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WAVES AND OSCILLATIONS IN MODEL NEURONAL NETWORKS

Rodica Curtu, Ph.D.

University of Pittsburgh, 2003

In this thesis methods from nonlinear dynamical systems, pattern formation and bifurcation
theory, combined with numerical simulations, are applied to three models in neuroscience.

In Chapter 1 we analyze the Wilson-Cowan equations for a single self-excited population of cells
with absolute refractory period. We construct the normal form for a Hopf bifurcation, and prove
that by increasing the refractory period the network switches from a steady state to an oscillatory
behavior. Numerical simulations indicate that for large values of refractoriness the oscillation
converges to a relaxation-like pattern, the period of which we estimate.

Chapter 2 brings new results for the rate model introduced by Hansel and Sompolinsky who
study feature selectivity in local cortical circuits. We study their model with a more general,
nonlinear sigmoid gain function, and prove that the system can exhibit different kind of patterns
such as stationary states, traveling waves and standing waves.

Standing waves can be obtained only if the threshold is sufficiently high and only for intermediate
values of the strength of adaptation. A large adaptation strength destabilizes the pattern. Therefore
the localized activity starts to propagate along the network, resulting in a traveling wave.

We construct the normal form for Hopf and Takens-Bogdanov with O(2)-symmetry bifurcations
and study the interactions between spatial and spatio-temporal patterns in the neural network.
Numerical simulations are provided.

Chapter 3 addresses several questions with regard to the traveling wave propagation in a leaky-

integrate-and-fire model for a network with purely excitatory (exponentially decaying) synaptic

v



coupling. We analyze the case when the neurons fire multiple spikes and derive a formula for the
voltage.

We compute in a certain parameter space, the curves that delineate the region where single-spike
traveling wave solutions exist, and show that there is a region of parameter space where neurons

can propagate a two-spike traveling wave.
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Introduction

In this thesis methods from nonlinear dynamical systems, pattern formation and bifurcation
theory are applied to three models in neuroscience.

Despite the fact that models for the behavior of individual neurons are relatively well developed,
the question of how the brain, as a whole, processes and encodes the information received from
external stimuli remains open. The huge amount of data collected from experiments needs to be
interpreted, and as a first step computational models are used. Nevertheless most of the computa-
tional models are themselves complicated because of the large number of variables and parameters
they include, thus the necessity of construction of much simpler models becomes apparent. These
models try to capture the main characteristics of the phenomenon under scrutiny, and discard the
rest of the unknowns. They have the advantage that they can be analyzed with tools such as
dynamical systems and bifurcation theory in a framework proven already useful in other quanti-
tative fields. As a consequence, the theoretical approach allows for a better understanding of the
phenomenon, and may suggest new hypotheses to be tested in later experimental studies.

A dynamical system is a mathematical model of a deterministic process. Since real processes
depend on different parameters, a small change in one parameter value implies a change in the
system’s behavior and this change can be negligible or, in contrast, substantial. Bifurcation theory
helps at this point, allowing one to predict the critical regime of the parameters, that is, to find
those parameters associated with dramatic changes in the system. There are two main types of
bifurcations that we use in this thesis: the Hopf bifurcation and the Takens-Bogdanov bifurcation
with O(2)-symmetry. The Hopf bifurcation is a very useful tool to prove the existence of oscillations
in a system. When certain conditions are satisfied a constant state becomes unstable and it is
replaced by small amplitude oscillations with finite frequency. The Takens-Bogdanov bifurcation

provides us with an additional insight on how the system’s behavior changes from stationary to



oscillatory (not necessary of small amplitude) solutions, and proves that bistable regimes exist.
The O(2)-symmetry means that the system we analyze does not change with respect to rotations
and reflection. In addition to the above mentioned methods, in Chapter 2 we apply results from
the general theory of pattern formation.

Many experimental studies report spatial and spatio-temporal patterns in the brain. As an
example, patients under drug induced hallucinations describe a series of simple geometric pat-
terns such as spirals, tunnels, cones or grating honeycombs [77]. Based on experiments with LSD
when even blind subjects report visual hallucinations, the hypothesis that this phenomenon is
independent of external stimuli, and the patterns are generated in the visual cortex, was for-
mulated. Motivated by this question, neural models [37, 39, 12] were constructed and analyzed
with the goal of reproducing the patterns, and making predictions about the structure and or-
ganization of the visual cortex. On the other hand, patterns in the form of sustained oscillations
[1,22, 24, 31, 42, 49, 93, 101], or propagating waves [17, 18, 43, 52, 66, 67, 76, 98, 105], are frequently
reported in experimental studies.

In this thesis we discuss two types of models that are commonly used in computational and
mathematical neuroscience. They are rate models and the leaky-integrate-and-fire (LIF) spiking
model. Both rate models and spiking models present advantages and disadvantages, depending on
the context in which they are used.

A rate model accounts for a population activity and works with variables that correspond to
an averaged firing rate measured usually through local field potential recordings. Essentially, rate
models rely on the hypothesis that a large number of neurons are involved in different functions
of the brain, such as sensory information processing, and so an approach at the level of averaged
activity is better suited than one at the single cell level.

Obviously, rate models do not include individual spikes and as a result, the temporal details of
neuronal activity cannot be considered. The advantage of the spiking models such as the LIF is

that, in contrast, they do include the temporal details.

Thesis description

The thesis is structured in three chapters. We analyze two different rate models in Chapters 1

and 2, and study traveling wave propagation in the LIF spiking model in Chapter 3.



Chapter 1 is dedicated to the analysis of the Wilson-Cowan model [104] in its original form
that includes an absolute refractory period. This model was introduced in 1972, and since then was
used in a simplified form (by assuming that the refractory period is zero or very small) in many
theoretical and computational studies.

The neurons in the population are assumed to be in close spatial proximity with random,
but dense enough interconnections, so that any two neurons within the population are connected
through a direct or indirect path. Therefore spatial interactions may be neglected and only the
temporal dynamics of the network are considered. Usually two population of neurons, one excitatory
and one inhibitory, are included. The rate variable in the Wilson-Cowan model represents the
proportion of neurons in the population which become active per unit of time. Therefore the
relevant aspect of a single cell activity is considered to be the spike frequency rather than the single
spike.

We investigate the consequences of keeping the original form of the Wilson-Cowan equations for
a single self-excited population of cells with absolute refractory period. We prove that by increasing
the refractory period, the network switches from a randomly firing activity, that mathematically
corresponds to a steady state (or fixed point) to a synchronized activity translated into an oscillatory
behavior. Moreover the period of the oscillation scales linearly with the absolute refractory period
for large values of the latter.

The work presented in this chapter resulted in a paper [25].

Chapter 2 brings new results for the rate model introduced by Hansel and Sompolinsky [58]
who study feature selectivity in local cortical circuits. Since the spatial connectivity plays an
important role in this case, it was included in the equations.

There is still a debate [7] about the role of the local cortical interactions in shaping the response
properties of cortical neurons to sensory stimuli. One hypothesis is that the receptive field properties
of simple cells in primary visual cortex are a reflection of the feedforward afferents from the lateral
geniculate nucleus (LGN). In contrast, the other hypothesis is that recurrent cortical circuitry plays
an important role in shaping the orientation tuning in cortex.

The Hansel-Sompolinsky model belongs to the group of models [7, 8, 59, 91] constructed to
test if the second hypothesis holds. Their analysis shows that a stationary profile, called a tuning

curve, can be obtained. Thus in their model, the local cortical connections are indeed capable of



playing a central role in generating the sharp selectivity of cortical neurons to the orientation of
visual stimuli.

Hansel and Sompolinsky added an adaptation current to the rate model and proved that in
this case, for sufficiently strong (or slow) adaptation, the stationary profile (steady state) tends
to destabilize, and intrinsic moving profiles (traveling waves) occur. They also assumed that the
stable state of the network is such that all the neurons are far from their saturation level. As a
consequence they used a semilinear gain function.

We considered the Hansel-Sompolinsky model with a more general, nonlinear sigmoid gain
function, and proved that the system can exhibit different kind of patterns than those previously
reported. These are standing waves and are characterized by an oscillatory behavior in time at a
fixed position in space, and an oscillatory behavior in space for any given moment of time.

The standing wave pattern can be obtained only if the threshold is sufficiently high and only
for intermediate values of the strength of adaptation. When the adaptation strength increases the
pattern is destabilized, and the localized activity starts to travel along the network, resulting in a
traveling wave pattern.

The interactions between stationary and spatio-temporal patterns in the neural network are
analyzed by considering a Takens-Bogdanov bifurcation with O(2)-symmetry.

Our theoretical approach is completely different from that followed in [58]. The tools we used
to prove the existence and stability of the patterns come from those of pattern formation and
bifurcation theory.

Chapter 3 addresses several questions with regard to the traveling wave propagation in a
leaky-integrate-and-fire model for a network with purely excitatory synaptic coupling.

Previous theoretical studies [10, 33, 45, 44] developed methods for studying the existence of
traveling waves of activity in networks of LIF cells, sometimes incorporating additional features
such as synaptic delays. This work was motivated by experiments in which a wave of activity that
propagates across the network was observed in slices of cortical tissue subjected to a local shock
stimulus, and with all inhibition blocked [17, 18, 43, 66, 98]. However, these theoretical studies,
with few exceptions, required each neuron to fire exactly once during wave propagation.

We considered the LIF model with exponential coupling and analyzed the case when the neurons

were allowed to fire multiple spikes. We proved two equivalent formulas for general traveling wave



solutions and used them to prove that in a certain parameter space, there are curves that delineate
the region on which single-spike traveling wave solutions exist.

We have also proved that in another region of parameter space, neurons can propagate a two-
spike traveling wave. It remains open to determine where such solutions actually exist, by rigorously
specifying the set of parameter values for which neurons stop spiking after exactly two spikes.

The general traveling wave formula provides a relationship that can, in theory, be used in an
iterative way to solve for as many spike-times as desired in a traveling wave with any countable
number of spikes, for fixed parameter values and a fixed wave speed. The iterative scheme is
provided.

This work was part of a group research effort, and a more complete analysis including a dis-
persion relationship for periodic solutions, the effect of absolute refractory period, the connection
between infinitely-countable multiple-spike waves and period wave, and numerical simulations are

presented in [78].



Chapter 1

Oscillations in a refractory neural network

1.1 Introduction

Wilson and Cowan [104] introduced a class of neural network equations modeling the excitatory
and inhibitory interactions between two populations of cells. Each population obeys a functional-

differential equation of the form

SO /t_Ru(S) ds) f(I(t))

dt

where 7 is the time constant, I(t) represents inputs to the population, f is the firing rate curve,
and R is the absolute refractory period of the neurons. The function wu(¢) is the fraction of the
population of neurons which is firing. It can also be regarded as the actual firing rate of the
population. The refractory term premultiplying the firing rate was approximated (by assuming

that R is small) as

1-— /t_Ru(s) ds ~ 1 — Ru(t).

All subsequent analyses of these equations either make this assumption or set R = 0.

Assumptions and derivation of equations for Wilson-Cowan model. The model assumes
two population of neurons, one excitatory and one inhibitory, and it is described by two variables,
E(t) and I(t), the proportion of excitatory, respectively inhibitory, cells firing per unit time at ¢.
The resting state E(t) = I(t) = 0 is taken to be a state of low-level background activity.

By assumption, the value of E and I at time t + 7 is equal to the proportion of cells which
are sensitive (not refractory), and which receive at least threshold excitation at time ¢. If the
probability that a cell is sensitive is independent of the probability that it is currently excited
above its threshold, then the expression for F and I is obtained as a product between ’sensitivity’

and ’excitation’.



If the absolute refractory period is of R msec, then ft r E(s) ds represents the proportion of
excitatory cells which are refractory, and so [ ft rE ds} gives the proportion of excitatory
cells which are sensitive. A similar expression is obtained for inhibitory cells, i.e. [1 — j;_ r1(s) ds} .

The ’excitation factor’ is given by a response function Se(z), respectively S;(z), that describes
the expected proportion of cells in a subpopulation which would respond to a given level of ex-
citation if none of them were initially in absolute refractory period [104]. Therefore, E(t + 7) =
[1 — [t L E(s) ds} So(z) and I(t+7) = [1 LT ds} Si(y).

The form of the response functions S, and S; results from the following assumptions: (1)
the total number of afferents reaching a neuron is sufficiently large, (2) there is a distribution of
individual neural thresholds within subpopulation characterized by the distribution function D(#)
which is unimodal (that is, it has only one maximum), and (3) on the average, all cells are subjected

to the same excitation z(t). Therefore the response function, defined as S(z) = [ ® D(0) do, takes

1

—— . A similar result is obtained in the
1+e a(xz—0)

a sigmoid form and can be described by S(z) =
hypotheses that all cells within a subpopulation have the same threshold 6 and there is a (unimodal)
distribution C'(w) of the number of afferent synapses per cell, and z(t) is the average excitation per
synapse. In this case S(z fa Jo(t) w) dw and still takes a sigmoid form.

An additional assumption is that individual cells sum their inputs and the effect of stimulation
decays with a time course «a(t), so the average level of excitation generated in an excitatory cell
(similar for inhibitory cell) is describes by the integral term f a(t—s)[c1E(s) —cal(s)+ P(s)]ds

where c1, ¢o (positive constants) represent the average number of excitatory and inhibitory synapses

per cell, and P(t) is the external input to the subpopulation.Then we obtain

E(t+7)= [1—/ E(s ] (/t alt — 8)[c1E(s) — e2I(s) + P(s)] ds> ,

—0o0

I(t+7)= [1 — /t_R I(s) ds} - S; (/t a(t — s)[c3E(s) — cal(s) + Q(s)] d$> .

—0o0

If a(t) is close to 1 for 0 < ¢ < R and drops rapidly to 0 for ¢ > R, then the term ffoo at —
s)E(s) ds can be replaced by kE(t) where k is a constant and E is an average value of E over time.

o . . ~ E(t dE
In addition E(t 4 7) is written as E(t 4 7) ~ E(t) + 7% .



Therefore, the resulting Wilson-Cowan equations are

ch =—E(t) + [1 - /t jRE(S) dS] .S, (ki E — keoT + kP(1))
7/% =—1I(t) + [1 — /t_RI(S) ds} . S; (k/CSE_ K ey + k‘/Q(t)) .

Wilson-Cowan model for a self-excited population of neurons with absolute refractory
period. There have been numerous analyses of neural networks with delays. Castelfranco and
Stech [16] prove the existence of oscillatory solutions to a two-dimensional model due to Plant
which has delayed negative feedback. Similar results are described by Campbell et.al in a model
for pupillary control [14]. Marcus and Westervelt [74] linearize a Hopfield symmetrically coupled
network and show that the fixed points are asymptotically stable. Ye et.al [106] improve on this
result by rigorously showing global stability of fixed points for the Hopfield network with delay.

In this chapter we will explore the consequences of keeping the original form of the Wilson-
Cowan equations. In particular, we will look at a self-excited population of cells.

We consider the functional-differential equation

T%:—w (1—;/ttRU(S)d8>f(“)

where fis a smooth monotonically increasing function ( f' > 0) which takes values between 0 and
1. We have normalized the integral term in order to study the temporal effects of altering this
absolute refractory period.

By rescaling the time ¢ — t/R and letting » = R/7 denote the ratio of the absolute refractory

period to the time constant of the network, the equation becomes

e (1 e s ) 1w (1)

Remark 1.1. We can alternatively rescale time as t — t/7. Then instead of equation (1.1) we

obtain % = —u+ ( — %ftt_r u(s) ds> f(u). In this rescaling, it is clear that this is a “delayed

negative-feedback” system and that in the limit as » — 0 we obtain the original Wilson-Cowan

equations %‘ = —u+(1—u)f(u). Because the calculations are simpler, we will use the first rescaling,



u(t)

— r=100

O 1 1 1 1 1 1 1
200 201 202 203 204 205 206 207 208
t
Figure 1.1. The behavior of (1.1) for different values of the parameter » = R/7 with f(u) =
1/(1+exp(—8(u—.333))). The period of the smallest oscillation is 4 and that of the largest is 1.43.



(1.1) in the remainder of the chapter.

Remark 1.2. Figure 1.1 shows a simulation of (1.1) for a variety of values of the parameter 7. The
horizontal line corresponds to a fixed point. For the choice of parameters in the figure, solutions
converge to the fixed point for » < 4.7 and for » > 4.8 all solutions numerically converge to a
periodic orbit. Thus, it appears that as the refractoriness r increases, the constant solution loses
stability through a Hopf bifurcation. For all larger values of 7, solutions converge to a family of
periodic orbits whose amplitude increases. Our goal in the subsequent sections is to show that
this is in fact the correct picture. Section 1.2.1 is devoted to the analysis of fixed points and their
stability. In Section 1.2.2 , we find the normal form for the Hopf bifurcation and show that the
bifurcation is supercritical. We then look at the limit as r gets large. We show that the resulting
equation behaves like a relaxation oscillator and compute the period for this system. We close with

some simulations of waves and related phenomena in a locally connected network.

1.2 Oscillations in the refractory neural network obtained

through a Hopf bifurcation

1.2.1 Fixed points and stability

The fixed points for (1.1) are u = @ for all ¢ and u satisfies

—u+(1—a)f(u) =0 (1.2)

It is easy to check that because 0 < f < 1 there is no equilibrium point in (—oc, 0] U [3, 00), but
there is at least one in (0, 1), say @.
For such an equilibrium we can rewrite equation (1.1), by defining u := @ + y and using the

Taylor expansion for the function f about u, as

dy _
dt

~—

rl—y+y1—a)f (@) - fa) /tt y(s) ds} +r [—yf'(u) /tt y(s)ds +y°(1 - 1) f”;ﬁ ]

-1

+r [—yQ @ /t_1 y(s)ds + 13 (1 —a) f”’éa) ] + 0@y . (1.3)
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Remark 1.3. We define the coefficients A =1 — (1 —a) f'(u) <1 and b = f(u) € (0,1). Then as

a first step in our analysis we consider only the linearized part of the equation (1.3), i.e.

dy t
W (—ay— .
o r ( y b/t_1 y(s) ds)

The stability of this equation is determined by studying the roots of the characteristic equation
obtained by substituting y(t) = exp At into the linearized equation. This results in

1—e?

A
AN+Ar+br 3

= 0. (1.4)

A very similar equation to this is studied in Diekmann et. al, Chapter XI1.4.3. We summarize the
main points as they apply to the present equations. First, A = 0 if and only if A+ b = 0 and
furthermore as long as b # 0, A = 0 is a simple root. All roots with positive real part are bounded
by the following inequality:

AL < r(1A] + [b]):

Thus, the only way that roots can enter the right-half plane is to go through the imaginary axis.
Clearly if b =0 and A > 0, then all roots have negative real parts. Furthermore, as we just noted,
roots can cross 0 only if A+ b = 0. Thus, we are interested in when there are roots of the form

A = iw. Substituting this into (1.4) we see that

w sin w

1—cosw’

w2

1—cosw’
Since there are singularities at w = 2k7, these equations define a series of parametric curves defined
in the regions w € (2km,2(k + 1)m) for k an integer. The first two of these curves are plotted in
Figure 1.2. Crossing these curves results in new complex eigenvalues with positive real parts. To
study stability as a function of the parameter r, we note that (Ar,br) defines a line through the
origin with slope b/A as r varies in the the (Ar, br) plane shown in the figure. If this line crosses the

lower emphasized curve then stability is lost through a pair of complex eigenvalues as the parameter

11



15

Figure 1.2. Stability diagram for (1.4) as a function of Ar and br. Straight lines depicts the curve
b= —Aand b = A/M where M is defined in the text. The remaining curves depict lines along
which there are purely imaginary roots. Numbers denote the number of eigenvalues with positive
real parts.
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r increases. Taking the ratio of the two above equations, we see that there will be such a root if

and only if
A sinw
- =— . 1.7
The minimum of this function is -1 and the maximum is M = —sin(§)/£ where £ is the smallest

root of tan(x) = x greater than 7. Thus, the slope of the line /A must lie between 1/M ~ 4.60334
and -1. These two lines are illustrated in Figure 1.2. If b/A lies between -1 and 4.6033.. ., then
starting at small values of r as r increases, it pierces the lower stability curve and a pair of complex
conjugate eigenvalues cross the imaginary axis resulting in a loss of stability. Clearly, if b/A is

within these bounds, then we can solve (1.7) for a value of w between 0 and 27. Then we can use

(1.6) to find 79 = %l_ﬁ;w the critical value of r (which is always positive). If b/A is positive and

less than 1/M then no increases in r can ever lead to a loss of stability. If the slope b/A is negative
and shallower than -1, then for all positive values of 7 there is a real positive root to (1.4). To see
this, note that we can rewrite (1.4) as

1—e?

b
Y

= —(\+ A7),

The left-hand side is monotonically decreasing, positive, and starts at br at A = 0. Suppose that
—Ar > br. Then —(\ + Ar) is larger than br at A\ = 0 and crosses the x-axis when A = —Ar > 0.
Thus, there is an intersection of the two for a positive value of A between 0 and —Ar.

We summarize these calculations in the following theorem.

Theorem 1.1. Suppose @ is a fized point of equation (1.1). Let A=1—(1—a) f'(a) and b= f(a).
(i) Suppose that —b < A < bM where M = —sin(§)/& ~ 1/4.60334 = 0.2172336 with & the
smallest root greater than m to tan(x) = x. Then for r small enough, the fixed point is stable. Asr

increases, stability is lost when r crosses 7y where

_ 1 wi
To=— 77— ——
b1l —coswy

and wq 18 the unique root to

13



between 0 and 2.
(ii) If A > Mb then the fized point is stable for all values of r.

(iii) If A < —b then the fized point is unstable for all positive r.

1.2.2 Normal form

The numerical simulations in Figure 1.1 indicate that there exist oscillatory solutions for large
enough r. Because of the above stability analysis we suspect the presence of an Andronov-Hopf
bifurcation point for certain values of the parameter r. The next reasonable step would be the

construction of the corresponding normal form and this is exactly what we do in this section.

