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A STOCHASTIC ANALYSIS OF A SIQR EPIDEMIC MODEL WITH SHORT AND
LONG-TERM PROPHYLAXIS

IDRISS SEKKAK*, BOUCHRA R. NASRI*, BRUNO N. REMILLARD*, JUDE DZEVELA KONG,
AND MOHAMED EL FATINI

ABSTRACT. This paper aims to incorporate a high order stochastic perturbation into a SIQR epidemic
model with transient prophylaxis and lasting prophylaxis. The existence and uniqueness of the global
positive solution is proven and a stochastic condition in order to study the extinction of an infectious
disease is established. The existence of a stationary distribution for the stochastic epidemic model is
investigated as well. Numerical simulations are conducted to support our theoretical results and an
example of application with COVID-19 data from Canada is used to estimate the transmission rate
and basic reproduction number while constructing a model fitting the data.

1. INTRODUCTION

Investigating infectious disease dynamics has relied heavily on mathematical modeling. Since the
seminal work of Kermack and McKendrick (1927), researchers employed deterministic and stochastic
mathematical models to describe the unexpected behaviors and the evolution/recurrence of an epidemic.
Due to its realistic approach, stochastic differential equations (SDEs) are excellent for describing such a
phenomena.

In the literature, several stochastic epidemic models have been investigated such as Susceptible-
Infected-Susceptible (SIS) (Wen et al., 2019), Susceptible-Infected-Removed (SIR) (Zhou et al., 2021a),
Susceptible-Exposed-Infected-Removed (SEIR) (Jin and Lin, 2021), Susceptible-Infected-Removed-Sus-
ceptible (SIRS) (Lahrouz and Omari, 2013), and Susceptible-Infected-Removed-Infected (SIRI) (Zhou
et al., 2022, El Fatini et al., 2018). Recent breakthroughs in SDEs allow us to include randomness into the
description of biological events. Hence, numerous types of stochastic noise models have been introduced
in epidemic modelling, including linear perturbations (Wen et al., 2019, Zhou et al., 2021a, Jin and
Lin, 2021), Ornstein-Uhlenbeck processes (Wang et al., 2018, Cai et al., 2018) or incorporating jumps
with Lévy noises (Berrhazi et al., 2017, Privault and Wang, 2021). Recently, a new kind of stochastic
perturbation has been developed, wherein time of a presence of a high volatility, the trending of a
compartment realize some bursts describing an unknown behavior change. In fact, Liu and Jiang (2017),
Liu et al. (2020b), Rajasekar et al. (2022) incorporated a non-linear perturbation for high environmental
effects on the population dynamics and the infectious disease behavior. Liu and Jiang (2017) applied
Lyapunov function technique on a stochastic SIR with non-linear perturbation to establish sufficient
conditions for the existence of a unique ergodic stationary distribution of the model and derived sufficient
conditions for an extinction of the disease. Also, Liu et al. (2020a) investigated an epidemic model with
relapse and media coverage with higher order. Moreover, they derived sufficient conditions for the
existence and uniqueness of an ergodic stationary distribution of positive solutions to the dynamical
system by establishing a suitable stochastic Lyapunov function. They also obtained adequate conditions
for a wiping out of the infectious disease. In addition, to describe mathematically some different measures
taken for managing an infectious disease epidemic, El Fatini et al. (2020) investigated a vaccination
strategy in a stochastic epidemic models using a constant rate, where they established a stochastic
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threshold for the extinction and the existence of a stationary distribution for a persistent infectious
disease with respect to delayed terms for the temporary immunity. Furthermore, several other works,
e.g., Liu et al. (2018), Dai et al. (2022), Zhou et al. (2021b) studied other approaches to assess a
vaccination strategy in a stochastic epidemic model, where they introduced a vaccinated compartment
to explore the stochastic stability of the models. Moreover, some models, e.g., Liu et al. (2018) and
El Fatini et al. (2019), incorporated a loss of immunity by a perturbed transmission rate driven by a
white noise. Finally, Caraballo et al. (2020), Zhang and Liu (2021), Zhang et al. (2017) included a
quarantine strategy into stochastic epidemic models and they investigated their stochastic stability for
the free disease and endemic cases.

The main purpose of this article is to show the existence and uniqueness of the stochastic Susceptible-
Infected-Quarantined-Removed (SIQR) model with non-linear perturbation and short and long terms
prophylaxis. Also, we improved results on stochastic R coefficients investigated by Liu and Jiang (2017)
by including vaccination and non-pharmaceutical interventions (NPIs) and we support our theoretical
results by numerical simulations and a case study using a real dataset.

The article is organized as follows: In Section 2, we describe the deterministic and stochastic epidemic
models. In section 3, we present the main results for the stochastic model, i.e., the existence and
uniqueness of the global positive solution (Section 3.1), and we find sufficient conditions for the extinction
(Section 3.2) as well as for the existence of a stationary distribution for the persistence case of the
infectious disease (Section 3.3). An example of application is presented in Section 4 using a case study of
COVID-19 cases with the vaccination campaign in Canada, together with simulation results illustrating
the long-term properties of our model using finite samples. Finally, in Section 5, we conclude with some
research perspectives. The proof of all results are relegated to the Appendix.

2. DETERMINISTIC AND STOCHASTIC MODELS

Mathematical models such as El Fatini et al. (2020, 2019) included a vaccination policy to a SIQR
epidemic model to discuss the impact of quarantine and vaccination policy into a compartmental model,
where S(t) describes the susceptible individuals, I(¢) denotes the infected compartment, Q(t) denotes
the quarantined individuals, and R(t) is the recovered compartment, including vaccinated individuals.

