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Abstract:  This paper is concerned with the bifurcations of a susceptible-infectious-recovered-
susceptible (SIRS) epidemic model with a general saturated incidence rate kI” /(1 + al”). For general
p > 1, it is shown that the model can undergo saddle-node bifurcation, Bogdanov-Takens bifurcation
of codimension two, and degenerate Hopf bifurcation of codimension two with the change of param-
eters. Combining with the results in [1] for 0 < p < 1, this type of SIRS model has Hopf cyclicity 2
for any p > 0. These results also improve some previous ones in [2] and [3], which are dealt with the
special case of p = 2.
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1. Introduction

In this paper, we consider the infectious disease transmission models. Denoted by S (7), I(¢), and
R(1), the numbers of susceptible, infective, and recovered or removed individuals at time ¢, respectively.
The classical susceptible-infective-recovered-susceptible (SIRS) model has the form

S =b-dS —g(DS + R,
[=g(DS —(d+mwl, (1.1)
R =ul - (d+0O)R,

where b > 0 and d > 0 represent the recruitment rate and the natural death rate of population respec-
tively, 4 > 0 expresses the natural recovery rate of the infective individuals, and 6 > 0 denotes the rate
at which recovered individuals lose immunity and return to the susceptible class. g(I)S is the incidence
rate, and g(I) measures the infection force of a disease.
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In most epidemic models, the incidence rate adopts the form of mass action with bilinear interac-
tions, namely g(/)S = kIS, where the constant k is the probability of transmission per contact and
g(I) = kI is unbounded when 7/ > 0. The model (1.1) with g(I) = kI usually has at most one endemic
equilibrium and has no period orbit. The disease will die out if the basic reproduction number is less
than one and will persist otherwise (see Hethcote [4]). Recently, different types of nonlinear incidence
rates have been applied in the study of epidemic diseases. For example, Liu et al. [5] proposed a
general nonlinear incidence rate defined by

kIS

NS = ,
&b 1+ al?

(1.2)

where kI” measures the infection force of the disease, 1/(1+al%) describes the inhibition effect from the
behavioral change of the susceptible individuals when the number of infectious individuals increases
(see Capasso and Serio [6]). @ > 0 measures the psychological or inhibitory effect, p, k, g are real
constants with p > 0, kK > 0, g > 0. Note that g(I)S =kSIin (1.2)ifa =0and p = 1.

For general p and ¢, Hu et al. in [1] studied the SIRS model (1.1) with (1.2). For simplicity, they
considered the reduced system

kI’ (b
= ——I—-R|-(d+wl,
14—a14(d ) (d+m) (1.3)
R =pul —(d+06)R.

By calculation, E(I*, R*) is a positive equilibrium of system (1.3) if and only if I* > 0 satisfies

1 1

gy -} (1.4)

K o o
where

b(d + 0) kb

Tdd+o+rw T du+dy

It was shown in [1] that the model (1.3) can have very rich and complex dynamical behaviors. More
precisely, system (1.3) can have multiple endemic equilibria and different types of bifurcations, in-
cluding Hopf and Bogdanov-Takens bifurcations. Note that the expressions of the positive equilibria
cannot be explicitly expressed for general p and g. They only gave the calculation formula of the first
Lyapunov constant of the unique positive equilibrium (if it is linearly a center), which can be found
in many books. In addition, the first Lyapunov constant is a very complex function of /*. In other
words, the exact codimension of Hopf bifurcation remains unknown. Furthermore, the conditions for
determining the codimension of Bogdanov-Takens bifurcation are complex functions of I*. Thus, they
can not determine the maximum codimension of Bogdanov-Takens bifurcation.

In the paper [3], the nonlinear function g(/) is classified into the three types: unbounded incidence
function with p > ¢, saturated incidence function with p = ¢, and nonmonotone incidence function
p < g. The results on the dynamics of system (1.1) can be found in [2,3,6—11] and reference therein.

For saturated incidence function with p = g, as early as 1991, Hethcote and van den Driessche [7]
showed that Hopf bifurcation can occur in system (1.1) with saturated incidence rate (1.2) (when
q = p). For similar reasons as in [1], they did not determine the exact codimension of Hopf bifurcation.
For the special case of ¢ = p = 1, Gomes et al. [12] showed the existence of backward bifurcations,
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oscillations, and Bogdanov-Takens points in SIR and SIS models. For the special case of g = p = 2,
system (1.1) with (1.2) was analysed by Ruan and Wang in [2]. It was shown that it can undergo
Bogdanov-Takens bifurcation of codimension two and Hopf bifurcation of codimension one. Later,
Tang et al. in [3] calculated the higher order Lyapunov constants of the weak focus and proved that
the maximal order of the weak focus is two. They also obtained the coexistence of a limit cycle
and a homoclinic loop. Recently, Lu et al. [13] considered a more general model and proved that
the codimension of Bogdanov-Takens bifurcation is at most two. These results indicate that the case
q = p > 1 may be very complicated and deserves further investigation.

