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ESTIMATING WHITE NOISE INTENSITY
REGIONS FOR COMPARABLE PROPERTIES
OF A CLASS OF SEIRS STOCHASTIC AND
DETERMINISTIC EPIDEMIC MODELS

Divine Wanduku®

Abstract A comparative stochastic and deterministic study of a family of
epidemic models for vector-borne diseases e.g. malaria and dengue fever etc. is
presented. The family type is determined by a general nonlinear incidence rate
of the disease. Two major sources of environmental white noises are considered:
disease transmission and natural death rates. The impacts of each source of
noise on the disease dynamics are examined. The basic reproduction numbers
and other threshold values for the disease in the stochastic and deterministic
settings are determined and compared to determine the impacts of the noises
on the dynamics. The question about the extend that stability conditions for
steady states in the noise-free disease dynamics, remain valid for the stochastic
stability of the steady state is answered in this paper. Moreover, noise intensity
regions are computed, within which all stability conditions for both systems
are the same, and both systems behave similarly.

Keywords Stochastic delay differential equations, stochastic stability in prob-
ability, functional Ité differential operator, deterministic delay differential
equations, white noise intensity.
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1. Introduction

Vector-borne diseases such as malaria, and dengue fever etc. rank amongst the
top most widely spread infectious diseases of humans in the world today with very
high global mortality rates, and heavy economic burdens upon many nations in the
world. In fact, according to the WHO report [71] released in December 2016, it is
estimated that about 212 million cases of malaria occurred in 2015 resulting in a
large-scale death count of about 429 thousand people. Dengue fever on the other
hand prevails globally among about 400 million people annually, and approximated
22,000 of the 100 million infected cases die from the disease [71,73].

Certain biological characteristics are unique to vector-borne diseases such as
dengue fever, malaria, yellow fever, zika fever, lymphatic filariasis, and the different
types of encephalitis etc. For instance, the incubation of the diseases require two
hosts-the vector and human hosts, which may be either involved in one full life
cycle of the infectious agent consisting of two separate and independent segments
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of sub-life cycles, where each segment is completed separately inside the two hosts
(e.g. malaria), or the vector and the human constitute different forms of behavior
of the infectious agent in two separate and independent half-life cycles in each host
(e.g. dengue fever). Therefore, there exists a total latent time lapse of disease
incubation which extends over the two segments of delay incubation times namely:
(1) the incubation period of the infectious agent ( or the first half-life cycle) inside
the vector, and (2) the incubation period of the infectious agent (or the second
half-life cycle) inside the human being,.

For example, the dengue fever virus transmitted primarily by the Aedes aegypti
and Aedes albopictus mosquitos undergoes two delay incubation periods: (1) about
8-12 days incubation period inside the female mosquito vector, which starts imme-
diately after the ingestion of an infected blood meal collected, after biting a dengue
fever infectious person, and (2) another delay incubation period of about 2-7 days
inside a human, whenever the infected female vector leaves its resting place for
another blood meal, and bites a susceptible person, and successfully transmits the
virus to the person [71,73].

The following facts about malaria appear in the earlier study [56]. The malaria
plasmodium undergoes the first developmental half-life cycle called the sporogonic
cycle inside the female Anopheles mosquito lasting approximately 10-18 days, fol-
lowing a successful blood meal obtained from an infectious human being through a
mosquito bite. Moreover, the mosquito becomes infectious. The parasite completes
the second developmental half-life cycle called the exo-erythrocytic cycle lasting
about 7-30 days inside the exposed human being, whenever the parasite is trans-
ferred to the human being in the process of the infectious mosquito foraging for
another blood meal. See the references [16,71,72].

The exposure and successful recovery from a malaria parasite, for example, falci-
parum vivae induces natural immunity against the disease which can protect against
subsequent severe outbreaks of the disease. Moreover, the effectiveness and dura-
tion of the naturally acquired immunity against malaria is determined by several
factors such as the species and the frequency of exposure to the parasites. Further-
more, it has been determined that other biological factors such as the genetics of
the human being, for instance, sickle-cell anaemia, duffy negative blood types have
bearings on the naturally acquired immunity against different species of malaria.
See the references [17,23,72]. Similarly, the exposure and successful recovery from
one dengue fever viral strain confers lifelong immunity against the particular viral
serotype [73].

Various types of mathematical models have been proposed for malaria with the
earliest studies by Ross [50] who studied mosquito control in 1911. Many other
authors have addressed different aspects of the malaria dynamics (cf. [2,12,24, 39,
43-45,55]). Dengue fever has also been studied mathematically (cf. [53]).

Some studies have shown the presence of noise in the dynamics of malaria.
Noise can be seen in seasonal variations of the malaria incidence rates over yearly
data, and over spatial disparities of malaria prevalence rates. In fact, some authors
such as [49] studying the seasonality of P. falciparum transmission have shown that
there are several climatic drivers responsible for the temporal variation and spatial
distribution of malaria transmission rates, for instance, temperature, rainfall, and
vegetation indices etc. The randomness in the malaria incidence rates over time,
and spatially is a good reason to consider stochastic representations of the disease
dynamics.
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There are several different ways to introduce white noise into infectious disease
dynamic systems, for example, as random perturbation of the driving parameters
of the infectious system known as environmental white noise (see [19,46,59,60,63]),
or random perturbation of the state of the system also known demographic white
noise (see [5]). Some authors such as [1,7] have suggested a mean-reverting process
technique to include white noise processes. Also, some stochastic models for malaria
involving white noise perturbations include [27,32].

A stochastic white noise driven system exhibits more complex behavior in the
disease dynamics than the corresponding deterministic version. For instance, the
presence of noise in the disease dynamics may destabilize a disease-free steady state.
The occurrence of noise with high intensity may cause massive oscillations over time
in the population state, which may decrease the population size over time, and lead
to extinctions depending on the source of the noise e.g. high intensity noise in
natural death rates can lead to extinction etc. (cf. [35,59,60,63,69,70]).

Cooke [14] presented a deterministic epidemic dynamic model for vector-borne
diseases, where the bilinear incidence rate defined as 5S(t)I(t — T') represents the
number of new infections occurring per unit time during the disease transmission
process. It is assumed in the formulation of this incidence rate that the number of
infectious vectors V;(t) at time ¢ interacting and effectively transmitting infection to
susceptible human beings, S(t), after 5 number of effective contacts per unit time
per infective is proportional to the infectious human population, I(t —T'), at earlier
time t — T'. Cook’s method of studying the dynamics of a vector-borne disease in a
human population without directly including the vector population dynamics has
been utilized by several other authors, for example [35,40,54,56,59]. Some criticism
of the Cooke model concerns the absence of a rationale for the assumption about
the proportionality between V;(¢) and I(¢t — T') used as an approximation for the
force of infection. Furthermore, there is the question whether the Cooke model
emerges from the combined vector-host dynamics. Takeuchi et. al. [54] answered
this question and presented an extension of the Cooke model, with a joint dynamics
for the vector-host populations, and under the assumption of a large constant vector
population present, the proportionality between the states V;(¢) and I(t — T) is
justified.

Recently, applying similar reasoning of the Cooke model, Wanduku [56,57] de-
veloped and studied a novel family of SEIRS dynamic models for malaria with three
distributed delays given in (1.1)—(1.4) below. The model in [56,57] was simplified
by omitting the vector dynamics (similarly as [14]), and applying other assump-
tions about the death rates of the vectors and humans. Moreover, time scales for
the model parameters were not well specified. Thus, to improve understanding and
usefulness of [56,57], it is necessary to add more epidemiologically sound assump-
tions, and define time scales for the model parameters in (1.1)—(1.4), and derive the
model [56,57] from the vector vs. human dynamics.

The new modified family of SEIRS dynamic models is given in (1.1)—(1.4). Note,
the modified assumptions for (1.1)—(1.4), and complete derivation of the model
(1.1)—(1.4) are given in 8.

h1
aS(t) = [B 58 [ fr(s)e G — 5))ds — uS(H)
L (1.1)
+ a/t fry (r)I(t — r)e’“”dr} dt,
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h1
4B (t) = [ﬂS(t) Fro(8)e M G(I(t — 5))ds — pE(1)
. K . (1.2)
—p t fr, (u)S(t—u) t fri(s)e HesTHEG(I(t — s — u))dsdu] dt,
ha hi
dI(t) = {,B/ fr, (w)S(t — u) / fry (s)e TR G(I(t — s — u))dsdu
fo fo (1.3)
—(n+d+ a)I(t)} dt,
dR(t) = [a[(t) — pR(t) — a/too Jrs (M) I(t — T)e“Sdr} dt, (1.4)

where the initial conditions are given in the following: let h = h; + ho and define

(S(t)v E(t)a I(t)7 R(t)) = (Sﬁl(t)v @Q(t)a 903(t)7 904(15)) te (7007 to],

(1.5)
P € UCg - C((_ooatOLR-‘r)aVk = 1727374a @k(to) > 07Vk = 1a273747

where UC|, is some fading memory sub Banach space of the Banach space C((—o0, to],
R4 ) endowed with the norm

= sup 120
lielly = sup 2555 (16)

and g is some continuous function with the following properties: (P1.) g ((—o0,t0]) C
[1,00), non-increasing, and g(to) = 1; (P2.) lim, - g(gt(t)u) = 1,

[to, 00); limy—, o g(t) = 00. An example of such a function is g(t) = e, a > 0 (cf.
[28]). Note that for any g satisfying (P1.)—(P2.) the Banach space C((—o0, o], Ry) is
continuously embedded in UC, which allows structural properties for C((—oo, to], R4)

with the uniform norm to hold in UC, with ||.||; norm. Moreover, ¢ € UCy, 3y if

and only if |[¢|l; < oo and |L§((f))‘ is uniformly continuous on (—oo,tg]. Also, the

function G satisfies the conditions of Assumption 1.1.

In (1.1)—(1.4), the disease spreads in the human population of total size N (t) =
S(t)+ E(t)+ I(t) + R(t), where S(t), E(t), I(t) and R(t) represent the susceptible,
exposed, infectious and naturally acquired immunity classes at time ¢, respectively.
The positive constants B, and p represent the constant birth and natural death
rates, respectively. Furthermore, the disease related deathrate is denoted d. The
rate [ is the average effective contact rate per infected mosquito per unit time.
The recovery rate from the disease with acquired immunity is «. All parameters of
(1.1)~(1.4) are dimensionless and defined in (8.42).

Also, the incubation delays inside the mosquito and human hosts are denoted
Ty and T, respectively, and the period of effective naturally acquired immunity
is denoted T5. Moreover, the delays are random variables with arbitrary densities
denoted fr,, fr, and fr,, and their supports given as Ty € [tg, k1], T2 € [to, h1] and
T3 € [tg, +00). The nonlinear incidence function G which signifies the response to
disease transmission by the susceptible class as disease increases in the population,
satisfies the following assumptions

Assumption 1.1. Al: G(0) = 0; A2: G(I) is strictly monotonic on [0,00); A3:

G € C*)(Ry,Ry) and G"(I) < 0;44: lim;_,o G(I) = C,0 < C < oo; and Ab:
G(I) < I,¥I > 0.

uniformly on
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Deterministic models represent disease dynamics in ideal situations, and are
simply first approximations. Realistically, the occurrence of noise is inevitable in
disease dynamics. As emphasized in the introduction, the occurrence of noise in a
disease dynamics can destabilize a steady state, or cause the steady state to cease
to exist (c.f. [35,59,60,63,69,70]).

The question remains about the extend that stability conditions for a steady
state of the noise-free dynamics will continue to suffice for the stochastic stability of
the steady state when noise occurs in the dynamics. In other words, to what extend
will disease eradication conditions for the deterministic system remain sufficient
for the ensuing stochastic system? This question is addressed in this paper via
a comparative analysis of the deterministic and corresponding stochastic systems:
(1.1)-(1.4) and (1.8)—(1.10), and with attention given to elucidate the impacts of
noises and delays in the disease dynamics, on the existence and stability of equilibria,
which create several interesting features of the disease dynamics near the infection-
free equilibrium.

