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Abstract

This thesis deals with mesoscopic models of cortex called neural fields. The neural
field equations describe the activity of neuronal populations, with common anatom-
ical / functional properties. They were introduced in the 1950s and are called the
equations of Wilson and Cowan. Mathematically, they consist of integro-differential
equations with delays, the delays modeling the signal propagation and the passage
of signals across synapses and the dendritic tree. In the first part, we recall the bi-
ology necessary to read this thesis and derive the main equations. Then, we study
these equations with the theory of dynamical systems by characterizing their equi-
librium points and dynamics in the second part. In the third part, we study these
delayed equations in general, by giving formulas for the bifurcation diagrams, by
proving a center manifold theorem, and by computing the principal normal forms.
We apply these results to one-dimensional neural fields which allows a detailed
study of the dynamics. Finally, in the last part, we study three models of visual
cortex. The first two models are from the literature and describe respectively a
hypercolumn, i.e. the basic element of the first visual area (V1) and a network of
such hypercolumns. The third model is a new model of V1 which generalizes the
two previous models while allowing a detailed study of specific effects of delays.






Résumé

Cette these traite de modeles mésoscopiques de cortex appelés champs neuronaux.
Les équations des champs neuronaux décrivent l'activité corticale de populations
de neurones, ayant des propriétés anatomiques/fonctionnelles communes. Elles ont
été introduites dans les années 1950 et portent le nom d’équations de Wilson et
Cowan. Mathématiquement, elles consistent en des équations intégro-différentielles
avec retards, les retards modélisant les délais de propagation des signaux ainsi
que le passage des signaux a travers les synapses et ’arbre dendritique. Dans la
premiere partie, nous rappelons la biologie nécessaire a la compréhension de cette
these et dérivons les équations principales. Puis, nous étudions ces équations du
point de vue des systemes dynamiques en caractérisant leurs points d’équilibres et
la dynamique dans la seconde partie. Dans la troisieme partie, nous étudions de
fagon générale ces équations a retards en donnant des formules pour les diagrammes
de bifurcation, en prouvant un théoreme de la variété centrale et en calculant les
principales formes normales. Nous appliquons tout d’abord ces résultats a des
champs neuronaux simples mono-dimensionnels qui permettent une étude détaillée
de la dynamique. Enfin, dans la derniere partie, nous appliquons ces différents
résultats a trois modeles de cortex visuel. Les deux premiers modeles sont issus de
la littérature et décrivent respectivement une hypercolonne, i.e. I’élément de base
de la premiere aire visuelle (V1) et un réseau de telles hypercolonnes. Le dernier
modele est un nouveau modele de V1 qui généralise les deux modeles précédents
tout en permettant une étude poussée des effets spécifiques des retards.
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Introduction

Les faits mathématiques dignes d’étre étudiés, ce sont ceux qui,
par analogie avec d’autres faits, sont susceptibles de nous conduire
a la connaissance d’une loi mathématique de la méme facon que
les faits expérimentaur nous conduisent a la connaissance d’une
loi physique.

([Poincaré 1924])

This Thesis is oriented toward the study of mesoscopic models of cortical activ-
ity as part of the world of computational neuroscience. Computational neuroscience
is a relatively new field which aims at understanding the brain functions with differ-
ent interdisciplinary points of view such as mathematics, physics, computer vision,
electrical engineering...

The brain is composed, among other things, of a large number of neurons which
are densely connected by synapses. It is a electrochemical machinery whose basic
elements (the neurons) begin to be understood and modelled, even if the models
are analytically intractable. For example, the description in a single synapse re-
quires dozens of variables to describe various quantities such as ions concentrations
or membrane potentials. Hence, the simulation at the molecular level of intercon-
nected neurons is already a formidable numerical task. It is difficult to imagine
what will be the outcome for the understanding of information processing in the
brain for example. Indeed, such a simulation (see [Markram 2006, Izhikevich 2008])
would produce terabytes of data and it is not obvious that the model would be easier
to understand than the brain itself. It is very unlikely that it would yield work-
ing principles (for example the efficient coding principle as in [Barlow 1961]) and
general laws (the organic evolution theory by C.Darwin or in physics the laws of
electrodynamics for example) of a brain theory. These laws are essential for attack-
ing questions related to information processing in the brain. Instead of this very
precise modelling, another approach is to understand the activity (to be defined)
of a population of neurons which share similar properties (shape of the neuron, cell
type...) or the activity of functional populations of neurons which share similar
functional properties (like being most responsive for the same stimulus). Note that
the labelling of neurons by their functional properties rather than by their intrinsic
properties is a short-cut to describe the network. Indeed, the functional properties
are only consequences of the neurons being embedded in the network that we want
to study and of the set of stimuli that are used to produce the functional responses.
This implies that we have to be careful about the “meaning” of the cortical activity
when studying these networks for a set of stimuli different from the one used to de-
fine the functional properties (see section 11.3.3). In this Thesis, we will study the
two types of networks, the ones where the populations are labelled by a functional
property (see for example chapter 9) and the ones where the functional properties



are not used to label the population (see chapter 11). The modeling of popula-
tion of neurons with neural fields equations, as pursued in this Thesis, is related
to the mean field approach whose goal is to derive a closed set of equations for a
few macroscopic variables from the huge set of equations describing each individual
neuron in the network. The link, which should be provided by a mean field theory,
between the spiking neural network equations and the neural fields equations is still
missing (but see [Roxin 2005]). Nevertheless, we will study the “simple” neural
fields equations as a first approximation. These neural fields equations describe
the mean membrane potential of populations of neurons that are distributed in the
cortex.

From an experimental point of view, this type of modeling seems well suited (see
for example [Grimbert 2008]) for voltage sensitive dye optical imaging data which
measures the “mean” cortical activity of neurons in the visual cortex in behaving
animals.

The most appealing aspect of the neural fields (resp. mean field) modelling is
that the models are amenable to a mathematical study. Indeed, the number of
equations and parameters is usually small enough to apply tools from dynamical
systems for example. This allows to explore more thoroughly the different parameter
regimes and simplify the study/discovery of working principles by assuming that
the working principles extend from the detailed description to the neural fields
description. Obviously, this approach is likely to work if the mean field equations
are simple enough for an analytical study, but sophisticated enough to account for
some important biological facts. In fact, we will not look for working principles but
do the opposite: we will assume a specific working principle and adjust the neural
fields to agree with this principle. Then we will look at the cortical activity that
is specific to this assumed working principle and see if it agrees with biology (see
part IV).

The goal of this Thesis is the study of the neural fields equations. It is made
of four parts, part I is an introduction to biology and to the neural field equations.
The next two parts are “theoretical” while part IV deals with the application to
visual cortex models of the tools developed in the theoretical parts II and III.
In particular, the models are adjusted to operate in a particular working regime
and the consequences of this regime are drawn. The two parts II and III are
largely independent and part IV concerning the models can be read without a deep
understanding of the two “theoretical” parts.

Part |l: Stationary cortical states

The neural fields equations are a system of ordinary differential equations in a
sophisticated phase space. They display stationary solutions which are interpreted
as stationary cortical activities. In these equations, there is a term which describes
the external stimulus. Hence, given a stimulus, these equations can predict what
is the cortical activity corresponding to the stimulus. However, depending on the
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parameters, the neural field equations can have multiple stationary solutions which
are all cortical representations of the stimulus. If more than one stable solution
exists, we will show how to label one of these cortical activities as the “main”
representation of the stimulus and the other as neural illusions. This part focuses
on the study of the stationary solutions. More precisely, we apply topological tools
coupled to bifurcation theory to study the number of stationary solutions as well
as their dependency on various parameters. We use multi-parameters numerical
continuation to compute these solutions. Two numerical examples are presented.

Part 11l: Delayed neural field equations

In part II, the delays were neglected. There are now taken into account. In our
modelling with neural field equations, we consider two main types of delays. The
first is the propagation delay coming from the finite propagation speed of signals
along axons. The second is an effective delay: it is a convenient/cheap way to
model the synaptic and dynamical spike generation processes. The first chapter of
this part deals with the general theory of delayed neural field equations. The next
two chapters are more computational: we derive computer programs to compute
eigenvalues, bifurcation diagrams and normal forms that are used in the last chapter
dealing with neural networks with simple geometry. In particular, these studies
provide an understanding of the relative contribution of effective/propagation delays
in the dynamics of the delayed neural fields.

Part IV: Application to models study

This part concerns the applications of the tools, developed in the two previous
parts, to three models of visual cortex. We apply the “theoretical” results about
the stationary solutions to two models taken from the literature. The first one, the
Ring Model of orientation tuning is an hypercolumn model, ¢.e. one of the basic ele-
ments of the primary visual cortex area. The second model is based on experimental
optical imaging data given by the laboratory of F.Chavane. In particular, the rela-
tive importance of feed-forward input (from the LGN) and recurrent computations
(done by the cortex) in the emergence of the cortical activity is investigated. The
last application is a new model of V1 which generalizes the two previous examples
and allows a tractable study of the effect of the delays with the use of the tools
developed in the second part.






Introduction (Version francgaise)

Les faits mathématiques dignes d’étre étudiés, ce sont ceux qui,
par analogie avec d’autres faits, sont susceptibles de nous conduire
a la connaissance d’une loi mathématique de la méme facon que
les faits expérimentaur nous conduisent a la connaissance d’une
lot physique

([Poincaré 1924])

L’objectif de cette these est I’étude de modeles mésoscopiques de 'activité cor-
ticale, elle s’inscrit dans le cadre des neurosciences computationnelles. Le monde
des neurosciences computationnelles est relativement jeune et a pour objectif la
compréhension des fonctions du cerveaux du point de vue des mathématiques, de
la physique, de la vision par ordinateur ou encore de ’électrotechnique.

Le cerveau est composé, entre autres, d’un grand nombre de neurones connectés
par des synapses. C’est un systeme électro-chimique dont les éléments de base
commencent a étre compris et modélisés. Ces modeles n’admettent généralement
pas de solution analytique. Par exemple, la description d’une seule synapse re-
quiert 'utilisation de dizaines de variables pour décrire les concentrations ion-
iques par exemple. Ainsi, la simulation au niveau moléculaire d’'un ensemble
de neurones interconnectés est déja un formidable probleme numérique. II est
difficile d’imaginer quelles seraient les retombées d’une telle simulation pour la
compréhension du traitement de 'information par le cerveau. En effet, une telle sim-
ulation (voir [Markram 2006, Izhikevich 2008]) produirait des téraoctets de données
et il n’est pas évident que ce modele soit plus facile & comprendre que le cerveau
lui-méme. Il est peu problable que cette méthode donne lieu a des principes de
fonctionnement (comme le principe du codage efficace énoncé dans [Barlow 1961])
ou des lois générales (comme la théorie de 1’évolution de C.Darwin ou les lois de
lélectrodynamique en physique) d’une théorie du cerveau. Ces lois sont essentielles
pour aborder des questions comme le traitement de I'information dans le cerveau
par exemple. Au lieu de cette modélisation tres précise, une autre approche con-
siste a comprendre 'activité (a définir) d’une population de neurones qui partagent
des propriétés anatomiques (forme du neurone, type de cellule...) ou lactivité de
populations fonctionnelles de neurones qui partagent des propriétés fonctionnelles
(comme étre sélectif & un stimulus particulier). On peut remarquer qu’indexer des
neurones par leurs propriétés fonctionnelles est un raccourci pour décrire le réseau.
En effet, les propriétés fonctionnelles des neurones sont issues du réseau que 1’on
étudie et de ’ensemble des stimuli utilisés pour produire des réponses fonction-
nelles. Dans cette These, nous étudierons les deux types de réseaux : ceux ou
les populations sont indexées par des propriétés fonctionnelles (voir par exemple le
chapitre 9) et ceux ou les populations sont indexées par des propriétés anatomiques
(voir chapitre 11). La modélisation de populations de neurones avec des équations
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de champs neuronaux, ainsi fait dans cette these, est reliée & I'approche du champ
moyen dont le but est d’approcher, par un ensemble d’équations décrivant un
nombre restreint de variables macroscopiques, I’énorme ensemble d’équations qui
décrivent chaque neurone du réseau. Le lien rigoureux, qui serait donné par une
théorie de champ moyen, entre les équations des réseaux de neurones a potentiel
d’action et les équations des champs neuronaux, reste a trouver (voir [Roxin 2005]).
Néanmoins, nous étudierons, dans cette these, les équations (simples) des champs
neuronaux en supposant qu’elles sont une approximation de réseaux de neurones a
potentiel d’action dans une certaine plage de fonctionnement. Ces équations des
champs neuronaux décrivent le potentiel membranaire moyen d’une population de
neurones distribués dans le cortex.

L’aspect le plus intéressant de la modélisation par les champs neuronaux est
que les modeles peuvent étre mathématiquement étudiés. En effet, le nombre
d’équations et de parametres est généralement assez petit pour permettre 1'usage
des outils de la théorie des systemes dynamiques. Cela permet d’explorer les effets
des différents parametres et simplifie I’étude des principes de fonctionnement en sup-
posant que ces principes sont aussi décrits par les équations des champs neuronaux,
i.e. que la description est assez précise. Cette approche est valable si les équations
de champ moyen sont assez simples pour permettre une étude analytique mais assez
précises pour tenir compte de faits biologiques essentiels. En fait, nous procéderons
de la sorte : nous étudierons des principes de fonctionnement présupposés et ajus-
terons les champs neuronaux pour qu’ils satisfassent ces principes. Ensuite, nous
étudierons l'activité corticale produite par ces champs neuronaux et vérifierons si
elle est en accord avec la biologie (voir la partie IV).

Le but de cette these est donc ’étude des équations des champs neuronaux. Elle
est composée de quatre parties, la partie I étant une introduction aux équations des
champs neuronaux. Les deux parties qui suivent sont des parties “théoriques”
tandis que la derniere partie IV traite des applications, aux modeles de cortex
visuel, des outils développés dans les deux parties théoriques II et III. Les modeles
sont ajustés pour fonctionner dans un régime particulier et les conséquences de ce
régime de fonctionnement sont étudiées. Les deux parties II et III sont largement
indépendantes et la partie IV, concernant les modeles, peut étre abordée sans une
compréhension détaillée des deux parties théoriques.

Partie Il: les états stationnaires corticaux

Les champs neuronaux sont décrits par un systeme d’équations différentielles or-
dinaires dans un espace des phases abstrait. Leurs solutions stationnaires sont
interprétées comme des activités stationnaires corticales. Dans ces équations, on
trouve un terme qui décrit le stimulus (extérieur). Ainsi, étant donné un stimulus,
ces équations prédisent I'activité corticale correspondant a ce stimulus. Cependant,
selon les parametres, le nombre de telles activités peut étre supérieur a un et cha-
cune de ces activités est une représentation du stimulus. Se pose alors la question de
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savoir laquelle est la représentation principale “choisie” par le cortex. Si plusieurs
solutions stationnaires sont stables, nous étudions quelle est, parmi ces activités cor-
ticales stationnaires, celle qui correspond a la représentation principale du stimulus,
les autres étant interprétées comme des illusions neuronales. Cette partie se concen-
tre donc sur ’étude des solutions stationnaires. Plus précisement, nous appliquons
des outils topologiques couplés a la théorie des bifurcations pour étudier le nom-
bre de solutions stationnaires ainsi que leur dépendence en les différents parametres.
Nous utilisons un programme de continuation numérique pour le calcul des solutions
stationnaires. Deux exemples numériques sont présentés.

Partie Il : les équations des champs neuronaux avec retards

Dans la partie précédente, les retards ont été négligés : on les prend maintenant
en compte. Deux types de retard sont considérés dans notre modélisation. Le pre-
mier type de retard est le retard de propagation qui provient de la vitesse (finie) de
propagation des signaux dans les axones. Le second type de retard est un retard
effectif : c’est une fagon simple de modéliser la naissance du potentiel d’action
par l'interaction des différentes dynamiques synaptiques et neuronales. Le premier
chapitre concerne la théorie générale des équations des champs neuronaux avec
retards. Dans les deux chapitres suivants, nous donnons des programmes pour cal-
culer les valeurs propres, les diagrammes de bifurcation et les formes normales. Ces
programmes sont utilisés dans le dernier chapitre qui concerne ’étude de réseaux
neuronaux simples ot le cortex est de monodimensionnel. Cette derniere étude per-
met de comprendre le role respectif des delais effectifs et des delais de propagation
dans la dynamique des champs neuronaux a retards.

Partie IV: application a I'’étude de modeles de cortex visuel

Cette derniere partie concerne ’application, des outils développés dans les deux par-
ties précédentes, a trois modeles de cortex visuel. Nous appliquons les outils concer-
nant les solutions stationnaires & deux modeles issus de la littérature. Le premier,
le Ring Model est un modele d’hypercolonne, une des structures fondamentales de
la premiere aire visuelle. Le second modele, décrivant un réseau d’hypercolonnes,
est basé sur des données expérimentales. Nous étudions le poids relatif de I'entrée
thalamique et des calculs effectués par le réseau récurrent dans ’émergence de la
réponse corticale. Le dernier modeéle est un nouveau modele de V1 qui généralise
les deux modeles précédents tout en permettant une étude analytique des effets des
retards en utilisant les outils de la seconde partie.
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The goal of this chapter is not to present a snapshot of the biology of vision at
the present time. This would be impossible and most information would not prove
useful for the rest of our study (despite being of great interest). Also, because of
the huge literature, giving some advice concerning which references to read is very
difficult. Hence, I will expose what I read and hopefully, it will be convenient for
most of the readers. Readers that have not been introduced to the neurosciences
biology should start with the marvellous books et al. [Purves 2004, Kandel 2000,
Rolls 2002] and read the biophysics of neurons and the visual pathways (see also
[Wohrer 2008, Grimbert 2008, Chemla 2010b, Reynaud 2011, Series 2002a).

The brain is composed of an incredible amount of cells that process the inputs
from the eyes and other sensory pathways. In this Thesis, we focus on the role of
neurons, which will be more thoroughly introduced in the next chapter. Neurons
are a particular type of cell whose membrane voltage potential fluctuates depending
on the inputs they receive. If their somatic membrane potential exceeds a threshold,
they produce an action potential, which is transmitted to another neuron through an
axon. Indeed, neurons are connected to other neurons and this is a very important
aspect of the phenomenology.

Definition 1.0.1 (Action potential). The action potential, or spike, is a self-
regenerating wave of electrical activity that propagates from its point of initiation



4 Chapter 1. Introduction to the biology of vision

at the cell body (called the azon hillock, see figure 2.2) to the terminus of the axzon
where synaptic contacts are made. It constitutes the basis of the information code*
used in the brain.

Given a neuron, we can study what type of stimulus will induce a change in
its voltage potential. Note that a particular neuron is likely to feel the stimulus
after it has been “processed” by many other neurons. This motivates the following
definition.

Definition 1.0.2 (Receptive field). The receptive field (RF) of a neuron is the re-
gion in sensory space (e.g., the body surface, or a specialized structure such as the
retina) within which a specific stimulus elicits an action potential response.

The receptive field of neurons is usually subdivided in subregions ON (resp.
OFF) which are excitatory (resp. inhibitory) in that they increase (resp. decrease)
the action potential response.

1.1 The visual pathway in the primates

We recall some of the basic layout of visual pathways in primates. When data is
not available for the primates, we use data for other animals and stress that the
results may not be true for primates.

1.1.1 The eye and the retina

The first element of the vision pathway (see figure 1.1 Left) is the eye, but more
importantly from a neuronal viewpoint, the retina. The retina is the network that
covers the back of the eye ball. It is composed of 5 cells types, stacked in the or-
der that light is received: ganglion cells - amacrine cells - bipolar cells - horizontal
cells and the photoreceptors. Due to the connections in and between upper lay-
ers, light scatters through the network before reaching the photoreceptors. These
photoreceptors further subdivide into two main categories?:

e The cones, which are located in the fovea® and are in charge of the diurnal
vision. There are roughly 4.5 million in the human retina. The foveola region
is the central region in the fovea: it has the highest density of cones and
is avascular in order to maintain a high visual acuity. Hence, the foveola
is dependent upon the resources coming from the underlying choroid and
pigment epithelium for oxygenation and metabolic sustenance.

e The rods, which are mainly located in the peripheral region, outside the fovea.
They are photoreceptors for the nocturnal vision and their number is roughly
90 million. During diurnal vision, their response saturates, i.e. they are not
sensitive to changes in light.

Lwhich is still unknown
Znamed because of their shape
3part of the retina mainly composed of cones
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Upon photon scattering, the photoreceptors membrane hyperpolarizes and the
changes in the membrane potentials are transmitted through the network to the
ganglion cells (GC). The ganglion cells are the only cells in the retina which produce
action potentials. The axons, roughly 1.2 million, are packed into the optic nerve
which sends information to the thalamus relay, also called the lateral geniculate
nucleus (LGN). However, unlike a camera, the output from the GCs is influenced

Optic @
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\

Figure 1.1: Left: the 4 main elements of the visual pathway. Right: the eye and the
retina. The fovea is zoomed in on to show the GCs and the photoreceptors. Bottom:
the thalamus and the LGN with the optic nerve coming in. Figures modified from
[Purves 2004, Kandel 2000, Felten 2010].

by the network made of the cells we have listed above. The RFs of most ganglion
cells display a characteristic, roughly circular center-surround architecture where
the center is excitatory (resp. inhibitory) and the surround is inhibitory (resp. ex-
citatory), see figure 1.2. Moreover, the ON/OFF subregions are usually associated
with particular wavelengths of light. Hence, the GCs act as local spatial contrast
detectors. On the other hand, the temporal responses of the GCs subdivide in two
broad categories: tonic and phasic (see [Gouras 1968]). Tonic cells, also called P-
cells, respond to light stimuli in a steady maintained manner and their RF centers
are extremely small. These cell axons terminate in the parvocellular layer of the
LGN and form the beginning of the parvocellular pathway. The phasic cells, also
called M-cells, are selective for temporal changes in the stimulus. They form the
beginning of the magnocellular pathway and their axons contact the magnocellular
layers of the LGN. Hence, we could think of the retina, as a first approximation,
as a spatiotemporal contrast detector. Indeed, transmitting the same information
constantly is useless, it is changes in the information flow that are important. For
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a general discussion of the retina, see [Wohrer 2008].
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Figure 1.2: Responses of the retinal ganglion cells whose receptive field is shown
in the top row. The yellow area indicates which region of the receptive field is
stimulated (time scale is in seconds). From [Kandel 2000].
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1.1.2 The lateral geniculate nucleus (LGN)

The thalamus is the entrance portal for all sensory information passed to the cortex
(see figure 1.1) but it is more than just a relay. The LGN, the part of the thalamus
concerned with vision, is composed of roughly 125 million of neurons and only 10%
of its inputs come from the retina. It is a layered structure and each of the 6
layers receives input from GCs from one eye and from one visual hemisphere (see
figure 1.11). Also, the retinal P-cells and M-cells projections are segregated in the
LGN: each type sends projections to specific layers in the LGN, respectively the
parvocellular layers and the magnocellular layers (see figure 1.11). Finally, the LGN
features the retinotopy property as does the primary visual area (see below). The
retinotopy in the LGN is the fact that two adjacent points in the visual field are
processed by LGN cells located next to one another in the same layer. If we travel
perpendicular to the layers, we find neurons that process the same part of the visual
field, but seen by each retina and through the responses of the P/M-cells. Hence,
it is as if there was a spatio-temporal decoupling of the stimulus in the 3D shape
of the LGN.

The neurons in the LGN are separated® in two broad categories: the relay cells
(excitatory) and the interneurons (inhibitory). Most of the GCs contact the relay
cells which inherit of their RF, i.e. they are roughly circular with center-surround
organization. The relay cells also receive input from the visual cortex but this
feedback must be seen as modulatory because its inactivation has few effects on the
RF of the relay cells. Finally, the relay cells are found to spike in two firing modes:
the tonic firing mode and the bursting firing mode. Some evidence exists (reviewed
in [Sherman 1996, Sherman 2001]) suggesting that the cortex promotes the firing
mode via direct inputs to the relay cells and promotes bursting firing via indirect
input (i.e. via reticular and possibly interneurons) to the relay cells. For a more
precise account of the LGN properties, see [Sherman 1996].

1.1.3 The visual cortex

The cortex is a folded sheet of width 2cm known as the grey matter. It contains
the somas of the neurons. The white matter is made of the myelinated® axons of
the grey matter. The cortex shares many features of the LGN. It is a layered struc-
ture, 6 layers that have been identified by [Brodmann 1909], which is also retino-
topically organised (see figure 1.11 where the retinotopy is shown). The mapping
between the visual field and the cortical coordinates is approximatively log-polar
(see [Schwartz 1977]). From the LGN, the information is transmitted to the visual
cortex located at the back of the head (see figure 1.1), mostly to the primary visual
area V1.

“More precisely, they are separated by the use of a specific neurotransmitter: glutamate for the
relay cells and GABA for the interneurons.

®Some axons are entoured of myeline which increases the propagations speed of actions poten-
tials.
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Where does the information go after V1?7 There are roughly thirty other
visual areas, all smaller than V1, for example V2, V4, MT, MST... (see
[Felleman 1991, DeYoe 1996]) that are different one from one another in architec-
ture, connectivity or functional properties. As a general principle, as we ascend the
hierarchical architecture of visual areas, the RF of neurons is larger and the neu-
rons are selective for stimuli that increase in complexity. For example, the area MT,
which receives direct input from V1, has neurons selective for direction of motion
and depth (see [DeAngelis 1999, Born 2005]). Hence, it is as if the local processing
of information precedes the processing of global properties. This is not completely
true as most higher order area send feedback projections, for example MT send
connections back to V1 which itself connects back to the LGN.

Let us consider V1 more precisely. From the studies of Hubel and Wiesel (see
[Hubel 1962, Hubel 1968]) of extracellular recording of single cells responses to sim-
ple stimuli of anaesthetised cats, the authors characterised two families of neurons in
V1: the simple and the complex cells. The RF of the simple cells is more elongated
than the RF of the LGN cells which accounts for their selectivity for the orientation
of the stimulus. It is also comprised of ON/OFF subregions (see figure 1.7). It has
been shown that these cells better respond to bars than to spots. Moreover, given
a stimulus, one can predict the cell response from the RF. On the other hand, the
complex cells are not so well characterised by their RF despite being responsive to
which eye is stimulated, the orientation, the spatial frequency of the stimulus and
other properties. Among all possible orientations of the stimulus, one yields the
maximum cell response, we call it the preferred orientation (see figure 1.10 below).
For moving bars or drifting gratings, 30% of V1 cells are selective for the direction
of motion (see [Geisler 2001]). In this case, we can define the preferred direction
of motion. However, these neurons have a greater sensitivity to orientation than
direction of motion.

Based on the retinotopy property, it is interesting to compare the preferred
stimulus of V1 cells and see how it is spatially organised in the cortex. This was
first studied in the 50s by Mouncastle and Hubel and Wiesel.

1.1.4 Selectivity and maps

Following [Mountcastle 1957], Hubel and Wiesel also showed that V1 is spa-
tially organised in columns where every neuron in each layer responds to the
same stimulus property. More precisely, by studying different cells located in
the same column perpendicular to the cortex surface, Hubel and Wiesel in
[Hubel 1962, Hubel 1965, Hubel 1977] showed that the preferred orientation of
these cells is the same. However, when moving the electrode parallel to the sur-
face, the preferred orientation of cells, if it exists, changes gradually. A similar
columnar organization exists for eye preference, spatial frequency preference, orien-
tation preference, direction of motion preference... The point-by-point sampling
with microelectrodes of cells preferences, performed by Hubel and Wiesel, has
since been supplemented by the optical imaging method of intrinsic signals (see
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[Blasdel 1986a, Grinvald 1986]), which reveals that the orientation preference map
is composed of pinwheel-like structures as shown in figure 1.3 for the tree shrew
visual cortex. A similar structure has been shown for the macaque primary vi-
sual cortex (see [Blasdel 1986a] and figure 10.1) and the cat visual cortex (see
[Bonhoeffer 1991]). In figure 1.3 B, the colour indicates the preferred orientation
of neurons in the underlying column. This figure was obtained by combining the
cortical responses for different orientation stimulus as shown in figure 1.3 A. The
striking feature, already found by Huber and Wiesel, is the existence of particular
points called pinwheels (see figure 1.3 C Right) where all orientations are repre-
sented. Between these pinwheels, there are linear zones where the local orientation
preference has not radial organization (see figure 1.3 C Left).

Due to the low spatial precision of the optical imaging technique 50um (see
[Meister 2001]), a study of the pinwheel structure at the neuron scale was not
possible. However, it was shown by Ohki et al. in [Ohki 2005, Ohki 2006], by using
calcium imaging techniques, that the fine-scale structure of the pinwheel centres
is independent of the depth in the cortex. Hence the pinwheel points are not an
averaging artefact from the imaging technique but are functional correlates of the
spatial organization of the cortex.

In addition to the pinwheel structure, there are ocular preference domains, in
effect large bands, that shows to which stimulated eye the columns are more re-
sponsive. This property comes from the connections from the LGNS which projects
each eye pathway in a segregated manner (see [Blasdel 1992b, Blasdel 1992a,
Blasdel 1986a]). The two maps of orientation preference and ocular preference
can be superposed as in figure 1.4 from [Hubener 1997] (in the cat), it becomes
clear that both systems are spatially related: many iso-orientation lines cross the
borders between ocular dominance columns close to right angles, and the pinwheel-
centers are preferentially located in the middle of the ocular dominance columns
(see [Obermayer 1993] and figure 1.4 for the cat, a similar figure is found in
[Hubener 1997] for the monkey). It seems a general principle that the primary
visual cortex is organized in modules corresponding to each part (left or right)
of the visual field, where evenly possible orientation is represented along with
ocular dominance. This is what Hubel and Wiesel called the hypercolumn (see
[Hubel 1962, Hubel 1977]). The module periodicity is usually in the millimetre
range. Moreover, the columnar organization implies that all feature maps are “su-
perimposed” on the 2D cortical sheet.

Remark 1.In the cat primary visual cortex, the preferred direction of movement
maps have been compared to the orientation map in [Swindale 2003]. These maps
are respectively obtained with static and drifting gratings. It appears that the vertical
(for example) preferred orientation zones (the blue zones in figure 1.3 B) are sub-
divided in two zones of opposed preferred direction of movement and this direction
of movement is horizontal, i.e. perpendicular to the preferred orientation.

Swhere the eye pathways are separated
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Figure 1.3: Optical imaging of intrinsic signals in tree shrew visual cortex. A)
Difference images obtained for four stimulus angles (0°, 45° 90° 135°, shown in
inset of each panel) from one animal. Black areas of each panel indicate areas of
cortex that were preferentially activated by a given stimulus, and light grey areas
indicate areas that were active during presentation of the orthogonal angle. The
dashed line in the 90° panel indicates the approximate location of the V1/V2 border.
B) Orientation preference map obtained by vector summation of data obtained for
each angle. Orientation preference of each location is colour-coded according to the
key shown below. C) Common features of the orientation preference maps. Portions
of the orientation preference map shown in B have been enlarged to demonstrate
that the orientation preference maps contained both linear zones (left) and pinwheel
arrangements (right). From [Bosking 1997] for the tree shrew.
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Figure 1.4: Relationship between ocular dominance and orientation maps. The
coloured iso-orientation lines were derived from the orientation preference map. All
points on lines with a given colour prefer the same orientation. The contours of
the ocular dominance columns were obtained from the ocular dominance map of
the same cortical region, using an objective automated procedure; grey denotes
contralateral eye dominance. From [Hubener 1997] for the cat.

As a last example of a map, we show from [Diogo 2003]|, redrawn in fig-
ure 1.5, the motion selectivity map of the visual area MT in monkeys which
has been obtained using micro-electrodes arrays. This area is thought to (see
[Born 2005, Masson 2010, Tlapale 2011]) be implicated in the processing of move-
ment. It is highly connected with V1 (forward and feedback connections) and its
cells are mainly tuned for a direction of movement and speed.

The figure 1.5 illustrates the dependency of the maps on stimulus (Left of fig-
ure 1.5 is for drifting grating, Right for a moving dot). A pinwheel” point is shown
as a white square and the linear zones are shown as in the orientation maps. Note
that it is difficult to obtain these maps because the MT area is not easy to access
in the macaque.

Finally, we would like to mention that adaptation shapes the feature maps. Pro-
longed synaptic activation leads to a decrease in the strength of cortical activation.
Hence, by showing prolonged (2 minutes) stimuli, one grating of fixed orientation
to cats, the neurons which belong to the same orientation column adapt and are
less responsive. The authors in [Dragoi 2000a, Dragoi 2001] show how the initial
orientation map is altered by adaptation (see figure 1.6). In particular, the response
of adapted neurons near pinwheels is more affected than those in the linear zone;
see [Dragoi 2001]. This is very important from an information processing view-
point. It means that the network adjusts its response to the stimulus and even the
orientation preferences of the cells change. Coupled to the micro-saccades of the
eyes, it suggests several interesting extensions to the rather static approach to visual
information processing that we have adopted in this Thesis; see [Schummers 2002].

"In this case the definition of the pinwheel point is a bit different, see [Diogo 2003]
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Figure 1.5: A: Colour-coded composite map of the two-dimensional surface of area
MT, which represents the preferred direction for a drifting grating. B: same but
for a moving dot stimulus. Colour code for preferred direction of motion appears
along the right margin of each map. Arrows overlaid on the colour map are a
sub-sampled vector description of local directional preference where relative length
reflects the strength of selectivity. Dark regions of the colour-coded map indicate
areas for which measurements were deemed unreliable. The white crosshairs indi-
cate the locations of recording sites. C/D: Directional tuning curves obtained at
these sites are illustrated at the bottom. Firing rate tuning curves are illustrated
in polar format. Spike rates (s/s) correspond to the scale of the outer circle in each
plot. Broken circles indicate spontaneous activity level. From [Diogo 2003] for the
monkey.

Remark 2.1t also suggests that the preference maps are dynamical and are influ-
enced by the history of the stimuli. It would be interesting to analyse the concepts
of maps in the formalism of dynamical systems.

1.2 Connections

We now focus on the connections between the LGN and the cortex and on intra-
cortical connections.
1.2.1 Thalamo-cortical connections

The primary visual cortex has been anatomically subdivided in 6 layers. The LGN
makes most of its connections to layer 4 which is further subdivided into four sublay-
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Figure 1.6: A) Composite maps of orientation angle obtained during control, adap-
tation, and recovery conditions. To obtain these composite maps, the response
at each pixel to the eight single-stimulus orientations (including both directions of
motion) were summed vectorially and the resultant angle of preferred orientation
is displayed in pseudo-colour according to the key at bottom. Adapting orientation
is coded dark green. B) Magnified portion from A), showing the postadaptation
repulsive shift in orientation and the recovery from adaptation. Depending on the
difference between pixel orientation and that of the adapting stimulus, orientation
domains exhibit repulsive shift toward neighbouring orientations: for A = —22.5°
(light green) most pixels shift toward the “yellow” domain; for A§ = 0° (dark
green) many pixels are unchanged while others shift either toward the “light green”

r “light blue” domain; for A0 = 22.5° (light blue) most pixels shift toward the
“dark blue” domain. From [Dragoi 2000a] for the cat.
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Figure 1.7: Left: examples of RFs of simple cells in V1. Right: illustration of the
Hubel and Wiesel models which gives elongated RF to V1 simple cells from circular
RF of the LGN. From [Kandel 2000].

ers 4A, 4B, 4Ca, 4CS. The M-cells axons terminate in layer 4C'a while the P-cells
axons make contact in layer 4C'3. Hence, the two pathways are still segregated when
they enter the primary visual cortex (see [Lund 1988, Lund 2003a, Solomon 2002])
and the connections are only excitatory (see [Perkel 1986]). It should be noted that
there is a third pathway, called the koniocellular pathway that links cells between
the LGN layers directly to superficial layers of cortex within the cytochrome oxidase
(CO) blobs®.

The question of how V1 simple cells acquire orientation selectivity from the LGN
cells? has been addressed in the studies of Hubel and Wiesel (see also section 1.3).
Hubel and Wiesel hypothesised (see below and figure 1.7) that a V1 simple cell
receives many inputs from LGN cells and the sum of the RFs of these LGN cells
is roughly the RF of the simple cell. This has been demonstrated!? for the cat
in a recent paper [Jin 2011]. In this paper, the authors experimentally computed
the thalamic population receptive field of the ON and OFF inputs to a V1 simple
cells of preferred orientation . The sum of the (circular) RF of the population
thalamic RF gives an elongated RF in V1 that provides an accurate prediction of
the preferred orientation 6 (see also [Reid 1995]).

The area V1 also sends feedback to the LGN mainly from its layer 6. These
connections are called cortico-fugal. An interesting question is to know how the ON
and OFF zones of simple cells in V1 are spatially aligned with the ON and OFF
center LGN cells they influence. For the cat, it has been shown in [Murphy 1996,
Wang 2006] that in general, feedback axons contact LGN cells lying in a line either
parallel to, or perpendicular to, the axis of the orientation preference of the parent
layer 6 cell (see figure 1.8). This was measured by studying the change of the balance

8These blobs are cortical functional compartments revealed by CO, a mitochrondrial enzyme.

9with no orientation preference

0The results reported in this paper calls for more experiments to be sure that they do not
depend on the place of the recorded V1 simple cell inside the pinwheel network.
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between the bursting/tonic firing modes of the LGN cells (see section 1.1.2). Note
that there is a phase reversal of the feedback influence with respect to the ascending
connections, which we now explain. Indeed, the ascending connections connect LGN
cells with ON center area in their RF to V1 simple cells with ON center area in
their RF. The feedback connections show a different pattern. Indeed an ON-center
V1 cell sends direct feedback to OFF-center LGN cells and feedback to ON-centers
LGN cells only via an inhibitory interneuron. The “phase” is said to be aligned
when ON-center cells are connected to ON-center cells and is said reversed when
ON-center cells are connected to OFF-center cells. Moreover, LGN cells arranged
on a line send axons to a V1 simple cell whose RF is elongated along the same
line but the V1 cell sends feedback connections to LGN cells either aligned, or
perpendicular to the V1 cell RF. The authors call this scheme of the feedback
connectivity a reverse Hubel and Wiesel scheme (see figure 1.7 for the usual Hubel
and Wiesel schema ) in feedback from V1 to LGN.

1.2.2 Intra-cortical connections in V1

We now focus on the intra-cortical connections. We will not look at the de-
tailed connectivity between the layers (see for example [Salin 1995, Nowak 1997,
Thomson 2002, Thomson 2003, Markram 2004, Markram 2006, Thomson 2007] and
also [Grimbert 2008, Chemla 2010b]). Let us first mention that the term horizontal
connectivity is used for the intra-cortical connections between columns, parallel to
the cortical surface, whereas the vertical connectivity is used for intra-column con-
nections. The thalamo-cortical connections that we have described in section 1.2.1
provide a very small percentage of the inputs in layer 4: 95% of these inputs are
made of recurrent connections, i.e. intracortical connections (see [Douglas 1995]).
The local excitatory/inhibitory connections are homogeneous, i.e. the pattern of
connections is the same over the cortex. At a given cortical location r, the contacted
neurons are located in a disc of radius which is of the order of 0.5 — Imm (see
[Malach 1993, Angelucci 2002] for the primate, [Das 1999, Marino 2005] for the cat
and [Fitzpatrick 1996] for the tree shrew) and they are uniformly distributed in this
disc. In [Das 1999], it is concluded that the synaptic efficacy of these connections
decreases with the distance of projection. This particular organization of local
connectivity together with the structure of orientation maps (as in figure 1.3) implies
that these connections play a different role depending on the place of the neurons
in the pinwheel map (see [Shelley 2002, Marino 2005, Nauhaus 2008]). Indeed, the
homogeneous connections provide a uniform sampling of the neighbouring neurons.
In the linear zones, the neurons “see” mainly neurons with the same orientation
preference, whereas near pinwheels the neurons can “see” all orientations.
Concerning the long-range connections, it has been demonstrated that they are
mainly made by excitatory neurons in layers 2/3, 4B, 4Ca, 5/6 of macaque area
V1 in [Rockland 1983, Malach 1993, Yoshioka 1996]. These projections are patchy
rather than homogeneous, axons ramify and make extensive terminal branches only
at particular discrete locations across the cortex. In particular, the long-range con-
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Figure 1.8: Left: a) Arrangement for the phase aligned connections via inhibitory
interneurons (drawn in black) and direct phase reversed connections to relay cells.
b) Receptive field types associated with phase aligned and phase reversed connec-
tions. Cortical cell is shown as having an ON center. LGN cells with “4” centers
are ON center and “-” centers are OFF center. Right: the diagram shows the pat-
tern of feedback made by two layer 6 cells to an ON- center LGN relay cell. The
receptive field of one feedback cell matches that of the LGN cell, in that it has a
central ON sub-region (red cell). The other has a central OFF sub-region (blue
cell). All three receptive fields are centred on the same point in visual space. The
cell with the matched field contacts the LGN cell through an inhibitory inter neu-
ron (black). Conversely, the cell with the mismatched field makes direct excitatory
contact. Modified from [Wang 2006] for the cat.

nections preferentially link cortical domains of similar orientation preference +30°
(see [Malach 1993, Yoshioka 1996, Stettler 2002, Lund 2003a]). The anisotropy ra-
tio is the extent of long/short axis of the ellipse which contains all the long-range
connections. In [Angelucci 2002], it is found that the mean anisotropy ratio is
1.56 (see white ellipses in figure 1.9). The anisotropy of horizontal connections in
macaques follows from the anisotropy of the visual field representation in V1 (cf.
retinotopy and log-polar map. Recall that there is a cortical magnification of the
fovea.), i.e. it is not correlated to a feature like orientation. In other words, if we
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tree shrew macaque

Figure 1.9: Left: Synaptic bouton distributions after an injection of biocytin shown
over orientation preference maps for the tree shrew. The injection site has a pre-
ferred orientation of 80°. The boutons are localized along the axis of preferred
orientation of the marked cells. From [Bosking 1997]. The synaptic bouton is the
presynaptic terminal at the synapse. Right: patchy horizontal connections in lay-
ers 2/3 of macaque area V1. Small square, labeled patch shown at higher power
in the inset. Scale bar, 500um. Inset, High-power drawing of patch in the small
square, showing labeled fibers and somata (dots), indicating reciprocity of connec-
tions. Scale bar, 100um. From [Angelucci 2002]. The white ellipses are meant to
show the anisotropy of the connections.

drew!! figure 1.9 Right in visual field coordinates, the patches would appear to lie in
a disc and not in an ellipse. Finally, these long-range connections are modulatory,
i.e. they cannot elicit a spike in the contacted neuron although they can modulate
its membrane potential.

Remark 3.0n the other hand, it has been shown for the tree shrew that the patchy
long-range connections have an anisotropy axis aligned with the axis of preferred
orientation (see [Fitzpatrick 1996, Bosking 1997] and figure 1.9 Left). Hence, the
long-range connections implement a principle of good continuation unlike in the
monkey.

To finish, we would like to emphasize the difference between anatomy and func-
tion. Feature preferences are found by using stimuli, i.e. by puting the network to
work. However, there are no anatomical clues about orientation, spatial frequency...
columns. At best, there are clues for an organization into functional columns in
the macaque area V1 (see [Lund 2003a] and figure 1.9). Also the feature selectivity

Tt is specific to macaques.
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does not dictate a columnar organization. One of the best examples is the rat with
well-defined orientation selective neurons mixed spatially in a salt-and-pepper way
without columnar match in preferred orientation whereas its barrel cortex, which
processes its whisker movements, is organised in columns.

See [Voges 2010, Chavane 2011] for a review about patchy connections and long-
range connections.

1.3 A closer look at orientation selectivity

The problem of orientation selectivity is central to the neuroscience community;
most likely because it is a simple phenomenon, easily reproducible, that takes place
at the boundary between the thalamus and the cortex. In effect, the orientation
selectivity properties lie in the relative contributions of the afferent inputs and
recurrent computations (see [Ferster 2000, Martin 2002] and also [Monier 2002]).
Whether the orientation selectivity stems from LGN inputs or cortical computation
is still a matter of debate. More theoretically, this question is related to how much
the cortex is influenced by its sensory inputs.

1.3.1 Biological facts

We have seen that V1 simple cells are orientation selective and that V1 is spatially
organised in a pinwheel network. However, the V1 simple cells in cats share an
additional and remarkable property which is linked to their tuning curves properties.
Definition 1.3.1 (Tuning curve). The tuning curve is the response (firing rate,
membrane potential) of a neuron or a population of neurons to a stimulus as func-
tion of the stimulus parameter(s) (orientation, spatial frequency...).
In [Sclar 1982], the authors showed how the firing rate tuning curves of V1 sim-

t'2. In particular, the response at

ple cells in cats depend on the stimulus contras
the preferred orientation increases with the exponential of the contrast but the ori-
entation selectivity, related to the width of the firing rate tuning curve, is contrast
invariant (see figure 1.10). Moreover, the maximum response is an increasing func-
tion of the contrast but it saturates below the maximum firing rate of the simple
cell (see [Albrecht 1982, Levitt 1997]) and in some cases, it hypersaturates, i.e. de-
clines with very high contrast levels (see [Levitt 1997]). Hence, the saturation effect
comes from a network property: it is an important clue for the operating regime of
the cortex because it normalizes the signal at the cortical level.

For the macaques, the picture is less clear. For now, contrast invariance has not
been firmly established and a recent study by Nowak et al. in [Nowak 2009] shows
that contrast adaptation is implicated in the contrast invariance of tuning curves
width for the marmoset monkey. In particular, they showed that the tuning curves
are not contrast invariant when the stimulus is presented for 0.2s. For the rest of

2For a drifting grating stimulus S(x,t) = So(1 + C cos(t — k - x)), the contrast is given by the
pre-factor C. The orientation is given by the angle of the vector k.
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Figure 1.10: Left: typical tuning curves of a cat V1 simple cell as a function of
the contrast of drifting gratings. From [Sclar 1982]. Also shown is the idealisation
of the result on the left. Right: Examples of orientation tuning curves and their
location within the orientation map are shown for a monkey (A) and a cat (B). They
are ranked in order of increasing values of the local homogeneity index (shown near
each local orientation map). From [Nauhaus 2008].

this section, we will focus on the cat biology, especially on the contrast invariance
of tuning curve widths in cats because adaptation is not seen to play a role.
Moreover, it has been shown that the firing rate tuning properties depend on the
spatial localisation of the simple cell in the orientation map for monkeys and cats
(see [Nauhaus 2008]). In particular, it appears (see figure 1.10 Right) that tuning
width decreases with increasing values of the local homogeneity index, which is
an indication of the neighbouring preferred orientations. Note that this result is
in contradiction with the studies in [Schummers 2002, Marino 2005] which report
a firing rate tuning curve that is invariant across the cortex!®. It is supposed
in [Nauhaus 2008] that the discrepancy comes from the coarse sampling of the
orientation tuning curves at 22.5° steps used in [Schummers 2002, Marinio 2005]

given the range of tuning widths seen in cat Af = 5° — 20°.

1.3.2 Two classes of models

In order to account for this contrast invariance property, two classes of models
have emerged that emphasize the role of the LGN afferent inputs, also called the
feedforward models, or the role of the recurrent connections in the cortex, also called
the recurrent models.

The original feedforward model dates back to Hubel and Wiesel’s work. The
model consists of two processing stages. The first is a linear summation of inputs
from LGN cells whose receptive fields are arranged in rows as in figure 1.7. The
second stage is the nonlinear filtering of the summed inputs by the spike threshold.

13These studies also demonstrate that the tuning width of subthreshold membrane potential in
cat, is broader near pinwheels than in iso-orientation domains.
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To have an output, i.e. to be above threshold, the net excitation'® must be larger
than the net inhibition!® and these net contributions are increasing functions of
the contrast'®. Unfortunately, after thresholding, the width is also an increasing
function of the contrast, this is called the iceberg effect (see [Rose 1974]). The
model has then been modified in [Troyer 1998] to account for contrast invariance
by using orientation dependent inhibition in order to compensate for the net ac-
tivation. However it is not supported by biology. Recently, a new version of the
feedforward model as been proposed in [Finn 2007] (see also [Carandini 2007]). It
features contrast-gain control, additive noise, and a firing threshold to account for
the contrast invariance of selectivity.

The other type of models that have been used to account for the contrast invari-
ance of tuning width is the recurrent models (see [Ben-Yishai 1995, Somers 1995,
Hansel 1997, Douglas 1995, Carandini 1997, Shelley 2002, Kang 2003]). These
models are motivated by the fact that most of synaptic inputs of layer 4 neurons
are recurrent connections. Hence, the model assumes that the thalamic inputs are
weakly tuned and the tuning is sharpened by the cortical computations. These re-
current models are further subdivided in two classes, those that make explicit use of
a feature dependent connectivity (see [Ben-Yishai 1995, Somers 1995, Hansel 1997,
Douglas 1995, Carandini 1997]) and the one that are based on the local connections
we have described in section 1.2.2 (see [Shelley 2002, Kang 2003]). However, it is
important to note that the latter class of models do not work in the same regime
as the first which operate near a static bifurcation (see chapter 3).

1.4 Conclusion

In this chapter we have reviewed the basic material about the visual pathways
in mammals. I gave in to the temptation to provide more information than will
actually be used in the sequel, but hope that the reader is amazed, as much as I
am, by the fine structure/properties of the retina, the LGN and the cortex. For
convenience, we have collected the principal information in figure 1.11.

In particular, the focus was on the tuning properties of V1 simple cells in cats.
We will come back to the recurrent models in chapter 3 and in part IV. The point
we want to make is that by using simple network models with few parameters and
by trying to account for well-established biological facts, we can constrain a lot the
possible parameters values. The resulting network with those equiped parameters
is likely to feature new behaviours that will be the basis of interesting predictions
that could be tested experimentally.

“gum of the ON subregion responses
15sum of the OFF subregion responses
16¢rom retinal and thalamic cells properties.
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field view

field hemisphere

optic chiasm

Figure 1.11: Schematic representation of the visual pathway. Note the retinotopic
representation and the magnification of the fovea. Each LGN has 6 layers which
project to V1. For V1, we have represented the orientation and the retinotopy
maps.






CHAPTER 2

The neural fields model

Contents
2.1 A brief account for the flow neuronal activity ... .. ... 24
2.1.1 Introduction . . . .. ... .. ..o 24
2.1.2 Propagation of activity between two neurons . . . ... ... 25
2.2 Thelocalmodels . . . . .. ... o v v v v i v 27
2.2.1 The voltage-based model . . . . . ... .. ... .. ... 29
2.2.2 The activity-based model . . . . . . .. ... Lo 30
2.2.3 Relationship between the two formulations . . ... ... .. 31
2.2.4 The continuum models . . . . . ... .. ... L. 31
2.2.5 The propagation-delay function . . . . . ... ... ... ... 33
2.3 The Mexican hat model . ... .. ... ............ 33

In this chapter, we present the neural field (NF) model. It first appeared in
the 50’s (see [Beurle 1956]) but the theory really took off in the 70’s with the work
of Wilson and Cowan [Wilson 1972, Wilson 1973] and Amari [Amari 1977]. This
model is a continuous network of interacting populations which are distributed over
the cortex. The spiking activity is approximated by the mean firing rate. Compared
to spiking neural networks, the NF model presents the advantage of having less
parameters, hence, is simpler to analyse. The NF equations are heuristically derived
(see below). A huge effort of researching is put in finding mean field equations that
are the limit equations, when the number of neurons tends to infinity, of equations
of spiking neural networks. The mean field equations have not yet been linked to
the NF equations.

The disadvantages of the neural field model lie in their main modelling assump-
tions. They cannot cope with the spike timing and spike correlation effects. These
effects are at the basis of important intrinsic mechanisms of adaptation and learn-
ing. We would like to point out that these mechanisms have been incorporated at
the mesoscopic level using heuristic arguments. For example, the effects of synaptic
depression/facilitation have been introduced in the NF formalism in [Tsodyks 1998]
and further studied in [Kilpatrick 2010a, Kilpatrick 2010b]. The effects of spike fre-
quency adaptation, which are neuronal effects and not synaptic effects, have been
studied in [Curtu 2004, Coombes 2003, Coombes 2005a]. For a review on neural
field models, see [Ermentrout 1998, Coombes 2005b].
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2.1 A brief account for the flow neuronal activity

2.1.1 Introduction

The goal of this section is not to give a detailed account of the neurons biophysics
and models (see for example [Tuckwell 1988, Dayan 2001a, Purves 2004, Koch 2005,
Izhikevich 2007, Felten 2010, Sterratt 2011]). Rather, we would like to recall some
basic properties of the neural activity that are needed for the derivation of the NF
model.

The neurons are composed of four main components: the dendritic tree, the
soma, the axon which is linked to the soma at the axon hillock and the pre-synaptic
terminals (see figure 2.2). The neurons are connected with synapses which are the
interface between the afferent axon and the targeted neuron. There are two kind
of synapse, the chemical and the electrical (also called gap junctions). We will
not consider the electrical synapses in this Thesis (see [Steyn-Ross 2007] for more
information). When the somatic potential across the membrane reaches a threshold,
a sequence of action potentials (also called spikes) is produced at the axon hillock.
This sequence is then transmitted, without alteration, to the axon terminals where
the synapses with the targeted neuron are located.

When a spike arrives at a synapse, it triggers the release of neurotransmitter in
the synaptic cleft. These neurotransmitters bind to specific receptors on the post-
synaptic neuron. The binding causes ion channels to open (or close), thus changing
the ability of ions to flow through the post-synaptic membrane. Hence, the binding
of neurotransmitters alters the conductance of the post-synaptic membrane. Let us
consider a spike that arrives at ¢ = 0 at the synapse, then we write:

Lsyn(t) = Gsyn () (V (1) = Egyn) (2.1)

where ggyn is the conductance of the post-synaptic membrane, Iy, is the post-
synaptic electrical current, V is the voltage across the post-synaptic membrane! and
Egy, is the reversal potential of the ion channels that mediate the synaptic current.
Three waveforms of synaptic conductance are commonly used in the literature

9syn (t) = gsyneit/TH(t)
Gsyn(t) = Goynte VTH(t) (22)
gsyn (t) _ gsyn TraiseTdecay (e_t/Traise _ 6_t/Tdecay) H(t)

Traise —Tdecay

where H is the Heaviside function. The waveforms, respectively called the expo-
nential decay, the alpha function and the dual exponential, are shown in figure 2.1.
The characteristics of the synapses are contained in the constants ggyn, 7 - -

In order to know the time evolution of the post-synaptic potential V', which will
be written PSP below, another equation is required. It is usually of the form:

dPSP
dt

Ty

'also called the post-synaptic potential and written PSP below.
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where 9 is a nonlinear function of the potential PSP. We need to solve (2.3) in
order to know the post-synaptic potential waveform PSP caused by the incoming
pre-synaptic spike at the synapse. However, this is not easily done and we assume
a particular waveform PSP in the next sections 2.2.1 and 2.2.2.

Remark 4. If the decay of the synapse is very fast, then the decay of the post-
synaptic membrane potential PSP is dominated by the passive decay of the post-
synaptic cell membrane. On the other hand, if the synapse is long-lasting, then the
decay of the post-synaptic membrane potential PSP is dominated by the synaptic
time constant.

10 @) (b) («
038 -
06 4

04 4

Conductance

02 1
04

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
t (ms) t (ms) t (ms)

Figure 2.1: Three waveforms of synaptic conductance: a) exponential decay with
T = 3ms, b) alpha function with 7 = 1ms and c) dual exponential with 7,4;5¢ = 3ms
and Tgecay = 1ms. From [Sterratt 2011].

If we connect two neurons with a single synapse described by (2.1), we can study
under what conditions a spike produced in the first neuron will trigger the produc-
tion of a spike in the second neuron. If the dendrite processing is neglected, it can
be shown that the synapses introduce an effective delay D in the production of the
spike by the second neuron (see [Fourcaud-Trocme 2003, Roxin 2005, Roxin 2011]).
This is because of the action potential initiation dynamics in Hodgkin-Huxley-type
neurons. This dynamics is neglected in the NF model but, following [Roxin 2005],
we introduce an effective delay D in the NF model. Indeed, the authors show
that such a delay is necessary for the firing rate models where the spike initiation
dynamics is neglected, to reproduce behaviours found in spiking neurons networks.

They are other sources of delays in the transmission of the neuronal activity
like the propagation delays d which arise because of the finite velocity of spikes
along axons. To roughly take into account the dendritic processing, we could also
introduce another effective delay.

2.1.2 Propagation of activity between two neurons

We have described the basic biophysics of an isolated neuron in the last section. Let
us now recall, in a very schematic way, the path of information from one neuron j to
another one . When a spike arrives at a synapse s;;., depicted by Al in figure 2.2,
it produces a post-synaptic potential PSP;;,; as we describe in the previous section.
We drop the index of the synapse k between neuron ¢ and j for convenience. This
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potential is then filtered by the dendritic tree (A1-A2) and the effective potential felt
by the soma is a temporally shifted and attenuated version of the original PSPF;;.
Hence, depending on where the input comes to the dendrite, the potential felt by
the soma can be quite different. If the somatic membrane potential V; is above

effective delay
D
Spike; J

Synaptic
cleft

dendrite

Axon
terminaison

Neu ronj
propagation delay Neu roni
dj;
Axon hillock
Simplified
dendrite
Axon

~

Dendrites

Figure 2.2: Schematic drawing of the membrane potentials during the transmission
of a spike from a neuron ¢ to a neuron j. The soma has the membrane potential V;
and produces spikes at a rate v; = S;(V;), where S; is a nonlinear function defined
below. Adapted from [Ermentrout 2009] and N.Rougier’s drawing

a threshold, then a spike is produced at the axon hillock (see A3). This spike is
transmitted along the axon, without attenuation, until it reaches another synapse
(see A4). The delay it takes for a spike to go from the axon hillock to the synapse
is written dj;.
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In the NF model, we suppose that the dendrite is punctual and we neglect the
effects of nonlinear spatial filtering that are produced by the dendritic tree (see
[Coombes 2003, Venkov 2008] for a NF model of dendrite). We also assume that
there is a single synapse to simplify the notations. We can compensate for this
assumption by assuming that more spikes come to the synapse between ¢ and j. In
particular, we neglect the propagation delays in the dendritic tree although they
could be easily introduced, in a heuristic way, in our final equations (2.12). On
the other hand, we have seen above that this synapse introduces an effective delay
Dj;. Hence, the total delay between the production of the spikes in each neuron is
Tii = Dji + dﬂ

2.2 The local models

We consider p interacting populations of neurons such as those shown in figure 2.3.
The figure is inspired by the work of Alex Thomson [Thomson 2003] and Wolfgang
Maass [Haeusler 2007]. It shows six populations of neurons. Red indicates excita-
tion, blue inhibition. The thickness of the arrows pertains to the strength of the
interaction. The six populations are located in layers 2/3, 4 and 5 of the neo-cortex.

‘ _—
©
Q@:

Figure 2.3: A model with six interacting neural populations.

o ?—Q

The following derivation follows closely that of Ermentrout [Ermentrout 1998].
We consider that each neural population i is described by its average (so-
matic) membrane potential V;(¢) or by its average instantaneous firing rate v;(t),
the relation between the two quantities being of the form v;(t) = S;(Vi(t))
[Gerstner 2002, Dayan 2001a], where S; is sigmoidal

Sz’m

Si(z) = 1T o—oie=t) (2.4)
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o; is the nonlinear gain and 6; is the threshold. The threshold determines the
minimum somatic potential that triggers the initiation of a spike at the axon hillock.
The shape of the sigmoidal function is shown in figure 2.4 for the values of the
parameters 6; = 0 and o; = 0.5, 1, 10. When o; — o0, S;/S;y, converges to the
Heaviside function H (v — 6;) defined by

0 if v<@;
H (’U 9@) = . ¢
1 otherwise
1
0.8
0.6
S(v)=1/(1+exp(-s*v)) s= .15
S=
s=10
0.2
-10 -8 -6 -4 -2 2 4 6 8 10

Figure 2.4: Three examples of sigmoidal functions for different values of the param-
eter o; and 0; = 0, see text.

Neurons in population j are connected to neurons in population i. A single
action potential from neurons in population j is seen as a post-synaptic potential
t — PSP;j(t—s) by neurons in population i, where s is the time of the spike hitting
the synapse and ¢ the time after the spike.

Assuming that the spikes contributions sum linearly, the average membrane
potential of population ¢ due to action potentials of population j is

Vi(t) =Y _ PSPyt —ty — Djy),
k

where the sum is taken over the arrival times, at the synapse between the neurons
j and i, of the spikes produced by the neurons in population j. Recall that the
effective delay Dj; is the time interval between the spike time arrival at the synapse
and the maximum of the postsynaptic membrane potential of neuron 7. These spikes
have been produced at time t;, —d;; by the neuron j. The number of spikes arriving
between t and t 4 dt is v;(t — dj;)dt. Therefore we have

Vi(t) = X3 f PSPij(t —s — Dji)vj(s — ;) ds (2.5)
or, equivalently

t
vi(t) =Si | Y t PSPy(t — s — Dji)v;(s — dj;) ds (2.6)
j 0
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The model as described above is not well defined as we see at ¢ = ty that we
have set the potentials all to be 0. Since one often takes {5 — —oo, this is not a
big problem. The PSP;; can depend on several variables in order to account for
adaptation, learning. .. There are two main simplifying assumptions that appear in
the literature [Ermentrout 1998, Pinto 1996] and produce two different models that
we describe below. Note that the previous equations are integral equations. It
would simplify the analysis if we could write them as differential equations. This is
possible if PSP;; are sums of exponentials and powers as we suppose below.

Note that we are not able to solve analytically (2.3) to obtain the post-
synaptic membrane potential PSP. This would allow to plug the expression
of PSP in (2.5) and obtain a system of equations for V;. This is why we assume
a simple shape for PSP;; in the following two sections and discuss in section 2.2.3
under what conditions our simple expression for PSPF;; is relevant.

2.2.1 The voltage-based model

The assumption, [Hopfield 1984], is that the post-synaptic potential has the same
shape no matter which pre-synaptic population caused it, the sign and amplitude
may vary though. This leads to the relation

PSPij(t) = wijPSPi(t).

If w;; > 0 the population j excites population 7 whereas it inhibits it when w;; < 0.
The shape of synaptic response PSP, is often approximated by a simple exponential
decay PSP;(t) = kie "7 H(t), or equivalently that

dPSPi(t)

r =+ PSPi(t) = k(). (2.7)

We end up with the following system of delayed differential equations.
Lemma 2.2.1. Equation (2.5) implies that

avi(t)
i

+Vi(t) = Z wi S (Vi(t = 7ji)) + Lisa (8)- (2.8)

Proof. We compute

4
dt

Ti—-Vi(t) = Z [TiPSPij(_Dji)Vj(t — dji)
J
¢
+ wij/ (=PSPi(t — s — Dj;) 4+ kjbi—s—p,,) vi(s — dji)ds]
0

As PSP;;(t) = 0if t <0, the first term vanishes and we find:

4
dt

Ti

Vit) = =Vi(t) + ) wijkju(t = 755)
j
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which concludes the proof. [

Equation (2.8) describes the dynamic behaviour of a population. We have in-
corporated the constant k; in the weights w;; and added an external current Iex(t)
to model the non-local connections? of population i.

Since the decay is governed by the membrane properties of the post-synaptic
cell, 7; is legitimately called the membrane time constant.

However, the approximation PSP; introduces a discontinuity at ¢ = 0 and ig-
nores the characteristic delay peak as seen in figure 2.1. A better choice is to use

PSP(t) = ki (/0 — 7t/ ) H ()

where 7;.1, 72 are the time constants of the synaptic response. With this choice of
PSP;, we find, up to a rescaling of w;;, the equations
d*Vi(t) dVi(t)
dt

Ti1Tis2 + (Ti1 + Ti2)

Vi) = S wigSi(Vit - 10) + T (1), (2.9)
J

We will not consider the equations (2.9) except in part I1I where we show briefly how
the delays impact the second-order time dynamics. In chapter 3, we are interested
in stationary solutions of the NF models and they are the same for (2.8) and (2.9).
We introduce the p x p matrices J such that J;; = w;;/7;, and the function S,
RP — R? such that S(x) is the vector of coordinates S;(z;), if z = (z1,--- ,xp). We
rewrite (2.8) in vector form and obtain the following system of n delayed differential
equations
V(t) + LV (t) = IS(Vy) + L (1), (2.10)
where L is the diagonal matrix L = diag(1/7) and V; is a compact notation for
the delayed terms Vj(t — 7;;) (which will be introduced in part III).

2.2.2 The activity-based model

The assumption is that the shape of a PSP depends only on the nature of the
pre-synaptic cell, that is
PSPij(t) = 'U}ijPSPj(t).

As above, we suppose that PSP;(t) satisfies the differential equation (2.7) and define
the time-averaged firing rate to be

A;(t) = /t PSP;(t — s)vj(s)ds.

A similar derivation as in lemma 2.2.1 yields the following set of p delayed
differential equations under the assumption that tg — —oc. Hence, the derivation

2for example with the thalamus
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of the activity-based equations is not rigorous but rather heuristic.

dA;(t)
dt

Ti

+ Ai(t) = 5i sz‘jAj(t — )+ L) | i=1,---,p.
J

We include the k;s in the sigmoids S; and rewrite this in vector form:

A(t) + LA®t) = S(J - Ay + Lt (1)), (2.11)

Note that the true firing rate is the right-hand side of (2.11). A is also called, in
the literature, the synaptic drive (see [Pinto 1996]). Since the 7; depend on the
pre-synaptic time constants, they are related to the synaptic decay and not to the
post-synaptic membrane time constant.

2.2.3 Relationship between the two formulations

We have derived two NF models in the last two sections. Based on remark 4, if
the synapses are fast, the dominant time constant is the membrane time constant:
the voltage-based model is more appropriate. On the other hand, if the membrane
time constant is small, the dominant time constant is the synaptic decay time: the
activity-based model is more appropriate.

If we suppose that L.y is stationary, and assume that the delays 7;; are zero and
L is scalar L = [ -Id, then the voltage-based model can be derived from the activity
based model the change of variables V(t) = J - A(t) + Lexs. Also the stationary
points of each model are mapped by the change of variables A = S(V).

2.2.4 The continuum models

We now combine these local models to form a continuum of neural fields, e.g., in
the case of a model of a significant part €2 of the cortex. We consider a subset {2
of R%, d =1, 2, 3 which we assume to be connected and compact, i.e. closed and
bounded. This encompasses several cases of interest.

When d = 1 we deal with one-dimensional sets of neural fields. Even though this
appears to be of limited biological interest, this is one of the most widely studied
cases because of its relative mathematical simplicity and because of the insights one
can gain of the more realistic situations.

When d = 2 we discuss properties of two-dimensional sets of neural fields. This
is perhaps more interesting from a biological point of view since ) can be viewed
as a piece of cortex where the third dimension, its thickness, is neglected. This case
has received by far less attention than the previous one, probably because of the
increased computational difficulty.

Finally d = 3 allows us to discuss properties of volumes of neural fields, e.g. cor-
tical sheets where their thickness is taken into account [Kandel 2000, Chalupa 2004].

We note V(r,t) (respectively A(r,t)) the p-dimensional state vector at the point
r of the continuum. We introduce the p x p matrix function J(r, r’) which describes
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how the neural mass at point r’ influences that at point r. We call J the connectivity
matrix function.

More precisely, Ji;j(r,r’") describes how population j at point ¥’ influences popu-
lation i at point r.

Equation (2.10) can now be extended to

diV(r,t) = —LV(r,t) + / J(r,r)S(V(r',t — 7(r,r))) dr’ + Loy (r,t), (2.12)
r Q

and equation (2.11) to

d

d—A(r,t) =—-LA(r,t)+S </ J(r, 0 )A(r';t — 7(r,1))) dr’ + Iext(r,t)> . (2.13)
r Q

The quantity 7(r,r’) is the total delay for the processing of the information, from

populations located at r’ to populations located at r (see next section 2.2.5).

As before, we shall write the above equations in a condensed way:

V()= —-LV(t) +J-S(Vy) + L (2),
A(t) = ~LA(t) + S(J - Ay + Lo (1)).

(2.14)

A significant amount of work has been devoted to this or closely related problems,
starting perhaps with the pioneering work of Wilson and Cowan [Wilson 1973].
A fairly recent review of this work, and much more, can be found in a pa-
per by Coombes [Coombes 2005b]. Amari [Amari 1977] investigated the prob-
lem in the case d = p = 1 when the sigmoid function is approximated by
a Heaviside function and the connectivity function has a “Mexican-hat shape”.
He proved the existence of stable localised stationary solutions in this case.
His work has been extended to different firing-rate and connectivity functions
[Gutkin 2000, Laing 2002, Laing 2003b, Rubin 2004, Guo 2005b, Guo 2005a].

The case p = 1, d = 2 has been considered by several authors including
[Pinto 2001a, Pinto 2001b] for general firing-rate functions and Gaussian-like con-
nectivity functions, and [Blomquist 2005] when the firing-rate functions are approx-
imated by Heaviside functions.

Extending these analysis to two- or three-dimensional continuum is difficult be-
cause of the increase in the degrees of freedom in the choice of the connectivity
function. The case p = 2, d = 1 has been studied in [Werner 2001, Bressloff 2005a]
when the firing-rate functions are approximated by Heaviside functions and the con-
nectivity function is circularly symmetric while the case p = 2, d = 2 is mentioned
as difficult in [Doubrovinski 2005].

To be complete, let us point out that equations of the type of (2.12) and (2.13)
without delays have been studied in pure mathematics, see [Hazewinkel 2001]. They
are of the Hammerstein type [Hammerstein 1930, Tricomi 1985]. This type of equa-
tions has received some recent attention, see [Appell 2006], and progress have been
made toward a better understanding of their solutions.
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2.2.5 The propagation-delay function

Following the derivation in section 2.1.2, we call 7(r,r’) the total delay for the
processing of the information, from populations located at r’ to populations located
at r. What is the space dependent delay function 7(r,r’) in the cortex? Our analysis
is built upon the recent paper [Budd 2010]. It is concluded that if a neuron located
at r is connected to another neuron located at r’, the path length of this connection
is very close to |lr — r’||,, the Euclidean distance. In other words, axons are straight
lines. This is true if the two neurons are at most 2mm apart but we will assume it is
also true for long range connections. Our analysis carries through for more general
delay functions. Moreover, we have seen in section 2.1.1 that constant delays have
to be introduced in order to take into account the finite integration time of action
potentials by synapses ans post-synaptic neurons. Hence, we choose the following
delay function:

ij(r,v') = Dij + ey [[r =], 4, 5= 1,-- p (2.15)

where ¢;; is the inverse of the propagation speed along axons between populations j
and i. The conduction speeds of the intra-cortical connections are in the range 0.1 —
1m/s (see [Nunez 1995]) while the conductions speed for inter-cortical connections
are around 1 — 10m/s.

2.3 The Mexican hat model

In order to develop some intuition for NF models and to prepare the ground for
chapter 6 and part IV, we briefly analyse a simple, two-populations, model.

Let us consider two populations of excitatory /inhibitory neurons of the neocor-
tex spread over a cortex (see [Stetter 2000, Pinto 2001b, Kang 2003]). We write the
NF equations (2.12) as

(e
(s

For simplicity, we neglect the recurrent inhibition Jj; and we suppose that the

(2.16)

ERTES

- +1) Vg = Jegg-Se(Ve) — Jer- Si(Vi) + Ig
+0) Vi = Jig-Se(Ve)+1;

<y

t

connections J;; are modelled with gaussian functions. We also assume that time
constant of inhibition is smaller than that of excitation ([McCormick 1985]). Hence,
we suppose that the inhibitory activity is stationary at the time scale of the exci-
tation 7g. This gives a single equation for the excitation:

d
<TEdt + 1> Ve =JgE - SE(VE) —Jgr- Sy (J[E . SE(VE) + I[) + IE (2.17)
This equation can be further simplified. Let us assume that the inhibition is

recruited, i.e. the inhibition membrane potential is above threshold: V; > 6;. The
inhibitory neurons can sustain high firing rate (see [McCormick 1985]), their activity
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does not saturate. This means that V7 is in the linear part of the sigmoid Sy, i.e.
S1(V7) = oV for some positive o > 0 being the gain of the sigmoid Sy. It gives:

(el +1) Vg = (JEE —aJpr - JIE) -Sg(VE) +Ig — aJpr - I (2.18)
= J-Sp(Vg)+1 ' '

For example, if the connectivities J;;(r,r’) = e llr=r'll3/20% oo gaussians with the
same spatial extension o, then Jgy - Jrg is a gaussian of spatial extension 20.
Hence in effect, J is a difference-of-Gaussians (DoG) connectivity. It is also called
the Mezican hat connectivity when o < 1. Note that the effective connectivity J

JEE

~JTr

Figure 2.5: Plot of the effective connectivity J(:) for 0 = 1 and o = 0.8 on a 1d
cortex.

has never been directly observed in biology because it features local excitation and
lateral inhibition. Indeed, what is commonly observed is local excitation/inhibition
and long-range excitation (see for example [Marinio 2005]).

We can have an intuition about the action of the DoG. Let us assume that we
look at the stationary activity Vg , i.e. Vg = 0. Then we find:

Vi= SVl +1=0-85(J-Sp(Vi) +1) +1

If the input I is strong compared is strong compared to the recurrent activity Vg,
we can write:

Vi~ T+ J-Sp((I)

Hence, Vg is linked to J-Sg(I). It is straightforward to see that the effect of apply-
ing a mexican hat J to an external input Sg(I) is to localise (i.e. to regroup) the
activity spread in space. Hence, given a stationary input, this type of connectivity
favours a stationary activity Vg . This is called the winner-take-all mechanisms,
well known from the signal processing community.
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On the contrary, the inverted-mexican hat connectivity?, favours the spread of
activity in the tail of the connectivity. Hence, given a stationary input, this type
of connectivity favours a dynamical activity.

Obviously, more quantitative work is needed to validate this first intuition. We
will come back to these two types of connectivities in chapter 6.

3which is a mexican hat connectivity multiplied by —1
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We have derived the delayed neural fields equations in the previous chapter. The
solutions of these equations represent the state of activity of these populations when
submitted to inputs form neighbouring brain aeras. In this chapter we study the
dependency of the stationary solutions of the neural fields equations with respect
to the nonlinear gain and the contrast of the external inputs. This is done by
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using degree theory and bifurcation theory. The joint use of these two theories
allows us to make new detailed predictions about the global and local behaviours of
the solutions. We also provide a generic finite dimensional approximation of these
equations which allows us to study in great details two models. The first model is
a neural mass model of a cortical hypercolumn of orientation sensitive neurons, the
Ring Model [Ben-Yishai 1995, Hansel 1997]. The second model is a general neural
field model where the spatial connectivity is described by heterogeneous Gaussian-
like functions.

3.1 Introduction

Neural or cortical fields are continuous assemblies of mesoscopic models, also called
neural masses, of neural populations that are essential in the modeling of macro-
scopic parts of the brain.

