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Hopf bifurcation in an age-structured SIR epidemic model

Toshikazu Kuniya?®

%Graduate School of System Informatics, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan

Abstract

In this paper, we study the occurrence of a sustained periodic solution via the Hopf bifurcation in an
age-structured SIR epidemic model. Under the assumption that the transmission rate depends on the age
of infective individuals and the product of the transmission rate and the population age distribution is
concentrated in a specific age, we reformulate the model into an integral equation of Fredholm type. We
then define the basic reproduction number Ry and show that the unique positive endemic equilibrium of
the integral equation exists if and only if Ry > 1. We derive a characteristic equation for the endemic
equilibrium, and regarding the specific age as a bifurcation parameter, we obtain a sufficient condition for
the occurrence of the Hopf bifurcation. Finally, we provide a numerical example that supports our theoretical
result.
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1. Introduction

SIR epidemic models are known as one of the most basic epidemic models in which total population is
divided into three classes called susceptible, infective and recovered. Since the first work [1] by Kermack
and McKendrick in 1927, many authors have developed the theory of SIR epidemic models with various
structures such as time-delay structure [2], multigroup structure [3] and age structure [4].

The basic reproduction number Ry is known as one of the key concepts in the theory of epidemic models,
which represents the expected number of secondary cases produced by a typical infective individual during
its entire period of infectiousness in a fully susceptible population [5]. For an SIR epidemic model in a simple
form of ordinary differential equations, Rg determines the complete global dynamics of the solution, that is,
if Ry < 1, then the disease-free equilibrium with no infective population is globally asymptotically stable,
whereas if Rg > 1, then the endemic equilibrium with positive infective population is so [6, Section 5.5.2].

In contrast, this is not the case for a class of age-structured SIR epidemic models in forms of partial
differential equations. For an age-structured SIR epidemic model, the global asymptotic stability of the
disease-free equilibrium for Ry < 1 has been proved [4], however, the stability of the endemic equilibrium
for Ryp > 1 has been proved in some restricted special cases [4, 7, 8], and the instability of the endemic
equilibrium for Ry > 1 has also been proved in some other cases [9-12]. Omne of the most important
questions in the cases of unstable endemic equilibria for Rg > 1 is whether a sustained periodic solution can
arise via the Hopf bifurcation since such a solution can be responsible for the biennial outbreaks of diseases
such as measles [9]. The purpose of this study is to obtain a new sufficient condition for the Hopf bifurcation
in an age-structured SIR epidemic model.

The organization of this paper is as follows. In Section 2, we formulate an age-structured SIR epidemic
model. Based on [9], we assume that the transmission rate depends only on the age of infective individuals
and the product of the transmission rate and the population age distribution is concentrated in a specific
age a* in the sense of the Dirac delta function. We then reformulate the model into an integral equation of
infective population with age a*. In Section 3, we define the basic reproduction number Ry and show that
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the unique endemic equilibrium exists if Ry > 1. We then derive a characteristic equation for the stability
analysis of the endemic equilibrium. By regarding a* as a bifurcation parameter and applying a method
for delay differential systems in [13], we obtain a sufficient condition for the Hopf bifurcation. Finally, in
Section 4, we provide a numerical example that supports our theoretical result.

2. Model

As in [9], we focus on the following normalized SIR epidemic model with age structure.

o 9 oo i

(5 + 50 ) st = =stta) [ @ @itt.a)da £>0, a>0,

(8 + 8) i(t,a) = s(t,a) /+OO k(a)p*(a)i(t,a)da — ~i(t,a), t>0, a>0
at aa ) - b 0 p b ry ) ) ) b (2'1)
0 0 .

(825 + 8@) r(t,a) = ~i(t, a), t>0, a>0,

S(t,O) =1, i(tvo) = T(t,O) =0, t>0,

where s(t,a), i(t,a) and r(t,a) denote the fractions of susceptible, infective and recovered individuals of
age a at time ¢, respectively. x(-) denotes the transmission rate, p*(-) denotes the stable population age
distribution and v > 0 denotes the recovery rate. In [9], it was shown that the endemic equilibrium can
loose its stability if x(a)p*(a) is sufficiently concentrated in one particular age in the sense of the Dirac delta
function. However, any specific parameter regions for the instability of the endemic equilibrium and the
occurrence of the Hopf bifurcation were not obtained in [9]. In this study, motivated by [9], we make the
following assumption.

(A1) There exist a* > 0 and 8 > 0 such that x(a)be™ Jo #(@)47 = 55(q—a*) for all @ > 0, where §(-) denotes
the Dirac delta function.

Under assumption (A1), model (2.1) can be rewritten as follows.

<68t + aaa) s(t,a) = —Bs(t,a)i(t,a*), t>0, a>0,

<3 n 5) i(t,a) = Bs(t, a)i(t,a*) — vi(t,a), t>0, a>0, (2.2)
ot 0Oa

s(t,0) =1, i(t,0) =0, t>0.

