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1. Introduction

For centuries, infectious diseases have ranked with wars and famine as major challenges to human
progress and survival [1]. The spread of infectious diseases in populations and how to control and
eliminate them from the populations are important and necessary subjects. Mathematical models are
introduced to study what happens when an infection enters in a population, and under which
conditions the disease will be wiped out from population or persist in population. Therefore,
mathematical epidemic models have been a popular topic for many years (see [2-5] and the
references therein).

In general, the dynamics of epidemic are a highly transited topic of investigation from the
epidemiological point of view. There are virous families of models depending on the assumption on
the mechanisms of propagation. For example, there are susceptible-infected-susceptible (SIS) models
which have been used to model nonlinear incidence rates and double epidemic hypotheses [6],
susceptible-infected-recovered (SIR) models which are employed to consider the awareness of the
presence of a disease [7], susceptible-exposed-infected-recovered (SEIR) models that predict the
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propagation of epidemics with nonlocal reaction functions [8],
susceptible-exposed-infected-quarantined-recovered (SEIQR) models used to account for adjusted
incidence and imperfect vaccinations [9], and so on. Among the variety of epidemic models, the SIR
model can be seen as the basis, over which more complex and realistic models have been built.
Hence, SIR epidemic models have been extensively investigated by ecologists and mathematicians
in [10-14] and the references therein. The literatures mentioned above investigate bifurcation
phenomena as one systemic parameter varies. However, they do not consider the analysis of
codimention-two bifurcation for epidemic models.

Most Researchers often study bifurcation phenomena as one systemic parameter varies. In fact,
many practical models contain several systemic parameters. Complicated bifurcations such as
codimension-two bifurcations likely occur when more than one systemic parameter is varied at the
same time. Codimension-two bifurcations, also known as double crises, occur when different
codimension-one bifurcation intersect in the two-dimensional plane of the systemic parameters. Many
literatures consider the codimention-two bifurcations for different fields. Luo et al. [15] consider 1:2
resonance bifurcation of a vibroimpact system. In [16], Yuan and Yang investigate the complex
dynamics of a discrete predator-prey system, and show that the system undergoes flip bifurcation,
Neimark-Sacker bifurcation and codimension-two bifurcation associated with 1:2 resonance. Ruan
and Wang [17] discuss Bogdanov-Takens bifurcation of a continuous epidemic model with a
nonlinear incidence rate. Yi et al. [18] derive the conditions for existence of codimension-one
bifurcations (fold bifurcation, flip bifurcation and Neimark-Sacker bifurcation) and present the
condition for the occurrence of codimension-two bifurcation (fold-flip bifurcation). Ren and Yu [19]
study the codimension-two bifurcations of a discrete information diffusion model. The epidemic
model is usually a high-dimensional and complex system, including many parameters and variables.
Therefore, it is quite natural to ask how the parameters affect the dynamics of the model, what may
happen and what match rules about parameters are when two or many parameters change
simultaneously, which are what we concern. In our problem, we will study the codimension-two
bifurcations of a discrete SIR epidemic model.

Hu et al. [20] study a continuous-time SIR epidemic model as following

L =A-dS -as1,

dl _

4 = AST—(d+ ),

X = rl-dR,

N@®) =S + 1(t) + R(?),

(1.1)

where S(7), I(t), R(t), N(t) denote the numbers of susceptible, infective, recovered individuals, total
numbers of the individuals at time ¢, respectively; A is the recruitment rate of the population, d is the
natural death rate of the population, r is the recovery rate of the infective individuals, and A stands for
the bilinear incidence rate.

We can get the following discrete-time epidemic model by the Euler scheme.

