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ABSTRACT. We analyze local asymptotic stability of an SIRS epidemic model
with a distributed delay. The incidence rate is given by a general saturated
function of the number of infective individuals. Our first aim is to find a class of
nonmonotone incidence rates such that a unique endemic equilibrium is always
asymptotically stable. We establish a characterization for the incidence rate,
which shows that nonmonotonicity with delay in the incidence rate is necessary
for destabilization of the endemic equilibrium. We further elaborate the stabil-
ity analysis for a specific incidence rate. Here we improve a stability condition
obtained in [Y. Yang and D. Xiao, Influence of latent period and nonlinear
incidence rate on the dynamics of SIRS epidemiological models, Disc. Cont.
Dynam. Sys. B 13 (2010) 195-211], which is illustrated in a suitable param-
eter plane. Two-parameter plane analysis together with an application of the
implicit function theorem facilitates us to obtain an exact stability condition.
It is proven that as increasing a parameter, measuring saturation effect, the
number of infective individuals at the endemic steady state decreases, while
the equilibrium can be unstable via Hopf bifurcation. This can be interpreted
as that reducing a contact rate may cause periodic oscillation of the number of
infective individuals, thus disease can not be eradicated completely from the
host population, though the level of the endemic equilibrium for the infective
population decreases. Numerical simulations are performed to illustrate our
theoretical results.

1. Introduction. In modeling of disease transmission dynamics an important in-
gredient is the incidence rate, describing the number of new infective individuals
arising in a host population per unit of time. It is often assumed that the inci-
dence rate is proportional to the number of infective and susceptible individuals,
thus the bilinear incidence rate is frequently used [11]. The bilinear incidence rate,
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however, may be insufficient to consider some diseases where, for example, multi-
ple exposures of infection are possible [10, 19, 20]. The authors in the paper [3]
introduce an SIR epidemic model with a saturated incidence rate by a system of
ordinary differential equations, motivated by a study of the cholera epidemic spread
in Bari in 1973. In the model equation, force of infection is given by a nonlinear
bounded function of the number of infective individuals, which can be interpreted
as saturation or psychological effect in the disease transmission dynamics. In the
same paper, the authors analyze stability and solution trajectories in the phase
plane and, then, compare the final size of an epidemic to that in the model with
the bilinear incidence rate.

Dynamical behavior of epidemic models with a nonlinear incidence rate has been
investigated by many authors, see [25, 19, 20, 10, 28] and references therein. For
SIRS and SEIRS epidemic models it is shown that periodic oscillation can appear
via Hopf bifurcation, if the incidence rate increases “faster” than the bilinear in-
cidence rate [19, 20]. It is also known that some nonlinear incidence rates do not
affect the qualitative dynamics of epidemic models. In [14, 15] the author considers
some epidemic models with a general incidence rate in which the basic reproduc-
tion number exactly determines whether the disease free equilibrium or a unique
endemic equilibrium is globally asymptotically stable. In [29] an SIRS epidemic
model with a nonmonotone incidence rate is formulated. Here force of infection
decreases as increasing the number of infective individuals for a large number of
infective individuals. The authors prove that the endemic equilibrium is globally
stable if it exists.

Time delays are introduced in epidemic models to capture a period in the course
of infection, e.g. an incubation period of diseases [4, 27, 1], a constant infectious
period [2] and a period of immunity [18], then, delay differential equation naturally
arises in the model equations. The threshold type result in [14, 15] is successfully
generalized to SIR epidemic models with distributed delay in [8, 21]. See also [12]
for the same direction. The authors in [31] aim to extend the stability results in
[29] for SIRS epidemic model with a discrete delay, where the saturated incidence
rate can be either a monotone type [30] or a nonmonotone type [29] depending on
a parameter. The authors analyze stability of an endemic equilibrium and obtain
sufficient conditions such that a stable endemic equilibrium becomes unstable via
Hopf bifurcation.

Though the importance of nonmonotonicity of the incidence rates is widely dis-
cussed [28, 29], qualitative description of dynamical behavior of delayed epidemic
models with nonmonotone incidence rates has not been fully understood, due to
the mathematical tractability. In [31] the authors obtain sufficient conditions for
stability and instability of an endemic equilibrium. The instability condition seems
to be difficult to interpret biologically.

In this manuscript, we first aim to detect a class of nonmonotone incidence rates
such that the endemic equilibrium is always asymptotically stable. To this aim we
consider an SIRS epidemic model with distributed delays. Here the incidece form is
not specified, but we assume that the probability of transmission of the disease de-
creases as increasing the infective population. Analyzing a characteristic equation,
we obtain a characterization for the nonmonotonicity such that the endemic equi-
librium is always asymptotically stable. We then derive an exact stability condition
for a specific incidence rate proposed in [31]. Two-parameter plane analysis together
with an application of the implicit function theorem facilitates us to analyze the
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characteristic equation in detail. It is shown that a parameter, measuring satura-
tion effect, is responsible for destabilization of the endemic equilibrium via Hopf
bifurcation, thus the number of infective individuals would fluctuate periodically.
This can be interpreted as that, if the nonmonotonicity is due to an intervention
policy during an epidemic outbreak as in [28], periodic oscillation is possible by
reducing the contact rate (as increasing the saturation level), though the level of
the endemic equilibrium decreases.

This paper is organized as follows. In Section 2 we introduce assumptions for
the incidence function to characterize crowding effect for a large number of infective
individuals. Then we formulate an SIRS epidemic model with distributed delays.
In Section 3, we prove unique existence of an endemic equilibrium if and only if the
basic reproduction number is greater than one. We derive a characteristic equation
for the endemic equilibrium. This section is divided into two subsections. In Section
3.1 we obtain a class of nonmonotone incidence rates such that an endemic equilib-
rium is asymptotically stable, whenever it exists. Here some known stability results
are generalized. In Section 3.2, we introduce a way of using a two-parameter plane
for a simplified characteristic equation to obtain instability results. In Section 4,
applying the results in Section 3, we improve a stability condition obtained in [31].
With an application of the implicit function theorem we explore the two-parameter
plane, introduced in Section 3.2, to find an exact stability condition. It is proven
that the endemic equilibrium is destabilized via Hopf bifurcation as increasing a
parameter measuring saturation effect. We perform numerical simulations to illus-
trate our theoretical results. In Section 5 we summarize our results comparing with
recent studies. Biological interpretations are also given.

