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An integro-ODE-PDE model for Covid-19
pandemic with vaccination and loss of immunity:
well-posedness, RBF-FD numerical scheme and
simulation

Robin Vaudry? Candy Sonveaux! Didier Georgestand Clémentine Prieur®

Abstract

During an epidemic, the way individuals spread the infection can vary
depending on the number of days they have been infected. Vaccination is
a key factor in the control of the transmission of the pathogen. We pro-
pose a SIR-like model to simulate the propagation of a virus in a closed
population. The model presents a continuous structure in age of infec-
tivity and in age of immunity. By using a fixed point theorem, we then
prove the well-posedness of the model and properties of its solution. Then
we present the radial basis function-generated finite difference (RBF-FD)
method we use to numerically solve our problem. Finally, numerical sim-
ulations are explored to witness the impact of the parameter values in the
model.
Key words: SIR-like models, RBF-FD, well-posedness.

1 Introduction

The health crisis caused by the COVID-19 pandemic showed once again the
need to model the propagation of epidemics. Compartmental models remain
the dominant tool for meeting this need. The best-known compartmental model
to date is the SIR model introduced by Kermack and McKendrick in 1927 in
Kermack and McKendrick| (1927). At each time, the population is divided
into three categories: S for Susceptible, I for Infectious individuals, and R for
Removed individuals who cannot infect nor get infected anymore.
The equations governing the model are a system of ODE-PDE equations:

Gt =—=5() [y~ Ba)I(t,a')da’
%(t, a) + %(t, a) = —y(a)I(t, @)
%(t) = fooo v(a)I(t,a)do!

I(£,0) = S(t) [° B(a)I(t, 0" )do’
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The variable « here refers to the age of infection of the individuals. In other
words, I(t, «) is the proportion of individuals that has been infected for a time
«. The function g is called the transmission rate and depicts how fast the
epidemic spreads in the population. The function + is called recovery rate and
describes how fast individuals of compartment I recover from the infection.

A variety of epidemiological models has been derived since 1927. In par-
ticular, models with an age of infection structure have been studied in [Chenl
et al.| (2013)), Liu et al.| (2015), |Chekroun and Kuniya| (2020), [Magal and Mc-
Cluskey| (2013)), [McCluskey| (2012)), Dietz and Schenzle| (1985)) and more recently
in Richard et al.| (2021). Other studies focused on the immunity loss process,
as in Bhattacharya and Adler| (2012)), [Li et al.| (2010), Duan et al. (2014), Bar-|
|barossa et al.| (2018b). Epidemiologists have also been interested in the impact
of vaccination on classical compartmental models, as in|Shulgin et al.| (1998),
[man et al.| (2008), |Chauhan et al.| (2014), |Okuwa et al| (2021). Lastly, models
that combine vaccination and waning immunity have also been studied, un-
der the name of immuno-epidemiological models, as in [Heffernan and Keeling]
2009), Barbarossa and Rost| (2015)), Barbarossa et al.| (2018a)), [Ehrhardt et al.
2019)).

In this paper, we propose a comprehensive model adapted to a regional scale
to track individuals who are susceptible, exposed, infected, hospitalized, vacci-
nated, recovered or died, taking into account the age of infection for infected
individuals and the loss of immunity for the recovered and vaccinated ones, in a
vaccination strategy context. After presenting our SEIRHVD model, we will fo-
cus on two key aspects: the analysis of its well-posedness, and a cost-effective nu-
merical method based on the approximation of the differential operators in ages
using the radial basis function-generated finite difference (RBF-FD) method
[Fornberg and Flyer| (2015) for generating COVID-19 pandemic evolution sce-
narios. Some simulation results from the model will complete the presentation,
showing the impact of the parameter selection. At this stage, it is important
to emphasise that the scientific approach we are proposing is generic and could
be interesting for epidemics other than Covid-19, as well as other fields of ap-
plication involving complex, potentially non-linear dynamics in a heterogeneous
environment.

The paper is organized as follows: in Section 2, we present the SEHIRVD
model. Section 3 is devoted to the extensive statement and proof of the well-
posedness of the model. In section 4, the numerical scheme is exposed. Some
numerical simulations are presented and analyzed in Section 5. Finally, we draw
some conclusions and perspectives in Section 6.

2 SEHIRVD model

Our main aim is to include in our model vaccination and loss of immunity
for both recovered or vaccinated individuals. The transmission rate and the
recovery rate depends on the age of infectivity « as in|Kermack and McKendrick|
7 whereas the loss of immunity depends on the age of immunity &. We
also include a specific compartment for hospitalized individuals, as the hospital
maximal capacity is one key factor in pandemic control. The scheme of the
compartmental model built in this paper is presented in Figure (1| below. It is
composed with 7 compartments described hereafter:




- §: Susceptible. S represents individuals that are not infectious but can get
infected by contact with an infectious individual.

- E: Exposed. These individuals are infected but not infectious yet. This is a
transitory compartment between S and I.

- I: Infectious. Infectious individuals are infected individuals that can transmit
the pathogen to the S individuals. They can present symptoms or not.

- R: Recovered. This compartment receives individuals that got cured from the
disease, are still immune and have not been vaccinated since they last recovered.
- H: Hospitalized. This depicts hospitalized individuals that have mild or severe
symptoms.

- D: Deceased. This compartment represents the individuals that died due to
the infection to the pathogen.

- V: Vaccinated. In this compartment, individuals have been vaccinated and
still hold an immunity against infection.
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Figure 1: Compartmental model developped

Our model is still driven by an ODE-PDE system of coupled equations: for



T>0,t€]0,T],a > 0,& >0,

)(/ B(t, o) (t, o )da) </ (or(a')R(t,&") +av(d’)V(t,d’))dd’) —0(t)S(t)

=s)( [ sttt ayaa’) - o5t

- i _ / )Tt/ )do’ — 3 (1)

I t0) + 2L it.0) = ~r(@)1(t,0) — 01l (t.)

O (1.6) + 2 (1,6) = ~0(1,3)R(1.6) — ow(@)R(t, )
D (1,6)+ 9L(1,6) = ~ov(@)V (1)

dD

T(t) =yuTpH(t)
I(t,0) = §E(t)
R(t,0) = /0 (1 — 7))y () I(t,a")do' + (1 — 7p)yu H(t)

V(t,0) :/Ooo e(t)rAI(t,a’)da’+/Ooo Or(t,)R(t, &' )d&’ + 0(t)S(t)
(1)

with the constraint that

S(O)+E(0)+H(0)+/OOo (0, o/)do/+/ooo R(O,d’)dd’+/ooo V(0,a")da’+D(0) = 1.
(2)

We will state later in Section (see Theorem 4)) that the system described by
equations inpreserves mass at all times, that is (2)) is not only true at time ¢t = 0
but for any ¢t > 0. For simplicity, we assume in this work that the population
is closed. With this assumption we neglect births and deaths unrelated to the
pathogen, as far as the fact that presymptomatic and asymptomatic cases can
spread the disease between populations through travel. Such an assumption may
be reasonable if the evolution of the system is studied within a short observation
time interval. Let us now provide more details on the parameters involved in

(0

e 3(t, ) is the transmission rate of the model, which may depend on time
to model, e.g., evolution of sanitary measures;

e O(t) represents the vaccination rate of individuals in S and asymptomatic
individuals in I, 8z (t, @) represents the vaccination rate of individuals in
R;

e or(a) and oy (&) depict the progressive immunity loss in compartments
R and V;

e J is the incubation rate;
e ~; and 7y are the transition rates in I and H;

e 74 is the proportion of infectious individuals that are asymptomatic;



e 7y is the proportion of infected individuals that require hospitalization;

e 7p is the proportion of hospitalized individuals that die due to their symp-
toms.

In the following, we assume that all these parameters are non-negative and
bounded by 1. We plot in Figure[l| the state transition diagram completed with
parameters involved in each transition between two states in the model.
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Figure 2: Compartmental model with its parameters

To conclude this section, note that the number of compartments in our model
has been chosen as a compromise between a very sophisticated model, probably
closer to the reality, and a sparse model that can still be used for inference and
control of the epidemics. The model we propose could benefit from a structure
in age of individuals and a geographical structure. E.g., a spatial model with an
age structure (age of individuals) would lead to an integro-ODE-PDE model in
dimension 6 (¢, a, &, a,x,y, with a the age of individuals and (z,y) the spatial
coordinates).

