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GLOBAL STABILITY ANALYSIS AND
PERMANENCE FOR AN HIV-1 DYNAMICS
MODEL WITH DISTRIBUTED DELAYS*

Yongqi Liu V' and Qigui Yang?

Abstract This paper mainly investigates the global asymptotic stabilities of
two HIV dynamics models with two distributed intracellular delays incorpo-
rating Beddington-DeAngelis functional response infection rate. An eclipse
stage of infected cells (i.e. latently infected cells), not yet producing virus,
is included in our models. For the first model, it is proven that if the basic
reproduction number Ry is less than unity, then the infection-free equilibrium
is globally asymptotically stable, and if Ry is greater than unity, then the in-
fected equilibrium is globally asymptotically stable. We also obtain that the
disease is always present when Ry is greater than unity by using a permanence
theorem for infinite dimensional systems. What is more, a n-stage-structured
HIV model with two distributed intracellular delays, which is the extension-
s to the first model, is developed and analyzed. We also prove the global
asymptotical stabilities of two equilibria by constructing suitable Lyapunov
functionals.

Keywords HIV model, Global stability analysis, Beddington-DeAngelis func-
tional response, distributed intracellular delays, uniformly persistent.
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1. Introduction

Human Immunodeficiency Virus (HIV) is a retrovirus that infects the human cell-
s which deal with the immune system. HIV viruses destroy CD4 T cells in vivo
and decreases the resistance of the immune system. HIV dynamics within a host
depend on the HIV replication resulting into dynamics of the infected and unin-
fected cells. Many mathematical models have been developed to understand the
interaction of the HIV infection and the immune system [4,7,15,19]. Nowak and
his cooperators in [19] consider one basic HIV model which included populations of
three components: normal CD4 T-cells, infected CD4 T-cells and free HIV viruses.
Many studies have showed that upon infection and transcription of viral RNA into
cell DNA, a fraction of CD4 T-cells fail to actively produce virus until they are
activated(an eclipse stage) [4,5,20]. Therefore, it is necessary that the latent stage
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of infected CD4 T-cells should be considered during the interaction. Especially,
Elaiw and Azoz consider one HIV infection model with latently infected cells and
Beddington-DeAngelis functional response in [4]. Moreover, there is an intracellular
time delay between infection of a cell and production of new virus particles [8,9,11].
The infected cells would not change into productively infected cells in the same
time. Distributed intracellular delays can describe continuous time delays between
viral infection and production. Many papers consider viral dynamics models with
distributed intracellular delays [13,17,24,25,29]. Dynamic behaviors for the basic
HIV model with infinite distributed intracellular delays are researched in [1,13,25].
Motivated by the above works and features of HIV infection, we propose one
model with two distributed delays, which is described by the following equations

da(t) _ Bx(t)v(t)

dat A= da(t) - 1+ az(t) +~yo(t)’ (1.1)
dz(tt) _ /0 F(r)1 — gig = gtitfy;(z)_ 5 dr — 52(t) — pz(t), (1.2)
WO ety - ay(e). "
d%t) P/OOC g(m)y(t — 7)dr — ro(t). (1.4)

The state variables z(t), y(t), z(t) and v(t) represent the concentrations of un-
infected CD4 T cells, productively infected cells, infected cells in the eclipse stage
and HIV virus, respectively. The uninfected CD4 T cells are produced at a rate A
and die at the rate d (average life span of cells), and become latently infected cells

at the rate %7 the Beddington-DeAngelis functional response [7,15,27].
Parameter p is the rate at which latently infected cells become productively infect-
ed cells and these cells die at the rate 6 (average life span of cells in the eclipse
state). The productively infected cells are produced at rate pz(t) and are removed
at rate ay(t). HIV viruses are produced by the actively infected cells with rate
constant p and are removed with constant rate . The intracellular delay 7, allow-
ing to be infinite because of drugs resistent strains, describes the periods between
HIV viruses to enter infected cells and the infected cells start to become latently
infected cells or the periods between latently infected cells become actively infect-
ed cells and actively infected cells start to produce new viral particles. The two
distributed intracellular delays are introduced with the kernel functions given by
f(r) = fi(r)e ™17 g(1) = g1(7)e #27 where p; and pg are the per capita loss rates
for the uninfected CD4 T-cells due to viral infection and HIV viruses during time
interval [t —7,t]. f(7) accounts for the probability that target cells contacted by the
virus particles at time ¢ — 7 and become latently infected cells at time ¢ , and g(7)
accounts for the probability that a cell productively infected at time ¢ — 7 starts to
yield new infectious virus at time ¢. The nonnegative functions f1(7) and g¢1(7) are
incorporated to describe the probability distribution for the two processes and are

assumed to satisfy
| nmar=1 [ o=
0 0

Suppose all the parameters are nonnegative and the initial conditions

z(t) = Y1(t) > 0, 2(t) = Pa(t) > 0,y(t) = ¥3(t) > 0,v(t) = a(t) >0, (1.5)
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where ¢;(t) € C((—00,0], R+)(i =1,2,3,4), Ry =[0,00) and t € (—o0,0].
Because of existence of the infinite delay, we consider Banach phase space [9,24,
25]:
C* = {¢ € C((—o0,0], R) | $(#)e*? is uniformly continous for @

andsup | ¢(6) | e? < oo},
<0

where w > 0 is a constant and the norm is defined ||¢|| = supy< |6(6)|e?.
Denote C% = {¢ € C* | $(§) > 0 for all § < 0}. Here we suppose the initial
conditions for system (1.1-1.4) are given

