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Infectious diseases have constantly threatened human safety because the
diffusion of the susceptible and infected may make more individuals infected
and even die. In this paper, a modified SIR model with both external stimulus and
diffusion is considered to illustrate the dynamical mechanism of the periodic
outbreak and pattern formation. Firstly, we propose a modified SIR model based
on the propagation behaviour of infectious diseases to show the effects of the
different parameters and diffusion on the outbreak. The Hopf bifurcation and
multiscale methods are performed to analyze the stability of this model, which
explains the dynamical mechanism of the periodic outbreak. Then, the pattern
formation and Turing instability are discussed through comparison principles to
reveal the role of periodic disturbances and diffusion in selecting pattern
formation. Also, we find rich patterns that may occur when the frequency
modulation is close to the intrinsic frequency. Finally, our theoretical results
are verified by numerical simulation.
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1 Introduction

Infectious diseases have always been a threat to human safety because the diffusion of the
susceptible and the infected plays a vital role in spreading infectious diseases, which is hard to
get a perfect solution. And mathematical models have long been proposed to show the
evolution of infectious diseases [1-4]. The coronavirus outbreak has had an enormous
impact on the global economy. There was a global economic downturn and mass
unemployment. Many countries are already experiencing economic downturns due to
the COVID-19 pandemic. Many scholars made use of the existing data to model and
predict the development trend of the epidemic [5-7] and gave some suggestions on epidemic
control from the perspective of mathematics. Xiao et al. analyzed the piecewise incidence rate
in a SIR system to show the effect of threshold densities and control intensities on the
outbreak of infectious disease [8]. The equilibrium states were investigated based on a
Fourier analysis to show the dynamical mechanism of the seasonality of the disease in an
SEIR model with delay [9]. But some challenges in understanding the spread of infectious
diseases remain to be solved [10, 11]. An SIS model with delays is studied to show the effect of
an awareness program on disease control through local stability, bifurcation analysis, and
realistic simulations [12]. And the optimal control of a SIR model was proposed to study the
existence, global stability, and backward bifurcation of the equilibrium [13], which is very
important for the prevention of infectious diseases. Then an SVEIR was developed with the
temporary immunity period to predict the dynamical behaviors and the evolution of the
infectious diseases in the long run [14]. Zheng et al. constructed a network-organized SIR
model to show the effects of the network structured entropy and diffusion on the bifurcation
and Turing instability. They explained the dynamical mechanism of the periodic outbreak
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and endemic diseases through wavenumber [15], after that, the
influences of directed network [16], driving factors [17] and time-
delay network [18] on the pattern formation of epidemic model are
given. Pattern formation provides new insight into the spread of
infectious diseases, and relationships between pattern formation and
the region of infectious diseases were introduced in the SIR reaction-
diffusion model, which provided an optimal control method for the
epidemic [19]. But some work on the SIR model with constant
stimulation from other areas should be done further.

The study of system stability is a basic problem [20-22], and
using pattern is an essential means to study stability. Patterns are
a cluster phenomenon that could describe the distribution of the
species, which had been used in biology, chemistry, population,
etc. [23]. Turing first tried explaining the dynamical and
biological mechanisms of pattern formation in the reaction-
diffusion system [24]. Subsequently, much work about pattern
and its dynamical behavior had been done [25-29]. It is found
that the localized interactions (diffusion) could induce the
through self-
organization, which is beneficial to explain the mechanism of

spatial ~patterns in ecosystems spatial
regular pattern formation [30]. And a general delay was
considered to show the stability of a reaction-diffusion
[31]. Then

studies showed that Turing instability was easier to occur in a

population model through Hopf bifurcation

stochastic activator-inhibitor system than the classic Turing
system [32]. Turing instability generally occurs when the
activator and inhibitor diffusion coefficients are sufficiently
different, which is not physical in some systems. Haas and
Goldstein found that Turing instability was more likely to
happen and physical when the diffusing species increases
[33]. Galbraith et al. showed that stochastic fluctuations could
induce the switching between ordered and disordered patterns
[34]. But how the external disturbance affects the pattern
formation through the occurrence of Turing instability is still
being explored.

