SIAM J. APPL. MATH. (© 2008 Society for Industrial and Applied Mathematics
Vol. 69, No. 2, pp. 621-639

COEXISTENCE OF LIMIT CYCLES AND HOMOCLINIC LOOPS IN
A SIRS MODEL WITH A NONLINEAR INCIDENCE RATE*

YILEI TANGT, DEQING HUANG#, SHIGUI RUANS, AND WEINIAN ZHANG#

Abstract. Recently, Ruan and Wang [J. Differential Equations, 188 (2003), pp. 135-163]
studied the global dynamics of a SIRS epidemic model with vital dynamics and a nonlinear saturated
incidence rate. Under certain conditions they showed that the model undergoes a Bogdanov—Takens
bifurcation; i.e., it exhibits saddle-node, Hopf, and homoclinic bifurcations. They also considered
the existence of none, one, or two limit cycles. In this paper, we investigate the coexistence of a limit
cycle and a homoclinic loop in this model. One of the difficulties is to determine the multiplicity
of the weak focus. We first prove that the maximal multiplicity of the weak focus is 2. Then
feasible conditions are given for the uniqueness of limit cycles. The coexistence of a limit cycle and a
homoclinic loop is obtained by reducing the model to a universal unfolding for a cusp of codimension
3 and studying degenerate Hopf bifurcations and degenerate Bogdanov—Takens bifurcations of limit
cycles and homoclinic loops of order 2.
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1. Introduction. Periodic oscillations are common phenomena observed in the
incidence of many infectious diseases such as chickenpox, influenza, measles, mumps,
rubella, etc. (see Hethcote [10, 11], Hethcote and Levin [12], Hethcote, Stech, and van
den Driessche [13]). It is very important to understand such epidemic patterns in order
to introduce public health interventions and control the spread of diseases. Recent
studies have demonstrated that the incidence rate plays a crucial role in producing
periodic oscillations in epidemic models (Alexander and Moghadas [1, 2], Derrick and
van den Driessche [6], Hethcote and van den Driessche [14], Liu et al. [17, 18], Lizana
and Rivero [19], Moghadas [21], Moghadas and Alexander [22], Ruan and Wang [25],
Wang [26]).

In most epidemic models (see Anderson and May [3]), the incidence rate (the
number of new cases per unit time) takes the mass-action form with bilinear inter-
actions, namely, xS (t)I(t), where S(¢t) and I(t) are the numbers of susceptible and
infectious individuals at time ¢, respectively, and the constant x is the probability of
transmission per contact. Epidemic models with such bilinear incidence rates usually
have at most one endemic equilibrium and do not exhibit periodicity; the disease
will be eradicated if the basic reproduction number is less than one and will per-
sist otherwise (Anderson and May [3], Hethcote [11]). There are many reasons for
using nonlinear incidence rates, and various forms of nonlinear incidence rates have
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been proposed recently. For example, in order to incorporate the effect of behavioral
changes, Liu, Levin, and Iwasa [18] used a nonlinear incidence rate of the form

kI'S
where xI¢ measures the infection force of the disease, 1/(1+alI") describes the inhibi-
tion effect from the behavioral change of the susceptible individuals when the number
of infectious individuals increases, ¢, h, and k are all positive constants, and « is a
nonnegative constant. See also Alexander and Moghadas [1, 2], Derrick and van den
Driessche [6], Hethcote and van den Driessche [14], Moghadas [21], etc. Notice that
the bilinear interaction is a special case of (1.1) with @« =0 and ¢ = 1.

The nonlinear function g(I) given by (1.1) includes three types. (a) Unbounded
incidence function: ¢ > h. The case when ¢ = h + 1 was considered by Hethcote
and van den Driessche [14]. The function is unbounded as the bilinear incidence
rate (see Figure 1(a)). (b) Saturated incidence function: ¢ = h. The case when
¢=h=1,ie.,g(I)=kI/(1+4al), was proposed by Capasso and Serio [5] to describe
a “crowding effect” or “protection measures” in modeling the cholera epidemics in
Bari in 1973. A similar type of sigmoidal function was also used to represent dose-
response relationships observed in parasite infection experiments (Regoes, Ebert, and
Bonhoeffer [23]). The function tends to a saturation level as the number of infectious
individuals I becomes large (see Figure 1(b)). (¢) Nonmonotone incidence function:
¢ < h. Such functions can be used to interpret the “psychological effects” (Capasso
and Serio [5]): for a very large number of infectious individuals the infection force may
decrease as the number of infectious individuals increases (see Figure 1(c)), because
in the presence of a large number of infectious individuals the population may tend
to reduce the number of contacts per unit time, as seen with the spread of SARS (see
Wang [26], Xiao and Ruan [28]).

From the graphs in Figure 1, one would expect that the dynamics of epidemic
models with unbounded incidence rates are similar to those with bilinear incidence
rates. In fact, Hethcote and van den Driessche [14] found that in a SEIRS model
with £ = h 4 1, the classical threshold results hold; namely, the disease dies out
below the threshold, and the disease level approaches the endemic equilibrium above
the threshold. For a SIRS model with the nonmonotone incidence function g(I) =
kI/(1+ alI?), Xiao and Ruan [28] demonstrated that either the number of infectious
individuals tends to zero as time evolves or the disease persists. We conjecture that
the dynamics of SIRS models with nonmonotone incidence rates are similar to those
observed by Xiao and Ruan [28].

On the other hand, the dynamics of epidemic models with saturated incidence
rates (when ¢ = h) have been shown to be very rich and complex. For a SEIRS
model with ¢ = h, Hethcote and van den Driessche [14] observed that the threshold
concept becomes more complicated since the asymptotic behavior can depend on both
the threshold and the initial values. The model can have none, one, or two endemic
equilibria, and the disease can die out above the threshold for some initial values.
Periodic solutions appear through Hopf bifurcation. The results are analogous to
those obtained by Liu, Hethcote, and Levin [17] for SIRS models with ¢ = h. The
case £ = h = 1 has been discussed briefly by Capasso and Serio [5] and recently in
some detail by Gomes et al. [8], who obtained the existence of backward bifurcations,
oscillations, and Bogdanov—Takens points in SIR and SIS models. These indicate that
the case when £ = h > 2 can be very complicated and deserves further investigation.
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Fic. 1. Graphs of the incidence function g(I) = Ifﬁ (a) Top: Unbounded incidence when

£>h (=2h=1). (b) Bottom-left: Saturated incidence when{ =h ({ =h =2). (c) Bottom-right:
Nonmonotone incidence when £ < h (¢ =1,h=2). Here, k =0.5,a = 1.

