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Abstract

We formulate and investigate a relatively new modeling paradigm by which
spatially segregated dynamically active units communicate with each other
through a signaling molecule that diffuses in the bulk medium between ac-
tive units. The modeling studies start with a simplified setting in a one-
dimensional space, where two dynamically active compartments are located
at boundaries of the domain and coupled through the feedback term to the
local dynamics together with flux boundary conditions at the two ends. For
the symmetric steady state solution, in-phase and anti-phase synchroniza-
tions are found and Hopf bifurcation boundaries are studied using a winding
number approach as well as parameter continuation methods of bifurcation
theory in the case of linear coupling. Numerical studies show the existence
of double Hopf points in the parameter space where center manifold and
normal form theory are used to reduce the dynamics into a system of am-
plitude equations, which predicts the configurations of the Hopf bifurcation
and stability of the two modes near the double Hopf point. The system with
a periodic chain of cells is studied using Floquet theory. For the case of a
single active membrane bound component, rigorous spectral results for the
onset of oscillatory dynamics are obtained and in the finite domain case, a
weakly nonlinear theory is developed to predict the local branching behavior
near the Hopf bifurcation point. A previously developed model by Gomez et
al.[23] is analyzed in detail, where the phase diagrams and the Hopf frequen-
cies at onset are provided analytically with slow-fast type of local kinetics.
A coupled cell-bulk system, with small signaling compartments, is also stud-
ied in the case of a two-dimensional bounded domain using the method of
asymptotic expansions. In the very large diffusion limit we reduce the PDE
cell-bulk system to a finite dimensional dynamical system, which is studied
both analytically and numerically. When the diffusion rate is not very large,
we show the effect of spatial distribution of cells and find the dependence of
the quorum sensing threshold on influx rate.
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Chapter 1

Introduction

1.1 Background and Motivation

Individuals in a large network communicate with each other to engage and
coordinate their activities. This happens at almost all levels of the living
world ranging from a colony of unicellular amoebae to highly sophisticated
social networks of people. For instance, the synchronous rhythmic flashing
of fireflies is revealed to be an critical component of the mating process of
adult fireflies [4]. In neuronal systems, synchrony between different regions
of the brain, communicating through synaptic connections, is thought to be
the basis of many cognitive activities [75]. Among a variety of communica-
tion methods, a common scenario is where the communication is carried out
through diffusive chemicals. Examples of such kind of systems range from
the signalling of the amoebae Dictyostelium discoideum through the release
of cAMP into the medium [19] where it diffuses and act on each individ-
ual, to some endocrine neurons that secrete a hormone to the extracellular
medium where it influences the secretion of this hormone from a pool of
such neurons [35, 40], and to girls sharing a dormitory room getting their
periods synchronized [51] presumably through the secretion of a pheromone
[66, 72] in the shared space. Further examples where this kind of signalling
occurs are related to quorum sensing behavior (cf. [12], [54], [55], [53], [13]).
In many of these systems, the individual cells or localized units, can, under
appropriate conditions, exhibit sustained temporal oscillations. In this way,
signalling through a diffusive chemical often can switch on and/or off the
oscillations and to synchronize the oscillations among all the individuals.
Biological rhythms are ubiquitous in living organisms, especially in mam-
mals including human being, with periods ranging from seconds to years.
Examples include cardiac and respiratory rhythms, which are crucial for the
maintenance of normal function of life, and the ultradian rhythms, which
refers to a rhythm with period much shorter than the circadian rhythm,
observed in the blood level of most hormones in mammals including human
being, which often plays a fundamental role in their physiological function.
The creation of those periodic phenomena involve chemical reactions and
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cooperations of individuals which might not be directly connected.

The modeling paradigm we are interested in and will be studied in this
thesis includes spatially segregated dynamically active compartments, like
cells or membranes, and coupling among those local units through diffusive
signals. This coupling can induce periodicities to the local compartments,
which otherwise would not be present. The biological phenomenon that ini-
tially inspired our study is the pulsatile variation in the concentration of
gonadotropin-releasing hormone (GnRH) in the portal blood that circulates
from the hypothalamus to the pituitary gland. This periodic signal of about
one pulse per hour has been shown to be crucial in maintaining the nor-
mal reproductive activities in mammals [73]. In order to generate pulsatile
GnRH signals observed in the portal blood, synchronization in the secretory
activities among the hundreds to thousands GnRH neurons is essential. A
synchronization mechanism was proposed in [47], whereby neurons are cou-
pled through GnRH secreted into the extracellular space. Results from this
model were shown to be consistent with in vivo experiments. However the
key limitation of this model of [47] is that it assumed that extracellular
space was continuously stirred so as to average out any spatial effects re-
sulting from any chemical secretions. In the real experimental settings, when
the diffusion rate of chemicals in the extracellular space is small, it is un-
avoidable to introduce spatial ingredients into the model system. In this
way, one should consider the diffusion of GnRH in the bulk, which couples
localized secretory activity of individual neurons.

In addition to the wide variety of cellular examples, the coupling of local
compartments to bulk diffusion arises in many applications, such as surface
science, the effect of catalyst particles, etc. It was shown numerically in
[23] that a two-component membrane-bulk dynamics on a 1-D spatial do-
main can trigger synchronous oscillatory dynamics in the two membranes.
Models of the multistage adsorption of viral particles trafficking across bi-
ological membranes are studied in (cf. [10]). In the modeling of catalytic
reactions occurring on solid surfaces, it was shown in [38] that oscillations
in the surface kinetics are triggered by the effect of spatial bulk diffusion
in the gas phase near the catalytic surface. The models of the effect of the
coupling of diffusion to localized chemical reactions are given in [71] and
[64]. Other applications include the analysis of Turing patterns arising from
coupled bulk and surface diffusion (cf. [44]). In the study of cellular signal
transduction, the survey [33] emphasizes the need for developing detailed
models of cell signaling that are not strictly ODE based, but that, instead,
involve spatial diffusion processes coupled with bio-chemical reactions oc-
curing within localized signaling compartments. A related class of models,
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referred to here as quasi-static models, consist of linear bulk diffusion fields
that are coupled solely through nonlinear fluxes defined at specific spatial
lattice sites. Such systems arise in the modeling of signal cascades in cel-
lular signal transduction (cf. [45], [11]), and in the study of the effect of
catalyst particles and defects on chemically active substrates (cf. [59], [56]).
In [56] it was shown numerically that one such quasi-static model exhibits
an intricate spatial-temporal dynamics consisting of a period-doubling route
to chaotic dynamics.

1.2 Thesis Outline

Motivated by the prior studies, the goal of this thesis is to formulate a rel-
atively new modeling paradigm by which spatially segregated dynamically
active units, such as cells or localized signalling compartments, communi-
cate with each other through a signalling molecule that diffuses in the bulk
medium between the active units. We will give a detailed analysis of the pos-
sibility of the triggering of synchronous oscillations for the coupled system.
The outline of this thesis is as follows.

In chapter we construct and analyze a coupled compartment-bulk
diffusive model with a one-dimensional domain. The coupling between each
compartment and the bulk is due to both feedback terms to the compart-
mental dynamics and flux boundary conditions at the interface between the
compartment and the bulk. The coupled model consists of dynamically ac-
tive compartments located at the two ends x = 0 and = 2L of a 1-D
bulk region of spatial extent 2L. The two compartments are assumed to be
identical chemical conditional oscillators, which is a term used to refer to
a dynamical system that stays at a stable steady state when isolated from
others, but is capable of generating sustained oscillations with some other
parameter values. The local dynamics is modeled by Sel’kov kinetics, which
is originally used to model glycolytic oscillations that occur in yeast and
muscle cells. Glycolysis is the metabolic pathway that breaks down glucose
to provide the energy for cellular metabolism. However, we emphasize that
the particular choice of the local kinetics is not essential. The signalling
molecule between the two compartments is assumed to undergo both dif-
fusion, with diffusivity D, and constant bulk degradation. For the result-
ing PDE-ODE system, we construct a symmetric steady-state solution and
analyze the stability of this solution to either synchronous(in-phase mode,
where the two compartments oscillate at identical frequencies with no phase
difference) or asynchronous(anti-phase mode, where the two compartments
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oscillate at identical frequencies with a phase difference of half a period)
perturbations about the midline z = L. The conditions for the onset of
oscillatory dynamics, as obtained from a linearization of the steady-state
solution, are studied using a winding number approach. Global branches of
either in-phase or anti-phase periodic solutions, and their associated stabil-
ity properties, are determined with numerical bifurcation and continuation
methods. For the case of a linear coupling between the compartments and
the bulk, with coupling strength 3, a phase diagram showing the Hopf bi-
furcation boundaries in the parameter space D versus [ is constructed that
shows the existence of a rather wide parameter regime where stable syn-
chronized oscillations can occur between the two compartments. It also
shows that there are parameter regions where bistability occurs, where both
in-phase and anti-phase synchronizations exist and both are stable. In ad-
dition, the double Hopf (or Hopf-Hopf) points, parameter values where the
Hopf bifurcations of the in-phase and anti-phase modes coincide, are found
in the model with certain parameter values, and will be studied in detail
in chapter By using a Floquet-based approach, the analysis with linear
coupling is then extended to determine Hopf bifurcation thresholds for a
periodic chain of evenly-spaced dynamically active units. For one particular
case of nonlinear coupling between the compartments and the bulk, stable
in-phase or anti-phase oscillations are also shown to occur in certain param-
eter regimes, but as isolated solution branches that are disconnected from
the steady state solution branch.

In chapter §3|we consider the double Hopf bifurcation point that is found
through numerical study of the model system in chapter §2| with linear cou-
pling. We use a center manifold approach and normal form theory to reduce
the local dynamics of the model system to a system of two amplitude equa-
tions, which determines the patterns of Hopf bifurcation and stability of
the two modes near the double Hopf point. The normal form also shows
the existence of an unstable invariant torus in the dynamics of the model
system, and the location of the torus can be approximated from the normal
form near the double Hopf point. Numerical simulations and continuation-
bifurcation computations with the spatially discretized model are used to
verify these predictions.

