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In this dissertation we analyze networks of coupled phase oscillators. We consider systems
where long range chemical coupling and short range electrical coupling have opposite effects
on the synchronization process. We look at the existence and stability of three patterns of
activity: synchrony, clustered state and asynchrony.

In Chapter 1, we develop a minimal phase model using experimental results for the
olfactory system of Limax. We study the synchronous solution as the strength of synaptic
coupling increases. We explain the emergence of traveling waves in the system without a
frequency gradient. We construct the normal form for the pitchfork bifurcation and compare
our analytical results with numerical simulations.

In Chapter 2, we study a mean-field coupled network of phase oscillators for which a
stable two-cluster solution exists. The addition of nearest neighbor gap junction coupling
destroys the stability of the cluster solution. When the gap junction coupling is strong
there is a series of traveling wave solutions depending on the size of the network. We see

bistability in the system between clustered state, periodic solutions and traveling waves. The
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bistability properties also change with the network size. We analyze the system numerically
and analytically.

In Chapter 3, we turn our attention to a very popular model about network synchroniza-
tion. We represent the Kuramoto model in its original form and calculate the main results
using a different technique. We also look at a modified version and study how this effects
synchronization. We consider a collection of oscillators organized in m groups. The addition

of gap junctions creates a wave like behavior.
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1.0 INTRODUCTION

Study of the human brain has been the interest of researchers for centuries. The anatomy
of human brain is fairly well-known. This vast complex contains more than one hundred
billion neurons which are connected to other neurons via electrical and/or chemical synapses.
Advances in experimental methods and imaging techniques enabled researchers to learn the
architecture in different areas of the brain. However, there is still a long way to go before
we fully understand how the brain functions and generates various rhythms. Collaboration
among scientists from both experimental and theoretical backgrounds is needed to solve
this big puzzle. Mathematical modeling is useful in combining the physiological information
and neural function. Models developed for specific areas help us gain insight into how that
particular part works and hopefully leads us to theories that are applicable to similar systems.

For computational purposes, neurons can be considered as intrinsic oscillators. Each
neuron is coupled to others via electrical and/or chemical synapses. Often times when we
try to model a system, we have limited information about the parameters. We also want to
make a model that is small enough so that we can perform efficient numerical simulations
or mathematically analyze it but large enough to capture the important features of the
system. We will use phase models to represent the systems we study. These models can be

used to explain biophysical data showing synchronization in areas of brain, wave activity or



formation of other stable patterns of activity.

Oscillations are seen throughout the nervous system ranging from slow oscillations (< 5
Hz) observed during sleep to fast oscillations (> 20 Hz) that are associated with seizures.
Coupled oscillators are used to model central pattern generators that are responsible for
locomotion. There are several patterns we can observe in an oscillatory networks such
as synchrony, asynchrony, clusters and traveling waves. Definition of synchrony can be
ambiguous. We say that the network is synchronized when the oscillators are both frequency
and phase locked. In-phase synchrony means that there is no difference between individual
phases. Asynchrony is the state where phases of the oscillators are distributed on $'. When
coupling is strong enough, this solution tends to lose stability. A clustered state is observed
when oscillators are organized in groups and within the group, there is no phase difference.
As the number of the clusters increase it gets harder for the clustered solution to be stable.
Traveling waves can be categorized as phase-locked solutions as the phase differences don’t
change but the individual phases do as time evolves.

Networks of coupled neural oscillators exhibit a variety of activity patterns depending on
the properties of the coupling. There is clear experimental evidence for the existence of elec-
trical and chemical synapses in neocortical inhibitory networks [26]. The effect of each type
of coupling in isolation is well-studied. Depending on the nature of the neural oscillation,
inhibition can be either synchronizing or desynchronizing. van Vreeswijk et al. showed that
with non-instantaneous synapses, inhibition can synchronize a network [56]. On the other
hand, Kopell and Ermentrout used a model network where long distance inhibitory coupling
favored anti-phase behavior between two mutually coupled oscillators [17]. Electrical cou-

pling between oscillators is established via gap junctions. In numerous computational and



theoretical studies, it has been shown that electrical coupling can either promote synchrony
or anti-synchrony [55, 5, 8], depending on the shape of the action potential and the nature
of the oscillator. For example, in the presence of CBX, a blocker for electrical synapses,
Bou-Flores and Berger report that they have seen more synchronized activity in a network
of inspiratory motoneurons [6].

Recently, the combined effects of these couplings have been an area of theoretical interest
[46, 42, 4, 49]. In these papers, both the inhibition and the gap junctions encouraged
synchronization. Coupling was between pairs of oscillators or in all-to-all coupled networks.

In this thesis, we investigate pattern formation in a network of coupled neurons with
both types of coupling. Throughout the thesis, we look at the case where chemical coupling
has desynchronizing effects and electrical coupling has synchronizing effects. There are dif-
ferent ways to look at the spatial interactions between synchronizing and anti-synchronizing

influences. The equations we are interested can be written as:

m

a9, 1 & :
S 1) 3 w19
k=1

l=—m

where w; = w_; are non-negative and Hyy,, Hyq, are T- periodic in their argument. m
represents the scope of gap junctions. For simplicity, we will work in a ring of oscillators
to avoid boundary effects. The function Hy,, favors the anti-phase state for pairwise inter-
actions so that 7'/2 is a stable fixed point for a pair. Similarly, H,,, favors synchrony. We
imagine H,,, is synaptic coupling and H,,, is gap junctional so that the former are long
range and the latter local. We show that 6; = Qt + 2mnj/N is a solution for the system
given above for a correctly chosen ).

In Chapter 1, we derive a phase model from a biophysical model for neurons in the

olfactory lobe of Limax. The model has the form given above. We show that synchrony



(n = 0) and traveling wave (n = 1) are solutions to this system. We determine their
stability as the system parameters change. Normal form for the bifurcation from synchrony
is calculated. Our analytical results are justified using numerical simulations. This part of
the thesis has recently appeared in a scientific journal [29].

In Chapter 2, we investigate the possibility of clustered solutions in a system with similar
structure to the one studied in Chapter 1. The only difference is the scope of the gap
junctions is restricted to only nearest neighbors. We see that the system supports a stable
two-cluster solution when the strength of local gap junction coupling is small. For larger
values of gap junction coupling, the traveling wave solution is stable. We go through linear
stability analysis and compute the bifurcation diagrams numerically. We show that the
system exhibits bistability in some regions for the bifurcation parameter. We are in the
process of writing a paper on our findings for this section.

In Chapter 3, we take another approach and study the stability of asynchronous solution.
We first review the Kuramoto Model. We extend the Kuramoto model to include local
coupling between oscillators. We are able to generalize the results found in previous chapters.
We also present a different way of computing the critical coupling strength for transition from
asynchrony to a synchronous solution. This chapter serves as a step for future research as

the work presented is preliminary:.



2.0 SYNCHRONY AND TRAVELING WAVES

2.1 INTRODUCTION

In most of theoretical studies, neurons are represented as oscillators. About 30 years ago,
studying coupled oscillators in a system with more than two oscillators was almost impossible.
Arthur Winfree argued that a system with an asymptotically stable limit cycle attractor can
be represented using only one variable: the phase of the oscillator on the limit cycle [59]. An
autonomous differential equation is said to have an asymptotically stable limit cycle if the
perturbations from the limit cycle solution returns to the oscillation as ¢ — oco. There may
be a shift in the time course due to time-translation invariance of the periodic solution. The
periodic trajectory remains unchanged by translation in time. For an oscillator with period
T, we identify t = 0 with the time of peak value for the oscillating variable and we return
to the same value at t = T [50]. Specifying the time coordinate, we are able to define the
phase of the periodic solution. Once the reference point is chosen, the phase can be defined
uniquely.

For the uncoupled system, no additional information about the intrinsic properties of
the oscillators is needed to use the phase model for representing the system. In the case

of a coupled system, where the coupling is weak enough, we can use a similar formulation



to represent the network by a phase model where the interactions between the oscillators is
represented through phase differences. Details of the theory can be found in [60, 44, 34, 38].
This was suggested by Arthur Winfree, proven by John Guckenheimer and has been used by
Neu, Kuramoto, Ermentrout, Kopell and many others over the years [25, 28, 43, 47].

Our aim in this chapter is to explore what happens in spatially distributed networks
when one form of coupling (here, electrical coupling via gap junctions) encourages synchrony
but the other form of coupling (synaptic inhibition) encourages, at least pairwise, anti-
phase locking. More specifically, we suppose that the synchronous coupling is local and the
desynchronizing coupling is long range. Since electrical junctions require that membranes of
the cells to be in direct contact, we expect that gap junction coupling is spatially localized.
In contrast, chemical inhibition might be expected to have longer range. We study the
bifurcation to patterns in a general network of oscillators with long range desynchronizing
coupling and short range synchronizing coupling. The strength of the former coupling is a
parameter which when increased causes the synchronous state to lose stability. We determine
the critical values for this parameter via linear stability analysis and the direction of the
bifurcation via a normal form calculation. To make the analysis possible and to avoid the
confound of boundary effects, we forgo the linear chain and work on a circular domain.
Numerical results of the chain produce similar behavior, but the analysis is considerably
more difficult. The normal form calculation is made somewhat more difficult by the presence
of a zero eigenvalue arising from translation invariance. Our method is to first reduce the
biophysical model that serves as our motivation to a chain of phase-coupled oscillators on
which we can apply the general theory. Thus, in the first section, after introducing the

biophysical model, we compute the interaction functions under the assumption of weak



coupling. We show that for this model, gap junctions are synchronizing while chemical
inhibition is desynchronizing. Next, we analyze the bifurcation of patterned states from
synchrony in a continuum chain of phase-oscillators. We find a novel phase-locked state
which is patterned but not a traveling wave. We numerically illustrate the transition to
traveling waves as predicted in the reduced system and provide conditions for the stability

of the traveling wave.

2.2 MOTIVATION: LIMAX MODEL

In a series of papers, Ermentrout et al. explored oscillations and waves in the olfactory lobe
of Limax mazimus [15, 13]. Our motivation comes from their work: we provide mathematical
analysis for the activity patterns they have observed in this particular system and extend it
to more general systems.

