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SIR epidemic models with distributed delay are proposed. Firstly, the dynamical behaviors of the model without vaccination are
studied. Using the Jacobian matrix, the stability of the equilibrium points of the system without vaccination is analyzed. The basic
reproduction number R is got. In order to study the important role of vaccination to prevent diseases, the model with distributed
delay under impulsive vaccination is formulated. And the sufficient conditions of globally asymptotic stability of “infection-
free” periodic solution and the permanence of the model are obtained by using Floquet’s theorem, small-amplitude perturbation
skills, and comparison theorem. Lastly, numerical simulation is presented to illustrate our main conclusions that vaccination has
significant effects on the dynamical behaviors of the model. The results can provide effective tactic basis for the practical infectious

disease prevention.

1. Introduction

Infectious diseases have always been the problem that people
have to face. Emerging diseases pose a continual threat to
public health such as SARS and avian influenza. It is very
necessary to establish and study mathematical models which
can reflect the spread of the infectious diseases. A famous
model in which the population is partitioned into three
classes, the susceptible, infectious and recovered, with sizes
denoted by S, I, and R, respectively, that could be used to
describe an influenza epidemic was developed early in the
20th century by Kermack and McKendrick [1]. This model
known as the susceptible-infectious-recovered (SIR) model
is as follows:

S'(£) = A= BS() I (t) - puS (1),
I'(t) = BSO) I (1) = I () - uI (1), M
R'(t) = rI (t) - pR (1),
where S(t) denotes the number of members of a population
susceptible to the disease, I(f) denotes the total population of

infectives with some virus at time t, R(t) denotes the number
of members who have been removed from the possibility

of infection through a temporal immunity. In the model,
parameters p, 3,7, and A are positive constants, where u
represents the death rates of susceptibles, infectives, and
recovered. 3 is the contact rate and r is the recovery rate from
the infected compartment. A is the recruitment rate of the
susceptible population. The SIR infectious disease model is
a basic but important biologic model and has been studied
by many authors [1-17]. Many diseases have the incubation
period, such as rabies; the incubation period in rabies ranges
from about two weeks to several months, and rarely even to
years [18-21]. Diseases with incubation period always lead
to time delay in the epidemic models, so delay differential
equation is widely used in the epidemic mathematical model,
such as [2, 7, 8, 10, 12-16, 22]. Based on model (1), a new

epidemic model with distributed delay is as follows:

t
s (t) = A—,BI(t)J FE(t-T1)S(r)dr—uS(t),
—00

t
fm=mmj
R'(t) = rI(t) ~uR (1),

Ft-1)S@dr-rl(t) -l (), O

(0]

where the function F(t) = ae™®,a > 0, _[(:OO F(r)dr = 1.



As is known to all, one of strategies to control infectious
diseases is vaccination. Then a number of epidemic models
in ecology can be formulated as dynamical systems of
differential equations with vaccination [23-26]. Based on
ODE, systems with sudden perturbations lead to impulsive
differential equations. The theory of impulsive differential
equations has been studied intensively and systematically
in [27-34]. Compared to continuous constant vaccination,
pulse vaccination seems more reasonable in the real world.
Pulse vaccination, the repeated application of vaccine over
a defined age range, is gaining prominence as a strategy
for the elimination of childhood viral infections such as
measles hepatitis, parotitis, smallpox, and phthisis. Under the
pulse vaccination strategy (PVS) [9, 11, 17, 28, 35-41], what
we are interested is how large a fraction of the population
should we keep vaccinated in order to prevent the agent
from establishing; that is, it is very important for us to
investigate the conditions under which a given agent can
invade a partially vaccinated population. Thus, we also need
to consider the following epidemic model with distributed
delay and pulse vaccination strategy at fixed moments, which
is more realistic as

t

S'(t)=A-BI®) j F(t-1)S(r)dr —uS(t), t+nT,

I'(t) = BL(t) f F(t-1)S(t)dr—rI(t)—ul(t), t#nT,

R (t)=rI(t) - uR(t), t#nT,
St)=(1-8)S(t), t=nT,
I(tY=1(@), t=nT,
R(t")=R(t)+8S(t), t=nT,

(3)

where § (with 0 < § < 1) is the proportion of those vaccinated
successfully to all of the susceptibles and T is a fixed positive
constant and denotes the period of the impulsive effect, n =
{1,2,...1

The organization of this paper is as follows. In Section 2,
we will show the boundedness of the SIR system and give the
transformation of models and some lemmas. In Section 3, we
will analyze the local stability of equilibrium of system (7)
and give the basic reproduction number. In Section 4.1, we
will prove the existence and globally asymptotical stability of
the periodic solution of the “infection-free” model. In Sec-
tion 4.2, we obtain sufficient condition for the permanence of
the epidemic model with pulse vaccination. Finally, we give
numerical analysis and biological conclusions to show our
main results.