The spread of infectious diseases is often disturbed by an
external stimulus (diffusion, environmental factor, external
input, vaccine, etc.), which may induce nonconstant
parameters. The differences between external stimulus and
prevention strategies could lead to the different distribution
of infectious diseases in some areas. Meanwhile, the periodic
behaviors and diffusion of the epidemic have always been an
important feature of infectious diseases and are still in the
research stage. To further study the effect of external stimulus
and prevention strategies on the spread of the epidemic in
different areas, we investigate the stability of a modified SIR
model through multiscale methods and comparison principles.
Firstly, a modified SIR model is proposed based on the actual
situation, which could describe the periodic outbreak of
infectious diseases through Hopf bifurcation. Then the form
of bifurcation is analyzed and derived by multiscale methods to
explain the function of parameters in the periodic behaviors.
Also, the condition of Turing instability is given through
of the

disturbance parameters and diffusion coefficients in selecting

comparison principles, which verifies the role

pattern formation. Finally, numerical simulations are performed
to prove our theoretical results.
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2 The modified SIR model and its
stability

Infectious diseases seriously threaten human health, which can’t
even be eliminated. Therefore, we have to consider the individuals’
coexistence and the epidemic. Meanwhile, the importation of the
infected will become the norm if the mortality stays lower. But the
epidemic will still affect individuals’ everyday life. Therefore, we
have to consider the effect of the imported on the SIR model based
on the existing model [1-4],

ds

g = bl - sz - b3SIZ - GS,
E=b28+b3812—b41—b51, (1)
dR

E = b4I - bSR,

where b, is the birth of the susceptible, b,S represents the infected
induced by the imported (or the natural source), b;SI” is the infected
influenced by the local cases, by is the recovery, 0 is the natural
mortality rate, bs is the mortality rate caused by infectious diseases
and associated sequelae. Also, b; >0 (i = 1, ..., 5) and system (1)
goes back to the most primitive version of SIR model [1-3] when
b, = 0 holds.

In general, the mortality of the susceptible 6 is very low in
comparison with the birth rate of the susceptible [35], which can be
negligible compared to the overall population. Hence, we investigate
the following system in this paper.

g = bl - sz - ngIz,
dal )
a = bzs + b3SI - b4I - bsI, (2)
dR
E = b41 - b5R,

where the only equilibrium point is

. by (bs + bs)* . _ b R = b,b,
T blby+by(by+bs)” batbs T (by+bs)bs

For convenience, system (1) can be reducible to system (3)
because “G'l—f = byl — bsR does not work in the stability of system (3).

é = b1 - bzs - b3SIz,

dt (3)
dl

E = bzs + b3SIZ - b4I - b51,

and the Jacobian matrix of system (3) at (S*, I¥) is

J() = [an 012:|,

az ax
where
b’b
= b by = N
an 3 2 (b42+ bs)z 2
-2b," (by + bs)b
alzz—ZS*I*b3: : 1 (4+ 5) 32’
by"bs + by (by + bs)
i = bl by = D0y
21 3 2 (s + b5)2 25
2b,’ (by + bs)bs

a :ZS*I*bg,—bzl—bs = b4_b5:

b2bs + by (by + bs)>
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and the characteristic equation is
E-T ()| =1+ a(mA+B(v) =0,

where v (v is one of by, by, bs, by + bs) can be treated as the control

parameter,
2 2 2
a(v) = zbl bs(b4+b5)2+ b,"bs _+ by + by +bs,
blz by + b, (by+bs)”  (bs+bs)
_ b’b
B = by + bs + b, (by + bs).

It is easy to know that a(v) = 0 and B(v.) > 0 cause the
occurrence of Hopf bifurcation [36]; Yang [37]. Meanwhile, the
frequency value is g, = +/B(v). The critical value by;, by, of b is

(b + bs)\j2b3<b4 +bs =26 = (b + b = 80y (b + b))

bll = 2b3 >

(b + bs)\/2b3(b4 b5 =26, (b + 55 = 80 (b +55) )

blZ = .
2b3

The critical value b, of b, is

2b1%bs — (by + bs)? + \[8by%bs (b + bs)’ + (b + be)°
21 = >

2(by + bs)2

The critical value bs;, bs, of b is

(bs =262+ by = (0 + 0" = 86 (b +b) ) (b + b’

by = :
. 2b,°

(b4 ~ 2B, + by +(by + b5)* ~ 8, (b, +b5))(b4 +bs)

b32 = 7] .
2b1

The critical value of b, + bs meets
b, Z° + Z*'by” — b,*Z%bs + 2 Z%b,"bybs + by *bs” = 0,

where Z = b, + bs.

