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Résumé

L objectif principal de la thése est de proposer et d’analyser des modeles mathématiques
basés sur des équations aux dérivées partielles (EDP) afin de décrire la dynamique spatiale
de deux especes de campagnols (Microtus arvalis et Arvicola terrestris), qui sont particulie-
rement surveillés dans I’est de la France. Les modeles que nous avons proposés reposent sur
des EDP qui décrivent I’évolution de la densité de la population de campagnols en fonction
du temps, de I’age et de la position dans I'espace. Nous avons suivi deux approches complé-
mentaires pour représenter la dynamique. Dans la premiére approche, nous avons proposé
un premier modele qui consiste en une EDP scalaire en structurée en temps, en age, et en
espace. Elle est complétée par une condition au bord non locale. Le flux est linéaire a coeffi-
cient constant dans la direction de I’dge mais contient un terme non local dans les directions
de I'espace. De plus, I’équation contient un terme de second ordre par rapport aux variables
spatiales. Nous avons démontré I’existence et la stabilité de solutions faibles entropiques pour
le modéle en utilisant, la compacité par compensation établie par Panov et un argument du
type doublement de variables. Dans la deuxieme approche, nous nous sommes inspirés du
modele Multi Agents introduit par Marilleau-Lang-Giraudoux, o1 la dynamique spatiale des
juvéniles est découplée de I'évolution locale dans chaque parcelle. Pour mettre en place ce
deuxiéme modele, nous avons introduit un graphe orienté dont les nceuds sont les parcelles
(ou colonies). Dans chaque nceud, I'évolution de la colonie est décrite par une équation de
transport structurée en temps et en age, et les mouvements de dispersion dans ’espace sont
représentés par les passages d'un nceud a un autre. Nous avons proposé une discrétisation du
modele, par des schéma volumes finis, et, grace a des simulations numériques, nous avons pu
illustrer le fait que le modele est capable de reproduire certaines caractéristiques qualitatives
de la dynamique spatiale observée dans la nature. Nous avons ensuite proposé un troisieme
modeéle qui est un systeme proie-prédateur constitué d'une équation hyperbolique pour les
prédateurs et d'une équation parabolique-hyperbolique pour les proies analogue a celle pro-
posée dans le premier modele. Le terme de force dans I'équation des prédateurs dépend de
maniere non localement de la densité des proies et les deux équations sont également cou-
plées via des termes sources classiques de type Lotka-Volterra. Nous avons établi I’existence
de solutions en appliquant la méthode de la viscosité évanescente, et nous avons établi un
résultat de stabilité par un argument de type doublement de variables. Enfin nous avons pro-



posé et validé un schéma de type volumes finis pour le premier modele.

La derniere partie de mes travaux de recherche est dédiée a un projet auquel j’ai parti-
cipé lors d'une école d’été CEMRACS. Il concerne un sujet de biomathématiques différent
du théme principal de la thése et porte sur un modeéle épidémiologique pour la salmonel-
lose. Nous avons proposé un nouveau cadre de modélisation générique multi-échelles de la
transmission hétérogene d’agents pathogenes dans une population animale. Au niveau intra-
hote, le modele décrit 'interaction entre le microbiote commensal, le pathogene et la réponse
inflammatoire. Des fluctuations aléatoires de la dynamique écologique du microbiote indivi-
duel et de la transmission a I’échelle inter-ho6te sont ajoutées pour obtenir un modele EDP de
la distribution des agents pathogenes au niveau de la population. Une extension du modele
a, par ailleurs, été développé pour représenter la transmission entre plusieurs populations. Le
comportement asymptotique ainsi que I'impact des stratégies de controle, y compris le net-
toyage et 'administration d’antimicrobiens, sont étudiés par des simulations numériques.

Mots-clés : Méthode des volumes finis, Equation parabolique — hyperbolique, Compacité par
compensation, Probléme aux limites non locales, Systémes proie-prédateur, Equations de
transport.



Abstract

The main objective of the thesis is to propose and analyze mathematical models based on
partial differential equations (PDE) to describe the spatial dynamics of two species of voles
(Microtus arvalis and Arvicola terrestris), which are particularly monitored in Eastern France.
The models that we have proposed are based on PDE which describe the evolution of the
density of the population of voles as a function of time, age and position in space. We have
two complementary approaches to represent the dynamics. In the first approach, we propose
a first model that consists of a scalar PDE depending on time, age, and space supplemen-
ted with a non-local boundary condition. The flux is linear with constant coefficient in the
direction of age but contains a non-local term in the directions of space. Moreover, the equa-
tion contains a second order term in the spatial variables only. We have demonstrated the
existence and stability of weak entropy solutions for the model by using, respectively, the Pa-
nov’s theorem of the multidimensional compensated and a doubling of the variables type
argument. In the second approach we were inspired by a Multi Agent model proposed by
Marilleau-Lang-Giraudoux, where the spatial dynamics of juveniles is decoupled from local
evolution in each plot. To apply this model, we have introduced a directed graph whose nodes
are the plots. In each node, the evolution of the colony is described by a transport equation
with two variables, time and age, and the movements of dispersion, in space, are represented
by the passages from one node to the other. We have proposed a discretization of the model,
by finite volume methods, and noticed that this approach manages to reproduce the qualita-
tive characteristics of the spatial dynamics observed in nature. We also proposed to consider
a predator-prey system consisting of a hyperbolic equation for predators and a parabolic-
hyperbolic equation for preys, where the prey’s equation is analogous to the first model of the
vole populations. The drift term in the predators’ equation depends nonlocally on the density
of prey and the two equations are also coupled via classical source terms of Lotka-Volterra
type. We establish existence of solutions by applying the vanishing viscosity method, and we
prove stability by a doubling of variables type argument. Moreover, concerning the numerical
simulation of the first model in one-dimensional space, we obtain a finite volume discretiza-
tion by using the upwind scheme and then validate the numerical scheme.

The last part of my thesis work is a project in which I participated during a Summer school



CEMRACS. The project was on a subject of biomathematics different from that of the thesis
(an epidemiological model for salmonellosis). A new generic multi-scale modeling framework
for heterogeneous transmission of pathogens in an animal population is suggested. At the
intra-host level, the model describes the interaction between the commensal microbiota, the
pathogen and the inflammatory response. Random fluctuations in the ecological dynamics of
the individual microbiota and transmission at the inter-host scale are added to obtain a PDE
model of drift-diffusion of pathogen distribution at the population level. The model is also ex-
tended to represent transmission between several populations. Asymptotic behavior as well
as the impact of control strategies, including cleaning and administration of antimicrobials,
are studied by numerical simulation.

Keywords : Finite volumes method, Parabolic-hyperbolic equation, Compensated compact-
ness, Nonlocal Boundary value problem, Prey-predator systems, Transport equations.
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Introduction

Small rodents, as voles, are cornerstone species in most temperate ecosystems as their
presence is necessary for the survival of a variety of predators. At the same time, they can be
vectors of serious diseases transmissible to humans and lead to significant losses in agricul-
tural production and storage. Hence, the control of populations of voles is a major problem
for ecologists and socio-ecologists.

From 1989, Patrick Giraudoux and collaborators monitored these vole populations in the
Alps (Massif des Ecrins) and in eastern France, in particular within the framework of the Zone
Atelier Arc Jurassien and the Zone Atelier Alpes, see in [21, 4, 23]. Direct observations, real-
ized in different countries and ecosystems, show that density variations of voles are due to
multiple driving factors: climate, topography, the proportion between farmland and forest,
different kinds of predators, and so on (see [17] and references therein). In more detail, as
described in the papers [21, 23, 41, 29], voles are herbivores rodents, who dig underground
tunnels where they breed and stay most of the time. Their ideal environment is grassland,
where both food and shelter are easily available, but they can also settle in woodlands and
in laboured fields. In each of these landscapes, the density and the kind of predators vary,
leading to different mortality rates. Voles’ reproduction season lasts typically from April to
October, but variations are possible due to weather conditions and, of course, depending on
the landscape characteristics. Mortality is everywhere high during the winter season because
of starvation. The population of voles can be structured into three age classes: babies, juve-
niles, and adults. Observations show that babies and juveniles have larger mortality rates than
adults, and that only juveniles and adults reproduce. Moreover, while most individuals always
remain in a small neighborhood of the nest, juveniles can exhibit much more significant spa-
tial dynamics. Indeed, under specific stress conditions, some of the juveniles disperse to ini-
tiate new settlements. The mechanism triggering dispersal is still not completely understood
and it is most probably related to the interaction of several factors. However, for modeling
purposes, it is reasonable to link stress conditions to overcrowding, and say that dispersal be-
gins when the total number of individuals in a colony reaches a threshold value, fixed as a
fraction of the carrying capacity of the environment. New colonies most often appear in a ra-
dius of a few hundreds meters around the original one, but individuals might disperse further



than 5 Km from the initial colony. Topography, especially height, drives the dispersal direc-
tion, and during this phase voles’ mortality is very high. Since most voles die out of predation,
disease, or starvation, as a first approximation we can neglect aging when describing the adult
population: in particular, it is not necessary to consider a decline of fertility over age. Sex ratio
at birth is 1-1, so that it is enough to model the female population.

Moreover, the results of these ecologists also revealed that outbreaks of vole populations
occurred as a wave, and dispersal spread over more than 2500 km?. For example, paper [21]
investigates the effect of land use, landscape composition and structure on the population
dynamics of voles from 1989 to 1994 in the Doubs department, France, by using index meth-
ods. They divided the Doubs into four different agroclimatic zones due to the characterized
geomorphological features of the department. Data used were collected every year by the
technicians of the Regional Crop Protection Service, Ministry of Agriculture of the communes
in the department to record vole colonies. Land-use patterns were studied based on agricul-
ture and forestry data from the French Ministry of Agriculture, collected over several years. In
[4] they provide empirical evidence showing that the wave-like profile detected for the vole
population, adds to the list of empirical examples supporting the theory that periodic Travel-
ling Wave solutions do occur in natural populations undergoing multi-year cycles.

Extensive literature is devoted to the mathematical modeling of such populations, see
[38, 45] and the references therein, in which the focus is on a two variables dynamics (time
and age or time and space) while the observations suggest that the evolution depends on the
three of them. The paper [47], monograph [46] studied the dynamic population with three
variables, but we do not find in the literature a satisfactory model including the dynamics of
dispersal.

Therefore, it is interesting to propose and analyze mathematical models with three vari-
ables (age, time, and space), based on partial differential equations to describe all of the be-
haviors of the vole population, which include population behavior (vole population growth
dynamics) and individual behavior (vole movements), with the hope that the obtained results
match the available collected data from the biologists. This work is the first step of collabo-
ration with biologists aiming to find the way to control the population of voles, a subject of
many surveys and investigations over multiples years.

In the thesis, we study the modeling of the spatial dynamics of these vole populations,
from two different points of view. Firstly, we propose and study a macroscopic PDE model to
describe the spatial dynamics of a vole population structured in age where we use a nonlin-
ear flux to describe the dispersal of voles (since it regarded as a travelling wave). We suppose
that the dispersal motion of juvenile individuals in space starts when the total density of voles
reaches a threshold value. This dispersal direction depends on the topography. We obtained
the well-posedness of the model under some suitable assumptions on the parameters, de-
tailed in [9]. The qualitative behaviour of the solutions to this PDE model is not straightfor-
ward and we still need to calibrate our parameters to fit the observations. Also, our ultimate



goal is to produce effective tools toward the monitoring and management of voles, available
to researchers with no particular PDE background. For these reasons, on the one hand we
develop a numerical discretization of the model; on the other hand, we introduce another ap-
proach (in the second part of the thesis), where the spatial dynamics of juveniles is decoupled
from local evolution in each colony, inspired by the Multi-Agent Model in [29].

In the second part of the thesis, we introduce a directed graph whose nodes are the settle-
ments. In each node, the evolution of the density of voles living inside that place is described
by a transport equation of two variables: time and age. The traveling of juvenile individu-
als between nodes represents the voles dispersal. The numerical discretization is easier and
still adapted to describe these movements in space, especially in the future work when we
will consider a significantly large area, combining hundreds of colonies. Furthermore, since
the equations in each node are classical, the existence and uniqueness of the solutions are
available. Then this method is a simple but efficient way to illustrate the evolution of the vole
populations in space.

In the attempt to translate into the PDE formalism the essential characters of the evolution
of a vole population, in the first part of this thesis we consider the following initial boundary
value problem

;0 +04p +divy (px1(@)V(x) Yg(p— R)) = uAp — (¢, a, X)p,
p(£,0,x) = of () (/1 p(¢, 4, 1)da) w(,x), 0.0.1)

p(0,a, x) = pola,x),

where p = p(t, a, x) represents the density of voles of age a € (0, T), at the time ¢ € (0, T), at
x € R?, and T > 0 is given. In the first equation, ¢ = (¢, x) is the total density of voles at time
t and position x, y;(a) is a smooth approximation of the indicator function of the interval
[Ay, A2], where A is the limit age of babies, A, is the limit age of juveniles, R is a fraction of
capacity of the environment where the colony is located, Yy is an approximation of the Heavi-
side function. The flux includes a linear term in the age direction and a nonlocal term, so that
when the total population, ¢, reaches a certain value, R, the juveniles start to disperse with a
velocity v(x) which depends on the topography. The coefficient p > 0 in the parabolic term
(a diffusion coefficient) represents the foraging activity of voles, and 0(z, a, x) is the mortality
rate. In addition, in the boundary condition at a = 0, w(t, x) is the reproduction rate of voles,
which depends on the seasons of the year and the landscape in which the voles are settled,
and </ (¢p) is a positive real function, representing the Allee’s effect. This means that if the total
population of voles, ¢, falls below a certain threshold, the reproduction rate diminishes and
might become too small to compensate for the mortality. This boundary condition at a = 0
takes into account the fact that only juvenile and adult voles can reproduce. In the last equa-
tion, po(a, x) is the initial condition at ¢ = 0.

Since our model has the form of a hyperbolic-parabolic equation we use the compensated



compactness to study it. This approach has been used extensively to prove the existence of
entropy solutions of the equations, see [44, 18, 35, 43, 7, 8, 10]. Indeed, as this equation in-
cludes a nonlocal boundary condition on a and a flux term nonlocal in space, the estimates
on its approximations are a challenge. A priori estimates are impossible to do with the original
model because of the two difficult parts mentioned above. For example, to take the limit of
the approximation parabolic sequence, we need at least the boundedness of the sequence, p,.
However, when we integrate on (0, T), there are two terms that cannot be estimated. The first
term is from the boundary condition at a = 0, whose boundedness is unknown because its
definition depends on p.. The other one comes from the derivative with respect to x of Yy (¢).
To avoid those problems, we used cut-off functions to modify the equation before the com-
putations. We rewrite our equations for ¢ € (0,00), a € (0,00) where the cut-off functions will
be used to neglect the newborn babies at a = 0 and the presence of individuals of age larger
than T. Moreover, the BV estimates on ¢, and on x can not be obtained. We use the lemma
of compensated compactness of Panov in [35] for multi-dimension space, to overcome that
difficulty. This model is introduced and analyzed in the published paper [9], in collaboration
with my supervisors Giuseppe M. Coclite and Carlotta Donadello.

Recently, there have been two different approaches to consider the spatial population of
voles, introduced by Berthier in [4], and Giraudoux et al in [29]. They are the first endeavors
in understanding the spatial dimension of the vole population dynamics. In [4], ecologists
showed that dispersal can be seen as a traveling wave (TW), by analyzing 16-year time se-
ries of cyclic vole populations collected at 314 localities covering 2500 km? in France, using
appropriate statistical analyses. The detected TW emerges and spreads from the edge of the
Jura Plateaus, an area with a high ratio of permanent grasslands favoured by voles. Moreover,
the direction of the wave’s movement is influenced by landscape obstacles, for example, the
significant high mountains and large lakes. Paper [29] leads to the conception of a hybrid
ODE-Multi Agent model, in which they propose to couple two modelling methods of ecology
in studying spatial dynamics (ABM and EBM). ABM (agent-based modelling), is a spatially
explicit paradigm that models space as a heterogeneous environment in which individuals
move and are represented as ’agents. EBM (equation-based models) is a purely mathemat-
ical technique where the model is a set of equations (this paper uses a simple logistic ODE).
More in detail, in [29], Marilleaux, Lang and Giraudoux reproduced the first colonization dy-
namics observed from 1998 to 2010 in the Romanche Valley (Hautes Alpes, France) by a hybrid
ODE-Multi Agents model structured as follows : the valley area is decomposed into squared
cells of side length 100m, so that, at a first approximation, the evolution of the population
inside each of the cells can be described by an ODE (no spatial dynamics). As soon as the to-
tal population in a cell reaches a fixed threshold value, which is a fraction of the cell capacity,
dispersal occurs, i.e. some of the juvenile voles “leave” the cell, and aggregate into a migrating
vole agent with a specific dynamics also depending on the topography and landscape charac-
teristics of the neighbouring cell agents. In the following we refer to this model as MLG. The
advantage of this approach over the purely PDE one is that simulations are fast and their re-
sults are visualized in a format which is accessible to a non specialized audience. At the same
time, the description of the population dynamics inside cells is relatively rough, and the set



of parameters for which computational results match empirical observations is not organized
in a continuum, which makes it difficult to predict the behaviour of the model under pertur-
bations. Both approaches need a system of collected data, then analyze these data, and run
simulations to reproduce the ecological result of vole populations in space.

Thus, in the second part of the thesis, we exploit the idea of decoupling the local popu-
lation evolution from its spatial dynamics to construct two simple but effective PDE models
structured on a graph whose nodes correspond to the cells in the MLG model. The nodes
of the graph represent uniform landscape areas of relatively small size, where voles can settle.
Edges are used to model the main feature of voles’ macroscopic spatial dynamics, which is the
dispersal of juvenile individuals whenever the total population at one node reaches a thresh-
old number. This is supposed to be a gradual process in the first model while it takes place
instantaneously in the second model. We assume that a dispersal occurs inside the node (or
a cell) whenever its total population reaches a threshold value, R. The first model is a model
with gradual dispersal (GD), which means that the dispersal lasts for a time 1 > 0 after the
moment at which the total population of voles in the node passes again below R and the de-

parture rate of juveniles during dispersal is —, where ¢ > 0 is chosen. The second model is

an instantaneous dispersal (ID), which means that whenever the total population at a node
reaches its threshold value, the departure of dispersers takes place instantaneously. As a con-
sequence, all the voles who left their node heading for another node will reach that node at
the same time. Although the second model describes less precisely the dynamics, it should be
easier to implement on large graphs in the view of a hybrid PDE-Multi Agent model similar
to the MLG, with several hundreds of nodes, for instance. For both models, we validate the
implementation by comparing them with their exact solution, which was obtained by using
the characteristic method, and then collect some numerical simulations on simple graphs,
which show that the models reproduce the qualitative features of the population dynamics at
the different landscapes and in different seasons of the year. We propose their discretization
by using the upwind scheme. Then we run several simulations to validate the schemes, to
compare the models, and to show that our models captures many of the features of vole pop-
ulation dynamics as they have been observed in real life, for example, changing the mortality
rate will influence the density of the population, which mentioned in the results of [29]. Fur-
ther, the different landscapes were obtained by changing the mortality as well as the birth rate
and changing the distribution matrix to show the high ratio of movement of voles toward their
favored landscape, where this matrix can depend on time. This approach is accomplished in
a preprint [19], in collaboration with my supervisors Carlotta Donadello and Ulrich Razafison.

From the previous results of the model for the spatial dynamics of the vole population,
we are interested in the interaction between the predator-prey system, for example between
voles and foxes in the area. Inspired by the existence and uniqueness of the solutions of a
system hyperbolic predator and parabolic preys proposed in [13], we introduce a new system,
in which the hyperbolic-parabolic model of voles replaces the preys equation and modifies
slightly by adding another mortality rate of prey, b(a, u), which depends on the density of



predators u and the age of voles, for example, the ratio of juvenile voles will be caught by
predators is much higher. Besides, the predator’s equation we consider follows

0;u+divy (uv(cp)) = (b(¢p) - P)u,

where b(¢) is the birth rate of predators, depending on the total density of voles, § > 0 is
the mortality rate of predators. The drift here depends nonlocally on the density of preys,
introduced in [13], meaning that the predators tend to move towards the regions where preys
concentrate highly, as expressed in the velocity map

V(p*n)
V1+[vgxn|?

where 7 is a positive smooth mollifier, and x > 0 is the maximal speed of predators. The fixed
point argument used in [13] to prove existence and stability for a predator-prey system does
not apply to our system in a straightforward way because it requires extremely fine infor-
mation on the coefficients appearing in the a priori estimates for both predators’ and preys’
equations. This is not easy to achieve in our case, because the equation we use for the prey
come from a specific population model and its analytical study is rather technical. In this
system, we use the vanishing viscosity method to establish suitable estimates to obtain the
strong-compactness of those entropy solutions. Since the estimates on u and p are related
closely, we use the convolution properties to shift the difficulty of estimates on ¢ to n, then
we choose the appropriate assumptions on 7 to obtain estimates on u and p, and finally we
can apply the results from the first model. This work is achieved in a preprint [11] in collabo-
ration with my supervisors Carlotta Donadello and Giuseppe M. Coclite.

v(p) =«

Concerning the numerical simulation of the first model in one-dimensional space, that is
an ongoing work in collaboration with my supervisor Ulrich Razafison and Frédéric Lagoutiere.
We obtain a finite volume discretization by using the upwind scheme. We validate the numer-
ical scheme by comparison with an exact solution of the model using special initial conditions
for which the dispersal does not occur, and then comparing once again with a reference solu-
tion corresponding to a generic initial condition and computed with a very fine mesh.

In summary, we introduced a PDE model of spatial dynamics of a vole population and
then studied the existence, uniqueness and stability of the solution. This model is suitable
to describe the vole population in Eastern France, as monitored and presented by empirical
observations in [21],[29],[4]. We provided the wellposedness of a nonlocal mixed hyperbolic-
parabolic system related to the previous model of the vole population. We implemented and
validated the proposed scheme in one-dimensional space. Moreover, the numerical simu-
lations of the model of vole populations spatial dynamics via transport equations on graphs
shows that our model captures many of the features of vole populations dynamics in real life.
The parameters in the reproduction and mortality rates allow to reproduce the evolution in
different landscapes. Furthermore, the simulations that we presented show the ability of the
models to reproduce cycles of dispersals in the populations of voles, as well as persistence or



extinction of a colony.

In addition, I have participated to a 6-weeks summer school (CEMRACS) where I collab-
orated to a project entitled "A multi-scale epidemic model of Salmonella infection with het-
erogeneous shedding". It does not relate to the main topic of my thesis but about the pop-
ulation dynamics of a bacterial infection. It was led by Simon Labarthe, Béatrice Laroche,
Bastien Polizzi and Magali Ribot, it led to a publication, [27], in collaboration with the other
members of the working group. Salmonella infection is the most common vector of collective
food poisoning in the developed world. As such, deciphering the mechanisms of infection in
humans and animals is a fundamental step towards the design of efficient epidemiological
policies, in order to reduce the burden on agrifood industry and healthcare systems resulting
from Salmonella zoonoses. Salmonella is a bacterial genus composed of various pathogenic
strains, that colonize and infect the digestive tract of farm livestock, such as chickens or pigs,
representing a threat for human health ranging from food poisoning to typhoid fever.

In the project, we propose a generic multiscale modeling framework of heterogeneous
pathogen transmission in a livestock, accounting for the interaction dynamic between the
commensal microbiota, the pathogen and the inflammatory response at the intra-host level
and transmission at the between-host scale in a single animal population. This model is fur-
ther extended at the metapopulation level, to model transmission between several popula-
tions. I contributed to the theoretical part, to study the existence and stability of the solution,
and then run a simulation task, named "cleaning strategy". The cleaning treatment removes
a constant fraction of the pathogen reservoir per time unit. Moreover, cleaning might start
after a given time and/or might be periodic. The aim of the task is to study various control
strategies to limit the spreading of pathogens within the population.

The content of this thesis articulates into five chapters. The first 4 chapters relate to
the model spatial dynamics of the vole population and chapter 5 concerns the project on
Salmonella. They are summarized as follows

 In Chapter 1, we introduce and explain the above PDE model in more detail. In sec-
tion 1.1, we give the suitable assumptions on the parameters to be used in the next
proofs, the definition of the entropy weak solutions, and the main results. In Sec-
tion 1.2, we introduce a sequence of parabolic approximations of problem (1.1.7), then
we establish estimates on the regularity of the solutions and their derivatives with re-
spect to the age and space variables. We can not achieve the BV on x and on ¢ of the
sequence, especially, estimates on the time derivatives are not available, which mo-
tivates the application of a compensated compactness lemma due to Panov, see [35],
to get the strong-compactness of the sequence. One additional difficulty comes from
the fact that our flux is not genuinely nonlinear and depends explicitly on all the vari-
ables. We overcome this obstacle by using the same idea as in [12, 7], see the proof
of Lemma 1.9. From that, we gain the existence of the entropy solution of the system.
Moreover, the uniqueness and stability of entropy weak solutions are proved in Sec-



tion 1.3 using a doubling of variables type argument. The application of this technique
is not too difficult even if the flux depends explicitly from all of the variables thanks to
the high regularity of {p.}. with respect of the space variables.

In Chapter 2, we propose two models to describe the spatial dynamic of vole popula-
tions and motivate our assumptions on the basis of observed population characteris-
tics. The models are based on age-structured transport equations set on a graph. The
chapter is organized as follows. In Section 2.1 we describe the models and motivate
our assumptions on the basis of observed population characteristics. In Section 2.2
we present the corresponding finite volumes numerical schemes and validate them by
comparison to explicitely computed exact solutions, and present the first comparison
of the two models. Section 2.3 collects some numerical simulations on simple graphs,
which show that the models reproduce the qualitative features of the population dy-
namics.

In Chapter 3, we introduce a prey-predator system in Section 3.1, where we replace
the prey’s equation by the model of the vole population structured in age, and then
we present all of the necessary assumptions on the parameters in the system, the def-
inition of the weak entropy solutions, and the main results. In Section 3.2, we intro-
duce a sequence of parabolic approximations of the pair of solutions, then perform a
priori estimates of these sequences, before we apply the compensated compactness
lemma by Panov to show the strong compactness of the sequence for voles. Besides,
since we prove L* and BV estimates on the approximate solutions of predator, u., we
can apply Helly’s theorem to obtain the strong compactness of predators. Lemma 3.12
establishes the existence of an entropy solution in the sense of Definition 3.2. The
uniqueness and stability of the solutions are proved in Section 3.3 using a doubling of
variables type argument. In Section 3.4, we prove the lemma related to the estimates
on 1) mollifier.

In Chapter 4, we present the numerical scheme of the model spatial dynamics of the
vole population structured in age in one-dimensional space. We validate the imple-
mentation of the scheme, which is adapted by the upwind scheme and using the im-
plicit treatment to avoid possible difficulties of the CFL condition for the diffusion,
where we add the Neumann boundary condition on space variable. In Section 4.1,
we introduce the scheme of model in one-dimensional space, and establish the linear
system for the scheme. In Section 4.2, we find an exact solution for the scheme under
a suitable assumption forbidding dispersal, then compare it with the numerical solu-
tion. Next, we validate the complete model by comparing it with a reference solution,
which is computed by choosing a fine mesh.

In Chapter 5, the single population model is described in Section 5.1. The different
scales and their interconnection are detailed. We start from an ODE equation model-
ing the intra-host evolution of the pathogen load with respect to time, including the



host response. We next introduce a stochastic perturbation to this dynamics to ac-
count for biological variability. This SDE is used to derive a drift-diffusion PDE de-
scribing the evolution of a population density with respect to time and to pathogen
load. The well-posedness of the model and asymptotic convergence towards a steady
state is analyzed and an extension to the case with transmission of salmonella within
the population through a reservoir is also proposed, leading to the coupling between
a drift-diffusion PDE for the population and an ODE for the reservoir variable. Sec-
tion 5.2 is devoted to some simulations of the two previous models, with or without
a reservoir, and we observe that in both cases, the solution always converges towards
a steady state. In Section 5.3, some simulations of epidemic control strategies based
on cleaning or drug treatment, are performed and compared. Cleaning is modeled
through the addition of a term in the ODE for the reservoir variable, whereas drug
treatment is described by the addition of a drift term in the population PDE equa-
tion. Then, in Section 5.4, a compartment model taking into account some exchanges
between populations is introduced and studied numerically. The model becomes in
this section a large system that couples through transfer flux terms the models of the
compartment dynamics composed of the previous drift-diffusion PDEs for the popu-
lations coupled to the ODE for the reservoir variables.

From the results obtained and the ongoing projects in this thesis, we have the following
perspective directions

— The results that we obtained in Chapter 2 allow us to pursue the work with the con-
struction of a hybrid model combining the instantaneous dispersal (ID) model to de-
scribe the vole populations dynamics at the nodes and the agent-based model devel-
oped in [29] to reproduce the spatial dynamics on large graphs. This work could be ac-
complished in collaboration with an expert research engineer in LMB, in collaboration
with Lang and Marilleau. Another direction of further research could be the enhance-
ment of both models, GD and ID, by considering a distribution matrix that depends on
the current state of the system. For example, one could imagine that dispersers would
avoid an already overcrowded node.

— We introduce a discretization of the model in Chapter 1 in two-dimensional space,
by finite volume scheme. This work is more challenging: since there are four variables
(time t, age a, and space (x1, x2)), the implementation of the numerical scheme is more
complicated but still feasible. Indeed, similarly to building on the 1-D finite volume
scheme presented in Chapter 4, its 2-D version can be accomplished. After that we
could validate the scheme and run simulations in a large domain, that may use par-
allel computing and the biological and topographic data coming from observations.
Particular care should be put in the processes of data storage and transmission among
computers.

— In [3], the authors studied the cycle of the parasite Echinococcus multilocularis, a dis-



ease very present in central Europe (north of the Alps), on the plateaus in the north of
the Himalayas. The parasite’s eggs laid in the environment are then ingested by inter-
mediate hosts which potentially include small rodent mammals, like voles. After that,
the intermediate host is consumed by a definitive canine host (fox, dog, wolf, coyote).
The lifespan of the worms in the definitive host is 3 to 4 months, during which the
oncospheres produced are discharged via the feces into the environment. Humans ac-
cidentally can become infected through the ingestion of eggs, either through contact
with definitive hosts or through food and possibly water. This parasite’s egg causes
the disease called human alveolar echinococcosis, which is rare but can exceed 1 case
over 1000 in the cantons of Haut-Doubs (France). The course of the disease is often fa-
tal without early treatment. In this paper, they analyse the general ecoepidemiological
model describing the dynamics of clinical states population of the parasite’s interme-
diate and definitive hosts by ordinary differential equations. For this epidemic, there
were around ten mechanistic dynamic models written with ordinary differential equa-
tions. From the modeling point of view, it could be interesting to study a PDE system
for cycle of the parasite from the perspective of a predator-prey PDE model, as we did
in Chapter 3.



Chapter 1

A model for the spatial dynamics of a vole
population structured in age

1.1 Mathematical formulation of the model

In this section we introduce the essential mathematical features of our model. The precise
assumptions are postponed to the next section.

