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Abstract

Neural Field Equations model the large scale behaviour of large groups of neurons. In this
context gap junctions, electrical connections between neurons, are modelled by adding dif-
fusion to the neural field. In this work we study the role of diffusion next to the usual connec-
tivity with transmission delay. We extend known sun-star calculus results for delay equations
to be able to include diffusion. Consequently, we are able to compute the spectral properties
and normal form coefficients on the center manifold for Hopf and Pitchfork-Hopf bifurcations.
By examining a numerical example, we find that the addition of diffusion suppresses spatial
modes, while leaving temporal modes unaffected.
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Chapter 1

Introduction

The field of computational neuroscience uses mathematical models to further our understanding of the
complex nature of the nervous system. ( ) created a model which describes
how action potentials are propagated across neurons, for which they received the 1963 Nobel Prize in
Physiology or Medicine. Neurons propagate these action potentials across axons to a synapse, where
the action potential is passed along to the dendrites of some other neuron. Later networks of these
individually modelled cells with their interactions were constructed, e.g. (

However the large number of parameters and variables make it hard to study these networks analytlcally
and costly to simulate numerically.

In response to these problems, neural field models were developed by ( ) and

( ) among others. These models replace the large network of neurons by a continuous spatial
approximation and replace the individual spikes by a time-averaged spiking rate. Neural field models
are usually formulated as non-linear integro-differential equations. One major addition to these models
is the inclusion of delays, e.g. ( , ). These delays have there origin in the
finite propagation speed of action potentials along axons, synaptic processing and dendritic integration
( , ). Local bifurcation theory for these models was developed in ( ) and
was expanded in ( ).

One possible modification to these models is the addition of diffusion, which models the interactions

through gap-junctions between neurons ( , ). The implications of adding diffusion on
the analytic setting and bifurcation theory are an open question. Some preliminary work has been done
by ( ) on the numerics and by ( , ) on the analysis in an unpublished
manuscript. This thesis will expand on these ideas and the work already done in ( )
and ( ).

In section (2) we extend the analytical work of ( , ) on delay equations and proof

a result on the essential spectrum of the linearised problem. In section (3) we develop the sun-star
calculus with respect to the diffusion operator and state some its spectral properties. In section (4) we
show how the spectrum and resolvent can be computed explicitly for specific choices for our connectivity
and delay functions. In (5) we show how the normal form coefficients can be computed explicitly for the
Andronov-Hopf and Pitchfork-Hopf bifurcations. In (6) we investigate the effect of diffusion on neural
field equations by evaluating the normal form coefficients for a particular example and confirm our
results by a numerical simulation of the discretised problem.

1.1 Neural Field Model

We analyse a neural field model of N connected populations with delays and diffusion. For the spatial
domain we take Q = [-1,1] and for the time domain we take R*. As we introduce diffusion, it is
necessary to introduce boundary conditions. We choose Neumann boundary conditions, i.e. the spatial
derivative is zero at the boundary. As this equation is a delay equation, we need an initial condition
which is given for some history [—h,0]. We want to find solutions u : R* x Q — R” of the following
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system of partial differential delay equations (PDDE) for i € {1,--- , N}

6ui 82’11,1‘
g(t,x) = diW(t,x) — au;(t,x)
N forr e Q, teRT
+ Z /Q Jij(z,2")Sj(u(t — 7 j(z,2"),2"))dz’ (PDDE)
j=1
%”i(t,x):o forz € 9Q, t € Rt
o
u(t, z) = ¢i(t, ) forz € Q, t € [—h,0]
We assume for i,j € {1,--- , N} that d;,«; > 0 and that  := sup 7z, 2") < oo, Jij €

z,x' €Q,i,5€{1,-- ,N}
C(Qx Q) and S; € C°(R).

We define the following Banach Spaces Y := C(; R") and X := C([—h,0]; Y') with their corresponding
supremum-norms. We introduce the notation u,(#) := u(t + 6)" for 6 € [—h, 0] so we have that u, € X.

We can write (PDDE) as an abstract delay differential equation (ADDE)

{1’1(15) = Bu(t) + G(uy) (ADDE)
u=¢0cX
Where the linear operator B : D(B) — Y is defined as

(Bu); := d;Au; — oy (1.1)
Here A is the second derivative operator

82ui

Au;(x) := 52 (x) (1.2)

We take the domain of B as the twice continuously differentiable functions with Neumann boundary
conditions
D(B) := D(A) = {y € Y|y € C*(Q,RY),y'(99) = 0} (1.3)

The non-linear operator G : X — Y for ¢ € X is defined as
N
(G0:ta) =3 [ Jislaa)S5(65(- (o). o
j=1

This operator has the following properties.

Lemma 1.1.1. ( , , Lemma 3, Proposition 11) G is compact, globally Lipschitz contin-
uous and k times Fréchet differentiable for any k € N. Furthermore the kth Fréchet derivative of G at
Y e X, D*G(p) : X* — Y is compact and given by

N k
k
(D*G(W)(9", -+ 6"))il2) =D / Jig(2,2") 85 (=715 (w,2), ') T (@ (=7, 2), 2"))da’
j=1 Q m=1
'As a notational convention, all bold variables correspond to vectors u = (u1, - -- ,uy)?, where the length of the vector is

clear from the context.
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Chapter 2

Analytic Setting

In this chapter we will analyze the (ADDE) in a general setting where X = C(|—h,0];Y) and Y is some
Banach space over R or C. Let S be some strongly continuous semigroup on Y with its generator B
and let G : X — Y be a non-linear, globally Lipschitz continuous operator.

{Z(()t): :¢ il;ét) + G(wy) (ADDE)

On X we consider the strongly continuous semigroup T, defined by

o(t+0) t+0€[—h,0]

St+0)p(0) t+6>0 @1

(To(t)9)(0) := {

Here ¢ € X,t > 0 and 0 € [—h,0]. This semi-group is also called the shift-semigroup and is related to
the problem for G = 0:

v(t)=Bv(t) fort>0
{v(t) =¢(t) forte[—h,0] (2.2)
The solution of problem (2.2) is then given by v(t) := (To(t)$)(0).

The infinitesimal generator of A of a semigroup T is defined as the limit A¢p = ltiff)l %(T(tw — ¢), with

its domain D(A) the set in X where this limit exists. It is well known that the generator of translation

is differentiation, see for instance ( , Theorem VI.6.1). The generator A, of the
shift-semigroup Tj is given by
Agp=¢,  D(Ag) ={¢ € C"([~h,0];Y)|$(0) € D(B) and ¢(0) = B(0)} (2.3)

We will interpret the (ADDE) as problem (2.2) with some non-linear perturbation G and use the variation-
of-constants formula to obtain results about the perturbed problem. However, this results in technical
complications as the rule for extending a function beyond its original domain, i.e. ¢(0) = B¢(0), is
incorporated in D(Ay). So a perturbation leads to a change in the domain of A,. This is the source of
a lot of confusion in delay equations. We can avoid these complications by embedding X into a larger
space, where this rule for extension is not incorporated in the domain of Ay. We construct this larger
space, X ©*, using sun-star calculus. First we restrict X*, the dual space of X, to the space on which
Ty, the dual semigroup of Ty, is strongly continuous. This restricted space X® can be found by taking
the closure of D(A*) with respect to the norm on X*. By taking the dual of this space, we end up
at X®*, which is the like a second dual space with some restrictions based on Tj. It is convenient to
present the relationship of the various spaces schematically in the following 'duality’ diagram, see figure
(2.1).

2.1 Sun-star calculus

We will now construct the sun-star calculus with respect to 7;. We can represent X*, the dual space
of X, as NBV ([0, h];Y™). This follows from a generalization of the Riesz Representation Theorem for
Y-valued functions proven by ( ). We use the results from ( ) to find a
representation of X® and 7;;°.
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X = C([=h.0];Y) —— X* = NBV([0, h]; V*)

X = YO 5 [LY[0,h]; V)] 4 X © =~ V' x L1([0,h]); V)
Figure 2.1: A schematic representation of the various spaces in sun-star calculus.

Theorem 2.1.1. ( , , Theorem 2.2) The sun-dual of X with respect to Ty, can
be represented as X® = Y© x L*([0,h];Y*), where L' ([0,h];Y*) is the Banach space of Bochner
integrable Y* valued functions. The duality pairing between ¢ € X and ¢© = (y©, g) € X® is given by

h
(6°.6) = (4°, $(0)) + /0 (9(6), B(—0))do (2.4)

Moreover, for the action of T on X© we have

min{t,h}
TO(0)(®, g) == (SO (6)y® + / S*(t — 0)g(0)d0, T (t)g) (2.5)

where the integral is a weak* Lebesque integral with values in Y® and T\ (t) is defined as translation to
the left by zero for g € L'([0,h];Y™)

g(t+90) t+6¢€0,h]

(2.6)
0 t+60>h

(T1(t)9)(0) := {

Using this theorem we are able to find AJ and its domain D(AS)

Theorem 2.1.2. For the sun-dual of Ay, on X© we have that
D(AG) = {4, 9)ly® € D(B®),g € AC([0,h);Y™),9(0) € Y, g(f) = 0 for 6 > h} (2.7)

and A (y®, g) = (B®y® + ¢(0), g), with ¢ some function in L*([0, h]; Y'©) such that

for6 € [0, h)

Proof. As T} is a strongly continuous semigroup on X ©, by definition

=0 for some ¥© € X®},  AF¢® =¢® (2.9)

X0

D7) = {6° € X°lli | 1T (06° - ) - °

Let (y©,9) € D(AY) and A (y°, g) = (2© + g(0), f). Then we have that

. 1 . 1
lim (T(?(t)(y@,g)—(y@,g))—(zmrg(o),f)‘ < lim || = (SO (t)y® — y®) — 2©
10 ||t o  tO ||t vo
R
—Ht%l ;/0 S*(t—6)g(0)dd — g(0) e
I
+1t%1 ;(Tl(t)gfg)*f .

The first limit exists if and only if y© € D(B®) and with :© = B®y®. The last limit exists if and only if

g € AC([0,h);Y™) and ¢g(#) = 0 for > h with f = g by ( , theorem A.2.3).
The second limit requires some attention. The norm on Y ® is defined as
ly®llye = sup{|(y, v)| ly € Y, |lylly <1} (2.10)
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By the definition of the weak™ integral we have for y € Y, ||y||y < 1 that

(7 [ 570000 —50.)| = [} [ 5701000000~ 0000

1

= |} [ .56~ o) - 5010

= |7 [0~ 0~ y>+<g<0>g<o>,y>do]

< t/ g (O)y-[15(t = 6) = Illlylly + [19(0) = g(O)[[y+[lyllydo

Hence we have that we can bound the limit by

lim
10

/s* 9)d6 - 9(0 H <lim} /||g iy-11S(E — 8) = 11| + 119(8) — g(0)]y-do
©

tl0 t

As ||g]|y~ is continuous on [0, k), the first term vanishes due to the strong continuity of S. As the limit
1tii%1||g(9) — ¢(0)||y~ = 0, the second term vanishes. O

If we take the dual of X©, we see that X®* can be represented as Y®* x (L'([~h,0];Y*)*. If Y is a
reflexive separable Banach space then we can identify X®* as Y* x L*([~h,0];Y), ( ,

, Problem 23.12d). However, in general this is not the case, still we can show that L>°([—h,0];Y)
is a subspace of (L' ([—h, 0]; Y*)* with an explicit pairing.

