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Abstract

In this thesis, we derive, analyse, and simulate several different integro-differential

models, bridging the microscopic description of individual processes with meso-
scopic and macroscopic representations of collective dynamics. The common thread
running through the work is the use of a stochastic approach to connect individual-
level mechanisms with emergent evolutionary dynamics at the population scale.

In the first chapter, we build upon and generalise kinetic theory approaches for
multi-agent systems to develop a non-conservative modelling framework for phe-
notype-structured populations. We start from a stochastic agent-based formulation
that describes individual dynamics driven by fundamental biological processes
such as death, proliferation, and phenotype changes. Then, at the mesoscopic level,
we formally derive the integro-differential equation governing the evolution of the
population’s phenotypic distribution. Subsequently, we consider a quasi-invariant
regime of small and frequent phenotype changes and rigorously derive a non-local
Fokker-Planck-type equation counterpart of this model.

In the second chapter, we extend this modelling framework to multi-compartmental
systems structured by continuous variables representing the levels of expression of
compartment-specific traits. We contextualise our construction within an epidemi-
ological framework and, following an analogous multi-scale procedure as in the
previous chapter, derive a system of integro-differential equations at the meso-
scopic level and a system of ordinary differential equations at the macroscopic
level. We then obtain a general formula for the basic reproduction number Ry
for a reduced version of the previous system. This quantity is expressed directly in
terms of key microscopic functions and parameters, thereby highlighting the con-
nections between fundamental processes at the microscopic level and the resulting
population-scale dynamics.

In the third chapter, we introduce a model describing the co-evolutionary dynam-
ics of two interacting and structurally heterogeneous subsystems: nutrients and
consumers. Each subsystem features its own compartmental subdivision and is
endowed with a specific structural variable that characterises its internal hetero-
geneity. Then, we consider a suitable quasi-stationary limit and, by exploiting the
conservative properties of the system, reduce the dynamics to a coupled system of
integro-differential equations. Thus, we prove a well-posedness theorem ensuring
existence, uniqueness, and positivity of the solutions. Finally, we investigate the
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asymptotic regimes of the model, identifying the set of fittest traits and characteris-
ing the emergence of selection phenomena through both analytical and numerical
results.

Finally, in the fourth chapter, we outline several future research perspectives, in-
cluding, among others, the application of the techniques developed in this thesis to
the context of non-convex optimisation. Preliminary numerical experiments sug-
gest that the stochastic mechanisms underlying the models of the previous chapters
may inspire new metaheuristic algorithms, offering promising directions for future
interdisciplinary research.
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Introduction

Mathematics is widely recognized as an interdisciplinary language, providing for-
mal frameworks to understand phenomena in fields from physics and engineer-
ing to biology, economics, and social sciences. Its abstract formalism serves as a
common language that bridges disparate disciplines and encourages the transfer
of methods and ideas. Vertical developments within specific disciplines increas-
ingly intersect with horizontal exchanges across fields, fostering a dialogue that
connects distinct areas of knowledge. There are numerous cases in which mathe-
matical formalism has been borrowed to describe phenomena far removed from its
original domain. This occurs not only because such a framework provides theoreti-
cal validation, but also because it introduces a shift in perspective, often generating
new insights and research directions, even in well-established areas.

Among the approaches that best exemplify this extension of mathematical formal-
ism to heterogeneous contexts, agent-based models, and, more generally, particle-
based models, occupy a prominent position. These methodological frameworks
are particularly well-suited to the study of complex systems, owing to several key
features. The assumptions underpinning these models are, in most cases, simple
and intuitive. In applied contexts, they are often directly supported by empiri-
cal evidence. Moreover, the stochastic nature of the microscopic dynamics allows
the modeller to retain the intrinsic randomness of many real-world phenomena,
phenomena which, although governed by recognisable patterns, cannot be consid-
ered fully deterministic. The value of these models increases when they are not
constrained to describing a specific scenario, but instead aim to identify general
regularities.

The core mathematical challenge, then, lies in designing a model that not only
aligns with observed data but also remains analytically tractable and suitable for
rigorous mathematical analysis. In this work, we develop models that operate at
the interface between microscopic, mesoscopic, and macroscopic descriptions, with
particular attention to biological systems in which population structure and trait
evolution play a central role. Therefore, the ultimate goal is to contribute to the
mathematical understanding of the evolutionary IDEs arising in the study of bio-
logical phenomena.
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Different scales

A key feature of our approach is the ability to investigate a phenomenon across
multiple scales. These may correspond to different levels of organisation (for exam-
ple, in a biomedical context: gene — protein — cell — tissue — organ — organism)
or to different degrees of abstraction (see Figure [A). While empirical observation
typically takes place at the macroscopic level, constructing a mathematical model
directly at this scale often results in overly rigid or limited representations. By
contrast, starting from a microscopic description allows for greater flexibility, en-
abling the model to capture a wider variety of scenarios. The principal difficulty
lies in translating macroscopic observations into the elementary rules that govern
microscopic interactions [9]. The modelling choices made at this level must, in
principle, be general, yet sufficiently structured to remain consistent with the infor-
mation available at each relevant scale. This consistency is most clearly reflected
in the derivation of the model’s mesoscopic counterpart, which is often formu-
lated in terms of parabolic (or elliptic) integro-differential equations (IDEs). In this
framework, the unknown function typically represents the distribution of a selected
property within the population under study.

Since obtaining analytical expressions for the solutions at all times is generally in-
tractable, the investigation at this level is primarily concerned with the asymptotic
behaviour of the solutions. This step proves to be crucial, especially in the final
phase of validation, when one returns to the macroscopic scale, and the theoretical
results obtained can be compared with empirical evidence.

Kinetic paradigm

The primary objective is to develop a formal mathematical framework that is as
uniform as possible, so that it can be adapted to different problems without com-
promising its structure. Our approach is based on a stochastic agent-based con-
struction which follows the kinetic paradigm introduced by Boltzmann in the sec-
ond half of the 19" century [33]. In recent decades, this methodology has played
an increasingly central role, establishing itself as one of the most versatile tools for
modelling complex and heterogeneous phenomena within a coherent mathemati-
cal framework. As a matter of fact, kinetic theory evolved into a conceptual frame-
work to model multi-agent systems[118, [129], i.e., systems composed of a large
number of interacting entities that, as a result of their interactions, give rise to an
often non-trivial collective behaviour. To name just a few representative contexts
in which this framework has been applied successfully, we recall the analysis of
socio-economic phenomena, such as opinion formation [36, 71,79, 141] and wealth
distribution [23| 26, 54, 70|}, of vehicular traffic [34, [135| 142], and more recently of
the spread of infectious diseases [30} |67} 68, [116-118]. Moreover, kinetic equations
have also been employed to study the theoretical properties of particle-based algo-
rithms for non-convex optimisation [20, 43]. The main strength of our perspective
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FIGURE A: Representation of the different scales that can be described through agent-
based models. The first column illustrates the microscopic level, where each individual
entity, for example, a pigmented cell such as a melanocyte (top panel; images inspired
by content from ), is characterised by its specific phenotype. From a mathematical
perspective, this level is modelled through rules governing the evolution of the phe-
notype of each agent (bottom panel; microscopic processes in Figure . The second
column depicts the mesoscopic level, in which the focus shifts to the environment host-
ing the individuals, in our example an epithelial tissue (top panel; image inspired by
content from [125]), and to the analysis of the evolution of the phenotypic trait distribu-
tion across the population (bottom panel; Selection process in Figure @) Finally, the
third column represents the macroscopic level, where the analysis concerns aggregated
quantities such as the total population mass, the mean, or variance of the distribution
(bottom panel; mean evolution in Figure @ The temporal evolution of these quan-
tities determines the macroscopic features of the biological system under study, in our
example, skin or eye colour.

lies in its ability to bridge microscopic agent behaviour with emergent macroscopic
phenomena, through well-defined intermediate (mesoscopic) representations.

Therefore, the population under consideration consists of a large number of indi-
viduals, assumed to be indistinguishable except for a continuous structural vari-
able. Just as the particles of a rarefied gas are characterised, at each time t € R,
by their position x € R® and velocity v € R3, the individuals in the population are
described by a microscopic state x € R?. This variable can represent a specific trait
of the agent, such as age 140], resistance to infection or level of immu-
nity 112], viral or pathogen load 110], or phenotypic
and socio-economic characteristics 67, 68]. Trait evolution occurs

as a result of interactions between agents or with the surrounding environment.
Nevertheless, spontaneous transitions are also taken into account, as it is natural
to expect that the intensity of the trait may evolve even in the absence of direct
interactions. Taken together, these assumptions imply that the evolution of the mi-
croscopic state depends exclusively on its previous configuration, thereby giving
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rise to a Markovian process.

Beyond the continuous structural trait, the microscopic state in the models consid-
ered here also includes a discrete label encoding a compartmental structure of the
population. This structure is particularly useful when agents play distinct roles in
the system’s dynamics. Therefore, the meaning of the variable x depends on the
compartment to which the individual belongs. For instance, in epidemic models,
susceptible individuals can be characterized by their level of immunity, whereas
for infected individuals, the variable represents the viral load.

Starting from this individual-based description, it is possible to derive mesoscopic
evolution equations, such as integro-differential or partial differential equations,
that describe the population-level dynamics of trait distributions.

Structured population dynamics

As a formal derivation from an underlying individual-based model, the resulting
mesoscopic equations yield a faithful mean-field approximation of the microscopic
dynamics and the interactions between individuals. The form of the equations
at this level depends on how changes in the microscopic state are defined, which
are encoded through suitable transition kernels. These operators take on different
forms depending on the specific phenomenon being modelled.

The analysis then focuses on the evolution of a generic observable of the system,
from which the weak formulation of the equation governing the evolution of the
distribution f(x,t) is derived. This procedure is analogous to that used in the
derivation of the homogeneous Boltzmann equation [118) (129, [130], where binary
particle interactions give rise to a bilinear integral operator. In the present setting,
however, the goal is not necessarily to obtain a Boltzmann-type equation. Indeed,
although an integral term is still present, it primarily models spontaneous varia-
tions in the trait and thus has a linear structure. In general, the resulting meso-
scopic equation features a reaction term, accounting for proliferation and death,
and a diffusion term. The latter may appear in integral form or as a differential
operator.

At this point, the equation we get is characterized by the specific phenomenon un-
der study. In Chapter 1, for instance, we analyse the phenotypic evolution of a pop-
ulation, driven by two main mechanisms: the selection of the trait best adapted to
the environment, and the presence of small mutations, which help maintain pheno-
typic variability and thus facilitate adaptation to potential environmental changes
(selection—mutation model [131), 136, |139]]). Indeed, depending on the choice of the
transition kernels, different modelling scenarios can emerge, such as epidemic out-
breaks (Chapter 2) or a chemostat-like system involving nutrient dynamics (Chap-
ter 3).

The next step consists of the analysis of the stationary states of the distribution, a
key methodological step for understanding the system’s asymptotic behaviour. In
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this perspective, the main research directions include the study of long-time con-
vergence to gain qualitative insight into the stationary state, as well as the analysis
of the associated integral operator[40, (62} 108, [131} [136| [137]. More specifically,
a paradigmatic example is the use of the WKB ansatz and the Hamilton-Jacobi
approach, aimed at characterising the structure and properties of stationary solu-
tions [50, 51} 66, [131].

Alternatively, by identifying an appropriate parameter choice, one can explore quasi-
invariant limit regimes, in which, for example, trait variations are frequent but
small, and the Boltzmann-type integral operator can be approximated by a dif-
ferential operator of Fokker—Planck type[22, 110]. Such a transformation of the
equation allows for simplified asymptotic approximations and provides a clearer
understanding of the model’s behaviour in limiting cases[22].

Finally, the linear stability analysis of stationary solutions plays a fundamental role,
as it assesses the robustness of these states with respect to small perturbations and
completes the theoretical picture of the system’s asymptotic dynamics [58, 62, (93|
137].

Macroscopic modelling and conservation issues

It is useful to clarify the meaning attributed in this work to the expressions “macro-
scopic model” or “macroscopic level.” In general, these refer to a class of mathemat-
ical models that describe the evolution of collective or average quantities associated
with a complex system, without explicitly representing the dynamics of individual
agents. In our context, we specifically consider aggregate quantities such as the to-
tal mass, the mean trait, or, more generally, the principal moments of the phenotype
distribution. At this level, the aim is to abstract away from the detailed structure
of the system-captured at the microscopic level and reformulated, in a first step,
through a mesoscopic representation. Unlike what occurs, for instance, in fluid
dynamics with the Euler or Navier-Stokes equations, where the macroscopic level
retains a direct link to local state variables, here we focus exclusively on the time
evolution of aggregated quantities.

The multi-scale nature of the Boltzmann-type kinetic paradigm is particularly suited
to our applications, as it enables one to link rigorously, in a probabilistic-statistical
manner, the mutual interactions taking place at the scale of the individuals to the
aggregate trends that they generate at the level of the whole population of agents.
On the other hand, those applications usually rely on conservation properties, such
as the total number of agents of the population, which stand as pillars of the clas-
sical kinetic approach. However, this perspective appears to be at odds with the
modelling of some other specific dynamics. For instance, in models describing gas
mixtures possibly undergoing chemical reactions, the number of particles of a par-
ticular substance might not be conserved (as they transform into other substances).
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Nevertheless, suitable reformulations have been developed to enable the applica-
tion of the kinetic formalism even in such scenarios, where non-conservative phe-
nomena occur, and thus the total mass of the system may change in time [11}, 2729
31,135} 85, 86].

Hence, it is natural to expect that similar issues may also emerge in biological set-
tings, which are inherently characterised by processes of proliferation and death.
Indeed, the total mass (i.e. the size of the population) is typically not conserved.
This presents a challenge when deriving deterministic continuous models for the
evolutionary dynamics of phenotype-structured populations from underlying stochas-
tic agent-based models, which track proliferation, death, and phenotype changes of
single population members. Such a challenge has so far been tackled through prob-
abilistic methods [47) |49], which make it possible to rigorously derive population-
level models as the limit of corresponding agent-based models when the number
of population members tends to infinity, and formal limiting procedures [12, 52],
which enable one to obtain the population-scale counterparts of on-lattice agent-
based models when the lattice parameters tend to zero.

However, in other works built on kinetic approaches, this challenge has been ad-
dressed by considering a population that is subdivided, for example, into com-
partments [30} [110] or distributed across the nodes of a graph [116,|[117]. In these
contexts, changes in the number of individuals are not treated as variations in to-
tal mass, but rather as transitions between different subsets of the overall popu-
lation. A typical example is provided by epidemiological models that include,
among the compartments, a class representing deceased individuals [39]. In this
way, the model structure allows for the preservation of the total number of individ-
uals, which may also reflect a physical constraint of the system, such as the carrying
capacity. Therefore, this construction results in the best choice also for modelling
phenotype-structured populations.

Monte Carlo methods

The use of a kinetic agent-based framework to define the microscopic structure un-
derlying our model offers an additional advantage: such systems can be efficiently
implemented numerically using Monte Carlo methods [118, [127H129]. This broad
class of algorithms relies on the idea of discretising only time, allowing a finite
sample of particles, each identified by their microscopic state, to evolve according
to stochastic rules.

These numerical schemes are particularly well-suited for simulating dynamics in-
volving large populations. In our case, the Monte Carlo approach proves advan-
tageous, as its stochastic and particle-based nature closely aligns with the agent-
based structure of the models under consideration. On the other hand, although
the convergence of these methods is theoretically guaranteed, it typically requires
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large sample sizes. It is well known that this class of algorithms exhibits a conver-
gence rate of order O(N~1/2)[129], which implies that doubling the accuracy re-
quires quadrupling the number of samples. For this reason, it is essential to adopt
implementations that minimise redundant loops and maximise computational effi-
ciency through effective parallelisation.

Among the various implementations, the Nanbu-Babovsky scheme [15} [124] pro-
vides a particularly efficient strategy for kinetic-type systems. It approximates the
system’s evolution through stochastic binary interactions between sampled parti-
cles, thereby preserving key conservation properties while maintaining computa-
tional tractability. This makes it well-suited for the class of interaction-driven mod-
els analysed in this thesis, where capturing the correct statistical behaviour is often
more relevant than resolving deterministic trajectories in full detail.

Outline of the thesis

In the first chapter, we construct a structured agent-based model for a population
divided into two compartments. The dynamics involve an active compartment,
which is the main focus of the analysis, and a reserve compartment, introduced to
ensure the conservation of the total number of individuals and thus allow the use
of kinetic formalism even for intrinsically non-conservative phenomena. Starting
from the microscopic model, we derive the corresponding mesoscopic formulation,
which takes the form of an integro-differential equation (IDE) governing the distri-
bution of the microscopic structural variable (the phenotypic trait). Subsequently,
the analysis focuses on the asymptotic behaviour for a quasi-invariant regime of
small and frequent phenotype changes. In this limit, we rigorously derive a non-
local Fokker-Planck-type equation counterpart of this model. We then establish the
convergence of the IDE solutions and their main statistical moments towards those
of the limiting PDE. The theoretical findings are illustrated through representative
numerical simulations. This work has been recently submitted [22].

In the second chapter, we extend this modelling framework to multi-compartmental
systems structured by continuous variables representing the levels of expression of

compartment-specific traits. This generalisation naturally lends itself to the de-

scription of compartmental epidemiological models. After formalising the micro-

scopic dynamics, we derive the corresponding integro-differential system and study
its asymptotic limits, obtaining reduced systems for the evolution of masses and

mean traits. In the homogeneous case with respect to the structural variable, we

derive a general formula for the basic reproduction number R using the Next Gen-

eration Matrix. This quantity is expressed directly in terms of key microscopic func-

tions and parameters, thereby highlighting the connections between fundamental

processes at the microscopic level and the resulting population-scale dynamics. We

also present numerical simulations of epidemiological scenarios of particular inter-

est. This work has resulted in a scientific publication [21]].
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In the third chapter, we introduce a model describing the co-evolutionary dynam-
ics of two interacting and structurally heterogeneous subsystems: nutrients and
consumers. Each subsystem features its own compartmental subdivision and is en-
dowed with a specific structural variable that characterises its internal heterogene-
ity. The mesoscopic derivation yields a conservative system of five IDEs. Then,
we consider a suitable quasi-stationary limit and, by exploiting the conservative
properties of the system, reduce the dynamics to a coupled system of integro-
differential equations. Thus, we prove a well-posedness theorem ensuring the exis-
tence, uniqueness, and positivity of the solutions. Lastly, we investigate the asymp-
totic regimes of the model, identifying the set of fittest traits and characterising the
emergence of selection phenomena through both analytical and numerical results.

Finally, in the fourth chapter, we outline several future research perspectives, in-
cluding, among others, the application of the techniques developed in this thesis to
the context of non-convex optimisation. Preliminary numerical experiments sug-
gest that the stochastic mechanisms underlying the models of the previous chapters
may inspire new metaheuristic algorithms, offering promising directions for future
interdisciplinary research.



Chapter 1

Integro-differential model for
phenotype-structured
populations

Derivation and quasi-invariant asymptotics

1.1 Introduction

In this first chapter, building on kinetic theory approaches for multi-agent sys-
tems of the type advanced and adopted in [21} [110, [116} [130], and generalising
them to scenarios where the total mass of the system is not conserved (i.e. mass-
varying multi-agent systems), we develop a modelling framework for phenotype-
structured populations that makes it possible to bridge individual-level mecha-
nisms with population-scale evolutionary dynamics. The microscopic structuring
variable v € R represents a phenotypic trait of the individuals. The biological
framework of reference is governed by the fundamental processes underlying epi-
genetic mechanisms: proliferation, death, and mutation[40, 48, |52].

These models, commonly referred to as selection—mutation models, capture scenar-
ios in which only individuals with higher compatibility or fitness with respect to
the environment are more likely to survive and reproduce[63} 131]. In such dy-
namics, the total number of individuals is not conserved, which hinders the direct
application of standard tools from kinetic theory. To overcome this difficulty, we
introduce a compartmental structure: the active population is described by com-
partment i = 1, while compartment i = 0 acts as a reservoir, collecting individuals
that either die or provide the units required for proliferation events.

This construction ensures conservation of the total mass, in line with biological
constraints that prevent unbounded population growth. Even under conditions of
maximal fitness, spatial and resource limitations restrict expansion, as encapsulated
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by the concept of carrying capacity. To account for this, compartment i = 0 is un-
structured and aggregates all individuals with the same phenotypic trait vg. Transi-
tions between compartments and spontaneous phenotypic variations are modelled
through random variables, consistently with the probabilistic formulation of the
model.

Once the microscopic model has been defined, we derive a system oftwo integro-
differential equations (IDEs) for the densities fi and fj, associated with the two
compartments. The equations can be decoupled, allowing the analysis to focus on
f1, which represents the dynamics of primary interest. We then consider a quasi-
invariant regime for phenotypic variations, in which the transition kernel M is
rescaled by a small parameter e. This corresponds to mutations of small magni-
tude but occurring at high frequency. In this limit, we obtain a purely differential
counterpart of Fokker—Planck type governing the evolution of f1 [129]. After es-
tablishing a priori estimates ensuring boundedness and non-negativity of the solu-
tions, we prove convergence of the IDE solution to that of the Fokker-Planck PDE
as e — 0T. In particular, for initial data in L?(IR), we obtain convergence in L?(R)
over finite time horizons. Moreover, we demonstrate convergence of the main sta-
tistical moments of the solutions, thereby establishing consistency between the two
models.

In contrast to the limiting approach employed in [12, 52], which directly leads to
a non-local PDE model of evolutionary dynamics analogous to the one considered
here as the population-scale counterpart of an agent-based model, our approach
allows one to first obtain an IDE and then derive the non-local PDE as the corre-
sponding quasi-invariant limit. This offers a unitary method to bridge alternative
representations of the evolutionary dynamics of phenotype-structured populations
— from agent-based models through to IDE models to non-local PDEs. Furthermore,
it makes the range of applications of our approach considerably wider, as the inte-
gral kernels comprised in IDE models permit a finer representation of the mecha-
nisms underlying phenotype changes than the advection-diffusion terms contained
in non-local PDE models. In addition, while non-local diffusion models for the
evolutionary dynamics of phenotype-structured populations are usually formally
derived from the corresponding IDE counterparts (see, for instance [88]|, and refer-
ences therein), here we present a rigorous derivation under assumptions that en-
compass a wide spectrum of biologically relevant scenarios and lead to a non-local
reaction-advection-diffusion model.

Finally, we present numerical simulations considering three scenarios correspond-
ing to different choices of the drift coefficient. In each case, we compare the solu-
tions of the IDE, the PDE, and the particle-based model for decreasing values of «.
The numerical results confirm the theoretical analysis, showing convergence of the
integro-differential model to its differential counterpart, while also demonstrating
coherence between the continuous model and the Monte Carlo approximation of
the particle dynamics.
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FIGURE 1.1: Schematic illustrating the conceptual framework underlying the agent-
based model

The model developed in this chapter provides a first step towards constructing a
microscopic agent-based framework, which will be further extended in the follow-
ing chapters. Here, the focus is primarily on solution analysis and convergence
results, thus establishing an initial link between kinetic theory — traditionally ap-
plied to conservative systems — and biological evolutionary dynamics, which in-
herently require the modelling of non-conservative phenomena.

1.2 Stochastic agent-based model

In this chapter, we consider a population structured by a continuous variable v € R,
representing the individual phenotype and capturing variability in the prolifera-
tion and death rates of individuals. The adopted approach describes a scenario in
which, in addition to spontaneous phenotypic changes, individuals can proliferate
or die. This dynamics is modelled by partitioning the total population into two
compartments. The first, labelled by the index 1, is structured with respect to the
variable v; the second, labelled by the index 0, contains individuals characterised by
an arbitrary and constant phenotypic value vy € IR. As illustrated by the schematic
in Figure we conceptualise the proliferation and death of population members
as compartment switching processes, whilst phenotypic changes undergone by pop-
ulation members are conceptualised as structuring-variable switching processes.

In more detail, between time t € [0, +00) and time t + At, with At > 0:

(I) The proliferation of a population member is modelled as an interaction-driven
compartment switching, whereby the interaction between a focal individual in
compartment i = 0 and an individual in compartment i* = 1 with phenotype
v* leads the focal individual to transition into compartment i* = 1 acquiring
the phenotype v* at rate p(v*). This results in a new individual with pheno-
type v* being introduced in the population.
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(I) The death of a population member is modelled as a spontaneous compartment
switching (i.e. compartment switching not driven by interactions with other
individuals), whereby a focal individual in compartment i = 1 with pheno-
type v spontaneously transitions into compartment i = 0 acquiring the phe-
notype vg at rate d(v). This results in an individual with phenotype v being
removed from the population.

(III) Phenotype changes of population members are modelled as structuring-variable
switching processes, whereby, at rate 4 € Ry, a focal individual in com-
partment i = 1 switches from phenotype v to phenotype w with probability

The functions p and d and the kernel M satisfy the following assumptions
p, d € C(R), p,d:R—= Ry, M e Z(R; C(R)), (1.1)

where Z(-) denotes the set of probability distributions defined on the measurable
space (R, B(R)), with B(R) the Borel c-algebra of R.

In this conceptual framework, individuals are regarded as indistinguishable agents
and their microscopic state at time ¢ is described by the random vector (I;, V;) €
{0,1} x R. The discrete random variable I; specifies the compartment of an agent,
while the continuous random variable V; models the agent’s phenotype at time ¢.
We let

(It, Vt) ~ f(t, i, U) (12)

where we use the symbol ~ to indicate that a random variable is distributed ac-
cording to a certain probability distribution. Moreover, we introduce the notation

pi(t) ::/]Rf(t,z’,v) dv. (1.3)

The distribution function f : {0,1} x R x [0, +c0) — R4, being a probability den-
sity function, is such that

t/ F(ti,v) do = tpi(t) —1, vi>o0. (1.4)
i=0 /R i=0

Moreover, in line with[(T)H{III)} we let the microscopic states of the agents evolve in
time due to interaction-driven compartment switching, spontaneous compartment switch-
ing, and structure-variable switching, which are regarded independent processes. We
then model the evolution of the microscopic state (I;, V;) of a focal agent between



1.2. Stochastic agent-based model 13

time f and t + At through the following system:
Lyar = (1=SH(A =ML+ (1 -1} + (1 -SHS) + O(ar?),
Viear = (1—8H)(1—s) [(1 — Sy, + SIIIWt] +51(1 — sV (1.5)
+ (1=shHsv) + 0(at?),

where S!, S, S € {0, 1} are independent Bernoulli random variables such that

sI (v, %) At
Prob(S' =1 =i, V=0, I} =i*, V} =0v") = ———"
1—}—5”*( v, v%) At
Prob(S"= 1| =i, Vi =v __s@at 1.6
S === = (1.6)
sHIAE
Prob (S = 1| = i) = —L——.

In system (L.5), the pairs of random variables
(I, VI, Vi) ~ TN, Vi) and (1, V) ~ T, ) (1L7)

model, respectively, the new microscopic state of the focal agent when interaction-
driven compartment switching and spontaneous compartment switching occurs,
while the random variable

(Wi|V3) ~ T (w|Vy) (1.8)

models the new phenotype of the focal agent when structuring-variable switching
takes place. Note also that, under assumptions (1.6), all terms related to successions
of switching events (e.g. interaction-driven sw1tch1ng followed by spontaneous
compartment switching) occurring between time ¢ and t + At are of order equal
to or higher than At?, and have thus been grouped into O(At?), since they are
negligible for At chosen sufficiently small. Moreover, s; ;. (v,0*) > 0 is the rate of
interaction-driven compartment switching, s ?(v) > 0 is the rate of spontaneous

compartment switching, and S?I > 0 is the rate of structuring-variable switching.
In particular, to incorporate [(I) into the model, we let

sii(0,0%) = 51, (0%) := 800 1p(v"), (1.9a)
sil(v) := 61d(0), (1.9b)

sit = Gial, (1.9¢)
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and
THI,0'|i*, 0*) = 0y <60+ (V)), (1.10a)
TG, 0" 2= 6 080y (07), (1.10b)
T (w|v) := M(w|v), (1.10¢)

where §; ; is the Kronecker delta and éx(y) is the Dirac delta centred at y = x.

