Functional Limit Theorems for Non-Markovian Epidemic Models
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ABSTRACT. We study non-Markovian stochastic epidemic models (SIS, SIR, SIRS, and SEIR), in
which the infectious (and latent/exposing, immune) periods have a general distribution. We provide
a representation of the evolution dynamics using the time epochs of infection (and latency/exposure,
immunity). Taking the limit as the size of the population tends to infinity, we prove both a functional
law of large number (FLLN) and a functional central limit theorem (FCLT) for the processes of
interest in these models. In the FLLN, the limits are a unique solution to a system of deterministic
Volterra integral equations, while in the FCLT, the limit processes are multidimensional Gaussian
solutions of linear Volterra stochastic integral equations. In the proof of the FCLT, we provide an
important Poisson random measures representation of the diffusion-scaled processes converging to
Gaussian components driving the limit process.

1. INTRODUCTION

There have been extensive studies of Markovian epidemic models, including the SIS, SIR, SIRS
and SEIR models, see, e.g., [1, 2, 8] for an overview. Limited work has been done for non-Markovian
epidemic models, with general infectious periods, exposing and/or immune periods, etc. Chapter 3
of [8] provides a good review of the existing literature on the non-Markovian closed epidemic models.
There is a lack of functional law of large numbers (FLLN) and functional central limit theorems
(FCLT) for non-Markovian epidemic models.

In this paper we study some well known non-Markovian epidemic models, including SIR, SIS, SEIR
and SIRS models. In all these models, the process counting the cumulative number of individuals
becoming infectious is Poisson as usual with a rate depending on the susceptible and infectious
populations. In the SIR and SIS models, the infectious periods are assumed to be i.i.d. with a general
distribution, including deterministic, exponential, and many non-exponential distributions (see the
conditions imposed on the distribution in Assumption 2.1). In the SEIR model, the exposing (latent)
and infectious periods are assumed to be i.i.d. random vectors with a general joint distribution
(correlation between these two periods for each individual is allowed), see Assumption 3.1. The
same conditions are imposed for the infectious and recovered (immune) periods in the SIRS model.

We provide a general representation of the evolution dynamics in these epidemic models, by
tracking the time epochs that each individual experiences. In the SIR model, each individual
has two time epochs, times of becoming infectious and immune (recovered). In the SEIR model,
each individual has three time epochs, times of becoming exposed (latent), infectious and immune
(recovered). Then the process counting the number of infectious individuals can be simply represented
by using these time epochs. Similarly for the other models of interest.

With these representations, we proceed to prove the FLLN and FCLT for these non-Markovian
epidemic models. The results for the SIS model directly follow from those of the SIR model, and
similarly, the results for the SIRS model follow from those of the SEIR model, so we focus on the
studies of the SIR and SEIR models, and the results of the SIS and SIRS are stated without proofs.
The fluid limits for these non-Markovian models are given as the unique deterministic solution to a
system of Volterra integral equations. The limits in the FCLT are solutions of multidimensional linear
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Volterra stochastic integral equations driven by continuous Gaussian processes. These processes are,
of course, non-Markovian, but if the initial quantities converge to Gaussian random variables, then
the limit processes are jointly Gaussian. The Gaussian driving force comes from two independent
components. One corresponds to the initial quantities: in the SIR model, these are initially infected
individuals and in the SEIR model, these are initially exposed and infected individuals. The other
corresponds to the newly infected individuals in the SIR model, and the newly exposed individuals
in the SEIR model. These are written as functionals of a white noise with two time dimensions
(which can be also regarded as space-time white noise). Although the limit processes appear very
different in the Markovian case, they are equivalent to the It6 diffusion limit driven by Brownian
motions, see, e.g., the proof of Proposition 2.1 for the SIS model.

In the proof of the FCLT for the SIR model, we construct a Poisson random measure (PRM) with
mean measure depending on the distribution of the infectious periods, such that the diffusion-scaled
processes corresponding to the Gaussian process driving the limit can be represented via integrals
of white noises. This helps to establish tightness of these diffusion-scaled processes. For the SEIR
model, the PRM has mean measure depending on the joint distribution of the exposing (latent) and
infectious periods. It is worth observing the correspondence between the diffusion-scaled processes
represented via the PRM and the functionals of the white noise mentioned above. The PRMs are
also used to prove tightness in the FLLNs. These PRM representations may turn out to be useful
for other studies in future work.

1.1. Literature review. One common approach to study non-Markovian epidemic models is by
Sellke [21]. He provided a construction to define the epidemic outbreak in continuous time using two
sets of i.i.d. random variables, with which one can find the distribution of the number of remaining
uninfected individuals in an epidemic affecting a large population. Reinert [20] generalized Sellke’s
construction, and proved a deterministic limit (LLN) for the empirical measure describing the
system dynamics of the SIR model, using Stein’s method. From her result, we can derive the fluid
model dynamics in Theorem 2.1; however, no FCLTs have been establish using her approach.

Ball [3] provided a unified approach to derive the distribution of the total size and total area under
the trajectory of infectives using a Wald’s identity for the epidemic process. This was extended
to multi-type epidemic models in [4]. See also the LLN and CLT results for the final size of the
epidemic in [8]. Barbour [5] proved limit theorems for the distribution of the time between the first
infection and the last removal in the closed stochastic epidemic. See also Section 3.4 in [8].

Clancy [9] recently proposed to view the non-Markovian SIR model as a piecewise Markov
deterministic process, and derived the joint distribution of the number of survivors of the epidemic
and the area under the trajectory of infectives using martingales constructed from the piecewise
deterministic Markov process. Gomez-Corral and Lépez-Garcia [13] further study the piecewise
deterministic Markov process in [9] and analyze the population transmission number and the
infection probability of a given susceptible individual.

For the SIS model with general infectious periods, without proving an FLLN, the Volterra
integral equation was developed to describe the proportion of infectious population, see, e.g.,
[7, 10, 12, 14, 22].

It may be worth mentioning the connection with the infinite-server queueing literature. It may
appear that the infectious process in the SIS or SIR model can be regarded as an infinite-server
queue with a state-dependent arrival rate, and the infectious process in the SIRS or SEIR model can
be regarded as a tandem infinite-server queue with a state-dependent arrival rate; however there are
also delicate differences. See detailed discussions in Remark 2.1 and Section 3.1. We refer to the
study of G/GI /oo queues with general i.i.d. service times in [15], [11], [18] and [19]. Although the
representation of the epidemic evolution dynamics resembles those in [15], our methods to prove the
FLLN and FCLT are new by taking into account the distinct characteristics of the epidemic models.
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1.2. Organization of the paper. In Section 2, we first describe the SIR model in detail, state
the FLLN and the FCLT for the SIR model, and then state the results for the SIS model. This is
followed by the studies of the SEIR and SIRS models in Section 3. The proofs of the FLLN and
FCLT of the SIR model are given in Sections 4 and 5, respectively. Those for the SEIR model are
then given in Sections 6 and 7. In the Appendix, we state the auxiliary result of a system of two
linear Volterra equations, and also prove Proposition 2.1.

1.3. Notation. Throughout the paper, N denotes the set of natural numbers, and Rk(Rﬁ) denotes
the space of k-dimensional vectors with real (nonnegative) coordinates, with R(R;.) for k = 1. For
z,y € R, denote z Ay = min{z, y} and x V y = max{z,y}. Let D = D([0,T],R) denote the space
of R-valued cadlag functions defined on [0,7]. Throughout the paper, convergence in D means
convergence in the Skorohod .J; topology, see chapter 3 of [6]. Also, D¥ stands for the k-fold product
equipped with the product topology. Let C' be the subset of D consisting of continuous functions.
Let C! consist of all differentiable functions whose derivative is continuous. For any function x € D,
we use ||z[|7 = supyecp 7 [#()]. For two functions z,y € D, we use z o y(t) = z(y(t)) denote their
composition. All random variables and processes are defined in a common complete probability
space (2, F,IP). The notation = means convergence in distribution. We use 1(-) for indicator
function. We use small-o notation for real-valued functions f and non-zero g: f(x) = o(g(z)) if

limsup,, ., [f(x)/g(x)| = 0.

2. SIR AND SIS MODELS WITH GENERAL INFECTIOUS PERIOD DISTRIBUTIONS

2.1. SIR Model with general infectious periods. In the SIR model, the population consists of
susceptible, infectious and recovered (immune) individuals, where susceptible individuals get infected
through interaction with infectious ones, and then experience an infectious period until becoming
immune (no longer subject to infection). Let n be the population size. Let S™(t), I"(t) and R"(t)
represent the susceptible, infectious and recovered individuals, respectively, at time ¢ > 0. (The
processes and random quantities are indexed by n and we let n — oo in the asymptotic analysis.)
WLOG, assume that I"(0) > 0, S"(0) = n — I"(0) and R™(0) = 0, that is, each individual is either
infectious or susceptible at time 0.

An individual i going through the susceptible-infectious-recovered (SIR) process has the following
time epochs: 7;* and 7" + 7;, representing the times of becoming infected and immune, respectively.
Here we assume that the infectious period distribution is independent of the population size. For
the individuals I™(0) that are infectious at time 0, let 7Y be the remaining infectious period. Assume
that the 7;’s are i.i.d. with c.d.f. F, and 1) are also i.i.d. with c.d.f. Fy. Let F®=1— F and
F§ =1 — Fy. Let X be the rate at which infectious individuals infect susceptible ones.

We make the following assumption on F'.

Assumption 2.1. The c.d.f. F can be written as F = F| + Fy, where Fi(t) =) . a;1(t > t;) for
a finite or countable number of positive numbers a; and the corresponding t; such that ), a; <1
and tog <ty < ...t < ..., and Fs is Holder continuous with exponent % + 0 for some 8 > 0, that is,
Fyo(t + 6) — Fy(t) < 6?10 for some ¢ > 0.

Let A™(t) be the cumulative process of individuals that become infected by time ¢. Then we can

express it as A A, ()\n /Ot S (s) I”(s)ds) (2.1)

n n
where A, is a unit rate Poisson process. The process A"(t) has event times 7,*, i € N. Assume that
A, I(0), {n¥} and {n;} are mutually independent.

We first observe the following balance equations:

n=S"(t) + I"(t) + R"(¢),
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S™(t) = S™(0) — A™(t) =n —I"(0) — A™(t),
I"(t) =I1"(0) + A™(t) — R"(¢),

for each ¢ > 0. The dynamics of I™(t) is given by

1"(0) An(t)
")y=>Y 1) >t)+ > 1z +n>t), t=0. (2.2)
j=1 i=1

Here the first term counts the number of individuals that are initially infected at time 0 and remain
infected at time ¢, and the second term counts the number of individuals that get infected between
time 0 and time ¢, and remain infected at time ¢. R™(¢) counts the number of recovered individuals,
and can be represented as

17(0) AT (1)
RMt)= > 1) <t)+ > Ul +n <t), t>0.
j=1 =1

Remark 2.1. We remark that the dynamics of I"(t) resembles that of an M/GI /oo queue with
a “state-dependent” Poisson arrival process A™(t) and i.i.d. service times {ni} under the initial
condition (I"™(0), {77] }). Howewver, the “state-dependent” arrival rate An2iLs) (8) ! TES) not only depends
on the infection (“queueing”) state I"(t), but also upon the susceptible state S™(t). On the other
hand, S™(t) =mn — I"(0) — A™(t), so the “state-dependent” arrival rate is “self-exciting” in some
sense.

Assumption 2.2. There exists a deterministic constant I(0) € (0,1) such that I"(0) — I(0) in
probability in Ry as n — oo.

Define the fluid-scaled process X™ := n~'X™ for any process X™.
Theorem 2.1. Under Assumptions 2.1 and 2.2, the processes
(S " ") > (S.1,R) in D?
in probability as n — oo, where the limit process (S, I, R) is the unique solution to the system of
deterministic equations

S(t)=1-1(0) — )\/O S(s)I(s)ds, (2.3)
T(t) = T(0)FE(t) + A /0 Fe(t — 5)S(s)I(s)ds, (2.4)

/:El
Il

t

I(0)Fy(t) + )\/ F(t—s)S(s)I(s)ds, (2.5)
0

fort>0. S isin C. If Fy is continuous, then I and R are in C; otherwise they are in D.

Remark 2.2. We remark that the conditions on the c.d.f. F in Assumption 2.1 is required to prove
tightness in D, see Lemma 4.2. Without these conditions, we can prove the convergence of S™ in D,
but of I" and R™ only in L*(0,T), see Remark 4.1 below, and thus in LP([0,T]) for any p > 0 since
the processes take values in [0,1]. Similarly for the FLLN in the SIS, SEIR, SIRS models, which we
omit for brevity.

Remark 2.3. (the Markovian case) The ODE (2.3) for S(t) is the same as in the Markovian case:
S'(t) = —AS(t)I(t), with S(0) =1~ I(0).
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When F(t) = Fy(t) = 1 — e ", that is, the infectious period is exponentially distributed with
parameter 1 > 0 (mean p~t), we have

t
T() = T(0)e" + A / ¢=11=9) §(5)T(s)ds,
0
and by taking derivatives,

I'(t) = —pl(0)e ™™ + AS()I(t) — A\ / t e M=) S () (s)ds
0

_ _ _ P
=ANS(t)I(t) — pl(t) = pl(t) <MS(t) — 1> .
This is the well-known ODE for I(t) in the Markovian case. Similarly, we have
t
R(t) = I(0)(1 — e M) + A / (1 — e M=) S(s)I(s)ds,
0

and its ODE representation reads B B
R'(t) = pl(t), t>0.
These ODEs of (S,1I,R) are referred to as the Kermack-McKendrick equations [1, 8].

Define the diffusion-scaled processes
§1(0) = Vi (5"(0) - () = Vi (57— (1-10) - [ S(1s)as) ).
(@)= Vi (0~ 10) = Vi (176~ TR0 -3 [ 7= )85 ).
() = v (R (1) — R() = v (R%) -

These represent the fluctuations around the fluid dynamics. Observe that
S"(t)+I"(t) + R"(t) =0, t>0.