Motivated by the ecological observations above, we consider the density of voles’ popula-
tion as a function of fours variables

p: R xR"xR> — R

(t;a,x:(X]_,xZ)) — p(t,a,x), (].1]_)

where ¢ is the time, a the age and x the space variables. We are only interested in the dynamics
over a finite interval of time [0, T] and we introduce constants 0 < A; < A, < T so that a vole
is young if its age a is in (0, A;), juvenile if its age a is in (A;, A7) and adult otherwise. The call
total density of voles at (, x) the integral

T
¢(t,x) ::f p(t, a,x)da. (1.1.2)
0

As ¢ approaches the threshold value R, juvenile disperses leave the colony with velocity v =
v(x). It depends on the topography, namely v(x) = V(Vz(x)) where z(x) is the height of the ele-
vation at x, and it is assumed to be strictly positive. Instead of considering separate equations
for the three age groups (or to see them as branches of a graph, as in [14]) we decided to write
a single equation with age-dependent parameters. In particular, to single out the dispersers,
who are a fraction of juveniles, we consider py;(a), where y; is a smooth approximation of (a
multiple of) the indicator function of the interval (A;, Ay).
Then, the equation describing the evolution of our population writes as

010 +04p +divy (px1(@V(X) Yp(p— R)) = pAyp —0(t,a,x)p,  (£,a,x) € (0,T) x (0, T) x R?,
(1.1.3)



where Yp is an approximation of the Heaviside function, 0 = 0(¢, a, x) is the mortality rate and
the second order term puA,p can be seen as the limit of a Brownian motion and represent the
foraging activities performed by all individuals. Everywhere in the paper the coefficient >0
is fixed and we are not consider the limit as u — 0.

The boundary condition at a = 0 takes the form

T
p(t,O,x):,szf((p)(f p(t,a,x)Yg(a— Adal|w(t,x),  (t,x)€(0,T) x R?, (1.1.4)
0

where w is the reproduction rate and the coefficient < (¢) reproduces Allee’s effect, see [32].
This means that if the total population of a colony falls below a certain threshold, reproduc-
tion rate also diminishes and might become too small to compensate for mortality. All of our
results remain valid if «/ is a constant function taking value in (0, 1]. Examples of non constant
&/ are functions of the form

ap’

B

A ()

for different choices of a, f and y.
Finally, we fix an initial condition at # = 0 to complete our problem

p(0,a,%) = po(a,x),  (a,x)€(0,T) xR (1.1.5)

1.1.1 Assumptions

The functions Yy are defined as follows. Consider a function Y € C*°(R) such that

1, ifé=0, ,
Y (&) = Y'(&) =0,
(©) {a e YO
then ;
Ye(f) =Y (5)

Starting from Yy one can pick a suitable k € (0,1) and define
x1(a) = kYp(a— A1) Yy(Az — a).

To limit the number of constants appearing in the equations we set k = 1, but this has no
effect on the analysis.
Our wellposedness analysis is performed on a problem which differs from the model pre-
sented in the previous section for two reasons:
— to avoid additional difficulties coming from the presence of a boundary at T > 0 we
write our equation for ¢ € R*, but we introduce cut-off functions to neglect the pres-
ence of individuals of age larger than T';



— when computing the total population of the colony we neglect newborn individuals.
More precisely we fix 0 < 0 << 1 and replace the definition of ¢ in (1.1.2) by

(,[)(t,x)::f0 p(t,a,x)x2(a)da, (1.1.6)
where
x2(a) =Ys(a—0)Yy(T — a).

Finally, our problem writes as

atp +0(lp +diVx (pXI(a)V(x) YH((P_R)) = .UAxp _D(t) a, x)p! (t) a)x) € (0,00) X (O)OO) X Rz)

p(£,0,x) =< (¢) (fo° p(t, a, %) x3(@da) w(t, x), (£,x) € (0,00) x R?,
p(0,a,x) = po(a, x), (a, x) € (0,00) x R?,
(1.1.7)
where
x3(a) =Ypla— A Yp(T — a).
We choose 6 > 0 so small that
x1(0) = x3(0) = Yp(—=A;) =0, (1.1.8)
and we observe that
Nsx<ye  x20)=Yy(-0)=Y(-1)=0. (1.1.9)
Onv,0,4,w, po we shall assume that
ve CPR) NL2RHNLP[R?),  divy (v) € L'R?) n W™ (R?), (1.1.10)
0 € C*®([0,00) x [0,00) x R®) n W ((0,00) x (0,00) xR?), 0<d,<0(,-,-)<d*, (1.1.11)
AECPRNLPR), HL()=0, L0)=0, |« (&¢l |L"(E)E|<Co, (1.1.12)
w € C®([0,00) x R N WI®((0,00) xR?),  w(,-)=0, (1.1.13)
po € L1((0,00) x R%) N L®((0,00) x R?), pg =0, (1.1.14)
sup ”PO(',X) ”Ll(R)’ sup ||p0(a) ) ||L1(R2)’f TV(PO(‘,X))dXS CO» (]-]-]-5)
xeR2 a=0 R2

for some positive constants d., d* and Cy.

1.1.2 Main result
We use the following definitions of solution.

Definition 1.1. We say that a function p : [0,00) x [0,00) x R?> — R is a weak solution of (1.1.7)
if the following holds for every T >0



(D.1) p=0,peL®0,T;L((0,00) x R?)) N L%((0, T) x (0,00) x R?) N L?((0, T) x (0,00); H>(R?));

(D.2) theintegral function ¢ defined in (1.1.6) satisfiesp = 0, ¢ € L>°(0, T; H3(R*))nL?(0, T; H*(R?*)n
H'((0,T) xR?);

(D.3) for almost every (t,x) € (0,T) x R?, p(t,-, x) € BV(0,00) and

p(£,0%,x) = of (¢) (fo p(t,a,x)xs(a)da|w(t, x),

where p(t,0%, x) is the trace of p(t,-, x) at a = 0;
(D.4) for every test function ¢ € C°(RY)

fo fo fRz (00:€ + pdal + px1(@V-ViEYp(p— R) + upAyé —0pé) dx dadt
+f f fzd(([))p(t, a,x)xs(@w(t,x)¢(t,0,x)dx dadt
0 0 R

+f fpo(a,x)f(o,a,x)dxdazo.
0 Jr?

Definition 1.2. We say that a weak solution p is an entropy weak solution of (1.1.7) if for any

nonnegative test function ¢ € C*°(R*) with compact support and for any constant k € R there
holds

L fo \/IRZ (Ip_kl (a[€+aa€)—divx (lp_k|X1VYQ(¢—R))€
+pAxlp — kI§ —sign (p - k)0p¢) dx dadt

© +
+f0 fRZIp(t,O ,Xx) — kIE(,0,x)dx dt (1.1.16)

"‘f flpo(a,x)—klf(O,a,x)dxda
0 Jr2

2[ f fzsign(p—k) kxi1(a)divy (V(X)YH((P—R))fdxdadt.
o Jo Jr
Remark 1.1. Obviously we can rewrite our equation as

0:p +dive,x(F(p)) = pAxp —0p,

with
F(p) = (p,px1(a)vi(x)Ye(p—R), px1(@)v2(x) Yp(p—R))
andv = (v, V7).
In Definition 1.2 we exploit the fact that the first component of the flux is linear, hence no

boundary layer appears at a = 0, see [2]. Then the second term in the entropy inequality (1.1.16)
is equivalent to

f fzsign(&f(d))(f p(t,a,x)xg(a)da)w(t,x)—k)(p(t,0+,x)—k):f(t,O,x)dxdt.
o Jr 0



The main result of this chapter is the following.

Theorem 1.1. Assume (1.1.10), (1.1.11), (1.1.12), (1.1.13), (1.1.14), and, (1.1.15). Then, the ini-
tial boundary value problem (1.1.7) admits a unique entropy weak solution p in the sense of
Definition 1.1. Moreover, if p and r are the two entropy weak solutions of (1.1.7) obtained in
correspondence of the initial data py and ry, then the following stability estimate holds

[0t = 1) 3 copmety = €% 100 = Tol| 110 00y (1117

for a positive constant C > 0 and almost every t = 0.

1.2 Existence

In order to prove the existence of a solution to problem (1.1.7) we consider a sequence of
its parabolic approximations and we establish suitable a priori estimates on their solutions,
see Section 1.2.1. Then, thanks to the multidimensional compensated compactness intro-
duced by Panov in [35, 36], we show the existence of a vanishing viscosity limit satisfying the
properties of Definitions 1.1 and 1.2, see Section 1.2.2.

Let {pg,ele be a C*((0,00) x R?) family of approximations of the initial condition py such
that

Poe — po, a.e.andin LP((0,00) xR?),1<p<ocoase— 0,

pO,E = 0, p(),g ”Ll((O,OO)XRZ) = Cr (]_2].8)
sup ”por*‘?("x)”Ll([R) » SUp ”porf(a")”Ll(Rz)’ ”661'00:8 HLl((O,oo)X[REZ) =C,
xeR? az0

where, here and in the following, C denotes some positive constant independent on €.
For any given € > 0, we call p, = p¢(t, a, x) the unique classical solution of the following
problem

0ipe + aaps +divy (Ple(a)VYB (e — R)) = UAxpe + Ea?mpe —0p¢, (t,a,x)€(0,00) x (0,00) x RZ,

pE(t)O)x) = d(l()bé‘l) (fooolpb‘(t) a,X)|X3(a)d6l)w(t, X), (t,X) € (O)OO) X Rz)
pe(0,a, x) = poela, x), (a, x) € (0,00) x R?,
(1.2.19)
where -
Pe(t,x) ::L Pe(t, a,x)xg(a)da. (1.2.20)

The well-posedness of (1.2.19) can be proved following the same arguments of [7, 8, 10].
Namely, one applies the Duhamel principle to get preliminary estimates on solutions, then
establishes the local existence of a unique solution by a fixed point argument. Further energy
estimates permit to extend the existence result globally in time.



1.2.1 A priori estimates

Lemma 1.1 (Nonnegativity). We have that
Pe =0, ¢ = 0. (1.2.21)
Proof. Consider the function
¢ = 1) = =pl(—00,0)(S).

and observe that
) =-1roon©, 1 =En'©.

From (1.2.19) we obtain

d o0 o0
—f f n(pg)dxda:f f N (0e)0:pedxda
dtJo Jre 0 JRr2

:—f f n'(pg)aapgdxda—f f divy (0ex1vYe)n' (p-)dxda
0o Jr? 0o Jr?
+pf f n’(pg)Axpgdxda—f f n'(pg)bpgdxda+£f f 1 (0)02,0edxda
0o Jr2 0o Jr2 0o Jr2

:f n(ps(t,O,x))dx+f fstl(V'pre)Yen”(Ps)dXda
R2 ——— Jo Jre )

:0 —~
=0
—p f f 1" (pe) (Vepe)* dxda- f f on(pe)dxda
N 0 R2 N 0 R2 .
<0 <0

+£f f@a(n'(pg)aape)dxda—sf fn"(pg)(dapg)zdxda
0 JRr? . Jo JR? y

g

<0

<- sf N (0e(t,0,%)) 040 (2,0, x)dx = 0.
RZ\—_E_J

Thus, integrating on (0, ) we get

Osf fﬂ(pg(t,a,x))dxdgsf fﬂ(Po,e(a,X))dxda:O,
o Jre -

and then
n(pe(t,a,x)) =0.

As a consequence we have that p. = 0. The nonnegativity of ¢, follows from the one of p. and
the definition of ¢;. O



Remark 1.2. Thanks to Lemma 1.1, we can improve the boundary condition in (1.2.19) remov-
ing the absolute values, i.e.

pe(t,0,x) = o (P) (fo pe(t,a,x)xs(@da|w(t, x).
In our proofs we exploit the fact that the functions y;, i = 1, 2, 3 have similar shapes and in

particular y;(0) = 0, as this means that the estimates in the next lemma apply to all the integral
functions of the form

f pe(t,a,x)yi(a)da, i=1,23.
0

Lemma 1.2. Let¢ € C*°([0,00)) be any of the functions x;, i =1, 2, 3, and consider

we(t,x):fo pe(t,a, x)¢(a)da.

The following estimates hold

lwe ()] 1 ey < €°'C, (1.2.22)

”wf(t")”LZ([RZ)’ ”VX‘/’E ”LZ((O,t)xRZ) = eCtC’ (1.2.23)
IVxwe )| 2y D3Vl 120,02y < €7 C (1.2.24)
|ID3we ()| 2y » 1DZVel 20,00 cm2) e“'c, (1.2.25)
||D§c1/’€(t")”L2(R2)’ |D3we ||L2((0,t)xR2) <e“'C, (1.2.26)

for every t = 0 and for a suitable constant C > 0 independent on €. In particular

”atU/e(t, ) ”LI([RZ) ’ atWe(t; ) HLZ(RZ) ’ ||’(V€([y ) ||LOO(R2) ’ va/e(t, ) ||L°°([R2) = eCtCy (1227)
foreveryt=0.

Proof. Everywhere in the proof we denote generically by c the constants not depending on €.
We multiply (1.2.19) by {(a) and integrate with respect to a

0 We — BAW, +divy ((fo pg)mfda)ng) :fo pe (e€" +& —0¢)da. (1.2.28)
Using the nonnegativity of p¢, 1, and the boundedness of ¢'/¢, &"/¢,0

d d . oo
E/ﬂ@lwsldx: ELZWde:ftquz AxWedx_jl;{zlex((fo pe%lfda)vyﬂ) de

=0

+ff pg(ef"+§'—0§)dadxscf Wedx.
RrR2 Jo ——— R2

=<cé

Therefore, (1.2.22) follows from the Gronwall Lemma and (1.2.18).



We continue by proving (1.2.23). We multiply (1.2.28) by vy,

d
dt f Vedryedx

:,uf wEAxwgdx—f wgdivx((f pg)(lfda)ng)dx+ff pe (66" +& —0&)wedadx
R2 R2 0 RRJo = S———

=c¢

(0,0]
—uf |wa5|2dx+f wag-v(f pg)méda) Ygdx+cf wgdx
2 R2 0 R2

1 oo 2
s—Hf |vxwg|2dx+—f |v|2(f pexlﬁda) Yedx+6f widx
R2 2uJr2 0 . R?

i
<cy?

<——f IVl dx+cf 1//2dx

Using again the Gronwall Lemma we get (1.2.23).
We continue by proving (1.2.24). We multiply (1.2.28) by —A vy,

d [ Ve
- f | xwa‘l dx:_[ wag'athU/gdx: —f Axwfafwfdx
t R2 R2 R

:—uf |D2y| dx+f Axwgdivx((f pg)mfda)ng)dx—ff pe (66" +& —0&) Ayyedadx
R2 0 Rz JO N—

=c¢
0o 2
<- f |D? Vel dx+cf (divx((f stlcfda)ng)) dx+cf21//§dx
0 R

0o 2
<- f Iwagl dx+c fo pex1éda |v|2Y92dx
R2 0 ——

=C

2
f ([ pg)méda) |div, (v) |2 Y, dx+cf (f pgxlcfda) (Ye 2|v|? IVx(/)g 2dx+cf 1//2dx
—_—

=C

<c(as supp(f)C(O.T))

Using the Gronwall Lemma we get
t
IVawe(t, )2 e +'“e”f0 | DRyt ) ”iZ(RZ) ds

t o) 2
< el ||Vx1//g(0,-)||iz(R2)+ce”f0 fRz e s (fo pggmcfda) dxds

t
+ce”ff e ¢
0 Jr?

Since the functions

IS 2 t
fo pex1éda dxds+ce”f fze_“lvx(pglzdxds.
0 0o Jr

(:bE’ (t,X)'—’](; p;;ledd



have the same structure as ¥, we can use (1.2.23) and get (1.2.24).
We continue by proving (1.2.25). We multiply (1.2.28) by D}v..

d |Axwg|2
d[ R2

_,uf AxweD wgdx—fRz wagdivx((fo pgxléda)ng) dx
+ f f pe (€€ +¢& —0é) Diw dadx
:—pf |Dx1//£| dx+fR2Di1//£-deivx((f0 pgxlgfda)ng)dx

f Vi ( f pe (6" +& —0¢) da) -D3yedx
0

[es) 2
s——f Iwagl dx+cf2(vxdivx((f pgxlcfda)ng)) dx
R 0

+cf[R2 foo pg(ef”+€’—0§)da2

i)
<- Ef |wa£| dx+cf[R2

———dx= f AxWe- 0/ A edx = f Dxu/g Wedx

dx

2
|DvI* Yy dx
——

IS 2 o
Dif pexi¢da Ivlegzdx+cf U pex1éda
0 N—— R2 [Jo

=c =c

le’s) 2 fo's) 2
+Cf[R2 fo pex1éda IVIZ(YQ”)ZIVx</>,;~|4dx+CfR2 UO pexi1édal IvI*(Y))? D" dx
<c(as sul;l)r(f)C(O,T)) <c(as sul;pf(f)C(O,T))
o0 2 o0 2
+cf xf pex1éda Ivaleezdx+cf ‘f pexiédal Vv (Y))? |V ipel*dx
R2 0 —_—— Rr2 |Jo .
=¢ <c (as supp(&)<(0,T))
00 2 00 2
ve [ (Ve [ pemedal WEEpeldx e [ (Ve [ pe(ec”+ &'~ 0¢)dal dx
R2 0 —_—— R2 0
=c
S—EleDiwglzdx+c D?Cf pex1éda dx+cf U pex1édal dx
R
f f pex1éda dx+cf Vel dx+cf Ingbgl dx
4
+cf |D2¢el*dx +c fo pex1édal dx
R2 R2 0
[e’s} 2 00 2
+Cf2 fo p£(£€//+€,_06)+da dx+Cf2 fo pg(géﬂ_i_él_bé‘)_da dx,
R 0 R 0

(e¢" +¢&"—0¢), =max{(ed” + & —0¢),04,
(e€" + & —0¢)_ =max{— (e&" +¢&' —0¢), 05



We remind that

(e€"+& -0¢8)_=

(e¢"+¢&'-0¢), =0
:( II+6,_05)+_(561/4‘61_05)_-

(e" +¢"-0¢)

Integrating over (0, f) we get
2 2
|DZye(r,) ”LZ(RZ) + | D3we ”LZ((O £)xR2)

= ||wa£(0’)||i2([R2) f (f pEleda) (S)
t
+f f pgxlfda) (s)
0 IA[R2)
t
+f fo pe (€€"+¢&"—0¢), da) (s)
0 0

t 0
+f0 foo pe (6" +¢ —D&)_da) (s)

To achieve the proof of (1.2.25) we use the embedding H'(R?) c L*(R?) and we remark that
the estimates (1.2.23), (1.2.24) apply to the functions

t
s+ [ et ey ds

HZ?(R2)

dS + ‘[ ”Vx(,be(sr ) ”A[L}(RZ) dS

ds
I2(R2)
2

ds.
[2(R2)

(Ps» (t)x)'_)j(; pEXlEdar ‘/(; Pe (86”4_6,_0{)ida

Indeed a classical regularization argument applied to the continuous cut-off functions in the
last expression allows to prove estimates (1.2.23), (1.2.24).
We continue by proving (1.2.26). We multiply (1.2.28) by —D8wy,

a
dt Jre

:—yf Axu/ngt//gdx+f wagdivx((f pgxlgfda)ng)dx
R2 R2 0

- f f pe (66" +& =08 Doyedadx
:—yf |Dx1//£| dx+fR2Di1//£Axdivx((f0 pg)m.fda)ng) dx

f Ay ( f pe (€€ + & —0¢) da) Diwedx
0

<-= | |D*w.Pdx+c Aydivy ~ ex1édalvyy 2dx
g Jovrvebaxee [ ([ "pencaafa)

2
+cf szo pe (6" +&'-0¢), da dx+cf ‘DZ pe(e€"+¢& —0¢)_da| dx

Hf |wa£| dx+cf
|R2

x’//e|2
— —dx= waf l‘Dxu/de_ waf ﬂ//s

D} fo pexi&da

|v|2Y92 dx
——

=c



[e) 2 0o 2
+cf Dif pex1éda |va|2Y92dx+cf fo pex1éda IDJZCVIZYGde
R2 0 —_—— R2 0
<c =c
o} 2 0o 2
e f f pexiédal |DyvI*Yy dx+c f D} f pexiédal VI*(Y))? |Vgpel*dx
R2 |JO —_—— R2 0 ——
=c =c
©o 2 o] 2
"‘Cf f pexiédal |DIVI*(Yg)? [Vxgpel*dx + cf fo pexi&dal IV vI2(Y)? IV xpel?dx
r?1JO | R2 0 —_—
<c <c
”f V’“f penédal V(YD IVxpel'dx+c f Ve f pexiédal WPV ID2¢ePdx
R2 0 —_—— R2 0 ——
=c =c
+Cf[RZ fo pex1éda IVXVIZ(YG")ZIVx</>:5|4dx+cf[R2 Uo pexiédal |VovI*(Y))? | Digpel*dx
=c ’ b P g
+Cf[RZ fo pex1éda IVIZ(Yé")ZIVx¢g|6dx+ch2 Uo pex1éda |V|2(Y9")2|D§<Pg|2|Vx¢5|2dx

-~ -~
=c =c

00 2
+Cfu;ezf() pexiédal VA (Y))? [D3gel*dx

2 0o
dx+cf2 Dif pe (66" +&' —0¢)_da
R 0

| 4. 12 3 [ ’ 2 [%
s——f |D3wel dx+cf Dxf pex1éda dx+cf Dxf pex1éda
2 Jr2 R2 0 R2 0

0o 2 2
fo Pex1¢da dx+cf dx+cf
0 R2 R2
4
+cf dx+cf |Di¢€|2dx+cf |Di¢€|2dx+cf |Di¢gl4dx
R2 R2 R2 R2
+cf |chp5|2dx+cf IVx<p£|4dx+cf IVx¢5|6dx+cf IV e Bdx
R2 R2 R2 R2

2
+cf dx+cf
R2 R2

Integrating over (0, 1) we get

-~
=c

2
dx

+ch2 Difooopg(eé”+£'—0€)+da

2
dx

4
dx

fo pexiéda Difo pexiéda

foo pex1¢da

2
dx.

D% fo pe (e€" +¢& -0¢), da

DA fo pe (66" +&'—0¢)_da

2 2
|D3we(t,) ”LZ(IRZ) + | Dyye ”LZ((O,L‘)XRZ)

t [e ]
= ||D§CW£‘(0; ) ||iZ(|R2) +£ (ﬁ pEleda) (S)

t o 4 t
+f (Dif pg)a(fda) (s) ds+f
0 0 L4(R2) 0

2 t
s+ [ et ey ds

H3(R2)
(vxfo Peleda) (s)

4

ds
I4(R2)




t t
+j(; ||D?C(p£(s))”i4(RZ) ds+L ” vx(/)g(sy ) “i4(R2) dS
t t
+L ||vx(p£(sy')||i6([R2) ds+L || vx(pE(S) ) ”iB(RZ) dS
t
),
0
t
),
0

Since H' (R?) c LP(R?), for very 1 < p < oo and the functions

2
ds

I2(R2)

2

(Difooopg (86”+€’—0§)+da) (s)

ds.
I2(R2)

(Difooopg (e€"+¢ —OE)_da) (s)

e, (t,x)'—’j(; pexi1¢éda, (t;x)Hj(; Pe (55,,"‘5,—05)1(161,

have the structure we assume for 1., we can use (1.2.23), (1.2.24) and (1.2.25) to obtain (1.2.26).
Finally, (1.2.27) follows from (1.2.23), (1.2.24), (1.2.25), (1.2.26), (1.2.28) and the embed-
ding H?(R?) c L®(R?). O

Corollary 1.1. Define
p2(t,x) = pe (2,0, ).

The following estimates hold

”Pg(t")”Ll(W)’ |D%pe 220,00 xm2) ||6tpg”L1((o,t)xR2) <e“'C, (1.2.29)
||p2(t! ) ||L2(|R2) ) ||vxp2(tr ) ||L2([R2) < eCtC) (1230)

V02 | 20,0 xR2) |D% 02 | 20,0 xm2) ||5r92||L2((o,an2) <et'C, (1.2.31)
1022, )| oy < €°°C, (1.2.32)

for every t = 0 and a constant C > 0 independent on €.
Proof. Thanksto (1.1.12), (1.1.13), (1.2.21), we have

0<p? =d(¢5)wf pexsda,
~——J0

=C

o0 o0 o0
V202l < |t ()|l f pexsda|Vigpe| + o (Pe)lwl |Vy f pexsdal + < (¢e) IV 0] f pexsda,
N 0 y — 0 —J0

=c =c

=c

ID%0%| < |t () || fo pexsda|Dige| +1” (Pe)lw] fo pexsdalVpe|”

~

=c =c

+ .o (¢pe)|w| | D2 f pexsdal + < (¢pe) | Do) f pexszda+2l (Ppe)l|V o f pexsda |V
—— 0 ~————J0 N 0 M

=c =c 'g
=c




)

o0 o0
+21e (Pe)llw] |V f pexsdal|Vipe| + 21 (Pe) Vil [V f pexsda
——r 0 —_— 0

=c =c

10,02l SId’(ng)llwlf pex3da o pe| + o (pe)lw] th pexsda +d(¢g)|6tw|f pexsda.
. 0 . — 0 ——Jo
v~ <c =C

=c

Therefore, (1.2.29), (1.2.30), (1.2.31), and (1.2.32) follow from (1.2.22), (1.2.23), (1.2.24), (1.2.25),
(1.2.26), and (1.2.27). O

Lemma 1.3 (L™ estimate on p.). We have that
10e(t )| poo 0,00y iy < € (1.2.33)
foreveryt=0.

Proof. Let c be a positive constant that will be fixed later. Define
p.(t,a,x)=e " p.(t,a,x).
p, satisfies the problem

0(D,+CPs+040, +divy (Px1(@VYy(pe — R)) = uAp, +€0%,0, —0p,, (t,a,x)€(0,00)x (0,00) x R?,

P:(1,0,x) = (¢c) (f5° 0. (1, a, X) y3(@)da) w(t, x), (£,x) € (0,00) x R?,
0.(0,a,x) = poela,x), (a, x) € (0,00) x R?.
(1.2.34)

Moreover, for any given T > 0 there exists a sufficiently large constant k > 0 such that for any
t<Tand x € R? (1.2.18), (1.2.21), and (1.2.32) imply

0=<p.(£,0,x), poela,x) < k. (1.2.35)
Consider the function
E—n() = - k) 1k (),

and observe that

N =Lkoo)©), &' =n&)+kn'©).



From the equation in problem (1.2.34) we obtain

d [ - 0o L _
E[ f U(Pg)ddel:f f n'(p,)0.p . dxda
0 R2 0 R2

——c| " [ W @opdxda- [ | n'Go0apdrda- [ [ dive(pavie)n Godxda
0 R2 0 R2 0 R2

o0 o0 o0
v [ nGonpdxda- [ [ o @ovpdxdare [ [ 0'G00%,p.dxda
0 R2 N 0 R2 , 0 R2
<0

S—c[ fn(ﬁg)dxda—ckf fn’(ﬁg)dxdcﬁf n(p,.(£,0,x))dx
_Jo Jw ) 0 Jr R?

<0

_fo fu@z divy ((p, — k) x1vYy)n' (p,)dxda

—kf fdivx(xleg)n’(ﬁg)dxda—uf fn"(ﬁg)(vxﬁe)zdxda
0 JRr? . Jo JR? )

~~

=<0

o0
—€ f ) n'(©.(t,0,x)0,0,(t,0,x)dx—¢ f f i n"(0,)0.0,)*dadx
R 0 R

J/

-~

<0

SfRzn(ﬁg(t,O,x))dx+fO fRz(ﬁg—k))cl(v-Vxﬁg)Yen”(ﬁg)dxda

g

=0

_k.[o Rz(c+divx ()(1ng))17’(ﬁ€)dxda—ef[Rz n'(p,(£,0,x)0,p,(t,0,x)dx.

Thanks to (1.1.13), (1.2.35), and (1.2.27) we notice that for ¢ large enough
N@(1,0,x)=0,  7'(@.(1,0,x)=0,  c+divy(y1v¥p) =0,

which imply

d oo
Efo _[Rzn(ﬁg)dxdaso.

Thus, we integrate over (0, £) and recalling the inequalities (1.2.35) we obtain

Osf fﬂ(ﬁg(t,a,x))dxdasf fn(po,g(a,x))dxdazo,
0o Jr2 o Jre

and
n(p.(t,a,x)) =0.

As a consequence we have that p, < k.



Lemma 1.4 (1! estimate on pe). We have that
||p€(t’.’.)”Ll(((),OO)X[RZ) SceCty (1236)
foreveryt=0.

Proof. Let A € C*(]0,00)) be a nonincreasing nonnegative function with support concen-
trated in 0 where it takes value 1, more precisely

A<0<A, A0)=1, Ayx;=0. (1.2.37)

In practice, as we can assume without loss of generality that 6 < A;/4, we could set A(a) =
Yy(A1/2 — a), but this specific expression plays no role in the following.
Consider the function

re(t,a,x) = pe(t,a,x) — Aa) pe(£,0, x).
Clearly r, satisfies the boundary condition
re(£,0,x) =0 (1.2.38)
and the equation
017+ 0g7e +divy (rey1vYs) — uAre — €05 1 + 01
= A(udepg—0:00 —0p7) = A'p2 +€A"pQ. 1259

Multiplying both sides of (1.2.39) by sign (r¢) and using [2, Lemma 2]

d > s .
Efo Rzlrgldxda:fo fRzatrgagn(rE)dxda

o0 o0
:—f f aargsign(rg)dxda—f f divy (rex1vYy) sign (re) dxda
_J0 JR? 0 JR? ,

J

=0
+,uf forgsign(rg)dxda+£f f@fmrgsign(rg)dxda—f falrgldxda
o Jo Jm? 0 JRr2 0 JRr2
<0

+f fRzﬂt(,qupg—G[pg—ng)sign(rg) dxda

0
o0 o0

—f f A'pgsign(rg)dxda+sf f A" p%ign (r;) dxda
0 R2 0 R2

<11 (0,00) fn;ez |[udpd —0:02 ~0pg|dx+ (”A,”Ll 000 7€ ”)L””Ll(o,oo)) fquz padx,
Integrating over (0, ¢) and using (1.2.18), Corollary 1.1
et )l 11 000 xr2) < CeC.
Finally, using again Corollary 1.1,

”pe(t; %) ”Ll((oyoo)sz) = ” re(t; ) ”Ll((O,oo)x[Rz) + ”/1”L1(0,oo) ” P(g)(t, ) ”LI(RZ) = CeCt,

thatis (1.2.36). O



Lemma 1.5 (12 estimate on pe). We have that

|06t )| 20 00y [VePell 20,0x 00002 VE [10aPel 20,0y 0,000 g2 < CE© (1.2.40)

foreveryt=0.

Proof. We argue as in the proof of Lemma 1.4 and we prove first an L? estimate on re.
We multiply both sides of (1.2.39) by r,

d * I’EZ [e]
ﬁfo fm ?dxda:fo fquz re0,redxda

:_[O fquz rgaargdxda—f0 N divy (rex1vYp) redxda

v~

=0
+,uf f rgAxrgdxda+£f f rgafmrgdxda—f f oridxda
0 JRr? 0 JR? 0 Jr?

o0 o0 o0
+f f A(udrp?—0,0° —0p2) rgdxda—f f A'pgrgdxda+£f f A"p%redxda
0 Jr? 0 Jr? 0 JRr?

s[ frEXIng-ergdxda—uf flerglzdxda—ef f(aarg)zdxda
0 Jr? 0 Jr2 0 Jr2

+f f/l(qupg—dtpg—ng)rgdxda+f f(f:/l"—/l’)pgrgdxda
0 JR? 0 JR?

oo 2 oo oo
:—f f r—gdiV)C (}(lng)dxda—uf f Ierglzdxda—sf Bare)*dxda
0 Jr? 2 —0 o —— 0o Jre 0o Jre
Cc

=

o0 (e9)
+f fz/l(,qupg—atpg—ng) rgdxda+f fz(zs/l"—/l’) p2r.dxda
o Jr o Jr

SCf frgzdxda—uf fIerglzdxda—sf ](aarg)zdxda
0 Jr2 0 Jr? 0 Jr?

