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Abstract

This report investigates the large-population limit of a multilayer stochastic epidemic model
that incorporates both household and workplace structures. The model extends the classical
SIR framework by explicitly accounting for infections occurring within small, tightly con-
nected groups, as well as through global interactions. Building on the preprint [[<ub23], we
provide a detailed construction of the individual-based process and establish its convergence
to a deterministic, measure-valued limit. Special attention is given to technical issues that
arise in the limiting system, such as the treatment of ratios that may become indetermi-
nate when the number of susceptibles vanishes, and the consistency between household- and
workplace-based representations of the susceptible population. We derive auxiliary lemmas,
and provide additional results ensuring the well-posedness of the model. Together, these
results clarify the mathematical foundations of multilayer epidemic models and highlight
their potential for capturing structured social interactions in large populations.



1 Introduction

Epidemic modeling plays a crucial role in understanding the spread of infectious diseases and
in evaluating intervention strategies. Traditional models often assume homogeneous mixing
among individuals (see, e.g., [KM27], [AMO1]), which fails to account for the influence
of structured social interactions. To address this limitation, recent approaches introduce
heterogeneous contact patterns, particularly by modeling interactions within small, tightly
connected social groups such as households and workplaces (e.g., [BP19]).

The preprint “Large population limit for a multilayer SIR model including households
and workplaces” by Madeleine Kubasch [[K{ub23] presents a rigorous analysis of a stochastic
SIR model incorporating two levels of interaction: global (uniform random contacts across
the population) and local (structured by households and workplaces). The paper introduces
an individual-based stochastic process and establishes its convergence, as the population size
grows, to a deterministic measure-valued limit. In the case where infectious periods follow
an exponential distribution, the limiting process reduces to a finite-dimensional system of
ordinary differential equations (ODEs).

This report aims to carefully examine the structure, mathematical formulation, and main
results of Kubasch’s model. The focus is placed on the construction of the stochastic process,
its convergence to a deterministic limit, and the interpretation of the resulting dynamical
system. Rather than proposing modifications or extensions, the goal is to develop a deep
and rigorous understanding of the framework, serving as a foundation for future theoretical
or computational investigations.

Throughout this report, we use the following notation: Given a measurable space (E, £),
we let Mp(F) denote the set of point measures on E, Mp(F) the set of finite measures,
and M (E) the set of probability measures. We define Mp;(E) := Mp(E) N M;(E) as
the set of point probability measures on E. For a measure i on E and a suitable function
f, we write (u, f) := fE fdu. The Dirac measure at x € F is denoted by d,. For any metric
space E and integer m, we let C(E,R"™) be the set of continuous functions f : £ — R™,
and Cp(E,R™) the subset of bounded continuous functions. Finally, C}(E,R™) denotes the
set of bounded differentiable functions with bounded and continuous derivatives.

2 Model Overview

The model considers a population of fixed size K, where each individual belongs to exactly
one household and one workplace. These affiliations are assigned independently according
to fixed size distributions 77 and 7"'. Within each layer (households, workplaces, general
population), contacts occur at different rates:

e )\: contact rate within households,

e )y contact rate within workplaces,



e (¢ global contact rate across the population, scaled by 1/K.

Individuals evolve according to classical SIR dynamics: they begin as susceptible (S),
may become infected (I), and eventually recover (R). The infectious period of each individual
is independently drawn from a general distribution v, which allows for both Markovian
(exponential) and non-Markovian (non-exponential) settings. This generality is key to
capturing a broader range of epidemic behaviors.

2.1 Model Construction

Let (2,P, F) be a probability space. Let K € N be the population size. For each w € ,
we define a random multilayer graph G* (w) that encodes the structure of households and
workplaces.

Let nmax € N be fixed, representing the maximum allowed size for any household or

workplace. Denote by

H:(ﬂ-{{vﬂé{"" ﬂ-H ))

? " Nmax

W:(W}/Vvﬂgvv"' 7TW )

? " Mmazx

™ 71'

the household and workplace size distributions, respectively.

Let {X,}, be an i.i.d. sequence of random variables on €, with distribution X,, ~ 7¥.

That is,
P(X, =4)=n, Vie{l, - Nmaul}
These variables will help us determine the sizes of households in the population.

The construction proceeds as follows: the size of the first household is X; (w) if X;(w) <
K; otherwise, it is truncated at K. We randomly assign individuals to form this household.
The remaining individuals are then used to form the next household using Xs(w), and so
on, until all individuals have been assigned to a household. An analogous procedure is used
to form the workplaces, using another i.i.d. sequence {Y,}n>1 ~ mw.

Example 2.1. Constructing G¥(w) with K = 6 individuals.
Assumptions:

® Npar = 3 (mazimum size for both households and workplaces).
e Household size distribution: 7 = (0.2,0.5,0.3).
o Workplace size distribution: 7" = (0.1,0.6,0.3).

Household formation:

Start with 6 unassigned individuals. Simulate i.i.d. X; ~ 7 :

1. X1 =2 — Household of size 2: pick individuals A, E; 4 remain.

2. X9 =3 = Household of size 3: pick individuals B, D, F; 1 remains.



3. X3 =3 — Household of size 1 (truncated): individual C; none remain.

Resulting households:
e Household 1: {A, E}

e Household 2: {B, D, F}
e Household 3: {C'}

Workplace formation:

The same procedure is carried out independently for workplace assignments, using Y; ~
7V, again starting with all 6 individuals:

1. Y1 =3—={A,C,F}; 3 remain.

2. Yo=2—{D,E}; 1 remains.

3. Y3 =2 — {B} (truncated); none remain.
Resulting workplaces:

o Workplace 1: {A,C, F}

o Workplace 2: {D,E}

o Workplace 3: {B}




3 Mathematical Framework

3.1 Types

To analyze the model in the large population limit, the dynamics are formulated as a
measure-valued stochastic process. Each household or workplace is described by a type,
represented as a triplet (n, s, 7), where:

e ne€{l, - Npmas} is the fixed size of the group,
e s€{0,---,n} is the number of susceptible individuals,

e 7 € R™maz ig a vector encoding the infection status of the non-susceptible members
of the structure. Each entry 7; corresponds to the time remaining until recovery (if
positive) or the time elapsed since recovery (if negative) of an individual. Entries
beyond the number of non-susceptible members are set to zero.

This representation encodes both the epidemiological state of each structure and the corre-
lations arising from individuals belonging simultaneously to a household and a workplace,
which are crucial for accurately modeling transmission dynamics.

Let w € Q and fix a population size K > 1. Denote by Ky and Ky the number
of workplaces and households in the population, respectively. These are determined by
GK (w), although their dependence on w is suppressed in notation.

Define the set

E:={(n,s,7) €{l, - ,nmaz} X {0, ,paz} x R"™* 1 5 <n;Vj >n —s,7; =0}
At any time t > 0, the state of the k-th household is given by:
il (1) = (ni s (1), 7 (1) € B.
Here:
. nkH is the fixed size of the household.
H

e s,/ (t) is the number of susceptibles at time ¢.

° TkH (t) is a vector that encodes the epidemiological status of the n — s non-susceptible
individuals (either infected or recovered).

Each entry Téqj (t), for j = 1,...,n — s, corresponds to a non-susceptible individual. If
T,ffj (t) > 0, the individual is currently infected and will recover in TkHj (t) units of time.
If T,fj-(t) < 0, the individual has already recovered, and the recovery occurred at time

t— |7']f](t)| The ordering of the entries in 7 is arbitrary and does not reflect any specific



assignment or label of individuals; it is introduced solely to allow consistent indexing and
tracking of infection status within the structure.

