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Abstract In this paper, by constructing Lyapunov functionals, we consider the global dy-
namics of an SIRS epidemic model with a wide class of nonlinear incidence rates and dis-
tributed delays [g‘ p(t)f(S(¢),I(t — T))dT under the condition that the total population N(7)
converges to 1. By using a technical lemma which is derived from strong condition of strict
monotonicity of functions f(S,7) and f(S,I)/I with respect to S > 0 and / > 0, we extend
the global stability result for an SIR epidemic model if Ry > 1, where Ry is the basic re-
production number. By using a limit system of the model, we also give a proof that the
disease-free equilibrium is globally asymptotically stable for Ry = 1.
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1 Introduction

In order to understand the mechanism of disease transmission, many authors have paid at-
tention to the stability analysis of the equilibria for various kinds of epidemic models (see
[1-24] and the references therein).

To investigate the disease spreading effect transmitted by a vector (e.g. mosquitoes, rats,
etc.) after an incubation time denoting the time during which the infectious agents develop
in the vector, Takeuchi et al. [21] formulated an SIR (Susceptible-Infected-Recovered) epi-
demic model with distributed delays of the form 5(¢) fé’ p(t)I(t —t)dt.However, when the
reproduction number is larger than 1, it was shown that the endemic equilibrium is globally
asymptotically stable only for the case that the delay # is small enough, that is, an open prob-
lem for the global stability of the endemic equilibrium for the case # is sufficiently large was
still left. Later, by focusing on the equation deformation in time derivative of a Lyapunov
functional, McCluskey [14] proved that the endemic equilibrium is globally asymptotically
stable for any length of delay # if the basic reproduction number is larger than 1. Recently,
Enatsu et al. [5] and McCluskey [16] considered the following SIR epidemic model with a
wide class of nonlinear incidence rates and distributed delays:

h
B i sty - | p@s(s0).10-7)d,
- J ! D) £S(0), 10— D)) — (u V)I(), (D
dr 0
dﬁ—y) = 71(1) — uR(?).

S(t), I(t) and R(¢) denote the fractions of susceptible, infective and recovered individuals
at time 7, respectively. u > O is the death rate of the population, y > 0 is the recovery rate
of the infective individuals. 2 > 0 is a maximum time taken to become infectious and the
transmission of the infection is governed by an incidence rate fé’ p(t)f(S(2),I(t —T))dT.
p(7) denotes the fraction of vector population in which the time taken to become infectious
is T € [0, 4] satisfying p € C([0,h],R o) and [if p(t)dT = 1.

By constructing suitable Lyapunov functionals, they showed that the global stability of
equilibria of (1.1) is fully determined by the basic reproduction number when the functions
F(S,I) and f(S,I)/I has monotone properties with respect to S > 0 and I > 0. The similar
results have now been obtained in Huang and Takeuchi [8] for an SIR epidemic model with
the wide class of nonlinear incidence rates and a discrete delay.

On the other hand, Mena-Lorcat and Hethcote [17] considered several SIRS (Susceptible-
Infected-Recovered-Susceptible) epidemic models with a bilinear incidence rate and a stan-
dard incidence rate. The SIRS models describe the phenomena that susceptible individuals
become infectious, then removed with immunity after recovery from infection and then sus-
ceptible again when the temporary immunity fades away. In order to investigate the effect
of the immunity loss of diseases, various kinds of SIRS epidemic models and a significant
body of work concerning the stability analysis of the steady states of the models have now
been carried out (see, for example, [1,9—-12,22] and the references therein).

In addition, many authors have suggested that transmission of the infection shall have
a nonlinear incidence rate. Capasso and Serio [3] studied the cholera epidemic spread in
Bari in 1973 and have given an assumption that the incidence rate may take the nonlinear
form ’i i@llg)) , which has been interpreted as saturated incidence rate measuring the crowd-
ing effect of the infective individuals (see also Xu and Ma [23]). Based on their idea, Ko-
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robeinikov and Maini [10] and Korobeinikov [11,12] obtained the global properties of SIR
and SEIR models with a nonlinear incidence rate #(S(¢))g(I(¢)) and SIR, SEIR and SIRS
epidemic models with a more general framework of the incidence rate f(S(z),I(z)), respec-
tively. Thereafter, Zhou and Cui [24] have introduced a nonlinear incidence rate of the form
BS(t)I(¢)(1+ al(t)*~') with k = 2 for an SEIV epidemic model.