+clAl? fR (12 (A0 +(0:p9)° +0%(p)*) dix

L2(0,00)
2 2
(212" g0+ IV [z [, (000

We integrate the inequality above over (0, ) and the claim follows from (1.2.18), Gronwall

Lemma and Corollary 1.1. O
Lemma 1.6 (H? estimate on p,). We have that
2 ct
Vot | 20,002y | D%Pe | 1200, 0,000 <21 » VE[0aVxbe | 120,11 (0,000 xm2) = C
(1.2.41)

foreveryt=0.

Proof. We argue as in the proof of Lemma 1.4 and we prove first an H? estimate on .



We multiply both sides of (1.2.39) by —A,r¢

d [>® \Y
_f Zl xzrgl dxda _f fV re-0,Vyredxda=— f f Ayr:0;1edxda
R

f f Ay1:0, rgdxda+f divy (rex1vYp) Axredxda
R2 R2
—uf f (Ayre) dxda—ef f Axrgdfmrgdxda+f f 0reAyredxda
0 JR2 0 JR2 0 JR2
o0 o0 o0
—f f A(,qupg—thg—bpg)Axrgdxda+f f /l'pgAxrgdxda—sf f A"p2A r.dxda
0 Jr? 0 JRr?2 0 Jr?2

0o \vi 2 00 oo
—f f aa(' Tl )dxda+f f erg-vlegAxrgdxda+f f redivy (Y1vYp) Axredxda
0 Jr2 2 o Jo Jre 0o Jrz

=0
oo o0 o0
—uf f (Axrg)zdxda—ef f IVxéarglzdxda+f f orsAyredxda
0 Jr2 0 Jr2 0 Jr?

—f f A ,qupg—atpg—apg)Axrgdxda+f f /l'pgAerdxda—st fszl"pgAxrgdxda

5——[ f(Axrg)deda ef flvxaarsl dxda

+cf fz((rg) +|VarelP + A% (Axpd)? + 120,002 + (A% + (M) + (A)H) (pD?))dx da.
0 R

Therefore, the claim follows from (1.2.18), the Gronwall Lemma, Corollary 1.1, and Lemma

1.5. O
Lemma 1.7 (L' estimate on d,0.). We have that
10ape(t, )| 110,000 xm2) < ce®?,
for every t = 0 and a suitable constant C independent on €.
Proof. Observe that differentiating the equation in (1.2.19) with respect to a we get
02,0 +0% 40 +divy (0,0 x1VYp) + divy (0 X VYa) (1.2.42)

= lleaapg + Ea?laapg - aaapg _Daapg.

Using [2, Lemma 2] we get

d o0 o0 .
—[ f Iaap,gldxda:f0 j[Rzaiapgmgn(éapg)dxda

ff(eaampg aapg)sign(aapg)dxda+yf0 LzAxdapgsign(dapg)dxda

~~

=<0

(0, 0) (0, 0)
—fo fw divy (0406x1VYp) sign (040¢) dxda—f0 f[RZ Vipe VY Yosign (0,0¢) dxda

-

=0




oo 00
_ﬁ AZ pg)(lldivx (V) Yesign (aapg) dxda —fo \[Rz pEXIIV' fopg Yésign (aapg) dxda

—f f@abpgsign(aapg)dxda—f fblaapgldxda
0o Jre _Jo Jre )

-

=<0

S\[[RZ |(86%4ape _aapf)(tyoy x)ldx+ C”pre(t;'y‘)”Lz((Oyoo)sz) ”V”LZ(RZ)

+cC ” Ps(t, ) ) ”Lz((O,oo)x[RZ) ”lex (V) ”LZ(RZ) +cC ” Pe(t, ) ) ||L2((0,oo)><R2) ”Vx(/)g(t, ) ”LZ([RZ)

+C ||pg(ty ';') ||L1((0,OO)><[R2) .

Since
(€020 — 0ape) (£,0,X) = 0,02 — uA . p% +0p2,

the claim follows from (1.2.18), (1.2.24), the Gronwall Lemma, Corollary 1.1, Lemma 1.4 and
Lemma 1.5. O

1.2.2 Convergence to an entropy weak solution

We are now ready to prove the existence of a converging subsequence of {p.}.. To this end
we apply the multidimensional compensated compactness result introduced by Panov in [35,
36], which does not require estimates on {0;p.}.. For the reader’s convenience we recall the
exact statement by Panov in Lemma 1.8. It should be noticed, however, that the application of
this technique to our setting is not straightforward, as the flux of our equation does not satisfy
the hypothesis of the lemma. We can overcome this difficulty, as it has been done in [12, 7],
because we have estimates on {V(4 ) p¢}. Namely, we rewrite (1.2.19) as follows

2
. p:l2\ _ ;
0¢pe + div(g,x) (pg/Z) = (pe = 1)0ape + pedivy (o) (1.2.43)

—divy (pe 1 (@VYy (e = R)) + uAxpe + 05,0 —Ope,
and we consider the original flux of the equation as a part of the source term.

Lemma 1.8 (Theorem 5, in [14]). Let {u,}ven be a sequence of functions defined in [0,00) x RY
with values in R. Assume that
— {uydven is bounded in LY ((0,00) x RY) ;
— Fe C*R%RY) is a genuinely nonlinear vector field, in the sense that for any unit vector
neR? the map u € R — F(u) - n is not affine on any non-trivial interval ;
— for every convex entropy 1 € C*(R) with flux Q € C*(R;R%) such that Q' = F'n’ the se-
quence
{0m(uy) +div(Q(uy))}ven

is compact in Hl_olc((O,oo) X IRd).

Then there exist a function u € L7? ((0,00) x R%) and a sequence {Vi}xen, Vi — 0, such that

Uy, — U, a.e. in(0,00)xR? andinLl ((0,00)xR?),1=p<oco.



Lemma 1.9 (Strong compactness of {p.}.). There exist a function p : [0,00) x [0,00) x R? - R
and a sequence {€y} xen < (0,00), € — 0, such that for every T >0

Pe, — P, a.e.in(0,T)x (0,00) xR* andinL] ((0,00)x (0,00)xR?),1<p<oo,
p(') Y ') = 0!

0o 1 2 o0 2y ~ 72 2 2 (1.2.44)
p € L™(0,T; L ((0,00) x R)) N L™((0, T) x (0,00) x RT) N L*((0, T) x (0,00); H* (R")),
p(t,-,x) € BV(0,00), fora.e. (t,x)€ (0,00)x R?.
Proof. We rewrite (1.2.19) as follows
0,p¢ +div (pg/Z) = (pe — 1)dape + pedivy (p)
tle (a,x) pglz £ aPe £ x\Me (1'2.45)
—divy (pex1(@VYa(Pe — R)) + A e + £0%,00 — V.
Let 7 € C?(R?) be a convex entropy with flux Q € C?(R; R?) such that
ey pn’(p))
o= (pn’(p) '
Multiplying both sides of (1.2.45) by n’(p,) we get
0:1(pe) + divia,n (Q(pe))
= ﬂ'(Ps) (pe —1)0gp¢e + pedivy (PE) —divy (Pe}(l (a)vYy (e — R)) + UAxPe —0p¢
) Py " (1.2.46)
+805,,1(0) — € (0:) Qape)”.
We claim that
{Z)1 ¢} is bounded in L}OC((O,oo) x (0,00) x R?), (1.2.47)
{%s,¢}e is compact in Hj_\ ((0,00) x (0,00) x R?), (1.2.48)
{%s.¢}e is bounded in L}, ((0,00) x (0,00) x R?). (1.2.49)

Indeed for every K cc (0,00) x (0,00) x R?, thanks to Lemmas 1.2, 1.3, 1.4, 1.5, 1.6, 1.7,

|<21ell iy =17 0 | oo i [(||p5”L°°(K) + 1) [[0apel| gy + [ £ell iy Vel 2k
+clloell 2o Vel i + € @l 2o [ el 2y + €l bel 12 i [ Vpel| 12k
+ ¢ [[Axpe 2y + RN =i [| 0| 11 i ] =0
L3, =04(€n' (pe)0ape),
len' (0e)0apel| 2 <€ 0 (0O || oo i 19 2y = €VE—0,

|1<Z5.e ||L1(K) <e|n"(pe) ||L°°(K) ”6098”?}(1() =c



The Murat Lemma [31] implies that
{0:m(pe) +div(a, v (Q(pe))}e is compact in Hy,L((0,00) x (0,00) x R?).

O

Lemma 1.10 (Existence). The function p introduced in Lemma 1.9 is an entropy weak solution
of (1.1.7) in the sense of Defintion 1.2.

Proof. Thanks to Lemma 1.9 we have only to verify that (1.1.16) holds. We follow the argument
of [2].

Let ¢ € C*°(R*) be a nonnegative test function with compact support and k € R be a con-
stant. Multiplying (1.2.19) by sign (p, — k) we gain

atlpg — k| +aa|p£ — k| +divy (lpg - k|X1VY6(¢£ _R))
+ ksign (pe — k) y1divy (vYp (¢ — R)
<uA;lpe — k| +£02%,|pe — k| —sign (pe — k) 0pe.

testing with ¢
|77 [ (1oe = K@i + 0481+ 1pe = Kixa Yot ~ Riv- Vg
0 0 R2

— ksign(pe — k) y1divy (VYp (¢ — R)) €
+ Hlpe = KIA & — £0alpe — kl0,¢ — sign (pe - K)0pe¢|dxdadr

b L

o0
+f f2|,00,g(6l,X)—k|€(0, a,x)dxda = 0.
0 Jr

o (¢p¢) (fooopg(t, a, x)xs(a)da)w(t, X) — k‘ —€04lpe — kI(2,0, x))cf(t,O,x)dxdt

As € — 0, thanks to Lemmas 1.5 and 1.9 and the Dominate Convergence Theorem we gain

|77 [ (1o k101 + 00 + 1o - Kini@Ya(@ - Rv- v,
0 0 R2

— ksign(p — k) x1divy (vYp(p— R)) & + plp — klA & —sign (p — k)Dpcf)dxdadt

b )

—limsf fOalpg—kl(t,O,x)g‘(t,O,x)dxdt
£ 0 RZ

&(t,0,x)dxdt

d((/))(fo p(t,a,x)xg(a)da)w(t,x)—lc

—0

+f f|Po(d,X)—klf(O,a,x)dxdazO.
0 Jr2



Thanks to Remark 1.1 we have to prove that

limef fzaalpg—kI(t,O,x)E(t,O,x)dxdt
0 JR

e—0
:f fzsign(,d(cp)(f p(t,a,x)xg(a)da)w(t,x)—k) (1.2.50)
0 JR 0
x(,d((p)(f p(t,a,x)xg(a)da)w(t,x)—p(t,0+,x))€(t,0,x)dxdt.
0
Observe that

0 JRr?

:gf‘”fzsign(d () (f‘”ps(t, d,x)XS(d)dd)a)(t,x)—k)aapg(t,o,x)f(t,(),x)dxdt'
0 R 0

Therefore, due to Lemma 1.9, in order to prove (1.2.50) it is enough to prove that

limef f@apg(t,o,x)f(t,o,x)dxdt
0 JR?

e—0

oo o (1.2.51)
:f fz (ﬂ () (f p(t, a,x)xg(a)da)w(t,x) —p(t,0+,x))£(t,0,x)dxdt.
0 Jr 0
Consider the cut-off functions {1}, such that
1
0<A,<1, An(0)=1, /ln(;) =0, -n<A, <0. (1.2.52)

Testing (1.2.19) with A, (a)¢(t, a, x)
[ [ (pet0it 0460+ pera(@v- 9.8 Yo e = B + ipetsnd = e0upedt ~0pet) Andxdad
+f f f (e — €0qp) A Edxdadt
o Jo Jre
+f f fﬁf((ﬁd pe(t, a,x)x3(@w(t, x)&(t,0,x)dxdadr
o Jo Jr
_gf f aap&(trorx)f(tvo)x)dth
0o Jm2

+f fpo,g(a,x)ﬂnf(o,a,x)dxda:0.
0 Jr2

Thanks to Lemmas 1.5 and 1.9, as € — 0 we get

lime[ faapg(t,o,x)g*(t,O,x)dxdt

e—0 0 R2

[T [ (00 + 0,0+ pr1@n- VYot - R+ apisst ~0pt) A dad

+f f fp?t;ﬁdxdadt+f f fd((p)p(t,a,x)xg(a)w(t,x)(f(t,O,x)dxdadt
o Jo Jre o Jo Jre

+f fpo(a,x)}tné(o,a,x)dxda.
0 JRr2



Finally, sending n — oo we get (1.2.51) and the proof is concluded. O

1.3 Uniqueness and stability

In this section we conclude the proof of Theorem 1.1 proving (1.1.17).
We follow [2] and prove the following preliminary lemma.

Lemma 1.11. Let p and r be two entropy weak solutions of (1.1.7) obtained in correspondence
of the initial data py and ry. For every nonnegative test function ¢ € C*°(R*) with compact
support the following inequality holds

L[ | te=ri@i+au - div. (lp=riivto @R+ Yot - R)¢
+UAxlp = rIE—|p —r|0¢) dxdadt
+f fIp(t,0+,x)—r(t,0+,x)lf(t,0,x)dxdt+f fIpo(a,x)—ro(a,x)lf(O,a,x)dxda
0 R2 0 R2
zf f fsign(p—r))m(rdivx(ng((,b—R))—pdivx(v(x)Yg(f—R)))fdxdadt,
0 0 R2
(1.3.53)

where -~
f(t,x) ::f r(t,a,x)y2(a)da.
0

Proof. We double the variables and write

p=p(tax), r=r(sb,y), ¢ =¢(t,x), =1y,

where x = (x1, x2) and y = (31, y2).
Consider the following test function

t+s a+b x+ s—t b-a —x _x
En(t,s,d,b,x,y)zf( , , y)/ln( ))‘/n( ))‘/n(yl I)AH(JQ 2),

2 2 2 2 2 2 2

where
Ay (w) = nA(nu), A e C®(R), A=0, A prw =1, supp (1) < [-1,1].

We write (1.1.16) for p(t, a, x) using r (s, b, y) as a constant and integrate over (s, b, y)

fﬁfﬁ (10 = r1(0:Zn +0aZn) — divi (Io = rix1 (@V(x) Yo (@ = R) Zp

+UAxlp —r|E, —sign(p—r)0p=E,) dxdydadbdtds

+ffff lp(£,0%, x) — r|E,(t,5,0,b,x,y)dxdydbdrds (1.3.54)

[[[[[ 100 -r1z0.500.5.naxayaaapas

szffffsign(p—r) ry1(a)divy (v(x)Yg(¢p— R)) Epdxdydadbdids,



and we write (1.1.16) for r (s, b, y) using p(t, a, x) as a constant and integrate over (¢, a, x)

f f f f f f (Ip = 710sZ 0 + 0= ) = divy (Ip = ripa (V) Yo (f ~ B)) =5,

+uAylp —rIZ, +sign(p —r)opE,) dxdydadbdtds

+ffff lo—7(s,0%, MIEn(L,s,a,0,x,y)dxdydadrds (1.3.55)

+ffff lo—r1o(b, V)IZ,(£,0,a,b,x,y)dxdydadbdt

> —ffffffsign(p—r) px1(b)divy (v(y) Yg(f - R)) E,dxdydadbdzds.

Adding (1.3.54) and (1.3.55)

—divy (lp - rlx1(@v(x) Yy — R) E, —divy, (1o — rix1(Dv()) Yo (f — R)) Ep,
+UAclp = TIEp+pAylp—TIE,
—sign(p—r) @t a,x)p—-0(s, b,y)r)En) dxdydadbdtds

+ffff lp(£,0%, x) — r|Z,(t,5,0,b,x,y)dxdydbdzds

+ff[f lo—7(s,0%, NIEH(t,s,a,0,x,y)dxdydadrds

+fffffIpo(a,x)—rIEn(O,s,a,b,x,y)dxdydadbds

+ffff lo—ro(b, ¥)I1E,(t,0,a,b,x,y)dxdydadbdt
szffffsign(p—r) ry1(a@)divy (v(x)Yg(p— R)) Epdxdydadbdtds

—ff[fffsign(p—r)p)(l(b)divy(V(y)Yg(f—R))Endxdydadbdtds.

Since

2

t+s’a+b,x+y)/1n(s—t)/ln(b—a)/ln(m—xl)/ln(yz—xz),

2 2 2 2 2 2 2
_ _ t+s a+b x+y s—t b-a Y1 —X1 Yo — X2
a2+ 0y =0 | T2 [T [P (B (252),
As n — oo due to the regularity in x of p and r we get (1.3.53). O

Lemma 1.12. The following inequality holds
t
|i2(IR22) + :ue”fo fu@z e |V (p— NI dxds

t proo
ct 2 ct —cs 2
< ce || po = 70|71 (0,00 xr2) + €€ fo fo fRZ e “(p-r)dxdads.

oz, - f(z,)
(1.3.56)



forevery t = 0. In particular, we have that

t 1/2
U f e—“wx((p—fnzdxds)
0 JR?
1/2

t (1.3.57)
= ce” [ po = ro]| 110,00 xr2) + €€ (fo TICRPESORD] TR

foreveryt=0.

Proof. Since ¢y, e satisfies

01pe, — WA e, + divy (( fo Pe, dea) vYy (e, — R)) = fo e, (€kX5 + X5 —0x2) da.

as k — oo we get the equation for ¢

Ot(p—,qu(/)+divx((f0 p)(lda)ng(qb—R)) :fo p (x5 —0x2)da. (1.3.58)

Analogously, f satisfies

0rf — pAy f +divy (UOOO r)(1da)ng(f—R)) = fooor (x5 —0x2)da. (1.3.59)
Subtracting (1.3.58) and (1.3.59)
0:(p—f)—puAx(d— f)+divy ((fooo(p - r)xlda) ng((p—R))
+divx((fooO rXIda)v(Yg(cp—R)— Yg(f—R))) (1.3.60)

=f0 (p—1) (x5 —0x2)da.
Then
a [ @-n [ vt~
G 2 dx+p R2|vx(<p NI dx
=fR2(¢>—f)(f0 (p—r)(x’z—om)da)dx
_fRz(gb—f)divx((fO (p— r))mda)ng(cp—R)) dx
—fRZ((p—f)diVx((fO r)clda)v(Yg((p—R)— Yg(f—R))) dx
=f ((,b—f)(f (p—r)()('z—DXZ)da)dx
R2 0

+fR2Vx(¢—f)-V(f0 (p—r)xlda) Yo(p—R)dx



+fUQZVX(¢_f).V([) r;mda) (Yo(p—R)—Yp(f —R))dx
<5 [ @-praxss | (foo(P—r)(X'—OX)da)zdx
2 Jre 2 Jr2 \Jo 2 2
1 o0 2
+Hf |Vx(¢>—f)|2dx+—f |v|2(f (p—rmda) Yp(¢p— R)2dx
2 Jr2 K JRr2 0
1 oo 2
+—f |V|2(f rxlda) (Yg(([)—R)—Yg(f—R))de
p Jr2 0
<c| (- f)*>dx+ce ~ (p—r1)? E - N
< p—r)*dxda+ V(- )] dx.
R2 0o Jr2 2 Jr2

Using the Gronwall Lemma and we get
t
(G ENID) ”iz(Rz) +ue”f fRZ e S|V (p— I dxds
0

t poo
<e|po- f0||i2(R2) + ce”fo fo .[RZ e “(p—r)*dxdads.

The definition of ¢p and f gives (1.3.56).
Finally, we prove (1.3.57). Using (1.2.33) and (1.3.56) we gain

(fotfw|vx(</>—f)|2dxds)1/2

1/2
< c(,ue”ftfze_CSIVx((/)—f)ldedS)
0 JR t oo 1/2

<c (e” 100 = 7ol 1 (0,000 x2) * ce”f0 fo fn&z e “(p- r)zdxdads)

P 1/2
= ce®" || po = 1ol 110,00 m2) + c€ (fo o679 =20 ds)

¢ 1/2
= ce“! || o= ro| 11 o,00 ) + € UO ot =)L o ds) '

O

Proof of Theorem 1.1. Thanks to Lemma 1.10, we need only to prove (1.1.17). We rewrite
(1.3.53) in the following form

+ulp = rIAxEn — 1o~ r|0¢,) dxdads

+f fzIp(t,0+,x)—r(t,0+,x)|6n(t,0,x)dxdt+f lepo(a,x)—ro(a,x)lstn(O,a,x)dxda
0 R 0 R

zfo fo f;@z sign(p —r) y1(a) (rdivy (v(x) Y (¢ — R)) — pdivy (v(x) Yo (f — R))) £ dxdady,



for a sequence {¢,}, of nonnegative test functions approximating the characteristic function
of the strip (—oo, ) x R x R2. Sending n — oo

ot =7t ) | 11 0,00 m2)
< 00 = 70| 11 (0,00 x2) +f0tfRZ lp(s,0%,x) —7(s,0%, x)|dxds
—fotfooofw sign(p — r) x1(@) (rdivy (v¥p(¢p — R)) — pdivy (vYp(f — R))) dxdads
Thanks to Remark 1.1

||p(t)')')_r(ty')')

|L1((0,oo) x[R?)

t poo
<loo=rall oo+ [ [ |17 @)p=st (1) r|xawdxdads
t poo
—fofo fRZSign(P—r))(l(cl)(rdivx(ng(([)—R))—pdivx(ng(f—R)))dxdads
t poo
< ||P0—ro||L1((0,oo)sz)+fo fo fde(cp)|p—r|)(3wdxdads
t proo
+ff |$2¢((P)-$Z¢(f)|f)(3(1)d)€d(ld5
0oJo Jme
t proo
+ff fIp—rlym(a)divx(ng((p—R))dxdads
0o Jo Jme
t proo
+f0f0 f[RZSign(P—r))(l(a)PdiVx(V)(Ye(<b—R)—Yg(f—R))dxdads
t proo
+f0f0 fRZSign(P—T)X1(a)pV'Vx(Y9(<P—R)—Yg(f—R))dxdads
t
< [lpo=ro “Ll((O,oo)x[RZ) +Cf0 lots, ) =r(s,) ”Ll((o,oo)xRZ) ds
t
+ce”ff | () — < (f)|dxds
0 JR?
t
+ce”f f2|Y9((p—R)—Y9(f—R)|dxds
0o Jr
t 1/2
+ce”(f fz|Vx(Yg(</>—R)—Yg(f—R))|2dxds) :
0o Jr

Thanks to the regularity of the functions « and Yy we can conclude

ot =) 11 0,00 xr2)

t
< ”p()— rO”Ll((O,OO)X[Rz) +C(1+ect)f0 ||p(sy')') - r(S,',') ||L1((0,OO)><[R2) dS (1361)

o t ) 1/2
et | R2|Vx(gb—f)| dxds| .



Using (1.3.56) in (1.3.61)
”P(t, ) ) - r(t) %y ) ”Ll((O,oo)x[Rz)
< [loo—10 ”Ll((o,oo)xRZ) +ce | po =0 ”Ll((O,oo)xIREZ)

t
+C(1 +eC[)f ||p(sy.,.) - r(S’.’.) dS (1.3.62)
0

|L1((0,oo)><[R€2)
+ce”(ft|| (8, = 7(5,7)7 as)
0 P » ’ Ll((O,OO)XRZ)

Squaring both sides and using the Holder Inequality we get

oz, ) —r(z,-) ”il((o,oo)xW)

< [po—ro ”il((O,oo)x[Rz) +ce | po—ro “il((o,oo)x[Rz)
2

t
+c(1+e) (fo lots, ) —r(s,--)

|L1((0,oo)><[R2) ds
(1.3.63)

2
|L1((o,oo)xR2) ds

t
+Ceth ”p(sy'y')_r(sy'}')
0
< [po—r10 “il((O,oo)x[Rz) +ce | po—ro ”il((o,oo)x[Rz)

t
+c(1+ ec”‘)f0 ||p(S, 5)=71(8,0) ”il((O,oo)XRz) ds.

Using the Gronwall Lemma we gain (1.1.17) and the proof is concluded. O



Chapter 2

On the mathematical modeling of vole
populations spatial dynamics via transport
equations on a graph

2.1 Description of our models

We propose two models to describe the spatial dynamics of a voles population structured
in age. Both models write as transport equations on graph.

Voles’ sex ratio at birth is 1-1, [6, 37], so that it is enough to model the female population,
which is structured into three age classes: young voles, whose age a varies between 0 and A,
juveniles, a € [A, A2], and adults, a > A,. The same observations suggest that A; = 18 days
and A, = 56 days, but for simplicity we assume the normalization A, = 3A,. Since most voles
die out of predation, disease or starvation, at a first approximation we could neglect aging
when describing the adult population: in particular it is not necessary to consider a decline of
fertility over age. Nevertheless, to avoid non realistic results when performing simulations on
a large time horizon (e.g. 4 years), we define A3 as the maximal age that a vole individual can
attain (different values will be taken into account) and we set our model so that individuals
of age larger than As, if any, do not participate any more in the evolution of the system. As
numerical values for age transitions, we fix A} =1, A> =3 and A3z = 20.

We partition the natural space into squared cells of side length 100 m, V;, i = 1,...,n,.
We measure the distances between cells centers and, based on observations, we estimate the
average time needed by a vole to cover such distances. Then we define a finite weighted graph
I'=(&,7), whose set of nodes ¥ = {\1,..., V,, } represents the cells, while the set of its edges &
consists of the triples (V;, V}, £;;) where V; # V; belong to 7 (no loops are allowed) and ¢;; >0
is the travel time between the two vertices. For simplicity we will always assume that I" is not
directed, therefore ¢;; = £ ;. In general it is possible to assume that the graph is complete, i.e.
that there exists an edge joining any given pair of nodes. From the modeling point of view this
is compatible with the fact that some individuals (long range dispersers) can be recaptured at



observation sites more than 5 Km apart from each other.
Each node V; is endowed with an initial boundary value problem representing the evolu-
tion of the density of voles in V;, p;, with respect to the time and age variables ¢ and a,

pi: R*xR* — R*

2.1.1
(t,a) — pilt,a). (2.1.1)
The total number of voles in V; at time ¢ is given by the integral
As
D; (1) = pi(t,a)da. (2.1.2)
0

The spatial dynamics of the population is represented by transmissions of density from one
node to the others. The local spatial dynamics, related to foraging activities is neglected. We
recall that while most individuals spend almost all of their lives in burrows, where they also
breed, some of the juveniles have a significant spatial dynamics during dispersals. The mech-
anism triggering dispersal is still not completely understood and it is most probably related
to the interaction of several factors (see for instance [1, 4, 6, 16, 21, 24, 25, 41, 42] and refer-
ences therein). However, for modeling purposes, it is reasonable to link stress conditions to
overcrowding, and say that dispersal begins when the total number of individuals in a colony
reaches a threshold value, fixed as a fraction of the carrying capacity of the environment, R.
New colonies most often appear in a radius of a few hundreds meters around the original one,
but individuals might disperse over more than 5 Km. Topography, in particular relief, drives
the dispersal direction, and during this phase voles’ mortality is very high.

We define a stochastic matrix K of size n, x n,. Its coefficients k;; fix which fraction of
voles leaving the node V; would head toward V;. Since no loops are allowed, we set k;; = 0 for
any i € {1,...,n,}. At a modeling level we can imagine that k;; depends, for example, on the
height or the landscapes in V; and V}, therefore in general k;; # k;;. From the modeling point
of view it makes sense to consider a time dependent matrix K. An example in this direction
is given in Section 2.3.2, but for the simplicity of the presentation, we keep K constant for the
moment.

Assume that at time ¢ some of the voles initially at V; disperse. Since voles age and die
during dispersal but cannot reproduce, the evolution of voles leaving V; at time ¢ and age a
and heading toward V}, is described by the ODE problem
{asu(s) = —daisu(s), 013

u0) =k;jpi(t,a

where 04;; represents mortality during dispersal. The estimated travel time from V; to V; is
the weight ¢;;, therefore the density of voles of age a + £;j reaching V; at time 7+ ¢;; is

kijpi(t, a)exp(=€;j0ais) = Kijpi(i, a).

Remark that the matrix £ = (K;;) € R"**" is not stochastic, not symmetric and depends on
time if and only if K does.



2.1.1 A model with gradual dispersal (GD model)

We always assume that a dispersal begins from the node V; whenever its total population
®; reaches the threshold R;. In the first model, the dispersal lasts for a time n > 0 after the mo-
ment at which ®; passes again below R; and the departure rate of juveniles during dispersal
is ¢/n, where ¢ > 0 is a parameter to be chosen. Notice that R; is not the capacity of the node
Vi but a fraction of it, which means that voles are uncomfortable for ®; = R; but they are not
missing resources.

To introduce the initial boundary value problem at the node V; we consider the balance
law

0ipi+04p; =—0;(t,a)p; + P;i(t,a), (2.1.4)

where ¢ and a are respectively the time and age variables, ?; is the mortality rate at V;, de-
pending on time and age, and P;(t, a) is a source term which accounts for the possible depar-
ture/arrival of voles due to dispersal. The exact form of P; is given below.

Together with (2.1.4) we consider the initial condition

pi(0,a) = po,i(a), (2.1.5)

and the boundary condition

A
0:(£,0) = ot @i(0) | bilt, @ pi(t, @) da, (2.1.6)
0

where b; is the reproduction rate of the node V; and the coefficient «7; (®;) reproduces Allee’s
effect, see [33]. This means that if the total population of a colony falls below a certain thresh-
old, reproduction rate also diminishes and might become too small to compensate for mor-
tality. The experimental observations suggest that this situation rarely occurs for voles, so that
&/; = 1 is a reasonable choice in our simulations. However from the numerical point of view
no additional difficulty comes from considering non constant ;, see also the Section 2.4 for
a short additional discussion.

For t >0 given and i € {1,...,n,}, we call 7;(¢) = {Ti""’ffnim} the (possibly empty) set

of times 7! < t at which a dispersal outbreak took place from V;. Then the term P;(t,a) in
equation (2.1.4) takes the form

C
Pi(t,a) = —=X(R;+00)(  sSUp  D@i(2))x(a,,4)(@)pi(L,a)
Ui zel(t-m)*,1]

c m;(t) (2.1.7)
+= ) Y 8 it—lidyia,ana—CiNKip(t—LCii,a- L)),
n j=1,.,n, r=1 r
J#i
where Y [r; +o00) and x[4,,4,) are the characteristic functions of the intervals [R;, +00) and [A1, A3)
respectively, t — 6;(¢) is the Kronecker delta centered at T and we use the notation x* =
max(x, 0).



2.1.2 A model with instantaneous dispersal (ID model)

The model with gradual dispersal introduced above is very solid as it is based on classical
PDE’s for which a complete well-posedness theory is available. Moreover, the examples in
the next section show that it reproduces the main features of the voles’ population dynamics.
Nevertheless, in order to bring the model to full size, on a graph counting several hundreds
of nodes, one should overcome a number of technical difficulties in parallelization and data
storage. For this reason and in view of the possible construction of an hybrid PDE-Multi Agent
model similar to the MLG, we propose here a second model which leads to a slightly less
precise description of the dynamics, but should be easier to implement on large graphs.

Roughly speaking, we modify the previous model so that whenever the total population
at a node V; reaches the threshold value R;, the departure of dispersers takes place instanta-
neously. As a consequence, all the voles who left V; heading for V; will reach the node V; at
the same time. These “instantaneous” departures/arrivals are easier to implement in a finite
volume scheme and are not too demanding in term of data storage.

In order to write the model for the node V;, we introduce &; = {0{,0},...,0, }, where
06 =0 and afnl_ = T, be the (possibly reduced to {0, T}) set of all the times between 0 and the
final time T at which, either a dispersal outbreak, or an arrival of voles, took place for the node
Vi.