Apart from having a focus on both deterministic and stochastic systems, this
work differs considerably from [57] in (a) characterizing noise intensity regions,
where behavior of both stochastic vs deterministic systems contrast or are similar;
(b) intensifying the importance of delays in the system in defining parameter regions
that delineate the behaviors of the stochastic and deterministic systems. And (c)
more appropriate stochastic Lyapunov functionals are constructed, and properly
estimated, whenever self-invariant spaces exist, or do not exist. Obviously, (a)—(c)
could not be obtained in [57].

This work is presented as follows. In 8, the stochastic and deterministic epidemic
dynamic models for the disease are derived. In section 2, the model validation results
are presented for both the deterministic and stochastic systems. In section 3, the
effects of the noises on the existence of equilibria of the systems are investigated. In
Section 4, stochastic stability results with noise only from the disease transmission
rate is presented. In Section 5, the stochastic stability results with noises from both
the disease transmission rate and natural death rates are presented. In section 6, a
parameter region for the intensities of noises in the system within which the stability
conditions of the deterministic system remain sufficient for the stochastic stability
of equilibria is presented. In Section 7, the stochastic system is characterized when
noise occurs from the natural death rate of the susceptible state.

Observe that the system (1.1)—(1.4) is similarly structured as [56], and the model
parameters are well defined in (8.42). Thus, the deterministic results in [56] can be
translated into (1.1)—(1.4).

It is assumed that the effects of random environmental fluctuations lead to
variability in the disease transmission and natural death rates. For ¢t > tg, let
(Q,5, P) be a complete probability space, and §; be a filtration (that is, sub o-
algebra §; that satisfies the following: given t; < to = §t, C §t,; Fo contains
all null sets in §;). Indeed, the variability in the disease transmission and natural
death rates are represented by the white noise processes as follows:

= p+o&i(t), &it)dt = dw(t),i =S, E, I, R, 8 — B+058a(t), {a(t)dt = dws(t),

(1.7)
where &;(t) and w;(t) represent the standard white noise and normalized Wiener pro-
cesses for the it state at time ¢, with the following properties: w(0) = 0, E(w(t)) =
0, Var(w(t)) = t. Furthermore, observe from (1.7), Var (udt + o;dw;(t)) = o2dt,i =
S,E,I,R, where 02,i = S,E,I, R represents the intensity of the environmental

7
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white noise in the natural death rate of the i'" state, and Var (Bdt + ogdwg(t)) =
O’%dt, where 0[23 is the intensity of the white noise in the disease transmission rate.

Substituting (1.7) into the deterministic system (1.1)—(1.4) leads to the follow-
ing generalized system of It6-Doob stochastic differential equations describing the
dynamics of vector-borne diseases in the human population.

dS(t) =| B - BS(1) : Fri(s)e 5 G (t—s))ds — pS(1)
+a too fr, (r)I(t — r)e’”dr] dt (1.8)
~ osS()dws(t) — o5S(1) to’” Fru(8)e™ " G(I(t — 5))dsduws ()

a5 =[50 h Fr, ()61 Gt — 8))ds — uE(t)
-8 thszQ (w)S(t—u) thlle (s)e™ "M G(I(t—s—u))dsdu] dt

0 . (1.9)

— B dup(t) +035(t) | () GI( = ))dsdus (1)
o5 / :szz (u)S(t—u) / :lle(8)6‘“'“”“G(I(t—S—U))dsdudwﬁ(t)

dI(t) = [ﬂ :2 Fra(w)S(t = ) t:l Fru(s)e Gt — s — u))dsdu
—(p+d+ oz)I(t)] dt — o7 I(t)dwy(t) (1.10)

ha h1
+op t fr, (W) S(t—u) ) fr (s)e™H e HUG(I(t—s—u))dsdudwg(t)

dR(t) = [a[(t)—uR(t)—a Ooleg(r)I(t—r)e_’”dr dt—opR(t)dwr(t), (1.11)

to

where the initial conditions are given in the following: let h = hy + hs and define

(5(0), B6), 10), R(E)) = (210, 22(6), 5(2), a(0) £ € (00, 1o, o)
o €UC, CC((—00,t0),Ry), Vb =1,2,3,4, ¢p(to) >0,Vk =1,2,3,4, '
where UC|, is some fading memory sub Banach space of the Banach space C((—o0, to],
R4 ) endowed with the norm

lo(8)]
= su , 1.13
”90“9 tgtlz g(t) ( )

and g is some continuous function with the following properties: (P1.) g ((—oo,to]) C

g(t+u)
ty  g(t)
[to, 00); lims—, o g(t) = oco. Furthermore, the random continuous functions ¢y, k =
1,2,3,4 are §o — measurable, or independent of w(t) for all ¢ > t,.

[1,00), non-increasing, and g(to) = 1; (P2.) lim, = 1, uniformly on
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Observe that (1.9) and (1.11), and the corresponding equations (1.2) and (1.4)
all decouple from the other two equations in their respective systems: (1.8)—(1.11)
and (1.1)—(1.4). Nevertheless, for convenience most of the results in this paper
related to the systems (1.8)—(1.11) and (1.1)—(1.4) will be shown for the vector
X(t) = (S(t), E(t), I(t))T. The following notations are utilized:

Y(t) = (S(t), E(t), (1), R(t)", X(t) = (S(t), E(t),1(t))T,

(1.14)
N(t) = S(t)+ E(t) + I(t) + R(t).
Also, observe from the dimensionless formulas (8.42) that
B ‘|
AN
B_L0] (115)

il

However, in this paper, the notation % = 1 will be used to emphasize the origin of
the dimensionless quantity “1” in (1.15).

2. Model Validation Results

Observe from the deterministic and stochastic systems (1.1)—(1.4) and (1.8)—(1.11),
respectively, and (1.14), that when the intensities o; = 0,4 € {S,E, I, R}, both
systems are the same. The following result shows that there exists a unique positive
self-invariant space for both systems, whenever the intensities of the noises are
infinitesimally small.

Theorem 2.1. Given the initial conditions (1.5)—(1.6), there exists a unique so-
lution Y (t) = (S(t), BE(t),1(t), R(t))T satisfying (1.1)-(1.4), for all t > to. More-
over, the solution is nonnegative for all t > ty and also lies in D(o0). That is,

S(t) > 0,E(t) > 0,I(t) > 0,R(t) > 0,Vt >ty and

Il
-

limsup N(t) < S5 =

t—o0

=W

for N(t) = S(t) + E(t) + I(t) + R(t), and Y(t) € D(c0) = B{;>> (0, g = 1),
where D(o0) is defined in (2.3).
Proof. Observe from the deterministic and stochastic systems (1.1)—(1.4) and
(1.8)—(1.11), respectively, and (1.14), that when the intensities o; =0, €{S, E, I, R},
both systems satisfy

dN(t) = [B — uN(t) — dI(t)]dt. (2.2)
It follows that for Y () € R, the equation (2.2) leads to N(t) < % - %e’“(t*to) +
N(to)e #=t)  And under the assumption that N(ty) < %, it follows that the set

D(c0) = {Y(t) eRY Nt =Y (1) < %,w e (—oo,oo)}

5 (—o00,00 B
EBé{i : )(0,#El>, (2.3)
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representing the closed unit ball in Ri centered at the origin and radius % =1,

with norm ||.||; is almost surely self-invariant with respect to the deterministic and
stochastic systems, provided that o; = 0,7 € {S, E, I, R} in (1.8)—(1.11). O

Theorem 2.2. Given the initial conditions (1.12) and (1.13), there exists a unique
solution process X (t,w) = (S(t,w), E(t,w),I(t,w))T, Vw € Q satisfying (1.8)-
(1.11), for all t > tg. Moreover,

(a.) the solution process is positive for allt > tg a.s. and lies in D(c0), whenever the
intensities of the independent white noise processes in the system satisfy o; = 0,
i€ {S,E, I} and og > 0. That is, S(t,w) > 0, E(t,w) > 0,I(t,w) > 0,Yt >ty

a.s. and X (t,w) € D(o0) = B (0, E), where D(00) is defined in (2.3).

= By -

(b.) Also, the solution process is positive for allt > to a.s. and lies in Ri, whenever
the intensities of the independent white noise processes in the system satisfy
0;>0,i€ {S,E, I} and og > 0. That is, S(t,w) > 0,E(t,w) > 0,I(t,w) >
0,Vt >ty a.s. and X (t,w) € RY.

Proof. Observe that when o; = 0, i € {S,E,I} and og = 0, the result of (a)
follows immediately from Theorem 2.1. Also, when o; = 0, i € {S,E,I} and
op > 0, observe that the ensuing stochastic system (1.8)—(1.11), still satisfies (2.2),
and the results follow from Theorem 2.1.

For (b), when at least one of 0; > 0,7 € {S, E, I, R}, the equation (2.2) is no
longer satisfied, and the closed unit ball D(co) is no longer self-invariant for the
system (1.8)—(1.11). Nevertheless, all sample paths for the stochastic system remain
in RY (cf. [59-62]). O

Remark 2.1.

1. Theorem 2.2 signifies that the stochastic system (1.8)—(1.11) almost surely has a
unique global positive solution process Y (t) € R4, for all ¢ € (—o0, ). Further-
more, it follows that a positive solution of the system that starts in the closed ball

centered at the origin with a radius of % = 1, given by D(oc0) = BD%;O’DO) (0, %),
will continue to oscillate in the closed unit ball for all time ¢t > t3, when-
ever the intensities of the noises from the natural deathrates are zero, that
is, o; = 0,4 € {S,E,I,R}. Hence, the unit ball D(c0) = Bﬂ(gfo’oo) (O,%)
is a positive self-invariant set for the stochastic system (1.8)—(1.11), whenever
o; = 0,i € {S,E,I,R}. In other words, the trajectories of the system (1.8)—
(1.11) are ”well-behaved” whenever the only major source of variability in the
system is the disease transmission rate og > 0.

When at least one of the intensities of the noises from the natural deathrates
is positive, that is, o; > 0,i € {S, E,I, R}, all trajectories that start in the
unbounded positive space Ri continue to oscillate in the space Ri for all time
t > tg. This suggests that the paths of the stochastic system are inflated out of
bounds in D(o0) by the additional source of noise, the natural deathrates, but
they continue to oscillate unpredictably in Ri . Thus, in this scenario, various
complex behaviors are possible, for example, extinction of the population.

2. Theorem 2.1 also signifies that the deterministic system (1.1)—(1.4) has a unique
global positive solution denoted by Y (t) € R%, forall t € (—o0, 00). Furthermore,
it follows that any positive solution of the deterministic system that starts in the
closed unit ball D(oc0), grows and becomes bounded within the closed unit ball
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for all time t > tg, as signified by (2.1). In other words, D(cc) = Bﬂg{zoo’oo) (O E)
+5

7;4

is also positive self-invariant space for the deterministic system (1.1)—(1.4).

The Remark 2.1 suggests that the character of the stochastic disease dynamics
in this paper is more profound than [56]. For instance, there is tendency for the
noises in the dynamics to dive the population to extinction etc. Moreover, some
nontrivial factors influencing the behavior of the disease dynamics are identified
namely: (1) the presence or absence of noises in the dynamics, (2) the major source
of noise in the dynamics: disease transmission and/or natural death rates, and (3)
the magnitude of the intensities of the noises in the disease dynamics etc. Given
limited space, (1)&(2) are given full treatment in this paper.

3. Existence of infection-free equilibrium

Let the equilibria of the two delayed systems (1.1)—(1.4) and (1.8)—(1.11) be denoted
generally by E = (S*, E*, I'**). For infection free steady state, E = I = R = 0. Note
that the existence of a disease free steady state solution for the stochastic system
is determined by the intensities of the white noises in the system o;,i = S, E, I, 3.
For easy reference, the following result characterizes the existence of the disease-free
steady solution of the systems: (1.1)—(1.4) and (1.8)—(1.11).

Theorem 3.1.

1. There exists a disease-free steady state Eg = (S3,0,0) for the deterministic
system (1.1)-(1.4), where S§ = % =

2. When o; > 0,i = E, 1,8 and og = 0, there exists a disease-free steady state
solution Eq = (Sg,0,0), for the stochastic system (1.8)-(1.11), where S = & =
1.