They were first studied by Wilson and Cowan, Amari [Wilson 1973, Amari 1977]
and play an important role in the design of the models of the visual cortex such
as those proposed by Bressloff [Bressloff 2001b]. Neural fields describe the mean
activity of neural populations by nonlinear integro-differential equations. The solu-
tions of these equations represent the state of activity of these populations either in
isolation, one talks about intrinsic activity, or when submitted to inputs from neigh-
bouring brain areas. Understanding the properties of these solutions is therefore
important for advancing our understanding of how the brain encodes and processes
its internal and external inputs.

Among these solutions, the persistent states (or stationary solutions) are im-
portant for at least two reasons. First, in the case of autonomous systems, looking
for persistent states helps to understand the dynamics because they are an easy
way to divide the phase space into smaller components. If one makes the fur-
ther assumption that the connectivity function is symmetric (see the review by
[Ermentrout 1998]), the dynamics is described by heteroclinic orbits connecting the
stationary solutions. Second, they are thought to be good models of the memory
holding tasks on the time scale of the second, as demonstrated by experimentalists
on primates [Colby 1995, Funahashi 1989, Miller 1996].

There are four major ingredients that occur in the mathematical description of
these equations. First, the domain 2 of integration (typically a piece of cortex)
which is of dimension d and can be bounded or unbounded, second, the type of the
nonlinearity (sigmoidal, Heaviside), third, the type of the connectivity function that
appears in the integral (homogeneous,i.e. translation invariant, or heterogeneous),
and fourth, the number p of neuronal populations that are modeled.

Working with an unbounded domain €2 is not biologically relevant and also raises
some mathematical difficulties. We work with a bounded (2. Besides its biological
relevance, this hypothesis is crucial for our mathematical analysis: it implies that
there is at least one persistent state for any set of parameter values and provides
bounds for these persistent states.
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The nonlinearity in the neural field equations is most of the time chosen to
be a Heaviside function which leads to several mathematical difficulties, one of
them being the difficulty to apply a normal form theory. It is easier, as in
[Faugeras 2009], to use smooth nonlinear functions instead to study the persistent
states. Only a few papers use sigmoidal functions, e.g., [Atay 2005, Venkov 2007],
or an alpha function', [Laing 2003a]. Moreover, Pinto and Ermentrout have
shown how to extend results obtained with Heaviside functions to results hold-
ing for smooth sigmoids using singular perturbation theory [Pinto 2001a], while in
[Kishimoto 1979, Ermentrout 1993] fixed points theorems are used to prove results
for sigmoids. Let us also mention the fact that some perturbative results for smooth
sigmoids have been obtained in the case of weakly interacting pulses [Bressloff 2006]
and inhomogeneous travelling waves [Bressloff 2001a, Kilpatrick 2008]. In this chap-
ter we make the assumption that the nonlinearity is a sigmoid function,i.e. infinitely
differentiable.

Regarding the connectivity function we only assume that it is square integrable.
Hence it can be heterogeneous, i.e. not translation invariant unlike what is often
assumed in the literature. Despite the fact that they are rarely considered, networks
with heterogenous weights have been studied in previous publications [Jirsa 2000,
Qubbaj 2007, Bressloff 2001a, Bressloff 2003, Kilpatrick 2008, Rubin 2004]. Our
work provides a firmer mathematical setting and generalizes these attempts.

Surprisingly, there are few papers dealing with the persistent states. Their au-
thors use two main methods: Turing patterns (or bifurcation theory) and reduction
to ODEs and PDEs.

The first method is used in almost every paper, e.g. [Atay 2005, Coombes 2004,
Blomquist 2005, Venkov 2007], very often in the case of a translation invariant
connectivity function (hence a convolution kernel), and leads to the description
of a large amount of solutions and behaviours thereof such as traveling waves,
breathers, persistent states, etc...that depend on special relations between the
spatial frequency k and the temporal frequency, w. We generalize this approach
as follows: we do not worry about the spatial structure of the cortical states (i.e.
the solutions, indexed by the spatial frequency k in these previous studies) but
think instead of a cortical state as a point in a (functional) vector space. We
can then elegantly and economically study how this point trajectory varies (and
eventually bifurcates) when the relevant parameters in the neural field equations
vary. By doing so we are able to harvest a lot of results that do not depend upon
the translation invariant assumption, but of course also hold in this case.

The second method is to reduce the search for the persistent states to the prob-
lem of finding homoclinic orbits for some ODEs [Laing 2002] when @ = R and
p = 1, or of finding of homoclinic orbits for some PDEs [Laing 2003a] if and only
if O = R2. The obvious advantage of these approaches is that one can use finite-
dimensional tools such as those described in [Kuznetsov 1998, Guckenheimer 1983],
or PDE methods, such as those described for example in [Kielhofer 2003], for the

1671/”2H(v), H the Heaviside function.
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bifurcation analysis. When successful, these approaches allow to compute the per-
sistent states independently of their stability and to compute their number as a
function of the strength of the connections.

In [Faugeras 2009], an analysis of the neural fields equations defined over a
finite part of the cortex is performed from two different viewpoints, theoretical and
numerical. The same article concludes that the dynamics is “boring” (every initial
condition converged to a single persistent state) if the nonlinear gain was small.
For example the system could not exhibit oscillatory behaviours. More importantly
this paper do not produce a method for computing more than one, or even all the
persistent states when the system featured several such states.

In this chapter, we relax the hypothesis leading to the uniqueness of the persis-
tent state and try to understand the structure of the set, noted B, of stationary so-
lutions as the parameters? vary over large ranges of values, thereby departing from a
purely local analysis. The local structure of the set B is described using bifurcation
theory (see [Kuznetsov 1998, Guckenheimer 1983, Kielhofer 2003, Haragus 2010])
whereas degree theory helps to understand its global structure. This latter theory
can predict the existence of stationary solutions that cannot be obtained using only
bifurcation theory. In order to compute numerically these persistent states, we
use a multiparameter continuation scheme that allows to compute non-connected
branches® of persistent states that would otherwise be unattainable.

In order to perform our numerical experiments we consider a very general
method for approximating the connectivity kernels, the Pincherle-Goursat kernels
method [Tricomi 1985], which allows to reduce exactly the dynamics to a system
of ODEs whose dimension is directly related to the level of approximation and can
be arbitrarily large, if needed. Hence our choice to use infinite dimensional tech-
niques to the integral equation is guided by the fact that it offers a simple, albeit
abstract, conceptual framework in which the behaviours of interest to us can be
described in a clean and dimension-independent manner. When it comes to numer-
ical experiments, we use the system of ODEs provided by the Pincherle-Goursat
kernels.

The chapter is organized as follows. In section 3.2 we introduce the functional
analysis framework that allows us to study the neural field equations as a Cauchy
problem in a functional space and to derive a number of useful properties of the
solutions of these equations. In section 3.3 we combine the results of the previous
section with a bifurcation study in order to obtain more information about the
set B of solutions. A numerical scheme is proposed to compute the structure of
this set. In section 3.4 we show how to reduce the neural field equations to a
set of ODEs through the use of the Pincherle-Goursat kernels. In section 3.5 we
study in detail a neural mass model that reduces exactly to a finite set of ODEs,
the Ring Model. In section 3.6, we compute the stationary solutions for a model
featuring two populations of neurons on a two-dimensional cortex sheet connected

2We use the nonlinear gain and the contrast of the external inputs but our analysis applies to
other parameters.
3A branch is a one-dimensional set of stationary solutions obtained by varying one parameter.
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by heterogenous Gaussian-like functions: it allows us to provide salient examples
of the predictions obtained in sections 3.2 and 3.3. In section 3.7 we discuss the
biological and numerical validity of two of our main hypotheses, the fact that the
cortex has a finite size and the use of a smooth sigmoid instead of a Heaviside
function. We conclude in section 3.8.

3.2 General framework

In this section, we precise a bit more the notations introduced in the previous
chapter. The voltage-based model without delays is written:

{ V(r,t) = —L-V(r,t)+[J(t)-S(o(V(t)—0))] (r) + I(r,t) t>0
V(',O) = VO()

(3.1)
This equation is an initial value problem that describes the time variation of the
p-dimensional vector function V defined on 2, starting from the initial condition
Vo, a function defined on 2. At each time ¢ > 0 V belongs to some functional
space, in effect a Hilbert space F, that we describe in the next section. We now
discuss the various quantities that appear in (3.1). We suppose that €2 is an open
bounded subset of R?.
J(t) is a linear operator from F to itself defined by:

[J(t)-V()](r) = /QJ(r,r’,t)V(r’,t) dr’, (3.2)

where J(r,1r/,t) is a p X p matrix that describes the “strength” of the connections.
We also describe in the next section the functional space to which J(¢) belongs and
the conditions it must satisfy in order for the equation (3.1) to be well-defined. The
external current input, I, (-, %), is in F for all ¢ > 0. The function S : R? — RP
is defined by S(z) = [S(z1), -+, S(zp)]T, where S : R — (0,1) is the normalized

sigmoid function of equation
1

1+e*
It is infinitely differentiable on RP and all its derivatives S (z), ¢ = 1,2,---
are bounded. For all integer ¢ > 1 we note S(@ (z) the p x p diagonal matrix
diag(S@ (1), -+, 5@ (z,)). Because of the form of the function S, the gth order
derivative of S at z € RP is the multilinear function defined by

S(z)

(3.3)

DIS(x) - (y1,-- ,yg) =SW (@) (y1--yg), wERPi=1,--- g (3.4)
where y1 - - -y, is the component pointwise product of the ¢ vectors yq,---,y, of
RP j.e. the vector of RP whose kth coordinate, Kk =1,---,p is equal to the product
of the ¢ kth coordinates of each vector y;, i =1,--- ,q.

o is the p x p diagonal matrix diag(oy,---,0p), 0y > 0, ¢ = 1,--- ,p that

determines the nonlinear gain of each of the p sigmoids at the origin.
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0 is a p-dimensional vector that determines the threshold of each of the p sig-

moids.

The diagonal p x p matrix L is equal to diag(%, e ,%), where the positive
numbers 7;, ¢ = 1,- -+ , p determine the exponential decrease dynamics of each neural
population.

We shall also write the activity-based model which leads to the following initial
value problem:

{A(r,t) = Lo -A(r,t) + S (o ([J(t) - A] (r, 1) + Iege(r, 1)) >0

A(L0) = Ao() (3:5)

We let L, = diag(ai,- -+, op).

The two problems (3.1) and (3.5) are closely related. In particular there is a
one to one correspondence between their equilibria, as recalled below for the Ring
Model of section 3.5, which is an activity-based model.

3.2.1 The Cauchy problem

In this section we prove that equation (3.1) is well-posed and provide some prop-
erties of its solutions. We rewrite it as a Cauchy Problem, i.e. as an ordinary
differential equation on the Hilbert space F = L?(2, RP) endowed with the inner

product
< V(Q) Z/drv(l) )( )

This turns out to be convenient for the upcoming computations. Let us also define
G =L>*(Q,RP) C F . Then we can rewrite (3.1) in a compact form:

av - _L-
o L-V4+R(t,V) t>0 (3.6)
V(O) = VgeF
The nonlinear operator R is defined by
R(t, V) = J(t) - S(o(V = 0)) + L (1 (3.7)

Proposition A.2.1 shows that R(¢,-) : F — F for all ¢ > 0. We have the further
properties:
Lemma 3.2.1. If J € L*>°(Q2,RP*P), then R satisfies the following properties:

e R(t,) € CNF,F) and its differential is given by DR(t,Vy) =
J(t)DS(o (Vo — 0))o for all Vg in F.

e Vg € N, R(t,:) € CUG,G) and its pth differential is: DIR(t, V() =
J(t)SD(a(Vy — 0))a? for all Vg in F.

o |[R(t,Uy) —R(t,Us)||r < o [[J@)|| £ /U1 — Uzl £ for all t > 0 and for all
Ui, Uy in F where 0y, = maxo;.
7
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e R(t,) is a compact operator on F for all t > 0.

Proof. Tt is easy to see from the definition (3.7) of R that, if it exists,
DIR(t,V()[Uy, -+, Uy = J(t) - (S9(a(Vy — 0))a?- (U;---Uy)). The notation
U; --- Uy is the same as in the definition of DYS in equation (3.4), i.e. the com-
ponent pointwise product of the ¢ functions Uy,---, U, of G. The first property
follows from J € L>°(Q% RP) and from the proposition A.2.1. The g-multilinear
operator DIR(t, V) is well-defined because, Uy --- Uy is in G. It is easy to show
that the g-multilinear operator DIR(t, V) is continuous on G:

IDR(t, Vo) - (U1 ---Ug)llg

< 191|318 (@(Vo - )0 IUL- Uyl

< KH”Uz'Hg

Lo° (Q2 RP*P)

for some positive constant K because G is a Banach algebra. It follows that DR
is continuous and R(t, ) € C%(G,G). This proves the second property. The third
and fourth property were proved in [Faugeras 2009]. [

It is now routine to apply the Cauchy-Lipschitz theorem to obtain the next
proposition as in [Faugeras 2009]:
Proposition 3.2.2. If the following two hypotheses are satisfied:

1. The connectivity function J is in C(RY;L®(Q% RP)) and is bounded,
II@IlF <7, t =0,

2. the external current Loy is in C(RT; F),

then for any function Vg in F there is a unique solution V, defined on R and
continuously differentiable, of the initial value problem (3.1).

This solution depends upon 3p parameters, the slopes o, the thresholds 6 and
the diagonal matrix L.

Even if we have made progress in the formulation of the neural field equations,
it still remains the unsatisfactory possibility that the membrane potential becomes
unbounded as t — co. However this is not the case as shown in the next proposition:

Proposition 3.2.3. If the external current is bounded in time ||Lexi(t)| z < Text,
for allt > 0, then the solution of equation (3.6) is bounded for each initial condition
Vo € F.

Proof. Let us define f : R x F — R" as

_1d|v]E

JEV)E LV 4 3(0) - S(0(V = 0)) + Lean(8), V)5 = 5=

We note 7,4, = max;—1... , 7; and notice that

1

F,V) < ———|VIF+ (J + Leat) | V] 7.

max
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Thus, if [ V]| > 27mae(J + Leat) 2 R, f(t, V) < —27maw(J + Lat)? & —5 < 0.

Let us show that the open ball of F of center 0 and radius R, Bpg, is stable
under the dynamics of equation (3.1). We know that V (¢) is defined for all ¢ > 0s
and that f < 0 on dBg, the boundary of Bg. We consider three cases for the initial
condition Vj.

If Vo € Bgr and set 7 = sup {t|Vs € [0,t],V(s) € ER}. Suppose that 7 € R,
then V(7) is defined and belongs to Bp, the closure of Br, because Bp is closed,
in effect to 0Br. We also have %HVH%\,::T = f(r, V(1)) < =6 < 0 because
V(7r) € 0Br. Thus we deduce that for ¢ > 0 and small enough, V(7 +¢) € Bg
which contradicts the definition of 7. Thus 7 ¢ R and Bp is stable.

Because f < 0 on 0BRr, Vo € 0Bg implies that ¥Vt > 0, V(t) € Bpg.

Finally we consider the case Vo € CBr. Suppose that Vt > 0, V(t) ¢ Bg, then
vt >0, 4| V| < —24, thus ||V (¢)||# is monotonically decreasing and reaches the
value of R in finite time when V(¢) reaches 0Bpr. This contradicts our assumption.
Thus 37 > 0| V(r) € Bg. O

Corollary 3.2.4.If Vo ¢ Br and T = inf {t > 0|V (t) ¢ Br}. Then

Vol — R

T <
- 20

This proposition shows that Br is an attracting set and that it suffices to
study the dynamics within this set to understand the long time behavior of the
solutions of the Neural Fields Equations. This attracting set contains the stationary
solutions of (3.1), we devote the next section to their study. We quote a result from
[Faugeras 2009] concerning their stability:

Proposition 3.2.5. If the condition

Ump(JS) < 17

where holds, then every stationary solution of (3.1) is globally asymptotically stable.

om = maxo;, Jg is the symmetric part (J +J*)/2 of the operator J, and p(J) its

spectral radius. We define oy, to be p(Js)~ .

Similar results hold for the activity-based model (3.5). We end this section by

quoting [Hopfield 1984] which gives the local dynamics in a simple case.
Proposition 3.2.6. If the operator J is symmetric, p =1, and J, Iy are constant

in time, then there is no homoclinic orbit nor non-constant periodic orbit for (3.1).

Proof. Write A = S(V) and E = —3 (A, J - A+ 2Iepy) 7 + [ dr fOA(r) S—(a)da
is a bounded function. Using the symmetries of J:

dE dA dA dA
E ——<dt7Iext+JA>+/drdtV— <dt7—_[5xt_JA+V>

(8 (2 - st (52 =
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It follows that there is no homoclinic orbit nor non-constant periodic orbit since
E(V) is decreasing on the trajectories. Since E is bounded, its reaches its minimuma
which satisfy VE(VF) =0 i.e. I+J-S(VF) = V7, the trajectories are heteroclinic
orbits. [J

3.2.2 Global properties of the set of persistent states

We look at the equilibrium states of (3.1), when I.;; and J do not depend upon
the time. Our goal is to estimate their number and, if possible, to compute them
numerically, for a given set of parameters. It is quite demanding to do it at a given
point in the parameter space except in some very special cases*. We note that when
o =0 (or J = 0), the stationary equation is trivially solved. Hence, we can think
of deforming this trivial solution to a solution when o # 0,J % 0. This raises a
number of questions. Does such a “manifold” of solutions exist i.e. can we link
the trivial solution to a solution for any given set of parameters? If yes, are there
any other solutions? How do these “manifolds” look globally? These questions
concern global properties of the set of solutions (existence of branches, existence
of intersection points, connectedness...) and are difficult to answer. We provide
some partial answers in the remainder of the chapter.

Before going deeper in the analysis, we need to simplify the parameter space.
The equilibria Vf\v , independent of time, are solutions of

0=-L-V]{+J-S(c(V] - 80)) + L,

Note that we have written the dependency of these solutions on an arbitrary pa-
rameter A which is not necessarily scalar. We redefine J as L='J, V as V — 8 and
I as L™ - I, — 0 and restrict our study to:

0=—VI{4+J-S(oV]) + Ly (3.8)

Still, equation (3.8) contains many parameters such as the ones describing J and
Icxt, or the nonlinear gains o. Which parameters A\ to choose for the continuation
method: o or J? We decide to fix J and control o for two reasons:

e the stationary solutions are bounded for o € Rﬂ, see proposition 3.2.7 1, this
is not the case when ||J||r2(q2 gpxp) — 00.

e previous studies usually use a Heaviside nonlinearity which is formally equiva-
lent to our nonlinearity when o’="00, varying o can thus bridge the gap with
previous approaches.

As a matter of fact, the techniques we are about to expose are applicable to any
set of parameters with minor modifications. Hence, we now focus on the influence

*When the nonlinearity J - S(o(V{ — 0)) is small compared to the linear part L - V£, we know
there exists a unique solution and how to compute it. This was shown in [Faugeras 2009].
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of the nonlinear gains o on the solutions of (3.1). We make the assumption that
they are all equal to o, o = old,, 0 > 0. where Id, is the p x p identity matrix.
The equation becomes

0=-VI+J-S(oV) + Ly & —F(VI 0) (3.9)

It is clear that when o = 0, the stationary equation is trivially solved by

f def

1
Vi =J- S()+Iext:§J-1+Iext,

where 1 is the p-dimensional vector with all coordinates equal to 1. Let B, be the
set of solutions of equation (3.9) for a given nonlinear gain o:

B, = {V|F(V,0) =0}

We next provide some properties of the sets B,.
Proposition 3.2.7.

1. The persistent states satisfy the following inequality

2
[vi-vi|. <uJuf\/p|szso( T ) where By OO 13+ Lo

So : R — R is the “shifted” sigmoid defined by So(x) = S(x) — S(0) and the
constant By is defined in proposition A.6.2 of appendiz A.6.

2. If the condition
o|Jr<1 (3.10)

is satisfied, then #B, = 1. We define o* to be | J| 7.
3. Vo e RY, B, #10,
4. If the number of non critical solutions® in By is finite, then it must be odd.

5. Let 0 < a < b be two reals, and consider the set B = Ugg[q,5 (Bs X {0}). Then
B contains a connected component C which intersects By x {a} and By x {b}.

6. If 1oyt = sIg ) with Iext %0 a.e. and e > 0 is called the contrast, then Yo > 0,

xt

#B, = 1 for € large enough.
Proof.

1. From lemma A.6.1 in appendix A.6 we have So(UVUfi)2 < Sp(o? (Va];)z), i =
1,--- ,p. Therefore

p p
> So(aV))? Z ) < pSo (Cj Z(VUJ;)2> :
i=1

=1

bS]

5. . . . . .
i.e. solutions where the jacobian is not singular.
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The second inequality comes from Jensen’s and the fact that Sy(-) is concave
in RT. It then follows, using again Jensen’s inequality and the fact that Sq is
monotonously increasing, that
2
f
2

2
< 1131113 |[So (e V)
F F

AlI? 0% v s
[satovh[, < mitsa (55 v

Now )
vV = o sevs

The inequality then follows from proposition A.6.2.

2. Use the Picard Theorem. As shown in figure 3.2, this imposes that o* < op,.
Indeed, as p(Js) < [[[Jsl| and [IITs[[l = [[[7]]l, and [[|J]}} < {97, we have
o =7 <oL=pJs) "

3. The first property is that it is non empty: in [Faugeras 2009] we proved that
persistent states always existed in L?(Q, RP) for all positive values of o.

4. If B, has a finite number of non critical solutions, we can assume that these
points are non critical. Then according to the Leray-Schauder degree theory
sketched in appendix A.3 we have

degrs(F(V,0),B,,0) = Y sign detp(DyF(V],0),B,,0) =
vies,
> sign detp(Id — 0JDS(0'VY)), (3.11)
vieB,

where r = 2By, Bj is defined in proposition A.6.2 in appendix A.6 and detg
is the Fredholm determinant (see appendix C.1.2). We prove in corollary
A.3.2 in appendix A.3 that the first term is equal to 1. Suppose now that
B, contains an even number of points, say 2k among which [ correspond to
a negative sign and hence 2k — [ to a positive sign. The sum that appears in
the last term is equal to 2k — 2[, hence even. Hence B, must possess an odd
number of points.

5. The proof uses the Leray-Schauder theorem, see appendix A.3. We apply the
theorem to the function F' : F x J — F which is of the form Id + m, with
m(-) = —R. Because m is compact on F X J (see proof in [Faugeras 2008]),
B, x {a} bounded, and there exists an open bounded neighbourhood U, of
B, such that degrg(F(-,a),U,,0) # 0 (corollary A.3.2 in appendix A.3), the
conclusion follows since the connected component cannot be unbounded, B
being bounded.

6. Let us write V(J; = 8120) + \7(];, then \7(]; =J. S(UV(]; + 1) ). We know that

xt ext
this last equation has always a (bounded) solution. Hence, any solution \ZA
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satisfies VI "5 I,y As Ig)t #0 a.e., the operator JDS(a VL + dgg)t) e
0 in £(F) and detp(Id — JDS(O'V(J; + dg]p)t)) = 1 for ¢ large enough. By

using (3.11) and degp(F(V,0), B,,0) = 1, we conclude that there is a unique
stationary state for the contrast large enough.

Point 4 is not true at bifurcation points where the jacobian is singular.

Point 6 in the proposition shows that, if the external input I.,; is strong, the
network “follows” it.

This proposition answers some of the previous questions at the beginning of
the section. For any positive value of o, there is always at least one persistent
state and we can find a way to connect the trivial solution V{; to a persistent
state corresponding to an arbitrary value of the parameter 0. We return to this
connection later and also see that not all the solutions in B, are in the connected
component of (V{;, 0) in F x Ry.

Regarding the connection C between Vg and V, proposition 3.2.7 does not give
us any indication on its regularity but we have the following corollary.

Corollary 3.2.8. Let a and b be as in proposition 3.2.7. For all € > 0 there exists
a finite sequence (Vi,01), ..., (Vyn,0n) of points of C such that [|[V; — V|| < ¢
fori=1,---,n—1and oy =a, 0, =b.

Proof. C is connected for any topology equivalent to the product topology of
F x[a, b], e.g. for the metric defined by d((V1,01),(Va,02)) = |[V1 — Va| g +|o1—
o2|. Since it is connected for this metric, it is also well-chained [Choquet 1969], and
the conclusion follows. [J

In fact, except at points where the Jacobian of F' is non-invertible (such points
like B in figure 3.1 are potential bifurcation points, see definition A.0.1), the im-
plicit functions theorem tells that ¢ — (Vg,a) is differentiable. Hence in effect
proposition 3.2.7.5 imposes strong constraints on the set B, as shown in figure 3.1.
The horizontal axis represents the parameter o, the vertical axis the space F where
the solutions of (3.9) live. The curves represent possible solutions as functions of
0. The configurations in the lefthand part of the figure are forbidden by proposi-
tion 3.2.7 5 while those on the righthand side are allowed, the green curve being an
example of a continuous curve s — (V(J;(s), o(s)) from [0,1] to F x [a,b].

Proposition 3.2.7 5 gives a very interesting general (non-local) property of the
set of solutions. But it is non-constructive, for example it does not tell us which
branch to chose at point B in figure 3.1 and we need to compute all the branches
to know the path to o = b. Hopefully such branching points as B are very rare and
one only sees turning points rather than branching points (such as the one at oy
in figure 3.2, left): (almost) any perturbation will indeed destroy such branching
points (see figure 3.2 right). Hence, if one continues the trivial solution (obtained
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solutions of F(V,0 )=0 B, By solutions of F(V,0')=0 3, By

1 solution

2 solutions

5 solutions

Figure 3.1: In the lefthand part of the figure, there is no connected curve of solutions
in [a, b]: this is forbidden by proposition 3.2.7.5 which states that we must be in the
situation shown in the righthand part of the figure, where the green curve connects
By, x {a} and By x {b}, see text.

for 0 = 0), one will typically find a curve like the green one in figure 3.2 Right. This
may lead to the wrong conclusion that for o big enough there is only one stationary
solution instead of three. The problem is to find a way to compute, if it exists, the
second, red, curve which is not connected to the green curve, hence not attainable
by o-continuation.

An idea, directly suggested by the above picture is to restore the branching
points by perturbation. Among all possible perturbations, we choose one of the
simplest, i.e. we vary the amplitude of the external input I.x. Hence, similar to
proposition 3.2.7 6, we define the external current Loy to be eloyt where the contrast
¢ satisfies 0 < ¢ < 1. This is suggested by the work of experimentalists who usually
provide neural responses as functions of the contrast. Note that some non-generic
external input may not break the branching points (see section 3.3.2).

The conclusion is that if we only want one solution for ¢ # 0, we can use a o-
continuation of the trivial solution, but if we want more than one (or the maximum
number of ) solutions for o # 0, then we have to perform at least a (o, €)-continuation
of the trivial solution.

Remark 5.An interesting question is to predict how close to oy, the smallest value
of o where a “turning point” occurs can be.

However, performing this (o, €)-continuation of the trivial solution is bound to
generate a large amount of data. In order to help us to make sense of it, it is useful
to have a priori information about the structure of the set (Vgﬁ, o,¢). The idea is,
again, to think of this set as a deformation of an easier to compute set of stationary
solutions. This is done in the next section.
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Figure 3.2: The white zone is the domain of existence of V/. The grey zone is
excluded thanks to proposition 3.2.7.1. Left: non generic situation, a transcritical
bifurcation occurs at o1. Right: same as left with a small perturbation (for example
a small change of the external input It ), the transcritical bifurcation has opened
up. o, is defined in proposition 3.2.5 and ¢* in proposition 3.2.7.

Remark 6.1t is highly possible that this (o, €)-continuation scheme still misses
some solutions. One possibility is to introduce a third parameter, but the continua-
tion may become quickly numerically untractable.

3.3 Exploring the set of persistent states

We exploit the fact that in the neural field equation (3.9) the ratio between the
external current I.,; and J is not fixed a priori. Hence when studying the NFE,
one would rather look at

—V+4+J-S(0V)+elex =0 (3.12)

where € > 0 allows to vary the respective weights of I.,; and J. The persistent
states now depend upon the pair (o, ¢) i.e. Vg,g. The idea is to infer the persistent
states of (3.12) from those, Vio of

- V+J-S(oV)=0 (3.13)
We further simplify the problem by considering
—V+J-So(eV)+uJ-S(0) =0, (3.14)

where Sy is defined in proposition 3.2.7. We recover equation (3.13) when p = 1.
The advantage is that when p = 0, we can say a great deal about the persistent
states.
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3.3.1 A simpler case

This simpler case reduces to the study of the previous equation when p = 0:
—V+J-Sop(eV)=0 (3.15)

In other words, we infer the persistent states of (3.12) from those, V4 .—g ,—0
of equation (3.15). This case has been studied a lot by several authors
[Ermentrout 1998, Coombes 2005b, Bressloff 2005a] when a constant current I, is
applied, which amounts to changing the threshold € in S. V = 0 is a trivial persis-
tent state for (3.15). Recall that a necessary condition for the equation F(V,o) =0
to bifurcate at the solution (V{;, o) is that Dy F (V{;, o) is non-invertible. This ja-
cobian at VI =0 is given by:

L, = —Id + 0JDSp(0) = —Id + %J (3.16)

The operator L, satisfies the following properties.
Proposition 3.3.1.

1. L, is a continuous operator which belongs L(G, F)

2. The spectrum of L, is discrete and the eigenvalues have finite algebraic mul-
tiplicity.

< 2 and

||

. If J € L®Q%LRP*P)  then ||(iwld — L
iwl — Lg,)~ ! < 2 for w large enough.
L£(G) = vl

)_IHE(}')

Proof.
1. The first property is proved in proposition A.2.1.

2. Because J is a compact operator (see lemma 3.2.1), the kernel of —Id + J is
of finite dimension. Also the generalized eigenspace is finite-dimensional (see
[Brezis 1983]), this gives the second property.

3. We now prove the last property. |||[iw] —Ls|||x > |w| — |||Lo|||7 > % for w

large enough. Then H(iwId — Lg)_ch(F) < ﬁ for w large enough. From J €
L>(Q2,RP), it follows that R(J) C G and L, : G — G. It is straightforward to
see that L, is continuous on G. Hence, we can apply the same kind argument

as above to obtain H(iwId - LU)_lHC(g) < ﬁ for w large enough.

Remark 7. In the mext chapter, we will prove and apply the center manifold
theorem in the case where space-dependent delays are taken into account. In this
chapter, we don’t need such a powerful result to compute the stationary solutions,
the Lyapunov-Schmidt method is sufficient. Nevertheless, we wish to show how to
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apply the center manifold theorem® of [Haragus 2010] to the non-delayed neural
field equations. We first rewrite V.= -V +J -Sg(cV) as V = L,, + R(V,0) with
R(V,0) = (L, —L,,)V+G(V,0) and G(V,0) is the second order Taylor integral
remainder term in V. We choose a semilinear formulation with X = F, Y = Z =
G. Then L,, € L(Z,X) (see proposition 3.3.1) and ¥g > 0, R € CI(Z x R,)Y)
(see lemma 3.2.1). The other properties necessary to the use of the center manifold
theorem (see therorem A.1.1) have been demonstrated in proposition 3.5.1.

We can therefore state that the values of the parameter o that determine the
possible bifurcation points are:

where A, is an eigenvalue of the compact operator J. We assume in the sequel that
o1 < o9 < ---. We will assume that the first £ > 1 (k is arbitrary) eigenvalues

are simple because this class of operators is dense in the set of compact operators
set (see appendix A.4). We denote by e, (respectively by e’) the eigenvector of J
(respectively of the ajoint operator J*) for the eigenvalue A,, which satisfies:

<€:Lven>]-' =1.
Let us define Xg”) = <€Z,Gq(en70n)>]—‘7 Gq(enaUn) = %DQR(O»Un)kn"-en] —
Zhsgd - (en - en) and SE(0) s,
Lemma 3.3.2. If A, € R is a simple eigenvalue of J € L>°(Q?, RP*P) and Xén) L

0, then in a neighbourhood of (V(J,c = 0,0y), all the non trivial stationary solutions
of (3.15) are given by Vi = 2(c)en + o(x) where (o) € R solves

0 = (=1+0A/)z+ y{M2?+ 0"

o— UnSU+X( n) 3 (:ES; (318)
(see
)

Proof. We wish to apply the Lyapunov-Schmidt method (see [Golubitsky 1984,
Golubitsky 1988, Kielhofer 2003]).  As J € L%°(Q2,RPXP), it follows that the
stationary solutions VI belongs to L>*(Q,RP). We write V = ze, + W with
(e, W)r = 0 for V. € F. We can define the projection P on F as PV = W.
V — JSp(0V) is smooth on L>(Q,RP) so we can compute its Taylor expansion.
By using the projector P, we decompose the equation V = JSy(cV):

0 = (1= )0+ Kl den + W))r 4 hot

3.19
0 = (Id—Z2J)W + ZPI(zen, + W)? + hoo.t. (8.19)

We solve the second equation with the implicit functions theorem by noting that
Id — ")‘”J is invertible on {e*}*. We find:

W=—-— (Id — JiJ) PJI(x%e3) + O(2°)

Srecalled in appendix A.1.1
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which is replaced in the first equation to give:
0= (=14 A /)z +x{Ma? + 0(a?).

g

We solve (3.18) for o close to o, to find the structure of the bifurcated branches,

i.e. the nontrivial solutions. By parity, S‘gQ)(O) def sq # 0 if and only if ¢ is odd.

Hence, the parity of q tells that we have a Pitchfork bifurcation at ¢,,. In particular,
the bifurcated branch is given by
VI = z(0)e, + o(x),

(e

with z(o) solution of (3.18). Thus the bifurcation portrait is a set of branches C,
emanating at points (at least for n < k) (0,0,) for o, € R. Depending on the sign
of X((]n) in (3.18), the Pitchfork branch is oriented toward o < oy, (resp. o > oy,) if

xgn) > 0 (resp. X((Zn) < 0). Let us note e, the vector e, - - -e,. We have
—_——

q times
(n) ols ols ol ts
n) __ q * _ q * * _ q *
Xqg ' = q! <J ’ 6%, €n>]—' - q! <6%’ Jo- €n>]—' - q!81 <€?’L7 en>]~'

Thus, we have found local branches of stationary solutions and continue them
globally in order to obtain the global branches named C,. An interesting question,
yet unsolved, is to know whether the branches C, are connected. Some results
exist in this direction in the line of those of Rabinowitz (see [Rabinowitz 1971,
Kielhofer 2003]) but do not provide much insight in the general case (d > 1,p > 1...).
However, they can be used to derive some properties of the first branch C;.

Proposition 3.3.3 (Turning point property). If o1 € R and Xél) > 0, then
dor < o1 such that Vo € (or,01), (3.15) has at least 3 solutions and op =
min {o|(V/,0) € C1 }.

Proof. Let C; be the connected component in B where B =
{(V,0)|V #0, (V,o0) satisfies (3.15)} to which (0,01) belongs.  Then (see
[Ma 2005]) C; is unbounded in F x Ry or contains a point (0,0,), n > 1. In
either case, C; exists until o = g9. (If 05 does not exist, the same result shows that
C1 is unbounded). We assume that o9 exists, it does not alter the results.The proof
when oy does not exist requires minor changes.

C =C N (F x [0*, 09]) is closed and bounded (because every solution Vi is
bounded in F). Let us show that C is compact in F x [0, o9]. Consider a sequence
(Vi sp) in C. As sp is bounded, we can assume it is convergent. We also have
V, =J:-So(s, V). As (V,0) = J-Sg(cV) is a compact operator, there exists a
subsequence (V (), Sg(n)) such that J-So(s4(n)Vsn)) is convergent, hence V 4, is
converging. We have proved that C is compact. Hence IIg+ (é) is a compact subset
of RT. Then inf I+ (C) is a min written o € g+ (C). As it is an inf, there exists
a sequence s, associated to a V,, € Hﬂgi(sn) in C such that s, — op. But as C is
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compact, we can assume that V,, — V. Then (Vr,or) € C is called a turning
point”.

So we have proved that op < o1. But in the case ¢ odd with X((In) > 0, C; exists
for 0 < 01 and o7 < 7.

Now, Vo € (or,01), 3I(VL,0) € €1\ {(0,0)} because C; intersects {0} x R,
only at bifurcation points (0, 0,) located ’after’ o7. Then because of proposition
3.2.7 part 4, there are at least three solutions. [J

Remark 8.If the sigmoidal function had satisfied 5(2)(0) # 0, we would have
seen transcritical bifurcations and the previous proposition still holds in this case.

Remark 9.1f we were able to prove that the branches do mot intersect, the pre-
vious proposition would apply to all branches C,, satisfying the required conditions
but see section 3.6.

Even if we do not deal with the dynamics, we can say a little using
[Haragus 2010, Kuznetsov 1998]. At every bifurcation point, the center manifold at
V =0 (see theorem A.1.1) is one-dimensional while the dimension of the unstable
manifold increases as o crosses values corresponding to transcritical points. Hence
for large os, we can have a large unstable manifold. Note that every value of o is
biologically plausible because the locally (around V = 0) exponentially divergent
dynamic is bounded (see proposition 3.2.3), which can make the “global” dynamics
very intricate. In effect, when o grows to infinity, the sigmoid tends to a Heaviside
function which acts as a threshold.

We now study a particular case where the structure of the nontrivial solutions
is almost entirely understood.

3.3.1.1 Thecased=1,p=1

We suppose here that d = p = 1 and the connectivity operator J is symmetric with
simple eigenvalues o,, and corresponding eigenfunctions e,,. In this case, we can use
the results of Rabinowitz (see [Rabinowitz 1971]). The Taylor formula allows to
write So(z) = xzh(x) with h > 0, this is required in order to apply [Rabinowitz 1971].
Then from [Rabinowitz 1971], it follows that the bifurcated branches (Pitchforks or
transcritical)® C, are unbounded and are characterized by the number of simple
zeros in ) of their elements ; namely ¥V (V/, o) € Cn, V/ has exactly n — 1 simple
zeros in ). As a consequence, the branches C,, do not intersect.

If we were able to prove that all the stationary solutions are connected to the
zero solution, we would have completely characterized B. Nevertheless, we still have
collected a lot of information.

Remark 10.The study of the simpler case is very important for the numerics. In-
deed, it allows analytical predictions. When one performs the (o, u, €)-continuation,
one should look at the section of solutions (o,u = 0,6 = 0) and compare to the

"Not in the sense of [Kuznetsov 1998], here it denotes a local extremum in the parameter along
the curve of solutions.
8In this case, they are connected components in C* (2, R) x Ry rather than in F x Ry.
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predictions of the simpler case to see if we did not miss any solution (that may
happen when the system has some symmetries).

3.3.2 Returning to the original equation

The overall picture that emerges from the previous section is interesting despite
the fact that some of its features are hard to justify from the biological viewpoint:
no external input, rate function Sg possibly negative. The reason is that it gives
clues about the set of persistent states when € # 0 and provides a way to compute
them numerically. Starting with the trivial solution Vg of (3.13) when the slope
parameter o is null, we can perform a numerical continuation (see [Kuznetsov 1998,
Guckenheimer 1983, Allgower 2003]) with respect to the two parameters o, ¢.

When e # 0, the only” bifurcations that are possibly unaltered are the turn-
ing points. The transcritical/Pitchfork bifurcations will be “opened” as described
below. We are still able to predict the stability near the points (0,0,). Let
us write I = (uJ - S(0) + eleyt, €f) » and suppose that I,y € L*(Q% RP). By
using the Lyapunov-Schmidt reduction (see [Golubitsky 1984, Golubitsky 1988,
Kielhofer 2003]) with external input, we find the following equation:

0=(-1+ UT/\")x+x§”)a:3+I_+ O(z*(u* + &* + %)) (3.20)

Solving the polynomial equation (3.20) allows us to describe different opening

scenarios depending on the sign of I. This is shown on figure 3.3. The case of oy is

a little bit special according to proposition 3.3.3 and is shown in the righthand part

of figure 3.3. Note that if I = 0, a non generic situation, the Pitchfork bifurcations
are not opened by the addition of the external current.

Remark 11.When the first eigenvalue generates a subcritical Pitchfork branch,
proposition 3.53.83 says that a turning point must occurs on this branch: there are
in effect two turning points on this branch. Still we have a local description and it
would be interesting to have more global results for example concerning the behavior
of these turning points when (o,€) varies.

3.4 Reduction to a finite dimensional analysis

Neural field models are one of the possible generalizations of standard neural net-
works considered as discrete sets of connected neurons. They can be characterized
by two limit processes. First, we let the total number of neurons grow to infinity
so that each node of the network represents an ideally infinite number of neurons,
in practice a large number of such neurons belonging to different populations, in
effect a neural mass. Second, we assume that these neural masses form a contin-
uous neural material and let the connectivity graph of the neural network become

9if the equations are G-equivariant for a symmetry group G, some Pitchfork bifurcation may
also be unaltered (see definition A.0.2 and chapter 9).
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Figure 3.3: Opening of the Pitchfork bifurcation at the first (right) and nth (n > 1,
left) eigenvalue. Black dots indicate saddle nodes. Note that there are three such
points, see proposition 3.3.3, for the first eigenvalue. Note that the branch may
have a more intricate shape than the one shown. The gray ellipses represent the
part of the phase space which is explained by bifurcation theory.

continuous. The graph connectivity matrix then turns into a continuous function
of the spatial coordinates. One would think that after passing twice to the limit
the resulting system would be infinite-dimensional. However, the dimensionality of
the neural field models depends essentially upon the linear operator J representing
the connectivity function. If this linear operator has a finite-dimensional range, we
show below that the corresponding neural field model is finite-dimensional and is
equivalent to a finite set of ordinary differential equations. Moreover, even if this
condition is not met, we also show that we can always approximate the operator as
accurately as desired by a finite-dimensional range operator and reduce the neural
field model to a finite set of ordinary differential equations.

3.4.1 The Pincherle-Goursat Kernels

In our numerical studies, we use connectivity functions that are such that the corre-
sponding linear operators of F have finite rank,i.e. their range is a finite dimensional
subspace of F. This is without loss of generality because of the following theorem
(see, e.g. [Brezis 1983]):

Theorem 3.4.1. The subspace Ry¢(F) of finite-dimensional range linear operators
of F is dense in ‘H, the set of linear compact operators of F.
In the area of integral equations, these operators are called Pincherle-Goursat ker-
nels [Tricomi 1985], in short PG-kernels. They are defined as follows

Definition 3.4.2 (Pincherle-Goursat Kernels). The connectivity kernel J(r,r’) is a

PG-kernel if
N

J(r,r') = ZXk(I') ® Yi(r')

k=1
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where Xg, Y, k = 1---N are two sets of N linearly independent elements of F,
and Xy (r) ® Yi(r') is the rank 1 p x p matriz Xi(r)Y, (r').
We have

J-U=> X (%, Ur.
k

Thus J - U € Span(Xj,---, Xy) which we denote by R(J).

3.4.2 Persistent state equation for PG-kernels

We now cast the problem of the computation of the solutions of equation (3.9) into

the PG-kernel framework:
V —Iu =J-S(0V)

Since V — Iyt € R(J), we can write V — Iyt = > vp Xk, and note v = (vg)g=1...N-
k
The persistent state equation reads:

v = <Yk, S <O’ (Z v Xk +Iext>>> k=1,--- N (3.21)
k F

This is a set of IV nonlinear equations in the N unknowns v1,--- , vy which can be
solved numerically using classical methods.

3.4.3 Reduction to a finite number of ordinary differential equations

In this section, we reduce equation (3.1) (when J is independent of ¢) to a system
of ODEs. We write I instead of Iy for simplicity.
We note R(J)* the orthogonal complement of R(J) in F with respect to the
inner-product (,) r:
F=R@J) & RJI)™.

We write

v=vlivt
where VIl (resp. V1) is the orthogonal projection of V on R(J) (resp. R(J)*). We
have a similar decomposition for the external current I

I=1l+1"

We now decompose R(J) as a Cartesian product of p finite dimensional subspaces
of L2(Q,R). Because

N
Jij(rvr/) = ZX]?‘(I.)Y];;](I‘/) t,yg=1--,p,
k=1

the membrane potentials V; for each of the p populations, i = 1,--- ,p of V satisfy

N
! k=1
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Let us consider the p finite dimensional subspaces E;, i = 1,---,p of L2(Q,R),
where each FE; is generated by the N elements X,i, k=1,---,N. We note EZL the
orthogonal complement of E; in L2(£2, R). This induces a decomposition of F as the
direct sum of the cartesian product [[_; E; = R(J) and its orthogonal complement

P B = R(J)t. We write V; = V;” + Vit as well as [; = IZ“ + I:-. We then have

N
V!4 vl = S (v, S(0V)) 5 XT + I
ledul = Ronseviexiedl L
viylyt =l

Considering the canonical basis e;, i = 1,--- , p, of RP, we define

O 2l
V”:EViei I”:Zfiel-
i:pl z’:pl
VL= Vdte, TH=Y Ite

=1 =1

We obtain the p/N-dimensional non-autonomous system of ODEs:

{V“+L-V:J-&avy+1 (3.23)

vitLn . vi=1t

Remark 12.If I+ is stationary then V+ converges to LT+,

3.5 One population of orientation tuned neurons: the Ring
Model

As an application of the previous results, we study the Ring Model of orienta-
tion tuning introduced by Hansel and Sompolinski (see [Hansel 1997, Shriki 2003,
Ermentrout 1998, Dayan 2001a, Bressloff 2000, Bressloff 2001b]), after the work of
Ben-Yishai (see [Ben-Yishai 1995]). It is a model of a hypercolumn in primary
visual cortex. It can be written as:

w/2

TA(x,t) = —A(z,t)+ S | o / J(x—y)Aly,t)dy/m +el(x) — 0
—7/2

Some authors, [Bressloff 2000, Bressloff 2001b], chose J to be a difference of
Gaussians. On the other hand, Ben-Yishai, in [Ben-Yishai 1995], started with a
network of excitatory/inhibitory spiking neurons and derived a meanfield approx-
imation of this network yielding the activity response described by the following
equations:

(3.24)

{J(:L’) = Jo + Jicos(a(y — x))
I(x) =1— B+ Bcos(a(r — xz0))
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a=2,0< <1 and the threshold § = 1 in the above cited papers. We can, up to
a rescaling of the previous equation, make the assumption

Jop=¢€p € {*1, 1}

Being an activity model and not a voltage model in the terminology of
[Ermentrout 1998, Faugeras 2008] it is not directly amenable to our analysis. We
can either extend this analysis to activity models as shown in appendix A.5 or do
the following. We rewrite the previous equation as

TA=—-A+S(o(J-A+el —0)),

and perform the change of variable V' = J - A+ <l — 6. This leads to the following
equations

. w/2
V(z,t)=-V(z,t)+ [ [Jo+ Jicos(aly —2))]S(oV(y.t))dy/m +el(z) — 0
—/2
I(z) =1— p + Bcos(a(x — x0))
(3.25)
We are now in the case of the model studied in this chapter with p =1, d =1 and

Q= (—m/2,7/2).

The nonlinearity is often chosen to be a Heaviside function, or, as in
[Ben-Yishai 1995], a piecewise linear approximation of the sigmoid, or, as in
[Ermentrout 1998, Dayan 2001a, Bressloff 2000], a true sigmoidal function. J; can
take any sign and [ is an external current coming from the LGN. Jj is most of the
time negative (see [Ben-Yishai 1995, Dayan 2001a, Bressloff 2000, Bressloff 2001b])
but can be positive as well (see [Bressloff 2001b]): the J;s can be thought of as the
first Fourier coefficients of J, Jy, being its mean value.

For example, in [Dayan 2001a], we find Jyo = —=7.3, J; =11,  =0.1, § =0
which are taken from [Ben-Yishai 1995] except for § = 1. The nonlinear gain is as-
sumed to be o = 1. Using the previous rescaling, it becomes Jy = —1, J; = 1.5, 0 =
7.3/s1 = 29.2 and 6§ — 0/7.3 which gives 6 ~ 0.1 in the case of [Ben-Yishai 1995]
and 6 = 0 in [Dayan 2001a].

The goal of this section is not to derive the whole bifurcation diagram of the
Ring Model but rather to show how the stationary solutions are organized and to
give clues about the dynamics in a given range of parameters. This study is helpful
because some large scale models of V1 (see for example the work of Bressloff et al.
[Bressloff 2001b]) use the Ring Model for the hypercolumns or can be mapped onto
the Ring Model equations (see [Blumenfeld 2006, Carandini 1997] and Part IV).
We will see that, depending on the nonlinear gain, there may exist many stationary
solutions, which are all acceptable responses of the network for a given input of the
LGN. Thus these local orientation detectors may behave less trivially than they
were initially made for.
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Moreover, the next section will show the importance of the symmetries in the
model. Indeed, for a = 2, the model is translation invariant if ) has periodic
boundary conditions. It implies that whenever there is a stationary solution, all its
translated versions will also be stationary solutions. This is not very straightforward
to handle numerically. Hence we chose to ’break’ this symmetry by chosing o # 2
and study the corresponding system. We will come back later in chapter 9 to
the Ring Model in the case @ = 2 by using a change of variable to cope with
the symmetries. Finally, the present study, will show how the stationary solutions
evolve as functions of the nonlinear gain ¢ and the contrast e.

3.5.1 Mapping the Ring Model to the PG-kernel formalism

Expanding the cosine in the previous equation, and denoting by cos, (respectively
sing ) the function  — cos(aux) (respectively x — sin(ax)), we find that, depending
on the sign of J;, (¢; = sign(J;),1 =0,1):

2
) . def
J = eol®@14e1/|J1| cosq @1/ |J1| cosq +e14/ |1 sing @4/ |J1| sing = ZsiXiQ@Xi,
i=0

This formulation has the advantage of preserving the symmetries of JJ. With the
notations of the previous section, we have I+ = 0, and

V= vl . 8wl +vite ) 4 eIl -9

where
VI, t) = vi(t) + va(t) /] J1] cosa & + v3(t)y/| 1] sing z, (3.26)
i.e. the model is three-dimensional. Note that the previous equation is equiva-
lent to (3.25). Similarly we have
X1 X2
[=11=1— g4 220 5T ez 4D 5iBa Lo

V1Al VIAl

As V() — 0, we restrict the study to the case V- = 0 even if we lose some of
the 'real’ dynamics by doing so. This is motivated by the fact that the dynamics is
made of heteroclinic orbits (as we will see in a moment) between persistent states

—_—~
f cosa Ty |J1| sing (3.27)

belonging to the vector space V- = 0. Hence, using this simplification, we are led
to study the following 3D system:

Ty = —v1 + 20 (S(aV), 1) +eI) — 6
o [
Ty = —vy + €14/ |J1| (S(aV), cosq) + €1, (3.28)
Ti3 = —v3 + e14/]J1] (S(aV), sing) + slg
w/2
where (f,g) = [ f(z)g(z)%, V is given by equation (3.26) and 1'1“, i=1,2,3

—7/2
is given by equation (3.27). Note that the basis (Xg, X1, X2) is not orthogonal for
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this inner product. We note v the 3D vector:

vV = (Ula V2, U3)'

Remark 13.In the numerical applications, the integrals in (3.28) have to be
computed with precision ortherwise some spurious solutions may appear (data not
shown). In practice, we compute the 1D integrals with (ALGLIB), a simple to use
C++ librairy.

The system enjoys the symmetries described by the following lemma.

Lemma 3.5.1. When I:! =0, if v = (v vy v3) is a solution, then so is (v vy —v3).
The plane vs = 0 s tnvariant by the dynamics.

Proof. This is a consequence of the fact that sin, is an odd function while cos,
is an even function. [J

It is easy to see that

1 [™/2 _ d
E(v)= v +/ S(ovieg+ovaern/|J1| cosq & + ovzer/|J1] sing :c)?x—k

2 o) s
(1l i),

where S is a primitive of S and § = (0,0,0), is an energy function for the dynam-
ics,i.e. 7v = VE(v). Consequently, even for I non spatially homogenous, there
are no non-constant periodic trajectories nor homoclinic orbits!?. Moreover, all

bounded trajectories are stationary solutions or trajectories converging to station-
ary solutions. Having proven that all trajectories are bounded for the neural field
equations in proposition 3.2.3, we have characterized the dynamics. It remains to
compute the stationary solutions and their attraction basins.

Remark 14.We can generalize these facts to PG- kernels of the type J =

N

> ex Xk @ X by choosing E(v) = VLV Lyl Z Jo S( Z oervp X (r)) dr+ (I, v)
k=0

3.5.2 Finding the persistent states

In order to characterize the set B of stationary solutions, we apply the scheme of
section 3.3.1. Hence we study the following equation

V=J-So(aV) +ell 4 p(—0+ 7 - 5(0))
with the nonlinearity being the odd function: Sy(x) =
(80 +J1

1+e z— . Note that J-S(0) =
2‘("”“‘7(”/2)cosoé) =1e0+ Elmsmzi(:/Q)X . This gives:

v = 0 (So(0V), 1) + eIl + pu(—6 + L)
vy = e13/[71] (So(0V), cosa) + eI + pey /[Ty 2melr/2) (3.29)
v3 = e1v/] 1] (So(oV), sing) + eI}

0T his follows from the time derivative of the energy F.
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3.6.2.1 The simpler case  =¢ =10

This corresponds to finding the persistent states when y = &€ = 0 ensuring that
v = 0 is a solution. For the sake of simplicity, we reduce the study to the case
« # 2 which breaks the translation symmetry so that we do not get involved with
equivariant bifurcation theory (see chapter 9 for a study of the Ring Model with
the symmetries.). The Jacobian at v = 0 is given by (using some symmetries):

—Id3><3 + 0'51K,

where 51 = Sél)(O) = 1 and the matrix K is equal to

€0 g0/ |J1] (1, cosq) 0
K= | e1/|/1] (1,cosq) Ji (1, cos?) 0
0 0 Ji(1,sin2)

K has in general (for oo &~ 2) three real eigenvalues. We note o; the eigenvalue of
K corresponding to the eigenvector (0,0, 1), o2 and o3 the two eigenvalues ot its
upper left-hand 2 x 2 submatrix. The values, noted o;, i = 1,2, 3, corresponding
to potential'! bifurcations are equal to 4/c;. The signs of the o;s give the number
of bifurcated branches (recall that ¢ > 0). Because so = S(()Q) (0) = 0 and s3 =
Ség) (0) = —1/8 # 0, all branches are Pitchfork branches (see section.3.3.1) whose

third order term is X3 = o7gE (e} ef) r = g7 gx|lef|F < 0. Indeed, as J is self

adjoint, we find: e] = e;. Hence these branches are directed toward o > o;. This is
summarized in table 3.1. The eigenvectors e;, i = 1,2, 3, of the Jacobian of (3.28)

Ll
€0
1 0|2
1 13

Table 3.1: Number of bifurcated Pitchfork branches from (0,0) depending on the
values of €9, 1. The value of « in (3.25) is close to 2.

at v = 0 are given by:
€1 = sing, €23 = az3 + b2 3c08,4

We reduce the number of possibilities by assuming, from now on, that J; > 0.
It turns out that in this case g2 < 0 and there are only two possibilities to consider:
01 < o3 for a > 2 and o3 < o1 for a < 2. This gives the relative position of the
different bifurcated branches, noted P;, i = 1,3. Once we have found the bifurcation
point, we can numerically compute the bifurcated branches for all positive values of
o using a continuation method (we used the pseudo-arc length method as described

The upcoming nonlinear analysis will show that they are indeed bifurcation points.
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for example in [Sala 2004, Kuznetsov 1998]). From our numerical experiments, we
conjecture that in the case eg = —1 and €1 = 1, P; and Pj satisfy the following
properties

1. Pj lies on the vs-axis.
2. Pj lies in the plane of equation vz = 0.

3. P, and P5; do not intersect.

Remark 15.We can reverse the orientation of the Pitchforks by choosing a non-
linearity such that s3 > 0, the bifurcation diagram would be more complex: more
saddle node points would appear because of proposition 3.53.3. It is the fact that
sg = 0 for the sigmoid which produces Pitchfork branches. Another choice of non-

linearity, for example S(x) = would produce transcritical branches.

Figure 3.4 shows a typical example corresponding to the values of the parameters
that are found in the largest number of published articles. We come back to this
choice in section 3.5.4. The left part of the figure shows the three components of the
persistent states as functions of o. For P; there is only one non-zero component, vs,
in blue. For Pj3 there are two non-zero components, v{ shown in red and vy shown
in green. The right part of the figure shows another representation of P; and Ps as
curves parametrized by o in the (v1, vy, v3) space. Ps is clearly in the (vq,v2) plane
while P; is along the ws-axis. The color at each point of the curves represents the
value of ¢ according to the color scale shown on the right.

In detail we have

03 < 0 < o1 When o goes through o3, the 0-solution loses its stability and be-
comes a saddle. There are three persistent states, 0 (unstable node) and
two persistent states located on the Pitchfork branch Ps, both stable. The
corresponding dynamics is shown in the left part of figure 3.4.

01 < o When o goes through oy, the 0-solution loses its stability along the wvs-
axis. There are two new persistent states located on the Pitchfork branch
Py, both are unstable nodes (the unstable manifold is one-dimensional). The
corresponding dynamics is also shown in the left part of figure 3.4.

There are at most 5 stationary solutions.

Remark 16.In the case Jy = 1 and €1 = 1, there is another Pitchfork branch,
see table 3.1. For o big enough, v.= 0 becomes an unstable node and there are 7
stationary solutions instead of 5 for the case Jy = —1

3.5.2.2 Thecase u=1, ¢#0

We are now halfway from our scheme completion. To have an idea of the persistent
states at low contrast (i.e. ¢ ~ 0), we need to know the persistent states for:
o, =1, =0, that is we need to know the solutions of

Vi=7-S(cV) -0
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Figure 3.4: Left: Plot of the bifurcation diagram for o = 2.2. It shows the two
Pitchfork branches P, and P;. For each branch, we have only plotted the non-zero
coordinates with v1 = red, vy = green for P3 and vg = blue for P;. We have also
plotted the dynamics in two and three dimensions according to the values of the
nonlinear gain o. Right: Plot of the equilibrium points. The color encodes the
value of the nonlinear gain o (see text). Jo=—1, J1 =15, p =0, e =0, a =2.2

Following our program, we numerically compute the persistent states when the
nonlinear gain o and p both vary. As described in section 3.2.2 we expect many of
the previous bifurcations to disappear thereby breaking some of the connectivity of
the sets B, which can actually be (partially) recovered by considering the sets By,
This was done using the library TRILINOS (see [Sala 2004] and the website) using
a multiparameter continuation.

We show an example of this continuation in figure 3.5 Left where we display
the vy component of the persistent states as a function (sometimes multivalued)
of 0 and u. A cross-section of this set by the plane of equation p = 0 (shown as
semi-transparent in the figure) yields a curve identical to the one shown in green
figure 3.4 Left. The figure nicely shows how the first Pitchfork bifurcation branch
P53 opens up when p becomes non zero: this gives the connected component of Vﬁ;
which is linearly stable.

0=v1 —¢g <S()(0'V), ]_> +M(_0+ 570)

0= v — e1y/[ 1] (So(0V), cosa) + per /] 2nelr/2) (3.30)
0= V3 — €14/ |J1’ (S()(UV),Sina>

However, as can be seen from 3.5 Right, non-zero values of p do not break
the Pitchfork P;. It is easy to qualitatively understand why, even though a full
mathematical proof is more difficult to come up with: u does not affect the third
equation which produces the Pitchfork P;. We can prove it locally for u near 0
using the implicit function theorem. We are looking for a point (v1(u),va(p),0) at
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0
CO

connected f
mponent of 1

Figure 3.5: Left: The v component of the 2-parameters continuation (o, ). Right:
Plot of the equilibrium points. The color encodes the value of the nonlinear gain o.
Parameters are Jo=—1, J1 =15, u=1, e=0, a =22, § =0.1.

which a Pitchfork occurs for o = o(u). Let us consider

V1 — €0 <S()(JV),1>+M(—0+670) '
H(vi,va,051) = | vg —e1v/J1 (So(aV), cosqa) + ,usly/]Jﬂ%(:m (3.31)
1—-0oJ; <DSO(UU1X0 + o X1), smi>

where the last component of H(v1,vs,0; u) is the partial derivative with respect to
v3 of the third equation in (3.30). It is easy to see that H(0,0,01;0) = [0 0 0]. The
Jacobian of H w.r.t. (v1,vs,0) at (0,0,01,0) is (because S@(0) = 0):

—1+4+ 018180 o1s1€1v/|J1| (1, cosq) 0
o1s160v/ |J1| (1,c084) —1+ 0185101 <1,cosi> 0
0 0 —s1J1 (1,sin?)

It is invertible, hence there exists a unique solution defined locally for p > 0 sat-
isfying H (v1(p), v2(p), o1(p); ) = 0: we have found a bifurcated point. Moreover,
as ng) (= 0) # 0, it will remains so for small p: the Pitchfork P is not affected
by p. For large values of p we have to rely on numerical simulations.

Now, because of lemma 3.5.1, the solutions (v1,v2) corresponding to vg # 0 (i.e.
lying on the Pitchfork branch) are the same for v3 and —v3 which gives the branch
2-3 in figure 3.6. Hence, when u # 0, we still have the Pitchfork P, and the branch
(located in vs = 0) arising from the opening of P;. This gives the diagram shown
in figure 3.6 for the three components of v. The left part of the figure shows the
case = 0.2 while the right part shows te case u = 1, the one we are interested in.
Each triplet of (red,green,blue) curves represents the variation of (vq, va, v3) as a
function of the parameter . They are labeled by integers between 1 and 5.

This diagram is a bit misleading because if we count the red components, there
are four of them for o > ¢ which gives an even number of solutions (in contradiction



68 Chapter 3. General properties of the stationary states
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Figure 3.6:  Plot of the three components (vi,vs,v3) = (red,green,blue) as
functions of the nonlinear gain o for the following values of the parameters:
Jo=-1, J1 =15 pu=1 ¢ =0, a = 2.2, § = 0.1. Remember that the

nonlinear gain of the model has to be around ¢ = 29 in order to be compatible with
previous work. The numbers label the different solutions, any solution is made of 3
components (v1,v2,v3), hence requires three labels. The label 2 — 3 indicates that
the solutions 2 and 3 shares one common component.

with proposition 3.2.7). In fact by doing so we miss the symmetry vz <> —v3 and
the corresponding solutions. It is easier to look at figure 3.5 Right to count the
stationary solutions.

From section 3.3.1, it follows that the connected branch of VOf is stable as well
as the branch P;. The only unstable branch comes from the opening of P53 and is
shown in figure 3.5 Right.

Remark 17.Figure 3.5 shows an example where our scheme allows to detect an-
other branch of solutions which is not connected to the connected component of the
trivial solution.

Figure 3.6 also tells us which branches will appear when the contrast € becomes
positive: this will be a perturbation of figure 3.5. Except in the case zog = 0
(see equation (3.25)), the Pitchfork P; will open up, giving two new connected
components in addition to the connected component of Vg .

To illustrate further these ideas we have plotted in figures 3.7, 3.8 and 3.9 all
the persistent states (i.e. the functions Af(x) = S(V/(z)) for —90° < 2 < 90°)
for various values of the nonlinear gain o, and the contrast €. In detail we have
el(z) = (1 —0.1 4+ 0.1cose(z —0.1)), a = 2.2, Jop = —1, J; = 1.5, and p = 1.
Unstable solutions are shown in dotted line, stable solutions in continuous lines.
The width of the continuous lines is proportional to the smallest magnitude of the
(negative) eigenvalues of the Jacobian of the system for this solution. We show in
appendix A.7 that this magnitude is a lower bound of the size of the corresponding
attraction basin. The external current I(x) is plotted as a red continuous line in
figures 3.8 and 3.9.

Figures 3.7 and 3.8 correspond to the cases ¢ = 0 (no input current) and £ =
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0.05, respectively. In each figure the three subfigures correspond, from left to right,
to the increasing values 14, 20, and 29 of the nonlinear gain o. In the case of
figure 3.7 the number and the stability of the solutions can be predicted directly
from the righthand side of figure 3.6 while for figure 3.8 this can be achieved from a
perturbation of the same figure. Note that, except for the unstable solution peaking
at x = 0°, the effect of increasing the nonlinear gain of the sigmoid is to increase
the amplitude of the solutions, as can be seen from an examination of the branches

labelled 4 in the righthand side of figure 3.6.

1 1
0.8 0.8
0.6 0.6
0.4

0.4

0.2 0.2

Figure 3.7: Stationary solutions for the Ring Model with no input current (¢ = 0.0)
for three values of the nonlinear gain parameter o. From left to right o = 14, 20, 29.
For o = 14 there are three solutions, two stable (shown in continuous line) and one
unstable (shown in dotted line). For ¢ = 20 and ¢ = 29 there are five solutions,
two stable, and three unstable, see text.

0.8

0.6 0.6

0.4} 0.44

0.2, 0.2

80 40 o 20 80

Figure 3.8: Stationary solutions for the Ring Model with an input current corre-
sponding to the contrast e = 0.05 for three values of the nonlinear gain parameter
o. From left to right o = 14, 20, 29. In all the cases there are at most five solutions,
two of them stable (shown in continuous lines), and three (one for o = 14) unstable
(shown in dotted line), see text.

Figure 3.9 corresponds to an even higher current than in figure 3.8,i.e. the
contrast ¢ is equal to 0.1. In this case we only show the stationary solutions for the
values 20 and 29 of the nonlinear gain parameter because there is little difference
between the cases ¢ = 14 and ¢ = 20. We note that the effect of increasing the
nonlinear gain is the same as in figure 3.8 and that for a given nonlinear gain, the
effect of increasing the contrast ¢ is also to increase the amplitude of the solutions,
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except for the unstable solution peaking at x = 0°. The labels of the five solutions
shown in the righthand part of the figure are the same as in figure 3.6. The reader
should have no problem to transfer them to the solutions plotted in figures 3.7 and
3.8.
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Figure 3.9: Stationary solutions for the Ring Model with an input current corre-
sponding to the contrast € = 0.1 for two values of the nonlinear gain parameter o.
From left to right ¢ = 20, 29. In both cases there are five solutions, two of them
stable (shown in continuous lines), and three unstable (shown in dotted line), see
text.

3.5.3 A closer inspection of contrast dependency and the broken sym-
metry

The previous numerical/theoretical analysis has shown a very interesting point: it
predicts two orthogonal stable stationary states. It means that when an hypercol-
umn is presented (let us say) an horizontal drifting grating, i.e. o = 0in (3.24), the
hypercolumn can interpret this stimulus as being vertical (see figure 3.9). However,
we know from prop 3.2.7 that there is a unique stationary state for a large enough
contrast €, this state will correspond to a horizontal state. The question we wish to
examine is how much contrast is needed to destroy the illusory vertical stationary
state which is not related to the stimulus orientation? We will come back in chap-
ter 9 to a precise definition of the illusions states and the illusory states. For now,
we just call an illusory state, a state which is not related to the stimulus orientation.

Our analysis have been confined to the case o > 2 up until now. It is straight-
forward to make a similar study for a < 2. The main point to notice is that the
Pitchfork P; would happen before the Pitchfork Pj (see figure 3.4). Hence, the
stable cortical states would be the solutions labelled 2 — 3 in figure 3.9, i.e. corti-
cal states correspond to a drifting grating oriented at +45°. These states have no
relation with the horizontal input for x¢ = 0.

We will see that all these illusory persistent states are ’artefacts’ coming from
the hypothesis o # 2. This hypothesis implies that the network is not anymore
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translation invariant: it has a preference. We have seen that, depending on the
case @ < 2 and on the nonlinear gain o, the network prefers horizontal/vertical
drifting gratings. The following study will show that contrasts € of the order the
asymmetry |a — 2| destroy the illusory persistent states.

We use the Lyapunov-Schmidt reduction (see  [Golubitsky 1984,
Golubitsky 1988, Kielhofer 2003]) to study the effect of the anisotropy. Hence, our
analysis will work for constrasts/asymmetries small (i.e. close to 0). For larger
values, one has to rely on numerical computations as we did in the previous section.

Let us consider the case a = 2, 4 = 1, = 0. For any nonlinear gain there is a
constant (in space) solution'? v = (vp,0,0). We will see in chapter 9 that there is
always a nonlinear gain o, for which the network (at « = 2,4 = 1, = 0) displays
a Pitchfork bifurcation. We summarize the results in the next proposition.

Proposition 3.5.2. Let us consider the parameters v = (0,a,e) € R and the
bifurcation point v, = (0.,2,0). If we write V.= vy + x1 cosg x + w9 sing, then the
equation (around the bifurcation point v.) reads

{0 = 21 (00 + 0o+ xs(a? + 23)) +ely (3.32)

0 = x4 (60—5a+X3(a:%+:c§))+€I2

with I = [cosa(zg), Io = Bsing(xg), 0 = o + ﬁ&a, a = 2+ 314J15a and
S1 = DS((TC’U(](UC)).

Proof.

Let us write L, the linearised r.h.s. of (3.25) for a given triplet v around

the stationary point VI = vg(o.), V.= V/ + U and L = L,,. The kernel of

L is spanned by cose,sing and we write P. = (-, cosg) COSQ% + (-, sing) SiDQ% the

projection on the kernel. The equation to solve is 0 = F(U,v) = —U + J(«) -
(S(eV/ 4+ oU) — S(6VY))+elepi (). We compute the equation satisfied by (21, z2)
using the Lyapunov-Schmidt reduction. The method is similar to the one used in
the proof of lemma 3.3.2 except that there are symmetries and the number of
unknowns is 2. The same procedure gives the linear part x100, xodo and the terms
corresponding to the external input €17, els. We compute in chapter 9 the nonlinear
part of the “reduced” equation and show that it yields the terms y3(z? 4+ 22)z and
x3(z3+23)y for each component 1, z2. The coefficient x3 depends on the threshold
0, the critical gain o, and vy(o).

It remains to compute the terms in the “reduced” equations corresponding to
the parameter «. There are the linear terms p; X (a — 2) in each equation. The
coefficient p; (for example) satisfies p; = (%cosz, 00 F (0;0¢,2,0)) = 0 where the first
equality is given in [Golubitsky 1984][chapter VII.1.d]. We find p; = ps = 0. The
next terms are ¢;j;(c—2) for the equation i = 1,2. From [Golubitsky 1984][chapter

12This is a consequence of prop 3.2.7 applied to the equation for vg.
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VII.1.d], we find

2
q11 = (—=cos2, DLy, - cosy —D%F(O; Oc,2,0)[cose, L_l(Id —P.)0,F(0;0.,2,0)])
T

2
= (;0032, 0oLy - cosy)

We write o = 2 + -2 6a with s; = DS(owwg(o.)). From P.(0.L),.|x, =

s1J1

1 0
31% [ ] , we conclude the proof of the proposition. [J

0 -1

We use this proposition to understand the effect of the different parameters.
Let us assume that the external input is horizontal, i.e. I = 0. For 6 = 0, we find
(see chapter 9) that y3 < 0. Up to a rescaling of (z1,x2,e), we can assume that
x3 = —1. A little algebra shows that the stationary solutions of (3.32) are given
by:

(1) { x:{’:(éa—}—éa)xl —e1 =0
Tro = 0

and

el
_ L1 = " 95a
(52) : { (222)% = 4(60 + ba) — (%)2

We are ready to study more carefully what stationary states can be produced de-
pending on the different parameters. Let us start with the case we have been study-
ing until now and assume the network is at the edge of the bifurcation: v ~ v,.

Case da > 0: we know that the solutions (S2) correspond to the Pitchfork P;
because x; and zo are non-zero. We are not interested in these solutions.
The illusory persistent state comes from the first group of solutions S7. The
stationary states are solutions of a polynomial equation of third degree. There
are real solutions i.i.f. A = —4(60 + 6a)3 +27(e11)? < 0. Hence, if da, §o are

fixed, for constrasts of order do*/2, only one solution remains.

Case da < 0:  we know that the second set of solutions (S2) produces the illusory
stationary states. It is easy to show that for constrasts of order \5a|3/ 2 only
one solution remains.

3.5.4 Discussion

There are two reasons why we presented this example. First, it is a nice simple
model to which the formalism of this chapter easily applies and allows us to push
the analysis far enough to grasp an almost complete understanding of its persistent
states and a somewhat detailed understanding of its dynamics. Second, it conveys
information for models of V1 that is likely to be biologically relevant. For example,
as the nonlinear gain o of the sigmoid is increased, many new stationary states
appear whose stability evolves with . One of these solutions is “dramatic” for the
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purpose of orientation detection: even if the LGN input orientation peaks around
the angle xg = 0, the Ring Model can produce a stable cortical state (or a percept)
corresponding to an angle of /2!

However these solutions may be destabilized /destroyed by adding lateral spatial
connections in a spatially organized network of Ring Models; it remains an area of
future investigations. As far as we know, only Bressloff and co-workers looked at
this problem (see [Bressloff 2002a, Bressloff 2001b]) in the case a = 2 but they did
not show cortical responses incompatible with the stimulus.

In an analysis using the Lyapunov-Schmidt reduction, we were able to under-
stand, in a small region of the parameter space, the impact of the asymmetries |a—2|
on the network behaviour. Basically, for contrasts of the order of the anisotropies
| — 2|, the illusory states are destroyed. We will come back on the impact of
asymmetries in chapter 10.

It should be noted that neural mass models are very often written with a Heav-
iside function for the nonlinearity which, as mentioned previously, is the limit case:
H(z)= lim S(ox).

g—00

We also made the assumption o # 2 in the previous analysis. It remains to know
how much of the preceding holds in the case @ = 2. More generally, what would
remain if one were to choose a difference of Gaussians as a connectivity function
over a cortex Q = (—n/2,7/2). This will be done in chapter 9 where we provide a
way to handle the symmetries numerically.

Chapter 9 will also provide a complete understanding of the effects of all the
parameters. We will see that in order for the Ring Model to account for biological
data, one must give specific values to its parameters. In other works, the model is
completely specified by experiments.

3.6 Two populations of spatially organized neurons

We apply the previous theoretical analysis to a system we started to analyse in
[Faugeras 2009]. In the somewhat reduced form we consider here, it consists of two
populations (p = 2), one excitatory, one inhibitory, distributed over a flat (d = 2)
cortex of rectangular shape'® Q = [—~1, 1] x [-0.95, 0.95]. The connectivity matrix
kernel writes:

aGii(r—r') —bGia(r —1')

/N
J(I‘, ' ) N bGlz(I' - I'/) —CGQQ(I' - I',)

(3.33)

»

]l

*7ij 4,5 = 1,2 are two-dimensional Gaussian functions and

where Gj;(r) = e
a, b, ¢ > 0 characterize the strength of the connections. We also assume I.;; = 0.
The parameter p controlling the translation of the sigmoid (see (3.14)) is therefore

the only parameter, outside o, that we vary from 0 to 1. We also chose (notice that

'3Such choice is motivated by the requirement to break the maximum number of symmetries
which otherwise could make the numerical continuation process more difficult.
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S92 75 0)2
1

S(x) = (==l

=1.3

In [Faugeras 2009], we were able to compute the stationary solutions VCJ; p=1
when the slope o is small (i.e. o < 0*) using the Nystrom (see for example
[Kress 1999]) method. We know, from the previous analysis, that if we perform
a continuation of these solutions with respect to o, we are bound to miss quite a
few of them. Therefore we perform a two-parameter continuation with respect to
the pair (o, ) in order to recover more stationary solutions.

