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Abstract

In this paper, a class of virus infection models with CTLs response is considered. We
incorporate an immune delay and two intracellular delays into the virus infection
model. It is found that only incorporating two intracellular delays almost does not
change the dynamics of the system, but incorporating an immune delay changes the
dynamics of the system very greatly, namely, a Hopf bifurcation and oscillations can
appear. Those results show immune delay dominates intracellular delays in some viral
infection models, which indicates the human immune system has a special effect in
virus infection models with CTLs response, and the human immune system itself is
very complicated. In fact, people are aware of the complexity of the human immune
system in medical science, which coincides with our investigating. We also investigate
the global Hopf bifurcation of the system with the immune delay as a bifurcation
parameter.

Keywords: virus infection model; CTLs response; time delay; Lyapunov functionals;
global stability; Hopf bifurcation; global Hopf branch

1 Introduction

People utilize widely mathematical models to investigate viral infections currently, for ex-
ample, HBV (hepatitis B virus), HCV (hepatitis C virus), HIV, and so on [1-7]. Perelson et
al. proposed a standard and classic model (probably the first) for HIV dynamics in [8, 9]

as follows:

x(t) = A — dix(t) — Bx()v(2),
¥ (&) = Bx(@)v(t) — day(2), 1)
V(t) = ky(t) — dsv(z).

Here x(£) represents the concentration of uninfected cells at time ¢, y(¢) represents the
concentration of infected cells that can produce a virus at time ¢, v() represents the con-
centration of viruses at time ¢. A is the rate at which new healthy cells are generated. 4,
d,, ds are the death rates of uninfected cells, infected cells, and virus cells, respectively.
Bx(t)v(t) is the bilinear incidence between infected cells and uninfected cells. Free virus is
produced from infected cells at the rate ky(t).

Many researchers also consider system (1.1) as a basic virus infection model for various
other viruses, such as HBV [10, 11]; HCV [12]. It is well known that an immune response
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exists universally and plays an important role in many viral infections [3, 13, 14]. So a typi-
cal extension model for those infections with a cytotoxic T lymphocytes (CTLs) response
is considered in [14],

®'(8) = A — drx(t) — Bx()v(2),

¥ (8) = Bx()v(t) — day(t) — y(t)z(t),
V(t) = ky(t) — dsv(¢),

Z'(t) = yy()z(t) — daz(?).

Here z(t) represents the concentration of the cells of the immune response. d, is the death
rate of cells of the immune response. CTLs-driven elimination of infected cells is assumed
to be of the form py(t)z(¢), where p is the rate of CTLs elimination. The CTLs response
to the infection is modeled by yy(£)z(z).

In fact, we should note that there are delays in the infection process, including intra-
cellular delay and CTLs immune response delay. We refer readers to [4, 5] and references
therein. In [15], Zhu and Zou studied a HIV infection model with intracellular delay as

follows:
x(t) = A = dyx(t) — Bx()v(2),
¥ (&) = Bx(t — T)v(t — ) — day(t) — ny(t)z(t), (13)
V(t) = ky(t) — dsv(2), ‘

Z/(¢) = yy()z(t) — daz(?).

In this paper, we incorporate two intracellular delays and immune response delay in sys-
tem (1.2). Namely, we incorporate a time delay 7; to describe the period between healthy
cells’ contacting with viruses and complete production of viral RNA and protein. We in-
corporate the time delay 7, to describe the period between complete production of viral
RNA and protein and actually releasing new mature viruses. 3 represents the CTLs im-
mune response delay. So we have the following system:

x'(t) = A = dix(t) - Bx(t)v(2),

¥ () = Bx(t — r)v(t — 11) — doy(t) — py(t)z(t),
V(t) = ky(t — 7o) — dsv(t),

Z'(t) = yy(t — 13)z(t — 13) — daz(t).

(1.4)

A question is how the intracellular delays 73, 7, and the immune delay 73 affect the dy-
namics of the system (1.4). That is the main goal of this paper. We find that only incor-
porating two intracellular delays 7; and 7, almost does not change the dynamics of the
system, but incorporating the immune delay 73 changes the dynamics of the system very
greatly, namely, a Hopf bifurcation and oscillations can occur. Those results show that the
immune delay dominates the intracellular delays in this class of viral infection models,
which indicates the human immune system has a special effect in virus infection models
with CTLs response, and the human immune system itself is very complicated. People are
aware of the complexity of the human immune system in medical science, which coincides
with our investigation.

The paper is organized as follows. In the next section, the attractive region and equilibria
for system (1.4) are discussed and the two threshold parameters Ry and R; are introduced.
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In Section 3, by combining the linear stability theory and the LaSalle-Lyapunov theorem,
the global stability of Py and P; when Ry <1 and R; <1 < R is discussed, respectively.
By analyzing the distribution of the eigenvalues, the dynamics of the system when R; > 1
is investigated. In Section 4, we study the global Hopf branch of the system. Numerical
simulations are presented in Section 5 to illustrate the analysis results. The paper ends

with a brief conclusion.

2 Attractive region and equilibria
Let T = max{r, 72, 13}; we denote by C = C([-7, 0], R*) the Banach space of continuous
real-valued functions on the interval [-7, 0], with norm

l¢ll= sup |p©)| forgeC.