Sne1 =Sy + WA —dS, — A8 ,1,),
Ly = I + K(AS 1, — (d + 1)),
R,i1 = R, + h(rl, — dR,),

Nuy1 = (1 —hd)N, + hA,

(1.2)
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where / is the step size and all the parameters are positive. As the first two equations of model (1.2)
about (S,,1,) not including R,, and the third equation is the linear equation of R,. Therefore, the
dynamical behaviors of model (1.2) are equivalent to the dynamical behaviors of the following model

Sn+l:Sn+h(A_dSn_/lSnln)a (1 3)
In+1 = In + h(/lSnIn - (d + r)In)» '
which only includes S, and 7,.
For simplicity, we rewrite the above system in the form
X X+ h(A —dx — Axy)
— . 1.4
[y] ¥+ hdxy = (d + 1)) (14

Hu et al. have algebraically shown that the system undergoes Flip bifurcation and Neimark-Sacker
bifurcation, they also show that discrete-time epidemic models can produce a more richer set of
dynamic patterns than those observed in continuous-time models. Motivated by the above works, the
aim of this paper is to show that system (1.4) undergoes 1:2, 1:3 and 1:4 strong resonances, which
provide the sights to the complex dynamics of action potential. In this paper, we choose /& and A as
perturbation parameters to analyze the codimension-two bifurcations numerically and analytically.
All of these studies were previously not considered in the work of Hu et al. In fact, the problem
considered in the paper and the obtained results can be seen as a beneficial extension of [20].

The remainders of the paper are organized as follows. In Section 2, we present the existence and
local stability of fixed points for map (1.4). In Section 3, we show that there exist some values of
parameters such that map (1.4) undergoes codimension-two bifurcations. In Section 4, we give some
numerical simulations, which not only validate the effectiveness of the theoretical analysis, but also
prove that the alternation of the periodic and chaotic motions in two-dimensional parameter space with
the system parameter changing. The last section is devoted to the conclusion.

2. Stability analysis at fixed points

We first discuss the existence and stability of the positive fixed points of model (1.4). The basic
reproductive rate of model (1.4) is Ry = AA/d(d + r), which is the average number of secondary
infections generated by an initial population of infected individuals over their lifetimes. If Ry < 1, the
model (1.4) has an unique fixed point EO(%, 0); If Ry > 1, the model (1.4) has two fixed points: Eo(g, 0)
and E(xy,y;), where

d+r A d
Xp=——, ) = .
! 10T a2
By using the Jacobian matrix and some mathematical calculations, we find that E, does not come

into being any codimension-2 bifurcation. For E|, its Jacobian matrix evaluated is given by

1-h#  —hd+r)

J(Xl,)ﬂ) = h(ﬂ il+(;) 1
d+r

The corresponding characteristic equation at E;(x;, y;) is given by

PP —Q2+hG)p+1+hG+hH=0,
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where

) H=AAl-dd+r).

According to the Lemma 1 in Ren and Yu [19], we state the following proposition about stability
criterion of E;(xy, y;).
Proposition 2.1. Suppose that the fixed point E; of system (1.4) exists. Then it is
(I) Sink if one of the following conditions holds:
(1) G>-4H >0and h < (-G - VG* - 4H)/H;
(I2) G*-4H <0and h < -G/H,

(IT) Source if one of the following conditions holds:
(IL.1) G*-4H >0and h > (-G + VG2 — 4H)/H;
(I.2) G>-4H <0and h > -G/H,

(IIT) Saddle if the following conditions hold:

G*-4H > 0and (-G — VG?> - 4H)/H < h < (-G + VG? — 4H)/H;

(IV) Non-hyperbolic if one of the following conditions holds:

(IV.1) G2 —4H >0and h = (-G + VG2 — 4H)/H,
(IV.2) G>*-4H <0and h = -G/H.