dau
a3 = MU+ NQ), (4)
t
where
U= (D",
and
. bbb (by+bs)’T* 2b5SIb,
S by (bt by B+ b
N(U) = L 2 4 ) 5 4 5
bsSI® + bsby (by +bs)°I 2 b;S1b,

by2bs + by (bs + bs)’ | bs + bs

As an example, we take b, (namely, v = b,) as the control
parameter to derive the normal form through the multiscale
method, and assume

d 2 9 ,0

ar~ Hear, T far, T E
b, —by = bzz£+b23€2 +,
U:€U1 +€2U2+ ey,

(5)

where
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U, =<; ) (i=1,2).

Substituting (5) into (4), we divide them by the series for ¢, and

obtain
O(e) : iE—](b)U—O
: AucaTO 21 1=Y
d
O(SZ) : (/"CTTOE - ](b21)>U2 = (6)
e]
O(SS) : (#CTTOE - ](b21)>U3 =(s,
where
oU,
=-b Ls U, - Ns S0
92 22LeaUl 2t aT,
oUu, oU
qs = _bZZleUZ - b23leU1 - bingzUl - Ngg, + a_Tzl + a—Tf,

[, 2b,°bs (by + bs)’

(bsby® + by, (by + bs)?)*
—2b,%bs (by + bs)’

(bsby® + by, (by + bs)?)’

'0 —2b,%bs (by + bs)°

(1731912 + by (by + bs)z)3

2b,%bs (by + bs)°
[ (baby? + bay (by + b5)?)

N, = —Ne21)’§ - Nezle)/l
€ NeZIy% + Nepxiyr )

bibs (by + b5)2
NeZl = 2 27 2
(bs +bs) by +b,7b;
2b1h3
Ne = >
2" by + b

N = —Ne31)/1}/2 - stleyz - Nezzxzyl - baxlyf
e Neiy1ys + Nepx1Y2 + NeppXo ¥y + bsxlyf ’
_ 2 blbs)’lJ’Z (by + b5)2
e3l — .
(by + b5)2b21 + b12l73

The general solution of the series for & can be read

U, = ( X ) = A( “ )eiT +c.c., (7)
1 V1

_ Ki=an
- b

= and

where u; = 1,1,
5 )
X2 = |Auy|* + A%Pe™ + e,

¥ = |An|* + A2V e + e,
1 2 — P 2 i2T
1 == .C.
X1y = 2|A| (i vy + ) + Auyve™ +cc

The adjoint matrix of J (by;) is

T (b21) = < au @ >eiT +c.c.

ap axp

Based on (yC%E = J*(by))ut =0,

frontiersin.org
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u+

u o
( )e’T +c.c.,
u

(a(T),b(T) = [a* (T)b(T)dT,

)=

+
1
+
2

_ Mi-an

where uf = 1,vf =
1 1 an

>

U
u',=bypLaUy — Ng + 8_T11)

Because (sin (nx), cos (nx)) is an orthogonal set, (4", N,) = 0,

aa—ﬁ:—bzz (u],v])Le1 (11, v1)A. Meanwhile, the amplitude A is
bounded, which means aa—ﬁ:—bzz (uf, V)L (11, v1)A = 0,

namely, aa% =-by, =0,

() (2) () e

Substituting U;, U, into O (&%), we solve

X2

V2

Up
Vo

[25)
V2

d
<‘ucaiT0E - ](bzl))Uz = Ng,
and obtain

Uy = P1|A|2,Vo = p2|A|2,u2 = PsAz,Vz = P4A2, 9)

where

_ (a2 +axn) (NeZZ (v +wvy) +2 Ne21|V1|2)
L=
2a11ay —2a1pa ’

(an +ax) (Nezz (urvy + uyvy) + 2 Ne21|V1|2)

b= 2anay - 2apay ’

"N (2 (Neaivi + Nty )i — (a2 + a2) (Neavi + Nepti))
b= 2 (an +an)i—anay +apa +4 ’
pe = V1 (2 (Newvi + Nepptir )i = (an + a21) (Nearvi + Nepoths )

2 (an +axn)i—anaxn +apay +4

Substituting (7) and (9) into (8), and (1", g3) = 0, we obtain

J0A
(ML u;) (u1, Vl)T_ ~by (UL u;)Lel (u1, Vl)TA
oT,
~(u,u3) (=N, N)'1APA = 0,
where
N, =P2_”1N522+Ne22@1+U_1Ne22P4+N_e221'—71V1 .
+P1Nep Vi + Nepp Vips + paviNesi + PaviNesy + Neay Vipy

+2 V_1b3M1V1 + u_lbg,Vl .

