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Abstract: In this paper, we study the global dynamics of a delayed virus dynamics model with
apoptosis and both virus-to-cell and cell-to-cell infections. When the basic reproduction number
Rop > 1, we obtain the uniform persistence of the model, and give some explicit expressions of the
ultimate upper and lower bounds of any positive solution of the model. In addition, by constructing
the appropriate Lyapunov functionals, we obtain some sufficient conditions for the global attractivity
of the disease-free equilibrium and the chronic infection equilibrium of the model. Our results extend
existing related works.
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1. Introduction

It is well known that human health and safety have been seriously threatened by
known or emerging new viral infections, such as human immunodeficiency virus (HIV),
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), etc. The mechanisms of
transmission of viral infections have become increasingly complex, due to the mutation and
evolution of viruses caused by changes in the physical environment, the use of drugs, and
other factors. Since the 1980s, differential equations have been widely used in the study
of important issues, such as the transmission mechanisms and control strategies of virus
infection, and have gradually developed and established the important interdisciplinary
research branch of virus dynamics [1-5]. In particular, in [1,2], the authors proposed the
following classical viral infection dynamics model, describing the interactions among
uninfected cells, infected cells and free viruses:

x(t) =s —dx(t) — Bx(t)v(t),
y(t) =px(t)v(t) — py(t), @
() —ky(t) — uo(t),

where x(t), y(t) and v(t) denote the concentrations of uninfected cells, infected cells and
free viruses at time ¢, respectively. The constant s > 0 is the rate at which new uninfected
cells are generated. The constant d > 0 is the death rate of uninfected cells. The constant
B > 0is the characterizing infection of the cells. The constant p > 0 is the death rate of
infected cells. The infected cells produce virus particles at the constant rate k > 0, and the
constant u > 0 is the rate at which the virus is cleared. The term Bx(t)v(t) denotes the rate
at which uninfected cells become infected cells through their contact with free viruses.
Based on model (1), many scholars have extended the linear growth rate s — dx(t) of
uninfected cells to classical logistic growth or more general nonlinear functions, and ex-
tended the bilinear functional response function fx(t)v(t) to the following classical forms,
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Bx(t)v(t)/(1+o(t)), px(t)v(t) /(1 +ax(t) + bo(t)), x(t)v(t)/ (1 + av(t)), and more gen-
eral nonlinear functions (see, for example, [6-17] and the references therein). Addition-
ally, important factors, such as delay and immune response, were considered, and a
series of important results on global stability and existence of Hopf bifurcations were
obtained [16,18-23].

In addition, recent studies have also shown that a large number of viral particles can
also be transferred from infected cells to uninfected cells through the formation of virally
induced structures termed virological synapses [24,25]. The direct fusion between infected
cells and uninfected cells can also lead to cell infection, which is also known as cell-to-cell
infection [25-27]. Based on this important fact, many scholars have proposed several
important classes of viral dynamics models, considering the more general nonlinear growth
rate of uninfected cells (which can include linear and logistic growth), while introducing
important factors such as virus-to-cell infection, cell-to-cell infection, and immune response
and delay, and have thoroughly investigated the local and global dynamics of equilibria
and the existence of Hopf bifurcations. For details, see, for example, [18-21,25-31] and the
references cited therein. In particular, based on the studies in [7,25,26], the authors [28]
proposed and studied the following virus infection dynamic model:

i(0) =rx() (1= 2R prxyyo) ~ partoyote),

y(#) =Brx(t)y(t) + pax(t)o(t) — py(t),
o(t) =ky(t) — uv(t).

In model (2), the constant K > 0 denotes the effective carrying capacity of the en-
vironment of uninfected cells and infected cells. The term rx(1 — (x + ay)/K) indicates
that the growth of uninfected cells conforms to the logistic growth function and takes into
account the effect of infected cells on the maximum carrying capacity of the environment,
the constant » > 0 is the growth rate, and « > 0 is a constant; the constant ; > 0 is the
cell-to-cell infection rate, and the constant 8, > 0 is the virus-to-cell infection rate. All other
parameters in model (2) have the same biological meaning as that in model (1). In [28],
for model (2), the authors obtained the local stability of the equilibria, uniform persistence
and the existence of Hopf bifurcations caused by the cell-to-cell infection rate ; or the
virus-to-cell infection rate ;.

