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Adesso avete capito: se io amo l’ordine, non € come per
tanti altri il segno d’un carattere sottomesso a una
disciplina interiore, a una repressione degli istinti. In me
lidea d’un mondo assolutamente regolare, simmetrico,
metodico, s’associa a questo primo impeto e rigoglio della
natura.

— Ttalo Calvino, “I cristalli” in T4 con zero (1967)






Abstract

In recent years, theoretical ecology has developed a growing interest in spatial models for population
dynamics, led by the empirical evidence that spatial effects have a considerable influence on the distri-
bution of species and on the structure of communities, affecting for instance their biodiversity levels.
In such perspective, this work aims at providing a spatial extension of the MacArthur resource-
consumer model - which describes the dynamical evolution of species and resource abundances - in
order to account for the emergence of spatially heterogeneous steady-state patterns from a homoge-
neous equilibrium solution.

Following the approach adopted by Turing in his famous paper “The chemical basis of morphogen-
esis” (1952), a mechanism for pattern formation is investigated by adding some diffusion-like terms
to the dynamical equations: the conditions for pattern initiation can then be analytically derived by
studying the linearised system’s instability to spatially dependent infinitesimal perturbations. Lastly,
a numerical integration is performed to gain insight into the out of equilibrium behavior of the system
in the nonlinear regime, thus determining the outcome of instability and the resulting patterns in the
distribution of abundances.
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Introduction and motivation

Spatial self-organization is a process in which large-scale ordered spatial patterns emerge from dis-
ordered initial conditions through local interactions. Recently, this phenomenon is raising growing
interest among theoretical ecologists, due to its centrality for the understanding of ecological stability
and diversity and its utility to predict the dynamics of natural systems in response to global environ-
mental change.

Indeed, many examples of pattern formation in natural ecosystems have been discovered in the last
years, revealing striking cross-system similarities. Such observations suggest to search for a unifying
mechanism, able to explain the rising of regular patterns independently of the details of the system.

Ecological patterns are often observed in systems having little underlying heterogeneity, i.e. lack-
ing strong environmental gradients. This is an evidence supporting the idea that the observed spatial
structures probably form spontaneously, rather than being the result of preexisting environmental
heterogeneity. However, the explanation of the origin of regular patterns in ecosystem is still a de-
bated issue. The main alternative hypotheses include pre-determined regularity, related for instance
to geophysical processes, or other mechanisms ascribable to noise, although growing evidence seems
to favour self-organized structure formation.

Besides, spatial patterns are more commonly observed in habitats characterized by adverse environ-

mental conditions, where the competition for resources is particularly strong: for example, in highly
arid regions (see Fig. 0.1), where plants would become extinct if homogeneously distributed. The
spontaneous spatial organization of vegetation can be seen in this context as a mechanism for sur-
vival [2, 3], fueled by competitive dynamics. Other examples include wetland ecosystems, savanna
ecosystems, mussel beds, coral reefs, ribbon forests, inter-tidal mudflats and marsh tussocks (Fig. 0.2).
From the ecological point of view, all these systems seem to share a common underlying mechanism:
a scale-dependent feedback, similar to Turing’s principle of local activation with lateral inhibition [4],
which suits many diverse systems in different ways, depending on their distinctive details [1].

Much theoretical work has been developed around this topic, proving that spatially heterogeneous
population distributions have a very positive impact on the ecosystem’s functioning: several models

FIG. 0.1. Example of a natural ecosystem pattern from [2]. Aerial photographs from patterned vegetation in
Niger: a) labyrinths with spots; b) gap pattern. Scale is 400 x 400 m.
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FIG. 0.2. Other examples of ecosystem patterns from [1]. a) Labyrinth pattern of marine benthic diatoms in
the Netherlands (scale = 1m); b) regular maze patterns of shrubs and trees in West Siberia (scale = 100m);
¢) regular spaced tussocks of the sedge Carex stricta (scale = 2m); d) patterned mussel bank in the Wadden
Sea, the Netherlands (scale = 50m).

predict that the systems displaying ordered patterns are more resilient to disturbances, thanks to their
improved resource optimization, which also enhances productivity and diversity inside the ecological
community.

This thesis aims at finding a physical model able to account for the spontaneous formation of spatially
periodic patterns, based on an exploitative competition interaction dynamics.

The theoretical framework is represented by the MacArthur’s consumer resource model, introduced
in Chapter 1. Chapter 2 provides a brief outline of the theory and analytical methods used to study
pattern formation, focusing in particular on the linear stability analysis and on the classification of
the instabilities according to Hohenberg [5]. These methods are finally applied to the MacArthur’s
reaction dynamics in Chapter 3, by proposing a spatial extension of the model which accounts for
the dispersal behavior of the populations. The conditions for the rising of a spatially heterogeneous
pattern in the species abundances are then derived in terms of the system parameters. The possibility
for an alternative perspective, based on non-local resource consumption, is outlined in Section 3.6.
Finally, the resulting model is integrated and the numerical results are presented in Chapter 4.



Chapter 1

MacArthur’s consumer-resource model

In this chapter I present the model which will be used as the theoretical foundation of this work: the
resource-consumer model by Robert MacArthur.

I start by outlining the basic approach for ecosystem modeling in Section 1.1, and later introduce the
most relevant equations used to describe the ecological communities based on exploitative competition:
the competitive Lotka-Volterra’s (Section 1.2) and the MacArthur’s (Section 1.3), which have the
advantage of overcoming the main limitations of the former. A remarkable result concerning resource-
competing communities, the competitive exclusion principle, is briefly discussed, together with the
main strategies proposed to solve its apparent irreconcilability with observations: in particular, the
spontaneous formation of spatial structure will be the focus of this work. Hence, in Section 1.4 I give
a brief overview on spatial models in theoretical ecology, which provides an introduction to the spatial
extension of the MacArthur equations treated in Chapter 3.

1.1 Modeling interactions in an ecosystem

Ecosystems are extremely complex systems, made up of several species’ populations that can interact
with each other in multiple ways, as well as evolve and migrate to other territories. Populations
themselves are characterized by a variety of parameters and ecological descriptors, such as distribu-
tion, number and spacing of individuals, age distributions, birth and death rates, immigration and
emigration rates, rates of growth, etc.

When studying the dynamical evolution of a population, we are mainly interested in two characteris-
tics: its distribution in space and its abundance, which is defined as the total number of individuals,
or biomass, of a species in a specified area. The easiest way to achieve an analytical description is to
coarse-grain the discrete population into a real, continuous field n;(Z,t) representing the population
abundance of species ¢ at time ¢ in an infinitesimal area of the territory, as a function of a spatial
variable Z, belonging to a plane.

If we want to adopt a physical approach, we must then define the interactions between the compo-
nents of the ecosystem. In ecology, the variety of interactions observed in natural system are classified
according to the positive, negative, or neutral impact that the interaction has over two interacting
species [3] :

e Competition: (—,—) the interaction has negative effect on both the interacting species;

e Mutualism: (+,+) both the species benefit from the interaction;

e Predation/Parasitism: (4, —) one species benefits from the interaction, while the other is
harmed;

e Commensalism: (4, 0) one species is advantaged and the other is not influenced by the interac-
tion;

e Amensalism: (—,0) one species is is penalized and the other is not influenced by the interaction;

e Neutralism: (0,0) the two species have no effect on each other.

If the impact is negative, it means that energy is expended or injury incurred, leading to a decrease

3



Chapter 1. MacArthur’s consumer-resource model

in the population. A positive impact favors instead the growth of the population. Moreover, beyond
inter-specific interactions above described, one should also consider what intra-specific effects may be
present in an ecosystem, which will be formally represented as auto-interaction terms.

1.1.1 Resource competition

Amongst the many possible interactions between species forming an ecosystem, we will focus on
exploitative competition, i.e. competition for the same common resources. According to the above
classification of species interactions, competition is simply a mutually negative interaction between
species’ populations, that arises, in this case, from the exploitation of common resources. When
modeling competitive communities, one must be particularly careful in defining what a resource is,
since the distinction with species is not always limpid. According to Grover [6] resources are “entities
which contribute positively to population growth, and are consumed in the process”. Two main classes
of resources can be distinguished: biotic resources, that can reproduce and therefore follow some growth
law, and abiotic resources, which cannot reproduce and must be supplied to the ecosystem from the
outside.

1.2 Competitive Lotka-Volterra equations

The competitive Lotka-Volterra equations are a modified version of the famous predator-prey equa-
tions, which represent the first mathematical model of population dynamics. Similarly to the latter
equations, competitive Lotka Volterra is based on the law of mass actions, i.e. it assumes that the
rate of change of a species abundance due to the interaction with another species is proportional to
the product of the two species’ abundances.

Differently from the predator-prey model, however, the population growth in absence of other species
is assumed to follow a logistic curve:

=mfi-7)
n=rmTrn K

where n(t) is the abundance at time ¢, r is the intrinsic growth rate and K is called the carrying
capacity of the species, which represents value at which n(t) saturates for ¢ — co. According to these
two assumptions, the equations for a system of species interacting via competitive exclusion takes the
form:

ng=mrn; | 1— fz - E aging | =ring | 1— E Qijnj i=1.,N
L i,J

where a;; > 0 are the competition coefficients, and the minus sign is in agreement with the definition
of competitive interaction given in Section 1.1. In the second equality, we have rewritten the logistic
saturation term as an auto-interaction term, defining a;; = 1/ K.

We observe that this model represents competition for common resources by means of a direct in-
teraction between species’ populations, without an explicit description of the resource dynamics, but
rather representing their effect through the parameters r; and «;; only.

This has clear advantages in what concerns the mathematical tractability of the system. The draw-
back, however, lies in the predictive power of the model. First of all, the fact that only pairwise
interactions are represented is a very strong, unrealistic assumption. Furthermore, the values of the
interaction parameters c;.; cannot be measured from species growing in isolation, nor estimated a
priori, thus making it impossible to test the theory against real experimental data.

The limitations of the competitive Lotka-Volterra equations have lead the scientific community to
look for alternative ways of modeling exploitative competition, such as the consumer resource model
proposed by Robert MacArthur [7].
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1.3 MacArthur’s consumer-resource model

Differently from the competitive Lotka-Volterra, MacArthur model describes explicitly the dynamics
of the resource population, in addition to the one of the species. Indeed, it consists of two coupled
sets of differential equations:

Nr
Ng = Ng (Zaaiui(ci)_(sa> 0':17...7N5
=1
" (1.1)
éz':Si—Znaaaiui(Ci) i1=1,...,Ng
o=1

where n,(Z,t) is the o-th species population field, ¢;(Z,t) is the i-th resource population field, d, > 0
is the death rate of species o, s; > 0 is the supply rate of resource ¢, which is a constant in the case
of abiotic resources, and a,; > 0 are the metabolic strategies, which measure how much species o
relies on resource i for growth. The growth function u;(c¢;) is usually required to satisfy the following
properties:

o i(c;) ~ ¢ for ¢; < 1;
e 1;(c;) — const. for ¢; — oo;
e 1;(c;) is monotonically increasing in ¢;.
Often a Monod function is chosen, particularly when modeling microbial populations:

Ci

—_— 1.2
¢+ K (12)

pi(ci) =
where K is called half-saturation constant.

We observe that in MacArthur the growth rate of species is no more a constant as it was in Lotka-
Volterra, but it depends instead on resource availability c;—1,. ng:

Nr
To =To(C1, o CNg) = D i 1i(Ci) (1.3)
i=1

which is affected in turn by the consumption by the species.

In this sense, the resources are what mediates the interactions between the species in the ecosys-
tem: thus one of the advantages of MacArthur model is that the growth rates, instead of being linear
in the species populations as in Lotka-Volterra, are highly non linear. For instance, it is immediate to
see that if any species’ population grows, all other species are affected through the term (1.3).

The other major advantage is represented by the predictive capability of the resource-consumer model:
indeed, the knowledge of the resource-dependent consumption and growth rates of each competitor
population studied in isolation is sufficient to determine all system parameters, and thus the compet-
itive dynamics. Therefore, predictions can be made and tested against real data.

To conclude, we show that the competitive Lotka-Volterra can be derived from MacArthur model
under specific hypotheses, by exploiting a separation of species and resources evolution timescales.
We consider a MacArthur system with biotic resources (then a predator-prey system), and we make
the following assumptions:

e logistic resource growth rate: s;(¢;) = ¢ (1 — &)
e species growth function: u;(c;) = ¢;

e resources evolution occurs on much shorter timescales than species evolution = ¢; =~ 0
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Then, ¢;(t) can be obtained from the resource equations:

66212+ (Znaaai_]-) =0 —= ¢= (1—Znaaai> Ql

and it can be substituted in the species equations, yieldng:

Ns Ngr 1 Nr
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In this perspective, MacArthur consumer-resource model can be considered as a generalisation of
the competitive Lotka-Volterra equations. Notice also that, in this case, the interaction between the
species encoded in the term r, &, is symmetric.

1.3.1 Competitive Exclusion Principle

An important result of the consumer-resource model concerns the levels of biodiversity admitted in a
competitive community. According to the MacArthur equations (1.1), an arbitrary number of species
cannot coexist given a fixed number of resources: as we are going to show, the number of species is
bounded by the number of resources. To get an understanding of how this principle arises, we firstly
illustrate a simple result, known as the R* rule, for a system of Ng species and 1 resource. In this
case the equations read:

Ne = Ny (g p(c) — 0gy) oc=1,...,Ng
Ng

c=s— Zaa w(c)
o=1

We define for each species o:

which can be interpreted as the value of p(c) at which the species o is at equilibrium (i.e. it holds
ne =0, ¢ = 0). It is immediate to realise that if u(c) > R}, the population of species o will increase,
while if p(c) < R the population of species o will decrease. Therefore, the species that has the smallest
R’ will survive and reach equilibrium, but all the other species will go extinct: species coexistence is
allowed only in the eventuality that different species of the system are fine-tuned to have the same
value of R}, which is obviously an unrealistic supposition. Indeed coexistence of all species can be
expressed by the following condition:

ne=0 Vo - () = 6,/ v
c=0—=sc=c" BAC) =00/ ?

which is a system of Ng equations in one unknown c*, that admit no solution in the case of generic
0y, 0ty. By considering now a system with Ny resources (1.1), the coexistence condition becomes:

. =
& ogi hi(c) =60, Vo 1.4
{01:0 Vi —>Cz‘:c;f< g U’iul( z) o ( )

which is a system of Ng equations in N unknowns {c!};=1 . n,. It admits:

e unique solution if Ng = Ng;
e infinite solutions if Ng < Ng;
e no solution if Ng > Ng;
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by reasoning in a similar way as in the previous case, we conclude that if a system starts with a
number of species Ng > Npg, its evolution will lead to at least Ng — Np extinctions until the ¢
solutions of the system (1.4) are reached and equilibrium is achieved. Therefore, at equilibrium, only
a number of species Ng < Npg can coexist: this result is known as Competitive Exclusion Principle
(CEP), and it states that “complete competitors cannot coexist” [8], because the species having even
a slight advantage on the others will necessarily outcompete them. The mathematical validity of this
principle, under proper hypotheses, is unquestionable. However, comparison with real life ecosystems
shows that such behavior is not actually encountered in nature, where we find extremely high levels
of biodiversity with respect to those predicted by the theory.

An emblematic example is the so-called paradoz of the plankton [9], which provides an extreme viola-
tion of the competitive exclusion principle. Indeed, a very high number of species of phytoplankton
have been shown to coexist in an essentially isotropic and unstructured environment, despite feeding
on the same limited number of resources (i.e. sunlight and some chemical compounds), which in
certain periods of the year are also very scarce: the number of species can remarkably exceed that of
resources, even up to an order of magnitude [10, 11].

1.3.2 Main hypotheses for a solution to the paradox

The Competitive Exclusion Principle is a pillar in ecology and natural sciences, and its origin can
be conceptually traced back to “The Origin of Species” (1859) by Charles Darwin. It was rigorously
formulated at the beginning of the 20th century, but it did not reach the majority of the scientific
community until Gause’s work (1934) [12]. Ever since, countless hypotheses have been formulated to
explain the sharp contrast between theoretical expectation and the extremely high levels of biodiver-
sity observed in natural communities [13,14]. Most of them exploit the fact that real system may
not satisfy the strict physical hypotheses over which the principle is grounded: indeed the consumer-
resource model is obviously highly theoretical and it represents extreme simplification of an actual
ecosystem.

Most likely, exploitative competition is not the only interaction taking place in a real ecosystem:
predation is also possible, as well as parasitism and mutualism, and there might be a combination
of such effects influencing the community structure. For instance, for what concerns phytoplankton,
predation by zooplankton and viruses could be suppressing dominant competitors [15], while beneficial
or mutualistic interactions may promote inferior competitors.

Another possibility could be that not all the actual resources present in the ecosystem have been con-
sidered. For instance, one could refer again to a mutualistic interaction such as cross-feeding, which
is very common in microbial communities: this mechanism would produce additional resources that
are typically difficult to detect and identify [16].

Lastly, without entering into detail, we mention that other mechanisms have been proposed, based
mainly on behavioral effects altering the interactions between the species, which are able to regulate
the overall dynamics of the system. In the literature, they are conventionally referred to as additional
limiting factors.

Nevertheless, in strongly competitive systems we can admit that competition plays a major role,
the other interactions being safely neglected. In such cases one could conjecture that the reason why
CEP finds no confirmation in real systems must be searched elsewhere. Another line of thought for
the resolution of this paradox is based on the fact that real ecosystem are not necessarily settled at
dynamical equilibrium: rather, most biological system are far from it. Thus, our assumption is broken
and the derivation proposed in (1.4) is not valid. As a consequence, if there is any spatial or temporal
effect maintaining the system out of equilibrium, the CEP is not expected to hold.

In particular, the out of equilibrium behavior of the system might be forced by some external driving,
such as temporal environmental fluctuations (e.g. weather driven) or spatial environmental hetero-
geneity. Indeed, no real habitat is truly spatially uniform: even the open ocean has a spatial structure
which breaks, even only slightly, the homogeneity hypothesis. Otherwise, the out of equilibrium be-
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Chapter 1. MacArthur’s consumer-resource model

havior may be the result of a self organized dynamics, which can induce oscillations and chaos, or
lead to self-organized spatial segregation. There is indeed increasing evidence suggesting that spatial
models are able to reproduce the higher biodiversity levels observed in natural communities without
the need of invoking an underlying environmental heterogeneity [17, 18].

1.4 Spatial models: a brief overview

So far, we have briefly presented two models for exploitative competition which assume that the
abundances have no spatial dependence, implying that the distributions can be essentially considered
uniform: this mean-field approach represents however a drastic simplification.

There are, indeed, many reasons to believe that spatial effects cannot be simply discarded, and have
instead a crucial influence on the dynamics of the system and on the structure of communities.

Intuitively, the interactions of an each individual with with other organisms or with the physical
environment are necessarily constrained to its neighborhood, and therefore intrinsically spatial in
nature. This consideration, however, would not be very relevant without empirical evidence or the-
oretical arguments revealing the fundamental role that spatial effects have on population dynamics.
The laboratory experiments of Gause (1935) and Huffaker (1958), consisting in simple realizations of
a two species predator-prey system, represent the earliest pieces of evidence supporting the idea that
spatial effects are fundamental in determining the persistence of species, and suggesting that there
may be some spatially-dependent mechanisms favoring biodiversity in natural ecosystems.

Clearly, this argument is strictly related to the previously discussed paradox, concerning the CEP
and its sharp contrast with the high biodiversity levels observed in nature. This line of research was
mainly developed by Tilman', both experimentally and theoretically [20].

Lastly, ecological spatial models are obviously necessary to describe migration and invasions, and are
recently gaining growing interest in the context of conservation. Indeed, they can be used as means to
study how habitat destruction and fragmentation, due to the human impact on natural environments,
is affecting the diversity and persistence of populations [21], which is clearly a goal of the uttermost
importance.