Although a lot of work on SIRS models have been obtained, there are still a lot of open problem
for it. In order to understand the dynamical behavior of system (1.1) and also motivated by the works
in [1], [2], [3], [7] and [13], we focused on the model (1.1) with a general saturated incidence rate
kI? /(1 + al?), i.e., the case ¢ = p in (1.2). Based on the results of [1], the model with p < 1 has the
simple dynamics. Hence, we study the SIRS epidemic model (1.1) with g = p > 1 in this paper, i.e.,
the system defined as

i P
S=b-dS - kS + OR,
1+ al?
. kS 1P (1.5)
I = —(d+ wl, ’
1+ al? (d+p

R=pul—(d+dR,

where S(0) >0, 1(0) > 0, R(0) >0 and k,a, b,d,u,6 > 0,p > 1.

For general p > 1, to study the model (1.5), one of the difficulties is that the coordinate of positive
equilibria cannot be explicitly expressed for p. The second difficulty is that the model of this type
is often not a polynomial differential system or can not transformed into a polynomial differential
system. Finally, another difficulty is the lack of the methods to determine the order of a weak focus.
In this paper, we will provide some available methods and techniques to overcome these difficulties,
and perform qualitative and bifurcation analysis of system (1.5). We find that system (1.5) have the
complicated dynamical behaviors and bifurcation phenomena like the special case of p = 2. It is
shown that the codimension of Bogdanov-Takens bifurcation is at most two, which coincides with the
corresponding results for p = 2 in [13]. In addition, This also improves the results for p = 2 in [2]
and [3]. Moreover, our results on Hopf bifurcation coincides with the ones for p = 2 in [3] and [13],
and also can be seen as a complement of the results for p = 2 obtained in [1] and [2]. Furthermore,
there exist some critical values @ = ag (i.e., b = by or 6 = 8y ) and § = 6, such that: (i) if @ > a
(i.e., b < by, or 6 < dy), the disease will die out; (i1) if @ = ay (i.e., b = by, or & = dp) and § < 6, the
disease will die out for almost all positive initial populations; (iii) if @ = g (i.e., b = by, or & = )
and 0 > 0,, the disease will persist in the form of a positive coexistent steady state for some positive
initial populations; and (iv) if @ < @y, the disease will persist in the form of multiple positive periodic
coexistent oscillations and coexistent steady states for some positive initial populations.

Though the SIRS epidemic models with nonlinear incidence rates have been extensively studied,
to the best of our knowledge, this is the first time that the exact codimension of Hopf bifurcation and
Bogdanov-Takens bifurcation have been determined in epidemic model for general parameter. It is
worth mentioning that the difficulties of study of system (1.5), as mentioned above, are not only a
common problem of other infectious disease models, but also a common problem of chemical molec-
ular reaction models, physical systems, etc. The methods and techniques developed in this paper can
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be applied to study most of the complex dynamical systems.

The rest of this paper is organized as follows. In Section 2, we give some preliminary results. Sec-
tion 3 is devoted to study saddle-node bifurcation, Bogdanov-Takens bifurcation and Hopf bifurcation,
and illustrate these results by simulation.

2. Preliminary results

In this section, we are going to provide some preliminary results, which are the basis for proving
the main results.
2.1. Model reduction

To simplify the system (1.5), we first give the following lemma.

Lemma 2.1. System (1.5) has the invariant manifold defined by S (t) + I(t) + R(t) = b/d, which is
attracting in the first quadrant.

Proof. Let N(t) = S(¢) + I(t) + R(¢). It follows from (1.5) that
N =b—dN.
Obviously, N(¢) = b/d is a stable equilibrium of the above equation, which implies the conclusion.

It follows from Lemma 2.1 that the plane S (¢) + I(¢) + R(t) = b/d is a limit set of system (1.5) and
all important dynamical behaviors of (1.5) are on this plane. Thus, in the rest of this paper we consider
the following limit system in the first quadrant

kI* (b
= ——I—-R|-(d+wl,
1+all’(d ) (d+m 2.1)
R =pul —(d+d)R.
Denote b
D= {(I,R)lIZO,RZO,I+RS c_l}
Obviously D is a positive invariant set of system (2.1).
Take the scalings
1 1
/ d+6\r R d+6\r .
= —_— _x’ = —_— N = T,

k k) T dxs
to get

= _(4-x-y)

X = —X—Yy)—mx,

1+ Bxr Y 2.2)

y=nx-y,

where we rewrite 7 into ¢, and
d+6 b k \r d+u u
p=am d(d+6) M dre T dv s
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which give
>0, A>0, p>1, m>n>0. 2.4)

The positively invariant set D becomes
D={(x,y)|x=>20,y>0,x+y<A}.

The dynamics generated by system (2.2) and (2.1) in D are topological equivalent. Hence we only
need to study system (2.2) in the region 9 with parameters satisfying the conditions (2.4).