-7<6<0

The nonnegative cone of C is defined as
Ct= C([—r, 0],Rf).
The initial conditions for system (1.4) are chosen at £ = 0 as

el ¢={eL, e3¢}, ¢i(0)>0, i=1,2,3,4. (2.1)

Proposition 2.1 Under the initial condition (2.1), all solutions of system (1.4) are positive
and ultimately bounded in C. Furthermore, all solutions eventually enter and remain in
the following bounded region:

A A
r*= {(x,y,v,z) eCT x| <= —+&lx+y| <=+,
dq 7)

A <A
—+ey,
—d

dy Y
<z+&|x+y+ v+ —z
d 2k

2
Xty+ o
where
~ N d d
d=min{d,dy}, d= min{dl, 72,013 } d-= min{dl, f,dg,@},
and ¢ is an arbitrarily small positive number.

Proof First, we prove that x(¢) is positive for £ > 0. Assuming the contrary and letting ; > 0
be the first time such that x(¢;) = 0, by the first equation of system (1.4), we have x'(f;) =
A > 0, and hence x(¢) < 0 for £ € (f; — n, 1) and sufficiently small > 0. This contradicts
x(t) > 0 for t € [0,4). It follows that x(¢£) > O for ¢ > 0. From the fourth equation of (1.4),
we use the method of the steps to prove z(£) > 0 for ¢ > 0. From the third equation of (1.4),
we can prove v(t) > 0 for ¢ > 0. From the second equation of (1.4), we can obtain y(¢) > 0
for t > 0.

Next we show that positive solutions of (1.4) are ultimately uniformly bounded for ¢ > 0.
From the first equation of system (1.4), we obtain

X' (t) <A —dix(t),
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and thus

A
limsupx(f) < —.
t—>00 dl

Adding the first two equations of (1.4) leads to
(@) + ¥t + 1)) <A —d(x() + y(t + 1)),
where d = min{dy,d,}. Thus

limsup (x(2) + y(¢ + 71)) <

t—00

QU >

Adding the first three equations of (1.4), we have
ds !
xB)+y(t+T)+ —v(t+17 + 1)
2k
dy ds
= A —dx(t) - ?y(t +1) - wy(t+ )zt + 1) — ﬂdgv(t +7+ 1)
N ds
<A—d|x(t) +y(t+1)+ gv(t+t1+r2) ,
k
where d = min{d;, %2, dz}. Thus

d
limsup| x(¢) + y(¢ + 71) + —Zv(t +T+T) ) <
t—00 2k

Q| >

Adding all four equations of (1.4), we have
dy 1 '
xB)+yt+n)+ =v(t+1+1)+ —z(t1 + 73)
2k Y
d d
=X —dx(t) - —2y(t +171) — —2d3V(t + T+ T2) — d4ﬁz(t + 1T+ 13)
2 2k 14
d.
<A—d|x(t) +y(t+ 1)+ —Zv(t+r1+r2)+ Ez(t+rl+r3) ,
2k y
where d = min{dj, %2, d3,ds}. Thus
t—00 d

d A
lim sup (x(t) +y(t+7)+ iv(t +T1+T2) + Ez(t + 7+ 7:3)> <-.
< Y

Therefore, x(t), y(t), v(t), and z(t) are ultimately uniformly bounded in C. O

As a consequence of Proposition 2.1, we know that the dynamics of system (1.4) can be
analyzed in the following bounded region:

A A
C=1xyv2)eC x| < —, llx+y| < =,
{ ’ d ) d
d2 dz Y <)\
X+y+ —v| < llx+y+ —=v+ —z|| < =1
k| = YT ok d

Furthermore, the region I is attractive with respect to system (1.4).
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The system has two threshold parameters,

P ABk B AByk
7 didyds’ "7 didodsy + Bkdyds

(2.2)

They are called the basic reproduction numbers for viral infection and for CTL response
[3, 16]. We note that R; < Ry always holds.

System (1.4) always has an infection-free equilibrium Py = (x9,0,0,0), xo = dil. In addi-
tion to Py, the system can have two other equilibria P; = (x,%,v,0) and P, = (x*,5*,v*,2%),
where %, 5, v, %, y*, v¥, and z* are all positive. The equilibrium P; = (¥,,7,0) exists if and

only if Ry > 1 and

_ dzdg _ )\ﬂk - d1d2d3 _ )\,,3/( - dldzdg
xX=—, y= —, Ve ————. (2.3)
Bk Bkd, Bdads
The equilibrium P; exists if and only if R; > 1. The equilibrium P, = (x*, y*, v*, 2*) is given
by
. Ayds . da
X =—F——"" ="
ydids + Bkd, Y Y (2.4)
g kda o yBk—ydidyds - Bkdad, '
yds’ (dhdsy + Bkda)n

3 Global stability and Hopf bifurcation
We investigate stability of the equilibria and the Hopf bifurcation in this section. First, Py

is considered in the following.

3.1 Global stability of Py
In this subsection, we rigorously show that when R < 1, the infection-free equilibrium Py

is globally asymptotically stable in I".

Theorem 3.1 If R, < 1, the infection-free equilibrium Py of system (1.4) is globally asymp-
totically stable in I". If Ry > 1, Py is unstable.