2. Model. We denote by S(t) and I(t) the number of susceptible individuals and
the number of infective individuals at time ¢, respectively. Let G : Ry — R,.
Consider the following incidence rate:

h
BS(t) / G(I(t — 5))dn(s), (2.1)

where the function 7 : [0, h] — R is nondecreasing and has a bounded variation such
that

h
| ants) =i = (o) = 1.

The integral has to be understood as a Riemann-Stieltjes integral, see e.g. Section
6.2 of [24].
For the incidence function we assume that the following holds.

Assumption 2.1.

(1) G(0) =0

(2) x/G(x) is monotone increasing on Ry \ {0} with

) x
z1—1>%1+ G(z) L (22)

The first assumption is a natural requirement as no infection occurs in absence
of the infective population. In the second assumption the crowding effect in force
of infection is characterized, i.e., the probability of transmission of the disease per
unit of time given contact decreases as increasing the number of infective popula-
tion. The condition (2.2) implies that the force of infection linearly depends on the
number of infective individuals, if it is sufficiently small.
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In this paper we consider the following SIRS epidemic model with a saturated
incidence rate:

d*z( ) _ B st - BS@) / "Gt — $)dn(s) + 6RE),  (23a)
I / GUI(t— 5))dn(s) — pal (1), (2.3b)
‘“Z—f) — A I(t) - psR(D), (2.3¢)

where S(t), I(t) and R(t) denote the numbers of susceptible, infective and recovered
individuals at time ¢, respectively. The positive constant B is the population birth
rate and the positive constant p is the death rate of susceptible population. The
nonnegative constant «y is the recovery rate of infective population and the nonneg-
ative constant ¢ is the rate of loss of immunity to the disease. To save the number
of parameters we introduce ps 3 that are respectively interpreted as

1o = death rate of infective population 4 recovery rate -,

w3 = death rate of recovered population + waning immunity rate 9.

Thus

Y < p2, 0 < p3 (2.4)
holds. Here we note that SIRS models studied in [29, 31, 30] can be seen as special
cases of (2.3) with Assumption 2.1 for the incidence function.

We denote by C' = C([—h, 0], R3), the Banach space of continuous functions map-
ping the interval [—h, 0] into R? equipped with the sup-norm ||¢|| = SUPge(—h,0] |0(0)]
for ¢ € C. The nonnegative cone of C' is defined as Cy. := C([—h,0],R3). Due to
the biological interpretation, we consider the initial conditions for (2.3) as follows:

(Sa Ia R) (0) = <¢17 ¢2a ¢3) (9)7 NS [—h,O] ’
where (¢1, ¢2, ¢3) € C. Finally we assume that G is continuously differentiable on
R4 \ {0}. Since the right hand side of equations (2.3) is locally Lipschitzian on C
and a priori bound for solutions is given (see e.g. [7]), it can be shown that (2.3)
has a unique positive solution defined on (0, c0) for each initial function.

3. Linearized stability analysis. We start with introducing a nondimensional-
ized time ¢ := pot. We define

50 =S (;) i) =1 (;) R =R (;) .

Let B ﬂ 5
BZZ*?B: Ia M17ﬂ3::@7;§/::l75:7
|25 pho’ 1) M2 M2 H2
with noting that h = wah. Dropping the tilde we obtain
dS(t) h
dI(t
0 — sty [ Gt ints) - 10, (310)
dR(t)

= ) = paR(). (3.1c)
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Condition (2.4) now becomes

<1, < ps. (3.2)
In the following we discuss existence of the endemic equilibrium. The basic repro-
duction number can be defined as

_#BB

Ro : .
M1

(3.3)

For z € Ry \ {0} we define
H(z) =B MY (1_ 74 z
(z): BG(z) (1 /ig) ' (34)

We denote by (S*,I*, R*) the endemic equilibrium, where every component is
strictly positive, if it exists.

Proposition 3.1. For (3.1a)-(3.1c) a unique endemic equilibrium ezists if and only
if Ro > 1 holds. The second component of the endemic equilibrium, I*, is computed
as a unique positive root of H(x) = 0. It holds that

I* I*

Proof. We provide a similar proof found in [7]. Consider the following equations:
0=B—uS—BSG(I)+ R, (3.6a)
0=pSG(I) -1, (3.6b)
0=~I — pusR (3.6¢)

with (S,I,R) = (S*,I*,R*). Let us assume existence of the solution of (3.6).
Then, from (3.6b) and (3.6¢), the first component S* and the third component R*
of the endemic equilibrium are respectively given as in (3.5). To compute I*, by

substituting (3.5) into (3.6a), we obtain the equation H(x) = 0. Now let us assume
that Ry > 1 holds. Then it holds that

. M1 H1
IILI&H(JC) =B- 5 E(RO_ 1) > 0.
On the other hand, there exists a sufficiently large constant M such that H(M) < 0.
Using Assumption 2.1, one can see that H is strictly monotonically decreasing with
respect to . Thus there exists a unique positive root of H(z) = 0, which is the
second component of the endemic equilibrium. Now it is obvious that if Ry < 1
then there is no endemic equilibrium. O

Remark 3.2. Assumption 2.1-(2) is a sufficient condition for the uniqueness of the
endemic equilibrium. Without Assumption 2.1-(2) SIRS model (3.1) may admit
multiple endemic equilibria, see [25, 19, 13].

We introduce our main tool, so called the principle of linearized stability, see
Chapter VII of [6], to analyze asymptotic stability of the endemic equilibrium.

Proposition 3.3. The characteristic equation of (3.1) for the endemic equilibrium
18 given as

I*G!(I*)

3 2 _
A +a1/\ —|—a2/\+a3 G(I*)

h
(A2 4 oA + by) / eMdn(s) =0, (3.7)
0
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where

ar = p1 + BG(I") + 1+ ps,

az = p3 + (us + 1) (1 + BG(I7)) ,

ag := (p1 + BG(I")) pus — ¥6BG(I"),

by == p1 + ps,

by = pp3-
If all roots of (3.7) have negative real parts, then the endemic equilibrium is locally
exponentially stable. If, on the other hand, there exists a root with positive real part,
then the endemic equilibrium s unstable.
Proof. We define a function as

G’ (x

J(x) = ) x e Ry \ {0}. (3.8)

~

Let us define a matrix as

—p1 — BG(I*) —J(I*)foh e~ dn(s) )
M(N) = BG(I*) J(I*) [ e 2sdn(s) =1 0
0 ¥ —pH3
The characteristic equation of (3.1) for the endemic equilibrium can be given as
det (M(\) — AE) =0,

where FE is the identity matrix of size 3. By the straightforward calculation one
obtains (3.7). The statement regarding the stability follows from Theorem 6.8 in
Chapter VII of [6]. O

3.1. Stability conditions. First we consider an instantaneous infectious incidence.
We assume that

)

n(s) :{ v z:(()d,h]. (8.9)

One obtains a system of ordinary differential equations for (3.1) via

h
[ ct - s)ints) =G
0
First we prove the following theorem:

Theorem 3.4. Let us assume that Ry > 1 and (3.9) hold. The endemic equilibrium
of (3.1) is locally asymptotically stable.