There exist many ways to introduce space into an ecological model. The first distinction that can
be made is weather we describe space implicitly or explicitly. In the former case we can introduce
spatial effects indirectly, for instance by means of some parameters correlated to spatial scales — e.g.
in the MacArthur-Wilson model for island biogeography (1967) — or by specifying what fraction of the
environment is occupied by each species, without defining how such patches are arranged in space —
e.g. in the multispecies extensions of Levins metapopulation model (1969). Treating space explicitly
obviously leads to more realistic and comprehensive results. In such case, we have the option of repre-
senting space as a continuum or as a discrete collection of sites. Besides, we can choose to keep track
of each individual, making a distinction for every single organism, or we can consider individuals to be
equivalent and only represent the population through its total abundance or density. The first class
of methods is used in practice only in computer simulations, because they are essentially analytically
intractable. Finally, the movement/migration in space can be represented as stochastic as a purely
deterministic process.

The choice of the model depends on the specific objective of the study, besides the nature of the
system to be described. For instance, interacting particle systems and cellular automata’ are two
examples of spatially explicit models that treat space as a discrete grid: the state of the system is in
this case represented by the value of the population abundance at each point in space, and transition

!Tilman devoted much of his work to study the role of resource competition in community structure, and is also well
known for his study concerning the diversity-stability hypothesis: thanks to a 20 years long experiment [19] he showed
that the stability of a community is positively influenced by higher levels of biodiversity.

2Cellular automata models are usually set in discrete time, while interacting particle systems typically represent time
as a continuous. See [22-24] for some early examples on the application of these well known physical models in theoretical
ecology.
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between states typically follows logic or stochastic rules, which can provide highly detailed predictions,
with a downside concerning the mathematical tractability of the model — and difficulty in extracting
the underlying mechanisms and principles.

Another class of models which is broadly used in ecology is represented by reaction-diffusion models
— and their extensions to more general PDEs. Such models are based on an explicit representation
of space by means of a continuous variable, and the evolution of the species abundances in time is
determined by a set of differential equations.

1.4.1 Reaction-diffusion models in ecology

Reaction diffusion models were first introduced in theoretical ecology by Skellam, in the landmark
paper “Random dispersal in theoretical populations” (1951) [25], which had a remarkable impact in
the study of spatial ecology. He was the first to exploit the concept of random walk as a description of
dispersal at the level of individual organisms, and to make the link to a diffusion equation description
at the scale of the population abundances. In the cited paper, he proved the effectiveness of this
approach by using empirical data related to the spread of the muskrat, a non-native species which
was introduced in central Europe in the early 1900s. Moreover, he combined the diffusive representa-
tion of dispersal with the differential equation description of population dynamics, thus introducing
reaction-diffusion equations into theoretical ecology®.

The key idea is that, if one interprets the random dispersal of individuals in the environment as
random walks, at a large enough spatial scale the population will exhibit a diffusive behavior which
can be easily mathematically encoded by adding a Laplacian term to the equations ruling the popu-
lation dynamics. A population with abundance n evolving and dispersing in a one-dimensional space
can be therefore described by an equation of the kind:

on

- = 2
5 f(z,t,n) + DV*n

where the function f(z,t,n) encodes the population dynamics, which typically includes characteristic
parameters such as growth and death rates, while D is the diffusion coefficient. The system can be
straightforwardly extended to higher dimensional spaces and to many interacting populations.

This method has both the advantages of a fair mathematical tractability — thanks to the deterministic
evolution equations — and of including anyways a description of random processes. Moreover, it is
sufficiently flexible, in the sense that it can be easily modified to account for more complex dispersal
behaviors, that can be modeled e.g. by a density dependent diffusion coefficient.

Today, reaction-diffusion models are applied with three main purposes in ecology:

e the study of ecological invasions;

e the effect of size, shape and heterogeneity of the spatial domain on the persistence of species
and on coexistence;

e the spontaneous formation of patterns in homogeneous space.

The latter phenomenon will be the topic of the next chapter: in particular, reaction-diffusion models
will be treated in some detail in Section 2.3.1. A similar approach will be lastly adopted in Chapter 3,
where a spatial version of the MacArthur model will be obtained by means of a reaction-diffusion-like
extension of the MacArthur equations, and it will be used to study pattern initiation in a competitive
ecosystem.

3See Chapter 2, Section 2.3.1 for an introduction to reaction-diffusion equations.
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Chapter 2

Pattern formation

In this chapter I briefly introduce the topic of pattern formation. Given the broadness of the subject,
only the most relevant methods pertaining to the purpose of this thesis are mentioned.

Pattern initiation is presented in Section 2.2, in which the classification of linear instabilities given by
Hohenberg [5] is outlined, and in in Section 2.3 two types of models whose pattern-forming properties
are frequently studied are shortly described. Lastly, in Section 2.4, the weakly nonlinear dynamics is
considered, and the phenomenological amplitude equations are derived for a specific class of pattern
forming systems.

2.1 Introduction

Patterns are widespread in nature. They consist in fairly regular spatially periodic structures that
can be observed in inanimate systems, such as sand dunes, convection rolls, reacting and diffusing
chemicals and even snowflakes to name but a few, and in living systems as well. They can be found
at the level of single organisms, such as spots and stripes on animal coats, or they can appear in the
distribution of plants or other living species at the ecosystem scale, which is the topic of this thesis.
Recently, much research activity has focused on modeling the processes responsible for their initiation
and evolution, seeking to grasp a mechanism that could explain the appearance of very similar pat-
terns in so many diverse systems.

From a physical point of view, pattern formation can be regarded as the process in which an out
of equilibrium system passes from a homogeneous to a non-homogeneous state while tuning a suitable
control parameter - or a set of parameters. This transition, which is referred to as bifurcation', usu-
ally occurs because the spatially homogeneous solution loses its stability, therefore any infinitesimal
perturbation is able to drive the system far from it.

Calling r. the critical value of the order parameter r of the system, suppose that the homogeneous
solution is stable for r < r. and unstable for r > r.. Being fluctuations unavoidable in any real system,
the stable solution is never observed in practice for r > 7., and we will see that this mechanism is able
to explain the rising of spatially modulated solutions in physical systems.

The starting point when studying pattern formation consists in performing a linear stability anal-
ysis of the homogeneous solution (Section 2.2), which provides the following results:

e it determines the critical value of the control parameter;
e it gives some information about the expected emerging in-homogeneous state, identifying the
relevant space and time scales of the pattern.

LA bifurcation is a qualitative change in the behavior of some dynamical system as a function of one or more
parameters. It can refer, for example, to a change in the number or in the stability of the solutions of the system. It has
a broader meaning with respect to the term “phase transition”, which has a precise quantitative definition and pertains
to infinite systems in thermodynamic equilibrium.

10



2.2. Linear stability analysis

The fate of the instability is determined by the ensuing nonlinear dynamics, which can be studied
by means of perturbative techniques (Section 2.4), and it depends on the type of bifurcation: in
particular, on the stationary or oscillatory nature of the instability, on the range of unstable wave
vectors and on the presence of conservation laws. If the control parameter r» > r. is close enough to
the critical value r., the dynamics typically terminates in a spatially periodic stationary state.

2.2 Linear stability analysis

More formally, let us consider a continuous-time and continuous-space dynamical model’. Such a
system is defined by its evolution equation, which consists in a set of partial differential equations of
the kind:

Oy u(z,t) = Alu, dpu, 0u, ...; 7]
where:

o the field u(x,t) depends on the temporal and spatial variables. It defines the state vector
of the system, and it represents some physically relevant quantity through which the pattern
can be observed. In general, the state field can have multiple components v = (u1, ug...up,),
representing for instance the abundances of different species in an ecosystem.

o A= (Aq,...An) are generic smooth functionals of the fields and of their spatial derivatives, and
they are also dependent on the set of control parameters r = rq,...rp.

Since we are describing physical systems in which a spatial structure spontaneously arises without
being imposed by external constraints, we ask that the equations should satisfy some symmetries,
such as isotropicity and homogeneity in space. Indeed, observed physical patterns typically occur
in systems that have approximate Euclidean symmetry. We expect that some pattern with defined
spatial periodicity may eventually emerge, breaking the underlying symmetry.

For this consideration to hold, we must also impose that the spatial domain is infinitely extended:
as we will see, this has the consequence of providing continuous values for the wavenumbers k of the
emerging pattern. Moreover, adopting an infinite domain allows us to avoid the complications arising
from the shape of the boundaries influencing the nature of the emerging pattern.

In the following, we will consider the spatial dimension to be d = 1 for simplicity.

To start, we assume that there exists a time-independent solution to the PDEs for any r, and that it is
invariant under all the spatial symmetries of the system. It consists thus of a stationary homogeneous
state u* = uj,...u;, such that, for any equation labeled by i, it holds:

Oru; =0 & Ai[u*,0,..0;7] =0 Vr
We weakly perturb such solution and linearise the dynamical equations around u*:

u(z,t) = u* + ou(z,t)

2.1
O du(x,t) = Llu* + du, Opou, ...;7] 21

where £ = (£4,...L,,) are linear functionals of the fields uj,...u,, and of their spatial derivatives,
corresponding to the linear part of A.:
Alu, Oy, ...;r] = Llu, Opu, ...; 7] + Nu, Opu, ...; 7]

Thanks to its linearity, Eq. (2.1) can be easily solved with the help of Fourier analysis. The evolution
of the single Fourier modes duy, can be studied:

duy, j(x,t) ~ Mk wyi—1 .m

2As we have seen, an ecosystem can be modeled in such way. In this chapter, however, we discuss pattern formation
adopting a general approach, which applies to any kind of pattern forming system.
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Chapter 2. Pattern formation

where k is the wavenumber of the mode and j labels the field. Substituting 0; — A, 0, — ik, the
linearised equations turn into an eigenvalue problem:

Aduy, = M(k;r) duy where M(k;r) is a m x m matrix whose entries depend on k and 7.

which yields a set of eigenvalues as a function of the wavenumber k& and of the parameters r.

Let us focus on the eigenvalue with the largest real part, which we denote by A; (k).

To have stability of the homogeneous solution for r» < 7. and instability for r > r., the leading growth
rate of the Fourier modes must change as follows:

o Re[Ai (k)] <OVE forr <.
e Re[Ai(k.)] = 0 at some critical wavenumber k. for r = r,
e Re[A+(k)] > 0 in a band of wavenumbers k1 < k < kg for r > r,

where k. is the wavenumber corresponding to the maximum of Re[A (k)] at the edge of the bifurcation
(i.e. for r — r1) and we denote by k = k(r) the most unstable wave vector when r > r.. The temporal
frequency is given by w. == Im[Ay(kc)].

The type of instability is conventionally classified according to the behavior of the Fourier modes
at the bifurcation [5], as illustrated in Fig. 2.1.

If k. = k # 0 the instability is spatially periodic, the unstable band being k1 < k < ka (k1, k2 # 0):
this is called a type I instability. If instead k. = k = 0, the instability is named of type III: it is
spatially uniform, in the sense that no defined lengthscale can emerge, and the unstable band is given
by 0 < k < ky. The intermediate case is represented by type II instability, in which k. # 0 but k # k.
and Re[A+(k = 0)] = 0V r, which is typically due to some conservation law. The unstable band is
again 0 < k < ko, but the most unstable wave vector is now different from zero (k # 0).

Type il Type dl Type i
0 . k 0 - . - k o . . k
=k kN k KN k
k =k ke=k™ N Type ke K
I N\ T —
= = ooy = | 7 A II1 0 0
™ . = \.\ 3 ,-" —
- kY ~ 3 3 < ; —
) ) T |/ (=l
x “ = i = I

TAB. 2.1. Classification of linear instabilities according to Hohenberg [5].

Additionally, temporal instability must be taken into consideration: the pattern is stationary if w. = 0
and oscillatory in time if w. # 0.

2.2.1 Instability length and time scales

The above classification, based on the linear analysis of the system, allows to gain some preliminary
information about the pattern that will emerge by setting r > r..

Firstly, since Fourier modes have a time dependence of the kind ef¢®)t the mode growing faster
will be the one corresponding to the maximum of A (k), that is k. In this sense, a clear difference
between type III and type I-II instabilities can be noticed.

If k& = 0 there is no well-defined wavelength dominating over the others: therefore, we expect that
many different lengthscales may appear, producing an initially confused pattern. If k # 0, instead,
there is a clear lengthscale A = 27/k dominating the spatial pattern in the linear regime: such scale
is equal to k. for type I instabilities, while it depends on r for type II instabilities.

12



2.3. Examples of pattern forming models

Similarly, another distinction can be made depending on the value of k.. Indeed, if k. # 0, the insta-
bility band is centered around k. and it does not contain k& = 0: this implies that, for r — 7, — 07, all
the unstable modes are vanishingly close to k., thus all unstable lengthscales are approximately equal
to 2m/ke. If k. = 0, instead, the instability band contains 0, therefore all modes with a wavelength
larger than a certain threshold are unstable and contribute to the dynamics. This has important
consequences on the nonlinear behavior of the system.

In all cases, the timescale for instability initiation is given by 7 ~ 1/Re[Ay(k.)]: when ¢t < 7 the
behavior of the system can be considered linear with good approximation, while for ¢ 2 7 nonlinear
terms become non negligible and the behavior of the system is determined by the non-linear dynamics.

2.3 Examples of pattern forming models

In this section I provide some relevant examples of pattern-forming models. The first one I briefly
discuss is reaction-diffusion models, by reason of their analogy to the system which will be presented
in this thesis: indeed they rely on the addition of diffusion terms to the dynamical equations governing
the interaction of different chemical species. Secondly, I introduce the Swift-Hohenberg model, because
it represents the simplest model producing type I stationary instabilities and thus it can be used as a
starting point for the derivation of the amplitude equations governing such class of systems.

2.3.1 Reaction-diffusion models

In his famous 1952 paper “The Chemical Basis of Morphogenesis” [4], Alan Turing proposed a simple
model to account for the formation of natural patterns. In his work, he showed that a steady state spa-
tially heterogeneous pattern of chemical concentration with well-defined wavelength can spontaneously
arise from a small perturbation of the homogeneous equilibrium state of a system of two reacting and
diffusing chemicals. Even though Turing invoked this mechanism as a basis for the development of
shape and structure in living organisms, biologists strongly disputed this theory. Many years later, in
1990, the first convincing evidence of an experimental Turing pattern was found (Castets et al.) and
such mechanism eventually proved to be very effective in describing the formation of patterns in a
variety of different contexts.

A famous class of pattern forming systems is indeed represented by reaction-diffusion models, which
are mainly used - as the name states - to study the dynamics of reacting and diffusing chemicals.

In such models, each chemical species is described by means of its concentration field u;(x,t).

The evolution equations for n species read:

Opu; = Ri(uh un) + Div2ui 1=1,..n

and are determined by the reaction kinetics R;, a nonlinear function of the concentrations which
describes the interaction between species, and by the diffusive terms, characterized by the diffusion
coeflicients D;. This model can exhibit all the types of linear instabilities we have previously outlined,
by suitable choice of Ry, ...R, and D1,...D,,. Because we are interested in the formation of a spatially
periodic pattern, our aim is to investigate the simplest conditions giving rise to a type I instability
spectrum.

It is straightforward to notice that systems formed by one chemical alone cannot display the desired
instability, since

du = f(u) + DV3u
and its linearisation yields:
Oou= (f'(u*)+DV?)ou — I=f'(u*)—k°D
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Chapter 2. Pattern formation

which is a type III spectrum, having the maximum of A in k. = 0. We will then focus on a system of
two chemicals, which is typically studied as the prototype for Turing patterns:

ou = f(u,v) + D.V?u
ov = g(u,v) + D,V?v

where u(z,t) and v(x,t) are the concentrations of the two chemicals, and D,,, D, > 0 are their diffusion
coefficients. Being the diffusion isotropic, no preferred spatial direction can emerge in the analysis of
the system, and all the relevant quantities will depend on the modulus of the wavenumber k& = |k|.
For this reason, we can perform the linear stability analysis in one spatial dimension and rely on the
generalisation to higher spatial dimensions to be straightforward. Through a redefinition of the spatial
variable x — x/D,, we can get rid of a parameter:

{&tu = f(u,v) + V?u

2.2
o = g(u,v) +dV3v (22)

and d = D,/ D, is now the control parameter of the system. We assume the existence of a homogeneous
steady state (u*, v*), such that f(u*,v*) =0 = g(u*,v*) linearise the system around it, by applying
the following spatial disturbances:

(2.3)

u(z,t) = u* + 6U((L‘, t) =u*+ 4y etk
’U(.’L‘7 t) = U* + 5’1)(.’13, t) = ’U* + 51} 6)\t+’ik.’lt

which we have already expressed as single harmonic modes, since the problem that we are going to
study is linear. Eq. (2.2) becomes, at first order:

d d

O du = —f . Lou +—f . Lov + V36u
duy v dy '
d d

O dv = &9 . *5u+£ . v 4+ d V3
du u”,v dv u”,v

which corresponds to the eigenvalue problem:
Ao = (J—K°D)é = M(k)d

1

where 6 = (8,, 8,), J is the Jacobian of the reaction kinetics and I = ( 0

2) is the diffusion matrix.

Solving in A:

det (M(k) = AI) =0 << A* = ATr(M) + det(M) =0

& Ax(k) =

Tr(M) £ \/( Tr(M))® — 4 det(M)
2

At this point, one must introduce some constraints on stability. Asking that «* is an actual stable
equilibrium of the spatially independent system is equivalent to imposing its stability under spatially
uniform perturbations, which are obtained by setting £ = 0 in (2.3). This occurs if the real part of
both eigenvalues is strictly negative, in such a way that the perturbation decays exponentially fast to
ZEro.

Pattern formation arises if, in addition to the previous condition, that ensures the stability of the
underlying equilibrium, u* is also linearly unstable under heterogeneous perturbations ((2.3) with
k > 0), in such a way that the spatial perturbations will grow in time - more precisely, the modes
corresponding to unstable wavenumbers k will grow and produce a pattern in space, as explained in
the previous sections. This holds if at least one eigenvalue has positive real part for some k& > 0.

Re[A;(k>0)] >0 = u"is unstable under heterogeneous perturbations
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2.3. Examples of pattern forming models

The above inequalities imply that the cross terms %

have opposit sign, and additionally:

. . and g—g . . must be non-vanishing and
u* v ulu* v

df df

Ty lut ot >0 Ty lut ot <0

dg v dg

% u* v < 0 % u* v > 0

d>1 < D,>D, d<1 < D,>D,

Referring to the activator as the species that promotes growth and as the inhibitor as the one that
leads to a concentration decay, this result can be summarised by stating that the inhibitor must diffuse
faster than the activator in order for the pattern to form. This property is known as local activation
with long-range inhibition, and it is an example of a scale-dependent feedback mechanism.

2.3.2 Swift-Hohenberg model

The Swift-Hohenberg model (SH) represents the simplest nonlinear model displaying type I linear
instability. It is defined by the following PDE in the field u(z,t):

Ou= (r—(02+k2)*)u—u*=Lu+Nu], k.#0 (2.4)

where 7 is the bifurcation parameter, N[u] = u? is the nonlinear part and £ = (r — (02 + k?)?) is
indeed a linear operator producing type-I; instabilities.

To prove it, let us study the linear behavior of the system around the homogeneous solution u* = 0,
by applying a perturbation of the form du(z,t) = AeMT# with A constant. Since u = u* + du = du,
at linear order:

Nur (r—0p — k=220 u=(r—k* =k +2k2k*) u = (r — (k* = k2)*) u

= k) =71 — (k* — k) (25)

which is real and has global maximum in & = k. # 0, therefore the linear instability is spatially
periodic and stationary in time.

Besides, it can be noticed that the additional cubic term in the SH equation (2.4) is the lowest-
order nonlinear term preserving the invariance of £ with respect to the field inversion u — —u.

A quadratic term breaking the © — —u symmetry can otherwise be added, leading to the generalised
Swift-Hohenberg equation:

Ou = [r— (92 + k2 u+ pu® —u? (2.6)

We observe, however, that the quadratic term alone cannot guarantee the saturation of the unstable
amplitude, because it contributes to 0;u with a constant sign, independent of the sign of u. Therefore,
the cubic term must be also kept. This can be seen more rigorously from the amplitude equations
that will be presented in the next section.
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Chapter 2. Pattern formation

2.4 Amplitude equations

The linear analysis presented in Section 2.2 provides a classification of linear instabilities whose va-
lidity is limited to short timescales ¢ < 7, beyond which the effect of the nonlinear terms become
no longer negligible. An analytical approach for the solution of the full equations is however mostly
unfeasible.

