MATHEMATICAL ASPECTS OF LOCALIZED ACTIVITY IN

MATEMATISKE ASPEKTER VED LOKALISERT AKTIVITET | NEVROFELTMODELLER

0
—
L
a
o
a
—
L
L
—
<
o
o
I
=

NORWEGIAN UNIVERSITY OF LIFE SCIENCES ® UNIVERSITETET FOR MILJ@- OG BIOVITENSKAP OL.oo,ow

DEPARTMENT OF MATHEMATICAL SCIENCES AND TECHNOLOGY 2 o.ooco.m

O O

%, ..o¢
Mvioawd
D  ANNA OLEYNIK PHILOSOPHIAE DocTOR (PHD) THESIS 2011:37 &

9
S SN,
o A% g
~ & e @
SR °C @ - 0_7~
B 3 Ee @@
N -
) % () 5
& 2 X X () =
0 7, o @ e s
.omN v, ..o¢
SN Nyrpamd
==
o
&




Mathematical aspects of localized activity in neural field
models

Matematiske aspekter ved lokalisert aktivitet i nevrofeltmodeller

Philosophiae Doctor (PhD) Thesis
Anna Oleynik

Department of Mathematical Sciences and Technology
Norwegian University of Life Sciences

As 2011

Thesis number 2011: 37
ISSN 1503-1667
ISBN 978-82-575-1000-8






PhD thesis

Acknowlegment

This work was carried out at the Department of Mathematical Sciences and Technology
(IMT), Norwegian University of Life Sciences (UMB) in the period of 2007-2011. The
research was supported by the Norwegian State Educational Loan Fund and the Norwe-
gian University of Life Sciences. The work has also been supported by The Research
Council of Norway under the grant No. 178892 (eNEURO-multilevel modeling and sim-
ulation of the nervous system) and the grant No. 178901 (Bridging the gap: disclosure,

understanding and exploitation of the genotype-phenotype map).

Here I would like to mention a number of people who made this thesis possible. First of
all T am cordially grateful to my main supervisor John Wyller for his patient guidance,
support, and enthusiasm. Your encouragement and care have been a great value for me
over these years. I also would like to thank my co-supervisor Arkadi Ponossov not only
for his capable research guidance but for the help with many practical questions. I can not
imagine to have had a better supervising team than John and Arkadi. It has been a great

pleasure to work with you both.

I sincerely want to thank Gaute T. Einevoll for always being accessible and willing to
help, for his support and encouragement. Thanks to Stephen Coombes for his kind hos-
pitality during my stay in Nottingham, to Vadim Kostrykin for interesting and stimulating
discussions, to Tom Tetzlaff and to my co-supervisor in Russia Igor Wertgeim for their
collaboration. I also extend my gratitude to my colleagues at IMT for a friendly and warm

working atmosphere.

I have been fortunate to be surrounded by great friends. Thanks to all of you for making
the time of my study so memorably splendid. I wish to thank "my Russians" and especially

Anya, Irina, Julia, and Lera for being like a family to me here in Norway.
I thank Marten for his love and support that followed me through distances and countries.

Finally I would like to thank my family for supporting me and the choices I make, and for

being so close despite of being so far.

As, August 2011
Anna Oleynik

iii






PhD thesis

Abstract

Neural field models assume the form of integral and integro-differential equations, and
describe non-linear interactions between neuron populations. Such models reduce the di-
mensionality and complexity of the microscopic neural-network dynamics and allow for
mathematical treatment, efficient simulation and intuitive understanding. Since the sem-
inal studies by Wilson and Cowan (1973) and Amari (1977) neural field models have been
used to describe phenomena like persistent neuronal activity, waves and pattern formation
in the cortex. In the present thesis we focus on mathematical aspects of localized activity

which is described by stationary solutions of a neural field model, so called bumps.

While neural field models represent a considerable simplification of the neural dynamics
in a large network, they are often studied under further simplifying assumptions, e.g.,

approximating the firing-rate function with a unit step function.

In some cases these assumptions may not change essential features of the model, but in
other cases they may cause some properties of the model to vary significantly or even
break down. The work presented in the thesis aims at studying properties of bump solu-

tions in one- and two-population models relaxing on the common simplifications.

Numerical approaches used in mathematical neuroscience sometimes lack mathematical
justification. This may lead to numerical instabilities, ill-conditioning or even divergence.
Moreover, there are some methods which have not been used in neuroscience community
but might be beneficial. We have initiated a work in this direction by studying advantages
and disadvantages of a wavelet-Galerkin algorithm applied to a simplified framework of
a one-population neural field model. We also focus on rigorous justification of iteration

methods for constructing bumps.

We use the theory of monotone operators in ordered Banach spaces, the theory of Sobolev
spaces in unbounded domains, degree theory, and other functional analytical methods,

which are still not very well developed in neuroscience, for analysis of the models.
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Sammendrag

Nevrofeltmodeller formuleres som integral og integro-differensiallikninger. De beskriver
ikke-line@re vekselvirkninger mellom populasjoner av nevroner. Slike modeller reduserer
dimensjonalitet og kompleksitet til den mikroskopiske nevrale nettverksdynamikken og
tillater matematisk behandling, effektiv simulering og intuitiv forstaelse. Siden pioner-
arbeidene til Wilson og Cowan (1973) og Amari (1977), har nevrofeltmodeller blitt brukt
til & beskrive fenomener som vedvarende nevroaktivitet, bglger og mgnsterdannelse i
hjernebarken. I denne avhandlingen vil vi fokusere pd matematiske aspekter ved lokalisert

aktivitet som beskrives ved stasjonare lgsninger til nevrofeltmodeller, sakalte bumps.

Mens nevrofeltmodeller innebarer en betydelig forenkling av den nevrale dynamikken i
et stgrre nettverk, sa blir de ofte studert ved a gjgre forenklende tilleggsantakelser, som

for eksempel & approksimere fyringratefunksjonen med en Heaviside-funksjon.

I noen tilfeller vil disse forenklingene ikke endre vesentlige trekk ved modellen, mens i an-
dre tilfeller kan de forarsake at modellegenskapene endres betydelig eller at de bryter sam-
men. Arbeidene presentert i denne avhandlingen har som mal & studere egenskapene til
bump-lgsninger i en- og to-populasjonsmodeller nér en lemper pa de vanlige antakelsene.

Numeriske teknikker som brukes i matematisk nevrovitenskap mangler i noen tilfeller
matematisk begrunnelse. Dette kan lede til numeriske instabiliteter, darlig kondisjon-
ering, og til og med divergens. I tillegg finnes det metoder som ikke er blitt brukt i
nevrovitenskap, men som kunne vere fordelaktige a bruke. Vi har startet et arbeid i denne
retningen ved a studere fordeler og ulemper ved en wavelet-Galerkin algoritme anvendt
pa et forenklet rammeverk for en en-populasjons nevrofelt modell. Vi fokuserer ogsa pa

rigorgs begrunnelse for iterasjonsmetoder for konstruksjon av bumps.

Vi bruker teorien for monotone operatorer i ordnede Banachrom, teorien for Sobolevrom
for ubegrensede domener, gradteori, og andre funksjonalanalytiske metoder, som for tiden

ikke er vel utviklet i nevrovitenskap, for analyse av modellene.
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1 Introduction

1.1 Background

The human neocortex is a convoluted thin layer (2-4 mm) located just below the brain
surface. It is a large complex biological system which consists of about 10 billion (10 x
10%) neurons and 60 trillion (60 x 1012) connections, [1]. The interaction between neurons

of this large network enable us to think, behave, and understand.

The fundamental processing unit of the brain is the neuron. It consists of dendrites, cell
body (or soma), and axon. These parts carry out input, processing, and output func-
tions, respectively: The dendrites receive electrical signals from surrounding neurons and
propagate them to the soma. If the summed electrical potential accumulated in the soma
exceeds a certain threshold value, the neuron fires, i.e., produces a short electrical spike,
or action potential, which then propagates along the axon to thousands of target neurons.

The macroscopic dynamics of neuronal tissue is often studied by means of population or
firing-rate models. Rather than describing the activity of each individual neuron, they
focus on the average activity, the firing rate, of populations of cells. The main purpose
of such models is to reduce the dimensionality and complexity of the microscopic neural-
network dynamics to obtain tools which allow mathematical treatment, efficient simula-
tion and intuitive understanding. Neural field models constitute a special class of popula-
tion models where the neuronal tissue is treated as a continuous structure. This approach
is based on the assumption that the spatial length scale of a macroscopic state variable is

much larger than the typical size of and distance between single neurons.

The continuum approximation of neural activity in its modern formulation can be attrib-
uted to Wilson and Cowan [2, 3] and Amari [4, 5]. Since these seminal studies the neural

field models have been the subject of constant mathematical attention.

1.2 Firing-rate neural field models

Firing-rate models describe the temporal evolution of the firing rate r,, of a neuron pop-
ulation m. Each point x € R*, s = 1,2, represents a subpopulation m(z) of neurons.
The spatial coupling between subpopulations m(x), n(y) is described by a connectivity
kernel Wy, (x,y) which is typically assumed to be distance dependent and homogeneous,

i.e., Winn (2, Y) = Wmn (T — y)|), see for example [2, 3, 4, 5].
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The time dependence of the interaction is frequently modeled by a temporal kernel c;,, (t).
Given these ingredients, the dynamics of firing rates r,,(x, ¢) of N interconnected popu-

lations is often described in terms of a Volterra equation system

un(z,t) == Z (Oémn * Wmp @ Tm) (Z,t)
meN ey

ro(x,t) = Puy(x,t),60,) VneN

where A is a set of subindexes with the cardinality N. Here, u,,(z, t) denotes an (auxili-
ary) variable representing the activity of population n, P, (-, 8,,) the (typically sigmoidal)
firing-rate function, and 6,, the firing threshold. The index m represents the presynaptic
(sender) and n the postsynaptic (target) population. The operators * and ® denote the

temporal and spatial convolution integrals, respectively, i.e.,

t

(axB)(t) = [ ot —s)B(s)ds

—00

)
(f®@g)(x) :R£ fly —2)g(y)dy

It is commonly assumed that the neurons of each population are homogeneous with re-
spect to some properties, e.g., spatial coupling, temporal kernel, and/or probability of
firing (firing-rate function). In general, all neurons can be divided into two main categor-
ies: excitatory and inhibitory neurons. The input from excitatory neurons increases the
probability of the receiving neurons to fire, while inputs from the inhibitory neurons have
the opposite effect. Thus, the connectivity function w corresponding to the excitatory
population as a sender-population is modeled by a positive function, and w corresponding
to the inhibitory population, as a sender-population, is modeled by a negative function.

The dynamical behavior observed in neural field models includes spatially and temporally
periodic patterns, traveling waves, and localized regions of activity (bumps), [6]. The spa-
tially and temporally periodic patterns are obtained beyond a Turing instability and have
been related to visual hallucinations, [7, 8, 9]. Neurological disorders in humans such
as epileptic seizure [10] and migraines [11] are characterized by traveling waves. Travel-
ing waves also have been observed at the onset of sleep [12] and been related to sensory
processing within cortex [13]. Bumps have been linked to the mechanism of working
memory in the prefrontal cortex [14], representation in the head-direction system [15],

and feature selectivity in the visual cortex [16].

Most studies are related to one- and two-population neural field models, and only a few
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models to a larger number of neural populations, e.g., [17]. In the present thesis we will
focus on the stationary localized solutions (bumps) of (1) in the case of one and two
populations. We study existence, stability, and continuous dependence of bumps on the
steepness of the firing-rate function. We also develop numerical algorithms to construct
bump solutions and work on development of a wavelet-Galerkin algorithm to analyze a

one-population model.

1.3 One-population neural field model

A one-population neural field model in one spatial dimension, € R, in accordance with

(1) assumes the form of a Volterra equation

t —+00
u(z,t) = / a(s —t) / w(x —y)P(uly,s),0)dyds. 3)

Under the assumption that the temporal kernel « is modeled by the exponentially decaying
function
alt)y=et, t>0, )

i.e., the present time carries more weight than the past, the equation (3) can be transformed

to the integro-differential equation, [6]

+oo
opu(z,t) = —u(x,t) + / w(z,y)P(uly,s),0)dy. 5)

—00

The one-population model usually combines properties of both excitatory and inhibitory
neurons. Commonly, these models assume a lateral-inhibition type of connection (a local
excitation and distal inhibition) which corresponds to a function of a "Mexican hat" type,
e.g.,

w(x)=Ke Mo —feml?l K> k>0 A>a>0. (6)

However, some brain regions, and in particular the prefrontal cortex, possess a periodic
modulation of anatomical connection strength [18]. One example of this type of connec-
tion is, [19]

w(x) = e~ ?®l(bsin |z| + cos(z)), b> 0. )

See graphics of the functions (6) and (7) in Fig. 1.

Furthermore, the brain is not a homogeneous media and it is natural to assume that the

neuronal microstructure has an impact on processes at the mesoscale level. Thus, one
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Figure 1: Examples of the connectivity function w: (left) The "Mexican-hat" function (6) with
K=A=2, k=a=1, and (right) the function (7) with b=0.2.

should not exclude inhomogeneous types of connectivity from mathematical considera-
tion. Bressloff [20] was the first to study traveling fronts in a neural model with a period-
ically modulated micro-structure. Coupling between the periodic micro-level structure of
the cortex and nonlocal mean-field description has been addressed in some other papers
as well, see for example [21, 22, 23, 24, 25, 26]. It turns out that the detailed microstruc-
ture has an impact on pattern forming mechanisms as well as existence and stability of

traveling fronts and pulses.

In [5] a one-population model of the lateral-inhibition type in one spatial dimension is

considered. There the firing-rate function was modeled by the unit step function, i.e.,

0, u<0
P(u,0) = l(u—6), l(u) = { X Z; . @®)

We will make use of the following definitions which were introduced in [5]:

Definition 1.1. Let 6 be fixed, and U (x) a stationary solution of (5). Then a set R[U] =
{z : U(x) > 0} is called an excited region of U(x).

Definition 1.2. Let 0 be fixed, and U(x) be a stationary solution of (5) with the unit step
firing-rate function (8). If the excited region of U is such that R[U| = [a1, az| then U(x)

is called a local excitation solution, or simply, a bump.

Amari [5] made an observation that one can find analytical expressions for bump solu-
tions. Moreover, it was shown that there exist stable and unstable bumps in the framework
of the model, [5].

Later, Kishimoto and Amari [27] proved the existence of stable bumps for the same type
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of model but with a firing-rate function given as

0, u<0
P(u,0) = f(u—10), flu)=4 ¢(u), 0<u<e , ©)
1 u> €

)

where € > 0, and ¢ is an arbitrary differentiable, monotonically increasing, and normal-
ized function such that ¢(0) = 0, ¢(¢) = 1.

Coombes and Schmidt [28] observed that this type of function possesses the representa-
tion
fw = [ o1 ede, (€)= (©)
R

They call this function a smoothed Heaviside function, [28].

Remark 1.3. We notice here that the definition of a bump (Definition 1.2) is given for the
case when the firing-rate function is as in (8). Therefore it is necessary to specify what is
meant by a bump when P differs from (8). Kishimoto and Amari [27] gave a definition of

bumps in the framework of the model (5) with (9) which however is not introduced here.

Bump solutions of the model (5) with the firing-rate function (9) have no closed form ana-
lytical representation, [27]. Coombes and Schmidt in [28] suggested an iterative scheme
for construction of these bumps. They, however, did not give a mathematical verification
of their approach. In Paper I two iterative schemes for construction of such bumps are

introduced and the convergence of the schemes is proved.

In a modern terminology, bumps (Definition 1.2) are often referred to as 1-bumps. This is

due to the following extended definition of the localized activities:

Definition 1.4. Let 0 be fixed, and U(z) be a stationary solution of (5). If the excited
N
region of U is such that R[U] = | [a2k—1, azk] then U(x) is called a bump solution or
k=1
an N-bump.

In [29] existence and stability of 2-bumps was studied in the framework of a lateral-

inhibition type of connectivity. For studies on multibumps we refer to [30].

In principle, bumps can be constructed provided the Fourier transform of w is a real ra-
tional function [19, 31]. In this case the model can be converted to a higher order nonlinear
differential equations which can be represented as a Hamiltonian system. The bumps then
are given by homoclinic orbits within the framework of these systems, see [19, 30, 31].



1 INTRODUCTION Anna Oleynik

In Paper IV we show existence of 1-bumps for quite general w when the firing-rate func-
tion is in a steep firing-rate regime and P(u, §) = 0, Vu < 6. We also prove the continuous

dependence of bumps on the steepness of the firing rate.

There are studies on existence and stability of bumps in two spatial dimension, z € R?,
for one-population models, see for example [29, 30, 32]. Evolution of bumps in two di-
mensions demonstrates emergence of multibumps and labyrinthine patterns beyond the
instabilities, [32]. However, the mathematical treatment of the model in two spatial di-
mensions gets more complicated. Hence most studies of these problems are carried out

by numerical simulations.

Amari [5] studied existence of spatially periodic patterns in a one-population neural field
model (5) with a unit step firing-rate function. In Paper II we study existence of stationary
periodic solutions in the simplified one-population model, so called weakly nonlocal limit,
where the firing-rate function is modeled by a sigmoid function, and the functions of a
smoothed Heaviside type. For other studies on traveling waves and spatial patterns in one-
population models (3) we refer to [33] and [5], respectively. For a more general overview
see [6].

1.4 Two-population neural field model

A two-population model for the excitatory activity level u, and the inhibitory activity

level u; reads

Ue = Qe * Wee @ Pe(ueaee) — Qe * Wie ® Pz(u1701)7
(10)
Ui = Qej * Wei @ Pe(Ue,be) — g * Wiz @ Pi(uy, 6;).

Here the convolutions are defined as in (2). The dynamics of the excitatory and inhibitory
interactions is modeled in a symmetric way: Each neural population receives impulses
from, in principle, all neurons from another neural population as well as neurons from the

same population, see Fig. 2.

Notice that we have modified the original definition of w,,, given in Section 1.2. For
simplicity we assume w,,,, m,n € {e,i} to be positive functions. This explains the

minus sign that appears in the model (10) as compared to (1).

When the temporal kernels are given as

Qee(t) = aie(t) = €78, ei(t) = ay(t) = %e*t/f (11)
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ee 7

Figure 2: A schematic illustration of the connections within a generic neural field model consisting
of an excitatory (E) and an inhibitory (I) population. The model possesses connections between two
different populations (ei and ie), as well as recurrent connections within each population (ee and ii).

the model (10) can be converted to a system of rate equations, [34]

atue = —Ue + Wee ® Pe(umee) — Wie ® Pz(uuez)
(12)
TOsUe = —Ui + Wei @ Pe(Ue, 0e) — wis @ Pi(ui, 0;).

Here the parameter 7 represents a ratio between the inhibitory and excitatory time constant

and is called the relative inhibition time.

Next, we make a short review of works on two-population models in one spatial dimen-
sion. To the best of our knowledge there are no studies of these models in two spatial

dimensions.

In [35] a simplified version of (12) has been considered: The recurrent inhibition is neg-
lected (i.e., w;; = 0) and, in addition, the inhibitory term in the excitatory equation was
linearized, i.e., P;(u;,0;) = w;. It is shown that this model can be reduced to a one-

population model (5) of a lateral-inhibition type as 7 — 0.

The existence and stability of stationary localized solutions (a pair of 1-bumps U, and
U;) in a two-population model (12) with the firing-rate functions P, P; modeled by the
unit step function (8) have been studied in [36]. In this case bumps possess an analytical
representation and it has been shown that there is always a set of threshold values (6., 6;)
for which bumps exist. In Paper III the existence and stability of bumps have been studied
in the framework of the model (10) with more general choices of temporal kernels. The
paper [9] is devoted to the study of a pattern formation within the framework of the model
(12).
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2 Paper summaries

2.1 Paperl

In Paper I we study a one-population neural field model given by (5) often referred to
as the Wilson-Cowan model. In the framework of this model we study time-independent
spatially localized solutions (bumps). We develop two iteration schemes for construct-
ing such bumps when the firing-rate function is a continuous function of a special type
(smoothed Heaviside function). The first scheme is based on the fixed point problem in-
troduced in [27] while the second one is an iteration scheme for the excitation width (the
length of the excited region) of the bumps. Using the theory of monotone operators in
ordered Banach spaces we prove convergence of both iteration schemes. We demonstrate
the applicability of the schemes with a numerical example.

2.2 Paper Il

Wavelets are an effective tool in signal and image processing, [37]. While the utility of
wavelets in solving differential and integro-differential equations is still quite question-
able, there are some examples of successful usage of wavelet bases. In Paper II we im-
plement a numerical algorithm based on the wavelet-Galerkin approach to study solutions
of the weakly nonlocal limit of a one population neural field model. Roughly speaking,
a weakly nonlocal limit is a one-population Wilson-Cowan model with almost local con-
nectivity: It is assumed that the characteristic spatial scale length of the activity level
is much greater than the synaptic footprint. First, we study the stability of homogeneous
solutions and existence of periodical solutions of the model, using a pseudo-potential ana-

lysis. Next, we show that the numerical solutions agree with the theoretical prediction.

2.3 Paper III

In Paper IIT we consider a two-population model (12) when the firing-rate functions P,
P; are unit step functions. Just as for the one-population model, the Wilson-Cowan type
of model (12) can be obtained from (10) when the temporal kernels are exponentially de-
caying functions (11). We study stability of symmetric bumps when the temporal kernels
belong to a more general class of functions than exponentially decaying, namely the set
of quasi-power functions. We compare two stability approaches known in literature as
the Amari approach and the Evans function technique. We show that in the framework
of the quasi-power temporal kernels these two approaches give the same predictions. We

illuminate our results by numerical simulations.
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24 PaperlV

In Paper IV we study properties of the one-parameter family of Hammerstein operators

(Hpu)(z) = / k(e 9)S(8, u(y))du(x), 0 < B < oo
R

in Sobolev spaces. The motivation for this study stems from the fact that bump solutions
of a one-population neural field model appear as fixed points of these operators. We study
continuity, compactness, and convergence Hgu — Hoou when 8 — oo, in the vicinity
of a bump. We prove continuous dependence of bumps on the parameter 5 as well as

existence of 1-bumps for large 5 > 0 under some restrictions on w and S(3,u).

3 Conclusions and Outlook

3.1 Contribution

In this thesis one- and two-population neural field models have been studied. While neural
field models represent a considerable simplification of the neural dynamics in a large
network, they are often studied under further simplifying assumptions on the connectivity
functions, firing-rate functions, and/or temporal kernels. In some cases these assumptions
may not change essential features of the model, but in other cases they may cause some

properties of the model to break down.

We have considered generalizations of existing models by relaxing the common assump-
tion on temporal kernels to be exponentially decaying functions (Paper III), the assump-
tion on the connectivity function to describe a lateral-inhibition type of connection (Paper
I, Paper IV), the assumption on the firing-rate function to be a unit step function (Paper I,
Paper II, Paper IV). We also have focused on finding numerical schemes for solving such
models (Paper I and Paper II to some extent), and worked on specific limit of an existing
model (Paper II). We used the theory of monotone operators in ordered Banach spaces,
the theory of Sobolev spaces in unbounded domains, degree theory, and other functional

analytical methods for analysis of the models.

We also believe it is necessary to justify rigorously numerical approaches used in math-
ematical neuroscience. A lack of such justification may lead to numerical instabilities,
ill-conditioning or even divergence. On the other hand, some of the previously used tech-
niques might turn out to be very efficient, simple in realization, and allow further general-
ization. They just need to be properly analyzed. Moreover, there are some methods which
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have not been used in neuroscience community but might be beneficial. In this thesis we
have initiated a work in that direction: In Paper I we have developed and proved conver-
gence of two iteration schemes for constructing 1-bump solutions of (5) in the framework
of a smoothed Heaviside firing-rate function. In Paper II we develop a wavelet-Galerkin
method to solve the weekly nonlocal limit of a one-population model. We use this simpli-
fied framework as a test example and to investigate advantages and disadvantages of the

method for future use.

3.2 Future perspectives

While there is a growing number of publications devoted to the study of existence and sta-
bility of bumps, traveling waves, and emergence of spatial and spatio-temporal patterns
in neural field models under simplifying assumptions, there are not so many publica-
tions that mathematically justify these simplifications. The relation between simplified
and "full" models is often investigated in a way developed within the continuum mechan-
ics tradition. However, in order to justify common simplifications and find true relations
between simplified and "full" models one has to use methods which are not so well estab-
lished in the mathematical neuroscience community, such as tools offered by functional

analysis.

The future development of the neural field should also focus on developing new and more

realistic models which account for micro- and stochastic effects, [21].
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ITERATIVE SCHEMES FOR BUMP SOLUTIONS IN A NEURAL FIELD MODEL

ANNA OLEYNIK, ARCADY PONOSOV, AND JOHN WYLLER

ABSTRACT. We develop two iteration schemes for construction of localized stationary solutions
(bumps) of a one-population Wilson-Cowan model with a smoothed Heaviside firing rate func-
tion. The first scheme is based on the fixed point formulation of the stationary Wilson-Cowan
model. The second one is formulated in terms of the excitation width of a bump. Using the
theory of monotone operators in ordered Banach spaces we justify convergence of both iteration
schemes.

1. INTRODUCTION

Neural field models have been the subject of mathematical attention since the publications
[1, 2, 3, 4]. These models typically take the form of integro-differential equations. We consider
a one-population neural field model of the Wilson-Cowan type [1, 2, 3, 4, 5]

+o00

(D w=ut b, vt = [ oot - .

—00
Here u(z,t) denotes an variable representing the activity of population, f the firing-rate func-
tion, w the connectivity function, and h the firing threshold. For review on the model (1.1) see
[5]. Existence and stability of spatially localized solutions and traveling waves are commonly
studied for the case when the firing rate function is given by the unit step function [4, 5, 6].

However, the results for the case when the firing rate function is smooth are few and far between
[7,8,9].

In the mathematical neuroscience community time-independent spatially localized solutions of
(1.1) are referred to as bumps. The motivation for studying bumps stems from the fact that they
are believed to be linked to the mechanisms of a short memory [10]. In the case when f is
given as a unit step function, one can find analytical expressions for the bump solutions [4].
In principle, bumps solutions can also be constructed when the firing rate function is smooth
provided the Fourier-transform of the connectivity function is a real, rational function. In that
case the model can be converted to a higher order nonlinear differential equation which can
be represented as a Hamiltonian system. The bumps are represented then by homoclinic orbits
within the framework of these systems. See [11, 12].

Kishimoto and Amari [7] have proved the existence of bump solutions of (1.1) when f is a
smooth function of a special type (smoothed Heaviside function), using the Schauder fixed point
theorem. The Schauder fixed point theorem, however, does not give a method for construction of
the bumps. Coombes and Schmidt in [8] developed an iteration scheme for constructing bumps
of the model (1.1) with a smoothed Heaviside function. They, however, did not give a mathe-
matical verification of their approach. Apart from the work of Coombes and Schmidt [8], the
authors of the present paper do not know about other attempts to develop iterative algorithms
for the construction of bumps. Thus there is a need for a more rigorous analysis of iteration

Key words and phrases. Neural field models, iteration schemes for bumps, monotone operators in ordered Banach
spaces.
1



2 A. OLEYNIK, A. PONOSOV, AND J. WYLLER

schemes for bumps. This serves as a motivation for the present work.

We present two different iteration schemes for constructing bumps. The first one is based on
the fixed point problem introduced in [7]. The second scheme, which is modification of the
procedure introduced in [8], is an iteration scheme for the excitation width of the bumps. We
prove that both schemes converge using the theory of monotone operators in Banach spaces.

The present paper is organized in the following way: In Section 2 the properties of the one-
population Wilson-Cowan model are reviewed with emphasis on the results of Kishimoto and
Amari [7]. In Section 3 some necessary mathematical preliminaries are introduced. Section 4
is devoted to the study of a direct iteration scheme based on the fixed point problem proposed
by of Kishimoto and Amari [7]. We illustrate the results with a numerical example. In Section
5 we introduce a fixed problem based on the specific representation of the firing rate function
studied in [8]. The fixed problem is formulated for the crossing between bumps and a shifted
parameterized threshold value h+t, ¢ > 0. The bump solution can be restored from these cross-
ings. We prove that there is a fixed point which can be obtained by iterations. We illustrate the
results with a numerical example. In Section 6 we summarize our findings and describe open
problems.

2. MODEL

‘We consider the connectivity function w with the following properties:

(i) w is symmetric, i.e. w(—z) = w(x),
(i) w € Ly(R),
(ili) w is continuous and bounded, i.e., w € BC(R),
(iv) w is differentiable a.e. with bounded derivatives, i.e., w € W1L(R).

A well known example of the connectivity function is the "Mexican-hat’ function modeling
’lateral inhibition’ coupling, [4, 12]

2.1 w(z) = Ke el — pre=mlel 0 < M < K, 0<m < k.

In this paper we, however, use the following example of w, [13]

2.2) w(z) = el (bsin|z| + cosz), b>0.

We have plotted the "Mexican-hat’ function (2.1) with parameters K = k=2, M =m =1,in
Fig.1(a). In Fig.1(b) we have plotted the connectivity function (2.2) when b = 0.3.
If the model (1.1) possesses steady states they have to satisfy the integral equation

+o0

2.3) uuw:/w@—mﬂwwfmw.