In order to better understand the generic bifurcations in SIRS models with satu-
rated incidence rates and also motivated by the work of Liu et al. [17, 18] and Hethcote
and van den Driessche [14], Ruan and Wang [25] studied the global dynamics of a SIRS
model with the nonlinear incidence function g(I) = kI1?/(1 + al?),ie., {=h=2:

s _ ,_sg_ _kI’S
i = b—468 1+OJQ—|—I/R,
2
(1.2) @ = £ -G
% = v —-(6+V)R,

where b > 0 is the recruitment rate of the population, § > 0 is the death rate of
the population, v > 0 is the recovery rate of infectious individuals, and v > 0 is the
rate of removed individuals who lose immunity and return to the susceptible class.
Summing up the three equations in (1.2), we obtain an equation dN/dt = b — 6N
with N(t) = S(t) + I(t) + R(t). Obviously, all solutions of this equation tend to its
equilibrium N(t) = Ng = b/8 as t — +o0o. Thus, all important dynamical behaviors
of system (1.2) occur on the plane S + I + R = Ny, and the restricted system on the
plane becomes

2
dl _ _KI" (N, — T —R)— (5 + 7)1,

it — 31— (5+v)R.

Under certain conditions Ruan and Wang [25] showed that the simplified model (1.3)
undergoes a Bogdanov-Takens bifurcation; i.e., it exhibits saddle-node, Hopf, and
homoclinic bifurcations. They also established the existence of none, one, or two
limit cycles by applying the Bendixson—Dulac criterion [32], the Poincaré-—Bendixson
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theorem [9], and a classic method for uniqueness of limit cycles in the Liénard equation
[32], respectively. The coexistence (Theorem 2.9 in [25]) of two limit cycles is obtained
by assuming that the successor function [32] (denoted by d in [25]) can switch its signs.

In Ruan and Wang [25] the uniqueness of limit cycles was obtained under the
assumption that a polynomial h(z) of degree 6 is nonpositive for all z in a definite
interval, which is actually not easy to check. Moreover, only the first order Liapunov
value of the weak focus (I, Rz) in Theorem 2.6 of [25] was calculated. To have
a better understanding of the dynamics of the system, we need to calculate higher
order Liapunov values of the weak focus, which is difficult in general. In fact, the
weak focus (I2, Rz) in Theorem 2.6 of [25] (E4 in this paper) may have multiplicity
2, two limit cycles may arise from a degenerate Hopf bifurcation, and a limit cycle
and a homoclinic loop may coexist via the degenerate Bogdanov—Takens bifurcation.

The study of model (1.3) is interesting and significant since it exhibits different
and complicated dynamics such as periodic solutions, homoclinic orbits, multiple en-
demic equilibria, etc. The global dynamics is still not well understood. In this paper
we further study the dynamical behavior of system (1.3). By rescaling the variables

T = <\/5+IV) I, y= <\/5+IV) R, dr = (0+v)dt/(1+pl?)

and parameters

a(d+v) K o+ vy
b ko Norr "5+ T

system (1.3) is transformed into an equivalent system

al  — _[{(mp+ 1)1+ (R— AT +m] = I(I,R),
(1.4) at
fﬁl—ff = (1+pI*)(ql - R) =t R(L, R),

where we still use I, R,t to present z,y, 7 for simplicity and I, R > 0, A,m,p,q > 0.
We first calculate the second order Liapunov value at the weak focus and prove that
the maximal multiplicity of the weak focus is 2 by technically dealing with some
complicated multivariable polynomials, which implies that at most two limit cycles
can arise near the weak focus. Then, by reducing the determination of the sign for
polynomials of higher degrees to revised sign lists [31], we give some clean conditions
on the parameters for the uniqueness of limit cycles. Finally, we reduce system (1.4) to
a form of universal unfolding for a cusp of codimension 3 so as to give the bifurcation
surfaces and display all limit cycles and homoclinic loops of order up to 2, from which
the coexistence of limit cycles and homoclinic loops is established.

The paper is organized as follows. Some preliminary results on the existence and
properties of equilibria are reviewed in section 2. Section 3 is devoted to the study of
degenerate Hopf bifurcation. The uniqueness of limit cycles is considered in section 4.
In section 5, we study the degenerate Bogdanov—Takens bifurcation of the model. A
brief discussion on the models, motivations, methods, and results is given in section
6.

2. Preliminaries. We first recall some known results on the existence of equi-
libria. As shown in Ruan and Wang [25], system (1.4) has at most three equilibria
0=(0,0), E_ = (I_,R_), and E; = (I}, R1) in the first quadrant, where
AL (A2 —dm(mp+q+1))1/?
B 2(mp+q+1)

Ii 9 Ri = qu
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It is easy to see that O is the disease-free equilibrium of system (1.4) and is a stable
node. Moreover, there are no positive equilibria if A2 < 4m(mp + ¢ + 1) and two
positive ones E_ and E; if A2 > 4m(mp + g+ 1). They coincide at Ey = (I, Ro) =
(A/2(mp + q +1),qA/2(mp + q + 1)) if A2 =4m(mp+ q+ 1). It is indicated in [25]
that F_ is a saddle and F, is a node, a focus, or a center. Moreover, the following
results are given in Theorem 2.1 in [25].

LEMMA 2.1. The equilibrium E, is stable if one of the following inequalities
holds:

2 1
A2>A§, m <1, (]<M7
m—1
where
22— (mg+2m —1— q+ 2m?p)?
¢ (m—1)(mp+p+1)

E. is unstable if

2 1
A2<AE, m > 1, and q>m.
m—1
When the parameters lie in the region
21) Q= {(Ampglm>1,q> @mp+1)/(m—1), A2 = 4%},

the linearization of system (1.4) at E has a pair of purely imaginary eigenvalues.
Let

(2.2) p= (1+2m—q(m—1))+ (4+2m+4q—6mq+6m?+2m3q)p+4m(m? + 2)p*.

The following results on Hopf bifurcation are given in Theorem 2.6 in [25].

LEMMA 2.2. Suppose that conditions in 2 hold. If p < 0, then there is a stable
periodic orbit in (1.4) as A? decreases from A2. If u > 0, there is an unstable periodic
orbit in (1.4) as A? increases from A2. If u =0, a Hopf bifurcation with codimension
2 may occur.

Obviously, in [25] a question remains open: Is F possibly a center when p = 07
A negative answer will be given in section 3. Regarding p as a quadratic polynomial
of p, we can easily see that the case p = 0 happens if and only if the discriminant of
(2.2) is > 0.

As shown previously, when A = Ay =: 24/m(mp + g + 1), the equilibrium Ejy
appears in the interior of the first quadrant and is degenerate because the Jacobian
matrix of the linearized system of (1.4) at Ey has determinant 0.

LEMMA 2.3. When A = Ay, Ey is either a saddle-node if p # ((m—1)g—1)/(2m)
or a cusp otherwise.