Remark 1.4. The Hopf bifurcation theorem has been rigorously proven for (1.1) and related
equations in Diekmann, et.al.[30]. Indeed, the authors compute the normal form for a related
equation in Chapter XI4.3. Faria and Magalhaes [41] describe a method to compute normal forms

using the adjoint for equations of the form

dz

p7i L(p)z + F(z,p)

where p represents parameters. Our approach is similar to theirs. With minor modifications, we
could apply the formula in Theorem 3.9 Diekmann, et.al.[30] (page 298), but for completeness, we

derive the coeflicients for the normal form here.
Let us consider equation (1.3) and define the linear operators

t t

Ly ;:dy_|_Aq70y+bf0/ y(s)ds, Ay:=—-Ay—1b y(s)ds
dt t—1 t—1

as well as the quadratic and cubic forms

B(y1,y2) :== 7o (1_u2)fﬂ(u) Y1Y2 — f/;u)yl /tly2(8) ds — f/éu) Y2 /tl y1(s) ds]

~ T(1 —a) " (q (= t (= t
C(y1,y2,y3) :=To (()jf(u)yl Y2 Y3 — / éu Y1 y2/ y3(s) ds — / éu) ?/21}3/ y1(s)ds
L t—1 t—1

- @ Y3y /til y2(s) ds} :

6
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Taking a small perturbation of the parameter (r = 7o + «), the equation (1.3) can be rewritten as
Ly = alAy + B(y,y) + C(y,y,y) + aB(y,y) + 0(y"). (1.8)

Since we are interested in finding small oscillatory solutions we can consider the following asymptotic

expansion for (small) y and «
a=ca+ oy +Saz+ -, yt) = eup(t) + Eur(t) + Sug(t) + -+, € =0,

and obtain, instead of (1.8), € Lug + € Luj + €3 Lug + O(e*) = [ea1 + 2ag + a3z + -] - [e Aug +
EAuy +SAug+ -]+ [1+ear+---]- Bleug+ €2us + Sug+- - ,eug+e2ug +Sug +- - )+ Cleug +

up + Sug + - eug + uy + Sug + -+ eug + Euy + Sug + -+ ) + O(e?), e

€ Lug + €2L’U,1 + GSLUQ + 0(64) = ¢ [061 Aug + B(UO, U())]

+ € [a1 Auy + ag Aug + 2B(uo, u1) + C(uo, uo, uo) + a1 B(ug, ug)] + O(e*) . (1.9)

Based on the fact that the equation Ly = 0 has two independent solutions (eﬂ“’ot) on the center

manifold and by the asymptotic expansion Lug = € [ag Aug + B(ug,ug) — Lui]+--- we can choose
uo(t) = z(t)ei“’ot + Z(t)e_iwot

with z depending on € (e.g. z = z(€%*t)). The expansion with respect to € gives z = 2(0) + €2t2’(0) +

O(e?) as € tends to 0. We then use z and the properties of the defined operators in (1.9) to obtain

0=c¢ [a12(0) A(e™"") + oy 2(0) A(e™™0") + 22(0)2(0) B(e™°", e™"“0") + 2(0)*B(e""", e™"")
+ 2(0)2B(e ™0 e 70! — Luy | + €* [ —Lup — 2/(0) L(te™0") — 2/(0) L(te™™") + ay Ay
+ a2 2(0) A(e™") + ag 2(0) A(e ™) + 2B (ug, u1) + a1 B(ug, ug) + C(ug, ug, up) | + O(*).
(1.10)

Therefore the coefficient of € in the above expansion implies Lu; = g, with the given function g,
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g(t) = a1 2(0) A(e™") + a1 2(0) A(e™")

+ 22(0)2(0) B(eiwgt’ efiwgt) + Z(O)QB(GiWOt, eiwot) + 2(0)2B(67iw0t7 efiwot) .

Remark 1.5. In order to ensure the existence of a solution for the equation Lu; = g we need the in-
homogeneous term g(t) to be orthogonal to the solutions of the adjoint homogeneous equation. The

adjoint operator of L (see Appendix A.0.1) is L*y := —% +Ary+b7y fttH y(s) ds, and on the two-

dimensional center manifold ¢! and e~ are independent solutions for L*. The inner product
is the usual < ¢, 9 >= fo%g #(t)1(t) dt, so we need fo“% g(t)et ™ot dt = 0. The definition of the op-
erators L, A, B, C implies immediately that L(eM) = L(\)eM, A(eM) = A(\) e, B(eM, eM2t) =
B(A1, Ag) eMitAa)t - Cehit ghat Asty — Oy, Ao, A3) eMHA2+2)t with LA, B and C given in Ap-
iwot —iwot

pendix A.0.2. Therefore g can be expressed as a linear combination of powers of e and e

The orthogonality condition becomes [ay Z(0) Z—’;]&(—iwo) = 0, a1 2(0) 2= A(iwp) = 0]. Obvi-

wo

ously in this case oy is zero, and the equation Lu; = g becomes
Luy = 2(0)? B(iwy, iwg) €20 + 2(0)% B(—iwo, —iwg) e~ 240! 4+ 22(0)2(0) B(iwg, —iwp) .  (1.11)

We choose u; = a122e20t + 2a92% + azz?e~ 20! which implies u; = a;22(0)e**0! 4 2a52(0)z(0) +
azz?(0)e~ 2«0l 1 9(e2t), as € — 0, substitute into L, and compare with (1.11). We get the coefficients

ai,asz,as, with as € R and a1 = as,

B(iwp, iwp) B(iwy, —iw) B(—iwp, —iwp)
L(2iw) £(0) L(—2iwo)

So far we have calculated ug, u1,@1. We can now conclude that in equation (1.10), ug should

satisfy

Lus = — 2'(0) L(tetot) — Z(0) L(te_i“’ot) + az 2(0) ]\(iwo)ewot + o Z(O)A(—iwo)e_i“’ot
+ 2a1 23(0) B(e™0t, e20) 4 4ay 2%(0)2(0) B(e™°t, 1) 4 2a3 23(0) B(e~ ™0t g~ 2iwot)
+ 4ag 2(0)22(0) B(e™™0 1) + 2a1 22(0)2(0) B(e™™0t, ¢20t) 4 245 2(0)2%(0) B(e™0?, e~ 2iwot)
+ 23(0) O (™0t g0t giwot)y 4 3:2(0)z(0) C(e™0t, ™ot e=wot) 1 73(0) C'(e~ ot g~ iwot g—iwot)

4 32(0)22(0) C(eiwot’ e*iwot’ e*’i(.dot)
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Similar to u;, for solutions, we need the right hand side to be orthogonal to e ™0t i.e.
2771- . . Qi . . ~ . T
2'(0) [ e ™ot L(te™0t) dt + 2'(0) [ e ™0t L(te™"™0") dt = ag 2(0) A(iwp) Z—D
_ it . . 2 _ 5 ) _ . . . 2
+2a1 22(0)2(0) B(—iwo, 2iwo) i 22(0)2(0) B(iwp,0) o+ 322(0)2(0) C(iwo, iwg, —iwg) 2= .

wo

This immediately implies

in (65)

Z'(0) = ———2(0)
7o |2+ Afo + i(wo — —AT?‘TO““)}
n 4ag B(iwo,0) + 2a1 Bi(—u.uo, 2zw012 :l— Z’Z(E'(zwo, iwo, —iwo) 22(0)2(0) (1.12)
2+ATO+’L(L«J0 — 7”2;2 TO)
where
~ _1—u _ A 1., . LW _
Blien,0) = [t 5 1) + 3@ 0~ 3£ @] +i%0 1@,
- ) . 1=a ., ATy Awg o . Towo | 4o w(2) I
B—ian, ) = |5 £+ (52— G2 ) o] +i Bt a2 28] ),
é(in 1Wo *’in) = fol —u f”/(ﬂ) + éf”(ﬂ) 70 +’L@f”(a)
’ ’ 6 2b 6b

We have just proven the following theorem.

Theorem 1.2. Suppose that u is an equilibrium point of the equation (1.1) and that A,b satisfy
—b < A < Mb where M is as in Theorem 1.1. Take 7o and wg as in Theorem 1.1 and denote by ¢
the coefficient of 22(0)z(0) in (1.12).

Then the normal form on the center manifold at r = 7o is given by (1.12). If Re(d) < 0
(Re(d) > 0) then at r = 7o the system passes through a supercritical (subcritical) Andronov-Hopf
bifurcation which proves the ezistence of a small amplitude periodic stable (unstable) solution in the

vicinity of the steady state near the bifurcation point.

Proof: The nondegeneracy condition requires the real part of the coefficient of z(0) to be

nonzero. The real part of the coefficient is

wg —(A+b)ry
To[(2 + AT‘Q)2 + (u}o - (A + b)?"o/u)o)2] '

Using the substitution of 79 = w?/[b(1 — coswp)] into the numerator and the fact that A/b =

sin wq
wo

2
— sin(wp) /wo we find that the numerator is —-2 ( — cos w0>. The first term cannot vanish

1—cos wq

17



since wg € (0,2m). Thus, the coefficient will be zero if and only if Sig% = coswp. Recall that the
extrema of sin(w)/w = —A/b can occur only when sin(w)/w = cosw so that the numerator will

vanish only along the lines A = —b and A = Mb. Since —b < A < bM this is impossible.

1.2.3 Example

Let us consider the function

1

f@) = g Vith a=8, 0=-0.333

that has only one equilibrium point . We compute A, b and the values for the first three derivatives,
ie. w = 0.335909, A = —0.328002, b = 0.505818, f’'(u) = 1.99973, f"(u) = —0.186145, f"'(u) =
—63.9653, and solve for w and r; we find here a unique solution wy = 1.541455, 79 = 4.839469881.

By immediate calculation we have sin(wg)/wy — coswy = 0.619121, so the linear coefficient in
the normal form is positive and the rest state loses stability when the value of r increases through
r = 7o. At r = 7y a stable periodic orbit is born. In this example the quantities which appear in
the formula for the coefficient of 22Z in the normal form are

To(A+ b)

2+ Arg + i(wo —
wo

) = 0.4126442001 + 0.9831933729 1,

B(iwp, 0) = —8.275709357 + 3.047038468 1, B(—iw, 2iwy) = —3.52803752 + 0.0893831027 14 ,

C'(iwo, two, —iwg) = —33.97038306 — 0.0945445928 7,

ay = 4.172849433 + 0.097025506 7, ag = —7.640204473, 6 = —36.6125 — 138.977 1,

therefore since Re(d) < 0, this is a supercritical Andronov-Hopf bifurcation.

We note that Figure 1.1 shows the numerical solutions for a variety of values of r. In particular,
the fixed point is the only attractor for r = 4.7 but clearly, when r = 4.9 there is a stable periodic
solution. The period computed analytically is 27 /wg = 4.08 which agrees well with the numerically

found period of 4.00. Thus, the numerical solutions and the Hopf calculations are consistent.
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1.3 Relaxation oscillator approximation

We now consider equation (1.1) for large values of the parameter r. By introducing € = % and

the function z(t)

z(t) :== /tt u(s)ds

-1

equation (1.1) is equivalent to the two-dimensional delay-differential equation

e =y —2z) f(u
it +(1=2) f(u) 1.13)

e = yt) —u(t —1)

We recall that (1.1) is obtained by rescaling time ¢ with respect to the parameter R in the original
equation, so t represents a slow time. We analyze the solution by treating ¢ as a small positive
parameter. We will first point out how to construct a singular periodic orbit for this system and

then we will estimate the period T for the relaxation oscillator.

Remark 1.6. Mallet-Paret and Nussbaum [73] have extensively and rigorously analyzed an equa-

tion similar to (1.13), ed‘Z—g) = —x(t) + f(z(t — 1)) where f is an odd negative feedback function

(that is, zf(z) < 0). In particular, they consider a step function for f. Hale and Huang [57] have

dx(t)
dt

studied the vector analogue, € = —Ax(t)+ Af(\, z(t — 1)) where A is an invertible matrix and
f is smoothly dependent on x and the free parameter A. They assume that the map © — f(A, z)
undergoes a period-doubling bifurcation at A = 0 and then prove that the delay-differential equation
undergoes a similar bifurcation. More recent work by Hale and Huang [56] shows a similar behavior

as well as a Hopf bifurcation. As far as we know, however, the rigorous analysis of equation (1.13)

has not been done and remains an open problem.

By setting e = 0 in (1.13), we obtain the equations corresponding to the slow flow

0=—u+(1-2)f(u), (1.14)

& = u(t) —u(t — 1)

For the fast flow we consider the original integro-differential equation. In this case the function z

is z(t) = %ftt# u(s)ds and it satisfies dz/dt = (u(t) — u(t —r))/r. When r tends to infinity (e
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tends to zero), the system becomes

G =—ut(1-2)f(u),
dt

Thus, the two-dimensional system is decomposed in two one-dimensional equations, the solutions
of which we now characterize.

Consider the graph for 0 = —u + (1 — 2) f(u) with f(z) = W ,a = 8,0 = —0.333.
The sign of (—u + (1 — 2) f(u)) is negative above the graph and positive below it. Consider
the points A, B,C, D on the graph with corresponding coordinates A(u1, zyin) » B(t4max; Zmin) »
C(u2, zmax) , D(uyin, zmax) (see Figure 1.3).

We begin with the system at the point A at ¢ = 0, where z cannot decreases anymore so a jump
up takes place to the BC branch (z = constant and u suddenly increases by the fast system). On
this branch the system’s law of motion is (1.14). Here dz/dt > 0 so z increases until the point
reaches C. We remark that in order to have dz/dt > 0 on BC branch we need u(t) > u(t — 1) all
the time. This is obviously true at B since up = u(t = 04+) = umax > u(t = —1). In order to have
uc =u(t =T4) >u(t =T;—1) we need u(t =Ty — 1) to be on the DA branch. This implies that
Ty, the time the system stays on the upper branch BC', must be less than 1.

At the point C since z cannot increases anymore there is a jump down to the branch DA (z =
constant and v decreases by the fast system). On the branch DA, z decreases from zmax to zpip-
In order to have dz/dt < 0 we need u(t) < u(t — 1), in particular up = u(t = Ty +) = upyip <
u(t=T;—1) and ug = u(t =T) < u(t =T — 1), which means that it is necessary that (7 — 1)
be on the BC' branch, i.e. T'— 1 is positive and less than Tj.

Following these considerations we see that in order to construct a singular periodic solution it
has to be true that

0<T—-1<Ty<1<T (=T<2)

where T is the period of oscillation. We estimate 1" and T}; considering u constant, u = ug, on the
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Figure 1.3. Plot of 0 = —u + (1 — 2) f(u) with points relevant to the relaxation oscillation labeled.

Below is a numerically computed solution with r = 300 illustrating the relaxation character of the
oscillation.
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branch BC, and u = uj, on the branch DA. At t =0,z = 2, v = vy and

0 €0, Tg+1—1T]
UH — UJ, ,tG[Td—i—l—T,Td]
dz/dt = u(t) —u(t —1) =
0 ,t € [Td, 1]
Uy, — Uy ,tE[l,T]
equivalently with
Zmin €0, Ty+1-T]
(ug —urp)t+Cq e Ty+1—T,Ty)
2(t) =
Co ,t € [Td,l]
(up, —ug)t ,te[1,T)

with 2(T') = 25y and 2(Tg) = zmax. Using this and the identity z(t = 0) = zpi, = ff’l u(s)ds

we obtain an approximating formula for 7" and Ty

<max ~— “min Zmax — UL

T~1+ and Ty ~

Ug —ur Ug —ur

Remark 1.7. For our example, u = 0.065, uqp = 0.15957447, umax = 0.777, ue = 0.45106383,

min
Zmin = 0.20141882, zmax = 0.37353106. Choosing ug = umax and uy = upj, we obtain
T = 1.2417 and Ty = 0.4333. The period for the oscillation shown in Figure 1.3 is 1.35. Given
that w is not really constant on the branches, this is a pretty good estimate of the period. We can
improve this approximation with just a minor change in the choice of u;, and ug. Above, we chose
umax and Ui, a better approximation is to choose the mean value

_ Umin + up U2 “+ Umax

UL 2 7UH_ 2

For our example, this implies uy, = 0.1122872, ug = 0.6140319 and T' = 1.3430, T,; = 0.5206. This

is a considerably better approximation of the period without any extra work.
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1.4 Conclusions

We have analyzed the original Wilson-Cowan model for an excitatory population of neurons
with an absolute refractory period. It is not surprising that there exist oscillations as the system is
essentially a delayed negative feedback model. Curiously, however, as the effective delay increases,
the oscillation converges to a relaxation-like pattern and the frequency goes to a nice limit. In
terms of the original time, the actual oscillation period scales linearly with R the absolute refractory
period.

We have looked only at oscillatory solutions of the scalar problem. An interesting subject for
future research is to investigate what happens when two populations are coupled and answer the
question if the resulting oscillations synchronize, or not.

Based on the fact that if we let a be larger in the definition of the function f, the system is not
oscillatory but rather excitable, another interesting question is the existence of a traveling wave
when such (1.1) units are coupled locally on a line. An analytical approach is possible by letting

a — oo so that f can be approximated by a step function.
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Chapter 2

Pattern formation in a network of excitatory and
inhibitory cells with adaptation

2.1 Introduction

We analyze in this chapter a rate model that describe the activity of two populations of neurons
coupled together, one excitatory and one inhibitory, in the presence of adaptation. Our goal is to
investigate what types of patterns can be obtained in the system as a consequence of changing the
strength of synaptic coupling and/or the strength of the adaptation variable.

The model was introduced by Hansel and Sompolinsky [58] when studying feature selectivity
in local cortical circuits. In that context the network of neurons was assumed to code for a sensory
or movement scalar feature x (for example the angle a bar is rotated in the subject receptor field,
so that x can be taken in the interval [-7, §]). The local cortical network consists of ensembles
of neurons that respond (are tuned) to a particular feature of an external stimulus, and so are
called ’feature columns’, and that are interconnected by recurrent synaptic connections. In other
words, each neuron in the network is selective, firing maximally when a feature ('preferred feature’
of the neuron) with a particular value is present. The synaptic interactions between a presynaptic
neuron y from the G-population and a postsynaptic neuron x from the a-population are denoted
by a function J¥(x —y) = jgﬁ —|—j§’g cos(2(x —y)) where o and [ indices stand for F (excitatory)
and/or I (inhibitory) population of neurons, depending on the context. We take j¢¥ > j9F >0
for input coming from the excitatory population, and jg‘E < j8F < 0 for input coming from the
inhibitory population.

Hansel and Sompolinsky collapsed both excitatory and inhibitory populations into a single
equivalent population. In this case the synaptic connectivity function J is defined as J(z — y) =
Jo + j2 cos(2(x — y)) with no restrictions on the sign of coefficients, and the rate model has a single

rate variable m(z,t) that represents the activity of the population of neurons in the column = at
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time t. Moreover the population is assumed to display adaptation. The resulting model [58] is
om

0 (x,t) = —m(x,t) + F (; /_i J(z —y)m(y,t) dy + I°(x — z0) — I,(x,t) — T)
oI,

Ta E(m, t) = —I,(z,t) + Jom(z,t). (2.1)
I9 stands for the synaptic currents from the external neurons, T is the neuronal threshold, I, is
the adaptation current, 7, > 79 is its time constant, and J, measures the strength of adaptation.

An additional assumption for (2.1) is that the stable state of the network is such that all the
neurons are far from their saturation level, allowing the gain function F' to be in a semilinear form

F(I)=1 for I > 0, and zero otherwise.

The model we analyze in this chapter is based on the above Hansel and Sompolinsky model,

but includes a more general nonlinear sigma-shaped gain function F. It can be also used in a

more general context of synaptically coupled populations of excitatory and inhibitory neurons with
adaptation.

2.1.1 Biological model description

The problem we are interested in, concerns the possible patterns that can be obtained in a neu-

ronal network consisting of both excitatory and inhibitory cells, and in the presence of adaptation.

The network model consists of two homogeneous populations of neurons, one excitatory (F),

displaying adaptation, and the other one inhibitory (I), without adaptation. This is a reasonable

assumption, for example, for cortical neurons, since experimental studies report that in cortex most

of the inhibitory neurons do not display spike adaptation ([22], [23], [52]).

The spatial connectivity is assumed to be all-to-all from E to E, E to I, and I to E cells, and
in all cases the strength of interactions decreases with the distance between neurons according to

a Gaussian distribution with zero mean, say Jgg, Jrg and Jgr respectively. No [ to [ interactions

are included. In addition, the network is considered one-dimensional in space.

We assume in the following a linear adaptation, and describe the neuronal activity by a rate
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model. That is we have

du
TE th = —uEJrFE(JEE*UE*JEI*UI*QA)v
du
TITZZ_UI+FI(JIE*UE)7
dA
TA L = -A+ug, (22)

where T, 77, T4 are the time constants for the excitatory and inhibitory neurons, and for adaptation
respectively; A is the variable that defines the adaptation; g is the strength of adaptation; F and
Fyp are the firing-rate functions; and J;; * uj, with ¢,j € {E, I}, is the convolution Jj; * u;(x,t) =
f Jij(x —y)u;(y, t) dy.

One simplification is to assume that the inhibition is much faster than the excitation, and that
the firing rate for inhibitory population is linear. That allows us to replace the equation for I cells
by its steady state, i.e. to take ur = Fr(Jig xug) = Jig * ug.

Then, since a convolution of two Gaussians with zero mean is still a Gaussian with zero mean,
we have (Jgg *xug — Jpr xur)(z,t) = (Jgg — Jpr *x Jig ) xug(x,t) = J * ug(z,t), where J(x) is a
difference of two Gaussians.

Therefore the system (2.2) can be reduced to a rate model for only one variable v in which we
include the neuronal activity for both excitatory and inhibitory populations, and with the synaptic
coupling defined by a function J as in Figure 2.1a (the ”Mexican hat”). This means that we assume

to have a network characterized by local excitation and long range (lateral) inhibition.

2.1.2 Mathematical model

Under the assumptions considered in the previous section, the mathematical model equivalent

0(2.2) is
ou
5= —u(x,t) + F(aJ*u(z,t) — go(z,t)),
ov
T 5 = —v(z,t) + u(z,t) (2.3)

with x € R the one-dimensional spatial coordinate, and «, g and 7 positive parameters.

The variables u and v represent the neuronal activity and adaptation respectively, 7 and ¢
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correspond to the time constant and the strength of adaptation, and « is a parameter that controls

the strength of the synaptic coupling J.