We extend our study to a general class of coupled membrane-bulk dy-
namics in the one-dimensional space in chapter §4. Firstly, we formulate
a general model system that describes two dynamically active membranes,
where n species are assumed to interact with each other, separated spatially
by a distance 2L, that are coupled together through a linear bulk diffusion
field, with a fixed bulk decay rate. With this model setting, the algebraic

4
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system of equations that the steady state solutions should satisfy are derived
and the linear stability problem is also formulated. For this class of models,
it is shown both analytically and numerically that bulk diffusion can trigger
a synchronous oscillatory instability in the temporal dynamics associated
with the two active membranes. For the case of a single active component
on each membrane, and in the limit L — oo, rigorous spectral results for the
linearization around a steady-state solution, characterizing the possibility of
Hopf bifurcations and temporal oscillations in the membranes, are obtained.
For finite L, a weakly nonlinear theory, accounting for eigenvalue-dependent
boundary conditions appearing in the linearization, is developed to predict
the local branching behavior near the Hopf bifurcation point. The analyt-
ical theory, together with numerical bifurcation results and full numerical
simulations of the PDE-ODE system, are undertaken for various coupled
membrane-bulk systems, including two specific biologically relevant appli-
cations. In addition, in the case of two heterogeneous membranes, numerical
simulations show the possibility of two sustained oscillations with distinct
amplitudes on the two membranes, which serves as a modeling verification of
the phenomenon observed in laboratory experiments where one cell exhibits
oscillatory dynamics and the other one is essentially quiescent.

In chapter we consider a coupled membrane-bulk PDE-ODE model
proposed by Gomez et al. [23]. A detailed analysis using a combination of
asymptotic analysis, linear stability theory, and numerical bifurcation soft-
ware is given. The mathematical model consists of two dynamically active
membranes with Fitzhugh-Nagumo kinetics, which is often used to model
spike generation of excitable neurons, separated spatially by a distance L,
that are coupled together through a diffusion field that occupies the bulk
region 0 < z < L. The flux of the diffusion field on the membranes at x = 0
and x = L provides feedback to the local dynamics on the membranes. In
the absence of membrane-bulk coupling the membrane kinetics has a stable
fixed point. The effect of bulk diffusion is to trigger either synchronous and
asynchronous oscillations in the two membranes. In the singular limit of
slow-fast membrane dynamics, and with only one diffusing species in the
bulk, phase diagrams in parameter space showing where either synchronous
or asynchronous oscillations occur, together with the corresponding Hopf
frequencies at onset, are provided analytically. When the membrane ki-
netics is not of slow-fast type, a numerical study of the stability problem
together with numerical bifurcation software is used to to construct global
bifurcation diagrams of steady-states and the bifurcating periodic solution
branches for the case of either one or two diffusing species in the bulk. Pre-
dictions from the analytical and bifurcation theory are confirmed with full
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numerical simulations of the PDE-ODE system.

In chapter §6l, we formulate and analyze a class of coupled cell-bulk ODE-
PDE models in a two-dimensional domain, which is relevant to studying
quorum sensing behavior on thin substrates. In this model, spatially segre-
gated dynamically active signaling cells of a common small radius € < 1 are
coupled through a passive bulk diffusion field. For this coupled system, the
method of matched asymptotic expansions is used to construct steady-state
solutions and to formulate a spectral problem that characterizes the linear
stability properties of the steady-state solutions, with the aim of predicting
whether temporal oscillations can be triggered by the cell-bulk coupling.
Phase diagrams in parameter space where such collective oscillations can
occur, as obtained from our linear stability analysis, are illustrated for two
specific choices of the intracellular kinetics. In the limit of very large bulk
diffusion, it is shown that solutions to the ODE-PDE cell-bulk system can
be approximated by a finite-dimensional dynamical system. This limiting
system is studied both analytically, using a linear stability analysis, and
globally, using numerical bifurcation software. For one illustrative exam-
ple of the theory it is shown that when the number of cells exceeds some
critical number, i.e. when a quorum is attained, the passive bulk diffusion
field can trigger oscillations that would otherwise not occur without the
coupling. Moreover, for two specific models for the intracellular dynamics,
we show that there are rather wide regions in parameter space where these
triggered oscillations are synchronous in nature. Unless the bulk diffusivity
is asymptotically large, it is shown that a clustered spatial configuration
of cells inside the domain leads to larger regions in parameter space where
synchronous collective oscillations between the small cells can occur. Ad-
ditionally, the linear stability analysis for these cell-bulk models is shown
to be qualitatively rather similar to the linear stability analysis of localized
spot patterns for activator-inhibitor reaction-diffusion systems in the limit
of long-range inhibition and short-range activation.

The chapter §7|is the conclusion chapter, where we summarize the main
results and contributions of this thesis. Also we list several open problems
for further explorations.



Chapter 2

Two Coupled Sel’kov
Oscillators

The goal of this chapter is to formulate and investigate a simple cell-bulk
coupled model in a 1-D domain with two types of coupling. The symmet-
ric steady state and its linear stability are studied both analytically and
numerically. The remainder of this chapter proceeds as follows.

In §2.1| we formulate a 1-D model on the interval 0 < x < 2L, which con-
sists of a PDE-ODE system that couples diffusion in the bulk 0 < x < 2L,
with constant diffusivity D, to compartmental dynamics with Sel’kov kinet-
ics on the boundaries x = 0 and x = 2L. The particular choice of Sel’kov
kinetics is not essential, as the qualitative behavior of bulk-mediated oscilla-
tory dynamics will also occur for other, more general, compartmental kinet-
ics. In particular, the numerical study of [23] has revealed the possibility of
stable synchronous dynamics under Fitzhugh-Nagumo reaction-kinetics in
the compartments and an detailed analysis of the model in [23] is provided
in

In §2.2) we consider the case where there is a linear coupling between the
two compartments at x = 0 and x = 2L and the bulk, where 5 represents
the strength of this coupling. For this linearly coupled model, we construct
a steady-state solution that is symmetric about the midline z = L. In
we then derive a transcendental equation for the eigenvalue parameter A
associated with the linearization of the coupled compartment-bulk model
around the symmetric steady-state solution. In our stability theory, we
must allow for perturbations that are either symmetric or anti-symmetric
about the midline, which leads to the possibility of either synchronous (in-
phase) or asynchronous (out-of-phase) instabilities in the two compartments.
To determine unstable eigenvalues of the linearization, in we use the
winding number of complex analysis to determine the number of roots in
Re(A) > 0 to the transcendental equation for the eigenvalue. Branches of
periodic solutions, either in-phase or anti-phase, that bifurcate from the sym-
metric steady-state solution branch, together with their stability properties,
are determined using the numerical bifurcation software package XPPAUT

7
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[16] after first spatially discretizing the PDE-ODE system into a relatively
large system of ODEs. In this way, a phase-diagram in the D versus [
parameter space, characterizing the region where stable synchronous and
asynchronous oscillations between the two compartments can occur is ob-
tained. Our results show that there is a rather large parameter range where
either stable synchronous or asynchronous oscillations occur. Full numerical
computations of the PDE-ODE system of coupled compartmental-bulk dy-
namics, undertaken using a method-of-lines approach, are used to validate
the theory.

In we extend the simple two-compartment case of to allow for
a periodic chain of evenly-spaced dynamically active units that are linearly
coupled to a bulk diffusion field. By using an approach based on Floquet
theory, we analyze the linear stability problem to determine Hopf bifurcation
thresholds associated with the various possible modes of oscillation. Com-
parisons of predictions from the linear stability theory with full numerical
simulations are performed.

In §2.4) we illustrate oscillatory compartmental dynamics for a specific
type of nonlinear coupling between the bulk and the two compartments.
Although this nonlinearly coupled system possesses the same steady-state
as that of the uncoupled compartmental dynamics, we show using XPPAUT
[16] that it can still generate compartment-bulk oscillations. In particular,
our numerical computations show, in contrast to the case of a linear coupling
between the compartments and the bulk, that the branches of synchronous
and asynchronous periodic solutions are disconnected and do not bifurcate
off of the symmetric steady-state solution branch. Our global bifurcation
diagram also shows that there is a parameter range of bistability where either
stable synchronous oscillations or stable asynchronous oscillations can co-
exist with the stable symmetric steady-state solution branch. In we
study an extended ODE compartmental dynamics model, closely related to
the nonlinear coupled compartment-bulk model, but where bulk diffusion is
neglected.

2.1 Formulation of the Coupled
Compartment-Bulk Model

We begin by formulating a simple model that describes the diffusion and
degradation of a signalling particle in a 1-D spatial domain. The concentra-
tion/density of the particle is represented by C(z, t), defined on the bulk
x € ]0,2L] at time ¢. Two identical compartments are introduced at the two
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ends of the interval. These compartments can either be regarded as two cells
or two dynamically active membranes, which can interact with the diffusive
signalling particle in the bulk. The dynamical process in each compartment,
be it biochemical reactions inside a cell or other chemical reactions on the
membrane, is described by a system of nonlinear ODEs. However, the dy-
namical process in each compartment is modulated by the concentration of
the diffusive particle near each boundary. Thus, the dynamics in the com-
partment at the left end depends on C(0,t), while the one at the right end
is modulated by C(2L,t). The release of signalling particles from the com-
partments into the bulk is modeled as a flux boundary condition at each of
the two compartments. In the bulk, we model the diffusion process as

%:D(Jm—k(?, 0<z<2L, t>0,
—DC,(0,t) = (Vo(t) — C(0,1)), DC,(2L,t) = k(Vi(t) — C(2L,1)).
(2.1.1a)
Here D > 0 and k& > 0 are the constant diffusion and degradation rates, re-
spectively, while V;(¢) (i = 0, 1) are the concentrations of the particle in the
two compartments. In our model, we assume the eflux of particles out of
each compartment is proportional to the difference between the concentra-
tion inside each compartment and that outside of it in the bulk. Therefore,
the influence of each compartment on the diffusive particles is described by
the linear flux boundary condition of .
The dynamics governing the time evolution of the concentration V;(t)
and another variable W;(t) inside each compartment is described by the
following system of nonlinear ODEs:

dv;