1.3 Mesoscopic model
Starting from the system (1.5), we now formally derive the mesoscopic model cor-
responding to the agent-based model presented in the previous section, which con-

sists of an evolution equation for the distribution of population members over the
phenotype domain.

General evolution equation for expectations of observables We start by noting
that, since the components of the pair (I;4as, Viiat) are given by (L5), for any
observable ® : {0,1} x R — R, namely an arbitrary test function defined for
(i, v) € {0, 1} x R, the expectation

O(I;, V1)) Z/ (i,0)f(t,i,0)dv

satisfies (see, for instance, [[129])

®(Isar, Vigat) po Sy (VDA N voa ) (s (I, Vi)
< t+Atr VAL > - 1_,’_55 1*(W/V*)At 1+SH(W)At T%]At ty Vit
st 1 (Vi Vi) At sH(Vi)At spAt
PN T T wevoar )\ st ) T smar W
[[* tr Slt( t) +S[t

+< sp, i (Vi Vi) At (1 Slf(Vf)At )@(I{,Vt’)>

AR 1+5s0(Vi)At

s,[ ,* (Vh, Vi) At SI,(Vt)At
1+ s (Vi) At

+

(I, VI ) + O(AF).
L (W VA (I f)> (AF)
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From the above equation, rearranging terms, dividing through by At and letting
At — 07, we formally obtain the following evolution equation:

L@ (1, Vi) = (5], 1 (Vi ) (@01, V)) — (1, V)

dt
o+ (S5 (V) (@I, V') = (11, V))) (40
+ (s (D(I, Wy) — D(I, Vi)
Expressing the expectations (-) in (L.I1) in terms of sums and integrals against the
probability density function f, recalling and (L.8), and introducing the more

compact notation f;(t,v) := f(t,i,v), the evolution equation (I.1I) can then be
rewritten as

;g/ﬂ{@(i,v)ﬁ(hv)dv—ii)/]Rd)(i,U) i i/]R/]Rs}/,i*(v’,v*)TI(i,v\i*, v*)

i'=0i*=0
G
fu (£, fix (t, %) do’ dv* do

1, 1
- 2 /]R D(i,v) (Z /Rs}li*(v,v*)ﬁ*(t,v*)dv*> fi(t,0)do

i=0" =0 "
—@
1 1
+§)/}R<I>(i,v) (iﬁzo/]RS]I,I/(U//)TII(i’v)ﬁN(t/v//) dv”) do
(1.12)
—@

-y /R ®(i, 0)s1(0) fi(t, v) do

-
+ ,;:) /]R D(i,v) (/]R S}H’TIH(UW)fi(tr w) dw) dv
)
1
L /]R‘1>(i/v)5¥nf,-(t,v) do.

i=0

)

From we now derive the evolution equations for fy(t,v) and fi(t,v), from
which we shall then derive an evolution equation for the distribution of population
members over the phenotype domain, that is, the mesoscopic counterpart of the
agent-based model. To do so, we choose

®(i,v) = 0;19(v), (1.13)
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where | € {0, 1} and ¢ is an observable quantity (test function) depending only on
v. For ease of presentation, we carry out calculations for the left-hand side (LHS)
of and the terms (D)-@) on the right-hand side (RHS) of one by one, first
for/ = 0 and then for ] = 1.

Evolution equation for fy First, substituting (1.13) with / = 0 into the LHS of (1.12)
yields

1
Z;)/]Rq>(i,v)fi(t/v) do = /]R(P(U)atfo(f,v) do. (1.14)

Then, substituting (1.13) with I = 0 along with (1.9a) and (1.10a)) into () and @) on
the RHS of (1.12) yields

@—F@:/]R(p <ZZ// ”*vv YTY0,0|i*, v*)

0i*=0

< fo(t,0") fix (t,0%) do' dv*) dv

/ (l;O/ sg,+ (0, 0%) fi= (t,07) v*) fo(t,v)do

_ _/ (/ o) it o) v*) folt,0) do (1.15)

Next, substituting (1.13) with [ = 0 along with (1.9b) and (1.10b) into (@) and ) on
the RHS of (1.12) yields

D+®= [ 9) (,iO/RH (@")T™(0,0) fur(t,0") do )dv

- [ p@st @) fo(t,0)do
- / < / (") fi(t,0 )dv”) 5,0(v) do. (1.16)

Finally, substituting (1.13) with = 0 into @) and ¢) on the RHS of (1.12) and using
the fact that 5611 = 0 (cf. definition (1.9¢)) yields

©+0 = [ 0@ ([ AT CR)h 0 d0) @
~ [ o) folt )0 =0 (1.17)
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Combining (1.14)—(1.17) and rearranging terms we obtain, owing to the arbitrari-
ness of ¢, the following evolution equation for fy:

3 folt,v) = /R A" fu(t,0") d0" 6.0 (v) — ( /]R p(v*)fl(t,v*)dv*> folt,0). (118)

Note that integrating the differential equation (1.18) over R and recalling (1.3) we

find
% = /Rd(z}”)ﬁ(t,v”)dv” — (/}R p(v*)fl(t,v*)dv*) 00,

whence

00(t) = po(0)e™ Jo Jrp(@)fi(s0") do ds
+/ (/ /,f1sv)dz)”>e ff]RP f1Tv)dv*drd

Moreover, solving the differential equation (I.I8) subject to the initial condition
f0(0,0) = po(0)d,0(v) and substituting (1.19) into the expression for f; so obtained
yields fo(t,v) = po(t)d,0(v) for all t > 0, conmstently with the fact that, by con-
struction, all individuals in the compartment i = 0 are expected to share the same
phenotype v at all times.

(1.19)

Evolution equation for f;  First, substituting (1.13) with / = 1 into the LHS of (1.12)
yields

ig/nzq)(i’”)ff(t’”) do = /}pr(v)atfl(t,v)dv. (1.20)

Then, substituting (I.13) with I = 1 along with (1.9a) and (1.10a) into (©) and @) on
the RHS of ([.12), and recalling (1.3), yields

@—I—@:/R(p (ZZ// ”*UU )T, 0|i*, 0

i'=0i*=0

X fu(t, o) f (t,0%) do’ dv*) dv

—/]R(p (1*20/ 514+ (0,0%) fi (£, 0%) v*) fi(t,0)do

= / (£) f1(t,0) do (1.21)
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Next, substituting (1.13) with [ = 1 along with (1.9b) and (1.10b) into (@) and @) on
the RHS of (1.12) yields

0+®= [ o0 (;0/ BT, 0)f(t0") do )dv
- [ o@st @A)
- /}R (0)d(0) f1(t,v) do. (1.22)

Finally, substituting (1.13) with I = 1 along with (1.9¢) and (1.10c) into ) and &) on
the RHS of (1.12) yields

V+O = / (/ HITIH(v|w)f1(t,w)dw> dvf/m(p(v)sﬁnfl(t,v)dv
= [ 90) ([ Ml w)dw) do—p [ po)fi 00t 12

Combining (1.20)-(1.23) and rearranging terms we obtain, invoking again the arbi-
trariness of ¢, the following evolution equation for f;:

atf1(t,0) = (p(v)po(t) —d(v)) f1(t,v)

+pu (/]R M(U|w)f1(t,w)dwf1(t,v)) (1.24)

Mass conservation Integrating the differential equation (1.18) and the integro-
differential equation (1.24) over R, summing together the resulting differential equa-
tions, recalling (1.3), and using the fact that (cf. assumption (1.1) on the kernel M)

/]I.{M(v\w)dvzl, VweR
we find
d 1 * * *
e +01(0) = [ @A) " — ([ po)falt 0% do ) o)
+/ —d(0)) fi(t,0) do =0,

which implies po(t) + p1(t) = po(0) + p1(0) for all t > 0. Hence, choosing, consis-
tently with (T.4), initial data such that po(0) + p1(0) = 1, we have po(t) =1 — py(#)
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for all t > 0. Substituting this into the integro-differential equation (1.24) we obtain
dfi(t,0) = (p(@)(1 - p1(t)) —d(v)) fa(t,0)
o (/R M (o|w) fi (£, w) dw — f1(t,v)> (1.25)

Mesoscopic model In the case where p is constant, say p(v) = po > 0, which is
the case we investigate in this chapter, choosing, without loss of generality, pg =
1, introducing the notation below for the net proliferation rate (i.e. the difference
between the rate of proliferation and the rate of death)

r(v) :=1—d(v), (1.26)

and renaming f; to f and p; to p, from the integro-differential equation (1.25) we
obtain the following evolution equation for the distribution of population members
over the phenotype domain:

uf = (1) =) 3 Mol () deo— £ )

(1.27)
o(t) = /]Rf(t,v) do.
Notice that, owing to (L.I), the definition implies
r € C(R), r:R =R, r(v) <1 VoveR. (1.28a)
In particular, throughout the chapter we assume
supr(v) = 1. (1.28b)

veER

1.4 Quasi-invariant phenotypic changes

In this section, we consider the regime of small but frequent phenotypic changes,
which in the jargon of the kinetic theory of multi-agent systems, cf. [129], is called
a quasi-invariant regime. In this regime, the kernel M is scaled by means of a scaling
parameter 0 < ¢ < 1in such a way that:

(i) on the one hand, the phenotype acquired, on average, after a phenotypic
change, v, is a small perturbation of the original phenotype, w;

(ii) on the other hand, the variability of the newly acquired phenotype, v, is small.
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Building upon the scaling for IDE model of evolutionary dynamics in phenotype-
structured populations considered in [19) 66| 113]], this can be obtained by scaling
M as

M(v|w) — M (v|w) := %M (U _8 w/_ as,ﬁ) , (1.29)

where & € R, B € Ry are given model parameters and M = M(z; ¢, ¢?) is a

two-parameter probability distribution w.r.t. z € R with mean ¢ € R and variance
g2 € R, which we further assume to have bounded third order moment. In detail:

(H1) /IRM(Z; & ¢%)dz = 1forevery (¢, ¢?) € R x Ry;
(H2) /]RZM (z; &¢%)dz = ¢ forevery ¢2 € Ry;
(H3) /]R(z —&)?M(z; & ¢*)dz = ¢? for every ¢ € R;
(H4) /IR|Z\3M(Z; &,¢%)dz < 4o forevery (&, ¢2) € R x R
Combining and we also deduce
/11‘2 22 M(z; &,¢%) dz = ¢* + &2 (1.30)

On the whole, from (1.29) and [(HI)H(H3)| it is not difficult to verify that, for every
€ > 0, the following properties hold

/]RMS(U | w)do =1,
/IRng(v | w)do = w + ae?, (1.31)
/]R(v —w— oc£2)2Mg(v | w) dv = Be?.

which confirm that M, describes a regime of small phenotypic changes as specified
by above. In a moment, we shall examine also the significance of assump-

tion [(H4)]
Scaling M to M, in (1.27), we obtain

3tf = (r(v) — po) fe + 1 ( [ Mool fult ) o~ fs> .

where we have denoted by f, the phenotypic distribution function parametrised by
e in consequence of the scaling (1.29) and by p;(t) = [ fe(t, v) dv the corresponding
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density. In weak form, this reads as

dt/ 0)felt,v)do = / (0)(r(v) = pe) fe(t,0) do
o (/ / M) el 0) dwdo — [ 9@t 0) 0 )
*/ — pe) fe(t,0) dv

+H {E/R [/}R P(0)M <v

where ¢ = ¢(v) is a generic observable quantity (test function). We shall consider
non-negative solutions to (1.32), (1.33), consistently with the interpretation of f; as
the statistical distribution of the phenotype v over time. This property is ensured
by the following result:

Proposition 1.1 (Non-negativity of f;). Under (1.28), if f¢(0,v) > 0 forae. v € R
then f:(t,v) > 0 fora.e. v € Rand every t > 0.

Y. e, ﬁ) dv} filt, w)dwf/ o(0)fe(t,0) v} (1.33)

Proof. Let f(t,v) := max{0, £ f:(t,v)} > 0 be the positive and negative part, re-
spectively, of f,. Writing f. = f,;© — f; and considering that f;", f; have essentially
disjoint supports, if we multiply (1.32) by —2f,~ we find

OUf ) = 2(00) = p) (22 =20 (S0 Mot ) o+ (£ )2),

whence, integrating over v € R,

dt/ (f (t,0)) dv—2/ V(o (t0)) dv—2(pg+y)/]R(f;(t,v))2dv
—2u [ [ MeGolw)f! (tw) (t0) dodo
w20 [ [ Melolw)fy (t,w) 7 (t,0) dwdo
<2(1-pe—p) [ (7 (40)do
+ou /m /]R Me(0fw) £ (£, w) £ (t,0) dw do.

Applying repeatedly the Cauchy-Schwarz inequality, first with respect to the prob-
ability measure M, (v|w)dv and then with respect to the Lebesgue measure dw, we
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obtain
M (v|w)fe (t,w)fe (t,v)dwdo = M (v|w)fe (t,0)dv | fo (t,w)dw
R JR R \/R
1/2
< [ (f Ml (o2do) i (1w

< gA{AMg(vw)(fe(t,v))zdvdzl))l/z </]R(f;(t,w))2dw>
= [ (o)

1/2

whence, finally,

%/R(f{(f,v))zdv §2(1—pg)/R(f{(t,v))2dv.

Since [ (fi (0,v))>dv = 0 because f¢(0,0) > 0 a.e. by assumption, the above
differential inequality implies

|G toao=0,  viso

Consequently, f; (t,v) = 0 for a.e. v € R and every t > 0, which concludes the
proof. O

The non-negativity of f, entails:

Proposition 1.2 (Non-negativity and boundedness of p;). Under (1.28), if p:(0) =
p¥ < 1, where p° > 0 is taken independent of e, then 0 < p¢(t) < 1 for every ¢ > 0 and
every t > 0.

Proof. With ¢(v) =1 in (1.33) we find

% :/Rr(v)fg(t,v) dU—pg.

(i) To prove the non-negativity of p., we multiply this equation by —2p; to find

S0t = —200 [ r@fle o) do+ 2000 < 2060 ),

where we took advantage of the non-negativity of f.. Letting u := (p;)?, this
is equivalent to % < 2u3/2, which, since u(0) = (p; )2(0) = O0and 3 > 1,
implies u(t) < 0 for all t > 0. Thus, (p; )?(t) = 0 for every t > 0 and the
thesis follows.
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(ii) To prove the boundedness from above of p. we observe that

d

% < pe — 02,
due again to the non-negativity of f,. Integrating this differential inequality
gives

o0
) < i —,
Pell) < T e g

whence the thesis follows as 1 — p" > 0 by assumption. O

Performing now the change of variable z :=
the right-hand side of (1.33) gives

% /]R ¢(0)fe(t,0) dv = /IR ¢(0)(r(v) — pe) fe(t,v) do

+V{A;L@FKW+fﬂAﬂzaaﬁﬁh feltw)dw - 34

— /]R ¢(v)fe(t,v) dv}.

For a sufficiently smooth test function, say ¢ € C?!(R) with bounded second
derivative, considering that ¢ is small we can Taylor-expand ¢(w + €z) up to the
second order with centre in w and Lagrange remainder:

Pl +ez) = g(w) + ¢/ (w)ez + 19" (@)EL + 1 (9" (0) — 9" ()€,

where 7= (1-0)w+0(w+ez) = w—+ ez for some 0 € [0, 1]. Substituting
into (1.34) and recalling[(HT)| [[H2)] and (1.30) yields

dt/ v)fe(t,v dv*/Rgo(v)(r(v)—pg)fg(t,v) do
+ ue? ( /q) fgtw)der (B + a?€?) /cp w)fe(t,w)dw (1.35)

2/ / " (%) ZM(Z ae, B)fe(t, w)dzdw>

which suggests to fix

1
= (136)

so as to observe the effect of phenotypic changes despite the fact that they are small.
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Notice that this is in line with the idea that, in the quasi—invariant regime, pheno-
typic changes are frequent. With this scaling of y, we rewrite (1.35) as

7 / v)fe(t,v)dv = /IR @(v) (r(v) — pe) fe(t,v) dov 137
o [ F@UG0) D+ E [ @)t 0 d0+ Relfeg),

where we have set
Re( = e /(p v) fe(t,v) dv+2/ / (¢"(0) — NZ2M(z; ae, B) fe(t, w) dz dw.

Owing to Proposition[1.2|and to the assumed smoothness of ¢, we observe that

IRe(fe, @) (t)] < zxzszuq)”Hoo ‘BLlp / / |6 — w|z> M (z; ag, B) fe(t, w) dz dw

<w EZHq) |l + pe Lip(qo”)/]R|z| M (z; ae, B) dz

where Lip (¢”) > 0 is the Lipschitz constant of ¢”. In particular, we have used
|0 — w| = Oe|z| < ¢|]z| because 0 < 6 < 1.

To estimate the last integral term on the right-hand side, let Z; be a random variable
with law M (z; ag, B), so that

[P Mz 0e, By dz = (1ZeP),

where, like in Section () denotes expectation. Then (Z;) = ag, Var (Z) = B,
and Z, can be standardised as Z, = \/BZ + ae, where Z is a random variable with

(Z) =0,(Z?) =1, and <|Z|3> < +o0 owing to Then,

(1Z¢]?) ‘\fZ—i—ocs‘ ) < B2 ’Z| )+ 3a|Be + 302 /B Z|) + | €
< (7)) +1 (1.38)
for ¢ small enough, considering that (|Z|) < (Z2)1/2 = 1 by Jensen’s inequality.

On the whole, we bound |R¢(fe, ¢)(t)| in such a way that |R¢(fe, ¢)(t)| = 0ase —
0. Consequently, we see that, for ¢ small, equation (1.37) solved by f, approaches
the following equation solved by a new distribution funct1on g

dat / 8(t,v)dv = /]Rq)(v) (r(v) —0)g(t,0) dv

8 (1.39)
ta [ ¢@glto)do+E [ o (@)g(t0)d0
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with o(#) f]Rg (t,0) do.

Equation (1.39) can be fruitfully written in strong form by integrating by parts the
last two terms on the right-hand side. This yields

01g = (r(v) —0)g — adog + ‘Bazg, (1.40)

provided that suitable conditions are imposed for |v| — 0. Such conditions in-
volve, in general, the test function ¢ but, as we shall see, only test functions in the
form of powers of v will be relevant for our next purposes. In more detail, for ¢
such that |¢(v)| ~ |v|P when |v| — cowith0 < p <2, is obtained from
by prescribing the “boundary” conditions

<(t,v), dug(t,v) M) 0 Vt>0, infinitesimals of order > 2. (1.41)

Notice that (1.40) is a Fokker—Planck-type equation with non-local reaction term.
Also in this case, we shall consider non-negative solutions to (1.39), (1.40), which
are provided by

Proposition 1.3 (Non-negativity of g). Under (I.28) and (I.41), if ¢(0,v) > O for a.e.
v € R then g(t,v) > 0 fora.e. v € R and every t > O

Proof. We multiply (1.40) by —2¢~, where g~ denotes the negative part of g, to

obtain
a(g7)* =2(r(v) —e)(g7)* —adu(g7)* — Bg 358
Next, we integrate over v € R and use integration by parts to find

%/}R(g*(t, 0—2/ ~(t,v)) dU—ZQ/ t,0))?do
- zx((g-a, s

! (_ /]Ravg(t, 0)dpg (t,v) dv + (gf(tlv)avg(trv)

=400
v=—00)

Owing to ([.41), the boundary terms vanish. Moreover, writing ¢ = ¢* — ¢~ and

using that g*, ¢~ have essentially disjoint supports we deduce [ 9,8(t,v)d,8 (t,v) dv =

— [r(90g™ (t,v))?dv < 0, whence, finally,

< _ — 2
& [ (& (o)do < 20— 0) [ (5 (t,0)do,
which, since [(¢7(0, v))? dv = 0 because g(0,v) > 0 a.e. by assumption, implies

/lR(g_(t,v))zdv =0, vt > 0.
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Therefore, g~ (t,v) = 0 for a.e. v € R and every t > 0, which concludes the
proof. O

1.4.1 Convergence of f.to gase — 0T

In this section, we prove the convergence of the solution f; of the integro-differential
model to the solution g of the differential model (1.40)-(1.41) in the quasi-
invariant limit ¢ — 07. This will provide a mathematical justification of the fact
that the differential model, often used in the literature as the starting point of fur-
ther investigations, is the exact counterpart of the agent-based model in the quasi-
invariant regime.

Preliminary results

Here, before the formal analysis, we report two generalisations of the classical
Gronwall’s inequality, which we exploit for the development of our theory.

Lemma1.4. For T > 0,leta, b, u: [0, T] — R be real-valued continuous functions such
that a is differentiable in (0, T), b is non-negative in [0, T|, and also

) ga(t)+/0tb(s)u(s)ds, vte o, T.

Then
u(t) <a(0 )efo b(s) ds +/ ef b(m)dt gs, Vte|o, T].

Proof. In the said hypotheses, the classical Gronwall’s inequality implies (cf. e.g., [123])
t
) < a( +/ ef b7 g5 — q(t) —/ a(s)iefstb(r)‘”ds,
0 ds
whence, integrating by parts,
= a(t) — (a(e)e 2] 4 [ (e)el 20 g
J0

( )efob(r dT+/ e[ b(t) drds

which gives the thesis. O

Lemma 1.5. For T > 0,leta, b, u : [0, T] — R be real-valued continuous functions with
b non-negative and a, b non-decreasing. Assume moreover that

u(t) <a(t)+b(t) /Otu(s) ds, Vte]|o,T]. (1.42)
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Then
u(t) < a(t)e!®, Vte |0, T].

Remark 1.6. This result is a variation of the classical Gronwall’s inequality in that
the function b is neither constant nor s-dependent within the integral on the right-

hand side of (1.42).

Proof of Lemma We introduce the auxiliary function

v&):::efjgmfﬁh:/su(r)dT,
0

which is such that
v(s)=e" Jo b(r)dr (u(s) —b(s) /5 u(t) dT> <a(s)e” Jo b(0) dr
0

the last inequality following from (1.42). Integrating on [0, ¢|, with 0 < t < T, and
considering that v(0) = 0 by definition, we find

mng

where we have used that a(s) < a(t) for all s < ¢, because a is non-decreasing.
Hence, recalling the definition of v,

ta(s)e_ Jo b()dT gg < a(t) /te—fos b(t)dt ds,
0

bmdﬂwﬁmﬂ:mwéﬁuwt

where we have considered that b(r) < b(t) for all » < ¢, because also b is non-
decreasing. Then,

t t
b(t)/0 u(t)dr < g(t)eb(f)f/o b(t)e s ds
= a(t)e! )t (_efh(t)s t

=a(t) (&0 -1).

Substituting this into (1.42)) yields the thesis. O

0
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1.4.1.1 A priori estimates
To begin with, we establish some a priori estimates that will be useful in the sequel.

Proposition 1.7 (Non-negativity and boundedness of ¢). Under the same assumptions
as in Proposition 1.2} if 0(0) = ¢° < 1then 0 < o(t) < 1 for every t > 0.

Proof. From (1.39), we obtain the evolution equation of ¢ by taking ¢(v) = 1:

do _ 2
o —/Rr(v)g(t,v)dv 0.

The thesis follows then by arguing like in the proof of Proposition[I.2} since ¢ fulfills
the same equation as p, with f; replaced by the non-negative distribution function
g O

From now on, we shall invariably make the following assumptions on the function
r and the initial phenotypic distribution f* = f0(v):

r, f0 € L2(R) N W (RR),

(1.43)

9,0,/ =0 as |v] — oo, Pv) >0 ae.
The assumption on the trend of f°, 9, f° for |[v| — oo is motivated by the similar
request on g, cf. (T4T). More specifically, we prescribe f° as the common initial
condition to both (1.32) for every € > 0 and (1.40):

fe(0,-) =g(0,)=f%  Vex>o. (1.44)

Notice that the results of Propositions hold using, in particular, ||r|,, as an
upper bound on 7, since |||/, > 1 due to (1.28).

Remark 1.8. The framework developed up to this point does not encompass the case
of constant 7, cf. the assumption r € L2(IR) in (T.43). The reason is that such a case,
though simpler, is structurally quite different from the general case of non-constant
r. Specifically, it gives rise to self-consistent equations for the densities p¢, ¢ with
also p¢(t) = o(t) for every ¢, t > 0. This impacts on the estimates needed to achieve
the quasi-invariant limit in a way which cannot be dealt with simply as a particular
instance of the case of non-constant r.

While throughout the chapter we focus on the biologically more significant case
of a net proliferation rate, r, depending on the phenotype of the individuals, in
[subsection 1.4.2| we provide for completeness technical details about the case of
constant r.
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Proposition 1.9 (L? estimate on f;). Under (T.43), fc(t,) € L?(R) for every ¢ > 0 and
every t € (0, T), where T > 0 is arbitrary.

Proof. We multiply by 2f, and integrate both sides w.r.t. v € R to find
SR =2 [ (r0) = pe) 2 (0,0) o
2
+ S—Z/R/ Mg(v]w)fg(t,w)fg(t,v) dvdw — 8—2||f€||%2
<2 (o= 3 ) I+ 5 [ ([ MGl 000 ) e ) o

Since [ Me(v|w)fe(t,v)do < ([ Me(v|w)f2(t,0) dv)l/2 by Cauchy-Schwarz in-
equality w.r.t. the integration probability measure M, (v|w)dv, then

2 (1l 2) 10+ 2 [ ([ Mol e o) ftt) o

A further application of Cauchy-Schwarz inequality to the integral in dw produces

1 2 1/2
<2 (Il = ) IO+ 31O ( [, [ Metol) 2000 doo)
whence, invoking the first formula in (1.31),

= 2|7l |l fe(£) |72

Finally,

1fe®)llz < || 0] e,
which shows that || f¢(t)|;2 is bounded for every t € (0, T] with arbitrary T > 0,
whence the thesis follows. O

Proposition 1.10 (L* estimates of f. and its derivatives). Under (1.43), f:(t,) €
W3 (R) for every e > 0 and every t € (0, T], where T > 0 is arbitrary.

Proof. (i) Webeginby estimating || f¢(t)||,. From (1.32) with the scaling (1.29

and the change of variable z := “-* we have

atfg‘i_slzfg: (r(v) — pe) fe + //\/l z; we, B) fe(t, v — €z) dz, (1.45)
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(ii)

whence, using the non-negativity of f;, p. and multiplying both sides by e/¢

1
o1 (¢ 1) < (Il + ) @710
&
We integrate now both sides on [0, t], t > 0, to find
2 1
A1) < L0 + (It ) [ 1RO Nads

for every v € R. Therefore
1 b
T e I e A TSI

and, finally, applying Gronwall’s inequality to the function e!/ e Il fe(#)

loor

[1AG) HfOH ellrllet,

which ensures that || f(t)
T >0.

is bounded for every t € (0, T] with arbitrary

oo

We estimate now |0, f¢(t)||,. For this, we differentiate (1.45) w.r.t. v to find

[l oo-
31(3ufe) + slzavfg = F(0)fe + (r(0) — pe)of

1 (1.46)
45 [ Mz e, B)aufi(to —e2)

then we multiply both sides by et/ ¢ and estimate:

00 (¢7900fe) < I Ol (2l 2 ) eSO

whence, integrating both sides on [0, t], t > 0, and arguing like in the previ-
ous step,

/|90 fe(1) | <

2f L+ 17l [ 2N s

+@VM+;)AS“wﬁum

Finally, applying Lemmato the function u(t) = et/ |9, fe(t) ||, with

o) = [9uf L+ 17l [ &N s, 508 =2l +
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(iii)

we obtain

H%ﬁﬁwwﬁH&waéwht%Wwwéﬂug@mfwwgwg%
< (|Ppor®| .+ 17l 72 £) 20,

where we have used the estimate of || f(¢)
This shows that [|0, fe(t)
T > 0.