Our proposed model aims to add a higher order environmental perturbation with a general incidence
function and a mitigation function describing NPIs. More precisely, the deterministic epidemic model is
described by the following system of differential equations:

dS = [A—=BM@®)SE)f(I(t)) — u1S(t)ldt,
(1) dI [BM(t)S(t) f(I(t)) — poI(t)]dt,
dQ = [0I(t) — u3Q(t))dt
dR = [nS(t) +2I(t) + ’VSQ(t) — paR(t)]dt,

where A is the population recruitment rate, @1 = p+v1, g2 = p+0+aa+7y2, pz = p+as+ys, and pg = 4,
where p is the natural death rate in the population, i.e., for all compartments, 5 denotes the (unknown)
transmission rate coefficient from susceptible to infected individuals, v; denotes the vaccination rate
of susceptible individuals, 5 is the recovery rate of the infected individuals, as and a3 represents the
death rate for infected and quarantined individuals caused by infection complications, § is the rate of
infectious individuals who were quarantined, and -3 describes quarantined people who recovered from
the infection. In case there is no quarantine, we set § = Qg = 0. In addition, the general incidence
function f (El Fatini et al., 2019, Lahrouz, 2015, Korobeinikov, 2007) is non-negative, twice continuously

differentiable, p(z) = @

o(x) < p(0) = 1. These requirements are met by a number of well-known incidence rates, such as
those indicating the effect of saturation (Capasso and Serio, 1978) on the infected individuals, where

is non-increasing on [0, 00), with f(0) = 0, and ¢(0) = f/(0) = 1. Hence,
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FI1GURE 1. Diagram of the SIQR epidemic model 1.

f(z) = #, or non-monotone incidence functions (Xiao and Ruan, 2007) to describe the psychological
rT

effects, where f(z) = and in case of r = 0, we get the mass-action form with bilinear interactions

1+7rz?’
f(x) = x. Since prophyigxis measures are not instantaneous and take time to be effective/implemented,
the delayed effect must be taken into account. To this end, Betti et al. (2021) proposed to mitigate
the effect of prophylaxis measures by using a function like M(t) = a + (1 — a)e™™*, where a € (0,1).
Since M is always multiplied by 8, we assume that M(¢) € (0,1] for all ¢ > 0, with M(0) = 1 and

tlim M(t) =a € (0,1). In what follows, this function is used to capture partially the effects of NPIs on
— 00

the transmission rate, since it is continuous, with an initial point 1, and it converges to the parameter
a, reflecting the value of an NPIs establishment by decision makers.

The asymptotic behavior of the deterministic system epidemic model (1) is determined by the re-

BaA

production number Ry = i More precisely, we have the following result, proven in Appendix
1H2
B.1.
. o .4
Proposition 2.1. If Ry < 1, x(t) = (S(¢), 1(t),Q(t), R(t)) — (S,1,Q,R), as t — oo, where S = —,
_ ol
_ R A - 0 - = S I
I=0=Q, R=2% Otherwise, if Ro > 1, and x(t) — %, then Q = —1I, R = 1L RE! +73Q7
[ii1 143 1
S A_1 here I is th ' lution of f(I) A((I_) 1>1 ticular, I = 0 if
= — —, where I is the unique solution o = — — —|. In particular, I = 0 1§
» ull Rop(I) o \7 Ro
o= 1.
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A A
Remark 2.1. If H(z) = ¢(x) < — x), then H'(x) < —p(x) for 0 < x < —, so there is a unique
M2 M2

solution of H(x) = if Ro > 1, since H(0) = i
H2

H2Ro
Next, to introduce randomness in the model, let Wy, W5, W3, Wy be independent Brownian motions

starting at 0, defined on a complete probability space (€2, F,P) and assume that o;; represent volatility

parameters, i € {1,2,3,4}, j € {1,2}, and constant rates p; are replaced by the stochastic terms

dfii(t) = pidt — (o1 + 042 X;(t)]dW (1),

with i € {1,2,3,4} and X(t) = (X1(t), Xa(t), X3(t), Xa(t)) " = (S(t), I(t),Q(t), R(t)) . More precisely,
our proposed stochastic model is given by the following system of SDEs:

dS = [A=BM#)SH)f(I(t)) — p1S(t)]dt + S(t)[o11 + o125(t)|dWi (),
dl = [BM#)S®t)f(1(t)) — pel(t)]dt + I(t)[oa1 + 022 (t)|dWa(2),

(2) dQ = [0I(t) — psQ(t)]dt + Q(t)[o31 + 032Q(t)]dWs(t),
dR = [pS(t) +721(t) +73Q(t) — pR(t)|dt + R(t)[oa1 + caz R(¢)|dWa(t).

A particular case of this stochastic model was investigated by Liu and Jiang (2017), where p =0, M =1
and f(x) = z, without a quarantine compartment Q.

3. MAIN THEORETICAL RESULTS

Throughout this section, we will consider the three compartments S(t), I(t) and Q(t) to study the
behavior of the system of SDEs, since R(t) does not appear in the first three equations defining S, I, Q.
Consequently, following (2), an investigation of compartments S, I, Q) yields a solution for R.

3.1. Existence and uniqueness of the global positive solution. In what follows, we first show
that the solution of system (2) is global (i.e., without explosion in finite time) and non-negative. In
(ksendal (2003), it is shown that a system of SDEs has a unique global solution for any given initial
value, if the coefficients are Lipschitz and satisfy linear growth conditions. However, in practice, these
conditions are too restrictive. Therefore, in (Mao, 2008, Theorem 3.5), the discontinuous functions are
included in a stochastic differential equation by verifying the local Lipschitz condition and monotonicity
conditions. Fulfilling the Has'minskii condition (Khasminskii, 2012) with a Lyapunov-like function, we
get a sufficient condition for the existence and uniqueness. In fact, using the Lyapunov analysis method
(Mao, 2008), it is simple to show that the solution of (2) is positive and global. The proof of the following
result is given in Appendix B.2.