The non-hyperbolic case of fixed point can result in bifurcations and chaos, and the chaos of
epidemics can cause the population to run a higher risk of extinction due to the
unpredictability [21,22]. Further, the theoretical proofs can provide strong evidences for the existence
and characteristic of the bifurcations. Therefore, it is important and necessary to give a detailed
analysis about the bifurcations. Thus, we focus on the parametric conditions of non-hyperbolic case.
Let p;, be two eigenvalues of Jacobian matrix J. It follows that p;p, = 1, and that implies that
p1o = e for some real number . If p’f’Z = 1fork = 1,2,3,4, system (1.4) may exhibit more
complicated dynamical behaviors, namely, chaos and codimension-2 bifurcations. As a matter of fact,
we can get the following conditions for the strong resonances. Thus, we define three bifurcation sets

2d +rP? + 2 d+ )}
Flzz{(A, dorh 2y hedtn) ) 2d+r) x2yn +r),0<d,r,ﬂ<1},
Al A
3(d+r 3 d+7r)?+ 3@Br—d)d+r)
F13:{(A, d.r b d):h= (M ) y=24*n) ‘/2; L0<d i<,
2 d+ 72+ Nr—dd+1)
F14:{(A,d, r,h,ﬂ):h:%,ﬂz( e Z X +r),0<d,r,/l<1},

at which 1:2, 1:3 and 1:4 resonances will occur, respectively.
3. Codimension-two bifurcation analysis

In this section, we will give attention to recapitulate the codimension-two bifurcation of system (1.4)
around E,. Parameters /s, A are chosen as the bifurcation parameters.
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3.1. 1:2 strong resonance at E;

We first consider A, d, r as fixed parameters A, h as free parameters. The system (1.4) has a 1:2
strong resonance at E{(x;, y;). Letu = x — x;, v = y — yy, then (x,y;) is converted to the origin
point (0, 0), and the system (1.4) can be changed into

u 1 — hd — hay,
—
hay,

Let

—hAx; u N —hAuy
1 y hAuv |’

hix
K = Z—Ed—ﬁ/_lyl
1

Let us consider an inverse transaction

The system (3.1) can be expressed as

hlx
@-hd-hin? |
0

[)_C]_> ~1+ah, ) 1+agh, ) H)_C]_'_[f(f,)_’)]
)_] blO(ha A) _1 + bOl(h’ /l) .)_; g(x’ )_]) ’
with
e e
010:2+_—XI)_;1_, aoy =-1+ = XI;);l ,
2 — hd — hy, (2 — hd — hay,)?
7 73 B> P x1yy 723 7 73
boy =2 —hd — hly, - —————— by = —h*2%x1y; — 22 = hd — hy,),
01 Y1 >~ hd — h/ly] 10 1)1 ( }’1)
}'12/‘12 }'12/‘12
fED =~ P L= 4,0 +an W,
2 — hd — hy, (2 — hd — hy,)?
gx@:kﬁ@—w—mby%ﬁ%]ﬁ+—lQZL——mFy
’ ! : hid + hily, — 2

= bzo)_Cz + bll)_C_)_/.

Introduce the non-singular linear coordinate transformation

HE

Map (3.2) can be uniquely represented as

1+a0](l_z,/_l) 0 ]|: X ]
—ayo(h, ) 1 |||

5 -1 1 E; G, )
|17 leawd -1+e@d || 5|7 BHGY |

61 = big + agibio — abor = —h**x1y; — 22 — hd — hiy)),

where
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92 = dajo +b01 = 4—}_ld—}_l/_1y],
G(%,5) = [axn(1 + ag) — apan ¥ + an iy = go¥ + g1 %9,
H(%,5) = [ax(1 + ao)aw — ajoarn + bao(1l + ag)* — aohii(1 + ao)1¥ + [anai + byi (1 + ag)) 155

= h20)~C2 + h11)~C}~).

Then we take

F=&+ ) eulh DEE, F=b+ Y wh DEE,
2< k<3 2< k<3
with
1 1 1 1 1 1
©20 = 5820 + th, Y11= 5820 + 5811 + Ehzo + é_lh“’
1 1 1 1
=—gn+-hy+-h =—h
©02 4g11 g/o + 7, Y0 2120,
= lh + lh = lh
Y = 5o+ S, Yo = 2

The normal form for 1:2 resonance can be achieved as follows

& ~1 1 & 0
[fz]_’[el(h,b ‘1+92(’_1»1)H§z]+[C(E,Z)§?+D(iz,i)§f§2 , (3.5)
where

- 1 1
C(h, ) = gxhyo + tho + Ehzohn,

- 1 5 5 5 1
D(h, ) = Egzohu + thohu + Egzohm + Ehzogu + h3y + Eh%l + 385

Based on the results given in [23-26], We have the following theorem which gives parametric
conditions at 1:2 resonance point.