—00

Notice that, when u(x) is an equilibrium solution, so is u(x — ¢) for arbitrary constant c. If an
equilibrium solution (2.3) is symmetric, it can be expressed as

—+o0

2.4) ww:/rmwﬂwm—mw

0
where

r(z,y) = wly — ) + wly + ).
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The firing rate function, f, is a non-decreasing function mapping R to the unit interval [0, 1].
In [4] the firing-rate function f has been assumed to be a step function, i.e.,

2.5) =0, 0(u)= { ouse

In this case the spatially localized solutions can be explicitly constructed. Following [4] we
introduce the following definitions:

Definition 2.1. The set Ru] = {z| u(x) > h} is called the excited region of u(x), [4].

Definition 2.2. An equilibrium solution u(x) of (1.1) with f = 0 is called an a—solution or a
1-bump with the width o if the excited region R[u] = (a1, a2), a = ay — ay is the length of the
excited region.
Then a 1—bump solution is given as
az
u(z) = /w(y — z)dy.
ay
In this paper we do not consider multiple bump solutions (n—bumps) or any other steady states
of (1.1). We restrict ourselves to 1—bumps. Therefore, we refer to 1-bumps as bumps in the rest

of the paper. Without loss of generality we from now on consider only symmetric bumps, which
can be represented as

a/2
u(w) = /0 r(z,y)dy.

Here ay = —a; = a/2.
Let
y
bay) = [ oo 2)dz, 2y € Ry >0,
0
with
oP
6 () = wly+2) — w(y - ).

We conveniently express the bumps by means of the function ®:

Theorem 2.3. The model (1.1) with the firing-rate function f = 0 possesses a bump solution if
and only if there exist a width, a, such that

®(a/2,a/2) = /Oa w(y)dy = h

and

i) @(z,a/2) <h, Yz > a/2,
(ii) ®(x,a/2) > h, Vz € [0,a/2).

The bump solution is given by u(zx) = ®(x,a/2).

The stability of bumps can be studied by the Amari approach [4], or using the Evans function
technique, [5]. We get the following stability result:

Theorem 2.4. Let f = 0, and there exist a bump with the width a. The bump is stable if
w(a) < 0 and unstable if w(a) > 0.
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The firing-rate function treated here is of the following type, [7]

0, u<0
2.7 flu)=4¢ o(u), 0<u<rt
1, u>T

where 7 > 0, ¢ is an arbitrary continuous, monotonically increasing, and normalized function
such that

$(0) =0, o(r)=1.
When 7 — 0, the firing rate function approaches a unit step function. As an example of such a
function we have

0, u<0
uP
2. () = 3 )y = ———— O0<u<l ,
28 f(u) =% (u/,p), E(u,p) S T u p>0
1, u>1

where ¥(-, p) € CP/(R) and [p] denotes the integer part of p. We need the following definition:

Definition 2.5. R*[u] = {z|u(z) > h + 7} is called a maximally excited region, and R~ [u] =
{z|h < u(z) < h+ 7} is an incompletely excited region, [7].

Following [7], we next define the bump solutions corresponding to the firing rate function
(2.7) as follows:

Definition 2.6. An equilibrium solution w(x) of (1.1) with f given by (2.7) is called a bump if
R*[u) is the interval surrounded by an incompletely excited region R~ [u], i.e., R[u] = R*[u] U
R~ [u] being another interval, [7T].

Thus, by Definition 2.6 the function u () displayed graphically in Fig.2 can be a bump when
T = 71, whereas for 7 = 79 it can not be a bump.

12 1
— ) —— )
1 0.8
0.8 0.6
0.6 0.4
0.4 0.2
0.2 0
0 -0.2
-0.2 -0.4
~10 -5 0 5 10 ~20 -10 0 10 20

(@) (b)

FIGURE 1. The examples of the connectivity function w: (a) The *Mexican-
hat” function (2.1), and (b) the function (2.2), with the parameters given in the
text.

Let fo(u) = 0(u) and f-(u) = O(u — 7). Then the following inequality holds true
fr(u) < f(u) < folu).
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0.4
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0.1
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-0.1

—u(x)
-0.2 —h
- h+‘[1

-0.3
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-0.4
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X

FIGURE 2. The graphic of a function u(z) which satisfy Definition 2.6 when
7 = 71 and does not satisfy it when 7 = 7».

We use similar terminology as introduced in [7]: The neural field with the output functions
fo, fr,and f is called a fy-field, f--field, and f-field, respectively. Notice here that the f- field
is equivalent to the fy-field with the new threshold value h + 7.

The original idea of Kishimoto and Amari [7] was to use bump solutions of the fo— and
fr—fields to prove the existence (and stability) of bumps in the f—field. If w has a "Mexican-
hat’ shape (see Fig. 1(a)) then the fp—field (f,—field) possesses two symmetric bumps for
small and moderate values of &, one stable and one unstable bump. In [7] it was shown, using
the Schauder fixed point theorem, that there exists a bump solution of f—field if both fy— and
fr— fields possess stable bumps and w has a "Mexican-hat” shape (i.e., the connectivity function
can have the shape like in Fig.1(a) but not like in Fig.1(b)). Moreover, if ¢ is a differentiable
function it was shown that the f— field bump is stable. Notice that the differentiability of
¢ can be replaced by a weaker assumption, namely differentiability almost everywhere, i.e.,
¢ e Wwhl [0, 7]. Then, the firing rate function (2.7) can be represented as in [8] i.e.

+o0

2.9) flu) = / pE)6(u — €)d,

—00
o0
with 6 given by (2.5), supp{p} = [0, 7], and p is positive and normalized [ p(z)dz = 1.

—00
In this paper we introduce two iteration methods to construct a bump of the f—field. We do
not require the connectivity function to have a ’Mexican hat’ shape as it is assumed in many
studies, e.g., [4, 7]. Moreover, we do not require w to be given by means of the expression (2.2)
as for example in [11, 12], but we keep our assumptions on w to be as general as possible. We
also do not demand the bumps of the fo— and f;—field bumps be stable in order to prove the
existence of an f—field bump and construct it numerically. We use the following assumptions:

Assumption 1. There exist 2/\g-solutions of the fo—field model, and 2/ ;-solutions of the f,-
field model such that A, < Ay.

Let us assume that there is a bump solution of the fp—field model, i.e., ®(Ag, Ag) = h,
see Theorem 2.3. Then, by the inverse function theorem there exists a value 7 > 0 such that
O(Ar, A7) = h + 7 for some A; < Ay, if w(2A) < 0 in some vicinity of Ay. In this case
both bumps are stable by Theorem 2.4. However, Assumption 1 can be satisfied even when the
situation described above does not take place, i.e., the condition w(2A) < 0 is not fulfilled for
all A € [A+, Ag], see for example Fig.3.
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Under Assumption 1 bumps for the fy-field model and the f,-field model are, in according
with Theorem 2.3, given as
uo(z) = ®(x,Ao) ur(z) = D(z,Ar).
Assumption 2. The function r(z,y) > 0 for x,y € [Ar, Ag].
We get the following relationship between u, and ug:
Lemma 2.7. Under Assumption 2 we have u; < ug on [Ar, Ag].

Proof. We get

Ao Ar Ao
up(z) —ur(x) = /0 r(z,y)dy — /0 r(z,y)dy = /A r(z,y)dy > 0.

In this paper we will only consider bump solutions of the f—field such that
(2.10) w(xz) > h+7, Vo € Rlur — 7], u(x) < hVz ¢ Rugl.

3. MATHEMATICAL PRELIMINARIES

The theoretical foundation of the iteration schemes presented in Section 4 and Section 5 is
based on the following general results:

Let E be a cone in a real Banach space 13 and < be a partial ordering defined by E.

Theorem 3.1. Ler wy, vy € B, wy < vg and A : [wg,vo] — B be an increasing operator such
that

wo < Awg, Avg < vg.
Suppose that one of the following two conditions is satisfied:

(H1) E is normal and A is condensing;
(H2) FE is regular and A is semicontinuous, i.e., x, — x strongly implies Ax, — Ax weakly.

Then A has a maximal fixed point x* and a minimal fixed point . in [wo, vo|; moreover
¥ = lim vy, T, = lm uy,,
n—oo n—oo
where v, = Av,_1 and wy, = Aw,_1,n =1,2,3..., and
wo Lw < ...<w, <...<v, <...<v L.

See [14].
From Theorem 3.1 we get the following result.

Corollary 3.2. If under the conditions of Theorem 3.1 ©* = x, = T, then T is the unique fixed
point of the operator A in [wo, vo).

Theorem 3.3. The cone E = {u € Blu(x) > 0} is normal but not regular in B = C(D), and
regular in B = Ly(D), 1 < p < oo, where D is a bounded set and D is a closed bounded set.

See [14].

Theorem 3.4. The Hammerstein operator

b
(Af)(x) = / ke, 9y, £())dy

is continuous and compact in C([a, b)) if k(z,y) and ¥ (x,y) are continuous functions on [a, b] X
[a, b].
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Proof. The operator A can be represented as the superposition, A = LN, where L is the linear
operator

b
(Lg)(x) =/ k(x,y)g(y)dy.
Ja
and NV is the Nemytskii operator

(NF) (@) = d(x, f(2))-
The linear operator L : C([a,b]) — R is continuous and compact if k(z,y) is continuous
[16]. Obviously, the Nemytskii operator N : C([a, b]) — C([a, b]) is continuous and bounded
if ¥(z,y) is continuous. Thus, the Hammerstein operator A is completely continuous as the

superposition of the continuous and bounded operator [V, and completely continuous operator
L. O

4. ITERATION SCHEME I: DIRECT ITERATION.

In this section we consider the direct iteration scheme for construction bumps. This scheme
is based on [7]. We start out by observing that a bumps solution of an f—field satisfying (2.10)
can be rewritten as

Ap
u(w) = ur(@)+ [ rta) ) - Ry,
We have the following theorem:

Theorem 4.1. Let w satisfy Assumption 1 and 2. Let the operator T : [ur,uo] C B — B be
defined as
Ao

@.1) (ﬂwﬂ=m@+/ r(z,y)(uly) — h)dy

JAr

where B is chosen to be either Ly([Ar, Ag]) or C([Ar, Ag)). Then the operator T has a fixed
point in [ur, uo]. Moreover, the sequences {Tu;} and {Tjuo} converge to the minimal and
maximal fixed point of the operator T, respectively.

Proof. We base our proof on Theorem 3.1. The set E = {u € B|u(x) > 0} is a normal cone in
B = C([Ar, Ag)) and a regular cone in B = Ly([Ar, Ag]), 1 < p < oo, see Theorem 3.3. By
Assumptions 1-2 there exist u, and ug such that 0 < u,; < ug on [Ar, Ag].

First we describe the properties of T’y which are common for both spaces. The operator T’ is
positive and monotone due to Assumption 2 and monotonicity of f, i.e.,

u(x) <ug(z) = (Trur)(z) < (Trug)(x).
Moreover, T is continuous because f is continuous and r(z, y) is bounded.
Define a non-linear operator 7}, associated with the non-negative function g(x) by
Ao

@mw:mm+/1umwm%mw

JA;
Then up and u, are fixed points of the operators Ty, and T, respectively:
Tryouo = uo, Tt ur = ur.
From Assumption 2 we can easily deduce that
g(x) <m(z) = (Tyu)(z) < (Tnu)(2),
and, therefore,
(T, u)(z) < (Tru)(z) < (Tgyu)(z).
Thus,
Trur > Tpur =ur, Trug < Tpup = uo.
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From Theorem 3.1 we conclude that T : [ur,uo] — L2([Ar, Ag]) has a fixed point in
[wr, up) which can be found by iterations. However, for the case B = C([A+, Ag]) it remains
to show that T is condensing. Applying Theorem 3.4 to the Hammerstein operator on the right
hand side of (4.1), i.e., to the operator Tf ¢ [ur, ug] = C[A7, Ag] defined as

Ao
@UZZ;r@wVW@%—MW?

we find that T : [ur, ug] = C([A7, Ag]) is compact and, thus, condensing. This completes the
proof.
O

In Fig.3 we have plotted w(z) given by (2.2) with the marked points (2Ag, w(2Ay)),
(2A,,w(2A,)), and (2A%, w(2A%1)). Here A is defined as ug(Ag) = h, and A, Ast are
obtained as solutions of u,(A) = h + 7, for h = 0.3, 7 = 0.1. The values are given as follows:
Ap = 1.3932, A, = 0.6562, and AS? = 1.2410. According to Theorem 2.4 the function ug
is a stable bump. The bump u, is stable when A = A% and unstable if A = A,. We denote
these bumps as u, and us!, respectively. We have checked that Assumption 2 is satisfied on
[Ar, Ag] = [0.6562,1.3932]. Thus, we can apply Theorem 4.1. In Fig.4(a) we have plotted the
solution u*(x) on [A;, Ag] obtained by iterations from u,(x) and ug(x) when f is given as in
(2.8), p = 2. From Corollary 3.2 we conclude that v* is a unique solution of the fixed point
problem for (4.1). We have plotted ug, u,, and u5! on the same figure to illustrate the inequality
4.2) ust < u < .

In Fig.4(b) we have plotted the numerical errors calculated as
e1(n) = max |(T"u, ) (x) — (T" 'u,)(z)], Tu, = u,
x
@I ey = max () (@) — (" Muo) (@), TOu0 = ug
x

where N denotes the total number of iterations.

— w(x)
0.8 O w@2A)
Sty
0.6 O w2al)
O wen)
0.4
0.2
0
-0.2
-0.4 S
1 2 3 4 5

FIGURE 3. The connectivity function w(z) given as in (2.2) with b = 0.3.
The black square indicates an unstable bump of the f,—field , the black circle
indicates a stable bump of f;—field, and the red circle indicates a stable bump
of the fo—field. The parameters are fixed and given as h = 0.3, 7 = 0.1.

Next we show that the solution u* = Tu* can be extended to the solution u of (2.3) over
R such that u(z) > h + 7 for z € [0,A;] and u(z) < h for z € [Ag,00). To do that we
have to introduce some additional assumptions on the connectivity function w. We do this in the
following way:
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FIGURE 4. (a) A fixed point of the operator (4.1), u*(z), the stable bump ug
of the fo—field, and stable, u5' and unstable, u, bump of f,—field, for = €
[A;, Ag]. The connectivity function w is given as in (2.2), b = 0.3., f is defined
by (2.8) with p = 2, h = 0.3, 7 = 0.1. (b) The errors given as in (4.3).

Assumption 3. ug is a decreasing function on the interval [A-, Ao| which is equivalent to

0P
%(x, Ag) <0, Yz € [Ar, Ag],

and u is a decreasing function on [Ar, Ag| which is equivalent to

0P
ﬁ(m,AT) <0, Yz € [Ar, Ag).

From this assumption the transversality of the intersections ug(z) with h, and u,(z) with
h + 7 follows. Thus, the assumption always can be satisfied if, for example, we choose a small
T provided |Ag — A,| is sufficiently small.

Assumption 4.
Qo 0P
S 1 e 1y < =G A, v e 8 Ao

Instead of Assumption 4 we can introduce the following assumption:

Assumption 4.

Ao 9 0P
o1 G | () mydy < =5 A, Vi € [Ar, A
Although this assumption is less restrictive than Assumption 4, it implicitly contains a re-
striction on the firing rate function, f.
Assumption 4 (or 4') is technical and used only to prove that v*(z) is a decreasing function
on [A., Agl.

Lemma 4.3. The fixed point u*(z) is differentiable and decreasing on the interval [A;, o).

Proof. We get

8o 9y

(u*(2)) =ul(z)+1I, T= e

(z, ) f (u"(y) — h)dy.

T
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In order to prove that (u*(z))" < 0 we need to show that I < —u! (x) where
0P

ul(z) = %(w,AT) <0

by Assumption 3.
We get the following chain of inequalities for ||

Ao )
1< [ e | f ) = iy <

Ao 9
< — — h)dy.
< [ Gt | ftuols)
Thus, by Assumption 4 (or 4') we have |I| < —u’.(z) and therefore I < —u/(z). a

Finally, we introduce the following assumption which by Definition 2.6 allow us to view the
extended solution u of u* to be a bump:
Assumption 5. The function ® is such that

(i) @(z,2) < h, Yo > Ag, z € [Ar, Ag]

(i) ®(z,2) > h+7, Ve €[0,Ar], z € [Ar, Ag).

Theorem 4.4. Under Assumptions 3, 4 (or 4'), and 5 the fixed point u* defined on the interval
[A7, Ao can be extended to a bump solution u(x) of (2.4) defined on R such that u(x) > h+1
Vo € [0,A;) and u(xz) < hVz € (Ag, 00).

Proof. From Theorem 4.1 and Lemma 4.3 it follows that there exist unique d-, 0o : A; < §r <
0o < Ag such that

uw(0;) =h+7, u(do)=h.
Let us introduce the function F' defined by

1, 0<y<dr
Fly) =1 fu'(y)—h), 6 <y<d
O7 y>60.

Then, according to Lemma 4.3 F(y) is monotonically decreasing function on [d.,dg] with
F(dp) = 0and F(d,) = 1. From (2.3) we get

uw) = [ " s g) Py = /

By changing the order of integration, we have

o) =~ [ 6 | @ [ 5 | @i - re),

do

r(z,y) ./jo F'(2)dz.

or
1 rz(8) 1
u(z) = /0 /0 r(z,y)dydé = /0 ®(x,2(£))d¢, where{ =1— F(z).

It remains to show that ®(x,z) < h for z > Ay, z € [6;,00], and ®(x,2) > h + 7 for
0<x <A z € [d§;,0)]. Assumption 5 guarantees that these inequalities on a larger interval
for z. Moreover, u(—x) = u(z) due to symmetry of w. Thus, the proof is completed. O

The proof of Theorem 4.1 is a modification of the theorem used in [7]. The modification is
caused by the fact that our assumptions on the connectivity functions w are different from ones
used in [7].
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We have checked numerically that Assumptions 3-5 are satisfied for the same parameters as
we chose in Fig.4(a). In Fig.5 we have plotted the graph of a bump in f—field. Moreover, we
can conclude that due to (4.2) the constructed solution is stable, see [7].

25
—uX)
2 —h
- - -h+t
15
1 1 \
0.5
0
-0.5
-1
-10 -5 0 5 10

FIGURE 5. The bump solution of the f— field constructed from u*, see Fig.4(a).

5. ITERATION SCHEME II: BUMPS WIDTH ITERATION

In [8] an iteration procedure for construction of bumps of the f-field has been worked out.
However, a mathematical verification of the procedure has not been given. In the present sec-
tion we introduce an iteration scheme which is based on the idea introduced in [8] and give a
mathematical verification of this approach.

Let ¢t € [0, 7] and assume that there exist A(¢) such that a bump solution, ua (), satisfies

ua(£A(t)) =t + h.
Then ua (x) can be described by

T A(E)
5.1) ua(x) = /0 o) /0 (2, y)dyde

using the representation (2.9).
If a bump of the f—field is given by (2.10) then A(t) € [A-, Ag]. The excitation width A
satisfies the fixed point problem

(5.2) A=AA, (AA)(t) = A(t) + k(ua(A(t)) —t—h), k=const €R.
Theorem 5.1. The operator A is Fréchet differentiable in L»[0, 7] if f € W1°(R).
Proof. Let us define the operator

(GA)(t) = ua(A()).

We calculate the Fréchet derivative of the operator GA. To do this we first compute its
Géteaux derivative

. G(A+ M) - G(A)
900 = 1y o
For any § € Ls[0, 7] let us consider

(53) G(A + M) — G(A) = /0 " OL(©)e,
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where
A(E)+Ad(8) A(E)
L) = /0 FA(L) + A(8), y)dy — /0 F(A(H), y)dy.

Making use of the Taylor expansion of 7(A(t) + Ad(¢), y) as a function of X at A = 0 we have
A©)+AI(E) or A9
ne - [ (raw) + AT @030+ o ) ay = [ (A a

A(©)+5() A)+X8() gy

[ ey [ (3, A0y + o\
A@© 0 Ox

Plugging I; into (5.3) and making use of the mean value theorem we get the following formula

G a5 = [ pORON AN AE)dE+30) [ O THAD. A©)de

Hence, we arrive at the conclusion that the Giteaux derivative is a linear operator. In order to
prove Fréchet differentiability of the operator G we show in accordance with [15] that g(-,d) :
Ls[0,7] — L2[0, 7] is a continuous operator for all & € L2[0,7]. The proof of this fact is
technical and we therefore formulate it as a separate lemma.

Lemma 5.2. The operator g(-,0) : L2[0, 7] = L0, 7] is continuous for all § € L[0, 7].

Proof. We consider the first and the second integral of (5.4) separately as the operators of A.
Using the Cauchy-Schwarz and Minkowski inequalities we show that these operators are con-
tinuous and, thus, g(-, d) is continuous as well, for any § € Ly[0, 7]. We present the proof for
the first integral operator. The proof of continuity for the second term proceeds in the same way
and is omitted. Introduce

(FA)(t) = /OT p§)S(E)r(A(t), A(§))dE.
We get
(FAL — FAy)(t) = /OT p(§)5(&) (r(Ar(t), A1(€)) — r(A1(t), Aa(§))+
+r(A1(2), A2(§)) — r(A2(t), A2(E))) d§ = N1(t) + Ia(t)

where by the mean value theorem I; and /5 can be defined as

or

L) = /O ' PO G (B1(8) Ba(€)(A1(6) — Aol

B(0) = [ 5 51 (Ralt), 2a(O)(Aa(0) - Ba(t)ds

with Ay, = \gAq + (1 — A\p)Ay, for some A, € [0,1], k = 1,2.
We consider the norm of the difference. Using the Minkowski inequality we get

. 1/2
1F8 = Faallon = ([ (00 + ROPar) - <
0

< (/OT |11(t)|2dt) v + (/OT \Ig(t)\%lt) v
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Applying the Cauchy - Schwarz inequality to each of the terms we have
[[FA1 — FAg||p,) oT] <

<(f1
(]

Since r € WL ®(R x R), p € LOO(R), and § € L0, 7] the following estimate is valid

9 . 1/2
p(€)( 5)*(A1( ), A dg Of\A1(§) —Aﬂg)%lgdt) +

ok

P 1/2
P(€)o( &)*(Al( ), A1(€))| d¢ Of\Al(t) - Az(t)Qdédt>

O—3

. 2
({ p(¢ )5(5) (A1(t) Ai(€)| de < C?/2
i ,,(5)5(5)27"( 2(1), 84(6))| de < €2
where
C? = 2||pll Lo (m) maX{H ||L00(Rxnz<) ||87;|‘LOQ(RXR)}H&'%Q[O,T]'

Therefore, we get
[[FAL — FAg||py00,7 < ICIVTIIAL = Aall1y00,1]
from which the continuity of £ follows. g
For convenience we redefine g(A, §) = G/, 4. Obviously, the operator A is Fréchet differen-
tiable in any A € Lo[0, 7] and
(5.5) ' =1+kG\

We get the following lemma:
Lemma 5.3. The operator A6 > 0 for 6 > 0and A € [A;, Ao] under Assumption 2 and 3
and 0 < k < 1/m, where

0P
(5.6) m= ‘1;2[‘52] B (A0, A(E)).

Proof. First of all, we notice that 9®/dz € BC(R) x BC(R). Thus, there exists a finite mini-
mum of 9P /dx on the given set. Moreover, this minimum is negative according to Assumption
3. Therefore, m given by (5.6) is finite and positive, and the operator A’y preserves positivity
for0 < k < 1/m. O

Lemma 5.4. The operator A : [Ar, Ao] — D € L]0, 7] is monotonically increasing under the
conditions of Lemma 5.3.

Proof. Let Ao > Aq. Then AAs; — AA; = A/A(Ag — Al) where A € [Al,AQ] C [A.,—, AO]
We apply Lemma 5.3 to complete the proof. (]
Theorem 5.5. If the conditions of Theorem 5.1 and Lemma 5.4 are satisfied then the operator

A [Ar, Aol = D C Lo[0, 7] has a fixed point in [Ar, Ag]. Moreover, the sequences { A" A}
and {A" Ao} converge to the smallest and greatest fixed point of the operator A, respectively.

Proof. The operator A is monotonically increasing (see Lemma 5.4) and Frechet differentiable,
and hence continuous, in L2[0, 7] (see Lemma 5.1). Moreover, we have the following inequali-
ties

(AA0)(t) = Ag + k(uae (Do) —t — h) = Ag + k(ug(Ag) —t — h) = Ag — kt < Ag.
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and
(AA)(t) = Ar 4+ k(ua. (A7) —t—h) =Ar + k(u- (A7) =t —h) = Ao+ k(T —t) > A

We now apply Theorem 3.1 since all the conditions for the operator A are satisfied. This com-
pletes the proof. O

Remark 5.6. We prove Theorem 5.5 for the case when D € Ls[0, 7] but do not consider the
case D € C|0, 7). The cone of positive functions in C[0, 7] is not regular. Therefore additional
assumptions on the operator A are required (see Theorem 3.1). We notice that A is not compact
in C(0, 7). Indeed, the operator A is a Fréchet differentiable with Alx defined as in (5.5) where
A\ is a sum of the identity operator and a compact operator, thus is not compact. Therefore, A is
not a compact operator, see [15]. The operator A does not seem to be condensing either, at least
with respect to the Hausdorff measure. The case of more general measures of noncompactness
[14, 17] is not considered here.

Assumption 3'. The partial derivative of ® with respect to x is negative for v = A(t),y = A(s)
fort,s € [0,7] and A(t) is a fixed point of (5.2), i.e.,
0P
ox
Lemma 5.8. The fixed point A(t) of operator A is monotonically decreasing and differentiable
on [0, 7] under Assumption 3'.

(A(t), A(s)) < 0, Vt, s € [0,7].

Proof. Since A(t) is a solution of the fixed point problem (5.2) then ua(A(t)) = t + h. We
prove the lemma by direct differentiation of the last equality with respect to ¢. We obtain

G INORNGIN O

Thus, B
a0 = ([ nofam.a@i) <o
as (a,j—j;(A(t)7 A(£)) < 0 by Assumption 3'. a

Assumption 3’ requires an apriori knowledge of A(#) and therefore can not be checked before
A(t) is found. Thus, we suggest to replace this assumption with the following assumption:

Assumption 3". The partial derivative of ® with respect to x: is negative for all z,y € [Ar, Ag),
ie.,

0P

%(1"7 y) < 07 VI,y € [AT7 AO]

The fulfillment of Assumption 3” is required so that Assumption 3 and Assumption 3’ are
satisfied.

The Assumptions 1,2, and 3" hold true when w(z), and A, A are chosen as in Section 4.
In Fig.6(a) we illustrate the result of the iteration process based on Theorem 5.5. The minimal
and maximal fixed points are the same, A(t), and thus, the fixed point is unique. Moreover, it
belongs to [ASt, Ag]. In Fig.6(b) we have plotted the errors

ei(n) = max [(A"AL) () — (AP TAD )], ACA,=A,

O oy(m) = max| (A" A0) (1) — (A" Bo)(1)],  A°Ag = A

,n=1,2..,N,
where N denotes the total number of iterations.

It remains to show that ua, where A is the fixed point of (5.2), is a bump. We introduce the
following assumption:
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Assumption 5'. The function @ is such that
(i) ®(z,y) < h, Vo > A0), y € [A(7), A(0)],

(i) ®(z,y) > h+7, Vo €[0,A(1)], y € [A(71), A(0)].

0.1 0.2
! —
008l 1 —¢
' 0.15
' —A)
0.06 ! —B,
1
- ! LA 0.1
0.04f ! ‘t
' b’
! T 0.05
0.02 !
1
1
ol 0
07 08 09 1 11 12 13 0 5 10 15 20

(a) (b)

FIGURE 6. (a) A fixed point of (5.2), A(t), vertical lines Ag, A,, andAst as
defined in Fig. 3. The connectivity function w is given as (2.2) with b = 0.3, f
is defined by (2.8) with p = 2, h = 0.3, 7 = 0.1. (b) The errors given as in
5.7).

Theorem 5.11. Let A be a fixed point of the problem (5.2) then ua defined as (5.1) is a bump
solution of (1.1) under Assumption 5'.

Proof. We rewrite (5.1) as
us(@) = [ (&2 A

Next, we make use of Assumption 5’. Keeping in mind the normalization property of p we show
that

ua(z) < h, Vo > A(0), y € [A(T), A(0)],
ua(z) > h+71, Vo €[0,A(1)], y € [A(r), A(0)].
O

Knowing A(t) we now reconstruct the bump by means of the formula (5.1). The recon-
structed bump coincides with the bump solution we found in Section 4. See Fig. 5.

Remark 5.12. For operator Ty we use Assumptions 1-5 and Assumptions 1-2, 3" and 5 for the
operator A. Assumptions 3" and 5’ are more restrictive than Assumptions 3 and 5. Moreover
Assumption 5 needs information about the fixed point A(t) which is a disadvantage. On the
other hand, the operator T’y needs one extra assumption, Assumption 4.
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6. DISCUSSION

We have introduced two iteration schemes for finding a bump solution in the f—field of
the Wilson-Cowan model: The first scheme is based on the fixed point problem formulated by
Kishimoto and Amari [7]. The second one is described by the fixed point problem formulated
for the interface dynamics of the bump. The latter formulation became possible due to the
special representation of the firing rated function introduced by Coombes and Schmidt [8].

‘We have proved using the theory of monotone operators in Banach spaces that both iteration
schemes converge under Assumption 1 and 2. From the iterative procedures we obtain the
solution on the finite interval [A, Ag] (see Section 4), and on [A(0), A(7)] (see Section 5).
Then it has been shown that under some additional assumptions on the connectivity function w
this solution determines a bump of the f—field on R.