2. Transformation of Models and Prerequisites
For system (2), the total population size N(t) = S(t) + I(t) +

R(t) satisfies N'(t) = A — uN(t) and lim, |,  N(t) = A/p.
Hence it is sufficient to consider system (2) with respect to
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D = {(S,I,R) € R} | S(t) + I(t) + R(t) < (A/u) + €}. Note
that the variable R does not appear in the first and second
equations of system (2); hence, we only need to consider the
subsystem of (2) as follows:

S’ (t) :A—ﬁI(t)Jt F(t-1)S(t)dt - uS(t),
I'(t) = BL(t) r F(t-1)S(r)dr—rI(t) - ul(t).
v (4)

In order to study the system, we can use the chain transfor-
mation Z(t) = I_too F(t — 7)S(t)dt. Since

t t
J F(t-1)dr= lim J ae"dr = 1 (5)
—00 A—-00 J A

and f_too F(t — 7)S(t)dr is convergent, then

+

F(t—T)S(T)dT—Jt F({t-1)S(t)dr =0.
(6)

AZ (t) :J

—00

Hence, system (4) becomes

S'(t)=A-BIO)Z(1)-uS (),
I'(t)y=PIA)Z (&) —rI(t) - ul (), )

Z'®)=aS®t)-Z@)).

We understand the relationship between the two systems as
follows. If (S, I) : [0, +0c0) — R? is the solution of system (4)
corresponding to continuous and bounded initial function
S(0) = Sy, I(0) = I,, then (S,1,Z) : [0,4+00) — R’isa
solution of system (7) with S(0) = S,,1(0) = I,, Z(0) = Z,,
and Z(0) = f_ooo F(-7)S(r)dt = J_OOO ae” S(t)dz. Conversely,
it (S,1, Z) is any solution of system (7) defined on the entire
real line and bounded on (-0, 0], then Z is given by Z(t) =
_Ltoo F(t — 7)S(7)dr, and so (S, I) satisfies system (4).

System (7) will be analyzed with the following initial
conditions S(0) = S, > 0,1(0) = I, > 0,Z(0) = Z, > 0.

By the mean value theorem of integrals, there exists ¢ €
(00, t), such that

t

Z(t)=£ F(t—T)S(T)dT=S(C)J F(t-1)dr. (8)

—00

We know that S(t) < (A/u) +€and Ltoo F(t—1)dt = 1; hence
we get Z(t) < (A/u) +e.
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By the same transformation, from system (3), we have

St)=A-BIA)Z({t)—uS(t), t#nT,

I'(t)=BIW)Z(t) —rI(t) -l (t), t#nT,

Z'®)=a(S®t)-Z 1), t#nT,

)
St)=(1-8)S(t), t=nT,

I(tY=1@®), t=nT,

zZ({tY=2zt), t=nT.

Motivated by the application of systems (9) to population
dynamics (refer to [27]), we assume that solutions of systems
(9) satisfy the initial conditions ¢ € Cj;, and ¢(0) > 0 lie in
C = 16 = (6,(9),5,(5), 65(5)) € G, : 6,(0) 2 0 (i = 1,2,3)},
where ¢;,(s) is positive, bounded, and continuous function for

s € [0, +00).
We would like to have the following definitions first.

Definition 1. Let R* = [0,00). The map V: R, x R — R, is
said to belong to class Vj, if

(i) V is continuous in (KT, (k + 1)T] x Ri, k € N, and for
each x € Ri,lim(t,z) LoV (6 2) = VKT, x) exist,

(ii) V is locally Lipschitzian in x.
Also we have the following lemmas.

Lemma 2 (see [31]). Let V : R, x Ri — R, andV €V,
Assume that

D'V(t,z(t) < (2) gtV (tz(1)), t#nT,
(10)

Vtz(t") <)V, (V(tz(®), t=nT,

where g : R, x R, — Ris continuous in (nT, (n+ 1)T] x R,
and for each x € R,,n € N,limy ,_ umy9Ey) =
g((nT)", x) exist; ¥, : R, — R, is nondecreasing. Let

r(t) = r(t,0,u,) be the maximal (minimal) solution of the
scalar impulsive differential equation

u':g(t,u), t #nT,
u(t) =Y, (u(), t=nT, (1)
u(0%) = u,,

existing on [0,00). Then V(07, z,) < (2) u, implies that V(t,
z(t)) < (2)r(t), t = 0, where z(t) = z(t,0, z,) is any solution
of (9) existing on [0, 00).