Theorem 3.1. For any initial value (So, Ip, Qo) € R3., there is a unique solution (S,1,Q) € R3. of the
stochastic system (2) on t > 0 and the solution will remain in Rﬁ_ with probability one.

Remark 3.1. Note that our result holds also in the deterministic case (Ma et al., 2018), i.e., op1 =
or2 =0, k € {1,2,3}, as well as in the stochastic case oy =0, k € {1,2,3}.

We recall from Miyahara (1972), the definition of a stochastic ultimately bounded process.

Definition 1. A process Z is said to be ultimately bounded if there exists a constant K such that for
any (t,z) € [0,00) x R the following inequality holds:

limsupE, .|Z(s)| < K,

S5— 00

under the initial condition Z(t) = z.

The proofs of the following theorem and its corollary are given in Appendices B.3-B.4.
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Theorem 3.2. Let (S(t),I(t),Q(t)) be the solution of the (reduced) stochastic system (2) with initial
value (So, In, Qo) € R3, and set T'(t) = S(t) + I1(t) + Q(t). Then, for anyt >0,

., A ot
(3) E[T(t)] < T(0)e ™~ s (1—e 1),

where p = min(p, po, p3). Moreover, T(t) is stochastically ultimately bounded.

The last inequality for E[T'(¢)] implies that the sequence T'(n) is tight and as a result, there exists a
subsequence ny, so that T'(ny) converges in law.

Corollary 3.3. For any initial value (Sy, I, Qo, Ro) € Ri x[0, 00), there is a unique solution (S,I,Q, R) €
R3 X [0,00) of the stochastic system (2) ont > 0 and the solution will remain in RY x [0, 00) with prob-
ability one.

3.2. Extinction of the disease. The extinction of infectious disease refers to the full and permanent
lowering to zero of infected cases through deliberate efforts. In what follows, we investigate conditions

to eliminate in a region or eradicate globally an infectious disease according to the stochastic system
2A012 + pion

(2). To this end, set B = 3 , and define
O11
B o11+o A B
g(y):ln( 1 12y>—[ + , y>0.
o1 Y ony(oi +o12y) (011 + 012Y)
Further set f(y) = % and 7(y) = f(y)/C, so that 7 is a density. We are now in a position to

state the extinction result, whose proof is given in Appendix B.5.

Theorem 3.4. Let (S(t), I(t),Q(t)) be the solution of system (2) with any initial value (So, Ip, Qo) € R3..

If Ry = L‘AUZ =TRo b2, ) < 1, then, with probability one,
H1 (Mz-i—%) po2+—3L

lim I(t)=0, and / I(s)ds < o0,
t—+o0 0

(md/ ym(y)dy = é
0 H1

Remark 3.2. Note that because of randomness, one can have extinction in the stochastic system while
there is not extinction in the deterministic system, because one can have Ry > 1 > 7@8, since ng <1
Mo + 3+

when 91 > 0.

3.3. The existence of a stationary distribution. Persistent infectious diseases are identified as those
in which the epidemic is not extinguished and remains in a population. For this matter, we investigate
in this section sufficient conditions for the existence of a stationary distribution, under the assumption

2 A 24

that M (t) = a for all t > 0. To this end, for o € [0, 1), set A1 (a) = 1 + Iy iz 011012,
2 (1-a)on (1-a)

and define

! o <M2 + 52513 Ma) a {A?(la) } <

Note that in particular, if o35 = 0, then Ay(a) = A; = p1 + %. The proof of the following result is

given in Appendix B.6. It extends and improve Theorem 2.1 in Liu and Jiang (2017), where, in their
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case M =1, f(z) = x, and their R§ = p Bad 1o < R§(0), since
(#2+ ;1> (#14—0%1-&-2 12)
011
Ao (011 A012)2
+02, 42 —A,(0)= | == — )
= " 011 1(0) V2 011

Theorem 3.5. Assume that R§(0) > 1. Then, for any initial value (So, lo, Qo) € R3., the system (2)
has a unique stationary distribution © and it has the ergodic property.

4. EXAMPLE OF APPLICATION AND SIMULATIONS

4.1. Case study of COVID-19 cases in Canada. In this case study, we consider data of COVID-19
disease spread in Canada from April 1, 2021 to May 30, 2021. We will try to predict the dynamics of
COVID-10 for June 2021. Since there is no quarantine strategy, we set 4 = 0 and we include a vaccinated
population with two doses of Spikevax de Moderna, Vaxzevria d’AstraZeneca and Comirnaty de Pfizer-
BioNTech or one dose of Janssen (Johnson & Johnson) COVID-19 vaccines to deduce the vaccination
rate. The study period represents a wave that occurred in the first stages of the vaccination policy
in Canada. We collected data from https://health-infobase.canada.ca, which provides precise
information regarding the virus’s spread throughout time and across the country.