We continue by estimating ||92f;(t)|| .. Differentiating (T46) w.r.t. v gives

||, established in the previous step.
is bounded for every t € (0, T| for an arbitrary

oo

(L) + 5hfe = 1" (0)fe + 27 (0)2efe + (r(0) — p) e
+ 512 < M(z; ag, B)O2fe(t, v — ez) dz, (1.47)
whence, proceeding analogously to the previous steps, we find
3 (e/703fe) < 17"l E felB) oo + 2] [’ 190 fe (1)1
+ (2l 3 ) R0

t
<[P+ [ U el e+ 20 oefels) )
t
+ <2|r||oo+£12>/0 es/€ E)%fg(s)Hoods

for t > 0. Applying now Lemma (1.4 to the function u(t) = ¢!/¢’ |92 fe(t)]],
with

)= [+ [ &/ U L)+ 2 efe(s) )

1
b(t) = 2lrlle +

and further

/2|92 £ (1)

HOO

yields
AR <[] 2
t
[N 207 |30 () ) 200 s

whence the boundedness of ||93f;(t)||, for every t € (0, T] and arbitrary
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T > 0 follows owing to the boundedness of || f¢(t)|| ., ||00fe(t)]| o established
in the previous steps.

We conclude by estimating ||03f:(t)|| .. For this, we differentiate (T.47) w.r.t.
v obtaining:

1(03fe) + 308fs = " (O)fe + 30" (00ufu + 37 (0)2Ef + (+(0) — )2,
+ 812 /]R M(z; ag, B)O3fe(t, v — €z) dz
S N FAO A T N AD N

27l + = ) ||25fe(t)
(2 3 ) 0]

whence, multiplying both sides by et/ & and integrating on [O, t], t >0, we
find

250,

7

2
et/s

%0
t
4 [ A o+ 3 S+ 31

1 t
+ (2Hr||oo + —2> / /e
€ 0

We now apply Lemmato the function u(t) = e!/¢ |03 fe(t)]|,, with

RG]

9fe(s)| ) s

B%fg(s)des.

Bfe(s)| ) as

Lot [ Ul + 3] 100fels)

b(t) = 2[|rlle +

to find

Bf0)] < |frr]
4 U e+ 3 el
+ 3|7l 03 fe(s) | )R- s,
The boundedness of [|33f.(t)|, for every t € (0, T] and arbitrary T > 0 fol-

lows then from the analogous property of || fe ()|, [0/ () || oo, and ||03 fe(£)
obtained in the previous steps.

les

Remark 1.11. Asaby product of Proposition[1.10] we notice that || fe(t) ||, [|00 fe () || o

|95

Hoo, and Ha are all bounded uniformly in ¢ in every bounded inter-

()]l

val (0 T|, T
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Unlike (1.40), the integro-differential equation (1.32) does not require the prescrip-
tion of boundary conditions. Nevertheless, soon a clue to the trend of fe(t,-),
9y fe(t, -) for |v| — oo will be needed, which is provided by

Proposition 1.12. Under (1.43), f¢(t,v), 0ufe(t,v) — O for |v| — oo for every t > 0
and every € > 0.

Proof.

(ii)

(i) Let u(t) := grf fe(t,v). Passing to the limit v — o0 in (1.45) we
(% o
obtain

1 1
e+ Fle < 2|7l ooue + 2 ter

where we observed that, owing to Proposition the mapping
z — M(z; ag, B) fe(t,v — €z) is bounded for every v € R by the integrable

mapping z — || fe(t)||oM(z; ag, B), cf. [(HI)| therefore we could pass the
limit through the integral by dominated convergence. The inequality above

is equivalent to
g < 2rllootte,

which, along with u(0) = ET f°(v) = 0 by assumption, implies u.(t) < 0
v oo

for all + > 0. But u¢(t) > 0, because f; is non-negative; thus, ultimately,
us(t) = 0forall t > 0.

The very same argument proves also that Em fe(t,v) = 0forallt > 0.
V— —00

Let now we(t) := ngrrl |0ufe(t,v)| > 0. From (1.46) we deduce preliminarily
v o0

1
Ul < 1 ofe+ 2ot + 2 ([ MG aeBlocile, 0~ e dz + ufil )

whence, taking the limit v —+ +c0 and invoking again the dominated conver-
gence,

1
w22 (It 5 ) we

where we have used that f(t,-) — 0 for v — 400 as proved in the previous

step. Since w(0) = 1_1)111 dy fo(v)’ = 0 by assumption, we conclude we(t) =
v oo
Oforall t > 0.
The same argument shows also that l_i)m |0ufe(t,v)] =0 forall t > 0. O
V— —00

We end this section by showing that also the differential model (1.40) preserves the
boundedness in time of the L? norm of its solution:
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Proposition 1.13 (L? estimate on g). Under (T.43), g(t,-) € L*(R) forevery t € (0, T),
where T > 0 is arbitrary.

Proof. We multiply (1.40) by 2¢ and integrate both sides w.r.t. v € IR to find:
d
8Ol =2 [ (r(0) — @) (t,0) do—2u [ g(t,0)2ug(t,0)do+ B [ 5(t,0)32g(t,0) do.

Observing that 2gd,¢ = 9, and integrating by parts the last term on the right-
hand side we further obtain:

Sls0}=2 [ 00) - 0w do—a(to)|

P /]R (908(£,0)) do + B(&(t, )28 (1, 0) ’Z:“"

v=+400

=—00

Finally, the boundary conditions (T.41) together with the non-negativity of (d,g)?,
o yield

2
<2[rllellg(t)lIz2/

therefore
8@z < |£°

whence the thesis follows. O

ellllcot
2 !

1.4.1.2 L? convergence

Propositions indicate that, for L?-integrable initial data, L?>(RR) is a space
the solutions f:(t,-), g(¢, -) to (L.32), belong to for t in bounded intervals of the
form (0, T], T > 0 arbitrary. It is therefore reasonable to ascertain the convergence
of fe to ¢ in that space ase — 0.

To this purpose, we preliminarily establish:
Proposition 1.14. Under (1.43), (1.44), the following estimate holds:

t
(pe = )(B] < [l [*(fe = )(p2ds, ¢ >0.
Proof. Subtracting and with ¢(v) = 1 gives

Sloe—0) = [ o) (flt,0) —glt,0)) do - (62 — ).
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Using the Cauchy-Schwarz inquality in the first term on the right-hand side and
writing p? — 0% = (pe + 0)(pe — 0), we estimate

d
gploe — el < Irllral[(fe = &) ()12 + 270 loc — @,

whence, integrating over [0, t], t > 0, and using that p,(0) = 0(0) owing to (1.44),

o= )1 < iz [ G = Oz s+ 20l [ 1o~ o)l ds.

Gronwall’s inequality yields then the thesis. O

We are now in a position to prove:

Theorem 1.15 (Quasi-invariant limit). Under (T.43), (T44), fe(t,-) — g(t,) in L*(R)
for every t € (0, T| with arbitrary T > 0 when € — OJr

Proof. Subtracting — with the scaling (1:29), —and we find:
(fe—8) = (r(v) = pe) (fe = &) — (e — 0)8
1
b 5 (M e Bz 1) +aveg— Bt

where we have performed the change of variable from w to z := “Z¥ in the integral.
Expanding

fe(t,v —ez) = fe(t,v) — €dpfe(t,v)z + éagfg(t, v)z% — éagfg(ﬁ,t)f

where 7 := (1 —0)v+ 0(v — ez) = v — B¢z for some 6 € [0, 1], and recalling|(H1)
(H4)|we further find

I(fe =) = (r(0) = pe) (fe = 8) = (pe = 0)g — 230 (fe —g) + §a%<f.s —38)
2¢2 € B
02 fe — 3 IR23/\/1(2; we, B)Ofe (3, 1) dz
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We now multiply both sides by 2(f; — g) and integrate w.r.t. v € R to obtain:

SN~ 9 IE =2 [ (1(0) = p0)(felt,0) — 86,0 do
~2(pc = o) /R $(t0)(felt,0) = g(t,0)) do
20 [ 3 (fi(t,0) — g(t,0))(felt,0) = g(t,0)) do
+B [ B3(fe(t,0) — g(t,0) (fe(t,0) — g(t,0)) do
+ a2 /afgm (fu(t,0) — g(t,0)) do
=5 | [ PMG ae 020, (it 0) — gl v)) dzdo.

Next, we notice that 2(fe — §)9,(fe — ) = 9»(fe — g)? and we exploit Cauchy-
Schwarz inequality and integration-by-parts to further elaborate this as:

<2l (e = O + 210 = DO - 3O - 9Bz
—a((flt0) ~ g0
+B(3elfe(t) — st 0D (felt o) — gt )|
—B | (3olfu(t,0) — g(t,0))*do

+2¢ (welEnn)||+ 3 [RRO| B2 +1) 0o 00

V=—00

HOO

where Z is the random variable introduced in (1.38).

Applying Proposition[T.12] together with the boundary conditions (1.41) along with

Propositions (1.2} 1.7} [1.13} [T.14} we arrive at

<2l (fe = ) (B)lI72
£ LG = Oz [ 1 - )0z e
o+ 36742 avfsme).

+ 2|7l

+ 4e||7 || o (ocs
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Next, we integrate both sides on [0, t], t > 0, and use the fact that f;(0,v) =
¢(0,0) = f°(v) to deduce:

G = )OI < 2lrl [ 10 - £)(6) B ds
+wwyﬂm/3wwq DO [ 10 - ()2 drds
+ 4|7l (zxs s)Hoods+ B2 ‘Z3‘ +1) A Bgfg(s)Hoods>

<2l [ 10~ £)(6) B ds

ﬂH3MM(/H DO las)

+ e (zxs/o agfg(s)deer5(53/2<\Z3\>+1) /Ot

whence, applying Cauchy-Schwarz inequality to the second term on the right-hand
side,

+ 2|l 2|

)| ).

£ pte1) [t~ )1 as

(S)Hde_ %([ﬁ/z( _

<2 (Il + 2

ot ot
+ae|r], ((xs P )) +1) [ ]2
0 0

© ).

Proposition i 2fe(t)]|, and ||03fe(t)]|., are e-uniformly bounded
in (0, T] by a constant Cy > 0, thus

t
<2 (rlla + o2 | £2] ate™ =) [ 11Cf = )(6) 52 s

+%Muq(w+;wWWZ$+n>t

Finally, Lemmaapplied tou(t) = [|(fe —g)(t) H%z with
a(t) = 4ellrlCr (ae + 3B 22D + ) 1 000 =2 (Il + Il £ ot
which are non-decreasing non-negative functions in [0, T], yields
1 - +
I(fe = 9]z < gelrllCr (ae+ S (B74(|2%) +1)) 1! =20,

which concludes the proof. O
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1.4.1.3 Convergence of the statistical moments

To grasp the big picture of a multi-agent system, one usually refers to aggregate
macroscopic quantities represented by the statistical moments of the distribution
function. We recall, in particular, the most significant low-order ones:
* 0.(t) := / fe(t,v) dv, i.e. the density of the agents at time t > 0 (zeroth order
R

moment),
* pe(t) == / vfe(t,v) dv, i.e. the phenotypic “momentum” at time t > 0 (first
R
order moment),
* Ei(t) := / v*fe(t,v) dv, i.e. the phenotypic “bulk energy” at time t > 0 (sec-
JR
ond order moment).

In this section, we show that in the quasi-invariant limit ¢ — 07 these quantities
converge to the corresponding moments of the limit phenotypic distribution func-
tion g:

o(t) ::/]Rg(t,v)dv, p(t) ::/]Rvg(t,v)dv, E(t) ::/]szg(t,v)dv,

thereby establishing that the differential model (1.40) inherits in the limit also the
exact main statistical moments of the agent distribution. For this, besides (1.43) we
shall need the following additional assumption on the function r:

v’r € L3(R). (1.48)

The first result is a straightforward consequence of the theory developed in Sec-
tion[1.4.1.2)

Theorem 1.16 (Convergence of the density). Under (1.43), (1.44), p<(t) — o(t) for
every t € (0, T] and arbitrary T > 0as e — 07,

Proof. The thesis follows from the fact that Proposition and the proof of Theo-
rem [1.15)imply jointl loe(t) —o(t)| S Veforallt € (0, T O

We proceed now with the other two moments.

Theorem 1.17 (Convergence of the phenotypic momentum and bulk energy). Un-

der (1.43), (1.44), and (1.48), pe(t) — p(t) and E¢(t) — E(t) for every t € (0, T] and

arbitrary T > 0as e — 0.

IThe symbol < indicates that there exists a constant C > 0, independent of ¢, t and the specific
value of which is not relevant, such that |p.(t) — o(t)| < Cy/e for every t € (0, T]. From the proof of
Theorem it can be seen that such a constant instead depends on T.
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Proof. (i) We begin with the convergence of the phenotypic momentum. We ob-
serve preliminarily that from (T.48) it follows also vr € L?(R); in fact:

2 2.2 2.2 2.2
= dv = d dv,
lor||72 /IRZJ r*(v) dv /{|v\§1}v r=(v) U+/{|v\>1}v r“(v) do

whence, since v2 < 1 for |o| < 1 and v < v* for |v| > 1,

< 2 d 4.2 d
< /{|v\§1}r (v) U+A‘v|>1}0 r=(v) do

2
2 2
swm+WrU

< +o0.

Letting now ¢(v) = v in ([.33) with (1.36) and recalling (1.31), we obtain

d
% :/RW(U)fE(t,o) dv — pepe + ape;

likewise, substituting ¢(v) = v into (1.39) we find

dp _
i /]R vr(v)g(t,v) dv — op + ao. (1.49)
Subtracting these two equations produces

%(Pe -p) = /IR or(0) (fe(t,v) — g(t,v)) dv — pe(pe — p) + (¢ — p)(pe — @),

whence

d
3i1Pe = PL< orll2ll(fe = &) (D2 + I lleolpe = pl + (1] + [a])] e — el.
(1.50)

Notice that from (1.49) it follows that p is bounded on every bounded time
interval; in fact:

d
1Pl = llorllpallg(®) Iz + 17l [p] + lac] - [7]]cor

thus, by Grbnwall’s inequality after bounding ||g(t)||;2 by means of Propo-
sition [1.13 - Ip(t)| is bounded by a non-negative non-decreasing function, say
h = h(t). Using th1s in (1.50) after integrating on [0, t], t > 0, yields

(e = PO < lrolz [ G- |m%+/ 5) -+ [a))](pe — )(5)] s
il [ 1= )6 ds,
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where we have taken into account that p:(0) = p(0) because of (1.44).
At this stage, Lemma|[L.4]applied to the function u(t) = |(pe — p)(t)| with

o) = ol [ 16— @O 2ds+ [ (h65) + el = O ds, b6 = Il

produces

(e =PI < [ (orlall e = 8)(5) 2+ (h65) + ) e — @) el s,

The thesis follows then passing the limite — 0" through the integral by dom-

inated convergence — notice that, owing to Propositions the
Il
e

integrand is bounded by the integrable mapping t — 2|[vr| ;2| f0]] ;2¢/" " +
2(|a| 4 h(s))]|7]| o — and invoking Theorems

(if) As for the convergence of the phenotypic bulk energy, we proceed analo-

gously to the previous step by substituting ¢(v) = v? into (1.33) with (T.36)
and into (1.39) to find, respectively,

dE,
dt

dE ” B
T /IRU r(v)g(t,v) dv — oE + 2ap + Bo.

= /]R 0?1 (v) fe(t,v) dv — peEe + 2ape + (B + a?e?)ps,

Subtracting these equations yields

d

ﬁ'EE —E| < Hvzr

L= )0z
+ 1|l B — EI+ (] + B)lpc — o
+2Jul - [pe — pl + 27 o

In particular, the equation of E shows that the latter is bounded by a non-
negative non-decreasing function, say k = k(t), because

%|E| < Hvzr

8Oz + 7l |El +2lal - [p] + Bllr oo

where ||g(t)||;2 can be bounded by means of Proposition while |p| is
bounded by the function k introduced in the previous step.
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On the whole, we have then:

[(Ee—E)(t)| < ||or

U/” DONads + [ (K5)+B)l(pc — 0)(5)

+2a / [(pe — p) () ds + a2||rl| o3t

il [ 1B~ B)) s,

which, invoking Lemma [1.4]for the function u(t) = |(E; — E)(t)| with

= o] [ 10 - 9o+ [ ks ~0)(s)|ds
+ﬂM/|m (5) ds + o] 2%,
b() = 7]

implies

(E=BYOI < [ (o2 LI = 9Oz + K6) + o — ) o)

+20a] - [(pe — p)(5)] + a2 |7 o€7s) el 1= ds.

2

The thesis follows then from Theorems|1.15|[1.16|along with the result proved
in the previous step, passing the limit ¢ — 0 through the integral by domi-
nated convergence. O

Remark 1.18. From the statistical moments above, one can compute two other ag-
gregate quantities of interest, such as the mean phenotype:

5 . Pe

T 1=

Pe

and the variance of the phenotypic distribution:

2 E. =2

of = — — L.

POe
In the quasi-invariant regime, the corresponding quantities , ? are defined anal-
ogously using ¢, p, and E.
1.4.2 The case of constant r

As stated in Remark the theory developed in this chapter does not cover the
case of constant r. For the sake of theoretical speculation and completeness, in
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this subsection we provide the technical details needed to also address the simpler
quasi-invariant limit with constant r < 1.

In the following, we keep assumptions (1.43), (1.44), except that we drop the request
r € L*(R).

The main simplification that occurs with a constant r is that the density p, obeys a
self-consistent equation independent of ¢. In fact, substituting ¢(v) = 1 into (L.33)
we obtain

e~
dt
which is a logistic equation admitting the e-free solution

T — Pe)Pe,

ro®

r— pO)efrt + pO'

Ps(t) - (

Ifo < po < r, the result of Proposition still holds true qualitatively, and we have,
in particular, 0 < p,(t) < rforall t > 0.

The same reasoning applied to with ¢(v) = 1 shows that the density o fulfills
the very same equation as p:

X (-0
dt - Q Q’
whence p:(t) = o(t) for every ¢ > 0 and every t > 0. In practice, there exists a
unique density, say p, which is independent of € and is the same for both distribu-
tion functions f, g. Therefore, there is no need to pass to the limit ¢ — 0" in the

density.

On the other hand, Proposmons [L.1}[L.3} [1.9) [1.10} [1.12} [1.13]still hold true because

none of their proofs uses the L2-integrability of r, as it can be ascertained by direct
inspection.

The consequence of these facts is that Theorem([1.15also holds when r is constant. In
fact, the term | (pe — 0)(t)|, which in the proof of the theorem carries the dependence
on ||r||L?, vanishes whereas the rest of the proof remains unchanged due to the
boundedness of 92 f; and 93 f,. Specifically, the L?-estimate on f; — ¢ provided in
the proof modifies as

II(fe —g)(¥) ||L2 <2r/ II(f )||L2 ds + 4erCr <¢xs+ (B33 |Z| +1>

whence one obtains the convergence f(t) — g¢(t) in L?(R) for every t > 0 as
¢ — 0T by applying the standard Gronwall’s inequality.

As far as the convergence of the statistical moments is concerned, we notice that
also the phenotypic momentum of f, does not depend on e. In fact, substituting
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TABLE 1.1: Parameters used in the numerical simulations of Figures

| Parameter | Description | Value

N Number of agents in MC simulations 10°

Av Phenotypic mesh size 2.5-1072

At Numerical time step 104

T Final time of simulations 10
Computational phenotypic domain [—15, 15]

R Radius of the mollifier i 5

0 Amplitude of the transition layer of the mollifier ¢ | 0.5

Um Fittest trait (i.e. maximum point of the function r) 1.5

o Drift coefficient —-0.3,0,0.3

B Diffusion coefficient 0.4

€ Scaling parameter for the quasi-invariant regime 1,1071/2,107!

¢(v) = v into (1.33) with (I.36) we find

dpe _
ar

which is the very same equation satisfied by the phenotypic momentum p of g,
as it can be checked by substituting ¢(v) = v into (1.39). Thus, pe(t) = p(t) for
every ¢ > 0 and every t > 0, which makes it needless to pass to the limite — 0.
Conversely, the phenotypic bulk energies E,, E satisfy

dE dE
5 = r=p)E+2up+ (B+a*e)p, = (r—p)E+2up+pp,
whence p
(B~ E) = (r—p) (B~ E) + 0%
and, finally,

I(E. |<2r/ |(Ec — E)(s)| ds + a?ret.

From here, Gronwall’s inequality provides the convergence E¢(t) — E(t) for all
t > 0 when ¢ — 07, in particular without assumption (T.48) which, with constant
r, could not be met.

1.5 Main results of numerical simulations

We now illustrate, by means of a sample of results of numerical simulations, the
theoretical results proved in the previous sections. In more detail, we present the
results of numerical simulations carried out for:
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FIGURE 1.2: Results of numerical simulations of the stochastic agent-based model
(MC), the integro-differential model (IDE), and the limit differential model
(PDE), for the drift coefficient & < 0. The dashed vertical line in the panels of the first

column highlights the fittest trait vy,
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(MC), the integro-differential model (IDE), and the limit differential model
(PDE), for the drift coefficient « = 0. The dashed vertical line in the panels of the first
column highlights the fittest trait vy,
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1 0 1 2 3 1 0 2 4 6 8 00 2 4 G 8 0 0 2 4 G B 10

v t t t

FIGURE 1.4: Results of numerical simulations of the stochastic agent-based model
(MC), the integro-differential model (IDE), and the limit differential model
(PDE), for the drift coefficient « > 0. The dashed vertical line in the panels of the first
column indicates the fittest trait v,,

¢ the stochastic agent-based model through a direct Monte Carlo method,
cf. [129];

¢ the integro-differential model (1.32), for three decreasing values of the scaling
parameter ¢, through an explicit-in-time Euler scheme complemented with a
numerical approximation of the integral term based on the trapezium rule;

¢ the limit differential model (1.40) through an explicit-in-time Euler scheme
complemented with finite difference schemes for the approximation of the
v-derivatives.

We compare and contrast these results in terms of distribution functions and low-
order statistical moments. Specifically, the objective is to verify that there is quan-
titative agreement between the numerical solutions of the stochastic agent-based
and integro-differential models for all the values of the scaling parameter, ¢, thus
corroborating the formal derivation presented in Section Moreover, we aim at
showing the convergence of the solution of the integro-differential model, and of its
low-order statistical moments, to the solution of the differential model, and to the
corresponding low-order moments, as the scaling parameter gets smaller, in order
to provide numerical evidence for the quasi-invariant limit analytically studied in

Section [T.4]

The parameter values employed in numerical simulations are summarised in Ta-
ble[l1l
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As an initial condition, common to all simulations and to equations (1.32), (1.40),

cf. (1.44), we prescribe
3 2

76717
10v/7

namely a normal distribution with mass pO = 0.3, null mean, and variance equal
to 0.5, which complies with assumptions (1.43). This is also the distribution from
which the agents are initially sampled for the Monte Carlo method used for the
stochastic agent-based model (L.5).

fov) =

Concerning the net proliferation rate, r, we choose

r(o) == (1 —(o— vm)2> ¥(0).

The parabolic profile 1 — (v — v,,)? is maximum at v = vy, with (vy,) = 1, cf. (1.28),
which represents the so-called fittest trait, i.e. the phenotype corresponding to the
maximum net proliferation rate. The factor ¢ : R — [0, 1] is a C*-mollifier, which
is needed to adjust the trend of r at infinity, in compliance with assumptions (1.43),
while allowing r to coincide with the desired parabolic profile at finite points. In
more detail, i is defined by first introducing the functions

)= 3 [t tnn (22) | xcan@, de)=1-g (R -a),

where x(_;,1) denotes the characteristic function of the interval (-1, 1), and then
letting

P(-v) if —~-R-6<v<-R
1 if —~R<v<R
P(v) =1 .
P(v) HR<v<R+6
0 otherwise,

where §, R > 0 are real parameters, cf. Table Notice that ¢ = 1, and thus
r(v) = 1— (v —vy)?, for v € [-R, R]. In contrast, in the two layers (—R — &, —R)
and (R, R + 6) of amplitude 6 the function § produces a C®-transition of i from 0
to 1 and from 1 to O, respectively.

Figures display the results of numerical simulations for three different
values of the drift coefficient, «, that is, « < 0 (Figure , « = 0 (Figure , and
& > 0 (Figure[L.4) — see Table[l.T|for further details on the parameter values. In sum-
mary, the rows of each figure display, from left to right, the distribution function at
the final time of simulations, T = 10, and the time evolution fromf =0tot = T of
the density of agents, the phenotypic momentum, and the phenotypic bulk energy,
computed for the three models for a given value of the scaling parameter ¢, which
decreases, from row to row, from ¢ = 1 through to ¢ = \/% toe = 11—0. In all cases, it

is evident that, while there is excellent quantitative agreement between numerical
solutions of the agent-based model (1.5) and the integro-differential models (1.32)
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at all times and for all values of ¢, the agreement with the solution of the differential
model improves as ¢ decreases, as expected from the quasi-invariant asymp-
totics. Note that, for the employed simulation set-up, a good qualitative agreement
with the solution of the differential model is already observed for a value of

¢ as moderately small as —— ~ 0.32.

V10

1.6 Concluding remarks

In this chapter, we have advanced and employed a derivation method for aggre-
gate mathematical descriptions of evolutionary dynamics in phenotype-structured
populations, where population members undergo proliferation, death, and pheno-
type changes. This method is rooted in kinetic theory approaches for mass-varying
multi-agent systems and makes it possible to bridge, in a consistent manner, three
types of models for phenotype-structured populations commonly found in the lit-
erature: agent-based models tracking the dynamics of single population members,
wherein phenotype changes and proliferation and death are represented as stochas-
tic particle processes; IDE models governing the dynamics of phenotype distribu-
tion functions, in which phenotype changes are described by an integral operator
encoding a mutation kernel, whereas proliferation and death are encapsulated in
a non-local reaction term; and non-local PDEs for phenotype density functions, in
which phenotype changes are taken into account by an advection-diffusion term,
while proliferation and death are still represented by a non-local reaction term.

Our approach incorporates, from the very beginning, that is, from the agent-based
level of representation, non-conservative phenomena (i.e. proliferation and death
of population members). This has required special care in passing to the IDE model
through the kinetic paradigm for multi-agent systems, since non-conservation of
the number of agents, and thus of the mass of the system, is non-routine within
such a paradigm. Moreover, this approach has shed light on the mutual relations
among the aforementioned alternative types of models, which in the literature are
usually addressed separately. In particular, we have shown that the IDE model is
the aggregate counterpart of the agent-based model in every regime of the param-
eters driving the evolutionary dynamics of the population, whereas the non-local
PDE model provides a faithful representation of the underlying evolutionary dy-
namics only in the regime of small and frequent phenotype changes.
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Chapter 2

A multi-compartmental
integro-differential model for
phenotype structured
population

Derivation and applications in epidemiology

2.1 Introduction

In the previous chapter, we developed a microscopic model that leverages the ki-
netic formalism to describe the phenotypic evolution of a population composed
of a large number of individuals. To this end, we partitioned the population into
two compartments, labelled 0 and 1, treating the former as a reservoir in which the
microscopic structure is not explicitly modelled, and the latter as the population
under investigation. This scheme proved useful for maintaining consistency with
the biological nature of the system, as it explicitly incorporates proliferation and
death processes. The resulting dynamics fall within the class of selection-mutation
models, but the formulation involved only a single compartment. In fact, since the
dynamics of the passive compartment can be derived from those of the active one

( , it was sufficient to isolate a single evolution equation.

However, the microscopic construction introduced is conceived in a simplified form,
and it is therefore natural to extend it to scenarios in which a greater number of
compartments play a dynamically relevant role. A classical example is the SIR
model proposed by Kermack and McKendrick [103]], which partitions the popula-
tion into three compartments and generates a simple yet sufficiently rich dynamic

The results presented in this chapter are based on [21].
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to describe the outbreak of a virus in an immunologically naive population. An-
other well-known case is provided by the Lotka—Volterra models, in which the
population is composed of two species which interact within the same environ-
ment and mutually influence their evolutionary dynamics.

In this regard, although working with a system composed of a large number of
equations entails greater analytical complexity, it also allows for a more faithful rep-
resentation of the dynamics under investigation. Striking a balance between these
two aspects is therefore essential for constructing a model that is as accurate as pos-
sible but still feasible. Following this logic, those examples considered above are
typically formulated as systems of ordinary differential equations (ODEs), which
clearly result in a significantly lower level of complexity.