Theorem 2.1.3. Y©* ><L°C([

h,0];Y) C X©* with the duality pairing for (y©*, f) € Y®* x L>([~h,0];Y)
and (y°,g) € Y® x L'([0,h]; Y™)

h
(O, 1), (6°,9)) = (4°* 4®) + / (9(0)., F(—0))do (2.11)

Proof. It is sufficient to proof that ((y®*, f),-) as above is a bounded linear functional on X®. We have
that (y©*, -) is a bounded linear functional on Y'© and for all g € L*([0, h]; Y*). Furthermore

<<0 )6 /Ilf Iy llg(8) ly-d6

As f € L>=([~h,0];Y) we have that || f(—6)||y is bounded on [0, %] and as g € L*([0, 2]; Y*) we get that
(9(0), f(—0)) is integrable on [0, k]. Hence ((y®*, f), -) is a bounded linear functional on X®. O

The canonical embedding j : X — X©* for which (j(¢), %) = (¢, ¢) is given by j(¢) = (jy #(0), ¢).
We are now able to proof a fundamental lemma, which touches on the main benefit of using sun-star
calculus. We find that on the larger space X ©* the rule for extension ¢(0) = B#(0) is no longer embed-
ded in the domain of D(A*), but is instead included in the action of A®*.

Lemma 2.1.4. (Fundamental Lemma of the Sun-Star Calculus) If € {¢ € C*([~h,0];Y)|#(0) € D(B)}
then j¢ € D(AG”") and A7"j¢ = (jy B¢(0), ¢)

Proof. Let ¢ € {¢ € C'([~h,0];Y)|6(0) € D(B)} and let (y©, g) € D(AS). As (jy B#(0),d) € YO x
L>([—h,0];Y), theorem (2.1.3) applies. We use the integration by parts formula for Bochner-integrals'
to find that

h
(v B&(0). ). (7, 9)) = {jv B$(0),y°) +/ (9(6), $(~0))d0

0

h
— (4, B&(0)) — (g(0), o(—ON" + / (§(0), 6(—0))d0

h
— (BO® + 9(0), 6(0)) + / (§(6), S(—6))d6
= (A5 (%, 9), ¢) = (o, AT (4%, 9))

Hence j¢ € D(AF*) and A§*jé = (jy Bé(0),$) O

1 ( ) has a proof a this formula for ¢ € WP ([—h,0];Y) for 1 < p < oo but not for p = 1 and p = oo, but |
presume an equivalent statement should exist, although | do not have a reference to the literature for it.
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We define I : Y — X®* as in Diekmann et al. (2014, Lemma 3.13) by ly = (jyy,0). We can rewrite
equation (ADDE) into (AIE), which is a variation of constants formula.

u(t) = To(t)p+ 5~ / TE* (1 - 5)IG(u)(s)ds (AIE)

It is possible find a unique solution of (AIE) using a Banach fixed point argument and the fact that S is a
semigroup.

Theorem 2.1.5. ( , , Corollary 2.9) For every initial condition ¢ € X there exists a
unique solutionu € C(R*,Y) to equation (AIE).

This solution of (AIE) implies a solution of (ADDE), however there are 2 solution concepts which are
relevant.

Definition 2.1.6. A function u: [-h,c0) — Y is called a classical solution of (ADDE) if u is continuous
on [—h, o), continuously differentiable on R™ and u(¢) € D(B) for all t > 0 and u satisfied (ADDE).

A function u: [—-h,00) — Y is called a mild solution of (ADDE) if u is continuous, uy = ¢ and satisfies
t
u(t) = S(t)e(0) +/ S(t — s)G(us)ds (2.12)
0

If uis a classical solution then it also is a mild solution. The converse holds when ¢(0) € D(B).

Theorem 2.1.7. ( , , Corollary 2.16) For every initial condition ¢ € X there exists a
unique mild solution of (ADDE). When ¢(0) € D(B) then this solution is a classical solution.

2.2 Linearisation

We want to investigate the behaviour around a fixed point, which we take without loss of generality to
be u = 0. Linearising equation (ADDE) around the trivial fixed point u = 0 results in the linear problem
(LINP).

{u(t) = Bu(t) + DG(0)u, (LINP)

uy=¢pcX

We can now define a new semigroup for (LINP), T'(t)us = us++, where u; is the solution of (LINP). This
semigroup is in fact strongly continuous.

Theorem 2.2.1. ( s , Theorem 3.5) T'(t) is the unique strongly continuous semigroup
such that \
T(t)p = To(t)d + Gt / TOQ*(t — s)IDG(0)T'(s)pds (2.13)
0

forall$ € X andforallt > 0
This semigroup T inherits some properties from S.
Theorem 2.2.2. (| \ , Theorem 6.6 and 6.9) If S(t) is immediately norm continuous

then T'(t) is norm continuous fort > h. If S(t) is immediately compact then T'(t) is eventually compact
fort > h

This semigroup 1" has a generator A for which is given by the following theorem.
Theorem 2.2.3. ( , , Theorem 3.12) For the generator A of the semigroup T' we

have

D(A) = {¢ € X|jp € D(A”") and A5"j¢ +IDG(0)¢ € j(X)}

A= jHAF*j +1DG(0)) (214

We will now proof an equivalent lemma to lemma (2.1.4) for A®*. For our purposes later it is sufficient
to have a representation of A“* restricted on j(X).
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Lemma 2.2.4. If¢ € {¢p € C([~h,0];Y)|$(0) € D(B)} then jp € D(A®*) and A®*jp = (jy Bo(0), ¢) +
(JyDG(0)9,0)

Proof. By ( , Corollary 3.11), it holds that D(A®*) N j(X) = D(A$*) N j(X) and
A®* = AD* +1DG(0); " on this space. Clearly, we have that j¢ € j(X). By lemma (2.1.4) we get that
jo € D(AF*) and that

A®*j = AS* jo + IDG(0)p = (jy Bo(0), ) + (j, DG(0)$,0) O

For an operator A on X the resolvent set p(A) is the set of all z € C such that the operator A — > has a
bounded inverse. The resolvent operator R(z, A) : X — D(A) is then defined as R(z,4) = (A — 2)~*
for = € p(A). The spectrum of A, o(A) = C/p(A), can be decomposed into the point spectrum
op(A) and the essential spectrum o..s(A). We use Weyl's definition of the essential spectrum, i.e.
Oess(A) :== {\ € C|A — Al is not a Fredholm operator}. Then op(A) = o/0.ss(A) is the discrete spec-
trum, i.e. isolated eigenvalues with a finite dimensional eigenspace.

Lemma 2.2.5. For the following spectra we have that o(Ay) = o(4y) = o(AF) = o(AS*) = o(B).
Furthermore o.ss(Ap) = 0ess(B).

Proof. By ( , Proposition IV.2.18), we have that o(4g) = o (Af) = 0(AJ) = a(AF*).
We show that o(Ay) = o(B) by proving the converse p(Ay) = p(B).

If 2 € p(B) then we can find the resolvent of A, explicitly as for all € X and 6 € [—h, 0]

0
[R(z. 40))](6) = ¢/ R(\, B)b(0) + / 09 g(s)ds (2.15)

[
Hence z € p(Ap).

Suppose that z € p(Ag) en lety € Y. Then the constant function +(¢) = y for 6 € [—h,0] is in X and
hence ¢ = R(z, Ap)y € D(Ay). This implies that g = ¢(0) € D(B) and (B — 2)q = ¢(0) — 2¢(0) =
((Ao — 2)¢)(0) = ¢(0) = y. We conclude that ¢ = R(z, B)y and z € p(B).

We can explicitly find the point spectrum o,(Aq). For some A € o(Ap), we need to find a ¢ € D(Ay)
such that ¢ = A¢. Clearly this is the case if and only if ¢(6) = ge*’ for 6 € [—h,0], with ¢ € D(B)
and Bg = B¢(0) = ¢(0) = Ag. Therefore X € o,(Ay) if and only if A € 0,(B) and the corresponding
eigenspaces have the same dimension. This implies that o.ss(Ap) = dess(B). O

If DG(0) is compact then we can make inferences on the spectrum of A from the spectrum of Ag.

Theorem 2.2.6. If DG(0) is compact then o.s,(A) = 0.ss(B). ?

Proof. Due to ( , Corollary 3.8) We have that A* = Aj + (IDG(0))* with D(A*) =
D(A{). As lis a bounded embedding, we have that [DG(0) is compact. Due to Schauder’s theorem,
( , , Theorem 111.4.10), we have that (IDG(0))* is compact if and only if IDG(0) is compact.
Hence A* is a compact perturbation of A;. Then due to the stability theorem of ( , Theorem
IV.5.35), we get that 0.5 (A") = 0.55(Af). As a consequence of ( , Theorem IV.5.14), we have
that Oess (A) = Oess (A*) = Oess (AS) = Oess (AO) = Oess (B) 0

2Note that for B = —al and dim(Y) = oo, we get that oess(A) = oess(B) = {—a} as the corresponding eigenspace has
infinite dimension.
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Chapter 3

Properties of the diffusion operator

Before we dive into explicit computations of the spectrum of A, we first do some analysis when B is a
diffusion operator on Y = C(;RY), with Q = [—1,1]. We can interpret the operator B as a diagonal
matrix of operators d;A — «; which act on a single component ;. So all properties of these individual
operators immediately generalize to B. So for this section without loss of generality we assume that
N =1,s0 B=dA — a.

3.1 Semigroup and resolvent

B is an unbounded, closed, linear operator acting on Y with its domain
D(B) ={y € Y|y € C*(),y/'(02) = 0} (3.1)

Lemma 3.1.1. ( \ , Proposition VI.19). The operator (B, D(B)) generates a
strongly continuous, positive and immediately compact semigroup (S(t)):>o-

We can explicitly find an explicit representation of the semi-group S(t) by finding the spectrum of B and
employing a linear combination of the eigenvectors.

Lemma 3.1.2. The point spectrum of B consists of simple eigenvalues: even eigenvalues \"*" =
o . 1 oy
—dn®m% — o with eigenvectors cos(nmz) and odd eigenvalues \°4* = —d(n + 5)272 — a with eigenvectors

1 . - . . .
sin((n + §)m) for alln € Ny. The semigroup S can be explicitly written as a convolution with a Green’s
function G.

S(t)p(x) = A o(2G(t, x,2') da’

1 1
G(t,z,2') = Z ((1 +6,,) ! cos(nmx) cos(nra’)e I T = 4 gin((n + 5)7@) sin((n + 2)7m:’)e(_d(”+é)2“2_°‘)t>

n=0

(3.2)

Here §,, is the Kronecker delta function, 1 forn = 0 and vanishing elsewhere.

Proof. We find the point spectrum by finding ¢ € D(B) which solves the following equation for some
AeC

(B = Ng(x) = dg"(z) — (a + N)g(z) =0
. . 1
We find even solutions ¢(z) = cos(nmx) with A" = —dn?7* —a and odd solutions ¢(z) = sin((n+§)7ra:)
. 1 . L
with A4 = —d(n + 5)%2 —a for all n € Nyg. Next we can construct S(¢) as a linear combination of

1 3
cos(nmz)e™ " and sin((n + §)Wx)et%dd_

S(t)p(z) = Z <an cos(nﬂ'x)e(fd”%Q*a)t + by, sin((n + ;)Tr:c)e(d(”Jr%)Q“Qo‘)t) (3.3)

n=0



Here the coefficients are given by

an = s /Q¢>(x’) cos(nmz’)dz’

= / o(x") sin((n + %)ﬂ'l‘/)dxl
Q

We can rewrite this using a Green function G

/(b G(t,z, ") dz’

1 1
G(t,z,2') = Z ((1 + 6,) " cos(nma) cos(nma’ e~ T = Lin((n + 2) x)sin((n + 2)Wx’)e(_‘i(7L+2)2”2_a)t>
n=0

The terms of sum are bounded by e~dn Tt for every t > 0. As the sum Z g—dnimt

n=0

converges, we have

that for every t > 0, G converges uniformly in z and z’. OJ

We can also explicitly find an expression for the resolvent of B by again utilizing the completeness of its
eigenvectors.