HIV gene expression products can produce toxicity, which directly or indirectly in-
duces apoptosis in uninfected cells [32]. Studies have shown that viral proteins interact
with uninfected cells and induce an apoptotic signal, which induces the death of uninfected
cells [33]. In [34], the authors considered the following virus infection dynamic model
with delay:

@

X(t) =s —dx(t) —cx(t)y(t) — Bx(t)v(t),
y(t) =ox(t —t)v(t — 1) — py(t), ®)
5(t) =ky(t) — uo(t),

where the constant 6 = Be~"0" > 0 denotes the surviving rate of infected cells before it
becomes productively infected, my > 0 is a constant, and T > 0 is a delay. The constant
¢ > 0 is the rate of apoptosis at which infected cells induce uninfected cells [32,33]. All
other parameters in model (3) have the same biological meaning as that in model (1). Based
on models (2) and (3), in [22,23,35], the authors further considered virus dynamics models
with the logistic growth of uninfected cells, nonlinear infection rate, cell-to-cell infection,
virus-to-cell infection and delay, and investigated the permanence, the global stability of
the disease-free equilibrium, the local stability of the chronic infection equilibrium and the
existence of Hopf bifurcations.
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I'(z) = s—dz+rz(

*

YT e+ ko,

In this paper, based on [18-23,25,28,30,34,35], etc., we continue to consider the follow-
ing delayed virus dynamic model with apoptosis and both virus-to-cell and cell-to-cell
infections:

#(0) =s = )+ ra(0) (1= S5O exyy) — pur(opte) - pax(to)

y(#) =Pre” ™% x(t = 1)y(t — 1) + Poe” ™ 2x(t — w)o(t — ) — py(h),
o(t) =ky(t) — uv(t).

In model (4), the delay 7y > 0 represents the time between infected cells spreading
viruses into uninfected cells and the production of new free viruses; the delay 7 > 0
represents the time between viral entry into an uninfected cell and the production of new
free viruses. m; > 0 and my > 0 are constants, and J1:=p1¢~"1™ and dy:=Bre~ 2™ denote
the survival rates of uninfected cells during successful infection with infected cells and
free viruses, respectively. All other parameters have the same biological meaning as that in
models (1)—(3).

Let T = max{7, 72 }. The initial condition of model (4) is given as follows, x(6) =
91(0), 1(60) = $2(0), 0(6) = ¢5(0) (0 € [~7,0)), where § = (g1,¢2,¢3) € CHi= {¢ €
Cl¢; >0,i=1,2,3},C=C(]-T7, 0},R3 ) is the Banach space of continuous functions from
[—7,0] to R3 equipped with the supremum norm.

By using the standard theory of functional differential equations (see [36-39]), it is
easy to show that the solution (x(t),y(t), v(t)) of model (4) with the above initial condition
is existent, unique, non-negative on [0, +c0), and satisfies

)

limsup x(t) < xg, limsupy(t) < Mp, limsupo(t) < Ms, (5)
t—o0 t—o0 t—o0
where
K 4rs 2np(e” ™M 4 e M2T2) kM,
[ _ _ 2 _ — = —_—
X0 2r<r d+4/(d—7r)2+ K),Mz 7 , M3 o
— _ _ X 5 — mi o
no—xggz](s dx—i—rx(l K))' p mm{p, xo}.

Obviously, model (4) always has a disease-free equilibrium (boundary equilibrium)
Ep = (x0,0,0). We can easily derive the expression of the basic reproduction number of
model (4) as
xo(uﬁle_mlTl + kﬁze_mzrz) . Xo(u(51 + k&z)

pu S pu

by the method of the next generation matrix [40,41]. The basic reproduction number R is
positively correlated with respect to the cell-to-cell infection rate 1 and the virus-to-cell
infection rate 8. Hence, when only one route of infection is considered, the evolution of
the disease infection may be underestimated.

The function is defined as

Rg =

1_%> :%(Z—i_xl)(xo_z) (z=>0), x1:_<7—d— (d—r)2+41<rs> > 0.

Note that if Ry = 32 > 1, then model (4) has a unique chronic infection equilibrium
(positive equilibrium) E* = (x*, y*,v*), where
L(x*)  r(x* 4 xq)(xg — x¥) ky*

* _ * I
'y_x*ij_ Kx*¢ >O'U_u'€

_
T K

kB2

0

+c+ B+ 6)
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lim inf x
t—o0

It is noted that the apoptosis rate ¢ has effects in reducing the loads of both infected
cells and free viruses. In addition, it is easy to show that the set G := {¢ = (¢1, ¢2, ¢3) €
Ct |0 < ¢1 < xp} is attractive and positively invariant with respect to model (4).

For the global asymptotic stability (global attractivity) of the disease-free equilibrium
Ep of model (4), using the method similar to that in [18,23,34,35], the following conclusion
can be obtained (the proof is omitted): if Ry < 1 (Ry = 1), then the disease-free equilibrium
Ey is globally asymptotically stable (globally attractive) in G.