For indices beyond the number of infected and recovered individuals (i.e. j > nkH —
sH(t)), T,fj (t) is defined as 0 for convenience.

Workplaces are defined analogously. The ¢-th workplace has type

zy (8) = (n", s (1), 70" (1) € B.

Example 3.1. Types and their evolution

To illustrate how types (n, s, T) are defined and how they evolve over time, we continue
the previous example with a population of 6 individuals labeled A through F.

Assume the following epidemic state at time t = 0:

o A is infected, and its remaining infection period is 3.7 units of time.
e B is recovered, having recovered 1.2 time units ago.

o (' is susceptible.

D is infected, and its remaining infection period is 2.5 units of time.
e F is susceptible.
o [ is infected, and its remaining infection period is 4.8 units of time.

Based on the groupings previously constructed, the household types at time t = 0 are as
follows:

e Household 1 (A, E): size n =2, with s =1 susceptible (E) and one infected (A).

zI(0) = (2,1,(3.7,0,0)).

e Household 2 (B,D,F): size n = 3 and three non-susceptible: D (infected, 2.5 units
left), B (recovered 1.2 units ago), and F (infected, 4.8 units left).

The order of T is arbitrary. One possible representation:

z2(0) = (3,0, (2.5, -1.2,4.8))
e Household 3 (C): size n = 1, with C susceptible.

22 (0) = (1,1, (0,0,0)).

Similarly, the workplace types at time t = 0 are:



o Workplace 1 (A,C,F):
21V(0) = (3,1,(3.7,4.8,0)).

o Workplace 2 (D,E):
zy (0) = (2,1,(2.5,0,0)).

o Workplace 3 (B):
zy (0) = (1,0, (~1.2,0,0)).

Now suppose that at time t = 0.7, E becomes infected during a workplace contact and
receives an infectious period of 2.9 time units. The updated types at time t = 0.7 are:

o Household 1 (A, E): now both individuals are infected, so s = 0. A has & units left
(was 3.7), and E starts with 2.9.

2 (0.7) = (2,0,(3,2.9,0)).

o Workplace 2 (D,E): both members now infected. D has 1.8 units remaining, and E

has just been infected.
23 (0.7) = (2,0, (1.8,2.9,0)).

The rest of workplaces and households are just affected by the passing of time. For instance,
at time t = 0.7, the type of Household 2 is x11(0.7) = (3,0, (1.8, —1.9,4.1)).

3.2 Stochastic Process

Throughout this section, we assume that the underlying random graph is fixed. In other
words, we fix w € ) and a population size K > 1, and study the epidemic process conditional
on this realization of the graph.

Before formally defining the stochastic process that describes the evolution of the epi-
demic, we introduce the key ideas and notation used in its construction.

Denote by {er}1<k<nm.. the canonical basis of R™me=  For any 0 < t < T and z =
(n,s,7) € E, define

U(x,T,t):= (n, S, T — S(T - t)ek) e E. (3.1)

k=1

The function ¥(x,T,t) is introduced to model the natural evolution of a structure (house-
hold or workplace) over time in the absence of new infections. In other words, suppose a
structure is in the state x at time t. Then, at time 7', it will be in the state W(x, T, t) if no
infection occurs in the meantime.

However, infections do occur, and when they do, they immediately alter the type of both
the individual’s household and workplace. The model assumes that whenever an infection



happens, the infectious period of the newly infected individual is drawn randomly from a
distribution v, independently of the current state. If the newly infected individual belongs
to the k-th household and the /-th workplace, and receives an infectious period o ~ v,
then the type of both the household and the workplace undergoes a jump defined by the
function:

j(x,0) = (n,s — 1,7+ cep_st1). (3.2)

This reflects that the number of susceptibles s decreases by 1, and a new entry o is inserted
into the infectious period vector 7 at position n — s+ 1, corresponding to the newly infected
individual.

We are now in a position to define the stochastic process ((f = ( tH|K, tW‘K))tZO, which
takes values in the product space Mp; = Mpi(E) x Mp1(F). Here, QH|K and CtW‘K
denote the empirical distributions of household and workplace types at time ¢, respectively.

More precisely, for any ¢ > 0 and X € {H, W}, the measure CtX K i given by

where x\ (t) is the type of the k-th structure (household or workplace) at time ¢.

Since each household and workplace is represented by a type = = (n, s, 7), it is possible
to compute population-level quantities such as the average number of susceptibles and
infecteds per structure.

Given a type z = (n, s, 7), the number of infected individuals it contains is:

n—s
i(r) = Z 150,
k=1

that is, we count all non-susceptible individuals whose remaining infectious period is still
positive.
Then, at time ¢, the average number of infected individuals per household is defined as:

Ky
Tu(®) 1= 52— > i(rf1 (1)
k=1

Similarly, one defines the average number of infecteds per workplace Iy (t), using the work-
place types 7}V (t).
Likewise, the average number of susceptibles per household is given by

1 o
Su(t) = Ezsg(t),
k=1

and analogously for Sy (t).



The total number of infecteds and susceptibles at time ¢ is then
I(t) = Kx - Ix(t), S(t)=Kx-Sx(t), for X e {H W}

This motivates the following consistency condition, which must hold for the model to be
coherent:

KHSH<t) = Kwsw(t), KHIH(t) = waw(t), for all ¢t > 0. (3.3)

In other words, the total number of susceptibles and infecteds is the same whether counted
by household or by workplace.
Let Ny := KLH denote the average household size, which is fixed over time. Similarly,

define Ny := KLH for workplaces. Then,

It) _ Ix(t)

K~ Ny for X € {H,W}.
This identity will be useful for simplifying certain expressions later on.

It is important to emphasize that the initial configuration (é( must encode these struc-
tural properties of the population. For example, it must ensure that the total number of
susceptibles and infecteds match between the household and workplace representations.

Additionally, a key condition must hold: for each initially infected or recovered individ-
ual, their remaining infectious period must be the same in both their household and their
workplace type. That is, almost surely,

{(r0): 1<k <Kp,1<j<ny—s{(0)} ={r(0): 1 <L < Ky, 1< j <n)’—5(0)}.

(3.4)
This ensures that the infectious dynamics are coherent across layers, and will later be
justified rigorously in Lemma 3.1.

To describe the evolution of the epidemic through time, we model infection events as
points in Poisson point processes over appropriate spaces. These spaces encode the nec-
essary variables for each possible type of infection: global (G), within-household (H), and
within-workplace (W).

Each potential infection event is characterized by a tuple u that contains:

e A time-related random mark 6 € R‘j_, whose dimension d depends on the type of
infection (global, household, or workplace). The components of # are continuous
random variables, used to determine whether the infection occurs and to assign the
individual to a household and a workplace.

e Anindex k € {1,..., Ky} identifying a household structure. If the infection occurs,
the newly infected individual will be placed in household k, and the household type
will be updated accordingly.



e Anindex ¢ € {1,..., Ky} identifying a workplace structure, used similarly to update
the workplace type after infection.

e A sampled infectious period ¢ € R, drawn independently from the distribution v,
and assigned to the newly infected individual.

In summary, each tuple u = (0, k, ¢, o) fully specifies a potential infection event: when it
might occur, who is infected, which structures are affected, and for how long the infection
will last.