However, for global stability conditions of the endemic equilibrium of the delayed
SIRS epidemic model, only restricted sufficient conditions are known by literatures. For
the model with a bilinear incidence rate, Nakata et al. [20] obtained a sufficient condi-
tion which ensure the global stability of the endemic equilibrium. Vargas-De-Leén and
Gomez-Alcaraz [22] constructed an another Lyapunov functional for the same global sta-
bility result. For the model with nonlinear incidence rates, Enatsu et al. [6] also obtained
that the endemic equilibrium for an SIRS epidemic model with an incidence rate of the
form [Oh BS(r)G(I(t — T))dT is globally stable for a small rate of immunity loss by con-
structing a Lyapunov functional. By improving monotone iterative techniques in Xu and
Ma [23], Muroya et al. [19] obtained sufficient conditions which ensure the global asymp-
totic stability of an endemic equilibrium for an SIRS epidemic model with an incidence rate
BS(H)I(t—7)/(1+ al(t—1)P), where p > 1 (see also Muroya et al. [18] for p = 2). In fact,
by introducing a generalized nonlinear incidence as a function of the number of infected
individuals, Alexander and Moghadas [1] showed that stability of the endemic equilibrium
can change through Hopf, saddle-node and Bogdanov-Takens bifurcations.

Motivated by the above facts, in this paper, we extend global stability results in [5,6,8,
16] to the following SIRS epidemic model with a wide class of the nonlinear incidence rates
and distributed delays:

BO st~ [ otz o))+ OR(1),
d{i—(tt) - /ohp<’>f (S(0),1(t —1))dt— (u+7)1(1), (12)
dR(r)

< =)~ (u+O)R()

with the initial condition

S(6) = ¢1(6), 1(8) = ¢2(6), R(6) = ¢3(6), (1.3)
(;Di(e)>0 66[ h } (0)>0 (;DZEC([ h,O],R+),i:1,2,3- .

0 > 0 is the rate at which recovered individuals lose immunity and return to the susceptible
class. We here assume that f : Rio — R is a locally Lipschitz continuous function on Rio
satisfying f(0,7) = f(S,0) =0 for S, > 0 and the followings hold.

i) f(S,1) is a strictly monotone increasing function of § > 0,
for any fixed I > 0,

ii) if Ry > 1, then f(S,I) is a monotone increasing function of 7 > 0,
for any fixed S > 0,

(H1)

and

D) ¢(S,I)= ( ) is a bounded and monotone decreasing function of
1> 0, for any fixed § >0,

i) K(S) =limy, o ¢(S,I) is a continuous and monotone increasing
function on § > 0,
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where

_ K(S)
uty’

is the basic reproduction number of system (1.2). Ry denotes the expected number of sec-

ondary infectious cases generated by one typical primary case in an entirely susceptible and

sufficiently large population. We note that 0 < ¢(S,I) < K(S) holds for any S,7 > 0.

It is well known by the fundamental theory of functional differential equations that the
solution (S(z),1(z),R(¢)) of system (1.2) is unique and positive for all > 0.

System (1.2) always has a disease-free equilibrium Ey = (Sp,0,0). On the other hand,
under the hypotheses (H1) and (H2), if Ry > 1, then system (1.2) also admits a unique
positive equilibrium E, = (S*,I*,R*), where $*,I*,R* > 0 (see Korobeinikov [11,12] and
Lemma 2.2 below).

The main results are as follows:

Ro So=1 14

Theorem 1.1 If Ry < 1, then the disease-free equilibrium Ey of system (1.2) is globally
asymptotically stable.

By applying a key property of strict monotonicity of functions f(S,I) and f(S,I)/I with re-
spectto S > 0 and / > 0, we obtain sufficient conditions which ensure the global asymptotic
stability of the endemic equilibrium E, of system (1.2) for Ry > 1.

