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LYAPUNOV EXPONENT AND ALMOST SURE
ASYMPTOTIC STABILITY OF A STOCHASTIC SIRS
MODEL

GUOTING CHEN, TIECHENG LI, AND CHANGJIAN LIu

Abstract: Epidemiological models with bilinear incidence rate usually have an
asymptotically stable trivial equilibrium corresponding to the disease-free state, or an
asymptotically stable nontrivial equilibrium (i.e. interior equilibrium) corresponding
to the endemic state. In this paper, we consider an epidemiological model, which is a
SIRS (susceptible-infected-removed-susceptible) model influenced by random pertur-
bations. We prove that the solutions of the system are positive for all positive initial
conditions and that the solutions are global, that is, there is no finite explosion time.
We present necessary and sufficient condition for the almost sure asymptotic stability
of the steady state of the stochastic system.
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1. Introduction

In the understanding of different scenarios for disease transmissions
and behavior of epidemics, many models in the literature represent dy-
namics of diseases by systems of ordinary differential equations. The dy-
namic behaviors of the SIRS models have been investigated by several au-
thors. In the 1920s, a Kermack—McKendrick epidemic SIRS (susceptible-
infected-removed-susceptible) model [9] was proposed, in which the total
population is assumed to be constant and there are infectives I(t), which
can pass on the disease to susceptibles S(t), and the remaining mem-
bers R(t) which have been infected and have become unable to transmit
the disease to others. Since then, many people have studied the SIRS
disease model (acquired immunity is permanent or acquired immunity
is temporary) with different variations in its incidence rate, at which
susceptibles become infectives, see [11, 12, 18].
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The deterministic STRS model exhibiting loss of immunity is the fol-
lowing

S'(t) = =BS()I(t) — uS(t) +YR(t) + p,
I'(t) = BSH)I(t) — (A + p)I(t),
R/(t) = M (t) — (4 7)R(1),

where S(t) is the number of members of the population susceptible to the
disease, I(t) is the number of infective members and R(t) is the number
of members who have been removed from the possibility of infection
through full immunity. The population considered has a constant size N
which is normalized to 1, that is S(t) + I(¢) + R(t) = 1 for all t > 0. We
refer to [11] for details about this model.

Parameters in the system are as follows: u represents the birth and
death rate, the constant A\ represents the recovery rate of infected people,
B is the transmission rate and -y is the per capita rate of loss of immunity.
Of course, 4 > 0, A > 0, 8 > 0. We shall assume that v > 0, the case
where v = 0 corresponds to the SIRS model. It is easy to see that
the above system always has a disease-free equilibrium (i.e. boundary
equilibrium) Ey = (1,0,0). One of the main issues in the study of the
behavior of epidemics is the analysis of the steady states of the model
and their stabilities.

A stochastic version of the present model (with or without delay) has
been considered in [13] for the stability of the disease free equilibrium.
The stability of the disease-free of a SIRS model has been studied in [17].
The stability of the endemic equilibrium for the SIRS model has been
studied in [5]. The method used in these papers is that of stochastic
Lyapunov functions. Sufficient conditions are given for the stabilities of
the corresponding equilibria. Most of the studies in the literature con-
cerning stabilities provide only sufficient conditions. One of the results
of the present paper is to give necessary and sufficient conditions for the
stability of a stochastic perturbation of the model.

The stochastic model considered in [13, 17] is the following

dS(t) = [=BSI(t) — uS(t) +VR(t) + pldt — o SH)I(t) dw(t),
dI(t) = [BSOI(t) — (A + wI(B)] dt + o S@I(t) dw(t),
dR(t) = [M(t) — (n+ ) R(H)] dt,

where w(t) is a one-dimensional standard Brownian motion defined on
a complete probability space (Q, F, {F;}i>0, P). One notices that there
is no white noise perturbation in the third equation.
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For the case of a stochastic SIRS model, that is when v = 0, sufficient
conditions (0 < 8 < min{A+u—%,2u}) are given in [17] for the stability
of the disease free equilibrium. In [13] the stability is proved under the
condition 0 < f < A+ p — %2 for the stochastic SIRS model. Numerical
simulations are also given in [13, 17] to support the conjecture that the
equilibrium of the model is still stable under the more general condition
0<B<A+pu+ %2 One of the aims of the present paper is to show this
conjecture for systems with more general type of noise perturbations,
namely systems of the form

dS(t) = [=BSHI(t) — pS(t) +R(t) + p] dt

[ 1S1(t) + o2 S(E)R(E)] dw(?),
dI(t) = [BS(I(t) — (A + wI(t)] dt + o1 S()I(t) dw(t),
dR(t) = [M(t) — (u+7)R@)] dt + 025 (t) R(t) dw(?),

where w(t) is as above, and 01,09 € R. We recover the systems studied
in [13, 17] with oo = 0. The white noises of this system depend on
two parameters while in the preceding one they depend only on one
parameter.