In recent years, compartmental models have been the focus of significant research
efforts aimed at enhancing their descriptive power through the introduction of het-
erogeneous structural properties. In epidemiology, this has led, for instance, to the
inclusion of features such as viral load for infected individuals, or resistance to in-
fection for susceptible and recovered ones [110]. At the same time, there has been
growing interest in increasing the number of compartments to more accurately rep-
resent the diversity of behaviours and scenarios observed in infections with specific
characteristics.

This chapter focuses on the formulation of a model capable of describing a multi-
compartmental dynamic, in which each compartment is further structured by a
continuous variable. The purpose of this variable is to represent the variability of
relevant traits within the population, following and generalising the modelling ap-
proach proposed for SI systems in [110]. The model accounts for both the evolution
of traits within each compartment and the transitions of individuals between dif-
ferent compartments. Therefore, this chapter starts by introducing an abstract and
general formulation of the system, and then presents an implementation in an epi-
demiological setting. In this context, specific assumptions are introduced to adapt
the general framework to different applied scenarios.

The mesoscopic counterpart of the model takes the form of a system of integro-
differential equations (IDEs) for the population densities in each compartment.
These densities describe the distributions of individuals over the domains of the
structural variables associated with each compartment (cf. the schemtic Figure
. Through an appropriate rescaling procedure, the corresponding macroscopic
model is finally derived, consisting of a system of ordinary differential equations
(ODEs): one for the evolution of the fractions of individuals in each compartment,
and another for the mean values of the structural traits. Moreover, in the second
part, we employ a reduced version of the macroscopic model to obtain a general
formula for the basic reproduction number R.
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FIGURE 2.1: Schematic flow diagram of a heterogeneous SIRS system, along with its
representation in terms of population density functions n;(t,v;). Each function de-
scribes the distribution of individuals within compartment i € Z := {S,I, R} over the
corresponding structuring variable v; € V; at time t.

2.2 Stochastic agent-based model

As in the previous chapter, we consider a system of N > 1 interacting compart-
ments, indexed by i € Z = {1,...,N}. Each compartment is structured by a
specific continuous variable v; € V; C R, where V; is a bounded interval. At
time ¢ € [0, o), we describe the microscopic state of individuals in the system, re-
garded as being indistinguishable, by the random vector (I;, V), where I; € 7 and
Vi=WVig oo, V) €V =V x ... x Uy C RN. The discrete random variable I;
specifies the compartment of an individual at time ¢ (i.e. individuals belonging to
compartment 7 at time ¢ will have I; = i), while the continuous random variable V; ;
models the level of expression of the trait represented by the i*" structuring variable
at time t.

We let
(I, Vi) ~ f(t,i,v). (2.1)

The distribution function f : [0, ) x Z x V — R, being a probability density
function, is such that

Z/Vf(t,i,v)dv: 1 Vi€ [0, 00). 2.2)

i€l
We focus on a scenario where between time t and time ¢ + At, with At > 0:

(I) At rate 6; € R, structuring-variable switching may occur, whereby an indi-
vidual in compartment i with expression level v; of the trait represented by
the structuring variable may spontaneously acquire a new expression level
v}, with probability K;(v}|v;).

(II) Atrate ¢ € R, compartment switching may take place, whereby an individual
in compartment i with expression level v; of the trait represented by the struc-
turing variable may transition into compartment j. Compartment switching
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can either be spontaneous (i.e. not driven by interactions with other individu-
als) with probability r € [0, 1], or driven by intra-/inter-compartment interac-
tions (i.e. interactions between individuals of the same compartment/different
compartments) with probability 1 — r. In more detail:

(IIa) when spontaneous compartment switching occurs, the individual transi-
tions into compartment j, with probability p(j|i, v;), and acquires a value
v'! of the structuring variable of the new compartment, with probability
P(v;’ |j,i,v;). This is the case, for example, of the switch I — R in the
SIRWS model presented in Section 2.4.3] whereby an infected individual
spontaneously recovers and becomes immune;

(IIb) when interaction-driven compartment switching occurs, the interaction with
an individual in compartment k with value v} of the structuring variable
leads the individual to transition into compartment j, with probability
q(jli, vi, k, v§), and acquire value U;.’ of the structuring variable of the new
compartment, with probability Q(v|j, i, v;, k, v} ). Considering again the
SIRWS model presented in Section this is the case, for example, of:
the switch S+ 1 — I + I, whereby a susceptible individual interacts with
an infected individual and contracts the disease (i.e. k = j); or the switch
W + I — R+ I, whereby an individual with waning immunity interacts
with an infected individual and receives a boost of immunity, becoming
recovered and thus immune (i.e. k # j).

The aforementioned kernels K;, P, and Q and the functions p and g satisfy the fol-
lowing assumptions for all i, j, k € Z:

Ki(|) € 2(ViCV)), P(lji) € 2(VCV), plili-) € CV),
Q(lj,is- k) € PVCOV x Vi), q(ili k) € CVi x Vi),

Supp(K;) CV; xV;, K;>O0ae, (2.3a)

/ K;(v}|v;)dv} = 1 and / viK;(v}]v;)do} € V; Vo; €V, (2.3b)
V, Vi

i

. 2
/V‘(vf)%(i(vﬂvi)dvl’- — (/V va,-(vﬂv,-)dv;) >0 Vo €V, (2.3¢)

Supp(P(-|j,i,-)) CV; xV;, P(:j,i,") >0ae,

/VVP(ZJ;/U, i,v;)dvf =1, /V v P(vf]j,i,v;)dvf € V; Vo €V,
] ]
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Supp(Q(-[j, i, k) S Vi x Vi x Vg, Q(lj,i, k) > 0ae,

/V Qo] lj i, vi,k,v)dof =1, /Vj 07 Q(vflj, i, vi, k,vg)dof € V; V(v v) € Vi x Vi,

j

Supp(p(jli,-)) € Vi, 0<p(jli,-) <1,
Supp(q(jli,-/k,-)) € Vi x Vi, 0<q(jli,- k) <1,

Y p(liv) =1 Vo €V, (2.4a)
jeT
Y q(jli,vi ko) =1 Y(v;,0f) € Vi x Vg, (2.4b)
jeT

where Z(V;) denotes the set of probability distributions defined on the measur-
able space (V;, B), with B the Borel o-algebra, C(V;) denotes the set of continuous
functions defined on V;, and Supp(-) denotes the support of (-). Note that the nor-

malisation conditions (2.4a)) and (2.4b) imply that

p(ili,v) =1=Y  p(jli,v;) Yo; €V, (2.5a)
jeT
j#i
q(ili, vi, k,vf) = 1=y q(jli, v, k,vf) V(v;,v5) € Vi x V. (2.5b)
jeT
j#i

Under these conditions, the random process which governs the evolution of the
microscopic state (I;, V¢) takes the following form

Lop=(1=2) L+ Z [EL +(1-5)I)],
(2.6)
Vierar = (1-2)[(1-©) Vi + O, V), | + ZV}}, i€,

where Z, 5, and @y, ..., Oy are independent Bernoulli random variables with pa-
rameters {At, r,and 01 At, . . ., Oy At, respectively. Note that, unlike in equation (1.6),
in this case the coefficients are assumed to be constant. As a result, the time step At
must be sufficiently small so that max ({,6;,...,0n) At < 1. In the system (2.6),
the random variables I} € Z and I/ € Z model, respectively, the index of the
new compartment an individual belongs to if spontaneous and interaction-driven
compartment switching occurs, while the random variable V/; € V; models the
corresponding value of the structuring variable that is acqu1red by the individual.
Moreover, the random variable V/, € V; models the new value of the structuring
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variable that is acquired by an individual in compartment i if structuring-variable
switching occurs.

For ease of presentation, in the remainder of this chapter we use the notation

W=V x...x Vi1 x Vig1 X ... XV, iy = (v1,-..,9i_1,9i11,---,0N). (27)
To incorporate (I) into (2.6), for all i, h € Z we let

(Vigllt, Vi) ~ T(0i|1, Vi), (2.8a)

Ki(ol|o;) ifi=h,
5y, (0))  ifi#h,

i

T(vi|h,v) = { (2.8b)

where 6x(y) is the Dirac delta centred at y = x. Moreover, recalling the nota-
tion (2.7), to incorporate (Ila) into (2.6), for all i,i’ € Z we let

(I{, V£/|It, Vi) ~ T(i/,V”|It,Vt), (2.9a)
T V"]i,v) = 0s (9" )p(i')i, ;) P ()], i, 0;), (2.9b)
while to incorporate (IIb) for all i,i"”, k € Z we let

(I, VL, Vi, IF, Vi) ~ T V|1, Vi, IE, V), (2.10a)
Te(@ V" iv, i V) = 6 (Mg (1" |i, 01k, 07) QUi 1,05,k 0F). (2.10b)

In summary, the definition translates in mathematical terms the idea that
only individuals in compartment i undergo changes in the trait represented by the
structuring variable v; due to structuring-variable switching, according to the ker-
nel K;. Moreover, the definition (resp. the definition (2.10b)) captures the
fact that spontaneous compartment switching (resp. interaction-driven compart-
ment switching) leads individuals in compartment i with expression level v; of the
trait represented by the structuring variable to transition into compartment i’ (resp.
compartment i"'), with probability p(i’|i,v;) (resp. with probability q(i"|i, v;, k, v),
where k and v are the compartment and the value of the structuring variable
of the individual with which/whom the interaction occurs), and acquire the ex-
pression level v} (resp. v/,) of the trait represented by the structuring variable
of the new compartment, according to the kernel P(v)/|i’,i,v;) (resp. the kernel
Q(U;/// |i/// i Ui, k, U;))
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2.3 Mesoscopic model

Starting from the system (2.6), we now formally derive the mesoscopic model cor-
responding to the microscopic model presented in the previous section, which com-
prises a system of balance equations for the population density functions

ni(t,v;) = n(t,i,v) / f(ti,v)d¥, iecZ, (2.11)

where f(t,1,v) is the probability density function given in 2.1), and 'V and ¥ are
defined via (2.7). The population density function #;(t, v;) represents the distribu-
tion of individuals in compartment i over the corresponding structuring-variable
domain V; at time ¢ (cf. the schematic in Figure[2.1). Specifically, we will formally
show that the dynamics of the population density functions n;(t,v;) with i € Z are
governed by the following IDE system

omn;(t,v;) = 91'[/;} K;(v;]v})n;(t, v})do} — ni(trvi)]

i

+Cr Z/ (ilj, ;) P(vili, j, vj)nj(t, v;)dv; — Y p(li v) mit, v,)]

j€T j€T
J#i j#i
(1-r) Z Z/ /V |],v],k k) (v,-\z',j,v]-,k,vk)nk(t,vk)n]-(t,v]-)dvkdv]-
keT jeT
#i
-y Z/ (i, vi, k, v ) g (¢, v ) dog mi(t, v,)] v, €V, i€ (2.12)
keT jeT
i

Before proceeding with the formal derivation, we introduce the following lemma,
which will prove useful in the subsequent steps.

Lemma 2.1. Let {©;};c7 be independent Bernoulli random variables with parameters
0;At. Define
G = 2 ®i-
i€
Then, as At — 07, it holds
P(& > 2) = o(At).

Proof. Clearly,

P(G>2)=1- (]P(G —0)+P(6 = 1)).
Moreover,
P(6=0)=]](1-6at), P(&=1)=) 6;at][(1—-06;At).
i€l i€l jeT

j#
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p:=]]1-6;At).
icZ
Then
logp =) log(1—6;At) = — ) 6;At+o(At), At— 0T,
i€l i€l
so that
p=1-Y 0:At+o(At).
i€l
Hence,
P(6 =1) =) 6;At (1 — ZQjAt + 0(At)>
i€l i
=Y 0:At =Y Y 0,0,AP +o(AP)
i€l i€l jeT
j#i
=Y 0:At+o(AP).
i€l
Therefore,
P(G>2)=1- (1 — Y At +o(A)+ Y QiAt+o(At2)> = o(At),
i€l ieZ
which proves the claim. O

General evolution equation for expectations of observables. We start by noting
that, since the components of the random vector (I;;a¢, Vi+a¢) are given by (2.6),
for any observable ® : 7 x V — IR the expectation

(@ (I, V1)) Z/ (1, v)f(t1,v)dv
leT
satisfies (see, for instance, [[129])
(@ (Tran, Viar)) = (@ (I, W) (1—0) At
+ (@ (I, V{)) T At
+ (1=r) (@ (I, V/)) T A, (2.13)

where

Wi = (Wi, ..., Wyy) with Wi, = (1-0;) Vi; +0; V], for i=1,...,N (2.13)
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and V{ = (Vl”t, ..., Vf\?,t)' Recalling that Z and @y, ..., Oy are independent

Bernoulli random variables with parameters (At and 61At, ..., 0NAt, respectively,
introducing the diagonal matrix

O := diag (04, ..., On)
and rewriting the vector W; as
Wi =(I1-0) V;+ 0V,
where I is the identity matrix, yields
(@ (I, Wi)) = (@ (I, Vi) P(6 = 0)

+h§<q>(1t, \ >>P®h:1 A ©; =0Vj # h)
+ ot., (2.14)

In (2.14), P(-) is the notation that we will be using for probability, 0 is the null
matrix,

h
V"= (Vg oo Vicrs Vi Vg o Vi) (215)

and o.t. are all the other terms accounting for the remaining cases in which multiple
diagonal elements of the matrix ® are equal to 1, i. e higher order terms in At which
will formally vanish in the limit At — 0. Using (2.14), we rewrite (2.13) as

(@ (Ispt, Vigat)) = [ Y <c1> (It,vgfh)> P(@), = 1A®; =0V # h)
hel
+ (@ (I, Vi) P(© = 0) + o.t.] (1 - ZAt)
(@ (IL,VY)) CAE+ (1— 1) (@ (I, V) CAE (216)

and then, using the fact that, as proved in Lemma

PO@=0)=][(1—-6,At) =1—At) 6, +0(At), (2.17)
heZ heZ

PO, =1N0O;=0VYj#h) = GhAtH(l — 0;At) = 0,At + o(At)
jez
j#h
and
o.t. = o(At), (2.18)
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with a little algebra we rewrite (2.16) as
(@ (Ie+at, Virar)) = (P (I, Vi)
+at Y 0, ((@ (1, Vi) = (@ (1, V1)) )
hel (2.19)
+ L (r (@ (1, V) + (1= ) (@ (I, V) = (@ (1, Vi) )

+o(At).

From (2.19), rearranging terms, dividing through by At and letting At — 07, we
formally obtain the following evolution equation

d

Lot o (o(02)) - 0i0v0)
+ C(r (@ (I, V) + (1 =) (@ (I, V{)) = (@ (I, V) >/ (2.20)

which can be regarded as a weak form of the conservation equation for the prob-
ability density function f(t,i,v). Expressing the expectations (-) in (2.20) in terms
of sums and integrals against the probability density function f, and using (2.8a),
(2.94), and (2.10a)), the evolution equation can then be rewritten as

dtz/ (Lv) f(t,L,v)dv =

leT
—hgzeh Lzz/ R (/ T(0}|1,v) f (tlv)dv;,)dv’h IGZI/ lvf(tlv)dv]
=
r D(1,v'") TV")j,v v dv”
oy f e (EI/ .9 (V) )
@)
{(1-r) ®(1,v'") Te(LV"|j,v, kv t,i, t k,v*)dvdv* | dv”
'L f (kezmzl// WY ov K 06 9) F V) )
=@
- Z/ O(1,v) f(t,1,v)dy, (2.21)
1eT

)

where, recalling the notation @.15), v'/' = (v, ..., vj_1, V), Upt1, -, ON)-

From (2.2I) we now derive a weak form of the IDE system (2.12). To do so, we
choose

(L, v) = 5;; ¢(07) Lip("9), (2.22)
where 'V and ' are defined via (2.7), ¢ is the Kronecker delta, 1y, is the indicator
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function of the set 'V, and ¢ € C®(V;) is a smooth test function. We then substi-
tute (2.22) into (2.21) and, for ease of presentation, carry out calculations for the
left-hand side (LHS) of (2.21) and the terms (D)-(v) on the right-hand side (RHS)

of (2.21) one by one.
LHS of 2.21) Recalling (2.11)), substituting (2.22) into the LHS of (2.21)) yields

dtz/ @(1,v) tlv)dv—/ ¢(0;) ey (t, v;) dos. (2.23)

leT

@ on the RHS of (2.2I) Recalling (2.11), substituting (2.22) along with (2.8b) into
@ yields

® = 6; U / (v!|oi)n (t,UZ‘)dvgdvi_/V.(P(Ui)”i(tfvi)dvi]

1

+ Y0 [/ / 5o (0 it i) of o — [ glonyt o)

heZ i
h#i

=0 [/ / i(viloi)n (t’vi)dvgdvi_/V_(P(Ui)ni(trvi)dvi] ,

1

from which, swapping v; and v; in the first integral and then rearranging terms, we
find
® = /V ¢(v;) {Gi [/V K;(v;]vl)n;(t, o)) do} — ny(t, vl-)] } do;. (2.24)

@ on the RHS of (2.21) Substituting first (2.22) and then (2.9b) into @) and rear-
ranging terms yields

®= |, 4l <

= [ o) | X [ [ dor (00ptli, o) PGt i ot v)dvd” | dof

jex
j#i

+/V»4) /) (/ /‘5’v” ©)p(ili,vi)o //(Ui)f(t,i,v)dvdiv”) do!

:/V,(P ,/> Z/ ‘]r z|l ], ) (t j,V)dV dv;/

jeT
i#i

2/ / T, v"j,v)f(t,j,v dvd’\?”) do!/

JEL
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+ [ 0 ( [, plili.o0s, s, i,v)dv) o,

from which, recalling (2.11)), using the relation (2.5a) and renaming v}’ to v;, we find

®:/1;4) { / |]/U] Ul |1],'()])1’l](t ’(]])d’U]
! jeT
J#i

+ <1 - 2 p(j i, Ul-)>ni(t, vi)} do;. (2.25)
JiI
JF

@ on the RHS of (2.2I) Substituting first (2.22) and then (2.10b) into @) and rear-

ranging terms yields

®:/vl vf) (Z 2/ //7; iv"j,v, kof)f(tj,v )f(t,k,v*)dvdv*d%z”) do’!

keT jel

:/ ”) ZZ/ //le” v |],v],k ;)Q (Ug/\z',j,v]-,k,v;:)f(t,j,v)f(t,k,v*)dvdv*difr/' dvg/
Vi keZjeT
J#i

+/v 90l (2 / / / 5ign (9)q(ili, 01, Kk, 01)6 u(z;i)f(t,i,v)f(t,k,v*)dvdv*difr”> do!

_ / @ Ty / / i17,0,k,05) Q0 |i,j, 01,k 01) F (1,1, V) f (1, K, v*)dvdv* | do]/
Vi ke jez
J#i

+/ o) 2// ili, 01, k, 01)80, (0 F (1,1, v) f (1, k, v*)dvdv* | do!.
Vi keZ

Then, recalling (2.11), computing the integrals with respect to all the components
of v except v; and all the components of v* except v}, using the relation (2.5b) along
with the fact that (cf. the integral identity (2:2))

Z/V ne(t,of)dof =1 Yt € [0, o),
ke
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and renaming v}’ to v; and v}, to vy, we find

@ = [, 00 S DX [, a0liei ko0 QGeli vy kw00t e oy o

keT je
7 (2.26)
0w | 1= 2 T [, alilioi kvt ooy | nit,o0) ¢ dos.
Vi kel jeT
j#i
@ on the RHS of (2.21) Recalling (2.11), substituting (2.22) into v yields
® = / ¢(0;) ) do;. (2.27)

Substituting (2.23), (2.24), (2.25), (2.26), and (2.27) into (2.21), after a little algebra

one obtains a weak formulation of the IDE system (2.12).

2.3.1 Macroscopic model

In this section, we aim to recover a macroscopic representation of heterogeneously
structured compartmental epidemiological systems starting from the mesoscopic
representation provided by the IDE system (2.12), i.e. to obtain a set of equations
describing the time evolution of macroscopic quantities such as the fractions of
individuals in the various compartments

Ni(t) = / Tli(t, vi)dvi, i€l

and the mean values of the compartment-specific structuring variables

M;(t) = / v;n;i(t,v;)dv;, iel.

i

1
N;(t)

Integrating directly the IDE system (2.12) does not produce closed equations for
these quantities. For instance, in the case of the N;’s, noticing that

I,

1

</V K;(v;]0h)n;(t,0})dol — ny(t, vl-)> do; =0 (2.28)

i
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because of (2.3b), one finds

,é' 2(/ / (ilj, vj) P(vili, j, vj)n;(t, v])dv]dv,—/v P(f|ilvi)ni(t,vi)dvi>

j€T i
i
a-nY ) (/ / / (ilj, vj, k, ) Q(vili, j, v, k, v ) mic(t, v ) m; (¢, v;) dvgdojdo;
kel jeT
J#i

—/ / ‘7(]'\1'/UirkzUk)”k(f/Uk)"i(fzvi)dvkd?fz‘)/
v, Iy,

which still requires the knowledge of the population density functions. To circum-
vent this difficulty, we adopt a procedure reminiscent of the hydrodynamic limit.
In statistical mechanics, this approach allows one to derive macroscopic evolu-
tion PDEs for quantities such as bulk density, velocity, and energy from the un-
derlying microscopic representation, in the limit of a small hydrodynamic parame-
ter—typically the Knudsen number.

We introduce a small scaling parameter 0 < ¢ < 1 and let { = ¢ in (2.12). Since
{ is the rate at which compartment switching occurs, this amounts to assuming a
quasi-invariant regime of transitions across the compartments. In other words, the
probability that individuals leave their compartments over time is small. To com-
pensate for such a smallness, thereby enabling the observation of significant time
trends, we scale simultaneously the time variable as t — t/¢. Upon introducing the
scaled population density functions

ni(t,0;) = n;(L,v;), ieT,

whence 9in¢ = 19n;, we rewrite (2.12) as

edns(t,v;) = 0; </V

i

+er) </ (ilj, vj) P(vili, j, vj)n}(t, vj)do; — P(jirvi)”f(t/vi))

K;(v;[0h)n(t, 0})do: — né(t, vi))

=
J#i
e(l—r Z Z (/ / (ilj, vj, k, vg) (vi|i,j,Uj,k,Uk)ni(t,Uk)nf(t,vj)dvkdvj
kel jeZ
j#i

= 5(t0) a0l ok o0t 0o ). (2.29)
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Integrating both sides with respect to v; and recalling (2.28), we obtain

I / “(t,v;)do; =7 2/ (/ (ilj,vj) P(oili, j, vj)n}(t, vj)doj — (j|i,vi)nf(t,vi)> do;

jET
j#i
+(1-7) Zz/ (// (ilj, 03, k00 Qoyli 03, K, o)
keZ jeZ
J#i

x (£, v)nj (t, vj)dodo;
— nf(t,v,»)/v q(j\i,vi,k,vk)ni(t,vk)dvo do; (2.30)
v Vi

for all € > 0. To proceed further, we assume that the K;’s are conservative also on
average, i.e.

AviKi(vi|v;)dvi:vg Vol eV, Vied, (2.31)

i

/ v; (/ K;(v;|0h)ns (¢, 0h)do} — ni(t, vi)) dov; = 0.
V; Vi

1

so that

Hence, multiplying (2.29) by v; and integrating with respect to v; itself we find

dt/ viné (t,v;)do; —1‘2 (/ (ilj,v;) (i,j,vj)nj(t,vj)dvjf'/v p(jli, v;)oins(t, v,)dv,)

jeL
i#i
+a- 22(/ ., 46123k 00 Q02 k)
keI jeZ
J#

x (£, vg)nj (t, v;)dogdo;
_ /Vi vt (t,v;) /Vk q(jli, vi, k, vp)ni(t, vk)dvkdvi> (2.32)
for all € > 0, where we have used the following definitions:

P(i,j,vj) = /v v;P(vili, j,v;)dv;, Q(i,j,vj,k,vk) = /v 0;Q(vili, j, vj, k, v )do;.

i

To discover a universal trend valid in the regime of small ¢ we pass now to the limit
e — 0T. To do so, we assume that n§ converges to some n?, i € Z, which, owing
to (2.29), formally satisfies

|, KiCorlopmd(tvf)of = n(t,09) = 0.

i
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Therefore, n{ is an eigenfunction of the integral operator ¢ — [, K(v;|v})y(t, v})dv]

associated with the eigenvalue 1 and such that
[, ondo =N, [ ond(evdo; = NY(MI(),

N 10 , MZO being the limit values of the scaled fraction and mean compartment-specific
structurmg variable of the individuals in compartment i € Z. Following [110], we
let n%(t,v;) = NP (t)4;(t,v;), where y; fulfills

/1‘). Pi(t,v;)do; =1, /]; v;p;(t,v;)dv; = M?(t)
Then, letting, without loss of generality, V; = [v;, 7;] with v; < 7;, under assump-

tions (2.3a), 2.3b), 2.3d), and 2.31), it is possible to prove, see again [110], that

there exists a unique ;, which is in the form

it o) = (1= MP(1)3y,(vr) + MY (1)d,(vs), i€,
so that finally there exists a unique n?, which is in the form
n0(t,7) = NO(B)(1 = MO(£))dy, () + NO(B)MO(D)do, (), i €.
In the following, without loss of generality, we set v; = 0 and 7; = 1, that is,
Vi =10, 1] Viel. (2.33)

Substituting the expressions for the n?’s just found into (2.30), after passing there
to the limit e — 07, and dropping the superscripts “0” for convenience, yields

=L (17,00 (1= M) (17, )M ) N; = (Gl 0)(1 = M) + p(Gli ) M; )N
J#r
+<1—r)kzzg{(qau,o,k,oxl— (1= M) +q(ilj, 1, k,0)M; (1 — My)
€Tl je
J#

+q(ilj,0,k,1)(1 = M) Me +q(ilj, 1, k, 1) M;Mi ) N
~ (a(31i,0,%,0)(1 — M;)(1 — M) + gl 1k, 0) Mi(1 — My)
N

+q(718,0,k,1) (1 = M) My + q(jli, 1, K, 1) M; M ) N | N (2.34)

Note that, as expected, the ODE system (2.34) is mass-preserving, that is,

dtZN )=0Vt>0 = ZNZ- =) N;(0) Vt>o. (2.35)
i€l i€l i€l
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Similarly, substituting the expressions for the n?’s found above into (2.32), after
passing also there to the limit ¢ — 07, and dropping again the superscripts “0”,
gives

d 117, 1)P(i, i i
4 (vm ];I[( ilj,0)P(i,,0)(1 = My) + p(ilj, 1) P j, 1)M; )N; — p(jli, )N;iM;
J#
+1-NY Y [(q(i\j,O,k,O)Q(i,]}O,k,o)(l — M;)(1 — My)
kel jel
#i
+4(ilj,1,k,0)Q(,j, 1, k, 0) M; (1 — My)

Q
+q(il7,0,k, 1)Q,/,0,k, 1) (1 — M;) M
+q(ilj, Lk QG 1,k MM )N,

— (9(7li, 1k, 0)M:(1 = M) + q(jli, 1k, 1) MM ) N; | N (2.36)

The ODE system (2.34),(2.36) constitutes, for i € Z, a self-consistent compartmen-
tal model describing the evolution in time of the macroscopic quantities N;, M; in
terms of the microscopic information contained in the model parameter r and func-
tions p, g, P, and Q.