Theorem 1.2 [fRy > 1, then the endemic equilibrium E, of system (1.2) exists uniquely and
system (1.2) is permanent. Moreover, if the following conditions hold:

(D) there exist positive constants Cy, C1 and C such that
forany vi <8§<80,0<I1<8y, S<S*andI#1TI",
f(Sal*) 7f(S*7I*)

(S—8)I*
f(Svl) _f(Svl*)
I1-I*

I r
f8N  f8.rF)
I-I*

(I 8% <4CoCiCa(u+8)(u+7)

§C07

>0 >0, (1.5)

2C2>0,

f(vlal*)
I* ’

then the endemic equilibrium E, of system (1.2) is globally asymptotically stable, where
v =v1 > 0 is a unique positive solution of u —K(v) —uv=0.

Note that if f(S,I) = BSI/(1+ al), then the incidence rate becomes saturated-type,
which is of the form used in Xu and Ma [23].

Theorem 1.2 indicates that the endemic equilibrium of system (1.2) is globally asymp-
totically stable when Ry > 1 for a small rate of immunity loss d as long as the infection
rate has suitable monotone properties of function f characterized by (H1), (H2) and the
condition (1.5).

The organization of this paper is as follows. In Section 2, we offer basic results for
system (1.2). In Section 3, we establish global asymptotic stability of the disease-free equi-
librium for Ry < 1 and prove Theorem 1.1. In Section 4, we establish global asymptotic sta-
bility of the endemic equilibrium for Ry > 1 and prove Theorem 1.2 by means of Lyapunov
functionals to the reduced system which is derived from system (1.2). Finally, a discussion
is offered in Section 6.
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2 Basic results

We offer some basic results of system (1.2). The following lemmas will be used in the proofs
of Theorems 1.1 and 1.2.

Lemma 2.1 The plane S(t)+1(t) +R(t) = So is an invariant manifold of system (1.2), which
is globally attractive in the first octant of R3, that is,

lim (S(t) +1(1) +R()) = So. 2.1)

t—+

Proof Let N(r) = S(¢) +1(¢) + R(t). Then it follows from system (1.2) that

dN (¢
M0~ o)~ i)~ uR()
= u—uN(t).
Hence, we obtain that lim,_, ;. N(z) = Sp. This completes the proof. O

Lemma 2.2 System (1.2) always has a disease-free equilibrium Ey = (So,0,0). Moreover,
if Ry > 1, then system (1.2) has a unique endemic equilibrium E, = (S*,I*,R*) satisfying
the following equations:

w—uS* —f(8*,I") + 6R* =0,
F8 )= (u+y)I*=0, 2.2
yI* — (u+0)R* =0.

Proof First, it is evident that there always exists a disease-free equilibrium Ey. Second, we
now show that system (1.2) has a unique endemic equilibrium E, = (S*,I*,R*) if Ry > 1.
By (2.2), at a fixed point of the system, the following equalities hold.

)
u—uS—{wﬂ)—y—}I:o, F(S,D)—(u+y)1=0. 23)
u+o
By the implicit function theorem and the hypotheses (H1), we see that f(S,1) — (u+7v)I =0
defines a function S = & () on neighborhood around 7 = 0. Then, it follows from (2.3) that
f(S07I)

e .
Jimy = T ey <K(So) = lim == @4

if Ry = K(So)/(u+7v) > 1. Therefore, by the hypotheses (H2), we obtain that

Jim £(7) < So. (2.5)

By the hypothesis (H2), the function (/) is a monotone increasing function and either exists

and is continuous for 7 € (0, u/{(u+7y)— J%}} , or reaches infinity in this interval. After

substituting the relations S = (/) and f(S,I) — (u+y)I =0 into the first equation of (2.3),
we consider the following equation.