Lemma 3.1.3. The spectrum of B contains only eigenvalues; o(B) = o,(B). The resolvent R(\, B) :
Y — D(B) for X € p(B) is given by

R\ By(x) = /Qy(x’)G)‘(x,a:’)dx'
Gz, 2') == i(l + 6,) " H(—dn*7? — a— \) ! cos(nmx) cos(nma’) (3.5)

n=0

+ (=d(n + %)271'2 —a—\)"tsin((n + %ﬂ'l‘) sin((n + %)ﬂ'x’)

Proof. We need find a ¢ € D(B) which solves (B — \)q = y. First we assume that we can decompose ¢
as

q(z) = ngo (an cos(nmx) + by, sin((n + ;)71’:17)) (3.6)
Next we substitute this into the equation Bq = .
- 1
y(z) = Z <an()\ff€” — \) cos(nmz) + b, (X% — X)sin((n + 2)77:13)) (3.7)
n=0

We find that the coefficients are given by

1 1
ap = X AT E 0, /Qy(x') cos(nma’)da’

1

L N 1 ’
by, == pYTzaY /Qy(:n )sin((n + 2)7rx )dx

We can again rewrite this using a Green’s function G*(x, z')

R()\,B)y(x):/Qy(x’)G’\(x,az’)dx’

Gz, z') == Z(l + 6,) " H(=dn*7? — o — N\) 7! cos(nm) cos(nma’)
n=0
+ (—=d(n + 2) 7% —a— \)"tsin((n + %wm) sin((n + %)mc’)

The terms of sum are bounded by (dn*z® + o+ A) ™" for A ¢ o,,(B). As the sum » " (dn’7® + o+ A) ™"
n=0

converges, we have that for every A € o,(B), G* converges uniformly in = and 2’. Therefore the

resolvent R(\, B) exists and is bounded for every \ ¢ ¢,(B), hence o(B) = 0,(B). O
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3.2 Sun-star calculus

We will now develop the sun-star calculus when B is a diffusion operator. Without loss of generality, we
can take d = 1 and « = 0 for this section, hence B = A. This is due to the linearity of the sun-star
calculus, B* = dA* — a with D(B*) = D(A*) and hence B® = dA® — a with D(B®) = D(A®), etc.

As a consequence of the Riesz representation theorem, Y* can be represented as N BV (Q2). A function
y € NBV(Q) is said to be of normalized bounded variation if y(—1) = 0, y is continuous from the right
on the open interval (—1,1) and y is of bounded variaton. The corresponding norm of NBV (Q) is the
Total Variation norm

ye = sup Dy (i) =y ()] (3.9)

=1

Iy
Here P is any partition of 2. The duality pairing is given by the Riemann-Stieltjes integral:

1
W, y) :=/1ydy* (3.10)

We will now try to find a representation for B*.

Theorem 3.2.1. The dual space Y* can be represented as NBV (). Further, y* € D(B") if and only

ifforxz € (—1,1]
y*(z) =c1 + /I (CQ + /3 z*(x’)dx’) ds (3.11)
-1 -1

Where c¢1,¢c; € R and z* € NBV (Q) with z*(1) = 0. For such y* we have that B*y* = z*

Proof. Let y* € D(B*), y € D(B) and z* = B*y*, then (y*, By) = (z*,y). Let

w*(s) = co + /5 2*(2")da’ (8.12)

-1

for some ¢, € R. As y € C%(Q) and /(£1) = 0 we get that using partial integration

/ ¥ (z)dy* (z) = (5, By) = (")

—1
1

/ ydz*
-1

= (@), - / ¥ (@)2" (2)de

-1

0y + [y (@ule)s

-1

If we take y as a constant function we immediately see that z(1) = 0 is a necessary condition. For any
—1 < 2’ < z < 1 we can take a sequence of y,, € D(B) such that y,/(s) converges monotone to the
characteristic function on the interval [z’, z]. Then by the Lebesque monotone convergence theorem we
get that

v -y = [ are) = [T

x

Letting 2’ | —1 we get that
v@ =y 1+ [ s

So we can write this y* as

yi(x)=c1 + /_xl (62 + /_31 z*(x’)dx’) ds (8.13)

Conversely let y* have the form in equation (3.11) with z(1) = 0. Then for all y € D(B) we have that
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using ( , theorem I.1.4 and 1.1.5)

(y*, By) = / Yy (z)dy”

-1

-/ @ (#)da

-1

=— /1 Y (z)2*(z)dz

-1

1
=/ ydz" = (2", y)
1

Hence we can conclude that y* € D(B*) and B*y* = z*. O

Now we are in a position to find the sun-dual of Y with respect to B, Y'®, which is the closure of D(B*)
with respect to the Total Variation Norm.

Theorem 3.2.2. The sun dual Y® can be represented as R x L'(Q). ' For the sun dual of B we have
that

D(B®) :={(c,w®) € R x L}(Q)|c € R, (w®) € AC[-1,1], (w®)'(1) = 0} (3.14)
and B®(c,w®) := ((w®)'(=1), (w®)"), where (w®)" is some L' function such that

x

(WO (2) = (w®)(~1) + / (w®)"(s)ds (3.15)

-1

Proof. Let y* € D(B*). Again using the notation that for z, s € (-1, 1],
y () =1 +/ w*(s)ds
-1

w*(s) = ¢ + / 2*(a')da’

-1

for some ¢;,c2 € Rand z* € NBV(§) with z*(1) = 0, we can rewrite the Total Variation norm as:

Iy lly- = lea| + [Jw™] | (3.16)

W= {c+/s 2 (a)da!

-1

For the space

ceR,Z” ENBV(Q),Z*(I):O} (3.17)

we have that {w* € C?|(w*)'(—1) =0} ¢ W C L'. As this first space of C? functions is dense in L', we
have that TV is dense in L'. Hence, we can represent Y© as the space

—1

{y® € NBV(Q)

y°(z) = c+/ w®(s)ds where ¢ € R,w® € L*(Q) for z € (-1, 1]} (3.18)

which are the absolutely continuous functions on (—1,1] with a jump from 0 to ¢ at z = —1. We can
equivalently express Y® as R x L'(Q2) where y© = (c,w®) with ¢ € R and w® € L'(Q2) equipped with
the norm

ly®llyo = le| + llw®|| L1 (3.19)
The domain of B® is defined as D(B®) = {y® € D(B*)|B*y® € Y®}. Using equation (3.11) we have
B*y* = z*. If 2* € Y® then z* must be absolutely continuous on (-1, 1]. So for y® = (¢, w®) we find that
(w®)" = 2* is absolutely continuous on (—1, 1]. Thus we can write that B (c, w®) = ((w®)'(-1), (w®)"),
where (w®)” is an L' function such that

(W) (@) = @) (- + [ (o) (5)ds
-1
The boundary condition z(1) = 0 is transformed into (w®)’(1) = 0 O

Now we can take the dual again and end up at the sun-star dual Y ©*.

"The sun-dual Y'© is almost the same as in ( , Theorem 11.5.2), where it is taken with respect to the first
derivative with the condition 3(0) = 0. However in that case there was an extra condition in Y'© that functions ¢ € L' could be
extended be zero for & > h. In our case with diffusion we have a fixed domain on which the diffusion takes place, so this condition
is not present.
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Theorem 3.2.3. The sun-star dual Y ®* can be represented as R x L™ (). For the sun-star dual of B
we have that

D(B®*) = {(v,w®)|(w®*) is Lipschitz continous, w®*(—1) = v, (w®*)'(£1) = 0} (3.20)
and B®*(y,w®*) := (0, (w®*)"), where (w®*)" is an L*°(Q) function such that

™y (@) = [ " (weY(s)ds (3.21)

-1
By ( , lemma 1.5.4) the sun-star dual Y®* can be represented as R x L>(Q) with
the duality pairing between Y©* and Y'® being given by
(), few) = e [ 0% @ @ 3.22)
Let (7, w®*) € D(B®*) and B®*(y,w®*) = (B,2°%). Let
vO* (1) := v®*(—1) +/ 29*(s)ds (3.23)

—1

which is a Lipschitz continuous function as z®* € L*°(9). Then for all (c,w®) € D(B®) we get that

V(wG)'(*1)+/ w®* () (w®)" (x)dz = ((v, w*), B®(c, w®))
Q
= <(6,z®*),(c,w®)>
= Be 29%(2)w® (x)dx
= et [ @O (@)

= e+ o™ (@ (@)1~ [ 07 (@)Y (o)
Q
©
)

= B+ v (@)w® (@) 11+ (w®) (=1)

s [ o) ey @

Here we used that (w®)" € AC[-1,1] and (w®)’(1) = 0. As c and w®(+£1) are arbitrary we see that
necessarily 3 = 0,v*(41) = 0. Furthermore,

x

w* (z) =5 —I—/ v®*(s)ds (3.24)

-1
which implies that (w®*)" = v®* and w®*(-1) =~. O

Finally we characterize the sun-sun dual Y®® which is the closure of D(B®*) with respect to the Y ©*-
norm, which is a supremum norm.

Theorem 3.2.4. The sun-sun dual Y ®® can be represented as {(v, w®®)|w®® € C(Q),w®®(-1) = ~}.
The canonical embedding jy : Y — Y®* is given by jy(y) = (y(—1),y) and jy(Y) = Y9, ie. Y is
sun-reflexive.

Proof. Let y°* = (v,w®*) € Y®*. As the supremum norm does not preserve derivatives, i.e. the C?
functions are dense in C° with respect to the supremum norm, we have that only the continuity and

the condition w®*(—1) = ~ remain. The canonical embedding between Y and Y ®* is an isomorphism
between Y and Y®®, hence Y is sun-reflexive. [J
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Chapter 4

Spectral Properties of the Linearized
Problem

We will now compute the spectrum of A, (2.14) for specific choices for the functions 7, S and J. For
i,j € {1,---, N}, the delay is chosen to be an intrinsic delay ng € R plus delay with a finite propagation
speed v; ; € R '

|z — |

Ti’j(it,l‘/) = TZ-OJ + o (41)
,]

Where 70

1,77

v;,; > 0. The connectivity is chosen to be a single exponential
Jij(x,a") = nme*‘“ﬂm*z/‘ (4.2)

Where n; ;,11;; € R, with 1; ; > 0. The firing rate function .S; is chosen to be an odd sigmoid with
steepness parameter v; € R, with v; > 0.

1 1
Silu) = = g “3)
As 5(0) = 0 we get that the (ADDE) has a fixed point u = 0. We define §; = 57(0) = %.

To find the spectrum of A we introduce a family of operators K* : Y — Y parametrized by z € C. They
are defined such that for q € Y we have that K*q = DG(0)é, with ¢(0) = ge’.
For each z € C, K* is a matrix of Hilbert-Schmidt integral operators K7 ;

1
K7 y(e) = ¢ j(2) / e R @le=aly (37)da’ (4.4)

—1

foralli,je{1,---,N}andy € Y and z € Q.

0, z
cij(2) = Omi e "%, ki j(z) == iy + (4.5)

.9

We have that K~ is a compact operator for all z € C. We define also the family of operators H* : X — X
and W?: X —»Y as

0
(H>6)(0) == /9 ¢0=5) 5(9)ds (4.6)

WZ¢ := ¢(0) + DG(0)H ¢

for 8 € [-h,0] and ¢ € X. Now we formulate the main theorem of this section which allows us to
compute the spectrum.

Theorem 4.0.1. ( , , Proposition VI.6.7) Forevery z € C, ¢ € R(z — A) if and only
if
(B—z+K?*)qg=W?4¢

has a solution ¢ € Y. Moreover » € p(A) if and only if q is also unique. In that case the resolvent is
given by

(R(z, A)y)(0) = e’ R(z, B + K*)W*¢ + (H*)(6)
where 6 € [—h,0], v» € X. Furthermore, W~ is surjective for every z € C, so z € o(A) if and only if
2 € o(B+K?). Finallyy € D(A) is an eigenvector corresponding to \ € a,(A) if and only if () = e*q,
where q € D(B) satifies (B — X\ + K*)q = 0.
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Due to theorem (3.2.4), we have that o.ss = 0.s5(B) = 0. So now it remains to compute the point
spectrum, i.e. the eigenvalues of A. Due to the theorem above this is equivalent to finding non-trivial
solutions q € D(B) for some z € C of the following differo-integral equation.