2.3.2 The homogeneous case

A considerable simplification of the ODE system (2.34),(2.36) is obtained in the fo-
mogeneous case, i.e. when one assumes that the functions p, g, P, and Q depend on
the compartment indices but are independent of the structuring Varlables that is,

p(li,vi) = p(jli), P(i,j,vj) = P(i, ),
9](]|1/ 0i, k/ Uk) = 0](]|1/ k)r Q(lr]/ vjr kr Uk) = Q_(l/]/ k)
In this case, recalling (2.4), we then find that (2.34) can be written in the form

dn;

- = LGN = p( | )N)
jeT
]‘#i
(1=r) Y. Y (qG 7, k)N;—qG | i k)N;) N, i€ (2.37)
kel jel
j#i

Notice that is a self-consistent system in the unknowns Nj, i € Z. In other
words, in the homogeneous case the evolution of the fractions of individuals is
independent of that of the mean values of the compartment-specific structuring
variables. The same is not true in the general case (2.34), owing to the coupling
produced by the inhomogeneous coefficients p and 4. This result makes it possible
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to assimilate to a classical compartmental model of population dynamics. On
the other hand, unlike a classical compartmental model, the framework defined
by (2.34),(2.36) still allows one to track the evolution in time of the mean values of
the compartment-specific structuring variables in consequence of the transitions of
the individuals between the various compartments. In fact, from (2.36), under the
homogeneity assumption, we find

S NM) = 1 | T pGli)PG N, — (1= plil)N:M;

jeT
j#i
+(1=r) Y Y (qili,k)Q6, j, kN, — q(jli, )N;M) Ny, i €T,
keT jeT
j#i

which, developing the time derivative on the left-hand side and using (2.37), fur-
ther becomes

**ZPU( M;)N;

Ljel
m

Y Y qGilj, k) (Qj, k) — M)N;N,, i€, (2.38)
Ni (i
i

We notice that when N; approaches 0 a singularity in has to be expected.
Moreover, we observe that the right-hand side of (2.38) is llnear in M; and there-
fore, the existence of an endemic equilibrium (Nl*) ier € (0, N of 2.37 1mphes
straightforwardly the existence of a corresponding equlhbrlum (M; )1€Z € [0, 1N,
In such a case, if (N;);c7 is asymptotically stable then (M} );c7 inherits the same

stability property. l

2.3.2.1 Basic reproduction number R

In this section, we apply the Next Generation Matrix method [64} 65} [144] to derive
the basic reproduction number R of the ODE system (2.37). We remark that the
construction presented here reduces the method to its most elementary building
blocks, which are the probabilities of leaving each infectious compartments and the
probabilities of contaminating a susceptible individual upon interacting with them.
This way, we elucidate the structural microscopic origin of an aggregate parameter
as significant as Rg in the context of compartmental epidemiological models.

Without loss of generality, we assume that i = 1 corresponds to the Susceptible
compartment. We focus on systems of ODEs of type (2.37) which possess only one
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Disease Free Equilibrium (DFE) of the form
(N1, Np, ..., Ny) =(1,0,...,0). (2.39)

Such systems are quite common in the literature, see Section [2.4] for specific case
studies.

The entry (i, j) of the Jacobian matrix J of (2.37) is given by
Jij = r(p(il) — i)

+(1 _T) E(q(i|lrj)Nl (l‘l ] + Eq l|]/ Nk 2 2‘1 l|Z k thsl]
Zlilz ke keIl&I]

where 9 is the Kronecker delta, cf. (2.22). Evaluating at the DFE (2.39), this produces
Jij(DFE) = r(p(ilj) — d;})

+(1r)((11)(1 1) — Y q(i, )éin +q(ilj, 1) (1= 6;;) — Y q(1]i, 1) 1/)

leT leT
I#i 1#i

Next, we consider the sub-matrix J*(DFE) of J(DFE) determined by infectious or
infection-related (such as, for instance, Exposed, Asymptomatic, etc) compartments
and we seek a decomposition of the form

J*(DFE) = A — B,

where the matrix A has non-negative entries and represents transmission, whereas
the matrix B is invertible and represents transitions. There is not a unique way to
define these two matrices. However, considering their respective interpretations,
natural definitions for their entries are

Al]:(1—7’<(|1] 1_zl Zq ’1]11
leT

1#£i
+qi],1) - Y al1i1)8), (2.40)
leT
1#£i

Bij = (i —p(i] f))

for all i, j € 7 associated with infectious or infection-related compartments. Notice
that, owing to (2.4a), Gershgorin first theorem applied to the columns of B ensures
that all the eigenvalues of B have strictly non-negative real parts. Nevertheless,
the origin of the complex plane may be contained in each of the Gershgorin discs;
hence, we do not know in general whether B is invertible or not. A simple criterion
ensuring invertibility is that there exists at least one non-infectious compartment
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that can be reached with a spontaneous flow from each infectious compartment.
This will be the case in all the specific models we shall present in Section

Assuming that B in (2.40) is invertible, the Next Generation Matrix method pro-
vides the basic reproduction number R as

Ro = p(AB™Y), (2.41)

where p denotes the spectral radius.

One of the most classical results on compartmental models is the global stability of
the DFE under the condition Ry < 1. In addition to this, the modelling framework
based on allows one to build compartmental models which exhibit both for-
ward and backward bifurcations at Ry = 1. In the former case, the DFE usually
loses stability as Ry becomes greater than 1, in favour of the stability of a (unique)
Endemic Equilibrium (EE). In the latter case, there exists a value R € (0, 1) such
that for Rj; < R < 1 the system exhibits bi-stability of DFE and EE as well as the
existence of an unstable EE at the boundary of the corresponding basins of attrac-
tion.

Another classical result is the existence of at least one EE when Ry > 1. However,
the modelling framework based on presented here can easily be adapted to at
least one system which does not possess this characteristic, namely the celebrated
SIR model. Under the assumption Ry > 1, SIR orbits are indeed heteroclinic to
the set of null infection (see e.g. [98, Lemma 1] for a proof) and the system does
not possess any EE. Consequently, we cannot conclude, in general, the existence of
any EE for system without referring to specific cases or enforcing additional
assumptions on the model functions p, g, P, and Q.

2.4 Case studies

In this section, we demonstrate, through a few case studies, how different clas-
sical compartmental epidemiological models can be derived from the ODE sys-
tem (2.37), under appropriate choices of the microscopic parameter functions p, g,
P, and Q. In contrast to their classical counterparts, the models here derived com-
prise also a system of ODEs for the mean values of the corresponding compartment-
specific structuring variables, which is obtained from the ODE system (2.38), thus
providing a richer description of the dynamics of the epidemiological system con-
sidered.

For every case study, we specify the choices of the microscopic parameter functions
p, q, P, and Q under which reduces to the ODE system of the classical model.
Moreover, we compare numerical solutions and analytical results of the ODEs of
the macroscopic model with the results of Monte Carlo simulations of the under-
lying individual-based model, and show that there is excellent agreement between
them. This provides validation of the formal procedures employed in Sections
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and 2.3.1] to obtain first the IDE system and then the ODE systems
and (2.38) from the individual-based model governed by the system (2.6). Simu-
lations were performed in Matlab (version 2023a). The macroscopic ODE systems
were solved using standard numerical routines (i.e. ode45 in MATLAB 2023a), as
they are low-dimensional and not stiff. By contrast, due to large number of agents,
Monte Carlo simulations of the individual-based model required more attention.
In particular, algorithms were implemented avoiding unnecessary loops and mak-
ing use of vectorised operations, which significantly improved efficiency. As a re-
sult, we were able to carry out simulations involving up to 10° agents per run on
a standard personal computer (12th Gen Intel(R) Core(TM) i7-1260P, 2.10 GHz, 12
cores, 16 logical processors, 16 GB RAM). We note that more complex scenarios
may require larger numbers of agents to ensure statistical convergence, in which
case additional computational resources would be beneficial.

For consistency with the extant literature, in each case study we use an alphabetic
index set Z rather than a numerical one. For instance, in the case of three compart-
ments of Susceptible, Infectious, and Recovered individuals, we set Z = {S, I, R}
instead of Z = {1, 2, 3}. Moreover, for consistency with (2.33), we choose V; =
[0, 1] for all i € Z. The values of key parameters of the macroscopic models used
in numerical simulations are provided in the captions of Figures while
the definitions of the model parameters and functions that are used to carry out
Monte Carlo simulations of the individual-based models are specify in the relative
sections. Finally, the initial conditions for the fractions of individuals in the various
compartments are such that, consistently with 2.2), the following normalisation
condition holds:
Y Ni(0)=1.

i€l
Since the macroscopic model and the underlying microscopic model are mass-
preserving, cf. (2.35), such a normalisation condition then holds for all ¢ > 0, i.e.

Y Ni(t)=1Vt>0.
i€l

We notice that in all cases considered here the components of the unique DFE, cf.
(2.39), are Ns = 1and N; = O forall j € 7 with j # S.

2.4.1 SIRS model

Considering an SIRS system, we take N = 3 and Z = {S, I, R}. As per the dia-
gram displayed in Figure only the following types of compartment switching
occur: S — [ (driven by the interaction between a susceptible and an infectious
individual), I — R (spontaneous), and R — S (spontaneous). Therefore, the non-
vanishing transition probabilities are q(I|S, I), p(R|I), and p(S|R), whereas all the
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(1—7)q(I]S, I)NsN;

- I

rp(R[I)N;

FIGURE 2.2: Flow diagram of the SIRS model

remaining p’s and g’s are zero. The ODE system (2.37) then reduces to

A0 = p(SIRINR — (1= r)q(1ls, D)NsN],

dN

(Ttl = —rp(R|I)N; + (1 —r)q(I|S, I)NsNJ, (2.42)
dN,

~3 = "(P(RIDN; = p(S|R)Ng).

In particular, the matrices defined via (2.40) are scalar quantities, i.e.
A=A=(1-r)q(I|SI), B=B=r(1-p(I)) =rp(R|I),

where the above expression for B follows from (2.4a)), recalling that in this case
p(S|I) = 0. Finally, through 2.41), we find

A (1—-r)q(1|51)
RO = ———
B rp(R|I)
This coincides with the basic reproduction number classically computed as the ratio
between the rate at which susceptible individuals become infectious and that at
which infectious individuals become recovered, which from (2.42)) are indeed (1 —
r)q(I|S,I) and rp(R|I), respectively.

The DFE (Ns, Ni, Nr) = (1, 0, 0) is globally asymptotically stable when Ry < 1,
cf. [42]. Conversely, when Rg > 1 there is a unique EE of components

o1 s p(SIR) < 1 ) \ _a
N¢ = —, N =——r————(1-%5), Np =1—-N¢ —Nj,

* T Ro " p(SIR) + p(RID) Ro K s
which is globally stable, cf. [126].

Moreover, in this case the compartment-specific structuring variables can be in-
terpreted as: (i) the level of resistance to infection in compartment i = S; (ii) the
level of viral load in compartment i = I; (iii) the level of immunity in compartment
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i = R. The evolution of their mean values is governed by the following ODE sys-
tem, which is derived from (2.38)):

dMs _ p(S|R)(P(S,R) — Ms)

dt =7 NS NR/
dMr _ p(R|I)(P(R,I) — MR)

dt =7 NR NI/

the equilibrium of which corresponding to the EE of (2.42) is

Mg = P(S,R), M =Q(LS, 1), M} = P(R,I).

Simulation set-up. For the Monte Carlo simulations of the individual-based model,
the following parameters and functions are used:

At=10"2, r=05 6;=05VieZ,
K;(v}]v;) = 6(v; —v;) Vi€,

5 for i=2S5,

p(ili,vi) = p(jli) =  026;r +0.84j for i=1,
0.15j5+096  for i=R,

0.45j1+0.65j5 for i:S, k:I,
5j- otherwise.

q(jli,vi k,vg) = q(jli k) = {
Moreover, the relevant terms P and Q are

1 i, f =R, i=1,
P(U}l‘j,i) — 5[0,1] (U] ) ., or ] z
3 ]1[0,06](0] ) for ] = S, 1= R,

Q(U;'/‘j/ l/k) = % 1[0,0‘8] (U],-/) for ] =k= I, i=8S.

At the initial time t = 0, the individuals in the various compartments are dis-
tributed according to

N;(0)

I’li(O, Ui) = WI[O,ZMI-(O)](UZ')' ie’,

where the values of N;(0) and M;(0) are reported in the caption of Figure
The plots in Figure[2.3]show a comparison between numerical solutions of the ODE
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FIGURE 2.3: SIRS model. Solid lines: numerical solutions of (panel (a))
and (243) (panel (b)); circles: results of Monte Carlo simulations of the individual-
based model; dashed lines: analytical equilibria. Relevant parameters: Ry = 2,
rp(S|R) = 0.05, (1 —r)q(1|S,I) = 0.2, rp(R|]I) = 0.1, P(S,R) = 0.3, Q(I,S,I) = 04,
P(R, I) = 0.5. Initial condition: (Ns(O), NI(O), NR(O), MS(O), M[(O), MR(O)) =
(0.98, 0.01, 0.01, 0.5, 0, 0.6). Simulations are carried out using 10° agents.

rp(S|P)N,
Ng )< p(S|P)Np

FIGURE 2.4: Flow diagram of the SIRS model with secondary infections. The infection
rates between Ng and Nj (primary) and between Np and Ny (secondary) are omitted to
avoid overcrowding

systems (2.42) and (2.43) and the results of Monte Carlo simulations of the corre-
sponding individual-based model for the case where Ry > 1.

2.

4.2 SIRS model with secondary infections

Within the general formulation provided by 2:37), we can model systems exhibit-
ing either forward bifurcations when Ry = 1, such as the SIRS model presented
in Section or backward bifurcations. In the former case, one usually expects
global asymptotic stability of the DFE when Ry < 1, and global asymptotic sta-
bility of the EE when Ry > 1. On the contrary, in the latter case there exists a
value R € (0, 1) of the basic reproduction number such that for R < Rg < 1
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the system exhibits bi-stability between the DFE and one EE along with a second
unstable EE. This happens, for instance, in the SIRS model with secondary infec-
tions [99]], which can be recast in the form with N = 6 compartments and
Z =S, I, T, P, Y, R}. Specifically, besides the compartments i = S, I, R, three
additional compartments are introduced: (i) i = T, comprising the individuals
that are temporarily immune after recovering from a primary infection; (ii) i = P,
comprising partly susceptible individuals that lost their transient immunity after
recovering from a primary infection; (iii) and i = Y, comprising the individuals
that undergo a secondary infection. On the basis of the diagram of Figure the
ODE system particularises to

% = rp(S|P)Np — (1 —7)(q(I|S, I)N; +q(I|S, Y)Ny)Ns,

d(i\tll = —rp(T|)Ny + (1 —1)(q(I|S, I)N; +q(I|S,Y)Ny)Ns,

}Z = r(p(T|T)N; — p(P|T)Nr), s
“q = "(P(PIT)NT = p(SIP)Np + p(PIR)NR) — (1 =7) (q(Y|P, )N; +q(Y|P,Y)Ny) Np,

d% = —rp(R|Y)Ny + (1= r)(q(Y|P,[)N; +q(Y|P,Y)Ny) Np,

% = r(p(R[Y)Ny — p(P|R)NR).

Since both i = [ and i = Y are infectious compartment, in this case the matrices
defined via (2.40) are

(A=rg1S,T) (1-nq(1lS,Y) (Tl 0
A‘< 0 0 ) B‘( 0 rp(Rm)'

whence

(1=r)q(]s,))  (1=r)q(I|5,Y)
AB~! = VP(SU) VP(IS\Y) ,

and consequently, through (2.41)), we find

(- nqUls, 1)
=

Notice that the above expression of R does not depend directly on any transition
probability related to secondary infections.

Moreover, in this case the additional compartment-specific structuring variables
can be interpreted as: (i) the level of temporary immunity in compartment i = T;
(ii) the level of partial immunity in compartment i = P; (iii) the level of viral load
following a secondary infection in compartment i = Y. The evolution of the mean
values of the compartment-specific structuring variables is in this case governed by
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the following ODE system, which is derived from (2.38):

dMs _ p(SIP)(P(S,P) — Ms)Np

dt Ns !
dM; _ q(11S, 1)(Q(L S, T) — My)Ni +q(1]S,Y) (Q(L S, Y) — Mi) Ny
-4 N 5

1

dMr _ p(TII)(P(T, 1) — Mr)

dt Nr ’ (2.45)
dMp _ p(PIT)(P(P,T) — Mp)Nr + p(P|R)(P(P,R) — Mp)Ng

dt Np !
dMy _ q(Y[P,I)(Q(Y, P, I) — My)N; +4(Y|P,Y) (Q(Y, P,Y) — My) Ny
—— =(1-7) Np,

dt Ny
dMgr rP(R|Y) (P(R,Y) — Mg) N

ar N v

Simulation set-up. For the Monte Carlo simulations, the following parameters
and functions are used:

At=10"2, r=05 6;=05 VYieTZ,

K;(v}|v;) = 6(v} —v;) Vi€,

J; for i=2S5,

0.25 5]'T +0.75 5]'[ for i=1,

3090; 706; f =T

plizo) = p(ili) = § 007 T T
0.15 (5]'5 +0.85 (Sjp for i=P,

0.25 5]'1{ +0.75 (Sjy for i= Y,

0.15 5]‘p +0.85 5jR for i=R,

0.2456;; + 0.7556;5 for i=8, k=1,
0.4906;; + 0.5106;5 for i=S5, k=Y,

q(jli, vi ko) = q(jli, k) :== { 0.4906;y +0.5106;p for i=P, k=1,
0.9808;y +0.0200;p  for i=P, k=Y,
dji otherwise.

The relevant terms P and Q are

Bl 17 (of) for j=T,i=1,
8110,1.6(@}) for j=P,i=T,
P(U;/U’ i) = gl[o,l.é] (U;’) for j=S,i=P,
g]l[o,l.S] (U}/) for =R, i=Y,
g (@)  for j=P,i=R,
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FIGURE 2.5: SIRS model with secondary infections. Solid lines: numerical solutions
of 249 (panel (a)) and @245) (panel (b)); circles: results of Monte Carlo simulations
of the individual-based model; dashed lines: analytical equilibria. Relevant param-
eters: p(S|P) = p(P|R) = 05p(P|T), rp(P|T) = 0.15, (1 —r)q(I|S,I) = 0.1225,
q(11S,Y) = 2q(1|S,I), rp(T|I) = 0.125, q(Y|P,I) = 2q(I|S,I), rp(R]Y) = 0.125,
b(s,p) = 08, Q(I,S,I) = 07, Q(1,S,Y) = 0.6, P(T,I) = 085, P(P,T) = 08,
P(P,R) = 04, Q(Y,P,I) = 0.6, Q(Y P,Y) = 05, P(R,Y) = 09. Initial condition:
(Ns(0), N1(0), N1(0), Np(0), Ny (0), Nr(0), Ms(0), M;(0), Mr(0), Mp(0), My (0), M(0)) =
(0.91, 0.05, 0.01, 0.01, 0.01, 0.01, 0.2, 0.3, 0.8, 0.5, 0.9, 0.7). Simulations are carried out

using 10° agents.

)
9,0

%1[0,1.4] (U}/) for j=k=1i=S5,
Q(U”‘] i k) — %]].[0/1‘2] ('U;'/) fOI' ] = I, 1= S, k = Y,
e %]1[0,1.2] (U}/) for j=Y,i=P k=1,
Lo, 1) (v}) for j=k=Y,i=P

At the initial time ¢ = 0, the distributions are
Ni(0) O )
with N;(0) and M;(0) given in the caption of Figure[2.5|

The plots in Figure[2.5/show a comparison between numerical solutions of the ODE
systems (2.44) and (2.45) and the results of Monte Carlo simulations, which indicate
that convergence to the EE occurs even though Rg < 1.

2.4.3 SIRWS model

We present now a model, also included in the framework (2.37), wherein interaction-
driven compartmental switching does not lead individuals to enter an infectious
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O\ nallis NNy
rp(S|W)Nw rp(R|I)N;
) rp(W[R)Ng
Nw ) ( Nr

(1—r)q(R|W, [)NywN;

FIGURE 2.6: Flow diagram of the SIRWS model

compartment. Specifically, to consider the SIRWS model [57, 98], we choose N = 4
and Z = {S, I, R, W}, where the compartment i = W comprises individuals un-
dergoing a “waning immunity” phase: while in this compartment, interacting with
an infectious individual boosts the immunity, which induces a switch back to com-
partment i = R. Otherwise, an individual will eventually lose immunity com-
pletely and move to compartment i = S.

In [57, 98] the authors include demography, which we neglect here so as to recast
their model in our framework. Following the diagram depicted in Figure we
derive from (2.37) the following ODE system:

A0 — rp(IW) N — (1= (1S, DNsN,

% — —rp(RIDN; + (1 — r)q(I|S, )NsN;,

o (2.46)
TtR =r(p(RII)N; — p(W|R)Ng) + (1 —r)q(R|W,I)NwNj,

dN,

Ttw =r(p(W|R)Ng — p(S|W)Nw) — (1 —r)q(R|W, ) NwN7.

The matrices A and B of this system are again scalar quantities, as it is the case for
the ODE system (2.42), because only one infectious compartment is present, that is,

A=A=(1-r)q(I|S,1), B=B=r(1-p(|I)) =rp(R|I).

The above expression for B follows from (2.4a) together with the fact that, in this
model, p(S|I) = p(W|I) = 0. Through (2.41) we find

_ A _ (1-r)qUls )
Ro=F = @D

i.e. the same basic reproduction number as that of the SIRS model.

Moreover, in this case the additional compartment-specific structuring variable can
be interpreted as the level of immunity in compartment i = W. The evolution of the
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mean values of the compartment-specific structuring variables is now governed by
the following ODE system, which is again derived from (2.38):

dMs _p(SIW)(P(S, W) — Ms)

dr Ng Nw,

A = (1= (11, 1)(Q(LS, ) — M)Ns,
_ - d

aMr _ rp(RID(P(R, 1) — My) + (1= a(RIW, D(QR W, 1) ~ M) N

dt Ng '
dMw _ pOWIR)(P(W, R) ~ M)

dr Nw R:

(2.47)

Assuming that the fractions of individuals in each compartment tend asymptoti-
cally in time to the EE, say (N, N, Nk, Njy), we see from that the corre-
sponding mean compartment-specific structuring variables tend to Mg = P(S,R),
M; = Q(I,S,1), M, = P(W,R), and

A — TPRIDP(R, 1) + (1 = r)g(RIW, )Q(R, W, I)Niy
. rp(RID) + (1 = r)q(RIW, I) Ny, '

Since the SIRWS model admits periodic limit cycles, see [57, 98], we might observe
periodic fluctuations in Mg, which depend on Ny, while the mean values of all
the other compartment-specific structuring variables, which are independent of the
fractions of individuals in the various compartments, converge to an equilibrium.
To better investigate this possibility, we look at the equilibrium value of My as a
function of Ny

Ma(Nyy) — TPRIDPR, D)+ (1= r)g(RIW, DO(R, W, )Nw
RNW) = rp(RID) + (1 = r)g(RIW, I)Nyy

and we compute

dMg

= = p(RIDg(Rw, 1) SE D) = PR

(rp(R|I) + (1 = r)g(R|W, I)Nw)*’

whence we discover that My is strictly increasing or decreasing with respect to
Ny depending on the sign of Q(R,W,I) — P(R,I). In particular, Q(R,W,I) >
P(R,I) results in peaks of Mg while Q(R,W,I) < P(R,I) in dips of Mg. If in-
stead Q(R,W,I) = P(R,I) then Mg does not oscillate. Moreover, large values
of Q(R,W,I) — P(R,I) result in large excursions of Mg away from the equilib-
rium value My. Nevertheless, we observe that the term Nj in the equation for
Mg in makes the evolution of My quite slow if the epidemic is dormant, i.e.
N; =~ 0. Therefore, excursions away from M} can be clearly observed only when
N1 grows sufficiently far from 0.
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Simulation set-up. For the Monte Carlo simulations, the following parameters
and functions are used:

At =0.0032, r=20.05 6;=05Viel,

Ki(vj|v;) = 6(v) —v;) Vi€, VieT,

~.

5]‘,‘ for
0.58066jg 4+ 0.41946;;  for
0.0323 6w +0.9677 b for
0.0323 6j5 + 0.9677 6y for i

. o=

p(livi) = p(jli) -

[
TEOP

0.10196j; + 0.8981 ;5 for i=8 k=1,
q(ili, vi, k,v%) = q(jli, k) = { 050936 +0.4907 6y~ for i=W, k=1,
dji otherwise.

Moreover, the terms P(v;/|j, i,v;) = P(v;’|]’,i) and Q(v;«’|j, i,v;,k,vf) = Q(v;«’|j, ik)
which are relevant (i.e. either different from zero or with j # i) for the present case
study are defined as

%1[0,0.8](0;'/) for j=R,i=]I,
P(o]|j,i) = { 31p,04(0f)  for j=W,i=R,
%1[0,0.6](0;/) for j=S,i=W,

5 1 : .
21 o’ for j=k=11i=S5,
Qi) = | £1008 ) e
6]1[0,1.8](0]') for j=R, i=W, k=1
At the initial time ¢ = 0, the individuals in the various compartments are dis-
tributed according to the following distributions:
Ni(0)

7’11‘(0,01') = Wi(())l[O'ZMf(OH (Z)i), ie’Z,

where the values of N;(0) and M;(0) are reported in the caption of Figure

The plots in Figure[2.7|show a comparison between numerical solutions of the ODE
systems and and the results of Monte Carlo simulations of the corre-
sponding individual-based model. Notice how My reacts to the dips of Ny, which
coincide with the spikes of N representing consequent epidemic waves.
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FIGURE 2.7: SIRWS model (without demography). Solid lines: numerical solutions
of (panel (a)) and (panel (b)); circles: results of Monte Carlo simulations of
the individual-based model governed by adapted to this case. Relevant param-
eters: rp(S|W) = rp(W|R) = 1/3100, (1 —r)q(I|S,I) = 3/31, rp(R|I) = 17/310,
g(RIW,I) = 10q(I|S,I), (1 —r)q(R|W,I) = 30/31, P(S,W) = 03, Q(I,S,I) =
04, Q(R,W,I) = 09, P(R, I) = 04, P(W,R) = 02. Hence, Ry = 30/17.
Initial condition: (Ns(0), N;(0), Ng(0), Nw(0), Ms(0), M;(0), Mg(0), My (0)) =
(0.97,0.01, 0.01, 0.01, 0.5, 0, 0.6, 0). Monte Carlo simulations are carried out using 100
agents.

2.5 Concluding remarks

This chapter is part of the construction of a general framework aimed at systemat-
ically bridging the different scales. In particular, we have developed a framework
for modelling heterogeneous, compartmental, and structured epidemiological sys-
tems, following an approach already partially introduced in the previous chapter.
The construction reintroduces labels for the compartments (i € Z) and continu-
ous structural variables v; € V; for each i € Z. In this context, these variables
represent the expression level of a specific trait associated with each compartment.
This structure allows for a more detailed depiction of the individual profile and is
particularly well suited to epidemiological models, where, for instance, infected in-
dividuals can be represented by a viral load parameter, while recovered individuals
are characterised by a resistance parameter to infection.

For the evolution of the microscopic state, we once again rely on the study of the
random vector (I;, V;). The random variables, respectively, provide information on
the compartment to which the individual belongs and the value of the expressed
traits. Changes in the microscopic state thus correspond to the evolution of these
random variables: on the one hand, the expression levels of specific traits evolve
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over time; on the other hand, individuals may transition between different com-
partments. These transitions may occur either spontaneously or as a result of in-
teractions with other individuals, whether from the same compartment or from
different ones.

We first formulated a stochastic individual-based model that tracks the dynamics of
single individuals, from which we formally derived the corresponding mesoscopic
model, which consists of the IDE system for the population density functions,
n;(t,v;), of the various compartments at time ¢.

So far, this construction reflects the aim of providing a representation as compre-
hensive as possible of the interactions across the different descriptive scales. How-
ever, such a structure makes the model extremely difficult to analyse in its full gen-
erality. For this reason, a number of simplifying assumptions are introduced.

First, we consider an appropriately rescaled version of the system, given by the IDE
system (2.29), and perform formal asymptotic analyses to derive the corresponding
macroscopic model. The resulting macroscopic formulation consists of the ODE
system (2.34), (2.36), which governs the fractions N;() of individuals in the differ-
ent compartments and the mean values M;(t) of the compartment-specific struc-
turing variables. In this ODE system, the evolution of these macroscopic quantities
is expressed in terms of the microscopic information encoded in the model param-
eters and functions.