H(D) ::u—uz_:a)f{(uw)—%}z:o,
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from which we obtain that H(I) is a strictly monotone decreasing function. By (2.5), we
have that

lim H(I) = —u lim () > u—uSo =0
JAm H(D) = —p lim (1) > u—puSo =0,

which implies that there exists a unique positive solution 0 < I* < u/{(u+7y)— M’fé} <

So = 1 such that H(I*) = 0. Therefore, there exists a unique positive solution R* > 0 such
that yI* — (u+ 8)R* = 0. Hence, the proof is complete. ad

3 Global stability of the disease-free equilibrium E

In this section, we assume that Ry < 1 and show the global asymptotic stability of the
disease-free equilibrium Ej of system (1.2) constructing a Lyapunov functional. From Lemma
2.1, the limit set of system (1.2) in the first octant of R locates on the plane S+ 1+ R = Sp.
Hence, the dynamics of system (1.2) in the first octant of R? is equivalent to the following
system:

%(t) =p—us()— th(r)f(S(t),I(tf1))d1+5R(,)7
dl—(t):/hp(r)f(S(t),I(tfr))drf(Mﬂ)[(,)_ G.1)
dt 0

dﬁ—y) =7y(So—S(t) —R(r)) — (u+ 6)R(¢).

Theorem 3.1 If Ry < 1, then the disease-free equilibrium Ey of system (3.1) is globally
asymptotically stable on {(S,I,R) € R3|S+I1+R=Sp}.

Proof We consider the following Lyapunov functional:

"S(r) '
W(t) = /SS (1 — I(I;(iv()))) ds+1(1) +/th(17) - %f(S(qur),l(u))dudt
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‘We then obtain

dw(;t(t) - (1_ [f(f(i?)) (“_“S(t)_/th(r)f(s(t),l(t—r))dr+ 5R(t)>

+ [ P16 (ot i)

[ o o st o.10) -

K(So)
K(S(1))

f(S(r)J(m))}dr

_ (1_ K(So) )(_M(S(,)_SO)+6R(t))

+
S—
=
=

SY OO LR

S+ 7)) 0] —(u+y)}l(t)dr.

K(So)
K(5(r))

R

K(So)

[ 00 | g s K (S(40) — (1) 1)

B K(So)
- (1 - K(S(t))) (S() o) + () (Ro — DI().

Noting that SR(r)(1 —

) <0 on the plane {(S,7,R) € R3|S+1+R =Sy}, we obtain

Thus, it holds that %t(t) < 0 with equality if S(r) = So. Hence, we have lim,_, 1 S(t) = So,
which implies from system (3.1) that lim,_, 1 I(#) = 0 and lim,_, ;. R(z) = 0 hold. By an
extension of Lyapunov-LaSalle asymptotic stability theorem (see also Kuang [13, Theorem
5.3]), the disease-free equilibrium Ej of system (3.1) is globally asymptotically stable. This

completes the proof. O

Proof of Theorem 1.1. From Theorem 3.1, we immediately obtain the conclusion of this
theorem. O

4 Global stability of the endemic equilibrium E, for Ry > 1

In this section, we establish the global asymptotic stability of the endemic equilibrium E, of
system (1.2) for Ry > 1 by using a lower bound of the susceptible individuals S(¢) for large
t.

First, we obtain the following theorem, which indicates that the disease eventually per-
sists in the host population when Ry > 1.
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Theorem 4.1 If Ry > 1, then for any solution of system (1.2), it holds that

liminfS(¢) > vy, ltiglinfl(t) >vy:=ql"exp(—(u+y)ph),

=00

_— V2
>v3i=

ltlging(t) >3 it

where vy > 0 satisfies u —K(vi) —uvi =0and 0 < g < 1 and p > 1 satisfy
u — (K(So) +es)ql” —uph u
l—e™™M) 0<g< —r——r.
u ( ) T K (So) +es)I”
Proof Let (S(t),I(t),R(t)) be a solution of system (1.2) with initial condition (1.3). By
Lemma 2.1, it follows that limsup,_, . I(f) < 1, which implies from the first equation of
system (1.2) and the hypothesis (H2) that, for any & > 0, there is an integer 7; > 0 such that

h _
%(:) > M_/O p(r)WI(t—r)dr—uS(t)

St <

.1

> uK(s0) [ P01~ T sl

= u—K(S@))(1+e&) —us(), 42
for t > Ty + h. Let us now consider the following auxiliary equation:
ds(zr)

o M —K(S(t)) — uS(t).