3
Lemma 3. Consider the following system:
X' (t) = A—px(t), t#nT,
Y ) =a(xt)-y@®), t+nl,
(12)
x(t)=01-8)x(t), t=nT,
y(E) =y, t=nT

Then system (12) has a unique positive T-periodic solution
x*(t), y*(t) as

. A de Ht=nD)
S () L
x (1) #( 1—(1—8)e“T>

Y (1)

A e—u(t—nT) (1 _ e—yT) _ e—.“(t—nT) (1 _ e—aT)
==—(1+ad ’
w (@a-p)(1-e)(1-(1-8)e*T)

x*(o*)j(l-ﬁ),

ey A a8(e_”T—e_”T)
7 @)= (- ea i seem )
(13)

and for each solution, x(t) — x*(t), y(t) — x*"(t) ast —
0.

Proof. Solving the first equation of system (12), we have

x(t) = x (nT") e #D

(14)

A -
+—(1—e“(t ”T)), nl'<t<(n+1)T.

¢

Substituting x(t) into the second equation of (12), we inte-
grate both sides in interval (1T, (n + 1)T], and we get

y (t) =y (I’IT+) e—u(t—nT)
AN\ —ut-nT)  —a(t-nT)
a_#(x(nT+)—;>(e“ -e )

A —a(t—nT)
—(1- .

+

(15)



By using stroboscopic map of difference equation, we have
x(n+ )T =1-8)x((n+1)T)
=(1-8)x(nT")e*”

A uT
—(1-=-8€(1-*"),
+”( )(1-e*T)

1
y((n+ )T = y((n+1)T) 16)
_ A
=y(nT")e “T+L(x nT" ——)
yr)e s () -
) (et e )+ 21— ).
IS
The fixed point of the above mapping is
x* = A (1 S >
u 1-(1-08)etT )’
17)

. A aé (e_”T - e_“T)
= — 1- )
4 p (a-u)(1-e*T)(1-(1-8)e*T)
Therefore, we can get the following T-periodic solution
(x*(t), y*(t)) of system (12):
(gew(tfnT)

sy A%
x(t)_y(l 1-(1-08)e*T

), nl'<t<(n+1)T,

yr ()
A (1 _ e—yT) e—u(t—nT) _ (1 _ e—uT) e—H(t—nT)
=—|[1+aé >
u (a-p)(1-eT)(1-(1-8)etT)

nT<t<(mn+1)T.
(18)

Next, we will prove the attractivity of periodic solutions. Let
(x(t), y(t)) be an any solution of the system (12); then, for t €
(nT, (n + 1)T], we have

x(t) = x* () + (x (nT*) = x*) e ¥
y (t) = )/* (t) + (y (nT+) _ y*) e—u(t—nT)

+ a (X (nT+) _ X*) (e—y(t—nT) _ e—a(t—nT)) .
H

(19)

On the one hand, by the recurrence formula, we have

x((n+1)T) =(1 —8)6_”Tx(nT+) + % (1 —6)(1 —e_”T).
(20)
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Thus
x (nT*) = (1-8)"e " x(07)

+ [1+(l—8)e7”T+...+(1_6)nflef(n—1)/4T]
A T

—1-8(1-¢*

X.“( )( e )

=(1-8)"e™x(0%)

A Ly 1= (1= 8)"e ™7
+;(1—8)(1—e )—1—(1—6)e—ﬂ

*
— X (n — 00),

(21)

and then we have x(t) — x*(t) (n — ©0).
On the other hand,

y((n+1)T") = y(n+1)T)

=y e + (x (nT™) - é)

a-p Z

A —aT
—(1- ,
A (1-)

x (e - ef“T) +
(22)

and lim,,_, . . x(nT") = x", for n large enough we have the
following approximate recursive formula:

y((n+1)T") = y(nT) e " + ﬁ (x* - %)

X (e”‘T - e’“T) + = (1 - ef“T)
U
adA (e_”T - e_”T)

ula-p)(1-(1-3)ewT)

= y(nT") e " +

A —aT
+—(1—e )
(23)

Thus, for any m € N7, we get
y((m+N)T")
=y (NT+) e—maT

+ [1 +e T4y ef(mfl)“T]

adA (efaT - eiHT)
Nua-w(a-a=8e)

+%(1_e—ﬂ)>
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=y (NT+) e—maT
1- e—maT
1-eT

ula—w)(1-(1-8)etT)  u

S )

_ﬁé<1_
W\ @ i—e ) (1-(1-0)e )

(m — ).
(24)

Then we have lim,,_, ., y(nT") = y*, thus y(t) — y*(t)
(t — ©0). The proof is completed. O

3. The Stability of Equilibrium of System (7)
and the Basic Reproduction Number

In this section, we will consider the local stability of equilib-
rium of system (7) and give the basic reproduction number.
Obviously, the system (7) has a disease-free equilibrium
Eo(A/p, 0, A/u) and an endemic equilibrium E*(S*,1%,Z"),
where 8" = (u+7r)/B, I" = (BA—u(u+7)/Bp+r), Z* =
(u+r)/B.Let R = BA/u(u+r); we have the following theorem.