Assumption 2.3. There exist a deterministic constant I(0) € (0,1) and a random variable 1(0)
such that I"(0) := /n(I™(0) — I(0)) = 1(0) in R as n — oco. In addition, sup, E[I"(0)*] < co and
thus by Fatou’s lemma, E[f(O)Q] < 00.
Theorem 2.2. Under Assumptions 2.1 and 2.3, we have

(8", I",R") = (S,I,R) in D* as n— oco. (2.7)
The limit process S is

S(t) = —1(0) - A(t)
t
= —1(0) — )\/ (S(s)f(s) + S(s)f(s)) ds — Ma(t), t=>0, (2.8)
0
where S(t) and I(t) are the fluid limits given in Theorem 2.1. The limit process I is

I(t)=—=S(@t) — R(t), t>0,

which can be represented by

i) = T(0)EL(t) + A /0 R - 5) (S<s)f(s) + 5(s>f(s)) ds +Io(t) + Ii(t), t>0,  (2.9)
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where fo(t) is a continuous mean-zero Gaussian process with the covariance function
Cov(To(t), To(t")) = TO)(E(t v ') — FS(OES(L), 1.t > 0.
The limit process R is

~

R(t) = 1(0)Fy(t) + A /0 t F(t—s) (S’(S)f(s) n S’(S)f(s)) ds+ Ro(t) + Ru(t), t>0, (2.10)

where RO is a continuous mean-zero Gaussian process with covariance function
Cov(Ro(t), Ro(t') = LO)(Fo(t A ') = Fo()Fo(t)),  t.' >0,
and has the covariance function with Iy:
Cov(Io(t), Ro(t')) = (F(t') — F(t)1(t' > t) — F§(t)Fo(t), t,t' > 0.

The limit processes (M A,fl, Rl) are a continuous three-dimensional Gaussian process, independent
of (1o, Ro,1(0)), and have the representation

Ma(t) = Wg([0,1] x [0,00)),
Ii(t) = Wp([0,4] x [t,00)),
Rl(t) = WF([Oat] X [O7t])7

where Wr is a Gaussian white noise process on Ri with mean zero and

b
E [Wr((a,b] x (c, d])ﬂ = )\/ (F(d—s) — F(c—s))S(s)I(s)ds,

for0<a<band0<c<d.

The limit process S has continuous sample paths and I and R have cadlag sample paths. If the
c.d.f. Fy is continuous, then I and R have continuous sample paths. If .f(O) is a Gausstan random
variable, then (S’,f, R) 18 a Gaussian process.

Remark 2.4. The processes (S(t),1(t), R(t)) in (2.8), (2.9) and (2.10) can be regarded as the
solution of a three-dimensional system of Gaussian-driven linear Volterra stochastic integral equations.
The existence and uniqueness of a solution is not hard to establish. From the representation of the

limit processes (MA, I, Rl) using the white noise Wg, we easily obtain their covariance functions:
for for t,t' >0,

. R tAL _
Cov(Mu(t), Ma(t")) = )\/0 S(s)I(s)ds,
Cov(Ii(t), 1, (t") = A /O ” Fetvt —s)S(s)I(s)ds,
Cov(Ry(t), Ri(t) = A /0 " F(t At — $)8(s)I(s)ds,

Cov(Na(t), i (#)) = A /O P — $)5(s)I(s)ds,

Cov(Na(t), Ba () = A /0 F(t — 5)S(s)I(s)ds,

Cov(Lu(t), Bi(#)) = A /0 (F(f — 5) — F(t — s)1(t' > £)S(s)I(s)ds.
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In addition, if the processes My and Ry are treated individually, we can also use Brownian
motions to represent them, that is,

Na(t) = B (A /O t S(s)[(s)ds) ,
Ri(t) = B </\ /0 g s)g(s)f(s)ds> ,

where B is a standard Brownian motion.

Remark 2.5. For the FCLT, the regularity conditions in Assumption 2.1 are required in our proof
of the weak convergence (see Lemmas 5.3 and 5.4). Without that assumption, we would be able to
establish weak convergence in D x (L*(0,T))? of the triple (S’”,f”, R™), see Remark 5.1 below. The
same remark applies to the other models below : SIS, SEIR and SIRS. We will however not repeat
this remark, for the sake of brevity.

Remark 2.6. When the infectious periods have an exponential distribution of parameter i, the
process I™(t) can be represented as

I"(t) = I"(0) + A™(t) — L, (/Ot w(s)ds> . t>0,

and I(t) as
t

t
I(t) =1(0) + )\/ (1 —I(s))I(s)ds — ,u/ I(s)ds.
0 0
By martingale convergence theory, we can show that under Assumption 2.3,
(S™(t), I"()) = (S(t),1(t)) in (D*J1) as n— oo,

where

S(t) = —1(0) — A /0 (S()T(s) + S(s)E(s))ds — Ba (/\ /O S(s)I(s)ds>

t

A

() = 1(0) + /0 (S(s)T(s) + S(s)E(s))ds — /0 i(s)ds

+ B, <)\ /O tS(s)I(s)ds) _ B (;L /0 t I(s)ds> ,

where B4 and By are independent Brownian motions. These diffusion processes are analyzed in |8,
Section 2.3]. In comparison with the limits (S,f) for the SIR model with general infectious periods,
the Gaussian-driven Volterra linear stochastic integral equation reduces to the linear SDFEs driven by
Brownian motion. The proof of their equivalence in distribution follows a similar argument as in
the proof of Proposition 2.1.

Remark 2.7. The approach in this paper can be slightly modified to allow the rate A to be non-
stationary A(t). In epidemic models, a non-stationary A(t) can represent seasonal effects. The

process A™ is written as
t n n
A™(t) = As <n/ )\(S)S (5) I (S)ds> .
0

n n

For the SIR model, the fluid equation for I becomes

I(t) = T0)FE(t) + /0 M) F(t — 5)S(5)T(s)ds,
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and the FCLT limit I becomes
i) = 1(0)Fe(t) + /O t A(8)FE(t — 5) (S(s)f(s) + S(s)f(s)) ds + Io(t) + I(t), t>0,
where Io(t) is the same as in the stationary case, and I,(t) has covariance function
Cov(Iy(t), I, () = /Ot/\tl AS)Fe(t Vvt —5)S(s)I(s)ds, t,t>0.

The same applies to the other processes, and the study of other models.

2.2. SIS Model with general infectious periods. In the SIS model, individuals become suscep-
tible immediately after they go through the infectious periods. With a population of size n, we have
S™(t) + I"(t) = n for all t > 0. The cumulative infectious process A™ has the same expression (2.1)
as in the SIR model. Suppose that there are initially 7™(0) infectious individuals whose remaining
infectious times are 77?, j=1,...,1"(0), and each individual that become infectious after time 0
has infectious periods 7;, corresponding to the infectious time 7" of A”. We use Fp and F for the
distributions of 7]? and 7;, respectively. Then the dynamics of I™ has the same representation (2.2)
as in the SIR model. The only difference is that S™(0) =n — I"(0) and S™(t) =n — I"™(t) so that
the dynamics of (S™,I™) is determined by the one-dimensional process I"™. Thus we will focus on
the process I"™ alone. We will impose the same conditions as in Assumptions 2.2-2.1. Define the
fluid-scaled process I" = n~ 11",

Theorem 2.3. Under Assumptions 2.1 and 2.2, the processes
" —1T
i probability as n — oo, where

I(t) = I(0)F§(t) + A/Ot Fe(t—s)(1—1(s)I(s)ds, t>0. (2.11)

I € D; if Fy is continuous, then I € C.
Remark 2.8. In the Markovian setting, assuming that Fy(t) = F(t) =1 — e "', we have the ODE

T'(t) = M1 - T)I(t) — pl (1),
Indeed, it is easy to check that by (2.11), we have

I'(t) = T(0)pe ™ + X(1 — I(t))I(t) — pX /O t e M=) (1 — I(s))I(s)ds

= A1 —I(t)I(t) — pl(t).

Note that the ODE has two equilibria, I* =0 or I* =1 — /X if p < X\. For a general distributions
F, if Fy is the equilibrium (stationary excess) distribution of F (F has mean p~'), that is,

o [LFe(s)ds _ b
F.(t) == M = ,u/o F¢(s)ds, (2.12)

an equilibrium I* must satisfy
I =l /Oo Fe(s)ds + AT*(1 — I /Ot Fe(s)ds,
t
hence either I* = 0, or else by differentiating the last expression we find again I* =1 — /.
Define the diffusion-scaled process I"™ = /n(I" — I). Then we have the following FCLT.
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Theorem 2.4. Under Assumptions 2.1 and 2.3, we have
I"=1 in D as n— oo,
where .
I(t) = T(0)F§(t) + A / Fe(t — s)(1 — 2I(s))I(s)ds + Io(t) + 11 (t), t>0, (2.13)
0
where fo(t) is a continuous mean-zero Gaussian process with the covariance function
Cov(Io(t), Io(t')) = T(O)(FS(t vV ') — FS()FS(H)),  t,t >0,
and fl(t) s a continuous mean-zero Gaussian process with covariance function
tAt
Cov(I1(t), 1(t)) = )\/ Fe(tvt —s)(1—1I(s))I(s)ds, t,t'>0.
0
1(0), Io(t) and I,(t) are mutually independent. I has cadlag sample paths; if Fy is continuous, then
I has continuous sample paths. If I(0) is a Gaussian random variable, then I is a Gaussian process.

Remark 2.9. The limit process f(t) is the solution of a one-dimensional Gaussian-driven linear
Volterra SDE. In the Markovian case with exponential infectious periods of rate u, we get

i) = 1(0) + /Ot <)\(1 —2[(s)) — ,u)f(s))ds

+ By <)\ /Ot(1 - f(s))f(s)ds> — By (M /Ot f(s)ds> , (2.14)

where B4 and By are independent Brownian motions. This is the well known linear SDE driven by
Brownian motion for the SIS model. In the next proposition, we show that the two expressions of
I(t) are equivalent in the Markovian case.

Proposition 2.1. The expressions of I(t) in (2.13) and (2.14) for the SIS model are equivalent in
distribution.

Remark 2.10. Suppose the system starts from the equilibrium, that is, I"(0) = nI* = n(1 — u/\)
for p < A, and Fy(t) = Fe(t) as discussed in Remark 2.8. Then the diffusion-scaled process I can
be defined by I"™ = \/n(I" — I*). The FCLT holds with the limit process

t
() = (1 — 2T*)/ Fe(t — ) (s)ds + Io(t) + 1 (1), ¢ >0,
0
where Io(t) and I1(t) have covariance functions

Cov(Io(t), Io(t)) = T*(F§(t v ') — ES()ES(H)), ¢t >0,

and I1(t) is a continuous mean-zero Gaussian process with covariance function

174
Cov(Iy(t), I, (t") = p(1 — p/N) Fe(tVvt —s)ds, tt >0.
0

In the Markovian case, we have the limiting diffusion

1) = (e=) [ 1)+ ult = /) 2B, >0,

where B is a standard Brownian motion.
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Remark 2.11. When the infectious periods are deterministic, that is, n; is equal to a positive
constant n with probability one, the dynamics of I"™(t) can be written as
1"(0)
()= 30 10 > )+ AT — AN - )b, 120,
j=1
We assume that 77? ~ Ul0,n], that is, Fy(t) = t/n fort € [0,n], which is the equilibrium (stationary
excess) distribution of F(t) = 1(t > n), t > 0. The fluid equation I(t) becomes
t
I(t) = I(0)(1 —t/m)* + A (1 —1I(s))I(s)ds
(t=m)*

which gives
I'(t) = —7171(0)1(15 <)+ ML= I()I(t) = ALt = n)(1 = I(t —n))I(t —n).

It is clear that the nontrivial equilibrium is I* =1 — /\in
In the FCLT, we have
t
I(t) =1(0)(1 —t/n)++)\/ (1 —2I(s))I(s)ds + Io(t) + I1(t), t>0, (2.15)
(t=m)*

where Iy(t), t € [0,n], is a continuous mean-zero Gaussian process with the covariance function

Cov(o(t), Io(t) = I(0)(1 — (¢ A L)/ — (L —t/m)(1 = /n), 1" € [0,n),

and I1(t), t > 0, is a continuous mean-zero Gaussian process with the covariance function

Cov(I(t), I,(t)) = A/OW 1tV —s<n)(1—1(s)I(s)ds, t,t >0.

Note that the eﬁecé of the initial quantities vanish after time n, that is, in the stochastic integral
equation (2.15) of I(t), the components Io(t) and 1(0)(1 —t/n)" vanish after 7.
If, in addition, the system starts with the equilibrium I™(0) = nI*, then the limit process becomes
t
(6 = A1 — 21*)/ P(s)ds + Io(t) + Ta(t), >0,
(t=m)*t
where Iy(t) has the same covariance function as above with I(0) = I*, and I,(t) has covariance

function

Cov(I,(t), I (1)) = 717 (1 - /\177> At — @Vt —phH*t, it >o0.

3. NON-MARKOVIAN SEIR AND SIRS MODELS

3.1. SEIR Model with general exposing and infectious periods. The SEIR model is de-
scribed as follows. There are four groups in the population: Susceptible, Exposed, Infectious and
Recovered (Immune). Susceptible individuals get infected through interactions with infectious ones.
After getting infected, they become exposed and remain so during a latent period of time, and then
transit to the infectious period. Afterwards, these individuals become recovered and immune, and
will not be susceptible or infected in the future.

Let n be the population size. Let S™(t), E™(t), I"(t) and R™(t) represent the susceptible, exposed,
infectious and recovered individuals, respectively, at time ¢. Assume that I"(0) > 0, E™(0) > 0,
R™(0) =0, and S™(0) =n — I"(0) — E™(0). An individual i going through the S-E-I-R process has
the following time epochs: 7*, 7 + &;, 7" + & + 1;, representing the times of becoming exposed,
infectious and recovered (immune), respectively; namely, ; is the exposure period and 7; is the
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infectious period. (It is reasonable to assume that & and n; are independent of the population size
n.) For the individuals I™(0) that are infectious at time 0, let 77? be the remaining infectious period.
For the individuals E™(0) that are exposed at time 0, let f? be the remaining exposure time.
Assume that (&;,7n;)’s are i.i.d. bivariate random vectors with a joint distribution H(du,dv),
which has marginal c.d.f.’s G and F for &; and 7, respectively, and a conditional c.d.f. of n;, F(-|u)
given that & = u. Assume that (5?, n;j)’s are i.i.d. bivariate random vectors with a joint distribution
Hy(du, dv), which has marginal c.d.f.’s Gy and F for £ and n;, respectively, and a conditional c.d.f.
of n;, Fo(-|u) given that 5? = u. (Note that the pair (f;-), n;) is the remaining exposing time and the
subsequent infectious period for the i*" individual initially being exposed.) In addition, we assume
that (&;,n;) and (€2, n;) are independent for each 4, and they are also independent of {n?} (that is,
the remaining infectious times of the initially infected individuals are independent of all the other

exposing and infectious times). We use the notation G° = 1 — G, and similarly for G§j, F'° and Fj.
Define

Dy (t) := /0 ; Hy(du,dv) = /0 ; Fo(dv|u)dGo(u), (3.1)
\I/()(t) = /0 - Ho(du, d’U) = /0 /tu Fo(dv\u)dGo(u) = G()(t) - (I)()(t), (32)
and
B(t) = /0 /0 H(du, dv) = /0 /0 F(dulu)dG (u), (3.3)
B(t) = /0 [ (.o - /0 [ Plavwac) = G - a(0). (3.4)
Note that in the case of independent §; and 7, letting F'(dv) = F(dv|u), we have
o(t) = /0 F(t —uw)dG(u), ¥(t)= /0 Fe(t —u)dG(u) = G(t) — (). (3.5)
Similarly, with independent 5? and 7, letting Fy(dv) = Fy(dv|u) = F(dv), we have
t t
wot) = [ Ft—wdGotw), Wo(t) = [ F(t—udGolu) = Golt) = 2o(t). (39

We make the following assumptions on G and F'(-|u).