Then one can obtain that lim,_, . S(¢) = v; > 0. Since (4.2) holds for arbitrary & > 0 suffi-
ciently small, it follows that liminf;_, ;. S(z) > v; > 0.

We now prove that it is impossible that (z) < gI* for all sufficiently large 7. Suppose
to the contrary that there exists a sufficiently large #; > T such that I(¢) < gI* holds for all
t > t;. Then, similar to the above discussion, we have that for any t > #; + £,

h
B0 2w [ p@osto). 16 -1~ v st

> u—(K(So) +es)ql” — uS(t),
which yields for t > t; + A,

13
S(t) > S(t) +h)e HU=n=h) 4 out / » e (u— (K(So) + &s)gl™)ds
il

u— (K(So) +&s)ql”
” (
Hence, it follows from (4.3) that for t > ¢, +h+ ph,

= S(ty +h)e HEn=h) 4 1 —e kUmn=h), (4.3)

— (K(S I*
S([) > u ( ( 0)+£S)q (1 _e—yph)
u
=55 > 5% 4.4)
Now, we define the following function:
h 14T
V() =I(0) + /O p(0) [ F(SQu), 14— 1))dudr. 4.5)
t
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Calculating the derivative of V (¢) along solutions of system (1.2) gives as follows:

av() _
dr

[ P (560,16 -0~ (i)
+ [ @ S+ 0,16) - £(5(0). 1 7)) e
= [ p@(ste+ 010 (4 7)),

For ¢ > t; + h+ ph, it follows from (4.4) and the relation u+y = ¢ (S*,I*) that

%@ = /th(f){d’(s(“rf)a[(f))*(MJFY)}I(t)dr
g /()hp(r){d)(s(tJrr)’I*)*¢(S*»1*)+¢(S*,I*)*(MJrY)}I(t)dr

= [ poo (st 0.0~ gl 1 0
> {p(8%, 1) = 9(8" 1) H (). (4.6)

Setting i = minge|_p0) (0 + 11 + ph+2h), we claim that I(¢) > i for all ¢ > #; +h+ ph.
Otherwise, if there is a T > 0 such that I(t) > i for sy + h+ph <t <t +2h+ph+T,
I(tj +2h+ph+T) =iand dld—gt) li=t, +2n+phtT < 0, it follows from the second equation of
system (1.2), the conditions (H1) and (H2) that for t, =#; +2h+ph+T,

dir)

&t =iy /ohp(r)f(S(tz)J(tz—T))df—(“”)’(’Z)

1=t

= /th(f)fb(S(tz)J(tz — ) —7)dT— (1 +7)I(12)

> [ p@(st).1)1te2 - D~ (1)
> (0(5(0), 1) — (u+ ) }(0)

> {o(s% 1)~ (wtn}i

> {§(8", )~ (u+1)}i=0.

This is a contradiction. Therefore I(z) > i for all ¢ > #; + h+ ph. It follows from (4.6) that

dv(r)
dt

> {¢(S2,1°) — ¢(S*,I%)Yi >0, for 1 > 1) +2h+ ph,

which implies that lim,_,, V (¢) = +o. However, it holds from (2.1) and (4.5) that limsup,_, ., V(¢) <

+o0, Hence the claim holds.
Thus, we proved that it is impossible that I(¢) < gI* for all sufficiently large . Now, we
are left to consider the following two possibilities:

(i) I(¢) > gI* for all ¢ sufficiently large,
(ii) I(z) oscillates about gI* for all ¢ sufficiently large.
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10

If the first case holds, then we immediately get the conclusion of the proof. If the second
case holds, we show that I(¢) > gI* exp (—(u + y)ph) for all ¢ sufficiently large. Let 13 < #4
be sufficiently large such that

I()=1(ta) =ql", I(t) < ql", t3 <t < t4.
If t4 — 13 < ph, then it follows from the second equation of system (1.2) that

dI(z)

TRk —(u+y)I(1),

that is,

1(t) > 1(t3)exp (—(u+7)(t 1))

> qI" exp(—(u+7v)ph) = va.
If t4 — t3 > ph, we obtain from the second equation of system (1.2) that I(¢) > v, for 3 <t <
t3+ ph. We now claim that I(¢) > v, for all 3+ ph <t < 4. Otherwise, there is a T* > 0 such
that I(r) > vy forts <t <3+ ph+T* <t4,1(13+ph+T*) = v, and %’H,:,ﬁph”* <O0.

