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Abstract: An SIRS epidemic model with a modified nonlinear incidence rate is studied, which
describes that the infectivity is strong at first as the emergence of a new disease or the reemergence of
an old disease, but then the psychological effect will weaken the infectivity. Lastly, the infectivity goes
to a saturation state as a result of a crowding effect. The nonlinearity of the functional form of the
incidence of infection is modified, which is more reasonable biologically. We analyze the stability of
the associated equilibria, and the basic reproduction number and the critical value which determine
the dynamics of the model are derived. The bifurcation analysis is presented, including backward
bifurcation, saddle-node bifurcation, Bogdanov-Takens bifurcation of codimension two and Hopf
bifurcation. To study Hopf bifurcation of codimension three of the model when some assumptions
hold, the focus values are calculated. Numerical simulations are shown to verify our results.

Keywords: SIRS model; backward bifurcation; saddle-node bifurcation; Bogdanov-Takens bifurcation;
Hopf bifurcation

MSC: 34C23

1. Introduction

In epidemiology modeling, there are several factors that substantially affect the dy-
namical behavior of the models. Therein, the incidence rate is very crucial for describing the
spreading of disease; in general, some nonlinear incidence rates play key roles in producing
the rich dynamics, including bistability (backward bifurcation) and periodicity [1-5]. The
general incidence rate kIPS/(1+ «I7) (7 = p — 1) was investigated by Liu et al. [6,7]. Het-
hcote and van den Driessche [8] considered the case p > 4. Tang et al. [9] and Hu et al. [10]
proposed that the incidence function kI” /(1 + aI7) with respect to I, which measures the
infection force of a disease, includes three cases: (1) if p < g, it is unbounded; (I) if p = g, it
is saturated; (III) if p < g, it is nonmonotone. the first case may be true in the early process
of the disease or the number of the infective individuals I(¢) is small, but will become
unrealistic when I(t) is getting larger.

In the second scenario, considering the inhibitory effect from the behavioral change of
the susceptible individuals when the number of infective individuals increases, Ruan and
Wang [4] studied a model with a saturated nonlinear incidence rate kIS /(1 + aI?), where
kI? measures the infection force of the disease and 1/(1 + aI?) describes the inhibitory
effect, and they investigated the global dynamics of the model. The incidence function
kI%/(1 + aI?) monotonously and eventually goes to a saturation level % as I becomes larger.
However, when a new infectious disease emerges which people know little about and
to which they are caught off guard, the infection force of the disease increases rapidly
until the disease attracts people’s attention, and they will change their behaviors, such as
giving up risky behavior or taking precautionary measures to reduce the transmission, and
then, the infection force will decrease. This is the psychological effect. The outbreak of
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2019 novel coronavirus diseases (COVID-19) in Wuhan, Hubei Province, China, showed
such psychological effects on the general public, including aggressive measures and poli-
cies, such as rapid isolation of suspected cases, confirmed cases, and contacts; restrictions
on mobility; travel restrictions; keeping distance from others; mask-wearing; etc., was
clearly successful in mitigating spread and reducing the local transmission of COVID-19 in
China [11-13]. Similarly, in the epidemic outbreak of severe acute respiratory syndrome
(SARS) in 2003 [14], these measures, including border screening, mask-wearing [15], quar-
antine [16], isolation, etc., proved to be effective in reducing the spread of SARS. Obviously,
the monotone incidence rates may not be used to describe the psychological effect perfectly.
Xiao and Ruan [17] proposed an epidemic model with incidence kIS /(1 + «I?) to model
the effect and carried out a global analysis of the model and showed that either the number
of infective individuals tends to zero as time evolves or the disease persists. The dynamics
of this model was relatively simple.

Xiao and Zhou [18] and Zhou et al. [19] studied an epidemic model with the non-
monotonic incidence rate of saturated mass action kIS/ (1 + BI + aI?), and Xiao and Zhou
carried out a global analysis and showed the existence of bistability and periodicity. Zhou et
al. presented the bifurcation analysis of the model, such as Hopf bifurcation and Bogdanov—
Takens bifurcation. Both nonmonotonic and saturated incidence functions kI/(1 + aI 2)
and kI/(1+ BI + aI?) approach zero when I tends to infinite, which implies that the psy-
chological or inhibitory effect is so strong that the disease incidence becomes zero, which
may be unreasonable for some diseases, such as influenza. Considering a more reasonable
incidence function which goes up at first at the onset of a disease, then goes down because
of the psychological effect, and goes to a saturation level at length due to the crowding
effect, Lu et al. [20] proposed a generalized nonmonotone and saturated incidence rate
kI2S/(1+ BI + «I?), where parameter 8 > —2./a to make 1+ BI + «I? > 0 hold for all
I > 0,and when B > 0, the incidence function kI?/ (1 + BI + «I?) increases monotonously
to a saturated level % as I goes to infinite. When —2\/a < B < 0, kI?/ (1 + BI + «I?) is non-
monntonic, which grows at first and then descends to a saturated level % as I — oco. They
studied the following model with this incidence rate and found that the model showed rich
dynamical behaviors, including saddle-node bifurcation, Bogdanov-Takens bifurcation of
codimension two, and degenerate Hopf bifurcation of codimension two.

ds k1%

E_b_ds_71+ﬁl+le2s+v&

dl k12

g 5 M
dt 1+,BI+0¢IZS @+l

dR

E—'yl—(d—i—v)R.

where S represents susceptible compartment, I represents infective compartment, and R
represents recovered compartment. All parameters except j are positive in the model. Here,
b is the natural birth rate, d is the natural death rate, y is the recovery rate, k is the infection
rate, and « describes the psychological effect. Recovered individuals lose immunity and
move into susceptible compartment S at rate v.

The basic reproduction number Ry is the single most important parameter in epidemic
modeling, which measures the average number of secondary infections caused by a single
infectious individual in an entirely susceptible population during the mean infectious
period [21]. The incidence rate kI12S/ (1+pBI+ 0412), with combination of monotonicity,
nonmonotonicity, and saturation properties, seems reasonable to describe the transmission
process of some specific infectious diseases. In fact, the basic reproduction number of
model (1) with the incidence rate is zero, but they proved that the disease still persisted
for some parameters and initial conditions, which seems unreasonable. Moreover, the
parameter S can take a negative value and does not have a realistic biological meaning, and
it may seem be farfetched to endow the incidence rate with the combination of monotonicity,
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nonmonotonicity, and saturation properties. Hence, by the above analysis, we propose a
more reasonable incidence rate:

keI + ko I?
I)S§ = —--5,
£ 1+al?
kll-‘rkzlz

where the incidence function f(I) = a2 Yeserves the combination of monotonicity,
nonmonotonicity, and saturation properties, i.e., when k; = 0, f(I) increases monotonously
to a saturated level %2 as [ goes to infinite; when k; > 0, f(I) is nonmonntonic, which

increases at first and then decreases to a saturated level %2 as I tends to infinite (see
Figure 1). Moreover, the basic reproduction number and all parameters have biological
meaning with reasonable explanation. Moreover, this incidence rate enriches the model
with more rich dynamical behaviors. In fact, in 2000, an epidemic model with the incidence
rate (ki1 + ky1?)S was proposed by P. van den Driessche et al. [2], considering the contact
rate may depend on the fraction of infective individuals or on the severity of infection in
the infected individual, and Li et al., 2007 [22] and Li et al., 2014 [23] presented that the
model showed very rich dynamical behaviors, including backward bifurcation, the Hopf
bifurcation and Bogdanov-Takens bifurcation, and canard phenomenon, respectively.
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Figure 1. The incidence function f(I) = kllliflzzlz forky =0,ky =1land k1 = 2.

