (see, e.g., [7-9, 11-16,20,21] and the references cited therein).

Recently, epidemic models with two processes of within-host virus infection and between-host
disease transmission have been investigated in many articles. (See [9, 11-15, 20, 21]). In Particular,
Wen et al. [13] investigated a discrete time environmentally-driven coupling dynamic model of within-
host virus infection and between-host disease transmission. Wen et al. [22] further improved the above
discrete time model into a more practical form with saturation incidence. In [20,21], the authors also
investigated age-structured and reaction-diffusion epidemic models for coupling within- and between-
host dynamics in environmentally-driven infectious diseases.

In many infectious diseases, such as influenza, COVID-19, the incubation period cannot be ne-
glected. These diseases have no obvious symptoms in the early stages of infection, some symptoms
only appear after a period of incubation, and some of them are contagious not only during the infectious
period but also during the incubation period [23-25]. In particular, COVID-19 is contagious during
its incubation period. With the idea of infectivity in the incubation period, Jiao et al. [26] proposed
a SEIR epidemic model with homestead-isolation on the susceptible population. However, for some
diseases, such as tuberculosis, measles and AIDS, that are transmissible up on adequate contact with
an infected individual, a susceptible individual becomes lurk, that is, infected but not infective. This
individual remains in the incubation period before becoming infective.

We already know that the immune response has a great role in controlling the spread of disease
during the virus infection process [27-30]. Particularly, when antibodies in a host do not work or
the effect of antibodies is weak, viruses will continue to spread. As a result, the spread of disease
between hosts will be difficult to control. Otherwise, when a host has an extensive antibody response,
the production rate of B cells in the host will increase, and environmental virus invasion into the host
will be prevented; then, the transmission of disease is well controlled. Humoral immunity is much
more efficient than cellular immunity in some infections [31]. Murase et al. [32] introduced a model
that described the interaction among target cells, pathogens and immune responses. Wang et al. [27]
applied this model to investigate the dynamic behavior of in host virus infection models with humoral
immunity and intracellular delays.

Furthermore, many works have realized that the interaction driven by the environment between two
kinds of spread routes, i.e., virus transmission (or replication) within the body and between hosts, has a
significant effect on the spread of diseases [7-16,20,21]. In Particular, asymptomatic infected individ-
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uals will make the control of disease spread more difficult [23,25]. Based on the above consideration,
in this paper, we propose an SEIR epidemic model coupling virus spread within the body and between
hosts, incubation, antibody response and environmental effects. The paper is organized as follows: In
Section 2, the virus infection model with humoral immunity in the host, and the SEIR epidemic model
of in vitro transmission between hosts are proposed with incubation at fast and slow time scales re-
spectively, and both models are coupled by the environmental concentration of the virus. In Section 3,
some properties and important results of the virus infection model with humoral immunity are given.
In Section 4, the positivity and boundedness of solutions for the SEIR model without antibody re-
sponses are discussed, criteria on the existence and local stability of equilibria are established, and the
uniform persistence of the model is obtained. In Section 5, we further study the SIER model with an
antibody response. The basic reproduction number is calculated, and the existence and global stability
of equilibria are studied. In Section 6, the main conclusions are illustrated by numerical examples and
discussion. In Section 7, we give a brief conclusion.

2. Model description

In this section, we provide a detailed description of the SEIR epidemic model coupling virus trans-
mission in the body and between hosts, incubation and environmental effects. We first proposed the
following assumptions.

(A;) The transmission of diseases is mainly caused by susceptible individuals being exposed to a
virus in the environment. This kind of infection is commonly called indirect infection. The environ-
mental contamination rate is related to the quantity of infected individuals and the virus load V' of
hosts, with the form 6V 1.

(A,) Susceptible individuals have an incubation period after being infected by the virus. Usually,
different lurks have different incubation periods. To facilitate discussion, we take an average incubation
period provided that the infected individuals will not transmit disease in the incubation period.

(A3) The infected individuals usually will either die or be cured as a remover after being infected.
To facilitate discussion, we assume that the removed individuals will not become susceptible again or
that the disease will not recur.

(A4) The Viruses in the environment primarily comes from unique releasers, i.e., infected individu-
als. The amount of virus released by different infected individuals is related to the total load of virus
within the bodies of hosts. To facilitate discussion, we take the average number of viruses within the
infected individuals.

Based on the above assumptions, we can first establish the following SEIR epidemic model of viral
infection:

% = A—uS@t) - BS(HU®),

% — BS(OU() — (u + )E),

O — k0 - o+ 010 @)
dR®)

— = ol(f) — uR(1),

% = OV(s)I()(1 - U(D) - (€ + Y)U(1),

where S (7), E(t), I(t) and R(¢) indicate the numbers of susceptible, latent, infected and removed indi-
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viduals at time ¢, U(t) is the contamination rate of the virus in the environment at time ¢, 8 indicates
the probability of susceptible individuals being exposed to environmental viruses, A indicates the re-
cruitment rate of susceptible individuals, ¢ indicates the natural mortality rate of the entire population
(including susceptible, latent, infected, and removed individuals), a indicates the conversion rate of
lurks into infected individuals, o indicates the cure rate of infected individuals, ¢ indicates the disease-
related mortality rate of infected individuals, 8 indicates the emission rate of virus to the environment
released by each infected individual, 6VI(#)(1 — U(¢)) indicates the increase in virus concentration in
the environment per unit time as a whole, £ indicates the decay rate of virus in the environment, and y
is the per capita virus clearance rate in the environment.

In the above model, V represents the amount of virus carried in infected individuals. To obtain the
specific form of V, we need to further study the dynamic process of virus infection in host. Dynamic
models of virus infection in different types of hosts have been investigated [9, 11-13,20,21]. In this
article, we further propose a virus infection model with humoral immunity in the host as follows:

ar _ Ac — kV()T(s) — mT(s),

ds
ar” _ KV($)T(s) = (m + d)T"(s),

ds

@ (2.2)
- = pT*(s) — cV(s) — gB(s)V(s),

dB _ hB(s)V(s) — wB(s),

ds

where s represents the dynamic evolution time of cells, viruses, and B cells in hosts, with T = T(s),
T* =T"(s), V = V(s) and B = B(s) being the density of healthy cells, infected cells, virus load and B
cells at a fast time scale s, respectively. The parameters A, k, m, d, p and c are all positive constants.
A, indicates the recruitment rate of healthy cells, k indicates the infection rate of cells, m indicates the
natural mortality rate of cells, d indicates the infection mortality rate of cells, p indicates the rate of
virus release by infected cells, ¢ indicates the virus clearance rate in hosts, g indicates the neutralization
rate of B cells, 4 indicates the production rate of B cells, and w is the mortality rate of B cells.

In this article, the influence of environmental viruses is also introduced. The number of viruses
in the body of a host will increase due to contact with environmental viruses, breathing and diet.
Therefore, we improve model (2.2) and change it into the following form:

ar _ A, = kV(s)T(s) — mT(s),

ds
ar- _ KV($)T(s) — (m+ d)T"(s),

ds 2.3)
dv , =
=5 = 8UW) + pT'(s) = cV(s) = gB(s)V (),

4B = hB(s)V(s) — wB(s),

ds

where function g(U(¢)) represents the increase in the number of viruses in the host caused by envi-
ronmental viruses invading into the host per unit time. Virus invasion usually indicates that the virus
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invades the host through breathing, eating, or contact with air, water, food or other objects contam-
inated by environmental viruses. Obviously, as the number of environmental viruses increases, the
number of viruses that invade the host will also increase.

Thus, we finally establish the SEIR model coupling virus transmission both in the body and between
hosts, incubation and environmental effects as follows:

ds
T — = A-BUS -uS,
dt
d—:AC—kVT—mT, dE
de* — =BUS —(u+)E,
= = KVI —(m+d)T", afl
d; = =k~ (u+o+ I, (2.4)
—-=gU@) +pT* —cV —qBV, | 1p
d; — =0l — uR,
dt
d_ = hBV — (,()B, dU
§ —- =0V = U) = €+ .

There are two time scales in model (2.4). One is the dynamic evolution time s of susceptible
cells, infected cells, viruses and B cells within the host. The other is the dynamic evolution time
t of susceptible, latent, infectious, and recovered individuals and the level of environmental in vitro
contamination of hosts. Time s is a fast time scale within hosts, and time 7 is a slow time scale between
hosts. Usually, s is faster than #; then, we can assume that = ws, where w is a very small positive
number. However, there is a variable g(U(¢)) in subsystem (2.3) within hosts and a variable V(s) in
subsystem (2.1) between hosts. In this case, model (2.4) can be seen as a coupling models (2.1) and
(2.3) in the body and between hosts.

