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Abstract

Stochastic epidemic models are useful in modelling the duration of epi-
demic outbreaks. It has been observed that the behaviour of the ex-
tinction time of epidemics changes across some point (or domain in
multi-dimensional spaces) in the parameter space, known as the ‘crit-
icality”: generally speaking, epidemics in the subcritical regime tend to
end quickly, whereas epidemics in the supercritical regime tend to prevail
around the quasi-stationary state for a long time before extinction. In
recent years, there has been substantial interest in the phase transition
window around the criticality, called the ‘critical regime’. We expect
to observe the critical behaviour not only at the criticality point, but
across the entire critical regime, and the boundary of the critical regime
is expected to be approaching the criticality as the population size tends
to infinity. However, while this phenomenon is well-discussed for one-
dimensional epidemic models like SIS, there is little work done on two

or higher-dimensional models.

This thesis is concerned with the scaling behaviour in and around the
phase transition window of the extinction time of a class of two-dimensional
stochastic epidemic models named SIRS. The stochastic SIRS model is
a continuous-time Markov chain modelling the spread of infectious dis-
eases with temporary immunity, in a homogeneously-mixing population
of fixed size N. More specifically, we study the asymptotic distribu-
tions of the extinction time of SIRS models as N tends to infinity, with
both the parameter space and the initial state of the model treated as
functions of N. Our results provide a comprehensive picture of various
possible scalings and the corresponding limit distributions within the
subcritical and the critical regimes. Our approach also provides us with
descriptions of the entire trajectory of SIRS epidemics. Simulations are

implemented to verify our results.
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Chapter 1
Introduction

The stochastic SIRS model describes the spread of a disease with temporary
immunity in a closed population of size N. Each susceptible individual is expected
to contract the disease at rate A\,I/N, where I denotes the current size of the in-
fected population. Parameter A\, € R, is known as the transmission rate. Once
infected, each individual is immediately infectious and will recover at rate pu, = 1
independently of other individuals. Each recovered individual loses immunity at
rate 7, € R, and becomes susceptible independently. For future reference, we use
interchangeably both the words infected and infectious, and the words recovered
and immune when referring to population compartments in our epidemic models.
The subscript ‘0’ stands for ‘original’ and is introduced to distinguish the original
variables from the scaled variables.

Formally, the stochastic SIRS model is constructed as a two-dimensional continuous-
time Markov chain (I}¥, RY);>o, where IY represents the size of infected population
at time ¢, and RY represents the size of immune population at time ¢. The model

is associated with the transition rates:

(/L.y T) — (Z + 17 T)u at rate /\O<N i T)Z/N7
(i) > (i,r—1),  at rate vor, 1)
(i,7) = (i — 1,7 + 1), at rate 7.

We will state the definition of the stochastic SIRS model and the simpler SIS and



SIR models in full detail in Chapter 2.

After the basic parameters of a disease are understood, researchers naturally want
to predict the course of development of the epidemic, and one of the variables of
interest, known as the extinction time, represents how long it takes for the pathogen
to die out within a population. In this thesis, the extinction time is modelled as the
stopping time T := inf{t : I’ = 0}.

We aim to study the scaling behaviour of the distribution of the extinction time
of stochastic SIRS models, as the population size IV tends to infinity. In particular,
we are interested in how the scale of the parameters ()\,,7,) and the initial states
(IV, RYY) affect the asymptotic distribution of the extinction time.

The study of this problem, associated with the simpler SIS and SIR models, dates
back to as early as 1975 by Barbour [1]. Since then, most of the work has been on SIS
models, and focused mainly on the expectation instead of the distribution [2-5]. For
both SIS and SIR models, it has been proved that there exists a ‘critical value’ of the
transmission rate, and that the extinction time is O(log N) when the transmission
rate is strongly subcritical, and is O(e*") for some constant ¢ € R, when the
transmission rate is strongly supercritical. It has also been shown that the shape of
the scaled distribution is affected by the scaling of I3'. For a while, only the cases
with the initial size of infected population I}¥ < 1 or O(N) were studied.

Another observation made by existing literature is that the critical parameter
regime is an o(1)-sized neighbourhood around the critical value. More specifically, if
as N — oo, the transmission rate of the SIS (resp. SIR) model tends to the critical
value faster than N~/2 (resp. N~'/3), then the corresponding extinction time is
O(N'2) (resp. O(N'/?)).

One important work on stochastic SIS models is by Foxall [6], who developed a
framework that allows a comprehensive investigation over all possible combinations

of transmission rates and initial sizes of infected population.

To our knowledge, this thesis is the first to study the scaling behaviour of SIRS
extinction time in the subcritical (A, < 1) and near-critical (A, — 1) regimes. We
contribute in the following three directions.

Firstly, we extend Foxall’s framework from the one-dimensional SIS model with

a one-dimensional parameter space to the two-dimensional SIRS model with a two-



dimensional parameter space. Despite both being two-dimensional, the SIRS model
is significantly more complicated than the SIR model, since the latter has a mono-
tonicity property. While the SIS and the SIR models are both driven by a single
parameter (the transmission rate), the SIRS model incorporates a second parame-
ter describing the average duration of immunity. In addition, there is no explicit
solution to the ODE system describing deterministic SIRS models.

We succeed to identify the boundary of the critical regime, and obtain explicit
expressions of the asymptotic distributions for a wide range of possibilities. We show
how the scaling of the extinction time changes from log N to N'/3 as the transmission
rate approaches the criticality from below. We illustrate these cases with diagrams.
Some cases with large initial sizes of the infected and immune populations are not
covered by our results. However, we believe our techniques can be extended to all
subcritical cases.

Secondly, we obtain an approximation for the scaled distribution in the critical
regime. From a theoretical point of view, this is associated with the existence and
uniqueness problem of a PDE associated with a degenerate operator. It can also be
viewed as an application of Kithnemund’s bi-continuous semigroup theory [7], and
is especially interesting because the setting is non-Gaussian.

Thirdly, we run simulations to verify our theoretical results. In particular, we
investigate the practicality of various methods for simulating an epidemic model
with large N. We choose to implement the 7-leaping method alongside the stan-
dard SSA method. The simulation result suggests that the 7-leaping method can
be an effective time-saver when simulating the long-term behaviour of near-critical

epidemic models.

Now we will outline the structure of the rest of the thesis, and give a brief

overview of the main results.

Summary of Chapters 2 and 3

We set up both mathematical and epidemiological background in these two chap-
ters.

In Chapter 2, we introduce the basic notations and properties of continuous-time



Markov chains, the epidemiology background and motivation to our problem, and

define the stochastic SIS, SIR, SIRS models and their deterministic counterparts.
In Chapter 3, we introduce the techniques and theories used in this thesis, in-

cluding ODE approximation, diffusion approximation, the order-preserving coupling

method, and the theory of bi-continuous semigroups.

Summary of Chapter 4

The main result of Chapter 4 is Theorem 4.6 below, in which we derive the
asymptotic distribution of the stochastic SIRS model when the initial size of infection
IV is ‘small’.

The process I} is a birth-death chain with birth rate \,(1— N"Y(RY +IN)) and
death rate 1. For models in the subcritical and near-critical parameter regimes, when
IV is small, I}V will remain small and thus its transition rates will be approximately
linear. To our advantage, the extinction time of linear birth-death chains is explicitly
known. Using the method of order-preserving coupling introduced in Section 3.2,
we can sandwich each trajectory of the SIRS models between a pair of linear birth-
death chains whose extinction times have the same asymptotic distribution, and in
this way we can pinpoint the asymptotic distribution of the SIRS extinction time.

The technique described above has been applied by [1] to stochastic SIR models,
and by [6,8] to subcritical stochastic SIS models. The complexity of extending this
technique to the SIRS models comes from the necessity to approximate RY. This
has not been an issue in the stochastic SIR model since R}’ monotonically increases
with respect to t.

Looking at the birth rate \,(1 — N=Y(RY + I})), it is natural to consider the
cases R) =< N and R} = o(N) separately. This is the motivation for labelling the

cases as Case 1.x and Case 2.x in Theorem 4.6 below.

Theorem [4.6]. Consider a sequence of stochastic SIRS models defined in (2.5),
indezed by N € N, with parameters A, = A\o(N) > 0 and v, = 7,(N) > 0, and initial
states (IY, RY') = (Io(N), Ro(N)).

Let TN = inf{t : IN = 0}. If one of the following conditions is satisfied, then

we have the explicit expression of the asymptotic distribution of T :



Cases 1.1-1.3 are cases where both the initial size of infection Iy and immunity
Ry are small, whereas Cases 2.1 and 2.2 are cases where Iy is small and Ry is of
order N.

e Case 1.1: Iy|]1 — \,| = 0, IRy = o(N), Iy = O(Nl/zvg/Q).
]fIO = 0(1)7
1\ %
lim PV [T <w] = <1+—> ;

N—oo w
and if Iy — oo,
TN 1
lim PV {L < w] =e w,
N—oo IO
o Case 1.2: Io(1—)\,) = a >0, A\ = M(N) <1, and Iy = o (Nl/%;”),
I()R() = O(N)

[f IO = 0(1)7

—I
limIPN[T(fVSw]:(l—k ¢ ) ;

N—o0 eaw — 1

and if Iy — oo,

N a
' NiZe < = — .
g |G <o cenl -2t

o Case 1.3: Ij(1 —)X,) — 00, Ay = M(N) < 1, Iy = 0(%), and
Rylog In(1 —X,) =0 (N(1—=X,)). Then

lim PV [(1— A\)T) —log(1 —Ao)Ip <w] =e "
N—o0
e Case 2.1: 1y =0(1), Ry = roN, ro >0, A\, = A\(N) <1 and 7, = o(1).

Let a :=limy_oo 1 — A, + Aorg, then

—1Io
hmPN[T;ng]:(H - ) .

N—oo eaw — ]

e Case 2.2: Iy — oo, Ry =1roN, ro >0, and there exists €1, €3 > 0 such that



Io=0(N'") and v, = 0o (N~%). Let a :=limy_,00 1 — Ao + AoT0, then

—w

lim PV [aT,)" —log(aly) <w] =e°
N—o00
Theorem 4.6 covers the entire domain {()\,,7,) € R2 : A\, < 1}, and a subset of
{(Mos7) € RZ : X, > 1}. The range of the latter is a function of the initial state
(1o, Ro).
Theorem 4.6 suggests that for ‘small’ Iy, {(A\s,7,) € RZ : A, < 1} can be divided
into two regimes, the boundary of which is illustrated by the blue dotted line in
Figure 1.1. For details on Figure 1.1 and the definition of (-), see Section 2.3.2.

- (’Yo>

[o.¢]

1 \

wl=

—(1—=X,)

1 1 00
Figure 1.1: The division of the parameter space of SIRS models
In Figure 1.1, the regime below the blue line represents
{ O W20 = 2002 o o0},

where given suitable (Iy, Ry), we can observe the behaviours of all five cases in

Theorem 4.6. In the complement regime
{ O W20 = 2 < oo}

only Cases 1.1, 2.1 and 2.2 can be observed.

The asymptotic distributions of the cases where [y — oo are extreme value



distributions. The intuition is that when the size of the infected population is small,
infected individuals induce almost independent epidemics. The extinction time can

be viewed as the maximum extinction time among all these local epidemics.

Summary of Chapter 5

In this chapter, we first identify the critical scaling of stochastic SIRS models in

both time and space through a heuristic argument. Under the critical scaling, the

~

scaled parameter space (\,~) is defined as

~

A= (1= XNV =, N3 (1.2)

and the scaled stochastic SIRS model (Y}, ZY )¢ is defined as

v Do gy Ry (1.3)
t T t N2/3 . .

We also define the scaled extinction time TV = inf{t : ;¥ = 0}.

The main results of this chapter concern the case where the scaled parameters
and the scaled initial states are of O(1). This is illustrated in Figure 1.1 as the
shaded area B. In the first half of Chapter 5, we will show that (Y, Z") converges
in distribution to a limit diffusion (Y, Z) and as do their extinction times, i.e., TV =
T :=inf{t : Y; = 0}. The only analogous result available in the existing literature
is by Foxall [6], who proved the same convergence for stochastic SIS models.

Compared to [6], we need to take one step further and make sure the limit
diffusion is indeed well-defined, since the limit generator is not elliptic and has
unbounded, non-Lipschitz coefficients. Fortunately, Brunick [9] has studied a type
of degenerate martingale problems related to our limit diffusion, and our statement
can be proved by a standard localisation argument [10].

Formally, the first half of the main results is stated as follows.

Theorem [5.7. Let (1 — A\ (N))N'/3 = X € R, 7y := lmy_y00 Y(N)N3 > 0 and
Y& = yo >0, ZY — 20 > 0. Then the process (YN, ZN) converges in distribution
to (Y, Z) in D(]0,00),R?), where (Y, Z) is the unique weak solution to the stochastic



differential equation system

dY = —(A+ Z)Yds + V2Y dW,
dZ = (Y —~Z)ds, (1.4)

with initial conditions Yo = yo, Zo = 2o.

Theorem [5.8]. Let (Y{,ZY) = (un,vy) and (Yo, Zy) = (u,v). If (un,vn) —
(u,v) € R%, then TN = T.

In the second half of Chapter 5, we study the distribution of 7. There is no
known analogous result for stochastic SIS and SIR models.

It is a standard practice to express the distribution of the hitting time of a dif-
fusion as the solution to a Cauchy-Dirichlet problem. However, the well-posedness
of said problem does not directly follow from the well-posedness of the martingale
problem on domain C2°(R? ), since the domain is not dense in BC (R2) with respect
to the uniform topology, where (EE’ (R2), |]-]]) is the Banach space of bounded con-
tinuous functions with continuous extensions to [0, 00)%. We construct the solution

using a generalised Chernoff product formula proved by [11].

Theorem [5.9]. Let V(t) be a bounded linear operator on @(Ri) for each t > 0,
such that

V(t)f(u,v) := /0 g(t, ue_(;\”)t; m) f(m,ve " + ut) dm,

fort >0 and f € EE’(Ri), where

1/2 1/2

),m,u,t>0,
t

and I,(-) is defined as (5.7). Define

Un(u, 0,1) = (v (%))n gz (1, ).

The tail distribution of T, i.e. P [T > t‘(YO,ZO) = (u, v)], for each t > 0, is the

limit of U, (u,v,t) as n — oo, for (u,v) € Ri uniformly on compacts.

8



Summary of Chapter 6

Chapter 6 focuses on the subcritical regime when the initial size of the infected
population is too large to meet the assumptions in Theorem 4.6. We show that with
suitable assumptions on (/y, Ry), the trajectory of the stochastic SIRS epidemic can
be well-approximated by the solution to some ODE systems, until a time when
Theorem 4.6 is applicable. We can derive the asymptotics of the time taken for
the corresponding ODE systems to travel between two given states (we will refer to
this as ‘elapsed time’). The asymptotic distribution is then derived by shifting the
asymptotic distribution in Theorem 4.6 according to the elapsed time.

The analogous results for stochastic SIR models can be found in [1] and the
results for stochastic SIS models can be found in [6, 8]. In all these cases, the
approximating ODEs are the corresponding deterministic epidemic models, where
‘corresponding’ means sharing the same parameters and initial states. The descrip-
tions of the deterministic epidemic models are introduced in Section 2.2.2 to 2.2.4.

However, things are more complicated in stochastic SIRS models. Theorem 6.3
states that when 7, is small and ' < N, the limit ODE is the corresponding
deterministic SIR model. The variable tgrs (a — b) is the elapsed time of the deter-
ministic SIRS model, and kgir and kgrs are the constants in the asymptotics of the
elapsed time of the deterministic SIR and SIRS model respectively. The locations
of their precise definitions are included in the statements of the main results of this

chapter.

Theorem [6.5]. Consider the stochastic SIRS model defined in (1.1) with parameters
HMpn o0 Ao(N) = A < 1 and v, = 0 (N~) for some e, > 0, and initial states

lim IY/N >0, lim RY/N >0.
N—o0 N—oo
Then we have

—w

P [(1 = N8y ) T2 — ksin — log N — log(1 — Nygb;,,) < w] — e

where 0, = Umy_,o0 0% (2, yl'; \o), and ksir = ksir (W, INO;)\O) are defined

in Lemma 6.1.

The second main result of this chapter, Theorem 6.7, concerns the parameter



regime {(A\s,7) : 1 — A, > N3 4, > N7U/3} This regime is illustrated in
Figure 1.1 as the shaded area A. The strongly subcritical case is a special case of
Theorem 6.7 and is stated separately in Theorem 6.12. The reason why we state
these two theorems separately is that we are able to obtain the exact asymptotics

of tsirs (IpN ! — a) only for the strongly subcritical case.

Theorem [6.7]. Consider the stochastic SIRS model defined in (2.5) with parameters

Ao = X(N) 11 and v, = vo(N) 1 0, satisfying (1 — \g) N3 — 0o, 7,N/3 — oo,
1-),
Yo o 1
small €, > 0 such that N3, < 1= \,.

and limy_s o # 1. If v, < 1=\, we in addition require that there exists some

Suppose the initial states of the model satisfy for some constants c,,d,,c, > 0

the conditions

N(L = Xo)%
IV = IH(N) < 1= 2N |,
0 0( ) = leg(N1/3(1 _ )\O))7Cy( )7
NP iy, < 1 — N,
RY =Ro(N)< {700 0 T

c.(1 — X,)N, otherwise.

Then

—w

P [(1 — )TN — (1 — \)tsims (ION’1 — a) —loga—log N(1 - X,) < w} —e ¢

where a = a(N) > N~ can be chosen arbitrarily, as long as a = o((1 — X\,)v,). The

asymptotic distribution above is independent of the choice of a.

Theorem [6.12]. Suppose limy_00 A\o(N) = Njjmn < 1 and limpy 00 Yo(N) = Yiim > 0
are constants independent of N, Njim + Yiim 7 1, and A\o(N)+7,(N) # 1 for N € N.
Suppose further that the initial condition satisfies
0 0
Ay > O g > 0

Then we have as N — oo,

P [(1 = X)TY — (ksms +log N +1log(1 = A,))] = e,

where ksirs is defined as in Lemma 6.11.

10



Summary of Chapter 7

We conduct numerical experiments in MATLAB to verify our results in Chapter 4
and 6. We also review and compare the available methods of simulation in this
chapter. The simulation shows that the asymptotic distributions we have derived

are a fairly good approximation of the simulated data.
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Chapter 2
Setting up the background

In this chapter, we start by introducing the mathematical and epidemiology
background, before rigorously defining the stochastic SIS, SIR, SIRS models and
their deterministic counterparts. Next, we will review the available results on near-
critical behaviours and extinction times of epidemic models, and state precisely the
objective of this thesis. Lastly, we introduce the diagrams we use throughout this

thesis to illustrate the regimes of the parameter space and the initial state space.

2.1 Continuous-time Markov chains

Consider a continuous-time cadlag Markov chain X = (X;);>o on (€2,.#) with a
finite state space S C RY, whose natural filtration is (.%;);>0, and let P,,x € S be
the corresponding probability measure. Such a process is defined by its initial state
Xo = x¢ and the transition rates from state x to x + j, denoted as ¢(z,7),7 € J,
where J is the set of possible increments/decrements X can have in the following

sense:

P, [Xitar = 2+ j| Xt = x] = q(z, j) At + o( At).

xo[
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Denote a jump at time ¢t as AX; := X; — X;_, then we can define random measures
on [0,00) x J as

Z d,ax,) and v(dt, j) == q(X;—, j)dt.
t:AXt?éO

Thus we can write

Xo+/ > iulds, j).

jeJ

Let (H(t,7))t>0 be a left-continuous adapted process for each j € J. It is known
that if H satisfies for all ¢ > 0,

/Z|H$]|Ud$j)]

jeJ

then it is known that

M, = /ZHSJ i = v)(ds, )

jedJ

is a well-defined martingale (see e.g. Theorem 8.4, [12]).

It follows that we can decompose X as

t
Xt =z + / qu(Xs_,j)ds + M, (2.1)
0 jes
where the martingale part M, := fo jer —v)(ds, j) is called the compensated

martingale, and fot Zjerq(Xs,,j)ds is called the compensator.

Alternatively, we can view the process X as driven by an embedded discrete-time
Markov chain Y = (Y}, )nenn>0 and a sequence of holding times {S,, }nenn>1-

Let q(z) :== >_;c;q(x,j) and Yo = xo. For n > 0, let Y follow the transition
probability

P Yn+1 -

zo




and S,11 ~ Exp (q(Y,)), the exponential distribution with parameter ¢(Y,). Then
we can define (X;);>0 as Xy =Y, for >0 | 5, <t < Z?:J“ll S;,m>1,and X; =Y
for 0 S t < Sl.

If the finite state space S can be decomposed as a set of transient states S\ {0}
and an absorbing state {0}, then X will absorb at 0 almost surely. We can define
the absorption time Ty := inf{t : X; = 0}.

Let Ppun(t) == P[X,; =n|X, =m]. The Q-matrix of X is defined as Q =

(an)m,nes, where
° an = q<m,n - m), for m ;é mn, and
b Qmm = —q(m)

The Kolmogorov forward equations state that P(t) = (Pun(t))mmes, t > 0, is the

solution of

dP(t)
Cdt

where [ represents the identity matrix.

~POQ. PO) =1

The Kolmogorov forward equations give the exact expression of many quantities
of interest, among which, the exact form of the distribution of T’x can be expressed

as

P [TX < t‘XO — m] — Poo(t).

The reader can find more details in [13].

2.2 Epidemic models

The SIRS epidemic models are mainly used to describe the behaviours of micro-
parasite infections of humans. Throughout this thesis, we also need the definitions
of two simpler models, SIS and SIR. In this section, we will introduce all three
model structures, which are characterised by the different natural history of the
infections (in other words, the journey a typical patient goes through). Of each

model structure, we introduce the deterministic version and the stochastic version.
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These models are known as compartmental models, which means that the indi-
viduals in the population are divided into broad subgroups and the model tracks
individuals collectively.

For a comprehensive reading on epidemic modelling tailored for public health

practitioners, one can refer to [14].

2.2.1 Background

In this subsection, we will introduce the basic concepts used in compartmen-
tal epidemic models. Many of these are widely used in epidemic and ecological
modelling. Although usually considered oversimplified compared to the reality, the

constructions below allow us to carry out more complicated analytical study.
Assumption 2.1 (Target population). We assume that our target population is

e closed | without demography, i.e., there is no birth, death, migration into or

out of the population; and

e homogeneously mizing, i.e., all individuals are considered to be identical. All
individuals are assumed to be making effective contact with an arbitrary mem-

ber of the rest of the population at equal rates.

In the stochastic version, we assume the population has a finite size N € N. This
allows us to construct a sequence of stochastic models indexed by the parameter N.
In the deterministic version, we assume a continuum population, with compart-
mental variables interpreted as asymptotic proportions in a finite population as
N — oco. Therefore, it makes sense to use the ‘proportion’, instead of the ‘number’
to measure the size of each subgroup. In the following, we construct the determin-

istic version as the average scenario when the population size tends to infinity.

The population is divided into some or all of the following compartments:

e Susceptible (S), which consists of individuals who are currently healthy but

can get infected;

e Infectious/Infected (I), which consists of individuals who are infected by the

disease and can transmit the infection to others;
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e Recovered/Immune (R), which consists of individuals who are immune to the

disease.

Another basic compartment studied in the literature is Pre-infectious (also called

‘Exposed’; E), consisting of individuals who are infected but not yet infectious.

Assumption 2.2 (Parameter space). Assuming the target population has all three
compartments S, [ and R, the movement of a typical patient in the target population

is determined by three parameters A,, j, and ~,:

e The terminologies and verdicts below follow from [15].

Each susceptible individual is expected to contract the disease at rate A,I /N,
where [ denotes the current size of infection. This rate is known as force of
infection. Parameter A\, € R, is a composite measure of contact rates and
transmission probability, usually known as transmission rate. The assump-
tion where the force of infection is assumed to depend on the proportion of
infection, rather than the size of infection, is called frequency dependent trans-
mission. We note, however, that many mathematical works (e.g., [16]) refer
to the stochastic models under this assumption as ‘density dependent pro-
cess’. Frequency dependent transmission is usually considered a reasonable

assumption for vector-borne diseases in human societies.

e Each infectious individual recovers at recovery rate j, independently. Its re-
ciprocal 1/, is the average infectious period. Without loss of generality, from
Section 2.2.3 onward, we assume g, = 1. To illustrate how the deterministic

and the stochastic models are defined, we keep pu, arbitrary in Section 2.2.2.

e Fach recovered individual loses immunity at the rate of waning immunity

Yo € [0, 00). Its reciprocal 1/7, is the average period of immunity.

As we will see in the formulation of the SIS models below, the ‘rates’ above
are understood in the context of continuous-time Markov chains when constructing
the stochastic models. The deterministic version of each model can be heuristically

interpreted as the limiting average trajectory of the stochastic version as N — oo.

The natural history of an infectious disease is reflected in different models by

the transition route of a typical individual between different compartments. The
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idea of compartmental models is versatile in application. By introducing appropri-
ate compartments and transition assumptions, we can address the heterogeneity in
sociodemographic factors, contact structures, or the complexity in the transmission

modes (e.g. vector-borne diseases) [17].

2.2.2 Without immunity: the SIS models

The SIS models assume that the state of a typical individual follows the pattern
‘Susceptible - Infectious - Susceptible’. It is often used for curable sexually trans-
mitted infections, for which the individual will gain negligible immunity following
the infection.

Indexed by the population size N, the stochastic SIS model is defined as a
continuous-time Markov chain IV valued in [N], representing the size of the Infec-

tious compartment, with transition rates:

i— i+ 1, at rate \,(1 —i/N)i,

1 — 11— 1, at rate p,t.

The deterministic SIS model can be derived as follows:

Define the proportion of the Infectious compartment in the population at time ¢

as y(t) :

In a small time interval [¢, ¢+ At], the number of individuals moving from Susceptible

to Infectious is,

N . . . . )\OSt]VIt]V
S, x per capita force of infection in [t, + At] x At = TAt. (2.2)

Similarly, the number of individuals moving from Infectious to Susceptible is
poIN At. Dividing by N on both sides of above and (2.2), and letting N — oo, we

have
Yt + At) — y(t) = A1 — y()y(D AL — poy(t)At,

We can relate the difference equation above to a one-dimensional ODE by taking
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the time step At — 0:

Ao
>\o — Mo

dy _
dt

Ao(1 =)y — poy = (Ao — o)y (1 - y) , y(0) =wo € (0,1].
This equation is known as the logistic equation and is often used to model the
density dependent population growth in ecology. It can be solved by separation of

variables. The solution is: when A,/u, # 1,

>\o — Mo )\o — Mo — )\oyO -\ -
t) = 1 (o=20)? t>0
R e

and when \,/p, = 1,
y(t) =\t +y )T =0

The long-term behaviour of y(¢) depends on the value of \,:

e when \,/p, < 1, limy o y(t) = 0, which indicates the extinction of the epi-

demic;

e when A\,/p, > 1, limy o, y(t) =1 — ’;—Z, which indicates the prevalence of the

epidemic. Such limit is often referred to as the endemic equilibrium.

