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Abstract

We consider a pair of uncoupled conditional oscillators near a subcritical Hopf bifurcation that
are driven by two weak white noise sources, one intrinsic and one common. The effect of the
competition between the common and intrinsic noise forcing on the synchronization behaviour of

the phases of these two oscillators is studied.

Using a stochastic multiple scales method, we derive the envelope equations of the oscillators and
then use the theory of linearized stochastic differential equations as well as an asymptotic analysis
to study the probability density of the phase difference of the oscillators. It is found that common
noise increases the degree of synchrony in the pair of oscillators and that it can be characterized by
the ratio of intrinsic to common noise. Furthermore, the nonlinear dynamics of the oscillators can
affect the character of this synchronization in terms of the average phase difference. The results are

also related to the study of spike time reliability and possible implications are briefly discussed.
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Chapter 1

Introduction

Synchronization and coherence of multiple oscillators is of general interest to many scientific and
engineering disciplines, notably in biology and neurophysiology where modeling of various chemical
and cellular processes by dynamical systems is common [27, [37]. The electrophysiological behaviours
of individual cells are often studied using mathematical models like the Hodgkin-Huxley (HH) [20]
and Morris-Lecar (ML) models [31]. These models can be classified as oscillators because they
display repetitive behaviour under certain conditions. Modelling of individual cells is useful in
studying processes that occur on a larger scale, like travelling wave patterns in brain tissue and
coherent beating rhythm of the heart that depend on “collective oscillations”. Phenomena like
these often depend on the synchronization of cellular dynamics. Other applications such as these,

from a broad variety of disciplines, continue to motivate the study of oscillator synchronization.

Synchrony has been studied in weakly coupled oscillators for many years. It has been found that
identical oscillators synchronize when interaction occurs through diffusive coupling [34]. When the
dynamics of the oscillators are similar, but not identical, then oscillator entrainment with a constant
phase shift occurs. This study is also an early example of the method of phase reduction, where
the dynamics of a limit-cycle oscillator are described via a phase variable. In 1984, Kuramoto
laid much of the groundwork for the study of deterministic oscillations, including the method
of phase reduction [27]. Kuramoto is now a standard reference for those studying oscillations.
Within the field of neurophysiology, there is an array of possible interneuron coupling methods
(excitatory vs. inhibitory coupling, delayed coupling) mediated through synaptic coupling. There
is also a broad variety of dynamical behaviours that exist in various neuronal models (spiking,
bursting, mixed mode oscillations). As such, many works on the study of weakly coupled oscillators
have been written in a neurophysiological context [Il, [6H9] using these models. A few of these
models are discussed in section Given that many oscillatory systems are exposed to noise,
studies have also been undertaken to investigate the effects of stochastic forcing on oscillators
and coupled oscillatory systems [15, 29]. Stochastic effects in dynamical systems have long been
known to lead to behaviours that are unpredictable by deterministic theory. Several of them,
surprisingly, lead to increased orderly behaviour in certain dynamical systems. One of the most
famous examples is stochastic resonance, whereby stochastic forcing in conjunction with weak

periodic driving in a bistable potential results in well transitions that are in-phase with the periodic
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driving. The noise is an essential component to this phenomena as coherent transitions do not
exist if either the noise or periodic driving is eliminated from the dynamics. There are other similar
orderly behaviours induced by noisy forcing such as coherence resonance and self-induced stochastic
resonance, [14], 28], [38]. Many of these effects are counter-intuitive because any addition of noise
into a dynamical system is generally seen as having a detrimental effect on the coherence and order

of the system.

Recently it has been revealed that a common noise source synchronizes oscillators that are
uncoupled. That is, when two oscillators that are not interacting with each other experience the
same noisy forcing simultaneously, their dynamics begin to synchronize. This is another example
of order induced by noisy forcing and this result has attracted much attention since its discovery.
Noise induced synchronization is a non-intuitive result, but is not totally unexpected as it is widely
known that forcing two identical oscillating systems with the same smooth forcing function leads to
entrainment of their dynamics. The validity of noise induced synchronization has been confirmed

by experiments on olfactory bulb neurons [13].

There has also been a great deal of interest in noise induced oscillator synchronization as it
pertains to the phenomenon of Spike Time Reliability (STR) of neuronal cells. STR refers to the
phenomenon whereby repeated applications of rapidly fluctuating applied stimulus to a neuron
produce an essentially identical response with each application in the neuronal dynamics where
repeated application of a constant current fails to do so. Experiments involving prepared slices of
neuronal tissue have confirmed this phenomenon to be true several times [5, 30] and there is some
theoretical work supporting STR [4]. There are clear implications of STR on synchronization of
uncoupled oscillators. The main result of STR implies that if many similar neuronal oscillators are
subjected to the same noisy forcing simultaneously, their behaviour synchronizes, despite the fact
that the neurons are not interacting with each other. STR is discussed in more detail in section

LI4

The study of oscillator synchronization has yielded two major methods that are often used to
characterize synchronous behaviour. The first is the probability density function for the phase dif-
ference. To compute the phase distribution, Fokker-Planck theory is usually incorporated into the
analysis[L6]. Goldobin and Pikovsky use Fokker-Planck analysis to derive the probability density
for the phase difference of multiple phase oscillators [18]. They study a pair of phase oscillators in
two different situations. In one case, the oscillators under study have different angular velocities
and experience only common noise forcing and in the other, the oscillators are identical and experi-
ence both common and intrinsic noise forcing. They find that in both cases the differences between
the oscillating systems cause intermittent phase slips, which are brief periods of desynchronization
of phase oscillators, by observing the power law tails of the distribution and numerical simulations.

More recently, Nakao et al. studied synchrony of multiple oscillators by calculating the probability
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density function of the phase difference for a general class of limit-cycle oscillators with great suc-
cess [33]. Moreover the analytical results are very accurate quantitatively, when compared to the
numerical results. The work also predicts the emergence of multiple phase clusters of oscillators
under certain multiplicative noise conditions; a very non-intuitive result. This clustering is pre-
dicted by observing the probability density function for the phase difference from the mean. The
existence of common noise forcing in addition to intrinsic noise produces a peak at phase difference
zero (or multiple peaks) in the probability density function. This indicates a comparatively greater
probability of observing the phases of the oscillators near the same value and thus synchronous
behaviour exists, although it is not perfect. They predict the phase slipping observed in the simu-
lations in the presence of weak intrinsic noise by observing the power law tails of the distribution.
More recent studies of oscillator synchronization have built on these important analyses for both
uncoupled and coupled oscillators. Ly and Ermentrout applied a combination of Fokker-Planck,
Perturbation and Fourier analysis to the study of noise induced synchronization of coupled limit-
cycle neuronal oscillators [29]. The perturbation expansion method utilized in this work agrees
quite well with numerical data simulated using both a Monte-Carlo and numerical Fokker-Planck
solution. Other numerical studies involving the computation of the probability density function
from the Fokker-Planck equation for uncoupled oscillators have supported the conclusion of noise
induced synchronization of uncoupled limit-cycle oscillators [11]. The use of Fokker-Planck anal-
ysis allows the authors to derive the probability density function for the phase distribution and
determine qualities of the synchronization analytically, however the calculation of the Lyapunov

exponent is also a useful way of characterizing the dynamics.

Recent theoretical studies have revealed that the emergence of a negative leading Lyapunov
exponent is a good criterion for noise driven synchronization. In several studies where the phase
probability density is derived, the calculation is supplemented by the calculation of this Lyapunov
exponent [I8],33]. Teramae and Tanaka [43] found that a negative Lyapunov exponent is a strong
criterion for noise driven synchronization of a general class of oscillators. They define this Lya-
punov exponent for the synchronized state using the phase response curve [27]. Moreover, they
provide a general criterion under which two oscillators can display stable synchronization under this
characterization, which is that the phase response curve has a second derivative. Oscillators that
do not have this characteristic, such as the leaky integrate-and-fire model, appear to synchronize
in the presence of solely common noise but, in fact, spend time fluctuating about the synchro-
nized state in between intermittent phase slips with temporal distribution given by a power law
[32]. This is unlike oscillators with a continuous phase response curve, where the phase difference
becomes exponentially small in the presence of strictly common noise. The negative Lyapunov ex-
ponent criterion for synchrony is supported by Goldobin and Pikovsky [I8] who perform a similar
calculation of the Lyapunov exponent on the Van der Pol-Duffing oscillator in conjunction with

the aforementioned Fokker-Planck analysis of the stochastic dynamics. The authors give a more
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general definition for the Lyapunov exponent of the phase difference equation in [I9]. They confirm
that perfect synchronization is possible for idenitical phase oscillators forced with the same noise.
Furthermore, they discuss the effect of slightly different dynamics in multiple oscillators and find
that when the number of oscillators is greater than 2, perfect synchronization is not possible. They
also find that desynchronization of oscillators occurs when the common noise strength is sufficiently
large and the oscillator has a sufficient degree of nonisochronicity. All these conclusions are drawn
from analysis of the Lyapunov exponent which is often calculated numerically especially in the case
where intrinsic noise is of non-zero strength where analytical calculation is often not possible. In
the work of Nakao et al., the Lyapunov exponent confirms the existence of perfect synchrony when

intrinsic noise is not present [33]. By perfect synchrony, we mean there are no phase slips.

The current theory pertains to limit-cycle oscillators and phase reduction theory is applicable.
Specifically, phase reduction applies in the limit where perturbations from the limit-cycle do not
have a significant effect on the phase dynamics because the system is strongly attracted to the
limit-cycle. This is often the case when the oscillators are forced with weak noise. Other works
have also studied the validity of the method of phase reduction even in the presence of weak noise
forcing. Yoshimura and Arai study this question in detail and propose an alternative method of
phase reduction [44]. Further, they discover a mean shift in oscillator frequency as a result of the
noisy forcing. Teramae et al. studied the validity of phase reduction of stochastic oscillators and
determined a new phase equation is required in order to account for time-correlated noise and the
rate of attraction to the limit-cycle [42]. Their result is consistent with the results of both [44]
and previous results. This consistency is achieved by considering two different limits of the ratio

of noise-correlation time and decay rate to the limit-cycle.

To date, there is no existing theory that deals with the case of conditional oscillators subject
to common noise forcing as the oscillators do not exhibit limit-cycle behaviour in the absence of
noise. Conditional oscillators are characterized by sustained oscillations generated by forcing in a
system that would otherwise be quiescent; weakly attracted to a locally stable fixed point. These
sustained oscillations can be generated close to a Hopf Bifurcation point via the mechanism of
coherence resonance (also known as autonomous stochastic resonance) [45]. Coherence Resonance
(CR) refers to the phenomenon whereby the addition of noisy forcing into a nonlinear oscillator
generates a coherent response at an optimal noise level. When a dynamical system is subthreshold
to a Hopf Bifurcation, the noise can excite small oscillations close to the frequency of the oscillator

at the bifurcation point, and CR is observed. CR is explained in more detail in section [1.1.2

This thesis aims to provide theory for stochastic phase dynamics for conditional oscillators
experiencing intrinsic and common noise forcing. Since we are studying the case of conditional
oscillators, the results from the study of the synchronization dynamics of limit-cycle oscillators do

not apply and there are no results related to conditional oscillators, to our knowledge. Further
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to the goal of developing the aforementioned theory, is the study of the effects of common noise
on multiple conditional oscillators. We wish to see if the results of the study of noise-induced
synchronization hold in the case of coherent conditional oscillators. In particular, we attempt to

answer the following questions:

e Can noise-induced synchronization of conditional oscillators be realized?
e If noise-induced synchronization is possible, can it be characterized?

e Do different intrinsic noise strengths between oscillators have an effect on the dynamics?