Biologically speaking, no systematic investigation has been performed to test
the validity of the translation invariance of the connectivity function. Hence a
roughly translation invariant (called heterogeneous in [Ermentrout 1980]) is not less
biologically relevant. This is where the PG-kernels are useful: they provide an easy
way to approximate the convolution operation as well as an effective representation
of the connectivity (see section 3.4).

There are three reasons why we think this example is interesting:

e We want to show how to deal with heterogeneous kernels. In particular, we
will impose a null connectivity J on the cortex boundary 0f2.

e We want to show an example of application of proposition 3.3.3.

e More importantly, we want to show how the results of section 3.3.1.1 may
change in the two-dimensional case.

We also want to give a non trivial example of the existence of a branch of
solutions not connected to the trivial solution Vg. We did not find a model which
showed this behaviour while featuring the three points above. Notice that we gave
an example of our method showing how to compute some non connected components
in the previous example 3.5.

As in the previous case, we are not interested in obtaining the complete bi-
furcation diagram of the system but rather in giving numerical examples of the
previously enumerated points.

3.6.1 Approximation of J

Let us write

Y

o le=r12/2 _ —liel2/2 I 12/2, ) o e—ur||2/2€—||rfu2/2<1 + o0 + %@ V)2 4

We notice two important facts:

o 1+ (r,r')+ %(r, r')2 + ... is a polynomial in the components of r and r’, hence

a PG-kernel.
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o c—alltl?/2 = g—art/2g—ari/2 g 4 bell-shape which we approximate with the
a/2 a/2
2 (0.952 — T‘%) . This choice is also motivated by

function B,(r) = (1 - 7'1)

the fact that e=ll*1?/2 tends to zero at the edges of the infinite cortex that is
usually considered in the literature. We preserve this property with our finite
cortex since B, = 0 on the boundary 0f2 of Q2. Any other positive bell shaped
function would be appropriate.

Putting these two facts together, we end-up with the following approximation of a
Gaussian convolution kernel with a PG-kernel.

Jij(r,x') = By, j2(v) By, 2 (') Pij(r,x'), 0,5 =1,2 (3.34)

where P is a 2 X 2 matrix with polynomial entries in r and r’. It is easy to see
that this type of connectivity (3.34) is a PG-kernel. The smaller the degree of the
polynomials Pj;, the smaller is the number of unknowns v; in (3.21). Hence, if one
wants a small number of variables, one should try to approximate e on [—2,2]

N
with polynomials. This could be done using the series ‘%I,C N2 co o1 the best

k=0
polynomials interpolation given by the Chebyshev Equioscillation Theorem.

There is the disadvantage that the integrals in (3.21) must be computed accu-
rately using some numerical library.

An other alternative is to discretize 2 and compute the integrals of the integral
kernels with a fixed quadrature rule, this may be cheaper computationally but it
produces a lot of unknowns.

In the following numerical study, we chose the second alternative, i.e. we dis-
cretize ) with n = 15 points on each axis which gives 152 - 2 = 450 unknowns.
Hence, we do not use the PG-kernels approximation and use the connectivity given
by:

Jij(x,x') = By, jo(r) By, o (x)) e X0 i j=1,2 (3.35)

We use the library TRILINOS (see [Sala 2004] for the website) for the multipa-
rameter continuation. The vectors/matrices, in the program, are coded using the
library EPETRA which is a parallel implementation of the linear algebra operations.
Finally, the code is run on 8 processors.

3.6.2 Numerical experiments

In this numerical experiment we have a11 = a9 = 3, a12 = a9 = 2, a = 20,b =
21,¢=25.5and LL = 0.2-1d. Each of the 450 variables is a function of the parameters
o, . We represent in figure 3.10 the 2-norm of the 450-dimensional vector V7 as
a function of the slope parameter o for y = 0. We find numerically the first 5
bifurcation points o;, i = 1---5 for o € [0, 12]. Depending on the symmetries of
the eigenvectors of J and its adjoint J*, the different bifurcation points are Pitchfork
or Transcritical bifurcations.

In figure 3.10 (case u = 0), we see three Pitchforks branches at o2, 03, 04
and two Transcritical branch at o7 and 5. According to proposition 3.3.3, a
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Figure 3.10: Plot of the 2-norm ||- ||z of the 450-dimensional vector V/ as a function
of the slope parameter ¢ for u = 0. Some intersection points are labelled. Notice
that V/ = 0 is solution for all values of 0. Each dot shows the intersection between
two branches. SN stands for saddle-node.



3.7. Discussion 77

saddle-node (noted SN in the figure) must appear on the Transcritical branches
(see section 3.3.1).

It seems that all the bifurcation points (except o5 for o € [0, 12]) are connected
to the first bifurcation point o1 by bifurcated branches. The intersections between
the different branches are indicated by green dots in figure 3.10. The bifurcated
branch from (0,07) displays secondary Pl/ and tertiary bifurcation points Pl// by
which it connects to the bifurcation point (0,04). We had some difficulties to
find such an ’extreme’ example but it seems, based on our numerical experiments,
that it is deeply rooted in the fact that the connectivity is null on the cortex
boundary 0f2. Indeed, this property is also true for the stationary solutions and
it seems to constrain the nodal structure of the stationary solutions: we have not
been able to find properties of the nodal structure. When the connectivity has
symmetries, some topological equivariant tools have been developed (see for example
[Ize 2003, Balanov 2006]) which are closely related to the results we presented in
section 3.3.1.1. We have not pushed forward in this direction.

Thus, this example shows, at least numerically, that the Rabinowitz conclusions
in section 3.3.1.1 are specific to the one-dimensional case.

We plot, in figure 3.11, the stationary membrane potential Vlf of the first popu-
lation for different values of o along the branch connecting P;_3 to (0,03). It shows
how the symmetry of the state, which has the symmetries of a rectangle, change
along the branch until the point o3 which only displays the reflexion symmetry.

Remark 18.We have chosen the parameters a,b, ¢ such that the first three eigen-
values have zero imaginary parts. Numerically, most of the other eigenvalues oy
have non-zero imaginary part leading to Hopf bifurcations. Other stationary bifur-
cation may appear for large slope values (i.e. o > 12).

3.7 Discussion

In this section we briefly discuss two important aspects of the neural fields model
with respect to the biology.

3.7.1 Is the cortex really finite?

An important aspect of our work is to assume that the domain §2 is bounded. As
pointed out in the introduction this has the effect of simplifying somewhat the func-
tional analysis of the problem. Since we can then rely essentially on the fact that
the operator defined by the connectivity function is compact, hence also its Frechet
derivative. The spectrum of this derivative is therefore at most countable, 0 being
an accumulation point. The inverses of its positive eigenvalues (multiplied by 4,
see equation (3.17)) determine the possible points of bifurcation of the steady-state
solution with respect to the parameter . They accumulate at 400 but will in gen-
eral have values smaller than the range of values biologically relevant. Assuming
in the worst case that each of these values corresponds to a bifurcation, if they
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Figure 3.11: Plot of the first component Vi of the solution V/ = (V{,Vj/) along
the branch connecting P;_3 to o3 in figure 3.10. The nonlinear gain is indicated
on top of each sub-figure. This figure shows how the symmetry of the bifurcated
solution evolves along the branch from the point P;_3 with the symmetry group of
a rectangle to the point o3 with just the symmetry reflexion w.r.t. e,.
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are very close to each other the task of the numerical continuation program will
become extremely difficult. This situation occurs when the spread of the connec-
tivity function J is very small with respect to the size of the domain 2, making the
finite size assumption questionable from the practical viewpoint. In order to get
a feeling for the domain of applicability of our theory we have done the following
experiment. Assume that the domain €2 is 1D, and of length a. Assume further that
the local interaction is described by a Gaussian with zero mean and variance o?
normalized in such a way that its integral on the interval [—a/2,a/2] is equal to 1.
The eigenvalues o,, of J can be computed analytically as the Fourier coefficients of
the function J. As it was just mentioned, they accumulate at 0 since J is compact.
What is important is the separation of their inverses (the o,s). For a ratio o/a
equal to 10% the first 10 positive o,s are given by

n 1 2 3 4 5
1.000 | 1.218 | 2.202 | 5.909 23.530
n 6 7 8 9 10
139 | 1220 | 15785 | 337734 | 2629893

If we decrease the ratio to 5% these numbers become

n 1 2 3 4 5
1.000 | 1.051 | 1.218 | 1.559 | 2.202

n 6 7 8 9 10
3.4341 | 5.909 | 11.224 | 23.530 | 54.445

and if we decrease the ratio to 1%:

n 1 2 3 4 5
1.0000 | 1.0020 | 1.0079 | 1.0179 | 1.0321

n 6 7 8 9 10
1.0506 | 1.0736 | 1.1015 | 1.1347 | 1.1734

We conclude from this numerical experiment that our methods are applicable in a
straightforward fashion for ratios roughly above 2-3%.

Now, what does the biology tell us about the ratio o/a? In the cat area 17
(analogue to V1 in humans), it is commonly agreed that excitatory connections can
span as much as 8mm whereas inhibitory are limited to 3mm for an area which is
roughly 25x20mm, hence a ratio between 12% and 32%. In humans, less data is
available but Bressloff et al. in [Bressloff 2001b] use a lateral connectivity function
spanning 10mm for an area V1 with area 144x96mm, hence a ratio of roughly 7%.
In both species we are well in the range of separations of the eigenvalues that poses
no numerical problems to the continuation methods.

3.7.2 How steep should the sigmoid be?

When the nonlinear gain o of the sigmoid in the model increases without bound, the
sigmoid converges toward the Heaviside function. As shown in the chapter, when
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o increases, we predict the appearance of a variety of new stationary solutions
of the neural field equations. From the biological viewpoint one observes hard
thresholds at the level of single neurons f-I curves [Izhikevich 2000], the curves that
relate the external current to the firing rate. At the population level, the one
described by the neural field equations, these hard thresholds are smoothed over
by the effect of population averaging. Our mathematical analysis can provide an
answer to the question of how steep is a sigmoid from a biological perspective. The
answer is related, in the case of the Ring Model, to the connection between the
nonlinear gain ¢ and the connectivity function J. As shown in equation (3.24) the
relevant parameter is the product o|Jy| which is constrained by a) the fact that it
must be larger than the first bifurcation value in order for the model to produce
tuning curves, and b) that it must be smaller than the value for which the tuning
curves saturate, hence do not vary with the contrast anymore, in contradiction with
biological measurements. For each application of the neural field equations this is
how the biology enters the mathematics to constrain the model parameter values.

3.8 Conclusion

In this chapter, we have pursued the analysis, started in [Faugeras 2008,
Faugeras 2009], of a special type of integro-differential equation that appears in
neural field and neural mass models where we are interested in approximating meso-
scopic and macroscopic ensembles of neurons by continuous descriptions.

In effect, these equations depend upon a number of biological or experimental
parameters such as the nonlinear gain ¢ of the nonlinearity, the connectivity matrix
J, or the input I. These parameters vary in general in neural populations because
of such processes as plasticity and learning. It is therefore important to understand
how the solutions of these equations vary when these parameters change. To this
end, we used two theories: the degree theory and the bifurcation theory. The degree
theory describes the general behaviour of the cortical states as the parameters vary.
On the other hand, the bifurcation theory describes the precise local behaviours of
the cortical states as the parameters vary.

We believe that a good model should exhibit bounded membrane potentials
which requires to take a bounded nonlinearity (as opposed to some papers, see for
example [Ben-Yishai 1995]). The degree theory yields the powerful estimate that
the number of persistent states has to be odd, hence it predicts an additional per-
sistent state in the neighbourhood of subcritical Pitchfork/transcritical bifurcation
points. This extra point is invisible to bifurcation theory, which is a local the-
ory (this was conjectured numerically in [Ermentrout 1980]). The extra point may
change drastically the dynamics and shows that local analysis is not sufficient for
the study of the neural field equations.

We have focused on the description of the stationary solutions of the neural
equations when varying the nonlinear gain, and tried to compute numerically the
additional persistent state given by the degree theory for arbitrary external current



3.8. Conclusion 81

and connectivity. As the set of stationary solutions may not be connected, we
used a multiparameter continuation scheme in order to compute non-connected
branches of solutions and were able to show examples of these (see section 3.5).
Whether these different branches of solutions intersect or are unbounded is still
unknown in the general case. However, the scalar case for a one-dimensional cortex
(p=1, d = 1,1,y = 0) is almost completely solved (see section.3.3.1.1): we still
don’t know if isolas may exist. This point has never been mentioned in the literature
to our knowledge. The question of whether we have computed all the solutions by
using our multiparameter scheme is unfortunately still open.

To summarize, we have found new stationary solutions that were not predicted
before. This suggests that the analysis of neural field models of the visual system
should be re-examined.
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4.1 Introduction

The Hodgkin-Huxley equations [Hodgkin 1952] provide an accurate and mathe-
matically tractable description of the behavior of an individual neuron in iso-
lation, which later formed the foundation for mesoscopic descriptions of neu-
ral networks where the fine properties of the neurons do not play a fundamen-
tal role. The neural field models [Wilson 1973, Amari 1977, Coombes 2005b],
which describe the firing rate evolution of spatially extended populations of neu-
rons have been used successfully to model the rat barrel cortex [Pinto 1996] and
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the visual cortex [Ben-Yishai 1995, Markounikau 2010]. More specifically, neu-
ral field models have been used to study both stationary and oscillatory be-
haviors; in both regimes the connectivity between neurons dictates the possible
cortical states (see [Ermentrout 1979] for the oscillatory regime). The station-
ary regime has been used to describe neural hallucinations as spontaneous cor-
tical activity [Bressloff 2000, Bressloff 2001b]. The computation of the station-
ary cortical states and their stability is now well documented [Ermentrout 1980,
Bressloff 2000, Bressloff 2001b, Coombes 2005b, Faugeras 2008, Veltz 2010]. An
immediate question is how this stability is altered when delays are introduced.
There are a limited number of studies for which delays are taken into account
but only constant delays are considered in non spatially extended populations
[Bélair 1994, Bélair 1996, Coombes 2009, Shayer 2000, Wu 2001]. Here, we use bi-
furcation theory to study both stationary and oscillatory behaviors in a spatially
extended system with space dependent delays.

Moving from a description of neural activity by ordinary differential equations
(ODEs) to delay differential equations (DDESs) requires significantly more complex
mathematical and numerical tools, mainly due to the fact that the phase space be-
comes infinite dimensional [Wu 1998, Hale 1993, Diekmann 1995, Shampine 2001].
This explains the small number of studies of mesoscopic models with delays. Indeed,
whenever possible, one should try to find a description of the biophysical behavior
with ordinary differential equations. In the case of constant delay across all popula-
tions there is no significant increase in mathematical difficulty, however, in the case
of propagation (spatially dependent) delays, there is no way to give an accurate
description of the dynamics with a reduction to ODEs. However, it would be ad-
vantageous to use equations that intrinsically contain finite propagation speeds (like
the wave equation) instead of neural field equations. When the spatial connectivity
is homogeneous, one can find a partial differential equation which approximates the
delayed neural field equations [Coombes 2007]; a major advantage of this approach
is the speed-up in the numerical computation. However this advantage has been
recently superseded by the algorithm in [Hutt 2010] where the authors take advan-
tage of the convolutional structure of the homogeneous connectivities to efficiently
compute the solutions of delayed neural field equations (DNFEs). All in all, no
simplification exists for general connectivities which suggests that a description of
propagation delays with delay differential equations is still satisfactory.

In the quest to approximate networks of spiking neurons by neural field equa-
tions, it has recently been shown that constant delays must be incorporated in the
mesoscopic description in order to produce oscillations — traveling waves or stand-
ing waves — observed in spiking neural networks [Roxin 2005, Roxin 2011]. These
constant delays take into account the finite integration time of the pre-synaptic ac-
tion potentials by synapses. On the other hand, the space dependent delays coming
from the finite velocity of action potentials propagating along axons are thought to
play an important role in the long range connections observed in the visual cortex
([Bressloff 2003, Lund 2003al).

The linear stability of stationary cortical states of delayed neural field equations
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was studied in [Atay 2005, Atay 2006, Bressloff 2008, Coombes 2007, Hutt 2009,
Hutt 2008, Jirsa 2000, Bojak 2010] and some delay dependent/independent
bounds of stability were given in [Atay 2005, Atay 2006, Hutt 2006, Hutt 2008,
Veltz 2011b]. Due largely to the fact that the eigenvalue problem is infinite dimen-
sional, the computation of the stability has been confined to some very particular
cases [Venkov 2007, Bressloff 2008]. Hence, little is known about the impact of
(space dependent) delays on the stability of equilibria. Due to the high computa-
tional cost (even for one dimensional cortices with homogeneous connectivities), an
in-depth analysis of the values of delays and connectivity properties giving rise to
oscillatory behavior has yet to be produced. Despite this limitation, the nonlinear
stability has been studied in two papers [Roxin 2011, Venkov 2007]. The first ref-
erence gives, by means of a numerical investigation of the eigenvalue problem, an
almost complete description of the linear stability for constant delays; we show that
it can be done analytically in the most general case. Notice that the nonlinear anal-
ysis is done using weakly nonlinear analysis. The second reference [Venkov 2007]
applies the weakly nonlinear analysis techniques to produce simplified equations
from which the stability is studied. They were able to compute the normal form
of the Hopf bifurcation for different neural field models including neuronal adapta-
tion. From a mathematical point of view, the method produces nonlinear partial
differential equations for the reduced equation which are not so straightforward to
study in practice; the authors consider infinite cortices, modeled in effect as the real
line. By looking at bounded cortices (as in [Roxin 2011]), we show that our method
produces ordinary differential equations whose normal forms are well-documented
[Guckenheimer 1983, Kuznetsov 1998, Haragus 2010).

The main drawback in the use of the weakly nonlinear expansion is that conver-
gence of the dynamics to those of the reduced equation has not been proven. We
decide to apply center manifold and normal form theory in order to get around this
difficulty; hence, we look for such an appropriate version of the theory that can be
applied to DNFEs. The development of bifurcation theory for delayed functional
differential equations was begun in [Hale 1993, Chapter 10], where the authors give
a center manifold equation for finite dimensional delay equations where the neuronal
activity is a vector and not a function of space as in the neural field equations. This
work was later pushed further by Faria and co-authors in [Faria 1995]. Later, they
extended their own work to the infinite-dimensional case for the class of equations
that can be decomposed into a linear delay independent term and a nonlinear delay
dependent term. One restriction, that the linear operator representing the delay
independent terms can generate a compact C%-semigroup [Faria 2001, Faria 2002],
is not satisfied in our case and, therefore, we need to prove a center manifold result
for our equations. We could prove a center manifold theorem as in [Faria 2002]
but we find it more convenient to use the tools developed by Haragus and Iooss
[Haragus 2010]. In contrast with [Hale 1993, Faria 2002], we choose a Hilbert space
for the state space, which simplifies the computation of the spectral projectors and
normal forms. In this way, we only have to identify a bifurcation point in the spec-
trum and then directly apply the corresponding normal forms from [Haragus 2010].
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Our last comment concerns the importance of computing some particular
normal forms. Many of the neural field models operate near a static bifur-
cation point and the bifurcation can be changed into a Fold-Hopf bifurcation
point or a Bogdanov-Takens bifurcation point by the introduction of delays
[Ben-Yishai 1995, Bressloff 2001b]. This has only been studied for point neurons
in [Campbell 2008], which motivates further the need to compute these bifurcation
points in order to understand the effect of the delays.

The chapter has the following structure. In section 4.3, we explain the mathe-
matical setting to study the DNFEs. In section 4.4, we study the linearized equation
around an equilibrium: we show how to compute the spectrum of the linearized op-
erator and we also give the formula to compute the spectral projector. In section 4.5,
we give bounds for the asymptotic stability of stationary cortical states. Finally, in
section 4.6, we derive the center manifold theorem and the reduced equation, and
give the general normal forms for the transcritical/pitchfork bifurcations.

The reader who is not interested in the mathematical details can go directly
to section 4.4.1.1 for the study computation of the Hopf bifurcation curves where
efficient techniques are proposed.

4.2 The neural field model

In this chapter, we consider the most general neural fields models that are studied in
this Thesis, namely the delayed neural fields equations. They have been introduced
in chapter 2 and satisfy

M

(& +U)Vit,r) =

[ Jij(x,7)S [0V (t — 735(r, T),T) — hy] dr

=10 (4.1)
+ Iemt,i(rat)a t Z O, 1 S ia ] S p

Vi(t,r) = ¢i(t,r), te[-T, 0

Recall that €2 is an open bounded set of RP. There are the nonlinear gains o;
and the thresholds h;. In particular, the delay function is given by the following
formula:
7i5(r,¥) = Dij + cij [|lr — ], .
If the labels are not specified, it means that the delays are the same for every
population:
Tij(r,F) = D 4 [[r — |,

4.3 Mathematical framework and notations

In the first part of this Thesis, we have considered neural field equations without
delays. We have rewritten these equations as an abstract Cauchy problem in the
space F = L?(Q2,RP). Then, we have used the classical Cauchy-Lipschitz theorem
(see proposition 3.2.2) to show existence and uniqueness of the solutions to the
Cauchy problem. In order to be able to study delayed neural field equations, we
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need to change the phase space L2(Q,RP). Indeed, in order to give a meaning

V()]

Figure 4.1: The history segment (reproduced from [Bétkai 2005]).

to (4.1), or at least to compute its right-hand side, we need to know the function
t — V(t,-) on a time interval of length equal to

Tm max 7i;(r,T)

1<i, j<p, (r,r)eQ’

whereas for (3.1), only the membrane potential V(t,-) at time ¢ is necessary. The
phase space of the equation (4.1) consists of spatio-temporal functions § — V(¢ +
0,r) where 6 € [—7p,,0]. This suggests the introduction of the following, classical,
notation: Vi is the history segment Vi(0) = V(t + 6) with § € [-7,,,0]. In a
way, delay differential equations are evolution equations for time-window vectors
V; (see figure 4.1). Hence, the phase space, also called the history space, is made
of functions V; from [—7,,,0] to F. We have to specify the regularity of these
functions. Intuitively, given an initial history function ¢, (4.1) tells how the end
of the history segment V;(0) = V(¢) evolves but not how the whole segment V;
evolves. Let us start by rewriting (4.1) in a compact way using the notation for
history segments:

{V(t) = —LoV(t) + L1S(Vy) + L (t) (4.2)
0

Vo=1
where Ly : ¢ — ({J(-,f‘)¢(—‘l’(~,f‘),f‘)df and S(z) = [S(o1x1—h1), -, S(opxp—hyp)].

The sigmoid S has been defined in chapter 2. From a modeling viewpoint, it is
natural to consider the space of continuous functions

C = C%[—7m, 0], F)

as the history space. The space C is convenient for proving existence and uniqueness
of solutions of (4.2) but not for the study of the eigenspaces. Indeed, it is easier
to work in a Hilbert space to take advantage of the scalar product properties.
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Moreover, the ultimate goal of this chapter is to derive a normal form theory for
the delayed neural field equations. This requires to write (4.2) as an abstract Cauchy
problem:

= Au+ R(u)

AcL(Z,X), RecCKZY), k>2 (4.3)

ZcyYcX Z,)Y,X Banach spaces,

This is a differential equation for v which belongs to the history space X. Hence
u is a history segment. It is not possible to write a Cauchy problem for (4.2)
with X = C, although one can find such a formulation with X = F x C in
[Faria 1995, Faria 2001]. Indeed, if we try to write a Cauchy problem @ =
Acu for (4.2) in the linear case with I,y = 0 and S(z) = z, we find (see
[Hale 1993, Faria 1995, Wu 1996, Arino 2006]) that Ac¢ = d%qﬁ and Acl is de-
fined? on Z = {qb € CY([=Tm, 0], F) | (0) = —Lgp(0) + ngi)}. Hence the action of
Ac is independent of (4.2), it is a derivation, and equation (4.2) only enters in the
definition of the domain Z of A¢. If we vary some parameters, for example in the
definition of Ly, Z changes and we are not able to apply the bifurcation tools from
[Haragus 2010]. Extending the space from X = C to X = F x C solves this problem
as shown in [Faria 1995].

Hence, we have seen that working in X = C do not allow to apply the normal
form theory. This is why we have to work in X = F x C.

However, in order to compute normal forms, we need to be able to compute
projections. This task is easy to do in a Hilbert space by using the scalar product.
This motivates the choice of the larger Hilbert space

X = F x L3 ([—mm, 0], F)

for the history space for which a general expression of the spectral projectors is
known. In order to write (4.2) as a Cauchy problem (4.3), we need to give the
spaces ), Z. This will be done later in section 4.6
The structure of our study is the following. We first prove existence and unique-
ness of solutions of (4.2) in C but not in X, we also give a bounded attractor set for
these solutions in section 4.3.2. Recall that by doing so, we do not solve a Cauchy
problem. Then, we study (4.2), linearized around an equilibrium V7, in the space
X. In particular, we give an estimate of the norm of the solutions of the linearized
equation on X with the spectrum of A in section 4.4.1. Then, we use this estimate
to prove the 'principle of linear stability’, which states that the stability of the zero
solution of the linearized equation in X implies the stability of VI in C. We also
give conditions on the connectivity function J and the delay function 7 for which
V/ is asymptotically stable in section 4.5.4. Then, we restate (4.2) as an abstract

lwe add the subscript to avoid confusions
%j.e. has a domain D(A) = Z
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Cauchy problem (4.3) for which we give a center manifold theorem in section 4.6.
Hence, the least regular history segments for which we study (4.2) belong to C. If
we want to say more than asymptotic stability, for example, characterize the center
manifold, then we have to restrict the study to more regular history segments in
2@ = 1,9(Q, RP) x Wha(—7,,0; LI(, RP)).

4.3.1 Solutions of the nonlinear problem

We look at the existence of solutions of

V(t) = —LoV(t) + LiS(Vy) + Lew(t) (4.4)
Vo=¢€eC '
in the space C with ||¢|lc = sup |[¢(t)]|#, which is the history space associated

tel—7mm,0

to equation (4.4). The proof is made of two parts. First we find a mild solution,
i.e. a solution of the integral equation associated to (4.4). Then we prove that
the mild solution is differentiable in time. This is the method used in [Travis 1974,
Wu 1996, Arino 2006].

Proposition 4.3.1. If the following assumptions are satisfied:

1. J € L2(Q2 RP*P)

2. the external current I.p; € CO(R,f)

3. 1€ CO(QZ,RiXp), - max _ 7(r,T) = 7y, < 00,

i,7, (r,r)eQ?

Then for any initial condition, ¢ € C, there exists a unique solution V &
C1(0,00; F) N CO(—Tm, 00; F) to (4.4).

Proof. The mapping f(t,¢) = —Lo¢(0) + L1S(¢) + Icx(t) is the right-hand side
of (4.4) and f(t,-) € C°C,F). Indeed, S(¢) € F because S is bounded and 2 is
also bounded. It is easy to check that f(t,-) is Lipschitz continuous on C because

the linear operator
Li: C— F

b — g{J(-,f‘)¢(1’", —7(-,T))dr

is continuous with [||Lq|[| < [|Jlg2(q2 gexpy. If we write To(t) = e Lot we find that
[||To(t)]]lc < e*! with w = —min; [;. Using the variation of constant formula, (4.4)
is equivalent to:

{V(t) = To(t)$(0) + [ To(t — 5)f (5, Vi)ds t >0

Voo (4.5)

We apply [Wu 1996, theorem 2.1.1.] to find the unique solution V € C°(]0, 00}, C)
to the previous equation. As t — V(t) € CO([—7p, 00|, F), we apply lemma 2.1.
in [Hale 1993] stating that t — V; is in C°([0,00],C). Hence t — f(t,V;) €
C%(]0, 0], F). This implies that t — fot T(t—s)f(s, Vs)ds is in C*([0, 00|, F), idem
for t — T(t)¢(0). We have shown that V € C1([0,00), F) N C°([~Tpm,c0), F). O
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4.3.2 Boundedness of solutions in C

A valid model of neural network should only feature bounded membrane potentials.
We find a bounded attracting set in the spirit of our previous work with non-delayed
neural mass equations. The proof is almost the same as in proposition 3.2.3 but
some care has to be taken because of the delays.

Theorem 4.3.2. All the trajectories of the equation (4.4) are ultimately bounded
by the same constant R (see the proof) if I = max | Tezt (t)|| 7 < 0.

Proof. Let us define f : R x C — RT by

ef 1d||V 2
f(t,Vy) de (=LoV(0) + LiS(Vy) + Tt (t), V(1)) £ = 3 HdtHf'
We note | = min;—;...,l; and from lemma B.2.1:

F(t, V) < =UIVOIF + Vol - 13117 + DIV ()] 7

Thus, if [V (0)||7 > 2T &l ey vy < 2 45

Let us show that the open ball of F of center 0 and radius R, Bg, is stable
under the dynamics of equation (4.4). We know that V(¢) is defined for all ¢ > Os
and that f < 0 on dBg, the boundary of Bg. We consider three cases for the initial
condition Vjy.

If [ Vo|lc < R and set T =sup {t|Vs € [0,t], V(s) € Br}. Suppose that T' € R,
then V(T') is defined and belongs to Bp, the closure of Bg, because By is closed,
in effect to 0Br. We also have %HVHZﬂt:T = f(T,Vr) < —0 < 0 because V(T) €
OBpr. Thus we deduce that for ¢ > 0 and small enough, V(T + ¢) € Bg which
contradicts the definition of T. Thus T ¢ R and Bp, is stable.

Because f < 0 on 0Bg, V(0) € 0Bp implies that V¢ > 0, V(t) € Bpg.

Finally we consider the case Vo € CBg. Suppose that Vt > 0, V(t) ¢ Bg, then
vt >0, 4| V||% < —24, thus ||V (¢)||# is monotonically decreasing and reaches the
value of R in finite time when V(¢) reaches 0Bpr. This contradicts our assumption.
Thus 37 > 0| V(T) € Bg. O

4.4 Linear analysis

In the Introduction, we have emphasized the need for the study of the stabil-
ity of stationary cortical states. Let us consider an equilibrium V/ which has
been computed for example with tools from [Ermentrout 1980, Bressloff 2000,
Bressloff 2001b, Coombes 2005b, Veltz 2010] or in part II. We recall that this equi-
librium needs not be constant in space. How stable to perturbations is this cortical
state? This is generally studied by looking at a perturbation of the form U = V-V /
and studying the linearized equation satisfied by U:

(4.6)

U(t) = -LoU(t) + LU, = LU,
Ug=¢¢€ C
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where Ly : ¢ — [J(-,F)DS(V/(¢))¢(F, —7(-,T)) dr (this operator will be more
Q

properly defined in section 4.4.1). Looking for exponential perturbations like
U(t,r) = eMU(r) in (4.6), we find that U solves the eigenvalue problem

(Ald+Lo) U =J(\U (4.7)
where J()) is the compact operator (being a Hilbert-Schmidt operator)

JN:F— F

U — [J(-,5)DS(VI(£))e A CDU(F) dr (4.8)
Q

A stationary state is linearly stable if any solution (A, U) of (4.7) satisfies RA < 0.
Notice that because of the delays, the eigenvalue A appears in a nonlinear way in
the right-hand side of (4.7). The eigenproblem without delays would have been:

(Ald + Lo) U = J(0)U

The difficulty of the linear stability analysis lies in this complicated transcendental
eigenvalue equation (4.7) for which we show an elegant solution in the next section.
But before solving the eigenvalue equation, we make our qualitative explanation
of the stability mathematically rigorous in the next section. Then we compute a
spectral projector and find a decomposition of the history space X according to
the generalized eigenspaces in order to prepare the application, to the neural field
equations, of the center manifold theorem given in [Haragus 2010].

4.4.1 Semigroup properties from the spectral study

As we have explained earlier, we look at the equation (4.6) in the larger space
X = F x L2(—my,0; F) with

<[Z’£] ’ LZ] >X ={@yrt / on (6(5), 1(5)) 5 ds

We note 71, mo the canonical projections of X on F and LQ(—Tm, 0; F): m [a:] =

)
T, o [(ﬂ = ¢. The choice of X is motivated by the fact that X is a Hilbert

space which simplifies the computation of the spectral projector. This is es-
pecially useful when one wants to compute normal forms as we do later. In-
deed, in order to compute the spectral projectors for delay differential equations,
[Hale 1993, Faria 1995, Arino 2006] introduced a quantity called the bilinear prod-
uct. However, this quantity is difficult to extend to the case where F is a Banach
space (see [Arino 2006]) whereas it appears naturally in the Hilbert space setting.
Next, we rewrite the problem (4.6) in the space X. Note that we need to define
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two functions for the initial condition of (4.9) because ¢(0) has no meaning for
¢ € L2(—7m,0; F). Hence we write:

{f;(t) = —LoU(t) + L U; = LU; (4.9)

Uy =¢ € L2(—7p,0; F), U0) =x € F
where the linear operator L, is given by

Li: Wh2(—7,,,0; F) — F
b — S{J(-,f’)DS(Vf(f')M(f, —7(-,7))dr

and WhH2(—7,,,0; F) is the Sobolev space of functions with values in F. This
operator is continuous because of lemma? B.3.1.

Remark 19.In this section, we have used the space L%*(—7m,0;F) (resp.
Wh2(—7,,0; F)) of wvector wvalued square integrable functions (resp. vec-
tor walued functions of the Sobolev space) without definition. More
precisely, the Lebesque-Bochner space* LP(—1y,0;F), 1 < p < oo
is made of the set of all equivalence classes of measurable 1func—

tions & i [0 = F osuch that o, = (J° le@)5d)" <
0. We define the Sobolev space® as follow: ~ WYP(—7y,0;F) =
{gf) € LP (=71, 0; F) | 3¢ € LP(—7y, 0; F) such that ¢(0) = ¢(—Tm) + ffﬂn @ZJ(s)dS}.
Then ¢ = ¢ for p € W'P(—7,,0; F) and ||¢||,, = 1], + Hd%@\p.

Note that Lo is defined on L2(—7y,0;F) whereas L; is defined on
Wh2(—7,,0; F).  We call a classical solution of (4.9) a function U €

CO([~Tm, 00), F) N C([0,0), F) such that U; € W2(—7,,,0; F) and U satisfies
(4.9). To study (4.9), let us introduce the abstract Cauchy problem

{a = Au (4.10)

u(0) =ug € X
where _
A= [_3‘0 Iﬂ (4.11)
o

with domain

D(A) = {Lﬂ € F x W (=1, 0: F), 6(0) = x}

3Modulo the change of variable JDS — J.

it is a Banach space

Psuch that 6§ — [|¢(6)]| - is integrable and fET l6(0)]| = df < oco. It is called Bochner integrable
(see for example [Yosida 1980, Dunford 1988]). "

6it is a Banach space
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From [Batkai 2005], it is known that (4.9) and (4.10) are equivalent: every inte-
gral/classical solution of (4.9) is a mild/strong solution of (4.10) and conversely.
This allows to apply the semigroup theory to (4.10) in order to study (4.9). More
precisely, following [Batkai 2005][theorem 4.23] (see also [Engel 2001, Arino 2006,
Hale 1993, Wu 1996, Diekmann 1995] in a different functional setting), A generates
a strongly continuous semigroup (T(t));>o on X for which A is the infinitesimal
generator.  Every solution of (4.10) is given by T(t)up: if up € D(A), then
T (t)up is a strong solution of (4.10). Hence, any solution U of (4.9) is given by
U(t) = 7T]_T(t)u0.

Let us turn to the study of the spectral properties: we want to find an estimate
of |U(t)||» with the spectrum 3(A) of A, i.e. to link estimates of the semigroup
T to the spectrum of A. This is usually achieved using the Spectral Mapping
Theorem (see [Engel 2001, Bétkai 2005] and theorem B.1.4). Recall (see [Wu 1998,
Hale 1993, Engel 2001, Batkai 2005, Veltz 2011b]) that A is in the spectrum X (A)
of A if and only if the operator

A(N) = Al + Lo — J(\) € L(F, F) (4.12)

U(r)
e’\eU(r)]
with U € ker A(\). Hence the characteristic values (also written CV, see defini-
tion B.1.10) of A — A()) are the eigenvalues of A, they are solutions of (4.7).
We denote the set of eigenvalues by ¥,(A), the point spectrum. In order to char-
acterize the spectrum Y (A), we find it convenient to split it into the essential
spectrum Y.45(A) and the point spectrum. As we intend to use the theory of Kato
in [Kato 1995] to study the spectrum, we chose the definition” of Kato for the
essential spectrum, i.e. Xes(A) = {A € C|]AId — A is not semi-Fredholm}. This
definition is different from the one adopted in [Engel 2001, Batkai 2005] which is
Yess, Engel(A) = {\ € C|AId — A is not Fredholm}. We state a useful lemma which
links the spectral properties of A to the spectral properties of —Lo+J(X\) € L(F, F).

Lemma 4.4.1. X € Eeg5(A) & X € Bess(—Lo + J(N))

Proof. Straightforward adaptation of [Batkai 2005, lemma 3.20] where it is
shown that X\ € X5, mnget(A) & A € Eegs, Enget(—Lo +J(N)) O

is not invertible and that u is an eigenvector of A if and only if u(6,r) = [

Let us summarize the properties of the spectrum X(A) of A:

Lemma 4.4.2. A satisfies the following properties:
1. its essential spectrum is: 3ess(A) = X(—Lo)
2. ¥(A) is at most countable.

3. ¥(A) = X(=Ly) UCV. These sets are possibly non-disjoint.

"see definitions B.1.7 and B.1.8
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For A € X(A) \ X£(—Lo), X is an isolated eigenvalue and the general-
ized eigenspace Ex(A) = Upker(Md — A)* is finite dimensional. Hence
S(A)\ 5(~To) C Sy(A).

5. Card X(A)N{A € C, R\ > —1} < oo where | = min, ;.
Proof.
1. From lemma 4.4.1 X\ € ¥5(A) & N € Yess(—Lo + J(A)). Then, we apply

2-4.

0

[Kato 1995, Theorem IV.5.26]. It shows that the essential spectrum does not
change under compact perturbation. As J(A\) € L(F) is compact, we find
Yess(—Lo+ J(N\)) = Xess(—Lp). Let us show that Yess(—Lo) = X(—Lo). The
assertion “C” is trivial. Now if A € ¥(—Lg), for example A = —I;, then
Ad + Lo = diag(0, —l; + l2,...). Then R(AId + Lg) is closed and L?(Q,R) x
{0} x ... x {0} € N(AId + Lg). Hence dimN (A\Id + Lg) = oo. Also R(Ad +
Lo) = {0} x L%(Q, RP~1), hence codimR(Ad + Lg) = co. Hence, according to
definition B.1.9, A € ¥ 45(—Lo).

The assertions 2-4 are direct consequences of [Kato 1995, Theorem IV.5.33].

LN =p+iw € B(A) and p > —I, then X\ is a CV d.e. N(Id — (AId +

Lo)~1J()\)) # 0 stating that 1 € X,((Ald + Lo)~1J(A)). But [[|(\Id +
Lo) ' IMIllF < A + Lo)~Hll# - [TV < \/ﬁlllc’()\)\ﬂf <3
for A big enough since |||J(N)|||# is bounded. Hence, for A large enough
1 ¢ ¥,((M\d + Lo)~*J())), which holds by the spectral radius inequality.
This relationship states that the CVs A satisfying #\ > —[ are located in a
bounded set of the right part of C; given that the elements of ¥(A)\ X(—Lo)
are isolated, there are a finite number of them.

1y
|

As an example, Figure 4.2 shows the first 200 eigenvalues computed for a very

simple one-dimensional model. We notice that they accumulate at A = —1 which is
the essential spectrum. These eigenvalues have been computed using the method in
[Jarlebring 2010], a very efficient method for computing the CVs which is described
in the next chapter. We have shown that the CVs are almost all, i.e. except for

possibly a finite number of them, located on the left part of the complex plane. This
indicates that the unstable manifold is always finite dimensional for the models we
are considering here. The last result of this section is devoted to the regularity of

the semigroup and an estimate of its operator norm. This is useful in order to prove

stability results.
Lemma 4.4.3. If J € L®(Q% RP), then the semigroup (T(t))i>0 on X satisfies
the following properties:

1.

(T(t))e>0 is norm continuous® on X for t > 7.

8see definition B.1.3
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Figure 4.2: Plot of the first 200 eigenvalues of A in the scalar case (p =1, d = 1)
and Lo = Id, J(x) = —1 4 1.5cos(2z). The delay function 7(x) is the 7 periodic
saw-like function shown in figure 5.2. Notice that the eigenvalues accumulate at
A=—1.

2. Let us define® e = max(—l,&p), €, = maxR (Z(A)N{A € C, R\ > —1}) and
| =min;l;. If e <0, then IM > 1 such that ||| T(t)||| v < Met/2, Vit > 0.

Proof.
1. This is consequence of lemma B.3 and [Bétkai 2005, prop.4.3].

2. We use the result in [Engel 2001, chapter 4, theorem 3.10 and corollary 3.12]
for eventually norm continuous semigroups (see definition B.1.3 in appendix
B.1) recalled in theorem B.1.4 which links the growth bound of the semigroup
to the spectrum of A:

inf {w € R : 3M,, > 1 such that |||T(t)|||x < Mwe™, ¥Vt >0} =sup RE(A).

(4.13)
From!? lemma B.3.2 and [Batkai 2005][proposition 4.3], the semigroup (T(t))
is eventually norm continuous so we can apply theorem B.1.4. From the
previous lemma 4.4.2, we conclude the proof.

O
This lemma states that the asymptotic stability of U = 0 in (4.9) is equivalent
to the condition:
maxR(X(A)N{AeC, RA>—-1}) <0

The fact that V/ is asymptotically stable in C under the same condition will be ex-
amined in section 4.5. Computing the eigenvalues of A is a difficult task in general.

9where we set max () = —oo.
10Modulo the change of variable JDS — J.



98 Chapter 4. Theoretical properties

In the next two sections, we present two analytical formulas for the Hopf bifurca-
tion curves in the parameter plane (D, c) (see section 4.2). The main argument for
these formulae is that we can estimate the rightmost eigenvalue in some cases. We
will come back to the general numerical computation of the eigenvalues in the next
chapter.

4.4.1.1 Hopf curve in the case of constant delays ¢ =0

We restrict our study to the case where D;; = D,l; = I,c = 0. This case has
been studied in [Roxin 2005, Roxin 2011] where the authors show that constant
delays have to be introduced in neural field equations in order to explain oscillatory
patterns seen in spiking networks. Notice that in this case, the eigenvalue problem
reads

A+ 1)U =¢"PI0)U (4.14)

If we write J,, n € N, the eigenvalues of J(0), then the previous equation becomes
X+ 1= e *J, which is solved using the different branches Wj, of the Lambert!!
function (see [Corless 1996], it is tabulated in Matlab and Maple) by:

_ 1 D
N = Wi (De Jn) I, keZ neN (4.15)

This expression was not reported in [Roxin 2005, Roxin 2011] whereas it makes the
linear analysis entirely analytical. The main result of this section is:
Proposition 4.4.4. The following statements are true:

1. 0 € X(A) if and only if In | I = J,, this condition does not depend on D.
2. The rightmost characteristic value belongs to the sub-sequence (Ao )n-

3. A necessary and sufficient condition for the rightmost characteristic value of
A to be purely imaginary and nonzero is the existence of an integer ng such
l

that 1 < |Jp,| and arccos (W) < |argJ,|. In this case the corresponding

critical delay Dy, and the eigenvalue iwy,, satisfy:

1 I ; 2
Dy, = ————= || arg Jp,| — arccos | — ;W =1 M -1
|Jngl ) 2 | o l
“ngl -1
(%)

Proof.
1. Set A =0 in (4.7) in order to obtain the result.

2. We first quote a result (see [Shinozaki 2007]): if we define BC =
{z €EC,Rz < —e 1 Q2= O}, then:

RWoy(2), z ¢ BC

max RW(z) = { RWo(z) = RW_1(2), z € BC

(4.16)

1t is any function W such that W (z)e"V®) = 2, z € C.
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In the latter case, there are two rightmost roots corresponding to Wy and
W_1, one of which serves as the critical root for stability because RWy(z) =
RW_1(2). We solve the characteristic equation \ + 1 = e~*".J,, with the help

elD n
of the Lambert function: A, = %Wk [DelDJn} — 1 =1 W _ 1>_

According to (4.16), the rightmost characteristic value corresponds to k =
0. We look for conditions such that g, is purely imaginary. Write X =

IDeP | i.e. ID = Wy(X), then X, = 1 (%‘%ﬂ] — 1) and look for X such
that Mg, is purely imaginary. From lemma B.4.1, there is a unique solution

Xo = Wp(ID) such that Wy(Xo) = RWy (XoJy) if and only if I < |J,| and

e = L __ - o
arccos(un') < |argJ,|. Then ID, = m(’arg%! arccos<|J|>>

and w, = { (@)2—1

O

In the case the eigenvalue J,, is real, we find that the condition for the existence
of a critical delay D, is J, < —I. The critical delay is then given by

D, = ; <7r — arccos <l>>
( Jal ) 2 |
1
Also, from the above expression, if J, < J,, < —[, then D, < D,,.

Similar expressions were found for a network of neurons on a ring in
[Campbell 2005]. This proposition provides some biological insights: if we analyze
a network without delays, we can only make it oscillate (through a Hopf mecha-
nism) if the inhibition is strong enough, that is J, < —I for some n. This result,
together with the bifurcation analysis exposed in [Roxin 2011], gives a fairly com-
plete overview of what can happen in neural field equations with constant delays.

Remark 20.Note that for a homogeneous'?

connectivity and a space constant
equilibrium VI, the J,, are given by the Fourier transform of the connectivity.
Remark 21.These results are straightforward to generalize for more general in-

trinsic dynamics like (% + li)Q.

4.4.1.2 Hopf curve in the case of space dependent delays

We now turn to the main result of this section. As in the previous section, we
assume D;; = D,l; = [ but this time ¢ # 0. This problem has been studied
in [Coombes 2007, Venkov 2007, Bressloff 2008]. Our approach is the following:
instead of looking for parameters which produce purely imaginary eigenvalues A =
iw, we plug A = iw into (4.7) and vary w. This provides naturally a parametrization
of the Hopf curve. Hence, we do not need to look for this curve in the parameter
plane, we are already there. Notice that it works for general delay functions 7. In

124 . convolutional
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practice the following result gives the rightmost Hopf curves in the parameter plane
(D, c) (see also [Veltz 2011al):

Proposition 4.4.5. Suppose that the spectrum of —l - Id + J(0) has nega-
tive real part. Consider the integral operator'3 J(z) whose kernel is given by
qu(r,f')DS(Wf(f'))e_ZHr_f”% z2€C, qgr=1---p. Then J(iy), y > 0 is a Hilbert
Schmidt operator on L2(2, CP) whose spectrum X (J(iy)) is indexed'* by decreasing
modulus: |Jo(iy)| > |J1(iy)| - - .

Let us define the curves C,, forn € N:

Cp : [il\/|Jn(iy)/l]2 ~LDu(y),; B (ij)/uz — 1] iy €&, (4.17)

where [ Dy, (y) = m (| arg (Jn(1y)) | — arccos (m)) and

iy €&y = {iy ciRy | STp(iy) >0, 1 < |J,(iy)| and

)
arccos | ———— | < |arg (Jn(iy))| o
(|Jn(zy)\ "

1. A necessary and sufficient condition for a rightmost characteristic value of
A to be purely imaginary and nonzero is the existence of an integer ng such
that (iwo, D, c) belongs to the curve Cp,. In this case, iwg is a rightmost
characteristic value of A.

2. If we look for solutions (iw, D, c) with ¢ < ¢, then the sets &, are bounded
by ¥ < oo ||J(0)]l5. €oo is an arbitrary upper bound on the inverse velocity.

3. The set &, is empty if nl > ||J(O)||§ Hence, there are at most H|J(0)||§/lj
curves C,.

Proof. We start as in the proof of lemma 4.4.4 but the characteristic equation
is a bit different A\ +1 = e *.J,(cA\). We solve it with the help of the Lambert
function:

D
Akn = %Wk {DelDJn(C/\k,n)} —1=1 <W"“ [De'? T (cXin)] B 1) ‘

D

1. According to (4.16), the rightmost characteristic values correspond to k = 0.
We look for conditions such that Ao, is purely imaginary. Write X = IDe'P

then Ao, =1 <VW — 1). For a given

iy e = {zy € iRy | SJn(iy) > 0, 1 < |Ju(iy)| and

arccos () < larg (i),

13Tt has been defined in (4.8).
1if two different eigenvalues have the same modulus, we chose am arbitrary labeling
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there is a unique Xo(y) = I[D(y)e!P® such that Wy(Xo(y)) =

RWo (Xo(y)Jn(y)) (see lemma B.4.1). Then ﬁWO (ID(y)e'PW T, () — 1 =

iz € iR4 where z = I\/|J,,(iy)/l|> — 1. Then choose ¢ = y/z > 0: it gives a so-
lution (y, D(y), y/z) to the characteristic equation parametrized by y, iy € &,.

2. If iy € &,, we can find a solution (iw, D, ¢) of the characteristic equation and
y = cw. It remains to show that |w| < [|J(0)],. We have iw+1 = =D J, (icw)
hence: |w| = |S(e™@P J,(icw))| < |e”P J, (icw)| = |Jn(icw)| < || T (icw)]|, <
1T(O)l,-

3. As J(z) is a Hilbert-Schmidt operator, we have Zo T, (i) > < || I(iy)|l5. Tt
q:

gives for all ¢ > 0: qlJ,(i)? < |33 < [FOIE 1 [3O)3 < 7, then

IO < 1 and | Jn(iy)]? < % < 1 for all y € R which implies that &, = 0.

n

0

We will examine the numerical usefulness of this proposition in the next chapter.

4.4.2 Generalized eigenspaces

Let us now compute the generalized eigenspaces of A (see [Hale 1993, Arino 2006,
Wu 1996, Diekmann 1995]). The proof of the next proposition closely follows
[Hale 1993] although it has to be adapted to our functional setting. A general-
ized eigenvector ¢ # 0 is a vector which satisfies (AId — A)¥¢ = 0 for some integer
k. The generalized eigenspace is then defined by E\(A) = U, ker(A\Id — A)%. A
convenient way to characterize these spaces is the notion of Jordan chain (see def-
inition B.1.10). Briefly, a Jordan chain (¢1,---,¢m) € X™HL of length m is an
ordered set of vectors such that ¢; # 0 and:

(Md—A)g1 = 0, (4.18)

Hence, ¢; is in ker(Ald — A)? and the first vector ¢; is always an eigenvector.
Note that this implies that the ¢; are linearly independent. Conversely, given a
generalized eigenvector ¢ such that (A[d — A)™¢ = 0, (A\Id — A)™ " 1¢ # 0, we
can build a Jordan chain. Indeed, it is given (for example) by ¢, = @, dm—1 =
(Md — A)¢yy, - - - . Finally, the generalized eigenspace is spanned by a finite number
of Jordan chains. This motivates their use for the linear analysis.

The definition B.1.10 of the Jordan chain that we use is different, although
equivalent, but a bit more convenient for the proofs of the next two propositions.
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Proposition 4.4.6. For Ao € X(A) \ ¥(—Lo) and Ym > 1,

ker (Aold — A)™ = {¢ € D(A) | (m29)(¢ Z 07
— il

where (Ug, -+ ,Up,—1) is a Jordan chain (see definition B.1.10) for A()\o)}

Proof. Let us define the following operator: Ag¢ = d%(b with domain
D(Ag) = {¢p e W' (-7,,0;F)| ¢(0) =0} and the exponential function
ex(0) = €. From [Bétkai 2005][Lemma 3.20]:

VA [A(()A) . (i AJ = F(\)(\d — A)E(\) (4.20)
where F(\) = [I(()i LIR(IE’ AO)] € L(X) and E(\) = [ggld I(()i] € L(X) are

invertible operators with (¢) ® Id)r = ey € L?([~7m, 0], F) and R(\, Ag) is the
resolvent of Ag. We first prove that the Jordan chains of A\Id — A at A\ = Xy
are in one-to-one correspondence with the Jordan chains of A(A\) at A = Ao if
ker A(\g) # (0. From (4.20) and the fact that X(Ag) = 0 (see next section), it
implies that the null spaces ker A()\g) and ker(AId — A) are isomorphic, it suffices
to show that there is a one-to-one correspondence between the Jordan chains of
length k,k > 1 of AId — A and A at Ag.

Indeed, if a()) is a root function for A\Id — A at A = \g, then mE(A\)"ta(])) is
a root function for A(X) at A = Ag and if «(A) is a root function of A(A) at A = Ao,
we find that E()) {ag\)] is a root function for A\/d — A at A = X\g. In particular
ker(Aof/d — A)™ is in one-to-one correspondence with the Jordan chains of length
m of A(A\) at A = A\g. Hence the Jordan chains of A\Id — A and A(\) have the same
length.

Now, take a Jordan chain (U, - -+, Up,—1) for A(Ag) and form the root function
m—1 . m—1 .
o) = 5 (A= Ao)'Us. Then, EQ) [“W | = | o) | 5~y )\O)ZVZ- is a
1=0 0 € Oé()\) =0

root function for AMd — A at A = Ag. The Taylor expansion in A at A of eMa(N)
is given by Z (A — Xo)? (Z 0 U;_ et ) This gives V;(6) = Z ﬁUi_le and
‘ 1=0

V-1 € ker()\Id A)™ which concludes the proof. [J
A characterization of the Jordan chains of A()) is obtained from lemma B.1.12.

Given A € ¥,(A) and the finite dimensional generalized eigenspace Ey(A) =
UL, ker(Ald — A)?, we want to find a spectral projector Py on Ey(A) which com-
mutes with A. As X is a Hilbert space and A is densely defined, we can define the
adjoint A* of A, then A\ € ¥,(A*) and dimE)(A) = dimEy(A*) = my. Thus, if
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(¢1,- -+ ,¢pm) is a basis of Ex(A) and (¢7,--- , ¢;,) is a basis of E5(A*) such that
(¢F, ¢j)x = d;j, a spectral projector is given by:

m

Vue X, Pu=Y (¢ u)xes (4.21)
=1

Notice that Py commutes with A. Although the expression of A* is not needed in
what follows, we give it in proposition B.5.1.

4.4.3 Spectral projector on generalized eigenspaces

In order to derive the center manifold theorem in section 4.6, we need to know how
to project any vector of the state space X onto the generalized eigenspaces computed
in section 4.4.1. The expression (4.21) of the spectral projector Py for an eigenvalue
A is impractical as it requires to compute the generalized eigenspace of the adjoint
¥, u)x, required to
give Py, can be computed without explicitly computing A*. By following closely
the proof of [Hale 1993, Theorem VIL.5.1] adapted in order to fit to our functional

setting by using the tools of [Batkai 2005], we are able to prove proposition 4.4.10.

operator. We show in this section that the inner products (

This proposition is the basis of the upcoming computation of the normal forms.
Let us define the operator Ag on L?(—7y,0; F) by Agp = d%qb with domain
D(Ag) = {¢ € W2(—7,,,0; F)| ¢(0) =0}. The resolvent of Ag is easily found

using a variation-of-constants formula:

0
[R(\, Ag)d] (6) = / A-0(s)ds

0

Notice that ¥X(Ag) = 0. An integration-by-parts gives the adjoint of R(X, Ag)

0 _
RO\ Ag)*d)] (6) = / 60 3 (5)ds

Tm

The next lemma is used in the proof of proposition 4.4.10.
Id LiR(\ Ay)

Lemma 4.4.7. if F(\) = [0 Id

] € L(X), then we have

. Id 0
F()" = [JH* — AR\, Ag) [ J" Id]

where J[s]* is the adjoint in F of J[s] (see lemma B.3.1 for a definition of J[s]).
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Proof. Let us compute the following scalar product:

0

(]P0 o= trate s [ A s+ (0 TR A

0 0 d
— )t [ (00 0(6)) rds (0. T RO A0S O) 5= [ (0305 5 (RO Aa)6) (5)ds)
0 0
— et [ W0)rds— [ Qs u[ARO A0S (5)ds) 5

0

0
= (y,5)F + / ((5), B(s)) s — / T[s]9, [=6 + AR(\, Ag)] ()ds) 5

Tm Tm

0

0 _
= (px)F + / (6(s) + I[s]y, 6(s)) rds — / RO\, Ag)*I[s]"y, 6(s)) rds

Tm Tm

The identification of the adjoint is now straightforward. [

Using the previous lemma, the proof of the next proposition is very close to the
one of proposition 4.4.6. It consists in showing that the generalized eigenvectors of
A* are closely related to the Jordan chains of A — A()\)*. Let us first define FZ on
D(A) by:

(7] - |
= * 0 *
o] — |3 [0)6(0) — [7,, ] 45 [0(s — 0)] ds
Before stating the main result of this section, let us define the following bilinear

product:
Definition 4.4.8. The bilinear product ((1p,w)) for ¥,u € X reads:

Tm

0
(W, ) = (o, 7o) / drdr 3 / (a0 )i (v, —s =733 (1, 7)), B) (o), 5)ds

02 i —Tij (l‘,f‘)

where

This is written:

0
(m9, mu) F + /drdf / <(7r2¢)(r,—s — 7(r,F)), J(r, F)(mou)(F, 5)>Rp ds.
02 —7(r,T)

It is straightforward to check that:

Lemma 4.4.9. The bilinear product ({,)) is symmetric if J;j(r,t) = J;;(F,r) and
7;5(r,T) = 75(T, ).
Using the bilinear product, we find an expression of the spectral projector Pj.

Proposition 4.4.10.

1. For Ny € Y(A*) \ 2(=L) and Vm > 1, we have as in proposition 4.4.6:

m—1—1

ker (Aold — A*)™ = {FTw,¢ & D(A) | (m20)(0) = M 'S 2T
1=0
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» “m—1

where (U, -+, U ) is a Jordan chain (see definition B.1.10) for A(Ao)*}

2. For Ao € E(A) \ X(—Lo), choose a basis (¢i)i=1..m,, (resp-(#})i=1..m,,) of
E,(A) as in proposition 4.4.6 (resp. E5 (A*)) such that (¢],d;)x = 0ij.
Then, Yi < my,, there are 1; € D(A) as above such that Vu € X':

(67, u)a = ((Wi, u))

- m;—1 -
where (ma1;)(0) = e*? 3 %Uzmi_l_r. Then, the projector Py, is given by:
r=0
m)\o
Vue X, Pyu=> ((thi,u))es

i=1

Proof. From [Bétkai 2005][Lemma 3.20]: AN 0 = F(\)(\d —
0 Ad—-Ag

A)E()) with F()\) = [151 LlR%’ AO)} € L(X) and E(\) = LAEI 4 121] € L(X)
, we find:
[A(OA) (A\d E AO)*} =E(\)"(\ld — AF())* (4.22)
Proof of 1.

Similarly to the proof of proposition 4.4.6, the Jordan chains of A\Id — A* at
A = g are in one-to-one correspondence with the Jordan chains of A(A\)* at A = Ag.
The proof reduces to finding the Jordan chains ¢* of A*. Take a Jordan chain

(Ug,---,Up_1) of A(N)* at A = Ao, then from (4.22), F(\)* [a (())\)} is a root

_ m—1 _ o P
function for A* where a*(A) = Y (A — X\p)"U;. Computing moF(\)* [a (g)\)] using
i=0
lemma 4.4.7, we find up to orders O((A — \o)™):

J*(0)a*(\) — / ' Xe M9 I[s]*a* (N)ds =

0

* EYAY * d — —s Y

3 (0)a* (V) — / I [e0Da(h)] ds =
=5 Y\ ) 7 ’ d | So(s—0 l (s —0)
ST (A-20)'S3 (H)Ul—/ J[s = e oCON UL ds
1=0 —Tm N 3=0 I

Hence, we find that
a*(X) m—1 B
F(A)*{ 0 ]= D (A= X0)FTep,
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ui
)\09 07
Z Ul —J

j'

where 1 = € D(A). We have found that the generalized eigen-

vectors of A* are given by the FT);.
Proof of 2.
Let ¢* be a generalized eigenvector of A. According to 1., we can write ¢* =

FT [Z] For the computation of the projector Py, we need to compute the scalar
product (u, ¢*)x
0

(w6t = (U] 7 ] = tralr o+ [ aotwio). 3010000

—Tm

[ [ st gt ot - o)

— (g, 2)F + / d0(1(0), 30 6(0)) 7

0 0 .
- / do drdr/ ds(y(r,0),J"(r,r)*p(r,s — 0))re H(s + 7(r,T))
02 —Tm

Tm

0
— (g z)F + / 40(1(0), 3[6]° 6(0)) 7

Tm

0 0
_Z/erm r,T) r/ de ds ¥;(r,0)di(F,s — 0)H (s + 75 (r,T))

Q2

0
= (g 2)F + / d8(1(0), 36 6(0)) 7

0 0
- Z/drjzj r,T) / do ds ;(r,0)pi(r,s — 0)
ij o2 —Tij(r,f‘) —Tij(r,f)
0
y, .7-' + Z/dl\]” r,r dI'/ ds wj(r,ﬂ)qbi(f',s - Tij(r,f')) (423)
—Ti'(r,f‘)
Q2 J

where H is the Heaviside function. The last line equals the definition of (( [ﬂ ,u)).

The proof is complete. []

We have found an analytical expression for the spectral projector Py. We can
use this result to obtain a decomposition (see [Yosida 1980] p228) of the history
space for the eigenvalue A € ¥,(A) of algebraic multiplicity m:

X =ker(Ald — A)™ @ Im(Ald — A)™ = E\(A) ® Im(Ald — A)™,  (4.24)

the last equality comes from ker(Ald — A)™ = FE)(A). From the general for-
mula ker(AId — A*)™ = (Im(Md — A)™)L, we obtain that Im(\d — A)™ =
{0 € X[V e Ex(AY), (¢, ¢)x =0}
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4.4.4 Phase space decomposition

We end the section on linear analysis with a decomposition of the history space
according to the eigenvalues of the infinitesimal generator A. This will be useful
for the derivation of the center manifold theorem in section 4.6. Let us write a
splitting of the spectrum of A according to the real part of the eigenvalues':

Y, =XA)NCy, Y. =%E,(A)NiR, ¥, =2(A)NC_

It was shown in lemma 4.4.2 that: Va > min;l;, CardX(A) N (a,+00)c < 0.
Hence, we can find a spectral gap v > 0 such that

max R, < —v, min RYE,, >~

As ¥, and ¥, are finite and included in the point spectrum ¥,(A) of A, we can use
(4.24) to obtain a decomposition of X according to the splitting of the spectrum:

X:Xu@xc@Xs

where the spaces X, X, Xs are invariant by A and T(t) for all ¢ > 0. For example,

the center part, X, = € E\(A). We write P. = Y. Py\,P, = > Py the
AEX. AEX, PYSIM
spectral projectors on X, X, and P; = Id — P, — P,. We also write A,, A., A

(resp. Ty, T¢, Ts) the restriction of A (resp. T) to the different subspaces. Notice
that ¥(A;) = ¥;, i = u,¢,s. The spectral mapping theorem (see [Engel 2001] and
theorem B.1.4) gives:

IITs@)l[x < Me™, t >0

where M is a constant. As X, is finite dimensional, there is a matrix such that
T, (t) = et (see for example [Engel 2001]). Thus, T,, can be extended to a group
such that:

I Tu@)llx < MM £ <0

Finally, we define the hyperbolic projector P, = P, + Ps and associated operators
Ah = APh and Th = TPh.

4.5 Stability results in C

When studying a dynamical system, a good starting point is to look for invari-
ant sets. Theorem 4.3.2 provides such an invariant set but it is a very large one,
not sufficient to convey a good understanding of the system. Other invariant sets
(included in the previous one) are stationary points. Notice that delayed and non-
delayed equations share exactly the same stationary solutions. We can therefore
make good use of the harvest of results that are available about these persistent
states which we note V7. Note that in most papers dealing with persistent states,

'5We have written C_ = {z € C | Rz < 0} and C4 = {z € C | Rz > 0}.
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the authors compute one of them and are satisfied with the study of the local dy-
namics around this particular stationary solution. Very few authors (we are aware
only of [Ermentrout 1980, Veltz 2010]) address the problem of the computation of
the whole set of persistent states. Despite these efforts they have yet been unable to
get a complete grasp of the global dynamics. To summarize, in order to understand
the impact of the propagation delays on the solutions of the neural field equations,
it is necessary to know all their stationary solutions and the dynamics in the region
where these stationary solutions lie. Unfortunately such knowledge is currently not
available. Hence we must be content with studying the local dynamics around each
persistent state (computed for example with the tools of [Veltz 2010]) with and
without propagation delays. This is already, we think, a significant step forward
toward understanding delayed neural field equations.

From now on we note VI a persistent state of (4.1) and study its stability. Note
that the existence of a stationary solution requires the external current I.,; in (4.2)
to be time constant.

We can identify at least three ways to do this:

1. to derive a Lyapunov functional,
2. to use a fixed point approach,

3. to determine the spectrum of the infinitesimal generator associated to the
linearized equation.

Previous results concerning stability bounds in delayed neural mass equations
are “absolute” results that do not involve the delays: they provide a sufficient
condition, independent of the delays, for the stability of the fixed point (see
[Atay 2005, Atay 2006, Hutt 2008, Hutt 2006]). The bound they find is similar to
our second bound in proposition 4.5.7. They “proved” it by showing that if the con-
dition was satisfied, the eigenvalues of the infinitesimal generator of the semi-group
of the linearized equation had negative real parts. This is not sufficient because
a more complete analysis of the spectrum (e.g., the essential part) is necessary as
shown below in order to prove that the semi-group is exponentially bounded. In
our case we prove this assertion in the case of a bounded cortex (see section 4.5.1).

These authors also provide a delay-dependent sufficient condition to guarantee
that no oscillatory instabilities can appear, i.e., they give a condition that forbids

the existence of solutions of the form ei(kr+wt)

. However, this result does not give
any information regarding stability of the stationary solution.

We use the second method cited above, the fixed point method, to prove a
more general result which takes into account the delay terms. We also use both
the second and the third method above, the spectral method, to prove the delay-
independent bound from [Atay 2005, Atay 2006, Hutt 2008, Hutt 2006]. We then
evaluate the conservativeness of these two sufficient conditions. Note that the delay-
independent bound has been correctly derived in [Faye 2010] using the first method,
the Lyapunov method. It might be of interest to explore its potential to derive a

delay-dependent bound.
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For convenience, we recall the linearized equation we are interested in here:

{U(t) = —LoU(t) + L,U; = LU, (4.25)

Ug=9¢€eC

4.5.1 Stability results in C from the characteristic values

There are two steps in proving the (asymptotic) stability of an equilibrium. First
we show that if the eigenvalues, solutions of (4.7), satisfy R\ < 0, then any solution
of (4.25) is exponentially decaying to U = 0 in C. Then, we show!® that any initial
condition V € C close enough'” to V/ converges to V7 for the equation (4.1).
Using the spectrum computed in lemma 4.4.2 and the formula in lemma 4.4.3, we
can state the asymptotic stability of the linear equation (4.9):

Corollary 4.5.1 (Linear stability). The zero solution of (4.25) is asymptotically sta-
ble in C if and only if maxR (X(A)N{A € C, RA\ > —I}) <O0.

We conclude by showing that the computation of the characteristic values of A
is enough to state the stability of the stationary solution V7.

Corollary 4.5.2.  Let wus assume that J €  L®(Q2 RPXP), If
max R (S(A)N{A€C, RX\ > —1}) < 0, then the persistent solution VI of
(4.4) is asymptotically stable in C.

Proof. We write U(t) = V(t) — V7 for V(t) solution of (4.4) in C, we write (4.4)
as U(t) = —LoU(t) + L1U; + G(U;). The function G is in C*(C, F) and satisfies
G(0) = 0, DG(0) = 0 and [|G(Uy)||x = O(|Uy||2). Let us write |G(Uy)||r <
K| U2 and w = max(—l,&,) < 0 where g, = max R (X(A) N {\ € C, RA > —1}).
Then lemma 4.4.3 gives |||T(¢)|||x < Me*t with M > 1. Let us define the function
f:t— G(Uy) € CO(Ry, F), then U(t) solves the linear inhomogeneous problem:

U(t) = ~LoU(t) + L U, + £(2)
UyeC

From the proof of proposition B.7.4, v : t — fot T(t—s) [fgs)} ds € C*(RT, X) and

from [Pazy 1983][theorem 2.4], v is a strong solution of & = Au+ {f(()t)] , u(0) = 0.

Hence, U(t) — mv solves the homogeneous linear problem with initial condition
Uy which is also solved by m T (¢)u(0). In particular, we have U(t) = mu(t) with
u(t) = v(t) + T(t)u(0) (it is a mild solution).

The proof is now an adaptation of [Wu 1996][theorem 4.1]. We choose

‘w‘eme

R such that KgR < ‘55— We want to show that the set Br =

{[¢(0)] P eC, ||19]le < R} is invariant by the dynamics if ||Upl|, < Wﬁm).

¢

6We also have to show that this solution stays in a neighborhood of V¥ in C.
175
inC
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By way of contradiction, if there exists t; > 0 so that ||Uy, ||, = R and ||U|, < R
for t € [0,¢1). Then we find ||U(¢1)|| = R and:
<1
o I " t 2
R:mmmbgmmmu<Mé“2M+/'Mﬁ“ﬂmﬂmM@
0
R Kc¢R

< —4+M
3 T ]

R<R

a contradiction to the choice of ¢;. If |Ug|l, < Wﬁm)’ we have shown that

|U¢lc < R for all t > 0. Therefore Y6 € [—7y,, 0] such that ¢ + 6 > 0:

IO +0) 7 < [lut +0)llx

t
< Mewttwlmm ||U(0)”X + MKgR/ e (t=s)+w|Tm HUSHC ds
0

which gives:
t
1Ule < Me<t el |lu(0)] + MKGR /0 (=5l |17 | ds.

By using Gronwall inequality, we find:
[Ulle < Ml [[u(0)]]y e MRS < prelimm [lu(0)]] /2

which shows that ||U||, — 0 as t = co. [

Remark 22.There is correspondence between the continuous functions of
CY(R,F) and the continuous functions with values in X. Indeed, given a continu-

ous function f € C°(R,F), we build a continuous function t — [f;t)] € X. Hence
t

the history segment {f(()t)] represents a Dirac function Xof(t): (Xof(t)) () =
0 if 60<0
{ f)y if 0=0

semigroup Tec(t) : C — C, we could not have used the variation-of-constant formula

, which does not belong to C. If we had worked in C and built a

in the previous proof, because it relies on the quantity Te(t — s)Xof(s) which has
no meaning because Xof(s) ¢ C. This is why we chose to work in X for the study
of the semigroup T(t).

Finally, we can use the CVs to derive a sufficient stability result.
Proposition 4.5.3.If ||J - DS(Vf)||L2(QZ7Rp><p) < minl; then V7 is asymptotically
(2

stable for (4.4).

Proof. Suppose that a CV X\ of positive real part exists, this gives a vector
in the Kernel of A()\). Using straightforward estimates, it implies that mini; <
7

IRE DS(Vf)||L2(QQ7Rp><p), a contradiction. [J
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4.5.2 Generalization of the model

In the description of our model, we have pointed out a possible generalization. It
concerns the linear response of the populations, i.e., the left-hand side (% + li) of
(4.1). It can be replaced by a polynomial in %, namely P; (%), where the zeros of
the polynomials P; have negative real parts. Indeed, in this case, when J is small,
the network is stable. We obtain a diagonal matrix P (%) such that P(0) = Lo
and change the initial condition (as in the theory of ODESs) while the history space
becomes (C([—7m, 0], F))* ~ C([—7m, 0], F%) where dy = max; degP;. Having all
this in mind equation (4.1) writes
P (§) Vit.x) = ilgfz Jij(x, ¥)S[o;V; (t — 7i5(x, T), f) = 0;1dE + Tegri(x, 1),
j=
t>20,1<i<p
v (t,r) = Gin(t,r)€C, tE€[—Tm, 0], k=0---ds
(4.26)

Introducing the classical variable V(t) = [V (t), V/(t),---, V(&) (1)], we rewrite
(4.26) as

V(t) = —LoV(t) + L1S(Ve) + Lewt (4.27)

where —Ly is the Vandermonde matrix (we put a minus sign in order to
have a formulation very close to (4.1)) associated to P and (L1)ki=1..d, =
(Ok=doi=1 L)k i=1dyr TLeat = [0, Teat], S(V) = [S(V(1)),--- ,S(VE))]. Tt ap-
pears that equation (4.27) has the same structure as (4.1): Ly, L1, are bounded lin-
ear operators on C%([—7,,,0], F%) = C%; we can conclude that there is a unique so-
lution V to (4.26) in C%. Using similar tools as in section 4.4.1, the linearized equa-
tion around a persistent states yields a strongly continuous semigroup 7 (¢) which
is eventually continuous. Hence the stability is given by the sign of max RX(.A)
where A is the infinitesimal generator of 7 (¢). It is then routine to show that

A€ X(A) < A(N) =P(N\) — J(N) non invertible

This indicates that the essential spectrum Y.5(.A) of A is equal to U;Root (F;)
which is located in the left side of the complex plane. Thus the point spectrum is
enough to characterize the linear stability:

Proposition 4.5.4. If maxRY,(A) < 0 the persistent solution VI of (4.26) is
asymptotically stable in C%.

Using the same proof as in [Atay 2005], one can prove that maxRX(A) < 0
provided that ||J - DS(Vf)HL2(927Rp><p) < kellill,iwneR | Pr. (iw)].

Proposition 45.5.If ||J - DS(V7)|lp2@2rexey < min |Py(iw)| then V7 is

keNweR

asymptotically stable in C%.

4.5.3 Principle of the linear stability analysis via fixed point theory in C

The idea behind this method (see [Burton 2006]) is to write (4.6) as an integral equa-
tion. This integral equation is then interpreted as a fixed point problem. We already
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know that this problem has a unique solution in C°(R,,C). However, by looking
at the definition of the (Lyapunov) stability, we can express the stability as the
existence of a solution of the fixed point problem in a smaller space S C C%(R,C).
The existence of a solution in S gives the unique solution in C°(R,,C). Hence, the
method is to provide conditions for the fixed point problem to have a solution in S;
in the two cases presented below, we use the Picard fixed point theorem to obtain
these conditions. Usually this method gives conditions on the averaged quantities
arising in (4.6) whereas a Lyapunov method would give conditions on the sign of the
same quantities. There is no method to be preferred, rather both of them should
be applied to obtain the best bounds.

In order to be able to derive our bounds, we make the further assumption that
there exists a 8 > 0 such that:

1
—= < Q.

T2 02 rres)

Note that the notation Tiﬁ represents the matrix of elements 1/ 7'5 Finally we use
the notation J for the integral operator on F with kernel J;(r, f')DS(V{(f')), i.e.

Jij(x, 1) = J;5(0) = J;5(r, 1) DS(VI (x)). (4.28)

Remark 23.For example, in the 2D one-population case for T(r,T) = c|r — 1|2,
we have 0 < B < 1.