Assumption 3.1. The marginal c.d.f. G, and the conditional c.d.f. F(-|u) (uniformly in u) satisfy
the conditions in Assumption 2.1, in particular, Fy(-|u) is Holder continuous with exponent % +6
for some 0 > 0 uniformly in w > 0, that is, Fo(t 4 6|u) — Fy(tlu) < ¢6/2%0 for some ¢ > 0 and
0 > 0 uniformly for all u > 0.

Let A™(t) be the cumulative process of individuals that become exposed between time 0 and time
t. Let A be the rate of susceptible patients that become exposed. Then we can express it as

AN(t) = A, ()\n /O t Sn(s)ln(s)ds) (3.7)

n n

where A, is a unit rate Poisson process. (This has the same expression as the cumulative process A™
in (2.1) of individuals becoming infectious in the SIR model.) The process A™(t) has event times 7",

i € N. Assume that the quantities A, {( ;-), ng)}, {(&,ni)}, and the initial quantities (E™(0),1™(0))
are mutually independent.
We represent the dynamics of (S™, E™, I, R™) as follows: for ¢t > 0,

S™(t) = S™(0) — A™(t) = n — I"(0) — E"(0) — A™(t), (3.8)
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E™(0) An (1)
E"t)= > 1 >t)+ > 1L +& >1), (3.9)
j=1 i=1
1"(0) E™(0)
)= 1(n) >t)+ 1(&) <& +n; > 1)
=1 j=1
A (1)
+ ) LGS OUT + G+ > 1), (3.10)
i=1
() E"(0) An (1)
R'(t)= Y 10 <t)+ Y U +m<t)+ D AU +&+m <) (3.11)
j=1 j=1 i=1

Note that we are abusing notation of n; and 7; in the second and third terms of I"(t) and R"(t).
The variables n; (more precisely, 7; Y in the second term of I™(t) correspond to the infectious periods
of initially exposed individuals that have become infectious by time ¢, while the variables 7; (more
precisely, 7];4) in the third term correspond to the infectious periods of individuals that has become
exposed and infectious after time 0 and before time t. We drop the superscripts ' and A, since it
should not cause any confusion.

We also let L™ be the cumulative process that counts individuals that have become infectious by
time £. Then its dynamics can be represented by

A" (t)
21§J<t+ 14+ &<t), t>0.
7j=1 =1
We have the following balance equations: for each ¢t >
n=S"(t) + B"(1) + <t> 0]
E"(t) = E"(0) + A" (t) — L"(1),
I"(t) =1"(0) + L"(t) — R"(t).

Observe that the dynamics of the exposure process E™(t) is similar to the infectious process 1™ (t)
in (2.2) in the SIR model. The dynamics of the infectious process I"(t) resembles the dynamics of
the second service station of a tandem infinite-server queue G/GI /oo — GI /oo, where the arrival
process is A", and the first station has initial customers E™(0) with remaining service times {50}
and the second station has the initial customers I"(0) with remaining service times {nj} The
processes L™ and R"™ correspond to the departure processes from the first and second stations
(service completions), respectively. Similar to the SIR model, the arrival process is Poisson with a
“state-dependent” arrival rate )\nS (s) I (S) , which depends not only on the state of I™(s) (state of
the second “station” in the tandem queuelng model), but also on the state of susceptible individuals,
S™(s) =n—1I1"(0)— E™(0)— A™(t). However it is independent of the state of the exposure individuals
E"(t).

Assumption 3.2. There exist deterministic_constants 1(0) € (0,1) and E(0) € (0,1) such that
I(0) + E(0) < 1 and (I"(0), E™(0)) — (1(0), E(0)) € R? in probability as n — oo.

Define the fluid-scaled processes as in the SIR model. We have the following FLLN for the
fluid-scaled processes (S™, E™, I, R™).

Theorem 3.1. Under Assumptions 3.1 and 3.2, we have
(5", B, I".R") = (5, E,1,R) (3.12)
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in probability as n — oo, where the limit process (S, E, I, R) is the unique solution to the system of
deterministic equations: for each t > 0,
ﬂw:1—Rm—Emynﬂwzl—ﬂm—Emy—&ﬁS@ﬁQM& (3.13)
0
Blt) = E(0)GS(t +>\/ Ge(t — 5)8(s)(s)ds (3.14)
I(t) = I(0)F§(t) + /‘ U(t—5)S(s)I(s)ds (3.15)
R(t) = I(0)Fo(t) + E(0)Po(t )+/\/0 O(t — 5)S(s)I(s)ds (3.16)

The limit S is in C and E, I and R are in D. If Gy and Fy are continuous, then they are in C.

We remark that given the input data I(0) and E(0) and the distribution functions, the solution
to the set of equations above can be determined by the two equations (3.13) and (3.15) for S and I,
which is a 2-dim system of linear Volterra integral equations. It is easy to check that we have the
balance equation for the FLLN limits:

1=S(t)+ E(t)+ I(t) + R(t),
As consequence, we have the joint convergence with
(A", ") — (4, L)
in probability as n — oo, where
+ L(t) — E(0),
+ R(t) — I(0).
In particular, we have

At) = A /0 S(s)I(s)ds,

L(t) = E(0)Go(t) + /\/0lt G(t —5)S(s)I(s)ds.

Remark 3.1. In the Markovian case with independent & and n; for each i, and independent 5? and
77? for each j, assuming that Go(t) = G(t) =1 — e 7 and Fy(t) = F(t) =1 — e ", we obtain

B(t) = E(0)e" + A / =95 (s) (s)ds,
0

and

t
I(t) = I[(0)e " + E(0) / e M=) e 73
0

T e M=) e =Y, S ()1 (8)ds
+)\/0/0 (== =101, S (5) T (5)ds,
which lead to
E'(t) = —ye "'E(0) + AS(t)I(t) + A / (=)e ") S(s)I(s)ds
0
= AS(t)I(t) —vE(),
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and

t
I'(t) = —pe ™ 1(0) + E(0)ye " 4+ E(0) / (—p)e M=) e 73

0
t t pt—s
—l—)\/ 'ye”(ts)g(s)f(s)ds—i—)\/ / (—p)e M=o qy,S(5)I(s)ds
0 0 JO

— VE(t) - T (1)
Together with S'(t) = —A\S(t)I(t), these ODEs of (S,E,I,R) are the well-known result for the
Markovian SEIR model.

Define the diffusion-scaled processes:

§n(8) = v (S7() = S(®) = vin <S”(t) C 14 1(0) + A /0 t S(s)[(s)ds) , (3.17)

It is clear that . . . X
S™(t)+ E™(t)+I"(t) + R"(t) =0, t>0.
We will establish a FCLT for the diffusion-scaled processes (A”, Sn En, I:”,IA n ]:Z") For that
purpose, we make the following assumption on the initial condition and on the law of the exposure /
infectious periods.

Assumption 3.3. There exist deterministic constants 1(0) € (0,1) and E(0) € (0,1) and random
variables 1(0) and E(0) such that I(0) + E(0) < 1 and

(Vn(I™(0) — 1(0)),v/n(E™(0) — E(0))) = (1(0), E(0)) in R® as n— oo.
In addition, Suan[E"(O)Q} < oo and suan[f”(O)Q] < o0, and thus by Fatou’s lemma, E[E(O)2] <
oo and Suan[f"(O)Q] < 00.

Theorem 3.2. Under Assumptions 3.1 and 3.3, we have
(8" E" I",R") = (S,E,I,R) in D* as n— . (3.18)
The limit process S is

S(t) = —1(0) — A /0 t (S(s)i(s) + §<s>f(s)) ds — Na(t), t>0, (3.19)

where S(t) and I(t) are the fluid limit given in Theorem 3.1. The limit process E is

E(t) = B0)GS(t) + A /0 t Ge(t — s) (S(s)f(s) + S(s)f(s)) ds + Eo(t) + E1(t), (3.20)

where Ey(t) is a continuous mean-zero Gaussian process with the covariance function

Cov(Eo(t), Eo(t')) = BO)(G(t v t') — Go(OGE()), L.t > 0.
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The limit process I is given by
i(t) = HO)FS(t) + EO)Wo(t) + o (1) + Toa(t) + 11 (1)

+ A /0 t U(t - s) (S(s)f(s) + S(s)f(s)) ds, (3.21)

where In1(t) and Ioa(t) are independent continuous mean-zero Gaussian processes: Io1(t) has the
covariance function

Cov(loa (1), Ioa(¥)) = TO)NFS(E v #) — FSOFS(H)), t,¢ =0,
and Ioo(t) has the covariance function
Cov(loa(t), loa(t)) = E(0) (Wo(t At') — Wo(t)Wo(t)), t,t' > 0.
The limit process R is given by

A

R(t) = 1(0)Fy(t) + E(0)®(t) + Ro,1(t) + Roa(t) + Ra(t)
4 /0 0t — 5) (S(s)1(s) + S(s)i(s) ) ds (3.22)

where Ry 1(t) and Ro2(t) are independent continuous mean-zero Gaussian processes: Ro 1(t) has the
covariance function

COV(RQJ(f), RO,I (t/)) = j(O)(Fo(t A t/) — Fg(t)Fo(t,)), t, s > O,
and Roo(t) has the covariance function
Cov(Roa(t), Roa(t) = E(0) (Po(t At)) — Bo(t)Po(t)), t,t' >0,

The limit processes of the initial quantities have the following covariance functions: for t,t' >0,

Cov(fo1 (1), Roa(t)) = T(0) (Fo(t)) = F(M)L(t' = 1) = F§(HFo(t)),

Cov(Ey(t), Ina(t") = E(0) ( /t t 1(t' > t)FE(Y — s]s)dGo(s) — Gg(t)\llo(t’)> ,

Cov(Eo(t), Roa(t") = E(0) ( /t t Fo(t' — s]5)dGo(s) — GS(t)(I)o(t/)>

A
Cov(Ip2(t), Ro2(t")) = E(0) </ (Fo(t' — s|s) — Fo(t — s]s))dGo(s) — \I’D(t)q)o(t/)> . (3.23)
0
The other pairs of limit processes for the initial quantities, (Eo, IAOJ), (Eo(t), ROJ), (.fog(t), ROJ) are
independent.
The limit processes (MA, El, Il, Rl) are a four-dimensional continuous Gaussian process, inde-
pendent of E, Io 1 Io 2, Ro 1, Roz and 1(0), and can be written as

Ma(t) = Wi ([0,1] x 0,00) x [0,00)),
Ex(t) = Wi ([0,4] % [t, 00) x [0, 00)),
Li(t) = Wi ([0,1] % [0,1) x [t,00)),
Ru(t) = Wi ([0.4] x [0,1) x [0,1)).

where Wy is a continuous Gaussian white noise process on Ri with mean zero and

E Wi ([s,1) x [a,0) x [¢,d))?]
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=y[(AMVFw—y—ﬂw—F@—y—meww)Q@H@w, (3.24)

—S
for0<s<t,0<a<band0<c<d.
The limit process S has continuous sample paths and El, I and Ry have cadlag sample paths.
If the c.d.f.’s Gy and Fy are continuous, then El, I and Ry have continuous sample paths. If
(1(0), E(0)) is a Gaussian random vector, then (S, E, I, R) is a Gaussian process.

Remark 3.2. The processes (S(t), E(t),1(t), R(t)) in (3.19), (3.20), (3.21) and (3.22) can be
regarded as the solution of a four-dimensional Gaussian-driven linear Volterra stochastic integral
equation. The existence and uniqueness of solution can be easily verified. From the representations
of the limit processes (MA, El,fl, ]:21) using the white noise Wy, we easily obtain the covariance
functions: for t,t' >0,

Cov(Ma(t), Ma(t')) = X /0 S(s)I(s)ds,

Cov(Er(t), Er(t)) = A OW GtV t — 5)8(s)I(s)ds,

Q
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Cov(Ey (1), I, (¢)) = /O (G(t — 8) — W' — )Lt > 1)S(s)I(s)ds,

Cov(E; (1), By (') )\/ (G(t — 8) — ®(t — 8))L(t' > 1)S(s)I(s)ds,

Cov(F (), Br(t')) = /‘ /’S (' — 5 —yly) — F(t — s — yly))1(¢’ > )dC(y)S(s)](s)ds.

Remark 3.3. We remark that the exposing and infectious periods are allowed to be dependent, and
the effect of such dependence is exhibited in the covariances of the functions of the limit processes
(MA7 By I, Rl) and in the drift of I and R. Of course, the dependence also affects the fluid equations
for (S, 1).

Remark 3.4. We now recall the Markovian SEIR model, assuming that the exposure and infection
periods are exponentially distributed with parameters v and p and independent. The processes A"
and S™ remain the same as in (3.7) and (3.8), respectively. The processes E™ and I™(t) can be

described by
E™(t) = E™(0) + A™(t) ( / E"(s >
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(1) = I"(0) + K. (v /0 t E”(s)ds) L, (M /0 t 1"(3)d5> ,

where K, and L, are independent rate-one Poisson processes. It is easy to see the fluid limit ODE
from these equations:

S'(t) = =AS(t)I(t),
E'(t) = AS(t)I(t) - vE'(1),
I'(t) =~E'(t) — ul'(t). (3.25)

We can show that under Assumption 3.3,
(8" E" ") = (S,E,I) in D*® as n— oo,

where S is as given in Theorem 3.2, in particular,
t t
S(8) = —1(0) — A / (S(s)I(s) + S(s)1(s))ds — Ba ()\ / S(s)f(s)ds> , (3.26)
0 0

and the limit processes E and I are given by

A~

B(t) = B0) + A [ ($(s)(s) + S(s)i(s))ds — ~ /0 B(s)ds

+ By )\/OtS(s)f(s)ds> — Bk <7 OtE(s)d8> : (3.27)

and

f(t):f(())—f—’y/o E(s)ds—u/ I(s)ds

+ Bk (’y /OtE(s);’) - By, (u /Ot f(s)ds) , (3.28)

where B4, Bx and By, are independent Brownian motions. Given the solution to the fluid equation
in (3.25), the three equations (3.26), (3.27) and (3.28) form a three-dimensional linear SDE driven
by Brownian Motions. This is well known for the Markovian SEIR model, see [8]. It can be shown,
similarly to the proof of Proposition 2.1, that the Volterra stochastic integral equations are equivalent
to these linear SDFEs in distribution.