In the first paper they use a minimal phase model to describe the network, whereas in the
last paper they propose a conductance-based model. Since little is known about the currents
responsible for the generation of the oscillations, we return to using a phase model but we
compute the interaction functions using the conductance-based model. Phase models have
proven to be useful tools when the biophysical properties of the cells and/or the synaptic
interactions between cells are not well known. They have been successfully implemented in
explaining experimental results such as for the lamprey swim CPG [58]. Transition from
a biophysical model for the uncoupled neurons to a phase model can be done when the
original system has an asymptotically stable limit cycle solution. When we consider the case

of weak coupling a similar transition allows us to represent the system in terms of phase



differences. Details of the theory behind phase models and weak coupling can be found in
[34]. Statements of the main theorems are given in Appendix [Al

In [13], Ermentrout et al. describe a model network that consists of a spatially dis-
tributed network of bursting and non-bursting cells. They arrange each type of cell on a
one-dimensional array that consists of 21 cells. Each bursting cell receives nearest neighbor
gap-junction coupling, equal coupling through inhibition from 5 neighbors on each side and
synaptic excitation from the local non-bursting cell. Each non-bursting cell receives local in-
hibition from the bursting cell and recurrent excitation from 3 neighbors on each side. When
only a single bursting cell is considered, oscillatory behavior can be seen. The dynamics of
a single bursting cell is given by three currents: leak, potassium and T-type calcium. They
take a gradient for the leak potential, Ej..,. = —80 mV at the apical end and Ej.,; = —83
mV at the basal end. The frequency of oscillations vary from 0.8 to 1.5 Hz. Figure (2221
represents the oscillations when FEj.,. = —82 mV.

In the Limax model, the inhibition is global in that each cell inhibited all the other cells
in the network while the gap junctions were only between nearest neighbors. We show below,
that inhibition is desynchronizing for the slug model and that gap junctions synchronize, so
the slug model serves as an example of a spatially distributed network in which the two
types of coupling work in opposition. Ermentrout and Kopell [17] explored the effects of one
or two long range desynchronizing interactions between cells that were coupled with local
synchronizing interactions. Various types of waves were found via direct analytic calculations
which were possible due to the simple form of the coupling. There are several mechanisms
for wave propagation in coupled neural networks. One mechanism is having a pacemaker-

like region that generates the wave. Another mechanism is to have a frequency gradient,
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Figure 2.2.1: Uncoupled bursting cells oscillate with a frequency ranging from 0.8 Hz to 1.5

Hz depending on the value of leak potential. Here Ej.,. = —82 mV and the period of the

oscillations is about 860 ms.



like we have in the above system. Under resting conditions the Limax lobe produces slow
periodic traveling waves of electrical activity. Experimentally, the wave of activity is biased
to move in one direction because of an intrinsic gradient in the frequency of the bursting cells.
Furthermore, the authors discovered that even in the absence of a gradient in frequency, it
was possible to generate waves in an otherwise homogeneous network. With large enough
gap junction coupling (or small enough inhibition), the network synchronized. However,
with weak electrical coupling the network becomes desynchronized, breaking into clusters
of cells with different phase-lags. At intermediate coupling strengths, the network produces

waves.

2.3 THE BIOPHYSICAL MODEL AND REDUCTION

The biophysical model introduced in [13] consists of bursting and non-bursting cells in the
procerebral lobe of Limax. The bursting cells oscillate at about 1 Hz and are responsible
for the electrical wave observed in the lobe. The nonbursting cells fire only in the presence
of extrinsic stimuli. Thus, since we are only interested in the genesis of the wave, we focus
on the bursting cells. Each cell is an intrinsic oscillator and, in the model, two types of
synapses coupled the oscillating neurons: chemical inhibition and electrical or gap junctions.

The membrane potential for each bursting cell obeys the following equations:

dVv
C% = _IL - IK - IC’a - Igap - Isyn

where each term is a current due respectively to the leak, the potassium channels, the calcium

channels, the gap junction coupling, and the synaptic inhibition. We used the parameters
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given in Appendix [Al The gap junction coupling is over nearest neighbors and depends on

the voltage difference between the pre and post-synaptic cells:

Igap = ggap(‘/post - V;ure)~

Here, “post” refers to the cell receiving the connection from “pre” cell. The inhibition, I,

is global - every cell inhibits every other cell. Each synaptic interaction adds a current of

the form:
Loyn = gsynsme(vpost - Esyn)
where E,,, = —78 mV and the synaptic conductance obeys an equation of the form
dspre
22— 0.1/(1+ exp(— (Vype + 45)/5)) = e/ 10

Networks of coupled oscillators are generally difficult to analyze. However, the method of
averaging has proven to be very useful for studying synchronization between oscillators [49].
That is, if we assume that the conductances ggqp, gsyn are sufficiently small, it is possible to
reduce a network of coupled oscillators to a system of phase models where each oscillator
is represented by its scalar phase and interactions are through the differences in the phases
[59, 44, 25]. Let V; be the membrane potential of the ith cell and s; be the synaptic component

of the ith cell. If

_Isyn,z’ = —Ysyn Z wijsj(‘/i - Esyn)

J

is the synaptic current into the ith cell and w;; is the weight of the connection between cell
i and j, which is taken to be 1/N where N is the number of oscillators, then with the weak

coupling assumption, the phase interactions will take the form:
(21) _jsyn,i = Gsyn Z winsyn(ej - 92)
J
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where

1

Hon(0) = 5 | VV (O3l 0) (B = V) .

V*(t) is the voltage component for the T'—periodic solution to the adjoint equation for the
stable limit cycle. V(t), s(t) are the voltage and synaptic components respectively. For the

gap junction coupling, we find:

(2.2) ~Lyapi = Ggap Z zijHgap(6; — 0i)

J

where

Hol0) = 3 | VOW(E+0) - Vi)

The weights, z;;, satisfy z;; = f(|¢ — j|) where f is a decreasing function in its argument.

The phase of each oscillator, #; obeys the reduced dynamics:

/
92’ =1- [syn,i - Igapvi

where the two currents are given by equations (ZI) and ([2). The phase of each oscillator
maps directly onto the potential (or other oscillating variable for the system) of each bursting
cell once the zero phase is chosen. A standard choice of zero phase is the peak of the
membrane potential.

Figure 3T shows both H,, and Hy,, for the Limax model evaluated numerically using
XPPAUT [22] along with their approximations using the 0, 1, 2 order terms of the Fourier
expansion. The Fourier approximations of these functions are used in the remaining part
of this chapter. They can be found in Appendix [Al Note that, Hyy,(0) # 0, Hye,(0) = 0,

H! (0) <0, and H/

syn gap

(0) > 0 for the functions graphed in Figure 22311
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Figure 2.3.1: Coupling functions are computed using XPPAUT. Approximations are esti-
mated from the Fourier expansion. (a) shows Hyy, and its approximation and (b) shows
H,

gap and its approximation. The functions are plotted over a period of the oscillations and

the dashed blue line marks half period.

13



To interpret the meaning of these inequalities, consider a pair of identical cells:

0/1 =1 + gsyanyn(‘92 - 91) + ggapHgap(92 - ‘91)

Hé = 1+ gsyanyn(el - 92) + ggapHgap(el - 92)-

Let ¢ = 605 — 6. Then

¢ = Goyn[Hayn (=) = Hayn ()] + Ggap[Hgap(—¢) — Hyap(9)] = F(9).

Phase-locked states for this first order equation are those where ¢ does not change, i.e.
the phase difference between the two oscillators is fixed. They are roots of the function F'(¢)
and they are stable if F'(0) < 0. Clearly, F(¢) is the sum of odd parts of the functions Hy,
and H,,. Since any odd periodic function has at least two fixed point, ¢ =0 and ¢ = T'/2,
there will always exist phase-locked states. These may not be the only phase-locked solutions
and the stability has to be determined for the particular choice of interaction functions.
Synchronous solution (¢ = 0) imply that both membranes fire together. In our case, the

stability condition for synchrony is as follows:

gsy”H;yn(O) + ggapH/ (0) > 0.

gap

Since the conductances, gsyn, ggap are non-negative, H;, (0) < 0 and H;, (0) > 0, synchrony
is stable if the gap junctions dominate. Anti-phase solutions (¢ = T/2) are exactly one
cycle apart. This anti-phase solution will be stable for the coupled pair if F'(7//2) < 0 or

equivalently

gsynH;:yn(T/Q) + ggaPHg/]ap(T/2> > 0.

As seen in Figure X by the dashed vertical lines at T'/2, anti-phase is stable for synaptic

and unstable for gap junction coupling. In the models considered by Lewis and Rinzel, both
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synaptic and electrical coupling encourage stable synchrony [46]. Thus, the interaction of
networks will lead to synchronous behavior. In contrast, for the intrinsic dynamics in the
Limax model, electrical coupling encourages synchrony but synaptic inhibition opposes it.
Our goal in the rest of this chapter is to explore the consequences of these differences in a

one-dimensional spatially organized array of N oscillators.

2.3.1 The spatial equations

We introduce a discrete model where we have all-to-all synaptic coupling and local gap

junction coupling. The equations can be written down as

d‘9 gs n .
(23) d—tj - . ZHsyn + ggap Z JZ gap(ej-l-f 9 ) .]:17 RIS N

t=—m
where 6; represents the phase of oscillator j, w is the intrinsic frequency for all the oscillators,
Jsyn is the synaptic coupling strength , g4q, is the strength of electrical coupling and Hyy,,
H g, are the functions describing synaptic and gap junction coupling , respectively. We note
that the key point in the weak coupling assumption is that the effects of different types of
coupling are linear and additive. Thus, only the ratio of g,,, and g4q, in the phase model
matter. The factor % in front of the synaptic coupling contribution guarantees that the
model also works when we allow N — oo. The weights J, are taken to be non-negative and
we assume that J_, = J,. m represents the scope of gap junction coupling. We also note
that m << N, since we assume gap junction coupling is local. Henceforth, we assume the
period of the oscillators (and thus of the coupling functions) is 27. The function H,, favors
the anti-phase state for pairwise interactions so that 7 is a stable fixed point for a pair of

oscillators coupled with only synaptic coupling. The function Hy,, favors the in-phase state
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for pairwise interactions so that 0 is a stable fixed point for a pair of oscillators coupled with

only gap junction coupling. This is equivalent to saying that

Al. H', (0) <0

syn
A2. H! (0)>0

gap

For simplicity, we also need the following:

A3. H,y(0) =0

A4, Hgqp(0) = 0

Note that, A4 holds automatically for gap junctions since a cell cannot be coupled to
itself via gap junctions. If Hy,,(0) = & # 0, then let 6; = 6; + Qt where Q = w + gyynk. We

write

T LA n o
—L = Y ZHsyn(ek_ej)_l_ggap Z JéHgap(9j+€_9j)> J:L"'7N
k=1 l=—m

A

0.
We also make a normalization assumption on J, by taking
AS* .S =1

For the purposes of calculations, it is much easier to work with the continuum analogue
of equation (Z3), so our analysis will be on a continuum version of the network. We also
arrange the oscillators on a ring (instead of an array) to avoid boundary effects. Without

loss of generality we assume the array was of length 27 and when wrapped around a ring
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x =0 and x = 27 represents the same point. Hence, from now on, we study this model

00 Gsgn [
a v + ot Jo Hgyn(0(y) — 0(z)) dy
(2.4) +9gap /0 ' J(x —y) Hgap(e(y) —0(z)) dy

where analogous assumptions are made as to the discrete model. We remark that the con-
tinuum model can be derived from the discrete model in the limit as N — oo with suitable
a normalization assumption on the function J,. One difference is in the discrete model, 0,
was a function of time and the discrete index, j, whereas it is now a function of time and
space. We assume J(x) is a non-negative, symmetric kernel around 0 and the normalization

condition is

Ab. 027T J(y) dy = 1.