Proof. For p = ((m — 1)q — 1)/(2m) it was proved in [25] that system (1.4) has
a cusp at Ep. Consider the case that p # ((m — 1)g — 1)/(2m). With the change of
variables (I, R) — (z,y) defined by

_(L+q+2mp)(I — o) " m(R — Ro) __mg(I — 1) n m(R — Ry)

1+qg+mp 1+qg+mp’ l4+qg+mp  l4+qg+mp’
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system (1.4) is rewritten as

(2.3)

—do/I+mp+q/m 2 2(pgba+bodo+bodomp— bopd0+d0)\/_
(boq do)? bovI+mptq(bog—do)? Ty
_ (2pgbg —bodog+bodo— Qbopdo-‘rbodomp-‘r?do)\r 2 3y .
bo/1+mp+q(bog—do)2 + O(|($ )| ) — Xl(may)

{'.E:

g = (d _p q)y _ bog/IT+mp+q \/7 2 2(bog+gmpbo+gpbo+qdo— Pdo)\/_
00 (bog—do)? VIFmptq(bog—do)?
_ (=bog®+bog+gmpbo+2qpbo+2qdo— 2Pd0)\/7 2 3 _.
ot g I

where by = —m/(1+q+mp), do = —(1+ g+ 2mp)/(14+ ¢+ mp), and Ey is translated
to the origin. By the implicit function theorem, there is a unique function y = ¢(z)
such that ¢(0) = 0 and Y7 (z,¢(x)) = 0. Actually, we can solve from Y7 (z,y) = 0 that

qb0\/1+q—|—m vm 2
(bog — do)?

S(z) = +O0(|z).

Substituting y = ¢(z) into the first equation of (2.3), we get

d0\/1+q+m\/_ 2
(bog — do)?

Theorem 7.1 in Chapter 2 of [32] implies that the origin is a saddle-node of system
(2.3). Thus, Ejy is a saddle-node of system (1.4). O

(2.4) &= Xi(z,¢(z)) = +0(Jz]?).

3. Degenerate Hopf bifurcation. This section is a complement to the Hopf
bifurcation analysis in Ruan and Wang [25]. In Lemma 2.2 the sign of p is the same
as the sign of the first Liapunov value of (1.4) if E; is a weak focus, but [25] does not
determine the sign of the higher order Liapunov values and whether E is a center. In
this section, we overcome some technical difficulties in the computation of the higher
order Liapunov values and prove that F; is a weak focus of multiplicity at most 2.

As in section 2, we consider those parameters in the region €2, defined in (2.1),
where the Jacobian matrix at E, has a pair of purely imaginary eigenvalues and the
parameters A, m,p, and ¢ satisfy A% = A% > 4m(mp + ¢ + 1). In this case, the
first coordinate of £, takes the form I, = (2m?p —q+mq — 1+ 2m)/(A(mp +p+
1)). A simple transformation (I, R) — (x,y), which translates E to the origin and
diagonalizes the linear part, reduces system (1.4) to

(3.1) % = —wy+maz® + 2a1wry — maizr® — ajwrty,
3.1
% = wzx — a1ba® — 2a12y + afbia® + afxy,
where
mp+p+1

_ _ (2mp+1)(2mp—mq+1+q) _
VhL k= (mp+p+1)° T - (mpprD)

by = 2m>p®+pgm>+3m>p+2mp> f2pqm+m+p+qp
L= (mp+p+1)2w

w

by — 2m’p?=2m?p? +3m’p+2gm’ pt+dmp® —4pgm—mp+m+2qp+2p
2 (mp+p+1)%w

Obviously, k1 > 0 because m > 1 and ¢ > (2mp + 1)/(m — 1). Using the polar
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coordinates x1 = rcosf, y; = rsinf, we obtain from (3.1) that

(3.2)
% - G28),2 + (GS(G) _ G2(9)§11(9))7,3 + (_Gz(e)gl(G) _ G2(9)1;12(9) + G2(0)I3:Il2(9)),',.4
| (—Ca0)H0) | 2620 (0)H0) | G @HIO) _ GaOH )5 |y o

where
G2(0) = ar(m + 2)sin® 0 + a1 (2w — by) sin® A cos § — 2a; sin b,
G3(0) = —a3(m + 1) sin* 0 + a3 (b; — w) sin® @ cos f + a?sin? 6,
H,(0) = a1 (2w — by) sin® 0 — ay(m + 2) sin? # cos § — 2a;wsin 6,
Hy(0) = a?(by — w)sin* 0 + a2 (m + 1) sin® 6 cos @ + a?wsin? 6,

and

G4(0) = G5(0) = H3(0) = Ha(0) = H5(0) = 0.

Consider solutions of (3) in the formal series r(6,r¢) = Z;;OT r;(0)r together with
the initial condition r(0,7¢) = ro, where |ro| is sufficiently small. Obviously, 1(0) =

1,72(0) = r3(0) = --- = 0. Substituting the series into (3) and comparing the
coefficients, we obtain a system of differential equations for r;(8),j =1,2,.. ., ie.,
(3.3)

drl dTg 2G2(6‘) dT3 3 G3 (9) G2 (9)H1 (9) Gg(e)

— =0, — = , — = - 2 g

a9 ® e N\ Tw wE ) Ty,

Solving them together with the initial conditions, we get

0
r1(0) =1, r2(9)=/0 G2T(€)d£,

ra(0) = /09 {Ga(f) _ G2 (§H1(E) n 2G2(27‘2(f)}d§’””

w w2

Using Maple V.7 software, we compute the Liapunov value as follows:

at(m — 1)(2by — w)
8w? '

1
(34) L3(m,w,a1,b1,b2) = %T‘3(2ﬂ') =

For parameters in €, the sign of L3 is determined by 2bs — w and therefore is the
same as the sign of p, which demonstrates the corresponding results in Lemma 2.2.

If w = 2bsy (ie., p = 0), then Ls(m,w,aq,b1,b2) = 0. In this case the Liapunov
value of order 5 can be calculated as follows:

aéll(m - 1)K(ma w,ai, bl; bQ)
768w

1
(3.5) Ls(m,w,ay,by,ba) = 2—7’5(277) = >0,
7r

where, using (3.1) and the fact that ;1 = 0, we have

w(m,w, ar, by, by) = 121w — 332w?by + 143w?b; — Thwm? — 218wm — 190wbab;
—8w + 155wb3 + 150bam? + 436mby 4 16by + 5003
~ (2p+ 1) (mp+p+1)3(—4mp + 8p 4 2)1/?
64(m — 1)(2mp + 1)2(m2p + mp + m)1/2

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



628 Y. TANG, D. HUANG, S. RUAN, AND W. ZHANG

By the theory of Hopf bifurcation [20, 32], we obtain the following results.

THEOREM 3.1. Suppose that A% > 4m(mp + q + 1) and conditions in 2 hold.

(i) If u # 0, then the equilibrium E of system (1.4) is a weak focus of multiplicity
1 and at most one limit cycle arises from the Hopf bifurcation. Moreover, E is stable
and the limit cycle is also stable when p < 0, or E4 is unstable and the limit cycle is
also unstable when p > 0.