Then between two times U}'( and a}; .1» where K =0,...,m; — 1, the model can be written
as follows

A
0i(t,00= ot @) [ bilt, @pi(t, @) da,
0

Pi (O, a) = X0,41)0145, 431 (@ P (05—, @) + (1= X (R; +00) (@i (05 =) X141, 40) (@ pi (O —, @)
m]-—l . X .
+ ) 20,0k =i XiR;+00) @Ok = i) XAy, 4 (@— ) Kjip () = Cjiya— L ).
jZi o r=1 4
j=1,..,ny

(2.1.8)

2.1.3 Reproduction and mortality rates

Voles’ reproduction season lasts typically from April to October, but variations are pos-
sible due to weather conditions and, of course, depending on the landscape characteristics.
The ideal environment for fossorial voles is grassland where both food and shelter are easily
available, but they can also settle in woodlands and farmlands. Mortality also depends on
landscape characteristics as it is strongly related to the density and the kind of predators, but
is everywhere higher during the winter season as food becomes scarce.

Based on [40, 26], the basic reproduction number % of a voles’ population is 0.0165 fe-
males per female and per day during the reproduction season and only juvenile and adult in-
dividuals reproduce. In the time scale of our models this correspond to 0.3 per juvenile/adult



vole per unit time. In Section 2.2.1, to validate our numerical schemes, we use as reproduc-
tion rate the piecewise constant function b(a) = 0.3y(4,,4;1(@)- Everywhere else in the paper
we consider a smooth approximation of b, namely

0.15exp(K(a— A —¢)) if 0sa<A;+e¢,
bi(a)=a- ) (2.1.9)
0.3-0.15exp(-K(a—A;—¢)) if a>A;+¢,

where we set K = 10 and € = 0.2. The parameter a € (0, 1] allows to adapt the average rate to
specific situations, as we do in Sections 2.3.1 and 2.3.2.

Observations reported in [26] suggest that the average mortality rate during the reproduc-
tion season varies between 0.04 and 0.6 per 2 weeks, but the mortality rate for juvenile and
newborn individuals is 1 to 3 times larger than for adults. Translated to our setting the value
of mortality rate is between 0.05 and 0.77 per unit time. These informations lead us to define
a mortality rate function of the following form

0.1-0.025exp(K(a— Az —¢€)) if 0sa<A,+e,
(a)=6- , (2.1.10)
0.05+0.025exp(—K(a— Az —¢)) if a>A+e,

where § > 1 is a parameter to be tuned. The graphs of b; and 9, for @ = § = 1 appear in
Figure 2.1.

0.1
03}

0.2}

by(a)

I I I I I I
5 10 15 20 0 5 10 15 20
a

(a) The reproduction rate b; for (b) The mortality rate 9, for 6 = 1.
a=1.

Figure 2.1 - The reproduction and mortality rates as functions of age.

To validate our schemes it is enough to run simulations over a short interval of time, ¢ €
[0,1.3], which corresponds to less than one month in real time. In general however we wish
to simulate the population dynamics over one or more years, so that we have to take into
account the difference between the reproduction season, lasting from april to october, and
the cold season where the reproduction stops and the mortality rate is more important, see
for instance [22]. In our context, one year starting from April 1st corresponds to the period
[0, T], where T = 20, and the reproduction season is [0, T*], where T* = 12. Given x > 1 we
take

1 if 0st=<T™, 1 if 0<st=<T%,
Ky(t) = ] and K(t) = ) (2.1.11)
0 if T*<t=<T, xk if T*<t=<T,



and we compute the reproduction and mortality rates as functions of two variables defined
on [0, T] x [0, As] as

bk (t,a) = Kp(t) by (a) and 0k (t,a) = Ky (8)01(a). (2.1.12)

The values of @, 6 and x will be specified for each of our examples.

To give a first, basic example of the evolution induced from the parameter functions above
we consider the evolution internal to one single node over one year computed by the two
models. The initial condition at ¢ = 0 consists of 70 adults equidistributed over their age class.
We set a = 1, x = 1.5 and observe that if we choose 6 = 1 several dispersals take place in both
models starting at time ¢ = 8.1. After T* = 12, the total populations decreases and the only
voles remaining at ¢ = T are the adult ones. Their total number is larger than the initial con-
dition (= 90 for the GD model and = 80 for the ID model), so we say that the colony persists.
On the other hand, if the mortality rate is higher, with 6 = 5.5, the population declines, no
dispersal occurs and the colony disappears before the end of the simulation.

The models coincide in this latter case, while in the first one we can observe several dif-
ferences. Essentially, some of the juvenile voles do not leave the node during dispersal in the
GD model, therefore the total population remains higher and we see more dispersals for the
GD model than for the ID one.

250 80

vole populations
vole populations
vole populations

0 f‘) lb 1‘5 20
(a) GD model, persistence. (b) ID model, persistence. (c) Both models, extinction.

Figure 2.2 — With reference to Section 2.1.3: the evolution of the voles population at one node.
Left and center: low mortality in the GD and ID models respectively. Right : high mortality.

2.2 Finite volumes approximations of the models

In this section, we propose finite volumes numerical schemes for the models described
above and we validate them by comparison with exact solutions, for which analytical expres-
sions exist and can be computed via the classical method of characteristics, [20, 38]. As the
models rely on transport equations, the schemes are based on upwind schemes, [28].

Given a finite time horizon T > 0 and a suitable maximal age A3, we consider the compu-
tational domain [0, T'] x [0, A3] and let At and Aa be respectively the constant time and age
steps. We set Ny = |T/At], Ny = |A1/Aal, N, = |A2/Aa)] and Ny = [As/Aa]. Then for any



1 < h < Ny, we introduce the cells K, = [ap—1/2, an+1/2), the cells centers a;, = (h—1/2)Aa
and, for 0 < n < N7, we define the times t"” = nAt. For any given i,j € {1,...,n,}, i # j, we
approximate the edge (V;, Vj,¢;;) by (V;,Vj, L;ijAt), where L;j = |£;;/At]. Analogously, we
approximate the age increase during dispersal by L* Aa where L* = 4ijlAal.

Given anode V;, 1 <i < n,, we denote by b” h andp i for l<=h<NjandO0O<n<Nr,
the approximation of the averages of b;(t", ), 0 (t”, -) and p; (t",-) on the cell Kj,, namely

1 1
v, =—| bit"ada 0= 7o | " ada,
h h

ih Aa Jx, ih Aa Jx
(2.2.13)

1 1
0 _ _ ~ i
Pin= AathlOz,o(a)da and  pj, = Aathp(t”,a)da if n>0.

Foreachie€{l,...,n,} and n€{0,..., N7} the total population of voles in V; at time " is

Ny
o'=Aa) [y
h=1

The numerical scheme for the GD model For any given value of the parameter n > 0, min-
imal time span of any dispersal in our model, we introduce the number of time steps ;) =
In/At] and we fix to N, At the minimal duration of a dispersal in the numerical scheme. For

n e N fixed and T% inJ;(t") = {Ti, e Tfni(t") }, the set of outbreak times taking place from V;

before t", we introduce Ny = [tk /At]. We next define

S J
1 1fn—NK,

d" = su o N"j:Ni+L~ and 6", =
b K= e T N 0 otherwise.

i 1
(n—Np)*=m=n
We finally set
d”;:l =1+At Onh + nX[R ,+00) (CD )X[N1,N1+N2)(h))’

which comes from the implicit treatment of the mortality term in (2.1.4) and the semi-implicit
treatment of the dispersal term in (2.1.7). Then, writing a standard upwind scheme for the
transport part of (2.1.4) and using an explicit treatment of the last term of (2.1.7) we obtain
the following scheme

n+l _
Pin =
("
1 ( At) At At e n-L;;
— [11=-— e}, + P, te— 8" X NaNo) (R — LK’ L |
d(z+1 Aa i,h Aa i,h—1 n ]z:#l =) NI]( 1IN +IN ji ]z j.h Lﬁ
< j=1,...,n,

forl=si<ny,, 1=sh=<=N4 0=<n<Nr-1,

Pl = d,(@”)AaZblhplh, l<i<n,0sn<Nr-1
(2.2.14)



The numerical scheme for the ID model ForneN, let 0}'( be in the set
Zi(t") = {ai,...,afnl_([n)}

of times at which either a dispersal or an arrival took place in the node V; before ¢". We
introduce NU;'( = o} /At].
Writing again a standard upwind scheme for (2.1.8), we get for each i € {1,...,n,},

1 At At
n+l _ _ n — " <h< i =n< i
pz,h 1+At0’.lzl ((1 Aa)pl,h+ Aapl,h—l)’ 1= h_NA’ NUK— n NUK+1’
15
Na
_ n o.n ) .
plo=i(@Aa h; binPip Ny <n<Ny
{ Ngi N ; — N ; - N ;-

o a g
pi,hK:pi,hK _X[Ri,+00)(q)i « )X[NI,N1+N2)(h)Pl-th

mi—1 N -Lji N_; —Lj; N i —Lj;
K K * K
+ Z#: Zi 6N0j XI[R;j,+00) (q)] )X[vaNl"'NZ)(h_L]'i)Kjipj,h—L;l. , 1<h<Nj.
J#1 r= r

(2.2.15)

2.2.1 Validation

In this part, we validate the implementation of the numerical schemes described above by
comparison to exact solutions for which an analytical expression exists.

We consider a simple graph consisting of two nodes V; and V, and, denoting by £ the
matrix of the travel times and K the distribution matrix, we set

0 05

‘2:(0.5 0

01
), and K—(l 0), (2.2.16)

which means that, during a dispersal in the node V}, all the juvenile voles will move to the
node V, and vice versa. The initial conditions at the nodes are the following
— At Vj, we consider 50 juveniles and 170 adults. Individuals are equidistributed over
their age class.

50
P1(0,a) = ————x(4,,4,) (@) + XAy, Az (@). (2.2.17)
Ay — A

Az — Ay

— At V,, we consider 120 adults. Individuals are equidistributed over this age class.

02(0,a) = X4, 45)(@). (2.2.18)

Az — Ay
For simplicity we assume all the other parameters of our models to be piecewise constant and
identical on the two nodes
— Reproduction rate: b(a) = 0.3)4,,43(a) ;



— Mortality rate: 0(a) = abj)([(),,qz) (a) +aadX[A2,A3] (a) = O-ZX[O,AZ) (a) + O'IX[Az,Agl (a);

— Dispersal threshold: R =200;

— Mortality rate during dispersal: 0 4;s(a) = 0.5.
For the GD model we set ¢ = 1 and we also have to fix the value of the minimal time span of
dispersal and we set 7 = 0.25.

The exact solution for the GD model

In this section we provide a detailed description of the explicit solution in the time interval
[0,1.3] for the GD model with the settings and initial conditions introduced in Section 2.2.1.
The travel time between the two nodes is ¢ = 0.5.

Solution at V; during the firstdispersal, 7 € [0, ;] The given initial condition makes the total
population in Vj at ¢ = 0 larger than the dispersal threshold R and triggers a first dispersal. The
density of voles in V; is a function of time and age, defined piecewise with respect to age

babies; (¢, a) = be‘abf‘“f;?l3 p1(t—a,c)dc, aclo,n),
0, ac(t,A1+1),
juv, (1, @) = 2 e~ Cort UMt = 2507428 ac[A;+t Ay,
P1(5,@) =\ newad, (1, a) = 20 e ot (4 A "dagla= 2 (2.2.19)
= 250~ 42(1~(a=A2))~0.1(a~A2) ac(As, Ay + 1),
adults; (t,a) = ﬁe—%f =10e7 01 ac[As+t, Azl

We observe that the total density of juvenile voles of age a who have left V; at time ¢ is given

by
50

Ar— A

so that the density of voles of age a leaving V; at time ¢ is

e 0vjt —juv,(t,a),

50 1
disp(t, a) = ————e %! (—Ob P = (Db i+ =
AZ_Al J ] n

et ’7) ) (2.2.20)

The value of the total population in V;, @4, equals the threshold R at fy =~ 0.18755. From this
moment the dispersal continues for a time  more, and we denote by #; = )+ 7 = 0.43755 the
instant at which it ends.

Solution at V; between two dispersals, 7 € [1;, f2]. The function p; is still piecewise defined
with respect to the age variable, but its components are different. The evolution of the com-
ponent juv, is juv;,. The new components correspond to the babies born at ¢ > 1, babies;,



and to the voles passing from juveniles to adults at ¢ > t;, newad,.

babies, (¢, a) = be‘abf“fff p1(t—a,c)dc, acl0,t—1t),
juvy, (1, @) = juv, (f1,a— (£ — n))e it ="), ae[Ar+1,A),
p1(t,a) =< newad,(t,a) =

juv,(ti,a—(t— f))e Pbiltimth=(a=A2))=0aala=A2) = e (A, Ay + (£ —17)),

p1(t1, a—(t—t))e @), otherwise.

(2.2.21)
The total population at V;, @;, increases up to reach again the value R at t = f, =~ 0.84818. This
triggers a second dispersal.

Solution at V) for 1 € [f», A;]. The second dispersal modifies the dynamics of the juveniles,
so that the functions giving the density of newborns and the density of new adults also need
to be updated. The evolution of the component juv,, is juv,,s.

babiess (¢, a) = be‘abi“f;;‘l3 p1(t—a,c)dc, aclo,t— 1),
juvys(t, a) =juvy,(f,a— (1 - ty)) e~ @pjtmii=t2) ac A+t Ay),
p1(t,a) = { newads(t,a) =

juvy,(ta, a— (£ — 1)) e Pvil= (@A) Vaala=42) - g e [Ay, Ay + (1 — 1)),

p1(t2, a—(t—tp))e 0@t otherwise.

(2.2.22)
It should be noticed that the total population in V; reaches again the value R at time f3 =
0.94675. This does not produce an immediate change in the dynamics because the difference
13—ty isless that n, but tells us that the second dispersal will last up to time 4 = f3+n = 1.44675.

Solution at V; for ¢ € [A;,1.3]. For t > A; we have to consider two additional age classes :
some of the babies becomes juvenile and start to reproduce, we denote them by newjuv,, and
babies born after time ¢ = A;, babies,.

babies, (¢, a) = be‘a(“)“ff p1(t—a,c)dc, acl0,t— A,
p1(t, ) = babies; (¢, a), aclt—1,A),
’ newjuv, (¢, a) = babies; (A}, a— (t — Ay))e 00 =O=QpHM@=4) g e 14) 1),
p1(A1,a— (- Ay))e d@U=4) otherwise.
(2.2.23)

Solution at V> before the arrival of voles from V3, £ € [0, /]. Attime ¢ = 0 the total population
at V5 is 120. We will see that no dispersal takes place from this node for ¢ = [0,1.3]. We use
a different font to distinguish the age groups appearing in the solution at node V>, while the



indices are given in the same way.

babies(f,a) = be'abf“f/ff p2(t—a,c)dc, aclo0,t),
p2(t,a) =10 ac(t,Ax+1), (2.2.24)
adults;(t,a) = %e‘bﬂdt: Ze 0, ac Ay +t, Asl.
Solution at V> during the arrival of the first group of dispersers, t € [,/ + 1;]. We have to
take into account several new groups of individuals. The new components correspond to the
babies born at £ > ¢, babiesy, and to the voles arriving from the node V. Some of them arrive
as juveniles, juv,, some as adults, adultsy. Some of the juveniles become adults after their
arrival, we call them newad,. The voles whose age is in (A, + ¢, A, + t) originated from V3, but
when they arrived they were jounger than A,+¢, we call this group adultsevol,. We compute
their density using (2.2.20) and the fact that while travelling from V; to V5 the dispersers solve
the ODE y' = —04;5Y.

babiesy(t, a), ael0,t-17),
juvz(t,a), aclA+1t A,
0yt a) = 4 newad,(t,a) + adultss(t,a), a€[Az Ay + (t—1F)), (2.2.25)

2 adultss(t,a), A€ A+ (t—0), As+0), -
adultsevols(t, a), ac[Ar+¥0,A>+ 1),
p2(l,a—(t—0)e®@=0 " otherwise,

that is
be'obf“f/ff p2(t—a,c)dc, acl0,t-0),
f; e‘abf”_s)e_bd”[disp(s— l,a—(t—s+0))ds, ael[A;+1t Ay),

juv,(t—(a— Ap), Ap)e adl@=42)
paltia) =4 [L e 0= il disp(s—£,a—(t—s+0)ds, ae[Ag, Ao+ (1= L),

[} e0aali=9) g=aisl disp (s — £, a— (t — s+ £)) ds, ac[Ary+(t—20),Ar+0),
adults,(t — (a— (Az +0)), Ay + £) e Paa(d=(A2+ ) acAy+0,Ay+1),
p2(0,a—(t—0))e @00 otherwise.

(2.2.26)

Solution at V, for t € [¢ + £1,1.3]. In the interval of time [¢ + t1, € + 2] no more voles arrive
from V) and the total population of V> does not attain the threschold value R. For our valida-
tion we only compute the solution up to time ¢ = 1.3 < ¢ + t,. The age groups already present
in the dynamics just evolve following the prescribed mortality rates, until time ¢ = A; when
some on the individuals in babies; become juvenile. Therefore for ¢ € [¢ + 1;, A;] the function



o2 takes the form

babiess(t,a) = be i [ py(t—a,c) dc, acl0,t—(¢+1n)),
newads(t, a) =
p2(t,a) =1 | 0y (1= (04 11)—(a—Ap))~D g (a—A2)
juv,(l+ty,a—(t—€—t1))e °bi 1 2))" %ad 2 a€ Ay, Ay +t—(0+ 1)),
P20+ t,a—(t—0—1))e d@u-E+n), otherwise.
(2.2.27)
While for ¢ € [A;,1.3] p2 becomes
babies(t,a) = be i [ py(t — a,c) dc, acl0,r— Ay,
babiesi(t, a), ac[t— Ay A,

newjuv,(f,a) =babies (A, a— (- A))e %it=A) e AL D),
newady(f,a) =
juv,(Ay, a—(t— Ap))e nitt-Aim@-A)=0aala=) - g e [Ay) Ay + - Ay),

p2(A1,a— (t— Ap))e d@=A1) otherwise.

pZ(t) a) =<

(2.2.28)

Figure 2.3 shows the comparison between the exact and the numerical solutions at the

two nodes for the GD model at the final time T = 1.3. We observe a perfect matching between
the two solutions where the numerical one was computed with Aa = At = 0.00625.

The exact solution for the ID model

In this section we provide a detailed description of the explicit solution in the time interval
[0,1.3] for the ID model with the settings and initial conditions introduced in Section 2.2.1.
The travel time between the two nodes is ¢ = 0.5.

Solution at V; for r € [0, A;]. The given initial condition makes the total population in V;
at ¢ = 0 higher than the dispersal threshold R, therefore the juvenile individuals immediately
leave the node. The density of voles in V] is a function of time and age, defined piecewise with
respect to age

babies; (t,a) = be_abf‘lf/’;‘l3 p1(t—a,c)dc, ac€l0,1),
p1(t,a)=X0, ac(t,Ay+1), (2.2.29)
adults (t,a) = %e‘amﬂ =10e 017, ac[Ay+t, Asl.

Solution at V) for t € [A;,1.3]. Starting from time ¢ = A; a fraction of the babies will become
juveniles and their reproductive process has to be taken into account. This leads to the forma-
tion of two more age groups : the babies born after time ¢ = A;, babiesy, and the individuals
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Figure 2.3 — With reference to Section 2.2.1: the comparison between the population of voles
in the exact solution and the GD model for n = 0.25.

passing from the babies to juveniles, newjuv,.

babies, (¢, a) = be‘abi“flff p1(t—a,c)dc, acl0,t—Ap),
babies; (¢, a), ae[t— Ay Ay,
p1(t,a) = { newjuv,(t,a) = babies; (A;,a— (¢ - A)e i=A) g e AL D), (2.2.30)
0, ac(t,Ay+1),
adults (t,a@) = adults; (A;,a— (t— A;))e =40 g [Ay+ ¢, A3).

Solution at V;, before the arrival of voles from V1, 1 € [0,/]. The dynamics is the same in the
two models. The explicit form of the solution is given in (2.2.24).



Solution at V, for £ € [¢, A;]. The density of voles reaching V> at t = ¢ = 0.5 are

a)e dis
!2 ]IX[A1+€,A2+Z]( )

then some of them are juveniles, juv,, some are adults, adults;. Some of the juveniles be-
come adults after their arrival, we call them newad,. We call babies, the babies born for ¢ > ¢.

babies,(t,a) = be‘a’ﬂf"f/‘i3 p2(t—a,c)dc, acl0,t—290),
juvy(t, @) = 2% e Qais~0; (=0, ac[A+t A),
p2(t,a) = { newady (t,a) = juv,(t — (a— Ap), Ap)e %% ge Ay, Ay + (1 0)),
ac|

adultsy(t,a) = %e_md”_%d”_m, A+ (t-0),A2+ 1),

p2(,a—(t—10))ed@E=0 otherwise.

(2.2.31)

Solution at V, for r € [A;,1.3]. Starting from time ¢ = A; a fraction of the babies will become
juveniles and their reproductive process has to be taken into account. This leads to the forma-
tion of two more age groups : the babies born after time ¢ = A;, babiess, and the individuals
passing from the babies to juveniles, newjuvs.

babies(t,a) = be 1 [ py(t—a,c) dc, acl0,t—A),
babies;(t, a), ac(t—¢,A),
pa2(t,a) = , o (1A (2.2.32)
newjuv,(t,a) = babies; (A1, a— (£ — Ay)e =4 qe A1),
p2(Ay,a—(t— Ap))e ?@-A), otherwise.

Figure 2.4 illustrates the comparison between the explicit solution and its numerical so-
lution at the two nodes for the ID model at the final time 7 = 1.3. We again observe a perfect
agreement between the two solutions. The numerical solutions was computed with Aa =
At =0.00625.

2.2.2 Numerical convergence

We introduce here the following relative L'-discrete error for the density in the node V;,
i=1,2,atagiven time "

Y lpit"an) —p},l
ol = 1=sh=N,

l Yo et ap)l

1<h<N,

where p(t", ay) is an exact solution evaluated at the point aj, and at time ¢".



300 |- 300 e
172 w
[=] =]
2 o
=1 =
o j=N)
=} =}
o o
° )
£ 100| . £ 100} —
—
——
ol | | L L 01-4-—”\— | | | |
0 02 04 06 08 1 12 0 02 04 06 08 1 12
t t
(a) Node Iy (b) Node V,
300 | 300
w w
=} =}
S S
= =
o o
=} =}
(=9 (=9
) )
£ 100| . g 100| .
J—
——
0 1 Il Il Il L T 0 Il Il Il Il Il
0 02 04 06 08 1 12 0 02 04 06 08 1 12
t t
(c) Node (d) Node V,

Figure 2.4 — With reference to Section 2.2.1: the comparison between the population of voles
in the exact solution and in the ID model.

In tables 2.1 and 2.2, we have reported the relative L!-discrete errors for both models in the
two nodes V; and V,, computed for different values of age and times steps at two final times
T =0.6 and T = 1.2. The results suggest the convergence of the numerical schemes. More-
over, figures 2.5 and 2.6 suggest that order of convergence of the scheme for the GD model is
approximately between 0.71 and 1, and the one for the ID model is 1. We can also observe
that the loss of accuracy of the scheme for the GD model is mainly due to the approximation
of the arrival term in (2.1.7).
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Figure 2.5 - L!-discrete relative errors for the GD Model in log/log scale at T = 0.6 and T = 1.2



At Aa | e}, T=06]e)", T=06]el", T=12]e)", T=12
0.1 0.1 7.51 x 1072 6.x 1072 5.42x107% | 1.128 x 1072
0.05 0.05 42 %1072 3.1x1072 2.8x107% | 5.89x1072
0.025 0.025 | 2.07x1072 | 1.66x1072 | 1.39x107% | 3.53x 1072
0.0125 | 0.0125 | 1.13x107% | 8.8x1073 7.1%x1073 | 2.16x1072
0.00625 | 0.00625 | 5.7x107° 49x1073 3.7x1073 | 1.55x1072
Table 2.1 — L!-discrete relative errors for the GD model

At Aa | e, T=06|e), T=06]e} ", T=12] e, T=12
0.1 0.1 433x107% | 1.22x107% | 1.2x107° | 1.38x 1072
0.05 0.05 2.19x107% | 6.13x1073 | 6.05x107* | 6.93x1073
0.025 0.025 1.1x107% | 3.07x1073 | 3.03x107% | 3.47x1073
0.0125 | 0.0125 | 5.56x10™° | 1.53x1073 | 1.52x107% | 1.73x1073
0.00625 | 0.00625 | 2.75x10™ | 7.66x107* | 7.63x10™° | 8.67x10~*

Table 2.2 — L!-discrete relative errors for the ID model
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Figure 2.6 — L!-discrete relative errors for the ID model in log/log scale at T =0.6 and T = 1.2

2.2.3 Afirst comparison between the two models

In this section we consider once again the initial conditions (2.2.17), (2.2.18) and we com-
pute the evolution of the vole populations in the two nodes by the GD model when the pa-
rameter of minimal time span for a dispersal is reduced ton = 3x 1073, ¢ = 1 and the final time
is T = 1.3. The result obtained for Aa = At =3 x 10~ is in Figures 2.7.

We can observe that the profile of the solution is, at a first approximation, similar to the
solution obtained from the same initial condition by the ID model, see Figure 2.4. In partic-
ular we observe that the two dispersals occuring in the fist cell for £ > 1 concerne a so small
number of juveniles that none of them reaches the second cell, so that the dynamics of the
second cell is almost identical in the two simulations.

This means that, even if the ID model is necessarily less precise, it suffices to capture the
dynamics we would observe in the GD model for small values of 7.
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2.3 Numerical simulations

In this section, we perform numerical simulations on the two models, in order to show
their ability to reproduce the qualitative behavior of vole populations and in particular their
spatial dynamics. In this chapter we limit our attention to simple toy models as the imple-
mentation of the schemes on graph representing large regions would require a large effort in
optimization and in parallelization of the codes, which we defer to future investigation.

Everywhere in the following we assume that the minimal duration of a dispersal in the GD
model is n = 7/18 that corresponds to one week in real time.

2.3.1 Two-nodes dynamics

In this section, we investigate the evolution of a population of voles on a graph consisting
of two nodes assumed to represent two different types of landscapes and the edge linking
them. The landscapes we consider are described below:

— The first node represents a crop field, which is a source of abundant food and shelter
for voles during summer and spring. This traduces into high reproduction rate and
low mortality rate in the warm season. On the contrary mortality becomes high at
harvesting time and remains so up to the end of one year cycle.

To reproduce such properties, we consider the reproduction and mortality rate func-
tions defined by (2.1.9), (2.1.10) and (2.1.12) where we assume @ = 1,6 =1 and x = 2.6.

— The second node represents a forest, where the population of voles is almost stable
over several years. The reproduction rate is lower than in the crop field, but the mor-
tality varies less dramatically from warm to cold season.
To reproduce such properties, we consider the reproduction and mortality rate func-
tions defined by (2.1.9), (2.1.10) and (2.1.12) where we assume a = 0.656, 6 = 1 and
x =1.5.

We assume that the travel time from one node to the other is ¢ = 0.5. Then we consider



the travel time matrix and the distribution matrix as

0 05 01
"%‘(0.5 0) and K_(l 0)

respectively. The initial conditions are of 70 adult individuals in each node, equidistributed
over their age class. The simulations, performed with Aa = At = 0.00625, are depicted in
Figures 2.8.

Both models reproduce the cyclic behavior of the population. A characteristic feature of
the ID model is the appearance of sharp peaks, as in Figure 2.8(d). This is due to the fact that
voles coming from the node representing the crop field reach their destination at moments
where the total population in the node representing forest is close to the dispersal thresh-
old. This sudden population increase, sufficient to trigger dispersal, lasts only one time step.
On the contrary, no peaks arise in Figure 2.8(c) as in the GD model, dispersals and arrivals
happen progressively. Moreover, since not all of the juveniles leave, the variation in the total
population is lower, see Figures 2.8(a) and 2.8(c).

2.3.2 Three-nodes dynamics

In this section we run our models on a complete graph with three nodes, V;, i = 1,2,3.
This allows us to use a more interesting distribution matrix to reproduce, for example, the
fact that voles prefer to move downhill rather than uphill, and that they are more likely to stop
at places where resources are more abundant. Since the availability of food may change in
time, we consider a time dependent distribution matrix in our second example.

The simulations of this section are performed with Aa = At =0.0125.

Scenario 1: Three nodes located at different heights

We assume here that the node Vj islocated at the highest spot and V3 at the lowest one. For
all the nodes, we use the mortality and the reproduction rates defined by (2.1.9), (2.1.10) and
(2.1.12) with @ = 6 = 1 and x = 1.5. As initial conditions we take ¢;(0) = 100, ¢»(0) = 50 and
¢3(0) = 0, that means that the third node is initially empty. It has been observed that when
dispersal occur, voles move more frequently downhill (2 times out of 3), see for instance [16,
29]. In other to take into account this characteristic, we consider the following distribution
matrix

0 1 O
K=11/3 0 2/3].
0 1 O

In particular, this means that all the dispersals taking place from V; or V3 head toward V5,
while 2 out of 3 voles leaving V> would go to V3. We fix the that the travel times matrix as

0 1 15
=11 0 05]. (2.3.33)
1.5 05 O
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Figure 2.8 — With reference to subsection 2.3.1: the evolution of the population over 4 years
for the two models.

Figures 2.9 show the evolution of the population for both models over three years. We can
observe numerous outbreaks from V5, which are due to the fact that all the voles that disperse
from V) and V3 arrive in this node. Moreover from Figure 2.9(c), we can see that, due to the
relatively long duration of dispersal, the total population in V, largely exceeds the threshold

200 in the second and third year.
We can also notice that a persistent colony appears in V3 thanks to the individuals arriving

from the other nodes.

Scenario 2: Time dependent distribution matrix

We consider a domain partitioned into three cells. The first one, V1, is located at a higher
elevation than the two others, which are on the same level. We make the following choice of
parameters :
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— InV; a =6 =1, x =1.5 and the initial condition consists of 100 adults individuals
equidistributed over their age class.

— In V, we imagine to have a crop field. as in Section 2.3.1. Thenweseta =6 =1,x =2.6
and the initial condition consists of 70 adults individuals equidistributed over their age
class.

— In V3 we have a forest as in Section 2.3.1. Then we set @ = 0.656, 6 = 1, x = 1.5 and take
the same initial condition as in V5.

We assume now that during spring and summer, i.e. for ¢ € [0,10], eventual dispersers tend
to move to the second colony because of the abundance of food source in a crop landscape.
While in autumn and winter, i.e. for ¢ € [10,20], they rather move downhill to the third cell,
as we mentioned in Section 2.3.1. Therefore we consider the dispersal ratio matrix K; for
t€[0,10] and K for £ € [10, 20],

0 07 03 0 03 0.7
K;=103 0 0.7], K;=(03 0 0.7]. (2.3.34)
02 08 O 03 0.7 O

We assume that the travel time between any two nodes is 0.5, so that

0 05 05
£L=105 0 05]. (2.3.35)
05 05 O

In Figures 2.10 we present the evolution of the populations of voles in the three nodes for
both models during three years. We can observe several dispersals occuring every year from
each node. As we already noticed in previous simulations, the arrivals of voles increase the
frequency of outbreaks. Moreover, we can see that in V5, that is the crop field landscape, the
population of voles increases over the reproduction season with the appearance of peaks for
the second model in Figure 2.10(d). However, due to the high mortality rate after harvesting
the increase of the total population each year is slow and contained, in particular its mini-
mal value in a one year period is amost constant. On the contrary, in V3, the minimal value
of the total population increases over one year, which means that there are more and more
adults. At the end of the third year, we have approximatively 110 and 96 adult individuals in
Figure 2.10(e) and Figure 2.10(f) respectively. As a consequence of the increment of the adult
population, we can see in the two figures that there are more and more dispersal outbreaks.
Figure 2.10(f) also shows more peaks than in Figure 2.10(d).