[e.9]
n=—oo

In our numerical simulations, we used a truncated version of J(x) = > exp(—(z +

27n)?)/\/7 (see Figure E33).

2.4 LINEAR STABILITY ANALYSIS FOR SYNCHRONOUS SOLUTION

We want to study the spatial interactions between synchronizing and anti-synchronizing
influences. We start with the synchronous state and study its stability. The synchronous
state is where all of the oscillators have the same phase. Note that if we assume heterogeneity
in the intrinsic frequencies, synchrony is not a solution to the system. If we have homogeneity,

6(z,t) = Qt is a solution to ) where Q = w + gsynHsyn(0) represents the frequency of the

17



Figure 2.3.2: A plot of J(x) where the sum was taken over n = —2,—1,0, 1, 2.
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network. To determine the stability of synchrony, we let 0(z,t) = Qt 4+ ¢(z,t) and write

a_w _ gsyn 27
ot 2t Jo

(2.5) . / " —y) H.(0) [0(y) — (@) dy + O (1f?)

H,,(0) [Y(y) — ¢(x)] dy

If we only keep the linear terms above, we can see that ¥(x,t) = €@ e*! solves () with
the appropriate choice of A,. Let I, = OQW J(s) e~ ds, and substitute 1 (x,t) into (EZ3) to

get
(26) >‘TL = “Gsyn H;yn(o) + Ggap Hg/]ap(o) [ITL - 1]

for n # 0. For n =0, A\g = 0. We choose J(x) so that we have I} > 1 and [} > I, > -+ >
I, > I,,1 > .... This means that the first Fourier mode dominates. The Gaussian kernel
shown in Figure satisfies this criterion as does, for example, the periodic version of an
exponential kernel, exp(—|z|). With this assumption, it is easy to see that the first eigenvalue
to cross over to positive values would be A\;. We call n = 1 the most unstable mode. To find

the critical value of gy, we solve for Ay = 0 which gives us

X ~ Ygap Hg/]ap(o) [ —1]
(27) gsyn - H/ (O)

syn

Here * is used to denote the value of g, at the bifurcation point. To study the stability
of the bifurcating solutions we need to find the normal form for the bifurcation. We prove

the following theorem.
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Theorem 1 The system (Z4) with the assumptions A1-A5 has a pitchfork bifurcation at

9syn and the corresponding normal form is:

0=C(2*2+nz

The coefficients ( and n are:

C - 1231’3 - 3B273 - 9B(]’3 + 2C B072 - 2CB272

n = —420
where
2w ny
By = [ A e ay
0
Gayn
A(w) = a4 g B I(0)
o — 2B — Bay — By
By1 — B
with o = w and B; = W forj=1,2,.... Here f’(xq) represents the ith derivative

at xo for f = Hgyn, Hyp and go appears in the perturbation expansion for gsyn .

Proof: We use a perturbation expansion for the solution ¢ and g, as

(2.8) O(z,t) = Q) t +YP(x,€)
where
(2.9) Qe)=Q+e+e Q+e W+...
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(2.10) O, €) = € Py () + € hy(z) + € Ys(x) + ...

and
gsyn = g:yn +e€ g1 + 62 g2

We define a linear operator £ as follows

* 2 R .
e = G [, 00 — iy

~

Gy / " (@ — )L (0) [y €) — b, O)ldy

* 2 R R
= 52 | H O o0 — e, oy
2 R R
(2.11) e / () Oz — o) — Dle, ldy

with the substitution ' = x — y. It is easy to notice that e™® 1 are in the null space of
L and L is self-adjoint (here and in Appendix [Bl we use 1 to denote the constant function
which is 1 for all z). We need to find the Taylor expansions of Hy,, and Hy,, around 0 for

the full system

H// (0) H/// (0)

Hsyn(i) = Hsyn(o) + H;yn(o) x + % 12 + syg 113'3 + ...
= a1$+a2x2+a3z3+...
H// O H/// O
Hgap(x) = Hgap(0) + H;ap(()) T+ %() a? + %() AR

= Biax+Loa+ G a3+ ...
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Substitute # in the form given in () into (22

* 2 2m R .
Q) = YTt / =) — D)) dy

gsn+€9 + €g2)
+( y 1 2

(x =y €) — Y(a,e)]* dy

D(r—y'€) — (a,e)] dy

( /
+gsyn+€gl+€g2 /
. / ) B (e — o) — ()] dyf

2 . R
. / ) Bo [0z — o) — bz, o) dyf

(2'12) ‘I'ggap /0 ' J(y/) 63 WA}("E - y/> E) - @E(Iv 6)]3 dy/ + O (|'J}|4)

LetAj(x):g:y"aj+ggapﬁj J(x) for j = 1,2,3 and Q(z fo o (V(x — o, €) —

2

~

O, €)) +as(p(z—1y, €) —(x, €))2 + as(b(x — i, €) — (x, €)?] dy’ which lets us to rewrite

BT as

g1 2 92 714
(2.13) +e 2L Q@) +¢ 22 Q@) +0 (19

We match the coefficients of powers of € terms from both sides of the equation (ZI3). This
allows us to compute the coefficients for the normal form. The rest of the calculations are

given in Appendix (Bl The normal form for the bifurcation is:
0 = (242
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where ( = 12813 — 3B23 — 9By 3 + 20 By 3 — 2CBy 9 — 2CB; 5 and ) = —gea. Note that
7 is positive since a; < 0 from our assumptions. So, depending on the sign of (, we can
determine the stability of the new solutions.

In our case, we compute ( = —210.09 and n = 1059, which tells us that we have a
supercritical pitchfork bifurcation. Thus, the new solution bifurcating from synchrony is

stable.

2.5 EXISTENCE AND STABILITY OF THE TRAVELING WAVE

Next, we look at the existence and stability of the traveling wave, 6(z,t) = Qt + x. Substi-

tuting 0 back into () gives us

2w

27
(2.14) O=w+ 92% Hoyn(y)dy + ggap / J(y)Hyap(y)dy
0 0

Without loss of generality, we can assume that the average of Hyy, is zero and let | =
fo27T J(y)Hyap(y)dy. Equation ([ZTI)) reduces to @ = w + ggqpl. Note that the value of the
frequency is irrelevant to the stability calculation since the right hand sides always involve
terms of the form 6(z,t) — 6(y,t) so that adding Ct to # where C' is any constant, has no

effect. We prove the following theorem about the stability of the traveling wave.

Theorem 2 The traveling wave solution, 6(z,t) = Qt + z, is a stable solution to if we

have
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—n—1
m

1
Re()\n) - _§gsynnbn ‘I’ 27ngap Z Z[(Cmfn-i-m - dmen—i-m) - (Cmfm - dmem)]

m=—0Q

-1
m
—27Ggap Y Sl Fatm & dmeuim) + (Cmfrn — dmem)]

m=—n
o0

_27ngap Z %[(Cmfn—i-m - dmen-l-m) - (Cm.fm - dmem)]

m=1

IA
o

forn > 0 where

Hyy(y) = Z a, cosny + b, sinny

n=0
Hyop(y) = Z cp cosny + d,, sinny
n=0
= Z en cosny + fn sinny
n=0

Proof: Letting 6(z,t) = Qt + x + ¢ (z,t), we write

o T
a_f - g2—3r 0 H},,(y) [$(x +y) —o(2)] dy

(2.15) G / " J(—y) B () (e + ) — (@) dy + O (jf?)

Pz, t) = emert solves (EZIH) up to linear order. We solve for A, to get

27
gsn ZTL !/ in
216 A= [0 g [ I00) )l 1y
0

We look at the real part of \,, for Hy,, Hyep and J real-valued,

2w

2w
Rel(v) =52 [ B (0)loosn =1y + g [ I(=0) Hyn () lcosry = 11y
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When n = 0, A\¢g = 0 which corresponds to translation invariance. We need Re(\,) < 0
for n # 0. Also, we want to make our analysis as general as possible. For this reason we
use the complex Fourier series expansion for Hyy,, H,qp and J. Let J(y) = Y00 ape'®,
Hoyn(y) =300 o Bi€™, Hyap(y) = > oo yme™ where a_y, = ay, B = B and y_p = Y.

Substituting these in EZTA gives

[e.e]

An = —iGsynnB—pn + 2TiGgap Z (MY (O (nm) — V)]

m=—0Q

If we look at the real part of \,,, we see that

—n—1
m

1
Re()\n) = _igsynnbn + 27ngap Z Z[(Cmfn—l—m - dmen—l-m) - (cmfm - dm€m>]

m=—0oQ

-1

m
_27ngap Z Z[(Cmfn—l-m _'_ dmen—l—m) + (cmfm - dm€m>]

m=—n
[e.9]

(2.17) =27 Ggap Z %[(Cmfn—l-m — dmenym) = (Cofm — dmem)]

m=1
where Hgyp, Hgyqp, and J are given with the Fourier expansion with coefficients ay = 24,
co = 270, €0 = 200, @ = By + Bp, bn = (B — B-n), ¢ = Yn + VYon, du = (0 — V-n),
en =, +a_, and e, = i(a, — a_,).

In our case, the traveling wave is always stable. Substituting into EET7, we see that
Re(X\,) < —50gsyn — 824.27g4,, < 0 for all positive values of gsy,, and ggqp. We also note
that a traveling wave in the opposite direction, §(z,t) = Qt — z is also a solution to (EZI4).

We close this section with some comments on the existence and stability of traveling

waves in the discrete system for local gap junction coupling. Consider a discrete ring:



where m < N and N is the number of oscillators. The coupling constants a; are non-
negative. Suppose that H is 2r—periodic and H'(z) > 0 for —r < < r and r > 0. Then,
it follows from [19] that the synchronous state is asymptotically stable. Now, consider a
traveling wave:

This satisfies the discrete model if and only if

Q=w+ Zm: a;H(2mi/N).

t=—m

If m/N is sufficiently small, then
H'(£2mm/M) > 0

since H'(x) is positive in some neighborhood of 0. Thus, again from [19] the traveling wave
is asymptotically stable. Figure ZZTb shows that H, (z) > 0 over more than half the cycle
surrounding the origin. Thus, we can pick m as large as N/4 and still be assured that the

traveling wave is stable. This shows that there is bistability between traveling waves and

synchrony in the discrete model with small enough synaptic coupling.

2.6 NUMERICAL RESULTS

In this section we (i) show that the bifurcation theory developed for the continuum model
appears to hold for the discrete model by numerically simulating the latter, (ii) numerically
extend the local bifurcation analysis to get the full picture for the discrete phase-model, (iii)

numerically simulate the conductance-based model and show similar patterns as found via
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our analysis, and (iv) compute the bifurcation diagram for a line of 20 oscillators which are
not connected in a ring.