Proof. From (3.9) we have
h
/ e Mdn(s) = 1.
0

For convenience, we write I instead of I*. The characteristic equation (3.7) now
becomes

N+ (ay — J(I)) N2+ (ag — J(Dby) A+ (az — J(I)by) = 0, (3.10)

where we use J defined in (3.8) in the proof of Proposition 3.3. In order to show
that all roots of (3.10) have negative real parts, we now apply the Routh-Hurwitz
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stability criterion, see e.g. Gantmacher [9]. From (2) in Assumption 2.1 one can
see that p ()
T 1—-J(=
— = >0, z€eR 0},
do (G(@) Oy =0 w RO
thus J(z) <1 holds for z € Ry \ {0}. Then we obtain that
a] — J(I) >0, ay — J(I)bl > 0.
From (3.2) one has p13 — 6 > 0. It then follows that
ag — J(Dby = pps (1 = J(I)) + (p3 — 70)BG(I) > 0.

We have
(ay = J(I)) (a2 — J(I)b1) — (a3 — J(I)b2)
=(a1 — J(I) = p3) (a2 = J(I)b1) + p3 (a2 — J(I)b1) — (as — J(I)b2) .
It is easy to see that a3 — J(I) — us > 0. We now compute that
w3 (a2 — J(1)b1) — (as — J(I)b2)
=p3 (1+ p + BG(I) = J(1) + p3 (1 + BG(I) — I (1))
— p3 (p1 + BG(I)) +v0BG(I) + papsJ ()
=3 (1= J(I) + p1 + BG(I)) + ¥6BG(I)
>0.

Hence all roots have negative real parts. By Proposition 3.3 we obtain the conclu-
sion. O

In the following we analyze the characteristic equation (3.7) for a general 7. To
facilitate the analysis we introduce the following result.

Lemma 3.5. For all w € Ry it holds that
2

</Oh coS(WS)dn(s))2 + (/Oh Sin(ws)dn(s)) <1. (3.11)

Proof. Note that the two integrals exist, since the functions cos(ws) and sin(ws) are
continuous. Let us fix w € R arbitrarily. We define a function as

h h h
h(zx) := </o cos (ws)dn(s)) x°+2 (/0 cos(ws)dn(s)) x —l—/o dn(s)

for x € R. Since it holds that

h
h(z) = /0 (cos(ws) - x4 1)%dn(s) > 0,

the equation h(z) = 0 has either a single real root or no real roots. Thus

h 2 h h
( /0 cos(ws)dn(s)) _ /0 cos? (ws)dn(s) /0 dn(s) < 0 (3.12)

holds. Similarly one can obtain that

h 2 h N
in(ws s — sin?(ws s s . .
(/0 sin(ws) i ( )) /0 ( )dn<)/0 dn(s) <0 (3.13)

Then from (3.12) and (3.13) we get (3.11). O
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Now we deduce a sufficient stability condition for the endemic equilibrium of
(3.1).
Theorem 3.6. Let Ry > 1. If
G'(I*)
G(I*) —

holds, then the endemic equilibrium is locally asymptotically stable.

-1 (3.14)

Proof. For convenience, we write I instead of I*. First we prove that all roots of
(3.7) locate in the left half complex plane when 7§ = 0 holds. The characteristic
equation (3.7) with v0 =0 is

h
0=(>\+u3){(A+u1+BG(I))(>\+1)—J(1)(/\+M1)/O 6‘“6@(8)}, (3.15)

where J(I) = Igég) as defined in (3.8) in the proof of Proposition 3.3. One can

immediately see that (3.15) has a root A = —pug. Furthermore, if J(I) = 0 then
(3.15) has roots A = —1, — (u1 + BG(I)). Let us assume that J(I) # 0. We suppose
that

h
A+ +BGI)AN+1)—JDH(N+ m)/ e Mdn(s) =0
holds for some A = k + iw with (k,w) € Ry x R. TheriJ it holds that
()] = [(k + iw + w1 —|—ﬁ§([))(m-+iw+ 1)|
(5 0+ ) Jo e )sd(s)

We obtain the following estimation:

h
(o) [ et dn(s)
0

|+ i+ pu

h
/0 e " {cos (ws) — isin (ws)} dn(s)

<|k +iw + w1

For the last inequality, we use Lemma 3.5 as follows:

h
/0 e " {cos (ws) — isin (ws) } dn(s)

S{ (/Oh Cos(ws)dn(s))Q 4 </0h sin(wS)dU(s))2}2

<I1.

Thus we get

- |k +iw + w1 + BG(I)| |k + iw + 1]

J(I
(D] = |k + iw + 1|

> |k +iw+ 1] > 1. (3.16)

However, Assumption 2.1 together with (3.14) implies that
|J(I)] <1, (3.17)

which contradicts (3.16). Thus all roots of (3.15) are located in the left half complex
plane. Hence, the endemic equilibrium is locally asymptotically stable when v = 0.
Therefore the endemic equilibrium is locally asymptotically stable for sufficiently
small y§ > 0 see, e.g. Lemma 2.8 in Chapter XTI in [6]. Next we suppose that there
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exists either v or § such that there exists a purely imaginary root A = iw, w € R,.
Substituting A = iw into (3.7) we obtain the following two equations:

h h
—w? 4 agw = J(I) {blw/o cos(ws)dn(s) + (w* — by) /0 sin(ws)dn(s)} , (3.18)

h h
—a1w? +az = J(I) {blw/o sin(ws)dn(s) — (w? — by) /0 cos(ws)dn(s)} . (3.19)