The assumptions imposed for the first method (see Section 4) differ from the ones imposed
for the second method (see Section 5). The evident disadvantage of Assumption 3’ and 5’ is that
they contain information about the output of the interaction procedure, A(¢). Assumption 3’ can
be substituted by more restrictive Assumption 3”, but not Assumption 5’. Thus, Assumption 5/
can not be checked in advance. On the other hand, the set of assumptions for the fixed point
problem (5.2) is in general less restrictive. All assumptions (except Assumption 5') are quite
easy to check if w(zx) is given.

We show by a numerical example that both iterative schemes converge to the same solution.
Moreover, from numerics it follows that this solution is unique and stable. Indeed, the maximal
and minimal fixed points turn out to be equal for any trials and choice of parameters. Thus, by
Corollary 3.2, the fixed point is unique. Moreover, the constructed fixed point solution is stable
since it is located between stable solutions of fy— and fr—field, [7]. Notice that we have not
given a mathematical verification of these observations.

Notice also that we have looked for the bump solutions under the assumption A, < Ay and
(2.10). Thus, even if the constructed solution is unique, it does not necessarily mean that there
are no other stable or unstable solution. However, the same type of reasoning as we performed
here are not longer valid if we relax on these assumptions. Therefore we leave this problem for
a future study.
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the weakly nonlocal limit of the Wilson-Cowan type of model based on the wavelet-Galerkin approach.
We perform some numerical tests to illustrate the stability of homogeneous solutions and the evolution
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1. Introduction

Various types of mathematical models are used to describe
the signal processing properties of networks of neurons. These
model types are distinguished by their scope and the amount of
biophysical detail incorporated in the description. The modeling
approaches are divided into three main categories: compartmental
modeling, simplified spiking models and firing rate models. For an
overview of different modeling approaches; see [1,2]. The firing
rate modeling approach has the coarsest level of detail. Here only
the probability for action-potential firing is modeled. Then the
“activity level” (for example, membrane potential in the cell body)
is typically converted to a firing rate via a nonlinear sigmoidal
function. The number of neurons in the brain is immensely large.
Hence, if the typical spatial and temporal scales are much larger
than the corresponding neuronal scales, mean field theoretical
versions of the rate equations are appropriate. For a review on
firing rate models; see the Refs. [2-6].

The key topics in neural field models are existence and
stability of coherent structures like bumps and traveling fronts
and pulses, pattern formation and experimental detection of
coherent structures. Different levels of biophysical realism are
incorporated in the models such as two-population models of
excitatory and inhibitory neurons [2,7-10], micro structure in the
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E-mail address: anna.oleynik@umb.no (A. Oleynik).

0167-2789/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.physd.2010.05.011

connectivity functions [11], spike frequency adaptation (SFA) [12],
finite dendritic and axonal delay effects [13-16], and 2D spatial
effects [17].

The methods used to study rate equation models include
different techniques from applied mathematics like construction
of explicit representations for coherent structures like bumps and
traveling fronts in the Heaviside limit of the firing rate function,
stability analysis of these wave phenomena using the Evans
functions techniques [6] (and the references therein), and detailing
the dynamical evolution of the neural field states by means of
different numerical methods.

The numerical methods used to solve the rate equations are
of different degree of complexity. The time evolution is in most
cases resolved by means of finite difference schemes. For example,
the program XPPAUT, developed by Ermentrout [18], which aims
at solving finite order rate equation models is based on 4th
order Runge-Kutta in time. This has for example been used in
[10]. In [9] a variant of the 4th order Runge-Kutta method is
formulated for the temporal development of localized solutions
where the pulse widths of the solutions are determined at each
time step. However, when attempting to resolve problems with
steep gradients or presence of a multiplicity of very different
spatial and temporal scales, numerical approaches such as spectral
methods and finite difference schemes lead to the development
of numerical instabilities or loss of the accuracy of the solutions;
see [19,20]. In order to overcome these type of problems the
wavelet-Galerkin method seems to be quite promising. Wavelet
basis functions which possess no singularities and, which are
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localized both in physical and Fourier spaces give possibilities with
less computational efforts to describe such processes connected
to the interaction of localized structures of different spatial
scales [19,20]. In particular, the advantages with wavelet bases
have been demonstrated for the solutions of some physical
problems, e.g., hydrodynamic problems (see [20], Chapter 4 by
Farge et al.), atomic physics and solid state physics problems
(see [20, Chapter 8], by Antoine et al.) and the famous Burgers
equation [21-23].

We aim at studying the properties of the weakly nonlocal limit
of the Wilson-Cowan type of model

Tou(x, t) = —u(x, t) + /Oo oy —x)P(u(y, t) — 0)dy (1)

both analytically and numerically. Here u denote the electrical
activity level, w the connectivity function, P the firing rate function,
6 the threshold value, t the time constant, x spatial coordinate
and t the temporal coordinate. The model (1) has been studied in
several papers (see for example [5]).

The weakly nonlocal limit is obtained from (1) when the
characteristic spatial scale length of the variation of the firing rate
variable v = P(u—#6) is assumed to be much larger than the typical
length scale for the connectivity function (synaptic footprint). The
resulting equation is a nonlinear diffusion equation. The solutions
of (1) obey the uniform bound 0 < u(x,t) < 1 for all x and t
for positive normalized connectivity functions. We reformulate the
weakly nonlocal limit to the Ginzburg-Landau-Khalatnikov type of
equation, see [24] or [25], in the firing rate variable v = P(u — 6).
This formulation allows us to find a condition to have solutions
within the same bound as the solutions of (1). Finally, we use the
wavelet-Galerkin method for the numerical study of the weakly
nonlocal limit. We choose the Daubechies wavelets as the wavelet
basis due to the localized character of the expected solutions [5].

The present paper is organized as follows: In Section 2 we
introduce the one-population neuronal field model. It is shown
that the instability of a homogeneous background state in the
Wilson-Cowan model is of the finite bandwidth type and that the
instability structure consists of a set of well separated bands in a
wavenumber space. In Section 3 we derive the weakly nonlocal
limit from the model (1). It is shown that instability structure
of the full model (1) continuously deforms to a single unstable
band in the weakly nonlocal limit, which can be detected by direct
stability analysis of the weakly nonlocal limit. We will refer to
this instability structure as gain band structure in accordance with
the terminology used in [10]. It is shown that in the stationary
case the weakly nonlocal limit can be transformed to a pseudo-
potential problem in the firing rate variable v = P(u — ). It
then turns out that the time dependent version of this equation
assumes the form of the Ginzburg-Landau-Khalatnikov equation
where the stability of the homogeneous background can be
inferred from the properties of extreme points of the pseudo-
potential. We review the wavelet-Galerkin numerical method
in Section 4. The organization of this section is as follows. We
start out by formulating the general framework for Galerkin
expansion of model equations. Next we discuss the advantages
of using wavelet functions as a Galerkin basis and introduce the
definition of multiresolution analysis (MRA). Then we describe
the wavelet-Galerkin expansion scheme and the way we treat
boundary conditions. Finally, we implement the wavelet-Galerkin
method for the weakly nonlocal limit of the one-population neural
field model. We demonstrate numerically the evolution of a
saw tooth initial condition and a bump initial condition for two
choices of the firing rate function. We compare the outcome of
these simulations with the analysis in Section 3. In Section 5 we
summarize the findings of this paper and point out the directions
of future research.

2. Properties of a one-population neural model
2.1. The model

We consider a one-population model in a one dimensional strip
of cortical tissue. It is assumed that (i) all neurons receive synaptic
inputs from, in principle, all neurons in the network, (ii) the synap-
tic weights depend only on absolute spatial distance between pre-
and postsynaptic neurons, (iii) the net activity level in each neuron
depends on a weighted sum over the past firing activity in the
presynaptic neurons, and (iv) the neuronal firing rate at a certain
time is modeled by means of an non-decreasing nonlinear function
which assumes values between zero and one [2].

Let u = u(x,t) denote the electrical activity level at the
spatial point x and at time t. The field theoretical version of the
input-output model reads

u=(P(u—0)) (2)

where the operator (-) denotes the spatio-temporal average of
P(u — 0) defined as

(Plu—0))(x,t) = [a x o ®P(u—0)](x, 1)

t o0
=/ oz(tfs)/ oy —X)

x P(u(y, s) — 6)dyds. (3)

Here * and ® denote the temporal and spatial convolutions defined
as

@spo= [ " alt —9B)ds
and -
(@ ® () = f " oy — 0 0y,
respectively. -

The parameter § models the threshold value for firing, which by
assumption is constant and satisfies the inequality 0 < 6 < 1.
The function P models the firing rate function and satisfies the
following conditions:
(i) P: R — [0, 1].
(ii) P is continuous on R and differentiable almost everywhere.
(iii) P is an non-decreasing function.
(iv) The functions P constitute a one-parameter family of func-
tions, parameterized by a steepness parameter 3

P(u) = S(Bu).

Here S plays the role of a scaling function of the firing rate
function. The parameter 8 > 0 measures the steepness of the
firing rate function such that P(u) converges to the Heaviside-
step function H(u) as 8 tends to infinity.

In this paper we model the firing rate function with the smooth
function

1
Pw)=S(Bw), S = 5(1 + tanh(u)), (4)
the piecewise linear function
0, ifu< -1
P)=SBw), Sw=qw+1D/2, if-1<u<l (5)
1, ifu>1
and the function
P(u) = S(Bu),
0 ifu< -1

if —1<u<1
ifu>1.

S(u) = —’1/2 +Ju+5/4,
1,
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The firing rate function (4) is used to illustrate essential features
of the model while the choice of the expressions (5) and
(6) is motivated by the wavelet-Galerkin method. Notice that
expressions (5) and (6) are concrete examples of the general firing
rate function used in [26] for the purpose of studying the existence
and stability of stationary solutions of the Wilson-Cowan model.
The function w is called a connectivity function and is real valued,
symmetric, positive, bounded and normalized, i.e., ffooc w(x)dx =
1. Moreover, it constitutes a one-parameter family of functions,
i.e., it can be expressed as
1 X
k) =—-o(¢), §=—. (7)
o o
Here @ is a non-dimensional scaling function and o is the synaptic
footprint, which measures the width of the nonlocal connectivity of
the network. Aso — 0, w(x) — &(x) where § is the Dirac function.
This limit case represents a switch-off of the connectivity of the
network. The examples of w are the Gaussian function

OE) = e’ ®)
-

and the exponential decay function

() = %e*‘f‘. 9

The function « in (3) is a weight function which measures the
memory of the network. This function is real valued, positive,
bounded and normalized. Moreover, « is parameterized by means
of the time constant, 7, which we set to one without any loss of
generality.

The properties imposed on the firing rate function, P, the
connectivity function, w, and the temporal kernel, , imply that any
solution of the model (2) obeys the uniform bound

0<u(xt)<1 (10)

forallxandt > 0.

Another important property of the model (2) is that spatially
symmetric, localized stationary solutions (bumps), up, exist in the
Heaviside limit of the firing rate function P for0 < 6 < 1/2 and
are given as

up(x) = W(a+x)+W(a —x) (11)

where
W(x) = / o(y)dy
0

where a is the unique positive solution of the equation W (2a) = 6.
In the present study we restrict ourselves to the case when the
temporal kernel « is an exponentially decaying function

a(t) =e™".

By using the linear chain trick [27] we find that the activity level u
of (2) evolves according to the Wilson-Cowan type of model
U= —U+w®Pu—20). (12)

In Potthast et al. [29] it is shown that globally bounded solutions

of (12) exist provided that the connectivity function w is absolute

integrable, the firing rate function P has a smooth bounded

derivative, and the initial condition is bounded and continuous.
For the Cauchy problem of (12) we can deduce the bounds

up(x) exp(—t) < u(x,t) <1+ (up(x) — 1) exp(—t)
forallt >0 (13)

for the solution u, consistent with the results of Potthast et al. [29].
Here u( denote the initial condition for (12) and 0 < uy(x) < 1 for
all x in order to be consistent with (10).

2.2. Turing instability and pattern formation

The next issue to be addressed is the Turing type of instability
as a pattern forming mechanism, [13,28]. First, we investigate the
possibility of having homogeneous solutions u(x, t) = U, Ueq isa
constant, of the problem (12). Such solutions must satisfy

Ueg = P(ueq - 0) (14)

where, from (10), 0 < ue; < 1.1In order to study the existence of
homogeneous states, we introduce

F(u)y=u—P(u—90), F:[0,1] - R.

Since F(0) = —P(—6) < 0,F(1) = 1—P(1—6) > Oand F
is continuous on [0, 1], the equation F(u) = O has at least one
solution.

Theorem 2.1. The Wilson-Cowan model (12) has at least one
homogeneous state given by (14).

We address the uniqueness issue for the homogeneous state in
detail in Section 3.
Now we consider the linear stability of ue; by assuming

uX, t) = Ueg +Px, t), [Pk, D] K 1.

Notice that the stability analysis below does not use the positivity
of the connectivity function. The linearized evolution equation for
¢ reads

dop=—d+pS0R (15)
where we assume that S is differentiable at u = B(ue; — 0) and

o ds
S'= alu:ﬁ(ugq—b‘)-

The Fourier transform of (15) is
dpk, t) = (—1+ BS'@(Kk))P(k, 1)

where a and @ are the Fourier transforms of ¢ and w, respectively,
and k denotes the wave number of the perturbation imposed on
Ueq. Since by assumption the connectivity function w is real and
symmetric, the same holds true for the Fourier transform @. The
growth (decay) rate A (k) of the perturbation is given by

A(k) = —1+ BS'B(k). (16)
From (16) we get the following stability result.

Theorem 2.2. The homogeneous state, ue, of (12) is stable if
BS'w(k) < 1 for all k, while it becomes unstable if BS'w(k) > 1
for at least one k.

Let us then consider some limiting cases.

In the local limit, when o — 0, the connectivity function w is
modeled by means of the Dirac §-function. Hence, we get @(k) = 1
and Theorem 2.2 can be simplified.

Theorem 2.3. The homogeneous state u,q of (12) in the local limit is
stable if BS’ < 1and unstable if BS’ > 1.

This means that the slope of the firing rate function evaluated at u¢,
must exceed a certain threshold to get instability. Now, since the
connectivity function w is normalized, we have @(0) = 1. Hence,
the long wavelength limit of the problem (k — 0) coincides with
the local limit.

For connectivity functions satisfying @(k) < 1 for all k, such as
for example the Gaussian (8) and the exponential decay function
(9), we get the same conditions as in Theorem 2.3 for stability and
instability.

Let us return to the general case. Since w is absolute integrable,
Riemann-Lebesque lemma implies that @ is a continuous function
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Fig. 1. The function A given by (16) with @ (k) = exp(7k2/4) (red curve) and @(k) = 10(k* + 5) cos(nlc)/(k“ + 50) (blue curve), (a) A(k) is plotted for the case S’ = 2.5
(b) A(k) is plotted for the BS” = 0.9. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and that limy_. @(k) = 0. From (16), we then get that
limyg— o A(k) = —1. Hence, if there exist A = 0 then there is a
value k, > 0 such that

1 Sk 1
ﬂs/ ’ w( ) < IBS/
This means that a possible instability is of the finite band width
type.

The instability structure can be investigated in a similar way
as in Wyller et al. [10]. Wave number intervals satisfying w(k) >
1/BS’ correspond to unstable modes. These intervals are referred
to as gain bands.

Since A(0) = —1+ BS’, the condition S’ > 1 guarantees that
at least one gain band (containing k = 0) exists. We refer to this
gain band as the fundamental gain band. Fig. 1(a) shows that higher
order gain bands can exist for spectra @ which execute oscillations
in k-space.

For the case BS’ < 1 we get A(0) < 0. This implies that no
fundamental gain band exists but there is a possibility of having
higher order gain bands for spectra oscillating in k-space, Fig. 1(b).
We can determine the number of gain bands if all solutions of the
equation (k) = 1/BS’ are distinct and isolated. In order to study
this problem, we proceed in the same way as in [10]. We assume
that

/OC xw(x)dx < oco.

oo

w(tky) = for |k| > k.

The Riemann-Lebesque lemma then implies that @ is a smooth
function. Assume that the transversal crossing condition @(k) =
1/B8S’, @'(k) # 0 is fulfilled. According to Wyller et al. [10] the
equation w(k) = 1/8S’ in this case has a finite number of distinct
and isolated solutions. The total number n of transversal crossings
w(k) = 1/BS', @'(k) # 0isgivenasn =2N,N =0,1,2,3,...,
where N is the number of gain bands. The condition N = n = 0
corresponds to a stable situation and might arise only when S’ <
1 (the red curve in Fig. 1(b)). The condition N = 1 corresponds to
the instability consisting only of the fundamental gain band and
appears when S’ > 1 (the red curve in Fig. 1(a)). The multiple
gain band structure could emerge both for 8S’ > 1 (the blue curve
in Fig. 1(a)) and for BS’ < 1 (the blue curve in Fig. 1(b)).

We summarize the main results of the discussion above in the
following theorem.

Theorem 2.4. If w(x) € L'(R) then the possible instability for Ueq
is of finite band width type. Moreover, if xw(x) € L'(R) and all
solutions of the equation @(k) = 1/BS’, where @' (k) # 0 are distinct
and isolated, then the gain band structure can be two types: (i) For

the case BS’ > 1 the gain band consists of one fundamental gain
band plus a finite set (including the empty set) of higher order well
separated gain bands. The relation between the number of solutions,
n, of (k) = 1/BS’ to the number of gain bands, N, is expressed by
n = 2N,N = 1,3,5,.... (ii) For the case BS’ < 1 we can only
have higher order gain bands and n = 2N,N = 2,4,6,.... For
N = n = 0 we get a stable homogeneous solution ueg.

Notice, however, that due to the bound (10) or (13) any
instability must be saturated.

3. Weakly nonlocal limit

The parameterization of the connectivity functions, (7), enables
us to study the so called weakly nonlocal limit of the Wilson-Cowan
model (12). The Fourier transform & of w can be expressed in terms
of the Fourier transform & of @

(k) = B(ok).
Then, by imposing the long wavelength condition
lokl <1 (17)

and assuming  at least three times differentiable at k = 0, we
Taylor-expand @ and retain the two lowest order terms, i.e.,

k) =1—y@k? y= —%5”(0) > 0. (18)

LetF(u —0) denote the Fourier transform of the firing rate function
P(u — 0). By Fourier transforming the evolution Eq. (12) we get
¥l = —U+ &P (u—6).

Then, by making use of the approximation (18) we get
dl=—T+(1—yk»)Pu—0).

Applying the inverse Fourier theorem we obtain the nonlinear
diffusion equation

et = —u+ (14 yo?3)S(Bu —0)). (19)

The model (19) is referred to as the weakly nonlocal limit of the
Wilson-Cowan model (12).

This procedure has been extensively used in nonlocal nonlinear
optics [30,31] and in mathematical biology [32].

Theorem 3.1. (i) The model (19) possesses the same homogeneous
background ueq as the model (12). (ii) ueq is stable if BS" < 1 and
unstable otherwise. The possible instability is of finite bandwidth type
and consists of one single gain band.
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Proof. The proof of (i) follows simply by assuming that the
solutions of (19) are space and time independent. In order to prove
(ii) we notice that the growth (decay) rate

rk) = BS' —1— BS'yok2. (20)

The eigenvalues A(k) < O for all k if 8BS < 1. For the
complementary regime, S’ > 1 we obtain the range of the wave
number k which provides positive A(k) as 0 < k* < k? where
k2 = (BS' — 1)/(BS’yo?). This means that instability consists of
one gain band. O

Notice that the moderate steepness condition 1 < BS’ K y
implies that the assumption (17) is satisfied for all wave numbers
k belonging to the unstable range.

3.1. Nonlinear diffusion equation for the firing rate variable

By introducing the change of variables & = x/(,/y0),7 = t we
can rewrite the weakly nonlocal limit Eq. (19) on the form

deu=—u+ (14 3)SBu—0)).
We transform this equation to the nonlinear diffusion equation

%(s*l)’(u)afv =—0— %s*l(u) +(1+3)v (21)

by introducing the new firing rate variable v = S(B(u — 6)).
Here we have exploited the fact that S is a smooth monotonically
increasing function, as for example (4), from which it follows that
it has a smooth inverse denoted by S~!.

For each u € [0, 1] there is unique v € [vg, v1], where

vo =S(=p0), v =SB —-0)).
We will be searching for solutions of (21) fulfilling the property
v < v, 7)<y (22)

uniformly in £ and t. Notice, however, that we in general cannot
guarantee that the solutions of the initial value problem of (21)
satisfy the bounds (22) globally in time t. This leads naturally to
the following definition.

Definition 3.1. Solutions of (21) are called proper solutions if they
satisfy (22) for all 7.

Notice that the interval for the proper solutions is contained in
the unit interval, i.e., [vg, v1] C [0, 1].

The functions (5) and (6) do not give a one-to-one correspon-
dence between the firing rate variable v € [vg, v{] and the activity
level u € [0, 1]. Therefore, we have to restrict S to its oblique part,
i.e., we require —1 < B(u — 0) < 1. We add this requirement in
the definition of a proper solution for these cases of S.

In the time independent case, solutions of (21) satisfy
conservation law for the Hamiltonian H

H[v; 0, 8] = %(agu)%uw;e,ﬂ) =E, (23)

where the pseudo-potential, U, is given by

1 2 1 -1

—v"—0v—— [ ST (v)dv, (24)
2 B

and E is an energy constant. The range of the energy constant
governs the range of v. We have to impose some constraints on
E to get proper solutions of the pseudo-potential Egs. (23)-(24).
For example, if we assume that the pseudo-potential (24) has a
minimum in some point vy, such that v < vmin < vy, then the
range of E giving proper, stationary, periodic solutions is given by

U(Vmin) < E < min{U(vo), U(v1)}. (25)

The system (23)-(24) allows us to predict the temporal evolution
of the system. We have the following important result.

U; 0, 8) =

Theorem 3.2. Extreme points of the pseudo-potential U given
by (24) are constant solutions of (21) which correspond to the
equilibrium u = u,q given by (14). Moreover, a local maximum
corresponds to a stable solution, a local minimum to an unstable
solution.

Proof. The time dependent Eq. (21) can be reformulated as

SH 1, )
f)dv = 3 = -6 — 55 )+ (140%) v, (26)
where we have made the identification f (v) = ~'(S™') (v) > 0
with H given by (23) and introduced the operator

b _ 8 (0 )
-— = —_—\—— ) Vg = v.
su dv | 9E \ 9 s %

The Eq. (26) has the form of the Ginzburg-Landau-Khalatnikov
equation in kinetic theory [24,25] and the stability issue for
constant solutions of (26) can be rephrased in terms of the extreme
points of the pseudo-potential U.

Let v, denote an extreme point of U, i.e., U’ (vy) = 0, U” (vy) #
0. We linearize (26) and get

f)ocw = U"(v)w + dw.
By Fourier transforming this equation we find that
f)3, = U"(v) — K*®

where k denotes the wave number of the perturbation w imposed
on the background v,. The growth (or decay) rate of this equation
satisfies

M) =U"(v,) — K (27)

from which follows that v = v, is stable if v, is a local maximum
of the pseudo-potential U whereas it is unstable when v, is a
local minimum of the potential U. Moreover, the instability is of
the finite band width type where the wave numbers producing
growing modes are restricted to the interval 0 < k> < U”(v,).
Notice that both the growth rate (27) and the corresponding
bandwidth is just the same instability result as obtained in the
previous section, i.e., (20). O

Notice that in [33,34] the Hamiltonian structure of the time
independent Wilson-Cowan model is exploited in the study of
stationary solutions. The analysis presupposes, however, that the
connectivity functions have Fourier transforms given by rational
functions.

The Ginzburg-Landau-Khalatnikov formulation (26) is ex-
pected to make it possible to study the stability of proper station-
ary, periodic solutions of the weakly nonlocal limit (21). Let us
assume that we have identified a proper stationary periodic solu-
tion through the pseudo-potential U denoted by . We introduce
the perturbation

v(E, ) =0 + e, D).
By taking into account that 8§f) + U’(d) = 0 we then end up with
F®):0 =3 +U"(D)e

when linearizing about the stationary state . Now, by assuming
the separation

p&, 1) =g(§)exp(At)

where A plays the role as growth (decay) rate and exploiting the
fact that

U"@) =1-f®
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Fig. 2. The case of the sigmoid firing rate function (4): (a) Bounding values of v as functions of  for fixed 6. (b) Bounding values of v as functions of 6 for fixed S.

with f(D) < 1, we end up with the Sturm-Liouville problem

g+ (1— (L + Df(D)g =0. (28)

Due to the fact that the proper periodic stationary solutions
exist for energy constants restricted to the interval (25) and
that the potential minimum point vy, of the pseudo-potential U
represents a proper stationary periodic solution v with an infinite
short period, we expect by continuity that proper stationary
solutions v are unstable, at least for small but finite wavelength
oscillations, i.e., that the spectrum of the Sturm-Liouville problem
(28) consists of at least one strictly positive eigenvalue. The
following argument based on simple asymptotical analysis of
(28) clearly supports this conclusion. For short wave length
oscillations we have that ¥ ~ vy, where vy, denotes the
minimum point of the pseudo-potential. Then the problem (28)
is approximated with a constant coefficient problem. The square
integrable eigenfunctions of the latter problem assume the form
g(€) ~ exp(—R£]) where 2% = (A + 1)f (Umin) — 1 > 0, 2 >
0. Hence, since f(vmin) < 1, we find the estimate A > (1 —
f(Umin))/f (min) > 0. It is an open question whether this result
extends to all proper stationary solutions. We do not pursue this
aspect of the model in the present paper, however.

In Sections 3.1.1-3.1.3 we investigate the homogeneous
solutions for the firing rate functions given by (4)-(6) by means
of the Ginzburg-Landau-Khalatnikov formulation.

3.1.1. Smooth firing rate function
For the case of the smooth function (4) the bounds vy and v; are

vo = %(1 —tanh(B0)), v = %(1 + tanh(B — B6)).

Notice that vy and v; asymptotically approach 0 and 1, respec-
tively, as § — oo. We have plotted vy and v as a function of g
for fixed values 6 in Fig. 2(a) and as a function 0 for fixed values of
B in Fig. 2(b).
The pseudo-potential U is given as
U(v; 6, B) L 0 ! F(v)
v;6,B8) = —v°—0v— —F(v),
2 28
Fwv)=vIn(w)+ (1 —-v)In(1 —v) —1.
We introduce the open subsets, D and D;,i = 0, 1, 2, of the
parameter set {(S, 6)} as
Dy ={(B8,0):0< B <2,0<6 <1},
D={(B.0):2 < B <+00,0_(B) < 0 < 0.(B)}.
Di={(B,0):2<B <00,0.(8) <0 <1},
Dy={(B,0):2<B <00,0<0<6_(B)}

1771
=
b
where 6. are defined as
1 1 8
0+(B) = 5(H:‘/] —2//3) —ﬁln<\/:(1:|: 1—2ﬂ)>.
(29)

Theorem 3.3. Let a = (B, 0) and assume S to be given by (4). (i) If
a € D;j,i = 0,1,2, there exists a proper unique homogeneous
solution of (21) that is stable. (ii) If a € D, the Eq. (21) has three
homogeneous proper solutions, vV < v@® < v®, where v, v®
are stable, and v'® is an unstable solution.

Proof. Firstly, we study the existence and stability property of the
homogeneous solutions. Secondly, we show that these solutions
are proper.

We find that the condition U’(v) = 0 is equivalent to

1
6=v——In(—).
28 1-v

We have analyzed the convexity properties of U as a function of v
in Fig. 3.
We divide our discussion into two cases:

(30)

1. Let 0 < B < 2. Simple computation shows that 6 given by (30)
is a continuous strictly decreasing function of v,0 < v < 1,
in this parameter regime; see Fig. 4(a). Hence, there is one-to-
one correspondence between 6 and v. Moreover, we find that
U”(v; B,0) < 0 independently of v and 0, Fig. 3. This means
that U has a global maximum fora € Dy; see Fig. 4(b). According
to Theorem 3.2 this maximum is a stable equilibrium.

2. Next, let us consider the case 8 > 2. The function (30) changes
its monotonicity twice in the points

1+/1-2/8

= 5 .

Therefore, the function (30) gives us either three or one
intersection with the horizontal line 6 = const. We get three
solutions vV < v@ < v® when 6_(B) < 6 < 6,(B) and
one solution when0 < 8 < 6_orf; < 6 < 1, Fig. 4(a). We
obtain 64 (8) as (29) if one inserts v in (30). Thus, U has local
maxima in v» and v® for a e D, while it has a local minimum
in v@ for a e D. The solutions v and v® correspond to the
stable equilibrium, while v® is gives the unstable state. Each
of the parameter regimes Dy and D, produces a maximum of U
and indicates the existence of a unique stable solution. The sets
D, D4, and D, are plotted in Fig. 4(b).

Now we want to show that all the homogeneous solutions v
satisfy the inequality vy < v < v; in order to be proper. For each
fixed 0 the solution v satisfies the expression

Ut
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v

Fig. 3. The sets of constant signs of U” (v) in terms of (v, B), where 8 = 1/(2v(1—
v)) corresponds to U” (v) = 0.

P 1 | v
ﬁ‘“‘ﬂ“(ﬁ)

The upper bound, vy, satisfies vy > 1/2 and can be represented as

_ _ 1 | v
ﬁ_ﬁl_zu—e) n(l—v)'

The lower bound, vy, obeys vy < 1/2 and can be rewritten as

1 v
ﬂ:ﬁo:—%ln<m>.