2.4 Allee’s effect : survival number of a colony

We investigate in this part the minimal number of juvenile or adult individuals needed
to maintain the existence of a colony when we consider the reproduction and the mortality
rates defined by (2.1.9), (2.1.10) and (2.1.12) with @ =6 =1 and x = 1.5. To that end, in the
boundary condition at @ = 0, (2.1.6), we consider a non constant function </ of the form



300 -

vole populations

100

200 -

babies

juveniles | |

adults

all voles

10 20 30 40 50 60
t

(a) V1, GD model

300 -

vole populations

200 -

100 -

T
babies

juveniles | |

adults

all voles

10 20 30 40 50 60
t

(c) V5, GD model

300 -

200

vole populations

100

T
babies

juveniles

adults

all voles

Figure 2.10 — With reference to Section 2.3.2: the population of voles over 3 years on three

(e) V3, GD model

nodes representing different landscapes.

A (P) =

300 -

200

vole populations

100

babies

juveniles | |

adults

all voles

(b) V1, ID model

300 -

200 -

vole populations

100 -

babies

juveniles

— adults

all voles

0 10 20 30 40
t

(d) V5, ID model

400

50 60

300 -

200 -

vole populations

100 -

babies
juveniles

adults
allvoles | |

0 10 20 30 40

(f) V3,1ID model

po*

(B+p)r
so that the model can reproduce the Allee’s effect. For simplicity, we just consider case in

50 60



which f=1,y €N, and

y+1 ) y
o A PN 2.4.36
=1 ¢ ( )
where ¢, is a given value. As an example, if we take y = 8 and ¢. = 20 we obtain
(pS
[ ]

This function has an inflection point at ¢ = 20 whose value is «/(20) = 7/16 = 0.4375, see
Figure 2.11. This factor makes the reproduction rate almost insignificant when the total pop-
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Figure 2.11 — The function defined in (2.4.37).

ulation is less than 20. Considering one node and using the mortality and the reproduction
rates defined by (2.1.9), (2.1.10) and (2.1.12) with @« =6 = 1 and « = 1.5, that is the same pa-
rameters as in Figures 2.2(a) and 2.2(b), we can see in Figures 2.12, that we need at least 19
juvenile individuals or 20 adult individuals in the initial condition for the colony to persist
over several years without any external support. Figures 2.13 show the evolution of the popu-
lations of voles inside a colony during two years when we start from 18 juvenile and 19 adult
individuals respectively. As we can see, the colony disappears in less than two years. We can
calibrate the model to obtain a realistic survival number by changing the inflection point of
the function «f.
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Chapter 3

An hyperbolic-parabolic predator-prey
model involving a vole population
structured in age

3.1 The model and the assumptions

Our goal in this chapter is to investigate the wellposedness of a predator-prey model ex-
tending the model for a vole population structured in age we introduced in [9]. To this end we
couple the latter equation to the hyperbolic equation for predators proposed in [13] in which
the drift depends nonlocally on the density of preys, so that the predators tend to move toward
the regions in which preys are more abundant. The system we consider writes as follows

0ru+divy (uv(e)) = (b(P) - Pu, (t,x)€(0,T) x R?,
010+ 040 +divy (px1(@V(X) Yp(p— R)) = uAyp —0(t,a,x)p —pla,wp, (t,a,x) € (0,T)*xR?
$p(,0,x) = () (f p(t,a,x)x3(a)da|w(t,x), (£,x) €(0,T) x R?,
0
p(0,a,x) = po(a,x), (a,x) € (0,T) xR?,
u(0, x) = up(x), xeR?,
(3.1.1)

where u = u(t,x) and ¢ = ¢(t, x) represent the respective density of predators and preys at
(t,x). Since the prey population is also structured on age its dynamics is better described
by p = p(t, a,x), which is the density of preys of age a at (¢, x). More precisely, the relation
between ¢ and p is given by

$(t,x) :fo p(t,a,x)x2(a)da, 3.1.2)

where y»(a) is an approximation of the indicator function of the interval (o, T), where T is
the target time of our observation and 0 < 0 <« 1. The parameter o does not play a role in the



modeling, but allows to avoid technical difficulties in our analysis. In the first equation, the
function b(¢) represents the reproduction rate of predators depending on preys’ availability,
while § > 0, the predators’ mortality rate, is assumed to be constant. As in [13] the flux of u
is driven to the direction of higher preys’ concentration by a nonlinear, nonlocal velocity v of
the form

V(p*n)

\/1 + ”V(([) * 17)”2
where k¥ > 0 is the maximal speed of predators and 7 is a positive smooth mollifier with
Jrendx =1 so that the convolution (¢(#) * 1) (x) represents an average of the density of preys
in a neighborhood of x at time ¢.

The equation for the preys, introduced in [9], is related to classical models for the dynam-
ics of a population structured in age, see [14, 32], but the choice of the coefficients and bound-
ary conditions at a = 0 takes into account the data collections and ecological considerations
in [4, 17, 21, 23, 41]. We recall here the essential assumptions on the form of the coefficients.

We introduce constants 0 < A; < A so that a vole is young (baby) if its age a is in (0, A;),
juvenile if its age is in (A;, A2) and adult otherwise. The three age classes differ as babies do
not reproduce, adults’ mortality rate is lower and juveniles exibit a significantspatial dynamic
during dispersals. Dispersal is a characteristic phenomenum of vole populations, correlated
to overcrowding. Whenever the density of voles ¢ rises above a threshold value R > 0, rep-
resenting a fraction of the capacity of the environment, the juvenile individuals leave their
original colony and disperse over relatively large distances (0.5 to 5 km) with velocity v(x). We
fix 6 > 0 and we consider an approximation of the Heaviside function, Yy, defined as

V() =x

(3.1.3)

1, if&=0, , (5)
Y() = Y =0, Ye =Y|(=].
© {0, o1, ©) = & =Y|2

From Yy we costruct the approximations of the indicator functions of the intervals (o, T),
(A1, Ap), and (A, T)

x1(a)=Ygla-A)NYy(A2—a), x20a)=Yygla—0)Yp(T—-a), yxs3(a)=Ypla—A)Yy(T-a).

The mortality rate of voles splits into two terms: p = p(a, u) represents the mortality due to
the presence of the specific predator whose density is u, while 0 = 0(¢, a, x) stands for all other
casualties (sickness, starvation, generic predation, etc).

The second-order term A, p represents short range spatial dynamics related to foraging
activities. Everywhere in the following 8 and pu > 0 are fixed.

In the boundary condition at a = 0, the function w = w(t, x) is the reproduction rate of
voles depending on time and position. The function </ (¢p) describes the influence of the total
density of voles on natality.

The fourth and fifth equations are the respective initial conditions at ¢t = 0 for voles and
predators.



3.1.1 Assumptions

The coefficients b,v,0,p, </, w and the initial data pg, uy of system (3.1.1) satisfy the follow-
ing conditions:

be CP®) NWI®[R), b(:)=0, (3.1.4)
ve CPR) N LR NLP[R?), divy (V)€ L'R*) N WP [R?), v>0, (3.1.5)
2 € C*([0,00) x [0,00) x R*) N W1°((0,00) x (0,00) xR?),  0<d, <d(,--)<d*, (3.1.6)
p € C°°([0,00) x R) n W2 ((0,00) xR), 0< ps<p(,-)<p, (3.1.7)
o € CP(R) N LT (R), A()=0, «(0)=0, le?' (&)¢], 122" ()¢ < Co, (3.1.8)
w € C®([0,00) x R n W°((0,00) xR?),  w(,-)=0, (3.1.9)
po € L'((0,00) x R*) N L®((0,00) x R?), pg =0, (3.1.10)
sup |00, %) || 119,00y » SUP | 00(@ ) | 11 ey » f TV (po(-, x))dx < Cy, (3.1.11)
xeR2 a>0 R2

up € L' R NBVR) NL®[R?),  wug=0. (3.1.12)

for some positive constants d., d*, p«, p*, Cy.

For what the velocity of predators, v, is concerned, we fix the mollifier 77 so to ensure the es-
timates in the following Lemma, whose proofis postposed to Section 3.4 (see also [13, Lemma
4.11)

Lemma 3.1. Letn be such that
V.n € (C*n W2 n Whe)(R? R?). (3.1.13)

Then the map v : L' (R%;R) — C®(R) n W (R?; R?) satisfies

V@) | oo espzy < K |01 1 g2y » (3.1.14)
Idive (V)| 22,y = K D] 11 ey (3.1.15)
Vv (@) | poo e ey < K| 12 ey (3.1.16)
[v(p1) = v(gp2) ”LOO([RZ,RZ) =K|¢1-¢2 ”LI(RZ,R)' (3.1.17)
”Vx(divx (v((/)))) ”LZ(RZ,RZ) = K(l + K”(l’”Ll(RZ,R)) ”(p”Ll(RZ,R) ’ (3.1.18)
”diVx (v(p1) = V() ”LZ([RZ,[R) = K(l +K ”‘/’2 ”LI(RZ,R)) ”‘/’1 —¢2 ”LI(RZ,[R) ) (3.1.19)

where K is a positive constant.

3.1.2 Main result.

Our main result is the wellposedness of entropy weak solutions for system (3.1.1), stated
in Theorem 3.1. We adopt the following definitions of weak solution and entropy solution



Definition 3.1. We say that the pair (u, p) is a weak solution of (3.1.1) if the following holds for
everyT >0

(D.1) p=0,peL>0,T;L((0,00) x R?) N L>®((0, T) x (0,00) x R*) N L*((0, T) x (0, 00); H*(R?)).

(D.2) ueL'((0,T)xR*>)NBV((0,T) x R?).
(D.3) For almost every (t,x) € (0,T) x R?, p(t,-,x) € BV(0,00) and

p(£,0%,x) = of (¢) UO p(t,a,x)ys(@da|w(t,x),

where p(t,0%, x) is the trace of p(t,-, x) at a=0.
(D.4) For every test function ¢ € C° (RY

fo fo fRZ(Patf+,05af+,0)(1(a)v-vfo0(¢—R)+ppr€—0p€—ppvf)dxdadt
+foofoof o (¢) p(t,a, X)y3(@w (1, x)¢(1,0, x)dx dadt
0 0 R2

+[ fpo(a,x)-f(O,a,x)dxda:O,
0 JRr?

foofoof (u6t5+uv((p)-Vx€+(b((p)—ﬂ)u€)dxdadt+f fuo(x)f(o,a,x)dxdazo.
0 Jo JR? 0 JR?

Definition 3.2. We say that a weak solution (u, p) is an entropy solution of (3.1.1) if for any
non-negative test function & € C*°(R*) with compact support and for any constant c € R there
hold

j(; L fIRZ (|p_C|(6té+aa€)_diVx (lp—clxlvyg((p_R))é-
+pBlp —cI§ — sign (p — ¢) 0 + p)ps) dx dadt

) 1,0, x) - cl&(2,0, x)dx dr

+f0 fRzlp( x) —clé(t,0, x)dx 5.190)

+f f lpo(a, x) —¢|$(0, a, x) dx da
0 Jr2

2[ f /2CSign(P—C)Xl(a)diVx(V(x)Ye(cp—R))fdxdadt
o Jo Jr

and
fo fo fRz(Iu—cl6t€+Iu—clv(CP)-Vx§+sign(u_c)(b(¢)_ﬁ)u5) dx da dt

+f f Iuo(x)—clé(O,a,x)dxdazf f f csign (u — o) divy (v(¢)) Edx dadet.
0o Jr2 o Jo Jre
(3.1.21)



Theorem 3.1. Assume (3.1.4)-(3.1.13), then the initial boundary value problem (3.1.1) admits
a unique entropy solution (u, p) in the sense of Definition 3.2. Moreover, if (uy, p1) and (uz, p2)
are the two entropy solutions of (3.1.1) having initial data (u, o, p1,0) and (uz,0, p2,0), then there
exists a positive constant C such that the following estimate holds for almost every t =0

” ul(t) ) - uZ(t; ')”LI(RZ) + ||pl(ty '7') - pZ(tr') ) ||L1((0,OO)XR2)
eCt|

< Ce® |lp1o=pzo 21 000w + €€ luro =tz l| 1 ey -

(3.1.22)

3.2 Existence

The existence argument is based on the compactness analysis of a sequence of solutions
to approximating problems defined as follows. For any given € > 0, we let (o = p¢(t, a, X), Uz =
us(t,x)) be a solution of the problem

Orie + divy (usV(Pe)) = (b(de) — B ue + AU, (t,x) € (0, T) x R?,
0;pe +0ape +divy (0 x1(@)V(X) Yg(de — R))
= Ul pe — (L, a,X) pe — P(a, Ug) pe + €0% 406, (t,a,x) € (0, T)*> x R?,
{ oo 5 (3.2.23)
Pe(t,0,x) = o (I¢pel) fo lpe(t, a, x)x3(a)da|w(t,x), (t,x)€(0,T) xR,
pe(0,a,x) = poela,x), (a,x) € (0, T)* xR?,
uf (O) x) = uO,E (x); X € RZ,
where

$e(t, x) = fooopg(t, a, x)x2(a)da,
and {(po,¢, Uo )} is a family of approximations of the initial condition (py, 1) such that
Poe € C®((0,00) x R?), upe € CPRY), £>0,
poe— po, a.e.andin LP((0,00) x R?),1 < p < oo, as € — 0,

Upe — Uy, a.e.andin LP(R?),1< p<oo,ase— 0,

po.c 20, [P0 110,00 m2) < Cs =0, (32249
sup ”PO,e(', x) ”Ll ®)? sup || pO.E(a! ) ||Ll (R2) ”aaPO,e ”LI((O,oo)x[RZ) = C, =0,

xeR? a=0

ltoell 12y [ Vxttoe |l 11 ey € [ Axtioe | 11 ey < € o, 2 0, €>0.

3.2.1 A priori estimates.

In this section we establish the a priori estimates on (u, p,) which are necessary to pass
to the limit as € — 0 in (3.2.23).

From now on we use the notation C for all the positive constants independent on € ap-
pearing in the text or in the statements of our results, while in proofs we write ¢ to indicate
any positive constant non depending on ¢, and ¢ for quantities of the form ce®, t € (0, T).



Lemma 3.2 (Nonnegativity of p., ., u,). We have that
Pe=0, ¢:=0, u,=0. (3.2.25)
Proof. Consider the function

x—=nx) ==p1(—c0,0(X).

and observe that
N0 =-lrwo®, 17X =xnx).
From (3.2.23) we obtain

d (> . ,
Efo fRzﬂ(Pe)dxda—fO fRZn (pe)0rpedxda

0 RZ
0 R 0 R 2 aall €

:f n(pg(t,O,x))dx+f fpg)m(v-prg)Yen”(pg)dxda
R2 "——— Jo Jm? )

=0

—uf fn”(pg) Vipe) dxda— f f(0+p)n(pg)dxda

~~

=<0

+£f f n(pg)aapg)dxda gf fr,”(pg)(aapg) dxda

-

=<0

- Ef 1'(p(£,0, X)) 0ape(t,0, x)dx = 0.
RZT

Thus, integrating on (0, f) we obtain 1(p.(t, a,x)) = 0 which implies that p, = 0, and then

(pg 2 0-
From (3.2.23) we obtain

d '
Efwn(ug)dx—fwn (ue)0rusdx

= —f 1’ (ue)divy (uev(ge)) dx+f n'(ue) (b(p) — B) ugdx+£f n' (ug) Ayuedx
JR? oJme2 —_—— R2

S

=c ~~

=0 <0

< cf n(ue)dx.
R2

Integrating on (0, #) and applying Gronwall Lemma we obtain n(u.(t,x)) = 0, so that u, =
0. O



Remark 3.1. Without loss of information, we can remove the absolute value in the boundary
condition for p, in (3.2.23).

We consider the class of functions
wg(t,x):f pe(t,a,x)¢(a)da,
0

for é € C*°([0,00]) such that
supp (§) < (0, T). (3.2.26)

In particular any of the functions y;, i = 1,2,3, can play the role of ¢, so that the estimates
obtained for v, apply to ¢;.

Lemma 3.3 (1! estimate on ve). Forallt =0, we have that
|lwet, )] 11 gz, < €“'C. (3.2.27)

Proof. We multiply by ¢(a) the equation for p. in system (3.2.23) then, integrating with respect
to a, we get

Otu/g—,quu/E+divx((f pE)(lfda)ng):f pe (66" +& —0E—p(a,u)é)da. (3.2.28)
0 0

Due to the nonnegativity of p¢, ¥, and the boundedness of ¢'/¢, &' /&, 0, p we have

d d . oo
%‘[RZ [Weldx = Efquzwgdx:fl‘[mzz Axu/gdx—jl;gz div, ((‘[0 p,;)(léda)ng) d)i

=0

ff pg (e€" + &' —0& —p¢) dadx<cf Wedx.

.~
=<cé

The result comes from the Gronwall Lemma and the assumptions in (3.2.24). O

Lemma 3.4 (I? estimate on y). Foranyt =0, we have

lwet, M 2oy IVaWell 20,2y < €°C. (3.2.29)



Proof. We multiply (3.2.28) by v, and have

d [ yi _
E Rz ?dx—\[szEatw‘gdx
::uf U/eAxWde_f U/edivx((f stlEda)VYB)dx
R2 R2 0
# [ [ peles” 4 £ <o - pe)wedad
szf
s—uf |Vx1//5|2dx+f qu/g-v(f p,g)mcfda) Ygdx+cf ufﬁdx
R2 R2 0 R2
<—Ef Vv |2dx+if lv|? foop 11éda 2Y9dX+Cf wzdx
= 2 R2 xYe 2,U [R2¥ 0 £ | R2 £
<y’
<_H Vw2 2
< Wel“dx+c | widx.
2 Jr2 R2
Integrating over (0, ¢) and using the Gronwall Lemma we get (3.2.29). O

Lemma 3.5 ( L*° estimate on u;). For everyt =0, we have

e (£, ) | ooy < Ce“". (3.2.30)
Proof. Let 6 be a positive constant that will be fixed later. We define

Ue(t, %) = e~ ug(t, %),
and we consider the associated problem

0 (U + divy (UeV(pe)) = (b(¢he) — B—C)Up + EA U,
Ue (0, x) = up,e(x).

We claim that for any given T > 0 there exist a sufficiently large constant k > 0 and a suitable
€ such that u,(t,x) < k for any ¢ < T and x € R?, provided ug ¢ (x) < k for all x € R?.
Consider the function

x—nx) = (x— k)L +00) (1),

and observe that
') =Lk ro0)®,  x0'(x) =n(x) + kn'(2).



We have
if @)d —f '(@)0,Tie d
dt Rzn ug )C— RZTI ug tug x

= —f n' (Ue)divy (Uev(e)) dx+f n' (Ue) (b(pe) — B—6) U dx+€f n' (Ue) Ay dx
R2 R2 R2

-

<0

= _f n,(ﬂe)divx ((ﬁe - k)V((PE)) dx_kf n,me)divx (V((Pe)) dx
J R2 | R2

-

=0

+ fR ,((e) + ke (@) (b(pe) — f— 6) dx

< fRzn(ﬂE)(b((Pg) -B-6)dx- kfquz ' (Ue) (€ + B+ divy (v(e)) — b(¢pe)) dux.

From the inequality ||divy (v(¢¢)) || ;oo =2 || V(@) ||, and the estimates in (3.1.16) and (3.2.27),
it follows that for € large enough

€ +P-b(pe) =0, €+ pP+divy(v(pe)) —blee) =0,
thus,
4 @)de=0
dtfRzn(ug) x=<0.
Integrating over (0, ) we obtain

Osf n(ﬁg(t,x))dxsf N(upe(x))dx =0,
R2 R2

which means u, < k. The inequality (3.2.30) follows. O

Lemma 3.6. Forallt =0, the following estimates on u, hold

e (£, ) 1 ey < €©°C, (3.2.31)
| e (2, ) ”LZ([RZ) ) ||que||L2((o,t)><[R2) = eCtC, (3.2.32)
IV te (£, | 22y » | A tte Nl 120, <m2) < €©C. (3.2.33)
Proof. We recall the equation of u,
0rue +divy (ugv(Pe)) = (b(Pe) — B e + €A U (3.2.34)

(3.2.31). Using the nonnegativity of u, we have

d d .
EfRzmgldx: Ef[RZ ugdx:fngzAxugdx—fRZdlvx(ugv((/)g)) d)i

=0

+f (6(pe) — B) ucdx < c[ usdx.
R2 N——~—— R2

=c




Then, applying the Gronwall Lemma we gain
e (8, ) ey < || 10,6 O] 11 gey €€

(3.2.32). We multiply (3.2.34) by u, to obtain
d [ u?
Efw?dx_fwz U0 Uedx
:—f divy (uev(ge)) ugdx+f (b(¢5)—,6)u§dx+£f Axupudx
R2 R2 R2

sf ugv(¢5).Vugdx+cf ugdx—ef |V ue[*dx
R2 R2 R?
2

<f \Y% (&) v(p )dx+cf uzdx—ef IV ue[*dx
< X . € € X e

R? 2 R2 R2

2

5f ﬁdivx(v(<p£))dx+cf ugdx—ef IV uel*dx

R2 2 R2 R2

SCTf Iugldx+cf ugdx—ef IqugIde.
R2 R2 R2

Integrating over (0, f) and then using the Gronwall Lemma we get
t

2 — 2 2
”ue(t)')”LZ(RZ) +2¢ eCt‘[ e - ”vxué‘(sy ')”LZ(RZ) dS = eCt ”u(c,‘(oy')”LZ(RZ) +CeCt'
0

(3.2.33). We multiply (3.2.34) by —A u, to obtain

d Vo uel?
_f | xugl dx:f v_xug'atv_xugdx: _f Axuga[ugdx
dt R2 2 R2 R2
:f Axugdivx(ugv(%))dx—f Axug(b(d)e)—ﬁ)uedx—ef |A x| *dux
R2 R2 R2
:_\/I;iz ViyuegVy (qug.v(([))+ uedivy (V(¢))) dx+A2(b(¢)_ﬂ)|vxu£|2dx
+f b/ (P)V .V e ugdx—sf |Aug*dx
R2 R2

s—ef IAxuglzdx+cf Iquglzdx+ch Iwaglzdx
R2 R2 R2

2
+f vx(le”“"l ).v((,b)dx+f IquIZIva((,b)Idx+f IV ul® |divy (v(gp) | dx
Rz 2 RZ N—— Rz —_—

=cT <cr
+fRz|qug|u£|deivx (v(g))ldx
s—sf IAxuglzdx+ch IquEIde+ch Iwaglzdx+ch IV divy (v(gp)) *dx.
R2 R2 R2 R2

Integrating over (0, ) and using the estimates in (3.1.18) and (3.2.29) we gain

”vxue(t) ')”LZ([RZ) + € ”Axug(‘, 3 ”LZ((O,I)X[RZ) < ce”.



Lemma 3.7. Forevery t =0, the following estimates on . hold

|Vawe ()| 2y » ”wa«’?”Lz((O,t)lez) <e'C,

| D3y (t, )”LZ([RZ)’ ”waf”H((O,t)x[Rz) <e“'C,

”ujf(tr ) ”LOO(RZ) = eCIC;

| D3y (r, N 2@z ”Dx‘//f”LZ((o,z)xRZ) <e“'C,

lowe ()| ey [0:We @) 2y » [ Vawe (2, )| oo ey = e“'C.

(3.2.35)
(3.2.36)
(3.2.37)
(3.2.38)
(3.2.39)

Proof. (3.2.35). The proof is identical to the proof of [9, Lemma 2.2, Eq. (2.8)], due to the

boundedness of the mortality rate related to predation p(-, u).
(3.2.36). At first, we consider the following estimate

i (We ue)
dt Jr2 2

:,Uf MEWEAxU/gdx—[ ugwgdivx((f pgxlfda)vyg)dx
RZ RZ 0
+fRZ u?fo p££55//+éf_oé—pflwgdadx—fw ueyAdivy (uev(ge)) dx

<c,see (3.2.26)

———dx= f(ugwg tw£+w£u£6[u£)dx

+f w?(b((pg)—[)’)ugderef w?Axugugdx
R2 R2
R2 R2 R2
[es) 2
+ch w?dx+ch (divx((f pgxlfda)ng)) dx
R2 R2 0
+f Vx(Wﬁug)'V((Pe)uedx

”f IV el Ef el Vsiteldx - 2(u+s)f Vx( )vx(";g)dx

+cf (wgug)zdx+ch w?dx+cT fo pex1éda |V|2Y92dx
R2 R2 R2 0 ——

=c

0o 2 oo 2
+ CT[ (f pEXl‘fda) |divy (v) |2Y92 dx+ CTf (f pEXIEda) (YH’)2|V|2 |vx¢€|2dx
RrR2 \JO —— — IRZ‘ 0 )

=C

<c, see (3.2.26)

2
v2 [ Vaeyedvigaars [ wivx(ﬁ) Vpodx
R2 —— R2 2

=cT

=- ﬂf u |vx1//£| dx— Ef Ufglv Ue| dx+(ll+5)f |Vx'(//£| +’W£Axw.€)

SCT

00 2
+cf (Weuy) dx+ch wzdx+cT fo pex1édal dx
0




+CT[[R{2 (‘/(; pEXl'fdd) dx+ch |vx¢£| dX+CTf Vx’(pg'(pgdx+f —dIVx (V((pg))dex

\—,_/
=cr

—,uf uglvxwglzdx—sf wﬁlvxuglzdx+ch Iwaglzdx+ch IAxu/EIde
R2 R2 R2 R2

2
dx

o0
+cf (wgug)zdx+ch yidx+cr fo pex1éda
R2 R2 R2 0

00 2
+ch (f pg)mEda) dx+ch Ichpglzdx.
r2 \Jo R2

Using the Gronwall Lemma and the estimates in (3.2.29), (3.2.35) we gain

t
”Ws(t,')ug(t,')”izmz) +2/vte”f0 e‘“fRz uz (s, X)| Ve (s, x)[*dxds
t
+2£e”f0 e_csjl;z wg(s, 1|V te (s, x)|*dxds < ce’. (3.2.40)

Then, we multiply (3.2.28) by Dl to have

d [ 1Ay
dt Jg2 2

—uf AxyeD xwgdx fwagdlvx((f pgxléda)ng)dx
0
# [ [ pelet” +& =0t - pla,ué) Diyedads
:—uf |wa£| dx+f wag deivx((f pgxlfda)ng)dx
0

f V. (fo pe (e€” +¢& —0E-p(a, ug)cf)da) -D3y.dx

) 2
S——f Iwagl dx+cf2(vxdivx((f p,;)(lcfda)ng)) dx
R 0

2

——dx —f AxWe-0iAypedx = fDxufe Wedx

+Cf fo pe(e¢" +¢& —0E —pla, u)¢)dal dx
0

u oo 2 2
——f |D3 u/,gl dx+c Dif pex16da |v|2Y92dx+c éda IDivlegzdx

2 0 —— R —_—

<c <c
(o] 2 o0 2
+Cf[R2 j(; pex1éda |V|2(Yé’)2|Vx<Pg|4dx+ch2 ‘fo pexiédal VI*(Y))? | Dipel*dx
<c, seeY3.2.26) <c, see73.2.26)

IVXVIZYH2 dx+c
——

=c

[o's) 2
+ cf fo pex1¢da
R2 0

Io's) 2
f pex1¢da
R? [J0

<c,see (3.2.26)

IV v[? (Y5)? Vx| dx




2 2
V()2 IV b Pdic+ f dx
—_———

R2

ve
R2

+cf U Vipep(a, us)éda
R2 [JO

_H 3.2
< 2fRlexw,gl dx+cf[R2

[o's) 2
+ cf fo pex1¢da
R2 0

+6LZID§¢eIZdX+Cf[R2 foo pexi1éda

0 2
+cf fo pe (€€"+¢"-0¢), da dx+cf
R2 0 R2

+cf IV wel?dx + cf Y2V cu2dx,
R? R?

foo pexiéda foo pe(e€" +¢&' —0¢)da

=C

2 [eo) 2
dx+cf ‘f Pe Oupl(a, ug)qugcfda‘ dx
R2 0 N~——

=c

2
dx+cf
RZ

dx+cf IVx(,bglzdx+cf IVx(,bg|4dx
R2 R2

2
dx

2 o0 o0
D3 5 pex16da , pPex16da

4
dx

2

fooopg (e€" +¢&' —0¢)_dal| dx
0

where

(e¢" +¢&"—0¢), =max{(eg” +& -0¢), 04,
(e€" + &' —0¢&)_ =max{— (e&" +¢&' —0¢), 0}

Integrating over (0, f) we get
2 2
IDZwe () | 2@e) + 1 D3we 20,002

t [ele]
< | D2y (0, 72 2 + fo ( fo pgxléda) (s)

2 t
st [ et ey ds

H2(R2)
t oo 4 t 4
+ f vxf pEXl'fda) (S) dS +f ||Vx¢£(s) ) ||L4(|R2) dS
0 0 L4 (R2) 0
t [ee] 2
+f fo Pe (85”+€'—D§)+da) (s) ds
0 0 L2(R?)
t [’} 2
+f fo Pe (ef”+€’—0£)_da) (s) ds
0 0 L2(R?)

t t
o [ IVt e ds+ | w5 0V atels 0 dads.
0 0

We remark that a classical regularization argument applied to the continuous cut-off func-
tions in

L= [pelet"+¢'~0¢), da

shows that estimates (3.2.29), (3.2.35), apply to ..
Then (3.2.29), (3.2.35), (3.2.40) and the embedding H! (R?) c L*(R?) give us (3.2.36).



(3.2.37). Directly follows from (3.2.29), (3.2.35), (3.2.36) and the embedding H?(R?) c L°(R?).
(3.2.38). We prove first the following estimate using the L bounds on u, and v,

d [ Vel
d_f %d _f u Viy0 tvxwgdx+f |vwa| Ug0rudx
t R2 2 R2

:_f ZAxU/aﬂ//edx fzvx(ug)'vxufeat‘//edx"‘fwz|vx1//£| Ug0rucdx

o0
:_pf u |Dx1,{/g| dx+f2u§Axw£diVx((f pg)mcfda)ng)dx
R 0

_f[Rz ugfo pggsé"+€’—0€—p£lew€dadx

=cé

_,UfW Vx(ug)'vagAxU/edx"'fRz Vx(u,f) ‘VxWEdiVx((ﬁ pg)(lfda)VYQ)dx

_fRZ Vx(uﬁ)-vxwgfo pggaé"+€’—D€—p£lew5dadx

-

=cé

—~ f IV Wel*tedivy (uev(de)) dx + f IV e (b(pe) — B)uidx +e f IV Wel? Ayt ugdx

<——f u |D2u/g| dx+ch (dlvx((f pgx1€da)vY9)) dx+ch wz de

+ch IDXWEI dx+ch IquJgI dx+ ch Iwagl dx

+cT[ (deivx((f stlfda)ng)) dx+ch Iqu/g|4dx
R2 0 R2

uz
+3 f IV e | D2wel t2v(pe) dx+ f % | div, (v(ge)) IV awel2dx + ¢ f Ve Puldx
R2 —_—— [RZ\Z 5 R2

<cr :ch

2
u
- Zef Ve D2V, (78) olx—ef[RZ IV Wel? |V tte|2dx

2
uf u |Dx1//g| dx—efRzIqu/glzlvxuglzdx+cT dx

) fe's)
Dx 0 stléda

2
dx+cT dx+ch Iqubglzdx

2
fo pex16da

+ch IV < el 4dx+cf |D2¢p | dx+ch v2u? dx+ch RV dx+ch2|waE|2dx
R

+cCr

+ch D3| dx+ch[R2|Vx1/JgI4dx+ chZIwaglzugdx.