By integration along the characteristic line, we obtain s(t,a) = e=# Jo ilt=atpa)dp t _ 4 5 0 and

i(t,a) :ﬂ/ e =gt —a+0,0)i(t —a+o0,a*)do = 6/ e (a=0) =B [ iltmatpa)dojt o 4 5 ¢*)do
0 0

a a
=B [ e e Pl iltmatra )i 2 gMydr =B [ e e AT e Ay 1 0*Ydr t—a > 0.
0 0

Let Y (t) :=i(t,a*). We then obtain the following integral equation of Fredholm type.

Y(t) = 6/ e 1Te P i Y(t*")d”Y(t —7)dr, t>a". (2.3)
0

The main interest in this paper is to study the occurrence of a sustained periodic solution via the Hopf
bifurcation in equation (2.3).



3. Stability analysis
Let Y* > 0 denote a positive equilibrium of equation (2.3). We see from (2.3) that Y* should be a
positive root of the following equation.

1= ﬁ/ e 1T AV @ Ty (3.1)
0

We define the basic reproduction number by Ry := ﬁfoa* e 77dr = (B/7) (L —e™7"") and establish the
following proposition.

Proposition 3.1. (2.3) has the unique positive endemic equilibrium Y* > 0 if and only if Rg > 1.

PROOF. Since the right-hand side of (3.1) is monotone decreasing with respect to Y* and converges to zero

as Y* — 400, Ry = 6f0a* e~ 77dr > 1 is equivalent to the existence of the unique positive root Y* > 0 of
(3.1). This completes the proof. O

In what follows, we assume that Ro > 1. We then obtain the following linearized equation of (2.3) around

Y™ (note that e ~ 1+ z if |z| < 1, x € R).

7 =p / e e TN Z(t — r)dr — Y / 14 / Z(t - p)dne™ Y @ =1)gr
0 0 -

:/ p(T)Z(t — 7)dT — Y™ / p(T)/ Z(t — n)dndr, (3.2)
0 0 T

where p(7) := fe e Y (@"=7) 0 < 1 < a*. We now prove the following lemma on p(-).

Lemma 3.1. (i) p/'(7) = (BY* — ) p(7), 0 < 7 < a*. (i) foa* p(r)dr = 1. (iii) p(a*) — p(0) = BY™* — .

PROOF. (i) is obvious. (ii) follows from (3.1). From (i) and (ii), we have fY* —v = (8Y™* — ) foa* p(r)dr =
Jy P'(r)dr = p(a*) — p(0) and hence, (iii) holds. This completes the proof. O
Substituting Z(t) = ZeM, Z # 0, A € C into (3.2) and dividing both sides by Z, we obtain the following

characteristic equation.

* * *

1 :/ p(T)e  dr — BY*/ p(T)/ e Mdpdr. (3.3)
0 0 T
Note that A # 0 since foa* p(T)dr — BY* foa* p(T)dT =1 — BY* < 1. We then have
a* _ *\ —Aa” Y* — a”
/ p(r)e Mdr = r©) p()\a Je + b 3 7/ p(r)e dr (3.4)
0 0

and

a” a* . a” ef)\‘r o ef)\a* 1 a* e ef)\a*
p(T) e Mdndr = p(r) | ———|dr == p(r)e™""dr — . (3.5)
0 - 0 A A Jo A

We have from (3.4) that

*
*

A= (8Y" =] [ plr)edr = p(0) ~ pla’e " (3.
0
From (3.5) and (3.6), multiplying A [\ — (8Y™* — +)] by both sides of (3.3), we obtain

A= (BY* = y)] = (A= BY*) [p(0) — p(a®)e ]+ BY*e ™" [\ — (BY* — 7)]. (3.7)
3



Rearranging (3.7), we obtain
N2 = [p(0) + (BY™ = )] A+ BY"p(0) + [(p(a”) = BY )N+ BY*(BY™ — 7 — p(a*))] e =0 (3.8)
By Lemma 3.1 (iii), we can rewrite (3.8) as
P(A) 4+ Qe =o. (3.9)
where P()\) := A2 — p(a*)A + BY*p(0) and Q(N\) := (p(a*) — BY*)\ — BY*p(0). Characteristic equations

with forms similar to (3.9) have appeared in the stability analysis of many delay differential systems (see,
for instance, [13-20]). Substituting A = iw, w > 0 into (3.9), we obtain as in [13] that

( cos(wa) > 1 ( —ReQ(iw) —ImQ(iw) ) ( Re P(iw) ) _ _Re(ggio (3.10)

sin(wa*) ) —ImQ(iw) ReQ(iw) Im P(iw) <p(m)> ’
Im
Q(iw)

|Q(iw)?
and thus, 1 = |P(iw)|?/|Q(iw)|?>. To apply the method in [13], we define F(w) := |P(iw)|? — |Q(iw)|* and
find a positive real root of F'(w) = 0.