L= FVL W)+ BP(CERLLY. Vi),

dt

=g(V;,W;); for i=0,1.
(2.1.1b)
For simplicity, we assume that the compartment kinetics f(V, W) and g(V, W),
as well as the coupling term SP(C,V (t)) to the bulk, are identical for the
two compartments. We assume that this system, when isolated (i.e. when
B = 0), and given favourable choices of parameter values, is capable of gen-
erating sustained oscillations of limit cycle type. In addition, we further
assume that, when isolated, the compartmental dynamics has a unique sta-
ble steady-state. In Fig. we give a schematic plot of the geometry for
2.1.1).
To illustrate the new behavior that can be induced by compartment-bulk
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Local

compartment
—1> Bulk region: Passive Diffusion —T>
- -
x=0 x=2L

Figure 2.1: Schematic plot of the geometry for showing the bulk
region 0 < x < 2L, where passive diffusion occurs, and the two local com-
partments at x = 0 and « = 2L. One of the local species can be exchanged
between the compartment and the bulk.

coupling, we will use Sel’kov model, for which the kinetics are

JVW)=aW + WVE=V,  g(V,W)=e|u— (W +WV?)|,
(2.1.1¢)
where 0 < € < 1 is a parameter. We remark that the qualitative conclusions
derived in the present study do not depend on the specific forms of the re-
action kinetics, provided that limit cycle type oscillations in the dynamics
can occur. In later chapters, we will show modeling studies using other form
of local kinetics. In our model, the influence of the concentration of parti-
cles near each boundary on the compartment dynamics is described by the
coupling term SP(C,t),V'), where 8 represents the coupling strength. Two
types of coupling will be considered. In §2.2| we consider a linear coupling
term, while in we consider a specific form of nonlinear coupling.
For this Sel’kov model, when each compartment is isolated, i.e. when
B = 0, there is a unique steady state solution given by Vp = p and Wy =
p/(a + p?), which is stable. In other words, the two compartments are
“conditional oscillators” when decoupled from each other. Therefore, when
oscillations occur in the present study, they are caused by the coupling
between the two compartments induced by the diffusive signalling particles.

2.2 Linear Coupling Between the Compartments
and the Bulk

We first consider (2.1.1) with a linear coupling term P(C(2Li,t),V) where
i = 0,1. We specify that

P(C(2Li,t),V) = C(2Li,t) - V(t),  i=0,1. (2.2.1)

10



2.2. Linear Coupling Between the Compartments and the Bulk

With this choice, all interactions between the compartments and the diffu-
sive particles are linear.

We first determine a steady-state solution to , with , that is
symmetric about the midline z = L. To construct this steady-state solution
we solve on 0 < z < L, while imposing a no-flux boundary condition
for C' at x = L. Since only the compartment at the left boundary = = 0 is
consider, we drop the subscripts for the compartmental variables V and W.
We readily calculate that there is a unique symmetric steady-state solution
Ce(x), Ve, and W, given by

gcosh(w(L — x)) 0 Fp =
A — , = 3 — D7
Cl) = O @D &~ i Dot 15 ©=VHP
_p o, B _ Mk
Trestivs VeTawve

(2.2.2)
We observe that the steady-state solution in the compartment for the cou-
pled system differs from that of the uncoupled problem, and reduces to
V. =Vo=pand W, = Wy = /(o + 1) in the absence of coupling.

2.2.1 Linear Stability Analysis of the Steady State

To analyze the linear stability of the symmetric steady-state solution, we
introduce the perturbation

Cla,t) = Ce(z) + (), V() =Vet+eMNp,  W(t) =W+ Mo,
(2.2.3)
into . Upon linearizing the resulting system, we obtain the following
eigenvalue problem for the eigenvalue parameter A:

A1 = D1z — kn, 0<z<L; —Dng(0) = k(e —m0), (2.2.4a)
o= foe+ fiwd+B(Femo+FPop),  Ao=gve+gwd.  (2.2.4b)

Here we have defined n9 = 1(0), fi, = fv(Ve, We), fiy = fw(Ve, We), P&
PC(Cgv Vve)v ete.

The formulation of the linear stability problem is complete after imposing
a boundary condition for n(x) on the midline x = L. We will consider two
distinct choices. The choice n(L) = 0 corresponds to an asynchronous, or
anti-phase, perturbation, while the condition 7, (L) = 0 corresponds to an
in-phase synchronization of the two compartments. We will consider both
possibilities in our analysis below.

11
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For either choice of the boundary condition, we can readily solve (2.2.4)
to derive that A must be a root of the transcendental equation F(\) = 0,
where F(\) is defined by

1 g‘c;v—/\ f\e/7 fI(/av

— , Je = . 2.2.5a
p:l:(>‘) det(Je - AI) g‘e/ g‘e/V ( )

F(A) =

Here J. is the Jacobian matrix of the uncoupled compartmental dynamics

evaluated at the steady-state (2.2.2)) for the coupled system. In (2.2.5al),
p+ () are defined by

() = BDQy tanh(Qy L) () = BDQy coth(Q2)L)
P =07 DQ) tanh(Q)\L)’ P= =57 DQ) coth(Q\L)’
k—+ X
Oy = /oA
A D
(2.2.5b)

where py corresponds to synchronous (in-phase) perturbations, while p_
corresponds to asynchronous (anti-phase) perturbations. In (2.2.5b), we
must specify the principal branch of the square root to ensure that n(z) is
analytic in Re(A) > 0.

To classify any instabilities that can occur with compartment-bulk cou-
pling we need to determine the number of roots of and their distri-
bution in the right-half of the complex A-plane (i.e. Re(A) > 0). We will
approach this problem in two ways. One method is to numerically implement
a winding number approach, as done below in The second method,
which we dicuss here, is to use the bifurcation software XPPAUT[16]. First
we spatially discretize into a relatively large system of ODEs, and
then we use XPPAUT to path-follow solution branches that bifurcate off
the steady-state solution . In this way, in Fig. we show two typi-
cal bifurcation diagrams with respect to the diffusivity D and the coupling
strength [, for fixed values of the other parameters as shown in the fig-
ure caption. As seen from these plots, there are Hopf bifurcation points at
which the steady-state solution loses its stability to either synchronous or
asynchronous oscillatory instabilities in the two compartments. Moreover,
in some regions of the (f, D) parameter space only either the synchronous
or asynchronous mode is present. In the left panel of Fig. where we plot
the bifurcation diagram for V' versus D when 8 = 0.8, we observe that the
synchronous and asynchronous periodic solution branches change stability
at D =~ 0.25 and D = 0.55, respectively. These bifurcation points correspond

12
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to Torus bifurcations. By tuning the parameter (3, these bifurcation points
can occur at a common value of D, and correspond to the intersection of
the black and magenta curves in Fig.[2.2| For this co-dimension-2 case, such
double Hopf bifurcations were analyzed in detail using normal form theory
in For 8 = 0.8, we further observe from the left panel of Fig. that
both the synchronous and asynchronous oscillations are stable on the range
0.25 < D < 0.55. A similar bifurcation diagram, but with fixed D = 0.4
and (3 a parameter, is shown in the right panel of Fig.

By varying the values of D and 3, we can obtain a series of bifurcation
diagrams, representing slices through the (3, D) phase space. By amalga-
mating these slices, we generate the phase diagram in the (3, D) parameter
plane as shown in Fig. We remark that the diffusivity D effectively
represents the length scale of this system. When D is small, effectively the
distance between the two cells is large. However, when D is large, effectively
one can consider that the two cells are close together. Therefore, changing
D is equivalent to changing the distance between the two cells. Variations
in the coupling strength S determine the importance of the feedback in the
compartment-bulk interactions.

The phase diagram in Fig. shows the region of stability of the steady-
state solution, and regions where either synchronous or asynchronous oscil-
lations, or both, can occur as the diffusivity D and the coupling strength
[ are varied. From this plot, we observe that when D is relatively small,
then as the coupling strength [ is increased it is the anti-phase mode that
becomes unstable first. This phenomenon is also plausible biologically, since
when D and 8 are both small the communication between the two cells is
not very efficient, and so it is hard to synchronize their dynamics with a
common phase.

From Fig. we also observe that when D is relatively large, only the in-
phase synchronized oscillation can occur. In the region of Fig. bounded
by the blue solid curve, the steady-state solution is unstable to the in-phase
mode, but it is only above the black solid curve where a stable synchronized
oscillation between the two compartments can occur. Similarly, inside the
red dashed curve, the steady-state solution is unstable to the anti-phase
mode, but it is only under the magenta dashed curve where the asynchronous
mode is stable. Therefore, in the region of Fig. bounded by the black
and magenta curves, stable synchronous and stable asynchronous periodic
oscillations can co-exist. The determination which mode would result from
numerical computations of the initial value problem should depend
on the initial conditions at time ¢ = 0.