3. Virus infection model with humoral immunity in a host

For the virus infection model (2.3), since the virus infection change process in the host is much
faster than the disease transmission process between hosts, we can assume that the environmental
contamination rate U(¢) in model (2.3) remains constant U (0 < U < 1). Thus, model (2.3) becomes
an isolated virus infection dynamics model.

We further suppose that environmental contamination is mainly related to the density of viruses
living in polluted environment, and the host is infected through the ingestion of contaminated food.
Therefore, function g(U) is assumed to satisfy the following condition:

Hy) g'(U)>0,g"(U) <0forall U >0, and g(0) = 0.

There are some special forms of g(U) satisfy condition (Hy). For example, the linear function
g(U) =aU used in [9, 11, 12], means that the amount of environmental virus entering the host linearly
increases with U. The nonlinear function g(U) = l“igl)] is used in [12], where a > 0, b > 0, which
means that the amount of environmental virus entering the host will reach saturation.

From the biological significance of model (2.3), any solution (T'(s), T*(s), V(s), B(s)) is assumed to
satisfy the initial conditions:

T0)>0, T°(0)>0, V() >0, B0O)>0. (3.1

Based on the positivity and boundedness of solutions, the conclusion is as follows.
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Theorem 1. Any solution of model (2.3) with initial conditions (3.1) is positive and ultimately bounded
forall s > 0.

The proof of Theorem 1 is not difficult, so we omit it here.
When U = 0, model (2.3) degrades into model (2.2). The basic reproduction number of virus
infection and antibody response for model (2.2) are defined, respectively, by
kao hpkAc

Ruo = cim +d)’ R = c(m + d)(kw + mh)’ (3-2)

From [9, 11-13,20,21], we can summarize the following conclusions.

Theorem 2. Assume that U = 0 in model (2.3).
(1) Model (2.3) always has infection-free equilibrium Ay = (T, 0,0, 0), where Ty = %;
(2) If R,y > 1 then model (2.3) has no antibody response infection equilibrium A; = (T, T}, V1,0),

where, Ty = -, T} = "10(1 - —) and V| = —m(R‘;CO b,
(3 ) If Rwo > 1 and R, > 1 then model (2.3) has antlbody response infection equilibrium A, =
% _ kwA, _ pkAch—c(m+d)(kw+mh)
(T2, T, V2, By), where, T, = kw+mh’ T3 = Gdtwmmy» V2 = % and By a qmtd)kartmh)

Theorem 3. Assume that U = 0 in model (2.3). Then, the following conclusions hold:

(1) If R,,o < 1, then infection-free equilibrium Ay = (T, 0, 0, 0) is globally asymptotically stable;

(2) If R,y > 1 and R,,; < 1, then the antibody-free infection equilibrium A, = (T, T}, V,0) is
globally asymptotically stable;

(3)If Ryo > 1 and R,,; > 1, then the antibody response infection equilibrium A, = (T>,T;,V>, By) is
globally asymptotically stable.

When U > 0, the basic reproduction number of the antibody response to the infection for model
(2.3) is defined by
hg(U)(m + d)(kw + mh) + kpwhA,

R, =
cw(m + d)(kw + mh)

Obviously, when U = 0, R, = R,;. The existence of equilibria for model (2.3) is given in the
following conclusion.

Theorem 4. Assume that U > 0 in model (2.3).
(1) Model (2.3) always has antibody-free infection equilibrium A3(U) = (T3(U), T;(U), V53(U),0),
where T3(U), T;(U) and V3(U) are given below. Furthermore,

Ag = (T0,0,0,0), if Rw <1,

lim A;(U) = .
U—-0* Al = (TlaTika V17O)a lf‘ RWO > 1

(2) If R, > 1, then model (2.3) has antibody response infection equilibrium A4(U) =
(T4(U), T;(U), Va(U), B4(U)), where T4(U), T,;(U), V4(U) and B4(U) are given below. Furthermore,

AO = (T()a 0’ 09 0)’ l‘f RWO < la
[}ln(}+A4(U) = A] = (Tl’ TT’ V1’0)9 lf‘ RWO > 1’ RW1 S 1’
Ay = (T2, T5,V2, By), if Ry > 1, Ry > 1.
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Proof. Clearly, equilibrium A3(U) = (T5(U), T;(U), V3(U), 0) satisfies the following equations:

Ae = kV3(U)T5(U) — mT3(U) = 0,
kV3(U)T3(U) = (m + d)T;5(U) = 0, (3.3)
g(WU) + pT5(U) = cV3(U) = 0.

We directly obtain

1 . . m
Vi(U) = —(g(U) + pT5(U)), T;(U) = ——(Tp — T5(U)) (3.4)
c m+d
and 753(U) = WTQ < Ty. Substituting (3.4) into the first equation of (3.3), we further obtain the
quadratic equation with T3(U) as a root:
T3(U) — a,T3(U) + a; = 0, (3.5)
where a; = O’”}‘f# + To(1 + RLO) and a, = RT—‘?O. By direct calculation, Eq (3.5) has a unique root

T3(U) = %(al - A /af — 4a,), which satisfies T5(U) < Ty. Thus, model (2.3) has a unique no antibody
response infection equilibrium A3(U) = (T5(U), T;(U), V3(U), 0) with

1 A 1
T = = - 2 _ 4 = — = ¢ 1 -
3(U) 2(611 a; —4a) RO) U m+d( )

A, 1 2T
P2e (1o —— ), R(U) = 0

m+d RV(U) a - la% _ 46{2

When R,, > 1, with calculation, model (2.3) has a unique antibody response infection equilibrium
Ay(U) = (T4(U), T;(U), V4(U), B4(U)) with

)

1
V3(U) = E(g(U) +

Vi) = 2, Ty = —— e gy o A
ST Y T mr ko +mh)y YT ko +mh (3.6)
By(U) = hg(U)(m + d)(kw + mh) + kwA .ph — cw(m + d)(kw + mh) ’
T quw(m + d)(kw + mh) '
This completes the proof. O

Regarding the stability of equilibria A;(U) and A4(U), the following conclusion is established.

Theorem S. Let U > 0 in model (2.3).
(1) If R,, < 1, then theantibody-free infection equilibrium A3(U) is globally asymptotically stable.
(2) If R,, > 1, then the antibody response infection equilibrium A4(U) is globally asymptotically
stable.

Proof. For equilibrium A3(U), we define the Lyapunov function L; as follows:

d r r - td. VvV 4 +d
Ly =Ty —Inz= = D+ Ti(Gz —InZm = D+ = V3(——ln——1)+—q(m ).
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For equilibrium A4(U), we define the Lyapunov function L4 as follows:

T T T T* m+d \%
Lo =T~ In = = D+ Ti( ~In 7z~ 1 Vi(— —In— — 1
a4 =T4( nT4 ) 4(TZ T )+ > 4(V4 HV4 )
d B
MB4(__H__1)
hp B, B,

Computing the derivatives of L3 and L, along the solution of model (2.3), we can obtain

dLs 15 T3

(1 _ 23 _ _ _ -3 _ *
—2 =(1 = (A= KVT = mT) + (1 = KV = (m + d)T)
d .V | d
mrdg 73)(g(U) 4+ pT* — ¢V — gBV) + q(";l—;)(th — wB)
T T T, ViT* TTV
=mT32 - — — =)+ (m+ TG - = — vs
;s T T TV TV
d)g(U vV v d)B
+M(2____3)+M(V3__)’
P V3 Vv
dL, T
—=- —)(kV4T4 +mTy = kVT =mT) + (1= ZKVT = (m+ d)T") + mid,_ —)
p
| T — gB,V. B
w gy + pr* = 8y _PLam @BV, gy 4t d) o Ba ey B
V4 V4 hp B
©TITV
Ny P LGP AR e S L S T A G A ULt/ CO Y S E)
T4 T T TZV T4V4T* p V4

When R, < 1, V3 < %. Hence, for any (T, T*,V,B) € R, dL* < 0. Moreover, dd—f = 0 implies that
T =TsT"=T;and V V3. Furthermore, B = 0 when V = V3 Thus, from the LaSalle invariance
principle [33], equilibrium A3(U) is globally asymptotically stable.