Proof First we prove Py is locally asymptotically stable. The characteristic equation asso-

ciated with the linearization of system (1.4) at Py is given by
Ak
(& +di)(§ +da) (sz + (dy + d3)§ + dods - ﬂd—e-“””ﬂ) =0. (3.1)
1

Obviously we have
& =-d <0, & =-dy <0,

and we consider the equation

Ak
£ 4 (dy + du)E + dyds - il—le*ﬂfwz) “o. (3.2)
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Notice 0 is not a root of (3.2) because of Ry < 1. Following the method in [17], if § = iw
(w > 0) is a purely imaginary root of (3.2), we have

Mk
dyds — ? = ﬂd— cos(ty + To)w,
1

m (3.3)
—(dy +d3)w = ﬂ— sin(ty + T2)w.
di
Squaring and adding both equations of (3.3), it follows that
4 2oy o (BKYY
w* + (dj +d3)w” + dyd; — — ) = (3.4)
1
Let u = w?. Then (3.4) becomes
2 2. 0 2 o (BRR\
u’ + (dy +d3)u + dyd; — — ) =° (3.5)
1

From Ry < 1, we easily see that (3.5) has no positive root. Therefore, all roots of (3.1) have
negative real parts. So Py is locally asymptotically stable when Ry < 1.

Next, we prove Py is globally attractive in I' if Ry < 1. To prove this, we consider a
Lyapunov functional L : C — R given by

d
L1, vir ) = #(0) = 0 Inx,(0) + 3(0) + Z2vi(0) + gzt(m

0 0

o / 2O)20)do.  (3.6)

-3

+ ﬂ[f x:(0)v:(0)do +d2/

)

Here x,(s) = x(t + s), for s € [-7,0], and thus x(¢) = x;(0) in this notation.
Calculating the time derivative of L along solution of system (1.4), it follows that

L'|qa) =%(¢) —xox ©) +y () + @v'(t) + %z/(t) + B(x()v(t) — x(t — 1)v(t - 10))

x(t) k
+dy (y(8) = y(t — 1)) + w(¥(0)z(2) — y(t — 13)z(t - 73))

=A<2—£—x—0) +ﬂxov—%v—u—d42
x

X0 k y
dod d

:A<z_i_x_°> Db gy gy P,
X0 X k y

Ry <1 ensures that L'|(14) <0, and L’ = 0 if and only if
x(t) = xo, y(£) =0, v(t) =0, z(t) =0,

it can be verified that the maximal invariant set in {L|1.4) = 0} is the set
M = {(%0,0,0,0)}.

By the LaSalle-Lyapunov theorem, we conclude that M is globally attractive in I if Ry < 1.
So Py is globally attractive in T".
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Therefore, Py is globally asymptotically stable in T".
We can easily see that (3.1) has a root with a positive real part when Ry > 1. P is unstable
when Ry > 1. O

Remark 3.2 Obviously P is globally asymptotically stable without any delays when R <
1, but after incorporating three delays (a immune delay and two intracellular delays), Py is
still globally asymptotically stable. Delays do not destroy the globally asymptotical stability
of Po .

3.2 Global stability of P,
Theorem 3.3 If R, <1< Ry, then the equilibrium Py is globally asymptotically stable. If
Ry > 1, Py is unstable.

Proof Let
gw)=u-Inu-1, u>0.
Define a Lyapunov functional
V:iC—-R

in the following form:

V%, Yt Vs 26) = 9_Cg<xt9(_CO)) +yg((yt;0))> + %Vg(wg))) + %Zt(o)

0 +(0)v(0 _(° +(0
Hgﬁ,/qg(x;(;( )>d(9+/3x1//f2g(}%>d0

0
v [ oo ds. (37)

3

Calculating the time derivative of V along the solution of system (1.4), we obtain

Vian =~ dhs) - gttt -5 -

= A —dx(t) - Bx(E)v(t) - x| — —

(14) 1 D

Bt — vt —m)
y(2)

dy - ﬁV(t)) + Bt — vt - )

— doy(t) — ny(t)z(t) - 7(

by 27 (M _ dg) bt - )2l - ) — Pedaz(t)
Y

v(t)
_(x(t)v(t) —x(t-m)v(t-11) x(£)v(¢) x(t —T)v(t - rl))
+ Bxv —In +1In

xv xv XV

—dy - Mz(t)) +dyy(t — 12)

+ ﬁW(yi(t) —y_(t — %) - ln@ +1In y—(t ; T2)>
+ 1 (y(0)2(t) =yt - )2lt - 7).
Using

,BW = dzy, ky = dgl_/, A= dﬂ + dzy,
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we have

x(t) X _ x x _. X
V' a4 dlx(2—7—m) ﬂv(l—m+lnﬁ)—ﬁxvlnﬁ

.\ ﬁW(l ~ yx(t — 1)t — 1) 1 yx(t — T)v(t - '(1))

wy(t) T @0
S - nvt-n) vy(t - 12) vyt -1)
- Bxvin T + ﬂxv(l - 0 +1In 0 )
i 2 (w— %) (&)~ pvin X2
() 14 xv
+ pxvin W _ ﬁﬁln)@ + BFwIn y(t: T2)

o x(t) X ya(t — m)v(t — 1)
‘dlx(2'7 x(t)) P g( (t)) ﬂxvg( 0 )

_ g (Vy(t - T2)> . dyiu(ydids + Bkdy)
yv(t) yBkdy

(Rl - 1) < O)
when R; < 1. Furthermore,
V/|(1.4) =0 < x(t) = x¢ J’(t) =7, V(t) = ‘_/7 Z(t) =

and thus the maximal invariant set in the set {V’ = 0} is the singleton {P;}. Therefore, P;
is globally attractive.