Theorem 3.1. Assume that C(h, 1) # 0 and D(h, A) + 3C(h, 1) # 0. Then model (1.4) undergoes a
1:2 strong resonance bifurcation at E£; when parameters vary in a small neighbourhood of F,. If we
further assume C(h, 1) < 0 (resp., C(h, A) > 0), then E| is a saddle (resp., elliptic). D(h, A) + 3C(h, 2)
determines the bifurcation scenarios near the 1:2 point. Moreover, model (1.4) has the following
bifurcation behaviors:

(I) There is a pitchfork bifurcation curve PF = {(6,,6,) : 6; = 0}, and there exists nontrivial fixed
point for 6, < 0;

(IT) There is a non-degenerate Neimark-Sacker bifurcation curve H = {(6;,6,) : 8, = —6, + O((|6,| +
16-1)%), 61 < 0};

(IIT) There is a heteroclinic bifurcation curve HL = {(0,,6,) : 6, = —%62 +0((16:] + 162)%), 6, < 0}.

3.2. 1:3 strong resonance at E;

Based on the analysis given in Section 2, we take parameters (A, d, r, h, A) from F,;. We can also
transform E; into the origin and expand the model as the same as system (3.1). The Jacobian matrix at
E| is shown as
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7 3\ 1- ild — 71;ly1 —7z/~lx1
J(h,A) = [ Wiy, 1 :
J has two eigenvalues 4;, = _1%@‘ We can easily derive the corresponding eigenvalues g(h, 1) €

€2, and the adjoint eigenvector p(h, 1) € C? as follows:

oy l~1/~1x1 AT 32;17\51
Q(h’/l) - 3—2\/51' _ ild _ 71;1)71 ’ P(h’ /l) - _ﬁ
3

For any vector Z = (u, v)T € R?, which can be represented in the form Z = zq + Zg, we can make
the system (3.1) written in the following complex form:

\/gl -1 gjk i—k
zZ— 2 Z+ Z WZ]Z , (36)

2<j+k<3

where

g20:2712/~12x1(3_2\/§l—ﬁd—ﬁ;lyl)(3+2\/§l—ﬁd—ﬁ;lyl—ﬁ;lxl),
ey (34 V3 . o \(3+ V3 - -
gozzzhzﬂxl( +2‘/_’—hd—myl)( +2\/_l—hd—h/ly1—h/lx1),

3+ V3i
2

g = (3 - 2ha - 280) (2 - ha - Ry - mxl).

In order to eliminate some quadratic terms, we introduce the following transformation
1 2 — l -2
Z=w+ Ehzow + huWW + Ehozw , (37)

where hj with j + k = 2 will be determined later. Under the transformation (3.7) and its inverse
transformation, model (3.6) can be transformed as

ol
w— 4w+ Z _—kafwk, (3.8)
: Jlk!
2<j+k<3
where
020 = Adihy + 820 — /ﬁhzo, o = Ahy + 811 — |/11|2h11,
030 = 3(1 = A1)gaohao + 3g11hoy + 3(4 = ADh3, + 3(A4 — |4 hihoe
= 318021, oo = Athoy + go2 — Ahoos

o1 = 2gnhn + giihao + 2820k + goahoy + 245(A; — Dhaghyy — 22,811hao
- /_11820h11 + 2|/11|2(/11 - 1)|hu|2 =24 h;8gn + |/11|2(/11 — Dhy1hyo
— 118o2hoa + 11 (A7 — A)lheal,
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012 = 2g1hn + guihao + 280011 + ga0hoy + A1 (A7 — A))haoh