Second, in order to restrict attention to a class of models more directly applicable
to epidemiology, we introduce a homogeneity assumption in the dynamics. Specif-
ically, we assume that the model functions depend on the compartment indices
but are independent of the structuring variables. Under this assumption, the ODE
system (2.34), reduces to the simpler systems and (2.38). Employing
the Next Generation Matrix approach, we then derive a general expression for the
basic reproduction number Ry, in terms of key parameters and functions of the un-
derlying microscopic model. This illustrates how the framework developed here
allows one to establish explicit connections between fundamental individual-level
processes and population-scale dynamics.

Moreover, in this chapter we applied the modelling framework to case studies from
classical compartmental epidemiological systems (i.e. the SIRS model, the SIRS
model with secondary infections, and the SIRWS model) and, for each of them, we
showed that there is excellent agreement between the results of Monte Carlo simu-
lations of the individual-based model and both numerical solutions and analytical
results of the macroscopic model. This validates the internal consistency of the
modelling framework and the formal limiting procedures employed to obtain the
mesoscopic and macroscopic models from the underlying individual-based model.
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Chapter 3

A phenotype structured
integro-differential model for
nutrient-consumer dynamics

Derivation and asymptotic analysis

3.1 Introduction

In the previous chapters, we developed and analysed models describing the evolu-
tionary dynamics of structured populations divided into multiple compartments.
In this chapter, we extend the framework to study the co-evolutionary dynamics
of two distinct but interacting subsystems, each organised into compartments and
endowed with its own structural heterogeneity. Unlike the setting of Chapter
where effective analysis was restricted to a single compartment, or that of Chap-
ter 2} where a single population was distributed across N compartments, here we
consider two different populations. Consequently, only two structuring variables
are required, one for each subsystem, treating the population as a whole rather than
with heterogeneity at the compartment level.

We focus on the biologically relevant case in which the two subsystems correspond
to nutrients and consumer agents. The first subsystem describes nutrients which are
not treated as a homogeneous substrate, as often assumed in the literature (cf. [12-
14} 59, |66, 115, [122]]), but are modelled with a structural variable x € ), C R that
captures internal heterogeneity. To enforce conservation of the total amount of nu-
trients, we distinguish between two compartments: substrate of available resources
and reserve of consumed units, which can be regenerated and reintroduced into the
substrate.

The second subsystem consists of consumer agents, characterised by a structural
variable y € 3y C R. They are divided into three compartments: non-reproductive
individuals that accumulate resources, reproductive individuals ready to generate
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offspring, and a reservoir that collects naturally dying agents and provides the mass
required for reproduction.

FIRST SUBSYSTEM SECOND SUBSYSTEM
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FIGURE 3.1: Modelling strategies used to describe the underlying biological processes.

This organisation, summarized in Figure [3.T) guarantees a twofold conservation
property: the total mass of the system is preserved, and within it the amounts of
nutrients and agents are conserved separately. Thus, the framework describes the
joint dynamics of two interacting populations, each with its own structural variable
and compartmental organisation.

Transitions between compartments are mediated by suitable kernels, which govern
changes in the microscopic state due to binary interactions. Following the approach
introduced in Chapter [1|and Chapter [2| the transition probabilities are expressed
through the realisation parameters associated with Bernoulli random variables de-
pending on the initial microscopic state. Moreover, unlike the abstract construction
introduced in the previous chapter, in the present model, the trait acquired after a
compartmental switch is determined purely deterministic. In particular, the coun-
terparts of the kernels P and Q defined in the points (Ila) and (IIb) of Section
are here represented by Dirac distributions. This implies that, at the moment of
the switch, the individual assumes a new trait fully determined by its initial state
and by the type of transition, without the involvement of stochastic mechanisms
representing spontaneous variations. The only exception to this Markovian setting
occurs in the spontaneous transition to the reserve compartment, which represents,
as in Chapter [1} the death of an individual. In this case, the structural variable is
not preserved, so that the compartment can be treated as unstructured.

The resulting model is a framework that unifies the conceptual tools of the previ-
ous chapters while extending them to capture the coupled evolution of nutrients
and consumers in a single, analytically tractable system. To this end, we exploit
the conservative nature of the model and consider a fast-proliferation limit, which
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allows us to reduce the system to a pair of integro-differential equations. For this
reduced system, we first establish a well-posedness theorem, providing the a priori
estimates required to investigate the asymptotic dynamics. Then, we identify the
survival set of traits, that is, the unique region of the domain where a positive net
growth rate is attainable. This enables us to characterise the long-term behaviour of
the two subsystems, distinguishing between regimes leading to saturation, extinc-
tion, or selection. Interestingly, although the model is formally based on an indirect
interaction mechanism between consumers, its structure still gives rise to emergent
behaviours that resemble those of direct competition models, as observed in re-
lated ecological frameworks [[122]. These theoretical scenarios are illustrated and
validated through dedicated numerical simulations.

3.2 Stochastic agent-based model

We consider N = 5 interacting compartments, indexed by i € Z := {1,...,5}. In
this case, however, only two structuring variables are introduced, since the system
consists of two subsystems: the nutrients and the consumer agents. We denote
respectively these variables by x € )y C Rand y € )y C R, where both (), and
Q) are bounded intervals. Here, x represents the structuring variable for nutrients,
while y represents the structuring variable for agents.

At each time t € [0, c0), all units are regarded as indistinguishable except for their
microscopic state, represented by the random variables (I;, V;). The discrete ran-
dom variable I; € 7 identifies the compartment to which a given individual be-
longs at time #, while the continuous random variable V; = (Vy, Vy,t) e 0O =
0, x Qy C RR? describes the expression levels of the traits across the two subsys-
tems. We write

(It,Vt) Nf(t,i,x,y), (31)

where the symbol ~ indicates that the random vector is distributed according to the
probability distribution f. Such a function f : [0,c0) x Z x () — Ry is a probability
density, therefore we have

5 .
E{ /Q F(ti,v)dv =1 Vi e [0,00), (3.2)

where we denote v = (x,y).

In the present model, we neglect intra-compartment mutations. This assumption
reflects the goal of focusing the analysis on the interactions between the two sub-
systems rather than on variations occurring within each compartment. However,
we note that including such mutations would not entail substantial complications
in the microscopic derivation and would be a natural extension of the present work.

Compartment switches are allowed with rate {. A fraction r(i) of these transitions
occurs spontaneously, while the remaining fraction 1 — r(7) results from pairwise
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interactions.
In summary, the processes included in our model are of two types.

Interaction-driven processes:

() Nutrient consumption. A binary interaction occurs between a nutrient unit
available in the substrate (compartment i = 2, trait x) and a consumer not yet
capable of proliferation (compartment i = 3, trait y). The interaction produces
anew individual that has reached reproductive maturity (compartment i = 4,
trait y) and a corresponding consumed nutrient unit (compartment i = 1, trait
X).

(I) Proliferation. This process involves an interaction between a reserve indi-
vidual (compartment i = 5, trait yp) and a mature individual (compartment
i = 4, trait y). The outcome is the production of two new agents in compart-
ment i = 3, both inheriting the parental trait y.

Spontaneous processes:

(II) Substrate regeneration. Consumed nutrient units (compartment i = 1, trait
x) are spontaneously regenerated into available substrate (compartment i =
2, trait x).

(IV) Death. A fraction of individuals not in a proliferation stage (compartment
i = 3, trait y) die spontaneously, moving to the reserve compartment (com-
partment i = 5, trait yo).

Remark 3.1. For notational convenience, in this section, we may denote the domains
of continuous structural variables by ()}, as if each compartment were associated
with a distinct structural domain, while in fact there are only two: Q) and ().
Specifically, we set QO; = Q for j € {1,2} and Q; = Qy for j € {3,4,5}. This con-
vention reflects the distinction between the compartments related to nutrient units
(the first two) and those related to consumers (the remaining three). Accordingly,
we may denote by v the pair (x,y) and by v; the continuous variable associated
with compartment j, with v; = x for j € {1,2} and v; = y for j € {3,4,5}. This
notation provides a uniform description while preserving the distinction between
the two subsystems.

Under these assumptions, the random process that governs the evolution of the
microscopic state (I;, V¢) takes the following form

Lyn=(1—=2)L+Z [EI + (1-E)I/'],

Vitrar = (1= Z) Ve +ZV;

x,t’

(3.3)

Vyriar = (1= Z)Vye + 2V, 4,
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where Z and E are independent Bernoulli random variables such that:

Prob(Z =111 =i, Vyi = x;, Vyr = yi) = (AL,
(3.4)
Prob( 1|It—let—xu yi— yz)_r()

We assume At { < 1, while no analogous restriction is needed for r(i), since r(i) €
[0,1] for all i € Z. In system (3.3), the random variables I}, I/’ € Z model, re-
spectively, the index of the new compartment reached following a spontaneous or
interaction-driven transition. The random variable V; = (Vy,, V) € Q represents
the corresponding structural trait acquired by the individual. To complete the de-

scription of the dynamics, we let

(I, Vi | I, Vy) ~ P, Xy | i,x,y), 53
(I, Vi | I, Vi, IE, V7)) ~ Q(i", %,y | i, x,y,i%, x*,y%), .

where P and Q represent the transition kernels for spontaneous and interaction-
driven processes, respectively. We now let

(P2(x) 62+ (1= p3(x)) 611) 0x(x") 8, (y') ifi=1,
PV 1i,v) =< (p3(y) 00565 (y') + (1 = p3(y)) 61 30, (y)) 0x(x') ifi=3, (3.6)
S i 0x(x") 8y (y') otherwise.

Here, the functions pé(v,') denote the probability that an individual in compart-
ment i with trait v; spontaneously transitions to compartment j. The first line cor-
responds to the process (III), substrate regeneration: a consumed nutrient unit (i = 1)
may return to the available substrate (i’ = 2) with probability p3(x), keeping its trait
x unchanged. The second line describes the process (IV), death: non-reproductive
agents (i = 3) may be transferred to the reserve compartment (i’ = 5) with proba-
bility p3(y) and assigned the fixed trait o, representing the loss of structural infor-
mation associated with death. For the interaction-driven transitions, we set:

(q§3 Y)oma + (1= gls(x,y7) 5,,2) 5, (y)o(x) ifi=2, i* =3,
(#2028 + (1= g0, ¥))3n3)

(350 y)6m 3+ (1= G5 (0,5°)ém4) 8y (y ifi=4,i*=5  (3.7)
(Balvrw) Néins) oy

)
o3 tSy(y Vor(x') ifi=3, " =2,
Q" V' | i,v,i*,v*) =

q54(yy* Sims+ (1 q54(yj Vo5 ) by (y )0 (') ifi=5,i* =4,

616y (y')6x (x') otherwise.

The functions qﬁ’}(vi, vj) denote the probability that an individual initially in com-
partment i with trait v;, interacting with another individual in compartment j with
trait vj, transitions to compartment i"’. The first two lines describe the substrate
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consumption process (I): the first from the perspective of the nutrient unit, which
may be transferred to the consumed nutrient compartment (i = 1) or remain in
the available substrate (i = 2); the second from the perspective of the consumer,
which may acquire reproductive capability (i” = 4) or remain in its initial compart-
ment (i = 3). The third and fourth lines describe the process of proliferation (II):
the third from the perspective of the parental individual (i = 4), which returns to
compartment i’/ = 3; the fourth from the perspective of the reserve agent (i = 5),
which may give birth in compartment i = 3. In both equations and (3.7), the
Dirac measures dy, (v;) ensure that the trait is preserved or modified according to
the nature of the process. Finally, §; ; denotes the Kronecker delta, equal to 1ifi = j
and 0 otherwise.

3.3 Mesoscopic model

Starting from system (3.3), our objective is to derive the mesoscopic model corre-
sponding to the microscopic formulation introduced in the previous section. In
particular, we are not interested in the fully general representation of the density
f(t,i,x,y) defined in (3.1), but rather in the marginal densities associated with the
five compartments under consideration:

o(t,x) = /Q . f(t,1,x,y)dy (consumed nutrients),

s(t, x) == /Qy f(t,2,x,y)dy (substrate),

n(t,y) = /0 i f(t,3,x,y)dx  (non-reproductive agents), (3.8)
m(t,y) = /Q ) f(t,4,x,y)dx (reproductive agents),

h(t,y) = /Qx f(t,5,x,y)dx (reserve).

Hence, we also define the corresponding masses as

J
Jo
Nt = [ n(ty)dy, 69)
Js
Jo
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General evolution for the expectation of observables The components of the
pair (I;;at, Viiar) are fully determined by system (3.3). Consequently, for any ob-
servable @ : 7 x () — R, namely a generic test function defined on (i,v) € Z x Q,
the expectation

(@ (I, V7)) Z/ (i,v) f(t,i,v) dv, (3.10)

ieZ

satisfies
(© (Lt Virar)) = (@ (1, V2))
+ At ()@ (1, V1)) + (A= ()@ (I, V) = (@ (I, V1) ) (3.11)
+o(At).

From the above equation, rearranging terms, dividing by At and letting At — 0T,
we formally obtain the following evolution equation:

Lo (1,v1) = ()@ (1, V) + (0= (1)@ (1, VD)~ (@ (1, V1)) ). (3.12)

Remark 3.1. In equation (3.12), the coefficient r(I;) represents the fraction of in-
dividuals that, upon changing compartment, do so through spontaneous transi-
tions rather than binary interactions. Each compartment in the model is subject
exclusively to one of the two mechanisms, except for the compartment of non-
reproductive individuals (i = 3). For that, a spontaneous transition corresponds to
death, whereas interaction-driven transitions represent the attainment of reproduc-
tive maturity. Therefore, 7(3) acquires a biological meaning: it can be interpreted as
an indicator of population health: lower values suggest growth-oriented dynamics,
while higher ones signal a tendency towards decline. To avoid introducing any bias
at this stage of the derivation, we adopt the neutral value 7(3) = 0.5, together with
the following set of parameters:

Compartment i | Value r(i)
1 1
2 0
3 0.5 (3.13)
4 0
5 0

Equation (3.12) can be interpreted as the weak formulation of the conservation law
for the distribution f(t,i,v). To derive its explicit form, we use definitions (3.6),
(B.7), 3.10), and (3.13). The expectations (-) in (3.12) can be expressed in terms
of sums and integrals against the probability density function f and consequently
rewritten as
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d
5 kezl'/n ®(k,v) f(t,k,v)dv =
=7 kgz /Q D (k,v") (jezzr(j) /Q Pk, v”\j,v)f(t,j,v)dv) av”
G
e kezz/ﬂ (k") (igg(l — () /O /Q Qk, V", v, i V) F (1) (1, i',v’)dvdv’) av’

. ::®
Y /Q ®(k,v) f(tk,v)dv.

kel

—®
(3.14)

Starting from equation (3.14), we now derive the weak formulation of the system of
equations describing the evolution of the distributions introduced in (3.8). To this
end, we define the following test function:

ik p(x) 1o, (y) ifi € {1,2},
Sike(y) Lo, (x) ifiec {3,4,5},

Pk, v) = (3.15)

where ¢ is the Kronecker delta, ]].Q]. is the indicator function of the set Q;, and ¢ €

C*(Q))) is a smooth test function. In the following, we carry out the calculations
in detail for the first compartment, while for the remaining four, we adopt a more
concise presentation, since the procedure is analogous.

Consumed nutrients (i = 1) The first compartment represents the consumed nu-
trients. Using definition (3.15) with i = 1, we immedjiately obtain:

d
dtkEEZ/Q ®(k,v) f(t,k v)dv = /Qy o(y) dec(t,y) dy. (3.16)
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For the term () on the right-hand side of (3.14) we first substitute (3.13) and (3.6):

ke

O = Z/ D(k,v") (W%/Q’P(k,v”|1,v)f(t,1,v)dv

+ 1 / (k,v”|3,v)f(t,3,v)dv>dv”
P

(3.17)
ALY ( S (PR3 + (1= PR 802) 80 8, (")f (0,1, y)dlxdy

+3 /Q (P30) G5 b0 () + (1 = P(0)) ity (") ) x (X") £ (1,3, x,y)dV> dv”.

Now integrating, substituting (3.15) in (3.17) for i = 1, and recalling (3.8) we get
@ = / e(x") (1 = pi(x")) c(t, x") dx". (3.18)
Q.

For the term @) on the right-hand side of (3.14) we first substitute (3.13), (3.7), and
using (3.9) we get:

@ = AZ/ @ (k,v") (/ / 3b3(%,Y )0k + (1= qaa(x,y ))5k2) Sy (") (X" f(,2,x,y) f(t,3,v)dvdv
kel 1)
+oraf (82,6, y")[1 — f)])
(L (8000004 (1= )) 80160 010,359 12V vy
~— aJo - -

+oaf (13,5, y")[1— s(t)])

e (o (R + (0= sl )00 50 )18, )05, ) vt (3-19)

Faf (41~ H) )

L ( I (a3 + (1= g4(0,9'))005) 640" )6x () (15,3, ) £ 14, ) dvdv
—

+osf (85,2, y")[1 - M(tﬂ)] do
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Now integrating, substituting (3.15) in (3.19) for i = 1, and recalling (3.8) we get

@ = / / XX,y )ty )s(t &) dy'dx”. (3.20)
Then, for term (@ in using definition (3.15) for i = 1 we easily get
@ = /Qx @(x)c(t, x)dx. (3.21)
Finally, combining equations (3.16), (3.18), (3.20), and we obtain
/qua()a,c(txdx—g/ )1 - pAx txdx+z;/ / )aha(x,y)n(t y)s(t, x) dydx
—g/ox(pxct,x x (3.22)

=g [, o ( o) dys(t,) = p%<x>c<t,x)> dx.

In equation ( , we obtained the weak formulation for the evolution of the distri-
bution assoc1ated with compartment i = 1, corresponding to consumed nutrients.
Proceeding in an entirely analogous way; it is possible to derive the weak formula-
tions for the distributions associated with the other compartments. These equations
are given by:

/O @(x) 0sc(t, x) dx—g/

/ @(x)9s(t,x dx—@/

< aba(x,y)n(t,y) dy s(t,x) - (Y)C(M)) dx,

/O () din(t,y) dy = é/ ) [2'4 Bs5(y)m(t,y) H(t) **( /Q g52(y,x)s(t,x) dx n(ty) + P%(y)n(f,y))} dy, (3.23)
We set 435(y,y') = qi5(y) and 43,4(y,y") = 43,(y'), further imposing 45(y) =
qu (). These assumptions reflect the modelling choice of not endowing agents
in compartment i = 5 with a structural variable, thereby making it natural to
assume that the transition probability is independent of the specific trait of indi-
viduals in this compartment. We observe that the fifth equation of system (3.23)
has a structure analogous to that presented in for fo. Hence, by assuming
h(0,y) = H(0)éy,(y), one obtains h(t,y) = H(t)dy,(y) for all t > 0. This property

is consistent with the modelling assumption that all individuals in compartment
i = 5 share the same trait yp.

pi)e( tha(x y)n(ty)dy s(t, X)) dx,
[, pwamendy =2 [ o5 [ ha0se ) dxntty) ~giswmey) H<t>>dy,
JQy 2 Oy

/Qy @(y) arh(t,y)dy = 6/ Oy (¥ n(t,y)dy — ()/Q, qi,5(y*)m(t,y*)dy*>dy-
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Mass conservation By setting ¢(x) = 1 in the equations of system (3.23) and
integrating over the corresponding domains, one obtains a system describing the
evolution of the masses associated with each compartment. Summing the five re-
sulting equations, and using the definition (3.9), we observe that

d

ﬁ(c(t) +S(t)+N(t)+M(t)+H() =0 Vit>O0. (3.24)

It follows that the system conserves the total mass: the overall quantity of agents
and nutrients remains constant in time. Moreover, summing the first two equations
of system (3.23), we obtain

/ @(x) ¢ (c(t,x) +s(t,x)) dx = 0. (3.25)
Qy
This implies that there is mass preservation within the subsystem of nutrient units,
as so

c(t,x) +s(t,x) = 7(x). (3.26)

Consequently, the first two equations of system (3.23) can be summarised into a
single equation for the substrate density alone:

o, o025t ax =2 [ o) |10 (00 =st6.2) = ( [, abal)nie )y} ste )| . (3:27)
In light of the previous observations, the system can be rewritten in a reduced form,
where the overall dynamics are described by the following three evolution equa-
tions:

i) = ) 7)) () + [ abaey) ey,
un(t,y) = 20500 me ) O~ 3utew) () + [ shalv0) 00 dx), B29)

am(ty) = 3n(ty) /Q G32(y, %) s(t,x) dx — q35(y) m(t,y) H(t),

where we have set { = 1, as it represents a scale coefficient at this level of analysis.
Since the evolution of h(t,y) occurs only through its aggregate mass, we omit the
corresponding equation for the density while keeping H(t) explicit for clarity, as
this term will be simplified in the following section.

3.4 Fast reproduction limit

To proceed with the analytical study of the system (3.28), an additional assumption
is required to reduce the system to only two equations. Hence, we assume that the
dynamics of m(t,y) evolve on a much faster time scale compared to those of n(t,y)
and s(t, x). This reflects the idea that the reproductive process reaches equilibrium
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almost instantaneously with respect to maturation and nutrient uptake. Formally,
this corresponds to imposing a quasi-stationarity condition on the evolution of m,
that is,

orm(t,y) = 0.

This assumption implicitly requires that the reservoir compartment is large enough
so that reproduction is always possible, provided that a sufficient amount of re-
sources is available. Under this assumption, the third equation of (3.28) reduces
to

0=4n(t,y) [ ghaly,2)s(t,x)dx = gis(y) m(t,y) H(),
which gives
t, 32(y,x)s(t,x)d
n(t,y) /qus,z(y x)s(t, x) dx
203, H()

Substituting this expression into the second equation of system (3.28), we obtain
the following for n(t,y):

m(t,y) =

dun(t,y) = (/quy, tx)dx—m(y))na,y).

Therefore, the resulting reduced system reads:

st x) = R0 7(x) —s(t,) (p%(x) + [, datun ey dy),

(3.29)

) = (3 [ oty x)s(ex) dx - m(y)) (k)
We note that the system derived above retains notation tied to the original five-
compartment microscopic model. In particular, rate functions such as p3(x), 43 5(x, ),
43, (y, x), and p3(y) reflect compartment indices, which are no longer explicit in the
reduced system. To improve clarity and align terminology with biological mean-
ing, we introduce a new notation for the rate functions in Table

With this new notation, the system can be written as:

{ats(t,x) = a(x)y(x) = Alx, Ny)s(t, x), (3.30)
am(ty) =R(y,Sp)n(ty),
where
AGAG) =60+ Ny(62) Nyt = [ )ity dy,
y (3.31)

R(y,S5) =Sp(ty) ~ () Splty) = [ Blxy)s(tx)dx
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The system is complemented by the initial conditions s(0, x) = s%(x) and n(0,y) =
n(y)-

TABLE 3.1: Correspondence between original and updated notation for rate functions.

Old notation New notation Biological interpretation

p3(x) a(x) Regeneration rate of nutrients

q§/3 (x,y) n(x,y) Uptake rate of nutrients by individuals
pg (y) x(y) Mortality rate of individuals

%qg,z (v, x) B(x,y) Reproduction rate via nutrient intake

3.4.1 Well-posedness

We now establish the existence of solutions to system (3.30)-[3.31} At this stage, we
may still consider a bounded Q0 C IR?; however, for the asymptotic analysis, it is
preferable to assume that the domain is compact. The key ingredients, reported
below, are suitable assumptions on the regularity and positivity of the coefficients,
as well as L'-L*® bounds on the initial data.

Hypothesis 1. Let the rate functions and initial data satisfy:

(H1) ge Whe(Q,) and a(x) > a > 0Vx € Oy, x € Wh*(Qy) and k(y) >« > 0
yE Qy;

(H2) v € L®(Qy), with 7(x) nonnegative;
(H3) 7, B € WL (Qy x Q) and strictly positive;

(H4) n = xp, where x > 1, x € IN, represents the number of nutrient units required
for the proliferation of one individual;

(H5) s° € C(Qx) nonnegative and n° € C(Q),) withn’(y) > 0 forally € Q.

Theorem 3.1 (Well-posedness). Let all the above hypotheses hold, then the Cauchy prob-
lem (3:30)-(3-31) admits a unique nonnegative solution (s,n) with s € C(IRy, L'(Qy))
and n € C(Ry, LY(Qy)). Moreover, there exists M > 0 such that
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Proof. Notation. Let us recall the notation v = (x,y) € Oy x Qy = Q and z =
(s,n), and consider the Banach spaces

(P, 1lp), Pi={z=(s,m):5 € LY(Q), n € LI(O) ]},

2t )P = [Is(t e+ [In(E )1,

(B,[II),  B:=C([0,T], P),|lzl[s = sup [|z(t,-)]lp,
te[0,T]

where T € R+. Now, we consider

L 3) = 2(0)ax) =50, (o) + [ eyt )y,

Rl = ( ) Blxw)ste nid = ) ) n(e ).
Therefore, we can write

{atz(t,v) = F[z](t,v),

2(v,0) = 2(v) = (2,n0), (tv) €[0T <0, (333)

where F[z](t,v) = (Fs[z](t, x), Fx[z](t,y)). We also note that
z(t,v) = G[z](t,v), with Glz](t,v) =2(0,v)+ /OtP[z] (s,v)ds. (3.34)

Local well posedness. Let all the previous hypotheses hold. Then, for any z, » € B

with z(0,v) = p(0,v) = z°(v), the operator G satisfies the following estimates

1GL=Ils < T[z(max{uxm,nanm} + max{| ][, 1Bl 1}zl ) |12l 5
(3.35)

+ ||v||L1||a||Lw} + 112117,

IGlz] - Glillls < 2T<maX{I|K||L°°/ lallz)
(3.36)
T max {7l 1Bl (s + ||u||5)) lz— lls.

We note that the second estimate (3.36) is a consequence of the estimate (3.35).
Therefore, we provide the proof of (3.35). Considering hypothesis [I|we derive

[Fslz] (£, ) [0 < [lvl[oalal |z =+ [el[ze[Is (8 ) =+ [l lls (8 )l s
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Ea[2](E ) n < [l (e ) + (1Bl Ct |l (e )

Hence,
IFlz]llp = [[Fs[z] (£, )|l 1 + [|Fu[2] (£, )| 2

o || + 2 max{ ||x||pe, [|a| 1
Il s + 2 max{ el ) 637

+xnax{nnan,|ﬁan}nznp)nznp].

Now, recalling G defined in (3.34) we have

t
IGL][lp < ||Z°||P+/0 |[F[2]]pds,

which combined with gives us and guarantees that G maps B into it-
self. Moreover, thanks to there exists a T* > 0 such that G is a contrac-
tion on B. Consequently, the Banach—Caccioppoli fixed-point theorem implies that,
for any T < T*, the operator G : B — B admits a unique fixed point z € B.
Therefore, the Cauchy problem (3.33) admits a unique solution with components
s € C([0,T],LY(Q)) and n € C([0, T}, L1(Qy)).

Non-negativity of s and n  Solving the IDE (3.30) for s(t, x) subject to the initial
condition 4y yields the semi-explicit formula

s(t,x) =s%(x)e” Jo Aoy (©) 40 4 w(x)y(x) /Ote*f;/\(x'NW(T))dea. (3.38)

Since the functions a(x) and 7y (x) are positive and s°(x) is nonnegative, the above
formula implies that s is nonnegative. On the other hand, the semi-explicit solution
of (3:30) for n(t,y) given the initial condition n°(y) is

n(t,y) =n’(y )efO (y:5p(6) (3.39)

from which we conclude that n is nonnegative due to the fact that the function
n%(y) is nonnegative.
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Uniform bound on ||z(¢,-)||p and on ||z||p  First, we integrate and sum the two
equations of (3.30) and we get

(i(/ s(t,x)dx +/ n(t,y) dy) /Q a(x)y(x) dx

[ (3.40)
/Qx s(t,x)dx — /QyK
+/ B(x,y)(1/x — 1)n(t,y)s(t, x) dy dx.