We now define the event spaces used to represent each type of infection:

For global infections, the event space is

Ug:= Ry x{l,--- Ky} x {1, -, Ky} xR,. (3.5)

Here, the components of § = (61,6, 63) € R3 are used to determine whether the infection
occurs (67) and the assignments of the household (62) and workplace (63).
For household or workplace infections, the space is:

U:=Ry)?*x{l, -, Kg} x{l, - Ky} xRy, (3.6)

where 0 = (01,02) € ]R%_ plays a similar role, adapted to the layer where the infection
originates. We will denote this space by Uy = Uw := U when referring specifically to
household and workplace infections, respectively.

Each of these spaces is endowed with a product measure:

py (du) = df @ p# (dk) @ p (dl) @ v(do), Y € {H,W,G},

where df is the Lebesgue measure on R%— or ]Ri’_, p# is the counting measure over house-
hold /workplace indices, and v is the distribution of infected periods.

For any ¢ > 0 and any event u = (0,k,¢,0) € Ug with 6 = (61, 62,03), we define the
function Z;(t, u) to decide whether the event triggers an actual infection:

5H
01<5G S(1)1(t),0< 5

K =750

Io(t,u) =1
a(t,u) { yoe

fuy (3.7)

S

This means that an infection occurs with rate %S (t)I(t), and the individual is assigned to
household k and workplace £ proportionally to the number of susceptibles.
Next, for any ¢t > 0 and any u = (0,k,¢,0) € U with 6 = (01, 02), we define

1< u s (R)i(rf (1)).02< 55

Zy(t,u):=1 Wy - (3.8)
A )

This indicates that an infection occurs within the k-th household with rate Agrsf (t)i({ (1)),
il

and the individual belongs to the ¢-th workplace with probability HOE



Similarly, we define

Tw(t,u

S(t)

o0 >} (3.9)

):=1
{algAwsgV(t)i(T}V(t)) o<k

When an infection does occur, the corresponding structure (household or workplace)
must update its type. Thus, for any 7' > ¢ > 0 and u = (0,k,¢,0) € Ug, we define
AH(u,T,t).:(S( —5(

\Il(j(;rg(t—),o'),T,t))) \If(ka(t—),T,t)))

and
Aw (W, T58) 3= 0w (i@l (1-),0)T0))) ~ (@@l (1), 7))

where ¥ and j are respectively given by (3.1) and (3.2).
Finally, for any 7' > ¢ > 0 and u € U, we define Ay (u,T,t) and Ay (u,T,t) as before.

Proposition 3.1. Define on the same probability space as (g(, and independently from Cé(,
three independent Poisson point measures Qy on Ry x Uy with intensity dtuy (du), for
Y € {H,W,G}. Then (¥ = (¢CHIE (WIK) is defined as the unique strong solution taking
values in D(R4,Mp1) (the space of cadlag functions from Ry to Mp1(E)?, equipped with
the Skorokhod topology) of the following equation: For any X € {H,W} and T > 0,

X|K (quz(az ),T,0) T Z / /U Iy (t— u)Ax (u, T, t)Qy (dt, du))’ (3.10)

Y e{H,W,G}
where Ug and Ug = Uy = U are defined by Equations (3.5) and (3.6), respectively.

Proof. We construct the process (X as the unique strong solution of the stochastic equation
by defining it recursively over a sequence of jump times generated by a dominating Poisson
process.

At any time ¢, the evolution of (¥ is governed by infection events from three independent
Poisson point measures Q, Qw, and ()¢g, associated to household, workplace, and global
infections respectively.

Each event, if it triggers an infection, causes a jump in the process. Between jumps,
the system evolves deterministically according to the flow ¥, which linearly decreases the
remaining infectious periods of non-susceptible individuals.

To control the process, we introduce a uniform upper bound on the total rate of infection
events, regardless of the current state:

)\max ‘= Mmax (AHnmax + )\anax + ﬂG) .

This dominates all possible instantaneous rates of infection from the three sources.

10



Let (T7)n>1 be the jump times of a homogeneous Poisson process N = (N¢)i>0 on Ry
with rate A\pax, and define Ty := 0. Then, the inter-arrival times S,, := T, — T,,_1 are i.i.d.
exponential random variables with mean 1/Apax, and T;, — oo almost surely.

This gives a sequence of countable and locally finite jump times: in any finite time
interval [0, 7], the number of jumps is almost surely finite.

The process starts from an initial condition C(? , which satisfies the consistency conditions
described earlier.

For any interval [T},, T},11), no infection occurs, so the system evolves deterministically.
That is, for each structure x € E, its type at time ¢ € [T}, T),4+1) is given by:

x(t) = U(x(Ty), t,Ty).

This corresponds to linearly decreasing all nonzero entries in 7 at unit speed, representing
the progression of infectious periods.
At each jump time T},, we must determine:

1. Which type of infection occurs (household, workplace, or global),
2. Which structures are affected,
3. Whether the infection is accepted (via Iy (T}, ,u)).

To do this, we simulate a uniform random variable U ~ U0, Apax] and partition the interval
[0, Amax] into disjoint segments associated to each source:

e Household infection if U € [0, Agn2,..],

max

e Workplace infection if U € [Agn2,., \unZ . + AwnZ ..,

e Global infection otherwise.

Let Y € {H,W,G} denote the selected infection type. We then sample a mark u =
(0, k, ¢, 0) from the intensity measure py (du), and evaluate the indicator function Iy (7, , u).

o If Iy(T,,u) = 0, no infection occurs and the state remains unchanged.

o If Iy (T, ,u) = 1, the infection is accepted and the types of the affected structures
(household k, workplace ¢) are updated by applying the transition map AX (u, T, T},),
with X € {H,W}.

We apply this procedure iteratively over all jump intervals [T,, T},11), which defines the
process (X = ( tHlK, tW|K)t20 for all ¢ > 0.

By construction, the process is cadlag (right-continuous with left limits). Moreover, it
takes values in M p1(E)?, since the number of households and workplaces is finite and fixed.

The stochastic equation (3.10) holds by design of the jump mechanism and the form of

the Poisson point measures.

11



Once the realizations of the Poisson point measures Qp, Qw, Q¢ are fixed; that is, once
the jump times and event marks are given, the entire path of the process (¥ is uniquely
determined. This guarantees strong (pathwise) uniqueness of the solution.

The construction follows the general framework of piecewise deterministic Markov pro-
cesses (PDMPs) as introduced by [Dav84], where the process evolves deterministically be-
tween random jump times generated by Poisson events.

O]

The proof of the following result relies on the construction of the process and the con-
sistency conditions imposed on the initial state (particularly equation (3.4)). We do not
include the proof here, but it can be found in [[Kub23]. The key point is that infection
events always update both the household and the workplace of the newly infected individ-
ual, preserving this consistency over time.

Lemma 3.1. Suppose that almost surely, KgSu(0) = KwSw(0) and equation (3.4) holds.
Then for any t > 0, KgSp(t) = KwSw(t) and Kglg(t) = Kwlw(t), almost surely.

With this framework in place, we are now in a position to examine the large population
limit of the model and derive its deterministic approximation, as presented in the next
sections.

4 Asymptotic Properties of the Population

We now turn to the analysis of the large-population limit of the model’s structural com-
ponents. The goal is to describe the asymptotic behavior of the empirical distributions of
household and workplace sizes, as well as certain ratios that will be fundamental in the
main convergence results.