Remark 2.2. In the rest of this paper, we study system (2.2) in D with the assumption that the inequli-
ties in (2.4) hold.
2.2. Analysis of equilibria of system (2.2)

E(0,0) is always an equilibrium of system (2.2). The Jacobian matrix of system (2.2) at E is

=" 5 ),

which has two negative eigenvalues —m and —1. Thus, E((0, 0) is a stable hyperbolic node.
Denote by E(X,y) a positive equilibrium of system (2.2). Then

xP _ -
1_'_IBXAD(A—x—nx)—msz, y =nx
in the interval (0,A/(n + 1)), or
A
hWx)=0, x< , 2.5
(%) X< (2.5)
where
h(x) = (mB +n+ DxP — Ax"™' + m. (2.6)
A direct computation shows that
W (x) = p(mB+n+ 1)(x — x,)x", (2.7)
where A { A
0<x ——20-D (2.8)

pmB+n+1) n+1
It is obvious that 4’(x) has a unique positive root at x = x,. Therefore, 4(x) has no positive zero if
h(x.) > 0, or has a unique positive zero at x = x, if h(x,) = 0, or has two positive zeros at x = xj, X,
with 0 < x; < x, < xp if h(x,) < 0. Notice that h(A/(n + 1)) > 0, which means x, < A/(n + 1). By
calculation, A(x,) < 0 is equivalent to A > A,, i.e., 8 < ., or n < n,, where

1(m,8+n+1)1_11’
A*:Pm" I — s
p—1
1 p—l _p_ . 29
B = — ArT(mp) 1 —n—1|, (2.9)
m

-1
n, = p—APj(mp)_ﬁ -mp - 1.
p

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10710-10730.



10715

Theorem 2.3. Let x., A., B. and n, are given by (2.8) and (2.9). System (2.2) always has a disease-free
equilibrium Ey(0,0). Moreover, for system (2.2),

(I) if A < A, (i.e., B > B., or n > n,), then there is no positive equilibrium;
(Il) if A = A, (i.e., B = B. or n = n,), then there is a unique positive equilibrium at E.(x.,y.);
(Ill) if A > A, (i.e., B < B., orn < n,), then there are two positive equilibria at E,(x;, y;) and E>(x;, y>),
where 0 < x1 < x, < X3 < 2x,.

Notice that Ey(0, 0) is a stable node. According to the index theory, since D is positively invariant,
system (2.2) has no limit cycle in O if it has no equilibrium. By Theorem 2.3(I), we have the following
result.

Theorem 2.4. The disease-free equilibrium Ey(0,0) of system (2.2) is globally asymptotical stable in
DifA <A, (ie., B> B, orn>n,).

By Theorem 2.4, we get the following corollary.

Corollary 2.5. The disease-free equilibrium (b/d,0,0) of system (1.5) is globally asymptotical stable
in the interior R3 and the disease will die out if A < A, (i.e., § > B., or n > n.).

Remark 2.6. From (2.3) and Theorem 2.4, we obtain that A < A. is equivalent to a > ay or b < by or

0 < 0g by calculation, where
(p-D|— —a——
pd d+pu d+o

1
-5

0:—

k
d+pu

d 1_ 1 k
bo="2(p = D7 @+ 7 |ald + ) + k|

-1

b)p”l( k ) a(d + 1)
0o =u -

(p_l)(p_d d+u 2

Therefore, the disease will die out if either a > ay, or b < by, or 6 < dy.

Remark 2.7. When p = 2, it follows from Remark 2.6 that

_ DkA(d+6) —4d*(d + p)(d + i+ 0)
Bl 4d%(d + p)*(d + 6) ’

@
which coincides with the a in Remark 2.1 of [13] when 3 = 0.
Next consider the positive equilibrium E(X, y) of system (2.2), whose coordinate satisfies
y=nx, ¥ 'A-3-9) =m( +px").

The Jacobian matrix of system (2.2) at E(X, ) is

J(E) = ( i e )
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where
7 [pm (1 + Bx") — XP| — mBpxP m(p — 1) — (mB + )x"
= —-_m = s
H 1 + Bxr 1 + Bxr
)‘CP
Jp=——,
R
which gives
+n+ DE - x) X7t X (x
Det /() = PPX I V22T D,
1 +Bx» 1 + Bxp
and its sign is determined by h’(X), where h’(x) is defined in (2.7).
The trace of J(E) is
Tr(E) = 1S (D,
where
Sr(xX)=(mp—-m—-1)—mB+ L+ DHx’. (2.10)
To study the positive equilibria, let
1 mppB + 1
pr=1l+— m =L, (p # p1).
m mp—m-—1

Note that p > p; if and only if n; > 0.
Theorem 2.8. If A = A,, then system (2.2) has a unique equilibrium at E.(x.,y.) in D.

(I) If (i) 1 < p < py, or (ii) p > p1, n # ny, then E, is a saddle-node.
(Il) If p > p, and n = ny, then E, is a cusp of codimension two.

Proof. If A = A,, it follows from Theorem 2.3 that system (2.2) has a unique positive equilibrium
E.(x.,y.), where x, is given by (2.8) satisfying A(x.) = h’(x,) = 0, and y, = nx.. This implies
Det (J(E,)) = 0. It follows from A(x,) = 0 and (2.8) that

» m _ m(p-—1)

= = . 2.11
o Ax'—=(mB+n+1) mB+n+1 1D

Substituting it into S 7(x.), we get

(mp—m—-1)n—-mpB -1
mB+n+1 ’

S T(-x*) =

Ifmp-m—-1<0,ie., 1< p<p,then Sy(x.) <0. Assume that mp —m -1 > 0, i.e., p > py, then
Sr(x,) <0ifand only if n < ny, Sr(x,) > 0 if and only if n > n; and S7(x,) = 0 if and only if n = ny,
respectively.