(B—24+K*)q=0 (IE)

4.1 Eigenvalues

We want to find z € C such that there is a non-trivial solution ¢ € D(B) of the spectral equation (IE).

Lemma 4.1.1. All solutions of (IE) are C*°(Q2).

Proof. As q € C?(f2) and the range of K~ is contained in C*(Q) we have that Aq € C?(12), which means
that q € C*(2). By induction, we conclude that g € C*°(Q2). O

We will now solve (IE) by transforming it into a differential equation. We define L7, : C*°(Q) — C>(Q)
fori,je{l,--- ,N}as
z . 1.2 2
L ;= ki j(2) — 0; (4.7)

Hence fori,j € {1,--- ,N}:
L7 K7 a5 = 2¢,5(2)ki 5(2)q; (4.8)

By applying L] ; for j € {1,--- , N} toeachrow i € {1,---, N} of (IE), it follows that all solutions q must
satisfy the linear differential equation M*q = 0, where the linear differential operator M~ is defined by
introducing M, fori,j € {1,--- , N} as

,':12

M7, == (B;; — » ”HLJ, )+ 2¢i (2 (DE)

p=1
DPF#]

We try a solution of the form q(z) = ¢#*q°. Then M*e**q” = e”” P*(p)q” = 0, where P?(p) is a complex

valued matrix, P*(p) € CV*¥ which is deflned fori,j e {1,--- ,N} as:
N
P7i(p) = (dip® — i — 2)b; H ip( )+ 2¢ij(2)ki;(2) H(ki,p(z)2 -0’ (4.9)
p=1
P#£]

Where ¢, ; is the Kronecker delta, i.e 1 where i = j and vanishing elsewhere. The characteristic
equation P?(p)q” = 0 has a non-trivial solution if and only if det(P*(p)) = 0. The individual P7;(p) are
even polynomials in p and have a degree of 2(N + 1) for i = j or a degree of 2(N — 1) for i # j. This
implies that det(P*(p)) is an even polynomial in p and the highest order term in this polynomial has
degree 2N (N +1).

To simplify the analysis we assume the generic case where det(P?(p)) has distinct 2N (N + 1) zeros,
+p1,- , Epn(v11)- We find a g™ (z) € CV by taking a vector from the nullspace of P (£p,,(z)). As
the null-space is one-dimensional, q°™(z) is unique up to scalar multiplication. This means that if we
repeat the calculations below with different choices of q”(z) we get the same resullts.

The general solution of (DE) is then given by

N(N+1)
qQ’(z) := Z [@m cosh(py, (2)) + by, sinh(p, (2)2)] %™ (2) (4.10)

m=1

Now that we have a solution g* for (DE) we want to see for which z € C this is also a solution of (IE).
Before we plug g into (IE) we first state some preliminary results.

Lemma 4.1.2. If the characteristic polynomial det(P*(p)) has 2N (N + 1) distinct roots, then p,, # 0 for
me{l,--- ,N(N+1)} andk; ;(z) #0foralli,j € {1,--- ,N}.

Proof. Suppose that det(P?(p)) has a root p = 0. We have that if p is a root then —p is also a root. So
det(P*(p)) has a double root at zero. Hence we have proven the first part of the lemma by contradiction.

Suppose without loss of generality that &, 1(2) = 0 then the first line in the characteristic equation
P*(p)q" = 0 becomes:

N
(Dlpzfal—z Hklp 7p +2p chj klj Hklp 7,0 =0
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So the equation P*(p)q” = 0 has a solution for p = 0 with q° = ey, the first unit vector. Hence we have
proven the lemma by contradiction. O

We define the set S as

S:={2e€CF,je{l,---N},me{l,--- ,N(N + 1)} such that k; ;(z) = £pn(2)} (4.11)
For z ¢ S we have that det(P*(k; ;)) ;é 0 for i,5 € {1,---, N} then we can rewrite the characteristic
equation P*(+p,,(2))q"™ =0fori e {1,--- ,N}
N N
2¢;, kl m
> it = o= 100+ oD o a) T plo)? = () =0
j=1 b P p=1
We can divide out the product to conclude that for i € {1,--- , N}
al 20 (2)
(dipr(2) — @i = 1+ — s U () =0 (4.12)
j=1 m

Next we find the expressions for K7 ; cosh(p,(2)z) and K7 ; sinh(p,,(2)z). To compute these integrals

we need to split the interval [—1, 1] into the intervals [—1,z] and [z, 1]. On these intervals ¢ *1*~*'l is an
C* function in 2’ so we can compute the following anti-derivatives for these smooth branches.

s (_kcosh(pa’) — psinh(pa’)

/wl e~ M=l cosh(ps)ds = ¢ K2 p +const. —1<z' <x<1
i (—kcosh(plg)_—pg sinh(pa)) | e

i e Heme! ( ksmh(ﬂi;) — peosh(pr’)) +const. —1<z' <x<1 1)
/ e Fle=slsinh(ps)ds = " (—k Sinh(p]j;) ppgcosh(p:r’)) teonst. —l<zea <1

Using these anti-derivatives, we can evaluate the integrals K7 ; cosh(p,,(z)z) and K7 ; sinh(p,,(2)x). For
clarity we omit the dependence on z in the remainder of this section.

2¢; jk; j cosh(pmx) — 20i’je*ki~f cosh(k; jx)(k; ; cosh(pm) + pm sinh(pm))

K; jcosh(pmz) =

j cosh(p) ol

K, ; sinh(ppz) = 2¢; ki j sinh(pmx) — 2¢; je M Zignh(ki’jx)(pm cosh(pp) + ki j sinh(py,))
i,j  FPm

We will now substitute g into (IE). For i € {1,--- , N} it should be that

N(N+1)

2¢;
Z [ cOSh(pm) 4 by sinh(pz)] | (dip?,(2) — o — 2)g0™ (2) + Z Zeighiy +
m=1
N N(N+1) .
ks ki j cosh(pm) + pm sinh(pm) o.m
ZCi’je ki COSh(ki7j$) mgz:l m J k?’j _pgn qj (414)
N(N+1)
Pm cosh(pp,) + k; j sinh(pm) om|
+ sinh(k Z bm k?g el q; =0

Due to the characteristic equation (4.12) the first line in equation (4.14) vanishes. The second line
vanishes if and only if the following conditions hold

N(N+1)
Z Sz+(] 1)N, m@m = 0

m=1
N(VA1) (4.15)

z,0dd
Z Sz+ (j—1)N, mbm =0

Here we defined matrices S5%¢*¢" and S*°% as

z,even L ki7j COSh(pm) + Pm Sll’lh(pm) 0,m
i+(—1)Nm = K22 9
. (4.16)
Sz,odd . Pm COSh(pm) + ki,j Slnh(pm) 0,m
H+G-DNm T k2. —p2 9
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We also need to take the boundary conditions into account as q* € D(B)

N(N+1)
(@) (1) = D [bmpmcosh(pm) £ appmsinh(pn)] ¢;™) =0 (4.17)

m=1

To satisfy the boundary conditions, we augment the matrices $*°*" and $*°4 as follows:

SN = P sinh(pm)g; ™
Szﬁdd o h 0,m (418)
N2+im " Pm COS (pm)ql

Now we have square matrices S=°"*" and S*°% of size N(N + 1). So we have a non-trivial solution
a® € D(B) of (4.14) and thus also (IE) if and only if det(S%°*") = 0 or det(5*°%) =0

Theorem 4.1.3. Suppose det(P*(p)) has 2N (N + 1) distinct roots and X\ ¢ S for some A\ € C then
we have that A € o,(A) if and only if det(S»°"*")det(S*°%) = 0. The eigenvalue \ is called even if
det(S*Meve™) = 0 and odd if det(S*°4%) = 0.

The corresponding eigenvector v € X for even eigenvalues is given by

N(N+1)
VO (@) = Y amcosh(pm(N)2)g"™" (M) (4.19)
m=1

Where a is a vector in the nullspace of S*<"*™. For every # € [—h,0], ¢ is an even function in .
The corresponding eigenvector v € X for odd eigenvalues is given by

N(N+1

)
PAO) () =€ Y by sinh(pm(N)2)g" ™ () (4.20)

m=1

Where b is a vector in the nullspace of S*°%. For every 6 € [—h, 0], v* is an odd function in x

Proof. By theorem (4.0.1) we have that A € op(A) if and only if there a non-trivial solution ¢ € D(B)
of (IE). Suppose there exists such solution ¢ for a certain A ¢ S for which det(P*(p)) has N(N + 1)
distinct roots. Then by theorem (4.1.1) ¢ € C*° so it is also a solution of (DE). This limits ¢ to the form
of equation (4.10). Finally by the computations above we have shown that is a necessary condition that
det(SMeve™)det (S °%) = 0 for a non-trivial ¢ to solve (IE) and satisfy the boundary conditions ¢ € D(B).
Conversely if we have that det(S*¢v*")det(S*°%) = 0 then by the above calculations we can construct
a solution ¢ € D(B) of the form of (4.10) which solves (IE). O

4.2 Resolvent

We want to find a solution of the resolvent problem, when z € p(A):

(A= 2)p=1 (4.21)

Where ¢ € D(A) and ¢ € X. Due to theorem (4.0.1), we can reduce this resolvent problem for A to a
resolvent problem for B + K*.
(B-z+K%)q=y (RE)

Here we have thatq € D(B)andy €Y.

Lemma 4.2.1. (Fredholm Alternative) For any giveny € Y and = € p(A) there exists a unique q € D(B)
which solves (RE).

The resolvent operator R(z, B + K*?) : Y — D(B) is defined as R(z, B+ K*)y = q, with q the unique
solution to (RE). We construct a solution q = q” to (RE) using a variation-of-constants Ansatz and
substituting it into (RE). But first we introduce the matrix Q(z) € CN(NFD*N(N+1)

1 0,m .
A —q; forje{l,--- ,N}
Qir(j-1yNm =4 Ky =P (4.22)
m forj=N+1

i
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We define our exception set

L :=0o(B)USU{z € C|det(P*(p)) has less than 2N (N + 1) distinct zeros} U {z € C|det(Q(z)) = 0}
(4.23)
With S asin (4.11).