3. When o; > 0,i = E, I, and og > 0, the system (1.8)-(1.11) does not have a
disease-free steady state solution.

Proof. The results follow immediately by applying standard methods of finding
equilibria for stochastic systems. O

Remark 3.1. Theorem 3.1[1.] signifies that the deterministic system (1.1)—(1.4)
always has a disease free equilibrium given by Ey. Theorem 3.1[2.] and Theo-
rem 3.1[3.] signify that regardless of the intensities o; > 0,7 = E, I, 8 of the noises
in the natural death rates of the exposed, infectious and removal states, and also
from the disease transmission rate, there exists a steady state disease-free popula-
tion Ey, which is exactly the same as that of the deterministic system, provided
the intensity of the white noise in the natural death rate of the susceptible state is
zero. That is, og = 0.

These observations suggest that the source: disease transmission rate or natural
death rates, and also the magnitude of the intensities of the noises in the stochastic
system (1.8)—(1.11) have bearings on the asymptotic behavior of the paths of the
stochastic system (1.8)—(1.11) near the infection-free steady state Ep.

In the following, the asymptotic stability of the disease free equilibrium, Ey, of
the deterministic system (1.1)-(1.4) and the stochastic system (1.8)—(1.11), when-
ever g = 0 are investigated and compared. The deterministic and stochastic
versions of the Lyapunov functionals techniques [59, 60, 62] are utilized to establish
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the stability results. The paths of the systems: (1.1)—(1.4) and (1.8)—(1.11) are
transformed using Ey = (5§,0,0), 5§ = % =1 as follows:

Ut) = S(t) — S5, V() =E(t), W(t)=I(t). (3.1)

By employing the transformation in (3.1) to the system (1.8)—(1.10), the following
system is obtained:

dU(t) =| — BU() :l Fri(s)e M G(W (t — s))ds — uU(t)
+a /t OO Fr, (YW (¢ — T)e‘“"dr] dt — o5 (S§ + U(t)) dws(t) (3.2)
05 (S5 + U) :1 Fri(s)e™m* GW (¢ = 5))dsduws (D),
av (1) = [ﬁ (S5 +U®) Fru()e = GW (t - 5))ds — uV (2)
-3 :2sz (w) (S5 +U(t—)) t:”fn(s)e-ﬂes-““GW(t—s—u))dsdu dt
—opV(O)dwg(t) + o5 (Si + U(t) :1 Fry (8)e P G(W (t — ))dsdwg (t)
o5 Fra () (S5+U(t—u)) :}Tl (8)e e UG (t— s —u)dsduduws (),
(3.3)
and

ho hi1
dw(t) _[B ] Jr,(u) (S5 + Ut —w)) [ fr(s)e™ " THGW (t — s — u))dsdu

—(p+d+a)W(@)|dt — oW (t)dw;(t)
ha h1
+o3 ) o, (u) (S5+U(t—uw)) t fr (s)e”H T HEG(W (t—s—u))dsdudwg(t).

(3.4)

The lemmas that follow in this section will be utilized to establish the asymptotic
results for the system (1.8)—(1.11) with respect to the steady state solution Fy. Note
that from Assumption 1.1 the nonlinear function G is bounded. Therefore, suppose

G* =supG(z2), (3.5)
z>0
then it is easy to see that 0 < G(z) < G*. Tt follows further from Assumption 1.1
that given lim;_,., G(I) = C, if G is strictly monotonic increasing then G* < C.
Also, if G is strictly monotonic decreasing then G* > C.

Recall the following lemma in the earlier study [63, Lemma 4.1]. Also, from
(1.14) and (3.1), we organize all notations used in the subsequent sections of this
paper as follows.
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Notation 3.1.

(1.) We denote by

(2.) Note from (3.6) that for each t € R, x(¢) is the transformed or shifted value of
X (t). Also, z = (U, V,W)T = (S — S, E,I)T denotes a point on the functions
vector space [C!(R x R+,R+)]3 =CYRxRy,Ry) xCHR xR, Ry) x CHR x
Ry,R;). That is, z = (U, V,W)T = (S — S5, E,I)T € [C'(R x Ry, R,)]".

(3.) For convenience, the notations “z(t)” and “x” are commonly used interchange-
able throughout this paper. To prevent “abuse” of notation, an explicit note

will be made, whenever x refers to a point in the functions vector space, and
it is used to define a Lyapunov functional.

Lemma 3.1. Let Vi € C*2Y(R® x Ry, R,), defined by

Vi(a(t),t) = (S(t) = 8" + E(t)* + c(B(1)* + (I(1))?,
() = (S(t) = S*, B(t), 1(1))", (3.7)

where ¢ s a positive constant. There exists two increasing positive real valued
functions ¢1, and @2, such that Vi satisfies the inequality

o1(llz@)]1*) < Va(z(t),t) < e2(llz@)I). (3-8)

Proof. Using the notations in X (¢t) — Fg = (U(t),V(t), W(t)), observe that V;
can be expressed as follows

2
Vi(z,t) = <2—T-c) U2(t)+ ;U(t)Jr %V(t) +gV2(t)+W2(t). (3.9)
2
It is easy to see from (3.9) and using (1.14) that
W0 > (50 ) IX0 - Eall = auliX@) - Bl (.10)
Also, from (3.9) it is easy to see that
Vi(e,t) < (2+ ) [IX () = Eol[* = é2(11X(t) — Eol[*). (3.11)

O
Note that Lemma 3.1, (3.8) signifies that the function V(z,t) in (3.7) is positive
definite and decrescent. This function will be used to create Lyapunov functionals,

and also to examine stochastic stability in probability, of the equilibria of the system
(1.8)—(1.11). See [67].
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4. Stochastic stability in the absence of noise in the
natural deathrate of all states

Recall Theorem 2.2(a) asserts that the unit ball D(c0) is a positive self-invariant
space for the stochastic system (1.8)—(1.11), whenever the intensities 0 < o3 < 00
and o; = 0,4 = S, E,I. In this section, the stochastic stability of Ey in D(o0) is
investigated, whenever 0 < 03 < 00 and 0; = 0,7 = S, E, I, 3. The following result
estimates the stochastic derivative of the Lyapunov function in (3.7) in D(o0),
whenever 0 < og <ooand o; =0,i=95,FE,1, 3.
Lemma 4.1. Let the hypothesis of Theorem 2.2(a) be satisfied, i.e. 0 < og < 00
and o; =0,i =S, E,I,5. The differential operator [62,65] applied to the Lyapunov
function Vi in (8.7) with respect to the system of stochastic differential equation
(1.8)-(1.11) is given by

dVl (.17, t)
=LVi(z,t)dt —205(U(t) + V(1)) (S5 + U(t))dws(t)

— 20 (U®)V(t) + (c + D)VZ(1))dwg(t) — 20, W2 (t))dw; (t)

h1
—200u(S5 + UMIV(E) [ fr(s)e ™ GOW (L - 5))dsdu

— 20 B[U(t) + (c + 1)V(t)0+ W (t)]
ho h1
- /t ’ fr, (W) fry (s)e™ Wos T (S5 4+ U (t — ) G(W (t — 5 — u))dsdudwg(t),
(4.1)

where for some positive valued function f((u) that depends on , the drift part LV;
of dVi in (4.1), satisfies the inequality

" 0
LVy(z,t) < (2885 +B8+a+ 2[((”)2 —2u)U(t)

+ {2uk(u)2 ot B2SE+ 1)+ eB(BSE + 1) — 2(1 + c)u| V()
+2[BSg — (1 + d + a)][W?3(t)
+2a - frs (r)e_QWW2(t —r)dr

to

hl

+[2855 (1+0)+05(55)* (4e+2(1=c)P)] [ fr,(s)e G (W (t—s))ds
+ [BS5 (44 ) + B(S5)*(2 + ¢) + 05(55)*(4c 4 10)]

ha phy
X / Jr (W) fr, (5)672“(5+“)G2(W(t — s —u))dsdu.
to t

0

(4.2)

Proof. The computation of the drift part LV ( see the references [60,62]) of the
differential operator dV" applied to the Lyapunov function V; in (3.7) with respect
to the system of stochastic differential equation (1.8)—(1.11) gives the following:

LVi(x,1)
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= —4uU )V (t) = 2uU?(t) — 2(1 + c)uV2(t) — 2(p + d + a)W?2(1)

+20(U() + V(1) /t T b (e Wt — )dr

h1
+2B[SeU )+ (1+c)SgV (1) +cV (1)U (t)] le( Je HEG(W(t — s))ds
—28[U®{#)+ (1+ )V (t) — W(t)]

ha  pha
X / fr, () fr, (s)e™Hostr) (8% L T (8 — u))G(W (t — s — u))dsdu
to

to

h1 2
fr(s)e PG (t — s))ds)

to

+oke(Sy+U(®1)? (

to Jio

ha phy 2
+o3et2) (/ (1) i, () o000 <ss+U<tu>>G<W<tsu>>dsdu>
h1

to

+oj(1—c) (S5 +U() ( fry(s)e™ " GW (¢ — S))d8>

ho hi
X ( /t t fr, (w) fy (s)e™BosTHO (S5 L Ut — u))G(W (t — s — u))dsdu) .

(4.3)

Applying Theorem 2.2, Cauchy — Schwarz, Holder inequalities, (8.1) and the fol-
lowing algebraic inequality

2ab < o) +b%g(c), (4.4)

where a,b, ¢ € R, and the function g is such that g(c) > 0, to estimate the terms
with integral signs in (4.3), one can see the following:

20(U(t) + V (¥)) /OO o (r)e W (t — r)dr
R (4.5)
<aU?(t) + aV3(t) + 2a/ fr, (r)e 2HTW2(t — r)dr,

BBISIUE) + (1 + SV () + VO UW®] [ fru(s)e GOW(t — s))ds

<BSGU?(t) + BSE (1+2¢) VA(t) +2BS5 (1 +¢) tohl fry (s)e 2HSG(W (t — s))ds,
(4.6)
—2B8[U(t) + (1 + )V (t) — W(1)]
/thz lsz ), (s)e™ (s THO (S5 L U (8 —u))G(W (t — s — u))dsdu
Soo+ 1)0U2( t) + (L +¢)B(Sg + 1)V(t) + 285 W?(t)
+[BSg(4+e)+B(S5)*(2+¢)] /t :2 t:IfT? (ufr, (s)e ™2 CFOG2(W(t — s — u))dsdu,
(4.7)



1108 D. Wanduku

h1

o3e(Sg +U(1))? ( fr(s)e P G(W (t — s))ds)

to

. (4.8)
§4CU%(S’6‘)2 fr(8)e M G2(W (t — 5))ds,

to

he rhi 2
o3 (c+2) < N fn,(ufn(s)e<“v5+““><sa‘+U<t—u>>G<W<t—s—u>>dsdu>

ho h1
<4(c+2)03(55)? / fr, () fr, ()e 2HETOG2 (W (t — s — u))dsdu,

v (4.9)
4.9
hy

o5(1—c) (S5 +U(1) ( fri(s)e” " G(W (t - 8))d8>

to

ho hy
</ ) fT2<u>fT1(s)e-<“vs+w><ss+U<t—u>>G(W(t—s—u>>d8d“)

0

h1
SQO’%(l —c)(S5)? fr,(s)e G2 (W (t — 5))ds

to
ho hy
+2075(55)* / Fry (W) fr, (8)e TG (W (t — s — u))dsdu.
to to

(4.10)

The result (4.2) follows by applying (4.6)—(4.10) and the inequality (4.4) into (4.3).
That is, LV;(z,t) becomes

LVi(x,t)

. Iz
<(2B8S;+B+a-+ zf((u)Q —2u)U?(t)

+ [2Mf((u)2 Foa+ B2SE+1) +cB(BSE + 1) — 2(1+ c)u] V2(1)
+2[B8y — (u+d + a)]W2(t)

+ 2« h fry (r)e 2TW2(t — r)dr
to
hi1
+ 2855 (14 ¢) + 03(S5)?(4c+ 2(1 — ¢)*)] fr,(s)e "G (W (t — 5))ds

to

+ [BS5(4+ ) + B(S§)*(2+ ¢) + 05(55)*(4c + 10)]

ho h1
< it o) OG5 = s
to t

0

(4.11)

where K (1) = g(p) and g is defined in (4.4). O
The following set of lemmas characterize the stochastic asymptotic stability

of Ey in the absence of noises from the natural death rates p in the susceptible,
exposed, infectious, and removal states. That is, whenever 0 < o5 < oo and

o; = 0,i = S, E,I,B. In this case, the only source of variability is the disease
transmission rate.
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One other major objective of this study is to understand the role of the delays
in the stochastic system on the stability of equilibria. This goal is not apparent
when the delays T;,i = 1,2,3 are distributed, and averaged in the system (1.8)—
(1.11)(ct. [57]). Thus, the system (1.8)—(1.11) will be transformed into a finite
constant delay system, using a centering density function for the random variables
T;,i=1,2,3in (1.8)—(1.11).