4.1.1. Parameter estimation. The interpretation of parameters is easier if the timescale is in years. In
this case, if the observations are daily, then the difference h of time between observations should be

1
h = 365" Recall that for a deterministic or stochastic differential equation, the approximate solution

is %((k + 1)h) = %(kh) + hb(t,%(kh)) + Vho (t, %(kh))Z). We consider a data set of COVID-19 cases
in Canada defined as Y7 £ {yo,y1,...,yr}, where the observation is up to a finite horizon T and
yi =[Sy, It, Ry] is a column vector in R3*!, which represents the daily observed values at time ¢ for the
susceptible (5), infected (I), and recovered individuals (R). We need to estimate the unknown vector
of parameters 6 in the epidemic model 1. To this end, we consider the predicted epidemic model y;(0)
defined by X o

A= 1Sy + BM(t = 1)Si 111

V(@) 2y 1+h Iy + BM(tA —DSeadiy —palea |

Ry 1 +mSi—1+v2li-1 — pRi1

where y4(0) = yo as an initial condition at time 0. Using this Euler method to approximate the solution,

we calculate the quadratic cost
T

Jr(0) £ |1~ 1.(0)|.
t=0
Minimizing the quadratic cost J yields the non-linear least square estimator 6., where

0. %= argmin  Jr(0).
0e(0,00)7

In order to calculate the standard historical volatility where we look back over the historical data
dynamics of the COVID-19 in Canada, we calculate u; defined as

X
u; = log L), with X, = (S, It, Q¢, Ry).
Xi—1

Doing so, we obtain the volatilities

n

D (ur —w)?, i€ {1,2,3,4},

=1

1
n—1

0i1 =


https://health-infobase.canada.ca
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TABLE 1. Table of parameter values in Canada for data from April 1st 2021 until May

31st 2021.
Parameters Epidemic meanings Value Source
A The recruitment rate of the population 11398 Deduced
I The natural death rate 2.17e —5 Knoema
153 Transmission rate 2.96 x 1078 Fitted
Qs Death rate of COVID-19 in infected cases 0.011 Deduced from the data
oGl Vaccination rate 0.0003 Assumed from the data
Yo Recovered quarantined individuals rate 0.9890 Deduced
o11 Volatility of susceptible population 3.59 x 1073 Fitted
091 Volatility of quarantined population 3.75 x 1072 Fitted
041 Volatility of recovered population 1.56 x 1072 Fitted
Ro Basic reproduction rate 1.0489 Fitted
RG Stochastic reproduction rate 1.0276 Fitted
with u = 1 Z?zl u;. Table 1 shows the estimated parameters derived from fitting the studied models

to the provided cumulative case data for Canada from April 1, 2021 to May 30, 2021. The predicted
R51.0276 is, as expected, greater than 1, which means the disease will persist despite the vaccination
deployment. In Figure 2, we used the estimated parameter 8 and the parameters deduced from the data
to illustrate the patterns of the susceptible (.5), infected (I), and recovered individuals (R). However,
since this period represents the beginning of the vaccination policy the number of fully vaccinated
population increased exponentially, which explains the alteration in the predicted pattern of susceptible
and recovered compartments from the fitted data. This period illustrates high volatility since the SARS-
CoV-2 B.1.617.2 Delta variant was discovered in Canada in early April in British Columbia For this
matter, we incorporate in Figure 3 a stochastic trajectory and higher order perturbation into the fitted
deterministic trajectory from 60 days to predict the following 20 days including M (t) = a+ (1 —a)e™ ™,
with a = 0.95 and m = 0.5 to describe NPIs. In Figure 4, we conducted 50 simulations to illustrate the
probability density function of the infected population for the studied model. Therefore, the occurrence
of infected cases in the population follows a stationary distribution and since Rg > 1, the COVID-19
persists in the Canadian population regardless of the employment of the vaccine strategy.

4.2. Vaccine deployment and quarantine policy. We recognize that there are many barriers to
deploy a vaccination strategy because of human hesitancy and refusal towards different factors such
as a mistrust of government and other institutions, conspiracy theories and quick process to test the
vaccine. The major goal of the quarantine policy is to isolate the number of infected persons in the
population in order to reduce interaction, resulting in a flattening of the spread curve, which leads to
avoid a bigger pandemic wave. In Figure 5, we establish a quarantine strategy for 1 per cent of the daily
infected population. A combination of a vaccination and quarantine policies with this rate will flatten
the curve by reducing the probability of a contact between a susceptible and an infected individuals,
and controlling the size of the infected population. The basic reproduction number value is 1.0478 with
respect to a quarantine rate § = 0.01, a3 = «as and <3 = 2. However, a significant proportion of
the infected population shows no symptoms Long et al. (2020), and tracking accurately the infected
individuals is not an easy task. Figure 6 shows a simulation the impact of doubling the vaccination rate
to v1 = 0.0006, and relaxing the quarantine measure § = 0.001. Therefore, the susceptible population
decrease leading to a low probability of contact with infected individuals and it prevents also a possible
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FIGURE 2. Data fitting of 60 days with Canadian COVID-19 cases and the prediction
pattern for the next 20 days.

pandemic wave for the Canadian population, which it can lead even to an extinction of the disease as
Ro = 0.5421 in absence of a new mutated variant of COVID-19 in the future.

5. DISCUSSION AND CONCLUDING REMARKS

The objective of this research was to investigate a stochastic SIQR epidemic model driven by a
non-linear perturbation with a short-term prophylaxis, such as social distancing and wearing masks,
long-term prophylaxis like vaccination, and a general incidence function. The corresponding dynamical
system was analyzed according to derived stochastic parameters to determine the extinction and the
persistence of the infectious disease. This allowed us to explore Canadian data for COVID-19 cases
from 1st April to 31th May in order to predict the trend of the pandemic in the following 20 days.
Using least squares approach, we fitted the stochastic model and estimated the transmission rate and
the basic reproduction numbers Ry and R. We illustrated different scenarios to explore the utility of
the combination of different strategies preventing and controlling the spread of the disease. Besides,
Canada records above 50 percent of the maximum amount of moisture the air can hold, namely a high
level of humidity percentage. For this matter, we explored a non-linear perturbation to describe the
bursts in the infectious disease trending for the Canadian population in the spring season. Furthermore,
it is important to note that the method proposed in this paper can be used to investigate other epidemic
models, such as the STHR model (Jiao and Huang, 2020). For future perspectives, it is intriguing to
incorporate colored noise into the stochastic epidemic model (2), such as a continuous-time Markov chain.
The motivation is that population dynamics may be affected by sudden environmental changes, such as
temperature, humidity and so on. When switching between environments is quite often memoryless, the
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FIGURE 3. Realistic , deterministic, stochastic and higher order stochastic trajectories
to predict the next 20 days.

sudden-environmental changes can be modeled by a continuous-time Markov chain (Boukanjime et al.,
2020).