When R, > 1, dL“ < 0 for any (T, T*,V, B) € R*. Moreover, %% = = 0implies that T = Ty, T = T}
and V = V4. In addition B = By when V = V,. Thus, from the LaSalle invariance principle [33],

equilibrium A4(U) 1s globally asymptotically stable. This completes the proof. m|

4. SEIR model without antibody response

4.1. Positivity and boundedness

Here, we discuss the nonnegativity and boundedness of solutions for model (2.4) in the general
case, so we discuss neither the antibody response, nor the antibody dose response. Since the viral
infection change process in the host is much faster than the disease transmission process between the
hosts, we can assume that the state of virus infection in hosts has reached its equilibrium while the state
of disease transmission between the host has not changed. Therefore, we can assume that the fast time
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variable V(s) = V(U) in model (2.4); furthermore we have the following form of the coupled model:

ds

— =A-BUS —uS,

7 B I

dE

— =pBUS - E,

— = pUS ~(u+a)

1

o =kt o+ 0L, (4.1)
dR

= =6l -puR

dt U /l 2

dU _

—= = 0IVU)(1 = U) = €+ DU,

According to Theorem 4, we have V(U) with the following expression,

|
E(g(U)+PT§(U)), U>0,R,<1;

W U>0, R, >1;
V(U) = 0,0 U=0,R,<1; 4.2)
m(RWO - 1)

U=0,Ro>1, R, <1;

%, U=0,Ryo>1, Ry > 1.

For the convenience of statements, we denote Ri = {(x, X0, X3, x4,%5) 1 x; >0, 1=1,2,3,4,0 <
x5 < 1}. Due to the biological significance of model (4.1), any solution (S (¢), E(), I(t), U(t)) of model
(4.1) satisfies the following initial condition:

S0) =S80, E0) =Ey, 1(0) =1y, ROO) =Ry, U(0) = U,, 4.3)

where (S, Eo, Iy, Ry, Up) € R> and S > 0.
Regarding the nonnegativity and boundedness of solutions for model (4.1), we have the following
conclusions.

Theorem 6. For any initial point xo = (S, Eo, 1y, Ry, Uy) € Ri, model (4.1) has a unique nonnegative
solution u(t) = (S(t), E(t), I(t),R(1), U(t)) € Ri defined on [0, o), and the solution is also ultimately
bounded. Furthermore, 0 < U(t) < 1 forall t > 0.

Proof. Let solution (S (¢), E(¢?), I(t), R(t), U(t)) be defined for ¢+ € [0,7,) with 7, < co. We first
prove the nonnegativity of the solution. Assume that (S, Eo, Iy, Ry, Ug) > 0. If we define m(r) =
min{S (¢), E(t), (1), R(¢), U(t)}, then m(0) = min{S (0), £(0), 1(0), R(0), U(0)} > 0. Now, we need to
verify m(t) > O for any ¢ > 0. If we assume that there is a 7y € (0, 7,) satisfying m(#y) = 0 and m(¢) > 0
for any ¢t € [0, 1p). If m(ty) = S (¢), then from the first equation of model (4.5), we easily have

ds (1)
dt

> —BU@) + w)S (1), t €0,1).
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It follows that S (o) = S (0)e™ b’ BU@#d 5 () which leads to a contradiction. Similarly, if m(ty) =
E(ty), m(ty) = I(ty), m(ty) = R(ty) or m(ty) = U(ty), we also obtain a contradiction. Therefore, m(z) > 0
for any r € [0, 7). If we assume that (S, Eo, Iy, Ry, Ug) > 0, then, from the continuity of solutions
with respect to initial values, we obtain (S (¢), E(¢), I(t), R(t), U(t)) > O for any t € [0, 7o,).

Next, we prove the boundedness of the solutions. Let N(¢) = S (¢) + E(¢) + I(t) + R(t); then, we have

dN(1)
dt

This shows that N(¢) is bounded for any ¢ € [0, 7,). Now we consider U(#). Assume that U(0) < 1.
If there is a fy € (0,7.) satisfying U(typ) = 1 and U(¢#) < 1 for any ¢t € [0,1,), then % > 0.
However, from the fifth equation of model (4.1), we have % = —(¢+7y), which causes a contradiction.
Therefore, U(t) < 1 for any t € [0, 7). Furthermore, assume that U(0) < 1; then, by the continuity
of solutions with respect to initial values, we can obtain U(f) < 1 for any ¢ € [0, 7). Thus, we finally
determine that solution (S (¢7), E(¢), I(¢), R(t), U(?)) is defined for all ¢ > 0. That is, 7, = oo.

Again, from (4.4), we have limsup, . N(?) < /73' Specifically, we also obtain N() < % for all
t > 0 while N(0) < */—:. This shows that solution u(?) is also ultimately bounded. This completes the

proof. O

=A —uS —uE — (u+ I —puR < A — uN(). (4.4)

4.2. Basic reproduction number and equilibria

Now, we consider the SEIR model without an antibody response. Because the removed R does not
emerge in the other four equations of model (4.1), we can only investigate the following sub-model

% = A—BUS — S,

9E _ 5US - (u+ 0)E,

‘jfl 4.5)
o =aF - (u+o0+ I,

‘il—[tj = OIV(U)(1 - U) — (¢ + )U.

For the convenience of discussion, we always assume that R,,o > 1 and R,, < 1 in this section. Thus,
from (4.2), we can determine that the fast time variable V(U) in model (4.5) has the form V(U) =
%(g(U) + pT;(U)). Moreover, from (4.2), we also have V() = M Now, we define the basic
reproduction number for model (4.5) as follows:

S a8V (0)
U+ p+o+E+y)

Obviously, if R,y < 1, then R,y < 0; if R0 = 1, then Ry = 0; if R0 > 1, then R,y > 0; and if
Ry > 1, then R, > 1.
. _ 1 = 1 1 1 . . .
We rewrltfa Ry = D -6- V(O? @ B-So- o -'a/. Where, oD indicates thc? average infected
period of an infected individual. 6 indicates the emission rate of the virus to the environment released

by each infected individual. V(0) indicates the host’s virus load in the initial stage of environmental

pollution. @ indicates the average survival time of the virus in the environment. S indicates the

Ry = (4.6)
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probability of infection of susceptible individuals after contact with environmental viruses. S indicates
the total number of susceptible individuals in the initial stage of infection. ;ﬁ indicates the average
latent period of latent individuals. « indicates the conversion rate of latent individuals into infected
individuals.

Therefore, the basic regeneration number R, denotes the number of new cases in which in the initial
stage of infection, an infected individual releases viruses into the environment during the infection
period. These viruses infect susceptible individuals during the survival period and make susceptible
individuals become latent individuals, and last these latent individuals become infected individuals in
the incubation period.

Define the functions F(U) = =4 [g(U) + £5(T, — T3(V))], G(U) = 7= + % and H\U) = F(U) —

Ry
_ BSoat
G(U), where R, = m Clearly, R,y = Ry, V(~O). )
Model (4.5) always has disease-free equilibrium W, = (59,0,0,0) with §¢ = :—j Let W =
(S,E, I, U) be the positive equilibrium of model (4.5) that satisfies the following equations
A-pBUS —uS =0,
US —(u+a)E =0,
B / (m+a) - @)
aE —(u+o+0I=0,
OIV(UY1 - U) - (€ +y)U =0.
. S R U ABU 7 ABaU o .
Easily, we can obtain § = Wil E = RSV I = G B oD and U is a zero point of

equation H(U) = 0 in (0, 1). Let Hy, = maxo<y<; H(U). Combining the basic reproduction number
Ry, assuming the existence of equilibria, we can obtain the following conclusion.

Lemma 1. (1) Model (4.5) always has disease-free equilibrium W, = (S, 0,0,0) with S = f—;‘

(2) Model (4.5) has a unique endemic equilibrium W = (S, E, I, U) if and only if one of the condi-
tions given below holds:

(Cl) Ryo > 1; (b) Ry =1 andHM > 0; (C) Ry < 1 and Hy = 0.

(3) Model (4.5) has two positive equilibria, W, =S, ELLL,U) and Wy = (S,, E,, L, Uy) if and
only if the condition given below holds:

(d) Ryo < 1 and Hy; > 0.