As far as we know, the global attractivity of the chronic infection equilibrium E* of
model (4) is still a difficult mathematical question and worthy of further study. This paper
has the following two main purposes. First of all, we study the uniform persistence of
model (4) in Section 2, and give explicit expressions of the ultimate upper and lower bounds
of any positive solution of model (4). Second, by constructing some appropriate Lyapunov
functionals and combining inequality analysis, some sufficient conditions for the global
attractivity of the chronic infection equilibrium E* of model (4) are given in Section 3. The
brief summary of the conclusions of this paper is given in Section 4.

2. Uniform Persistence

In this section, we assume that Ry > 1. Itis not difficult to find that the function

fi(z) = §<z+\/z2+4;<s>

is strictly monotonically increasing with respect to z on R. According to the first equation
of model (4), x* can be rewritten as x* = fi(ly), where lp = r —d — (% +c+ 1) y* — p2v*.
For convenience, let us define the following parameters:

* > K 4rs
vi = fi(h), x1 = fi(l), ¥} = 2r<lz —\/ 3+ K)

ro 1/ra % %
l]zi’—d—<f+c+‘31)M2—‘32M3, lzzr—d—i(f—i—c—i—ﬁl)y _’B2U .

Note that xg = f1(r —d) andr —d > I, > Iy > l;, we can obtain xg > x] > x* > v; >
0. For the uniform persistence of model (4), we have the following main results.

Theorem 1. If Ry > 1, then model (4) is uniformly persistent in Xt := {¢ = (1, P2, ¢3) €
Ct | ¢2(0) >0, ¢3(0) > 0}, and the solution (x(t),y(t),v(t)) of model (4) with any ¢ € X+
satisfies

*

. Y —po — o ky* o ko _
> > p > Pe = —yp = 7
(t) > 1y, h%nglfy(t) e %y htm info(t) 2 ¢ 2= (7)

—00

wherew =To+T1+Th+1 + T,

% o * _ .0 _ gk
TO:—lln<y )>0, M= — K (02X ) ()] .,
u 2Mp r(xf —xj) X0 —xi )\ ¥ — 11

q

TZ = L > 0, Y S (0/1>/ xO € (x*,xi‘),

u(1l—¢q)
Proof. Let (x(t),y(t),v(t)) be any solution of model (4) with any ¢ € X*. By (5), for

any e > 0, there exists a sufficiently large > 7 such that, for t > t, y(t) < My + ¢ and
v(t) < M3 + e. From the first equation of model (4), we have, for t > t,
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x(t) =s —dx(t) +rx(t) (1 _x®)

]7:

+ “I(<M2 + 8)) — (c+B1)(Ma +e)x(t) — Ba(Ms +&)x(t)

where

L s
K

vl<s>:§<zl<s>+ HE >>o, i(e) zf(zl(e)—\/l%(s)ﬁlf)w,
he) =r—d— (% +c+p1) (My+¢€) — o(Ms +e).

Using the arbitrariness of ¢, we have lim inf;_, x(t) > v1(0) = v1.
Next, using a method similar to that in [34,35], let us prove that lim inf; oy

(t) > 2.
Note that v € (0,1), then there exists a sufficiently large T > 0 such that for t > T,

ky*
2u’

< KM

x(t) > yv1, () ”

Let us first claim that, for any ty > T, when t > t, the inequality y(t) < % cannot
always hold.

If this claim is not true, then there exists a tyg > T such that y(t) < % for all t > tg.
Then, from the third equation of model (4), we have for t > t, 9(t) < %ky* — uv(t), which
implies that, for t > ¢,

y
<

k ky* —u(
u + (Z)(to) - 21,[)6

Ky

t—ty) « ky* + %E*M(t*fo)'
— 2u u

*

Hence, we have, for t > ty + Ty, v(f) <
model (4), we have, for t > ty + T,

x(t)
K

v*. Then, from the first equation of

By*

x(t) — 5

x(t) — Bav*x(t)

x(t) >s —dx(t) +rx(t) (

which implies that, for t > to + T,

r
K

~
*

_x<

1
B x(to+To)—x7
X(to—«—Tg)—xT

x(toﬂ»To)*xi’(

x(to+To)—x7

)eux;ﬁ)(ttom

x3 772

Y1 —x]

>e (=) (1—to—To)

>6g<x7%§><ttofo)

)euxa‘x;‘)(umo) ot (

>
1+<

Hence, we have, for t > ty+ Ty + Ty,
):

)e—,z(xf—ﬁm

-
o
mwi—x

o~

* *
X1 —I—xl

1+ (

Define m = min{y, %2} > 0, where

Xy —yv r
1~ TV1 e

*
T1—x]