Near the threshold, though, the behavior of the system can be described by means of phenomeno-
logical equations, thanks to the fact that the nonlinearities are weak and the spatial and temporal
modulations of the amplitude are slow.

It turns out that these model equations have - broadly speaking - universal forms, meaning that they
depend only on general properties of the system, such as the linear instability type, the symmetries
and conservation laws: hence, they can both provide an explanation for the fact that similar patterns
are observed in systems of completely different nature, and they can be used as a mean to get insight
into the outcome of instability in a given physical system.

The notion of universality, which is rigorous and quantitatively defined for critical points in equilib-
rium statistical mechanics, is however highly qualitative in this context, and it is yet unclear how far
this analogy can be pushed for what concerns pattern formation.

Exploiting this generality, in Section 2.4.1 we shall derive the the Ginzburg-Landau envelope equation,
that describes systems with type-I linear instability and with symmetries + — —z, * — x + Z, by
starting from the simplest model that displays such features: the SH model discussed in Section 2.3.2.
A symmetry-based approach for their derivation, which brings out their universal character, will be
instead presented in Section 2.4.2.

2.4.1 Amplitude equations derivation from the SH model

Let us determine the scalings for a type-I instability. Firstly, we want to understand what is the order
of magnitude of the unstable k interval given by (2.5) very close to the bifurcation, i.e. for 0 < r < 1
(having rescaled r in such a way that r. = 0). The unstable wavenumber values will be very close to
k. if r is very small, therefore we can express k as k = k. + k; with |k;| < k. and expand:

Ak) =1 = (ke + ke)? = k2)? = 7 — (B2 + 2keky)? = v — kY — 4k2K2 — 4k b3 ~

(2.7)
~ 1 —4k2k2 4+ O(K2)

Thus if k. ~ O(1) we see that A(k) = 0 for k, ~ /r and we have found the scaling of the unstable
wavenumber band. As for the temporal scale, A(k) is clearly of order A(k.) = r for r — 0.

A type-I bifurcation is therefore characterized by a k instability range of order ~ /r and a growth
rate of order r.

The effect of such an unstable wavenumber interval can be interpreted as the introduction of a mod-
ulation in the amplitude of the carrier wave e’*<* varying slowly in time and space:

u(z,t) = Az, t)e™*® + c.c.  with A depending weakly on 2 and ¢. (2.8)

The modulation is weak because the wavenumbers corresponding to positive A4 have a small variability
for r — 0. To get an intuition of this fact, we can consider a simple example. Suppose we have two
unstable wavenumber modes falling in the instability region around k. (Fig. 2.1).

u(z) = ay cos(k1z) + ag cos(kex) = (a1 + a2) cos(dk x) cos(koz) + (a1 — az2) sin(dk x) sin(kox)

Then, having defined ko = (k1 + k2)/2 and 0k = (ko — k1)/2. Since kg ~ k. and 0k ~ |k;| < k., the
above solution represents an oscillation of wavenumber kg modulated by a weakly varying amplitude.
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Ak

0‘/ ke ke \k

FIG. 2.1. Schematic illustration of a system displaying two unstable wavenumber modes k1, ko in the instability
region.

Therefore, due to the scaling we found above, we expect that the spatial variable appears in the car-
rier wave as k.z and in the amplitude according to the scaling /r x, while the time variable can be
enclosed the slowly varying amplitude as A(k.)t ~ rt.

In order to formally treat this problem, a multiscale expansion can be performed. Using the more
convenient notation r = €2 with €2 < 1, 7 = const > 0, we can define the slow variables as follows:

X =¢x
T = %t

in contrast with the fast variables:

Therefore (2.8) becomes:
w(X,T,%,1) = AX,T) % 4 c.c. (2.9)

which naturally encodes the different temporal and spatial scales. Applying the chain rule to the
temporal and spatial derivatives in (2.4) and using the fact that w(X,T,Z,?) is independent of £, the
equation becomes:

e Oru = €Fu — (03 + € 0% +2€0;0X + k?)Qu —u?
If the solution is expanded in powers of e:
U = Ur€ + uge2 + 'LL363 =+ ...

e (Orure + ...) = €7 (ure + ...) — (02 + € 9% + 2¢9:0X + kz)Q (ure + uo€® + uze® + ...) — (uge +...)3
= 7 (ure + ...)— [(92 + k2)* + 4€(02 + k2)0;0X +
+26%(30F + k2)0% +4€30:0% + *0% ] (ur€ + uo€® + uze® + ...) +
— (ue +...)3

The equation is then analysed order by order:

at O(e) (2 +ED%u1 =0 —  wu=A(X,T)e" +ce

at O(€?) (02 + k) 2uy = —4(02 + k1) 0:0xu1 — (02 + k2)?up = 0
—  ug = As(X, T)e“‘”ci + c.c.

where, in the last equality of the O(e?) equation, the solution for u; was substituted. Proceeding
similarly, one finds the following equation for the third order:

at O(€®) (02 + k2)%u3 = Puy — Orur 2(302 + k2)0%uy — ul =
= (F—Or +4Kk20%) w1 —u}
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Chapter 2. Pattern formation

Using u; = A1 (X, T)e*® 4 c.c. and calling A; — A for simplicity.

W} = (A(X, T)etihe® 4 A(X, T) e he)3 = A3e3iked | 3| A2 A eihed 4 c.c.
The equation at O(e®) becomes:

(02 + k%) %u3 = (f“A — OrA+4Kk20%A— 3|A\2Z) e _ A3k 4 ¢ )

therefore it contains a term which is proportional to the solution of the homogeneous equation, and
would introduce secular terms in the solution, i.e. terms which grow without bound, that would break
down the perturbative approach we have adopted. Thanks to the separation of scales, however, the
vanishing of such term can be imposed by putting to zero its coefficient:

FPA—OrA+4K20%A-3|APA=0 = OrA=7A+4k20%A-3|APPA

This is the Ginzburg-Landau equation (GL) at lowest order in the amplitude. The values of the
coefficients here are specific of the SH model, whereas in general the coefficients are not fixed and
depend on the microscopic details of the system. For instance, if we considered the generalised SH
equations, we would find:

38 p? —

OrA=rA+4k20%A— (30— 2L )42 4

9 k2
labeling with o the coefficient of the u? term in the generalised SH equations. From the above equation
it is clear that if the cubic term is absent from Eq. (2.6), the nonlinearity will not be able to saturate
the linear instability and the amplitude of the pattern will continue to grow. For the nonlinearity to

38 p?

counteract the linear behavior, it is necessary that 30 — <% > 0.

2.4.2 Symmetry based derivation of the amplitude equations

To better grasp the universality of SH equations, we outline a symmetry-based derivation.

Starting from the basic assumption (2.8), of which we justified the validity, we want to obtain the
envelope equations of a system displaying type I, instability and satisfying the spatial homogeneity
and isotropicity symmetries.

The linear part of the envelope equations can be derived quite simply from the basic requirements on
the linear growth rate of type I instabilities.

Indeed, considering a mode u(x,t) = Ay e+ with wavenumber close to k., k = k. + k,, we can
expand the growth rate A(k) in terms of |k;| < k.. The requirement that k = k. (i.e. k, = 0)
corresponds to the maximum growth rate sets the first order term of the expansion to zero. More-
over, remembering that we can always rescale the control parameter r in such a way that k. becomes
unstable at r = 0, the growth rate near the bifurcation can be written in full generality as:

M) =15 (r = €5k3) + O(k3) (2.10)

at lowest order in k., where the real constants 7y and &y represent some typical temporal and spatial
scales of the individual system under consideration, and depend on its microscopic details.

We notice indeed that this result is perfectly consistent with the one derived by expanding the linear
growth rate predicted by the SH model (2.7). Therefore, the same scalings can be exploited, allowing
to interpret the above considered Fourier as follows:

. . N 2 g ° . N e . .
U(IL‘, t) — AO eAtJrzkza:Jrzkcm _ AO 6)\6 tt+ikzer+iker _ AO e)\T+lkzXe'chx = A(X, T) ezkcz

where A is a complex amplitude depending on the slow variables X, T'.

Thus, we see that Eq. (2.10) could have been derived from a partial differential equation in u, which
can be recovered by making the substitutions A — €29r, k, — —iedx that bring us back from Fourier
space to real space.

270 0ru = ru+ €2 €2 0%u (2.11)
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2.4. Amplitude equations

We can also rewrite r = €2

dependence on z, the carrier wave factor e
amplitude alone:

7 according to the consistent scaling for r. Since there is no explicit
ke can be simplified and the equation holds for the complex

T007A =7A+E20%A (2.12)

which is the linear part of the GL equations. To look for the nonlinear terms, we consider the sym-
metries of our system.

Translation in space
Exploiting the separation of scales, invariance under translation in x corresponds to the invariance
under two symmetries: translation in X and phase shift in A.

X = X+ed

T — T+ = .
¢ A— A

Reflection in space
Similarly:
X = -X
r— -z = _
A— A

Translation in time
Time translational symmetry must also hold, for the obvious freedom to choose the temporal origin.

t—st+1r = T —=T+ér

Since both A and its spatial derivatives are expected to be small close to the bifurcation, we must
look for the lowest order nonlinear terms preserving the symmetries listed above. Starting from phase
shift, the quadratic terms A2, A% and |A|? all transform in a different way from drA. Among the

cubic terms A3, E?), |A|?A and |AJ?A, the only one transforming in the appropriate way is the latter,
indeed:

P Ae™® 4 €3 0% Ae™® — go| PP Ae' = ¢ (FA+ E2O%A — g0|A|2A) = 79 Op Ae'®
Invariance under complex conjugation fixes its coefficient gg to be real:

T A+ fg 8%(2 — go|A|2Z =179 8TX
— AT LA golAPA

=9 < g€eER

Invariance under translation in X and 7" trivially implies that go must be independent of both variables,
i.e. it is a constant. If the nonlinearity has to saturate the linear instability, we must further require
that go > 0. The amplitude equations therefore read:

1007 A =P A+ £ 0% A — go| AP A (2.13)
which can be written in universal form by rescaling:

X = X/&
T—T/ro = 0pA=(+0% A—]|APA
A— Ag?

Which is the GL equation at lowest order.
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Chapter 3

Spatially-extended MacArthur’s model

In this chapter, I try to derive a spatial extension of the MacArthur consumer-resource model by
adopting an approach similar to reaction diffusion models: diffusion-like terms are added to the
equations of the system, with the aim of achieving a type I linear instability.

Many attempts are outlined, until the desired result is obtained and presented in Section 3.5.

An alternative approach based on non-local resource optimization is discussed in Section 3.6.

3.1 Introductory trivial model

To begin to investigate the effect of diffusion terms on MacArthur equations, I will start with a truly
basic model: I consider a 1-dimensional spatial domain, and I study the dynamics of one species alone,
characterized by some rate r:

n=rn—0yJ (3.1)

where n = n(z,t) is the population density field. As for the diffusion term 9,.J, I am considering a
density dependent diffusion coefficient D(n) = D — Dn with D, D positive constants:

—9,J =8, [D(n)dyn] = 8, (D — Dn)dyn] = D?n — D [(89071)2 n nagn] (3.2)

Such term represents a simple dispersal motion, characterized by the diffusion coefficient D, with the
addition of an overcrowding effect, modeled by a negative diffusion coefficient — D n which is linearly
proportional to the population density n. In such a way, for high enough population densities, the
overall diffusion coefficient D(n) becomes more and more negative as n grows, thus producing a further
increase in the concentration of the population.

As we shall see in the following, indeed, this assumption allows for a richer dynamics with respect to
simple diffusion alone, thanks to the fact that D(n) can change sign.

Let us perform the linear stability analysis for this simple equation, to discover if it can give rise
to a spatial instability.

Uniform equilibrium

Firstly, the equilibrium solution n, must be determined. In the following, we adopt an asterisk as
notation for the equilibrium states.

Ny =10
= T™n=0 & n,=0
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3.1. Introductory trivial model

Stability under uniform perturbation
I perturb the equilibrium as follows:

n(t) = n. + dn(t) with  on(t) = §eM (3.3)
Substituting such perturbation in Eq. (3.1):

on = r(ny + on) = ron
Adn =rin

Therefore the equilibrium is stable < A = r < 0, and r actually plays the role of a death rate.

Non-uniform perturbation
Now I look for instability under non-uniform perturbations, which are expressed as Fourier modes:
n(x,t) = n. + on(z,t) with  on(z,t) = § e MHike (3.4)
Substituting in Eq. (3.1):
87 = 7(ns 4 6n) + D 926n — D [(9:0n)% + (n. + dn) 826n]
Neglecting (6m)2:
81 = 1(ny 4+ 6n) + D 026n — D [n. 02n]

I observe that, by substituting the equilibrium value n, = 0, the overcrowding contribution disappears,
hence the system does not show instability under spatial perturbations, since the perturbations decay
with rate:

A=r—k*D<0 Vk
We can attempt to modify this model in such a way that the equilibrium value becomes different from
zZero.
3.1.1 Basic one-species model

The simplest way to allow for a positive equilibrium value is to add a constant growth supply p > 0.
Calling d the death rate, the equation becomes:

n=u—dn+ 0, [(D—f)n) &m} (3.5)

We underline that the opposite possibility, i.e writing n = un — d + 9,J, would lead to finding
d < 0, 4 < 0 which is equivalent to the considered case.

Uniform equilibrium

In this case the equilibrium of the system is:

=0 = dn, =0 < =pu/d
Oxn =0 o aie = e h

Stability under uniform perturbation
By substituting the uniform perturbation (3.3) into Eq. (3.5):

on = pu—d(n.+dén) = —din
Adn = —don

Therefore the equilibrium is stable if A = —d < 0 < d > 0.
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Chapter 3. Spatially-extended MacArthur’s model

Non-uniform perturbation

Substituting the perturbation (3.4) in Eq. (3.5) and linearising around n, yields:

81 = — d (nx +0n) + D 9200 — D [(8,0n)? + (1, + 6n) 926n] =
=p—d(n«+n) —|—D8§5n— En*ai&z =
= —dén+ (D — Du/d) 8*on

where in the last line I substituted the equilibrium value. Taking the derivatives of the perturbation
I find:

\on = —dén — k? (D - ﬁﬂ/d) on
The system is therefore unstable if:

A= —d+k? (f)Md—D) >0 (3.6)

Being —d < 0 as required by the stability of the uniform equilibrium, D w/d — D must necessarily be
> 0 for instability to hold.

Dupjd—D >0
A>0 & 3.7
Dup/d — D

In conclusion, thanks to the presence of the overcrowding term, a spatial instability is allowed for:

d | Dp/d — D
wavenunmbers k > | =——— —  wavelengths < 27 H/i
Du/d — D d

However, this is not the desired outcome, since it is not a type I instability. On the contrary, this
result is somewhat pathological, because it leads to the instability of all the microscopic wavelengths,
which is clearly physically meaningless. Indeed, it would lead to the formation of patterns with a
strong dependence on initial conditions, and therefore not robust.
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3.2. MacArthur 1s 1r

3.2 MacArthur 1s 1r

At this point, I move on to the analysis of the simplest case of an actual MacArthur model. I consider
the evolution equations for one species and one resource, with the addition of a diffusion-like term to
the species dynamics, equal to the one presented in the previous section.

In the following, I will always consider an infinitely extended spatial domain: I perform the linear
stability analysis in one spatial dimension and, thanks to isotropicity, the generalisation to a two
dimensional space will be straightforward'.

The considered evolution equations read:

{n: [u(c) —dn+ 8, [(D — Dn)d,n]

3.8
c=s—pulc)n (3:8)

where n(x,t) is the field representing the abundance of the species, ¢(z,t) is the one for the resource,
d > 0 is the death rate, s > 0 is the resource supply rate, and the growth rate is represented by a
positive and monotonically increasing function of the resource abundance: p(c) >0, ‘fl—’z >0Vec.

Uniform equilibrium

In this case the equilibrium of the system is the pair (n., c.) such that:

ne =0

.* =0 x) — d, * — -t d

¢ - pi(cx) — e =p (d) (3.9)
Ozns =0 ne = s/pu(ce) = s/d

Oy =0

Stability under uniform perturbation

We introduce the uniform perturbation:

(si) = ()= G) o () =5 a0

By substituting such uniform perturbation into Eq. (3.8):

on = [u(cs + dc¢) — d] (ns + on)
0¢ =8 — p(cx + 0¢) (ns + dn)

We can expand in a Taylor series the growth function around the equilibrium value:
d
ji(cs + 8¢) = p(es) + ﬁ\C*ac ¥ ..

and neglect §2 terms:

. dp . sdu
L dp . s du
0¢ = s — p(ex) (ng + dn) E‘C*n* de 6¢ = —ddn = el

Where in the second step the the equilibrium values (3.9) were substituted. Making explicit the
perturbation form:

s dp
Aén—ddclc*éc

B s du
Aéc——dén—d I 0*50

!As already underlined, being the diffusion isotropic, no preferred spatial direction can emerge in the analysis of
the system and, regardless of the dimension of space, all the relevant quantities will depend on the modulus of the
wavenumber k = |K|.
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Chapter 3. Spatially-extended MacArthur’s model

This is an eigenvalue problem in A:

R ' 0 s 0 A
Jo  with J:(_d —dgdd“c*>:<—d _A> (3.11)

where I defined for shortness of notation A = %—
for definition.

Ao

..» Which is a positive quantity since s, d, fl—’é >0

—A+VA? —4Ad
2

det (J—A) = A(A+AN) +dA= N +AA+dA=0 & A=
Let us consider the stability of the equilibrium. Being:

A>0,—4Ad <0 and VA?2—4Ad < A

Re[A_] <0

=
R€[)\+] <0

the homogeneous solution is stable to uniform perturbations for all values of the system parameters.

Non-uniform perturbation

If we consider now a non-uniform perturbation of the kind:
n(x7 t) I (5Tl($, t) : (5”(1’, t) _ 5§ At+ikx
(c(x,t)) a <c*> + <(5c(az,t) with de(z,t) ) oe (3.12)
and we substitute it into the linearised system, we obtain:

on = [u(cs) — d] (ny + dn) + dp

¥ |c n,6c+ (D — Dn,) 820n
C *

. d
0¢ =5 — p(cs) (ny +dn) — d—Z‘C*n* de
Using the equilibrium solution (3.9) yields:

gi = 5 _sdn
~ d dc ~d dc
s dp s duy

6c:—d5n—a%|c*5c Aéc:—dén—g%‘c*éc

S + <D—l~)§) 826n Aon

o 0*50—162 <D—l~)2) on

where in the second step the perturbation form was explicitely used. This corresponds to the eigenvalue
problem:

D-D?

Ao =(J—k’D)6  with D:< 0

8) and J defined in (3.24)

det (J — k2D — AI) = [)\+k2(D—52>](A+)\)+dA:

=N A A+ 2 (D—ﬁ%)} +Ad+ R (D—f)g)} _
=X+ A (A+ kD) + A (d+ kD)

where I have renamed the parameters, for shortness:
sd
Els o0

d dc, (3.13)
~ S
D:=D—-D-
d
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3.2. MacArthur 1s 1r

Therefore:
det (J — kD — A\I) = 0
& A= % <Ai M) - % (—A—kQDi V(=4 = 2D)? —4A(d+k2®)>

(3.14)

where I further defined the following functions of k:

A(K?) == —A - k*D
h(k?) = —4A (d + k*D)

Spatial instability

Instability occurs when at lest one of the two eigenvalues has positive real part Re[Ay] > 0.
Calling the argument of the square root A(k?) := g — 4h = (—A — k?D)? — 4A(d + k?D), I observe
that there are three possible instability cases:

fA<0: Rel]=Rel\ ] = 3A>06 A>0
ifA>0: Re[)\_]:)\_:%(A—\/m)>0<:>A>OAB<O
(indeed B < 0= +/(A%2+ B)) < A)
if A>0: Re[>\+]:)\+:%(A+\/M)>O<:>A>O\/(A<O/\B>O)
(indeed B > 0= /(A% + B)) > |A])
Now I study the sign of A(k?) and B(k?):

D<O
k> —A/D

5 D<O0
A<0 & -A-kD<0 & D>0V 9
k* < —-A/D

A>0 & -A-KED>0 < {

D <0

B>0 < d+kD<0 <
{k2>d/®

5 D<O0
B<0 & d+kD>0 < D>0V 9
k< —d/D
Therefore:
D<O
ifA<0: Re[A]=Re[A]>0& 4 ,
k* > —-A/D
D<0

ifA>0: Re[A]=A_>0¢A-d<0
—A/D < k* < —d/D
D<0 D<0

ifA>0: Re[Ai]=24y>0A—-d>0 vV {A-d<0
k? > —d/D k> —A/D

(3.15)
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Chapter 3. Spatially-extended MacArthur’s model

In conclusion, D < 0 is a necessary condition for instability (indeed if D > 0 we easily realize that
Re[A1] < 0), and the regions of instability in k& also depend on the sign of A — d.