Using Lemma 3.5 we get
(—0® + aw)* + (—a10® + a3)* < (J(I))* {Bjw® + (W* — b2)*},
which is equivalent to
0> wl + crw* + cow? + 3,

where

¢ = a? —2ay — (J(I))?,

¢ i= a2 — 2aras — (J(I))* b2 + 2 (J(I))? by,

cg = a3 — (J(I))* b3

We show a contradiction by proving positivity of the coefficients ¢1, co and ¢3. For
the presentation we write G for G(I) and J for J(I). We compute that

1 =( + BG)? + (1 + pz)? — 23 — J°
=(m1 + BG)? + i3 + (1 - J?)
>0
and that
ca =p3 + (s +1)* (11 + BG)” + 2u3 (4 + 1) (11 + BG)
—2{(11 + BG)? 3 + (ps + 1) (11 + BG) s — a1y BG}
— I (g 4 p3)” 4 27 s
=115 + (11 + BC)” (1+ 13) + 201705G — J* (si§ + 1i3)
= (1= J%) (f + p3) + pins + {2 BG + (BG)*} (1 + p3) + 201708G
>0.
Since one has that pg —yd > 0 from (3.2) and J € [—1, 1] from (3.17), it holds that
cs = (as + Jbs) (az — Jba)

={pps (L+J) + (3 —v6)BG}H {paps (1 = J) + (us — v0)BG}
>0.

Thus we get a contradiction. Hence, all roots of (3.7) have negative real parts. [

Remark 3.7. If G is a monotone increasing function then (3.14) follows. Thus SIRS
model (3.1) with any monotone saturated incidence rate, which satisfies Assumption
2.1, does not admit an unstable endemic equilibrium.

As an interesting corollary from Theorem 3.6 we introduce the following result.
Since the proof is straightforward, we omit it here.
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Corollary 3.8. If

% (zG(x)) >0, z € Ry (3.20)

then (3.14) follows.
One can easily see that the following nonmonotone incidence function

x
Glw) = 1+ ax?
satisfies the condition (3.20) in Corollary 3.8. Thus, with the incidence function
given as in (3.21), the endemic equilibrium is asymptotically stable. The result is
given in Theorem 3.2 in [31], assuming the same death rate for every compartment.

(3.21)

3.2. Instability analysis. In this section from [5, 6] we introduce a way of using a
two-parameter plane to obtain instability conditions. We simplify the characteristic
equation (3.7) by assuming that

wr =1, v =0 (3.22)
and that for some 7 € (0, h)
)0, selo,7],
(o) = {1, € (r,h]

Note that now one has a discrete delay as

h
/0 G(I(t—s))dn(s) =GUI(t—T1)).

Via the transformation

A= AT
the characteristic equation (3.7) becomes
1 I'G'(1+) _,
-A+1 G(I")— ———e =0 3.23
DAL A6 - e =0, (323)
where we omit the tilde for convenience.
Consider the prototype equation:
1
A+ v —vee =0 for (v1,12) € R% (3.24)
.

In Chapter XI in [6] the location of the roots of (3.24) is studied using a two-
parameter plane, normalizing the parameter 7 to 1. The transcendental equation
(3.24) has been revisited several times in the literature, see e.g. [5, 26, 17]. We here
summarize results from [6] without normalizing the parameter 7. Let us define the
intervals as

Iy :=(0,m)
with
I == ((2k — 1) m,2kn), I} = (2km, (2k + 1) )
for k € N; \ {0}. We then define curves that are parametrized by w in the vi-v

parameter plane as
w COS W w
co::{(— ke ),welo},
T S1n w T S1n w

C]:;: — {(7(&]008(&) B w >, (,L)E[]:Ct}

Tsinw’ Tsinw
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FIGURE 3.1. Curves and the number of roots of (3.24) that are
located in the right half complex plane are illustrated in v1-v5 pa-
rameter plane. The arrows in the curves indicate the direction of
increasing w. The equation (3.24) has 0 as a root in the straight
line: vy = 1.

for k € Ny \ {0}. With those ingredients the number of roots of (3.24) that are
located in the right half complex plane is illustrated as in Figure 3.1. See Chapter
XTI in [6] for qualitative aspects of the curves such as monotonicity of the order of
the curves.
If one sets [
o) = (14560, S5
in (3.24), then (3.24) becomes the characteristic equation (3.23). Thus if one can
plot the point e
o G(TF

P .= <1 + BG(I7), G ) (3.25)
in the v1-v5 plane, it is possible to deduce the number of roots that have positive
real parts, comparing with Figure 3.1. After specifying the incidence function G,
we will elaborate (in)stability conditions in terms of parameters in Section 4.

4. Application. We specify the incidence function G as
x
G(x) - 1 + O[Z'p’
where oo € Ry and p € Ry \ {0}. In the context of epidemic models this incidence
function was considered in the paper [31], while special cases were proposed in
[3, 29]. It is easy to see that G satisfies Assumption 2.1. Let us choose « as a free
parameter while we fix other parameters such that Ry > 1 holds.

(4.1)
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As in (3.4) the function characterizing the endemic equilibrium is

H(a,z) =B — %(l—kaa:p)— (l—zé)xforae]&_, x € R;.
3
By Proposition 3.1 infective population at the endemic equilibrium is uniquely de-
termined for each o as a positive root of H(a,z) = 0. We denote it by I*(a). It
holds that
H(a,I"(a)) = 0. (4.2)
First, applying Theorem 3.6, we aim to obtain a sufficient stability condition for
the endemic equilibrium. One can compute that

rea (@) _,  al*(@)”
Gr@)  — Plra@)”

In order to assert that (3.14) in Theorem 3.6 holds we introduce the following

elementary result.

Proposition 4.1. For any p € Ry \ {0} it holds

d d

—1I" — I P R,.
dov (Oé)<07 do {a( (Ot)) }>07 a€lxy
It follows that

lim I*(a) =0, lim a(I*(a))’ = Ry — 1.

a— 00 a—r 00

Proof. One can compute that

O H (o, ) = _%xp <0,

0. H (o, ) = —ﬂoqmcp_1 — (1 — 75) <0
B 13

for « € Ry and z € Ry \ {0}. By differentiating (4.2) with respect to a one can
obtain that .

i]*(a) — _aDtH (Oé?I (a))

da 0. H (o, I*())
hence I* is a monotone decreasing function with respect to a.. Since I*(«) > 0 for
a € Ry, there exists I > 0 such that lim,— oo I* () = I. To prove that I = 0
suppose to the contrary that I > 0 holds. Since it follows lim,_ s al* ()P = oo,
one obtains