(4) Model (4.5) has only disease-free equilibrium Wy = (S, 0,0, 0) if and only if one of the condi-
tions given below holds:

(e) Hy <0; (f) Ry =1and Hy = 0.

Proof. With calculation we obtain H(0) = V(0)(1 — RLM)) and H(1) = —R—bl - #Tbl < 0. The second order
derivative of H(U) is given as follows:

mp mp
(m+d) (m+d)°

From the assumption (Hy), a{(U) = g'(U)"2 > 0 and a//(U) = “*9&) < 0. In addition, a, > 0,

; ’ a1 (U)
where a; and a, are defined in (3.5). This implies that T;(U) = —al(U)(l W) < 0 and
Ty(U) = 3a/(U)[1 - \/;%‘E(T% 4, (U))Zm > (. Therefore, we further obtain H”(U) < 0

for any U > 0. H(U) is an upper convex function that has at most two zeros.

7 2 ’ ’ ’” ’”
H (U):_E[g W) - T3(U)] + [ 0) - 7]
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If condition (a) is true, then due to R,y > 1, H(U) = 0 has a unique positive root U € (0,1).
Therefore, endemic equilibrium W = (S, E, I, U) exists and is unique.

If condition (b) holds, H(0) = 0 when R,y = 1. From H,; > 0, H(U) = 0 has unique positive root
U € (0, 1). Thus, endemic equilibrium W = (S,E,I,U)exists and is unique.

Under condition (c), H(0) < 0 when Ry < 1. H(U) = 0 has unique positive roots U € (0, 1) with
H(U) when Hy, = 0. Therefore, a unique endemic equilibrium W = (5, E, I, U) exists.

Let condition (d) hold; then, due to H(0) < 0 and Hy, > 0, H(U) = 0 has only two positive roots.
Thus, model (4.5) has only two positive equilibria: W, = ,E\,L,,U)and W, = (S,, E», I, U>).

If condition (e) is true, owing to Hy; < 0, H(U) = 0 has no roots in (0, 1). Hence, only disease-free
equilibrium Wy = (4,0,0,0) exists.

Last, for condition (f), then, due to H(0) = 0, H(U) < 0 for all U € (0, 1]. Obviously, H{U) = 0
has only one root U = 0. Hence, only disease-free equilibrium W, = (;—j, 0,0, 0) exists. This completes
the proof. O

Remark 1. Conclusion (3) in Lemma 1 indicates that model (4.5) generates backward bifurcation at
disease-free equilibrium W, when Ry, < 1.

4.3. Stability of equilibria

We first consider the stability of the disease-free equilibrium Wo = (S, 0,0,0) of the model (4.5).
The following conclusion is established.

Theorem 7. (a) If Ry, < 1, then equilibrium W, is locally asymptotically stable;
(b) If Ryy > 1, then equilibrium W, is unstable.

Proof. Calculating the Jacobian matrix of model (4.5) at any equilibrium W =(S,E,I,U), we obtain

—BU — 0 0 -B8S
- BU  —(u+a) 0 BS
JW) = 0 a —(u+o+0) 0 ’ (4.8)
0 0 OV —T) Ju(W)

where Ju4s(W) = 0I(V'(0)(1 = U) = V(0)) — (£ + ).
From (4.8), the Jacobian matrix at equilibrium W, is

—H 0 0 —BSo
0 —(u+a) 0 BSo
W =1 @ —(U+0o+0) 0
0 0 6V (0) )

Furthermore, the characteristic equation of J(W,) is
FQ) = A+ (2 + ax(Wo)A> + ai(Wo)d + ag(Wp)) = 0,

where

a(Wo) = (u+a) +(u+ o+ +E+y),
a(Wo) =+ )E+Y) +E+ N+ T+ + W+ o+ )W+ a)
as(Wo) = (u+ ) + o + OE +y) = BadV(0)So = (u+ ) + o + (& +)(1 = Ryp)-

Mathematical Biosciences and Engineering Volume 20, Issue 1, 505-533.



517

When R,y < 1, we obtain a; > 0 for i = 0, 1, 2. By calculation we further obtain

a1 (Wo)ax(Wo) — ao(Wy)
=+ E+P+E+YU+ U+ T+ D+ E+Y U+ )+ U+ )+ o+ OE+7)
+E+Y U+ T+ + U+ T+ DE+Y + U+ H o+ D)+ (p+ o+ P+ a)
+E+YU+a)u+ 0o+ = (u+a)(u+ o+ E+y)+BabdV(0)S,
=(u+a)E+Y) +2u+)E+YU+ T+ + U+ a)E+y)
+ U+ T+DE+N+EFY U+ D+ W+ )+ o +0)
+ (U + 0+ O*u+ )+ BabV(0)S, > 0.

Thus, from the Routh-Hurwitz criterion [35], all roots of equation f(1) = 0 have negative real parts.
Hence, W, is locally asymptotically stable. When R,y > 1, ag(W;) < 0; then, equation f(1) = 0 has at
least one positive root. Therefore, W, is unstable. This completes the proof. O

Next, the stability of the endemic equilibrium W = (S,E,I,U) of model (4.5) is considered. From
(4.8), we can see that the Jacobian matrix of model (4.5) at equilibrium W is

—BU — 0 0 -BS
- BU  —(u+a) 0 BS
JW) 0 a —(u+o+9 0 ’
0 0 VY1 - T) Ju(W)

where Juu(W) = 0I(V'/(U)(1 = U) = V(0)) - (¢ + ). From the fourth equation of equations (4.7), we
can obtain 0] = V(%;(Yl)fjg) = f:g)) U. Then, we have Jy(W) = —(&€ + y)& (U)F(l{f; @ Denote K(T) =
F(U) - UF’'(U); then, K’'(U) > 0 for U > 0. Since K(0) = V(0) > 0, K(U) > 0 for U > 0.

with calculation we can obtain the characteristic equation J(W) as follows:

Fi(D) =A% + bs(W)A + by(W)A% + by(W)A + by(W) = 0

where

K() ~
F(U)+(M+a)+(ﬂ+(r+{)+(ﬁl]+#)’

KU
ba(W) =(u+ a4 p+ o+ OE + y)% Wt a)uto+0)+(E+ FEU;

+(,u+a/)+(u+0'+§))(BU+,u)

by(W) =(¢ + V)F—U)(,U+a)(ﬂ+0+{) BSabV(U)(1 - U) + (u+a

+,U+(f+§)(§+)/) (,3U+/1)+(/t+a)(ﬂ+(f+§)(ﬁU+u)

bo(W) =(u + @) + o + OE + y)%«w +10) - BS a8V (D)1 - D

by(W) =(£ +7)

Obviously, b;(W) > 0 for i = 2,3. Moreover, we can propose the following conclusion.
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Theorem 8. Assume that F'(U) < 0 and
by (W)by(W)by (W) > by(W)* + b3(W)*bo(W), (4.9)

and either conditions (a) or (b) in Lemma 1 holds. Then, unique endemic equilibrium W is locally
asymptotically stable.

(u+a)E _ wra)uro+)l _ (@) (p+o+)E+y)
Proof. Equations (4.7) imply § = 5T = iTa T . Then,
0)

bi(W) =(£ + V)m(,u+a)(ﬂ+0+{) BSabF(U) + (u+a+u+o+{)

X (& + F(U)(ﬁU+,u)+(ﬁ’U+ﬂ)(/l+6¥)(ﬂ+0+{)

we obtain

—(ﬂ+a)(ﬂ+0+§)(§+7)(ﬁ—1)+(M+C¥+#+O'+§)

X (&+ )m(ﬁU+ﬂ)+(ﬂ+a)(ﬂ+0+§)(ﬂU + ),
K(©)

bo(W) (/1+C¥)(/1+0+§)(§+7)F(U)(ﬁ(7 + 1) = BS abF (U
K(0)

—('u+a)(y+0’+§)(§+y)mﬁU+(,u+a)(y+0'+{)(§ y)ﬂ(—F(U) = 1).