(x;—x)Th

x(t) > =19 > x*. (8)

X =71
=
T1—X

min
oe[—(11+12),0]

min
—(1+712),0]

y(Te+6) >0, o (T +0)>0, T =t)p+To+T1 + 1 + .
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Next, we show that y(t) > m for t > ty + Tp + T1. In fact, otherwise, there exists a
T) > Osuch thaty(t) > mforto+To+ Ty <t < T + T, y(Te + T1) = mand y(T. + T1) <
0. Then, from the third equation of model (4), we have, for tg + To+ 17 <t < T, + T1,
0(t) > km — uv(t), which implies that, for tg + To + T; <t < T, + 11,

o(t) = (v(to +To+Th) — k;n)e—u(t—to_TO_Tl) N kjm
( (t() + TO + Tl) ) —u(t—tg—To—Ty) . kjm (9)
L
u

Therefore, from (8) and (9), we have, for t = T, + Tl,

y(t) =01x(t —m)y(t — 1) + ox(t — w)o(t — ) — pm

>61x%m + (52x0k7m — pm

0
:pm<x* - 1> > 0.
This is a contradiction to §(T. + T;) < 0. This shows that for t > tq+ Ty + Ty,
y(t) = m.

Using the derivation completely similar to (9), we have, for t > to+ Ty + Ty, v(t) > %’”
Consider the following auxiliary function:

70) :y(t)+%x*v(t)+(51 /ti x(0)y(8)d6 + 6 /tt x(8)0(6)d6.

-7

Then, we have, for t > to + Ty + T3,
V() = 61 (x(t) — x*)y(t) + S (x(t) — x*)o(t) > m((51 + k(52> (x® —x*) >0,
which leads to, for t > to+ To + Ty,
V(t) > V(t0+To+T1)+m((51+ k(52>(x —x")(t—ty—To—Th),

which implies that V() — +oo(t — +o0). This is a contradiction with the boundedness of
V(t). Therefore, the claim is proved.

Below, there are two remaining cases that need to be discussed.

@) y(t) > g for sufficiently large t. (ii) y(t) oscillates about % for sufficiently large .

For the case (i), it clearly has iminf; , { y(t) > v5.

For the case (ii), let t; and t; be sufficiently large such that y(t;) = y(t2) = g, y(t) <
Lt <t<ty)

If t —t; < w, from the second equation of model (4), we have, for t; < t < tp,
y(t) > —py(t), which implies that for t; <t < t,

y(t) > y(tl)efp(tftl) > yje*pw = 1.

If t, — t; > @, it is easily obtained that, for t; <t < t; + @, y(t) > v,. Further, we
prove that for t1 + @ < t < tp, y(t) > v5.

If not, there exists a T» > 0 such that for t; < t < t; + @ + To(< ), y(t) > v,
y(th +@+Ty) = vy and y(t + @ + T») < 0. Using the derivation method similar to (8),
treating t; as tg, we have, for t; + To+ Ty <t < t; + @ + T, x(t) > x° > x*. Then, let us



Mathematics 2022, 10, 975

7 of 16

prove that there exists f € [t1,t + Tp + T1 + T3] such that v(f) > 'ﬂ%. If not, then we have,

forty <t <t +To+Th+ T, v(t) < ‘71% From the third equation of model (4), we have,
forti <t <H+To+T1+ Ty,

o(t) > kvp —uov(t) > kva(1—9q),
which implies that, for t = t; + Ty + T1 + T,

ot) > o(t) + ka1~ q)(t — 1) > o(ta) + ka1 — )T > T2,

which is a contradiction. Hence, we conclude that there exists I € [t1, 1 + Tp + T + T3]
such that v(f) > qk%

Note that, for F < t < t; +@ + Ty, o(t) > gkvp, — uv(t), which implies that, for
F<t<ti+o+T,

o(1) 2 (off) - L2 )eruieon 4 222 5 B2,

Hence, we have from the second equation of model (4) that for t = t; + @ + T»,
y(t) =01x(t —)y(t — 1) + box(t — )v(t — ) — p12

1 qkdy
> _ — L — —
pv2< x(t )+ x(t Tz) 1>

0
qx _
>P1/2< o 1> =0.

This is a contradiction to y(t; + @ + T») < 0. Based on the above analysis, we have
y(t) > vy for t € [t1, tp]. Since this kind of interval [t1, f5] is chosen in an arbitrary way, we
conclude that y(t) > v; for any sufficiently large t. Thus, lim inf; ,coy(t) > va.