<0 for a e Ry, (4.3)

lim H(a, I"(a)) = —o0,
a—r00
which leads to a contradiction to (4.2). Therefore we get I =0, i.e.
lim I*(a) = 0. (4.4)

a—00

Next we compute that
d * Py _ * p—1 * i *
e @) = (@) (1) ar @),
It holds

I ()0, H(o, I* (@) — apOo H (v, I*(x))

I*(@) + ap--I*(a) = 0. H (o, I* ()

do

_ 1 (o
= 3, H(a, (@) (1 ua)I ()
> 0.
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Thus we get
d
2o la(I"(@)"} > 0.
Since 5
L4 a(*a) =2 {B - (1 - 7) I*(a)} <00, a €R,
M1 M3
holds, o (I*(v))” is a bounded monotonically increasing function. Using (4.4) finally

we obtain that lim, . o (I*(a))” = Rg — 1 holds. O
Then we get the following result.
Theorem 4.2. Let us assume that Ry > 1 holds. If

4.5)
< ; (
L

holds, then the endemic equilibrium is locally asymptotically stable.

Proof. We confirm that (3.14) in Theorem 3.6 holds. By Proposition 4.1 it is easy
to see that

I* p limy oo a0 (I* p 1
el e (LY
1+ a(I* (o) 1+ 1limy— o0 a (I () Ry
Since we have (4.5), we get
a(I*(a)”
l1—-p—m——— > -1 4.6
P ra@@y = (46)
thus we obtain the conclusion. O
It is easy to see that
2 . 2
— > lim — =2
— Rio Ro—o00 ]_ — R—O

holds for Ry > 1. Thus the condition p < 2 obtained in Theorem 3.2 in [31] is
indeed a sufficient condition for the stability, see also a remark following Corollary
3.8 in Section 3.1. In Figure 4.1 we visualize the condition (4.5) in (Ry, p) parameter
plane.

Next we aim to obtain instability results as introduced in Section 3.2. We assume
that (3.22) holds.

Lemma 4.3. It holds that
R
1+ BG(I*(a) 2

T lta(@)”
Proof. One can compute
_1+a(l*@) + 5T ()

L+ BG(I*(a)) 1+a([*(0¢))p

From (3.22) we have

1
H(a,z) =B — 3 (1+ az?) — z,
thus it holds

1+ a(I*(a)’ + BI*(a) = BB = Ry.
Hence we obtain the conclusion. O
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No EE

EE is asymptotically stable.

FIGURE 4.1. Stability region of the endemic equilibrium in (R, p)
parameter plane. The endemic equilibrium does not exist in the
region Ry < 1 and is asymptotically stable in the colored region.

In the vi-v5 parameter plane we track the parametrized path defined as
I':= {P(Oé)7 a € R+}7
where now P(«a) can be expressed as
Ro a(I*(a))”
P =" ]y ),
(@) (1—&-04([*(04))1” p1+a(l*(a))p
One can easily derive that

limP(a) = P(0) = (Ro.1). (4.7)

Thus the endemic equilibrium is asymptotically stable for sufficiently small «, since
P(a) is in the stability region for small «, see Figure 4.2. We now introduce the
following result regarding the shape of I". The proof is straightforward from the
expression of P(«a), thus we omit here.

Lemma 4.4. The parametrized path T is a straight line given as

VQ:R£V1+(17P)7 V] € (1,R0]
0

Using the results in Proposition 4.1 we can compute that

lim_P(a) = (1, 1= p (1 - ;(J)) . (4.8)

Thus the limit point lies in the straight line v; = 1. From Lemma 4.4 both the
limit points given in (4.7) and (4.8) are connected by a straight line, see Figure
4.2. Now one can immediately see that if the point lim,_,~ P(«) locates above the
intersection of the curve Cy and the straight line v; = 1, then the equilibrium is
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V2

FIGURE 4.2. Parametrized paths I" for p = 2 and p = 5 are il-
lustrated in the v;1-15 parameter plane where parameters are fixed
as (Ro,7) = (7,4). The arrows in paths I" indicate the direction
of increasing «. Both paths start from the point P(0) which is
located in the stability region. If p = 2 whole path locates at the
stability region, thus the equilibrium is asymptotically stable for
any «. If p = 5, the path intersects with the curve Cy, where the
characteristic equation has purely imaginary roots, at a = a, and
enters the instability region. The equilibrium becomes unstable for
a > «, via Hopf bifurcation.

asymptotically stable for all . To obtain the representation of the intersection we
define w*(7) as a unique solution of

W COoS W

- =1 for w € Ij.
Tsinw

One can prove that w*(7) € (%, 7T) C Ip. The intersection of the curve Cy and the
line v; =1 is given as
1
=1, ———, 4.9
)= (1 ) )
where cos (w* (7)) € (—1,0). Those observations can be summarized as

Theorem 4.5. The endemic equilibrium is asymptotically stable for any o € Ry if

and only if
1 1
pe (o)
1- I% cos (w* (1))

holds.
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Remark 4.6. We note that
1
2<l— —F———
cos (w* (1))

holds. The stability condition given in (4.5) is sharpened due to the assumption
(3.22) which simplifies the characteristic equation. One can also notice that the
condition (4.5) is a delay-independent stability condition.

Finally we are interested in the case in which the limit point lim,—, o, P(a) locates
below the point given in (4.9), i.e.,

1-p(1—$0)<w~

W CosS w w

We define a, as a root of
Pla) = (—

characterizing the intersection of the line I' and the curve Cy. We obtain the
following result for instability of the endemic equilibrium via Hopf bifurcation as
increasing the parameter .

- ,—— ) for w € (w*(7),m) C Iy,
Tsinw’ Tsinw

Theorem 4.7. Let us assume that

p> 1—131 (1 - M) (4.10)

holds. Then there exists o, such that the endemic equilibrium is asymptotically
stable for a € (0, ) and unstable for (o, 00).

We close this section with illustrating a typical solution behavior for the infective
compartment. In Figure 4.3 it is shown that the level of the endemic equilibrium
(dotted line) decreases as increasing the parameter «, which is analytically proven
in Proposition 4.1. One can also see that the endemic equilibrium is asymptotically
stable for small «, while, for large «, the endemic equilibrium is unstable, as shown
in Theorem 4.7. Our results suggest that, if the nonmonotone incidence rate can
be interpreted as an inhibition effect due to an intervention policy [28, 29], one can
successfully decrease the level of the endemic equilibrium by reducing the number
of contact rate (as increasing the parameter o). The lower endemic equilibrium,
however, may become unstable, which induces a periodic oscillation, thus the disease
may not be eradicated completely from the host population.