Figure EZG.T] depicts the steady-state relative phases for a ring of 20 phase-oscillators
using the interaction functions shown in figure EE3 The strength of the gap junction
coupling is fixed as ggqp = 1 and gs,, is varied along the vertical axis. Simulations are
done by starting the relative phases close to synchrony and then letting them evolve until
a steady state is reached. Figure EZ6.Ja) shows this steady state (color-coded) for each
value of gsy, examined. We remark that in the phase model, the absolute values of the
coupling parameters is irrelevant and only their ratio matters. Figure EZGI(b) shows vertical
cross sections from part (a) to more clearly illustrate different types of solutions observed
for various gy, values. For example, when g, = 0.3, there is no difference in phases of
the oscillators indicating that the system is synchronized. In contrast, between g, ~ 0.35
and gsy, ~ 0.87, the solution is the patterned state which bifurcates from the synchronous
state as described in section 3. As p increases beyond 0.87, the patterned state (which
qualitatively resembles a cosine wave) disappears and leaves a traveling wave as the only
solution. The traveling wave is, in fact, stable for all values of g, shown in the diagram so
that for g,,, < 0.87, there is bistability. The loss of stability of the synchronous state occurs
at gsyn ~ 0.35 which is very close to the value predicted in section 2 of 0.3476.

To give the reader some intuition for the patterns, we depict the spatio-temporal patterns
in terms of their absolute phase in Figure G2} As we increase the relative coupling strength,
we see the transition from synchrony to a stable patterned state (compare BEG2(a) to (b)).
This is the state which arises via the pitchfork bifurcation calculated in section 2. As

we further increase gs,,, the patterned state disappears and produces traveling waves; the
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Figure 2.6.1: Transition from synchrony to intermediate state and then to traveling wave.
(a) illustrates an array plot of the relative phases of the oscillators as gsy, is increased and
Ggap = 1. For small amounts of synaptic coupling, synchrony is stable. Around g, = 0.35,
synchrony loses stability and a stable sinusoidal pattern emerges. This pattern also becomes
unstable around g,,, = 0.87. There is a stable traveling wave solution for all the values
of the parameter g, for any fixed value of g4q,. The system has bistability between the
traveling wave and synchrony and the traveling wave and the intermediate state.

(b) displays vertical cross sections from the left panel as gsy, is increased and gy, = 1. The

bifurcation from synchrony and the intermediate state can be seen in more detail here.
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transition from the patterned state to the waves is shown in figure Z6.2(c). Finally, for
larger gsyy,, only the traveling wave remains.

The analytic calculations along with the numerical calculations of the phase reduced
model show that as the inhibition increases, the synchronous state loses stability to a pat-
terned state in which the relative phases are close to a cosine wave. Further increases in the
inhibition result in a deepening of this pattern followed by a transition to a traveling wave.
In figure B3 we show the result of a simulation of the biophysical model as the synaptic
inhibition increases. To match the theory, we have made the connections periodic so that
the last cell is coupled to the first. Figure EZG.3(a) shows a clear phase pattern in which
the oscillators at the end lag the ones in the middle. This corresponds to the patterned
state shown in figure ZGA(b) and figure G TN(a), when gsyn/ggap ~ 0.4. For a larger amount
of inhibition, the behavior becomes quite complicated and after a long transient begins a
transition to traveling waves as shown in figure EEG3(b). Thus, the phase model provides a
very good description of the full biophysical model and has the advantage of being simple
enough to analyze.

We conclude this section with some comments on the simplification to a ring of oscillators
instead of a line as in the original model. The main reason for assuming a ring is that the
analytic calculations are then possible. If, instead of a ring, we consider a line of oscillators
and choose the coupling functions so that the synchronous state exists, we can explore the
stability and bifurcations as the anti-synchronous (synaptic inhibition) coupling increases.
Rather than attempt these calculations analytically, we instead display numerical simulations
for the phase model with all-to-all synaptic coupling and nearest neighbor gap junction

coupling. Figure EE6.4] shows the behavior for a line of 20 oscillators. By considering a linear
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time

30

Figure 2.6.2: Evolution of the solution to the discrete phase model is shown as we change
Gsyn While ggq, is kept at the value 0.03. (a) shows synchronous solution when g, = 0.01,
(b) shows the intermediate state when g,,, = 0.02, (c) shows the transition to the traveling

wave solution when gy, = 0.03, and (d) shows the traveling wave solution when g,,,, = 0.04.
30



(a) (b)

cell number 20 0 cell number 20

time
time

Figure 2.6.3: Behavior of the conductance-based model for g, = 0.03 and gs,, = 0.07.

Voltage is plotted for each oscillator.
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array, the symmetry in the ring model was broken and we are able to use AUTO bifurcation
package [12]. We depict two pitchfork bifurcations. The first emerges as a stable supercritical
bifurcation. The pattern is like a half of a cosine wave as opposed to the full cycle seen in a
ring. The ring of oscillators can be imagined as a pair of lines joined symmetrically through
the midline. Thus, we expect that the first bifurcation would be “half” of that seen in the ring
(See curve 1 in Figure ZEZA(b)). As gy, increases, this branch seems to approach a solution
which looks like a traveling wave (Figure ZGAI(b) curves 2,3). There is no true traveling
wave in the line due to the boundary conditions, however, the solutions in the figure look
like traveling waves. A second branch bifurcates supercritically but it inherits the instability
of the synchronous branch, so that it is unstable. The shape of this solution is shown by
curve 4 in Figure ZGAI(b). As these solutions were unstable, they were not continued beyond
gsyn = 0.5. Thus, while the details are somewhat different, the ultimate result is the same
for both a ring and a linear array: as g, increases, synchrony loses stability and for large
enough gy, there is a traveling wave. The traveling wave exists for all values of gs,, in the

ring model but not for the linear array.

2.7 CONCLUSIONS

In this chapter, we have shown that the combination of long range inhibitory synaptic cou-
pling with local gap junction coupling was sufficient to induce a destabilization of the syn-
chronous state. A new state which is not a traveling wave, but rather, a spatially organized
phase shift stably appears and is lost as the amount of long range inhibitory coupling in-

creases. Numerical solutions indicate that the only remaining attracting state is a traveling
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Figure 2.6.4: Behavior of 20 phase oscillators in a line as the synaptic coupling increases.(a)
The relative phase of oscillator 10; gg4qp = 1 and the interaction functions are same as in the
ring model, (b) Spatial profiles with various solutions from (a). u refers to the solution being

unstable and s means the solution is stable.
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wave. Our mathematical results concern a network on a ring; the original motivation for
this problem is the slug olfactory lobe which is actually a line of oscillators. However, it is
known from earlier work [41] that boundary effects are enough to induce patterns of phases
which depend very strongly on the choices of boundary conditions at the edges. To avoid
this difficulty, we have considered periodic boundary conditions which eliminate questions
about the behavior at the edges. In spite of this simplifying assumption, we see that the
linear array and the ring behave similarly at least when the inhibition is sufficiently large
compared to electrical coupling.

A number of studies have investigated interactions between electrical coupling and synap-
tic coupling between neural oscillators. This problem is important since inhibitory interneu-
rons in the mammalian neocortex appear to be coupled with both types of interactions.
These networks may act as the “pacemakers” for 40 Hz oscillations observed the cortex dur-
ing various cognitive tasks [57]. Most theoretical explorations involve either pairs of cells
or globally coupled networks. In most instances, both the synaptic and the electrical cou-
pling encourage synchrony so that there is not a chance for pattern formation. However,
[8] has shown that gap junctions can either stabilize or destabilize synchrony depending on
the shape of the action potential while [49] have shown that the intrinsic currents also affect
whether or not electrical coupling is synchronizing. Combining coupling which destabilizes
with coupling that stabilizes synchrony can be expected to produce other patterns of activity
besides waves. Such patterns may play some role in cortical processing of information and

may confer certain computational advantages [14].
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3.0 CLUSTERING IN COUPLED NEURAL OSCILLATORS

3.1 INTRODUCTION

Globally coupled oscillators have been studied extensively [2, 7, 51, 52, 53] . Such systems
arise in natural and physical environments such as flashing fireflies, chirping crickets, multi-
mode lasers and networks of oscillatory neurons. The analysis is simple enough in the case
of mean-field coupling where the interactions among oscillators is represented by an average
or effective interaction. In such a system, there is a lack of spatial structure and one would
expect that the types of activity patterns observed should also be simple. However, it has
been shown that even in a network of identical oscillators with global coupling, it is possible
to go from synchrony to clustered states and to asynchrony [3, 27, 31, 48]. In these papers,
the network dynamics were explored by using simple sinusoidal coupling functions or by
adding noise to the system.

In this chapter, we want to study a system of coupled ring oscillators with inhibitory
all-to-all connections which exhibits a stable two-cluster state. We add spatial structure by
nearest neighbor gap junctions. We still have a symmetric network since the oscillators are
organized on a ring. Gap junction coupling has a synchronizing effect on the oscillators by

itself.
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In the following section, we describe the model with only all-to-all coupling and go
through the stability analysis for the two-cluster state. The analysis is similar to the work
done in [31]. They consider a network of synaptically coupled Hodgkin-Huxley neurons whose
interactions are described using a phase model. They find n-cluster solutions with n > 1
where the network breaks up into n subgroups inside which the oscillators are phase-locked.
For the choice of coupling function and model parameters, they observe pairs of unstable
two cluster states that are connected by heteroclinic orbits.

In Section B3 we provide an extension to the model given in Section by adding a
small amount of gap junction coupling. We find a traveling wave solution which is stable
for a wide range of values of the parameter g4,, and loses its stability at a Hopf bifurcation.
There are other stable solutions possible for the system and we explore them as well.