02 — A1820h11

— 21800h20 — 21811 h11 + 2L 124 = DAY, + |44 = Dhyyha

+ 2/_1%(/11 — Dhoohyy = 24,811h0a,

003 = 3g11hoy + 3802ha0 + 3(4 — |4 hiihor — 341802kt — 31820002
- _ V3i-1
+ 3234, — Dhoahao, A = T
Take % %
3i 3+ V3i
hyy = — 8 hy = g S ho = 0.
To further annihilate some cubic terms, we take the transformation
—§+1h §3+1h g§2+1h §2$+1h & (3.9)
w = g/ko 2 S 6103 - .
Using (3.9) and its inverse transformation, we can obtain
V3i-1, 1 Fie -
_ I sjEk
&— > §+2802§+ Z '!k!ff’
2<j+k<3
where
V3i-3
r3p = 3 h3o + 0730, a1 = 031,
. 3i—3
rp = ‘/§Zh12 + 012, Toz = hoz + 003.
Let 3 \/_
3+ V3i 3i 3+ V3i
hso = 6 T30, hip = 70'12, 03 = 003, hy = 0.
Thus the normal form for 1:3 resonance is derived.
V3i-1 S .
N > &+ C(h, D& + D(h, DEEP + 0(E), (3.10)
where
O 1
C(h, 1) = 802
- 3+ 43 3— 3i
D(h, A) = 820811 + lgnl*.
6 6
Let

Ci(h, 1) =34,C(h, Q) = —%(\/gi + 1)C(h, D),

AIMS Mathematics
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Dy(h, A) = =3|C(h, D* + 33D(h, A) = =3|C(B,5)|* - %( V3i+ 1)D(h, D).

Applying the above results and the analyses in the references (see [23-26]), we obtain the following
theorem regarding the system (3.10).

Theorem 3.2. Assume that C;(h, ) # 0 and ReD;(h, 1) # 0. Then system (1.4) undergoes a 1:3
strong resonance bifurcation at E. ReD (A, D) # 0 determines the stability of the bifurcation invariant
closed curve. Moreover, model (1.4) admits a number of the following complex codimension—one
bifurcation curves:

(D) There is a non-degenerate Neimark-Sacker bifurcation at trivial fixed point P, of (3.10);

(IT) There is a saddle cycle of period three corresponding to saddle P,(k = 1, 2, 3) of (3.10);

(IIT) There is a homoclinic structure formed by the stable and unstable invariant manifolds of the
period three cycle intersecting transversally in an exponentially narrow parameter region.

3.3. 1:4 strong resonance at E;

In this Section, we analyze the 1:4 strong resonance with arbitrary parameters (A, d, r, i, 1) € Fs.
We can also transform E; into the origin and expand the model as the same as system (3.1). The
Jacobian matrix for (fz, A) at E; is

PR 1 —hd - hdy, —hix,
h,A) = PN .

From Section 2, we know that J has two eigenvalues 1,, = +i. We can obtain the corresponding

eigenvector g(h, 1) € C? and the adjoint eigenvector p(h, 1) € C? as following.

h L
q(il, ;l) — [ h/lxl ) ]’ p(il, ;l) — [ 2h/l¢l}’1 :|.
2

1 — hd — hdy, — i

For any vector Z = (u,v)! € R?, which can be represented in the form Z = zg + Zg, we can make the
system (3.1) written in the following complex form:

ioize y K, (3.11)

where

820 = 20 x, (1 — hd - fz;lyl - i) (1 — hd - iz/Alyl — hlx; + i) ,

gn = 20 x, (1 — hd - h;lyl + i)(l — hd - iz/Alyl — hlx; + i) ,
811 = Zﬁz;lle (1 - ild— il;lyl)(l - ild— il;lyl — il;lxl + l)

Similar as in Section 3.2, we can transform (3.11) into the following form by (3.7) and its inverse
transformation

w— iw+ Z Lﬁw-jwk. (3.12)
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Let
i—1 i+1 i+1
hoo = s hy = s hy = .
20 ) 820 11 5 811 02 ) 802

By (3.9) and its inverse transformation, (3.12) can be changed into

E—igr y. e,

2<j+k<3 T
where
r3o = 2ih3o + 0730, ry = 0,
rip = 2ihy + 01, ro3 = 003.
Take
I ]
hso = 3730, hiy = 7012 hoz = hyy = 0.