This paper focuses on the detailed dynamics analysis of the following SIRS (Susceptible-
Infected-Recovered-Susceptible) epidemic model:

ds . k1[+k212

Al kyl+ ko I? @)
dt — 1+al? S—(d+9)l

dR

i vl —(d+v)R.

where the biological meaning of the parameters are the same as model (1), (ki1 + k21?)S

measures linear and nonlinear hazards of infection, and 1;7 describes the psychological

effect. The basic reproduction number R of the model is d(?-?y)

qualitative dynamics analysis for model (2); it is shown that there may be two endemic

, and we will perform a
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equilibria, which gives rise to the phenomenon of bistability (backward bifurcation) when
parameters are lying in some region. We will investigate the local stability of these equilibria,
classify the types of the equilibria, and discuss different kinds of bifurcation phenomena. A
saddle-node bifurcation will be investigated for different perturbation parameters. Next,
we will prove that the model can undergo Bogdanov-Takens bifurcation of, at most,
codimension two, and the model with some specific parameters values can bifurcate at least
three limit cycles through Hopf bifurcation of codimension three. Numerical simulations
for these bifurcation phenomena will be presented to illustrate our theoretical results.

The organization of this paper is as follows. Existence and types of equilibria are
presented in Section 2 by reducing the model to a two-dimensional system. In Section 3,
we study the backward bifurcation, saddle-node bifurcation, and Bogdanov—Takens bifur-
cation of codimension two; Hopf bifurcation of codimension two; and Hopf bifurcation of
codimension three. This paper ends with a brief conclusion and discussion of the results in
Section 4.

2. Existence and Types of Equilibria

Note that the equation for the total population N is given by %I = b —dN, where
N=S+1+R.Since N — Ny = %ast—)oo,itisclearthat:

Q={(S,I,R):S,I,R>0,S+1+R =Ny}

is a positively invariant region for model (2). Hence, our study on the dynamics of model (2)
is focused on the region (). Substituting Ny — I — R for S in model (2), we can obtain the
following reduced model by eliminating S from the equations:

Al Kkl +koI?
= Ol Ny T R)— (d+ )],

Ar T 1472
— =] —(d R.
o = d+v)

Rescale model (3) by using x = d’%yl,y = d’%R,G = (d+v)t, and let B =
\/ﬁ, p= dk%oc, m= ZiZ,A = ;%No,q = ﬁ. For simplicity, we still denote 6 by ¢
and obtain: )

% = ch +ﬁ§(/\—x—y)—mx,
p + px @)
PR L2
It is evident that:
>0, Ampg>0 m>yg, 5)

and the positively invariant region of model (4) is:
D={(xy)lx=0,y>0x+y <A}

By using the next generation matrix [24], we derive the basic reproduction number Ry = [%A

Model (3) always has a equilibrium E((0,0). To find other equilibria of the model, we set:
x? + Bx
14 px?

(A—x—y)—mx=0, gx—y=0, 6)

and obtain:
(mp+q+1)x*>+ (Bg+B— A)x +m— BA =0, 7)
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The discriminant of (7) is:

= (A—B—PBq)* —4(m—BA)(mp +q+1).

From (6) and (7), there are at the utmost two endemic equilibria Eq(x1,y1) and Ex(x2,y2)
in model (4), and they can merge into a unique endemic equilibrium E, (x4, y+), where:

A—p(+q) —VA
2(1+q+ mp)
A—B(l+q) +VA
2(14 g+ mp)
A—p(1+gq)
21+ q+mp)’

X1 = ;Y1 =4qxq,

Xy = ;Y2 =4qxy,

Xy =

Yx = q%s.

and: A ﬁ(l ) BA
_ A- +4q __m-
Y+ = 1+g+mp’ xleil—i—q—i—mp'

(A=B—p)>~4(+q)(m—BA) | 4.

From A = 0, we derive p = Am(m—pA)

_ (A=B— B —4(1+q)(m— BA)

P dm(m — BA) ®
and p. >0, 1ie,
_n_ 2
/3A<m<(/\4(f+qﬁ)q)+ﬁA. )

Therefore, the following theorem is derived.

Lemma 1. Under the condition of (5), for model (4), the equilibrium Ey(0,0) always exists.
Moreover,

(I) Model (4) has no endemic equilibria if and only if one of the following conditions holds:

(L1) m > BA and A < ,3—0—[3!1,

(12)ﬁA<m<(A(M+/3A A>B+pgandp > ps,

(13)m>((’157+q+[31\and1\>[3+/5q

(II) There exists a unique endemic equilibrium E. (X4, y«) if and only if BA < m < % +
BA, N> B+ Bgand p = p..

(IIT) There exists a unique endemic equilibrium Ep(xp,vy2) if and only if one of the following
conditions holds:

(IIL.1) m = BA and A > B+ Bq,

(II.2) m < BA.

(IV) There exist two endemic equilibria E1(x1,y1) and Ex(x2,y2) if and only if:

ﬁA<m<(/\(ﬂ+ﬁA A > B+ Bgand p < py, where 0 < x1 < x4 < X2

R 2
We denote a critical value 1 — % by R¢, and 0 < R. < 1. Moreover, R, > 0is

equivalent to p > po, where pg = (A_ﬁ_ﬁi);;m(ﬁl) . Note that p > py, i.e., k1 > ki, where

o Jabldto) V@) td vk ta(d 4@ +g)]
V" d(y+d+o) y+d+v '

Then, A = 0 (i.e., p = p) is equivalent to Rg = R.. Hence, Lemma 1 can be written as
the following result,
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Theorem 1. For model (4), there always exists a disease-free equilibrium Eg with the conditions in
(5) hold. Moreover,

(1) If Ry < 1and

(1.1) A < Bq + B, there are no endemic equilibria;

(1.2) A > Bq + B, there exist two endemic equilibria Eq and E, for Ry > R. and when p > pg
these two equilibria coalesce into E, for Ry = R..

(2D IfRy =1,

(2.1) A < Bq + B, there are no endemic equilibria;

(2.2) A > Bq + B, there exists a unique endemic equilibrium E;

(3) If Ro > 1, there exists a unique endemic equilibrium Ej.

Now, let us study the types of these equilibria of model (4),

Theorem 2. For model (4), the equilibrium Ey(0,0) is:

Ro < 1: an attracting node;

Ro > 1: a hyperbolic saddle;

Ry =1and

o A > B+ Bq: a saddle-node of codimension 1;

o A < B+ Bq: a saddle-node of codimension 1;

o A = B+ Bq: a repelling semi-hyperbolic node of codimension 2.

Proof. Formodel (4), —1, and m(Rg — 1) are two eigenvalues of Jacobian at Ey. If Ry < 1, Eg
is an attracting node. If Ry > 1, Ey is a hyperbolic saddle. If Ry = 1, the second eigenvalue
is zero. To determine the type of Ej, we linearize model (4) at Ey and diagonalize the linear
part, and on the center manifold, we have:

aX
S =(A—Ba—PX2+ (APp+1+q—B(Ba—A+p))X° 10)
+(Bg—A+B)gX*+0(X°).
Hence, Ej is a saddle-node of codimension one when A # B + Bq [25].
If Ro =1and A = B + pg, model (10) becomes:
a5 = A+ (Ba+p)Bp+9)X° +O(X). (11)

dt

Therefore, E is a semi-hyperbolic repelling node. [

Theorem 3. For model (4), the disease-free equilibrium Ey is globally asymptotical stable if (1.1),
or (1.2), or (1.3) of Lemma 1 (i.e., (1.1) or (2.1) of Theorem 1) holds.