(I) Suppose either 1 < p < py, or p > p; and n # ny. Then Tr(J(E,)) # 0 and Det (J(E.)) = 0,
which imply that 0 and Jy;(E,) — 1 = Tr(J(E,)) # 0 are eigenvalues of the matrix J(E,). Taking the
changes X =x—x,, Y=y—-y,and X = —-nX + J|(E.)Y, Y = -nX + Y, 7 = Tr(J(E.)) t, system (2.3)
is written as (for simplicity, still denote X, Y, 7 by x, y, t, respectively)

{X =X+ Xy + 1133 + max’y + o] (6,)° ) = Pa(x, y), 2.12)

Y=y +mxt + pxy + 3+ axty + o(| (6, y) ) =y + Qalx, ),
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10717

where 1,, 173, 174 are real numbers, and it follows from (2.11) that

_pXmB+n+ D) {BBmp(p+ 1)+ (n+ 1)3p — DIx! + (p — D(=Bmp + n + 1)}
- 2n (Tr (J(E.))  A(p — D*(1 + Bab)?

P mB+n+ D)(Bmp +n+ 1)

20 (Tr (J(E)) A(p — D(1 + D)2

m

2

Solving the equation y + Q»(x,y) = 0, we get that y(x) = —;x% + - - -, which implies that P>(x, y(x)) =
171x> + ---. By Theorem 7.1 of Chapter 2 in [14], the origin is a saddle-node of system (2.12). This
proves the assertion (I).

(IT) Suppose that A = A, and n = n;. Let X = x — x,, Y = y — y.. Then system (2.2) takes the form
( rewrite X, Y into x, y, respectively)

X =x+ary+ax’ +azxy +o(| (x,9)?* ),

. (2.13)
y=mx-y,
where
141 141
_ | _ @+ m—mp)p(n, —pB)r _ —pn =p)r
aj=-—, a = s 3= —————.
n 21’!1 ”1
Let X = x, Y = x — y/n, to get (rewrite X, Y into x, y, respectively)
X =y +(az + azn)x* — aznyxy + o(| (x, )% ),
(2.14)

¥ = (ay + azn))x* — aznyxy + o(| (x,y)* |).

Taking the change z = y + (a> + azn))x> — aznixy + o(| (x,¥)* |),t = (1 + azn;x)7, system (2.14) is
reduced to the following system in the small neighborhood of (0, 0)

d
a@ _ z(1 + aszn x),
Z’T
Z
T (1 + azmx)((ay + azn)x* + ay + azny)xz — azmz> + o(| (x,y)* |).

Let Y = z(1 + azn; x) and rewrite Y as y. We have

xX=y,
) ) 5 (2.15)
y = (a + azny)x” + (2ay + azny)xy + o(| (x,y)” |),
where . i
_ m(1—p)p(n; —p)'"*r _ p(L+B+mp)(m =B
a +azng = n , 2a2 +aszn; = — " .
1 1

Sinceny = =1 +B8+mB)/(imp —m — 1) # 0, we have a, + asn; # 0 and 2a, + asn; # 0. By the
results in [15], E.(x.,y.) is a cusp of codimension two.

Theorem 2.9. If A > A, (i.e.,, B < B. or n < n,), system (2.2) has two positive equilibria E|(x,,y,) and
E>(x3,y,2), where 0 < x1 < X, < X3 < 2x,.. Moreover, E; is always a saddle point, and E, is
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(I) a stable focus (or node) if S 7(x;) < 0; or
(II) a weak focus (or a center) if S 7(x;) = 0; or
(I11) an unstable focus (or node) if S 7(x,) > 0, where S 1 is given in (2.10).

Proof. The first half of the theorem holds by Theorem 2.3. To determine the types of E; and E,
consider the signs of h’(xy), h'(x2), S r(x1) and S 7(x;), where h’(x), S r(x) are given in (2.7) and (2.10),
respectively. Noting 0 < x; < x. < x, (cf. Theorem 2.3), we have h'(x;) < 0 < h’(x,). This follows
that the Jacobian determinants at £, and E, satisfy Det (J(E;)) < 0 and Det (J(E>)) > 0, respectively.
Hence we obtain the types of E; and E,.

3. Bifurcation analysis
We are going to investigate various bifurcations in system (2.2) in this section.

3.1. Saddle-node bifurcation

From Theorem 2.8 , we know that the surface
SN ={(A,m,n,B)| A =A,,either | < p < py,or p> p,n+n}

is the saddle-node bifurcation surface under the assumption (2.4). On one side of this surface there is
no equilibrium and on the other side there are two equilibria.

3.2. Bogdanov-Takens bifurcation

In this subsection, we study the Bogdanov-Takens bifurcation of codimension two for system (2.2).