4.1 Convergence of Empirical Size Distributions

We begin by proving that the empirical household and workplace size distributions converge
almost surely to their theoretical counterparts as the population size grows. Define

OF = {w cQ: (WH\K77TW\K)K21 ? (WH,WW)}7

H|K WK

where 7 and

in GX.
The following Lemma ensures that (
(e 7).

are the empirical household and workplace size distributions observed

aHIK gWIK )i>1 converges P-almost everywhere to

12



Lemma 4.1. Let 775 and WK be the empirical household and workplace size distribu-

tions observed in G¥. Then,
(ﬂ_H\K,ﬂ_W\K)K>1 —> ( H W)

H|K WK

Proof. We focus on the convergence of 7**!** | as the argument for 7
Let nmaX be fixed. Denote the true household size distribution by o =
where 71' is the probability of a household having size i € {1, , Nnaz }-

Let {X }» be a sequence of i.i.d. random variables with distribution 7. i.e.,

is analogous.

(ﬂ'{{’ﬂé{?"' 7TH )7

) " Mmax

P(X,=i)=72, Yie{l,-- Nma}-

)
Fix m € {1,--- ,nmaz}. Forn > 1, let Z, := 1x,—p}- Since the variables X,, are i.i.d,

so are the variables Z,,. Moreover,

E[Z,) =P(X, =m)=xl VYneN.

m>

By the Law of large numbers,

Z Zk n—00

Define the set
QF ={weQ: M, (w) — w1}

m
n—oo

Now, for each K > 1, define
n
Nk = min{n:ZXiZK}. (4.1)
i=1

This represents the number of full households needed to cover at least K individuals.
Define the empirical frequency (excluding the possible incomplete last household):

~H|K MNK( )

Note that Nx — oo as K — co. Thus, since M, (w) — 7Xl for w € QF,, it follows that

FHIK

H
m — Ty

K—o0

Let Sy = K — ZNK ! X,,(w) be the size of the (possibly incomplete) last household.
Then, the true empirical proportion of households of size m among the N used is

1
H|K ~H|K
7Tm‘ = 7Tm| + Fk; ]I{SNK:m} — ]I{XNK(W):m}] . (4.2)

13



It follows that

5 1
RHIE _zHk| o 1

iy NK’
and since Nx — 0o as K — 0o, we conclude that
rHIK 5 7l forall w e QF,.
K—oo

Define Qf, = NImer Q¥ . Then, for every w € QF;, we have convergence of the full vector:

m=1
H|K HIK H|K H
rHIK — (5, ,ﬂ'nw‘m) — 7.
K—oo
A completely analogous argument gives that 715 — 7 almost surely. Thus, (nH K WK ) —

(7H, 7" almost surely. O

4.2 Numerical Illustration of Convergence

To illustrate the almost sure convergence established in Lemma 4.1, we present a numeri-
cal simulation showing how the empirical household size distribution approaches the true

1
2
3
1
5

distribution for increasing population sizes.
Suppose the true household size distribution is given by

We simulate a sequence of households according to this distribution and keep adding
them until we reach a total population size K. For each value of K, we compute the
empiricial household size distribution 7w

Simulation

import numpy as np

ol = (7H 78 7H) = (0.2,0.5,0.3).

HIK and compare it with the true distribution 7

import matplotlib.pyplot as plt

# True household size distribution

pi_H = np.array ([O.
sizes = [1, 2, 3]

2, 0.5,

0.31)

# Simulate a large sequence of household sizes

np.random. seed (42)

X = np.random.choice(sizes, p=pi_H, size=10000)

2 # Define a range of K values to evaluate convergence

K_values = np.linspace (100, 7000, 100, dtype=int)

# Store empirical proportions for each household size across K

empirical_curves =

; for K in K_values:

{size:

[] for size in sizes}

14

H



total = 0
i=20
household_counts = {1: 0, 2: 0, 3: 0}
while total < K and i < len(X):

size = X[i]

if total + size > K:

break

household_counts[size] += 1

total += size

i +=1
N_K = sum(household_counts.values())
for size in sizes:

empirical_curves [size].append(household_counts[size] / N_K if N_K >
0 else 0)

# Plotting the convergence curves
plt.figure(figsize=(8, 5))
for size in sizes:
plt.plot (K_values, empirical_curves[size], label=f"Size {sizel}", 1lw=2)

# Plot horizontal lines for true proportions
for i, true_val in enumerate(pi_H):
plt.axhline(y=true_val, linestyle=’dashed’, color=’black’, alpha=0.6,
label=f"True pi~H" if i == 0 else None)

plt.xlabel ("Total population size K")

plt.ylabel ("Empirical proportion")

plt.title("Convergence of Empirical Household Size Distribution to True pi~
Hn)

plt.legend ()

plt.grid (True)

plt.tight_layout ()

plt.show ()

Convergence of Empirical Household Size Distribution to True pi~H

0.45 4

°
=
3

——- True pi®H

Empirical proportion
°
o
&

e

"

8
P>

A
\VAY]

0.25 4

0 1000 2000 3000 4000 5000 6000 7000
Total population size K

Figure 1: Output of the simulation code: convergence of empirical household size distribu-
tions.
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Figure 4.2 above shows the empirical household size distribution 7 computed from

simulations for increasing values of K. As K grows, each empirical frequency converges to
the corresponding component of the true distribution 7 = (0.2,0.5,0.3), consistent with
the Law of Large Numbers. Dashed horizontal lines indicate the true values.

4.3 Limiting Ratios of Households and Workplaces

Next, we determine the limiting ratios of the number of households and workplaces to the
total population size.
Let X be a random variable with distribution 7. Note that

TMmax

0<E[X]=) n-PX =n]<oc.

Proposition 4.1. Let X be a random variable with distribution 7. Then, as K — oo,
Ko as, oo 1
K o= B

Proof. Recall that households are constructed from an i.i.d. sequence {X,}, ~ 7ff. For
m € N, let S, := Z:Zl X, be the cumulative number of individuals after m households.
By the Strong Law of Large Numbers,

Sm a.s.

oy asm — oo (4.3)
For K > 1, define
n
Ng = min{n : ZXi > K}
i=1
By construction, Ky = Ng and we have
Skpy—1 < K < Sgky.

Dividing the inequality by Kg gives
Skpy—1 < K < Sky

Ky KH_KH‘

Since Ky — o0 as K — oo, (4.3) implies

SK a.s. —
[l B AN aHl'
KH K—o0
Moreover,
SKHfl o SKH B XKH a.s. a_l
Ky Ky Ky K- H>

16



because Xf,, is bounded and Kp — oo.
Applying the squeeze theorem, we deduce that
-1

K a.s. «
Ky K- -

Taking the reciprocals yields

KH a.s.
— ——— Qg
K Ko

This completes the proof. ]
Proceeding analogously for workplaces, we obtain the following proposition:

Proposition 4.2. Let Y be a random variable with distribution V. Then, as K — oo,

KW a.s. 1

The previous two results establish the asymptotic ratios of the number of households
and workplaces to the total population size. As a direct consequence, we can also describe
the relationship between the average number of susceptibles computed from each layer.

Lemma 4.2. For everyt > 0,
(') =0 = (", s)=0.
Proof. Recall that for a population of size K,
H|K S(t) WK S(t)
G = 2 (G =
H
where S(t) denotes the total number of susceptible individuals. Since (tH K, nH almost

surely and s € C(E), it follows that

S(t) as.