Assume that the incubation delays T7 and Ts, and the immunity delay period
T3 are constants and finite. This is equivalent to the special case of letting the
probability density functions fr,,4 = 1,2,3 of the random variables 73,75 and T3
in 8 (A) be the dirac-delta function®. That is,

400,58 ="1T;
fri(s)=90(s=T;) = ,i=1,2,3. (4.12)

0, otherwise,

Moreover, under the assumption that 77 > 0,75 > 0 and T35 > 0 are constant, the
following expectations can be written as E(e=2#(T1+72)) = o=20(Ti4T2)  p(e=20T1) =
e 2Ty and E(e21713) = = 2175,

Theorem 4.1. Let the hypotheses of Theorem 2.2, Theorem 3.1[2.] and Lemma 4.1
be satisfied, where 0 < o3 < 00 and o; = 0,5 =S, E,1. Also, let T1,T> and T3 be
constant positive values. There exists a Lyapunov functional

V(z,t) = Vi(z,t) + Via(z, 1), (4.13)

where V; € CPY(R? x R, R,) is defined by (3.7), and the functional component

Vio is defined over the functions vector space Vo : [Cl(R,R_F)f) — R, such that
x=(S—8SxE I)— Via(z,t) € Ry, Vt € Ry. Moreover, Vig is given as follows:

t

Via(z,t) :2ae_2“T3/ I*(v)dv

+ 2855 (14 0)+ o3 (55) e+ 21— e [ GI(w)as
+ [BS5(4+¢) + B(55)*(2+ ¢) + 03(55)* (4c + 10)]

t
x e 2Tt T2) / G*(I(v))do.
t*(TlJrTQ)

(4.14)
Furthermore, there exists threshold values RY, Rf, Uy and Vo defined as follows:
2
B(53)° o 95 (55)

RY = 4R} + + , 4.15
! T (utd+a)  (ptd+a)  (ut+d+a) (4.15)
. BSq

Rr=_—120 4.16
o7 (pt+d+a) (4.16)

2885 4+ B+ a+ 2L

Up= — K2 (4.17)

2p

*Note that to minimize notations T;,7 = 1,2,3, are abusively used as the random variables
and the single observations of the random variable.
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and
(2Mf((u)2 +oa+B(25: +1)
Vo = o ) (4.18)
and some positive constants ¢, ¥, and @, such that under the assumptions that
R <1, Uy <1, and Vy <1, and

1 R:
Toin > — 1 L 4.19
where
Tmin = min (T4, Th + 15, T3), (4.20)

the drift part LV of the functional Ito differential operator (cf. [13]) AV applied to
V' with respect to the stochastic dynamic system (1.8)—(1.11) satisfies the following
inequality:

LV (z,t) < — (oU?(t) + YV2(t) + @W?3(t)) . (4.21)

In addition, the infection-free equilibrium Ey of the stochastic dynamic system (1.8)-
(1.11) is stochastically asymptotically stable in the large in the unit ball D(c0).
Moreover, the steady state Ey is exponentially mean square stable.

Proof. By applying the translation properties of the Dirac-Delata function (4.12),
it can be seen from Lemma 4.1 that the drift part LV of the functional Ito differential
operator (cf. [13]) dV applied to the Lyapunov functional defined in (4.13), (3.7)
and (4.14) with respect to system (1.8)—(1.11) leads to the following:

LV (z,t)=LVy(z,t)
+2ae” 23T (1)
+[2855 (14 ¢) + 03(55)% (4c +2(1 — ¢)*)]e > G*(W (1))
+[BS5(4+¢) +B(S5)%(2 + ) +03(S5)(de + 10)] e 2 TH) G2 (W (1))
—2ae W2 (t — Ty)
—[28S5 (14 ¢) + 03(55)* (4c +2(1 — ¢))]e M GH(W (t — T1))
— [BS5(4+¢) + B(S5)*(2+ ¢) + 05(55)* (4c + 10)]
xe 2HMATIG2(W(t — Ty — Ty)). (4.22)
It follows that under the assumptions for 0 < o3 < oo and o; = 0,7 = S, E, [ in
Theorem 3.1[2.], and for some suitable choice of the positive constant ¢, it is easy to

see from (4.2), (4.22), the statements of Assumption 1.1, A5 (i.e. G*(x) < 22,2 > 0)
and some further algebraic manipulations and simplifications that

LV (z,t) < — (U (t) + ¥V2(t) + eW2(1)) , (4.23)
where,

¢ = 2u(1 = Up), (4.24)

* 2
¢ =2u(1 - Vp) — 2pc (1 _ b5 J;Ml) +0E> ,

e=2p+d+a)— [Qﬁsg + 0% +20e™ 25 4 9 (656‘ + 02(56‘)2) e~ 21 Ts

(4.25)
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+(4B8S5+26(55)2+1005(55)%) 6*2#<T1+T2)} —c(3855 + B(S5)? +405(55)°)
—2c%03(S5)?,

>2(u+d+a)[l— Ry — Rie ?Tmes] — (3855 + B(SH)? + 405(55)°)
—2¢%03(S5)°. (4.26)

and R§ and Rj are defined in (4.15)—(4.16). It is now easy to see that under the
assumptions of R, R}, Uy, and Vp in the hypothesis and also for a suitable choice
of the positive constant c¢ it follows that ¢, ¥, and ¢ are positive constants and
(4.21) follows immediately. Also, the stochastic stability results follows very easily
by applying the comparison stability results (cf. [60,67]). O

The following result for the deterministic system (1.1)—(1.4) will be useful to
compare and obtain insight about the influence of the noises and delays in the
stochastic system (1.8)—(1.11), whenever the delays T;,i = 1,2,3 in both systems
are constant, and 0; = 0,i =S, E,I, R, and 03 > 0.

Theorem 4.2. Let the hypotheses of Theorem 2.2, Theorem 3.1[1.] and Lemma 4.1
be satisfied. Also, let T, To and T3 be constant positive values. There exists a
Lyapunov functional

V(.’L‘,t) = Vl(ac,t) + Vlg(x,t), (427)
where Vi € C*Y(R3 x Ry, Ry) ids defined by (5.7) and the functional component
Vis is defined over the functions vector space Vi3 : [Cl(R,RQ}S — Ry, such that
x=(S— 85 E,I)— Vis(z,t) € Ry. Moreover, Vi3 is given as follows:

¢
Vis(z,t) :2046*2“T3/ I*(v)dv
t—T3

+ (2655 (1+ ¢)]e 2T / G

t

+ [BSg(4+¢) + B(S5)? (2 + ¢)] e 2T HT2) / G2(I(v))dv.

t—(Tl-‘rTQ)
o R (4.28)
Furthermore, there exists threshold values RY, R, Uy and Vo defined as follows:

~ BSiKG +a

Ry =200 "7 - 4.29
" (utd+a) (429)
% /BSS
Rr=__220 4.30
07 (u+d+a) (4.30)
2885+ B+ a+ 21
Uy = 7 K2 (4.31)

and

o CuE()* +a+ 2S5 +1))
0= 2

and some positive constants ¢, V¥, and ¢, such that, under the assumptions that
Ry <1, Uy <1, and Vy <1, and

, (4.32)
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where
Trmin = min (T, T1 + T», T3), (4.34)

the deterministic differential operator 1% applied to V with respect to the determin-
istic dynamic system (1.1)—(1.4) satisfies the following inequality:

V(w,t) < — (U(t) + V(L) + eW2(t)) . (4.35)

Furthermore, the disease free steady state Eq is globally uniformly asymptotically
stable in D(00). Moreover, it is exponentially stable.
Proof. (cf. [56]). O
Remark 4.1.
1. Given Ey = (S3,0,0) = (1,0,0), it follows that (4.30) reduces to

T (u+d+a) (pt+d+a)

(4.36)

The parameter ]:2("; is called the basic reproduction number (BRN) for the vector-
borne disease in the absence of any noise in the system. It is interpreted as
the average number of secondary infected cases given by the term SS; = S
that result from one infectious individual placed in a complete infection-free
population, Ey = (1,0,0), over the effective average lifespan of an infectious
individual given by m Note m is the effective average lifespan of a
person in the population, where people can either die naturally at rate u or die
from the disease at the rate d, or recover from the disease at rate .

Observe from (4.16) that when the intensity of noise in the system satisfies
0 < o3 < o0, then the BRN in (4.36) is exactly the same BRN R in (4.16). In
addition, observe that the other threshold values in Theorem 4.1, (4.15)—(4.18)
and Theorem 4.2 (4.29)—(4.32) are also related as follows:

11 I

1 1
Uo= ki8S~ 4+ ~a~ + =2 — 1, 437
0=kp O T R 0 (4.37)
and
L1011 ~ o\ 1
Vo = k18Sy— + 20, T (MK(M) ) m
=7 (4.38)

where k1 = 14 5&=.

0
These observations suggests that the occurrence of noise in the disease transmis-
sion rate with intensity 0 < og < oo, does not affect the BRN and some of the

other threshold values for disease control or disease eradication.

2. Also, observe from Theorem 4.1 and Theorem 4.2, that when the noise intensity
0 < og < 00, the delay threshold conditions in (4.19) and (4.33), satisfy

1 R} 1 R:
Thin > — log L — > —log L
20 T1-R; 2p T 1- R

(4.39)
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The relation (4.39), suggests that, the intensity 0 < o3 < oo inflates the mini-
mum threshold bounds for the delays in the system, required for the stability of
Ey, and hence for disease eradication.

Thus, from the items (1.) and (2.) above it is easy to see that increasing or
decreasing the intensity 0 < og < oo of the noise in the disease transmission rate
will not make much difference to the stability conditions of the infection-free
steady state Ej of the population.

3. The delay condition for stochastic stability of Ey in (4.19) can be rewritten as
follows

T

1 R 1 R \?
> —1 L= 2 L . 4.40
“ o BT R u°g(1—R3) (440

The condition (4.40) signifies that Ejy is stochastically stable, if both the total
incubation period T; + 75 of the disease inside the vector and human, and the ac-

quired immunity period T3 of the disease are larger than the fraction log ( 1?12* ) :
0

of the average lifespan %L of the human being in the population in the absence of
disease. Since in practice ;% is significantly larger than either of 77 + 75 and T3,
it suffices that
1
* 2

0 < log (1 R1R*> << 1. (4.41)
— 1Y

4. Theorem 4.1 and Theorem 4.2 signify that in the absence of noise in the natural
deathrate of all states (i.e 0;,i € {S,E, I, R}), the noise driven system (1.8)—
(1.11), and the corresponding deterministic system (1.1)—(1.4) have the same
infection-free steady state Ey. Moreover, all trajectories for both systems that
start near Fy, remain near Fy, for all time ¢ > ¢y, and almost surely converge to
Ey over sufficiently long time, whenever the threshold conditions for Theorem 4.1
and Theorem 4.2 are satisfied. That is, 1 > Rj = R(*), 1>Up = Uo and 1 >V =
%, O<o g < 0Q.

Since the relation (4.41) holds, whenever 0 < o3 < oo, suggesting that the delay
threshold parameters of the noise driven system are inflated by the intensity
0 < 03 < 00, it is easy to see that certain magnitudes of the intensity, (i.e.
Jog >> 1), can lead to very large lower bounds for the delays in the delay
threshold condition (4.19), and consequently the condition (4.19) is violated,
and Fy no longer stable.