To confirm predictions obtained from the bifurcation analysis, full time-

13
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Figure 2.2: Phase diagram in the D versus S parameter plane, for the Sel’kov
model with linear coupling (2.2.1) for both the synchronous (in-
phase) and asynchronous (anti-phase) modes. The other fixed parameters
in (2.1.1) are p =2, « = 0.9, ¢ =015, k =1, k = 1, and L = 1. The
parameter regime where compartment oscillations occur is within the blue
solid curve (in-phase synchronization) and the red dashed curve (anti-phase
synchronization). Above the black solid line, the in-phase periodic solution
is stable, while below the dashed magenta curve the anti-phase periodic
solution is stable. The horizontal and vertical slices at D = 0.4 and 8 = 0.8,
respectively, through the phase diagram are discussed in Fig. .
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Figure 2.3: Bifurcation diagram of V' corresponding to the vertical and hor-
izontal slices through the phase diagram of Fig. as computed using
XPPAUT [16]. Left panel: V versus D for § = 0.8 (vertical slice). Right
panel: V versus 3 for D = 0.4 (horizontal slice). In these panels the solid
and dashed lines denote linearly stable and unstable branches of steady-state
solutions, respectively. The two closed loops correspond to branches of syn-
chronous and asynchronous periodic solutions. In the left panel, the branch
that bifurcates from the steady-state near D = 1 is the synchronous branch
and in the right panel, the outer loop is the asynchronous branch. The

solid/open circles on these loops denote linearly stable/unstable periodic
solutions, respectively.
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Figure 2.4: Full numerical solutions of the ODE-PDE system demon-
strating either in-phase or anti-phase oscillations of the two compartments.
Time increases from bottom to top and the horizontal axis indicate the bulk
region where I = 1. Left panel: synchronous oscillations for D = 1 and
B = 0.7 (black dot in Fig . Right panel: asynchronous oscillations for
D = 0.4 and § = 0.5 (magenta open circle in Fig. ) The other parameter
values are the same as in the caption of Fig.
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dependent numerical solutions of the coupled ODE-PDE system (2.1.1)) were
computed using a method of lines approach based on a second-order spatial
discretization of the bulk diffusion operator. In our computation, we picked
two points in the phase diagram in Fig. indicated in the figure by the
black solid dot and the magenta open circle. For these parameter sets, full
numerical solutions of the ODE-PDE system are shown in Fig.
starting with the initial value C'(z,0) = 0.2, and with randomly generated
initial values for V; and W; for ¢ = 0,1 at t = 0. The plots in Fig. for
t large confirm the theoretical predictions of the phase diagram by showing
synchronous in-phase oscillations for D = 1 and § = 0.7 (left panel), and
asynchronous anti-phase oscillations for D = 0.4 and 8 = 0.5 (right panel).

2.2.2 The Winding Number Analysis

In this section, we show how to use the winding number criterion of complex
analysis to determine the number of roots of F(\) = 0 in Re(\) > 0, where
F(A) is defined in (2.2.5). The analysis below is similar to that used in
[57] to analyze the stability of localized pulse solutions to reaction-diffusion
systems.

To determine the number N of roots of F(A) = 0 in Re(\) > 0 of the
spectral plane, we calculate the winding number of F(\) over the contour
consisting of the imaginary axis —iR < Im\ < iR, decomposed as I'y, = iA;
and I';_ = —iA; where 0 < A; < R, together with the semi-circle |A| = R,
with |arg A\| < 7/2, which we denote by I'g, as shown in Fig.

<
.

r, ~

-
-
g

Figure 2.5: Counterclockwise contour consisting of the imaginary axis —iR <
Im\ < iR, denoted by I'_UT';, and the semicircle I'g, given by |A\| = R > 0,
for |arg)| < m/2.

Assuming that there are no roots of F(A) = 0 on the imaginary axis, we
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use the argument principle of complex analysis to determine N as

N = L < lim [arg Flr,, + 2 hm [arg}'] ) + P, (2.2.6)
2m \R—o0

where P is the number of poles of F(A) in Re(\) > 0. Here [arg F]r denotes

the change in the argument of F(\) over the contour I' oriented in the

counterclockwise direction. In deriving (2 , we have used F()\) = F(\)

to obtain the relation hm [arg]—"]pl = hm [argf]pI

To determine P, We ﬁrst observe from - ) that the choice of the
principal branch of the square root for ) ensures that 1/p4 () is analytic
in Re(\) > 0. Therefore, P is determined by the number of zeros of the
quadratic function det(J. — ) = A? — tr(J.)A + det(J.) in Re()\) > 0.
By using the specific forms of the nonlinearities f(V, W) and ¢g(V,W) in
(2.1.1c), we readily calculate det(J.) = €(a + V.2) > 0. Therefore, in terms
of the trace of J., which we have denoted by tr(.J.), we have that P = 2 if
tr(Je) > 0 and P = 0 if tr(J.) < 0.

Next, we determine the change in the argument of F(\) over I'p as
R — +o0. Since det(J. — AI) is a quadratic function of A and 1/pi () ~
B+ 09 1/2) as |A\| = 400 in Re(\) > 0, we estimate from and
m ) that, for either the synchronous or asynchronous modes,

1 K 1
F(AN) 5+DQ>ﬁ+O<>\)’ as [N\ =R — 400, (2.2.7)
where |arg A\| < 7/2. Hence, we have B}im larg Flr, = 0, so that (2.2.6
—00
becomes
N = ;P}grcl)o[argf] + P, (2.2.8)

where P =2 if tr(J.) > 0 and P = 0 if tr(J;) < 0.

In this way, the problem of determining N is reduced to the simpler
problem of calculating [arg f]pl+ where I'y, is traversed in the downwards
direction. On I'z,, we let A = iA; for 0 < A\; < oo, and decompose F(iAr)
in into real and imaginary parts as F(iA;) = Fr(Ar) +iFr(A\r). As
A1 decreases from 400 to 0, we use to determine how many times
F(iXr) wraps around the origin in the (Fg, Fr) plane. By using (2.2.5b) to
calculate the asymptotics of py as A\j — 400, we conclude that Fp — 1/8 >
0 and F; — 0 as A\; — +oo. This shows that arg F(iA;) — 0 as A\ — oc.
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In contrast, as A\ — 0, we further calculate from (2.2.5a) and (2.2.5b) that

1 e 1 1 =+ e > O,
.F(O) _ 9w where _ 8 BDw tanh(wL)

p+(0)  det(J,)’ p+(0)

5+ Bowsomen > 0

(2.2.9)
and w = /k/D. Then, from the specific form of g(V, W) in 1) we get
that g%, = —e(a + V) < 0. Upon recalling that det(J.) = e(a + V2) > 0,
we conclude from that F(0) = [pi(O)]fl +1>0.

This indicates that as we traverse I'y, , the path of F(iA;) both starts
and ends on the positive real axis of the (Fg, Fr) plane. It follows that the
change in the argument of F(X) on I'7, can only be an integer number of
27, so that

[arg F] = 2mm, m=0,4+1,+2,....

Iy,

Consequently, we have from (2.2.8) that

2, when tr(Je) >0,

(2.2.10)
0, when tr(J.)<O0.

N=2m+P, P:{

Although we cannot, in general, determine m analytically, it is readily
calculated numerically from . To illustrate the numerical compu-
tation of the winding number, we consider with the linear coupling
for the parameter value D = 1 and § = 0.7, corresponding to the
marked black dot in Fig. . The other parameter values for are
given in the caption of Fig. For this parameter set we calculate that
tr(Je) > 0 so that P = 2 from (2.2.10). In the right panel of Fig. [2.6,
we plot the path of F(i\;) in the (Fg,Fr) parameter plane for both the
in-phase synchronous mode (solid curve) and the anti-phase asynchronous
mode (dashed curve). For the asynchronous mode we observe that as Ay
decreases from a very large initial value, F(\) wraps around the origin once
in clockwise direction, so that [arg F]|r 1, = —2m. Therefore, since m = —1,
we get N = 0 from . In contrast, for the synchronous mode we
observe from Fig. that [arg ]:]|p1+ = 0, so that m = 0 and N = 2 from
(2.2.10). These winding number computations show that, at this parameter
set, the steady-state solution is unstable only to synchronous perturbations.

To determine the location of the two unstable eigenvalues for the syn-
chronous mode when D = 1 and § = 0.7 we look for roots of () on the
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Figure 2.6: Left panel: G4(\), G_()\), and H()\), as defined in , are
plotted on A > O real for D = 1 and 5 = 0.7, with the other parameters as in
the caption of Fig. There is no intersection between G4 (\) and H(\),
which shows that F(\) has no real roots A for either the synchronous and
asynchronous modes. Right panel: Fr(A;) = Im(F(iAr)) is plotted versus
Fr(Ar) = Re(F(iAr)) for both the synchronous and asynchronous modes
as Ay is decreased from 1000 to 0. The open circle represents the starting
point at Ay = 1000. For the asynchronous mode (dashed curve), we have
m = —1in (2.2.10) since the trajectory wraps around the origin once in the
clockwise direction. For the synchronous mode (solid curve), the plot shows

that m =0 in .
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positive real axis A > 0. To do so, it is convenient to rewrite F as

__HN -GN
FA) = 2OV det(Je — AD) (2.2.11a)
where
HO\) =det(J. — M), Ga(\) =pr(\)(g — A). (2.2.11b)

In the left panel of Fig. [2.6|we plot H()\) and G+(\) on A > 0 real for D = 1
and § = 0.7. This plot shows that there are no intersections between H(\)
and G4 (). Since, consequently, there is no real positive root to F(\) = 0,
we conclude that the initial instability associated with the in-phase-mode
is a synchronous oscillatory instability of the compartmental dynamics. A
bifurcation diagram (not shown) similar to that in Fig. predicts that
this initial instability leads to a large-scale stable synchronous oscillation.
The full numerical results of the ODE-PDE system shown in the left
panel of Fig. 2.4, as computed using a method of lines approach, confirms
this prediction of a stable synchronous oscillation in the two compartments.
We remark that this strategy of computing the winding number, and
then using to determine N, was used for mapping out the regions in
the phase diagram of Fig. characterizing the linear stability properties
of the steady-state solution to either in-phase or anti-phase perturbations.