Theorem 4. System (7) always has a disease-free equilibrium
E,. Ifand only if R > 1, system (7) has an endemic equilibrium
E*.

3.1. Local Stability of Disease-Free Equilibrium E;. We calcu-
late the Jacobian matrix of system (7) evaluated at E; one gets
the following matrix:

A
o By 0
](Eo) = 0 ﬁé —u-1r 0 . (25)
U
a 0 —-a

Obviously, E, is locally asymptotically stable if B(A/u) — p —
r < 0 which implies that R < 1, and unstable if R > 1.
Then R = BA/u(p + r) can be used as the basic reproductive
number. Thus, we obtain the following result.

Theorem 5. If R < 1, then disease-free equilibrium E of
system (7) is locally asymptotically stable and unstable if R > 1.

3.2. Local Stability of Endemic Equilibrium E*. About the
local stability of endemic equilibrium E*, we have the
following theorem.

Theorem 6. IfR> landa >rorl <R < (r+u)/(r—a), the
equilibrium E* of system (7) is locally asymptotically stable.

5
Proof. The Jacobian matrix of system (7) evaluated at E* is
-u —BZ" -pr’
J(EX)=L 0 0 pI" |. (26)
a 0 -a

Let A; (i = 1,2,3) be its eigenvalues with Red; < Rel, <
Re A5. After a simple calculation, it follows that

detJ (E*) = —af’I*Z" <. (27)
For det J(E™) = ;1,45 < 0, there are two cases as follows:

(i) ReA; < Ofori=1,2,3;
(ii) ReA; <0 <Red, <ReA;.

Now we prove that the case (ii) is not true. Note that
det J(E*) = —af*I*Z* < 0; one gets tr J(E*) < 0, that is,
Ay + A, + A5 <0. If the case (ii) is true, we have that Re(A; +
A,) < 0and Re(1; + A5) < 0. The second additive compound
matrix [6] of J(E™) (see the Appendix) is as follows:

-u P pr
JEPE)=| 0 —pu—a -pz* |,
-a 0 -a

(28)
det /2 (E*) = -a ((ﬁl* +u)(u+a) —[321*Z*)

=—au(R@a-r)+(u+r)),

where S = (u+71)/B, I" = (BA — u(u +1))/B(p + 1), and
Z" = (pu+r)/pis used. Notice that R > 1, and two cases will
happen as follows:

(a) ifa > r, then det J?I(E*) < 0;

(b) ifa < r,but1 < R < (r+u)/(r—a), then det J2/(E*) <
0.

According to the property of the second additive compound
matrix [6], the eigenvalues of JBI(E*) are A+ Aj, I1<i<j<
3. Then, we have

(A +A,) (A +A5) (A, +Ay) <. (29)

Notice that Re(A; + A,) < 0 and Re(A, + A5) < 0, then we get
Re(A, + A;) < 0, which contradicts with case (ii). Therefore,
ReA; < 0fori=1,2,3.S0 E” is locally asymptotically stable
forR>1landa>rorl < R < (r+u)/(r—a). This completes
the proof. O

3.3. Analysis at R = 1. In this section, we consider the
stability of system (7) under R = 1 using the center manifold
theory, as described in [42, Theorem 4.1] . To apply this
method, the following simplification and change of variables
are made first. Let S = x,, I = x,, Z = x5, and the system (7)
becomes

X = A= Bxyx; —pxy = fy,
Xy = Pryxy — Xy — pxy = [, (30)
—x3) = f3

X3 = a(xl



with R = 1 corresponding to $ = 8% = u(u+r)/A. The virus-
free equilibrium is E,(A/y, 0, A/u). The linearization matrix
of system (7) around the infection-free equilibrium E, when

B=p"is

B A
- - 0
u NG
J(f) = 0 B —(u+r) 0
. Yo L (31)

The matrix J( f) has eigenvalues (0, —u, —a)T, which meets the
requirement of a simple zero eigenvalue and others having
negative real part. A right eigenvector # corresponding to the
zero eigenvalueisy = (—(u +7r)/p, 1, —(u + r)/pt)T and theleft
eigenvector satisfying £ = 1 is & = (0, 1, 0). For the system
(7), we can get

3 2
Z gk it afk (é)0>é>=_z(#+r)2<0’
et 0x;0 U A

(32)

Thus,a < 0, b > 0, by item (iv) of Theorem 4.1 in [42]; we can
give the following result.