3 Well-posedness and bounds of the system

This section is devoted to the statement and proof of the well-posedness of the
system described by . We first state in Theoremexistence and unicity of the
solution. Then we state in Theorem [3]that the solution depends continuously on
the initial and boundary conditions. Finally, we state in Theorem [ that, under
boundedness and regularity assumptions on the initial and boundary conditions,
the solution of is bounded between 0 and 1. The proof of these results is a
generalization of the proof of analogous results for the coupled PDE-ODE model
in/Batool and Bajcincal (2021)) to coupled ODE-PIDE (partial integro-differential
equation) models. The main ingredient of the proof consists in decoupling the
equations of System by replacing the variables intervening in the integral
terms by any continuous functions. It leads to a new system of independent non-
autonomous ordinary differential equations described in , whose solutions
are explicitly known. This defines an operator (see Definition [4) whose fixed
points are the solutions of the initial coupled model. Note that the study of



well-posedness relies on a good choice of solution space (see Definition [2|) for
which existence and uniqueness can be obtained. For convenience, the chosen
functional space on which the operator is defined requires little regularity (L),
but with explicit bounds. Before stating the results, we introduce some useful
notation and definitions.

Definition 1 (Space of initial and boundary conditions). The space Z of initial
and boundary conditions is defined by:

E= {5 = (S0, Eo, Ho, f1, fR, fvs b1, hr, hv) such that Sy, Eo, Ho € [0,1];

fr. fr, fv € CY Ry, Ry); hy b, hy € CH([0,T],Ry) with
h1(0) = f1(0),hr(0) = fr(0),hy(0) = fi(0);

So+Eot o+ [ e’ + [ galaad + (@i 0.1
0 0
endowed with the following norm:

1€llz =[S0l + [Eol + [Ho| + [If2lls + [IF&llL + [[fv s + [Pl + [hRlloo + [[Av]]oo
with |.| the absolute value, ||.||; the L*-norm and ||.||sc the L>-norm.

The notation used for the components of £ are to be linked with the com-
partments of the model. Sy, Ey, Hy refer to the initial conditions for S, E and
H while fr, fr, fv refer to the initial conditions for I, R,V and hy, hg, hy refer
to the boundary conditions on I, R, V.

In Definition [2] below, we define the state space for any tlme T € (0,7T] as

we then prove the well-posedness on [0, nT"] for all n = 1,2, ..., T, by induction.

Definition 2 (State space). For any T" € (0,T], let Xy = (Ll([O,T’D)3
(Ll([O,T’] X R+))3. For any £ € Z, let YTg, C Xy defined as the set of func-
tions (y1,Y2, Y3, Y4, Y5, Ys) € X7 such that:

(t:€). 0 < y2(t) < E(t,6), 0

- y1,y2,y3 € LM([0,T"]) with 0 < yi(t) < S
and E real-valued functions deﬁned on

ys(t) < H(t, &) almost everywhere, S

0,7] x = by
_ hrlloo + [[hv|]oo
S8 = Sot (Ul + lfvfye + Ll U llo o
- Sol|hr!|so +
Blte) - Eo+So||f1||1t+( o||21|| Jr||fR||12||fv|1||fll|1)t2
[lloo + llov]oc 1£rlls + 11|l 3
+( ; 151l + PR | )
hilloo + 1PV ||so
Pl Wyl s
oo gy — (L
H(t.§) = Ho+|lfillit+——1



- Y1, 95, Y6 € LY([0, T'IXRy) with 0 < [° ya(t, o )da’ < I(t,
R(t,€),0 < fooo ye(t, &' )da’ <V (t,€) almost everywhere, I,
functions defined on [0,T] x 2 by

and V real-valued

1(t,6) = |If1llh+|hlloct,  R(E€) = Ifrl+hrllsct,  V(E:€) = lIfviliHhv||oot.

For x = (x1,%2,%3,%4,%5,%¢) € Xqv, the norm of x is defined as ||z||x,., =
fOT l|lz||: dt with for any t € [0,T7]:
o0 o0 oo
el i= oa(®)] + laa(e)] + aa(®)] + [ lea(t.a)lda’ + [ lasit,alaa +
0 0 0
Then we have the following result whose proof is postponed to Appendix [A]

Lemma 1. For any & € E, for any T' € (0,77, (Yﬁ,, I[llx,.) is a non-empty
complete metric space.

3.1 Uniqueness of solution
Theorem |1| below states the existence and the uniqueness of the solution to .

Theorem 1. Let & € 2. There exists a unique solution, y € Yf of the coupled
system described by on [0,T].

The rest of the section is devoted to the proof of Theorem Following
the proof in [Batool and Bajcincal (2021), we introduce a decoupled ODE-PIDE
system built from the original coupled system defined in .

Definition 3 (Decoupled system). Let 41,%2,%3 € C°([0,T]) and §a, ¥s,Ys €
C°([0,T] x Ry). We define a decoupled ODE-PIDE system as:

s

o =no( [ st.amar) e
%I(t) - /OOO Y1 )Taa(t, o )do — yp H(t)

%(t, o)+ g—i(t,a) = —yr(@)I(t, ) — 0(t)7AI(t, )
%ff(t,@) N gg(t,oz) = —Or(t,&)R(t,G) — or(@)R(t, &)
D (1,80 + 92 (1,8) = —ov(@)V(1,)

I(t,0) = 62 (t) =: ks (1)

R(t,0) = /OOO v1(@)(1 = 7r)ya(t, ')do’ + yu (1 — 7p)ys(t) =: kr(t)

€),0< [T ys(t,a)da’ <
R

G =-so [ seatmiataa +00) + [ on@)mnd) + o @m

V(t0) = /OOC O(t)Taya(t, a’)da’ + /Ooo Or(t, & )ys(t, &’ )da’ + 0(t)y1(t) =: kv (t)

|26 (¢, &')|dét’.



and initial conditions:

5(0) = So, E(0) = Eo, H(0) = Ho
1(0704) = fl(a)7R(0ad) = fR(d)>V(0ad) = fV(d)

where Sy, Eo, Hy € [0,1] and fr, fr, fv € C°(Ry) non-negative functions so

that So + Eg + Hy + / fr (o/)do/ + / fR(dl) + fv (d/)dd/ S [0, 1], and with
0 0

f1(0) = k1(0), fr(0) = kr(0), fy(0) = kv (0).

Note that the structure of this system is similar to the one of the original
coupled system described in , except that each equation can be solved inde-
pendently from the others. The decoupled system of equations defined in
can be solved easily. The first three equations are linear ODEs of order 1 whose
solution is straightforward. The last three ones are linear PDEs of order 1 in
time and order 1 in « (or &) and can be solved individually using the method of
characteristics. Finally, solving these equations we get that the unique continu-
ous solution of the decoupled system described in is given by Sol¢(7), where
Sol® is the solution operator on the state space Y3 (see Definition || below).

Definition 4 (Solution operator). For & = (Sy, Eo, Ho, f1, frs fv, hi,hr, hyv) €
= and any T € (0,T), we define the solution operator Sol YTE, — X
as Sol*(y) = (S¢[y), EX[y], HE[y), I¢[y], RE[y), VE[y]) with, for almost every t €
[0, 7], a« € Ry, & € Ry,

SEMl(t) = eXp< — s F(T)d7'> <so + Y exp< I F(T')dT') G(T)df),

<

B0 = (L) (St aln e )ar + o).

He[y](t) =e 'YHt< eVHT(fooo v (& )Ty (T, @ )do/) dT—I—H0>,

Kyl o 1(a—1) exp( /Ot'y] (@ +a—t)+Tab(0)di > if t<a,

exp( /0 )+ TaO(U+t — a)du> if t>aq,

Rl - fr(a—1) exp< /0 GR(ﬂzdt,ﬁ)+aR(ﬂ+dt)dﬁ>
hr(t—&)exp| — ; Or(t, 0+t — &) +03(d)dﬁ>

Vel - fv(@—1t) exp(—/o av( Z&—t)dﬂ) if t<a,
hv(t—a)exp<—/0 ( )du) if t>a,

F:Rt - Rt G:Rt - R*

WHETEN s g(t) + / " Bt o yyalt ade! MY 1 / " (on(@)ws(t, &) + ov (@ slt, &'))d'
0 0

Let us now state Proposition [2| which provides the relation between the
unique continuous solution to the coupled system described in with the exis-
tence of a fixed point for Sol®. We first recall that for y = (v1,Y2, Y3, Y4, Ys, Ys) €



YTE,, if there exists z € Y7§, such that z — y = 0 almost everywhere and z is a
continuous function, then z is called a continuous representative of y and is
denoted by 3.

Proposition 2. Let T € (0,T] and y = (y1, Y2, Y3, Y4, Y5, Ys) € Yzé, with a
continuous representative § = (g1, Y2, Y3, 4, Js,Ys). LThen y is a fized point of
Sols on YTg, if and only if § solves the coupled system on [0,T'].

Proof of Proposition[4 The proof is decomposed in two steps.

- First, let y a fixed point of Sol® then Sol® [y] = y almost everywhere. There-

fore, the continuous representative of Sol® [y], denoted by Sol®[y], is equal to 7.

Now, from the expression of Sol*[y], we have that Sol*[j] = Sol*[y]. Therefore
Yy = Sol® [7], thus 7 is the unique continuous solution of the decoupled system
defined by . Therefore, 7 is also solution to the coupled system defined by .