It turns out that A,/p, = 1is the critical value dividing a quick extinction and an
endemic for all three models in this chapter under Assumption 2.1. In the context
of epidemiology, Zy := A,/ is called the basic reproduction number. The basic
reproduction number describes the ability of a disease to prevail and can be loosely
interpreted as the average number of cases caused by an infectious individual during

his/her entire infectious period in an entirely susceptible population [3].

2.2.3 Immunising infections: the SIR models

The SIR models assume that a typical individual follows the pattern Susceptible
- Infectious - Recovered. The individuals in the Recovered compartment either have
gained permanent immunity or have been removed from the population. Besides
‘immunising infections’ (i.e., those for which individuals gain permanent immunity),

SIR models are also used to model infections with waning immunity (e.g., influenza,
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COVID-19) during a short time period after it is introduced to the population.

The stochastic SIR model is a continuous-time Markov chain (IV, RY) valued
in [N] x [N], where IN and RY are the sizes of Infectious/Infected and Recov-

ered /ITmmune compartments at time ¢ respectively, with the transition rates:

(i,r) = (i+1,7),  atrate \(N —i—r)i/N,
(i,7) = (i — 1,7 + 1), at rate i.

Similar to the previous section, the deterministic SIR model is described by the
ODE system

dx
dt
dy
dt

dz
= - v, (2.3)

(2(0),5(0)) = (x0,50) € [0,1) x (0,1], x(0) +y(0) + 2(0) =1,

= _)‘oy‘ra

= Aoyx — Y,

where z,y, z denote respectively the proportion of the size of S, I, R compartments
in the target population.

These variables are dependent through the relation x(t) +y(t) + z(t) = 1. Some-
times we find it more convenient to use (z,y)-coordinates while in other occasions
we prefer (y, z)-coordinates.

From the ratio of the first and the third equations in (2.3), we have
dz
-5 = _/\o ;
dz v
z(t) = 2(0)e CEO=20) > g(0)e e,

from which we can express z(t) in terms of y(t), for all £ > 0.
In particular, given a solution (z(t),y(t)) to (2.3), for all ¢ such that y(t) < yo,

we can represent the value of z(t) when y(t) = a by the following mapping:
0: (0,90 = [0,1], a0 (y)" (a).
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Notice that A\, < 1, we have y(t) < yo for all ¢ > 0.
Also it follows that for all A\, € Ry, lim; oo (2(t),y(t)) = (0*,0) where * :=
lim, |0 6(a) is a function of (xg, yo) and A,.

For numerical analysis, we need the following result:

Lemma 2.3 (A simple property of #). The function 0 is differentiable on (0,yo),

and can be expressed in terms of the principal branch of Lambert W function Wy,

Wo(_xo)\oe—%(xo-wo—y(t)))

0(y(t)) = — X : (2.4)

In particular,

— —Xo(z0+y0)
0" (0, y0; Xo) := lim O(a) = _ Wo(==ohee )

0,1].
a¢0 )\O 6[7]

Proof. From z(t) = x(0)e *®=20) " we have
A (y)e W) = )\ zgero(@otu0) Aoy

The rest of the statement follows from the definition and property of Lambert W

function, which can be found in e.g. [18]. O

In the long term, all infectious individuals in this model will gain immunity.
Therefore, unlike in the SIS models, we need to use the final size of infection to
indicate whether the epidemic dies out quickly. The final size of infection z(o0) is
defined as

z(00) := lim z(t) =1 —0".

t—o0
The criticality is at A\, = 1 in the sense that when xq T 1, if A\, < 1, then
z(00) — 0, whereas if A\, > 1, then z(co0) > 0. In other words, an epidemic outbreak

from a single infectious individual will take place only when A, > 1.
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Figure 2.1: The value of z(c0) as a function of %. Six lines from top to bottom:
when yo = 1,0.8,0.6,0.4,0.2, 0.

2.2.4 Waning immunity: the SIRS models

The SIRS models assume that a typical individual moves according to the pattern
‘Susceptible - Infectious - Recovered - Susceptible’. In contrast to the SIR model,
the SIRS model assumes that immune individuals eventually lose their immunity
and become susceptible again. A wide range of infections belong to this category,
especially when being observed over a long time period.

With the same notations for the SIR model, the stochastic SIRS model is for-
mulated as a two-dimensional continuous-time Markov chain (IV, RY), with the

transition rates:

(6,r) = (i 4+ 1,7),  atrate A (N —i—7)i/N,
(@,7) = (i,r = 1), at rate yor, (25)
(i,7) — (1 — 1,7 + 1), at rate 1.
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The deterministic SIRS model is defined as the ODE system

—CZ =%z — A1 —y — 2)y,
dy
YW NA—y—2)y—y,
o 1-y—2)y—vy
dz
oy — 2.6
i Al (2.6)

(4(0),2(0)) € (0,1] x [0,1),  2(0) +y(0) +2(0) = 1.
The criticality of (2.6) is at A\, = 1 in the sense illustrated by the following theorem.

Theorem 2.4. Consider the ODE system (2.6).
For A\, < 1, the disease-free equilibrium (1,0,0) is globally asymptotically stable.

For A\, > 1, the endemic equilibrium
(@, 2") = (A (1= A (e + 1), (1= AT (0 +1)7)

18 globally asymptotically stable.

Proof. We will prove the theorem using the (x, y)-coordinate of the system (2.6).
The construction of Lyapunov functions used below follows [19]. The proof
follows from the global LaSalle’s principle (Theorem 5.25, p.204, [20]).
The domain {(z,y) : + > 0,y > 0,z +y < 1} is an invariant set. For the case

Ao < 1, we choose the Lyapunov function to be
V(z,y)=—(1—2z—y)—logz.

For the case \, > 1, we choose the Lyapunov function to be

. . x4+ 1
Viz,y) =z —a" — (m*+l> log — Yo +y—y*—y*log%

Both V and V are smooth and positive definite on their domain, and their global

minimums satisfy

(inf)V(m,y) =V(1,0) = (inf) V(m,y) = V(x*,y*) =0.
z,y T,y
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Next we check that

dV (z(t),y(t))

V'(z,y) = —g = U=y =l e - y)(z~' —1) <0,
and
{(2.9): V() =0} = (1,0).
Similarly,
. _aAV(z(t),y(t)  da N dy y*
Ve === =a\' 7= ) tal'"y
IYO()\O + ’YO) *\ 2
CERO TR LR
The set

Sy i={(@y): Vi(ay) =0} = {(wy) 12 = 2"},

contains no other trajectory except for the trivial trajectory (z(t),y(t)) = (z*,y*),
since dz/dt # 0 for any point (z,y) # (z*,y*) in Sy

Thus by the global LaSalle’s principle (Theorem 5.25, p.204, [20]), the system is
globally asymptotically stable. O]

2.2.5 Deterministic models vs stochastic models

In the deterministic models, we assume that the randomness of the real world
can be ‘averaged out’, in order to reveal the underlying disease dynamics. The
stochastic models, however, aim to reflect this randomness.

In general, there are three ways to incorporate randomness into epidemic models
[15]:

e adding random terms to population variables,
e defining parameters as random, and
e explicitly modelling individual-level events as random.

The third method is more popular and is the idea behind the stochastic epidemic
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models we introduced in the last three subsections.

The deterministic and stochastic models introduced above model the persistence
behaviour of epidemics very differently. This is shown in two quantities that attract
a lot of mathematical attention: the endemic state and the duration of the epidemic.
An epidemic modelled as a deterministic model goes extinct for all SIR models and
for SIS and SIRS models when %, < 1. On the other hand, for SIS and SIRS models
when Z, > 1, the epidemic prevails with a constant proportion of the population
being infected. In other words, it reaches an endemic equilibrium. In this sense, it
is difficult to define the duration of an epidemic in the deterministic model, and we
shall turn to the stochastic version for help.

The stochastic models allow us to model the duration of the epidemics as hitting
times of continuous-time Markov chains. This is shown to be effective in interpreting
real-life data; for example, Broadfoot [21] studies the single-farm and inter-farm
persistence of foot-and-mouth disease in livestocks, using both homogeneous mixing
SIR models and SIR models on various graphs.

Since our models all have finite state spaces, the extinction will happen in finite
time almost surely. To define a non-trivial endemic state for the stochastic models,
the concept of quasi-stationary distribution is introduced. The quasi-stationary dis-
tribution of the stochastic SIS model is defined as the stationary distribution of I¥
conditioned on that the extinction has not occurred, and was first investigated in
1960s by [22]. It can be obtained through an iterative scheme (See [4]).

The stochastic models and their deterministic counterparts are related in that:
stochastic epidemic models can be well-approximated by their respective determin-
istic counterpart up to any constant time, in a sense that will be introduced in
Section 3.1.1.

2.2.6 Near-critical behaviours

In previous sections, we identified the criticality of all three epidemic models and
observed that the epidemic tends to die out when the transmission rate A, is below

the criticality A\, = 1, and tends to spread when J, is above the criticality. We refer
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to this phenomenon as ‘phase transition’.

As pointed out by [23], one of the arising challenges for stochastic epidemic mod-
els is the study of near-critical behaviours. They argued via examples that many
epidemics of interest are neither strongly supercritical nor strongly subcritical, espe-
cially when the epidemic is still emerging, or is close to elimination under eradication
effort. For example, a pathogen strain may switch from subcritical to supercritical,
due to genetic or environmental change, and thus causes an outbreak. Conversely,
a vaccination programme may push the transmissibility of a pathogen strain in the

opposite direction.

By defining the parameters as functions of population size N, we are able to
describe the near-critical behaviours with precision. We say the model is in near-
critical regime if A\o(N) — 1 as N — oo. We say the model is subcritical if \,(N) < 1
for all N € N and is strongly subcritical if limpy o A\o(N) < 1.

It has been found in both stochastic SIS and SIR models that phase transition
can be observed in a subset of the near-critical regime, which is often referred to as
‘critical window’, ‘transition region’ or ‘critical regime’. In this thesis, we adopt the
name critical parameter regime.

For the stochastic SIS model, Nasell [4] observes a phase transition in the quasi-
stationary distribution across the near-critical regime at A\, = 1 4+ ¢N~—Y2, ¢ > 0.
From a diffusion approximation point of view, the same critical regime scaling
Ao — 1] < N2 is identified by Dolgoarshinnykh and Lalley [24] and Foxall [6].
Though sharing the same scaling with [4], the authors of [24] do not believe that
there is a direct link between the two phenomena. From the perspective of extinc-
tion times, Doering, Sargsyan, and Sander [5] show that the Fokker-Planck equation
provides an estimation with O(1)-error to the expected extinction time of the su-
percritical SIS model, applicable only when A, = 1 + O(N~/37¢) for some € > 0.
Later, Foxall [6] proves that for A\, = 1 + O(N~'/2), the extinction time of an SIS
model converges in distribution to the hitting time to 0 of its limit diffusion.

Dolgoarshinnykh and Lalley [24] also identify the critical parameter regime as
Ao — 1| < N~/3 for the SIR model, using the same diffusion approach as the one
they used for SIS models. However, they didn’t give a rigorous proof of their state-

ment.
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2.3 Objectives

There is no known result on the near-critical behaviours of the stochastic SIRS
models. In this thesis, we study this problem from the perspective of extinction
time of epidemics.

The extinction times of the three compartmental epidemic models above can all
be defined as
TN .= inf{t: I} = 0}.

o

The extinction time provides valuable perspective to disease control and pre-
vention policy and thus has received constant research interest. In mathematical
literature, we have a lot of results regarding the stochastic SIS [2,3,6,8,25] and SIR
models [1].

In particular, we would like to know how the distribution of TN scales with
N, (Ao, 7o) and (lo, Ry). That is, supposing that parameters (\,, 7,) and initial states
(Ip, Ro) are all given functions of N, we would like to find functions fi(N), fo(IN)
such that the distribution of 21N hag o non-degenerate limit as N — oo.

f2(N)
Throughout the thesis, we assume \,, 7, are finite as N — co.

Estimating the duration TV as a function of basic reproduction rate %Z, = A,
immunity rate v, and population size N can help us understand the disease and
suggest the control measures. For example, measles is observed to be prone to local
extinction in small reasonably isolated communities, with a population of size N
below some critical size. Empirical data suggests that the estimated mean period
between measles outbreaks is of order N~z [26,27].

The exact expression of the distribution of the extinction time can be analysed
using the corresponding Kolmogorov forward equations. However, the solution to
the Kolmogorov forward equations can be algebraically cumbersome, and is not a
straightforward indicator of how the extinction time is affected by various parame-
ters. The available numerical simulation methods are also time-consuming when the
target population is large. Therefore, many researchers have attempted to provide

asymptotic results concerning the mean and distribution of the extinction time.
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2.3.1 Literature review

There is few result on the extinction time of stochastic SIRS models. As far as
we are aware, the only available result appears in [28], where it was shown that,
given the strongly supercritcal case (%y > 1) and I3, RY < N, the extinction time
is of order eV for some constant ¢ > 0.

Nevertheless, the available results on the stochastic SIS and SIR models is a
good indicator of what we shall expect.

The asymptotic distribution of the extinction time of the stochastic SIR model
is obtained by [1] very early on. On the other hand, studies on SIS extinction time
were mainly focusing on expectation (See [2-5]), until recent years when progress
was made in the analogous results of the asymptotic distribution by [8].

Historically, for the strongly subcritical case (%, < 1), Kryscio and Lefévre [2]
attempt to derive the asymptotic distribution of the extinction time with ‘large’ I}V,
but obtain an erroneous result as pointed out by [5]. We believe the error occurs
because they directly quote the result of birth-death chain coupling of the SIR model
in [1] when the method is not suitable for their assumptions. Andersson and Djehiche
[29] show that with I} being a constant, the SIS extinction time a.s. converges to
the extinction time of a linear birth-death chain by suitable couplings. Nasell [4]
approaches this problem through the study of quasi-stationary distribution, and
obtains the expected extinction time for both I = 1 and I} at the quasi-stationary
equilibrium.

For the strongly supercritical case %, > 1, Andersson and Djehiche [29] prove
that, if I3’ =< N, then the extinction time weakly converges to an exponential

distribution with an expectation of the order N—1/2N(og#o—1+%,

M. Later, Doering,
Sargsyan and Sander [5] derive the same leading term for the expectation of the
extinction time with the same initial state. They also show that the remaining term
is of the order N—3/2¢N(log%o—1+%")

The extinction times of models with non-classic assumptions have also been
investigated. Here are a few examples: Nasell [30] and Kamenev and Meerson [31]
both attempt to remove the ‘closed population’ assumption by studying the SIS
and SIR model with immigration and death rates respectively. Both models assume

that the total populations are in steady states. Lopes and Luczak [32] extend the
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methodology of [8] to a two-dimensional classic SIS model. Ball, Britton and Neal
[33] replace the Markovian assumption of the recovery of the classic SIS model to
be any i.i.d. distributions, and study the expected extinction time. There are
also various studies on heterogeneously-mixing models where spatial structure is

introduced to the population, e.g. [33,34].

2.3.2 Visualisation of assumptions

To better illustrate the various combinations of the scaling of the parameters

and initial states, we introduce the notation ().

Definition 2.5. The mapping (-) is defined as follows:

For any function f = f(N), (f) = a € R if and only if |f(N)| =< N If |f(N)]
tends to infinity faster then any polynomials, we say (f) = oo; and if | f(V)| tends
to infinity slower then any polynomials, we say (f) = 0+ and (1/f) = 0—.

In this sense, we have the property that for any functions f, g,

[f(N)g(N)| =0 <= (f)+(g9) <O0or (f)+(g)=0—.

Using this definition, we can describe the initial states by ((Io), (Ro)) € [0, 1]
and the parameter regime by (—(1 — \,), —(7,)) € [0,00]*>. One of the advantages
of this set-up is that it can be effectively visualised through the diagrams.

For example, the sequence of stochastic SIRS models {(I", RY)}yen with con-
stant parameters (A,,7,) and Iy, Rg < N belongs to a family of model sequences.
This family can be represented by a vector (A, As) = (—(1—\,), — (7., (lo), (Ro)) €
R*, where A; = (0,0) and Ay = (1,1), and can be visualised as in Figure 2.2.
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Chapter 3
Main techniques

In this chapter, we introduce the techniques used in this thesis. More specifi-
cally, the ODE approximation introduced in Section 3.1.1 is used in Chapter 4 and
Chapter 6, the diffusion approximation and the theory of bi-continuous semigroups
are used in Chapter 5, and the order-preserving coupling for birth-death chains is

used in Chapter 4.

3.1 Sample path approximation

In the early days, a lot of works chose to study the extinction time by approx-
imating the solution of Kolmogorov forward equations. Recently, more works have
adopted the approach of sample path approximation. Sample path approximation
seems to be the most fruitful approach so far, and has the advantage of providing
an understanding of the entire trajectory of the epidemic.

In this section, we introduce two types of approximation: comparison to the

solutions of ODEs and comparison to a diffusion limit.

Assumption 3.1 (Continuous-time Markov chains in finite population models).
Consider a sequence of Markov chains indexed by N, valued in finite state space
SN c RY, and is denoted as {(X}Y)i>0}nen. For each N, X is uniquely defined by
its initial state XY = x)Y — x¢ as N — oo, and transition rates ¢"(z,5), j € JV,

where JV is the set of possible jumps in column vectors. We assume the number of
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elements in J is finite and independent of N, and

Y i=max{|jl:j € J¥} =0, N — . (3.1)

Assume that the transition rates ¢™(x, j) satisfy the following: for each x € SV,

(@)=Y ga (w), [BV(2)] < oo,

jeJnN

a(z) =Y jiTq" (x,]),

jeJnN

aN(x)H < 00, (3.2)
and ucc — lim a” (x) — a(z), ucc — lim b~ (z) — b,

where a € C(R?,S9), and b € C(R?, RY) is globally Lipschitz with Lipschitz constant
ly, |-| denotes the Euclidean norm and ||| denotes the matrix norm induced by |-|,

and ‘ucc’ represents ‘uniformly on compacts’.

3.1.1 Comparison to ODEs

As in (2.1), we can decompose X}V as the sum of the compensator

t
/ bV (XN)ds,
0

and the compensated martingale M} with zero mean.
The following proposition, which modifies Proposition 8.8, [12], shows that when
the diffusivity of X, denoted as a” in (3.2), is small in a suitable sense, M can

be made arbitrarily small with high probability as N — oo.

Proposition 3.2. Consider the sequence of Markov chains { X" }nen as defined in
Assumption 3.1. Denote the i-th component of vector j as j;. For each given N,
to >0 anda=a(N) >0, let

tAto
T(i,a) == inf{t ;/ > V(XY j)tds > a(N)}, i=1,2,---,d, (3.3)
0

jeJN
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then for any 0 = §(N) < a/ max;c v |Ji|,

P sup (e, MN)| >4

s<toAT?0(i,a)

52
< 2exp{—4—}7 1=1,2,---,d.
a

Proof. For any 6 € R?, Define h(z;0) := e®® — (9, ) — 1 and

KY0) = ed 0.0 = [ 30 aM X d)hGi0)ds . (3.4)

jeJnN

It is easy to see that (K}¥(6)), ., is a martingale with mean 1, since

t>0

t
KN(#) = exp (H,XtN>—/O ZqN (XX, 5) (e —1)ds 3,

jeJnN

=K (6) _/0 KX (0) ) (e — 1) v(ds, j)

jeJN
t s
+/ exp _/ SN (XY 5) (9 —1)duy 3 <6<9,X;V_+j> _6<0,XSN_>> u(ds, )
0 0 jesn jean
t
1 [ KX ) 3 (- 1) (u - v)(ds.d),
0

jeJN

where the definition of u, v and the martingale property follows from our discussion
in Section 2.1, and K (#) is bounded.
For any z, 60 € R,

A(w:6) < 01— (0,2) |~ 1< 2| (6, [P0 (35)

Conditioned on the event {t < 7%(i,a)} and letting § = ce; for any ¢ = ¢(N) > 0,

we have

tAto 1
/ Z ¢V (XN h(j; Ece))ds < = exp{cmax |ji|}a, i=1,2,---,d. (3.6)
0 2 jeJnN

jeJnN
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Now for ¢t > 0, any A = A(N) >0 and B = B(N) > 0, let
mm(0, B) := inf{t : (6, M}Y) > B}.

Since h(j;0) is non-negative,

T]w(@,B)/\tQ
P TM<07‘B) StOATtO(i7a)7/ Z qN(Xs]\i7j)h’(.]a0)dS<A
0

jeJN

TJM(G,B)/\tO
<p| s (o.))z5 [ S (XY j)h(j;0)ds < A
0

s<toATt0(i,a) JEIN

<P [K, 0.5)010(0) > €77

™

<e' PR [K%(G,B)Ato(e)} =e' 7

where the last equality follows from Doob’s optional sampling theorem.
Let

0= :]:i€z
2a
It follows from (3.6) that on the event {¢t < 7%(i,a)},

tAto 6 52
/ Z qN(XﬁaJ)h(J,i%el)dsg — 7 = 1’2,... ,d.
0

-
4a
jeJN

We then have

IP’[ sup ‘<ei,MSN>|25]
)

s<toAT0(i,a

j 2 to/: ~ 5 tor: —
<P |ty %ei,% <toATO(,a)| +P |1y —%ei,ﬁ <ty AT(i,a)

5 62 52
§2exp{£ — %} = 26Xp{—£},

and the statement follows. O

Proposition 3.2 is helpful when we approximate continuous-time Markov chains
with the solutions of ODEs. In particular, when the ODE is the mean-field differ-
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ential equation of the continuous-time Markov chain, the approximation is known
as the law of large numbers, as found in extensive literature, e.g., [16], [12].

The idea is the following:

Recall the drift of XV and its limit b defined in (3.2). Let x(¢) be the unique
solution to the ODE

dx = b(z)dt, x(0)= x. (3.7)

The existence and uniqueness of z(t) defined for all ¢t € [0, 00) is guaranteed by b
being continuous and globally Lipschitz. The discrepancy between X and the limit
function x can be measured by the largest deviation between the two on a compact
time interval, i.e., Supsco | XY — x(s)|.

To bound the deviation stated above, we need the following Gronwall’s inequality.

Theorem 3.3 (Gronwall’s inequality, p.498, [16]). Let ¢ > 0, and f be a Borel
measurable function that is bounded on compact intervals, and satisfies for some
M >0,

t
ng(t)§e+M/ f(s)ds, t >0,
0
then
ft) <eeM t>0.

From (2.1) and (3.7), we have that the following holds pathwise,

XY~ ()| <X |+/ XY ) — bla(s))|ds

/qu N ) = (X |ds + (M),

jeJnN
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and after taking supremum over a compact time interval,
t
sup | X2 — x(s)| <| X — 2(0)] —|—/ L, sup | XY — x(u)|ds
s€[0,t] 0 u€l(0,s]

/ B (X)) — o) |ds + sup [MV].

s€[0,t]
Then we apply Gronwall’s inequality pathwise and obtain

sup | XY —z(s)| < <|Xév—x(0)‘ —1—/0 bN(XY) — (XY )|ds + sup ’MN|>

s€[0,t] s€[0,t]

The first two terms in the parentheses on the RHS above can be made arbitrarily
small due to Assumption 3.1 and the third term can be bounded using Proposi-
tion 3.2.

In Chapter 5, we apply a modified version of this approximation.

3.1.2 Comparison to diffusions

Definition 3.4 (Martingale problem). Consider a linear operator A : Dom (A) —
C(R%) defined as

R 8:6m89cn 1<mz:<db 8xm (3.8)
where the covariance matrix a : R? — S? and the drift vector b : R? — R? are
locally bounded measurable functions. For D C Dom (A), a R-valued process X
with cadlag paths (resp. the corresponding probability measure on the Skorokhod
space) solves the (.A D)-martingale problem with the initial state x if Xo = x -a.s.

and f(X;) — fo Af(X,)ds is a martingale for all f € D.

Definition 3.5 (Well-posed). For D C Dom (A), a (A, D)-martingale problem is

said to be well-posed if for any initial state x, the problem has a unique solution X.

Definition 3.6 (Stopped martingale problem). Let X; be a cadlag process with
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Xy =2 € U. For an open subset U C R?, define the exit time of X; from U as
= inf{t >0: X; ¢ U}

We say that X solves the stopped (A, D)-martingale problem with initial state x if

Xi = Xinrg -as. and
AT
(X)) — Af(X)ds

0

is a martingale for all f € D.

Assuming we have a diffusion limit candidate that is the solution of a well-posed
martingale problem, then we can proceed to discuss the weak convergence of the
sequence { XV} yen.

The following theorem provides a sufficient condition of the existence and unique-

ness of a (A, C%°(R?))-martingale problem.

Theorem 3.7 (Theorem 10.2.2, [35]). Let a : R? — S% and b : R* — R? be locally

bounded measurable functions in (3.8). If a is positive definite, i.e.,

‘g|r£f1 0Ta(x)0 > 0, Vo € RY,

and if there exists C' < co such that
max{|la(z)[|, (z,b(z))} < C(L +[z*), z € RY,
then the (A, C>(RY))-martingale problem is well-posed.
The stochastic differential equation

dXt = b(Xt)dt + O'(Xt)th, XO = Xy,

satisfying a(z) = o(x)oT(z) has a solution unique in law if and only if the corre-
sponding (A, C>(R%))-martingale problem is well-posed.
If a is not strictly positive definite, then the martingale problem is called degen-

erate, whose well-posedness needs to be investigated on a case-by-case basis.
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In the following, we will present a theorem tailored to the type of continuous-
time Markov chains defined in Section 3.1, which is a direct corollary of Theorem
4.1, p.354, [16].