Obviously the sign of A itself depends on k2, therefore I should solve also A(k?) > 0 or < 0 and
substitute it in (3.15), however these inequalities depend on the existence of roots and give rise to
many other conditions on parameters, therefore I just calculate the zeros to get an idea, and then rely
on plots:

-A+vVAd

A(K?) = (—A—k*D)? —4A(d+ E*D) = D’k —2ADK? + A(A—4d) =0 & k3 = — 5

If D < 0 (that holds when we have instability), k2 is negative and therefore we expect A(k?) to have
at most one root (k4 ).

As a check, I plot Re[Ay] in the different instability cases listed in (3.15):

e Fig. 3.1: case D < 0, A —d > 0 so we expect only Ay instability for k > /—d/D

e Fig. 3.2: case D < 0, A —d < 0 so we expect: A4 instability for k > /—A/D (3.16)

A_ instability for /—A/D < k < \/—d/D

e Fig. 3.3: case D > 0 so we expect no instability.

The discontinuity in the plotted functions is due to the fact that the real part of the eigenvalues
is taken, therefore when A(k?) =0 Re[\y] is a quadratic function of k, but when A(k?) # 0 there is
an additional square root of A = —Dk* — 2ADk? + const that modifies the slope of the function.

I also plot the case in which the only zero of A(k?) is ky = 0 (Fig. 3.4): in this case there is no
discontinuity in the domain k£ > 0.

Mot of RefA.ik]} with »=—-0.283, 4—-d=0721 Plot of RefA. (k)] with #=-0.033, A—d=-0.198

20
(.5 | == Reld:]
— RelA-]
1%
ba Y -AlD
10 T I V-diD
----- k. rootof Alk)=0
05 — Reld.] 0.2
— RelA-]
0o o 03
----- Vodio
..... = .0
-0 k. root of Ajk) =0 :
-01 :
-0 :
-0.2
-15 :
0z —
- : : 256G 275 336 325 3EB 375 408 425 450
Ta &5 14 1 20 25 30 k

k

FIG. 3.2. Plot of the real parts of the eigenvalues
FIG. 3.1. Plot of the real parts of the eigenvalues Ai(k) and A_(k) (in red and blue, respectively),
A+ (k) and A_(k) (in red and blue, respectively), in the in the case of parameters D < 0, A —d < 0. As
case of parameters D < 0, A —d > 0. Consistently expected, Re[A; (k)] is positive for all k larger than
with the calculations, instability occurs for wavenum- a threshold value, while Re[A_(k)] > 0 in a limited
bers larger than a threshold value. interval of wavenumbers.
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3.2. MacArthur 1s 1r

Fot of RefA+{K)] with D= 0.207, 4—d =3.000 Plat of Re[A« k)] with ©=-0.207, A—d =1.243

12 === Reld:]
: = Re[d-]
2 10 =aiD
| feo k. root of AiK) =0

-4

—A 4
—Re[A ] 24
- ——
""" k- rootof Alk) =0 oo
k- root of Alk) =0 : :
-1a - - - . i . -z {
B 1 2 3 5 5 3 H :

k B 1 2 3 4 5 & ? 8

FIG. 3.3. Plot of the real parts of the eigenvalues

A (k) and A_(k) (in red and blue, respectively), FIG. 3.4. Plot of the real parts of the eigenvalues
in the case of D > 0. In this case both eigenvalues A+ (k) and A_(k) (in red and blue, respectively), in
have negative real part Vk, thus no instability is the case in which A =4d = k4 =0and D <0 = k_
allowed. A(k) has two zeros. is not real.

Expansion for k > 1

To better understand the behavior of AL for large k, I Taylor expand the eigenvalues:

VA = /(- A - K2D)? — 44 (d + k2D) = \/KD? — 2ADK? + A(A — 4d) =

:]D|k;2\/1—2£k12+0(kl4> — D[R <1—gk12+0(k14>) (3.17)
= |D|k? — Asgn(D) + O (;2)
Ay = % [.A (1=+ sgn(D)) + k|D| (—sgn(D) £ 1) + O <k‘12)]
Therefore, for D < 0 (when instability is allowed):
Ay = % [A(—lil)—k2®(1i1)+0 (;2)] = M=KD, A x-A fork>1

while for D > 0 (when instability is not allowed):

1 1
)\i:Q[—A(lil)—kQD(—lil)JrO(kQ)] = A -A, A= -ED| fork>1

Again, we have found a nonphysical result which is analogue to the one obtained in Section 3.1.1: the
spatial instability is allowed for all wavelengths minor than a certain threshold value.

27



Chapter 3. Spatially-extended MacArthur’s model

3.3 MacArthur 2s 1r

Let us see how the instability behavior changes if we allow two species into the model. The evolution
equations read:

11 = (a1pu(c) —dy)ny + 0x 1
ny = (agu(c) —da)ng + 0y o with  0pJ, = 0y [ ZDUpnp ) Oy for o =1,2 (3.18)
¢=s5—(a1ng + azng)u(c) P

where di,ds > 0 are the death rates, s > 0 is the resource supply rate, a1, o are positive constants
and the growth function is u(c) > 0 with %’Z > 0Ve. The diffusion coeflicients D, > 0 account for
simple diffusion, while D,, > 0 reproduce the overcrowding effect.

Analogue calculations, relative to the generalisation of MacArthur’s model in the case of three species
and one resource, are reported in Appendix A.

Uniform equilibrium

The equilibrium of the system is (n], n3, ¢*) such that:

* * *k
ny =ng =¢ =0
& ny = s/ds, Vv ny = s/do, 3.19
Byn = Oyny = Bpc* =0 i =s/d 2 = s/d> (3.19)
712:0 n1:0

*

{ . . . p(c*) = di/on, p(c*) = da/as,

Stability under uniform perturbation

Let us choose the first equilibrium and linearize the system around it:

ny(t) ny ony(t) onq (t) . ny s/dy
nao(t) | = [ nd | + 5n2( ) with 6n2( )| =deM, ny | = 0 (3.20)
c(t) c* de(t) de(t) c* pt(di/an)

By substituting such perturbation into Eq. (3.18):

(57i1 = [051 ,u(c* + (SC) — dl] (n’{ + 5711)
57”52 = [042 ,LL(C* + 50) — dg] (n§ + 5712)
oc = s — [aq (0} + 0ny) + ag (nh + dng)] p(c* + d¢)

Expanding p(c* + dc¢) = p(c*) + dp

~0c+ ... and neglecting 52 terms:

ony = [aq p(c®) —di] (n] + dn1) + g % i oc

dng = [ag u(c®) — da] (nb + dng) + as % w3 0c

de = s — a1 (nix + 0n1) + ag (nax + dng)] pu(c*) — % o (1n] +agnj) ée

Substituting the equilibrium values (3.20):

(511, = Aoy = 0;115 Z‘C‘ 5e

Oy = Adng = <d1 — d2) ona

aq
dc = \oc = —dionq — %dl ong — O;llszll'z c*dc
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3.3. MacArthur 2s 1r

This corresponds to the eigenvalue problem:

0 0 aads) | 0 0 A
)\g = Jg with J = 0 %dl — dQ 0 — 0 %dl _ dQ 0 (321)
o ma —wedl) \ o e s

where I defined A := %%ﬂ
1 C

- > 0 to simplify notation. Let us solve the system:

det (J — AT) = <Zjd1 —dz—A) det< __dAl _(AA+ A)> - <Zjd1 —dz—A) (A2 + AN + Ady) =0
Ao = Z—idl — dy

< N oA VAT I
i pr—
2

Then the equilibrium (nj, n3, ¢*) is stable if:

Re[)\o] <0 & %dl —d2 <0
1
Re[)\i] <0

Since the second inequality is always verified (being 4Ad; > 0), the only stability constraint is that
the parameters of the system should satisfy:

P —dy <0 (3.22)
]

Non-uniform perturbation

I consider the following perturbation around the equilibrium values (nj, n, ¢*) reported in (3.20).

ny(x,t) ni oni(x,t) ony(x,t) ) |
nao(z,t) | = | n5 | + | Ina(x,t) with ono(z,t) | =0 ik
c(z,t) c* oc(x,t) Sc(w, t)

Substituting it in the linearized equations of the system yields:

d
L

a4, de dc+ (0zJ1)

c*

iy = (szl — d2> ong + (0 J2) 4,
1

lin

d
(5é = —d1 (577,1 — %dl (5712 — %i
1

5
dy de|.°€

c*

where the linearised diffusion term reads:

(amjl)lm = <D1 — D11 ;) 63 (5??,1
1

(3.23)
(amJ2>

lin

* * S
= (D2 — D22n2 — Dglnl) 6% 5n2 = <D2 — D21dl> 85 6712

Indeed:

O Jy = D102n1 — D1y [(0xm1)? 4+ n102n1] — Dig [(95n1)(02n2) + n2ding| =
= D1926n1 — D11 [(96m1) + (nf + 6n1)920n1] — D12 [(9:0m1)(0x0m2) + (13 + 0n2)020m | =~
=~ (D1 - DnnT - Dlgn;) 83 5Tl1
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Chapter 3. Spatially-extended MacArthur’s model

and similarly:
ang ~ (DQ — DQQTL; — D21n,{) 6:% 5712

Substituting the equilibrium values into the above expressions leads to the expression written above
(3.23). The corresponding eigenvalue problem reads:

Dy — D3 0 0
MNo=(J—k’D)d  with D= 0 Dy —Dng 0], Jdefined in (3.21).
0 0 0

det (J — k°D — AI)

:[0‘2 d2k2< >>\} det< _[A+k2<_Dd1_D“51)] —(AA+/\)>:
— |22y —dy — k> [ Dy — Doy~ ) = A| {A2+ A [A + £2D] + A [dy + K*D]}
R T

where I defined:

15 di
A=—— 0
d1 dce *>
s
D:=Dy— Dy1—
1 g

Mo = 2d; —dy — k? (Dz - D218>
a1 dl

det J—E’D-A)=0 <& .
e =g (—A — KD+ \/[—A — k2D)2 —4A[d, + k?@])

Spatial instability

It can be easily noticed that Ag is equivalent to the eigenvalue (3.6) obtained for the basic model in
Section 3.1.1: indeed both are quadratic functions where the constant is required to be negative by the
equilibrium stability condition, while the k? coefficient depends on the difference between the simple
diffusion coefficient and the overcrowding diffusion coefficient times n*.

Basic model: A= —d + k% (Do s/dy — Do)
MA2s1r: Ao = “2d) — do + k2 (13 uld— D)
aq

Likewise, with D accounting for the difference between a simple diffusion coefficient and an overcrowd-
ing term, A1 is equal to the eigenvalues (3.14) found in Section 3.2 for the MacArthur model with 1
species and 1 resource, with the only difference of having dy — d and aypu — p.

— k2D + _2ZF
K ddc '

1
MA2slr: Ap == |————|.
2 c

1
MAlslr: Ayf = 5|1 33

.. —k2D> 4fdi‘} (d + k2D)

with D = D — Ds/d

— k2D ——| . (d+ k2D
c* > d d ( + )

with D = Dy — Dlls/dl
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3.4. General two-reactants model with overcrowding diffusion

Therefore the instability conditions for the MacArthur for 2 species and 1 resource (MA2slr) are the
ones found for :

Ao — Basic model  (3.7)
A+ — MAIslr (3.16)

and we have not yet obtained the desired result.

We then seek to modify the system in such a way that they follow the desired behavior, i.e. they
become positive in a limited interval of wavenumber values.

In the next section, we analyse a fully general two-reactants model, allowing both diffusion coeffi-
cients to become negative, trying to understand which feature of the MacArthur model generates the
unwanted result.

3.4 General two-reactants model with overcrowding diffusion

We want to study the instability of a system of two reactants, in the more general case in which over-
crowding diffusion is allowed for both: with respect to the previous cases, we are allowing the resource
to diffuse into the environment as well, and we admit that it might be subject to an overcrowding
effect too.

We leave the reaction dynamics unspecified to achieve a greater generality. This allows us both to see
if the pathological behavior of the MacArthur model can be cured by adding a more complex dispersal
behavior, and to elucidate the reasons of such undesired result.

We consider the following evolution equations:
n=f(n,c)+ 0 [(Do— Din)0d,n|
¢=g(n,c)+ 0, [(Do — D1 c) 0y

where f is the reaction dynamics of the species, g is that of the resource, and the diffusion coefficients
Dy, Dy, Dy, D; are all non-negative. The following notation is adopted:

e the subscript 0 labels the simple diffusion coefficients;
e the subscript 1 labels the overcrowding diffusion coefficients;
e an overline indicates the coefficients describing the dispersal behavior of the resource.

We denote the linearisation of the above system about the uniform equilibrium (n*, ¢*) as follows?*:

A5 = (J—kD)S  with J:@Z 5) D:(lg 10)) (3.24)

having defined:
D=Dy—n*D;, D=Dy—c"Dy

Both the linearised diffusion coefficients can be either positive or negative, thanks to the effect of
overcrowding. The solution for the system is:

—g(k?) £ /g (k?) — 4h(k?)
2

det (J — k*D — AI) = A\? + Ag(k?) + h(k*) = 0 & (k) =

with:
g(k*) = k*(D + D) — tr(J)
h(k?) = k*DD — k*(Df, + Dg.) + det (J)

2The calculations are identical to the ones reported in the previous sections, therefore I skipped them for brevity. See
Section 3.2 for more details.
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Chapter 3. Spatially-extended MacArthur’s model

Therefore, the stability of the uniform equilibrium (n*, ¢*) requires that A+ (k% = 0) < 0, which implies
in turn:

tr(J) <0 A det(J) >0

Spatial instability

As we have seen, instability under spatially heterogeneous perturbations arises if A+ (k2) > 0 for some
value of the wavenumber k:

Ay >0 & <0V 9>0
* g h<0
(3.25)
g<o0
A>0 &
h>0
where:
k%) =k*(D+ D) —tr(J
9(K) = K(D + D) ~ r(J) (3.26)

h(k?) = k*DD — k*(Df, + Dg.) + det (J)
with tr(J) < 0 and det (J) > 0 as required by the stability of the equilibrium (n*, ¢*).

We observe that the addition of a diffusion term to the equation for the resources has modified
the shape of the h function in (3.26) by introducing a k* term. Therefore, h has become a quadratic
function of k2, which, for given signs of the coefficients, could become negative in a limited interval of
the wavenumber domain, and might therefore lead to the solution of our problem.

Study of g

Being tr(J) < 0, g(k?) = g1k + go is a linear function of k% with positive intercept go, therefore:

ifg1 >0: g>0VvEk
>0 fork<k _
if g1 <0: g o _ where k = tr(J) = tr(J)ﬁ
g<0 fork>Ek g1 D+ D
Study of h

Being det(J) > 0, h(k?) = hok* + h1k? + ho is a quadratic function of k% with positive intercept hy.
Depending on the signs of he and hy, different possibilities are found:

if hg>0and hy >0: h>0VEk

if hg >0, hy <0 and min(h) >0: h>0VEk
{h<0 for k- <k < ky

if hg >0, hy <0 and min(h)<0:
h>0 fork>ky VEk<k_

. h<0 fork <kt
if hg <0
h>0 fork>k_

where the roots of h(k?) are:

_ —hy £ /h? — 4dhshyg
- 2hs

ki (3.27)
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3.4. General two-reactants model with overcrowding diffusion

Expansion for k > 1

So far we have not made any assumption about the signs of D, D and the form of f,, fe, gn, ge-
Indeed, in full generality, before diving deeper into the study of the sign of Re[\y], we ask ourselves
if there is some requirement that we can impose on this system, such that an instability appears in
some limited range [k1, k2| of wavenumbers. To do so, we perform an expansion for large k values and
we look at the sign of the leading k? term.

A(k?*) = g* —4h = k(D — D)* + 2k*(D — D)(fu — gc) + (fu — 9c)* + 4gnfe =

Efn_gc 1 (fn_gc)2+4gnfc:|
k2D—-D k* (D — D)2

=k*D - D)? [1 +

— ge)* + 4gnf
VAK2) = k2D — D|y |1+ — 1 n=ge) nle
| |\/+k2D bt (D-D)?

= 1f Je
~k|D—-D| |1+ —
| |[+k2D D

+o< >] = k?|D — D| + sgn(D — D) (f» gc)+0(k12>

Therefore:

Ao o K (~(D+ D) £ D~ DJ) + fu+ go & sen(D — D) (fu - >“O<132>

Thus, for k> 1, the eigenvalues at leading order behave like a quadratic function of k2, whose coeffi-
cient depends in particular on the sign of D — D.

For D—D >0:

1
A ~-DE+f,+0 <l<:2>

. (3.28)
A ~-Dk>+g.+0 <2>

o

For D—D <0 :

= 1
)\+%—Dk2+gc+0<2)

o

1

In conclusion:

e if D, D < 0 we observe that both eigenvalues grow like Ay ~ +k2, therefore surely instability is
not limited to a finite k interval.

e if D, D > 0 we find the desired behavior Ay ~ —k?.
e if D <0, D >0 we are in the case D — D > 0 therefore A\_ ~ —k? but A\, ~ +k2.
e if D >0, D <0 we are in the case D — D < 0 therefore, again, A\_ ~ —k? and A\ ~ +k2.

Then, the only case of interest to us is represented by D, D > 0, and we can restrict our analysis to
this case.
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Chapter 3. Spatially-extended MacArthur’s model

Instability: case D, D >0

Let us consider the case of interest D, D > 0, for which A+ follows the desired trend ~ —k? for k > 1.
For such signs of D, D :

g <0 = g>0Vk
The behavior of h(k?), instead, depends also on the values of f,, fe, gn, ge
ho >0
h1 = D fn + Dg.
Therefore Eq. (3.25) implies that:
Df,+ Dg. <0

Re[A ;] >0 <« (Dfn + Dg.)* — 4DD det(J) > 0 (3.29)
ko <k <ky

in which case instability is allowed in the limited range [k_, k4] (3.27).

3.4.1 Specification to the MacArthur reaction dynamics
Let us discuss this result in the case of the reaction dynamics of the MacArthur model. In such case:

det(J) = dA > 0
I (fn fc> _ < 0 A ) N (7) ~ Y With A defined in (3.13)
9n Jc —-d -A tr(“]]) =-A<0

and the conditions on stability are automatically met. Substituting the given expressions into (3.26):

gk =k*(D+ D)+ A
h(k*) = k*DD + k*DA + dA
Recalling that the instability occurs in a limited interval < D, D > 0, it is immediate to realise that

both functions are always positive, therefore instability to spatial perturbations cannot occur.
From another perspective, if one considers:

e D<0,D>0=D—D>0and (3.28) yields Ay ~ +k?;
e D>0,D<0=D-D <0 and (3.28) gives the same trend Ay ~ +k?;
e D<0,D <0 andin both cases D — D < 0 (3.28) yields Ay ~ +k2.
thus instability is allowed, in some cases, but it is not constrained to a limited interval in the wavenum-

bers, consistently with the results of Section 3.2.

In conclusion, the desired instability behavior is not encountered by using the MacArthur reaction dy-
namics and adding diffusion to both the species and the resource, neither by allowing both coefficients
to become negative. In order to solve the problem, a more effective modification of the diffusion-like
terms will be introduced in the next section.
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3.5. Adding stabilizing terms to the MacArthur’s model

3.5 Adding stabilizing terms to the MacArthur’s model

In this section, the effects of adding other stabilizing terms to the dynamical equations presented in
Section 3.2 are analysed. Two modifications are made: one affecting once more the dispersal behavior,
and the other consisting in an additional density-dependent inhibition term.