- Let now 7 solves the coupled system, then in particular y solves the decoupled
system. This solution is the unique solution of the decoupled system and is thus
equal to Sol® [7] which is, as already mentioned in the first step, equal to the
continuous representative of Sol® [y]. As g is also the continuous representative
of y, we get Sol®[y] = y almost everywhere, that is y is a fixed point of Sol®. [J

Let T € (0,7] and £ € Z. In order to prove Theorem [3| we first state
in Lemmas |2 and |3| that the solution operator Sol® : va — va is Lipschitz
continuous, with a Lipschitz constant tending to zero with 7”.

Lemma 2. Let T' € (0,T] and ¢ € E. Then, for anyy € va, Solt (Yf,) - va,

Lemma 3. Let £ € E and T' € [0,T). There exists a non-negative constant
Cgp1(&) such that for any yi,ys € va and for almost every t € [0,T"],

108 [y1] = Sof [ya]l|x,, < T'Cgo(E)llyr — y2llx,-

The proof of Lemma 2] is postponed to Appendix [C] while the one of Lemma
[3]is postponed to Appendix [B]

Sketch of proof for Theorem [l We only provide here a sketch of the proof as
the complete proof is postponed to Appendix [B| First, for any 0 < 77 < T, we
consider the solution operator Sol® : Yf, — Yp,. We know from Proposition
that a fixed-point of this operator is solution of the coupled system defined by
(1) on [0,7"]. From Lemma [3] there exists 0 < 7" < T such that the solution
operator Sol® : Yjé, — Y;, is a contraction. Therefore, by Banach fixed-point
theorem, it has a unique fixed point that is the solution of the coupled system
defined by on [0,7"]. Note that it is always possible to choose T” such that

— = N € N*. Then we prove by induction the existence and unicity of a

T/
solution on each interval [0, nT"], for n < N. Finally, for n = N, Theorem [1| is
proved. O



3.2 Continuity of the solution

This section is devoted to the statement of the continuity of the solution to
with respect to the initial and boundary conditions.

Theorem 3. Let £* € E and y* the corresponding solution to on [0,T].
Then, for any n > 0, there exists a constant C(£%,m) such that for any £° with
y® the corresponding solution to , [|€* — €|z < n entails:

ly® = 9"llxr < O )IIE" — €]z

The proof of Theorem [3| is postponed to Appendix It is obtained as a
byproduct of the proof of Theorem

3.3 Biological properties of the solution

This section is devoted to the statement that the solution to has a biological
meaning, in the sense that its components are non-negative and bounded by 1
(since they represent proportions of a population).

Theorem 4. Assume that Sy, Eo, Hy, Dy € [0,1], f1,fr, fv € C* (R4, Ry),
hr,hr,hy € Cl([O,T},R+) with

So+ Eo + Ho + Do + / fr(a’)da’ + / fr(@) + fr(@)da =1 (4
0 0

and  0< fr, fr, fv,hr,hg,hy < 1. (5)

Assume that there exists Wy, Vo two integrable functions on Ry such that, for
any t € [0,T],,& > T,

[frle =] |f1(e— )] < ¥1(a), (6)

[fr(@ =t)], [fr(@ =), [fv(a—1)]|fi(@—1)] < V(). (7)
Let (S,E,H,1,R,V,D) be the unique solution to the coupled system described by
with initial and boundary conditions & = (So, Eo, Ho, f1, fr, fv,hi,hr, hy).
Then, for any t € [0,T),

o0

S(t)+E(t)—|—H(t)+/oo I(t, o/)do/+/oo R(t, d’)dd’+/ V(t,a")da'+D(t) =1,
0 0 0

0< S(t)7E(t)7H(t),/ I(t,o/)da’,/ R(t,a)dd’, V(t,a')da',D(t) < 1,
0 0

0
(9)
and for any a,& >0, 0 < I(t, ), R(t, &),V (t,a) < 1. (10)

We will now discuss the initial and boundary conditions required for Theo-
rem 4. Conditions and ensure that, at the initial time, the sum of the
proportions of all health states is equal to one. Conditions @ and are more
technical. They ensure mass conservation over time. The complete proof of
Theorem (4] is given in Appendix [E] We only provide here a sketch of the proof.
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Sketch of the proof for Theorem[j} We note first that for ¢ = 0, Equation
reduces to Equation . Then, we prove that the derivative with respect to
time of the sum of the proportions in all the compartments is equal to 0. This is
obtained through the equations in and the ability to permute the derivative
with respect to time and the integral over the age operators. This second point
is proved in Lemma [6] stated and proven in Appendix [E] O

4 Numerical scheme

In this section, we present the numerical scheme we propose to solve the coupled
system described by . It consists in a method of lines based on a radial
basis function-generated finite difference (RBF-FD) method to compute the
differential operators in age o« and & The RBF-FD method is an original
approach to solve PDEs numerically. It is presented and developed in |Fornberg
and Flyer| (2015)), [Flyer et al.| (2016]). This approach is particularly interesting
because it enables high precision to be achieved even at low resolution. It is a
meshless finite difference method that generates sparse differentiation matrices.
In contrast to other traditional methods, such as the finite difference method,
the finite element method or the method of characteristics, the RBF-FD method
is easy to generalize to dimensions significantly greater than 1, making it easy to
introduce additional spatial variables and operators in our model (such as age or
geographical location of individuals in a domain with complex boundaries). The
obtained system of nonlinear differential equations is then discretized in time
using a partially implicit Euler scheme of order 1. Section is devoted to the
presentation of the RBF-FD method. Section [£:2] focuses on the computation
of the integrals that appear in the equations of the model. Finally we provide
in Section the equations driving the numerical scheme we propose for our
model.

4.1 RBF-FD method

In this section, we explain how we discretize the PDEs in . The main reason
we use RBF-FD approximation here is that we have in mind future general-
ization to spatialized epidemiological models. Indeed, RBF-FD approximations
generalize classical grid-based finite differences, replacing mesh generation by
scattered node generation, increasing by the way the geometric flexibility of the
discretizations and making it easier to carry out local refinement in critical ar-
eas. In order to illustrate the approach, we focus on the hyperbolic equation on
I given by:

O (t,0) + X (1,0) = ~11(a)I(1,) ~ 0(1)7al (1, ),

1(t,0) = 6E(t)

fort € [0,7] and « > 0. The same method can be applied for the equations on R
and V. In our study, the differentiation operator in time 9/0t is approximated
by an Euler scheme. So we only discuss in this section the approximation of the
operator 9/0a as well as the Dirichlet boundary condition on the edge of the
domain.

11



First, we introduce a truncation age amax > 0. We then propose a dis-
cretization of the age of disease « on the bounded interval J, = [0, tnaz]. We
will discuss later the choice of the sequence of N,, + 1 discretized ages {a;}Y<,.
The method consists in approximating the linear operator /0« at a point «,
in the domain J, by a linear combination of the function values, {fi}7_, at
the nearest n << N, node locations {a¢}sca(a,); this group of nodes composes
the stencil, denoted by Sy () = {ar}rea(a.). In other words, we seek weights
{we}een(a.) such that:

0
Lf|a:a* = % ‘oz:oz* ~ Z wffb

A (o)

with n and wy being known as the stencil size and differentiation weights, re-
spectively. To calculate wy, we enforce that this linear combination of function
values is exact for the interpolant function f of the form

flay="3" Mo —all) + ) 50, (11)
§=0

LeN(ay)

with ¢ : r € Ry — ¢(r) = r* the polyharmonic spline and with the constraints
ZKEA(a*) ey =0, for j =0,...,m. Note that polynomials help in improving
accuracy [Flyer et al| (2016). By interpolant we mean that f(oy) = f(ay) = fo
for ¢ € A(a). For sake of clarity, we assume (without loss of generality) in the
following that A(aw) = {1,...,n}. The weights are obtained by solving the
following linear system (see, e.g., [Fornberg and Flyer| (2015)):

w1 1 ag - o
A
W, 1 o, - o
HT Wp4-1 = 1 - 1
Wp+2 aq R ¢ 7% 0
m .am

Wn+m (0%}

Ly ([l = aa]) la=a.

Ly (o = anl) [a=a.
= L |a:a*
Lala=a,

La™ |q=a,

with

(oo = aall) 9 (llaa — azl)
(laz —aall) ¥ (o — azf)

(lea = anl])
(laz = anl)

< <
ASERSE

(o —o1ll) @ (lom—aal) - % (llan — anl)
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This system has been proven to be invertible, that is matrix H invertible,
as soon as m + 1 < n (see, e.g., De Marchi| (2013)). In the following, we choose
f() :==1I(t,-) and m = 0. We then get the following approximation:

ol
8706 (ta Oé*)

(L (lo = eall) laza. - L (la = anl) la=a. s Ll laza.) H' (fr,--- o £, 0)"

= (wy, - ,wy) (I(t,aq),- - ,I(t,an))T .