Thus we can get the normal form at 1:4 resonance point as

& = i& + C(h, VEER + D(h, DE + O(&), (3.13)
where
~oa 3i+ 1 l-i 5 i+l 5
C(h,A) = 7 Susw + 2 lg11] 1 lgoal”,
A i—1 1+1
D(h, 1) = - 250.
(h, ) 7808 1 8udw

Let Cy(h, A) = ~4iC(h, 2), Di(h, ) = ~4iD(h, 2). If D\(h, 2) # 0, we denote B(h, ) = 7.

Applying the above discussions and the results given in [23—26], we can obtain the following results.
Theorem 3.3. Assume that ReB(fz, A) # 0 and ImB(h, A1) # 0. Then map (1.4) has a 1:4 strong
resonance bifurcation at E|. B(iz, 1) determines the bifurcation scenarios near E,. Near the equilibrium
E, there exist two-parameter families of equilibria of order four bifurcation from E/, and one of them
is unstable, or attractive or repelling invariant circles, which depends on the choices of parameters A
and h. Moreover, there are many complex codimension—one bifurcation curves of map (3.13) in a
sufficiently small neighborhood of (h, Q).

(I) There is a Neimark-Sacker bifurcation curve at trivial fixed point Py of (3.13). Furthermore, if
A = —I, there is an invariant circle; if A = i, the invariant circle will disappear;

(IT) There are eight non-trivial fixed point S, Pi(k = 1, 2, 3, 4) if |B(fz, )| > 1. The eight non-
trivial fixed point appear or disappear in pairs via the fold bifurcation at the corresponding parameter
values;

(IIT) There are Neimark-Sacker bifurcations at Piy(k = 1, 2, 3, 4). Moreover, four small invariant
circles bifurcate from Pi(k = 1, 2, 3, 4), then disappear at homoclinic loop bifurcation curve.

AIMS Mathematics Volume 7, Issue 3, 3360-3378.
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4. Numerical simulations

In this section, we will give the bifurcation diagrams, largest Lyapunov exponents, phase portraits
and two-parameter space diagrams, in addition to confirming the results of our analysis, more behavior
is extracted from the model (1.4) by using numerical simulations. The bifurcation parameters are
considered in the following three cases, respectively:

Case (i): From Ry > 1 we find 0.23 < A < 1 if there is 1:2 strong resonance at E;. Let A = 1.2, d =
0.4, r = 0.24. Then h = 8.0594, A = 0.2647 and J(E) has eigenvalues p;» = —1. We get an unique
fixed point E,(2.4178,0.3639) and obtain C(h, 1) = —25.7506, D(h, A) + 3C(h, 1) = —0.8093. From
Theorem 3.1, we can obtain that the conditions for the 1:2 strong resonance are satisfied.

Figure 1 gives the phase portraits with different & varying in a neighborhood of h = 8.0594. We
can observe that an invariant curve bifurcates from E; causing by Neimark-Sacker bifurcation at 4 =
8.0594, 1 =0.2647.