From F"(U) < 0, K(U) = F(U) - UF"(U) > F(U) and %’; — 1 > 0. This implies that b;(W) > 0
fori=0,1.
Next, we verify b3(W)b,(W) — b;(W) > 0. which calculation, we obtain
bs(W)bo(W) — by (W)
K©), K©),

=(u+ a)((£+ V)TU)) +u+o+HE+ V)m) +((€+ V)m) BU +

o a)BU + e + 9 o ko)

FO) + (u+0+OPBU +p)E + )’)—F(U)

F o O ”FEU; Wt @)+ o+ OE+7) E ;+(u+a)(ﬂ+0+§)

+(U+ o+ O’BU+p) +(u+o+O)u+a)BU + )

Ft o O+ )+ V)FEU;”“”‘) F et o+ O+ (B0 + )
K0 K(0)

+(u+<f+{)(§+y)F(U)(,3U W(E+7y) +(/J+a)(,6’U+u)(§+7)m (u+a)

X (u+ 0 +OB0 + )+ BU +p?*E +7) + A+ o+ OB+ + @+ a)BU + )’ + A,

F(U

K(0)
F(0)
where A = BSa0V(U)(1 — U). From the expression of § and F(U) = V()1 - U), A = (u +
a)(u + o + )€ +y) > 0. Hence, we can obtain b3(W)b,(W) — by (W) > 0. Thus, from the Routh-
Hurwitz criterion [35], all roots of characteristic equation fi(1) = 0 have negative real parts. Therefore,
equilibrium W is locally asymptotically stable. This completes the proof. O
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Remark 2. In the above conclusions, we show that the unique endemic equilibrium is locally asymp-
totically stable based on conditions (a) and (b) in Lemma 1. However, the same conclusion is not
obtained for condition (c) in Lemma 1. Therefore, we give an interesting open problem of whether the
unique endemic equilibrium in condition (c) is also locally asymptotically stable.

Remark 3. In Theorem 8, in addition to conditions R,y > 1 or Ryy = 1, Hy > 0, additional hypotheses
F'(U) < 0 and condition (4.9) are also needed. Therefore, an interesting open question is whether
(4.9) can be directly verified. The other open question is whether condition F'(U) < 0 can be removed.

Remark 4. In Theorem 8, only the local asymptotic stability of equilibrium W is established. Whether
we can further construct the appropriate Lyapunov function and use the LaSalle invariant principle
[33] or the geometric method [34] to obtain the global stability of equilibrium W is still an open
problem.

Now, the stability of positive equilibrium Wi = (S1,E,, I, U)) of model (4.5) is considered in the
following theorem.

Theorem 9. If R,y < 1 and Hy, > 0, then positive equilibrium W, is unstable.

Proof. Using the same calculation used in Theorem 8, the characteristic equation of model (4.5) at
equilibrium W, is given in the following form:

H Q) = 2+ by(W)A + by(W)A + by(W))A + bo(Wy) =0

where
by(W)) =(& + )K(U +(U+a)+w+o+0)+@U +p) >0,
3(W1) = F(O)) 1 TH
by(W) =(u+a+u+oc+0)E+ )K(U)+(,u+o-+§)(u+a)
A= a F(Oy)
+ (& + )K(U +(/J+a)+(/J+o-+§))(,8U +u) > 0,
RO TR

bi(W)) (#+CY)(M+U+§)(§+7)( —1)+(ﬂ+6¥+,u+0+§)

F(Ul)
X (& + ) (ﬁU1+u)+(u+a)(u+0+§)(ﬁU1+u)

(
bo(W)) (ﬂ+C¥)(ﬂ+0+{)(§+7)FEU1;,3U1 +(,u+01)(,U+0+{)(§+7)/1( F(Ul - D).

From conditions R,y < 1 and Hy, > 0, H'(U,) > 0 and H(U,) = 0. Furthermore, F'(U,) > G'(U,) >
0 and F(U,) = G(U,). Hence, since

KWy ,_ _UFW) _ UGWO) _ B
F(U)) F(U)) G(U)) BU, +
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we can obtain

. U F(U - U, F (U
bo(Wy) = (u+ & + O + )&+ P[(1 - %ww —u%}
1 1
GGy . GG
<+ a)u+ o+ ONE+IBU, - é;(—é)”ﬁvl —uﬁ]
1 1
- UG U
=t D+ o+ OE + PIBU - é(é)”w L+ 0]
1

= (u+a)u+o+)E+y)IBU, -pU =

Hence, the characteristic equation f,(1) = 0 has at least one positive root. Thus, positive equilibrium
W, is unstable. This completes the proof. O

Finally, the stability of the positive equilibrium W, = (S5, E,, I, Uy) of model (4.5) is discussed.
Using the same calculation used in Theorem 8, we obtained the characteristic equation of model (4.5)
at equilibrium W5, which is given in the following form:

£Q) = 2+ b3(W) P + by(Wo)A> + by(Wr)A + bo(Wa) = 0

where 3
by(Wa) =( + y)FEU; Ut Q)+t o+ D)+ BT+ ) > 0,
(U

by(Wo) =(u+a+pu+o+E+y )F(Uz)

+(<f+y)’§§§2) Ft @)+t o+ O)BUL 4 ) > 0,

bi(W) =& + ) 2)(u+a)(,u+(f+§) B0V (Un)(1 - Us) + (u+

F(U>)
tu+o+E+ )

+(u+a)u+o+d)

(ﬁUz +p) + U+ &)+ o+ OBU, + ),

bo(W) =(u + Q)+ o+ OE +7) FEUzi (BU + 1) — B3 a6V(U)(1 - Un)p.
2

F(Uz)

Obviously, b,(W,) > 0 for i = 2, 3. Furthermore, we can give the following theorem.

Theorem 10. Assume that F'(U,) < 0 and
bs(Wo)by(W2)bi(W2) > by(W>)* + by(Wa) bo(Wa), (4.10)

and condition (d) in Lemma 1 holds. Then, positive equilibrium W, is locally asymptotically stable.

Proof. From the equations of which equilibrium W, is satisfied, S, = ("';;g)EZ = (”W)[g’g‘:"mz The fourth

el _ E+p _ )t )E+Y)
V) (1-05) F<U>U2 In addition, 5, = BabF Uy

equation of model (4.5) indicates that 1, =
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Hence, we can obtain
bi(W,) =(£ + y)FEU ;(,LHa)(ﬂ+<T+§)—ﬁS~20/9F(Uz)+(lt+a+ﬂ+<T+§)
2
K(U,)

F(U,)
=(u + a)(u+ o+ E + )

X (€ +7) E (BU, + ) + (4 + @) + o+ OBUs + 10,
bo(Wa) =( + @)t + 0+ OE +7) Fgua

K(U,)
F(Uz)ﬁU2+(ﬂ+C¥)(ﬂ+0'+§)(f y)ﬂ(F(Uz)

From the assumption F’(U,) < 0, K(U,) = F(U,) — mFam>Fu@mm§% 1 > 0. Finally,
b.(Wy) > 0fori=0,]1.
Next, we verify by(Wy)bo(W>) — by (W,) > 0. With calculation, we obtain
by(W)by (W) — bl(Wz)

KU, KU,
F(U2))+(/1+(T+{)((§ Y)F(Uz)) +(E+7Y) F(Uz)

U
(it QB+ 0E+ YD o+ 0BT, + e + ) L2
K(0, K0,

F(Uz) F(U,)
F(U2 +u+a)uto+E+ Y)F(Uz +(U+a)u+o+)

+U+T+ OB+ + U+ + O+ )BU + ) + U+ 0+ O+ a)E+7y)

Ft wFEUz) W+ P+ +0)+ (i + BT, + )
K(U,) K(U)

+(u+ o+ B0 + (€ + waé+W+mwm+m@ wag

+(u+a)(ﬂ+0+§)(,6’Uz+u)+(ﬁUz+/«t)(§+7)FEU)+(/u+ o+ 0)
2
X (BU, + p)* + (u + )(BU, + p)* + B,

where B = 85,a0V(U,)(1 — U,). From the expression of S, and F(U,) = V(U,)(1 - U,), B =
U+ o)+ o+ O(E+vy) > 0. Hence, we can obtain by(W,)b,(W,) — by(W,) > 0. Thus, from the
Routh-Hurwitz criterion [35], all roots of characteristic equation f3(1) = 0 have negative real parts.
Therefore, equilibrium W, is locally asymptotically stable. This completes the proof. m|

X(€+7) BU> + ) + (u+ @)+ 0 + O(BU + p)

F(UZ)—1)+(,u+a+,u+a+§)

(BU> + ) — BS2a0F (U

=p+a)u+o+HE+y)

1).