When dealing with a model for population, it is necessary to prove
that the solutions are positive and are defined globally for all t > 0,
i.e. there is no finite explosion time. This question is not studied in the
papers cited above. We shall prove it for system (1), that is

(1)

Theorem 1. Let the initial data (&1,&2,£3) be a R3-valued Fo-measur-
able random variable satisfying E [{% +& + Egﬂ < oo and & >0, & >
0, & > 0 a.s. Then there is a unique solution (S(t,w),I(t,w), R(t,w))
of system (1), defined for all t > 0, wverifying the initial conditions
S(0,w) = &1, I(0,w) = &, R(0,w) = &, and the solution is positive
for all t > 0 with probability 1, namely S(t,w) > 0, I(t,w) > 0 and
R(t,w) >0 for allt >0 a.s.

To study the stochastic stabilities of the above system, several def-
initions of stochastic stabilities could be used, where the convergence
of a stochastic sequence could be interpreted in different ways (see [1,
2, 6, 7, 10]). One of the most important definitions of stochastic sta-
bilities is the almost sure asymptotic stability, for which necessary and
sufficient conditions are always determined by the largest Lyapunov ex-
ponent (see [3, 4, 8, 15]). To the best of the authors’ knowledge, there is
no result in the study of the almost sure asymptotic stability of the SIRS
model. Our result concerning the stability of the trivial equilibrium of
system (1) is the following.
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Theorem 2. The trivial solution (1,0,0) of system (1) is almost surely
2
asymptotically stable if and only if 0 < B < A+ p+ ”2—1

In the following we shall prove Theorem 1 in Section 2 and Theorem 2
in Section 3.

2. Global and positive solutions

We now prove Theorem 1. Since the coefficients of system (1) are
locally Lipschitz continuous, for any given initial data (&1, &2, &3), which
is a R3-valued Fy-measurable random variable satisfying

E[&+&+&] <o,
there is a unique maximal local solution (S(t,w), I(t,w)), R(t,w)) ont €
[0, 7e(w)), that verifies the initial conditions S(0,w) = &1, I(0,w) = &o,
R(O, W) = 53.
From now on we assume that & > 0, & > 0, {3 > 0 a.s. Firstly, we

show that S(t), I(t) and R(t) are positive for all ¢ € [0, 7.(w)) a.s. Define
the stopping time

ty =sup{t € (0,7): S|,y >0, I(t)|jo,y > 0 and Rljg 4 >0} .

We need to show that t; = 7. a.s.
We assume to the contrary that P{t, < 7.} > 0. Itd’s formula shows
that, for almost all w € {t; < 7.} and all ¢t € [0,14),

InS(#)+Inl(t)+InR(t) —In& —Iné —Iné;

s - YR(s) +
= [ |81 = vy + 2

+ BS(s) +

_ %/0 [(011(8) + 02R(s))? + (02 + 03)5(5)2] ds

N /0 [015(s) + 02S(5) — o1 I(5) — o5 R(5)] du(s)
> /Ot{—ﬁl(s) — ()\—|—7+3u)} ds
- /ot % [(11() + 72R(5))? + (03 + 03)S(5)?) | ds

+ /Ot {015(8) +028(s) — o11(s) — U2R(3)} dw(s).
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It is easy to see that, for almost all w in {t; < 7.}, S(t),I(t) and R(t)
are positive on [0,¢4) and S(¢t4)I(t+)R(t4+) = 0, hence

lim [InS(¢) + In I(t) + In R(t)] = —oc.

t 'ty

By the above inequality, one has

(2) —oc0> " 015(8)+025(s)—o11(s)—o2R(s)| dw(s)
)| |

0

_/ +(ﬁ[(s)+)\+7+3u+;((Jll(s)—I—UQR(S))Q—&-(Gf—i—J%)S(s)Q)) ds
0

which is a contradiction since the right hand side of the above inequality
is finite, so we must therefore have t; = 7, a.s.
Now we prove that 7. = cc.
For each integer k such that k > & + & + €3 a.s., define the stopping
time
T =sup{t € [0,7) : (S+ I+ R)|joy < k}.

Clearly, 7y is increasing as k — +00. Set 7o = lim 7, whence 7, < 7,
k—+oo

a.s. We claim that P{r, # 7.} = 0. To see this, we assume to the
contrary that P{7 < 7.} > 0. It6’s formula shows that, for almost all

wE {Too < T},
T (S() + 1) + Rn) = 6 +6 4 &+ e 1

It follows from 7o, < 7. that S(7%) + I(7%) + R(7%) = k a.s. Letting
kE — 400 leads to

too=& +&H+ 6+ -1

which is a contradiction since the right hand side of the above inequality
is finite for almost all w € {75, < 7T}, s0 we must therefore have 7, = 7¢
a.s.