On the other hand, for tp =13+ ph+T7, it follows from the second equation of system (1.2)
and the relation ¢ (S(1),1(t0)) > ¢(S(t0),1*) > (S, I*) > ¢(S*,I*) that

di(z)

& = /th(r)f(S(to),I(to—r))dT—(M-i-Y)I(fO)

= [ p(@9(00). 160 - )10 2)ax— (4 7))
> {6(8(10),1°) — (u+1)} (1)

> {o(s*.1) — (u+7) )

> {0(5 1) — () H10) =0,

which is a contradiction. Hence 1(¢) > gl* exp (—(u + y)ph) = v, for t3 <t < 4. Since the
interval [t3,14] is arbitrarily chosen, we conclude that (¢) > v, for all ¢ sufficiently large for
the second case. Thus, we obtain that liminf;_, 1 I(¢) > v,. From the above discussion, one
can see that liminf,_, ; » R(¢) > v3. Hence, this completes the proof. a

Recalling by Lemma 2.2 that the existence of the endemic equilibrium E, = (5*,1*) of
system (4.10) is guaranteed for the case Ry > 1, for a fixed 0 < t < h, we put

S o _fS@.r) 1) o fS0+7),1(0)
B Y A S T (R NN .7)
glx)=x—1—Inx>g(1) =0, forx > 0.

The following lemma plays a key role to obtain Theorem 1.2.

Lemma 4.1 For allt > 0 and 0 < t < h, it holds that

1 £(8(),1) 1\’
and
) —gGie) > CIGoI (3 — 1), 4.9)

with equality if and only if x; = 1 and y; = ¥, = 1, respectively.
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Proof First, by the condition (I) of (1.5), we obtain that

=0 (-5)= (%) 7swm)
= -5 (8()-5 (1 - %)
< S*,*(f(S(t)J*)—f(S*»’*))(1_

- {800 (11)2,

S*I* X

f(8°,17) )
f(8@),1%)

Second, we have that

f8(+7),1() = f(S(+7),17)
f(S(t+7),1)

yt,‘r_l -

and

I(t)  f(S(t+7),1(t))

I* f(S@+7),I*)

BCCAS LY S R
I* FSE+7),101)  f(S(t+7),I*) )"

— YVt =

Then, by the hypotheses (H1) and (H2), we immediately obtain

(8@ +7),1(2)) ( 1() B r )

I f(S(t+7),1 ) fS@+7),1@)  f(S(t+7),0%)
(f (1+7),1(0) — f(S(t+7).1"))

(O *?t.,r)(yt,r —1) =

with equality if and only if y; = J, = 1. Moreover, since g'(x) =1 — % and g’ (x) = Xiz >0
for all x > 0, it holds that

8(y1) —&0ir) > &' Gra) 0 —Fr0)
)’t r—1 (
Vix

> Yt — yt,r)

1 ( 1(t) B I )
F\FSG+0,1(0)  FSG+1).)
X (£(S(+7), 1)) = £(S(t+7),1))

> D2 (1) -1y

=C\GI* (y,— 1)?,

with equality if and only if y; = §; ; = 1. Hence, we get the conclusion. a



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

12

Now, we are in a position to prove the global asymptotic stability of the endemic equi-
librium E, of system (1.2) for Ry > 1.