(ii) If p = 0, then the equilibrium E is a weak focus of multiplicity 2 and at most
two limit cycles arise from the Hopf bifurcation. Moreover, E is unstable and the
outer cycle is also unstable, but the inner cycle (if it appears) is stable.

To carry out numerical simulations on two limit cycles, we choose parameters
m=3,p=0.1, ¢ =15, and A = 21.99. We can verify that the conditions of result (ii)
in Theorem 3.1 are satisfied. In this case the two limit cycles can be simulated by using
MATLAB 6.5 software. In Figure 2, the trajectory started at the point P, = (1,5)
spirals inward as the time ¢ — —oo and the trajectory started at P, = (1.2,12) spirals
inward as t — oco. Hence, an unstable outer limit cycle exists and lies in the annular
region bounded by these two trajectories. Similarly, the orbit started at P; = (1.5, 15)
spirals inward as t — oo and the orbit started at Py = (1.3,17) spirals outward as
t — oo. Therefore, there is a stable inner limit cycle lying in the annular region
bounded by these two orbits. The equilibrium Ey = (1.195073225,17.92609838) is
unstable.

24 T

22

20

18-

16

o 14

12

10

F1c. 2. Two limit cycles bifurcate from the weak focus of multiplicity 2.

4. Uniqueness of limit cycles. In this section we consider the uniqueness of
limit cycles of system (1.4) and provide a relatively simpler proof compared to that
of [25]. As shown in Theorem 2.2 of [25] and section 2, it suffices to discuss the case
when m > 1 and A% > 4m(mp + ¢ + 1), in which system (1.4) possibly has closed
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orbits and F; lies in the first quadrant.
Our strategy is to reduce system (1.4) to the form of the Liénard system

(4.1) t=y—F(z), y=-g()

and apply the known Theorem 1.1 in Kooij and Zegeling [15] and Theorem 2.1 in Xiao
and Zhang [29]. Rearranging terms in the order of powers of R, we rewrite system
(1.4) as

(4.2) I'=go(I) — g1(I)R, R=ql - R,

where go(I) = (A — I)I?/(1 + pI?) —mI and g1(I) = I?/(1 + pI?). We need only to
consider I > 0 because I = 0 is an orbit. Thus g1(I) > 0, and system (4.2) has the
same phase portrait as the system

. go(I) . R ql
4.3 [=R- . R= - .
(43) (D) D )
With the transformation
1
4.4 I =z, y:R—/ dz,
“d e

system (4.3) is reduced to the Liénard system (4.1) with

_gle) 1 o= 2% 90(@)
(45) P& =@ / a@™® T IE T 2w

LEMMA 4.1. Suppose that m > 1 and A? > 4m(mp + q +1). Then system (4.2)
has at most one closed orbit in the interior of the first quadrant if either the function
F'(xz)/g(x), where F' denotes the derivative of F, is neither decreasing nor a constant
or F'(I1)L(F'(z)/g(x)) < 0 for x # I.. Moreover, the closed orbit is hyperbolic if
1t exists.

Proof. Note that limit cycles of system (4.2) (if any exist) lie in the stripe region
between the vertical lines ¢y : I = I_ and ¢ : I = Ip, where

I A4 (A2 —dm(mp + 1))1/?
b= 2(mp+1)

In fact, a vertical isocline of (4.2) intersects the I-axis at D = (Ip,0), i.e., (mp +
nI3 — Al p +m = 0. Restricted to ¢ in the interior of the first quadrant, the
derivative I satisfies

Il¢, = Ip{[-m+ AIp — (mp + 1)I3] — RIp} = —RI% < 0.

This implies that limit cycles of system (4.2) (if any exist) lie on the left of ¢; because
I+ < Ip (i.e., the equilibrium Ey lies on the left of ¢1). On the other hand, limit
cycles lie on the right of {y; otherwise, a limit cycle intersects ¢y because I, > I_
(i.e., E4 lies on the right of ¢y), implying that I = 0 at a point on ¢y. This is a
contradiction because on ¢y the derivative

I=1{-m+(A-R)I_—(mp+1)I*]+R_I_—RI.}=(R_—R)JI*>#0
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except at the saddle E_. Let S(I_, Ip) denote the stripe region. Since transformations
between (4.2) and (4.1) do not change z, it suffices to discuss (4.1) in S(I_, Ip), i.e.,
I_<x<Ip.

Transformation (4.4) is one-to-one for I > 0 and R > 0, so it is equivalent to
discuss the uniqueness of closed orbits for system (4.1) where z > 0. Corresponding
to E, system (4.1) has an equilibrium (z4,y;) with the same coordinates, i.e.,
vy = I, and y; = Ry. From (4.5) we have F'(z) = —{(mp+p+ 1)z? + 1 —m}/a?
and g(z) = p(z)(1 + pa?) /23, where p(z) = (mp+ g+ 1)z*> — Az + m has exactly two
zeros at I_ and I,. It follows that

go(l+) —g1(I4) Ry
g3 (Iy)

in S(I_, Ip), verifying partly either the condition in [29, Theorem 2.1] (as F’(x)/g(z)
is neither decreasing nor a constant) or the condition in [15, Theorem 1.1] (as F'(Iy)
(d/dz){F'(z)/g(x)} < 0 for  # I). The other conditions can be checked explicitly
by the assumptions in our lemma. Thus the lemma is proved. a

In order to obtain conditions in terms of the original parameters for the uniqueness
of limit cycles and complete the results of the uniqueness in [25], we use the notation

1+ pa?
3

o) = - 0, (- ange) = (FEE) - aplo) >0

co=m(m—1), co=5m*p+mp+4m+mqg—q—1, c3=2A(1+ 2mp),
ca = (5m>p? —mp?)+ (4mpq—2pq) + (6mp—2p) +q+1, s = p(1+p+mp)(1+g+mp).

These constants are obviously all positive. Using the conditions in Lemma 4.1, we
obtain the following theorem.

THEOREM 4.2. Suppose that m > 1 and A% > 4m(mp + q+ 1). If either (i)
3 —4dcecy >0 and o— < 1_, o4 > Ip, where o4 = (c3 & V& — deaey/(2¢4), or (ii)
3 —4cacy <0, F'(I4) > 0, and both cg and m(m — 1) are small enough, then system
(4.2) has at most one limit cycle in the interior of the first quadrant. Moreover, under
assumption (1) (resp., (ii)) the limit cycle is unstable (resp., stable) if it exists.

Proof. Calculate (d/dx){F'(z)/g(z)} = h(z)/2%¢*(x) in S(I_,Ip), where

3_ C4x4 + chG.

h(z) =co — co1? + 3
By Lemma 4.1, we need to determine the sign of h(x). Our strategy is to discuss the
quadratic function n(x) = —ca + cgz — c42?, for which we have h(z) = m(m — 1) +
cex® + n(x)z?.