Simple analysis shows that 8, > Sy and 8, > B;. These properties

cause that all homogeneous solutions of (21), in the framework of
the smooth firing rate function (4), are proper. O

Theorem 3.4. The weakly nonlocal limit (21) with the firing rate
function modeled by means of (4) has proper stationary periodic
solutions for the steepness parameter 3 exceeding a certain threshold.

Proof. Consider the limit case, i.e., 8 — o0. Since lim,_, g+ F(v) =
—1and lim,_,- F(v) = —1, the function F can be extended to
a continuous function on the closed, bounded interval [0, 1]. The
convergence

1
ﬁlim U(v; 6, B) = U, (v) = Evz —6v (31)

is uniform and the homogeneous solution depends continuously
on B. Hence, U has a minimum for v = vy, = 6+ ©@(1/8) asymp-
totically as B — oo. The restrictions on the energy constants E
permitting proper stationary periodic solutions is now given by
the bound (25) for the steepness parameter 8 exceeding a certain
threshold, since in this case the pseudo-potential U has a global
minimum vy, wWith vy < vpin < v1. O

3.1.2. Piecewise linear firing rate function
The model (21) with the function (5) becomes linear, i.e.,
0, v = gagv + '327211 + ! 29'3
This simplifies the analysis and serves as a good testing example
for the numerical experiments. We compute the pseudo-potential
U in this case for the oblique part of the firing rate function and get
the quadratic function

1 1\, 1
vw=(3-5)7-(o-5)»

(32)

where v satisfies the bounds vy < v < vy with

1
Vo = 5(17/39), po <1
0, Bo > 1,
1
vy = 5(1+ﬂ—ﬁ0), B(1—-6)<1
1, B(1—6)>1.

We have plotted vy and v for fixed values of 0 in Fig. 5(a) and fixed
values of 8 in Fig. 5(b).

Let us define the sets
D;={(8,0):0<B<2,1-1/B<60<1—-1/8},
Dy={(B,0):8>2,1/p <0 <1-1/B}.

These sets are displayed in Fig. 6. Moreover, we have marked that
U is concave for 8 < 2 and convex for § > 2 independently of

6. We formulate the following theorem which can be proven in a
similar way as Theorem 3.4 in Section 3.1.1.

Theorem 3.5. The Eq. (21) with the piecewise firing rate func-
tion (5) has the unique homogeneous proper solution v = Vconst,
Veonst = (OB — 1)/(B — 2), for all valuesa = (8,0) € Dy U D,.
The solution is stable if a € Dy, and unstable if a € D,.

This rather simple case allows us to derive time independent
solutions and analyze their stability. For a € D; we obtain a stable
solution in the form

E
v(§) = Aexp(@x) + Bexp(—w@x) + Veonst AB = o (33)
and for a € D, an unstable solution in the form
E
v(§) = Asin(wx) 4 Bcos(wX) + Veonsts A + B = — (34)
o

where w2 = |1—2/B| and E = 2E + (1 — 2/8) Veonst-

However, the solution (33) is not proper for all constants A and
Bexcept A = B = 0,50 v(§) = Vconst IS the only proper solution
in this case. For the case in (34) the pseudo-potential, U, has the
global minimum v = v¢eps according to Theorem 3.5. Moreover,
Vg < Vconst < V1 for a € int(D;). Thus, we can apply a restriction
on the energy constant as in (25) to keep the solution within the
bounds. We get the following estimate

1 2\ 5 . 1
-3 ]_B Veonst < E < min 0,5—9 . (35)
We summarize all the results above as the following theorem.

Theorem 3.6. The Eq. (21) with the piecewise firing rate func-
tion (5) has the unique stable time independent proper solution v =
Veonsts Veonst = (08 —1)/(2— B), forallvaluesa = (B, 0) € Dy, and
unstable time independent solutions in the form (34) with the range
of the energy constant given by (35) if a € int(D;).

3.1.3. The piecewise nonlinear function

Another possibility which enables us to use the wavelet-
Galerkin method is to approximate the firing rate function with a
piecewise nonlinear function containing a square root function (6).
Then, from (21) we obtain

(1+2v)3,v = Bofv —v> + (B — v + (1 — BO). (36)
The bounds (22) are now given as

0 :{—1/z+‘/—,39+5/4, Bo <1 (37)

°~ o, B6 > 1,
_[-12+V/Ba—-0)+5/4 pa-6)<1

=1 BI-0)> 1. o)
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Fig. 4. (a) The intervals of monotonicity for 6 given by (30). (b) The sets D, D;, i = 0, 1, 2, where 6. is given by (29).
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Fig. 5. The case of the piecewise linear firing rate function (5): (a) Bounding values of v as functions of g for fixed 6. (b) Bounding values of v as functions of 6 for fixed B.
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Fig.6. The sets D; and D, in the case of the piecewise linear firing rate function (5).

The graphs of the bounds are plotted in Fig. 7(a) and (b) for fixed
6 and B, respectively.

For the pseudo-potential U with this choice of firing rate
function we get a cubic polynomial

U(v) = fiv3+ ! <1 - l) v2 + (l 79> v (39)
T3 T2 B B ’

We have analyzed the convexity property of (39) and the number
of its critical points satisfying the bounds (37)-(38). The result
is represented in Fig. 8. The pseudo-potential U is convex when
v > (B — 1)/2 and concave for v < (8 — 1)/2; see Fig. 8(a). We
introduce the sets
D; = (0,1) x (0, HU{(B,0):1<pB <2,

/<0 <(1-1/B)},

D = {(B.6):2<B<3,1/p=<0<1/p)
UB<B<o01/p<0=1/B)}.

D;={(B,0):1<p<5f(p) =<0 <1},

D={B.0):(1<p=201-1/B) <6 <f(B))
UR<B<3.1/B=0<f(B))

where f(8) = (B2 — 28 + 5)/(4B). These sets are plotted in
Fig. 8(b).

Theorem 3.7. Let a = (B, 0) and assume S to be given by (6). (i) If
a € Dy there exists a unique proper homogeneous solution of (21),
v, which is stable. (ii) If a € D, the Eq. (21) has an unstable unique
proper homogeneous solutions, v(=). (iii) For a € D, the Eq. (21) has
two proper homogeneous solutions, v™) < v v is unstable
while vt is stable. Here solutions v® are given as

1
() _ _ _ _
v =2 ((ﬁ D +V(B - D2+ 41 ;30)) .

Proof. Any value a € (0,00) x (0,1) \ D; gives a minimum
v = v and a maximum v = v of U. From Theorem 3.2
it follows that v~ is unstable and v‘* is stable. However, it is
possible to show that the solution v~ is proper fora € D; UD
and not proper everywhere else where it exists. The solution v
is proper fora € D, UD and does not respect the bounds otherwise.
However, the proof of these facts is quite technical and is thus
omitted. O

Non-constant stationary solutions of (36) at any values of
parameters 8 and 6 appear to be expressed in terms of Weierstrass
elliptic function, which diverges at least in one location, so such
expression cannot be a proper solution.
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Fig. 8. The case of the piecewise nonlinear firing rate function (6): (a) The sets of constant signs of U” (v) in terms of (v, B), where v = (8 — 1)/2 corresponds to U” (v) = 0.

(b) The sets D, D;,i = 1,2, 3.

4. Wavelet-Galerkin solution of the Ginzburg-Landau-
Khalatnikov problem

In this section we describe the wavelet-Galerkin method for
solving the model Eq. (21) with the firing rate function given by (5)
and (6). We recall the main notations and definitions related to the
method and list some properties of Daubechies wavelets, which
have been chosen as basis functions for a Galerkin expansion. For
the numerical study we restrict the spatial variable & to [X7, X5]
where |X; — X1 is sufficiently large. We treat boundary conditions
by means of modification of the fictitious boundary approach as
worked out in [35].

4.1. The Galerkin method and choice of basis functions

Galerkin methods have been known since 1915 and are
currently widely used for solving nonlinear differential and
integro-differential equations in numerous scientific areas and
engineering applications [36]. The efficiency of these methods is
substantially connected with the choice of the system of basis
functions, which are used for the expansion of the solution.

The general form of the Galerkin expansion in an arbitrary
orthonormal basis {g} is given as

z(x, t) = Zak(t)gk(x)v
G

(8- 81) = S, ax(t) = {z(-, ), &), k € Z,

where z(x, t) is a general notation for the unknown quantity, and
(-, -) denotes the inner product in a corresponding space.

The correct choice of {gi} provides a maximal level of the ap-
proximation of a real solution with a minimal number of ba-
sis functions. The choice of basis functions g,(x) depends to a

(40)

large extent on the expected solutions of the given differential or
integro-differential equations. The neural field equations have so-
lutions that possess a spatial localization property [5]. This obser-
vation serves as the main motivation for using wavelets as basis
functions. Moreover, a wavelet basis has some advantages com-
pared with other basis functions, e.g., localization in both phys-
ical and Fourier space, almost block-diagonal representation of
most differential operators, availability of fast algorithms of dis-
crete wavelet transform and multiresolution analysis, and others.

The known examples of successful usage of wavelets basis in
the Galerkin approach are numerous. They include application
to nonlinear differential equations of different types [23,37,38]
as well as some pedagogical examples of integro-differential
equations [39,40].

The important task in the wavelet-Galerkin method is com-
putation of connection coefficients. The connection coefficients are
integrals of products of wavelet basis functions, their derivatives,
their translates, and so on.

We have chosen Daubechies wavelets [41] as a basis for our
problem. These functions have compact support and are well
known as very useful tools in numerical solutions of ordinary
and partial differential equations [23,42], and integro-differential
equations [37]. The algorithms for and the calculated values of
connection coefficients for Daubechies wavelets are available in
numerous publications [23,43,44]. The calculation of connection
coefficients for the partial differential equation (21) and therefore
their reduction to an ordinary differential equation for the
coefficients of the Galerkin expansion (a,(t) in (40)) is possible
when (21) has the form

Pp(z(x, t))0rz(x, t) = Lz(x, t) + Nz(x, t), (41)
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where P, (z) is a polynomial of degree n, L is a linear operator, N is
nonlinear operator. In order to use (41) we have chosen the firing
rate functions as (5) and (6).

4.2. Multiresolution analysis (MRA)

MRA is a technique based on an iterative procedure of
approximation of an arbitrary function f(x) e [?(R) with
successively more accurate resolutions. The procedure of building
such successive approximations of a given function involves two
important special families of functions localized in both physical
and Fourier spaces, which are wavelets and scaling functions. For
the sake of completeness we review some fundamental properties
of MRA; see [45].

Definition 4.1. The MRA of [?(R) is a sequence of closed subspaces

V; C IX(R)

.CVLoCcV4CcVyCcViCcV,C--

with the following properties:

(i) ViCViy1, VieZ

(i) f(x) € V; & f(2%) € Vj41, Vi € Z

(iii) Uje Y is dense in L*(R)

(V) Mz Vi =10} e Vo & flx+1) € Vo

(v) There exists a scaling function ¢ € Vj, such that {¢(x)} =
{¢(x — k)} is an orthonormal basis for V.

The dilated, translated, and normalized scaling functions g,
defined as
oi(x) = 2Pp2x — k), jkeZ

constitute an orthonormal basis for V; for every fixed j.
Let W; denote an orthogonal complement of subspace V; in Vj 1,
ie, Vi =V,oWw,.

Definition 4.2. A function v is called a mother wavelet if Wy is
spanned by the translations ¥ (x — k). Moreover, we require the
wavelets ¥ (x — k) to be an orthonormal basis for Wj.

The dilated, translated, and normalized wavelets v;; defined as
Vi) =22y @x— k), jkez

form an orthonormal basis for W; for each fixed j.
The projection, Py, f, of f onto the space V. is then given as
the unique decomposition

Py, f(x) = Pyf(x) + Pwf (%)

+oo +00
= > G+ Y i (42)
k=—o00 k=—00

where

ik =, @jik)s dix = (f, Yjk)- (43)

4.3. Wavelet-Galerkin expansion scheme

Let z(x, t) be a projection of z € [*(R) onto V; for any t. Then
(40) can be rewritten using (42) as the following wavelet-Galerkin
expansion scheme

760 =Y g + Y Y diOY0), (44)

keZ keZ j=]

where ¢ x and d; i is given by (43). The choice of ] is determined
by the coarsest scale in the representation of z(x,t). In the

computations we have to use a finite upper limit for the sum, say
J'. Choosing ] = J/, the second term of (44) disappears, i.e.,

7% 0 =Y qu)g 0. (45)

ke Z
See also [45].

4.4, General properties of Daubechies wavelets and connection
coefficients

Daubechies wavelets are compactly supported orthonormal
wavelets which are characterized by a maximal number of
vanishing moments for the given support. Let L be an even
number that denotes the length of the support, then the number
of the vanishing moments, M, is equal L/2. For our numerical
experiments we use L = 6. A Daubechies scalar function, ¢, and
a mother wavelet, ¥, do not have explicit representation, but can
be obtained through the two-scale relation

L-1
9 =Y he@x—k),  supp(p) =[0,L— 1],

k=0

and

1
L L
Y =) h@x—k),  supp(¥) = [1 -:, —} ,
k=2—-L
where hy, are the wavelet filter coefficients. Here we only list the
main properties of Daubechies scaling functions and expression for

connection coefficients needed for our calculations, i.e.,
() T2 pdx =1
(i) /73 p(x = Ip(x — hdx = 8y
(iii) S 9 (x = k)p(x = D (x — m)dx = Sy
(V) [T o™@e™®x — kdx = A", where ™ (x) =
d"p/dx™, ™ (x) = d™p/dx". For our model we use only
m=0,n=1.

The algorithm for the calculation of A;"" can be found in [23,43],
and is not reproduced here.

4.5. Boundary conditions

Let z(x, t) be defined on [X1, X3] x (0, co) and assume that it
belongs to L2[X;, X,] for any t. We assume that z(x, t) = 0 when x
is outside of the interval [X;, X,] such that z(-, t) € L*(R). For the
partial differential equation (41), we define the wavelet expansion
for the projection z;(x, t) as

z(x,t) = sz,k(f) SR =272 sz,k(t)tﬂ (@Px—k)  (46)
k k

where k goes fromk; =2 — L+ 2X  toky =2'X, — 1.

Notice that the support of the expansion (46), z(-,t), is
(X7, X;]1 = [2—101)/2 +Xi, (L—2)/2 + X] while the support
of z(-, t) is given by [X;, X;]. Moreover z (x, t) and 0z (x, t)/0x are
equal to zero on the boundaries of the extended interval, since

71X, ) =71,0(0) =0,  Z(X5, t) =7, 0(L—1) =0, (47)
d , A
—z(X},t) =74, —(0) =0,
ax ax

) dp (48)
—z1(Xo,t) =2z 4y — (L — 1) =0.
o (X5, £) = Zj ky ax( )

In order to use the Galerkin method directly, namely when the

selected basis satisfies the boundary conditions, we reset the
analytical boundaries X1, X, to the boundaries X; = Q-L/2+X;
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andXj = (L—2)/2’ +X, and impose Dirichlet boundary conditions
(47), Neumann boundary conditions (48), or other linear boundary
conditions such as for example a Robin boundary condition [46].

We approximate the solutions of the partial differential
equation (41), z(x, t), on the interval [X;, X,] with these boundary
conditions by z;(x, t) on the interval [X], X;] noticing that as | —
+00, |X, — Xs| = 0(27)) forn=1,2and z; — z.

We consider the Eq. (21) on the symmetric interval, i.e., —X; =
X, = X, with homogeneous boundary conditions

v (=X, t) = v(X, t) = b, (49)
and the initial condition
vy(§,0) = vo(§). (50)

4.6. Piecewise linear firing rate function case

By change of the variable z(§, 7) = v;(§, T) — b we get

B B2  (B—2b+1-0p
0.2 = ZBEer 3 z+ > s (51)
with
z(£X,7) =0,  z(§,0) =vo(§) — b,

from the Eq. (32). This formulation allows us to apply the result
from Section 4.5.

Substituting (46) into (51) and then applying the Galerkin
discretization scheme, we get the system of ordinary differential
equations for the coefficients

dZ]k ;3—2
alkdr 72,(:( 2

+(f}—2)b+1—9ﬂd

B
ak + Eclk Zjk

s 52
5 I (52)
foralll = ky, k; + 1, ..., ky, where
d’ gy

ag = (@1, i) = Su, ik = <<ﬁﬂ, d‘f; > =29A22,
di = (gp, 1) =272

We write (52) in matrix form
dz (B B-2 (B-2b+1-08
—==A I d, 53
= < bav s ) 2+ . (53)

where z(7) = (z;)(7) is the N x 1 vector function of the Galerkin
expansion coefficients, A = (ci) is N x N matrix and d = (d)) is
the N x 1 vector with N = 2/(X, — X;) + (L — 2). We solve (53)
using the MatLab© solver ode23TB, obtain z; as (45), and finally get
the approximative solution vj.

4.6.1. Stationary periodic solution

First, we consider stationary solution of (32) with zero
Dirichlet boundary conditions and 8 > 2. When applying the
wavelet-Galerkin scheme we get the system of algebraic equations

B B—2 1-68

—A+——I)z d=0.

(2 T T

The exact stationary solution of (32) on the symmetric interval
[—X, X]is

0—1/p
(1—2/B) cos (T—2/BX)

X €0S (Jl—Z//SE)-&-%- (54)

v = -

In Fig. 9(a) we have plotted the exact solution and the
approximation obtained by the wavelet-Galerkin approach for the
approximation level ] = 4, and parameters X = 10, 8 = 3, and
6 = 0.5. For the approximation level ] = 6 and above one hardly
observes any difference between the analytical predictions and the
outcome of the numerical runs. The error of the approximation
evaluated in L,[—X, X], i.e.,

X 2
&= / (yy —v) dx.
-X

In Fig. 9(b) we show log, ¢ as a function of the approximation level
J. The error points are marked with squares in this figure. These
points apparently seem to lie on a straight line. However, we do
not do any further analysis of the error estimates in this paper.

4.6.2. The time evolution of a ‘saw tooth’
We consider the solutions of Eq. (32) with boundary conditions

v(=X, t) = v(X, t) = vconst,

where veonst = (08 — 1)/ (B — 2) is a homogeneous solution of the
equation (see Section 3.1.2). The initial condition is given as

v(&,0) = veonst + 5 (£),
where ¢ is

0, ifE] > h

SO=1-Ler+a e <n

(55)

We refer to the profile (55) as a ‘saw tooth’ profile. We take A =
0.01 and h = X /2 for all the examples we are studying here.

We have made simulations for a set of parameters (8, ) € D,
and (B,0) € D,, see Fig. 6, with small Aand h < X. We have
found that the results reflect the conclusions of Section 3.1.2, i.e., if
we interpret the initial condition as a perturbation of the constant
solution veonst We see that veon is stable for (8, 8) € Dy, Fig. 10(a),
and unstable for (8, 0) € Dy, Fig. 10(b). Notice, however, that the
analysis in Section 3.1.2 is done for the infinite interval. Therefore,
the accuracy in the representation of the regions D; and D, in
the finite case depends on the length of the interval [X;, X,]. To
avoid additional complications we do not reproduce the analysis
for the correction for D, and D, here. However, we have taken it
into account for test examples.

In the unstable case, see Fig. 10(b), the following features are
apparent in the numerical evolution of the saw tooth profile: First,
the region of the pulse around & = 0 (the core) grows with time.
Secondly, a broadening of the pulse takes place.

Notice, that an unstable solution with this choice of firing rate
function exceeds boundaries of proper solutions.

4.6.3. The time evolution of the bump

The bump (11) in the firing rate variable is given as v, =
S(B(up — 0)). Since the bump, uy, is spatially symmetric and there
is a one-to-one correspondence between u and v for the oblique
part of the firing rate function, the representation v, must also be
spatially symmetric. Moreover, we have

lim Ub(X) = Vp. (56)
Xx—t00
This naturally imposes the Dirichlet condition for the problem
(32) with the bump initial condition, i.e.,
v(§,0) = vy(§), v(£X, 7) = vo.

The limit (56) is the lower bound in the definition of proper
solutions. We assume that w is positive. Thus, we have 0 < W (x) <
1/2 (by the normalization condition) so that vy < v,(§) < v;.
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Fig. 9. (a) The exact solution (red line) and the approximation (blue line) of the stationary periodic solution of (32) with 8 = 3,6 = 0.5, and [—X, X] = [—10, 10]. The
approximation level is ] = 4. (b) log, ¢ for different J. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

04

We demand —1 < B(up(§) — 0) < 1for all € to stay in oblique
part of the firing rate function. Under the positivity assumption
for w we get 0 < up(§) < 2W(a). Therefore, B is required to
satisfy B < 2/W(a), and 0 is required to satisfy 6 < 1/8 and
16 —2W(a)| < 1/

The Heaviside limit of the firing rate function can be considered
as an approximation of very steep firing rate functions. In
accordance with previous results we expect that the profile v, is
unstable for larger S.

In Fig. 11(a) we have plotted v,(§) = 0.5(8(up(§) — 6) + 1)
with the Gaussian connectivity function, (8),c = 1,6 = 0.01, and
B = 50. In Fig. 11(b) the time evolution of v, when & € [—10, 10]
is shown. The outcome of the numerical runs for the bump clearly
demonstrates the same typical features as seen for the saw tooth
profile in the high steepness regime: The core of the amplitude
grows with time and at the same time a broadening takes place.

We notice that the growth of the core and the broadening of
the profile for both the saw tooth and the bump in the unstable
regime are to be expected since the evolution equation is given
as (32). The Eq. (32) is a diffusion equation extended with a term
(B — 2)v/2, which produces the growth of the core of the solution
when 8 > 2. The broadening of the pulse is caused by the
diffusion.

4.7. Piecewise nonlinear firing rate function case

The Eq. (36) with (49) and (50) transforms to

(1+2b+22)0,z = Bofz—22+ 2f +B— 1z

+(1-B0+(B—1b—b%), (57)

0.409
0.408
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0.408
0.405
0.404
0.403
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0.401

b

Fig. 10. The time evolution of the saw tooth profile (55) with (a) 8 = 0.5, 0 = 0.8, veonst = 0.4, (b) B = 50, 6 = 0.3, veonst = 0.2917.

z(£X,7) =0,  z(§,0) = vo(§) — b,

by change of the variable z(§, 7) = v;(§, 7) — b.

Applying the wavelet-Galerkin scheme and using the proper-
ties and formalism worked out in Section 4.4, we get the system of
ordinary differential equations

(58)

dz,
(1+2b+ 21+‘zﬂ)d—;’ =228 APz
k

—2Zi+27@b+ B — Dz + (1- O+ (B — Db —b?),
l=ky, ki +1,... ky.

In analogy with Section 4.6 we consider the problem (57)-(58)
with the saw tooth and the bump as the initial conditions.

4.7.1. The time evolution of the saw tooth and the bump profile

We impose a small perturbation of the ‘saw tooth’ type to the
constant solution, v or v i.e,,
v(=X,t) = v(X, t) = v®

where v~ and v are the homogeneous solutions of the Eq. (36)
(see Section 3.1.2), and

V(€. 0) = v + ¢(§), (59)
or
v(E,0) = v + (), (60)

respectively, where ¢ is defined as (55).
In Fig. 12(a) we have plotted the evolution of v(£, 0) given
by (60), with v* = 0.5639 for (8,6) = (0.5,0.8), which
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Fig. 11. (a) The bump v, (&) = 0.5(B(up(§) — 0) + 1) with the Gaussian connectivity function, (8),c = 1,6 = 0.01, 8 = 50. (b) The time evolution of vy ().

corresponds to the region D, in Fig. 8(b). In Fig. 12(b) the evolution
of v(&, 0) given by (59) with v~ = 0.2874 for (8, #) = (50, 0.3)
corresponding to the region D, in Fig. 8(b) is shown. In the
former case the pulse dies out, while in the latter case the
profile apparently develops into a saturated state. The maximum
amplitude approaches the constant level v* in this case.

For the case (8,60) € D,, we have v™¥) > vy according
to the analysis in Section 3.1.3, therefore, the pulse exceeds the
upper bound of the proper solution after some time. However, for
(B,6) € D, vV is a proper solution and the pulse remains within
the bounds.

We proceed in the same way as in Section 4.6.2. In Fig. 13(a)
we have plotted vy(§) = —1/2 + /Bup(§) —0) +5/4 with
the Gaussian connectivity function, (8), and the same set of
parameters,c = 1,0 = 0.01, and 8 = 50. In Fig. 13(b) the time
evolution of v, when & € [—10, 10] is shown.

Again the evolution is characterized by a development into a
saturated state.

Hence, the presence of nonlinearity in the oblique part of the
firing rate function adds interesting features to the dynamics,
namely the evolution to a saturated level where the maximum
amplitude is given by v+,

5. Concluding remarks and directions of further study

In the present paper we have derived a nonlinear diffusion
equation from a one-population nonlocal neural field model of the
Wilson-Cowan type by assuming that the typical spatial scale of
variation of v = P(u—0) is much larger than the synaptic footprint.
The diffusion equation is termed the weakly nonlocal limit. We
have tested the wavelet-Galerkin method on the weakly nonlocal
limit. Our findings can be summarized as follows:

A homogeneous background is linearly unstable provided the
slope of the firing rate function evaluated at the homogeneous
state exceeds a certain threshold value. The instability structure
consists of a finite gain band where the fastest growing mode is
in the long wavelength limit.

The weakly nonlocal limit can be transformed to the Ginzburg-
Landau-Khalatnikov type of equation in the firing rate variable
where stationary states can be analyzed by means of a
pseudo-potential formulation. Moreover we have shown that
stationary, periodic solutions of this model satisfying the
uniform bound 0 < u(x, t) < 1 correspond to a finite range of
pseudo energy constants E. Finally, we show that the stability
of constant solutions of this model can be inferred from the
properties of the extreme points of the pseudo-potential.

It is possible to construct wavelet-Galerkin expansion and
discretization scheme for the model equation with Daubechies
scaling functions as the basis functions. This choice of the basis
seems to be quite good due to the localized character of the
expected solutions.

The usage of wavelet-Galerkin expansion allows us to confirm
results on stationary solutions of the actual neural field model
and their linear stability properties, and to detail the evolution
of disturbances numerically. In particular, we notice that when
the firing rate function is modeled by a piece wise linear
function a localized initial profile such as the bump and the saw
tooth develops into a state characterized by a growth of the core
and a broadening of the pulse in the unstable regime. In the
case of a nonlinear firing rate function the bump and saw tooth
develops into a saturated state in the unstable regime.

The weakly nonlocal limit can indeed be studied by using other
numerical methods. However, we believe that it is important to
test the wavelet-Galerkin method on simple neural model such
as the weakly nonlocal model before studying more complicated
neural field models by means of the same numerical approach. We
expect that the wavelet-based spatial analysis of large scale 1D
and 2D structures in neural field models will be an efficient tool
in extracting information which is unavailable by other methods
such as distribution of scales, localization of defects of the patterns
and more smooth spectrum of scales than spectral methods can
give. This is one of the main motivation for the present work.

Future work consists of applying the developed method to
the numerical study of one- and two-population models of the
Wilson-Cowan type. In addition, one should compare the outcome
of the wavelet-Galerkin method with the outcome of other
numerical schemes.

Acknowledgements

This research work was supported by Norwegian University
of Life Sciences. The work was carried out in August 2008 and
in May 2009, when I. Wertgeim was a visiting researcher at the
Department of Mathematical Sciences and Technology, Norwegian
University of Life Sciences. The authors would like to thank S.
Coombes (University of Nottingham), A. Ponossov and G. Einevoll
(Norwegian University of Life Sciences), N. Svanstedt (University of
Gothenburg), V. Kostrykin (Johannes Gutenberg-University Mainz)
and V.G. Zakharov (Institute of Continuous Media Mechanics,
Ural Branch, Russian Academy of Sciences) for many fruitful and
stimulating discussions during the preparation of this paper. The
authors would also like to thank the reviewer for constructive
remarks. The research work has also been supported by The



A. Oleynik et al. / Physica D 239 (2010) 1766-1780

0573
0572
0571
057

0889
0568
0567
0566
0.565
0564

1779

10

03

b

Fig. 12. (a) The time evolution of the saw tooth profile given by (60) with v*) = 0.5639 for (8, 8) = (0.5, 0.8). (b) The time evolution of the saw tooth profile given by

(59) with v~ = 0.2874 for (8, 8) = (50, 0.3).

06

0.55

(06 e ovreems s e e

045

04r-

00

0.02 0.03 0.04

T

b

Fig. 13. (a) The bump vy (§) = —1/2 + /B (up(§) — 0) + 5/4 with the Gaussian connectivity function, (8), 0 = 1,6 = 0.01, and g = 50. (b) The time evolution of v, (&).

Research Council of Norway under grant No. 178892 (eNEURO-
multilevel modelling and simulation of the nervous system) and
grant No. 178901 (Bridging the gap: disclosure, understanding and
exploitation of the genotype-phenotype map).

References

[1] P. Dayan, L.F. Abbott, Theoretical Neuroscience, MIT Press, Cambridge, MA,

2001.

[2] J. Wyller, P. Blomquist, G.T. Einevoll, On the origin and properties of two-
population neural field models-a tutorial introduction, Biophys. Rev. Lett. 2
(2007) 79-98.

[3] B.Ermentrout, Neural networks as spatio-temporal pattern-forming systems,
Rep. Progr. Phys. 61 (1998) 353-430.