Theorem 7. The disease-free equilibrium E, for system (7) is
locally asymptotically stable for R near 1.

4. Disease Impulsive Control for System (9)

4.1. The Existence and Globally Asymptotical Stability of the
“Infection-Free” Periodic Solution of System (9). We demon-
strate the expression of the infectives-free solution of the
system (9) firstly, in which the infectives are entirely absent
from the population permanently. Consider the infectives-
free subsystem of system (9) in the form

S'(t)=A-uS(t), t#nT,
Z'W)=aS®t)-2Z(®), t#nT,
(33)
St)=1-8)S(t), t=nT,
Z({t) =2z, t=nT.
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By Lemma 3, system (33) has a unique positive T-periodic
solution (S* (), Z*(t)) given by

A e (=D
S(t):;(l—w>, nT<t<(m+1)T,
Z"(t)

A e—a(t—nT) (1 _ e—yT) _ e—y(t—nT) (1 _ e—aT)

=—(1+ad ,

2 (@a-pu)(1-e)(1-(1-8)etT)

nT<t<(mn+1)T,

oy =A%
S (0)_M< 1—(1—6)e—HT>’
e A a6(ei —ef‘lT)
Z (0 )_;(1_(a—‘u)(l—e_aT)(l—(1_8)6_’”))’

(34)

and for each solution, S(t) — S*(¢), Z(t) — Z*(t)ast —
00. Hence, we have Theorem 8.

Theorem 8. The system (9) has an “infection-free” periodic
solution (§*(¢),0, Z*(¢)) fort € (nT,(n+ 1)T], n € N.

In next section, we will prove that “infection-free”
periodic solution (S*(¢),0, Z*(¢)) is globally asymptotically
stable.

Theorem 9. Let (S(t), I(t), Z(t)) be any solution of (9), and
then (S*(t),0, Z*(t)) is globally asymptotically stable provided
R < 1, where R = ((BA/u)(T — 51 - e_"T)/M(l -(1-
8)e ) /(u+r)T.

Proof. Firstly, we will prove the local stability. The local sta-
bility of periodic solution (S*(¢), 0, Z* (¢)) may be determined

by considering the behavior of small amplitude perturbations
of the solution. This may be written as

u(t) u (0)
<v(t)>:®(t)<v(0)>, 0<t<T, (35)
w(t) w (0)

where O satisfies

- -BZ" (t) 0
o) ¢ B
d (t)=<0 BZ"(t)-p—r 0>®(f), (36)
dt a 0 —-a
and ®(0) = E, the identity matrix. Hence, the fundamental
solution matrix is
et A 0
o) =| o ehBZOwnds o |. (37)
C 0 e
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There is no need to calculate the exact form of A, C as it is not
required in the analysis that follows. The linearization of the
fourth, fifth, and sixth equations of system (9) becomes

u(nT™) 1-8 0 0\ /u(nT)
v(nT") =< 0 1 0><v(nT)>. (38)
w (nT™") 0 01/ \w®mD

The stability of the periodic solution (S*(¢),0,Z(t)) is
determined by the eigenvalues of

1-600
M=< 0 10>®(T), (39)
0 01

which are

M=1-8)ec*T<1, A=eT<l,
(40)

A, = eIUT(ﬂZ*(t)—y—r)dt'

According to Floquet theory (see [43]), (S¥(¢),0,Z%(t)) is
locally stable if |A5] < 1.

Denote
7 - (BA) (T=8(1-e*T) Jju(1-(1-8)e*T))
) (u+r)T ’
(41)
For R < 1, we have
T
J (BZ" (t)—pu—r)dt <0, (42)
0

which leads to [1;]| < 1. Thus the periodic solution (S (¢), 0,
Z*(¢)) is locally stable.

In the following, we prove the global attractivity. Since
R < 1 holds, we have

BA <T o(1-e*")

u " u(1-(1-58)etT)

)—(;,t+r)T<0. (43)

We can choose a ¢ > 0 small enough such that
8 (1 - eiHT)
1-(1-98)e*T) (44)

A
=B=((1+2e)T -
n /3#<(+8) o

—(u+r)T <0.