In the fourth section we numerically simulate a network of oscillators and justify our
analytical results from previous sections. We simulate networks with various sizes and look
at the changing behavior. Our broad aim in this chapter is to show that even a simple
network with electrical and chemical coupling can exhibit a large variety of activity patterns.
Simplicity of the network architecture doesn’t mean simplicity in the behavior we get from

the network.
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3.2 THE BASE MODEL

We start our analysis by recapping the work in [31]. Consider a globally coupled network of

identical phase oscillators given by the equation

do; syn al
(3.1) = +g]$ S Hyp(6r—6;) for j=1,..N
k=1

where 0; represents the phase of oscillator j and w is the intrinsic frequency of the
network. Without coupling, each oscillator is moving around its limit cycle with frequency
w. The case where the oscillators have different frequencies has also been studied but we will
not consider it in this section. Hg,, is the function representing the inhibitory interactions
between the oscillators for which gy, is the strength of coupling. We will give details about
the coupling functions once we establish the general results. We are interested in clustered
solutions to (Bl). We look at the case where m of the oscillators have phase 64 = Qt and
the remaining NV — m have phase 0p = Qt + ¢ with ¢ € [0,27]. By letting p = § , we can

rewrite (B as

0) = @t Gon(PHon(0) + (1= p) Hoyn(0 — 0.0))

HB = w-+ gsyn(pHsyn(eA - GB) + (1 _p)Hsyn(()))

which then becomes

Q = W+ Goyn(PHeyn(0) + (1 — p)Hyyn(0))

Q = W+ goyn((1 = p)Heyn(0) + pHoyn(—9))
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Subtracting the first equation from the second, we get

(3.2) 0= gayn((1 = p)Hsyn(0) + pHoyn (=) = pHayn(0) = (1 = p) Hoyn(9))

Regrouping the terms in (BZ), we can solve for p

(3.3) p=

)
2Hyn(0) = Hayn(—=0) = Heyn(9)
where F'(7) = 1/2. Given Hyy, and ¢, we can determine the size of the clusters according
to B3). So far, we have established the existence of two-cluster states. One could also look
at other n-cluster states but we limit our analysis to two-cluster states and study the stability.
We look at the linearization about the two-cluster state. Let 0, = 2t + y; where y; are

small perturbations, we get

dy] _ gsy

Mz

(3.4) Jyp —y;) for j=1,.N

syn
k=1

which can be written as two separate equations

N
4 Gsyn Gsyn / .
Y, = : Z syn yj)_l_ ]\yf Z H(¢)(yk_yj) for =1.,m
k=m+1
g 1
Yy = ;\ZJ,HZH(—QS)(%—%)*'N Y HO)ye—y) for j=m+1..N
k=1 k=m+1
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Lettlng a = H;yn(0)7 5 = H;yn(¢)v Y= H;yn(_qb)v 6 = _(m - 1)@ - (N - m)ﬁ?

v=—-my—(N—m-—1)aand

£« Q

a & Q@
A= ,

Q a &

n o« Q@
a n Q@
D—
Q@ a n
we can write (B2 as:
(35) y/ = gsynMy
T A B
wherey = | ¢, 4o -+ yy and M = % . In order to determine the stability
C D

of the two-cluster state, we need to find the eigenvalues of the matrix M. A similar analysis

was done in [B1]. We state the following theorem:
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Theorem 3 The cigenvalues of the matriz M in [T are:

A= —pa—(L-p)B
Ay = —py—(1-pa
A3 = —py—(1-p)3
M o= 0

where p = %:. The algebraic multiplicities of A1, Az, A3 and Ay arem —1, N —m —1, 1 and

1, respectively.

Proof: The original system has translation invariance, which means that if 0; = (¢ is
a solution, then so is §; + ¢. The zero eigenvalue, A4, corresponds to this property. The

associated eigenvector is found as

T
v4:[1 1 ... 1} .

A1, Ay are the eigenvalues that correspond to fluctuations within a cluster, whereas A3 cor-
responds to fluctuations between the two clusters. The associated eigenvector for A3 has the

form

V3 = ]_ e 1 x --- T
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where x # 1. We need to solve the equation Mwv3 = Azv3 in order to get A3 and vs.

e-na-pee | 1]
Moy (x —1)(1 —p)Bx o 1
—(z = 1)py T

| —(@—=Dpy | ES

—py

which implies (z —1)(1 —p)Bx = A3 and —(z — 1)py = A\3z. We solve for x to get z = T

and A3 = —py — (1 — p)B.

41
We next claim that the eigenvector, v;, associated with A; has the form where
0
vp is in the nullspace of C' and Avy = A\jv;. We write A as:
& « @ £ —« 0 0 i T
a oo a
a & « 0 E—a 0
A - = +
a .« .. a
o P o g 0 .« .. O g — — ~ -
5 L : A

If A € o(A), then A+ & —a € o(A). 0is an m — 1-fold eigenvalue for the matrix A which
implies the eigenvalues of A are £ —a with corresponding eigenvector v;. Substituting & back
we get Ay = —pa — (1 — p)B3. Ay can be found similarly.

An immediate corollary of Theorem (B) implies that the eigenvalues for the system given
in B3) are 0, gsynA1, GsynA2, gsynA3. For stability of the two-cluster solution, the real parts
of the eigenvalues have to be negative. This translates into the following conditions for

stability:
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e pa+(1-p)f>0
epy+(1—pla>0

ey +(1-p)B>0

3.2.1 Application

In the previous chapter, we developed a phase model to explain the occurrence of traveling
waves in the olfactory lobe of Limax. The oscillators were coupled through all-to-all in-
hibitory synaptic coupling and local electrical coupling via gap junctions. Here, we want to
use the ideas and intuition from that paper and look at the contradicting effects of these two
couplings on the system. To accommodate what we want to achieve, we use the coupling
functions computed from the biophysical model in [13] with a slight modification. We only

change the coefficient of sin(2zx) from —5 to 5. The coupling functions are:
Hgyn(x) = 35 + 200 cos(z) + 32 cos(2x) — 95 sin(z) + 5sin(2x)

Hyop(x) = 87 — 50 cos(x) — 37 cos(2x) + 295 sin(x) — 65 sin(2x)

We remind the reader that the choice of coupling functions will determine what kind of
solutions we get. Changing the coefficient of sin(2x) in this manner allows for the existence
and stability of two-cluster states. Figure B2ZT] represents the relation between p and ¢. For
values of ¢ ranging from 0 to 27, we are able to find the size of each cluster using (B3]).
From now on, we want to look at equal size clusters, so p = 1/2. In the case of different
size clusters, the Implicit Function Theorem can be used to get stability conditions for the

solutions. Substituting the value of p in (B2) we get:

0= g;yn [Hsyn(_¢> - Hsyn((b)]
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Figure 3.2.1: Possible values for p are graphed as the phase difference, ¢ varies from 0 to 2w
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Let g(z) = Hsyn(—2) — Hsyn(x). Hgyp is a 2m-periodic function so, 0 and 7 are fixed points
for g. For two oscillators, we need to have H. (0) > 0 for the stability of the synchronous

syn
state and H{,,(m) > 0 for the stability of the two-cluster state which corresponds to the
anti-phase locked solution. The synchronous state was studied in ?7.

Next, we compute the eigenvalues for the linearized system in order to determine the
stability of the two-cluster state with (p,¢) = (1/2, 7). Figure represents the values
of the eigenvalues for each possible value for the pair (p, ¢). As we can see from the figure,

there is a small window of values of ¢ around 7, where all the eigenvalues are negative. From

our stability conditions we need to satisfy:

i H;yn(o) + H;yn(ﬂ-) > 07
o i, (0)+ H,, (—m)>0and
o H, (m)+ H,,(—)>0.

Since Hgy, is 2m-periodic, we have H.  (7) = H|, . (—m). We also know that H}  (0) <0

syn syn syn

and the last stability condition can be rewritten as H., (m) > 0. Thus, the stability condition

syn

in our case is:

o H (0)+H

syn syn

(m) >0
o H (m)>0

syn

o H' (0)<0

syn
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3.3 THE FULL MODEL WITH GAP JUNCTIONS

Once we have a system with stable two-cluster state solutions, we want to see what hap-
pens to these solutions as we add small amounts of nearest neighbor gap junction coupling.

Equation (BJI) becomes

N
_ Gsyn
(3.6) — L= Z syn —0;) + ggap[Hgap(ejH - ej) + Hgap(ej—l o ej)]

k=1
where Hgy,, and g4q, represent the gap junction coupling function and its strength, respec-
tively. H,y, by itself promotes asynchrony, whereas Hg,,, has synchronizing effects. The
coupling functions are derived from the biophysical model given in [13], hence, H,,, repre-
sents the synaptic inhibition between bursting neurons.

In Chapter Bl we looked at a network where the scope of the gap junctions extended
beyond the nearest neighbors. We found that in that case, a traveling wave was a stable
solution for all the values of the parameters. We want to see if this holds here also. We start

by noting that the traveling wave solution, 0, = Qt + %, satisfies (Bl) where

gsy

Hyn(00) + Ggap(Hgap(9) + Hyap(0))

||Mz

where § = % Given N, Hgyn, Hyop, Gsyn and ggap, we can determine €2 uniquely up to sign.
We want to study the stability of the traveling wave solution. In order to avoid edge effects,

we assume the oscillators are arranged on a ring. The linearized system can be written as:

dy; _ Gsyn :
(37) dtj - . Z syn 5l y]—i-l - yj) + ggaP[Hgap(5>(yj+1 - yj) + Hg/]ap( 5>(yj—1 - yJ)]

The solutions for (1) are of the form y; = e*'e®™ where j =1,...,N,m=0,...,N—

1. Solving for A, gives us:
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N

Gsyn / ism , ism , i

)\m = ]\Z} ZHsyn((Sl)(e oml __ 1) +ggap[Hgap(5)(€ om _ 1) + Hgap(_5)(e Sm 1)]
=1

To determine the stability, we look at the real parts of \,,. For m = 0, we have \g = 0
which corresponds to translation invariance. For m # 0, we need to use the Fourier series

expansions of H! . and H! . Using the approximations for the coupling functions we see

syn> gap*
that Re()\2) becomes 0 when g,q, = 0.0746g,,, for 20 oscillators. The imaginary part of A,
is nonzero which means there is a Hopf bifurcation at this point. Considering different size
networks changes the value of g,4, where the Hopf bifurcation occurs. Figure B3] displays
the values of critical coupling strength as N changes. For small networks, the traveling wave

is stable for a wide range of parameters, whereas as the network size grows, it loses stability

early on.

3.4 NUMERICAL RESULTS

In this section we numerically simulate a system of oscillators coupled with inhibition and
nearest neighbor gap junctions. The oscillators are arranged on a ring to avoid boundary
effects. Considering a linear array instead of the ring doesn’t change the qualitative behavior
of the system by a significant amount. Throughout this section, g, = 0.1. We vary g4,
between 0 and 0.1. In Section B2, we showed the existence and stability of two-cluster states
in the absence of gap junction coupling. Figure BAT] displays the simulations done with 20
oscillators when ggq, = 0. In Figure BZZd(a), random initial conditions lead to a solution

where half of the oscillators have the same phase and the rest are m apart. There are multiple
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Figure 3.3.1: Relation between gy, and N is shown by the blue *’s. The red line is the
curve that fits the data with y = ¢cN? and ¢ = 0.00002. g, is fixed at 0.1 throughout the

computation.

48



(a) (b)
x[1 .20] x[1..20]

time

40

oI ¢ >3

Figure 3.4.1: Two-cluster solution in a network with 20 oscillators where x; = 0; — 0.
(a) Random initial conditions converge to a two-cluster solution where the phase difference
between oscillators is either 0 or 7. The number of oscillators in each cluster is the same.