2.3 A Periodic Chain of Active Units Coupled by
Bulk Diffusion

In this section we extend the analysis in to the case where m identical
compartments, or cells, are evenly-spaced, with spacing 2L, on a 1-D ring.
These cells are then coupled by a bulk-diffusion field. A schematic diagram
of this periodic arrangement of active cells is shown in the left panel of
Fig. Equivalently, we consider a 1-D domain on the interval [—L, (2m —
1)L], with cells located at 2jL for j =0,...,m — 1, with the imposition of
periodic boundary conditions for the bulk diffusion field at the endpoints.
A schematic plot of four such cells is shown in the right panel of Fig.
With the same notation used in we model the system with m iden-
tical cells on a 1-D structure as follows. Firstly, the bulk diffusion process
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

(A) (B)

Figure 2.7: Left panel: Schematic diagram of four identical cells on a ring
structure. The green solid dots represent cells. Top right panel: Schematic
diagram of four identical cells on the domain [—L, 7L] with periodic bound-
ary conditions at the two ends. Bottom right panel: schematic of one cell
on [—-L, L].

is modeled by

Ci=DCyp —kC, t>0, ze€(-L,(2m—1)L),
with z#2jL, j=0,....,m—1,
C(—-L,t) =C(2mL - L,t), Cy(—L,t)=Cy(2mL — L,t).
(2.3.1a)
Inside each cell, we suppose that there are n locally interacting chemicals
species. As shown in Appendix [A] the local dynamics in each cell, with the
linear coupling to the bulk diffusion field, is governed by

duw

% = F(uj)+e [; (C(2jL+,t) 4 C(2jL—,t)) - nulj] L j=0,...,m-1,
(2.3.1b)

where u; = (u1;,u2j,...,unj)’ denotes the n species inside the j-th cell,

er = (1,0,...,0)7, with u1j being the first chemical species inside the gt

cell. Moreover, F' is the common local reaction kinetics, since the cells are
assumed to be identical. Here C'(2jL~,t) and C(2jL™,t) represent the bulk
concentration field at the left and right boundary of the j-th cell. As shown
in Appendix A} the boundary conditions for the bulk concentration C' at the
cell boundaries, where 7 =0,...,m — 1, are

DCL(25L* 1) = K (C(2jL+,t) — ulj(t)) ,
(2.3.1¢)
DCL(2jL~ 1) = K (ulj(t) _ C(2jL’,t)) :

where x > 0 is the common cell permeability parameter.
We remark that in our formulation, we have only assumed that C(z,t) is
piecewise continuous on the ring, and so in general C (25 LT, t) # C(2jL,t).
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

An alternative, but simpler formulation, would be to impose that C is con-
tinuous on the ring, and that there is a jump in the flux DC, across each
cell. Although we do not pursue this simpler problem here, the linear sta-
bility analysis associated with this problem is discussed briefly in Appendix
Bl

2.3.1 The Steady-State Solution

We first calculate the symmetric steady-state solution of . For this
steady-state, the bulk concentration is symmetric with respect to the midline
of every two cells, and the local cell variables are the same for each cell.
Although there might be other asymmetric steady-state solutions for the full
system of m coupled cells, we focus only on the symmetric steady-
state solution and its linear stability properties.

To construct the symmetric steady-state, we need only consider the do-
main [—L, L], as shown in Fig. 2.7, with a cell located at z = 0 and with
periodic boundary conditions at x = L. We denote this steady-state solu-
tion by C¢(x) and the corresponding local steady-state cell variables as u®.
Then the symmetric steady-state solution for C in the full system
is constructed by a simple period extension of this basic solution. Hence,
focusing on the interval [—L, L], the steady-state solution C¢(x) satisfies

Che = %0.37 z€(=L,0)U(0,L); C°(-L)=C"(L), Cx(—L)=Cg(L)
DCE(0) = & (0@(o+) —uf) , DC(07) =k (u‘f - ce(o—)) .

(2.3.2)
The steady-state solution for the compartmental variable u® satisfies

F(u®) + e; [’; (Ce(0+) + Ce(O‘)> = ﬁu‘f] =0. (2.3.3)

On each subinterval, we can calculate the steady state solution C°(x) sepa-
rately as

o) = { Acosh((z — L)w), 0<z <L, (2.3.42)

Acosh((z+ L)w), —-L<z<0,

where A and w are given by

k Ku§
\ = A= ! : 2.3.4b
D’ K cosh(Lw) + Dw sinh(Lw) (2:34b)
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

As expected this steady-state is continuous across the cells.
For the special case where the local cell variable u has two components
u = (V,W)T with local reaction term F = (f,g)’, where f and g are the

Sel’kov kinetics given in (2.1.1c), we can use (2.3.3)) and (2.3.4) to explicitly

identify a unique steady-state V¢ and W€ as

Ve — (K + Dw tanh(Lw)) We — 1 .
Kk + (1 + k) Dw tanh(Lw) ’ a+ (Ve)?

(2.3.4c)

2.3.2 The Linear Stability Analysis

Next, we study the linear stability of the steady-state solution (2.3.4)) for the

case of Sel’kov kinetics. By introducing the perturbation (2.2.3)) into (2.3.1)
and linearizing, we obtain the eigenvalue problem

w_ (k+A)
77 - D T]’
Dn/(2jL%) = k(n(2jL7) — ),
Dn/(QJL_):H(QO_n(ZjL_))’ j:0,...,m—1,

x € (—L,(2m —1)L), withax #2jL, 7=0,...,m—1,

(2.3.5a)
subject to the periodic boundary conditions
n(—=L)=n2mL - L), n'(—L)=n'(2mL — L). (2.3.5b)
Upon linearizing the reaction kinetics we have that
Ap = f590+f5v¢—w+g (77(0+) + n(O_)) A =gietgive, (2.3.50)

where f{, f§/, 95, and gf}, are evaluated at the steady-state (2.3.4c).

Instead of considering (2.3.5al) with periodic boundary condition (2.3.5b)),
we make use of Floquet theory and consider (2.3.5a) on the fundamental in-

terval [—L, L] with the Floquet boundary conditions

n(L) =zn(-L), ='(L)==2n'(-L). (2.3.6)

The solution can then be extended to the interval [L, 3L] by defining n(z) =
zn(x—2L) for x € [L,3L] and using translation invariance. Since the m cells
are identical, it is clear that n(x) satisfies . By iterating this process,
we construct the solution of on the whole domain [-L, (2m — 1)L]
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

provided that n(2mL — L) = 2™n(—L). Therefore, we obtain that z must
be one of the m-th roots of unity

=™/ where 1=0,...,m—1. (2.3.7)

In this way we have recovered the periodic solution to (2.3.5al) on [-L, (2m—
1)L].

Next, we solve (2.3.5a) on [—L, L] subject to the Floquet boundary con-
ditions (2.3.6). The solution to (2.3.5a) and (2.3.6) is

n(z) = { [zAcosh((x — L)) + zBsinh((z — L)Q/\)] 0, O<z<L,

z

[Acosh((z 4+ L)) + Bsinh((z + L))] ¢, —-L<z<0,
(2.3.8)
where A, B, and €2 are defined by
= k(z+1)/z
~ 2Dy sinh(LQy) + 2k cosh(LYy) (2.39)
. 3.
B= k(z—1)/z 0, = k+ A 7

2D cosh(LQy) + 2k sinh (L)’

and where we choose the principal branch of € if A is complex. From this
solution we then calculate

n(0T) +n(07) = A(z + 1) cosh(Q\L) + B(1 — 2)sinh(Q\L).  (2.3.10)
Upon substituting these expressions into , we obtain a homogeneous
linear system for ¢ and ¢ given by
(fr + Ao+ five=rp,  gve+gwd—Ap=0,
Ay :g [A(1 + 2) cosh(Q\L) + B(1 — 2) sinh(Q,L)] — &

By writing (2.3.11) in matrix form, and then using (2.3.9) together with
(2.3.7) for z, we readily derive, after some algebra, that the the discrete

eigenvalues \ satisfy the transcendental equation F(\) = 0, where

D

(2.3.11)

1 gy — A
A= —+ —F———— 2.3.12

FN=A T a oan (23.12a)

and where for each possible mode [ of instability, with { =0,...,m — 1, we
have

Ay = K2Q\D [Re(zl) — cosh (2Q>\L)] — kQ3D*sinh (2Q,L)
A= 2D2 1 2) 4 '
(Q3D? + k2) sinh (2Q)\L) + 26D cosh (20, L) (2.3.12b)

Re(z) = cos <2m”l) .
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

Here J. is the Jacobian of the reaction kinetics, as defined in , eval-
uated at the steady-state .

Our goal below is to determine Hopf bifurcation thresholds for which
F(+iXr) = 0 in (2.3.12a)), for some A; > 0. Such pure imaginary eigenval-
ues depend on Re(z) through A, as defined in (2.3.12b). To examine the
possible modes of instability, we observe that if z; is one of the m-th roots
of unity, then

21 =Zm-1, L=1,..., L*J , (2.3.13)

where the floor function |z ] is defined as the largest integer not greater than
x. Therefore, if m is odd, there are (m + 1)/2 different values of Re(z), and
thus (m + 1)/2 different possible modes of linear instability. Alternatively,
if m is even, there are 3 + 1 different possible modes of linear instability.
The eigenvalue of multiplicity one corresponds to z = 1 (and also z = —1
if m is even). The remaining eigenvalues always have multiplicity two. In
other words, the eigenvalue corresponding to z; is also an eigenvalue for
z = Zm—_i- Therefore, if we find a Hopf bifurcation point for z # 41, then
there are always two possible spatial modes of oscillation for that specific
pair of purely imaginary eigenvalues. Finally, to determine the predicted
spatial pattern of any Hopf bifurcation point A = iA;, we observe that at
the midpoint between the cells the perturbation Re(e*n [(27 — 1)L)] to the
bulk diffusion field C(x,t) is

Re (GMIU [(Qj — 1)L]> = cos ()\It + 22?) , j=0,....m. (2.3.14)

2.3.3 Hopf Bifurcation Boundaries, Global Branches and
Numerics

Next, we use to compute the Hopf bifurcation boundaries for the
different possible modes of instability in the D versus x parameter plane. We
remark that the choice [ = 0 in corresponds to in-phase synchronous
perturbations across the cells, whereas the | % | other eigenvalues correspond
to the various anti-phase modes across the m cells. For m = 3, and for one
particular parameter set for the Sel’kov model , in Fig. we plot
the Hopf bifurcation thresholds in the D versus k plane.