The characteristic equation associated with the linearization of system (1.4) at P, is given
by

(& +da—yye ™) [(€ +dy + BV)E + d)(€ + d3) — dads (€ +dy)e*™™] = 0. (3.8)
We first consider
E+dy—yyet™ =0.

When 13 = 0, we have

_ }/dldzdg + ﬂ/(d2d4
= —ds = R, -1)<0.
E=yy—ds Bid, (R -1)<

Assuming 13 > 0 and & = iw (w > 0) is the purely imaginary root of this equation, then we
obtain

iw+dy —yycoswts + iyysinwts = 0.
So, @? + d? = (yy)%, namely, w® = (y¥)? — d3 < 0. Obviously, this is a contradiction. Note

that 0 is not the root of the equation. Therefore, all roots of this equation have a negative
real part.

Next, we address the following equation:

(€ +dy + BV)E + do) (& + ds) — dads(§ + dy)e* 1™ = 0. (3.9)
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We rewrite this equation in the following form:

£+ (dy +dy +d3 + BV)E® + [(dy + BV)(da + d3) + dadd3 )€
+(dy + BV)dods — dods (& + dy)e s = 0,

When 1; + 75 = 0, the equation becomes

E +m€ +aE +az=0,
where

a = dl + d2 + d3 + ,31_/ >0, a) = (dl + ﬂv)(dz + dg) >0, as = /317d2d3 >0,
and a;a; — as > 0. By the Routh-Hurwitz criteria, all roots of (3.9) have negative real parts
when 7 + 73 = 0.

Assume 71 + 75 > 0, and £ = iw (@ > 0) is the purely imaginary root of (3.9). Substituting

& = iw (w > 0) into equation (3.9), we obtain

—ia)3 — (dl + dg + dg + ﬁV)wz + l[(d1 + /31_/)(dz + dg) + dgdg]a)

— (dy + BV)dads — dyds(io + dy) (cos w(ty + 7o) — isinw(ty + 12)) = 0.
Separating the real and imaginary parts, we have

— @ +[(dy + BV)(da + d3) + dods |

= dyds(wcosw(t + 1) — dy sinw(t + 12)),

(3.10)
- (dl + d2 + dg + ﬂ?)a)z + (d1 + ,31_/)612613
=dyd3 (a) sinw(t + 12) + di cosw(ty + 'Cz)).
Squaring and adding both equations lead to
@° + biw* + byw® + by =0, (3.11)

where

bl = (d1 + ﬂT/)Z + d% + d:,z, >0, b2 = (d1 + ﬂl_/)z(dg + d%) >0,
bs = ((,317)2 + 2d1,3\7)d§d§ >0 and b1by—b3>0.

By the Routh-Hurwitz criteria,
W+ by +byu+by3=0 (u:wz)
has no positive root. So (3.11) has no positive root. Equation (3.9) has no pure imaginary

root. Also 0 is not root of equation (3.9), therefore, all roots of equation (3.9) have negative
real parts for 7; + 72 > 0. Hence P; is locally asymptotically stable.
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Further, P, is globally asymptotically stable.
For R; > 1, we can find the characteristic equation (3.9) has positive root. Thus P; is
unstable when Ry > 1. O

Remark 3.4 P; is globally asymptotically stable without any delays when R; <1 < Ry. Al-
though incorporating three delays (a immune delay and two intracellular delays), P; is still
globally asymptotically stable. Delays do not destroy the globally asymptotical stability
of Pl.

3.3 Dynamics when Ry > 1
When R; > 1, there exists an interior equilibrium P, = (x*, y*,v*,z*), where

. Lyds . da

YT Vads+pkdy 0 Ty

. kdy « _ VBMk —ydidyds — Bkdada
=—) 75 =
yds (cdhdsy + Bkda)
The characteristic equation associated with the linearization of system (1.4) at P, is given
by
Y 4 agEd + a4l + € - (bgég + b2 + b€ + bo)e_E’?‘

— (028 + c1& +¢0)eF M) 4 (e1£ +e)et 1T = 0, (3.12)

where

as=dy +dy +ds +dy+ BV + uzt,

ay = (dy + V) (dy + ds + di + pz*) + (dy + 12) (ds + da) + dad,

ay = (dy + Bv*) (dy + ") (ds + ds) + (cy + Bv*)dsda + (da + 12" dsda,
ao = (dy + Bv*)(da + nz*)dsda,

bs =d., by = (dh + d + d3 + da + Bv*)da,

by = (dads + (ch + Bv)(da + d2))day  bo = dadada(dh + BV7),

¢y = Bkx*, ¢ = Bkx*(dy + dy), co = Bkx*dydy,

o1 = Bka*dy,  eo = Bka*dds = co.