Theorem 3.1. IfA = A,, n = ny, p > p; and conditions (2.4) hold, then the unique positive equilibrium
E.(x.,y.) is a cusp of codimension two (i.e., Bogdanov-Takens singularity), and system (2.2) under-
goes Bogdanov-Takens bifurcation of codimension two in a small neighborhood of E.(x.,y.) when we
choose A and n as bifurcation parameters. Hence, there are different parameter values such that system
(2.2) has an unstable limit cycle or an unstable homoclinic loop.

Proof. Consider the system
p

( = A, + Ay - x—y) - mx,
Cripe Ty o (3.1)
y=(m +L)x -y,

in a small neighborhood of the equilibrium E.(x.,y.), where 4, and A, are small parameters. To
convenience, in below the functions P;(x,y, 41, 4>) and Q;(x,y, 1, 42), i = 1,2,3,4, are C* functions
at least of third order with respect to (x, y), whose coefficients depend smoothly on A; and A,,.

Taking the changes X = x — x,, Y = y —y,, system (3.1) is rewritten as (we still denote X, Y by x, y,
respectively)

1
X =b; +byx — —y + b3x? + byxy + Pi(x,y, 11, 1),
n (3.2)

y:b5+b6)€—y,
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where ,
A -B)"r2pB+n -
b= by =1 mady, by = ay - DB TCPBE M ),
ni 2n1
_1
bs = (n; —p) 7y, bg = ny + Ay.
Let

1
X=x,Y=b+byx——y+ byx* + byxy + Pi(x,y, 41, A2).
ni

System (3.2) takes the form (we rewrite X, Y as x, y, respectively)

xX=y,
(3.3)
Y =cp+ eax + ey + eax’ + esxy + oy + Q1(x,y, A1, o),
with
1
1 (ny—pB)7r 1
c = n_/ll - %ﬂz + O(A1, 12P), 2 = —az; + (as(ny — B) 77 — n—)/lz + O(14;, ),
1 1 1
c3 = O(A1, o), ¢4 = ar + azny + O(|Ay, o),
cs = 2a; + azny + O(|4y, A]), ¢ = —azn; + O(|4y, Aa|).
Next let dt = (1 — cgx)dt. System (3.3) takes the form (still denote 7 by ¢)
X = y(1 - cex),
(3.4)
¥ = (1 —cex)(c1 + c2x + 3y + cax® + ¢sxy + ¢y + Q1(x,y, A4y, o).
Let X = x, Y = y(1 — ¢c¢x), and rewrite X, Y as x, y respectively. System (3.4) becomes
Xx=y,
3.5)

y =di + dax + dsy + dyx* + dsxy + Qx(x,y, A1, ),

where
2
d1 =Cy, dz =C) — 26‘106, d3 = C3, d4 =C4 — 202C6 + Ci1¢67, d5 = C5 — C3Cg.

If 4, = A, = 0, then by direct computation and the proof of Theorem 2.8, we get
d =0, d, =0, d3 =0, d4 = ap + azn; # 0, d5 :2a2+a3n1 # 0.
Further, let X = x + d,/(2d,), Y = y. System (3.5) becomes (we rewrite X, Y as x, y, respectively)

xX=y,

3.6)
Y = e+ ey + esx’ + esxy + 0s3(x,y, Ay, ),
where )
d d>ds
=d| - —2, =dy; — ——, dy, =d
€] 1 Ad, € 3 2d, €3 4, €4 5
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Finally, taking the changes

one obtains (we rewrite X, Y as x, y, respectively)

Xx=y,
) 5 3.7
Y=+ oy + x4+ xy + Qulx, y, 4y, A2),
where
6163 €764
Mt === o= —.
e €3
We can express y; and y, in terms of A; and A, as follows:
M1 = 8141 + 24 + o(] (A1, A2) ),
(3.8)
M2 = 1Ay + Ay + o(| (A1, A2) D),
where
__8pm =P rmp—m = _ 8p(n = Bmp —m ~ 1)*
m3(p — 1¥’n} ’ mi(p — 1¥’n} ’
1
L _2pmp—m = 2 =) 2Amp—m—D(p+pB-1)
1 m(p—1Pn} mp—1Pn}
Since i
O, i12) _ 16p(mp —m — 1°(1 + B+ mB)(n, — )7 40
(A1, ) |4y, 1)=0,0) m3(p — 1)°n; ’

forp>p Ge,mp—-m—-1>0),n-+0,p>1,m>n; >0,8>0, the change (3.8) is a home-
omorphism in a small neighborhood of (0, 0). According to the results in [16—18], system (3.7) (i.e.,
(3.1) or (2.2) ) undergoes Bogdanov-Takens bifurcation if (4;, 4;) changes in a small neighborhood of
the origin.