Proof. Note that x = 0 is an invariant line and D is positively invariant; by index the-
ory [26], we can conclude that there are no nontrivial periodic orbits in R2 when model (4)
has no endemic equilibria. [

Remark 1. According to Theorem 1 and model (3), note that A < Bq + B is equivalent to k1 > kqg,
;((zﬁ'fii?) , which implies that when % which measures the proportion of the linear

. . . . b(d+v)
over nonlinear hazards of infection, is larger than or equal to T +dto)

an infected individual produces less than or equal to one new infected individual over the course of
its infectious period, the infection cannot grow, that is, the disease cannot invade the population.

where kg =

and Ry < 1, i.e., on average,
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3. Bifurcation Analysis
3.1. Backward Bifurcation and Saddle-Node Bifurcation

From Theorem 3, we know that E is globally asymptotically stable when model (4)
has no endemic equilibria. Next, we will discuss the bifurcation of model (4) with endemic
equilibria.

Theorem 4. For model (4), we choose Ry as the bifurcation parameter.

(1) When Ry = 1, model (4) undergoes forward bifurcation if A < Bq + B; model (4) undergoes
backward bifurcation if A > Bq + B; model (4) undergoes pitchfork bifurcation if A = Bq + B.

(2) When p > po, model (4) undergoes saddle-node bifurcation when Ry passes through R, if
q # q«. When Rg = R, E is a saddle-node if g # g, and E, is a cusp if § = g

Proof. For the first statement (1), since R can be seen as the function of the parameters
B, A, and m, without loss of generality, we can choose m as the bifurcation parameter. Let
m = BA + ¢, and plug m into model (4), where ¢ = 0 corresponds to Ry = 1. We linearize
model (4) at Eg and diagonalize the linear part. One can obtain the following reduced model
on the center manifold by applying the center manifold theorem with the parameter e.

ii}f—_ex_<(Aq'B)€+ﬁqI;\+’B)X2+O(X3)' (12)

Denoting the right side of model (12) as F(X, ¢), we can derive:

oF oF
F(OIO) - Or ﬁ(oro) - O/ g(olo) - Or
0°F 0°F A—Bg—B
ax0e 00 = 1 55 (0,0) =2—— .

Therefore, model (12) undergoes a transcritical bifurcation if A # Bq + B [27].
Since aa% le=0 = —}%A < 0, when Ry crosses Ry = 1, model (4) undergoes forward and

backward bifurcation if A < g+ B and A > Bgq + B, respectively.
If A = Bq + B, model (12) on the center manifold becomes:

% = —eX — feX® — qlz [(ﬁzpq + By + 1)82 — (2/32;%7 +2B%p+q+ 2)8

+62pq + B2p +q+1] X* + O(x*).

(13)

For simplicity, we still denote the right side of model (13) as F(X, ¢), and derive:

oF oF 9%F
F(0,0) =0, ﬁ(0,0) =0, g(0,0) =0, m(o,()) =1,
92F PF (9+1)(B*p+1)
ﬁ(0,0) =0, ﬁ(0,0) -— e < 0.

Therefore, model (13) undergoes pitchfork bifurcation if A = g + B [27].
For ¢ = 0, model (12) and model (13) become model (10) and model (11), respectively.
The second statement (2) will be discussed in detail in the following part. [

Now, we study the dynamics of model (4) near the positive equilibria. The positive
equilibria with coordinates (x, y) satisfy:

(x+B)(A—x—y)—m(1+px*) =0, y=qx,
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and the Jacobian matrix of model (4) at the equilibrium E(x,y) is:
(B+2x)(—qx+A—x)  Bx+x®  2mpx? Bx+x?
J(E) = px2+1 Copai+l pa?Hl CopaZ4l
q -1
Then, the determinant of J(E) is:
2 _ —
det(J(E)) = (Bmp+3q+3)x°+ (2,8211 2A+2B)x ,[%A—i—m,
pxs+1
and its sign is determined by:
Sp=Bmp+3q+3)x*+(2Bg—2A+2B)x —BA+m. (14)
Similarly, we obtain the trace of J(E):
— —p— _ 2 — _ —m—
tr(J(E)) = (=83mp—p—2q—3)x*+ (221\ Bg—2B)x+BA—m 1,
px-+1
and its sign is determined by:
Sr=(-3mp—p—29-3)x*+(—Bg+2A-2B)x+BA—m—1. (15)

Set:

Ar=A—Bq—p, Az = (q+1)(AB—2m) + A% A3 = p*q + AB+ B> —2m,
Ci =N+ AB—2m,Cyp=AB+p>—2m—2,
Cs = (A—B)2ABm + AB—2m?) +2A, Cy = Am — Bm + A,
C C
92 _ _ -1 - 1
Cs=2m"+2m—2ABm—APB, g« CS,q** 2 — AB

Note that C; > 0 if m < %—i—ﬁA;Cz<Oifm>[3AandA>,3+,3q;C4>Oif

A > B+ Bg; Cs > 0if m > BA. Then, there is the following theorem.

Theorem 5. For model (4), when BA < m < % +BA, A > B+Bq p = psand
conditions in (5) hold, there is a unique positive equilibrium E, (X, Y ). Moreover,

() if g # g, then E,(x,y+) is a saddle-node, which is attracting (or repelling) if § < s 0r q > G
(or g« < g < q»«*)/

(1) if g = q«, then E.(Xx, Y+ ) is a cusp of codimension two.

Proof. We plug x = x, and p = p. into Sp and S, and then obtain Sp(x,) = 0 and:

(2m*+2m—2ABm—AB)g—A>— AB+2m

Stlx) = (AB—2m)g+ A2+ AB—2m

Since m > BA, Cs > 0 and g« < .. Hence, St(x) > 0if and only if g, < § < gus.
Conversely, if ¢ < g« or g > g4, ST(x4) < 0.

Letting X = x — x4, Y = y —y«, p = ps and expanding the right-hand sides of
model (4) as a Taylor series gives (X, Y are rewritten as x, y, respectively):

dx
dt

dy B
E—L]X Y

= —angx + any + a12x2 + aizxy,
(16)
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where:
2m(A B —m) mA A?
ann = N(AB—2 Az/ a3 = — A2 ’
(q+1)(AB—2m)+ 5
ma3 (2 ((g+ 18— (3q+DA)m+ (¢ = 1)A B2 +2A289 + A?)
aip = .
2A2A;
Letting X = qzzgﬂy ,Y = ;ﬁ;ﬂ , we convert model (16) to (X, Y are rewritten as x, v,
respectively):
dx
I =by1x% + bypxy + bizy?,
o 7)
E = — bzoy + b21x2 + bzzxy + b23y2,
where:
by me ATy mAT - gmATanbe
2qA3A2b20 ! A%Ag,bzo ! 2A%A3 b20 !
A3m WlAzbOl qu2a11b02
by =ap1g+1, byy=——-1——— =17 =11
20 =h1q AT T A AN P AlAshy’ 2A2 Azby

bor =(g+ 1)1~ ar)A B + (A% +2m(q +1))an + A2) B
+ (A% —2m@2q+1)A)an —2Am,

by = (20289 + A2+ (B2 — B2 — 6mq —2m ) A+ 2Bm(g+1)°)an
+202+ (2% +2 B2 —4m)A.