Next, for the m = 3 cell problem with x = 1, we use XPPAUT [16] to
compute the global bifurcation diagram, as a function of D, for the in-phase
synchronous periodic solution branch, which bifurcates from the symmetric
steady-state solution in at the two distinct values of D shown in the
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Figure 2.8: Left: Phase diagram showing Hopf bifurcation boundaries for
the case of three (m = 3) cells in the D versus « plane for k =1, L = 1, and
where the Sel’kov parameters in are € = 0.15, p = 2 and o = 0.9.
The black curves corresponds to I = 0 and the red curves corresponds to
Il =1,2. The black and red curves almost coincide on the lower boundary.
In the region bounded by the two black and two red curves the symmetric
steady-state is linearly unstable to the l = 0 and [ = 1, 2 modes, respectively.
Right: Same as the left panel, but with a larger range of D for the vertical
axis. For these parameter values we observe that the region of instability is
unbounded in the D versus k plane.
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2,50 150

0 02 04 06 o8 2 = — - . :
Figure 2.9: Left: Global bifurcation diagram with m = 3 cells on the domain
[—1,5] for k = 1, with the other parameters as in the caption of Fig. [2.8|
The solid and dashed lines denote linearly stable and unstable branches of
steady-state solutions, respectively. The closed loop is the global branch of
in-phase synchronous periodic solutions. The upper Hopf bifurcation value
D =~ 0.54299 is for the [ = 0 in-phase mode. The solid/open circles on this
loop denotes a linearly stable/unstable periodic solution, respectively. The
red dot at D = 0.48482 corresponds to the Hopf bifurcation point for the
degenerate | = 1,2 mode. Right panel: Plot of F(i\;) as A; decreases from
1000 to 0 with D = 0.5. The blue curve corresponds to I = 0, and the
magenta curve is for [ = 1,2. The inner panel shows the curves near the
origin. The trace and determinant of .J. are trJ., = 0.4879 and det.J, =
0.4474, so that P = 2 in . We obtain N = 2 unstable eigenvalues for
I =0,and N =0 for I = 1,2 from (2.3.15).
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left panel of Fig. The computations, done by first discretizing ,
are displayed in the left panel of Fig. From this figure we observe that
for larger values of D the in-phase synchronous periodic solution branch is
linearly stable, but it then destabilizes as D is decreased towards the lower
Hopf bifurcation threshold.

To verify the linear stability properties of the steady-state solution for
the I = 0 and [ = 1,2 modes off of the Hopf bifurcation boundaries, we can
use a similar winding number criterion for 7 ()), defined in (2.3.12)), as was
developed in With the same notation as in the number N of
unstable eigenvalues of the linearization of the symmetric steady-state for
the periodic cell problem is

1
N = —Jarg F]
T

2, when tr(J,) >0,
+P, P:{’ when tr(Je) > (2.3.15)

Ir, 0, when tr(J.) <0

For k = 1 and D = 0.5, a numerical computation of the winding number
shown in the right panel of Fig. yields [arg F] L= 0 for I = 0 and

Iy

= —27 for [ = 1,2. Therefore, N =2 for [ = 0 and N = 0 for

I

[ = 1,2. These results agree with those predicted from the phase diagram
in the left panel of Fig. since it is only the in-phase [ = 0 mode that is
within the region of instability.

Finally, to confirm predictions obtained from the linear stability analysis
and the global bifurcation diagram, full time-dependent numerical solutions
of the coupled PDE-ODE system were computed for two values of D
when x = 1 by using a method of lines approach based on a second-order
spatial discretization for the bulk diffusion. In the upper row in Fig.
for D = 0.5 we observe, as expected, a stable in-phase synchronous periodic
solution. In the lower row of Fig. where D = 0.2, the full numerical
simulations show a stable asynchronous oscillation where the dynamics in
the cells are phase-shifted. The phase-shifting observed in the lower row
of Fig. is consistent with the [ = 2 mode (with m = 3) in the result
from the linear stability analysis, in that the bulk diffusion field at
the midpoint of the cells and the cell dynamics Vi, Vo, V3 have the form
cos(Art), cos(Art + 4w /3), and cos(Art + 87/3).

[arg F]

2.3.4 Large D Analysis for the Hopf Bifurcation Boundaries

In this subsection, we examine analytically some qualitative aspects of the
region in the D versus s phase diagram shown in Fig. where the sym-
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Figure 2.10: Full numerical results computed from with D = 0.5
(upper row) and D = 0.2 (lower row). Other parameters are the same as in
Fig.[2.8|with £ = 1. The initial conditions for D = 0.5 are V, = [0.5,1.5,0.5],
Wy = [1,1,1], and Cy(z) = 1. For D = 0.2 the initial conditions are
Vo =[0.5,1.5,0.5], Wy = [1,1,1], and Cy(z) = 1 if z > 0, Cy(x) = sin(z) + 1
if £ < 0. The Vq, V5 and V3 curves are in blue, green and red respectively.
For D = 0.5 there are stable in-phase synchronous oscillations, whereas for
D = 0.2 stable phase-shifted synchronous oscillations occur. The phase shift
among V1, V5 and V3, is consistent with the mode I = 2 in the linear stability
analysis . The right panel in each row is a contour plot of C(z,t).
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metric steady-state is linearly unstable. In particular, we will study the
large D behavior of the Hopf bifurcation boundaries in this plane. From
this analysis we will also formulate a simple criterion that can be used to
predict whether the lobe of instability in the D versus « plane is bounded
in D for other domain lengths L and bulk degradation parameter k. For the
choice L = k = 1 the instability regions were unbounded as D — oo (see
the right panel of Fig. .

Firstly, we determine the limiting behavior of () in as D — oo.
Upon using QD sinh (2Q\L) ~ 2Q3LD = 2(k + A\)L and cosh (22, L) ~ 1,

we obtain from (2.3.12b)) that

) K2 (Re(z) — 1) — 26L(k + A)
A Ay = Boee = OL(k + \) + 2k '

Therefore, F(A) in (2.3.12a]) has the following limiting form as D — oc:

(2.3.16)

. o 1 gy — A
leloof()‘) = Foo(H) = A oo + det(Je — A1)’

(2.3.17)

In addition, for D — oo, we can also find an approximate expression for
the steady state V¢ from (2.3.4c), which is needed to calculate the terms in

(2.3.17). By using Dwtanh(wL) ~ Dw?L ~ kL, we obtain from (?2.3.4c),

that for D — oo,

fm ve—ve = HEELR e e = A
D—00 k+ (1+kK)kL D—00 o+ (Ve)?

(2.3.18)
We observe from (2.3.16)), (2.3.17) and (2.3.18)), that upon setting Foo () =
0, and rearranging the resulting expression, we obtain a cubic equation in A
of the form

X+ N1+ Ap2+p3 =0, (2.3.19a)
where we have identify p;, p2 and p3 by

a
p15ﬁ+/<,—tr(Je),

(atr(Je) +b)

p2 = det(Je) — kgyy — 5T , (2.3.19b)
_ (adet(Je) + bgy)
b3 = 5
2L
and where we have defined a and b by
a=2k+kL), b=r*Re(z)—1)—2Lkk. (2.3.19¢)
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Next, we simplify (2.3.19b) for the Sel’kov kinetics (2.1.1c]), for which

det(J.) = e (a + (V;)Q) — g6 >0, tr(J.) = 2VEWE — 1 det(J.).

(2.3.20)
By substituting (2.3.20) into (2.3.19b)), we readily calculate that
1 2uVeE
P1 EH(]."‘L) "‘k—f—l‘f‘det(Je)—%,
(a+(vey)
1 2 kL) uVE
Py = <1+n<1+> +k> det(Je)Jri—M,
L 2L p(a+(ve))
p3 = %det(Je), §=a—b=2kL(1+k)+2k+r>(1—Re(z)) >0.
(2.3.21)

2 02 04 06 08 i % 02 04 06 08 i
X K

Figure 2.11: Plot of p1ps — ps versus « for [ = 0 (black) and I = 1 (red) for a
ring of m = 3 cells. The blue horizontal line is the threshold p1ps = p3. Any
intersections of the black (red) curve with the blue line yields the bifurcation
points for k for [ = 0 (I = 1). Left panel: the parameter values as given
in Fig. Between the two bifurcation points, the black (red) curve lies
below the threshold pips = p3, and so by the Routh-Hurwitz criterion there
are unstable eigenvalues. Numerically we verify p; > 0. Right panel: same
parameters except that now the bulk decay is smaller at & = 0.3. There are
now no Hopf bifurcation values of k in the D — oo regime.

For the Sel’kov model with e = 0.15, 4 = 2, and a = 0.9, we now use the
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2.3. A Periodic Chain of Active Units Coupled by Bulk Diffusion

cubic (2.3.19a)) with coefficients (2.3.21)) to calculate the the limiting Hopf

bifurcation values of k, valid as D — oo, when £k = 1 and L = 1. By the
Routh-Hurwitz criterion, a necessary and sufficient condition for all of the
roots of to satisfy Re(\) < 0 is that the following three inequalities
hold:

p1 >0, p3 >0, p1p2 > p3 .- (2.3.22)

From (2.3.21)), we have ps > 0 for any parameter set. Moreover, the Hopf
bifurcation boundary satisfies

P1p2 = Pp3 . (2.3.23)

provided that p; > 0 and p3 > 0.
Our numerical computations, from enforcing (2.3.23)) for m = 3, predict
that there is a Hopf bifurcation for D > 1 when

=0, k=0.1313 and 0.6564 ,

(2.3.24)
I=1, k~0.1407 and 0.3633.

This is shown in Fig.|2.11} In contrast, from the phase diagram of D versus
k, as seen in the right panel of Fig. we obtain for D = 100 that the
Hopf bifurcation values for x are

=0, k=~0.1314 and 0.6579,

(2.3.25)
I=1, #~0.1405 and 0.3665,

which are remarkably close to the values calculated in from the
D — oo theory.

Finally, to obtain a bounded lobe of instability in the D versus k plane,
rather than the unbounded region as D — oo shown in Fig all that is
needed is to seek conditions on the domain length L and bulk parameter
k such that the Routh-Hurwitz stability condition holds for all x.
This can be achieved by decreasing either L or k. We remark that if we
decrease either the domain length L or bulk decay parameter k, then the
black and red curves in Fig. move up, and so there no longer any Hopf
bifurcation points for the D — oo regime. An example of this is shown in
the right panel of Fig. for the same parameters as in the left panel of
Fig except that now & = 0.3. In this case, the instability lobe in the
phase diagram of D versus xk would be bounded in D for both the [ = 0 and
[ =1,2 modes.
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2.4 Nonlinear Coupling Between Compartments
and Bulk

In the previous section, we considered the case where there is a linear cou-
pling between the compartment and the bulk. Such a linear coupling term
shifts the steady-state of the original ODE system from V, = u to a new
value that depends on the coupling strength S.