By the results in [19], we obtain the local representation of the bifurcation curves as follows:
(i) The saddle-node bifurcation curve is

8p(ny —B)" 7 (mp —m - 1)*
m3(p - 1)’n3

SN ={(ur, u)lur = 0,10 # 0} = {(41, )| —

8p(ny — B)(mp —m — 1)
+
m3(p — 1)°n]

A

A +o(] (A1,42) |) = 0, up # O}
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(i1) The Hopf bifurcation curve is

8 —m-=1)?* _ l+%
H ={(u1, o)l = V=1, 11 <0} = {1, )| — p(mp mZZp — )1)(3’;12 B)
1
, 8Gmp —m - 1’p(1 + B + mB)
m*(p - 1)’}

A

A +o(|41, A]) = 0, 1y < O}

(iii) The homoclinic bifurcation curve is

200p(mp — m — 1 (n; - B)'*r
49m3(p — 1)3n%

5
HL ={(uy, po)luz = 7 Vot < 0} = {(41, )| -

. 200(mp —m — 1)’ p(1 + B+ mpB)
49m3(p — 1)3n%

A

Ay +0(|A1, Ap]) = 0,y < O}

The Bogdanov-Takens bifurcation diagram and the phase portraits of system (3.1) are shown in
Figure 1. The small neighborhood of the origin in the parameter (1, A,)-plane are divided into four
regions (see Figure 1(a)) by bifurcation curves H, HL, and S N.

(a) The unique positive equilibrium is a cusp of codimension two if (1, 4;) = (0, 0).
(b) There are no equilibria if (1, A;) € I (see Figure 1(b)), implying the diseases die out.
(c) The unique positive equilibrium E, is a saddle-node if (4;, 4,) lies on S N.

(d) If the parameters A, A, cross S N into the region II, the saddle-node bifurcation occurs, and there
are two positive equilibria £, and E, which are saddle and unstable focus respectively (see Figure 1(c)).

(e) If the parameters A, A, cross H into III, an unstable limit cycle will appear through the subcritical
Hopf bifurcation around E, (see Figure 1(d)). The focus E; is stable in region III, whereas it is an
unstable weak focus of order one on H.

(f) If (14,4,) € HL, an unstable homoclinic orbit will occur through the homoclinic bifurcation
around E, (see Figure 1(e)).

(g) If the parameters A, A, cross the HL curve into IV, the relative location of one stable and one
unstable manifold of the saddle E; will be reversed (compare Figure 1(c),(f)).
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(e)

(b)

(d)

083 084 08 08 087 08 08 09 091 092
x

®

Figure 1. The bifurcation diagram and the phase portraits of system (3.1) form = 2, p = 2,
n=14,6=0.1and A = 4.5607017. (a) Bifurcation diagram; (b) No positive equilibria
for (1;,42) = (0.1,0.13) € I, (¢) An unstable focus for (1;,4,) = (0.1,0.1145) € II; (d) An
unstable limit cycle for (4;, 4;) = (0.1,0.11345) € 111 ; (e) An unstable homoclinic loop for
(A1, 42) = (0.1,0.11289) on HL; (f) A stable focus for (4;,4;) = (0.1,0.096) € IV. E’ and
E’ are the equilibria of system (3.1), near E; and E,, respectively.
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3.3. Hopf bifurcation
We study Hopf bifurcation around the equilibrium E;(x5, y,) in this subsection. Let

mp—-—mB—m-—1

. —

B+1
To simplify the computation, we follow our previous techniques in [20,21] and take the changes
- X _ y
X=— :_$T:xpt$ 3.9
X2 Y Y2 2 (39)

under which system (2.2) is reduced to (we rewrite T as t)

dx xP A _ m
—=—|——-X—-ny|—- —x,
dt 1+ Bxixr \x; Y x5
&5 1 (3.10)
ar = x—g (xX-y)
Setting
_ g o m 1
. B=px,, m pd a > (3.11)
and dropping the bars, system (3.10) becomes
d p
d_x =1 a p(A—x—ny)—mx,
o ek (3.12)
d—f =a(x—-y)

Since the equilibrium E;(x,,y,) of system (2.2) becomes the equilibrium (1, 1) of system (3.12), we
have
A=mB+m+n+1. (3.13)

Note that the positive equilibrium E(x, y) of system (3.12) satisfies that y = x and h(x) = 0, where A(x)
is given by (2.6). From the discussion of /(x) in Section 2, we have A’(1) > 0 since 1 is the bigger
positive root of 4(x). By (2.7) and (3.13), one gets

K{)y=mB+m+n+1-pm.
Thus, we have the following condition
mB+m+n+1> pm. (3.14)
This yields that the condition (2.4) becomes
B, A,m,n,a> 0, (p—ﬁ—l)m—l<n<%. (3.15)

Next letting dt = (1 + Bx”)dt and substituting (3.13) into (3.12), one obtains (still denote 7 by 7)

dx =x"mB+m+n+1—-x-ny)—m(l+Bx")x,

dt 3.16)
dy 3.
o = 4= (L +Bxh),

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10710-10730.
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where 8, A, m, n, a satisfy (3.15). Since 1 + x” > 0 holds in R} = {(x,y)|x > 0, y > 0}, the topological
structure of (3.16) is the same as (3.12).

In what follows we study the Hopf bifurcation around E>(1, 1) in system (3.16), instead of E»(x», y»)
in system (2.2). We always assume that the conditions in (3.15) hold for (3.16).

Theorem 3.2. System (3.16) has an equilibrium at E,(1,1). Moreover, it is

(I) an unstable node or focus if a < a,;
(Il) a stable node or focus if a > a.;
(IIl) a weak focus or a center if a = a..