We provide background on topics related to this thesis for the remainder of this chapter. To answer
the questions given above, we do the following. First, we give a canonical model for a conditional
oscillator in chapter We perform a stochastic multiple scales analysis of the model to derive
stochastic amplitude and phase equations for the main mode of oscillation, which provide the basis
for our analysis of the dynamics. We then analyze the stochastic differential equations using both
linear theory and a perturbation analysis of the Fokker-Planck equation for the phase dynamics.
In chapter |3] we describe the numerical method used to simulate the system of equations and
give numerical results for the oscillator dynamics. We also compare the numerical results to the

analytical results derived in chapter

We conclude that common noise forcing increases the degree of synchrony in uncoupled con-
ditional oscillators by observing peaks in the probability density function for the phase difference
indicating increased probability of observing the oscillators in-phase with each other. Moreover,
we find that the degree of synchronization can be characterized by the ratio of intrinsic to common
noise. We also discover that different intrinsic noises and amplitude dependent phase variation
lead to a peak in the probability density not centered at phase difference zero, indicating that one
oscillator, on average, leads the other in terms of phase behaviour. The conclusions are laid out in

more detail in chapter 4l Possible directions for further research are also given.

1.1 Background

1.1.1 Stochastic modelling

Most real world processes are subject to some degree of stochasticity. Due to this, the study of
stochastic processes is essential to learning about many real world processes. Moreover, stochastic
modeling often leads to dynamics that deterministic modeling cannot predict. However, one cannot
apply standard calculus and differential equations theory; stochastic calculus is required. There

are many texts written about stochastic calculus and modeling [16], 25, [36]. The application of
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stochastic calculus and stochastic differential equations (SDEs) has had a broad impact on many
diverse areas. For example, financial mathematics where the stochastic Ito integral is an essential
tool. The sciences have also benefitted from stochastic modelling. Chemical reactions are now rou-
tinely modeled with stochastic considerations meant to capture the fact that a chemical reaction
is fundamentally about individual interactions of molecules, rather than a continuum of reaction
[17]. Much like ordinary differential equations, most SDEs do not have exact, closed-form solutions.
Thus, numerical solutions are important. Given the probabilistic nature of SDEs, the correspond-
ing numerical methods have important considerations, such as the type (mode) of convergence
in addition to the order of convergence relative to time step size that is normally considered in
numerical methods for simulating ODEs [25]. Since we are studying noisy oscillators, stochastic
modeling techniques are essential and many of the concepts and techniques we refer to can be found

in standard works on stochastic differential equations.

1.1.2 Coherence resonance

Coherence resonance (CR) refers to the appearance of coherent oscillations in the behaviour of an
excitable dynamical system in the presence of a noisy forcing term in a quiescent parameter range.
In particular it can refer to the emergence of coherent behaviour at an optimal noise strength of
intermediate value. It is an excellent example of the emergence of orderly behaviour in a dynamical

system due to the presence of noise.

In the 1980s and 1990s, the phenomenon of stochastic resonance was a popular research topic.
In classical stochastic resonance, one studies a noisy particle in a bistable potential with periodic
driving. It is observed that oscillations between the wells in the bistable potential can be driven by
a combination of noisy forcing and periodic forcing [3]. When there is no noise present, the driving
is not strong enough to drive transitions between the wells of the potential. In the presence of weak
noise, transitions are rare. When the noise is too strong it overwhelms the underlying dynamics
and the particle transitions between the wells with no coherent behaviour. Stochastic resonance
occurs when transitions between the wells occur in phase with the periodic driving at an optimal
level of noise. This phenomenon has found applications in climate science, where the transition
between ice ages and warmer periods is thought to be driven by this mechanism [35]. Stochastic
resonance has also found applications in other sciences [40]. It was found later that noisy resonance
phenomena occur in systems that do not rely on periodic driving to induce transitions, but rather

depend on the intrinsic dynamics of the system to which the noise is applied.

In 1997, Pikovsky and Kurths undertook a study of the Fitzhugh-Nagumo (FHN) equations in
the presence of a noisy forcing term [38]. They found that very coherent oscillations could be driven

at an optimal noise strength and gave a measure for that coherence in terms of an autocorrelation
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function, C(7):

or) = OB =y - () (11)
where (y) denotes the time average of y. Using this coherence measure, they found that oscillations
of the FHN model were much more pronounced for a moderate level of noise, and coined the term
“coherence resonance” (CR) to describe this behaviour. The FHN equations are, in some sense,
the canonical model for an excitable system and have been instrumental in the study of excitable
systems. It is the excitable nature of the FHN system that allows for the coherent oscillations. In
[38], the system is taken to be close the bifurcation point that separates the qualitative behaviours.
When noise is used as a perturbative forcing, it repeatedly excites the system and drives coherent
oscillations. As in stochastic resonance, the noise cannot be too strong or too weak, or oscillations

are not coherent.

The work of Pikosky and Kurths is widely regarded as the seminal work on CR, although Gang
et al. had described a similar mechanism in 1993 [14]. They noticed that even in the absence of
periodic driving oscillations could be made most coherent at a moderate level of noise for a system
with a saddle-node bifurcation separating limit-cycle oscillations from quiescent behaviour in the
absense of noise. When at the critical value of the bifurcation parameter, the authors observe that
a characteristic frequency close to that corresponding to the period of the limit-cycle behaviour
is heightened when noisy forcing is introduced into the dynamics, indicating that the limit-cycle
behaviour of the system is excited by the noisy forcing. They introduce a quality factor for the
coherence of oscillations, 3.

8 = h(Aw/uw,) ! (1.2)

where h is the height of the power spectrum at the characteristic frequency wy,, and Aw is the width
of the peak. This is similar to the signal-to-noise ratio in traditional stochastic resonance. There

are other types of noise-induced resonance behaviours that are similar, yet different from CR [28].

CR is observed in this thesis as we drive small oscillations about a fixed point near a Hopf
bifurcation using weak noise forcing. The forcing excites the main mode of oscillation leading to a
increase in the Fourier power spectrum at a frequency close to that of the frequency at the onset of
the Hopf bifurcation. The more appropriate measure of coherence is given by ( in this case. This
problem has been studied by Yu et al. in [45].

1.1.3 Neurophysiological models

Neurophysiological modelling, and indeed much of mathematical biology, can be traced back to
the work of Hodgkin and Huxley who, in 1952, published work on modelling the behaviour of the

membrane potential in a squid giant axon [20]. This work spawned much of the work that followed
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in mathematical biology. The model is given by a set of four nonlinear ordinary differential equa-
tions, based from Kirchoff’s current laws and experimental measurements to determine refractory
behaviour of various ion gates that exist in the axon. The model may have a large degree of quan-
titative variability, but the qualitative behaviours persist for a range of parameters. One of the
most important qualities that the Hodgkin-Huxley (HH) model captures is ezxcitability of neuronal
cells. A system of nonlinear equations is ‘excitable’ if a relatively small stimulus can induce a large
excursion of the systems trajectory in phase space. A stimulus of ‘insufficient size’ perturbs the
system, but the trajectory returns to a neighbourhood of a stable fixed point without the excursion

behaviour.

The Morris-Lecar (ML) Model is a simplification of the wildly successful HH model [31]. It was
not derived directly from the HH model, but was derived through a similar methodology. Initially
it was derived from experimental observations of a barnacle muscle fiber, but captures many of the
same behaviours that the HH model predicts for excitable cells. The advantage of the ML model is
the fact that it is a two variable system, which allows for the application of phase plane analysis.
Similar analyses are much more difficult with the four dimensional HH model. The Morris-Lecar

model is as follows:

C%ﬁ/ = —gcamoo(V)(V = Vo) = ggW(V = Vi) = gr(V = Vi) + Lapp, (1.3)
= o) V)~ W) 1.4

where

Meo(V) = ;(1+tanh<v‘_/vl>), (1.5)

o) = v (V25)), "
#(V) = Acosh <V2;/4V3>. (1.7)

V is the membrane potential and W is the percentage of open potassium gates. The constants g; and
Vi represent various ion conductances and potential values, resp. Iy, is the applied current. It is a
bifurcation parameter for this system. Below the critical value of this parameter, the Morris-Lecar
model is quiescent and beyond it the system experiences sustained oscillations. Depending on the
values of the parameters of the system, the bifurcation that separates quiescence and oscillations is
different. For a Type-I ML oscillator, this bifurcation is a saddle-node bifurcation and the behaviour
of the oscillations is characterized by an arbitrarily low firing frequency. For a Type-II ML oscillator,
the bifurcation is a subcritical Hopf bifurcation. In this case, the onset of firing occurs at a finite

frequency. Both Type-I and Type-II ML oscillators have applications for modeling of real world
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neurons. Pyramidal cells are thought to possess Type I excitability properties [41], while mitral
cells are Type II [10]. For typical parameter values for both Type I and Type II behaviour, refer
to [23].

Both Type-I and Type-II ML oscillators are excitable, but with different dynamical conse-
quences. Close to the bifurcation point in the quiescent regime, a sufficiently strong perturbation
to a Type I oscillator results in a single spike before returning to a neighbourhood of the equilib-
rium. In the case of a Type II oscillator, a sufficiently strong perturbation pushes the trajectory
of the system onto the stable limit-cycle that coexists with the locally stable fixed point resulting
in oscillations. Return to the fixed point is accomplished by lowering the bifurcation parameter
such that the limit-cycle does not exist and the only equilibrium is the stable fixed point. The
bifurcation parameter may be treated as a dynamical variable on a slower time scale than that of
the action potentials making the system three dimensional. This slow variable oscillates about the
bifurcation point resulting in trains of action potentials separated by quiescent periods. This is the

dynamical phenomenon known as bursting.

Noise is present at all levels of the nervous system and recent modeling of neurons using HH
or ML models often includes white noise to model the stochastic effects. Some noise effects can be
intrinsic and some are common. Intrinsic noise usually models intracellular processes such as ion
exchange, while the common noise shared by multiple neurons represents input from other external

sources like other neurons.

1.1.4 Spike time reliability

When a neuron is subjected to an applied current of a sufficient strength in the current clamp
experiment, the membrane potential spikes until the applied current is turned off. Spike Time
Reliability (STR) refers to the phenomenon whereby repeated applications of rapidly fluctuating
stimulus to a neuron produce a precisely timed train of spikes with each application in the neuronal
dynamics where repeated application of a constant current fails to do so. A neuron which displays

the characteristic behaviour of STR is reliable.