In this section, we will study a nonlinear coupling between the compart-
ments and the bulk that possesses the same stable steady-state as that of
the uncoupled ODE system in the compartment, but that still has the effect
of generating compartment-bulk oscillations. To illustrate such a possibility,
we consider the coupling term P(C(2Li,t),V), for i = 0,1 with the form

P(C(2Li,t), V) = Bh(C(2Li, t))q(V (1)),
C(2Li, t)(C(2Li, t) — o)
K.+ C(Li, )2

VIV —p)
q( ) LU + V2 9 1 I )

(2.4.1)

h(C(2Li, 1)) =

where L, > 0, K. > 0, and where we have defined ¢y by

K
= = =k/D. 2.4.2
=TI = T e tanh(wL)’ “ / ( )

As in §2.2| we will determine the symmetric steady-state solution to
(2.1.1) with and analyze its linear stability. Upon solving the time-
independent problem for on the domain [0, L], with no-flux boundary
condition for C' at x = L, we readily obtain that

Cula) = €V cosh(w(L — x)) ’ 0= KV ’

cosh(wL) Kk + Dw tanh(wL) (2.4.3)

o 4.

e — a + "/62 9
where V, satisfies the following fifth order polynomial:

K, K. L,
(Ve =i)Q(Ve) =0, Q(Ve) = (Ve = AV + V2 (T3 + Lo+ Bu) + —57)
(2.4.4)

Here v, w are defined in (2.4.2)). We observe that with the nonlinear coupling
function (2.4.1), the steady state solution of the uncoupled ODE compart-
mental dynamics is still a steady-state of the coupled ODE system. Specif-

ically, we have the uncoupled steady-state
H 0

Ve=u, We:m, Ce =, (2.4.5)
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where corresponds to setting 8 = 0 in . In addition, there can be at
most four other steady-state solutions, corresponding to the roots of Q(V) =
0 in . However, since Q(u) > 0, none of these additional steady-state
solution branches bifurcate from the uncoupled steady-state branch .

To examine the stability of the steady state (2.4.5), we introduce the

same perturbation as in (2.2.3). Upon linearizing (2.1.1), we obtain, after
some algebra, that the associated eigenvalue \ satisfies

N2 = Ngiy + i + BP + 0FE)) + (giv £ — 9% fiv + Baiw (P + 0FE)) =0,

where
K

0= in-ph.
Kk + DQy tanh(Q)\L) (in-phase)
K
= i-ph .
0 K + Dy coth(Q, L) (anti-phase)

We observe that with the special choice (2.4.1)) of nonlinear coupling
P(C(0,t),V), we have P& = 0 and P{; = 0, so that the characteristic equa-
tion for A becomes

N = Xy + f5) + (gip fo — g4 fi) =0,

which is the same as that for the uncoupled problem. Since we assumed
that the uncoupled problem has stable dynamics, we have Re(A) < 0. Thus,
our linear stability analysis predicts that the steady-state can never
be destabilized by the nonlinear coupling .

To determine whether, nevertheless, there can be any compartment-bulk
oscillations, we used XPPAUT[16] to compute global bifurcation diagrams
after first spatially discretizing with the coupling . In Fig.
we show two typical bifurcation diagrams of the compartmental variable V.
In the left panel of Fig. we plot V' versus the coupling strength 3 for
the fixed diffusivity D = 0.1 showing the stable steady-state solution and
the branch of synchronous periodic oscillations. There is also a branch of
asynchronous periodic solutions (not shown), that essentially overlaps the
synchronous branch. This overlap occurs since for D = 0.1, the bulk diffu-
sion field decays rather quickly away from = = 0 and z = 2L, which leads to a
rather weak coupling between the two compartments. The key feature from
the left panel of Fig. is that there is some parameter regime in 3, with
D = 0.1, where stable synchronous time-periodic solutions co-exist with the
stable steady-state solution . This phenomenon cannot be revealed
from a local linear stability analysis along the solution branch . For
B = 4, in the right panel of Fig. we plot a bifurcation diagram of V' ver-
sus D showing the stable steady-states together with disconnected branches

35



2.4. Nonlinear Coupling Between Compartments and Bulk

of synchronous and asynchronous periodic solutions. Both the asynchronous
and synchronous branches have a saddle-node bifurcation point at D ~ 0.57
and D =~ 0.67, respectively. The synchronous branches are always unsta-
ble. Stable asynchronous time-periodic solutions co-exist with the stable
steady-state solution (2.4.5) when D < 0.57.

To confirm predictions from the bifurcation diagram, we computed full
numerical solutions of the PDE-ODE system with nonlinear coupling
for D = 0.5 and 8 = 4, with the other parameter values as given
in the caption of Fig. From Fig. [2.12, we observe for these parameter
values that the asynchronous mode is stable. The full numerical results
shown in Fig. confirm this prediction of stable asynchronous oscillatory
dynamics.
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Figure 2.12: Bifurcation diagram of the local varible V' with respect to the
coupling strength 8 and diffusivity D for the parameter set L = 1, k = 2,
k=3,e=0.15 =009, « =0.55, K, = 1 and L, = 0.8. The solid/dashed
line represents stable/unstable steady state solution of V', open/solid circle
indicates unstable/stable periodic solution, respectively. The steady-state
(2.4.5)) is the solid horizontal line. Left panel: V versus g for D = 0.1.
The periodic solution branches shown correspond only to the synchronous
oscillations. Stable synchronous oscillations and stable steady-states will
coexist only for some range of 8. Right panel: V versus D for g = 4.
The periodic solution branch that is unstable, with a saddle-node point at
D = 0.67, is the synchronous branch. The other periodic solution branch,
with a saddle-node point at D = 0.57 represents asynchronous oscillations.
This plot shows that synchronous oscillations are unstable for 8§ = 4, but
that stable asynchronous oscillations and stable steady-state solutions will
co-exist in some range of D when 8 = 4.
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2.4. Nonlinear Coupling Between Compartments and Bulk

1 2
X

Figure 2.13: Numerical simulation of the coupled PDE-ODE system
with nonlinear coupling for D = 0.5, 8 =4, and L = 1. The other
parameter values are the same as in the caption of Fig. [2.12. The initial
conditions are C'(x,0) =2, v1 = 1, wy = 0.3, v9 = 0.2, and we = 0.3. Stable
asynchronous oscillations for C(x,t) are observed.

2.4.1 Compartmental Dynamics Neglecting Bulk Diffusion

As shown above, a local stability analysis around the steady-state
does not provide any insight into the occurrence of oscillatory behavior of the
coupled ODE-PDE system (2.1.1)) with coupling (2.4.1)). In this subsection,
we consider an ODE model in the compartment, where we have neglected
the bulk diffusion process, and simply set P(C,V) = ¢(V) in (2.4.1). The
resulting ODE model is written as

= VW) =V 4 Bav), T = VW), "
2.4.6
_ _V(V—p)

A typical bifurcation diagram of this ODE system is shown in Fig. [2.14
From this numerically calculated bifurcation diagram we observe that there
are three types of critical points; three Hopf bifurcation (HB) points, the
saddle node (SN) point, and the transcritcal point where two steady-state
branches intersect (IS).

To determine the location of these points we first determine the steady-

states of (2.4.6)), which satisfy

(Ve = w)(VZ = BVe + Ly) = 0. (2.4.7)
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2.4. Nonlinear Coupling Between Compartments and Bulk

0.51

Figure 2.14: Bifurcation diagram of the ODE system (2.4.6)) versus 3 for the
parameter set € = 0.15, u = 0.4, « = 0.55, and L, = 0.8. The solid/dashed
line represents stable/unstable steady state solution of V.

Therefore, V, = pu is a steady-state, and there are two additional steady-state
solutions given by

5 BY?
VE=C44/(2) - L, 2.4.8
when L, < 32/4. At the SN point, we have V,F = V.=, which gives
Bsn =2v/L,, and V*E=\/L,. (2.4.9)

For the parameter values in Fig. we get fgn ~ 1.789.
At the IS point, since one of V. must equal x, we obtain that

2
g 4 <§> L=y, (2.4.10)

which yields 8 = p + L,/u. Since, pp — 3/2 = (u? — Ly)(2u), we conclude
that V,” = u when L, > p?, and V,¥ = when L, < p?. The parameter set
in the caption of Fig. corresponds to this first possibility. The IS point
occurs at fBig = (0.4% +0.8) /0.4 = 2.4.

To determine the HB points, we calculate the trace and the determinant
of the Jacobian matrix J, associated with as

tr(Je) = fov — 14 B (Ve) — efow det(J.) = —efow (B4 (Ve) — 1) .

The Hopf bifurcation occurs when tr(.J.) = 0 and det(J.) > 0, which gives
Bd (Ve) = 1+ efgw — fév (2.4.11a)
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2.4. Nonlinear Coupling Between Compartments and Bulk

provided that

det(Je) = —efSweféw — fGv) =€ [2Ve,u —€ (a + Vf)z} >0. (2.4.11b)

To determine the HB point off of the V, = u = 0.4 steady-state branch in

Fig. we set V, = p in (2.4.11Db)) to calculate that det(J.) ~ 0.0367 > 0.
By using (2.4.6) for ¢(V) to calculate ¢’(u), we obtain from (2.4.11a)) that

the HB point Syp is

2

Bup = m [a — % 4 e(a+ ,uZ)Q} . (2.4.12)
For the parameter set of Fig. this yields Sgg ~ 1.574. The other two
HB points in Fig. corresponding to bifurcations from the V.= steady-
states, are also readily calculated from (2.4.11). We find that the Hopf
bifurcation on the v4 branch is at Spp ~ 1.8641 with det(J.) ~ 0.0554 > 0,
while the Hopf bifurcation on the v_ branch occurs at fyg ~ 2.9884 with
det(J.) ~ 0.0265 > 0.