(b) The two-cluster is solution is represented in this form for convenience.
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ways to organize N oscillators in two equal-sized clusters. For computational convenience,
we consider the trivial case where the first N/2 oscillators are in one cluster and the rest
belongs to the other cluster. Such a solution is displayed in Figure BZTl(b). The two-cluster
solution is stable when there is no gap junction coupling present or when the coupling is
weak. Increasing g,q, beyond 0.003491 results in a transcritical bifurcation as one of the
eigenvalues of the stability matrix crosses over to positive real axes.

When g¢,4q, = 0.1, there are several stable solutions to the system. One of them is the
traveling wave. This solution loses stability as g,q, decreases. For N = 20, a Hopf bifurcation
occurs at ggqp = 0.007463. To determine the stability of the periodic solutions, we can either
compute the coefficients for the normal form or we can use AUTO bifurcation package [12].
Figure displays the whole bifurcation diagram. There is a region of bistability where we
have stable two-cluster state and stable periodic orbits. By perturbing the system enough,
we switch between these solutions.

We have seen that the value of g4, where the Hopf bifurcation occurs depends on the size
of the network. Figure is a drawing that shows how the bifurcation diagram changes
as NN changes. g. is the value of g4, where the two-cluster state becomes unstable and
g is where the Hopf bifurcation is observed. We notice that regions of bistability change
drastically as N increases.

We now look at the simulations with 10 oscillators. Different from the other simulations
we see that there is also a patterned solution when gy,, = 0.1. In Figure BZ)(a), we see a
regular traveling wave solution whereas panel (b) displays the plot for the patterned state.
Periodic orbits look like zig-zag patterns (panel (c)) and they eventually are replaced by

solutions that look like the ones in panel (d). There is another traveling wave solution for
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Figure 3.4.2: Bifurcation diagram as gy, varies for a system with 20 oscillators. Two-
cluster state becomes unstable at g4, = 0.003491. Branch of solutions bifurcating from
two-cluster state are drawn. Traveling waves become unstable through a Hopf bifurcation
at ggap = 0.007463. The periodic orbits are stable and they terminate at a homoclinic point.

There is a region where both the two-cluster state and periodic orbits are stable.
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Figure 3.4.3: Sketches of bifurcation diagrams for various N values. g, is the value of
Jgap Where the two-cluster state becomes unstable and g; is where the Hopf bifurcation is
observed. For N = 10, g. = 0.02759, g, = 0.001823; N = 20, g. = 0.003491, g, = 0.007463;

N =40, g. = 0.003771, g5 = 0.03045.
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Ggap = 0.01, where we see two waves in the ring (panel (e)). These become unstable at
another Hopf point where g 4, is very close to 0. A new pattern of periodic solutions are
observed after this point (panel (f)).

Repeating the simulations with other N values, results in similar plots. We note that
it is possible to get waves going in both directions (clockwise and counter-clockwise). The
periodic zig-zag solutions doesn’t change in appearance, but the periodic solutions that we
get near the termination of the zig-zag patterns can be different. Figure BEZ3 contains such
solutions where N = 20. With more oscillators, it is easier to see that the bifurcation from
the double traveling wave results in double zig-zag patterns. Figure BZ 0 shows the transition

from traveling wave to periodic solutions.

3.5 CONCLUSIONS

We studied a system of globally coupled oscillators given in (B]). Types of solutions possible
depends on the coupling function Hy,. A widely studied example of such systems is the
Kuramoto model where the coupling is sinusoidal. To get the existence of n-cluster states
with n > 1, one needs to consider a coupling function with higher harmonics. We computed
Hg,, from a biophysical model and used an approximation by considering the dominant
Fourier modes. We have seen stable two-cluster states with equal cluster sizes m apart from
one another. It was also possible to see some different size clusters with p close to 1/2. We

focused our attention on the previous case.

Previous studies looked at globally coupled phase oscillators with addition of noise. Here
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Figure 3.4.4: Different patterns observed are shown in a network with 10 oscillators as

gsyn = 0.1 and g,q, varies.
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Figure 3.4.5: Before the periodic zig-zag solutions terminate, there is a new pattern observed.

For N =20, (a) ggap = 0.00095 and (b) g4, = 0.0011.
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Figure 3.4.6: A double traveling wave solution bifurcates into double zig-zag patterns for

N =20 and gg4q, = 0.001.
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we took a different path and added local gap junction coupling. Each oscillator was coupled
to its nearest neighbors via gap junctions. In pairwise connections, H 4, had a synchronizing
effect. The overall system behavior changed drastically as we added local gap junctions. Two-
cluster state lost its stability as we tuned g4q, up and the system produced traveling waves.
We found that depending on the network size, the system displayed bistability between the
traveling wave and two-cluster solution and/or between the periodic zig-zag solution and
two-cluster solution. Changing the network size had drastic effects on network behavior in
this rather simple setting. In summary, we were able to analyze a system that has been long
studied with a twist and found very interesting behavior. We also want to point out that
our work has focused on the interplay of traveling waves and cluster solutions whereas other

studies on similar networks analyzed the synchronous solution and clusters of varying sizes

3, 27, 31].
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4.0 ASYNCHRONOUS SOLUTION

4.1 INTRODUCTION

Synchronization in populations of interacting elements has been the subject of study in
physical, biological, chemical settings. The goal is to find the underlying mechanism that
is responsible for collective behavior among the members of the given population. One way
of looking at the problem is to consider the elements as phase oscillators and study the
phase as time evolves. We demonstrated such examples in the previous chapters. In this
chapter, we examine a well-studied model for globally coupled phase oscillators. Kuramoto
analyzed a network of phase oscillators coupled through the sine of their phase differences
[43]. Without coupling each oscillator runs along the limit cycle attractor with an arbitrary
frequency. This model, which is simple yet non-trivial, has been the subject of many studies
to this date.

Since our aim is to analyze the effects of chemical and electrical coupling, we will study a
variation of the Kuramoto model with local gap junctions. We start this chapter by reviewing
the original model. In Section we study the stability of asynchronous state in which the
phase of oscillators take on values in the interval [0, 2] with equal probability. We calculate

the critical coupling strength where the asynchronous state becomes unstable for the original
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and noise added systems.

In Section 23, we look at a collection of m groups of oscillators with each group consist-
ing of N members. Inside a group, the coupling structure is similar to what we have been
studying so far: each oscillator is connected to the rest of the oscillators in the group via a
combination of synaptic inhibition and gap junctions. Within groups, we assume each oscil-
lator in the collection is coupled to the rest of the oscillators in the collection via synaptic
inhibition and the oscillators in neighboring groups are coupled via gap junctions. Figure
EETT displays an illustration of the network structure. We will study the stability of asyn-
chronous state as the coupling strength and noise in the system changes. We present our

numerical results in this section along with the analytical findings.

4.2 THE KURAMOTO MODEL

Collective synchronization can be seen in biological or physical examples such as flashing
fireflies, pacemaker cells in the heart and arrays of lasers. Winfree proposed that synchro-
nization can be studied in large networks of interacting limit-cycle oscillators where the
coupling between oscillators is weak [60]. His ideas were later used by Kuramoto to come
up with a general form for the dynamics of almost identical weakly coupled limit-cycle os-

cillators. Kuramoto’s model can be written down generally as follows:
' N
k=1

where the dynamics of each oscillator is given by the phase of the oscillator , 6;. w; is the

natural frequency of oscillator j. The frequencies w; are constant in time and distributed
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Figure 4.1.1: An illustrative figure of a collection of oscillators organized in m = 8 groups.
Each group consists of N = 12 oscillators. The red solid arrows represent the gap junction
coupling between groups, i.e, each oscillator in Group 1 is connected to each oscillator in
Group 2 and Group 3. The synaptic coupling is global in the sense that each oscillator in
the collection is coupled to the rest of the oscillators in the collection (black dashed lines
represent the synaptic coupling). Within each group the synaptic and gap junction coupling
is represented by a function H,; for j = 1,2, ..,8 (red dashed lines represent this combination

coupling).



according to some probability density g(w). Without loss of generality we assume that
g(w) is symmetric about the mean value 0. The form of coupling taken by Kuramoto is
Kj, = % sin(0k — 07). Using mean-field theory, we can analyze the system. The complex

order parameter r is defined as

XN
i _ if
(4.2) re¥ =+ Z e'’k
k=1
Multiplying both sides by e~ and taking the imaginary parts results in
XN
rsin(y —6;) = I ; sin(6x — 6;)
Thus, the Kuramoto model can be written as
(4.3) 6, = w,; + Krsin(¢ —6,)

where Kr is the mean-field strength and v is the mean phase. If r is independent of time,
solving (E3)) and substituting the solutions in () gives us a self-consistent equation for r.
This tells us that there is a phase transition at some critical value of the coupling strength.
The order parameter is zero for K < K. and becomes nonzero afterwards. Macroscopic
oscillations are seen after the transition point. They are later entrained to one collective
oscillation. In other terms, there is a critical value of the coupling strength below which the
asynchronous state is stable and later as we increase K, the oscillators are synchronized and
r approaches 1. Kuramoto’s original analysis uses the self consistency condition for  and an
assumption about the distribution to solve for K.. The reader is referred to review papers
for details of Kuramoto’s original derivation and other approaches [1, 53].

We will give the derivation using Strogatz’s approach of using a probability density

function p(0,w,t) in the limit of infinitely many oscillators. For each natural frequency w,
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we imagine a continuum of oscillators distributed on the circle. Let p(0,w,t)df to denote is
the fraction of oscillators with phase that lies in the interval [0, 8 + df]. The equation for the

order parameter given in (E2) can be written as an average over phase and frequency

(4.4) rei® — / / (0, w, 1)g(w)duwdb.

p is non-negative, 2m-periodic in 6 and satisfies the normalization condition

(4.5) /% p(0,w,t)dd =1

for all values of the natural frequency w and t. Note that the oscillators move with velocity
(4.6) v(0,w,t) =w+ Krsin(y — 0).

We derive a continuity equation for the oscillator density by

dp

(4.7) % + @(pv) =0

Using ([@4l) and (D), 1) can be written as:

(48) o - @{ (w+K / ’ [ sin@ = 0)p(6' o )g(w')dLu’dQ’)]

This equation is the continuum limit for the Kuramoto model. We will study the existence
and stability of asynchronous solution for the Kuramoto model using (EEH). Asynchronous
solution is the case where each phase in [0, 27] is taken by the oscillators with same prob-
ability. In this case r = 0 and p = 1/27. Substituting p in ([EX) we see that this is

indeed a solution to the Kuramoto model. Next, we study the stability of this solution. Let
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p(0,w,t) = 5= + v(f,w,t) in @) where v is a small perturbation from the asynchronous

solution. We study the linear stability problem by neglecting the nonlinear terms in v

00 2T
(4.9) % = —% {wu + % g(w)dw/o v(g,w,t)sin(¢p — 0)de

Solutions to () are of the form v(6,w,t) = eV (w)e'.