Theorem 3.8. Consider operator A defined in (3.8). Let a € C(R?S%), b €
C(R4,RY). Suppose the (A, C>(R?))-martingale problem is well-posed. For N > 1,
let X and By be processes with sample paths in D(]0,00), R?), and let Ay be a sym-
metric dxd matriz-valued process such that (An)mn has sample paths in D(]0, 00),R)
and An(t) — Ax(s) € S¢ fort > s> 0. Set FN = (XN, By(s), Ax(s) : s < t).

Let 7N = inf{t : | XN| > r or | X} | > r}, and suppose that My(t) := XN —
Bn(t), and (MN)m(Mx)n — (AN)mn, 1 < m,n < d, are F} -local martingales, and
that for each r >0, T > 0,

2
lim E | sup |X}¥ — X}
N—voo t<TATN

[ 2
lim E | sup |Bn(t) — By(t—) ]:O,

N—o0 _tST/\TTN
lim E sup (AN<t))mn - (AN(t_))mn ] = 07 (39)
N—oo _tST/\T?{V
¢
sup [(Blt)n — [ bn(X2)ds| 50,
t<TATN 0
¢
sup ‘(AN(t))mn —/ amn(XéV)ds‘ L 0,
t<TATN 0

and limy oo XY = 0.
Then {XN}nen converges in distribution to the solution of the (A,C°(R?))-

martingale problem with initial state xg.

The following is a corollary of Theorem 3.8 when applied to the sequence of
Markov chains { X"} yey defined in Assumption 3.1.

Theorem 3.9 (Weak convergence to the diffusion limit). Consider a sequence of
continuous-time Markov chains { X"} yen defined as in Assumption 3.1. Let opera-
tor A be defined as (3.8) and let the (A, C(R%))-martingale problem be well-posed.
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Then {XN}nen weakly converges to the solution of the (A, C®(RY))-martingale

problem with initial state x.

Proof. Let

t
/ > dN (XY ds—/ O (X )ds,
0

jeJnN

and

/ijq J)ds.

jeJN

Recall the decomposition (2.1) of X¥ we have My(t) := XY — By(t) = M} is a

martingale, and

_E /ij —u dr]/Zk —v)(dr, k)| 7,

5 jeJnN 5 keJN

B [V (Mo = L)),

~E / S k[ = 0) (5,11, (e = ) (5,11, )] | 2.

5 jkeJN
_E / ijjnu(dr,j)‘ﬂs —E / ijjnv(dr,j))y
5 jeJgn 5 jeJnN

=K [(AN(t) - AN(S))mn

7).

which shows that MM (MN)T — An(t) is also a martingale.
Assumptions (3.9) can be easily verified: the first line follows from (3.1), the
second and third lines follow from the definition of Ay, By, and the fourth and fifth

lines follow from our assumption (3.2). O

3.2 Stochastic dominance and coupling

In this section, we introduce the basic definitions and facts that allow us to

compare two Markov processes.

Definition 3.10 (Partially ordered set and increasing set). Let (.S, <) be a partially
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ordered set, that is, the binary relation < satisfies for any a,b,c € S,
1. a = a;
2. If a < band b < a then a = b;
3. Ifa<band b=<rcthena=<ec
A subset ' C S is called an increasing set if x <y, x € F implies y € F.

Definition 3.11 (Stochastic dominance). Let (S, =) be a partially ordered set.
Probability measures P and P’ are defined on S. Then PP is said to be stochastically
dominated by P’ if for all increasing sets F' C S, P[F] < P'[F].

Consider Markov processes X, Y valued in S with transition probabilities

pX(x, A) =P [X8+t e A’Xs - x} P (y, A) =P [YSH e Aly, = y] .

Process X is said to be stochastically dominated by Y if probability measure p;X (z, -)
is stochastically dominated by p} (y, ) for all x <y, t > 0.

Definition 3.12 (Order-preserving coupling). Let stochastic processes X,Y each
take values in a countable partially ordered set (S, <). An order-preserving coupling
is a stochastic process (X', Y”) valued in S x S, whose marginals are distributed the
same as the original processes X,Y, and which satisfies that, for given constant

initial states X 2 Y{, the following condition holds:
P[X;, Y/, Vt>0]=1.
The following theorem establishes the relationship between stochastic dominance
and order-preserving coupling in Markov chains.

Theorem 3.13 (Existence of Markov order-preserving coupling, Theorem 1, [36]).
Let X, Y be non-explosive continuous-time Markov chains where X is stochasti-

cally dominated by Y. Then there exists a non-explosive order-preserving coupling
(X", Y") which is a Markov chain.

We can explicitly construct an order-preseving coupling between simple Markov

chains, e.g. birth-death chains.
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Example 3.14 (Order-preserving coupling for birth-death chains). Consider two
birth-death chains Z!, Z2, both defined on a state space N. For i = 1,2, Z% has
transition rates

z — z+ 1, at rate b;(2),

z — z — 1, at rate d;(2),
where b1(2) > ba(z), di(z) < do(z) for all z € N, and their initial states satisfy

Z} > Z2. The order-preserving coupling (Z', Z?) is defined on N x N, satisfying:
At state (z,z), (Z', Z2) has transition rates

(

z+1,z), at rate by(z) — ba(2),
z+ 1,2+ 1), at rate bo(2),
z—1,2—1), at rate d;y(z),

~—~~
n

N~— \l_\l/ ~— S~—

Ll

~—~~ o~ —~

z,z — 1), at rate dqo(2) — dq(2),

\

and at state (21, 2), 21 # 22, Z' and Z? jump independently. Since Z! and Z? will
a.s. not jump at the same time, their paths will a.s. not cross each other when
|21 — 20| = 1.

The intuition as to why this coupling is order-preserving is that, Z', with higher
birth rates and lower death rates, will stay above Z2 until they meet, in which case,

they will jump together until either Z' moves upward, or Z?2 moves downward.
Lastly, we state the following theorem which is useful for comparing diffusions.

Theorem 3.15 (Comparison theorem, Theorem 3.7, p.394, [37]). For i = 1,2,
let (X})i>0 be a diffusion valued in R, with drift coefficient b;(t,x) and diffusion
coefficient o(t,z). Let X' and X?* be defined with respect to the same Brownian

motion. If

e by, by are bounded Borel functions such that by > by everywhere and at least

one of them satisfies a Lipschitz condition,
o (o(t,) —o(t,y))* < Clz —y| for some positive constant C, and

o XJ > X? -as.,
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then
P[X] > X7, Vt>0] =1.

3.3 Bi-continuous semigroups

In this section, we outline the theory of bi-continuous semigroups following [7].
Firstly, we need to introduce a topology coarser than the topology induced by

the uniform norm ||-||.

Definition 3.16 (Seminorm). A seminorm on ® is a map p : & — R such that
for all f,g € ®: (1) p(f) > 0; (2) plaf) = |a|p(f) for every scalar «; and (3)
p(f +9) < p(f) +p(g)-

Definition 3.17 (Locally convex topology). Let ® be a vector space and P :=
{Pq}qeq be a family of seminorms on ®. The locally convex topology generated by

P is the coarsest topology p on ® s.t. each p, is continuous.

Assumption 3.18 (Assumptions 1.1, [7]). Let (®,]|-||) be a Banach space with
topological dual ', and let p be a locally convex topology on ® with the following

properties:

1. The space (D, p) is sequentially complete on ||-||-bounded sets, i.e., every ||||-

bounded p-Cauchy sequence converges in (9, p).
2. The topology p is Hausdorff and coarser than the ||-||-topology.

3. The space (®, p)" is norming for (P, ||-||), i.e., for all z € P,

lall = sup{[£(@)| : £ € (@, )1 oy < L}

where [|-[| ., denotes the operator norm.

On the Banach space (@, ||-||), with additional topology p induced by a family of
seminorms {p, },eq, we can define the bi-continuous semigroup and related concepts.
Most of the definitions in the theory of bi-continuous semigroups mirror the ones in

the theory of strong continuous semigroups. Since we aim to present an application
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of the theory, we will only list below the definitions and theorems that are directly

relevant to our proofs.

Definition 3.19 (Bi-equicontinuity). A semigroup (R:),s, is called (globally) bi-
equicontinuous if B
p— lim R;f, =0
n—oo
holds, for any uniformly bounded sequence {f,},en p-converging to 0 uniformly
w.r.t. t € [0, 00).
It is called locally bi-equicontinuous if the convergence is uniform w.r.t. ¢ in

compact intervals.

Remark 3.20. The following condition, known as locally equicontinuous, implies
local bi-equicontinuity:
For each ¢ € (), we can find § € () independent of ¢, such that for all f € &,

Pq(Ref) < pa(f)-

The converse, however, is not true. Consider the family of operators defined in
(5.20), we can prove by contradiction that (S;), is not locally equicontinuous w.r.t.
(BC(R2), ucc).

Assuming for every compact set K C R
such that for all f € EE’(R%F),

2

%, we can find compact set Ky C ]R%r

ISefll e < W F 1y

then it must be true that for all h € @(Ri) satisfying h = 0 on Ky, and strictly
positive elsewhere,
1Sehllx < NIhllg, = 0.

The LHS of the inequality above is strictly positive, so there is a contradiction.
In order to use the local equicontinuity condition, one may want to work with a

finer topology.

Definition 3.21 (Bi-continuous semigroup). A semigroup (Rt),s is said to be bi-

continuous w.r.t. p-topology if
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[ ] R() = I, RSRt = Rs+t-
e R, is exponentially bounded w.r.t. to the classic operator norm on (&, ||-||).

e (Ry)i>o is strongly bi-continuous, i.e.,

p_ltlﬁ)l(Rt ~-I)f =0, feo.

o (Ri)i>0 is locally bi-equicontinuous.

Definition 3.22 (Bi-dense). A subset of S C ® is called bi-dense if for every f € ®

there exists a ||-||-bounded sequence { f,, }neny C S which p-converges to f.

Definition 3.23 (Generator and domain). Let (R;):>¢ be a bi-continuous semigroup
on ®. The generator (A, Dom (A)) is defined as

RS
Af = p—lim —=—=,

for f € Dom (A), where Dom (\A) is the collection of f € ® such that

p—limmei).

su
P tl0 t

te(0,1]

I
t )

Definition 3.24 (Bi-closure). Consider the operator (A, Dom (A)). For any { f,, }nen C
Dom (.A) such that { f,, }nen and {Af, }nen are ||-||-bounded, and have respective lim-
its f = p—lim, o frn and y = p — lim,, oo Af,,. If f € Dom (A) and Af = y, then
we say (A, Dom (A)) is bi-closed.

Proposition 3.25 (Proposition 1.18 (d), [7]). Let (A, Dom (A)) be the generator of
a bi—continuous semigroup (Ry),~q on ®. Then the subspace ®y := W(.A)”.” co
is (Ry),>q tnvariant and Ry|s, z's_the strongly continuous semigroup on Pqy generated
by A|<1>07(.A|q>0 is known as the part of A in @), where

Alg, f = Af for all f € Dom(Als,),

and

Dom (Ale,) :={f € Dom(A) NPy : Af € Op}.
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The generalised version of the Chernoff product formula is particularly relevant
to our problem.

In the following, we denote the space of linear bounded operators on the space

d as Z(D).

Theorem 3.26 (Theorem 4.1, [11]). Let V : [0,00) — Z(P) satisfy the following

conditions:
1. V(0) =T.

2. V()™ < Me™* for allt > 0, m € N, and for some constants M > 1 and
w e R.

3. The operator family {(e=*'V(t))* : t > 0} is locally bi-equicontinuous uni-
formly for k € N.

S

4. The family (V(S)f_f> o is ||-||-bounded for any t > 0 and
s€|0,t

Vs)f = f

=p—1
Ao T

exists for all f € D C ®, where D and (o — A)D are bi-dense subsets in @ for

some o > W.

Then the bi-closure of (A, D) generates a bi-continuous semigroup (Ry),s, which is

giwen by the Chernoff Product Formula, 1.e.,

R:f =p— lim (V <£)>nf,
n—oo n

for all f € ® and uniformly for t in compact intervals of [0, 00).

Remark 3.27. Theorem 4.1, [11] improves Proposition 2.9, [7] in the sense that the
former only requires {%}se[&t] to be ||-||-bounded and p-convergent as s | 0,

while the latter requires the stronger ||-||-convergence.
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Chapter 4
Small initial infections

In this chapter, we study the cases where the size of the infected population is
so small that the randomness becomes the dominating effect. In subcritical regimes
with medium or large initial size of infections, the final phases of all epidemics fall
into this category, and the behaviours we study below determine the shape of the
asymptotic distribution of the extinction time TV,

One way to look at this is that when the size of infection is small, the jump rates
of IV is approximately linear, and thus we can compare IV to linear birth-death
chains, whose properties are well-understood. The other way to look at this is to
compare IV to a branching process, where each infected individual induces its own
epidemic. Since the size of infection is small, these epidemics can be viewed as
almost independent and the extinction time is the maximum extinction time among
all the small epidemics. This explains intuitively why the asymptotic distributions
in this chapters appear to be extreme value distributions.

The structure of this chapter is as follows: after a brief introduction in Sec-
tion 4.1, we prove some preliminary properties of linear birth-death chains in Sec-
tion 4.2. The main result of this chapter is stated and proved in Section 4.3 and

illustrated in diagrams in Section 4.4.
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4.1 Introduction

It was noticed from very early on, in the study of the extinction time of stochastic
epidemic models, that the trajectory of the size of infected population IV can be
well-approximated by linear birth-death chains when IV is small. By linear birth-
death chains, we mean the continuous-time Markov chains (L;);>o valued in N, with

transition rates

r — x+ 1, at rate Az,

r — x — 1, at rate px,

where parameters A, p are known as birth rate and death rate respectively.

The approximation is rigorously justified by coupling IV between two linear
birth-death chains whose extinction times have asymptotically identical distribu-
tions. The theory of coupling is introduced in Section 3.2.

The existing works using this technique include [1] on stochastic SIR models,
and chronologically [2,8,29] on subcritical stochastic SIS models. Among these, the
result of [29] is deduced from a remark in [2]. The authors of [2] try to quote the
result of [1] but fail to pose the correct conditions for the coupling, i.e., I)¥ needs to
be sufficiently small. This error is pointed out in [8]. The authors of [8] present a
rigorous discussion of coupling subcritical SIS models with linear birth-death chains.

Finally, Foxall [6] shows that we can use this technique to obtain the asymptotic
distribution of extinction time of small initial infections for subcritical, critical and

supercritical SIS models.

When we extend this technique to the SIRS models, the situation is considerably
more complicated. In this chapter, we are only able to cover the parameter regime
when A, (V) < 1 and a subset of cases when A\,(/V) tends to 1 from above sufficiently
quickly.
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4.2 Properties of linear birth-death chains

Theorem 4.1 (Asymptotic of linear birth-death chains, Theorem 1, [6]). Let { L™} yex
be a sequence of linear birth-death chains with birth rate Ay > 0 and death rate
pun > 0.

Let Tlﬁlfp = inf {t >0: LN = 0}. The distribution of Tlf[\i/p converges to the fol-
lowing limits as N — oo:

Suppose that LY = Lg is a constant independent of N :

1. If uy — Ay — 0, then
N N 1 o
Jim 7 [depéw}=<1+5> ,w>0;

2. If uy — Ay — a >0, then

—Lo
hmPgo[ngpgw]:(H - ) . w0,

N—oo eaw 1

Suppose that LY = Lo(N) — oo:

3. If Lo(un — An) — 0, then

. N Tb]gp " .
lim P, L—Sw =e w, w>0;

N—oo 0

4. If Lo(puy — An) — a > 0, then

Tlle[p< ]_ { a } '
— < w| =expq — , U}>O,
Lo

lim Py
N—o00

5. If Lo(uy — An) — 00, then

lim. PY [(unv — An)Thy, — log Lo(1 — Ax/pn) Sw] =e™© ", weR.

In particular, if for some a(N) ~ Lo(uin — Ay ), we have Lo(puy —An) —a(N) =
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0 (log;a), then we can also write the limit distribution as

Ty a(N)
: N bdp _ < _ € w
A}lir(l)o]P’Lo [a(N)—L0 log e w e

Proof. We shall drop the subscription and the superscription of the probability
measure below, since there is no confusion.

It is possible to obtain the closed form of the distribution of Ty .

Fix arbitrary N, and let P,(t) := P [L) =n]. By the Kolmogorov forward

equation,

dP,(t)
dt

= —(Av +un)nBu(t) + An(n — 1) Fi () + pn(n + 1) P (). (41)

Denote the probability generating function G(z;t) = Y, 2"P,(t), |z| < 1, which
has the properties
oG =L dP,(1)
(1) = n
at (Z7 ) Z Z dt Y

n=0

8G S n—1
a(z; t) = §nz P,(1).
Multiplying 2™ to both sides of (4.1) and adding up from n = 0 to infinity, we have

oG oG
i (z—1)(Anz — MN)E =0.

Consider characteristic curves parametrised by r. Let t = r, z = z(r), and
iG 06 0Gd:
dr 0t  Ozdr 7
le—j = fl—i =—(z—=1)(Ayz — pn)-
When Ay # up, the solution has the form

Z—[I,N/)\N

0 exp{—(Ay — pun)t} = constant.
Z J—
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z—1

Thus we have a solution of the form G(z;t) = f (Me_()w_’“v)t). Insert the

initial condition G(z;0) = 20, we have that f has the form

oy = ()

r—1

Therefore

Z()\Ne_()\N_MN)t — MN) — (/,LNG_()\N_NN)t — MN))LO

4.2
z()\Ne*(ANfuN)t _ )\N) _ (NNef()‘N’”N)t — )\N> ( )

G(zt) = (

We have

s -r -0 (LN

where 5\N = UN — AN-
Notice that this expression does not require puy > Ay.
Case 1 and 2 can be derived by taking Ay — a > 0 in (4.3).
For Case 3, let t = wLy, since Loy = o(1), we have
AAN = AAN ~ (wLo)™' = 0.
exp{)\Nt} -1 exp{w/\NLo} -1

It follows that

TN
bd, —L
9P < 0

= (1+ (wLo) ™' +o((wLo)™")) ™ — e .
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For Case 4, let t = wLg, then S\Nt ~ aw, and DY R SN )

ANt—l eow 1
N 3 ~ho
T A
P22 <w| =PI, <t]=|1+ 2N
Lo exp{)\Nt} -1

“ A —Lo
A A
=11+ Y 4o N —>exp{— a }
eaw — | eaw — | 6aw71

For Case 5, let the leading asymptotic order of AyLo be a(N), and b(N) :=
AnLg — a(N) = o(a(N)).
Let t = (w + log S\NL()) 5\;,1, we have

N —Lo
A\ 3 A
exp{)\Nt} -1
~ —Lo
AN y
=1+ — exp{—e }
)\NLgew —1
Now let ¢t = (w +loga(N)) Lo/a(N) instead.
N . —Lo
a A
P[Tﬁpgt}zp aﬂ_logagw — 14+ AN
Lo exp{)\Nt} -1
~ —Lo
-1 )\N . a-+b
N + (aew>1+—b/a_1 = &xXp _e(1+b/a)wa1+b/a -1 :

b/a

When /% — 1, the last expression tends to exp{—e~*}. And /% — 1 if and only

if glog a — 0, hence the second part of Case 5 is proved. O

The following three lemmas estimate the probability of a birth-death chain hit-
ting some given larger state starting from a given state. Although the approach is
routine, since we are interested in the case when all parameters are of various scaling

of N, we will state the full proof.
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Lemma 4.2 (Hitting probability of linear birth-death chains). Let L be a linear
birth-death chain with birth rate A\(N) > 0 and death rate 1, and Ly = I(N) € N.
As N — oo, the probability that Ly ever reaches k(N) > [(N) tends to 0, if either

1. 1= XN)(k—=1) = 00, A(N) <1 for all N € N and limy_,oo A(N) < 1, or
2. I(N)=0(k(N)), 1 =Nk —0 and A\ — 1.

Proof. Let h; be the probability of L ever hitting k from Ly = ¢, ¢ € N. Then {h; };<

is the minimal non-negative solution (See Theorem 3.3.1, p.112, [13]) of

0= )\(hi+1 — hz> + (hi,1 — hl), 1<i< k,
hk = 1, hg =0.

It has a solution {%}% Since {h;}ien is the minimal solution,
1=

> hi i<k
If (1—=X)(k—1)— 00, A(N) <1forall NeN,and limy_, A(N) <1, we have

1\ (=N (k=D
) — 0.

hy < A= ((1 (1)

If (1—XA)k—0and A — 1, we have

. (1-\)i
A= ((1—(1—A))ﬁ> 51, i<k

Notice that this is true even if A\(N) > 1 for some N € N.
It follows that

-1\

P [—1
lim h; = lim %: lim —— =0,
N—o0 N—o0 Zizo At N—oo k — 1

when [ = o(k). O

Lemma 4.3 (Hitting probability of immigration-death chains absorbing at 0). For

any given N € N, let L be an immigration-death chain with immigration rate a(N) >
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0 and death rate p(N) > 0, absorbing at 0. That is, L has the transition rates for
x> 1:

r — x+ 1, at rate «,

r — x — 1, at rate px;

and L remains at 0 once it hits 0.
Let Ly = [(N) — oco. Then the probability that L; ever reaches 2I(N) tends to 0
as N — oo, if

RN DR

Proof. Let h; be the probability of L ever hitting k& from Lo = i, ¢ < 2[. Then

{h;}i<o is the minimal non-negative solution of

0= Oé(hi+1 — hz) + ,UZ(hl,1 — hl), 1< < 2[,
hoy = 1.

It has a general solution {x;};<o;, where

5y — Dicolp/) k‘m(l_ (/o) k) —

il;ol (,u/a)kk‘! il;ol (,u/a)kk‘!

To = h07

for any hg € [0,1]. The minimal non-negative solution is reached when hy = 0.

io(1/a)* k!

=h
(/o) R
When limy_, é—i > 1, we have
20—1 -1
D (/) k> (pfa)'ly (p/a)*kY,
k=l k=0
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and for sufficiently large IV,

< 1 (a0 H) __ :
/@) R+ () (e R L (/)T e (] o

— 0.

]

Lemma 4.4 (Hitting probability of immigration-death chains). For given N € N,
let L be an immigration-death chain with immigration rate a(N) > 0 and death rate
w(N) > 0. That is, L has the transition rates for x > 0:

r — x4+ 1, at rate «a,

r — x — 1, at rate px.

If Lo = I(N) = oo, u = O(1) and a = o(lu), then for ty = to(N) — oo satisfying
to=o0 ((fx—“)l> , the probability of the event ‘L, reaches 2l before t =ty tends to 0 as

e

N — oo.
Proof. Notice that Ly = I(N) — oo, p = O(1) and o = o(lp) imply

)
TNy e

Under this condition, in Lemma 4.3, we have estimated the probability for L, starting

from [ to ever reach 2l before reaching 0, denoted as h;, and have

()

To prove the statement in Lemma 4.4, we argue that with probability tending to 1,
L; can reach [ from 0 at most [to] times within time interval [0, to]. If this is indeed

the case, then

P [ sup Lt > 2[] < ([to—l + 1)}1[ — 0.

t€[0,to]

Since L; is stochastically dominated by Poisson process C; with rate «a, by order-
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preserving coupling, we have
P [L; travels from 0 to [ at least[to] times within [0, o]] < P [Cy, > [to]],

where Cy, ~ Poisson(aty). Since [[ty] > aty for all sufficiently large N, we have
the following bound of the tail probability of Poisson distributions (Theorem 5.4,
p.97, [38])

eato l|rt0-‘ ot
P > < alo .
(Cro > 1[to]] < (w) et _,

O

There will be several times when we need to bound the value of fot INds for t > 0.

In the following lemma, we provide an upper bound for this quantity.

Lemma 4.5. Let L(l) = (Li)i>0 be a linear birth-death chain with birth rate A =
A(N) > 0, death rate p = p(N) > AN(N), and Ly = I[(N) for N € N.
Let
Ty :=inf{t: L, =0},

Ty
H(I) ::/ Lds.
0

Then for each N € N, Ly =I(N) and 6 = 6(N) > 0, we have

and

l

PUH() >0 < o555

(4.4)

Proof. We fix N throughout the proof.
Denote the Laplace transform of H with Lo = [(N) as

H*(a;l) :=E [e_aH(l)} , a>0.

Let S denote the sojourn time of L(l) before its first jump. The explicit expression
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of H*(a;1) can be obtained following a first-step analysis (e.g. p.482, [39]):

A p
—aH(l —a(H(I4+1)+S! —a(H(I—1)+S!
E [e ()}:mE[e (H 1)+ >]+mE[e (Ha-1+0]
)\ o
H*(a;1) = mH*(a; [+ 1)/0 e\ p)le” Ml

+ ﬁ]—l*(a; [ — 1)/O e~ (N 4 p)le” MWl
Then
H*(a;1) = (AH*(a;1 4+ 1) + pH*(a;1 = 1)) A+ p+a) ™.

The solution of the above is

l
_ 2 _
H*(a;l):<A+M+a \/(g;\tma) 4Au>’ .

l

_dH*(a;1) B
a=0 p—\

da
By the Markov inequality, we have for each N € N and any 6 = §(N) > 0,

E[H(1)] =

EHO] 1
P[H(l) > ] < 5 i

4.3 Main result

In this section, we state and prove our main result regarding the asymptotic dis-

tribution of the extinction time of SIRS epidemics with small initial size of infection.

Theorem 4.6 (Small initial infections). Consider a sequence of stochastic SIRS
models defined in (2.5), indexed by N € N, with parameters A\, = A\o(N) > 0 and

Yo = Yo(N) > 0, and initial states (I)¥, RY) = (I,(N), Ro(N)).

Let TN = inf{t : IN = 0}. If one of the following conditions is satisfied, then

we have the explicit expression of the asymptotic distribution of T™ :
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Cases 1.1-1.3 are cases where both the initial size of infection Iy and immunity
Ry are small, whereas Cases 2.1 and 2.2 are cases where Iy is small and Ry is of
order N.

e Case 1.1: Iy|]1 — \,| = 0, IRy = o(N), Iy = O(Nl/zvg/Q).
]fIO = 0(1)7
1\ %
lim PV [T <w] = <1+—> ;

N—oo w
and if Iy — oo,
TN 1
lim PV {L < w] =e w,
N—oo IO
o Case 1.2: Io(1—)\,) = a >0, A\ = M(N) <1, and Iy = o (Nl/%;”),
I()R() = O(N)

[f IO = 0(1)7

—I
limIPN[T(fVSw]:(l—k ¢ ) ;

N—o0 eaw — 1

and if Iy — oo,

N a
' NiZe < = — .
g |G <o cenl -2t

o Case 1.3: Ij(1 —)X,) — 00, Ay = M(N) < 1, Iy = 0(%), and
Rylog In(1 —X,) =0 (N(1—=X,)). Then

lim PV [(1— A\)T) —log(1 —Ao)Ip <w] =e "
N—o0
e Case 2.1: 1y =0(1), Ry = roN, ro >0, A\, = A\(N) <1 and 7, = o(1).