In case (i), the function 1 has exactly two real roots oy and [I_,Ip] C (o0—,04).
Since 1 has the leading coefficient ¢4 > 0, we see that n(x) > 0 for z € (0_,04),
ie, n(x) > 0 in S(I_,Ip). Since m > 1, as required in (2.1), we have h(z) > 0
or equivalently (d/dx){F'(z)/g(x)} > 0 in S(I_,Ip). Then Lemma 4.1 implies the
result in case (i).

In case (ii), ¢3 — 4cacy < 0, s0 n(z) # 0. On the compact interval [I_, Ip] the
function |n| is bounded by a positive number. Therefore, sgnh(z) = sgnn(x) for
x € (I_,Ip) as ¢g and m(m — 1) are both sufficiently small. Since n has the leading
coefficient ¢4 > 0, we ensure that n(z) < 0 as z € (I, Ip), implying that h(z) < 0 in
S(I-,Ip). Thus, F'(I1)(d/dz){F'(z)/g(x)} < 0; i.e., the second condition in Lemma
4.1 holds in S(I_,Ip). From the notion introduced at the beginning of the proof of
Lemma 4.1, it suffices to verify the condition in S(I_,Ip). Therefore, the conclusion
in case (ii) is obtained. O
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Consider p = ¢ = ¥, m = 1/¢, and (24(2mp + 1))?> = aicocy, for example,
where € > 0 is sufficiently small, k¥ > 3, and 4 < a; < 9/2. These parameters satisfy
assumption (i) in Theorem 4.2. Another choice of parameters in which p = €2
m = 1+4¢, and ¢ = 1/¢*, where ¢ > 0 is sufficiently small and k > 3, verifies
assumption (ii) in Theorem 4.2.

For ¢ and m(m — 1) to be sufficiently small in case (ii) of Theorem 4.2, we
have to restrict p and m near 0 and 1, respectively. Efforts are also made to extend
the restriction by some known results on the zeros of high degree polynomials (Yang
[31]). As shown in the above proof for Theorem 4.2 (ii), we can generally suppose
that m > 1, A2 > 4m(mp + ¢ + 1) and that h(I_) < 0, h(Ip) < 0 and claim that h
has no real zeros in the interval (I_,Ip). By Lemma 3.1 in [31], the number of real
zeros of h in (I_, Ip) is equal to the number of negative zeros of the function

ID—I_QJ
11—z

U(z) = (1—2)°h <

4 2
) = ozoxﬁ + (11335 + asx” + ozgxg + a4 + a5 + ag,

where

a0 =h(I-) = co — c2I” + c3I° — cal® 4 ¢c6I°,

a1 = —3e3IpI® + 4ealpI® — 6c6IpI® + 2calpl + 24l — 6o + deal® — 3esl?

o = 9c3IpI? + 3csInl- — 8calpl® — 6ealnI? + 15¢6IpI: — 8calpl — cal?
+15¢9 — 02112) — 60213 + 303137

as = —9c3IpI® — 9esIhI + dcalpl® + 1241517 + dcalp] -
—20c6IH 12 +12¢0IpI — 20co + deal} + Acal® — 3l — c3lp,

s = 3e3Ipl® + 9esIhI - — 6cal 12 — 8ealpl + 15¢6IH1% — 8calpl_ + 15c¢0
—C4If‘3 - 602[2D —e® + 3631%,

as = —3c3Id — 3csInl — 6eeIDI_ +Acald + 2calpl + 24l + des Il — 6co,

g = h(ID) = Cco — CQI% + Cg]% — C4I§ + Cs[%.

Let Discr(¥) be the discrimination matriz of the polynomial ¥, constructed in
the appendix as in [31, Definition 2.1] and its following paragraph, and calculate its
principal minors w1y, ws,..., w3 as in the appendix. Consider the sequence SE =
{wm1w2, waws, . . ., w12w013 } and its sign list S(SE) = {sgn(wiw2), ... ,sen(wizwis)},
where sgn(z) denotes the sign of x. Now revise the signs according to the following
rule (Definition 2.3 in [31]): (S1) If {o;, 0it1,-..,0i4+;} is a section of S(SE) such
that g; # 0, 041 = - - = 0i+j—1 = 0, 0i+j 7# 0, then replace the section with the finite
sequence {—o;, —0i, 0i, 0i, —0i, —0i, 0is 0is - - -} Dy truncating for the same number of
terms; (S2) otherwise, do not change. Let S’'(SE) denote the revised sign list. By
Theorem 3.3 in [31], the number of distinct negative zeros of ¥ is equal to & — &,
where ¢ is the number of sign changes in §8'(SFE) and 2¢; is the number of nonzero
members in §'(SE). Thus we conclude that U has no negative zeros, i.e., h(x) < 0
in (I_,Ip)if€=¢&.

The above conclusion shows that the condition on parameters for h(z) < 0 can
be determined by the list S'(SE). It is easy to calculate that wyiws = 603 < 0, i.e.,
sgn(wiws) = —1. So in total we have 3'!(=177147) cases to discuss because each
of the remaining 11 elements in §’(SE) has three options: —1,0,1. We illustrate a
general method for conditions on parameters with a further discussion on wiswis.
In the case that wiawi3 # 0, S'(SE) contains 12 nonzero members, implying that
& = 6. So we need only to construct a revised sign list with £ = 6. We easily
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find such a list {—1,1,—1
on parameters:

,1,—-1,1,-1,—-1,—1,—1,—1, —1}, which gives a condition

3

(C1) rwaows > 0, wswy < 0, wyws > 0, wswe < 0, wewr > 0, wrws < 0,

wgwg < 0, wowig < 0, w1 < 0, w1112 < 0, w913 < 0.

In the case that wiaw13 = 0, the number of nonzero members in §'(SE) is < 12, i.e.,
&1 < 5. Note that the list {—1,1,-1,1,—1,1,1,1,1,1,0,0} has £ = 5. Being a revised
sign list, it gives a condition of parameters:

(C2) wwawog > 0, wswy < 0, wyws > 0, wswe < 0, wewr > 0, wrws > 0,

wywy > 0, wgwyg > 0, w11 > 0, w11w12 = wi2w13 = 0.

Finally, Lemma 4.1 and the conclusion given in the last paragraph enable us to sum-
marize that if m > 1, A2 > dm(mp+q+1), h(I-) <0, h(Ip) <0, F'(I+) > 0, and if
either (Cy) or (C2) holds, then system (4.2) has at most one limit cycle in the interior
of the first quadrant. Moreover, the limit cycle is stable if it exists. More conditions
other than (C4) and (C3) can similarly be obtained for the uniqueness of limit cycles.

5. Degenerate Bogdanov—Takens bifurcation. By Lemma 2.3, when A =
Ao =:2¢/m(mp+q+1) and p = py =: ((m — 1)g — 1)/(2m), the equilibrium Ey =:
(Ao/(2(mpo+ q+1)),qA0/(2(mpo + ¢+ 1))) is a cusp, where the Bogdanov—Takens
bifurcation may occur by a perturbation. By the standard theory of the Bogdanov—
Takens bifurcation (of codimension 2), Ruan and Wang [25] assert only that the
system has at most one limit cycle and the obtained homoclinic loop is of order 1 (see
the definition in [16]).