Substituting this into (X)) gives us

M (w)eer = —iwl(w)eeM

4.1 —
(4.10) N

2T
g(w)dw/o MW (w) cos(¢p — 0)do

Canceling e from both sides of the equation and letting ¢’ = ¢ — 6, we rewrite [EI0)

as

) ) K . 00 27 —0 ,
AU (w)eeM = —iwl(w)ee + 2—€Z€€At/ \I/(w)g(w)dw/ ' cos(¢)d¢’

™ [es) —0

We can now cancel out ¢, Note that [*7° f(¢)d¢ = 027r f(¢)d¢ for a 2m-periodic function

—0

f. The final form of the equation is:

[e.e]

(4.11) A (w) = —iwP(w) + %/ \If(w)g(w)dw/o WeW cos(¢")de’

— 00

Noticing that f027T e cos(¢')d¢/ = 7 and letting A = [* ¥(w)g(w)dw, we rewrite [ELT)

as:

A (w) = —iwP(w) + gA
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Solving for W(w) gives us the equation
K A
VW) = -2
() 2 (A +iw)

Substituting ¥(w) in the equation for A, we now can write

00 KA
A = / 9() ()\+zw)dw

o1 = K/
N )\+2w

If we take g(w) to be even and unimodal, we see that there is at most one solution for A

which is real when exists. We write the last equation as

K iw)
1 —
/ )\2 —|— w2 gz W

* Ag(w K [ wg(w)
&1 = — 11— d
/ >\2+w2 2o 2™

and note that the second integral in the last equation is zero. The final form of the

equation is

(4.12) _ K /OO Aglw

>\2+w2

Equation (EIZ) implies that the eigenvalue A > 0 so the asynchronous state is not linearly

00 )\g
00 A24w?

stable. For values of A — 0% the integral [°

) dw — 7g(0) , so we recover the value of

the critical coupling strength, K., found by Kuramoto in the form

(4.13) 1= % 79(0)
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Strogatz proves the neutral stability of the asynchronous solution using this method in
his paper with Mirollo [54]. Sakaguchi also studied the Kuramoto model and its extension
by allowing fluctuations in natural frequencies [51].

Here is the equation governing the phase changes:
. KX
(4.14) bi = wi+&(t) + > sin(0; — 6;)
j=1

where &;’s are white noise processes with zero mean and o2 as power spectral density. We

use similar analysis as before to write down the continuity equation

op o*p 0
(4.15) 5= 2o 59

After these modifications, the results given earlier change slightly

K 2
() = —iwl(w) + A - %\If(w)
Let D = 0%/2, and solve for ¥(w)
K A
V()=
W) = S s D
Substitute this into the equation for A to get

K [~ A
A= =] — 2 4w
2/_00)\+z'w+Dg(w)w

K ™ gw)
(4.16) &1 = g[mmdw

Solutions to (EIO) are the eigenvalues for the linear stability problem for the Kuramoto
model with noise. When random noises are added, the mutual entrainment (synchronization)
becomes less clear. Thus, the random noises make the critical coupling strength K. larger
without any quantitative change with respect to phase transition. For further details on the

calculations, the reader is referred to [54, 9, 51].
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4.3 KURAMOTO MODEL WITH GAP JUNCTIONS

In this section, we extend the Kuramoto model to allow for local coupling between oscillators.
We consider a network of m/N oscillators organized in m groups with each group consisting of
N oscillators. The oscillators are globally coupled via synaptic inhibition. The gap junction
coupling is local in the sense that each oscillator is connected to other oscillators in the
nearest neighbor groups and the group to which it belongs. So each oscillator makes 3N
electrical synapses (see Figure LITl). For m = 2,3, the coupling is all:all. For m > 3, we

write down a set of equations for the network:

do; (o4 L = . .
(4.17) Ezfj +NZ Z (0L — i=1,....N j=1,...,m
=1

where {;’s are white noise processes with zero mean and o? is the power spectral density,
H;’s are the coupling functions (their form will be given explicitly later in the section). Note
that (ELID) differs from the Kuramoto model in the sense that we do not have the arbitrary
natural frequencies. Instead, heterogeneity is introduced via the noise process.

As in Section 2} we want to study the existence and stability of the asynchronous solu-
tion. We will use the probability density approach. Let p(61,6,,. .., 60,,,t) be the probability
distribution for oscillators in m groups having phases 61,...,6,, at time t. p satisfies the

normalization condition

2m 2m
/ / p(91,92,...,Hm,t)dﬁl...de—
0 0
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which is a generalized form of (). p is 2w-periodic in its first m arguments. From Sak-

aguchi’s formulation [51], we can write down a Fokker-Planck equation for p

op  o* &p 9?p
- 2wt T a)
m ) 2T 2T m
(4.18) Y e©0 [ [ @03 Halor =000 . don,
j=1 k=1

where © = (6;,...,60,,) and ® = (¢4, ..., ). We define the marginal distribution for 6;:

/2“ /27r (G102 Gi-1,0, i1, 0m) [] do

bj:i7Fi
Let us illustrate the case where m = 2. We rewrite ([ELI3) as:
op at 9?p  ?p
o = 2l T ow
0
o 00 [ [ o0 01— 0+ st~ 0] |

0

1) = 000 [ [ 600 o — )+ sl 0] |

Integrating both sides of the equation (EETJ) with respect to ¢; and 6y and using the defini-
tions for marginals, we can write (LIJ) as a system of two partial differential equations:

Op (0 29%,1(60) 0 u
0 20 i

8(21 [91(91) /0% p2(d2)Hi2 (2 — 91)d¢2}

8 9 9 82 6 a 2w
i 205008 [ e

8(22 [ﬂz(ez) /027r p2(2) Haz (2 — 92)d¢2}

Let’s define Hy; = Hyy = H and His = Ho = G so that H is the function representing
interactions within a group and G represents interactions between groups. Two solutions to

the system given can be characterized as follows:
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e p1(0) = p2(0) = Group 1 and Group 2 are in-phase synchronized

e p1(0) = p2(0 —7) = Group 1 and Group 2 are anti-phase synchronized

In order to study the existence and stability of the asynchronous state, we write down
the system given above in the following form

(4.20)

8p](0,t) . 0_282pj 0

0.0 _ 700 —@{mm [ / T DOV H (6 — 0)d + / %pkw)ij(as—ew”

for j = 1,2. Note that the derivation of these equations for m > 2 is similar. It is easy
to see that p;(f) = 1/27 is a solution to (E20). We take a perturbation of the asynchronous
solution, p;(6,t) = 5= + v;(0,t), and write the equation for the linear stability problem

excluding nonlinear terms

v, _ a*Py 0

(vj(02){ Hj; + Hji}]

o 2002 90
a 1 2m
(121) g |3 [ H0 = 00) + Huo - (o)

where H;; and Hj; are the average values of the coupling functions over a period. The
solutions to [EZI) are of the form v; = eMe™v; where v; is a constant. Substituting v;
into (EEZI]) and using the information about the periodicity of the functions H i, we get an
equation for the eigenvalue A

m
0'271,2 2T

AVj = — 5 Vi~ v + %/0 Z Hiy(¢)vie “dg
k=1

where ; = 3", Hjj.. If the coupling functions satisfy Hj, = H;_x (mod m), the eigen-

value problem can be rewritten as

. 0'27’L2 m—1
(4.22) Anvy = —(in); + T)Vj + Z aj_i(n)vy
k=0
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where
1 27

§k(¢)€in¢d¢

o (n) = o
0

is the nth complex Fourier term for the function H,. If we were to write this equation as a

linear system Av = Av, the matrix A has a special structure. It is a circulant matrix and

the eigenvectors have the following form:
VT _ [1 e27rij/m o e27ri(m—1)j/m]T

Thus, we derive the equation for the eigenvalues as

2 2
. o
Ap = —inf) —

+ a(l,n)

with a(l,n) = S0 ap(n)e?™ /™ If we look at the real parts of the eigenvalues, we see
that the stability of the asynchronous solution depends on the interplay between the noise
strength and the harmonic terms for the coupling function.

We now present some simulation results with 600 oscillators. The oscillators are divided
into 6 groups with equal size and the coupling structure is described above. We chose a
simple form for the coupling functions: global coupling function is chosen as — sin(z) and
local coupling is ksin(z) where k is a positive coupling strength. Figure EE31] displays the
results of the simulations where actual phases of the oscillators are plotted in time. In
panel (a), we see that asynchrony is a solution in the absence of gap junction coupling. By
adding small amounts of gap junctions (k # 0), we see the emergence of a traveling wave-like
solution where the oscillators in in the same group tend to synchronize to the same phase
while preserving a phase difference among different groups (panel (b)). Increasing the gap
junction coupling strength makes this pattern more visible (panel (c¢)). In panel (d), we

present the case with no noise added where we get a regular traveling wave solution.
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Figure 4.3.1: A network of 600 oscillators organized in 6 equisized groups. (a) Asynchronous
solution with D = ¢2/2 = 0.05 and k = 0, (b) Gap junction coupling disrupts the asyn-
chronous solution, k = 0.01, (c¢) for k = 0.04 the traveling wave like solution becomes more

visible, (d) traveling wave solution with no noise and k = 0.04.
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4.4 CONCLUSIONS

In this chapter, we have studied one of the most widely studied models for globally coupled
oscillators. Since the time the Kuramoto model was introduced in 1975, there have been
many papers published about the model and its extensions. Despite the simple form of the
model, it displays rich behavior and there are still open problems related to the model.

We first reviewed the Kuramoto model and its version with added noise. We looked
at the linear stability problem for the asynchronous solution. The original model lacks
spatial structure. By adding local gap junctions, we saw that the asynchronous state loses
stability and traveling wave solutions emerge. In the original model, the asynchronous state
becomes unstable as the coupling strength increases and the oscillators become synchronous
or partially synchronous. We don’t see synchrony in our case but the gap junction coupling
helps synchronize the oscillators belonging to the same group and create a phase difference
with the other groups.

This chapter is still work in progress and we will continue to study this case in depth.
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5.0 DISCUSSION

In this thesis, we examine a network of phase oscillators coupled through electrical and
chemical synapses. We study how each type of coupling effects the stability of synchrony,
clustered state and asynchrony.

In the first chapter, we study the synchronous solution. Our work is inspired by earlier
studies done with Limax where traveling waves were observed without a frequency gradient.
We use a phase model to represent the interactions between oscillators. The electrical and
chemical synapses have counter acting effects on synchrony. Global inhibition supports anti-
phase synchrony and local gap junctions promote in-phase synchrony when a pair of identical
oscillators are considered. In the absence of synaptic inhibition, the system is synchronized
with no phase lag, but as the strength of the synapses increase there is a bifurcation to a
state where there is a localized stable pattern of activity is observed. We derive the normal
form equation for the bifurcation. Further increasing the coupling strength results in another
bifurcation where the intermediate state transitions to the traveling wave. This traveling
wave solution exists and is stable for all values of the parameters. Our numerical results
support the analytical results found in this chapter and we are able to explain the existence
of traveling waves in a seemingly homogeneous, symmetric system.