We can further rewrite it as

0A
i by A+ ByAPA,
where
B, = (u, u) Ly (1, m)" B, - (uf,u3) (=N, N)"
! (MI,UE) (ul)vl)T g (uf>u§)(u1>V1)T
Assume C = €A,

oC

3T (by = by)B,C + ﬁ2|C|2C,

Suppose C = re®,
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_dr = (b, —by)Re(B,)r + Re (ﬁz)”3>

aT

ds (10)
T (by = bu)Im(B,) + Im ()%,

where Re (1) > 0 means supercritical bifurcation occurs; Re (;) <0
means subcritical bifurcation occurs. Also, the above derivation
process and conclusion apply to by, bs, by + bs.

3 The modified SIR model with both
periodic perturbation and diffusion

In this section, we consider the effect of the periodic
perturbation and diffusion on pattern formation and Turing
instability. The corresponding system is rewritten as

g: b, - bz(l + )/COS(Z([JC - ¢)t))s _ b3SIZ +d1VZS,

al , 2

e by (1 +ycos(2(u, — ¢)t))S + bsSI* — byl — bsI + d,V°I,
(11)

where y is the perturbation amplitude, ¢ is the frequency
modulation.
by (by + bs)* I b
= S I = .
b1’bs + b, (1 + ycos(2(u, — ¢)t)) (by + bs)’ by + bs

S+

We perform a general perturbation [38, 39] of (11)
U=¢eV +Usx,

where 0 < e < 1,V = (21,25)7, Ux = (S+,I+)T, and the term of O(¢)
reads

d_V—]V
ar - e
where
]k — ]11 - dlkz ]12
]21 ]22_de2 ’

Ju = =bsI¥ = by, 1, = =2 SxIxbs, ] = b1 + by,
J22 = 28%I+b; — by — bs,
VAV = -V

Namely, the linearized dynamics of system (11) is

2
Dz, = Juzi + Juz2 —dik’zy,

12
Dz, = Jnzi + Jnz, - dzkzzz» (12)

where D = %.
From (12), Dz, z; and Dz,, z, can be represented as

_ K'zydidy - K (22 (Juda + J2di) = Dzo di) + 2, JuJ22 = JiaJ1) = Dz2 Ju

Dz
‘ T
e dy)k*zy — Jnz2 + Dzy
‘ Joi ’
Dz, = K'zi didy = K (21 (Jnda + J2di) - Dzidy) + 20 (JuJz2 = Ji2Ja1) = D21 I
’ Ti2 ’
d\K*z, - J11z; + Dz,
=
IIZ
(13)
04 frontiersin.org
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FIGURE 1

The stability and bifurcation diagram about by when b,= 0.1, b3=1, b4=1, bs=0.1. (A) The bifurcation diagram about b, (b1;=0.444 is the supercritical
Hopf bifurcation point, b;,=0.944 is the subcritical Hopf bifurcation point). (B) System (1) is stable when b;=0.4< b,;. (C) System (1) is periodic when by;<
b;=0.5< by,. (D) System (1) is stable when b;=0.4> b,.

A5 : : ‘ B25
—Ss

4+ 2

3 15

M

S
PEPCTEECCIC e e e ey

‘ ‘ 0
0 005 01 015 02 O 0 100 150 200
> t

FIGURE 2
The stability and bifurcation diagram about b, when by=1, bs=1, b4=1, bs=0.1. (A) The bifurcation diagram about b, (b,;=0.08 is the subcritical Hopf
bifurcation point). (B) System (1) is periodic when b,=0.05< by;.