3.2. SIRS model with general infectious and immune periods. In the SIRS model, there are
three groups in the population: Susceptible, Infectious, Recovered (Immune). Susceptible individuals
get infected through interactions with infectious ones, and they become infectious immediately
(no exposure period like in the SEIR model). The infectious individuals become recovered and
immune, and after the immune periods, they become susceptible. This has a lot of resemblance
with the SEIR model, where the exposure and infectious periods in the SEIR model correspond
to the infectious and immune periods in the SIRS model, respectively. We let S™(¢), I™(t), R™(t)
represent the susceptible, infectious and immune individuals, respectively at each time ¢ in the SIRS
model. Note that I"(t) (resp. R™(t)) in the SIRS model corresponds to E™(t) (resp. I™(t)) in the
SEIR model, and S"(¢) in the SIRS model satisfies the balance equation:

n=S"(t) + I"(t) + R"(t), t>0.

Since S™(t) = n— I"(t) — R™(¢), it suffices to only study the dynamics of the two processes (", R").
We use the variables &;, n; represent the infectious and immune periods, respectively, in the SIRS
model, and similarly for the initial quantities §?, n;. We also use the same distribution functions
associated with these variables as in the SEIR model. We impose the same conditions in Assumptions
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3.1-3.2, where the quantities E™(0) and I™(0) are replaced by I"(0) and R"(0), respectively. To
distinguish the differences, we refer to these as Assumptions 3.1'-3.2’.
We first obtain the following FLLN for the fluid-scaled processes (I™, R™).

Theorem 3.3. Under Assumptions 3.1’ and 3.2°, we have
(I",R") — (I.R) (3.29)

in probability in D as n — oo, where the limit process (I, R) € D? is the unique solution to the
system of deterministic equations: for each t > 0,

1(t)

T(0)GS (L) + A /0 Ge(t — s)(1 — I(s) — R(s))I(s)ds, (3.30)

R(t) = R(O)FE(t) + 1(0)To(t) + A /O U(t— s)(1— I(s) — R(s))I(s)ds. (3.31)

If Gy and Fy are continuous, then I and R are in C.

Remark 3.5. In the case of independent infectious and immune times, assuming E[¢1] =~y 1 and

E[m] = p=t satisfy X > v, if Go(t) = Ge(t) := 71 fg G¢(s)ds and Fy(t) = Fo(t) :== p~* fg F<(s)ds,
the corresponding equilibrium distributions of G and F (see also (2.12) in Remark 2.8), there exists
a unique nontrivial equilibrium, given by

_ _ 1_ _ _
g =) poizdA o o (3.32)
A 14+7/p I

It is the same as the nontrivial equilibrium in the Markovian setting, using the ODE:

I'(t) = M1 = I(t) = R()I(t) — ~vI(t),

R'(t) = yI(t) — uR(t),
and 1= S(t)+1(t)+R(t). From the ODE, it is straightforward to see that the equilibrium (S*, I*, R*)
satisfies the two equations

A1 —T"—R") =7, (3.33)
pR* = ~T*. (3.34)

We now verify that these two identities are also satisfied in the general non-Markovian setting
assuming Go = Ge and Fy = F,.. This implies that the equilibrium quantities satisfy

0o t
I = 7f*/ GS(s)ds + A" (1 — T* — R*)/ G(s)ds,
t O

00 t
R* = ,LLR*/ Fe(s)ds + "o (t) + AN(1 — T — R*)I_*/ U(s)ds.
t 0

This system has the trivial solution I = R* = 0. We now look for another solution. Dividing the
first identity by I* and differentiating, we recover (3.33), and the second identity becomes

00 t
R = uit* / Fe(s)ds + I Uo(t) + AT / U(s)ds.
t 0

(3.34) now follows from the identity v~ Wq(t) + fg U(s)ds = f(f F¢(s)ds. To verify this, first note
that from the definitions of ¥g in the independent case, and of Gy,

7_1‘1’0(75):/0 Fc(t—u)Gc(u)du:/O Fc(s)ds—/o Fe(t —u)G(u)du.
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It remains to note that by integration by parts and interchange of orders of integration

/0 " FO(t — u)Gu)du = /0 t /0 T (o) dvdGu)

_ /Ot /ut F(v — u)dvdGu)
_ /Ot /0 F(v — u)dG (u)dv /Ot\I'(s)ds

We define the diffusion-scaled processes I™ and R" as in the SEIR model, but replacing S =
1-1—-R.

Theorem 3.4. Under Assumptions 3.17 and 3.3’, we have
(I",R")= (I,R) in D* as n— oo. (3.35)

where
t

I(t) = [(0)GS(t) + A [ Ge-s) <—f(s)R(s)+(1—I_(s)—ZR(S))R(S)> ds+ Io(t) + 1 (), (3.36)

R(t) = R(OVES(t) + 1(0)To(t) + A /0 U(t - s) (—f(s)R(s) + (1= I(s) - 2R(s))fz(s)) ds

+ Ro1(t) + Roa(t) + Ry(t), (3.37)

where Iy(t), I1(t), Ro1(t) and Roa(t) are as given as Eo(t), Ei(t), Io1(t) and Ioa(t), respectively,
in Theorem 3.2. If the c.d.f.’s Gy and Fy are continuous, then the limit processes I and Ry have
continuous sample paths. If (1(0), R(0)) is a Gaussian random vector, then (I, R) is a Gaussian
process.

Remark 3.6. If the system starts from the equilibrium as discussed in Remark 3.5, then we can
define the diffusion-scaled processes I = \/n(I" — I*) and R™ = \/n(R" — R*) and the FCLT holds
with the limit processes I and R as given in the above theorem where the fluid limits I and R are
replaced by I* and R*.

Remark 3.7. In the Markovian case, with independent infectious and immune exponential periods
with parameters v and u, respectively, we obtain diffusion limits as in Remark 3.4 for the SEIR
model. We do not repeat them for brevity. If the system starts from the equilibrium, then the FCLT
holds as in Remark 3.6 with the limit processes I and R given by

¢ ¢
I(t) =1(0) — (AR* + 'y)/ I(s)ds + \(S* — R*)/ R(s)ds + Ba (AS*R*t) — B (vI't) ,
0 0
and
A A t ~ t A — —
R(t) = R(0) + ’y/ I(s)ds — ,u/ R(s)ds + By (vI*t) — By, (kR*t),
0 0
where Ba, Bk and By, are independent Brownian motions, and I* and R* are given in (3.32).

Remark 3.8. Suppose both the infectious and immune times are deterministic, taking values
& and n, respectively. The remaining infectious and immune times of the initially infected and
immune individuals at time 0, 5? and 77?, have uniform distributions on the intervals [0,£] and [0, 7],
respectively. That is, G(t) = 1(t > &), F(t) = 1(t > n), fort > 0, Go(t) = t/€ fort € [0,€] and
Fo(t) = t/n fort € [0,n]. Thus we have Wy(t) = £* fgl(t —u < n)du=¢Ht—(t—n)"), and
U(t)=1E<t<&+mn) fort>0.
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We can write

1"(0)

I"(t) = 1(&] > t) + A™(t) — A™((t — &)™),
j=1
R™(0) 1"(0)

R'(t)= Y 1) >t)+ Y 1((t—n" <& <)
j=1 j=1

+AMN (=) =AMt —n)").
In the FLLN, we have the fluid equations

T(t) = T(0)(1 — /&) + A / (1— I(s) — R(s))I(s)ds,
(G
R(t) = RO)(1 — t/n)" + IOt — (t—n)*) + A / (1~ (s) — R(s))(s)ds.

((t=&=m)*,(t=&)*]
From the equation of R(t), we easily see that their equilibrium satisfies R* = I*n/¢, and then from
the equation of I(t), we obtain I* = 1Ii{7(/)%§).
In the FCLT, we obtain

f(t) = f(O)(l - t/€)+ + )\/((t—ﬁ)+ 1]

(_f(s)R(s) + (1= I(s) - zR(s))zfz(s)) ds + To(t) + 11 (1),

R(t) = R(0)(L —t/m)" + 1(0)¢~(t — (t —m)*)

A —I(s)R(s 1—1(s) — 2R(s))R(s)) ds
n /( oo (TR + 0= T(0) ~ 2R A)
+ Ro1(t) + Roa(t) + Ri(t), (3.38)

where T and R are the fluid equations given above, and Io(t), I(t), Ro1(t), Roa(t) and Ry(t) have
the covariance functions: for t,t' >0,

Cov(lo(t), Lo(t") = T0)(L =t V#'/)" — (L =t/ (1 — ' /&)*),

Cov(Iy(t), L, ("))

)\/ ' 1t Vvt —s<&)(1—1(s)— R(s))I(s)ds,
0

RO)((L—tVvt'/m)" — (1 —t/m)"(1—t'/n)T),
IOV =@V —mT) =t = (=)' = —n)"),

COV(Royl(t), Ro,l(t/))
COV(RO,Q (1), R0,2 t'))

Cov(Ry(t), R (') = )\/0 1E<tVE —s<&+n)(1—1I(s)— R(s))I(s)ds,

and similarly for the covariances between them. If, in addition, the system starts from the equilibrium,

I"(0) = nI* and R™(0) = nR*, then the limit processes above will have the fluid quantities I(t) and
R(t) replaced by I* and R*, respectively.

4. Proor oF THE FLLN rFoR THE SIR MODEL

In this section we prove Theorem 2.1.
We write the process A™ as
_ 1 - _
AMt) = —=M7ZE (¢ A" (¢ 4.1
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where .
A" (t) = )\/ S™(s)I™(s)ds,
0
and

NIT(E) = ;ﬁ (A, (nA™(t)) — nA™(2)). (4.2)

The process {M7(t) : t > 0} is a square-integrable martingale with respect to the filtration
{F*:t > 0} defined by

Fi =0 {I"(0), A, (nA"(u)) : 0 < u < ¢},

with the predictable quadratic variation

(M) (t) = A™(t), t>0. (4.3)
These properties are straightforward to verify; see, e.g. [17] or [8]. Note that by the simple bound
Sty <1, I'(t)<1, Vt>0, (4.4)

we have, w.p.1., for 0 < s <'t,
0 < A™(t) — A"(s) < \(t — s). (4.5)

Lemma 4.1. The sequence {(A"™,S™) :n > 1} is tight in D?.

Proof. By (4.5), we have (M7)(t) < M, w.p.1. Thus, by [17, Lemma 5.8], the martingale {M7%(t) :
t > 0} is stochastically bounded in D. Then by [17, Lemma 5.8], we have

1 -
EMZ =0 in D as n— oc. (4.6)
Then, by (4.1), the tightness of the sequence ifl" : n > 1} follows directly by (4.4). Since
S™=1-1(0) — A", we obtain the tightness of {S™ : n > 1} in D immediately. O

We work with a convergent subsequence of (A, 5’”_). We denote the limit of A" along the
subsequence by A. It is clear from (4.1) that the limit A satisfies

A= lim A" = lim A" = lim )\/ S™(s)I"(s)ds. (4.7)
n—00 n—oo n—0o0 0
and for 0 < s <t, w.p.1., B B
0<A(t)—A(s) <At —s). (4.8)
By definition and Assumption 2.2, we have
S"=1-I"0)—A"=S=1-1(0)—A in D, as n— . (4.9)
We next consider the process I". Recall the expression of I" in (2.2). Let
. 1 nI"(0) .
Ig(t) =~ ; 1(n) >t), t>0
We clearly have
1 nl(0) 1 n(I"(0)VI(0))
I (t) — - 1(n] >t)| < - 1(n) >1t), t=>0. (4.10)
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Note that by Assumption 2.2, the right—hand side satisfies
1 n(I"(0)VI(0)) B -
El- ) 1> 0)F | < FIM0) - 10)] =0
j=n(I"(0)AI(0))
in probability as n — oo. Thus, by the FLLN of empirical processes, we obtain

I =I=I0F() in D as n- o (4.11)
Let
1 nA"(t)
L) = 2} U+ > 1), >0,
1=

and its conditional expectation
y - 1 nAn"(t) t -
RO =BROF] = Y Fl-m)= [ Fl-9ide), 2o
i=1 0

By integration by parts, we have

IT(t) = A™(t) — /0 A™(s)dFe(t — s).

Here dF¢(t — s) is the differential of the map s — F¢(t — s). By the continuous mapping theorem,

=1 in D as n— oo, (4.12)
where
Ii(t) = A(t) — / A(s)dFe(t — s) = / Fe(t —s)dA(s), t>0.
0 0
Let _
1 nA™(t)
VR = T - ) = 3D A, 120,
i=1
where

Xi () = 17" +mi > 1) = F(t — 7").
We next show the following lemma.

Lemma 4.2. For any ¢ > 0,

P < sup [V"(t)] > e) —0 as n— 0. (4.13)
te[0,7

Proof. Note that by partitioning [0, 7] into intervals of length ¢, that is, [t;, ti+1), i =0,...,[T/d]
with ty = 0, we have

sup |[V*(t)| < sup  |V™(t)|+ sup  sup |[V™(t; +u) — V"(t)]. (4.14)
t€[0,7] i=1,...,[T/6] i=1,...,[T/8] ue0,d]

It is easy to check that
EDG'OF =0, Vi ENG(OXFOIFT=0, Vi#j.
Thus, we have
1 A" (1) 1 A" (t)
BV (02 77) = =5 S BpC@PF] = — S Fle— ) Fe(t—17)

i=1 =1
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1 t c AT
_ n/o F(t — s)F(t — s)dA™(s)

- n;/Q/ F(t—s)Fe(t — s)d]\}fg(s) + le/o F(t — s)F°(t — s)dA™(s)
At

1 t N
< 713/2/0 F(t—s)F°(t —s)dM}(s) + —

where the inequality follows from (4.4) and (4.5). Thus

E(V (o)) < (415)

and for any ¢ > 0,
At

P(IV*#)| >¢) < — — 0, — 0.