Theorem 4.2.2. For z € p(A) with z ¢ L the unique solution q := ¢° € D(B) of (RE) is given by

N(N+1)
a*(z) = R(z,B)y(@) + Y [am(®) cosh(pm(2)x) + by (2) sinh(pm(2)2)] g"(2))

m=1
Where R(z, B) is the resolvent operator of B as in (3.5) and a(z) and b(x) as in (4.38)

Proof. For this proof we suppress the dependencies on z. Our variation-of-constants Ansatz q* needs
to satisfy 3 conditions. It must solve (RE), (B — z + K*)q® =y, it must satisfy the boundary conditions
(q%)(£1) = 0 and the regularity condition g € C?(Q). As R(z, B) maps into D(B), it suffices that
a(z),b(z) € C?(Q)

To aid in the calculation of (B — z + K*)q®, we first compute some integrals up front. We can integrate
by parts by splitting the interval [—1, 1] into [-1,z) and («, 1] and using the anti-derivatives in (4.13) to
end up at

z 2¢; ki
K () cosh(puu) = 0 (x) cosh(pna) p
_A'_Ci’je—ki,j(l"rﬁf)a ( )S::(genl)Nm+Ci,j€_k1"j(1_$)am( )SZZ_:(Tnl)Nm
M ) “kuile=2"l (sen (2 — 2')k; ; cosh(pma’) — pm sinh(pma’)) da’
CZ’] 1 k2 L — p2 € sgnlx z i,5 COSL{Pm T Pm S PmT X
—1 Mg m
2¢; ik
KK (2) Sinh(p) = by () sinh ()
ij  Pm
o ¢ = 0dd ki, j x z,0dd
— ¢ je ki (14 )bm(—l)SH(J DN FCige” =) (1 )Si-',-(j_l)N’m

1 /
b ()  _p oe—a .
% [1 k?jfggne ! | (sgn(z — 2')k; j sinh(ppa’) — pp cosh(ppa’)) da’
(4.24)

Now we substitute q* into (RE) and collect the terms. Using the above calculations and the fact that
(B—z)R(z,B)y =y,weqgetforiec{l,.--- ,N}
N(N+1)
Z d; [(aly () + 260, (2)pm) cosh(pm) + (b1 (x) + 2a}, ()prm) sinh(p, )] g™

N(N+1 9.
+ Z [am (z) cosh(pma) + by (z) sinh(pm )] | (dip?, (2) — s — 2)g)™ +Z ihiy o.m

N [N(N+1) N(N+1)
A z,even z,0dd
+ZC¢,J‘€ kg (1) Z am(— )Sz+7 N,m — Z bm Ser(J N
j=1 m=1
N [N(N+1) N(N+1)
—k: i (1l—zx z,even z,0dd
+Deige TS an(MSHET v Z bm (DS
j— m=1

N 1
#3es [eR R G B
=1 -t

N(N+1)

al (x .
+ Z kgl(p)gqj (sgn(x — 2')k; j cosh(pma’) — pm sinh(pmz’))
m=1 3
N(N+1)
b Y o seale - sinllpe!) — o cosh(pna') | a2’ =0
mqj SgNT — T K5 5 SN P, T Pm cosh(pme x =
m=1 2,] m

(4.25)

The second line vanishes naturally due to characteristic equation in (4.12). We seek functions a(x), b(z)
such that all the functions inside large square brackets in (4.25) vanish.
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As R(z, B) maps into D(B), the boundary conditions on g*, (q*)'(+1) = 0, reduce fori € {1,--- , N} to

N(N+1)
S (@ (1) + b (1)) csh(pr) = (B (1) + pra (£1)) sinh(p,) 7™ =0 (4.26)

m=1

We can split the above into 3 equations (4.27). Then (4.26) vanishes, when all three equations vanish
n (4.27).

N(N+1)
Z [a! (£1) cosh(p) £ b, (£1) sinh(p,,)] ¢0™ =0
m=1

N(N+1)
Z [bm(l)pm COSh(pm) =+ pmam( )blnh(pm)] Om 0 (4-27)
m=1

N(N+1)
Z [b1.(—1) p cOSh(pim) — pmam(—1) sinh(pm)] g; P =0

m=1

Note that the last 2 lines of (4.27) are equivalent to

N(N+1) N(N+1)
z even z ,odd
Z Clm( N2+1 m Z b N2+i,m =0
m=1 (4.28)
N(N+1) N(N+1)
z,even z,0dd
Z ( SN2+zm+ Z bm SN2+zm =0
m=1 m=1

If we combine the equations (4.28) with the third and fourth line in (4.25) this is equivalent to the following
equations (4.29)

Sz,evena(il) _ SZ»Oddb(fl) =0
> (4.29)
Sz,evena(l) + §7° b(]_) =0

We can split the first line in (4.25) into two equations (4.30). When these vanish, then so does the first
line of (4.25).

N(N+1)
Z [al (x) cosh(pmz) + b, (x) sinh(p,z)] q?’m =0

m=1 (4.30)
N(N+1)

Z [0 () pm cosh(pm) + a’,, () pp sinh(prx)] 0™ = 0

m=1

9
Ox

We see that in the first line of (4.30) the sum should be constant. Using the first line of (4.27) we see
that this constant is zero

N(N+1)
> [} (@) cosh(ppa) + by, (x) sinh(p)] 0™ = 0 (4.31)
m=1
The last line of (4.25) vanishes when the following conditions hold fori € {1,--- , N}
N(N+1) ’ ,
ar (x b (x . m
[kzm()zki,j cosh(ppa') + k2m7()2ki7j Slnh(pmx’)] ;" =0
—1 i,  Fm 0,5 Pm (4 32)
N(N+1) .
Ay, (7) : / by (2) N oom _ o
2 5 Pm sinh(p,x') + 2 5 Pm cosh(pp') q; = R(z, B i)yi(z)
= Lk P ki = pm

Equations (4.32), (4.31) and the second line of (4.30) form a system of differential equations with bound-
ary conditions (4.29). We can rewrite these equations by introducing some matrices.

We define the diagonal matrices A(z), B(z) € C(Q,CNWHUXNN+1) "the square matrices K, M,
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Q € CNWHDXNIN+L) gnd the vector r(z) € C(Q,CYNV+Y) as follows

A m/(z) = cosh(pp,x)
Bmm(aj) = sinh(px)

Ki-&-(j—l)Nﬂ'n = pm,Qi—i—(j—l)N,m

Mi+(j—1)N7m = ki,jQz‘+(j—1)N,m

1 O ' (4.33)
. T4 forje{l,---,N}
Qit(j-1)Nm = k2 P2,
q? im forj=N+1
o (z) = R(z, By ;)yi(z) forj e {1,---,N}
A ~]o forj=N+1
Hereme {1,--- , N(N+1)},ie{l,--- ,N}andj e {l,--- ,N + 1} and we define k; ny4+1 := 1.
We seek functions a and b which solve the system of differential equations
M(A(x)a'(z) + B(z)b'(z)) =0
1(A@)al (z) + Ba)b/(2) 434
K(B(z)a'(z) + A(z)b'(z)) = r(z)v
with boundary conditions
GEFeveng (1) _ Sz,oddb —1)=0
(=) (=1) (4.35)

Sz,evena(l) + Sz’Oddb(l) =0

For z € p(A) we have that 5*°% and $*°“" are invertible. We can write the determinant of K and M

N N(N+1)
in terms of the determinant of @, |K| = |Q| ] ki; and [M| = |Q| ] pm- Due to lemma (4.1.2),
3,j=1 m=1

ki; # 0 and p,, # 0. Hence M and K are invertible if and only if Q is invertible. We assumed the
invertibility of Q) by taking z ¢ L.

Now we multiply the first line of (4.34) by A(z)M ! and second line by B(z)K !

(w)ff(w)b’(x) o (4.36)
(z)B(z)b'(z)

+
+ A B(z)K tr(x)

If we now subtract these equations and use the trigonometric identity A(x)? — B(z)? = I, we arrive at
the following equation

a'(z) = —B(z) K 'r(x)

A (4.37)
b'(z) = A(z)K 'r(z)

Here we get the second line by a similar procedure. We note that r(z) € C?*(Q) and A(z), B(z) €
C*>(9), which implies that a(z), b(x) € C*(£2). Hence we satisfy the regularity condition.

We can now find a(z) and b(x) by taking an anti-derivative plus some constants of integration, a“ and
b°. To satisfy the boundary equations (4.35), we take an anti-derivative such that a(—1) +a(1) = a® and

b(—1) + b(1) = b".
a(x)zac—;(/x BK dx—/ Bz )dx)
b(z (/ A dx—/A )dx)

By adding and subtracting the boundary equations (4.35) we find that the constants of integration equal

1
_ _(Sz,even)—lsz,odd </ A(w’)K‘%(w’)dﬁ)
—1

1
b¢ = (Sz,odd)—lsz,even (/ B(x/)f(_lr(x’)dx'> 0
-1

(4.38)

(4.39)
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Chapter 5

Normal Forms on the Center manifold

In this chapter we will investigate an Andronov-Hopf and a Pitchfork-Hopf-bifurcation and deduce for-
mulas for the normal form coefficients on the center manifold.

When we have a pair of eigenvalues on the imaginary axis, then generically we have an Andronov-
Hopf-bifurcation'. In this bifurcation a limit cycle appears when an equilibrium changes stability. The
bifurcation is called supercritical if the limit cycle is stable and subcritical if it is unstable.

Before we discuss Pitchfork bifurcations, we first observe some symmetries of our problem. For our
choices of J, 7 and S, the (ADDE) has two Z, symmetries generated by the linear involutions <, : Y — Y
and k5 : Y — Y defined by

(r1y)(@) =y(=2),  (my)(x) = —y(-2) (5.1)

forally € Y and = € Q. The fixed subspaces of x; and x5 are composed of the even and odd functions
on € respectively. Due to these symmetries, all zero eigenvalues correspond to Pitchfork bifurcations
( , , Theorem 7.7). In this bifurcation two equilibria with the same stability type appear,
when an equilibrium changes stability. The bifurcation is called supercritical if the additional equilibria
are stable and subcritical if they are unstable.

We will investigate the case of the Andronov-Hopf bifurcation and the Pitchfork-Hopf bifurcation, when
such a Pitchfork bifurcation coincides with an Andronov-Hopf-bifurcation in which we have a pair of
purely imaginary eigenvalues. We will follow the reasoning in ( ) and make adjust-
ments where necessary.

5.1 The Critical Center Manifold for Andronov-Hopf

Suppose that o(A) contains a pair of simple purely imaginary eigenvalues A = +iw with w > 0 and
no other eigenvalues on the imaginary axis. Let ¢ € X be the corresponding eigenvector of A and
¥® € X© be the corresponding eigenvectors of A* respectively,

A = iw, A*Y© = juwyp® (5.2)
We impose a 'bi-orthogonality’ condition on these vectors by scaling them such that
(®, )y =1 (5.3)

The center subspace X, is spanned by the basis ¥ = {+,} of eigenvectors corresponding to the
critical eigenvalues of A. If ( € X, then { = 24 + z¢ for some z € C.

Due to theorem (2.1.7) the (ADDE) and (AIE) formulations are equivalent. The (AIE) is a variation-of-
constants formula in the state space X, for which we assume we can construct a locally invariant critical
center manifold Wy, . C X. The critical center manifold has the formal expansion

_ 1 )
H(z2) =zp+2p+ Y ﬁhjkzjék (5.4)
J+k22

By weak™ differentiation of (AIE) and exploiting the finite dimensionality of W, ., one can show that a
solution u of (AIE) satisfies the abstract ODE

flt = jil(AQ*jut + R(ut) (55)

' Also known as just a Hopf-bifurcation
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Where the non-linearity R : X — X®* is given by

R(¢) = (G(9) — DG(0)(¢)) = ID*G(0)(¢, ¢) + LD*G(0)(¢, 6, ¢) + O(|9]") (5.6)

Recall that the Fréchet derivatives of G are given by (1.1.1). Let {(¢) be the projection of v(¢) onto the
center subspace X,. This ODE is smoothly equivalent to the Poincaré normal form

5 =iwz + ga12|2)* + O(|z, 2*) (5.7)

Where z, go1 € C. By substituting z = re?? we get rewrite (5.7) as

s 3 4
Po= lir® + (9(2|1"\ ) (5.8)
0 =w+0(r?)
Here ¢ is the first Lyapunov coefficient determined by the formula
1
61 = —Re(ggl) (59)
w
It is well known, see for instance ( ), that in generic unfoldings of (5.7) ¢; < 0 implies a

supercritical bifurcation of a limit cycle, while ¢; implies a subcritical bifurcation of a limit cycle.

5.2 Normal Form coefficients for Andronov-Hopf

The critical center manifold Wj, . has the expansion (5.4) and due to the time-invariance of Wy, we
have
H(z(t),Z(t)) = u(t) (5.10)

If we differentiate both sides with respect to time and use (5.5) we arrive at the homological equation
A9 i H(z,2) + R(H(z,2)) = H.(2,2)% + Hz(2,2)2) (5.11)

We can substitute in the expansion of the non-linearity (5.6), the normal form (5.7) and the expansion
of the critical center manifold (5.4) into the homological equation (5.11) to derive the normal form coef-
ficients. If we equate coefficients of the corresponding powers of z and z we get the following equations

A®* jhgyg = —ID*G(0) (¢, 1))
(A®* = 2iw)jhi1 = ID*G(0)(¢, ) (5.12)
(A9* —iw)jhgy = ID*G(0) (b, 1, ) + ID*G(0) (), hao) + 2LD*G(0)(¢, h11) — 2g215¢
These are all equations of the form
(A% = 09" =4

Here A € C and v®* € X®* are given. When \ € p(A) then this has a unique solution. However
if \ € o(A) then a solution ¢®* doesn’t necessarily exist for all »“*. The following lemma, which is
equivalent to ( , Lemma 38), provides a condition for solvability.