Pit) € CL(i = 1,2,3,4). (1.6)

When f1(7) = g1(7) = §(7 — 0) with §(-) being the Dirac delta function, system
(1.1-1.4) reduces to system in [4]. When fi(7) = 6(7 — 1) and g1(7) = d(7 — 0),
system (1.1-1.4) reduces to a similar model with a single discrete delay [27]. When
fi(r) =0(7 —71) and g2(7) = 6(7 — 72), system (1.1-1.4) reduces to a similar model
with two discrete delays in [28] where the authors established global stabilities of two
equilibria by constructing Lyapunov functionals. It is obvious that system (1.1-1.4)
includes a simple three-dimensional model (« = v = 0) studied in works [13, 25]
where global stabilities of equilibria have been obtained as vvell.1 Moreover, our

system includes another system with delay functions f(7) = me*%eﬂnf and

n—1

- n—1 P
s I —par . . e .
g(1) = oo e ; where e v is a gamma distribution function, and

ot e Fdr =11[18].

The main purpose of this paper is to analyse global properties for system (1.1-
1.4) and explore the impact of distributed intracellular delays on the dynamical
behavior of the system. In addition, we Study the conditions under which diseases
will die out. We begin model analysis with proving the positivity of the solution-
s, boundedness of the solutions, and uniform persistence of the system. We also
prove that global stabilities of two equilibria only depend on the basic reproduction
number by constructing suitable Lyapunov functionals which are motivated by the
recent works [7,12,13,16,23,25]. The paper is ordered as follows: equilibria, prop-
erties analysis and uniform persistence are studied in Section 2. Global asymptotic
stabilities of two equilibria are discussed by constructing suitable Lyapunov func-
tionals in Section 3. The n-stage-structured model for HIV infection is studied in
Section 4. Discussion and conclusion in Section 5.

2. Properties analysis and uniform persistence

First, we establish the nonnegativity and boundedness of solutions of system (1.1-
1.4) in the following analysis.

Proposition 2.1. Let (x(t), 2(t),y(t),v(t)) € R* be any solution of system (1.1-
1.4) satisfying the initial conditions (1.5) and (1.6), then x(t), z(t),y(t), and v(t)
are all nonnegative for t > 0 and are ultimately bounded.

Proof. The methods are similar to those in the article [14]. Assume that there
exists t > 0 at which x(t), z(t), y(¢) or v(¢) is equal to 0. Denote

t* = min{t > 0| z(t)z(t)y(t)v(t) = 0}.
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If z(t*) = 0, it follows that

dx(t)
dt

lt=ex = A > 0.

That means z(t) < 0 for t € (t* —¢,t*), where € > 0 is sufficiently small. That
is in contradiction with x(t) > 0 for ¢ € (0,¢t*). Thus x(t) > 0 for all t > 0. If
z(t*) = 0, it follows that z(t*) > 0,y(t*) > 0 and v(t*) > 0 when ¢ € [0,t*]. Then
for t € [0,t*], we can easily obtain dzd(tt) > —0z(t) — pz(t). It follows that

2(t) > 2(0)e~OFHE,

This is a contradiction to the assumption of z(¢t*) = 0. Hence, z(t) > 0 for all
t > 0. Similarly, we can obtain y(t) > 0 and v(¢) > 0 for all ¢ > 0. Solutions
remain positive for positive initial conditions. It follows from the equation (1.1)

that da;(tt) < A\ —dx(t). Thus, we get

>

limsupz(t) < —

t—o00

S

That means z(t) is ultimately bounded. For convenience of notations, we set

b :/OOO F(r)dr, bgz/omg(T)dT.

From the equation (1.2), we can obtain

dzgt) < ?bl (1 + 8)=(t).

Thus, we obtain lim sup,_, . 2(t) < B()\M) This implies that z(t) is also ultimately
bounded. By a similar argument, we can obtain

Ab Ab1ppb
limsup y(t) < 571H limsupv(t) < M
PR dy(p+08)a’ ioe dy(p+ d0)ar
Therefore, y(t) and v(t) are both ultimately bounded. This completes the proof.
O
From biological considerations, we study system (1.1—1.4) in the closed set:
BAby
P ={(x(t),2(t),y(t ER4,x< S S
{(2(1), 2(t), y(1),v(t)) € By [ = [[< =, ]l 2 [I< 1)
BAb1 Bx\blupbz
lylls o o s S2tEe
dy(p+6)a vk + 6)ar

where Ri denotes the non-negative cone. Proposition 2.1 implies that the omega
limit sets of system (1.1-1.4) are contained in the region P. Obviously, solutions of
system (1.1-1.4) remain nonnegative for nonnegative initial conditions. So P is a
positively invariant set with respect to system (1.1-1.4). In the following, we will
investigate dynamic behavior on P.