(V"(0)] > €) < 25 0, asn oo

We now consider V" (t 4+ u) — V™(t) for t,u > 0. By definition, we have

A™(t+u)
1
VAt +u) =Vl = = D, Xt == Y X (®)
i=1 i=1

1 A (1) A" (t+u)
= |- 2 Gdt+u) =Xt +— > xi(t+u)
=1 i=An(t)

3

A™(t

~

t+u
(<7 +m §t+u)+/ (F(t = 5) = F°(t +u— 5))dA"(s)
0

z\H
I
N

i
1 A™(t+u)
PN W)l
i=An(t)
Observing that the first and second terms on the right hand are increasing in u, and that |x?(¢)| < 1,

we obtain

A (t)
1
sup |V (t+u) — —Z (t<7'4+nm<t+90)
u€l0,d] n i—1
t45 )
(F(t—s) — F(t+0 —s))dA"(s)

N

+
+ A"t +6) — A™(t). (4.16)
Thus, for any € > 0,

P ( sup [V (t+u) — V" (t)| > e)
u€(0,4]

A" (t)
1
< — n P <
P(n ZE: 1t <7 +771t+(5)>6/3)

1
/t+5(Fc(t —8) = FO(t 4+ — s))dA"(s) > e/3> +P (A" (t+6) — A"(t) > ¢/3)
0

2
1t<7-i"+77i<t+5)) ]

SN

=1

+( N
2
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2

</0t+5(Fc(t_S)_Fc(t+5_s))dAn(s)> +6%E[(A”(t+5)—fln(t))2}. (4.17)

We need the following definition to treat the first term on the right hand side of (4.17).

9
<E
+ 2

Definition 4.1. Let M(ds,dz,du) denote a Poisson random measure (PRM) on [0,T] x Ry x Ry
with mean measure v(ds,dz,du) = dsF(dz)du, and M(ds,dz,du) denote the associated compensated

PRM.
We have
LA 2
=1
1 t t+5—s [e'e) B B 2
< / / / 1(u < AnS™(s)T" () M (ds, dz, du)>
nJo Jt—s 0

(1 L /0 < )\nS‘”(s)f”(s))M(ds,dz,du)>2]

nJo Jt—s

=E

<2E

+2E </Ot(FC(t —8)— Fe(t+0— s)mn(s))Z]

_2 t(FC(t—s) — FC(t+6 — s))dA™(s)
0

n

+2E </Ot(FC(t —8) = Fe(t+6— 3))dms))2]

t+9
<n)\/0 (F(t — 5) — FO(t + 6 — 5))ds
2

+2 <)\ /Ot(Fc(t S (46— s))ds) (4.18)

The last inequality follows from (4.5). The first term on the right hand converges to zero as n — oo,
and for the second term, as will be shown below in Lemma 4.3, by Assumption 2.1, we have

¢ 2
% (/ (F(t—s) — F°(t+ 6 — s))ds> —0 as 4J—0. (4.19)
0

For the second term on the right hand side of (4.17), by (4.1), we have

E [(/OM(FC@ ) = F(t 46— s))dﬁn(s)ﬂ

<\/1% /Ot+5(FC(t ) = F(t 45— s))dM;;(s))Q]
(/OH(S(FC(t ) = Fe(t 46— s))dﬁn(s)ﬂ .

By (4.6), the first term converges to zero as n — co. By (4.5), the second term is bounded by

2 <)\ /()t+5(FC(t —s)— F(t+6— s))ds)2

<2E

+2E
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to which (4.19) again applies.
By (4.1) and (4.5), we have

At +06) — A™(t) < —=(M"(t + 6) — M™(t)) + 6.

1
n
Thus, for the third term on the right hand side of (4.17), we have
- _ 1 . . 2
E [(An(t o) — An(t))ﬂ < 9E ( Ot +6) - M"(t))) 20262, (4.20)

n
Again, by (4.6), the first term converges to zero as n — oo.
By (4.14), we have for § > 0,

IP’( sup |V™(t)| > 6) < [T] sup P(|[V"(t)| > ¢€) + [T] sup P( sup |V (t+u) —V™(t)| > €
tel0,1] 0 | tefo,7) 0] teor) \uefo,d]

(4.21)

The first term converges to zero as n — oo by (4.15). By (4.17)-(4.20) and the above arguments,
we obtain

T
lim lim sup [} sup P sup [V*(t+u)—V"(t)|>e|=0.
60 nooo [0 ] 4ef0,1] u€0,d]

Therefore, we have shown that (4.13) holds. O
It remains to establish the following technical Lemma.
Lemma 4.3. The convergence in (4.19) follows from Assumption 2.1.

Proof. Recalling the notations in Assumption 2.1, it suffices to prove (4.19) in both cases F' = F}
and F' = Fy. Consider first the case F' = F;. We have
2

(/Ot(Fc(t —5) = F(t+6 — 5))ds> = </Ot(F(r +0) — F(r))dr>

‘ 2
= (Z ai/ (1(7" +9 > ti) — 1(7‘ > ti))dr>
i 0

2

<&
since ), a; < 1, from which (4.19) follows. In the case F' = F5, we have
t 2
( / (F(r+6)— F(r))dr) < A2,
0
from which again (4.19) follows. O

By the convergence of ff in (4.12) and Lemma 4.2, we obtain

¢
IM(t) = L(t) = / Fe(t—s)dA(s) in D as n— oo.
0
Combining this with (4.11), we have
[0 I = T o+ I = I(0)FE() + / Fe(- — 5)dA(s)
0

in D as n — o0.
We now show the joint convergence

(8", I")y = (S,I) in D? as n— oo. (4.22)
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We first have the joint convergence of 1"(0), and the two terms in the expression of I7(t) in (4.10)
since I™(0) and the first term are independent and the second term converges to zero. We then have
the joint convergence of A" and f , since we can apply the continuous mapping theorem applied to
the map z € D — (z,z — [ x( dFC — 5)) € D?. Then the claim in (4.22) holds by independence
of these two groups of processes, comblned with (4.13).

Thus we obtain

/ S"(s)I"(s)ds = / S(s)I(s)ds in D as n—oo. (4.23)
0 0
By (4.1) and (4.6), this implies that
A" = A= )\/ S(s)I(s)ds in D as n— oco.
0

Therefore, the limits S and I satisfy the integral equations given in (2.3) and (2.4).

We next prove uniqueness of the solution to the system of equations (2.3) and (2.4). The two
equations (2.3) and (2.4) can be regarded as Volterra integral equations of the second kind for two
functions. For uniqueness, suppose there are two solutions (S1, I1) and (Ss, I2). Then we have

S1(t) - Sa(t) = —A /0 ((S1() = Sa(s) i (s) + Sals)(Ti(s) = To(s)) ) s,

L(t) - () = A /0 Fe(t = 5)((S1(s) = Sa(s) i (s) + Sa(s)(Di(s) = To(s)) ) ds.

Hence,

51(0) = 20| + 110~ 2] < 22 [ (151(5) = Sa(6)| + 1 (s) = Fao)]) s,

where we use the simple bounds S;(s) < 1 and I;(s) < 1. The uniqueness follows from applying
Gronwall’s inequality.

Since the system of integral equations (2.3) and (2.4) has a unique deterministic solution (existence
is easily established by a standard Picard iteration argument, identical to the classical one for
Lipschitz ODEs), the whole sequence converges, and we have convergence in probability.

Remark 4.1. Convergence in L?(0,T) Here we reconsider the above proof, without requiring
Assumption 2.1, which has been used in the proof of Lemma 4.5, i.e., it was necessary only for the
proof of Lemma 4.2. We first note that Lemma 4.1 still holds true, hence S™ = S in D, at least
along a subsequence. We now consider I™.
It clearly follows from (4.15) that
V' =0 in L*[0,T] x Q) as n— oo.
This, together with (4.11) and (4.12), implies that
I"=1T1 in L*0,T) as n — oo,

since_convergence in law in D implies convergence in law in QQ(O,T). The joint convergence of
(8™, I™), and that of the whole sequence of the triplets (S™, I, R"™) as stated in Remark 2.2 is then
easily established, following some of the arguments from the above proof.
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5. PrRoOF OoF THE FCLT FOR THE SIR MODEL

X InAthi:f section we prove Theorem 2.2. Recall the definitions of the diffusion-scaled processes
(S™,I",R") in (2.6), and M’} defined in (4.2). We also define

An(t) = v/ (A"(1) — A(t)) = v/ <A”(t) A /O 5(3)1(5)d3> .

Note that under Assumption 2.3, we have I"(0) = I(0) in R as n — oo, and thus the convergence
of the fluid-scaled processes holds in Theorem 2.1. This is taken as given in the proceeding proof of
the FCLT.

By the definitions of the diffusion-scaled processes in (2.6), we have

~ —

An() = NI (E) + A /0 (S () T(s) + S(s)1"(s))ds, (5.1)

A | F ) (Sn(s)fn(s) + S(s)fn(s)) ds, (5.3)
and
R™M(t) = I"(0)Fy(t) + Ry (t) + R7(t)
A /O Flt — 5)(8™(s)T" () + S(s)I"(5))ds, (5.4)
where
) 1 nI™(0)
Ig(t) = —= > (1) > t) - Fs(1)), (5.5)
j=1
1 nA"(t) ¢ B
I'(t) == N 1+ >t) — A\n ; Fe(t —s)S™(s)I"(s)ds, (5.6)
=1
and
R 1 nI™(0)
By == > (100 <1) - Fo(t), (57)
=1
1 nA™(t) ¢ - B
{0) = = z_; Ul 4 < 1) — /\\/E/O Pt — 5)§" ()1 (s)ds. (5.8)

We first establish the following joint convergence of the initial quantities.
Lemma 5.1. Under Assumption 2.8, we have
(") (), 1" () Fo(), i, 1) = (1(O)F§ (), 1O)Fo(-), To, Ro ) (5.9)

in D* as n — oo, where the limit processes Iy and Ry are as defined in Theorem 2.2.
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Proof. We define

B =S (12 > - Fi)
pE) =3 (100 > 1) — FE(E)),
0 \/ﬁjzl 77] 0

_ 1 nI(0)

Ry (t) == 7n 2 (1(n) < t) — Fo(t)).

By the FCLT for empirical processes, see, e.g., [6, Theorem 14.3], we have the joint convergence
(O F5(), IO Fo(0), I, ) = (L) FS(), (0)Fo(), I, B

in D* as n — oo. The claim then follows by showmg that I” — I" = 0in D as n — oo, and
R” R = 0in D asn — oo. Wefocuson]o I = 0. We have for each t > 0, IE[IO( )—I2(t)] =0
and
E(|I5(t) - Ig (0] = Fs () Fo(t) B[|17(0) = I(0)[] = 0 as n — o0,
where the convergence follows from Assumption 2.3. It then suffices to show that {I§ — I} : n > 1}
is tight. We have
n(I™(0)VI(0)
> w0 - F©)
j=n(I"(0)AI(0)
1 n(I™(0)VI(0)
—OIRO-—~ > 1<),
N _
J=n(I"(0)AI(0)
By Assumption 2.3, the first term on the right hand side is tight. Denoting the second term by

©f(t), since it is increasing in ¢, by the Corollary on page 83 in [6], see also the use of (4.14) in the
proof of Lemma 4.2 above, its tightness will follow from the fact that for any € > 0,

sign(I(0) — I"(0)) (—73(15) - jg(t)) -

Bl

lim sup P(‘@"t—i—é) Op(t) =€) >0 as §—0.

n—oo

This is immediate since by Assumption 2.3,
E [\@g(t +0) - @g(t)ﬂ — E[|I™(0) — I(0)[]|Fo(t +6) — Fo(t)] = 0 as n — oo.
This completes the proof. ]
Recall the PRM M (ds, dz, du) and the compensated PRM M (ds, dz, du) in Definition 4.1.

Definition 5.1. Let My(ds, dz,du) be the PRM on [0, T]|xR; xR with mean measure v(ds, dz, du) =
dsFs(dz)du, where Fs((a,b]) = F((a + s,b+ s]). Denote the associated compensated PRM by

M(ds,dz,du).

We can rewrite the processes IT" and R as

in( f//t/ a5, u) M (ds, dz, du) f// / a5, u) M (ds, dz, du),
RY( f//ts/ on(s,u)M (ds, dz, du) /// M (ds, dz, du),

where

on(s,u) =1 (u < nAS™(s)I"(s)) .
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We also observe that the process M;{ can also be represented by the same PRMs:

N f///%su M (ds, dz, du) f///%su (ds, dz, du),

and that X A A
Mi(t)=11'(t) + RY(t), t>0.
We define the auxiliary processes f ™ and }NWIL by

It \F// / Bn(s,u)M(ds, dz, du),
Ri(t) = = / / / G5, u) M (ds, dz, du),
M73(t) \f// / B(s, 1) M (ds, dz, du),

Pn(s,u) =1 (u < nAS(s)I(s)) -
Note that in the definitions of I7(t) and é’f(tl, we have replaced S™(s) and I"(s) in the integrands
©n(s,u) by the deterministic fluid functions S(s) and I(s). Also, it is clear that

M(t) = T'(t) + Ry(1), > 0.
We first prove the following result.

where

Lemma 5.2.

sup sup E[|S™(t)|?] < oo, sup sup E[[I"(t)]}] < oo, sup sup E[R"(t)*] < co.
n tel0,T] n t€l0,T] n tel0,T]
Proof. We have

sup E[M7%(t)%] < AT.
te[0,7

It is clear that there exists a constant C such that for all n > 1,

sup E[(I"(0)F5(t)*] < E[I"(0)%] < C,
te[0,7)

sup E[([§(1))*] = sup E[I"(0)]Fo(t)F(t) < E[I"(0)] < C,
t€[0,T] t€[0,T]
and .
sup E[(I7(t))}] = sup )\/ Fe(t — 5)S"(s)I"(s)ds < AT.
te[0,T te[0,7) 0

Then by taking the square of the representations of S7(t) in (5.2) and I"(t) in (5.4), then using
Cauchy-Schwartz inequality and the simple bounds I™(¢) < 1 and S(¢) < 1, we can apply Gronwall’s
inequality to conclude the claim. ([l

We next show that the differences of the processes Mg, A’f, I 1" with their corresponding MZ, N?, f{l
are asymptotically negligible, stated in the next Lemma.

Lemma 5.3. Under Assumptions 2.3 and 2.1,
(M} — M3, R —R}IP—T1) =0 in D® as n— .
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Proof It suffices to prove the convergence of each coordinate separately. We focus on the convergence
R” R” = 0, since the convergence M7 i — M7 A follows sumlarly, and then the convergence I T I =0
follows by the facts that M7 (t) = I7(t) + RP(t) and MA( ) = IP(t) + R} (t), for each t > 0.