Synaptic coupling J is a continuous and even function, J(—z) = J(z), Vx € R, and absolutely
integrable on the interval [—[,{] where [ € Ry U {oo}. If | = oo we ask that lim,_,_ J(z) =
lim, 0 J(z) = 0. Otherwise, J is assumed to be periodic of period 2I. Then the operator J x u is

defined as

!
J*u(x,t):/_l J(x —y)u(y,t)dy. (2.4)

There is an operator associated to J, which is defined on the frequency space, and that is

l
J(k) = / l J(z)e*® dz . (2.5)

Remark 2.1. If we consider an infinite neural network, we take [ = oo and the function J is

typically as in Figure 2.1a. For example, we can define J as

1

J(x) NG

[A\/&e*“””2 — B\/l;e*bxz} ,zeR (2.6)

where A > B > 0, a > b > 0. Then j(k:) = Ae~*/4a _ Be_k2/4b, k € R and J has the graph
as in Figure 2.1b. Nevertheless, in numerical simulations we cannot consider an infinite domain.
Therefore we have to restrict ourselves to a finite domain [—[,l] with [ € Ry and work with
periodic boundary conditions. In order to maintain the assumptions of local excitation and long

range inhibition, J is typically as in Figure 2.2a. For example, we can take J as

1 2
J(m)zzl[a—i-bcos(??)%—ccos(77)] ,reR (2.7)
where a, b, ¢ are real parameters. Therefore .J (see Figure 2.2b) is

JO)=a, J(Er/l) =b/2, J(&2x/1) =¢/2, J(£jr/l) =0 (j € N\ {0,1,2}),

Gy - S00E) [(a = b+ c)(/m)" + (~5a + 4b — c)(Ik/m)° + 4a]
(k) = e [ (/02 — 1] (1)) — 4]

,k¢i§N.
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Figure 2.1. (a) The coupling J(z) = —= [A\/@e’“g”2 — BVbe | for A = 5 B=4,a=1,b=0.3;
(b) The function J.

a=-02,b=25c=2 a=-0.2,b=25c=2
0.8f g

0.6

) W

021

2nx

Figure 2.2. (a) The periodic coupling J(z) = 5;[a + bcos(ZE) + ccos(252) ] for I = m and a = —0.2,
b =25, c=2; (b) The function .J.
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F(u)

Figure 2.3. The firing rate (2.8) for » = 3 and 6 = 0.3.

Firing rate F' in (2.3) is a sigmoid function (Figure 2.3) assumed to satisfy

The first condition translates the steady state to the origin @ = 0, ¥ = 0. The second condition

brings additional simplifications to our calculations. A typical expression for F' is then F(u) =

K , with » and @ positive parameters, and K = (1 +¢e")2e™/r, i.e.

1 _ 1
1+677‘(u70) 1+e70

1+e? 1—e
F(u) = s e ) (2.8)

Remark 2.2. The condition F/(0) = 1 is not essential. As long as F'/(0) is nonzero and positive,
the results proved in the following sections remain valid. To see this, let us assume that F'(0) # 1.
Then, by the change of variables u,., = u/F'(0), V4w = v/F’(0), the change of parameters
Opew = F'(0) @, Guew = F'(0) g, and the change of function F,., = F/F’(0) we obtain a system

topologically equivalent to (2.3) where F,., satisfies the constraints Fl.,(0) = 0 and F_(0) = 1.

new

2.1.3 Linear stability analysis and pattern initiation mechanism
Previous studies on reaction diffusion pattern generation mechanisms (see [77] for a review) and

neural models of pattern generation (such as a mechanism for stripe formation in the visual cortex
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[96], a model for the brain mechanism underlying visual hallucination patterns [37], [39], or a neural
activity model for shell patterns [38]) indicate that in one-dimensional structures the linear theory
turns out to be a good predictor of the ultimate steady state of the full nonlinear system. There is
very good agreement between the theoretical solutions obtained from the linearized problem, and
the numerical simulations of the original nonlinear system with initial conditions taken to be small
random perturbations about the steady state.

Nevertheless, in order to find the solution of the linearized problem that corresponds to the
stable spatial or spatio-temporal pattern that appears when the zero steady state loses stability,
nonlinear terms of the original system must be taken into account, and a singular perturbation
analysis around a bifurcation point must be pursued.

In the following we investigate the possible spatial and spatio-temporal patterns that can occur
in the neuronal system with adaptation (2.3), as a dependence on the parameters a, g and 7.

Based on the hypotheses F'(0) = 0, F/(0) = 1, the expansion of (2.3) in linear and higher order

terms becomes

F/l Fl//
(;SL:—u—i—(oaJ*u—gv)%— (0)(04J*u—gv)2+ 6(0)(04J*u—gv)3—|—...,
0
5 = (vt (2.9)
and then the linear operator is
B —1+aJx*( —
LU= 2U - Oy (2.10)
¢ 1/ —1/7

where U = (u,v)”. We are looking for solutions of Lo/ = 0 that are bounded and have the form

£(t) eF* with k € R.

Let us assume first that [ = co. Then, according to (2.4) and (2.5), the equation (2.10) can

be written as [% — L(k)¢(t)| e = 0 where

i | tTW ) (2.11)

1/7 -1/7
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Since we work on an infinite domain (I = oco) and J is symmetric, this statement is true for all
values of k € R. Moreover, we have J(—k) = J (k).

The equation to be solved now is the ODE % = A(k){ which has two independent solutions
&1k ekt Eor ekt where 1,21 are two-dimensional complex vectors. Therefore the eigenfunctions

of Ly have the form & o, eMazrt£kT o4 51,214 M2kt FhT where A2 are the eigenvalues defined

by Mok =+ [Tr(i(k)) + \/Tr(z(k))2 — 4det(L(k))|.
If det(L(k)) > 0 and Tr(L(k)) < 0 for all k, i.e. aJ(k) < g+1and aJ(k) < 1/7 + 1, then all
eigenfunctions of Ly correspond to the stable manifold , and they decay exponentially in time to

zero. The trivial solution is asymptotically stable.

Remark 2.3. The eigenvalues k represent a measure of the wave-like pattern that can occur in
the system. That is why k are called wavenumbers, or modes of the system, and 27 /k are called

wavelengths.

We consider kg to be the most unstable mode, defined as

j(k:g) = maxkzoj(k:) = maxg>0 (/ J(x) etk dac) (2.12)

and assume that
ko#0 and J(ky) >0, (2.13)
J(ko) # J(k),Vk # +ko . (2.14)

This is true for functions J as in Figure 2.1.

There are only two ways the trivial solution can lose its stability: either when the determinant,
or the trace becomes zero. We notice that (2.12), with additional conditions (2.13), (2.14), implies
that Tr(L(k)) < Tr(L(ko)) and det(L(k)) > det(L(ko)) for k # +ko. Therefore ko is the first
eigenvalue where the system may lose its stability, that is kp is the most unstable mode of the
system (2.3). For all k # +ko the eigenfunctions belong to the stable manifold. On the other hand,
the eigenfunctions with +ky wavenumber may form a basis for the center manifold that becomes
our point of interest.

The wavenumber kg determines then the mechanism that generates the emerged pattern. There

are basically two possible cases. At oJ (ko) =g+ 1, g < 1/7 the determinant becomes zero and a
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spatial pattern (steady state SS) bifurcates. At a.J(ko) = 1+1/7, g > 1/7 the trace becomes zero

and a spatio-temporal pattern (traveling wave TW /standing wave SW) bifurcates.

Let us assume now that [ is finite There is a considerable difference when working with finite
domains as the interval [—,] and periodic boundary conditions. The difference comes from the
fact that in this case there is only a discrete set of possible wavenumbers. The wavenumbers k£ must
satisfy the condition k € (i%]N) in order for the integral fil J(z —1) e*@=¥) dy to be independent
of z and so equal to J(k) = fil J(y) e dy.

This allows us to use the matrix f/(k) from (2.11) and construct the eigenvalues and eigenfunc-
tions of the linear operator as in the case of infinite domain. Moreover, the discussion from the
previous paragraph remains valid here with the observation that in the case of [ finite we consider
only those values of k belonging to the set (:l:%]N).

The most unstable mode kg is then defined as

J(ko) = J <T) — max, o < /_ ll J(z) ek d:n) (2.15)

and we assume again that ko # 0 and J(ko) > 0, J(ko) # J(k), Vk = +7n/l, n € N such that

n # ng. This is true for functions J as in Figure 2.2.

Remark 2.4. In the next sections we analyze the case of spatial and spatio-temporal patterns that
occur in the system when at the most unstable mode kg # 0 either the trace Tr(L(ko)) becomes

zero, or both the trace Tr(L(ko)) and the determinant det(L (ko)) become zero.

2.2 Spatio-temporal patterns obtained by a loss of stability at a

pure imaginary pair of eigenvalues

In the case of Tr(L(ko)) = 0 and det(L(ko)) > 0, at the most unstable mode ko defined by
(2.12), or (2.15), with conditions (2.13), (2.14), the eigenvalues of the associated ODE % = L(ko)¢

are complex with zero real part. This happens when the parameters of the system (2.3) satisfy

g>1/7 and o = ﬂ (2.16)
J (ko)
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Remark 2.5. In the following we fix the values of 7 and g as above, and take a as the bifurcation
parameter. The bifurcation value around which we will consider the singular perturbation analysis
is o*. Therefore on the entire Section 2.2, the operator Lo defined by (2.10), and the matrix L(k)

defined by (2.11) for all £ where it makes sense, will be evaluated at a = o*.

The matrix ﬁ(ko) has pure imaginary eigenvalues +iwg with corresponding eigenvectors ®y and

®q such that

1
WQ:;\/Q’T—]_, (2.17)

) » . B ¢ ’
L(k‘o)q)g = Zu)oq)(] with <I>0 = <¢, —1 —|—’L\/g’7'7—1> . (218)

Based on the general theory [37], in the case of a pair of pure imaginary eigenvalues that arises
at the most unstable mode ko, the solution U of the nonlinear system (2.3) can be approximated
by

Uz, t) ~ 2Re | 2(t) B¢ e"“ot+koz) 1y (1) By e“wof—’fox)] , (2.19)

where z, w are time-dependent functions that satisfy the ODE system

2 =z(a+ b2z + cww)

(2.20)

w' = w(a + bww + c2Z),

called the mormal form for the Turing-Hopf bifurcation in the time-and-space-variable case, with
a = a1+ ias, b = by + by, ¢ = c1 + icy complex coeflicients.

The importance of the normal form becomes apparent when we write it in polar coordinates.
It provide us with essential information about the existence and stability of the (new) bifurcating
solutions. We notice that actually only the sign and values of the real part ai, b1, ¢1 of the
coefficients a, b and ¢ play a role in the matter.

In that sense let us define z(t) = re’®' and w(t) = Re®2. Then (2.20) is equivalent to the system
r' =r[ay + b1r? + 1 R?], R’ = Rlay + b1 R? + c17?], 0] = ag + bar? + coR?, 0y = ag + ba R? + cor?,

and the normal form is basically reduced to

' =rla + byr? +61R2] , R'=R[a1 + b1 R? —1—017“2] : (2.21)
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There are two distinct qualitative pictures of small amplitude bifurcating patterns in a system
with normal form (2.20), and so (2.21), as long as —a; /by < 0 and —ay /(b1 + ¢1) < 0 (Ermentrout
B. [37)).

One corresponds to the solution 7 = 0, R = y/—ay /by of (2.21) (or R = 0,7 = y/—a1/b1), and it
represents a traveling periodic wave train with velocity ¢ = +wg/ko (" traveling wave”). This can be
understood easily by using the formula (2.19): up to a translation in time, an approximation of the
solution U(z,t) is then 2/—aj/biRe (@0 ei(wotikox)] = 2\/—a1/biRe (@ e:FikO(Ct_x)]. Therefore
the pattern will change with time and position in space, according to the traveling wave coordinate
& = ct — z (see for an example Figure 2.6).

The other case corresponds to the solution 7 = R = \/m, and it represents a
standing oscillation, periodic in space with spatial frequency kg, and periodic in time with temporal
frequency wy (" standing wave”). The approximating solution of U(z,t) (up to a translation in time)
is now 4\/mRe [<I>0 ei“’ot] cos(kox) , and the pattern consists of oscillations with respect
to the position x in space, for any fixed time ¢, respectively in oscillations with respect to time at
any fixed position z (see for an example Figure 2.5).

They cannot be simultaneously stable, therefore physically only one of these patterns is selected
([37], [35], [39]). The traveling wave solution TW has the corresponding eigenvalues \; = —2ay,
A2 = —%;bl) with eigenvectors (1,0)7, (0,1)T. Therefore the traveling wave exists and it is

stable if and only if a3 > 0, b1 < 0 and ¢; — b; < 0. The standing wave solution SW has the

_ 2ay (b1—c1)

bie, Wwith eigenvectors (1,1)T and (1,-1)T.

corresponding eigenvalues A\y = —2aj, Ao =
Therefore the standing wave exists and it is stable if and only if a; > 0, by +¢1 < 0 and ¢; — by > 0.

Since the goal of our study is to investigate the existence of stable TW and/or SW patterns in
the neural network (2.3), we have to construct the normal form for the Hopf bifurcation case. More

precisely, according to the general theory summarized above, we have to determine the coefficients

a, b and c in (2.20), and then, their real part.

2.2.1 Hopf bifurcation and pattern formation
The construction of the normal form uses a singular perturbation approach with a proper
scaling of the variables, parameters, and time with respect to €, the small pertubation quantity.

The Fredholm alternative method is then used to identify solutions for the functional equations
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obtained from the e-power series expansion.
In the case of a pair of pure imaginary eigenvalues, a good scaling for the bifurcation parameter

a and the solution U we are seeking, is

a—a*=éev,7eR,

Uuo

U(z,t) = eUp(z,t) + € Uiz, t) + € Up(z,t) + - =€ + €2 + ¢ +
Vo V1 V2
(2.22)
The system (2.9) can be written in the equivalent form
LoU = (a—a*) (J*u, 0T + BUU)+CU,UU) +... (2.23)

" T " T
with B(U,U) = (FT(O)(QJ*’U,—Q’U)Q, 0) and C(U,U,U) = (F 6(0)(aJ*u—gv)3, 0) .

With the notation E = (1,0)7, (2.22) and (2.23) imply

F"(0
eLoUy + € LoUy + € LolUs + O(et) = €E (0) [a J % up — gv0]2 +E [7 (J * ug)

2
F l//(O)
6

+ F"(0)[a* J % ug — gvol[a™ J * uy — gu1] + [ J xug — gv0]3] +0(eh.  (2.24)

Remark 2.6. The calculation of the normal form is cumbersome. For this reason we prefer to
present in this section only the main steps and results, and to leave the details of proofs for

Appendices B.0.1 and B.0.2.

The first equation to be solved is LoUy = 0. The nullspace of Ly corresponding to the center
manifold is four-dimensional and it has the basis { P ei(“’otikom),EO e*i(‘“‘)tikox)} , therefore Uy can

be written as
UO — Z(bo ei(wot—‘rko.’ﬂ) + w(bo ei(th—kox) +260 e—i(wot—‘rkox) +E60 e—i(wot—ko:ﬂ) )

Since in (2.24), LoUy = O(e), we have z and w as e-dependent. By considering z = z(€?*t) and

w = w(e*t) and expanding them as z = 2(0) + 2/(0)e?t + O(e*) and w = w(0) + w'(0)e?t + O(e*) as
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€ — 0, we then obtain

Uy = [Z(O) d, ei(wot—l—kox) +w(0) ®, ei(wot—koz) +§(0) 60 6—i(w0t+kox) +w(0) 50 e—i(wot—kom)] +O(62) ]

The equation that defines U is

LOUl — {|:A22(0)2 €2i(w0t+k0x) 4 A2w(0)2 eZi(th—k‘or) 4 2A2Z(0>’LU(0) 62’int 4 Cci|

_ , A F"(0
1247 [2(0)2(0) + w(0)@(0) + 2(0)@(0) €207 4 Z(0)w(0) 6_2““0’”] } 2()E :
where cc denotes the complex conjugation of the previous expression, and
A= - (1+1/7, —g) =1 +iwp). (2.25)

Therefore Uy can be constructed as
U, = (51 22 2iwotthor) 4 g, 2 2ol =koz) | g4 5 qp 200 4 ¢ g 20T 4 cc) +&2Z+&ww

with &, i = 1,...,6, vectors in @2 that depend on g, 7, J(ko), J(0), J(2ko), and F"(0). With the

use of formula (B.15), we then obtain the equation for Us
LoUz = QE — <z’(0) B e (wotthor) | w'(0) B eilwot=koz) | cc) ,
that provides the explicit normal form for the Hopf bifurcation

Z/(O) — Z(O) (EL —+ bz(O)E(O) + cw(O)@(O) ) ’ (2_26)

w'(0) = w(0) (@+ bw(0)w(0) + ¢2(0)2(0) ),

where the time variable is €2t, and @ = a/e?, with a, b, c of order 1 (see Appendix B.0.1). We proved

then the following result.

Proposition 2.2.1. If ¢ > 1/7, in the neighborhood of the bifurcation value o = 1;;2;/;, the
0

system (2.3) has the normal form (2.20) with a; = Re(a) = 3 [a J(ko) — (1 + 1)1, and by = Re(b),
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c1 = Re(c) satisfying the equations

T+1 2 " "2 2 Mp
b — A2 |F F - - 22
e A I ey vl 220
J(ko)
1
1+ by = T: A2 | 3 [F"(0) — 3F"(0)?]
T
2 4 Mc Mg
+F"(0)*- —— + — +2— + . (2.28)
 (41/7)J(2ko) _a+1/ni© " “Ne ' Np
g+1 J(ko) 9+ 1= )
T+ 1 2 Mc Mg
—b: AQ- F///O_3F//02 F”02~ _ 9 _
cr—bi=—— AP | [F"(0) (0] +£7(0) | (x/niek) | No | Np
g+ J(ko)
(2.29)

Here we have Mp :M<%>, Mc :M<jj((koo))), Np :N(‘;((QIZO))), N =N (%), where M

and N are functions defined as
M(X) = (497 —3)[297 — (1 + 1) (7 +2)] X +4(g7 — 1)(t + 1)2 + (397 — 4 —7)2 + g7(97 + T — 2),
and
N(X)= (497 = 3) (7 +1)2X2 +27(1+ 1)(3 — g — 4g97) X + [4(g7 — 1)(7 + 1)® + (397 — 4 — 7)?].
Proof: The normal form (2.20) is obtained directly from (2.26) as a result of the scaling € z(0) <

z, ew(0) «> w, and €t « t.

2.2.2 Traveling wave and standing wave patterns in the neural system
Based on the formulas (2.27), (2.28), (2.29) from Proposition 2.2.1 we obtain the first important

result regarding the type of patterns that can be selected by the neural system (2.3).

Theorem 2.1. Let us assume that the most unstable mode ko of the system (2.3) satisfies the
conditions (2.13), (2.14), and at kg a pair of pure imaginary eigenvalues appears.

If the firing rate function F is such that F(0) = 0, F'(0) > 0, F"(0) = 0, and F"'(0) < 0,
then the system (2.3) has a traveling wave (TW) and a standing wave (SW) solution for o > a*,

« close to . The SW solution is unstable. The TW solution is stable.

Proof: First we notice that there exist sigmoid functions F' that satisfy the theorem hypotheses.
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For example, if § = 0, we have from (2.8), F(u) = 2tanh (%) and so F(0) = 0, F'(0) = 1,
2
F"(0) =0, F"(0) = =% <0.
In this case by = %]A\QF”’(O) < 0, ¢1 = 2b1, and therefore ¢; + b1 < 0 and ¢; — b; < 0. Both
standing and traveling waves bifurcate from the trivial solution at @ = «*, but only the TW is

stable.

Remark 2.7. The condition F'”(0) = 0 on the firing rate function is quite restrictive. We are

interested to see what happens in the general case of F'”(0) # 0 (then the firing rate function F

T2 (6727‘9_4677‘9_,’_1)
(1+efr9)2 ) In

as in (2.8) has the second and third derivatives F'”(0) = r };2:;2, F"(0) =
that sense, the coefficients of the normal form (2.20) computed in the previous section provide us
with some useful information. They have indeed a complicated expression that does not allow us to
give a general, theoretical prediction. Nevertheless we can use the equations (2.27), (2.28), (2.29)
in Matlab, for example, to search for possible parameter values of g, 7, r, 6, plus coupling J, such
that the stable pattern selected in the bifurcation at a* is SW. The importance of the construction

of the normal form (2.20) becomes clear, since this allows us to show that both traveling wave and

standing wave patterns can be found in the neural system (2.3).

Proposition 2.2.2. Let us assume that the hypotheses in Proposition 2.2.1 are true.
i) If by < 0 and ¢1 — by < 0, then for a > o*, sufficiently close to o*, the system (2.3) has
a traveling wave solution T'W that is stable. The velocity of the TW is approximately (iivflgl),

and the solution can be approzimated by

Uz, t) ~ \/2j(k((’)_(2‘1)_ ar) Re [(I)Oei(wot:tkom)}

with ®¢ and wy defined by (2.17) and (2.18).
it) If c1 + b1 < 0 and ¢y — by > 0, then for a > o, sufficiently close to o, the system (2.3) has

a standing wave solution SW that is stable. The solution can be approximated by

2J (ko) (o — o)

wot
(—b1 — 01) Re [(I)oe 0 ] .

Uz, t) =2 cos(kox)\/

Proof: The solution U can be approximated by its projection onto the eigenvectors space, i.e.

U = 2€Re [ 2(0) ®g e!@ot+kor) 4 4y(0) @ e!(wot=k02)] | where as we mentioned above €z(0) < z and
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ew(0) < w. Therefore (2.19) results immediately.

When the TW exists, z = 7€t = 0 and w = Re'?, R = \/—a;/b; and 0(t) = —t(a —
oy J(k
o) (20)[\/;7_1

In a similar manner one can show that when SW exists, we use in (2.19) z = w = 7et = Re'®?

+ g—f]. Since we have wot + 02(t) =~ wpt at o — o, we obtain the conclusion (i).

with 7 = R = /=a1/(by + e1) and 01 () = 6a(t) = —t(ar— a*) 3 [l + 222, The conclusion

(ii) follows immediately.