On the center manifold, we have:

dx
i cnx® +0(x%),

where:
mA3
2qCs(q — q+)As’
Note that A3 < 0 when m > BA, and then, ¢1; # 0. Hence, according to Theorems 7.1-7.3
in Zhang et al. [28], E, is a saddle-node of codimension one. Then, we obtain the conclusion
in (I).
For the second conclusion in (I), substituting g = g+ into (16), we obtain:

11 =

g L]/ — dnxy + dipx?,
dt d1o
(18)
dy 5
dt —410 y/
where
ACS (B — AY(AB— m) + AB = m—2))C] ¢
djn =———, din= dio = =

mC% ’ mC2C1 C5 !
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Next, let X = dyo(1 — dyg)x + digy, Y = d1gx — y. We transform model (18) into (X, Y are
rewritten as x, y, respectively):

dx
it A a1x* +o(|(x,9)[%),
‘ (19)
d% =dyx* 4 e1xy + +o(|(x,y) %),
where:
o _CAB-m)(Ci=C)  CiAp-m) _ Cley
! CoC?mCs o CmC: ' ! CCimCs’

co =(2m +2)BA* + ((4m? — 2m) B + 8> +12m% + 4 ) A — 4’
+ ((2m+3)82 —2m? —2m) A> + (B° — (10m? 4 14m +2) B) A2

Based on Remark 1 of section 2.13 in [26], we obtain the following equivalent model
of (19) in a small neighborhood of (0,0):

Ty
ar (20)
L=+ (e 2m)xy +o(|(x,y) ),
where: 5
C;GCs
20 = ——2
e1 + 2aq szc%

Note that d; < 0 because of C, < 0.
By contradiction, we will prove e + 2a; # 0(i.e., C3 # 0). Setting C3 = 0, then:

Cs= (2B —2A)m? + (2028~ 2A B2 )m + A2p— A2 +2A =0,

We regard C3 as a function of variable m and assume the real solutions of the function
exist, that is, m = mj, and it is evident that my,m; < BA. However m > BA leads to a
contradiction. In fact, C3 < 0; hence, ¢ + 2a; < 0. Utilizing the results on page 167 of [26],
E.(x4,y+) is a cusp of codimension two. []

Remark 2. When B = 0 (i.e.,k; = 0), model (4) becomes model (1.3) of Tang et al. [9]. From
Theorem 5, we prove that model (4) undergoes Bogdanov—Takens bifurcation of codimension at most
two near Ex, and it revises the corresponding results in [9].

Remark 3. From Theorem 4 and Theorem 5, when ki < ki < kg (i.e., A > B+ Bq) for model
(4), the disease will be eliminated if Ry < R (i.e., p > ps and ky > kj), and if Ry = R¢ (i.e.,
p = ps and ky > k7), model (4) will present complex dynamics and these conditions are not enough
to determine the dynamical behaviors, and the disease will persist or die out, which depends on the
values of k1 and ky (or g).

Finally, we give the following the phase portraits via Matlab software (Figure 2).

Theorem 6. If BA < m < % +BA, A > B+ Bq, p < p« and conditions in (5) hold,
there are two endemic equilibria E1(x1,y1) and Ep(x2,y2) for model (4). Furthermore, Eq must be
a hyperbolic saddle, and then, E; will be:

(i) a stable hyperbolic focus (or node) if St(x2) < 0; or

(ii) a weak focus (or a center) if St(xp) = 0; or

(iii) an unstable hyperbolic focus (or node) if St(x2) > 0.
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Figure 2. The phase diagram for model (4) with a unique endemic equilibrium: (a) an attracting
saddle-node for p = %,q =lm=1,A=4p= 7—51 ; (b) a repelling saddle-node for p = 1.7228,9 =1,

m = 94.7654, A = 42.3881, p = 0.1629; (c) a cusp of codimension two for f = 0.5,4 = 1.0019, m = 32,
A =33,p = 0.4535.

Proof. For E; and Ej, the signs of Sp(x1), Sp(x2) and St(x2) are determined by Sp and
St. By some simple calculations, we obtain:

Sp(x1) = Bmp +3q+3)x12+(2Bg—2A+2B)x; +m—BA,

Sp(x2) = Bmp +3q+3)x2> + (29 —2A+2B)xy +m — BA.

Moreover, since x1 and x; are two different positive roots of (7), we obtain:

(mp+q+1)x5 + (Bg+ B — A)xi + (m — BA)x; =0,
3(mp+q+1)x12+2(ﬁq—A+ﬁ)x1+m—ﬁA<0,
(mp+q+1)x3 + (B9 + p — A)x5 + (m — pA)x2 = 0,
3(mp4+q+1)x2+2(Bg—A+B)xa+m—BA>0,

which yield Sp(x1) < 0and Sp(x,) > 0. Then, these conclusions hold. [J

Remark 4. Whenm = BA, A > B+ Bq, or m < BA, model (4) has a unique positive equilibrium
Ex(x2,y2) and a disease-free equilibrium Eg. Eg is a hyperbolic saddle or saddle-node, and the
types and stability of Ep are the same as Theorem 6. Moreover, from Theorem 6, when Ry > 1
(i.e., m < BA), that is, each infected individual produces, on average, more than one new infection,

or when Ry = 1 and % < %, which imply that when the proportion of the linear over

, . . . b(d+v)
nonlinear hazards of infection is less than a0 FaTo)

one new infection, and the disease will persist in the form of multiple periodic coexistent oscillations
bifurcated from the equilibrium E.

, on average, each infected individual produces

Remark 5. A > B+ Bqand p < p, are equivalent to k1 < kig and Ry > R, respectively. Hence,
when ki < ki < kg, model (4) presents complex dynamics, and the disease will persist in the form
of multiple periodic cycles if Ry > R..

3.2. Bogdanov—Takens Bifurcation

In this subsection, we will choose A and g as bifurcation parameters, and study
Bogdanov-Takens bifurcation of codimension two for model (4). In fact, we have the
following theorem:

Theorem 7. When A < m < % +BA, A > B+ Bq, p = p«, q = q« and conditions
in (5) hold, model (4) has a cusp E(x«,y«) of codimension two (i.e., Bogdanov-Takens singularity).
If we choose A and q as bifurcation parameters, Bogdanov-Takens bifurcation of codimension two in

a small neighborhood of the unique positive equilibrium E. (x«,y«) occurs. Hence, there exists some
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parameter values such for which model (4) produces an unstable limit cycle, and model (4) produces
an unstable homoclinic loop for some other parameter values.