Proof. The Jacobian matrix of system (3.16) at Ex(1,1)is

= mp—-mB—m—1 -n
TEI=1 wi+p) —a(1+ﬁ))'

Then
Det(J(E,)) = a(1 + B)(mB +m +n+ 1 — pm) = a(1 + B)K'(1).
By(3.14), Det(J(E,)) > 0. The trace of J(E>) is
Tr(J(Ep) = mp —mf —m —1—a(B+1).

By conditions (3.15), we have that Tr(J(E,)) = 0 (> Oor < 0) ifa = a, (a < a, or a > a,). This
completes the proof.

Next we study Hopf bifurcation around E(1, 1) in system (3.16). By Theorem 3.2, if Hopf bifurca-
tion occurs, then

1 1+
a=a, B>0, m>0, 1+f+—<p<l+pf+—" 0<n<?Z (3.17)
m m

*

Firstly the following inequality shows the transversality condition holds:

itr(J(Ez))| _=—(B+D<0.
da a=a.

We are going to calculate the first Lyapunov constant for E,(1,1). Take the changes X = x — 1,
Y =x—1,and leta = a,. System (3.16) becomes (we rewrite X, Y as x, y, respectively)

X =ajox + apgy + L120X2 +apnxy+ a30x3 + 021)62)7 + a40x4 + 6131)63)7 + 615())65 + 6141)64)7

+ O(lx, ¥, G18)
y :bmx + b()]y + b20x2 + bllxy + b30x3 + b21x2y + b40x4 + b31)€3y + b50x5 + b41x4y .
+ O(x, yI°,
where
p(mp = 2mpB —m - 2)
ap=mp-—mpB—m-1, ap = —n, ay = , di] = —pn,

2
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_ plp— D(mp —3mB —2m —3) _ plp—Dn
30 — a -

21 — H

6 ’ 2
_plp=D(p=2)mp —4mp-3m—-4) _ pp-Dp=-2)n
ayn = 24 » A3l = — 6 »
4o = PP =DP =2)(p = H(mp = 5SmB—4m—5) _ _pp—=1p-2)(p-3n
50 120 s U4] 24 ’
a 1
blO = a0, bOl = —djo, bZO = %» bll = _bZO, b30 = E(p - 1)b20’ b21 = _bSO,

1 1
by = 6(19 = D)(p = 2)by, b3y = —bsg, bsy = Q(P = D(p = 2)(p — 3)b20, bs1 = —Ds.

By the formula in [14], one gets the first Lyapunov coefficient with the aid of Maple-17 as follows

Ve = pn*(mpB + 1)(co + c1m)
3

C8mB+m+n+1—pm)(l+pB)> (3.19)

where
co=m+DIB-Dp+B+11, a1 =2 +@B+DB-3)p+ @B+ 1)~

The program for the computation of Lyapunov coefficient is available for noncommercial purpose via
email to: gnsydyf@126.com.
By conditions in (3.17), the sign of Vj is the same as that of

$1 = Co +Ccym. (3.20)

Now we investigate whether there exist some parameters such that ¢; = 0 (i.e., V3 = 0) under the
conditions (3.17).

Lemma 3.3. If conditions in (3.17) hold, then we have ¢, > 0.

Proof. We will show that ¢;(p) > 0 for all p > 1. A straightforward calculation shows that

i(p)=4p+ B+ 1DB-3), ¢ (p) =4

Then ¢/ (p) > ¢{(1) = (B—1)> > 0 for all p > 1. This implies that ¢;(p) is strictly monotonically
increasing on (1, +00). Note that

ca()=2+@B+DB-3)+B+1)°=28>0.
Thus, c;(p) > ¢;(1) > 0 for all p > 1. This completes the proof.

Denote

. Co 1+
m=-—, p.=—.
(5] P 1 —ﬂ
Note that ¢y > O if and only if either (1) 8 > 1, or (i1) 8 < 1 and p < p.. Furthermore, we have ¢y = 0
ifand only if 8 < 1 and p = p., ¢p < O if and only if 8 < 1 and p > p., respectively. By the above

discussions, one obtains the following theorem.

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10710-10730.
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Theorem 3.4. If conditions in (3.17) hold, then the following statements hold.

(I) If either (i) B > 1, or (ii) B < 1 and p < p. (i.e., ¢, > 0 or V3 > 0), then E,(1,1) is an unstable
weak focus of order one.
(Il) If B < 1 and p > p. and
(I1.1) m > i (i.e., ¢ > 0 or V3 > 0), then E,(1, 1) is an unstable weak focus of order one;
(I1.2) m < i (i.e., o1 < 0or V3 <0), then E5(1,1) is a stable weak focus of order one;
(I1.3) m =i (i.e., o1 = 0 0or V3 = 0), then E>(1,1) is a center or a weak focus of order at least two.

p=2 p=0.2 m=1.4 n=10 a=0.1-0.001 p=2 $=0.2 m=2 n=3 0.5+0.03
T T T T T T T T T T

0.8

> 06

0.4r

0.2

(a) (b)

Figure 2. (a) A stable limit cycle bifurcated by the supercritical Hopf bifurcation of the
system (3.16) with p = 2, 6 =02, m = 1.4, n = 10 and @ = 0.099. (b) An unstable limit
cycle bifurcated by the subcritical Hopf bifurcation of the system (3.16) with p =2, 8 = 0.2,
m=2,n=3anda = 0.53.