Example. If we consider an infinite domain (I = co), the synaptic coupling J is defined by (2.6)
with a graph as in Figure 2.1. For example for A =5, B=4,a =1, b = 0.3 we have kg = 1.2967,
J(0) = 1, J(ko) = 2.2988, J(2ko) = 0.9158, and at 7 = 4 we obtain o* = 0.5438. We choose the
function F as in (2.8) with » = 3 and 6 = 0.3. The theory predicts that there exist values of g such
that the stable pattern in the neural network (2.3) that occurs through the Hopf bifurcation is the
TW, and there exist values of g such that the SW pattern is stable. For example, at g = 0.34, both
TW and SW bifurcate, but only SW is stable (by = —0.0651, ¢; + by = —0.0955, ¢; — by = 0.0347).
On the other hand at g = 0.35, both TW and SW bifurcate, but only TW is stable (b; = —0.1283,
c1 + b1 = —0.2873, ¢ — by = —0.0306).

2.2.3 Numerical results

A good agreement is obtained between the theoretical prediction (based on the normal form
construction), and the numerical simulation of the full nonlinear system (2.3).

For numerical simulations we need to consider a finite domain together with periodic boundary
conditions. The synaptic coupling J is defined by (2.7) with a graph as in Figure 2.2, and there
is only a discrete set of wavenumbers. We choose the gain function F' as in (2.8) with r = 3
and # =0.3,or# =0,and l =7 and a = —0.2, b = 2.5, ¢ =2 in J. Then kg = 1, j(O) = —0.2,
J(ko) = 1.25, J(2ko) = 1, and at 7 = 4 we obtain o* = 1. The simulations for the system (2.3) were
run in Xppaut [32], [36] on a network of 100 neurons, with the method of integration Runge-Kutta
RK4 and step size dt = 0.25.

At 6 = 0.3, the theory predicts that, for example, at g = 0.45, both TW and SW bifurcate, but
only SW is stable (by = —3.4412, ¢; + by = —5.1928, ¢; — by = 1.6895). At g = 0.7, both TW and
SW bifurcate, but only TW is stable (b = —3.1939, ¢; + by = —7.7540, ¢; — by = —1.3661).
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At 0 = 0, for any g > 1/7 = 0.25, we can obtain both SW and TW solutions, but the stable
pattern is always TW.

These results are confirmed by the numerical simulations of the full model (2.3).

Remark 2.8. In the figures below we represent the space x on the horizontal axis, the time ¢ on
the vertical axis, and the value of the variable u(x,t) by the level of color. The upper left corner
corresponds to the minum value of x that increases to the right. The value of time increases in the
up-to-down direction. In general, the time is represented after ¢ = 3000 transients. We choose two

different sets of initial conditions to illustrate the possible behaviors in the system (2.3).

Let us consider first the case § = 0.3.

For different values of the parameter g, e.g. ¢ = 0.45 and g = 0.7, before the bifurcation point,
at a = 0.99, by choosing random initial conditions around the origin, the solution decays in time to
zero. After the bifurcation point, at a = 1.01, both traveling and standing waves patterns can be
obtained, depending on the choice of the initial conditions. In order to test what pattern is stable,
we have also run the simulations of the system (2.3) in the presence of white noise add to the first
equation and scaled by a factor of 0.001 (Figure 2.4(b)-Figure 2.7(b))

As a consequence we notice that at g = 0.45, the stable pattern is SW (Figure 2.4, Figure 2.5),
and at g = 0.7 the stable pattern is TW (Figure 2.6, Figure 2.7). This means that for both sets of
initial conditions that in the absence of noise might produce different patterns, we obtain the same
pattern in the presence of noise, that is SW at g = 0.45, respectively TW at g = 0.7.

At 6 = 0 the stable pattern obtained as a result af added noise is always TW. We present the
numerical results in Figure 2.8 and Figure 2.9 for g = 0.45, respectively 2.10 and Figure 2.11 for
g=0.7.
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Figure 2.4. (a) SW is the pattern obtained at g = 0.45, # = 0.3, and set 1 of initial conditions; (b)
in the presence of noise SW is preserved.

init u[49..51]=0.1 init u[49..51]=0.1,nz=0.001

Figure 2.5. (a) SW is the pattern obtained at g = 0.45, § = 0.3, and set 2 of initial conditions and
it is stable since (b) in the presence of noise SW is preserved.
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Figure 2.6. (a) TW is the pattern obtained at g = 0.7, § = 0.3, and set 1 of initial conditions; (b)
in the presence of noise TW is preserved.

init u[49..51]=0.1

Figure 2.7. (a) SW is the pattern obtained at g = 0.7, # = 0.3, and set 2 of initial conditions but
it is unstable since (b) in the presence of noise SW is replaced by TW.
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Figure 2.8. TW is the pattern obtained at g = 0.45, # = 0, and set 1 of initial conditions.

init u[49..51]=0.1 init u[49..51]=0.1,nz=0.001

Figure 2.9. (a) SW is the pattern obtained at g = 0.45, # = 0, and set 2 of initial conditions and
it is unstable since (b) in the presence of noise SW is replaced by TW.
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Figure 2.10. TW is the pattern obtained at ¢ = 0.7, # = 0, and set 1 of initial conditions.

init u[49..51]=0.1

Figure 2.11. (a) SW is the pattern obtained at g = 0.7, # = 0, and set 2 of initial conditions and
it is unstable since (b) in the presence of noise SW is replaced by TW.
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2.3 Spatio-temporal patterns obtained by a loss of stability at a

double-zero eigenvalue

We analyzed in the previous section, the case of traveling wave and standing wave spatio-
temporal patterns that occur when the parameters in the system (2.3) are chosen such that at the
most unstable mode the trace of the linearized part vanishes while the determinant is still positive.
The resulting solutions change with both time and space position. Another possible situation is
when the choice of parameters is such that the determinant vanishes first and the trace is still
negative. In this case a zero eigenvalue occurs and the resulting pattern oscillates with respect to
space position due to the unstable mode kg, but it is independent of time. We call this pattern a
steady state or stationary pattern.

An obvious question is how these possible patterns in the system (2.3) interact, that is how the
system’s behavior changes from traveling wave or standing wave to a stationary pattern or vice-
versa. The issue of transition between spatio-temporal and only spatial patterns can be addressed
by the analysis of the case when the trace and the determinant of the linearized system vanish
simultaneously. Then at the most unstable mode we obtained a double-zero eigenvalue. The
double-zero eigenvalue case is approached from two different directions: one when we already have
a zero eigenvalue and now obtain another one (that is coming from the domain of spatial /stationary
patterns), and the other when we have a pair of pure imaginary eigenvalues +iwy that collide (that
is coming from the domain of spatio-temporal patterns).

As a result of the above remarks, the aim of the present section is to see how behaviors in the
system (2.3) look like at the transition between stationary states and traveling/standing waves.
Therefore we assume that at the most unstable mode ko we have Tr(L(ko)) = det(L(ko)) = 0. This

is true when the parameters satisfy the conditions

141
g-=1/7 and o = ;/T (2.30)
J (ko)

Remark 2.9. In the following we fix the value of 7, and take o and g as bifurcation parameters.
The bifurcation values around which we will consider the singular perturbation analysis are o* and

g*. Therefore on the entire Section 2.3, the operator Ly defined by (2.10), and the matrix L (k)

45



defined by (2.11) for all £ where it makes sense, will be evaluated at a = o* and g = g*.

At £ko the associated ODE % = ﬁ(ko)f has a double-zero eigenvalue. For all other values
k # +ko we have Tr(f/(k)) < 0 and det(ﬁ(k)) > 0, and the corresponding eigenvalues have negative
real part.

Let us construct the (generalized) eigenvectors of L(kg) and L(ko)T as follows

1 1 1 1 1 0
(1)0:7 7\1’1:7 )q)l:\/; 7\110:\/7i ) (231)
VT VA 0 1

according to the conditions

L(ko)®o = 0, L(ko)®1 = ®o, L(ko)" W1 =0, L(ko)"¥o =¥y, (2.32)
2.32

Py Vg=P1 -1 =1, Pg-¥1 =P1-Py=0.

Around the double-zero bifurcation point, the first order approximation of the solution of the
nonlinear system (2.3) is given by its projection on the generalized eigenspace. That means U can
be approximated by

Ul(x,t) ~ 2Re |2(t) ®g 0 1 w(t) &y eiko"’} (2.33)

where z, w are time-dependent functions that satisfy the ODE system with real coefficients

Z=w,

(2.34)
w =z + G+ Alz*2 + Cz[zw + 2 W] + D|z*w,

called the normal form for the double-zero (Takens-Bogdanov) bifurcation with O(2)-symmetry [27].

Indeed the linear part of the system (2.34) has two eigenvalues equal to zero at {; = (2 = 0.
That is why we call this type of bifurcation as ’double-zero’, or "Takens-Bogdanov’. The additional
name of 'O(2)-symmetry’ comes from the fact that the system (2.34) exhibits symmetry under
both rotations and reflections. This means that the vector field G(z,w) (the right hand side of
the equation (2.34)) commutes with the rotation z ~— ez for any angle § € R, i.e. we have
G(e"z,e%w) = ¢G(z,w), and it also commutes with reflection z +— %, i.e. G(z, W) = G(z,w).

Therefore the system shows no directional preference and we say that it is isotropic. The technical
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terminology is that the vector field G, and therefore the system (2.34), is covariant (or equivariant)
with respect to the group O(2) of rotations and reflections.

Recall that for (2.3) we seek spatially periodic solutions of the form etkT 4 cc. where cc
stands for the complex conjugate of the previous term. Since [1/% ethlatd) 4 oo = ikdy, etk 4 cc],
a translation in space [z — z + d] will be associated with a rotation of the time-dependent vector
Y. Furthemore a reflection in space [x — (—z)] is associated with a reflection of the vector
since [¢k ek (=2) 4 ce = o), kT 4 cc} . Let us notice that the vector field of the original system (2.3)
satisfies the properties G(u(z + d,t),v(z + d,t)) = G(u,v)(x + d,t) and G(u(—=z,t),v(—z,t)) =
G(u,v)(—x,t), so we say that the system (2.3) is isotropic.

The system (2.3) has at least one solution that preserves the symmetry with respect to both
rotations, u(z 4 d,t) = e*u(x,t), v(x + d,t) = e*y(z,t), and reflection u(—z,t) = u(z,t),
v(—x,t) = v(x,t), and this is the trivial solution u(x,t) = v(z,t) = 0. For different values of
parameters other solutions may exist which do not necessarily preserve the symmetry. We say
that the symmetry in the system is broken and call the phenomenon that leads to this situation,
symmetry breaking bifurcation. The above mentioned correspondence between (2.3) and (2.34),
together with formula (2.33), allows us to work with the system (2.34) and detect the solutions
that break its symmetry, rather than working with (2.3).

Dangelmayr and Knobloch present in [27] a detailed analysis of the existence and stability
properties for five types of possible solutions of the system (2.34). These are the trivial solution/T,
steady state/SS, traveling waves/TW, standing waves/SW, and modulated waves/MW. Depending
on the sign of the coefficient A, and then the signs of D and M = 2C + D together with some
nondegeneracy conditions based on the value of the ratio D/M, different regions in the parameter
plane ((1,(2) were identified, and the corresponding bifurcation diagrams were drawn. That is, as
a dependence on the values of parameters, all possible qualitative different behaviors in the system
are described.

As an example, TWs break the symmetry with respect to reflection and keep the symmetry
to rotations. On the other hand SWs break the symmetry with respect to rotations but keep the
symmetry to reflection (see below).

We summarize in the following the basic ideas followed by Dangelmayr and Knobloch [27] in

their analysis. Moreover in a similar approach to Section 2.2 we give a geometric interpretation of

47



the solutions SS, TW, SW and MW.
First we write z and w in polar coordinates and tranform the system (2.34) accordingly. Since
w = 2’ we need only the polar representation of z, say z(t) = re'®. Then by the separation of the

real and imaginary parts, the system (2.34) is equivalent to

" —r(¢")? —r(C + Ar?) — ' (G + Mr?) =0,
(2.35)

r¢” +2r'¢) —r¢ (G + Dr?)=0.

The trivial solution T corresponds to the solution r = 0 and exists for all parameter values.
Therefore z(t) = w(t) = 0 and from (2.33) we have U(z,t) = 0. The solution is independent of
time and position in space.

The linearization of (2.35) around r = 0, ¢’ = 0, e.g. take r = 0+ &, ¢’ = 0+ n with &9
small, is the equation £ — (3 &' — (1 € = 0. The eigenvalues have negative real part if and only if
(1 < 0 and (2 < 0. The stability of the trivial solution T is lost at {(; = 0 through a zero eigenvalue
when other constant solutions 7y appear (with ¢’ still zero) (we denote the line ¢; = 0 in the
parameter space ((1,(2) by Lo - see Figure 2.12), or at (2 = 0 and {; < 0 (see the half-line Hy in
Figure 2.12) through a pair of pure imaginary eigenvalues +iwp, when a small amplitude periodic
solution r = r(t) appears with ¢’ still zero. This case will correspond to a standing wave solution.
We mention that the O(2)-symmetry of the system forces both types of TW and SW solutions to

appear simultaneously from the trivial solution.

The steady state SS corresponds to solution of (2.35) constant on the radial direction, r(t) = ro,
and with no orbital motion ¢’ = 0. This means that ro must satisfy the condition (; + Ar% =0 and
obviously it does not exist for all parameter values. In order to get a SS we need A(; < 0 so that
ro = \/—C1/A. Moreover ¢' = 0 implies ¢(t) = w, constant, and z(t) = roe™, w(t) = 2/(t) = 0.

The approximating formula (2.33) implies U(z,t) = 2ro® cos(koxr + w) = 2 —%@0 cos(kozr + w),

Uz, t) = 24/ —% cos(kox) @ . (2.36)

or up to a translation in space,
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The steady state pattern SS consists in oscillations with respect to the position in space z, and it
is independent of time; therefore it forms stationary stripes (see Figure 2.19 for an example).

The linearization of (2.35) around r = rg, ¢ = 0, e.g. take r = rg + &, ¢ = 0+ n with
€,m small, is the system of equations & — (o + Mr3) & —24r2¢ =0, 7' — (G + Drd)n = 0, i.e.
" — (G2~ %Q)f' +2G¢=0and ' — (¢ — %Cl)n = 0. The only possible bifurcations that result
in appearance/disappearance of time independent solutions correspond to a zero eigenvalue. That
can happen for (; = 0 (we have already mentioned this case of new SS branch solution), or for
Al = D¢, AQl < 0 (see the half-line L,, in Figure 2.12) when a new ¢’ constant and nonzero

solution is created, say ¢/ = wy (see the TW case)

The traveling wave TW corresponds to a solution of (2.35) constant on the radial direction,
r(t) = 1o, but with orbital motion with constant angular frequency ¢’ = wgy. This means that ro
and wy must satisfy the conditions (2 + Dr3 = 0 and w? = —((1 + Ard) and TW exists only in
the parametric regime D(o < 0, %Cg — (1 > 0. We have rg = \/W and wo = £/ AC/D — (1;
then z(t) = 7o e/ @0tw) () = 2/(t) = irgw /o) and from formula (2.33), the traveling wave

equation, up to a translation in space is

Uz, t) = 24/ —% Re [((I)(] + iwoP1) ei(“’OHkox)} , (2.37)

wo = £/ %CQ —C1- (2.38)

The traveling wave solution TW changes with respect to time and position in space according

with

to the traveling wave coordinate £ = ¢t — = where ¢ = wy/ko is the wave velocity; therefore the
pattern is formed by non-stationary stripes, i.e. stripes with finite slope (see Figure 2.16 for an
example). Equation (2.37) shows that TW solutions break the symmetry with respect to reflection,

but respect the symmetry to rotations.

The modulated wave MW corresponds to a periodic solution 7(¢) of (2.35) and a nonzero
angular velocity ¢’. This means that we have oscillations in the radial direction and orbital motion

as well. The modulated waves bifurcate from a traveling wave through another Hopf bifurcation
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that introduces a new frequency in the solution. Therefore the MW pattern is characterized by two
different frequencies, one corresponding to the orbital motion and the other to radial oscillations

(not shown in this thesis).

The standing wave SW corresponds to a periodic solution 7(¢) of (2.35) and ¢/ = 0. This
means that we have oscillations in the radial direction and no orbital motion. SWs can occur
as oscillations about the trivial solution or about a steady state. From (2.35), r(¢) satisfies the
equation 7" — 7' (¢ + Mr?) — (¢4 + Ar?) = 0 and ¢ = w is constant. Then z(t) = r(t)e™,

w(t) = 2/(t) = r'(t) e, and (2.33) implies, up to a translation in space,
Uz, t) = 2[r(t) o + ' (t) ®1] cos(kox), (2.39)
where r(t) is the periodic solution of period, say, 27 /wp of the ODE
r =" (G Mr?) = (G + Ar®) = 0. (2.40)

The standing wave solution SW oscillates with respect to time with frequency wg for any fixed
position in space, and oscillates with respect to space with frequency kg for any fixed ¢ (see Figure
2.17 for an example of the SW pattern). Equation (2.39) shows that SW solutions break the

symmetry with respect to rotations, but respect the symmetry to reflection.

Remark 2.10. We summarized above the properties of possible patterns in a system with O(2)-
symmetry. Let us describe now the type of bifurcation diagram [27] that we need later in our study.
It corresponds to A < 0 with D < 0, M <0 and 0 < D/M < % The parameter plane ((1,(2) is
divided into seven regions (Figure 2.12) by the following curves: Ly : (1 =0, Hy : [¢(2 =0,{1 < 0],
Ly : [Ale = MG,¢ > 0], SLs @ [5AG = 4M¢1,( > 0], SNs2 @ [AG ~ 0.74M (1, ¢ > 0],
L., : [A(e = D(1,¢1 > 0]. A bifurcation producing steady-state solutions occurs along Lg, and
a Hopf bifurcation, from the trivial solution 7', of a TW and SWj occurs along Hy. By crossing
Ly, SLg, SNgo and L, secondary bifurcations occur: along SNgo we have a saddle-node for two
standing waves, SW; and SWa; along Ljs a standing wave oscillation SW3 about a non-trivial

steady state bifurcates; then SW3 and SWs undergo a global bifurcation and join smoothly to each
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Figure 2.12. The bifurcation diagram corresponding to the system (2.34) with A < 0, D < 0,
M <0and 0 < D/M < 1/2.

other along SLg; and T'W bifurcates from a steady state along L.

Since our goal is to study how the SS, TWs and SWs solutions occur in the neural system (2.3)
and how they interact, that is how the patterns change as the parameters o and g vary about a*
and ¢*, the next necessary step in the analysis is to construct the normal form for the double-zero

bifurcation, and determine its coefficients. That is the aim of the next section.

2.3.1 Double-zero bifurcation with O(2)-symmetry and pattern formation
In the case of a double-zero eigenvalue, we choose the singular perturbation expansion for «, g

and the solution U as

a—a*=év, g-g-=€n, ,meR,

U(x,t) = eUo(z,t) + € Up(x,t) + € Us(x,t) + € Us(z,t) 4 - --

and write the system (2.9) in its equivalent form,

LoU = (a — a*) LiU + (g — g*) LoU + B(U,U) + C(U, U, U) + QU, U, U, U) +...  (2.41)

where B(U,U), C(U,U,U), Q(U,U,U,U) represent the quadratic, cubic and fourth order terms, Lg
Jx() 0 0 —1
is defined according to Remark 2.9, and L = , Lo =
0 0 0 0
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With the notation E for the unit vector (1,0)7, equation (2.41) becomes

F”(O)

5 [ J xug — g*w]?E | + €3[LoUs — v L Uy — 1 LaUy | + €} LoUs

eLoUp + € [LoUl —

— v LUy —n LUy ]

F III(O)
6

=é [F”(O)[a* J xug — g vol[a* J *up — g*vu1] + [a* J *ug — gvo]?’} E+

(o J s uy — g*vy]2 + F"(0)[a* J % ug — g*vol[a™ J * ug — g v + v J % ug — 0o

2
i @
+ - 2(0)[a* J xug — guol?[a” J x ug — gui] + 24(0)[0‘* Jxug —guolt | E+0(°).  (2.42)

Remark 2.11. We give the details of the construction of the normal form in Appendix B.0.3.
The main idea is to identify the functional equations that Uy, Uy, Uz and Us satisfy and then solve

for them.

The nullspace of Ly corresponding to the center manifold is now only two-dimensional with
the basis { @ eiikom} where @ is the real vector defined in (2.31). As a consequence, Uy can be
written as

UO — (Z eikoa? +Z€_ik0z) (I)O

with z being e-dependent. An appropriate time scale is z = z(et) = 2z(0) + 2/(0)et + @ezt2 +

SRR 4 0(e), therefore Up = (2(0) €7 4+ 2(0) e70%) @) + O(e)

The equation that defines U; reads as

. _ . F"(0 . .
LUy = — [Z/(o) efot 4 27(0) e—l’fow] ) + 2( )k [z(0)2 2R 4 2(0)2 e~ 2H0% 1 22(0) 2(0)
T

and U; can be constructed as

Uy = [w eikor | Ee—ikox} By + Z2§1 o2ikoz +§2§1 ¢ 2ikor 4 92226,

with w = w(et) = w(0) + w'(0)et + %6%2 + 0(e3), and &1, & real vectors. The first equation of

the normal form is obtained by solving for U; and it is 2/(0) = w(0). The next two steps consist in
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finding U; as
U2 — Z,we2ikzox +E@e‘2ik0m ﬂl + [ijsz]ﬁg + Z3€3ikoz +Z3e—3ikom] 53

with (1, (2, (3 real vectors to be computed, and then solving for Us (see Appendix B.0.3 for

details). As a consequence we obtain the following result.