STR has been observed experimentally in a number of works. In 1976, Bryant and Segundo
observed that repeated application of a Gaussian white noise stimulus to the same nerve cell (Aplysia
californica abdominal ganglion) produced an identical, time-invariant response [5]. Mainen and
Sejnowski made a similar observation in cortical neurons, but also made a comparison to stimulating
the neuron with repeated application of a constant current [30]. They observed that when driven
with a constant current, the variance in the times of the spikes increased from the time of stimulus
application. The variance in the interspike intervals would add up over time; the first spike time
had low variability but the last spike time was highly variable. This desynchronization of the timing

of the spikes may or may not be due to stochastic effects intrinsic to the neuronal cell. Brette and

9
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Guigon showed that aperiodic forcing for a broad class of neuronal oscillators allows for reliable
responses and that even periodic forcing does not result in reliable spiking [4]. A newer study by
Galan et al. blends the theoretical and experimental approach to study STR [12]. It is found
that there exists an optimal time scale for reliability of neurons, where the reliability is defined as
the correlation of time displaced voltage traces. The authors also describe the connection between
stochastic synchrony of oscillators and STR: If many similar neuronal oscillators are subjected
to the same noisy forcing simultaneously, their behaviour synchronizes, despite the fact that the

neurons are not interacting with each other.

10



Chapter 2

Analysis

2.1 The model

We consider the canonical A —w oscillator with parameters such that the system is subthreshold but
near a subcritical Hopf Bifurcation. This model corresponds with the normal form for a Type-II
Morris Lecar oscillator with parameters near the critical value of the applied stimulus needed to
induce a steady spiking behaviour [39]. The oscillators are subject to both an intrinsic and extrinsic

(common) noise forcing. The model is given by the following stochastic differential equations:

du; = M) @i — w(ry)ys] dt + 6 dni(t) + d¢ dne(t)
dy; = [w(ri)zi + A(ro)ys] dt, i=1,2, v} =a]+y}

i =

(2.1)

The functions 7;, nc are Wiener processes (standard Brownian motions) that satisfy (n;(t)) = 0
and (n;(t)nk(t — 7)) = 1yj=k}6(7) where j,k € {1,2,C} and (1) denotes the time average of 7.
di, dc are the respective strengths of the noise sources. Notice that the term dcdne(t) affects both
oscillators ¢ = 1, 2 identically. dn¢ is refered to as the common noise forcing term for this reason.
The other two noise terms dny, dne are the intrinsic noise sources and only affect their respective

oscillators.

In the general A — w system, the function A(7;) determines the behaviour of the amplitude,
while w(r;) determines the frequency behaviour for the oscillator. For our study we consider the

following functions for \(r;) and w(r;):
Mri) =N+ ar? + 91, w(r) = wo + wirl.

The constants A\, o and v are parameters that determine the bifurcation structure of the oscillators
amplitudes. The values of these constants determine the criticality of the Hopf Bifurcation that
occurs at A, = 0. We take )\, to be our bifurcation parameter. To ensure that the system has a
subcritical bifurcation for the deterministic system (01 = d2 = d¢ = 0), we choose o > 0, v < 0.
This leads to the bifurcation diagram seen in Figure One can do some standard stability
analysis on the deterministic system to see that the r; = 0 state is locally stable for Ay < 0 and

unstable for A\, > 0. Attention is focused on the regime A\, < 0, |\y| < 1; close to the bifurcation

11



2.2. Multiple scales analysis

point. In this parameter regime, the A-w model is a conditional oscillator, with a weakly decaying
amplitude. The noise drives coherent oscillations about the fixed point, as per the mechanism of
coherence resonance. A limit-cycle may exist depending on the parameters of the system. The
noise strengths are taken to be sufficiently small such as to limit the possibility of jumping to the

stable limit-cycle, if it exists. In the absence of noise, the amplitude decays to zero.

From the form of w(r;), one can see that the frequency of the small oscillations is, to leading
order, equal to wy. The frequency of oscillations changes depending on the amplitude of the

oscillator and this change is determined by the wﬂ“? term.

0.5;

-6 -4 -2 0 2
Az

Figure 2.1: Bifurcation diagram of r = /22 + y2 vs. A in the case of the deterministic system
(61 = 02 = 6c = 0) for a single oscillator given by (2.1). Other parameters include: € = 0.1,
a=0.2, vy = —0.2. Solid (dashes) lines indicate stability (instability). Black (Gray) lines indicate
a fixed point (periodic orbit). The data for this diagram was generated using XPPAUT

2.2 Multiple scales analysis

2.2.1 Deterministic analysis, parameter scalings

To analyze the small oscillations that are sustained by the noisy driving, we apply a multiple scales
analysis to the system of equations (2.1)) |21, 24]. We apply a classical multiple scales analysis to
the deterministic system (i.e: (2.1)) with §; = d2 = dc = 0) to obtain the scalings of parameters
for which weakly damped oscillations appear in the dynamics. These oscillations must not occur
on the stable limit-cycle. As such, we look for small oscillations that occur within the knee of the

bifurcation diagram that are of small magnitude. Writing x;, y; as an asymptotic series with € as

12



2.2. Multiple scales analysis

a small parameter yields

T; = €x;o+ 621’1‘71 + ... (22)

Yi = €eyio+ €2yi71 + ... (2.3)

Notice that we assume {z;, y;} = O(¢€) because we are looking for the amplitude equations for
small oscillations. Since we are looking close to the Hopf bifurcation point, A\; = 0, we perform an

asymptotic expansion in the bifurcation parameter near the bifurcation point,
A= €A+ Exg + O(3). (2.4)

We also introduce long time scales T} = et, T = €*t. Rewriting (2.1)) using these scalings gives

00 L0,
ot o1y oT,

€x;0 + ezxm =+ ...

€Yio + €yl + ...

_ [ A(ri)  —w(ry) ] [ €T; 0 +€21’i,1 + ... (2'5)

w(ry)  A(rg) €Yi0 + 62%,1 + ...

We consider the contributions to this equation to each order in € and solve the resulting equations.

To leading order (O(e)), we get the following equation:

0 | xio 0 wo Zi,0
O(e): — ’ + ’ =0. 2.6

The solution to this equation is given by

Tio | _
Yi,0

where A;, B; are functions of the long time scales. This is the main oscillatory mode of solutions.

(2.7)

A; cos(wot) — B; sin(wot)
A; sin(wot) + B cos(wot) |

The next order equation is given by
O(e) : 9 | win 4 0 wo Ti
Ot | wia —wo 0 | [ %ia
0 ; A0 ;
$Z,0 + 1 :L'z,O . (2,8)
Yi,0 0 M Yi,0

Ton
By the Fredholm alternative, the right-hand side of (2.8) must be orthogonal to the nullspace of
the adjoint of the operator acting on ;¢ in (2.6) to get a solution for {z; 1, y;1}. In the context

13



2.2. Multiple scales analysis

of multiple scales analysis, this is known as eliminating the secular terms. Define the matrix

0
0 D (2.9)
—Wwo 0
One can show using the definition of the adjoint that the adjoint of M, M* = —M. Thus, the null
space of M™ is given by

null(M*) = Span{ [ cos(wot) ] , [ ~ sin(wot) ] } (2.10)

sin(wot) cos(wopt)

differential operator M as follows:

0
e (2

Taking the inner product of the null space of M and the right hand side of (2.8]) and applying the

orthogonality condition gives the conditions for eliminating the secular terms,

2 fwo 0 Zi,0 At 0 Ti0
0.8 m [0 7 n ) dt = 0, 2.11
/0 (cos(wo ) sm(wo )) < oTy [ Yi,0 ] [ 0 A Yi,0 ( )

27 fwo 0 | wip A0 i,0
/0 (— sin(wot), cos(wot)) ( o1, [ ¥io ] [ 0 M || wio .

Evaluating the above integrals gives the following equations:

88T1Ai = A A, aaTlBi = \B;. (2.13)
Notice that if A\; > (<) 0, the parameters are such that the fixed point is unstable (locally stable)
and O(e) perturbations result in exponential growth (decay) on time scale T;. We study the case
where there is no exponential growth or decay on time scale 77, which requires that A; = 0 and
also that the leading order solution experiences no variation on the time scale T7. It follows that
the solution has no variation on time scale T1: 9x;/0T) = dy;/0T1 = 0. Then the nonlinear terms

{a, w1} influence the slow time dynamics. Proceeding to the next order, we get the following

b

Yi,2

s oy o]y
Wlﬁ%o A2 + Oﬂ“zo Yi,0

equation:

0 ; 0
o) : = E 0
3t yi,2 ) 0
0[],
o1, Yi,0
To eliminate the secular terms of the right-hand side of this equation, we take the inner product
of the right hand side of (2.14) with the null space of M*, as for the O(¢?) equations. We find the
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2.2. Multiple scales analysis

following equations must be satisfied:

78 A; = (/\2 + Ot’l”go)Ai — wngoBi (2,15)
8T2 b b

—a B, = wlrfoAi + (A2 + ar?o)Bi. (2.16)
8T2 ) s

It is shown later that this is consistent with our results from the stochastic analysis, which is
performed in essentially the same spirit. The analysis of the deterministic system has yielded
appropriate scalings with which to analyze the stochastically forced system. To construct small
amplitude oscillations (of order €) for this system, the bifurcation parameter \, must be within
O(€?) of the critical value, \; = 0 and negative. If Ay > 0, then the zero solution is unstable and
the oscillators’ amplitudes experience local exponential growth on the slow time scale. In this case,
the oscillatiors are driven onto the limit-cycle that exists in this regime. If o — 4ye?Xy < 0 and
Ao < 0 the system has a bistable behaviour where both the zero amplitude solution and the limit-
cycle are locally stable. If a? —4ye2)\y > 0 and Ay < 0, then only the zero amplitude solution exists
and it is stable. Provided the initial conditions are sufficiently close to zero amplitude, sufficiently
weak perturbations do not drive the system onto the limit-cycle that may or may not exist in ,
depending on the parameters. We take Ay < 0 from now on and choose it such that the system is
in the knee of the Hopf bifurcation (a? — 4ye?X2 > 0), unless stated otherwise. The time scale for

the slow dynamics is T = T = €%t.

2.2.2 Stochastic multiple scales analysis

We derived the parameter scalings necessary to observe small oscillations (O(e)) from the deter-
ministic multiple scales analysis (T = €*t, A\, = €2\, A2 = O(1) < 0). To derive the equations of
evolution for the envelope functions A;, B; in the general case, (i.e. non-deterministic system), we

apply a multiple scales analysis similar to that in [26] to include the stochastic contribution.

We assume {z;,y;} has a form similar to the leading order solution from the deterministic

analysis ([2.7)),
ZT; N
Yi

where A; = A;(T), B; = B;(T) are stochastic processes and evolve on time scale T = ¢?t. This is

Ai COS(WQt) — Bl Sin(th)

. (2.17)
A; sin(wot) + B; cos(wot)

valid in the small noise approximation,
0 < 41, 62, 00 < 1. (2.18)

Notice that we have not specified the order for the noise strengths; only that they are less than

O(1). We only require that the noise strengths are of the order such that they affect the behaviour
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2.2. Multiple scales analysis

of A;, B;. Secondly, we look for evolution equations of A;, B; on the slow time scale with the

intrinsic and common noise components expressed as two different noise processes,

dA; = Yu,dT + UAi[dei[(T) + UACdeC(T)a (2.19)
dB; = l/JBidT + JBi]ngi](T) + O—BCdeC(T) (2.20)

where each £,;(T') represents a Wiener process operating on time scale T'. The subscript I indicates
the effect of intrinsic noise forcing, while C' indicates the effect from common noise. We separate
them to better distinguish their respective effects. Notice that the common noise forcing is identical
in this ansatz. We expect it to be identically affecting both pairs of oscillators as the effect in

is identical also.