Using the Gronwall Lemma and the estimates in (3.2.29), (3.2.35), (3.2.36), (3.2.40) we gain

f IViwe(t, x)[? us(t, x) dx+/,te”f f Ug (S, x) |wa£(s,x)|2dxds



t
+2£e”f e_“fzIth//g(s,x)IZIqug(s,x)lzdxdsSce”.
0 R

We continue by proving (3.2.38). We multiply (3.2.28) by —D8wy,

d x1/f€|2
dt R2

:—uf AxyeD xwgdx+f D wgdlvx((f peXlg‘da)ng)dx
- f f pe (68" + &' —0& — pla, ue)€) Doyedadx
:—uf IDxufgl dx+f Dxu/gAxdlvx((fO peleda)ng) dx

f Ax(fo pe (" +¢ Drf—p(a,ug)é)da)Di%dx

“] 1D}yl dx+cf (Axdwx((f pg}(lfda)ng)) dx

—X7 dx —f Dy, 0, D3y dx=— f DSy 0,y dx

2

R 0 R o
00 2
+cf2 Ay (f ped(a, ug)cfda) dx
0
u o0 ?
<-= |Dxu/£| dx+c Dif pexiédal VI2Y) dx
2 R2 0 ——
=c
00 2 1) 2
2 272 2 12,2
+cf Dxf pexiédal [Vyv|“Yydx+c fo pex1édal |Dyv|"Yy dx
R2 0 —_—— R2 0 ——
=c =c

2 Io's) 2
ID3vPYg dx+c f D% f pexi1édal Iv*(Y5)? |Vxpel*dx
—_—— R2 0 ——

<c =c

+
(9
2

o0
fo pex16da

+
o
S

Io's) 2
fo pex1¢da

—~~
=c

o0
foo pPexi16da

|DAVI*(Y))? [V x¢pe I dx

2
IVv[* (Yg)? |V xepe[*dx
N e’

=c

+
o
S

2 [e’s}
VRGP Vagel drre [ V2 [ penéda
—_—— R2 0

=c =c

o0 2 o0 2
fo pexiédal Vv (Y))? |Vepel*dx +c fR ‘ fo pexi1éda

v v~
=c =c

+
9}
2

foo pex1¢da

+
o
T

(3.2.41)

2
VI (Yg)® [D3¢pel*dx
N e’

IV ovI2 (Yy)? Isz,ng dx



0 2
+cf2 f pexiédal VI2(Y)")? IV cepe|®dx
r2 | Jo

J/

~~
=c

0 2
+e fR ) fo pexiédal V(Y52 IDpel* |V apel*dx

J/

~~
=C

oo 2 oo
ve [ [ pencal wepFivtgetasse [ D2 [Tp(e” +¢'0e), da
R 0 R 0

~~
=C

DA fo pe (€€ +& -0¢)_da

2
dx

2 e’} 2
dx+cf ’f Vipe -Vl ¢ 0yp(a, ug) da’ dx
[RZ 0 N— ——

=c

2
dx

2 00
dx+ cf ‘f pe€ 0%, 0(a, ug) |Vug|*da
RZ 0 ‘f—J

=c

/(; Axpepla, ug)da

(o] 2
+cf f peCoup(a, uE)Aquda‘ dx
R2 0 N e/

=c

00 2 00
<8 [ intweravec[ |08 [" poneda| axec[ |02 ["ponieda
2 Jr2 R2 0 R2 0

2 2
f dx+cf dx+cf
R R2 R2

4
+cf dx+cf |D§¢g|2dx+cf |D§¢g|2dx+cf |D§¢gl4dx
R2 R2 R2 R2

+cf IVx¢g|2dx+cf IVx(,bE|4dx+cf IVx¢5|6dx+cf Ich/)E|8dx
R2 R2 R2 R2

2
+cf dx+cf
R2 R2

+cf IDilllglzdx+cf Iwaglzlvxuglzdx+ch Iqug|4dx+ch IA U ?dx.
R2 R2 R2 R2

2
dx

4
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()
i)

foo pexi&da fopgxlfda Difo pex1&da

Vi fo pexi16da

2

Difoopg (e¢"+& —0¢)_da| dx
0

DA fo pe (€ +& -0¢), da

We integrate over (0, f), and we remark once again that, up to a regularization argument, the
estimates obtained for ¥, apply to I. as well. Then (3.2.29), (3.2.35) and (3.2.36), (3.2.41),
(3.2.33), together with the embedding H' (R?) c LP (R?) for very 1 < p < oo give us

2 2
||D;°’ng(t,-) ”LZ(RZ) U ”Diwe ||L2((0,t)xnze2) < ce”.
(3.2.39). It follows from (3.2.29), (3.2.35), (3.2.36), (3.2.38), (3.2.28) and the embedding H? (Rz) C
L®(R?). O

The following two lemmas provide keys estimates on py, its derivatives and its trace at a =
0. We omit their proofs as they closely follow the argument used in the proofs of [9, Corollary
2.1, Lemma 2.3], using Lemmas 3.3, 3.4, 3.7, 3.2.30, and the boundedness of p.



Lemma 3.8 (Estimates on the trace of p. at a = 0). Define p?(t, x) = p.(t,0, x).
For every t = 0 the following estimates hold

102 ey 10202 110, 00xm2y» 10602 11 0,02y < €°C
||p2(t’.)||L2(R2)’ vxpg([y')an(Rz) SeCtC,
”prg ||L2((0,t)xR2): “Dipg HLZ((O,t)xIRzZ)’ ||6tp2||L2((0,t)x[R2) <eCtc,
||p2(t, ') ||L°°([R2) = eC[C.
Lemma 3.9 (Estimates on p.). For every t = 0 the following estimates hold
”pf(t’"')”L"O((o,oo)anzZ) = CeC[, (3.2.42)

||p£(t;';') ”Ll((0,00)X[Rz) = CeCt) (3243)
(3.2.44)

et )| 120,00 w2y » V2Pl 20,00 0,000 <21 » VE [0ape || 20,1 x0,000 m2) = Ce,
1Vxpe )] 120,000 ”Dipf||L2((0,t)x(0,oo)xR2)’ Ve [0aVepe | 120,0x0,00xm2) = Ce®,

(3.2.45)

10006t ) || 11 0,00y xmey = CES"- (3.2.46)
Lemma 3.10 (BV estimate w.r.t. x on u,). For every t = 0 the following estimate holds

IV xtte (£, )1l 11 ey < Ce " (3.2.47)

Proof. From the equation of u, in (3.2.34) we have the equation
0¢Vxte + Vi (Vg - v(de) + uedivy (v(de))) = (b(de) — BV tte + b (pe) Ve e + €V Ay U
We define
sign (V1) = (sign (O, (1)), sign (0, (1)),
where x = (x1, x2). Then, using the L* bounds on V¢, and v(¢,) in (3.2.39), (3.1.14), we get

d .
EfRzlvxueldx:fRz sign(V,u:)0;Vyudx

:_/ﬂ;z Vx(qug-v(qbg))sign(qug)dx—f[R2 Vo (ugdivy (V((/Jg)))sign(vxug)dx

n'g

=0
+€ f Vi Ayugsign(Vyug)dx + f b' () Vxbe te sign(Vyue)dx + f (6(de) — B) |V tte]dx
‘ [RZ ) IRZ\W—" R2\ﬁ,_.d

~ =CT =c

<0

< fR ) IV ttelldivy (v(¢e)) 1 dx — fR ) Ue Vo (divy (v(ge))) sign (Vi ue) dx

+ch ugdx+cf |V ue|dx
RZ IRZ

scf Iqugldx+ch Iugldx+cf ugdx+cf Iquglzdx
R2 R2 R2 R2

+ fR 1divy (v(ge)) [Fdx + fR I Vx(divy (v(gpe)))dx.



We obtain the desired inequality (3.2.47) integrating over (0, t), using the Gronwall Lemma
and the estimates in Lemma 3.6, (3.1.15) and (3.1.18). O

Lemma 3.11 (BV estimate w.r.t. f on u,). Foreveryt =0, the following estimate holds
10, ue (£, )l 11 gy < Ce“'. (3.2.48)
Proof. From the definition of v(¢) in (3.1.3) we compute

01pe * Vi1
(14 g0 vl

0:v(Pe) =k )3,2,

then from (3.2.39) we have

100V @) omeipey < K NV oo ey [902be | 11 ey =< Ce©
Similarly, explicit computations give us

P *x Axn

divy (V((ps)) =K 5
(1+ e * Van]

(3.2.49)

)3/2’

and
01 e * Axnz — 3k (e * Ayt)) Ge Vi1 : 01pe x Vi) .
(1+ ge * Van]|) Vit e = Ten? (14 be = Vm]?)

Therefore, from (3.2.27), (3.2.39), we obtain

0,divy (V(e)) =k

[|0:divy (vige))|| [2(R%R)
<k [|0rpe * Dan|| 2 2y + 3K | Pe * Dt | foo ey 10:Pe * Vit 12 g2 2y

=« [|0:0pc || ) ey (”Axn||L2(R2;R) + 3] 8xn | o ey [V 12 e |1 0 ||L1(R2;R))

< Ce“!.
The estimates above allow us to prove (3.2.48). From the equation (3.2.34) for u, we have

0%, 1z + divy (0,1 (e)) +divy (1:0,v(he)) = (b(pe) — PO 1te + b (pe) Oy ety + €A LD, U,



then we consider

d
—f Iatugldx:—f divx(dtugv(cpg))sign(dtug)dx+£f AyOute sign (0,u:) dx
dt [RZ LRZ v \Rz

S

-~

=0 =<0

—fRz (Vg 0,v(e) +ue0,divy (v(e)))sign (0, ug) dx

=cTr

+f (b(pe) — B) Iatugldx+f b’ ()0 e tiesign (0, 1) dx
R2 NY—— R2

=<c

SCTf IquEIdx+cf u?dx+f 10,div, (v(ge)) > dx
R2 R2 R2
+ch |6t¢g|dx+cf |0;ue|dx.
R2 R2

Integrating on (0, ) we obtain (3.2.48) thanks to (3.2.32), (3.2.39) and (3.2.47) and the Gronwall
Lemma. O

We are now ready to prove the compactness of the families {p.}. and {u.}., and the first
part of Theorem 3.1, establishing the existence of entropy solutions for the system (3.1.1).

Lemma 3.12 (Strong compactness of {p.}, and {u.}.). There exists a couple of functions (u, p)
and a sequence {€y} xen € (0,00), €x — 0, such that, for every T >0

pe,— P, a.e. in(0,T)x(0,00) xR* andin L] ((0,00)x (0,00)xR?), 1<p<oo,
o(,+)=0, p(t,-x)eBV(0,00), fora.e. (t, x)e(0,00)x R?, (3.2.50)
p € L®(0, T; L' ((0,00) x R?)) N L™((0, T) x (0,00) x R*) N L2((0, T) x (0, 00); H*(R?)),

and

Ug, —u ae in(0,T)xR* andinL ((0,00)xR?),1<p<oo, 325
3.2.51
u()=0,  uel®((0,T)xR)NBV(0,T) xR?).

Proof. The proof of the strong convergence (up to a subsequence) for {p.}. follows the argu-
ment used in [9, Lemma 2.9], which is based on the Murat Lemma, [31], and the compensated
compactness result in [35, Th. 5]. Thanks to Lemmas 3.2.30, 3.11, 3.10, {u.}, is bounded in
L®°((0, T) x R2) n BV ((0, T) x R?) so that Helly’s Theorem applies. O

Lemma 3.13. The couple of functions (u, p) introduced in Lemma 3.12 is an entropy solution
of (3.1.1) in the sense of Definition 3.2.

Proof. Tt is clear that the couple (u, p) is a weak solution of (3.1.1) in the sense of Definition
3.1 thanks to the strong convergence results in Lemma 3.12. In particular, the fact that p is a
weak solution comes directly from [35, Th. 5].



We obtain (3.1.20) as in [9, Lemma 2.10], then we only have to verify that (3.1.21) holds.
Let ¢ € C*°(R*) be a nonnegative text function with compact support and ¢ € R be a constant.
Multiplying the equation of u, in (3.2.23) by sign(u, — ¢) we have

0¢lue — ¢l + divy (|t — clV(¢he)) + csign(ue — o) divy (v(¢e))
< sign(u, —¢)(b(Pe) — Pl ue + eAxlue —cl.

Then, o oo
fo fo fRz (le = €10& + lue = clV(pe) - V& + sign(ue — ) (b(e) — B ued
+e|ue — c|AxE — esign(ue — o)divy (v(pe)) €) dxdadt
+f f [Ue,0(x) —¢l¢(0,a,x)dxda = 0.
0 Jr?
By taking the limit for € — 0, we get (3.1.21). O

3.3 Uniqueness and stability

In this section we establish the inequality (3.1.22), which concludes the proof of Theorem
3.1. To this end we introduce the following preliminary lemma.

Lemma 3.14. Let (uy, p1) and (uz, p2) be two entropy solutions of (3.1.1) obtained from the ini-
tial data (uy,0, p1,0) and (uy,, p2,0) respectively. For every nonnegative test function ¢ € C° (R%)
the following inequalities hold

fooofooofw (101 = 21 01 +948) = divi (Ip1 = P2l Y1v(Yy (b1 — B + Y (h2 — R)) &

+ AL p1 = P2l = |p1 = p210¢ —1p1 = p2lp(a, t1)g

~sign (p1 - p2) (p(a, ) — p(a, 1)) pa€ | dx dadt
+fooofR2|p1(t,0+,x)—pz(t,0+,x)|<f(t,0,x)dxdt+fooofRzIplyo(a,x)—pgyo(a,x)lf(O,a,x) dxda

> fo j(; .[RZ sign (p1 — p2) x1 (p2divy (VYp (1 — R)) — pr1divy (v(x) Yg(¢p2 — R))) E dx dadt,
(3.3.52)

where

<l>i(t,x):=f pi(t,a,x)x2(a)da, fori=1,2,
0



and

fo fo fquz (Iul — Up|0+€ — divy (|ug — w2l (v(¢h1) +v(2))) €

+luy — up| (b(¢p1) — B)E + sign (uy — up) (b(¢p1) — b(cpz))uzf) dxdadt
(3.3.53)

+ f f lu1,0(x) — u2,0(x)1€(0, a, x) dx da
0 JR2
> fo fo fRz sign (U — up) (uz divy (v(1)) — ua divy (v(¢2))) E dx dadit.
Proof. We double the variables and write

pP1= pl(t a, X)y PZZPZ(S,b;J/)y (,b]:(,bl(t,.x/'), (PZZ(,DZ(S,)/) u]:ul(t,X) u2:u2(3,y),

where x = (x1, x2) and y = (1, y2).
Consider the test function

t+s a+b x+ s—t b-a —x “x
Zahs.abxny =g =522 Zy)a,,( )/1( )An(ylz ), (222),

where
An (W) =nA(nu),  AeC®®), 120, lApwg=1  supp(h)c[-1,1].

To prove inequality (3.3.52) we follow the doubling of variables argument appearing in [9,
Lemma 3.1], and use the regularity of p and the L* bounds on u;, u,. Then we have only to
verify (3.3.53). We write (3.1.21) for u; (¢, x) using uy (s, y) as a constant and integrate over (s, y)

fffff (ltr = 14210, = = dive (1ur = 12|V (1) Es

sign (u; — up) (b(¢1) — w1 E,)dxdydadbdrds

(3.3.54)
+ffff lu1,0(x) — u2|Z,(0,s,a,b,x,y)dxdydadbds
. ffffff sign (u1 — up) updivy (v(¢1)) Endxdydadbdids,
and we write (3.1.21) for ux (s, y) using u; (¢, x) as a constant and integrate over (t, x)
ffffff (lu1 = 121052 — divy (ltr — uzlv(2)) En
—sign (11 - up) (b(¢h2) ~ Pus=,) dxdydadbdrds
(3.3.55)

+ffff luy — uz,0(VIZ=L(1,0,a,b,x,y)dxdydadbdt

_ffffff sign (u; — up) uydivy (v(¢2)) E,dxdydadbdtds.



Summing (3.3.54) and (3.3.55) we have
ffffff (Itr = u21(0:Zn + 0sEn) — divy (1t — t2|V(P1)) Ep — divy (11 = 2|V (¢p2)) En
+luy — Ul (b(p1) — B)E,, +sign (w1 — up) (b(h1) — b(2)) u2=,) dxdydadbdrds
+ff/f luy,0(x) — u212,(0,s,a, b, x, y)dxdydadbds

+ffff luy — u20(V)IZE,(1,0,a,b,x,y)dxdydadbdt

= ffffff sign (1) — up) updivy (v(¢p1)) Epdxdydadbdids
- ffffff sign (11 — 1) urdivy (v(¢2)) 2pdxdydadbdrds.

As n — oo we get (3.3.53). O

Lemma 3.15. For every t =0, the following inequality holds
t
”(,bl (t) ) - (/)2([) ) “iZ(RZ) + ueCt\/(; ‘LZ e_Cslvx(()bl - (l)Z) |2 dxds < CeCt ” P1,0— P20 “il ((0,00) xR2)

t poo t
+Cethf fe'cs(pl—pg)zdxdads+Cethf e S (uy — up)? dx ds.
0o Jo Jre 0 Jr2
(3.3.56)

In particular, we have that

t 1/2
(fo fRz e" S|V (¢ —(Pz)lzdxds) < Ce®! ||pl,0—92.0||L1((0,oo)xuqa2)

1/2

1/2 t
2
|L1((0,OO)><|R2) dS) + CeCt ([0 ” 251 (S) ) — U (S, ) ”%1 (R2) dS)
(3.3.57)

t
+CeC! UO lo1(s,-) = pa(s,-,)

Proof. Since ¢, satisfies
01Pe;, — HAxPe, +divy ((fo pek%lda) VvYp(pe, — R))

= fo e, (ExX5 + X5 — 02 —pla, ug) x2) da,

as k — oo we get the equation of ¢. Then, subtracting the equation for ¢, from the equation
for ¢p; we obtain

0¢(P1 — P2) — Ay (Pp1 — ¢p2) + divy ((fo (p1— Pz))cldd) vYy (1 — R))
+ divy ((f pgxlda) v(Yp(h1 — R) — Y (¢p2 — R))) (3.3.58)
0

=f0 (p1—pz)(x’z—bxz—p(a,ul)xz)da—fo p2 (p(a, w1) —pla, up)) y2da.



Then

d [ pr1—¢2)°
dt Jr2 2

:‘[Rz((,blﬂ/’z) (fo (p1—p2) (xo —ox2—p(a, Ul)Xz)da) dx

dx+pfme2 V(1 _¢2)|2 dx

—f (CPl—(Pz)(f ,02(p(a,u1)—p(a,uz)))(zda)dx
R2 0 ~ ~ -

<cluy—uz|

—fRz(gbl —(,bz)divx((fooo(pl —pg)xlda)ng(cpl —R)) dx

—fRZ(% —(Pz)diVx((fooopzﬂcldd)v(Ye(% —R) - Yy (2 —R))) dx
SCfRZ((pl —¢2)2dx+ce”fR2(u1—ug)zdx+ce”fooofR2(p1 —p2)?dxda

+§fR2 V(1 — )] dx.

Using Gronwall Lemma we get

t
||(Pl(ty ) - ¢2(t) ) ||i2(|R2) + ueth ‘[;QZ e_cslvx((/)l - (P2)|2 dxds
0
5 t proo t
<e|pro- (sz()”Lg(Rg) + ce”f f f e (p1 — p2)?dxdads+ ce”ff e (u; — up)*dxds.
0 0 RZ 0 RZ
Finally, we obtain (3.3.56) and (3.3.57) from the definition of ¢, and ¢.. O

We are now ready to complete the proof of Theorem 3.1.

Proof. Our goal is to prove the inequality (3.1.22). We rewrite (3.3.52) and (3.3.53) as

‘[0 [) [I;Z (lpl_p2|(at£n+aa5n)_lpl_P2|X1(Y9(([)1—R)+Yg((,bz_R))v_vxé-n

+plpr = p21AxEn —1p1 — p210&n —1p1 — p2lp(a, u1)é,
—sign (p1 — p2) (0(a, 1) —p(a, uz)) p2¢ n)dxdadt

o0

+f fz|P1(t,0+,x)—pz(t,0+,x)|§n(t,0,x)dxdt
0 R

+]; ﬁ;{zlpl’()(a’x)_pZ,O(a’x)lfn(O,a,x)dxda

> fo fo fRZ sign (p1 — p2) 1 (p2divy (VYp (1 — R)) — p1divy (v(x) Yo (¢p2 — R))) & dxdadt,
(3.3.59)



and
fo fo jl;ﬂ (|ul —Up|0¢En + Uy — Ul (v(p1) +v(h2)) - Vil + lug — up|(b(p1) — B)E s

+ sign (11 — up) (b(¢1) — b(P2)) uaé ) dxdadt
) (3.3.60)
+f0 .[RZ [u1,0(x) — u2,0(x)1¢,(0,a,x)dxda

2[0 fo fRZ sign (uy — up) (up divy (v(1)) — g divy (v(g2))) Endxdadst,

where {¢ ,}, is a sequence of nonnegative test functions approximating the characteristic func-
tion of the strip (—oo, t) x R x R?. Sending n — oo, we have that

”u].(t)') - u2(t, ')”LI(RZ)

t
< [lur0 - u20] 1 @2y _fo fRZ sign (uy — up) (1 divy (v(1)) — up divy (v(¢p2))) dxds

t
+ff |1 — 2| b(¢p1) +sign (w1 — u2) (b(¢p1) — b(¢h2)) up dxds
0 JR? &<C_/ \ ——
- =clP1—¢2

t
<|wo- u2,0||L1(Rz) +f0 fu@z luy — upldivy (v(¢p1)) dxds

t
_fo ‘[Rz sign (u1 — uy) ulgivx (v(cpl)—v((pz)l dxds

see (3.1.19)

t t
+cf Iul—ugldxds+ce”ff lp1 — paldxds
0 Jr2 0 Jr2
t
ct
s||u1,0—u2,0||L1(R2)+ce fOfRZIul—ugldxds

1/2
+cectf (fu@z divy (v($1) — v(h2) E dx) ds

t
0
t t
+cf f Iul—uzldxds+ce”f f lp1 — o dx ds
0 Jr? 0 JR?
t
< |ur0- uz,oIILl(Rz)+c(1+e”)f lur (s, ) — ua(s, )l 1 ey ds
0
[t
C
+ce -/(; “Pl(S,',') —PZ(S,';') ||L1((0,oo)><R2) dS,
and

o1t = P2t )| 11 (0,000 )

t
= ”'01'0_pz'()”Ll((O,oo)XIRiz)+j(; fRZ|Pl(s,0+,x)—pz(s,0+,x)|dxds



__[Otfooof[@z sign (p1 — p2) x1(a) (p2divy (VYg (1 — R)) — p1divy (VY (2 — R))) dxdads
_fotfo(’ofw sign (p1 — p2) (p(a, u1) —p(a, uz)) po dxdads

< [lo1.0 = P20 110,00 82 +f0tfooofR2 |t (p1)p1 — A (P2)p2ly3wdxds
_fotfooofu@z sign (p1 — p2) x1(a) (p2divy (VYg (1 — R)) — p1divy (VY (2 — R))) dxdads
_/:fo‘x’fmz sign (p1 — p2) (p(a, u1) —p(a, uz)) po dxdads

= ”F’LO‘PZ'OHLl((O,oo)xRZ)+f0t]:ofR2~Q¢(<P1) |o1 - p2| x3wdxdads
+-/(‘)"‘f0°°fR2 |t (1) — o (¢p2)| p2xswdxdads
+fotfooofR2|Pl—92|X1(a)diVx (ng(¢1—R)) dxdads
‘fotfooofﬂz sign (01— p2) 11 (@p1divy (V) (Yp (1 = R) = Yp (2 — R)) dxdads
_fotfooofquz sign (o1 — p2) 11(@p1v- V(Yo (g1 — R) — Yp(¢p2 — R) dxdads

t
+ce”f lu(s,) — ua(s, )l 1 gz ds
0

t
= ”pl,() — P20 ||L1((0,oo)><R2) + C‘/(; ||pl(s) ) ) - PZ(S; ) ) |L1((O,OO)><[R2) ds

t
+Ceth fz |sz¢(gb1)—éz¢(¢2)|dxds
0 JR
t
+Ce“f fz|Y9(¢1_R)_Y0(<P2—R)|dxds
0 JR
' 1/2
+ce! (fo fRZ |Vx(Y9((/>1 —R) - Y(¢po _R))|2dxds)
t
+Ce0tj(; luq(s,-) — u2(3,')||L1([R2) ds
t
< [pr0= P20l 11000 xm2) +C(1+e6t)f0 o165, =208, )| 11 (0,000 xR2) 95

t 1/2 t
+ce! ([ fz V(1 —(p2)|2dxds) + ce”[ llur(s,-) — ua(s, )l 1 2y ds.
0 Jr 0
Using (3.3.57), we have
” ul(t; ) - uZ(t) ) ”il(RZ) + ||pl(ty ) ) - pZ(t) *y ) ”il((O,oo)XIRZ)

t
2
< || Uy,0— U0 ||L1(|R2) + C(l + eC[)\[O ” 251 (S, ) - u2(sy ) ”il (R2) ds



t
+ C(l + eCt) ”Pl,O — P20 ”il((O,oo)x[RZ) + C(l + eCt)L ”Pl (S) *y ) - ,02(3; ) ) ”il((O,OO)XRZ) ds.

Finally, we use the Gronwall Lemma to obtain the result (3.1.22). O

3.4 ProofofLemma 3.1

Proof. This lemma is similar to [13, Lemma 4.1], in particular, (3.1.14) and (3.1.17) already
appeared there. For completeness we sketch the proof of the other estimates.

(3.1.15). directly comes from the definition of v in (3.1.3) and the expression of divy (v(¢))
in (3.2.49).

(3.1.16). We compute Vv (¢) by using the fact that V,(fv) = fV,v+ve V. f

1

Vivip) =x » 772 Va(@* Vi) +xk(Pp*Vin) @ Vy NTE
(1+||¢*Vx77” ) (1+||¢*Vxn“ )
* V2 (¢p % VAN (¢p * V1)
—x ¢ 7721/2_K(¢*me® ¢ (¢ zxgz’
(14119« V.n]?) (14 ]9+ V)

then (notice that to shorten the notations we write L™ for L (R?; R2*2))

Vvl o

¢ * Vin]] o ¢ Varp ¢+ Vin ¢+ Vatp
= iz K N1/2 N1/2 N1/2

(1419 % v (1 lo*vanl®) ™ (1+lexvanl®) " (1+ @ vanl?) |
o*Vyn ¢$*Vyn
5K||¢>*V§77||Loo+’< : N 1/2 ||¢*V§77||Loo ad 7
(1+ ] V) . (14 V) N
<2k [ # Vin| joo = 2% | Vin o 0]l 11 2y -
(3.1.18). We compute gradient of (3.2.49)
2
Vadiv, (v(e) =x—25BT sy s p, ) — 25T pr¥a

(1+ ]+ Vxn||2)3/2 (1+ ]+ vxn||2)2 (1+ ] % V)

then
|V xdive (V) || 2 gemey
<k|¢= VAxT’”LZ([RZ;Rz) +3x || ¢ Ax"”LZ(RZ;RZ) lp + Vn ||L°°([R€2;[R2X2)
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(3.1.19). We have that
divy (v($1) = v(¢2)

(b1 —¢p2) x Ay 1 1

-k a7z + K (2% A1) 32
(1+ 1 = vinl?) (14 o= vanl?) (1402 » V]

Using the inequality [(1 + X732+ yz)_3/2| < 25\/_Ix ¥, we obtain

[|divy (V1) = v(¢p2)) ||L2(R2;R)

=« || (1= ¢2) * An| 2oy + = (|2 * Axn|| ooy [| (D1 = 2) * V| 2 oy

zf
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Chapter I

Numerical schemes for a vole population
model in one-dimensional space

4.1 Finite volumes approximations of the model
Firstly, we recall the hyperbolic-parabolic model of voles
0:p+0,40+0x(px1(a)v(x)Yg(p—R)) = uAxp —0p, (t,a,x) € (0,T) x(0,A3) xQ
p(2,0,x) = o () UA3 p(t,a,x) da) w(t, x), (t,a,x)€(0,T)x (0,A3) xQ (4.1.1)
p(0,a, x) = pola, x),A1 (a,x) €(0,A3) xQ,

where ¢ € (0,7) is the time, a € (0, A3) is the age, x € Q c R is the space. The constants
0 < A} < Ay < Aj are such that a vole is young if its age a is in (0, A;), juvenile if its age a
isin (A;, A2) and adult if its age a is in (A, A3). For the numerical simulations, we need to im-
pose a boundary condition on the space domain. We choose here to impose a homogeneous
Neumann boundary condition, i.e.

O0xp(t,") =0, on 0Q). (4.1.2)

Given a finite time horizon T > 0, a suitable maximal age A3, and a finite domain space
Q =[—-d, d], we consider the computational domain [0, T] x [0, A3] x [-d, d] and let At, Aa and
Ax be respectively the constant time, age and space steps.

We set Ny = |T/At], Ny = |As/Aa] and Ny = [2d/Ax]. Then for any 0 < h < Ny, we
introduce the points aj;1/2 = hAa and, for any 1 < h < Ny, the cells Ky, = [ap-1/2, an+1/2)
and the cells centers aj = (h—1/2)Aa. Without loss of generality we can always assume that
A, = hAa for a suitable index h, and we have A, = ahAa, where a > 1.

Similarly, we define a mesh for space as follows: for any 0 < i < Nx we introduce the points
Xi+1/2 =—d+iAx and, for any 1 < i < Ny, the cells K; = [x;_1/2, X;+1/2[ and the cells centers

_ Xi-12+ Xiv12

. Ax
Xj=————————=—d+2i-1)—.
2 2



Finally, we define t" = nAt for 0 < n < Nr.
Forl<si<Nyx,1<h<NjandO < n < Nt, we denote byw 0” and p ' the approxima-
tion of the averages of w(t",-), 0(¢",-,-) and p(t",-,-) on the cells K, and K; x Kp, namely

n_

1
' w t", x)dx, o1 = f fb t",a,x)dadx,
I Ax (0 Lh AaAx Jx, Jx, ( Ydadx

0

1
. a,x)dad d n f t" a,x)dadx, > 0.
Pin= Aan]‘ ( Polaxdadyand oy =on | J PUS @ xdady, n
(4.1.3)
For each i € {1,...,Nx} and n € {0,..., N7} the average of the total population of voles in
cell i at time ¢" is
¢U:if ¢ (1", x)dx
i Ax Ki l ) )
that is

1 As
cpf:—ff p(t",a,x)dadx

LS [ [ penasate=aa Y o7
(t",a,x)dadx = Aa A
Axthh P lel’h

From the Neumann condition in (4.1.2), we have

p()h plh’ OsnSNT, IShSNA,
plri]xyh:p]ri/vx+l,h’ OSHSNT) ]-ShSNA

We will use the upwind scheme to discretize the model (4.1.1), where for the diffusion

term, we choose to use an implicit treatment, in order to keep the hyperbolic CFL condition
Le.