Finally, according to the third equation of model (4), we have liminf; ,o v(t) > k% =
V3. O]

(10)

3. Global Attractivity of the Chronic Infection Equilibrium

Now, we continue to discuss global attractivity of the chronic infection equilibrium E*.
The following lemma is used.

Lemma 1. (Barbalat’s lemma [42]) Let q(t) be a real valued differentiable function defined on some
half line [9, +c0), & € (—o0,400). If limi_,1eoq(t) = 01 (|01| < +o0) and §(t) is uniformly
continuous for t > O, then lin_, 40§ (t) = 0.

Due to the technical requirements of the proof, we assume that m 17y = my .
For any sufficient small 0 < € < v1, we define
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vi(e) =v1 —e, xo(e) =x9+e Ma(e) =My+e Ms(e)=Ms+e A=

Yl (E) =d

re

I +c+ By,

— 1t (x0(e) + ) + Ay + Pav’, Ya(e) = Prxo(e) + Pry” + Paxo(e) + Pav + pe™ T,

K

Y1(e) :%ﬁl [xo(e)e” "™ Y2 (e) + Ma(e)(Y1(e) + A1xo(e) + Baxo(e))],

() = BalMs () (Y1 (e) + Arxoe) + axo(e)) + (k+ 1)ro(e)),

Y3(e) Z%ﬁ%x()(e)y*(l +eT™MT), Yy(e) = %ﬁlﬁzxo(e)v*(l +e7"™MT),

¥s(e) =3 Vi (OB Ma(e)(1+ €™17), ¥ole) = SE(E)(1 4+ T)

Yo(e) =

2

1

Wr(e) =g praole) (1+ M%) + 5 Arxo(e)iMa(e)(1 -+ ™), Wa(e) = 2 frfaxd(e) (1+e77),

Baxo(e)PrMa(e) (1 -+ ™), Wgle) = 2 i (€)BaMs(e) (14 ¢"™),

Y11 (E) :%kﬁzx(}(s)(l + e"ﬁn) + %A]XO(c(:)‘BzM?,(E)(l + emlrl),

Y12(e) :%uﬁzxo(e)(l FemT) 4 %52,(0(8)'32]\43(8)(1 T M),

Aq1(e)

A1z (e)

Ax(e)

1 re . r ’ ) *
— [ e+ (R |+ g rada-re pm@ )+ o+ )y

Let us define the real symmetric matrices as follows,
Ari(e)  —An(e) 0
J(e) = | —An(e) Ax(e) —Anle) |,
0 —Ax(e) Assle)

where

rx*

~[(F1(6) + ¥a(e) + Fa(e) + ¥s(e)m + (Fa(e) + Fro(e)) ) }

1 (c n @) n %91{6”‘1“ [d —r %(xo(s) +x) + (c - %)y + P] + (C + %)xo(e)}r

K

61{6’"1“ {emmp + (c + %)vl (e)}

— [(F1(e)e™™ + ¥ (e) + ¥7(e))Ty + (Fa(e)e™™ +‘Y11(s))T2]},

Ans(e) 2%92’(, Aszs(e) = Ohu — 01[(¥s(e) + ¥o(e))T1 + Y12(e) 2],

where 6 and 6, are arbitrary positive constants.

Theorem 2. IfRy > 1,d —r+ % > 0, myTy = my1y and matrix J(0) is positive definite, then
the chronic infection equilibrium E* is globally attractive in X .

Proof. Let (x(t),y(t),v(t)) € X (t > 0) be any solution of model (4). If J(0) is positive
definite, then ](e) is also positive definite for any sufficiently small 0 < ¢ < v;. For the
above ¢, there exists a sufficiently large T(¢) > 7 + T such that, for t > T(e),

0 <wi(e) < x(t) <xp(e), y(t) < Ma(e), v(t) < Ms(e).
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Letg(z) =z—1—1Inz (z > 0). Clearly, g(z) > 0 (z > 0), and g(z) = 0 if and only if
z = 1. Define

=g (22) e () 4 B (20
\ By t g(x(szyis)>ds+5ﬂ*v* /tir2g(x(szv(3)>ds

t—7; Xy x*p*

Hence, U; is positive definite with respect to the chronic infection equilibrium E* =
(x*,y*,v*). Similar to the calculation in [18,19], for t > 0, the derivative along the solution
of model (4) satisfies

(ko) (1- 35 ) ey xw)
s () ()
coee () s Gim) ()
. x(lt) {d —rt rl’f +(Z+ c)y*} (x(t) = ') = £ (x()) = ")
— (% +0) (=) = x) (H) —y")
coen {s(U) (5 )
cree {s (M) o (5w) - ()
It is worth mentioning thatif « = ¢ = 0 and d — r + % > 0, then b < 0, which
leads to E* is stable (see [37,38]). Then, it follows from [19] that E* is globally attractive.