We take the derivative of both sides of Eq. 12 when y = 0, and According to the comparison principle [38, 39], Turing
obtain instability occurs when a T (k*) < 0 holds.

T(kz) = k4d1d2 -k Undy +Jndy) + JiJaz = JuJ12 <0, (16)
DZZI - ]llDZI - IIZDZZ +d1k2DZI =0,

D%z, — ]2 Dz, — J;2Dz, + dyk*Dz, = 0. (19)  \here the conditions of Turing instability in (16) bring into
correspondence with the literatureOuyang [23].
Substituting (13) into (14), one has The critical value is
&= Juda + Jpd
Dzzl + ((dl + dz)kz -Ju- ]22)Dzl ‘ 2dd,
+(k4d1d2—kz(]ndz+]22d1)+]11]22—121]12)21 =0, o . N
Dz, + ((dy + dy)K* = J11 — J22) Dz, where Turing instability may occur when T (k) <0.
+(k*‘dydy =K (Juda + Jad)) + JuJaa = JuJ12)z2 = 0. (15) We take the derivative of both sides of Eq. 12 when y # 0, and obtain
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FIGURE 3

The stability and bifurcation diagram about bz when b;=1, b,=0.1, b4=1, bs=0.1. (A) The bifurcation diagram about b3 (b3;=0.197 is the supercritical
Hopf bifurcation point, b3,=0.892 is the subcritical Hopf bifurcation point). (B) System (1) is stable when bz=0.1< bs,. (C) System (1) is periodic when bz;<
bs=0.5< bs,. (D) The amplitude of the infected about by, bs.

A25 : : : : B 4 ‘ : C 6 : :
—s ) —s
2 3 — v"v — 7
15 4
- )
2
0.5 1
0 0 VW 0\,
0 1 2 3 4 0 100 200 300 0 100 200 300
b4+b5 t t

0.05 0.1 015 0.2

b,

FIGURE 4

The stability and bifurcation diagram about b4+ bs when b;=1, b,=0.1, bs=1. (A) The bifurcation diagram about b4+ bs (1.135 is the supercritical Hopf
bifurcation point, 2.938 is the subcritical Hopf bifurcation point). (B) System (1) is periodic when 1.135< bs+ bs=2<2.938. (C) System (1) is stable when b+
bs=3<2.938. (D) The amplitude of the infected about by, bs+ bs.
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100

The stability and pattern formation when by=1, b,=0.1, b3=1, b4=1, bs=0.1. (A) The dispersion equation T (k?) with k. (B) The pattern formation when
d;=0.5, d>=0.1. (C) The pattern formation when d;=1, d>=0.1. (D) The pattern formation when d;=2, d,=0.1

Dzzl —JuDz, = D]z, — J12Dz; — D] 52, + dlkZDzl =0,

17
D222 = JaDz, = D]z, — J22Dzy — D]z, + dszDzz =0, (7)

where
D]y =byy (—2p, +2¢)sin(2¢t -2 p.t),

bsby” (bs +b5)’y by (241, +2§)sin (2¢ (—p, + ¢))
(yby (by +bs) cos (2t (—p, + ¢)) + (by +b5)by + b12b3)2’

D]y = -byy (=2p, +2¢)sin(2¢t —2ut),

bi*bs (bs +b3)'y b (24, + 2 @)sin (2t (- + ¢))
(ybz (b4 + bs)z COS(2 t(_#c + ¢)) + (b4 + bs)zbz + b12b3)2.

Dj,=-2

Dj»n=2

Substituting (13) into (17) when Ji,/5; # 0, one has

Dzzl + ((dl + dz)k2 “Ju-Jn- D]]n

)Dz1 +T,(k*)z, =0,

12

D
D%z, + ((d1 +do)k =T =T - ]]“ )Dz2 +T,(k*)z, = 0,
21
(18)
where
DJ,dik* D

T, (K) = k'did, - K> (Juds + Jody) + JuJaz = Ji2Ju = DI — ]1}2 = ]]‘2]“,

12 12

Djyk*d, D
T, (kz) = k'dyd, - I (Judy + Jndy) + J1J 2 = Ji2J o1 — ]211 24 %— DJ,,.
21 21

According to the comparison principle [38, 39], Turing
instability may occur when T; (k%) < 0 or T, (k*) < 0 holds. And
suppose

T (t,k%) = min{T, (k*), T, (k*)}.
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4 Results and discussion

Based on theoretical results, we choose b; = 1, b, = 0.1, b; = 1,
by =1, bs = 0.1 as the default value in this paper. With the changing
of parameters, the modified SIR model (1) presents the periodic
behaviors, and the reaction-diffusion system (11) offers more
complex patterns. In this section, we mainly show the effects of
the parameters, diffusion coefficients, and periodic perturbation on
stability and pattern formation. The initial conditions (S (0), I (0))
are the stochastic disturbance of the equilibrium point. The finite
difference method is applied in our simulation.