We note that the basic reproduction number Ry for the system is given by

upABb1bo

Bo = i+ o) d+an
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The basic reproduction number Ry represents the average number of secondary
cases generated by an infected case throughout its infection period.
The steady states ( equilibria ) of system (1.1-1.4) satisfy the following equations:

paltyolt)
1+ ax(t) + yo(t)
b1Bx(t)v(t) _
1+ ax(t) +yo(t) (04 m)=(t) =0,
pz(t) — ay(t) =0,
bapy(t) — ru(t) = 0.

A —dx(t) —

We obtain that the equations always have an infection-free equilibrium Ey(z0,0,0,0),
where z¢ = %. Meanwhile, if Ry > 1 we obtain that the equations have only one

infected equilibrium E*(z*, z*, y*, v*) where

* ,U'Y/\pblbz + ar(5+ :u) o = b1(>‘ — dI*) y* _ :U’Z* vF = pry*
uBpbiba + pudypbibe — car(d + p)’ S+p a’ ro

We will establish the uniform persistence of system (1.1-1.4) and start with the
definition.

Definition 2.1. System (1.1-1.4) is said to be uniformly persistent if there exists
a constant m > 0 such that each positive solution (x(t), z(t), y(¢), v(t)) with initial
conditions (1.5) and (1.6) satisfies ( [3,25,26])

mln{htrgggf x(t), htrggjlf z(1), htrgg.}fy(t), hggl;}f v(t)} > m.

In order to study the permanence of system (1.1-1.4), we present the persis-
tence theory on infinite dimensional systems from [6]. The persistence theory and
techniques we are using have been recently employed in [10, 22, 25]. First, we in-
troduce some concepts, notations and terminology. Denote by T'(t),¢ > 0, the
family of solution operators corresponding to system (1.1-1.4). We also denote
X = (C3)* and the positive orbit 4" () through z € X is defined as v+ (z) =
Ui>o{T(t)xz}. Consider any arbitrary non-negative solution =, = z(t + 0),2z =
z(t+0),yr = y(t+6), and v, = v(t +0) for § < 0, where the initial functions satisfy
(11(0),92(0),13(0),14(0)) € X. The w-limit set w(x) of x consists of y € X such
that there exists a sequence ¢, — oo as n — oo with T'(¢,)z — y as n — oo. The
semi-group T'(¢t) (that is T(0) = I,T(s +t) = T(s)T'(t), for s,t > 0, and T'(¢)z is
continuous in z,t) is said to be asymptotically smooth, if for any bounded subset
U of X, for which T'()U C U for any ¢ > 0, there exists a compact set T such that
d(T(t)U,T) — 0 as t — co. Let Tp(t) be T'(t) restricted to Xy and Ay be the global
attractor for Tp(t).

Lemma 2.1 ( [10,22,25]). Suppose that we have the following conditions:

(1) X° C X is open and dense in X with Xo|JX? = X and Xo N X" = ®;

(2) the solution operators T(t) satisfy T(t) : Xo — Xo,T(t) : X° — XY;

(3)T(t) is point dissipative in X ;

(4) vt(U) is bounded in X if U is bounded in X ;

(5)T(t) is asymptotically smooth;

(6) A = Ugzea,w(x) is isolated and has an acyclic covering N, where N = {Ny, Na, --
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Nu}; (7) for each N; € N, we have W*(N;) (1 X° = ®, where W* refers to the
stable set.

Then, T(t) is a uniform repeller with respect to X°, i.e. there is ann > 0 such that
for any x € XY, litlg(i}.}f d(T(t)z, Xo) > n.

Proposition 2.2. Assume that Ry > 1, then the disease is endemic and system
(1.1-1.4) is uniformly persistent.
Proof. From the equation (1.1), one can show that

A — da(t) > d%f) >A—(d+ g)x(t),

hence, by integration for ¢ > 0 and the initial condition z(0), we have

A A\t A A —(d+2)t

i (z(0) — E)e >a(t) > N + (2(0) — m)e fn

¥ v

This leads to z(t) is uniformly bounded away from zero and has positive ulti-

mate lower boundary. That is, there exists a constant 7, = ﬁ > 0 such that
Y

litm inf 2(t) > n;. Thus we will prove that other three variables have positive ulti-
—00

mate lower boundary. Let

XO={(z(t), 2(0),y:(0),v:(0)) | 2(0),y:(0),v:(8) > 0 for some 6 < 0},
Xo={(z(t), 2(0), y:(0),v:(0)) | 2:(0)=0, or y.(0)=0, or v,(#)=0 for any § <0}.