By concatenating the above system for a, = o, 0 < ¢ < N, we obtain a
(Ngq + 1) x (N4 + 1) matrix M, such that:

a1
(1) = MaI()
with I(t) := (I(t,0), I(t,c1),...,I(t,an.))" =: (Ib"“"d(t), (p'm(t))T). Then

we introduce matrices M; o, and M3, defined by:

Ml,a (Ma[l,j]) ) M2,Oz <Ma[l,0]) .
1<4,j<Nq 1<i<Ng

The system discretized in age corresponding to the PDE on I can then be
written as an ODE:

dIint

o (t) = =My oI (t) — SE(t)Ma o + Fr(t, I'™ (1))

Ibound(4) = §E(t)

—(v(a1) + Ta0(t))I(t, 1)
wih  Fy(t, I"(t)) = :
—(v(an,) +740)I(t, an,,)

Similarly, we build the matrix Mg for the approximation of the differential

operator % on the nodes (di)fv:‘io and the corresponding submatrices M; 5 and
o
Mg’d.

4.2 QMC computation of the integrals

In this section, we explain how the integrals in are computed using a Quasi-
Monte Carlo sampling (QMC). In order to illustrate the approach, we focus on
the computation of the integral

o0
/ B(t, ') I(t, o' Yo'
0
We first truncate the integral on the bounded interval J, = [0, amaz] as for the
discretization of the age operators. For an integral defined on the d-dimensional

unit hypercube [0,1]¢, QMC numerical integration consists in evaluating the
intergand on the n first terms of a low discrepancy sequence of points over
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[0,1]¢ and then in approximating the integral by computing the empirical mean
of integrand evaluations. For the n first terms of a low discrepancy sequence
over [0,1]¢, {;}™,, the well known Koksma-Hlawka inequality provides:

1 n
— T;) — x)dx
Dt [ )

0,14

< Dy, x Vuk(f),

where f :[0,1]¢ — R, D} is the so-called star discrepancy, Vi (f) is the total
variation of f in the sense of Hardy and Krause (see, e.g., |[Kuipers and Niederre-
iter| (2012)). In the following, we only compute one-dimensional integrals (with
respect to o or @). Integrals are computed with a Sobol’ sequence {xi}ij\iao on

[0, 1], for which we know that DX = O (%) (see, e.g., Lemieux (2009)). We
then transform this sequence into {ai}f\i“o = {amaxxi}ﬁv;o on [0, apqy]. Finally,

(oo}
QMC approximation of / B(t,a')I(t,a’)da’ is given by:
0

Na
Amax
_mat_ t, i) I(t, ).
Na+1;B( DIt )
It is worth noticing that the same sequence {ai}ﬁv:"‘o = {ammxi}i]\i‘o is used
for the RBF-FD approximation of the age operators, which avoids additional
changes of coordinates between the variables used for the age operators and the
integrals.

4.3 Resulting recursive equations

Based on the approximations of the age operators and the integrals, we will now
consider two different treatments of the compartimental equations, distinguish-
ing between variables in age-distributed equations (I, R and V') and those in
ordinary differential equations (S, F, H and D).

For the variables structured in age, we choose to implement a semi-explicit
Euler scheme. We start from the following system obtained in Section (4.1

int
dlc—it (t) = =My o 1" (t) — 0E(t)Ma,o + Fi(t, 1" (t))

[bound (1) = §E(1).

We then discretize time interval [0, T]. More precisely, for N € N*, we introduce

T
At = N and define, for 0 < n < N — 1, t, = n x At. We then implement the

following scheme:

Tint Tint
I7z+1 — In

At

b d
Intfln =0Ep 11

= —Ml,aﬁ;}s-tl — 0B, Ma o + Fi(tn, j;nt) (12)

where I is the approximation of I(t,), E, the one of E(t,) and I?%"d the
one of 1°°%"d(¢ ). This method is semi-implicit in the sense that the implici-
tation only concerns the approximate age operator, i.e., the term Ml,aI}[ffl is

14



computed at time step n + 1, while the other factors are computed at time step
n. By reorganizing the terms in and by taking At so that Iy + AtM;  is
non-singular (I being the N, x N, identity matrix), we get:

It = (Id + AtM, o) "I — AtSE, Mo o + AtFr(t,, I8 |.

nytn

The same method is used for R and V.

An implicit scheme for hyperbolic equations in ages is used to overcome the
numerical instability risks of finite-difference-based schemes (of which the RBF-
FD method is a part) when an explicit time integration scheme is used, here
requiring sufficiently small time steps. For hyperbolic equations, the authors in
Fornberg and Lehto| (2011 propose using a hyperviscosity stabilization approach
consisting of adding a perturbation term defined by a power of the Laplace
operator. We have not adopted this approach, which adds complexity to the
RBF-FD method, and have taken advantage of the fact that, given the linear
nature of hyperbolic equations, it is always possible to have an explicit form of an
implicit scheme guaranteeing unconditional stability of the numerical scheme,
even for large time steps. The explicit Euler scheme with daily time step is
classically used in the epidemiological literature for numerical resolution of SIR
models. It poses no stability or accuracy problems with such a time step, and
consequently there is no need to use higher-order schemes. Thanks to the use of
an implicit scheme for the hyperbolic equations, we have also observed that using
a daily time step for the numerical resolution of our model provides sufficient
accuracy.

For the state variables that are not structured in age (E,H and D), we
implement a classical explicit Euler method. For example, for the compartment
D, we have:

Dn+1 =D, + At TD'VHHTL-

In order to simplify the notation, we define the following quantities:

- Na
amaw amaw ~ 7~ B
Int, (8, 1) =Nt Zﬁ (tn, i) I Int,(0r, R) = N ;eR(tmai)Rn[z}
Q « M
Intn(URv N 1 ZJR tnyaz R [ ] Intn(I) = N, +1 ;Inm
a a Na
Int,(oy,V A Zav b, &) Va4 Int, (R) = Nt ;Rn[i]
o ! Na
I tn , maxr i n I tn — max An o
tn (o, 1 NH;W (V) = 22223 Vil
«
Int,, (0, 1) maz o(t
wen(6,1) = 7 Z

where I,, R, et V, are respectively the approximations of I(t,), R(t,) and
V(t,).

It is worth noticing that the RBF-FD scheme does not necessarily guarantees
that the conservation of population mass holds at each time step n. In order
to overcome this issue, we choose to eliminate the compartimental equation of
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Sy, and to express S, as S,, = 1—E,, — H,, — D,, — Int,,(I) — Int,, (R) — Int,, (V).
Such an elimination of a compartimental equation in SIR-type system is classical
in the literature; see, for instance, [Kendal (1956) for an early reference.

It follows that the time discretization of system is given by the following
system of recursive equations:

Eni1 = By + At {SnIntn(ﬂ, I — 5En]

H,y1 =H, + At {THIntn(’yI,I) — ’YHHn]
Dy = Dy + AtygTtpH,

L = [+ AtMy o]~ Ty — A, Mao + AtFy(tn, 1))

RZ,”_ﬁl = [Id + AtML&]*l {R:Lm - At(((l — 7))t (v, I) + v (1 — TD)Hn> M &+ Fr(tn, ]%;”%)}

/it = [Id + AtM; 5] 7" [Vg”t — At ( <7’AIth(9, I) + Int,, (6r, R) + G(tn)Sn) Ms 5 + Fr(tn, R:’;“))}

Spi1=1—FE,i1 — Hpyy — Dy — Intyy g (I) — Inty g1 (R) — Inty,y 1 (V)
(13)
where

—(y(a0) + Tab(t) L (o)
Fl(tnvj;nt) = )
—(v(an,) + 7a0(tn) T (., )

7(UR(5‘0) + GR(tnv 5‘0))R(tna dO)
FR(tn7éf’Lnt) = ’
—(or(ans) + Or(tn, ang ) R(tn, AN, )
and
—ovy(Go)V (tn, ao)
Fr(tn, Ry") = :

—ov(ang )V (tn, ang)

5 Numerical simulations

In this section, we illustrate the effectiveness of the proposed model and nu-
merical scheme with a simulation based on a set of realistic parameters and the
population of Isére department in France. Table [I] presents the scalar parame-
ters. Their values are found in the literature. Table |2 displays the functional
parameters involved in the description of the model.