Proof. We choose A and g as bifurcation parameters and consider:

dx x>+ Bx
—=———=(A+ A —x—y) —mx
2( 1 y ’

5 = (@ +A2)x—y,
where (A1, A7) is a parameter vector in near (0,0). We focus on the phase portraits of
model (21) with x and y lying near E. (x4, v«). Let X = x — x4, Y = y — y,. Then, we
rewrite model (21) as (X, Y are rewritten as X, y, respectively):

d 1

CT): =by+bx——y+ b3x2 + byxy + Pl(x, Y, )Ll,}\z),

: o (22)
l — _

i bs + bex — v,

where Pj(x,y,A1,A) is a C* function at least of third order with respect to (x,y), and:

AC2A C2p
= ﬁ/ bz - 421 + 1r b3 = 2 43 3 s
qx mCl m C1C2C5

by = A*Bm + (252m—m2+m+2)/\3+ﬁm<ﬁ2 —8m—7)A2

by

+m? (B 6m+6)A—2pm,
by = Cabp Ay —m(m(,B—A)(Aﬁ—m) + AP —m—z))c2,

_CﬁA MG
mc%l 5= C4 7

by = be = Ay + g+

Let X =xand Y = by + byx — qi*y + byx? + baxy + Py (x,y,A1,A2) (we rewrite X, Y as x, y,
respectively). Then, we obtain the following model:

oy
ar 23)
(% =01+ cx + o3y + cax® + csxy + 06]/2 + Q1(x,y, A1, A7),

where Q1(x,y,A1,A2) is a C* function at least of third order with respect to (x,y) and:

_ b1g.« — bs = bybsq. + bags — be
a q+ ’
cg = —by1b3q% +bybg +b3, 5 =Db b3q? +bybog.+2b3, co = —bygs.

1 c3 =0,

Next, let dt = (1 — cex)dT; then, model (23) becomes (we still denote 7 by ¢):

dx
i y(1 —cex),
(24)

d
d% = (1—cex) (cl +cox +c3y + g + csxy + 06y2 +Q1(xy, /\1,)\2)).
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Letting X = x, Y = y(1 — cx), and rewriting X, Y as x, y, respectively, we obtain:

dj =Yy
dr 25)
% =dy +dyx+ d3x2 + d4xy + Qz(x,y, )\1,}\2),

where Qy(x,y,A1,A2) isao(|(x,y)[?) and:
d1 =1, dz = cy — 2c1Cg, d3 = ¢4 — 20pCq + clcg, d4 = (5.
Note that when A1 = Ay =0, it is easy to derive that:

C3(AB—m) C2Cs

di = dr = do = A 77 = 4 .

! 0 2 0, 3 mC1C2C5 <0, 4 mC1C2C5 <0

Introducing a new time t = %T, we denote T by t again. Moreover, performing a scaling
by introducing the new variables:

_4

%x,Y:

dj

X Y
2’

and rewriting X, Y as x, y, respectively, we obtain:

_y
o (26)
= = Bt Bax+ 2 +xy + O(l(x )| P),

di d2 .
where 1 = édl,/ﬁ = édz. Since:

C6
(MA)=0  qem(A B —m) C{CCY

’ (P, P2)

(A1, A2)

for BA <m < % + BA, A > B+ Bg« and g4 > 0. The transformation is an invertible
smooth change of parameters near the origin. Hence, model (26) undergoes Bogdanov-
Takens bifurcation of codimension two when (A1, A;) changes in a small neighborhood of

(0,0). O

Based on the study of [26], we get the bifurcation curves with second-order approxi-
mations (please refer to Supplementary Information at the end of the paper for more details
or the link: http://doi.org/10.13140/RG.2.2.14757.17121 (accessed on 1 May 2023)).

(i) The saddle-node bifurcation curve is:

SN = {(B1,B2)|B1 =0,B2 # 0}

“ iy C3AM C3(—2ABm + A% +2m?) A,
VN (A — m)PC2 mC2 (AP — m)’Crg.
2A2CHA2C
#343{4/\4/37;12 _ —6Am2}
(AB—m)’Cim?
g MMGAG {4A6,8m3—...—6A3m2}

(A B —m)>C4?C13q. m2
N 2C3 (A% = 2ABm + 2m?) A (20*m + A? — 2m?) CoA3
m2CCY(AB — m) g2

=0,p, #0}.
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(ii) The Hopf bifurcation curve is:

H={(B1,B2)|2 = v/—P1,B1 < 0}

Cix Cix
= (/\1/)\2)|_ P 371 3 + > 372 3
C4mC1 (Aﬁ—m) Cz q*C4mC1 (Aﬂ—m) C2
Cg)‘% 622, 2 2.2
+ 12A°B“m* — ...+ 36 A°m
CoCy(AB — m)*m?Cy ( p )
C3MA
_ T (2 AR 4 44 A%
Com?CE (A —m)*Ciq«
C3A3

6A Mm% — ... +4m?), <0}.
T 2Ci(ap - myicap AT )b

(iii) The homoclinic bifurcation curve is:

HL = {(B1,f2) B2 = 2/ B b1 < 0}

25C5* A 25C3*A;
=1 (A A)f = 2 g 2 3
49C4mC1 (A‘B — m) C2 49!]*C4 mCl (Aﬁ — m) C2
+ MG (348 A°B%m? — ... 4 900A%m?)
49C,CHAB — m)*m2Cy
C3MA
- a2 (992 A% ..+ T16A?)
49C,C2m2 (AP — m)*C3q.
C3A3

+ (150A*m? — ... +196m*),B1 <0 p.
49m2C3(AB — m)*C3q3

Next, the following bifurcation draft and phase graphs are shown via Matlab software.

From Figure 3, we show corresponding bifurcation draft and phase graphs for model (4)
with § =0.5,m =32 and A = 33.

(a) From Figure 3a, it can be seen that the small neighborhood of the origin in the
parameter (A1, Ay)-plane is divided by bifurcation curves SN, H, and HL into four regions.

(b) When (A1, A7) = (0,0), the unique positive equilibrium is a cusp of codimension 2
(shown in Figure 2c).

(c) No equilibria exist (shown in Figure 3b) if the parameters are valued in region L

(d) Entering from region I into region II, the parameters are valued on the saddle-node
curve SN, the endemic equilibrium E, emerges and it is a saddle-node.

(e) When the parameters cross SN into region II, the saddle-node turns into two
positive equilibria through saddle-node bifurcation; one is an unstable node E; and the
other is a saddle E, (shown in Figure 3c).

(f) Then, the node turns into a stable focus and loses stability when the parameters
cross the Hopf bifurcation boundary H and an unstable limit cycle bifurcates from the
subcritical Hopf bifurcation (shown in Figure 3d).

(g) When the parameters cross region III and lie on the curve HL, an unstable homo-
clinic cycle bifurcates from the homoclinic bifurcation (shown in Figure 3e).

(h) When the parameters cross III into region IV, the homoclinic cycle breaks up and
the corresponding manifold eventually tends to the stable focus E; (shown in Figure 3f).
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Figure 3. The bifurcation draft and phase graphs for model (4) with g = 0.5,m = 32, A = 33.
(a) Bifurcation draft. (b) No endemic equilibria exist for model (4) with (A1, ;) = (0.05,0.0517),
which are valued from region I. (c) An unstable focus E; and a saddle E; for model (4) with (A1, A) =
(0.05,0.5165), which are valued from region II. (d) An unstable limit cycle encloses a stable focus
E, for model (4) with (A1,A2) = (0.05,0.516), which are valued from region III. (e¢) An unstable
homoclinic loop for model (4) with (A1, Ay) = (0.05,0.5155), which are valued on HL. (f) A stable
focus E; and a saddle E; for model (4) with (A1, A;) = (0.05,0.515), which are valued from region IV.