=(u+a)((¢+y)

)(ﬁU + )

+ut+ T+ OHE+Y)

K(Uy)
F(U,)

Remark 5. In Theorem 10, we see that in addition to conditions Ryy < 1 or Hy > 0, the additional
hypotheses F'(U,) < 0 and condition (4.10) are also required. Therefore, an interesting open question
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is whether we can get that (4.10) directly holds when Ry, < 1, Hy > 0 and R,, < 1. The other open
question is whether condition F'(U,) < 0 can be removed.

4.4. Uniform persistence

Now, we discuss the uniform persistence of positive solutions for model (4.5). We can establish the
following conclusion.

Theorem 11. Assume that R,y > 1, then, there is a constant € > 0 such that for any initial value
xo = (S0, Eo, Iy, Ug) € R with Ey # 0, Iy # 0 and Uy # 0 solutions, the u(t) = (S (t), E(t), I(t), U(¢)) of
model (4.5) satisfies

liminf S(¢) > &, liminf E(¢) > &, liminf I(z) > &, liminf U(¢) > &.
t—o0 t—oo t—oo I—>o00
Proof. For any initial point xo = (So, Eo, lp, Up) € Ri with Ey # 0,Ip # 0 and U, # O, let
u(t) = (S, E@), I(t), U(t)) be the solution to model (4.5) satisfying initial condition u(0) = x,. From

Theorem 6,
das(t)

dt

By comparison principle, liminf, ., S (¢) > ;%B' This shows that S (7) is uniformly persistent.

Define the set X = {x = (S,E,I,U) € Rt : E > 0,1 > 0,U > 0}. The boundary of X is X =
{(S,E,I,LU)eR* : E=00r1=0o0rU =0}. Denote My = {xo € R* : u(t) € 60X,V t > 0}.

Let My = {Wy}. Clearly, My C Uyem,w(xo), Where w(xo) is the w-limit set of solution u(f) with
initial value u(0) = xo. Since xo € My, and u(¢r) € 0X for all + > 0, we have E(¢) = 0, I(t) = 0 or
U(r) = 0. If E(¢) = 0, then from the third and fourth equations of model (4.5), we know that I() = 0
and U(¢) = 0. Thus, model (4.5) is reduced to the following equation:

ds(t)

— - =A-uSO). (4.11)

From this, we can obtain lim,_,, S (#) = S, which implies that w(xy) = {Wy}. If I(¢) = 0, then from
the second and fourth equations of model (4.5), we know that I(r) = 0 and U(¢) = 0. Thus, model (4.5)
is also reduced to Eq (4.11), which implies that w(xy) = {Wy}. If U(¢) = 0, then similar to the above
discussions, we obtain w(xp) = {Wy}. Therefore, we finally obtain My = U, cp,w(xo). Moreover, M, is
isolated and noncyclic in 0X.

Now we prove that K°*(Wy) N X = 0, where K*(W,) is the stable set of W,. By contradiction, we
assume that there is a xo € X such that lim,_,., u(f) = W,. Since R,y > 1, we can choose a sufficiently
small constant £ > O such that

a(V(O0) - e)pSo—8)  6(V(0)—s)e .
w+a)u+o+E+y) &+

Thus, there is a t* > 0 such that S(r) > Sg—¢, U(t) < &, E(t) < € and I(t) < e for all t > 1.
Furthermore, from limy_ V(U) = V(0), we can also obtain V(U(¢)) > V(0) — & for all ¢+ > *. The
following function is defined:

> A—(u+pB)S®.

> 0.

Lty = E@y + P50y ¢ $FOWH T+ 0,
p 20(V(0) — &)

().
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Then lim,;_,., L(#) = 0. When t > ¢*,

@ —BU(NS (1) — (u + )E@) + P22 aE@) - —(ll +o +I()

Juroutrot g)HI(t)V(U(t)) oo+ o1
ad(V(0) — ) ab(V(0) - &)

WtEHo+D
X VWU - F TS E )
@rOuro+d,  WrQuto+d, o
>pU)S (1) - I(r) + aH(V(O) 5 OI(t)(V(0) — &)
_wra)u+o+9) oo _(wra)u+o+?)
) ey OO — U@) ~ TS U
_pUnS )+ LEDEETHD iy - BFEOUTTHD ()
1% af(V(0) — &)

wao_@_UH%Mz+G+DS_UH%g;;;tﬁf+yﬁUm

_ ad(V(0) - e)B(So—e) V(D) —e)e ! wta)u+o+E+ y)
w+a)pu+o+E+y) &+ a0V (0) — &)

dL(t)

u@.

Clearly, === > O for all 7 > 7*. Therefore, L(z) is an increasing function of 7 > ¢*. lim,_,, L(z) # 0,
which leads to a contradiction. Then, K*(Wy) N X = (. According to theory of persistence for dynamic
systems, there is a constant ¢ such that for any x € X,

liminf E(¢) > &, hm 1nf I(t) > &, hm 1nf U@ > e.

t—00

Therefore, the uniform persistence of model (4.5) is obtained. This completes the proof. O

5. SEIR model with antibody response

In this section, the SEIR model with an antibody response is considered. We always assume that
R,o > 1 and R,, > 1 in this section. Hence, from (4.2), the fast time variable V(U) = 2 in model (4.5)
is a constant that does not depend on U. Thus, model (4.5) takes the following form:

ds
— A —BUS —uS,
n -pUS —u
dE
= BUS — (u + @)E,
Z’I (5.1)
i =aFE - (u+o+ I,
dU w
= et -u)- u.
7 h( )—(E+y)

The positivity and boundedness of model (5.1) has been established in Theorem 6 in Section 4.1.
The basic reproduction number for model (5.1) is defined as

,BSoa/H“—;

Ry = )
T wrauto+OE+y)
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With the existence of equilibrium of model (5.1), the conclusion is given below.

Lemma 2. (i) If Ry < 1, then model (5.1) has only disease-free equilibrium Wy, = (S,0,0,0) with
So =12
H

(ii) If Ry > 1, then model (5.1) has a unique endemic equilibrium W = (S, E, I, U) with
8- a0GA+(p+a)u+o+E+y) APty —p(u+ )+ o+ HE+7y)

Bab + puabd? B = (1 + @) (BabF + uaty) ’
o A0S T+ OE+Y) o PatRA—pGut )t o+ OE +)
@ oH O+ B+ uY) T BabfA+ B+ )+ o+ OE+y)

The proof of Lemma (2) is simple. Hence, we omit it here. Based on the global stability of equilibria
W, and W for model (5.1), the conclusion is given below.

Theorem 12. (i) If Ry < 1, then disease-free equilibrium Wy is globally asymptotically stable.
(ii) If Ry > 1, then endemic equilibrium W is globally asymptotically stable.

Proof. For conclusion (i), we define the Lyapunov function L as follows:

S S
Lo=So(— —In— —1)+E + L wrp o+,
S() S() a a@‘“

The derivative of Ly(¢) along with the solution W, of model (5.1) is given by

o sy =500 4 BUS - S + Sy~ HPFIFOWA D W T+ DY @)
dr S o p
<11 -0) = e s o
So U+ QE+ P+ +0) pab2s,
=uSo (2—?—5—0 62 (,U+CZ)(§+)/)(/1+0'+§)_1)U
_(y+a)(ﬂ+o-+§)IU
a

Clearly, if Ry < 1, then ‘2 < 0and %2 = 0if and only if (S (), E(1), I(1), U())=(S0, 0,0, 0). Accord-
ing to the Lyapunov theorem [39] and LaSalle invariable principle [33], W is globally asymptotically
stable.