MY H
KH K —00 <77t 7S>'

If (n,s) =0, then S(t)/ Ky — 0 almost surely. Using that % — ag > 0, we deduce

St _ Kn S®) as

K _7 KH K—oo
Consequently,

S _ S0 K s

Kw K Ky Koo

wheih implies (n/V, s) = 0. The converse follows by symmetry.

17



Remark 4.1. Interpretation of Lemma 4.2.

This result confirms that if no susceptibles remain in households, then none remain in
workplaces (and vice versa). In other words, both representations are consistent and vanish
simultaneously.

5 Main Results

In this section, we summarize the key assumptions and results of [[<ub23] describing the
large population limit of the model. We begin by outlining the required regularity of initial
conditions, then present the main convergence result and its reduction to a dynamical
system in the Markovian case.

5.1 Assumptions on Initial Conditions
To ensure tightness and identify the limit, we impose the following regularity assumption
on the sequence of initial conditions (¢f¢)x>1.

Assumption 5.1. For any X € {H,W} and T > 0,
()

lim sup E
N—o0 K>1

Kx nmax
Sub Z Z ]l{nk —sX(0)>i i, X.(0)— t>N}] 0.

Kx
o<i<T 88X ;=]

(i) For anyc€ R and i€ {1,--- ,nmar},

lim sup E
e—0 K>1

Z]l{nk —sX(0)>1,](% ', (0)—=T)— c<e}] 0.

These conditions ensure that the initial distributions of infectious periods are well-
behaved: (i) prevents extreme values from concentrating, and (ii) avoids mass accumulation
at specific time points. Together, they guarantee regularity in the initial data.

5.2 Convergence to the Deterministic Limit

We now turn to the large population limit of the measure process (¢5)x>1.
Let f € C}(Ry x E,R) and define, for every t > 0 and z = (n,s,7) € E,

fulz) = ft.a),  fi(z) = (v fili(z,-). (5.1)

We introduce the differential operator A, which governs the evolution of test functions
under the deterministic flow (i.e., in the absence of new infections). For z = (n,s,7) € E,

Afi(z) == 0, f(t, x) ZE)kat (t,z). (5.2)

18



Let My := M (E)? be the space of pairs of probability measures on E, and let n(z) = n,
s(z) = s, i(z) = i(7) denote the total number of individuals, the number of susceptibles,
and the number of infectious individuals in a structure of type z, respectively.

We are now ready to state the main convergence theorem:

Theorem 5.1. Let w € Qg. Suppose that (C(?)Kzl satisfies Assumption 5.1 and converges
in law to ny € M. Then (CK)g>1 converges in D(Ry, M1(E))? ton = (n1,n") defined
as the unique solution of the following system of equations: For any f € Cg(R.,. x E,R),
for any T > 0,

T T
0 1) =0 fo) + / (S Afdt + Ax / (¥ si(fF — f)dt
0 0 (5.3)

T (nX,si T (nH
+/\)‘</0 M(nf(ﬁ(ff—ft))dwﬁc/o UL VY- S

s (g’ m)

This equation describes the evolution of the limiting measure X . Each term represents a
different mechanism of change: The first integral corresponds to natural aging of infectious
periods and time variation. The second integral captures within-layer infections. The third
term reflects cross-layer infections from the other structure type. The final term accounts
for global infections in the population.

Let s(t) and i(t) denote the proportions of susceptible and infectious individuals in the
population at time ¢, according to the distribution 7;. We define the set

Si={(n—14,7):2<n < nNpax,0<i<n-—1}.

For (S,I) €S, let ngl(t) be the proportion of households containing .S susceptible indi-

viduals and [ infectious individuals at time ¢, according to the distribution 17{1 . Similarly,
define ng[fl(t) for workplaces.

We also define, for X € {H, W},

76 (t) = Bai(t), TX@):?X( S ST ().
(S,1)esS

In [Kub23], it is shown that if the distribution v of infectious periods is exponential
with parameter 7, then, as the population size grows, the proportion of susceptible and
infectious individuals converges to the solution of a deterministic dynamical system. In
this setting, at time ¢t = 0, a fraction e of uniformly chosen individuals are infected in
an otherwise susceptible population. Furthermore, the remaining infectious period of each
initially infected individual is assumed to be distributed according to v, independently of
all other individuals.
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Theorem 5.2. Let € > 0 and suppose that n satisfies equation (5.3) with no = no.. Then,
the functions (s,i,néfl : X € {H,W},(S,I) € S) are characterized as being the unique
solution of the following dynamical system: for anyt >0, X € {H,W} and (S,I) €S,

—8(t) == (tu(t) + 7w (t) + 76(t)s(t)),
d d

Gi(t) =~ Ls(t) —il0)
%néf](t) =— (AXSI + TXSZ) +76(t)S + 7[) ng«fl(t) (5.4)

+ (s + D0 -1+ 5 a8+ ) Yo (011 2 1,

with initial conditions given by

s =1 0 =a 0= (37 )= 0% (55)

Remark 5.1. Interpretation of system (5.4). The first equation of the dynamical
system describes the decrease in the proportion of susceptible individuals whenever a new
infection occurs, either in the general population or within a household or workplace. The
second equation accounts for the flow of individuals from the susceptible state to the infected
state, who then leave the infected class at rate v. Finally, the third equation governs the
evolution of the distribution of structures: a structure of type (S,I) changes its composition
either when one of its susceptible members becomes infected (in any layer of the graph) or
when one of its infected members recovers. These events respectively produce transitions
(S,I) = (S,I+1) and (S,I) —» (S+ 1,1 —1).

Remark 5.2. In several expressions throughout the model, we encounter ratios of the form:

Hx tH‘X,Si>
RN = B OS] X e (1w},
<Ct ’S>

interpreted as the average number of infectious individuals per susceptible in structures of
type X at time t. A similar expression appears in the limiting system:

(n;*, si)

RX = .
L (n)s)

These ratios are well-defined as long as (C;X‘K, s) or <77tX,s> are strictly positive. However,
as the epidemic progresses and the number of susceptibles decreases, it may happen that
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( tX|K,s) =0 or <17tX,s> = 0. In such cases, the numerator must also vanish, since there
can be no susceptible-infectious pairs, and the ratio becomes the indeterminate form %.

To resolve this, we adopt the convention:
Rix‘K =0 whenever <C£X‘K,s> =0,

and analogously for RX. This choice ensures that the model remains well-defined and con-
sistent with the epidemic dynamics. Indeed, if no susceptibles remain in layer X, no within-
layer infections can occur. Thus, the infection rate per susceptible becomes irrelevant, and
assigning the ratio the value zero accurately reflects the absence of further risk.

This convention is particularly important in the limiting system, where one encounters
cross-layer infection terms of the form:

(n;* , si)
(nX,s)

with X denoting the complementary layer (i.e., H = W, W = H). These terms describe
the contribution of layer X to the infection rate in layer X. However, if <77tX, s> =0, layer
X cannot exert any epidemiological influence on other layers, and the corresponding con-
tribution should vanish. Defining 0/0 := 0 ensures this behavior, preserving the continuity
and boundedness of the equations, and avoiding singularities or discontinuities in degenerate

A s(FE = o))

scenarios.