In fact, using (4.41) and (4.15)—(4.18), a region denoted Dq (0g,05,01,03), in
the space for the intensities (0g,0p,07,05) € [0,00)%, can be constructed, where
the infection-free steady state Fjy, remains stable with respect to both systems
(1.8)—(1.11) and (1.1)—(1.4). This region Dq (0s,0E,01,08) is defined in the
following theorem.

Theorem 4.3. Suppose the hypotheses of Theorem 4.1 and Theorem 4.2 hold. If
0<og<ooando; =0,i € {S,E, I, R}, then the noise driven system (1.8)-(1.11),
and the corresponding deterministic system (1.1)-(1.4) have the same infection-
free steady state Eqg. Moreover, all trajectories for both systems that start near Ey,
remain near Ey, for all timet > to, and almost surely converge to Eq over sufficiently
long time, whenever the threshold conditions in Theorem 4.1 and Theorem 4.2 are
satisfied. That is, whenever 1 > Rf = RS, 1>Up = Uo and 1>V, = VO, hold.
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In addition, there ezists a region Do (0s,0E,01,03) in the vector space [0,00)?,
defined as follows

Dy (0s,08,01,08) = D(‘)S’E’I (0s,08,01,08) N Dg (0s,08,01,08), (4.42)
where
D(“)Q’E’I (0s,08,01,08) = {(GS,JE,UI,UB) IS [O,oo)4|ai =0,1= S,E,I}7 (4.43)
and

(US;UE7UI7Uﬂ)

Dy

{(0 0g,0 0)6[000)41

= SyOFE,01,0p ) - .
6 (S5)*

(ﬂ+d+a)(1—fzz§)

11 o | B(SY) o
6(53)2(“+d+a) <4RO+(M+d+oz)+(M+d+a)>
<a§<<e26(38)2(ﬂ+d+a)(1—1i’3)

(4 +d+a) <4R3+ HMSS)Q +—= )} (4.44)

And it follows that for any (0s,0r,01,08) € Do (0s,0E,01,08), the stability condi-
tions for Eqy in Theorem 4.2, given by RS =R <1, UO =Uy <1 and VO =V <1,
remain valid for the stochastic stability of Ey characterised in Theorem 4.1.

In other words, for any intensities (0g,0r,01,08) € Do (0s,0r,01,08), the
stability conditions for Ey, in the absence of noise in the system, characterized in
Theorem 4.2, and given by R?; =Rj < 1,00 =Up <1 and VO =V, <1, remain
valid for the stochastic stability of Ey characterized in Theorem 4.1.

Proof. The result follow by applying simple algebraic manipulations using (4.41)
and (4.15)—(4.18), to find bounds for 0 < o3 < 0. O

5. Stochastic stability in the absence of noise exclu-
sively in the natural deathrate of the susceptible
state

Recall Theorem 2.2(b) asserts that when at least one of 0 < 0; < 00,7 = E,I, R, S,
then the unit ball D(c0) is no longer a positive self-invariant set for the stochastic
system (1.8)—(1.11). Thus, the unique positive stochastic solution for (1.8)—(1.11)
lies in X (t) € R3. Also recall Theorem 3.1 (2.) asserts that when og = 0 and
0 < 0; < 00,i = E,I, R, then the infection-free steady state Fj exists, and it is
exactly the same infection-free steady state for the deterministic system (1.1)—(1.4).
The following result estimates the stochastic derivative of the Lyapunov function
in (3.7) in R%, whenever 0 < 0; < 00,i = S, E, I, R. The supremum G* in (3.5) is
used.

Lemma 5.1. Let the hypothesis of Theorem 2.2(b) be satisfied. That is, 0 < o; <
00,i =S, E,I,R. The differential operator [62,63] applied to the Lyapunov function
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V1 in (3.7) with respect to the system of stochastic differential equation (1.8)—(1.11)
s given by
dVi =LVidt —205(U(t) + V(t))(Sy + U(t))dws(t)

— 205 (UG)V(t) + (c + DVZ(t)dwg(t) — 20, W(t))dw; ()
h1
—2cop(Sy +U@)V(2) fri(s)e™ " GW (t — s))dsdwg

—20g[U(t) + (c+ 1)V(t)o+ W (t)]
ho h1
X/t . Fry () fry (s)e™ oot (S 4+ U (t—u))G(W (£ — s —u) dsduduwg (t),
(5.1)

where for some positive valued function f{(u) that depends on p, the drift part LV,
of dV1 in (5.1), satisfies the inequality

LVi(x,t) S(BSS‘ +B+a+2—1 BT E (72T

K(p)
+o3[2+(1- )’] (G*) E (e 2™ — 2,u> U?(t)

+ [2uf((u)2 Fa+ (1+0)BSE+ (1+20)8—2(1+ c)u] V2(t)
+[8Sg —2(u+d + a)) WA(1)

+ 2a/ frs (r)e 2PTWR(t — r)dr
to

h1
FESi 2+ a2 (1— 0] [ I (s)e AW (- )ds

to

1
=+ c> +03(S5)? + od(c+ 2)}

+ {25 (S5)? <2+ 5

ho h1
<[ i e G s — w))ds
to t

0

+ {2 <2 n Slg+c> B(G*)’ E (e72T1) +(2¢+5)0% (G*)* E (62’”1)}

ha
X / fry, (w)e 2P U2 (t — u)du
+02 (Sg+U®)* 4 0%(c+ 1)V2(t) + o2 W2(1).

(5.2)

Proof. When 0 < 0; < 00,7 = S,E, I, R, the drift part LV (cf. [60,62]) of the
differential operator dV" applied to the Lyapunov function V; in (3.7) with respect
to the system of stochastic differential equation (1.8)~(1.11) is denoted LV;, and is
given by

LVy(z,t) = LVy + 02 (S + U (1) + o2 (c + DV2(t) + oW (1), (5.3)

where LV] is given in (4.3) .
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In Rﬁ_, we consider a different estimation of (4.3) as follows. Applying Theo-
rem 2.2, Cauchy — Schwarz, Hdélder inequalities, (8.1), and the algebraic inequality
(4.4) to estimate the terms with integral signs in (4.3), one can see the following:

20(U(t) + V(1)) /t N fr, (r)e W (t — r)dr

N (5.4)
<aU%(t) + aV2(t) + 20 / Fro (r)e=2 W2 (¢ — 7)dr,
h1
2B[SqU) + (1 +¢)S5V (t) + V(U (t)] t fr (s)e " G(W(t — s))ds
<[BSG + cB(G*)? E(e " )]U(t) + [BS5 (1 + ¢) + cBIV(t) (5.5)

h1
+ (24 ¢)BS; Ir, (8)e S G2(W (t — 5))ds,

to

—28[U@1) + (1 +V(t) - W()]
ho h1
- /t ; Fra () fr, (s)e™ oot (S5 4 U (= ) GW (t — s — w))dsdu

<BUR(t) + (1 +C)5V2(t)+556‘W2()

; [ <z+ s*“) msaf] / [ P, (W) fri (5)e™ O G (1— 5 —u))dsdu

1 *\2 —2uT: "2 —2purr2
+2 (2 + 573 + c) B(G*)*E(e ) . fr,(u)e U*(t — u)du,
(5.6)
ha 2
o2 (Sy +U(L))? ( fr,(s)e " G(W (t — s))ds)
fo (5.7)

hi
§200§(S§)2 fr, (8)e S G2(W (t — s))ds + 260'%(G*)2E(672#T1)U2(t),

to

ho phy 2
o3 (c+2) (/ Fry (W) fr, (s)e™ st (S5 +U<t—u>>G<W(t—s—u>>d5d“>
ho hy
<2+ 2)03(S;) / Fy () fr ()M GO GR(W (¢ — 5 — w))dsdu

+2(c+ 2) (21 Th) / I, (w)e™ U2 (t — u)du,
to

h1

o5(1 =) (Sg+U(1) ( fri(s)e” " G(W(t - S))d8>

to
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ho h1
g </ I (w)fn (s)e™ s tm (S5 4 Ut —u))GW (t — 5 — U>>d5d“>

0

h1
<o5(1=0*(S5)* [ fru(s)e G (W (t — s))ds

hao tc;h
+03(S55)? / fr, (W) fr, (8)e 2HEHIGH(W (t — s — u))dsdu
to to
+03(1 = 0)* (G E(e ) U(t)
ha
+o3(1 - ¢)2(G*)2E(e”2rT) fr, (W) e MU (t — u)du. (5.9)
to

The result (5.2) follows by combining (5.4)—(5.9), followed by applying the inequality
(4.4). O

The following result characterizes the stochastic stability of Ey, whenever only
the intensity of the noise from the natural death rate of the susceptible state is
zero, that is, 0g = 0, and 0 < 0; < 00,71 € {F,I,5}. To emphasize the role of the
delays on the stability of Ey, the random variables T;,7 = 1,2,3 are assumed to
have the density functions (4.12). That is, the delays T;,4 = 1,2,3 are constant.
Theorem 5.1 presents the stochastic stability results for the case of constant and
finite constant delays in the system.

Theorem 5.1. Let the hypotheses of Theorem 2.2, Theorem 3.1[2.] and Lemma 5.1
be satisfied, where 0 < o; < 00,1 = E, 1,8, and g = 0. Also, let Ty, To and T3 be
constant delay values. There exists a Lyapunov functional

V(z,t) = Vi(z,t) + Via(z, 1), (5.10)

where Vi € CPH(R? x Ry, R,) is defined by (3.7) and the functional component
Via is defined over the functions vector space Vig [Cl(R,]&_ﬂg — R, such that
x= (S-S« EI)— ‘712(x,t) € Ry.. Moreover, Viy is given as follows:

‘712(93, t)

¢
:2046_2“T3/ I*(v)dv
¢

+ [55;;(2 +o) 02 (55 (1— 0)2} e Ts - G2(I(v))dv

+ [2 (1 + Slo + c) B(S5)" +40h(c+2) (S5)" + 0 (56)2}

t
x ¢~ HTHT) / G*(I(v))dv
t—(T1+T2)

t
+ [2 (1 + > + c) B(G)? + o3 (G*)? (2¢ + 5)} e~ D+ T2) / U?(v)dv.
t—Ty

=
R A (5.11)
Furthermore, let the threshold values Ry = RS,, Uy = Uy and Vo =V be as defined
in (4.15)—(4.18) and (4.29)—(4.32). There exists threshold values Ry, Ry and U,
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defined as follows:

*\2 2 *\2
Ry = Rj + <2+1) ( b (%) + - 1978 (5) (5.12)

S¢) (p+d+a) (p+d+a) (p+d+a)’

/BSS %J% % %U%
R = + Ry —2 1 5.13
T (w+d+a) (ptd+a) O (u+d+a) (5.13)

(2+2) (G + 403 (G7)?
U, = 0 , (5.14)
i

1 2

Vo =Vo+ 58, (5.15)

2 p

and some positive constants ¢1, 1, and p1, such that under the assumptions that
Ry <1,Uy<1, and Vy <1, and

1 Ry
Tonin > —1 , 5.16
5 8T Ry (5.16)
and ) U
T, > —1 L 5.17
=9, %1y (5:17)
where
Tmin = min (T17T1 + T27T3), (518)

the drift part LV of the functional Ito differential operator (cf. [13])dV applied to
V' with respect to the stochastic dynamic system (1.8)—(1.11) satisfies the following
inequality:

LV(z,t) < = (01U(t) + 01 V(1) + 1 W2(1)) - (5.19)

In addition, the infection-free equilibrium Ey of the stochastic dynamic system (1.8)—
(1.11) is stochastically asymptotically stable in the large in Ri. Moreover, the steady
state Eq is exponentially mean square stable.