3.5.1 The Janzen-Connell effect

The latter approach can be interpreted as resulting from the presence of host-specific pathogens in the
ecosystem, inducing the Janzen-Connell effect. This mechanism is held responsible for the maintenance
of high diversity levels in the tree communities of tropical forests, thanks to a negative feedback
mechanism supported by host-specific pathogens, that prevent seedlings from growing in proximity of
parent trees, thus diminishing the local crowding within each species. This effect acts as a regulator
which favors species coexistence. Let us briefly sketch how to incorporate the Janzen-Connell effect
into MacArthur’s model [18]. The starting point consists in writing three sets of differential equations,
describing the coupled evolution of the populations of species, resources and pathogens, the latter being
indicated by p and labeled by the index a:

NR Np
g = Ny <Z i 11i(C;) — 00 — ZAgapa) oc=1,...,Ng
i=1 a=1
Ng
éizsi_znoaaiﬂi(cz‘) i=1,..,Ng
o=1
Ng
Po =Pa Y _ Basho — kaps a=1,..,Np
\ o=1

where Np = Ng and the matrices A,q, By must be diagonal for the parasites to be host-specific.
The presence of pathogens counteracts the growth of species, as visible from the negative sign of the
species-pathogen interaction in the first set of equations. This interaction is encoded in the positive
degradation matrix A,,. The pathogens, on the other hand, benefit from the host population, as visible
from the last set of equations, in which pathogens grow proportionally to the species population, with
growth rates encoded by the benefit matrix B,,. Finally, the last term in the pathogen equations
serves as a limit to their population growth, 1/k, defining the carrying capacity of pathogen species a.
The above system can be greatly simplified by exploiting a separation of scales: indeed, the pathogens
naturally have a much faster growth scale with respect to the ones of species and resources, and thus
reach stationary much sooner. This allows to write:

Ns
DPa Z Byong — kapg =0
o=1

and extract the stationary solution for the pathogen population. One can prove that, by substituting
it in the full evolution equations, the following effective model is obtained:

. Ng Ns /Np AyuBoy
Ng = Ng Zaaiﬂi(ci)_éa_z ZT np oc=1,..,Ng

i=1 P a=1
Ng
¢ = 8; — § No Qi 4i(Ci) i=1,..,Ng
o=1
Np AaaBa,p

and by renaming €, = ) "} =2, one finds:
- a

Ngr Ng
Ng = Ng [Z Qgj Mi(ci) — 05 — Zeapnp] o=1,..,Ng

=1 p
Nsg
éiZSi—Znaam’m(Ci) i=1,...,Ng

o=1
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Chapter 3. Spatially-extended MacArthur’s model

which is the classical MacArthur model with the addition of a negative-signed quadratic term in the
species populations, that has the effect of limiting their growth.

Notice also that, since the benefit and degradation matrices are assumed to be diagonal, €, is diagonal
as well.

3.5.2 Stabilizing squared laplacian term

The second modification which will be introduced follows the same line of reasoning proposed in Sec-
tion 3.4, i.e. the idea that the introduction of a quartic order term into the function A (3.26) could lead
to a finite instability interval. This can be achieved by directly inserting a squared laplacian term in
the dynamical equations, that clearly leads to the appearance of a k* term when Fourier decomposing
the perturbation.

Finally, an overcrowding diffusion term for the resource population is also included, allowing for a
greater generality of analysis. It is indeed reasonable to expect that this term, coupled with the
squared laplacian one, will further introduce higher powers of k£ into the function h.

Since the system to be studied depends now on a large number of parameters, the analysis will
be carried out by switching them off progressively, aiming to determine the minimal set of parameters
that admit the wanted result.

3.5.3 Linear stability analysis

Limiting our analysis to the simple case of one species and one resource, the the modified MacArthur’s
dynamical equations read:

(3.30)

n = (ac—d —en)n + 0, [(Dy — D1n) dyn] — BIin
¢=s—acn+ Do c

where d > 0 is the death rate, a > 0 is the growth rate, s > 0 is the resource supply rate and € > 0 is
the coefficient of the n? term related to pathogens. As for the diffusion coefficients, we have Dy > 0
simple diffusion coefficient and D; > 0 overcrowding coefficient for species, while D > 0 accounts for
the the simple diffusion of resources.

Notice that we have restricted the growth rate function p(c) to be a linear function of ¢, to simplify
the calculations:

ule) =ac, witha >0

indeed, as clearly evident from the previous analyses, the form of y does not affect the nature of the
instability, as long as it is monotonically increasing in c.

Uniform equilibrium

The equilibrium of the system is (n., ¢i) such that:

1y =0 €70 e=0

=0 7—d+vd2+468 .

5 . & M= % v T S/Ci (3.31)
Ny =

ax 0 s 1 + Vd? + 4es Cx = 277 =d/a
Cyx = Cp = —— = ———— *

v Q My 2c

Stability under uniform perturbation

Substituting the uniform perturbation (3.10) into Eq. (3.30) yields:

Ao =J5 with J= (‘”*6 e ) = (_”*6 e ) (3.32)

—Cel  —Ny —S/ny  —na
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3.5. Adding stabilizing terms to the MacArthur’s model

Solving in A:

1
det (J — AXI) = M4, (eta)\ta(s+en?) =0 e Ay = 5 [—n*(a +€) £ v/n2(a+e)? —dals + enz)}

Being n.(a + €) > 0, A_ is clearly negative, while a(s + en?) > 0 implies that A, is negative as well.
Therefore the uniform equilibrium is stable for all values of the parameters: in particular, I stress that
€ = 0 does not break the stability.

Non-uniform perturbation

Substituting the non-uniform perturbation (3.12) into the system in Eq. (3.30), we linearise the diffu-
sion terms as follows:

Dx[(Do — Dn) dyn] — B = 0,[(Dy — Din. — D16n) 8,6n) — BIEén ~ (Dy — Dyn,) 826n — B 2én
— —k*(Dy — Dyn,) én — k*Bén
Dd?c=Dd*5c — —k*Déc
where the arrows indicate the transition into Fourier space. Thus Eq. (3.30) becomes:

Ao = (J—k’D—k*Dy) 6 with Dy = (Do —ODm* 1%) . Dy = <§ 8) , and J defined in (3.32)

(3.33)

Solving in A:

det (J =D — AI) = A2+ g(BD)A+h(k2) =0 & Ay = % [—g(k2) + /2 (k) — 4h(k2)} (3.34)

Where I adopted the same notation as in Section 3.4 for the coefficient functions of the characteristic
polynomial:

g(k*) = Bk* + (D + D) k* + nu(a +¢)
- _ _ (3.35)
h(k*) = BDKS + (afBn. + DD) k* + n.(aD + eD) k* + a(s + en?)

and I defined for shortness D = Dy — Din..

3.5.4 Instability

To perform the linear instability analysis, as usual, we need to study the sign of the functions g(k?)
and h(k?) according to Eq. (3.25).

Study of g(k?)

g(k?) is a quadratic function of k%: g(k?) = gok* + g1k + go, with

® g2=08>0
e gy=D+Dcanbe 20
e go=oa(s+en?)>0

Then if g1 > 0 = ¢g>0Vk
<0
if 49 = g>0Vk
min(g) > 0
£ g1 <0 N g>0fork<k_andk >kt
i
min(g) <0 g<O0fork_ <k<ky

Where k%, k2 are the positive roots of g(k?)
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Chapter 3.

Spatially-extended MacArthur’s model

""-{f (k)1

Y // |

FIG. 3.5. Visual sketch of the possible behaviors of the function g(k?).

Study of h(k?)

h(k?) is a cubic function of k?: h(k?) = h3k® + hok* + h1k? + hg, with

e h3=p3D>0 B
e ho =afn,+ DD can be 2 0
e hy =n.(aD +eD) can be = 0
e ho=a(s+en?) >0
. h1 >0
Then if = h>0VEk
ho >0
hi1 <0V hy <0
it {7 X h > 0Vk
min(h) > 0

hi1 <0V hy <O
min(h) <0

h >0 for k <k_ and k > k4
h<0fork_ <k<ky

|

Where Ei,%i are the positive roots of h(k?)

Then the general instability conditions follow from Eq. (3.25):
91 <0
g1 <0 )
0 gl>0\/{ .()>0\/ min(g) <0
min
e =0 9= , g k<hk Vk>hy
> = < V
Al min(g) hi <0V hy <0
k- <k <kyt )
min(h) <0
k- <k<k
' " (3.36)
g1 <0
min(g) <0
k_ <k <kst

Re[d_| >0 <«
el hi <0V hy <0

min(h) <0
E<k_Vk>k

hi1 >0
ho >0

hi1 <0Vhy <O
min(h) > 0

e

Let us try to understand the behavior of the model in simplified cases, by switching off some parameters
of the system.
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3.5. Adding stabilizing terms to the MacArthur’s model

Case D; =0
Dy =0= D = Dy > 0, therefore:

g(k?) = BE* + Do k* + nu(a +€)
h(k?) = BD K + (aBny + DoD) k* + n.(aDy + eD) k* + a(s + en?)

Then all coefficients g2, g1, go, hs, ho, h1, hg are positive = ¢, h > 0Vk and consequently there is no
instability (Fig. 3.6). This also allows us to observe that D = Dy — Din, < 0 is a necessary condition
for instability, while the specific value of Dj alone does not seem to be very influential.

D =Dy—Din, >0 = no spatial instability. (3.37)
gik?) hik?) heth)
s 1250 ,
00 1040 2
= =0 .
] =]
-6
= 250 — R[]
=81 —— Re[A-]
65 W 15 0 B b5 W 15 W B a0
1.7 17 o 1 2 3 4 E
K K K

FIG. 3.6. Plots of h, g and Re[\] for parameter values D; =0, Dy = 0.2, 3= 0.2, D = 0.4, a = 0.3, € = 0.6,
d = 0.4, s =0.5. In this case g; = 0.6, hy = 0.12, hy = 0.19, therefore h(k?) and g(k?) have no minimum in the
domain k2 > 0.

Case =0

When 8 = 0 we fall back to the case studied in Section 3.4, with J given by (3.32) = f,, g. < 0.
We immediately conclude, from (3.29), that instability is never allowed in a limited wavenumber range
in this case.

Case e =0

In this case the uniform equilibrium solution takes the simplest form
n. = s/d
and the functions (3.35) become:

g(k*) = Bk*+ (D + D) k* + as/d
h(k?) = BDK® + (aBs/d + DD) k* + aDs/dk* + as

Having clarified that D must necessarily be < 0, the signs of the coefficients are the following:

e go > 0,91 20and gy > 0;
0h3>0,h220,h1<0andh0>0.
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Chapter 3. Spatially-extended MacArthur’s model

Therefore:
<0
g1 <0 g1.
g1 <0 g1 >0V V < min(g) <0
min(g) >0
Re[Ay] >0 < min(g) <0 V k<k_Vk>ky
k- <k<ky min(h) < 0
ko <k <kst
(3.38)
(91 <0
min(g) <0
ReA]>0 o dk <k<ki

min(h) < 0

min(h) >0V {

Some examples are plotted in the figures below.

k<k_Vk>k

In conclusion, instability is allowed with ¢ = 0, for suitable choices of the other system parameters.

Az(k)
1 - -
glk?) h(k?) /-\
4 .
7 0 -
15 : : \
3 104 : ! |
i i a
. 054 | : i
0.0 { :
: i -2 o m—Re[d:]
1 -05 :\\\\‘\h__///( — Re[A-]
, : : r , - h=0
2 3 1 2 3 4 -3 A=0
K2 K2 : - -
05 10 15 20
K
Azik)

—4

]

-3

— R[4 ]
m— RelA-]

[L14]

L5

10

15 20 25 30
K

FIG. 3.7. Plots of h, g and Re[A1] for parameter values e =0, D; = 0.7, Dy = 0.2 (= D = —0.675), 8 = 0.2,

D=08, a=03,d=04, s=0.5.
In this case g; = 0.12, hy = —0.46, h; = —0.25, therefore g(k?) has no minimum in the domain k2 > 0, while

min(h) = —0.95 in k% = 2.18 and h(k?) has two roots Ei, Ei in the domain k? > 0.
As expected, instability occurs in the range k_ < k < k., where Re[\ ;] > 0.
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A=(k)
g(k2) hik?)

5 6

F. |

3 1

2 2

1

D_IS l_lo 1_I5 2_IG 2_I5 D_IS 1_|0 1_|5 2;0 2_I5
K K

FIG. 3.8. Plots of h, g and Re[A1] for parameter values e = 0, D; = 0.7, Dy = 0.2 (= D = —0.675), 8 = 0.8,
D=06,a=0.3d=04,s=0.5.

In this case g; = —0.08, hy = —0.11, hy = —0.25, therefore min(g) = 0.37 in k? = 0.05 and min(h) = 0.06 in
k? = 0.49: the two functions have no roots in the domain k2 > 0.

No instability is found, consistently with (3.38).

gik?) k2]
100 { i
20 i
=
20
50 9.
o =1
o 2 4 d E o 2 4 B &
i kE

[ER1] 5 10 15 20 25 20
k

FIG. 3.9. Plots of h, g and Re[A1] for parameter values e =0, D; = 0.7, Dy = 0.2 (= D = —0.675), 8 = 0.8,
D=0.2a=0.3d=0.1,s=0.5.

In this case g1 = —3, ha = 0.54, hy = —5, therefore min(g) = —1.5 in k% = 1.9 and min(h) = —6.4 in k* = 2.28.
Therefore, consistently with (3.38), instability occurs for A, in the range k_ < k < k., since Ei <k? < ki <
—2

k.
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Chapter 3. Spatially-extended MacArthur’s model

Casee=0and D=0

Let us try to simplify even more the analysis by putting D to zero as well. In this case (3.35) becomes:

g(k*) = Bk*+ DE* + as/d

3.39
h(k?) = afs/dk* + aDs/dk? + as (3.39)

Both functions are quadratic functions of k? with coefficients ¢s, ha > 0, g1, h1 < 0, go, hg > 0
(assuming D < 0). Therefore their roots are always positive, when they exist. They can be studied

easily:
D? 1
if min(g)z%—ﬂ <0 —  Jroots of ¢: ki:% (—Di D2—4aﬁs/d) >0
. as D? 9 1
if mln(h):F d—ﬁ <0 — droots of h: k‘i:%<—D:|:\/D2—4ﬁd>>O
and both g and h have the minimum in k:fm-n = —%.

Moreover, the ordering of the roots depends on the values of parameters «, s and d:

fd>" - B>F adi <F o k<k <k<k
ifd<% — <k and 2>k = o<k <k <ky

The instability conditions (3.38) become:

( 04$<D2
—>—V< d 443

2 d 4
os  ” o<k vk,
Re[Ay] >0 <« d 48 Vv D2
k- <k<k d< ——
+ < 15
ko <k <ky
EPE
d = 4B
k- <k<k
Rep_]>0 & S
D? d< —
d> 7 Y% 43
L k<k_Vk>ky
parameters instability instability range
a as 5 D2 n g > D2 no
. d 43 13
2 — —
b. d<f—;<%vg<%<f—ﬁ Re[\y] ko <k <y
c. & < <d Re[\y], Re[\_] ko <k<ky
d. o od< Re[\,] ko <k <k
Re[\_] ko <k<k_, ky<k<ky

TAB. 3.1. Instability conditions for e = 0, D = 0.
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3.5. Adding stabilizing terms to the MacArthur’s model

Let us study the different cases.

if

if

if

if

g, h > 0Vk = NO INSTABILITY

Re[A;] > 0in the range k_ < k < k.

Re[A4], Re[A_] > 0 in the range k_ < k < k4

Re[)\+]>0<:>k<k<k+v{

Re[A_] >0 & {

k<k_ Vk>ky
ko <k<ky
k_ <k <kyt

kE<k_Vk>k,

Thenif d> o: Re[Ay]>0 & k_ <k <k

d
Re]\_]>0 & k- <k <k_Vki<k<ky
@, Re]M\i] >0 & k- <k <ky

if d
1 <d

The results are summarized in Tab. 3.1 and some examples are plotted for each possible case.

We remark that the obtained instabilities can be classified as stationary linear instabilities of type 1
(labeled Iy instabilities) in the cases b. and d. of Tab. 3.1, with the exception of case c.. In the latter
case, the instability is still of type I, however the eigenvalues are not real in proximity of k., as visible
from Fig. 3.13, therefore the instability is oscillatory in time (I,).

15

10

5

é

5

L4

3

2

R e S —

Aslk)

-0.25
-0.50
-0.75
-1.00
=125

-1.50

—Red:]
— RelA-]

=175

[ELTH 75 190 125 154 175 208
k

FIG. 3.10. Plots of h, g and Re[\+] for parameter values e = 0, D = 0, D; = 0.7, Dy = 0.2 (= D = —0.24),
6=03,a=03,d=0.8,s=0.5.
In this case min(g) = 0.14 and min(h) = 0.14, indeed g and h are positive V k2.

d=08> % =0.19 > f—; = 0.05 therefore we are in case a. of Tab. 3.1: as expected, there is no instability.
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gik?)

k)

-0.5

—Re[A]
— RefA-]
- =0

A=0

—2.0

©0 o5 30 EL

FIG. 3.11. Plots of h, g and Re[\4] for parameter values ¢ = 0, D = 0, D; = 0.6, Do = 0.2 (= D
B=0.1,a=04d=03,s=0.5

In this case min(g) = —0.93 and min(h) = —0.86, indeed both functions have two zeros in the domain k% > 0.
d=03< % =0.67< f—; = 1.6 therefore we are in case b. of Tab. 3.1.

As expected, instability occurs for Re[A,] in the range k_ < k < k.

~0.8),

fik2)

o i i \

@5 10 15

k

FIG. 3.12. Plots of h, g and Re[\+] for parameter values e = 0, D = 0, D; = 0.7, Dy = 0.2 (= D = —0.97),
B8=04,a=0.6,d=0.3,s=0.5.

In this case min(g) = 0.4 and min(h) = —0.3, indeed only h has zeros in the domain k% > 0.

d=03< f—; = 0.6 < % =1 therefore we are in case b. of Tab. 3.1.

Instability occurs for Re[\;] in the range k_ < k < k.
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FIG. 3.13. Plots of h, g and Re[\+] for parameter values ¢ = 0, D = 0, D; = 0.9, Dy = 0.2 (= D = —0.36),
B8=0.1,a=04,d=0.8, s=0.5. In this case min(g) = —0.08 and min(h) = 0.12, indeed only g has zeros in
the domain k2 > 0. < =025< f—; = 0.33 < d = 0.8 therefore we are in case c. of Tab. 3.1.

As expected, instability occurs for Re[A;] = Re[A_] in the range k_ < k < k4: this means that both eigenvalues
have non-vanishing imaginary part for all wavenumbers k belonging to such interval, therefore the instability is
oscillatory in time.

gik?) hik?)
151! ? I '
10 B3
: . b2

0.5

FIG. 3.14. Plots of h, g and Re[\] for parameter values e = 0, D =0, D; = 0.7, Dg = 0.2 (= D = —0.675),
8=02 a=02,d=04, s =05 In this case min(g) = —0.32 and min(h) = —0.04, indeed both functions
have two zeros in the domain k2 > 0. L =025<d=04< 14%5 = 0.57 therefore we are in case d. of Tab. 3.1.
Instability occurs for Re[Ay] in the range k_ < k < ky and for A\_ in the ranges k- <k <k_, ky <k < k.
Even though the eigenvalues have non-vanishing imaginary part in the disjoints intervals [k_, k_] and [k, k],
they are both real in the central interval containing k.: therefore A (k.) is real and the instability is stationary
in time.
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Case D =0

In the case D = 0 and € # 0, (3.35) becomes:

g(k*) = BE* + DE* + n.(a +¢)
h(k?) = afn, k* + n.aD k* + a(s + en?)

where we must consider now the equilibrium value:

—d + Vd? + 4es
Ty =
2¢

The signs of coefficients do not change with respect to Section 3.5.4 (having assumed D < 0).
The minima of g and h are:

2
min(g) = (o + €)n, — fﬁ
D?*an,
min(h) = als + e(n,)?) — 4(;)”
and both are found in k2, = —%.

if min(g) <0 —  droots of g: k (—D + /D2 — 48n, (o + e)) >0

if min(h) <0 — I roots of h: ki (—D + /D? — 45 (en, + S/Tl*)> >0

"~ 28

Therefore the behavior of the system does not qualitatively change if we switch on the ¢ parameter,
the major difference being the change in the equilibrium value.