In the following, we display the possible bifurcations of multiple limit cycles and
homoclinic loops of order higher than 1. Note that as A = Ay and p = pg, we have
(m —1)q = 2mpo + 1 > 0, implying m > 1. So we fix my > 1 near 1 arbitrarily and
consider three bifurcation parameters A, p,m near Ay, pg, mg, respectively. Let

(5.1) A=Ag+e, p=po+e, m=mg+es,

where €3 > 0. Then, we discuss bifurcations of the equivalent system (1.4) for the
parameters € = (€1, €2, €3) near (0,0,0).

LEMMA 5.1. For A,p,m close to Ay, po, mo, respectively, (1.4) is equivalent to
the system

dx d
(5:2) =, d—z =1+ 2%+ (p2 + paz + 2 + O(|l2|"))y + Gz, w)y?,
where p;’s are functions of €1, €2, €3 such that %kzo #0 and G(x, pn) is a C
function.
Proof. With the substitution (5.1), equation (1.4) can be written as

I A A
(5.3) { I =TI+ smrarreTarraD B+ sttt eoresasD) )
' > A A
R =R+ stimramorarrarn B+ stmeta) (o ey TarD )

where Z and R are defined in (1.4). When € = 0, system (5.3) has a cusp at the origin
05 = (0,0), as shown in [25]; i.e., the equilibrium Ej is translated to Oy. Expanding
(5.3) at Oa, rescaling time by t = 7(q¢ + 1 + gmg)/(2gmy), and then applying a linear
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transformation T: (I, R) — (I, R), defined by I = I and R = I — R/q to reduce the
matrix of the linear part for ¢ = 0 to the Jordan canonical form, we can reduce (5.3)
further to the form

_ | Yi(e) " ti1(€)  t12(e)

s (€) t21(€)  t22(€)
where all ¥, ¢;;, and w; ( i,j = 1,2) are calculated as in the appendix, which satisfies
that 191(0) = 192(0) = , L1 ( ) = 1 and L11( ) = L21(0) = LQQ(O) = 0. Another
—

transformation T: (I, R) — (X,Y), deﬁned by

(5.5) [ =X 4 M2Zmo q+1+qmo)X2 R=Y + V/2mo(g+1+gmo) (q+1+qmo)X2

jl ~

(5.4) B

S~
|
+
| — |
& &

[\v) -

——
M~
T It
) )

S— N
—_

2myg 4gmo
reduces system (5.4) to
(5.6) X =En(X,e) + Enn(X,e)Y, Y =Ey(X,e)+ Exn(X, )Y,

where

Ej(X, €)= ajo(e) + a;1(6)X + aja(6)X” +a;3(6) X° + O(|X?Y)), j=1,2,
Eaj(X, €)= bjo(€) +bj1(e)X + bja(e) X* +bjs(e) X* + O(|XY)), j=1,2

and all aw( €)’s and b;;(e)’s are given in the appendix. Applying the change of variables
X =X, Y = E;(X,e) + E1a(X, €)Y in (5.6), we obtain a system in which the first
equation is same as the first equation of (5.2), that is,

(5.7) X=V, Y=F(X,+FRX Y +F(X, v,
where F;(X,€) = Z?:o ¢ij (€)X +0(|X|Y), i = 1,2, and both ¢;;(€)’s and F3(X, €) are

given in the appendix. Note that c12(0) = —/2mo(q + 1 + gmo) (g + 1 + gmo)/4gmo
< 0, which implies that cia(€) < 0 for small ¢, and it is reasonable to apply the

rescaling X - X, Y — —y/—c12(€ Y T — 7/4/—c12(€) to system (5.7) and

obtain

(5.8) X=Y, Y=F(X,e+F(X, Y+ X, Y?

where F1 (X, €) = cio(€)/c12(e) —(c11(€) /cr2(e ))X+X2+O(|X| ), F2(X, €) = {cao(€) —
c21(6) X + caale )X2 — co3(€ XB}/\/—Clg + 0 |X| ), and Fg(X,e) = —F3(—X,e).
Thus, the coefficient of X2 in F} in the second equation of (5.8) reduces to 1, the
same as the corresponding one in (5.2).

In order to reduce system (5.8) to the induced form (5.2), we need to remove the
term of X in the second equation of (5.8). We achieve this by the affine transformation
u=X —c11(€)/2¢12(€), v =Y in X, and change system (5.8) into

(5.9) u=v, ©=G(u,€)+ Gau,e)v+ Gsu,e)v?,
where G1(u,€) = dio(e) + u? + O(|ul?, €?), Ga(u, €) = dag(€) + da1(€)u + daa(€)u? +

doz(e)ud + O(|u|*), G3(u,€) = —F3(—u — c11/(2c12), €), and the coefficients d;;(e) are
displayed in the appendix. Because
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2= 3 {mo(g + 14 qmo)}/*(q + 1 + gmo)/2(3mo — 1)(q + 1 + gmo)

d23( ) (qm0)1/2

>0,

for small € # 0 system (5.9) can be rescaled by @ = d%5(e)u, v = dgé5(e)v, T =
Pk .
23"~ (€)T into the form

— G (i1, €) + Ga(, )7 + Gs (@, )72,

(SR

(5.10) i =17,

where G (@i, €) = dai’dio(e) + @2 + O(|il?), Ga(ii,€) = daf’dao(e) + doz’>doy (€)ii +
o Py (e)i2 + @ + O(|a|Y), and Gs(it, €) = —dyy > Fy(—dyy’ i — c11/(2¢12), €), s0
that the coefficient of the term @3% in the second equation of (5.10) becomes 1, the
same as in the corresponding term in system (5.2). The invertibility of all undergone
transformations for small € # 0 implies that system (5.10) is topologically conjugate
to system (5.2) locally. Hence (5.3) is an induced family of vector fields from system
(5.2), the universal unfolding of the degenerate cusp as shown in the Main Theorem
n [7]. Comparing the 4-jet of (5.10) with (5.2), we obtain the relation between the
induced system and the universal unfolding, i.e.,

(5.11) () = dyf diole),  pa(e) = d daole),  pa(e) = doy/ dan ().

In particular, u1(0) = u2(0) = p3(0) = 0. Computing the Jacobian determinant of
relation (5.11) at (0,0, 0) with Maple V.7 software, we get

Opas p2, p3) | 1+ q+4mo + 3gmo + Sqmg — mg — migq)(q + 1 + gmo)?
8(61,62,63) =0 2 ’

which is > 0 for mg near 1. This implies that the induced family (5.3) parameterized
by €, and therefore (1.4), is locally equivalent to the unfolding (5.2). The proof is
completed. a

Concerning the universal unfolding (5.2), Theorem 4 in [7] gives bifurcation sur-
faces

SN {(n1, p2, p3) € V| pa = 0}, 1 .