We rewrite (4.6) in two different integral forms to which we apply the fixed
point method. The first integral form is obtained by a straightforward use of the
variation-of-parameters formula. It reads

PU)(E) = o), te€[-Tm,0]

(PlU)(t) = e*Lot(b(O) _i_jefLo(tfs)(]les) ds, t>0 (429)
0

The second integral form is less obvious. Let us define

Q t—

Z(r,t)_/drj(r,r) /t dsU(T, s),
T(r

. t

Note the slight abuse of notation, namely (J(r,f‘) | dsU(r, s)) =

t—7(r,F) v
. t

Z Jij(r,f') f dSUj(f’, s).

j t*‘l‘ij(l‘,f‘)

Lemma B.6.1 in appendix yields the upper-bound

J

3
1Z(t)|7 < 72 *” sup [[U(s)| 7

t—Tm,t]

L2(Q2,RpxP) s€f
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where _’:iﬂ represents the matrix of elements T—g This shows that V¢, Z(t) € F.
Hence we propose the second integral form: N
(PQU)(t) - (b(t): te [_Trmo]
- . t .
(PoU)(t) = eILoty(0) — Z(t) + eTL)tZ(0) — [ds(T — Lo)eULo)t=5)Z(s), ¢ >0

0
(4.30)
We have the following lemma.
Lemma 4.5.6. The formulation (4.30) is equivalent to (4.6).
Proof. The idea is to write the linearized equation as:
d _ I d
{ U = (“Lo+J)U - Z7Z(t) (4.31)
Uy = ¢

By the variation-of-parameters formula we have:

- t.
U(t) = eV Loty o) — / e(J*LO)(t*S)diZ(s) ds.
0 S

We then use an integration by parts:
. t
/ e(J_LU)(t_S)diZ(s) ds = Z(t) — eI Z(0) 4+ / (J — Lo)eIL)t=9)7(5) ds
0 S
0

which allows us to conclude. [J

Using the two integral formulations of (4.6) we obtain sufficient conditions of
stability, as stated in the following proposition:

Proposition 4.5.7. If one of the following two conditions is satisfied:

1. maxRY(J — Lo) < 0 and there exist o < 1, B> 0 such that

~ t

J _ -

. (1+sup [ dsl](3 = Lo)el 2] ) <a
t>0 0

T8

3
,J'_/B
7-7%

L2(Q2,RPx*P)
2. HjHLQ(QQRPXp) < Hliinli.

then VI is asymptotically stable for (4.4), hence in C.

Proof. We start with the first condition. The problem (4.6) is equivalent to
solving the fixed point equation U = PyU for an initial condition ¢ € C. Let us
define the Banach space B = CY([—7y,,00), F) with the supremum norm written
| - oo, 7, as well as

S¢:{¢€B: W[—Tm,o} :¢andw—>0ast—>oo}

Sy is a complete space because it is closed in the complete space B. We define Py
on Sy. For all ¥ € S we have Pyy) € B and (P21)(0) = ¢(0). We want to show
that P2Sy C Ss. We prove two properties.
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1. P2y tends to zero at infinity.
Choose ¢ € Sy.

Using corollary B.6.1, we have Z(t) — 0 as t — oc.

Let 0 < T < t, we also have

t
/(j — Lo)eLo)=9)7(5)|| <
0

F

T t
/ (3 — Lo)eT L0907 (s)ds|  + / (3 — L)L -97(5)ds
0 T

F F

For the first term we write:

T T
/ (F = Lo)eT L0975 ds|| < / H(j _ Lo)e(j—LO)(t_S)Z(s)H}_ ds <
0 F 0

@20 | 11~ o)l 20T 5 2(0) s <

J

T8

3
Tm2+’8

."’e(J—Lo)(t—T> H‘ /T ’ H( J - Lo)e—Lo)(T=s)
F

L2(Q2,RPxP)

<ol e

Similarly, for the second term we write

t
/(j - L(])e(j_LO)(t_S)Z(S)dS <
T

F

/‘H (3 — Lo)eld-Lo)t=9)

Tm2+6

J
e

| ds sup sz <

L2(Q2,RPXP SE€[T—Tpm,00)

a  sup  [[U(s)]|F
SE[T—Tm,00)

Now for a given € > 0 we choose T large enough so that

a sup  ||¢(s)||r < e/2. For such a T we choose t* large enough so
SE[T—Tm,00)
that a ‘e(J_LO)(t_T)H ’]: NY|loo, 7 < €/2 for t > t*. Putting all this together,

for all ¢ > ¢*:

t
/ (J — Lo)eU"L)t-97(5)ds|| <.
0 F

|, dsl¥llr
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From (4.30), it follows that P2y — 0 when ¢t — oc.

Since P21 is continuous and has a limit when t — oo it is bounded and
therefore Py : Sy — Sy.

2. P; is contracting on S,
Using (4.30) for all ¥1,12 € Sy we have

[(P2t01)(t) — (Pa2)(t)||lF <

1Z1(t) — Zo ()|l 7 + /dé’(j — Lo)eTM0(=9(Z, (5) — Zo(s))|| <
0

f
3 J
Tm2 P v 11 — Yolloo 7 +
L2(Q2,RPXP)
3 t
5 ~ B
Tm§+5 i l[ehy — 1/12||oo,f/d8 ‘(J _ 110)6,(.1ch>)(54)”‘]E
L2(Q2,RPXP) 0

< a1 — 2|0, F

We conclude from Picard theorem that the operator Po has a unique fixed point in
Sp.

There remains to link this fixed point to the definition of stability and first show
that

Ve > 0 30 such that ||¢|lc < ¢ implies ||[U(¢,9)|lc <e, t>0,

where U(¢, ¢) is the solution of (4.25) with initial condition ¢ € C.
Let us choose € > 0 and M > 1 such that ’He(j_LO)t < M. M exists because,

: ;
by hypoThesis, max RX(J — Lg) < 0. We then choose § < ¢ satisfying

5|l
M| 147,20 §<e(l—a), (4.32)

L2(Q2,RPxP)
and ¢ € C such that ||¢|l¢c < d. Next define

Spe ={v € B, [Ylloo.r <&, Ym0 =¢and ¢ — 0ast— oo} C Sy

We already know that Py is a contraction on Sy . (which is a complete space
because it is closed in the complete space Sy). The last thing to check is P2Sy . C
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Sp.e, that is Vi € Sy ¢, [|P29||oo,7 < €. Using lemma B.6.1 in appendix B.6.1:

t
(P20) @) < Mo+Z(0) 4 |0 2(0)| 4| [ = Loped 20002 5) s
0 F
t
< M6 + |Z(0)] 7 + MIZO)||5 + | Z]joo.r / || = Lo)edtoe=|| as
< Mo+ i | % loelle + Mrn 27 || 0+
(Q2 Rpxp) L2(Q27Rp><p)
sup stnc/H\J Lo)el-2006| a5 <
s€(0,¢) F
M + ae + MTy,2 — 5
L2(Q2 RPxP)
=M 1+72"" || =5 d+ac<e
T L2(Q2,RPXP)

Thus P has a unique fixed point U?¢ in S¢,e V¢, e which is the solution of the
linear delayed differential equation i.e.

Ve, 36 < e (from (4.32)), |V € C, |¢]| <6 =Vt > 0,]|U%||or < e and U?S(t) — 0in F

As U%%(t) — 0in F implies Uf’e — 01in C, we have proved the asymptotic
stability for the linearized equation.

The proof of the second property is straightforward. If 0 is asymptotically
stable for (4.6) all the CV are negative and corollary 4.5.2 indicates that V/ is
asymptotically stable for (4.4).

t ~
The second condition says that P11 = e Lot (0) + [ e Lo(t=3)(Lap)(s)ds is a
0
contraction because

(P (1) — (Prba) ()| 7 < ‘M‘f %1 = 2lloo, -

The asymptotic stability follows using the same arguments as in the case of Ps.
O

We next simplify the first condition of the previous proposition to make it more
amenable to numerics. i
Corollary 4.5.8. Suppose that ¥t > 0, |[|eI—L0)t|||z < M.e™* with ¢ > 0.
If there exist « < 1, B > 0 such that
3 < -
g J - Lo

m g

1+ 2

( ) < a, then VI is asymptot-
L2(Q2 RpxP) L2(Q2 RPXP)

ically stable.
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Proof. This corollary follows immediately from the following upper-bound of the
integral fg |[|eU—Lo)(t=5)||| £ ds < MEI_%H < M- Then if there exists a < 1, 8 > 0
such that
5+6

Ty, 1—|—M‘E

j-L ‘

L2(Q2 RPXP) ( € 0 L2(Q2 RpXP)
condition 1. in proposition 4.5.7 is satisfied, from which the asymptotic stability of
V7 follows. O

) < a, it implies that the

J
T8

Notice that € > 0 is equivalent to max i3 (—Ly +J ) < 0. The previous corollary
is useful in at least the following cases:

o If J — L is diagonalizable, with associated eigenvalues/eigenvectors: A, €
—tmax \p,

C,ep, € F, then J — Lo = S eMte, @ e, and ]||e(j_1‘0)t|]|; <e n =
n

et max RE(—Lo+J)

- 5 N
e If Ly = [pId and the range of J is finite dimensional: J(r,r’') = Y Jger(r)®
k=1

J—Lo)t —lo-1d-t ,Jt

ey(r") where (ep)ren is an orthonormal basis of F, then ! =e
and |[|eULo)|||z < et |[eM|||F. Let us write J = (Jy)gi=1..n the

matrix associated to J (see above). Then eIt is also a compact opera-

= Tr(e(j+j*)t) =
L2(92 RpxP)

tor with finite range and [||e’!|||F < Hejt)

1/2 . .
( > e)‘t> < VNemx B Finally, it gives |||ed 10|z <
AES(T+T*)
\/NetmaxéRZ(—Lo—i-j)‘

o If J — Ly is self-adjoint, then it is diagonalizable and we can chose ¢ =
max RE(—Lo+J), M. = 1.

Remark 24.1f we suppose that we have higher order time derivatives as in section
4.5.2, we can write the linearized equation as

Ut) = —Lod(t) + L1l (4.33)

< e~ min RY(Lo)t

Suppose that Lo is diagonalizable then H|e*£0tH|(;)ds where

ds
[Ull(zyes = 22 Ukl and —min RE(Lo) = ml?X%Root(Pk). Also notice that
k=1

J = Li|F, L1lleyes < ll[Lallle-  Then using the same functionals as in the
proof of proposition 4.5.7, we can find two bounds for the stability of a stationary
state V7 :

e Suppose that maxRY(T — Lo) < 0 i.e. VI is stable for the non-delayed
equation where (J )i i=1.-d, = (Ok=d, 1=1J )k 1=1.-d,- If there exista <1, f >0

3 = 14 - ~
such that TT,%JF’B HTJT* <1 +sup [ ds|||(Lo + j)e(£0+j)(t*s)w(]:)ds> <
>0 0

L2(Q2 RPXP)
.
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o HjHL2(QZ7Rp><p) < ml?xﬁFERoot(Pk).

To conclude, we have found an easy-to-compute formula for the stability of
the persistent state V/. It can indeed be cumbersome to compute the CVs of
neural field equations for different parameters in order to find the region of stability
whereas the evaluation of the conditions in Corollary 4.5.8 is very easy numerically.

The conditions in proposition 4.5.7 and corollary 4.5.8 define a set of param-
eters for which V7 is stable in C. Notice that these conditions are only sufficient
conditions: if they are violated, V/ may still remain stable. In order to find out
whether the persistent state is destabilized we have to look at the characteristic
values.

Condition 1 in proposition 4.5.7 indicates that if V/ is a stable point for the
non-delayed equation (see [Faugeras 2009)]) it is also stable for the delayed-equation.
Thus, according to this condition, it is not possible to destabilize a stable persistent
state by the introduction of small delays, which is indeed meaningful from the
biological viewpoint. Moreover this condition gives an indication of the amount of
delay one can introduce without changing the stability.

Condition 2 is not very useful as it is independent of the delays: no matter what
they are, the stable point V/ will remain stable. Also, if this condition is satisfied
there is a unique stationary solution (see [Faugeras 2009]) and the dynamics is
trivial, i.e. converging to the unique stationary point.

4.5.4 Summary of the different stability bounds

The next proposition summarizes the results we have obtained in proposition 4.5.7
and corollary 4.5.8 for the stability of a stationary solution.
Proposition 4.5.9. If one of the following conditions is satisfied:

1. There exist e > 0 such that |||e” 00|z < Mee™ and a < 1, § > 0 such
that

34 B

P

J—Lo‘

(142

) < a,
L2 (Q27Rp><p) L2 (QQprXp)

2. HjHL2(Q2,RPXp) < miin l;

then V7 is asymptotically stable for (4.4).

The only general results known so far for the stability of the stationary solutions
are those of Atay and Hutt (see for example [Atay 2005]): they found a bound
similar to condition 2 in proposition 4.5.9 by using the CVs, but no proof of stability
was given. Their condition involves the L'-norm of the connectivity function J and
it was derived using the CVs in the same way as we did in the previous section.
Thus our contribution with respect to condition 2 is that, once it is satisfied, the
stationary solution is asymptotically stable: up until now this was numerically
inferred on the basis of the CVs. We have proved it in two ways, first by using the
CVs, and second by using the fixed point method.
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Condition 1 is of interest, because it allows one to find the minimal propaga-
tion delay that does not destabilize. Notice that this bound, though very easy to
compute, overestimates the minimal speed.

As mentioned above, the bounds in condition 1 are sufficient conditions for the
stability of the stationary state V/. In order to evaluate the conservativeness of
these bounds, we need to compare them to the stability predicted by the CVs. This
is done in chapter 6 on one specific example.

4.6 Center manifold reduction

Let us recall what we have done so far. We have considered a stationary cortical
state V/ of the delayed neural field equations (4.1). We have shown how to compute
the punctual spectrum X, of the linearized equation and have proved that the
equilibria V7 is asymptotically stable if and only if all elements in the spectrum
have negative real parts. In the case where some eigenvalue has positive real part
the local dynamics around V7 is exponentially divergent. In particular, we have a
good understanding of the dynamics as long as X. = X,(A) NiR = (.

In the case where ¥, # (), our program is to study the nonlinear dynamics
of (4.1), using the tools of [Haragus 2010]. We find a manifold, called the center
manifold, which is invariant by the dynamics of (4.1) and which is (exponentially)
attractive if ¥,(A) = 0. From lemma 4.4.2, the center part X, of the history
space is finite dimensional. As it has the same dimension as the center manifold, it
follows that the center manifold is also finite dimensional. Hence, when studying
the neural field equations with a non empty center part, we can restrict the study
to the center manifold, which produces the local non trivial dynamics: it gives a
finite dimensional system without approximation. A bifurcation is said to occur
when the center part changes.

The study of the center manifold theorem in infinite dimension has led to some
‘optimal’ requirements to make the theorem work. The first is to write the dynam-
ical system as an abstract Cauchy problem a bit more specific than (4.3). More
precisely, we need to find three Banach spaces Z — )Y — X with continuous
embeddings such that
%u = Au+R(u) (4.34)
where A is a continuous linear operator in £(Z,X) and R € C*(V,)), k > 2, is
a nonlinear function defined on a neighborhood V C Z of 0 satisfying R(0) = 0
and DR(0) = 0. Then the spectrum of the linear operator A needs to have a
spectral decomposition with finite dimensional central part X, and a spectral gap
~v as in section 4.4.4. This gives a finite dimensional center manifold and well
defined convergence/divergence rates to/from the center manifold. Finally, the
linear system

%u — Au+t (1)
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has to feature exponentially bounded solutions for ¢ € R for some exponentially
bounded function f defined on R. This will be explained more precisely below.
This last property is needed to give some regularity to the center manifold (it
has the same regularity as R) and also to prove its existence. Note that in the
“simple” version of the Center Manifold theorem that we give in appendix A.1, the
fourth condition implies that the above linear system can be solved. We check the
conditions in the next subsections.

We prove the center manifold theorem for delayed neural field equations in
theorem 4.6.3. Then, we consider the problem of establishing the normal forms
of several important static and dynamic bifurcations. The (classical) idea be-
ing that a) these normal forms are the same for all systems satisfying the
same non-degeneracy conditions and the same conditions on the spectrum and
b) if we understand their dynamics we will understand that of (4.2) (see, e.g.
[Guckenheimer 1983, Kuznetsov 1998, Haragus 2010)).

4.6.1 Formulation as a Cauchy problem

We start by writing (4.2) as in (4.34). We choose a stationary cortical state V/ and
A as in (4.11). Let us consider a parameter p, for example it can be the nonlinear
gain o, the constant delay D or the pair (o,c): we assume that g € R™»er myp,,
being the number of parameters. Notice that the equilibrium V/ may depend
on p. It is such that when p = p., then the punctual spectrum contains purely
imaginary eigenvalues. We write the equation (4.4) for a perturbation U of Vf
where V(t) = V/ + U(t):

U(t) = ~LoU(t) + Ly () - (S(Ut + VI —s(v/ )) (4.35)

Using a Taylor expansion with integral remainder (we have also made the depen-
dency of Vf on the parameter p implicit), we find:

~ LoU() + Lu(n) - (S(U, + VI) = S(V/)) =

(—Lo + L (1)) - Uy + Ly (1) - /01<1 — 5)SPN(V/ 4 sU,)Uds

=L(1)U; + L1 (1)G(U)  (4.36)

In order to use [Haragus 2010, Theorem I1.3.3], i.e. the parameter dependent center
manifold, we write the previous equation:

L(1)Ur + Li(p)G(U) = L(pe) Uy + (L1 (1) G(U) + (L(p) — L(pe))Us)

We take a classical solution U(t) of (4.35), i.e. a function U € CO([—7, 00), F) N
C*(]0,00), F) such that Uy € W12(—7,,,0; F) and U satisfies (4.35). The history
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segment u(t) = [[ij(_t)] satisfies:
t

{mszmw+waw> with R g — | F10D(Gm() + (LG — Lzo)malw)
u(0) e X 0
(4.37)
and A is given by (4.11). It follows that R(0, i) = 0, DR(0, pi.) = 0. Indeed, we
have removed the linear terms in the definition of R. This is the Cauchy problem to
which we will apply the Center Manifold Theorem. In order to apply this theorem,
we need more regularity for R. This is classically obtained by restricting the space.
Thus, we define three Banach spaces for any integer 2 < ¢ < oco. The “older”
history space X corresponds to the case ¢ = 2. Note that the spaces (for example)
X(@ are subsets of one another for deacreasing gs.

X(@ = L9 x LI(—7y,, 0; LY),
V@ = L9 x LY(—7y, 0; L9), (4.38)
z) = {u € L4 x Wha(—7y,0;L9) | mu = (mou)(0) }

where L9 = L9(Q, RP) and

1
0 1
I (GO (439)
HCZ)HWLQ(_Tm,();Lq) = HngLq(_Tm,();Lq) + HdLlQQSHLq(_Tm’O;Lq) .
We write A, the linear operator given by (4.11) with domain D(A ) = z@),

Then, the regularity of the nonlinear term R is given by the following lemma:
Lemma 4.6.1. For all integer 2 < q < 00,

Ay € g(g(q)’)((q))’
R e CI (2@ x RMvar Y@,

and

DIR(ug, p)[ug, -+ ,uy) = Li(w)S (Vo (us - - - ug) Vf}

0 :|af0ru0:|:vf

where uy---up s the component-wise product of the functions u;. We also
define condensed notations for Ry(uog,po) = %DgR(ug,uo) and Ry (uo, po) =

1 gatt
qnr 8‘1ual,uR(u0’ MO)

Proof.

Case of A(,). We use the continuous embeddings Whi(—7,,0; LYQ, RP)) <
CO(—T, 0; LY(2, RP)) and L9 < L. From lemma B.7.1:

[T (@)l < a0 = O (Ima(e)llcog s, o)

= O (Im(llwramonn ) = O (Im2()lwranore ) = O (lullz0)

It follows that HA(q)uH)c<q) = O (||u[| z@)) which proves that A ) is continuous.
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Case of R. Let us ignore for simplicity the dependence on the parameter
p. It is easy to see from the definition (4.35) of R that, if it exists,
1 DIR(ug)[u1, - - - ,ug] = LSO (V) ma(uy - - - uy) while maDIR(ug) = 0. The
notation u; - - - uq is the component-wise product of the ¢ functions wuy,--- ,uq
in 2.
We write ¢; = mou;. As W4 (—7,,,0;L9) C C%(—my,0; L), we find, from the
generalized Holder’s inequality, that V0 ¢1(0) - - ¢,(6) is in L! and

q
||¢1 o gbq”CO(_vaO?Ll) < H HQZ)iHCO(_T"“O;Lq) ’
i=1
From lemma B.7.1, it follows that D?R.(ug) exists is continuous:
DR (uo)[u, -+, ug]llyy = L1+ dg)llpa <

q
Il - 161~ ollgogr, oy < Tl T I6illenmoe)

i=1
q q
< KLl [T H9illwary0may < KINEalll- ] luill z
=1 =1

for some constant K. Note that we have used the continuous embed-
ding WH4(—7,,,0; LI, RP) «— CO(—7y, 0;LI(Q,RP)). To prove that R €
Ce(Z(at) x Rmear P@+1)) we first notice that the above expression for
D9R (ug) exists and is well defined because Y41 — Y@ and Z(a+D) — z(@),
Using the Taylor expansion with integral remainder at order q of S, it is easy
to find a power expansion of m R (u) up to order ¢ with remainder

1 1
— L (p) - / (1 —s)28t)(V/ 45U, U ds.
q: 0

Using, the previous estimation, this remainder is of order HuH?:; 41y and we
can conclude that R is C9.

g
Hence we have the quasi-linear formulation (4.40) of the nonlinear problem (4.1):

A € £(2@ x(9) continuous
R(-,p) € CT71(2@, Y1), Vg > 2 (4.40)
Yy = x

with continuous embeddings: Z@ < Y@ < X(@ We refer the reader to sec-
tion 4.4.4 for notations that are heavily used in the sequel.

It is easy to see that (A () = X(A) if J € L>°(Q% RP*P) and that the eigen-
vectors are the same for the two operators. Also P, commutes with A,). In-
deed, we can check that AP\ = APy on D(A(,). Moreover, (u}, Ay9) x> =
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(uy, A2d) y2) = AMu}, @) y(2) because Ay = Ay on X This last equality shows
PyA () = AP, and we have found that Py commutes with A ;). As a consequence,
Py is the spectral projector of all the operators A ).

From the continuity!® of L; € L(WY"9(—7y,,0;L9),L9) and from
[Batkai 2005][theorem 11.3.23], A, generates a strongly continuous semigroup
(T(g(t)) on X@. Lemma B.3.2, [Batkai 2005][proposition 4.3] and theorem B.1.4
imply'? that (T, (t)) satisfies the spectral mapping theorem and that the bounds
for the hyperbolic projections found in section 4.4.4 in the case ¢ = 2 are true for
all integer 2 < ¢ < 0.

We shall drop the index (9 even if all the spaces depend on the integer
q from now on.

4.6.2 Solution of the inhomogeneous problem

Here, we prove the last condition (see the next proposition 4.6.2) for the application
of the center manifold theorem. This condition is more general® than the fourth
condition given in appendix A.1. This proposition is not easy to prove in general
and the proof is usually done using the sufficient conditions given in [Haragus 2010]
i.e. the norm of the resolvent (iw — A)~! has to be bounded by some power of ﬁ'
This implies?! that the spectrum of A is included in a cone centered on the real
axis, the operator satisfying this condition are called sectorial. The spectrum does
not satisfy this property in the general case. Indeed, by applying (4.15), we see that
the spectrum is rather included in a cone with exponential boundary. Hence the
resolvent (iw — A)~! is not bounded by some power of Ijl\ in our case. This is why
we have to prove proposition 4.6.2 directly. Notice that the authors in [Iooss 2000]
also prove a similar result for ’advance-delay’ scalar differential equations with a
method that is different from the one we describe in the present section. Let us
comment a bit about the difficulties raised in proposition 4.6.2. We start with a
definition for a given Banach space &:

caim.) = {0 € COR &), Iolly = supe o0 < o

Let us define the hyperbolic projection of Y, Z by V), = PY, 2, = P,Z. We
have to build a solution of (4.41) in C’,OI (R, Z3) which is linearly and continuously
depending on F' € C’g (R, V). This solution u = K - F' is built using a variation-of-
constants formula which uses a convolution of the semigroup T and F'. The linear
operator K is the operator that gives the unique solution of (4.41) given the term
F'. There are two main things to prove:

18it results from lemma B.3.1

9Modulo the change of variable JDS — J.

20the version of the theorem in appendix A.1 is simple but too restrictive for its application to
the delayed systems.

21We thank G.Iooss for pointing out this fact.
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° u(t) € Z; with F(t) e V.

e ||u(t)| z is exponentially bounded on R.

However, from the proof of the center manifold theorem in [Haragus 2010],
it can be noted that the linear operator K is always applied to vectors like
P,R(v), P,DR(v)--- for some vector v. Given the particular shape of these vec-

tors?? P, [3], we have to solve (4.41) for functions F' that belong to a distinct
subspace of ), i.e. the space Pj, (L% x {0}). This is done in the next proposition.
We are now in position to prove the main result of the section:
Proposition 4.6.2. Define for all integer 2 < g < 0o, Y = PrY, Z, = P,Z. For

(ﬂ € C’S(R,yh), the problem

i = Au+ F(t) (4.41)

any n € [0,v] and for any function F = P, [

has a unique solution u =Ky F € C’,?(R, Zp) and

KR 2co®m),.com,z,)) < Cn)

with C € C°([0,7],R).

Proof. Note that there is no initial condition in (4.41) because the solution is
required to be defined on R for f given.

Let us prove uniqueness. If f = 0 then any solution is given by u(t) =
T(t)u(0) where u(0) € Z;,. To ensure that ||u(t)||, = O(e") as t — oo requires
that u(0) € Z but in that case e~ ||u(t)||, is unbounded as t — —oo unless
u(0) = 0. Hence the only solution when f = 0 is up = 0. This proves uniqueness of
the solution.

Let us prove existence. Write

(KpF)(t) = /_ To(t — r)F(r)dr — /t Tt — r)E(r)dr

The second term u,(t) = — [ Tyu(t —r)F (r)dr will not be considered in this proof.
Indeed, as T, (t) has a finite dimensional range, it is straightforward to prove that
Uy (t) fulfills all the properties stated in the proposition. Rather, we will focus on
the study of us(t) = fioo T, (t —r)F(r)dr as it is much more difficult to show that
it yields a solution of the inhomogeneous problem.

The first difficulty arises from the statement that us(t) € Z, i.e. the convolution
of F' by T yields a vector in the domain of A. This is solved in two steps. First, we

study in lemma B.7.2 the general properties of T(t) [ﬂ . Then, we use a variation-

of-constants formula in lemma B.7.2 to compute T(¢) by a perturbation result.
Then, proposition B.7.4 in appendix shows that:

#25ee the definition of R in (4.37).
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® ug € Cg(R,Z) and HUSHC};(R,Z) < K(n) ||f”cg(R,y) with n — K(n) positive
continuous,

e us € CL(R, X),
e u, satisfies us = Aug + Pk [é] on X, i.e. is a classical solution.
This concludes the proof of the proposition. [J

4.6.3 Center manifold and reduced equation

We are now in a position to state the center manifold for an integer ¢ sufficiently
large to ensure the regularity of R required by a series expansion for example. Note
that we drop the index (9 of the different spaces.

Theorem 4.6.3 (Center manifold for delayed neural field equations). Let us write
X. the vector space of generalized eigenvectors of A with zero real part. As it
s finite dimensional, we can write X = X, ® X, where X}, is the hyperbolic part
of the history space. Then, there exist a neighborhood O = O, x O, of (0,0) in
X x R™ear g mapping ¥ € C9(X, x R™er; Z,) with ¥(0,0) = 0, DW¥(0,0) =0
and a manifold M(p) = {ue + ¥ (uc, i), uec € Xe} for p € O, such that:

1. M(p) is locally invariant, i.e., if u is a solution of (4.37) satisfying u(0) €
M(p)NO,, and u(t) € O, for allt € [0,T], then u(t) € M(u) for allt € [0,T].

2. M(u) contains the set of bounded solutions of (4.37) staying in O, for all
t € R, i.e. if u is a solution of (4.37) satisfying for all t € R, u(t) € Oy, then
u(0) € M(u).

3. (Parabolic case) if ¥, (A) = 0, then M(p) is locally attracting, i.e. if u is a
solution of (4.37) satisfying u(0) € O, and u(t) € Oy for allt > 0, then there
exists v(0) € M(pn) N O, and 7 > 0 such that

u(t) =v(t) + O(e™ ) ast — oo
where v is a solution of (4.37) with initial condition v(0).
Proof.

1-2 Having written our nonlinear problem as (4.40), in order to apply
[Haragus 2010, theorem I1.2.9] we have to check several hypotheses. The first
is to check the existence of a spectral decomposition with positive spectral gap
~ where the central part A, = A|x, has only a finite number of eigenvalues
with finite algebraic multiplicities, this was proved in section 4.4.4 (see also
the end of section 4.6.1). Finally we have to check an hypothesis regarding
the existence of solutions with exponential divergence at ¢ = doo: this was
done in proposition 4.6.2. As a consequence, we can apply [Haragus 2010,
Theorem I1.2.9] and obtain the theorem.
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3 This is a consequence of [Haragus 2010, Theorem I1.3.23] which requires sev-
eral conditions to be checked. These conditions are very similar to the ones
for 1-2. They are given and checked in appendix B.7.3.

]
From [Haragus 2010, Corollary 2.12], consider a solution u of (4.37) which be-
longs to M(u) for t € R, then u = u. + ¥(uc, p) with u. € X, and u, satisfies

du,
dt

where the projector P, is defined by the Dunford formula. It is known (see
[Kato 1995, theorem II1.6.17]) that the projector given by the Dunford formula
is the unique spectral projector that commutes with A. Hence, we have the expres-

= Auc + PR (ue + U (ue, i), p) (4.42)

sion from section 4.4.4, P, = > Py with Py given in proposition 4.4.10.
A€ (A)
dimX,
Let us derive a simpler equation for u.. Write u. = > =z;¢; where z; are
i=1
complex numbers and ¢;, i = 1,--- ,dimdX, is a basis of X (see proposition 4.4.6).
We want to write ordinary differential equations for the coordinates z;. As X is
dimX,

invariant by A, there is a matrix A, of size dimX, such that: Au. = > (Ac2)i¢;

with z = (21, -, 2¢ima, ). To find equations for the z;, we need to plzrojlect (4.42)
on each generalized eigenvector ¢;. Hence, let us consider a family of vectors
as in proposition 4.4.10, then ((¢;,uc)) = 2z and (i, R (ue + ¥ (ue, p), p))) =
(m1vi, MR (ue + U (ue, p), 1)) 7 (see proposition 4.4.10 for the bilinear product). We
use these expressions together with (4.42) to find the reduced equations:

Zi = (Acz)i + <7717;Z)ia 7['1R (uc + \IJ(qu :u)’ M)>]:‘ (4'43)

This equation was given in [Hale 1993, Faria 1995, Wu 1996] in a different functional
setting when Lg generates a compact semigroup.

We have mentioned in the introduction that most of the neural field models are
used close to a stationary bifurcation. This bifurcation can be changed by the in-
troduction of the delays producing either a purely imaginary eigenvalue or changing

the algebraic multiplicity of the static eigenvalue. As we have seen in section 4.4.1.2,
no general criterion is known for the appearance of a purely imaginary eigenvalue.
However such a criterion exists for the algebraic multiplicity and allows to test very
easily if a Bogdanov-Takens can emerge from the initial static bifurcation. This is
done in the next lemma:

Lemma 4.6.4. Let us consider a stationary cortical state VI of (4.1) and the

(time) constant function ¢ = [61] in the one-dimensional kernel of A where ey € F.
€1

*

ei] the constant vector in ker A* with (ej,e1)r = 1. The algebraic
€1

multiplicity of the zero eigenvalue is at least two if and only if

0= ((4,) = 1+ (¢, IDS(V/)res) »

We write ¢ = {
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Proof. We use proposition 4.4.6) to express ker A%:
ker A2 = {V 40U, (U,V) is a Jordan chain for A(0)}

is two-dimensional. By the lemma B.1.12, we have A(0)U = 0, A'(0)U+A(0)V =0
g] € ker A and U = e;. From the Fredholm alternative, ker A? is
larger than ker A if and only if (e}, A’(0)e1) = 0. From (4.12): A’(0) = Id +
JDS(V/)7. Therefore (e}, A'(0)er) » = 1 + (ef,JDS(V/)Te1) 7. Notice that this
last quantity is equal to ((¢),#)). The lemma is proved. [J

which gives [

4.6.4 Normal form of the Pitchfork bifurcation

As we have mentioned in the Introduction, many of the neural field models operate
near a static bifurcation point (see for example [Ben-Yishai 1995, Bressloff 2001b]),
it is thus interesting to see how this can be altered by the introduction of delays. We
will treat the case of the pitchfork bifurcation (see [Kuznetsov 1998, Haragus 2010]),
the case of the transcritical bifurcation is very similar. We look at the quantitative
modification of the reduced equation (in the non-delayed case) from the introduction
of delays. Recall that we consider an equilibrium V7 and that we write an equation
for U = V — V/. Let us consider the nonlinear gain ¢ € R as a bifurcation
parameter. Suppose that e; (resp. e}) is in the one-dimensional kernel of A(0) =
—Lop + J(0) (resp. A(0)* = —Lo + J(0)*) at 0 = o.. Suppose that the reduced
equation®® for the non-delayed neural mass equation near o = o, with V.= V/ +
ze1 + o(x) reads (see also lemma 3.3.2):

Oc

x + xqx? + o(z7)

Oc
for some x, # 0. What happens if we introduce space-dependent delays? If the
delays are small, we expect the eigenvalues of A to be close to the spectrum of the
non-delayed linearized equation, thus yielding again a Pitchfork or a Transcritical
bifurcation. Notice that e; is in the kernel of A(0), hence 0 € ¥,(A). Let us

write ¢ = [Zl] € ker A, from proposition 4.4.10, we find that ¢ = [Zi} € ker A*
1 1
with 8 € R. It is normalized such that ((1),¢)) = 1. Some algebra shows that

((,0)) = B+ B(IDSTey,€}) r where JDST is the integral operator on F with
kernel?* J(r,r')DS(V/(r'))7(r,r'). The normalization condition requires:

Bt =1+ (IDSTe,ef)x #0

Notice that 57! # 0 is equivalent to saying that 0 is a simple eigenvalue of A (see
[Hale 1993, Faria 2001] and lemma 4.6.4). Then u, = ¢ + ¥(z¢,0) and A, = 0

2

3resulting from the application of the center manifold theorem for example
241t is a component-wise product.
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because A¢ = 0. Hence, the reduced equation (3.18) reads:
T = (m, mBR(uc + ¥(ue,0),0))F = B(efa mR(ue + ¥(ue, o), U)>]—' (4.44)

From appendix A.1, ¥(u,, o) = o(|z|) which gives?® R(u.+V(u., o), 0) = R(ue, o)+
h.o.t.. By using (4.37), the reduced equation (4.44) is now:

z/B = (e, mR(uc,0))r + h.ot.= =%cx + (e],G(ze,)) r + h.o.t.

Oc
- g—oc q q
= T %x 4 xgx? + o(x?),

(4.45)

from the definition of x, in lemma 3.3.2 and (4.36). Thus, introducing delays only
results in a rescaling of time. This analysis holds as long as the only eigenvalue
at o. is the simple 0 eigenvalue. Notice that another eigenvalue may approach the
imaginary axis by increasing the delays (decreasing the propagation speed), if it
is purely imaginary, it would lead to a Fold-Hopf bifurcation scenario, if it is 0, it
would lead to a Bogdanov-Takens bifurcation scenario.

4.7 Conclusion

In this chapter, we have developed a theoretical framework for the study of neural
field equations with space dependent delays. This has allowed us to prove the
existence, uniqueness and the boundedness of the solutions to these equations for
continuous history segments in C. But this is the least one can expect from a
theoretical framework.

Hence, we have then studied the stability of the stationary solutions of these
equations and have proved that the characteristic values are sufficient to characterize
the asymptotic stability of the stationary states in C. This was done using the
semigroups theory (see [Engel 2001]). By using a Hilbert space X for the history
space, we are able, by combining ideas from [Hale 1993] and [Batkai 2005], to find
a closed form formula for the spectral projector. This formula leads naturally to
the introduction of the bilinear product, a quantity introduced in [Hale 1993] which
is difficult to generalize from DDEs with values in R™ to DDEs with values in a
Banach space (see [Arino 2006]).

However the numerical computation of the characteristic values is very difficult
in the general case. This is why we have looked for simple conditions on the con-
nectivity /delay functions ensuring the asymptotic stability of the stationary states.

By formulating the stability of the stationary solutions as a fixed point problem
we have found delay-dependent sufficient conditions. This is a powerful method
which is less used than the Lyapunov method. Compared to the Lyapunov method,
it presents the advantage of requiring conditions on the average connectivity func-
tion rather than on its sign. These conditions involve all the parameters in the
delayed neural field equations, the connectivity function, the nonlinear gain and
the delay function. Albeit seemingly very conservative, they are useful in order to

2%h.0.t. means higher order terms.
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avoid the numerically intensive computation of the CV. They can be applied prior
to the characteristic values computation, to get a rough idea of the impact of the
delays on the network under study.

Then, we gave an analytical expression for the Hopf bifurcation curves, allowing
for the study of heterogeneous connectivities in Nd-cortices at low computational
cost. This is a great achievement as it allows to study, in detail and at low computa-
tional cost, different connectivities. It is also absolutely necessary for the numerical
study with the normal forms. Indeed, the locus of the bifurcation point have to be
known with great precision. If not, we need to compensate this loss of precision
with higher order terms in the normal forms which is a difficult task.

Moreover, this analytical formula gives the following biological insight: given
a network without delays, if one wants to make the network oscillate (through a
Hopf mechanism), then inhibition must be sufficiently strong. The formula for the
Hopf curve introduces the following 'paradox’: even if it is simple to compute the
Hopf bifurcation curves, it is difficult to forecast their very intricate structure; we
could not find a criterion predicting the shape of these curves a priori. This is
important because it would allow for the prediction, without computations, of the
changes to various cortical models by the introduction of space-dependent delays.
Nevertheless, our analytical formula can allow this study.

Later, we proved a center manifold theorem for the delayed neural field equa-
tions. This is not a straightforward task as the usual estimate tools for sectorial op-
erators do no apply. We used the more powerful tools of the semigroups theory as ex-
posed in [Engel 2001, Batkai 2005]. Hence we combined ideas from [Haragus 2010]
and [Engel 2001, Batkai 2005] to prove a center manifold theorem. This being done,
we can apply?® a “generic” normal form theory as in [Haragus 2010] and not a spe-
cific one as in [Faria 1995]. It appears that the computation of normal forms of the
delayed neural field equations is not more difficult than for the non-delayed equa-
tions. Formalism by itself is not our ultimate goal. We want to show how the delays
shape the dynamics qualitatively. Hence, after the proof of the center manifold, we
showed how a Pitchfork bifurcation is altered by the introduction of delays. This is
important because most of the neural field models operate near a stationary bifur-
cation: the Pitchfork is unaltered (it is only scaled in time) if the delays are smaller
than a given bound. For larger delays, the Pitchfork bifurcation may degenerate
into a Bogdanov-Takens bifurcation or a Fold-Hopf bifurcation. This introduces
the computation of more normal forms in the next chapter. But before this, we
need to be able to compute the bifurcation diagrams accurately. This is done in
the following chapter.

26This will be done in chapter 5.
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This chapter collects results concerning the numerical computation of the eigen-
elements of the operator A defined in chapter 4. Depending on the shape of the
operator Lg, two methods can be used. More precisely, if Ly = IId for some [ > 0,
then we can use the formulas in proposition 4.4.5 which yield a fast and precise
computation of the Hopf bifurcation curves. When the condition Ly = /Id is not
satisfied, no analytical formula is known and the computation of the Hopf bifurca-
tion curves relies on the numerical computation of the eigenvalues. This is done in
section 5.1.

At the end of the previous chapter 4, we proved a center manifold theorem and
gave the reduced equation that is a finite dimensional system of ordinary differential
equations. In the section 5.2 of the present chapter, we push forward the analysis
by applying a normal form theory and computing the normal forms of the main
bifurcations that appear in the next study of delayed neural fields equations in
chapter 6.

5.1 Numerical computations

In this section, we show how to solve the delayed differential equations (4.1) and
how to compute the spectrum of A. This is essential for the study of the delay
neural fields that is done in chapter 6.

5.1.1 Evolution equation

In this thesis, we have not studied how to compute a numerical solution of (4.1). In
particular, we have not given a numerical scheme to compute the time-dependent
solution. Note that we have not focused on this point but we shall explain our
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method. It relies on a space discretization of €2 in order to form a system of Nq
scalar delay differential equations:

V(t,r;) = —LoV(t,r;)+ I (r;, t)+

% w; I(ri,r;)S(V(t — 7(ri,rj),1r5)), Vi=1---Ng (5:1)
j=0

where the (wj)j=1..n, is the weight associated to some numerical integration
scheme. More precisely, we use a trapezoidal rule to approximate the integrals
and use the Matlab routine dde23 to solve the system (5.1). This scheme has been
described in [Hutt 2003, Venkov 2008]. For homogeneous networks, one can take
advantage of the convolutional structure to compute more efficiently the right-hand
side of (5.1) using Fourier transforms (see for example [Hutt 2010] for a recent
reference).

5.1.2 Spectrum computation

This section shows how to compute the (rightmost) eigenvalues of the linear operator

A = {_;“0 1;1] with domain D(A) = { Lﬂ € Fx Wh2(—7,,0; F), ¢(0) =
do

:L‘} From section 4.4.1, we know that the eigen-elements are given by u(f,r) =

[e’\gt(;()r)] where U € F is solution of A(A)U = 0 and A ¢ X(—Ly). Basically,

we reduce the delayed neural field equations to a system of scalar delay different
equations by sampling the space €2 and apply generic tools for finding the eigenvalues
of this set of equation. We use the toolbox TraceDDE, [Breda 2009], a very efficient
method for computing the eigenvalues. The library has recently been improved in
[Jarlebring 2010], allowing a much faster computation of the eigenvalues: this is the
scheme we have been using in [Veltz 2011b]. Notice that, even with this scheme, it
is difficult, in practice, to explore many pairs (7,J) in order to know what are the
possible spatio-temporal behaviors depending on the parameters.

In the next section, we study more thoroughly how to compute the eigenvalues,
in particular, we give a bound for the error made when computing the eigenval-
ues with the discretized space instead of ) rather than with the ’'true’ delayed
neural field equations. Because of the particular structure of the equations, involv-
ing Fredholm operators on Hilbert space, we are able to generalize the method in
[Breda 2006] to prove the convergence of the approximated eigenvalues to the ’true’
eigenvalues.

5.1.2.1 General case
We start by showing an analytical function whose zeros are the eigenvalues.
Lemma 5.1.1.Define Jo(A) = (AId + Lg) " J(\) on B = (— minl;, c0)c € C and
7

the function
d(\) = detg (Id — Jo(N))
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where detp is the Fredholm determinant (see property C.1.2). Then the zeros of d
are the eigenvalues of A and d is analytical on B.

Proof. The Fredholm determinant is defined for trace-class operators (see
[Grothendieck 1956, Simon 2010]). From the definition C.1.1, it is easy to see that
J(A) is trace-class on F so is Jo(A). Hence, d is well defined (see proposition C.1.2).
Also A — Jp()) is analytical on B. As K — detp (Id — K) is analytical on the space
of trace-class operators (see [Grothendieck 1956, Simon 2010]), it follows that d is
analytical on B. The fact that the zeros of d are the eigenvalues of A is a direct
consequence of the property Id — K invertible if and only if dety (Id — K) # 0. O

Let us consider an eigenvalue )\, then there is a function ¢ € C'(—7,,,0;F) such
that:

{—LOQS(O) +L1¢ = Ag(0) (5.2)

#6=29
Next, we build a finite dimensional approximation of (5.2). Let us consider an
orthonormal basis (ey), of F. For Nq € N, Fy,, is the finite dimensional subspace

Span(eg, - - ,en,) of F. We use these spaces to define the projector
F = ]:NQ
Py, : No
¢ U— Z<U7€i>}'€i
i=0

and the approximation
Ll,NQ = PNQLI F— .FNQ.
The theorem of Parseval-Bessel gives:

0.

N r—o0
eNg = [IITd = P Il 5

Let us consider the time discretization Oy, = {—7, =0y, < On,—1 < -+ < 0y = 0}
of [=Tm, 0] of length N; + 1 where

This particular discretization is motivated by the approximation result in
lemma 5.1.2. We start with an approximation of the exponential function on
[—7m,0]. Because of the general shape of the eigenvectors: eMU. For U € F, we
define the family of polynomials Py, 1(0; U, A) in the variable 6 with coefficients in
F, of degree smaller than Ny, such that:

{iﬂPM+ﬂ&ﬂLm>=APM+ﬂ@ﬂLAL i=1---N, 65

Pn,+1(60; U, A\) =TU

From [Breda 2006, lemma 7], we have:
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Lemma 5.1.2. Let \* € C and pg > 0. There exists N € N such that for all
Ny > NP, A € B(\*,po), the disc of center \* and radius py, and U € F, the
polynomial Pn,4+1(+; U, \) exists and is unique. Moreover:

max_||Py,a(6:U,0) - U< G ()™ gy
be[om0] || T F = N; \ Vg a

with Co = T (|N*| + po)e and C1 = C1(X*, po) is independent of Ny.

This allows to define an approximation of (5.2) by using a time-polynomial approx-
imation of the eigenvector ¢, i.e. ¢ ~ Pn,+1(-; U, \). Hence we write:

U = (Md+Lo) "Ly, Prn,1(5 U, N)

5.4

We define the approximated characteristic values A and eigenvectors U as the so-
lutions of (5.4). In particular, the characteristic values are zeros of the analytical
function dn,, N, defined on B C C\ ¥(—Ly) by:

dNg,N; (A) = detp(Id — Jo,ng,N; (A))
regular det. (55)
= det(Idry,, — Jo,Ng,N, ()] Fyg,)

We wish to build a finite dimensional approximation of the linear operator A whose
eigen-elements are the approximated eigen-elements we just defined. Let us define
Polng, N, to be the space of polynomials of degree less than N; with coefficients
in Fn,. This allows to define an approximation of the space X by Xy, n, =
Fng % Polng N, - Each polynomial of Poly,, n, is written Py, 412 which is the unique
polynomial of degree less than N; such that (Py,+12)(0;) = z;, i = 0--- Ny and

x = (i)i=0.-N, € ]_—%;2—1-1. We can now define Ay, n, on the elements [ S

Nt+1x:|

A\
Xng, N, satisfying zo = U. If we write [ ] = AN, N, [ ] , then we have:
Ne+1Y

PNtHQC

{ = —LoU + Ly v, (P, 112) 56)

i = L(PNn412)|o=g;, i =0 N,
It is straightforward to check that the eigenvectors of Ap, n, are given by the

functions Ppn,+1U with U solution of (5.4). The next lemma shows that the two
analytical functions d and dyg N, are very close on every bounded open set of
BcC \ E(—Lo)

Lemma 5.1.3. Let \* € C and pg > 0. There exits N € N such that for all
Ny > NP and X\ € B(\*, pg), we have:

N

with C3 = C3(\*, pg) independent of Nq, Ny.
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Proof. For all U € F, we have

130(A)U — Jo.ng. v, (VU £ < [I[(ATd+Lo) ||| L1 - eAU — L, ng - Prvp1(6; U, )
< |[|(Md + Lo) ]|

(L1 - e0U = Ly ngea Ul + L - 24U = L - Prsa (6,0, M) 1 )

Cy (Co\ M
< C | eng[|[Lall] + sup |||L1,ng || —= N 10| £
Ng t

[Fs

VN

1 (Co\™
< — | = U 5.7
< 3<5Nﬂ+m<Nt> )n s 61

with C3 = sup |||(Ald+Lo) ™ Y||-max(|||L1|||,sup |||L1,ng,|||). Since the deriva-
AEB(A*,po) Na
tive of K — detp(Id—K) is continuous on trace-class operators, the assertion follows

easily. [J

We are in a position to state the main result of this section which is adapted
from [Breda 2009]:

Theorem 5.1.4. Let \* € C zero of d with multiplicity v. There exits C,p1 >

1/v
. . 1/v Ny
0 such that if pNo,.N, < p1 With pNg.N, = (%) / <€NQ + \/C]if—t (%) > , then

dNg, N, has v zeros, counted with multiplicities, such that

max ’)\* — )\z’ S meNt

i=1-v

Proof.  From [Breda 2009, lemma 4], there exists C,p; > 0 such that
VA € B(A,p1) \ A* we have |[d(\)] > C|A — X*|”.  Since pngnN, =

1/v
1/v Nt 1
(%) / <€NQ + \217,5 (%) > < p1, we have for |\ — \*| = p%ﬂth/C

|d(A) = dng, N, (M) < png.N, = CIA = X7 < [d(N)]

Hence, from Rouché’s theorem [Conway 1978, 7, section 5, theorem 3.8], d
and dy, N, have the same number of zeros counted with their multiplicities in
B()‘*a pN&’hNt)' O

Let us sum up the way we compute the eigenvalues of A. They are approximated
by the zeros of dy,, n, (see theorem 5.1.4). Hence, to approximate the characteristic
values of A, we need to compute the zeros of dn,, n, which are the eigenvalues of the
finite dimensional operator Ay, n,. To do this, we write A n, v, in a basis of Xy, n,
to find a matrix of size (N; + 1)(Nq + 1) to which we can apply functions like eigs
in Matlab®©. This is what is done in the package TraceDDE, [Breda 2009], which
takes advantage of the very fast convergence rate in O (Nt_N t) of the approximated
eigenvalues \; for Nq fixed. The main problem of this method is that it requires

to compute eigenvalues of huge matrices. For a 2D cortex with a rough spatial
discretization No = 1002, N; = 100, it gives already NoN; = 10° lines for the
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matrix Ay, n,. Given that we need to find bifurcation points, 7.e. that we need to
compute the eigenvalues of Ay, n, for many parameters, the method is not very
practical.

However, thanks to the special way Ay, n, changes shape when one varies the
time discretization of Oy, [Jarlebring 2010] gives a factorization of Ay, n,, which
allows a much faster computation of the eigenvalues. Based on an Arnoldi method,
the authors in [Jarlebring 2010] show how to compute the rightmost eigenvalues of
AN, N, by using matrices of size only Ng x Nq. This is the scheme we have been
using in the most general cases, i.e., when we cannot apply the result of the next
section.

5.1.2.2 Hopf curve in the case of space dependent delays

In this section, we show how to use proposition 4.4.5 to compute numerically the
Hopf curves with space dependent delays. This proposition implies that if we want
to compute the curves for ¢ < ¢, we need to compute the eigenvalues J,(y) of the
integral operator J(iy) whose kernel is given by Jg,(r, t)DS(V{ (8))e wlr—l2 2 ¢
C, ¢gr=1---p,fory < co ||J(0)]|, and n < [|J(0)]],. It also implies that we do not
miss any Hopf curves in the interval ¢ € [0, c] if we respect the bounds given in the
proposition. Recall that the numerical computation of the Hopf bifurcation curve,
for general delay functions 7;;, requires to find the eigenvalues of a matrix Ay of size
N;Ng and that we have to look for the bifurcation curve in the parameter plane. In
our case, the computation of the eigenvalues of J(iy) for a given y requires to find
the eigenvalues of a matrix of size N and, with the formulas in proposition 4.4.5,
we directly have the bifurcation curve.

Moreover, the numerical error made in the computation of the eigenvalues J,, (iy)
of the integral operator J(iy) is only function of the space discretization which
itself corresponds to a numerical integration scheme. For example, with a trape-
zoidal rule, we know a priori the error made by computing the eigenvalues of the
discretized integral kernel J(iy), i.e. we know that the exact eigenvalue J,(iy) is
within a ball of center J,, n,(iy) (the nth eigenvalue of the approximated operator
Jn,, (7y)) and radius € given by the trapezoidal rule (for example). We can use this
ball to plot around each curve C,,, described in proposition 4.4.5, a neighborhood
where the exact curve belongs: it allows to first look at the curves at a low resolution
and refine where more resolution is needed.

We use this in figure 5.1. In order to evaluate the efficiency of the scheme,
we compute the eigenvalues for a convolutional network for which the eigen-
values of the operator J(iy) are known analytically. More precisely, we con-

sider a scalar network with Q = [-n/2,7/2], 7(z,y) = D + clx — y|, | = 1,
J(z,2') = — (0.5 + 2.1cos(2z — 22/)] 2, S(z) = 1+i*z — 1. The equation is lin-

earized around the stationary state V/ = 0. The delay function is m-periodic and
is shown in 5.2. From these properties, the eigenvalues of J(iy) are given by the
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Fourier coeflicients:

™
JP(y) = / J(z)e~ Wl cos(nx)de, n eN. (5.8)
0
These eigenvalues are not ordered as the J,(y), that is why they have a different
name. Nevertheless, if we use the coefficients J7(12) to draw the curves of proposi-
tion 4.4.5, the only numerical error we make lies in the discretization of the interval
[0, ¢ [|J(0)]],] for y which parametrizes the Hopf curve. These ’exact’ curves are
plotted with continuous lines in figure 5.1. On the other hand, we can forget’ about
the convolutional structure of the linear operators J(iy) and compute their eigen-
values using a spatial discretization. For a given space discretization Ng = 100 of
space and N, = 250 for [0, ¢ [|J(0)]|,], we show the points defining the curves Cy,
in figure 5.1 with stars. Notice how close they lie to the ’exact’ curves. The color of
these stars labels the index n in the Hopf curves C, in proposition 4.4.5. Each star
is surrounded by an ellipse (see above) which shows where the exact point (¢, D) of
the corresponding curve C,, lies. Note how these ellipses are bigger for larger delays.

In the previous numerical example, we have used the Rectangle rule to approxi-
mate the integrals.

The bifurcation curves in figure 5.1 indicate that ’simple’ convolutional systems
may produce a wealth of interesting behaviors. Indeed, when two Hopf curves in-
tersect, they give birth to a Hopf-Hopf bifurcation point with rich dynamics (see
[Guckenheimer 1983, Kuznetsov 1998] for example). This is more thoroughly stud-
ied in chapter 6 after we derive the main normal forms associated to the bifurcation
points in the next section.

5.2 Symbolic computation of some normal forms

In the previous chapter, we have shown how to reduce the dynamics of the delayed
neural field equations to a finite dimensional region of the history space called the
center manifold. In particular, we gave a reduced equation (4.43), in effect, finite
dimensional ordinary differential equations, which describe the dynamics on the
center manifold. This is obtained by the bifurcation theory.

Among all the different reduced equations, some of them produce the same
dynamics up to a change of variable. Normal form theory aims at finding a poly-
nomial change of variable which “simplifies” the reduced equation by removing
the maximum number of terms at every order of its Taylor expansion. Once
simplified, the truncation!, at order k, of the Taylor expansion of the reduced
equation is a polynomial vector field which is called the normal form. In most
of the cases, the truncation of the Taylor expansion of the reduced equation do
not change the dynamics. If the reduced equation satisfies some properties, such
as its linear part has a one dimensional null space, for example, in addition to
some non-degeneracy conditions then, the simplified polynomial vector field has

i.e. it gives a polynomial of degree k.
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T

Figure 5.1: Plot of the Hopf curves for Q = [—-7/2,7/2], 7(z,y) = D + c|z — y|x,
I =1, J(z,2') = —(0.5+2.1cos(2z — 22")] 2, S(z) = H% — 1. We show in
continuous lines (blue for n = 0 in (5.8) and red for n = 1 in (5.8), the index n is
not the same used in proposition 4.4.5) the exact curves. The stars are computed
from a discretization Jng, (iy) with Ng = 100. The elliptic curves surround the
regions where the exact point (¢, D) lies (see text). Note how they compare with
the continuous solutions. The color of each star and its surrounding ellipse labels
the index n of the curve C, as in proposition 4.4.5. We have: red for n = 0, green
for n = 1 and blue for n = 2.
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always the same monomials. These conditions are listed in [Guckenheimer 1983,
Golubitsky 1984, Golubitsky 1988, Kuznetsov 1998, Haragus 2010] as well as the
corresponding normal forms. Moreover, these references also contain the study of
the dynamical system associated to the normal form. Hence, there are two steps in
finding the normal form:

e compute the Taylor expansion of the reduced equation,

e recognize which conditions are satisfied by the reduced equation and
use the tabulated formulas in [Guckenheimer 1983, Golubitsky 1984,
Golubitsky 1988, Kuznetsov 1998, Haragus 2010] to extract the full dynamics
of the delayed neural field equations on the center manifold.

If the normal form is not tabulated, then we need to compute the change of variable.
This is lengthy because we need to compute the center manifold correction ¥ and
then the polynomial change of variable. In fact, we can find the normal form directly
without computing the center manifold correction ¥ as explained in [Haragus 2010].
More specifically, from the Cauchy problem
d

di: = Au + R(u, p),
we build a reduced equation (4.43) for u. € X, with the center manifold correction
v

u=tc+ V(ue, ), Y(ue,p) € Zp.

This reduced equation is

du,
dt

= Auc + PR (ue + Y (uc, p), 1) -
Then, we apply a change of variable to u.
Ue = Vg + (I)u(vo), v € X

to bring the reduced equation to a normal form given by:

B0 — Aligvo + Ny (wo) + plvo, )
where N, is a polynomial of some degree p such that No(0) =0, D,Ny(0) = 0 and
p(vo, 1) = o(|lvo||’). The general shape of N can be guessed from symmetries for
example (see [Golubitsky 1984, Golubitsky 1988, Haragus 2010]). This nonlinear
function ®,, is solution of a nonlinear equation which is given in [Haragus 2010].
Finally, we can combine the center manifold correction and the change of variable
in one formula:

u =g+ ¥(vo, 1), ¥(vo, ) = Pu(v0) + ¥(vo + Ppu(v0), 1) € Z
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The nonlinear function ¥ is solution (see [Haragus 2010, 111.4.1]) of the next equa-
tions:
Do ¥ (vo, ) Alx.vo — AW (vo, 1) + Np(vo) = Q(vo)
Q(vo) = I, [R(vo + ¥(o0, 1), 1) = Doy B (v, 1)Ny (v0) |

where II,, is the operator which takes the first p + 1 terms in the Taylor expansion
in the variable vyg.

(5.9)

To sum up, when the normal form is not tabulated, then we need to solve (5.9)
to find the normal form. In the following section, we will use tabulated formulas
for the Pitchfork normal form and the Hopf normal form. The normal form of
the Fold-Hopf bifurcation and the Hopf-Hopf bifurcation with symmetries is not
tabulated and we have to solve (5.9). To this hand, we write a M aple®© that helps
us in this task.

5.2.1 Maple program for computing the normal form N,

In order to know which dynamics can be produced by the delayed neural fields
equations, we need to compute the coefficients of the polynomial IN,, as functions
of the parameters that appear in the neural field model. Let us write the Taylor
expansion of R for a given p:

Ruw)= > Rau@ 1] +o(ul”), Ror =0 (5.10)
2<q+I<p

with R, defined in lemma 4.6.1, (¥ = (u,---,u) € 2 and p) = (y,--- ,p) €
m l
(R,

From symmetry arguments, the general shape of N, can usually be guessed.
For example, in the case of the Hopf bifurcation with O(2)-symmetry truncated at
order 3, it is known from [Chossat 2000, Haragus 2010] that the normal form looks
like (5.16):

A(D1|AP + a1 BP)
Ny = 2 2
B(b1|B|* 4 c1]A[)

with vg = A¢g + By + c.c. (complex conjugate). Note that this normal form has
no second order term and that only particular monomials are present. It remains
to compute the coefficients b1, c; of this normal form in terms of the parameters
of the reduced equation. To this hand, we plug (5.11) in (5.9). Then, we Taylor
expand U

(5.11)

U(vo,p) = Y APAIB B " Upgrsm, Vpgrem € V
m,p,q,T,s
and collect the monomials in (5.9). This gives the equations satisfied by the Wpg,sm
and by the coefficients of the normal form b;,c;. This operation can easily be
done with a Maple program. Let us assume that the eigenvalues are +iwy and the
(complex) eigenvectors are (1, (2, (y, (-
> restart; with(linalg); assume(x, real); assume(omega, real);

>
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> v0 := Axzetal+B*zeta2+Alxconjugate(zetal)+Blxconjugate(zeta2);
> TildePsi := sum(sum(sum(sum(sum(Psi[ql, g2, 11, 12, r]*A~ql*A1°gq2*B~11%B1712
*x~ (q1+q2+11+12)#mu"r, q1=0..3), q2=0..3), 11=0..3), 12=0..3), r=0..1):
> u := v0+TildePsi;
> N := (al*mu*A+(bl*A*A)*Al+c1*B*xB1*A)*zetal
+(al*mu*B+(b1*B*B) *Bl+c1*A*A1*B)*zeta2
+conjugate(zetal)
*x(conjugate(al)*muxAl+(conjugate (bl) *A1*Al1)*A+conjugate(cl) *B1*B*A1)
+conjugate(zeta?2)
*x(conjugate(al)*mu*B1l+(conjugate(bl)*B1*B1)*B+conjugate (cl)*xA1*xA*B1) ;

Then we formally write a Taylor expansion of the neural field equations where
R2(mu) represents the second differential Ry for example. As the variable A is
already used, we write LO(0) for A. The name of the different variables has been
chosen to make it easy the mapping with (5.9).

> R := (v, mu)->LO0(mu)+L1(mu)*v+R2(mu)*v*v+R3 (mu) *v*v*v;
> DTildePsiLOvO := I*(diff(TildePsi, B))*B*omega-I*Bl*omega*(diff (TildePsi, B1))+
I« (diff (TildePsi, A))*Axomega-I*Al*omega*(diff (TildePsi, A1));
> DTildePsiN := (diff(TildePsi, A))x*(al*muxA+(blxA*A)*Al+cl*xB*xB1*A)
+(diff (TildePsi,A1))
x(conjugate(al)*mu*xAl+(conjugate (bl)*A1*A1)*A+conjugate (cl)*B1xB*A1l)
+(diff (tPhi2, B))x*(al*mu*B+(b1*B*B)*Bl+c1xAxA1*B)+(diff(TildePsi, B1))
*x (cxconjugate(al)*muxBl+(conjugate (b1l) *B1*B1)*B+conjugate(cl1) *A1*xA*B1) ;
> eq := DTildePsilOv0-LO(0)*TildePsi+N-(R(u,mu)-DTildePsiN);

>

> subs(A=0,A1=0,B=0,B1=0,x=1,mu=0,L1(mu)=0,diff (eq, A, A));
4% I x Psi[2,0,0,0,0] x omega — 2 * LO(0) * Psi[2,0,0,0,0] — 2 x R2(0) x Zetal?

which gives the equation

(2iwg — A)Wa0000 = Rao(¢1, ¢1)

used in lemma 5.2.1 (see this lemma for the notations).

5.2.2 Normal forms for 1D convolutional neural fields

The nonlinear analysis with the normal forms requires the computation of the coef-
ficients of the normal forms: this can be done without assuming a particular shape
of the connectivity. What we would like to do here, is not to study a very realistic
model (but see chapter 11), but to understand how the space-dependent delays im-
pact the dynamics of simple models. Indeed, little is known on the relative roles of
constant delays and space dependent delays on the cortical dynamics. The study
of simple models can provide a hint about the importance of propagation delays
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in the cortex. To this hand, having a small number of parameters is a necessity.
A simple way to lower the number of parameters is to impose symmetries to the
model: for example, it requires one parameter (i.e. the spatial extension) to describe
a rotation invariant 2D connectivity with a Gaussian whereas it would require more
parameters not to have such a symmetrical connectivity. However, there is a price
to pay for having less parameters by assuming symmetries: the normal forms are
more complex and not always tabulated. Nevertheless, we will study models with
symmetries.

Hence, we assume that the connectivity is convolutional, also called homoge-
neous and that the cortex features periodic boundary conditions. The eigenvectors
of the connectivity are the Fourier modes, 4.e. the cosine and sine functions. We
could do the case of a 3D cortex? but in this case, this numerical computation
of the solutions of (4.1) would be quite long. Thus, we study neural fields on a
one-dimensional cortex = (—3, ) with periodic boundary conditions. The con-
nectivity function is homogeneous J(x,y) = J(x — y) with J even, but otherwise
unspecified. In chapter 6, we specialize this function to a Mexican hat to push
the study one step further. We also assume the same for the delay function (the
saw-function in figure 5.2)

(2, y) = D+l —ylr = 7(z - y)

in order to respect the topology of the network. Under these conditions, it can

be shown that constant equilibria exist if the external input I.,; is constant in
space. We restrict our analysis to functions (membrane potentials) which are
m-periodic, hence: F = L2(Q,R). This kind of networks have been used in
[Hansel 1997, Ben-Yishai 1995, Roxin 2005, Roxin 2011] and found useful to model
cortical hypercolumns or to reproduce behaviors of spiking neural networks with
rate models.

Remark 25. In the following, we use the notations cosy(x) = cos(2nx),
sinp (z) = sin(2nz) and e,(x) = €*™*. Also (f)n = [q fcos, written f, when
possible. It is useful to note that if J is even, then J - e, = (J)n €n.

7(x)

- — T 0 T T

2 2

Figure 5.2: Plot of the periodic delay function, the saw-function.

2The computation of the normal forms is not more difficult.
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Let us rewrite the neural field equations in this somewhat simpler framework:

(4+0)V(@1) = Jo T = 9)SoloVy,t = 7(0 = y)ldy + Tty 20
Vo = ¢ € Cl(=7m, 0;1%)

(5.12)
with the centered sigmoid given by Sp(x) = S(x—h)—S(—h) and h is the threshold.
We suppose that | =1, Ie;e = 0. By construction, VI =0 is a stationary solution.
Let us also write s; = S(()Z)(O).

Recall that (5.12) has a Lyapunov functional when 7 = 0 and that all trajectories
are bounded. The trajectories of the non-delayed form of (5.12) are heteroclinic
orbits and there are no non-constant periodic orbits. Here, we are not interested in
the global dynamics of (5.12), rather we are looking at the local dynamics near the
trivial solution V/ = 0 at bifurcation points.

Our assumptions have introduced symmetries that will make the computation of
the normal forms a bit more involved. It requires some basic tools of equivariant bi-
furcation theory which can be found for example in [Golubitsky 1988, Chossat 2000,
Haragus 2010]. Notice that (5.12) is G-equivariant (see definition A.0.2) with re-
spect to the following action?:

(By-V)(2) =V (v + )
(5-V)(x) =V(-z)

The fact that (5.12) commutes with the translations R, follows from J being ho-
mogeneous. Also the equivariance w.r.t. the reflection S comes from J being an
even function.

The linearisation of (5.12) around the stationary solution V' = 0 reads:

d
a‘/(a}, t)=—-V(x,t)+ 051 / J(x—y)V(y,t —7(z —y))dy (5.13)
Q
The solutions of this linear equation are e’ sin,, or e* cos,. Also, we can give

the expression of A(A) (see (4.12))

AN =Nd+1—os;Je ™

—AT

where Je is the homogeneous integral operator with kernel J (x)e*)‘f(m). The

null vectors of A(\) are cos,, sin, and using complex coordinates, we find that
A(A)e%naz — (A 41— 081 (Jef)n') > e?in:z}
n

where (J e‘”)n have been defined in remark 25. Hence, the characteristic values
are solution of
A+1—0s1 (Je_’\T> =0.

n

3where G is the group generated by the two elements (R.,S) and is isomorphic to O(2), see
chapter 9 for more details.
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Also, the null space of A(X) for a characteristic value A is made of cosy, sin,: it is
two-dimensional if n # 0 and one-dimensional otherwise.

We will now compute the normal forms of some bifurcation points that will
appear in chapter 6. In order to do this, we will use the fact that (5.12) is O(2)-
equivariant. It turns out that this simplifies the computation of the normal forms.
This is best achieved by using complex coordinates for the eigenvectors. Formally,
this leads to the extension of the real history space to the complex space Ay =
X @ iX and to a change from a scalar product on X to a sesquilinear form on X¢:
(1, ®) . = (1, #)x where 1 is the complex conjugate of ¢. Whenever there is no
confusion, we shall write, by abuse of notation, (¢, ¢)x for (¢, ¢)x.. For example,
the spectral projector formula in prop 4.4.10 is now formally:

m)\o

Vue Xe, Pru= > ((,u))e:.

i=1

We wish to make an important remark on which parameters we are allowed to
use in theorem 4.6.3. The nonlinearity must be regular enough with respect to these
parameters and this can be an issue for the parameters ¢ and D for two reasons.
The first reason is that the state space is changing and the second is the lack of
regularity of R. In the case where only one of these parameters is non-zero, then
we can rescale time and use theorem 4.6.3. For example, if D = 0, then* the time
rescaling t — t/c yields

iV(fc, t)=c (—V(ﬂc, t) 4+ os1 /Q J(—y)S(V(y,t — |z - y!w))dy>

dt
and the right-hand side is regular in c¢. Note that the history space is fixed as the
maximum time delay is 7,,, = m. This shows that we can’t take the pair (¢, D) as
parameters. In the following, we compute the normal forms truncated at order 3:
the coeflicients of the nonlinear terms do not depend on the parameters, only the
linear terms in the voltage variable V' do. Hence, at order 3, if we are interested in
other parameters, we only have to compute linear terms.

5.2.2.1 The Pitchfork bifurcation

We start with the simplest of all the bifurcations, the bifurcation parameter is the
nonlinear gain o. We took a first look at it in section 4.6.4 in the general case.

Suppose that cos,, sin, with n # 0, are in the null-space of A(0) =Id — 0s1J at
the value op = %n of o at the Pitchfork bifurcation, i.e. 0 € ¥p(A). If we write

S1

vo = z¢ + c.c. (complex conjugate) with z € C and ¢ = [Z"], in the non-delayed

n

case, the normal form is (see [Golubitsky 1988, Curtu 2004, Roxin 2011]):

. g
s = T oty + o)
ap

“The case ¢ = 0 is analogue.
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with ¢ = op + ¢ and x, = U%J [ +0p32 (1 Jo/J + 2(1_§222/Jn)>i|. From sec-
tion 4.6.4, the normal form in the delayed case is

- 0
2B = —z+ xn2l2* + o(z%)
op
with (see above for the explanation about the complex conjugate):
Bl=na(1+0opsi(JT)n) #£0 (5.14)

which shows that 8 is real. Recall that we have defined (J7), = [ J7cos, in
remark 25.

5.2.2.2 The 0O(2)-Hopf bifurcation

It is known that in the non-delay case (7 = 0), the network (5.12) does not support
periodic solutions; this is not the case with delays. Suppose that there is a simple
eigenvalue iwy € Yp(A) and n # 0 (but see below) when the parameters (D, c)
are equal to (Dp,cr). We write 7g the delay function Dy + cgrlc|z. Then a Hopf
bifurcation with O(2) symmetry. This bifurcation is described in [Golubitsky 1985,
Haragus 2010]. By definition, we have A(iwg)e, = 0 and the eigenvectors of A

e e .
read: ¢, = Linneen] , Qg = [einezn]' They satisfy:

Ryp1 ="y, Rygo =e "™y, S = ¢a, S = 1.

Clearly, {a,%} are the eigenvectors associated with —iwgy. By using proposi-
én

tion 4.4.10, we find: Y1 = 5 [ b, ] o = [ [ _ 9 ] . It is straightfor-
e W Wy e_n
ward to check that ((¢;,¢;)) = di; provided that®

Bt Bl — oy rsyop(JrgenTH,, (5.15)

Let us assume that ¢ is the free parameter® while o is held constant at og.
Remark 26.Recall from section 5.2.2 that the normal form (5.16) with parameter
c is only valid for D = 0 even if the nonlinear coefficients 5,7 does not depend on
¢ at order 3. If we use the slope o as the varying parameter with ¢ # 0, D # 0, the
coefficients B,y have the same general expression.
In the coordinates system: vy = z1¢1 + 2202 + c.c. with z; € C, it is known that
the normal form (see [Chossat 2000, Haragus 2010]) for the O(2)-Hopf is:

(5.16)

ddztl = ZQ(sz+aC CH 4 B|zo|? + v|21]?)

5Recall that (JTHefi“HTH)n = fJTHef“"HTH COSp.

SIf we chose D instead of ¢, it only changes the linear term a(c — cg) in the normal form.
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Lemma 5.2.1. The coefficients are given by:

a= inﬂ'E

R 5 (Je2ionmm ),
ﬁ 775 51 UH + UHSZ <1 _ UHSIJO + 2(27/WH +1— O_Hsl(Je—szHTH‘)Qn)
Jo Jon (Je~?enmi),

— ZUJH+1 2 .
7TB UH S3 + 0[S, (1_UH31J0+1_0H31J27L 2’L'LL)H+1—O'H51(J€_2WHTH)O

Proof. See lemma C.2.1. [J

Using polar coordinates z; = p;e’®, the equations for p; do not depend on 6;
and the dynamics is characterized by a planar system in (p1, p2). The phase dia-
gram of this planar system is shown below, taken from [Haragus 2010, Chap.3.3.2].

The two equilibria (0, p{ ), (pg ,0) correspond to traveling waves while the equilib-

\ 1Y
—>

A

Ry

P1

0 Pro

P1

PO

Rp

o

il

Pro ro

Figure 5.3: Phase portraits in the (po, p1) plane of the equations for (po, p1), for
Ra(c—cm) > 0.
rium (pg , pg ) corresponds to a standing wave. Indeed, the standing wave solution
is 2,0f R(eiwnte?ine 4 piwntg=2inz) 4p£ cos(wpyt) cos(2nx) and the traveling wave
solution is ng R(elwnte2ine) — 2p£ cos(wgt 4 2nz). Thus, the dynamics at the Hopf
bifurcation point is fairly simple.

Remark 27.

If n =0, following the same procedure, we find the normal form:

d
£ = 2(iwy + aé + Blz|*)
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Indeed, as in [Haragus 2010], we have:

(o= (#1, R11(¢1) + 2Ra0(¢1, Yoo1)) x
B = (¢}, 2Ra0(¢1, Y110) + 2Ra0(¢1, Y200) + 3Ra0(d1, d1, ¢1)) x
Yoo1 = —A7 1Ry =0
W00 = (2iwy — A) " Rag(¢1, é1)

(V110 = —2A7'Rao(¢1, ¢1)

which gives:

a:iw—Hﬂ'F

_ ZOJH+1 S3 Jo (JC_QiWHTH )O
B=mp i [ +0oHs3 (1—0H51J0 T Gt —ome (Je-TwmTi)g)

a closed form expression for a, 3.

5.2.2.3 The Fold-Hopf normal form

The other possible bifurcation that can happen on the line ¢ = op, defined in
section 5.2.2.1, is the occurrence of a purely imaginary eigenvalue iwgg, which
gives a Fold-Hopf bifurcation for a particular value of the delays. This bifurcation
can be produced by the intersection of a Hopf curve and the Pitchfork curve in the
sllJn‘ We restrict the study to the
case where the eigenvector associated with the eigenvalue iwrg is the 0-mode eg

parameters plane. We note opp the value op =

and suppose that the eigenvector for the eigenvalue 0 is in the n-mode with n # 0,
it is called the 0 : n steady-state/Hopf mode interaction’. This is a simple case as
well as the case n : 0. The difficult case, which we shall not study, is the case n : p
with n, p non zero.