Define two hypersurfaces
H:a=a. ¢ >0, and H,: a=a., ¢; <0.

By Theorems 3.2 and 3.4, we know that E,(1,1) is an unstable focus (resp. a stable focus) when
¢ > 0and a < a, (resp. ¢; < 0 and a > a,), while E»(1, 1) is a stable focus (resp. an unstable
focus) as ¢; > 0 and a > a, (resp. ¢; < 0 and a < a,). Hence, if parameters pass from one side of
the surface H; (resp. H,) to the other side, system (3.16) can undergo a subcritical (resp.supercritical)
Hopf bifurcation. An unstable limit cycle (resp. a stable limit cycle) can bifurcate from the small
neighborhood of E>(1, 1). The hypersurface H, (resp. H,) is called the subcritical (resp. supercritical)
Hopf bifurcation hypersurface of system.

In Figure 2, we give the limit cycles arising from Hopf bifurcation around £,(1, 1) of system (3.16).
In Figure 2(a), we fix p = 2,8 =02, m = 1.4 and n = 10, and get a = 0.1 from tr(J(E,)) = 0, then
we obtain V3 = —1.62280702. Next perturb a such that a decreases to 0.099. So E»(1, 1) becomes an

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10710-10730.
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unstable hyperbolic focus, yielding to a stable limit cycle to appear around E(1, 1). In Figure 2(b), we
fix p=2,8=0.2, m=2and n = 3. Using the same arguments as above, we obtain an unstable limit
cycle around E,(1, 1).

3.4. Degenerate Hopf bifurcation of codimension two

By (I1.3) of Theorem 3.4, V3 = 0 if m = m.. Using the formal series method in [14] and Maple-17,
one gets the second Lyapunov constant

_prt(p+ D2p = D(p - B~ Dy

Vs = ,
: 288(1 + B)%¢;

(3.21)

where ¢, is given by (3.19) and
L =pBpB-p+B+Dn+1+B(p-DEB-2p+B+1).

Lemma 3.5. If (3.17) and the condition (11.3) of Theorem 3.4 hold, then V5 > Q.

Proof. From the condition (II.3) of Theorem 3.4, we have 8 < 1 and pB8 — p + 8+ 1 > 0. This follows
that pB8—2p + B+ 1 < 0. Thus, ¢, < 0, which implies V5 > 0.

Theorem 3.6. The equilibrium E»(x,,y,) of system (2.2) is an unstable weak focus of order at most two.
System (2.2) can undergo degenerate Hopf bifurcation of codimension two in the small neibourhoof of

E>(x2,y2).

Proof. Since the equilibrium £,(1, 1) in system (3.16) corresponds to E,(x,, y») in system (2.2), we are
going to focus on Ey(1,1) of system (3.16) in this proof, instead of E; in system (2.2).

For convenience, denote V; = tr(J(E,)). By Theorem 3.4 and Lemma 3.5, for any given parameters
(p1,B1,n1,a;, my) satisfying (3.17) and the condition (III.3) of Theorem 3.4, i.e.,

1+ n m
0<nm <—,
a.

~ b

1
ai=a.,m =m,B;>0,1+p+=<p <1+6 +
m

we have V(py, 81, a1, my) = Va(p1,B1,n1,my) = 0and Vs(py, By, ny) > 0. Therefore, E>(1,1)in system
(3.16) is a weak focus of order at most 2.

Now we show that two limit cycles can bifurcate from E,(1, 1), which means that the Hopf cyclicity
for the equilibrium E,(1, 1) is 2. We first perturb m near m, such that V3Vs < 0 and adjust a such that
Vi = 0. Then the first limit cycle appears. The second limit cycle is obtained by perturbing a such
that V;V; < 0, see Figure 3. Therefore, system (3.16) can undergo degenerate Hopf bifurcation of
codimension two near E,(1, 1).

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10710-10730.
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> 0.6]- ¢
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02}
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Figure 3. Coexistence of two limit cycles around the focus E»(1, 1) bifurcated by the degen-
erate Hopf bifurcation of codimension two of system (3.16) with p = 2.4, 8=0.2,n = 5.8,
m =0.995and a = 1/6 — 0.002.

In the end of this section we give a numerical simulation in Figure 3 to show the coexistence of two
limit cycles. Choosing p = 2.4, 8 = 0.2 and m = 1, we deduce that n = 5.8, a = 1/6 by V3 = 0 and
tr(J(E,)) = 0, respectively, and Vs = 115.8683452, i.e., E,(1,1) is an unstable weak focus of order
two. Then we perturb m and a such that m and a decreases to 1 — 0.005 and 1/6 — 0.002, respectively.
An unstable limit cycle and a stable limit cycle occur around E>(1,1), see Figure 3.
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