In the following, we verify that the conditions in Lemma 2.1 are satisfied. It is
straightforward to see that the conditions (1) and (2) are satisfied. From Proposition
2.1, we obtain that T'(t) is point dissipative in X. So the condition (3) is satisfied.
Let U be a bounded set of X, and B > 0 be such that for any (¢, 09,03,04) € U,
o < Band || 0; ||[< B,i = 2,3,4. Denote ¢(s) := Be*?, s < 0. Consider the
solution Z(t), Z(t), y(t), and v(t) with initial condition x(0) = B, zp = yo = vg = .
For any solution x(t), z(t), y(t), and v(¢) with initial solution from U, we can obtain
that x(t) < Z(t), 2(t) < 2(t),y(t) < g(t), and v(t) < v(t) for t > 0. Indeed, let ¢, is
the smallest ¢ such that v(t) = 9(t), z(t) < Z(t), 2(t) < zZ(t), and y(¢) < g(¢) for all
t € [0,t0]. Therefore, we obtain v'(tg) > v’(tp) and

/O " ()t — m)dr > /0 gt — 1)

This is a contradiction to y(t) < g(¢). So we have v(t) < v(t) for ¢ > 0. Similarly,
we have z(t) < Z(t),z(t) < zZ(t) and y(¢t) < g(t) for t > 0. As a result of all
this, we get that T'(¢) is monotone. Using the arguments of Proposition 2.1, we
obtain Z(t), Z(t), 7(t) and 9(t) are bounded and dominate every solution with initial
data from U. Hence, we obtain the condition (4). Next we show that T'(¢) is
asymptotically smooth. Let
M= mam{é ﬂ)\bl 5)\b1a B)\blapr }
' d’ dy(p+0)" dy(p+ o)’ dy(p+ 0)ur

We define a set T by
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We obtain that T is compact set in C* from Lemma 3.2 of the paper [2]. Let x¢, z¢, ys
and v; be the segment of solution with initial condition lying in an arbitrary bounded
set U € X. We will show that lim; o d(2¢, T) = 0. 2,4, and v; can be derived
analogously. we can obtain that there exists a 7' > 0 such that z(¢) < M for ¢t > T
and z(t) = M or z(t) < M for t > 0 from Proposition 2.1. We first consider the
case x(t) = M for t > 0 and denote K be the maximum of z(¢) on [0,7] and define
the function ¢!(s) for t > T

x(t—«—s)e*%, T-t<s<0,
Pi(s) = »
Me =, s<T—t.

Thus, we have ¢'(s) € T and

Jim d(z,,T) < limd(,9") = sup | ze(s) = ¢'(s) | €.

Separating to the intervals [T —¢,0], [—t,T — t] and [—o0, —t], we obtain

sup | wy(s) —'(s) [ e** =0,

T—1<s<0
sup | x¢(s) —Yi(s) | e¥* < (KevT + Me%)e_%t7
—t<s<T—t
sup | 2i(s) — ' (s) | e < (| wo || +M)e™".
s<—

Thus, we get that lim;_, d(x¢, T) = 0 and T(t) is asymptotically smooth. The
case z(t) < M for t > 0 can be treated similarly. Thus, we verified the condition
(5). Regarding (6), we can obtain that A = Ej and isolated. The covering is simple
N = Ey, which is acyclic (there is no orbit that connects Ej to itself in X).

At last, we prove that W*(Ep) [ X? = ®. Suppose it is not true, i. e. there
exists a solution u; € X© such that

Jim 2(t) = 2o = -, lim 2(¢) =0, lim y(¢) =0, lim v(¢) = 0.

Then for any sufficient small € > 0, there is T} (e) large enough, such that z(t) >
2 —€2(t) <e,y(t) <e, and v(t) < e for all t > T (). When Ry > 1, for the given
€ > 0, we have

> 1.

pp(§ — €)Bbiby
ar(p+8)(1+ a(g —€) + 7€)
There exists a T such that

up(3 — )8 [}* f(r)dr [ g(r)dr

ar(p+8) (14 a(3 — ) +ve) =

dz(t) > T2 ) Bx(t —m)v(t —7)

dt 0 1+ax(t—71)+yv({t—T1)

For the given Ty, there exists a T5 > max{T1,T2} such that z(t — 7) > 2o — ¢, for

any t > T3 and 7 € [0, T, we have
dz(t)

O > pao—o) [ fr) T
ar =T e 0 Tl—i—a(xo—e)—i—'yv(t—T)

dr — 6z(t) — pz(t).

dr — 6z(t) — pz(t).
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What is more, we get

do(t) . Alzo—9)
dt T 14 alzy—ce)

Ts
— [ 1@ty 520 - st

Also, we obtain
dou(t)

T > p/o ) g(T)y(t — 7)dr — ro(t).

By the mean value theorem for integrals we obtain that there is a & such that

T T>
fr(t —r)dr =v(&) [ f(r)dr,

0 0

where t — T5 < & < t. Thus, we have

dz(t) B(xo — €) T2
o > T+ (o —o) © ’Yev(&) ; (T)dr — 62(t) — pz(t).