Applying Ito’s Formula to the expressions for z;, y; given by (2.17)) and substituting (2.19} [2.20)
where appropriate gives

dr; = %ﬁl dt + SZ dA; + ggd&
+% <gj§dA? + 233283 dA;dB; + g 2d32> (2.21)
= dx; = —ewpld;sin(wot) — B;cos(wot)]dt
+ecos(wot)[tha,dT + oa,1déa,1 + o acdéac)
—esin(wot)[Vp,dT + op,1déa,1 + opcdépc], (2.22)
= dy; = ewp[A;cos(wot) — B;sin(wot)]dt

“+e Sin(u)ot) [¢A dT + oA, [de I+ O'ACClgAC}
+ecos(wot)[¥p,dT + op,1déa,1 + opcdipc]. (2.23)

Comparing (2.22) - ) to with (| substituted in for x;, y;:

€3(cos(wot) (X2 + aR?)A; — wlR?Bi] — sin(wot) [(A2 + aR?)B; + wlR?Ai] )dt
+0;dn; (t) + dcdne(t) (2.24)
= €(cos(wot)ha, — sin(wot)Yp,)dT + €(cos(wot) [04,1dEa,1 + cacdEac]
—sin(wot) [05,1d€p,1 + opcdipc])
€3 (cos(wot) (A2 + aR?)B; + wlR%Ai] + sin(wot) [(A2 + aR?)A; — wlR?Bi])dt (2.25)
= e(cos(wot)p, + sin(wot)a,)dT + €(cos(wot) [oB,1dEB, 1 + 0 BCdEBC]
+sin(wot) [0a,1déa,1 + 0acdEac))

where Ri2 = A? + BZ-Q. Using projections similar to deterministic analysis and consistent with

Baxendale [2], we determine expressions for ¢4,, g, by focusing on the drift components of the
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2.2. Multiple scales analysis

equation. Consistent with the multiple scales assumption, we treat terms that evolve on time scale

T as constants and evaluate the following:

/27r/w0 (cos(wot), sin(wot)) - ((2.24)), (2.25))) dt, (2.26)
0

/ T it cos(eo) - ((.24), (2.25)) dt. (2.27)
0

From this integration, we determine the functions 1 4,, ¥'p,. The result is consistent with what is

observed in the deterministic analysis above.
Ya, = Ao+ aRDA; —wiRIB;, tp, = wiRIA; + (M2 + aR?)B;. (2.28)

This projection to determine v 4,, 1 p, is identical to eliminating the secular terms from the higher
order equations for € as done in the multiple scales analysis of the deterministic system. To de-
termine the stochastic component we follow Baxendale [2]. To obtain the values of the constants
{oA,1, 0B, 10,1, OBy1,04C, 0BC}, We consider the diffusion terms of the averaged generator for
the original system and the generator for the equations given by . The diffusion
terms of the generators must be equal to each other for consistency. Expressing the noise terms on

the slow time scale and using the properties of the Wiener process gives
dn(t) = dn(e >T) = e *dn(T), where 1(t) is a Wiener process on time scale t. (2.29)

We write the diffusion terms of the generator [36] for the stochastic processes given by the orig-

inal system 1} and the ansatz 1 . These diffusion terms are given by ng‘g,iv waw’i

respectively,

2 2 2 2 452 2 2 4 g2 2
D2 :(6z+50> 9 D2 :(UAZ-I UAC) 0 +<03i1 UBC) 0 (2.30)

origsi 22 ) 9x2’ Tmewd 2 §A2 2 dB?
(2 K3 K3

2

To determine the averaged diffusion operator, we change variables from (z;,y;) to (4;, B;) for D7, ;

so that both operators are expressed in the same variables. Then, we average the resulting operator
over the one period of oscillation on the fast time scale. Denote the averaged diffusion operator for

the original system by Dizomgvi.

2, &2 2 2 2
ng-g’i = <6’i ;;fC) ((:osz(wot)aaAz2 — 2 cos(wpt) sin(wpt) 8A?8Bi + sinZ(wot)aaB22> (2.31)
_ 27 /wo 52 + 52 92 52
D20 = D2 dt=(-+-—C . 2.32
orig, A omg,zdt ( 4el ) (8Af+6BZ2> ( 3 )
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2.3. Determining the linearized probability density function

To ensure consistency of the multiple scales analysis, we equate the coefficients of the diffusion

operators, keeping in mind that we want to separate intrinsic and common noise effects:

2
D2oigi = D

G (9, Y _ JAZ.IH,%C 0 (7hatope) O (2.33)
4et 0A? "~ 9BZ) 2 DA? 2 oB? '

We get the following values for the noise strengths for the ansatz (2.19] [2.20)):

51' 50
AL OB =BG, 0AC=O0BC = pg (2.34)

Thus, we have determined the SDEs for A;, B;,i =1,2:

Ji
dA; = [(A2 + aR})A; — wi R?B;] dT + f S déar+—= f 5 déac, (2.35)
Sc
dB; = [w1R?A; + (A2 + aR?)B;| dT + —— dép,; + —— d 2.36
[wi (A2 )Bi] \[6 $Bi1 N ¢Bo- (2.36)

Notice that because of the noisy forcing, the amplitude of the oscillations does not evolve to
the steady state where A; = B; = 0. In effect, the noise excites the main mode of oscillation
{cos(wot), sin(wot)}. Notice the noise strengths must be O(€?) to ensure consistency of the mul-
tiple scales analysis. Now that the stochastic differential equations that describe the envelope of
oscillations for the original system have been derived, we perform an analysis of the linearized

system.

2.3 Determining the linearized probability density function

For small amplitudes R; < 1, we linearize (2.35] [2.36]) about R; = 0.

o
dA; = M A; dT + —— \[ 5 déa,r + —F—== NG d€ac (2.37)
oc
dB; = \oB; dT + —— d 4+ —d . 2.38
2 \f 5 4Bt NG ¢BC (2.38)

In this approximation, the terms A;, B; evolve as Ornstein-Uhlenbeck (OU) processes, which are
straightforward to analyze. Unfortunately, as with any linear approximations, nonlinear effects are
lost. We lose the amplitude dependent frequency variation, described by w1, as well as the nonlinear
amplitude effects. In particular, there is no possibility of jumping onto the stable limit-cycle, which
may coexist with the stable fixed point depending on the value of As. Due to the fact that the

system is forced with weak noise and experiencing small oscillations where the nonlinear effects are

18



2.3. Determining the linearized probability density function

essentially negligible, this linear approximation can be justified, provided the noise is sufficiently

weak.

We start with the probability density function for the A;, B;, denoted P(A1, By, Aa, By). Writ-

ing out the full system in matrix form gives the following:

e
Ay dép,1
dA=nA B, A= | D] ag=| B
Az d&B,1
B d§ac
| déBc |

00 0 0 0 d¢ O
1 0 6t 0 0O 0 é¢

B = 2.39
V221 0 0 6 0 6¢ O ( )
0 0 6 0 d¢
The probability density function for {A;, B;} given by (2.39) is
P(Ay, By, Ay, By) ! [ Ly —1;1} (2.40)
, By, As, = —————exp|—-4A0 .
b P A2, 5 (27)2/Detle] T 2

where o = (—2)\2) 'BB’. We denote the phase of oscillator i by ¢; = arctan(B;/A;), and the
amplitude R; in the same way as above. Technically, the phase of the oscillator should be defined
as ¢; = arctan(y;/x;), but it is easily shown to be equivalent to the above definition by our
change of coordinates . The joint probability density for amplitude and phase, denoted by
P(Ry1, ¢1, Ra, ¢2) is given by [16]:

2 52
P(Ry, ¢1, Ra, ¢2) = CRy Ry exp /\—20 x (AoR? + A\R3 — ?leRg cos(pz — é1)| - (2.41)
where \2 52 52
— 2 % 4 %
C= AR — (01/2) Ai=gh+ 50 (2.42)

The end goal of this analysis is to obtain the density of the phase difference ® = ¢o — ¢1, of these
two oscillators when driven by a mixture of common and intrinsic noise forcing. We denote the

density by P(®). Using the standard definition of the marginal probability density function we can

obtain an expression for said density:

P(®) :/_7; /OOO /Ooo P(Ry, 1, Ry, ® + ¢1) dR1dRod¢by . (2.43)
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2.3. Determining the linearized probability density function

Evaluating such an integral is a non-trivial task as, in general, P is a Gaussian distribution with
correlated terms. We evaluate this integral by deriving the general solution to another integral of

the same form.

Consider the following integral:
1= / / 7S exp (—ar2 —bs? + crs) drds, a,b>0. (2.44)
o Jo

To evaluate it, we first apply a linear coordinate transformation, ) to diagonalize the quadratic

form in the exponential:

_1
ar2+b32—crs:{r s}[ al ;C][T]:[T S}QDQIIT], (2.45)
-3¢ s s
where
[ eic esc
Q = afbf\/(otfb)2+c2 a7b+\/(afb)2+02
€1 €9
- L
2
el \/1 i <a_b_ (“_b)2+‘32)
€2 - \/ 2 -1
14 | —— e
<a—b+\/m)
b [ La+b)+1/la—b)2+ 2 0
I 0 Ha+b)—3\/(a—b2+c2

One can show with a little bit of work that @ is unitary (i.e: Q~! = Q7). The requirement of a

unitary transformation allows us to diagonalize the quadratic form. We apply the transformation

1]l

to the integral. Depending on the value of ¢, the result changes due to a flipping of the region of

>

W>

] (2.46)

integration. If ¢ > 0, then:

Us U;

I= / / (Q11Q217* + (Q11Q22 + Q12Q21)78 + Q12Q225%) exp [~ D117* — D325°] Det[Q)] dids,
Ls JL:

(2.47)

where
Li = —Q20Q51'5, Us=—Q12Q1'3, L;=0, Us= 0. (2.48)
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2.3. Determining the linearized probability density function

If ¢ < 0, then

Us U
I'= / / (Q11Q217* + (Q11Q22 + Q12Q21)78 + Q12Q225%) exp [~ D117* — D325°] Det[Q)] dsdr,
L JL

(2.49)
where

Ls = —QuQp7, Us=-QuQp7, Li=0, Ui=o0 (2:50)

and ();; denotes the it" row and j** column of Q. In both cases ¢ > 0 and ¢ < 0, this transformation
maps the domain of integration to an infinite triangular domain. Considering the case where ¢ # 0,
we evaluate (2.47} 2.49)) with the software package MAPLE to obtain

I=a« (g + arctan(ﬁ)) + (2.51)

where

~ Det[Q] Qi2Q22D11 + Q11Q21 D22

a = - DD , (2.52)
Q12Q22D11 + Q21Q11 D22
) 2.53
’ Det[ QDD 259
B Det[Q]?
7T DDy (259

Now that we have an expression for the above integral, in terms of the values of the entries of the
matrices @ and D, we can begin to perform the back substitutions to get the integral, I, in terms of
a, b, c. Performing the necessary back substitutions for various quantities appearing in the resulting

expression for I we see that:

o= % _ p=—_° =1 (2.55)
 (4ab — c2)3/2’  Vdab— ¢’ T A= '
Comparing to (2.43] [2.41)), we see that
_ T
P(®) = 41(®) | + arctan (52(®) ) | + (@), (2:56)
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2.3. Determining the linearized probability density function

where the terms (31 (®), G2(®) and [3(P) are as follows:

62 cos(®) (A1Ay — (54/4€%))

B1(@) I (A1 Az — 68 cos?(®@) /(465372 (2.57)
Ba(®) = O cos(®) , (2.58)
\/468A1A2 — 0 cos?(P)
1 A1Ay — (84/4¢%)
B = <A1A2 7 cost(@) /(468)> ' (2:59)

Notice the properties of this solution. First, it is an even function of ®. Notice also that when
5c = 0, P(®) is constant, indicating that in the absense of common noise the phases are completely
desynchronized in the linearized regime. Also notice that when dc > 0, the distribution ceases to
be uniform, indicating that the common noise forcing is indeed having some effect on the phase
dynamics that is different from the effect of the intrinsic noise forcing. We show in Chapter [3| that
this probability distribution matches simulated data from the original system quite well in

regimes where this approximation is appropriate.