The instability conditions of Eq. (3.25) read:

D2
D2 (OK +€)n* < —
) (o + €)ny > ] Vv 4p
+ )Ny < — k2 < k2 VE? > K2
Repry]>0 o J@TIm<ig , *
k2 < k* < k2 (S/n*+€n*)>ﬁ
k2 < k? < k3
) (3.40)
(v +€e)n, < 13
k2 <k < k2

Re[A_] >0 <« )

48
k> < k2VE?> kS

D? (s/ns +€eny) <

(s/ny + eny) > 7

An example is plotted in Fig. 3.15.
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3.5. Adding stabilizing terms to the MacArthur’s model
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FIG. 3.15. Plot of Re[AL] for parameter values D = 0, D; = 0.9, Dy = 0.2 (= D = —-1.2), 8 =0.2, « = 0.4,
€=02,d=02, s =08 In this case min(g) = —0.88 and min(h) = —0.62, indeed both functions have two
zeros in the domain k% > 0. Instability is found for Re[\;] in the range k_ < k < k.
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FIG. 3.16. Left, center :Plots of and g and h relative to the parameter values reported in Fig. 3.15. Right: zoom
of Fig. 3.15 around k_.

3.5.5 Expansion for k > 1

A=g®—4h =k +2k°B(D — D) + k* [(D — D)* — 2B(fn — gc)] — 2k°(D — D)(fn — ge) + (fn — 9c)* + 4gn fo =
1 2 _

= kB [1 + %(D = D)+ g5 (D= D)* = 28(fn = 90)) = 1555 (D = D) = ge) + k%ﬁg ((Fn = 9e)” +4gnfe)

VE K8 [14 50 - D)= 15— 00— (0= D) — 00 +0 ()| -

=k'B+ k(D — D)~ (fo—ge) + O (;712)

At ~ % [k*8(-1 £ 1)+ k* (—=(D+ D) £ (D — D)) + fo + ge = (9 — fa)] + O <1>

k2
Therefore:
o 2 1
1
A~ —k*B—DK*+ f, +0O <k2)

We notice that the introduction of the —3 d2n term has succesfully stabilized the system, ensuring
that the instability, when allowed, occurs for a limited range of wavenumbers.
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Chapter 3. Spatially-extended MacArthur’s model

In conclusion, the desired instability behavior is obtained through the spatial extension of MacArthur’s
model here proposed: the minimal additional parameters required in order to observe a type I insta-
bility starting from the MacArthur’s one species and one resource dynamics are 3, relative to the
stabilizing squared laplacian term, and the overcrowding diffusion coefficient D;.

The other dispersal parameters D and Dy, accounting for the simple diffusion of consumer and re-
source, as well as the parameter € related to the Janzen-Connel effect, are instead superfluous.

Dy, in particular, influences the stability of the system only through the combination D = Dg+n* D1,
which is required to be negative for spatial instability to be allowed.

The instability conditions valid for the above mentioned minimal set of parameters are summarized
in Tab. 3.1: specifically, a stationary instability appears in the cases classified as b. and d., while the
instability is oscillatory in time in the case c..

3.6 Non-local MacArthur’s model

Up to now we have assumed that resource utilization by a consumer occurs only at the exact point in
which the consumer is located. If we relax this assumption, we can model non-local consumption of
resources as follows:
400
ac(r,t)  — Pz —y) ey, t)dy = (cx ¢) (x,1) (3.41)

—00

where ¢(z — y) is the kernel function, and (¢ * ¢) (z,t) is the convolution of the resource population
field with the kernel. In this case, ¢(x — y) it is a bell-shaped distribution function in the variable y,
peaked in y = x. The hypotheses on such function are the following:

e ¢: R — RT the distribution function is a real, non negative function;
e ¢(x) = ¢(—=x) the distribution function is even;

It is immediate to observe that by setting ¢(z — y) — ad(x — y) the local model is recovered.

oz —y)

FIG. 3.17. Example of a resource utilization distribution.

The equations for this model are obtained by substituting (3.41) into the MacArthur equations studied
in Section 3.5, without the squared laplacian term (8 = 0) :

{h(;p, t) =[(cx o) (x,t) —d —en(z,t)n(z,t) + 05 [( Do — D1 n(z, 1)) Opn(x,1)] (3.42)

é(x,t) = s —n(xz,t) (cx @) (x,t) + D 02c(x, t)
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3.6. Non-local MacArthur’s model

Uniform equilibrium

The uniform equilibrium of the system is (ng, cp) such that:

(cox @) (z,t) —d—€eng =0
s —mng (cox @) (z,t) =0

“+00 “+00 —+00

with: (co * @) (z,t) = /

—0o0

¢<x—y>cody=co/

—00 —

(3.43)

where a change of variables is performed in the second step, and then the parity of ¢ is exploited.

Being ¢(z) > 0Vz, ¢(k = 0) is a positive constant. Therefore:

c0d(0) —d—eng=0
s —mnpcod(0) =0

which yields the same solutions of (3.31) with the substitution o — ¢(0) :

€e#0
—d + V& + des e=0
Mo = % v<{ng=s/d
o 5 _dEVdtides Lo =d/g(0)
no ¢(0) 2¢(0)

Stability under uniform perturbation
Substituting an uniform perturbation of the form (3.10) into Eq. (3.42) yields:

{5}1@) = (no + dn(t)) [((co + 6¢) x ) — d — € (ng + dn)]
de(t) = s — (ng + dn(t)) ((co + dc) * ¢)

where:

+00 +o0 ~
y = (co + dc) ¢(z) dz = (co + dc) ¢(0)

— 00

The eigenvalues are:

o (5(0) +€) £ y/nd (5(0) + 6)2 — 44(0) (s+ end)
2

Ay =

Being all the MacArthur parameters positive by definition, and 5(0) >0:

if the eigenvalues are complex: Re[A+] = —ng(¢(0) +¢€)/2 <0
if they are real: A_ = [—ng(¢(0) +¢€) — VA]/2 <0,
Ay = [~n0(6(0) + €) + VA]/2 < 0, being VA < ng(¢(0) +€).

Thus the uniform equilibrium is always stable.
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Chapter 3. Spatially-extended MacArthur’s model

Non-uniform perturbation

Substituting a spatially dependent perturbation with the form (3.12) into Eq. (3.42):
on = (ng +0n) [(c* @) —d — e (ng + on)] + 8, [(Do — D1(ng + on)) 8,6n]
bc =5 — (ng +on) (c* ¢) + D 82dc

M+ikx

the convolution becomes, by substituting c(x,t) = ¢+ de and changing the integration variable:

(cx0) 9) = [ 6w 1) leo+ delst)] dy = o 3(0) + 3205 [ g™ dz = e 3(0) + 6 3(8)
Then, at linear order:
Adn = —eng on + ng (k) bc — k*D on
{)\ Sc = —co d(k) dn — ng d(k) 6c — kD b¢
where I defined D := Dy — Ding. The eigenvalues can be determined by solving:
A =(I-KD)S  with D= (D 9) , and J = ( “roe mog(k) )
0 D —s/no —ng p(k)

—g++/g? — 4h
A= IEVI (3.44)

with:  g(k) = (D + D) k* + noe + no o(k)
h(k) = DD k* + noeD k* + $(k) (noD k* + s + end)

[\

Properties of ¢(k)

The hypothesis that ¢(x) is an even function ensures that 5 is a real and even function of k:

~ +00 ) +oo ] 0 )
¢(k) = - (1‘) ezkac dr = /O ¢(SL‘) ezkEC dx + /_OO d)(l') ezkac dz —
o +oo +o0
= " (z) e da + / P(x) e " dx = / o(x) (eikx + e_i’m) dr =
0 0 0
=2 (x) cos(kx)dx
0

= (k) €R, ¢(k) = ¢(—k)
3.6.1 Hypotheses on the Fourier transform of the kernel

Having analysed the linear stability of the model as a function of a generic kernel ¢(x) in B, we can
now make some hypothesis on its form and see if it leads to the desired results.

The easiest case is represented by a Gaussian kernel function:
2 . 2 k‘2 2 ]{22
o(x) = aexp (—;‘2> —  ¢(k) = aoexp (—02) = ¢p exp (—02> >0VEk
and the study of the sign of Re[Ay (k)] in terms of its Fourier transform is reported in ?7. Let’s recall
the results of the linear instability analysis in this case.

Since ¢(k) > 0¥k, when D > 0 the functions g(k), h(k) > 0V k, and instability is never allowed.
If D < 0, instead, considering for simplicity the case ¢ = 0, D = 0 we obtain (B.7) :

— ok)>—-Ak) o D, [ sD
o(k) < —A(k) v {k>k here A(K) = - =I?, b= 4=

and instability is found V& > k, as plotted in figure Fig. 3.18. As already discussed in the previous
sections, this is not a desired behavior.
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3.6. Non-local MacArthur’s model
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FIG. 3.18. The Fourier transform of the kernel function is positive V k.

An attempt to cure this problem could be to select a slightly modified kernel function, having at least
one zero, in such a way that ¢(k) < 0 for some k and still ¢(k) — 0 like an exponential for k — oo, so
that the expansion (B.12) still holds. Then, instability would be allowed for some k even when D > 0,
and in such case from (B.12) we would expect the eigenvalues to be negative for large wavenumber
values.

For example, if we considered a kernel function whose Fourier transform has the shape plotted in
Fig. 3.19, we would find instability for D > 0 in an interval k1 < k < ko.

In case ¢(k) had more than one zero, the behavior could be more complicated and more than one
instability interval could be found for the wavenumber & (Fig. 3.20).
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FIG. 3.19. The Fourier transform of the kernel function has one zero.

A=ik)

vie 04

—0.05 " _—--‘ U \

— Ak -0.2 — Re[A]
—010 -BIC (k) RelA-]
— TFgllk)

-015
=020

—025

=030
[

FIG. 3.20. The Fourier transform of the kernel function has two zeros.
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Chapter 4

Numerical integration and results

In this chapter, I will describe the code developed for the numerical integration of the system (Section
4.1) and I will present the result that I have obtained by integrating the SH equation (Section 4.2)
and the spatial extension of the MacArthur model provided in Section 3.5 (Section 4.3).

4.1 Numerical implementation

The first aspect that must be taken into account when numerically implementing the integration of a
PDE concerns the discretization of the spatial domain. The one-dimensional spatially infinite domain
is approximated by a lattice of IV, discrete sites, each spaced by a distance dx, with periodic boundary
conditions. The total length of the domain is therefore:

L=N,- dx

which must be large enough for such approximation to hold. This has important consequences on the
allowed wavenumbers k: in case of infinite domain they take continuous values, but if the domain is
finite, only a limited number of modes is allowed, which are the modes resonating in L:
27
kn = T n n= 1,2,...00

Therefore, the unstable wavenumber band determined by the linear stability analysis in Section 3.5
turns into a finite set of allowed wavenumbers, represented by the discrete k, that fall into the
instability interval:

ko k] = kL€ koky] V=1,

In particular, we expect that the dominating mode will be the one whose k,, is closer to the continuous
wavenumber at which Ay is maximum. Recalling the notation adopted in Chapter 2, Re[Ay(k)] is
maximum at k = k.: then, the dominating discrete mode will be the k. closest to k., which we label
simply as k.

The fact that the domain has finite length L has also the consequence that, clearly, the smallest
visible wavenumber is Ky, = 27/ L.

In the numerical implementation there is, however, another aspect that must be taken into account,
due to the discretization of space. If the resolution in space is determined by dx, then there is an upper
limit on the visible wavenumber too, given by kjae = 3—7;. Therefore, when numerically integrating
a system with a given set of parameters determining the instability range, one must be particularly
careful to set N, and dz in such a way that the unstable wavevectors ky, , k7, ...k;,,, fall well within
the visibility interval of the discretized domain:

kmin < kpys knys ok, < Kmaz

nm
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4.1. Numerical implementation

otherwise the emerging pattern would not be discernible.

In order for the outcoming pattern to be comparable with the analytical predictions, one must set the
system parameters in such a way that the system is only weakly unstable to the spatially-dependent
perturbations: this step is performed by plotting the shape of the real part of the eigenvalues and by
checking that the maximum of the larger eigenvalues does not exceed values of ~,le — 6, le — 5.
Moreover, we place ourselves in the case in which there is only one allowed unstable wavenumber
falling into the instability interval [k_, k4], in such a way that we remove any ambiguity in the ex-
pected periodicity of the pattern, and the dynamics of the system is predictably simpler.

The time evolution of the system is obtained by means of a simple integration scheme. Given the
initial condition, which must respect the boundary condition, the values of each population at each site
in the lattice are recorded into an array, which is evolved according to the forward-time centered-space
Euler method. N; steps of integration of size dt are performed, leading to a total integration time of:

T =N, -dt

which is chosen in such a way that 7' > 7, where 7 = 1/Re[A(k})] is the typical timescale of the
instability.

To check the evolution of the system through time in a way that is not too computationally demand-
ing, another variable N, is introduced, representing the number of integration steps after which the
state of the system is saved and is made available for later plotting.

At each integration cycle, the periodic boundary conditions are enforced by attaching virtual copies of
the boundary sites to the population arrays. The spatial derivatives are then evaluated according to
the central finite difference method, and the time evolution of the system is predicted. If the integrated
model requires it', a further check on the positivity of the populations is performed at each cycle: in
case a population becomes negative at some point in space, the negative value is set to zero to prevent
from potential numerical problems that could arise if a population accidentally becomes negative at
some point in space.

Indicating with u(z,t) the population field?, the integration has been tested by starting from the
following initial conditions:

a) homogeneous equilibrium solution u(z,t = 0) = u*; in this case the system is expected to remain
in the initial state.

b) generic homogeneous state u(x,t = 0) = u, different from the equilibrium solution «*; in this
case the system is expected to uniformly reach the homogeneous equilibrium configuration u*.

c¢) random fluctuations around the equilibrium solution: u(x,t = 0) = u*+n(z) with n(z) Gaussian
noise and 7(x) < w*Vx; in this situation the system is expected to evolve towards a regular
pattern configuration if Re[\(k})] > 0 or to go back to the equilibrium solution if Re[A(k})] < 0.

d) spatially periodic oscillations around the equilibrium solution: u(z,t = 0) = u* + A cos(kx) with
A small compared to u*; in this situation the system is expected to evolve towards a regular
pattern configuration if Re[A(k})] > 0 and k = k;;, while it should return to the equilibrium
solution if Re[A(k})] < 0 or k # k.

e) asuperposition of cosine oscillations around the equilibrium value: u(z,t = 0) = u*+A )", cos(kx)
with A small compared to u*; in this situation the system is expected to select the unstable
modes, if they are present, and to evolve towards the homogeneous equilibrium solution other-
wise.

IThis step was always included in the integration of the spatial extension of the MacArthur’s model, which requires
positive populations, but not in the integration of the Swift-Hohenberg’s, which allows negative values of the field.

2For brevity of description, I have considered a single population field, but in the case of the MacArthur’s model all
above the considerations must be trivially extended to include the resource population field as well.
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Chapter 4. Numerical integration and results

4.2 Swift-Hohenberg equation

The integration of the Swift-Hohenberg equation is performed by testing several combinations of the
model parameters, spatial parameters and integration parameters, and starting from all the previously
mentioned initial conditions. All the results are consistent with the theoretical expectations, and the
system behavior is very robust with respect to the variation in the integration and spatial discretiza-
tion parameters.

To present the results, we fix the spatial parameters dr = 1 and N, = 250, the integration timestep
dt = 0.1, as well as the parameter k. = 0.2 of the SH model, which coincides with the wavenumber
at which the growth rate® of the spatially-dependent perturbation is maximum. We underline that k.
falls well inside the visibility interval determined by the numerical implementation:

kpin ~ 0.01 < k. < kpas ~ 1.57 (indeed dx =1 < 27 /k. < L)

We report below three cases, relative to three different instability scenarios obtained by varying the
control parameter r of the model (see (2.4)). The selected initial condition consists of random devia-
tions around the homogeneous state, which represents the most general spatially heterogeneous initial
condition, since it essentially contains all the possible perturbation modes.

Case 1: r < r., no unstable modes

In this case, being the eigenvalue A\(k) < 0V k, the system rapidly recovers from the perturbation by
settling down to the homogeneous equilibrium state.

Case 2: r > r., one unstable mode

In this scenario, the eigenvalue is positive in a very small interval, and only one discrete allowed
mode, k;_g ~ 0.201 = k*, falls into the instability band. Such wavenumber is very close to the one
corresponding to the maximum of A(k), max(\) = 5e — 05. The expected timescale of the instability
amounts to 7 ~ 1/A(k*) ~ 2e4, therefore the system is integrated up to a final time of T' = 5e5, which
is well beyond 7.
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FIG. 4.1. Plot of the eigenvalue A derived in the linear analysis of the SH model as a function of the
perturbation wavenumber k. The vertical lines correspond to the discrete wavenumbers allowed into the finite
domain of length L = 250. The only unstable mode is the one with wavenumber k* = 0.201.

By examining the spatial distributions collected along the temporal evolution of the system for a total
of 100 sample points, it can be deduced that the system reaches a stationary state around ¢ ~ 1eb: after
a short transient in which the random fluctuations are reshaped into an ordered sinusoidal pattern, the
amplitude of the distribution starts to grow, until it eventually reaches a steady state which remains
unchanged for all the rest of the integration time (Fig. 4.2).

3Tt is the A(k) derived in the linear stability analysis of the model, in Section 2.3.2.
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4.2. Swift-Hohenberg equation
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FIG. 4.2. Plot outlining the process of pattern formation in the SH model.
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FIG. 4.3. Plot displaying the final, stationary
distribution of the field wu(z,t): it clearly con-
sists of a spatially periodic pattern with definite
wavelength. The picture is taken at the integra-
tion time t = 1leb.

Case 3: r > r., multiple unstable modes
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FIG. 4.5. Plot of the eigenvalue A derived in
the linear analysis of the SH model as a function
of the perturbation wavenumber k. The vertical
lines correspond to the discrete wavenumbers al-
lowed into the finite domain of length L = 250.
There exist seven discrete modes falling in the
instability interval.

The one closest to the maximum is obviously again k
The timescale is set by A(k*) ~ le —3 — 7 ~ 1e3 and the system is integrated up to times 7" ~ 1eb.
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FIG. 4.4. Numerical Fourier transform of

the final distribution. Only one peak appears,
that coincides with the unstable wavenumber
k* = 0.201. The vertical colored lines represent
the discrete set of allowed wavenumbers.

In this case the control parameter value is » = 0.001 and there exists a finite set of unstable modes
falling into the instability interval:
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FIG. 4.6. Numerical Fourier transform of
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tially containing all the unstable modes visible
in Fig. 4.5 with the only slight modifications at
the boundary wavenumbers.



Chapter 4. Numerical integration and results

The stationary state is attained around ¢ ~ 1.5¢e4.

The final distribution is a regular pattern which does not differ by eye from Fig. 4.3, a part from
its reasonably larger amplitude. A comparison of the PSD spectra Fig. 4.4 and Fig. 4.6 actually shows
that the pattern obtained in this case is not truly monochromatic, since it essentially contains all the
unstable components visible in Fig. 4.5, However, the less unstable modes are suppressed with respect
to the dominating mode k£* = 0.201, consistently with the theoretical expectations.

4.3 Spatial MacArthur’s model

The integration of the spatially extended MacArthur’s model (Section 3.5) proves to be a more com-
plicated task. Indeed, the numerical evolution does not yield in this case the desired results, since
the increase in the unstable mode pattern’s amplitude, which is expected in the linear regime, never
actually ceases, and the growing abundances eventually produce a numerical overflow.