[4] H.R. Wilson, ].D. Cowan, A mathematical theory of the functional dynamics of
cortical and thalamic nervous tissue, Kybernetik 13 (1973) 55-80.

[5] S. Amari, Dynamics of pattern formation in lateral-inhibition type neural
fields, Biol. Cybernet. 27 (1977) 77-87.

[6] S. Coombes, Waves, bumps, and patterns in neural field theories, Biol.
Cybernet. 93 (2005) 91-108.

[7] DJ.Pinto, G.B. Ermentrout, Spatially structured activity in synaptically coupled
neuronal networks: I. Traveling fronts and pulses, SIAM ]. Appl. Math. 62
(2001) 206-225.

[8] DJ.Pinto, G.B. Ermentrout, Spatially structured activity in synaptically coupled
neuronal networks: II. Lateral inhibition and standing pulses, SIAM ]. Appl.
Math. 62 (2001) 226-243.

[9] P. Blomquist, J. Wyller, G.T. Einevoll, Localized activity patterns in two-
population neuronal network, Physica D 206 (2005) 180-212.

[10] J. Wyller, P. Blomquist, G.T. Einevoll, Turing instability and pattern formation
in a two-population neuronal network model, Physica D 225 (2007) 75-93.

[11] Z.P.Kilpatrick, S.E. Folias, P.C. Bressloff, Traveling pulses and wave propagation
failure in inhomogeneous neural media, SIAM ]. Appl. Dyn. Syst. 7 (2008)
161-185.

[12] S.Coombes, M.R. Owen, Bumps, breathers, and waves in a neural network with
spike frequency adaptation, Phys. Rev. Lett. (2005) 148102.

[13] A. Hutt, M. Bestehorn, T. Wennekers, Pattern formation in intracortical
neuronal fields, Network 14 (2003) 351-368.

[14] A. Hutt, F.M. Atay, Analysis of nonlocal neural fields for both general and
gamma-distributed connectivities, Physica D 203 (2005) 30-54.

[15] F.M. Atay, A. Hutt, Stability and bifurcations in neural fields with finite
propagation speed and general connectivity, SIAM ]. Appl. Math. 65 (2005)
644-666.

[16] N.A.Venkov, S. Coombes, P.C. Matthews, Dynamic instabilities in scalar neural
field equations with space-dependent delays, Physica D 232 (2007) 1-15.

[17] M.R. Owen, C.R. Laing, S. Coombes, Bumps and rings in a two-dimensional
neural field: splitting and rotational instabilities, New J. Phys. 9 (2007) 378.

[18] B. Ermentrout, Simulating, Analyzing, and Animating Dynamical Systems: A
Guide to XPPAUT to Researchers and Students, SIAM, Philadelphia, PA, 2002.

[19] O.V. Vasilyev, D.A. Yuen, S. Paolucci, The solution of PDEs using wavelets,
Comput. Phys. 11 (5) (1997) 429-435.

[20] J.C. van den Berg (Ed.), Wavelets in Physics, Cambridge University Press,
Cambridge, 1999, p. 453.

[21] R. Vaillancourt, V.G. Zakharov, Biorthogonal wavelet bases for solving time-
dependent PDEs, in: Scientific Proceedings of Riga Technical University 29,
Boundary Field Problems and Computer Simulation 48th issue, 2006, pp.
25-52.

[22] E.B.Lin, X. Zhou, Connection coefficients on an interval and wavelet solutions
of Burgers equation, ]. Comput. Appl. Math. 135 (2001) 63-78.

[23] M.-Q. Chen, C. Hwang, Y.-P. Shih, The computation of wavelet-Galerkin
approximation on a bounded interval, Internat. . Numer. Methods Engrg. 39
(17) (1998) 2921-2944.

[24] H. Haken, Synergetics. An Introduction, Springer Verlag, Berlin, Heidelberg,
New York, 1978.

[25] L.D. Landau, E.M. Lifshitz, in: E.M. Lifshitz, L.P. Pitaevskii (Eds.), Course of
Theoretical Physics, in: Physical Kinetics, vol. 10, Pergamon Press, New York,
1981, p. 452.

[26] K. Kishimoto, S. Amari, Existence and stability of local excitations in
homogeneous neural fields, ]. Math. Biol. 7 (1979) 303-318.

[27] J.M. Cushing, Integrodifferential Equations and Delay Models in Population
Dynamics, in: Lecture Notes in Biomathematics, Springer, New York, NY, 1977.

[28] AJ. Elvin, CR. Laing, M.G. Roberts, Transient Turing patterns in a neural field
model, Phys. Rev. E 79 (2009) 011911.

[29] R. Potthast, P.B. Graben, Existence and properties of solutions for the neural
field equations, Math. Methods Appl. Sci. (2009).

[30] W. Krélikowski, O. Bang, N.L. Nikolov, D. Neshev, J. Wyller, ].J. Rasmussen, D.
Edmundsson, J. Opt. B 6 (2004) 288-294.

[31] W.Z Krélikowski, O. Bang, Phys. Rev. E 63 (2001) 016610.

[32] J.D. Murray, Mathematical Biology, Springer Verlag, 1993.



1780 A. Oleynik et al. / Physica D 239 (2010) 1766-1780

[33] C. Laing, W. Troy, B. Gutkin, B. Ermentrout, Multiple bumps in a neuronal
model of working memory, SIAM J. Appl. Math. 63 (1) (2002) 62-97.

[34] AJ.Elvin, C.R. Laing, R.I. McLachlan, M.G. Roberts, Exploiting the Hamiltonian
structure of a neural field model, Physica D 239 (2010) 537-546.

[35] D.Lu,T.Ohyoshi, L. Zhu, Threatment of boundary conditions in the applycation
of wavelet-Galerkin method to a SH wave problem.

[36] C.AJ. Fletcher, Computational Galerkin Methods, Springer Verlag, Berlin,
Heidelberg, New York, Tokyo, 1984.

[37] A. Avudainayagam, C. Vani, Wavelet-Galerkin solutions of quasilinear
hyperbolic conservation equations, Comm. Numer. Methods Engrg. 15 (8)
(1999) 589-601.

[38] LI Wertgeim, V.G. Zakharov, Numerical methods and parallel algorithms for
study of Burgers’ turbulence, in: B. Chetverushkin (Ed.), Parallel Computational
Fluid Dynamics, in: Advanced Numerical Methods Software and Applications,
2004, pp. 227-234.

[39] B. Alpert, G. Beylkin, R. Coifman, V. Rokhlin, Wavelet-like bases for the fast
solution of second-kind integral equations, SIAM ]. Sci. Comput. 14 (1993)
159-184.

[40] A.Avudainayagam, C.Vani, Wavelet-Galerkin method for integro-differential
equations, Appl. Numer. Math. 32 (2000) 247-254.

[41] 1. Daubechies, Orthinormal bases of compactly supported wavelets, Comm.
Pure Appl. Math. 41 (1988) 909-996.

[42] K. Amaratunga, J.R. Williams, S. Qian, ]. Weiss, Wavelet-Galerkin solutions for
one-dimensional partial differential equations, Internat. J. Numer. Methods
Engrg. 27 (1994) 2703-2716.

[43] A. Latto, H.L. Resnikoff, E. Tenennbaum, The evaluation of connectivity
coefficients of compactly supported wavelets, in: Y. Maday (Ed.), Proc. French-
USA Workshop on Wavelets and Turbulence, Princeton Univercity, June 1991,
Springer, New York, 1994.

[44] G.Beylkin, On the representation of operators in bass of compactly supported
wavelets, SIAM J. Numer. Anal. 6 (1922) 1716-1740.

[45] ]. Bergh, F. Ekstedt, M. Lindeberg, Wavelets, Studentlitteratur, Lund, Sweden,
1990.

[46] A. Tveito, R. Winther, Introduction to Partial Differential Equations: A
Computational Approach, in: Text in Applied Mathematics, vol. 29, Springer-
Verlag, New York, 1998.



50



51

Paper 111



52



Nonlinear Analysis: Real World Applications 12 (2011) 3073-3094

Contents lists available at SciVerse ScienceDirect Nonlinear
Analysis

Nonlinear Analysis: Real World Applications

journal homepage: www.elsevier.com/locate/nonrwa s

Stability of bumps in a two-population neural-field model with
quasi-power temporal kernels

Anna Oleynik ®*, John Wyllera-b, Tom Tetzlaff?, Gaute T. Einevoll ?

2 Department of Mathematical Sciences and Technology and Center for Integrative Genetics, Norwegian University of Life Sciences, N-1432 As, Norway
b School of Mathematical Sciences, University of Nottingham, NG7 2RD, UK

ARTICLE INFO ABSTRACT

Article history: Neural-field models describing the spatio-temporal dynamics of the average neural activity

Received 3 February 2011 are frequently formulated in terms of partial differential equations, Volterra equations

Accepted 8 May 2011 or integro-differential equations. We develop a stability analysis for spatially symmetric
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one block corresponds to the symmetric part of the perturbations while the other block
takes care of the antisymmetric part of these perturbations including the translational
invariance of the bumps. For the class of quasi-power temporal kernels ~ tXexp(—t)
we show that the system of governing equations can be converted to a system of rate
equations. We prove that for this class of temporal kernels the stability analysis based on
the Evans function approach is equivalent to the phase-space reduction technique termed
the generalized Amari approach. We illuminate these results by carrying out numerical
simulations based on a fourth-order Runge-Kutta numerical scheme in time for the special
mixed case modeled by «-functions in the excitatory equation and exponentially decaying
functions in the inhibitory equation. Excellent agreement between analytical predictions
from the stability analysis and numerical simulations is obtained. The generic picture
consists of an unstable narrow bump pair and a broad bump pair. The broad bump pair
is stable for small and moderate values of the relative inhibition time t, is converted to a
stable breather at a critical time constant, 7 = . (Which is identified as a Hopf-bifurcation
point), and becomes unstable as T exceeds 7.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The macroscopic dynamics of neuronal tissue is often studied by means of population or firing-rate models. Rather than
describing the activity of each individual neuron, they focus on the average activity, the firing rate, of populations of cells. The
main purpose of such models is to reduce the dimensionality and complexity of the microscopic neural-network dynamics
to obtain tools which allow mathematical treatment, efficient simulation and intuitive understanding. Since the seminal
studies of [1,2], a number of population models have emerged in the literature. In the main, they have to be considered
purely phenomenological descriptions. However, under simplifying assumptions, they can be derived or extracted from the
single-neuron dynamics (see e.g. [3] and the references therein).

Neural population-rate models describe the temporal evolution of the firing rate r,,, of a neuron population m. Neural-field
models constitute a special class of population-rate models: here, the neuronal tissue is treated as a continuous structure.
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(G.T. Einevoll).
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Each point x in space represents a subpopulation m(x) of neurons. The spatial coupling between subpopulations m(x), n(x")
is described by a connectivity kernel wp, (x, x') which is typically assumed to be distance dependent and homogeneous, i.e.
wmn (X, X') = wm(|x — X'|). Notice that neural-field models where the connectivity kernels are not spatially translational
invariant have been studied in a series of papers (see for example [4-9]). The time dependence of the interaction is frequently
modeled by a temporal kernel ay,, (). Given these ingredients, the dynamics of firing rates r, (x, t) of a system & of N = | V|
populations is often described in terms of a Volterra equation system of type

Un(x, t) = Z(amn * Wmp ® Tn) (X, 1)
(X, t) = I”T(ﬁn(x, t)—6,) (¥Yne N).

Here, u,(x, t) denotes an (auxiliary) variable representing the activity of population n, P,(-) the (typically sigmoidal) firing-
rate function and 6, the firing threshold. The index m represents the presynaptic (sender) and n the postsynaptic (target)
population. The operators “x” and “®" denote the temporal and spatial convolution integrals, respectively (see Section 2 for
details).

The temporal kernel o, (t) denotes the impulse response (Green’s function) of the target population n given a delta-
shaped input from population m.!Several experimental [10-14] and theoretical studies [2,3,15-24] have shown that
populations of (unconnected) neurons typically exhibit low-pass characteristics (at least if one takes into account that
incoming spikes are low-pass filtered by the synapses): while the neuron ensembles can reliably track low-frequency
fluctuations in the input, high-frequency components are damped. Most previous studies on neural-field models have taken
this into account by considering exponential temporal kernels o, (t) = exp(—t/t,)/t, with time constants t,, i.e. first-
order low-pass filters. In this case, the Volterra system (1) can be transformed to a system of integro-differential equations
(rate equations)

(1)

0
T Un(6 £) = —Un (6, 0) + n;v(wmn ® rm) (X, )
(X, t) = Py(up(x, t) — 6,) (Vne N).

Compared to the Volterra form (1), neural-field models in rate-equation form (2) are more amenable to mathematical and
numerical analysis due to the fact that the latter category of equations is local in time, while the former is global in time.
This is one reason that neural-field models in rate-equation form (2) have been more popular in theoretical neuroscience
(e.g. [1,25,26]). The exact shape of the temporal kernel «,,(t) is determined by a variety of factors, for example, by the
dynamical properties of the postsynaptic neurons (see e.g.[20,21]), by the activity of the presynaptic neurons (e.g. excitation
vs. inhibition; additive vs. multiplicative noise; see [11,14,17,22,24]), and by the properties of the synapses. Experiments
have shown that the transfer of somatic input currents (currents which are directly injected into the cell body; the effect of
synaptic filtering is thus neglected) to the response firing rate of a neuron population exhibits signs of higher-order low-pass
or band-pass characteristics [ 12]. Furthermore, postsynaptic currents (the response of somatic input currents to presynaptic
firing) are often much better described by second-order (alpha function kernels) or higher-order low-pass filters rather than
by simple exponentials [27]. Therefore, the restriction to exponential temporal kernels in neural-field models can hardly be
justified.

In this article, we exploit that neural-field models in Volterra form (1) can be transformed to a system of integro-
differential equations similar to (2) not only for simple exponentials, but for the whole class of quasi-polynomial temporal
kernels [28]

(2)

K
A (t) = Z Cmnk tk exp(—t/Tmnk)
k=0
with constants cypk, Tmnk € R and K € N[29]. Neural-field models with general temporal kernels have been studied before
(see Coombes [30] and the references therein). All these studies are, however, restricted to one-population models. Here, we
extend this work by studying the dynamics of a two-population neural-field model (N = 2; m, n € {e, i}) for the sub-class
of ‘quasi-power’ temporal kernels (higher-order low-pass filters):

thn
exp(—t) n=e
Amp(t) = (kn)gkn (kn € N). (3)
Wexp(—t/t) n=i

For convenience, time is measured here in units of the excitatory time constant (which is therefore set to 1).
Key topics in the study of neural-field models are the generation and/or stability of coherent activity structures,
such as stationary bumps (pulses) [25,26,30-41] and stationary periodic patterns [42-47], spatio-temporal oscillatory

1 Note that o, (t) corresponds to the impulse response of an isolated population n rather than to the impulse response of the entire network. In other
words, it is the response of population n to a firing-rate fluctuation of population m in the absence of any feedback connections, i.e. for wy,(x,y) = 0Vx,y €
Rand Vp, q # n.
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patterns [37,43,48-51], or traveling waves, pulses and fronts [30,35,37,44,49,50,52-56]. Commonly, one (excitatory) [26]
or two (excitatory, inhibitory) [25,57] neuronal populations in a single spatial dimension have been described by a single or
two coupled integro-differential equations of type (2).

In [25], the rate-equation system (2) with N = 2, m, n € {e, i}, i.e, all temporal kernels are modeled by exponentially
decaying functions, was considered. The closed-form expressions for the stationary localized solutions (bumps) were derived
under the assumption that the firing-rate functions P, and P; are Heaviside functions. It was shown that there is always a set
of threshold values 6., 8; for which bumps exist. This set of threshold values is referred to as the admissible set of threshold
values. The generic picture consists of two bump pairs for each pair of admissible threshold values. The stability problem
in [25] was addressed by using two different approaches:

The first one, which is referred to as the Amari approach, describes the bumps by their pulse width coordinates, the
coordinates of the crossing between the pulses and the threshold values. An autonomous system of ordinary differential
equations, termed the Amari system, for the pulse width coordinates was derived from (2) under the assumption that
imposed perturbation is symmetric. The second approach considered in [25] consists of a direct linearization of the rate-
equation system (2) around the bump state. The growth/decay rate of the perturbation is determined by requiring the
stability matrix to be singular. It was shown that the stability matrix can be block-diagonalized. The growth/decay rates
obtained from the upper block are identical to the eigenvalues of the Jacobian matrix of the Amari system. The lower block
predicts translational invariance. The Amari approach is based on the conjecture that the stability of bumps can be inferred
from the stability of the equilibrium of the Amari system. However, in [25] it was shown that two stability approaches do
not coincide.

The work presented in this article constitutes a generalization of [25] to a new general class of temporal kernels (3). In
Section 2, we introduce the model and the necessary notation, and prove that the solutions of the initial value problem are
uniformly bounded provided the firing-rate functions P, are bounded. Thus, any instability will eventually be saturated.
In the remainder of the paper, we restrict ourselves to firing-rate functions described by Heaviside functions. In Section 3,
we review the existence theory for bumps [25]. Section 4 is devoted to the stability of spatially symmetric bumps within
the framework of (1). The linearization procedure is applied directly to (1) for arbitrary temporal kernels o, (t). We refer
to this approach as the Evans function technique. The growth/decay rate of the perturbation is determined by requiring the
stability matrix to be singular. We refer to the stability matrix as Evans matrix [30], its determinant as the Evans function. We
demonstrate that the Evans matrix of the system can be block-diagonalized. The resulting blocks correspond to symmetric
and antisymmetric perturbations. We emphasize that this result is independent from the choice of the temporal kernels
and does not require the rate-equation representation of (1) as in [25]. For quasi-power kernels (3), the Evans function is
a rational function. Its roots can therefore be localized by means of the Routh-Hurwitz criterion. We derive a sufficient
condition for bumps to be unstable, independently of the orders of the quasi-power kernels. In Section 5, we generalize
the Amari approach to quasi-power temporal kernels, and show that it is, for this case, equivalent to the Evans function
technique described in Section 4. In Section 6, we illustrate our results by means of an example. We consider the specific
case of temporal kernels (3) with k., = 1, k; = 0, i.e., the temporal kernels of the excitatory and inhibitory population are
modeled by an «-function and an exponentially decaying function, respectively. We study the stability of bumps for this case
both analytically (Section 6.1) and numerically (Section 6.2). For the numerical simulations, we make use of the fact that
the system can be described in terms of rate equations. The example of this type of temporal interaction (k. = 1, k; = 0)
was studied in [58] (Model B). However, since spatial effects are not taken into account in the model considered in [58] is a
compartment model and not a neural-field model.

The fact that the stability result from the generalized Amari approach is equivalent with the results of the Evans function
technique for the quasi-power temporal kernels, apparently contradicts the conclusion in [25]. We discuss the cause of
this result in Section 7. We also point out the advantage of the rate-equation representation of (1), and discuss advantages
and disadvantages of the two stability approaches. Section 7 contains also the conclusions and an outlook. The appendices
include details about the boundedness property for the solutions of the two-population form of (1) with temporal kernels (3)
(Appendix A) and the detailed proof of the equivalence of the Evans function technique and the generalized Amari approach
(Appendix B).

2. The model

For the construction of the two-population neural-field model we assume that (i) all neurons receive synaptic inputs
from, in principle, all excitatory and inhibitory neurons in the network, (ii) the synaptic weights depend only on the type of
pre- and postsynaptic neurons and their absolute spatial distance, (iii) the net activity level of each population depends on
a weighted sum over the past firing activity in the presynaptic subpopulations, and (iv) the neuronal firing rates at a certain
time are given by applying particular nonlinear functions to the neuronal activity levels at the same time [59].

The nonlocal model for the excitatory activity level u, and the inhibitory activity level u; in one spatial dimension
reads [30,59]

Ue = Clee * Wee @ Pe(Ule — Be) — i * wie ® Pi(u; — 6;) (4a)
Ui = e * Wei @ Pe(tle — 0) — aii * wii @ Pi(u; — ;) (4b)
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with o, ® P (U — 65,) defined as the spatial convolution integral

[o)

(@Wmn & P (Um — Om)) (%, t) = / Omn (Y — X) Py (U (¥, £) — Op)dy,

and o, * f as the temporal convolution integral

t
(mn *f)(x, 1) = f mn(t = $)f (x, s)ds.
—00
Here and in what follows we have m, n = e, i.
The spatial distribution of synaptic connection strength in the network is described by means of the connectivity functions
Wmn, Which are assumed to be real-valued, bounded, symmetric, normalized and parameterized by means of synaptic
footprints oy, i.e.,

Wmn(X) = o-rn;,]djmn(smn)’ Emn = X/Gmn- (5)

Here @, are scaling functions.

The impact of past neural firing on the present activity levels in the network is described by the temporal kernels o, (t)
typically parameterized by a single time constant, say t, which is the ratio between the inhibitory and excitatory time
constants. We assume that o, are normalized i.e.,

/OO o (t)dt = 1. (6)
0

The conversion of activity levels to action-potential firing activities of the neurons is modeled by means of the firing-
rate functions denoted by P, and P;, respectively, for the excitatory and the inhibitory neurons. These functions are smooth,
increasing and parameterized by an inclination parameter ,, > 0. Here, they are chosen to map the set of real numbers
onto the unit interval (so that the true firing rates are obtained by multiplying the output of these functions with appropriate
constants). The firing-rate functions approach the Heaviside function H as 8, — oo.

Finally, the parameters 6,, represent threshold values for firing, which by assumption satisfy 0 < 6,, < 1.

In [25,43,59], system (4) with

ee(t) = (D) =€, atai(t) = ei(t) = %e—%
has been investigated with respect to existence and stability of stationary, spatially localized solutions, the so-called bumps
or standing pulses [25], and pattern formation through Turing type of instability [43]. The starting point of the analysis
performed in [25,43,59] is the Wilson-Cowan type of equations

Olle = —Ue + wee ® Peo(le — 6,) — wie ® Pi(u; — 6y)
U = —Uj + wei ® Pe(Ule — 6p) — wyi ® Pi(u; — ),

which are derived by means of the Linear Chain Trick (LCT)[29].

It is also possible to obtain a system of rate equations from (4) by the LCT when the temporal kernels are given by quasi-
power functions (3). In this case, we get a system of (k. + k; + 2) coupled equations with (k. + k;) auxiliary variables. Then
the initial value problem can be written in a compact vector form as

U =LU+FU, Uepo="0" (7)
Here U is the vector solution containing the activity levels u,, and the auxiliary variables vf,,"), k=1,...,kn,m=e,ias
components, i.e.,

U= (e v, ..o 0% u, 0@, %)

Moreover, L is a linear operator represented by means of the matrix L which has a Jordan block form,

-1 1

Je O )
L:(O,- iji>, Jn= , m=e,i. (8)

Here the block ], isa (ky, + 1) X (kp, 4+ 1) matrix form = e, i; Oc is a (ke + 1) x (kj+ 1) zero matrix, and O;is a (k;+1) x (ke +1)
zero matrix.
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Finally, F is a nonlocal nonlinear operator such that
0

0
FU = Wee @ Pe(Ue — 0,) — wie ® Pi(u; — 6;)
= 0 ,

0
@ei @ Pe(Ue — 6,) — wii ® Pi(u; — 6;)
where non-zero elements of (2) are located in (k, + 1)th and (k; + 1)th rows. The initial condition vector, U°, is a continuous
and bounded vector function.

One can prove that the initial value problem (7) is locally well posed in the space of bounded continuous functions in a
way analogous to Potthast et al. [60] for one-population models and Faye et al. [61] for multipopulation models with axonal
and dendritic delay effects incorporated.

Next, let us consider the boundedness of the solutions. The initial value problem (7) is equivalent to the fixed point
problem, [62]

t
U(x, t) = R(HHU°(x) + / R(t — s)(FU)(x, s)ds, R(t) = e'. (9)
0

Notice that the spectrum of the operator L consists of two negative eigenvalues, —1 and —1/t, with the multiplicity k. + 1
and k; + 1, respectively. Moreover, |[F(U)| < 1, since the range of Py, is [0, 1] and wy,, is normalized. Therefore, the solutions
of (9) are uniformly bounded and the following estimate is valid for all components of U (for details, see Appendix A)

Uj(x, )] < 1U°|oo + max{ke, kit}, j=1,...,N, N =k +ki+2. (10)

The norm here is defined for a vector function V(x) = (V;(x), ..., Vy(x))T € (C,(R))N, where C,(R) is the space of bounded
continuous functions on R, as

1Vlloo = max(sup [Vi(X)))- (11)

Thus, if any instability occurs it has to be saturated. The boundedness result for the Wilson-Cowan models studied in this
paper is analogous to the one obtained in [25,60].
From now we assume that the firing-rate functions Py, are approximated with the Heaviside function H.

3. Existence and uniqueness of bumps

For the sake of completeness, we summarize the results in [25] regarding the existence and uniqueness of pairs of
excitatory and inhibitory bumps.

When approximating the firing-rate functions P,, with Heaviside functions H, one obtains closed-form expressions for
excitatory, U, and inhibitory, U;, bumps, that is

Ue(%) = Wee(a — x) + Wee(a + X) — Wie(b — X) — Wie(b + x), (12a)
Ui(x) = Wei(a — x) + Wei(a + x) — Wii(b — x) — W(b + %), (12b)
where
X X/omn
Wi (%) = f U-’mn(.y)dy = / ¢mn(y)dy~ (13)
0 0

The coordinates a, b satisfy the equations

fe(a,b) =6,  fi(a,b) =6 (14)
with f, and f; given as

fe(aw b) = Wee(za) - Wie(b - a) - Vvie(a + b)

fi(a, b) = Wei(a + b) + Wei(a — b) — W;(2b).
In the process of deriving (12), (14), it is assumed that we have a single bump structure of the stationary solutions. The
parameters a, b, which are unique solutions of U.(4+a) = 6, and U;(£b) = 6;, measure the pulse widths of U.(x) and U;(x).

It turns out that a typical situation consists of two pairs of pulses (U, (x), U;(x)) for each set of threshold values (6., 6;), one
broad and one narrow pulse pair. This result has also been found for one-population models [26] and simpler two-population

(15)
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Fig. 1. A numerical example of (a) a broad excitatory (left) and inhibitory (right) pulse pair; and (b) a narrow excitatory (left) and inhibitory (right) pulse
pair. The connectivity functions are Gaussian (5), (16) with synaptic footprints given by (17). The horizontal lines notify the corresponding threshold values
given by (18).

models [32]. In addition, one finds that an excitatory pulse may exist without an accompanying inhibitory pulse but the inhibitory
cannot exist alone [25]. From now on we refer to any solution of (14) as (ag, bo).

In Fig. 1, we display graphically the bumps when the connectivity functions are modeled by means of Gaussian
functions, [25]

() = % exp(—62,) (16)
with synaptic footprints

0ee = 0.35, 0, = 0.48, oie = 0.60, o = 0.69, (17)
and threshold values are

6. = 0.12, 6; = 0.08. (18)

The widths (ag, bg) for narrow pulse pair are (0.066, 0.045) and for the broad pulse pair are (0.179, 0.183). We will use this
example in Section 6.2.

4. Stability of bumps for the two-population model: Evans function technique

In order to investigate the stability of the bumps, the Evans function technique is applicable (see for example [30]). We
proceed in the standard way by assuming solutions of (4) on the form
Ue(X, £) = Ue (%) + lle(x)€™,
ui(x, t) = Ui(x) + ti(x)e’,
where A denotes the growth/decay rate and linearize the resulting equations about the bump state. We end up with the
system of equations for the spatial part of the perturbations, i, i;,
ﬁe(x) = &ee()\)gee(x) - &ie()‘)gie(x)s

i11(0) = et () 2ei(X) — @3 (1) 24 (x). (19)
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Here &, denotes the Laplace transform of o,
o0
amn \) = / ®mn (t)eihdt
0
provided the integral exists. Here the functions £2,,, are defined as £2,,;;, = @mn ® H'((Uyy, — 61)ty;) where H' = § and § is

the Dirac function.
The convolution integral £2,,, is according to [25] given as

1
Qen(x) = /7(wen (X + ap)tie(—ap) + wen (X — ao)tie(ao)), (20a)
|U;(ao)|
1
Qin(x) = m(wm(x + bo)iii(—bo) + win(x — bo)ti(bo)). (20b)

Let

X = (fle(ao), fie(—ao), ti(—bo), &i(ho))"-
The relations (19)-(20) imply

.(x) =l;(x) =0 & X =0.

We consider non-trivial disturbances and, thus, X # 0. Plugging x = =ay into the first equation of (19) and x = =£by into
the second we can write the result in the matrix form JgX = 0 where

Qoe(X)wee(0) -1 Qe (M) wee(2a9) _&ie()\)wie(ao — bo) _&ie()\)wie(ao + bo)
RLACH LACH) __|U{(bo)] __U{(bo)|

Qee (M) wee (200) Oee(M)@ee (0) _ Gie(Mwie(do +bo)  die(Mwie(ap — bo)
k=] - |U;(ao)| R LACH] Ui (bo)l Ui (o)

E ei(Mwei(@o — bo)  dei(Mwei(@o +bo)  @i(Mwi(0) ; _ @i(Mw;i(2bo)
RRLACY] _Uao)l U] (bo)| LACH]
Qei(M)wei(ap + bo) i (M) wei (@ — bo) _ @;i(M)wii(Zbo) _ @i(M)w;i(0)

|Uz(ao)| |Uy(ao)| |U; (bo)| |U; (bo)|

We call the matrix J; the Evans matrix in accordance with the terminology used in [30].
The structure of the Evans matrix Jg allows us to introduce the block-diagonalization

1 1
- = 0 0
2 2
: : 1 1
- _ 5 o ~ 0
Je=ppp ', P=|, ;2 2|, j= (J(‘; JD)
2 2 %0
1 1
0 0 - —=
2 2
where J11 and J,; are given as
- A+B - C+D
Qee(X) D -1 —je(A) )
Jll = 5 El+[: 5 G+HZ )
Aei(M) —aii(A) -1
P1 2
- A—B - C—-D
@ee(L) -1 —aie(A)
o= F_F _ G-H
Aei (M) —aii(A) -1
1 D2

Here we have conveniently introduced the following parameters which we will use throughout the paper.