Proof of Theorem 1.2. From Lemma 2.1, the limit set of system (1.2) in the first octant
of R? locates on the plane S+ 7+ R = Sy. Hence, the dynamics of system (1.2) in the first
octant of R? is equivalent to the following system:

B = () (e )50~ [ p(f (500, e~ e)dx 010 o
89— [ b 50,103~ (e )10 |
We consider the following Lyapunov functional (cf. [5.7,14,15]):
V() =U(t) +U(1), (4.11)
where
U(t):/f(t)<1 f(s%, 1*)) - (1(: t))
U.(t) = f(S*,I*) / t g( (SL;TT ))dudr.
400 along the solution of system (4.10) satisfies as follows:
(- JZE(SS(*)’*) ){ +0) / pix — o= (u+0)5(0) - 010

#(1-56) ([ 0 e <u+y>1<t>).
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Rearranging u+ 6 = (u+96)S* + f(S*,I*)+6I* and u+y = f( A1) gives

au () (17 F(8*,1%) )

a 7.1

<{rors s (s*z* - [ pwsst.re- o) |
+(1-15) ([ peorststoae—ona— s 1*)’}3)
+0(1- s ) 1)

““*(1 D -Fwm)

(i 50 ) /th(r) RLONES)Y

anal ) Pl
T

o ()52

i *1*) I f(S().1~7))
Sf/op (— 5 )

f(8(0), 1¥)
+(f(7,fmf))711(i))}dr+a<1ffJZ(SS(Z;?))(I*,I(t))
= (u+9)S (

) (1 o)

G50}
5.0 [ rodo{ ) - )
+g< s ) o) parro (1= figszs ) -1

dU+()

Second, calculating gives as follows.
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Finally, we obtain that

o (1 -¥)(-Fmm)

+1(S, 1* {g( T F) ‘41(:)%)
+g<iffiii ) -7

so(1- LD 1)
:(M+6)S*(lfx,)(17%)751*0*%)(%*1)

*f(S*J*)/O.hp(r){g (%) +g (X‘y’y—;f) +g(y) fg(ym)}dr.

(4.12)

By applying (4.8), (4.9) and the relation g(%) + g(%) >0 to (4.12), it holds that

. 2
d\git) < —@%(M*“S) (1 _%)

—or* (1 - l) (v = 1) = CLCaf (S*, ) (y; — 1)°.

Xt

Using f(S*,I") = (u+y)I* gives as follows. we have that

d‘(’ift) < —{COW(H"“S) (1 - %)2“5’* (1 - Ni) bt

t Xt

LG (7)) (o 1>2}.

By Theorem 4.1, for any 0 < & < vy, there exists a 7, > 0 such that S(z) > v; — ¢ for any
t > T;. From the condition (II) of (1.5), we may restrict this ¢ > O sufficiently small such
that

f(Vl — & I*)

<0.
I*

0% —4CoC1Co (u+0)(u+7)
Then, we have that
or2-a{a 0D oo e ey

< (I')? {52 —4CoC1Ca(u+0) (u+ ”M} =

from which we obtain that ( ) <0 holds for all > T, with equality if and only if S(¢) = S*
and I(t) = I'*. Thus, by an extentlon of LaSalle’s invariant principle (see also Kuang [13,
Corollary 5.2]), E. is globally asymptotically stable. Hence, the proof is complete. a
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5 Applications

In this section, we illustrate some examples in order to validate the feasibility of our global
stability results with respect to the rate of immunity lost §. We consider the following SIRS
epideimc model with a discrete delay:

ds(r) S(1) I(t—1)

g M uS()-B T oS0 T el 1) +8R(1),
di¢e) o S@) 11— 1)

dr =F L+oasS(Et) 1+ oyl(t—7) —(u+7)I), (5.1)
dﬁﬁ” =7I(t) = (u+0)R(1), T>0.