Now, we note that, since the number of nutrient units needed for proliferation is
greater than 1 (x > 1), the last right-hand side term is negative. Hence, we have

x —
< —_— = M. .
A() +N(b) < maX{A(O) ENO), / x’y(x)dx} M. (341)
Therefore, given the positivity of the solutions s and 7, we have
l|z(t,)|lp < M, (3.42)

and the bound is uniform in time, so we also have ||z||p < M. The uniform bound
guarantees that we can iterate the process performed locally in the first part of
the proof on new time intervals of the form [iT, (i + 1) T] with i € IN and therefore,
conclude our proof. O

Corollary 3.2. Under the hypotheses of Theorem (3.1} assume in addition that

0<s%x) <v(x) forae x € Q. (3.43)
Then, for every t > 0, it holds

0<s(tx) <vy(x) forae x €& Q.

Proof. From the first equation of system (3.30),
dis(t, x) = a(x)y(x) - )+ / n(t,y) dy).

Since n(t,y) > 0and 7(x,y) > 0, we have

ars(t,x) < w(x)y(x) —a(x)s(t,x) = a(x)(v(x) —s(t,x)),
which can be rewritten as

At (e ™s(t,x)) < a(x)y(x)er L,
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Integrating in time and dividing by ¢*(*)!, we obtain the explicit upper bound

s(t,x) < () + (2(x) = (x))e 7.
Since s%(x) < (x), the right-hand side is bounded above by (x). O

The dynamics presented in entail a form of indirect competition within the
consumer population. Indeed, examining the fitness term R(y, Sg), it becomes clear
that it depends on # neither locally nor through any integral functional.

In [122], a model analogous to the one proposed here, motivated by specific biolog-
ical systems, such as those arising in phytoplankton ecology [131]], was analysed.
There, an appropriate rescaling of the variables allows the system to be reformu-
lated as a direct-competition model. It is therefore reasonable to expect that, even
within the structure considered in this work, a formally indirect mechanism may
still exhibit emergent behaviour typical of direct competitive dynamics. In the fol-
lowing section, we show that convergence results consistent with this intuition nat-
urally emerge in the asymptotic regime of the system, without the need to introduce
any formal transformation of the model.

3.4.2 Asymptotic results

The well-posedness result allows us to investigate the asymptotic behaviour through
a suitable time rescaling. In fact, based on previous studies on the long-term be-
haviour of a continuously structured population model [59) 62, 66| 108], we intro-

duce a small parameter ¢ > 0 and use the time scaling t — £, thus, considering

the asymptotic regime ¢ — 0 amounts to studying the behaviour of solutions to the
IDEs of the model on long time scales. With this scaling, the system (3.30) reads as

drse(t, x) = a(x)y(x) — Ae(x, Ny)se(t, x),
edine(t,y) = Re(y, Sg)ne(t,y), (3.44)
5¢(0,x) =s%(x)  ne(0,y) =n’(y),

where

Aelx, NE(E %)) =a(x) + NE(EX) NE(E2) ::/Q 7(x,y) ne(t,y) dy,

Y

Rely, S5(09) =85(0y) —xly)  Spity) = [ plxy)selt,x)dx.

(3.45)

Well-posedness and existence for the Cauchy problem (3.44)—(3.45) with fixed € > 0
follow directly from Theorem Therefore, no further elaboration is required.
In particular, estimate (3.42) provides the key tool for the following compactness
result.
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Proposition 3.3. Under assumption the solutions to the Cauchy problem (3.44)—
(3.45) satisfy, up to extraction of subsequences,

Ze = (8¢, 1) i\o (s,n) =z in F, (3.46)
e—
where
E' = L®([0, T]; M(Qx x Q). (3.47)
Let us define operators
t
LAt x) / A, NE(T2))dT,  Lg(ty) = /O Re(y, S5(t,y)dr.  (3.48)

Then, we have

I o —> In uniformlyin [0, T] x Q,
T e—0

. . (3.49)
I.r S Ix uniformlyin [0, T] x ),

where , ,

IA(, x) ::/0 A(x, T)dT, Ir(t,y) ::/0 R(y, t)dt. (3.50)
and
ANy (7,2) = a(0) + Ny(r,x) Nyl = [ nCey)n(ry)dy,

Y

(3.51)

Ry, Sp(r.y)) = Sp(r.y) —xly)  Sp(my) = | Plxy)s(t,x)dx.

Proof. First, we write the equivalent of the inequality (3.40) for system (3.44), which
reads

& et Mg +lmelt M) < & (@ s — minga ) (lselt, Yoo + et ) ). (352)

As a consequence, we deduce that

@ ||yl 0 0
l[se(t, )px + [[me(t, )|L1<ma><{m n{a LK} Als™lpx + 177 p- (3.53)

Therefore, (3.42) also holds for system (3.44) independently of ¢, and it allows us to
use the Banach-Alaoglu theorem to conclude that, up to extraction of subsequences,
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the asymptotic result (3.46) is verified. Moreover, these results guarantee

Ae(x, Ny) = A(x, Ny) = a(x) + /Q n(x,y)n(t,y)dy e—0,
! (3.54)
Re(y, Sg) — R(y, Sp) / B(x,y)s(t,x)dx —x(y) €—0,

since B, 7 € C(Qy x Q). Therefore, thanks to (3.54) and (3.42), there exist subse-
quences of (3.48), that we still denote as I, 5, I r, such that

forall (t,x) €[0,+00) x Qy L A(tx) = In(t,x),
e—

3.55
forall (t,y) €[0,+00) xQy Ir(tY) P Ir(t,y), 059
€

Moreover, the hypotheses on « and « in ensure that, for any ¢ > 0, the
functions I, A, I g and their first derivatives with respect to t and x or y are bounded
in L*((0, T) x Q) and L®((0,T) x Q) respectively. Hence, since W-°((0,T) x
Q) is compactly embedded in C([0, T] x )), we conclude that

IE,A<t/ X) — IA<t/ X) and IS,R<t/y) — IR(t/y)/ (356)
e—0 e—0

uniformly in [0, T] x Q, and [0, T] x Q, respectively.
O

Remark 3.4. The convergence in Proposition [3.3]is understood in the weak-* topol-
ogy of
E' = L*([0, T]; M(Qx x Q)),
with pre-dual
E=LY([0, T};C(Qx x Q).

Explicitly,
2~z = / ), ze(t dt—>/ 2(t))dt Vg € LL([0, T]; C(Q x Q).

This identification relies on the compactness (or local compactness) of the spatial
domains Qy, ), C R? which ensures that (Co(Q))" = M(Q), the space of finite
Radon measures. For simplicity, we take () compact, so that (C(Q)))" = M(Q). In
this framework, functions in L' (Q) correspond to absolutely continuous measures
in M(Q), and the family {z.}, originally bounded in LY(Q), can equivalently be
viewed as taking values in M(Q)). This justifies working in the Bochner space
L=([0, T]; M(Q))), where compactness and weak-* convergence of subsequences
follow from the Banach-Alaoglu theorem.
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The previous convergence result ensures the existence of limiting quantities (s, 1)
satisfying weak convergence (3.46), and we want to characterize this limit. First,
we report the following Lemma:

Lemma 3.5 (Saturation of nutrients). Let the assumptions of Theorem [3.1] hold, and
suppose that for some interval (t1,t,) C (0, T) and for some o > 0 we have

t
/2/ ne(t,y)dydt = O (e_”/‘g) ase — 0. (3.57)
noJo,

Then, for a.e. t € (t1,tp), the limiting nutrient density s(t,x) obtained in (3.46) attains
the maximal level y(x), that is,

s(t,x) =y(x) ae onQy andforae. te€ (t,tp). (3.58)

Proof. We note that since 7 € L (Q)y x Q) for every (19,t) C (t1,t2) and for every
x € Oy

t t
NE 7 d = 7 € 7 d d
J Niwadr= [ ntyneydydc
(3.59)

ty B
< \|77||L°°/t /Q n(t,y)dt < Ce 7%,
1 Y

for some C > 0. Hence, for all ¢ € (t1, ;) we can choose Ty € (t1, t) such that
t
Iea(t,x) — La(T0,%) = / Ae(x, NE)AT = a(x)(t — 1) +re(To,£,x),  (3.60)
T

with re < C(t — 19)e 775
To prove the limit (3.58) we study the semi-explicit formula

se(t,x) = SO(x)efls,A(t,x)/e + W /Ot eXp( — %(I&A(t,x) - IE,A(T,x)))dT.

First, we use the fact that A, > a(x) and obtain
so(x)e* eA(tx)/€ < SO(x)eftx(x)t/e =0 0.

To evaluate the second term on the right-hand side, we take 19 € (t;,t) and split
the interval [0, t] into [0, To] U (79, t]. For T € [0, 1o, we have

a(x)y(x) [T () (— €
MO T e L(altx) ~ Lealm,) ) < A(x)e =0/ 220

Finally, for T € [19, t], we use the estimate (3.60) to write

eXP( — LI a(t,x) — Is,A(Trx))> = et t=T)/emre/e,
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Hence ;
limM/ exp( — NI a(t,x) — IS,A(T,X»)dT =

e—0 3 0

lim 'y(x)e*’f/g(l — e*”‘(x)(t*ﬂ)/s) = v(x).

e—0

Therefore, fora.e. t € (t1,t2) we have s¢(t,x) — 7(x) and, thanks to the uniqueness
of the limit (3.46), it also holds that s(t,-) = (-) a.e. on. Q. O

Now, let us define the function

$) = [ Bry)r(x)dx—x(y) Yye, @61
and introduce the sets:
0= {y € Qylgly) > 0}, (3.62a)
0= {y € Qy|g(y) = 0}, (3.62b)
A(t) == arygenéfx Ir(t,y), (3.62¢)

for which the following holds:

Corollary 3.6. As long as all the hypotheses of Theorem [3.1|and of Corollary 3.2 hold, if
there exists t € [0, T) such that max Ir(t,y) > 0 then
yelly

A(F) C . (3.63)

Proof. First we note that Corollary is verified also for s, i.e. 0 < s < 7 a.e,,
therefore
se(t, x) io s(t,x) < y(x) a.e.in [0, T] x Q.
£—>!

then Vy € A(f) we have
0< Ir(ty) < tg(y), (3.64)

which proves (3.63). O

We can now provide a first characterization of the limiting behaviour of the solu-

tions to system (3.44)—(3.45) as ¢ — 0.
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Lemma 3.7 (Asymptotic behaviour of n(t,y)). Let the assumptions of Proposition
and assumption (3.43)) hold. Then

* (Survival) if O # @ the limit function Ig(t,y) defined in (3.51) is such that

max Ig(t,y) =0 forany t€0,T],
yety (3.65)
N(t) >0, suppn(t,-) = A(t), forae te[0,T];

e (Extinction) if O = @ we have two possible scenarios:

1. (Fast extinction) if O = @ the limit function Ig(t,y) defined in B51) is such
that
maxIg(t,y) <0 Vte[0,T] andforsomec >0,
yeQy
: (3.66)
/ ne(t,y)dy = O(e™/¢) ase—0 ae on[0,T);
Qy

2. (Slow extinction) if O # @ the limit function Ig(t,y) defined in (3.51) is such

that
max Ig(t,y) =0 Vte[0,T], and
yeQy
(3.67)
/ ne(ty)dy =o(e) ase—0 ae on|0,T].
Q]/
In both cases .
se(t, x) v v(x) forae. (t,x) €[0,T] X Q. (3.68)
Proof. Step 1.
We first prove that
Ir(t,y) <0 forall (t,y) € (0,T)x Q. (3.69)

From the rescaled system (3.44) we have
edpne(t,y) = Rg(y,ng)ng(t,y),

which yields, for any ¢ > 0,

ne(t,y) = ne(0,y) exp (1 /Ot Re(y, Sp(1),y) dT) =n(y) exp <1IS,R(t,y)> -
(3.70)
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By contradiction, assume that there exists (f,7) € [0, T] x Qy such that Ig(£,7) > 0
and the uniform convergence (3.49) guarantees that there exists o > 0 such that

Ig[R(t,:V) 2 (%

whenever |t — f| <, |y — | < 0,and 0 < ¢ < ¢. Hence, forevery t € [f — o, + 0],

j+o
/ ne(t,y)dy > em/ n’(y)dy — o,
Q j—0o

y e—0

where we have used (3.70) and the fact that n%(y) > 0. This contradicts the result
of uniform boundedness (3.53). Consequently, we conclude that

Ir(ty) <0 Y(ty) €[0,T] x Qy. (3.71)
Step 2.

We now show that if there exists f € [0, T]

Ig(f,-) <0 onQy, (3.72a)
then
F+o
/ / ne(t,y)dydt = O (e_"/g) fore =0, (3.72b)
t—o JQy

and n(f,-)=0 ae.on Q (3.72¢)

for some o > 0. Let f € [0, T] be such that Ig(f,-) < 0. The uniform convergence
result (3.49) ensures the existence of ¢ > 0 such that

Ig(t,) <=0 for|t—f[ <o, on QO

with o > ¢ > 0. It follows that

o o Ire(ty)
lim / ne(t,y) dy dt = lim / n(y)e” &  dydt
e—0 Qy Qy

e—0

(3.73)
ag
<20 lime_E/Q n%(y) dy.

e—0 y

Moreover, the weak convergence result (3.46)-(3.47) for n(t,y) implies that

f+o f+o
/ / n(t,y)dydt = lim | / Y ne(t,y) dy dt, (3.74)
Q Q
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for every smooth test function ¢ : Q0 — R. Choose ¢ such that
¢ = ]le, (375)

where 1 denotes the indicator function. Since 1, > 0, we obtain

— e—0Jf—0

o f+o
/ / n(t,y)dydt = lim / ne(t,y)dydt = O (e_”/s) . (3.76)
; Qy Joy,

This proves both (3.72b) and (3.72d). Note that condition coincides with the
assumption of Lemma which can therefore be applied directly when
holds.

Step 3.

Now, we prove (3.65).

Consider O # @ and assume that there exist f € [0,T) and ¢ > O withf+¢ < T
such that

max Ir(t,y) =0 Vte[0,f] and N(t) >0 ae. on|0,f], (3.77)
yelly

whereas

max Ig(t,y) <0 Vte (ff+0). (3.78)
yeQy

Assumptions (3.77) and (3.78) allow us to use the results of Step 2. In particular,
(3.72B) along with Lemma [3.5{ensure that s (¢, x) io v(x) for ae. t € (£ F+0).
e—

Now we take § € A(f) and we write
F+o

IR(E+0,9) = /O R(§, Ny (T, §)dT

R t+o
= Ir(t,9) + /t R(9, Ny(z,9)dt (3.79)

=0+ /?tw ( o, B(x,7)y(x)dx — K(y)) dr >0,

where the last inequality is given by the facts that ¢ > 0 and § € O due to Corol-
lary Then we have Ig(f + o, 7) > 0 which contradicts (3.78). Hence,

m?)xIR(t,y) =0vVte (ff+0) and N(t) >0 ae on (ff+0). (3.80)
yelly

as well. Therefore, result is verified.
Step 4. o
First, we consider the case of O = @. By contradiction we suppose there exists



3.4. Fast reproduction limit 105

€ [0, T] such that
max I (f,y) = 0. (3.81)
yer
By definition, we have

0 = max IR(t y) = max /Ot (/QY B(x,y)s(T,x)dx — K(y))d’[ < ;relzg; (/Qr B(x,y)y(x)dx — K(y)) £ (3.82)

yeQ yeQy

Since O = @, we have / B(x,y)y(x),dx —x(y) < 0 forally € Qy, and thus
0

Ir(f,+) < 0 which contradicts with and proves (3.66). To prove (3.68) we ob-
serve that, since Ig(t,-) < 0 for every t € [0, T|, (3.72b) and (3.72d) guarantee that
N(t) = 0a.e. on [0, T| and there exists ¢ > € > 0 such that

/t—w/ ne(t,y)dydt = O (e*”/g) for ¢—0.
f—o JO,

Hence, all the hypotheses of the lemma|[3.5/hold and we conclude the proof for (3.66).
Finally, we consider the case of O # @.

Following the same strategy used in Step 3 we can prove that

max Ig(t,y) =0 Vte[0,T]. (3.83)
yeQy

However, in this case, since O = @, equation (3.83) implies

t
0 = max Ig(t,y) < max/ g(y)dt =0, (3.84)
yE Y yeﬂy 0
which means
/ / —s(t,x)| m?)x B(x,y)dxdt = 0. (3.85)

Therefore, since B(x,y) > 0 we have s(t,x) = y(x) for a.e. (£,x) € [0,T] x Q.
Lastly, to prove that / ne(t,y)dy = o(e) as ¢ — 0, we suppose by contradiction
Qy

that
o, ne(ty)dy
e—0

>0 forae. tel0,T] (3.86)

But if that is the case, following the proof steps for Lemma we find

lims,(t, x) = 11rn'y( JeTe/E (1 — emr X)) /ey, (3.87)

e—0



Chapter 3. A phenotype structured integro-differential model for

106 . .
nutrient-consumer dynamics

where, thanks to hypothesis for B, we have

re > C(t —10) /Q ne(t,y)dy.

Y

Hence, if (3.86) holds, we get s¢(f, x) - y(x) which contradicts the previous result
and finally proves (3.67). O

Remark 3.8. The previous lemma provides sufficient conditions to characterise the
asymptotic behaviour of the population. In particular, it follows that the non-
emptiness of O is a necessary and sufficient condition for population survival.
Equally important is the role played by the set O in shaping the long-time dy-
namics. Indeed, when O # @ but O = @, we nevertheless observe that

max Ig(t,y) =0 Vte[0,T], (3.88)
yeQy

which formally resembles the survival case. However, in this regime, a positive
limit mass N(t) > 0 would necessarily imply a negative Ir, ultimately leading
to a contradiction with (3.88). The key step lies in equation (3.84), where the last
equality stems precisely from the fact that no y € ) satisfies g(y) > 0. Finally,
the distinction between fast and slow extinction arises from the different rates of
decay: in the former case (O = @) the mass N¢(t) decays exponentially in ¢, while
in the latter (O # @) it only decays as o(¢), with an asymptotic rate that may be
considerably slower.

3.5 Main results of numerical simulations

In this section, we present several numerical results illustrating the evolution of the
system described in under three distinct scenarios. The main purpose of these
tests is to provide a numerical validation of the convergence results established
in Section and to analyse how the qualitative properties of the net growth
term influence the overall dynamics of the solutions. In particular, we consider the
following representative configurations:

* Scenario 1: O = @, where a fast extinction of the agent population is ex-
pected;

* Scenario 2: O = (a,b), so we expect the population to proliferate only within
this interval;

¢ Scenario 3: O is given by the union of multiple intervals, leading to the emer-
gence of multiple specialised subpopulations.

The key discriminating element among the different tests is the mortality function x (y),
while all other functions and parameters are kept identical across simulations to en-
sure comparability. The analysis focuses on the impact of its profile on the system
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TABLE 3.2: Parameters used in the numerical simulations of

| Parameter | Description | Value
Qy Nutrient trait domain [-1,1]
Qy Agent trait domain [—1,1]
Ax Trait mesh size for the nutrient 102
Ay Trait mesh size for the agents 102
At Time step 103
X Nutrient regeneration rate 0.25
X Units of nutrient needed for proliferation 4
r 711 1
€ Scaling parameter for the asymptotic regime | 10~%,1072,10~3

dynamics, through the study of the sign of the function g(y) introduced in3.61}
Results are reported for three different values of the parameter ¢, allowing us to
observe convergence towards the steady state as ¢ decreases and highlight how the
saturation and extinction dynamics of the two populations evolve at rates consis-
tent with the chosen scaling parameter. In detail, we present results for a slow time
scale, ¢ 3: 1071, for a moderately fast time scale, ¢ = 102, and for a fast time scale,
e=10"".

To isolate the influence of the mortality function from that of other parameters, all
remaining coefficients are kept constant across simulations (numerical values are
listed in Table[3.2). We fix the rate « = & as constant and define the function 1y as

y(x) = L <615(x+0.5)2 +615(x0.5)2>, (3.89)
Cy
where T := ||v||;: and C, > 0 is a normalisation constant. The choice of a sum

of two Gaussian profiles for the nutrient distribution allows us to explore how the
presence of two maxima in y does not necessarily entail the selection of two distinct
dominant traits in the population n. Then we also have the kernels § and # for
which holds #(x,y) = xB(x,y) with x > 1, x € IN. We choose functions that
increase the likelihood of interactions between agents and nutrients characterised
by similar traits. Specifically, the model assumes that a nutrient unit with trait x
is more appealing to an agent with trait y the closer the two values are, leading to
functions that decrease with the distance |x — y|:

1 5 1
nwy) = e Bloy) = Jnvy), (3.90)
1 X

where Cj, is the normalisation constant.
Finally, for the initial conditions n°(y) and s°(x) reported below, we choose the
same functions for the three tests, except for the initial masses, which are adjusted
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S:(t) and N.(t)

FIGURE 3.2: Panel (a) Time evolution of the total masses of nutrients, S.(¢) (solid
lines), and agents, N¢(t) (dashed lines), computed for the three values of ¢ listed in
Table The nutrient population saturates at I' = 1, while the agent population van-
ishes, N¢(t) — 0, in agreement with Lemma For initial data we chose N(0) = 0.7
and S(0) = 0.3 Panel (b) Comparison between the substrate distribution s(f, x) at the
final time t = T (solid lines) and the function 7(x) (black dashed line), representing its
limiting profile as ¢ — 0. Simulation parameters are listed in Table

to emphasize the distinct macroscopic behaviours of the system depending on the
test:

s%(x) = S(0)y(x), (3.91)

where C,, is the normalisation constant.

3.5.1 Extinction regime

In this first scenario, we analyse the case in which g(y) < 0 forally € )y, and con-
sequently O = @. According to Lemma we therefore expect the population 7,
to go extinct in the long run, while the substrate s, approaches a saturation state.

To obtain this configuration, we choose a constant mortality function:
k(y) =x =0.1. (3.92)

With this choice, and taking into account the definitions of 7 in (3.89), B in (3.90),
and the parameter values reported in Table the set O is indeed empty. This sce-
nario turns out to be the fastest in reaching equilibrium. By setting a relatively short
time horizon, T = 1, we observe that the system has already reached a stationary
state for the fast and intermediate time scales, whereas the slow scale remains in a
transient phase. Finally, for the initial masses we choose N(0) = 0.7 and 5(0) = 0.3.
As prescribed by Lemma Figure 3.2 shows the extinction of the population of
agents and saturation of the nutrients. In the left panel, we see that the total mass of
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FIGURE 3.3: Panel (a) Comparison between Re(y, SE(T, y)) (solid lines) and g(y)
(dashed line). A clear convergence of the former towards the latter is observed as ¢ — 0.
The limiting function g(y) remains entirely below the zero threshold (dotted line), con-
firming that O = @. Panel (b) Full time evolution of the population distribution n.(t, y)
with & = 102, which decays to zero for all > 0, consistently with the limit Iz (t,y) < 0
V't € [0, T]. Simulation parameters are listed in Table

agents decreases monotonically until it vanishes. In contrast, the nutrient popula-
tion converges to the saturation value I' = 1. The convergence of these trajectories,
observed across different rescaling regimes, highlights the robustness of the extinc-
tion—saturation mechanism and illustrates how the asymptotic behaviour predicted
by the model manifests in finite time. The right panel further corroborates this in-
terpretation, showing that the substrate distribution stabilises into its stationary
configuration, consistent with the analytical limit obtained for ¢ — 0. Hence,
the numerical convergence of s¢(t, x) towards y(x) not only validates the existence
of a steady-state solution but also illustrates how the extinction of agents restores a
fully saturated environment.

The results reported in Figure Panel (a), compare the net growth rate Re(y, Sg(T,y)),

computed at the final simulation time, with the limiting function g(y) that encap-
sulates its maxima. As ¢ decreases, the numerical evaluations of R, exhibit a clear
convergence towards g, confirming the consistency with the asymptotic formula-
tion of the model. Nevertheless, since the limiting profile g(y) lies entirely below
the zero threshold, it entails the absence of any viable trait capable of sustaining
population persistence. We also observe that the population distribution n(t,y)
for e = 1072 (Panel (b)) shows a monotonically decreases for ally € Q)y. For t = T,
the depletion is almost complete in accordance with the mass evolution (Figure
Panel (a), orange dashed line). This decay behaviour aligns with the condition
Ir(t,y) < 0 throughout the time interval [0, T}, as established analytically.
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(a) (b)

FIGURE 3.4: Panel (a) Time evolution of the total masses of nutrients, S, (¢) (solid lines),
and agents, N;(t) (dashed lines), for the three time scales corresponding to the values
of £ in Table The nutrient mass decreases as proliferating agents consume resources
and grow to saturation. The fast and intermediate regimes (e = 1073,1072) reach the
steady state within the prescribed time, while the slow one (¢ = 10~!) remains tran-
sient. Panel (b) Comparison between the substrate distribution s¢ (¢, x) at the final time
t = T (solid lines) for different ¢ and its limiting profile y(x) (black dashed line). The
depletion of nutrients affects both peaks of the distribution due to the presence of mul-
tiple intervals constituting O. Simulation parameters are listed in Table

3.5.2 Selection of a single trait

In this second test, we examine the case where O = [a, b], with [a,b] C ), being a
non-trivial interval. In this configuration, we expect to observe the proliferation of
individuals whose traits fall within the region of interest O, in particular, selective
concentration in the traits that belong to

A(T) = argmax Ir (T, y).
yey

Indeed, we have A(t) C O forall t € [0, T], but since the inclusion is strict, Lemma
does not guarantee survival for all individuals with trait within O.

To obtain this configuration, we adopt the following mortality function:
K(y) = 0.5 — 047 ¢S H06)?, (3.93)

This choice produces a single maximum point for the function g(y), leading to an
interval O centred around y = —0.6. Compared to the previous test, this scenario
evolves more slowly; therefore, we set T = 3 in order to capture the beginning
of the dynamics even for the slowest timescale, corresponding to ¢ = 10~!. The
initial masses are N(0) = 0.01 and S(0) = 0.97, representing an environment rich
in nutrients with limited competition among agents.
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FIGURE 3.5: Panel (a) Comparison between Re(y, SE(T,y)) (solid lines) and g(y)
(dashed line). Given the initial condition s(0,x) = 0.977(x), for small times we have
Re(y, SE (T,y)) ~ g(y), while their difference increases as the number of agents grows.
The yellow-shaded region corresponds to O. Panel (b) Time evolution of the popula-
tion distribution 7 (t,y) for e = 1073. The figure highlights the selection of the fittest
trait inside the survival region O (bounded by the yellow dashed lines). Simulation
parameters are listed in Table[3.2]

The numerical results illustrated in Figure (3.4 provide a clear quantitative confir-
mation of the heterogeneous behaviour predicted by the model when the growth
region O is localised around a single trait value. As shown in Panel (a), the total
masses of nutrients and agents evolve in opposite directions: the nutrient popu-
lation gradually decreases due to consumption by reproducing agents, which in
turn proliferate and approach saturation. For the fast and intermediate regimes
(e = 1073 and 1072), the system reaches equilibrium rapidly, whereas in the slow
regime (¢ = 107'), the population dynamics remain in a transient stage. Panel (b)
reinforces this interpretation by examining the spatial distribution of the substrate
at the final time. The comparison between s¢(t, x) and its limiting profile y(x) re-
veals that nutrient depletion occurs primarily in the left portion of the domain,
while the right side remains nearly saturated. This asymmetry mirrors the structure
of the set O, concentrated around y = —0.6, and is consistent with the non-local
coupling induced by the interaction kernels p and 7 defined in (3.90). Analogous
behaviour arises in Figure[3.5] panel (a). Thus, starting from a nutrient distribution
close to saturation implies that, for small times, R¢(y, SE(T,y)) ~ ¢(y). As time
progresses, however, the discrepancy between the two functions increases, reflect-
ing the progressive loss of mass in the nutrient population. We observe that, over
time, R¢(y, S 5 (T,y)) becomes negative almost everywhere, except for a single point
where it remains close to zero—precisely the point where the individuals concen-
trate (Figure panel (b)). In this regime, agents proliferate and persist, but their
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(a) (b)

FIGURE 3.6: Panel (a) Time evolution of the total masses of nutrients, S¢ () (solid lines),
and agents, N¢(t) (dashed lines), for the three timescales corresponding to the values
of e in Table The nutrient mass decreases as proliferating agents consume resources
and grow to saturation. The fast and intermediate regimes (e = 1073,10~2) reach the
steady state within the prescribed time, while the slow one (¢ = 10~1) still exhibits the
early stage of its evolution even at the final time T = 5. Panel (b) Comparison between
the substrate distribution s(t, x) at the final time t+ = T (solid lines) for different ¢
and its limiting profile y(x) (black dashed line). The depletion of nutrients mainly
affects the left region of the domain, consistent with the localisation of the set O around
y = —0.6 and with the structure of the interaction kernels § and 7 in (3:90). Simulation
parameters are listed in Table

distribution becomes sharply localised around the unique element of A(T). To-
gether, the two figures demonstrate how heterogeneity in the growth region trans-
lates into localised resource depletion and selective proliferation.