0.3646 ! ! ! ! 0.374
0.372}
0.3644 -
0.37}
0.3642 1 0.368
0.366
> 0.364F T 1 -
P 0.364
0.3638 \ 4 0.362f
0361
0.3636 - )
0.358
0.3634 . . . . 0.356 . . . . . . . .
2.4165 2.417 2.4175 2.418 2.4185 2.419 2395 24 2405 241 2415 242 2425 243 2435 244
X X
(a) (b)
0.374 ! ! ! ! ! . . . 0.375
0.372}
0.37f 4 0.37}
0.368}
0.366 - 1 0.365
> 0.364 1 N
0.362} 1 0.36F
0.36
0.358} 1 0.355
0.356 -
0.354 . . . . . . . . 0.35 . . . . . .
2395 24 2405 241 2415 242 2425 243 2435 244 2.39 2.4 2.41 242 243 244 245 246
X X
(c) (d)

Figure 1. Phase portraits for various values of h. (a) h = 8.048, (b) h = 8.0594, (c) h = 8.06, (d)
h = 8.061.

Case (i1): Combining the theoretical analysis and numerical results, we find 0.21 < A < 0.55 if
there is 1:3 strong resonance at E;. Let A = 1.2, d = 0.4, r = 0.24. Then h = 5.2805, 1 = 0.303
and J has two eigenvalues p;, = ¢*31. We have an unique fixed point E;(2.1122,0.5549) and get
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Ci(h, 1) = —130.9 — 47.479i, ReD,(h,1) = —139.41. From Theorem 3.2, we obtain that E; is a 1:3
resonance point.

Figure 2(a) shows bifurcation diagram in (4, x), (h,y) space when h vary in a neighborhood of
h = 5.2805. The corresponding largest Lyapunov exponent is given in Figure 2(b), which is shown
to confirm the periodic motion and chaotic motion. Figure 2 shows that system (1.4) has chaotic
and periodic behaviors near 1:3 resonance point. Figure 2(b) shows that some Lyapunov exponents
are negative, which implies there exists stable fixed point or stable periodic window; the others are
positive, which means that there exists chaotic region.

05

Largest Lyapunov Exponent

MMWW

0 "

5 5.‘1 512 5.‘3 5.‘4 5.‘5 5.‘6 57 5 5.‘1 5‘.2 5‘.3 " 5.‘4 5‘.5 5‘.6 5.7
(a) (b)
Figure 2. (a) Bifurcation diagram of map (1.4). (b) The Largest Lyapunov Exponent.

The phase portraits which are associated with Figure 2 are depicted in Figure 3(a)-(h). We observe
that there exist period 3 orbit, quasiperiodic orbit, attracting 3—point cycle, chaos and three curves
caused by Neimark-Sacker bifurcation near 1:3 resonance point. In reality, the occurrence of invariant
curve also shows the coexistence of susceptibles and infectives. The phase diagrams in Figure 3 also
show how the system enters the chaos.

Case (ii1): Combining the theoretical analysis and numerical results, we find 0.013 < A4 < 0.037
if there is 1:4 strong resonance at Ey. Let A = 4, d = 0.15, r = 0.2. Then h = 9.1864, 1 = 0.019.
We get an unique fixed point E,(18.3727,3.5546), and obtain ReB(h, 1) = 0.2251 # 0, ImB(h, 1) =
—0.0037 # 0. By Theorem 3.3, it is easy to derive that E; is a 1:4 resonance point.

Figure 4 shows the bifurcation diagrams in (%, x) space and (h, y) space with varying / in range 9 <
h < 11.5. The phase portraits near E for different h are shown in Figure 5(a)—(f). From which, we can
observe invariant circle, Neimark-Sacker bifurcation curve, quasi-period orbits and attracting chaotic
set near 1:4 resonance point. This is entirely consistent with the results we obtained analytically.
Numerical results illustrate that the theoretical analyses are effective.
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Figure 3. Phase portraits for various values of A corresponding to Figure 2. (a) h = 5.2805, (b)
h=5.363,(c) h=5.422,(d) h =5.442, (e) h = 5.48, (f) h = 5.528, (g) h = 5.56, (h) h = 5.68.
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(b)

Figure 4. (a) Bifurcation diagram of map (1.4) in (A, x) space; (b) Bifurcation diagram of map (1.4) in
(h,y) space.