1, or and oy are defined as sigmoid functions with an inflection age corre-
sponding to the average residence time in the compartment (17 days for infection
and 180 days for loss of immunity). In our simulations, « — S(«) does not de-
pend on time and corresponds to £, in (Richard et al., 2021, Eq. (9) and Fig.
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Table 1: Scalar parameters of the model

Variable | Value Reference
1
1) 15 Calba et al.| (2021)
1 Boélle et al.| (2020
H 145 '
20
TA — Byambasuren et al.| (2020])
100
9 Oli t al.| (2022)
TH 100 iver et al.
8 . . .
™D 1000 Estimated value in accordance with data.gouv.fr
Table 2: Function parameters of the model
Variable Expression (values are in days)
B(t,a) | see (Richard et al., 2021, Eq. (9) and Fig. 2.A) and Equation
1
() 7o
~ 1
or(@) 1+ ¢ (a-180)
- 1
ov (@) 1+ ¢ (a—180)
0(¢) from DataVaccin-COVID| (Isere department, France)
- 1
Or(t, @) o(t) x 14 o—@=21)
2.A):
3
(5)
3 o “\g5
0.2 X —— x (—2)2 6.5/ for a < 5.2,
Biars “565 " (5es) < © ore=ns
’ Q
0.2x L o X 3 X (i)2 xe_(6~5> for o > 5.2
' 2 5.65  5.65 o

(14)
The expression of 8 makes use of the Weibull distribution as proposed in[Richard
et al.[(2021)), since it appears to best fit the infection transmission timing. g also
reflects that individuals do not isolate before symptoms (here when a < 5.2),
and that isolation is stronger when symptoms are more severe.

The vaccination inputs 6(¢) and 6g(¢, &) are obtained with vaccination data
available on the website DataVaccin-COVID for the Isere Department in France.
Figures [3| and [4] show the transmission rate 5 and the vaccination rate 6.

We now present our choice of initial conditions at time ¢ = tg = 0. Let
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Figure 3: Disease transmission rate 3 as a function of disease age o.
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Figure 4: Vaccination rate of S and I asymptomatic individuals as a function
of time.

So, Eo, Ho, I(t = 0,&),R(t = 0,&),V(t = 0,&), Dy be the initial conditions of
our model. We wish these quantities:
i) to correspond to an epidemiological reality: for all o, & > 0,

0 S So,Eo,Ho,I(t = 0,0[),R(t = 0,5[), V(t = O,d),DO S ].7
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11) to be compatible with boundary conditions:
I(t:O,a = 0) :5E0,

R(t=0,a

0) = /Ooo(l = 7r)y1(a)I(t = 0,a/)da’ + (1 — 7p)ym Ho,

jo)
I

V(t=0G=0)= / 0(0)7al(t = 0,0/ )da’ + / 0R(0,a')R(t = 0,&")dd’ + 0(0)So;
0 0

1) to satisfy the population conservation constraint at ¢ = 0.
In the simulation, we choose to work with zero vaccination terms in the
initial state, which corresponds to the start of the epidemic. Thus, we have

0(0)=0 and Va>0, 0x(0,d)=0.

We also choose an initial population such that Hy = Dy = 0 et 0 < Sy, By <
1. Hence, constraint ii) gives us for V:

V(it=0,a=0)=0.
Next, we select the initial condition of the infectious individuals:
I(t =0,a) = 0 Ege™“.

This expression satisfies conditions ¢) and 7). In addition, an exponential de-
crease in the number of infected individuals with age « is consistent with epi-
demiological observations.

Condition i) on R and the sigmoidal expression of v; then give us:

P e 0.5e ,
w0 (7™
=0.5x §Fp(1 — - —_—
x 0( TH)e /_10 14 e-cu

with

o0 e—u o0
6_10/ —du < 6_10/ e du < e Vel < 1.

10 L +e7= ~10
It follows that 0 < R(t =0,a=10) < 1.
We then choose for the expressions of R(t = 0,&) and V(¢ = 0,&) for all
a>0:
R(t=0,&) = R(t =0,& = 0)e " with k > 0 and V(t = 0,&) = 0.

These expressions satisfy conditions ¢) and 4i). We now seek to determine
whether there exists x > 0 such that condition i) is also verified. We have:

/ I(t =0,a)da’ = dEy,
0

oo

o 1 /
/ R(t =0,d")dd&’ = —=0Ey(1 — TH)/ yi(a)e~* dd!,
k 0

0
V(t=0,a")dd = 0.
0

19



Table 3: Simulation parameters

Variables Values (time and ages are in days)
(Na, Na) (512,512)
(Omaz maz) (50, 400)
(N, At) (540, 1)
(So, Eo, Ho, Dy) (0.95,0.05,0,0)

We then have:

So+ Eo + Ho + / I(t=0,a")da’ + / R(t=0,d&")da’ + / V(t=0,&")dd" + Dy
0 0 0

— So+ Bo+ / It =0,0)da’ + [ R(t=0,6")dd’
0 0

=S+ Ey+6Ey + %6E0(1 —TH) /000 Wj(o/)e_aldo/

=So+ (1+8)Ey + %5E0(1 —TH) /000 v e dol.

We therefore choose Sy €]0, 1] and Ej €]0, 1] such that
So+(0+1)Ep < 1.

To ensure condition #ii), we then select k > 0 as

dEo(1 —TH)/ vj(a’)e_a/do/
0

" 1— S, — (0 +1)Eo ’

so that
So + Eo + Ho + / I(t=0,a")da’ + / R(t =0,a")da’ + / V(t=0,d&")dd’ + Dy
0 0 0
1 o /
= SO+(1+6)EO+E6EO(1_TH)/ ’y[(a/)e*a do = 1.
0

Table [3| provides parameter values used for the simulation. The simulations
are computed on a time horizon of 540 days (18 months). Simulation results
are plotted in Figures to@E[ In Figures [f] and [6] we have plotted I : t —

oo

/ I(t,a")dd, R : t / R(t,a')da’ and V : t — / V(t,a')da’. Figure

|§|Ozooms on the initial trar(isient of state variables H, I,OR and D. Figures
and |§| focus on the initial transient in time and age of the variables I(t, a),
R(t,a) and V (t, &), respectively.

With our choice of vaccination rates and model parameter values, we observe
one and only one infection peak, followed by a non-zero proportion of individ-
uals conserving their immunity over time. The vaccination of individuals in R
contributes to the slow decrease of the number of individuals in R from day 40
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to day 220, before this number reaches 0. We can check that the simulation
satisfies the conservation of the population mass at any time step, as required.

To demonstrate the value of the SEHIRVD model distributed in ages of in-
fectivity and immunity, we simulated its non-distributed version, in the same

L
—_— = = — 11
17 7" T 9V T 180 ®

1
Or(t) = ﬁﬁ(t), while the other parameters were kept unchanged. The value

simulation conditions and with 8 = 0.073, v; =

of 8 has been chosen so that the maximum of the peak of infected individu-
als is the same in the non-distributed model as in the age-structured model.
Here, the values of v;, or and oy haven been chosen to ensure consistency
between asymptotic solution of the non-distributed model and the integral of
the solution of the age-distributed system. Figure [I0]shows the dynamics of the
non-distributed model. Compared to Figure |5, some notable differences can be
observed, in particular a slower flattening of the trajectories of I(t) and R(t) in
the non-distributed case.

0.8 A
&
0.6 - E
— H
—_—
D44 —R
_— 0
W
0.2
e i —
o 100 200 300 400 500
Days

Figure 5: Simulation of the SEHIRDV model distributed in ages of infectivity
and immunity. Here, I, R,V denote the integral of the I(¢,a), R(¢, &), V(t, @)
in ages, respectively.

It is interesting to note that the simulation in Python (including the compu-
tations of RBF-FD operators) takes less than 2 seconds on an Intel core-I7 com-
puter without use of GPU parallelization, demonstrating the cost-effectiveness
of the numerical scheme we propose in this paper, despite the complexity of the
model.

6 Conclusions and perspectives

In this paper, we propose a compartmental model to simulate the spread of the
SARS-CoV-2. The model is illustrated in Isere department, France. Our model
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Figure 6: Simulation of the SEHIRDV model. Only H, the integral of I in «,
the integral of R in & et D are shown.

is structured in age of infection v and age of immunity &. The equations that
drive the model form a system of PDE-ODEs with integrals in source terms
and boundary conditions. We proved that, under realistic assumptions, the sys-
tem is well-posed: there is a unique solution to the system of equations and
this solution depends continuously on the initial conditions of the problem. To
solve numerically these equations, we propose a simulation scheme based on the
RBF-FD method, that is an effective alternative to the classical finite difference
schemes to discretize linear differential operators. In order to compute the inte-
gral terms, we use a Quasi-Monte Carlo quadrature scheme. A this stage, we do
not pretend to be able to predict the spread of SARS-CoV-2 in Isére. In fact,
the main goal of this work is to explore and propose a methodology to model,
analyze and simulate structured compartmental models in epidemiology. It is
important to emphasise that the scientific approach we have proposed in this
paper is generic and could be interesting for epidemics other than Covid-19, by
introducing information about the distribution of the infected and immunized
individuals. We are convinced that this approach can be generalized to any
epidemic where the pathogen is spread by contact between individuals. In this
paper, the model presented is structured in age of disease « and age of immunity
@. Other structures can also be considered. The age of the individuals a is an
interesting factor that can be added to the model in order to display the differ-
ence in the interactions between individuals and in the response of the immune
system with respect to the age. Moreover, the addition of the spatial variable x
depicting the geographical location of individuals in a given area would allow the
model to emphasize on the movement of individuals and on where the contacts
leading to infection occur, thanks to the introduction of diffusion operators as
proposed in [Oliver et al.| (2022). This work can also be continued by considering
the observation of system parameters and states. Hospitalization and mortality
data are available at the scale of Isére for this purpose. Finally, this model
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Figure 7: I(t,«) in 2D. Warmer colors correspond to higher individual densities.

can be used for optimal control of vaccination. The vaccination laws 6(t) and
Or(t,&) could be computed so that the H or I compartments respect health
resource constraints. For instance, the H compartment should not exceed the
maximal capacity of the hospitals in a given area. An important conclusion
of our work is that the prediction of the spread of an epidemic differs depend-
ing on whether the model used incorporates age structure. Therefore, it seems
important to take this structure into account when designing a control strategy.