14+1/7
J (ko) d

g* =1/, the system (2.3) has the normal form (2.34) with (; = M, G=a j(ko)—(l—i—%),

Theorem 2.2. For any positive T, in the neighborhood of the bifurcation values a* =

and the coefficients

_ 1 meey ney21 L FU0)2 J (ko) J (ko)
A= 5 [F70) = 3F0)T+ 7 [j(ko)—jm) + 2[j(ko)—j(2ko)}] ’
_ F(0)?  J(ko)

_ F7(0)2 J(ko)
D= (t+1)A+ Thoy—F 3k °

Proof: The normal form obtained by the above constructive method is 2/(0) = w(0), w'(0) =
|20 412(0) 2 2(0) +e{y J (o )w(0) + C2(0)[Z(0) w(0) + 2(0) w(0) ] + DI=(0) Pw(0) } + O(e2),
but this is equivalent to (2.34) for the scaling v = (o — a*) /€%, n = (g — g*) /€% and €2(0) < z,

e w(0) < w, et < t.
Remark 2.12. If we consider the solution U of the nonlinear system approximated only by its
projection on the generalized eigenspace, we have

U(z,t) ~ 2Py Re [2(0) eikom} + 26 @1 Re {w(O) eikox] .

Since € z(0) <> 2z, €2w(0) < w this becomes exactly the formula (2.33).

Theorem 2.3. In the hypotheses of Theorem 2.2, the steady state SS, traveling wave TW and

14+1/7

standing wave SW solutions that occur about the bifurcation point o = (ko)
0

and g* = 1/, are

approximated by the following expressions

aJ(ky) —(g+1)
(—4) ’

SS : u(x,t) =v(x,t) =~ % cos(kox) \/
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(

u(z,t) =~ [cos(wot + ko) — T wo sin(wot + ko) | \/2[04 j(;zo_)l_)gljl/ﬂ] |
TW A

v(z,t) ~ cos(wot + kox) \/2[a J(’Zo_)gglfl/”] |

\

(

u(w,t) ~ %ﬁ [7(t) +77'(t)] cos(kox),
SW

kv(xa ) ﬁr( ) COS( Ox)7

where r(t) is the periodic solution of

aJ (ko) — (g+1)

T

+Ar?| =0

N [[a j(ko) —(1+1/7)]+(2C + D)Tﬂ o [

and

A . 1. -
wo = jE\/D[ J(ko) = (1 +1/7)] = —[aJ (ko) = (g +1)].
Proof: The above formulas result directly from equations (2.36), (2.37) and (2.39) with ®¢ and

®; defined by (2.31) and (3, (2 as in Theorem 2.2.

Theorem 2.4. Let us assume that the most unstable mode ko of the system (2.8) satisfies the
conditions (2.13), (2.14), and at ko a double-zero eigenvalue occurs.

If the firing rate function F is such that F(0) = 0, F'(0) > 0, F"(0) = 0, and F"(0) < 0,

14+1/7

then about o* = ko)

, g" = 1/7, the system (2.3) has the bifurcation diagram from Figure 2.13
(equivalent to Figure 2.12). The curves that divide the parametric plane («, g) into seven regions

have the following equations

( (

Lo : aJ(k)=g+1, SLg : aJ (ko) = TH5(129+7), g > 1/7,
Hy: aJk)=1+1/7, g>1/T, SNgs : aj(ko)%#ﬁll(lllg%—ﬁl), g>1/T,
i aJ(ko) = F5Bg+2), g>1/7, ZE aJ(ky) = (r+1)g, g>1/7.

(2.43)

Proof: Since F”(0) = 0 and F"'(0) < 0, we have A < 0, C = D = (1 4+ 1)A < 0 and then
M <0, D/M = % #* %, %,0.7, 0.74, %, %,1 (the nondegeneracy conditions). This is exactly the case
described by Figure 2.12. With the formulas provided by Theorem 2.2 we obtain immediately the

equations (2.43).
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)

Figure 2.13. The bifurcation diagram corresponding to the system (2.3) about (a*, ¢*) when 6 =0
in F'.

2.3.2 Numerical results

We run the numerical simulations for the same hypotheses as in Section 2.2.3. The full system
(2.3) is simulated with synaptic coupling (2.7) that has the coefficients a = —0.2, b = 2.5, ¢ = 2;
the gain function F is chosen with » = 3 and 6 = 0, and the parameter 7 is fixed at 7 = 4. The
horizontal axis represents the space x, the vertical axis corresponds to time ¢, and the variable
u(x,t) is plotted by the change in the level of color.

Therefore we have F”(0) =0 , kg = 1, J(0) = —0.2, J(ko) = 1.25, J(2ko) = 1 and o* = 1,
g* = 0.25. The coefficients in the normal form are A = —0.1406, C = D = —0.7031, and then
M = —2.1094, D/M = %. From Theorem 2.4 we obtain: Ly : o = 2(g+1), Hy : [ =1,9 > 0.25],
Ly : o= 13(g+32),9 > 0.25], SLg : [o = $(g+15),9 > 0.25], SNgz : [a = 53 (g+5), 9 > 0.25],
Ly, : aa=4g,g9 > 0.25].

We choose parameters in different regions.

Along the bifurcation line Ly we take o = 0.95, g = 0.2 in the region (1) and obtain the trivial
solution T, and take a = 0.98, g = 0.2 in region (2) and obtain the steady-state SS pattern (Figure
2.14). The same set of initial conditions, say Icl, is considered in both cases. This set of initial
conditions will be used later for other parameter values.

Along the bifurcation line Hy let us take o = 0.98, g = 0.26 in the region (1) (Figure 2.15),
and a = 1.004, g = 0.26 in region (7) . We consider two distinct sets of initial conditions, Icl, the
same as above, and Ic2. By crossing Hy the patterns that bifurcate from T are different: TW for
Icl (Figure 2.16), and SW for Ic2, but this is unstable (Figure 2.17, Figure 2.18).

Along the bifurcation line L, we consider o = 1.08, g = 0.26 in region (2) with different initial
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conditions: Icl and Ic2. A steady-state pattern SS is selected (Figure 2.19). At o = 1.03, g = 0.26
in region (3) we obtain a TW pattern for Icl, and a SS pattern for Ic2 (Figure 2.20). The SS pattern
is unstable as we see when we introduce in the system white noise scaled by a factor nz = 0.001
(Figure 2.21)

We consider o = 1.0122, g = 0.26 in region (4), between SNgs and SLg, and o« = 1.01122,
g = 0.26 in region (5), between SLg and L. For different initial conditions, Icl, Ic2 and Ic3,
patterns as TW, SW and SS respectively can occur, but the last two are destabilized in time to a
TW. We present, for example, the numerical results for the o = 1.0122, g = 0.26. Starting with Icl
initial condition we obtain a TW pattern (Figure 2.22); starting with Ic2, a SW pattern is formed
but it destabilizes in time to a TW (Figure 2.23); starting with Ic3, a SS pattern is formed but it
destabilizes in time to a TW (Figure 2.24).

Similar pictures are obtained for a = 1.01122, g = 0.26 in region (5).

At a =1.009, g = 0.26 in region (6) the patterns that might occur are TW and SW, but always

SW is destabilized in time to a TW (Figure 2.25).

Remark 2.13. There is a nice agreement between the theoretical and numerical results. Numeri-
cally it is impossible to detect a pattern that has all the corresponding eigenvalues positive, i.e. it
is completely unstable (as one of the SWs in regions (4) and (5) in the bifurcation diagram, or the
SS in region (6)). Nevertheless the other patterns that present stability at least on one direction
can be visualized in the numerical simulation. Of course, finally they will approach the only stable

solution, i.e. TW.

Remark 2.14. We did not complete in this thesis the analysis of the system (2.3). A direction for
future research is to investigate other possible cases (bifurcation diagrams) that might occur for
different values of the parameter 8 in the function F'. We are especially interested in the case when
the standing wave pattern is stable, and furthermore in the case that can give rise to an additional
pattern not studied here that is the modulated waves pattern. These situations correspond to

different kinds of bifurcation diagrams listed in [27].
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2.4 Conclusions

We have analyzed a rate model with nonlinear sigma-shaped gain function for two homogeneous
populations of neurons, one excitatory that displays adaptation, and one inhibitory. The coupling is
characterized by local excitation and long range (lateral) inhibition, and the adaptation is assumed
to be linear. When the strength of adaptation is sufficiently large (or the adaptation is slow enough)
temporal oscillations occur in the system. In general they form traveling waves, but we were able
to show that it is possible, when the threshold is sufficiently high, to obtain also standing waves.
These are spatial oscillations with frequency k¢ and temporal oscillations with frequency wg that
can be computed as functions of parameters 7, g, and the strength of the coupling . Numerical
simulations indicate that for a fixed adaptation time constant 7, the standing wave pattern occurs
for intermediate value of the strength g of adaptation, in a relatively small regime. When g is
increased the local activity is disrupted and starts to travel along the network, resulting in a
traveling wave pattern.

We have also investigated the transition between stationary patterns and spatio-temporal pat-
terns in the neural network therefore explaining the patterns found in the numerical simulations of
the full model.

We did not complete the analysis of the system (2.3). The general theory predicts, under
certain conditions, the existence of a different spatio-temporal pattern, that is the modulated waves
characterized by two different temporal frequencies in addition to the spatial frequency ky. The
questions if the conditions necessary to the existence of modulated waves are met in this neural

system, and if this pattern can be made to be stable, remain open.
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Figure 2.14. Along the bifurcation line Ly we have (a) the trivial solution T in region (1), at
a = 0.95,g = 0.2, and (b) steady state SS in region (2), at @ = 0.98,¢9 = 0.2. The same set of
initial conditions Icl is used.

init u[49..51]=0.1

£ B U

Figure 2.15. At a = 0.98,¢9 = 0.26 in region (1), close to the bifurcation line Hy, we obtain T for
different sets of initial conditions (a) Icl will give rise in region (7) to a TW; (b) Ic2 will give rise
in region (7) to an unstable SW.
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1500<t<2000

&
°

Figure 2.16. The TW pattern obtained for Icl, at a = 1.004, g = 0.26 in region (7).

4500<t<5000

I

Figure 2.17. The SW pattern obtained for Ic2, at o = 1.004,¢g = 0.26 in region (7). This pattern
is unstable.

1nz=0.001.0<1<500 nz=0.001,1500<1<2000

Figure 2.18. The SW pattern obtained at o = 1.004, g = 0.26 for Ic2 is destabilized to TW in the
presence of noise.
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450

Figure 2.19. The SS pattern obtained at a = 1.08, g = 0.26 in region (2), close to the bifurcation
line L,, for initial conditions (a) Icl; (b) Ic2.

Figure 2.20. At oo = 1.03,¢ = 0.26 in region (3) we obtain (a) TW for Icl; (b) SS for Ic2 (this
pattern is unstable).

12=0.001,0<t<500

W

Figure 2.21. The SS pattern obtained at o« = 1.03,¢g = 0.26 for Ic2 is destabilized to TW in the
presence of noise.
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Figure 2.22. At a = 1.0122, g = 0.26 in region (4), starting with Ic1 initial conditions a TW pattern
is formed.

o

&
8

0<1<500 2500<1<3000

Figure 2.23. At a = 1.0122, g = 0.26 in region (4), starting with Ic2 initial conditions, a SW pattern
is formed. Nevertheless it is destabilized in time to a TW.
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0<1<500 500<1<1000

o

1000<1<1500 il

0.1 0.1
0.

2000<t<2500

°

[
0

450

Figure 2.24. At o = 1.0122, g = 0.26 in region (4), starting with Ic3 initial conditions, a SS pattern
is formed. Nevertheless it is destabilized in time to a TW.
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500<t<1000

Figure 2.25. At o = 1.009, ¢ = 0.26 in region (6), a SW pattern may form, but it destabilizes in
time to a TW.
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Chapter 3

Multiple-spike waves in a one-dimensional
integrate-and-fire neural network

3.1 Introduction

Traveling waves in networks of neurons with purely excitatory synaptic coupling have been the
object of many recent theoretical studies [10, 11, 33, 40, 45, 44, 79, 81, 80, 82, 84]. These studies
are motivated by experiments in which a slice of cortical tissue, with all inhibition blocked, is
subjected to a local shock stimulus. This stimulus results in a wave of activity propagating across
the network [17, 18, 43, 66, 98]. Theoretical models of this phenomenon range from continuum
firing rate models [2], [84] to simplified spiking models [10, 33, 82] to detailed conductance-based
models [43], [98].

Firing rate models do not include individual spikes; as a result, the temporal details of neuronal
activity cannot be considered. In spiking models (and in experiments), it becomes apparent that
after the first wave front passes through a network, a single neuron can fire many times [43]. How-
ever, theoretical analysis of spiking models has, with few exceptions, required that each neuron fire
ezxactly once during wave propagation. This is either a priori imposed on the model or implemented
by strong synaptic depression or after-hyperpolarization. In the single-spike case, the existence of
traveling waves is reduced to solving a certain nonautonomous boundary value problem [33], [82].
This computation can be done explicitly when the individual neurons are modeled by the leaky
integrate-and-fire (LIF) model. Ermentrout [33], Bressloff [10] and Golomb and Ermentrout [45],
[44] developed methods for studying the existence of traveling waves of activity in networks of
LIF cells, incorporating a variety of additional features such as synaptic delays, again under the
assumption that each cell only fires once. Under this assumption it is also possible to obtain an
expression for the wave velocity ¢ [80].

The aim of this work is to address several questions related to networks of spiking neurons in

which each cell fires multiple spikes during wave propagation. As with most previous analysis, we
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will restrict our attention to an excitatorily coupled network of LIF neurons. Recall that the LIF
model for an individual neuron has the form

%
— ==V +I(t
Tldt + (),

where I(t) represents inputs and 71 is the membrane time constant. If V(¢7) = Vp, the voltage
threshold, then V(¢T) = Vg, the reset voltage, and the neuron emits a “spike.” We can formally

rewrite this equation to take into account the resetting as

n%/ = -V +I(t) —i—VR;(S(t—tn) (3.1)
where Vi = 71(VR — V) and t, denotes the sequence of firing times of the neuron; that is,
V (t,,) = Vp for each n > 1. Henceforth, we omit the — (minus) superscript when taking the limit
of V' as t approaches a firing time from the left.

We consider a continuous network of such neurons, coupled in a translationally invariant manner
on an infinite one-dimensional domain and parameterized by the spatial variable, . The model is
identical to those studied in many of the papers mentioned above. Coupling between a neuron at
position x and one at position y is mediated by a time-dependent current with maximal strength
depending on the distance, |z — y|. Each time a neuron fires, it activates a potential defined by a

fixed function, «(t), which vanishes for ¢ < 0, is typically positive for ¢t > 0, and decays to zero as

t > 0 increases. With these considerations, the network of interest is:

N = Ve +g > [ die-gat-nw)+ Y st G@)Te (G2)

n=—oo n=—oo

for (z,t) € R x R, where Vg is given in (3.1); we assume that V7 is positive and Vg < V. In
this continuous network, note that the firing times ¢’ (z) have a spatial dependence. Integration of
(3.2) yields V (x,t! (z)) = Vy and V (z, 5% (x)) = Vg, which verifies that the constant Vi is defined
appropriately.

In (3.2), the parameter g denotes maximal synaptic coupling strength, while J(z) : R —

R U {0} is the synaptic coupling function, with integral 1. Any integrable, even, non-negative
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function could be used here. We take

o 0, t<0
alt)=e H(t) = (3.3)
e_t/”, t>0

where H (t) is the Heaviside step function, 71 < 73 and

J(x) = % elal/e (3.4)

In this chapter, we provide a framework for the study of traveling waves with arbitrary (finite
or countably infinite) collections of spike times. We first, in Section 3.2, provide a reformulation of
(3.2) which is particularly suitable for the study of traveling waves. In Section 3.3, we use this to
provide a necessary and sufficient condition for the existence of single-spike traveling waves, thereby
completing the partial study of such waves begun in [10], [33], and to analyze two-spike traveling
waves.

We analytically calculate the interspike interval for a two-spike wave, and then in Section 3.4 we
consider traveling wave solutions for which each cell spikes at an infinite sequence {T,,(z)},n > 0, of
spike times. Our traveling wave formulation can be used naturally for the iterative computation of
the interspike intervals T}, 11 — T}, that must arise for such a solution to be consistent with equations
(3.2), (3.3), (3.4).

Further considerations regarding periodic solutions, the derivation of a three-branched disper-
sion relation between wave speed ¢ and period T and the case when the absolute refractory period

is included in the model are made in [78].

3.2 Traveling wave description

We begin by considering constant speed traveling wave solutions of (3.2) for which each cell has
a finite first spike time.

For non-periodic solutions, the n-th spike time, n > 0, of the neuron at the position x can be
written as ¢, () = £ + T),. Here we assume Ty = 0, and {7, },>0 is a sequence of nonnegative

numbers Top =0 < Ty < ... < Ty < ..., with strict inequality as long as the T}, are finite. Traveling
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wave solutions of (3.2) take the form V(z,t) = V(&) for traveling wave coordinate £ = tc —z € R,
where ¢ denotes the traveling wave velocity. In terms of this coordinate, and under the assumption

that each cell’s first spike occurs at a finite time, equation (3.2) becomes
HeV(E) = —V(E) 4 g Z/ dut(u—€)a(u/c—Tp) + 3 6(€/c—T)Va  (3.5)
n=0" "> n=0

A traveling wave solution of (3.5) is obtained by direct integration. For such a solution to be
valid, it must satisfy a self-consistency condition, which we state here. This consistency condition
relates the asymptotic behavior of V' as £ — —oo with the fact that V reaches threshold for the
first time at £ = 0. In the limit as £ — —oo, the synaptic input to each cell becomes 0 (that
is, all wave fronts become infinitely far away from each cell). Since solutions of the equation
11cV'(§) = =V (&) decay to 0, the consistency condition states that the potential of each neuron
must satisfy limg_,_ o V' (£) = 0. Upon integration of (3.5) from { = —oo to { = 0, using V(0) = V7,

this condition formally yields

Vi = ! (Z’?ZO eiczn) . (3.6)

2(2¢+1) (1+Z)

The derivation of the consistency condition (3.6) will become more clear in Section 3.2.2.

For expression (3.6) to be meaningful, a second condition must hold, namely that the series
Yoo e~¢Tn/7 is convergent; we will only consider traveling wave solutions for which this is true.
Clearly this holds if each neuron fires only a finite number M of times. In this case, we obtain
To=0<Ty <...<Ty_1 <ooand set T;, = oo for all n > M; thus, the series becomes the finite
sum »_ 7 e=c¢Tn/o — Z?f:ﬁl e=cTn/o,

Using the consistency condition (3.6), integration of (3.5) up to arbitrary £ yields
V() = Ve /1 + Lyn(€) + R(6)- (3.7)

The function R(&) is the “decaying reset,” encoding the refractoriness of a cell after a spike. This

is given by R(§) = > 02, n(§/c — Ty) where

nt)=0,t<0; nt)=Va—Vy)e M, t>0 (3.8)
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and Iy, (&) is the “synaptic integral”

Lyn(€) = Le¢/me [ ds[Y00 ) [ dud(u+cT, — s)a(u/c)] e/ne

TiC

(3.9)

(em8/me/mie) & ds (3200 Tn(s)) e?/me.

On each interval between two consecutive spikes the decaying reset has the form

0 , <0
R(§) =
(Vr — V) (Zr]:[:_ol eIn/m ) e~8/meeTy_1 < & <ecTy (N>1).

The balance between the input from the synaptic integral and the reset after spiking determines

what types of constant speed wave fronts can propagate in the neural network.

3.2.1 Computation of synaptic currents

We now derive the synaptic current due to the n-th front of the traveling wave, I,,(s) =
9 J5 duJ(u+cT, — s)a(u/c), at some point s on the traveling wave coordinate axis.

Suppose we freeze the time ¢ and record what happens at each position in space along the neural
network. Without loss of generality, we fix our point of reference at x = 0, where by assumption
the first spike occurs at ¢ = 0 (such that £ = ¢t —x = 0).

For any fixed negative time t, none of the wave fronts has yet reached the point x = 0, and
all synaptic current results from waves that will arrive in the future. The n-th front (n > 0) will
reach x = 0 at time T},. Hence, one can derive the position y, of the n-th front at time t < T,
from 0 — y,, = ¢(T,, — t), which gives y,, = ¢(t — T},) < 0. Correspondingly, the current (measured

at x = 0) that is induced by this front (“future wave”)at time ¢ is

c(t—Tn)
Iy (1) 29/ dy J(y) a(t —y/c—Tn).

—0o0

Written in the wave coordinates (s = ¢t —x = ct, u = ct —y — ¢T,, = s — y — ¢I},), and using the

fact that J is an even function and that u + ¢T,, — s = —y > 0, this becomes
> g [ reTs)o ume _ 9€ 7
I =7. — du J T — _ 7 due~—wtcTn=s)/o ;~u/T2c _ s/o
n($) nif () g/o uJ(u+cT,—s)a(u/c) 5 /0 ue e 20+ L)e

ToC
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Figure 3.1. Illustration of incoming waves relative to the cell at = = 0.

In summary, for ¢ (and thus s) negative, all the synaptic currents correspond to “future waves”

(In; f) and the total current at s is

_ - _ 9 (2101020 echn/G) s/o
Tiotar(s) = ,;In(s) ST (3.10)

At any fixed nonnegative time ¢ (such that s = ¢t > 0), say between two consecutive spike-times
Tn_1 < t < Ty, there are “previous wave” fronts that have already passed through z = 0 and
many others that have yet to arrive. The position reached by each front at the moment ¢ can be
found by the same formula, y, = c(t — T},), as above; the only difference is that y, > 0 for all

previous waves (n =0,...,N — 1) and y, <0 for all “future waves” (n > N).