In our case, we find two eigenvectors:

¢ = [gn] , 2 = |:eiw§296 ] » Y1 =Bidn Y2 =B [ _MFHQ ]
. 0 e €0

with B;l =n+nmopgs1(JT)n € R, B;l = m+7nopgsi(JTe “HT),. The coordinates
are vg = 2101 + 2902 + c.c. with z1,zo € C. This normal form is not listed in
[Haragus 2010], but from the O(2)-equivariance, it is known (see [Golubitsky 1988])
that the normal form does not contain any second order terms, hence it writes:

(5.17)

(- (a1 + bl 2 +arl =)
29 = (Z'WFH+a2+b2|22’2+02|21‘2)22

where the complex coefficients b, ¢, kK = 1,2 are given in lemma C.2.2. In the case
of a null threshold h = 0, we have so = 0 and we find the simpler expressions:

= O' S = O' S = U
61—71’,81 g?ls, 61:71',81 FSI;I 3 b —71’,82 ng (1+ZOJFH> —7TB F;ll (1+ZWFH)

"see [Golubitsky 1988] for example.
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The choice of the varying parameters only affects the expression of the coefficients
ax: we will show how to compute them as functions of the parameters u = (o, ¢) (see
the first remark in section 5.2.2.2). In the expression of R in (4.37), these coefficients
come from (L(p) — L(pc))¢ which can be approximated by (u — p.)(0,L)¢ close to
the bifurcation point. Let us write 0 = opg + &, ¢ = cpg + ¢, then we compute
the expression of the linear terms on the center part X, = Span {¢1, p2}:

Lemma 5.2.2. The expression® of the linear terms on the center part reads:

g

(1 = 1) (OuLh) (2101 + 2202) = 21 <~> en

OFH

. o ) c
+ 29 ((1 +iwpg)— + ZWFH) €o.
OFH CFH

It gives:

ar = (¢}, (OuL)p1)x = 7h1 52
a9 = <¢§, (8#L>(Z)2>)( = WBQ((I + inH)ﬁ + iprcF6 )

H

Proof. We follow the proof of lemma C.2.1. As one of the varying parameter is
¢, we shall rescale the time by c. It is easy to show that the normalisation factors
b1, B2 are the same in the rescaled /not-rescaled case. In this case, the eigenvector

ey, solves:

(iWFpH + cPH)e0 = CFHS10FH / J(- — y)e @rul—vlmeq(y)dy
and we find that Ory = cpgwry. From [(%L(,u)]FHqﬁ = CFrpHS] fQ dyJ(- —
Yoy, —| - —ylx) we find

0 CFH 0 ; 0 1 + iWFH
—L = —L WFH — -
[60 <uﬂl”¥en e, [aa (uﬂf?{@ o) = cpr— e

We have [% (u)]FH ¢=—0+orust JodyJ(- —y)o(y, —| - —y|x), which gives:

L
0 0 ’
—L en =0, |=—L e“wrale) = jwppe
)| ea=0. [L] (@) = iwriey
If we go back to the original equation by using ¢t — t and combine these formulas,
we obtain the lemma. [

Using polar coordinates z; = Pe'P, z, = He'®H | the variables decouple and
we obtain a planar system for the amplitudes:

5 _ 2 2
{ P = (a1+b1P +cH )P (5.18)

H = (Ray+ RboH? + Ry PPYH

8This is an abuse of notation as L(u) is not differentiable w.r.t. ¢ without the time rescaling.
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The only fixed points of this system are (see [Guckenheimer 1983, Chapter 7.5]):
Op = (0,/582), On = (1/724,0) and Oy = (/- ulazailie [ Rubi Koo,
where A = b1 Rby — c1Res.

The equilibria of (5.18) on the P-axis are also equilibria of (5.17), while the equi-

libria not on the P-axis are periodic orbits? of (5.17). Periodic solutions in the plane
(P, H) are quasi-periodic!? solutions of (5.17) with two basic periods 27 /wq, 27 /wry
which form an invariant two-torus (see [Guckenheimer 1983, chapter 7.5, page 400]).
Hence, the 3 points Op, Of, Opp respectively correspond, to a stationary solution,
to a uniformly oscillating solution and to a superposition of the two previous so-
lutions. Another interesting point is the possibility of appearance of an invariant
torus for (5.17) which is explained by the existence of a Hopf bifurcation for (5.18)
around Opp = (Ps, Hs). No Hopf bifurcation can occur around Op, Og, however, it
is possible around Orp = (Ps, Hs) (see [Langford 1980]) when A > 0, b1R(b2) < 0.
The different phase diagrams of (5.18) are listed in [Guckenheimer 1983, chapter
7]. We only show in figure 5.4 the phase diagram Ib from [Guckenheimer 1983,
chapter 7.5, page 401]. This diagram will be used in chapter 6. It features (in
red) bi-stability between the stationary solution Op and the uniformly oscillating
solution Opg. The mixed-mode Oppg solution is never stable.

5.2.2.4 The Hopf-Hopf normal form

As we shall see in the next chapter 6, the Hopf curves computed with prop.4.4.5 may
intersect (see for example figure 5.1). This intersection may involve two different
Fourier modes. To keep the computations manageable, we assume that the inter-
section happens between the 0-mode and the n-mode where n > 0: this is called the
0 : n Hopf-Hopf mode interaction. This case was investigated in [Roxin 2011] for
constant delays. From proposition 4.4.4, it is easy to see that the Hopf-Hopf bifur-
cation is possible for constant delays if and only if the connectivity has two Fourier
modes which are equal: Jy = J,. With propagation delays, we see in figure 5.1
that this is not the case. Let us write iwq, twy,, the purely imaginary eigenvalues
at the Hopf-Hopf point. The normal form of this bifurcation is different depending
on whether or not 22 € Q (see for example [Golubitsky 1988, Haragus 2010]). It is
impossible to check this hypothesis with the expressions in proposition 4.4.5. We
will assume!! that 5—2 ¢ Q. Indeed, in this case the nonlinear terms of the normal
form are very similar to those of the Folf-Hopf normal form that we have analyzed
in the previous section. The expression of the eigenvectors is the same as for the

9because we have vy = 2R(Pe?"*Ti¢r | Helwruttion)

Yhecause we have vg = 2R(P cos(wot)e* ™™ P + H sin(wot)e'rHtTiom)

1 Another strategy is to study the case S—: ¢ Q by considering the closest rational number % to
:—2 which has the smallest sum r + s, and then taking a detuning parameter § = swo — rw, which
is added to the varying parameters. Hence, it amounts to study the case :—: ¢ Q as a perturbation

of the rational case.
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‘SR(O“Q)Gl €1 = sign(by)

Op

> 1€

Lo

Figure 5.4: g1 = sign(b1), L1 : Rager = Wzlf'al,

diagram Ib in [Guckenheimer 1983, chapter 7.5, page 401] with time reversal, i.e.
in the terminology of [Guckenheimer 1983], it corresponds to the phase diagram
Ib for which time has been reversed. We plot here the resulting diagram. In

Lo : Rager = %al. Phase

each domain, the small phase diagram gives the corresponding dynamics for the
equations (5.18) in the plane (P, H). Note that the diagrams are a bit different
from [Guckenheimer 1983, chapter 7.5, page 401] because we applied the inverse
scaling of [Guckenheimer 1983, chapter 7.5, page 397].
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O(2)-Hopf, hence

o €0 o €n o €-n
¢0_ ez‘wogeo 7¢1— ez‘wlgen 7¢2_ eiwlee,n )

and the associated vectors for the spectral projector are:

Yo = Bo [ _WSG ] , Y1 = [e_wrfo ] s P2 = P2 |:e—iw196n:|

where k& = 0,1,2 and the normalization factors satisfy Bk_ L
7T810'HH(JTHH€_iwkTH)|nk| with (ng,ni,n2) = (0,n,—n). The coordinates on the
center part are vg = zoPp + 2101 + 2202 + c.c. and, from [Golubitsky 1988], the
normal form is:

%0 = 20 (iwo + ao + bolzo|* + colz1]? + do|22|?)
=2 (iw1+a1 —|—b1|Zo|2+61|Z1|2+d1|Z2|2) (5.19)
Z9 = 29 (iw1 + a1 +b1‘2’0’2+d1’21‘2+61’22‘2)

The expressions for the coefficients by, cx, dy are given in lemma C.2.3, they are
simple if the threshold h is zero:

3
bo/mBo = Fg (Je~™0T), co/mBo = opps3(Je “T)g, do = co

_ . _ 03 s ] 3 0_3 s ‘
bi/mB1 = oppss(Je ™ ), c1/mB1 = %3(]@*“’“7)”, di/mfp = Fg S(Je Ty,

Notice that in the general case, ¢y = dy and the coefficients c1, d; are the same as
the coefficients 3,7 in the O(2)-Hopf normal form (see lemma C.2.3). As before, the
choice of the two varying parameters only affects the coefficients ar. We will show
how to compute the ags in the case i = (o, ¢) (see the first remark in section 5.2.2.2).
Like for the Fold-Hopf bifurcation, let us write the linear part: (u — p.)(9,L) and
oc=0HH + D, ¢ = cip + ¢ The next lemma gives the expression of the linear on
the center part X, = Span {¢pg, 1, p2}:
Lemma 5.2.3.The operator 0,L is diagonal in the base (¢o, p1, P2) and

ao/mBo = (1 + iwo) 72— + i

= CHH 5.20
al/ﬂ'ﬁl (1+zw1)—+zw1 ( )

CHH

Proof. Tt is almost the same as the proof of lemma 5.2.2. [J

Let us note that each space {z9 = 0} or {z; = 29 = 0} is invariant under the
dynamics of (5.19): the dynamics is the same as in the Hopf case in the n or 0-mode.
However, compared to the Hopf bifurcation case, this normal form can generate
superpositions of oscillatory behaviors like (zo(t), z1(¢),0) or (zo(t), z1(t), 21(t)) for
example. If we use polar coordinates z, = pre'?*, we find (like for the Hopf or the
Fold-Hopf bifurcation) that the equations in p and € are decoupled and we end up
with a 3D real system of ordinary differential equations for the amplitudes p;, see
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[Golubitsky 1988]. Notice that the equations for (pg, p1,p2 = 0) are the same as
(5.18) in the Fold-Hopf bifurcation:

{ po = po(Rag + Rbop? + Reop?) (5.21)

p1 = p1(Ray + Rb1p + Re1p?).

Thus we expect the same kind of solutions: 2 oscillatory solutions, a mixed mode
solution, and possibly, the 2-torus solution resulting from a Hopf bifurcation around
the mixed mode solution. We will not push further the study of the 3D-system for
the amplitude equations, this will be the subject of future work.

5.3 Conclusion

In this chapter, we have prepared the application of the tools developed in chapter 4
for the numerical study that will be performed in the next chapter 6. In particular,
we have given two ways of computing the bifurcation curves depending on the
form of the network under study. One is an analytical formula and the other is
a numerical method for which the error has been bounded by a function of the
space/time discretization. In the second case, the convergence of the approximated
Nt*l/Q) where Ny is
the discretization in time. This shows that the main part of the error comes from

eigenvalue to the real value is very fast, it goes as O(en, + N,

the space discretization Nq.

We have also computed normals forms and given their qualitative dynamics.
This will simplify their use in the next chapter. Concerning the normal forms, a lot
more can be done. We have computed the Fold-Hopf normal form for the 0 : n mode
interaction. The “only” interesting feature of this mode interaction is the existence
of an invariant torus. More interesting dynamics is expected for the interaction of
two non zero modes. However we shall see that this mode interaction do not appear
in our models (see next chapter and chapter 11).

Similarly, we have started the study of the Hopf-Hopf normal form for the 0 : n
mode interaction and we have looked at a particular subspace of the dynamics. The
full dynamics is much richer and deserve more investigations. As for the Fold-Hopf
normal form, more sophisticated dynamics is expected for the interaction of two
non zero modes and we will see, in section 6.1, that these points do occur quite
often in the bifurcation diagrams.

Hence, our study is far from being complete but it is sufficient for the upcoming
analysis of the models.
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We make good use of the results obtained in chapter 4 and Chapter 5 to deepen
our understanding of 1D delayed neural fields with homogeneous connectivity func-
tions and periodic boundary conditions. We started their study in chapter 5. We
use this class of examples to get a feeling of the conservativeness of the bounds de-
rived in chapter 4 and to push further the analysis of the bifurcations and dynamics
they create.

6.1 Bifurcation analysis of two delayed neural field equa-
tions

We arrive at the last sections of this part concerning the study of the space-
dependent delays: by using the formulas of section 4.4.1.2 for the Hopf curves
together with the computation of the normal forms in section 5.2, we are in a po-
sition to analyse, in great detail, the most simple connectivity functions that have
appeared in the literature. This is a great achievement because the relative role of
constant delays/propagation delays has never been studied and it appears that the
dynamics are fairly rich.

More precisely, we first study a connectivity function which is laterally excita-
tory and locally inhibitory, the so-called inverted Mexican-hat (see [Venkov 2007,
Hutt 2008]). This connectivity is motivated by the fact (stereotyped) that in-
hibition is localized and long-range connections are mainly excitatory in the
mammal visual cortex (see [Lund 2003a]). By construction, this type of con-
nectivity favours the spread of activity. We then study the opposite connec-
tivity, the Mexican-hat, which favours stationary activity: this connectivity has
been mainly used as a functional connectivity in some feature domain (see
[Ben-Yishai 1995, Bressloff 2000, Bressloff 2001b] and also part IV).
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In both cases, we start with spatially extended connectivities given by two
Fourier modes. To describe more localized connectivities requires more Fourier
modes, and in this case we expect an increase in the number of bifurcations.

For convenience, we recall the model. More details are given in section 5.2.2.

(V0 = fo I = SoloV it = rle =)y, 20
Vo= 6 € C(~7in, 0: L) |

6.1.1 Inverted Mexican-hat connectivity

This is the case where J(z) = —(0.5 + J; cosz) 2.

We chose J; = 2.1 in order to have local inhibition and lateral excitation (see
figure 6.1). Let us first note, that because the two Fourier modes of the connectivity
are negative, no static bifurcation can occur; this is not generally true for inverted
Mezican-hat connectivities because, for localized connectivities, more Fourier modes
are non-zero and some are possibly positive. In our case, we can nevertheless restrict
ourselves to searching for oscillatory behaviours. We start with constant delays and
then extend the analysis to include space dependent delays.

According to lemma 4.4.4, an equivariant Hopf bifurcation happens for some
constant delay D, in the Fourier mode n if the connectivity has negative eigen-
modes. Using the same lemma, we find that it is the mode n = 1 that first bifur-
cates for ¢ = 0 when varying D. We plot the constant critical delay D; as function
of the nonlinear gain ¢ in figure 6.1 Right: if the nonlinear gain ¢ is small, 7.e. if the
network is linear, then it is not possible to generate oscillations because D; — oo
as s1Jio — 1.

J S10

1 -| 5p
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Figure 6.1: Left: connectivity used in the examples of this section (J; = 2.1).
Right: plot of the critical constant delay D; (for the mode n = 1) as function of
the nonlinear gain o.

Moreover, if the threshold is null, A = 0, the coefficients of the Hopf normal form
. . _ W2
(5.16) simplify!: 78 = (1+D —iwD)~ !, Ra = U+ D)2+w?D? ~ 0 and RE = Ry/2 =

Lafter a little algebra.
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2
UQH;‘O’ (1}:;3?; de ";;2 < 0, which implies that the Hopf is supercritical. Depending on

the initial condition (see figure 5.3), it can produce travelling waves (stable) or
standing waves (unstable) (see figure 6.2). The fact that the Hopf is supercritical

and produces stable travelling waves was also proved? in [Roxin 2011].
We now investigate the case of space dependent delays.

Figure 6.2: Left: standing wave, Right: travelling wave. Parameters: sj0 = 1,¢ =
0, D =1.14 (Left) and D ~ 1.12 (Right). The space discretization is N = 300.

If we introduce propagation delays (i.e. ¢ > 0), we expect changes in the
bifurcation diagram. We know from proposition 4.5.9 that if the nonlinear gain
is too small, oscillations are impossible. Hence, we expect a strong dependency
of the Hopf curves on the nonlinear gain. This is shown in figures 6.3 and 6.4

D10 7 T
-/

D

10

o -4 M ®w s o > N ®©  ©

o = M @ & O N ® ©

0 1 2 3 4 5 6 7 8 9 10

o
N
w
IS
3
o
~
©
©
=

Figure 6.3: Plot of the Hopf curves in the (¢, D) plane for s;0 = 0.5 (left) and
sio = 1 (right). The different Hopf curves are labelled with the corresponding
Fourier mode. The grey part is where the stationary state V/ = 0 is asymptotically
stable.

where s;0 = 0.5 in the left panel and s;o = 1 in the right panel. There are three
interesting features that come out of these figures:

1. No Hopf curve crosses the c-axis for s;jo < 2: it is impossible to produce
oscillations with only propagation delays in this network. This is shown up

2for a different varying parameter.
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to s10 < 1.3, but further numerical investigations have led to this conclusion
(data not shown). For sjo > 2, the Hopf curve for the 0-mode crosses the c-
axis, more Hopf curves do this as ¢ is increased. We could not find a criterion
to predict when a Hopf curve crosses the c-axis.

2. The accumulation of the Hopf curves around ¢ ~ 10 (see figure 6.4 Left): for
small changes in the constant delays, a lot of eigenvalues cross the imaginary
axis. Very sophisticated dynamics should happen in this parameter region.

3. The number of intersections between Hopf curves, shown with black dots (in
particular in figure 6.4 Left). These intersection points are Hopf-Hopf bifur-
cation points where the dynamics can lead to complicated behaviours (see
[Guckenheimer 1983, Kuznetsov 1998]). We have not studied these bifurca-
tion points in detail.

Hopf-Hopf-Hopf

Figure 6.4: Left: plot of the Hopf curves in the (¢, D) plane for s;o0 = 1.3. Right:
plot of the Hopf surfaces in the (¢, D, o) space for a particular region which is shown
in the 2D bifurcation plot. The Hopf-Hopf curves, intersection of two Hopf surfaces
are shown in red. Finally, two Hopf-Hopf curves intersect at a Hopf-Hopf-Hopf
bifurcation point.

Let us go back to figure 6.3 where we have plotted the Hopf curves for sjo =
1; the grey part is the parameter region where the stationary solution VI = 0
is asymptotically stable. For small propagation delays ¢ ~ 0, by increasing the
constant delay D, it is the 1-mode that first bifurcates and we find solutions like
those shown in figure 6.2. For larger values of ¢, it is the 0-mode that first bifurcates,
hence giving a non-equivariant hopf bifurcation; a plot of the oscillatory uniform
solution is shown in figure 6.9 Right. Thus, we find the rather surprising fact
that even if the connectivity does not have a sufficiently negative eigenmode (i.e.
siodo = —1), Hopf bifurcations may still appear due to the intricate interaction
between the connectivity and the propagation delay functions. Hopf bifurcation can
also happen in modes that are not present in the connectivity as shown in figure 6.4:
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for example there is a Hopf curve in the 2-mode whereas the connectivity has no
2-mode. We have not been able to find a simple criterion to predict the appearance
of an oscillatory solution as we did for constant delays in section 4.4.1.1.

Let us say a few words about the Hopf-Hopf bifurcation points: based on the
normal form study in section 5.2.2.4, we have looked at the Hopf-Hopf bifurcation
point (the one with the smallest ¢) between the 0-mode and the 1-mode under
the non-resonant assumption :’—2 ¢ Q. We have computed the phase diagram of
the reduced amplitude equations (5.21) for s;o0 = 1 and for sj0 = 1.3 as listed
in [Guckenheimer 1983, Chapter 7.5] when the threshold h is varied. If h is close
to zero, then the phase diagram of (5.21) is Ib (with time reversal as shown in
figure 5.4). In all cases, the mixed-mode solution is unstable and the two-torus
does not appear: no new behaviour emerges and the dynamics is that of the Hopf
bifurcation. In order to look for 3-torus and other solutions, it would be necessary
to study the full 3D system as opposed to (5.21). This is the subject of future work.

Remark 28.In the computation of the Hopf-Hopf bifurcation points, we have
looked at a rational approximation % of Z—Z with smallest sum r + s. We always
found a sum r + s strictly greater than 5 which suggests that the bifurcations Hopf-
Hopf belong to the weakly resonant case (see [Haragus 2010, Chapter I111.4.5]).

Finally, for (¢, D, s10) ~ (8.06,0.6,1.412), we find an intersection between three
Hopf curves in the Fourier modes 0,1,3. It is difficult to see this interaction in
the 2D bifurcation planes. This is why we show in figure 6.4 Right a selected
region of the 3D parameter space (¢, D, o) with the plot of the Hopf surfaces®. This
intersection is a Hopf-Hopf-Hopf bifurcation point which we have not studied.

6.1.2 Mexican-hat connectivity

This is the case where J(z) = (—1 4 J; cos(2z)) 2.

As explained before, the Mexican-hat connectivity is often used to produce
stationary solutions through a static bifurcation. We want to look at the possible
intersection of the Pitchfork line with a Hopf curve. We write the connectivity
J(x) = (Jo+ Jicos(2x)) 2 with Jy = —1 and J; € (1,2) in order to generate locally
excitatory connections. It follows that there is a Pitchfork line op = ﬁ which
is shown in the bifurcation diagram in figure 6.5 Left labelled as (P). Two time-
evolutions are also shown in figure 6.5 Right in the neighbourhood of the Pitchfork
bifurcation. The x-axis of the bifurcation diagram in figure 6.5 Left is ¢: we will
see that the diagram stays qualitatively the same if we use the constant delays D
instead.

Let us first consider the case of constant delays ¢ = 0. We know from propo-
sition 4.4.4 that there is only one Hopf curve (for the Fourier mode n = 0) in
the plane (o, D), its analytical expression was also given. Recall that a necessary
and sufficient condition for the existence of a critical delay Dy is 2s10Jy < —1 i.e.
o> ﬁ: the Hopf curve intersects the Pitchfork curve at the Fold-Hopf bifurcation

3given by proposition 4.4.5.
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Figure 6.5: Left : bifurcation diagram in the plane (¢,o0), P is the Pitchfork line,
H is the Hopf curve. Right : Time evolution corresponding to the points labelled
1 and 2 in the bifurcation diagram on the left. We used J; = 1.5.

point if 2'%' > 1. This Hopf bifurcation cannot generate travelling waves or stand-
ing waves because it happens in the 0-mode?. This is also true at the Fold-Hopf
bifurcation point as we will see below.

We plot in figure 6.6 the coefficients of the Fold-Hopf normal form® as function

of (Ji,h) in (recall that h is the threshold). The phase diagram is characterized
in [Guckenheimer 1983, Chapter 7.5, page 401]. We are particularly interested in
the appearance of the quasi-periodic solution described in section 5.2.2.3 because
it is a striking behaviour compared to the dynamics produced by the Hopf bifurca-
tion. Recall that this solution produces an invariant two-torus and its existence is
conditioned by the conditions A > 0,b1%(c2) < 0. We plot the sign of A as func-
tion of (J1,h) in figure 6.6 Left, we also found that b;R(c2) > 0 for all parameters
h,Ji € [0, 2] and this indicates that the doubly periodic solution does not exist in
our network.
The interesting solution, which does not appear in the other bifurcations discussed
so far, is the Mixed-Mode solution (associated to the point Opp in section 5.2.2.3).
This solution is a superposition of the static bifurcated state and the oscillatory solu-
tion: V(x,t) = vy cos(2x)+vg cos(wrpt), for some v1,ve. The Mixed-Mode solution
exists when A # 0. More precisely, we find that in the region where A > 0 (resp.
A < 0), the system has the phase diagram Ia (resp. Ib) in [Guckenheimer 1983,
Chapter 7.5], modulo a time reversal®. It is then straightforward to select parame-
ters and see the Mixed-Mode solution, shown in figure 6.6.

For J; > 1, i.e. in the Mexican-hat case, the solution is found to be unsta-
ble. Thanks to the computation of the normal form, we numerically observe this
(unstable) solution, see figure 6.6 Right.

4it has no spatial structure whereas this is required in order to “see” waves
Sthey are given in section 5.2.2.3.
5Tt is shown that the diagrams Ia and Ib are very similar.
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Figure 6.6: Left: Sign of A as a function of (Ji,h). Green means positive. Right:
example of a (unstable) Mixed-Mode solution for J; = 1.5,h = 1,0 — opy =~
0.0127,D — Drp =~ —0.0027, N = 200.

The other interesting feature of the phase diagram for J; > 1 is the bi-stability
between the stationary solution vicos(2x) and the oscillating solution vacos(wpgt),
which are both stable for particular values of the couple (o, D), as shown in fig-
ure 5.4 Red. The cortical state V' can switch from a stationary state to an oscillatory
state (and vice-versa) upon application of the correct external stimulation I..;.

To sum up, the bifurcation portrait is composed of a Pitchfork line, a Hopf
curve in the 0—mode and a Fold-Hopf point. The phase diagram is the same for all
J1 > 1,-2 < h <2, it is the one of figure 5.4.

Figure 6.7: Left: Fold-Hopf bifurcation surface in the parameter space (¢, D, Jp).
Right: plot of cpy (blue) and wpy (red) as function of J; where D = 0, i.e. the
case of purely propagation delays.

We now consider the case of propagation delays. We want to know if the
previous instabilities remain and what are the critical values of the constant de-
lays/propagation delays. Using the proposition 4.4.5, we compute the Hopf curves
in the parameter plane (D, ¢) for each Fourier coefficient .J; (not shown). It appears
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that for ¢ < 10, only the Hopf curve in the 0-mode appears, which is very similar
to the case of purely constant delays, i.e. ¢ = 0. Note that unlike the previous case
of the inverted Mezican-hat, we can destabilize the equilibrium V7 = 0 with purely
propagation delays (see figure 6.7 Right). We also find that the Hopf curve and the
Pitchfork line intersect in a Fold-Hopf bifurcation point for all J; € [1, 2). Hence
we have computed the Fold-Hopf surface in the space (¢, D, Ji), see figure 6.7 Right.
Using the normal form given in section 5.2.2.3, we can compute the phase diagram
7 of the Fold-Hopf bifurcation point in the space (¢, D, J;) for different thresholds
h € [—2, 2]. We find that it is the same as for constant delays, i.e. Ib (see figure 5.4).
Hence compared with the constant delay case, no new behaviour appears.

To conclude, for the Mexican-hat connectivity considered in this section, the
bifurcation diagram is quite simple: there is a Pitchfork line and a Hopf curve in
the mode n = 0. When these two curves intersect at a Fold-Hopf point, it can
produce two different phase diagrams that have been completely characterized (see
figure 5.4). In particular, we found that the doubly periodic solution cannot occur
and that bi-stability between an oscillatory solution and a stationary solution exists
in a limited region of the parameter space.

6.2 Numerical evaluation of the bounds in section 4.5.4

We consider the connectivity function J(z) = (=1 + 1.5cos(2z))2 in (5.12). The
bifurcation diagram with respect to the parameters (c,o) is shown in figure 6.8.
It is computed in section 6.1.2. The two bounds derived in section 4.5.4 are also
shown, they are labelled Bound. 1 and Bound. 2. The delay-dependent bound
is computed using the fact that J = DS(0)J = s1J is self-adjoint. Under the
Pitchfork bifurcation curve, labelled (P), and the Hopf bifurcation curve, labelled
(H), the stationary state V/ = 0 is stable. This region of stability is larger than
the one delimited by the two bounds, shown in grey in figure 6.8. Hence, it is found
that the bounds are very conservative.

The first bound gives the minimal velocity 1/c below which the stationary state
might be unstable, in this case, even for smaller speed, the state is stable as long as
(c,0) is below the bifurcation curves. Notice that in the parameter domain defined
by the two curves labelled Bound.1. and Bound.2. in figure 6.8, the dynamic is
very simple: it is characterized by a unique and asymptotically stable stationary
state, VI = 0.

In figure 6.9, we show the dynamics for different parameters corresponding to
the points labelled 1, 2 and 3 in figure 6.8 for a random (in space) and constant
(in time) initial condition ¢. When the parameter values are below the curves (P)
and (H), the dynamics converges to the stable stationary state VI =0. Along the
Pitchfork line labelled (P) in figure 6.8, there is a static bifurcation leading to the
birth of new stable stationary states, this is shown in the middle part of figure 6.9.
The Hopf curve labelled (H) in figure 6.8 indicates the transition to oscillatory

"recall that it does only depend on the nonlinear terms.
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Figure 6.8: Plot of the CVs in the plane (¢, o), the line labelled (P) is the pitchfork
line, the line labelled (H) is the Hopf curve. The two bounds of proposition 4.5.9 are
also shown. Parameters are: Ly = Id, J(z) = s1(—1+1.5cos(22))2,8 = 1, 51 = 1.
The labels 1, 2, 3, indicate approximate positions in the parameter space (c,o) at
which the trajectories shown in Figure 6.9 are computed. The grey region is the
stability region of V/ = 0 given by the bounds 1 and 2.

behaviours as one can see in the right-hand part of figure 6.9.

These numerical simulations reveal that the Lyapunov function derived in
[Enculescu 2007] is likely to be incorrect. Indeed, if such a function existed, as
its value decreases along trajectories, it must be constant on any periodic orbit
which is not possible. However the third plot in figure 6.9 strongly suggests that
we have found an oscillatory trajectory produced by a Hopf bifurcation (this is
proved in section 6.1.2): this oscillatory trajectory converges to a periodic orbit
which contradicts the existence of a Lyapunov functional such as the one proposed
in [Enculescu 2007] .

Let us comment on the tightness of the delay-dependent bound: as shown in
proposition 4.5.7, this bound involves the maximum delay value 7,,, and the norm

J

— , hence the specific shape of the delay function, i.e. 7(r,r) =

L2(Q2 RrxP)
c|lr —rl|5, is not completely taken into account in the bound. We can imagine
J
B

many different delay functions with the same values for 7, and

L2(Q2,RPXP)
that will cause possibly large changes to the dynamical portrait. For example,

in the previous example, the singularity ¢ = o, corresponding to the fact that
0 € ¥,(A), is independent of the details of the shape of the delay function: how-
ever for specific delay functions, the multiplicity of this eigenvalue could change as in
the Bogdanov-Takens bifurcation which involves changes in the dynamical portrait
compared to the Pitchfork bifurcation. Similarly, an additional purely imaginary
eigenvalue could emerge (as for ¢ ~ 2.5 in the numerical example) leading to a
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Figure 6.9: Plot of the solution of (5.12) for different parameters corresponding to

the points shown as 1, 2 and 3 in the right-hand part of figure 6.8 for a random

(in space) and constant (in time) initial condition, see text. The horizontal axis
™

corresponds to space, the range is (—5, 5). The vertical axis represents time.

Fold-Hopf bifurcation. These instabilities depend on the expression of the delay
function (and the connectivity function as well). These reasons “explain” why the
bound in proposition 4.5.7 is not very tight.

6.3 Conclusion

In this chapter, we have applied the tools developed in part I1I to a simple 1D neural
fields model with homogeneous connectivity and periodic boundary conditions. This
choice of application is motivated by the fact that the eigenvectors of the operator
A are analytically known. Hence, we can compute the normal forms analytically
and look at the dependency of the dynamics on the different parameters. We will
do the same for 2D a neural fields model in chapter 11 although we will not study
in detail the normal forms.

Unsurprisingly, the bounds computed in section 6.2 are very conservative but
compared to the whole bifurcation study, they are much faster to compute. They
should be used in a first attempt to understand a delayed neural fields model, in
order to evaluate the importance of the delays in the model.

Despite the simplicity of the models we chose to study as an application of the
normal form theory, we found interesting bifurcation diagrams, especially for the
inverted Mexican hat connectivity. The bifurcations we have studied, in particular
the codim 2 Fold-Hopf and Hopf-Hopf bifurcations, did not produce sophisticated
dynamics. This is to be expected because we have only considered mode interactions
between the trivial 0—mode and another mode. Much more sophisticated dynamics
is expected for a mode interaction between two non constant modes. In particular,
it could be interesting to study more thoroughly the Hopf-Hopf bifurcation point,
the codim 3 bifurcation Hopf-Hopf-Hopf and see if this codim 3 bifurcation appears
generically for more general connectivities.

As a conclusion, this chapter calls for several extensions. For example, we have
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started to study the “simple” case of n : 0-Hopf/Hopf mode interaction, i.e. when
the Hopf mode is zero. A more detailed analysis of this bifurcation point is needed.
The more general n : p-Hopf/Hopf mode interaction occurs in the bifurcation di-
agram (see figure 6.4) of the inverted Mexican-hat connectivity, it has not been
considered in this chapter. Note that the complete study of these Hopf/Hopf mode
interactions would require an entire chapter. This is the subject of future work.
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This chapter is devoted to the study of a recent model [Deco 2010] by Deco et
al. of the long-range apparent motion percept. We are able to describe with closed
form formulas, the impact of all the parameters in the model whereas the authors
in [Deco 2010] had to rely on numerical simulations. In order to achieve this, we
use the tools developed in chapter 5. We also show how to incorporate intracortical
propagation delays and give the relationship between the apparent speed and the
contrast of the stimulus. This model is a good example of the application of all the
tools developed in this Thesis.

7.1 Introduction

Apparent motion (AM) is the illusory perception of real motion created when two
spatially distinct stationary visual objects are presented in alternating sequence.
It has been used for a long time by the movies maker companies and this percep-
tion has been known for more than a century (see [Exner 1875, Wertheimer 1912,
Adelson 1985]). There are two kind of AMs:

e the short-range apparent motion where the distance between the two consec-
utive objects is less than two degrees of visual angle,

e the long-range apparent motion where the distance between the two con-
secutive objects is larger than two degrees of visual angle (see [Kolers 1964,
Newsome 1986, Series 2002b, Fregnac 2010]).
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The long-range AM is present even when stimulus locations are separated by dis-
tances that are many times the size of receptive fields of direction selective neurons
in V1. Also, V1 is activated in locations that are not directly stimulated by the
individual stimuli but correspond to locations on the perceived illusory motion path
(see for example [Muckli 2002]). Therefore, communications between V1 and high
order visual areas, like MT, are expected for the perception of long-range AM (see
[Newsome 1986, Merchant 2004, Zhuo 2003, Hupé 2001]).

In [Deco 2010], based on experiments made in the anaesthetized ferret (see
[Roland 2006, Ahmed 2008]), the authors describe a possible mechanism for long-
range AM. An elicited activity in area 17/18, similar to the V1 area in macaques,
is sent through divergent feedforward connections! to the high order area 19/21,
similar to the MT area in macaques, where the cortical activity spreads in space.
Upon application of the second stimulus, a short-range AM activity is induced in
the area 19/21 which is sent to 17/18 by the divergent feedback connections. Note
that the loop 17/18—19/21—17/18 is fast and the activity in the area 17/18 can
travel faster though this loop than by intra-cortical connections alone. The model
in [Deco 2010] is simple in that it does not have a lot of parameters. The main
idea is to design a network slow enough to sustain a cortical activity during the
inter-stimulus interval such that this long lasting activity interacts with the affer-
ent input corresponding to the second stimulus. As we will see in section 7.3, this
is achieved by bringing the network close to a static bifurcation.

We start by recalling the model of [Deco 2010] in section 7.2. Then we explain
in section 7.3 how to tune correctly the parameters to make the model work. This
study is made analytically, unlike [Deco 2010]. In section 7.4, we show the effect
of the different parameters on the properties of the long-range AM. In particular,
we show how the inter-cortical communication delays impact the AM. Then, in
section 7.5, we extend the model by incorporating intra-cortical propagation delays
and we study analytically their effects. In section 7.6, we show that the delays
cannot produce time oscillations: this is necessary to check in view of the results
of chapter 4. Finally, in section 7.7, we give the relationship between the apparent
speed and the contrast of the two stimulations.

7.2 Neural field model

We study the dynamical interactions of the visual area 17/18 and 19/21 bor-
ders. We suppose that each cortical area is spread over one-dimensional cortices
M7/18,Q19/21, hence we assume that 17,15, 19/21 = [~7,7]. We also assume,
to make the computations easier, that there are periodic conditions in each corti-
cal part y7,18,{219/21. We work in cortical coordinates, hence a distance of 1 in
217,18 corresponds to a distance of 1 in {219/9;. The use of neural field equations is
motivated by their restricted number of parameters. We index by 1 the quantities
related to €217/18, by 2 the quantities related to €219/, and write the following ac-

Lwhich are retinotopically organized
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tivity based model. In the case considered here, the external input is time constant
and the two populations share the same intrinsic time constant 7. Hence, the ac-
tivity and voltage based models are equivalent. We chose the activity based model
to stick with [Deco 2010] even if this choice is arbitrary (but see at the end of the
conclusion).

rAZED 4 AW @t =S| [ IO - y)AD (y, 1)y
Y [ WO (@ —y) A (y,1 = m)dy + 1)

G 1 AO@) = S| [ T (@ y) Ay, t)dy

™
+ [ WO =y AW (gt = m)dy).

(7.1)
The intra cortical connections J1), J3) in each area are locally excitatory and
laterally inhibitory. Even if this in not in agreement with the biology, it is an
assumption that avoid the use of excitatory/inhibitory populations in each area
thereby doubling the number of equations and of parameters (see section 2.3). We
also assume, as in [Deco 2010], that the spread of the intra-cortical connections in
19/21 is two times the value of the spread of the intra-cortical connections in 17/18.
The feedforward connections W) from 17/18 to 19/21 are excitatory, the same is
assumed for the feedback connections fPW® from 19/21 to 17/18. In order to
further simplify the model, we assume that W) = W®);

=]

JW(z) =5 (—Jo+ Jae M1 ),

_l=l
J(Q)(il:) = % —JO + J2€ Ag s )\2 = 2)\1 (72)

(2)

Figure 7.1: The network architecture. The two interacting fields are indicated by the
ellipses. The feedforward connections are plotted in red, the feedback connections
are in green. The intra-cortical connectivities J), J(2) are also shown in the right
part of the figure.
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We take, as in [Deco 2010], a delay of 71 = 4ms for the feedforward connections
and a delay of 7 = 8ms for the feedback connections. The time constant of each
population is assumed to be 7 = 10ms. Finally, only the area 17/19 border receives
an external input from the LGN. Hence, the area 19/21 only sees the stimulation
through the area 17/18. The external input is

Iezt(x) = <1 - B + ﬁe_ (x_30)2> (73)

where ¢ is the contrast, § is the anisotropy, u is the spread of the sensorial input
and xq is the position at which the external stimulus is presented.

The transfer function is S(z) = 5 +e—1ﬂ 5
and h is the threshold. Compared to the choice of a semi-linear function as in
[Deco 2010], our choice has the advantage of the regularity which allows the use of

normal form theory. In our case, there is the disadvantage that S(z) < 0if x < 0

-7 —&-leh where ¢ is the nonlinear gain

but note that it does not reduce the generality of our study as we are looking for a
mechanism and not for precise values of the membrane potentials A1), A®). Hence,
the network has the trivial stationary solution (A1), A®)) = (0,0).

Remark 29.The numerical applications use the following set of parameters Ao =
20 = 0.6, « = 04, 71 = 4ms, 7 = 8ms, T = 10ms,Jy = 0.2, Jp = 0.9, f* =
0.16, 8 =0, A =0.192.

7.3 Parameter tuning

Let us recall the experimental setup. A stimulus is presented at position x; which
elicits a stationary cortical response. Then, the stimulation is switched off for an
inter-stimulus interval At (of the order of several 100ms) after which a stimulus is
presented at position xz3. The apparent motion comes from the interaction of the
cortical activity at time t = At with the new incoming stimulation at position xo
(see also [Jancke 2004, Bringuier 1999] for a similar argument in the cat and the
macaque). Hence, during the interval At, the cortical activity must not return to
the trivial resting state. This suggests that the network has slow dynamics, indeed
the inter-stimulus interval At is much larger than the intrinsic decay time 7 of the
populations At >> 7. As a consequence, the trivial state must be slow to reach
and thus, the Jacobian of (7.1) at the trivial state should be close to singular, i.e.
have a zero eigenvalue. We conclude that the network must be working at the edge
of a static bifurcation.

We look for the (bifurcation) curves? in the plane (Ja, f°) where the trivial
stationary state produces a static bifurcation. Finding these curves with the com-
munication delays 7i, 7 is not an easy task®. Hence, we start by assuming that
these delays are null 71 = 7 = 0. We will see in the next section 7.4 the impact,

2there are many of them.
3at least analytically.
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on the network behaviour, of the introduction of communication delays. The com-
putation of the bifurcation curves is done in appendix D. The result is that these
curves are parabolas noted P,. They are plotted in figure 7.2.

0.006

0.005 -

0.001 |

0 005 X 0.15 02 025

Figure 7.2: plot of the bifurcation curves P, given in appendix D. The grey region
is the working range of the model where it produces AM . The intersection between
the first parabola P; and the J-axis is marked with a black dot. S’(0) > 0 is the
derivative of the nonlinear function S at 0.

For parameters (Jo, fb) that lie above one of the parabolas P, the network pro-
duces non-trivial spontaneous activity (i.e. when the contrast € of the external input
equal to zero e = 0). This is not the working range of the model because no spon-
taneous activity is seen in the experimental data (see [Deco 2010, Ahmed 2008]).
Hence, the parameters must be adjusted such that (Jy, f°) lies just under the first
parabola which is written P in figure 7.2. The grey region in figure 7.2 is the
working range of the network. Notice that there is a small region near the black
dot where the AM could be produced by the network without feedback f° = 0 from
the area 19/21.

7.4 Effect of communication delays and feedback

Let us start with the discussion about the feedback. From the expression of the
eigenvalues given in appendix D, it can be shown that a decrease of the feedback
to zero increases the speed of the dynamics (except at the parameter point marked
by a black dot in figure 7.2), the model cannot produce the AM anymore because
it is too fast.

We have designed the model to work near a Pitchfork bifurcation? because the
network is slow in this case. If we add small communication delays, we have shown

“in effect, a O(2)-Pitchfork bifurcation
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in 5.2.2.1 that this amounts to rescale time near a Pitchfork bifurcation:

t— ! : (7.4)
1+ S’(O)Wl(beg + T1)

where S/(0) > 0 is the derivative of the nonlinear function S at 0 and W; ~ 1f;2 =
47 (see appendix D). This time rescaling slows down the dynamics when adding

the delays. Indeed, the convergence to the zero stationary states is proportional
By, +1

to e S OWi(FPr2+m) | for some positive coefficient® B1,+ > 0, instead of e P+t if
we remove the delays, the dynamics are too fast to produce AM. Also, note that
we can compensate small delays 7; by strong feedback f® in the previous formula
(7.4). The simple formula (7.4) has the advantage, over numerical computation,
to give the precise relationship between the dynamics and all the parameters. In
particular, the precise value of f°, 71,7 is irrelevant, what matters is the quantity

beQ —+ 71.

7.5 Effect of the intra-cortical propagation delays

If we consider intra-cortical propagation delays in each area, we can also use the
result in section 7.4 to find the time rescaling near the Pitchfork bifurcation. The

propagation delays are modelled by changing in (7.1) [ JM(z —y) AN (y, t)dy to

J IO (@ =) ANy, t = Hfr—y[)dy and [ @) (@ —y) AP (y,t)dy to [ JO)(z—
y)A® (y,t — ——|2z — y|)dy. Hence, we assume that the propagation speed Upropa

Upropa
is the same in each area. Then, we find that the time rescaling is now given by:

—T

. t (7.5)

1+ S"(0) Wi (fors + 1) + §(0) ZATLR2)

Upropa

where D()\) is a function of A which is given in appendix D. It is positive for
A1, A2 < 1, hence the intra-cortical propagation delays favour production of the
AM.

7.6 Study of oscillatory patterns

It is known that delays can produce time-oscillations® (see for example Part III).
It is an unsatisfactory behaviour in the present model because it is not seen in
the experiments. Hence, we investigate whether it is possible to produce time-
oscillations by increasing the constant delays 7; or by changing the intra-cortical
propagation speed vprope. There are basically two mechanisms to produce these

Sgiven in appendix D. It is the largest eigenvalue of the linearised equations around V = 0.
5Not considered in [Deco 2010].
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oscillations with delays near bifurcations: by the Bogdanov-Takens bifurcation or
by the Hopf bifurcation.

From lemma 4.6.4, we see that the model cannot produce the Bogdanov-Takens
bifurcation because S’(0)Wi(fory + 71) + S’(O)W > 0.

The case of the Hopf bifurcation is investigated in f;ppendix D. The result is that
a Hopf bifurcation is possible strictly above the parabola P; in the parameter plane
(J2, f?). Hence, under the working assumption of the model, no time-oscillations
patterns can be produced with the inter-cortical delays (71, 72). We have not com-
puted the Hopf bifurcation curves produced by the intra-cortical propagation delays
in order to keep the present study short. It should be noted that the analytical for-
mula in proposition 4.4.5 only applies when the two constant delays 7; are zeros:
71 =719 = 0.

7.7 Study of the apparent speed/contrast relationship

Close to the bifurcation point where the model is working, we can predict cortical
responses to stimuli. It is shown in appendix D that if the cortical response is
modeled by AW (z,t) = A(z — wot) for some function A peaked around 0, then we
can estimate the speed wy. This is done in the case where the contrast £ is small.

e
(1+ S (0O)Wy(fbra +11))

Hence, an increase of the contrast € gives an increase of the apparent motion veloc-

The result is

wWo X

ity. The same is true for a decrease of the delays ;. Note that the above formula
is valid for e << 1.

7.8 Conclusion

In this chapter, we have studied analytically the model of Deco et al. of long-range
AM. There are two main assumptions in this model:

e two areas 17/18 and 19/21 with divergent inter-connections are necessary for
the perception of the long-range apparent motion,

e the network works near a static bifurcation.

The first assumption tells what is necessary for the model to reproduce the AM
while the second hypothesis tells where (in the parameter domain) the model can
produce the AM. The second assumption is necessary for the network to sustain
a localized activity during the inter-stimulus interval which can interact with the
upcoming afferent input from the second stimulus. The second assumption has very
strong implications but we think that its major consequence lies in the normal form
theory (see part III). Any system of ordinary differential equations, or model, with
or without delays, which works close to a static bifurcation such as the one we have
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studied here, can be simplified into two polynomials equations of degree three (see
appendix D). For example, we could consider two excitatory /inhibitory populations
in each cortical area in order to use more realistic connectivities than the one of
the model, it would still produce the same system of two polynomials equations of
degree three. This is apparent for example in (7.4), where we can compensate a
decrease of a parameter by the increase of another one. In a way, the model is still
over-parametrized.

This model can certainly be further generalized in at least three directions. The
first is to apply the model to the macaque by using the specific (to macaques)
parameters that we can infer from [Albright 1987].

The second is to incorporate the contrast saturation mechanism (see
[Stetter 2000, Stetter 2002]). When the contrast of the stimulus is increased, the
response of the network saturates. It is a property of the population and not of
the neuron’. Therefore, it is not explained by the fact that the nonlinear transfer
function S is bounded. Rather, it should come from the different properties of
excitatory/inhibitory populations. At small contrasts, only the excitatory neurons
are recruited whereas at high contrasts, the inhibitory neurons are recruited, which
damps the overall network response. The primary visual cortex is known to exhibit
contrast saturation. Hence, it would be interesting to make the Deco model account
for contrast saturation.

Finally, the third extension is to change the form of the feedforward/feedback
expressions. Indeed, it is implied by [Hupé 1998], that the feedback connections are
only modulatory and that they modulate the firing rate of the targeted neurons,
i.e. the response above threshold of the neurons. Hence, we would have to consider
a feedback of the form [W®(z — y)(C + AP (y,t — 11))AD (y,t)dy. Another
choice of interaction amounts to modulate the afferent input from the LGN as
in Ig:(1+ CA®(y,t — 7)) (see [Bayerl 2004, Sillito 2006]). In any case, these
simple models are meant to give a hint of the working range and to express basic
principles such as working close to a static bifurcation. We strongly believe that the
tools developed in the two previous parts can help to further simplify their study.

"The characteristics of the neurons of a given population appears in the sigmoidal transfer
function.
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CHAPTER 8

General Introduction

We arrive at the last part of the Thesis, the one concerned with the models. We
wish to apply the tools developed in the two previous parts to rate models with an
emphasis on biology. As a consequence, the style of writing changes: the mathemat-
ics are less detailed, the technical parts are put in appendix or referenced from the
other chapters. The goal of this part is to use the mathematics we have developed
to make predictions. In effect, we want to explore the biological implications of
some parameter sets for the neural fields model. In particular, we will study three
neural fields models that operate near a Pitchfork bifurcation. Note that we have
already analysed this idea in section 3.5 and in chapter 7.

8.1 The mechanism of Ben-Yishai et al.

We focus essentially on the study of orientation selectivity, especially the property
that the tuning width of V1 simple cells in cats is contrast invariant. We have
already discussed in chapter 1 the two classes of models that have been developed
to account for this property. Here, we analyse the class of recurrent models, i.e.
the one that assumes that the LGN input provides a weakly tuned signal to the
cortex. This signal is sharpened by recurrent intra-cortical connections. To be a
bit more specific, let us consider a neural field model over a two-dimensional cortex
(see chapter 2):

T%V(X,t) C V() + /Q T, y)S [0V (y. Dl dy + eLs(x,8)  (8.1)

where V(x,t) is the membrane potential a location x at time ¢, 7 is the intrinsic
time constant of the neuronal population, J(x,y) are the intra-cortical connections,
S is the firing rate transfer function, o is the nonlinear gain, elc.¢(x) is the LGN
input at location x and ¢ is the contrast of the stimulus'. To agree with biology,
the connectivity is chosen homogeneous in a first approximation, i.e. J(x,y) =
J(x —7y). Note that this implies that we neglect the long-range connections®. As a
consequence, for a space constant input3, there exists a space-constant stationary
membrane potential V' (x) = vy for any set of parameters. Recall that, by definition,
a stationary solution satisfies (see chapter 3 for more properties):

0= —V(x)+ /Q J(,9)S [0V (y)]dy + eLoa () (8.2)

1To be correct, the e constant is related in a monotone way to the stimulus contrast, but we
assume that they are the same to simplify the study.

2but see chapter 11.

3in particular, it is true when there is no input
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where the LGN input is stationary. The constant solution vg is usually called
untuned because it has no particular spatial structure. From now on, we assume that
there is only one population and that the connectivity J is effective (see section 2.3
for an explanation).

Let us assume that 1% ,(x) represents a grating oriented at 6, then the cortical
response V%¢(x) to this stimulus is a stable stationary solution of (8.2). It is not
evident, and in fact it is not true in general, that there exists a unique stationary
cortical response to this stimulus. Hence, at each location x, we have a firing rate
tuning curve (see definition 1.3.1) T'Cx defined as

TCx(0,¢) = S [avava(x)} :

We know from biology that, as a function of the orientation @, the tuning curve is
unimodal, i.e. has a unique maximum for a particular orientation #(x) called the
preferred orientation. Also, the tuning curve width at half-height is independent of
the contrast e. How can this be possible? At this stage, it is very important to note
that the experimental tuning curves at each location x can be well approximated by
S(A + Bcos(6 — b)), 0y being the preferred angle of the simple cell, for some well
chosen coefficients A, B. In the 90s, Ben-Yishai et al. discovered a mechanism (see
[Ben-Yishai 1995]) that we shall describe. The main idea is to set the parameters
such that the model works close to a static bifurcation point as we explain below.
Imagine that for no stimulus, € = 0, the network can spontaneously produce
a tuned stationary activity V/ (x) that is very close to the experimental
tuning curve. The parameters have to be adjusted for this to happen, otherwise
the spontaneous activity is the untuned one vy. Moreover, if the nonlinear gain
is small, the untuned activity is the only stationary solution. We decompose the
tuned spontaneous activity into a constant activity vp and a tuned activity v;(x)
of zero spatial mean:
VI (x) = v + v1(x),

If we require that S [o(vo 4 v1(x))] looks like an experimental tuning curve, we are
faced with the problem that there is no analogue of the stimulus orientation € in the
theoretical tuning curve S [o(vp + v1(x))]. The network must therefore be able to
spontaneously produce a continuum of tuned activities that are labelled for example
by an angle 6, namely V/¢(x). As the orientation is an angle, it means that the set
of spontaneous tuned activities must be homeomorphic to a circle. Now, we can go
back to the tuning width invariance. What happens if we stimulate the network?
In the recurrent models, the LGN input is assumed to be weakly tuned, ¢.e. we can
write
10 (x) = I + 1) (x)

ext

with a small tuned component If“f 7 and where Ouf¢ is the stimulus orientation.

What will be the network response to this stimulus? At small contrasts €, according
to (8.2), the cortical response will be a perturbation of the spontaneous activity,
hence the dependency of the tuning properties of the response on the contrast will
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be small. Also, the cortex will select among its spontaneous responses, the one that
match the best the LGN input, i.e. it will try to select a 6 that is consistent with
0, ff-

This mechanism raises four issues, two being mathematical, and two biological.
The two mathematical questions are 1) can we adjust the parameters in order for
(8.2) to produce tuned spontaneous solutions? and 2) can we make the number
of solutions of (8.2) infinite? From a biological viewpoint, it seems unsatisfactory
for the network to feature a high cortical activity when no inputs is present, it
is a waste of energy. The first biological issue is how can we modify the above
mechanism to remove the spontaneous activity? This will be done in chapter 9
where we show a solution that naturally introduce a perception threshold. This
perception threshold is shared by the three models studied in this part of the Thesis
although it will be only studied in the next chapter 9. The second biological issue
regards the dependency of the tuning width on high contrasts. Again this will be
only thoroughly studied in the next chapter, it is linked to the perception threshold.

It turns out that the second mathematical issue is solved as a consequence
of the connectivity being invariant by a continuous group of symmetries like the
translations or the rotations. Indeed, in this case, any translation (for example) of a
spontaneous tuned activity is also a spontaneous tuned activity. Let us show how to
solve the first mathematical issue using bifurcation theory. We consider the untuned
activity vg solution of (8.2) as a function of the nonlinear gain o (for example). As
we vary the nonlinear gain, tuned solutions may exist for a particular value of the
nonlinear gain og called a (static) bifurcation point (see definition A.0.1). That is,
we can find a curve of solutions parametrized by o 0 — vi (x) which intersects the
curve of untuned solutions, such that VU}; (x) = vo(op), the tuned solution is said
to bifurcate at 0g. How can this be detected? This happens when the linearised
equation (8.3) of (8.1) around the untuned solution vy has non-zero time constant
solutions.

T%U(X, t) = —U(x,t) + 005 [oov(o0)] | J(x,y)U(y,t)dy (8.3)
Q

where S’ is the differential of S. A time constant U(x) solution of (8.3) satisfies

0= —-U(x) + 005" [ogv(09)] /Q J(x,y)U(y)dy (8.4)

written

! /J x,y)U(y)dy (8.5)

005’ [Uov 00)]

which is called an eigenvalue problem. Indeed, if a non-zero (also called non-trivial)
solution exist, it is an eigenvector of the integral operation (think of the right-hand
side as a matrix-vector product between J and U). The eigenvalues \,, n € N, and
eigenvector U, (x) of J can be computed in advance, they satisfy

AU (x) = /Q (%, y)Un(y, t)dy- (2.6)
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The U, are the only possible solutions of (8.3), hence the bifurcation point oy must

solve:
1

005" [oov(og)] An (8.7)
for a particular value of the index n. Note that this equation has usually a finite
number of solutions. We are now very close to solve the first mathematical issue.
Indeed, let us say that we have detected a bifurcation point gg corresponding to
a time constant solution U,,. Then, for a nonlinear gain close to the bifurcation

point og, o = g, the spontaneous stationary solutions of (8.1) for ¢ = 0 are given*

by

f o ’U()(O' 0) fo~xo 0
Vi) = { vo(op) + flo —00)Upy(x) if o> 09 (88)
for a particular function f(o — og) which can be computed. Hence, the tuned
component of the cortical activity is given by f(o — 0¢)Uy,(x). We have identified
the spontaneous activity if the nonlinear gain o is close to og: it is tuned only if
o > 0yp.

What happens if we present a stimulus? The LGN input will affect the sponta-
neous activity only if its tuned component I1(x) looks like® the tuned component
Uy, of the spontaneous activity.

To  summarize, we require the spontaneous tuned  activity
S [oo(vo(oo) + f(o — 00)Uny(x))] to look like the experimental tuning curves.
It implies to find the corresponding eigenvector Uy,,(x) by an educated choice.
This, in turn, sets the bifurcation point oy according to (8.7) and the nonlinear
gain o & 0. Furthermore, the LGN input is assumed to be:

Iemt(x) =1y + IIUnO (X) -+ IQ(X) (89)

with I7, Is small without further assumptions. Hence, the requirement of match-
ing experimental tuning curves through a static bifurcation scenario basically sets
the form of the external input and the connectivity (see chapter 10 for another
derivation). As seen above, the parameters of the tuning curves will have a weak
dependency on the external input contrast.

In the next chapters, we study in detail this mechanism and show that it features
emergent behaviours that were not explicitly incorporated in the design of the
model(s).

8.2 The three models

The Ring Model of orientation tuning is a bit different from the model we have con-
sidered in (8.1) in that it is not a model over the 2D cortex but over the orientation

“Note that other possibilities are possible, i.e. when the bifurcated solution exist for o < o or
also for o =~ o0y.
5To be more precise, they need to have a non-zero scalar product
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domain. More precisely, it assumes that the activity is a function of the orientation
6 and not a function of the cortical position x as in (8.1). Hence, the connectivity is
defined between two orientations #, . Almost no biological evidence supports the
fact that the connectivity is only orientation dependent®. It should be understood
as an effective connectivity as in the case where we suppose that the connectivity is
locally excitatory and laterally inhibitory in contradiction with biological data (see
section 2.3 for a derivation of the effective connectivity in the cortical space). The
Ring Model is a model of hypercolumn (see figure 8.1) which assumes that all the
neurons sharing the same preferred orientation, hence located on a polar ray (black

line), have a similar cortical activity A(6,1).

L2

0 11

Figure 8.1: Representation of a hypercolumn centred on a pinwheel (black dot).
The colour gives the preferred orientation of the cells located on the cortex at the

point x of coordinates (z1, z2) (phase arbitrary): it only depends on the polar angle
6.

Let us show how we can derive a feature dependent, effective, connectivity. We
start with one population V' (x,t) spread over the hypercolumn with an effective
connectivity J(||[x —y||,) as explained in section 2.3. The spontaneous stationary
activity solves:

GV + Vit = [ Tk = y1,)S oV (v )y (8.10)

Next, we introduce the following quantities which are similar to weighted means of
the membrane potential along polar rays:

V(,t) = [yrV(r6,t)dr (8.11)

where x = (rcos,rsinf) = (r,6). As we are working close to the pinwheel located

5More generally, we speak of a feature dependent connectivity when it depends on a feature
like orientation, spatial phases, texture... This type of connectivity is difficult to support from a
biological viewpoint. They are usually assumed to implement Gestalt principles.
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at x = 0, we consider the Taylor expansion of the connectivity”

J(Ix = ylly) = Jo+ 4 Ix — yll3 4+ hot. = Jo+ .11 (r* + 7% = 2r7cos( — 0)) + h.o.t.
(8.12)
where we have used polar coordinates and y = (7,6). Then, we find:

%V(x)—kV(x) — (Jot+r2) /Q 7S [V (7,8, 8)] drdd+ J; /Q 7S [0V (7.0,1)] drdd

— o / 7 cos(0 — 0)S [0V (7, 8)] drdd.
Q

As r — V(r,0) is assumed to be almost constant, we approximate
2 fol 7S [oV (F,0,1)] dF ~ 4 fol S [oV(7,0,t)] dF = S(20V (6,t)) By integrating the

previous equation on polar rays, it gives:

Jo | 1 Jl) S(26V(0,1))d0

d— _
VO, +V(0,t) =7 <2+3+4 B

I

3 cos(8 — 0)S(20V (6,t))df

Finally, by adding the LGN input, we find the equation:

™
%V(a, t)+V(0,t) = / [Jo + Jicos(§ — 0)] S(20V(0,t))d0 + Lcat(0,). (8.13)
—T

where Jy = 7 (% + % + %) L Jp = —%. The external input is chosen according to
(8.9), Lewt(0,t) = e(145 cos(2(0 —bOqyf(t))). We have found an effective connectivity
Jo + J1cos(f — ) in the orientation domain for the weighted mean V: this is the
connectivity used in the Ring Model of a hypercolumn that will be studied in
chapter 9. Note that we can apply the mechanism of Ben-Yishai et al. , described
above, to (8.13) even if it has only one “spatial” dimension whereas we explained
it for a 2D cortex. A variant of (8.13) exists:

™

%z(e,t) +A0,1) =5 [2" (/

—Tr

[Jo + J1cos(f — 0)] A(0,1))dO + Lozt (6, t))} :

(8.14)
it is equivalent to (8.13) if I, is stationary. It can be derived using the same
approximations from an activity based version of (8.10).

The main feature of the Ring Model is the presence of excitatory connections
between similar preferred orientations and inhibitory ones between distinct orien-
tations. Hence, given an orientation map 6(x) like in figure 1.3 Bottom, we can
generalise (8.13) to a network of pinwheels encoded in an orientation map 6(x):

™

%V(x, t)+ V(x,t) = / [Jo + J1cos(8(x) — 6(y))] S(20V (y, t))dy + Leat(x,1).
(8.15)

"h.o.t. means higher order terms.
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This is almost® the Blumenfeld et al. model that we will study in chapter 10, it will
feature many of the Ring-Model properties.

Finally, one may wonder why we should consider (8.13) whereas we know that
an homogeneous connectivity like J(x—y) is more biologically relevant. The reason
is mainly mathematical: the two equations (8.13), (8.15) can be reduced exactly
to three equations in three unknown functions of time, eliminating the variable 6,
see chapter 9. Thus, these low dimensional systems can be thoroughly studied.
Nevertheless, it is not clear that the approximations made at the beginning of this
section work very well. This is why we will consider a more plausible V1 model in
the last chapter 11 of this Thesis and see how the mechanism of section 8.1 applies.
Moreover, this last approach will allow to study the influence of space-dependent
delays, a much more difficult endeavour for (8.15). Finally, we will consider the
long-range connections and how they impact the network behaviours.

8We will see in chapter 10 that the selectivity is also incorporated in the model.






CHAPTER 9

Illusory persistent states in the
Ring Model of visual
orientation selectivity

In this chapter, we study in detail the Ring Model equation (8.13). We investigate
the mechanism explained in the previous chapter and characterize the dependency
of the tuning curves on the different parameters. We consider more general
connectivities than in (8.13) and study how they influence the tuning curves.
Their computation is difficult because equation (8.13) has a lot of symmetries.
Once it is completed, we study how the width of the tuning curves varies with the
contrast. This dependency naturally introduces a perception threshold.
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The Ring Model of orientation tuning is a dynamical model of a hypercolumn of
visual area V1 in the human neocortex. It has been designed to account for the ex-
perimentally observed orientation tuning curves (see definition 1.3.1) by local, i.e.,
cortico-cortical computations. The tuning curves are stationary, i.e. time indepen-
dent, solutions of this dynamical model. One important assumption underlying the
Ring Model is that the LGN input to V1 is weakly tuned to the retinal orientation
and that it is the local computations in V1 that sharpen this tuning. Because the
equations that describe the Ring Model have built-in symmetry properties in the
synaptic weight distribution, the model in effect encodes an infinite number of tun-
ing curves that are arbitrarily translated with respect to each other. By using the
Orbit Space Reduction technique, we rewrite the model equations in canonical form
as functions of polynomials that are invariant by the symmetries. This allows us
to combine equivariant! bifurcation theory with an efficient numerical continuation
method in order to compute the tuning curves of the Ring Model. Surprisingly
some of these tuning curves are not tuned to the stimulus. We interpret them as
neural illusory persistent states and show numerically how they can be induced by
simple dynamical stimuli. These neural illusory persistent states are important bio-
logical predictions of the model. They correspond to a remarkable behaviour of the
model as consequence of its working regime. This behaviour should be observed
in any model with the same working range, in this sense, it is generic. We also
show how our theoretical analysis allows to very simply specify the ranges of all the
model parameters by comparing the model predictions with published experimental
observations.

9.1 Introduction

9.1.1 Chronology

Since the discovery by Hubel and Wiesel [Hubel 1962] of the selective response
of a single neuron to some orientations, a long-standing debate has taken place
about the degree of cortical computation involved in this selectivity compared
to the feedforward selectivity implied by the LGN projections. Cortical models
[Somers 1995, Ben-Yishai 1995, Hansel 1997] have been used to show how this se-
lectivity can be produced in a cortex with center-surround interactions in the orien-
tation domain and to reproduce the interactions between contrast and orientation
selectivity (see [Dean 1981, Sclar 1982, Skottun 1987, Alitto 2004]). In particular,
they were designed so that their predictions agree with the fact that the amplitude
of the tuning curves increases with contrast whereas their width remains constant.

The Ring Model of orientation tuning was introduced by Hansel and Sompolinski
[Hansel 1997] and studied by several other scientists [Shriki 2003, Ermentrout 1998,
Dayan 2001b, Bressloff 2000, Bressloff 2001b], after the seminal work of Ben-Yishai

IThis is defined in section 9.1.4.
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and colleagues [Ben-Yishai 1995], as a model of a hypercolumn in primary visual
cortex. This rate model is a simplification of complex spiking networks models
[Somers 1995, Douglas 1995, Carandini 1997] that were designed to make it easier
to understand the role of several mesoscopic parameters.

9.1.2 Modelling with neural fields equations

The rate model assumes that the local orientation 6 in the receptive fields of the
neurons in the column, is encoded in their activity, or firing rate, noted A(0,t). The
interaction between the neurons is modeled by a function J of the orientation that
represents how the activities corresponding to two different orientations reinforce
or inhibit each other. This function is called the connectivity function of the model.
With this in mind, the dynamics of the firing rate can be represented by the neural
field equations, a slight generalization of (8.14). Note that the orientation domain
spans (—m/2,7/2) and not (—m,7) as the direction domain.

TA@0,t) = —A@0,1)+ S

o ( 72 J(0 — 0)A(0, t))d;é + dmt(e,t))] t>0

—7/2
A(6,0) = Ap(0)
(9.1)
7 defines the intrinsic dynamics of the population and I.,; is the input from the
lateral geniculate nucleus (LGN) to the hypercolumn whose contrast is defined by
the parameter ¢, see figure 9.1. S is the sigmoidal function

1

5@) = T remr

o is a parameter that determines the nonlinear gain of the sigmoid, 7" is a threshold
that, together with o, controls for which value the sigmoid takes the value 1/2.

Remark 30.The convention in the literature is to take o1 for the threshold in-
stead of T. We found it mathematically more convenient to use our scaling, the
scope of the analysis is not reduced because we also vary T as a parameter.

9.1.3 Parametrization of the external input and of the connectivity func-
tion

We have seen in chapter 8 how to build an effective connectivity that only depends
on the angle . As a consequence of our derivation, the effective connectivity is
periodic. From a biological point of vue, it is reasonable to assume that the cortex
processes the different orientations equally: this is translated by the connectivity
function J(6) being m-periodic. Also, in the derivation of the effective connectivity
J(6) in the previous chapter, we used a first order Taylor expansion of J(||r — ||,)
in (8.12). If we had use a better Taylor approximation, it would have introduced
powers of cosines cos(f — #)* which can be transformed in cosines cos(p( — )) for
some integer p. Thus, by using a better approximation than (8.12), it yields an
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Figure 9.1: A simplified view of the visual path from the retina through the LGN
to cortical area V1. The receptive field of the LGN cells feeding the hypercolumn of
orientation of V1 contains a grating of orientation 6y. This grating excites mostly
the LGN cells that share this receptive field and are aligned in the direction 6y; the
tuning is broad, see the curve in the middle part of the figure. These LGN cells
project onto the network of cells in the hypercolumn of orientation of V1 whose
interactions, represented by the Ring Model, result in a sharpening of the tuning
around the grating direction, see the curve in the righthand side of the figure.
The hypercolumn is centered on a pinwheel P and the colour encodes the prefered
orientation of the cells in the nearby columns.

effective connectivity as a sum of cosines cos(p(f — #)). Hence, we assume J is an
even m-periodic function.

Several variants of this model have been studied in the literature, e.g.,
in [Bressloff 2000, Bressloff 2001b] J is a difference of Gaussians while in
[Ben-Yishai 1995] the authors start with a network of excitatory/inhibitory spiking
neurons and derive a mean field approximation of this network yielding a connec-
tivity function J described by:

J(0) = Jo + J1 cos(20) (9.2)

This is obtained by taking the first two Fourier modes of the periodic function J.
The input Iy from the LGN in response to a drifting grating (DG) has a similar
shape

Ieyt(0) =1 — B+ Bcos(2(0 — bayy))- (9.3)

As mentioned above, and as shown in figure 9.1, it is weakly tuned, i.e., maximal,
at 6 = 0, and it is the network, modeled by (9.1), that sharpens this tuning. The
anisotropy [ > 0 is a parameter that adjusts how weak the input is tuned.

Remark 31.Note that the general shape of Iep+ does not matter much. Indeed,
in the following study, we will approzimate J by the truncation of its Fourier ex-
pansion. This naturally produces a PG-kernel (see definition 3.4.2). The network
can then be described, without approzimation for the stationary states, by ordinary
differential equations (see section 3.4.2). In these equations, what only matters is
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the projection of the external input I+ on the cosine modes in the expression for
J. This is why we can assume the shape (9.3) for the input:

N
Teat(0) = T, cos(2kp(6 — baf)). (9.4)
p=0
where N is the number of Fourier modes in the truncation of the Fourier series of

J.

The sigmoid S is often replaced by a Heaviside function, or, as in
[Ben-Yishai 1995, Hansel 1997], by a piecewise linear approximation of the sig-
moid which forbids the use of bifurcation theory because these approximations
are not differentiable. Indeed, we have seen in the previous chapter that we need
to study a linearized equation (8.3) which requires to differentiate the sigmoid. In
[Ermentrout 1998, Dayan 2001b, Bressloff 2000] it is a true sigmoidal function.

The parameter J; is positive, an important property of the network that
is necessary to produce the tuning curves. Jy is most of the time negative
[Ben-Yishai 1995, Dayan 2001b, Bressloff 2000, Bressloff 2001b] but can be posi-
tive as well [Bressloff 2001b]. For example, we find the following values:

Paper Jo | Ji p T
[Dayan 2001b] | —7.3 | 11| 0.1 | 0
[Ben-Yishai 1995] | —7.3 | 11 | 0.164 | 1

Rescaling the values of the parameters by |Jy|, we find:
Paper Jo | JS1 B T
[Dayan 2001b] | —1 | 1.5 | 01 | 0
[Ben-Yishai 1995] | —1 | 1.5 | 0.164 | 0.1

9.1.4 Symmetries of the cortical network

The symmetries of J play a prominent role in our upcoming analysis of the Ring
Model. The reason for this is that, when the contrast ¢ is equal to 0, equation
(9.1), is equivariant (see [Golubitsky 1984, Chossat 2000, Haragus 2010] and defi-
nition A.0.2), i.e. it has some nice properties with respect to the action of a certain
group that we proceed to describe.

Let us consider the group of translations of R modulo 27. An element T,
v € [0, 27) of this group? acts on the orientation 6 by T - § = v/2 + 0 and on the
activity function A(6,t) by T, - A(6,t) = A(vy/2 + 6,t). Similarly, we consider the
reflection, noted R, such that R -6 = —@ and therefore R - A(0,t) = A(—0,t). G is
the group generated by the T, v € [0, 27) and R: G = (T, R). Observe that the
elements of G further satisfy the following relations:

Tyl = Tyt RT, = T_,R forall ~i,y,v€R/2nZ
To = Id R? = Id

2y € [0, 27] because 27 is equivalent to 0
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the group G is, in effect, isomorphic to O(2), the group of two-dimensional orthog-
onal transformations [Haragus 2010, Chapter 1].

Let us examine how this group acts on the equation (9.1). We can abstractly
rewrite equation (9.1) as F(A) = 0, where

/2 _
F(A) = TA(0,1) + A0, t) — S 0< / J(6 — 6)A(8, t))% + dext(e,t))
—/2

In the case when there is no stimulus (¢ = 0), it is useful to note that F commutes
with T, because J is periodic and that / commutes with R because J is even. This
reads 3

whene =0, F(g-A)=g-F(A), Vge G

These two fundamental properties of the connectivity are directly translated
into properties of the network. The fundamental consequence is that, because of
these symmetries, the network is ready to process the different grating orientations
equally.

We say that the model is G-equivariant when ¢ = 0 (see definition A.0.2).
We will see in the next chapter what happens if the connectivity does not possess
these symmetries.

What happens when there is a stimulus, i.e. when € > 07 We already know
the integral term in F is G-equivariant. Hence the equivariance of F when € > 0
amounts* to the invariance of g - Izt = I.n:. What are the elements of G which
leave Iz invariant? The only possible invariance comes from I, in (9.4) being an
even function of 6 — 0,¢s. It yields the invariance by the reflexion around the axis
0 = 0,57. Hence, if we define this reflexion by

R =Ty, BT 20

aff?
we find® that

R- Iezt = lext-

Hence, when the input is switched on, the symmetry group of the model reduces
to the subgroup Zy of G with two elements generated by R. This phenomenon is
called symmetry breaking. We call R the residual symmetry.

. /2 _ B
*For example T, - F(A) = 7A(F +0,1) + A(3 +0,1) — [ (J IG+e- 0)A(9,t))‘f)} e

a2
F(T,-A) = 7A(3 40,0+ A3 +0.0)~ 5 |o T j0- Az +0, t))ff)] are equal because A
and J are m-periodic. e

“Indeed, for example

T, - F(A) = TA(Z +0,t) + A2 +0,1) [ ( 72 J(1+0-0)A(0,1)% )+azm(e+ ))
and o

F(Ty-A) = TA(Z+60,1)+ AL +6,t)— { ( Wf/; J(O—0)A(F +0,1)% +dm(9))] are equal

lf T’y ° Iezt (9) ~E ext (6 + ) — ezt(o)-
*Indeed: R Ieyt(0) = Tewt(—0 + 20ass) = Tewt(0).
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9.1.5 General properties of the network and plan of the study

For technical reasons we turn the activity model (9.1) into a voltage model as
follows. We first rewrite equation (9.1) in a more compact and convenient functional
form :

TA=—-A+So(J-A+el).

J is now thought of as a linear (integral) operator acting on the function A as
w/2 B 3 _
the periodic convolution J - A(6,t) = [ J(6 — G)A(H,t))%e, see part II. We then
—7/2
perform the change of variable V = J - A+ ¢l. Assuming that the input current is
not a function of time, this leads to the following equation

TV =-V+J -S0cV)+el (9.5)

Note that this equation, as (9.1), is G-equivariant. It is worth noticing that the
stationary solutions of (9.1) and (9.5) are in one to one correspondence. As a
consequence we will work on (9.5) because it is mathematically more convenient.