In the second chapter, we study the clustered solutions where the oscillators are divided
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into subgroups with similar activity patterns. The model we consider is similar in structure
to the model in the first chapter with very few modifications. We specifically look at the
two-cluster state where half of the oscillators have the same phase and they differ by the
same amount from the rest of the oscillators. This solution is stable when there is no gap
junction coupling, and loses stability with the addition of even a small amount. Since we
know the existence of traveling wave solutions from the previous chapter, we look for them
here. We see that the traveling wave solution becomes unstable via a Hopf bifurcation. We
compute the bifurcation diagrams for various network sizes. The system exhibits bistability
depending on the network size.

In the last chapter, we look at a modified version of the Kuramoto model where we allow
for local coupling. We go over the Kuramoto model and study the existence and stability
of asynchronous solution. We see that the asynchronous solution loses stability and again
the network goes to a traveling wave solution. This is different than the outcome with
the original Kuramoto model where synchronous solution emerges as the coupling strength
increases.

In this work, we have seen that inhibition and gap junction coupling do not necessarily
have a complementary effects on network behavior of coupled oscillators. We have observed
that addition of local gap junctions enrich the dynamics of a symmetric globally coupled
network with synaptic coupling. Gap junctions support the emergence of traveling waves.
We have looked at the problem from three different perspectives and traveling wave behavior
was dominant in each of them. We have shown that pattern formation can be observed even

in a network with a simple architecture.

73



APPENDIX A

A.1 PHASE MODEL AND AVERAGING

We study the effects of electrical and chemical coupling in a network of phase oscillators.
The phase model we study in Chapter 2 is derived from a biophysical model. Since we will
use this reduction throughout the thesis, we state the theorems that enable us to proceed
this way. The first theorem was proven by Art Winfree and John Guckenheimer in 1970s

and it has been implemented by many researchers since then [25, 28, 34, 43, 47].

Theorem 4 Phase Model

Let the following equation
(A1) X =F(X), XecR™

represent a dynamical system which has an exponentially stable limit cycle v € R™ with

~

period 21 so that every trajectory 4 with an initial point v(0) in a small neighborhood of ~

stays in that neighborhood as t — oco. Then, the dynamical system given by
(A.2) f=1, 06e§
is a canonical model for all systems that are represented by [CA).

74



Proof of this theorem can be found in [34]. A model is canonical if there is a continuous
change of variables that transforms any other model from the family into this one [34]. The
use of canonical models has many advantages. First, these models are simpler than the
original dynamical system. We can derive the canonical model even when F' is not given
explicitly. The only requirement is that the system has a limit cycle attractor. We have
to keep in mind that these models only tell us the local behavior. In order to get global
information, one needs to use other tools.

Since we are studying coupled oscillators we need a modified version of Theorem B There
are several types of coupling: pulsatile, strong and weak. In the case of weak coupling, the

system can be written as:
(A.3) X, = Fi(Xi,\) + €Gi (X, \, pye), i=1,....n

where € is small enough. Assume that there is a value of the parameter A such that the

uncoupled system
(A.4) X; = F(X;,)), X,eR"

has a stable limit cycle attractor v; € R™. As we showed in Theorem (@), we can describe

the activity on the limit cycle in terms of the phase # € S' of oscillation

where €); is the natural frequency of the oscillations. Similarly, we can define the behavior

of the coupled system with:

QZ:QZ(A)—FGQZ(H,)\,[),G), izl,...,n
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The latter has been proven using different approaches over the years. Winfree used phase
response curves and Malkin’s theorem uses the Fredholm Alternative to solve the adjoint

problem. We will only discuss Malkin’s method here.

Theorem 5 Malkin’s Theorem for Weakly Coupled Oscillators

Consider the weakly coupled system

where the uncoupled system (e = 0) has stable 2m-periodic limit cycle solutions v; € R™. Let
T = et be slow time and let ¢;(1) € S' be the phase deviation from the natural oscillation

vi(t), t > 0. The vector of phase deviations ¢ = (¢1,...,¢,)T € T™ is a solution to
¢;:HZ(¢_¢Z7€)J iz]?"wn

where ' = d/dr, the vector ¢ — ¢y = (1 — ¢4, ..., ¢n — &)1 and the function

2T
(6 =6.0)= 5= [ QUG+ 0= )t

where Q;(t) € R™ is the unique non-trivial 2m- periodic solution to the system
Q; = —{DF;((t)} Qi
satisfying the normalization condition Q;(0)T F;(v;(0)) = 1.

Weak coupling allows us to use the method of averaging to reduce the model to a system
of phase equations. In this approach, each oscillator is represented by a single variable, phase,
that lies on $'. Interactions between two connected oscillators depends on the difference of

phases.

76



A.2 BIOPHYSICAL MODEL AND COUPLING FUNCTIONS

We use the biophysical model given in [13]. Each uncoupled bursting cell in the Limax model

has the form:

av
C— = —Ip—1Ig—Ic,
0t L— 1k — lc

= —gu(V = E1) — gxn*(V = Ex) — geam’M(V — Eca)

where n, h obey the equations:

dn

= = 0750, (V)(1 = n) = b, (V)
dh

= = L125(hee(V) = h)/7(V)

with
a,(V) = 032(—48 — V)/(exp(—(48 + V)/5) — 1)
bu(V) = 5exp(—(43 + V)/40)
heo(V) = 1/(1+exp((V + 86)/4))
(V) = if (V < (=80))
then (exp((V + 470)/66.6))

else (28 + exp((V + 25)/ — 10.5))

The activation gate for the T-type calcium current has the form:

m(V) = 1/(1 4+ exp(—(V + 60)))

The parameters are C' = 2.66, gx = 5, g, = 0.024, gco, = 2, Ex = =90, E¢, = 140,

Ep = —82, and Ej,, = —T78.
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Using this model in XPPAUT [22], we compute one full cycle of the periodic orbit. Once
we have a nice periodic orbit, we use the Averaging tool under Numerics menu to compute
the adjoint. The adjoint is then used by XPPAUT to get the interaction functions. We
take the dominating terms which are usually the first 2 or 3 terms that appear in the Data
Viewer. For detailed examples, the reader is referred to the manual for XPPAUT [22].

In our case, the approximations of coupling functions are as follows:

Hgy () = 35+ 200 cos(x) + 32 cos(2z) — 95 sin(x) — 5sin(2z)

Hyup(x) = 87 — 50 cos(x) — 37 cos(2z) 4+ 295 sin(x) — 65 sin(2x)
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APPENDIX B

To calculate the normal form for the bifurcation, we match the “€” terms from (EZI2):

0, = / AW Wiz~ y) — i ()] dy' = £y

We integrate both sides of the equation with respect to x to get €2; = 0. If we solve

Lipy = 0, we get that ¥ (z) = 2€™ 4+ ze™™ without loss of generality. Next, we look at

e2terms
2T
Oy = Lot / Ao(y) fn(x — ') — (@) df
27
(B.1) 28 [ finte =) = (e d

Substitute v; in the above equation and multiply both sides of the equation by 1 and

integrate w.r.to x

/27r QQ dr = 8wz Z [BQ(AQ) — Bl(AQ)]

QQ = 42 z [BQ(AQ) — Bl(Ag)]
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where B, (4;) = fozﬂ A;(y) e dy' | j=1,2,3. Now, we multiply ((B]) by e~**

0 = 21rqgr0q 2

which implies g = 0. So, we can write gs,, = g3, + €2g, and we solve for 1),

(B2) 0 = L @Z)g + (2262ix + 226_2m) [BQ(AQ) + B()(Ag) - 2Bl (AQ)]

We now propose that 1, = C' z2e%® + C' 72e~%% and substitute back in ((B))

0 = [Ba(A) — Bo(A1)] (C 226%% 4 O 52e2)

+[B(Ay) + Bo(As) — 2By (Ay)] (2% 4 z2e27)

Looking at the coefficients of z? term gives

2B (As) — Ba(As) — By(As)
By(Ay) — By(A)

(B.3) C

We have to make sure here that the denominator is non-zero. This is easy to see since
By(A1) — Bo(A1) = 0 would imply that g}, = %?‘1) which is not true since g3, =

%ﬁh—l) and Iy > Is.

Next, we look at “€3” terms
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Qs = L+t /0 " As) Wz — o) — (@) dyf
+2 / " Aoy) [z — vl — o)+ vn (@ )n()] dy
_2/0 W As(y') iz — ¢ )a(2) + i (2)e(z — y)] dy
G201 n

(B.4) 5 [W1(z —y) — ¥u(2)] dy’

2r Jo

Let’s look at the terms in ((B4) closely

[hi(z — o) — 1 (2)]? = [2eTe™™ + ze7®eW — 2o — ze7)
= 23T 4 32276 4 3272070 4 Fiem AW
_ 32332 _ 9,250,720 _ 5250
627201 _ 3u52e" 121 _ 53 =3z 21y
+328e¥7e 4 32%2¢ e 4 6272 e
+62226—ix6iy’ + 32226—im6—iy’ + 3236_3iw6iy/

T =3 —3ix

diw _ 352760 _ 3,727 _ F3e

—236

Let T' = [{1(z — ¢ )2 (2 — ) + Y1(2)h2(7) — Y1 (x — y )2 (x) — Y1 (2)2(2 — ¥')], then
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T = [(ze®e™™ + ze eV )(C22e¥e 2 4 C7le 2™
+(z€" 4 ze7)(OF2e¥™ + CF%e %)
—(ze™e™W 4 ze7 e ) (C2%eHT 4 CFPe27)
—(zem + Ze‘”)(sze?ire—?iy’ + 6226_2ix€2iyl>

— Cz3e3i:(:e—3iy’ + Cvzz2e_ixeiy/ + ngzeme_iy/
+CFe 3 L 033 4 OrzPem™™
+0227e" + O™ — OB3e3e™W _ Opz2e e
—O2zeeW _ (333t
—C3ePe2W _ Cpz2e
— O3 2 _ (1530 3im 21y
Substituting ¢; and ¢ in ([(B) and using the expansions for [¢;(z — y') — ¢y (z)]® and

T , we then multiply both sides of (B4 by 1 and integrate w.r.to z to get Q3 = 0. Next,

multiply both sides by e~* and integrate with respect to x

!

27
0 = 223 / As(y) [9e7Y + 3¢ — 372 _g] dy
0

2
+20C 222/ Ay(y) [e — e — e 1 1] dy — gaonz
0

we can simplify this as follows

0 = Z2 2[1231(143) - 332(143) - 9B0(A3) + 2C Bo(Ag) - 2CB2(A2)] — 2012
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by lettlng C = 12B1 (Ag) — 332(143) — 9B0(A3) + 2C BQ(AQ) — QCBQ(AQ) and nN= —gxt1

we have the normal form at the bifurcation point as

0 = (242
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