APPENDIX A. AUXILIARY RESULTS AND NOTATIONS

Suppose that Z = (Zy, ..., Z,) satisfies the following system of SDEs:
d
4Z;(8) = by (L Z())At + 3 oyt ZE)AWL (D), j € {L,....d},
k=1
where a function b(t, 2) = (b1(t, 2),...,ba(t,z)) " defined for (t,z) € [to, o0) x R%, and the matrix function
o(t,z)isadxd matrix, b and o are locally Lipschitz, and W = (Wi,...,Wq)" is a d-dimensional
Wiener process. Let Sj, = {z € R?: |2| < h}. The differential operator £ associated with the law of the
process Z, and acting on a function ¥V € CY2(R, x Sp;Ry), is defined by

LV(t,z) = Vi(t,z) + b(t, z)TVz(t,z) + i (t,2) Vez(2, 1)) ji,

T, and

T 2
Vtza_va Vz: a_vaa_vv-“ya_v ’ sz: s .
ot 0721 0z 074 0202 ) 14
Applying 1td’s formula, and assuming z(¢t) € Sy, for all 0 < ¢, we get
(5) dV(t,z(t)) = LV(t,2(t))dt + V. (¢, 2(t))o(t,2z(t)) AW (2).

where a = oo
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FIGURE 4. The histogram of the probability density function of the infected population
of the stochastic model without quarantine.

Next, let X (¢) be a homogeneous Markov process in E; C R? described by the stochastic differential
equation

k
(6) dX(t) = b(X(1)dt + Y g,(X(t))dB(t).

Set a(x) = Zle gr(7)g,! (z). The following result corresponds to Theorem 4.1 in Khasminskii (2012).

Lemma A.1. Suppose there exists a bounded open domain U C Eg4 with regular boundary I' having the
following properties:

(C1) In the domain U and some neighborhood thereof, the smallest eigenvalue of the diffusion matrix
a(x) is bounded away from zero.
(C2) If x € E4\ U, the mean time T at which a path issuing from x reaches the set U is finite, and

sup E*1 < oo for every compact subset K C Fy.
zeK

Then there exists a stationary probability measure w for X so that

T— o0 T 0

1 (T
P, { lim — F(X(t)dz = f(m)w(dx)} =1
Eq
for all x € Eq, for any f € Ly(7).
Remark A.1. In Zhu and Yin (2007), to fulfill the Conditions (C1) and (C2), it suffices to show that

there exists a bounded domain U with reqular boundary and a non-negative Ca-function V- such that a(x)
is uniformly elliptical in U and for any x € E4\ U, LV (z) < —c¢ for some ¢ > 0.
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APPENDIX B. PROOFS OF THE MAIN RESULTS

fat and set Y'(t) = A—p Y (t), with Y (0) = S(0).

B.1. Proof of Proposition 2.1. Recall that Ry = ™

A
Then S(t) <Y(t) and Y (t) — e It follows that
1

logf(t) < w + g t M (w)S(u)du — pa(1 — to/t) < (t%‘))ﬁ sup M ()Y (1) — pa(1 — to/t)

A
— ﬂaﬂ— —p2 = —pa(l —Rp), ast— oco.
1
Asaresult, if Ry < 1, then I(t) — 0 exponentially fast ast — co. Also it is easy to check that S(¢)+1(t)+
Q(t) + R(t) is bounded, so there is at one subsequence ¢, so that x(t,) = (S(T,), [(T,.), Q(tn), R(t,))
converges. So suppose that there is a limit point x = (S5, I, Q, R) of x(t), and take ¢y large enough. It
follows that .
t t 1
0= lim x(t) = lim x(to) + lim f/ h(u,x(u))du = h(oo, X).
to

t—oo t t—oo t t—oo {
As aresult, A = 3 S+ BaSf(I), 0= I(BaSe(I)— p2), u3Q = 61, and uR = 718 + 721 +73Q. The only
possible solutions for (S,I) are I =0, S = ﬁ, and S = %m, fI)= ;% (cp(f) — R%)) Hence I > 0
implies Ry > 1, since 1 — %0 > o(I) — %ﬂ > 0. If Rg = 1 then I = 0. It only remains to prove that if
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Ro > 1 implies T > 0. So suppose that I = 0 and R > 1. It follows that S = ﬁ. Next,

(7) log I(t) — log I(to) = Ba /t (Miu)w(l (u))S(u) — Mﬁ%) du.

As a result, Miu)go(l(u))S(u) - uﬁio —c= ﬁ (1 — R%J) > 0. If 0 < ¢1 < ¢, then for u > to, (7) implies

that log I(t)—log I(to) > c1(t—to), proving that liminf, M > c1, which is a contradiction. Hence,
Ro > 1 implies T > 0. This completes the proof. O

B.2. Proof of Theorem 3.1.