Remark 3.1. The above classification of waves is illustrated in Figure 3.1. At the time labelled
with the solid black circle on the t-axis, the two waves labelled with ‘f’ are future waves for the cell
at x = 0, as they have not yet reached x = 0; one of them will arrive at time 75 and the other at
time T3 (not shown). The two waves to the right of the diagonal dashed line are previous waves,
as they have already passed through x = 0. We subdivide the synaptic contribution from these
waves into p~ and pT, below and above the horizontal dashed line, respectively; these correspond
to synaptic inputs from spikes that occurred for some ¢ < 0 and from spikes that occurred for some

time ¢ > 0, respectively. The synaptic currents are characterized below.
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Synaptic current due to a future wave (n > N)

c(t—Ty) S
() =L =g [ dyIalt-yfe-T) =g [ dudluteT, - 9)a(u/o
—0o0 0
_ ge_CTn/g s/o
==—"—¢%7,
21+ %)
Synaptic current due to a previous wave (n=0,...,N — 1)
c(t—Tn)
In(s) = In;p(s) = g/ dy J(y) a(t - y/C - Tn) = In;p— (S) + In;p* (S)
where
0 [e's)
L., (s) = g/ dy J(y) a(t —y/c—T,) = g/ ., du J(u+ T, — s) a(u/c)
_ g 00 " e—(u-l-cTn—S)/Ue_u/TQC _ geTn/Tz —s/mac
20 s—clp 2(1 + é)
and

c(t—Tn) s—cTy
In;p+(5):9/ dy J(y) a(t —y/c—Ty) Zg/ duJ(u+ Ty, — s) a(u/c)
0 0
s—cly Ty /T T /o
= g/ du e(“+CTn_s)/‘7@_“/T2C — ﬁ e—S/Tzc _ & e—s/cr‘
20 Jo 21— 2) 2(1 — =)

ToC ToC

Total current

[e) N-1 [e)
Itotal(s) = Zjn(s) = Z In;p(s) + Z In;f(s) = (3'11)
n=0 n=0 n=N

_ 2 <Z71:[;01 eTn/7'2) e—8/T2C _ 9 (27]:[;01 QCTH/0> —s/o | 9 (Z;.LOZN e_CTn/G)

- o2 21— = € 2(1+ 2 e

3.2.2 The traveling wave solution
Once the synaptic integral Is,(£) in (3.9) is computed by integrating Iiorai(s) = > oo In(s),

the right hand side of expression (3.7) for the solution V() is completely specified. The necessary
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condition (3.6) that we imposed at the beginning of our analysis now appears in the form of Iy, (s)

for £ <0, i.e.

9 (S0 ™) e —eme
Isyn(ﬁ)_ 2(%+1)(1+L) (e —e ) .

ToC

That is, if (3.6) holds, then the terms Vye ¢/7¢ and Iy, (€) in (3.7) sum to Vred/?, such that
V(€) — 0 as &€ — —oo. Moreover, as we expected, the equations V(0) = Vg and V(eTy) =
limes ey V(§) = (VR — V) + V(cTn) = Vg are valid. These results are summarized in Lemma

3.2.1 below. A more concise expression for V(§) is provided in Theorem 3.1; however, we shall see

that for practical purposes, Lemma 3.2.1 is very useful.

Lemma 3.2.1. If condition (3.6) is true, then the following function V (§), & = tc—x, is a traveling

wave solution of the integro-differential equation (3.2), if all of the terms converge as &, N — oo.

V(E)=Vretr £<0,

— _ 9 ( Yhco e ctn/7) &lo 1 9 ( Yo /o) —£/o 9(22[:701 efn/m2) —&/Tac_
Ve = |V = SEsneray | ¢ T e ¢ T i ayaen) ¢
T2C

ToC

N-1 eTn/"' _
olZagg ) time g (Vg — ) (05 €T ) n6ne Ty < € < eTw(N 2 1),

_ 9?2 y1_TL n=
a 1262)(1 =)

T

(3.12)

Theorem 3.1. [general traveling wave solution] If condition (3.6) is true, then the following
expression for V(§), & = tc — x, denotes a traveling solution of the integrate-and-fire model (3.2),

if it converges:
V(f):Zn(f/c—Tn)—FgZ/o J(u—E&+cT,) Alu/c) du. (3.13)
n=0 n=0

In (3.13), n is defined by (3.8) and A is defined as the convolution function A(t) = a * [(t) =
fg a(s) B(t — s)ds with 5(t) = ?11 et e

A) =0, t<0; Al) = —

R ‘t/ﬁ) t>0.
1—711/m (e € ’

Remark 3.2. For any traveling wave solution with a finite number of spikes, as discussed in the

next section, convergence is not an issue.
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3.3 Solutions with a finite number of spikes

3.3.1 One-spike traveling waves

We focus first on the case of a solitary wave with speed ¢ and corresponding firing time t*(x) =
x/c. In the notation introduced in Section 3.2, Ty = 0 and Ty = oo for all N > 1. Therefore

equation (3.6) reads
g
2(2E+ 1)1+ 2)

T2C

Vr =

(3.14)

2
and can be solved exactly for ¢, if g/Vp > 2 (1 + :;) . This necessary condition for the existence
of a one-spike wave was used as an existence criterion in [11], [33], [80]. When this condition holds,

there exist two candidate solutions, the slow wave and the fast wave, corresponding to

2
g g 1 g Tl 1
dow fast — — | — — — —1 — — — -1 —4—
Cotow ; fast 27 2V D) q:\/(2‘/7“ D) ) D)

As g/Vp increases from its minimal critical value to infinity, ¢, decreases from o/,/T172 to zero

2
and ¢, increases from o/,/T1 72 to infinity. We will denote the curve g/Vp = 2 (1 + 4/ %) as 1p

below.

Remark 3.3. In what follows, we analyze the fast one-spike traveling wave, since only this one is

stable [10], [33]. We will simply write ¢ for the velocity cp.

If a traveling wave solution to (3.2) exists, then it takes the form V(€) = Vye®/? when ¢ < 0.

When £ > 0 it is given by, from Lemma 3.2.1,

—£/o —¢/m2c —&/T1c
_ ge ge ge
! (5) ([R [T)B &/me T1C o :
2(% - - a) (1 Tgiz)(l E) (1 T§i2)(1 - %)

Note that limg 1o V(€) =0, V(0) = Vp, and V(01) = Vp.

The next step is to check that the candidate solution above indeed has no other spike after it
passes & = 0; that is, the spiking threshold is never reached again. Therefore we must verify that
V(&) < Vp for all positive £. This is not true in general for reasons that are simple to understand.
At fixed Vg, as g/Vpr — oo, it becomes increasingly easier for the individual neurons to re-excite

and spike again. We compute in the following the equation of a curve, call it 1g, which separates
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the (g/Vr, —Vr/Vr) plane to the right of 1 into two disjoint regions: a region where the one-spike

fast wave solution exists and a region where it does not.

Theorem 3.2. [a necessary and sufficient condition for the existence of the fast one-

spike traveling wave solution| The integrate-and-fire model (3.2) has a one-spike fast wave

9/Vr > 2 <1 + \/Z>2 (3.15)

solution if and only if

and the reset voltage value satisfies
(=Vr/Vr) > (H(y") — 1), (3.16)
where H is defined by

g/Vo [y —y g -y

1
H(y) = -1 3.17
el s \1-9% 1-3 10
T2C TIC
and y* 1is the unique solution in the interval (0,1) of the equation G(y) = 0 with
2moc o(mec— o)
Gly)=y— ——— /™ + : 3.18
W) =y rcto’ (ric+o0)(mc+ o) (3:.18)

When (3.15) holds, for values of Vg for which (3.16) fails, there exists a positive & where the

threshold Vi is reached again, so the one-spike condition is violated.

Proof: We sketch the proof here and provide technical details in Appendix C.0.1.
Set y = e~¢/?. The condition V (€) < Vi for all positive £ reads as V(y) < Vi for all y € (0,1),

which is equivalent to H(y) < (=Vgr/Vr + 1) with H defined by (3.17).

We analyze H(y) and obtain that H'(y) = 7% 7 ‘%Ty_(l““’/ﬁc) G(y). The sign of H'(y) is
the sign of G(y) since for the fast wave we have ¢ > o/\/T172 > 0 /72.
On the interval [0, 1], the function G satisfies
_ o(m2c—0) _ T1¢(T2Cc—0) .
G0) = Feromers) > 0 C) = ~Ferymera) <0
Moreover it can be proved that G has exactly one zero in this interval, say y*. Hence, H(y) has

a maximum at y = y*, and further, lim,\ o H(y) = —oo and H(1) = 0. Together, these imply
H(y*) > 0. In summary, V(£) < Vp for all £ > 0 if and only if (—=Vz/Vr) > (H(y*) — 1).
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Remark 3.4. A special case occurs at g/Vp = 4(1 + 71/72), where the fast wave has the veloc-

ity ¢ = o/m and V(£) = Vr (_Q(TQJLI) Le¢foy AT oomg/mo _ Sutinmort e_g/a) + (Vr —

To—T] O (2—71) (ro—71)2

yg/‘rlc—y _
o 1—02/72c2

Vr) e €/7. In this case, the definition of H changes in the following way: the rati

o1
- <T31’zfg> (y icl,c_l_l> becomes — "= yIn(y), or equivalently —% yIn(y). In the computation of

G, the logarithm cancels and we again end up with expression (3.18), i.e. y* is again the unique

solution of the equation G(y) =0 on (0,1).

Remark 3.5. The curve 1g which divides the plane (g/Vr, —Vg/Vr) into the two regions mentioned
above has the equation

—Vr/Vr=H(y*) —1.

To see that this really forms a curve in the (¢/Vr,—Vgr/Vr) plane, note that y* = y*(o, 71, M, ¢),

with ¢ depending on g/Vp. If we fix all parameters except g/Vp, then we get H(y*) = H(y*(g/Vr)).

Remark 3.6. Recall that the equation g/Vp = 2(1 + % )2 defines the curve 1p in the plane
(9/Vr,—Vg/Vr). Theorem 3.2 states that to obtain a one-spike traveling wave in the integrate-
and-fire model, the parameters must lie to the right of the curve 1 for firing to occur, and above
the curve 1g for firing to stop after one spike. That is, the first condition allows for self-sustained
propagation of the traveling wave, while the second prevents multiple spikings by resetting the
potential to low enough values. These curves are displayed in Figure 3.2 for a representative

parameter set.

3.3.2 Two-spike traveling waves
In a two-spike traveling wave, each cell fires at times that we denote 7o = 0 and 73 = 7. In
our earlier notation, this also means Tj = oo for each j > 2. In this case, equation (3.6) and

substitution of the condition V(¢T') = Vp into (3.12) in Lemma 3.2.1 read as

g (1+eeT/o)

Vi — , 3.19
Tro@ 1+ 2) (319
—cT/o
Vi = (Vi = Vi) e/ + J + o +
Rt e Ay 2 T A -0 - 2
7T/T2 *T/Tl
ge T —. (3.20)
1-52)1-2) (1-42)01-2)
2 1
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Figure 3.2. The curves 1p and 1g for 1 = 1,72 = 2,0 = 1, Vp = 1. Parameter values must lie to
the right of 1p for cells to be able to fire upon receiving the one-spike synaptic input. Parameter
values must lie above 1g for cells to stop firing after just one spike. Between the two curves, one-
spike waves exist in the region labelled EXIST. Note that 1g terminates in an intersection with 1p,
at g/Vr = 2(1 + \/71/m2)? with —Vg/Vr finite and positive.

- -~ single spike
—— double spike
4 +
2
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>
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Figure 3.3. Numerically generated curves showing wave speed as a function of coupling strength
for one- and two-spike waves.
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With the definition

Flo) = —2 (lc + 1) <1 n a) 1 (3.21)

- g/VT g T9C

we obtain according to (3.19) an explicit equation for T,
o
T=——1Inf(c). (3.22)
c

We are ready now to investigate under which conditions the system (3.19), (3.20) has a solution

(¢, T) with positive ¢ and T', i.e. when f(c) is between 0 and 1. Let us define

2
o - 9o (9 _ 11 _ 9 _ 11 _ _ 4T
Cl§2 27 [ Vi T2 1 + \/(VT T2 ) 47’2 ] )
— 9 9 11 _ _9g 11 __ — 471
Cl§2 27 2V To 1 + <2VT T2 > 47‘2

and notice that f(c) =0 at ¢ = ¢1,2 and f(c) =1 at ¢ = ép,0.

(3.23)

2
The set S. = {c € R"| f(c) € (0,1) } is easily computed: if g/Vy < (1 + 4 /%) then S, = 0;
2 2
if (1 + 4 /%) <g/Vp <2 (1 =+ 4 /%) then c1;2 are complex with nonzero imaginary parts and

2
S, = (51,52); if 2 (1 + 4 /%) < g/VT then 0 < ¢ < <y <Gy and S, = (51,61) U (62,52) C R.

Remark 3.7. ¢; = ¢! and ¢y = cl_,; that is, ¢; and ¢y are the slow and fast velocities from the

slow

one-spike wave case. Moreover, T'(c) — 0o as ¢ — c1;2 since we have then f(c) ™\, 0.
Remark 3.8. As g/Vp — oo we obtain é1,¢; — 0, ¢g,¢2 — 00 and éa/co — 2, ¢1/c1 — 1/2.

The equations (3.20) and (3.22) imply F'(c) = 0, where

Vi o 1 g/VT T9C T1C
Fle)=( —2% 41 e - ; : 24
©= (o1 ) 0F T P (L0 - ) 2
with
f(C)%c_l = , C 7"é 0'/7'1
fal) =4 (i=12)

Wmf(2) |, c=o/n
The velocities of candidate two-spike traveling wave solutions are precisely the roots of F' that belong

to the set S.. Such velocities correspond to true two-spike traveling wave solutions if V(§) < Vp
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for all &€ > cT.

Lemma 3.3.1. The function F : S. — R defined by (3.24) is continuous on S. and satisfies

F(E)=F(&)=—yE+1>0.

Proof: The result comes directly from the definition of I and the fact that lim. .z, f(c) = 1.

Here and below we use the notation F(z{) = limy 4, F(z), F(zg) = limy, -, F(z).

Lemma 3.3.2. Suppose that g/Vip > 2 <1 n \/g>2; . S = (@1, 1)U(ca. ). Then Flct) = —oo
and F(c;) < 0. Moreover

i) if 2(1+\/%>2§9/VT<4<1+%), then &1 < £ < &1 <3 < £ < & and F(e]) = —o0,

i) if Q/VT:4<1+%), thency <=2 < Z=c<é and F(c]) = —o0,

iii) if Q/VT>4<1+%>, then &1 < c1 < £ < Z < ¢y <& and

2.2
F(e]) =~ (1+ 2) i < 0.

202 52 72,2
T{C{—0% T5Cc{—0

Proof: See Appendix C.0.2.
These two lemmas immediately imply the following result. The relation between velocities

described in the theorem is shown in the numerical results in Figure 3.3.

Theorem 3.3. If g/Vpr > 2 (1 + \/%f, then for all Vg € R™, there exist two distinct positive
values c¢g € (¢1,¢1), cp € (c2,¢2) such that F(cs) = F(cp) = 0. Therefore there exist two distinct
solutions (cs,Ts), (cp,TF) for the system (3.19), (3.20).

When these correspond to two-spike traveling wave solutions, the velocity cp (cs) of the fast
(slow) two-spike traveling wave solution is greater (less) than that of the fast (slow) one-spike

traveling wave solution.

Remark 3.9. The above results apply for g/Vr > 2(1 + /71/m)% We also expect two-spike
traveling waves to exist for some g/Vy < 2(1+ /71 /)2, since S, # 0 for (1+ /71 /)% < g/Vr <
2(1 + /71/72)?. In fact, in analogy to the one-spike case, we expect that there exist curves 2p,
given by g/Vr = F5(=Vg/Vr), and 2g, given by —Vgr/Vp = S2(g/Vr), in the (9/Vr,—Vr/Vr)
plane, such that for all g/Vp to the right of 2, cells can fire two spikes, while for all —Vx/Vp above
2g, cells fire at most two spikes.

It is perhaps non-intuitive that, for fixed Vi and Vr, a two-spike traveling wave should exist

for smaller g than needed for a one-spike wave. This holds because in a two-spike wave, the two
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Figure 3.4. Numerically generated 2p curve. To the right of this in parameter space, cells can
propagate two-spike waves.

9/ Vg

Figure 3.5. Schematic illustration of the expected relation of the 1p,1g,2F and 2g curves in
parameter space. In the regions labelled 1 or 2, one-spike or two-spike waves exist; in the region
labelled 1&2, these co-exist. Outside of the labelled regions, neither type of wave exists.

78



spikes fired by each cell produce a larger overall synaptic input to each cell in the medium, which
promotes firing. We can carry these ideas further to make several reasoned conjectures. Recall that
a cell’s voltage is reset to Vg after a spike. For fixed Vr, as |[VR| increases, a larger g is required to
elicit a subsequent second spike. Hence, we expect the function F, to have a positive slope, with
Fy(=Vg/Vr) — 2(1 + /71/m)? as |[Vg| — oo. For fixed g and V7, a sufficiently large value of
|Vr| (sufficiently strong reset) is required to prevent subsequent spikes after a second one, with a
stronger reset needed for larger g. Hence, we also expect S2 to have a positive slope. Finally, the
same arguments should give corresponding curves for N-spike waves, for any positive integer IV,
such that Np moves leftwards and Ng moves upwards in the (g/Vp, —Vg/Vr) plane, as N increases.
Figure 3.4 illustrates a numerically generated version of the curve 2p, the shape of which agrees
with our conjectures. The expected relation of the curves for one- and two-spike waves is drawn in

Figure 3.5. The proofs of these conjectures remain open.

By solving the equation F(¢) = 0 numerically for fixed parameters, one can analytically find the
velocity c. Given this, equation (3.22) yields the time 7" between the two spikes in the corresponding
traveling wave (if it really is a two-spike solution). These results match quite closely to those

obtained from numerical simulation of fast two-spike traveling waves [78].

3.4 Arbitrary numbers of spikes and infinite spike trains

3.4.1 Computation of interspike intervals

Consider a traveling wave solution for which each cell spikes at an infinite sequence {x/c+T,},
n > 0, of spike times. We will discuss here how the formulation given in Lemma 3.2.1 can be
used to compute the interspike intervals T,, — T,,_1 between successive waves. In the traveling wave
formulation, in which V' is expressed as a function of £ = ¢t — z, we have V(cT,,) = Vp for each T),.

Correspondingly, Lemma 3.2.1 implies that for any N > 1,

- B 9(25;01 e76Tn/a) T /o 9(25;01 ecTn/o) Ty /o 9(25;01 eTn/‘rQ) T /7
T [%j i) | ¢ T Ty ¢

72c)

T

+ <(VR - Vr) - g)> (Ziv:_ol efn/m > e N/,

2 1
(1—5)0-3

(3.25)
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Suppose that there are a finite number of spikes in the traveling wave, say N + 1. For each
spike, equation (3.25) applies. In fact, one obtains a system with N + 1 equations and N + 1
unknowns to be solved to obtain a valid (N + 1)-spike traveling wave solution. The unknowns are
¢, which denotes the velocity of the traveling wave, and the spike-times T} up to Ty (since Tp =0
by convention). The equations in the system are those corresponding to V(c¢T,,) = Vp, 1 <n < N,
and the equation (3.6). Based on the analysis in the previous section, it appears that this highly
nonlinear system can only be solved numerically for most N.

The situation becomes even more complicated when an infinite number of spikes is considered.
Thanks to the traveling wave description set out in Section 3.2, equation (3.25) is available, and one
can iteratively solve for the spike time T}y from the previously known spike times Ty = 0,77, ..., Tn—1
for every N > 1. To do so, however, an obstacle must first be overcome: since equation (3.6) involves
all of the traveling fronts, it cannot be used independently from (3.25) in the case of infinitely many
spikes. Thus, the velocity ¢ that appears in each equation must be determined from some alternate
source and then used here as a constant. Once c is specified from such a source, one can iteratively

compute the spike times, and hence the interspike intervals ATy =Ty — Tn_1.

Remark 3.10. One source for the wave speed here is the fast two-spike wave speed calculated
from the analytical formulas (3.19), (3.20). Numerics show [78] that the speeds of waves with large
numbers of spikes are quite similar to those calculated for two-spike waves with corresponding
parameter sets. Intuitively, this makes sense because in fast two-spike waves, the interspike interval
cT is significantly greater than o, the space constant or “footprint” of the synaptic coupling; see
Figures 3.2, 3.4. Even for ¢T' = 20, we have J(cT') = (1/20)e~2, such that little interaction occurs
between the synaptic inputs from different waves in the same solution. Thus, waves travel with

roughly the same speed, no matter how many waves there are.

One might question the value of computing the interspike intervals from numerical solution of
equation (3.25), given that one can perform a numerical simulation of traveling waves in the full
network. However, such simulations are based on applying a localized shock somewhere in the
network at a fixed time and allowing waves to propagate thereafter [81], [80]. This corresponds to a
different, although closely related, form of traveling wave from that which we analyze analytically,

for which all waves can be thought of as having existed somewhere in the infinite network for all
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time. In fact, one interesting result that arises from using equation (3.25) to compute interspike
intervals is that we can compare theory and analysis, to see just how closely related these forms of

traveling wave solutions are.

Remark 3.11. By choosing the parameters 71 = 1, 9 = 2, 0 = 1, Vp = 1, Vg = —25 and

= 6, the comparison leads to the following conclusion: For the first six interspike intervals,
full numerical simulation of equation (3.2), labelled as ‘Numerics,” and numerical solution of the
analytical expression (3.25), labelled as ‘Iterations,” produced excellent agreement, as shown in the
following table. Note that for the analytical approach, we used ¢ = 1.256422, the speed of the wave

found in the numerical simulations.

Numerics ITterations Error
T1 —-TO0 2.4258 2.4258 2.83e — 006
T2 - T1 2.0479 2.0479 1.56e — 005

T3 -T2 1.8844 1.8845 9.72e — 005
T4 -T3 1.7953 1.7964 6.22e — 004

T5 —-T4 1.7417 1.7488 0.0040

We mention that R. Osan [78] implemented the numerical scheme and the full numerical simulation.
Errors in the table grow due to difficulty in solving equation (3.25) numerically, resulting from the
fact that the first product in this equation consists of a factor that converges to 0 as N — oo with
a factor that diverges as N — oo. Thus the computation was stopped after the first six interspike

intervals.

Remark 3.12. It can be shown, by induction on N > 1, that equation (3.25) is equivalent to

N 167‘:T”/°' _ 1, c
Vi = | Vr— ((27':172_,:)1)(1_;'_ a))] cecTn/o. {1—6 (v =T 1)(n+a)]

TQC

p om0 ) ey o [1_6—(TN—TN71><%—§>}

2 *}7%1)(17&) (3.26)

( ToC
g( N 1 Tn/"’z)

- )(1 Y e~ TN/T2 . [1_6 (Tn—Tn - 1)( )} + Vg e (In=Tn-1)/m1

2
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This formulation proves its advantage when it is discussed the effect of adding an absolute refractory

period to the integrate-and-fire model [78].