5. Discussion. In this paper we analyze local asymptotic stability of an SIRS
epidemic model with a general incidence rate. The class of incidence functions
satisfying Assumption 2.1 includes many saturated-type functions, which have ap-
peared in the literature, e.g. [3, 29, 31, 30, 8]. Following mathematical models
proposed in [27, 1, 4] for vector-borne diseases, we consider the infectious incidence
rate (2.1), which is given as a form of distributed delay. In Proposition 3.1 we
prove that the model has a unique endemic equilibrium if and only if the basic re-
production number is greater than one. We then derive the characteristic equation
(3.7) in Proposition 3.3 to investigate asymptotic stability of the endemic equilib-
rium. When the infectious incidence is given as an instantaneous term, we prove
that the endemic equilibrium is asymptotically stable, see Theorem 3.4. Thus it
is clearly shown that any saturated incidence rate does not trigger instability of
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() a=10"24 (d) a=1073.

FIGURE 4.3. Time development of the number of infective individ-
uals. The dotted line denotes the level of the endemic equilibrium
for the infective population. The endemic equilibrium is asymptot-
ically stable for small a.. As increasing «, the level of the endemic
equilibrium decreases and, then, periodic oscillation can appear.
Parameter values are fixed as B = 5,000,000, 3 = 1075/3,p = 10
and 7 = 0.3.

the equilibrium of the model (2.3) when there is no time delay. If the time de-
lay, caused by a latent period of the infection in the vector [27, 4], is incorporated
into the incidence rate, we obtain a sufficient stability condition in Theorem 3.6.
The condition (3.14) in Theorem 3.6 is applicable for nonmonotone type incidence
functions, see Theorem 4.2 in Section 4 for an example. An important corollary
from Theorem 3.6 is that the endemic equilibrium of (2.3) with any monotone sat-
urated incidence rate is asymptotically stable, see also Remark 3.7 in Section 3.1.
In Section 4 we consider a specific example (4.1), which is considered in [31], for the
nonlinear incidence rate. Since, in general, the equilibrium is not given explicitly,
an application of the implicit function theorem in Proposition 4.1 plays a role to
proceed the analysis in this section. Applying Theorem 3.6 in Section 3.1, we first
offer a sufficient stability condition in terms of biological parameters in Theorem
4.2. We then elaborate the parameter plane analysis introduced in Section 3.2 to
obtain instability results. Choosing the patameter «, which characterizes the level
of the saturation in the incidence function, as a bifurcation parameter, we tracked
the parametrized curve, given by (3.25), in the parameter plane. It is shown that
increasing the parameter « can destabilize the equilibrium if p is large enough so
that (4.10) holds. One can easily see that the incidence function (4.1) has a non-
monotone shape when (4.10) holds. Therefore, for the SIRS model (2.3) we have
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’ Incidence function \ Delay H Stability of the equilibrium ‘

any type no delay Asymptotically stable
monotone type with delay Asymptotically stable
nonmonotone type | with delay Possibly unstable

TABLE 1. For SIRS epidemic model (2.3) with the incidence func-
tion satisfying Assumption 2.1, a delayed nonmonotone incidence
rate is a necessary modelling ingredient for destabilization of the
endemic equilibrium.

proved that nonmonotonicity with time delay in the incidence rate is a necessary
modeling ingredient to destabilize the endemic equilibrium, see also Table 1.

Stability properties of equilibria have been widely investigated for epidemic mod-
els with a nonlinear incidence rate that are formulated as a system of ordinary dif-
ferential equations, see [15, 14, 19, 20, 29, 13, 10, 28] and references therein. In the
paper [29] the authors propose a nonmonotone incidence function, namely

oz
1+ ax?’

G(x) (5.1)
which is a special form of (4.1) with p = 2. Nonmonotonicity is used to model
inhibition effect during an outbreak of infectious diseases. In Theorem 3.4 in [29] it
is proven that the endemic equilibrium is asymptotically stable, see also Theorem
3.2 in [31] for a similar result. Those stability results are generalized in Theorem
3.4 in the present manuscript as the endemic equilibrium is asymptotically stable
as long as the incidence function satisfies Assumption 2.1. We here note that the
same natural death rate for susceptible, infective and recovered populations is not
necessary to be assumed as in those papers cited above to derive the conclusion
regarding the stability.

There is a number of papers where a latent period of infection is captured by
using delay differential equations [27, 1, 4, 31, 30, 12, 8]. When we take into account
of waning immunity, there are some results regarding stability of the endemic equi-
librium, see [30, 22, 7, 23]. In Theorem 3.6 it is clearly shown that any monotone
incidence rate does not cause destabilization of the endemic equilibrium in SIRS
epidemic model (2.3). Corollary 3.8, which is deduced from Theorem 3.6, gives a
simple characterization for nonmonotone incidence functions that ensure the stabil-
ity of the equilibrium. From Corollary 3.8 one can easily obtain the stability result
in Theorem 3.2 (ii) in [31]. Figure 4.1 shows stability region of the endemic equilib-
rium in (Rp, p) parameter plane. One can see that the stability region is wider than
the region p < 2, obtained in [31]. In the same paper [31] the authors give sufficient
conditions for destabilization of the endemic equilibrium via Hopf bifurcation. It
may be difficult to find a parameter set that satisfies conditions in Theorem 3.2 in
[31], thus the role of the saturation effect regarding the destabilization is not clearly
exposed there. Here we use a two-parameter plane analysis to clearly show that
parameters a and p both have a destabilization role, which may be interpreted as
that strong saturation effect cause the destabilization of the equilibrium. We also
note that, since the condition (3.22) is assumed in the instability analysis, the cyclic
structure of the SIRS model is not necessary for the destabilization of the endemic
equilibrium.
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y
26(1%)

G(I*)

(0} I X

FIGURE 5.1. The graph of a function y = G(z) that satisfies the
condition (3.14) and its tangent line at x = I'* are illustrated. The
slope of the tangent line is large compared to the slope of the dotted
straight line, where the slope is given as —G(I*)/T*.