6 Proof of Theorem 5.1

In this section, we outline the main ideas in the proof of the convergence of the stochastic
process (& = ( tH IK J/V |K) to the deterministic limit 7 = (nf?,n}"), as stated in Theorem
5.1. The proof involves two main steps: establishing uniqueness and continuity of the limit,
and proving tightness of the sequence (¢¥) in the Skorokhod space. As we will explain
in the proof of Proposition 6.1, some arguments in the proof of uniqueness provided by
[[Kub23] seem problematic and would require further justification. Unfortunately, we were

unable to write a complete and detailed proof based on it.

6.1 Uniqueness and Continuity of the Solution of Equation (5.3)

To establish the uniqueness of the solution of equation (5.3), we will need the following
Lemma:

Lemma 6.1. Let f € Co(E,R). There exists a sequence { fy}r>1 taking values in C{(E,R)
such that fi, converges pointwise to f and supgsi || felloo < [1fll -
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Proof. Let ¢ € C°(R"™mex) be a standard mollifier, i.e., a nonnegative, smooth function
with compact support and such that [p,,.., ¥(z)de = 1. For k > 1, define the rescaled
mollifier

() = k"mery (k).

The sequence {tx}r>1 satisfies limg o0 1% = do in the sense of distributions; that is, for
any test function ¢ € C°(R"mar ),

/¢<$)¢k($)dx — ¢(0) as k — oo.

Let f € Cy(E,R). For k > 1, define the function fi : F — R by convolving f with 1y
in the last variable:

fk(anvT) = (f(n737 ) * W)(T)

Since f € Cy(E,R), it follows that, for every x € E, limy_,, fx(z) = f(x). Moreover, as
Jnmae Yr(x)dz =1 for any k > 1, we have that || fx||o, < [|f||- Finally, as the convolution
of a bounded function with a smooth mollifier yields a smooth function, each fi is smooth
in the variable 7. The partial derivatives are also bounded due to the boundedness of f
and the properties of 1. Therefore, f; € C’l} (E,R) for all k£ > 1. O

For an element nn = (n1,m2) € My, we define its total variation norm by ||n|y, =
Imllzy v lmllzy-

Proposition 6.1. Let n, € My. Then, equation (5.3) admits at most one measure-valued
solution n which belongs to C(Ry, (M, ||-|l7v/)), such that no = n..

Proof. In [[<ub23|, a complete proof is provided; however, upon attempting to reconstruct
the argument, we observed that certain nontrivial terms (particularly those involving quo-
tients) require additional justification. It seems that some intermediate steps are either
omitted or left implicit in the original source. For this reason, we do not reproduce the full
derivation here. O

6.2 Tightness of (¢(¥)x>;

We will now focus on proving the tightness of ((¥)x>1 in D(R., (Mp(E),v))?, where
v denotes the vague topology on Mp(E). In order to do this, we will introduce some
preliminary results.

Lemma 6.2. Let f € C}(Ry x E,R). Then, for any T >ty >0 and any x € E,
T
f(T’ \Il(x7T7 tO)) = f(th l‘) + Af(tv \P($,t,t0))dt,
to

where ¥ and A are defined by (3.1) and (5.2), respectively.
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Proof. Fix © = (n,s,7) € E and ty € Ry, and consider the function g, . @ [tg,00) — R
defined by
gthx(T) = f(T, \II(CU, T7 tO))

We will show that gz, € C'(Ry), and that its derivative satifies

d

ﬁgto,x(T) = Af(T’ \Il($, T, t0>)7

which yields the result upon integration.
To compute the derivative, define the auxiliary function f,, : Ry x R"mez — R by
fns(u,v) == f(u,(n,s,v)), and define hy, , : Ry — Ry x R™"mer by

hig o (t) == (t, T — E_:(t - to)ek> ,

k=1

where e, is the k-th canonical basis vector in R"™mez. Then we can write g4 ,(t) =
fn,s(hty.z(t)), and since both f;, ¢ and hy, , are continuously differentiable, so is their com-
position.

Using the chain rule, we compute

d n—s
&gto,x(t) = 81fn75(hto,x(t)) - Z 8k+1fn,s(hto,x(t))a
k=1

where the negative signs appear because each component 75 is decreasing with ¢. Note
that 01 fn s(u,v) = 0¢f(u, (n,s,v)), and Ogt1fns(u,v) = O, f(u, (n,s,v)). Therefore, the
derivative of gy, . satisfies

d
T0t0.a(t) = Af(t, ¥ (z, 1,10)).

Integrating both sides from ty to T', we obtain

T
J(T,9(x, T, t)) =f(to,x)+/0 Af(t, (2, t,t0))dt.

as claimed. O

We introduce the notation S = {H,W,G}. Additionally, for any f € Cp(Ry x E,R),
any t > 0 and u = (0,k,/,0) € Jycs Uy (with the spaces Uy defined by (3.6) and (3.5)),
we define

fn =Tl (t),0) = ft2i (1) and  fl = [t 5z (1), 0)) = f(t,2) (1), (6.1)
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Proposition 6.2. Let f € C{(R4 x E,R), and let fi(-) := f(t,-). Then, for all T >0 and
X e {H,W},

(%, 1) = (% g+ / (G4, a8,) dt+Z/ / Ty (t—u) £, Qv (dt, du),

YeS
(6.2)
where the functions Iy are given by (3.7), (3.8) and (3.9).

Proof. Let f € C}(Ry x E,R) and T > 0. We will prove the result for X = H, since the
case for H = W is analogous. By equation (3.10), we have

Kpg
<H\K fT> KH];fT(q;(xf(o),T,o))

i 1 / /U Ty (t—,u)(Ap(u, T, t), fr)Qy (dt, du).

Kn Ye{H w,G}

(6.3)

Applying Lemma (6.2), we can write the first summand as

1A
— dt
KH; (fo( / Afi (¥ ,0)) >
On the other hand, recall that, for any u = (0,k,¢,0) € JycgUy and any 0 <t < T,
(Ap(u,T,t), fr) = fr(¥(i(zy (t=),0),T,1) = fr(¥(zy (t-),T,1)). (6.4)
Thus, we can write the second summand in (6.3) as

= / /U Ty (b=, w) [fr (WGl (t=), 0), Tot)) — Fr(W(afl (=), T,1))] Qy (dt, du).

YES

Using (6.2), this becomes

X [ e / AL G (1), 2,0) ~ ALV (),2,0)] )@ a )

YeS

2/ /U Ty (t—,u) [f(t, (] (t=),0)) — f(t, 2z (t —))]Qy (dt, du).

YES
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By (6.4) and (6.1), we conclude that

(" pr) = 1{{%( / Afi(W ),t,O))dt>
Z/ /U Ty (t— u) (/tT <AH(u,z,t),Afz>dz>Qy(dt,du)

YES

Z/ /U Ty (t—, u) i ,Qy (dt, du).

YES

Then, as f and the indicator functions Zy are bounded, we can apply Fubini’s Theorem
and obtain:

H|K 1

< T 7fT> = FHZfO( Z/ /U Ty (t—,u) fX wQy (dt, du)
7j=1 YES
1T

+ / ZAfz(\Il( ,2,0)) + Z/ / Iy (t—,u)(Am(u, 2, t), Af,)Qy (dt, du) | dz.

KuJo \i= ves Uy

j €

This expression coincides exactly with equation (6.2). O

For Y € S, let

Qy (dt, du) = Qy (dt, du) — dt iy (du)

be the compensated martingale-measure associated to )y. Then, for f € CI} (Ry x E,R)
and X € {H, W},

(" pr) = a3 () + v (),

where
M YZS / /U W) fX Qv (dt, du)
and
VXK () :=< X|K,f0> /O < XK Aft dt+— Z/ /U Ty (t,u) £,y (du)dt.