At this point, we take the opportunity to define a parameter, K, which can help characterize

the synchronization behaviour of the system:

52, 57 AV
K=——F—r—=||1+5|(1+% . 2.60
2¢tV/A1 A K 5%) ( 6%)] (200
Notice that K € [0,1] for all values of noise strengths. K = 0 and K = 1 correspond to the cases

of no common noise and only common noise, respectively. Making the appropriate substitutions
into (2.57] [2.58] [2.59) leads to the following:

K cos(®) (1 — K?
Al@) = 2%(1—;(2)(:(082(@))2/2’ (2:61)
Ba(@) = \/%, (2.62)

72
3@ = g5 (1= Fraora)) (263)

We see that, to leading order, only the ratio of intrinsic to common noise strengths is important in
determining the character of the phase probability density function. Notice that when K = 0, the
phase difference probability density function is uniform, as we would expect given that there is no
common forcing. When K = 1, the density is zero everywhere except at & = 0 where a singularity
occurs. This suggests the existence of a d-function solution centred at ® = 0 when K = 1. We

discuss this case later in section P.5.11
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2.3. Determining the linearized probability density function

As mentioned, this linearized approximation for the SDEs has eliminated the effect
of the amplitude-dependent phase term (wlRZZ), which become important when the oscillators
experience intrinsic noise of different strengths as we show later. It also eliminates higher order
amplitude effects (aR?). To capture the effects of these terms, we perform a different asymptotic

analysis of the amplitude and phase equations as given in section

2.3.1 Moments for amplitude derived from distribution

To calculate the various moments of amplitude from the probability density function given by (2.41}
2.42)), we must integrate (2.41)) over all the values of ® = ¢ — ¢1, ¢1. Notice that the evaluation

of that involves an integral of the form

s
/ 3@ (2.64)
—T

which is non-trivial. To evaluate this, we evaluate a contour integral in the complex plane. Let
2z = €. The integral is now a path integral around the unit circle in the complex plane moving

counterclockwise. Denote it by I'.
. T a _
z=¢€" dz=izdr = e3(®) g = —i/ e2+2) 71 (2.65)
r

—T

where Z denotes the complex conjugate of z. Observe that as we have defined z, we have that

Z = 2~ 1. Rewrite the integral as follows:

a( iz 1
- 2/ e2+2) 71 gy = —i/ — exp (gz + g2_1> dz (2.66)
T T < 2 2

We can now write the exponential terms as a power series and apply Cauchy’s residue theorem to

this integral.

o (3) = La(3) 27

n=0
- _i/p %eXp (gz + %Z_l) dz (2.68)
= 27 Res,—g [i exp (gz + ;Lzl)]
1 (1 /az\n» 1 /a\n
oo} (55 (3)) (£ 2
0 a2n
N 2”; 220 (nl)2 (2.69)
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2.3. Determining the linearized probability density function

This integral converges for all ¢ € R by the comparison test as follows:

e a2n M-1 a2n > a2n

S gis SD mmrg T D e <00 (2.70)
2 2 2 2 2

n=0 2 n(n') n=0 2 n(n‘) n=M 22n (% + k) "

where M is the first positive integer such that M!? > (a/2 +k)?M and (a/2 + k) > a/2. Using this
result we have the marginal probability density function for the amplitudes determined from the

linear theory, P:

2
P(Ry,Ry) = 4m*CR Ry exp [7;20 x (AyR? + Ale)] X

i 1 (1 M0RRiR, ™" 271
0 (TL')2 2 64A1A2 — ((5%«/464) ’

n—

We include a short moment calculation here for a consistency check for later calculations. To

calculate the expected moments for R;, we evaluate the following integral

E[RY]

X

A2 C —
T /0 /0 (n)? \ 2¢* Ao

2
exp [7;20 x (AR? + Ale)} dR1dR;

/0 /O RN P(Ry, Ry) dRydRy (2.72)
[e’s) 2n
Z 1 <‘% WQC) R{V+1+2nR%+2n
n=>0

(2.73)
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2.3. Determining the linearized probability density function

To interchange the infinite integration and infinite summation, we appeal to the monotone cover-

gence and dominated convergence theorems.

> [ 1 /62 x20\™
E N1 4 2 ~C
[Ry'] 4 07;) (n)2 (264 Ao ) X

00 00 2
/ / R+ gL g KC x (AyR? + Ale)} dedRQ} (2.74)
2

oo [ 2 9 2N o0
— ey | <50” C) / RN+H1+2 oxpy [0 R2] dRy

-0 (n')z 264 )\2 0
/ R%—ir?n exp [CQR%] dRQ] (2.75)
0

2
where (o = TCAQJ (2.76)

2

1 52, w20\ 2" I'(1+n+ N/2)T(1+n)

_ 2 Fo)

= Arx CZ <264 A2 ) 4(—01)1+n+N/2(_02)1+n (2.77)

where T is the Gamma function which satisfies I'(n+1) = n! if n € Z,. Rewrite the factorial terms

using this property:

2n
2 I'(n + 1+ N/2) 2 rC 1
Cz 264 Ao (_Cl>1+n+N/2(_C2)1+n (2.78)

We cannot evaluate this sum when N is odd, given the difficulties in evaluating quotients of the

Gamma function involving non-integer arguments. Considering the case N = 2, we get

20 S 54 7T402 n
E[R?] = T~ Nn(x<_- -
Bl = g nzo(” b (468 )\%Clcg>

AN 48 2

N 027'('4 5é — 468A1A2
Ay

_ =1 2.
. (2.79)
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2.4. Asymptotic analysis of amplitude and phase equations, Fokker-Planck equation

We also wish to evaluate E[Rfl]. Unfortunately, we cannot evaluate it, but we can show that it

exists by observing that the sum converges.

20 & (1-3-5-----2n—1) (&4 w*C? \"
E[R"] = — S s 2.80
By ] —Cov/=Cy n=0 27 (n!) <4€8 )‘30102> (250
™20 &
= ———— Y z,K”" where z, = (1 - o) zp 1, 29 =1 2.81
BreAYaen nzox where z (1 - %) @n_1, o (2.81)
m2c &

——— ) K<
oo

< (2.82)

Thus E[Rfl] exists. This exercise supports the calculation of the moments of amplitude undertaken
in section where we use a different approach to calculate the moments of amplitude that allows

us to include the nonlinear effects.
2.4 Asymptotic analysis of amplitude and phase equations,
Fokker-Planck equation

From the equations (12.35] [2.36)) we derive equations for the scaled amplitude and phase. Applying
Ito’s formula to get SDEs for R;, ¢; gives the following SDEs for amplitude and phase:

dR; = (Ri()\g + ozR%) + ;AiRi1> dT + \/%62 [cos(¢i)(0:d€a, 1 + dcdEac)
+sin(¢;)(0:;dEp, 1 + dcdépc)] (2.83)
d¢2 = wlRiQdT + \/§;Rl [COS((ﬁi)((sidﬁBi[ + (Scdec)
—sin(¢;)(0:d€a,1 + dcdéac)], i=1,2 (2.84)

To derive a FPE for these four SDEs is straightforward, but the solution of such
an equation is less straightforward. Even numerical computation is not desirable as the FPE is
dependent on four variables, making it a computationally expensive problem to solve. One can
try to separate the amplitude and phase contributions to the FPEs in the method highlighted in
[33], but this is not possible. Instead we look for a reduction based on the observation that the
amplitude R; and phase ¢; evolve on different time scales. We consider the SDEs for Ry, ¢1, noting

that the same analysis applies for R, ¢3. Rescaling R; = ps, where s = O(1), and p < 1 and
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2.4. Asymptotic analysis of amplitude and phase equations, Fokker-Planck equation

substituting into ([2.83)) yields

A
ds = <s()\2 + ap?s?) + 2[)215> dT + \51“2 [cos(¢1)(01déa 1 + dcdéac)
+sin(¢1)(01dép, 1 + dcdépc)] - (2.85)

Then for /A; < p < 1 in the equation for s, the leading order terms for the drift and diffusion
dynamics evolve on the slow T time scale. With Ay < 0, the linear terms in indicate mean
reverting behavior on the T scale. This suggests that R; then has mean reverting behavior on the T'
scale. Small values of R; in the drift terms in describes evolution on the even slower A;T time
scale for ¢. We see later that this scaling assumption for R is consistent with the calculation of
the expectation value of the first moment of amplitude. The difference in time scales in the R; and
¢; suggests an evolution of R reminiscent of a quasi-steady approximation, where the more rapid
variation of R; treated as independent of ¢;. Then we look for an approximation of the probability
density function for R;, ¢;, i = 1,2 where R; evolves independently of ¢;, while ¢; maintain their

R;-dependence.
We then integrate the SDE (2.84)) against the distribution for R;. The end result is that the

various moments of R; are replaced with their expected values. Thus, we get the following modified
SDEs for the phases,

\/%621@[}3;1] [cos(¢) (81 3,1 + dodEnc)

—sin(¢;)(8;déa, 1 + dcdéac)], i=1,2 (2.86)

dp; = wE[R?dT +

We thus achieve a pseudo-separation of the amplitude and phase components for the oscillators,
and we consider the phase behaviour that includes the influence of the R; through its moments.
There is some analogy to the approximation used in [I8] [43], where the authors undertake an
analysis of the phase equations via a phase reduction technique of the original system of equations
under study. In those studies, the phase reduction is justified as perturbations from the limit-cycle
are shown to return to a small neighbourhood of the limit cycle very quickly, which allows for a
characterization of the dynamics through the phase. In our problem, due to the separation of time
scales, our moment approximation is, in some sense, similar to assuming close proximity to the

limit-cycle in the above studies.