Thus, E* is globally asymptotically stable.
If & and c are not 0 at the same time, inspired by [43,44], we define

=2

Uy = %[(X(t) =) M (y(1) — Y

From model (4), we have, for t > T(e),

x(t) ra

X(t) +e™MAy(t) =s — dx(t) +rx(t) ( — K) - (c + f)x(t)y(t) —e™MTpy(t)
+ Brx(t — )yt — 1) — Brx(H)y(t) + B2x(t — )v(t — 1) — B2x(t)o(t)
=— [d —r+ %(x(t) +x*) 4+ (c + %)y*} (x(t) — x¥)
= [emmip+ (e + 22 )x(0)] w(H) - y)

+Brx(t = 1) (y(t — 1) —y(8) + Pry(t) (x(t = 1) — x(¢))
+ Bax(t — ) (v(t = 12) —o(t)) + Bav(t) (x(t — 12) — x(8)).
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Further, we have, for t > T(e),

T2 () ")+ () — y ) (R(0) + (1)

=_ {d7r+%(x(t + x¥)

) +
—emnlemnp (o )20 ((H) ~ v (12

where

La(t) =~ Bro(O](x(t) ~ x*) +e (1) —y)) [ (o).

t—1T

Since E* is a positive equilibrium of model (4), x(t), y(t) and 9(t) can be rewritten as

x(t) -
x(t) = x%) + Ag(x" — x(8))y* + Max(8) (y" —y(b))
vt —o(t))
" —y(t) + Bax(t) (0" —o(t)),
where Y1 (t) =d —r + z (x(t) +x*) + Ay + Bov”,
y(t) =pre” " x(t — 1) (y(t — 1) —y*) + pre "y (x(t — 1) —x7)
+ Pae " 2x(t = ) (v(t — 1) = 0%) 4 Poe” 220 (x(t — 1) —x7) + p(y* —y(b)),
o(t) = k(y(t) —y") + u(0” —o(t)). (15)
From (14), we have, for t > T(e) + 2(11 + 1),

£(t) = = [d—r+ 2 (x(t) + )] x*) + Axty* = Apx(Dy(t) + pox*v" — Pox(H)o(t)
=— [d —r+ %(x(t) +x*)}

+ Ba(x* — x())0" + ax(t)

=~ Yi()(x(t) = x*) + Ag(t

(
( 13)
(
)

(14)
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IT1 ()] =prx(t — )| [(x(£) = x7) + ™7 (y() — y™)]|

[ 4B = m) s = 1) — )+ Bre Ty (s — ) )

X

+ B2 " x(s — 1) (ols — 72) — %) + Bre " (x(s — ) — x°) + ply” — y(s)) s

<poote) [ { BT ) <) 4 0l ) -

i’*Tl

+ B30 )~y 1 (s — ) - )2

2
* W%W[(xu) —x 4 (x(s 1) 22 + P 12’/* [((8) =)+ (x(s = m) = x7)?]
+ B0 ) 2 4 (ols - ) - 072+ B0 [y ) -y 1 (s - ) — o)
+ B ) - x4 (xts 7 =3 o+ B 0) - P x5 - )
+ B10l0) = 57 (06s) =y P+ P00 =P () = s

=2 Bro(e)e M Y () (x(t) 1)1 + 2 Prxo(e)Yale) (y(1) — ¥

£ BB+ [ (yls— ) -y s

t—1

+ 2By (14 e ) [0 (x(s—m) - x*)2ds

i’*Tl

+ %/Slﬁzx%(s)(l +e"m) /t (v(s—m) — v*)zds

Jt—1

+ %ﬁlﬁzxo (e)v*(1+e ™M) /tiﬁ (x(s — &) — x*)%ds
2@+ en) [ (y(s) — )P

t*‘[]

Similarly, from (13) and (15), we have, for t > T(¢) +2(1; + 12),
0206 <BMI(x(6) — ) + "R (1) — )|
<[ EIEE ~ 3]+ AxE(s) <yl + axa(o)] (o) — o) s

-1

<ZBIMa(e) (Y1 (€) + Arxo(e) + Bavole))(x(t) — x*)m
2B ™ (Y (€) + Arxo(e) + Bao()) (1) — y")m

+3EBMa) 1+ ) [ (x(s) = )P

Ao Ma(e)(1+em™) [ (ys) —y*)ds
t

+ 2Baro()BiMa(e) 1+ [ (o(s) — 0 s,

t—Tl

IT3(5)| <Paxo(e)[|(x(t) — x")| +e™ ™[ (y(t) —y*)I]/tt (K[ (y(s) = y) + ul(v" —o(s))[]ds,