Meanwhile we also consider

W — att) — aytt)
Ts
“ = [ oot nyar ot

If z(¢t),y(t),v(t) — 0, as t — 400, then by a standard comparison argument and
the nonnegativity, the solution (z.(t), y.(t),v.(t)) of

() Blwo—o) 7
dt 14+a(zo—e) +%vc(§t) ; f(r)dr — 62.(t) — pze(t),
dy%p = :uzc(t) — ayc(t),
T

with initial conditions z.(t) = 2.(T3), yc(t) = ye(T3),vc(t) = v.(T3), has to conver-
gence to 0 as well. However, we define the function

(u+0)a
Hp

G(t) = /0 D ()2t — T)dr + “T” /0 C (P)gelt — T)dr + ve(t)

t
—|—M / ve(8)ds.
up .

Therefore, we can obtain lim;_,~, G(t) = 0. On the other hand, differentiating with
respect to time gives

vy A OBS ST [ a(r)dr (i dar
) =1 1—1—06(%—5)-1-’)/6 Lip Jve(&¢) > 0.

Therefore, G(t) goes to infinity or approaches a positive limit as ¢ — oo which is
a contradictions to limy_,o, G(t) = 0. Thus, W%(Ep) (N X° = ® is satisfied. By
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Lemma 2.1, T'(t) is a uniform repeller with respect to X°. That is, we obtain that
there exists 7y > 0 for initial condition ¢ € X such that

. S - N o S - > .
lim inf (t) > 7o, lim inf 2(¢) > 7o, lim inf y () > g, lim inf o(t) > 72
So, we denote n = min{#n;, 72} and obtain
o S o T NPT > 0 lim > .
htrggalfx(t) > n,htrgggfz(t) >, htIglOrOlf y(t) > n, llgégfv(t) >

That shows that system (1.1-1.4) is uniformly persistent. This completes the proof.

O

The uniform persistence of system (1.1-1.4) shows that the disease will not only

exist in every subpopulation but in fact the number of individuals in each group
will always remain beyond a certain positive level.

3. Global stability of the equilibria

In this section, we would consider the global asymptotic stability of the two e-
quilibria of system (1.1-1.4). We would apply the Lyapunov functional and the
LaSalle invariance principle to establish global dynamical properties for the delay
differential equations.

Theorem 3.1. If Ry < 1, the infection-free equilibrium Ey(x,0,0,0) of system
(1.1-1.4) is globally asymptotically stable.
Proof. Define a Lyapunov functional Vi (t) as follows:

V(D) = Va((w(0), 20,500, 0)) = T2 (a0) 70 = 2010 22) + 1oz ()
(1 +6)bs a(p +6) (1 +d)a
+ " y(f) + p U(t) + byUy (t) + 7/14 Us (t),

where

z(t—T1)v(t —7)
x(t—71)+y({t -7

Ul(t):/ooo¢1(T)l+§ )dﬂ ¢1(t):/t°°f(7—)d7',

Un(t) = / oo (rlt — 7Y, dalt) = / " g(r)dr.

It is easily seen that Vi (¢) > 0 for all (z(t), 2(t),y(t),v(t)) > 0 and V() = 0 if
and only if z(t) = zg and y(t) = 2(t) = v(t) = 0. Calculating the derivative of V; ()
with respect to time ¢ along positive solutions of system (1.1-1.4), it follows that

dvi(t)  bibo 1 %o dx(t) dz(t) n ba(p + 0) dy(t)

2

)

dt 1+ axg z(t)’ dt dt I dt
+a(u +9) dv(t) b dU (¢) n (i + d)a dUs(t) .
Up dt dt I dt

Therefore, we obtain

dVi(t)  biby
dt 1+ axg

(1-
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st [ DB DT () - ) + 2D () — ate)
0 M

1+ ax(t—7)+yv(t —7)
dUL(t) | (u+ 06)adUs(t)
dt + L dt -

a(u+0), [
S / g(r)y(t — T)dr — rv(t)) + by

Using integration by parts, we calculate the derivative of Uy (t) ,

dUl (t— )’U(t—T)
dt dt/ é1(T 1+ax(t P S T
)4 Palt—r)(t—7)
/ o1 (T dt 1+0‘x(t—7)+vv(t—7)]d7
d Bx(t —T)v(t —7)
/ P1(m dq— 1+Ozx<t_7>+,YU<t_T>]dT

o Balt—ro(t—7) o . [®  Balt—ro(t—7)
=—0u(n) 1+ax(t—71)+~v(t —7) 7o+ /0 1+ ax(t—7)+yv(t —7) 91(7)-
Noting that
Tlirgo ¢1(1) = 0,¢1(0) = by, and doy (1) = —f(7)dr,
we obtain
dUy(t) Ba(t)v —7)u(t —7)
dt _b1+aa:t / U 1+aa: )—i—’yv(t—T)dT'
Similarly, we have
T — byt~ [ atryute -y
Thus, we get
dVl(t) _ 7b1b2d($(f) - 1'0)2 . b1b2 . ﬂ) ﬂ.’b(f)’l)(t)
dt (1+ axo)x(t) 1+ axg x(t)" 1+ ax(t) + yo(t)
bibeBx(t)v(t)  ar(p+ 6)v(t)
1+ ax(t) + yo(t) up
bibad(x(t) — x0)? 1+ ax(t) Bxou(t) ar(p+9)
z(t) (1 + amo) - 01bz 1+azg 1+ ax(t)+w(t)  up vlt)
bibad(2(t) — 29)?  ar(u+96) 1w
ST ram) o 07O