Lemma 5.2.1. (Fredholm solvability) Let A ¢ o(B) and suppose that K* is bounded. Then A® — X :
D(A®) — X© has closed range. In particular (A®* — \)®* = ¢“* is solvable for p©* € D(A®*) given
v € XO* ifand only if (%, ¢®) = 0 for all p© € N'(A* — \).

Proof. Due to theorem (4.0.1), we have that ¢ € R(A — z) if and only if W*¢ € R(B — z + K*). As for
z € p(B), R(B — z) is closed. We have by ( , Theorem IV.1.1) that R(B — z + K*) is closed.
Now let (¢, )nen be a sequence in R(A — z) converging to some ¢ € X. Then the sequence (W?¢,,)nen
converges in R(B—z+ K*) as R(B—z+ K?) is closed, hence ¢ € R(A— z). This implies that R(A — z)
is closed and R(A* — \) too. Then the rest of the proof immediately carries over from

( , Lemma 33). O

As 0,2iw € p(A) we can just use the resolvent, however iw € o(A). The null-space N (A* — \) for A is
spanned by . Hence we can solve for the normal form coefficient

jh20 = _R(O’ A®*>ZD2G(O)(’(/)>'(Z))
jhi1 = R(2iw, A%*)ID*G(0)(¢,) (5.13)

921 = 3 UDYG(0)(, ., 5) + ID*G(0)(F, hao) + AD*G(0) (&, hy), %)
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Due to our choice of S as an odd function, we get that D>G/(0) = 0. Hence hyy = h1; = 0 and

g = 5{ly21,0°) (5.14)

Where y2; is defined as -
21 = DSG(O)(wQanan) (515)

We are not yet able to compute the normal form coefficient as we don’t have an explicit representation
of ¥©.

Now suppose that A € 0,(A) is a simple eigenvalue with corresponding eigenvector ¢» € D(A). Fur-
thermore, let v® € D(A*) be the eigenvector of A* corresponding to A such that, without loss of
generality, (v®,v¢) = 1. Let P® and P®* be the spectral projections on X® and X“*, respectively.
Then P®*¢®* = vj1) for some v € C and

(09", 9®) = (997, POY©) = (P62 %) = v(ju,v®) = v
Hence we seek to determine v. From the Dunford integral representation follows that

L]{ R(z, A%")¢®*dz = vji) (5.16)
aC\

PO*pOx —
¢ 273,
Where C is a sufficiently small open disk centered at A and 9C, its boundary.

The element on the left in the pairing (5.14) is in the range of I, Y®* x {0} € X®*. For ¢®* = ly, we
can reduce R(z, A®*)¢®* to R(z, B + K*)y due to the following lemma, which is an adaptation of
( , lemma 36).

Lemma 5.2.2. Suppose that A e p(A) and \ ¢ L. Foreachy €Y the function ¢ € X, defined as

#(0) = M R(N\, B + KMy for 6 € [—h,0], is the unique solution in {¢ € C*([—h,0];Y)|¢(0) € D(B)} of
the system
{ 0)+DE(0)¢ =y (5.17)
b—Ap=0

Moreover, $°* = j¢ is the unique solution in D(A®*) of (A®* — \)¢®* = ly

Proof. Since \ € p(A), by theorem (4.2.2) it follows that R()\, B + K*) exists. We start by showing
that ¢ as defined above solves (5.17). Clearly ¢ € C'([~h,0];Y) and ¢(0) = R(\, B+ K*)y € D(B).
Moreover, ¢ satisfies the second equation in (5.17). Recall from the definition of K* that for q € Y,
DG(0)qe*? = K*q. Therefore,

(B —XN¢(0) + DG(0)¢p = (B—NR(N\, B+ K y+ KR\ B+ KMy =y
Lemma (2.2.4) implies that j¢ € D(A®*) and
(A®* = X6 = (jy (B = N)9(0), =A¢) + (jy DG(0)¢, ¢) = (jyy,0) =ly

But 0(A®*) = o(A), s0 ¢°* = j¢ is the unique solution of (A®* — X\)¢®* = ly. Consequently, ¢ itself is
the unique solution in {¢ € C*([—h,0];Y)|¢(0) € D(B)}. O

Now we are able to state our final result for the calculation of v.

Theorem 5.2.3. Let \ € 0,(A) be a simple eigenvalue such that there exists a sufficiently small closed
disk Cy suchthat LN C) =0 and C\ Na(A) = {A}.

If \ is an even eigenvalue such that

N(N+1)

Z m cosh(pm(N)z2)q"™ () (5.18)

m=1

for all = € Q, where a is a non-trivial solution of S*¢"*"a = 0. Then the formula P®*ly = vji is
equivalent to

_ A, even
adj(5™ 5% Odd/ Az (')da’ = va (5.19)
E(det(Sz P'UE’TL ‘ —x

For ally € Y, where adj(S*¢*") denotes the adjugate of S»¢"°" and using the definitions in (4.33).
If \ is an odd eigenvalue such that

N(N+1)
Z by sinh(p,, (M) z)q"™(N) (5.20)
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for all x € Q, where b is a non-trivial solution of $*°%¥b = 0. Then the formula P®*ly = vji is
equivalent to

adj(s/\’Odd) /1 (0 fm—1 1 /
SEeven B2 K dz’ =vb 5.21
%(det(sz70dd)|zz)\ 1 ("’U ) r(x ) x v ( )

For ally € Y, where adj(S*°%) denotes the adjugate of S™°%* and using the definitions in (4.33).

Proof. Suppose ) is an even eigenvalue. As £ N dC, = o(A) N dC, = B, lemma (5.17) states that
P®*ly = vji is equivalent to
1

— R(z,B + K#)ydz = vi(0) (5.22)
271 aC

As LN Cy = 0 and o(4) N Cy = {\}, we have that the R(z, B + K*)y is given by theorem (4.2.2).
We observe that all components of the resolvent are analytic for all z € C), expect for the constants of
integration a(z). This analyticity simplifies (5.22) to

N(N+1) N(N+1)

i 3, oG ) f ae)is = 3 e ) )

m=1 m=1

for all z € 2. We can substitute (4.39) and use the residue formula

1
— (Sz,even)fldz — Res <
21 8C

s
det(sz,ewen) ’ %(det(sz’even))‘z:k

This results in the formula

_adi( QN even r N
! adj($ ) S’mdd/ A YK 'r(2')d2’ = va
E(det(SZ,even))‘ZZA _1

The reasoning for odd eigenvalues is similar. [J

The condition that £N Cy = 0 and C\ N o(A) = {A} is not very restrictive, as the eigenvalues in o(A)
and o(B) are isolated and p,,(z),det(P*(k; ;(2))) and det(Q(z)) are smooth in z. Hence A\ ¢ L is a
sufficient condition that such a C), exists.

5.3 The Critical Center Manifold for Pitchfork-Hopf

Suppose that ¢(A) contains a simple zero eigenvalue and a pair of simple purely imaginary eigenvalues.
)\1 == 0, AQ = tiw

with w > 0 and no other eigenvalues lie on the imaginary axis. Let 41,12 € X be the corresponding
eigenvectors of A and ¢, 95 € X© be the corresponding eigenvectors of A* such that

Ay =0, Apy = iwhs, A%P =0, A% = iwhd (5.23)
We impose a 'bi-orthogonality’ condition on these vectors by scaling them such that for i, j € {1, 2}
(W2, 05) = bij (5.24)

The center subspace X is spanned by the basis ¥ = {t, ¢, 1y} of eigenvectors corresponding to the
critical eigenvalues of A. If { € X, then { = sy + 2109 + Z1), for some s € Rand z € C.

Due to theorem (2.1.7) the (ADDE) and (AIE) formulations are equivalent. The (AIE) is a variation-of-
constants formula in the state space X, for which we assume we can construct a locally invariant critical
center manifold W;,. € X. The critical center manifold has the formal expansion

_ 1 .
H(87 2 2) = S’L/)l + Z¢2 + 2w2 + Z Whijkslzjzk (525)
i+j+k>2

By weak™ differentiation of (AIE) and exploiting the finite dimensionality of W, ., one can show that a
solution u of (AIE) satisfies the abstract ODE

u(t) = (A% ju + R(u(t)) (5.26)
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Table 5.1: Different unfoldings of (AE) ( , , Table 7.5.2)

Case [la b i M Iva Vb V Vila Vib Via Vib VI
d +1 +1 +1 +1 +1 +1 -1 -1 -1 -1 -1 -1
b + o+ o+ - - - + o+ + - - -
c + + - + - - + - - + + -
1—be |+ - (+) (+) + - () + - + - (-)
Table 5.2: Classification of fixed points (AE) ( , , Table 3)
Amplitude equation solution | Neural field solution
Trivial fixed point (0, 0) Background state
Mode one fixed point (3, 0) Non-trivial stationary state
Mode two fixed point (0, 7) Oscillation around the background state
Mixed mode fixed point (5,7) | Oscillation around a non-trivial state

Where the non-linearity R : X — X®* is given by (5.6). Let {(t) be the projection of v(¢) onto the center
subspace X,. Both involutions x; and x5 act on X as reflections

(8,2) = (—s,2)
(s,2) = (z,—9)

If Xy is symmetric under these reflections, the coordinates of {(t) satisfy an ODE which is equivalent
to (5.26) ( , , Theorem 7.6). By ( ), this ODE is smoothly
equivalent to the Poincaré normal form

(5.27)

5 = g3005° + g1118]2)* + O(Js, 2, 2|°)
z :iwz+g2102’82+90212|Z|2+O(|S,Z,2|5)

Where s, g300, 9111 € R and z, g210, go21 € C.

5.4 The Canonical Pitchfork-Hopf Bifurcation

By substituting z = re*® we can write (5.27) in cylindrical coordinates

5 = p11s® + prasr® + O(|s, r]?)
P = poirs’ +p227"3+(9(|5,7"\5) (5.28)
6 =w+0O(s,r?)

where
P11 = 9300, P12 = g111, p21 = Re(g210), P22 = Re(goz1) (5.29)

We assume that p;; # 0 for all {i,j} € {1, 2} and p11p22 — p12p21 # 0. If we drop the higher order terms,
we can decouple the equation for 6, which is just a rotation around the s-axis. Perturbing the equation
for $ with €;s and the equation for 7 by e;r leads to the amplitude equations

. _ 2 2

5. = s(e; +p1152 +P12T2) (AE)

7 =r(ez + p215” + paar”)
These amplitude equations are identical to the amplitude equations of the double Hopf bifurcation stud-
ied in ( ) and ( ). The unfolding can be classified into
twelve topologically different cases ,see table (5.1). In ( ) the parametric portrait

and corresponding phase portraits of unfolding Ib is given, see figure (5.1), with a classification of the
different fixed points, see table (5.2).