Let 2" := R? — R". Tt is easy to see that for each ¢ > 0, E[Z7(¢)] = 0, and

E [é”(t)Q] = / F(t—s)E[|S™(s)I"(s) — S(s)I(s)]] ds 0 as n — oo,
0

where the convergence holds by Theorem 2.1 and the dominated convergence theorem. Then
it suffices to show that the sequence {Z" : n > 1} is tight. Note that =" can be written as
=(t) = :’f(t) - , where

M(S™(s)I™(s)VS(s)I(s)) 3 B 3 3
20 (t) == / / / ~ sign(S"(s)I"(s) — S(s)I(s))Mi(ds,dz, du),
NG nA(S S(s)1(s))
W / Pt — s)(sn(s)fn(s) ~ §(s)1(s))ds.
0
Both processes E’f( t) and Eg( t) are differences of two processes, each increasing in ¢, that is,
()I(s))

S"(s I" _ _ _ 3
=0 == / / /n Csrmtonsioy ME O = SET6) > 0My(ds, =,
n)\(S" s)I” s)VS(s)I(s)) _ _ _ B
/ / / 1(S™(s)I"(s) — S(s)I(s) < 0)M;(ds,dz,du),

(Sn(s)Im(s)AS(s)I(s))
and

t) = )\\/ﬁ/ F(t—s)(S™(s)I"(s) — 5(5)f(8))+d8 - )\\/ﬁ/o F(t—s)(S™(s)I"(s) — S(S)I_(s))+ds.

Define E} and Z5 by
/ / / A(S™(s)I™(s)VS(s)I(s)) (d e d )
‘:‘1 = 1 S, 4z, au),
vn RA(S™ ()T (s)AS () (s))

t) = /\\/ﬁ/o F(t —s)[S™(s)I"(s) — S(s)I(s)|ds.

Tightness of Z7'(¢) and =5 (¢) implies tightness of the four components in the above expressions of

and

é?(t) and ég(t) By the increasing property of Z7'(¢) and =5(t), we only need to verify the following
(see the Corollary on page 83 in [6] or the use of (4.14) in the proof of Lemma 4.2): for any ¢ > 0,
and i =1, 2,
1
lim sup 51@(\ Pt+06)—Zrt) =€) =0 as §—0. (5.10)

n—o0

For the process Z4(t), we have

E[|=5(t +6) — Z5(1)[]

_E |22 </:+5 Ft+6 — s)A™(s)ds + /Ot(F(t bo—s)— Ft— s))A”(s)ds> 2]
< IN’E ( /t " s s)A”(s)ds>2]
+ 2R (/Ot(F(t—i—(S—s)—F(t—s))A"(s)ds>2], (5.11)
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where
s) =V |S"($) " (s) = S(s)I(s)] = [S"(s)I"(s) + S(s)I"(s)| < |S™(s) + [["(s)].  (5.12)
For the first term on the right hand side of (5.11), by Cauchy-Schwartz inequality, we have

t+4 2 t+36
(/ F(t+0— s)A”(s)ds) ] < 5/ E[A"(s)?]ds < 6% sup E[A"(s)?].

s€[0,T]

E

For the second term, we need

1
limsup =E

n—o0 6

t 2
(/ (F(t+(5—s)—F(t—s))A"(s)ds) ] 50 as §—0. (5.13)
0

This is implied by Assumption 2.1, Lemma 5.2 and (5.12), as we now show, by an argument which
slightly extends that in Lemma 4.3. If F' = F}, we have

E [(/Ot(F(t b6 s)— F(t— s))A"(s)ds) 2]
< Zai]E < ti: Ayt — r)dr>2]
< 5ZaiE [ .

Ayt — r)2dr] < 6% sup E[A"(s)?].

t;—6 s€[0,T]

If F = F5, we have

(/Ot(F(t b —s)— F(t— s))A"(s)ds) 2]

<tE [ / t(F(t +6—s)— F(t— 3))2A”(s)2d5] < T%e6'2% sup E[A™(s)?].
0 s€[0,T]

E

Thus, (5.10) holds for Z5(t).
For the process Z'(t), we have

E[|Z1(t +6) — E1(t)?]
[( /H— /H- A(S™(s)I™(s)VS(s)I(s))
= M (ds,dz, du)
Vn A5 (s) T (s)AS(s) I (5))

/ /t+6 /m(sn s)I"(s)VS(s)I(s)) >2]
M (ds,dz,du)
f A(S™ ()T (s)AS(s)I(s))

t+8  ft46  rnA(ST(s) I (s)VS(s)I(s)) ?
< 9K / / / M (ds,dz, du)
NG nA(S™ ()1 (s)AS(s)I(s))
t+6 (S (s)I(s)VS(s)I(s)) ?
1 9R / / / (ds,dz,du)
\F nA(S s)NS(s)I(s)) i

Note that we can write

/t+6 /t+5 / I (s)VS(s)I(s))
M (ds,dz, du)
vn $)In(s)AS(s)(s))
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/t+5 /t+5 /n)\(S” (s)I™(s)VS(s)I(s))
M (ds,dz,du)
G RA(S™ ()T (s)AS () I(s))
t+4
+ A F(t+ 06— s)A"(s)ds.
t
Thus, we have the following bound

t46 pt+6  pnA(ST ()M (s)VE(s)I(s)) 2
B} <2E / / / ~ M(ds,dz,du)
NG PA(S™ (s) T (s)AS () I(s))

t+6 2
+2E ()\ F(t+9d— s)A"(s)ds)
t

t+6 B N B _
<2 /t F(t 46— $)E [|5"(s)["(s) — 5(s)I(s)[] ds

+ 2252 sup E[A"(s)[?. (5.14)
s€[0,7

Similarly, we have

t46 (ST ()T (s)VS(s)I(s)) 2
By <2E / / / dM(ds, dz, du)
2 \f s)AS(s)I(s))

<)\/0( (t+6—s)— F(ts))A"(s)ds)2]

< 2)\/0 (F(t+6—5)—F(t—s)E[|S™(s)I™(s) — S(s)I(s)|] ds

+2E

+ 2)°E

</Ot(F(t+6—s) —F(t— 5))A”(5)ds)2]. (5.15)

It is straightforward that the first terms on the right hand sides of (5.14) and (5.15) converges
to zero as n — oo since E [[S™(s)I"(s) — S(s)I(s)|]] — 0 as n — oo by Theorem 2.1, and by the
dominated convergence theorem. Thus, by (5.13), we have shown (5.10) for Z7(¢). This completes
the proof. O

Let .
G ::U{M([o,u]xRi):ogugt}, t >0,

and .
G ::a{M([o,u] % [0, 4] XR+):O§u§t}, t>0.

Then ]\72 is a {G{ : t > 0}-martingale with quadratic variation
t
= )\/ S(s)I(s)ds, t>0,
0
and R? is a {GF : t > 0}-martingale, with quadratic variation

(RY)(t) = )\/0 F(t—s)S(s)I(s)ds, t>0.

Note that we do not have a martingale property for In. Tt is important to observe that the
joint process (M}, RY) is not a martingale with respect to a common filtration, and therefore we
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cannot prove the joint convergence of them using FCLT of martingales. However, they play the
role of establishing tightness of the processes {M%}, {I}}, and {R}}. Moreover, while { M7} is a
F' martingale, {R?} is not a martingale, the point being that the intensity An.S™(t)I"™(t) is not
ngadapted In fact, for the sake of establishing tightness, one can exploit the martmgale property
of {M 1}, so that the introduction of M7 4 is not necessary. And since the tightness of I "t follows from

those of both M 4 and R 1, only R” really needs to be introduced for proving tightness. However, in
the proof of Lemma 5.4, we shall now need the full strength of Lemma 5.3.

Lemma 5.4. Under Assumptions 2.8 and 2.1,

(M3, 17, RY) = (My,I",R)) in D® as n— oo,
where (Ma, Iy, R1) are given in Theorem 2.2.
Proof. In view of Lemma 5.3, all we need to show is that

(]\AJZ,T{L,E”) = (Ma,I},R)) in D?® as n— oo.
Exploiting the martingale property of both MZ and E?, we can show that each of these two processes
is tight in D. Since moreover any limit of a converging subsequence of either of these processes is
continuous, the difference I (t) = M’} (t) — R} (t) is also tight. Thus, by Lemma 5.3, {M}}, {IT'},
and {R7} are tight. It remains to show (i) convergence of finite dimensional distributions and (ii)
the limits are continuous.

To prove the convergence of finite dimensional distributions, by the independence of the restrictions

of a PRM to disjoint subsets, it suffices to show that for 0 <# <t and 0 < a < b < oo,

nh_)rgo]E [exp< /t / / On(s,u dM(ds dz du))]

= exp (-ix/ﬂ( (b—s) — F(a—s))8(s)I(s)ds ) (5.16)

Recall that for a compensated PRM N with mean measure v and a deterministic function ¢, we
have

E [exp(i0N (¢))] = e~ () exp (y(e“%’ - 1)) , (5.17)
where v(¢) := [ ¢dv. As a consequence, the left hand side of (5.16) is equal to

exp (—z /t Fla— s)))\ng(s)f(s)ds)
X exp (( i/ _ )L( (b—s)— Fla— 3))/\n5'(s)I_(s)ds) .

Then the claim (5.16) is immediate by applying Taylor expansion.
Given the consistent finite dimensional distributions of Ry, to show that the limit process R;
have a continuous version in C, it suffices to show that

E [(Rl (t+0) — Ry (t)))ﬂ < oo, (5.18)

This is immediate since as a consequence of (5.16),

E [(Rule+0) — ()] =3 (B [(Rue+0) — Ra(0))?] )
t+6 3 t _ 2
—3 <)\/t Ft+6 — 5)S(s)I(s )ds+)\/0( (t+5—s)—F(t—s))S(s)I(s)ds>
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2

Then the claim follows from Assumption 2.1. This property holds analogously for the processes My
and I;. This completes the proof. O

Completing the proof of Theorem 2.2. By Lemmas 5.1 and 5.4, we first obtain the joint convergence
(I OVFS (), (O Fo(), 7, B, 315, B, B) = (1) F§(), OV Fo(:), o, Fro, ¥, T, Ry

in D7 as n — oo. Since the limit processes I 0, Ro, M A, I 1 Rl are continuous, we have the convergence:

(—M3, I (0)FS () + Iy + 1, I (0) Fo () + R+ RY) = (= Ma, I(0)F§ () +Io+11, [(0)F§(-)+ Ro+ Ry),

in D3 as n — oo. It follows from (5.3), (5.4), Theorem 2.1, Lemma 5.1, 5.2 and 5.4 that (I", R")
is tight in D?, and any limit of a converglng subsequence satlsﬁes (2.9) and (2.10), where we may

replace S by — — R, since 5™ = —I" — R™ for all n. From Lemma 8.1, this characterizes uniquely
the limit, hence the whole sequence converges, and finally (2.7), (2.8) follow readily from the above,
and again the fact that S™ = —I" — R™ for all n. O

Remark 5.1. We now justify the claim stated in Remark 2.5. We reconsider the above proof, without
requiring Assumption 2.1. Note that this Assumption has been used only in the proof of Lemma
5.3. An inspection of (5.2) reveals that the tightness of S™ in D follows readily from the martingale
property of MA together with (4.3), (4.5), and Lemma 5.2. From the identity S™ + 1" + R" = 0, we
note that it suffices to consider the tightness of R™. " is not a problem. We need to consider R?
As argued at the beginning of the proof of Lemma 5.4, tzghtness of E’f i D is not hard to establish.
The argument where we made use of Assumption 2.1 is the convergence of R? — E? to 0 in D. The
fifth line of the proof of Lemma 5.4 establishes that E[(R?(t) — RM(t))2] — 0. The same argument
shows that the integral from t = 0 to t =T of this last quantity goes to zero as n — oo, hence in
particular ]:3? — E? — 0 in L?(0,T) in probability, and R™ is tight in L?(0,T). It is now easy to
conclude the proof of the claim stated in Remark 2.5.

6. PrROOF oF THE FLLN rorR THE SEIR MODEL

In this section we prove Theorem 3.1. The expressions and claims in (4.1)—(4.9) hold by the same
arguments, which we assume from now on. By slightly modifying the argument as for the process
I™ in the SIR model, we obtain that

B() = BO)G5() + / Go(- — 5)dA(s)
0
inD asn — oo.
Recall I"(t) in (3.10). Define
1 ITL(O)
== 160 >0,

j=1
E™(0)
Ipa(t) == > (&) <L) +m; > 1),
j=1
A™(t)

S & S OUT + &+ > 1),
=1

3

I |~

S|
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By the FLLN of empirical processes, and by Assumption 3.2, we have
(I_&l, I_(SL,Q) = (1_0’1,1_0,2) in D?> as n— o, (6.1)
where
Ioa == 1(0)G§()), Ip2:= E(0)¥(").
For the study of the process I}, we first consider

A" (t)

I =BT OIF] =1 Y

i=1

\I/(t—T[‘)—/O W(t — s)dA™(s)

_A”(t)—/o ()Wt — s).

Applying the continuous mapping theorem, we obtain

I"=1I, in D as n— oo. (6.2)
where . .
L) = A(t) - / A()dW(t — 5) = / W(t— 5)dA(s), t>0. (6.3)
We now consider the difference ’ ’
- 1 An(t)
V(t) .= I{(t) — = 2 Ky

where
ri (1) = U7 + & SO + & +mi > 1) = V(- 7).
We next show the following lemma.

Lemma 6.1. For any e > 0,

IP’( sup [V"(t)] > 6) —0 as n— 0. (6.4)
t€[0,T]

Proof. We partition [0, T into intervals of length ¢ > 0, and have the bound for sup,c[o 77 [V"(?)| as
n (4.14).
First, we have
E[x!(t)|FF] =0, Vi; E[RP(&sMO|IF] =0, Yi#j.
Thus
LA

E[V™(t)? Z E[x(t)?|FP]

( t
= iz Z (t =M1 — Wt — 7)) = i/o U(t—s) (1 — Ut — 5)) dA"(s)
= 71;/2/0 U(t—s) (1 — Tt — ) dMT(s) + i/ U(t—s) (1 — Tt —s)) dA™(s)

0
< n;m/o W(t—5) (1 — W(t — 5)) dVIE(s) + 2
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where the inequality follows from (4.4) and (4.5). Thus

At At
E[V™(t)? < =, P(V" < . :
VI < BV W) >0 < 5 (65)
Next we have
WVt +u) = V" (u)]
LA 1 A™ (1)
=|= (¢
n 2 M- ) e
] An(t) 1 A" (t4u)
= Ez Pt ) = s () + S st +u)
i=An (t)
1
= |- 1(T{L+fi§t+u)1(Tf+fi+7h>t+u)—1(7'in+fiSt)l(Tin—i-&-i-m‘>t))
=1
t A" (t4u)
AT 1 n
+ / (U(t+u—s)—U(t—s))dA"(s)| + — Z |ki' (t 4+ w)|
0 n.
1=A"(t)
LA
S U G St u) A G+ > 1) - 1 & > )
i=1

+:L Z (" +& <t4u) = 17"+ & < )17 + & +m > t)

i=1
t t—s+u B
+/ (/ (F(t —s—v|v) — Fc(t+u—s—v|v))dG(v)> dA"(s)
0 \Jo
¢ t—s+u B 1 A )
+/ (/ Fe(t — s—v|v)dG(v)> dA™(s) + ~ S et +u)l.
0 \Ji—s i=An (1)

Observing that the first four terms on the right hand side are all increasing in u, and that |} (¢)| <1
for all ¢,4,n, we obtain that

sup |[V™(t+u) — V"(u)]

A™(2)
(A" + & <t40) = 17" + & < O + & +mi > t)

i=

1
+ /Ot i/{)tSM(FC(t 5 fv) — Fe(t+5—5— v\u))da(v)) A7 (5)
/0 < /tt_sm Fe(t—s— U|v)dG(v)> 4A(s) + (A"(t + 8) — A(1)). (6.6)
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Thus, for any € > 0,
(u)| > e) (6.7)

P ( sup |V"(t+u) —
u€[0,4]

A’VL
<P

—~

t)
(Tn+§i<t+5)1(t<7i"+&+m<t—i—5)>e/5)

||M

A (¢

~

1t <7+ & <t+0)1 (i”+§i+m>t)>e/5)

(1
n =1
< v ) dA™(s) > e/5>

t—s+6
(/ (F(t —s —v|v) = F(t+ 6 — s —v|v))dG(v)

0
Fe(t—s— v[v)dG(v)) dA™(s) > 6/5) + P ((A™(t +0) — A™(t)) > €/5) .

(L

We need the following definition to treat the first two terms on the right hand side of (6.7)

Definition 6.1. Define a PRM M (ds,dy,dz,du) on [0,T] x Ry x Ry x Ry with mean measure
(ds,dy,dz,du) = dsH (dy,dz)du. Denote the compensated PRM by M (ds, dy, dz, du).