"o = (2, ps) € VIipe = ps(—p) % + (—p1)% + O((—m)*), m < 0},
HL =t {(uspi2s p13) € Vo = Zpus(— Ml)% + 38 (—p1)F 4+ O((—m)F), m < 0},
L = {(p,p2,p3) € V|E(u1, p2, p3) =0, p1 <0},

where V is a neighborhood of (0,0,0) and the surface Z(u1, po, us) = 0 is defined by

(-2, o )o = (g~ o) el

11P'(b) ' 11

for g1 < 0 with the parameter b. Here P(b) is a solution of the Riccati equation
(9v% —4)P" = 7P% 4 3bP — 5, as shown in [7]. Applying the inverse of (5.11) together
with (5.1), from SN, H, HL, and £ we can give for system (1.4) the corresponding
bifurcation surfaces SN”, H', HL', and L', respectively. Thus, Theorem 4 in [7] implies
the following.

THEOREM 5.2. In the (A,p,m)-space there are four surfaces SN', H', HL', L’
near (Ao, po, mo), defined as above, such that system (1.4) produces a saddle-node bi-
furcation near Ey as (A,p,m) crosses SN, a Hopf bifurcation near Ey as (A,p,m)

|

wleo

p2 = (—p1) )+ o((=pm)
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FiG. 3. Projections of SN',’H, HL, and L on the (u2, u3)-plane.

crosses H', a homoclinic bifurcation near Eqy as (A,p,m) crosses HL', and a coales-
cence of two limit cycles near Ey as (A, p,m) crosses L.

The expressions of these bifurcation surfaces given in Theorem 5.2 can be com-
puted by using (5.11) and (5.1). For example, consider Ay = 63.73,py = 4.45,mg =
1.01, and ¢ = 1000. The surface HL' is presented as

)
- (0.003018260808¢2 + 1.509170071e3)O (€1, €2, €3)

103

W(@(ela €2, 63))3 + O(|(€17 €2, 63)|3/2) = 0;

where ©(eq,e2,€3) = /0.09569545272¢; — 0.003062992329¢5 — 3.033146367¢3. Pa-
rameter values are given by the expression where the homoclinic bifurcation occurs.
Expressions of other bifurcation surfaces SN”, H’, and £’ can be given similarly. For
a better understanding of the bifurcation diagram, let us observe bifurcation surfaces
SN, H,HL, and L in Figure 3. Since each of them is a cone with vertex at the origin
(up to a homeomorphism in the parameter space), as in [7], it suffices to observe the
bifurcation diagram in a small half ball S,,, = {(p1, pa, p3)| p3 +p3+p3 < po, p1 < 0}
for sufficiently small ;2o > 0 and project the diagram to the plane SN (i.e., u3 = 0). As
indicated in [7], projected on the disk T = S,,, N\SN, the curve H intersects the curve
HL at a point sg and L is tangent to curves H and HL at two points s and sg, respec-
tively. Thus the half ball S,,, is divided into five open regions D; (j = I,II,...,V),
as shown in Figure 3. Let D’ (j = I,I1,...,V) be the corresponding regions in the
(A, p, m)-space and s, s}, s5 be the corresponding intersection points, which can be
calculated with (5.11). When (A, p,m) lies in these regions, by Theorem 3.1, system
(1.4) has two equilibria F; and E_ in the interior of the first quadrant and F_ is
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TABLE 1
Qualitative properties for various parameters.

(A, p,m) E4 Limit cycles | Homoclinic orbits
D’ unstable focus or node no no
H'\{s{s weak focus(order 1) no no
s] weak focus(order 2) no no
s48) stable weak focus(order 1) | 1(order 1) 0
D, stable focus or node 1(order 1) no
HL \{s,sh focus or node no 1(order 1)
50 stable weak focus(order 1) | no 1(order 1)
Dy stable focus or node no no
Ty unstable focus or node 1(order 1) no
sh unstable focus or node no 1(order 2)
50,8 unstable focus or node 1(order 1) 1(order 1)
Dy, unstable focus or node 2(order 1) no
L' unstable focus or node 1(order 2) 0

always a saddle but E. is either a focus or a node. Furthermore, by Lemma 4.1 and
Theorem 5.2 together with the theorems in [7] and [25], we can list more detailed
dynamical behaviors in Table 1, where 86/5\’1 and s/’o\s’2 denote the parts of bifurcation
surfaces determined by the arcs on H and HL, respectively, as shown in Figure 3.
More concretely, neither a limit cycle nor a homoclinic loop appears in D%; a limit
cycle arises as parameters go through H’ from D’ to Df;; the limit cycle expands,
deforms into a homoclinic loop and finally breaks as parameters go through HL' from

"1 to D7;p; a limit cycle arises again as parameters go through H’ from D%, to
DY,. By continuity, if parameters go through the part of HL' below s} and return
to D} from D7y, the limit cycle disappears; if parameters go from D/, and hit the

arc s(sh, the limit cycle coexists with a homoclinic loop. Furthermore, if parameters
enter the region Dj,, the limit cycle persists and another limit cycle arises as the
homoclinic loop breaks, i.e., two cycles coexist.

6. Discussion. The existence of limit cycles in epidemic models can be used to
explain oscillatory phenomena observed in the dynamics of some infectious diseases.
One of the mechanisms by which epidemic models exhibit periodic oscillations is
bifurcation, which occurs when the parameters vary. Early work on studying the
dynamics of epidemic models focused on Hopf bifurcation, homoclinic bifurcation, or
saddle-node bifurcation separately by using only one bifurcation parameter (Derrick
and van den Driessche [6], Hethcote and van den Driessche [14], Liu et al. [17,
18]). Recent studies indicate that some epidemic models undergo codimension 2
bifurcations near degenerate equilibria; i.e., a Bogdanov—Takens bifurcation, which
includes a Hopf bifurcation, a homocline bifurcation and a saddle-node bifurcation,
can occur when two parameters vary near their critical values (Lizana and Rivero [19],
Ruan and Wang [25], Alexander and Moghadas [1, 2], Moghadas [21], Wang [26]).
It is interesting to notice that not only epidemic models with nonlinear incidence
rates but also simple epidemic models with bilinear mass-action incidence rates can
have complex dynamics such as the occurrence of Bogdanov—Takens bifurcations.
For instance, Wang and Ruan [27] considered an epidemic model with a bilinear
mass-action incidence rate and a constant removal rate of infectious individuals and
showed that the model undergoes a sequence of bifurcations, including saddle-node
bifurcation, subcritical Hopf bifurcation, and homoclinic bifurcation.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



A SIRS MODEL WITH A NONLINEAR INCIDENCE RATE 637

In those epidemic models exhibiting Bogdanov—Takens bifurcations, periodic so-
lutions can arise through a Hopf bifurcation for some parameter values and disappear
through a homoclinic bifurcation for some other parameter values, but neither the
existence of multiple limit cycles nor the coexistence of a limit cycle and a homoclinic
loop is revealed. However, recent work (Alexander and Moghadas [1, 2], Liu, Heth-
cote, and Levin [17], Moghadas and Alexander [22], Ruan and Wang [25], Wang [26])
indicates that some epidemic models can have two limit cycles. One may expect that
the appearance of two limit cycles is due to the fact that degenerate Hopf and degen-
erate Bogdanov—Takens bifurcations [4] may occur in such epidemic models as well.
However, to the best of our knowledge, so far there is no such study on the degenerate
Hopf bifurcation and degenerate Bogdanov—Takens bifurcation on epidemic models.
One of the difficulties is the lack of general criteria in calculating the multiplicity of a
weak focus (see Xiao and Zhu [30] for such a criterion for a predator-prey model; see
also Ruan and Xiao [24]).