YGS

Proposition 6.3. Let f € C}(RyxE,R) and let X € {H,W}. Then the process (M;(lK(f))TZO
1 a square-integrable martingale, with quadratic variation

(W), = g [ GG - 25250 1)

T
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where, for eacht > 0 and x € E,

Iy (1)

XK si
1os(a) + Ax s<><>+AX< )

Sx (1)

Proof. Let f € C}(Ry x E,R) and X € {H,W}. Note that M, XK (f) can be decomposed

| MEE () = S K (),
YeS

s(z).

¥ () = B

where, for each Y € S and T > 0,

X|K // 7Iy t—,u) f;%,Qy (dt, du).
UY

Since f is bounded, for each Y € S, we have

/ /UY <IY (t “)fﬁ)zuy(du)dtl <0

Thus, each process (M?'TK(f))Tzo is square-integrable, and so is the sum (M?'K(f))Tzo.
Since the Poisson measures Q% QWK and QCIX are independent, the total quadratic
variation decomposes as

(aX1K () =3 (a5 ()

YeS

We now compute the quadratic variation explicitly in the case X = H, starting with
Y =H:

£l ),

_ ]E[/ /UH <IH (t u)ftﬁ)zuH(du)dt]

=t /O | ut W Pt
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We compute the inner integral:

/U Tt ) (S22 (du)

Si% s (1)
=23 Ausil 0 (1) g5 [t il 0,00 - ft.afl @) w(do)
k=1 (=1

Ky
= st il 0) [ (el 0. 0) - £ @) Pr(do),
k=1

where the second equality follows from the fact that Zf“l’ sy (t) = S(t).

Since, for any k € {1, , Ky} and t € [0,T], sZ () < nmas and i () < nppqee almost
surely, we obtain the bound
H|K 1
E[(MIE(1), | < (a4 FIZT. (6.5)
T KH

Moreover, as Ky > K
Nmax

and || f||, < oo, we get

E[(M()), | < 2 A ISIET < o,

which confirms square integrability.
Next, observe the identity:

[ i) = (6.0 vido)
_ /f(t,j(x,a))Qu(do) - 2f(t,x)/f(t,j(m,a))u(da) bf(t )
= (f2)"(x) = 2fi(2) - fE(z) + fu(2).

Thus, by definition of gtH ‘K, we have

1 &=

e 2 O (0) [ (1036t .09 = sl )" )

H K
- < ' si (2 =24 fi+ 1))
Putting everything together, the quadratic variation is given by

< H|K / /UH <IH ( u)f£)2MH(du)dt

KH/O < H|K’ .((ft) _thzft+ft2)>dt
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Similarly, (MVH[,';( ( f))T>0 and (Mg g( ( f))T>0 are square integrable martingales with

quadratic variations given by

WK

o, = [ it )

and

(), = g [ s 2 )

This completes the argument for (Mj{{ ‘K( f))r>0. An analogous reasoning applies to
WK

(My ™ (f))7r>0, thereby completing the proof. O
Now, we will proceed to prove the tightness of ((¥)g>1, endowing Mp(E) with the
vague topology.

Proposition 6.4. Under the assumptions of Theorem 5.1, the sequence (CK)K21 15 tight
in D(Ry, (M (E),v))?.

Proof. Rather than following the proof strategy used in [[<ub23|, we adopt an approach
similar to that of [GZN25, Lemma 4.6]. In particular using the tightness criterion stated
in [GZN25, Lemma 4.5].

Let T > 0. As stated in [GZN25], it suffices to prove that for any f € Co(E) NCLH(E),
the sequence ((¢f1X, F)) jesq is tight in D([0, 7], R). We will use the tightness criterion in
[GZN25, Lemma 4.5] to prove this. That is, we will prove that for any e > 0,

- 1
lim imsup _sup 5@( sup [ (Covrs f) = (G )] >e) =0.
=0 K—oo t€[0,T] 0<r<s

Let € > 0. Define C' := 4)\H(nma:p)3||f||§o and take § = Q(HAfllooicllfHoo)' It follows from
(6.5) that, for any ¢,r > 0,

r

E[(M() e~ M) < =E 1l

Thus, by Doob’s inequality, we have

P( sup [ M (f) = Mi(f)] >
0<r<é

) g%E[(MH(;(f) - Mt(f))ﬂ

:éE[(M( Peys = (M(F)),]

46 - C
e

(6.6)

<
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On the other hand, for any ¢,s > 0,

t+r 1 t+r "
Vi () = Vi(F)] —/t (G Afe)et + = Z/ Ty (t, ) £ poy (duw)dt

yes’t

1 t+r
<Al 4 g S [ Trlta) sl (e

ves”t
Doing a similar process as in (6.5), we conclude that
[Vear (f) = V()] < | ASfloor + Cllf o7

Thus, by definition of §,

€
sup Vi (f) = V() < [Afllod + Cll fllod < 5-
0<r<é
Consequently,
€
P( sup Vi (f) = Vi(f)] > 2> = 0. (6.7)
0<r<d

From (6.6) and (6.7), it follows that

P (50w G ) = (601 > )

0<r<s

1 € €
< < |P{ osup [Myo(f) = Mi(f)l > 5 | + P sup [Vig(f) = Vi(H)] > 5
0| \o<r<s 2 0<r<s 2
4C
< — .
< 2l
Therefore,

1
figimsup sup 2P s |(Goro )~ (G )] > €) =0
=0 Koo te€[0,T) 0<r<s

Thus, the sequence ()1 is tight in D(Ry, (Mp(E),v))2. O

Having established tightness using an approach inspired by [GZN25], we now recall two
additional results from [Kub23] that will be used in the proof of Theorem 5.1.

For completeness, we reproduce the statements of [[{ub23, Proposition 4.7] and [Kub23,
Proposition 4.8]. The proofs are omitted here and can be found in the original article.

Proposition 6.5. Under the assumptions of Theorem 5.1, the sequence (CK)K21 15 tight
in D(Ry, (M (B), w))2.
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Proposition 6.6. Under the assumptions of Theorem 5.1, all limiting values of (CK)Kzl
in DRy, ( Mp(E),w))? are continous with regard to the total variaton norm, and solutions
of Equation (5.3).

We are now in a position to prove Theorem 5.1.

Proof of Theorem 5.1. By Proposition 6.5, every subsequence of (¢¥) Kk>1 admits a further
subsequence converging in D(R, (Mp(E),w))2. Proposition 6.6 guarantees that any such
limit is a solution of (5.3) and is continuous with respect to the total variation norm. Since
we assume that Cé( converges in law to ng € My, Proposition 6.1 implies that all possible
limits coincide. Therefore, the whole sequence (¢¥)g>1 converges in D(R;, (Mp(E), w))?
to the unique solution of (5.3) with initial condition 79. Finally, Proposition 6.1 ensures
that this limit belongs to D(R, M;(E))?, which completes the proof. O

7 Additional Results on Uniqueness

In this section, we study the uniqueness of solutions to the dynamical system (5.4).

Our goal is to prove that the system admits at most one solution, following the approach
presented by [[Kub23, Theorem 4.10]. To this end, we first rewrite the system in the form
of a Cauchy problem and explicitly define all the involved terms.