Proof. As stated before, the stochastic epidemic model (2) has locally Lipschitz coefficients, which fulfils
the first assumption. Therefore, for any initial value (So, Iy, Qo) € Ri, there exists a unique local
solution ((So, lo, Qo) € R3 on't € [0, 7.), where 7, defines the explosion time. Hence, we aim to show the
global positiveness of the solution by proving that 7. = co a.s. To this end, consider kg > 0 to be large

1
enough so that S(0), I(0) and Q(0) belong to the interval {k’ ko], and consider the following stopping
0



A STOCHASTIC ANALYSIS OF A SIQR EPIDEMIC MODEL 13
time for each integer k > ko:
1 3
7 = inf {t €0.7.) 1 (S(), 1(£), Q(t)) ¢ <M> }

Then 73, is increasing as k 1 00. Set 7o, = hm 7. Therefore, 7o, < 7. a.s. Proving that 7., = oo entails

that 7. = oo and (S(¢),1(t),Q(t)) € R3 aus. Deﬁne the C2-function V : R3 by

V =V + a4Vs,
where
Vi(S,1,Q) =S — a1 —aylog (S/a1) + I — 1 —logI + as(Q — 1 — log Q),
and
(8) Va(S,1,Q) = az(1+ 8)" + asl’ + as(1 + Q)’,

3
1
with 0 < 6 <1, aj,a2 > 0 and a3, aq, a5 > 0. Then, if (S,1,Q) € (k’k> , we have

i = (1-%)(A-mS- ﬁM()sf(I)HalM

+(1-7) MO - o+ 222 720

2
+ay (1 - (}2) (61 — pu3Q) + G3M

< arA+aypn + p +agps + (a1 + ad — p2)l
+a (‘7%1 + ‘7%252) + (031 + 03212) +az (U§1 + 032,2622) )
f)

since = < 1. Choosing a1, as small enough so that a8 + asd — ps < 0, on gets

(9) LVi < Ki+a10155% + 05,1 + a203,Q°,

where K1 = a1 A + ajpy + po + aguz + a103 + 03 + azo3,. Next, for k € {1,2,3}, take ax2 = 0 if
or,2 = 0, and take aj12 = 1 otherwise. Then,

Lo = af(1+ 8" (A mS — BMWSID) +as (11 525700 + 012)?

+ag01° N (BM(6)S f(I) — pol) + a4w19(021 + 0221)?

¢-1)
2

+CL50(1 + Q)Gil((sI — ,qu) + as f
01— 0)

(14 Q)" 2Q%* (021 + 022Q)?

IN

as0A + a,08S1° + as061 — as 02,81+ 8)7~2

1-— 1-—
(10) —a49( 5 9)032]9” —as d 5 ) 03Q"(1+ Q)" % < K».

Therefore, combining (9) and (10), we obtain
(11) LV < K=K +Ks.
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Set Z(t) =V (S(¢),I(t),Q(t)). Using (11) and integrating (5) from 0 to 7 AT, we get
Z(tANT)) < Z0)+K(tAT)

AT HS(U)
+/0 (S’(u) —ay + ag(l+S(u))“’> (011 + 0125 (w))dW7 (u)

. /OTAT (I(u) L a4l(u)10> (021 + 22 (1)) AW, ()

TAT B GQ(U)
(12) +/0 <G2Q(U) az + a54(1 T Q(u))1_9> (031 + 032Q(u))dWa(u).

Taking expectations of both sides of (12), we obtain
(13) EZ(r AT) < Z(0) + KT.
Next, on {7, < T}, it follows that V(S (%), I(7%), Q(7%)) = 0k = k1 A Oka, where

1
Or1 = (k— a1 + a1 logay — aylogk) A (k: — a1 +ayloga; + aq logkz)

and

1
Opa = (a2 AN 1)(k—1—logk) A (k—1+logk).

As a result, one gets from (13) that

(14) Z(0)+ KT > E[I{r, <T}V(S(m), I(7s), Q(7))] = 0. P(1i, < T),

since V' > V;. Hence,

Z(0)+ KT
Ok

Letting k — oo in (15) yields P(7o < T) =0 for any T > 0. This completes the proof. O

(15) > P(r, < T).

B.3. Proof of Theorem 3.2.

Proof. Tt follows that T'(t) = At — (u+ p) fot T(s)ds— fg U(s)ds+ N(t), where N(t) is a local martingale
such that

N(t) = /Ot S(t)(o11 + 0125(t)dW1(t) + /Ot I(o91 + 022 (t)dWo(t) + /Ot Q(o31 + 0321(t)dW5(¢)
and U(t) = 11.5(t) + (a2 + v2)I(t) + (a3 + v3)Q(t) — pT'(t) > 0. As a result,
e T(t) =T(0) + A (et —1) — /t e U(s)ds + /t eL*dN(s).
For any stopping time T, ’ ’
E [eﬁW)T((T A t))} < T(0) + AE [ew“) - 1} .
Taking 75 as in Theorem 3.1, letting k — oo, and then multiplying both sides by e 2!, we get
E[T(t)] < T(0)e & + A (1—e 2.

ptp
The latter is bounded in ¢ since the right-hand side tends to ﬁ at t — oco. Hence, according to the
Definition 1, the process T'(t) is stochastically ultimately bounded. O

B.4. Proof of Corollary 3.3.
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Proof. Tt follows from Theorem 3.1 that the solution for the first three components S, I, @ exists. Then,
setting T'(t) = pS(t) + y2I(t) + v3Q(t), one needs to prove that the solution of

dR = [T(t) — pR(t)|dt + R(t)[oa1 + oo R(t)]dWi(t)
exists and is non-negative. Setting V/(r) = r+1—logr+(1 +7)? with 6 € (0, 1), it follows from the proof
of Theorem 3.1 that L,V (r) < (1+6)T; + K, for some K > 0. Setting 7, = inf {t > 0; R(t) & [+,n]},
one gets that for any ¢ > 0,

Kt+ /0 "E[T(s)]ds > E [Kt A + /0 o T(s)ds} > 0, P(r < 1).