3.31 Whent1>0,7,>0,13=0
Theorem 3.5 IfR; > 1, then the equilibrium P, is globally attractive when

71 >0, 7, >0 and 13=0.
Proof Let

gw)=u-Inu-1, u>0.
Define a Lyapunov functional

U:C—R
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in the following form:

*(1,%)2 *
U(xt’yt)vtrzt) g( t(0)> y g<y;(:))> + ﬁxk‘;z ) g<VtV(*O)) + %g<?>
0
+ ,Bx*v*/_ g(%) do + ,Bx*v*/_ g(yty(e)) de. (3.13)

Calculating the time derivative of V' along solution of system (1.4), we obtain

*

x y* /3.76*1/* /396* % m /JLZ*
u/ :x/__/+ /__/+ V/ V/+_Z/__Z/
00 x0T Ty ky*v y vz
v s f XV =2t —T)V({E-T1) XV x(t — )Vt —17)
+ Bx*v -In—+In——m——
x*FU* xEp* KEPE
—y(t — t—
+,3x*v*<y )’( tZ)_lnl_lny( TZ))'
VA y* r*
Using
d kd
A =dix™ + BV, (dz + //,z*) = Bx*v, y* = = and v =—,
14 yds

it follows that

U'|1a) = drx* (2 - xﬁ - x_) + Bty (1 - % + lnx—) Bx*v* ln%
s B <1 B y*x(t — T)v(t — 11) ol y*x(t — 1) v(t - rl))

xX*vry Xy

*x(t - t— *y(t — *u(t —
P s Y R (1 V=T v m)
xX*v*y y*v y*v
— Bx*v*In Lﬁy(t ) — Bx*v*In X, Bx*v*In x—(t —nvit—a)
y*v x*y* x*y*
t—
- Bx*v*In Ed — + Bx"v y( IZ)

et 2 )
X X
Bx*

) ﬂx*v*g<y*"“ )Mt - r1)>

Xty

This implies that
Ulpy=0 <  a@) =« () = y*, v(t) = v, z(t) = z%,

and thus the maximal invariant set in the set {{I’ = 0} is the singleton {P,}. Therefore, P,
is globally attractive. O

Remark 3.6 It is very difficult to analyze the characteristic roots of the characteristic

equation (3.12). But we conjecture that all characteristic roots of the characteristic equa-
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tion (3.12) have negative real parts when 7; > 0, 75 > 0, 73 = 0. Namely, P; is locally asymp-
totically stable, and P, is also globally asymptotically stable when 7; > 0, 7, > 0, 73 = 0.
We find the intracellular delays 7; and t; do not destroy global attractability of P,.

3.32 When11=0,70=0,73>0
When 7; =0, 7 = 0, 73 > 0, system (1.4) becomes

X' (t) = & — dyx(t) — Bx()v(2),
¥ (t) = Bx(E)v(t) — doy(t) — ny(t)z(t),

, (3.14)
vV (2) = ky(t) - dsv(2),
Z/(8) = yy(t — 13)2(t — 13) — daz(t).
The characteristic equation of system (3.14) at P, is given by
E* 4+ asE® + (ay — )& + (a1 — 1) + (a0 — co)
+(=b3&® = byE” + (e1— b1)E + g —bg)e*™ = 0. (3.15)

When 73 = 0, (3.15) becomes
%_4 + nggg + lef2 + mlé +my = 0,
where

Wl3=ﬂ3—l’)3>0, }’}’Z2=ﬂ2—b2—(12, Wll=611—b1—61+61>0,

my=ag—byg—co+ey>0 and mgmzml—mf—m§m0>0.

By the Routh-Hurwitz criteria, all roots of this equation have negative real parts. Clearly,
0 is not the root of (3.15).
For 13 > 0, assuming & = iw (@ > 0) is a purely imaginary root of (3.15). It satisfies

ot —iaz0® — (ay — c3)w? +i(a1 — c1)w + ag — co
+ (ib3w3 +by? +iler —b)w + ey — bo)(cos wT3 —isinwtz) = 0. (3.16)

Separating the real and imaginary parts, we get

w* (a2 — ©2)0” + (ag — ¢o) = —(br0” + €9 — by ) cos T3 — (b3 + (€1 — by)w) sinws,

—a30° + (a1 - ¢))w = (b2w2 +ey — bo) sinwts — (b3w3 +(e1 — bl)a)) COS WT3.
Squaring and adding both above equations lead to

% + pa® + go* + uw? +v=0, (3.17)
where

p=a;-2(a—c) - b3,

q = (a2 — ¢2)* +2(ao — co) — 2az(a1 — c1) — b3 — 2bs(e; — by),
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u= (a1 —c1)* - 2(az — c2)(ao — o) — 2b2(eg — bo) — (e1 — b1)?,

v=(ao - Co)2 —(eo - b0)2~
Let w? = s, we have

F(s)=s*+ps® +gqs* +us+v=0. (3.18)
Then

F'(s) = 45> + 3ps® + 2gs + u.
Set

453 + 3ps* +2qs + u = 0. (3.19)
Let r = s+ £, then (3.19) becomes

r3+p1r+q1:0,

P _pa

2
_ 4 3p —
wherepi =3 -9, 1= - %

Define

+

LA

We cite the results in [18] about the existence of positive roots of the fourth-degree poly-
nomial equation, namely, we have the following lemma.