Let y € CY(Ry,RY) and f: R? — R? be such that the system (5.4) can be expressed as

Yy ()= fyt), vt=0,

where d = 2 + 2#S.

We denote by s, i and ng{[ (respectively fs, fi and féfl) the components of y (and of f),
for X € {H,W} and (S,I) €S.

We define the following rates:

, A
76W) = foi, Tx() === D SIngy, X € {H,W}.
X (s,nes

Then f: R — R% is given by
£s) = —(tu) + w(y) + W) s,  fily) = —fs(y) — i, (7.1)

and, for all X € {H,W} and (5,1) €S,

o
Ix,51(y) =— K}\XI + Xs(y) + TG(?J)>S - 71] né(,] +(I + 1)n§1+1]l{5+1<nmax}
(7.2)
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Natural constraints arise from the fact that the population is partitioned into suscep-
tible, infected, and removed individuals, and that each individual belongs to exactly one
household and one workplace. We thus have:

s+i <1, Z né{lgl, Z Sné{lgmxs, VX e {H, W}, (7.3)
(S,1)es (S,1)es
where
NMmax
my 1= Z Jm;
§=0

We define the admissible set:
Vi=<ye[01]?:s+i<1, Y ni;<limxs— Y Sni;>0VXe{HW}
(S,1)es (S,1)es
Proposition 7.1. Let y* € V. Then the following asssertions hold:

(i) Suppose that there exists a solution y of the Cauchy problem (5.4) with initial condition
y(0) =y*. Then y(t) € V for any t > 0 for which y is well defined.

(i) For any T > 0, this problem admits at most a unique solution y on [0,T].

(111) In particular, for any € > 0, the dynamical system (5.4) endowed with initial condition
(5.5) admits at most a unique solution.

Proof. In what follows, we prove only Assertions (ii) and (iii). The proof of Assertion (i)
can be found in [[Kub23, Theorem 4.10] and is not reproduced here.

(i) Fix T > 0 and let y = (s,i,né{l : X € {H,W},(S,I) € S) be a solution of the
Cauchy problem ¢/(t) = f(y(t)) with initial condition y(0) = y* € V.

From (5.4), we have

s'(t) > = [\ + Aw)nmaz + Bals(t).
Since s € CY(Ry), it follows from a comparison argument that
s(t) > er == 5(0) exp(—=[(Axg + Aw)Nmaz + Bc]T). (7.4)
We consider two cases:
Case 1: s(0) = 0.
If s(0) =0, then s(¢) = 0 for all ¢ > 0. Consequently, né{l(t) =0 for all ¢ > 0, for every
X € {H,W} and (S,I) € S. In this situation, the equation for i(¢) reduces to

i'(t) = —vyi(t), t>0,
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whose unique solution is fully determined by i(0), thereby ensuring the uniqueness of y(t)
on R;.

Case 2: s(0) > 0.

By inequality (7.4), y(t) € Vr :=V N{s > er} for any t € [0,7]. Our aim is to prove
that f is Lipschitz continous on V. Let

y=(s,i,ng;: X e {H,W},(S,I)€S), §=(51,n5;: X €{H,W} (S,I)€S)

be two points in Vp.

Recall that the components of f are fs, fi and fx s (for X € {H,W}) given by (7.1)
and (7.2).

First, we focus in the component f;:

For X € {H,W}, define

)\X#S(nmax)2
cx = ————

mx

By the definition of 7x and the triangle inequality, we obtain
~ >\X X ~X ~
ITx(y) — 7x(9)] < oo Z SIingr — gl < exlly — 9l o
(S,1)es

On the other hand, we have
76 (y)s — 16(5)3] < Ba(lills — 8 + i — 1l13]) < 26c]ly — 9l -
Therefore,
[fs()s = FsO)] < I (y) — (@) + [7w (y) — 7w (9)] + [7a(y)s — 1a(9)3] < clly — Gl

where ¢ := cyg + cw + 26¢.
Next, letting ¢; := ¢5 + vy, we have

£i(w) = £i@)] < 1 fs(y) = fs@)] + 71 — 1| < cilly — -

Finally, we focus on the components fx g ;. For X € {H, W}, define ¢y := (2AxNmaz +
268G + 29)Nmaz. By definition of fx g and using the fact that |n§1 — ﬁféll < ly = 9l
we obtain that

X N Tx (Y x) o
a0 = Fxsa )] < el =l + |52 sy - 0 s

Tx A@) (7.5)

L(y)(

X
. S+ Dngy -1 —

+ ‘ (S+ DGy o1 |Ls1ys

for any X € {H,W} and (S,I) € S.
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Now, for X € {H,W}, let kx := A gnmezmx and define the set
Dx ={(z,y):er <y<1,0<z < k‘Xy2}.
Notice that, for any (S,1) € S, (75(y)Sn&;,s) € Dx. Indeed, by inequalities (7.3), we
have
Ax £ o Ax X X
75 (v)| = P Z SIng < W(nmaxm)gs) = A%Nmazs, Sngp < Z Slng; < mxs.
X (s,nes X (S,1)es

Therefore,
TX(y)SngJ < kxs.

Thus, as y € Vr, we conclude that (Tx(y)Sng{I, s) € Dx.
It follows from definition of Dy that for any (z,y), (u,v) € Dx, we have

1

x 1
< <|v—y| T |x—u\) < L) (o -yl + 2 ul).
vV\Y €T

Consequently, for any X € {H, W} and (S,1) € S,

1
e€r

Tx T (9) 0. “\ an . —
gy~ a8, | < L0k (s ()50, 7 (5) 0% +1s51) < Kxrlly — 3l

where k)(’T = é(l vV k:X)(/\Xn%wx/mX + 1).
Similarly,

7% (9)
S

x(y)

X X _
(S+1D)ngyy -1 — (S + Vg -1 |Tgrs1y < kxrlly — 9l

Hence, from (7.5), we obtain that

|fx,5,1(W) — [x,50(0)] < (x + 2kx1)ly — §ll -

Therefore, f is Lipschitz continuous on Vp with Lipschitz constant ¢y := max{cs, ¢;, ¢y +
2KH,T; C{/V + 2kW,T}~

Now, suppose that there are two solutions of (5.4), y1 and yo, on [0, 7] with the same
initial condition y*. By Lipschitz continuity, we have

T T
l(T) — (D), < /O 1F () — FHO)dt < er /0 () — 3(0) ..

By Gronwall’s Lemma, it follows that y; = y2 on [0,7]. Hence, for any 7' > 0, the Cauchy
problem admits at most one solution on [0, 7.
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To verify condition (iii), it remains to show that the initial condition y*, as defined in

equation (5.5), belongs to V.
For any X € {H, W}, using equation (5.5) we have

Nmaz n—1 Nmax
n n— n
S 0 (0) = ﬂgfz(I)g(l_e) N ey <1

(S,1)es n=2  I=0 n=2
Similarly,
Tma n—1 n Nmas
SIZ)GSSnSI nZQﬂn ;(n—[)<l> (1—¢)" ZW n(l—e),

where in the last equality we used the fact that E[n — B] = n(1 — ¢) when B ~ B(n,¢).

This can be rewritten as

> Sng(0) = (mx — 7 )(1 - €) < mxs(0),
(S,1)es

where we used that s(0) =1 —e.

Since the remaining conditions of V' follow directly from equation (5.5), we conclude

that y* € V.
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