Let a :=limy_oo 1 — A, + Aorg, then

—1Io
hmPN[T;ng]:(H - ) .

N—oo eaw — ]

e Case 2.2: Iy — oo, Ry =1roN, ro >0, and there exists €1, €3 > 0 such that
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Io=0(N'") and v, = 0o (N~%). Let a :=limy_,00 1 — Ao + AoT0, then

lim PV [aT)" —log(aly) <w] =e "
N—o00
The cases above cover all of the parameter regime {(A,,7,) : A, < 1}, and Case
1.1 also covers a subset of the parameter regime {(\,,7,) : A\, > 1}. At the end of
this section, we will use diagrams to illustrate the different combinations of param-

eters and initial states covered in the theorem above.

The rest of this section is dedicated to proving Theorem 4.6.

The process I has the following transition rates at time ¢ when IV = a:

r—z+1, at rate A, (1 — N '(z + R))) =,

r —x— 1, at rate x.

The general idea of the proof is that we will sandwich IV between two linear birth-
death chains whose extinction times have the same asymptotic distributions, accord-
ing to Theorem 4.1. The construction of such coupling follows from Example 3.14.
To make sure the birth rates and death rates are in the correct order, we will need
to find upper-bounds held with high probability for IV and RY.

The intuition behind discussing two broad scenarios depending on the order of
Ry is as follows:

If Ry(N)/N — 0, then IV, with small initial value and additional assumptions,
will have a birth rate close to A\,. Looking at Theorem 4.1, it makes sense to discuss
three different cases within this scenario based on the limit of Io(1 — \,).

If Ry(N)/N — 1o € (0,1], then IV, with small initial value and additional
assumptions, will have a birth rate close to A,(1 — 19). Depending on whether
Iy = O(1), we can divide this scenario into two cases corresponding to the last two

cases in Theorem 4.1.

The proof of Case 1.1 to 1.3 follows the same idea: we choose an appropriate

o7



k(N) and m(N) such that Ry < m(N) for sufficiently large N, and as N — oo,

P [RY <2m(N),I}Y < k(N), vt >0] — 1.

Define two linear birth-death chains L and L, such that L has birth rate \, and death
rate 1, and L has birth rate \,(1 — w) and death rate 1. Let L, = Lo = Io.
Then we only need to check that the extinction times 7, and 7% have the same
asymptotic distributions.

We will state the proof of Case 1.1 in full detail, and omit the repeated content
in Case 1.2 and 1.3.

Case 1.1: Iy|1 — \,| = 0, IRy = o(N), Iy = o(NV/272?).
Notice in this case it is necessary that |1 — \,| — 0.
Since Iy = o(N'/274/?), we can find x(N) — 0o such that

K(N) < (NY22 A 1= 0 7Y) I

Let k(N) := Iok(N). Define linear birth-death chain L with birth rate A, and death
rate 1, and linear birth-death chain L with birth rate A,(1 — W) and death
rate 1. Let Ly = L, = I,. From Example 3.14, there is an order-preserving coupling
between IV and L such that IN < L, for all t > 0. Since Iy < k, (1= X,)k(N) = 0
and A\, — 1, we can apply the second case in Lemma 4.2 to L, and obtain that with
probability tending to 1, IN < L, < k(N).

For N € N, conditioned on {IN < k(N)}, each RY is stochastically dominated
by an immigration-death chain M = (M;);>o with immigration rate k(N) and death
rate v, and My > Ry.

Let My =m(N) := Nl/Q%_l/? V Ry, and ty = Myy,. It is obvious that My — oo
and k = o(Moy,).
Since 29 — o0 and My, = O(M,), we have

oo (32)")
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Thus all the conditions of Lemma 4.4 are met, and we have

P |RN > 2m(N), Vt < tg

N < k(N)} < P[M, > 2Mp, Vt < to] — 0.

It follows that with probability tending to 1,

N N
Ao > )\, (1_%> > )\, (1_k(N)+2m(N)).

N

Denote Ty, := inf{t : L, = 0} and T := inf{t : L; = 0}. From Case 1 and 3 of
Theorem 4.1, we have 17 is of order Iy = o(ty). It follows that as N — oo,

P [Tf < to] — 1.
For each N € N, conditioned on

{[tN < k(N), RY <2m(N), vt < to},

there is an order-preserving coupling between L and IV and between I and L such
that L, < IN < L, for all t > 0. For sufficiently large N, we have

P [T, <T) <Tp <t] >P Y <k(N),RY <2m(N), Vt < to] .

Notice that IoMy < IyNY2v, 2 + IyRy = o(N). Since

- k(N) + 2m(N _ | LN + 2m(N
Nhggo(l—&(u ( >N ( )>);0=N1520(1—A0>10+N1%0A0 o(A( )N (V)

= lim (1 —\,)Lo =0,

N—o0

the asymptotic distribution of T follows from Case 1 in Theorem 4.1 if Iy = O(1),
and Case 3 if Iy — oo.

Case 1.2: Ij(1—),) >a>0and [y =0 <N1/27;/2>, IoRy = o(N).
Notice that this is only possible if (1 — \,)NY/ 2042 _ 50, This case covers the

scenarios where )\, is independent of N and Iy = O(1).
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Let m(N) := N2y Ry — .
Since Iy = 0 (m,), by letting k(N) := /Iym~, — 0o, we have

(1 — )\o) Iom% > (1 — )\O)IO = 1.

By the first case in Lemma 4.2, with probability tending to 1, IN < \/Tym~, for all
t>0.

Again, let M = (M;);>o be the immigration-death chain dominating RY. Let
My = m(N), and we have k = o(My~,). For

b= ey — (<M0%>M°)
o—m%—o )
ke

by Lemma 4.4 and the argument similar to the previous case, we have

1N < /Tomr, Vit > o} 0.

The extinction times 77, and 77 have the same asymptotic distribution as spec-
ified in Theorem 4.1 (Case 2 when [y = O(1) and Case 4 when Iy — 00). As in the

previous case, as N — 00,

P |RY > 2m(N), Vt < t,

]P)[Tf< to] — 1.

Since Iov/Tomy, = o(Iym.) = O(IgMy), and IgMy < IoNY2y, "% + LRy =
o(N), we have

lim (1 — X (1 - @)) Ly = lim (1= )l + lim )\010(\/]07]\70%— 2m)
—00

N—o0 N—oo

= lim (1 —X,)Lo = a.

N—o0
Case 1.3: Ij(1—)\,) 200, [p =0 (%), and Ry = o (%)
This case is possible only if (1— \,)N/274/? — co. It covers the scenarios where
Ao is independent of N, and Iy — oo.
Let k(N) := 2I. Since (1 — X\,)Ip — oo and A\,(N) < 1, by the first case in
Lemma 4.2, with probability tending to 1, I} < 2I.
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Since Iy = o (%), and Ry = o (%), we can find m(N) such that

N1 =)

1 my, € —————.
P fog Iy(1 - A)

Let
N(l — )‘0)

= V Ry Vm.
og? N(1— ) 0™

m(N

We have the properties: Iy = o(m~,) and

N(l — /\o)
m=o| ————.
log ]0(1 — /\0)
At the beginning of this proof, we state that N/2(1 — A,)va/> = oo, from which we
also have (1 — X\,) P < N(1 = ),).
Define linear birth-death chains L and L the same way as in Case 1.2.

The extinction time of T, according to Case 5, Theorem 4.1, is of order (1 —
o) " Hog Iy(1 — N,). Notice that

(1= Xo) Hlog In(1 — X\,) < N2(1— \p)%
Let tg = N%(1 — )\,)?, then similarly we have
P [Ty < to] — 1.
Since

logty = 2log N(1 — \,) < NY2(1 — A,)/2 log e log 2100
og o og N( ) < ( ) Og210<<mog2€jo,

my,
e
it follows from Lemma 4.4 that,

P [R) > 2m(N), Vt < to|1¥ < 21y, Vt > 0] — 0.

61



Since Iy = o (m(N)), we have

2T 21, (1T
lim (1 Y <1 _ M)) Ly — Tim (1= Ay = lim A, 2totm)

N—o00 N N—o0 N—oo N
In(1—=X,)
= 0 —_—
log ]0(]_ - /\o) 7
and the rest follows from the order-preserve coupling.

For Case 2.1 and 2.2, we require that 7, is sufficiently small, so that RY does
not move far away from Ry(N) ~ roN, 1o € (0, 1) before extinction. According to
Theorem 4.1, when Iy = O(1), we expect the extinction time to be of order O(1);

whereas when [y — 0o, we expect the extinction time to be of order log Iy + O(1).

Firstly, we estimate the probability that RY will remain close to roN for duration

of order log N.

Lemma 4.7. Let
X =1Y/N, X = RY/N,

with initial states X' = Io(N)/N and X)* = ryg > 0. Let § = 6(N) > 0. For
sufficiently large N, if t; = t;(N) satisfies 0 < t; < dv, ', then we have

02N I
xN2 _ XN72‘ 45| < 2expd — 0 .
! 0 ~ = 2o 4(70 + 1)t1 - (1 - )\0 + )\OTO/Q)(SN

(4.5)

P {sup

t<ty

Proof. We consider N € N to be sufficiently large and fixed throughout the proof.
Let
Tg(e) := inf {t > 0:sup

s<t

X2 - x| > e} .
The process XV has transition rates:

N70x27 ] = (07 _%)7
¢ ((z1,22), ) = Nzi, j=(—%. %), (4.6)
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It is also easy to see that the state space of XV is a subset of [0, 1]°.

By the argument introduced in Section 3.1.1, we can write
t
XN = Xy / > gag™ (X, X12), 5) ds + MY
0 -
t
= X%+ / (=7 XX? + XN ds + MY, (4.7)
0

where M?” is a zero-mean martingale. We also have for any 1, 2, € [0, 1],

Z Jaq" (1, 22),7) = N_lfyoasg + N1z < (70 + 1)N_1

jeJN

For any given N and € = ¢(N) > 0, let

Ty (€) := inf {t ssup [MY| > 6} :

s<t

By Proposition 3.2, we have for any t; = t;(N),

P [Thi(e) < ] < 2exp{—ﬁ}. (4.8)

Taking the supremum and applying Gronwall’s inequality to (4.7), we have

sup XV < Xév’2+/ Yo sup X N2ds +
0

s<t u<s

s<t

s<t

sup XV? < (XN2+Sup‘MN‘+/ Xémds> el
0

t
sup <X;V’2 - Xém) < X (et —1) + <Sup | MY +/ XSN’1d5> et (4.9)
0

s<t s<t

On the other hand, from (4.7) we have, for all t > 0, X,V* > X" — ~,t —
sup,<, | MY |. It follows that for all ¢ > 0,

inf (XN2 Xéw) > —Yot — Sup |MY. (4.10)

s<t
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Combining (4.9) and (4.10), we have

N2 N2
sup | X7 — X,

s<t

¢
< (e —1)+ <Sup | MY +/ X;V’lds) et
s<t 0
Define T}, (€) := inf {t : fg XNlds > e}.
For ¢1(N) and 6 = §(IN) — 0 satisfying v,(N)t1 (V) < 6(N) for sufficiently large
N, on the event

{t < T (8) AN Tii(8) N1},

we have

N2 N2
sup | X, — X

s<t

= (Yot1 + O(F212)) + 26(1 + 7ty + O(Y242)) < 46.

In other words, P [TR(45) > t’t < Tar(8) A Ty (8) A tl} ~1.
It follows that

P [0 (8) A Tyne(8) Aty < Tr(46)] = 1. (4.11)

Let Tsym(x) := inf {t XN 4 XN < x}
It follows from (4.11) that for sufficiently large N, on the event {t < Ty (8) A T (8) A t1},

XM+ X > X 46 > %,
which suggests that
P Toum (5) > Tu(0) A Tius0) At | = 1. (4.12)

The inequality is strict because (X™! + X™?2) has jump sizes of order N~! and
cannot reach ry/2 from above 3ry/4 in one jump.
Also from (4.11),

P[Tr(49) < t1] <P [Th(0) < t1] + P [Tine(0) = Tint(6) A Tas(0) < t4].
The upper bound of P [T/(d) < t;] is obtained in (4.8). For the second term on the
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RHS above, conditioned on the event {7},:(0) = Tj:(6) A Tar(8) < t1}, the equality
(4.12) is equivalent to

P [Tsum (%) > Tmt(é)] —1
Then

P [Tint(0) = Tone(8) A Tas(0) < 2] < P | T0ns8) < Toum (1) A1)

On the event {t < Toum (%0) A tl}, the process IV is dominated by a linear birth-
death chain L = (L;);>0 with birth rate )\O( - %0) and death rate 1. Therefore,
fot XN1ds is stochastically bounded by

Ty
N_l/ Lyds = N"'H(Iy),
0
where T}, and H(Iy) are defined as Lemma 4.5.

For any ¢ > 0, the probability P [T},,(d) < t] is then bounded by the probability
P [H(I,) > Nd]. By (4.4),

P [T5t(0) = Tint(0) A Tor(0) < t1] < P [Tie(8) < t1] <P [H(Iy) > NJ]
Iy
1— X+ Aor0/2)NG”

=1

Together with (4.8), we have

2
P [Tr(46) < t1] < Qexp{— N } Lo

et 0 T T2t Aro/2)NS.
]

Now we are ready to discuss different cases under the second scenario, depending
on the size of Ij.
Case 2.1: [, = O(1) and v, = o(1).

Let §(N) = v}=¢Vv N~1/3 for a small € > 0. Then we have any t; = O(1) satisfies
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t) <7, ¢ <d6v,'. By Lemma 4.7,

P |sup |RY — Ro| > 46N | — 0.
s<ty

Define 6o(N) := |Ry/N — 9.

For each N € N, define two linear birth-death chains L and L such that L has
birth rate A,(1—rg+45+3dy) and death rate 1, and L has birth rate \,(1—7¢o—40—0d)
and death rate 1. Let L, = Lo=1I.

Denote

Tr(46) := inf {t >0 :sup |RY — Ro| > 45N} :

s<t

Then for t < Tg(49),

IN + RN

]0/\0(1 — Ty — 46 — (50) S I()/\O (1 - N

) S ]0)\0(1 — 1o+ 40 + 50),
and all three terms tend to limy_,o IpA,(1 — 79).

Recall a :=limy o 1 — A, + o1 € (0, 00).

The conclusion then follows from Case 2 of Theorem 4.1:

P[T) <w] =P [T) <w, Tg(46) < w] + P [T < w, Tr(46) > w]

a —lo
— (1 + ) ,
eow — 1

where we use the fact from above that for all w > 0

P [T <w, Tr(46) < w] < P [TR(46) < w] — 0.

Case 2.2 [ — oo and there exists €, > 0 such that Iy = o(N'™) and
Yo =0 (N~).

Let 6 = N~%2 where positive constant b is chosen to satisfy b < % A E—; Al
Then we have that any t; = O(log N) satisfies t; < §, ! = NU=De,

Since §*N = N'~22 and & <« N'27 are both of negative polynomial orders
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of N, by Lemma 4.7,
P [sup |RY — Ro| > 4(5N] — 0.

s<ti1

The constructions of L and L, and the stopping time Tg(45) remain the same as
Case 2.1. We still have that, with probability tending to 1, for ¢ < Tg(40),

IN + RN

)\0(1—T0—45—50)§)\0(1— N

) < )\0(1 —7“0—|-45—|-50).

Let @ := limpy 00 1 — A + Aoro € (0, 00).
Following from Case 5 of Theorem 4.1, the extinction times of L and L tend to

the same limit if J(46 + dp) = o <%>, which is equivalent to N~ log N — 0.

The conclusion then follows from Case 5 of Theorem 4.1:

P [aT) —log(aly) < w] =P [T <a 'log(aly) + a'w < Tr(44)]
+P [T < a'log(aly) +a 'w, Tr(46) < a”'log(aly) + a~'w]

where we use the fact that for any constants ¢, co > 0,

P [TR(46) <c logN + CQ] — 0.

4.4 Summary

We illustrate the conditions of different cases in the previous section using the
diagram introduced in Definition 2.5. Notice that except for Case 1.1, it is assumed
that A\, (V) < 1.
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§\|\H\r\h\

1/2 1 o —(1—=A)

Figure 4.1: Parameter regime: divisions with small initial size of the infected pop-

ulation

In Figure 4.1, the area shaded with vertical lines represents
1 0 .
{()\o,%) —(1-X) < %} or equivalently {()\O,%) C NY2(1=X) Y% = oo}

In this regime, based on the scaling of (1, Rp), as illustrated in the first diagram in
Figure 4.2, we can find behaviours of all five cases in Theorem 4.6.

Similarly, the complement area

1
{()\O,%) = (1=X,) > #} or equivalently {(/\O,%) CNY2(1 =X )YY% = 0}

is illustrated in the second diagram in Figure 4.2.

The boundary scenario

{(Ao,%) (1= = 1+_<7>}

2

is similar to the second diagram in Figure 4.2. In Chapter 4, we will give the
illustration when —(1 — \,) = —(v,) = 1/3.
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2.1 2.2 21 22
L / L /
N AT - ()
1f o o) = {(70)
14 (1) — 14+ (1)
(NI G
. 13 1.1
i I (ho) T (ho)
ape 1 ¢y oa 1
({o) ({o)
Figure 4.2: Diagram of small initial infection cases, where a = —(1—X,), b = Hé—%),

c=14+(1—X,) + (7), and the numbers denote the cases in Theorem 4.6.

We can see for all the parameter combinations we are interested in, as long as
the initial size of infection I, is sufficiently small, and the initial size of immunity
Ry satisfies certain conditions, we have the explicit expression of the asymptotic

distribution of the extinction time T,
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Chapter 5
The critical parameter regime

In this chapter, we identify the critical parameter regime of the stochastic SIRS
model, and investigate the behaviour of its extinction time. We show that as N —
oo, with suitable initial states, the stochastic SIRS model in the critical regime
weakly converges to a degenerate diffusion, and the asymptotic distribution of the
SIRS extinction time is equal to the distribution of the hitting time of the limit

diffusion.

5.1 Introduction

The critical regime, also known as ‘transition region’ or ‘critical window’ in
literature, is a subset of the parameter space of the stochastic epidemic models, in
which we can observe phase transitions.

The existence of critical regimes in stochastic epidemic models was first discov-
ered by Nasell [4] in stochastic SIS models. In the last decade, a more detailed
picture was established for the stochastic SIS and SIR models, both of which have
one-dimensional parameter space A\, € R,. Our theoretical motivation is to estab-
lish the analogous result in the stochastic SIRS model, which has a two-dimensional

2
parameter space (A, 7,) € RZ.

The stochastic SIS model has a critical regime of width N~%/2. That is {), :
|IA\o(N) — 1] = O(N~%/2)}. This was observed by various authors through two dif-
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ferent approaches: in [4], it is observed through the asymptotic approximation of
the exact expression of quasi-stationary distributions and expected extinction times;
whereas in [24] and [6], it is observed through performing a suitable scaling to a se-
quence of Markov chains indexed by the population size N in such way that the
limit of the scaled processes is a diffusion. Such scaling is called the critical scal-
ing. The authors of [24] comment that they cannot find a direct link between their
observations and the one by [4].

The stochastic SIR model has a critical regime of width N~/3. This is observed
by [40] and [24] through the scaling approach.

The behaviour of the extinction time within the critical regime is well studied
only in the case of the stochastic SIS model. The earlier works include [25] and [5].
Nasell [25] studied the quasi-stationary distribution, and the expected extinction
time of SIS models initiated at quasi-stationary equilibrium, as well as at I = 1.
Doering, Sargsyan and Sander [5] derived the expected extinction time of SIS models
at criticality A, = 1 with an O(1) error term. The most comprehensive study so far
is by Foxall [6], who showed that the asymptotic distribution of the extinction time
is equal to the distribution of the hitting time of the limit diffusion.

Less is known about the distribution of the hitting time of the diffusion obtained
as the limit of stochastic epidemic models. Foxall [6] did not attempt to make any
description of the hitting time itself. While studying the total size of the infection
in the stochastic SIS model in the critical regime, Dolgoarshinnykh and Lalley [24]
proposed the idea of random time change. Extending this idea to the stochastic SIR
model, we can associate the extinction time with ‘the hitting time of a Wiener pro-
cess to a parabola’ through a random time change, where the probability density of
the latter is derived explicitly in Theorem 2, [40]. It seems that there is no straight-
forward way to extend the same idea to the stochastic SIRS model. The random
time change approach is also not helpful in providing analytical approximations.

The limit of multidimensional discrete stochastic models in epidemiology and
population genetics often turns out to be degenerate diffusions. There is no uni-
versal result for the well-posedness of the martingale problem/parabolic problems
associated with degenerate generators, and different types of degeneracy are usually

investigated on a case-by-case basis.
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Our approach in the first half of this chapter is an extension of [6] to the stochastic
SIRS model. In Section 5.2, we find the critical scaling of the stochastic SIRS
model through a heuristic argument. For completeness, in Section 5.3, we state
the asymptotic distribution of the extinction time within the critical regime, when
the initial sizes of the infection is small. This is a straightforward corollary of
Theorem 4.6. In Section 5.4, we prove that the extinction time of the stochastic
SIRS model converges in distribution to the hitting time of the limit diffusion as
N — oo. Special attention is required here as the limit diffusion is degenerate on
the entire R? with unbounded coefficients.

It is a standard practice to express the distribution of hitting time of diffusions
as the solution of PDEs. As a result, we obtain a time-homogeneous PDE with the
end condition in BC (R%), the Banach space of bounded continuous functions which
have continuous extensions to [0, 00)?. The well-posedness of the PDE problem does
not directly follow from the well-posedness of the martingale problem on domain
C>(R2), since C2°(R%) is not dense in (EE’(R%F), |-I), where ||-|| denotes the uniform
norm. To deal with this scenario, new types of semigroups have been defined in
literature, usually with either a weaker continuity property, or a definition of strong
continuity for a weaker topology. Analogous generation theorems and approximation
theorems have been developed (See [7] for a comprehensive review). Kithnemund [7]
develops a general framework of the bi-continuous semigroup to unite many of these
individual results, and proves a generalised version of the Chernoff product formula.

The Chernoff product formula motivates a set of numerical approximations,
which is often referred to in the area of computation as splitting method [41]. The
much-better-known Trotter product formula can be viewed as a corollary of the clas-
sic Chernoff approximation. In Section 5.5, we introduce and apply the generalised
Chernoff approximation based on the framework developed by [7], and prove the

well-posedness of the PDE associated with the distribution of our extinction time.

5.2 Ciritical scaling of Markov chains

We would like to scale the SIRS process (I¥, RN);>¢ in both time and space,

and will denote the scaled process as (Y)Y, ZV).>o. We use a heuristic argument to
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explore what the critical scaling should be.

Define scaled parameters A and ~ such that

1IN =NPYY., 0<p<I,
RY =NZy o, 0<&<1,

~

A
Aozl—m, 5>O,

Yo =yYN™", Kk 2>0.

Clearly, a stochastic SIRS process is subcritical when 2> 0, and supercritical when
A < 0.
Let (Y)Y, Z{) = (y, 2). Define AYN := YN —y, AZN := Z¥ — z. Then we have

the following expected linear and quadratic increments in time s:

E,, [AYY] = y(=AN"? = NPty — N&1z 4 AyNO170 4 A NET10) N + o(s)
~ y(=AN" — N1 N,
E,. [AZN] ~ (N778y — yN7"2) N°s,

and

E,.[(AZY)’]  ~ N7 (NP 8y +yN"z) N%s,
E,. [(AYY)?] = N7y (2 NP7y = NELe o N1 4 ANE10) Vs 4 ofs)
~ 2yN“Fs,
E,. [AZVAYN] = —NTPENPyNs + o(s) ~ —N*"Cys.
The first observation is that a non-trivial scaling should satisfy 5 < &; otherwise,
E,. [AZ N ] would be asymptotically dominating the other four expectations above.
The second observation is that E, , [(AZN)?] and E, , [AZNAY™] are both
asymptotically dominated by the O (N**#7¢) term in E, , [AZY]. Therefore, out

of the five expectations above, only the following three can be of the leading order
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of magnitude:

E,.[AYY]  ~y(=ANT — N&1z)Nes,
E,.[AZY] = (N*&y— N "2) N,
E,. [(AYY)?] ~ 2yN""N%s.

The only possibility for all three terms above to be of the same order of N is when
a=B=06=k=1/36=2/3and t = N'/3s. In other words, it is natural to use

the scaled parameters

~

AMN) = (1= X)NY3 ~(N) := 7, N3, (5.1)

and consider the following scaled SIRS process:

IN
yN . N1/3¢
t

©ON3?
RN

N ._ 'N1/3g

TR (5.2)

given the deterministic initial state (Y7, Z3') = (i, 2{"). We may drop the sub-
script or superscript of P when there is no confusion about which initial state we
are discussing.

It is not unexpected that the scaling we applied to (IV, RY) and ), is consistent
with what is found for stochastic SIR model in [24], as the latter is a special case of
stochastic SIRS model with v, = 0.

The transition rates of (Y, ZN) at (y, z) are

(y,2) = (y + N3 2) at rate N¥3(1 — AN"Y3)(1 — yN=2/3 — 2N"1/3)y,

(y,2) = (y,2 — N72/3) at rate N3z, (5.3)
2) = Yy —N T2+ N at rate _

Y y— N3 N—2/3 N?/3y

The critical scaling divides the parameter space into four regimes depending

on whether —(1 — X,) and —(v,) are smaller than 1/3. See Section 2.3.2 for the
definition of (-).
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1 oo —(1=X)

ol
Dl

Figure 5.1: Parameter regime: the shaded area represents the critical regime.

In this chapter, we look at the parameter regime (—(1 —\,), —(7,)) € [1/3,00)?,
which is called the critical parameter regime.

5.3 Small infection

For completeness, we state the asymptotic distribution of the extinction time in

the critical regime with small initial size of the infection.