For conclusion (ii), we define the Lyapunov function L; as follows:

,u+al(£_1 I (/J+0/)(,u+0'+{)A(A lng—l).
a i afy (1 -U) U

Y S ~ E E
=S(=-In=-1D)+E(=-In=-1)+
S S E E

The derivative of L, () along with any solution W of model (5.1) is given by

dL S I
=L —BUS +uS — uS - —,BUS - §ys +8BU + 18 + (u+ )E — —,BUS (u+ a)E—

dr
+(,u+a-+§)(/u+a)1_(,u+a)(,u+o-+§)l w+a)u+o+HI(1-U)
a a a(l-0)
W+ )E+Yu+a+HU (/u+a)(,u+0+§)l(1—U)U (/1+a)(.u+0+{)(§+7)U
a2 (1 - 0) a(l-0HU af?(1 - 0)
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>

From the equations in which equilibrium W is satisfied, we can easily obtain y + o + ¢ = &

and 9(5;'1—7_)2) = I. Furthermore, we have (’”“)(‘:“m + ("c”)ggét‘fi(’g;‘”g) = 2(u + a)E. Moreover, from
E+y= Mﬁl—ﬁ), we also have —%(5 +7y) = —(u+ a)E% and then —w[—l + t—g _
8 :Z;Z = o+ g S{I—sz) —(u+a)E % Finally, we can obtain
% =uS (2 - % - %) +BUS - %,BUS' +SBU - gﬁUS +3u+a)E — (u+ a)E§
_(#HZ)Eg_ (p+a)(;1+0‘+§)1(U—022 —(/J+&)E{U
U a ula-u) U

. S S . [
82— i wrabe- 2 U U S
e A S TR A 13 a U(l-0)

dL;

Clearly, if Ry > 1, then <+ < 0 with % = 0 only at W. According to the Lyapunov theorem [39] and

LaSalle invariable principle [33], W is globally asymptotically stable. This completes the proof. O

Lety = Z_Z. indicate the total quantity of B cells in the host. At this point, the basic reproduction
number becomes the following:

R ,BS 0&’0
0= .
(u+a)pu+o+OE+ W
We rewrite Ry = @ +(1r v 6.1 i ‘fﬂl-y) B-So- @ -a. Combining the explanation of basic reproduction

number Ry, in Subsection 4.2, R, decreases with the increase in the quantity of B cells in hosts, the

decrease in the incubation period of latent individuals and the survival period of environmental viruses,

the decrease in the infection rate of susceptible individuals infected with environmental viruses, and

the decrease in the emission rate of infected individuals releasing the virus into the environment.
When R, = 1, we obtain the critical value of ¢ as follows:

_ ,BSQCL’@
St u+ro+OE+yY)

Yo

Thus, according to Theorem 12, we obtain the following conclusions.

Corollary 1. If the number ¥ of B cells in the host satisfies Y > Y, then the disease between the hosts
will be extinct. In contrast, if & < Y, then the disease between the hosts will be persistent.

Remark 6. Corollary 1 shows that the increasing number of B cells in infected and susceptible in-
dividuals can effectively control the spread of diseases between the hosts. However, the main way to
increase the number of B cells in susceptible and infected individuals is to carry out active and effective
treatment and vaccination. Therefore, when a certain infectious disease appears in an area, actively
carrying out large-scale effective vaccination, timely treatment of patients who have been infected with
the disease, and effective treatment are important means of preventing the disease in a timely and
effective manner.
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6. Numerical examples

In this section, the theoretical results obtained in Theorems 7, 8 and 10 are illustrated by the follow-
ing numerical examples.

Example 1. In model (2.4), we choose the parameters A = 3, 5 = 0.0351, u = 0.044, y = 0.0151,
0=14%x10"° A, =5995,K =151x10"% m=0.29,d = 0.16, p = 954, c = 61,0 = 0.05, @ = 0.004,
£ =0.032, £ =0.035 and w = 0.005.

(a) (b)

wwwwww

Figure 1. (a), (b): Times series phase of solutions (S(t), E(t),1(t), U(?)). (c): Three-dimensional phases of solu-
tion (S(2), E(t),I(t)). From the numerical simulation, we know that the solution converges to disease-free equilibrium
Wo(S0,0,0,0).

(a) and (b) satisfy the initial values (S (k), E(k), I[(k), U(k)) = (75 + 14 = k,50 + 15 = k, 50 + 16 =
k,0.08 + 17 « k), where k = 1, ..., 20. (c) satisfies the initial values (S (k), E(k), I(k)) = (175 + 8« k, 80 +
2xk,60+2xk,0.19 + 20 * k), where k = 1, ..., 20.

By calculation, R,y = 1.0849 > 1 and R,; = 0.7208 < 1. Then, from Figure 1, the disease-free
equilibrium W, = (68.1818,0,0,0) of model (4.5) is locally asymptotically stable, which means that
Theorem 7 is true.

Example 2. In model (2.4), we choose the parameters A = 30, 8 = 0.0351, u = 0.044, y = 0.0151,
0=14%10"° A, =5995,K =1.51x107% m =0.29,d = 0.16, p = 954, c = 61, 0 = 0.05, @ = 0.004,
£ =0.032,£=0.035,b4 =1 and w = 4 x 10*.

(@ (b)

1)

Figure 2. (a), (b): Times series phase of solutions (S (1), E(t),1(t), U(t)). (c): Three-dimensional phases of so-
lution (S(2), E(2),1(t)). From the numerical simulation, we know that the solution converges to endemic equilibrium

w=(S,EI0).

(a) and (b) satisfy the initial values (S (k), E(k), I(k), U(k)) = (482 + 0.02 = k, 280 + 0.07 * k,0.17 +
0.4%k,0.29+0.5«k), where k = 1, ...,20. (c) satisfies the initial values (S (k), E(k), I(k)) = (412+0.9
k,247 + 0.9 x k,70 + 0.9 x £,0.29 + 0.9 * k), where k = 1, ..., 20.

By calculation, R,y = 1.0849 > 1 and R,y = 7.2085 > 1. Model (4.5) has a unique endemic
equilibrium W = (S, E, T, U)=(412.1898, 247.1593, 7.8463, 0.82). Furthermore, F'(U) = —20658 < 0,
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Hy = 14036.9165 > 0 and b3b,b; — b4b% - b%bo = 1.7112¢ — 04 > 0. Then, Figure 2 shows that the
unique endemic equilibrium W = (S, E, [, U) is locally asymptotically stable, which means that the
Theorem 8 is true.

Example 3. In model (2.4), we only need to choose parameters § = 0.0357, u = 0.042, 6 =
1.5x 108, d =02, ¢ =30 and w = 4 x 10° the other parameters are the same as those given in
Example 2.

(@ (b)

Figure 3. (a), (b): Times series phase of solutions (S(1), E(2),1(t), U(t)). (c): Three-dimensional phases of so-
lution (S(2), E(2),1(t)). From the numerical simulation, we know that the solution converges to endemic equilibrium
W=(,EID).

(a) and (b) satisfy initial values (S (k), E(k), I(k), U(k)) = (500+ 3k, 100+3xk,0.19+0.5%k,0.23 +
0.5 % k), where k = 1, ...,20. (c) satisfies the initial values (S (k), E(k), I(k)) = (680 + 5 = k,360 + 5 =
k,150 + 1 % k,0.19 + 0.9 = k), where k = 1, ..., 20.

By calculation, R,y = 2.0258 > 1 and R,y = 1.0548 > 1. Model (4.5) has a unique endemic
equilibrium W = (S, E, I, U)=(668.8068,41.5242,1.3395,0.08). Furthermore, F'(U) = 4434.3 > 0,
Hy = 10232.2459 > 0 and b3byby — bsb} — b3by = 3.5990e — 06 > 0. Then, Figure 3 shows that the
unique endemic equilibrium W is locally asymptotically stable, which means that Theorem 8 is true
even if F'(U) > 0.

Example 4. In model (2.4), we choose the parameters A = 4, 5 = 0.0358, u = 0.042, y = 0.0151,
0 =145%x107° A, = 5995, K = 1.51 x 10°%, m = 0.29,d = 0.16, p = 954, ¢ = 61, o = 0.05,
@ =0.004, 7 =0.062, & = 0.035, b4 = 1 and w = 4 x 10°.

(b) and (c) satisfy the initial values (S (k), E(k), I(k), U(k)) = (80+0.06xk, 10+0.07 %k, 0.21 +0.08 *
k,0.21+0.09xk), where k = 1, ..., 20. (d) satisfies the initial values (S (k), E(k), I(k)) = (80+1xk, 20+ 1%
k, 10+2xk,0.02+0.1xk) and (S (k), E(k), I(k)) = (92+0.5%k, 2+0.5xk, 5+2xk,0.04+0.1xk), k = 1, ..., 20,
where the second set of initial values was taken near the unstable equilibrium W, = (S, E|, I}, U)).

By calculation, R,, = 1.0849 > 1 and R,y = 09081 < 1. Model (4.5) has two
positive equilibria which are W, = (S, EL,U)=(92.0980,2.867116,0.0745,0.04) and W, =
(S5, Es, I, Uy)=(79.0639, 14.7678,0.3836,0.24). Furthermore, F’(U,) = —370.0812 < 0, Hy =
926.4939 > 0 and b3byby — bybt — biby = 6.7554e — 06 > 0. Then, Figure 4 shows that the endemic
equilibrium W, is unstable and that W, is locally asymptotically stable, which means that Theorem 10
is true.