Note that S’ (1) < A— uS(t), by impulsive differential inequali-
ties, we have

S(t)<S" (t)+¢ (45)

for all  large enough. For simplification, we may assume that

(45) holds for all t > 0. From the third equation of system (9)
and (45), we get

Z'(t)y<a(S*(t) +e-Z (), t#nT,

(46)

Z({tY =2z, t=nT.

By impulsive differential inequalities, we have
Z@{t) <P (t) +¢, (47)
where P*(t) is the periodic solution of the following equation:
Pt)=a(S*t)+e-P(t)), t+nT,
P(t")y=P@®t), t=nT,

P ()

A (1 8e—a(t—nT) (1 _ e—MT) _ e—y(t—nT) (1 _ e_aT) )
= - + a

Z (@a-p)(1-e)(1-1-0)etT)

+e nT<t<m+1)T.
(48)

From the second and fifth equations of the system (9), we
have

I'(t) < BI(t) (P* (t) + &) —pl (t) —rI(t), t#nT,
(49)
I(tY=1(), t=nT,
which leads to
I(n+1)T)
(n+1)T
< I(nTJr)eprT (B(P*(t)+e)—(u+r))dt
’ (50)
(n+1)T
= I(nT) exp J B O+ e) = ()

=InT)e".

Hence I(nT) < 1(0)™ and IWT) — Oasn — +00.
Therefore, I(t) — 0ast — +oo, since I(t) < I(nT) for
nT <t<n+1)T.

Next, we prove that S(t) — S*(¢), Z(t) — Z*(t)ast —
+00. For all € > 0, there must exist a T} > 0 such that 0 <
I(t) < efort > T,. Without loss of generality, we may assume
that 0 < I(t) < e for allt > 0, and then from system (9), we
have

A—%—Msa)gs’(t)g/\—ysa). (51)

Then we have g(t) < S(t) < S*(t) + ¢ and q(t) — q*(t) as
t — +00, where ¢(t) is the solution of

PBAe

q'(t)=A—7—Mq(t), t #nT,

q(t")=1-8q@®), t=nT,
q(07) = $8(07), (52)

Cy o M= Be) (| setm
q" )= " (1_1—(1—5)e-ﬂ>’

nT <t<(m+1)T.



Therefore, for any ¢, > 0, there exists a T, > 0 such that
q" (t)—& <S(t) < S*(t) +¢.Lete — 0;wehave S*(¢) —¢; <
S(t) < S*(t) + ¢ for t large enough, which implies S(f) —
S*(t)ast — +oo.

Similarly, Z(t) — Z*(t) ast — +00 can be analyzed by
the same method as the above, so we omit it. This completes
the proof. O

4.2. Permanence of System (9)

Theorem 10. If R > 1, then system (9) is permanent, that is,
there exist three positive constants m,, m,, and ms such that
S(t) = my, I(t) = m,, and Z(t) > m; for t large enough.

Proof. Suppose that the X(t) = (S(¢), I(t), Z(t)) is any positive
solution of system (9). From system (9), we can get

pA?

S'(t)zA—F—yS(t), t#nT,

(53)
St)=1-8)S(®t), t=nT.

Consider the following impulsive differential equation:

pA’

G (t)=A- o ~uG(t), t#nT,

G(f)=(1-8)G (1), (54)

G(0")=5(0").
Then, we have S(¢) > G(t) > G (t) — &, where

. - A— ﬁAZ/‘ul 6e—y(t—nT)
G 0= 1_1—(1—6)e—HT ’

t = nT,

nT <t<(n+1)T, (55)

(A=A )1 -8) (1-etT)
‘o u(1-(1-5)eT)

*

So we have
SH>2G(H)>G (t)-e>Gy—e=m; >0 (56)

for t large enough. From (56) and the third and sixth
equations of the system (9), we have

Z't)y>a(m, - Z ), t#nl,
(57)
Z({t)=2zt), t=nT.
Consider the following system:
H (t)=a(m -H()), t#nT,
(58)
H(t)Y)=2@®), t=nT.

Obviously, H(t) — m, ast — 00, Then there exists ¢ > 0
such that

Z({t)>m; —e=my>0. (59)
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Next, we prove that there exists a constant m, > 0 such
that I(t) > m, for t large enough. We will do it in the following
two steps.