3.3. Hopf Bifurcation of Codimension Two

From Theorem 6, Hopf bifurcation near E;(xp,y2) may occur. We obtain a reduced
model (4) by the variable substitution:

- X _ y 2
¥=—, 7=, T=x3t, 27
P y V2 2 (27)

then, we transform model (4) into (we rewrite T as t):

iv P4+ Lx A

=T () - 5,
dt 1+ px5x2 x2 x5 (28)
di 1
5 = 2=,
dt  x3
Substituting the following scaling for the parameters:
_ B - A m 1 _ _
:—,A:—,m:—,a:—/ = x/ =4q,
=% o 2T PPy
in model (28), and removing the bars, we have:
dx  x®+px
—=—(A—x- —mx
2 ( qy) — mx,
;l; 1+ px (29)

i a(x —y).
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There is an equilibrium E;(1,1)(i.e., Ex(x2,y2) of model (4)), which makes the following
equation true:

m(1+ p)
AN=——- 1.
1B +g9+
Since x1xp = %’;;5?1 for model (4), then % = 777177;71??1 by (27), we remove the bars and

obtainm > A and g > m—mp —BA—1dueto0 < % < 1L Notethatif/\:m(%tgp)—f—

g + 1, then the conditions in (5) under above parameter scaling become:

m — pm(1+2p) m PE+1)(g+1)

> — > .
>0, pgma>Q0, ES)E 1<q<a, m> 1= Bp (30)
Then, performing the change of time dt = (1 + px?)(1 + B)dt and plugging A =

mgl;g] ) + g+ 1 into (29), we have (rewrite T as f):

dx

o= (1+ ﬁ)x(x(m +mp+(14+g—x—qy)(1+p))—(1+ pxz)m), o
d

= (1 p?) 1+ Blalx —y),
where m, p,q, B,a meet with (30). Actually, model (31) is topologically equivalent to
model (29) in R? = {(x,y) : x > 0,y > 0}; moreover, 1 + px? > 0 holds for all x > 0. Next,
we analyze the Hopf bifurcation near E;(1,1) in model (31), which is equivalent to the
Hopf bifurcation near Ej(xp, y2) in model (4).

Theorem 8. Under the conditions in (30), there is an equilibrium E5(1,1) for model (31). Furthermore,
(I) when a < a, Ex(1,1) is an unstable hyperbolic node or focus;
(I1) when a > a, E»(1,1) is a locally asymptotically stable hyperbolic node or focus;
(II) when a = a, E5(1,1) is a fine focus or center,
where
m— (1+ B)% — pm(1+2B)
B+1)(p+1)

Proof. The Jacobian matrix of model (31) at E»(1,1) is:

Ay =

2
By = | M AR o mr28) —(pre 32)
a(1+p)(1+B) —a(l+p)(1+p)

We obtain the determinant of J(Ex(1,1)), which is:

det(J(Ex)) =a(p+1)(1+B)[(g+1)(B+1)* +m(2Bp+p—1)].

Moreover, the trace is:

tr(J(E2)) = —(B+1)(p+1Da+m— (1+ B)* — pm(1+2p).

Under the conditions in (30), we obtain that det(J(E;)) > 0 and tr(J(Ez))= 0(> 0 or < 0)
ifa =a.(a < a, ora > a,); hence, the conclusions hold. [

Note that Theorem 8 is true for a, > 0, i.e.,

m— (1+ )2

(B+1)>+m2Bp+p—1)<0,0rm> (1+B)> p< ST

Next, the case (III) of Theorem 8 is discussed, where Hopf bifurcation near E;(1,1) of
model (31) may occur when the following conditions are satisfied:
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- m— (1+ B)?

a=an, m> (PP p< e (33)
m — pm(1+2p) m P+ +1)

T STTa MET gy

Firstly, the following transversality condition holds:

& (1(E2))lama. = ~(B+ D(p+1) <0,

Next, we evaluate the first Lyapunov coefficient [;.
Let X =x—-1,Y =y —1,and a = a.. Then, model (31) becomes:

dX
=KX = q(1+BPY — g1+ B)(2+ P)XY
(K= (14 A+ mp) X = (14 ) (XY = L+ mp)X), (34
ay 2pK 2pK pK 5 pK 3
— =KX - KY — XY X — XY+ —=X°.
dt p+1 +p+1 p+1 +p—|—1

where K = —2B8mp — B2 —mp—2p+m—1. Let w = /K(1+p)2q—K? and X =

20 — ZT““-P, Y = 2®; then, we obtain the following model:

dd
I =e11Y + e1PY + 813115'2 + €14q)21f’ + 615CI>1F2 + 6161P3,
e (35)
ar =ey P + 622q>2 + ep3dY + 62411"2 + 625CDZT + 826CD1I{2 + 627CI)3 + 628‘1[3.
where:

B  4pw _ Apw?  dpw _ 8pw?

€11 = — W, e12 = P+1,€13 = K(p—i—l)’eM_ P+1,€15 = K(p+1)’
4pw?® 2K

= =w, =_"—((1 29+1)—-K),

e16 Ra(p 1) 2= @ en o (L B)(Bg+mp+2q+1) —K)

€23 _<(p441-<1) —2(1 —|—,B)(/3q+2mp+24+2)>,

€4 :(pipl -2+ 12<(,3+1)(”1P+1)>wr

_ pK
ey5 = 4(p+1+(/3+1)(3mp+2q+3)),

_(4 8p
e —(K(ﬁ+1)(3mp+q—l—3)+ p+1)w,
4pw? 4w? )

ey :%(ﬁ+1)(mp+q+1), exg = _(W + ﬁ(ﬁ“‘l)(mp‘f‘l)

According to Theorem 3.3 of [25] or formula (3.4.11) on Page 152 of [29], we obtain the first
Lyapunov coefficient /1 by Maple:

_q(B+ 1)%(q(cy m 4 co) + dy m? +dy m + o)

l =
! 203 (p +1)2

(36)
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where:
c1 =pp° —3(B+2) (262 +28+1)p2+ (267 + 687 + 95 +2) p+ B,
co =(B+1)°(Bp? —3pp —3p+1),
dy =pp* — (16 B +156 +6) p* + (156 +4)p> — (B +6)p,
dr = (3p° + 362 +28) p* — (126 + 3682 + 278 +9) p?
+ (B +9p+185+4)p—p-3.
Letg =qo = —% > 0, we obtain /|;—g, = 0. Therefore, based on the above

caculations, we obtain the following result easily.

Theorem 9. When (B, m,p) € {(B,m, p)|(dam? +dy + co)(c1m + co) < 0}, and the conditions
in (33) hold, the following statements hold.

(D1Ifq > qo (ie., l; <0), then model (31) generates supercritical Hopf bifurcation and a stable
limit cycle bifurcates from E3(1,1).

(ID If g < qo (i.e., Iy > 0), then model (31) generates subcritical Hopf bifurcation and an
unstable limit cycle bifurcates from E»(1,1).

(IID If g = qq (i.e., Iy = 0), then model (31) may generate degenerate Hopf bifurcation and
multiple limit cycles may bifurcate from E5(1,1).

When ¢1,¢co # 0and m = —2—0, and the conditions in (33) hold, we have:

(D) Ifcog > 0 (ie., Iy <0), then model (31) generates supercritical Hopf bifurcation and a stable
limit cycle bifurcates from E(1,1);

(II) If co < 0 (i.e., Iy > 0), then model (31) generates subcritical Hopf bifurcation and an
unstable limit cycle bifurcates from Ep(1,1).