Proof. By applying the translation properties of the Dirac-Delta function (4.12),
it can be seen from Lemma 4.1 that the drift part LV of the functional Ito differential
operator (cf. [13])dV applied to the Lyapunov functional defined in (5.10), (3.7) and
(5.11), with respect to the system (1.8)—(1.11), leads to the following:

LV (x,t)
=LVi(z,t) + 2ae 2PT3W2(t)
+ [BS5(2 4 0) + oR (S0)° (1 - 0] 2T G2 W (1))

J 1
+ |2 <1 + S*+c) B(S5)* +40%(c+2) (S3)* + o (53)2] e M) G2 (W ()
L 0

[ 1
+ |2 (1 + ot c) B(G*)? + 0% (G*)? (2¢ + 5)} e NFT) 72 (3
L 0
— 2ae W2 (t — Ty)

— 8852+ )+ 03 (S5)7 (1= 0| TG (W (1 - Th)

P (1 + Si + c) B(S5)° +402(c+2) (S5)? + o (S{;)Q}
L 0
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x e*2H<T1+T2>G2 (W (t—T - T»))

[2 (1 + 5 + c> B(G™)? + 02 (G*)? (2¢+5) | e 22 (+ - Ty) . (5.20)

It follows that under the assumptions for 0 < o; < 00,7 = F,I,3, and og = 0 in
Theorem 3.1[2.], and for some suitable choice of the positive constant ¢, it is easy to
see from (4.3), (5.20), the statements of Assumption 1.1, A5 (i.e. G*(x) < 22,2 > 0)
and some further algebraic manipulations and simplifications that

LV (2,t) < — (01U (t) + 01 VA (t) + opd W(1)) (5.21)

where,

$r =24 — <ﬂ50 +B8+a+2 ~( F )

_ -30% (G*)2 + cf (G*) +o? (G*)2 (02 o 20)} e 21T

B :2 (H; “) B(G") +503 (G +2¢ (B(G*)+03 (G*fﬂ (2T Ty)
>2u [(1 = Up) — Ure 1] —2¢ [ﬁ (S5)? + 0 (G*)Q} o—2u(T1+T2)

- _cﬁ (G*)? + O’% (G*)? (¢® - 20)} e T
(5.22)
U1 =2~ |2uK (1) + 0 + BS; + B+ o]
+c[2p— (28+BS; + 02E)]
(284 BS; +0%)
2p
1 =2(p+d+a)— (BS; + 07) — 20e 25 — [2B55 + 0%5’6‘] e 20T

- |22+ ) sy + 00 (552 emawema
0
— [eBSE + + (* = 2¢) 05 SO)] “2T ¢ [26 (56)2 + 40% (SS)Q} e 2T+T2)
>+ d + a) [l = Ry — Rye 20Tmin]
(

_ [C,BSO CQ _ QC) 0/3 S*)] —2uTy c |:2B (SS)Q + 40_[23 (Sg)2i| 672y(T1+T2)'
(5.24)

[y

(5.23)

>24[1 = Vo] + 2pc |1 —

)

It is now easy to see that under the assumptions of Ry, Ri, Uy, and V' in the
hypothesis, i.e. Ry < 1, Uy < 1, and V < 1, and also for a suitable choice of
the positive constant c, it follows that ¢, 11, and ¢ are positive constants and
(5.18) follows immediately. Also, the stochastic stability result follows very easily
by applying the comparison stability results (cf. [60,67]). O

Remark 5.1.

1. Tt follows from (5.13) that when 0 < 0; < 00,4 € {E,I,R,} and og = 0, the
BRN in Theorem 4.2, for the deterministic system (1.1)—(1.4) is modified by the
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intensity of the intensity of the noise in the natural death rate of the infectious
state o7. Clearly from (5.13), (4.36) and (4.16), it is easy to see that

Ry > R} =R (5.25)

Also, from (5.15) and (4.18), observe that Vg* > Vi = Vi, whenever o; > 0,i €
{E,I,R,3}. These observations suggest that the occurrence of noise in the
disease dynamics with significant magnitudes of the intensities 0 < o; < 00,7 €
{E,I,R,}, inflate the BRN and the threshold values (i) for the stability of
the infection-free steady state Fy, and hence (ii) for disease control, or disease
eradication. The inflation of disease control parameters by the noise terms can
hinder disease control conditions as explained further below.

2. Theorem 5.1 and Theorem 4.2 signify that in the absence of noise in the natural

deathrate of the susceptible state (i.e. og = 0), the noise driven system (1.8)—
(1.11) and the noise-free system (1.1)—(1.4) have the same infection-free steady
state Fy. Moreover, all trajectories of the systems that start near Ej, tend
to remain near Fy for all time ¢ > ty, and almost surely converge to Ey, over
sufficiently long time, whenever the threshold conditions for Theorem 5.1 and
Theorem 4.2 are satisfied, i.e. , whenever the following hold 1 > Ry > ]:237
1>Uy=Up, 1>Vy>Vy=V,and 0< 0y < 00,Vi=E,I,R,B.
Since the threshold values are related as follows: Ry > Rj, Uy = Up and Vg >
Vo = V; hold, whenever 0 < o; < 00,7 € {E, I, R, 3}, it is easy to see that certain
magnitudes of the intensities, (i.e. Jo; >> 1,Vi = E, I, 8), can lead to violation
of at least one of the following stability conditions for Ey: 1 > Ry,1 > Uy and
1 > V4. Thus, it is necessary to characterize a parameter region for the intensities
of the noises in the system, 0 < 0; < 00,Vi = E,I, R, 3, and g = 0, in which
the infection-free steady state Ej is stochastically stable, and the disease can be
eradicated.

3. The delay conditions in (5.16)—(5.17), for the stochastic stability of Ey, can be
written as follows

1 1

1 Ry }2 1 ( Uy )2
Tmin > max < — lo ,—lo . 5.26
{M g{l—Ro H & 1-Up (5.26)

Applying similar argument in Remark 4.1[3.-4.], it follows that from a practical
point of view, the condition (5.26 ) requires that

3 3
0 < log < ) <<1, and 0<log ( ) << 1. (5.27)

1 1
1—- Ry 1-Up

6. Effect of increasing white noise intensity on the
stability of the infection-free steady state

From Remark 5.1 , it is apparent that when we are given the threshold conditions
Ry < 1,Up <1, and Vi <1 hold in Theorem 5.1, the steady state Ey is stochas-
tically stable in the large, for some magnitudes of the intensities 0 < 0; < 00,Vi =
E I, R, 3, and may become unstable for other values of 0 < 0; < 00,Vi = E, I, R, 3.

Recall, the behavior of the trajectories of the deterministic system (1.1)—(1.4),
near the infection-free steady state Ej is characterized in Theorem 4.2. The question
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of the extend that the white noises, introduced into the ideal deterministic disease
dynamics (1.1)—(1.4), influence the behavior of the paths of the ensuing stochastic
system (1.8)—(1.11) near Ej is answered in this section. That is, the question
about how much the stability conditions in Theorem 4.2, are affected by the noises
introduced into (1.1)—(1.4), is answered in this section.

Using the stability conditions in Theorem 5.1 and Theorem 4.2, a noise intensity
region, denoted by D (0s,0E,01,03) is determined for the stochastic system (1.8)—
(1.11), in which E; stable with respect to the deterministic system (1.1)—(1.4),
remains stable with respect to the ensuing stochastic system (1.8)—(1.11).

Theorem 6.1. Suppose the conditions of Theorem 4.2 are satisfied. That is, RO
1,0y < 1 and Vo < 1, where RO, Us, and Vj are given Theorem 4.2, (4.29)-(4.32).
Deﬁne the following sets

Df(os,aE,JI,05):{(05,015,01,05) €[0,00)}og = 0} , (6.1)
D{E(Os,UE,O'],U@)Z{(Us,O’E,U],O'ﬁ) €[0,00)*0 < 0% < 2(u)(1 — VO)} ,  (6.2)
D{(US,UE,UI,J[,):{(US,UE,a,,o—g)e[o, o) o<o? < 2(u+d+a)(1—f€6‘)} , (6.3)
and

D (0s,08,01,08)

3 (1 +d+a)(1 - Ry)

1
{ (0s,08,01,08) €0, oo) ACAE
0

! [ 1) BSH)? o
9(55) st dre) _RO+<2+S*> (ntdta)  (utdta)

1 1 d %U% 1 1 d 1_
_§(S§)2('u+ +a)m<dﬁ << é? (SS) (M+ +a)(1 - Rp)
L1 [ L\ _B(SE) a
_9(55)2('u+d+a)_RO+(2+S*)(u+d+a)+(u+d+a)_

21 1 102

o 9<sg>2(”+d+“>M}~ (6.4)

Furthermore, using (6.1)-(6.4), let the region D1(os,0r,01,08) be as defined below

Di(os,0r,01,08)

:Df(as, oE, U[,OQ)OD{E(Js, OB, 071, Uﬁ)ﬁD{(Js,JE, or, Uﬁ)mD?(Js, OE,01,08).
(6.5)

It follows that the infection-free equilibrium Eqy is both uniformly asymptoti-
cally stable with respect to the deterministic system (1.1)-(1.4), and stochastically
asymptotically stable in the large, with respect to the stochastic system (1.8)—-(1.11),
regardless of the source of the noise in the system (1.8)—(1.11), provided that the
intensities lie in (0g,0p,01,08) € D1(0g,08,01,08).

Proof. Suppose Ré <1, Uy < 1, and Vy < 1, where ]:35, UO, and Vj are given in
(4.29)-(4.32). It is easy to see that for (0g,0m,01,08) € D1 (0s,0r,01,03), and
(5.27) satisfied, then Theorem 5.1 is also satisfied, and Ej is stochastically stable
in the large in Rﬁ_. O
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Remark 6.1. Theorem 6.1 signifies that the when there is no noise from the natural
deathrate of the susceptible state (i.e. og = 0), the infection-free steady state
Ey continues to exists, regardless of fluctuations from the other sources: natural
deathrates of exposed, infectious, removed states, and the disease transmission rate.
Moreover, if the intensities of the noises from these sources lie in (0g,05,07,08) €
Di(0s,08,01,08), then the disease eradication conditions (i.e. Ra‘ <1, 0 <1,
and Vy < 1) required for the deterministic system (i.e. (1.1)-(1.4)), are still valid
for the stochastic dynamics (1.8)—(1.11).

7. Asymptotic behavior of the stochastic system
when there is no infection-free steady state

Recall Theorem 3.1[3.] asserts that the stochastic system (1.8)—(1.11) has no infec-
tion free steady state for the population, whenever the intensity of the noise in the
natural death rate of the susceptible state is positive, i.e. 0g > 0. The question re-
mains about the extend that the intensity og > 0 deviates the paths of the ensuing
system (1.8)—(1.11) from the steady state Ey characterized in Theorem 6.1.

Since the stochastic system has a unique stochastic solution process X (t) €
R3,t > to, whenever at least one of o; > 0,4 = S,E,I,R (see Theorem 2.2),
and the solution has continuous sample paths which are nowhere differentiable, the
question above is answered by applying the mean value theorem to examine the
average distance of every path of the stochastic solution from the steady state Ejy
over sufficiently long time.

Theorem 7.1. Let the hypothesis of Theorem 3.1[3.] be satisfied. Let R:, Rs, U
and Vy be as defined in Theorem 4.2, (4.29)-(4.32) and Ry, Ry,Ur,Uy and V' be
as defined in Theorem 5.1 (5.12)-(5.15). Also let

2 2
Ur =Up+ 22 =Ty + 25, (7.1)
I I

Suppose the following conditions hold: Ry < 1,U§ <1, and V5 <1, and

} , (7.2)

Tmin = min (Tla Tl + T27 TS) ) (73)

i10 L ilo U
o BT Ry 2u ®1-Ug

Tmin Z {

where

it follows that there exists a positive constant m > 0, such that the following inequal-
ity holds
1 t 2 2 S* 2
lim sup 7E/ 11X (v) = Eo|l,)? dv < 205 (%) (7.4)
t—o00 t 0 m
where X (t) = (S(t), E(t),1(t)), and ||.||2 is the Euclidean norm on R3.