For the phase difference ® defined above and the phase variable ¢1, the FPE for the probability
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2.4. Asymptotic analysis of amplitude and phase equations, Fokker-Planck equation

density function ¢(®, ¢1) is given by [16],

0 0 0
or = e (BIRE] ~ BIRY) o — wiE (R

+1 [AE[R{)? + A E[R’l]Q]@ — @E[Rfl]E[Rfl]ai(cos(@) )

2 T 2H T ger Tt R a0 1
0? 52
+2re ((-MBIRE + JEEIR Bl Y cos ()
192 %q
+[AE[R] ] ](9@512} . (2.87)

This is now an advection diffusion equation in 2 dimensions with anisotropic diffusion. Given that
this is a FPE for phase behaviour, the boundary conditions for this system are periodic, and the

solution must be normalized:

gmtn gmn ,
W‘](_Wﬂbl) WQ(%%)’ (2.88)
omtn gm+n

domog T = pamag T

where m,n > 0 and
/ / q(®, ¢1) dPdpy = 1. (2.89)

To get a sense of what affects the behaviour of solutions to the FPE, we derive E[R?], E[R;

-] in

terms of the system parameters.

2.4.1 Deriving the moments including nonlinear effects

To compute the expected values of the moments for the amplitude we return to the equations given
by our ansatz for the coefficents of the dominant oscillatory modes for the amplitude: A;, B;,
. As above, we assume that R? is small, and obtain linearized SDEs which are
OU-Processes. Moreover, we can see that linearizing the SDEs has resulted in a decoupling of A;
from B; terms and thus a separable probability density for each component, assuming there are
negligible correlation effects. We explain below why this assumption is acceptable in the range of
parameters where the OU approximation is appropriate. The probability density function, p; for

the i*" independent oscillator is given by

Y A
pi(A,B) = pa,(A)pp,(B) where pa;(A) = A; exp <A2A2) (2.90)
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2.4. Asymptotic analysis of amplitude and phase equations, Fokker-Planck equation

Performing the change of variables (A;, B;) — (R;, ¢;), and change of measure, we find that to

leading order the distribution for the amplitude of oscillator 4, p;, is given by

pi(R;) = A exp <Ai Ri> (2.91)

Notice that this distribution agrees with (2.41] [2.42)) in the limit where no common noise is present,
and thus the oscillators are independent. Various expected moments of amplitude can easily be
calculated from this distribution.

A

B[R = -, EIR;'] =

—)\271'
A,

(2.92)

We also evaluate the first moment of amplitude, E[R;] = 1/7A;/(—4)\z). This serves as confirmation
that our rescaling of R; = O(v/A;) that we used to derive the FPE (2.87) in section is of the
correct order. Notice that the second moment above is exactly the same as . This is important
to point out that we get exactly the same leading order moments when we compute them using the
linear distribution . Thus our assumption of negligible correlation effects is justified. Using
this leading order solution , we compute the corrections to the leading order solution caused

by the nonlinear terms.

Using the SDEs for the amplitude of the oscillator ¢ given in (2.83)), we can write a FPE for the
probability density function for the amplitude of the oscillator which includes the nonlinear effects,
denoting the steady state solution to this equation with p;(R)

__0 o Lo ], A (P L
0= %KR(MJrOéRHQAZR )pz]+2(8R2), pi = pi(R) (2.93)

It is easy to check that when o = 0, we find the density function p; satisfies (2.93)) exactly. With

this in mind, we define the corrected steady state distribution as follows
n
oo e o= o) e (3t 21
k=0

where n is some terminal indexing integer. Substituting this into (2.93)) gives the following equation:

dg 2, d%g
< _A2R— 2L 2.95
dR ‘ (2.95)

0= [SAiaR3 + 40()\2R5] g(R) + [Ai(2aR4 AV 2)\2R2)] IR

Substituting in the expression for g given by (2.94) allows us to solve for the coefficients, ay. This

is done by separating all contributions on the polynomial basis in the variable R. Doing so yields
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2.4. Asymptotic analysis of amplitude and phase equations, Fokker-Planck equation

the following equations for various orders in R:

O(1): 0=-A%q (2.96)
O(R): 0= —4A%ay — A2d? (2.97)
O(R?): 0= —9A%3 — 2A;a1)s — 4A%a 0z (2.98)
O(R?) : 0=8A;a— 16A%ay — 4A;a9)9 — AZ(4a3 + 6azay) (2.99)
O(RY) :

Solving for the constants {ay} yields that ag is free, a;23 = 0 and a4 = 5%-. The freedom in
choosing ag allows for normalization of the corrected distribution such that integrating it over all

R € [0,00) equals 1. The corrected probability density function is given by

pi(R) = ¢ <_2)‘2R) exp <”\2R2 + 2 R4> (2.100)

A; A; 20,

where ¢; is the normalization constant. This distribution is valid for R small. Unfortunately the
density function that results is not normalizable as « > 0 and the distribution diverges. This is a
result of the local subcritical Hopf bifucation that occurs in the deterministic system for A\, = 0.
To pick the normalization constant, we expand the quartic term in the exponential as a Taylor
series: exp (g‘—ﬁj) ~1+ ‘g—ﬁj. Using this approximation, the distribution is now normalizable. This
expansion of the distribution is justified as we need only consider small values of R; since we are
forcing the oscillators with very weak noise which keeps the amplitude near the steady state and

away from the large amplitude limit-cycle.

—2XR A
ﬁi(R)zci( A )exp <A2»R2> <1+QZ»R4>’ ¢ = (1+aldy/X3)7" (2.101)

Taking the integral of this distribution and setting it equal to 1 gives us the solution for ¢; given
in (2.101)). We compute the approximate moments for amplitude, incorporating the effect of the

lowest order nonlinearity in A(r;):

Ai 30&A12 _ —/\27T 3o 7TA¢
E[R]] = ¢; <—A2— A%> E[R; Y] = ¢ (,/ A +8\/_>A§). (2.102)

It should be noted that exact distribution for the amplitude could be normalized if we were to

include the effect of v < 0, the highest order nonlinearity in A(r;). It would result in exponential
decay of the amplitude distribution for values of r = eR beyond the amplitude of the stable limit-
cycle. The effect of v is negligible for R small. We use the moments in our asymptotic
solution for the FPE.
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2.5. Stationary solutions to the reduced Fokker-Planck equation

2.4.2 Reduction of Fokker-Planck equation for phase difference

Now that we have expressions for the moments of the distributions, we reduce the FPE to study
the phase difference, rather than the distribution of phases themselves. We integrate (2.87) over
all ¢1 € [—m, 7| to get the following reduced FPE:

2
or = (IR - EIRD Y + 5 {IMEIRD P + MmO
53 L
Bl B s cos ) | (2,103

where p = p(®) is the marginal probability density distribution for the phase difference: p(®) =
ffﬁ q(®, ¢1) dp1. The resulting FPE is an anisotropic advection-diffusion equation in one variable.
Substituting the moments (2.102)) for R;,¢ = 1,2 in (2.103)) yields:

Op 8p %p 02
T~ M3p +m 252~ M52 (cos (P)p). (2.104)
where
m; = )\2 |:(A202 —Ajeq) + 5 (A202 Alc%)] , (2.105)
2
1 9 9 3am o’
mo = 5 —)\27'[‘(01 + 02) + — 4‘)\ ‘ (Alcl + AQCQ) 64)\3 (Al 1 + AQCQ) s (2 106)
5%0102 )\271' 9@ s
= A A 2.107
s 2¢8 | VA A, syAg V A, A2 \/ —6ax3 vV TR (2.107)

and {¢;,7 = 1,2} are as defined as above.

2.5 Stationary solutions to the reduced Fokker-Planck equation

We solve for the stationary distribution for this FPE (2.104]). Integrating (2.104) with dp/0T =0

yields the following solution for p:

p(®) = ([ma — mg cos(P)] exp [f (/ M exp[f(P)]dP + MQ) (2.108)
f(z) = 2my arctan <(m2 * mz) tanéaz/Q)) (2.109)
my —mg

where M, M are constants chosen for normalization and periodicity ([2.88] [2.89). In this form the

analytical solution does not yield very much information about the qualities of the distribution.
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2.5. Stationary solutions to the reduced Fokker-Planck equation

Instead we look for an asymptotic solution of the form p = pg + A1p; + O(A?), based on the small
noise approximation (A; < 1). When we plug this asymptotic solution into (2.104), we get the

following order equations for the stationary distribution:

82
ol): 0 = 752 [(1 — K cos (®))po] (2.110)
Opo 9?2 0?2
O(Ay) = ala—q) + 752 [(a2 + ag cos (P))p1] + 552 [(ag + a5 cos (®))po] (2.111)
where
ap = (z — 1)ﬂ <1 + 3?) , as = —Xom, az= \o7K (2.112)
2 A2

1 3 dam
as = mo(l + 2 <+), as = ———(1+2)K, z=Aq/A1.
G5t ol DR /
We see that the parameter K has reappeared in the calculuations. By inspection, one can derive
the leading order solution from the leading order equation, (2.110]). Integrating this equation, then
enforcing both normalization and periodicity yields
V1 - K?

po(®) = 27(1 — K cos(®)) (2.113)

From this we can notice important qualities about the solution to the FPE. If K = 0, corresponding
to the case of no common noise, the probability density for ® is uniform on [—m,7|. As K is
increased, the height of the probability density at ® = 0 increases as well. As K gets close to 1,
the probability distribution becomes very peaked until a singularity occurs at & = 0. We show in
section that the solution to is the Dirac-d function centered at ® = 0 when K = 1.

We compute the first order correction to the distribution, p1, by solving (2.111]). After renor-

malizing the distribution and enforcing periodicity, we obtain the following result:

pi(®) = A372(1 — K cos (®)) - —272(1 — K cos (D))

N (a5 K — ay)
200721 — K2(1 — K cos (@)’

1+ K) tan (/2 o
wi(z = 1) (arctan (CHOEER) _8) g o (@)
2

(2.114)
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2.5. Stationary solutions to the reduced Fokker-Planck equation

2.5.1 K =1 and the /-function solution

When K = 1, the asymptotic solution (2.113} |2.114]) above is invalid, since it is non-integrable.
When K =1, then the steady state solution to p solves:
02
0= @[(1 — cos (P))p] (2.115)
The reason we drop the advection term is because K = 1 implies that d1, d2 = 0 (0¢c < 00) which
eliminates the coefficient for the advection term. The standard method of integration yields a

solution for (2.115]) that is singular at & = 0. Trying to enforce normalization on such this solution

is not possible. An alternative method of solution is required.

To find such a solution, we use the theory of generalized functions [22] which yields the following

theorem: Given a function f(®) that is n-times continuously differentiable, then

n

F@) (@) = Y (-0 () 10 0 ) (2.116)
j=0
where f(")(®) denotes the n'" derivative of f with respect to ®. Expanding out ([2.115), we get the
following:
6215 2=

_ o°p : op .
0 = w — COS(@)@ + 2 Sln(q))a@ + COS(q))p‘ (2117)

It is easy to show that p = §(®) solves (2.115]), by applying the above theorem to the terms in.