Step (I). Since R > 1, we can choose m,, ¢ > 0 small
enough such that

[ (A-pm, 8 (A= pmy) (1-eT)
‘”"3<< u ‘2€)T_ M(l—(l—a)eﬂ))

—(p+r)T >0.
(60)

We will prove that I(t) < (u/A)m, cannot hold for all t > 0.
Otherwise,

S'(t)= A-Bm, —uS(t), t#nT,
(61)
St)=1-8)S®), t=nT.
So we have S(t) > m(t) > m" (t) — ¢ for t large enough, where
m(t) is the solution of
m' (t) = A—-Pmy—pm(t), t#nT,
(62)
m(t)=1-8)m(@),

m*(t):A_ﬁm4(1
7

t =nT,

86—/,4(t—nT)
-1 —a)e-ﬂT)’

nT<t<(m+1)T, (63)

. N-Pmy B é
" (1 1_(1_5)ew)-

From the third and sixth equations of the system (9), we have

Z' () >a(m” (t)-e-2Z(t)), t#nT,

(64)
Z({t)=2Z(t), t=nT,
and Z(t) > h*(t) — &, where

A_ﬁm‘l +A_ﬁm4a8

h @) =
U
_ —uT\ j-a(t-nT) _ _ —aT\ —u(t-nT)
y (1 e")e (1 e )e” .
(a-p)(1-e*T)(1-(1-8)e*T)
(65)
So we have
I't)y= (B (t)—e)—u—-r)I(t), t+nT,
(66)

I(t)Y=1(), t=nT.

Integrating (66) on (1T, (n + 1)T], we have
Imn+1)T

(n+1)T
> 1 (nT")exp J (B(h*(t)—€)—u—-r)dt (67)

nT

=1(nT)e".
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Then I(nT) > I(0)e™ — coasn — 00, which is a con-
tradiction to the boundedness of I(t). Hence, there exists a
t, > 0 such that I(t;) > (u/A)m,. For the sake of simpli-
fication, we let (u/A)m, be m,.

Step (II). If I(t) > m, for all t > t;, and we let m, = m,,
then our aim is obtained. Otherwise, lett* = inf,,, {t [ I(t) <
my,}, there are two possible case for ¢*.

Case (I).t* =n,T,n, € Z*. Then I(t) = m, fort € [t;,t%)
and I(t*) = m,. Choose n,,n, € Z,, such that

1, 1+m" -
n,T > —In , e DT gme o (68)
U €
Let T' = (n, + n;)T, we claim that there exists a t, €

(t*,t* + T'] such that I(t,) > m,. Otherwise, consider (62)
with m(n,T") = S(n,T") fort € (nT,(n+ 1)T]andn; < n <
ny + n, + n;. We have

|m @) —m" ()| < (1+m") M) g (69)

for (n; +n,)T <t < (n; +n, +n3)T. So as in the above step
(I), we have

I(t"+T) 2 I1(t" +n,T) ™. (70)
From system (9), we get

I'(t) > (~u-r)I(t), t#nT,
It =10,

(71)
t =nT,

fort € [t*,t" + n,T]. Integrating (71) on [t",t" + n,T], we
have

I(t" +n,T) = mye #7mT, (72)
Thus, we have
I (t* + T') > me Y s (73)

which is a contradiction.

Let £ = inf.,.{t | I(t) > my,}, and then for t ¢
(%), I(t) < my and I(f) = my, since I(t) is continuous
and I(t*) = I(t) whent = nT. Fort € (t*,), suppose
Te(t +(k-1T, t" +kT),k € Z,, k < ny + ns; from (71),
we have

I(t)=1(t") ) m4e("2+"3)(_“_r)T. (74)
Let mé = m4e(”2+"3)(7"77)T, hence; we have I(t) > m; fort ¢
(t",7). For t > £, the same arguments can be continued since
I(f) = m,.

Case (I). t* £nT, n € Z,. Then I(t) > m, for t € [t,,t"]
and I(t") = m,; suppose t* € (n,T, (ny+1)T),n, € Z,. There
are two possible cases for t € (t*, (ny + 1)T),n, € Z,.

Case (ITa). I(t) < my forallt € (¢*, (n, + 1)T). We claim
that there must be a t} € [(n, + 1)T, (n, + 1)T + T'] such that
I(t;) > m,. Otherwise, consider (62) with m((n, + 1)T") =
S((ny + 1)T); we have

Im (t)-m" (t)| <(1+m") o Ht=(na+ )T (73)

fort € (nT,(n+ 1)T]andn, +1<n<n,+1+n,+n;.Bya
similar argument as in step II case (I), we get

I((ng+1+n,+n)T)=2I((ny+1+n,)T)e™".  (76)

Since I(t) < m, fort € (t*, (ny+ 1)T), (71) holds on [t*, (n, +
1+ n,)T], so we have

I((ny+1+ny)T) = mye VT, (77)
Thus

I((ny + 1+ 1y + 1) T) = mye®VEIT0 5 - (78)
which is a contzadiction. Letf = infm* {t | 1(t) > my}, ar_ld
then for € (t*,t), I(t) < m, and I(t) = m,. For t € (t*,1),
suppose t € (n,T + (k' = VI,n,T + K'T), k' € Z, k' <
1 + n, + n,, we have