3.5 Conclusions

Traveling waves of activity are observed in slices of cortical tissue under various pharmacological
manipulations. Previous works [33, 45, 44, 79, 82] studied how the velocity of traveling waves
depends on various parameters by assuming that each cell spiked once. In particular, conditions on
the parameters which prevent propagation are readily computed.

By studying propagation in the integrate-and-fire model, we have attempted to address here
the following questions (i) is it possible to get multiple-spike waves; (ii) how does the existence
of waves depend on having multiple spikes; (iii) how does the velocity depend on the number of
spikes.

Lemma 3.2.1 and Theorem 3.1 provide two equivalent formulas for general traveling wave solu-
tions to the continuum integrate-and-fire model (3.2), with the synaptic coupling functions «(t) and
J(x) given in (3.3) and (3.4), respectively. The functions defined by these formulas correspond to
traveling wave solutions, for which the neuron at position z spikes at times {¢},(x) = x/c+ T, }2,,
where { = ¢t — z, if and only if the consistency condition (3.6) holds and the sum »_>° e=¢In/o
converges. Convergence is not an issue, of course, when each cell fires only finitely many spikes (cor-
responding to T;, = oo for all but finitely many values of n). The same type of computations used
to derive these formulas would be valid for other forms of «(t) and J(z). With more complicated
functions, however, difficulties in evaluating relevant integrals may arise.

We use these formulas to prove that there are curves that delineate the region on which single-
spike traveling wave solutions exist, in a certain parameter space. These curves are shown in
Figure 3.2. We also prove that in another region of parameter space, neurons can propagate a
two-spike traveling wave. It remains open to determine where such solutions actually exist, by
rigorously specifying the set of parameter values for which neurons stop spiking after exactly two
spikes. Our reasoned conjecture on this result, illustrated in Figure 3.5, stems from the numerical
results displayed in Figure 3.4. It also remains open to prove results about solutions with more

than two spikes. We expect a similar pattern of regions in parameter space to extend to these cases.
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The traveling wave formula in Lemma 3.2.1 is rewritten in (3.25), and equivalently (3.26) . This
provides a relationship that can, in theory, be used in an iterative way to solve for as many spike
times as desired in a traveling wave with any countable number of spikes, for fixed parameter values

and a fixed wave speed. Numerics are needed here due to the highly nonlinear nature of (3.25).

Remark 3.13. An example that connects the present work with firing rate models (see the models
in the previous chapters), in which spikes are completely ignored, is presented in [78]. We summarize
here the main idea: We allow the neuron to spike continuously after shocking and suppose that the
synapses saturate, i.e. once the neuron fires the synapse stays on for all time. Let A(x,t) denote the
firing rate of the neuron at spatial point = and time ¢, so A(z,t) = F(I(x,t)) where F is the firing
rate of a neuron as a function of the applied current. For the integrate-and-fire model, this is almost
a threshold linear curve ([28], p. 164). Since the current is given by I'(z,t) = g> 0" [ dy J(x—
y)a(t —t}(y)), or, equivalent I(z,t) = ffoo alt—s) [ J(@—y)>,0(s—t;(y)) ds dy, and the

sum is essentially the firing rate of the neuron ([28],p. 233), the following closed system is obtained

Az, t) = F (/_; /: ot — $)J(x — y) Ay, ) ds dy> .

Finally, if a(t) = exp(—t/7)/7, and U(x,t) = ffoo a(t — s)A(z, s) ds, we get at least formally,

8U§t"’t) Y U@, t) =F (/OO J(z —y)U(y, 1) dy> .

—0o0

Az, t) =171

This is the familiar firing rate model that has been the subject of much analysis. Let us recall,
for example, the rate model we investigated in Chapter 2 of this thesis. That assumed a smooth
sigma-shaped F' function and two different populations, one excitatory, and one inhibitory. When
an additional adaptation equation was considered, we proved some sufficient conditions for the

network to give rise to traveling waves solutions.
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Chapter 4

Discussion

The first two chapters in this thesis discuss possible behaviors in two different rate models. The
third chapter contains some analytical and computational results for a spiking model that is the
leaky-integrate-and-fire (IF) model.

Chapter 1 studies the Wilson-Cowan model for a self-excited population of neurons with absolute
refractory period. This is a rate model, the variable u of which, represents the proportion of
excitatory cells firing per unit time at the instant time ¢. The spatial interactions are neglected and
only the temporal dynamics of the network are considered (u = u(t)). R, the absolute refractory
period of the neurons in the excitatory network is the parameter with respect to what the analysis
is done.

Chapter 2 investigates a rate model that describes the feature selectivity in local cortical circuits
(Hansel-Sompolinsky model). The spatial connectivity is now important and the ”spatial” variable
corresponds to a different ”feature” presented to the system (e.g. = € [~7, 5] the angle a bar is
rotated in the subject receptive field). The rate variable v depends on the position z in the feature
space and on the time value ¢, i.e. u = u(x,t).

Similar mathematical methods are used in the first two chapters to analyze these models. The
methods come from bifurcation theory and involve singular perturbation expansions. In both cases,
normal form for typical bifurcations are constructed (Hopf bifurcation in Chapter 1, and Hopf and
Takens-Bogdanov with O(2)-symmetry in Chapter 2). We were able to show that both rate models
can lead to oscillations in some specific range of parameters.

In both cases, oscillations are driven by a ’delayed negative feedback’ mechanism. In the Wilson-
Cowan model the absolute refractory period is the biological mechanism that introduces negative
feedback in the mathematical model. In the Hansel-Sompolinsky model the adaptation plays the
role of negative feedback.

In chapter 2, due to the dependence of the rate variable u(z,t) on spatial connectivity we were

able to make a distinction between different types of oscillations. They occur as spatial-temporal
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patterns in the form of traveling waves and standing waves.

As aresult of our analysis, a new kind of pattern is found to be stable in the Hansel-Sompolinsky
model and this is the standing wave pattern. In order to obtain it we need to consider a more general
sigmoid gain function in the system. This pattern corresponds to oscillations in space for a given
time ¢ and oscillations in time for a given position (feature) x in space. The standing wave pattern
can account for example, for the psychophysically investigated phenomenon of binocular rivalry [3],
[9], [69], [70], [71]. Binocular rivalry phenomenon appears when two different stimuli (images) are
presented in competition, that is when one image is shown to one eye simultaneously with showing
another image to the other eye. In this case, subjects report that only one image is perceived
at a moment in time with an alternation between perceived images. The time intervals between
consecutive switches obey a Gamma distribution.

The standing wave solution we obtained in chapter 2 splits the neuronal network in two clusters
the activity of which alternates in time. Therefore this result can be interpreted as corresponding to
the effects on the neuronal network of the two images perceived alternatively in binocular rivalry.
Nevertheless, the two problems cannot be directly connected because on one hand the standing
wave pattern we obtained is a result of spatial connectivity in the system, so it arises as an intrinsic
pattern; on the other hand in binocular rivalry, the pattern results as a consequence of the applied
competing stimuli.

Chapter 3 studies the IF model. The mathematical methods used here are completely different
from the previous chapters and they are more computational oriented. In chapter 3 we investigate
again, this time in the context of spiking models, traveling wave patterns. Since temporal details
are now taken into account, we can make the distinction between one-spike and multiple-spikes
traveling wave solutions. The analysis focuses on this direction and results that characterize the
existence of multiple-spike solutions are presented.

In conclusion, by studying three models in mathematical neuroscience we showed that oscilla-
tions and different kinds of wave patterns can be obtained in neuronal networks, and we analyze

distinct possible mechanisms that can lead to these patterns.
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Appendix A

Adjoint operator and coefficients in the normal form for the

refractory neural network

A.0.1 Adjoint operator

We construct the adjoint operator of L, Ly = % + Afgy + b1y j;t_l y(s)ds in the space of
solutions spanned by {1,eiw0t e~iwot e2ivot e=2iwol = 1 which means we work with functions x =
z(t) that satisfy z(0) = z(2 ). We deﬁne the primitive X (¢ fo s)ds (so X(0) =0) , and the
inner product as usual, < ¢,9 >= fo“’o ¢(t)y)(t) dt. Now for any two functions x,y in this space

< x,Ly >=< L*x,y > , where L* is the adjoint of the operator L. Compute < x, Ly > :

2n

w dy t
<z, Ly >:/ * x(t) +Aroy+bro/ y(s)ds]
0 t—1

dt

27 27

— x(t)g(t)(?(;—/o CZ ()dt+Ar0/ C )yt )dt+bro/0“° [m(t)/t_ly(s)ds]

0
t t—1
«(t) /0 y(s)ds — x(t) /0 y(s) ds]

Since x = dd—)t( and y = d—y we use integration by parts and the properties of the functions X and

> -1y
Y toget <, Ly >= f [Arox — Gl u(t)dt — bio [5 (fo ) )dt+brofw° X(t+
_ 2T _q
) g(t)dt + b X (t)Y (¢ ) — b X (t+ 1)Y(t)\j§ ie.
2n
<z, Ly >= [, [Afoa:(t) - &= —i—broft ds} g(t)dt
t+14-22
+f [ s)ds — [ 7 x(s)ds| g(t)dt.

Since the last integral is zero, the adjoint operator of L can be defined as
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Lz = — +Arox+b7“0ft+1 )ds.
By direct calculation we see that L*(e®™0t) = 0. We use for this both \g = #iwy and the

characteristic equation (1.4).

A.0.2 Coefficients in the normal form
Directly from the definition of the operators L, A, B,C we can prove that L(eM) = L(\)eM
where the function L is defined as follows L(\) = A + Aro + U= D070 ¢ ) £ 0, and (A + b)i if

A = 0. Similarly, A(eM) = A(\)eM with A(\) = —A — —(A+10) for A =0,

and B(eMt, e?2t) = B(\q, \y)eMter?t with

Forg® f1(3) - 5 :“ij“ R F@Fe M A0 A £
B = Rol5 f(w) - 1+ 557 (@) o AL A0, 2 =0
Folst f(a) — 1 :1 + 137‘2} (@) 7o AL =0,A #£0
Folz2 f"(u) — f'(w) Fo , A =0,2=0

and C(eM?, et eMst) = C(\1, Ao, A3)erter2terst In our problem we are interested only in the case
when all A1, Ao, A3 are nonzero. Then C’(/\l, A2, Az) is

1—eM 1 —e M 1—e?

1"y — 1 3 N ~
- [ e e

1—-a

C(A1, A2, A3) = 7o
We make the remark that L(A) = L(\) , AA) = A(N\) , B(A,A2) = B2, A1), B(A, X)) =
B()\l,)\g) and C‘(;\l,j\g,)\_g) C’(/\l,)\g,)\g) In order to find the coefficient of 22(0)2z(0) in the
normal form (1.12) we compute L(te?ot) = eiwot {2 +Arg+1 (wg - A%T’;b%ﬂ and L(te~wol) =

_zwot 2+A7"0+’L (_w _|_A7:0+bfo):|.

Finally we have A(iwg) = %2, L(0) = (A +b) o, L(2iwo) = j [wo — woleA? | Qbm}
B(iwo, —iwo) = fo 5% f"(w) + 4 /(@) Fo, Bliwo,iwo) = [Fol5% () + 4. (@) 7o) +i 5 f' (@),

(
(—iwo, 21w0) = [Fol5® f/(@) + (400 = ) f(@)] +i T4 [42 - 8] f(@),
Bliw, 0) = [Fo 5" f"(w) + 43.1'(@) Fo — '(@) 7o) + i 541" (),
(

iwg, iwo, —iwg) = [Fo 5" f"(a) + g (@) 7o +i ‘g5 ().
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Appendix B

Normal forms in the case of the neural system with adaptation

B.0.1 Normal form for Hopf bifurcation in the neural system with adaptation

We present in the following the proofs for the results stated in Section 2.2.1. With the singular

perturbation expansion (2.22), the first component of equation (2.23) reads as

Fl/
[eLoUo + € LoUy + € LoUs + 0(64)](1) =y Jxu+ ©) [ Jxu—gv+ (o — ) J*xul?

F’”(O) ) F”(O)

+ 6 2

[a* Jsu—gu+ (a—a*) JxulP+-- - =¢

S F"(0)
6

[ J % ug — guol?® + € F"(0)[a* J * ug

— guol[a* T *uy — gui] + €y (J % ug) +

[a* J % ug — guol® + O(e'), i.e.

F"(0)
2

[LoUg + eLoUy + €2 LoUs + 0(63)}(1) =c [ J * ug — gv0]2 + €2 ['y (J * ug)

F/I/ 0
+ F"(0)[a* J x ug — gvol[a™ J *uy — gvq] + 6( )[oz* J xug — gvo]g] + O(e),
(B.1)
and its second vector-component is zero,
[LOU() + eLoUy + 62L0U2 + 0(63)](2) =0. (B.Q)

Solving for Uj

The first equation to be solved is LoUy = 0, and since the nullspace of Ly corresponding to the
center manifold has the basis {éoei(w()tiko’”),5oe*i(w0tik0$)} with @y and wy defined by (2.18),

(2.17), the solution Uy can be written as
UO — 5 @0 ei(wot-‘rkom) Y q)o ei(wot—k‘ol‘) + 260 e—i(wot-}—kox) + EEO e—i(wot—koaj) ,
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with z and w being e-dependent. Let us then consider z = z(¢?t) and w = w(e?t) and expand them

as z = 2(0) + 2/ (0)e?t + O(e*) and w = w(0) + w'(0)e%t + O(e*) as € — 0. We obtain

Uy = [Z(O) dq ei(wot-i—koz) + w(O) d, ei(wot—kox) + 5(0) 60 e—i(wot-‘rk‘oar) + W(O) 60 e—i(wot—kox) ]

+ te? [ZI(O)(I)Oei(wotJrkox) + w/(o)q)oei(wotfkox) + ?(0)6067i(w0t+k0x) + w/([))q)oei(wotkom)] + 0(64)

We have Lg ((I)O 6i(wot:l:koa;)) = iwe®g 6i(w0t:|:koac) _I:(kio)q)o etwotLkoz) — 0 and Lo (60 e—i(wotzl:kox)) _
—iw® e~ Hwottkoz) _ IA/(/-CO)EO e~ iwotEkor) — () and therefore LoUy = €2 [z’(()) Ly (<I>0 tei(w‘)”kox)) +

u/(O) Lo ((I)() tei(wot—kox)) + ?(0) Lo (60 te_i(wot—i_kor)) + W(O) Ly (6() te—i(wgt—kox)) :| + 0(64).
By direct calculation, we obtain

—14+a*J * () —g (potei(wotik0$) — (I)Oei(wot:tkol‘)+

Lo ((I)Otei(wot:tko.r)) — ((I)Otei(wot:l:k:oa:))_

d
dt
1/ —1/7

—1+a*Jx() —g

t% ((I)Oei(wot:tkox)) ¢ (I)Oei(wot:tkoac) = d, ei(wotzl:koz) +t Ly ((I)O ei(wot:tko;t)) .

1/ —1/7

Then Ly (Qotei(WOtikoz)) = § ei(wotkor) — Qimjilar Lo (Egte’i(“’otikox)) = e~ iwotEkox)  The

resulting expression for LUy is

LOUO _ 62 [21(0) (I)O ei(wgt—‘rkoz) + w'(()) CI)O ei(wot—ko:c) + ?(0) 50 e—i(wot—i-ko:v) + W(O) 50 e—i(wot—kow)]

+ O(eh) = €2 [z’(()) B e/ @ot ko) Lo/ (0) B w0t —kor) 4 cc] + O(eh) (B.3)

where here cc denotes the complex conjugation of the expression it follows.

L the adjoint operator of L

The solution U = (u1(z,t), uz(w,t))T from (2.22) belongs to the subspace of functions that satisfy

2 2
wj(x, t) = u;(z + i,t), wj(x, t) = uj(z, t + 1), VeeR,VteR, j=1,2. (B.4)

ko wo

Let us consider now the following linear operator

d —1+a*J *(- 1/7
LV =——V — 0 / V. (B.5)

dt —g —1/7
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When looking for bounded solutions of LV = 0 of the form £(t)e*** with k € R, respectively
k € (£7IN) when [ is finite, we find that £(¢) must satisfy the ODE %(t) = —L(k)T¢t)| . Since
det(—L(k)T) = det(L(k)), tr(—L(k)T) = —tr(L(k)) and ko is the most unstable mode for (2.3),
the eigenfunctions of L have the form &; 2, eMaktEike 51,21: M2kt FikT where Re(A12%) > 0 for

k 75 :|:k‘0 and /\172 +ky = :Eiwo.

Remark B.1. The operator that corresponds to the restriction of L{ on the space of functions
(B.4) has a four-dimensional nullspace with the basis { ¥y el(wotdhkoz) g, e_"(“’otikox)} , where ¥y

is the two-dimensional complex vector defined by
f/(ko)T\Po = —in\Ifo and (I)o . WO =1. (Bﬁ)
We show that L is the adjoint operator of L on the space of functions (B.4) with the inner product
CVW = / ’ dt/ " e V(@ t) - T (2, t) = / " dt/ ° g [0 (2, )1 (2, ) + val@, )T, 1) ]
0 0 0 0

Let us consider V = (vi(z,t), vo(x,t))T, W = (wi(z,t), wa(z,t))” with the property (B.4),

and compute

27 27
wg kg dw; _ duy dwo
V.LoW > — < LEV,W >= [ " dt dz [v] —— -1 -
<,0><0,>/0 /Ox[vldt+w1dt+vzdt
_dv N _ .
+1U2E—Oé v (J * W) + & wy (J * v1)] .

Using integration by parts and the periodicity of v;, w;, j = 1,2 with respect to ¢, we obtain
5 [k
<V,LeW > — < LEV,W >= o / ’ dt/ dx [wy(J *v1) — v (J x 1))
0 0

which is zero, based of the fact that the inner integral is zero for any fixed ¢ (see Appendix B.0.2
for a proof). Therefore < V, LoW >=< LjV,W > for all V, W functions in the space (B.4), that

proves that L is the adjoint operator of Lg.

Solving for U;

In order to compute U; we need to evaluate J * ug and o* J % ug — gvg where (ug, vo)T = Up and
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then introduce the result, together with (B.3), in equation (B.1). For &y = (&}, ®2)T as in (2.18),

let us define A € € as the inner product

A=0f - (14+1/7, —g) = (1+1/7)P)— g = +i¢

\/9777—1 = ¢ (1+iw). (B.7)

Then we have

Txug = z B J (ko) €/“0THR07) 4wy @f J (ko) e'0tFom) 1 2 F( (ko) e w0t tRor)
+@$é j(ko) efi(wotfkox) — j(k()) [¢Z(O) e’i(u.)ot+ko:1:) + ¢w(0) ei(a)otfkox)
+ ¢ (0) e w0t Hhor) 1 Ga5(0) et Ro | L O(?) | e,
J % ug = J (ko) [ ¢ 2(0) e @otkoT) 4 64p(0) e?@ot=ho2) 4 e ] 4 O(2) (B.8)
Similar, we obtain
o Jxug—gug=(1+1/7) [2(0) ®} eilwottkor) | w(0) B} eilwot=koz) | z(0) 6(1) e ~H(wottkow)
+w(0) 6[1) e~ (wot—koz) ] —g [2(0) @8 eilwottkox) | w(0) ®3 elwot—kox) | z(0) 6[2) e~ Hwol+kow)
+10(0) By e 10tk | 9(e2) = A [ 2(0) /l0tHhon) 4y (0) eilent—hon) | A [5(0) ¢~ iotthor)
+1w(0) eTHwot=kon) | L 9(e?) | e,
a* Jxug — gug = [Az(O) elwottkor) L 4 4(0) ewot—kow) 4. cc] +0(e?). (B.9)
Now, using the equations (B.1), (B.3), (B.8) and (B.9) we obtain

F II(O)
2

LoU, — P=c|- (z’(O) B el (wotthor) Lo/ (0) By et wot—koz) 4 cc) —LoUz+Q | +0(¢%) (B.10)

where the second components of P and Q are zero, and their first components are

Py = [AQZ(O)Q e2ilwottkor) A2w(0)2 e2ilwot—koz) 2A22(0)w(0) e2iwot 4 CC]

1244 [2(0)5(0) + w(0)@(0) + 2(0)w(0) e2F9% 4+ Z(0)w(0) e—%’fow] (B.11)
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Q(l) = j(k:o) [(/5 2(0) ellwotthor) 4 pw(0) ellwot—koz) 4 cc] + F/Zi(o) [A3z(0)3 3iwot+koz)

+ A3w(0)3 3i(wot—kox) + 3A3z(0)2w(0) i (Bwot+kox) + 3A3z(0)w(0)2 i (Bwot—koz)

+ 3A%A2(0)%2(0) "0t HhoT) 4 3AZAw(0)*w(0) e'(“0FFoT) 4 3AZA 2(0)%w(0) (ot ko)

+ BAZAZ(0)w(0)2e @0t =3k0w) 1 6 AZA(0)w(0)w(0)e' @0 TR0 1 6 AZAz(0)Z(0)w(0)e <0t For) 1 ¢c]

+ F//(o) [AZ(O) ei(wot-‘rkofﬁ) _|_ Aw(o) ei(wot—kor) + CC:| [Oé* J % u]_ o g’U]_:| . (B12)

Based on equation (B.10), U; = (ug, v1)7 is the solution of LoU; = WP up to the order O(e).

Using the form of P(;) we may write U; in a similar manner as

U, = (51 22 e2ilwotthor) 4 & w? e2ilwot—koz) | £3 zw 290! 4 &4 z7p 20T 4 cc) +&2Z+&ww

with &, (i = 1, 6), vectors in €2. Therefore

U = [61 2(0)2 eQi(wot+k0:t) + 52 w(0)2 eQi(wotfkox) + 53 Z(O) w(O) eZiwot

+ &4 2(0)W(0) ¥*07 4 cc] + &5 2(0) 2(0) + & w(0) W(0) + O(2)

This implies LoUy = —2(0)2(0)[L(0)&] — w(0)w(0)[L(0)&s] + (2(0)2e2i(0t +40m) [2iige, — L(2k0)é1] +
w(0)2e2iwot=ko) [950y0 €0 — L(2k0)Ea] + 2(0) w(0)e2 0t [2iwos — L(0)€3] — 2(0) W(0) €207 [L(2ko) £4] +
cc) + 0(é?).