A = wee(0), B = wee(2ap), C = wie(ap — bo), D = wie(ao + bo),

E = wei(@ —bo).  F=wa(do+bp).  G=w0), H=wg2bo), 20
p1 = |UL(ao)| = (A+D) — (B +C), o
P2 = |U/(bo)| = (E + H) — (F + G).

Notice that &, (0) = 1 since o, by assumption (6) are normalized functions. Thus, A = 0 is the zero of det(J,,) = 0. This
result indeed reflects the translation invariance property of the bump solutions.
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The block-diagonalization of the Evans matrix Jg yields the factorization
&(1) = Es(M)&rs(R)

of the Evans function & (1) = det(Jg). Here & (1) = det(J11) and &xs(X) = det(Jaz).

Since X # 0, the eigenvalues A must be the zeros of the Evans function i.e. (1) = det(Jg) = 0. Due to the factorization
of the Evans function (4) the set of eigenvalues consists of the zeros of & (1) and &as(A). Notice that by construction, the
matrix J;; corresponds to the symmetrical part of the perturbations while the matrix J,, reflects the antisymmetry in the
perturbations imposed on the bumps.

Now, introduce the parameters

ofe /
di = = (a0, bo)/|U;(@0)| = (2B+C = D)/p,
ofe ,
d, = %(Gov bo)/1U; (beg)| = —(C + D) /pa,
ofi (23)
d3 = ETL;(GO’ bo)/|U,(ao)| = (E + F)/px,
of; ,
s = 2 @y, b1V} beg)| = ~(H +E — F) /s,
where f, and f; are given as (15).
By letting A = 0 we also get det(J;;) = ys where
Vs = d1d4 - d2d3, (24)

which we require to be not equal to zero to avoid a multiple zero eigenvalue. The role of ys is not clear for the general
choice of temporal kernels. However, we notice that ys is proportional (with the positive constant of proportionality) to the
Jacobian obtained for the Amari system in [25] where the model (4) with exponentially decaying kernels has been studied.
In that paper, it is shown that ys < 0 implies instability of bumps.

Let us consider the case when the temporal kernels are given as (3). The Laplace transforms are computed as

- - 1 ~ ~ 1
Uee(h) = Qie(A) = REER ei(A) = @;i(A) = REE
In this case, the factors &s(A) and Exs(A) in the Evans function can be expressed as a rational function in A:

&) = 1+ 1)~ %A + )~ WD e,
Eas(V) = (1 4+ 1)~V 4 2) "6 R P (A,

where £s(1) is the polynomial of the degree (k. + k; + 2)
Ps(A) = AP (M Qi (M) — dahPy, (1) — d1TAQ, (M) + s, (25)
and P4, is the polynomial of the degree (k. + k; + 1)

- -D
Pas(A) = TAP, (M)Qy, (M) + Py, (A) — ) Q). (26)
1
Here Py, and Qy, are defined by
AP (W) = (14 )% T =1, 1aQ, () = (1 + o)k — 1. (27)

From (25) and (27) it follows that the leading coefficient of the polynomial & is positive. It implies according to the
Routh-Hurwitz criterion (see Appendix in [58]) that ys < 0 is sufficient for having at least one positive zero of £ (1).
Thus, for the model (4) in the framework of the kernels (3) we conclude that y5 < 0 is a sufficient condition for bumps to
be unstable. We notice that ys does not depend on the powers k., k;. Therefore, if s < 0 is detected for some bumps in the
framework of the model with some choice of quasi-power functions (3) then these bumps remain unstable for any other
choices of (3).

The polynomial representation of det(J,;) allows us to calculate the constant coefficient of £, that is,

F C—
(ke +1) —
P2 P1

The leading coefficient of £, is positive. Therefore, we arrive at the following conclusion: the bumps are unstable if at least
one of the values ys or y,s is negative.

D
ki + 1.

YAs =
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5. Stability of bumps for the two-population model with quasi-power temporal kernels: generalized Amari approach

The Amari approach is based on the assumption that the solutions (u.(x, t), u;(x, t)) in a vicinity of the bump solution
(Ue(x), Ui(x)) have a shape which is close to the shape of the bump solutions i.e. we assume that the perturbed solutions
have exactly two intersections with the corresponding thresholds. Thus, there are time-dependent crossing coordinates
ai, ax(a; < ay) of the pulse u, with the threshold 6, and b1, b, (b; < by) with the pulse u; with the threshold 6;, [25]

Uue(a;(t), t) = Oe, ui(bj(t),t) =6;, j=1,2. (28)

In the original work of Amari [26], the dynamical system for the crossing coordinates is obtained in the case of a one-
population neural-field model. The equilibrium of this dynamical system is identified with the stationary bumps. It is
conjectured that the stability of the bumps can be inferred from the stability of this equilibrium.

We exploit this idea and present a phase-space reduction technique termed the generalized Amari approach for the two-
population neural-field model (4) under the assumption that the temporal kernels are modeled as (3). We prove that the
stability problem can be resolved completely by means of the generalized Amari approach.

We differentiate (28) with respect to t in a way analogous to [26] and obtain

3”‘"(a () t)d“f+3“"<a ), =0

ax 7 7de o T T
i=12,

Y o BT PP

ax 7 de Doar VT T

We then apply the static slope approximation [25]
ou ; ou; .
— (@O, 0~ (=1 p, =0, 0~ (=1 p,.
ax ax

By making use of (4) we aim at deriving expressions for du,/dt(a;(t), t) and du;/9t(b;(t), t) and thus, obtain the dynamical
system for a;, b;. This can be easily done when the temporal kernels are given as (3), since the Volterra system (4) in that
case can be converted to a system of rate equations by means of the LCT [29].

The case k. = k; = 0 which corresponds to exponentially decaying functions, has been analyzed in [25]. In that paper,
however, only symmetric perturbations were considered within the framework of the Amari approach, i.e.a, = —ay, b, =
—by. It was shown that eigenvalues obtained by the Amari approach form a proper subset of an eigenvalue set obtained by the
Evans function technique. In [63], the comparison of the Amari approach and the Evans function technique has been carried
out for the one-population model with spike frequency adaptation [32,64] when the memory functions are assumed to be
exponentially decaying. We show here that the generalized Amari approach coincides with the Evans function technique
for the two-population model when there are no symmetry restrictions imposed on the perturbations and for the set of
temporal kernels given by (3).

We make use of (28) and (7) and derive the dynamical system for the state vector

Z=(@.z",. .2 b ow” w2 by Wil Wi
where
2P =P (@), 0, p=1.... k, 29)
w?®) = v b0, 0. g=1,....k
forj = 1, 2, are auxiliary variables. For the auxiliary variables in (7) we also apply the static slope approximation, i.e.,
) (@)
v, : av; .
o @O0 =D =0, 0 = (=1 py,
where p and q are given as in (29).
Then we get a 2(k. + k; + 1)-dimensional autonomous dynamical system which reads
; da;
_1tly, I — D
( (3 Py =7" 6
dz.
ﬁ :ee_zj(l)_zj(p)+zj(p+l>v p= 1#~-~vk8_1
dz* .
—— =0 — ij - Zj(kE) +£9(ay, az, by, by)
dr _ (30)
)t =w — 6,
dw@
T d; =9e—w;1) —W;q) +w;q+l), qg=1,..., k-1
dw? .
ki
—l =9, - w}l) - w; '+ £9(ar, a3, by, by),

dt
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where j = 1, 2, and the componentsfem and fi(j) are defined as
F9 = (Weelty — @) = Weelar — @) — Wie(bs — @) — Wie(by — ),
FP = Wailay — by) — Weilar — by)) — (Wb, — bj) — Wi(by — b).
The equilibrium of this system corresponding to the symmetric bump is given by
20 = (—0ag, 0, ..., 0, —bo, 0i,...,00,0,...,0,bo,0,..., Gi)T~ (31)

Now we analyze the linear stability of this equilibrium. We construct the Jacobian matrix J, of the RHS of the system (30)
evaluated at the equilibrium (31) and consider the matrix J, — AE. We get the following fundamental theorem which shows
that the Evans function approach is equivalent to the generalized Amari approach.

Theorem 1. Let the temporal kernels a,,, be given by the quasi-power function (3). Then

det(Ja — AE) = v 26D pe Q)AL (M)
= (1+ 121/ + 1) 2OV g5 (1) Ers ().

Therefore, eigenvalues obtained using the generalized Amari approach and the eigenvalues obtained by means of the Evans function
technique are the same.

The proof of this equivalence theorem is given in Appendix B. Notice that although we have considered the general form of
the dynamical system (30) for k. > 1and k; > 1, it is easy to check that the same argument can be extended to the case
when k., = 0 and/or k; = 0. We do not give a separate proof for this case.

6. Example: a-function for the excitatory target population and exponential decaying function for the inhibitory
target population (k. = 1 and k; = 0)

In this section, we consider one particular example when k., = 1and k; = 0, i.e.,

_ 1 ¢
dee(D) = aie(t) = te™", aa(t) = i(t) = e
In mathematical neuroscience, the temporal kernel obtained by letting k. = 1 is referred to as an a-function. This means
that the temporal kernel in the excitatory equation is modeled by means of an a-function, while the temporal kernel of the
inhibitory equation assumes the form of an exponentially decaying function.
In this case, the rate-equation system in (7) is given as

8[1—!9 = —U + Uél)
3D =~V + wee ® Pl — Oe) — wie ® Py(uj — 6) (32)
TOiUj = —Uj + Wei @ Pe(Ule — 6e) — wii @ Pi(u; — 6;).

We study the stability of bumps (12) within the framework of this model. The bumps are represented by the stationary state
X = (Ue, Ue, U;). From (30) we find that the generalized Amari system for this case reads

da1 It
.
9 2z 4 fD(ay. ay. by, by)
dr — Ve e e 1, U2, Uy, U2
—tpy— = fV(a1, a2, by, by) —

de (33)
0322 _ g
l(cll)t 2 e
dz
th =6 — 222(]) +fP(a1, az, by, by)

db
sza =f,-(2)(ﬂl, ay, by, by) — 6.

Within this formalism the bumps correspond to Zo = (—ag, Be, —bg, ag, e, by)T.

6.1. Stability of bumps in the framework of (32)

In this section, we assume that the connectivity functions wy,, (x) are decreasing for positive arguments. This assumption
allows us to find the sign of parameters appearing in the Evans function.
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We analyze separately the ‘symmetric’ and the ‘antisymmetric’ part, i.e., $s(1) and £5s(A) given by (25) and (26).
For the ‘symmetric’ part, we have

Ps(A) =103 + 1A% 4+ ch + ¢3)

with the coefficients

€1 =2+ |d4l/7,
€ = 2|dy|/7 — |dl,
3 =ys/T

where ys is given by (24). According to the Routh-Hurwitz criterion, all the eigenvalues are located in the left half plane if
and only if the determinants of the matrix

o c €1 € G
D:(C]), D, = 1 3 s D; = 1 c 0 s
1 @ 0 C1 C3

are positive. See [58]. We calculate the determinants and get

det(Dy) = ¢y,
det(Dy) = c1¢2 — ¢3,
det(Dg) =C3 det(Dz).

Ifc;3 < O(ys < 0) we have either det(D,) or det(D3) negative. Thus, in this case the bumps are unstable, as expected. Assume
now c3 > 0(ys > 0). According to the general theory it is possible to have a bifurcation when

det(Dy) = (—2[d;|t% + (4]da| — |da||ds)T + 2|da|?) /7> = 0. (34)

See Appendix in [58] for details. The roots of (34) are given as

S 4|ds| — |dads| n 4|dy| — |dyds | \? n dq|?
T 4l 4/, | ld1]

One of the roots, t_, is always negative while the other one, 7, is positive. Moreover, det(D,) changes sign at t = t from
positive to negative which indicates the presence of a Hopf bifurcation. We fix the notation and define ts = 7.

Thus, from the ‘symmetric’ part we get two regimes: In the first regime, when y5 > 0, the bumps are stable for 7 < s,
unstable for ¢ > 75, and convert to breathers through the Hopf bifurcation when t = 5. In the complementary regime,
¥s < 0, the bumps are unstable.

For the ‘antisymmetric’ part, we have

E—F
Pas(L) = TAZ 4+ A (T + Zr) + Yas
2

where

E-F C-D

P2 b1

Yas = 2 T.

Notice that E > F (as well as C > D) in accordance with the monotonicity requirement imposed on wp,, for positive
arguments. Therefore, if 55 > 0 the bumps are stable, while for y5s < 0 unstable. The case yas = 0 gives a value for the
critical time ta, i.e.,

prE—F

ppC—D’

Tas =

We can rephrase the conclusion in terms of 7, i.e., for all T < 745 the bumps are stable, while for 7 > 45 we have instability.

To determine the sign of ys and the relationship between 75 and ts we need to have more information about the con-
nectivity functions and some parameters. However, the case ys < 0 and 7 < 7,5 corresponds to a saddle point. For the case
with Gaussian connectivity functions (16)-(18) we have that ys &~ —58.867 < 0 for the narrow bump and y5 &~ 1.969 > 0
for the broad bump. In the latter case we find that s < 745, Where s &~ 5.705 and a5 & 8.728. Therefore, it follows that
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the broad bump pair is stable for T < 7, unstable for T > g, and is converted to a breather through a Hopf bifurcation at
T=Ts.

6.2. Numerics
We have run simulations of the system (32) based on the fourth-order Runge-Kutta algorithm developed in [25]. The
initial condition is given as a perturbed bump pair. In this subsection, we assume that the unperturbed bumps are given by

(12),(16)-(18); see Fig. 1. We perturb the bump solution by making the assumption

Ue(X) = Wee(az — %) — Wee(@r — X) — Wie(by — %) + Wie(by — %),

~ (35)

Ui(x) = Wei(az — x) — Wei(ar — x) — Wii(by — X) + Wii(by — x),
where @ = (ay, az, b1, by)T is time dependent and chosen to be close to initial pulses crossing coordinates d, =
(—ao, ag, —bg, bo)T such that

lla—aoll <e, (36)
for some positive tolerance €, where || - || denotes the maximum norm in R*. Under the assumption (36) we get the error
estimate

1Un = Unlly®) < Cne. G = maX{|wen @], lom @]}, m=e.i.
First, we impose the symmetric perturbation

a=ay+ (—e,¢, —¢, o) (37)

in the initial pulse width coordinates of (35).

In Fig. 2, we have plotted the evolution of the perturbed broad bump state (Cle, L~Ii) when a is given by (37) withe = 0.01.
From the simulations we observe that (ljle (%), U,- (x)) is converted to breathers for a small range of the value t, T € [5.6, 5.8],
(whereas the stability analysis predicts that this conversion shall take place at T = 5.705). In Fig. 2(b), we have plotted the
solution (ue(x t), uj(x, t)) for the value T = 5.6, when the breather the first time appears. Below this critical value, 7 < 5.6
the state (Ue(x), U;(x)) approaches the bumps and remain unchanged. We show this in Fig. 2(a) fort = 3. Fort > 5.8
the pulse collapses. We illustrate this behavior of the solution in Fig. 2(c) for t = 6. Thus, we get excellent agreement
between the predictions obtained from the stability analysis and the numerical simulations. It turns out that the sign of
& does not change the picture qualitatively for the broad bump case. Therefore, we do not present results for negative
values of . Next, we consider the symmetric perturbatlon (35) with (37) on the narrow bumps. In this case, the sign of
¢ plays an important role in the evolution of @., U,) as is evident from Figs. 3 and 4: for ¢ > 0 the narrow bumps initially
approach the broad ones, and thereafter evolve into a broad stable bumps for the given 7, while for ¢ < 0, the narrow pulses
collapse. We conjecture that this behavior is consistent with the fact that narrow bumps are identified as saddle points;
cf. Section 6.1.

We have also solved the ODE system (33) numerically in order to predict the evolution of bumps and compared it
with simulations for rate-equation system (32). The conclusion is, however, that the two approaches give qualitatively the
same results, but exhibit significant quantitative differences. We conjecture that this discrepancy is due to the static slope
assumption imposed in order to derive the finite dimensional generalized Amari system (33). In Fig. 5, we show the limit
cycle in the pulse width coordinate plane obtained from simulations of (32) (Fig. 5(a)) and from simulations of (33) (Fig. 5(b)).
Notice that there is a small discrepancy between the value for 75 obtained by these two methods. This discrepancy is caused
by numerical error which is larger for the simulation of the rate-equation system due to the incorporation of the spatial
dynamics. The observation of the limit circle supports the idea that we get stable breathers at the critical inhibition time
T = 15, Which corresponds to a supercritical Hopf bifurcation in the generalized Amari system (33). In order to study this
problem one has to make a normal form expansion of the system (33) in the vicinity of the critical inhibition time t = ts.
We do not pursue any analysis of this problem here, however.

We then investigate the evolution of (35) when imposing an antisymmetric perturbation represented by

a=do+ (—£,0,0,¢). (38)
Tracing the mean values
E(t) = (a2(0) + a1(8))/2,  &(t) = (ba(t) + b1(£))/2,

we observe that for 7 < ts, (f]e, l:ll-) approaches a broad bump pair which is simply a rigid translation of the unperturbed
symmetric broad bumps. In another words, after some finite time T we get u.(x, t) = Ue(x — Xo), ui(x, t) = Ui(x — Xo), for
allt > T, i.e., the solution (u.(x, t), u;(x, t)) becomes symmetric with respect to the symmetric axis Ox : x = xo. This axis
can be found as the asymptotical mean values, i.e.,

Ox:x =X, Xo=E&(t— 00)=E&(t—> 00). (39)
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Fig. 2. The evolution of the symmetric perturbation of the broad bump pair (U, U;) (Fig. 1(a)). The perturbed pulses are given by (35) with (37), e = 0.01.
(a) Broad excitatory (left) and inhibitory (right) pulses reach the stable symmetric bumps (U, U;) when t = 3. (b) Broad excitatory (left) and inhibitory
(right) pulses convert to breathers when 7 = 5.6. (c) Broad excitatory (left) and inhibitory (right) pulses collapse when 7 = 6.

We display this result in Fig. 6(a). We get the similar result for the case when the initial condition of (32) is given as the
perturbation of the narrow bumps when e > 0; see Fig. 7(a). The solution approaches a broad bumps pair which is symmetric
with respect to some symmetry axes Ox. For T & 75 we also see that (u.(x, t), u;(x, t)) (for the broad bump perturbation
and for the narrow bump perturbation with ¢ > 0 as an initial condition of (32)) become symmetric with respect to the axis
Ox given as in (39). We illustrate these results in Figs. 6(b), 7(b). For the case ¢ < 0 the narrow pulses collapse in a similar
way as displayed in Fig. 4 independently of the chosen parameter t > 0.

This behavior in the case of antisymmetric perturbations is expected since for T < 75 the only impact from the
‘antisymmetric’ part is the translation invariance of the bumps. For the cases 7 > 7, (Ue, f],-), and in the case of the narrow
bump perturbation with negative ¢ the pulses collapse before &, and &, approach the same value. The evolution is very much
similar to the symmetric case and we do not display it here. Thus, after a transient phase the evolution in the antisymmetric
case is qualitatively the same as in the symmetric case, with the only exception that the symmetry axis is different.



3086 A. Oleynik et al. / Nonlinear Analysis: Real World Applications 12 (2011) 3073-3094

a u (%) uxh
50 0.2 ou
0.1
40 0.15 40
0.1
30 30 0.05
= 0.05 =
20 20
0 0
10 10
-0.05
0, o -0.05
x x
b u () ux.t
50 50 0.12
0.2 -
40 015 40 0.08
0.06
30 0.1 30
0.04
- 0.05 -
20 B 20 0.02
0 0
10 10 -0.02
-0.05
-0.04
o 0,
X X
c u e(x,t) u(x.t)
0.2 0.1
0.15
0.1 0.05
- 0.05
0 0
-0.05
- -0.05
-1 05 [ 05 1
X X
d o2 0.25
0.2
0.2
0.15
Y aVo.15
0.1
R 0.1
005[ . 13
1=5.6
0 0.05
0 0.05 0.1 015 02 025 0.05
3

Fig. 3. The evolution of the symmetric perturbation of the narrow bump pair (U,, U;) (Fig. 1(b)). The perturbed pulses are given by (35) with (37),e = 0.01.
(a) Narrow excitatory (left) and inhibitory (right) unstable pulses convert to broad bump (Fig. 1(a)) when t = 3. (b) Narrow excitatory (left) and inhibitory
(right) pulses convert to breathers when 7 = 5.6. (c) Narrow excitatory (left) and inhibitory (right) pulses collapse when 7 = 6. (d) The trajectory in the
pulse width plane (ay, b,) for T = 3, T = 6 (left) and t = 5.6 (right).
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Fig. 4. The evolution of the symmetric perturbation of the narrow bump pair (U,, U;) (Fig. 1(b)). The perturbed pulses are given by (35) with (37),
& = —0.01. Narrow excitatory (left) and inhibitory (right) unstable pulses collapse for 7 = 3.
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Fig. 5. The orbit in the pulse width plane (a;, b,) obtained (a) from the simulation of the rate-equation system (32) for t = 5.6, T = 50, and (b) from
the Amari system (33) with ¢ = 5.69, for T = 300. The initial conditions correspond to the symmetric perturbation of the broad bump, i.e., for (a) the
condition is given as for Fig. 2, (35) with (37), ao corresponds to the broad bump widths, ¢ = 0.01, and for (b) by (37) where a, corresponds to the broad
bump widths.

7. Conclusions

In the present paper, we have worked out a method for stability analysis for spatially symmetric bumps in a wide class
of two-population neural-field models. The models are given by means of a Volterra system of equations. Our findings can
be summarized as follows.

We derive the so-called Evans matrix for the problem and prove that it can be block-diagonalized into two blocks, with
the upper block corresponding to spatially symmetric perturbations while the lower block takes care of the antisymmetric
perturbations. The corresponding Evans function can be written as a product of determinants of the upper and lower blocks.
The lower antisymmetric block contains as expected the translation invariance property of bumps. We emphasize that this
is a general result and does not rely on any particular choice of the temporal kernels.

For the class of kernels which we call quasi-power functions (which contains both the exponentially decaying temporal
kernels and the o-functions as special cases) it turns out that the Evans function approach is equivalent to the generalized
Amari approach. One can check that the stability matrix obtained in [25] by the full linear stability analysis of the rate-
equation system corresponds to the Evans matrix (see Section 4) with o, given as in (1) for k. = k; = 0. Then, it follows
that the Jacobian of the Amari system only corresponds to the upper block of the Evans matrix, but not to the whole matrix
as we prove here. This apparent paradox can be easily explained by the symmetry in the perturbation assumed for the Amari
approach in [25]. As we relax on this assumption we get the antisymmetric part of the perturbations corresponding to the
lower block of the Evans matrix; See Section 5.

The Evans function approach is more general and does not imply that the rate-equation formulation of (1) as the
generalized Amari approach. However, the Evans function technique exclusively addresses the linear stability of bumps,
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Fig. 6. The evolution of the antisymmetric perturbation of the broad bump pair (Ue, U;) (Fig. 1(a)). The perturbed pulses are given by (35) with (38),
& = 0.01. On the left, we have plotted &,(t), &(t), and the asymptotical symmetry axes Ox. On the right, the crossing coordinates a; (t), a,(t), b1(t), b, (t)
are shown. (a) T = 3, Ox : x = —0.0075, (b) t = 5.4, Ox : x = —0.0041.

while the Amari system may be used to investigate nonlinear effects such as the stability of the breathers excited at the
Hopf-bifurcation point by means of normal form expansions [25].

For the actual class of temporal kernels we can convert the two-population Volterra system into a system of rate
equations. We prove that the solutions of the initial value problem of this system are uniformly bounded. The implication of
this result is that any instability detected in the system will be saturated. We also prove that the narrow bump pair which
is unstable within the framework of the Wilson-Cowan type of model (2) is unstable for all types of quasi-power temporal
kernels.

Finally, we have illuminated these results by carrying out numerical simulations based on a fourth-order Runge-Kutta
numerical scheme in time for the special mixed case modeled by «-functions and exponentially decaying functions; see
Section 6. Excellent agreement between analytical predictions from the stability analysis and numerical simulations is
obtained. We get an unstable narrow bump pair and a broad bump pair which is stable for small and moderate values of
the relative inhibition time 7, is converted to a stable breather at a critical time t.. (which is identified as a Hopf-bifurcation
point), and becomes unstable as this time scale exceeds ;.

Notice that rate-equation representation of (1) allows us to develop a relatively simple numerical scheme in a vicinity
of a spatially localized solution, [25]. This representation is also possible for more general class temporal kernels than the
quasi-power kernels (1), e.g., quasi-polynomials [29].

A possible extension of the present work is to consider bump solutions and their stability for a system of Volterra equation
(4) defined on two spatial dimensions. We conjecture that one can construct bump and ring solutions of this system and
analyze their stability properties by means of the Evans function technique in a way similar to what has been done in Owen
et al. [40]. Another possible extension consists of investigating more complex patterns by applying a level set description
(interface dynamics) in two spatial dimensions. In this context one can make use of the rate-equation system (7) which
is valid for any spatial dimensions. Here we suggest that one follows the ideas worked out by Goldstein et al. [65] for
reaction-diffusion equations.

We are still at early times in computational neuroscience and at present it is unclear (i) under what situations neural-
field models of the type discussed here are accurate representation of real neural dynamics and, more specifically, (ii) what
choice of temporal kernels best mimics the dynamics of biological neural networks. The present work opens up for thorough
the analysis of the bump dynamics for a large class of a priori biologically plausible neural-network models, not restricted
to exponentially decaying temporal kernels only.
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Fig. 7. The evolution of the antisymmetric perturbation of the narrow bump pair (U,, U;). The perturbed pulses are given by (35) with (38), ¢ = 0.01. On
the left, we have plotted &,(t), &,(t), and the asymptotical symmetry axes Ox. On the right, the crossing coordinates a;(t), a(t), by (t), b,(t) are shown.
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Appendix A. The boundedness property of the solutions of the Wilson-Cowan type of system

Here we derive the estimate for the solution of (9). This derivation is based on the Jordan block form (8) of the linear
operator matrix L. Indeed, the operator R(t) = e’ is given by the block matrix

(tJe)
e 0,
R(t) = ( o; e(%'l")) .

Exploiting the form of J,, we get the upper triangular matrix

$2 gkm
1 s — . -
2! k!
skm—l
0 1 S . J—
exp(sfn) = e km—D'], m=e,i
0 0 1 s
o0 --- 0 1

withs = tors = t/7,form = eand m = i, respectively. Let 1=(1,1,..., 1)T. We make two main observations:
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(i) e9m 71 < 1, and
(i) [y e9m1ds < [ eWm1ds = (k, ke — 1, ..., DT,

Using (i) one readily obtains
IRV| < [|[V|oo1

for an arbitrary V € (G,(R))N, N = k. + k; + 2 with the norm | - ||« defined as (11).
From (ii) we find

/t R(t —s)T|dt < (ke, ke — 1,..., 1, Tki, T(ki — 1), ..., T)T.
0
From the properties of P, and wp, we notice that |FU| < 1. Then it follows

U, t)| < [RU°| + /t [R(t — 5)1|dt < (|U°]los + max{ke, kiT}1.

0

Hence we end up with the estimate

|Ui(x. O] < [U° oo + max{ke, kit}.
Appendix B. The equivalence between the Evans function approach and the Amari approach

Here we give a detailed proof of the equivalence Theorem 1. The proof is carried out in several steps, which we
conveniently divide into the two Appendices B.1 and B.2.