Proposition 3.2. If 2y — fY™* > 0, then F(w) = 0 has a positive real root w* = /Y *(2v — fY*) > 0.

PROOF. We have P(iw) = —w? + BY*p(0) — ip(a*)w and Q(iw) = —BY *p(0) +i (p(a*) — BY*) w, and thus,

F(w) = [-w? + BY*p(0)]” + [p(a")]*w? — [BY*p(0)]* - [p(a*) — Y] w?
=w? {w2 — 2BY*p(0) + [p(a*)]* — [p(a*) — ﬂY*]z} = w? {w? — BY*[2p(0) — 2p(a*) + BY "]}
=w” [w? — BY™* (2y — BY™)]. (3.11)

Hence, F(w) = 0 has a positive real root w* = /8Y™* (2y — BY*) if 2y — BY™* > 0. This completes the proof.
O

In what follows, we regard a* > 0 as the bifurcation parameter under fixed Ry and . Note that g =
Rov/(1—e~7%") and Y* are functions of a* if we fix R and . Thus, we see that p(0) = Be=#Y %" and p(a*) =
Be=7%" are also functions of a*. Let us define a set A C Ry by A := {a* € R, : 2y — B(a*)Y*(a*) > 0}.
By Proposition 3.2, for any a* € A, w*(a*) = /B(a*)Y*(a*)[2y — B(a*)Y*(a*)] satisfies F(w*(a*)) = 0. By
(3.10), we define 0(a*) € [0, 27) as the solution of cosf(a*) = — Re (P(iw*(a*))/Q(iw*(a*))) and sinf(a*) =
Im (P(iw*(a*))/Q(iw*(a*))). To apply the method in [13], we define the following function.

0(a*) 4+ 2nm
) o qr _ A@) T anm —{0,1,2,---}.
Sp(a®) :=a @) a*e A, neNy={0,1,2,---}

By [13, Theorem 2.2], we obtain the following theorem.

Theorem 3.1. IfS,,(a*) = 0 holds for some a* =7 € A and n = n* € Ny, then the characteristic equation
(8.9) has a pair of simple conjugate pure imaginary roots +w*(7*) and it crosses the imaginary azis from
left to right if 6(7*) > 0, and from right to left if 6(7*) < 0, where §(7*) = sign {dS,~(7*)/da*}.

PRrROOF. By [13, Theorem 2.2], we have 6(7*) = sign {dF'(w*(7*))/dw} sign {dS,»(7*)/da*}. Hence, it suf-
fices to show that dF (w*(7*))/dw > 0. In fact, by (3.11), we have dF (w)/dw = 2w [w? — BY ™ (2y — BY )] +
2w3, and hence, dF (w*(7*))/dw = 2 [w*(7*)]® > 0. This completes the proof. O
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Figure 1: Variation of each function for a* € [0,1] ((a) and (b)), and for a* € A = {a* € R4 : 0.016 < a* < 1} ((¢) and (d)).
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Figure 2: Variation of Sp(a*), Si(a*) and Sa(a*) for a* € A = {a* € R4 : 0.016 < a* < 1}.

4. Numerical simulation

We fix Ry = 5 and v = 100 and manipulate the bifurcation parameter a* in [0,1]. By applying the
Newton method to nonlinear equation SY* — v — p(a*) + p(0) = BY™* — v — Be= 7% 4+ fe Y™ = 0, we
obtain Y* = Y*(a*) for a* € [0,1] as shown in Figure 1 (a). Using this Y*(-), we obtain 2y — 8(a*)Y™*(a™)
for a* € [0, 1] as shown in Figure 1 (b). In this case, we see that 2y — 5(a*)Y*(a*) > 0 for 0.016 < a* < 1.
Thus, A = {a* € R} : 0.016 < a* < 1}. For a* € A, we obtain w(a*) and 6(a*) as shown in Figure 1 (b)
and (c), respectively. Using these w(-) and 6(-), we obtain Sp(a*), Si(a*) and Sz(a*) for a* € A as shown
in Figure 2. From Figure 2, we see that Sp(a*) = 0 for a* = 7* ~ 0.047, and dSp(7*)/da* > 0. Hence,
by Theorem 3.1, we see that the Hopf bifurcation occurs at a* = 7" ~ 0.047. In fact, Figure 3 illustrates
that the endemic equilibrium is stable for a* = 0.04 < 7%, whereas it is unstable and a sustained periodic
solution exists for a* = 0.05,0.06 > 7*. Finally, Figure 4 illustrates that the solution i(¢,a) of the original
model (2.2) can also oscillate when a* varies in a similar way as in Figure 3.
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