So, it follows that d‘gt(t) < 0if Rg < 1. It is clear that the infection-free

equilibrium FEy(zg,0,0,0) is stable. Let M be the largest compact invariant set in
the set

{(2(0),2(0). 90, o00) € R | TAE _ g

= {(a(t), 2(1), y(t), v(t)) € R* | (t) = 2o, v(t) = 0, 2(t) > 0,(t) > 0}.

From system (1.1-1.4), we obtain that the largest compact invariant set is the
singleton {Ey}. Accordingly, it follows from Lyapunov-LaSalle invariance principle
that Eo(z0,0,0,0) is globally asymptotically stable when Ry < 1. O
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Theorem 3.2. If Ry > 1, the infected equilibrium E*(x*, z*, y*,v*) of system (1.1-
1.4) is globally asymptotically stable.
Proof. Define a Lyapunov functional V5(t) as follows:

ds) + ba(z(t) — 2" — 2" In @)

Z*

=M (1 + as + yv*)z*
Va(t) = buba(a(t) — 27 — /m (1 + az* 4+ yv*)s

+(u+u6)b2(y(t) —y —y'In yzf?) + w(v(w S sz?)
+%b2U3(t) + (e + 0)2*Ua(),
where
/ ¢1 blﬂx(t*T)'U(th) _
T 971+ ozt — ) T 70t 7))

bifa(t — 7)ot — 1)
,u+5) (1+ozx(t—7)+”yv(t—7))

Y o N RN TEL

Calculating the derivative of V(t) with respect to time ¢ along positive solutions
of system (1.1-1.4), it follows that

—In ldr,

dVa(t) z* 14 ax(t) +yv*), dz(t) 2(t) — 2* dz(t)
d2t = biba(1 = z(t) 1+ ax* +~v* )—a b 2(t) dt
Lt O)bay(t) —y" dy(t) | alp+0) v(t) —v” du(t)
I y(t)  dt pp o(t)  dt
G :;”Z by dUC;”t(t) +(ut 5)2*7‘10;;“ .

We calculate the derivative of Us(t),

dUs(t b1fx(t — T)v(t — 7)
dt dt/ N U tant—r =7 .
1Bz (t — T)v(t — 1)
(u+0)z*(1 + ax(t — 1) +yv(t — 7))
B / o)L b1Bx(t —T)v(t—7) B
0 dri(p+0)z*(1+ ax(t — 1) +~yv(t — 7))

b1Bx(t — T)v(t — 1)

TSt a1 =)

—In

ldr

Using integration by parts, we obtain

dUs(t) biB(t — T)v(t — 1)
dt (u+0)z*(1+ax(t—7)+yv(t—1))
b1fx(t —T)v(t — 1) =
(n+0)z*(1+ ax(t —7) +yv(t — 7)) ™=°
o0 b1Bx(t — T)v(t —7)
+ [ et et e T

-1

= =1 (7)

—In
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b1fx(t — T)v(t —71)
(n+8)z*(1 + ax(t — ) + yv(t — T))]d(bl(T)

by B (1)o(1) o b

(1 +6)z* (1 + ax(t) + yo(t)) (1 +6)z*(1 + ax(t) + yo(t))

7/°° £ bfx(t —T)v(t —7) B

0 (p+06)z*(1+az(t—7)+y(t—7))
b1fx(t — T)v(t—T1)

(n+0)z*(1+az(t—7)+yw(t—7))

—In

= bi] ]

—In

|dr.

Using integration by parts, meanwhile we calculate the derivative of Uy(t),

dUs(t) _, y(t) y(t) /°° y(t —7) y(t—7)
= by —1—-1In |- g(7)] — —1l-In—— ldr.
0 Y

dt y* y* y

At the infected equilibrium E*, we have

Ba*v* Bbiz*v*

A=dz* + ,
14+ az* +~yv*' 1+ ax* + yv*

= (0 + p)2", pu2* = ay™, pbay™ = rv*.