For the first term on the right hand side of (6.7), we have

An(D) 2
E K 3 1(7’?4—&<t+5)1(t<7’?+&+7]i<t+5)> ]

S|

=1

1 t+0—s pt+d—s—y IS (s)I"(s) 2
/ / / / M (ds,dy,dz, du)
t

n

1 t+0—s  pt+d—s—y rnAS™(s)I™(s) 2
<2E / / / / M(ds,dy,dz, du)
t

E{

n

</Ot </ot_s+5(FC(t —s—vfv) = F(t+0d—s— v\v))dG(v)) dA”(s)> 2]

=ZE
n

2 [/Ot (/OHM(FC@ —s—v|o) = F(t+0—5— v\v))dG(v)> dA"(Sﬂ

+2E
< ZA/Ot </0ts+5(FC(t— s—vlv) —
+2 <)\ /Ot (/OtSH(FC(t —s—vlv) = F(t+0—s— v]v))dG(fu)) ds>

2 /Ot+6 </Ot—v+6(Fc(t s wf) = F(t+6— s — U|U))d8> dG(v)

</Ot (/otSM(FC(t —s—v|v) = F(t+0—s— v\v))dG(v)> dA"(S)> 2]

Fe(t+6—s— v[v))dG(v)) ds
2

=2
2

(6.8)

49 <)\ /OM (/Ot_v+6(FC(t o) = Ft 45— — v|v))ds> dG(v))



38 GUODONG PANG AND ETIENNE PARDOUX

Here the second inequality uses (4.5). The first term on the right hand side of (6.8) converges to
zero as n — oo. By Assumption 3.1, we have

% (/OH(S (/Otv+6(FC(t —s—vv) = F(t+5—s— v]v))ds) dG(v)>2 —0 as d—0. (6.9)

Indeed, in the case F' = [}, the left hand side is equal to

t t—v 2
% (/ +5 (/ +5Z(M(1(t5v<ti)1(t+557)<ti))d5> dG(v)) §5G(t+5)27
0 0 i

since ), a; < 1. In the case F' = F5, the left hand side is bounded by

% </t+6 (061/2+6'(t —v+ 5)) dG(v)>2 < 269t + 8)2G(t + 6)2.
0

It is then clear that in both cases (6.9) holds.
Similarly, for the second term on the right hand side of (6.7), we have

LA 2
E {(n Z 1(t<7'l-”+§z'<t+5)1(7-l-"+§i+m>t)) ]

=1

|:<1 t pt+0—s poo nAS™(s)I™(s) 2
=FE / / / / M(ds,dy,dz,du))
nJo Ji—s t—s—y J0
1 [t t+0—s poo nAS"(s)I™(s) 2
< 2E ( / / / / M (ds,dy,dz, du)>
nJo Jt—s t—s—y JO

([ et
_ %E [/Ot </::+6 Fo(t— s — u\v)da(v)> d/_\”(s)}
([ rersuanaa
< ix/ﬂt (/:M Fe(t—s— v[v)dG(v)) ds

)

4o <)\ /Ot (/j:w Fo(t—s— vv)dG(v)> ds> . (6.10)

Again, here the second inequality uses (4.5). The first term on the right hand side of (6.10) converges
to zero as n — 0o. By Assumption 3.1, we have

% (A /Ot (/:HS Fe(t— s — v\v)dG(v)) ds)2 0 as 60, (6.11)

For the third term on the right hand side of (6.7), by (4.1), we have

(/Ot </0H+5(F0(t —s—vlv) = F(t+6—s— v\v))dG(v)) dAn(s)>2]

+2E

E
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e [(;ﬁ /Ot </Ot_s+5(FC(t —s—vfv) — F(t+5—s— vlv))dG(U)> dME(s)>2]

(/Ot </0ts+5(F0(t —s—olv) = F(t+6—s— v|v))dG(v)) df&”(s)>2] _ (6.12)

Then by (4.6) the first term converges to zero as n — 0o, and the second term can be treated
similarly as the second term in (6.8). The fourth term in (6.7) can be treated similarly. The last
term in (6.7) is the same as in (4.20). Therefore, by combining the above arguments and (6.7)—
(6.12), we obtain

+2E

T
lim lim sup [} sup P sup |V"(t+u)—V"(t)|>€e] =0.
00 nooo |0 ] o<t<T  \uef0,0]

Then by (4.21) and (6.5), we conclude that (6.4) holds. O

By (6.2) and (6.4), we have

I'=05L in D as n— .
Combining this with the convergences of (f&l, I_&z) in (6.1), by independence of (I_&p f{h) and I7,
we have B B - B o - -
Im :I&1+I&2—|—I{L :>I:IO71+IO’2+II in D as n— oo.
Similar to the SIR model, we can show the joint convergence
(8", 1"y = (S,I) in D? as n— .

Thus, using a similar argument as in the SIR model, we have shown that the limits (S, I) of (S™, I™)
satisfy the integral equations (3.13) and (3.15). Similarly to the SIR model, these two equations
have a unique solution. Once the solutions of (S,I) are uniquely determined, the other limits
A, E, L, R are also uniquely determined by the corresponding integral equations. This proves the
convergence in probability. Therefore the proof of Theorem 3.1 is complete.

7. Proor orF THE FCLT ror THE SEIR MODEL

In this section we prove Theorem 3.2, for the diffusion-scaled processes (S”f, E”, I n Rﬁ‘) defined in
(3.17). Similarly to the SIR model, under Assumption 3.3, we have (I™(0), E™(0)) = (1(0), E(0)) €
Ri as n — oo, and thus the FLLN Theorem 3.1 holds, which will be taken as given in the proof

below. Recall the martingale M7% defined in (4.2).

We have the following representation of the diffusion-scaled processes. We have the same
representation of S™ in (5.2) for the SIR model. For the ease of exposition, we repeat the following
expression for the process Sn.

§n(8) = —(0) — NIT(#) — A /0 (8"(5)1(s) + §(5)"(s) ) ds.
For the process En,

E™Mt) = E*(0)G§(t) + Eg (1) + ET(t)
+A /O Ge(t — 5) (S”(s)[”(s) + S(S)I”(S)) ds,

where

(1€} > 1) - G§(1)),
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1 nAn"(t)

B = o= 3 A 46> 1) - f)\/Gct—sS"()”()ds.
=1

n

For the process I”,
I"(t) = I"(0)F; ( ) + B (0)Wo(t) + 151 () + I () + I (2)

U(t—s (S” I"(s )) ds,
where
Im(0
I, () \/15 Z(:) 1(ng > t) — F5(1)),
7j=1
B En (0)
102 n é.] < t é-] + nj > t) \IIO(t)) )
7=1
and

An(t)
It \}Z TG <O+ &+ > t) — Af/ (t — 5)S™(s)I"(s)ds.

For the process R,
R () = I"(0) Fo(t) + E™(0)o(t) + R 1 (1) + R o(t) + R (D)

where 0
Im(0
. 1
Rg,l(t) - = (1(77] < t) - FO(t))a
Vi 2
1 E™(0)
Ria(t) = == 3 (1€ + 15 < 0) — Bo(1)
j=1
and

An(t)

Ry(t Z &G+ <) - )\\f/ (t — 8)S™(s)I"™(s)ds.
f
To facilitate the proof, we also define the process L™ (recall that L™(t) = I"(t) + R"™(t) — I"(0)) :

L™(t) == vn (L™(t) — L(t)) = v/n (L”(t) — <E(O)G0(t) + )\/0 G(t — s)S(s)I(s)ds)) :
It has the following representation:
L™M(t) = E™(0)Go(t) + L () + L} (t)
+ A /O G(t — s) (S”(s)]"(s) + S(s)I”(s)) ds,

where
nE™ (O

(1] <t) = Go(t)),

E\H

Jj=1
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nAn"(t)

! Z (Th+ & <t)— fA/Gt—ssn()”()d.

NG

We have the following joint convergence for the initial quantities similar to Lemma 5.1 for the
SIR model. Its proof is omitted for brevity.

Li(t) =

Lemma 7.1. Under Assumption 3.3, we have

A

(E"()G5(). B B"(0)Go (), L, I (OVFS (), E"(0)¥0(-), . B, IO Fo(), (0020 (), 151, B
= (BOGE(). Eo. EO)Go(), Lo, HO)FS (), BOWo(), foa, Doz [0 Fo(), EO)@(), Rou. o)

in D2 as n — oo, where the limit processes Fy, Ip 1, Ip2, Ro1 and Ry are given in Theorem 2.2,

N—

and f)o is a continuous mean-zero Gaussian process with the covariance function
COV(io(t), zo(s)) = E(O)(Go(t A 8) — Go(t)Go(S)), t,s > 0.
In addition,

Cov(Eo(t), Lo(t))

T0)((Go(t) = Ryt = t) = GEHGo(t)),

and ﬁo is independent with the other limit processes of the initial quantities.
Recall the definition of PRM M (ds, dy, dz,du) and its compensated PRM in Definition 6.1.

Definition 7.1. Let M (ds,dy,dz,du) be a PRM on [0,T] x Ry x Ry x Ry with mean measure
v(ds,dy, dz, du) = dsH,(dy, dz)du such that the first marginal of Hy is G((a,b]) = G((a + s,b+ s])
and the conditional distribution Fy((a,b)ly) = F((a + s+ y,b+ s +yl|ly). Denote the compensated
PRM by M(ds, dy,dz, du).

We use again the notation ¢, (s,u) =1 (u < nAS™(s)I"(s)). We can rewrite the processes M7,
Ep, L}, I and R?f as

Nt f// / / (s, u) M (ds, dy, dz, du)
:f// / / on(s,u)M(ds, dy, dz, du),
-G [ [ oo
:f// / / on(s,w) M (ds, dy, dz, du),
- o [ [
:f/// / on(s,w) M (ds, dy, dz, du),
o [ i
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= \]}/t/t/oo /OO on(s,u)M(ds, dy, dz, du),
RY( f//tS/tsy/ ©on(s,u)M (ds, dy, dz, du)
\F////gonsu (ds,dy, dz, du).

M7%(t) = EP(t) + L(t), t>0, (7.1)

Observe that

and A A A
L}(t) =I17(t) + RY(t), t=>0. (7.2)
We define the auxiliary processes MX, E"f, INJIL, ff? and ﬁ? by replacing ¢, (s, u) by
on(s,u) =1 (u < n/\S’(s)I:(s)) ,
in the corresponding processes using the compensated PRM M (ds,dy,dz,du). Then we have
M3(t) = Ep(t) + L), t>0, (7.3)
and B B _
L}(t)=I7(t) + RY(t), t=>0. (7.4)
Similar to Lemma 5.2 for the SIR model, we have the following result. We omit its proof for

brevity.

Lemma 7.2.

sup E[|S"(t)]"] < oo, sup E[|E"(t)]*] <oo, sup E[I"(t)]] <oo, sup E[IR"(1)]%] < oo.
t€[0,T] te[0,T] te[0,T] t€[0,T

Then, following an analogous argument as in the proof of Lemma 5.3, we obtain the following.

Lemma 7.3. Under Assumption 2.3,
(M7 —MZ,E” —EM Ly L I —I'RY— RN =0 in D° as n— .

Proof By the same argument as in the proof for the SIR model, we obtain the convergence
M7 — MA =0, and L7 — L = 0, and thus, by (7.1) and (7.3), we have E? — E = 0. We then
show that R — R" = 0, which will imply I* — I” = 0 by (7.2) and (7.4). On the other hand, the
proof of R} — R” = 0 follows essentially the same argument as that in the SIR model, if we replace
the infectious periods by the sum of the exposing and infectious periods. In the analysis we simply
replace the distribution function F' by the convolution of F' and G. In particular, the difference
process Z" = R} — R, has E[Z](¢)] = 0, and

1/t i o

E [E"(t)Q] = / O(t—s)E US”(S)I”(S) — S(s)](s)” ds,

nJo
for each t > 0. To show that the sequence {Z" : n > 1} is tight, as in the proof of the SIR model, it
suffices to show the tightness of the processes Z'(¢) and =5 (¢):

/ / / /n)\(S" s)I(s)VS(s)I(s)) (d oo d )
‘:l 1 s,ay,az,au),
\/> A(Sn(s)I(s)AS(s)I(s))

t):A\/ﬁ/O B(t — 5)|5" () I"(s) — 5(s)I(s)|ds.
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It suffices to show that (5.10) holds for each process. Both processes Z7'(¢) and =5 () are increasing
in t. The proof then follows step by step and it requires the condition:

t 2
lim sup 1IE [(/0 (P(t+6—s)—D(t — s))A"(s)ds) ] — 0 (7.5)

n—o00 )
as 0 — 0. We observe that
O(t+6—35)—P(t—s)
t—s

t+0—s
:/0 F(t+6—s—uu)dG(u) — ; F(t—s—ulu)dG(u)

t+6—s t—s
:/t F(t—i—é—s—u]u)dG(u)—i—/o (F(t+ 06 —s—ulu) — F(t — s — u|u))dG(u).