This indicates perfect synchronization of the oscillators when K = 1.
p(®) =6(®) when K =1. (2.118)

In chapter [3] we simulate a sample trajectory for the K = 1 case and see that the oscillators only
forced with common noise eventually evolve to pure synchrony after an initial transcient phase

difference.
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Chapter 3

Numerical Work

In this chapter, we give some details about the numerical method we used to numerically compute

realizations of the model and compare the numerical simulations with our analytical theory.

3.1 Numerical method

To simulate the stochastic differential equations , we use the explicit order 2.0 weak scheme
given by Kloeden and Platen [25]. In this case the term ‘weak’ means that the numerical method
generates solutions that give convergence in the functionals for the system, like the moments and
probability densities. This stands in contrast to a ‘strongly’ convergent numerical method where
the solution converges pathwise to a given definite noisy realization. The order ‘2.0’ means that
such quantities converge to second order in the size of the time step. In our case, we are interested
in probability densities for & and moments of amplitude, so using a weakly convergent method is
justified. This method is of higher order than the Fuler-Maruyana approximation that is often the
standard numerical method used for simulating SDEs. Said method has weak convergence order
1.0.

The order 2.0 weak scheme is as follows. If we denote the deterministic component of the right
hand side of 1) by f and let @(n) = [a:(n), yi(n)]T, where the superscript denotes the n** time-step,

)

then the stepping scheme is given by:

~(n —(n 1 rr=(n 7 =(n n n n
# = a4 [FEM) + FE@)] A + 6,800 + scal), (3.1)
20 = 72 4 f@NAM £ 60 + 5eAl. (3.2)

One can see by a brief inspection that this is somewhat analogous to the explicit trapezoidal rule for

numerical integration (also known as Heun’s method). The terms Agn), Agj), A%@ are the discrete

increments of time, the independent noise forcing for the " oscillator and the common noise forcing,
NG

respectively, at the n'” time step. A%:L , Apo are sampled from the normal distribution of variance

one and scaled by (Agn))l/ 2 following the standard Euler step rules for SDEs.

For all histograms below, we simulate the system (2.1)), for a sufficiently long time to obtain a
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3.2. Numerical simulations, comparison to analysis

reasonably large data set: ¢ = 5000. We also eliminate a sufficiently large component of the time
series (0 < ¢t < 300) to ensure that the system has settled to a statistical equilibrium. We also
simulate multiple time series; 5 for each plot, unless stated otherwise. We also take Agn) = 1072
for all n. We use standard parameters in all simulations, unless stated otherwise, given in Figure
The code used for the simulations is given in Appendix [A]

Parameter ‘ Value ‘

Ao -3

o 0.2
% -0.2
wo 0.9
w1 1.2
€ 0.1

Table 3.1: Standard parameters used in all numerical simulations, unless stated otherwise.

3.2 Numerical simulations, comparison to analysis

3.2.1 Moments of amplitude

In section [2.3.1] we derived a probability density function for the amplitudes of the oscillators
maintaining the correlative effects of the common noise . In section we neglected the
correlative effects to get the probability density function for the amplitude. These density functions,
to leading order, were that of OU-processes. The nonlinear corrections perturb these probability
density functions away from the probability density function for the OU-process. We test the
accuracy of the moments of amplitude from the asymptotic analysis given in section and also

test whether any correlative effects exist for the amplitudes of the original system.

Using the numerical method described above, we simulate the original system for two
different sets of noise strengths. To test whether the amplitude dependent phase variation has
an effect on the predicted amplitudes, we simulate the system with noise strengths §; = do =
0.008, 9o = 0.003. To test the effect of correlated noise on the amplitude distribution, simulate
the original system with intrinsic noise strengths equal to zero and dc = 0.01. The results are
shown in Figure From the plots, we can see that neither amplitude dependent phase variation,
nor correlation of noise affect the distribution of amplitudes. Moreover, the results confirm that
the probability density function from which the moments of amplitude are derived
is accurate and that the inclusion of the nonlinear effects has negligible effect on the amplitude
distribution for sufficiently small noise (i.e: limited probability of transition to large amplitude

oscillations on the limit cycle).
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3.2. Numerical simulations, comparison to analysis
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Figure 3.1: Normalized histogram data for the amplitudes of the coupled oscillators compared to
the marginal amplitude distributions for R; and Ra given by (2.91)) (solid) and (2.101)) (dashed).
Standard parameters are used. Left (Right): 6; = 0.008,d2 = 0.003, ¢ = 0.008 (61 = d2 = 0,0¢c =
0.01)
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3.2. Numerical simulations, comparison to analysis

3.2.2 Phase difference

We simulate the original system for d; = Jo as seen in Figure [3.2 From left to right, top to
bottom the strength of the common noise is increased, while the intrinsic noise strengths are held
equal and constant. Given the equal strength of intrinsic noises, and the theoretical distribution
computed in the previous sections we expect the distribution of phases to be peaked at ® = 0. This
means that in-phase oscillation is the most likely state for this system. As the relative strength
of the common noise is increased, corresponding to an increase in the parameter K, we see that
the distribution becomes more peaked, approaching the d-function solution as K — 1. What this
means is that as the common noise is increased relative to the intrinsic noise strength, the state
of in-phase oscillation is becomes more likely. We expect from the theory that we have derived
that in the limit K — 1, the state of the system evolves to exact synchrony. Looking at Figure
3.3| supports this. After an initial transcient phase difference, the system evolves to a state of pure
synchrony over the long time scale until the oscillators become virtually indistinguishable in terms

of their behaviour.

We also do a comparison of the quality of the fits provided from both the linear distribution
for the phases P and that of the asymptotic solution p. We can see that the linear distribution
P matches the simulated data quite well. The asymptotic distribution does not match as well,
although it is qualitatively correct capturing the increase in probability of observing the oscillators
in a synchronized state as the common noise is increased. The asymptotic solution is however able

to capture effects that the linearized distribution cannot as we show next.

Amplitude-dependent phase evolution

The importance of the asymptotic solution is apparent in the case when the parameters of the
system yield amplitude dependent phase evolution. This occurs when w; # 0 and A; # Ao.
When this is true, the correction to the leading order asymptotic solution, p; has a non-zero odd
component. This indicates that the distribution of phase differences has a peak centered at a non-
zero value. This phase shift cannot be captured using the linear distribution, but the asymptotic

distribution has little problem capturing this effect, qualitatively as seen in Figure

In Figure we simulate the system for two different values of wy and d¢, and plot the linear
and asymptotic distributions over the data. In essence, the effect of the amplitude-dependent
phase evolution is to, on average, advance or delay the phase of one oscillator relative to the other.
The average phase difference is positive (negative) when wq(Ag — A1) is positive (negative). One
would expect this, given the form of w(r;). The noisy forcing tends to increase the amplitude of
the oscillator. If one is noisier than the other, than there is a non-zero average difference in the

amplitude. In the lower right plot of Figure which does not fall under the asymptotic regime,
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3.2. Numerical simulations, comparison to analysis
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Figure 3.2: Histograms of simulated phase data of the original system, , plotted against the
asymptotic solution for p(®). Parameters used in this simulation are the standard (wy = 0.9,
w1 =12, Adg = =3, ¢ = 0.1, §; = d2 = 0.004). Notice that by our choices of noise strength we
have A; = As, and that we increase the common noise strength from left to right, top to bottom
(6c =0,0.001,0.004,0.01). Grey: Histogram of simulated data. Black, solid (dashed): Asymptotic
solution (Linear distribution). All noise parameters are chosen to ensure that the trajectory remains
near the stable steady state, and moves onto the stable limit-cycle that exists in this parameter
regime with very limited probability.
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3.2. Numerical simulations, comparison to analysis
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Figure 3.3: A sample time series for the system given by when 612 = 0,6c = 0.005 (i.e:
K = 1), with all initial conditions sampled from the normal distribution with mean 0 and standard
deviation 0.05. Despite the different initial conditions, the trajectories of the system begin to
overlap as t gets larger eventually becoming indistinguishable, as seen from the difference in the
images on the left and right. Standard parameters are used.
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Figure 3.4: Histograms of simulated phase data of the original system, , plotted against the
asymptotic solution for p(®) (solid) and the distribution derived from the linearization (dashed).
Parameters used in this simulation are (wp = 0.9, € = 0.1, Ay = —3). The intrinsic noise strengths
are 61 = 0,02 = 0.009. Left(Right): dc = 0.003(0.009). Top(Bottom): w; = 5(20). The data in the
lower right has parameters that are not in the asymptotic regime. The green line is the stationary
solution to , computed using a finite-element method.

40



3.2. Numerical simulations, comparison to analysis

we solve for the stationary solution for using a finite element method. The generally good
correspondence between the finite element solution and the simulated data serves as a confirmation
of sorts that our FPE, ([2.104]) corresponds to the data nicely, even in the limit when the amplitude-
dependent frequency term has noticeable effect due to both the large value of w; and the relatively

large difference between noise strengths.

Inside vs. outside the knee

We also test whether the position of the bifurcation parameter As being inside or outside the range
of values where a transition to the stable limit cycle is possible has any effect. In particular, we
test the extent to which the small noise approximation can be applied in the presence of increasing
noise strengths in regions where there is no danger of moving onto the stable limit cycle (i.e: regions
where A(r) = 0, has no real solutions for r). Whether or not we are inside or outside the knee
has no effect on the validity of our results, nor does it change the synchronization behaviour of the
system in a significant way, as we can see in Figure In this figure, we display the simulated data
from two oscillators with equal intrinsic noises and some common noise driving, with one oscillator

having the bifurcation parameter inside the knee and the other outside the knee.

We also simulate the system outside the knee of the bifurcation diagram to test the limits of our
multiple scales approximation without the risk of the system evolving to limit-cycle behaviour by
choosing g such that no limit-cycle exists. In Figure [3.6] we choose Ay = —6, @ = 0.2, v = —0.2
and simulate the system for increasing values of the noise strength. The choose of parameters
means the system is just outside the knee for the stable limit-cycle behaviour. For the multiple
scales approximation to be valid, we must have §; = O(€?), i = 1,2,C. Moreover, the linear and
asymptotic solutions for the phase difference probability density functions require that A; be small.
From top to bottom, §; = do = d¢ = €2, 5¢2,10€%. Clearly as the noise strength is increased beyond
the small noise limit, both the linear and asymptotic approximations cease to be useful and the

phase distribution approaches uniformity.
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Figure 3.5: Histograms of simulated phase data of the original system, , plotted against the
asymptotic solution for p(®) (solid) and the distribution derived from the linearization. Parameters
used in this simulation are the standard (wgp = 0.9, w1 = 1.2, € = 0.1). The noise strengths are
01 = 02 = 6c = 0.001. Left (Right): A2 = —3(—10). This puts the system inside (outside) the knee
in the left (right) figure.
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Figure 3.6: Histograms of simulated phase data of the original system, , plotted against the
asymptotic solution for p(®) (solid) and the distribution derived from the linearization. Parameters
used in this simulation are the standard (except for Ao = —6). Top/Middle/Bottom: ¢; = dy =
§c = 0.01/0.05/0.1.