By Theorem 3.2, E[T(s)] < max(p, v, v3)E[T(s)] is bounded so P(7o < t) =0 for any t > 0. Finally, if
R(0) = 0, then with probability 1, R(t) > 0 for ¢ small enough because fot T(s)ds is strictly increasing,
so thereafter P(R(t) > 0) = 1. This completes the proof. O

B.5. Proof of Theorem 3.4.

Proof. Let Y be the solution of
dY (t) = [A— mY @)]dt + Y (t)[o11 + o12Y (¢)]dW1 (2),
with the initial value Y'(0) = S(0) > 0. Further let b(y) = A— 1y, o(y) = y(o11+012y), for y € (0, +00).

For any zy > 0,
Yb v A
/ 2(,2) dz = / ( 3 5 — a 2) dz
20 O (2) zo \Z (011 + 0122) z(011 + 0122)

g(y) + cte.

00 0 o9(y)

- dy = e

c /0 f(y)dy /0 =
2C 2

-2 —o (011 + o2y 7t _m(fﬁyﬂ?)
= Yy~ (011 +012y) — =7 e (o1 12Y dy < oo,
0 Y

since for small values of y > 0, f(y) = O (y_Q_QC/”“e_B/y), for some B > 0, while f(y) = O(y—*) for

y large enough. This show that [~ y°m(y)dy < oo for any 0 < 6 < 3. Now, setting 7(y) = f(y)/C, we
have that 7 is a density, and according to a slight modification of (Kutoyants, 2004, Theorem 1.16), the
process Y has the ergodic property, with invariant density w. Therefore, the ergodic theorem yields that

1 t o3}
lim f/ Y(s)ds=/ ym(y)dy < oo a.s.
0 0

Next,

t—+oo t

Taking expectations on the left-hand side, we know that EY (t) = Ype™#1t + ﬁ (1 —emt) — ﬁ. Hence,

one should have fooo ym(y)dy = %. Next, as n — oo, P(r,, = 00) — 1, where
1 A

Tn(w) =4t 2>0, Y(t,w ,+n>}.
w={ () ¢ (5.2

Therefore, for t € [0,7,), one can apply the comparison theorem (Ikeda and Watanabe, 1977) to get
S(t) <Y (t). As aresult, S(t) < Y(¢) a.s. Now, setting ¢(z) = f(z)/x, and applying Itd’s formula to
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In I, we obtain
dlog(1(0)) = [BMWS @0 - 2 — B — onioal () — 21107

(16) +(o21 + 0221 (1)) dWa(t).

Now take a; > a. There exists to so that M(t) < a; for any ¢ > to. Hence, since ¢(I) <, integrating
both sides of (16) from tg to t, we get

¢ 52 ¢
logI(t) —logI(ty) < Bal/ Y(s)ds — (ug + ;1) (t—to) — 021022/ I(s)ds

to to

—%%2 /t I*(s)ds + 091 {Wa(t) — Wa(to)} + 022 /t I(s)dWs(s)

t() t(]
¢ 1
= ﬁal / Y(S)ds - (,U2 + 20§1> (t — tO)
to

(1) o {Walt) ~ Walto)} + N(8) — (N, N)(t) = Nlto) + 3 (N, N)(to),

where the martingale N(t) = 022 f(f I(s)dWa(s) has quadratic variation (N, N)(t) = o3, fg I%(s)ds.
Using the exponential martingale inequality (Mao, 2008, Theorem 7.4), it follows that
1 1
(18) IP’{ sup [N(t)(N,Nﬂt)} >2logk,}§2
0<t<k 2 k
so by the Borel-Cantelli Lemma, we get that for almost all w € €, there exists a random integer
ko = ko(w) such that for k > ko, we get

1
(19) sup {N(t) — —(N, N}(t)} < 2logk.
0<t<k 2
Therefore,
1
(20) limsup sup (N(s) — —(N, N>(s)> /logt <2 a.s.
t—oo 0<s<t 2
From the properties of Brownian motion, we also have
t
(21) lim sup Wa(t) =0 a.s.
t—o0 t
Combining S <Y, and (20)-(21) with (17), we get that
log I(t > 2
(22) lim sup L() < 5a1/ ym(y)dy — <ﬂ2 + 021> <0 a.s.,
t—00 t 0 2

whenever 7@3 < 1, since a; can be chosen close enough to a. Therefore, there exists ¢ > 0 so that for
almost every w, I(t) < e~ for t > to(w). As a result we get [ I(s)ds < oo a.s. and tlim I(t) =0 as.
—00

This completes the proof. O
B.6. Proof of Theorem 3.5.