Next we prove that P{r, < 00, Toc < 00} = 0.

Let T > 0 be arbitrary. We have by It6’s formula that

Lro<ooy e [S(mg AT) + (7 AT) + R(my A T)]
=1{r. <00} (51 + & + 53) + 1{T€<OO}(6#(TkAT) —1),

where 171 means the indicator function of the corresponding set. Taking
expectations, we obtain

3) E |1 conye T ) (S(r, AT) + I(mi AT) + Ri7, A T))}
<E[¢ + &+ &)+t
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Obviously,

Lir <ot €T [S(7p AT) + I(mi AT) + R(1 AT)]
> Uro<oo, o<y [S(7h) + 1(7k) + R(7h)] = 1gr. <o0, m <1} B
Substituting these into (3) gives
kP{r. <oo,mp ST} <E[&1 + & + &) + e
Letting k — o0 leads to klingo P{7. < 00,7, <T} =0 and hence

P{7e < 00,700 < T} = 0.
Since T' > 0 is arbitrary, we then have P{7, < 00,7 < 00} = 0.
Now by using the relation
{Te <00} = {Te <00, Too = 00} U {Te < 00, Too < 00}
C{Too # T} U{Te < 00, Too < 00},

we obtain P{7, < oo} = 0. Hence P{7. = oo} = 1. This completes the
proof of Theorem 1. O

3. Proof of Theorem 2

We first make changes of variables so that the origin will represent
the disease free equilibrium. Under the transformation
(4) ule—l, UQ:I, U3:R,
system (1) has the following form

du (t) = [=B(u1(t) + Dua(t) — pui(t) + yus(t)] dt

— (u1(t) + 1)(o1u2(t) + o2us(t)) dw(t),

duz(t) = [B(ur(t) +1) — A — plua(t) dt + o1 (ua () + Dua(t) dw(?),

dus(t) = [Aua(t) — (p 4+ v)ug(t)] dt + o2(ui(t) + 1)us(t) dw(t).
According to the Oseledec Multiplicative Ergodic Theorem, a necessary
and sufficient condition for the almost sure asymptotic stability of the
trivial solution of the system is that the largest Lyapunov exponent of the

linearized system is negative (see [8, 16]). We consider the corresponding
linearized system

duq (t) = [—Bua(t) — pur (t)+yus(t)] dt—(o1usz(t) + oous(t)) dw(t),
(5) dua(t) = (8= A — pua(t) dt + orus(t) dw(?),
dus(t) = [Aua(t) — (u + v)us(t)] dt + oaus(t) dw(t).

We denote by u(t,up) the unique solution of the system verifying the
initial condition u(0) = up = (u19, u20, u30). We shall prove from now
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on: The largest Lyapunov exponent of system (5) is negative if and only

2
f0o<B<A+pu+ %1 More precisely, we prove that, for any ug € R",
the solution u(t, ug) of system (5) satisfies the following

1 o2 o2
lim sup — log||u(t uo)||=max< B —(A+p+—),—vy—p——=,—pnu,.
t—+o00 2 2

The second equation in (5) is a scalar linear stochastic differential
2
equation. So one can solve it explicitly. Denoting a = A + p + % — B,

we then have a > 0, if and only if 0 < 8 < A—i—u—&—%i and
us(t) = us(t,ugo) = e~ ¥ My,
It is clear that

1
lim sup - log |uz(t, ug0)| = —a.
t—too t

Substituting us(t) in the first and third equations in system (5), we

obtain, by denoting U (t) = (Z;Eg ), the following system

dU(t) = (FU(t) + f(t)) dt + (GU(t) + g(t)) dw(t),

P= (L) 0= (),

-t 2) w-(75)

We use the variation of constants method to solve the above system (see
for example [14]). The corresponding homogeneous system is

where

dU(t) = FU(t) dt + GU(t) duw(t).

Since F'G = GF, one can solve it to obtain a fundamental matrix solu-
tion ®(¢) which is given by

where
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And consequently, since Gg(t) = (), the solution of system (5) is

t
U — oHEHGu() [U(o)+ / e Hs=Gul) §(g) ds
0

-/ =G () dw(sﬂ .