The destabilization of the endemic equilibrium seen in Section 4 can be explained
by delayed negative feedback, see e.g. [17]. Suppose that there is a large number of
infective population. Recall that, if the condition (4.10) holds, the incidence func-
tion has a nonmonotone shape with respect to the number of infective individuals
in the past time. Thus the infectious incidence rate decreases with a time lag. It
turns out that the number of infective population decreases and, then, the incidence
rate increases. This cycle possibly leads to the destabilization of the equilibrium.
Now the condition (3.14) in Theorem 3.6 says that the endemic equilibrium is sta-
ble if the slope of the incidence function is “mild” enough, see Figure 5.1. If the
nonmonotonicity is interpreted as an intervention policy during an endemic period
as in [28], our results suggest that periodic oscillation may arise by reducing the
contact rate.

Though in the present paper we have focused on linearized stability analysis of
SIRS epidemic model (2.3), obtaining global stability conditions may be an interest-
ing problem. For SIRS epidemic model (2.3) with the incidence function (4.1) one
may conjecture that the delay independent stability condition (4.5) in Theorem 4.2
becomes a global stability condition for the endemic equilibrium. However, even
for SIRS epidemic model (2.3) with bilinear incidence rate, a “complete” global
stability result is not known, see [23] and [22] where the authors attack the problem
by Lyapunov functional approach and by monotone iterative method, respectively.

Acknowledgments. The authors appreciate the two reviewers’ careful reading of
our original manuscript and thoughtful comments. YE was supported by JSPS Fel-
lows, No0.257819 of Japan Society for the Promotion of Science. YN was supported
by Spanish Ministry of Economy and Competitiveness (MINECO) MTM2010-18318
and European Research Council StG Nr. 259559.

REFERENCES
[1] E. Beretta, T. Hara, W. Ma and Y. Takeuchi, Global asymptotic stability of an SIR epidemic
model with distributed time delay, Nonlinear Analysis, 47 (2001), 4107-4115.

[2] E. Beretta and D. Breda, An SEIR epidemic model with constant latency time and infectious
period, Math. Biosci. Eng., 8 (2011), 931-952.


http://www.ams.org/mathscinet-getitem?mr=MR1972351&return=pdf
http://dx.doi.org/10.1016/S0362-546X(01)00528-4
http://dx.doi.org/10.1016/S0362-546X(01)00528-4
http://www.ams.org/mathscinet-getitem?mr=MR2831780&return=pdf
http://dx.doi.org/10.3934/mbe.2011.8.931
http://dx.doi.org/10.3934/mbe.2011.8.931

804
3]
[4]
(5]

[6]

[7]

8]

[9]
(10]

(11]
(12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

(22]

23]

24]
[25]

[26]
27]

(28]

YOICHI ENATSU AND YUKIHIKO NAKATA

V. Capasso and G. Serio, A generalization of the Kermack-McKendrick deterministic epidemic
model, Math. Biosci., 42 (1978), 43-61.

K. L. Cooke, Stability analysis for a vector disease model, Rocky Mountain J. Math., 9 (1979),
31-42.

O. Diekmann and K. Korvasova, A didactical note on the advantage of using two parameters
in Hopf bifurcation studies, J. Biological Dynamics, 7 (2013), 21-30.

O. Diekmann, S. A. van Gils, S. M. V. Lunel and H. O. Walther, Delay Equations Functional,
Complex and Nonlinear Analysis, Applied Mathematical Sciences, 110. Springer-Verlag, New
York, 1995.

Y. Enatsu, Y. Nakata and Y. Muroya, Lyapunov functional techniques for the global stability
analysis of a delayed SIRS epidemic model, Nonlinear Anal. RWA., 13 (2012), 2120-2133.

Y. Enatsu, Y. Nakata and Y. Muroya, Global stability of SIR epidemic models with a wide
class of nonlinear incidence rates and distributed delays, Discrete Contin. Dyn. Syst. Ser. B,
15 (2011), 61-74.

F. R. Gantmacher, The Theory of Matrices, Vol. 2, Chelsea, New York, 1959 (Translated
from Russian).

H. W. Hethcote and P. van den Driessche, Some epidemiological models with nonlinear inci-
dence, J. Math. Biol., 29 (1991), 271-287.

H. W. Hethcote, The mathematics of infectious diseases, SIAM Review, 42 (2000), 599-653.
G. Huang and Y. Takeuchi, Global analysis on delay epidemiological dynamics models with
nonlinear incidence, J. Math. Biol., 63 (2011), 125-139.

Z. Hu, P. Bi, W. Ma and S. Ruan, Bifurcation of an SIRS epidemic model with nonlinear
incidence rate, Disc. Cont. Dynam. Sys. B, 15 (2011), 93-112.

A. Korobeinikov, Global properties of infectious disease models with nonlinear incidence, Bull.
Math. Biol., 69 (2007), 1871-1886.

A. Korobeinikov, Lyapunov functions and global stability for SIR and SIRS epidemiological
models with non-linear transmission, Bull. Math. Biol., 68 (2006), 615-626.

A. Korobeinikov and P. K. Maini, Non-linear incidence and stability of infectious disease
models, Math. Med. Biol., 22 (2005), 113-128.

Y. Kuang, Delay Differential Equations with Applications in Population Dynamics, Academic
Press, 1993.

Y. N. Kyrychko and K. B. Blyuss, Global properties of a delayed SIR model with temporary
immunity and nonlinear incidence rate, Nonlinear Anal. RWA., 6 (2005), 495-507.

W. M. Liu, S. A. Levin and Y. Iwasa, Influence of nonlinear incidence rates upon the behavior
of SIRS epidemiological models, J. Math. Biol., 23 (1986), 187-204.

W. M. Liu, H. W. Hethcote and S. A. Levin, Dynamical behavior of epidemiological models
with nonlinear incidence rates, J. Math. Biol., 25 (1987), 359-380.

C. C. McCluskey, Global stability of an SIR epidemic model with delay and general incidence,
Math. Biosci. Eng., 7 (2010), 837-850.

Y. Muroya, Y. Enatsu and Y. Nakata, Monotone iterative techniques to SIRS epidemic models
with nonlinear incidence rates and distributed delays, Nonlinear Anal. RWA., 12 (2011),
1897-1910.

Y. Nakata, Y. Enatsu and Y. Muroya, On the global stability of an SIRS epidemic model
with distributed delays, Disc. Cont. Dynam. Sys. Supplement, IT (2011), 1119-1128.

W. Rudin, Principles of Mathematical Analysis, 3rd ed., McGraw-Hill, New York, 1976.

S. Ruan and W. Wang, Dynamical behavior of an epidemic model with a nonlinear incidence
rate, J. Differ. Equations, 188 (2003), 135-163.