In equation (B.10) we match the coefficients of the terms z(0)2 e(«ot+ko) ()2 e2i(wot—koz)

.. up to the order O(e). It results that

2 N . 1 R 1
6= 6= "2 Opiogr bk || &0 = AP (0)[-L(2ko)]
0 0
) 1 . 1
&5 = A2F"(0)[2iwo] — L(0)] " & = & = |APF"(0)[-L(0)]
0 0

where, obviously, &4, &, & € R2.

Remark B.2. The matrices involved in the equations above are invertible since J (ko) > J(nko),
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n=20,2and g > 1/7, a* =
M} > THL] - J(nko)

1+1/T

On one hand det[ (nko)] =

L(g+1—a*J(nky)) =
] > 0. On the other hand det[2iwgl —

Hg+1-

L(nko)] is nonzero since its

J (ko) T J (ko)
imaginary part is equal to 2iwg(1 + %)[1 J(Zfo))] > 0.
We find that
AQ};N(O) 1 + 22(4)0
§1=8 = - ! )
S 1 (L4 2iwe)(1+ DL - F2 | 1
c AzF”(O) ~+ 21w
3= j ’
A (D 01|
- AP e ORI (B.13)
g+1— (1+1/T)J 2kg) g+1— (1+}{;3;I(0) 1
Solving for U,
With the notation
A2F"(0 -
O pim i@k - g€ = o"(2h0)6) - 063,
APF(0)C = a*J(0)&3 — 963, |APF"(0) D := o J(2ko)€) — g€7
[APF"(0) E := o J(0)&] — g€3 = a"J(0)¢5 — 93 (B.14)

(notice that D, E € R) we have

[ AQF//(O) A2F”(O)
2 2
+ A2F"(0) C2(0)w(0) €20 + |A]2F"(0) Dz(0) @(0) €2™*0% 4 cc] + |A]2F"(0) E2(0) Z(0)

BZ(O)ZGQi(wot—i-kom) + Bw(0)2€2i(w0t—k0:p)

oSk uy — gur =

+ |A]2F"(0) Ew(0)@w(0) + O(€?).

The terms in Q(l) that will count in the computation of the normal form are those that include

the exponential e!(«wottkor) gilwot=ko?) and their complex conjugates, therefore (B.12) reads as

Qu>=[vf%w¢d®+iwﬂm-AMP<;szzmy+dmwmywm>+
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F"(0)2- AlA ((E + 5)2(0)25(0) +(E+D+ C)z(O)w(O)E(O)) ] oilwot+ko)

+ [’y J(ko)pw(0) + F"(0) - A|A|? (; w(0)*w(0) + z(O)E(O)w(O)) +

F"(0)2- AlA)? ((E + g)w(0)2w(0) +(E+D+ C)z(O)z(O)w(O)) ] eilwot=koz) L cep ..

(B.15)

The coefficient of € in the expansion (B.10) gives us the functional equation that defines Us. This
is

Lol = Q — (Z/(O) Dy e'Corthor) 4 4y/(0) By el(woiRor) 4 cc) .

In order to have a solution here we need the right term to be orthogonal on the basis of
the nullspace of Lf), the adjoint operator of Lg. This is, as we noted in Remark B.1, the set
{ U, ei(wot:tkox)’ﬁo 6—i(wot:|:kox) }

Therefore we have < Q — (z’(()) P el(wotthkor) 4 w'(0) ®q eilwot—koz) | cc) U ellwotEkor)

2w 2w

foa dt fOE dzx U e~ wotEkow) . [Q — (2/(0) ®g ewottkor) 44/ (0) By ewot—kow) 4 cc)] =0.

Based on the fact that U - ®¢ = 1 and using Q1) from (B.15) and Q) = 0, we obtain

2(0) = 2(0) (@ + b2(0)2(0) + cw(0)w(0) ),

w' (0) = w(0) (@ + bw(0)w(0) + c2(0)(0) ),

with @ = v (ko) $ Tg, b = |AP - ATy - [ 250 4 (B4 B)F"(0)*] and ¢ = |A]? - AT, - [F7(0) +
(E+D+C)F"(0)2].

Coefficients of the normal form. Equations (2.18), (B.6) and (B.7) imply

—1 1 1
Uy==-—1t——= B.16
—1 1+1/7 g—(1+1/7)
AV, = B.17
0 > o=t (B-17)

8o we can write a, b and ¢ as @ = a1 + iao, b = by + ibs, ¢ = ¢1 + icy with

) Je—at) L 3t e —a)
! 2 2¢2 0 02 2v/g1 — 1 2¢2 /g — 1’
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=T AR PP |28 Re() + I D )| + T AR o),
¢ = 74 AR F7(0)? [2E+2D+2Re(C)+21_g;—i\/(7jl+1)Im(C)] + T4+1 A2 - 2F"(0),
by = 947;\/%1) Al F"(0)?- [QE—I—Re(B) - % Im(B)]

o) apF ),
co = ‘(]47_;\/:74_—1) |AI2- F"(0)2- |:2E+2D+2Re(C)

—9 % Im(C)] + W A2 2F"(0).

Remark B.3. From (B.13) and (B.14) we have D = —1 + i (1+1/‘F)J(2k0) = -1+4+D, E=
1t —— o = (1%(/;33,@ = —1+E, Re(B) + =% Tm(B) = —1+ 42, R&?ﬁ D T (C) =

-1+ NC with D, E, N, N¢ > 0. We obtain

b= ZEL A2 [F(0) + F(0)2 - (—3+ 2B + 42,
o1 = LA [QF"'(O) + F"(0)2- (—6 +2E +2D + 2%—5)} , where

Mp =M (%) My =M (%) Np=N (%) Ne =N (j(fo))), and M, N are functions

defined as

M(X) = (497 —3)[297 — (T + 1) (7 +2)| X +4(g7 — ) (7 +1)2+ 397 —4—7)? + g7(97 + T — 2),
and

N(X) = (497 = 3)(1+1)2X2 4+ 27(7+1)(3—g—4gT) X + [4(g7 — 1) (7 +1)2+ (3g7 — 4 — 7)?].
Therefore

140 = TE A= [3 [F"(0) — 3F"(0)%] + F"(0)? - (213 +4E + 282 + %—g) ] :

e — by = TEL AR - | [F"(0) — 3F(0)2] + F"(0)? - (2D + 23 — §f2)

B.0.2 Some properties

27

In the sequel we prove that foa dx [wq(J * v1) — v1(J * w1)]=0 on the space of the complex

functions at least €2 and such that v(x) = v(z + i—:), Vx € R, together with the inner product

2m

<v,w >= [ v(zr)w(z)dz.

We define on this space the integral operator J * v(z) = fil J(x — y)v(y) dy where [ and J are
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either [ = oo and J as in (2.6), or [ = ¢ for some ng € N\ {0} and J a 2l-periodic trigonometric

polynomial. An additional condition is J real and J(x) = J(—z) for all z € R.

Remark B.4. In our problem the choice of ky depends on [, not vice-versa. We recall that kg # 0
is the most unstable mode defined by (2.12) when [ = oo, or by (2.15) when [ finite. Nevertheless

the hypotheses we adopted here correspond to the conditions of the original problem.

The first step is to prove that J * v also satisfy (J xv)(x) = (J *v)(x + %), so that the inner

products < v, J * w > and < J * v, w > make sense.

The case | = oo : It is obvious , by the a change of variables and by the periodicity of v, that
(Jxv)(@+ ) = [T J(@+ 3 —y(y)dy = [Zo J(@—y)oly+ ) dy = [°2 T (z — y)o(y) dy =
(J *v)(x).

|— 27
The case [ finite: We compute (J*U)(l’—l—%) = fil J(z+ % —y)v(y)dy = f_l_k%l J(z—y)v(y+
ko
_on

l a
%) dy = f,lf%i J(x —y(y)dy = fil J(x —y)v(y)dy = (J xv)(x). The equality fi—l:a J(z —
0
y)(y)dy = fil J(x — y)v(y)dy is true for any real a since J(z + 21) = J(z) and u(x + 21) =
u(z + %no) = u(x), i.e. the function f(y) = J(z — y)u(y) is 2l-periodic.

27

We prove now that < v, J*xw >=< J*v,w >, i.e that f()% v(x)- (J*w)(x)dr = fo%r (J*v)(z) -
w(x) dz.

For this, let us consider the Fourier series corresponding to the functions v and w, v(z) =
S0 e €T yp(z) =3 d, €% with the coefficients ¢, = ]2“—2 f_’%} v(y) e” oYy, d, =
’2“—2 f_%) w(y) e~™ko¥dy. Since v,w € C2, their attached Fourier series converge uniformly on each

closed interval in R ([85]), and have the sum v and w respectively. Moreover the coefficients satisfy
cn = 0(1/n?), d, = 0(1/n?), as n — co. (B.18)

For any fixed = € R, we have

00 M

Jxv(x) = /l dyJ(z —y) Z Cnemkoy — /ldy‘](x —y) N}im Z Cnemkoy

—00

n=—M

n=—oo
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l M l
B /_l i ( Y ead@—y)e °y> dy = /_l Jim far(y)dy -

n=—M

We have limp;—oo far(y) = J(z — y)v(y) for any y € R, and based on conditions (B.18) there
exists a function g such that |fa/(y)| < g(y) for any integer M and y € R with f ,9(y)dy < oo,
no matter [ is finite or infinite (when [ = oo the function J is a linear combination of Gaussians).

Therefore we can apply Lebesgue’s dominated convergence theorem ([88]) and obtain J x v(x) =

S limar oo far(y)dy = limay oo [*, far(y)dy, ie.

l 00
J % 'U( — ]\/}lm ( Z Cnemk’ox / J(:L’ o y>einko(y—x)dy> _ Z J(nko)cneinkox

n=—oo

where J (k) is defined by (2.5). Similar we obtain J % w(z) = 2% J(mko)d,e~ %% This im-

m=—0o0
27

= J— A 277( . .
plies < v, Jxw >= [(* v(z)  (Jxw)(z)dv =30 S CndmJ (mkg) [, einkore=imkoz gy —

n=—oo m=—00

% o cnanj(nko) , and

n=—oo

2r . _ 2r )
< Jxv,w >= foko (J % v)(m) . @(CE) dr = Zoo Zoo an(nko)dm foko einkoz o—imkox .. —

m=—00 £4n=—00
% % cmdmdJ (mko).
B.0.3 Normal form for double-zero bifurcation with O(2)-symmetry

We present in the following the proofs for the results stated in Section 2.3.

Solving for Uj
Since the nullspace of L corresponding to the center manifold has the basis { ®g eﬂkox} , Up can

be written as Uy = (z ethor —|—Ee_ik0””) ®y where z is e-dependent. We choose a new time scale,

= z(et) = 2(0) + 2/ (0)et + ZHZ(O) t? + ZIHG(O) 313 + O(e*), and therefore obtain

. _ . . _ . 442
e LoUp = 62 |:Z,(0) ezkox + Z’(O) e—zk’ox] g + th [2//(0) ezko:c + Z”(O) e—zk’ox] g + 67

[z"'(O) etkoz
+27(0) e ”“Ox]@ +0(),

1 . .
a*J xug — g'vg = NG [Z(O) efoT 1 %(0) e‘zm] +
T

[z”(O) ek 1 27(0) —Z’W} +0(e),

Lt [Z/(O) eik0$ +?(0) e—ikox]

P
€2t?

+2ﬁ
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v J xug —nug = (v J (ko) — n)\% [z(O) efoT 1 %(0) e‘ikox] + 0O(e),
v LUy + 1 LUy = (v J (ko) — n)\%E [z(O) e 1 %(0) eikox] + et(y J (ko) — n)\%E [z’(O) etkox
+ 2/(0) e—“‘fom] + O(€?). (B.19)

These will be distributed in equation (2.42) accordingly to e power.

Solving for U;

The equation that defines Uy corresponds to the coefficient of €2 in expansion (2.42) and reads as

F //(0)

LOUl _ [ZI(O) eikom+?(0) eikox] (I)O+ E|:Z(0)2€2ikox+z(0)2 672ik0$+22(0) Z(O)i| ) (B.QO)

4 —1+a*J* (") 1/7
Remark B.5. The adjoint operator of Lg is LoV = — 2V — V and it

—g* —1/7

+ikozl  where Wy is defined by equations (2.32) and

has a two-dimensional nullspace of basis { ¥; e

(2.31).

Since ®q - ¥; = 0, the right hand side term of (B.20) is orthogonal on ¥ e**0% with respect

27
to the integration foko dx and so the solution U; can be constructed. We choose Uy in the form
Uy = [w e + e 0] @y + 22 e2iko? 4 22¢) e 2R 4 92 7€, with w = w(et) = w(0) +w'(0)et +

@629 + O(€?), and find that

2'(0) = w(0), (B.21)
R B 7F/l(0) R 7F//(0)
L(2ko)é1 = o E, L(0) = o E, (B.22)
i.e. 51 = (1, 1)TB1 y 52 = (1, 1)TBQ with
B = =0 Tk DT L J() 1 (B-23)
2(r+ 1)1 - —j(ko‘))] 2(r+ 1)1 - m]

Therefore

~ LUy 4+ nLaUy = v J(ko)/TE [w(()) etkoz 4 75(0) e‘ikox} + Bi(y J(2ko) — n)E [z(0)2 e2ikor 4
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z(0)? 62““09”] +2By(v J(0) — 1) E 2(0) Z(0) + O(e), and

ot J x U — g*Ul — (1 + j—)ﬁ[w(o)ezkom _'_@(O)G—ikom] + [Z(O)Qem'kom _’_5(0)26—2%01] (Bl . F;E—O))
428y O 20)2(0) + e(1 4 D7 [/(0) %o 1wt (0) 07 | 4 [ £2(0)/(0) 200
+ t2(0) 2/(0) e_%ko"”](QBl _E HT(O)) +¢(2By — d ”T(O)) [t2(0) 2/(0) +tZ(0)2'(0)] + O(¢?).

Solving for Us
By using the above calculations together with (B.19), (B.21), and the property (B.22), equation
(2.42) becomes

LoUs = (v j(k‘o) - n)\%E’ [2(0) etkor | z(0) e_ikom] —®y [w’(O) eihor | W(O) ¢ thoz ] +

4 =00 26+ FI0)(1 +1/7)E | + 20y <>-2’k0$[ 2, + PU0)(1 +1/7)B)

= " gikox | £77(0)  F"(0)
+ [2(0)w(0) 4+ Z(0)w(0)] [ — 26+ FP0)1+1/7)E | + 2( k [ QT\f + NG (B
)]E+ (0)Z(0)%e "o [ZTM(}? - F\/f(TO) (B +2B; — 3F” ]
F/I(O)
2T

3F"(0)
T

+ 2By — E

F///(O) + F//(O) FI/I(O) + F ( )
61V VT VNG

)]E+ES+O(€2) (B.24)

+ 2(0)3eor [ (By — ) ] E +7%(0)%e%kor [ (B

F //(O)

where § = —LoUz + v L1U; + 1 LaUy + ..., the terms from (2.42) corresponding to e*.

+ikox

The orthogonality condition on ¥qe , necessary for the existence of Uy becomes

F///(O) FII(O)

| 3F ”(0)

O] (0y22(0)+ L k) — =00

+e< 8, T > +O(e%). (B.25)

This, together with the fact that [E e 0} , implies that Us can be chosen as

-

Uy = [zwe%kox + zwe%kox] B+ [z +Zw|f2 + [z?’emkw + zBegikox] 33
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with (1, B2, (83 defined by [—ﬁ(Qko)ﬂl] ==2+F"(0)(1+1/7)E, [-L(0)52] = —2&+ F"(0)(1 +

1/7)E, [~L(3ko) B3] = [1;;’1}0;) i F\Nf(TO) (B1 — F;’T(o)) o)

Solving for Us

The resulting equation for Us is then the following

F //(0)

7 (" J(0)5;

LoUs = —8 + v J (ko) v/7 w(0) €*0% E + [2(0)%w(0) + 2(0) 2(0) w(0)] eikomE[

F//(O) ) F’//(O)
27 2T

(0" J(2ko)BL — " 32) + F"(0)(1 + 1/7)v/7(2Bs — By

—g*ﬁg)-i-F//(O)(l-i-l/T)ﬁ(Bl— (1+1/T)]

F II(O)
\/F

1+ 1/7)] 4 ce+ terms <17 e:l:?ikg:c’ e:l:3ilc0x’ e:l:4ikooc> +0(e)

+ 2(0) Z(0) w(0) eikomE[

F//(O) F///(O)
2T )+ 2T

and we need

(@™ (2k0) 8L —g* B2+ F"(0) (1+1/7) (2B,

< 5016 5 (k) w(0)+2(0)20)w(0)| L

_BY_F;m)+Fng1+yﬂ]+pmﬂmm+zmpmywmﬂFﬁm@ﬁﬂ®@—g%@
+ F"(0)(1+ 1/7)(B1 — F;io)) + F;/T(O) (1+ 1/7)] + O(e).

Based on equations (B.21) and (B.25) we obtain the normal form for the double-zero bifurcation

2(0)— {7 T ()2 (0)+C=(0)[ 2(0) 2/ (0)+2(0) 7(0) |+ DI=(0) *+'(0) } - [ 2522 1 Al=(0)[?] (0) =

T

1 rm . 02 F"0)* J (ko) J (ko) _
7z [F(0) = 3F7(0)7] + [T + 27w - €

O(€?), with coefficients A =

>
=}

N2
|

<

F70)2  J(ko) _ F"(0)% J (ko)
(T+ DA+ o)) ' P = (T+ DA+ 7 Tlho)—J (2ha)
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Appendix C

Detalils of proof for results presented in LIF model

C.0.1 Proof of Theorem 3.2 for one-spike traveling wave in the LIF model

The inequality V(y) < Vp can be written as

9/Vr = Y+ a%/VT yo'/‘rgc _ a%/VT yo'/‘rlc <1+ (_VR/VT + 1) ya/ﬁc,

(-2, (1-55)01-3) (1—5)(1-20)

or equivalently as

2 2 2 2
(y B 1) n 2(1471 /72) y+ fi‘g (T2Tgc yo/Tzc 7 7_122127‘3702 ya/nc) < (*VR/VT + 1)yo'/7'10‘
T2

(%—1)(1—%) 5c2—0?
We used here 9/Vr —-1= 2147 /72) which comes from (3.14). When we regrou
2(ric/o—1)(1—0/120) (ric/o—1)(1—0/T2c)? : : & p
the terms, we obtain
2(1+ Vo (1 V- o/Toc _ o/T1C_
CEG Gy — R |y - )+ S - ) < (Ve Ve
e T2¢ ( o2 _1)(1_7_2262) T2 7'2202 7'12c2

1)y°/m¢. The difference inside the first set of parentheses is zero because of (3.14). Therefore, we
are left exactly with the inequality H(y) < (=Vgr/Vr + 1).

The next step is to compute the derivative of H. This is
—(+4o/me) | o(1=2L) oc(1-)g/V, 2.2
H’(y) — . 1 |: 27 < 2 T) 7-2720 y0'/7'20+

-1 TiC TiC 5c2—0?
(rie—0)(1-21) a2 (3%-1)
ty | e 0/Ve | i | (525)
By using again equation (3.14) we obtain
—(+o/me) [ o(1=2L)  2(micto)-22-(1-1L (ricto)(racto)(1-2+ ]
H'(y) = * —% [ 7'102 o Tzc—la ’ yU/Tzc Ty Tic(T2c—0) .
(t1e40)(T2c+0) (14 o(m2c—0) 2 . —(1+
o 17'10(7'2030) Yy (+o/me) |:(T1C+O’2)(TQC+O') B 7-270-3-60 yo/T2c ty| = 27721 ng—cr VLT Y (Io/mic) G(y)

with G defined by (3.18).
The existence of the unique root y* € (0,1) for G comes from the following observations.

Since G'(y) =1 — TQQC‘J’FU y?/7¢=1 the derivative of G has exactly one zero in the interval (0, 1), at
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, G decreases on (0,7), and G increases on (g, 1). Further, since we calculated

. )Tgc/(mcfg)

that ¢ > o/,/T172, the assumption 75 > 71 implies that G(0) > 0 and G(1) < 0. Therefore, G(7)

must be negative, and the unique root of G belongs to (0,7) C (0,1).

C.0.2 Proof of Lemma 3.3.2 for two-spike traveling waves in the LIF model

The inequalities from 1), ii), iii) can be easily verified. To establish the limits of F', we use these
inequalities, the assumption that 7o > 71, and the fact that lim. .., f(c) = 0.

i) By direct calculation, we obtain lim.\ ., F'(c) = lim. », F'(c) = —o0.

iii) By direct calculation, we have

. 2 202 . . o 1
lne e, F(€) = =t (14 3) 2 2 g and e Fle) = e f(0)7 [—VR/VT

T2 fci—o?

Vi
+1+ 20 5

) -5 -5
2 1
ii) At g/Vr = 4(1 4+ 11/72), since ¢; = 7‘_’—2 and ¢y = %, the calculation needs to be handled more

T (- s
0 A D O —1)] .

carefully. We apply 'Hospital’s rule repeatedly and obtain

o 1 1— - o _
= — ¢ - 1 T9C T1C — 1
hH}T f(C) T1¢ 1 =1 s 111’1} % = —00, 111,13- f(c) 2 [a.f(C) ! ] — 07
N NI Te N e

and therefore lim\ o F (c) =
T1

o _ o (1-1 o~ o= (o TE
lim o f(c) (~Va/Ve + (o)) 4 9l (f” e s 1>>] =

T 1—77_22(:2 T1c/\T1C
—0OQ.
]. 1 l 2 ! = l 7]0 C)TgC71 ! = — 1 1 ! = d h
Similar im, o c)m2¢ 1, lim, el 00, lim el c)T1c 0, and thus
Vs 0/7‘_72 f( ) ) c/‘,,‘_’2 %_1 ) c/‘f2 f( ) )

lim, o F(c) = —o0.
T2
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