-1

< SBaxole) (k-4 u) (x(t) — 32+ 2 Pavole) (k + w)e™ ™ (1) — y° P

+ Bl (1-+em) [

t—1p

(y(5) — " Vs + guparafe)(1+em™) [ (ols) — o),

=1
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ITa(8)| <P2Ms(e)[|(x(t) — x7)[ +e™ 7 |(y(t) =y )]

t
x /t {Yl ()[(x(s) = x")| + Axo ()| (y(s) — y7) + Baxo(e) | (v(s) — Z7*)|}ds

<5 BaMs () (Ya(6) + Ao (e) + Baxole))(x(t) — ')y
+ 2BaM(E)e™ ™ (Y, (€) + Arxole) + Bao(e)) (y(8) — ¥ )P

3 NOBM 1+ ™) [ (x(s) "l

+aAxo(fMs(e)(1+ M) [ (y(s) —y*)s

+ %ﬁzxo(ﬁ)ﬁzMs(S)(l +e™m) /t (v(s) — 0*)*ds.

-1

Hence, we have, for t > T(e) +2(1; + 1),

=T ()] + T2 (8] + Ta(8)] + [Ta(t)]

< ZB1lx0(e)e ™Y (6) + Male) (Y (€) + Ar¥o(e) + Baxole))] (x(1) — x*)2
+ 2 Bilx0le)Ya(e) + ™ Ma(e) (Ya(e) + Avxole) + Baxo )] (y(H) — )2
+ 2 BalMa (&) (Y1 (€) + Arxo(e) + Baxole)) + xo()(k + )] a(x() — x*)?
3BT M3 €) (Va(6) + Arxo(e) + Baxof)) + xole) (k + )] ay(6) — )2

2By (e ™) [ (s =) - x*)Pds

t—1

+ %,Blﬁgxo(s)v*(l +e7MT) /t (x(s — 1) — x*)%ds

t—1

+ %Yl(s)ﬁlMZ(s)(l Femm) /t (x(s) — x*)2ds

t—1

F2BBEO ) [ (yls — ) -y

t—11

+ | 3PP @ ™) + S Am(@pMaE A+ ™) [ (v(s) -y s
* %51[52963(5)(1 +e M) /t (0(s —2) —0")?ds

t—1

+ 2o piMa(e) 1+ %) [ (o(s) — )2

t—1

+ 5Y1(e)B2M3(e) (1 +e™™) /tirz(x(s) — x*)?ds

B2o(e) (14 ™) + S Aumo(e)paM@) 1+ )| [ (v(s) )2

T

uPaxg(e)(1+e™M) + %,Bzxo (€)BaMs(e) (1 + ™M) /tt_Tz(v(s) — v*)zds

=¥ (&) (x(t) = ) + ¥1(e)e™ Uy (y () — y*)? + Yo (&) (x(t) — )2 + ¥a(e)e™ o (y(t) — y*)?

F¥0) [ (o) —x Vs 1 ¥a(0) [ (xls =) —x" Vs 4 s(0) [ (x(s) s
Fo(e) [ (vl m) -y Vs 1500 [ (v(s) -y s

£95(6) [ (ols ) 0" s 4 ¥(e) [ (ols) — o)

t*‘[’l o t*Tl

H0(e) [ (o) —x Vs +n(e) [0~y s+ ¥iale) [ (o) —o s,
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For t > T(e) + 2(1 + T»), we define
Uy =Fs(e U ﬁ/ (s —7) — x* )zdsd9+71/t Tl(x(s)—x*)st]

() / / (s — ) — x*)2dsdf + 7 /tirz(x(s)x*)zds} ) /til /gt(x(s)—x*)zdsdG
#26(o)| [ [t -y Pasdo [ (ls) yPts| o00) [ [ te) -t
+ ¥ (e) /tt /t o(s — 1) — )std9+n/t (v(s)—v*)zds] +\P9(s)/t;1 /Gt(v(s)—v*)zdsdG