Lemma 3.7
(i) Ifv <0, then (3.18) has at least one positive root.
(i) Ifv=0and A >0, then (3.18) has positive roots if and only if s > 0 and F(s;) < 0.
(iti) Ifv>0and A <0, then (3.18) has positive roots if and only if there exists at least
one s* € {sy, 82,83} such that s* > 0 and F(s*) < 0.

Supposing one of the above three cases in Lemma 3.7 is satisfied, (3.18) has finite positive
roots 1,5y, .., k < 4. Therefore (3.17) has finite positive roots

@1 = /51, Wy = /52, s wr =Sk, k<4
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For every fixed w; (i =1,2,...,k, k < 4), there exists a sequence

1
T3, = J(arccosl,[i +2m), i=12,...,k,k<4,j=0,1,2,3,..., (3.20)

u (0} = (a2 = c2)w} + ao — co) (b2} + by — €9) + (~asw; + (a1 — c1)w;)(=b3w} + (b1 — e1)w;)
i= )

(b30),'3 +(e1 —b)wi)? + (bzwi2 +eo —bp)?

such that (3.16) holds. Let
* . 0, 1 * * .
T3 = mln{r3i|l =1,2,....kk< 4} = p arccosU*, " =w;forsomel <i<4.

Then (3.15) has a pair of purely imaginary roots iw* when 73 = 73.
After a long and tedious computation, we get the following lemma.

Lemma 3.8
d B F'(w?)
—(R = : . 3.21
|:df3( ef)] 3=, (bsw? + (e1 — b1)w)? + (brw? + eg — by)? 3.2
Especially, supposing F'((w*)?) #0, then
d - F'(w*)?)
—(Re = > 0. 3.22
[dfz( E):| ey (03(0*) + (e1 = b)w*)? + (by(w*)* + €0 = bo)? (3:22)

Remark 3.9 For the nth degree exponential polynomial
E"+au & 4w ag+ (bn,lén_l + D, 0E" 4 v DiE+ bo)e‘ér =0,

we conjecture there are similar equations to (3.21). To the best of our knowledge, it is
correct forn=1,2, 3, 4.

From Lemma 3.8, we can get the following result.

Theorem 3.10 For system (3.14), there exists
73 = min{rsf’i|i =1,2,...,kk <4},

such that P is asymptotically stable when t3 € [0, t}). Furthermore, if F'((w*)?) # 0 holds,
and system (3.14) undergoes a Hopf bifurcation at P, when t3 = 5.

Remark 3.11 We find that incorporating an immune delay can destroy the global at-
tractability of P, on proper conditions when R; > 1, and a Hopf bifurcation occurs. That
is, a periodic oscillation appears. Stability switches can appear when k > 2. Those results
show immune delay dominates intracellular delays in this class of viral infection models.
Those indicate the human immune system has a special effect in virus infection models
with a CTLs response, and the human immune system itself is very complicated.
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4 Global Hopf bifurcation analysis

Many researchers studied global Hopf bifurcations in their research, for example [19, 20].
In this section, we will investigate the global existence of periodic solutions of system (3.14,)
by using the global Hopf bifurcation theorem given by Wu [21] when R; > 1. So we consider

the following system:

¥ (8) = A — drx(t) — Bx()v(2),

¥ (8) = Bx(t)v(t) — day () — ny()z(2),
V(t) = ky(t) — dsv(2),

Z(t) = yy(t — 0)z(t — 7) — daz(t).

(4.1)

Note that we omit the subscript ‘3’ of 3 for convenience.

Firstly, we suppose (3.18) has a unique positive root s* in this section, therefore, »* = v/s*,

and
i1 ‘s ,
= E(arccosu + 2]7r), j=0,1,2,3,..., (4.2)
where
= (@*)* = (a2 — ¢2)(@*)* + ag — o) (=ba(@*)? + by — €9)

(b3(w*)3 + (e1 — b1)w*)? + (ba(w*)? + €y — by)?
(—a3(@*)? + (a1 — c1)w*)(=b3(0*)® + (b — &1)w*)
(b3(0*)? + (e1 = b1)w*)? + (ba(w*)* + €9 — bo)*

1% = min{t/,j = 0,1,2,...}. It is reasonable that we suppose (3.18) has a unique positive

root s*. For example, we consider the following case:

F(s)=s*+ps® +qs* +us+v=0,

F'(s) = 45> + 3ps® + 2gs + u,

F'(s) =125 + 6ps + 24,
when (3p)? — 4 x 6 <0 and v < 0, F(s) = 0 has only one positive root. Furthermore, in
Section 5, we can choose proper parameters such that F(s) = 0 has unique positive root

when we carry out numerical simulations.

From Lemma 3.8, we obtain the following lemma.

Lemma 4.1 v/, w* are defined as above. The following holds:

= Ga@ P + (@ = b)) + ba@ P v eo—boP

d - F'((w*)?)
[%‘RCS’L

Furthermore, if T € (0,1°), then all roots of (3.15) have negative real parts; if T € (v/, 7/*!],
j=0,1,2,..., then (3.15) has exactly 2(j + 1) roots with positive real parts.