Proof. Let Theorem 3.1[3.] be satisfied, i.e. os > 0. Applying the functional
Ito differential operator (cf. [13]) dV to V defined in (5.10), and utilizing (5.3) and
(5.20), it is easy to see that

dV =LVdt — 205(U(t) + V() (Sg + U(t)) dws(t)
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—205 (U)V () + (c+ D)V2(t)) dwp(t) — 20,W3(t)) dw;(t)

—2co5 (S +U ) V(t)e TG (W (t — T1)) dwp

—205[U(t) + (c+ 1)V () + W(t)]

x et =T (2 L U (t—To)) G (W (t — Ty — To)) dws(t),  (7.5)

where for some positive constant valued function K (y), the drift part of (7.5), LV,
satisfies the inequality

LV (2,8) < = (51020 + hV2(0) + 6 W (1)) (7.6)

where

7 * H
$1=2u— (ﬂSO +Hhratiz +2a§>

_ {30% (G*)2+c5 (G*)QJFU% (G C 726 ] —ouT
|:2 (1"‘;* +C> ﬁ(G*) +5Uﬁ (G*) +2c (ﬁ (G*) +0B (G*) ):| 6_2M(T1+T2)
>2 [(1 = Ug) = Ure 1] —2¢ [5 (S5)% + 02 (G*ﬂ o~ 20(Ti+T2)

_ {cﬂ (G’*)2 + Uf; (G*)2 (02 _ 20)} e 2T

(7.7)
Wy =24 — [2Mf((ﬂ)? + o+ BSs+ B+ U?;}
+ec[2p— (28+8S;+0p)] (7.8)
* 2
>2u 1 - Vo] + 2pc |1 — (Qﬁ”i’*%) ,

G1=2(n+d+ o) — (BS; + 07) — 20”21 — [28S; + 0555] e 21T
[2 <2 + 51) B(S3)” +90% (35)2} o-2u(Ti+T3)
— [eBS; + (2 = 2¢) 05 (S5)] e 2" — ¢ [25(55)2 +40% (53)2} o~ 20(T1+Ts)
>2(p+d+a) [1 — Ry — Rye 2#Tmin]
— [eBSE + (> —2¢) 03 (S5)] e 2T — ¢ [2ﬂ(sg)2 +40% (53)2} o= 2T+ Ts)
(7.9)

Under the assumption of Ry, Ug and V{" in the hypothesis, and for suitable choice of
the positive constant ¢, it follows that ¢, 1/1, and ¢ are positive constants. Therefore,

by integrating (7.5) from 0 to ¢, and taking expectation, it follows from (7.5)—(7. 9)
that

E(V(t)—V(0)) < —mIE/O {(S(v) — S5 + E*(v) + 12(1))} dv+20% (S3)?t, (7.10)

where V(0) is constant and o
m = min(, ¥, @). (7.11)
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Hence, diving both sides of (7.10) by ¢ and m, and taking the limit supremum as
t — oo, then (7.4) follows immediately. O

Remark 7.1.

1. Theorem 7.1 signifies that when noise from the natural deathrate of the susceptible
state with intensity og > 0 is introduced into the disease dynamics characterized
earlier in Theorem 5.1, the initially stochastically stable steady state E; ceases
to exist. Nevertheless, the sample paths of the ensuing stochastic system (1.8)—
(1.11) (with og > 0) continue to oscillate near Fy as shown in (7.4). Moreover, as
the intensity og — 0, then the average value of every sample path of the system
(1.8)—(1.11) in the phase space R? is expected to converge to Ej.

This result suggests that for small magnitudes of the intensity 0 < og << 1,
the disease dynamics is still controllable near a potential infection-free state Fjy,
provided that all other threshold conditions of Theorem 7.1 are satisfied. However,
if the intensity 1 << og < oo, then all paths of the stochastic system (1.8)—(1.11)
are expected to deviate further away, on average, from the infection-free steady
state Ey. Deviation from Ey may imply that the disease becomes endemic in the
population, or it may imply that the population is becoming extinct over time.

2. It is also easy to see from Theorem 7.1 that there is another parameter region
Dy(0s,08,01,0p) for the intensities of the noises (cg, 0, 05, 0) in which the paths
of the stochastic system are expected to remain in the neighborhood of the FEjy.

It is easy to see that, if the conditions for stability of Ey in Theorem 4.2 (4.29)-
(4.32) for the deterministic system (1.1)~(1.4), are satisfied (i.e. RE < 1,Uy = Uy <
1 and Vy < 1), then in the region Ds (0s,05,07,05) defined in (7.12), the result
in Theorem 7.1, (7.4) holds. In other words, the paths of the stochastic solution
process of (1.8)—(1.11) will remain near Ej, depending on the magnitude of the
intensity og. This result is stated formally in Theorem 7.2.

Theorem 7.2. Suppose the conditions in Theorem 4.2 hold. That is, RO <1,0, <
1 and Vo < 1, where RO, Us, and Vg are given in Theorem 4.2 (4.29)—(4. 3’2) Let
the region D2 (0s,0E,01,08) be as defined in (7.12). That is,

D2 (0570E70170,3)

=D§ (0s,08,01,08) N D¥ (0s,0E,01,08) N D} (0s,08,01,08) N DQB (0s,08,01,08),
(7.12)

where

D‘;(US,JE,JI,Jﬁ):{(JS,JE,JI,J[;) €[0,00)*0 <05 < (1 - Uo> } , (7.13)
Dg(as,O'E,U[,O'B)Z{(Us,UE,O'],O'ﬂ) €[0,00)*0 < 0% < 2(u) (1 - ‘70) } , (7.14)
Dé(os,oE701,05):{(Us7aE,01,og)E[O, oo)4|0<0%§2(u+d+a)(l—R8)}, (7.15)
and

D§ (0s,08,01,08)

:{ (05, 05,01,05) € [0,50)"] 5

O) (ptd+a) (1—1%3)
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1 1 o [ 2 1\ B(SH)’ a
9 (SS)Q(u+d+ ) <R0+(2+SS> (u+d+a)+(u+d+a)>

1.2

S0 1 1 A
—— +d—|—a27]<02 <<€277 +d+a)(l—-R:
S rara <o <<y ) (1- &)
A 1\ B(Sy)° «
- d R4 (2+4 —
9(55;)2(M+ +a)< °+( +S{;> (u+d+a)+(u+d+a)
21 1 s07
—e2= +d+a)—2L % 7.16

and e is the base of the natural logarithm.
It follows that there exists a positive constant m > 0, such that the following
inequality holds
1 t 202 (S*)2
timsup 1 [ [1X(0) — BollJ*dv < 272500 (7.17)
0

t—o00 m

regardless of the source of the noise in the system (1.8)—(1.11), provided that the in-
tensities lie in (0g,0p,01,08) € Do (0g,0E,01,08), where X (t) = (S(t), E(t), I(t)),
and || - ||2 is the Euclidean norm on R3.

Proof. Suppose ]%5 <1, Up < 1, and Vo < 1, where ]%3, Uo, and Vp are given in
(4.29)—(4.32). It is easy to see that for (o0g,0r,01,08) € Dy (0g,0r,01,03), and
(5.27) satisfied, then Theorem 7.1 is also satisfied. O

8. Conclusion

The presented classes of stochastic and deterministic SEIRS epidemic models with
nonlinear incidence rates, and white noise processes characterize the general dy-
namics of vector-borne diseases such as malaria and dengue fever etc. that are
influenced by random environmental fluctuations from (1.) the disease transmis-
sion rate, and from (2.) the natural death rate of humans of all states - susceptible,
exposed, infectious and removed. The random incubation periods of the parasites
or virus in the vectors (e.g. mosquitoes) and humans are considered. Moreover, the
random acquired natural immunity period for the disease is also considered.

The model validation results for both stochastic and deterministic systems are
presented. The impacts of each source of variability in the stochastic disease dynam-
ics are examined. Comparative threshold conditions for the stability of equilibria of
both systems are presented. Moreover, white noise intensity regions within which
both systems exhibit similar asymptotic characteristics near the equilibria are com-
puted.
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Appendix A.

Derivation of the Model (1.1)—(1.4) from the mosquito-host
dynamics

The assumptions for the family of malaria models in [56] are adopted and modified
in the following. (A) The delays represent the incubation period of the infectious
agents (plasmodium or dengue fever virus etc.) in the vector 77, and in the human
host T5. The third delay represents the naturally acquired immunity period of the
disease T3, where the delays are random variables with density functions fr,,ty <
T < hl,hl > 0, and sz,to <1715 < hg,hg > 0 and fT37tO < T3 < . All other
assumptions for T, Ty and T3 are similar to the study [56].

(B) The vector (e.g. mosquito) population consists of two main classes namely:
the susceptible vectors V; and the infectious vectors V;. Moreover, it is assumed that
the total vector population denoted Vj is constant at any time, that is, V5 (¢)+V;(t) =
Vo, Vt > to, where V; > 0 is a positive constant. The susceptible vector population
Vs are infected by infectious human beings I, and after the incubation period T}
of the infectious agent, the exposed vector become infectious V;. Moreover, it is
assumed that there is homogenous mixing between the vector-host populations.
Therefore, the birth rate and death rate of the vectors must be equal, and denoted
[y Tt is further assumed that the turnover of the vector population is very high, and
the total number of vectors Vj at any time ¢, is a very large, and as a consequence,
[1, is sufficiently large number. In addition, it is assumed that the total number
of vectors Vj is exceedingly larger than the total human population present at any
time ¢, denoted N((¢),¢ > to. That is, Vo >> N((t),¢ > t,.

(C) The human population is similarly defined as in Wanduku [56], and consists
of susceptible (S), Exposed (E), Infectious (I) and removed (R) classes. The sus-
ceptible humans are infected by the infectious vectors V;, and become exposed (E).
The infectious agent incubates for T» time units, and the exposed individuals be-
come infectious I. The infectious class recovers from the disease with temporary or
sufficiently long natural immunity and become (R) Therefore, the total population
present at time ¢, N(t) = S(t) + E(t) + I(t) + R(t),Vt > to.

Furthermore, it is assumed that the interaction between the infectious vectors
V; and susceptible humans S exhibits nonlinear behavior, due to the overcrowding
of the vectors as described in (B), and resulting in psychological effects on the
susceptible individuals which leads to change of behavior that limits the disease
transmission rate, and consequently result in a nonlinear character for the incidence
rate characterized by the nonlinear incidence function G. G satisfies the conditions
of Assumption 1.1.

(D) There is constant birthrate of human beings B in the population, and all
births are susceptible individuals. It is also assumed that the natural deathrate
of human beings in the population is i and individuals die additionally due to
disease related causes at the rate d. From a biological point of view, the average
lifespan of vectors ﬂl is much less than the average lifespan of a human being in the

)
v

absence of disease % It follows very easily that assuming exponential lifetime for all
individuals (both vector and host) in the population, then the survival probability
over the time intervals of length T} = s € [tg, h1], and Ta = s € [tg, ho], satisfy

e—ﬂUTl << e—[LT1 and e—llle—ﬂTZ << e_[‘(TlJ'_TQ). (81)
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That is, (8.1) signifies that the survival chance of the mosquitoes, and consequently
the parasites or virus inside the mosquitoes (and inside humans) over the complete
life cycle of the parasites lasting for 77475 time units, is less than the survival chance
of human beings over the same period of time. Furthermore, recall [Theorem 5.1,
[56]] asserts that it is necessary for the expected survival rate E(e feT1=AT2) to
be significant for the disease to establish a steady endemic population. All other
assumptions for the malaria model (1.1)—(1.4) remain the same as in [56].

Applying similar ideas in [54], the vector dynamics from (A)-(D) follows the
system

dVi(t) = [—Ae T [ (t — T)Vi(t — T1) — finVa(t) + fio(Va(t) + Vi(t)]dt,  (8.2)
dVi(t) = [Ae™ ™D I (t — TV)Vi(t — T1) — i Vi(t)]dt, (8:3)
Vo = Vis(t) + Vi(t),Vt > tg,t0 > 0, (8.4)

where A is the effective disease transmission rate from an infectious human being to
a susceptible vector. Observe that the incidence rate of the disease into the vector
population Ae=#T1 [ (t —T)V,(t — Ty) represents the rate of new infectious vectors
occurring at time ¢, which became exposed at earlier time ¢t — T} after obtaining an
infected blood meal from an infectious person, and surviving over the incubation
period Ty, with the exponential survival probability rate e #*T* the vectors become
infectious at time t. The detailed host population dynamics is derived as follows.