S(t+1) =S(t) + (by — b,S(t) - b;S (I (t)*)dt,

I(t+1) = I(t) + (b,S(t) + bSO (1) = byI () — bsI (t))dL, (19)

where the amplitude is max{I(f)} — min{I(#)} and dt = 0.1 is
time step.

4.1 The endemic and periodic outbreak

Although infectious diseases are a severe threat to humans, we
can’t eliminate them (SARS, Aids, etc.). The endemic or periodic
outbreak usually happens unless everyone is immune to the virus
(Variola virus). The presence of susceptible individuals is
fundamental to the spread of infectious diseases and could make
the infected continue to increase [Figure 1A]. Of course, endemic
and periodic outbreaks can happen. When the susceptibility rate is
relatively low, the endemic occurs [Figure 1B]. But the percentage of
people infected would be inadequate, so the herd immunity strategy
can be considered in this case. When the susceptibility rate becomes
more prominent, the periodic outbreak of infectious diseases
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The dispersion equation and pattern formation when b;=1, b,=0.1, bs=1, b4=1, bs=0.1, d1=0.7, d>=0.1. (A) The dispersion equation T(t) about k* and t
(min (T (t, k))=0.0151>0) when ¢ =1.1, u. =1, y =0.1. (B) The pattern formation when ¢ =1.1, i =1, y =0.1. (C) The dispersion equation T,(t) about k? and t
(min (T, (t)=-1.3945<0) when ¢ =11, u. =1, y =1.5. (D) The pattern formation when ¢ =11, . =1, y =1.5.
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FIGURE 7
The dispersion equation and pattern formation when b;=1, b,=0.1, b3=1, b,=1, bs=0.1, d;=0.7, d>=0.1. (A) The dispersion equation T,(t) about k? and t
(min (Tk()=-2.1698<0) when ¢ =1.1, u =1, y =2. (B) The pattern formation when ¢ =1.1, u. =1, y =2. (C) The dispersion equation T,(t) about k? and t (min
(T()=-2.3955<0) when ¢ =14, L. =1, y =2. (D) The pattern formation when ¢ =1.4, . =1, y =2.
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happens [Figure 1C], which may be like a seasonal cold. Also, the
periodic outbreak can be treated as the recurrence of infectious
diseases (like COVID-19), and some measures should be taken to
contain the damage. After the occasional outbreak, there will be
severe endemic diseases when the susceptibility becomes more and
more [Figure 1D], which also means the early vaccination strategy is
essential for prevention.

The external environment (the imported, physical factor,
human factor, viral properties, etc.) dramatically influences the
transmission behavior of infectious diseases. Seasonal changes
mainly affect the periodic behavior of influenza. When the
external environment has little effect on the diffusion of
infectious diseases, infectious diseases will vary with the external
environment rather than cause a lot of severe consequences. When
the external environment is dominant, the endemic occurs
[Figure 2A], which is difficult to avoid. And the modified SIR
model presents the periodic outbreak [Figure 2B] when b, is
relatively tiny.

Infectivity is an inherent characteristic of infectious diseases,
and the transmission behavior is determined by external
conditions (the susceptibility rate, the recovery rate, etc.).
Although infectious diseases are highly contagious, they will
rapidly disappear when the susceptibility rate is lower, and the
recovery rate is higher. Therefore, the infectious rate does not
affect the equilibrium point [Figure 3A], but the stability will
vary with bs [Figures 3B,C]. From Figure 3D, the endemic occurs
when the amplitude tends to zero, and the periodic outbreak
occurs when the amplitude is not zero. Also, the dynamic
behaviors of infectious diseases are the results of multiple

Frontiers in Physics

factors; maybe one or more factors determine the trend of
infectious diseases [Figure 3D].