As we show, all our analytical predictions have excellent argument with the numerical results. And
the above numerical simulations revel the dynamical behaviors of model (1.4) from the one-parameter
bifurcation point of view. While chaos does not appear simply via a period doubling sequence. The
bifurcation sequence is much more complex. It is very difficult to study this sequence from the
one-parameter bifurcation point of view. Hence we imbed this one-parameter sequence into the
(h, )-parameter space. Figure 6 shows a group of typical scenario of the parameter plane (h, A1) for
model (1.4), while holding all other parameters constant: A = 1.2, d = 04, r = 0.24. Itis an
isoperiodic diagram obtained by discretizing the parameter interval in a grid of 1000 x 1000 points
equally spaced, which is generated numerically by using a method based on that described in [27-30].
For each point (A, 1), an orbit of initial condition (xo, yg) = (1.4222,0.9861) converges to a chaotic, or
to a quasiperiodic, or to a periodic attractor, or to an attractor at infinity (an unbounded attractor). If
the trajectory initialized in (xo, yo) converges to infinity, that is diverges, which is described by dark
green in Figure 6(a). As is well known, quasiperiodic solutions arise after a Neimark-Sacker
bifurcation, which is not easy to obtain by isoperiodic diagram. Thus, the quasiperiodic regions are
identified by Lyapunov phase diagram of Figure 6(b). Figure 6(b) represents Lyapunov phase,
colorbar is associated with the magnitude of the largest Lyapunov exponent. In fact, Figure 6(a)
and (b) are two complementary ways phase diagrams.

As shown in Figure 6, the periodic windows and the intermittent chaotic responses generate
alternately. These phase diagrams unfold the detailed dynamics characteristics of the model (1.4). In
this figure, it is obviously observable that periodic response alternates with chaotic response to
produce some fractal structures. Compared to the codimension one bifurcation diagram, Figure 6
contains more information.

There are many parameters having a deterministic effect on the transitions of attractors in epidemic
model. A natural question now is to ask, what relations of these parameters are? To this end, we
extend a number of phase diagrams of other parameter combinations shown in Figures 7 and 8, where
the color representations are as the same as Figure 6. There also exist chaotic regions embedded in
period areas. We can also explore the alternation of the periodic and chaotic motion with the parameter
changing.
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Figure 5. Phase portraits for various values of & corresponding to Figure 4. (a) h = 9.1864, (b)
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(b)

Figure 6. (a) Global view of the (&, 1) parameter-space for system (1.4), numbers indicate periods.

(b) Lyapunov phase diagram of parameter-space (4, 1), numbers show the magnitude of the largest
Lyapunov exponent.

3 3.2 3.4 3.6 3.8 4 15

' (@) (b)

Figure 7. (a) Phase diagram with (h,d) for A = 1.2, r = 0.24, 4 = 0.45, (b) The largest Lyapunov
exponent diagram.
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Figure 8. (a) Phase diagram with (h,r) for A = 1.2, d = 0.4, 1 = 0.45, (b) The largest Lyapunov
exponent diagram.
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5. Conclusions

This paper investigates codimension-two bifurcations associated with 1:2, 1:3 and 1:4 strong
resonances of a discrete-time SIR epidemic model. Our work can be seen as an extension of [20].
Although it is a simple discrete epidemic model, we find that there are many complex and abundant
dynamical behaviors. The main results are included in Theorems 3.1-3.3. There are actually three
types of codimension-two bifurcations including 1:2, 1:3 and 1:4 strong resonances. We realize that
parameters A and h have tremendous effect on the models equilibrium points. The numerical
simulations represented in Section 4 show that the discrete epidemic model has plentiful kinetic
characteristics. Good correlation between the numerical and theoretical results is found. Furthermore,
the dynamic characteristics of the model in two-dimensional parameter space are analyzed, and the
results show that we can more clearly and directly observe the chaotic phenomena, periodic
phenomena. The results obtained in this paper are interesting and useful and may be applied to a
variety of the life systems.
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