Thus, we obtain

dVa(t) _

g = Aut0)27by — (u+0)27be (Lt ar(t) o0

(1+ az* 4+ yv*)x(t)

o0 z* Ba(t —T)v(t — 1) w Yrz(t)
_b2/0 LA e s v s e KU Ul S e
e+ 5>z*bgv—f) o) [
u+5 o0 r(t—T)v(t—T1) (I14az(t)+vyv(t))

b M e ) 2 e

v(t) 1+ ax(t) +yv* e y(t —7)
2 Tt () o) T H T2 /0 9=y

S W

dr

ldr

+(pu+0)z"b
Note that:

In|

z(t—T1)v(t —7) (14 ax(t) +yv(t ))] n z* 1+ ax(t) + yo*

(I+azxt—71)+~yv(t—71)) x(t)v(t) z(t) 1+ az* + ~yo*
2y nyv* nz*:z:(t =7t — 7)1 + az* + yv*) nl + ax(t) + you(t)

+lnz*y 1 y*v 1 ze*v*[(1+ az(t — 1) + yo(t — 7))] 14+ ax(t) + yv*

Therefore, we obtain

dVQ(t) _ blbgd(l + ’YU*) r g 2
dt ()1 + az* —|—’yv*)( ®) )
z* 1+ ax(t) + yo* x* 1+ ax(t) + yo*
Hrt bl - e T e @ Thaa £ o)
" Ay 20y
+(p+0)z"ba(1 - peaEy +1HZ e ))

*

t—T1)v* ny(t—T)v
yro(t) yro(t)

(it 6) /Ooo gy = U dr
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u+5 _ Zra(t = 1)t — 7)1+ az” +qv7)

/ I zz*v*[(1+ ax(t — 7) +yo(t —7))]

nzx(t—T) v(t —7)(1 4 az* +yv*)

ze*v*[(1+ ax(t — 1) +yo(t — 7))]
(14 6)z"b2(1 - 114;04530(2)1’% ))
v(t) 1+ ax(t) +yo(t)

v¥ 1+ ax(t) + yv*

ldr

1+ ax(t) +’y’u(t))
T ax(t) + yv*

v(t) 1+ ax(t) + yo*
)+ v* 14 ax(t) + yo(t)

(i + 8) 2" ba(—1 — ).

By calculating we have

v(t) 1+ ax(t) + yv*
v* 14 ax(t) + yo(t)

. v(t) 14 ax(t) +vyv(t)
(p+0)2"(=1 - v* * 1+ ax(t) + yo*
(i + 8)z*y(1 + ax(t))

= —v*(1+ax(t)+7U*)(1+a$(t)+’yv(t))(v(t)_U*) .

)+ )

As we know function f(xz) = 1 — = + Inz is always non-positive for z > 0,
and f(0) = 0 if and only if x = 1. Noting that z*,z*, y*,v* > 0, it is easy to
see that %t(t) < 0 and %t(t) = 0 if and only if z(t) = z*,2(t) = z*,y(t) =
y*,v(t) = v*. From Lyapunov-LaSalle invariance principle, it shows that E* is

globally asymptotically stable when Ry > 1. This completes the proof. O

4. N-stage-structured model for HIV infection

In this section, we consider a n-stage-structured model of latently infected cells with
two distributed delays. The model is described by

dx(t)
dt

_ Ba(t)v(t)
= A—dalt) =5 + ax(t) +yo(t)’ (4.1)

Y N s ek N
- |t et - —ste), (42

dy (t
WO (1) — a0, (43)
% = ciyi-1(t) — a;yi(1), (4.4)

do(t °
W < [ g0 ale = i = ot (45)
0

where ¢ = 2,-- - n. y;(t)(1 = 2,-- -,n — 1) denote a class of infected cells that are
not yet producing virus, i.e. cells in the eclipse phase (stage-structured model).
Parameters a;(i = 1,---,n) and ¢;(i = 2,- - -,n) are assumed to be positive. Also,

we suppose that ¢; < a;—1 according to the biological meanings
Denote the basic reproduction number of system (4.1-4.5) as

UABpbiba
Ry = e
HL el r(p+9)(d+ oz/\)
where we denote ¢; = 1. System (4 1-4.5) always has an infection-free equi-
librium FEgo(x0,0,- - -,0), where xy = d, and has only one infected equilibrium
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Et(zt, 2ty -yt 0h) if Ry > 1, where
pyAp + =iy 4+ 6) dzt +
ot - ir o B Ay
uﬂp+udvp—a%?cﬂ“(u+5) pt o dut @
T +
C .
yj:b(i:2,~--,n),v+:%.
a; r

Theorem 4.1. If Ry < 1, the infection-free equilibrium Ego of system (4.1-4.5) is
globally asymptotically stable.
Proof. Define a Lyapunov functional V3(t) as follows:

1 illzjxo(m(t) — 2o — Toln x(o)) + boz(t) + w
(M+5)b2Hg 1%s (M‘HS)H? iz @i
+; T | Y )+ [T 2

(pn+96) Hﬂ:1 aq
— = —Us(t),
o Hi=1 & 6( )

Vs(t) = yi(t)

+b2Us(t) +
where
Br(t —r)v(t —7)
sl / hulr 1+ax( )+’7’U(t—7’d7- ot / f(r)dr,
/ G2(T)yn(t — 7)dr, ¢2()=/ g(T)dr.

t

Similarly, we have

dUs(t) _ Ba( —T)u(t—7)
dt = b 1—|—cwc —i—’yv / Ut 1+a:r )—i—'yv(t—T)dT’
dUs(t)

o by~ [ amyne -y

Calculating the derivative of V3(t), it follows that

Ba(t)v(t) )
1+ ax(t) + ~yo(t)

dVg(t) b1b2 i)
dt 1+ azxg x(t)