At

At
<1, and |V|]jjeo—<1.
Aa Ax

Assume that (p?h) are given. For 1 <i < Nx, 1 < h < Ny, and 0 < n < N, we obtain the
following scheme

y; At At
(L+Aedlhplh! - A (Pﬁllh —2p] 1+ p;Hllh) = (1 - _) Pint

ng ) Pint 3 P
At R i n Yo (7 R 1
< IR 9 (P 10— )V(xl+1/2)X1(ah)pi.;l/z’}i_‘9((/)1'_1/2_ )V(xi—l/z))(l(ah),oi_l/z,;z,
Flr'l+1/2,h El

i-1/2,h
Ny
n _ n n n
Pig = (b;)Aa Z_pi,hwi ’
h=h

(4.1.4)



where in the flux, F, we use the upwind scheme to define

" B p?h if v(x;31/2)=0, 1<=h<N, 0<n<Nry,
pi+1/2’h_ p?+1h if v(x;31/2)<0, 1=h=<N, 0=<n<Nry,
and we denote F” JF" € RNX the vectors of flux for each pair of index h € {1, ..., N4},
+1/2,0° F =1/2,h

and n€{0,..., Nt}.
We finally obtain the main linear system
Al’l+1 Xl’l+1 _ Bl’l
h “h T Pw

forevery 1 < h< Ny, 0<n< Nr, where

-1 1 0
n+1
1+At01,h 0n+1 0 1 -2 1 0
. 0 L+ALML 0 At L
Ah = . . . - _2 0 . T T : )
: .. : Ax
0 0 1+Ar0n*! 1 -2 1
Nx.h 0 1 -1
o
n
X;lH-l: pz,h )
T
pz’zrx,h
and
[ [
At\| Pon | At Popy | Ar
BZ:(l—E) to | | = R (ol Nal = 12 Nl
p]rifx,h p]rifx,h—l

4.2 Validation

In this part, we validate the implementation of the numerical scheme described above.
The numerical solution is compared to the exact solution of the equation in the case where
the total population of voles never exceeds R, at any point in the domain. Under these cir-
cumstances, the flux term of space will not contribute to the model (4.1.1).

Next, since computing an exact solution for the complete equation is impossible, we com-
pare the numerical solution with a reference numerical solution, computed with the finest
possible mesh. Also, we assume that Q = (0,7) and « = 1.



We recall that the dispersal of juvenile voles in the flux term with respect to space will not
appear if the total population is always less than the threshold value R. In order to have that,
we choose the initial density of voles

a, TN . L
p() X ( 3) I +e e 6 4 2 5
Then we have ()b(t, x) < R, fOI‘ e\iery (t, x) € (0, T) X (0, T ) MoreO\/er, taking the mortality and

reproduction rates respectively

1+2e@ ) ) 2
D(I,a,x):Te_a+u(2x—r)+ux (x—r)° and w(t,x)= A A et o) (4.2.6)
we deduce that the system has an exact solution defined by
R —t —a 2x3-3rx?
plt,a,x)=—— e (1+e “)e 6 . (4.2.7)

(As+1- e‘AS)
Due to the computational cost, we have to take a small value for the finite time T = 0.5, and
as a consequence, small values A; = 0.5, A, =1, A3 = 1.5, r = 0.5. Moreover, we set R = 200,
1 =1 and the velocity function v(x) = x for the validation part.
Figure 4.1 compares the exact and numerical solution, representing the total population
of voles, at the time ¢ = 0.5, and their initial data at t = 0. We observe a good agreement
between the two solutions, the numerical one was computed with Aa = At = Ax = 0.00625.

— Exact-sol — Numerical-sol

— Exact-ini — Numerical-ini
2 200 -l = 200 -l
S S
= g
] =
2. a.
(=] =]
a. a,
ERRENE . S 1501 .
= =
Il Il Il Il Il Il Il Il
100O 0.1 0.2 0.3 0.4 0.5 1000 0.1 0.2 0.3 0.4 0.5
X X

Figure 4.1 — Comparison of the total population of voles between the exact solution and the
numerical solution at = 0.5 and ¢ = 0.

In the next part, we consider the whole equation in (4.1.1) and choose, as a reference so-
lution, the numerical solution computed with Aa = At = Ax = 0.0015625. In this case, we
investigate the different initial data, py(a, x), p(l)(a, X), p(z)(a, x), knowing that the dispersal of
juvenile voles takes place in the cases of p(l)(a, x) and p%(a, X).

Figures 4.2, 4.3, 4.4 show the comparison between the reference solution and numerical
solution, which is computed with Aa = At = Ax = 0.0046875 and at time ¢ = 0.3. In figures 4.4,
the initial total population of voles is larger than the threshold value at every point of the
domain, while in figures 4.3, the initial total population is larger than R in just a part of the
domain. The difference between the values of the two solutions in all the considered cases is
negligible.
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Figure 4.2 — Comparison of the total population of voles between the reference solution and

the numerical solution with the initial datum pq(a, x)=

Total population

220 T T
— Numerical-sol
—— Numerical-ini

00—

180 |- y

160 |- y

140

0.2 0.3 0.4 0.5

Total population

220

200

180

160

140

3 2
R —a 2x°-3rx
—(A3+1_6,A3)(1+e Je” 6

— Reference-sol

0 0.1 0.2

0.3 0.4 0.5

Figure 4.3 — Comparison of the total population of voles between the reference solution and

the numerical solution with the initial datum p(l) (a,x)=
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4.2.1 Numerical convergence

We introduce here the relative L'-discrete error for the density at a given time ¢" defined
by
n n
> X lpt"apx)-p};

n _ 1=j=Ngl1=i=Ny

By Y et aj, %)l

1<j<N,1<i<Ny

e (4.2.8)

where p(t", aj, x;) is the exact solution evaluated at the point a;, x; and at time ¢".

In tables 4.1, we have reported the relative L!-discrete errors for the model, that we obtain
by comparing our numerical solution with the exact solution from the previous part, com-
puted for different values of age, space and times steps at the time ¢ = 0.5. The results suggest
the convergence of the numerical scheme. Moreover, figures 4.5 indicate that the order of
convergence of the scheme is approximately 1.

At Aa Ax eﬁT
0.1 0.1 0.1 3.8x10°2
0.05 0.05 0.05 | 1.99x1072

0.025 0.025 0.025 | 1.01x1072
0.0125 | 0.0125 | 0.0125 | 5.13x 1073
0.00625 | 0.00625 | 0.00625 | 2.58 x 107>

Table 4.1 — L!-discrete relative errors for the exact solution.

—6 | -

Il Il Il Il Il Il
-55 -5 -45 -4 -35 -3 =25 -2
Aa

Figure 4.5 — L!-discrete relative errors for the model in log/log scale at ¢ = 0.5, comparing with
the exact solution.

Remark 4.1. In this result, we consider i = 1, but we have performed other comparisons with
different values of u and obtain similar results.



Next, for the relative L!-discrete error concerning the comparison with the reference so-
lution, we use a similar formula in (4.2.8). More precisely, we redefine

> 167 —pil

n _ 1=j=Ng1=i=Ny
=

€ ) (4.2.9)

~n
10,1
1=j<N,1<i<Ny

where ﬁ:?]. is the reference solution computed on the cell K; x K; at time ".

In tables 4.2, we have reported the relative L!-discrete errors of the whole model for three
different initial data, computed for different values of age, space and times steps at the final
time ¢t = 0.3. The results again suggest the convergence of the numerical scheme. Moreover,
figures 4.6 suggests that the order of convergence of the scheme is approximately 1.

At Aa Ax eIL\iT, 00 elL\{T, o) elL\iT, o
0.1265625 | 0.1265625 | 0.1265625 | 8.95x 1072 | 8.95x 1072 | 1.06 x 107!
0.0421875 | 0.0421875 | 0.0421875 | 2.35x107% | 2.35x107% | 3.48x 1072
0.0140625 | 0.0140625 | 0.0140625 | 6.72x 1073 | 6.72x 1073 | 9.58 x 1073
0.0046875 | 0.0046875 | 0.0046875 | 2.35x 1073 | 2.34x 1073 | 2.59x 1073

Table 4.2 — L!-discrete relative errors for the reference solution

I I I I I I I I I I I I I I I I I I
-55 -5 -45 -4 -35 -3 -25 =2 -55 -5 -45 -4 -35 -3 -25 =2 -55 -5 -45 -4 -35 -3 -25 =2
Aa Aa Aa

(@ pg (b) p3 © o3

Figure 4.6 — L!-discrete relative errors for the whole model in log/log scale at ¢ = 0.3, compar-
ing with the reference solution.



Chapter

A Multi-Scale Epidemic Model of Salmonella
infection with Heterogeneous Shedding

5.1 Mathematical models for a population structured by pathogen
load

In this section, we will first present an ODE model which describes the evolution of pathogens
in the gut for an individual. From this model, we will deduce a PDE for a population of indi-
viduals with pathogen loads, i.e. a drift-diffusion equation structured in pathogen load. We
are able to prove the existence and uniqueness of the solution to this PDE and to compute
explicitly the unique stationary state, which is reached asymptotically. This system is finally
generalized by adding an ODE which takes into account the pathogens in the environment
seen as a reservoir.

5.1.1 Asimple model of the pathobiome dynamics

A simple way to model the pathobiome dynamics in the host gut is to consider two pop-
ulations: the pathogen and its ecological competitors among the commensal gut bacteria. In
order to build the equations, the following mechanisms are considered: the pathogens pro-
voke an inflammatory response of the host, which affects the pathogens as well as the com-
mensal bacteria. However, the inflammation causes an increase in the oxygen level near the
gut epithelium, thus providing a competitive advantage to the pathogens. Indeed, the com-
mensal microorganisms are mainly anaerobic, which means that they are highly sensitive to
oxygen.

We now detail the model construction step-by-step. We start by assuming an antagonistic
relationship between the pathogen and its ecological competitors, i.e. the fraction of microor-
ganisms in the microbiota that share the same ecological niche. Let p and b be the concen-
trations of pathogens and antagonistic microbes in the host gut, and K > 0 be the carrying
capacity of the niche, in the absence of any other limiting factor. The antagonism is modeled



by the equation
p+b=K (5.1.1)

Note that p’ = —b' at any time, so that when p increases, b decreases and vice versa, which is
consistent with an antagonistic relationship. Note also that (5.1.1) allows the elimination of
the unknown b in the equations describing the evolution of the system, however for the sake
of clarity we will keep both variables until the end of the model description.

The pathogens and the antagonistic bacteria present in the intestine compete to conquer
the niche, and the resident bacteria exert a barrier effect against the invasion, meaning that in
the absence of any other phenomenon they eliminate the pathogens. Consequently, equation
(5.1.1) is expanded into the following system of two differential equations:

p' = — popb
b' = ugpb

where (i is a positive coefficient accounting for the efficiency of b in the competition.
We now introduce, as mentioned above, a deleterious signal, such as oxygen, resulting
from the inflammatory response to the pathogens. Let d be this signal, its evolution in time is

modelled as "

1
d==|-d+ Cgp— .
T pl’l + p*}’l
In this equation, the presence of the pathogens directly promotes the host inflammatory re-

sponse and induces the production of d. This promotion is limited when the number of
n

pathogens become very high; this is expressed through the sigmoid function CZ%
P+ DPx
"centered" around the threshold value p. € [0,K], with n € N* an exponent controlling the

stiffness of the sigmoid. The parameter T models a time delay between the evolution of the
pathogens and the evolution of the signal d.

Two additional phenomena happen. First the deleterious signal d is more harmful to the
antagonistic microbiota b than to the pathogens, thus favouring the pathogens in their fight to
conquer the niche. Additionally, b undergoes a limitation in the efficiency of its competition
with p related to the actual environment in the gut, such as the presence of other competitors
of b or the basal immune system response, which we model by a self-inhibition term. These
effects are taken into account by modifying the expression of the coefficient yy according to

a C1
Lo :,u(l——b——d), (5.1.2)
u u

.. a C .
where p, a and C) are positive. The term 1 — —b represents the limitation related to the envi-
7

ronment, and —ﬂd accounts for the influence of the deleterious signal d.
The evolutiorﬁl of b and p is therefore modeled by the following equations
b’ =bp(u—ab-Cid)
p'=-bp(p—ab-Cid),



in which the antagonistic relationship between b and p is now more complex than a simple
competition where b wins and p loses, since asymptotically the introduction of (5.1.2) may
modify the trade-off between b and p and allow for coexistence.

Using (5.1.1) to eliminate b and setting A = aK— p, the overall model is expressed as a
system of two equations on p et d:

p'=pK-p)(A-ap+Cid),
1 n

d="|-drc,— |
T P+ pi”

Finally, we assume that the dynamics of d is very fast, that is 0 < 7 <« 1. Therefore, it
is natural to assume that d is at quasi-steady state, and to simplify the model into a single
equation

/ p"

p =pK-p) A—ap+CW , (5.1.3)
where C = C,C,. We then get a monodimensional ODE on the pathogen only, that keeps track
of the main drivers of Salmonella infection through its coefficients: 1) the parameter A sums
up microbial ecology characteristics of the commensal by balancing its maximal efficiency
coefficient u with the environmental harshness a K, which is also taken into account by the
parameter «; 2) the parameter C reflects the virulence of the host inflammatory response (the
parameter C, describing the amount of deleterious signal produced during inflammation and
C, its impact on commensals); 3) the host sensitivity to pathogens is shaped by the coeffi-
cients p,, that determines the amount of pathogen tolerated by the host, and the exponent n
that represents the virulence of the inflammation (a higher n induces a sharper inflammatory
response to the pathogen presence, beneficiary to the pathogen).

Depending on the values of A, a, C, n and p,, this ordinary differential equation can pos-
sess from two to five steady states in the interval [0,K], including 0 and K, alternatively stable
or unstable. Discarding the trivial situation in which only two steady states (K is stable, 0 is
unstable) exist, the stability of the equilibria in the case of 3, 4 or 5 steady states in [0,K] is
summarized in Table 5.1, when A, @ and C are positive. As mentioned in the introduction,
we are interested in the biologically relevant situation of low and high-shedders, which cor-
responds to the co-existence of two stable steady states. The equilibria corresponding to 0
(no pathogen in the gut) or K (complete elimination of the antagonistic fraction of the mi-
crobiota) are not realistic in a livestock population context, where the contamination by the
pathogen is certain and the commensal microbiota resistance is never totally suppressed. So
the relevant situation on which we will focus is when there are two stable (p; and p3) and
three unstable (0, p» and K) steady states. The two stable steady states are interpreted as the
concentrations of pathogens in low and high-shedders respectively.



Stability
Value | 3 steady states ‘ 4 steady states ‘ 5 steady states
0 unstable unstable unstable
pP1 stable stable stable
D2 unstable unstable
p3 stable
K unstable stable unstable

Table 5.1 — Stability of the steady states 0 < p; < p2» < p3 <Kwhen A, a and C are positive.

5.1.2 A model derived from individual stochastic variability

From the previous ODE model, we obtain now an evolution equation for a whole popula-
tion of individuals structured by pathogen loads.

Biological systems often exhibit intrinsic stochastic fluctuations in their dynamics. It there-
fore seems sensible to reformulate the model (5.1.3) as a stochastic differential equation (SDE)

dP=F(P)dt+odB, (5.1.4)

where P(f) is now a stochastic variable modeling the amount of pathogens in the gut, dB is a
gaussian unitary white noise, o > 0 is the instantaneous standard deviation of the stochastic
fluctuations in the model and the function F is defined on R by

p" :
K-p)|A-ap+C———|, ifpe[0,K],
F(p) = P P P pt+pi" p (5.1.5)

0, otherwise.

It can be easily checked that F is uniformly Lipschitz on R, and has linear growth. As o is
constant, we can use standard results from SDE theory (see e.g. [34]) to obtain the so-called
forward Kolmogorov equation of (5.1.4)

2
1ult, p) = ~Op(F(p)ult, p)) + -0}, ut, p),

u(0, -) = uini(-);

the solution u(t, p), defined on L?>(R* x R), is the probability density function of p(f) at time
t, conditionally on the probability density of the initial pathogen population density function
Uini.

However, this model is not quite satisfactory as brownian stochastic fluctuations make
it possible to achieve realizations of p(f) that are negative or greater than K. To avoid this,
the SDE (5.1.4) has to be transformed into a SDE with reflecting boundary conditions which
requires more sophisticated tools from stochastic process theory (see e.g. [39] for a quick



introduction). The resulting forward Kolmogorov equation is modified in such a way that the
solution space is now L? (R*, L? (0,K)) and its formulation is

2
duult, p) = ~0p(F(p)ut, p)) + -0, ut, p),

6pu(y0) = apu(yK) = 07
K
u(O)') = ulnl(') € LZ(O) K)) \/(\) ulnl(p)dp = 1'

We now consider a very large population such that it can be described by a population den-
sity s(t, p), meaning that [ f s(t, p)dp is the number of individuals with a pathogen load be-
tween a and b at time t. Define s(t, p) = Nu(t, p) so that the total size of the population

K
N= f s(t, p)dp is constant. Then the population density s satisfies the following equations:
0

2

0151, p) = =0y (F(p)s(t, p)) + =05, (4, ), (5.1.62)
0ps(-,0)=0ps(-,K) =0, (5.1.6b)
K
50, ) = simi(+) € 2(0,K), f smi(p)dp =N, (5.1.60
0

where F is defined at Eq.(5.1.5). This is a realistic population model, structured with respect
to the pathogen load, in the absence of pathogen transmission.

5.1.3 Existence of solutions to Eq. (5.1.6) and convergence towards a sta-
tionary state

Let us now prove the existence and uniqueness of the solution to system (5.1.6).
Proposition 5.1. For sini € L2(0,K), the PDE (5.1.6) has a unique solution in C([0, T], L%(0,K)).

Proof. Consider the unbounded operator A with domain
2(A) = {w e H*(0,K), w'(0) =0, w'(K) =0},

such that for all w e 2(A), )

Aw) = —(Fw) + %w".

Then — A is a regular Sturm-Liouville operator. It follows from [15] that A generates a strongly
continuous semigroup on L?(0,K), which proves the proposition. O

We now prove that system (5.1.6) possesses a unique stationary state.



Proposition 5.2. The PDE (5.1.6) has a unique stationary state defined by

p
Soo(p) = ALexp (éfo F(r)dr) with A= N , (5.1.7)

K 2 p
foexp(?fo F(r)dr)dp

Proof. The stationary states of model (5.1.6) are the solutions of the equation:

where F is defined at Eq. (5.1.5).

o? K
5, F(P)Soo(]?)—?apsoo(p))zo, withfo s(pdp=N.

Thanks to the definition of F and the boundary conditions, this leads to

0.2
F(P)Soo(P) - Tapsoo(p) =0.

This simple ODE has a unique solution given by formula (5.1.7).

Finally, we can show that the solution reaches asymptotically this stationary state.

Proposition 5.3. The solution of the PDE (5.1.6), defined at Prop.5.1, converges at exponential
rate towards the steady state s, defined in Prop. 5.2.

Proof. We first consider solution s(z,-) of (5.1.6) with initial condition in £(A) as defined in
proposition 5.1, and follow the method proposed by Bolley et al. in [5]. We consider the L?
weighted norm
K d
2 _ 2 ap
||f||$2(]o,1<[,1/soo) _fo fp) )

and define the function

2
G(@) = 1Is(£,") = Sooll'p2 o k175 -

As the initial condition is in 2(A), s(t,-) is in C1((0, T),2(A)) and we can differentiate G with
respect to ¢, which leads to

K(s(t,p) K(s(t,p) 2
"(f) = il d o = g2 — _Z
G (1) 2‘[0 (s ) l)ats(t,p)dp afo (s ) l)ap[aps(t;p) sE(p)s(t, p) |dp.

Then, integrating by parts, using boundary conditions (5.1.6b) and the fact that F(0) = F(K) =
0, see Eq.(5.1.5), we find that

K t, 2

So(p) -
K
:—U'Zf ap(S(t’p)—l)
0

Soo(p)

2
Seo(p)dp.




From Poincaré-Wirtinger’s inequality for bounded domain with weighted norm (see [30,
Lemme 3.3]) applied with ||.[| &2k, Se0)? there exists a constant k depending only on the do-
main [0, K] and the weight s, such that

K
f
0

Then, using the expression of G and G’, we obtain that

2 2

Seo(p)dp.

s(t, p) K

-1
Soo(p)

ap(S(t,p) 1)

~(p)d sf -
SooP)tp Soo(P)

0

G (1) < -xa*G(1).

Finally, by a direct application of the differential form of Gronwall’s lemma, one can deduce
that for all initial condition in 2(A), the solution s(z, p) of (5.1.6) converges when time goes to

infinity towards the steady state s, in the sense of £? (]0, K, sl), at rate e~ ¥’

From the density of 2(A) in L?(0, K) it follows that for all initial condition in L?(0, K), the (mild)
solution s(¢, p) of (5.1.6) also converges when time goes to infinity towards the steady state s,
in the sense of .2 (]O,K[, é), at rate e~ K¢,

O

5.1.4 Generalized model adding transmission through an external reser-
voir

Our aim in this subsection is to add some exchanges of pathogens between individuals
through the environment. The salmonella pathogen can be released in the environment by
the infected animals and can contaminate food sources, for example watering troughs. This
mechanism creates an external reservoir of pathogens which varies according to the excre-
tion and absorption of salmonella by individuals. Thus, it constitutes a major environmental
factor in the spread of pathogens. In order to account for this mechanism, the model (5.1.6)
is modified into

2

0:s(t,p) = —6p((F(19) + Bin(P)7 (1) — Pex(p))s(t, p)) + %6§ps(t, ), (5.1.82)
dr(1) K K
——= —(Y+f0 s(t, P)ﬁm(l?)dp) r(t)+f0 s(t,p)Bex(p)dp, (5.1.8b)
o? o2
~ 0pS(t,K) + fex(K) (2, K) = —-05(£,0) — fin (01 (1)5(1,0) = 0, (5.1.80)
K
s(0, -) = sini(-) € H'(0,K), f sini(p)dp=N, 1(0)=rini€R", (5.1.8d)
0

where F is defined at Eq.(5.1.5).

Here the new variable r denotes the reservoir of pathogens in the environment. In PDE (5.1.8a),
the term B, (p)r represents the uptake of pathogens from the environment, while fex(p)
stands for the pathogen excretion by individuals. Similarly, in the ODE (5.1.8b), the quan-
tity r(£)s(t, p) Bin(p)dp indicates the uptake of pathogens from the environment by individ-
uals with pathogen load p and the last term s(z, p) Bex(p)dp describes the increase of the



pathogen reservoir induced by individuals with pathogen load p. We set Sin(p) = Bin (K- p)
and Bex(p) = Pexp, With Bin, Pex > 0, so that the contamination from the reservoir decreases
with the pathogen load whereas the excretion increases with the pathogen load. The positive
parameter v is the natural decay rate of the pathogen reservoir. Finally, boundary conditions
are modified into Robin boundary conditions in order to ensure the conservation of the total
population.

5.2 Numerical results for models (5.1.6) without transmission
and model (5.1.8) with transmission

Our goal in this section is to display and comment some numerical simulations of sys-
tems (5.1.6) and (5.1.8); we test different initial data and compare the solutions of the two
models, with or without transmission.

The numerical scheme is based on upwind scheme for the transport term and the time-
implicit centered three point scheme for the diffusion part. The simulations have been per-
formed with Python 3 (using Numpy & Scipy) on a 500 cell mesh grid and with the parameters
summarized in table (5.2).

In this theoretical analysis, in the absence of experimental calibration, the parameters A,
a and C are set to values for which the deterministic model (5.1.3) has two well separated
non trivial stable equilibria corresponding to the last column in Table 5.1, in order to obtain
a bimodal equilibrium distribution in equation (5.1.6), describing the coexistence of high-
shedder and low-shedder phenotypes in the population. The parameter K has been chosen
arbitrarily, and could be rescaled to reflect another carrying capacity. The logistic threshold
p« has been tuned to trigger an inflammation into the host gut when the pathogen load is
close to half the carrying capacity. The diffusion parameter o was selected in the same or-
der of magnitude than the transport process, meaning that the stochastic effects during the
pathogen infection are not negligible and can impact the pathogen dynamics. The parame-
ters i, and By provide a small inter-host infection rate.

Parameter‘ K‘A‘ a ‘C‘n‘p* ‘ o ‘Y ‘ﬁin‘ﬁex
Value |50 ]0.1|035|12|50[215[175|1.0[ 1 |0.2

Table 5.2 — Values of the parameters used to perform the simulations presented in section 5.2.

5.2.1 Structured population without transmission

Figure 5.1 represents some solutions of the population model (5.1.6) structured by pathogen
load and without transmission through a reservoir, for the parameters given at Table 5.2.
Three different initial data, shown in dotted blue line in Subfigures 5.1(a), 5.1(b) and 5.1(c)



are considered:

e—(P-p)*/a o~ (p3=p)?/a
Sini(p) = 0.2, Sini(p) = —¢ , Sini(p) = —¢ , (5.2.9)

f e_(pl_p)2/4dp f e_(p3_p)2/4dp
0 0

where p; ~ 0.285 and p3 ~ 3.714 are the two stable steady states. As expected, for each
initial datum, the solution converges towards the theoretical stationary state computed at
Eq. (5.1.7). This stationary state possesses two maximal values at p = p; and p = ps, corre-
sponding respectively to the low-shedder and the high-shedder groups and a minimal value
at p = p», an unstable steady state of Eq.(5.1.3). However, we can observe some discrepancies
in the transient behavior, as noticed on the plots of Subfigures 5.1(d), 5.1(e) and 5.1(f) repre-
senting the evolution with time and pathogen load of the density population s. Especially,
depending on the initial datum, the steady state can be reached from above (p3 neighborhood
in Fig. 5.1(a), 5.1(c), p1 neighborhood in Fig. 5.1(b)) or from below (p; neighborhood in Fig.
5.1(a), 5.1(c), p3 neighborhood in Fig. 5.1(b)). Furthermore, the steady state is reached faster
in Fig. 5.1(d) (around ¢ = 6) than in Fig 5.1(e) (around ¢ =9) or 5.1(f) (around ¢ = 8).

5.2.2 Structured population with transmission through a pathogen reser-
voir

Figure 5.2 represents the density population s, solution to the structured in pathogen load
population system (5.1.8), with transmission through a pathogen reservoir. The initial datum
used for this simulation is sjyi(p) = 0.2 and rip; = 0.

The evolution of the population density s(¢, p) is plotted in Subfigure 5.2(a), together with
levelsets. Numerical experiments show that s(z, p) converges towards a stationary state. The

time evolution of the reservoir variable r and of the total pathogen load within the population
K

ps(t, p)dp is displayed in Subfigure 5.2(b). Due to the pathogen excretion, the reservoir

variable first increases until a maximal value of 0.123 at ¢t = 1.11. Then in a second phase, it
slightly decreases and tends to stabilize around 0.099. Subfigure 5.2(c) shows the comparison
between the solution s(t, p) for ¢ = 5, in dashed green line, and # = 10 close to the station-
ary state (red line). To highlight the effect of the reservoir, we plot s, i.e. the stationary
state without reservoir (r~ control, black line), which differs notably from the stationary state
with reservoir (red line). It can be observed that low and high shedder clusters are shifted
and that their sizes are changed. Indeed, the low shedder cluster is centered around the
steady state p; = 0.61 for the model with the reservoir variable, whereas it is centered around
the steady state p; = 0.28 without the reservoir variable. In addition, the low shedder clus-
ter is larger in the sense that it contains more individuals when accounting for the reservoir
variable. For the high shedder cluster, the effect is the opposite. Indeed, in the model with
the reservoir variable, the cluster is smaller (fewer individuals) and shifted towards a smaller
value of pathogen load: ps = 3.43 instead of p3 = 3.71 without reservoir variable. The increase
of the low-shedder average pathogen load may reflect the higher exposure to environmental
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Figure 5.1 — Basal experiment: Evolution of the population distribution when no transmis-
sion is considered (model (5.1.6)). Each column corresponds to the different initial data in-
troduced in Eq. (5.2.9). Top row: population density is displayed at time ¢ = 0 (blue dotted
line), t =5 (green dashed line) and ¢ = 10 (red dashed line), compared to the stationary state
without reservoir (r~ control, plain black line). Bottom row: Evolution of the population den-
sity, together with level sets, for the three different initial data.

for sini(p) =

pathogen, whereas the decrease of high shedder load may come from excretion. Indeed, the
degradation of the pathogen in the environment makes the reservoir variable a sink source
for intra-host pathogens and pulls the pathogen loads towards lower values.

For this model, stationary states can be computed thanks to some fixed-point technique.
However, the proof of the asymptotic convergence towards a stationary state is much more
difficult to handle than the proof of Prop.5.3, due to the coupling with the ODE.
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Figure 5.2 — Pathogen reservoir: Evolution of the population density when contact with an
environmental pathogen reservoir is added (model (5.1.8)). Initial data are sj,i(p) = 0.2 and
rini = 0. (A) Population density dynamics together with level sets. (B) Evolution of the en-
vironmental pathogen reservoir r (red line) and total pathogen load within the population
K
ps(t, p)dp (blue dotted line). (C) Population densities s at times ¢ = 0 (dotted blue line),
0

t =5 (green dash dotted line) and ¢ = 10 (red dashed line), compared with the stationary state
of the model without reservoir s, (r — control, black line).

However, we can draw some first conclusions from numerical experiments: for the range
of parameters we have tested for i, and fex, the solution always converges towards a steady
state. Moreover, whatever the initial datum sj,; chosen among those of Eq.(5.2.9) or Dirac
masses and whatever riy;, the population density s converges asymptotically towards the
same stationary solution.

Consequently, we think that the PDE system (5.1.8) possesses only one stable stationary
solution and that all solutions converge towards this steady state.

5.3 Study of various control strategies

Control strategies consist in external actions in order to limit the spread of pathogens
within the population. Two types of control will be considered: on the one hand, the clean-
ing action limits the pathogen reservoir in the environment, by removing a certain amount of
pathogens represented by the reservoir variable, and, on the other hand, drugs can be used
to cure the population. A combination of these two treatments is also considered and a com-
parison between these three possibilities is performed.

Let us first describe how to model the two treatment strategies in the PDE system (5.1.8).

The cleaning action removes pathogens from the environment. It can be modeled by
adding an extra term of the form —C(¢, r) in the right hand side of Equation (5.1.8b) for the



reservoir variable. As a first attempt to describe this mechanism, it is assumed that C is a linear
function of r, meaning that the cleaning treatment removes a constant fraction of pathogen
reservoir per time unit. Moreover, cleaning might start after a given time and/or might be
periodic. Therefore, we assume that C takes the following form:

C(t,r)=prle,

where p € R* is the cleaning rate and I the time interval(s) during which the cleaning is
applied.

On the contrary, the treatment with drugs decreases the pathogen load of the individuals.
Therefore this mechanism is modeled by adding an extra term —T(¢, p) s(¢, p) in the drift term
of the population mass balance equation (5.1.8a). It is assumed that the treatment removes a
constant fraction of the pathogen load of an individual per time unit and that it also depends
on time. So, we write the term T accounting for drug treatment as

T(t,p) =0pliery,

where the rate 6 € R* models the treatment efficiency and I the time interval(s) during which
the treatment is administrated.
Taking into account cleaning and drug treatment, the system (5.1.8) becomes

2

0u5(4,p) = =0y ((F(p) + Bin(p)1 = Pex(p) = T4, P)s(t, p) + %O%ps(l‘, p), (5.3.10a)
dr(1) N K
dt :_(Y+fo s(t,P)ﬁin(P)dp)r(t)+f0 s(t, p)Bex(p)dp — C(t, 1), (5.3.10b)
o’ o2
5 Ops(tK) + (Bex(K) + T (1, K)) (1, K) = —-0p (1,00 + (T(2,0) = fin (0)1 (1)) (1,0 = 0,
(5.3.10¢)
s(0, -) = sini(-) € H'(0,K), fOKsmi(P)dp =N, 1(0)=rin€eR". (5.3.10d)

The simulations presented in the following subsections are performed with the parame-
ters of Table 5.2. We also take p =5 for the cleaning rate and 6 = 0.25 for the drug treatment
rate.

5.3.1 Cleaning strategy

Let us begin with the study of the cleaning strategy.

Figures 5.3 and 5.4 represent two simulations of system (5.3.10) with cleaning only, i.e.
T(t,p) = 0. For the simulation displayed in Figure 5.3, the cleaning is activated during the
whole simulation, namely Ic = Ry, whereas in the simulation displayed in Figure 5.4 the
cleaning is only activated on the time interval I¢ = [10, 20].