Theorem 5.1. Let the parameters (Ao(N),7o(N)) satisfy |1 — AJNV/3 — X € R
and v,N'3 — ~ > 0, and let the initial state of the stochastic SIRS model be
(IN, RY) = (Iy, Ry). Then we have the following results:

1. When Iy = o (NY3) and Ry = o (NI;"):
iof in addition Iy — oo,
TN
lim PV [L < w} :e_i, w > 0;
N—oo IO

if in addition Iy = O(1),
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2. When Iy = O(1) and Ry ~ roN for ro € (0,1],

N—o0 erow — ]

—I
1imPN[T5V§w}:(1+ 0 ) Lw >0,

3. When Iy = o (N'¢) for some ¢ > 0, and Ry ~ moN for ro € (0, 1],

—w

lim PV [TUTN —log(roly) < w} =e° ,weR.

N—o0

(Ro)

2 3
1 / —
{To) = (%)
1
\\\1\\_\‘ < [0 >
i 1 {{o)
Figure 5.2: Diagram of small initial infection cases, where —(1 — \,) = #
Proof. This is a corollary of Theorem 4.6. O]

For the rest of this chapter, we focus on the case where Iy < N/ and R, = N?/3.

5.4 Diffusion limit

Given a fixed initial state of infection (I3, RY) = (Io(N), Ro(N)) in our original
model, the initial state of the scaled process (Y, Z%) is also a function of N:
(Y, 2Y) == (NY3I4(N), N"23Ry(N)). Under this scaling, we consider the cases

where limy oo (49, 20’) = (Yo, 20) € RL.
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We shall denote the extinction time of YV as
TV :=inf {t: VN =0}.

The stopping time TV is related to the extinction time TV of the original process
in the following sense: given (Y, Z)) = (N~Y314(N), N"*3Ry(N)),

TN =TNN-'3,

From the heuristic analysis above, we expect the diffusion limit of (Y, Z) to

be a Markov process generated by some extension of the operator

Gfly,2) = —(A+ 2)yd, f + (y —v2)0.f +ydy f, feCHRE).  (54)

2y 0
00

operator is not uniformly elliptic, we need to make sure that such limit process is

The covariance matrix ( ) is degenerate on the entire domain R?. Since the
well-defined, which is equivalent to proving the G-martingale problem with initial
state (yo, z0) € R2 is well-posed.

This particular type of degeneracy is studied in [9].

Theorem 5.2 (Theorem 5.14, [9]). Let d = dy + dy with dy < dy. Let a : [0,00) X
RY — 8% p0) :[0,00) x R? = R% be measurable functions, and bV € CH>H(R, x
R x RN R, Let b : [0,00) x R? — R? denote b(s,z) = (b0 (s, z), 6" (s, 2))T.
Suppose that for all T >0, x € R?,
861{&2} eéﬁdfov(@,a(s,x)ﬂ >0,
61=1
lim sup |la(s,y) — a(s,z)| = 0.

YT 5¢(0,T]

Further suppose that there exists constant C' such that

sup la(s, 2)]| + [b(s, 2)[* < C(1 +[a]?),
s€[0,00

and that the Jacobian matriz of b (s, z) restricted to the first dy components is of

7



rank dy for all (s,z) € [0,00) x R?, i.e.,

abd0+1(87$) L 8bd0+1(873})
ox1 8%
rank oo, =d;.
by +d, (s,x) o Obqy+dy (s,x)
61‘1 aIdO

Denote

Then the (A, C°(R?))-martingale problem is well-posed.

For convenience, in the rest of this subsection, we also refer to the degenerate
martingale problem in Theorem 5.2 as the (a,b)-martingale problem. This should
not be confused with the term ‘(A, D)-martingale problem’ defined in Definition 3.4.

Notice that a is valued in S% rather than S¢. The (a,b)-martingale problem
stopped by 7 is then defined as finding (Y}, Z;) with initial state (y, z) such that

tAT
F(Yinr, Zins) — / Af(Ys, Zs)ds
0

is a martingale for all f € C°(R%).

We apply the localisation argument of a generalised martingale problem on sub-
sets of R? from [10] to Theorem 5.2 in order to study the G-martingale problem
defined at the beginning of this section.

We will frequently be using the following sequence of functions in the rest of this

chapter.

Definition 5.3 (Exhaustion of R and {i,}nen). Let {D,}nen be a sequence of
open subsets of R% such that D, C D, and =, D, = R%. We refer to said

sequence {D, },en as an exhaustion of R2.
= +

78



We define a sequence of functions {t, }nen C C2°(R2) on {D,, }ren satisfying:

=1 (u,v) € Dy,
Ln(u’ U) = [07 1] (u> U) € Dn+l\Dn> (55)
=0 (u,v) € R2\Dpy1.

Proposition 5.4. For G defined in (5.4), the (G,C(R3))-martingale problem is
well-posed.

Proof. Denote the one-point compactification of D = R? as @ = R? U {A}. Take
the exhaustion of R as {D,, := (1/n,n)*},enn>2. Define stopping times 7, :=
inf{t : Y, ¢ D,}. Then 7o = lim,,_,o, 7, is also a stopping time.

Let p be the space of continuous trajectories valued in D= H/@H satisfying the
following: either 7a = 0o, or 7a < 0o and (Y. ¢, Zratt) = A for all t > 0. Let FD
denote the Borel g-algebra on €2 and define the filtration JEZ:D = o((Ys, Zs), s €
[0,¢]).

Define

an(y, 2) = |2yltn(y, 2) + (1 = ta(y, 2)),

baly, ) = (‘“ § Z>y> oy, ) + (0) (1= taly, ).
y—z Yy

Let Q = C([0,00),R?) and .# be the Borel o-algebra on . Define %, =
o((Ys, Zs),s € [0,¢]).

By Theorem 5.2, for each n, the (a,,b,)-martingale problem with initial state
(y,2) € R? has a unique solution {]P’Z(,"z), (y,2) € R?} on (Q, Z,,).

Our localisation argument relies on the statement of Theorem 13.1, [10], the proof
of which proceeds exactly as in Theorem 10.4, pp. 34-35, [10], applying Theorem
10.5 of the same reference. The proof only requires the well-posedness of the original
martingale problem and therefore is applicable to our degenerate generator. It
follows that there exists a unique solution {I@yﬁz, (y,2) € lA)} on ((AZD,@\D) to the
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generalised (a, b)-martingale problem with initial state (y,z) € D which satisfies

=Pp®
g Y7

]Py7z

)
Fr

n

for all n € N, where

aly,2) = 2], bly,2) = (‘““”’) .

y—7%

We now argue that {@y,z, (y,z) € D} corresponds to a unique solution {P, ., (y, z) €
D} to the (a,b)-martingale problem on (2, .%).

Let (Y%, Z;) be the solution corresponding to the measure {@W, (y,2) € D}, then
it satisfies the following SDE system for t € [0, 7a]:

dY; = —(A + Z,)Ydt + \/2Y,dW,,

Recall that the process approaches A when one or both of Y; and Z; approaches
0 or oo.

Firstly, notice the solution (Yiar,, Zinry) With (y, z) € D satisfies
tATA
Dipes = / ATy g 4 g tAT)
0

Hence inf{t : ¥; = 0} < inf{t : Z; = 0} and inf{t : ¥; = oo} < inf{t : Z, = oo}.
It follows that the only possible scenarios are either 7o = inf{t : Y; = 0} or 7o =
inf{t : Y; = oo}

Secondly, we show that in fact inf{¢ : Y, = oo} = oo.

Since Z; — e 7'z is a strictly increasing function of ¢ given {t < 7o}, all w € Qp

belong to exactly one of the following two events:

1. Z,—ze " < |\ for all t € [0, 7a), in which case ¥ must have reached 0 before

reaching infinity;

2. There exists 7(w) < 7a(w) such that 7 = inf{t : Z, — e "z > |\|}, in which
case \ -+ Zryt > 0 for all ¢ > 0 and Y,,; will have a non-positive drift and
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the same diffusion coefficient as a squared Bessel process. By Comparison
Theorem 3.15, Y, is stochastically dominated by %BESQl(Zy), as defined in
Definition 5.5, while the latter absorbs at 0 almost surely (p.314, [42]). Hence

Y; reaches 0 almost surely.

In either event, (Y, Z) is non-explosive, and we can conclude 7o = inf{t : Y; = 0}.
Finally, notice that the (a, b)-martingale problem with initial state (0, z), z > 0

has a unique trivial solution
Y, =0, Z, =e "z >0.

For any BC SAID that is not a null event of I/P\’W, we can find a set B C {2 such
that P, .(B) = I@yz(ﬁ) by replacing the trajectory (Yrait, Zra4t) = A, t >0 in B
to be (Yoatt, Zrast) = (0,777, ). O

The infinitesimal generator G has the same diffusion part as a well-studied family
of processes, namely the squared Bessel process. It is helpful to introduce the basic

properties of the squared Bessel process. See [42] for a nice survey of this topic.

Definition 5.5 (Squared Bessel process). For every § > 0 and zp > 0, the unique

strong solution to the equation

t
X, =m0+ 6t + 2/ VXL dW,
0

is called the d-dimensional squared Bessel process starting at zy and is denoted by

BESQ(S(I())

Denote for u > 0 the transition density function of X, ~ BESQ° from u to
m >0 as ¢ %% (u, m). We have (see Appendix A.2, [42])

1/2,1/2
qfs’ESQ(u’ m) = %u1/2m—1/2€—(u+m)/mt_,1 (m /tu / ) 7

for m > 0, where [;(-) is the modified Bessel function of the first kind of index 1,

and

u

P, [X, = 0] = exp{—ﬂ}. (5.6)
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It is also useful to note that X; will reach absorption at 0 almost surely.

Definition 5.6 (Modified Bessel function of the first kind, I,, pp.375-377, [43]).
The modified Bessel function of the first kind of index « is defined as

oo

]_ T 2m—+t«

La(a) ::mz:%mlf(m—koz—i— 1) (5) ' (5:7)

We have the properties

1 T\
Lo(z) ~ at1) <§> ; 0, (5.8)
and
eCC

I, (x) ~ r — o0. (5.9)

\V2Tx ’

Theorem 5.7. Let (1 — A\(N)NY3 = X € R, v := limy_00 (N)NV3 > 0 and
Y& = yo >0, ZY — 20 > 0. Then the process (YN, ZN) converges in distribution
to (Y, Z) in D(]0,00),R?), where (Y, Z) is the unique weak solution to the stochastic

differential equation system

dY = —(A+ 2)Yds + V2V dW,
dZ = (Y —~yZ)ds, (5.10)

with wnitial conditions Yo = yo, Zo = 2o.
Proof. The system (5.10) corresponds to the infinitesimal generator
Gf(y.2) = —~(\+ 2)yd,f + (y = 12)0:-f +ydyf, | € CLR?).

The well-posedness of the G-martingale problem implies the existence and unique-
ness of a weak solution to (5.10). To prove the weak convergence to the diffusion

limit, it remains to check that all the assumptions in Theorem 3.9 are satisfied.
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Firstly, for each y,

b11v<y) _ y(_j\NA/s . Nl/?’*ly N2/, ;\le/3*1*1/3 + S\ZN2/37171/3>N1/3

Y (y) = (NY372/3y — yNTV32) N3 — gy — 7z,

and

N=2/3 —N-! 0 0
NN 2/3 2/3
a’(y) = (—N‘l N_4/3> N2y + (0 N‘4/3> N~z

—2/3
N (NO/ (0)) N2y (1 _ NV, N2/3712> (1 _ 5\N71/3)

2
0 0

Secondly, the maximum jump size (under Euclidean norm) is bounded by (N~2/34+
N=4/3)1/2 5 0, and lastly, the convergence of the initial state is assumed. The weak

convergence then follows. O

Denote the extinction time of the diffusion limit as
T :=inf{t:Y; =0}.

Next, we want to prove that TV weakly converges to 7', given the initial states
converge.

The weak convergence to the diffusion limit is not sufficient for concluding the
weak convergence of the extinction times. Essentially, we would also need the family

{X™} yen to have a tendency of moving downward.

Theorem 5.8. Let (Y, Z{) = (un,vn) and (Yo, Zo) = (u,v). If (un,vy) —
(u,v) € R%, then TN = T.

Our proof of Theorem 5.8 is inspired by [6], in which an analogous statement

was proved in one dimension.
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Proof. Let the probability measure P, , be the solution to the (G, C2°(R? ))-martingale
problem with initial state (u,v).

For y > 0, define 7,(f) := inf{t : (f(¢))1 < y} for cadlag f € D([0, ), R?) with
the topology of uniform convergence on compacts (ucc), where (f(t)); denotes the

first component of f(t).

We first show that for small y > 0, 7, is a.s. continuous at (Y, Z).
For each sample path w, taking any sequence { f,, }nen C D([0, 00), R?) such that
uce — lim, o0 fr = f = (Y(w), Z(w)), we have that the following two statements

are true:
1. For small y > 0, liminf,_,. 7,(f) > 7,(f).

2. For small y > 0, limsup,,_,.. 7,(fn) < 7,(f)-

Item 1is in fact true for all f € D([0, 00), R?). Otherwise, i.e., if lim inf,, .. 7,(fn) <
7,(f), then there exist s such that

liminf 7,(f,) < s < 7,(f),

n—o0

and a subsequence {f,, }ien satisfying lim; o, 7,(fn,) < s. This contradicts to
uce — lim; o0 fr, = f, since inf{(f(t))1 : t < s} > v.

Item 2 requires a little more work.

It is sufficient to prove that for all

(0, 00), >0,
(0,[4X1),  A<o,

v

ye (5.11)

we have
limsup 7,(f,) < 7,(f).

n—oo

Consider (Y (w), Z(w)) after time 7,(f). We claim that for any € > 0, the path
of Y a.s. intersects [0,y) by time 7,(f) + €.
Let 7¢ := inf{t : Y; > 2y} Ae. It is sufficient to show that for any (Yy, Zo) = (v, 2),
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z > 0, the following holds almost surely:

inf Y, <uw.
te(0,7¢)

From the second equation of (5.10), we have

tATE
Lipre = / e VN =Y ds + eV 4
0
<2yy 7t (2= 2y e ) = A1),
and Z(t) is bounded on ¢ € (0, 7¢].

Our choice of y guarantees that the drift term of Y;,, is bounded for ¢ € (0, 79
regardless of the sign of :

e if A >0, then 0 > —(A+ Z,)Y; > —2y(\ + z(t)); and
e if A <0, then 1/2 > —(A + Z,)Y; > —2yz(t).

For t < 7¢, by comparison theorem 3.15, 2Y; is stochastically dominated by BESQ*(2y),
which can also be seen as the square of Wiener process Wt, i.e., 2Y; is stochastically
dominated by (Wt ++/2y)%. For any € > 0 and § > 0,

Py. [igf,Ys <y—odle < 761 > P {igf,(Ws +/2y)? <2(y — 5)]

— P [sup 7. > 2y - 2= 0)| = 2P [T 2 VB - V2= 23]

s<e’

where the first equality above uses the fact that W and —W have the same dis-
tribution, and the second equality follows from the reflection principle of Wiener

processes. It follows that

. / €l —1; : < _ / €l —
P, . |:SIISlEf/}/S<y€ <T lgﬁ)l]py,z {E%EY;_@/ dle <7'1 1,
Since P, _ [7° € (0,€]] = 1, we can take any positive sequence {€, }nen converging to

85



0 and have

U{i?st<yanden<T€}]

neN

Py Li?fe Y, < y} =P, [

=limP {inf Y, <y

€’l0 Y,z s<e’

T¢ > 6/} P,.[7°>€]=1

For each sample path w, take any sequence { f, }nen converging to (Y (w), Z(w))
uniformly on compacts, sufficiently small y > 0 in the sense of (5.11), and any € > 0,
we have 7,(f,) < 7,(f) + € for all sufficiently large n.

Combining (1) and (2) above, for y € (0,]4A|™"), we have 7, a.s. continuous at

Y, 2).

Given the weak convergence (Y, Z¥) = (Y, Z), the Skorokhod Representation
Theorem suggests that it is possible to choose a sample space in which (Y&, ZV) —
(Y, Z) almost surely in the Skorokhod topology. Moreover, since (Y, Z) is continuous,
it follows that ucc — limy_,oo (Y™, ZV) = (Y, Z) almost surely. By the continuous

mapping theorem, for y € (0, ]45\]_1),
7,(YY, ZY)) = 7, (Y, 2)). (5.12)
Our goal is to show that

lim PY [TV <t] =P, [T <t],

UN U
N—o0 NUN

at all continuous points ¢ of the RHS. This breaks down to showing the following

limsup Pl [TV <t] <P, [T <], (5.13)
N—oo
lim inf PY [TV <t] =P, [T <t]. (5.14)
—00 ’ ?

Since (Y, Z) is continuous, lim, o 7,((Y, Z)) = T almost surely, which implies

WP, [r,((Y.2)) < 1] =B, [T <1]. (5.15)
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We also have lim, o 7, (Y™, Z")) < TV, which implies

limsupPY [TV < t] <limsup lim P
N—oo NoEN [ } ylo  N—oo

wnvon [To(YYZV)) < ] (5.16)
The inequality (5.13) follows from (5.15) and(5.16).

For the opposite direction, consider any large N and denote Sy := {nN~
n € [N]} and Sz := {nN~%/*:n € [N]}, which are the state space of Y~ and ZV
respectively. For any € € (0,t) and a € (0,uy) N Sy, we have

1/3 .

PY o [TV < t] > P)

UN,UN UN,UN

N N o N [N
[ (YN, ZY) <t — ¢ ble%fzpa’b [TV < €].

For each given initial state, 7,((Y", Z"))(w) is a non-increasing function of suf-
ficiently small y.

If for each € > 0,we can find a = a. > 0 such that P, [TV < €] >1—¢ for all
b > 0, then
lim inf PV [TN < t] > lim inf PV

u v u v
N—oo NHUN N—oco NHYUN

[Ta((YN, ZN)) <t — e] (1—¢)

=P, [r((Y,2)) <t - (1-) 2 P, [T <t~ (1-¢),

where the equality follows from (5.12).

Since P, , [T' <t — €] (1 — €) monotonically increases as € | 0, we have

liminfP) [TV <t] >P,,[T <t. (5.17)

N—oo UN/UN
In fact, it suffices to take any a = a, satisfying

-1 R

) A#OJ

—log(1 — E)wau A ’45\
ae < | I .
—elog(1 —¢), A =0.

To see this, assuming we take such a., we first look at the case when A # 0. Recall
that
BN, [TV < e] =PY, [TV < N3],

where ¥ denotes the extinction time of IV with initial state (13, RY) = (N'/3a, N*/3b).
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It is obvious that IV is stochastically dominated by a linear birth-death chain
LY with birth rate A, = A\,(N), death rate 1 and initial state L) = N'/3a, satis-
fying LY (1 — A,) — aX. Stochastic dominance between the processes implies that
TN is stochastically dominated by the extinction time of L. We have the exact
expression (4.3) of the distribution of the latter when A # 0. Notice that this bound
is independent of the status of RY.

For any

G
0<ae<——=—log(l—ce),

R

the following statement is true for all sufficiently large N:

A|N-3
4 < ———log(l —¢€) < —log(1—e)N"Y3log™ [ 1+ L :
ere — 1’

since the last term above is a monotonically decreasing function of N, tending to

the limit —log(1 — e)'ek‘TT” It follows that

Pi\fb [TN <€l > PN [Tﬁp < N3¢

~ / —aN1/3
/\Nfl 3
L{Y:Nl/%}: 142 >1—e
e —1
The case of A = 0 can be treated in the same way. For any
0 <a. < —elog(l —e),

the following statement is true for all sufficiently large N:

AN-1/3

exp{S\e} —1

= —log(1 — )N "2log™" (1 + N3 ) — —elog(1 — e).

a. < —log(l— e)N’l/3 log’1 1+

The exact expression of the extinction time of LV with equal birth and death rates
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can be derived, e.g., taking the limit in (4.3) as Ay — uy — 0. Similar to the above,

CLeNl/B
N [N N [N 13 | N ar1y3. ] N'/3 _
Py, [TV <] =PV | Ty, < N'YPe|Ly = N'a,| = >1—ce

N1/3e +1

With both (5.13) and (5.14), we conclude T = T when initial state (uy,vy) —

(u,v) and thus prove the theorem. ]

5.5 Distribution of the extinction time I of the
limit diffusion

First, we transform the problem of obtaining the distribution of the hitting time
to solving a second-order PDE.
Define U(u,v,t) :=P [Yto >0

on the domain R3 x [0, o).

Yt:u,Zt:v} _P [T>t0—t’(Yo,Zo):(u,v)

By the Feynman-Kac formula, U(u, v, s) is the solution to the following PDE:

ou *U . ou ou
5 = U T (A + v)u—u — (u—yv)—, (5.18)

with the end condition Uf(u,v, ) = 1gz (u,v), and the boundary condition

hﬁ)l U(u,v,t) =0, t € [0,t),

where 1,4 denotes the indicator function of set A.

Consider the Banach space of bounded continuous functions which have continu-

ous extensions to [0, 00)?, equipped with the uniform norm, denoted as (E??(Ri), 1)

Theorem 5.9. Let V(t) be a bounded linear operator on @(Ri) for each t > 0,
such that

V(t)f(u,v) := /OOO g(t, ue_(;\“’)t; m) f(m,ve " + ut) dm,
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fort>0 and f € @(Ri), where

1/2,1/2
g(t,u;m) = %ul/le/Qe(qum)/tIl <2m 2ol

),m,u,t>0,
t

and I,(-) is defined as (5.7). Define

Un(u, 0,1) = (v <%))n g2 (u,v).

The tail distribution of T, i.e. P [T > t‘(YO,ZO) = (u, U)], for each t > 0, is the

limit of Un(u,v,t) as n — oo, for (u,v) € RY uniformly on compacts.

Define linear operators £,H on f € C*(R%), the space of twice differentiable
functions on R?, as

2
L= u8— and H = —()\+v)u£+(u—7v) 0

Ou? ou o’
Recalling the definition of the squared Bessel process in Definition 5.5, we see that
2L is the infinitesimal generator of BESQ®(u). This motivates us to construct a
solution analogous to the Lie-Trotter product.
The Lie-Trotter product formula [44] is an extension to generators of strongly

continuous semigroups on Banach spaces of the following result for n x n matrices

A and B:

et(A-l—B) — lim (6tA/netB/n)n.
n—00

The Lie-Trotter product formula can be seen as a consequence of the Chernoff prod-
uct formula [45,46] below.

Theorem 5.10. Let (F(t))i>0 be a family of bounded linear operators on a Banach
space X. Assume that

1. F(0)=1Z,
2. HFk(t)H < Me“* for some M > 1, some w >0, all k € N and all t > 0,

3. the limit Af = limy %f for all f € D, where D and (« — A)D are dense

subspaces in X for some a > w.

90



Then the closure (A, Dom(A)) of (A, D) w.r.t. graph norm generates a strongly

continuous semigroup (Ry),sq given by

Rof = lim (F(t/n))" .

n—oo

The problem is, the generator we are interested in does not generate a strongly
continuous semigroup on BC (Ri) In order to prove Theorem 5.9, we adopt the the-
ory of bi-continuous semigroups established in [7]. It allows us to obtain the Chernoff
product formula w.r.t. an appropriately chosen topology. The basic definitions and

important theorems are introduced in Section 3.3.

5.5.1 Chernoff approximation of extinction times in the crit-
ical regime

In this section, we apply Theorem 3.26 to our problem.

The underlying topological space

Let ® = BC (R%) and endow EE’(R%F) with the uniform on compacts topology

(ucc), which is induced by the set of seminorms {||- s} xcrz , defined as

[fll = sup | f(u, )],

(u,w)eK

2
for every compact set K C R7.

Following standard theorems, we can verify that (EEY (R3), ucc) satisfies Assump-
tion 3.18. The details of verification is included below for completeness.

Item 2 of Assumption 3.18 follows from the fact that the Banach space (E(\j (R2), [
is continuously embedded in (BC (R3), ucc) (denoted in symbol as(EE’ R2), []]l) =
(@(Ri), ucc)). We can see this because for each K C R?,

1l < LI

Item 1 of Assumption 3.18 is satisfied due to the following lemma.

91



Lemma 5.11. The space (@(Rﬂ),uec) is sequentially complete on ||-||-bounded

sets.

Proof. Any ||-||-bounded ucc-Cauchy sequence { f,, }nen C BC (R2) has a limit coin-
ciding with the pointwise limit

f(u,v) := lim f,(u,v), (u,0)€R:.

n—o0

It is easy to check that such f belongs to BC(R?Y). O

Item 3 is true since the topological dual of (@(Ri), ucc) is the set of Radon mea-
sures with compact support, which contains the Dirac measures. Hence (@(Ri), ucc)’
is norming for (EE’(R%F), -11)-

Lemma 5.12. The space C.(R%) is bi-dense in @(Ri)

Proof. For each f € BC (R%), we can take an arbitrary exhaustion of R denoted as

{D,}nen and find a sequence of functions f,(u,v) = f(u,v)i,(u,v) € Ce(R3),n €

N, where ¢, is defined as (5.5). The sequence {f,}nen is ||-||-bounded by || f|| and

converges uniformly on compacts to f. m
82

The second-order problem associated with £ =ug;»

We will now examine the operator £ = uaa—;. Luckily, we are able to describe

the semigroup generated by L precisely.

Definition 5.13 (Green’s function, p.82, [47]). The solution y(z,t) = G(t, x; zo) of
the following PDE
dy

Friae

on domain D x [0,T], with initial condition lim¢oy(x,t) = d(x — x), © € D and
boundary condition y(x,t) = 0, x € 9D x (0,71 is called the Green’s function of the
operator 0; — A.

Consider the process (X;);>0 such that 2X; is a squared Bessel process with
2Xo = 2u > 0 below.
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Lemma 5.14. The Green’s function of the parabolic operator 0, + L can be written

as

1

1/2,1/2
glto—t, u;up) = u1/2u0—1/26—(u+u0)/(to—t)]1 (2% u

) 7(U,U0) € Ri_,t € [O,to),
to—t

where I1(-) is the modified Bessel function of the first kind of index 1.

Proof. The Green’s function g(ty — t,u;ug) of 9, + L should satisfy

(8,5 + ﬁ)g(to —t,u; Uo) =0,t¢e [O, to), (519)

lm gt — £, s o) = D(u — o),
tTto

g(to —t,0; UQ) =0,t¢e [O,to).