43



Chapter 4

Discussion and Conclusions

In this thesis, we present a pair of identical uncoupled conditional oscillators with parameters chosen
such that the system is near a subcritical Hopf Bifurcation and forced with weak white noise. The
noisy forcing is the additive sum of an intrinsic noise source and common noise source, acting
identically on both. While this problem has been studied several times in the context of limit-
cycle oscillators, this is the first study undertaken of noise-induced synchronization of uncoupled

conditional oscillators.

We applied a stochastic multiple scales method that allowed us to study the effect of the weak
noisy forcing on a canonical A-w model. Using a separation of time scales, we study the effect
of the noise as it effects the envelope functions of deterministic oscillations. We see that small,
nearly regular oscillations are driven by CR, similar to [45] and that the amplitude can be modeled
as a stochastic process on the slow time scale, while the deterministic oscillations evolve on the
fast time scale. The calculation of the drift terms for the envelope equation was carried out in
the same spirit as the standard multiple scales method. To compute the effects of the white noise
forcing, we compare the diffusion terms of the generators of the original and transformed system
using the method given in [2]. Due to the presence of both common and intrinsic noise forcing, we
maintain the distinction between the two in our derivation of the envelope equations so as to better
distinguish their effects later in the analysis. The scaling of the noise strength coefficients in the

envelope SDEs, 6;/€2, §c/€* reflects the amplification of the noisy forcing on the long time scale.

We derive the probability density function for the amplitudes and phases of the oscillators to
leading order, based on the linearization of the stochastic differential equations for which a well-
established theory exists [16]. We use this probability density function to compute the marginal
densities for the phase difference and amplitude, the latter of which we use to study the related
moments. The marginal phase distribution reveals that the existence of weak common noise forcing
does indeed increase the degree of synchrony as seen by the development of a peak in the probability
density at ® = 0. We find that the degree of synchrony for the oscillators can be characterized by
the parameter K = [(1+ 67/62) (1 + 85 /62)] _1/2, which is bounded on a closed interval between
0 and 1. It indicates that the degree of synchrony of small oscillations is largely determined by the

ratio of intrinsic to common noise.

A perturbation analysis of the stochastic equations is applied in order to confirm the result from
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the linear theory. This asymptotic analysis involves the reduction of a four dimensional system to a
two dimensional system using a moment approximation for amplitude components. The moments
are calculated using a perturbation expansion method, which allows us to include lower order
nonlinear effects in the amplitude evolution, although they do not have a significant effect on the
corresponding probability density function for the amplitude when the small noise requirement is
considered (Fig. . The asymptotic solution for the probability density of the phase difference
indeed confirms the results from the linear theory. That is, the presence of common noise increases
the degree of synchronization of uncoupled conditional oscillators and that the parameter K can
be used to characterize the synchronization, to leading order. Moreover, the asymptotic analysis
predicts that different intrinsic noise strengths have an effect on the frequency of oscillation near
the bifurcation when the system has amplitude-dependent frequency variation. When one oscillator
experiences noise forcing that has a greater strength than the other, the phase of that oscillator
generally leads or follows that of the other one, depending on the sign of the parameter wy, which
determines the frequency variation of the amplitude. This is an effect that is not observable in the
phase distribution derived from the linearization. The precise degree of proximity to the bifurcation
(A2, €) and amplitude nonlinearities () do not have an effect on the leading order solutions for
the phase distribution. They do have an effect on the first order corrections for the asymptotic
solution, however. The quantitative differences between the asymptotic and linear solutions for the

probability density functions are significant.

We test our theory by simulating the original system and comparing to our analytically derived
distributions. We see that the addition of a common noise source to these conditional oscillators
near a subcritical Hopf Bifurcation does indeed increase the degree of synchrony for this system.
The linear theory matches the numerical data quite well, but does not capture the effect caused by
the combination of different intrinsic noise strengths and amplitude-dependent phase evolution. It
is unlikely that this shift in the peak indicates out-of-phase entrainment of the phases. It is more
likely that it indicates the system spends more time near synchrony, but the faster oscillator has
a tendency to slip. An interesting observation is that in the case where the amplitude dependent
phase variation is of comparable order to the noisy forcing, then the numerically computed solution
to the FPE (2.104) matches the data quite well (see Fig. [3.4).

We test the limits of the small-noise approximation and found that we must have &;, ¢ ~ €2

in order for the theory to hold. The small noise limit must hold as it is required for consistency
of the multiple scales method (i.e &;, ¢ = O(€?)) or the noise dominates the fast time dynamics.
Moreover, the analysis of both the linear process and the asymptotic limit, require that A; and
Ay be small, as we eliminate nonlinearities by assuming that R? < 1 and we find E[R?] = O(A;).
Increasing the values of §;, ¢ to values a few times greater than €? invalidates both the linear and
asymptotic theory and we notice that the analytical solutions break down. In this case, the noisy

forcing becomes more dominant in the slow time behaviour. These conclusions are similar to those
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drawn in [20].

This study may have implications for the study of spike time reliability and synchronization of
membrane potential oscillations in type II neurons. The bursting behaviour that is possible in type
II neurons that occurs by passing through the Hopf Bifurcation point may be synchronized by the
following mechanism. The phase synchronization observed in the conditional oscillators increases
the likelihood of a perturbation common to both oscillators pushing the oscillators beyond the
manifold separating the excursion dynamics from quiescence. In this case, that manifold is the

unstable limit cycle separating the fixed point at the origin and the stable limit cycle.

4.1 Future work
To extend this work, there are more challenges that could be undertaken with some effort.

e Determining the effect of common noise on structurally identical conditional oscillators, but
with different strengths affecting each. An application for this work would be voltage atten-
uation along inputs of various lengths and compositions entering neuronal cells. Would the
common noise still induce synchronization, or would amplitude dependent frequency variation

result in desynchronization?

e Determining the precise effect that the mechanism described above has on the synchronization
of uncoupled bursting Type II Morris-Lecar neuronal models. Does the hypothesis given in

the previous section hold?

e Working on improving the asymptotic approximation to the full FPE, if at all possible. Can

we increase the quantitative accuracy of the asymptotic approximation?
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Appendix A

Code

In this appendix, we give some of the code used to simulate the original system of oscillators. Data
simulated from this code was piped into a data file and manipulated using MATLAB to generate
the figures in this thesis. The command gasdev(arg) generates a random variable using arg as a

seed.

Program A.1 C program that simulates a single or multiple time series of the original system of
equations (2.1)).

/*

* This C file when compiled will simulate the two canonical conditional
* experiencing correlated noise near a subcrit. HB.

* Created by William Thompson on 29/10/09.

* Copyright 2009 University of British Columbia. All rights reserved.

*

*/

#include <stdio.h>
#include <math.h>
#include <time.h>

#include <stdlib.h>

/* RHS1 will calculate the RHS of the DE for the x variablex*/

double RHS1(double t, double y[2], double p[6])

{

//p is the parameter vector p = (lambda2,alpha,gamma,omegal,omegal,epsilon)

double ans;
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double rsq;

y[0]*y[0] + y[1]=*y[1];

(p[51*p[51*p[0] + plill*rsq + pl[2]*rsq*rsq)*y[0] - (p[3] + p[4l*rsq)*y[1];
return(ans);

¥

rsq

ans

/* RHS2 will calculate the RHS of the DE for the y variablex/

double RHS2(double t, double y[2], double p[6])

{

//p is the parameter vector p = (lambda2,alpha,gamma,omegal,omegal,epsilon)
double ans;

double rsq;

rsq = y[0]*y[0] + y[1I*y[1];

ans = (p[5]*p[6]*p[0] + pl[1l*rsq + pl[2]*rsq*rsq)*y[1] + (p[3] + p[4]l*rsq)*y[0];
return(ans) ;

}

main()

{

double t0,tf,dt,dtrt,t,temp[2],k1[2],k2[2],k3[2],k4[2];
double x[2][2];

double p[6];

double deltaI[2];

double deltaC;

int n;

int idum = 1;

int numRuns;

double tRec; //time at which to start recording the data

init_genrand(time(NULL)); //seed the random number generator with clock.

t0 = 0; //initial time
tf = 2000; //final time
dt = 0.01; //time step

dtrt = sqrt(dt);
n = ceil(tf/dt) + 1; //number of time steps required

numRuns = 1; //number of time series to simulate
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tRec = 300; //time to start recording data to avoid transcient effs.
pl0] = -3; //lambda_2

pl1] = 0.2; //alpha

pl2] = -0.2; //gamma

p[3] = 0.9; //omega_0

pl4] = 1.2; //omega_1

pl6] = 0.1; //epsilon

deltaI[0] = 0.0000; //delta_1

deltaI[1] = 0.0000; //delta_2

deltaC = 0.001; //delta_C

printf ("%e %e %e %e %e \n",pl0],pl[1],p[4],p[5]1,0.0);
printf ("%e %e %e %e %e \n",deltaI[0],deltaI[1],deltaC,0,0);

//Generate the common noise signal, unscaled.
double *noiseC;

double (**noisel);

//Allocate memory

(doublex) malloc(n*sizeof (double));

noisel = malloc(2*sizeof (doublex));

noiseC

noiseI[0] = (double*) malloc(n*sizeof (double));
noiseI[1] = (double*) malloc(n*sizeof (double));
int Z;
int k;

for(Z=1;Z<=numRuns;Z++)

{

for (k=1;k<=n;k++)

{

noiseC[k] = gasdev(&idum);
noiseI[0] [k] = gasdev(&idum);
noiseI[1] [k] = gasdev(&idum) ;
}
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//Simulate the uncoupled oscillators

t = 0;
x[0] [0]
x[0] [1]
x[1] [0]
x[1]1[1]

if (tRec
{

0.05*gasdev(&idum); //initial condition on x1

0.05%gasdev(&idum); //initial condition on y1

0.05*gasdev(&idum); //initial condition on x2

0.05%gasdev(&idum); //initial condition on y2

== 0)

printf("%e %e %e %e %e \n",t,x[0][0],x[0][1],x[1][0],x[1][1]);

b

int s;

double gam[2];
for(k=2;k<=n;k++) //iterate over all time steps

{

for(s=0;s<=1;s++) // iterate over the number of oscillators

{

gam[0]
gam [0]
gam[1]

//Apply
temp [0]
temp [0]
temp [1]

x[s][0]
x[s][1]

t =t +
if(t >=
{

x[s] [0] + dt*RHS1(t,x[s],p);
gam[0] + deltal[s]*dtrt*noisel[s] [k] + deltaCxdtrt*noiseC[k];
x[s][1] + dt*RHS2(t,x[s],p);

2nd order explicit weak scheme from Kloeden and Platen
x[s][0] + dt/2*(RHS1(t,gam,p) + RHS1(t,x[s],p));

= temp[0] + deltaI[s]*dtrt*noiseI[s][k] + deltaC*dtrt*noiseC[k];
= x[s] [1] + dt/2*x(RHS2(t,gam,p) + RHS2(t,x[s],p));

= temp[0];

= temp[1];

dt;

tRec)

printf ("%e %e %e %e %e \n",t,x[0][0],x[0][1],x[1]1[0],x[1]1[1]1);

}
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free(noiseC);
free(noisel);

by
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