—S

Thus, we have

E

</Ot(<1>(t b6 s) Bt — s))A"(s)ds) 2]

</0t /tt?—s Ft+6—s— u’u)dG(u)A"(s)dS> 2]

(/Ot /Ot_s(F(t +0—s—ulu) - F(t—s— u|u))dG(u)A”(5)d5> 2] ,
The first term can be bounded by
(/Ot(G(t 4o —s)— Gl — 3))A"(s)ds> 2]

which can be dealt with in the same way as the SIR model. For the second term, by interchanging
the order of integration and using Jensen’s inequality, we have

</0t /ots(F(t +6—s—ulu) - F(t—s— UIu))A"(S)dsdG(u))2

< 2K

+2E

2E

E

2

<E [/Ot (/Otu(m b o —s—ulu)— F(t—s— uu))A”(s)ds) dG(u)

Then given the assumptions satisfied by the conditional distribution function F'(-|u), we can show
that this term is at most of the order of o(d) as in the SIR model. This completes the proof. [

Let
gg“::a{JT/f([o,u]xRi):ogugt}, t>0,
GF ::J{M([O,U]X[O,u]xRi):Ogugt}, t>0,

and

G ::a{M([O,u] % [0,4] % [0, 4] XR+):0§u§t}, > 0.

It is clear that ]\72 is a {g;“ ™t > 0}-martingale with quadratic variation

(M) (t) = A /0 S(s)I(s)ds, t>0,
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L7 is a {G/" : t > 0}-martingale with quadratic variation
~ t — —
(T (1) = A / Gt — $)5(s)I(s)ds, ¢ >0,
0
and R is a {gtR ™1t > 0}-martingale with quadratic variation

(R})(t) = /\/0 ®(t — 5)S(s)I(s)ds, t>0,

Note that we do not have a martingale property for E™ nor I " and like in the SIR model, it is
important to observe that the joint process (M7}, L, R}) is not a martingale with respect to a
common filtration, and we only use their individual martingale property to conclude their tightness.
Lemma 7.4. Under Assumptions 3.3 and 3.1,

(MY, By LY I, RY) = (My, Ey, Ly, I Ry) in D® as n— oo,
where (MA,El,fl,ﬁl) are given in Theorem 2.2, and Ly is a continuous Gaussian process with
covariance function: for t,t' >0,

Cov(L1(t), L1 () = A " GtV — s)8(s)I(s)ds,
and it has covariance functions with the other ;rocesses: fort,t' >0,
Cov(Ma(t), Li(t') = X wa G(t' — 5)S(s)I(s)ds,
t/\t’ o
Cov(E1(t), = )\/ —G(t—3s)1(t' > t)S(s)I(s)ds,

tAY

(G(t —s) — Ut —5))L(t' > 1)S(s)I(s)ds,

A

Cov(La(t), L (1) =

tAL

Cov(Li(8), Ir(®) =X | (Gt —s) — Bt — s))L(t > £)S(s)I(5)ds.

J
J

Proof. In view of Lemma 7.3, it suffices to prove that
(M%, EX LR I RY) = (My, By, Ly, [, R)) in D° as n— oc.

Using the martingale property of ]\72, E’f and ]A?:?, we establish tightness of each of these processes
in D. Moreover each of the possible limit being continuous, the differences f{@(t) = qu (t) — ﬁ’f (1),
and E7(t) = MA( t) — L(t) are tight. Lemma 7.3 now implies that (MY, {E%}, , {11}, and {R}}
are tight. We next show (i) convergence of finite dimensional distributions and (ii) the limits are
continuous.

To prove the convergence of finite dimensional distributions, by the independence of the restrictions
of a PRM to disjoint subsets, it suffices to show that for 0 < ¢ < ¢, 0 < a < b < oo and

0<c<d< oo,
lim E [exp< /t / / / M (ds, dy, dz, du))]
= exp <—1922)\/t/ </a / ﬁs(dy,dz)> S(s)I(s)d > (7.6)

//H (dy, dz) = /b (F(d—y — sly) — Flc—y — sly))G(dy).

S

where
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By (5.17), the left hand side of (7.6) is equal to

exp(—z/t, (/ / 1. dy,dz))\nS( V(s )d>
X exp ((&Wﬁ 1) /t ( / / I:IS(dy,dz)) )\nS(s)I(s)ds) .

Then the claim in (5.16) is immediate by applying Taylor expansion.
We next §how that there exists a continuous version of the limit processes M4, F1, I; and Ry in
C'. Taking R; as an example, we need to show (5.18) holds. By (7.6), we have

E [(Rl(t o) — Rl(t)))ﬂ —3 (E [(Rl(t o) — Rl(w))z])z
_3 ()\/tt+6q>(t+5—s)§( V(s )ds+/\/0t( (t+5—s) —q>(t—s))§(s)f(s)ds)2

2

< 6A6% 46X </t(<I>(t +d—5)—D(t— 3))5(s)f(s)ds>
0

This implies that (5.18) holds thanks to Assumption 3.1, see the computations for the proof of (7.5)
above. This completes the proof. O

Completing the proof of Theorem 2.2. By Lemmas 7.1 and 7.4, we first obtain the joint convergence
( — I"(0) = M, EM(0)G5(-) + Eg + ET, I"(0)F§ () + E"(0)Wo(-) + Iy + Iy + I,
() Fo(-) + E™(0)@0() + 5, + Ry + 1)
= (— 1(0) = Ma, E(O)G§(-) + Eo + Ev, I(0)F§(-) + E(0)¥o () + lox + lo2 + I,
1)) + BO)®() + Ro + Roz + B )

in D* as n — co. Then by Lemma 8.1 and the continuous mapping theorem, we obtain (3.18). O
As a consequence of the above proof, we also obtain the convergence L™= Lin D as n — oo,
jointly with the processes in (3.18), where

L(t) = E(0)Go(t) + Lo(t) + La(t)

+ A /0 t G(t — s) (s'(s)f(s) + S(s)i<s)) ds, t>0.

8. APPENDIX

8.1. A system of two linear Volterra integral equations. Define the mapping I' : (a,z,y, z) —
(¢, 1) define by the integral equations:

o(t) =a+z(t) + c/o (p(s)z(s) +w(s)w(s))ds

¢ [ K= )(0(0)2(0) + wlpis)s (8.1)

where (a,2,y,2) € Rx D3, and ¢ > 0 and w € C. (Here ¢ and w are given and fixed.) We study the
existence and uniqueness of its solution and the continuity property in the Skorohod J; topology.
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Lemma 8.1. Assume that K(0) =0 and K(-) is measurable, bounded and continuous, and let ¢ > 0
and w € C be given. There exist a unique solution (¢,1) € D? to the integral equations (8.1). The
mapping T is continuous in the Skorohod topology, that is, if a™ — a in R and (2™, y", 2") — (z,y, 2)
in D3 as n — oo with (z,2) € C* and y € D, then (¢",¢") — (¢,%) in D? as n — oo. In addition,
if y € C, then (¢,v) € C%, and the mapping is continuous uniformly on compact sets in [0,T].

Proof. By Theorems 1.2 and 2.3 in Chapter II of [16], if z,y € C, we have existence and uniqueness
of a solution (¢,1) € C? to the integral equations (8.1). The proof can be easily extended to the
case where x,y € D by applying the Schauder-Tychonoff fixed point theorem.

We next show the continuity in the Skorohod J; topology. Note that the functions in D are
necessarily bounded. For the given (z,z) € C? and y € D, let the interval right end point T be a
continuity point of . Since (z, z) € C?, the convergence (z",y", 2") — (z,y, z) in D? in the product
J1 topology is equivalent to convergence (", y",2") — (z,y,2) in D([0,T],R3) in the strong J;
topology. Then there exist increasing homeomorphisms A" on [0, 7] such that ||A\" — e|]|p — 0,
|l —z o A7 — 0, ||y™ —yo A"||r — 0, and ||z — z 0 A"||7 — 0, as n — oo. Here e(t) :=t for all
t > 0. Moreover, it suffices to consider homeomorphisms A" that are absolutely continuous with
resect to the Lebesgue measure on [0, 7] having derivatives A" satisfying ||\ — 1|7 — 0 as n — oo.
Let supyejo.r) [K(t)] < ck.

We have

67(8) — SO )] < Ja™ — a| + ||z — 2.0 X7z
e / (@ (5)27(s) + w(s)™(s))ds — / 0 6(5)2(5) + w(s)0(s))ds
0 0

<la" —a|+ [|[z" —x o A"

e / (6" (5)2"(5) + w(s)¥" (5))ds

—/O (G(N"(5))2(A"(5)) + w(X"(5))i (A"(5))) A" (s)ds

<la" —a|+ ||[z" — x o A"

. T
el AT =1l / (6(5)2(5) + w(s)(s)|ds

+ C/ (W‘(S) — oA ()2 ()] + [d(A"(s))]2" () — 2(A"(s))]
0
+ |w(s) —wA" () [[9" (s)] + [w(A"(s))[[¢" () — w(A"(S))I)dS

and similarly,

9" () = A" @) < lly" —yo A"z

te / Kt — $)(6™()2" () + w(s)$™(5))ds
0

A (2)
_ /0 K(t—5)(p(s)z(s) + w(s)(s))ds

. T
<ly" —yo A"z + e x ex A" = 1||T/O |6(s)2(s) + w(s)i(s)|ds
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+ex CK/ (|¢”( ) = ¢ ()I2" ()] + [#(A" ()] |2"(5) — 2(A"(s))]
+ |w(s) = wA* ()P (s)] + [w(A"(s))][¢" (s) = (A" (s ))\)ds

By first applying Gronwall’s inequality and then using the convergence of a* — a in R and
(x™, Y™, 2") — (v,y,2) in D3, and w € C, we obtain

o™ —do N7+ ||¥" — o A"||r =0 as n — oc.

This completes the proof of the continuity property in the Skorohod J; topology. If y € C, the
continuity property is straightforward. ]

8.2. Proof of Proposition 2.1.

Proof of Proposition 2.1. Recall that the unique solution of the linear differential equation: x(t) =
0)+a fo s)ds+y(t) with y(0) = 0, is given by the formula z(t) = e*z(0 _|_f0 ety (s)ds+y(t),
fortZO,andlnyCl,wehavex()_em +ftats 5)ds.
Let X1 (t) = I(0)e "*. We have

Xi(t) = —p /t X1 (s)ds + 1(0). (8.2)
0
Let .
Xo(t) = A / e M=) (1 — 21(s))I(s)ds.
0

Xo(t) = —M/O

For Iy(t), its covariance is
Cov(Io(t), Io(t')) = T(0)(e V) — emrte=rt'y ¢ ¢ > 0.
It is easy to verify that

We have .

Xo(s)ds + A /D t<1 — 21 (s))(s)ds. (8.3)

Io(t) = —p /0 t Io(s)ds + Wy (t) (8.4)

Where Wo( ) =1(0 )1/ 2Bo(1 — e7#) for a standard Brownian motion By. We can represent Wy (t) =
1/ 2 fo \/ pe NSdBO ) for another Brownian motion By, and thus write

Io(t) = I(0)"/? / e =9\ /ie=nsdBy(s), >0,

0
which gives the same covariance as above by [t0’s isometry property.
For I, its covariance is

tAt
Cov(Iy(t), I, (t')) = A / e MOVE=8)(1 — [(s))I(s)ds, t,t' > 0. (8.5)
0

We next show that .
h(t) = - [ Bs)ds + Wit (8.6)

0
where W (t) is a continuous Gaussian process, independent of Wy(¢), with the covariance function

tAt
Cov (Wi (£), Wi (') = / o(r)dr
0

where
O(r) .= X1 —I(r)I(r) + pI(r) — I(0)ue .



48 GUODONG PANG AND ETIENNE PARDOUX

‘We have .
L) = —p / e HIW, (s)ds + W (1), = 0.
0

We compute the covariance Cov(I;(t), I(s)) using this expression: for ¢ > s,

Cov(I(t),I1(s)) = E [W1(t)Wi(s)] — uE [Wl (t) /0 ) e_”(S_T)Wl(r)dr]

_ K [Wl(s) /O gl Wl(r)dr]

t s
+ 1’E [/ </ e 1= W (1YW (r')dr') dr)] .
0 0

E [W1 (6) Wi ()] = / 0(u)du.

The first term is

The second term is

—u/ose-w R [ ()W u/oe“sr (/9 du>

/1—6 =)0 (r)dr-.
0

The third term is

. /O TR [T ()W ()] d

= —p /0 I < /0 ' 9(u)du> dr — p / " emut=r) < /0 S 9(u)du> dr

= —e H(t=9) / (1 — e PE=NI(r)dr — (1 — e HE=2) / 0(u)du
0 0
= - / (1 — e P9 (r)dr.
0

The fourth term is
t S
0 0

t S
= u2/ </ e M HETRW ()W) (r/)]drl) ar
s 0

sl [ [ e B i) d
0

0

t s r’
= 2/ (/ e H(t=T) g=p(s—1") (/ 0(u)du> dT’) dr
s 0 0
+ 2M2/ (/ e Ht=r) g=pls=r") (/ 9(U)du> dr’) dr
0 0 0

= (1—e79)) / (1 e dr
0

) / (1= 266 4 =27\ g(r) g
0
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= / 8(1 — e Rl _gmmltmr) o omp(=r) (=g () dy,
0
Combining the four terms, we obtain

e M=) /8 672“(84)9(7‘)dr.
0

Now we check that this is equal to the covariance of I;(¢) in (8.5). Taking the difference between
the last expression and the right-hand side of (8.5) with ¢ = s < ¢, we obtain

o hlt=s) / e 21 (r)dr — A / e M1 = I(r)) I (r)dr
0 0

— o—Hlt—s) /s €—2u(8—7“)()\(1 — I(r)I(r) + pl(r))dr — AeHt=9) /S e_“(s_’")(l — I(r))I(r)dr
0 0

—e_“(t_s)/ e 2T T(0) pe M dr- (8.7)
0

Observe that the fluid equation for I(¢) can be written as
I'(t) = —uI(t) + M(H)(1 - 1(2)
and B B ~ ~ ~
I'(t) = —2ul(t) + M (t)(1 — I(t)) + pl(t).
These two equations give the following representations of I(t):

I(t) = I(0)e ™ + \ / ) e PN [ (r) (1 — I(r))dr,
0

and
I(t) = I(0)e™ 2" + /0 e~ 21ls=) (M(r)(1 = 1I(r)) + pl(r)) dr.

Also notice that fos e 21(5=7) ey = e=H5 — ¢~ 215 Using these equations, we verify that (8.7) is
equal to zero, and thus the equation for I; in (8.6) is established. Therefore, by combining (8.2),
(8.3) (8.4) and (8.6), we obtain the equivalence of the non-Markovian and Markovian representations
of I for the SIS model. O
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