Proof. Through simple calculations, we obtain the following results.
Case 1, when c; =0 for B > 0and p > 0, it is evident that ¢y # 0, then /; = 0 if and

only if g = qo.
Case 2, when ¢; # 0 and ¢g = 0, then /; = 0 if and only if g = go.
Case 3, when ¢q,¢g # 0 and ¢1m + ¢y = 0, we obtain m = fﬁ—?, then:

Bp+1)°(2B+p+3)co (Bp+1)°
C12

dom? + dym + ¢y = # 0.
Therefore, I # 0 and Sign(ly) = Sign(—cp).
Case 4, whency #0,c9 #0and cym +¢p # 0, thenl; = 0ifand only if g = go. O

To numerically illustrate the results of the bifurcation analysis, with the help of Matlab
software, we simulate an subcritical Hopf bifurcation with parameter values: g = 0.4,
m=9,q=6,p =04, a= 02857, one unstable limit cycle, bifurcated from the equilibrium
E>(1,1) of model (29) with parameter a perturbed to 0.2857 + 0.03, which is shown in
Figure 4a. When the parameters become p = 08, m =9,q =4, p =0.1,a = 1.7273, a
stable limit cycle will arise from E;(1,1) of model (29) with small perturbation —0.03 on «
occurring (see Figure 4b). The coexistence of two limit cycles with the parameter values
B=04m=3,49=24269+0.1, p = 0.1, a = 0.3247 — 0.0002 is shown in Figure 4c. The
limit cycle with large amplitude is unstable, and the one with small amplitude is stable;
both surround the stable endemic equilibrium E;(1,1).
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Figure 4. (a) An unstable limit cycle for model (31) with p = 04,m = 9,9 = 6,p = 04,
a = 0.2857 4 0.03. (b) A stable limit cycle for model (31) with § = 0.8,m = 9,9 = 4,p = 0.1,
a = 1.7273 — 0.03. (c) Two limit cycles for model (31) with § = 0.4,m = 3,9 = 2.4269+ 0.1, p = 0.1,
a = 0.3247 — 0.0002.

Remark 6. From Figure 4a, there are three equilibria, a disease-free equilibrium, which is a stable
node, and two endemic equilibria, where one is a saddle and the other is a stable focus. An unstable
limit cycle encloses the focus. Therefore, the long-term disease dynamics may depend on the initial
values of the populations, similar to Figure 4b,c.

3.4. Hopf Bifurcation of Codimension Three

From Theorem 9, Hopf bifurcation of codimension three may occur for model (31)
with g = gp. In this section, we will study the phenomenon. To obtain the normal form of
model (31), we make another transformation of X = 2® + 27“"}’, Y = 2®, and T = wt; then,
system (34) becomes:

dd
I =¥ + h1 oY + h1211;2 + h]3¢‘21{j + h14q)‘Y2 + h15‘Ij3,
IY (37)

= — D+ hy D% + hp®Y + hoz¥? + hpg DY + o5 DY + hpg® + hyy P2,

dt
where:
o g Ao Ap o Spw
11_p+1/ lZ_K(p+1)/ 13_p+1/ 14_K(p+1)/
_ Apw? 2K
hls—m/ h21—E(K (1+B)(Bg+mp+2q+1)),
2 2K
h22—w<(p+1)—(1+/3)(/34+2T”P+2‘7+2))/
o2
hn =2 = 2 = 2B+ D mp+ 1),
4/ pK
h24_—w<P+l+(,B+1)(3mp+2q~l—3)>,
4 8
hos == g (B+1)Gmp +q+3) - E,

__iK e e
hos =~ —(B+1)(mp+q+1), hy = K+ 1) 2 (B+1)(mp +1).
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Next, applying the Maple program [28], we obtain the following focus values:
1
4p°p3
+ P12 P2 P3Psf + 2P,°P3 + P, P Psp + 2P * P3Py + 8P 2 Py
+ 3P,2P,2 P3Py + 2P, 2P,2P3P5 + 2P, 2P, Psf + 8P° + Py P3Py
+ 2P,*P3P5 + 6P,* Psp + P,2 P52 % + 6P, P, + 14P,2P,% P,
+ 8P12P,2P5 + P2 PyPsB + 8P, Py + 12P,* Ps + 3P,2 Py P58
+4P,2P52B + 2P, 2Py2 + 2Py 2Py Ps + 2Py2 P42 + 6P,*PyPs + 4P22P52),

fl (P14P22P32 + P12P24P32 + 5P14P22P3 + 7P12P24P3

fr= (1OP110P24P34 +55P,8P,0 Pyt + 44P P8Pyt + )

~ 96PJP7
1

S5 =" G1epipn

(1850P116P26P36 +3197P,14P,8P6 4 .. )
where P = &, P, = VK, Py = —o1, Py = —2(1+B)(mp+1), Ps = —29(1 + B),
fi,i=1,2,3, are lengthy polynomials in §, p, m, and g.

It is extremely difficult or impossible to solve f; = fo» = f3 = 0 for four parameters. We
consider a specific case p = 2(257“) and m = n1(1 + B)? by introducing a new parameter
n1 > 0, which implies that p which describes the psychological effect is inversely propor-
tional to 5, which measures the infection force of the disease, and m, which represents the
infection remove rate is proportional to . Biologically, it means that the infection force of
the disease is positively related to the psychological or inhibitory effect and the infection re-
move rate (including recovery rate and disease-related death rate). Under the assumptions,

model (29) with parameters B and n; will exhibit Hopf bifurcation of codimension three.
Let:

21 = — (64B° -+ 43267 + 10845* -+ 13536 + 9067 + 3136 + 44 ) ]
+ (256ﬁ7 +1984° + 57128° + 80608* + 60443 + 234842 + 3968
+12)n,2 + (384[34 4100883 + 100082 + 4408 + 72) n
—8(B+1)(4g2— p—2)(1+2p),
2 = (328 + 104p* + 1208 + 516 — — 4)my — 2(42 + 76 +2) (1 + 28)’,
Qs = (576,87 + 327285 + 7122B° + 75008* + 3736 + 484p2 — 2508 — 72) n?
+ (256/38 +576B7 — 1152p° — 5628B° — 90955* — 80598° — 417882

—11908 — 144)n; — 51288 — 34567 — 11072B° — 19968p° — 211884*
— 133708 — 488482 — 9408 — 72.

In fact, we have the following theorem.

Theorem 10. If g = g9, z1 > 0,22 > 0, ny > 2, and Q3 = 0, model (29) (i.e., model (4))
undergoes a Hopf bifurcation of codimension three around the equilibrium Ep(1,1) (i.e., Ex(x2,Y2)
in model (4)), three limit cycles bifurcate from E»(1,1), and the outermost limit cycle is stable.