5.5 Normal Form Coefficients

The critical center manifold Wy, has the expansion (5.25) and due to the time-invariance of W}, . we
have
H(s(t),2(t),2(t)) = u(t) (5.30)
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Figure 5.1: Parametric portrait and corresponding phase portraits of unfolding 1B of (AE) ( ,
, Figure 6)

If we differentiate both sides with respect to time and use (5.26) to get the homological equation
A9 §H(s,2,2) + R(H(s,2,2)) = j(Hs(8,2,2)é + H.(5,2,2)% + Hz(s,2,2)Z) (5.31)

We can substitute in this expansion of the non-linearity (5.6), the normal form (5.27) and the expansion
of the critical center manifold (5.25) into the homological equation (5.31) to derive the normal form
coefficients. If we equate coefficients of the corresponding powers of s, z and z, this leads to operator
equations of the form

(A% = X)po" = ¢~

Using the Fredholm solvability conditions, lemma (5.2.1), we can solve for the normal form coefficients,
see ( , equation 72).

g300 = é(b@sooﬂ/’ﬂ
gi11 = <ZY111,’¢?>
g210 = %<ZYQ1071/)§)> 692
Jo21 = %<ZYO21,¢§D>
Where we defined
¥ys00 := D*G(0)(1, ¢1, 1)
yiin = DzG(O)W)h%’%) (5.33)
ya10 := D°G(0) (12,11, 11)
yoz1 := D*G(0)(¥2, 12, 12)

We can compute the normal form coefficients using lemma (5.17) and (5.2.3).2

2Note that go21 corresponds to the Lyapunov coefficient of the Andronov-Hopf-bifurcation.
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Chapter 6

Numerical example

In this chapter we will investigate a specific example and examine the bifurcations for this example. In
order to limit the amount of free parameters and to keep the computation time manageable, we take a
slight variant of (PDDE), where we have a single population « with a connectivity J which is a sum of
exponentials

2
%(t,x} = d%(t,m) — au(t,x) —|—/ J(z,2")S(u(t — 7(x,2'),2"))da’ forz € Q, t € RT
Q
?(t,m)zO forz € 9Q, t € RT
xr
u(t,z) = ¢(t,x) forz € Q, t € [—h,0]
(PDDE)

This new (PDDE) can be understood a restriction of the original (PDDE) to the invariant linear space
where u; = uy = --- = uy. All the formulas change in a natural fashion, see appendix (A).

We will use a wizard-hat connectivity, the sum of a positive and a negative exponential, see also figure
(6.1)

J(z,2') = %6_2‘”_”& — 10e~ ==l (6.1)

This connectivity is used to model the interaction of a pair of excitatory and inhibitory populations of
neurons. For 7 and S we take the usual functions

m(z,2') = 7° + |z — 2| (6.2)
1 1
S(u) = ——=3 i (6.3)

Wetake a =1 and 7° = %. We take v and d as bifurcation parameters.

6.1 Andronov-Hopf bifurcation

We will first investigate the effect of diffusion on an Andronov-Hopf-bifurcation. We use the formulas
from ( ) to compute the spectrum for the non-diffusive case.

,2;
Figure 6.1: The wizard-hat connectivity of (6.1)
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Figure 6.2: The eigenvalues at parameter values in (6.1) of the Andronov-Hopf bifurcation without and
with diffusion respectively.

For d = 0 we have an Andronov-Hopf-bifurcation for v = 3.3482 at A = 1.2403:¢ with corresponding
eigenvector

P(0)(x) = 2193 ((—~0.01784-0.00507) cosh((3.7185+3.2284i)x)+0.9998 cosh((0.2770—0.8878i)x) (6.4)

The normal form coefficient go; = —2.2631 — 0.5641: and the Lyapunov coefficient /; = —1.8247 and
hence the bifurcation is supercritical.

For d = 0.2 we have an Andronov-Hopf-bifurcation for v = 3.3094 at A = 1.2379: with corresponding
eigenvector

Y(0)(z) = 237%(0.9972 cosh((0.2535 — 0.8490i)z) + (—0.0727 — 0.01774) cosh((1.7315 + 3.24757)x)

+ (0.0029 — 0.00607) cosh((3.90746 + 0.3586¢)z)
(6.5)

The normal form coefficient go; = —2.30591 — 0.5170 and the Lyapunov coefficient /; = —1.8627 and
hence the bifurcation is supercritical.

As one might already have observed, the diffusion has little effect on the Andronov-Hopf bifurcation.
The eigenvalues which are off the real axis are barely effected by the introduction of diffusion, while the
eigenvalues on the real axis become more negative, see figure (6.2)". This could be due to the fact the
eigenvector corresponding to the eigenvalue on the imaginary axis has very little curvature, see figure
(6.3). As diffusion penalizes curvature, its effect on this eigenvector would be small.

"Note that there is another positive A € R, not shown in figure (6.2), which solves det(S*>°%4) = 0 and det(S**v*") = 0,
however this is a degenerate case as P*(p) has a double root. Simulations of the linearised system with random initial conditions
did not indicate the presence of an unstable mode, so we don’t regard this point as an eigenvalue.
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Figure 6.3: The eigenvectors at parameter values in (6.1) of the Andronov-Hopf bifurcation without and
with diffusion respectively. Note that with diffusion the eigenvector has a derivative of zero at z = 1 and

x = —1, while this is not the case without diffusion.

Bifurcation a 7 m Ne M1 p2  d 5y A 4
Andronov-Hopf1 | 1 0.75 125 -10 2 1 0 3.3482 1.2403i -1.8247
Andronov-Hopf2 | 1 0.75 125 -10 2 1 0.2 3.3094 1.2379i -1.8627

Table 6.1: Parameter values of the Andronov-Hopf bifurcation without and with diffusion respectively.
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6.2 Discretisation

To obtain an approximate solution of (PDDE) we discretize the spatial domain 2 into an equidistant
. 2 . . . .
grid of n* points, z,,, with a width of 6 = =1 We discretize the integral operator G using a Trape-
naL

zoidal rule and the diffusion operator B using a central finite difference method and a reflection across
the boundary for the boundary conditions. This results in a second order spatial discretisation. The

discretization of the (PDDE) for n € {1,---,n"} and t € R* becomes a set of delay delay equations
(DDE).
ou d
E(t’ Tn) = E(U(t’ Tn—1) — 2u(t, ) + u(t, Tpi1)) — au(t, z,)
n 1
+4 Z / Emd (Tny Sm)S(u(t — T(Tn, Tm), T ) )dz’
-1 (DDE)
u(t, o) = u(t, z2)
w(t, xpey1) = u(t,xpe_1)
U(ta-rn) = ¢(t7l‘n)
Here &, is defined as
1 me {2,---,n" —1}
gm = { 1 x (66)
5 m=1Vm=n

Now we are left with a set of n* ordinary delay equations which we solve with a dde-solver.

We will now do some simulations around the Andronov-Hopf-bifurcation with diffusion. We set n* = 50
and take as initial conditions an odd function, an even function and a major component of the eigenvector
(6.5).

1 1

01(0)(x) = B sin 3T
P2(0)(x) = % COSTTT (6.7)
$3(0)(x) = %Re(el'%?gw cosh((0.2535 — 0.84904)x))

For figure (6.4) we took v = 3 and for figure (6.5) v = 4.

For v+ = 3 all initial conditions converge to the trivial steady-state. The odd function converges like a
node to the equilibrium, while the even functions converges like a focus to the equilibrium. For v = 4 os-
cillations emerge, which correspond to the stable limit cycle of the Andronov-Hopf bifurcation. However
this limit cycle is not globally attractive as the odd initial condition converges to some non-trivial steady
state.

6.3 Pitchfork-Hopf bifurcation

In figure (6.2), we notice that when the diffusion increases some eigenvalues cross the imaginary axis.
In the bifurcation diagram with d and ~ as bifurcation parameters, figure (6.6), we notice that there are
indeed Pitchfork bifurcations of the even and odd type. There are two Pitchfork-Hopf bifurcations in this
paramter range.

There is an «; Pitchfork-Hopf bifurcation at v = 3.3301 and d = 0.0871 with critical eigenvalues A\; = 0
odd and A2 = 1.2385¢ even and corresponding eigenvectors

<
[l
—~
>
~
—~
8
~
Il

0.6015 sin(1.3089x) 4 0.7989 sin(2.7469z) + 0.0045 sinh(5.0738z)
!238519((.998501 cosh((0.2666 — 0.8695i)z) + (—0.0533 + 0.0123i) cosh((2.1758 + 3.7681i)z)

+ (—0.0001 — 0.0026%) cosh((4.8897 + 0.58501')96)
(6.8)

The normal forms coefficients take the following values

9300 9g111\ _ —0.9966 —3.9596 (6.9)
9210 Go21)  \—2.7820 — 0.3043: —2.2783 — 0.53641 )

Furthermore, b = 1.738,¢ = 2.7914,1 — be = —3.8515 and pi1pas = gseoRe(go21) = 2.2706, which
corresponds to case Ib of table (5.1)
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Figure 6.4: Simulation of (PDDE) with the initial conditions of (??) and v = 3 close to the Andronov-
Hopf-bifurcation with diffusion, see table (6.1)
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Figure 6.6: Bifurcation diagram of (PDDE) with bifurcation parameters v and d

Bifurcation o 70 M Ne  p1 M2 d ~y A A2

k1 Pitchfork-Hopf | 1 075 125 -10 2 1 0.0871 3.3301 0 1.2385i
ko Pitchfork-Hopf | 1 0.75 125 -10 2 1 0.0019 3.3345 0 1.2398i

Table 6.2: Parameter values of the Pitchfork-Hopf bifurcations.

There is an k4 Pitchfork-Hopf bifurcation at v = 3.3345 and d = 0.0019 with critical eigenvalues A\; = 0
even and A\, = 1.2398: even and corresponding eigenvectors

¥1(0)(z) = 0.2345 cos(1.2636x) + 0.9721 cos(2.7469x) + 0.00006 cosh(8.5522x)

Yo (0)(z) = e>?398%(0.9997 cosh((0.8838 — 0.2748i)z) + (0.0217 — 0.01264) cosh((3.5769 + 3.8884i)x)

+ (0.00004 + 0.00014) cosh((8.1405 + 2.8351i)x)
(6.10)

The normal forms coefficients take the following values

9300 gii1\ _ —0.8280 —5.0333 (6.11)

g210 9021 —1.5642 — 0.45847 —2.2641 — 0.5591¢ ’
Furthermore, b = 2.2231,¢ = 1.8892,1 — bec = —3.1999 and pi1ps2 = gsooRe(go21) = 1.8746, which
corresponds to case Ib of table (5.1)

Both these cases gives the Ib-type Pitchfork-Hopf bifurcation which is the same case as found in

( ). The direction of the Pitchfork bifurcation is such that the non-trivial equilibria vanish when
the diffusion is increased. This makes sense since these equilibria have some spatial curvature which
is penalized by the diffusion. This points to the general conclusion we take from this numerical example.
The addition of diffusion suppresses spatial modes, but has no effect on the temporal modes.
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Figure 6.7: The eigenvalues at parameter values in (6.1) of the Andronov-Hopf bifurcation without and
with diffusion respectively. Note that there is another positive A € R, not shown here, which solves
det(S™°%) = 0 and det(S*°U*") = 0, however this is a degenerate case as P*(p) has a double root.
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Chapter 7

Discussion

We have shown how a neural field model with delays and diffusion fits into the general sun-star frame-
work for delay equations and proved a result on the essential spectrum. Furthermore we found an ex-
plicit characterisation of the point spectrum, resolvent and normal form coefficients for specific choices
for the connectivity J, delay 7 and firing rate function S. We examined Andronov-Hopf and Pitchfork
bifurcations by evaluating normal form coefficients and confirming these results by simulating the dis-
cretised problem (DDE). We found that the addition of diffusion suppresses spatial modes, while having
no effect on the temporal modes. In the context of neural fields this implies that the addition of diffusion
synchronizes the neural field.

In the computation of the normal forms we used an odd firing rate function S as it was mathematically
convenient. However, there is no biological reason why S should have this symmetry. For a more
general form of S, equations (5.13) still hold, but require a more involved computation.

We chose Neumann boundary conditions which model a closed system. This effectively introduces a
reflection across the boundary for the diffusion. An alternative is periodic boundary conditions, which
effectively wraps the effect of the diffusion around the domain. A different option is using Dirichlet
boundary conditions, which models an outside contribution at the boundary.