A Completeness of (Yﬁ, - x,.)

Proof of Lemmal[ll We first note that Y;, is a non-empty space as 0 € Yﬁ,, and
that (X7v,||.||x,.) is a Banach space as a product of Banach spaces. Thus, to

prove that (Yjé/7 ||]|x,) is a Banach space, it suffices to prove that Yﬁ, is a
closed subset of Xr/. Let L. the subset of functions in (L'([0,77]))® almost

everywhere positive. We will prove that Y5, = 7N L) N5 Y(LL) with Ty and
I, continuous functions on X7v. Then, as LY is a closed subset of (L'([0,77]))S,
it entails that YTg, is a closed subset in X7/. Define I'; as:

Xr = (LM([0,77]))°
1“ . oo oo o0
Y'Y (z1, 20, 23, 24, 15, 6) (!,Cl,(EQ,.’IJg,/ x4(.,a’)da’,/ ;v5(.,o~/)dd’7/ xG(.,d’)dd’>.
0 0 0
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Figure 8: R(t,a) in 2D. Warmer colors correspond to higher individual densities.

For z = ($17$2,$3,$479€5,$6),y = (ylay27y37y47y5796) € Xp:

IT@) ~Ta@)lle = fy (2 —l(8) + |22 — ol (8) + |5 — yal) ()t
+ o (|57 @a( ) = ga(, ) do’ +‘ Jo~ (@s(,6") = ys(., ")) d&’

+ foT' IS (@e(, &) —ys(., &) dd’ ) (t)dt
<l = yllxz,

> (t)dt

so that I'y is Lipschitz continuous. The same holds true for I'y defined as:
Xro = (LN([0,T7))°
nol oo (869 nBLO - a9 o

I(.,€) — /000 x4(.,a’)da’, R(., &) — /000 xs5(., & )da', V (., &) — /000 wﬁ(.,d')dd').

It concludes the proof of Lemma O

B Proof of Theorem [

The aim of this section is to complete the proof of Theorem [I] The first step

consists in proving Lemma [3|stated in Section[3.I] The proof of Lemma [3 relies
on two intermediate lemmas stated hereafter.

Lemma 4. Let £% € Z andn > 0. There exists a non-negative constant K(£%,n)
such that for all £ € = with ||€2 —&8||= <, for allt € [0,T), and fori € {a,b}:

S(€,1), E(€', 1), H(E' 1), 1(€,1), R(", 1), V(1) < K(£,n).
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Figure 9: V (¢, ) in 2D. Warmer colors correspond to higher individual densities.

The proof of Lemma [ is postponed to Appendix [C}

Lemma 5 (Proposition 3.16 in [Blandfort| (2015)). Let T" € (0,T]. Let £€* €
E,mn >0, u and v non-negative functions on [0,T'] x X7 X E and zy a function
on E. Fort e [0,T'],xz € X1/,& € 2, we define:

Z(t,2,€) = exp (— /O Culr m,f)dr) (zo(,g)+ /0 t exp( /O ", g)dT'>v(T, ., g)dT).

We assume that for any y* € Yjé,a, there exist two non-negative constants
C (&%, n) and C'(£%,m) such that we have, for any £° € = with ||€* — &¥]|= < n,
b
any yb € Yjé/ and any t € [0,T']:
ult,y®,€°), ult,y, ), v(t,y*, €7, v(t,y",€°) < C (€, m),
Ju(t, y*,€%) — u(t,y’, )| < C"(€%)lly* = o°|l:,
|U(tv ya,ga) - ’U(tv yaa §G)| < Cl(gaa 77)||ya - yb||t~
Then, for any y* € Y;:l, there exists a non-negative constant C~'(§“, n) such that

we have, for any £ € = with ||€% — €|z < n, any y° € Yi,é,b and any t € [0,T']:

t
1208, y",€%) — Z(t.P, €] < é(ga,m(m(ﬁa) — 2@+ [ " - ybnfch).

We now use Lemmas [4] and [§] to prove Propositions [f| and [6] below.

Proposition 5. Let T’ € (0,T]. Let £* € Z,n > 0. There exist non-negative
constants Cs(£%,n), Cg(£%,n), Cg (&%, n) such that we have, for any & € =
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Figure 10: Simulation of the SEHIRVD model without ages.

with ||€* — €|z <, any y* € Y5, any y* € Y&, and for almost all t € [0,T"):
155" l(0) - 5¢ B0 < st (116 - €l + /||y V).
B 10 B 1100 < Cate )l ~ €l + /||y Ve ).
10 - 5 B0 < Cnle )l — €l + /Hy -3l

Proposition 6. Let T’ € (0,T]. Let £&* € Z,n > 0. There exist non-negative
constants Cr(£%,m), Cr(£%,n), Cv(£%,m) such that we have, for any £° € = with
a b
[[€* — €|z < m, any y® € Y5, any yb € YTg, and for almost all t € [0,T"]:
71 W0 € et < crter (e - i+ [t =Pl ),
o0 a - b ~ ~ a a a
1R i) - R W < ot (Je - €l + [yt o ).
0
> a - b
[ i) - vE R < ot (I - i+ [ - oir)

Proof of Proposition[5. We only prove the inequality on S, as the inequalities
on H and FE can be proven similarly. For ¢ € [0,T'],x € X1/,£ € 2, we define:

u(t,z,€) = 0(t) /ﬂtozuta)
vs(t,x,f)—/ (0r(&)25(t, &) + o (3 )26(t, &) A
0

25 (€) = So.
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It is obvious that «° and v° are non-negative functions. Let now consider £ € =
a b
with ||€* — €b||z < n and y* € Y5, ,4* € Y5, . Then, for i € {a,b}:

WSty €)= 0+ / B(t, ')yl (t, o )do
0

< 1 —|—/ yi(t,a')do! <14+ 1(€t) <1+ K(¢",n) by Lemmalfd]
0
Us(tv yia 51) = / (O-R(d/)yé (ta ON/) +ov (d/)yé (ta ON/)) da’
0

< /OO (yi(t, &) +yi(t, @) d&’ < R(¢',t) + V(€',t) < 2K(£% ) by Lemma [4
0

Therefore, with C'(£%,1) = 2max {1, K(£%, )}, it follows that u” (¢, 3%, £%), v (t, y?, £%) <
C(&*,n). We also have:

u®(t,y,€%) — u(t,y", €")] = /0 Bt o) (ys(t,a') — yi(t, ))do/

o
< [T —shiea)lae’ <[l - ol
0

S (5, £%) — 051,41, €)] = / " oR(@) (42 (1 &) — gt ))dar + / " ov (@) (e &) — kit &))da

< [ ea) - e ala + [ la) - sk ald < 2l - ol
0 0
Therefore we have, with C'(£%,n) = 2,
|us(t7 ya, ga) - us(tv yb’gb)|’ |Us(t7 ya,ga) - vs(tv ybv gb)‘ S C/(gav 77)||ya - yb||t~
We finally obtain the inequality stated on S by applying Lemma O

Proof of Proposition[, We only prove the inequality on I, as the inequalities
on R and V can be proven similarly. Let ¢ € = with ||€% — £°||z < 1 and

Yyt € Yﬁf,yb € YTgf Then, for almost all ¢ € [0,T"]:
3} t [e’e)
|- 1w wandas = [ i) - 10 ada [ - 1 0 (1 e
0 0 t

= Il + 12.
e For I, Definition [4] implies that

t o
11:/ h?—hl}l(t—a’)exp<—/ w(a)+m0(a+t—a’)da>da’
0 0
t
s/ hS — RY|(t — o')da! < T||h% — ]|oe < T€* — &I=.
0

e For I, Definition [f] implies that
I, = / Ife— fo(t —a) exp< - / yi(ti+a —t) + TAH(ﬂ)dﬂ> do’
t, 0
< [ 181 = Al - e’ <1157 = Sl < 1lg" - €l
0
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Therefore, by chosing C7(£%,1m) = T + 1, we prove the inequality on I stated in
Proposition [0} O

Then, from Propositions [f] and [f] we prove Proposition [7] and Corollary
below.