Proof. By Theorem 3.1, we have obtained that for any initial value (S(0),(0), Q(0)) € Ry , system (2)
has a unique global solution (S(t),I(t),Q(t)) € Rf for ¢ > 0. In order to prove the result, we only need
to validate conditions (C1) and (C2) in Lemma A.1. We verify the condition (C1) first. The diffusion
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matrix of system (2) satisfies
T~ _ 2\2 2 2\2 2 2\2 2
n a(S,1,Q)n = (01184 01257) 07 + (0211 + 02217) 15 + (031Q + 032Q7)“n3
(23) > xklnl* for any (S,1,Q) € Tk CRY, 1= (n1,m2,7m3) € RS,
1

. . 2\2 1 1/2 1
— — ) . = <8< — < I < N — < <
WhereXk_1r£¢1£30<122k_ (0'11y+012y) and Uy {k < S <k } {k _I_k} {k2 <Q<k

I
{Q < k} Then, condition (C1) is fulfilled with domain Uj. Next, in order to verify condition (C2),

we define a C?-function V : Ré" — R as follows:
V(S,1,Q) = azVa + V3 + asVy + a5V,

with V5 = (1+S)0+Ie—|—(1—|—Q)9, V3 = —a3110gS—a3210gI, Vi = —10gQ, Vs = (0'11—|-

a(l —ajofy
0125)%, where «,0 € (0,1), and as, asi, as2, aq, a5 are positive constants to be determined later. Since
the function V' (S, I, Q) is continuous, it is easy to verify that

lim inf V(S,1,Q) = +oo.
k—00 (S,I,Q)€R3\Uy

Hence, the function V (9,1, Q) must have a minimum point (Sp, Iy, Qo) in the interior of R3. Further-
more, we determine a non-negative C2-function V : R% — R, such as

V=V(8,1,Q) = V(S0 1o Qo).
Recall that for 6 € (0,1), we have

2
L(Va) <a(S,1,Q) = 60A+0BaSI® + 65 —0(1 — 9)%54(1 +9)0—2
U%z 042 U%z 4 6-2 T
(24) —6(1 — 0)71 —-0(1— Q)TQ 1+Q) < s.
2
Applying Ito’s formula to Vi, Vy, Vs, setting o(x) = f(;), with ©(0) = 1, g;(z) = op0px + %xQ,

i € {1,2,3}, and using the inequality 2zy < 22 + 32, we obtain

as1 A
LV = — 3;, +az1 A1 + az Az + az1Baf(I) + a3191(S) — az2faSp(I) + azzg2(1),
as1 A
(25) < - 3;, + az1 41 + azeAs + azifal + az101(S) — azeBaSe(I) + aszeg2(I) = ¥31(S, 1),

(26) < =2V/agiaz2aAp(I) + as1 A1 + aza Az + az1 Bap(0)] + az191(S) + azeg2(I) = s2(S, I),
2
where A; = p+p+ %%1, As :u+5+6¥2+72+@7 and

2
(27) cv, = —%+A3+gg<cz>:w4u,@>,

2
where As = p+ as +v3 + %, and

gig(011 +0129)*7"  S%0%, (011 + 0125)”
(I —a)ofy 2 o1

A0'12 . L%Q 2
(1 _ 06)0'11 2 S - 1/}5(5)7

LVs = {A—mS—paSf(I)}
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Combining (24), (25), (26), and (27), we obtain
LV =LV < (S, 1,Q) = agthy + ¥31(S, I) + astha(I, Q) + astys(S).

First,
limsup sup ¥(S,I1,Q) = —o0,
S—oo I1,Q>0
limsup sup ¥(S,I,Q) = —o0,
I—o00 S,Q>0
limsup sup ¥(S,I,Q) = —o0,
Q—oo S,I>0
limsup sup ¥(S,I,Q)= —oo, using (25),
S50 1,0>0
lim sup sup U(S,I,Q) = —o0, using (27).
k—oo S,I,Q>0,I>kQ
Next, assuming asz; < as, SUPg~q {a3191(5) 12 52} = 2 (as 0_1(1131), SO
D; = limsup sup U(S,1,Q)
k—oo 0<Q<1/k2,I<Qk,S<k1/2
-, a3 of Aoz
< —2v/az1azefald + az1 Ay +azeAx + agipe + —— ————= + a4 A3 + a5 ————,
2 (a5 — 0,31) (1 — 01)0'11
and
Dy = limsup sup U(S,1,Q)
k—oo I<k,S<kl/2,Q>0
a? o? Ao
< —2/az1a39B0A + az1 Ay + azpAs + agfA + 2L 4 g, Ay 4 a5 o
2 ( 5—(131) (1—0[)011
o2 _
+sup {102 (@)~ axf(1 - 0)72QH(1+ Q)2
Q>0

4 e1 1/(10) ¢ 1/0
Next, for any c1,co > 0, sup{ 1z +c12? —co—n— 1 < 1C11 [ — +c1Cra | — , for
>0 (14 )29 2 Ca

some C1,C12 > 0 independent of ¢1,co. As a result, there exits Ca1, Cy2 > 0 such that

a2 o2
max(D1,Da) < —2v/as1a328aA + az1 A1 + az2 Az + a20A + as Az + %$

(a5 — as1)
A 1/(1+0) 2/0
(29) —|—a5$ + asCa (CM) + ayCa <a4) .
(1 - ) as as
For a € (0,1), set A1(e) = A1 + (1AZ§§11 + \/%. Then for any A > 0,
BCLA ﬁaA
< Ri(a) = ——— < R§(0) = RS,
A2 {Al + 011 + (1+X) AUlz} = 0( ) AQAl(OZ) 0( ) 0
(I-a) on

where the supremum over A > 0 is attained at \g = 0111/%. Set azga = az1 5 Ba . Taking a5 =
as1(1+ Ag) in (29), and choosing o > 0 so that R§(a) > 1, one gets

maX(Dl, Dg) < —aglAl(a) (Rg(a, )\) — 1) + agf0A + asAs
a1+ Y
(30) +a4Co1 <a4> + asC <4> .

2 ag
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Set K = Aj(a)(R§(a) — 1). Then £ > 0 by hypothesis. Next, set a4y = ag and choose ag so that
as(0A + Az + Co1 + Caz) = az1k/2. Then (30) yields max(Dq, Dy) < —ag1k/2 < —1, if az; > % This
completes the proof. |
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