Proof. From the assumptions p = 2(2/;+1) and m = n1(1+ B)?, we get:

(2 +1)(m —2)(1+B)
3+4p ’

*
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where 1y > 2and g > 3} — 1; then:

P1:(142_‘B)«/4q—2n1+4, Pzz(l—;ﬁ)\/an—éL, Py = 4

3+4p
2
= p) (BB 1), p— k)

Then, the first focus value f; becomes:

fi= 29(Qo —2(2p+1)Q19)
LT g 42— 11)32(ny — 2)3/2(1 + B)2(2B + 1)2(3 + 4B)2’

when f; = 0, we obtaing = g9 = 2(2[3(2%’ where:

Qo = (64/34 + 30483 + 41282 + 2258 + 44) (B+1)%n2
—~2(2B+1) (166" + 485* — 176 — 12567 — 1046 — 26 ) my
—4(B+1) (42— p—2) (2p+1),
Qi = (32/35 +1688* 4 2608° + 1522 + 238 — 4) n
+168* +208% — 6p% — 148 — 4,
the conditions of Hopf bifurcation in (33) become:

21
2(1+2B)Q1(n1 —2)

n1 (4B + 3)
m(ﬁ2+4ﬁ+2)Q2 >0,

go >0, >0,

ni(B+1)

(3[3 +2)Q1 (162 +4IB _'_2)22 >0,

that is:
Q0>001>0,21>0,20>0,n1 >2,

where:
Qy =16 B + 16 B?ny + 44 B> + 23Bn1 + 348 + 8ny + 8.

When f; = 0, the second focus value f, becomes:
3
4Q5n° (B +4B+2)"Q3 Q3
7 5 :
3(2q0+2—m)2(m —2)2(1+8)>2p+1)°Q,°

Hence, f, = 0if and only if Q3 = 0.
When fi =0(@.e.,g=4g0 =

fo=-

MﬁQﬁ)’ we obtain the third focus value fs:

f33 Qo> _
(28+1)2(1+B)°B+46) 7 Qi1 Qy7m 1

f3=

O —

3
2

(m —2)3 (B2 +4B+2)

(38)

where f33 is a redundant polynomial in variables 8 and 71, which is given in the end of the
paper (please refer to the link http://dx.doi.org/10.13140/RG.2.2.14757.17121 for more

details) (accessed on 1 May 2023).

Evidently, the two polynomial equations f, = f3 = 0 are equivalent to Q3 = f33 = 0.
Under the conditions in (38), Q3 = f33 = 0 has no solutions for g and n; by simple
calculation via Maple, and f33 is above Qs on the 5-117 plane (see Figure 5). Hence, when
fo = 0 (ie, Q3 = 0), it is easy to derive that the third focus value f3 < 0 under the

conditions in (38).
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In conclusion, when the conditions in (38) hold, Q3 = 0 should be the critical part
of the black line which is under the red line on the right (see Figure 5), which makes
f1 = fo =0and f3 < 0 true. Moreover, a simple calculation via Maple shows that on the

black critical line: (o)
det | 5B — 0, 20,
[a(ﬁ/”ﬁ Q7
where Qy is given in the end of the paper (please refer to the link http://dx.doi.org/10.131
40/RG.2.2.14757.17121 for more details) (accessed on 1 May 2023), which implies that if the
values of parameters § and 111 are on the black critical line, model (29) will exhibit Hopf
bifurcation of codimension three and the outermost limit cycle is stable, since f3 < 0. [

Figure 5. (a) Graphs of the regions on the -n1 plane. Under the conditions in (38), the black line
under the red line on the right is the value range of parameters  and n1, where Hopf bifurcation of
codimension three will occur. (b) The value range is zoomed near 1, = 2.

4. Conclusions and Discussions

In this paper, we focus on the bifurcation analysis of an SIRS epidemic model with a
nonmonotone and saturated incidence rate. The incidence rate plays a key role in describing
the spreading of infectious diseases and in producing the rich dynamics, including bistabil-
ity (backward bifurcation) and periodicity. Based on research work conducted by pioneers,
in 2019, a generalized nonmonotone and saturated incidence function kI%/ (1 + BI + aI?) in
model (1) was proposed by Lu et al. [20]; they considered that the incidence function, which
described the infection force, should not be just monotonic, nonmonotonic, or saturated, but
the combination of monotonicity, nonmonotonicity, and saturation properties. Considering
the psychological and crowding effect, the incidence function seemed reasonable to de-
scribe the infection force of some specific infectious diseases. However, we have found that
the basic reproduction number of model (1) with the incidence rate kI?S/ (1 + BI + aI?) is
zero, but the disease can still be persistent. Recently, Wang et al. [30] proved that model (1)
can display bistable behaviors (backward bifurcation) with the threshold Ry = %,
which is not the basic reproduction number of the model, and how to calculate the basic
reproduction number of this model is still an open question. Hence, the incidence rate is
difficult to understand. Moreover, the biological meaning of parameter 8 is undefined, and
the condition B > —2+/a is mandatory.

Hence, we propose a more reasonable incidence rate k 11[3{12212 S with the combination
of monotonicity, nonmonotonicity, and saturation properties. When k; = 0, the incidence

2
function f(I) = kllfof;; becomes the saturated incidence function in [4], which increases

monotonously and then goes to %2 as I — oo (see Figure 1). When k; > 0, f(I) increases

firstly and then decreases to %2 as I — oo (see Figure 1), which describes the fact that the
infection force of some infectious diseases grows rapidly to the maximum as a new disease
emerges or an old disease reemerges, and then trends to a value. We have carried out a qual-
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d (dJrlv)
that model (2) can undergo backward bifurcation with Ry as the perturbation parameter

if A > Bg + B; backward bifurcation was proposed by Castillo-Chavez and Song [31] to
illustrate that even if the basic reproduction number Ry < 1, disease outbreaks are still
possible. The backward bifurcation has further epidemiological implications by providing
a threshold R.; when A > Bq + B, model (2) shows bistable behavior (endemic equilibrium
E; and disease-free equilibrium are stable) if Rc < Ry < 1, and the model has an unique
endemic equilibrium E; and the disease-free equilibrium becomes unstable if Rg > 1.
Moreover, a saddle-node bifurcation at the threshold R has been studied. In our paper,
there are the basic reproduction number Ry, threshold R, and critical values ki and ki of
k1, which measure the linear hazard of infection to determine the dynamic of model (4).

itative analysis in this paper. The basic reproduction R of model (2) is ; we present

Briefly, when Ry < 1 and %, which measures the proportion of the linear over nonlinear

hazards of infection, is larger than or equal to _b40)  the disease can be eliminated for all
d(y+d+v)

initial populations. When Ry > 1 or Rg = 1 and % < %,

the form of multiple periodic coexistent oscillations bifurcated from the equilibrium Ej, or

the disease will persist in

coexistent steady states for some initial populations. When % < %, model (4) will
present complex dynamics, including backward, saddle-node, and Hopf bifurcation, etc. In
fact, when k] < ki < kqg, the disease will disappear Ry < R, but the disease will persist
if Rg > R¢, and for Ry = R, these conditions are not enough to determine the dynamical
behaviors, which implies the disease will persist or die out, which depends on the values
of independent parameters k1 and k; (or g), and it requires further assessment.

Moreover, we have proved that the model undergoes Bogdanov-Takens bifurcation
of, at most, codimension two, which revises the results in [9] for k; = 0. Our studies on
Hopf bifurcation of codimension two and three enrich the dynamics of SIRS epidemic
models. In fact, it is difficult to take a complete analysis of Hopf bifurcation of codimension
three. Assuming that the infection force of the disease measured by B is positively related
to the psychological effect and the infection remove rate (including recovery rate and
disease-related death rate), we obtain a complete qualitative analysis on Hopf bifurcation
of codimension three for model (2). Next, we consider applying the model to practical
problems, using the model for parameter estimation, and combining the actual data for
numerical simulation and prediction analysis, so as to provide referable suggestions for the
actual work department.
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