The stationary solutions (some of them called tuning curves, see below and the
section 9.5) of (9.1) (respectively of (9.5)) satisfy A = 0 (respectively V = 0).
Characterizing and computing them for different values of the parameters is the
first step toward understanding the dynamics of the solutions to these equations.
Indeed, it is known (see propositions 3.2.3 and 3.2.6) that this type of equations
only produces heteroclinic (linking two stationary solutions, or equilibria) orbits.
This motivates further the study of the stationary solutions of (9.5). One of our
goals is to show how the stationary solutions are organized and to give indications
about the dynamics in a given range of parameters, corresponding to biologically
plausible values. This is important by itself and because some large scale models
of V1 (see for example the work of Bressloff et al [Bressloff 2001b]) including many
hypercolumns represent them with the Ring Model. Therefore a good understand-
ing of one hypercolumn paves the way to an understanding of a population thereof.
We show that, depending on the nonlinear gain o, there may exist many stationary
solutions, which are all acceptable responses of the network to a given input from
the LGN (at least for the model at hand). Thus, this local orientation tuning de-
vice may behave less trivially than what it was initially designed for. In effect, the
existence of these stationary solutions, can make the local dynamics quite intricate
when o is large enough to support the existence of these extra solutions.

We will follow a method similar to the one developed in part II to compute the
stationary states of (9.5). The method has been modified to take into account the
symmetries of the Ring Model. The general idea is that the LGN input is weak and
only modulates the network activity. Hence the cortical network (represented by
the Ring Model) encodes the possible tuning curves within its connectivity function
and when presented with a weak external input, produces small deviations of ’its’
tuning curves. Our goal is to compute these tuning curves. However, because of the
symmetries of the connectivity function J, the model in effect encodes an infinite
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number of tuning curves, and this is an endless cause of numerical problems. Indeed
we pointed out above that if the input current was null, equation (9.5) (respectively
(9.1)) was G-equivariant. This implies that if V() is a stationary solution of (9.5)
for e = 0, so are V(0 + ), v € R, and V(—60). We show that by performing an
appropriate change of variables, we can get rid of this redundancy, recover numerical
accuracy, and make the model amenable to analysis.

Among the stationary solutions, two classes are especially important to us, we
call them the illusions and the illusory persistent states. The illusions are stable
stationary solutions that are unfaithful representations of the stimulus I.;:. The
illusory persistent states are unstable stationary solutions that are unfaithful repre-
sentations of the stimulus I.,; and such that the corresponding unstable eigenvalues
(see below) are small compared to the intrinsic time constant 7 in the Ring Model.
Hence they seem persistent because, despite being unstable solutions, at the time
scale 7, they look ’stable’. Finally a third class is that of the tuning curves which
are unimodal, stable or unstable stationary solutions.

The structure of the study is the following. In section 9.2, we derive a finite
set of ordinary differential equations which are equivalent to (9.1). However, this
simplification is not enough for the numerical study because of the symmetries: if we
know a tuned stationary cortical state, all its translated versions will also be tuned
stationary states. As a computer cannot handle an infinity of such states, we use
a change of variables that generalizes the polar coordinates and allows a numerical
study by removing the redundancy in the equations coming from the symmetries.
In section 9.3, we use the new formulation with the change of variables to find the
stationary states of the network. This study predicts some characteristic dynamical
responses that we discuss in section 9.4. They are based on illusory persistent states.
Finally, in the Discussion section 9.5, we show that all the values of the parameters
of the model are fixed by experimental data. We then study how the network
behaves when the contrast € of the stimulus is increased.

9.2 Reformulation of the problem and handling of the sym-
metries

In this section, we derive a number of finite dimensional equations equivalent to
(9.5) which are further simplified using a change of variables to take care of the
symmetries. These equations are solved numerically and their consequence are
explored in the following section 9.3. As such, this section may be skipped in a
first reading and the reader who is not interested in the mathematical details can
go directly to section 9.3.

9.2.1 Turning the problem into a finite dimensional one

Problem (9.1) (respectively (9.5)) is infinite dimensional since the solutions are
function of the orientation #. By truncating the Fourier series of the connectivity
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function J, we reduce the problem to a finite number of dimensions. We write

N
J(0) =Jo+ Y Jp cos(2pf) (9.6)
p=1

where N is the number of Fourier modes that are appropriate to represent J. We will
show how the choice of IV affects the functional properties of the Ring Model. Notice
that by varying IV, we generate a family of models that approximate all previously
published ones up to the desired accuracy. For example we can approximate a
difference-of-Gaussians connectivity function (see figure 9.5 Left).

Remark 32.For convenience, we shall write cosy, for the function 6 — cos(k@).
The same holds for sing.

It was shown in section 3.4 that this form of the connectivity function implies
that the solutions to (9.5) can be written V(6,t) = VI(6,t) + V+(8,t), where VI is
a linear combination of the functions cosy, and sing,, p = 0, --- , N and the function
V- tends to I' exponentially fast when t — oco. The form of the external input
(9.4) together with (9.6) imply that the stationary solutions satisfy V+ = 0. It
follows that any stationary solution to (9.5) can be written

N
V() =vo+ > /Il [v§,1> cosap () + vl sinzp(e)} ,
p=1

where vy, el (2), p=1,---,N are 2N +1 reals. Solving (9.7) is therefore equivalent
to finding these reals.
We can, up to a rescaling of o in (9.1), assume that Jy takes the values +1:

Jo Weg e {~1,1}.
Similarly we define ¢, = +1 by
Jp = ep| ), e € {-1,1} k=1,---,N

With all this in hands, the stationary solutions of (9.1) satisfy the equation:

w/2 N dé
V() = / Jo+ 3y cosay(0—0)| S[VO.)] © +eln(®) (97
—7/2 p=1

In the case of a general non stationary solution, V| (0,1) is given by the same formula

(1) (2)

where the coefficients v, 7, v’ are now real functions of time. Under the assumption
that V= is neglected, it is easy to obtain the system of ordinary differential equations

def
that are satisfied by the functions vg,vz()l)’@). Using the complex values zg =



Chapter 9. Illusory persistent states in the Ring Model of visual
192 orientation selectivity

v,(:) + iv,(f), k=1, ---,N these equations read®:

;

N N o ~

T +v9 = ¢&o S lovg+o ), 1/’Jp Zp€—2P29_|_C‘C. %9+510
p=1
= Bo(v(), {Zp}) + 6f0
3 N ,,
T+ 2, = 5k\/m [ S|ovg+0c > \/@zpe_m@ + c.c.
_z p=1
2

= Bk(vo,{zp})—i—afk k=1,--- N

|
oy Tl

621{51‘0%9 + EIk

(9.8)

N . ~ ik0g
where I..+(6) © I+ S I/ Ik €20 and I, = I ers (see (9.4)).
k=1 V [k

The coefficients (vo, {2p}) defining the stationary solutions satisfy the following
equations:
{ vo = Bo(vo, {zp}) +lo
2L = Bk(vo, {Zp}) + €Ik k= 1, s ,N

A solution (vg,{zp}) is said tuned if z, # 0 for some p. The N + 1 coefficients

v, 21, -+ ,zN) are the coordinates of VII. In this coordinate system: the group G
y g

action defined in section 9.1.4 reads

_ 2i 4i 2iN
T, - (vo, 21,22, - ,2n) = (vo,eVz1,e V29, eV T2y) v €ER
R (v, 21,22, -+ ,2n) = (vo,21,%2,- " ,2ZN)
and also
R' (1)07217227 T ,ZN) = (/U07€42'9aff217€8i9aff227 e 7e4iN9afsz)'

As shown in the section 9.1.4, if V/ is a stationary solution of (9.8) for ¢ = 0, so is
g-V7, VYg € G: there is an infinity of stationary solutions, possibly tuning curves,
that are encoded by the network. However, when ¢ # 0, the symmetries are broken,
(9.8) is only Zg-equivariant and the number of stationary solutions becomes finite.

In the next two sections we study the cases N =1 and N = 2. In particular we
give another system of coordinates for VI that takes advantage of the symmetries
and removes the redundancy in the equations (9.8). The second case N = 2 shows
that adding more modes does not change the main results of the analysis.

9.2.2 Keeping only one mode in the connectivity J, N =1

We consider the following connectivity function also used [Ben-Yishai 1995,
Hansel 1997] for example:

J =¢€9+ Jicosy, Jg >0

Sc.c. means complex conjugate.
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Any stationary membrane potential is described by the two-dimensional vector
(vo, z1). More precisely, the firing rate tuning curve reads:

TCy(8) = S [ovg + o|21| cosz(§ — ¢)].

From our previous analysis of the Ring Model symmetries, we know that the equa-
tions (9.8) are redundant when ¢ = 0. Indeed, it is easy to show that Bj in
(9.8) only depends on p = |z1], the phase argz; being arbitrary. This produces
an infinity of tuned membrane potentials. Let us therefore use polar coordinates
21 = vy + ivg = pe™®, which yields to the following equations, assuming 6, rf=0:

09 = —uo+ Bo(vo,p) +e(l1—p)
0 = —p+RBi(vo,p) + j—% cosa(p) (9.9)
2Tpp = — Silflz(SO)\jfﬁf1

for the dynamics, and

vo = Bo(vo,p) +e(1—p)

p = éRBl(vg,p)Jr%COSz(sa) (9.10)
0 = sing(go)j—%

for the stationary solutions. The functions By and RBj are given by:
g
Bo(vo,p) = eo | S(o(vo+ v/ Tip cosy8)) %
-3
%
RB1(vo,p) = ex/Ti [ S(o(vo+Tip cosz8))coss§ %

Equations (9.9) do not produce the same dynamics as (9.8) because the change
from Cartesian to polar coordinates is not a diffeomorphism, but they yield the
same stationary membrane potentials. Indeed equations (9.10) are most useful for
computing the tuning curves. In the following section 9.3.1, we use (9.10) which
have only two unknowns (vg, p) to look for the stationary states of (9.1): this is a
great simplification compared to (9.1) without any numerical approximation.

9.2.3 Keeping two modes in the connectivity J, N =2

We apply the same ideas as in the previous section when there are two cosine modes
in the connectivity, i.e. we look for the solution (v, 21, 22) of (9.8). It turns out
that finding the change of variables to remove the equivariance with respect to G
is a lot more difficult. We write:

J =¢e¢ + Jycosg +Jo cosy .

In order to agree with experimental facts (see chapter 1), the stable stationary
solutions should be mainly unimodal, i.e. tuning curves. Compared to the previous
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case, the fact that the second mode Js is nonzero could induce an “interaction”
between the two modes leading to stable multimodal stationary solutions that are
unwanted.

Following the analysis of section 9.2.1, we have to solve three coupled equations
which are redundant because of the action of the symmetry group G which, in this
case, reads

{ T, - (vo,21,22) = (vo,e*721,e129)

R (vo,21,22) = (vo,?Z1,22)

In order to eliminate the redundancy arising from this symmetry we used polar
coordinates in the case N = 1. It is tempting to do the same with each complex
variables z; and z9 but it turns out to lead to a dead-end.

The main reason for this failure is numerical: we compute (see appendix E.2)
the solutions of the nonlinear equations (9.8) using numerical continuation. This
algorithm computes the solutions of (9.8) depending on a parameter, for example,
the nonlinear gain o. From two already known solutions Vi, V5 for two values of
the nonlinear gain o1 < 09, it computes a solution V3 of (9.8) for a third value of
the nonlinear gain o3 > 09. If 03 is close to o9, then the solution (V3,03) is roughly
on the line linking (V7,01) and (V3, 02) which gives an approximation of V3. This is
why this algorithm is called ’continuation’ because it continues the path of solutions
from known solutions. This scheme works well if the equations (9.8) are not too
singular”.

If we use polar coordinates as in the previous section: z; = p1€21, 2o = poeti®2,
then, we find equations for the phases:

(bi - E(U07P17P2,¢1,¢2)7 1= 1)2

Using the equivariance by the translations 7%, we can show that the functions F;
only depend on the difference of the phases ¢1 — 2. It turns out that the other
equations (for g, p1, p2) also involve only 1 — p2. We were unable to find a simple
relation between F; and Fs. As a consequence we end up with 5 equations in
the 4 unknowns vg, p1, p2, Y1 — @2: this is inappropriate for numerical continuation
because there are too many equations. We need to find a way to obtain 4 equations
in 4 unknowns.

To reach this goal we turn to a general technique, the Orbit Space Reduction
(see for example [Chossat 2000]), which provides the right change of coordinates
through the use of what is called a Hilbert Basis®. A fundamental property is that
any smooth equivariant function (as the B; in (9.8)) can be expressed using the
elements of the Hilbert Basis and their gradients. A Hilbert basis associated to the

"more precisely, if the linear part of (9.8) has, at worst, a one-dimensional kernel for some

isolated values of the nonlinear gain.
8The ring R of O(2)-invariant polynomials is finitely generated as an R-algebra, this goes back
to Hilbert. A family my,--- , 75 of generators of R¢ is called a Hilbert Basis.
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action of the group G ([Chossat 2000, page 205][Golubitsky 1988] is given by the
three polynomials:

Tl = 2121, T9 = 2929, 7T3=§R(z%22)
which satisfy the constraints
T >0, m>0, m <mim (9.11)

Our upcoming analysis uses the so-called Orbit Space, i.e. the subset of R* of the
four-tuples (vg, 7), T = (71, 72, m3), that satisfy the inequalities (9.11). Using these
coordinates, the firing rate tuning curves read:

TC®O) = S [a (vg /711 co89(0) + /2| Ja] cosa(6 + pa — @1))} (9.12)

where 21 = \/77162”’1, 2y = \/Fge‘mm, and 71,/ cos4(p2 — ¢1) = 3.

From the definition of the polynomials ;, it is possible to rewrite (9.8) in the
case of interest here, i.e. N = 2, only in terms of (vg,7) (as we did in the previous
section with the polar coordinates):

Ty = —vg + Bo(’U(], _’)

T _2(1(1}0, )7T1—|—2b(1)0, ) 3

779 = 2¢(vg, 7)o + 2d(vo, )73

773 = [2a(vo, ®) + c(vo, T)] 73 + 2¢(vg, T) T2 + d(vo, T) T2

(9.13)

where the functions By, a, b, ¢, d are computed in appendix E.1. It should be noted
that a(vo, 7), b(vo, 7), c(vo, ), d(vo, ) are G-invariant functions’. the stationary

states are given by:

0=—vg+ Bo(’l)(), )

0 = 2a(vg, 7)m1 + 2b(vo, )73

0 = 2¢(vg, 7)o + 2d(vg, )73

0= [QCL(U(), ) + ('U(), )] T3 + 26(1)0, )7T17T2 + d(Uo, ) %

(9.14)

We will solve these equations numerically in section 9.3.2 with the algorithm of
numerical continuation that we sketched at the beginning of this section.

9.3 Tuning curves of the simplified equations

We use the equations (9.10) and (9.14) to find the stationary solutions in the cases
N =1 and N = 2. Some of these solutions correspond to neuronal illusory persis-
tent states. We then show that adding more modes (N > 2) to the connectivity
function does not change the results. Finally we design two different types of ex-
ternal stimuli for bringing the network to the illusory persistent states.

%.e. a(g - (vo,®)) = a(vo, T)...
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9.3.1 Finding the tuning curves, case N =1

To reiterate, the Ring Model is based on one main ingredient: at null contrast
and for small values of the nonlinear gain o, there is a unique stationary solution
(vo, z1), which is not tuned, i.e. z; = pe?® = 0. Indeed, this stationary solution
has to satisfy pf = 0 otherwise it would not be unique because of the group action.
Thus, in order to produce tuning curves (that are tuned by definition), we need a
solution to (9.10) satisfying p/ # 0. This means that we must investigate for which
values of o, if any, the p solution of (9.10) becomes nonzero, i.e. bifurcates (see
also chapter 8).

9.3.1.1 Case of no stimulus, ¢ =0

For no external input, the equations (9.10) are:

vy = eoBo(v),p?)
pf = IiBi(vo,pf) (9.15)
ol eR

A tuned solution p/ # 0 arises when the Jacobian at (vg,p) = (U(J; ,0) is singular
(see (8.7) in chapter 8). This Jacobian is given by diag(—1 + oe9S’(ovg), —1 +
U%S’ (0wp)). As we are interested in tuned solutions p/ # 0, we obtain the condi-
tion:

J
-1+ 0518’(000) =0.

Finally, the equations for the existence of a tuned stationary solution are:

f f
vy = €oS(oovy)
9.16

We show in appendix E.3 that there is always a unique pair (vg (00),00) which
solves (9.16) when g < 0. Around oy: vg(a) A fug(ao) and the equations (9.15)

reduce to the following:

o — 0g
0= Topf +xs (p7)? (9.17)

The fact that the previous equation does not have a second order term is a conse-
quence of the connectivity J being an even function. Equation (9.17) is the normal
form of a Pitchfork bifurcation (see for example [Chossat 2000, Haragus 2010]).
Depending on the sign of y3, two things can happen. If x3 < 0, the Pitchfork is
oriented towards the increasing os otherwise it points towards the decreasing os
(see figure 9.2). In this latter case, it can be shown (see proposition 3.3.3) that the
bifurcated branch has to 'turn around’, which produces 2 additional TCs on each
branch (see figure 9.2.Middle). It is possible to find a closed form for ys, this is
done appendix E.5. The resulting function of J; and T is plotted in figure 9.2.Right.
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Figure 9.2: Middle: Plot of the solutions of (9.15) according to the sign of y3. The
unstable solution are marked with dashed lines. Right: Plot of x3 as function of
(J1,T).

When p/ # 0, we obtain a continuum of stable tuning curves parametrized by an
arbitrary phase angle ¢, and noted T'C,, which are given by:

TC,(0) =S [0 (’U(J; + /J1pf cosy (6 — ga))} .

9.3.1.2 When there is a stimulus, € > 0

The next step is to investigate what happens when we switch on the LGN drive,
i.e. when ¢ # 0. The symmetry group of the equations (9.8) is reduced to the
group Zsy (see section 9.1.4). Two important questions are 1) how many, if any,
in the continuum of tuning curves remain solutions and 2) what is their stability?
For very small € # 0, switching on the LGN can be viewed as a perturbation of
the nonlinear equations when £ = 0, as a consequence, we expect an opening of the
Pitchfork as explained in section 3.3.2. We know from our previous analysis that
these solutions satisfy:

vl = eoBo (vl p!) +e(1 - B)
o = VBl pf) + - cosa(!)
20f =km, ke Z

Considering the two cases k even and k£ odd we obtain:

vl = eoBo(v, pl) + (1 - B) v) = eoBo(v, pl) + (1 - B)
pl = VIBi(v, pl) + S5 or ph = I Bi(vh,05) — -
ol =km, keZ el =Ck+1)I, kel
Because p — Bo(vo, p) is even and p — B (v, p) is odd, necessarily pl = —pJ.

Hence, these two systems of equations give exactly the same solutions V'/(#):

V7o) = v{; + pf \/J1 cosa(6).

e

Also, each one the two solutions is invariant by the residual symmetry R, in par-
ticular there are not mapped one to another by R. Hence, the residual symmetry
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plays no role in the existence of these solutions. If the contrast is high enough,
proposition 3.2.7 gives that there is only one solutions V7. It can be shown nu-
merically (data not shown) that the two other solutions disappear in a saddle-node
bifurcation for a high enough contrast.

We solve these equations for (vg, pe) as functions of ¢ by using a continuation
algorithm (see section 3.3.2), the results are shown in figure 9.3 Left in the case
x3 < 0.

0.2
0.1
TCTK'/2

-0.1 05}

-0.2
-0.3
-0.4

0 L
0 5 10 15 20 o -90

6

Figure 9.3: Left: Plot of the values of (vg, pe, po) shown in red, green, blue, re-
spectively, as functions of ¢ for e = 0.01, T =0, J; = 1.5, 8 = 0.1. Notice the
turning points labelled with black dots. Right: The tuning curves TCp and T'Cy /o
for o = 15, the other parameters are the same. Note that y3 < 0 in this case.

The bifurcation diagram shown in figure 9.3 indicates that there are three sta-
tionary solutions for ¢ > 10 ~ gg. One, which turns out to be unstable, correspond-
ing to a small value of p (thus it is untuned and, by definition, does not represent
a tuning curve), and two which are tuning curves. The first of these tuning curves,
noted 7'Cp, is maximum at z = 0 while the other, noted T'C7 /5, is maximum at
0 = /2. These two tuning curves are shown in figure 9.3 Right. Notice that the
same is true in the case x3 > 0 and o > oy.

Let us now focus on the case x3 < 0 (see section 9.5). The stability of the tuning
curves is computed in appendix E.6. This analysis shows that T'Cy is stable although
its stability along the vg-axis is small in magnitude'®. The other tuning curve T'C,, /2
is stable along the vi-axis but unstable!! along the vo-axis. In figure 9.4, we show
the phase diagram of the dynamics in the plane (v1,v2) when ¢ = 0 and € > 0. The
stationary solutions are represented in red. In the case, ¢ # 0, the orbit linking
TCrjp to T'Cy is very close to the circle of stationary solutions of the case € = 0
and shows that the unstable tuning curve T'Cy /o dynamically transforms to 7'Cp
when a stimulus is applied (case € > 0).

From the analysis in appendix E.6, i
TCr /o will appear to be persistent at the tlme Scale defined by 7. When this

0For small positive values of the contrast ¢ it is equal to —

ep
aven
"Eor small positive values of the contrast e the unstable eigenvalue is equal to P fEB

3
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V2
e>0

U1
TC, 2 TC,

Figure 9.4: Left: phase diagram of the dynamics in the (vq,v2) plane when € = 0
and € > 0. The stationary solutions are represented in red. In the case € = 0 there
is an infinity of stable solutions represented by the large plain red circle. Small
plain red disks represent stable tuning curves, small red circles represent unstable
tuning curves. These diagrams are valid for ¢ > 0g, € small and x3 < 0. The arrows
indicate the direction of the flow for some trajectories.

condition is satisfied we call the tuning curve T'C; /5 an illusory persistent state of
the Ring Model, the 90 degrees illusion, since it corresponds to the fact that, even
if the thalamic input is peaked at the zero degree orientation, the Ring Model may
stay for a long time (compared to 7) in the neighbourhood of a state corresponding
to a tuning curve peaking at 90 degrees! In other words, even if the thalamic input
may “say” 0 degrees, the hypercolumn of orientation “says” 90 degrees (for some
time).

Remark 33.The case x3 > 0 does not correspond to a biological plausible be-
haviour of the network. Indeed, we will see in the discussion that the nonlinear
gain o must be less than oqy. In this case, it can be shown that the contrast response
function, i.e. the function max TC(0), as a function of the contrast € is not con-

tinuous. This is not supported by biological data (see for example [Chalupa 2004]).

9.3.2 Finding the tuning curves, case N = 2

The previous results may seem to depend very much on the type of simple connec-
tivity function that we have assumed so far. In fact this is not so. By adding one
more mode to this function, we can better approximate, as shown in figure 9.5 an
arbitrary Mexican-hat type of connectivity function which preserves the structure
of the local excitation and the lateral inhibition.

9.3.2.1 Case of no stimulus, ¢ =0

The tuning curves without input are now solutions of the nonlinear equations (9.14).
For reasons that are detailed in the appendix E.2, we first look at the case where
the sigmoid function S is zero at the origin, i.e. we formally replace S by Sy(x) =
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Figure 9.5: Left: Connectivity function used in the example described in the text.
Right: Plot of the solutions obtained with the centered sigmoid Sy, see text, instead
of S as functions of the nonlinear gain 0. Each solution is made of a 4-tuple (red,
green,blue,violet). The parameter values are Jy = —1,J;1 = 9,J5 = 6.66, T =
0, € = 0. The slightly 'wavy’ aspect of the green branch from P; is a numerical
artefact of the approximation of the centered sigmoid Sy by polynomials, see the
appendix E.1 for details. Note that, as expected because we are on the Orbit
Space, the values of m; and mo are positive, see text. The discrepancy between
the theoretical values of P;, P» and the ones numerically obtained comes from our
polynomial approximation of the sigmoid.

S(z) — S(0). We see on the graph of solutions in the coordinates (vg,7) shown in
figure 9.5 Right that there are two bifurcated'? branches from the trivial solution
(v, T) = 0, at the points, noted P; and P», corresponding to the values o1 < o9 of
the nonlinear gain. Considering again figure 9.5 Right, it motivates the following
remarks:

1. The first bifurcated branch from P reaches high values well before the one
bifurcated from P,.

2. The Orbit Space reduction procedure allows to compute numerically such sec-
ondary bifurcation points as P which might produce stable solutions. These
are undesirable from a biological viewpoint because they produce stable mul-
timodal stationary solutions, hence not tuning curves.

The stability analysis shows that the branch bifurcating from P; is stable and
corresponds to a continuum of stable tuning curves parametrized by the phase angle
o and given by:

Yo TC’é(G) =S |:0' <v{; + W{Jl cosy (6 + w))]

12These are not regular bifurcations because we are working on the Orbit Space.
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The same analysis shows that the branch bifurcating from P, (before Ps) is unstable
and corresponds to a continuum of solutions:

Yo TC2(0) = So [0 (vg + /71| cosa(0 + cp))]

This shows that in order to have unimodal stable stationary solutions, hence tuning
curves, it is necessary that o1 < o9 or equivalently Jo < J; because the nonlinear
gains which produce the Pitchforks are S;(0)o; = J%_, i = 1,2. This formula explains
the differences in the ranges of values of ¢ in figures 9.3 Left, 9.5 Right and 9.6.
Moreover, since 71'{ quickly reaches high values when o increases, TCE(0) is close to
1: the response does not depend upon the contrast € of input from the LGN. This
implies that the working range of the nonlinear gain o is close to the value oy.

It is now possible to understand the diagram of solutions shown in figure 9.6
obtained with the regular sigmoid S as a deformation of the diagram shown in
figure 9.5 Right. As in the case N = 1, the bifurcated branches will persist because
we have shown in appendix E.3 that there is always a Pitchfork bifurcation for the
regular nonlinearity S.

We again notice that the first branch bifurcating from P; (in green in figure
9.6) is quickly reaching high values and that the tuning curve is now asymmetric
(this is much easier to see in the middle part of figure 9.7). This is because the
7o, w3 components (in blue and magenta in figure 9.6) are not zero unlike in the
case N = 1. The stable tuning curve corresponding to the first bifurcated branch
is given by

TCH) =S |o v(’; + W{Jl cosa(0) + \/W%‘JQ’ cosy (0 + p2 — ¢1) (9.18)
———

small

where z1 = \/7?162“01, 29 = \/77264i902, and 71,/ cos4(p2 — 1) = 3. Note that ¢y
and o are arbitrary which produces an infinity of tuning curves.

We have plotted in figure 9.7 examples of the tuning curves for three values
of the nonlinear gain o that are slightly larger than the values corresponding to
the three bifurcation points P;, P» and Ps in figure 9.6. These tuning curves are
obtained by reading from figure 9.6 the 4-tuple (vg, 7). This yields, through the
relation /73 cosy(p2 — ¢1) = 73, the value of w3 — ¢ that is needed in equation
(9.18). Notice the unstable multimodal tuning curves that appear once the stable
tuning curve has saturated (right plot in figure 9.7). This is an indication that the
nonlinear gain should not be too high, otherwise most responses of the network will
be saturated.

9.3.2.2 When there is a stimulus, € > 0

If we switch on the LGN, the contrast € becomes nonzero. The external current
is given by Ieyt = Ip + I11/J1 cose +124/|J2| cosy (see section 9.2.1). If I11s # 0,
we expect a finite number of solutions because (9.8) does not commute with the
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Figure 9.6: Plot of the solutions obtained with the regular sigmoid S as a function
of the nonlinear gain . Case Jy = —1,J1 =9,Jo =6.66, T'=0¢ = 0.
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Figure 9.7: Tuning curves at nonlinear gains o = 1.04 (left), o = 1.42 (middle),
and o = 2.32 (right) when the input is equal to 0, see text. On the left and in the
middle, stable tuning curves are shown in continuous line, unstable ones in dotted
lines. Stability is not shown in the plot on the right, except for the null solution.
The other parameters are the same as in figure 9.6.
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symmetry group O(2) anymore. More precisely, the same argument as in the case
N = 1 shows that we can interpret (9.8) as a perturbation of (9.13) when ¢ is small.
Hence, when the nonlinear gain o is close to that of P; we have 29 &~ 0 for € small.
Since the equations

—vo + Bo(vo,21,0) +elp = 0
—z1 + Bl(vo,zl,O) +el1 =0

are the same as in the case N = 1 when zy = 0, they do not change much when 25 ~
0 and the 90 degrees illusory persistent state found in the previous section remains:
there are two tuning curves, one peaking at the same value of the orientation as the
external input I¢;; and one translated by 90 degrees. This analysis is confirmed by
the results of the numerical computations shown in figure 9.8 where we show the

solutions of (9.8) for N =2, Ip =1— 8, 11, = 8, /|| = 0.15.
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Figure 9.8: The tuning curves T'Cp and T'Cy /5 for 0 = 1.04, £ = 0.01, 20 =0, T' =
0, 1 =9, Jo=6.66, 8=0.05and Iy =1—3, VJil1 = 3, /||l = 0.18. I.p is
plotted in red. Notice the unstable weakly tuned tuning curve shown in black and
the unstable T'C7 /5 in green.

9.3.3 Arbitrary number of modes in the connectivity function

We can perform the same computations using more modes, this will only bring in
more stationary solutions. Because these stationary solutions only appear once the
stable unimodal tuning curve has saturated, these high values for the nonlinear gain
o are biologically irrelevant. Notice also that the neuronal illusory persistent states
found in the case N =1, J; > 0 are still present for N > 1, J; > 0, as shown for
example in figures 9.7 and 9.8. Indeed, as seen in the previous section, they only
depend upon the fact that the network features a Pitchfork bifurcation at the point
noted P in figures 9.5 Right and 9.6 and this is always the case for any value of
the number N of modes if the coefficients .J; satisfy the mild constraints we have
described previously and that we summarize in the next section 9.4.
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9.4 Dynamical 90 degrees illusory persistent state

In the last two sections, we found two cortical representations of the same external
stimulus: T'Co, T'Cr /3. An obvious set of questions is how can we bring a hypercol-
umn of orientation into each of these two states? Can we drive the cortical state to
the illusory persistent state T'C /5 using only the stimulus I¢;;? We answer them
positively in the next two sections.

9.4.0.1 Rotating the stimulus back and forth

Note that the tuning curve T'Cy/; is very close to the cortical response of the
network to a vertical DG. We first present a horizontal DG to put the system in
the T'Cy state. We then slowly rotate the DG to a vertical DG and stay there
for some time At. The network follows the stimulus and its response is peaked
at 7/2, the longer At is, the closer to TC; /2 the cortical state will be. We then
suddenly change the stimulus back to a horizontal DG and since the responses of
the network to vertical /horizontal DGs are very close, the cortical state will remain
close to the state peaked at 7/2, the one it is in just before the sudden change of
the stimulus. As T'C/; and T'Cy have opposite transverse dynamical behaviour,
we deduce that the cortical state will remain close to T'C/, at least for a time
interval of the order of At. This is reminiscent of the after-effect illusion and can
be confirmed by numerical simulation.

The resulting effect is shown in figure 9.9 when the time variation of the stimulus
angle 0, of the stimulus in equation (9.3) is given by

Zmin(gi55,1) if ¢ € [0,2000]ms
Ourr(t) = z if ¢ € [2000, 2e4]ms
0 if t > 2edms

This figure shows that after the system has been put in the state T'Cy /o for about
15s, it stays there for roughly the same amount of time. This is due to the fact
that the eigenvalues corresponding to the stable and unstable states have the same
magnitudes and opposite signs.

9.4.0.2 Using a mixture of the two stimuli

This second dynamical stimulus is very close in principle to the one presented in
the previous section. Instead of rotating the DG, we change its contrast as follows.
Let us note I(?G the horizontal DG and I T?/g the vertical one, the thalamic input
to the hypercolumn of orientation takes the form

Leat(t) = (1 = ()P + () IET

where 1 (t) is the function shown in figure 9.10 satisfying 1 (ty) = 1. We check
numerically, using the dynamics given by equations (9.8), that the hypercolumn
stays in the cortical state T'Cy (see figure 9.11) for roughly 10s after the stimulus
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Figure 9.9: Plot of the stimulus angle 6,¢¢ (in red) and the cortical angle response
¢ (in black), both as functions of time. Note that the stimulus drives the network
into a state that is very close to its expected state when presented with a vertical
DG and that it stays there even after the input has been switched to a horizontal
DG. The parameters are the same as in figure 9.3. The time-scale parameter is
T = 10ms.

>
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Figure 9.10: Plot of the function ¢ allowing to vary the contrast of the thalamic
input, see text.
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changes from a horizontal DG to a vertical DG. Being an illusory persistent state,
hence unstable, after these 10s the cortical state aligns itself with the stimulus.

time (s) a) time (s) b)
stimulus cortical 0 1 0
state i
5 046
o O
10 10 na
0.94
. @ 15 - 15 o2
@ 20 0s 20
0z
@ 25 e 25
- 0.86 0.15
@ . 30 30
= 0.84
0.1
35 - 35
CD @ A 1 40T 0 1 e
angle (rd) angle (rd)

Figure 9.11: The vertical direction represents time (s), the horizontal one the ori-
entation (rd). Left: Representation of the dynamical stimulus. a) spatio-temporal

representation of I..¢. The stimulus starts as IOD G to become a mixture of IOD G and

DG
I7r/2
cortical state T'Cy before evolving to T'Cy /5. The parameters are the same as in

figures 9.3. The time-scale parameter is 7 = 10ms.

and finishes as a pure [ f/g b) plot of the network response. It stays in the

0.5 Discussion

In the previous technical sections, we have computed the tuning curves and shown
how the network responded to stimuli. We will now tune the parameters to have
TCs that are closer to experimental TCs. By doing so, we will constrain all the pa-
rameters. Hence, the working regime of the model will be imposed by experimental
constraints. Then, we study the TC dependency on the stimulus contrast.

9.5.1 Parameter tuning

We provide a detailed account of the functional impact of the parameters T, o, Jy
in the model. The influence of the external stimulus is analysed in the next sub-
section 9.5.2. It turns out that the combination of mathematical and biological
constraints fixes their values. We first note that the requirement for stable uni-
modal responses, the tuning curves, is a very strong constraint. Indeed, it implies
that the first Pitchfork bifurcation, that occurs when o reaches o, the first bifur-
cation point, must correspond to the first cosine mode, which requires

J1>20, Ji>J; Vl#l

This in turn gives the range for the nonlinear gain o: it should be large enough to
produce tuning curves that are not saturated. If the tuning curves are saturated,
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they do not vary with the input contrast € anymore, in contradiction with the
biological measurements. This fixes o0 &~ o0¢. The next subsection 9.5.2 will show
that necessarily!3:

o 3 0p.

The next constraint comes from the width of the TCs whose experimental value (see
chapter 1) is centered around 60°. The width is defined from the values at which
the tuning curve vanishes. As the TCs in our model do not vanish, in contrast to
[Ben-Yishai 1995], our width is not well-defined. This is the reason why we prefer
to use the width at half height whose value should therefore be roughly centered
around 30°. This width at half height, noted (o, Ji,T), is a function of o, J;, T
and can be computed analytically (see appendix E.4): for o < 0g, §(o, J1,T) = 45°
because the cortical state is untuned, then the function o — §(o, J1,T) appears
(numerically) to increase toward a limit. For different pairs (Ji,7T"), we compute
Gli_)n(r)lo 0(o,J1,T) = 60o(J1,T). The result is shown in figure 9.12 Left, it does not
depend on the threshold T. One can check that the widths at half height of the
TCs in figures 9.3 and 9.7 are in agreement with the values of figure 9.12 Left. It
follows that J; should be < 2 in order to produce reasonable widths at half height
for the TCs, i.e. widths at half-height around 30°.

5

45
4

35

J 3
2.5

2

1.5

Figure 9.12: Left: Plot of %5OO(J1,T) as a function of (J1,T). Right: plot of the

spontaneous firing rate S (aov{; (00)) which is also equal to —v{; (00).

The last constraint is the spontaneous firing rate (when ¢ = 0). As the net-
work is working close to the Pitchfork bifurcation, the spontaneous firing rate is
approximated by S (oovg (00)). We need to find this value for different pairs (Jy,7T)
which is done by solving (9.16) numerically. We chose this rate value to be between
5% — 10% which resulted in T' = 2 (see figure 9.12 Right).

To conclude, the combination of mathematical and biological constraints leads
to the choice J; = 1.5, T' = 2 which yields o¢ ~ 40.

13The following notation means below and close to oo.
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Remark 34.Numerically, we find that, for these values of the parameters, x3 < 0
which produces a supercritical Pitchfork as shown in figure 9.2 Left. This is the
reason why we only analysed this case in section 9.5.

9.5.2 Perception threshold

Having set our parameters, we now discuss further the conditions for the appear-
ance of tuning curves (i.e. stationary solutions such that z; # 0, v/Ji|z1| >>
V/|7il|zil, i > 1) when the external input is switched on: & > 0. What condition
on the external input must be satisfied in order to produce such stationary solu-
tions whose width at half height varies slowly with the contrast €7 We consider
only the case N = 1, because since the nonlinear gain ¢ is close to the Pitchfork
bifurcation point g, it does not restrict the generality of our discussion. We have
seen (see figure 9.3 with the black dots indicating turning points) that if a tuning
curve exists, there are two tuned cortical responses and one untuned. Moreover,
for each contrast e, there is a value o.(g) of the nonlinear gain o below which the
two tuning curves disappear, we call it a turning point'*. When varying e, we can
look for the value of the nonlinear gain o (if there is one) at which a turning point
occurs: it is an indication that tuning curves do exist for higher nonlinear gains, but
also, it is an indication that the illusory persistent state T'C; /o can be produced by
the network. The TRILINOS package we use in most our simulations features the
numerical continuation of the locus of a turning point. As a result of this, starting
with the turning point of figure 9.3, we were able to produce the locus (g, 0.(¢)) of
the turning points in the plane (g, 0) as shown in figure 9.13 Left. The blue curve
starts at (0,0.(0)) = (0,00) and decreases to a minimum o,,;,. Above the blue
curve, the stable response of the network is a tuning curve. Note that in the region
labeled Stimulus driven, there is a unique stationary solution given by the value
of the external input. This parameter region is not in the operating range of the
model, because the contrast of external input is too large. Indeed, in the case of
large contrasts e, the stimulus has too much weight compared to the cortical con-
nections: it is as if the model were purely feedforward. In a similar fashion, below
the dashed horizontal line labelled o = oy, for any contrast € there is a unique
stationary solution which is poorly tuned (see figure 9.13 Right Top). This is not
consistent with experimental findings and therefore this range of parameters does
not belong either to the working range of the model. We conclude that we must
have o > opin.

Up until now, we have discussed the network behaviours with the contrast e
fixed in order to evaluate the most plausible value of the nonlinear gain. It is now
time to simulate the network response, i.e. by fixing the value of the nonlinear gain
o and varying the contrast.

147t results from the opening of the Pitchfork bifurcation that exists when € = 0, hence o,
depends on ¢ and o.(0) = op.
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Figure 9.13: Left: Locus of the turning points as function of (¢, ). The parameters
are J; = 1.5, = 2. Right: plot of the width at half height of the solutions for a
nonlinear gain 0 = 4 < g, (top) and for o = 24 < 0¢ ~ 43 (bottom). In both
cases and in order to avoid saturation of the tuning curve, the width is plotted for
contrast values such that the maximum firing rate is below 90%. Note that we have
represented the perception threshold o !1(24) with a black dot.

If the nonlinear gain is above the Pitchfork bifurcation point o > g, the cortical
response for any contrast € € [0, 1] is a tuning curve V() whose tuning angle
arg maxg V7 () is randomly selected. Indeed, in this case, there is a continuum of
tuning curves and the arg maxy V¥ (0) depends on the current state of the network.
This is true even for null contrast. It is more biologically relevant that the network
operates in the regime o < 0g, because otherwise the neurons would have a high
firing rate (around 60% of their maximum firing rate, see figure 9.3) even though
no stimulus is present, this is a waste of energy.

For o,in < 0 < 0g, the situation is different. According to the blue curve in
figure 9.13 Left, there exists a particular contrast o (o) for which a turning point
occurs. More precisely, if the contrast is below this value, the network features a
single cortical state which is poorly tuned. If the contrast is above this value, the
network features three cortical states, two of which being tuned and aligned with the
stimulus, the third one, poorly tuned, can be thought as a “remnant” of the cortical
state when the contrast was not high enough to generate a tuned response. Hence,
we may see this particular value o, (o) of the contrast as a perception threshold:
below this value, the network response is poorly tuned whereas it is tuned and in
agreement with the stimulus if the contrast is above this value. It follows that the
working range of the nonlinear gain is o € (omin, 00)-

Hence, it is natural to call the values o, () for o € (o min, 00), the perception
thresholds. By definition, the perception threshold is null at the bifurcation point
oo and it becomes larger as the nonlinear gain of the network is set to a value close
to omin- Hence, if the nonlinear gain is set to a value just below og, the perception
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threshold is tiny, even a small contrast will trigger a tuned response whereas for a
smaller nonlinear gain, the tuning width becomes constant for contrasts above the
perception threshold (see figure 9.13 Right Bottom ).

The existence of the perception threshold in experiments can be studied through
the dynamical stimulus of section 9.4. Indeed, only above the perception threshold,
the network does feature the two tuned states (in particular the illusory persistent
state) that are needed for the dynamical stimulus.

Also, intuitively, one may understand the threshold contrast o, !(c) as the
boundary between a regime where the recurrent computations are not influenced
by the stimulus and a regime where the recurrent computations are negligible com-
pared to the LGN drive.

One may ask whether figure 9.13 is generic: under which conditions does the
locus of the values (¢, 0.(¢)) corresponding to a turning point have a shape like the
one in figure 9.13, i.e. first decreasing when ¢ increases, reaching a local minimum
Omin, and increasing again? Using the implicit functions theorem, it can be shown
that %"; le=0 < 0 when Jy < 0, i.e. the curve is locally decreasing for increasing val-
ues of €. Hence we conclude that the local behaviour around (0, 0.(0)) in figure 9.13
is quite general in the case Jy < 0. This analysis provides a tighter constraint on

the nonlinear gain o, it should be just below o.: o = 0.

9.5.3 Illlusory persistent states

The fact that the cortical network shows two states corresponding to perpendicular
orientations in response to a single stimulus can also be put in resonance with some
published models of the cortical primary visual area (see [Bressloff 2001b] for a
spatial network of Ring Models). Indeed, in this study of planforms in relation to
visual hallucinations, it may come as a surprise to the attentive reader that most
of the stable planforms (in the cortical space) do not respect the good continuation
principles of contours since adjacent hypercolumns show responses corresponding
to orthogonal orientations (see for example the stable contoured rolls on a square
lattice). However once we agree that, for a hypercolumn, two orthogonal states are
closely related, this becomes perhaps less surprising.

We relate our formalism to previous studies of recurrent models of orientation
selectivity by first noting that the 90 degrees illusory stationary solution was not
reported in [Ben-Yishai 1995] although they share the same assumptions as ours.

In [Carandini 1997], the authors used a (voltage based) Ring Model in order to
explain some of the features of the complicated spiking network of [Somers 1995].
Although they used the non-saturating nonlinearity S(z) = max(z,0), they ob-
served that narrowing the spatial extension of inhibition leads to multimodal re-
sponses which they interpreted as neuronal illusions. This can be understood within
our formalism: decreasing the spatial extent of inhibition introduces more Fourier
terms (possibly with high values) in the connectivity J and can produce stable
multimodal responses to a unimodal stimulus (see section 9.3.2).

Under what conditions do the 90 degrees illusory persistent states survive in
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a network of Ring Models? Can we find similar illusory persistent states in more
sophisticated networks and which experiments could confirm/invalidate our predic-
tions? We just discussed the matter of a network of Ring Models with the study
of [Bressloff 2001b]. In [Blumenfeld 2006], the authors used a generalization of the
Ring Model with a very similar connectivity to explain the spontaneous activity
observed in optical imaging recordings. Although they identified the 90 degrees il-
lusory persistent state, they did not explain how this additional cortical state could
lead to a strongly history dependent cortical response. This is the subject of the
next chapter.

Finally, despite its ability to reproduce several experimental facts, the Ring
Model lacks some anatomical data support because it does not use realistic cor-
tical circuitry. Note that we have provided some clues for the construction of an
effective connectivity in the orientation domain from realistic cortical connections
in chapter 8. Recently, Shelley et al. (see [Shelley 2002]) introduced a reduced
system of a computationally intensive spiking neuron network model of a hyper-
column with realistic cortical circuitry. It could be interesting to look for neuronal
illusions/illusory persistent states predicted by their model using the techniques de-
veloped in part II. In chapter 11, we introduce a V1 model that is very close to the
rate model the Shelley et al. derived in [Shelley 2002] from their spiking network.

9.6 Conclusion

We have pushed further the study, started in part II, of the mathematical prop-
erties of the Ring Model of orientation tuning and of some of their biologi-
cal implications. This was achieved by taking into consideration the rich sym-
metries of the network. The reduced equation (9.17) was already found in
[Bressloff 2002a, Bressloff 2002b, Bressloff 2005b] where the authors used weakly
nonlinear analysis (see also [Ermentrout 1998]) as well as the 'illusory’ tuning curve.
However, the dynamics were not used to make this ’illusory’ tuning curve appear.

For the first time to our knowledge in the field of neural networks, we have
introduced the Orbit Space Reduction technique to deal with translation invariant
connectivity kernels. This allowed us to find a suitable change of coordinates in
order to remove the redundancy introduced by the symmetries. This is a generic
technique that can be applied to many other problems in neuroscience. Using this
reduction, we have shown that the exact shape of the connectivity function did
not matter much as long as the first mode, cose, was the first to bifurcate, i.e. to
produce tuned solutions.

Our study has allowed us to discover an (unstable) tuning curve encoded in the
network that represents an orientation orthogonal to that of the LGN input. This
neural illusory persistent state can be thought of as a ghost of the first Pitchfork
bifurcation, itself coming from the fact that the connectivity is an even function.

We have shown that it was possible to drive a hypercolumn to the illusory state
by adding some dynamics in the stimulus: this gave rise to two dynamical effects
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showing the strongly history dependent behaviour of the cortical state, one relying
on rotating the stimulus, the other relying on changing its contrast. This is a strong
prediction of the model that could possibly be tested experimentally. However, this
seems difficult given the fact that the Ring Model does not take into account the
lateral spatial connectivity that is present in the visual cortex and allows different
hypercolumns of orientation to interact with each other.

It would be interesting to see if and how the illusory persistent states are mod-
ified when adding lateral spatial connections in a spatially organized network of
Ring Models. This will be done in the next two chapters.

Finally our approach leads to a close to complete understanding of the role of
each parameter in the Ring Model: the shape of the connectivity function through
the weights J;, the threshold 7', and the nonlinear gain o.



CHAPTER 10

The model of V1 by Blumenfeld
et al.

In this chapter, we study the second model proposed in chapter 8 as a generalization
of the Ring Model studied in the previous chapter. Despite the fact that it is able
to account for experimental data such as orientation/selectivity maps, the model
studied in this chapter is very close to the Ring Model:

e it is formally equivalent to a three-dimensional model,

e it features the perception threshold...

Nature rarely features the kind of symmetries that are fundamental to the Ring
Model. It is the goal of this chapter to explore how the mechanism explained in
chapter 8 is affected if we relax the symmetry assumption.
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The authors in [Blumenfeld 2006] used data from optical imaging (OI) sig-
nals (see [Grinvald 1986, Blasdel 1986b, Vanzetta 2008]), to build an activity based
model of V1. Their model is a generalization of the Ring Model (see chapter 9)
to which the tools developed in Part II apply well. In particular, it is a 3D-model
based on experimental data, which was originally designed to account for the ap-
pearance of the orientation maps in the spontaneous activity (see [Kenet 2003]). As
such, their model is required to work near a static bifurcation in order to produce
spontaneous activity (see chapter 8). The network in [Blumenfeld 2006] deals with
the orientation feature. We have already emphasized in section 9.1.4 that such a
network should feature the translation invariance in the orientation space. How-
ever, it is difficult to design a network, based on experimental data, that enjoys this
symmetry and the model in this chapter does not (see also section 3.5). We will
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show that the asymmetries produce ambiguous cortical activity at small contrasts
and that it is only for a high enough contrast that the network is able to respond in
agreement with the input, i.e. there is a perception threshold as we studied thor-
oughly in the previous chapter. We are also interested to know if the predictions
about the dynamics, made in the case of the Ring Model in chapter 9, are still
valid. Finally, this study will draw our final conclusions concerning the impact of
symmetries on the existence of illusions/illusory persistent states.

The chapter is structured as follows. In the Introduction, we recall the basics
of the optical imaging techniques and how to model its signal. Then, we give
in section 10.2, the model equation and show how to build the connectivity of
the network. We reduce the full network to a 3D system in 10.4 and study the
spontaneous and evoked activities in sections 10.5 and 10.6. Based on the working
range of the model, we build a dynamical stimulus which produces a characteristic
response in section 10.7. Conclusions are drawn in section 10.8.

10.1 Introduction

The model in [Blumenfeld 2006] was designed with the aim of reproducing the re-
sults of the optical imaging (OI, see chapter 1) study in Kenet et al. ([Kenet 2003]),
where activity patterns, similar to orientation maps,! were observed in the ab-
sence of an external stimulus. Let us formalise a bit the experiment. Let
i € [—g, g] , @ = 1---p be the DG angles (equidistributed) presented to the
animal (a cat or a macaque whose cortices produce orientation maps) and let Si’i
be the magnitude of the cortical response as seen from optical imaging signals, at
location x evoked by orientation ¢;. Let us recall how we compute the orientation
map, i.e. the map of preferred orientations by neurons at a given location x. We
first compute the "Fourier’ transform

2y = T = 2 Zp: S9I 2195
P

Then, the preferred orientation map is given by the map 0x and the selectivity is
given by r«. The selectivity rx is the maximal response at location x for all possible
stimulus orientations. Note that pinwheels in this representation are “black”, i.e.
2x =~ 0.

The function ¢ — S2 is called the tuning curve (see definition 1.3.1) at location
x. Notice that it is different from the tuning curve we have considered in the Ring
Model in chapter 9. Indeed, the voltage-sensitive dye optical imaging signal cor-
responds to post-synaptic membrane potentials (see [Sharon 2002, Grinvald 2004,
Faugeras 2007, Markounikau 2010] and also [Chemla 2010a] for a review) rather
than firing rates: the spikes are too fast to make a contribution to the signal. Hence,

!Obtained for example with a drifting grating (DG) stimulus
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Figure 10.1: Left: plot of the polar map zx of a part of the visual cortex in behaving
macaques. The map displays the preferred orientation in colour superimposed to
the selectivity (in grey). The white curve roughly delineates the boundary between

V1 and V2 (which has larger orientation domains). The frontier of the opened
skull is labelled “chamber”. A part of the cortex is (numerically) selected (white
rectangle of size 63 x 54) because it presents a small number of artefacts due to the
presence of blood vessels (data not shown). The two figures on the top right are the
selectivity map ry and the preferred orientation map 0y of the selected rectangle.
The two figures on the bottom right are the corrected maps to restore a rough
uniform distribution of the values of fx and a scaling of ry (see text). Courtesy of
A.Reynaud, I.Vanzetta and F.Chavane.
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the tuning curves Sf: correspond to membrane potentials tuning curves whereas we
studied firing rate tuning curves in the previous chapter. This also suggests (see
[Faugeras 2007]) the use of an activity based model (see chapter 2)

A=—-A+SJT-A+T1,)

for the modelling of the membrane potential and the OI signal which is then as-
sumed to be proportional to the total post-synaptic input OI = J - A + I.,;. Here,
J - A is the input due to recurrent connections and I.,; is the afferent input to
the cortex: they are function of the cortical position x. The spontaneous activity
corresponds to the activity A when I.;; = 0 whereas the evoked activity corre-
sponds to the case when there a stimulus, i.e. I,y # 0. Note that the firing rate
tuning curves at location x are modelled by a non-trivial (i.e. non constant) sta-
tionary state A (x) whereas membrane potential tuning curves, originated from the
OI signal, are modelled by

OIl=J-A+1,. (10.1)

10.2 Definition of the model parameters

Given the cortical responses 52 for different orientations ¢, we would like to build
a neural field model which produces spontaneous stationary signals Olspon: = J - A
(recall that in this case I.;; = 0) similar to the signal S (see chapter 8 for this). The
equation Olgy0,t = J - A shows that the space of functions S’f: for each orientation
¢, is in the range of the integral operator J. Given that this cortical activity is
stationary, it suggests that the integral kernel J fixes this activity, .e. Vo, S J-
S2. Hence, if one defines the space of tuning curves £ = Span {Sﬁ, NS [—g, %] },
then J acts as a projector on this space. It follows that we could choose the
connectivity as
2

J(x,y) = [ SgS0dg. (10.2)

vl

The range of this operator is obviously included in the set of tuning curves £. We
could study the model with this connectivity but the different activities produced
by the network is too large for a detailed analysis. Hence, we need to find a way
to reduce the number of different possible activities. We can achieve this, as in
[Blumenfeld 2006], by making the relationship between the cortical response 5S¢ and
the stimulus angle ¢ more explicit. Since the tuning curves tend to be unimodal
and centred around the preferred orientation 6y (see for example [Benucci 2009])
at location x, it seems reasonable to approximate S,‘f by

M = ry cos(205 — 26) = S. (10.3)
In this case, equation (10.2) writes

J(x,y) = rxry cos(20x — 2¢9y)g. (10.4)
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We generalize it slightly by:
J(x,y) = Jo + Jirxry cos(20x — 26y), Ji > 0. (10.5)

Note that this connectivity connects locations with similar preferred orientations
in a patchy manner because the regions of similar preferred orientations are clus-
tered (see figure 10.1 and [Gilbert 1989, Bosking 1997, Kisvarday 1997]). Also, the
strength of the connections is lower around pinwheels (because rx =~ 0) than in the
inter-pinwheels region, also called linear zones. This is supported by [Yousef 2001]
for the cat but it seems in contradiction with [Marino 2005] (also for the cat). The
connectivity (10.5) will be used in this chapter. It acts on the cortical activity A
in the compact form:

J- A(X) = /QJ(Xay)A(yﬂf)rg’a

where || is the area of the cortex Q under study. Finally, the evolution of the
cortical activity A is described by the standard rate equation

TA = —A +Sig[o (J- A +Iy) — 1], (10.6)

Sig is the sigmoid function Sig(x) = H%’ o is the nonlinear gain and h is the
threshold. We also define the firing rate function:

S(z) = Sig(x — h).
which allows to write (10.6):
TA=—-A+S[o(T-A+T1y), (10.7)

Remark 35.As in the previous chapter, the usual choice is to take oh for the
threshold instead of h. We found it mathematically more convenient to use our
scaling, the scope of the analysis is not reduced because we also vary h as a param-
eter.

The form of the connectivity J in (10.5) is a generalization of the connectivity
(9.2) of the Ring Model but it also incorporates the selectivity map r«. Note that
a similar model without selectivity has been studied in [Goldberg 2004]. In the
following, we will consider an afferent input of the form

Iept(x) = € [1 4 Bryx cos(20x — 2¢45¢)] (10.8)

where ¢ is the contrast and ¢, is the stimulus orientation. Using the same rea-
soning as in section 9.1.3, we can show that this choice does not alter the generality
of our study. For a time constant afferent input, (10.7) is formally equivalent, by
the change of variables A - J-A + 1., =V and V — S(ocV) = A to a “formal”
voltage based model:

TV=-V+4+7J: S (UV) + Iea:t~ <109)
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This form is more convenient for the following study, this is why we will use (10.9)
instead of (10.7).

Remark 36.In all the numerical experiments of this chapter, we use Jyg =

-1, J1 =15, h=1, B =0.1. This is motivated by the parameters values used in
chapter 9 except for the threshold h which is equal to 1 here. In the last chapter, the
value of h was constrained by the spontaneous firing rate. Here, the spontaneous
membrane potential is not constrained by OI data as the “blank”, i.e. the mean
response of the OI signal, is removed from the OI signal to yield S2.
From (10.1), we find that OI = V: this further motivates the use of the voltage-
based representation. From the expressions of the connectivity (10.5) and the affer-
ent input (10.8), we find that the stationary OI signals are scaled/shifted versions
of the orientation maps, i.e. OI & A + Bryx cos(20x) for some constants A and B.

10.3 Symmetry/statistical properties of the connectivity J

For the upcoming computations, it is useful to assume that the selectivity map ry

is normalized to satisfy:
dx
/ T)Q( Tor — 17
o * 9

which amounts to a rescaling of all the values ry. If the part of the cortex €2 under
study is large enough, we can expect (see also section 9.1.4) that the distribution
of preferred orientation 65 over the cortex €2 is almost uniform otherwise the pro-
cessing of the afferent input I.,; by the cortex would favour an orientation over the
others. Hence, given an experimental orientation map, we perform a statistical nor-
malization of the data, as explained in [Blumenfeld 2006]. This is done in order to
obtain a more uniform distribution for the preferred angles (see figure 10.1). Notice
in figure 10.1 that it does not change much the maps ry, 0.

10.4 Simplification of the equations

We simplify the full equations (10.9) by using the particular form of the con-
nectivity function J in (10.5). This yields a system of three equations which is
easier to analyse as we show in the next sections. Following appendix A.5, we
write OI(x,t) = V(x,t) = vg(t) + v1(t)v/Jirx cos(20x) + va(t)v/Jirx sin(20x) with
V0, V1, V9 € R and obtain the equations:

TV +vyg = JofS(JV)‘dﬁx‘—l-E
Q
T'l')l —+ V1T =V Jl f S (O'V) 'x COS(20X)% + 75% COS(2¢aff) (1010)
Q
dx

T+ va = I [S(0V)rysin(26x) +%sm(2¢m)
Q

E

Hence, we have reduced the original problem of solving (10.9) to the study of the 3D
system (10.10). We need to find the triplets ¥ = (v, v1, v2) solutions of (10.10) in
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order to identify the spontaneous/evoked cortical states. The spontaneous tuning
curves are linked to the stationary solutions ¥/ for null contrast e = 0, while the
evoked tuning curves correspond to the case € # 0. An untuned solution is a solution
with v; = v9 = 0 as opposed to a tuned solution. We would like to know when a
tuned solution arises because it may correspond to an orientation map. We will see
that spontaneous tuned activity is possible.

10.5 Study of the spontaneous activity

We start with the case with no stimulus, € = 0. The analysis that follows is very
similar to what we did in section 9.3.1 for the Ring Model of orientation tuning.
The difficulty, here, is the absence of the network symmetries which helped us to
build tuned activity in chapter 9. Hence, the problem at hand?, is more related
to the one we studied in section 3.5 where the symmetries were broken, than to
the one in chapter 9. Let us recall the main results of section 3.5. If we consider
the nonlinear gain ¢ as the bifurcation parameter, we can find up to 5 solutions to
(10.10) when € = 0 for a large enough nonlinear gain o, 3 of which being stable.

It turns out that there are more than five spontaneous stationary states that
emerge the experimental data shown in figure 10.1. The key to understand what
happens here, is to “restore” the symmetries, it allows us to apply the study of
chapter 9 and to interpret the results for (10.10) as a perturbation of the results in
this chapter.

In order to make the link with the Ring Model more explicit, we change variables.
We replace the spatial integration, ¢.e. the integration over x, with an integration
over the selectivity r and the preferred angle 0. As a result, we introduce a dis-
tribution function P(r, ) such that % = P(r,0)drdf. This is a formal change of
variables between the cortical space and the space made of selectivity and preferred
orientation (r,#). Using this distribution®, we can write (10.10) as:

R /2
Too+vo = Jof [ S(oV)P(r,0)drdd
0 —m/2
R 7/2
Toi+v = V[ [ S(oV)rcos(20)P(r,0)drdd
3%‘7’[//22 (10.11)
Toa4+vy = V[ [ S(cV)rsin(20)P(r,0)drdo
0 —m/2
V = wg+ vV Jircos(260) + vey/Jirsin(20)
R = maérx.
p<S

From section 10.3, we know that P(r,6) can be written %f’(r) + Py(r,0), the
asymmetry Py(r,0) being small. Indeed, the distribution of preferred orientations

%i.e. the one of finding the tuned solutions of (10.10)

3More precisely, we introduce the jacobian Js of the map ® : x — (7x,6x) and it follows that

P(r,0) = % where Jg—1 is the jacobian of the inverse map ® .
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is almost uniform (see figure 10.2). It suggests to introduce a new problem rather
than (10.11): let us consider the family of distributions P,(r,6) = %]5(7“) +aPy(r,0)
and replace P in (10.11) by P,. For a = 0, we have a distribution of preferred
orientations which is uniform whereas for a = 1 we have the distribution obtained
from the experimental data.

400 T T T T T T T
350~
300~
250~
N(0) 00l
150
100

50

0
-2 -1.5 -1 -0.5 0 0.5 1 15 2

6

Figure 10.2: Distribution of the preferred orientations 0y for the experimental data
shown in figure 10.1. The red line shows the level of uniform distribution if the
orientations were equidistributed. The number N () is related to the distribution
P(r,0) by N(6) = fOR P(r,0)dr - N where N = 3402 is the number of points in the

data and R = max rx. The bin size is 7/10.
pS]

In the case of the 'uniform’ distribution (for aw = 0), it is easy to check that an
untuned solution 7/ (c) = (vo(c),0,0) exists for all nonlinear gains o. Using the
result proved in appendix E.3, we know that from this untuned solution, a tuned
solution emerges (or bifurcates) for a particular value of the nonlinear gain* og. The
precise value of g( is not important. What is important is the value of o compared
to 09. How should we choose ¢ in order to see tuned spontaneous activity? The
result is that if o > o0g, the network can produce spontaneous tuned stationary

activity whereas it cannot for o < 0¢. If we write p/ = \/v{ + vg , the situation is
shown in figure 9.2 Left which shows the solution pf as a function of the nonlinear
gain o. In particular, if o > o9, there is a ring of tuned spontaneous activities given
by (vf(0), pf (o) cos(¢), pf (o) sin(¢)) for ¢ arbitrary.

In the case of the experimental distribution (for & = 1), we expect a perturbation
of the diagram in figure 9.2 Left. The result® is shown in figure 10.3 where we plot

“which depends on the threshold h and the positive coefficient J;

°Tt is possible to derive polynomial equations of degree three which approximate (10.11) for
o =~ 09, ~ 0 as we did in proposition 3.32. They would show that if & > 0, the Pitchfork branch
that appears at 0 = o for a = 0 is broken in 4 pieces when o > 0 yielding 7 stationary solutions. A
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the solutions (v{ ,Ug ) of (10.10) as functions of the nonlinear gain 0. We do not

plot fug because it is not necessary for knowing if the spontaneous activity is tuned
or not. We see that if the nonlinear gain o is above 4.5, there are 6 tuned activities
and one untuned activity. Otherwise®, there is only one stationary cortical state
which is untuned, written Ag.

Aﬂ_/2 65
f ]
015 . Agﬂ;/4 N )
\. Aﬂ-/g 6
01 : 2 : unstable ./
‘ r 155
tabl f
0051 stable 3 A P stable
v unstable 8 ¢ L5 g
o 2 N
2 \ ‘A—‘fr/8
A - untuned tabl ~ L 45
005 | X571 /4 unstable
-0.1 4
] stable
0.15 - 35
[ J
A77r/2
0.2 ‘ L
0.2 0.15 0.1 0.05 0 0.05 0.1 0.15 02
U1

Figure 10.3: Plot of the stationary solutions (v{,vg) (v(]; is not shown) of (10.10)
as functions of the nonlinear gain ¢ in the case of no external input e = 0. As o
reaches the value 4.5, 6 tuned cortical activities appear, beside the untuned one Ag.
We show the 7 solutions with large dots for o & 5.3. The yellow disk corresponds to
the untuned activity because it is close to the origin. The stability of the different
branches of solutions is indicated. The grey circle shows that the solutions almost
lie on a circle as in the case of the uniform distribution of preferred angles. The

stability is computed numerically. Note that the polar angle ¢ of the vector (v{ , vg )

is twice the angle of the stimulus that produces the response M,(f/ % encoded by

(U({’U{vvg)'

What does a stationary state vf = (v(]; , v{ , vg ) represent? To answer this ques-

tion, we write v{ = pf cos(¢) and vg = p/ sin(¢) (see figure 10.3) and compute

OIx)=Vf(x) = U(]; + U{\/Tﬂ“x cos(20x) + UQf\/Tﬂ“x sin(26x)
= o} + VTip ry cos(205 — ) (10.12)
= o) + VI MEP.

Hence OI(x) is a scaled-shifted version of M2"* which is by definition (see (10.3))
the response of the cortex to a DG oriented at ¢/2. Note that the polar angle

perturbation of the O(2)-Pitchfork would yield 9 = 3-3 solutions at most according to the Bézout’s
theorem. Indeed, the theorem bounds the number of solutions by the product of the degree.
Sie ifc <45
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¢ of the vector (v],v]) is twice the angle of the stimulus that produces
the response MY/? encoded by (vg,v{,vf).
Hence, the network spontaneously produces, for a sufficiently high nonlinear gain

o, three unstable tuned activities A/, Az 4, A_/y oriented at 7, %’r, —3, three

stable tuned activities Ay 4, A_; /o, A3y y oriented at g, —7, 3% and one unstable
untuned activities Ay, see figure 10.3. Note that the stability of the solutions has
been numerically obtained.

We plot the corresponding six OI signals (see (10.12)) in figure 10.4 for a non-
linear gain ¢ = 5.3. In line with the long-standing convention employed by experi-
mentalists, we removed the DC component vy, also called blank in the OI signals.

Note that the OI signals in each column are phase reversed.

10 20 30 40 50 60

Ol /4

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60

Figure 10.4: Plot of the spontaneous stationary OI signal associated to the station-
ary cortical states A found in figure 10.3 for a nonlinear gain o = 5.3.

10.6 Study of the evoked activity

Having studied the spontaneous activity in the previous section, we now study what
happens when the network is stimulated. We answer the question of how the dif-
ferent spontaneous cortical activities found in the previous section are modified by
the afferent input. In particular, how can the network produce a response that
is related to the stimulus orientation ¢4rs despite its apparent preference for the
orientations 7, ?ﬁT’r, —57 To answer these questions, we assume that the network
works at the edge of the bifurcation we analysed in the previous section (see chap-
ter 8). This means that we choose the nonlinear gain o to be close to the bifurcation

value oy ~ 4.5 (see also chapter 9).
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In the following numerical experiment, the afferent input is oblique, i.e. ¢, rr =
/8. It is a simple case because it is already aligned with one of the spontaneous
cortical responses. However, one should note that this is not a great loss of generality
because it is not aligned with the six others. Hence, we shall see how the tuned
responses behave when the constrast is increased. The result is shown in figure 10.5.

Based on section 3.5 and chapter 9, if we switch on the afferent input, i.e.
choose € > 0, we expect two main phenomena to happen: 1) destruction of 4 tuned
solutions when the contrast exceeds the asymmetry 2) persistence of a cortical state
“orthogonal” to the stimulus angle for larger contrasts.

We start by discussing the results of figure 10.5. If the contrast is above 0.1,
then the 4 tuned activities A9, A_r/4, A3z 4 Which are not aligned with the
stimulus at ¢ = 7 are destroyed. More precisely, Az, /4 and Ay are destroyed”
for contrasts € ~ 0.01 while A_; /4 and A_; /, are destroyed® for contrasts e ~ 0.1.
There remain two tuned solutions A /4, Asr /4, the first one stable, aligned with the
stimulus and the other, unstable, which is perpendicular to the stimulus orientation.
For large contrasts (data not shown), the perpendicular solution As /4 disappears”
together with Ay and it only remains the stable solution A, /4 (see section 9.5.2 for
a detailed explanation). This agrees with 2).

With regard to the relationship between the asymmetry and the contrast for
the existence of tuned solutions, we have not performed a detailed numerical anal-
ysis. Rather, we numerically observe that for contrasts £ of order the value of the
asymmetry'? max | Po(r,0)] ~ 0.1055, all cortical states which are not aligned with

)

the stimulus are destroyed. This is in agreement with the results in section 3.5.3.
It should be noted that the existence of the perpendicular response, in the case
of the symmetrical network (o = 0), amounts to the symmetry # — —@ in the
synaptic weights J. Hence, whenever the network is stimulated with a grating, 3
responses are possible. One is the untuned activity, the second is the response of
the network (i.e. the one aligned with the stimulus) and the third is the perpen-
dicular activity. A similar phenomenon happens here. In the numerical example
shown in figure 10.5, the perpendicular activity is evidently A 5. However, as the
experimental network is not symmetric, A% and A sn are not symmetric w.r.t. to

the origin'! in figure 10.5. In particular, these two states do not have the same
amplitude: Asx is closer to an untuned state than Ag.
4

10.7 Design of a dynamical stimulus

In this section, we would like to construct a stimulus that puts the network in a
state wich is not aligned with the stimulus like we did in chapter 9. This is a

"In effect, they disappear through a saddle-node bifurcation.
8idem.

Yidem.

Onumerically computed from the experimental data

Hgee figure 9.4 in the case of the Ring Model
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Figure 10.5: Plot of the stationary activities (v{ ) vg ) (vg is not shown) as functions

of the contrast € of the afferent input, for a stimulus orientation ¢,ry = g and for a
nonlinear gain o very close to the critical gain oy = 4.5 (see text). As e reaches 0.1,
only 3 evoked activities remain. We have indicated with large disks, as an example,
the seven evoked activities obtained for € ~ 0.005.

behaviour that was not explicitly incorporated in the design of the model.

In chapter 9, we have shown that when stimulated with a sequence of gratings
respectively horizontal, vertical and then horizontal, the network response did not
vary much: it was almost stationary. From its viewpoint, the two stimuli produce
very similar cortical responses. We would like to derive the same dynamical stimu-
lus for the experimental network. One should first note, that if the distribution of
preferred angles is almost uniform, then the dynamical stimulus designed in chap-
ter 9 also works. However, the slight asymmetries of the experimental network
make the design of the dynamical stimulus more difficult and we have to rely on
numerical computations. This makes the application of the dynamical stimulus idea
to biological experiments more difficult.

In the previous section, we have studied the evoked activity and gained a good
understanding of the states that the network produces spontaneously. We found

13

that any'? stimulus produces three activities'®. Let us recall how the dynamical

stimulus works. We know that Aj; 4 is unstable when the stimulus angle is ¢qff =
g and that Aj. /4 is close to the stable cortical response to a stimulus oriented
at Qqrp = %’T, we take advantage of this fact. We present a stimulus oriented at
¢afy = g which is called horizontal to make the analogy with section 9.4 more
precise. In response to this stimulus, the cortical activity converges to the stable

state Ay /4. Then, we slowly rotate the stimulus angle from ¢,r5 = 5 to a vertical

12In effect, we have shown that the contrast must be higher than the asymmetry.
13possibly unstable.
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one, i.e. Ggfp = %r. It makes the cortical activity converges to Ay, /4. We suddenly
present again the horizontal stimulus. As the current cortical states Az, /4 is already
very close to the stationary (unstable) cortical response to the vertical stimulus, the
cortical response does not vary much and it takes a long time before the cortical
activity moves to Ar/g, t.e. the cortical response to a horizontal stimulus. The

stimulus sequence is written horizontal slow vertical M horizontal.

However, this scheme would not work as well as in the case of the Ring Model
because of the asymmetry. This asymmetry gives different dependencies of the seven
cortical response amplitudes (see figure 10.5) on the contrast. Hence, to improve
the dynamical stimulus, we have to change the stimulus angle and also the contrast
in the gratings sequence. The contrasts have to be more precisely adjusted in the
case of large asymmetries. This was unnecessary in the case of the Ring Model.

Let us derive the condition to improve the above dynamical stimulus, i.e. to trap
the cortex in the perpendicular state more efficiently. For convenience, we make the
dependency on the contrast explicit. The first (horizontal) stimulus Iéi)t has orienta-

tion ¢upy = 5 and contrast €1. It produces the tuned responses A;l/)4 (e1), Aé? / J(e1)

(2) has orienta-

respectively stable and unstable. The second (vertical) stimulus I}

tion ¢y = 2 and contrast 5. It produces (data not shown) the tuned responses

ASTQ/) 1(€2), Agr) / 4(€2) respectively unstable and stable. Hence, the dynamical stimu-
lus works if

Agr)/4(€1) ~ Aéi)/4(€2)- (10.13)

Having computed the stationary activities for the two stimuli as functions of the
contrast (as in figure 10.5 for the horizontal stimulus Iglx)t)7 it is straightforward,
given a contrast €1, to find a second contrast €2 such that (10.13) is satisfied. This

would trap more efficiently the network in the perpendicular state.

10.8 Conclusion

In this chapter, we have followed [Blumenfeld 2006] and built a neural field model
that produces, as stationary activity, experimental orientation maps. We have
shown in section 10.2 that the choice of the connectivity J was a direct conse-
quence of the idea of cortical responses Sf: . We were then able to approximate the
experimental orientation maps to produce a 3D network equivalent to (10.9).

This 3D network is formally similar to the Ring Model we studied in chapter 9.
The resemblance is only formal as they do not model the same biology while they
share a lot of mathematical properties (like being 3D, working near a Pitchfork
bifurcation point, having very similar connectivity, a perception threshold...).

The Ring Model features a stationary spontaneous activity which is homeomor-
phic to a circle if the nonlinear gain is high enough'®. Hence, it can produce an
infinite number of stationary activities which are translations in the features space of

14WWe argued in section 3.7 that this is not the working range of the model.
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each other. The model of this chapter only produces a discrete number of stationary
spontaneous cortical states'® which expresses the preference of the network for spe-
cific orientations stimuli. Hence, with an afferent input like (10.8), the spontaneous
activity converges to one of these stationary cortical states. If we add a Brownian
noise to the afferent input, then the structure of the noise will be transmitted to
the cortical activity. Indeed, the network operating near a bifurcation, it is slow
compared to the time-variations of the noise. For the modeling of the Kenet et
al. experiment in [Kenet 2003] (see the beginning of section 10.1), it would predict
that the statistics of appearance of orientation maps in the spontaneous activity
reflect the noise properties and is very peaked around specific activities shown in
figure 10.4 depending on the noise amplitude.

Compared to [Blumenfeld 2006], we have not supposed that the distribution
of preferred orientations 6y was uniform. This has the consequence of creating
T %’T, —% as shown in figure 10.3). We then
studied how the network processed an arbitrary oriented stimulus. We saw that

orientation preferences (at roughly

if the contrast was small, the response of the network was ambiguous. As soon
as the contrast is high enough (above a perception threshold), this value of the
threshold contrast being related to the asymmetry of the network, then the response
is not ambiguous anymore, at least for stationary stimuli. However, if we switch
alternatively between two perpendicular stimulus of well tuned contrasts, then the
network response is stationary in time. This is a consequence of working near a
Pitchfork bifurcation.