Let

Then
— 0
pigp=|("HF ).
( 0 —u—v-— %02

Therefore, with @’ = p + v + %O’% > 0, one has

- e—ht 0 . e~Ht  o—mt _ e—a/t
= P 7 P = ’ .
e ( 0 e a t 0 e a t

Similarly
1 1—eo2w®
Guw(t) _
e - (0 6021u(t) ) :

Hence

—ut —ut —a't+ t
th+Gw(t) _ (e H e Ht — @ o2w( ))

0 e—a/t+02w(t)

Therefore

t
/ e—Hs—Gw(s)f(S) ds

0

t
/ (()\ o ﬂ)e(#*G)S‘FUIW(S) o )\e(a'fa)s+(a'1702)w(s))d8
0

= t U20
A/ e(a'fa)s+(01702)w(s) ds
0
and

t ' (h—a) (s)

_ p—a)st+oirw(s
/ e_Hse_Gw(s)g(S)dw(S) = 01/0 ¢ 1 dw(s) U20-

0 0
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Therefore

t
th+Gw(t)/ e—HS—Gw(s)f(s) ds
0

()\—ﬂ)eiut te(ufa)s+01w(s)ds_)\efa/tjtagw(t)/;(a/fa).ﬂ»(al702)11)(3)) ds
0 0

= ‘ U20,
)\e—a/t+02w(t)/ (@' —a)st(o1—o2)w(s) g
0
and
t
thJrGw(t)/ e~ Ha=Gu(s) () dup(s)
0
¢
—ore M eln—a)s+orw(s) dw(s)
= 0 Uu20-

0
We obtain finally

up (t) = uroe Mt 4+ ugp(e * — e_a/t’L‘”w(t))

t
+UQ0(/\*ﬂ)€7”t/ e(H*G)SJrcnw(s) ds
0
i
_u20)\e—a’t+02w(t)/ e(a/_a)s+(01—02)w(s) ds
0
t
_quo-le*llt/ e(/.t*a)s+alw(s) dw(s)
0
and

t
U3(t) _ efa't+02w(t) (USO +u20>\/ e(a’fa)er(alfaQ)w(s) ds) )
0

By Ito’s formula one has
¢ 1
elh—attorw(t) _ g — / (u —a+ 20%> elh=a)storw(s) g
0
t
—|—cr1/ eh=@)sHa1w(s) quy(s).
0
Then

t
o1 / plima)starus) gy () — elu—a)t+eru)
0

1 t
2 0
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Since w(t) is a standard Wiener process, one has
lw(t)| < ev/2t|1log(]logt])| a.s. where ¢ is a constant. Let u’ = p or o/,

and o0 = 01 or 01 — 09.

If a = 1/, then for t > e,

t , t e t
/ e(u —a)s+o’w(s / eaw(s) ds = / eaw(s) ds +/ eUw(s) ds
0 0 0 e

/ v (s) d8+/ e\o\cx/Zsloglogs ds
e

IN
(=)

IN

/ e d8+ )e\a|c\/2tloglogt

(=)

IA

/ eaw( )dS +t6\o\c\/2tloglog

(=)

If a # 1/, then for t > e,

t e t
/ S —a)stow(s) gg / (' —a)stou(s) go 1 / S —a)stow(s) g
0 e

IA

t
/ '—a)s+ow(s) d5+/ e(u'fa)s+|a\c\/2510glogs ds
0 e

IN

t
/e W —a)s+ouw(s >ds+/ o/ —a)st|oley/aTTogTog T g
0 e

/ (W —a)stow(s) g

e(u/_a)t — e(u/_a)e

(=)

+ e|<71|c\/2t loglogt
W —a
€ ’ e(N/_a)t
</ e(u —a)st+ow(s) ds + e\a’|c\/2tloglogt
0 W —al
eln'—a)e

|0|c\/2t Tog log
W =al
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One then has for t > e,
lug (£)| < Cre#t 4 Coe~ ' tHozult)

+Cd [te—ut + e—at + e—ut}e\aﬂc\/%loglogt
+Cy |:te—a/t+02w(t)+e—at+02w(t)+6—a't+02w(t):| 6\0'1—02|c\/2t loglog ¢

+C«567at+0'1w(t)

)

where the C; are positive constants. Therefore

1
lim SUPs 400§ log |uy ()| = max{—u,—a’,—a} < 0.

The assertion for uz(t) can be proved similarly. Therefore the Lya-
punov exponent of the system is A = max{—pu, —a’, —a} which is nega-

tive if and only if a = XA+ pu + %f — 8 > 0. This completes the proof of
Theorem 2. O

4. Conclusional discussions

Mathematically, 02 /2 can be regarded as the intensity of the environ-
mental stochastic perturbation on the transmission rate of the disease.
We see that, for o1 = 09 = 0, i.e., there is no environmental stochas-
tic perturbation for the transmission rate, 8 < By £ \ + p guarantees
the disappearance of the disease, which agrees well with the classical
results. Taken the environment noise into account, the introduction of
the noise in the deterministic SIRS model increase the determlmstlc sta—
bility threshold By of the disease-free equilibrium to ﬂo Atp+ %
under which the disease-free equilibrium is almost sure asymptotic stable
such that the disease cannot establish itself and it will disappear finally
leaving all the population susceptible.
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