H. L. Smith, An Introduction to Delay Differential Equations with Applications to the Life
Sciences, Texts in Applied Mathematics Vol. 57, Springer, Berlin, 2011.

Y. Takeuchi, W. Ma and E. Beretta, Global asymptotic properties of a delayed SIR epidemic
model with finite incubation time, Nonlinear Anal. TMA., 42 (2000), 931-947.

W. Wang, Epidemic models with nonlinear infection forces, Math. Biosci. Eng., 3 (2006),
267-279.


http://www.ams.org/mathscinet-getitem?mr=MR529097&return=pdf
http://dx.doi.org/10.1016/0025-5564(78)90006-8
http://dx.doi.org/10.1016/0025-5564(78)90006-8
http://www.ams.org/mathscinet-getitem?mr=MR517971&return=pdf
http://dx.doi.org/10.1216/RMJ-1979-9-1-31
http://dx.doi.org/10.1080/17513758.2012.760758
http://dx.doi.org/10.1080/17513758.2012.760758
http://www.ams.org/mathscinet-getitem?mr=MR1345150&return=pdf
http://dx.doi.org/10.1007/978-1-4612-4206-2
http://dx.doi.org/10.1007/978-1-4612-4206-2
http://www.ams.org/mathscinet-getitem?mr=MR2911901&return=pdf
http://dx.doi.org/10.1016/j.nonrwa.2012.01.007
http://dx.doi.org/10.1016/j.nonrwa.2012.01.007
http://www.ams.org/mathscinet-getitem?mr=MR2746476&return=pdf
http://dx.doi.org/10.3934/dcdsb.2011.15.61
http://dx.doi.org/10.3934/dcdsb.2011.15.61
http://www.ams.org/mathscinet-getitem?mr=MR1089786&return=pdf
http://dx.doi.org/10.1007/BF00160539
http://dx.doi.org/10.1007/BF00160539
http://www.ams.org/mathscinet-getitem?mr=MR1814049&return=pdf
http://dx.doi.org/10.1137/S0036144500371907
http://www.ams.org/mathscinet-getitem?mr=MR2806492&return=pdf
http://dx.doi.org/10.1007/s00285-010-0368-2
http://dx.doi.org/10.1007/s00285-010-0368-2
http://www.ams.org/mathscinet-getitem?mr=MR2746478&return=pdf
http://dx.doi.org/10.3934/dcdsb.2011.15.93
http://dx.doi.org/10.3934/dcdsb.2011.15.93
http://www.ams.org/mathscinet-getitem?mr=MR2329184&return=pdf
http://dx.doi.org/10.1007/s11538-007-9196-y
http://www.ams.org/mathscinet-getitem?mr=MR2224783&return=pdf
http://dx.doi.org/10.1007/s11538-005-9037-9
http://dx.doi.org/10.1007/s11538-005-9037-9
http://dx.doi.org/10.1093/imammb/dqi001
http://dx.doi.org/10.1093/imammb/dqi001
http://www.ams.org/mathscinet-getitem?mr=MR1218880&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2129560&return=pdf
http://dx.doi.org/10.1016/j.nonrwa.2004.10.001
http://dx.doi.org/10.1016/j.nonrwa.2004.10.001
http://www.ams.org/mathscinet-getitem?mr=MR829132&return=pdf
http://dx.doi.org/10.1007/BF00276956
http://dx.doi.org/10.1007/BF00276956
http://www.ams.org/mathscinet-getitem?mr=MR908379&return=pdf
http://dx.doi.org/10.1007/BF00277162
http://dx.doi.org/10.1007/BF00277162
http://www.ams.org/mathscinet-getitem?mr=MR2739993&return=pdf
http://dx.doi.org/10.3934/mbe.2010.7.837
http://www.ams.org/mathscinet-getitem?mr=MR2800985&return=pdf
http://dx.doi.org/10.1016/j.nonrwa.2010.12.002
http://dx.doi.org/10.1016/j.nonrwa.2010.12.002
http://www.ams.org/mathscinet-getitem?mr=MR3012913&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR0385023&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1954511&return=pdf
http://dx.doi.org/10.1016/S0022-0396(02)00089-X
http://dx.doi.org/10.1016/S0022-0396(02)00089-X
http://www.ams.org/mathscinet-getitem?mr=MR2724792&return=pdf
http://dx.doi.org/10.1007/978-1-4419-7646-8
http://dx.doi.org/10.1007/978-1-4419-7646-8
http://www.ams.org/mathscinet-getitem?mr=MR1780445&return=pdf
http://dx.doi.org/10.1016/S0362-546X(99)00138-8
http://dx.doi.org/10.1016/S0362-546X(99)00138-8
http://www.ams.org/mathscinet-getitem?mr=MR2192139&return=pdf
http://dx.doi.org/10.3934/mbe.2006.3.267

STABILITY AND BIFURCATION ANALYSIS OF EPIDEMIC MODELS 805

[29] D. Xiao and S. Ruan, Global analysis of an epidemic model with nonmonotone incidence rate,
Math. Biosci., 208 (2007), 419-429.

[30] R. Xu and Z. Ma, Stability of a delayed SIRS epidemic model with a nonlinear incidence rate,
Chaos, Solitons € Fractals, 41 (2009), 2319-2325.

[31] Y. Yang and D. Xiao, Influence of latent period and nonlinear incidence rate on the dynamics
of SIRS epidemiological models, Disc. Cont. Dynam. Sys. B, 13 (2010), 195-211.

Received April 12, 2013; Accepted September 11, 2013.

E-mail address: yenatsu@ms.u-tokyo.ac.jp
E-mail address: nakata@math.u-szeged.hu


http://www.ams.org/mathscinet-getitem?mr=MR2348123&return=pdf
http://dx.doi.org/10.1016/j.mbs.2006.09.025
http://www.ams.org/mathscinet-getitem?mr=MR2548320&return=pdf
http://dx.doi.org/10.1016/j.chaos.2008.09.007
http://www.ams.org/mathscinet-getitem?mr=MR2552773&return=pdf
http://dx.doi.org/10.3934/dcdsb.2010.13.195
http://dx.doi.org/10.3934/dcdsb.2010.13.195
mailto:yenatsu@ms.u-tokyo.ac.jp
mailto:nakata@math.u-szeged.hu

	1. Introduction
	2. Model
	3. Linearized stability analysis
	3.1. Stability conditions
	3.2. Instability analysis

	4. Application
	5. Discussion
	Acknowledgments
	REFERENCES