B.1. Similarity operations on the matrix J4 — AE

The first step consists of performing similarity operations on the matrix J4 — AE. We proceed as follows: let E denote the
(ke + ki + 2) x (ke + ki + 2) identity matrix and J4 the Jacobian matrix of the RHS of the generalized Amari system (30)
evaluated at the equilibrium (31). The matrix J4 — AE can be expressed as

AD gD
Ja—2E = (B(Z) A®

where the blocks A?, j = 1, 2, can be represented as

i () ()
A = (Ay) Aa%) , (B.1)
A21 A22
with
-x (=1/p 0 0o - 0
0 -2+ 1 0 0
" 0 -1 -1+ 1 0
An = : : - - ’
0 -1 —(1+42) 1
afe(l)/aaj -1 —(14+A)
- (=1Y/(p27) 0 0 0
0 -2/t 4+ 1/t 0 0
, 0 -1/t —(1/t+r 1Yz
22 : : . .
0 -1/t —(1/t +2) 1/t
afD Jab;/t -1/t -1/t + 1)

The matrix A?z) isa (k.+1) x (k;+ 1) sparse matrix, while the matrix Aé’; isasparse (k;+ 1) x (k.+ 1) matrix which have only
one non-zero element 3fe(’)/8bj and afi(’)/aa,» evaluated at (—ag, —by, ao, bg), respectively, located in the right-low corner

of the block. For notational convenience, we now assume that the partial derivatives off,,(P,j = 1,2, m = e, i, is evaluated
at (ay, by, az, by) = (—ap, —by, ao, bo, ).
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The matrix B?, j = 1, 2, is a sparse matrix of the form

m+4 1 n+1
—_——~— ——
1
m+ { 0] 0 (B.2)
1 12
n+1
) [0)
21 22

where
BY =ofV/oay, Y = af"/ob, B = of" /9ay, B = 8f" /abs,
BY = of?/0ay, B2 = af7 joby B = ofV /dar, By = 8f P /ob.
Simple calculations yield

gl o -

=— =—B+C-D), = ,
8(11 3(12 ( + ) 3(11 8(12
af M _ _8fe(2) s o™ _ _3ff(2) s
3a, da ’ da, da '
9 9@ 4F™M 3@
fe :_fe :C’ fl :—fl :H+E—F,
b, ab, aby ab,
o oY a?
ob — oby T by 9by
From these relations we have that B = —B® and the left-low corners of the blocks A,()Z,) and A,(,f,), p,q = 1,2, have

opposite sign. The similarity of the matrix J4 — AE with
A® RO
(B(” A(Z))

now follows by multiplying the first and the (m + 2)th row; and the first and the (m + 2) th column by —1.
The similarity

A(Z) B(l) A(Z) + B(T) B(U
(B(” A(Z)) ~ <B<1) +A® A(Z))
is obvious. Thus, we get
A g A®@ gD A® 4 gD B
<A<2> B(2>) ~ (Bm) A<2>) ~ (Bm +A®@ A(Z)) :
B.2. Computation of the determinant det(J4, — AE)

The second step consists of computing the determinant of the matrix J4 — AE. This computation is based on the similarity
property shown in Appendix B.1. We first observe that
det(Ja — AE) = det((A® +B™)A® — (A? + BDV)B™M)
= det(A® + B™) det(A® — B)

where we have exploited the fact that the determinant of
A® gD B®
(B“) +A® A‘Z’)
can be computed as the determinant of a block matrix with commuting blocks [66]. We now show how to evaluate the

determinants of A® + B and A® — B, By the Laplace expansion using the first (k. + 1) rows of the matrix A® + B
we get

det(A® + BD) = MyM] 4 My(—=1) e M;, (B.3)
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where M is the minor of the matrix based on first (k. + 1)th rows and the first (k. + 1)th columns, M, is the minor of the
matrix based on the first (k. + 1)’ rows and on the second to (k. + 2)th columns; M; and M are the complementary minors
to the minor M; and M,, respectively. All other possible products of minors of the matrix A?) & B", say MM, are equal to
zero. Therefore, they do not appear in the RHS of (B.3).

The minors M, and M, are easily obtained by the Laplace expansion based on the last and the first column, respectively,
of the corresponding matrices, so we have

M, = dypy/p1, M, = (=1)¥idsp/pyr 8D
for the matrix A + B, and
My =—(C—=D)/p1, M= (=DNE—F)/pyr~ 4",

for A® — B, in notations (21)-(23). To calculate the determinants M; and M; we first need to obtain the formula for the
determinant of the auxiliary matrix

)\.1 a
b }\.2 a
M= R
b }\4"7] a
b An
By Laplace expansion using the bottom row, we obtain the recursion formula det(M) = D, where
Dp = ADnq + (=D @™ b, Dy = Aq. (B.4)

Using (B.4) we get in the case of the matrix A® + B,
My = (=MD + (=D¥%di,  Mj = (=MD} + (= Dkidgr = FY,
and in the case of matrix A® — B,
My = (=)D + (=D*(C =D)/p1,  M; = (=)D} + (=1)"(F — E)/ppr T,
where d; and d; is defined as (23) and
DY = —(1+ 1D, + (=D, DY = —(2+ ),

ke

DY = —(1/t + DY, + (~Dliz ™", DY = —2/t + ).

ki

Thus, we finally have
1\ kit D) ,
det(A® + BM) = (—1)ketk <;> ((—Dlethighit 132 pd

+ (=0)®*d; DY + (= 1) % VaduDE + y5) (B.5)

and

(ki+1)
1\ ,
det(A® — BY) = (—1)kethiy (;) ((—1)ke+k"rk"+]kD;(?D,(<?

C—-D F—E
+ (_T)(kiJrl) 5 DI<<II) + (_1)(ke+1) ; D}(:; ) (BG)
1 2
We now prove that
Ps() = (—Dkethizkit1 der(A@ 4+ BMV) (B.7)
and
A Pas (1) = (=17 det(A® — BY). (BS)

We proceed as follows: comparing the components of the RHS and the LHS of the expressions (B.7) and (B.8), we notice that
it is sufficient to prove that

Py, = (=1)*DY (B9)

ke °
Q, = (DD, (B.10)

where Py, and Qy, are given by (27). This can easily be done by mathematical induction. We show this proof in detail for (B.9)
and omit it for (B.10) due to similarity. We proceed as follows.
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1. Letk, = 1.By (27), Py = A 4 2 while D\ = —(2 4 1) by (B.2).
2. Assume that for k, = m we have P, = (—1)T”Dﬁﬁ). By using (27) and (B.2) we now find that

(=D™DE = (=™ (= + DDY + (=)™ = (1 + 1) (-D"DY — 1
(1 + }L)Pm()t) - 1= Pm+1~

Notice that (B.7) and (B.8) make it possible to express the determinant of J, — AE by means of the polynomials $s(1) and
A&Pas(X) appearing in the factors &s(A) and &xs(2) in the Evans function &()). This completes the proof of the equivalence
Theorem 1.
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ON THE PROPERTIES OF NONLINEAR NONLOCAL
OPERATORS ARISING IN NEURAL FIELD MODELS

ANNA OLEYNIK, ARCADY PONOSOV, AND JOHN WYLLER

ABSTRACT. We study existence and continuous dependence of sta-
tionary solutions of the one-population Wilson-Cowan model on
the steepness of the firing rate functions. We investigate the prop-
erties of the nonlinear nonlocal operators which arise when for-
mulating the stationary one-population Wilson-Cowan model as a
fixed point problem. The theory is used to study existence and con-
tinuous dependence of localized stationary solutions of this model
on the steepness of the firing rate functions. The present work
generalizes and complements previously obtained results as we re-
lax on the assumptions that the firing rate functions are given by
smoothed Heaviside functions.

1. INTRODUCTION

Neural field models typically assume the form of integro-differential
equations. Here we consider a one-population neural field model of the
Wilson-Cowan type [1, 2, 3, 4, 5]

(1.1) %u(x,t) = —u(x,t) + / w(z,y)Puly,t))dy, xR, t>0.
R

This model describes the dynamics of the spatio-temporal electrical
activity levels in neural tissue in one spatial dimension. Here u(z,t)
is interpreted as a local activity of a neural population at the position
z € R and time ¢ > 0. The second term on the right hand side of
(1.1) represents the synaptic input with P interpreted as a firing rate
function which typically has sigmoidal shape. The function w is called
a connectivity function and models the spatial strength of the connec-
tivity between the neurons. See [1, 2, 3, 4, 5] for more details regarding
the relevance of the equation (1.1) in neural-field theory.

The most common simplification of the model consists of replacing
the sigmoidal firing rate function by the unit step function. In the
latter case it is possible to obtain closed form expressions for solu-
tions describing coherent structures like stationary localized solutions
(bumps) and traveling fronts [5] as well as to assess the stability of these
structures using the Evans function approach [6]. It is conjectured that
the model with unit step function reproduces the essential features in

Key words and phrases. Neural-field models, bumps, nonlinear operators, con-
tinuous dependence.
1



2 A. OLEYNIK, A. PONOSOV, AND J. WYLLER

the steep firing-rate regime. This conjecture is supported by numerical
simulations (see for example [7]) but there are far in between works
addressing this problem in a rigorous mathematical way [8, 9, 10, 11].

This serves as a motivation for the present paper. In the present
paper we relax on the assumptions that the firing rate function is given
as a unit step function [4] and as a smoothed Heaviside function [8, 9],
and allow for more general firing rate functions. We consider a one-
parameter family of firing rate functions where the parameter measures
the steepness of these functions. They approach the unit step function
as the steepness parameter goes to infinity. Moreover, we do not restrict
w to be homogeneous functions, i.e., w = w(|z — y|) of a "Mexican-hat’
type, [5]. We study the continuous dependence of the stationary lo-
calized solutions of (1.1) on the steepness of the firing rate functions.
Then, by imposing some extra conditions on the firing rate functions
P and the connectivity kernels w we are able to prove the existence of
bumps solutions.

The stationary solutions of (1.1) are solutions of a fixed point prob-
lem. This fixed point problem is described in terms of a Hammerstein
operator which is the superposition of a Nemytskii operator and a linear
integral operator. We study the properties of these operators. Due to
discontinuity of the unit step function many properties of the Hammer-
stein operator will break down. Therefore one of the main challenges
here is to choose function spaces and a suitable topology of the oper-
ators convergence that allow the continuous dependence properties of
solutions to be fulfilled.

The paper is organized as follows: In Section 2 we explain our nota-
tions, prove some useful theorems, and state lemmas from functional
analysis, to which we refer in the subsequent sections. In Section 3 we
give a detailed description of the model. Next, we study continuity and
compactness of the associated operators in Sobolev spaces. We define
special regions where the Nemytskii operator associated with the unit
step firing rate function is continuous. It is shown that the property of
the Nemytskii operator to be continuous is very sensitive to the choice
of the topology. One of the main results of the section is summarized
in Theorem 3.14, which we will refer to as the continuous dependence
theorem. Moreover, we formulate an existence theorem (Theorem 3.15)
which enables us to prove the existence of solutions of the fixed point
problem in steep firing-rate regime under the assumption that there
exists an isolated solution of the limiting fixed problem (when the
steepness parameter is equal to infinity). From this theorem it also
follows that solutions will have the same number of intersections with
a constant value 0 as the solution of the limiting problem. In Section
4 we apply the results of Section 3 to prove continuous dependence of
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spatially localized stationary solutions of (1.1) on the steepness of the
firing rate function for both inhomogeneous and homogeneous connec-
tivity functions. In particular, in the latter case we prove the existence
of bumps in a steep firing-rate regime where the firing rate function
takes values zero on a ray (—oo,h), h > 0. We emphasize that this
result is more general than results on existence of bumps obtained in
[8] and [11]. Section 5 contains conclusions and outlook.

2. PRELIMINARIES

Let B be a open set of a real Banach space B, then B denotes the
closure of B in B. We use the notation deg(A, B,p) for the degree
defined for an operator A : B — B, and p € B. We use ind(A, B) for
the topological index of A, [12].

Let WH(R, 1), 1 < g < 0o, denote a Sobolev space which consists of
all functions w € LY(R, i) such that their generalized derivatives (with
respect to the given measure u) dw/dy = w € LU(R, p).

The element w € WH4(R, i) then can be represented as

(2.1) w(z) = w(0) + / B(E)du(€).

We consider the following two norms in W14(R, 1)

(2.2) lwlly = llwllze + ||w]|ze

and

(2.3) llwllz = w(0)] + [|@||e

where || - ||z¢ is the norm in LY(R, p), i.e.,

/g
lolles = | [ lwto)lauta) | 1<a<oc
R
and

[lwl[gee = sup [w(z)].
zeR

Theorem 2.1. The norms ||-||1 and || -||2 are equivalent if p is finite.

Proof. From the representation (2.1) we have

T

Lo = [|w(0) +/?If(y)du(y)\|m < |[lfw(0)] +/|17J(y)|du(y)||m <

0

||w]

< IIIw(O)I+/|ﬁ)(y)|du(y)l|m = [ (lw(0)] + [[@]|z:)
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Using Holder inequality we get ||w|[;r < [u(R)]Y?||@]|z« where ¢ is
defined by the equality 1/q+ 1/¢' = 1. Thus,

(2:4) llwllze < [ |w(0)] + p(R)|[D]| 2o
From (2.2) and (2.4) we get
[Tl < [p@®)]w(0)] + p(R)D]| s + |0 1.
Therefore we get
lwlly < Collwlly,  Co = max {[u(R)]Y*, 1+ u(R)} .
In a similar way we estimate |w(0)], i.e.,

1o = [p(R)] ™ lw(z) — /@(y)dﬂ(y)\lm <

< (@) (wll o + 10| a) -

[w(0)] = [1(R)]~/[|w(0)

We have
Jwlla < arllwlly, e = [u(®R)]™V+ 1.
Hence, we get
Cillwllz < [Jw]ly < Cofjw]lz,

with
B R)]l/q
O =t = I R)Y9, 1+ p(R)} .
r=al = ey O = max {1+ p(R)}
By definition the norms then are equivalent. (]

We denote the norm in WH(R, u) as || - ||y

Lemma 2.2. Let A be the following operator

(2.5) (Au)(@) = [ ko y)uly)duty), =€ R

R

where p is a finite complete measure on R and k(x,y) is measurable on
R2. Let the following conditions be satisfied

() for anyz € R, K(z,") € IP(R, ),
(ii) for any e > 0 there exist a finite partitioning of R into measur-
able sets, say D1, Do, ..., Dy, such that
(26) sup Hk(xhy)ik(:r?uy)HLP/ <g, ]: 1,2,...,77,.

z1,22€D;

Then the integral operator A maps LP(R, u) to L®(R, ) and it is com-
pact, see [14].
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Theorem 2.3. Let D be a closed bounded subset of a real Banach
space B, A be a closed subset of R, and an operator T'(A\,u) : A X
D — B be continuous with respect to both variables and collectively
compact (i.e., T(A x D) is a pre-compact set in B). Assume that
An = X and T (A, u,) = up,. Then the equation T(N*,u) = u has at
least one solution. Moreover, any limiting point of the sequence {u,}
is a solution of this equation, i.c., if u,, — u* then u* is a solution of
TN\, u*) = u*.

Proof. The sequence {u,} define by T'(\,, u,) = u, is a pre-compact
set due to T is a collectively compact. Thus, there exist convergent
subsequence of {u,},i.e., {u,,} — u* € D. the continuity of T yields
lim T(A,,, un,) = TN, u*) = u* g
nE—00

Remark 2.4. If u* is unique in D then wu, has only one limit point,
that is, u, — u*.

Lemma 2.5 (Homotopy invariance). Let D be an open bounded subset
of a real Banach space B. Suppose that {h,} is a homotopy of operators
hiy : D — B fort € [0,1], and assume that hy — I is compact for each
t. If hof # p for any f € OD and t € [0,1], then deg(h:, D,p) is
independent of t, see [13].

3. MAIN RESULTS

The stationary Wilson-Cowan model (1.1) is equivalent to the fixed
point problem

(3.1) u = Hu,

where H is the Hammerstein operator

32 ) = [ pla))dn(y)

p(y)
and

pA = / p(y)dy
A
is an arbitrary probabilistic measure which is absolutely continuous
with respect to the Lebesgue measure (i.e., uR = 1 and pA > 0 when-
ever the Lebesgue measurable set A has a positive Lebesgue measure).
This can be achieved by putting some necessary properties on the func-
tion p.
The function w(z, y) is a measurable function satisfying the following
assumptions:
(i) for any z € R, w(x,-) € L*(R), i.e.,

Yz € R /|w(z,y)\dy < 00,
R
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(ii) w is differentiable with respect to the first variable and

Wy(z,) € LL(R) Vo eR,
(ili) w is bounded, i.e.,

AC >0 |w(z,y)|<C Vz,y€eR,
(iv) for any y € R zlggo w(z,y) =0.

The function P can be interpreted as a probability function of firing.
Thus, P is a map from R to [0, 1]. We consider the special family of
P : P(u) = S(B,u) where 3 takes values from (0, co]. We assume that
S satisfies the following properties:

(i) S:(0,00) x R — [0,1] is a continuous function,
(ii) S(5,-) is monotonically non-decreasing,
(iii) S(B,-) — S(Po,-) uniformly on R as 5 — fy € (0, 00),

(iv) as f — oo S(f,u) approaches S(oco, u) uniformly on (—oo, 8 —
e] U [0+ e,00) for any e > 0, where S(oo,u) is the unit step

function
0, u<d¥
S(oo,u)—{ 1 u>0

with some threshold value 6 > 0.

The Hammerstein operator (3.2) can be represented as the superpo-
sition
(Hu)(x) = (Q o Nu)(z)

of the linear operator

(33) @)@ = [ 5D u)duty),
and the Nemytskii operator
(3.4) (Nu)(z) = ‘/’)1((;”)) P(u(x)).

Here p; is an auxiliary function satisfying the following properties
(i) 0 < pi(x) < Cpy, where C, > 0,

(ii) supp(p1) 2 supp(p),

(ili) |w(0,y)] < Cupr1(y) Vy € R and C,, > 0.
We set p1(z)/p(z) = 0 and p(z)/p1(x) = 0 for all z € {R — supp(p1)}-
Remark 3.1. In particular, one can assume p1 = p. However, in order

to keep the theory as general as possible, we allow py to differ from p.
In Section 4 we make use of this difference. See Example 4.5.
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Moreover, when we want to emphasize that some particular prop-
erty is valid only for operators corresponding to S(8, ), 8 € (0,00) or
S(00, -) we use the subindexes  and oo, respectively. That is, we de-
note the Hammerstein operator (3.2) and the Nemytskii operator (3.4)
as Mg, Hoo and N, Ny. When a property is valid for an operator with
any P :R — [0,1] we do not use any subindex, e.g., H, N.

Lemma 3.2. Let () : LP(R, ) = LUR, p), 1 < p,q < o0 be an operator
defined as

!

(35) @0)(a) = [ D))

Then, the operator Q is a map from LF(R,pn) to WH(R, u) and (a)
it is a continuous operator if and only if Q@ is continuous, (b) it is a
compact operator if and only if Q is a compact operator.

Proof. We formally apply (2.1) to the element (Qu)(x). We have

xr

() () = ()(0) + / Qu(y)du(y)

where
w(0,y)
d (Qu)(0) = / S uw)inty).
() (o) = D = [y
Using properties of p we get )
3o L0 = | [ D) <l

Further, Q is a map from LP(R, ) to LY(R, 11), hence Q maps LP(R, 11)
to WH(R, p).

To prove (a) continuity and (b) compactness of © we introduce a
linear operator J : WHP(R, ) — R x LP(R, u) such that

d
J = (N, J): Jiw=w(0)eR, Jow= @wzw € L’(u,R),

The inverse operator J ' : R x LP(R, u) — WIP(R, u) then is given as

x

T @) =at [ up)duto). (a.0) € R x DR ).

0
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It is easy to check that J is a homeomorphism: Indeed [J is an
isomorphism [15] and linear continuous. Thus, 7! is continuous by
the Banach theorem [16]. We present the proof of (b). The operator
Qo : LP(R, ) — R given by (Qou)(z) = (Qu)(0) is compact as soon as
it is bounded, which is the case due to the estimate (3.6). Therefore,
for any bounded subset D C LP(R, i) there is a corresponding pre-
compact subset (QoD, QD) C R x LP(R, sz) which is homeomorphic to
QD. Hence, Q1D is a pre-compact set in W'?(R, 1) and € is a compact
operator.

Let us assume now that €2 is a compact operator, while  is not com-
pact. Then, for any bounded D we get a pre-compact set QD which
is homeomorphic to the non pre-compact set (20D, QD) This contra-
diction completes the proof. To prove (a) one can proceed in a similar
way assuming boundedness of a set D instead of pre-compactness. O

Lemma 3.3. If pi(z)/p(z) belongs to LP(R, u) the Nemytskii operator
N maps WH(R, ) to LP(R, u), 1 < p,q < oo. Moreover N3, 8 < oo,
is continues. The operator No is discontinuous on W(R, u), 1 <
q < 0.

Proof. First of all, we notice that due to the boundedness of P, i.e.,
|P(u)] <1, we have

€ LP(R, p).

plx) plx)
Hence, the Nemytskii operator is a map from WH4(R, u) to LP(R, ).
Moreover, S(8, -) satisfies to the Caratheodory conditions [14, 13]. We
conclude that the Nemytskii operator N is continuous [14, 13].

To show that N, is not continuous on W14(IR, 1) it is enough to
give an example. Consider u,(z) = 0 4+ 1/n and u(z) = 6. We have
(Nootin) () = p1(z)/p(x) for all n € N and Nyu = 0. When n — oo
we get

l[tn = ullwre =0, and [[Nocun — Noculle = [lp1/pllr 7> 0.

O

Definition 3.4. Let § > 0 be fized. We say that u € WY(R, p)
satisfies the 0-condition if
o the function u(x)—0 has finitely many simple roots (i.e. u(a) =
0 always implies u'(a) # 0);
e there exist o > 0 and A > 0 such that u(z) < 6 — o for all
|z] > A.

Remark 3.5. Definition 3.4 implies that if u € WH4(R, u) satisfies
the 0-condition then the number of intersections u(x) = 6 is an even
number.
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Lemma 3.6. Let § > 0 be fized and let U € WH2(R, ) satisfies the 0-
condition. Assume that the equation U(zx) = 6 has N solutions. Then
there exists € > 0 such that for anyu € B(U,e) = {u: |[u—Ul|lpre <

e}
e the function u satisfies the 0-condition;
o the equation u(x) = 0 has exactly N solutions.

Proof. Here we are going to use || - ||y given by (2.2). Let U satisfy
the #-condition, and a® : a® < ¢tV E =1,... N, be all solutions of
the equation U(z) = 6. Due to these assumptions there exist a positive
¢ and the points b*V b2 k=0, ..., N, satisfying

a®) < p®D) < pBD < kD) = N — 1,
p@b — —00, p(0:2) a<1)7 o™ <« b(Nyl)’ pV:2) — o

)

such that

o Ux) >0+ 2eifx e BBV p*2) k=2m —1,0<k < N;

o U(r) <0 —2¢eifxe (™Y p*2) k=2m, 0<k<N;

o |U'(z)| > 2Me if z € (b*? p*+11) 0 < k < N — 1, where
M = sup p(x).

zeR

Let u € B(U,¢). Clearly,
lu(z) — U(z)| < e, [/ (z) — U'(2)] < ep(z) a.e. x € R.
This implies the following estimates:

u(x) >0 +eifxe (O®V p*D) k=2m -1, 0<k<N; (Al)

u(z) < 0 —cifze OV p*D) k=2m, 0 <k <N; (A2)

|u/(z)| > Me if x € (b0 p*HD) 0 <k < N —1. (A3)

Therefore, the equation u(z) = € has a unique solution in each interval
(b®2) pk+LDY 0 < k < N — 1, while |o/(z)] > Me within any of
these intervals. Remembering that b(*? = —oco and that u(x) < 6 for
x> b yield exactly N solutions of the equation u(z) = 6, and all of
these solutions must be simple. Fig.1 illustrates graphically Lemma 3.6
for N = 4. Here we have plotted schematically a function u € B(U, ¢),
where U has N = 4 intersections with u = 6. O

Lemma 3.7. Let 0 > 0 be fired and let U € WHI(R, ), 1 < g < o0,
satisfy the 0-condition. For any e > 0 the ball B(U,e) = {u : |Ju —
Ullwia < e} contains functions which do not satisfy the 6-condition.
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FIGURE 1. The 6-condition in Wh=(R, i) for N = 4

Proof. For the proof we give the following example

(3.7)
U(x) —U(a™ —1/n) + 0, r € (o0, —a — 1/n)
up(z) =< 6, T € L2J [V —1/n,a) +1/n]
U(x) —U(a® +1/n) + 0, r € [a® +1/n, +00)

We consider the norm in W14(R, i) given by (2.3). It is easy to see
that

aW+1/n /a

= Ul = o= Oln = [ U [ 10@Pduta) | <

j:1a(1>71/n
<A (,u,[a,(l) —1/n,aV +1/n] + pla® —1/n,a® + l/n])l/q,
where A = sup{U(z)}, for z € [a® —1/n,a™ +1/n]J[a® —1/n,a® +

1/n]. Thus, ||u, — Ullwie = 0 as n — oo, i.e., for any € > 0 there
exist such n. that ||u, — Ully1r« < € for all n > n.. In Fig.2 we have
plotted the graphs of U(x) (red solid line) and u*(z) (blue solid line),
where u*(x) is an example of (3.7) for some n* < n,, together with
the constant function 6. From the figure it is clear that u*(x) does not
satisfy the 6-condition. O

Theorem 3.8. Let 0 > 0 be fivred, U(x) € WH(R, u) satisfies the
0-condition and U(z) = 6 has, say, N solutions a®™ a®,...,a™. Let
p1(z)/p(z) belong to LP(R, ). (a) There exist € > 0 such that Ny :
BU,e) = {u : [lu — Ullwre < e} = LP(R,u) is continuous when
1 <p<oo. (b) The operator N, : B(U,e) — L*®(R, 1) is continuous
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a-1m 2™ aMeqm a@-1/n a® a®-1/n*

FIGURE 2. The violation of the 6-condition in
WH(R, p) for g < oo.

provided that there exist some § > 0 that supp(p;) (a® —6,a®) +6) =
0 for any k = 1,2,...,N. Otherwise, i.e., if for any 6 > 0 there exist
some k such that supp(pr) (a® — 6, a® +8) # 0, we get discontinuity
of Noo : B(U, &) = L®(R, ).

Proof. Let us consider u,, u € B(U,e) C WH*(R, u) such that ||u, —
ullwre — 0. By Lemma 3.6 it is always possible to choose € in a
such way that both w,, and u satisfy the #-condition and the equations
up(z) = 0, u(x) = 0 possess N simple roots each. We denote these

roots as a for the first equation, and aém for the second, k =1, ..., N.
We derive the estimate

|(Nootin) () = (Noow) ()| = [p1()/p(2)| x (%),

where

N
1, ze [a;k)7aék)],
x(z) = k=1

0, otherwise.

Here [x1, xo] defines the interval [zq, 5] when zo > z7 and [zq, 2] if
Ty < I7.

First we consider p < oo. Then, after the lemma (follows below), the
case p = oo will be considered. When 1 < p < oo we have the following
equality

pi(z) |
p(z)

X(w)du(x))l/p

| (Nocttn) (@) = (Nowt) (@)} 15 = ( /
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Using now the Holder inequality we get

</R " pX(x)dM(x)>1/p = v/l </‘(G[aﬁ7a§])>l/p.

p(x) et
Since |p1(z)/p(x)| € LP(R, ) C LO"(R7 ) then ||p1/p|lr~ < C,, where

C, > 0 is some constant. If now p( U [aﬁf%aé ) = 0asn — oo we

=1
get the continuity of Ny, : B(U,e) — LP(R, ). To prove that we use
the following lemma.

Lemma 3.9. For any u,, u € B(U,e) C WY(R, n) such that ||u, —

ul|wre — 0 we have al? a(k)

Proof. For our proof we use the norm (2.2) of W1*°(R, p1). From ||u,, —

u|lwree — 0 follows that sup |u,(z) — u(z)| — 0.
zcR

Let us assume the contrary, i.e., there is k = £* such that alf”) vas

a(() . This means that

(300 > 0) (YN € N) 3 > N) : o) —al"| > oo
Then we have
sup s () —u(e)| = Jua (o) —u(ar”)] = 10-u(ai™)] = u(ay”)—u(e)]
S

Due to the transversality condition on the intersection of any w(z) €
B(U,¢) and 6 we have |u(a) — u(b)| > k if |a — b] > 0.
Thus
(VN eN) (In> N): sup|ua(z) —u(z)| > k.

zeR
By definition sup |u,(z) — u(z)| diverges. Then ||u, — u||w1.~ diverges
z€R

too. This contradiction completes the proof of the lemma. g

Next, we consider the case p = co. We get
[ Nootn, — Noott|| oo = su]g |(Nootin) () — (Noow) (2)| =
TEe

where «,, is a smallest value that u{z : |(Nootn)(x) — (Noou)(z)| >
a,} =0, ie.,

on = swp | (@) (@), Q= U o,

Let us assume first that there is some § > 0 such that supp(p;) ((a® —
§,a®+5) = @ forany k = 1,2, ..., N. This means that supp(p;) (1 Q = 0
which implies a,, = 0. Thus, N, is continuous. Assume now that
supp(pl)ﬂQ # 0. Due to pl( ) > 0 for all € supp(p;) we have

= 0 if and only if o) = ao , for all k = 1,2,...,N. That is not
necessarlly the case, thus, N, dlscontlnuous on B (U ) 5). O
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Remark 3.10. We notice here that the assumption supp(p;) ()(a® —
§,a®) +6) =0 for all k = 1,2, ..., N is not interesting here, as it breaks
properties of the model. Thus, further we exclude these types of py from
consideration.

Theorem 3.11. Let 6 be fized, U(z) € WH(R, p), 1 < g < oo, satisfies
the 0—condition. There exist no such ¢ > 0 that N, : B(U,e) C
WH(R, 1) — LP(R, p), 1 < p < 0o is continuous operator.

Proof. In Lemma 3.7 it has been shown that for any € > 0 there exists
some n. that u,, given by (3.7), for all n > n. belongs to the ball
B(U, ¢). We fix n* = n./; and denote u* = U, ,,- Then we consider the
sequence u () given as

1
0 — —ksin(ﬁn*(aﬁ —a)), =€ a;—1/n* a1+ 1/n"
v

1
0+ %sin(ﬂn*(x —as)), x € lag—1/n* az+1/n*

u*(z), otherwise

where v is a positive constant. We have plotted the graphs of U(z)
(red solid line), u*(z) (blue solid line), and ug(x) (blue dashed line) in
Fig.2 together with the constant §. First, we prove that uy — «* and
show that there exist v = 4* such that u* € B(U,¢). Next we prove
that [|NMour — Noou*||» does not converges to zero.