Proposition 7. Let T' € (0,T]. Let £&* € Z,n > 0. There exists a non-negative
constant Cg,;(§%,m) such that for any € € Z with ||€2—£€%|z < n, any y* € Yﬁ, ,
any yb € Yff and for almost all t € [0,T"]:

150E° 5] — S0’ W]l < Cgyp(E™ ><||§a &l= + /||y yw)

Proof of Proposition[7 This result directly follows from the definition of ||.|;
(see Definition 7 Proposition |5[ and Proposition @ O

Corollary 8. Let T' € (0,T]. Let £* € E,m > 0. There exists a non-negative
constant Cg,;(§%,m) such that for any €b € = with ||€2—&°|= < n, any y° € Yﬁ, ,
any yb € ij and for almost all t € [0,T"]:

150" [y] — St [3"]||x;, < T'Cigpr(€”, )(II&“ €b||s+||y“—yb||x;)-

Proof of Corollary[8§ From Proposition and by definition of || - || x,., we have,

a b
for any £¥ € = with ||€* — £%]|z < n, any y* € Y5, , any y* € Y5, and for almost
all t € [0,7"):

T/
101 7] = S0l = [ 1801 y7] = S0l [y
0

T

< [ Cgen, ><||5“ &tlls + /||y—y|TdT>dt
0

il T
a by a b
S/O Cgo1(6% )<||£ fllﬁ/0 Iy y||TdT)dt
< TCgar(em (Il = €l + " - o7l )

O
Proof of Lemma[3, Lemmadirectly follows from Corollarywith g =¢e. 0O

Proof of Theorem[] As already mentioned in Section [3] we first consider, for
any 0 < T’ < T, the solution operator Sol® : Yﬁ, — YT, We know from
Proposition[2|that a fixed-point of this operator is solution of the coupled system
defined by (1) on [0,7"]. From Lemma [3] there exists 0 < 7" < T such that the
solution operator Sol® : wa — Y:ﬁ, is a contraction. Therefore, by Banach fixed-
point theorem, it has a unique fixed point that is the solution of the coupled
system defined by on [0,7"]. Note that it is always possible to choose T’

such that = N € N*. It remains now to prove by induction the existence

and unicity of a solution on each interval [0,nT"], for n < N so that finally, for
n = N, Theorem [I] is proved.
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e Initialization step (n = 1): Already proven, using Proposition

e Induction step: Assume that the unique solution y™ = (y7, y%, y%, y7, y2, y8) €
YfT, of the coupled system on [0, nT”] is built forn € Nwith1 <n < N-1.

Now, the goal is to build the unique solution 3"+! € 12 o of the cou-

(n+1)
pled system on [0, (n + 1)T']. In order to do so, we define Y(En+1)T' -
anH)T, as the set of functions y € Y(£n+1)T/ such that for almost all ¢ €

[O,TLTIL (y17y2ay3ay47y57y6) (t) = (y?aygayg7y27yg>yg) (t) Note that

<Y(£n+1)TH |[-1X ,141)7+) IS a non-empty complete metric space as (n+1)1" <

T. Moreover, Y(iH)T, is a closed subset of (Y(gnH)T,,

fore (fan)T,, [l (,11)7+) 18 also a non-empty complete metric space.
Moreover, Sol® : Y(i_H)T, — f/(fn_H)T,. Indeed, if y € f/(EnH)T” then
Sol® [y] € Y(i 1T thanks to the definition of the bounds in Deﬁnition
and as for almost all ¢ € [0,nT"], Sol®[y](t) = Sol*[y™|(t) = y™(t). It re-
mains now to prove that Sol® is a contraction on (}75

5 (n+1)T7> |i'i|X(n+1)T’)'
by definition of Y(fl DT and by Proposition

H-HX(HH)T,). There-

Consider f,g € Y/(gnH)T”
we get:

(n+1)T’
[1S01°[£] = S0l (gl xy1)pr = / [1S0l° (] — Sol*[g]]|dt
0

(n+1)T’
- / SOI€[f] — Sol [g]]dt

TI
(n+1)T’ t

= /T, 0801(5777)/0 If = gll-drdt
(n+1)T’ (n+1)T’

<[ Csaem [ IIf gl arae
nT’ 0

) (n+1)T’
< T'Cyoy(:m) / If = gll dr.

Finally, [|Sol*[f] = Sol*[g)l|x,,1)r < T"Cso1(&MIIf = gllx 41z - Since

T'Cgp1(€,m) < 1it follows that Sol® is a contraction on (Y(EH_I)TH 11X gy )-

Using Banach fixed-point theorem, this implies that Sol¢ has a unique
fixed point y"*! on Y* Remark that y"*! is also a fixed-point of

(n+1)T7"
Solé on Y(€n+1)T’ as anH)T, C Y(£n+1)T" Thus, from Proposition the

continuous representative of ™71 is a solution to the coupled system de-
scribed by on [0, (n + 1)7”]. It remains to prove that it is the unique
solution to the coupled system described by on [0, (n+1)T"]. Suppose
z"tl e Y(iH)T, is another solution of the coupled system on [0, (n+1)T"].
Then, by Proposition [2, #"*! is a fixed point of Sol¢ on [0, (n + 1)71"]
thus also on [0,nT']. Thus, by induction hypothesis, z"*! = y™ almost
everywhere in [0,nT”]. Therefore, 2"t € f’fn +1y and is a fixed-point

of Sol¢. By uniqueness of the fixed point of Sol¢ on 17(5 we have

n+1)T"
2"t =yt Thus the coupled system described by (1)) has a unique
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sz)lution Yyt e Y'(i+1)T, on [0, (n + 1)T"]. This concludes the induction
step.

O

C Proof of intermediate lemmas

Proof of Lemma[d Let T” € (0,7] and £ € E. We have to prove that for any
¢
AS YT’?

S0 € 0.5(6 01, B0 € 0. B 0], BB € DA D), (1)
| e’ e o160, / "R € RG] (6)

0

and / VEyl(t,a")da’ € [0,V (&,1)], (17)
with S(&,t), E(&,t), H(Et), I(€,t), R(&,t) and V(&,t) given in Definition
From Definition[d]and from the definition of Z, all the components of the solution

operator are non-negative functions. For the upper-bounds, we first prove ((16)
and (L7). We have, for almost all ¢ € [0,7"]:

005 o (J/:tf o do! 005 o )do!
/0 1€y (¢, o)d / Fplta)da’ + [ e

hy(t — o/)exp(— /a/ (@) +Tab(a+t — )du>do/

0 0

+/oo fz(a’—ﬂexp(—/ w(fc+a’—t)+m9(a)da>da'
t 0

h A d / > r_ d /
s/o ot a)a+/t fila! = t)da

< lhlloct + [1f1ll = I(&; 1)

Similarly we can prove:
/ RE[y)(t, &)dd’ < [[hlloct + || frlls = R(E,1),
/ VEl)(t, &) < [[hylloot + Ifvlls = V(..
Let us now prove the upper-bound in (15]). We have:
SE[yl(t) = exp< — /Ot F(T)dT) (So + /Ot exp(/OT F(T')dT’)G(T)dT)
with
6(r) = [ (on(@)uslr. ) + ovl@yo(r,a)dd

< [ ntrd) +s(ra i’ < R+ V(En)
0
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as 0 < og,oy < 1. Also, F(1) = 0(7) + [;° B(7,a/)ya(r,a’)de/ > 0. We
therefore have

SEI(E) Sexp(—/otF( )dr) (SO—I—/OteXp(/TF(T') )(R(g,r)—i—‘_/(f,f))ah')
SSOeXp(—/OtF() ) /exp( /F dT)( DT > >
< S+ /0 t (3(5,7) s T))dT

t
<o+ [ ((Hml . |fv||1)+(||hR|oo n |hV||oo>T)dT

hr|ls h =
< So -+ (I fals + 1ol -+ Lnlle H e 2 g

Similar computations lead to:

0 = (Bo+ [ ([ st ayiaJar ).
Thus, as 0 < 8 < 1:
EER)(f) < e (E0+ /0 t e&yl(T)( /0 e o/)do/) dT) < 0t <E0+ /O t e&S(g,T)I(gm)dT)
<ef‘on+</Ot e 0TS, 7€, )dT) <E0+(/ S, I, 7)d )

! heloo + [1hv |l
<ot [ (S0 (Ut + 1y + Pl b2 (o) o
0

< By +/0 (So||f1||1+(50||h1||oc Tl fall + |fv||1)|fz|1>7

helloo + 1hvlso hrllso + 1AV ]]oo
+(' Blleo +avlloe ) i 11 gl + 1111 >||h1||m) (” Rlleo + [lAv ]l |h1|oo)73)dr

2 2
Sollhr!lso +
§E0+So|f1|1t+< 0\|21|| n 1 frll1 . |fV||1|fI|1>t2

(Lo el g, g Dl A Yoy (Ul ey e

6 3 8
= E(1).