At time ¢, it follows from (C) that when susceptible humans S and infectious
vectors V; interact with B effective contacts per vector, per unit time, then under the
assumption of homogenous mixing, the incidence rate of the disease into the human
population is given by the term 35 (t)V;(t). With the assumption of crowding effects
of the vector population, it follows from (C) that the incidence rate of the disease
can be written as

BS(t)G(Vi(t)), (8.5)

where G is the nonlinear incidence function satisfying the conditions in Assump-
tion 1.1.

The susceptible individuals S who have acquired infection from infectious vectors
Vi, but are non infectious form the exposed class E. The population of exposed
individuals at time ¢ is denoted F (t). After the incubation period, T = u € [tg, ha],
of the infectious agent in the exposed human host, the individual becomes infectious,
I (t), at time ¢. Applying similar reasoning in [15], the exposed population, E(t), at
time ¢ can be written as follows

E(t) = E(to)e M=) py (t — to) + / BS(E)G(V;(€))e =Op, (t — £)d¢,  (8.6)

to

where
0) t> T2a

pi(t) = (8.7)
1t < Ty

represents the probability that an individual remains exposed over the time interval
[0,¢]. It is easy to see from (8.6) that under the assumption that the disease has
been in the population for at least a time ¢ > max;, <7, <h, to<To<hs (T1 + T2), in
fact, t > hy + ho, so that all initial perturbations have died out, the number of
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exposed individuals at time ¢ is given by

t

E(t) = BS(0)G(V;(v))e PE=T2) gy, (8.8)

t—T5

Moreover, since To = u € [tg, he] is a random variable, it follows from (8.8) that the
expected number of exposed individuals at time ¢ is given by

A h2
E(t): fr, (u / BS(v (v))e "= dudu. (8.9)

Similarly, for the removal population, f%(t), at time ¢, individuals recover from
the infectious state I (t) at the per capita rate & and acquire natural immunity. The
natural immunity wanes after the varying immunity period T5 = r € [to, 0], and
removed individuals become susceptible again to the disease. Therefore, at time
t, individuals leave the infectious state at the rate &/ (t) and become part of the
removal population R(t). Thus, at time ¢ the removed population is given by the
following equation

t
R(t) = R(to)e = ")ps(t — t) + / aI(§)e M Epy(t — €)de, (8.10)
to
where
0,t > T5,
p2(t) = (8.11)
1,t < T;

represents the probability that an individual remains naturally immune to the dis-
ease over the time interval [0,¢]. But it follows from (8.10) that under the as-
sumption that the disease has been in the population for at least a time t >
maXe, <7y <hi,tg<T2<hs,T3>tg (Tl + T27T3) = Tmaw > maxrs;>t, (jﬁ?,)7 in fact, the dis-
ease has been in the population for sufficiently large amount of time so that all
initial perturbations have died out, then the number of removed individuals present
at time ¢ from (8.10), is given by

R(t) = / t . ad (v)e M=) dy, (8.12)

Since T3 is distributed, the expected number of removal individuals at time ¢ can
be written as
A © t A ~
R(t) = fr, (1) / &l (v)e M=) dudr. (8.13)
to t—r

It follows from the assumptions (A)-(D), (8.5), (8.8), (8.9), and (8.13) that for
T;,5 = 1,2,3 fixed in the population, the dynamics of malaria in the human popu-
lation is given by the system

dS(t) = [B — BSMGVi(t)) — pS(t) + Gl (t — Ts)e T } (8.14)

dE(t) =

>
—

BS(G(Vi(t) — AB(t) — BS(t - To)e 2GVilt — To)| dt,  (8.15)

di(t) = [BS(t—Tz)e AL GVi(t — Ts)) — (i + d + &)l ()} dt, (8.16)
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dR(t) = [ai(t) —AR(t) — Gl(t — Ty)e "] at. (8.17)

Furthermore, the incidence function G satisfies the conditions in Assumption 1.1.
And the initial conditions are given in the following:

(S, B(0), 1), B(t)) = (21(8), 92(0), ¢3(8), 91(8)) € (~Trmae tl,

o € CU(~Tmas, to], Ry ), ¥k = 1,2, 3, 4, (8.18)
wr(to) > 0,Vk=1,2,3,4, and max (11 +T5,T3) = Trnax
tg<T1<hy,
toSTy<hg,
T3=>tg

where C((—Tmaz, to], R4) is the space of continuous functions with the supremum
norm

|]]oo = sup [p(t)]. (8.19)
t<to

It is shown in the following that the vector-host dynamics in (8.2)—(8.4) and
(8.14)—(8.18) lead to the model (1.1)—(1.4), which omits the dynamics of the vector
population, under the assumptions (A)—(D).

Firstly, observe that the system (8.14)—(8.18) satisfies [56, Theorem 3.1], and
the total human population N(t) = S(t)+ E(t)+1(t) + R(t),Vt > to obtained from
system (8.14)—(8.18) with initially condition that satisfies N (tg) < %, must satisfy

. B
limsup N(t) = —. (8.20)
t—o00 12
Therefore, the assumption (B) above, interpreted as %j) << 1,Vt >ty implies
that
)
limsup N(t) = =, and -2 << 1. (8.21)
t—00 1% VO
Define
(%)
I
= 8.22
€ ‘/0 ? ( )

B
then from (8.21)—(8.22), it follows that ¢ = % << L
Employing similar reason in [54], define two natural dimensionless time scales
n and o for the joint vector-host dynamics (8.2)—(8.4) and (8.14)—(8.18) in the

following.
B
n= <A> At, (8.23)
i

0 = VoAt (8.24)

Note that since the total vector population V; from (B) above is constant, that is,
Vs(t) + Vi(t) = Vo, Vt > tg, and from (8.20) and [56, Theorem 3.1] the total human
0< N(t) < %,Vt > to, whenever N(ty) < %, then the time scales 7 and p arise
naturally to rescale the total vector and maximum total human populations V[, and

(%), respectively, at any time.
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The time scales (8.23)—(8.24) can be distinguished as “fast” and “slow” using
the following example. A particle’s movement on the o time scale covers one unit
of time ¢ = 1 at much early time t, = ﬁ on the t time scale, compared to the
particle’s movement on the 7 time scale, where the particle overs one unit of time
1 =1 at much later time ¢, = ﬁ >> t,, since (8.21) holds. Thus, movement on

I

the time scale g is “fast”, and on 7 is “slow”. See [54] for more information.
Therefore, from above, let

Vit) = VT(;) and V() = V;/it), (8.25)
be the dimensionless vector variables, and
S’— @,R(t) = @ and N(t) = M,
O (%) TEHtTe ()
(8.26)

be the dimensionless human variables. And since 0 < N(t) < £Vt > t;, whenever

N(to) < £, it follows from (8.26) that

B
o’

0<S@t)+E@M)+I(t)+ R(t) = N(t) <1,Vt > to. (8.27)
Applying (8.25)—(8.26) to (8.2)—(8.4) leads to the following

AVi(t) = € |e M T It = TVt — Ty) — —2Vi(t) | do, (8.28)
NG

dV(t) = —dVi(t), (8.29)

= Vi(t) + Vi(1), ¥t > to, 1o > 0. (8.30)

Observe from (8.27)-(8.30) that for nonnegative values for the vector variables
Vi(t) > 0, Vs(t) > 0,Vt > tg, and positive values for the human variables S(t), E(t),
I(t), R(t) > 0,¥t > to, it is follows that

<
A (é) T do
i
Thus, on the time scale g which is “fast”, it is easy to see from (8.28)—(8.31),

that under the assumption that € from (8.22) is infinitesimally small, that is ¢ — 0,
then

<ee oy, (8.31)

= =0, (8.32)

which implies that the dynamics of V; and V, behaves as in steady state. And thus,
it follows from (8.28)—(8.32) that

e_ﬂuTl

Vit) = — A(f)ﬂrﬂnm@—ﬂx

L= (t) + Vi(t). (8.33)
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It follows further from (8.33) that
. 1
Vs(t) = - _ .
: e—AvT1 B

(8.34)

For sufficiently large value of the birth-death rate fi, (see assumption (B)), such that
fpefeTt >> A (%), then it follows from (8.34) that V,(t) ~ 1, and consequently
from (8.30) and (8.25), V;(t) = Vi. Moreover, it follows further from (8.33) that

~ e T B
Vilt) » —- A(ﬂ) I(t =T), (835)

and equivalently from (8.25)—(8.26) that (8.35) can be rewritten as follows

e_ﬂle ~
Vi(t) ~ ; AVpl(t —Ty). (8.36)

While on the fast scale ¢ the term I (t — T1) behaves as the steady state, on the
slow scale ), it is expected to still be evolving. In the following, using (8.25)—(8.26),
the dynamics for the human population in (8.14)—(8.18) is nondimensionalized with
respect to the slow time scale 7 in (8.23).

Without loss of generality(as it is usually the case e.g. G(z) = 7%, G(z) =
TTaz7 ), it is assumed that on the 7 timescale, the nonlinear term G(V;(t)) expressed

as G(VoVi(n)), can be rewritten from (8.36) as

ﬁ‘)é< Vi(n))e T, (8.37)

Avo(%)

by factoring a constant term Z , and the function G carries all the properties
of Assumption 1.1. Thus, from the above and (8.36), the system (8.14)—(8.18) is
rewritten in dimensionless form as follows:

dS(n) = [B—BS(n)G(I(n—Tiy))e " —puS(n)+ad (n—Tsy)e *To])dn,  (8.38)
dE(n) = [BS(n)G(I(n — Try))e T — puB(n)

— BS(n — Tay)G(I(1) — Thpy — Tay))e HoTrn=HT2n) gy, (8.39)
dI(n) = [BS(n — Tan)G(I(n — Ty — Tay))e o =#To0 — 1T (n)
= (p+d+a)l(n)]dn, (8.40)
dR(t) = [I(n) — pR(n) — ol (n — Tsy)e” " n]dn, (8.41)
where
p__ B _ BV _ B = _a
OO O O

iy d B .
Po  g= Tjn<ﬂ> AT} Vi=1,2,3.  (8.42)
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The system (8.38)—(8.41) describes the dynamics of malaria on the slow scale 7.
Furthermore, moving forward, the analysis of the model (8.38)—(8.41) is consid-
ered only on the 7 timescale. To reduce heavy notation, the following substitu-
tions are made. Substitute ¢ for 7, and the delays T;,Vj = 1,2,3 will substitute
T;,,V¥7 = 1,2,3. Moreover, since the delays are are distributed with density func-
tions fr,,Vj = 1,2,3, it follows from (A)-(D), (8.6)-(8.13), (8.38)(8.41) and (8.18)
that the expected SEIRS model for malaria is given as follows:

h1
dS(t) =|B—=pBS(t) | fr(s)e " *G(I(t —s))ds — pS(t)
o (8.43)
+ a/ frs (r)I(t — r)e” " dr | dt,
h1
dE(t) = |BS(t) t fri(s)e™ " G(I(t — s))ds — pE(t)

ha hi
—p fr, (W) S(t —u) fr (s)e #3 G (t — s — u))dsdu} dt,

0 0 (8.44)
ha h1
daI(t) = [ﬁ fr, (w)S(t —u) fry (s)e ™ H e G(I(t — s — u))dsdu
N " (8.45)
—(n+d+ a)I(t)] dt,
dR(t) = [aI(t) —pR(t) —« h fr,(r)I(t —r)e”*odr| dt, (8.46)

where the initial conditions are given in the following: let h = hy + hy and define

(S(t)aE(t)vl(t)aR(t)) = (‘pl(t)a902(t)7<p3(t)3904(t)) te (*OoatOL

8.47
Pr € C((-OO,tO],R+),Vk = 172a3a47 @k(to) > OaVk = 1727374a ( )

where C((—o0, to], Ry ) is the space of continuous functions with the supremum norm
[llloo = sup [@(£)]- (8.48)
t<to
Also, the function G satisfies the conditions of Assumption 1.1.
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