In the numerics, we used single population with a wizard-hat connectivity (6.1) originating from

( ) instead of a full two population model like ( ). This was mainly done to
reduce the number of free parameters and computational costs. We hypothesize that our numerical
results, i.e. that diffusion suppresses spatial modes, carries over to the full two population model, but it
remains to be confirmed.

In chapter (5) we assumed the existence of the center manifold. In ( ) some
progress has been made on the existence of stable and unstable manifolds. However there is not yet a
proof of the existence of the center manifold.

One other possible inclusion tot the neural field model (ADDE) besides diffusion are second order
synapses. This models the fact that synapses are not immediately at full strength when an action
potential arrives. This would produce a model of the following form.

82

1 8uz 1 aui Uj N ’ / ’ ’
92 (t,x)+Z/S2Ji7j(x,x )S;(u;(t—m7 5(x,2"),2"))dz" (7.1)
j=1

(1+B o (m)) <1+aat(t,x)> =d;

We obtain the orginial (PDDE) if 5 — oo. This model might produce more oscillations due to the second
order temporal derivative.

Lastly, we considered the model on the one dimensional domain 2. A more physiological appropriate
domain would be planar of spherical domain. ( ) investigated the role of spherical
topology on pattern formation and bifurcations. It is possible to extend the approach in this work to
explore how diffusion affects the spherical harmonics and corresponding standing waves.
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Appendix A

Reduction to a single population

In this appendix we elaborate on the reduction of (PDDE) to a single population u with a connectivity J,
which is the sum N exponentials. We state the equivalent theorems and formulas which were used in
the computations in (6) for completeness and reproducibility.

The partial differential delay equation (PDE) for a single population « with a connectivity .J, which is the
sum N exponentials, is given by

?Lf(tm) = 22( u(t, ) /Jxx u(t — 7(x,2'),2"))da’ forz € Q, t € RT

%(t, r) =0 forxedQ, teRT (PDE)
x

u(t,z) = o(t,x) forz e Q, t € [—h,0]

We can think of this (PDE) as a restriction of the original (PDDE), to the invariant linear space where
u; = ug = --- = uy. We define the following Banach Spaces Y := C({;R) and X := C([—h,0];Y) with
their corresponding supremum-norms. We can formulate the (ADDE)

{u(t) = Bu(t) + G(uy) (ADDE)
uy=9¢0cX

Where the linear operator B : D(B) — Y is defined as

2u
(Bu)(z) := d%(i) — au(x) (A1)

With d, o« > 0. We take the domain of B as the twice continuously differentiable functions with Neumann

boundary conditions: D(B) = {y € Y|y € C?(Q),y’(99) = 0} The non-linear operator G : X — Y for
¢ € X is defined as

(G(6))(z) = / J(2,2")S($(~7(x,2"), 2'))da (A.2)

The following lemma carries over.
Lemma A.0.1. ( , , Lemma 3, Proposition 11) G is compact and globally Lipschitz
continuous and k times Fréchet differentiable for any k € N. Furthermore the kth Fréchet derivative of
G aty € X, D*G(v) : X* — Y is compact and given by

k

DG (-, ) () = / T(wa")5 (0 (6" (—r(e,2').2)de’  (AD)

m:l

Due to the general results, chapter 2 and chapter 3 immediately carry over.

Page 45



A.1 Spectral Properties

For the spectral properties we make the following choices for the functions =, S and J.

=704 |z — 2|

N
= ZJj(x,x’)
j=1

(A.4)
Jj(x7gj/) = nje_l‘.7'|m_x/|
1 1
S(U) = 1 —|—6'Yu — 5
N
Where °, 11;,7 > 0 and n; € Rfor j € {1,--- N}. The operator K* is given by K* =~ K7 with
1 ’
Kiy(x) = c¢; /_1 e Ri@lz=a"ly (1) dg!
. A5
cj(z) = %cmje (A-5)
kj(2) = pj + 2

Theorem (4.0.1) is still applicable, so we have that z € o(A) if and only if 2 € ¢(B + K?). To find
eigenvalues, we want to find ¢ € D(B) such that

(B—z+K*)g=0 (IE)

We define L forj € {1,---,N}.
L% :=kj(z) — 02

Similarly we find that
LiKSq = 2cj(2)k;(2)q

We apply L; successively to (IE) for j € {1,---,N} and end up with a linear differential equation
M?q = 0 where M* is defined as

+22}7 Ilp@) (DE)

)
=0
h

We try a solution of the form ¢ = ¢#*, which yields the characteristic polynomial P*(p)

N N N
P*(p) := (dp* —a — 2 H —,02)—|—220j(z)k‘j(z H (kp(2)* — p?) (A.6)

£

T3
Sl

Note that this is similar to (4.9), P*(p)q° with ¢ = 1 fori € {1,--- N}. The polynomial P*(p) has at
most 2(N + 1) roots. When P?(p) has exactly 2(N + 1) roots, the general solution of (DE) is given by

N+1

@ (x) = Z [@rm, cosh(pp, (2)x) + by, sinh(ppm (2)2)]) (A7)

m=1

We can formulate an equivalent lemma to lemma (4.1.2)

Lemma A.1.1. If the characteristic polynomial P*(p) has 2(N + 1) distinct roots then p,, # 0 form €
{1,---,N+1}andk;(z) #0 forallj e {1,--- ,N}.

In this setting we have an explicit characterisation for the set
S:={zeC|3je{l,---N},me{1,---,N + 1} such that k;(z) = £p,(2)} (A.8)
Lemma A.1.2. If characteristic polynomial P* has 2(N + 1) distinct roots then

S={zeC|3j,pe{l,---N},j# psuch that k}(z) = k}(2)}
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Proof. We have that =z € S if and only if P*(k;(z))) #0forall j € {1,--- ,N}.

=

P*(kj(2)) = 2¢;(2)k;(2) | [ (k3 (2) = K3 (2))

SRS

ol
S

Hence P*(k;(z)) # 0 if and only if k7 (2) = k(z) forsome p € {1,---N},j # p O

We will now substitute g* into (IE), which yields the equations S*¢**"a = §*°¥b = ( after some
rewriting, where the N + 1 by N + 1 matrices S*°**" and S*°% are given by

ki (z) cosh(pm,(z m (2) sinh(p,, (2 .
_— :{ i(2) (pk?((z)iJ—rZ%Lg Pm) e Ny
" pon(2) sih(ppn(2) JoN+1
pm(z) cosh(pm(2)) + k;j(2) sinh(pm (%)) el N} (A.9)
Syt = { K3 (z) = p2(2) e
() cosh(pm(2)) j=N+1

For the eigenvalues, we can formulate an equivalent theorem to theorem (4.1.3).

Theorem A.1.3. Suppose P*(p) has 2(N +1) distinct roots and X ¢ S for some \ € C then we have that
X € a,(A) if and only if det(S*U")det(SM) = 0. The eigenvalue X is called even if det(S™»*") = 0
and odd if det(S*°4) = 0.
The corresponding eigenvector * € X for even eigenvalues is given by

N+1

WA0) (@) = D ap cosh(pm (N)x) (A.10)

m=1

Where a is a vector in the nullspace of S**"*™. For every 6 € [—h,0], ¢ is an even function in .
The corresponding eigenvector ¢* € X for odd eigenvalues is given by
N+1
A (0)(x) = X D by sinh(ppm (A)z) (A.11)
m=1
Where b is a vector in the nullspace of S*°%. For every 6 € [—h, 0], v* is an odd function in x
Also for the resolvent, we can formulate an equivalent theorem to theorem (4.2.2).
Theorem A.1.4. Forz € p(A) with z ¢ L the unique solution q := ¢ € D(B) of (RE) is given by
N+1
¢*(x) == R(z, B)y(@) + ) _ [am (@) cosh(pm (2)2) + by (2) sinh(pp (2)2)]

m=1

Where R(z, B) is the resolvent operator of B given in equation (3.5) and a(z) and b(z) as

x 1
a(z) :=a’ — % (/ B(z")K'r(a')da’ — / E(x')K_lr(x')dx’>
X - T (A.12)
b(z) :=b° + 3 (/ Az YK 'r(2')da’ —/ A(a:’)f(_lr(a:’)dx’)
—1 x
Where a“ and b¢ are defined as
1
a‘ = _(Sz,even)—lsz,odd (/ A(:c')f(_lr(m/)dx)
! (A.13)

1
bt = (Sz,odd)—lsz,even (/ B(a:/)f(_lr(x’)dx’)

-1
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And the N + 1 by N + 1 matrices A, B, K and Q and the vector of length N + 1, r, are defined as

Am,m (.13) = COSh(Pm(Z)x)

By () := sinh(pp (2))
Kjm = pm<z>Qj,m
1 .
Opm = | R g Priell Ny (A14)
1 forj=N+1

ri(z) = {R(z,B)y(ac) forje{l,--- ,N}
! 0 forj=N—+1

In this setting the exception set £ (4.23) reduces to
L =0(B)USU{z € C|P?(p) has less than 2N (N + 1) distinct zeros} (A.15)
due to the following lemma
Lemma A.1.5. Ifz ¢ S and P*(p) has 2N (N + 1) distinct zeros then Q is invertible.
Proof. By substituting n; = k7 and p,,, = p,, we can write Q as

1

C?j,'m: g —Pm
1 forj=N+1

forje{l,---,N}

As z ¢ S and P*(p) has 2N (N +1) distinct zeros and using lemma A.1.2, we have that n; # n; # p,, # p;
fori,j € {1,--- , N}, i,m € {1,--- | N + 1},i # j,1 # m. We subtract the last column from the other
columns; this does not change the determinant. We get the following matrix Q:

1 Pm — PN+1
—1Pm Nj —PN+1

fori,me{1,--- ,N}

AL ) — forjed{l,--- , N}y m=N+1
Qo= o JEfLi )

0 forj=N+1me{l,---,N}

1 forj=m=N+1

= . 1 .
Now row j of matrix @ contains the factor ———— and column m contains the factor p,, — py 41 for
—PN+1

j,m € {1,---, N}. Hence we can rewrite the determinant of @ as:

11 = 1@l = ||Q||H§: o

Here Q is defined as:

~ 1
Qjm = fori,me{l,--- ,N}

Nj — Pm

We observe that ) is a Cauchy matrix as n; # n; # pm # m forz‘ ,7€{l,--- ,Nhime{l,--- N+

1}, # 7,1 # m and hence invertible. Furthermore the product H M iS non-zero, so we con-
— PN+1
i= 1

clude that Q is invertible. OJ

In chapter (5) the formulas of the normal forms and lemmas (5.2.1) and (5.17) are still applicable. Also
for the computation of the normal form computation, we can formulate an equivalent theorem to theorem
(5.2.3)

Theorem A.1.6. Let A € 0,(A) be a simple eigenvalue such that there exists a sufficiently small closed
disk Cy suchthat LN Cy =0 and Cx Na(A) = {A}.

If X is an even eigenvalue such that

N1
= Z A, cosh(pp, (N)T) (A.16)
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for all = € Q, where a is a non-trivial solution of S™***"a = 0. Then the formula P®*ly = vji is
equivalent to

—adj (S)\,even

dLlZ(det(Sz,even))

1
|) g#odd / Az YK 'r(2')dz’ = va (A17)
Z=A\ —1

For ally € Y, where adj(S™¢"*") denotes the adjugate of S¢"*" and using the definitions in (A.14).
If X is an odd eigenvalue such that

N+1

$(0)(z) = Y by sinh(pm (M) (A.18)
m=1

for all z € Q, where b is a non-trivial solution of S*°4b = 0. Then the formula P®*1y = vji is equivalent
to

adj(‘s)\’()dd) ver /1 (I —1 1 /
SEeven B(z")K dz' =vb A19
%(det(SZ’Odd”Z:)\ 1 (CE ) r(‘r ) x v ( )

For ally € Y, where adj(S*°%) denotes the adjugate of S*°* and using the definitions in (A.14).
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