Lemma 4.2 System (4.1) has no nonconstant periodic solution when t = 0.
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Proof Theorem 3.5 shows P, is globally attractive when t = 0. This lemma follows from
the fact that P, is globally attractive when 7 = 0. O

Lemma 4.3 All the nontrivial periodic solutions of (4.1) are positive and uniformly
bounded.

Proof The proof of this lemma can be obtained from Proposition 2.1. d

Lemma 4.4 When R; > 1, system (4.1) has no nonconstant periodic solution of period t.
Furthermore, system (4.1) has no nonconstant periodic solution of period f,j =2,3,4,....

Proof We prove by contradiction. Suppose system (4.1) has a periodic solution of periodic
T, W(t) = (x(t),y(t),v(t),z(t))T, and W(t+ 1) =t +1),yt+71),vt+71)2(t+ )T = w(e).
So W (t) = (x(t), y(2), v(t), z())T is also t-periodic solution of the following system:

®'(8) = A — drx(t) — Bx()v(2),

¥ (8) = Bx()v(t) — day(t) — y(t)z(t),
V(t) = ky(t) — dsv(¢),

Z'(t) = yy()z(t) — daz(2).

However, this system has no periodic solutions, which follows from Theorem 3.5. There-
fore, system (4.1) has no periodic solution of period 7. d

Let W (£) = (x(£), y(2), v(£), z(t)) T, we rewrite system (4.1) as the following functional dif-
ferential equation:

AW (2)
dt

=F(W;,t,T), (4.4)
where W;(0) = (x(t + 0),y(¢ + 0),v(t + 0),z(t + 0)) € C([-7,0],R?), and

A —dyx(t) — Bx(t)v(¢)
Br(t)v(t) — doy(t) — y(t)z()

F( Wti T, T) =
ky(t) - dsv()
Yyt = 0)z(t - 7) — daz(t)
Let
A—dix— Bxv

W0, T) = Bxv —day — uyz ,

ky —dsv

yyzZ —daz

Apye1)(E) = E* + a38% + (a2 — )€ + (a1 — c1)& + (ao — ¢o)
+(=b3&® — by + (e1 — b1)& + g — bp)e * ™.
It is easy to see the assumptions (Al), (A2), and (A3) in [21] are satisfied.

Note that the periodic solutions are all bounded away from zero, which follows from
Lemma 4.2, thus we need not to consider the boundary equilibria Py and P;.
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It is convenient to introduce the following notations:

X =C([-7,0,R?),
Y= Cl{(W, 7,T) e X xR, xR, : Wis a T-periodic solution of (4.1)}
CX xR, xR,
N(F)={(W,7,T): F(W,7,T) = 0}.
Let C(P,, 7/, 2%) denote the connected component of (P, 7/, 2%) in X, where v/, »* are

defined in (4.2).
Now, we are in a position to state the following global Hopf bifurcation results.

Theorem 4.5 When R, > 1, for each Tt > v, j = 1,2,3,..., system (4.1) has at least j + 1
positive periodic solutions, where v/ is defined in (4.2).

Proof It is obvious that (P, 7/, z)—’ﬁ) are isolated centers. By Lemma 4.1, there exist ¢ > 0,

8 >0, and a smooth curve [ : (t/ — 8,7/ + ) — C, such that
A(S(t)) =0, |.§(t)—iw*| <e

for all T € [¢/ — 8,7/ + 8], where A is defined above, and

S(tj) =iw", [%(Reé)lrj > 0.

Let

2
Q=1u,T):0<u<e,|T——
a)*

T
<€&¢.

Clearly, if |t — /| < § and (1, T) € 3, such that Ap,.,7(u+ %) =0, then =7/, u =0,
and T = i—’ﬁ So (A4) is satisfied in [21] for m = 1. Moreover, let

c 2 2mi
Hi (PZ) ‘L’I, E)(M, T) = A(Pz,rjib',T) (M + 7),

then we see, from Re &’(¢/) > 0, that the crossing number is

.2 .2 22
Vi (PZ’ T/; w_j::> = degB <H_ <P2’ Tl: w_z);gzé/‘) - degB (H+ <P2: 7:11 w_ji)’ Qe) =-1

Using the local Hopf bifurcation theorem in [21], we conclude that the connected compo-
nent C(Py, v/, 2Z) through (P,, 7/, 2Z) in ¥ is nonempty. Meanwhile, we have

w* (2}

Z yl((W,r,T)) <0.