B > 0 denotes the infection force of disease. Here, i +a15S(t) and ] +a1}<t71) measures
the inhibition effects from the behavioral change of the susceptible individuals and infec-
tive individuals, respectively. For the case oy = oy = 0, the incidence rate becomes a form
which is proposed in Vargas-De-Leén and Gémez-Alcaraz [22] and for the case ag =0, the
incidence rate becomes a form which is proposed in Xu and Ma [23]. From (1.4), the basic

reproduction number of system (5.1) becomes Ry = (Mﬂﬁm
Using similar techniques in the proofs of Theorems 1.1 and 1.2, we establish the follow-

ing result (cf. McCluskey [14, Section 5]):

Corollary 5.1 If Ry < 1, then the disease-free equilibrium Eo of system (1.2) is globally
asymptotically stable. If Ry > 1, then the endemic equilibrium E. of system (5.1) exists
uniquely and system (5.1) is permanent. Moreover, the endemic equilibrium E, of system
(5.1) is globally asymptotically stable if

~ o~ B
02 < 4CyC1Co(u+0)(u+ ,
(g Z(Au’ )(Au Y)(1+06s\71)(1+0611*)
~ (1—|—(15\71)(1—|—O£11*) (1+a55*)(1+(111*)
Co= < )
B B
5.2)
= B < B
(1+ast)(14+a)? = (14 as¥)(1+ay) (1 +oyl*)’
Cz _ (1 —|—(15)O!]’
B
where v = 7| is a unique positive solution of u — (Hﬁ—OVfSV) —uv=0.
For system (5.1), under the conditions
7=0.1, ag=a;=0.1, y=0.01 and u = 0.02, 5.3)

we consider two cases of f =0.02 and 3 = 0.06. First, we consider the case § = 0.02. Then,
we obtain Ry = 0.606--- < 1. By Theorem 1.1, the disease-free equilibrium Ey of system
(5.1) is globally asymptotically stable for any § > 0.

Second, we consider the case § = 0.06. Then, we obtain Ry = 1.818--- > 1 and ¥} =
0.512---. For this case, since the condition (5.2) becomes 0 < § < 6* :=0.013---, the
endemic equilibrium E, of system (5.1) is globally asymptotically stable for any 0 < 6 < 6*.
From a biological point of view, for a small loss of immunity rate, the prevalence of the
disease can settle to an endemic steady state independently of the initial conditions.
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Fig. 1 The graph trajectory of S(¢), I(t) and R(z) of system (5.1). For the case (5.3) with § = 0.02 and
6 =0.07, we have Ry = 0.606--- < 1 and Ey = (1,0,0).
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Fig. 2 The graph trajectory of S(¢), I(t) and R(z) of system (5.1). For the case (5.3) with f = 0.06 and
6 =0.007 < 6%, we have Ry = 1.818--- > 1 and E* = (0.544--- ,0.332--- ,0.123--).

Figures 1 and 2 indicate that the disease-free equilibrium Ej and the endemic equilib-
rium E, of system (5.1) are globally asymptotically stable for the first and the second cases
with 6 =0.07 and 6 = 0.007, respectively.

On the other hand, Figure 3 indicates that the endemic equilibrium E, of system (5.1)
is also globally asymptotically stable even if the condition (5.2) in Corollary 5.1 fail for the
second case with 6 =0.07 > 6* for Ry > 1. There is still an open problem to determine the
global asymptotic stability of the endemic equilibrium of system (5.1) for 6 > 6*.
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Fig. 3 The graph trajectory of S(¢), I(t) and R(z) of system (5.1). For the case (5.3) with § = 0.06 and
6 =0.07 > 6*, we have Rp = 1.818--- > 1 and E* = (0.548--- ,0.406--- ,0.045---).

6 Discussion

In this paper, for an SIRS epidemic model with a wide class of nonlinear incidence rates and
distributed delays foh p(t)f(S(¢),I(t — T))dt, we established the global asymptotic stability
of the disease-free equilibrium Ey for Ry < 1 and the endemic equilibrium E, of system (1.2)
for Ry > 1. By using a limit system of the model, a proof that the disease-free equilibrium is
globally asymptotically stable for Ry = 1 is also given. In particular, without imposing any
restriction on the size of a maximum latent period 4, the global asymptotic stability of the
endemic equilibrium E, of system (1.2) is established for a small loss of immunity rate 6.
By means of strict monotonicity of functions f(S,I) and f(S,I)/I with respect to S > 0 and
I >0, we obtain Lemma 4.1 which plays an important role to establish the condition (1.5)
such that V is a Lyapunov functional. Hence, our result is an extension to the global stability
result for an SIR epidemic model.
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