> Bx(t —T)v(t — 1)
erg(/() f(T)l—i—aa:(t—T) —&—vv(t—r)dTi(sZ(t) — pz(t))

JA — da(t) —

n i—1
+(”+M5)b2(uz(t) — a1y (t)) + ; (1 +’u5)b2 gz:: Z: (biyi-1(t) — aiyi(t))

(1 + 6) 1—[7 [ci o
T<p / 9(PYn(t — T)dr — ro(t))

Bz(t)v(t) _ * . Br(t — 1)v(t — 1)
@ 52/0 f(7)

1+ ax(t) + ~you(t l+ax(t—71)+~v(t—71)

+

+b1b2
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Then, we have

dVa(t) _ bibad(x(t) — 0)* b 1+ ax(t) Brov(t)
a1+ a:co) P Faze 1+ ax(t) + yo(t)
(e + 5) 1_[31 11?
e Y
 bibad(x(t) — 20)? r(p+ o) = -
201 + azo) G

So, it follows that dVS(t) < 0if Ry < 1. It is clear that Ego(zo,0,---,0,0) is globally
asymptotically Stable When R; <1 from Lyapunov-LaSalle invariance principle. [

Theorem 4.2. If Ry > 1, the infected equilibrium E*(x%, 2T,y -yl vT) of
system (4.1-4.5) is globally asymptotically stable.
Proof. Define a Lyapunov functional V4(t) as follows:

(®) as +yv )zt z
Vit) = biba(a(t) — 2 — /+ 8 i amfz W)ﬂsds) Fbo(2(t) — 2t — 2t In g)
S0 -y )
6)ba s=1as (T
+§“ﬁf EJQ@@_W_”mZ?)
(N+5)H?:1aiv ot ot n@
S L m )
O ) 4 G+ 0)2* Us(),
where
/ o1(r b1Bz(t —T)v(t —T) B
! u—!—&)z‘*‘(l—&—aw(t—r) +yv(t— 7))
3 b1fx(t — T)v(t — 1) Jdr

Wu+®ﬁu+aarwo+wufﬂ>
/qs y” Ynlt —7) 1—1n7y”(+_ )]dT

Yn

:1 ﬂﬂm@ﬂﬂ=AMMﬂM-

Calculating the derivative of V4(t), it follows from the same methods in Theorem
3.2 that
dVy(t b1bad(1 +
a(t) __bibad(1 4 )(x(t)—x+)2
dt 14+ azxt +yvt
1 + + 1 t +
it 8)z +b2(1,im Lt oea®) £yt
x(t) 14+ azt + vt xz(t) 14+ azt + vt
(t)yl In (t)y1 )
zty1(t) 2ty (t)

+(+6)zTha(1 —
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n-1 + +
yi(t)yi+1 y’i(t)yi-l,-l
+ A+ 6)zTho(1 —
;( bl i yira(t) Yy (t)
> n(t —T)vt yn(t — )0t
+ +5z+/ Tl*y( +In dr
R A S yEolt)
(p+0)z" 2Ta(t —1m)vt — 7)1+ axt +qvT)

+ by b2 /0 fml zetot[(1+ az(t — 7) + yu(t — 7))]

nz*x(t -7t — 7)1+ azt +qvT)

zetot[(1+ ax(t —7) +yo(t — 7))]

1+ ax(t) + vv(t)) n lnl + ax(t) + vv(t))
1+ ax(t) + yut 1+ ax(t) +yvt

v(t) | l+oxt)+ w(t)) N v(t) 1+ ax(t) +yovt

vt 1+ ax(t) +yot ot 1+ ax(t) + yo(t)

ldr

+(,u + (5)Z+b2(1 —

+(+6)zTha(—1 — ).

Thus, it follows that

It is clear that E*(zt, 2%, 4, -y, vT) is globally asymptotically stable when
R; > 1. We complete the proof. O

5. Discussion and conclusion

In the present paper, we have proposed two mathematical models which includes
two distributed intracellular delays. Meanwhile, we use the Beddington-DeAngelis
functional response as nonlinear incidence rate. Here we introduce two general
distributed delays with infinite delays. For the first model, we first derive that
the solutions are all nonnegative and ultimately bounded for all ¢ > 0. We also
obtain the basic reproduction number Ry > 1 which can determine global dynamics
of the model and investigate uniform persistence of the model. What is more,
we obtain global asymptotical stabilities of two equilibria by using the Lyapunov
functional method. Our results imply that HIV virus can be eliminated at last if
Ry < 1. HIV virus will persist in vivo if Ry > 1. Our conclusions show that time
delay has no effect on the global asymptotic stability of the model. In addition,
for the n-stage-structured model of latently infected cells, we calculate the basic
reproduction number and derive that two equilibria are globally asymptotically
stable by constructing proper Lyapunov functionals. It shows that multistage delays
cannot change global asymptotic stability under some conditions.
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