To solve (5.19), we notice that it is the Kolmogorov backward equation of a process
X; where 2X; ~ BESQ°(2u), and has the solution

1/2,1/2
BESQ u1/2u61/26—(u+u0)/(t0—t)]1 <2u0 U )

1
g(to — t,u;up) = 2¢, (2u, 2ug) = ;
o —

It is easy to verify that g(to — t, u;ug) satisfies the initial and boundary conditions.
[

Define for each ¢ > 0, a family of operators S; € & (EE‘ (R3)) as

I g(t,usm) f(m,v)dm, >0,
fu,v), t=0,

Sif (u,v) := (5.20)

where ¢ is defined in Lemma 5.14. We should also note that the definition of S; can
be extended to bounded measurable functions on R2 .
From the probability interpretation used in the proof of Lemma 5.14, it is easy

to check that (&), relates to the squared Bessel process X; defined above in the
following sense: for f € BC(R2), denote 7X := inf{t : X, = 0}, then

Sif(u,v) =E, [f(Xs,v)] = f(0,0)P, [7* <t] =E, [f(Xi,0),t <77].
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Proposition 5.15. The family of operators (S;)i>0 s a bi-continuous contraction
semigroup on (@(Ri), ucc). The generator of (S;)iso restricted to C°(R2) coin-
cides with L.

Proof. 1t is straightforward to see that So = I, S8 = Ss1+, and ||Sef]] < || -

Next we check that (S;)s> is locally bi-equicontinuous. Let K C Ri be compact,
to > 0 and € > 0. By (A.23)-(A.26), we can find a compact interval K! C R, such
that, uniformly for ¢ € (0, to],

/ (t,u; m)dm < ‘
glit,uym)am < o———————
R, \K] 28up,,e || f2ll

for all (u,v) € K.
Denote K, := (K! x Ry)N K C R?.
Given € and K. as above, for any ||-||-bounded sequence { f,, },en ucc-converging

to 0, we can find some ng € N such that || f, ||, < ¢/2 for all n > n.

ISt < s [ gttusm)lfulm.olldm+ [ gt futm o)dm

(u,v)eK Ry\K!

< €.

Hence (S;),s, is locally bi-equicontinuous w.r.t. ucc-topology.

Thirdly we check that (St),s, is bi-continuous. We will prove this using the
property of the Green’s function g.

Let f € EE’(R%F), K C R% be compact, and € > 0. By local bi-equicontinuity,
there exists fy € Co(R?) satisfying || fo — fllx < € and [|S;(fo — f)|l < €.

Consider f : [0.1]2 — R such that f(e™*,e™®) = fo(u,v) for all (u,v) € R?.
It is known that as a continuous function on compact domain, f can be uniformly
approximated by a sequence of Berstein Polynomials (see e.g. [48]). In other words,
there exists positive integer ny and a sequence of polynomials of degree n w.r.t. both

2 and y, denoted as hy,(z,y),n € N, such that for all n > ny,

sup f(e_“, e’?) — fzn(e_“, e’

2
(u,v)ERZ

= sSup f(x,y) - ﬁn(may) <€

(z,y)€l0,1]?
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We have
1Sef = fllc < 1S:(fo = )l + [1Sefo = foll e + 1F = follx-
For all (u,v) € K,

|Stf0<u7 U) - fO(ua U)'
< [ gttcuim)|folm.) = (e )
Ry

dm

+ | folu, v) — hale™, e )| + / g(t, u;m)hy(e7™, e )dm — hy(e ™, e’)
R4
<2+ / g(t,u;m)hy (™™, eV )dm — hy (e, e7")|. (5.21)
R4
Each h,, is a linear combination of {e7du=kv j k =1,2,--- ,n}. Notice that by using

Berstein Polynomials, we have made sure that j, k # 0. This is because fy vanishes
at infinity, and hence f vanishes when one or both components are 0.

By Lemma A.6, for each (u,v) € K,

~

/ g(t,u; m)fALn(e_m, e ’)dm — hy(e ", e”")
Ry

< > agile ™

/ g(t,u;m)e ™ dm — e 7"
R4

1<j,k<n
u u
- Z |ajp]e " exp{— ,1} - eXp{——} — exp{—uj}‘ —0ast]0.
\<ihn t+7 t

Together with (5.21) and our definition of fy, we can conclude that there exists
t. > 0 such that

ISef = fll i < De.

For each v € Ry, let f,(u) := f(u,v) € Co(Ry), then S f,(u) = E, [f( X, v)]
where 2.X; is a O-dimensional squared Bessel process. The generator of the semigroup
associated with a one-dimensional diffusion can be fully characterised (see Chapter

8.1, [16]), from which we have (S;),, is strong continuous on Cy(Ry) with the
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domain {f € Co(Ry) : Lf € Co(Ry)} D C°(R,). This can also be proved by
approximation by linear combinations of {e™7*~** j k € N} similar to our argument
above. By the dominated convergence theorem, S; preserves the limit at v | 0 and
v — 00. Hence (8;),s, is strongly continuous on Co(R?%). Since £ does not act on
component v, we also have the corresponding domain contains C2°(R?).

This concludes the proof. O]

We denote by C"7(RR2) the subspace of EE’(R%F) with continuous partial deriva-
tives up to order ¢ w.r.t. the first component and up to order j w.r.t. the second
component. We denote by BC'” (R?) the subspace of C*7(R3 ) whose partial deriva-

tives above are also bounded and has a continuous extension to [0, 00)?.

The first-order problem associated with H = —(\ + v)u% + (u — yv)%

We now shift our attention to the first order operator H and the semigroup
(T¢);>¢ it generates. Consider the solution F' = F(u,v,t) to the first-order PDE

OF

5 = HE, (5.22)
F(u,v,0) = f(u,v) € CHY(R2), (5.23)
lim F(u,v,t) =0, t > 0.

ul0

Denote characteristics parametrised by s > 0 as (t(s), u(cq, 2, s),v(cy, 2, 8)),

where

dt
ds
d .

d—z = —(A+v)u, (5.24)
dv

%:U_’Wy

and u(cy,c2,0) = ¢1, v(ey,9,0) = ¢, t(0) = 0. By the Inverse function theorem,
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calculating the Jacobian determinant at any (cy, ¢, 0), we find that

Ou  Ou  Ou
Oc1’ Ocy?  Os
v v
det dc1? Oco’ Os

ot
0, 0, 35

Il
\.H

and therefore we can represent ¢y, ¢o, s as functions of u, v, t for all u,v and small ¢.

We can construct a solution to (5.22) as
F(u,v,t) = f(c1(u,v,t), ca(u, v, t)).

Alternatively, we can denote x(ug,vo,t), z2(ug, vo,t) as the solution to the char-

acteristic equations (5.24) given initial state (ug,vp). Then we can define a shift
operator T; € .i”(EE’(Ri)) such that

ﬁf(uﬂ}) = f(xl(u7vat>’x2(u’v7t))v f € @(Ri)

The fixed points of the system (5.24) are (0,0) and (—yA, —A). The Jacobian

matrix at (u,v) is
_(\ _
J(u,v):< A+v) u)
1 -y

The eigenvalues of J(0,0) are —A and —v, whereas the eigenvalues of J(—y\, —\)
are 5 (—'y +4/72+ 45\7) . It follows that the region [0, 00)? is an invariant set, and

~

regardless of the value of (A, ), the characteristics will not hit uw = 0 in finite time.
This ensures that the solutions with our boundary conditions exists.

With simple manipulation of the characteristic equations, we have

u(t) = u(O)e’j‘t exp{— /Ot U(s)ds} < u(O)e"A\‘t (5.25)

and .
o(t) = e / Pu(s)ds + e 7o (0).
0

Lemma 5.16. The family of operators (7;),520 18 a bi-continuous semigroup w.r.t.

ucc-topology.
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Proof. Firstly, it is easy to see that Ty s = T, Ts, To = Z and ||T;|| = 1.

Next, we prove the local bi-equicontinuity.

2
+

M > 0 such that K C [0,vM] x [0, M]. It is easy to check that for any = > 0,

the characteristic curve does not cross the boundary [0,vz] x {z} in the direction

Taking any constant ¢, > 0, any compact set K C R7, we can always find

toward +oo. Recall that by (5.25), the solution to the characteristic equations has
the following property:

Since u(t) < u(0)el® for ¢ € [0,to], we can define compact set
Ko = [0,vMeMo] x [0, Mol

and the characteristics initiated in K will remain in Ky up to time ty. It follows
that

ITifll < I fllge,. t € [0,20], f € BO(R2). (5.26)

Thirdly, we prove the bi-continuity property of the semigroup (7;),-
For every f € C(R2), t € [0, 1],

”(7; - I)f” = sup f(xl(u,v,t),mg(u,v,t)) - f(u7v)

2
(u,0)ERZL

FEO (w,0)(y — ) + fOV (u,0) (22 — )

= sup
(u,v)eRZ

+ % (F®0 (ur, v1) (21 — w)® + FOP (ug, v1) (w2 — 0)° + 2F 0D (uy, 01) (21 — w) (22 — v)) ‘

= sup t| = fOO(u,0) (A + vaug + fOV (u,0) (us —yv3)

2
(u,v)ERZ

+ %t (f@’o) (ug,v1) (—(5\ + U2)U2>2 + FOD (uy, vy) (ug — yvs)? (5.27)

—2f(1’1)(u17 Ul)(j\ + vo)ug(uz — ’}/Ug))

?

where (u;,v;) = a;(u,v) + (1 — a;)(z1(u, v, h), z9(u, v, h)) for some a; € (0,1),i =
1,2, 3, are taken according to the Lagrange’s form of Taylor expansion: the second
order remainder of the expansion of f, and the first order remainders of the expansion

of x1 and x5 respectively.
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Since f € C*(R%), the supremum in the last line of (5.27) is finite, and
((Ti = I)f) 50 is uniformly |-|-bounded by 2] f||. Hence

ucce — 1}%1(7; —-I)f=0. (5.28)

Recall that C2°(R?%) is ||-||-dense in C.(R?%) and thus is bi-dense in EE'(R%F) by
Lemma 5.12. For any f € @(Ri) and any K C R2, the local bi-equicontinuity
ensures that we can find for every € > 0 an f. € C°(R2) such that || f — fe|lx V
| T:(f — fo)llx < e. By (5.28), we can also find ¢, > 0 such that for all ¢ € [0, ¢.],

(T =D fellx <«

It follows that for ¢t < ¢,

I(Te =D fll e < NTelf = Sl + 1T = D fell e + 1 = fell e < 3€,

and hence the bi-continuity of (7;),5, on BC (R2) is proved. O

It is not possible to solve the characteristic equations and derive an explicit
expression of 7;. Since the Chernoff product formula only uses the property of 7;
when ¢ is small, we will work with an approximation of (7;),s, instead.

Define the mapping & : (t,u,v) — (& (u,v), &3 (u,v)) from 0,00) x RY — R?,
where

& (u,v) = ue_(;\+”)t, 2 (u,v) := ve " + ut.
Define operator W : [0, 00) — Z(@(Ri)) such that

W) f(u,v) == F(E (u,v), E(u,v)) = flue M pe™ 4 ut). (5.29)

Lemma 5.17. The family of operators (W (t))io is locally bi-equicontinuous and

bi-continuous w.r.t. ucc-topology.

Proof. First we prove the local bi-equicontinuity. Let ¢y > 0 and K C R% be any

compact set. Define 7 = max{u : (u,v) € K} and u = min{u : (u,v) € K}.
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Similarly, we can define 7, v. Then we have for all ¢ € [0, ], (u,v) € K,
(u,v) € [ye’m, uty + E] ,

& (u,v) € [ge_(|;\‘+m0+ﬁ)to7 ﬂepw '

We can always find compact set Ko C R3 such that
Ko > ue A, o] et a4 7]

Then for all ¢ € [0, to],
W@ Al < 11k,

which implies local bi-equicontinuity.

For bi-continuity, we notice that for any compact set K’ C R?, each f € EE’(R%F)
is uniformly continuous on K, i.e., for each € > 0, there exists § > 0 depending only
on €, such that sup,_/yjp—uv|<s |f (1, v) = f(u',v")| < e. For each K, there also exists
ts > 0 such that

sup  sup |ue_(;\+”)t — |V |ve™ " +ut —v| <4,
te[0,t5] (u,v)eK

from which we conclude ucc — limyo(W(¢t) —Z)f = 0. The proof of bi-continuity is
then concluded since sup, ||(W(t) — Z)f]| < 2| f||. O

Lemma 5.18. For all f € C*(R?Y),

tl0 t

f=Hf
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Proof. For f € C>*(R%), t >0, and (u,v) € R3,
Wi(t)—-Z
PO plu,v) ~ ()
ue— 0t

t
(ue~

ve " +ut — v

+ [0V (u,0)

(’\+:)t — u)? D ) (ue= At —qy) ivew + ut — v)

(ve "t + ut — v)?
t

1 1
=119, 0)Su(h+ )t + fOD w,0)

+ FOD (g, v )u(A + v3) (=3 + u)t + §f D, 01) (=73 +u)’t,

1
+ §f(2’0) (u1,v1)

1
+ 502w, w) ~Hf

vyst 4 = f(QO(Ul,Ul) 2(\ 4 vg)*t

where we use Lagrange’s form of the remainder to choose all the variables (uq,v;)
and (v;,7:),7 = 2,3, such that:

FU€8 (0,0), € 0,)) = £, 0) + 40 (0 €} 0) = ) + FOD (w,0) (2w, 0) =)
3 7D, 00) (6 ,0) = ) + 5 O, 00)(E () = W) (€, ) — v)
+ 510D, 00) (€ ) = P,
and
O = Aoyt =1—(A+v)t+- (A+v2) ,
7t:1—73t21—7t+;72t2

W(t)-T

Since f € C(R%), we have SUDye(0,1]

fH < 00, and for any compact set

K C RZ, there exists constant C x > 0 such that

Wit
H <th,K_>07 tiO

Hence the proof is concluded. O]
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5.5.2 Main result

Theorem 5.19. Let (8;),5, be the bi-continuous semigroup on EE’(R?Q defined in
(5.20), and (W(t))i>o0 as defined in (5.29).
The bi-closure of (L+H,C(R3)) generates a bi-continuous semigroup Uy given

by the Chernoff product formula, i.e.,

Uf =p— lim (W (%) S;)nf, f € BC(R%),

n—oo
uniformly for t in compact intervals in [0, 00).

Proof. Let
V(t)=W(@t)S, t=>0.

We shall check that V satisfies the conditions in Theorem 3.26.
Firstly, by definition, V' (0) = Z.

loven | < wairisge <

Secondly, we check that for each f € C°(R2),

ucc—l}irgl%—ﬁf—"ﬂf:&
We have for each t > 0,
Vi) f —f WSS - f
DA A A S At
- (Mf - Hf) W) (St - Ef) £ (W) - DLS.

Notice that £f € BC (R2), and hence the first and the third term above ucc-converge
to 0 following Lemma 5.18, and the second term ucc-converges to 0 following Propo-
sition 5.15.
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Thirdly, for each (u,v) € R%, let m, = u. Then

(V)" f (i, v)|
/ g t ft My, v ) mnfl) / g (ta ftl (mnfl, 5t2<mn7 U)); man)
Ry

Ry

/ tft My — 27§t (mn lagt (mnav>>>;m”—3)

Ry

o8l 20 m) [ Flom =) - dn

where we use the shorthand notation Z*7!(v) to represent £ (my, £ (M1, - - - E2(my, v))
for each k,l € N, k < [.

To prove the local bi-equicontinuity, we take any K C R, ¢, > 0 and € > 0.
Recall that &} (u,v) < uet for any v, and then

g (t: 5151 (mm U); mnfl) / g (t> étl (mnfla ftQ (mna U)); mn72)

Ry

V) o)l < [

Ry

g (tg 2 ))smo) | Fmo, 2w - di,
Ry

:/R g (tvgtl(mnav);mn—l) / g (tvftl(mn—hg?(mnav));mn—2)

+ [Fmo, Z(0))|

dmg -+ dmy_1,
1+m0+1}

../]R g (¢,& (m1, 227" (v));mg) (1 +mo + v)
sup |f(u ’U)| (t, ftl (mn, U); mn_l) / g (t, Stl (mn—b gtg(mm U)); mn—Q)

T wwery LHutv Jr, R,
—=3—=n . —2-n
(g ma, E ) (14 € m, 2 (0) o) dma i
R
| f (u, v)] |Alt 1 . 1 2 )
>~ Sup e g (t7 é-t (mn7 U)v mn*l) g (t7 ft (mnflu gt (mrw U))? mn*?)
(u,v)eRi ]' + u _'_ v Ry Ry

B —=3—n ) dmy -+ -dm,, 1 |f(u v)|
/]R+ (£ & (mo, 277 ()i ) g dimy -+ - iy + ( +U)(uil)lpR2 l+uto
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Iterate this procedure and we have

u' v u', v
u wp O )
('LL/,’Ul)GRi 1+u —+ v (u’,v’)eRi 1+U + v

(e_l;\‘tV(t))n f(u,v)

For any |[|-||-bounded sequence {f;};jen C @(Ri) ucc-converging to 0, let M >
2supjey || fjll. We can decompose each f; as f; = h; + f; where f;(u,v) vanishes

when one or both components tend to 0, and

hj(“a U) < M(l - x]'_lu)]‘ue(o,x;l] + M(]' - x;lv)1v€(07x;1],

with {z;},en being a sequence of positive constants tending to 0.

Similar to the previous argument,

M) hyn,0)] < (1= 27 0) L

+ / g (t)gtl<mnav);mn—1) / g (t7§tl<mn—17§t2(mn7v));mn_2)
R, R,

o / g (ta gtl (m17 EZ_)n(U)); mO) (1 - ajj_lmo)]‘moe(o,mfl] dmo Y dm"—l'
R+ J
By the estimation (A.27), for ¢ > 0, we can find j such that for all 7 > jo,
(Ry x (0,27 ) N K = (0,27 '] x Ry) N K =0,

and for (u,v) € K,

M_1|(V(t))n hj(u7 U)| S(l - xj_lv)]'vE(O,x;w + sup / g (t7 Us m) (1 - l.]—lm) dm
(u,v)eR? JO
2./ ;
ux]) e "t < e/ M,

t

< sup I (
u€R

1OV ()" By, )¢ <e.

In addition, by bi-continuity of both W (t) and S;, and the ||-||-boundedness of
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(V(t))", we have
lin | (V ()" llye = 1l = 0.

for all sufficiently small x;. Together, we can choose such j, uniformly for ¢ on
compact intervals.
Now, since fj vanishes as one or both components tend to 0, and uce—lim;_, fj =

0, we can find j; such that for all j > j,

fj (uv U)‘
sup ——
(u,v)GRQJr I+u+w

It follows that for all j > jo V j1, and each (u,v) € K,

) (e—liltV(t)>" filu, v)) < (V)" by, v)| + ‘ (e"MtV(t))n filu, v)‘ <et (L+utv

H (e*\ﬁ\lﬂ/(t))n fjHK < (24 Jut o]

This concludes the local bi-equicontinuity.

In the next part, we show that both C>°(R%) and (o — £ — H)C(R?) are
bi-dense subsets of BC (R2).

The first half of the statement is true because, by Lemma 5.12, C.(R%) is bi-dense
in EE’(Ri), and it is well-known that C2°(R?) is ||-||-dense in C.(R?).

By Proposition 3.25, (S;),», and (7;),s, restricted to Co(R3) are strongly con-
tinuous semigroups, and their generatorsiare extension of operators (£, C°(R3))
and (H,C°(R?%)). By Theorem 2.12, [16], (£,C°(R%)) and (H,C>°(R%)) are dis-
sipative. By Theorem 3.14 (iii), [49], (£ + H, C>°(R?%)) is also dissipative.

In Proposition 5.4, we showed that the (£ + H, C°(R?))-martingale problem is
well-posed. By Theorem 8.1.1, [50] and Proposition 3.4, [16], the closure of (£ +
H,C(R3)), denoted as (H—H, Dom (/H——H)), generates a strongly continuous
contraction semigroup on Cy(R?).

By Proposition 2.1, [16], for all & > 0, (a— L + H) is a one-to-one mapping from
Dom (E—i——”;‘-l) to Co(R%). From the property of the domain of strongly continuous

105



semigroups, we also know that
Dom (£ +H) C {f € C*'(RY) : (L + H)f|| < oo}

Let K C R? be compact, & > 0 and € > 0. Since (a« — £ + H)Dom (L + H) =
Co(R?) is bi-dense in @(Ri) For each h € EE'(R?F), we can find a ||-]|-bounded
sequence {hy, }nen C Co(R%) and some ng such that for all n > ng, ||h, — A, < 3

Let f, = (« = L+ H) 'h, € Dom (E + 7-[) Let {M,,}men be an exhaustion

€.

of Ri. For each n € N, we can construct a ||-||-bounded sequence {f,m}men C
C>*(R%) C D satistying fm = fn on M, . Since f, € Co(R2), such { frm bmen has
the property ||| — limy, 500 fam = fa, and ||-|| = limy, oo (L +H) fum = L + H f,, for
each n.

For any € > 0, there exist ng € N such that for all n > ny,

(o = £ = H) fan — bl < (@ =L+ H) fu = bl + allfn = fanllx
+ HE"FH fn_fnn HK

1 1 I
<§e—|—§e+ HE—l—’H(fn—fnn)HK < €.

The uniform boundedness of {(a — £ —H) fun }nen follows from the uniform bound-
edness of {h,}nen. Hence ucc — lim, yoo(a — L — H) fr, = h, which suggests that
(o — L —H)C>(R?) is bi-dense in EE’(R%F)

It is easy to check the uniform boundedness on C2°(R?):

S — W) -1
t

sup
te(0,1]

07 fH<sup 1w H'

te(0,1]

fH+ sup fH<oo.

t€(0,1]

As all four conditions in Theorem 3.26 are met, we can conclude that the bi-

closure of (£ + H, C°(R?)) generates a bi-continuous semigroup (U;),, given by

Uf=p— lim (V (£)>nf: lim (W (£> St)nf,
n—00 n n—00 n n

for all f € BC (R3) and uniformly for ¢ in compact intervals in [0, co). O
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Proof of Theorem 5.9. The main theorem 5.9 follows from Theorem 5.19. Since
gz € EE’(]R%F), U(u,v,to — t) = Uslgz (u,v) is the unique mild solution of (5.18)
(Proposition 6.4, [51]). From the standard probability interpretation of the solution,
we have

Uu,v,ty — t) =B, 153 Viara Zinsa) |

where 7A is the stopping time of one of Y; and Z, first hits {0, 00}. The boundary
condition at u | 0 alone suffices to define a unique solution because as we have

shown in the proof of Proposition 5.4, 7o = inf{t : ¥; = 0} almost surely. O

5.6 A closer look at the approximation

When the first-order operator H is simple enough, (7;),s, can be written explic-
itly and we can take W(t) = 7;. Notice in our proof, apz_irt from having smooth
coefficients, we only require the following:

Condition 1: For each ¢y > 0, we can find compact sets in [0,00)? such that
the characteristics (analogous to the solution of (5.24)) initiated in K will remain
in K up to time t.

Under Condition 1, the exact solution of the PDE associated with £+ H and the
same domain and boundary conditions, can be expressed in terms of the Chernoff

product formula.

In the following example, we are able to find the closed-form expression of the
Chernoff product formula through deduction. For straightforward comparison, we

use the same notations as our main problem, and only change the definition of .
Example 5.20.

8—U = —u82—U + auva—U + bva—U
ot ou? ou ov’

U(u,v,to) = 1gz2 (u, v), lig)l U(u,v,t) =0 for t € [0,1),

where parameters a,b € R.
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The characteristic equation of the first-order problem is

d—u——auv @——bv
dt_ ’ - )

dt

whose behaviour at ¢ — oo is (u,v) — (ugexp{—aveb™'},0). The solution of the

characteristic equation is
u(t) = ugexp{—ab'vg(1 — e ")}, v(t) = voe ",

and therefore we can write 7, f(u,v) = f(uexp{avb™(e7" — 1)}, ve™).

Condition 1 is satisfied, since for each compact set K, we can find K C [0, x]?
for some x > 0, and let Ky = [0, z] x [0, ze"]. Hence, the solution to the PDE can
be expressed in the form of the Lie-Trotter product.

We calculate the first few terms in the Lie-Trotter product sequence, and deduce
that

n—1 -1
(811771)”1]1{2+ (u,v) =1 —exp —u (Z hexp{rv(l — e_jbh)}>
=0
— 1 —expq —— - )
Jo exp{ab=tv(1 — e=t*) }dx

as h =t/n and n — 0.

We can verify that

u
U(u,v,t) = U, 1p2 (u,v) =1 — expq ———
( ) ot Ri( ) p{ fgo texp{ab—lv(l—e—bx)}dx}

is indeed a solution.

108



Proof. We denote eXp{_ngtexp{ab—lltv(le—b“)}dm} as exp{-} in the following proof.

-2

ou fo—t
i exp{-tuexp{ab'v(1 — e_b(to_t))} (/ exp{ab'v(1 — e_bx)}d:v) )
0
-1

U _ exp{} (/OtOt exp{ab~v(1 — e”w)}dx) :

ou
9 to—t -2
a_g = —exp{-} </ exp{ab‘lv(l — e_bx)}dx) ,
3u 0
to—t —2
o = —exp{-}u (/ exp{ab'v(1 — e_bm)}dx)
v 0

to—t
: / exp{ab'v(1 — e ") }ab (1 — e ") da.
0

It follows that

to—t
(exp{ab—lv(l - e_b(to—t))} -1+ av/ exp{ab‘lv(l _ e_bx)}(l . e_b”)dw
0
to—t
—av/ exp{ab‘lv(l — B_bz)}dx)
0
= O7

where in the last step, we use the following results derived through integration by

parts:

/00 exp{ab’lv(l — e’b“)}(—e’bx)dx = —(a’u)’l(exp{abflv(l — e’b(toft))} —1).

]
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Chapter 6
The subcritical parameter regime

In this chapter, we discuss the cases where the initial size of infection is not small
enough for us to apply Theorem 4.6 in Chapter 4.

The stochastic SIRS model is significantly more complicated comparing to SIS
and SIR models. This is because the SIS model is one-dimensional, and although
the SIR model is two-dimensional, one of its components monotonically increases

almost surely.

In this chapter, we focus on two types of initial states:

e Large initial size of the infected populations, i.e., Iy < N: we find that in this
case, if we also have that A\,(N) < 1 and v,(/V) tend to O faster than some
negative power of N, then the behaviour of the extinction time is similar to
the stochastic SIR model. This is discussed in Section 6.2.