We calculate the norm of |uy(z) — u*(z)| using (2.3) and derive the
following inequality

llur, = ullwra =[x — w|lze = [|(uf = (w))p™ (2)]|Le =
, aW+1/n . \ 1/q
= Z F——e cos(mn*(z — a9))| dx <

]:1a(3)71/n*

1 2 1/q 1 9\ Ve
< () Y (gD — 1/n* _ 2\
— vk (; |(a +1/n7) = (a /n )|> TnFyk (n*>

From this inequality we see that ||uy — u*||y1« — 0 as k — co. More-
over, as we assign v* = 2/(emn*) we get |lup — u*|lwra < /2. We
have

e = Ul < llux = a*flwra + [l = Ullwra < e/24/2=¢,

for k=1,2,..., i.e., u; € B(U,e) for all k € N.
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Using the definition of Ny, we have

p1(x) 2 G . .
|(Nootsre) (@) —(Nu)(z)| = ¢ p(z)’ T € ]L:Jl[a( ) —1/n*,a9 + /n*],

0, otherwise

Due to pi(x)/p(x) > 0 we have ||(Noug)(z) — WNu*)(z)||lpr = 0 >
0 independently of k. Hence, we conclude that (M,ug)(z) does not
converges to (Mu*)(z). It completes our proof.

O

Now we consider the Nemytskii operator Nz when § is not fixed, but
belongs to (0, oo]. Then, Az is a map (0, 00] x B(U,e) C W°(R, u) —
W1>°(R, u). We have the following lemma.

Lemma 3.12. Let 0 > 0 be fived, U € WE™(R, 1) satisfy the 0-
condition, py/p € L*(R, ) and B(U,e) = {u: ||u — Uljwr= < €}. The
operator N : (0,00] x B(U,e) — L*(R, u) is continuous at fy € (0, 0]
uniformly for all uw € B(U,¢).

Proof. From Lemma 3.3 and Theorem 3.8 Nj is a map from (0, co] x
B(U,¢) to L*(R, u1). Using properties of p; we have

Vs = Nl < G, / 15(8, u(w)) = S(00, u(z))|dz.

For fy < oo from uniform convergence S(3,z) — S(By,2) we get
pointwise convergence S(f,u(z)) — S(Bo, u(z)). Boundedness of S al-
lows us to applying Lebesque’s dominated convergence theorem. Thus,
we get

(3.8) [INs — Ngll;n — 0, Yu e B(U,e).

When 5y = oo the proof is not so straightforward. By Lemma 3.6
there is € > 0 such that for given U there are defined b*9 (k =1,..., N,
i = 1,2) such that for any v € B(U,¢) the conditions (Al)-(A3) are
satisfied. We have

Wi = Nl < Gy [ 1S(B.ul)) = S(oo,ute)ldo =

(3.9) N b
—Z/ 1)) — S(00, u(x))|dz = Cyy (51 + 5),
b(kwl)
where

b(k:2)

Z S(8,u(x)) — S(co, u(x))|dz

=01



ON THE PROPERTIES OF NONLINEAR NONLOCAL OPERATORS 15

and

k+1,1
N_1 bl )

D / 1S(8, u(z)) — S(co, u(z))|dz.

k=0 b(k2)

Notice, that ¥; contains only the integrals over such intervals that

S(o0, u(z)) does not have singularities, see for example Fig.1.
Let us consider first ¥; and then . Using (A1)-(A2) we have

Ny b2
=Y [ 18(.u() - Stoo.ute)ldo+
m:Ob(Qm,l)
Nj2—1 b
+ > / 1S(8, u(z)) — S(c0, u(x))|dr <
m=0 omi11
Ny2 Y Nya—1 b2
<> / S(B.0—e)dr+ > / (1—5(8,0+¢))dz <
m:()b(27n,,l) m=0 p(2m+1,1)
N/2
S S(B,Q _ 6) Z(b(Qm,Q) _ b(?m,l))+
m=0
N/2—1

+(1=5(8,0+¢)) Z (b2mH+12) _ pemiLy
m=0

Using the property (iii) of S(8,z) we have X7 — 0 as 5 — oo.
Consider now the second term in (3.9). On each interval [p(*:2) p(+1.1)]
the function u(z) is monotone. Using the condition (A3) we get

Umax Umax
dy 1
2o [ 15(8.0) = Seemiit < gz [ 156) = S0l
Umin ‘min

where M = sup p(z), Upin = inf U(z), and Upax = sup U(z). Since
z€R z€R z€eR

S(B,x) = S(o0,z) as B — oo almost everywhere on R (see property

(i) of S(B,x)) and |S(B, z)| < 1 for all 8 € (0, c0], then by Lebesque’s

dominance convergence theorem, the integral in the last inequality con-

verges to 0 as 5 — co. Combining the results for ¥; and ¥, we complete

the proof. O

Theorem 3.13. Let 6 > 0 be fized and let U € WH2(R, 1) satisfy the
0-condition. We define a set Q as Q = supp(p) and a ball B(U,e) =
{u: ||u = Ullwie < e}. If the following condition is fulfilled

eminl) <>

(3.10) sup (sup
z€Q \yeQ
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then there exists € > 0 that the Hammerstein operator Hg : (0, 00] X
B(U,¢) is continuous at By € (0, 00] uniformly for all uw € B(U,¢).

Proof. We consider the norm of |(Hau)(x) — (Hg,u)(z)| in W (R, u)
given by (2.3). Here u is an arbitrary function from the ball B(U,¢).
We have

[ Hsu—Hayullwr = [(Hpu)(0)—(Hayu) (0)[+|(20Ns)u—(QoN, Jul| =

Here () is given as in (3.5). We consider the first and the second term
separately.

|(Hpu)(0) — (Hpu)(0)] =
-1/ 0:9) 68, u(y)) — S(Bo,u(w)))duy)| <

(y)

w(0,9)  p1(y) a "
< / & IS (3. ulw) = S u)ldty)] <

< Cu|Nsu — Nyul| 2

By Lemma 3.12 |(Hgu)(0) — (Hs,u)(0)| uniformly converges to zero.
Under the conditions of the theorem  : L'(R, ) — L®(R, ) is
bounded. Indeed, using the Holder inequality we get

wy (@, y)
Cq = sup (sup ID < 00.
¢ eq \yeo | p()pi(y)

Then it is easy to see that
(€2 0 Ng)u — (€2 0 Ng, Jull Lo < Co[|Npu — Ngyul| -
Applying Lemma 3.12 we complete our proof. O
We formulate our main theorem.

Theorem 3.14 (Continuous dependence). Let 8 > 0 be fized and
U e WY(R, u) satisfy the 0-condition. Assume that 1 < p < oo
and p1/p € LP(R,u), the operator Q in (3.3) is a compact operator
from LP(R, i) to WH(R, 1), and (3.10) is satisfied. If there exist so-
lutions of the equation Hgug = ug which belong to B(U,e) = {u :
lu — Ullwre < €} for any B € [Cg,00], Cs > 0, then there exist
a solution of Hoou = u and it is any limiting point of the sequence
{ug}. Moreover, if the solution of Hoou = u, say u*, is unique then
{ug} — u*.

Proof. We base our proof on Theorem 2.3. We choose D (in Theorem
2.3) to be a closure of B(U,¢) = {u: ||lu — Ullpro < e}, and A =1/
and, thus, A = [0,1/C3]. The operator Hz = Hi/x : A x B(U,e) —
W1ee(R, 1) is continuous as a superposition of continuous operators, 2
and Njjy, for each A € A. The operator Q : LP(R, ) — WH=(R, ) is
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continuous by the conditions of the theorem, and continuity of Ny, :

B(U,e) = LP(R, ) follows from Lemma 3.3 (for A > 0) and Theorem
3.8 (for A = 0). Moreover, from Theorem 3.13 we conclude that #,) :
Ax B(U,e) — WH*(R, p) is continuous with respect to both variables.

The observation that the operators Hi,\ are collectively compact
as a superposition of a compact operator €2 and collectively bounded
operators Aq/, completes the proof. (|

It is usually much easier to study the existence of solutions (which
satisfy the #-condition) of the fixed point problem H.,u = u than
Hpu = u, B < oco. Next theorem allows us to prove existence of the
fixed points of Hz using some knowledge about the fixed point of the
limiting problem. We give more details on existence of fixed points of
Ho in the next section.

Theorem 3.15 (Existence). Let the conditions of Theorem 3.14 be
satisfied, i.c., 0 > 0 be fized, U € WH?(R, 1) satisfy the 0-condition,
pi/p € LP(R 1), 1 < p < oo, the operator Q : LP(R, p) — WE(R, 1)
is compact, and (3.10) s fulfilled. Let By define an open subset of
B(U,e) ={u: lu—=Ullwre < e}. If U is a unique fized point of the
operator Ho, on By such that deg(Ho—1I, By, 0) # 0, then Hg possesses
a fized point ug € By for any f >> 1.

Proof. We define h(u) = (Hi—I)(u), where I is an identity operator,
t €10,1], and k > 1. We show that h; is a homotopy, i.e., (a) continuous
with respect to ¢ and u for all ¢ € [0,1] and u € By, (b) hy(u) # 0 for
any t € [0,1] and u € 9By. The property (a) is satisfied. Indeed Hy/, is
continuous (for details see proof of Theorem (3.14)) and thus, Hy/ — 1
is continuous as well.

In the proof of (b) we first observe that H..u # u for all u € 9By
since U is a unique solution on By and U € By. Assume that Hpu # u
for all u € 9By does not hold true, i.e., there exist {u,} € 9B, such
that Hg, u, = u,. From Theorem 3.14 it follows that u, — uy € 0By
where 1y = Hootg. This contradiction competes the proof of (b). It is
easy to see that h; satisfies the conditions of Theorem 2.5 and thus,
deg(hy, By, 0) = deg(Hoo — I, By, 0) # 0 for any ¢ € [0, 1]. This implies
existence of solutions of Hyu = u belonging to By € B(U,¢). O

4. BUMPS IN NEURAL FIELD MODEL

Definition 4.1. Let 6 > 0 be fixed, and U be a stationary solution of
(1.1) where P(u) = S(oo,u). A set R[U] ={x: U(x) > 6} is called an
excited region of U, [4].

Definition 4.2. Let 0 > 0 be fized, and U be a stationary solution
of (1.1) where P(u) = S(oo,u). If the excited region of U is such that



18 A. OLEYNIK, A. PONOSOV, AND J. WYLLER

N

RlU] = U[a®,a®)] and U'(a®) £ 0, k = 1,...,2N then U(z) is
k=1

called a bump, or more specificity, N-bump.

The existence of 1-bump solutions was studied in [4]. Later, 2-bumps
and multibumps were considered in [17, 18]. In all these cases the con-
nectivity function was assumed to be translation homogeneous, i.e.,
w(z,y) = w(r — y) where w(z) is an even function. These type of
solutions were linked to the mechanisms of the working memory, repre-
sentations in the head-direction system, and feature selectivity in the
visual cortex, see [5] and references therein.

Remark 4.3. Although the condition U'(a®) # 0, k = 1,...,2N was
not postulated in [4], it was used for studying stability of these bumps.

Theorem 4.4. A bump solution of (1.1) with P(u) = S(co,u) belongs
to Wh(R, 1) and satisfy the 6-condition.

Proof. By Definition 4.2 and (3.1) a bump is given as

(4.1) Uz) = /w(x,y)dy.
RIU]

We use the norm (2.3) and get the following estimate

[Uflwree = | /W(07y)dy|+suglp(x) /w;(rf,y)dyIS
xre
RU) ]

RIU
< [ wldy+ M [ ey, 2 =supple).
R[U] e R[U]

z€R

Applying the property (i) of w to the first term of the sum, and the
property (ii) to the second, we get ||U|w1r~ < 00, i.e., u € WL (R, ).

Next, we show that U satisfies the #-condition. By the definition of
bumps the first condition of Definition 3.4 is fulfilled. To show that
the second one is fulfilled as well we consider the limit

lim U(z) = lim /w(ay)dy

R[U]
The properties (iii) and (iv) of w allows us to apply Lebesque’s dom-
inated convergence theorem, i.e., we get | llim U(z) = 0. This observa-
T|—roo

tions complete the proof. O

Below we give two examples where quite simple requirements on
w(z,y) allow us to choose p, p; in a such way that all conditions of
Theorem 3.14 are satisfied.
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Example 4.5. For any w such that
I"w(z,y)
oxm
the conditions of Theorem 3.14 are satisfied.

Proof. We set

(4.2) | | < Cemlele=®Wl i =1,2, a,b >0,

(4.3) pi(x) = ekl pz) = gefﬂIZI’

for some positive o and 3. To satisfy the first condition of Theorem
3.14 (p1/p € LP(R, 1), 1 < p < 00), it is sufficient to fulfill the following
inequality p(a — 8) + 8 > 0 or, equivalently,

a>0 ifp=1,
B>ap ifp>1.

Let us now focus on the second condition of Theorem 3.14 (Q is com-
pact). By Lemma 3.2 it is sufficient to prove compactness of Q given
by (3.5). We use Lemma 2.2. We denote the kernel of the operator Q
as k(z,y). Using the estimates (4.2) and (4.3) we have

(4.4) (i, )| < 2%€—<a—a>\z\€—<b—5>\y\7
and
K (2| < Wl O+ 1@ @)yl
T p(y)p(w) =
< |wiz (@, y)] + olw (@, )| < 201 + & —(a—a)la| ,~(t—B)ly|
p1(y)p(z) - a
Moreover, the requirement,
(4.5) a>a, b>4,

implies that both conditions of Lemma 2.2 are satisfied. While it is
obvious that k(z,-) € L” (R, ) for almost all x € R, (2.6) is needed to
be explained. We notice that

(4.6) [k(z,y)| < Cre=, [k (2, y)| < Cpee,
where ¢ = a — a > 0, and C,Cy > 0. First, we assign A to be
some constant larger than ¢~ In(2C; /). Then, for |z| > A we have
Cre~7l < ¢/2 and for any @1, 75 1 |21] > A, |72] > A we get
(4.7)  |k(z1,y) — k(z9,y)| < Ci(e™™ g el < /2 4 ¢/2 = ¢.
Next, using the mean value theorem we have
k(21,y) = (2, y)| < [k (2, y) (w2 — 21)] <

< 02670‘5:”172 — x| < Cylzg — 4],

(4.8)
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where & = Axy+(1—Az2), A € [0,1]. We definesome A : 0 < A <e/Cy
and set

Dy = (00,—A), Dy = (A, —A+A),
Ds=(—A+A,—A+2A),...D, = (—A+nA, +c0),

where n is defined in a such way that —A+nA > A, e.g., n = [24/A]+
1. Therefore, (2.6) is fulfilled for j = 1,n due to (4.7), and for j =
2,3,...,n— 1 due to (4.8). Thus, under assumptions (4.5) the operator
Q maps LP(R, y) to L>®(R, 1) and is compact.

Combining all the restrictions on «,  we have

O<a<a 0<B<b ifp=1,

(4.9) O<a<a, ap <f<b ifp>1.

It is clear that for any given a,b > 0, and 1 < p < oo it is always
possible to choose a and § satisfying (4.9).
Finally, using (4.4) it is easy to see that (3.10) is valid. O

The case when w(z,y) = w(z — y) seems to be more complicated.
The main difficulty here is that the kernel of the operator €2 becomes
unbounded along the line y = z. We have not found a general approach
how to deal with this problem. However, the theory developed in pre-
vious section works very well for the family of firing rate functions,
S(B,u), which possesses the following property:

(4.10) S(B,u) =0 forall u<6#—7, and S >0.

Example 4.6. Let w be given as w(z,y) = w(z — y) with w(z) such
that

(4.11) w™(z) < Ce™Fl m=1,2.

In addition to the properties of S, we assume (4.10). Then there exist
such T > 0 that the conditions of Theorem 3.14 are satisfied.

Proof. Let 0 > 0 be fixed and U € WH°(R, 1) satisfy the 6-condition.
Moreover, assume that U(xz) = 6 has N solutions. Then, by Lemma
3.6 there exist such ¢ > 0, and b2, bV that for any u € B(U,¢) =
{u: |lu = Ullwre < €} the following inequality U(z) < 6 — ¢ for all
z € (—00,b02) U (b 00) is valid.

We introduce a set D = [0 p(¥:D]. Next, we set 7 < ¢ and define

/(WY — 02y 2 e D,
o) = i) = { ¢/* hreh

This definition of p implies that L*(R, u) = L*(D) and WHS(R, u) =
Whs(D) for any 1 < s < o0o.

By Theorem 3.3 and Theorem 3.8 N is a continuous map from
B(U,¢) to LP(D).
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Using Lemma 3.2 and Lemma 2.2 we next show that the operator
is compact operator from LP(D) to W' (D). The operator €2 is given
by

(@u)) = [ 'y -2y, w€D.

Due to the estimate (4.11) the first condition of Lemma 2.2 is satisfied.
It remains to check the second condition of Lemma 2.2. Making use of
the mean value theorem and (4.11) for m = 2, we get

o' (21 —y) — @' (w2 = Yl < D" (@ = Y|l |22 — 21| < Clag —a1].

Here we assume Z = Az; + (1 — Az2), A € [0, 1].
Similarly to Example 4.5 we choose some A : A < ¢/C and set

Dy = (b0 50D 4 A) Dy = (b0 4 A b0 1 2A),

Coo Dy= (00D £ A D),

where 7 is defined in a such way that b2 + nA < b™D and 2 4
(n+1)A > bV eg n=[(b™D —b02)/A] . Thus, by Lemma 2.2
Q : LP(R,p) — L™(R,pu) is compact. This implies Q : LP(R, u) —
W (R, i) be a compact operator, see Lemma 3.2.

Finally, we remark that (3.10) is fulfilled. Hence, all the conditions
of Theorem 3.14 are verified. g

In neural field theory one often assumes that w(z,y) is given as a
homogeneous and distant dependent function, i.e., w(x,y) = w(z —y),
where w is an even function. In this case any stationary solution of
(1.1) is translation invariant.! A typical example of a homogeneous
connectivity function w is

(412) W(I) = Mle_mllzl - A/12€—m2\z\7 ]\/[1 > ]\42, my > Ma.

This function is called a 'Mexican-hat’ function and models a neural
network with local excitation and distal inhibition. This function sat-
isfies (4.11) and thus it is a particular case of Example 4.6. Existence
of 1- and 2-bumps for the model (1.1) with P(-) = S(oc0,-) and this
type of connection was shown in [4] and [17], respectively.

Next, we formulate our second theorem which rigorously shows that
the bumps solutions in the steep firing rate regime approach the bumps
solutions of the stationary Wilson-Cowan model in the unit step func-
tion approximation of the firing rate function.

Theorem 4.7. Assume that w(z,y) = w(z — y) with w be an even
function satisfying (4.11). Let 8 > 0 be fized and U be a symmetric 1-
bump solution of (1.1) where P(-) = S(o0,-). Moreover, we let S(3,-)
satisfy the condition (4.10). Then, there exists € > 0 such that for
any 7 < € and all B >> 1 the operator Hg has a fized point ug €

Le., if U(z) is a solution so is U(z + ¢) for any ¢ € R.
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B.(U,e) = {u—even function:|[u—U|lw1. < €}. Moreover, ug depends
continuously on B, i.e., ug = U as f — oo.

The proof of the theorem involves some knowledge of degree the-
ory and topological fixed point index theory. We do not recall any
definitions and properties here but refer a reader to [12].

Proof. We notice that all conditions of Theorem 3.14 are fulfilled, see
Example 4.6. This means that if v = Hgu possesses a solution ug €
B(U,¢) for for all Cs < f < oo then ug — U. It remains to show
that such ug exist. For that we are going to use Theorem 3.15 where
we choose By = B.(U,¢). To be able to apply Theorem 3.15 we need
to show that (a) U is a unique fixed point of He in B.(U,¢) and (b)
deg(Hoo — I, B.(U,£,0)) # 0.

By Theorem 4.4, U satisfies the -condition and U € W1=(R, p).
By Lemma 3.6 there exists € > 0 such that any v € B(U,e) = {u :
[lu — Ullwre < e} satisfies the §-condition and possesses exactly two
intersections with the straight line 6. Obviously, the same properties
are valid for u € B,(U,¢), i.e., for any u € B.(U,¢) there is ¢, > 0 such
that u(+c,) = 6, v/(fc,) # 0. For u = U we denote the intersections
as ta.

We define an auxiliary function

Then, for any u € B.(U,¢) there is defined v(z) = (Hyou)(z) = W(x +
¢y) — W(x — ¢,). In particular, we have

(4.13) Ulz) =W(z +a) — W(z —a),
where
(4.14) W(2a) =6, w(2a) < 0.

Lemma 4.8. A symmetric 1-bump, U, is a unique fized point of Heo
on B.(U,¢).

Proof. Let us assume the contrary. Then there exist a sequence {u,} €
B.(U,¢) such that u, — U and Hoot, = u,. Similarly to (4.13) and
(4.14) we have

(4.15) up(x) = W(x + a,) — W(z — ay,)
with
(4.16) W(2a,) =0, w(2a,) <0

where we set a,, = ¢, .

From Lemma 3.9 we have a, — a. The condition @(2a) < 0 im-
plies that any vicinity of a contains such a, that W(2a,) # 6. This
contradicts with (4.16) and thus, with w, being a fixed point of H..
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We conclude that U is an isolated fixed point of the operator Hs, on
B.(U,€). Therefore, without loss of generality we assume that B.(U,¢)
does not contain any other fixed points than U. We emphasize here,
that U is not an isolated fixed point of Hy, on WH*(R, 1) due to the
translation invariance translation invariance of bumps in a homoge-
neous neural field. O

Due to Lemma 4.8 and definition of the topological fixed point index
we have

deg(Hoo — I, Be(U, €),0) = ind(Heo, Be(U, €)).

We notice that Ho, maps B.(U,¢) into a manifold Eyy C WH®(R, i),
where Eyy = {v:v=W(+c¢)—W( —¢), ¢ € [m, M]}. The interval
[m, M] is chosen in a such way that it contains ¢, for all u € B.(U, ¢).
By Lemma 3.6 this is possible to achieve if one chooses, for example,
m =0, and M = o™V,

We define ¢ : [m, M| — Ey where ¢(c) = v(z) = W(x+c)—W(z—c),
z € R. Next, we show that ¢ is a homeomorphism.

Lemma 4.9. The map ¢ is a homeomorphism from [m, M| to Eyr, and
E]\,{ 18 ANR2

Proof. First we show that ¢ is bijection. It is a surjection since Ej; is
defined as an image of [m, M]. To prove that ¢ is injection we assume
the contrary: Let c¢i1,c0 € [m, M] and ¢; # c¢o imply v1 = v. From
v = vy and vy, vy € WHP(R, 1) it follows that |vi(z) — ve(z)| = 0 for
almost all z € R. Applying the mean value theorem we get

[v1(2) = va(2)]| = [W(z 4 c1) = W(z —c1)—
(4.17) —W(x+c)+W(r —c)| =
=|w(x + &) +w(x—n)||lci —c2] =0, a.e. on R

where £,1 € [c1, ).
As ¢1 # ¢ we have

w(x+§) = —w(zr —n) ae onR,
or, that is equivalent,
w(z+2(€+n)) =w(r)ae onR.

The last equality contradicts with the property (iv) of w. Thus, ¢ is a
bijective map.

Next, we observe that ¢ is differentiable for all ¢ € [m, M] and ¢'(c) #
0. Indeed, as we assume the contrary we get

w(x+c¢)=—-w(x—c), ae. on R

which implies 4¢ periodicity of w. This contradicts with the property
(iv) of w. Hence, we conclude that ¢ defines a homeomorphism on

2Absolute Neighborhood Retract, see [12].
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[m, M]. Moreover, since [m, M] is a closed convex subset on R then it
is ANR. By properties of homeomorphism ¢([m, M]) = Ej; is ANR
too.
(|
Let H._ be the excision of He, on Ey N Be(U, €), i.e.,
(4.18) H:)O:HOO‘EAN’]M:EMQBS(U,E) — Er.

The fixed point U belongs to Ey N B.(U, ¢) and thus, by the property
of the topological fixed point index [12] H._ is admissible® compact
map and

ind(Heo, Be(U, €)) = ind(H.,, Ex N Be(U, €)).
Next, we apply the topological invariance property of the index and
get
ind(H._, Exs N Be(U,€)) = ind(¢ o H._ 0 ¢, D)
where D denotes the following set ¢~ (Hoo(Ey N B.(U, €))).

We prove the following lemma which enables us to compute ind(¢~! o

H'_ o ¢, D).

Lemma 4.10. There exist such § > 0 that D = ¢~ (Heo(EnNB.(U,€))) D
[a—d,a+d].

Proof. The map € : u — ¢, is defined for all u € B.(U,¢). Let v(z) =
Wi(x +¢) — W(x —¢), ¢ € [m,M]. Then using the norm (2.3) in
W1e(R, 1), the equality (4.13), and the mean value theorem we have
[U—=vlwiee = ([w(&1) + @(m)llze + [[@w(x + &) + @(@ = m2)|Le) [c—al,

51772 € [Cv (Z], 1= 172
Thus, using (4.11) we get

U = vljwre <4C|c—a| < &,

for all ¢ € [a — §,a + 0], where § < ¢/4C. From this observation we
conclude that

¢B(U,e)NEy) Da—0,a+ 9]
which implies
Hoo(B(U,e)NEy) D Es = {v: v =W(+¢)=W(-—c), c € [a—0,a+d]}.
Furthermore, it follows that
¢ (Moo (Be(U,e) N Epp)) D ¢~ HEs) = [a — 6,a +d).
O

3A continuous map ¢ : B — B is called admissible provided B is an open subset
of B and the fixed point set of g is compact, see [12].
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Finally, we have all the ingredients to calculate ind(¢~t o H/_ o ¢, D).
We define the finite dimension operator T = ¢! o H._ o ¢ which, as
we have shown above, maps [a — 0, a + 8] — [m, M]. It is easy to check
that a is a fixed point of T, i.e., T(a) = a. Moreover a is an isolated
fixed point of T. The latter statement follows from U being the isolated
fixed point of H, and topological invariance property of the index. The
topological index of a finite dimensional map can be calculated as

ind(T, D) = sgn(T"(a) — 1),

see [19].
The following equality holds true fore all ¢ € [a — d,a + J]

W(T(c)+c)—W(T(c) —c)=6.

Using the implicit function theorem and the chain rule for differentia-
tion we find
T'(a) = w(0) + w(2a).
w@(0) + w(2a)
Thus, we have
deg(Heo, Be(U,€),0) = ind(T, D) = sgn(w(2a)) = 1.

Combining all the results, we get that there exists Cz >> 1 that
u = Hgu possesses a solution ug € B, (U, ¢) for all § > C and ug — U.
We also notice here that ug is a symmetric function which satisfy the
f-condition and has two intersection points with straight line 6. O

5. CONCLUSIONS AND OUTLOOK

In the present paper we have studied the properties of the one-
parameter family of Hammerstein operators Hg, 0 < f < oo given
by (3.2). Fixed points of an operator belonging to this family are sta-
tionary solutions of (1.1). For functions in Wh(R, i), 1 < ¢ < oo we
have introduced the definition of the #—condition, which means that we
consider functions with a finite number of intersection points with the
line v = 6. We have shown that the continuous dependence theorem
(Theorem 3.14) holds in a vicinity of a function U € W1 satisfying
the 6—condition, while for the case U € WH4(R, u), 1 < g < oo the
conditions of the theorem are not satisfied. Next, with Theorem 3.15
we show that if H., possess an unique fixed point with some additional
assumptions, then the solutions of the fixed point problem Hsu = u
exist for 8 > C. This theorem allows us to prove existence of multi-
bump solutions of (1.1) with sigmoidal firing rate functions.

We believe that these results can be very useful in neural-field the-
ory. We have given two examples of restrictions on the connectivity
functions (one with inhomogeneous connectivity and the second one
for homogeneous connectivity) where all the conditions of the contin-
uous dependence theorem are satisfied. Moreover, for a homogeneous
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type of connectivity we have proved existence of 1—bump solutions
for (1.1) with steep gradient continuous firing rate function, S(8,-),
satisfying the condition (4.10). Although the latter condition imposes
restrictions on the choice of S(3,-), we would like to emphasize that
this result is more general than one obtained in [8, 11]. Here we would
like to point out that the results of this paper can be useful for studying
not only continuous dependence and existence of bumps but also sta-
bility of these solutions. The methods for studying stability of bumps,
Evans function technique and Amari approach, assume that small per-
turbation of a bump solution possess the same number of intersection
with a straight line 6 as a bump itself. As we have shown, this is the
case only if we work in the Sobolev space W (R, ). However, if one
studies stability of bump in W14(R, 1), 1 < g < oo, then any vicinity
of a bump contains functions which do not satisfy the #—condition,
and thus, these stability approaches do not work.
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List of changes (made after submission)

1) Paper I, Section 3, Theorem 3.1. The typos in the formulation of the theorem have

been corrected.

2) Paper I, Section 2. There was a misprint in the sentence after Assumption 2. "ge"

was corrected to "get".

3) Paper III became published. Thus we have changed "In Press" to the citation details,
and have provided the author’s personal copy of the publication, see pp. 53-74.
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