I (t) > m4e(1+n2+n3)(—[4—r)T' (79)
Let m, = m,el ol o m,, so I(t) = m, fort € (t*,1).
For ¢ > t, the same arguments can be continued since I ) >
my.
Case (IIb). There exists a t € (t*,(n, + 1)T) such that
I(t) > my. Let t** = inf,,.{t | I(t) > m,}, and then for
te (t"t""),1(t) < myand I(t*") = m,. Fort € (t",¢"),
integrating (71) on (t*,t""), we have

T > 1(e7) e ) 5 e H T 5 i, (80)

So, I(t) > m, fort € (t*,t*™). Since I(t*") > m,, fort > t**,
the same arguments can be continued.

Hence, I(t) > m, for all t > t,. The proof is completed.
O

5. Numerical Analysis and Conclusion

To verify the theoretical results obtained in this paper,
we will give some numerical simulations. We consider the
hypothetical set of parameter values as A = 0.2, 4 = 0.2,
B=01,7=03,and a = 0.1 with (Sy, I, Zo) = (0.7,0.3,0.3).
By calculation, we know that R = 0.2 < 1, and according
to Theorem 5, and we know that the disease-free equilibrium
E,(1,0,1) of system (7) is locally asymptotically stable for this
case (see Figure 1). We set the hypothetical set of parameter
valuesas A = 1.8,y = 02, = 0.08,r = 0.3,a = 0.1
with (S, I, Z,) = (0.7,0.3,0.3). By calculation, we know that
R = 1.44 > 1, and according to Theorem 6, we know that
the endemic equilibrium E*(6.25,1.1,6.25) of system (7) is
locally asymptotically stable for this case (see Figure 2).

On the other hand, we consider the hypothetical set of
parameter valuesas A = 1,y = 0.2, = 0.5,7 = 0.6,a = 3,
and T = 1 with (Sp 1y, Z) = (0.7,0.3,0.3). If 8§ = 0.8,
by calculation, we know that R = 0.4155 < 1. According
to Theorem 9, we know that the “infection-free” periodic
solution of system (9) is globally asymptotically stable for this
case (see Figure 3). We can explain this in the epidemiology
that if we take such a strategy by improving vaccination
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FIGURE I: Illustration of basic behavior of system (7) on the threshold values R = 0.2 < 1, where A = 0.2,4 = 0.2, = 0.1, = 0.3,a = 0.1,
the initial value is (S, I, Z,) = (0.7,0.3,0.3), and E, = (1,0, 1).
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FIGURE 3: Illustration of basic behavior of system (9) on the threshold values R = 0.4155 < 1, where A = 1,4 = 0.2,3 = 0.5,r = 0.6,a =
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FIGURE 4: Illustration of basic behavior of system (9) on the threshold values R = 1.4831 > 1, where A = 1,4 = 0.2, = 0.5, = 0.6,a =
3,T=1,and 6 = 0.2.
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proportion of susceptible persons in practice, as a result, the
infectious population vanishes; that is, diseases eliminate.
Figures 3(b), 3(c), 3(d), and 3(e) show the “infection-free”
periodic solution under R = 0.4155 < 1. In contrast, if we
decrease vaccination proportion of susceptible persons to 0.2,
the diseases will be permanent (in this case R = 1.4831.) (see
Figure 4). Comparing Figure 1 with Figure 3 and Figure 2 with
Figure 4, we find that the impulse vaccination proportion of
susceptible persons has played a very important role in the
actual epidemic prevention.

In this paper, a SIR epidemic model with distributed
delay is proposed. The dynamics behavior of the model with-
out vaccination or under impulsive vaccination is studied,
respectively. By using the Jacobian matrix, the stability of
the equilibrium points of the system without vaccination is
analyzed and by using Floquet’s theorem, small-amplitude
perturbation skills and comparison theorem the sufficient
conditions of globally asymptotic stability of “infection-free”
periodic solution and the permanence of the model under
impulsive vaccination are obtained. Lastly, we give some
numerical simulation to illustrate our main conclusions. We
think our mathematical results would be helpful in diseases
control.

Appendix
The Second Additive Compound Matrix

Let A = (a;) be a 3 x 3 matrix. Then its second additive
compound matrix is as follows:

2] ap +ay a3 —ay3
AT = asp ay +as; ap .

—ad3; ay ayy +as;

(A1)

Proposition. Let 0A = A; : i = 1,2,3 be the spectrum of A.
Then the spectrum of A is gA) = ), + Ajil<i<j<3.
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