The results presented in Figure 5.3 are comparable to the simulation presented in Subsec-
tion 5.2.2. Indeed, in this case, system (5.3.10) reduces to system (5.1.8) in which the decay
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Figure 5.3 — Reservoir, cleaning, no drug, stationary treatment: Evolution of the population
density when contact with an environmental pathogen reservoir is added and when cleaning
and no drug are applied (model (5.3.10) with T = 0). Initial data are sj,i(p) = 0.2 and rin; = 0.
Cleaning is applied during the whole simulation (I¢ = R;). (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line) and
K

total pathogen load within the population f ps(t, p)dp (blue dotted line). (C) Population

0
densities s at times ¢ = 0 ( blue dotted line), ¢ = 5 (green dash dotted line) and ¢ = 10 (red
dashed line), compared with the stationary state of the model with reservoir but no cleaning
and no drug treatment (r + control, black line).

rate for the pathogen reservoir y has been shifted to ¥ = y + p. As in Section 5.2.2, the system
seems to converge towards a stationary state. However, the features previously observed are
enhanced. First, we can notice that the population density s affected by cleaning contains
more low shedder individuals and less high shedder individuals than the population density
without cleaning. In addition, the reservoir variable takes lower values in the case of cleaning;
for example, we observe that at time ¢ = 10, r(10) = 0.038 with cleaning and r(10) = 0.118 with-
out cleaning. Similarly, the total pathogen load in the whole population takes lower values,
for example, at time ¢ = 10, fOK ps(10, p)dp = 2.0 without cleaning and fOK ps(10,p)dp = 1.77
with cleaning. Finally, the pathogen loads corresponding to low and high shedder individuals
are changed (p; = 0.42 and p3 = 3.39) compared to the model without cleaning (p; = 0.61 and
p3 =3.43).

Figure 5.4 displays the results of a simulation where the cleaning is applied only during
a range of time I¢ = [10,20], which allows to study the dynamic response of the system. In
Subfigures 5.4(a) and 5.4(b) , we can notice three different periods of time. The first one cor-
responds to the time range ¢ € [0, 10], when the system evolves without cleaning. During this
time interval, the system behaves like system (5.1.8) (see Section 5.2.2). The second period
corresponds to ¢ € I¢ = [10,20], when the cleaning is applied; according to Figure 5.4(b), the
pathogen reservoir rapidly drops off to a range of values similar to those found in the simula-



tion where the cleaning is applied from the beginning, see Figure 5.3(b). On the opposite, the
dynamic adaptation of the population is slower. Indeed, as it can be observed in Figure 5.4(b),
the total pathogen load fOK ps(t, p)dp, plotted in blue dashed line, also decreases but takes a
longer time to stabilize. In the last period, which corresponds to ¢ > 20, cleaning is removed.
Here again, the dynamic adaptation of the pathogen reservoir variable occurs very quickly,
whereas the adaptation of the population is slower.

As a conclusion, the cleaning action does not change the global dynamics of the system,
but leads to smaller reservoir pathogen levels and lower average pathogen load in the pop-
ulation. Moreover, we can observe that the population dynamics response to cleaning takes
more time than the pathogen reservoir dynamics response. Furthermore, when cleaning is
stopped, the pathogen distribution rapidly turns back to the distribution observed when no
cleaning is applied, showing that cleaning should be applied at a period smaller than this
relaxation time scale to be efficient as a control strategy.
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Figure 5.4 — Reservoir, cleaning, no drug, transient treatment: Evolution of the population
density when contact with an environmental pathogen reservoir is added and when cleaning
and no drug are applied (model (5.3.10) with T = 0). Initial data are sj,ij(p) = 0.2 and riy; =
0. Cleaning is applied on the time interval I = [10,20]. (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line) and
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total pathogen load within the population f ps(t, p)dp (blue dotted line). (C) Population

0
densities s at times ¢ = 0 (blue dotted line), t = 5 (green dash dotted line) and ¢ = 10 (red
dashed line), compared with the stationary state of the model with reservoir but no cleaning
and no drug treatment (r + control, black line).

5.3.2 Drug treatment strategy

In this subsection, we now consider the effect of a drug treatment and we neglect the
cleaning, i.e. C(¢,r) =0 in Eq. (5.3.10). Two different scenarios of treatment are discussed



below.

Figure 5.5 represents the first scenario in which the treatment is applied for all time, namely
It =R,. According to Figure 5.5(a) displaying the population dynamics and Figure 5.5(b) rep-
resenting the pathogen reservoir, the system seems to converge towards a stationary state.
The effect of the treatment can be estimated by comparing this simulation with the results
obtained in Section 5.2.2, that is to say the same system without treatment. In Figure 5.5(b), it
can be observed that the pathogen reservoir takes lower values in the case with treatment than
without, for example r(10) = 0.053 with treatment and r(10) = 0.10 without. As expected, the
total pathogen load in the population is smaller, meaning that the population is less infected
by the pathogen when a treatment is administrated. This observation is enforced by compar-
ing the size of the low and high shedder groups in Figure 5.5(c) with the ones in Figure 5.2(c).
Indeed, with a drug treatment, a large part of the population concentrates around the low
shedder pathogen load value p; and the high shedder group, i.e. individuals with a pathogen
load around ps, is smaller. Moreover, the treatment shifts towards lower values the pathogen
loads corresponding to low and high shedder individuals, namely ( p1, pg) = (0.39,3.09) with
the treatment, whereas (p1, p3) = (0.61,3.43) without.
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Figure 5.5 — Reservoir, no cleaning,drug, stationnary treatment: Evolution of the population
density when contact with an environmental pathogen reservoir is added and when no clean-
ing but drug treatment is applied (model (5.3.10), with C = 0). Initial data are sj,i(p) = 0.2 and
rini = 0. Cleaning is applied on the time interval It = R;. (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line)
K

and total pathogen load within the population f ps(t, p)dp (blue dotted line). (C) Popula-
0

tion densities s at times ¢ = 0 (blue dotted line), £ = 5 (green dash dotted line) and ¢ = 10 (red
dashed line), compared with the stationary state of the model with reservoir but no cleaning
and no drug treatment (r + control, black line).

In the simulation represented in Figure 5.6, drug treatment is only applied during the time



interval I = [10,20]. As for the cleaning case, this simulation allows to study the dynamic
response of the system to the drug treatment and the evolution of the solution in Subfig-
ures 5.6(a) and 5.6(b) can also be divided into three periods. The first one corresponds to
the time range ¢ € [0,10] with no cleaning. In this first phase, the system behaves like Sys-
tem (5.1.8), see Section 5.2.2 for the corresponding numerical results. The second time pe-
riod corresponds to ¢ € I¢ = [10,20]. During this period, according to Figure 5.6(b), the total
pathogen load of the population, plotted in blue dashed line, and the pathogen reservoir de-
crease exponentially. Remark that, here, both the pathogen reservoir and the total pathogen
load within the population decrease with the same exponential rate, unlike what was ob-
served for the cleaning case. In the last period, which corresponds to t > 20, the treatment is
removed and, as expected, the pathogen reservoir and the total pathogen load increase. Here
again, the dynamic adaptation of the pathogen reservoir and the average pathogen load fol-
low an exponential dynamics with a comparable rate. After the end of the therapy, the system
recovers its original dynamics, showing again that the administration periodicity is important
for a durable effect.
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Figure 5.6 — Reservoir, no cleaning, drug, transient treatment: Evolution of the population
density when contact with an environmental pathogen reservoir is added and when no clean-
ing but drug treatment is applied (model (5.3.10), with C = 0). Initial data are sj,;(p) = 0.2 and
rini = 0. Cleaning is applied on the time interval I = [10, 20]. (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line)
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and total pathogen load within the population f ps(t, p)dp (blue dotted line). (C) Popula-
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tion densities s at times t = 0 (blue dotted line), t = 5 (green dash dotted line) and ¢ = 10 (red

dashed line), compared with the stationary state of the model with reservoir but no cleaning

and no drug treatment (r + control, black line).



5.3.3 Combination of cleaning and drug treatment

We now consider the case when cleaning and drug treatment are combined in order to
decrease the pathogen load. A simulation of System (5.3.10) with both terms C(¢,r) and T(¢, )
is displayed at Figure 5.7. In this simulation, cleaning and treatment are activated during the
whole time, namely I = I = R;. The values for the cleaning rate and the treatment rate are
the same as in the previous subsections and, as expected, both effects accumulate. Indeed, by
comparing Figure 5.7(b) with Figures 5.3(b) and 5.5(b), it can be observed that the pathogen
reservoir and the total pathogen load remain lower than in the cleaning or the drug treatment
cases. Here again, it seems that the system converges towards a stationary state, according to
Figure 5.7(a).

_N — r* control
----- 5(0.0,p)
" —-- 5(5.0,p)
0124 2.0 > kY -== 5(10.0,p)

Pathogen load: p

°
w
r(
[ ps(t. p)dp
Population density s(t,p)

0.2
0.04 4
— 1o

] «
B I ps(t.p)dp

0.0 0.00 - - - - 0.0
2 4 6 8 10 o 2 4 6 8 10
Time: t Time: t pathogen load: p

(a) Evolution of the population (b) Evolution of the reservoir vari-  (c) Population density s at differ-
density s together with level sets able r and total pathogen load enttimes
within the population

Figure 5.7 — Reservoir, cleaning, drug, stationary treatment: Evolution of the population
density when contact with an environmental pathogen reservoir is added and when clean-
ing and drug treatment are applied (model (5.3.10)). Initial data are sj,i(p) = 0.2 and rijp; = 0.
Cleaning and drug treatment are applied on R*. (A) Population density dynamics together

with level sets. (B) Evolution of the environmental pathogen reservoir r (red line) and total
K

pathogen load within the population f ps(t, p)dp (blue dotted line). (C) Population densi-
0

ties s at times ¢t = 0 (blue dotted line), t = 5 (green dash dotted line) and ¢ = 10 (red dashed

line), compared with the stationary state of the model with reservoir but no cleaning and no

drug treatment (r + control, black line).

5.3.4 Comparison of the various control strategies

According to the simulations presented in the previous subsections, the cleaning strategy
does not allow to decrease efficiently the pathogen load. On the opposite, the drug treatment
seems much more efficient and leads to a substantial reduction of the pathogen load in the
population. Indeed, cleaning reduces the environmental pathogen load which decreases the



positive drift term Si,(p)r in Eq. (5.3.10a): the impact of cleaning on the pathogen distribu-
tion is then driven by the excretion represented by the negative drift Sex(p) which is no longer
balanced by the pathogen absorption. The same behavior occurs during drug treatment:
the environmental pathogen load is decreased consecutively to the reduction of the high-
shedding, and the negative drift Sex also nearly fully applies. However, it is supplemented in
that case by the treatment negative drift 7(z, p), inducing a stronger impact on the pathogen
distribution. Depending on the parameters, the high shedder can be eliminated. However,
these conclusions are highly dependent on the chosen parameter values and the modeling of
the control strategies is highly simplified. Finally, the combination of cleaning and treatment
seems to be, in any case, the most efficient strategy.

5.4 Generalization to a compartment model with transfers

In this section, we generalize the model (5.1.8) introduced in Sec. 5.1.4 by considering
compartments. In particular, the compartments can represent different cages (or farms), be-
tween which there exist exchanges of animal or/and of the pathogens present in the environ-
ment, for example pathogens carried by farming tools.

Let us define d € N* as the number of compartments. From now on,

sit,p)=(s1(t,p), 208, p), ..., salt,p)) €R?

will be a vector gathering the populations of the various compartments, structured by pathogen.
Similarly, r(f) = (r1 (), r(1), ... rd(t)) € R is now the vector gathering the reservoir vari-
ables in all the compartments. Moreover, let A, respectively B, be the transfer matrix in .4; (R)
representing the exchanges between compartments for the individuals, respectively for the
salmonella pathogen reservoirs. Indeed, for 1 <i,j <d and i # j, the coefficient A; ; = 0
(resp. B; ; = 0) corresponds to the transfer rate from compartment j to compartment i. Be-
cause the total population of animals (resp. pathogens in the reservoir) has to be conserved by
the transfers between compartments, the diagonal coefficient A; ;, which corresponds to the
total amount leaving the compartment i, satisfies A; ; = — Y r»; Ak,; (tesp. B;; = =X i B i).
With these notations, the model writes as
2

0rs(t,p) = _6p((F(p) + Bin(P)1 = Pex())s(2, p)) + %af,ps(r, p) +As(t, p), (5.4.11a)
dr(1) K K
P :—(Y+f0 s(t,P),Bin(P)dp)r+f0 s(t, p)Pex(p)dp +Br(1), (5.4.11b)
o? o2
K
s(0, ) = sini(-) € H'(0,K), fo sini(p)dp=N, 1(0)=ripieR". (5.4.11d)

K
Let N(t) = f s(t, p)dp be the vector of the total population in each compartment. By
0
integrating (5.4.11a), one can deduce that N satisfies the ODE N'(f) = AN(¢). Therefore,



using Eq.(5.4.11d), the population sizes in all compartments are explicitly given by N(f) =
K
exp (tA) N, where N(0) = N = f sini(p)dp is the vector of the initial total populations in the
0

cages. We also remark that the overall total population remains constant since (Y ; N,-)’ =

Yi(AN); =% (X Ai pN; = 0.

5.4.1 Numerical simulations for multiple compartments (cages/farms)

In the following, we consider the case of 4 compartments and we perform some numerical
simulations. We will first study the case of transfers of individuals without any transfer of
reservoir pathogens, then the case of transfers of reservoir pathogens without any transfer of
individuals.

Multiple compartments and transfers of individuals

Here, we investigate the case with no transfers for the reservoir pathogens r, that is to say
B =0, and only transfers of individuals between the compartments. This situation may repre-
sent a farm where individuals of the same species will be exchanged between different cages
or several farms with exchanges of individuals of the same species between them. Therefore,
we make the assumption that the populations have the same characteristics in each compart-
ment, i.e. F, Bex and o are identical. However, each compartment, cage or farm, may have its
own properties and we use therefore different values for the intakes of pathogens from the
reservoir fBi, and for the reservoir decay rate y according to the compartment. In addition,
different initial distributions of the population in terms of pathogen load s;,i(p) and various
initial conditions of reservoir pathogens ri,; are considered. The corresponding values are
gathered in Table 5.3 and the transfers of individuals between compartments are given by the
matrix

~2.25 0.75 0.75 0.75
05 -15 05 05.
A=l 025 05 -15 075| (5.4.12)

1.5 025 025 -2

Note that all the rows of A sum to 0 meaning that there is no loss or gain of individuals in-

duced by transfers. Moreover, we choose sj,i such that N = (1 11 1) g € Ker(A). Therefore,
the repartition of livestock in each compartment remains constant over time. This particular
choice has been made to be able to compare the results with the simulations without trans-
fers.

The results of the simulation with these parameters are displayed in Figure 5.8. As it can
be observed in Figures 5.8(a) and 5.8(b), the system seems to converge towards a stationary
state. In Figure 5.8(b) the dashed curves represent the pathogen reservoirs in red and the
pathogen population loads fOK ps(t, p)dp in blue as a function of time when the transfers are
neglected, whereas the plain curves correspond to the same quantities when the transfers are
given by matrix A defined at Eq. (5.4.12). Similarly, in Fig. 5.8(c), the black curves correspond



Parameter | Compartment 1 | Compartment 2 | Compartment 3 | Compartment 4

Sini(p) 0.2 po(p) ®o.5(p) @1(p)
Tini 0.1 0.125 0.15 0.175
Bin 1.6 1.3 1.0 0.7

Y 0.4 0.7 1.0 1.3
o 2.45 1.4 1.75 2.1

Table 5.3 — Values of the intakes of pathogens from the reservoir fi,, reservoir decay rate
Y, initial distributions of the population in terms of pathogen load si,i(p) and initial con-
ditions of reservoir pathogens riy; for the 4 different compartments, used in the simulation

represented in Figure 5.8. The function ¢, (p) used to build the initial data is defined by
o~ (@K=p)?/9

K  _(aK-p)2 :
fO e~ (aK-p) /9dp

Palp) =

to the population distribution s(¢ = 10, p) as a function of the pathogen load p at time ¢ = 10
when the transfers are neglected; the solutions at different times when transfers are taken into
account are displayed, namely s(z = 0, p) in blue, s(f =5, p) in green, and s(¢ = 10, p) in red.
According to these simulations, the transfers of individuals modify the solution. For example,
the pathogen reservoir and the total pathogen load for the population in the first compart-
ment are lower than when transfers are accounted. On the opposite, in the second compart-
ment, the pathogen reservoir and the total pathogen load for the population are higher when
the transfers are activated. For the third compartment, the dynamics is almost unchanged.
Finally, for the fourth compartment, the values at final time ¢ = 10 for the pathogen reservoir
and the total pathogen load of the population are similar but the transient dynamics is slowed
down.

Multiple compartments and transfers between pathogen reservoirs

Now, we study the case with no transfers of individuals, that is to say A = 0, and only trans-
fers of reservoir pathogens between the compartments. Transfers of pathogen reservoirs be-
tween compartments correspond for example to transfers of pathogens induced by farming
activities, for instance by using the same clothes or boots in different buildings on a farm. It
can also represent the spread of the pathogen reservoir by environmental factors, e.g. wind,
between farms or cages. In this case, all the parameters can be different from one compart-
ment to another. However, in order to compare the effects of the transfers of the pathogen
reservoirs with the transfers of individuals, the simulation presented in Figure 5.9 has been
performed with the same parameters as in previous section, see Table 5.3. The transfers for



Compartment 1 Compartment 3

Compartment 2 Compartment 4 Compartment 2 Compartment 4

(a) Evolution of the population (b) Evolution of the reservoir vari- (c) Population density s at differ-
density s together with level sets able r and total pathogen load enttimes in the 4 compartments.
in the 4 compartments. within the population in the 4

compartments.

Figure 5.8 — 4 compartments, animal transfer, no reservoir transfer: Evolution of the popu-
lation density in the 4 compartments when contact with an environmental pathogen reservoir
is considered (model (5.4.11)). In the different compartment, no particular treatment is ap-
plied. Transfer of individuals between compartments is given by the matrix A in Eq. (5.4.12),
but no transfer between compartment reservoir variables is added (B = 0). Initial data are
different in each compartment (see parameter in Table 5.3 ) (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line)
K

and total pathogen load within the population f ps(t, p)dp (blue line), compared with a

simulation with no inter-compartment transfer ag all (A =0,B =0), in dotted lines. (C) Pop-
ulation densities s at times ¢ = 0 (blue dotted line), ¢ =5 (green dash dotted line) and ¢ = 10
(red dashed line). The solution is compared with the solutions r*control of system (5.1.8) at
t = 10 computed with the parameters of Table 5.3. We note that consequently, r*control is
different in each compartment and that this simulation represents a situation with no inter-
compartment transfer (A =0,B =0).

the pathogen reservoirs are given by the matrix

-6 0.25 05 0.25
2 -1 25 05
B= 1 025 -6 0.25] (5-4.13)

3 05 3 -1

According to Figures 5.9(a) and 5.9(b), the solution seems to converge in time towards a
stationary state. The main effect of transfers of the pathogen reservoirs between compart-
ments can be observed in Figure 5.9(b), which compares the pathogen reservoir size and the
total pathogen load in the population over time, in plain curves, with the same simulation
without transfers, in dashed curves. With transfer matrix B given at Equation (5.4.13), we can
notice the effects of the pathogen transfers, for example in compartment 4 or for the time



range [0,2] in compartment 1. However, within the range of parameters used in this anal-
ysis, the effect of pathogen reservoir transfers is very weak on the population. Indeed, we
can remark that the total pathogen load - see Figure 5.9(b) — and the stationary states of the
pathogen load distribution — see Figure 5.9(c) — with and without transfers for the reservoir
pathogens are almost identical.

Compartment 1

Compartment 2 Compartment 4

rrrrr

(a) Evolution of the population (b) Evolution of the reservoir vari-  (c) Population density s at differ-
density s together with level sets able r and total pathogen load enttimes in the 4 compartments.
in the 4 compartments. within the population in the 4

compartments.

Figure 5.9 — 4 compartments, no animal transfer, reservoir transfer: Evolution of the pop-
ulation density in the 4 compartments when contact with an environmental pathogen reser-
voir is considered (model (5.4.11)). In the different compartments, no particular treatment
is applied. Transfer of individuals between compartments is discarded (A = 0) but transfer
between compartment reservoir variables is added (B given by Eq. (5.4.13)). Initial data are
different in each compartment (see parameter in Table 5.3) (A) Population density dynamics

together with level sets. (B) Evolution of the environmental pathogen reservoir r (red line)
K

and total pathogen load within the population f ps(t, p)dp (blue line), compared with a
simulation with no inter-compartment transfer ag all (A =0,B =0), in dotted lines. (C) Pop-
ulation densities s at times ¢ = 0 (blue dotted line), ¢ =5 (green dash dotted line) and ¢ = 10
(red dashed line). The solution is compared with the solutions r*control of system (5.1.8) at
t = 10 computed with the parameters of Table 5.3. We note that consequently, r*control is
different in each compartment and that this simulation represents a situation with no inter-
compartment transfer (A =0,B =0).

Multiple compartments and spreading of pathogen load

Finally, we study a case with transfers of individuals and reservoir pathogens and we aim
at exploring the spreading and contamination of pathogens from the first compartment to the



three other compartments. Initial data are therefore given by:

1p<o0.25

X , ke€{2,3,4} (5.4.14)
Jo Lp<o2s(p)dp

Sini,1(p) =0.2, Sini,k(P) =

and we use the same parameters for all the compartments, that can be found in Table 5.2. The
transfer matrices A and B are given by:

-1 1 0 -1 1 0
1 -2 0 1 2 1 0

A= 0 1 -2 1 and B = 0 1 -2 1 (5.4.15)
0 1 -1 0 1 -1

such that the first compartment contaminates the second, the second contaminates the third
and the third contaminates the fourth.

The results are displayed in Fig. 5.10. As expected, the population densities converge to
the same stationary state in the four compartments. With this parameter set, the propaga-
tion phenomenon is fast in comparison with the convergence time to stationary state in each
compartment. We can observe, in particular in subfigure 5.10(b), that the pathogens reach the
next compartment with a time delay, which propagates from one compartment to the other.

5.4.2 Towards a continuous model in space

By considering a large number of compartments and appropriate transfers between them,
our model can be seen as a rough approximation of a continuous model in space. For exam-
ple, the situation where the exchanges between compartments are induced by a diffusion
process can be approximated by considering laplacian matrices with periodic boundary con-
ditions for A and B, but with two different diffusion coefficients, namely

-2 1 1 -2 1 1
1 -2 1 0 1 -2 1 0

A=3[ [ L, | |adB=| . 7 (5.4.16)
1 1 -2 1 1 -2

The parameter values and initial data remain the same as in the two previous subsections
and are summarized in Table 5.3. Here again, we can see at Figure 5.11 that the solution
seems to converge towards a stationary state. Due to the use of diffusion-like transfers, we can
observe in Figure 5.11 that the repartitions of individuals in terms of pathogen loads tend to
homogenize. The same kind of homogeneisation can be observed for the reservoir pathogen,
its asymptotic values being close in each compartment.
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(b) Evolution of the reservoir variable r and total pathogen load within the population in
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(c) Population density s at different times in the 4 compartments.

Figure 5.10 — 4 compartments, animal and reservoir transfers, initial pathogen load in the
first compartment: Evolution of the population density in the 4 compartments when con-
tact with an environmental pathogen reservoir is considered (model (5.4.11)). In the dif-
ferent compartments, no particular treatment is applied. Transfer of individuals and reser-
voir variables between compartments are considered (A and B given by Eq.(5.4.15)). Initial
data are given at Eq. (5.4.14) and the pathogen load is initially concentrated in the first com-
partment; the other parameters are independent of the compartments and can be found in
Table 5.2. (A) Population density dynamics together with level sets. (B) Evolution of the en-
Vi%onmental pathogen reservoir r (red line) and total pathogen load within the population

ps(t, p)dp (blue line), compared with a simulation with no inter-compartment transfer at
ai)l (A =0,B =0), in dotted lines. (C) Population densities s at times ¢t = 0 (blue dotted line),
t =5 (green dash dotted line) and ¢ = 10 (red dashed line). The solution is compared with
the solutions r*control of system (5.1.8) at t = 10 computed with the parameters of Table 5.2
and no inter-compartment transfer (A =0,B = 0).
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(b) Evolution of the reservoir variable r and total pathogen load within the population in
the 4 compartments.
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(c) Population density s at different times in the 4 compartments.

Figure 5.11 — 4 compartments, diffusive-like transfers: Evolution of the population density
in the 4 compartments when contact with an environmental pathogen reservoir is consid-
ered (model (5.4.11)). In the different compartments, no particular treatment is applied.
Diffusive-like transfer of individuals and pathogen reservoir variables is added (A and B
given by Eq. (5.4.16)). Initial data are different in each compartment (see parameter in Ta-
ble 5.3 )(A) Population density dynamics together with level sets. (B) Evolution of the en-
vi%onmental pathogen reservoir r (red line) and total pathogen load within the population

ps(t, p)dp (blue line), compared with a simulation with no inter-compartment transfer at
ai)l (A =0,B =0), in dotted lines. (C) Population densities s at times ¢ = 0 (blue dotted line),
t =5 (green dash dotted line) and ¢ = 10 (red dashed line). The solution is compared with the
solutions r*control of system (5.1.8) at t = 10 computed with the parameters of Table 5.3. We
note that consequently, r* control is different in each compartment and that this simulation
represents a situation with no inter-compartment transfer (A =0,B =0).
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Résumé: Lobjectif principal de la these est de proposer et d’analyser des modeles mathématiques basés sur des équations aux dérivées
partielles (EDP) afin de décrire la dynamique spatiale de deux espéces de campagnols (Microtus arvalis et Arvicola terrestris), qui sont
particulierement surveillés dans I'est de la France. Les modeéles que nous avons proposés reposent sur des EDP qui décrivent |’évolution de
la densité de la population de campagnols en fonction du temps, de I’age et de la position dans I’espace. Nous avons suivi deux approches
complémentaires pour représenter la dynamique. Dans la premiére approche, nous avons proposé un premier modele qui consiste en une
EDP scalaire en structurée en temps, en age, et en espace. Elle est complétée par une condition au bord non locale. Le flux est linéaire a
coefficient constant dans la direction de 1’dge mais contient un terme non local dans les directions de I’espace. De plus, 'équation contient
un terme de second ordre par rapport aux variables spatiales. Nous avons démontré I’existence et la stabilité de solutions faibles entropiques
pour le modele en utilisant, la compacité par compensation établie par Panov et un argument du type doublement de variables. Dans la
deuxieéme approche, nous nous sommes inspirés du modéle Multi Agents introduit par Marilleau-Lang-Giraudoux, oi1 la dynamique spatiale
des juvéniles est découplée de 1'évolution locale dans chaque parcelle. Pour mettre en place ce deuxiéme modele, nous avons introduit un
graphe orienté dont les nceuds sont les parcelles (ou colonies). Dans chaque noeud, I'évolution de la colonie est décrite par une équation de
transport structurée en temps et en age, et les mouvements de dispersion dans I’espace sont représentés par les passages d'un nceud a un
autre. Nous avons proposé une discrétisation du modele, par des schéma volumes finis, et, grace a des simulations numériques, nous avons
pu illustrer le fait que le modele est capable de reproduire certaines caractéristiques qualitatives de la dynamique spatiale observée dans la
nature. Nous avons ensuite proposé un troisieme modele qui est un systéme proie-prédateur constitué d'une équation hyperbolique pour
les prédateurs et d'une équation parabolique-hyperbolique pour les proies analogue a celle proposée dans le premier modele. Le terme
de force dans I'équation des prédateurs dépend de maniére non localement de la densité des proies et les deux équations sont également
couplées via des termes sources classiques de type Lotka-Volterra. Nous avons établi 'existence de solutions en appliquant la méthode de
la viscosité évanescente, et nous avons établi un résultat de stabilité par un argument de type doublement de variables. Enfin nous avons
proposé et validé un schéma de type volumes finis pour le premier modéle.

La derniére partie de mes travaux de recherche est dédiée a un projet auquel j'ai participé lors d'une école d’été CEMRACS. Il concerne
un sujet de biomathématiques différent du theme principal de la thése et porte sur un modele épidémiologique pour la salmonellose.
Nous avons proposé un nouveau cadre de modélisation générique multi-échelles de la transmission hétérogene d’agents pathogenes dans
une population animale. Au niveau intra-hote, le modele décrit I'interaction entre le microbiote commensal, le pathogéne et la réponse
inflammatoire. Des fluctuations aléatoires de la dynamique écologique du microbiote individuel et de la transmission a I'échelle inter-hote
sont ajoutées pour obtenir un modele EDP de la distribution des agents pathogénes au niveau de la population. Une extension du modeéle a,
par ailleurs, été développé pour représenter la transmission entre plusieurs populations. Le comportement asymptotique ainsi que I'impact
des stratégies de contrdle, y compris le nettoyage et 'administration d’antimicrobiens, sont étudiés par des simulations numériques.
Mots-clés: Méthode des volumes finis, Equation parabolique — hyperbolique, Compacité par compensation, Probléme aux limites non lo-
cales, Systeémes proie-prédateur, Equations de transport.

Abstract: The main objective of the thesis is to propose and analyze mathematical models based on partial differential equations (PDE) to
describe the spatial dynamics of two species of voles (Microtus arvalis and Arvicola terrestris), which are particularly monitored in Eastern
France. The models that we have proposed are based on PDE which describe the evolution of the density of the population of voles as a
function of time, age and position in space. We have two complementary approaches to represent the dynamics. In the first approach, we
propose a first model that consists of a scalar PDE depending on time, age, and space supplemented with a non-local boundary condition.
The flux is linear with constant coefficient in the direction of age but contains a non-local term in the directions of space. Moreover, the
equation contains a second order term in the spatial variables only. We have demonstrated the existence and stability of weak entropy
solutions for the model by using, respectively, the Panov’s theorem of the multidimensional compensated and a doubling of the variables
type argument. In the second approach we were inspired by a Multi Agent model proposed by Marilleau-Lang-Giraudoux, where the spatial
dynamics of juveniles is decoupled from local evolution in each plot. To apply this model, we have introduced a directed graph whose
nodes are the plots. In each node, the evolution of the colony is described by a transport equation with two variables, time and age, and
the movements of dispersion, in space, are represented by the passages from one node to the other. We have proposed a discretization of
the model, by finite volume methods, and noticed that this approach manages to reproduce the qualitative characteristics of the spatial
dynamics observed in nature. We also proposed to consider a predator-prey system consisting of a hyperbolic equation for predators and
a parabolic-hyperbolic equation for preys, where the prey’s equation is analogous to the first model of the vole populations. The drift term
in the predators’ equation depends nonlocally on the density of prey and the two equations are also coupled via classical source terms of
Lotka-Volterra type. We establish existence of solutions by applying the vanishing viscosity method, and we prove stability by a doubling
of variables type argument. Moreover, concerning the numerical simulation of the first model in one-dimensional space, we obtain a finite
volume discretization by using the upwind scheme and then validate the numerical scheme.

The last part of my thesis work is a project in which I participated during a Summer school CEMRACS. The project was on a subject of
biomathematics different from that of the thesis (an epidemiological model for salmonellosis). A new generic multi-scale modeling frame-
work for heterogeneous transmission of pathogens in an animal population is suggested. At the intra-host level, the model describes the
interaction between the commensal microbiota, the pathogen and the inflammatory response. Random fluctuations in the ecological dy-
namics of the individual microbiota and transmission at the inter-host scale are added to obtain a PDE model of drift-diffusion of pathogen
distribution at the population level. The model is also extended to represent transmission between several populations. Asymptotic behavior
as well as the impact of control strategies, including cleaning and administration of antimicrobials, are studied by numerical simulation.

Keywords: Finite volumes method, Parabolic-hyperbolic equation, Compensated compactness, Nonlocal Boundary value problem, Prey-
predator systems, Transport equations.
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