Finally, we consider the role of the recovery and death rates
by + bs. From Figure 4, the effect of the recovery and death rates
is the same. But the recovery rate increase is always treated as the
ideal method to prevent the spreading of infectious diseases. A
lot of infected individuals will exist when the recovery rate is
lower and lead to endemic diseases [Figure 4A]. With the
increase of the recovery rate, some of those infected will
induce the periodic outbreak [Figure 4B]. Eventually, the
impact of infectious diseases will be less and less [Figure 4C],
even disappear. There’s no denying that the combination of b,,
bs expands the range of parameters for periodic behavior
[Figure 4D]. If the model is given and the parameters b;, i =
1, 2, 3, 4, 5 are measured, the critical value of the bifurcation can
be obtained. And then periodic outbreak phenomenon can be
forecast through the bifurcation. Further, the purposeful human
intervention can be done before the disease develops into
periodic outbreaks in practice. Based on these numerical
analyses, the external environment b, plays a vital role in the
generation of the periodic outbreak, which makes up for the
shortcomings of the classical SIR model.

4.2 The pattern formation induced by
diffusion

Diffusion is a common phenomenon in the spread of infectious
diseases. Initially, the epidemic may occur in one city and further
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spread to other areas. This diffusion process plays an important role
in the outbreak of infectious diseases. This section considers the
effect of diffusion and periodic perturbation on pattern selection. It
is well known that the necessary condition of Turing instability is T'
(k*) < 0. From Figure 5A, the minimum of T (k®) < 0 gets smaller and
smaller as the diffusion parameter d; increases. If T (k%) > 0 holds for
every k, system (11) is stable [Figure 5B]. When a k could make T
(k*) < 0, Turing instability occurs [Figures 5C,D]. Meanwhile, the
diffusion may lead to a different pattern selection [Figures 5C,D],
which is also consistent with the dynamic behavior of infectious
diseases.

Consider the pattern formation induced by the periodic
perturbation and diffusion. Some parameters vary over time in a
periodically perturbed system, which may lead to more complex
dynamics through the sign of T (t, k*)[Figure 6, Figure 7, Figure 8].
If T (t k) > 0 always holds [Figure 6A], the corresponding pattern
formation is uniform [Figure 6B]. If the disturbance amplitude makes a
T (t, k*) < 0 hold [Figure 6C], Turing instability, stripe and spot pattern
can occur [Figure 6D]. Especially y = 2 [Figure 7A], the maze pattern
occurs [Figure 7B]. Namely, the disturbance amplitude could make the
distribution of infectious diseases reorganize, and the prevalence varies in
different regions. If ¢ = 0.5 [Figure 7C], the corresponding pattern
formation will become uniform again [Figure 7D], which means ¢ play a
vital role in the pattern selection. Also, if we change y. from 0.1 to
0.4 [Figure 8A], the maze pattern occurs again [Figure 8B]. If we change
¢ from 0.5 to 0.45 [Figure 8C], the stripe and spot pattern coexist
[Figure 8D]. From Figure 6 to Figure 8, we find that the pattern
formation results from the combined interaction of ¢, p, and y. So
the periodic perturbation and diffusion could further explain why the
distribution of infectious diseases varies in different regions. Meanwhile,
under external factors, infectious diseases are more likely to break out
periodically.

5 Conclusion

External stimulus and diffusion are vital in spreading infectious
diseases, especially the periodic outbreak at the beginning. Still, the
periodic behaviors can’t be described in the classical SIR model. To
further study the effect of external stimulus and prevention strategies on
the spread of the epidemic in different areas, we investigate the stability of
a modified SIR model through multiscale methods and comparison
principles. Firstly, a modified SIR model is proposed to describe the
periodic outbreak of infectious diseases through Hopf bifurcation. The
form of bifurcation is analyzed and derived by multiscale methods to
explain the function of parameters in periodic behaviors. Then the
condition of Turing instability is given through comparison principles,
which verifies the role of the disturbance parameters and diffusion
coefficients in selecting pattern formation. Also, we find rich patterns
that may occur when the frequency modulation is close to the intrinsic
frequency. The external environment plays a vital role in the generation
of the periodic outbreak, which makes up for the shortcomings of the
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