(Wt 1)eC(Py,v/, 2)

By Theorem 3.3 in [21], C(P,, T/, 2Z) is unbounded.

w*
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Lemma 4.3 shows the projection of C(P,, 7/, i)—’i) onto W-space is bounded. Lemma 4.2
implies the projection of C(P,, 7/, i—’i) onto 7-space is bounded below.
From the definition of 7/ in (4.2), we have

27r<w*rj<2(j+1)71<2(j+2)71, ji>1,

namely,

1 2r 1
— < <<, j=1L
j+l o't

From Lemma 4.4, we know if

*

2
(W,7,T) eC(Pz,tl, —”),
w

then

2
(W,z,T) eC(Pg,r2,—ﬂ),
w

*

then

1 2w 1

—<—— < —;

3 wt? 2

and so on. This shows that the projection of C(P;, 7, i—’l) onto T-space is bounded. There-

j 2
) ¥

fore in order for C(P,, T ) to be unbounded, its projection onto the r-space must

be unbounded. The projection of C(P,, 7/, i—Z) onto the t-space includes [7/, +00). Note
12

j+_1 a)*”rj )

joint. This shows system (4.1) has at least j positive periodic solutions for each 7 > v/. The

< %,j > 1, we can see that the connected components C(P,, 7/, Z—Z),j > 1 are dis-

proof is completed. d

5 Numerical simulations
In this section, we shall carry out some numerical simulations for illustrating our theoret-
ical analysis. As regards the selected parameters in this section, we refer to [15, 22].

First, we consider the following set of parameter values:

A =10, B =0.02, dy =0.2, dy = 1.8,
dg = 1.5, d4 = 05, k = 2, Mn = 0.2,
y =0.2, =1, Ty =2, T3 = 3.

For the above parameter set, Ry = 0.7407 < 1, system (1.4) has a unique infection-free equi-
librium Py = (50, 0,0, 0). Figure 1 shows Py is globally asymptotically stable when Ry < 1.
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Figure 1 Py is globally asymptotically stable. 100
Here A=10,8=002,d;=02,d,=18,d3 =15, x 50f
dy=05k=2,u=02,y=02,11=1,10=2,13=3, 0 . . .
and Ry = 07407 < 1. 0 % 100 50 20
2 ‘
= 1K4
0

. .
50 100 150 200

50 100 150 200

50 100 150 200

Figure 2 P, is globally asymptotically stable. 100 ‘
Here A=14,8=002,d,=02,d,=18,d3 =15, x 80\_/_'/
d4:O.5,k:2,pL:O.2,)/:O.Z,‘[]:1,12:2,f3:3, 600 L .

and Ry =0.7778 < 1 < Rg = 1.0370.

0 50 100 150 200
t
4
>2 w\g
0 ! N I
0 50 100 150 200
t
4
N ZK
0 . . .
0 50 100 150 200

Next, we use the following parameters: A = 14, 8 = 0.02, d; = 0.2, d, = 1.8, d3 =
15,dy =05, k=2, =02,y =02, 1 =1, 7y =2, 73 = 3. For those parameters,
R, =0.7778 <1 < Ry = 1.0370, system (1.4) has a chronic-infection equilibrium P; =
(67.5,0.2778,0.3704, 0). Figure 2 demonstrates the equilibrium P; is globally asymptot-
ically stable when R; <1 < Ry.

In Figures 3 and 4, we adopt the following set of parameter values:

A =40, B=0.02, d=0.2, dy, =18, ds =15,

dy=0.5, k=2, n=0.2, y =0.2.

Thus Ry = 2.2222 > 1, system (1.4) has the equilibrium P, = (150,2.5,3.3333,11) and
F(0) = —0.0176 < 0, F(s) = 0 has only one positive root s* ~ 0.2927. 7} ~ 0.7392, 73 ~
12.3529. Figure 3 demonstrates that P, is asymptotically stable when R; > 1 and 13 < 73,
where 13 = 0.7 < 7}. Figure 4 demonstrates that oscillations appear, where 73 = 0.8 > 7.
Using those parameter values, global Hopf branches diagrams are shown in Figures 5
and 6.
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Figure 3 P, is asymptotically stable. Here A =40, 200
B=002,d1=02,d,=18,d3=15,ds=05,k=2, x 150 HJIW
n=02,y=021=01=0713=07<7y=07392, 100 L L L .
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Figure 6 Global Hopf branches diagrams. Here 125 2
A=40,8=002,d1=02,d,=18,d3=15,d4 =05,
k=2,u=02,y=021=01=0,1] ~123529
and Ry =2.2222 > 1.

120 20

15

max x(t)—min x(t)
max y(t)—min y(t)

max v(t)—min v(t)
b
max z(t)—min z(t)

1 12 13 14 1" 12 13 14

6 Conclusion

In this paper, we considered a class of virus infection models with three time lags, two
intracellular delays and one immune delay. We have carried out a mathematical analysis
of the dynamics of the model. We proved that P, is globally asymptotically stable when
Ry <1, and the three delays do not destroy the globally asymptotical stability of Py. P; is
globally asymptotically stable when R; < 1 < Ry, and the three delays also do not destroy the
globally asymptotical stability of P;. When R; > 1, we found P, has still global attractability
under only incorporating two intracellular delays 7; and ;. But on only incorporating the
immune delay 73, P, can undergo a Hopf bifurcation on proper conditions, furthermore,
oscillations and stability switches can appear. The immune delay can destroy the global
attractability of P,. Those results show immune delay dominates intracellular delays in
some viral infection models, which indicates the human immune system has a special ef-
fect in virus infection models with CTLs response, and the human immune system itself is
very complicated. People are aware of the complexity of human immune system in med-
ical science, which coincides with our investigation. Finally, we studied the global Hopf
bifurcation of the system, and we obtained the global existence of periodic solutions.
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