The connectivity given by (10.5) does not depend on the distance between
the pre and postsynaptic locations as opposed to reported biological data (see
[Gilbert 1989, Kisvarday 1997, Yousef 2001, Marino 2005]).This can be modified by
multiplying the connectivity (10.5) by a Gaussian G4(x,y) = e~ Ix=¥1%/20* where o
is the extent of lateral connections. We cannot use the reduced system (10.11) to
study this new connectivity. However, the network could still be made work ingclose
to a Pitchfork bifurcation. The specific nature of the connections only shapes the
number of spontaneous/evoked stationary cortical states and we know it cannot be
above 9 (see section 10.5). These states will be organized in a similar way as in
figures 10.3 and 10.5. Also, the spatial structure of these spontaneous states will be
very similar to the one shown in figure 10.4. Hence, the assumption that the system
works close to a bifurcation is very strong and shapes completely the structure of
the spontaneous/evoked activity. We will not further study this particular model
but instead propose a new model of V1 which is much more driven by documented
experimental data. The price to pay is that the numerics become very involved.

15up to 9 theoretically although we have obtained 7 with the experimental data of figure 10.1.



CHAPTER 11

A model of V1 without
feature-based connectivity

In the last two chapters, we have applied the strategy proposed in chapter 8. We
turn now to the last model studied in this Thesis. It is a model of interacting
pinwheels with short-range connections that are feature-independent, each pinwheel
working close to a Pitchfork bifurcation. This is a general principle that has been
used in the models of Bressloff et al. (see for example [Bressloff 2001b]). We have
arrived at a similar requirement from other considerations in chapter 8. In this
chapter, we

e adjust the model parameters such that the mechanism of chapter 8 works
e study the influence of delays
e study the long-range connections.

In particular, we do not consider the problems of the width of the tuning curves
and of the perception threshold because this is far more sophisticated than for the
Ring Model. Indeed, the model of this chapter does not feature the symmetries of
the Ring Model that allow “easy” computations.
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11.7 Conclusion and extensions . . . . . .« v v v v v v v v v v v v 250

11.1 Introduction

There are many models of V1 /hypercolumn in the literature that have been intro-
duced to account for biology. These models can be segregated in two categories:
the spiking neural networks (to cite a few [Suarez 1995, Somers 1995, Somers 1998,
Shelley 2002, Tao 2004, Rangan 2005, Haeusler 2007, Chemla 2010b]) and the
rate models (for example [Ben-Yishai 1995, Carandini 1997, Dragoi 2000b,
Bressloff 2000,  Stetter 2000,  Bressloff 2001b,  Bressloff 2003,  Kang 2003,
Miikkulainen 2005, Blumenfeld 2006, Schwabe 2006, Baker 2009]). These models
depend on a lot of parameters and it is rare, especially for the spiking network
models, to find a study about the parameter tuning. In a caricature way, account-
ing for a few biological effects with thousands of independent parameters seems
unreasonable. We think it is very important to make the choice of a parameter
regime (i.e. a set of parameters) which implies predictions that are (or not) verified
in the biology. This line of thinking have been more thoroughly applied to the rate
models (see for example [Ben-Yishai 1995, Bressloff 2001b, Blumenfeld 2006]).

In the rate models community, the orientation selectivity have been mainly
modelled by assuming a feature-dependent connectivity (see [Ben-Yishai 1995,
Bressloff 2001b, Chossat 2009]), only a few studies, like [Ernst 2001, Kang 2003,
Bressloff 2003, Baker 2009], use a more reasonable connectivity like we described in
chapter 1, i.e. a connectivity that does not depend on the orientation (for example).
Note that the paper [Kang 2003] does not consider the regime where the network
is close to a stationary bifurcation.

Finally, in the rate model community, we are only aware of models (see the work
of Bressloff et al. ) of pinwheels interactions which assume a continuum of pinwheels
spread over the cortex. This is not supported from a biological viewpoint. Also, the
activity in the linear zones is neglected. Nevertheless, these models are often ref-
erenced for their spectacular ability to reproduce the contoured and non-contoured
planforms (see also [Ermentrout 1979]) as reported by Kluver in [K1”uver 1966]. In
particular, the use of long range connections as shown in section 1.2.2 is critical
for the model to produce contoured planforms. Note that the impact of space-
dependent delays in these models have been studied in [Bressloff 2008] for the linear
stability.

In this chapter, we consider a rate model with a connectivity that does not
depend explicitly on the preferred orientation and respects the basic properties of
the local connections (see section 1.2.2). We suppose that the populations are spread
over a square lattice of hypercolumns, this choice is motivated by the analytical
formulas it provides. This model has very few parameters and is tuned to operate in
a similar regime than in the Ring Model, i.e. near a Pitchfork bifurcation. Then, we
study what happens if we introduce long-range connections. Finally, we study how
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the space-dependent delays impact the network behaviour. To our best knowledge,
this is the only study, apart from [Bressloff 2008], about these effects with a rate
model.

11.2 A rate model with one population

Let us recall why we do not want a feature-based connectivity (see also chapter 1).
One of the most striking correlate of the orientation selectivity is the pinwheel
columnar structure as shown in the experiments of Bosking et al. in [Bosking 1997].
This raises the question “Is the pinwheel structure encoded in the cortical con-
nections?” An element of answer is given by [Lund 2003a] who concludes that the
patchy lateral connections are the only clearly identifiable example of an anatomical
column. Hence, in a dead cortex there is some evidence for a columnar organization
and less for orientation selectivity or the pinwheel network. This indicates, that the
connectivity should not depend on the orientation otherwise there should be some
anatomical evidence for it. Let us note that the pinwheel structure is observed when
an animal is shown highly contrasted full field drifting gratings', i.e. the network
has to be activated. The other element of answer comes from the theoretical study
in [Ernst 2001] of primary visual cortex at the very first stages of development.
This model features a difference of Gaussians connectivity on a two-dimensional
cortex that can generate pinwheels. Upon stimulation with drifting grating, the au-
thors found a pinwheel network and the extent of the (produced) pinwheels lattice
corresponds to the width of the connectivity. Hence, no feature-based connectiv-
ity between cortical neurons seems needed to account for the pinwheel structure.
In particular, it seems unnecessary to introduce the pinwheel structure within the
cortical connectivity.

To simplify the study, we will not consider two populations of excita-
tory/inhibitory spread over a 2D cortex. Indeed, such model requires too many
parameters, for example in the definition of the connections between the two popu-
lations, the different nonlinear gains, the thresholds... Rather, we use the simplifi-
cation exposed in section 2.3 and consider a single population. Hence, we consider
the equation for the membrane potential V' (x,t) which depend only on the cortex
position x. This equation is:

OVt = VD) + /Q J(5,3)S [0V (3, D) dy + Lar(x) (11.1)

1
W . We sup-

pose that 2 has periodic boundary conditions because this simplifies the
computations of the spectral properties in (8.6) of the integral operator.
According to the biological properties of the connectivity seen in chapter 1, we shall
decompose it as a sum of the local connectivity and the long-range connectivity:

where €2 is a two-dimensional piece of cortex and S(v) =

J(%,¥) = Jioc(x —y) + eLrILR(X,Y)-

!there are also orientation maps for local stimuli, see [Chavane 2011] for example.
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As the long-range connectivity is modulatory, we assume that ey i is small. Hence,
we start with the case where there are only local connections e,z = 0 in the next
section. The long-range connections are introduced in section 11.6. The next three
sections are devoted to the derivation of expressions for the connectivity function
Jioe and the external input Ig;;. For the input, this goes through the study of
theoretical orientation maps #(x) similar to the experimental ones that we studied
in the previous chapter.

11.2.1 The expression of the local connectivity, J,.

From [Lund 2003a, Marino 2005], we know that the local connectivity is homoge-
neous in the cat and in the monkey:

J(X7Y> = Jloc(x_y>7 HX_yHQ S 1 (112)

If we suppose that the excitatory/inhibitory connections are modelled by Gaus-
sians with identical width oy,., then the excitatory population features an effective
connectivity given by a difference of Gaussians:

Jioe(X) = ae ioc — e *ioc (11.3)

This local connectivity implies that there is always a space constant stationary
activity V(x) = vg for all parameters when there is no input I.,;. This activity
solves:

vo = JoS (o) (11.4)

where Jy is the integral of Jj,. over the cortex ).

11.2.2 The expression of the external input, I,

Here, we shall give an expression for I.,;. The optical imaging technique gives the
preferred orientation (PO) map x — 6(x) € [~3,3] by a procedure that we de-
scribed in section 10.1. The orientation map being computed with high contrast
drifting gratings stimuli, we assume that the LGN drives the cortex and that the
recurrent computations are negligible. Hence, for a given orientation stimulus 0,y
expressed by a particular form of I.;:, the membrane potential converges to a sta-
tionary solution V/. Using equation (11.1), when ||I..|, is large, we find that
the stationary cortical state V/ is roughly? given by I.,; and is also the OI signal
(see section 10.2). This stationary cortical state is used for the computation of the
PO map. Hence, I.;:(x) carries the information about #(x). This motivates the

expression
Iext(x) = f(xv Q(X))
for some function f that has to be found. The rest of this section is devoted to

finding f. We start with the case where there is a single pinwheel (like in figure 8.1)
in the PO map.

2because S is bounded.



11.2. A rate model with one population 231

Around such a pinwheel, the preferred orientation is given by the polar angle
(see figure 8.1): the LGN input only depends on this angle 0, i.e. I.,(x) = f(argx)
written I(x) = f(#). Moreover, f has to be a periodic function of 6 because the
preferred orientation is periodic around the pinwheel. Hence, by keeping the first
Fourier modes of f, we can assume that

Tewt(x) = A+ Bcos(20 — 2¢), (11.5)

around the pinwheel for some arbitrary A, B > 0 and ¢. For a given cortical
location, # = ¢ gives the maximum response. Hence, we can interpret ¢ as the
stimulus angle, written 6,7¢, at location x. Also, as the LGN input is supposed
weakly tuned, we can fix A=1,B = << 1.

How can we generalise the above expression of I.,; for a network of pinwheels
with the property that around each pinwheel, we have the same expression (11.5)7
A solution is given by the expression

Lept(x) = 1 + Bcos(20(x) — 20, (x)).

If we add a function Iy of the space to localise the stimulus, we find (see also
[Shelley 2002] for a different derivation):

Tept(x) = € [1 4 B cos(20(x) — 20,5 ¢(x))] Lo(x) (11.6)

where ¢ is the contrast and f is the (input) anisotropy. In the case of a full field
stimulus, Iy = 1 whereas for a local stimulus Iy is a Gaussian, for example. In the
model we consider here, the LGN gives a weakly tuned input which means that
is small. In order to proceed further, we need the expression of the PO map 6(x).

11.2.3 The pinwheel lattice

We now assume that the pinwheels are distributed on a planar lattice. This reg-
ularity makes it easier to apply the mechanism of chapter 8. Indeed, the tuned
component of a full field grating stimulus

171 (x) = £B cos(20(x) — 20ayy)

has to be approximated by an eigenvector of Jj,. according to (8.9). We will see in
section 11.3.2 that the eigenvectors of Jj,. are given by cos(k-x), sin(k-x) where k
is an arbitrary wavevector. Hence, the simpler 6(x), the easier the approximation
of I f“f 7(x) by eigenvectors is.

We describe a planar lattice £ by two independent vectors vy, vo and let

L= {27TTL1V1 + 2mnovey ‘ ni,ng € Z}.

We can distinguish three types of lattices depending on the angle ¥ between the
two basis vectors vi, va: the square lattice (1) = §), the rhombic lattice (0 < ¢ <
5, ¥ # %) and the hexagonal lattice (1) = §). To simplify the study, i.e. to reduce
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the number of different cases, we assume that the pinwheels are distributed on
a square lattice. The upcoming analysis could be easily extended to the rhombic
lattice. The case of the hexagonal lattice is different, in particular, its larger number
of symmetries changes the Pitchfork normal form expression (11.13) and its analysis
in section 11.4.2.

We now show some particular PO maps 6(x) where the pinwheels are distributed
over a square lattice. How can we build them? We have to find maps such that
the preferred orientation around a pinwheel looks like figure 8.1. The tiled pin-
wheel map can be generated from a single m X 7 square hypercolumn like figure 8.1
by first generating a rectangle of size 2m x 7 with a reflection along the vertical
axis. From this rectangle, we then generate a 27 X 27 square with a reflection
along the horizontal axis. This periodic 27 x 27 square tiles naturally without any
transformation. We call N, the number of tiles used to generate a PO map, hence
Q = [-N,m, Npml.

In figure 11.1 Left, we plot an example of PO map 6! and the procedure to
make the 27 x 27 square of 4 pinwheels is shown in white.

3m
Smm 27 |
T
0 0
—T
—3 = o

_37—TS7T 21 -7 0 T 27 37

Figure 11.1: Left: Orientation map §*. Right: plot of cos(201), the surface forms
spots. Positive values are transparent whereas negative values are dark. The ori-
entation map is seen by transparency. Note that N, = 3.

How can we generate other maps? As the lattice inherits the properties of the
initial square hypercolumn, given the initial square hypercolumn of the map 6 (see
figure 11.1 Left), we can multiply it by —1 (modulo 7) or add a constant (modulo
), it will produce a square hypercolumn like figure 8.1. Hence, we find that other
PO maps are given by:

6 = +60 + 6y []

where 6y is an arbitrary constant. We conjecture that we find all the square PO
maps using this procedure starting from an initial square hypercolumn.
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It is interesting to look at the tuned component of the input in the case of full
field gratings. In figure 11.1 Right, we plot cos26!: it is displayed as an alpha
map on top of the underlying PO map ', where transparency represents positive
values of cos20! and dark represents negative values. We observe that cos 261
generates spots. A shift of the PO map, similar to a rotation of a full field grating
stimulus, would change the spots into stripes (see figure 11.2). Hence, by rotating
the stimulus, the input patterns change from spots to stripes.

Figure 11.2: Plot of cos (201 — 2%), the surface forms stripes. Positive values are
transparent whereas negative values are dark. The orientation map is seen by
transparency. Note that N, = 3.

11.3 Basic properties of the network: local connectivity

We start by exploring the properties of the model that are solely due to the local
connectivity.

11.3.1 Network symmetries

Let us write (11.1) as F(V) = 0 with F(V) =V +V — Jjoe - S(6V) — Iops. As in
the case of the Ring Model in chapter 9, the symmetries of the model change if the
stimulus is switched on (¢ # 0) or not.

In the case where there is no stimulus (¢ = 0), we find that F commutes with
the translations:

F(Ty-V)=Ty - F(V) with Ty - V(x) = V(x + t),

this is a consequence of Jj,. being homogeneous and of the periodic boundary con-
ditions imposed on §2. Because of our assumptions, the group of spatial translations
is isomorphic to the torus T? = R?/(2N,7Z)?. The model is also symmetric with re-
spect to the transformations that leave the basic structure invariant. This is because
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Jioe 18 rotation invariant and an even function. These transformations form the di-
hedral group Dy = (R, S) generated by R, S, a rotation and a reflection which act on
the membrane potential as: R-V (z1,z2) = V(x2,z1) and S-V (z1, z2) = V (21, —22).
The full symmetry group when ¢ = 0 is:

Gloe = Dy x T2 (11.7)

The index loc is used to recall that the connectivity is the local connectivity. When
the long-range connections are introduced in the model, the symmetries are changed,
see section 11.6. Hence, we have shown that the model is Gj,.~equivariant when
e=0.

We now present a stimulus to the network, i.e. € > 0. We have seen in sec-
tion 9.1.4 that F commutes with a transformation if the input I, is invariant by
the transformation. Hence, at most, the symmetry group of the model is Gj,.. We
are left to find the symmetries that leave the input invariant. When the LGN input
I..t is space constant, the model is Gj,-equivariant. We now focus on the case of
full field gratings Iy = 1. The input is not invariant under all the translations Ty but
only those satisfying t = (27n1,27mn2), n; € Z. This comes from the periodicity
of the PO map 6 which is obtained by tiling the basic 27 x 27 square (see white
dashed square in figure 11.1 Left). Hence the translations group is reduced from T?
to a discrete subgroup Z2. No further symmetries are found.

We end this section by looking at the symmetries of the PO map 6. They are
“obvious” symmetries like the reflections along the vertical (resp. horizontal) axis
of equation z1 = 7/2 (resp. xo = m/2). There are also transformations that do
not leave A1 invariant, like the reflection, written S, along the line z1 = x5 which
change the sign of the map:

0 (Sx) = —0(x) [r].

Indeed the reflection S amounts to exchange the blue zones with the green
zones. Finally, we have a nice transformation coming from the shift. If we add
7 modulo 7, to the map, it transfers the colour zones according to the chain
blue—cyan—violet—red which amounts to rotate the entire map by an angle of

5. Hence, if we write Ry the rotation of angle ¢, we find:
1 1 ™
0 (Rogx) =0 (x)+ ¢ [1], o€ ZZ. (11.8)

where Ry is the rotation of angle ¢. If we consider a general map 02 = 01 +6y, g =
+1, we find:

02(Rogx) = 02(x) + 206 [1], ¢ € %Z. (11.9)

This relation simply shows that 6(x) is affected in a counter-clockwise (resp. clock-
wise) way if the increasing values of 6 are seen counter-clockwise (resp. clockwise)
in the initial square hypercolumn.
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11.3.2 Eigenvalue decomposition of the connectivity

In the mechanism described in chapter 8, we have seen that it was important to
compute the eigen-elements (A, U), satisfying (8.6), of the integral operator asso-
ciated to the local connectivity Jij,.. As we imposed periodic boundary conditions
to the cortex 2, the eigenvectors U are given by cos(k - x), sin(k - x) with the

wavevector k = ( J]i} N ) k; € Z. Then, the eigenvalues, noted Jk, read

jk—/QJlOC(y) cos(k - y)dy.

There is an analytical expression® for the Ji but we choose a convenient approxi-
mation which is valid when N, is large. In effect, we have:

A o2 IIKl2 02 K2
Jy ~ 4ol [ae Tioelkl”/2 _ 9= oIkl ] , Np = 00

The eigenvalues indexed by the wavevector k may be the same for different k.
We find that the eigenvalue j((),()) is attained once, the eigenvalues j(kl,o) (resp.
j(k1,k1)) are attained four times by the wavevectors k = (£k1,0), (0, £k1) (resp.
k = (ikl,ikl)) and the eigenvalues j(k1 ko) With ki, ko # 0 are attained eight
times*. This also gives the dimension of the eigenspace.

It is 1mportant to note that the largest eigenvalues are separated by a quantity
of order N— % because the different wavevectors are separated by at most p. It
implies that the bifurcation points, solution of (8.7), are very close.

11.3.3 A first look at the spontaneous activity

We would like to show some spontaneous cortical states that can be produced by
the model and discuss their interpretation. We have seen in chapter 8 that the
network features a constant (untuned) spontaneous activity vy when no stimulus
is shown. What happens if we have pharmacologically modified the population
properties like the threshold T or the nonlinear gain ¢? For some value of the
nonlinear gain (for example), the untuned activity may become unstable and tuned
spontaneous activity may emerge. Close to a bifurcation point, this tuned activity
would look like® vg + U where U is an eigenvector for some wavevector k. It is
interesting to understand how this spontaneous activity may be interpreted. For
example, we have seen that the spots or stripes of spatial extension 7 and centred
on the linear zones should be interpreted as full field gratings.

But if the stripes are centred on the pinwheels centres (shown with white dots in
figure 11.3 Left) as in figure 11.3 Top Left, then the interpretation changes. Indeed,

3which involves the erf function

by the wavevectors k = (k1, ka), (—kz, k1), (k2, k1), (—ki1,k2).

®and also because k — Jy is smooth

51t is unclear if this is true far from a bifurcation point. For example, the nodal structure of
the spontaneous activity may be conserved along bifurcated branches but we have not been able
to find such a general criterion. See also part II.



236 Chapter 11. A model of V1 without feature-based connectivity

in this case, the hypercolumns are either not activated or entirely activated. For
the ones entirely activated, we can suppose that all the orientations are present in
the stimulus, i.e. that it is a small spot. The right column in figure 11.3 is the
interpretation of the cortical activity in the left column. We represent spots with
red squares centred on pinwheels (black dots). It follows that the first activity a)
represents stripes of light and the second activity b) represents spots of light. These
are called the non-contoured planforms in [Bressloff 2001b].

On the other hand, when only a fraction of the hypercolumn is activated, we
determine which local contour produces such cortical activity by pooling” the ori-
entations “that are activated”. For example, in the case of thin stripes of activity
in figure 11.3 ¢), we obtain an example of contoured planform.

Finally, there are activities that have an ambiguous interpretation. It is in-
deed difficult to see if the cortical activity in figure 11.3 d) Left is indeed rep-
resented by a mixture of contoured/non-contoured planforms as we have done in
figure 11.3 d) Right. The interpretation is ambiguous because the local contours
around the square should match the contours of the square. This might come from
the fact that the spot of light is not really a square in this case.

11.4 Generalisation of the Ring Model

In this section, we adjust the parameters (a, o, T") in order to produce the mechanism
explained in chapter 8. One of the basic requirements of this mechanism is that the
network must be able to spontaneously produce activity that looks like the LGN
input when the nonlinear gain o is high enough. As we have already computed the
eigenvalues and eigenvectors, the basis of the mechanism is almost set. We start
with the identification of an eigenvector that looks like the tuned component of a
full field grating.

11.4.1 Identification of the critical wavevector

From figure 11.1, we see that cos(201(x)) ~ (sin(z1) + sin(z2))/2 for the square
lattice 1. Also we have (data not shown) that sin(26*(x)) ~ (— sin(x1) +sin(z2))/2.
From cos(26* —20,¢f) = cos 201 cos 20,7 +sin 201 sin 20,75, we conclude that for all
full field grating orientations, the input is composed of spots or stripes of wavelength
1. Hence, a candidate for the wavevector to be spontaneously selected is:

k. = (1,0).

From the discussion in chapter 9, k. must be the first wavevector to undergo a
bifurcation when the nonlinear gain ¢ is varied: this happens if jkc is the largest
positive eigenvalue of Jj,. (see lemma F.1.1) and the nonlinear gain that produces
the bifurcation is written og. Then, by symmetry, the static bifurcation is a Pitch-
fork bifurcation with symmetry group Dy x T2

"This is done by computing the Fourier transform: arg [ V(x)ezw(x)dx around each pinwheel.
The contour is validated if the total activity | [V (x)e??®)dx| is high enough.
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Figure 11.3: Plot of wvarious plane wave membrane potential solutions.
a) cos(z), b) cos(x)+cos(y), ¢) sin(2z), d) cos(Z5Y) + cos(“ZH) + cos(ZLE) +
COS(#)

terms of stripes, spots and contours (see text). The first two rows are for the PO

. See text for more information. Right: corresponding interpretation in

map 1. The last two rows are for the PO map 62.
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11.4.2 Parameter tuning and network behaviour

Once we have adjusted the connectivity parameters, it remains to tune the operating
point of the network by tuning the nonlinear gain. In the case of the Ring Model, we
chose a nonlinear gain close to a Pitchfork bifurcation o < gg. Then, we studied the
spontaneous activity depending on the nonlinear gain. This gave us a hint about
the cortical responses to small contrasts. Indeed, the switching of the stimulus
“opens” the Pitchfork (see section 3.3.2) and produces a turning point that we can
follow as function of the contrast. This turning point arises for a nonlinear gain o,
which is a decreasing function of the contrast: ¢ — o.(¢). For a particular value
of the contrast €g, which we call the perception threshold, the turning point has
the same value as the nonlinear gain of the network, i.e. 0 = o.(g¢). Then, for
larger contrasts, the network features a tuned response. The last important remark
about the Ring Model is the rotation invariance. This invariance implies that the
network responses are all the same V/(0) = f(0 — 0,;;) where 0, is the stimulus
orientation. For the Ring Model, we found up to three different functions f for a
given stimulus and one of them is called the tuning curve (see definition 1.3.1). In
the case here, we will only sketch the first part of this analysis, i.e. the study of
the activity depending on the nonlinear gain. In particular we will not study the
opening of the Pitchfork bifurcation. Note that we conjecture the present model
to feature a perception threshold. However, because of the absence of the rotation
symmetry, it has a finite number of cortical responses to a particular stimulus.
However, we have not been able to derive the dependency of these responses on the
stimulus angle 0,77 in a simple way. In particular, we are not able to compute the
tuning curves analytically. Finally compared to the Ring Model, something new
happens. As the network has spontaneous preferred orientations, when presented
an arbitrary stimulus orientation, it will give a tuned response for contrasts above
the perception threshold and the cortical response orientation will depend on the
contrast. Hence, there could be a second perception threshold corresponding to the
contrast value for which the cortical response aligns with the stimulus angle. This
does not happen in the Ring Model because the cortical response is always aligned
with the stimulus.

11.4.2.1 Tuning of the connectivity, Jj,.

Having identified the critical wavevector, let us adjust the connectivity such that
Jk, becomes the largest positive eigenvalue of Jj,.. As the critical eigenvalue must
be positive, this requires

Ji, ~ 4n’c}, [cztf”l2<7c/2 - 26701200] = 47T20'l2006701200/2 a—2e %2 >0 (11.10)

which gives: a > Qe Ttoc/2. Also, we find that the extremum of k — Ji occurs at

k|| = U}OC\/—2log(a/4). From | k.|| = 1, we find:

a = de Ttoc/?. (11.11)




11.4. Generalisation of the Ring Model 239

To describe completely the connectivity .Jj,., we need to fix the value of oy,.. Rather,
Oloc Will remain a free parameter that we adjust to have different network behaviours
(see next sections). As 0y, should not be too small compared to the square hyper-
column size (0, = ), we shall assume that

Jo = 4n%0} [a — 2] = 7?0}, [a — 2] = 8n20} 2 oc/2 — 1| < 0,

loc
i.e. Ol > 1/2log(2) ~ 1.1774.

11.4.2.2 Tuning of the nonlinear gain, ¢

Let us now operate as in chapter 8. We suppose that there is no input € = 0
and look for a nonlinear gain ¢ = o such that the constant activity V7/(x) = v
bifurcates. We find the equations (see (8.7) in chapter 8):

{ vy = JoS(oovo) (11.12)

1 = UojkCDS(U()Uo).

We proved in appendix E.3 that these equations have a unique solution (v, og) if
Jo < 0 which implies a < 2 and

Oloc > \/21og(2) ~ 1.1774.

According to the discussion in section 9.5.2, the nonlinear gain o of the network
should be adjusted just below o, i.e. ¢ =3 0¢. Indeed, in this case, when there is
no input, the network does not have a tuned response.

The bifurcation point (vg, 0g) corresponds to a Pitchfork with the square symme-
try group, it is called a D4-Pitchfork bifurcation. The critical eigenvectors are given
by (cos(x1),sin(x1), cos(zz), sin(xz)). Let us write VI (x) = vg+21€™1 +29¢'*24-c.c.8.

Unlike in lemma 3.3.2 where we used the Lyapunov-Schmidt method to derive
an equation in (21, z2) for the stationary solutions, we are here interested in the local
dynamics. We will see how this dynamics is changed when the delays are varied for
example. This is why we apply the center manifold theorem (see remark 7) to the
non-delayed neural fields equations to derive the reduced equation for (z1, z2) (see
[Ermentrout 1991)):

=2 U%?+5’Z1|2+7|22’2 +1
Zp =29 (S0 4 Blza)® +v]21]?) + I

g0

(11.13)

with 8,7 € R given in appendix F. We also find in section 3.3.2 that I} =
fQ Tewt (21, 22)e "1 da1dxa /(27 N,y)? and I = fQ Tewt (21, 22)e®2dx1dxa /(27 N,)2.
In the case of full field gratings (i.e. Iy = 1 in (11.6)) and the PO map ', we have:

I = =i (cos 20, — sin 20,s¢) (11.14)
I, = 71-% (cos20,ff +sin20,5¢) . '

8complex conjugate.
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It is known from [Golubitsky 1988] that the normal form (11.13) has two types of
stationary solutions:

e the stripes (¢! z{, 0), (O,eid’?z{) with z{ = ,/% and ¢1, ¢o arbitrary,

e the spots (z{ ei‘z’l,z{ '%?) with z{ = U&Cﬁ_f,y) and ¢1, ¢z arbitrary,

when I; = Is = 0. Note that when the stimulus is switched on, the stationary
solutions z{ , fo of (11.13) are purely imaginary for the PO map 6. Hence there
is a finite number? of cortical responses to a particular stimulus. In the case of no

input, € = 0, the spots are stable if and only if
B<—lv<0 (11.15)
whereas the stripes are stable if and only if
7 < B<0. (11.16)

It implies that the stripes and spots are mutually exclusive as stable patterns. We
have plotted in figure 11.4 the two conditions (11.15)-(11.16) as function of the
“threshold” T and the lateral extent of the local connectivity oj,.. In all cases, it
requires the connectivity extent to be two to three times smaller than the
hypercolumn extent. This seems shorter than what is reported in the biology
(see chapter 1).

B/od k. v/od k.,
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Figure 11.4: Left, Middle: Plot of the coefficients 3, ~ of the D4-Pitchfork normal
form as function of the threshold 7" and the spatial extent of the local connectivity
Oloc- Right: region in the parameter plane (T, 0y,.) where the spots or the stripes

Uloc/7r

are stable in the case ¢ = 0.

Suppose that we have set the parameters such that the stripes are stable (for
example). We have seen that depending on the stimulus orientation, the external

9Like in the previous chapter, this number is bounded by 9 by Bezout theorem.
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input pattern is composed of stripes or spots. In the case of a horizontal full field
grating (6,rr = 0), the input pattern is composed of spots for the PO map o1,
This is a difficult task for the network to produce spots whereas it prefers stripes.
The network is able to do so if the contrast is high enough. To understand this
mechanism, i.e. how the network manages to give a “correct” response and for which
contrast, requires a delicate study that we do not perform here. This would amount
to solve (11.13) in (21, 22) as function of (&, 0,¢7). The main issue is that for a given
contrast ¢, there can be many solutions (z1, 22) and it is difficult, for example, to
find an analytical condition on the contrast for a unique solution to exist. Also, at
contrast fixed, the “tuning response” 6,5y — (21, 22) is more complicated than a
cosine function as for the Ring Model.

We were not able to solve (11.13) and (11.14) as functions of (&,6,¢f), in par-
ticular, we were unable to compute the tuning curves. These equations could be
numerically studied but this would lengthen too much the present study. Neverthe-
less, we can make the following two predictions. Let us call z{ (Baftr€), zéc (Bafs,c)
a solution of (11.13). Then the firing rate at cortical location xq is given by

TC(Ouf5) =S |:U (vo(e) + 2R (z{(&aff,e)eixl + zg(eaff,s)ei“))} (11.17)

f
i
Xg. If the contrast is large enough, there is a unique cortical response to a stim-

where the scalars vo, zj (6a7f,€), @ = 1,2, are independent of the cortical location
ulus oriented at 6,77. The tuned component of this response looks like the tuned
component of the input. Hence we should be able to write

TC(0ass) = Slo (vo(e) + 2p1(e) cos 2(6(x) = basy))]

where pi(e) is real scalar. It follows that the tuning width is the same at
every cortical location for contrasts large enough to produce a cortical
response which can be approximated by the above formula. This is in
contradiction with the experiments in [Nauhaus 2008] but in agreement with those
in [Marino 2005].

Another interesting effect is to look at the cortical response to a local oriented
stimulus. Hence, we assume that the mask function Iy in (11.6) is centred around

x = 0 and activates a feedforward region of 4 pinwheels: Iy(x) = exp <_2|(|§7|§2)'

Using the same argument, if the contrast is large enough, we have:
TC(Oarf) = So(vole) + 2p1(e)lo(x) cos2(0(r) — Oazy))] -

In particular, it is localized. But for smaller contrasts, the cortical response is
given by (11.17): it is not localized and is regularly spatially organized at the
hypercolumn scale. Hence, it looks like the cortical response to a full field grating.
We conjecture that at small contrasts, the localized stimulus will excite populations
of nearby hypercolumns with similar orientation (we do not know if this orientation
is close to Og¢f). This seems in contradiction with recent experiments by Chavane
et al. in [Chavane 2011]. Further numerical studies are required to understand the
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link between the cortical response and the stimulus. However, we stop here our
investigations in order to show how the tools, that we have developed for the delays
in the previous part, apply to the present model.

11.5 Space dependent delays effects

In the two previous examples of this part, the Ring Model and the Blumenfeld et
al. model, we have not looked at the delay dependent effects.

The Ring Model being a hypercolumn model without spatial extension, it is
difficult to introduce propagation delays. Instead, we could have studied the effects
of constant delays. This was done in chapter 6 although it was not a hypercolumn
model. We found a Fold-Hopf bifurcation if the constant delay was large enough. In
particular, around this bifurcation point, there can be bistability between stationary
solutions and oscillating solutions.

We could have introduced constant delays in the Blumenfeld et al. model in the
previous chapter. As the equations are very similar to those of the Ring Model, we
expect similar conclusions to hold for the Blumenfeld et al. model.

Propagation delays in a V1 neural field model have only been studied once to our
best knowledge in [Bressloff 2008]. This V1 model features a network of interacting
Ring Models with a connectivity given by Jio.(0 —0) +errJrr(X, 8) where the local
connectivity Ji,. is the Ring Model connectivity and the long-range connectivity is
basically the connectivity we use in section 11.6 up to the change 0 <+ 6(x). The
authors found a Fold-Hopf bifurcation for a particular propagation speed, the Hopf
bifurcation occuring for the wavevector k = 0. Note that they did not look at the
constant delays effects.

In this section, we take into consideration the delays as described in part III.
More precisely, we modify (11.1) into:

PV =Vt + [ T3S oVivt = eyl dy + L) (1118)
where 7(x,y) = D + c||x — y||,- As in the previous part, we make the distinction
between the constant delays (¢ = 0), the purely propagation delays (D = 0) and the
space dependent delays in the general case. Let us first characterize the spontaneous
activity and see how the constant cortical activity V/(x,t) = vy (which depends on
the nonlinear gain o) is altered by the introduction of delays. We study whether
this stationary state can oscillate when delays are added. In this case, we write
V(x,t) = vy + zpeWHteKHEX | ¢ ¢ where zg is a scalar complex and call kg the
wavevector. The difficulty in finding this oscillating solution lies in finding the
frequency wy and the wavevector. As explained in chapter 8 in the case of the
static bifurcation, an oscillatory instability, called a Hopf bifurcation, arises when
the linearised equation around the stationary state VI = vg

T%U(X,t) = -U(x,t) + os1 /Q J(x,y)U(y,t — 7(x,y))dy, (11.19)
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with s; = SM)(vg), has solutions of the form U(t,x) = e™Hte > The issue here
is to find when such solutions defined by (wg,kg) exist. Fortunately, the model
(11.18) belongs to the class of models for which we have found analytical formulas
for the bifurcation point (ck, Dx) at which solutions defined by (wg, kg) of (11.19)
exist. As before in this Thesis, we start with the constant delays case.

11.5.1 Case of constant delays

In this section, we look for particular constant delays Dy such that (11.19) has an
oscillating solution. We have seen in section 4.4.1.1 that this critical delay Dy for
the wavevector k exists if and only if

os1Ji < —1. (11.20)

From proposition 4.4.4, the smallest critical delay Dy is obtained for the largest
eigenvalue jk which satisfies (11.20). We have adjusted Jj,. in section 11.4.2 and
the largest negative eigenvalue is Jo, it follows that the most unstable wavevector
is kg = 0. The model works close to the Pitchfork bifurcation point o = 9. That
is why we plot in figure 11.5, the values, in the parameter plane (||k||, 0j0c), of the
critical delay Dy /7 at the Pitchfork point o = og. In this case, the condition (11.20)
reduces to jk/ jkc < —1 because aosljkc = 1. Under the curve labelled “co”, no
critical delay exists whereas the critical delay values are indicated by the labels on
the different isolevel curves.

Uloc/ﬂ-

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

i3l

Figure 11.5: Plot of the critical delay values Dy /7 as function of (||K||,070) at the
Pitchfork point ¢ = gg. Note that below the curve labelled “c0”, no critical delay
exists.
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Lemma F.1.2 indicates that if no critical delay exists at the Pitchfork bifurcation
point ¢ = o9, then no critical delay exists for smaller nonlinear gains o < oy.
On the other hand, if a critical delay exists at the Pitchfork bifurcation point,
then this critical delay is a decreasing function of o (from proposition 4.4.4 and
lemma F.1.2). We find that the smallest local connectivity extent oy, for which
there is an oscillating solution is given by o, &~ 0.427 for o = oy.

The value ogs; is independent of the threshold T as it equals 1/ jkc- Hence,
the value of the critical delay does not depend on the threshold T for ¢ = oy.
It implies that the critical delay never exists if the model operates in the spots
regime (see figure 11.4 Right) or in the stripes regime because these regimes require
the spatial extent of the local connectivity to be smaller than oy, < 0.405 (see
figure 11.4 Right).

Having shown that no oscillating solutions can be found with constant delays at
the Pitchfork bifurcation point ¢ = oy, we now turn to the study of space-dependent
delays.

11.5.2 Case of space-dependent delays

In this section, we show that the introduction of propagation delays can produce
oscillating solutions. Again, we use the result of section 4.4.1.2 to compute the Hopf

bifurcation curvesi®.

1 should depend on the three parameters

The Hopf bifurcation curves
(010e, ¢, D). As such, they form surfaces in the 3D parameter space. Instead of
plotting these surfaces, we find it more convenient to show the bifurcation curves
in the plane (D, ¢) for some particular o;,.. This is done in figure 11.6 for o = oy.
Each Hopf curve corresponds to a wave vector k = (m,n)/N, and the black dots
mark the curve intersections which are Hopf-Hopf bifurcation points, i.e. the in-
tersection between two Hopf curves. The first two panels (07, = 0.387, 0.3857)
correspond to the stripes regime and the last panel (oj,. = 0.3957) corresponds to
the spots regime. We plot two panels in the first case because there is a Hopf-Hopf
bifurcation point in the null wavevector if the local extent oy, is small enough. In
the spots regime, there is no Hopf-Hopf bifurcation in the null wavevector. In both
regimes, the most unstable wavevector is the null wavevector (corresponding to the
blue curve) because it appears for the smallest critical delays. Hence, we do not
consider the other Hopf-Hopf bifurcation points.

Finally, note that the first instabilities (cg, Dy), i.e. the ones for the smallest
delays, arise for Dy < 7, ¢y = 7 on the blue curve for the null wavevector kg = 0.
As 7 =~ 10ms, it gives a critical constant delay below 10ms. In figure 11.6, the grey
region indicates the parameter region where no oscillating solutions have bifurcated.
Also the critical speed is in the range ¢ 1= 0.1us /ms where us is the unit of space.

'Note that we have used the C 4 + library Cubature to compute the 2D Fourier transforms
needed for the eigenvalues of J;, in the Hopf curves formulas.

11They form a set in the parameter space (0i0c, D, ¢) where a solution like e
(11.19).

wHt ek X oyists for


http://ab-initio.mit.edu/wiki/index.php/Cubature
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Figure 11.6: Plot of the Hopf curves in the parameter plane (¢, D) for different
local connectivity extent oj,. and N, = 5 at the Pitchfork point o = o.. The labels
(m,n) indicate the wavevector k = (m,n)/N,. The intersection of the curves is

labelled with a black dot.
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A hypercolumn has an extension of m us ~ Imm (see figure 11.1 Left). Hence,
the critical speed is in the range 0.03mm/ms which is 30 times smaller then the
speed seen in tissues. Hence, these instabilities should not be observed for biological
values of the parameters.

Imagine that we can decrease the propagation speed pharmacologically, it in-
creases ¢ which can be larger than c¢g. Then, the results in figure 11.6 indicate that,
depending on the value of .., the Dy-Pitchfork instability of the previous section,
may degenerate into a Dy-Pitchfork-Hopf instability'? where the Hopf instability
appears in the null wavevector k = 0. We have already encountered this type of
bifurcation in chapter 5 in the case of one-dimensional neural fields. Here, it is
a bit more sophisticated because of the symmetries. More precisely, if we write
U(x,t) = et the solution of (11.18) for k = 0, then the membrane potential near
the instability reads!?:

V(x,t) = vo + 20e™Ht + 21" + 20€™2 + c.c. (11.21)

and the normal formal form is given by'*

(T)

0= 2o (in + oy, (T —To) + aﬁ}”“)(azoc — Oloc,0) + Brl20|* + a1]z1]? + a1|Z2|2) +1

3= 21 (752 + aalz0l® + Blz1]? + vlz2f?

ac
by = 22 (7525 + azlzo” + Blz2f” + 72
(11.22)
where 8,7,I1, 1> are the same as in (11.13), Iy = [ Text(x)dx/(27N,)? and
(To, 010c,0) are the critical parameters.

Remark 37.The equations satisfied by the amplitudes are the same as for
the Hopf-Hopf bifurcation with O(2) symmetry (see [Golubitsky 1988] and sec-
tion 5.2.2.4). Hence, the equations for the amplitudes p, and phases 6, of the
zp = ,opewps are decoupled and we find a 3D system for the amplitudes.

We will not study these equations because they are extremely sophisticated (see
[Golubitsky 1988, Chossat 1986]). However we can give the general flavour of what
can or cannot happen, leaving the complete analysis for future work. There are
the static solutions (0, z1, 21), (0,21,0), (0,0, %) studied in the previous section
or the oscillating solution (zp,0,0). But more importantly, there are Mixed-Mode
solutions (see also section 5.2.2.3) like:

Vara (x,t) = vo + 2p0 cos(wprt + do) + 2R (216 + 29€2), (11.23)
or quasi-periodic solutions (see also section 5.2.2.3) like:

Ver(x,t) = vo + 2po sin(wpt) sin(wrpt) + 2R (21! + 29€™2) cos(wppt), (11.24)

12We also found a D4-Pitchfork-Hopf-Hopf instability in the stripes regime in the null vector,
i.e. the most unstable.

Bwhere c.c. means complex conjugate.

14Recall that T is the threshold

+1
+1
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where wpy is a frequency. Let us have a look at the Mixed-Mode solution for exam-
ple. The membrane potential oscillates between the values vg — 2pg + 2R (21 +
29€2) and vy + 2po + 2R(21€! + 29€™2). We can try to find a stimulus which
produces such cortical responses. For example, we recognize in the Mixed-Mode so-
lution, the tuned component of the cortical response to a full field grating while the
untuned component is oscillating. If vg—2po+2R (21 et +22€ix2) < T and vg+2pp+
2R(21€1 + 29€*2) > T, then the firing rate S (0 [vo —2p0 + 2R (211 + zgeim)])
is low while vg — 2pg + 2R(z1€" + 22€¢"*2) is above threshold. Hence, Vs, could
be produced by a drifting grating that is periodically switched on/off.

We stop here the investigation of these time periodic cortical responses as they
require the in-depth study of their stability which requires the study of the system
(11.22).

Finally, we would like to look at the last instability that can appear with the
delays: the Bogdanov-Takens bifurcation. Its occurrence has been investigated in
lemma 4.6.4 and is conditioned by the inequality:

1
0> — / J1oc(x) (D + c||x]|5) cos(z1)dx = D + jc / J1oc(x) ||x]]5 cos(z1)dx.
Q Q

Jx. ke
(11.25)
Numerically, we find that Ji Jo Jioe(x) [|x]|5 cos(z1)dx is an increasing function of
k.

Oloc Which maps (0.375, 0.4657r) to (1.515, 1.804). This rules out the possibility of
a Bogdanov-Takens bifurcation.

In this section, we have studied the responses of the network, working close
to the Dy-Pitchfork bifurcation point, when the delays are added. In the case of
constant delays, no oscillating response can be produced by the network if it works
in the spots or stripes regime. In the case of space dependent delays, we have found
oscillating solutions in the null wavevector ky = 0. This wavevector is the most
unstable, i.e. by decreasing the propagation speed, this is the first mode to become
unstable. If the speed is decreased around a critical speed, the model features
a Dy4-Pitchfork-Hopf bifurcation. An analogue, yet simpler, bifurcation has been
analysed in section 5.2.2.3. Here, the larger number of symmetries makes it difficult
the study of this bifurcation which is postponed to future work. Recall that the
authors in [Bressloff 2008] also found a Pitchfork-Hopf bifurcation with ky = 0 but
they did not perform the study of the normal form.

11.6 Study of the long-range connections

We now take the long-range connections in consideration. Recall from section 1 that
these connections are patchy, connect populations with similar preferred orientation
and, depending on the species, present an anisotropy. Given a cortical position x,
we can connect the population at x with the other populations at y according to
JLr(x,y) = Go,(0(x) — 0(y)) with oy =~ 30°. We obtain a patchy connectivity
because the regions of similar preferred orientations are patchy in figure 11.1. Note
that the patchiness of this connectivity depends on the cortical location x.
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Remark 38.There is another way to produce patchiness (see chapter 1), i.e. by
using Go, (0(x —y +v)—0(v)) where v ¢ ©Z2. The vector v is used so that (0+v)
is defined. Recall that 6(0) is undefined because 0 is right at the pinwheel. This type
of connectivity produces a patchiness that is homogeneous: it does not depend on
the cortical position x as opposed to the connectivity we are using in this chapter.

Depending on the species, we have seen in section 1 that the long range
connections present an anisotropy in that they tend to align with the preferred
orientation 6(xg) at xp. This can be modeled by a term “4 la” Bressloff et
al. (see for example [Bressloff 2003, Baker 2009]) Jo(x, R_20(x,)(X0 — y)) where

Jo(x,x) = e~ [(1=x)%at+at] /208 5. Rag(x,) s the counter-clockwise rotation'® of angle
20(xp) and o is the long-range connections extent.

Remark 39.There are two minor issues here. First, to agree with the network
geometry, the function x — Jo(x,x) should satisfy the periodic boundary condi-
tions assumed for Q. Geometrically, Q is a torus. Hence, in the expression of
R_29(x)(X0—Y), we have to perform a rotation of the vector xo —y which belongs to
the torus. It is not possible to define a rotation on a torus. Hence, R_QQ(XO)(XO -y)
is not well defined. The solution is to assume that the long-range connections are
strictly contained in a disc of diameter smaller then 2Npm.

If x = 0, then there is no anisotropy (as for the macaque for example) whereas for
X € (0,1), this connectivity presents an anisotropy along the preferred direction'®
(as for the tree shrew for example). All in all, the long-range connectivity reads:

Jer(%,¥) = Jo0x, Rog (x — ¥)) - Gy (6() = 6(y))  (11.26)

Finally, we have seen that the long-range connections are modulatory, i.e. they are
small compared to the local connections, hence, the connectivity in (11.1) is now:

J(%,¥) = Jioe(x = ¥) + eLrJLR(X, ) (11.27)

where e i is small compared to a—1 = Jj,.(0). The long-range connections feature
the following relations:

Lemma 11.6.1. The long-range connections satisfy the following invariances. For
the PO maps +0* 4 0:

T
Jr(Rgx, Rgy) = JLr(X,y), ¢ € 12

Proof. See appendix F.2.1. [J

cos(d) —sin(0)
sin(6)  cos()

1%Tndeed, when x > 0, the function x — Jo(x,x) is close to one on the x-axis and has a contour
plot similar to an ellipse aligned with the x-axis. Hence, the connectivity Jo(x, R—26(x)(X0 —¥))
is non zero when R_Qg(xO)(XO —y) is on the x-axis i.e. Xg —y < +£Ro9(xy) €z Where e, is the unit
vector of the x-axis. This last condition corresponds to y being along the preferred direction of

5. Ry =

the neurons located at xg.
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Let us look at the Dy-Pitchfork in (11.13) with the long-range connections.
As these connections are small, we can apply the center manifold theorem (see
appendix A.1l) with the two parameters (o,err) instead of just o. It gives:

b= (552 b en Y 4 Bl + ol ) + 1 1128)
Zp =2 (5t +errdS 4 Blzal? + |21 ?) + I ‘
with '
T = [ Jpp(x,y)e'@ v dxdy /(27 N,)?
2 (11.29)

Q
TS = [ Jpp(x,y)e@ v dxdy /(27 N,).
02

These coefficients govern the effects of the long-range connections. From the sym-
metries of Jrr, we find the following properties of the coefficients J,gLR), k=12

Lemma 11.6.2.For the PO maps £0* + 0y, we have:

JER — g e R,

Proof. See appendix F.2.2. [J
We also need to study the dependency of Jl(LR) (which equals JQ(LR) by the
previous lemma) on the anisotropy x. This is done numerically by using the fact
that the integrand in Jl(LR) is known analytically as a function of x,y. Indeed, we
can use that
cos(201(x)) ~ (sin(x1) + sin(x2))/2

sin(26(x)) ~ (— sin(x1) + sin(z2))/2 (11.30)

to express the integrand. The result is shown in figure 11.7. Two facts are inter-

9.5

8.5

Jl(LR)

75

X

Figure 11.7: Plot of the coeflicients JI(LR) as function of the anisotropy x for the
map #'. Computed with N, =5.

esting. First Jl(LR) is positive for x € [0, 1] and it is an increasing function of
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Xx- Hence, from (11.28), the long-range connections improve the response: for a
given stimulus, they increase the cortical response. This cortical response is further
increased by the anisotropy x for both local and full field stimuli.

We also provide the corrected normal form for the Pitchfork-Hopf bifurcation
(11.22) with the long-range connections although we shall not push further its study:

. . T oc
20 = 20 (ZOJH + Oégr{)(T - TO) + Oégl )(Uloc - Uloc,0)+

LR
eLrdy )+5H\20’2+041\Z1!2+0é1\22|2> +1o (11.31)
. — LR :
f= 2 (G2 +epd{™ + aglzol + B2 +912?) +4
. _ LR
Zy = 29 (’TSO+€LRJ2( )+ aslzol? + Blaal? +y]2f?) +I
with JSE = e=wnD [ dxdyJpp(x,y)e@IxVlz /(27 N,)2.

Q2
11.7 Conclusion and extensions

We have shown how to implement the mechanism of Ben-Yishai et al. in a network
with a biologically realistic connectivity on a PO square lattice. We have restricted
the study to a one-population model and have found that it forced the (effective)
connectivity to be a Mexican hat. Depending on the spatial extent of the local con-
nectivity, the network spontaneously produces stripes or spots and this spontaneous
response has to be adjusted in order to match the LGN input. The spatial extent
of the local connectivity has to be two to three times smaller than the hypercolumn
extent.

The study of the tuned responses has not been performed because of the diffi-
culty to solve the equations. Note that this could be done numerically. We found
that the width of the tuning curves was independent of the cortical position at large
contrasts. We also found that the cortical response to a local oriented stimulus at
8.7 r preferentially activated nearby populations of similar preferred orientation, this
orientation was not linked to the stimulus angle 6,7¢. In fact this dependency is a
function of the contrast. Hence, it would be very interesting to look at the spon-
taneous responses and how they are altered by a stimulus. We expect something
similar to the perception threshold of chapter 9 to hold but something new hap-
pens. There should be a perception threshold corresponding to the contrast value
for which the cortical response aligns with the stimulus angle. Indeed, at small con-
trasts, the network has definite preferred orientations which are independent of the
stimulus angle. For larger contrasts, there is a unique response which is (almost)
aligned with the stimulus. At intermediate contrasts, the (stable) response angle
is different from that of the stimulus angle. Hence, this suggests the existence of
a threshold contrast at which the cortical response agrees with the stimulus. This
does not happen in the Ring Model because the cortical response is always aligned
with the stimulus. More study is needed to understand this mechanism. Note that
this is central for the understanding of how much work is done by the recurrent
connections compared to the LGN input in order to shape the cortical response.
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We then studied how space-dependent delays could change the above conclu-
sions. We found that if the model is insensitive to constant delays, it can be
destabilized for particular pairs of constant-propagation delays. This requires a
propagation speed that is 30 times smaller than the biological value. Hence, the
model is insensitive to space-dependent delays as well. However, the delay-induced
instabilities are very rich and could give rise to time periodic planform. We have not
studied the resulting equations which, theoretically, support a wealth of behaviours.
These behaviours could be seen if the propagation speed in tissues was pharmaco-
logically reduced as with drugs for example. We have then considered long-range
connections and showed that they increased the cortical response to drifting grat-
ings and that the anisotropy further increased this response. However, they do not
shape the spontaneous activity as they do in the work of Bressloff et al. .

Finally, this model has been a fantastic test-bed for the techniques we have
developed in the two previous part. In particular, we have used the normal forms
reduction for non-delayed/delayed neural fields and the analytical formulas for the
Hopf bifurcation curves. Without this very last tool, the study of the model would
have been far more difficult to achieve and would have relied on very intensive
numerical computations.

This model could be extended in several ways in addition to the study of the
reduced equations. The first step would be to study the pinwheel hexagonal lattice
to see if it produces the same value for the local connectivity extent. Then it
would be interesting to incorporate neuronal adaptation as it has been shown to
be necessary for the orientation tuning in monkeys in [Nowak 2009]. Also a more
detailed analysis of the Pitchfork-Hopf normal form is needed. Note that a study of
centre-surround modulation is unlikely to reproduce biological data as it has been
shown in [Series 2002a] that is requires at least two populations.

However, the real challenge is to make the model work with two excita-
tory/inhibitory populations with the same local spatial extent of the connectivity.
The number of parameters is greatly increased but some other biological facts can
be used to restrict their value. For example, contrast saturation of cortical re-
sponses, centre-surround modulations, motion streaks... These effects have already
been widely modeled (see for example [Stetter 2000, Series 2002a, Lund 2003b]) but
the idea here, would be to propose a working regime that rules out a huge set of
possible parameters. To reach this goal, the tools developed in this Thesis will be
essential.






CHAPTER 12

Conclusion

You can’t always get what you want
But if you try sometimes you might find
You get what you need

(The Rolling Stones)

In this Thesis, we have used tools from dynamical systems theory to probe gen-
eral neural field equations in the quest of understanding the more complex spiking
neural networks. We decided to study these equations in the most general case with
the minimal assumptions. This decision naturally split the Thesis in three main
parts, two being “theoretical” and one collecting the applications to specific models
of primary visual cortex.

In the part concerning the stationary cortical states, we found, by applying
the degree theory, that the number of stationary solutions is odd for almost any
parameters values. Moreover, the degree theory suggested a way of computing these
solutions by deforming the nonlinearity to a new one, that we can treat analytically,
and then following the solutions by deforming the nonlinearity back to the one we
are interested in. This scheme can be parallelized on many computers to deal with
large networks. Also, we found that by looking at the range of the integral operator
linked to the connectivity function, we could describe without approximations the
stationary solutions with potentially few variables.

Concerning the delays in the neural field, the two most important achievements
have been the discovery of an analytical formula for the Hopf bifurcation curve and
the proof of a center manifold theorem. The analytical formula provides the critical
pair (effective delay, propagation delay) and the center manifold theorem allows
to reduce the local dynamics around stationary solutions to ordinary differential
equations. Then, various normal forms were computed in view of their use in
the study of 1D simple neural networks. Despite their apparent simplicity, these
networks can display sophisticated dynamics which require further investigations.

In the last part, we applied these results to particular models of the primary
visual cortex (V1). The first application concerns the Ring Model, an hypercolumn
model, to which we applied the Orbit Space Reduction to cope with the internal
symmetries. Our bifurcation analysis provided a complete understanding of all
parameters. We also identified a perception threshold, i.e. the minimal stimulus
contrast that is required by the network to produce a cortical response in agreement
with the stimulus. Finally, we found that the hypercolumn can be “fooled” by a
well chosen sequence of stimuli. Then, we studied a V1 model which relies on
experimental data and generalises the Ring Model. The idea was to see how many
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of the results for the Ring Model extend to a network of hypercolumns. Also, we
were interested in the effects of symmetries as experimental models do not display
perfect symmetries. We conjectured the existence of a perception threshold but
we failed to understand the mechanism in its full generality, it deserves further
work. This understanding is of major importance because it gives the amount of
cortical computation on top of the LGN input which is needed to shape the resulting
cortical activity. The two previous models feature unrealistic connectivity between
populations. We have then developed a new V1 model that generalises the previous
two in the way they work, i.e. close to a static bifurcation, while modeling more
closely biology. We have then used the analytical formulas for delays to arrive
at the conclusion that the critical propagation speed is thirty times smaller than
the experimental one whereas the critical effective delay is in the range of what is
experimentally observed. Hence, the delay dependent effects cannot be seen without
decreasing the propagation speed with drugs for example (see section 11.7).

Perspectives

The work concerning the stationary solutions can be pushed further. One could, for
example, couple degree theory and equivariant theory to get results concerning the
bifurcated branches in networks with symmetries. Also, in the 2D case, a criterion
(such as the nodal structure of the cortical activity) is missing to describe the global
structure of bifurcated branches. Such criterion, if it exists, would help the study
of more realistic neural field models.

In the case of delays, a better understanding of the multiple effective delays case
is required in order to avoid heavy simulations. Despite our proposition of a general
numerical scheme applicable to any kind of delays, we think that the analytical
study of two excitatory /inhibitory populations on 1D cortices with distinct effective
delays and no propagation delays could be a first step to more sophisticated models
well worth investigating. This would be particularly useful for the generalization of
our V1 model to two populations for example.

On a more theoretical point of view, the study of the normal forms Fold-Hopf
and Hopf-Hopf with O(2)-symmetry in the general case is lacking in our analysis. It
would allow a complete understanding of the simple network with inverted Mexican-
hat connectivity and delays.

An interesting aspect, not covered in this Thesis, is the interaction between
neuronal /synaptic adaptation and delays. This has largely been ignored in the
literature (we are only aware of the work of Venkov and co-workers) despite the
usefulness and applicability to visual cortex models. Indeed, if after some intense
period of activity, an hypercolumn is required to rest for some time dt regardless
of its afferent inputs, it can only “see” hypercolumns at distance vdt, where v is
the propagation speed of signals along axons. It seems that interesting behaviours,
for biology and pattern theory could emerge from this interaction. The analysis of
such models could be done with our tools without much change.
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This suggests the move of neural fields modeling to a more dynamical stage.
In the neuronal systems, and in particular in the visual system, there are many
aspects which call for more dynamics. The first intriguing aspect of our vision
system lies in the fixational eye movements (see the review [Martinez-Conde 2004])
that continuously modify - although without attention - the input to the network.
These eye movements are driven by the Superior Colliculus which also sends the
information to the visual area MT. The importance of the fixational eye move-
ments for the visual system is crucial as it has been experimentally demonstrated
that the blockade of eye movements paralyses our vision system in less than 100ms
(see [Martinez-Conde 2004]). It is believed that the eye movements are necessary
in order to counter the adaptation of the neuronal system to the external input.
A first interesting remark is that by the spatial arrangement of the cortical neu-
rons receptive fields, when the eye is pointing to an object of the visual field, a
multi-scale representation of the scene is automatically generated. When looking
at some contour, the activity is locally fluctuating (because of the eye movements)
and is shaped by the phenomena of spike frequency adaptation and synaptic depres-
sion/facilitation. If one contour has been seen at a given location rg, it generates
some high neuronal activity which is transmitted to the neighbourhood at a propa-
gation speed of v &~ 0.1 —1mm/ms (see section 2.2.5) while the neurons at ry will be
silent, because they spiked a lot, for a few hundreds of milliseconds. This activity
wave will depolarize the neighbourhood and facilitates the detection of the contour
(which has moved because of the eye movements) by the synchronization of the de-
polarization wave and the stimulus input (see also [Bringuier 1999, Series 2002b])
at the condition that the horizontal propagation speed and the eye movement speed
are of the same order in cortical coordinates (for example). We think that the tools
developed in this Thesis are mature enough to cope with these more dynamical
questions about information processing in the first stages of the visual stream.

The work in part II is published in [Veltz 2010]. The analytical formula for
the Hopf bifurcation curve in delayed neural field equations given in chapter 4
is published in [Veltz 2011a]. Finally, the stability analysis of stationary states
in neural field equations through the use of fixed point methods is published in
[Veltz 2011b].
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APPENDIX A

Stationary properties

Definition A.0.1 (Stationary bifurcation point). Let wus consider an equation
F(V,o0) = 0, V. € B, 0 € RP on a Banach space B. Let us assume that
V = 0 is solution of this equation for all o. Then, og is said to be a bifurcation
point if there exists a sequence (Vy,0p) of solutions such that (Vy,0,) — (0,00)
and (Vi) is not a null sequence.

If F is differentiable in the first variable, the Implicit functions theorem implies
that og is a bifurcation point if the differential Dy F'(0, 0¢) at (0, o) is not invertible.

Definition A.0.2 (Equivariant vector field). A wvector field F' : B — B is said G-
equivariant if G acts on B and VV € B, Vg € G, F(g-V) =g-F(V).

A.1 The center manifold theorem from [Haragus 2010]

Let us consider the equation :

%U LU+ R(U,p) (A1)

with 3 Banach spaces Z — Y — X with continuous embeddings. Let us assume
that:

e Lecl(ZX).

R(0,0) =0, D,R(0,0) =0 and R € C*(V; x V5,)), k > 2 with V| x Vy, a
neighbourhood of (0,0) in R™rer x Z

the spectrum of L is : ¥(L) = X5 — (L) U X.(L) U X, (L) with supX,(L) >
v > 0, supXs(L) < —v. Moreover, ¥.(L) is the finite set of eigenvalues of
finite algebraic multiplicities with zero real part.

there are wg > 0,¢ > 0, € [0, 1) such that Vw, |w| > wp, then iw ¢ X (L) and

. _ c
|(iwl — L) 1HL(){) < ]
. _ c
H(zw[— L) 1H£0}72) < w0
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We write X, the sum of the generalized eigenspaces for the eigenvalues in 3.(L)
and P. the unique projector on X, which commutes with L. We also define the
hyperbolic projector P, =1d — P..

Theorem A.1.1 ([Haragus 2010]). There is an application ¥ € C*(X, x
R™var Py Z) with ¥(0,0) =0, D¥(0,0) = 0 and a neighbourhood O, x O, of (0,0)
in Z xR such that p € O, and a manifold Mo(pn) = {U. + ¥ (U, ), U, € X}
such that :

o M(u) is locally invariant, i.e., if U is a solution of (A.1) satisfying U(0) €
M(p) N Oy and U(t) € O, for all t € [0,T], then U(t) € M(p) for all
te0,T].

o M(u) contains the set of bounded solutions of (A.1) staying in O, for all
t € R, i.e. if U is a solution of (A.1) satisfying for all t € R, U(t) € O,,
then U(0) € M(p).

A solution on the center manifold reads U = Uy + ¥ (U, 1) and satisfies

%Uo = LoU, + P.R(U, + U(U,, ). (A.2)

A.2 Well-posedness of operators

We prove proposition A.2.1:

Proposition A.2.1. If Vt, J(t) € L2(Q% RP*P), the linear integral operator J(t) is
continuous from F to F and its norm |||J(t)[||F is bounded by [|[I(t)||2 (02 goxr)-

Proof. The integral in the right-hand side of (3.2) exists because for almost all
r € Q the p? elements J;;(r,,t), i,j = 1,--+ ,p of J are in L?(Q2) for all ¢ > 0 and
the p coordinates of V(-,¢) are in L2(Q) for all t > 0. Because of Fubini’s theorem
it is clear that U(t) = J(¢) - V(¢) is an element of F for all ¢ > 0. Next we have (we
drop the time variable to simplify)

r') V;(r') dr’

and (Cauchy-Schwarz):

< J2 1/2 ”
r)] Z (r,x)dr’" ) [Vl

from where it follows that (Cauchy-Schwarz again, discrete version):

1/2 1/2

o< [ S, Z/ﬁrr o' | =i Z/ﬁrr

1/2
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from what it follows that y is in L2(Q) (thanks again to Fubini’s theorem) and
Iyl < IVI% Z/ i, x") de'de = [V 13172 2 gose)-

O

A.3 Fixed points theorems

We briefly describe some applications of Brouwer’s and Leray-Schauder’s degree
theories. They are central in the proofs of parts 4 and 5 of proposition 3.2.7.

We first recall Schaeffer’s theorem and provide a short proof based on the Leray-
Schauder degree.

Theorem A.3.1 (Schaeffer). Let X be a real Banach space. Suppose M : X — X
18 a compact mapping and

S={xe X |3tel0,1] such that x = tM(z)}

18 bounded. Then M has a fized point.

Proof. We provide for completeness a short proof based on Leray-Schauder’s
degree theory. Taking r > 0 large enough such that S C By, we define m(z,t) =
x —tM(x) on B, x [0,1]. Then 0 ¢ m(dB, x [0,1]) by construction. According to
the homotopy invariance of the Leray-Schauder degree

degLS(Id - M, By, 0) = degLS(Idv B, O) =1 ?é 0,

thus, according to the Kronecker property of the Leray-Schauder degree, there exists
a solution to the equation M(z) = z. [

We can apply this theorem to prove existence of solutions to equation (3.9). We
consider the function F : F — F defined by:

F(V,0)=—-F(V,0) +V =J-S(cV) +1,

where F' is defined in equation (3.9).

It is known that F' is a nonlinear compact operator of F [Faugeras 2009]. We
can apply Schaeffer’s theorem to the function F since it is easy to prove (see
[Faugeras 2009]) that for all V such that F(V, o) =tV the following holds

IVIF <tlovplUINF + |[Tl7), (A.3)

where || ||z is the Frobenius norm.
Hence for all o there exists Vf; such that

F(V},0)=V]

The following easy consequence of the proof of theorem A.3.1 is used in the
article.
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Corollary A.3.2. For each o > 0 there exists an open bounded set U, containing
S (defined in theorem A.3.1) such that degyg(Id — F,U,,0) = 1.
We next give without proof a theorem due to Leray and Schauder.

Theorem A.3.3 (Leray-Schauder).Let X be a real normed space, J = la,b] and
M : X xJ— X be of the form Id+ m with m : X x J — X compact on X x J.
Let

Y={(z,0) e X xJ : M(z,0)=0}

and for each o € J, let
Ye={zeX : (z,0) € X}
Assume that X, is bounded and that
degrg(M(.,a),U,0) #0

for some open bounded set U D ¥,.
Then ¥ contains a connected component C intersecting ¥qx{a} and which either
intersects ¥y x {b} or is unbounded.

A.4 Compact operators with simple eigenvalues

Proposition A.4.1. For every m € N*, the set of compact operators with m simple
first eigenvalues is dense in the set of compact operators.

Proof. The set Ry(F) of finite dimensional range linear operators is dense in the
set H of the linear compact operators of F [Brezis 1983]. Thus we only need to prove
the theorem for Ry¢(F). Let us consider J € Ry(F), and R(J) = Span(e1, ..., ex),
k > m. Without loss of generality we assume that the first eigenvalue of J has
multiplicity two, i.e. 51 = f2. Its corresponding Jordan block is then

i
0 5

Then if we define J,, = J + %62 ® e9, we have lim,,_ oo J, = J. The first two
eigenvalues 8 and (1 + % of J,, are simple, i.e. J,e; = fre; and J,(nee; + e2) =
(B1 + 2)(neer + e3). We can do the same for the other eigenvalues, and define an
operator J,, with m simple first eigenvalues, a finite dimensional rank, and which
is arbitrarily close to J. [

Proposition A.4.2.The same proposition holds for operators of the type Id + J
where J is a compact operator.

Proof. 1t follows from that of A.4.1. [J
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A.5 Reduction of the activity based model to a finite num-
ber of ordinary differential equations

We consider the equation for the activity-based model:

{A = —L,-A+S,(J-A+1I) t>0

ACLD) = Ag() (A-4)

We recall that L, # L (see [Ermentrout 1998]) because they do not have the same

biological meaning: One is related to the synaptic time constant and the other to

the cell membrane time constant. We let L, = diag(ai,---,ap). We also recall

the PG-kernel decomposition of J = > X ® Y;. Each of the p coordinates A;,
k

t=1,---,pof A satisfies
Ai—FaZ‘Ai:SU(J'A"FI)i i=1---,p

Similarly to the voltage case, let us consider the p finite dimensional subspaces
F;, i = 1,---,p of L2(Q,R), where each F; is generated by the N elements
Vi, k =1,---,N. We decompose L?(2,R) as the direct sum of F; and its or-
thogonal complement for (,), Ff-, L2(Q,R) = F; @ FlL and write A; = Ay + Af.
We note Hl‘ (respectively Hj‘) the projection from L2(Q2,R) to F; (respectively to
Fib) parallel to Fi- (respectively to F;). This induces a decomposition of F as the
direct sum of F = [[’_, F; and F L= b F: such that for each vector A of F
we can write A = Al + AL, By construction we also have

J- At =0,
and therefore

{AL +oidl =TS, (3-Al+1);
1= 17 y P

AZJ‘ + OtiAzJ‘ = I_LL SG(J -Ap+ I)i

which is a 2p-dimensional non-autonomous system of ODEs:

9

Al 4L, Al =T]''s,(3-Al +1)
At + L, AL =T[*S,(J-Al +1)

where [ A = (Hl' Aizt... pand [[T A = ([T;- Ai)i=1.... p are the projections of A
on F and F. The first equation is a p-dimensional autonomous system of ODEs,
which can be solved before solving the second one.

A.6 Lemmas for the general bounds

Lemma A.6.1. For all x, 0 € R we have
(S(oz) — S(0))? < S(o%z?) — S(0)

Proof. We set X = ox and consider two cases.
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X >1 We have e=X > ¢=X” and therefore S(X)—1/2 < S(X?) —1/2. Moreover,
since S(X) —1/2 <1, (S(X) —1/2)? < S(X) — 1/2 and we are done.

0<X <1 Welet X =logy, 1 <y <e. We therefore have

ly—1 ) 1ylosy — 1
S(X)-1/2===— §(X3)-1/2="——
(X) =1/ 2y+1 (X5 =1/ 2ylogy + 1

We consider the expression (y —1)%(y°8¥ 4+ 1) —2(y + 1)?(y'°8¥ — 1) and prove
it is negative. Because y'°8¥ < y it is upperbounded by (y — 1)?(y'°8¥ 4+ 1) —

2(y'°8Y 4+ 1)2(y'°8¥ — 1) which has the sign of (y —1)2 —2(y?'°8¥ — 1). The last
expression is upperbounded by (y—1)2 —2(y°8¥ —1) = (e¥ —1)2—2(eX” — 1)

which is negative for 0 < X < 1.

O
Proposition A.6.2. The solutions of equation (3.9) satisfy the following inequali-
ties for all 0 >0

def
o)l = VPIUITlE + [Mexe | 7 = B

1 def
|vi=vi||, < svrmii: < B,

as well as o
Vf—VfH <2\31.-B
|Vi=vi| <215

Proof. The first inequality is a straightforward consequence of equation
(3.9), taking the F-norm and using the fact that 0 < S(z) < 1 for all z €
R.http://fidji.inria.fr/biblio For the second one we write VI — Vg =J-(S(eVi) -
S(0)), take the F-norm of both sides of the equality and use the Cauchy-Schwarz
(V{j —V{;H}_ < |35 HS(avgﬁ) H . But since

,RP)
%\/ |©2|, which

inequality. We find

|/\{O

Vo € R, ~} < S(x) - S(0) < §, we have [S(VY) - S(0)|
proves the ﬁrst inequality.

The third inequality can be obtained as follows. It is easy to see that S (ox)
S(0) < 2|a| for all z € R and all o > 0. This implies that H

L2(Q,RP)

7 IVz||- The first inequality yields the third. [

A.7 The size of the basin of attraction of a stable persistent
state

In order to get a rough estimate of the size of the basin of attraction of a stable
stationary solution of the neural field equations we prove the following, general,
lemma.

Lemma A.7.1.Let zf be a stable stationary solution of the finite dimensional
dynamical system & = f(x) at which the Jacobian matrix A is symmetric. If the
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second order derivative D?f is bounded (HDQfHOO < 00), the stable manifold of xf
contains the open ball B(zf, R) with R = 2%, where o(A) is the spectrum of
the Jacobian matriz A. ~

Proof. We assume w.lg. that z/ = 0. We write A = Df(0) and f(z) =
Az + e(x), then it is known, and easy to verify, that L(z) = fooo HeSAxHst is a
Lyapunov function. Moreover, because of the Taylor’s formula without remainder
we have

5@)2(4%1—@D%ﬂmﬁk)%%x%
from which we deduce that
let)l < 5 el 1D . -
Let us compute
DL(z) - f(z) = DL(z) - (Az + (z)) = — ||=||> + DL(x) - £(z)

Now DL(x)-h = — <A—1z,h> and since A is symmetric, we obtain |DL(z) - h| <
1(,4)\ lz|| ||| and finally

min |o
DL@O‘N$)<HMP<—1+1\MﬂfH ZLHMO‘<0
- 2 > min |o(A)|

. min |[cA
lmm<2ﬁ%§535






APPENDIX B

Theory of delays

B.1 Operators and their spectra

We recall and gather in this appendix a number of definitions, results and hypothe-
ses that are used in the body of the Thesis to make it more self-sufficient.

Definition B.1.1. We note |||J||| the operator norm of a bounded operator J €
L(F,F), ie
J-V
1V
viz<t IVIz
It is known, see e.g. [Kato 1995], that

Iz < 11202, mexr)

Definition B.1.2. A semigroup (T(t))i>0 on a Banach space X is strongly con-
tinuous if Ve € X, t — T(t)x is continuous from Ry to X.

Definition B.1.3. A semigroup (T'(t))i>0 on a Banach space X is norm continuous
if t = T(t) is continuous from Ry to L(X). It is said eventually norm continuous
if t — T(t) is norm continuous from (tg,00) to L(X). If ty can be chosen to be 0,
we say that (T(t))i>0 is immediately norm continuous.

Theorem B.1.4. Let (T'(t))i>0 be a strongly continuous semigroup on a Banach
space X with generator (A, D(A)). Moreover, assume that (T'(t))i>0 is eventually
norm continuous. Then the Spectral Mapping Theorem

S(T(t) \ {0} = ¥

holds for all't > 0. As a consequence, if —oo < supRE(A) < 0, then there exists
M > 1 such that:
t
IIT(@)]]] < Mezs=A) 1 vi > 0.

Theorem B.1.5 (Miyadera-Voigt,[Engel 2001]). Let (A, D(A)) be the generator of
a strongly contivous semigroup (T'(t))i>0 on a Banach space X and let C €
L((D(A), || 4), X) with ||z||, = ||z|| + ||Az||. Assume that there exist contants
to >0, 0<q <1 such that

to
/ |CT(s)al| ds < q |||, Vo € D(A)
0
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Then (A+ C,D(A)) generates a strongly continuous semigroup (U(t))t>0 on X
which satifies Vo € D(A):

Ut)rx = T(t)x+ [{T(t — s)CU(s)zds
T(t)a+ [LU(t — s)CT(s)ads.

Theorem B.1.6 ([Batkai 2005]). Let (A, D(A)) be the generator of a strongly con-
tivous semigroup (T'(t))i>0 on a Banach space X and let C € L((D(A), ||| 4),X)
with ||z|| 4 = ||z||+||Az||. Define the abstract Volterra operator V : C*(Ry, L(X)) —
C'R4, LX) by VF =t — fot F(t — s)CT(s)ds on D(A) and by its continuous

extension on X. If the following assumptions are satisfied:

e there exist a contant € > 0 and a function q : [0,€) — R4 such that
t
| IeT@al ds < a®) sl o & D),V € [0.2)
0
ith lim q(t) = 0.
wi tl\n(l) q(t)=0
o (T'(t))t>0 is norm continuous for t > o

o there exists n € N such that VT is norm continuous for t > 0

Then (A+C, D(A)) generates a strongly continuous semigroup on X which is norm
continuous for t > na.