Notice that this case covers the half of the critical parameter regime satisfying
Ao < 1.

e Medium initial size of the infected and immune populations: In this case,
we can approximate the stochastic SIRS model under critical scaling by the
corresponding deterministic model, until IV reaches a state sufficiently small

for Theorem 4.6 to be applicable. This is discussed in Section 6.3.

As we will show in Section 6.4, when the parameters are both bounded away from

the criticality, i.e., limy o0 Ao(IV) = A < 1 and limy o0 Yo(N) = Yiim > 0, the
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conditions for the medium and the large initial size of the infected and immune

populations overlap.

6.1 Introduction

The paradigm of this chapter is to compare the long-term behaviour of a Markov
chain with deterministic equations. The important result in this area is Kurtz’s law
of large numbers and can be found in [16]. It says that density dependent Markov
chains can be well approximated up to a fixed constant time by the solution of
the corresponding ODE, which describes their average drift. We briefly mentioned
the concept of density dependent processes in Chapter 2. By Kurtz’s definition, a
sequence of Markov chains { X"} yey is density dependent if Markov chains XV :=
N7X¥ N €N, has jump rates depending only on the state of XN

There is a large volume of literature proving Kurtz’s law of large numbers, with
various extensions with respect to different types of convergence and estimates of the
rate of convergence. Among those, we pay particular attention to the exponential

martingale estimate approach of [12], which is introduced in details in Section 3.1.1.

Mathematically, the extinction time problem of subcritical and near-critical epi-
demic models is related to the long-term behaviour of Markov chains near the stable
fixed point of their corresponding ODEs. More specifically, it requires that we ex-
tend the classical result to over a time interval that grows with N. The available
approaches are fundamentally related, and the key is to use the negative linear drift
of Markov chains near the stable fixed point. Barbour et al. [52] discuss a fairly
general set of models using integration by parts and exponential martingale esti-
mate of ODEs. However, as pointed out by [32], the results obtained in [52] contain
non-explicit constants, and their estimations are too weak to investigate near-critical
phenomena. Following a similar idea, the authors of [8] and [32] study specific one-
dimensional and two-dimensional epidemic models respectively. In their problem,
they can explicitly bound the non-linear part of the drift near the stable fixed point,
and thus obtain a much refined estimate. Alternatively, Foxall [6] solves the problem
by applying the ODE approximation to Markov chains under critical scaling (space
and time, e.g., as in Chapter 4 for SIRS models), instead of average scaling (N1
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in space). His argument uses a drift barrier estimate derived to solve problems in
a more general setting [53], and uses Lo-estimate instead of exponential estimate,
which is a weaker bound according to [12].

Our approach combines the advantages of both. By applying the integration
by parts to the critically-scaled Markov chains and then applying the exponential
martingale estimate of ODEs, we avoid the argument of martingale transform in [32]

and significantly reduce the algebraic work.

6.2 Large initial sizes of infection and immunity

In this section, we consider the case when limy_,o, A, < 1, and there exists €, > 0
such that v, = o (N~%), with initial states

lim I}Y/N >0, lim RY/N >0.
N—o0 N—o0

Before we state the main result of this section, we first introduce the following
lemma, which obtains the time it takes for the deterministic SIR model to travel
between two states. This will allow us to express our main result in a more concise
form.

Recall the deterministic SIR model (2.3) with parameter A\, > 0. In this subsec-

tion, (x1, z9, x3) represents the solution of the following deterministic SIR model:

dx

d_tl = —)\OIL’1$2,

dIQ

% = )\Ol‘le — o = )\O.TQ(]. — X9 — x3) - I27
dx

Here, as well as for the deterministic SIRS model in the next section, we state
all three components, since we will use both representations (x1,xs2) and (xs,x3)
of the solution. We use variables z;, i = 1,2,3, since we have used (y, z) for the

deterministic model under critical scaling in Chapter 4.
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For each N, let (2 (¢), 2)Y(t)) be the solution of (6.1) with

(21 (0), 23'(0)) = (20, % )-

Let tXs (a — b) be the time taken for 2 to travel from a to b.
Recall our discussion in Lemma 2.3, where for each y € [0,4{), 0 = 6" (y) is the

solution of

log (6/x)

R

—0=uy. (6.2)
Let 0%V := 0* (2}, yl'; Ao) = limgyo 0™ (a).

Lemma 6.1 (Elapsed time of the deterministic SIR model). For each N, 0 < 6%V <
b(N) < a(N) < zl¥, we have

-1
a log (u/xN

i (@ —b) = / u™! (xév + oy + M - u) du. (6.3)
b o

Also, there exists constant ksir such that for any a = a(N) [ 0 as N — oo,
ksir = ksir(zd), v's Xo) = A}im —loga™ + (1 — A\0"Mtiin (xév — QN(a)) i
— 00

Remark 6.2. When ), is independent of N, the statement on i (¢ — b) and 6
above is consistent with J(b, a) and function 6 defined in [1].

Proof. See Appendix A.1. m

Our main result below suggests that when 7, tends to 0 sufficiently fast, and the
initial size of infection is of order N, the behaviour of the stochastic SIRS model
resembles the stochastic SIR model, as studied by [1].

Theorem 6.3. Consider the stochastic SIRS model defined in (2.5) with parameters
My o0 Ao(N) =t Njimn, < 1 and 7, = o (N~%) for some e, > 0, and initial states

lim IY/N >0, lim RY/N >0.
N—oo N—oo
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Then we have

—w

P [( — N5, VTN — kgir — log N — log(1 — Nim05;,,) < w} — e ¢

where 67

= limy e 0% (2, yd s No), and ks = ks (%, f{}, A ) are defined

in Lemma 6.1.

The idea behind the proof of Theorem 6.3 is that we can approximate the stochas-
tic SIRS model by the deterministic SIR model until I} is sufficiently small, and then
we can apply the extinction time result for small initial infections in Theorem 4.6.

We refer to the part of the stochastic SIRS model that closely resembles a de-

terministic SIR model as the ‘initial phase’ of the epidemic.

Lemma 6.4 (Initial phase). Under the same assumptions as in Theorem 0.3, define
X" =IY/N, X" = RN,

then we have for any t1(N) < ze,log N +¢1, ¢; € R,

1,
8¢
P S.up|XN1—31:2 )|+ | XD =2l (s)| = N> | -0, N — oo,

where (x| xY) is the solution of the corresponding ODE system (6.1) with initial

condition

(23 (0),25'(0)) = (Ig' /N, Ry /N).

Proof. We use the ODE approximation argument introduced in Section 3.1.

As stated in Section 3.1, X has the following decomposition
t
X =Xp" + / Ao (1= XN — XN2) XN — xN1ds + M,
0

t
X = Xév’2+/ X =y, X M2ds + M,
0

where MM i = 1,2, are zero-mean martingales.
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It follows that

t
X = O] I - O+ [ AP = ()] £ A |X0 - ()]s
0
+’MtN’1‘7
t
X2 - (0] < = O+ [ X 1 (9] + X + 217
0

We combine the two and obtain for each IV,

sup!XéV’l—xéV(s)‘+|XéV’2—x3 ‘+ )XNl—xQ (O)‘+‘Xév’2—xév(0)’

s<t1
t1

+3/ (sup!XNl—:U2 ‘+|XN2—x3 |+ )d
0

sup (| M+ MY+ 22
s<ty 3
By Gronwall’s inequality,

sup | XN — 2 (s)] + | X2 — 2 (5)| + 22 (6.4)
s<t1 3

T

Applying Proposition 3.2 where we choose a(N) = t1(A,(N)+1)/N when i = 1 and
a(N) =t1(7,(N) + 1)/N when ¢ = 2, we have

Xév’l—xéV(O’ ‘XNQ—xg(0)‘+Sup‘MN1‘—|—{MN2‘+ >3t1.

{sup}MNlh— ‘MNQ‘ > 2N~ EV] <P {sup|MN1| > N~ 6”} +P [Sup|MN2| > N~ 6”]

s<t s<t <t1

Nl 26—\/ Nl QE—Y
<2 - 2 —— %> =0(1).
< eXp{ 4<1+Ao>t1}+ e’“’{ 4<1+%>t1} o)
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By (6.4),

P |sup [ X" — 2 (s)] + [ X1 — af(s)] > N]
Ls<t1
<P [sup | XN — 2 (s)| + |XV2 = 2l ()] > <2N*€” + %) eﬂ

Ls<t1

<P |sup |[MM'] + |MN?| > QN_“] =o(1).
Ls<t1

where we use the fact that

(2N—€v n %) S < gN—EveﬂNSEw — o (N—%Ev) .

Now we are ready to prove the main result of this section.

Proof of Theorem 6.3. We write for shorthand the following quantities in Lemma 6.1:

. L(N—Iy—Ry I N—Iy— Ry I
0 (N) =0 (%, NO;)\O) , ksir := ksir (#,NO;)\() .
First, we note that

N —1Iy— Ry I
hm ()\;1 — 0* (%7 Noa)\o)) = (>\l_1711 - gikzm) > 0.

N—oo

For each N, let
*\—1 )\0
tl(N) = (1 — /\09 ) k?SIR + gev 10g N.

For € = €,(1 — M\ymb};,,,), by the definition of kgig in Lemma 6.1, we have z2'(t;) =
N=5¢ and 2 (t;) ~ 1 — 6* > 0.

By Lemma, 6.4, with probability tending to 1, Xg’l — a:év(tl)‘ and ‘thlm — 2l (t)
are smaller or equal to N -3,

Since I} < N'=¢/8 4+ 2N1=¢/2 with probability tending to 1, it suggests that,
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starting from time t;, we can apply Case 2.2 of Theorem 4.6 and have

—w

P [(1 = Nimbi) (T2 — t1) — log(1 — im0y ) 1) < w] — 7€,

where 60} = limpy_,o 0*(N).
A Zme*zm 1 *
(1 — Xm0y, T — 1_1—)\017%1}{ 36 €4(1 = Nimbyyyy,) log N

~log N'=%¢ _log (th’ N ) “log(1 — Namb)
:(1 — )\zz‘m%m)ToN — kSIR — IOgN — lOg(l — Ahmel*m) + 0(1),

It follows from Lemma A.4 that

—e W

P [(1 — Nim05, )TN — ksir — log N —log(1 — Xim5;,,) < w} —e

6.3 Medium initial sizes of infection and immu-
nity

In this section, we assume that the parameters satisfy (1 — \,)N'/3 = A — o0

and N3 =~y = oc0.

=

1 o0 —<1—)\O>

Figure 6.1: Parameter regime: the shaded area represents the regime of interest.
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Similar to the previous section, this section starts with the necessary variables
to represent the elapsed time of the deterministic model, before we proceed to the
statement of the main theorem.

Recall the deterministic SIRS model defined in (2.6). To avoid ambiguity in nota-
tion, we will denote the solution of the deterministic SIRS model as (z1(t), x2(t), z3(t)):

dx

d_tl = (1 — 21 — 23) — Nox122 (6.5)
d

% = A\oZ1T9 — Ty = >\o(1 — T2 — $3)$2 — Ty,

dl‘g

— = T2 — Yol3,

dt 2 — Yox3

Lemma 6.5 (Elapsed time of the deterministic SIRS model). Let (z1(t), z2(t)) be
the solution of (6.5) with (x1(0),22(0)) = (So,%0). Let tsirs (m — n) be the time it
takes for x4 to travel from m ton, 0 <n <m <iy. Then

toims (m —» 1) — / @dy, (6.6)

n

where v(y) is the solution of differential equation

d o o )\o o .
L (AO + l) +0° (Ao + AoYo + u) .y € (0,4),
dy y y
with the end condition v(iy) = m
Proof. The proof is a simple manipulation of (6.5), see Appendix A.2. ]

Remark 6.6. When the initial states and parameters depend on N, tgrs (m — n)
is defined for all sufficiently large V.
When 7, = 0, for each IV,

tSIRS (m — n) = téVIR (Q(m) — Q(H)) .

Now we are ready to state the main result of this section.

Theorem 6.7. Consider the stochastic SIRS model defined in (2.5) with parameters
Mo = M(N) 11 and v, = vo(N) 1 0, satisfying (1 — \g) N3 — 0o, 7,N/3 — oo,
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and limpy_, o % # 1. If v, < 1= X\,, we in addition require that there exists some
small €, > 0 such that N%pyiﬁp <L1-A,.
Suppose the initial states of the model satisfy for some constants c,,d,,c, > 0

the conditions

N1 = Xo)v
IN = I,(N) < |d

0 =)= | A )
N iy, < 1= N,

c.(1 —X,)N, otherwise.

ey(1 = X)W N |,

R(])V = Ry(N) <

Then

—w

P [(1 - )\O)T(fv — (1 = Ao)tsirs (ION_1 — a) —loga —logN(1—),) < w} —e ¢

where a = a(N) > N~ can be chosen arbitrarily, as long as a = o((1— \,)7,). The

asymptotic distribution above is independent of the choice of a.

Remark 6.8. We do not have a result for the exact asymptotics of
(1 — )\o)tSIRS (]ON_I — CL) -+ loga

under the assumptions of Theorem 6.7, besides that it is O(log N). We know this
because [yN~! < 1 and a(N) > N~! and we know that x5(t) decays as fast as
e—(1=20)t

However, we do have the exact asymptotics of this quantity when A\, < 1 and
v, > 0 have limits bounded away from the criticality, which allows us to give a more
accurate description of the asymptotic distribution for some special cases. This is

discussed in Section 6.4.

For our purpose, it is easier to work with a change of variables. Therefore, in the
first subsection below, we introduce the change of variables and the integration by
parts transformation to the scaled SIRS model (Y, ZV) defined as in (5.2). In the
second subsection, we will state the precise form of the main result and complete

the proof.
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6.3.1 Transformation to (Y, Z%)

Recall the scaled parameters (5.1) and the scaled process (5.2):

AN) := (1= A)NY2 y(N) :=7,N'3,
YN o Iﬁl/% ZN L R%1/3t
toT N1/3Y toTN2/3

In the case when A # ~ for all N € N, we can perform a helpful change of
variables so that the stable manifolds of the corresponding ODE are tangent to the
axes at the origin. For the case where A= ~ for some N € N, we expect that we
can perform a different change of variables analogous to [8], and the treatment will
be the same in principle. Since our focus is on the scaling of the parameters, we will
only discuss the case when A # ~ for all N € N.

Similar to above, we introduce the notations

~ ~

AV == AN V), (AA3D) == AN) AY(N).

To avoid too many variables, we will recycle the definition of the stochastic processes
XN, MY and V¥ from previous chapters.

Introduce the change of variables to the scaled stochastic SIRS model (Y, ZN)
defined in (5.2) as the follows:

ERRSCC R
zZN A=)t 1) \zZN

The process (YN, ZV) has the following transition rates at state (y, 2):

N—1/3
(y,z)—)(y+N‘1/3,z+ - >,atrate

A=7
R N—L/3 .
NZ3(1 = AN"Y3) (1 +y ( : — N—2/3> — zN-l/S) v,
A—7
(y,2) = (y,2 — N73) | at rate N*y(—(A — )"y + 2), (6.8)

N71/3

(y,z) — (y—N_1/3,z— A—+N_2/3) , at rate N2/3y.
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It has the drift coefficients

pTY) = =ATY 4, (PV(A =) = N7V =7V ZY),

1— AN . SN

A)‘—(YN)2(()\ _ 7)—1 _ N—1/3) _yNGN
-7

. A - . - - -
=2V 7 (A=) N T2,

w(ZV) = —ZN +

>~

and the diffusion coefficients
PA(TY) =V (2= AN 4 AN (VA=) = N = 2V))
H(ZY) =VN(A =) (A + N7V (FV (A= 9) 7 = N7 = 2)
H(A =N = 1)) + Ny (YN (A=) 4 27)).

By the properties of the continuous Markov chains, we have the standard decom-

position

t

TN =T [ AT Nds TN (N - (=) DT 4 2 ) ds o MY (09)
0

- - b Ao~ . - -
2 =2 = [ 92 = N (V= B ) T 5 2 M,

Ni . .
where M, i = 1,2, are zero-mean martingales.

The mean value ODE for each N is

di/dt) (A 0N (BY v s 1
(@19 (3 ) () oo ()
(7(0), 2(0)) = (5", 20, (6.10)

whose solution is denoted as (g%, zV).

We introduce the function fN(y,z) := y(N~Y/3 — (A —~)~!) + 2. Performing
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integration by parts on (6.10), we have

gV (t) = eV (0) — A / e A=IGN (5) N (57 (5), 2V (s))ds, (6.11)

V() = e EN(0) — Ao(A — )7 /0 e VE=IGN () FN (N (s), 2V (s))ds.  (6.12)

There is a corresponding representation of continuous-time Markov chain (YN, ZN),

according to Lemma 4.1, [54].

< t - N - <
YN =Y - / e MYV V(YN ZN)ds + e MV (6.13)
0
- - Ao ¢ - o
ZN = ez — / e MY NNy N ZNds + e VN2, (6.14)
A—7vJo
where
t
v ::/ e dMN, (6.15)
0
t
vV? = / e dMN2, (6.16)
0

To find fluctuation bounds for V¥, we define
t ~
XN = / e dy N, (6.17)
0

t
N,2 ~
X :/ ez,
0

where b = \ and by = 7.
Let JV and ¢V((YN,ZN),4), j € JV, be the set of possible jumps and the

corresponding transition rates of (Y, ZV). Then for i = 1,2,

t
ARED AR G / > a2, 5)e jids,
0

jeJnN

where j; is the i-th component of j.

We will discuss the fluctuation under different parameter regimes below, and
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prove the ODE approximation respectively.

6.3.2 Proof of Theorem 6.7

The idea behind the proof is that under the assumptions above, the scaled,
transformed stochastic SIRS model (Y/N L ZN ) can be well-approximated by the cor-
responding ODE (6.10), up until IN = N'/3Y;¥ and RY = N?3Z} are small enough
for us to apply Theorem 4.6.

Proposition 6.9 (Initial phase). Consider for each N € N the Markov chain
(YN, ZN) defined in (6.8), with parameters A\ = (1 — A)NY3 = oo and v =
N3 = oo, and initial states satisfying YN € [y.,y*] and ZY = O (5\ A 'y> where
Yyt = cyjry for some ¢, > 0 and y, = 5\1_67 for some sufficiently small constant
e > 0.

Let (N, 2N) be the solution to (6.10) with (5~ (0), 2V (0)) = (Y{", ZY). For any
constant t > 0 independent of N, we have as N — oo,

P {sup

s<t

YN~ gN(s)’ > (AV )% and sup

s<t

zN — 2N(s)‘ > 5()\ Y 7)26] =o(1).

To prove this, we first need to introduce some new variables.
Define t, := inf{t : gV (¢) < 5.}, 0YVN ==YV — §N(t) and 6ZN .= ZN — 2N (¢).
Define the stopping times

> (AVAy) % or ‘52?7

% = inf {t ; ’5}7tN > 2(5\ \/7)_26}7

oy = inf {t : ‘(5}7;]\7 > 2(AV ) or |62

>2(AV 7)26},

and

= inf {t : > (AV 7)1_36}.

Clearly 75 < 7'y -a.s.

We can derive estimations for ¢ (¢) and zV(¢) from (6.10).
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Firstly, it is easy to see that ¥ monotonically decreases. Multiplying (6.11) by
(A —~)~! and subtracting it from (6.12), we have

~

(0] =[e 2 (0) + 5O =) — e NN O) (A=) !

gng(o)‘X—y‘_l+ 2¥(0)| = O(A A 7). (6.18)
Returning to the original variables (y™ (t), 2" (¢)), we have
dy™ [t = =Ay" = Aoy(N"oyN 4 2V) < Ay,
and therefore
g (1) =y () <y (0)e. (6.19)

Furthermore,

l
_ /0 |
< /0 (N”%N(O)eis +e 7|2V (0)| +

_1) gNA(O) + ‘ZN(O)} _ O(l)
A v

P26 as= [

NN (s) + e 2N (0) = e g (0)(A =)

o 1 S
A — ’y’ g]N(O)eAs> ds

< (N1/3+ ‘5\—7

The next lemma gives us the bound for V.

Lemma 6.10. For any tyg > 0, € < %,

P| sup ’VSNJ’ > 62;\“’(5\ Vv 7)1_31 — 0,

sgto/\TQNX

P| sup ’VSNQ’ > eQVtO(S\Vv)_3E] — 0,

SSto/\TQNX

as N — 0.
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Proof. The proof is an application of Proposition 3.2 to the process X defined in
(6.17).
In the following, we use the fact that

ZN > Y/N()\ - 7)_17

and therefore almost surely

1+YVN (N1/3

3 N—2/3) — ZNNY3 € (0,1). (6.20)
-

For all sufficiently large N, conditioning on the event {t < 73 }, we can apply (6.20)
to the diffusion coefficient o2 (ffsN ) and have for 7 = 1,

t kN ~
/ Z q . 6 sj@')zds S 2/ €2ASYSNdS
0

eJN

e — 1
e p— (c)\ +2(\V 1—2€>
% yAY +2(AV )

§e2:\t(5\ Y ,Y)l+e.
We can choose § = 625‘t0(5\ V v)}73¢ and then by Proposition 3.2,

645\t0(5\ v 7)2766
e2Mto (;\ V )it

P [ sup |V > 62;\t°(5\\/7)136] < Zexp{—

SSto/\TéNX

}—>0, N — o0.

Similarly, for ¢ = 2,

/ Z q 7j 678‘70 d

jeJnN

eth_l R 3 R R o 3 R B
< (=772 (B 20V )1 72) + N3 (2(A v )2

_.I_
~ ~ -1
+ (N—2/3 + (A=) 2N B[R ] ) (b +200v ) 2)}

Se%t(jx Vo)

24(0))
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For any t, > 0, we can choose § = ¢20(AV~) 73, and then by Proposition 3.2, when

constant € > 0 is chosen to be sufficiently small,

~ 4vto 5\ —6¢
P [ sup |V | > 62“0()\\/7)36] < Qexp{— TR V) } -0, N — oo

s<toAtdy et (AV ) ite
[

Proof of Proposition 6.9. Subtract (6.11) from (6.13), we have

- - o - N N .
T =0T <, [ (TN ZY) - )£ 6,2 ) ds o M
0
(6.21)

Taking absolute value on both sides and then the supremum over time interval [0, ¢],

we have
- ~ ~ t < ~
eMosup |6V S‘(SY[)N —|—/ e sup |6Y.N ’fN(gN(s),ZN(s)) ds
s€[0,t] 0 u€l(0,s]
to - ~ -
+ [ sup (o420 - @ .2V s
0 u€(0,s]
t N N <
s [P U2 — 1Y), 6 s + N sup [V,
0 s€[0,t]
~ - ~ t o ~
eM sup (5Y;N’ §‘5YON’ —i—/ e sup |6V ‘fN(gN(s),EN(s))’ds
s€[0,t] 0 u€|0,s]
to - . -1 ~ ~
—i—/ e sup |6V (Nl/?’—k‘)\—fy ) sup [0V V|4 sup |62 | ds
0 u€(0,s] u€(0,s] u€(0,s]
b < R -1 - ~
—i—/ MM (0)e (N1/3~|— A—7 ) sup |0V N| + sup [0Z)]| ] ds
0 u€l0,s] u€(0,s]

+ e;\t sup ‘VSN’I
s€[0,t]

)l

where we use

PN, ZY) = NN (s), 2N (s) = (N7 = (A=) oYY + 6ZY.
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By Gronwall’s inequality (Theorem 3.3), we have for t < 73’y A7),
" (0)t>
s€[0,t]
¢ ) » A
sl (v o e
0

exp{Z <N1/3 + )5\ —y
+ sup

e oYy VN 4 sup (62N
s€[0,t]

sup < (‘(5}70]\7’ + M

1\ . .
> AV + 20V 7)2675}

L |74 oZN

— +
A g

ng(O)t> exp{Q (N1/3 + (X _y

_1) (5\\/’)/)4—1)}.

Hence, for constant ¢ < 75y A 7y, given our assumptions to " (0) and ZV(0), there

< |ove
u€l0,s]

exp{2(5\ Voy) Tt ((N1/3 + ‘5\ —

exists a constant ¢y > 0 such that for sufficiently large N,

ej‘t (5}~/SN V;N’l + sup 525
u€(0,t]

sup
s€[0,t]

5}75N’ < (

Similarly, from (6.12) and (6.14) we have

< (\M%N( + M @N<0)t) e,

VN 4 sup [0ZY

u€[0,t]

sup
s€[0,t]

gN(O)e—”t> e® < (AV )% (6.22)

t
SZ¥ =02 0 [ (VTN 2 = G (9, 26D ds + VY
),
=02y — (A=Y + (A=) = (A=) TV R v

The fluctuation of ZV can be bounded by a combination of the fluctuation of YV
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and martingales V™V 4 =1,2:

-1

. . < . < -1 .
sup |62 §‘5Zév‘+’)\—'y (5Y0N’+‘)\—’y‘ sup |6V
s€[0,t] s€[0,1]
. -1
+ )\—’}/‘ sup |VVH + sup [VV?,
s€[0,t] €10,t]
- . -1 . . -1 <
sup |62 S’/\ -y AV ‘)\ - 7‘ AV 4 (Avy) e (6.23)
s€[0,t]
3«
Si()\ V)T

Together with (6.22) and (6.23), we can see that 7,y A 7 < 7% almost surely.

Combining with 78 < TQJ\,]X almost surely, we have for any constant ¢ > 0,
Plry <t] <P[r) <],

and the statement follows from Lemma 6.10. ]

Proof of Theorem 6.7. Under the assumptions in Theorem 6.7,

~

3 A ) 5 e -1 .
YON:I{)VN‘We[dyé,cyM, Zévx)q‘)\—y‘ +FAANY=0AA7),

which satisfies the conditions of the initial states in Proposition 6.9.
Take a sufficiently small constant ¢ > 0. The time it takes for 7V to reach
Yo = A%y, denoted as ti;, equals to N™3tgrs (I/N — (1 — A)' ™).
o logS\ _
By (6.19), tini < == = o(1).
It is sufficient to take ¢ = 1 in Proposition 6.9, and we have that, as N — oo,

3 .