In this paper, we continued studying the dynamics of a simplified epidemic model
(1.3) with a nonlinear incidence rate that was originally considered by Ruan and
Wang [25] (see also Liu et al. [17, 18] and Hethcote and van den Driessche [14]).
Under certain conditions Ruan and Wang [25] showed that the simplified model (1.3)
undergoes a Bogdanov-Takens bifurcation; i.e., it exhibits saddle-node, Hopf, and
homoclinic bifurcations. They also established the existence of none, one, or two
limit cycles. In this paper, we first calculated the second order Liapunov value of
the weak focus and proved that the maximal multiplicity of the weak focus is 2 by
technically dealing with some complicated multivariable polynomials, which implies
that at most two limit cycles can arise near the weak focus. Then, by reducing the
determination of the sign for polynomials of higher degrees to revised sign lists, we
re-established the uniqueness of the limit cycle. Finally, we reduced system (1.4) to
a form of universal unfolding for a cusp of codimension 3 and showed the coexistence
of limit cycles and homoclinic loops via a degenerate Bogdanov—Takens bifurcation.

The coexistence of limit cycles and homoclinic loops demonstrates that epidemic
models with saturated incidence rates exhibit very different and complex dynamics.
Furthermore, the results indicate that the dynamical behavior of the model is very
sensitive to the initial densities of the susceptible and infectious individuals. When the
initial values lie inside the homoclinic loop, the numbers of susceptible and infectious
individuals fluctuate periodically about the endemic levels. Such periodic patterns will
be helpful in designing control and intervention policies for the disease. When the
initial values lie outside the homoclinic loop, the disease will die out even if there are
two endemic equilibria (see Figure 3). This means that the disease can be controlled
and eradicated even above the threshold.

To the best of our knowledge, this is the first time that a limit cycle and a
homoclinic loop have been shown to coexist in a realistic epidemic model. Though
we focused on a simple case of SIRS models with a specific saturated incidence rate,
we believe that such rich and complex dynamics can occur in other epidemic models
with general saturated incidence rates as well as other types of nonlinear incidence
rates (Hethcote and van den Driessche [14], Liu et al. [17, 18]).

Appendix.

(A1) As claimed in section 4, for each j = 1,...,13, the polynomial w; in variables
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Qq,...,qq, being the jth principal minor of the matrix
r ag Q1 a2 a3 (a7} s o 0 0 0 0 0 0 7
0 6ag bar 4daz 3a3 204 as 0 0 0 0 0 0
0 aQ (5] a2 a3 [ %] a5 Qg 0 0 0 0 0
0 0 6ag bar 4daz 3a3 204 as 0 0 0 0 0
0 0 ag a1 a2 as ay as a6 0 0 0 0
0 0 0 6ag bar 4daz 3a3 204 as 0 0 0 0
DISCI“(\I/) = 0 0 0 ag [e%} a2 a3 oy as ag 0 0 0 ,
0 0 0 0 6ag bar 4oz 3a3 204 as 0 0 0
0 0 0 0 ag aq a2 as oy as ag 0 0
0 0 0 0 0 60(0 50(1 40&2 3043 2044 as 0 0
0 0 0 0 0 ag aq [e % as oy as ag O
0 0 0 0 0 0 60(0 50&1 4a2 3043 2044 a5 0
L 0 0 0 0 0 0 ag [e%1 a9 as oy as o |
can be calculated directly with Maple software. For example, w; = ag,ws =
602, w3 = adar, s = —ad(—ha? + 12az0), ws = ad(afas — 4apa3 + 3apazay),
).

1
we = 203 (24adasan — 270303 — 8apas + 24apazaraz — 10apasa? + 2a3a? — bazasd
The expressions for others will be much longer.

(A2) The polynomials ¥;, t;5,w; claimed in (5.4), a;; and b;; in (5.6), ¢;; and F3
in (5.7), and d;; in (5.9) can be calculated directly with Maple software. Except for

c10 = a20b10 — @10b20: c11 = a20b11 —a10b21 ta21b10 —a11b20, c12 = —\/2MO(q+1+qmo)(q+1+qmm/(4qm0) + O(lel),
c13 = —bgaayy + bigagp — bagayig + bipaz3 — baraiz + bizazy — bzpai1z +biyazz,
2 2 2 2
c20 = (a11a20 + bgpaz0 — @10@21)/a20, c21 = —(2ajgagzagg — bb2lajg — 2ajzajy +aziariazg — aipazy)/azg,
3 2 2 2 3 2 3 3
c22 = —(=8ayzazg + 2azzajgaiyl +azjaizayg + 3ajpazzazg — bazapg — dagzazpaigazl — azjaiiaze +aipazy)/azg,

o3 = —{vV2@Bmg — D(a+ 1+ amg)®}/{amday/mo(a + 1+ amg)} + O(lel),

2 2 2 2 2 — 2
d1g = (erge1a — e31)/(4ey) + O(lel?),  dag = —(—8cggely + dearerely + cagely — 2C22C11C12)/(SC?2\/—C12) + O(le]?),

2 2 2 /T 2 2
da1 = —(—4cggcq11012 + 4e21¢7g + 3C23611)/(4c12\/—612) + O(le]”), dag = (2c22c12 — 3623C11)/(2C12\/—C12) + O(lel™),

1/2

1 -
dag = <5>3/4<\/mo<q T 1+ aqm)(g + 1+ amg)/(amo) /2 (Bmg — 1)(q + 1 + amg)/mE + O(le]),

< 2 2 4z 2 3 3 422 2 2 2
F3(X) = az1/ag0 + {(—aj; + 2a22a20)/a30} X — {(8az1ag2a20 — 3azzajg — azy)/azy}X” — {(4az1azza3q + 2a33a3q

— daggasgad; + ajy)/a3e} X3 + 0(1X)).

The other polynomials have long expressions. Their presentations and the Maple
scripts are available upon request.
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