This behavior seems to be very robust, being completely unaffected by the modifications that will
be listed in the following, and occurring despite setting the spatial parameters, the integration param-
eters and the model’s parameters in such a way that all the approximations assumed in the theoretical
analysis are safely met. In particular, a very large spatial domain is adopted, and an extremely low
value for the max(Re[A1]) (3.34) is imposed, with the disadvantage of the integration time becoming
very long and the task very computationally demanding, but with the aim of setting the system very
close to the bifurcation point, where it is expected to be less unstable.

To test the system, the parameters of the model are set according to the conditions obtained in
Section 3.5: since the diffusion of the resources and the term related to pathogens are not necessary
for pattern initiation, the parameters D and € are initially set to zero for simplicity. Indeed, in such
case we have a clearer analytical picture on the allowed values for the other parameters®. In the chosen
configuration, the homogeneous equilibrium state is:

Neg = 5.00, Ceg = 0.17

The system domain length is L = dx - N, ~ 3142. The diffusion coefficients Dy, D1 and [ are set in
such a way that a single wavenumber mode falls into the region where Re[A, (k)] > O:

k:_1yr ~ 0.254 = k*
that is very close to the value at which Re[Ay(k*)] reaches its maximum value, which amounts to
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FIG. 4.7. Plot of the real part of the eigenvalue A, (derived in the linear analysis of the spatially extended
MacArthur’s model, Section 3.5) as a function of the perturbation wavenumber k. The vertical lines correspond
to the discrete wavenumbers allowed into the finite domain of length L. The only unstable mode is the one
with wavenumber k£* = 0.254. The eigenvalue \_ has negative real part V k with the chosen set of parameters.

4The precise values set for the parameters of the model in the above considered case are: o = 0.6, ¢ = 0, d = 0.1,

s=0.5,3=24.023, D=0, Dy =04, Dy =0.7 (= D ~ —3).
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4.3. Spatial MacArthur’s model

Re[Ay(k*)] ~ 9e — 6, yielding a typical time of 7 ~ le5. Lastly, we underline that the numerical
implementation allows to observe patterns with wavenumbers included in the range:

Emin = 0.001 < k < 1.500 = Kz

therefore the unstable mode is expected to be well visible.

The integration timestep is set to dt = 1le — 3, and the system is integrated up to times 1T = 5e5 > 7.
The integration always yields the theoretically wanted results in the cases in which the system is
expected to return to the homogeneous equilibrium state. However, it does not display the desired
behavior when starting in a configuration which should lead to pattern formation.

Indeed, despite providing the emergence of a spatially periodic pattern consisting in an oscillation
with wavenumber remarkably coincident with the one predicted by the theory, the amplitude of the
sinusoidal pattern in the species and resource abundances never ceases to grow, and the system has a
tendency to produce a divergence which leads to a numerical overflow.

Several tests have been carried out to clarify this behavior, and the simplest initial condition d)
(i.e. oscillations with wavenumber k* around the homogeneous equilibrium values) has been usually
adopted for a better readability. Therefore, we report here the results relative to the evolution of
the model by starting from such an initial state. By setting the previously specified parameters, the
system is observed to diverge between ¢ ~ 3.5e5 and ¢ ~ 3.6e5.

The plot relative to the distribution of abundances attained at t ~ 3.5e¢5, before overflow occurs, is
reported in Fig. 4.8.

distribution at t =350000.0 distribution at t=350000.0
4 8
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FIG. 4.8. Left: plot of the distributions of consumer and resource abundances around their uniform equi-
librium values, at integration time ¢ = 3.5e5. Divergence occurs soon after, at times t > 7 = 1/Re[A; (k*)].
Right: detail between x = 2300 and x = 2600, where the equilibrium values around which the abundances
oscillate have been rescaled to zero, for better visualization.
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FIG. 4.9. PSD of the spatial oscillations of abundances around their uniform equilibrium values, at integration
time ¢ = 3.5e5. The unstable modes are again highlighted by the colored vertical lines.
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Chapter 4. Numerical integration and results

The PSD extracted from such distribution clearly shows that the mode with & = k* is conserved in
the evolution of the system, and no other mode relevantly appears, a part from very low tails around
the dominant mode’s peak.

The system’s amplitude grows in a spatially-homogeneous way as the integration progresses. When
starting in a random initial condition c), instead, the amplitude initially assumes an uneven smooth
profile, which varies a little depending on the random initial state, and is progressively evened out
while the system evolves in time, as visible from Fig. 4.10. The PSD of the obtained distribution, for
large enough t, essentially contains only the leading mode k*, similarly to that obtained by starting
in the initial condition d). Likewise, the system diverges at integration times t 2 7.

t=150000 t=300000 t=450000 -1 90004
000100

FIG. 4.10. Evolution of the amplitude of the emerging pattern starting from an initial condition consisting of
random Gaussian fluctuations around the homogeneous equilibrium values. The amplitude tends to flatten out
and grow in magnitude as the integration progresses, until it eventually leads to a numerical overflow at times
t > 71 =1/Re[A(k*)].

4.3.1 Tests and trials

To solve the above presented issue, relative to the numerical divergence occurring at ¢ slightly larger
than the typical time 7, many strategies have been attempted. The main approaches are briefly
outlined below.

Changing the set of the model parameters

e More parameters of the model are switched on. In particular, the diffusion of the resources is
introduced by setting D > 0, hoping to smooth out the distribution. The same attempt is tried
with the parameter related to pathogens €. However, in none of the cases the behavior of the
system seems to change at all.

e The set of parameters is also varied in order to modify the position of the maximum of Re[A4],
i.e. the value of k. and consequently of k*, but this attempt does not lead to any solution.

e Another hypothesis that is explored is that such behavior has to do with the equilibrium value
Ceq being too close to zero with respect to me4, and that the pattern might be affected by the
constraint on the positivity of population abundances. However, even with equilibrium values
such as (Negq, Ceq) = (1.11,0.75), the divergences do not disappear.

e The spatial domain length is modified, but this does not affect the behavior of the system (a part
from obviously introducing a higher number of unstable modes, with fixed model parameters).

Changing the integration scheme and parameters

e The integration timestep is diminished; however, the time at which overflow occurs is not affected
by such modification at all, as long as dt remains smaller than le — 3.

e Other explicit integration schemes are implemented, such as the midpoint scheme and the 4-th
order Runge-Kutta method but, again, this does not influence the performance at all, and the
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4.3. Spatial MacArthur’s model

time at which overflow occurs remains unchanged.

e Some implicit integration schemes are shortly tested, by exploiting two pre-defined integration
schemes: the implicit solver implemented in py-pde [26] and the BDF method of the solve_ivp
function of scipy.integrate [27]. The latter is especially used for the solution of stiff systems
of differential equations. Even adopting these integration schemes, however, seems to leave
the problem unaffected, even though more accurate and rigorous attempts should be made
before totally excluding the possibility of solving the issue by applying the appropriate implicit
integration scheme.

Further checks

e A test is performed on the numerical integration of the linearised differential equations: indeed,
although the behavior of the system in the nonlinear regime is less certain, the linearised system
must necessarily follow the analytical predictions. The linearised system’s equations (3.33) are
numerically integrated using the same scheme applied to the full nonlinear system, and the
numerical outcomes are compared to the ones predicted by the theoretical linear analysis.

In particular, a projection of the amplitudes of the resource and consumer fields on the v} and
v_ eigenvectors relative to the eigenvalues Ay, A_ is exploited.

In general, indeed, a state of the linearised system can be decomposed into the basis of the
eigenvectors as follows:

() = (i) + (it i (3f0) = o s a0
and analytically:

Ap(t) = Ay g exp(Re[A (k)] 1)
A_(t) = A_g exp(Re[A_(k*)] t)

The linearised system is then numerically evolved by starting in one of the following two initial
conditions:

<no(ﬂf)>i _ (”6q> +04(x) with: d4(z) o Tx cos(k*x)

co() Ceq
and the numerical evolution of the projections Ay, A_, A,,, A, is compared with the theoretical
one. When the real part of both eigenvalues Ay, A_ is negative, the amplitudes vanish for ¢ — oo
by starting in any of the above initial conditions. On the contrary, if Re[A_(k)] < 0 < Re[A;(k)]
for some k, the amplitudes vanish when starting from the initial condition (ng, ¢p)— and diverge
when starting from the initial condition (ng, ¢p)+. The timescales and amplitude values are in
good agreement with the theoretical expectations, even though the effects of the finite numerical

precision can be noticed when the order of magnitude of the amplitudes becomes particularly
small: this happens when starting from the initial condition in the direction of ¥_ (Fig. 4.11,

evolution of A, and A

42

40

w38
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30

FIG. 4.11. Evolution of the amplitudes A4,, and A, starting from an initial condition in the direction of ¥y, in
the case in which Re[Ay (k)] is positive in a limited interval of k.
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Chapter 4. Numerical integration and results

FIG.

evolution of Ay and A,

eqss st

4.12. Evolution of the amplitudes A,, and A, starting from an initial condition in the direction of ¥_, in

the case in which Re[A; (k)] is positive in a limited interval of k.

Fig. 4.12). Overall, however, this test proves that the numerical solution of the linearised system
behaves as expected, and no striking criticalities are detected.

Further checks are performed in order to exclude that the behavior of the system might be related
to more subtle problems, such as issues arising from discretization. Indeed, one can analytically
derive the expressions for the eigenvectors by starting from a discretized spatial domain and
by substituting the finite difference expressions for the spatial derivatives used in the numerical
integration into the model equations. The expressions obtained for the eigenvalues® are functions
of the cosines of k and 2k, rather than being functions of £ as in the continuous case (3.34): this
could produce sensible differences in the form of the eigenvalues and in the resulting qualitative
behavior of the system. As visible from the plot below, however, this is not the case, as the
discrete eigenvalues reproduce closely the continuous ones. Only one difference can be spotted,
consisting in the fact that the smallest discrete wavenumber falling into the instability band is
actually not unstable in the corresponding discrete case. This observation is not relevant to
our purposes, since it does not change the overall behavior of the system. It may be however
useful to explain a peculiarity of some of the PSD spectra obtained from the analysis of the
emerging patterns in the case of few multiple unstable modes: it was noticed that the smallest
unstable wavenumber kj, is sometimes suppressed, while a further mode with wavenumber £}, M1
often appears to the right of the highest allowed wavenumber k,,,. This could be explained
by observing that the discretization produces a slight shift in the eigenvector towards higher
wavenumber values, that could contribute to the observed effect. It is not, however, the only
reason, since the nonlinear terms do also produce a modification in the observed pattern’s modes.
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4.13. Plot showing the comparison between the discrete eigenvalues, obtained by imposing the spatial

discretization of the system into the linear analysis, and the continuous eigenvalues obtained by performing the
usual continuous analysis. Left: the real parts of A, and A_ are reported both in their continuous and in their
discrete versions. Right: zoom on the area of interest, where Re[A (k)] is positive in some interval of k, yielding
instability. The vertical colored lines represent the discrete modes falling into the unstable wavenumbers band.

5The explicit expressions and their derivation are reported in Appendix C.
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4.3. Spatial MacArthur’s model

Modifying the model
e An exponentially decreasing supply rate is introduced:

s(t) =sge "

and tested by varying the decay rate parameter r. However, this attempt is not successful
because the system rapidly enters the parameter region in which it becomes stable to spatially-
dependent perturbations and no pattern is produced, unless the temporal decay of the supply
rate is so slow that no difference can be detected with respect to the case in which s is constant.
Similarly, a Monod function (1.2) is substituted to the linear growth rate a ¢, with no substantial
results.

e By observing the structure of the reaction dynamics of equations (3.31), one immediately realises
that this behavior is counterintuitive: indeed, if the species population becomes very large, it
will lead to a decay of the resource abundance, which should lead to a decrease in the species
population in turn. However, by examining the diffusion-like terms, it can be noticed that the
negative diffusion coefficient required by the instability conditions (3.37) tends to produce a
concentration of the densities, and could therefore responsible contribute to the formation of
divergences. Therefore, I checked the behavior of the terms resulting from 9,[(Dy — D1n)0yn]
as a function of the integration time ¢, in order to understand if there is any term in particular
producing the divergences. To do so, I imposed an initial condition of the kind:

n(z,t =0) = neg + Acos(k*z) . .
. with £*=0.254, A~8—3, B~2e—4

c(x,t =0) = ceq + Bcos(k™ )
and saved the mean values of the terms Dg0%n, —Dind?n, —D1(9,n)?, at an x value multiple
of 2r/k*, where the cosine distribution of the emerging pattern is maximum.

As visible from Fig. 4.14, the terms Dg0?n and (din seem to have a stabilising effect, as
expected. Conversely, the overflow occurring around ¢t ~ 35000 seems to be led by the term
—D1nd?n, plotted in orange.

To solve this issue, one could think of modifying the diffusion term 0,[(Dy — Din)0yn| in
Eq. (3.30) in such a way that it does not grow indefinitely with n. The simplest way to do
so is to replace the Din with a sort of Monod function:

3

— Dy #n
-Dyn#n
(Y] =Dy 1a,n)?
— —Bain
B
BO
01
B 500 10080 15900 20000 25000 30000

T

FIG. 4.14. Temporal evolution of the spatial mean value of the terms Dyd?n, —D1nd*n, —D1(0,n)%, —B0*n
computed at x multiple of 27 /k*, where the cosine distribution of the emerging pattern is maximum.
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Chapter 4. Numerical integration and results

833 [(Do — Dln) Gmn] — &E [(Do — D1 i - ) 63771]

which is bounded by the saturation value ng > 0. Indeed, for n <« ng the term HLL grows like
70

~ n, but for n > ng it tends to the saturation value HLL ~ 1.
ng

Let us analyse this modified term in the linear approximation, by applying as usual a small
perturbation én around the equilibrium value n*:

n n 1
0o || Do— Dig— | am :DM&%lhl — 0%n — Dy 5 (Opn)? =
T T (1 + i)
no
2 n*+on o 1 9
+ "o + n*;;)én
~ Do 9%6n — Dy Z*Jﬂsn d2on ~
no

~ Dy 8%6n — Dy — G— M*+owﬂ>%wz

+n* 1
’I’L()nOTL 7704‘774
n*
~|Dy—D _ | 8%6n
( ° 11%) x

Therefore, the results of the linear stability analysis remain the same, except exchanging:

%

D =Dy— Din* - U:DWth%7>DVm (ie. |D'| < |D))

no

Thus the linear effect of this term is to make the diffusion coefficient less negative, i.e. the
system less unstable. The smaller ng is, the less unstable the system will be. For this reason,
we will consider very large values for ng, in such a way that the linear behavior of the system
remains almost unaffected, but this modification will hopefully cure the nonlinear saturation of
the unstable modes.
Without changing the values of the system parameters, one finds that for ng < 5e5 the real part
of A\, is always negative; therefore, the integration is tested by setting the new parameter ng to
values of ~ le6 and larger, for instance ~ 1€9, 1lel2.
The numerical solution diverges nonetheless, at integration times ¢ 2> 1/ max(Re[A(k)]).

In coclusion, none of these attempts managed to solve the problem, the behavior of the system seeming

very robust with respect to the above proposed modifications.

4.3.2 Multiple unstable modes

For the sake of completeness, I report in the following an exemplary numerical result relative to a case

in which the system displays multiple unstable modes. An analogue behavior is observed.

The system parameters are left unchanged with respect to the previous case, with the only exception

of B, which is lowered to 8 = 23.83. A a result, 12 unstable modes appear:
{kzi}iil,--m with n; = 122,...133
The dominant mode is again k; _,,; ~ 0.254.
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4.3. Spatial MacArthur’s model

Axik) Fourier Transform at t =7360.0
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FIG. 4.15. Left: Plot of the eigenvalue Ai(k). Multiple modes fall into the instability region, and are

highlighted by the colored vertical lines. Right: PSD of the spatial oscillations of abundances around their

uniform equilibrium values, at integration time ¢t = 7800. Divergence occurs soon after, at a time ¢ > 7

1/Re[A+(k*)] ~ 1e3. The unstable modes are again highlighted by the colored vertical lines.

The maximum value of Ay (k) increases to ~ le — 3, yielding a typical time of 7 ~ 1e3. The system is
evolved up to an integration time of T' = le4: the behavior of the amplitude of the pattern is plotted
Fig. 4.16. Divergence occurs between t ~ 7.8e —3 and 8e — 3, and the last distribution obtained before
the overflow is reported in Fig. 4.17.

By examining the PSD spectra obtained at various integration times, a correspondence with the
set of unstable modes is observed, with a small tail appearing at higher wavenumber values as the
integration progresses (Fig. 4.15). This is most likely due to the influence of the nonlinear terms in
the dynamical equation (3.31). The PSD is visibly peaked at the dominant mode k* = 0.254.

Evolution of the distribution over time
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FIG. 4.16. Evolution of the amplitude of the emerging pattern at different integration times.
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FIG. 4.17. Left: plot of the spatial oscillations of consumer and resource abundances around their uniform
equilibrium values (which are rescaled to zero for better visualization), at integration time ¢ = 7800. Divergence
occurs soon after, at a time t > 7 = 1/Re[A; (k*)] ~ le3. Right: detail between x = 2300 and = = 2600.
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Conclusions and future prospects

This work has shown that the one-dimensional spatial extension of the MacArthur’s consumer-resource
model, discussed in Section 3.5 in the case of one species and one resource, successfully provides a
mechanism for pattern initiation: indeed, the analysed model exhibits a linear instability of type I
or I, for specific sets of parameter values (see Fig. 3.11, Fig. 3.13, Fig. 3.14).

In particular, the minimally required spatial extension of the model consists in the addition of a
density-dependent diffusion term to the consumer’s equation, accounting for an overcrowding disper-
sal behavior of the species, as well as a stabilising squared laplacian term in the consumer’s population.
Specifically, the overcrowding term is needed to provide a negative sign to the effective diffusion term,
which has proven to be necessary for spatial instability to be allowed, while the squared laplacian term
ensures that such instability occurs in a limited interval of wavenumbers.

Proper conditions have been derived in terms of the the model’s parameters (Tab. 3.1), yielding insta-
bility under spatially-heterogeneous perturbations: the expected lengthscale of the emerging pattern
can be, therefore, easily predicted.

However, despite accounting for the emergence of a pattern with wavelength corresponding precisely
to the one indicated by the theory, the numerical integration of the model does not produce a steady
state final configuration in the abundances of consumer and resource populations. Indeed, the growth
of the amplitude of the unstable spatial perturbation’s mode, which is expected to take place in the
linear regime, never actually ceases after the system enters the nonlinear regime, and leads to a diver-
gence in the population abundances.

After attempting several methods to cure this issue, we must conclude that the numerical integration
of the spatially extended MacArthur’s model, exploiting an explicit finite-difference Euler scheme,
cannot lead to the formation of a stationary spatially heterogeneous state, in the case of one species
and one resource and in a one-dimensional spatial domain.

Being the dynamics MacArthur’s equations intrinsically self-balancing for what concerns the abun-
dances of consumer and resource, however, a solution to this issue is likely to exist. The observed
undesired behavior might indeed be due to an extremely high requirement on the numerical precision,
or to some effect related to the destabilizing influence of the negative density-dependent diffusion co-
efficient. Further in-depth studies could be performed to explore these possibilities, both theoretically
and computationally.

Moreover, this same analysis could be generalized by extending it to more complex systems, contain-
ing multiple species and resource populations, as well as to higher spatial dimensions, which might
influence the outcome of instability.

Lastly, an alternative perspective was also proposed, by exploring the possibility of obtaining a linear
spatial instability by means of a non-local version of MacArthur’s model (Section 3.6). This approach
has proved to support the possibility of pattern initiation if an appropriate kernel function is chosen,
by constraining the properties of its Fourier transform. More research in this direction is desirable,
as it may open the way for the development of a further consumer-resource based pattern formation
mechanism.
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4.3. Spatial MacArthur’s model

In conclusion, this thesis shows that additional work is needed on the spatial extension of this model
to account for the spontaneous formation of stable spatially periodic patterns, and that such system
seems nonetheless worth further study.
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Appendix A

MacArthur 3s 1r

Merely to gain more confidence into the generalisation of the results obtained in Section 3.3, I report
here the linear analysis of the MacArthur extended model for three species and one resource. We will
see that the pathological nature of the instability cannot reasonably solved by adding populations to
the systems, but it needs to be dealt with in a different manner.