Example 5. In model (2.4), we only need to choose parameters 8 = 0.0356 and 6 = 1.4 x 10, and
the other parameters are the same as the parameters given in Example 4.

(b) and (c) satisty initial values (S (k), E(k), [(k), U(k)) = (80 + 0.06 * k,7 + 0.07 x k,0.15 + 0.08 =
k,0.12+0.09%k), where k = 1, ..., 20. (d) satisfies initial values (S (k), E(k), I(k)) = (180+ 1%k, 100+ 1 %
k, 10+2xk,0.2+0.1xk) and (S (k), E(k), I(k)) = (89+0.5%k, 4+0.5%k, 5+2xk,0.07+0.1xk), k = 1, ..., 20,
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Figure 4. (a): Diagram of function H(U) with U € [0, 1]. (b), (c): Times-series phase of solution (S (t), E(¢), I(t), U(t)).
(d): Three-dimensional phases of (S (1), E(t), [(t)). From the numerical simulation, we know that the solution converges to
endemic equilibrium Wy = (S», E», I, U,).
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Figure 5. (a): Diagram of function H(U) with U € [0, 1]. (b), (c): Times-series phase of solutions (S (1), E(¢), 1(t), U(t)).
(b): Three-dimensional phases of solution (S(t), E(t),1(t)). From the numerical simulation, we know that the solution
converges to endemic equilibrium W, = (S5, Ey, I, Us).

where the second set of initial values was taken near the unstable equilibrium W, = (S, E|, I}, U)).

By calculation, R,y = 1.0849 > 1 and R, = 0.8817 < 1. Model (4.5) has two
positive equilibria which are W, = (S, E}, I}, U;)=(89.8473,4.9221,0.1278,0.07) and W, =
(S5, E>, I, U,)=(81.9001, 12.1782,0.3163,0.19).  Furthermore, F’(U,) = 6093.1 > 0, Hy =
316.3866 > 0 and bbby — byb? — b3by = 5.9487¢ — 06 > 0. Then, from Figure 5 shows that endemic
equilibrium W, is unstable and that W, is locally asymptotically stable, which means that Theorem 10
is true even though F’(U,) > 0.
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7. Conclusions

In this article, we investigate an SEIR epidemic model (2.4) coupling virus transmission in the body
and vitro of hosts, incubation, humoral immunity and environmental effect, which are characterized
and linked by two subsystems, i.e., (2.1) and (2.3).

With respect to the virus transmission process with humoral immunity in the body of hosts, we
assume that the environmental contamination rate U(?) in model (2.3) remains constant at U (0 <
U < 1) since the spread of virus infection within hosts is much faster than that in vitro of hosts. The
basic reproduction number R,, with an antibody response is defined, by which antibody-free infection
equilibrium A3(U) is globally asymptotically stable if R, < 1, while infection equilibrium A4(U) is
globally asymptotically stable if R,, > 1.

As is the SEIR model without an antibody response, we assume that the virus load in the body of
hosts will tend to reach equilibrium, i.e., the fast time variable V(s) in model (2.4) satisfies V(s) =
V(U) = %(g(U ) + pT;(U)) in Theorems 4. The basic reproduction number Ry is defined, from which
we find that disease-free equilibrium W is locally asymptotically stable if R,y < 1, while the unique
positive equilibrium W is locally asymptotically stable if Ryy > 1 (or Ry = 1 and Hy > 0) and
F'(U) < 0. When Ry, < 1 and Hy, > 0, the system has two different positive equilibria W, and W, with
U, < U,, which means that system (4.5) experiences backward bifurcation at R, = 1. Meanwhile, W,
is locally asymptotically stable if F'(U,) < 0 and W, are unstable.

Furthermore, for the SEIR model with an antibody response, we assume that the fast time variable
V(s) in model (2.4) satisfies V(s) = V(U) = 2 in Theorems 4. The basic reproduction number Ry
is defined, by which we find the disease-free equilibrium W, is globally asymptotically stable when
Ry < 1, while the unique endemic equilibrium W is globally asymptotically stable if Ry > 1.

From the numerical examples we know that F’(U) < 0 and F'(U,) < 0 are pure mathematical
conditions, and can only be used to prove the local stability of endemic equilibria W and W,. Generally,
we hope that the local stability of model (4.5) can only be determined by the basic reproduction number
Ry, but we used some additional conditions to do that. So we have summarized several open problems.
The first is whether condition F'(U) < 0 and F’(U,) < 0 can be taken off in the proof of Theorems
8 and 10. The second is whether we can get that (4.9) directly holds. The third one is whether we
can further establish an appropriate Lyapunov function to obtain the global stability of W. We will
continue to investigate these questions in the future.

The results obtained in this paper show that the strength of antibodies in hosts has a great effect on
the spread of diseases between hosts. When the antibodies in hosts do not work or are weak, the results
obtained in Section 4 show that backward bifurcation could occur. Even if the basic reproduction
number Ry is less than 1, the disease will continue to spread, which will results in the control of the
spread of disease between hosts being very difficult, making it difficult to effectively treat the disease.

When hosts have an extensive antibody response, the results obtained in Section 5 show that the
spread of disease between hosts will be easy to control. Under antibody action, the basic reproduction
number R, could be less than 1, and the diseases between hosts could be effectively controlled if we
could decrease the incubation period of latent individuals, increase the production rate of B cells in
hosts, and reduce the virus concentration (or load) both in the environment or in the body of hosts.
Therefore, based on the above discussion with the explanation of the basic reproduction number R,
we can take the following prevention and control measures.
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1. Vaccination and antibody immunotherapy. After vaccination, susceptible individuals will widely
produce antibodies , which could effectively prevent the virus from invading. Even if a susceptible
individual is infected by the virus, due to the effect of the antibody response, the amount of virus
in hosts can only reach V(U) = 2, so most of the infected individuals will only have some minor
symptoms, and will not experience long-term infection. Furthermore, if antibody immunotherapy is
performed on susceptible individuals, it will increase the number of antibody cells ¢ in infected hosts,
and eventually make the basic reproduction number Ry less than 1, then the spread of disease will be

effectively controlled until the disease eliminated.

2. Timely strict isolation and treatment of infected individuals, isolation control of close human
contacts. These measures could effectively prevent close contact between infected and susceptible in-
dividuals, and reduce the release of virus into the environment by infected individuals, further reducing
the infection rate of susceptible individuals and the virus emission rate of infected individuals, and fi-
nally making the basic reproduction number R less than 1, this could effectively control the disease
transmission between hosts until its disappearance.

3. Legitimately expand the range of management, supervision and publicity, e.g., wearing masks
(surgical masks, goggles, etc.), practicing safe social distancing in public or crowded places, frequent
hand-washing, exercising of the body, maintain a healthy diet, and obtaining sufficient rest. These
measures could effectively reduce the infection rate of susceptible individuals, so that the basic repro-
duction number R, will be less than 1, effectively controlling the spread of disease.

4. Manually eliminating the virus in the environment. These measures could not only effectively
improve the clearance rate of environmental viruses but also reduce the average survival period of
environmental viruses. Therefore, the basic reproduction number Ry, would be less than 1, the spread
of disease would be effectively controlled, and the disease would eventually become extinct.

In this paper we proposed the SEIR model (2.4) coupling virus transmission both in body and vitro
of hosts. Since the virus infection changes process in host is much faster than the disease transmission
process between hosts, to simplify discussions, we assumed that the environmental contamination rate
U(?) in the fast time model (2.3) remains constant at U, and then, the fast time variable V(s) in the
slow time model (2.1) reaches its equilibrium V(U) while the state of disease transmission between the
host is unchanged. Thus, we established the coupled model (4.1). Obviously, model (4.1) is a special
limit state coupled model. In this paper, we mainly investigated the dynamical behavior of model (4.1).
However, it is more realistic to directly investigate the coupling model (2.4) with both fast time s and
slow time . Particularly, in model (2.4) we can assume that fast and slow times satisfy ¢t = ws is
sufficiently, where w is an enough small positive number. Therefore, an interesting open problem is to
investigate coupling model (2.4) with assumption ¢ = ws. We will discuss this problem in the future.
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