3.5.3 Multiple-trait survival

In this final test, we examine a more complex scenario than in the previous two
cases. Here, we select a set O that is not only non-empty but also composed of
multiple disjoint intervals contained in (). The resulting dynamics reveal that the
population tends to concentrate around several local maxima, ultimately leading to
a final distribution that consists of a sum of Dirac delta functions. It is worth not-
ing that local maxima of Re(y, S5(t,y)) (and consequently of Ir(t,y)) may persist
as ¢ — 0. However, if these traits do not correspond to global maxima (namely,
if y ¢ A(t)), they do not survive in the long run. For this simulation, we adopt the
following mortality function:

K(y) = 0.45 — 0.4[¢ BWH07)* 4 o=15%* 4 (=15(y=07)] (3.94)

This function exhibits three global minima at y; = —0.7, y» = 0, and y3 = 0.7. Nev-
ertheless, these values do not coincide with three absolute maxima of the fitness
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FIGURE 3.7: Panel (a) Comparison between Re(y, SE(T,y)) (solid lines) for different
values of ¢, and g(y) (dashed line). Given the initial condition s(0,x) = 0.977(x), for
small times we have R¢(y, S ; (T,y)) ~ ¢(y), while their difference increases as the num-
ber of agents grows. The yellow-shaded region corresponds to O. Panel (b) Time evo-
lution of the population distribution ng(t,y) for ¢ = 10~2. The figure highlights the
selection of the fittest traits inside two of the three survival regions of O (bounded by
the yellow dashed lines).On the other hand, the inset shows an early phase of the dy-
namics where there is still the presence of a third peak within the middle region of O.
Simulation parameters are listed in Table

function, since the growth term S does not fully inherit the multimodal structure
determined by the peaks of x. In this case, the dynamics evolve more slowly than in
the previous tests: for larger values of ¢, the system still appears in an early transient
phase even at the final time T = 5. The initial masses are the same as in the previous
test, namely N(0) = 0.01 and S(0) = 0.97. Figure[3.7/provides numerical evidence
of the selection dynamics arising in the case of a multiple survival sets O. Panel (a)
shows the comparison between R¢(y, S E(T, y)) and its limiting profile g(y) for dif-
ferent values of . At early stages, the two functions almost coincide, reflecting that
the population of nutrients is initially close to saturation. As the system evolves
and the number of agents increases, deviations between the two profiles arise for
the two fast time scales, signalling the progressive depletion of nutrients in the
regions corresponding to higher fitness. The yellow-shaded areas identify the in-
tervals composing O, within which the net growth rate is positive and long-term
survival is admissible. However, the evolution also reveals that not all survival in-
tervals persist in the asymptotic regime: although three distinct regions of potential
proliferation are initially present, only two maintain a positive population density
as the system approaches equilibrium (Panel (b)). Consistent with theoretical pre-
dictions, the population n¢(t,y) gradually concentrates at y € A(t), i.e., where the
limit function I (T, y) reaches its maximum. The inset highlights an early transient
phase of the dynamics, in which a third transient peak still appears in the central
portion of O before being suppressed. This behaviour confirms that, despite the
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presence of multiple favourable traits, only those corresponding to global maxima
of the effective fitness function contribute to the long-term structure of the popula-
tion.

3.6 Concluding remarks

In this chapter, we extend the general compartmental framework developed in the
previous chapters to a system that describes the interaction between two distinct
subsystems: nutrients and consumers. Each subsystem is structured by its own
continuous microscopic variable, which captures the heterogeneity among indi-
viduals, and is subdivided into compartments corresponding to different stages
of their life cycle.

Starting from a stochastic microscopic description, we derive the corresponding
mesoscopic model, obtaining a conservative system of five coupled integro-dif-
ferential equations, one for each compartment. This procedure follows a line of
research connecting microscopic agent-based descriptions with mesoscopic and
macroscopic integro-differential or partial differential formulations, as developed
in kinetic and probabilistic frameworks for structured populations [48,|51}/109,[131].
The formulation obtained preserves the dual conservation property of the total
mass and of the two subsystems separately, ensuring a consistent description of
the dynamics in which resources and agents belong to different species.

By imposing meaningful simplifications, the system reduces to a pair of integro-
differential equations that retain the essential interaction mechanisms. For this re-
duced model, we establish well-posedness results and analyse the asymptotic be-
haviour of the solutions. In particular, we identify a survival set O, defined as the
region in which the net growth rate of agents is positive, and we prove that the
long-term dynamics lead to the extinction of traits outside this region. The analy-
sis, therefore, reveals a clear selection mechanism in accordance with the existing
literature [62, 66, 108, [113} [134]. Only traits corresponding to the global maxima of
the effective growth rate persist in the limit, while all others vanish.

Numerical simulations explore three representative scenarios, differing in the struc-
ture of the survival set O. First, we investigate the case O = @, where the popu-
lation of agents inevitably becomes extinct while the nutrient pool saturates. Then,
we construct a configuration in which O consists of a single interval, leading to the
persistence and concentration of agents around a unique dominant trait. Finally,
when O is the union of multiple disjoint intervals, the population initially spreads
across all favourable regions but ultimately concentrates around two globally fittest
traits.

These results show that even within a framework based on indirect competition,
the survival of the consumer population depends on a selection process in which
only certain traits emerge as the fittest, leading to population concentration phe-
nomena around them [59, 62, |115, [122]]. At the same time, the results highlight



3.6. Concluding remarks 115

that environmental conditions may be insufficient to sustain the required level of
resource consumption, ultimately leading, at varying rates, to the extinction of the
consumer agents.
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Chapter 4

Other works and future
perspectives

4.1 Introduction

This concluding chapter differs in both nature and purpose from the preceding
ones. It does not present established results, but rather gathers a set of reflections,
research perspectives, and possible future developments that stem from the models
and techniques introduced earlier in the thesis.

Agent-based models have, in fact, proved unexpectedly effective even in new con-
texts far removed from their classical applications [44, 45, 56| (87} 141], such as those
explored throughout this thesis. In particular, several new numerical methods for
solving non-convex optimisation problems have been developed based on particle
dynamics. The behaviour observed in complex real-world systems, such as swarm-
ing, crowd dynamics, and opinion formation, often follows standard rules of cost
minimisation. This analogy has naturally motivated the use of tools originally de-
vised for their analysis within the field of optimisation.

These methods fall within the class of metaheuristic algorithms [1} 16, 25, {32} |83],
that is, stochastic optimisation schemes designed to find (typically approximate)
solutions to problems with non-convex solution spaces, where standard determin-
istic methods—such as gradient-based algorithms—fail by getting trapped in lo-
cal minima. Among the most prominent techniques in this family are Ant Colony
Optimisation, Genetic Algorithms [69, |78} [104} 146], Particle Swarm Optimisation
(PSO) [101}/102}119,133], Simulated Annealing [90,91]], and Consensus-Based Op-
timisation (CBO) [20] /43| |46} [143]. The stochastic nature of their underlying natural
counterparts makes these strategies particularly suitable for tackling such classes
of problems.

However, in the following, we present a methodological extension of the tools dis-
cussed in Chapter/[I} exploring their application in a context different from the orig-
inal bio-mathematical setting. Specifically, we analyse a potential use of these tools
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in the framework of non-convex optimisation. By analysing the first qualitative nu-
merical simulations, we highlight the most promising aspects of this approach, as
well as the open questions that deserve further investigation. In doing so, we also
shed light on the differences that emerge between the discrete particle-based model
and its continuous counterpart.

In the final section of this chapter, we will discuss possible future directions and
open research avenues that may stem from the developments presented in the first
three chapters. Although each of those possesses its own conceptual coherence and
internal consistency, several aspects remain open and undoubtedly deserve further
investigation and analysis.

4.2 Background

In this first section, we outline some of the main advantages and methodological
features of the most widely studied metaheuristic optimisation techniques. This
brief overview is intended to orient the reader within the broad and diverse land-
scape of modern metaheuristic strategies. Such a perspective provides the concep-
tual background for the following discussion, which focuses more specifically on
potential developments directly inspired by the modelling framework presented in
this thesis. Obviously, we do not aim to discuss every possible metaheuristic algo-
rithm. Instead, we focus our attention exclusively on those that exhibit the closest
conceptual connections with the results developed in the preceding chapters. Par-
ticular attention is devoted to CBO methods, which are paving the way toward the
theoretical validation of stochastic optimisation algorithms. Their structure natu-
rally allows the integration of the particle-based formulation with its mesoscopic
counterpart through a mean-field limit, thereby providing a rigorous analytical
bridge between the two levels of description.

4.2.1 Metaheuristic methods

The development of metaheuristic methods dates back to the mid-1970s, when John
Holland, in his pioneering work [89]], introduced a computational model grounded
in probabilistic and biological evolutionary ideas, as an alternative to the determin-
istic approaches traditionally employed in optimisation — the Genetic Algorithms.
In Holland’s formulation, the search process follows Darwinian evolutionary prin-
ciples, and for the first time, genetic mechanisms such as recombination, muta-
tion, and selection were formally defined within a computational framework. The
simplicity and flexibility of this approach soon led to the emergence of numerous
variants specifically designed to address different classes of optimisation problems
(see [78],/100,[146] and the references therein).

In the following decades, considerable attention was devoted to the development
of methods of this kind and, more broadly, to stochastic approaches inspired by
natural phenomena for solving optimisation problems. In particular, about twenty
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years later, Kennedy and Eberhart introduced a socially inspired, population-based
optimiser grounded in the concepts of swarm behaviour [102]. The central novel
idea of this PSO method was to exploit information sharing, allowing each par-
ticle to move not only according to its own experience but also under the social
influence of the group. The paradigm shift they proposed, widely applied and
subsequently refined, led to the emergence of algorithms that harness collective
intelligence rather than relying solely on purely selective mechanisms.

Consensus-Based Optimization (CBO) is a much more recent addition to the family
of stochastic optimization algorithms. Introduced in 2017 [132] as a multi-agent,
derivative-free method for the global optimisation of high-dimensional problems,
it is built upon the key idea of moving a swarm of agents through two comple-
mentary mechanisms: a consensus-based drift, which drives alignment towards a
common consensus, and a diffusive term, which ensures exploration of the solu-
tion space. Unlike PSO, where individuals maintain independent trajectories, in
CBO all agents converge towards a common point while continuously exchang-
ing information throughout the process. One of the main advantages of methods
like CBO, compared to other meta-heuristics, lies in the possibility of exploiting
mean-field techniques to establish convergence results towards global minimiser
analytically [8] 43| /46| [143]. Despite their structural simplicity, CBO methods, and
their extensions, such as Kinetic-Theory-Based Optimisation (KBO) schemes [20],
appear to be robust tools for addressing a wide range of non-convex optimisation
problems, which is a property particularly valuable for high-dimensional problems
in the context of machine learning.

4.2.1.1 Mean-field interpretation

We recall that for a given F continuous, nonnegative, and bounded, the task is to
find

X, € argmin F(x). 4.1)

x€R?

The key feature that characterises these latter methods lies in the assumption that
the N agents involved in the search for the minimum are indistinguishable and
that their trajectories are driven by a common mean field. These properties, along
with the propagation of chaos assumption, formally justify taking the limit N — oo,
and allow one to derive analytically tractable mean-field equations. Hence, the
time evolution of the positions of agents X € R?,i = 1,...,N, is governed by a
system of stochastic differential equations consisting of a drift term and a diffusion
term [132]. Both components are modulated by the distance of each agent from
the weighted mean v r, so that as an agent approaches the minimum, it is attracted
towards it and prevented from moving further away. In general, the weighted
mean is defined as

o1
> ()

vF ZXiw“f(Xi) with W% (x) = e x>0 (4.2)
i
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and with this definition, the mean-field limit reads

| 3 (x)dpn ()
vF —
"o [ (x)dp ()

(4.3)

for a suitable Borel probability measure p; € P(R?) (see [43, 46, 132] for details).
Thus, by Laplace’s principle [61] we have (see [143, Proposition 1])

lim (—i log < /m s (x)dp(x)>> = F(x.), (4.4)

n—r00

which is the main reason for the choices in (4.2). This result provides the first formal
indication of the convergence of the method towards the absolute minimum of F,
which is assumed to be unique. The problem, reformulated in the mean-field limit,
consists of a single non-linear and non-local Fokker-Planck equation, where both
the drift and diffusion terms depend on the global state of the system. From an an-
alytical standpoint, significant progress has been achieved in recent years. Follow-
ing the first study that established convergence results [43]], several contributions
have rigorously demonstrated the validity of the propagation of chaos assumption,
which is essential to connect the discrete particle-based system to its mean-field
counterpart [92]. More recently, quantitative estimates of this propagation have
also been obtained [84]. These advances have made it possible to refine global
convergence results [76] and to introduce model variants capable of addressing sit-
uations in which the cost functional admits a set of global minima, rather than a
single minimiser [77].

4.3 An adaptive-dynamics-based optimisation method

In this section, we present our contribution to this framework. We developed a
kinetic optimization strategy starting from the biological models introduced in the
previous chapters. The connection between the two contexts is quite natural: the
success of early metaheuristic models, such as Genetic Algorithms, is rooted in Dar-
winian principles that underpin evolutionary theory as a whole (namely, recombi-
nation, selection, and mutation). At the same time, particle-based models such
as PSO and CBO exhibit remarkable connections with kinetic theory, particularly
through their characteristic mean-field limits. These observations further reinforce
the idea that the multi-scale construction, which has been running throughout this
thesis, can also be implemented in this context.

Starting from Chapter (1} we draw the basic intuitions needed to describe the evo-
lution of a population structured by a continuous variable, starting from a particle
representation. This type of approach is typical for such models and provides a
natural starting point for building a bridge across different levels of description.
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(@) (b)

FIGURE 4.1: Two-dimensional representation of the Ackley function presented in ,
along with its level curves. This function is a classical benchmark in optimisation prob-
lems. Panel (a) Initial configuration: particles (black and blue dots) are randomly dis-
tributed over the two-dimensional domain Q) = [—5,5]%. Panel (b) Final configuration:
particles (red and black dots) have concentrated around the global minimum of the cost
function F.

In particular, we analysed the connections between three common representations
of structured populations widely discussed in the literature: particle-based models,
mesoscopic integro-differential equations (IDEs), and non-local partial differential
equations (PDEs). We note that the derivation of the mesoscopic level from the
particle dynamics, formalised in (I.11), once again relies on the assumption of prop-
agation of chaos. On the other hand, in Chapter 3} although the dynamics involved
two interacting subsystems, we observed a convergence behaviour of the popu-
lation towards an optimum, which in that setting corresponded to the maximum
point of the function g(y) ((8.61)). It therefore arises naturally to consider applying
the results developed within this theoretical framework to a possible optimisation
technique.

4.3.1 Our base model

From system (T.27), considering Q C R¥ compact, and removing the integral diffu-
sion term (i.e. setting u = 0), we write:

df(t,x) = (r(x) —p(t)) f(t, %),

(4.5)
o(t) = /]Rdf(t,x) dx, f(0,x) = f(x) >0 Yx e Q
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FIGURE 4.2: Panel (a) Normalised number of particles (mass). The figure shows the
necessity of imposing a non-extinction constraint to prevent all agents from dying be-
fore they have concentrated near the minimum. Panel (b) The cost function F (red
solid line) corresponds to the one-dimensional Ackley function introduced in [119], a
classical benchmark function for this class of optimisation problems. The black-filled
circles represent the agents concentrated around the minimum of F at the end of the
simulation, while the blue ones indicate the positions for the initial batch.

where
reC(Q), r:Q—R, 0<r<r(x) VxeQ. (4.6)

In selection models such as system (4.5), where diffusion is absent, individuals tend
to concentrate, for large times, at the points of maximum fitness, consistently with
an analogue of the Laplace principle introduced in (4.4). If we assume that the max-
imum of r is attained at a single point x*, the asymptotic profile of the function f is
a Dirac delta concentrated at x* (see, for instance, [19, 41,53, |66, 114, 131]). How-
ever, analogous results have also been established for problems in which multiple
fitness peaks are present [62, [111], yielding steady states characterised by a finite
sum of Dirac delta functions, each concentrated at a point

x* € argmax (r(x)).
xeQ)

Since the continuous model originates from a particle-based formulation, it is rea-
sonable to expect that its discrete counterpart exhibits the same concentration be-
haviour. In fact, the numerical simulations reported in Section[1.5)show an excellent
agreement between the IDE solution and the particle dynamics obtained through
Monte Carlo simulations. If our goal is to introduce into the dynamics a cost func-
tion to be minimised, it is sufficient to recall that the function r can be defined as
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where the function F play the role of death rate. For this function, the task defined
in (4.1) can be reformulated as the search for

x* € argmax r(x) = argmin F(x). 4.7)
xeQ) xeQ)

In this way, it becomes straightforward to identify, even at the microscopic level,
where to include this cost term. Indeed, by reconsidering system (1.5), we can
define, for the Bernoulli variable S € {0,1},

. F(x) At

In_ _ — ¥ =

Prob (S" =1|I; =i, Vi =x) = T+ () AF

In this way, the survival probability of each agent is directly modulated by the value
of the cost function F(x), thereby establishing an explicit connection between the
life dynamics and the optimisation problem.

The distinctive feature of this model lies in the fact that, unlike traditional particle-
based methods, it does not describe agents that move in the parameter space of the
objective function by following consensus or direct interaction dynamics. Instead,
the particles considered here are agents whose vital dynamics, namely, the processes
of proliferation and death, are directly governed by the cost function itself, and,
to the best of our knowledge, an approach of this kind is currently absent from
the existing literature. The agents do not search for the minimum through succes-
sive shifts, but rather survive or become extinct depending on the fitness of their
trait within that environment, represented by the values of the objective function.
Regions of the domain associated with more favourable values (lower F) witness
population growth, whereas unfavourable (higher ) areas naturally depopulate.
This behaviour leads, in a spontaneous way, to the concentration of the total mass
around the points of the global minimum for F, potentially allowing the simulta-
neous identification of multiple global optima whenever they exist. Nevertheless,
this convergence is rigorously guaranteed only in the continuous model, whereas
in the particle-based formulation, it can be observed numerically only for a suf-
ficiently large number of particles. Moreover, the absence of diffusion prevents
the particles from exploring regions other than those initially occupied. As a con-
sequence, the minimum identified by the system is no longer determined by the
global structure of F, but rather by its restriction to the initially populated domain.
For instance, as shown in Figure Panel (a), at the initial time no particle is lo-
cated at (x,y) = (0,0). Without diffusion, the system would therefore be unable to
identify the global minimum of the cost function. Obviously, this limitation does
not arise in the mesoscopic model derived in {.5), since the initial condition is cho-
sen to satisfy f0(x) > 0 forall x € Q.

Adding diffusion To overcome the exploration limitation discussed above, it is
natural to introduce a diffusion term that enables particles to explore regions of the
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domain beyond those initially occupied. Such a term, already present in the orig-
inal formulation of the model introduced in Chapter [1} does not introduce addi-
tional analytical difficulties once the corresponding mesoscopic system is derived.
However, the nature of convergence changes: in this case, the limiting distribution
is no longer a Dirac delta. The presence of spontaneous variations in the pheno-
typic trait leads instead to an equilibrium distribution centred around the fittest
trait, yet characterised by a non-zero variance. In general, the inclusion of diffusion
helps to prevent the system from becoming trapped in the minimum identified by
the initial batch of particles, although it also makes the identification of the global
minimum more challenging. In particle-based methods such as CBO, diffusion is
typically modulated through a decaying term that weakens as a particle approaches
a minimum, thereby balancing exploration and convergence. At present, however,
our construction does not naturally incorporate a similar mechanism, which repre-
sents a first avenue for discussion and a possible direction for future implementa-
tion of the model. In our simulations, we therefore introduced variance during the
initial phase and subsequently let it decay linearly with the number of iterations.
Although this strategy does not yet have a formal particle-level formalisation, it
serves the practical purpose of enabling sufficient exploration at early stages and
progressive concentration around the optimum as the iterations proceed.

Risk of extinction A further interesting aspect concerns the non-conservative na-
ture of the model. Indeed, the total mass may apparently vary in time, since the
life of agents is governed by a death-birth mechanism. However, we recall that at
the particle level we have two compartments: the first, labelled by the index i = 1
is the one that we are investigating and whose trait distribution is governed by a
system like the one presented in (4.5), and the other one, labelled by the index i = 0
which serves as a reservoir (see Chapter|T} Section[1.T). We noted that if the overall
number of particles, including those in the reservoir, is fixed at the initial time, the
system remains bounded and cannot experience unbounded growth in the agent
population. On the other hand, a different issue may arise. The selection of the
optimum occurs as a consequence of the death of individuals associated with dis-
advantageous traits, that is, those corresponding to high values of F. Although
this mechanism resembles others found in the literature [119], the numerical sim-
ulations showed that it introduces a distinctive risk that is absent in other classes
of models: the possibility of a complete extinction of the agent population, which
actually means that all the agents are in the compartment i = 0. However, this
phenomenon is intrinsic only to the particle-based formulation since, in the corre-
sponding continuous limit, if there exist regions of the domain, which may consist
only of isolated points, where extinction is not expected, then the population can-
not vanish entirely; instead, it will proliferate only within that subregion. It appears
that several factors may contribute to the emergence of extinction dynamics: insuf-
ficient initial number of particles, an initial distribution too far from the minimum
of the cost function, or a diffusion term too weak to allow effective exploration of
the parameter space. In any case, a possible strategy to mitigate this risk is to force
a minimum number of particles to remain within the active compartment, in the
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expectation that, once the minimum is identified, they will resume proliferation
according to the mesoscopic evolution law (Figure Panel (a)).

In conclusion, we observe that, among the several aspects that remain open for
investigation, two particularly relevant issues concern: the definition of effective
stopping strategies and the convergence speed. In its current form, the model
does not provide a natural stopping criterion, and the convergence process may
be relatively slow, especially in high-dimensional settings. Recent analytical results
obtained at the continuous level [111] offer valuable insights into the characterisa-
tion of convergence rates and could serve as a theoretical reference for future im-
provements of the discrete formulation. Incorporating such advances would make
it possible to design adaptive mechanisms capable of balancing exploration and
convergence more efficiently, thereby enhancing the practical applicability of the
method. Overall, although promising, this construction does not yet define a com-
plete algorithm, but it establishes a coherent conceptual framework aligned with
evolutionary principles and with the results of the selection-mutation models dis-
cussed in the previous chapters. It thus opens the possibility of developing, in the
future, a new class of particle-based optimisation algorithms inspired by evolution-
ary adaptive dynamics.

4.4 Perspectives and future directions

The methodological framework developed throughout this thesis naturally lends
itself to a variety of extensions and open research directions. These developments
concern both the refinement of the modelling tools introduced in the previous chap-
ters and their possible application to more complex or realistic biological and socio-
economic systems.

From structured populations to spatially distributed systems. A natural con-
tinuation of the work presented in Chapter (1| consists of extending the proposed
approach to populations that, in addition to undergoing proliferation, death, and
phenotypic changes, are also spatially distributed. In recent decades, several prob-
abilistic techniques [10, (50, {75} [105] and formal limiting procedures [80, 107, 120]
have been developed to connect stochastic agent-based models with determinis-
tic continuous models capable of describing simultaneously the spatial spread and
the evolutionary dynamics of phenotype-structured populations. However, while
phenotype structuring has been incorporated into kinetic frameworks (see, e.g. [72,
73, [106]), to our knowledge, there is still a lack of derivations rooted in kinetic ap-
proaches of the type advanced here. Extending the limiting procedures employed
in this work could therefore enable the integration of a wider range of analytical
and numerical methods across the agent-based, IDE, and PDE levels, thus advanc-
ing the mathematical formalisation of evolutionary dynamics in spatially struc-
tured populations.
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Demography and epidemiological applications. The general framework presented
in Chapter[2]can be further expanded by introducing demographic processes, thereby
allowing proliferation and death of individuals in one or more compartments. This
would require generalising both the individual-based modelling approach as well
as the formal approach employed in this chapter to derive the corresponding meso-
scopic and macroscopic models, since both approaches rely on the fact that the total
number of individuals in the system is conserved, which would not be the case if
demography were incorporated. In the same vein, building for instance on the
methods employed in [55, 74} [106], in different application domains, an additional
development of this work would be to extend the individual-based modelling ap-
proach and the derivation methods employed here to the case where a spatial struc-
ture is also included, to then investigate how the interplay between spatial move-
ment and both structuring-variable switching and compartment switching may im-
pact on the evolutionary dynamics of epidemiological systems. Moreover, while
the modelling approach presented here is framed in an abstract context to high-
light general properties, it would be interesting to apply it to the study of the dy-
namics of specific infectious diseases. In particular, an additional avenue for future
research would be to explore the possibility of estimating the forms of the model
functions based on data; for this, techniques similar to those employed in [3, 4}, 68]
may prove useful. This would enable us to describe specific dynamics of real-world
diseases; for instance, we could incorporate the possibility of quarantining an infec-
tious individual with a high viral load by setting their probability of infecting other
individuals to zero. This could be of particular relevance for the recent COVID-19
pandemic, and could also be of interest in general for transmissible diseases for
which quarantine is a feasible and functioning form of control.

Asymptotic regimes and population heterogeneity. Another promising line of
research concerns the analysis of the mesoscopic description provided by the IDE
system (2.12). In this regard, it would be interesting to investigate possible limiting
regimes and conditions on the model terms under which the population density
functions become unimodal or multimodal (i.e. the various compartments become
monomorphic or polymorphic). For this, techniques similar to those employed
in [6,[23}62,[97,111} 131} [134] may prove useful. This would allow for further inves-
tigation into the mechanisms and processes underpinning the emergence of inter-
individual and intra-compartmental heterogeneity in epidemiological systems.

Further investigation of the two species dynamics It would be of interest to en-
rich the dynamics described in Chapter [3 by system by introducing phe-
notypic variations capable of capturing mutation phenomena and, consequently,
changes in the compatibility between individuals and resources. Although such an
extension would not entail a fundamental modification from an analytical stand-
point, since it would naturally lead to a selection—mutation model [62} |111} 122}
131, |136], it would render the overall representation more accurate and biologically
complete. From the viewpoint of asymptotic analysis, an open question concerns
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the identification of stability conditions, and in particular the linear stability, of the
asymptotic solutions of system (3.30). Such an analysis would complete the theoret-
ical understanding of the model, in analogy with what has been developed in [58|
62, [134].

Periodic environment Another promising research direction involves the descrip-
tion of periodic dynamics. In particular, it would be interesting to consider a time-
dependent regeneration rate «, representing the replenishment of nutrients. The
choice of keeping the coefficients appearing in the definitions of P and Q in
and constant in time is consistent with other models of this kind [21} {110, 117]],
yet it does not constitute a necessary assumption. The only essential requirement
remains their uniform boundedness in time. Introducing this feature would enable
the model to account for environmental systems characterised by temporal vari-
ability [12} 13} 82, |138]|, and to realistically describe seasonal nutrient regeneration
processes. This would allow, for instance, the investigation of the effects of periodic
or pathological variations induced by climatic and environmental changes. Unlike
other approaches in the literature [5], this perspective would not model climate-
induced mass transport but rather temporary reductions in resource availability,
whose effects may be particularly detrimental for traits depending on specific nu-
trients available only within limited temporal windows.
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