P [sup §(>\ vV 7)26] = o(1).

s<1

YN - ng(s)‘ > (AV )72 and sup
s<1

ZN z%)‘ >

With probability tending to 1, the event

{

VN — gV (timi) | < AV )% and

tini

ZN = 2V (i)
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happens. Conditioned on this event,

I]]VVI/StZ.m — Nl/Bi};Zl < N1/35\176,}/ (1 + 5\76 _i_fnye) — N(l . )\0)17670 <1 + 5\76 +772€> :

R%I/Stmi = N2/3Z£]Xn = N2/3 (ZN(tmi) + (5‘ \% 7)_%) )

where 2V (tini) is the solution of the ODE system before transformation:

~

N (ting) = 2 (bing) — (7 = 7) TG (fini) = €702 (0) 4 (A — 7)1y (0) (e mi — =M
0(), 7< A
O (5\1_%> , otherwise.

It is easy to check that this satisfies the conditions of Case 1.3, Theorem 4.6,

and therefore

Hm P [(1—X) (T — NY3%,,,) —log(1 — A)aN < w]

N—oo

= lim P [(1 = A\)T — (1 — A\o)tsirs (Io/N — a) — loga — log(1 — A,)N < w]

N—oo

where a = (1 — X\,) 7 ,.

The asymptotic distribution should be independent of the choice of a. This
is indeed the case when a is sufficiently small. Consider 0 < a1(N) < as(N) =
o((1 = A)yo)- By (A12),

O (a) = 23 (timi) = O (237(0) + 23 (0)[1 = Ay = 70| ") = 0(70)-
Then we can apply Lemma A.3 and have

(1= X)TN — (1 = Ao)tsms (I/N = as) — (1 — No)tsirs (a2 — a1) — loga;
—log(1 — X\,)N
=(1 = X)TY — (1 = M)tsrs (Io/N — ag) —logas — log(1 — A\,)N + o(1).

The statement of Theorem 6.7 follows from Lemma A.4. ]
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6.4 A special case of Theorem 6.7: strongly sub-

critical

In general, we do not know the asymptotics of tgrg (m — n) when m,n are
functions of N and A\, = A\,(IV) 1 1. However, we do know that when A, is bounded
away from 1, tgrs (m — n) is the sum of a constant and a term of order log N.

More precisely:

Lemma 6.11. Consider tgirs (m — n) defined in Lemma 6.5. When

lim A, = A\ < 1, A}im Yo = Yiim > 0, Ao(N) 4+ 7,(NV) # 1,
—00

N—oo

and
N N

I
lim 2 >0, lim R—°>0.
N—o0 N—o0

Then there ezists a constant ksirs such that for any a = a(N) — 0,
ksrg = A}l_r)n loga + (1 — Ao)tSIRS (IéV/N — a) .

Proof. See Appendix A.2. n

Theorem 6.12. Suppose limy 00 A\o(N) = Nimy < 1 and limy o0 Yo (N) = Yiim > 0
are constants independent of N, Njim + Yiim 7 1, and A\o(N)+7,(N) # 1 for N € N.
Suppose further that the initial condition satisfies

Iy RN
LD

Then we have as N — oo,

—w

P [(1 = Xo)T," = (ksins + log N +log(1 — A,))] = e~ ",

where ksrs s defined as in Lemma 6.11.

Proof. Notice that the proof of Theorem 6.7 up to the derivation of the asymptotic
distribution containing a covers the case where 1— )\, and ~, are bounded away from

0. Therefore, we can apply the same proof with ¢, = iy and ¢, = 1 and sufficiently
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small a = N7 ¢ > 0, and obtain the asymptotic distribution

lim P [(1— X)) — (1= Ao)tsirs (I — a) —loga —log(1 — AN <w] =e "

N—oo

What is different here is that instead of Lemma A.3, we will use Lemma 6.11 and

have

lim P [(1— X\,)T — kgirs — log(1 — Ag)N < w]

N—oo

= lim P [(1—=X,)T) — (1 — Ao)tsms (I — a) —loga —log(1 — A\,)N < w] = e

N—oo

—w

]
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Chapter 7

Numerical experiments

7.1 Method options

In general, there are two groups of methods to simulate the extinction time of

the stochastic epidemic models.

The first group of methods are designed to approximate the solution to the
Kolmogorov equation. In particular, to simulate the distribution of the extinction
time, we need to obtain the probability vector of the model at multiple time points.
One of the advantages of this type of method is that the error is easily controlled
by choosing appropriate step size.

Among the methods we are aware of in the first group, we find that the implicit
Euler method [55] is the most efficient. Even so, the time cost to approximate
the extinction time of a stochastic SIRS model at N = 10® is too much (roughly
25 days by estimation). Other well-known methods include the Krylov subspace
approximation (KSA) method (MATLAB Package expokit.m) [56], the finite state
projection (FSP) approach and its variations [57], etc. We find through testing that
KSA methods are not sufficiently efficient for our purposes, and FSP-based methods
are not suitable for large population cases.

It is worth mentioning that, according to [55], the implicit Euler method is es-
pecially efficient for the models where the population process and its embedded

counting process has a one-to-one mapping (e.g., SIR model). Such a model allows
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us to solve the Kolmogorov equation of the embedded counting process instead, and
benefit from the fact that the transition matrix is lower triangular after appropriate
reordering. However, neither the SIS nor the SIRS model has this property, which
makes it difficult to further simplify the algorithm.

The other group of methods aims to simulate the paths of Markov chains. The
naive method, known as the stochastic simulation algorithm (SSA or Gillespie),
simulates the sojourn time between consecutive jumps, and then simulates the type
of jump that takes place (See [58] for the description of the algorithm). It is often
regarded as ‘mathematically exact’, in the sense that the sample paths it generates
follow the same distribution as the Kolmogorov equation. The SSA method is
computationally expensive when we simulate a large population until its extinction.
Therefore, various methods are developed to approximate the SSA method, among
which we choose the modified Poisson 7-leaping method proposed by [58].

The idea behind Poisson 7-leaping is that, instead of generating a random so-
journ time as in the SSA, we preselect a sequence of time increments during which
the transition rates are not expected to change significantly, and simulate the num-
ber of jumps in each time increment by Poisson random variables. The criteria of
‘significant change’ is controlled by the parameter e.

However, since a Poisson random variable can take arbitrarily large values, there
is positive probability that this method will generate samples with negative states.
To avoid this, Cao, Gillespie and Petzold [58] propose the modified Poisson 7-leaping
method. The intuition behind this modification is that we set a number n., and
whenever a component of the model reaches a value below n., we simulate this
component by the SSA method. When n. = oo, the modified Poisson 7-leaping
algorithm is reduced to the SSA method; and when n. = 0, the modified Poisson
T-leaping algorithm is reduced to the Poisson 7-leaping method.

We find that, in terms of computation time, it is infeasible to use the SSA method
to simulate stochastic SIRS model with N > 107, especially for near-critical cases,

and introducing the 7-leaping method significantly reduces the computation time.
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7.2 Our implementation

We implement the simulation of stochastic SIRS models in MATLAB (R2019b)
using both the SSA method and the modified 7-leaping. The modified 7-leaping
method is used in near-critical cases where the convergence is slower and the com-
putation time for large N is very long. In general, we find that it is feasible to
simulate up to N = 10° for very near-critical cases. For comparison purposes, for
each result using the SSA method, we always present the counterpart result from
the modified 7-leaping simulation.

The modified 7-leaping method is an approximation to the SSA method. As
previously explained, the discrepancy between the SSA and the 7-leaping can be
tuned through n.. We set the parameters of the modified 7-leaping to be n, =
200, e = 0.02.

The value of tgirs (m — n) defined in Lemma 6.5 is obtained entirely numeri-
cally. Firstly, we obtain v(y) using MATLAB ODE solver ode45, which is based on
an explicit Runge-Kutta (4,5) formula named ‘the Dormand-Prince pair’. Secondly,
we use MATLAB trapz to perform trapezoidal numerical integration following (6.6)
to obtain tgirs (m — n). The step size in our numerical integration is determined by
the ode45 solver. We find that in MATLAB, tgrs (m — n) with v, = 0 converges
faster than t{g (9(m) — 0(n)) as defined in (6.3). This is particularly obvious when
6(m) is small. This is why we use the former when we plot the conclusion of Theo-

rem 6.3.

For each case, determined by (A\,(N),7,(N)) and (Io(N), Ro(N)), we run 700
simulations for a set of N of different orders. For each case, the results are presented
in three sub-figures. The time axes presented are always scaled according to the
scaling of the asymptotic distribution.

The lines representing different NV are colour-coded by a gradient from dark red to
yellow, where the closer to yellow, the larger the corresponding value of N. In all of
our figures, the dashed lines represent the simulation done by the modified 7-leaping
method and the solid lines represent the simulation done by the SSA method.

For each N, we randomly choose a simulation and present its sample paths as

follows: in each figure, we present in sub-figure (a) the log-scaled sample paths
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log(IY) (in the thicker lines) and logy(RY) (in the thinner lines) over the scaled
time.

In sub-figure (b), we present the histogram of extinction times for different N,
normalised so that the sum of the bar areas is less than or equal to 1 (i.e., sub-figure
(b) is a simulation for the probability density function of the extinction time). Sub-
figure (c) presents the histogram of extinction times for different N, normalised so
that the height of the last bar is less than or equal to 1 (i.e., sub-figure (c) is a
simulation for the cumulative distribution function of the extinction time). In (c),
the blue line represents the asymptotic distribution we have derived through anal-
ysis, and in (b) the blue line represents the first-order derivative of the asymptotic

distribution function.

7.3 Results

The figures below each present an example of one of the cases we analysed. We
can see that all our asymptotic results provide fairly good approximations.

Consistent with intuition, the strongly subcritical cases converge faster than
near-critical cases and the theoretical result reflects the simulation data well for N
as small as 10°.

For near-critical cases, the use of 7-leaping method significantly reduced the
running time. The discrepancy between the exact method (SSA) and 7-leaping also

appears to be small enough to justify using the latter.
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Case 1.1 (M\(N) < 1)
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Figure 7.1: Verification of Case 1.1 (A,(N) < 1), Theorem 4.6
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Figure 7.2: Verification of Case 1.1 (A,(N) > 1), Theorem 4.6
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oo Case 1.2
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Appendix A

Appendix

A.1 The elapsed time of the deterministic SIR

model

Lemma A.1. For b > 0,

b
/ logy'dy = blogb™' + b.
0
Proof. For any b > 0,
b b
0< liig/ logy~tdy = liﬁ)l —ylogy + y’ = liﬁl(b —a)logb™! 4+ alog(a/b) +b—a
=blogh™* +b. (A1)

[]

Proof of Lemma 6.1. For each N € N, let (' (¢), 2Y(¢)) be the solution to:

d.flfl

— = =\, T1%2,
o 122
dﬂ?g

—= = A\oT1T9 — To,
0t 122 2

(21(0),22(0)) = (z5". 9o ) € [0,1) x (0,1,
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then for a = a(N), 0¥ (a) = 2l o (x))7!(a) is the solution of the following:

N, N 1Og(9N/xéV)

Ty +yp + 3 -0V =a. (A.2)

From the first equation of the ODE system above,

-1

a log (u/zY

tjs\iR (a—b)(N) = / )\glu_l (xév + yév + M — u) du. (A.3)
b o

Take the derivative with respect to a on both sides of (A.2) and we have

doN oN
= @
da  M\;'—60N(a)

o

For sufficiently large N, a(N) € [0, 4], define D (6% (a)) = Mty (2 — 0V (a)),
and substitute u in (A.3) for O~ (a):

:L‘év 1 N yév
DE(@) = [ u (%w 3 Og(;b/"”ﬂ) - ) du= [0 ) a8 )
N (a) o a
u' doN u' oy
— N -1, —1 — Ny\—1 1
) 0" (y)" 'y m dy / (6%) A;l—ed ogy

7

a

yN
= (A =0%(y) Mogy|  — / Clogy (A, — 6Y)!
= (At =) Hogyy + (At —0Y(a)) M logat

o

vy
T / (A1 — 0¥ () 20N () log y~d.

The last term fay‘]’v (A1 = 0(y))30(y) logydy is non-negative and converges to a

finite constant, since

0N =) < 0N ()N = 0N () < ag (AT — ) for all y € [0,5'],

] ] o

where 0% = 0*(z), yl¥; \»), and both ends of the inequality above have a positive

limit as N — oo.
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By Lemma A.1, as N — oo, y) — i,

/ ZO(AE L= 0% (y) 0" (y) logy ' dy

increases and is bounded above, and therefore converges. In other words, let A\, 1=

*

limy oo Ao and 05, := limy_,. 07, then

(N

lim

— 6}, lim (D(6(a)) — (A, " — 0" (a)) " loga™)

N—oo

exists, which we denote as kggr.

Hence, as a | 0,

—loga™" + (1 = A0 tdir (29 — 6% (a))

01— 0" [D (6%(@)) — (3 - 0%(0)) " loga] 4 SO g
= =0 D (6% (@) = (X' - 0¥(@)  loga }+A;1—9N(a) g
)\;1_9*71\7 o iy N -1 N -1 -1
_m()\lzm_elzm) [D (9 ((I))— ()\o — 0 (CL)) loga ]
)\gl log(QN(a)/g*,N) —a B
loga
)
—ksIR.
where the second equality is due to (A.2). o

A.2 The elapsed time of the deterministic SIRS

model

Proof of Lemma 6.5. In this proof we use the notations =, = dx;/dt, i = 1,2.
Rearranging the second equation in (6.5) and differentiating by ¢, we have
/
)\oml = 2 i $27 (A4)
T2
232y — (5)°

/
)\O:Ul -

2
)
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Insert (A.4) into the first equation in the deterministic SIRS model,

B AoTa + Yo Th + T
)\0 T

13,1 = —(/\01'2 + ’Yo)flfl + ’Yo(l — .772) =

Together with (A.5),

zh +x
: 2 + )‘070(1 - $2) =

_)\o o
( x2+7) o l’%

I/Q/xZ - (IIZ)Q = _15/2()‘0173 + 70132) - ng‘o + >‘070) + xg()‘oryo - ’70)'

Since x5 : [0,00) — (0,1] is an injection, we can define for y € (0, 1),

Y
vy — ,
—zhoxy ' (y)
then
do __do(aolt) oy _ ()" ]
dry dt dt ()3

By (A.6), we have

ﬁ —.213/2()\0:5% + 70332) - x%()‘o + )‘070) + x%()‘of)’o - 'Yo)

+ 70(1 — Ig).

vyrs — (15)°

dxs (x4)3

>\o o~ Jo [
=03 (o + Ay — —22 Ty (), + 12,
T2 T2

Recall by definition

Then for 0 <n < m <1,

" v(xa)

X2

dl’g.

tsirs (M — n) = /

n
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Lemma A.2. Let (z9,x3) be the second and third components of the deterministic
SIRS model (6.5) with parameters A\, € (0,1),v, > 0. Then the following inequalities
hold:

cpe (1At Aama (Nt < g (1) < 25 (0)e (A, (A.10)
67(17)\0)1‘/ . ef'yot

l’g(t) < ZL’3(O) + .Z‘Q(O) /\0 T Yo — 1 5 (All)

ea(t) < (23(0) + 2201 — Ay — o[ e (A12)

for some constant cy depending only on x5(0), A\, and ~,.

Proof. 1t is easy to see
xo(t) < xg(O)e_(l_A“)t,
and

t t
x3(t) = e "tw3(0) +/ e =) gy (s)ds < 23(0) + 6_7"%2(0)/ o= 1HA0)s g g
0 0
e~ (1=Xo)t _ oot

Ao+ 7% —1

= 23(0) + 22(0)
We also have

t t
e¥tas(t) = 23(0) + / e’%xy(s)ds < x5(0) + / e~ Ao=70)520 (0)ds
0 0

< 23(0) + 22(0)[1 — A — 70| 7,

and (A.12) follows.
Applying the bound of x3 to the second equation of the deterministic SIRS model,
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we have

xo(t) =29(0) exps —(1 — A\o)t — A,

{ /
t 67(17}\0)8 e~ os
>;p2<0) exp{—(l — )\O)t — /\0/0 IQ(O)e_(l Xo)s —+ 1’3(0) + .I‘Q(O) /\O i Yo — 1 S}
Ao + Yo 1 — e~ (1720t 1—e
=x5(0 0 -
exp{—(l — A+ /\ox3(0))t}
>coexp{—(1 — A, + Aox3(0))t},
for positive constant ca = 5(0) exp{m}. [

Lemma A.3. Let (z,z) be the second and third component of the deterministic
SIRS model (6.5), and let ¢~ : a — 2l o (x))~1(a) map the value xY (t) = a to the
value of z¥' (t) for all t > 0.
For two states n(N) < m(N) = o ((1 — X)) for all N € N, if ¢ (m) = o(,),
then
(1 = Xo)tsirs (m —n) — log% =o0(1l), N — oc.

Proof. For the ODE expression, we have

de(t—2o)t g Y

(t) — 1-Xo)t,.N N N
T = =X (@) (2 () + 2] (1)) -

Consider 22 (0) = m(N) and x5 (0) = o(v,) and apply the bounds in Lemma A.2,
€002 (1) — 2(0)
t
:)\0/ el (s) (2l (s) + 23 (s)) ds
0

t
<X / 2 (0) (23 (0)e= (720 4 28 (0)e ™ 4+ 2D (0)]1 = Ay — 70| 'e*) ds
0

<3 (0) (2 (0)(1 = Ao) ™ + 23 (0)[1 = X — %] 125" + 25 (0)7, 1)
=25 (0)o(1).
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It follows that

m(1+ o(1))

(1 — Ao)tsims (m — 1) = log - log% +o(1).

[]

Proof of Lemma 6.11. To simplify the notation, we rename the variables )\, and
Yiim @S A and 7y respectively.

Firstly, given (25 (0), 25'(0)) — (22(0), z3(0)) € (0,1] x [0, 1], according to (A.10)
and (A.12),

i (t) - (2 (0) + 22 (0)[1 = A, — ’yo\_l) e ot
(g’ (£))e/@2mim) = (ol CF2m) xep {21 + Ypian )t - o/ (2 + 290m) }
_a O+ 1= X = _

- o i) (1), (A.13)
2
Next, we prove that for any a = a(N) | 0,
lim (a + ¢N(a)) loga™' =0, (A.14)
N—o0

where ¢" is defined in Lemma A.3. By (A.13), there exists constant b; > 0 inde-
pendent of N such that

N -1 -1
N o 9V (a) loga loga
(a4 0% (@) loga™ = s e T
loga=! loga=!
<b .
ey e vy H i —

Now we are ready to deal with the main problem.

For each sufficiently large N, applying integration by parts, we have

=N 0)
(1= Ao)tsms (29 (0) = a) = (1 — )\0)/ %dy

dv

25 0)
=(1 = AJu(a3 (0) log #3'(0) — (1 = A)v(a) loga — (1 = Ay) / o8 Y gy
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The first term above is independent of a, and the second term is

(1= X,)v(a)loga (A.15)
B (1—X,) _
=TTt V() loga™ (A.16)
=—loga '+ ), o+ o) loga™' = —loga™" +o(1),

1—X + Ao(a+ ¢N(a))

since by (A.14) as N — oo,

a+¢™(a) G N L
°T—= X + Aola + 6V (a)) loga™ < T latei(a)loga '=o(1).

What remains to prove is that the third term above is O(1).

x5 (0) dv
B logy- d AT
/a Ogydy y ( )
57 (0) M1 — g &N o
o [T Ay 6 ) gy 2 =0
xéV(O) a:é\’ (0) ¢N(y>
-2 [ oy -3 [ oy Wy (a9
a o Yy

By Lemma A.1, the first term of (A.18) is of order O(1).

For the second term above,

=N (0) N = (0) N 1 -1
/ ¢y(y) logy_ldy_/ ¢ (y) 0gy

1o/ @2 im) g 1—0] G+ 2m) Y

zéV(O) —1
<b / logy
a Yy

170/ (21 27im) Y-

The last line above is of order O(1) because for any 0 < k < 1, n >0

n n'~*logn ni=k

y=m  1—k +(1—k)2’

n 1 —1 l—kl 1-k
lim / og(zi ) Y losy Yy
ml0 y ml0 1—k (1—k)?

m

and is bounded.
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Hence we can see that indeed f;év © log yZ—Zdy = O(1) and thus we can define
ksirs = Nli_r)n(x(l - o) (tSIRs (xév(()) — a) —v(a)log a’l) )

From (A.16), we have

ksirs = lim (1 — X\,)tsirs (xéV(O) — a) —loga™",
N—oo
which is useful when we state our main result. O

Lemma A.4 (Taking the limit of the scaling). Let a(N), b(N) be functions of N
tending to either a positive constant or infinity and €,(N ), e,(N) — 0 as N — co. A

sequence of continuous random variables {T™ } yen has the asymptotic distribution
P [(a(N) + €(N)TY < w+b(N) + &(N)] = F(w), N — oo.

Then

P [a(N)TYN <w+b(N)] = F(w)
if and only if be,/a — 0.
Proof.

ba a
P[GTNSUH—I)} =P (a+ea)TN—b—eb§w+i+w€
a

— €p| -

A.3 Estimation of S;f for special functions f

Definition A.5 (Dirac d-function). The Dirac -function has the following heuristic

characteristics:

6. (z) = 00 x # a,

0 T =a,
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and

/_O; do(z)dx =

It can be defined as the pointwise limit of a sequence of normal distributions {d0§(z)}
as € | 0, defined as

The Dirac -function has the property

/ " F@)8 (@)da = (~1)"FO0), € CF(R).

We are able to obtain the exact value of S;f for a set of special functions f.

Lemma A.6 (Special integrals with g as kernel). Let

Ry(t,s,u) =S, (u” exp{—u/s}) = / g(t, u;m)m” exp{—m/s} dm.
0
We have

Ro(t, s, u) :exp{—i} —eXp{—E}, (A.19)

t+ s

and

k(t, s, u) Zu” —u/(s+0) (k> Efb : 3: (1+t/s)~Fngh, (A.20)

Proof of Lemma A.6 . Let X; ~ BESQ"(u) and recall the notations in Definition

5.5, we have that the Laplace transform of g(t,u;m) is
(Lg)(p) = / g(t,u;m)e™"™ dm
0
:exp{_l—fptu}/o g(t(l—i-pt)_l,u(l—i—pt)_z;m) dm

U { u}
=exps — — expy ——
PU T+ PU )
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and
Ro(s1,89,u) = Lg(1/s2).

For the second result, we consider the inverse Laplace transform of fi(t7!) =
mFe=™/t which is (L7' ) (p) = 6™ (p — t71). Let

Rk(t,s,u):/o g(t,u;m) fr(s™h) dm

[ o) b )

kdk(Lg)

_ -1
=(-1) i (s7). (A.21)
d*(Lg) S g
To evaluate g s We use Faa di Bruno’s formula.
Let h(z) = e™™, l(p) = 15, then

W (x) = (—u)e™, 10 (p) = (=1)* k(L + pt) D,

By Faa di Bruno’s formula [59],

1 E ) — )
= (1R AU B (D). 1)) (A22)

where By, denotes the partial or incomplete exponential Bell polynomials. It is

known that

Bkm(ajl, Loy ... :$k7n+1>
S G ()
N mylmeo! - mp_pyq! \ 1! 2! (k—n+1)! ’
where the sum is taken over all sequences my_,1 = {my, -+ ,mMp_py1} of non-
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negative integers such that the following two conditions are satisfied:

my+mg+ -+ Mppy1 =N,

my+2me +3mz+ -+ (k—n+1)my_pny1 = k.

Continue with (A.22),

d*(L S k! (L + pt)2\™
D ) = (o e Y| (e

n=1 my_pni1 mal Mh—n+1:
(=1 (k —n + 1)I(1 + pt)~(knt2)hon Mhoni
(k—n+1)!
k .
_(_1\k o A\n,—ul(p) : _1\k—n —k—nik—n
= (=1)F> (—u)"e > L A L
n=1 myg_p41
k X
_ n —ul(p) : —k—nik—n
=) u'e (L + pt) "
; m§+1 ml!...mk_nﬂl( )

By p.135, [60], we see that

k! k—1\k! kY (k—1)!
—— =By, (L2 (k- 1)! — = .
Z male Mg—ni1! ke (k=n+1)} (n—l) n! (n) (n—1)!

.. n+1-:
mg_n41

It follows that

k
0= I

]

The following tail estimate based on the first and second moments of X turns
out to be useful.

Recall our notation for the squared Bessel process X; generated by the semigroup
S;, with Xy = u. We have from Lemma A.6,

E [X] =u, E [X}] = 2ut + v*.
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By Chebyshev’s inequality, for u < M < K,

Var (X;) 2u
PIX,>K|<P[|X;,-E[X K—ul < = t
(X > K] < P[|X, [Xe] | > u]—(K—u)2 (K — u)?
2M
——+. A2
< TESTE (A.23)
It follows that
Eu [Xt]-XtE[A,B]} = / P [Xt]-XtG[A,B] > 3',':| dx
0
A B
= [ P[X,€[A, B]]d:c—i—/ P (X, € [z, B]] dx
0 A
2ut B out
<A d
<At o
A 1 1
= 2ut — ) A.24
" ((A—u)2+A—u B—u) ( )

Now we prove the second statement.

In Definition 5.6, we state the properties that the power expansion of the modified
Bessel functions of the first kind I,(z), a € N, is

o I(j + a)
The asymptotic expansion of I,(z) at infinity is

I, (z) = \/;%(1 +0(x™), a€eN,z— .
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By the Monotone convergence theorem, for each u € R, and t > 0,

T

¢ ]_ t2
P Xy <] =/ g(t,u;m)dm = lim W22 (tm)/ v Z Um/
0

n 2 ] T '
= lim t_zue_“/tz Lt))/ e~ ™tmd dm
0

n—00 s ]‘(]—‘rl !

< 1i —u/t Z (U$/t2)j+1
= nooo G+ DG+ 1)

6 ())

For given u > 0 and = < u/4, as t | 0,

o (0 () 1) Ll BN (M)

t t

For given u,t > 0,

2/
e vt ([0 ( u:z;) - 1) ~ x%e_“/t. (A.26)

t

Using a similar method, we also have

/ g(t,u;m)(1 —m/x)dm
0
— lim 1 w2 1/2 o (utm) /t\/ Z um/t 1

) ’ :
= lim t e~/ L/ e ™tmI(1 —m/z)dm
n—00 ]Z:; g1+ Jg

m/x)dm

n £2)j+1 n £2)j+1
S lim efu/t Z ( (U$/ ) — lim efu/t Z (UZC/ )
Jj= Jj=

o (o () oo (3)) - () (49)

<e W', (@) . (A.27)
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