Finally, we write H¢[y](t) as:

HE[y](t) = e‘”Ht<Ho - /Ot e””(/ooo vi(a!)THys(T, o/)do/) d7>.

31



Thus, as 0 < 7,7 < 1:

HE[y)(t) < et (Ho + /Ot eWHT(/OOO ya (7, o/)da’) dT)
< e—thO+</()t e yu(t=7) (/OOC ya(T, o/)do/) d7>
< H0+</Ot</ooo ya (T, o/)do/) dT)

t t
§%+/I®wh§%+/(wm+WMMOM
0 0

hrlloo _
< Ho + [l frlet + P2 lle g2~ pre )
O

Proof of Lemma [4. We only make the proof for S and I, as the proof for E and
H is similar to the one for S and the proof for R and V is similar to the one for
I. Let ¢ € = such that [|¢2 — €b||z < n and let ¢ € [0,7]. We have:

1Al + 1A% los 5

(1) = 55 + (1 Fall + N1l )t + PRl
a a a h00+h00 a(¢a
< 5+ (gl + 1T + Pl t e g pegen

Also, using the triangle inequality:

: Pl + 1B o
S(.8) = 85+ (I 7bl 1+ 17yt + e E U e
a a a hb — h oo T hb — h% 00 a
< 85— S5+ (I7h — Fhlh + 7Y — fpllyye+ = el TG = Rl 2y g4
1o gl g Il + 1A e
(U8 1At + Dl E 1 e

< n+T +0T? + K§(E% 1) = Kg(£%,n).
This constant Kg(ga, n) does not depend on the choice of £°. Similarly:

1€, t) = /71l + R ]]sct
<A A+ Ao T o= K7 (8%, m).
Using the triangle inequality, we have:
I 1) = |Ifz1h + [1RG]oot
<7 = FEIL + 11RG = hfllsct + 17111 + lIRg ||t
<+l + KF (€ n) == K7 (€% mn).

Therefore, by defining K (£%,7) as the maximum of the K%(£% n) over all Z €
{S,E,H,I,R,V} and i € {a,b}, the result follows. O
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D Proof of the continuity of the solution

Proof of Theorem[3 Proposition [2|implies that y* is a fixed point of Sol*” and
b
y? is a fixed point of Sol* . Therefore, for t € [0, 7],

a b
lly* = y"lle = [ISol*" [y*] — S0l [y"]]:-

Then, by Proposition [7]

1" — oIl < Gy (€°, >@8 &= + /|y—ynm)

SC%&%M?—@E+AC%ﬂ%M¢—fMM

Then, by using Gronwall’s inequality with f(t) = Cg,(£%,n)[|€* — ¢t||= and
g(t) = Cg1 (€, m), we obtain:

ly® = °lle < Cgo1 (€% m)l1€" — €Iz

t

t
"o CSOI(SQ’")W5b||ECSol(5“ﬂl)eXP(/ Cso1(£“,n)d7')d7

< Cgo (€, mlle® — €l + /(0301( m)?NIE" — €|z exp(TCgq) (6%, m))dT
< (C501(€%,m) + T(Cg1 (67,m))? exp(TCg01 (6, m))IE* — €|z

Finally,
T
Hw—wmfz/|w—ymﬁ<c< llet — &=
with C'(£%,n) given by

T(Cg01(&%,m) + T(Cgo1(€7,m)? exp(TCg1 (€7, m)))-
This implies that the solution of the coupled system described by on [0,T]
depends continuously on the initial and boundary conditions. O
E Proof of biological bounds for the solution
In order to prove Theorem [4] we need to permute the derivative and the integral

operators. As stated in Lemmal6] below, this is the case under some appropriate
assumptions.

Lemma 6. Suppose that Assumptions to of Theorem hold true. Then,

L TR T (B B AP
#( [ 1o [ 5

( f%f(t,@’)d&’),
jt(/ooo V(.,d’)d&’) @) :( Ooo %‘;(t,d’)dd’)

&
~
N
o
8
=
/.‘\
v@r
—
jo N
joh}
'
=
S~—
Il



Let us now give the proof of Theorem

Proof of Theorem[}). For t = 0, the result is directly given by and the other

assumptions. As mentioned in the proof of Lemma [6] I(t,.) is integrable on

[t,00]. In particular, this means that I(¢,4+o00) := lim I(¢,«) exists and is
a—r 00

equal to 0. Using the same methodology, one can prove that for all ¢ € [0, T,
R(t,+00) := lim R(t,&) and V(¢,+00) := lim V(¢,&) exist and are both
a—r 00 a—r 00

equal to 0. Let now t € [0,7] and compute:

D::d(S+E+H+/ 1(.,o/)do/+/ R(.,d’)dé‘/—i—/ V(.,d’)dd’+D>(t)
0 0

0
ds dE dH d 0 o
S0+ 0+ Gro+ 5 [ 1taa)o

dt</ R(.,&") da>() i(/ooo V("&/)d&/>(t)+ddl;(t)'

By Lemma [f] this is equivalent to:

= By Py Py [Ty [ R ayaat + [TV i
D=— )+ )+ dt()+/0 5 (b a')da +/O 5 (1 &)da’ + ; 5 (1a)da
dD

+E()

Yet, using the PDE controlling I in the system described by , we get:

/O°°‘Zﬁt,a')da':/Om—giu,a')—(m N 4 0ty (o Yo
= [ Gatta) = [ Guter) + 0000y

:I(t,O)—I(t,—i—oo)—/Ooo( (") +0(t)Ta)I(t,a')do.

Finally

oI

; 8t(t oz)do/:dE(t)—/Ooo(’y[( N+ 0t)Ta)I(t, o )do . (19)

Similarly, we can write:

Ow %f(t, &)da! = /000 v1(a')(1 = 7a)I(t, @ )da' + (1 — 7p) H(t)
- /0 OO(GR(t,d’) + or(@)R(t,&)dd’, (20)

/OOO at(t’d/)d&/:/om g(t)TAI(t,a’)da’+/(Joo Or(t,&")R(t, &' )da’ + 6(t)S(t)
- /OOO o (@)V (1, &)dd. (21)

We now use , and to rewrite the right hand side in and obtain
D = 0. Therefore, as is satisfied for ¢t = 0, it is also satisfied for all ¢ € [0, T1.
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The quantities S, £, H, I, R and V are non-negative from Definition[d] More-
t
over, from the equation on D in , it follows that D(t) = D0—|—/ vyaTpH (1)da,

0

so it is also non-negative. Finally, the upper-bound in Inequality @ is deduced
from . It remains to prove (10). From Definition [4f we have that for all
t €10,7], for all o,& >0

I(t, o) <max{fr(a—t),hi(t —a)} < 1.
Similarly
R(t, &) < max { fr(@ — ), hr(t — &)} < 1 and V(t,d) < max {fv-(& — t), hy(t — @)} < 1.
This completes the proof. O

Proof of Lemma[6, We only prove the first equality since the other two can
be proven similarly. The proof uses a corollary of the Lebesgue’s dominated
convergence theorem.

e For all t € [0,T], a — I(t,) is Lebesgue-integrable on R . Indeed, for
t € [0,T], we have from Definition

I(ta) = ff(a—t)exp(—/():y,(a+a_t)+TA9(g)da> ift <a,
hf(t—a)eXp(—/O w(a)+me(a+t_a)d@> T

Therefore if t € [0,T] and « > t, the previous expression gives

[1(t, )| =

fi(a=1) eXP( - /Ot Yi(t+ o —t) + TAH(&)dﬂ) ’
< fila—t).

Then
/ [1(t,a")|da’ = / I(t,a)do' < / fria —t)do' < 1.
t t t
by Assumption .

e Foralla € Ry, t — I(t,«) is differentiable on [0, T] as I € C1([0, T]xR.).

e Now, we have to define a Lebesgue-integrable function ¢ : Ry — R such
that for all t € [0,T], € Ry,

ol

’at(t7 a)| < o(a).

I
As I € CY([0,T) x Ry), % is continuous on the compact set [0,T]?> C

[0,T] x R;. Therefore there exists M € Ry so that for all (¢, ) € [0,T]?

(t, )

‘8] <M

at
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Now, consider ¢ € [0,T], & €]T, +oc[. Then

I(t,a) = fr(a—1t) exp< - /Ot v+ a—1t)+ rAe(a)da)

and therefore

ol

E(t’a) =—fila—1) exp< - /Ot Vit + o —t) +TA9(@)dﬁ>

+ frla— 1) (=7a0(8)) — v1(a — 1)) x exp( - /0 i+ o —t) + TAe(mda).

Thus, for t € [0,T], « €]T, 00|,

ot )

<
ot -

fila— t>\ 1= Ol(rab() + o — )

<

fila - t)\ L olfi(a— 0] < 304 (o).

We define ¢ : Ry — R as:

B M ifa<T,
9la) = 3Vi(a) if a>T.

The first equality in Lemma [f] thus follows from a corollary of the Lebesgue’s
dominated convergence theorem. O
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