Definition B.1.7. A closed operator T' € L(X) of a Banach space X is Fredholm
if dimN (T) and codimR(T') are finite and R(T) is closed in X .

Definition B.1.8. A closed operator T € L(X) of a Banach space X is semi-
Fredholm if dimN (T) or codimR(T) is finite and R(T) is closed in X.

Definition B.1.9. If T' € L(X) is a closed operator of a Banach space X the
essential spectrum Y.ss(T') is the set of As in C such that \Id — T is not semi-
Fredholm i.e. either R(AId—T) is not closed or R(AId—T) is closed but dim/N (A\Id—
T) = codimR(Nd — T) = oo.

Definition B.1.10 ([Hale 1993]). If K(\) : By — Ba, the B; being complex Banach
spaces, be a linear operator-valued functions that depends analytically on A € C. A
point Ao is a characteristic value of K if 3xg € By \ {0} such that K(X\g)zo = 0.
An ordered set (g, ,xk—1) C By is a Jordan chain for K(X\o) if xo0 # 0 and
K(2)a(z) = O((z — \o)¥) where a is the root function:

ofz) =) (2 - o) w;
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The mazimum length of the Jordan chains starting at xg is called the rank of xg.

Definition B.1.11 ([Hale 1993]). We call (x1,0, " ,T10—15" " ,Tp,0s """ s Tprp—1)
a canonical system of Jordan chains for K(Xo) if (10, - ,%po) is a basis of
Ker K(\o) and for each k, (xg0,- - ,Tkr,—1) 15 a Jordan chain of rank ry,.

Lemma B.1.12 ([Hale 1993]). (xq,--- ,zp—1) is Jordan chain of length p for
K (Xo) if and only if (xo,--- ,xp—1) € Ker K, with

K (o) 0 0

=K (Ao) K(Xo) o 0

K, = . , .
ﬁ%K(AO) ﬁﬁ%f{(%) o K (o)

Proof. Easy to prove from a Taylor expansion of A — K(\) at A = \g. O

B.2 Boundedness in F

Lemma B.2.1. We have | (L1S(Vy), V(£)) = | < /I - 1IN £V ()7
Proof. By the Cauchy-Schwarz mequahty

[(LaS(Ve), V) £ | < [[LaS(V)IAIIVOllF < /ol - [T [V (#)]| 7 because
S is bounded by 1. [J

B.3 Regularity

Lemma B.3.1. If we define LY = LI(Q, RP) (recall that F = L?). Then, we have
V(b € Wl’q(_va Oqu);
0

Lio=300) — [ 3lslé(s)ds

Tm

where ¥'s € [—Tp, 0], Jij(r,v’)[s] = Jij(r,v')H (s + 7i;(r,x")) and H is the Heaviside
function.
Proof.

(L1o)(r Z/QJU r r)¢]( Tz](r r))dr

J=1
P

_ _Z/QJU [/m( R dj(r,s)ds — ¢j(r,0)]

0 . ~
650 Z | s [ () H s+ )

H M@

— @), - [ 0 ( JRESEERR TR s>) (B.1)

—Tm
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As T is continuous, J(r,r’)[s] € LY(Q? x [~7y, 0], RP*P). [
Let us define the operator:

e~ tHOLoy  if —+t<0<0

YU € L9V € [—1n,0], (S;U)(0) = { 0 o < f<

and the nilpotent semigroup

Gt+0) if t+60<0

Vo € L LYW € 0], (Tao)0) = {7450 1O

Hence Ty(t) = 0 if t > 7,,. We show that the property (M) in [Batkai 2005] is true:

Lemma B.3.2. If J € L>(2% RP), then for each space X@ =14 x LY(—7p, 0; L)
where LY = LY(Q, RP) and 2 < q < oo, there exists Q : Ry — Ry with limF Q(t)=0
t—0

X

Proof. Let us first focus on the termetHLl(Ssx)HLq ds. As t > 0, we
find (L1(Ssz)) (r) = fdfl[T(r,f)7m)€S)J(r,I_‘)e_(s_T(r’f)LOx(f'). For s fixed, Ja(s) :
(r,r) — 1[7(“)’00)(5)(](1.’f.)e—(s—f(r,r)Lo defines an integral operator on L4 such that
L1(Ssx) = Jo(s)z. Its norm is bounded! by: [||J2(s)|||La < QP oo (022 rr)-
This gives [y [ L1(Ss2) ||z ds < t120/B 13l e (2 -

Let us look at the second term ngLl(To(s)gb)HLq ds. As t > 0,
we find (Li(To(s)9)) (r) = [dflg e(s)d(r,T)é(s — 7(r,T),T). We write
Jo s [T (To()9) [0 = Jo b/ with

h(s) E/er

We apply the Holder inequality with ¢ such that ¢~ ' + ¢ = 1:

W[o]epa) [ s+ ol < o

X (@)

q

|8 Lo (s) 39000 = (o).

RP

v, \ [ 8 o rten (903 )65 = (0. 7).7)
Q Rp
< /Q 0F Lig.10501(8) 113 (0, D)5 — 72, ), F) 1o
< /Q 0 L0 (e.0) ()11 Bl 165 — (2, 5),E)
< VB3l [ F Birten (9 605 = 70,00,
Holder

1/q 1/q
Ely T - (/Q df) (/Q dfl[o,ﬂr,r)](s)\¢<s—¢<r,f>,f>|r§p) .

1Using the Cauchy-Schwarz inequality followed by the Holder inequality.
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This gives:

=\
) < (VB Il [901)" [ e [ e 10y 665 = 70,0

Again, we apply the Holder inequality with ¢ such that ¢=' + ¢! = 1:
t t 1Yar pt q1/4a
=[] s
0 0 0
W 1/q
VI3l 190569 [ [ ar [ im0 s - 7001
Fubini J il ¢ Ya
B3 s 9177000 | [ e [ ar [ s 1) s ~ 00l
o 0 1/q
< VB3l 100 | [ar e [ aojoto.m,

1/q
Fubing a =
513 o 12y [ 2111/ [mr a6 qu(G)Hqu]

= \/13 ||J”Loo(Q2,Rp) |Q’t1/q ||¢||Lq(—rm,o;Lq)

B]

Finally we find:

t
/0 IL1(Ssz + To(5)9) la ds < VP 1T o a2 ey 192 max(, ¢/9)

x(q)

which concludes the proof. [J

B.4 Analytical formula for the Hopf bifurcation curve in the
parameter plane (D, c)

These formulae rely on the following lemma:

Lemma B.4.1. If J = |J|e™, o € (—7, 7], there is a (unique) solution Xo > 0
to RWo(JX) = Wo(X) iff 1 < |J| and arccos (ﬁ) < |¢|. This solution is given by
Xo = {0650 with

1 1
§o = \/ﬁ <|@ZJ| — arccos (]J])) )

Then, SWo(JXo) _ sign(1) )
Wo(X) VIIP—1
Proof. Let us define W(z) = ze?, by definition ¥(Wy(z)) = z, hence the equation
becomes W(RWy(JX)) = X > 0. We write Wy(JX) = £ + in with n € (=7, 7]
(by definition of the principal branch) and JX = [J|Xe™, ¢ € (—m,7]. As
sign ((Wy(2))) = sign (arg z) (see [Corless 1996]), we find that sign(y) = sign(n).

From the symmetry Wy(z) = Wy(Z), we conclude that 7n(i)) can be written
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sign(yY)n(|v]): we can suppose that ¢» > 0 and thus that n > 0. By definition
of Wy, JX = U (§ +1in), it gives:

{ | 7| X cos(1) = e*(§cos(n) — nsin(n))
| 7| X sin() = e (Esin(n) +ncos(n))

2
Using &ef = X, we find <g> =|J?-1= £ = V/I|J|* —1 and the two equations
reduce to

gite-m) _ L [1 +i \/]J|27—1} = €', ¢ = arccos <1) € [O, q

] /] 2

This gives n = ¥ — ¢ [2x]. If ©» — ¢ > 0, then we have a solution n = ¢ — ¢.
However, if ¥ — ¢ < 0, the only potential solution is n = ¥ — ¢+ 27, but v —p+271 >
—%5 427 > m but < 7. Hence there is a (unique) solution iff ¢ — ¢ > 0 which is
w—arccos<ﬁ)

n =1 — ¢. In this case £ = T

O

B.5 Study of the adjoint A*

Lemma B.5.1. The adjoint A* of A for ( , ), satisfies

w ] = L )

with domain

D(a") ={[1] € 2.010) = Ols)y € WH-7,,0:7) and w(-7) = Ol

Proof. The proof follows [Nakagiri 1988]. For all [m] € D(A), let us write

y
(A m : m Yy = <m , m )4 and look for m Using lemma B.3.1, we have :
wlt] [ = woterrans- | OTm<y,J[s1q'><s>>fds + im<<z'><s>,w<s>>fds

= (na)r+ / (6(5),7(s)) Fds

—Tm

In the scalar product fETm<¢(s),n(s)>]:ds, we would like to make appear ¢. Thus
we set M(s) = [ 7, then

0 (U
/ (6(s), n(s) 7ds = (6(0), M(0))  — / (6. M)

—Tm —Tm
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Also:
/’<0Mﬁ%a@ﬁw:«w»rwf—@mWﬁ

Tm

because (J[0])* = J*. Then:

/ (6(s), —1b(s) + (A[s])*y — M(s))#ds = (v, 2 + Liyy — I + M(0)) 5.

Tm

T

This last equality is true V [ &

] € D(A), if we choose the constant function ¢(0) =
z € F, it gives:
z=—Lgy +J%y — M(0)
then
W(s) — (J[s])'y+ M(s) =0 Vs €& [—Tm,0].
It follows that
P(=7m) = (I[=7m])"y
and
M(0) = =4(0) + (J(0))"y = —(0) + J7y.
We still need to find 7 to finish the proof. Because M is C', we have

1(5) =~ [ (s) — (15"

g

B.6 Linear analysis

B.6.1 Stability

In this section we prove lemma B.6.1 which is central in establishing the first suffi-
cient condition in proposition 4.5.7.
Lemma B.6.1. Let > 0 be such that 7_%3 € L2(Q2,RP*P)). Then we have the

following bound:

J
201 < 73210l |5 [ S 02m0 02 = 72| 5 [Tl
i T L2 (@2 rexe)
Proof.
We have:
2 2
t t
/er(~,r) / U(F, s)ds :/drz Z/erij(r,r) / U; (T, s)ds
Q t—1(-F) . E A t—7i5(r,F)
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t
and if we set y;i(r) = Y [drJ;j(r,¥) [ U;(T,s)ds, we have : |y (r)] <
JjQ t—'rij(r,f')
t
S| [dedij(r,¥) [ Uj(T,s)ds| and from the Cauchy-Schwartz inequality:
j Q

t—Tij (I‘,f‘)

t

/ 45, (r. ) /t U, (z, s)ds < J / drw / dEr; (r, £)28 / U, (5, s)ds
Q Q

Q t—7;5(r,T) t—;;(r,T)

2
t
Again, from the Cauchy-Schwartz inequality applied to { [ Uj(r, s)ds} :

t—T7i; (I‘,f)

2
t

/ drr;(r,7)% / U,(F,s)ds p < / drry;(r, )22 / U, (F, s)2ds
Q Q

t—Tm

~+

t—Tij (r,f')

t t
< 72842 [ gF U (T, s)%ds = 720+2 drUj(r,s)*ds (B.3
m J m J
Q t—Tm —Tm €2

t—

Then, from the discrete Cauchy-Schwartz inequality:

lyi(r)] < T,’?;Jrlz / ds/drUj(r, s)? /dI’Jij(I‘,I‘)Q/TZ‘j(I‘, r)2h
J t—Tm Q \ Q

<o |3 / ds / dr U (r, 3)2\ 3 / 47T (v, F)? /iy (x, 7)28
I Q

J t—Tm Q

t
_ B / as[UGIE |3 / 45T 35 (1, )2 735 (v, )28
t—Tm J Q

3
<o Ul | [ dedistee)2/ms(re) (B
I

which gives as stated:
S [uptepae < 2O Y [ dedis o te, 0%
i g i J g

and allows us to conclude. [J
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B.7 The Cauchy problem

B.7.1 Regularity of R

Lemma B.7.1. Let us assume that J € L>®(Q% RP*P). Then Ly is a continuous
operator from CO(—7p,, 0; LY(Q, RP)) to LI(Q, RP).

Proof. We take ¢ € C%(—7,,,0; L1 (€, RP)) and write, for convenience, ¢%(r,t) =
¢(—7(r,t),T). If U = L1¢, we have:

|Ui(r)| = dr Jij (v, ©) ¢ (1, 7)| < 1T oo (2 posey | D |65 (r,T)|dr
5 e 60] < Wl | o)

Cauchy—Schwarz

S L e ]

dr
RP

Also, we find:

[ o)

s /Q (8, F)||gp dF =  sup ) 16O 11 ey = 18]l co(—r,. 001 (P

96[_7—7717 96[_7—7717

dr <
RP

. dr < sup/Q qud(r,f')

reQ)

which gives |Us(r)] < /P [l 2 goxe) 19llco(—r, 011 (re))- It follows that

10114 QR < p\/25|9|1/q (RIS Q2 RPXP |6l co —Tm, 0L (LR
(2R) ( ) ( (2,R))

which concludes the proof. [J

B.7.2 The inhomogeneous equation

-L
Lemma B.7.2. Let (To(t)) be the C°-semigroup with generator Ag = [ 00 2]7
do

0 L
0 O

[Bdtkai 2005][theorem 3.25] that Ay generates the strongly continuous semigroup

To(t) = [SS(’? Tocét)] € L(X) where S(t) = e Lot S, To(t) are defined in ap-

D(Ay) = D(A) and B = [ } € L(D(A),X). It is known from

pendiz B.3. Then we have:

T(t) = To(t)+ [y To(t — s)BT(s)ds

= Tolt)+ [LT(t — 5)BTo(s)ds. (B-5)

on D(A) @ (F x {0}).
Proof. There are 3 main parts in the proof. First, we find the regularity of

moT(t) [g] Then we use the Miyadera-Voigt perturbation theorem to prove the

lemma on D(A). Finally, we extend the formula to D(A)& (F x {0}) by continuity.
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1. Let us write E((t)] = T(1) m We consider a sequence D(A) 3 [ﬂ - m

t) Pn 0
fn(t) _ x . . . .
in X. Then, |:£n(t):| =T(t) |:¢n:| € D(A) is a classical solution of:
fn = ggLOfn + Ll{n (B6)
én = aign

where the second equation is solved by &, (t,0) = H,(t + ). From the initial
condition &,(0,0) = ¢,(0) and the belonging to D(A), &,(t,0) = f,(t), we

find: ®
[ fa)ift>0
Hn(t) = { bn(t) if t <O0. (B.7)
As T(t) Lf] — T(t) [g] in X for all t > 0, we have:
[ ft+9) if t+6>0
§(,6) = { 0 otherwise . (B-8)

As T is strongly continuous on X, it gives f € C°(Ry,L9) and £(¢, ) has one
discontinuity point if and only if ¢ < 7,.

2. We apply the perturbation theorem B.1.5 to Ag+B (see [Bétkai 2005][theorem
3.26] and lemma B.3.2). We find Yu € D(A):

T(tu = To(t)u+ [y To(t — s)BT(s)u ds
= To(t)u+ [ T(t — $)BTo(s)u ds.

3. Then, we extend by continuity the above formulas. Let us notice that F x {0}
is in the closure of D(A) in X and write (for example) §(t) = T(t) — To(t) —
fot To(t — s)BT(s)ds. We wish to extend §(¢) to F x {0}. Let us first notice
that (¢) is bounded on F x {0} for ||-|| ;. Indeed, this comes from L; being

bounded on history segment like moT () [ﬂ Then, we consider a sequence

D(A) > up, — ue F x {0} in X. We have 6(t)u, = 0 and as §(t) is bounded
on D(A) @ F x {0}, we have:

O()un =6(t)u)|| < K [lun —ully
——
=0 X
which gives §(t)u = 0. the other formula is similar. This concludes the proof
of the lemma.

We need the following estimations for the main proposition that follows.
Lemma B.7.3. For f € C’g(R, LY), we have:
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ft+€ St+€ rf )

2. VA € C such that R\ > 0, ft+€

L9(—7m, 0; LY).
Proof.

1. Let us write Uy (¢;

) =

HUl( )HLq (—Tm,0;La)

where H is the Heavis

e—20*

281

O(e't1/9) in L(—7y, 0; L),

—0t

(t +e—r)f(r)eddr 5 ef(t)e in

ft+€ Stte—rf(r)dr. From the definition of S;, we find:

[
[ .
/ (/eﬁHS(E—r+9)f(t+T)Hqur>q
0, (/ d </00+8 1dr>q> = O(e7th)

ide function. Hence, we have:

t+e q

S(t+e—r+0)f(r)H(t+ec—r+60)dr

q

La
9+6
Se—r+0)f(t+r)dr

Ui(t;-) = O(e"V9) = o(e).
2. Let us write Ua(t;0) = [/ (To(t+&—7)(f(r)e))(0)dr. From the definition?
of T()( )
t+e t+e
Ua(t;0) = Fr)eNFOTEIH (—(t 4+ 04 ¢ —7))dr = / F(r)eMtHo+e=r) g
t max(t,t4+e46)
= Ui(t;0) + Uaa(t; 0)
with: .
e Mer0tengr if 0> —¢
t+a+6 B.
Uz (t;0) = { 0 o< e (B.9)
and e \so )
. f(r)e t+0+e—r dr if 0 < —¢
. = t
Uz (t;0) = { 0 § 6> e (B.10)

For the first term, we

[E AT -

Hence, we have:

find:

0

/— t+0+¢
0 t+e
o([w(f
— t+0-+¢

U, 1(t; ) = O(E).

)

t+e q
f (r)e)\(t-i-@-i-a—r) dr

La

1dr> q) = 0(e"™).

do

)

€

Zsee appendix B.3
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For the second term, it is easy to show that:
1 +
V6 € [~7m, 0], —Uaa(t;0) “23 f(t)e?’ in L4(—7, 0; 1Y)
€

which concludes the proof.

]
Proposition B.7.4. For alln € [0,7] and F = [5] € CS(R, V), we consider

u(t) = /_ ; T(t — )P, [f (OT)] dr.

Then, u satisfies the following properties:

1. u € C)R,Z) and HuHCS(R’Z) < K(n) HfHC,Q(R,y) with n — K(n) positive
continuous,

2. u€CHR,X),
3. w satifies u = Au+ Ps [é] on X, i.e. is a classical solution.

Proof. Choose v > ~ such that the spectral splitting (see section 4.4.4) is still
valid with ~/. It gives

|[|T(t)Py|||xx < Met, ¢ > 0. (B.11)
Note that the group S(t) = e 10! satifies:
ISl pay < e, 1>, Vi, (B.12)

Let us prove that wu(t) exists for all ¢ € R.  From (B.11), we find

HT(t — )P, [fg')]

‘ < Me=' (=) +lr] 1/l cor,yy Which gives:
O(R,
X

t
lu®)llx < M| flooge.) / o= =) il gy,

— 00
We change of variable in the integral to find

O ettt O el e
eV T e < eV T dyr = — .
—00 —00 Y=

This gives:
enlt|

_ B.13
Y =n (B.13)

lu@llx < M fllcom.y)
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1. From lemma B.7.2, we find

u(t)

. 0
= ul(t) + UQ(t). (B.14)

_ /t <To(t .y [f(”] + 0” To(t —r — v)BT(v) P, [f(r)] dv) dr

We shall prove Point 1. for each w;(t), i = 1,2.

Case of u;. The first term is:

t
ui(t) = / To(t — r) Py [fg)} dr.
Recall from proposition 4.4.10 that

Py(u) = u—Y (($i,u))e;

7

where ¢; = Lc-ei‘ie] are the generalized eigenvectors of A for the eigen-
7

values \; such that ®\; > 0. Write ¢; = [Wy;} ], fi(r) = {yi, f(r)) Fa;
21
and H the Heaviside function. Note that:
£l = O (I ()]l) = O(e™™) (B.15)
because X9 — X for ¢ > 2. Then, we have:

i £ = X i)
To(t —r)Ps |:fE) ):| = 76(15 —) _ Zfi(ZT)B)‘ie

(¢ 1) (1)~ £ 400
Si—r (f(T‘) — Z fl(’l“)> — Z fi(,,«)e)\i(t—r—i-e)H(_(t —ry 0))

We shall see that the second component is continuous in 6. It is then

easy to see that the two components are equal when 6 = 0. We have for
the second component:
t+6

0 — S(t—r+0) (f(r) > fi(r)> dr—>Y " t fi(r)erit=r+0 gy,

The second term is C! on [~7,,,0]. We wish to apply the dominated
convergence theorem to the first integral term. Hence, we need to bound
the norm of the derivative of its integrand by an integrable function of

r. This derivative is

—LoS(t —r+0) (f(r) - Z fz'(ﬂ)

which is bounded® by K{|[Loll7 | fllcory) elmm =l t=r+mm)+nlrl which is

3for some constant K depending on x;, y;.
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r-integrable. Hence, the dominated convergence theorem shows that the
second component belongs to C'(—7,,,0;L9) for all time t. This implies
that

’VtER, u(t) EZ‘

because muy(t) = (mou1)(0). Finally:

lur (8] <

| se-n (f(r) -y ﬁ(r)) ar
-0 i La
i <f<r> -2 fz»<r>> =D F)N T H(—(t = v+ 0)dr

S(t—r) (f(r) = fi(r)> dr

i

St (f(r) -> ﬁ(r)) '

%

t
+

—00

Wla (_Tm 70;Lq)

t
<

—00

La
t

—00

Wl,q(_,;—m 70§Lq)

(B.16)

/t > Filr) T H(—(t — 7 + 0))dr

Wha(—7,,0;14)

The first term is bounded by* by K |fllcocz,y) [ e t=nnirlgy <

enltl

t )l :
K | floo@y) Jt ety < i 1o e,y 5= Let us write:

< Kpllfllcom,y el
x

Hfm -3 5

for some constant Ky. For the second term in (B.16), we have:

q

t
H/ Sy (f(r) — Zf@) dr
— ( La(—7m,0;L9)
0 t+6
:/ S(t—r+6) <f(r)—2fi(r)> dr
Tm i La
0 t+6 q
< / < Ky ||f||c;;(R,y) entl—l(t—r+9)d7«> do

—00
enltlHrm \ ¢
<7 | Ky lfllcowy) ———

q
do

—00

Tm

TN

“for some constant K
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and

q

o s <f<r> - Zﬁ-(r)) ar
-

Lq(_'rm 70§Lq)

t+60
( t+9 Zfzt+9> / LoS(tTJrQ)(f(T)ZfZ(T))dT‘

|a+b]7<297 (|a|7+[b|7) 1 0
< 29~
o

q
do
La

flt+0) — Zflt+9

La

t+6 q
+ 94—t (/ LoS(t —r+6) (f(r) - Z fi(r)> dr) do
—o - y
0 0 t+0 q
< K‘l ”f”co (R,Y) (/ eqnt+9|d9+||L0|Hq/ do </ el(tr+9)+nr|dr> )
L
< Kq Hf“co R,Y) etz e (1 ( <"|y| _07|7|> > . (B.17)

The third term in (B.17) is very similar. This allows to conclude that:

HUl(t)”Z S Kl(n) Hf”cga&y) enltl.

Finally, let us write for ¢ > s:
t

ui(t) — ui (s) :/

—00

(7ot = 1) =t - ) 2 ) ar

+ /St%(t—r)PS {fg)} dr

Using the same arguments as above, it is straightforward to show that:
= O([t = sl)

Tot - 1) [fg’)} dr ]

|/ e =r) -t = [F]

because t — S(t) is C'. This shows that |ui(t) —ui(s)]|z < K|t — s,
hence t — uq(t) is continuous in Z. It follows that

and

= 0(t — 5]

Z

uy € CS(R, Z)

Case of uy. We start with the introduction of convenient notations:

[h(%’ r)] = BT(v)P; [f g)} .
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Note from (B.11) that
|h(v,7)|la < K ||f||cg(R,y) o= vl (B.18)

for some constant K. It follows that us is given by:

w)= [ ar [ ao [N OMEI] g

and
t t—r

moua(t; 0) = / dr/ dv S(t —r—v+0)h(v,r)H(t —r —v+0)
—00 0

t+0 t—r+0
= / dr/ dv S(t —r —v+0)h(v, 7).
—00 0

We want to show that this function is C! on [~7,,,0] by applying the
dominated convergence theorem. The integrand is C' in §. Taking the
derivative w.r.t. 6 gives:

t—r+60
h(t—r—i—é’,r)—/ dv LoS(t —r —v+0)h(v, 7).
0

The first term is bounded by K || flcor y) e~ 7' (t=r)+lrl and the second
(R,
term is bounded by

t—r+6
K g ILalll [ doertrmvmmie vt — oge -oywir,
0

Hence, the derivative is O(e=" ¢=")+"l) which is r-integrable. It follows
from the dominated convergence theorem that mous(t) is C! on [—7p,, 0]
for all time ¢. We find that:

’W € R, ug(t) € Z.‘

We can now compute the norm ||uz(t)]| z:

luz(t)] 5 = H/_; dr/ot_r S(t—r — v)h(v, r)dv

La

t t—r
+ H/ dr St—r—yh(v,7)dv (B.20)
—o0 0

Wl’q(_Tm 70;Lq)

From computations similar to the ones for |lui(t)||; and by using the
bound (B.18), we find that

lua ()l z < M) |1l oo e,y €
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where n — M(n) is a positive continuous function of 7. Finally, we have
for § > 0 (for example):

ug(t +0) —ua(t) =
/t dr(/ot_rdvm)(t—l—é—r—v) S To(t—r—v) [h(%’”}

—00

+ /t tjér dv To(t+6—r—v) [h(%’ g ] )+ /t o /0 T T ) [h(%’ ”] |

By bounding each term, it can be shown, albeit being lengthy, that
|lua(t + 0) — ua(t)|| § ~ 0 O(|d]). It follows that

U € CO(R, Z).

Combining the results for u; and ug, we have shown that u € C’g (R, Z) and
that

||uHcg(R,z) < K(n) ||f||cg(R,y)

for some positive continuous function n — K(n).

2. As in Point 1., we have:
t (¢ 1) (701 -~ S50
/. Sir (£0) = SH0)) = S RO OH (e 4 0)

)

T Al

The only difficulty in showing that ¢t — wu(t) is C'! in X comes from the second
component because t — S(t) is analytical on L4. To keep the proof small, we
shall only prove that

u(t) = dr

t—U(t) = /_t Si—r f(r)dr

is C'!, the other terms being very similar. We write:

t+-60
U(t;0) = S(t+60—r)f(r)dr.

—0oQ
Using the dominated convergence theorem, we find:
d t+6

SU(16) = 11+ 6) - /_OO LoS(t + 6 — ) f(r)dr = (t +8) — LoU(£; ).

As 0 — SU(t;0) € L9(—7y,,0;L9), we have that
U'(t) = =LoU(t) + f(t + ).

Doing similar estimations with the other terms of the second component of
u(t), we find that:
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u € CHR, X).

3. Let us consider a > 0. From the definition of u(t), we find:
t+a f(T’)
u(t+a) = T(a)u(t) + T(a+t—1)Ps 0 dr.
t
As uis in CH(R, X) N CO(R, Z), we can take the derivative w.r.t. a and find:

d d B d [tte f(r)
dau(t—ka)—Cﬁu(t+a)—Au(t+a)+da/t T(a+t—r)P3[ 0 ]dr.

Then, taking the limit ¢ — 0 in X

o[ stt+a-n) (16) - 40)
B P <f(7“)—;fi(7“))—;fi(T)To(tJra—T)e”

ta tra-r S(t+a—r—wv)h(v,r)
+ dr/ dv [ ’ }
/t 0 Stva—r—vh(v,7)

dr

First term. We start by the first component which gives the limit (it is
differentiable):

t+a

im ~ [ S(t4a—r) (f<r> - Zﬁ(r)) — £ =Y file).

a—01t a t
Using lemma B.7.3, we find

t+a

lim * t Sivar ( flr) — Z f,(r)) - Z fi(MTo(t +a —r)er
=— Z fi(M)To(t +a —r)et.

Hence, the limit of the first term is P; [f Ot)} .
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Second term. Using lemma B.7.3, we find that the second term is o(¢?).

Because u € C1(R, X), we have shown that V¢ € R,

uw=Au+ P, [‘g]

This concludes the proof of the proposition. []

B.7.3 The inhomogeneous equation (Parabolic case)

We would like to show that the center manifold is attracting when the unstable
spectrum is empty X, (A) = (). This requires to check two properties like we did in
appendix B.7.2. We start with a definition for a given Banach space &:

Fy(R,E) = {¢> € CORE) ol m.e) = supem o0 < oo} |

Then, we have the following proposition (analog to proposition 4.6.2)
Proposition B.7.5. Let us assume that the unstable spectrum is empty X, (A) = 0.
Define for all integer 2 < q < o0, Y, = PyY9, 2, = P,Z9 . For any n € [0,7],

1. and for any ug € Zy, the problem 4 = Aw with initial condition ug has a
unique solution u € CO(RY, 2,) and ||u(t)||z < cpe™ for all t > 0 and some
positive constant cy.

2. and for any function F' = P, [5] € Fy(R, ), the problem

= Au+ F(t) (B.21)
has a unique solution uw = Ky F € Fy(R, Z) and

Kol ®yn).7 @200 < C0)
with C € C°([0,7],R).

Proof. Choose 7' > 7 such that the spectral splitting (see section 4.4.4) is still
valid with ~'.

Zo
0
z@) = D(A (), we find that u is a strong solution and that u(t) € Zj,. Using
the same trick as in proposition B.7.4, we write u(t) = To(t)uo + fg%(t -
s)BT(s)upds = ui(t) + us(t). For ug € Zp, we find ui(t) € Zp. Also,
S(t)xo
Stx()

1. Let us write ug = [ ] The solution w is given by wu(t) = T(t)up. From

for t > 7, we have uy(t) = [ ], where S(t) = e ! which gives
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|ur(t)]|z = O(e™™). Let us look at the expression uz(t). From BT(s)ug =
[h(s>], we have |A(s)]la < Ke=* [[uo| 5. We find

0
t
S(t— s)h(s)}
ug(t) = ds
0= [ [
which belongs to Z. Using the estimate of h, it is straightforward to show

that |luz(t)]|z = O(e™"") (see the proof of proposition B.7.4). This allows to
conclude the proof of the first part.

u(t) = / " nP, [f (07”)] dr.

—00

. Let us consider

As F,(R,Yp) is continuously embedded in C’T?(R, V1), proposition 4.6.2
shows that u € CS(R, Z,) N CYR,X) and that u is a classical solution
of (B.21). In order to prove that u € F,(R,Z,) and the inequality
on [||Kulllz(7,®y0).F,(R,2,)): We have to modify the estimates in proposi-
tion 4.6.2 although the general plan of the proof is exactly the same. Chang-
ing the norms H'Hcg(R,_) into H'an(Ry_) in the estimates of proposition 4.6.2
is straightforward but lengthy and we shall only show how to do this for
the first one of them, the other being very similar. The inequality we shall
consider is the first that arises in the proof of proposition 4.6.2. We find:

T(t — )P, [f g)}

< Me='(t=r)=nr 1f1l 7, (R,y,) Which gives:
X

t —nt

A () — e
e < MU llryzyy [ €Ol < My

Following the proof of proposition 4.6.2, we can prove of the second part of
the present proposition.



APPENDIX C

Numerics of delays

C.1 Definitions

Definition C.1.1 (trace-class). A bounded linear operator J over a separable Hilbert
space F is said to be in the trace-class if for some (and hence all) orthonormal
bases (er)xen of F, the sum of positive terms ||J||1 := 3, (F*T)V/ 2 e, ex) is finite.
In this case, the sum ), (Jey, ey) is absolutely convergent and is independent of
the choice of the orthonormal basis. This value is called the trace of J, denoted by

Tr(J).

Proposition C.1.2 (Fredholm determinant). The Fredholm determinant of the per-
turbation of identity by a trace-class operator J satisfies detp(Id+J) = [[(1+ e (J))
k

where (A, (J))k is the punctual spectrum of J.

C.2 Normal form computation

C.2.1 The Hopf bifurcation

We have the following normal form coefficients:
Lemma C.2.1. The coefficients are given' by:

a=7nh wp

cg .
_ sz-H 83 Jo (JG_QWHTH)% ]
B =mh UH + UHSQ <1 “osido + 2w + 1 - UH51(J6_2WHTZ)2n)
= By lertl 2 Jo Jon (Je ™rmH )
Wﬁ UH 83+UH82(1_0'H51<]0+1_UH31J2n Q’in—l-l—O'HSl(Je_QWHTH)O

Proof. The bifurcation is studied in [Haragus 2010] where it is shown that:

a = (¢7, Ri1(¢1) + 2Rao (1, Yoooo1)) x
B = (¢},3Ra0(¢1, ¢1, 1) + 2Ra0(d1, Ya0000) + 2Ra20(¢1, ¥11000)) &
v = (¢}, 6R30(1, 2, d2) + 2Rao(d1, Yoor10) + 2Ra0(P2, Y10010) + 2Ra20(d2, Y10100)) ¥

with Ry = ﬁa?iiglcR‘ Recall that the expression of R;p have been given in

lemma 4.6.1. For example, Ro; = 9.R(0,¢) = 0. The equations for the ¥ coeffi-
cients are also given in [Haragus 2010]. They are solved below and we only show

'Recall that (Je TRenTH) = fJeiQ“*’HTH COSy, .



292 Appendix C. Numerics of delays

how to solve one of them.

AV = —Rp1 =0 = m2Wooo01 =0 0

(2iwn — A)Wa0000 = Rao(¢1,01) = m2Wa0000 = UIQLIS?2(2in+§iiH;tI({;e)zg“HT)2n)
AT11000 = —2Rao(¢1, ¢1) = mW11000 = 0?132%50

(2iwn — A) 10100 = 2Roo(h1,¢2) = mW10100 = 07752 2in+1(f§;;jf;;)—02inT)oe
AWig010 = —2Ra0(¢1, $2) = m¥i010 = 0%82%6%

Woo110 = S - Wi1000 (reflexion) = Ygo110 = Y11000

Recall that the W;jxm, belongs to Z = D(A). This is why we only give the second
component of the W coefficients in the above equations. Let us show, for exam-
ple, how to solve the second equation (2iwg — A)Waopp00 = Rao(¢1,¢1). From
(2in — dig)ﬂ'g\llgoooo = 0, we find that (71'2\1/20()00)(9) = (7T1\I’2000())62in0. Using

s2(7 —2iwygT €2
Roo(¢1,¢1) = 3(Je J2nez

0 , the equation for the first component is:

52

5 (Je 20T Yo e0n = (2iwp + 1 — ops1J(2iwsr))m1 Pa0000

This convolutional equation shows that Wsgggg is colinear to ez, which then gives
the solution:
(Je—inHTH)Qn

Won000 = 02 /
m2W920000 UH522(2in +1-— JHS1(J€72“"HT)2n)€

2w 6

€2n

The expressions for £, follow easily. The case of a is a bit more different
according to the first remark in section 5.2.2.2. As the varying parameter is ¢, we
shall rescale the time by c. It is easy to show that the normalisation factor i is
the same in the rescaled /not-rescaled case. In this case, the eigenvector e, solves:

(i0mg + co)en = cgsion / J(- —y)e “nl=vre, (y)dy

and we find that Oy = cgwy. Then, we find that 7 R11¢1 = iwge, which gives
the linear term iwymB1(c — cg) in the reduced equation for the rescaled time cyt.
If we go back to the original equation by using ¢t — t, it gives the linear factor
inﬂE%. Recall that to the third order, the coefficients £, do not depend on
c. This is why we did not use the rescaled time trick for their computation.

O

C.2.2 Fold-Hopf bifurcation

Lemma C.2.2. The Fold-Hopf normal form:

{ 2 o= (a1 + bi]z1|* + e1|z2?)z1
Z9 = (inH + a9 + b2‘2’2’2 + 02‘21’2)22
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has the following coefficients:

b1 s3 2 Jo Jon
A== 0hydn |3+ orns) 1—Jo/Jn+2(1—J2n/Jn)>}

e (s 3 2 Jo (Je ™FHTFH),
By ('LWFH -+ 1)JnUFH 83+ O0FHS) 1=Jo/Tn + 2,L‘wFH+1_(Je—inHTFH)n/Jn

(Je—iUJFHTFH)O — wrp+l — (iWFH + I)Jn-

where J - e, = Jpen, opg = e

Proof.
Let us write the nonlinear change of variable ¥ to bring the delayed neural field
equations to the normal form (5.17). We Taylor expand ¥ as in section 5.2.1:

s1Jn?

T _ l12la p1op2 , 7y, T
W (vo, ) = E : Ry R 7y 2y \Ijll,lmphpzﬂ’? Ui, by p1par € 2,
li+l2+p1+pa+r>1

where U satisfies ¥(0,0) = 0, D,,¥(0,0) = 0. Using the equation (5.9) satisfied
by ¥ and a Maple program similar to the one given in section 5.2.1, we find the
following equations. For convenience, we have indicated, in brackets, the monomials
that are used to find the equation.

o 2 Jo (Je "™WFHTFH),, (JeFHTFH),

ﬂ’E = O'FHJn S3 +UFH82 1,]0/‘]” + ,L-WFH_,’_l_(Je—inHTFH)n/Jn + —’inH-i-l—(J@inHTFH)n/Jn
b s 3 |s3 2 Jo (Je 2"FHTFH)

B2 (wrp + D) Inopy |3+ orusy =iz, + 2Q2iwpg+1—(Je ZWFHTFH )/ Jy)

—a1p1 = —AVi9001 — Ro(61) —2R2(¢1,‘i’00001) [21]
—az¢y = (iwrg — A)P00101— Roi(p2) — 2Ra(d2, Po0,001) [22]
b1 = —2LWs;000 —4Ra(d1,V11,000) — 4Ra(b1, ¥2,0000)

—6R3(01, 91, ¢1) [21%21]
—c2¢2 = (iwpg — A)‘I’1,1,1,0 0— 2R2(‘I’0,1,1,0 0, ¢1)

—2R(¢1,V10.1.00) — 2Ra(¢2, ¥11000) — 6R3(d2, b1, 1) (2121 2]
—c191 = —2A‘P10110—2R2(‘P10010,¢2)

—2Ro (g2, ‘111,9,1,0,0) -2 R2(¢1,~‘I’0,0,1,1,0) — 6R3(¢2, b1, d2) (2222 21]
—2bypo = 2(iwrag —A)¥00,2,1,0 —4R2(¥0,0,1,1,0,92) —4Ra(d2,Y00,2,0,0)

—6 R3(¢2, 92, 92) (22 23]

Thus, using the Fredholm alternative in? X = X(2):

a1 = (97, Ro1(¢1) + 2Ra(d1, Yo,0,00,1))x

az = (¢3,Ro,1(¢2) +2R2(¢2,‘1’00001)>X

by = (¢T,2R2(¢1,‘P1,1,000) +2R2(¢1,‘1’20000) +3R3(b1, 61, 01)) x

ca = (95, 2Ra(¥01.100,¢1) + 2Ra(1, ¥10.1.00) + 2Ra(¢2, ¥1.1000)
+6R3(d2, ¢1,61))x o .

c1 = (¢7,2R2(V1,0,0,1,0,92) + 2Ra(¢2, ¥1,0,1,00) + 2R2(d1, Yo,0,1,1,0)
+6 R3(¢2, d1, 92)) x o -

by = (¢5,2R2(¥0,0,1,1,0,92) + 2Ra(d2, ¥Yo,020,0) + 3R3( 02,92, 92))x

2Recall that we are working with three spaces X Y@ z(@  Solving the equations in X
gives the solutions in X9 for ¢ > 2.

)
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1 gatt
gl 9audle

led to compute some of the coefficients of U. By taking the second order monomials,

where Ry = R. In order to find the coefficients of the normal form, we are

we find:

AV 0,0,01=0 = w0001 € Co1
= - 02, .59 €0
AWy 1000 = —2Ra(¢1,91) = —2-F=Jy 0
~ 2
— __9ru%2Jdo
= mVY11000 = —Tfams 7o €0
+ C¢y
. A \If _ _ 50FyS? —WFHTFH €n
(iwrg — A)¥10100 = 2Ra(d1,¢2) =2-"8=(Je )n 0
~ 2 —iw T
— o-FHSQ(Je FH FH)” iwpgl
= 7T2\I’17071,070 = Z'LUFH+1*O'FH51(JeiinHTFH)n Ent
+ Coo
= s 0'2 SQJD €0
A¥01,1,0 = —2Rpz(¢2, ¢2) = —2- == 0
~ 2
— __9ru%2Jdo
= mVY0,0,1,1,0 = — {570 €0
+ Co¢y
. ~ 02, .89 —9i €0
(2iwrr — A)V00200 = Ra(pa,¢2) = %(Je WrHTRH ) 0
~ 2 —2iw T
— O-FHSQ(JC FH FH)O 2iwp g0
= mY00200 = sgimmmnil—opns(Je TeraTER ) € €o
= 0282 €2n
AY30,0,0,0 = —Ra(¢1,¢1) = —F=Jon 0
~ 2
_ IpHS2
= m2%20000 = ~ 5 =TTorysiTan) 120620
+ Coy
. =~ - o2 So : €n
(iwrg + A)V10010 = —2Ra(¢1,¢2) = —2-LL=(Je!raTrH), 0
~ 2 iw T
— 7UFH32(J6 FH FH)”I —iwp g0
= 7r2\111,70,0,1,0 = ern—ltopnsi (JewFHTFR), ¢t
+ Copo
. ~ - 02, 52 i €_n
(iwrg — A)¥o1100 = 2Ra(¢o,¢1) =2-FE=(Je WraTrRH) 0
~ 2 J —2iWwpHgTEFH _ .
= W10 = o H2U L —e_petrnt

iwpgt+l—oppsi(Je WFHTFH)

+ Copo

Let us just indicate how to solve the third equation (iwppg — A)\i!Lo,Lo,g =
2R (1, gzﬁg) The second component of the equation: (iwpy — %)71'2\11170,170’0 =0
gives maW1 01,00 = 7r1\I/1,071707oe7"*’FH9. If we insert this solution in the first compo-
nent of the equation, we find:

2
g 59 .
T2 (Jo-tornten) e,

The kernel is ker (iWFH +1-— O'FHslj(iWFH)) == Ceo and we find: 7T2\I/170717070(9) =
J%HSQ(JG*WFHTFH Yn
iwpp+l—opgsi1(Je WFHTFH),

(iwpy + 1 — opgs1J(iwpr))m1 %1 01,00 = 2

ene@FHY 4 Cege™FHt, Using the previous formulas and



C.2. Normal form computation 295

_ 1 —i ; 1 . o .
J-en=Jpen, Org = T (Je wrHTrH) ) = % = (iwpg + 1)Jy, it is staight-

forward to obtain the lemma. [

C.2.3 Hopf-Hopf normal form

Lemma C.2.3. The Hopf-Hopf normal form
20 = 20 (in + ag + b0|2’0’2 + Co|z1‘2 + d0’22|2)
1= (iw1+a1 +b1|2’0’2+C1|Zl‘2+d1’22|2) (Cl)

9 = 29 (iwy + a1 + bi|zo* + di|z1 2 + c1]22/?)

has the following coefficients:

J— . 3 —2iwg T
T —iwoT — UFHS3 Jo (JeZ#@0T)o
bo/mBo(Je Jo = 01 H 82 [1_UFH51JO 2(2iwo+1—0opps1(Je=20T)g)

co/w%(Je_ion)g = U%HS;; + O'FHS%

(Je—i(wo—w1)‘r)n I (Je_i(‘“o""‘“l)")n
1(wo— w1)+1—aFHsl(Je—i(WO—w1)T)n i(wotw1)+1l—oppsi(Je {@0TwDT),
+1 O'FHSIJO
do = C
3, —1 — 43 4 2
bi/mfi(Je™" ) = Opys3+ 0py s .
(Je—z(wl—wo)‘r)tn I (Je—Z(w0+wl)T)ill
i(wi—wo)+1l—cpmsi(Je *@17w0)T), i(wotw1)+l—oppgs1(Je iwotw)T),
Jo
l—opgsiJo .
R —iwnT o o'FH83 2 JO (JeiQ“"lT)gn .
ci/mpi(Je ™17, = TEEZ 4 ohys) [1—UFH51J0 T o P v
B Jo—iwrT _ .3 Jon (Je ?17)o Jo
dl/ﬂ-ﬁl(t]e )n o UFHSS + UFH82 |:1_UFH51J2n + 2iwl+1—0'FHS1(J672“"’17)0 + l—orgsido

Proof. The normal form for the Hopf-Hopf bifurcation between the 0-mode and
the n-mode in the non-resonant case where 22 ¢ Q is given in [Golubitsky 1988]:

20 = 20 (Zw() +ag + bo‘ZoP +Co|2’1’2 + d0|22‘ )
=2 (lwl + a1 + bi|20)* + c1|z1]? + di 22| )
Zp = 29 (w1 + a1 + bi|zo> + di|z1 |2 + c1]22/?)

€0

z'wO@eO

Recall that the eigenvalue iwp has the eigenvector ¢y = [e

} and that 7w

has the eigenvectors ¢; = [ewu@ ] , g = Liwelez } Let us write the nonlinear
—n

change of variable T to bring the delayed neural field equations to the normal form
(C.1). We Taylor expand ¥ as in section 5.2.1:

T, _ k1 =ko U1 =la p1 pz
(v, p) = E 20 Zg 21 2102y 2y \I/klyk2,ll7127pl»772ﬂ"7 \Pkl,k2,ll,l27p17p2ﬂ’ €Z,
ki+ko+li+l2+p1+p2+r>1
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where W satisfies ¥(0,0) = 0, D,,¥(0,0) = 0. Using the equation (5.9) satisfied by
¥ and a Maple program similar to the one given in section 5.2.1, we find the next
equations.

0 = 2(iwo — A)¥21,0,0,000 + 20000 — 4R2(¥1,1,0,0,0,0,0, o) — 4R2(¢0, ¥2,0,0,0,0,0,0)
—6R3(¢0, do, %0) N o

0 = (iwo— A)¥10,1,1,000 + codo — 2R2(¥1,0,0,1,0,0,0, 1) — 2R2(¢1, ¥1,0,1,0,0,00)
—2R(b0, ¥0.0.1,1.000) — 6R3(¢0, ¢1, 1)

0 = (iwo— A)‘Ifl 0,0,0,1,1,0 + dodo — 2R2(¥1,0,0,0,0,1,0, P2) — 2Ra (B2, ¥1,0,0,0,1,0,0)
—2Ro (0, ¥0,0,0,0,1,1,0) — 6R3 (o, B2, $2)

0 = (iw — A)\I’l 110,000 + 161 — 2Ra(¥0 11,0000, P0) — 2Ra2(¢0, ¥1,0.1.0000)
—2Ra(¢1, U1,1,00000) — 6Rs(41, o, Po) o

0 = 2(iw1 — A)¥0021,000 + 2c101 — 4R2(¥0,0,1,1,0,0,0, P1) — 4R2(P1, ¥0,0,2,0,0,0,0)
—6R3(¢1, ¢1,91) ) o

0 = (w1 —A)¥o01,01,1,0 + did1 — 2R2(Y0,0,1,0,0,1,0, $2) — 2Ra2(¢2, ¥0,0,1,0,1,0,0)
—2Ro(¢1, ¥0,0,0,0,1,1,0) — 6R3(41, 2, 92)

0 = (iw — A)‘I’Ll,o 0.1,0.0 + D12 — 2Ra(¥0.1.0.0.1,0,0, P0) — 2Ra (b0, ¥1,0,0.01,00)
—2Ry (¢, ?1,1,0,0,0,0,0) — 6R3(¢2, ¢, ¢0) o

0 = (w1 —A)¥oo1,1,1,00+ di2 — 2R2(¥0,0,0,1,1,00, #1) — 2R2(¢1, ¥0,0,1,0,1,0,0)
—2R2(¢2,¥0,0,1,1,000) — 6R3(d2, ¢1, d1)

0 = 2(iw1 — A)¥o0,0021.0 + 2¢1¢2 — 4R2(¥0,0,00.1,1.0, $2)
—4R2(¢2, ¥0,0,0,0,2,0,0) — 6R3(02, d2, P2)

Notice that the equations for b1, cq,d; are redundent: because of the symmetries,
they give the same result. Using the Fredholm alternative in® X = X® we find:

2by = <¢074R2(‘1’1,1,000003¢0)+4R2(¢07‘1’2000000)+6R3(¢07¢07¢0)>

co = (10, 2Ra(¥10,0,1,000:#1) + 2R2(61, ¥1,0,1,0,000) + 2Ra(0, Y0,0,1,1,0,0,0)
+6R3(¢0, d1,61))x o 3

dy = <¢07 2R2(\I/1,0,0,0,0,1,07 ¢2) + 2R2(¢2, \111,070,071,0,0) + 2R2(¢07 \IIO,O,O,O,I,LO)
+6R3(d0, P2, 92))x o -

b1 = (¢¥1,2R2(¥0,1,1,0,0,0,0, P0) + 2R2(0, ¥1,0,1,0,0,0,0) + 2R2(P1, ¥1.1,0,0,0,0,0)
+6R3(¢1, b0, ¢0))x

2¢; = (¢1,4R2(\I/00,171,000,¢1) +4R2(¢1,‘1/0020000) +6R3(¢1,¢1,¢1)>

di = (¥1,2Ra(P0,0,1,00,1.0 $2) + 2Ra (2, ¥0,0,1,0,1,00) + 2R (1, P0,0,0,0,1,1,0)

+6R3(¢1, 02, 02))x

where Ry, = ﬁa‘?%cR In order to find the coefficients of the normal form,
we are led to compute some of the coefficients of ¥. By taking the second order

terms, we find the next equations and using the fact that ¢g = [eiwoedg@e ] , 1 =
0

3Recall that we are working with three spaces X(9, V(@ 2@  Solving the equations in X'
gives the solutions in X9 for ¢ > 2.
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ior , P2 = in 6 :
e“1e, e“1e_,

AT1100000 = —2Ra(do, d0)

= —2@% [%O] = m¥1100000 = —%60
(4iwo — 2A) 2000000 = 2Ra(do, ¢o)

— 202’{7552(116*2“’07)0 [e(ﬂ

~ 2 —2iwgT 2iw 0
_ ougs2(Je 07 )pe?'w0
= m2Wa000000 = 3@iwet1—crmsi(JeT@07)g) €0

(iwo — iws — A)¥101000 = 2Ra(¢1,¢0)

= o2 ysa(Jemiwomw)T),

€—n
0
~ 2 —i(wg—w1)T i(wp—w1y)0
_ ofps2(Je 0~w1)7), etlwo—w1
) = mW1001000 = 0 (e @Dy,
(iwy 4 iwo — A)W1010000 = 2Ra2(¢1,¢0)

_ 20—2H7£{S2(J6_i(w0+w1)7—)n

€—n

€n

0

U%HSQ(Je—i(WO“'Wl)T)nei(‘*’0+wl)9

) = 772\Ij101@0 = i(w0+UJ1)+1—0'FH51(Je_i(wo-'—wl)T)n €n
AVg011000 = —2Ra(¢1,91)
2 e ~ 2 J
_ _o%HHS2 0 — _ _9gmS2Jo
= —2-H=J [0] = m2W0011000 = — i orr5,75 €0
(—iwr +iwp — A)Wi000010 = 2Ra(¢2,¢0)
02, 89 Cilon— €n
= 2782 (Je iwo—wi)m) 0

~ o2 82(J€7i<w07w1)7—) eilwp—w1)o
= mWio00010 = ;504 = en

- [ w07w1)+17crpH51(Je*i(WO*M)T)n
(iwr +iwo — A)Wi000100 = 2Ra(¢2,d0)

02, .80 . €_n
- 9 Hg (Je z(w0+w1)7—)n

0

U%HSQ(Jefi(w0+w1)T)nei(w0+w1)9

) = 772\11100%)0 = i(w0+LU1)+1—UFH51(Je_i(wo_‘—wl)‘r)n €_n
AVgn00110 =  —2Ra(¢2, ¢2)
2 e ~ 2 J
. _9%mgs2 0 _ _ _%9maHS2J0
= —2-H=J {0] = m2W0000110 = — o rr5,75 €0
(iw1 —iwo — A)Wor10000 = 2Ra(¢1,¢0)
02, 8o ity — €n
g,

~ 2 —i(w] —wq)T i(wq—wq)0
o4 rs2(Je 17w0)7T) etlwi—wo
= m¥o110000 = T — - €n

i(wi—wo)+1l—0oppgs1 (Je i{w1—w0)T),

(4iw; — 2A) P0020000 = 2Rsy(¢1,¢1)

02,8 —92 €2
= 27HUZ(Je 2wnT),y, On
~ 2 —2iwq T 2iwq 6

_ ogps2(Je 17)op el
= m2%0020000 = 550, 1o rmsi(Je TEiT)5n) €20
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AVo010010 = —2Ro(42, 1)
= —2‘7%’5182 Jon, [6(2)”] = mW¥oo10010 = —%6%
(2iw1 — A)Poo10100 = 2Ra(d2, 61)
= oy, [
= moBoouio = pHde T e

which gives the lemma. [J



APPENDIX D

The Deco-Roland model of long
range apparant motion in the
ferret

D.1 Eigenvalues and linearized equation

We assume that the stationary activity is (A, A®)) = (0,0). The jacobian of (7.1)
is given by:

;1 [ —Id + S5'(0)JM S7(0) foW ]

SOW  —Id+ 5'(0)J® (D-1)

T

Because the connectivities functions J&), J@ W are homogeneous, the eigenvectors

1
of L have the form: [ZZ zzzn} . Then necessarilly, we find that n = p. Hence, looking
p COSp

for the eigenvalues amounts to diagonalize the following matrices:

1

n —
T

(D.2)

~

SOW,  —1+5(0)J2

—1+ 807" S0 W ]

where, for example J = 7 () (x)cos(nz)dz. Finally, we have:

71, #(2) '
s = {ﬂn,i =1 (—1 vt SO g e 4be3) }

Remark 40.We have: B, - < —1+ S’(O)jéz) < -1+ S’(O)jT(ll) < P +-

D.2 Computation of the bifurcation curves

Lemma D.2.1. The pitchfork bifurcation curves are located on parabolas (fp, J2)

1

= — 2 2
Wgst

fe 1 S’(o)jﬂ [1 —5'(0)J®

A condition to slow down the dynamical system, is to be close to this bifurcation
curve, i.e.:

f</e



Appendix D. The Deco-Roland model of long range apparant motion
300 in the ferret

Proof. First, we compute the Fourier coefficients and give the approximations
from the parameters used in the model:

o —4m? 0 L dngy(1— e N) & —An? R 4 dndy, n=0
JS) :/ O €OSn = drdye N [ E 47 J 1
- e S (e (<)) & in, < dmdy, >0
(D.3)
and
W WW Ar(l—e a)~dm, n=0 D4
= CcoS,, = -z x .
" —r " {1122;2 (ea + (_1)n+1> ~ 1+§Z§a2’ <d4m, n>0 (D-4)

Notice that e~ =~ 4e~4 and W, > 0, idem for j,(f), n > 0, which justifies the
above approximations. We look for a relashionship such that 5, = 0. It gives:
1

= -0 100

which is a parabola in (f3, J2). On each parabola P,, the smallest value of Jo such
4725’ (0)

1 a .
that f, = 0is given by Jo = i‘;g?(’(\; > 471%?7\(20) ,n>0and Jp = %m)o otherwise.

47257 (0)
N A2

Hence, there are Jo = 6 parabolas 'before’ Fy. [

D.3 Effect of the intra-cortical propagation delays

From appendix 7.4, we need to compute :

! / T (2)[2] cos(x)dy + —— / T (2)]x] cos(x)dy
Upropa A Upropa Ea

By neglecting e~™/*, we find:

D(\) = /J(l)(aj)\:d cos(x)dy =~ 47'('(

—T

2Jo — Jo)M + (4Jo + J2) M + 2o
MOAT+202 4+ 1)

It is positive for Jy = 0.2, Jo = 0.9 and A1 € (0,1). The same is true for D(\2).

D.4 Study of the Hopf bifurcation curves for constant de-
lays

From chapter B, we need to find the characteristic values s = iw € iR such that
the linearized operator

—7s5 — 14 5(0)JD S'(0) foWe 5T

Lls) = S(0)Wesm —7s— 1+ 5(0)J3

(D.5)
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Sn,

has a nontrivial kernel. We find that the null vector has to be [20

] (or the same
0Sp,

but with cos — sin). Hence, we find the following equations for the characteristic
values

0 = det

—s— 145108 51 f0W,e—sm/7
slwne_STl/T —s—1+ slj,(?)

(D.6)

_ —s—a s1f0Wyhe 572/ _ _sB
= det Sane_STl/T s b = (5 + a)(s + b) — Ae

with s; = 5’(0), a = l—sle(Ll) >0,b= 1—81JA¢(LQ) >0, A= s%fbl/iﬁ% >0,B= Tl_rﬂ
We find a purely imaginary characteristic value s = iw i.f.f.
{ Acos(wD) = —w? + ab

Asin(wD) = w(a + b) (D7)

which give 2w? = —(a? + b%) £ /(a2 — b2)2 + 4A2. As w? > 0, it forces
2w? = —(a® + %) + /(a2 — b2)2 + 442 > 0.

This is possible exists i.f.f. (a® + %)% < (a? — b%)? + 4A? i.e. |ab| < A. Notice that
the pitchfork bifurcation curves read:

An = an bn

Hence, above each pitchfork curve P,, there is a Hopf bifurcation for some delay
critical B which is infinite on the parabola and decreases as we move away from
the parabola. Hence, no oscillatory patterns can be found in the parameter regime
of the model.

D.5 Study of the apparent speed/contrast relationship

Close to the pitchfork bifurcation point (Jgif i #)» the dynamics is well approxi-

mated by (AW (t), A@ (1)) =~ 2 (t) [ZZj + 29(t) [Ziﬂ If we write e8¢, the pro-

jection of the external input on Span <[ZSZ] , [Ziﬂ) where ¢ is the contrast, we

find 2/By = B1z + x3|2|%2 + eI where 3 can be computed analogously as in sec-

tion E.5, B = 1+8"(0)W; (fyra+7) from section 5.2.2.1 and 8, = J?;{f’f n fb;bf&f.
A solution z = pe'® satisfies: : v
{ /B2 = Pip+ xsp® +efcos(d — ¢) (D.8)
Tpo/B2 = efBsin(f — ¢)
Then speed of the apparent motion, for which p is almost constant, is given by:
ep ep ep

~

wo

~

BT SO+ ) (2 42280 (4 1+ SO Wlin + 1))

B

X3






APPENDIX E

The Ring Model

E.1 Numerical computation of the invariant functions

Let us say a few words about the practical computation of the invariant functions
By,a,b,c,d. As we are interested in the tuning curves, using the estimates in
prop A.6.2, we obtain that the L?-norm HVf H2 of the tuning curve is upperbounded

by 14 for the connectivity function shown in figure 9.5. The relation HVf H; =
™ (’US + 2 LT+ 5 Wg) yields the estimation:

Cauchy —Schwarz

V7] = ol VTP o D0 [+ ) |||, <o
NZS 2

for the same values of the parameters. The next step is to approximate the sigmoid

S by a polynomial P on some interval [—«, a] where the value of « is chosen so that

o HVf HOO < a. As we need to observe the first two Pitchfork bifurcations, reached

for the values o1 < 09 of g, see remark E.2, we need at least 0 = o5 and, being

a little bit conservative, we end up computing the solutions for o € [0,1.6]. This

in turn requires o &~ 11. Note that the more accurate the approximation of S, the
higher the degree of P with the consequence that some numerical instabilities may
develop since this implies raising small numbers to high powers.

P is then expressed in the basis of the Chebychev polynomials as P = ). o;T;.
The reason for this is that the Chebychev polynomials having rational coefficients,
we can use, for example, the Groebner basis package of the symbolic computation
package Maple to express the invariants By, Bi, By as functions of (vg, ). For
example, we have:

By =

A8

| |
roly Sl oy Sl

S [avo + ok (lezle_zpiy + \/71226_4piy)] dy

X
A8

P [ovg 4+ oR (V' Jiz1e” %Y + /Ty z0e W) ] dy

T; [ovo + oR (Vi Jiz1e P + /T z0e” #W) | dy

M@le

A8

Il
A8
7
£
1 w\l:lSN\ﬁ

<
2
<0
<.
—~

i\Vo, T )

5 3 4 4
The computation of T; (v, ) = [ T; [avo + ot (\/lele*%’zy + \/lege*‘lp‘y)] dy is

2
done automatically by the Groebner basis package but requires that the coefficients
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of the polynomial T; be rational, not real. This justifies the Chebychev approxima-
tion. For a = 14 and an approximation error of 0.01 (||S — Pl 1414 < 0.01),
it yields a polynomials P of degree 19. One important advantage of this method
is that it does not require the vector (vg,7) to be on the Orbit Space to do the
computations, i.e. we can compute By, a, b, ¢, d even for values of (vo, T) that make
no sense, e.g. m; < 0, and then project the result on the Orbit Space. Note that
the method is coherent since the results shown in figures 9.5 and 9.6 obtained by
numerical continuation do satisfy o HVf HOO < 11, that is, are consistent with the
numerical approximation.

E.2 Numerical computation of the solutions of the nonlin-
ear equations in the case N = 2

In order to solve the nonlinear equations (9.14) for the tuning curves, we apply
the strategy of section 3.3. The idea is to use a homotopy to solve the problem:

we introduce a new parameter p which translates S, ie. S, = So + wS(0).
Thus Sy = So and S(;) = S. This way we change the nonlinearity in (9.8)
in order to find the tuning curves analytically (notice that this translation only
affects the first equation of (9.8)). Indeed, when the nonlinearity is the centered
sigmoid Sy we obtain the trivial solution V/ = 0 and we can also compute the
values of the nonlinear gain ¢ where the Pitchfork bifurcations occur. We can then
numerically continue this trivial solution with respect to the parameters (o, p) to
find the solutions of the equations with the “correct” nonlinearity, namely S. We
then simply take a slice of the output of the continuation program for ; = 1 and
obtain the dependency of the solutions w.r.t. the nonlinear gain ¢. This approach,
though numerically intensive, is very convenient because it automatically gives the
bifurcated branches. It also allows to compute some non-connected branches of
solutions. This strategy relies on the library TRILINOS, see the acknowledgements
below.

E.3 Existence of the Pitchfork bifurcation

In this appendix we prove that there is always a Pitchfork bifurcation for some
nonlinear gain o = oy.

Lemma E.3.1.For every pair (T, J1), there exists a unique pair (o9 > 0, vg) such
that

A

(B) : U(J; = 505(001)(];)
) 1 = UOS/(UOUO)?

when g = —1.
Proof. We do the case ¢g = —1. As S’ = 5(1—5), the second equation (E.2)

becomes : 1 = Z15(1-9) nsing(E-1) 2N (~U)(1+U) where U & vg. This quadratic
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equation in U has real solutions if and only if ¢J; > 8, and they are given by

8
—14 /15
2

Ui(o) =

We still have to verify that (E.1) is satisfied for at least one of these solutions.

For example, for U;, we obtain the equation in (o, J1,T) : Ui(o) =
—S(oUy(c) — T). Notice that ¢ — Uy (o) is increasing from = to 0~ and that
o — oU4(0) is increasing from —Jil to —J%. Hence 0 — —S(ocU4 —T) is decreasing

from —S (—Ji1 —T) to =S (—% —T) < 0. We conclude that there is always a unique
intersection point og between these two curves. By using similar arguments, the
equation U_ = —S(cU_ — T') has no solution in o.

O

E.4 The width of the tuning curves

Lemma E.4.1.The width . at half-height of the tuning curve is given by

1 ~da+db+T | —da—4b+T | 9 ~8a+2T
cos(d;) = — (4a—T+1n ¢ te tee
4b 9t o 4atab+T | o—4a—4b+T

where a = O'U(J; and b= o/ Jip’.
Proof. From the definition of the width ¢, at half-height,. we find:

S(4(a+b) —T) — S(4(a —b) — T) = 2 [S(4(a + cos(5.)b) — T) — S(4(a — b) — T)].

Using some algebra, the equation S(4(a +b) — T) + S(4(a — b) = T) = 25(4(a +
cos(d.)b) — T') yields the result. [

E.5 Computation of the coefficient y;

Let us call g the bifurcation point solution of:

{vg; = eoS(ovl)

Yo
1 = US’(UU(J;)%

By symmetry, this (static) bifurcation is a Pitchfork bifurcation. The kernel is
written:
Xy = Span(cosa, sing) = ker Ly,

where L, = —Id+05’(cv(0)/)J. The reduced equation obtained with the Equivari-
ant Lyapunov-Schmidt reduction (see [Golubitsky 1984]) is also equivariant. Using
the coordinates Uy = A cosy +Bsing with A, B € R, the reduced equation is given
by (see [Golubitsky 1984, Haragus 2010)):

0 = (B(o)+x3(4*+B?)A
0 = (Blo)+x3(A*+ B?)) B.
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Let us write the equation to solve 0 = F(U;0) = -U+J- S(Uvg +0U)+ U(J;. From
[Golubitsky 1984][chapter VII.1.d], we have the following expression:

2
6x3 = (— cosq, D3F(O; 00)[cosa, cosg, cosa] — 3D3F(O; 00)[cosz, W)y (E.1)
T

with
Ly, W = (Id — Py, ) D*F(0; o) [cosz, coss].

From D3F(0; 0g)[cosg, cosz, cose] = S®adJ - cos? where we have written S for
S@G) (Uovg), we find:

2 3
<; cosy, D3F(0; 0¢)[cosy, cosy, cosy])g = gS(?’)Ug’Jl.

E.5.1 Computation of W

From D2F(0; 0¢)[cosa, cosg] = S”02J - cos2 where we have written S” for S@ (agv]),
we find:

s 2 J.
D?F(0; 0¢)[cos, cosy] = 800 <Jg + 220084) .

By using a Fourier expansion of W, we find:

Jo J2 S”O-(Q)
W = STog
(—1 + Soody T 21+ S'aoda/2) COS4> 2

where we have written S’ for S(l)(aovg ). Using the equality 1 = 00S"%, we have:

Jo Ja S"o?
W —
<—1 200/ A /) C°S4> 2

E.5.2 Finding x;

Using the above expressions of W and D?F, we find:

503) Ji J2/2 J
_ 32 12 0 2 s
we ( g T o0s [1—2J0/J1+2(1—J2/J1)} 8

If we simplify this expression for the case J = ¢y + Ji cosa, J; > 0 of section 9.3.1
and using the coordinates Ug = /.J1v1 cosy ++/J1v9 sing, we find:

SG3) € J?
_ 37 "2 0 Y1
X3_”0< 3 oS T ) s
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E.6 Stability of the tuning curves with external input turned
on
Consider a nonlinear gain o high enough to generate the O(2)-Pitchfork bifurcation.

If we turn on the external input, for small contrasts, we can derive an equation on
the center manifold as (3.20). We find:

B
| 1]

=2z <J;UO +X3\z|2> +e g =2z (6 +xsl2?) +e (E.2)
0

| J1]

which shows that z is real. We assume here that x3 < 0. When € = 0, there is a
circle of solutions given by |z|? = —; 1n addition to the untuned solution z = 0.
Now if € > 0 is small, we obtain three solutions, two arising from the previous

circle. They are given, up to the first order in ¢, by: Zi = —Lxg, + 25 f] | €R.
1

Computing the Jacobian of the system (E.2) in real coordinates at the two nontrivial
stationary solutions zi, we find a diagonal matrix with diagonal elements:

Nl gzrae B _ & B
Jac(zi)—{ 20?3‘Z0| TJH,?’ZO‘ TM}

Hence zfr is stable and z{ is unstable.






APPENDIX F

A model of V1 without
feature-based connectivity

F.1 Lemmas for the bifurcation points

Lemma F.1.1. Let vy be the stationary membrane potential solution of vg = jOS(vo)
with Jo < 0. Then there is a unique bifurcation point oy for the wavevector k. with
positive eigenvalue jkc. Moreover, og is a decreasing function of jkc.

Proof. The bifurcation point reads

vy = A —S(opvo) (F.1)
1 = o0Jx,DS(oguvo)
were we have supposed that Jy = —1 (a rescaling in vy allows this assumption). We

proved in appendix E.3 that these equations have a unique solution (vg,0p). Let

= L i I = L = = 2
us look at oy = 250 We write vy = di U0 51 DS(cvg) and s9 = D*S(owp).

Then taking the derivative of (F.1) Top:

/ / / /
vy = —(00v0)'s1 = —(0gvo + 0ovy)s1 (F.2)
which gives
!
' O0pV0S1

Vg = —7"—"—

1+ g0S1

and .

oovos1 1

/ / / /
oovg) = opvg + oy = OgUy — Op——— = OpUp—————.
( ) 0 0 0 1+ ogs; 00 T sy

Also, from the derivative of (F.1) Bottom, —Uésljkc = 0051 +UO(JOUO)’52jkC which

gives:
A oQUpS2 1
—0’6ch s1+ 207072 ) o o0s1 = — > 0.
1
+ 0951 ke

Hence the sign of —o{, is the sign of s; + 202052 But:

14+09s1
S2V000 _ 1 2 S2
81+ 140051 ~— 140051 $1+ 0087 1+ s2 UO)}
_ 1 2(1_ 352 F.3
= TToos |51 +ogst |1 - S(UOUO)):| ( )
- 1 2 oovo—T
= TTogs [31 + opsie ] >0

This concludes the proof. [



310 Appendix F. A model of V1 without feature-based connectivity

Lemma F.1.2. Let vy be the stationary membrane potential solution of vg =
jOS(vo) with jo < 0. Then, the vy is unique, negative and the function o —
vo(0)DS(vo(0)) is increasing.

Proof. The activity is solution of vy = JoS (vp) with Jo < 0. When can, up to a

rescaling of o, vg assume that Jy = —1. Hence we look at the equation vy = —S (ovp)
which have only one solution vy for each 0. Write s1 = DS(ovg) and sy = D%S(ovy):
d
o —(081) = 51+ 05} = 51 + 0(0vg)’s2 (F.4)
Also (ovg)' = v + ov) = vo — o(0vp)'s1 and (0vp)’ = 172~ which gives
— o __ 1
(0s1) = s1+v01s = Tres [51 + o052 (1 + %voﬂ
= ﬁ [31 + o3 (1 — QS(’UQ))} (F.5)

2 ovg—T
= s [s1+ osie |>0

This concludes the proof. [

F.2 The case of the long-range connections

Lemma F.2.1. The long-range connections features the following invariances. For
the PO maps +0* 4 0:

T
JLR(R(bXa R¢Y) = JLR(Xay)v ¢ € ZZ

Proof. We start by the PO map 6* + 6y using (11.8):

JLr(Rapx, Rogy) = Jo ( R_99(Ryyx) 2p(x — Y)>

= Jo(x.R 26‘(x) 26R2s(x —y))
= Jy (X 29(x) y)) = JLr(X,y).
):

For the PO map —6' + 6y using (11.9

Jrr(RogX, Rogy) = ( s R_20(Ryyx) R (x — ))

= Jo (X R-ap(x) 120 R20(x — ¥))
Jo (X, RagR_ 20(x) (X — y)) = JLr(X,y)

S

because Jj is even. [

Lemma F.2.2. For the maps +601 + 6y, we have:
LR LR
JER = (LB e R

Proof. We first note that G,,(0(x) — 6(y)) is invariant by Ry, R;/5. The fact
that Jpp is invariant by R, implies that the coefficients are real numbers. The
facts that Jpg is invariant by R/, (which is the map (z,y) — (—~y,z)) and that
the coefficients are real imply that the two coefficients are equal. [J
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F.3 Computation of the D,-Pitchfork normal form

Lemma F.3.1.The Dy-Pitchfork normal form:

2 =21 ( G2+ Bla]? + 2

| (F.6)
2y = 22 ( 7520 + Blza|* + 42 [
has the following coefficients:
37 _— 2 :jO ?21(6 A } 2
Blog. = o0sy {1—Jo/ch + 2(1=J o, /i) s/ (F.7)
33 _ 2 Jg Jan ’
W/O-OJkC = 0052 |:130/ch + 21*3(1,1)/jkc T s

and sy = S@ (vg), s3= 8B (vy).

Proof. The linear part is the same as in lemma 3.3.2. Let us write the nonlinear
change of variable ¥ to bring the neural field equations to the normal form (F.6).
We Taylor expand ¥ as in section 5.2.1:

T _ l15l2 p1sp2, T, T
\I’(UOHU) = E Rl R Ry 29 [ \Ijll,lmpl:pw“? \Illhlz,pl,PW" €z,
li+lo+p1+pa+r>1

where U satisfies ¥(0,0) = 0, D,,¥(0,0) = 0. Using the equation (5.9) satisfied
by ¥ and a Maple program similar to the one given in section 5.2.1, we find the

following equations with e = (1, e = (o, (f = 2WN G = (%}V E e .
P
0 = —2L¥31000 + 280 —4R2(¥1,1,0,0,0,C1) — 4R_2(C1, U2.0,0,00 — 6R3(¢1-¢1,G1)
0 = —LVyg1100+76 —2R2(¥0,1,1,00,¢1) — 2R2(C1, ¥1,0,1,00) — 2R2(C2, ¥1,1,0,0,0)

—6R3((2, 1, G1)

where the differentials R, = Z%DPR(O, 0p) are given in lemma 3.2.1 and L = —Id +
00s1J. From the Fredholm alternative, we find:

B = (¢ 2Ra(¥1,1,0,00,C1) + 2Ra(C15 ¥2,00,0,0) + 3R3(C1-C1, C1))2
7 = (G 2R2(Yo,1,1,00,C1) + 2Ra2(C1, Y10,1,00) + 2R2(C2, P1,1,000) -
+ 6R3((2,(1,¢1))2

In order to find the coefficients of the normal form, we are led to compute some of
the coefficients of ¥. By taking the second order monomials, we find:

0 = 2L%300,00+ 2R, (¢, gl)
0 = L¥i1000+2R2(C1,G1)
0 = L%¥yi100+2R2(¢2,¢1)
0 (¢1,¢2)

byt

= L¥101,00+ 2R2(C1, ¢
which are solved by
Uo0000 = Span(Ci, ¢z, i, ¢
Ui1000 = Span(Ci,Ce,Cr,C2) +
o100 = Span(Ci,Ce,Cr,C) +
(

10100 = Span(Ci,C,C,G)+

00 52 Jok, 2

) 1—s100J2k, 1

) 0052 Jo )
1—-sy100d0

‘7032 Ja. F

) 1— S}O’OJ(ljl)C2C1

0082 Jay

) 1— SlO’OJ(lyl)C CQ‘



312 Appendix F. A model of V1 without feature-based connectivity

Let us indicate how to solve the first equation for example. Note that Ro((1,() =
2 2 ~
00282.] (3= %Jgkcﬁ. A particular solution is given by A¢? where A satisfies

A~ 2 A~
(1 —s100dok.)A = 00252 Jok, to which we must add any null vector of L. This gives
the coefficient \11270’0’0’0.
It is then straightforward to obtain 5 and . [
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