Consider the following equations:

= (a1p(c) — di) ny + 0pJ1
= (aap(c) — d2) ng + 0pJ2
ng = (agu(c) — dg) n3 + 0pJ3

¢=s— (a1ny + agng + azng)u(c)

Cc

with 9,Jo = 02 [(Do — Y Dgpnp) Oxno] for o =1,2,3
P

with a1, as, ag, 1,d;, da, d3 > 0 population parameters, u(c) > 0 growth function with % > 0Ve, and
D, Dy, > 0 diffusion coefficients.

Uniform equilibrium

The uniform equilibria of the system are:

p(c*) = di/aa, p(c*) = da/az, p(c*) = ds/as,
nzzs/dl, y %IS/dg, Y j:‘):s/d;;,
Ny = 0 ny = 0 ny =
nz =0 n3 =0 ny =
Stability under uniform perturbation
Let us choose the first equilibrium:
ny s/dy
ny | 0
ni | = 0 (A.1)
c* pt(dy /o)

We uniformly perturb the system around this equilibrium:

nq (t) ny dni(t) onq (t)

na(t) | | nd dna(t) . ong(t) | =
ns®) | = 1ns | T {onst) | ¥ | Gng(r) | =0
c(t) c* de(t) oc(t)



Appendix A. MacArthur 3s 1r

0 0 0 wsdy| 0 0 0 A
o "o 0 —d 0 0
0 72d1 — dQ 0 0 0 oy W1 — U2
— aq _ a1
! 0 0 W@di-dy 0 0 0 @ma-d o | B
—d =8 -3 —PE. —h —ade o —gd A

det (J — AI) = (Zle —dy — A) <Z3d1 —ds — )\> (A2 4+ AN+ Ady) =0
1 1
No= 224, —dy stableif “2d;—dy <0
a1 aq

N As = —2dy —ds stableif —2dj —ds <0
o1 (631

AR VAT —4Ad,
- 2

At always stable

having defined A = O?Tlls% > 0.

c*

Non-uniform perturbation

I consider the following perturbation around the equilibrium values (n}, n3, nj, c*) reported in (A.1).

ny(z,t) ny ony(z,t) ong(xz,t)

n2 (1"7 t) _ n; ong (l" t) : ong (:U? t) _ 5 At+ikz
ng(z,t) | | n} + ong(x,t) with ong(z,t) | oc
c(z,t) c* oc(z,t) de(z,t)

The corresponding eigenvalue problem reads:

Dy — Dni 0 0 0
= = 0 Dy — Doy + 0 0
(T2 : _ 2 21, :
Ao=(J-kD)0o  with D 0 0 Ds—Dys 0| J defined in (A.2).
0 0 0 0

det (J — k2D — AI) = [Z‘idl —dy— k? <D2 - Dglc;l) - )\] [Z‘Z’dl —dy— k? <D3 - D31d81> - )\] x

X [A2 4+ X (A+E*D) + A (di + k*D)]
where I defined D = D; — Dlldil .

;

Mo = 2d; —dy — K2 <D2 _ D218>
aq

dq

2 a3 2 S
det(J—kJD—)\H):O = A3 =—dy —d3—k <D3—D31>

aq dl

1
Ar =5 (—A — KD+ \/[—A — k2D —4A[d, + k?@])

\
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Spatial instability
Again, a correspondence with previous results can be easily noticed:

A2 — SM2 with instability conditions (3.7)
)\3 — SM2
A+ — MAIslr  with instability conditions (3.16)

From these calculations, we can better observe that the real eigenvalue Ag, A3 refer to the species
that go extinct in the uniform equilibrium conditions (A.1): in correspondence of such species, the
Jacobian matrix (A.2) has diagonal entries, and as a result the form of such eigenvalues reflects the
one found for the single-species model described in Section 3.1.1.

The fact that these eigenvalues are unstable for all large enough wavevectors is due to the conditions
that must be imposed to guarantee the stability of the uniform equilibrium under spatially-independent
perturbations. A modification of their undesired behavior is therefore hardly feasible.

The remaining eigenvalues Ai, which can take complex values, correspond to the non-extinct species
and the resource. Indeed, they have exactly the same form as the eigenvalues of the MacArthur model
for one species and one resource studied in Section 3.2. The reason for their positivity for large k
values is not really dependent on the choice of parameters, but derives rather from their form as a
function of k, as can be seen in (3.17).
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Appendix B

Linear stability analysis for the
non-local MacArthur’s model

I report here the calculations relative to the non-local extension of MacArthur’s model in terms of a
generic function ¢(k). As usual, we need to study the sign of Re[\1], and we start by analysing the
functions ¢g(k) and h(k) in the simplest cases, by putting to zero some parameters.

Case e=0, D=0, D = 0

g(k) >0

O p(k) <0

Re[A ;] >0 < g(k)<O0OV {

Even in this extremely simple case, if $ is negative in a limited interval [k, ko], we expect to find the
desired instability behavior.

Case ¢e=0, D =0

g(k) >0
Re[Ay] >0 & g(k) <0 Vv {h(k) —0
= 1.2
& o(k) < Dy, o(k) > nok
"o a(k) <0
& o(k) < —sz v —i)k? < (k) <0
& gk) <0
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Case e=0, D =0

g(k*) = DK + ng ¢(k)
h(k?) = 6(k) (no D k* + s)

Sign of g(k)

s k) > Do
no

s k) < Do

no

g(k) >0

g(k) <0
Sign of h(k)
sgn(h(k)) = sgn(qg(k:)) -sgn(ng D k? + s)

IfD>0:
sgn(h(k)) = sgn(g(k))
IfD<0:
o(k)>0 (k) <0
h(k) >0 < 2 _g\/ 12 _sD
no no
o(k) <0 (k) >0
h(k) <0 < 2 _sDV 12 _sD
no no
Spatial instability
Re[A 4] >0 <« <0V g>0
€
* g h<0
IfD>0:
~ D 9
Re[A4] >0 & o(k) < —n—k:
0
~ D
& o(k) < ——K?
7o
s 9k) <0
IfD<0:
~ D 9
Re[A4] >0 & o(k) < —n—k
0
~ D
& d(k) < ——k?
no

p(k) > ——k* (>0)
ng
{&m<o {&m>o
9 sD VY , sD
e ey (B.1)
( ~ l)2
M@>—%k
sD
k> e

This corresponds to a ¢(k) belonging to the area highlighted in green in Fig. B.2.
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Appendix B. Linear stability analysis for the non-local MacArthur’s model

[ER:)

03

— -A(K
G2 ¢«
153 /
co

0o 0.2 (P2 [F23 [EF:) 140 12 14
k

FIG. B.1. The region highlighted in green corresponds to the conditions (B.7), with k = ,/—%, A(k) = n%kz

General case
Recalling the most general form of g and h :

g(k) = (D + D) k* + nge+mnyg o(k) = ng (A(k) + 5(1{7))
h(k) = DD k* + noeD k? + (k) (noD k* + s + end) = B(k) + C(k) o(k)

Where:
D+ D
Ak = 2202
no
B(k) := DD k* + ngeD k? (B-2)

C(k) =noDk*+ s+ end
And we also calculate, for later use:

ng (AC — B)(k) = ng D* k* + [(2en3 + 5) D + s D] k* + eng (end 4 s) = ok + c1k* +¢co  (B.3)

Study of g(k) and h(k)

C(k)>0 C(k)<0
e {$<k>>—f,§gv{$<k> -2

C(k)>0 C(k) <0
e {$<k><—f,§gv{$<k> -2
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Therefore Re[AL] >0 <

g(k) >0
< glk)<O0v {h(k) —0
(d(k) > —A(k)
PN 5(k)<—A(k)v C(k)>0Bk ., C(k)<0Bk
50 <~ 80> g
C(k)>0 . C(k) <0 C(k) <0 -
s k) <Ak v { AW <—Em v {—Ak) > —ggg v AR <55
—A(k) < d(k) < —ggg o(k) > —A(k) o(k) > —ggg
(C(k) >0 C(k) < 0 C(k) <0
o k) < —Ak) v (AC — B)(k) >0 oV (AC — B)(k) > 0 v (AC—B)ék)k<0
~A() < 30 <~ g 508 > —A(h) 50) > - )
(B.4)

If D >0, from (B.2), (B.3) :
e C(k)>0 VEk
e n9g(AC —B)(k) >0 Vk

L RDLIS0 o dk) < —AR) V —A(K) < dk) < — 2o G < gg:g (B.5)

C(k) R
If D <0, from (B.2), (B.3) :

e C(k)>0 & k<k
Ck)y<0 & k>k
c1 <0

2 —4C —2¢5 <0

e ng(AC —B)(k) >0 < ¢ >0V
k<k_Vk>ks

c%—40—200<0\/{

c1 <0
no(AC — B)(k) <0 & ¢ —4C —2¢0 >0
k— <k <ks

And such further requirements must be substituted in (B.4).
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Appendix B. Linear stability analysis for the non-local MacArthur’s model

B.1 Gaussian kernel

In this section, I consider a simple Gaussian kernel function:

2

¢(x) = aexp <—;‘2> —  ¢(k) =aoexp (—0%2) = ¢pexp <— 02;2) >0Vk (B.6)

2

We will study the sign of Re[AL] in terms of the function g(k) As usual, we start by analysing the
functions g(k) and h(k) in the simplest cases, by putting to zero some parameters.

First of all, we notice that, since ¢(k) > 0VEk, D > 0 = h(k),g(k) > 0V k therefore we will not find
instability in the case of positive D.

Case ¢e=0, D = 0, D< 0

g(k?) = DE* + no ¢(k)
h(k?) = 6(k) (no Dk* + s)

Then:
~ D D
gk) >0 <  ¢o(k) > ——k h(/-c)>0<:>k:<\/—s—
no no
- D
gk) <0 & G(k) < =k k) <0 & k> -2
0 no

k) > ——Fk”
= Re\]>0 & g<0V 920 dk) < -2z v 0 (B.7)
* g h <0 no sD '
k>4 ——
no

This means that instability occurs when gg(k:) belongs to the area highlighted in green in Fig. B.2. As
we can see, this corresponds to an instability for all k > k.

G5

¥4

3

— - Ak}
— TFglikl
L R R k_bar
— k-
-kt
[ES1

v /
) 2 O

-1

5 23 08 10 12 14

k

FIG. B.2. Case e =0, D =0, D < 0. The region highlighted in green corresponds to the conditions (B.7) for
S(k), with k= /-2 A(k) = 22
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B.1. Gaussian kernel

Case ¢=0, D< 0

g(k) = (D + D) K+ ng o(k)
h(k) = DD k* + ¢(k) (noD k? + )

We study the signs:

Dnok* +5 >0
~ D+D_, h(k) >0 & ¢ - DDk*
k)y>0 < k) > — k k) > —————
g(k) > Blk) > —=- 3E) > s
~ D+D 2
gk) <0 o k) <— + 12 Dnok +s<({ ,
no h(k) <0 < o DDE* vV Dngk®4+s<0
o(k) < " Dnok? + s
where, for h > 0, we have neglected the case:
Dngk? + s < 0
~ DDEk*
k) < ———<0
o(k) < Dngk? + s <
because g(k:) is positive for definition. For the same reason, g(k) Dg %5 > 0 is always satisfied

when Dngk? + s < 0.

If D+ D > 0, then g(k) > 0Vk :

RelA;] >0 < hk)<0 < ' > ——= (B.8)

B(k) < "o
" Dnok? + s
IfD+D<O0:
Re[Ay] >0 <« <0V g>0
e
* g h<0
S S
- k<, /— k>, /———
~ D+ D D D
o k) <22y 1o _ v e
no D+D K2 < 3(k) < DDk* gg(k)>_D+Dk2
no Dn0k2+s o
(B.9)
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Appendix B. Linear stability analysis for the non-local MacArthur’s model

100
075

050
— TF#Ik)

G2k \ — {D+Dcjk™2in
| —— DDk 4/(Dn0k"2+s)

eoc e kbar
-0.25 phi=-DDCk™4/(DnCk "2 +5)
k=bar_k
—0.50
=075

2] 5 1 5

-150 : . ' ' '
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k
100
&75
50 — TSI
b5 — {D+DC)"2InG
—— DDck"4/(Dn0k"2+s)
B e e —— | Kbar
phi < {(D4Dc)k™ 2/n0
-025 (D+Dclk~2/n0 < pii < -DOck™4/(Dn0k™2+s)
-0.50 phi > {D+Dc k™ 2/nD
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-180 . ' ; ' _ '
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k

FIG. B.3. Top: case e =0, D+ D > 0. Bottom: case ¢ = 0, D + D <0. The highlighted regions correspond

to the instability conditions for ¢(k), i.e. (B.8) and (B.9), respectively.

The two cases are pictured in Fig. B.3. We notice that the situation is very similar to the one studied

in the previous section: in both cases instability is allowed for all k > ko, however now ko < k.

General case, D <0

Referring to the complete expressions for g(k) and h(k) (3.44), if D + D > 0, then g(k) > 0V k :

Dnok? +eng +5 >0 Dnok? + end +5 < 0

Re[A:] >0 < hk)<0 < ~ DDk* + Dengk? V § ~ DDE* + Dengk?

o(k) < o(k) >
Dngk® +end +5>0 9 9
= ) Dnok” +eng+s <0
DDE* + Dengk” < 0 _ _
& _ _ VL~ DDEK* + Dengk?
~ DDk* + Dengk? o(k) >

~ Dnok® +en2 + s

k) < — " Dngk2 +en2 + s
p(k) < Dnok? + en3 + s 0 0
k<k<k E>k
= ~ DDEk* 4+ Dengk®? V § ~ DDE* + Dengk?
o(k) < — —— (k) > — 52
Dnok? +enf + s Dnok? 4+ eng + s

- s + en? ~ €Nng
h k=1]- O > k= ,/——

where oD > D
DDk* + Dengk?

Dnok? 4+ engk? + s

and is negative for k < k V k > k and positive for k < k < k

"~ Dngk® +en2 + s

(B.10)



B.1. Gaussian kernel
If D+D<0:
g>0
Re[Ay ] >0 < k) <0V
D] () {h<0
kE>k
k<k<k - D+D
- D+ N _ _ k) > — k* —
& o(k) <— e €V _D+D k) < DDk* + Dengk? V o(k) no ¢
ng ¢ Dnok? + en2 + s g(k) o DDE* + Denyg
Dnok? + end + s
_ k<k<k k>k
. D+ D e o o
& k) < — e €V _D+D <$(k)<_DDk4+Denok2\/ ) _ DDE* + Deny
no ¢ Dngk? + en2 + s Dnok? + en3 + s
(B.11)
: D+D 1.2 DDk*+Den 7.
belng _Tok _6<_W+€Tbg+08 \V/k>k

The instability conditions are plotted below. In this case, instability is allowed for all k > k; with

k <k <k

— TA§lk)
— —(D+D. )k ng—e
—(DDk* +Den k) \Dngk® + 5 +en)

— kbar
k tilde

TFphi] < —(DDk* + Dengk*){(Dngk® + 5+ end)
TFphi] > — (DDk* + Doengk?)/(Dnqk? + 5+ eng)

-10
508 025 05% 075 100 125 150 175 208
k
2
1
— TF@lik)
— =D+ D)k, — e
bp—— —— —(DDJ* + D.en,k3)/iDngk? +5 + )
------ k bar
K tilde
-t TFlphi] < ~(D +D.)kIn; — &
—(D+ D.)k2 i, — e < TF[phil < — (D0 k* + D enk)[Dnsk* + 5 + eni)
_37 TFlphil > — (DD-K* + Doengk* M(0ngk™ + 5 4 eng)
-3
B0 B25 GSG (7S 100 125 156 175 208

k

FIG. B.4. Top: case D + D > 0. Bottom: case D + D < 0. The highlighted regions correspond to the
instability conditions for ¢(k), reported in (B.10) and (B.11), respectively.
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Appendix B. Linear stability analysis for the non-local MacArthur’s model

B.1.1 Expansion for £ > 1

We can try to get insight into the problem by performing an expansion of the eigenvalues for large k
in the general case € # 0, D # 0, D # 0. Remembering our hypothesis on ¢ (B.6) and substituting
the expressions for g and h, calling A = ¢> — 4h :

A = (D — D)2 k* 4 2nge(D — D) k> + n2eé® — 2ng(D — D)k*¢ — 2(n2e + 25)¢ + nd* =

_ 2 nge 1 n2é 2 ng ~ 2 nde+2s~ 1
=k*(D-D?1+ = _ 4 -0 Mpe T 25 ~9
( )[+k2D—D+k4(D DR @D-D" Hm-D2’ T D= Dy D)¢
Expanding for k — +oc:
VA ~RD-Dl[14 50 L M 3o =
k2D —D I<:2D D k: B
_ _ ~ _ 1
= k*|D — D| + ngesgn(D — D) — ng (k) sgn(D — D) + O <k2>
Lo _kK*[=(D+ D)+ (|D — D|)] + noe[~1 £ sgn(D — D)] — nge(k)[1 + sgn(D — D)]
iN
2
Then we find that:
ifD—D<0: M ~—-DEk*—nge
A~ —Dk —ngo(k
no ¢(k) (B.12)

fD-—D>0: A ~-—Dk>—nodk)
A w—Dk2—noe

Therefore, A, is always positive for large k if D < 0: no desired instability behavior is found under
these hypotheses.

For visualisation, we report in Fig. B.5 the behavior of the eigenvalues relative to the case D < 0
reported in the right panel of Fig. B.4, where the same parameters were used. Two examples for the
case D > 0 are plotted as well.

Axik) Az i)

— RelA:]
Re[A-]
—— D -
—— —DekI-nsp

— RelA:]
Re[A-]

—— —Dek?-nyp

—— DK —ne

Aslk)

1 — Reli-]
RefA-]
— -DK-nge
~ —Dek?— n,TFIg]

FIG. B.5. Top left: case D>0, D< D. Top right: case D>0, D> D. Bottom: case D<O0.
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Appendix C

Spatially discrete model

I report here the calculations relative to the spatially discrete version of the extension of MacArthur’s
model presented in Section 3.5.

Assuming that the spatial domain is a discrete lattice of N, sites, separated by a distance dx, the
spatial variable becomes:

x — xzj=jdr je€0,N,]

and the length of the spatial domain is L = N, dx.
Then, the consumer and resource population fields read:
n(x,t) —  n(x;,t) = n;t)
clx,t) — (g, t) = ci(t)

Being the domain finite, a discrete set of wavenumbers is allowed, labeled by the index n:

2
kn:—ﬂn

L

To perform the linear stability analysis, we consider the uniform equilibrium':

nj — TLeq .
() =)

and apply a perturbation of the kind:

()~ () o () -5
:

where £, z; = ﬁnd:ﬁj =X nj.
The discretized model’s equations thus read, at linear order:

{5n'j = QNeg 6Cj — €Neg 01 + (Do — D1 ney) FoR nj — o on;

0Cj = —QCeq ONj — A Neg OCj + D&% dcj

where the derivatives are calculated with the central finite difference method:

1
92 n; = e (0njy1 + —20n; + onj_1)
1
8:% 5Cj = @ ((SC]'_H + -2 5Cj + (5Cj_1)
1
8;1 (Snj = W (5nj+2 — 45nj+1 + 6(57”6]' — 45n]‘71 + 571];2)

IThe explicit equilibrium values as a function of the system parameters are the ones reported in (3.31)
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Appendix C. Spatially discrete model

Substituting the explicit expression for the perturbations, one obtains the following eigenvalue prob-
lem:

Ad=(J+D)s

with:
— 7(”) 0 ) _ <fn fc) _ < —neq € ’I’Leq 0% >
. ( 0 n(n) =\ g —5/Neq  —Teq

2 {dl; [cos(n) — 1] — % [cos(2n) — 4 cos(n) + 3]}

=
2
I

n(n) =2 % [cos(n) — 1]

Therefore, the discrete eigenvalues expressions follow from:

—g(n) £ \/g*(n) — 4h(n)
2

det J—AI)=0 < Ai(n)=

with:

g(n) = —(9gc + fn)
h(n) = fnge — gn fe
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