@)

t—1p

t t
/ %) 2dsd + ¥y (e / / y*)2dsdo
=1 0 )

t t
+ ¥o(e / / —0* 2dsd9
t 0

Computing the derivative of U3, we have, for t > T(¢e) +2(11 + 1),

T =0 [ (alsm) —x Pl (o) - x*)Z]
+ Y4(e) f/tt (x(s — ) — x*)2ds + 71 (x(t 2} + ¥s(e [ ti ) — x*)2ds + 1 (x (t)x*)z]
#26(0) |~ [ wls =)y Vst nt) -y | w00 s+ Ty(t) -2
+‘I’8(£) /;T v(s — 1) — v*)2ds + 1 (v(t }4—‘}[9 { tT ) —0*)?ds + 7 (v (t)—v*)z]
(e [ )~ Vds + (x(t) — x°) } +¥n ()] - /H2<y<s> s+ a(y(t) — |
+¥1a(e { tT ) —v*)%ds + (v (t)—v*)z].
Hence, we have, for t > T(¢) +2(1 + 12),
%+r( t) <[(¥1(e) + ¥3(e) + Yale) + ¥5(e)) T + (Yale) + Fro(e)) ) (x(¢) — x*)?
+[(F1(e)e™™ + ¥ (e) + ¥7(e)) T + (Fa(e)e™™ + Y11 (e)) ) (y(t) — y*)?
+[(¥s(e) + ¥o(e) 1 + ¥r2(e) 2] (0(t) — 07)%
Further, we have, for t > T(¢) +2(11 + 1),
du, dUs
ar ar

< - {d—r+ gvie) +x7) + (c+ f)y*
= [(Y1(e) +¥a(e) + Fale) + ¥5(e))m + (Yale) + Fro(e)) 2] } (x(t) = x*)?
fenfene (el .
= [(Ya(e)e™™ +F¥6(e) + ¥7(e)) T + (Ya(e)e™™ + ¥11(e)) o] } (y(t) —y*)?

e [d =7+ g (o) +x) 4+ (4 )y + p] + (e ) xoe) I (x(H) = x)w(B) )]
+[(¥s(e) + ¥o(e) T + ¥ (&) ) (0(t) — 072
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Define
1 *\2
Uy = 5 (o(t) ")
then we have, for t > T(e) +2(11 + 1),
au * * * * * *
Tf = (o(t) =) [k(y(H) = y*) +u(0* —o(t)] = k(y(t) = y*) (0(t) —v*) — u(o(t) - v*)% (17)
Finally, we define
U=U +6,(Uy + Uz) + 0, Uy.
From (11), (16) and (17), we have, for t > T(e) + 2(11 + 1),
dU_duy |l dusY | du
e dr '\ Cdr U dr > dt
<= An(e)(x(t) = x*)? = An(e) (y(t) — y)? = Ass(e) (v(t) — v*)? (18)

+2A1(e) [x(t) = x7|[y(t) —y*| +2A23(e) [y (t) — y*[|o(t) — o

= — (Jx(t) = x|, [y(t) = y*|, [o(t) = 0" NI () (Ix(£) = x|, [y(£) =y, o(t) — 0" ])".

Since J(¢) is positive definite, then using the classic Barbalat’s lemma [42], we have

lim |x(t) —x*| = lim |y(t) —y*| = lm [ov(t) —0"| =0.

t—+4o00 t—+4oc0 t—4o00

Thus, the chronic infection equilibrium E* is globally attractive. O

4. Conclusions

In this paper, we mainly study the uniform persistence and global attractivity of
chronic infection equilibrium E* of model (4). For the uniform persistence of model (4),
Theorem 1 and (5) give explicit expressions of the ultimate upper and lower bounds of
any positive solution of model (4). In fact, the global attractivity of the chronic infection
equilibrium E* of model (4) is still a question worthy of further discussion. Using standard
analytical methods, it is not difficult to find that when delay 7, or 1, changes, Hopf
bifurcations can appear near the chronic infection equilibrium E*. Under the condition
mTy = myTy, Theorem 2 gives a class of sufficient conditions to determine the global
attractivity of the chronic infection equilibrium E*. Of course, it is also easy to see that
the verification of these sufficient conditions are complex and highly conservative, relying
strongly on the construction of the Lyapunov functional U = U + 61 (Up + Us) + 6,Us.

To illustrate the feasibility of the application of Theorem 2, we specifically choose the
following parameter values: s =1, d =1, r = 0.01, K =1000, c =0.01, p =2, k =1,
u=1a=2 6 =1, B =106 1 = 0015 1w = 0.01, m = 0.02, my = 0.03. Then,
we have Ry ~ 1.040081> 1, m17y = myTy, and model (4) has a unique chronic infection
equilibrium E* =~ (0.971165,0.0191695,0.0191695). We further choose ; = 1 and 6, = 0.5,
then we can obtain Aq1(0) ~ 1.660181 > 0, A1,(0) ~ 1.505625, A (0) ~ 1.637131 > 0,
Ap3(0) = 0.25, and A33(0) ~ 0.3623425 > 0. It is easy to verify that J(0) is positive definite
andd —r+ % ~ 0.99001 > 0. Therefore, the conditions of Theorem 2 are satisfied, and
chronic infection equilibrium E* is globally attractive.
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