We conclude that the bifurcation diagram of the ODE system does
share only a few of the characteristics observed in the bifurcation diagram
of Fig. for the fully coupled compartmental-bulk problem (2.1.1) with
. For both the ODE model and the fully coupled model, new branches
of steady-state solutions, other than the base-state V., = u, are possible.
However, for the fully coupled problem, the branches of periodic solutions
are isolated in the sense that they do not arise from bifurcations off of the
steady-state solution branches.
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Chapter 3

Nonlinear Analysis Near the
Double Hopf Bifurcation
Point

In the previous chapter, parameter study of the cell-bulk coupled system
with linear coupling shows the existence of a double Hopf bifurcation point
in the B versus D plane. In the following chapter, we provide an exten-
sive analyze near such point with the full PDE-ODE coupled system. The
analysis explains and predicts certain features of the parameter study of
the system regarding the interaction of in-phase and anti-phase modes. For
example, in parameter regions of bistability near the double Hopf point,
there is an unstable invariant torus in the dynamics whose stable manifold
forms a boundary in phase space between the stable in-phase and anti-phase
modes. We express the coupled compartment-bulk system as an evolution
equation in an infinite-dimensional space, and use center manifold theory
to reduce the evolution to a four-dimensional local invariant manifold in
the infinite-dimensional space. This latter evolution is further reduced to
a normal form, which is then used to make predictions about the in-phase
and anti-phase modes and their nonlinear interaction near the double Hopf
bifurcation.

In the following section §3.1] we restate the model system that describes
the two diffusively coupled cells. Then in section §3.2| we find in param-
eter space the location of the double Hopf point, and calculate associated
eigenvalues and eigenvectors. In section §3.3| we describe the double Hopf
bifurcation analysis and its results, and describe tests of its predictions using
AUTO and simulations.
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3.1. The Coupled Compartment-Bulk Diffusion Model

3.1 The Coupled Compartment-Bulk Diffusion
Model

The model we consider describes chemical reactions in two cells, and the
diffusion of a signalling chemical in the extracellular space between the cells.
We will take a one-dimensional spatial domain, and let C(x,t) denote the
concentration of the signalling chemical, where x denotes the spatial location
in the interval —L < x < 4L representing the extracellular space, and t is
time. We assume the signalling chemical diffuses and degrades while in
the extracellular space, and model this with the linear partial differential
equation

2

%(x,t) :D%(x,t)—k(}’(x,t), —L<zx<+L, (3.1.1)
where D > 0 and k£ > 0 are the diffusion and degradation constants. Two
cells, or compartments, are located at each of the boundaries of the extracel-
lular space * = —L and x = +L. Inside each cell, the signalling chemical is
involved in chemical reactions. We assume chemicals are well-mixed inside
each cell, and let V_(t) and V4 (¢) denote the concentration of the signalling
chemical inside the cell at * = —L and the cell at x = +L, respectively. The
cells can exchange the signalling chemical with the extracellular space, and
we model this with a flux condition at each boundary of the extracellular
space,

_Daac(_L,t) =k [V_(t) - C(-L,t)],
6g (3.1.2)
+DS (L, t) = 5 [Va(t) = C(+L.1)]

where & is a positive flux constant. Thus, if the concentration Vi of the
signalling chemical inside a cell is higher than the concentration C'(£L,-) at
the corresponding boundary, there is a positive flux of the chemical out of
the cell, into the extracellular space.

Inside each cell, at *+ = —L and at * = +L, the signalling chemical
reacts with some intermediate chemical product, whose concentrations are
denoted W_(t) and W, (t), respectively. The reactions are governed by
ordinary differential equations

%(t) = f(V_(t), W_(t)) + B[C(—=L,t) = V_(t)] ,
AW, (3.1.3)
— B =ea(V-(t), W-(1)),
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3.2. Linearized Stability

inside the cell at x = —L, and
%(t) = f(V+(t), W+(t)) + B [C(+L,t) _ V+(t)] :
dw (3.1.4)
dtJr (t) = eg(Va (1), W (1)),

inside the cell at x = 4+ L, where € is a positive constant. The influence of the
outside concentration of the signalling chemical on the reaction dynamics
inside each cell is described by the coupling terms S[C(£L,-) — V4], with a
positive constant 8 that represents the coupling strength. We take identical
cells, so € and (8 are the same for each cell, and the functions f and g
representing the reaction kinetics inside each cell are the same. For specific
kinetics, we take the Sel’kov model

FV, W) = =V +aW + VW,

3.1.5
gV, W) = p— aW — VW, (3:1.5)

where o and p are positive constants. These kinetics have the property that
when the cells are isolated (8 = 0) there is a unique steady state Vy = p,
Wo = /(o + VZ) which is stable, but when the cells are coupled there can
be stable oscillating solutions, so in this sense, oscillations are “conditional”.
Our model system is 7, which in more mathematical terms can
be described as a pair of identical, diffusively coupled, conditional oscillators.
Since the cells are identical, the model system f has a reflection
symmetry, under spatial reflection x — —z and exchange of cells.

3.2 Linearized Stability

In this section we study the eigenvalue problem that gives the linearized
stability of the steady state solution of the model system. From this we
obtain parameter values that give Hopf points for two types of marginally
stable synchronized linear oscillations, which we call anti-phase and in-phase
eigenvectors. In particular, we obtain parameter values for a double Hopf
point, where both the anti-phase and in-phase eigenvectors are marginally
stable.

We find the steady state, or equilibrium, of the model system f

(B15) as

Oz, t) = C(x), V_(t) =V, Vi(t)=Ve, W_(t)=W*®, Wi(t)=W¢,
(3.2.1)
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3.2. Linearized Stability

where
. cosh(Qpx) ye_ M + BC§ e — 1

Cx) = Go cosh(QoL)’ 1+ B 1+ (Ve

and

On— B e K
"7V D 0T k¥ DQ(1+ B) tanh(Q L)’
Then defining deviations from the steady state by

Oz, t) = C%(z) +c(z, 1), Vi(t)=Ve+ui(t), Wi(t) =W+ ws(t),

from (3.1.1)—(3.1.4) we obtain the corresponding differential equations for
the deviations

Jc 0%
o~ Pouz e
dv_
% = f(VE oo, WE tw_) — f(VE,WE) + B [e(~L,-) —v_],
dw_
% = E[Q(Ve + v—, We + w,) - Q(Vea We)]a (322)
dv
Wt Ve o WO ) — FVE W) B [l L) — ]
dw
— = oV o, Wt wy) — g(VE WO,
with boundary conditions
__Dgc(_L, ) = K [U_ — C(_L, ):| 5
aﬁ (3.2.3)
Do (+L,7) =k [y —e(+L,)]

We linearize (3.2.2)—(3.2.3) about the origin (which now corresponds to the
steady state) and obtain

Jc 0%c
T _pZ°_
o~ Do e
d
% = fivs + fiyws + B [¢(£L, ) —v+], (3.24)
dw4 . .
o elgvvs + giywl,
with the same boundary conditions
0
iDa—;(iL, ) = [vs — e(£L, )], (3.2.5)

43



3.2. Linearized Stability

where f{;, gy, fjy and g}, are the partial derivatives of f and g, evaluated

at the steady state (3.2.1)).

To study the linearized stability of the steady state, we make the usual

ansatz c(x,t) = eMn(x), ve = eMpy and wy = eMepy in (3.2.4)(3.2.5), and

obtain the eigenvalue problem

An = Dn’ — kn,
Aot = frox + fiyt+ + B8 [n(£L) — px], (3.2.6)
s = €lgy et + g+,

with boundary conditions
+Dn'(£L) = k [+ — n(£L)] . (3.2.7)

If ReA < 0 for all eigenvalues A, then the steady state is asymptotically
stable. We seek parameter values where the steady state is marginally stable:
Re A = 0 for finitely many eigenvalues, called critical eigenvalues, and Re A <

0 for all remaining eigenvalues. Near such parameter values, we expect the
nonlinear system (3.2.2)—(3.2.3)) will have bifurcations of solutions near the
steady state.

Due to the reflection symmetry of (3.2.6)—(3.2.7), the eigenvectors come
in two types, odd or “anti-phase” with

n(—z) = —n(z), v-=-vy, w-=—wy,
and even or “in-phase” with
n(—a) = @), vo=uve, wo=ws,
Solving the eigenvalue problem for anti-phase eigenvectors, we have

o sinh(Qyx)
n-(x) = sinh(Q)\L)

for some constant 77, where

E+ A

Q)\: D )

and the boundary condition at x = +L gives

[k + DQy coth(QL)]n} = ke
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3.2. Linearized Stability

Therefore the ¢_ and ¥_ components of an anti-phase eigenvector satisfy
the homogeneous system of linear equations

Lfv —p—(A) = M- + fiyy- =0,

(3.2.8)
gy + (egiy — A)p— =0,
where
(/\) . DQ)\ COth(Q)\L)
D=\ = DO, coth(aL)

Taking the determinant of the coefficient matrix of (3.2.8)) we obtain a tran-
scendental equation for any eigenvalue A for anti-phase eigenvectors

[/ —p-(A) = Al(egiy — A) — efivgy = 0. (3.2.9)
Similarly, for in-phase eigenvectors we have

o cosh(fyx)
(@) =i cosh(Q,\L)

and A must satisfy

[V = p+(X) = Al(egiy — A) — efivgy =0, (3.2.10)
where
(\) = Dy tanh(Q)\L)
P = L DOy tanh (5 L)

We solve the eigenvalue equations (3.2.9) and (3.2.10|) numerically, using
the mathematical software package Maple. We put

k=1, L=1 a=09, =015 r=1, u=2, (3.2.11)

and seek parameter values (“Hopf points”) that give purely imaginary eigen-
values
A =W or A = 1wy

with anti-phase or in-phase eigenvectors, respectively. With D and / as
free parameters, we solve to find a curve of Hopf points for anti-
phase eigenvectors, and solve to obtain another curve of Hopf points,
for in-phase eigenvectors. These curves intersect, at a double Hopf point,
and this intersection can be found by simultaneously solving and
, using starting values from the preliminary explorations with AUTO
on the finite-difference approximation. We obtain, for the double Hopf point,
parameter values

D = 0.555509 3 = 0.508394, (3.2.12)
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3.2. Linearized Stability

with
wp = 0.811618, wo = 0.794334.

We checked, using spatially discretized finite-difference approximations of
the eigenvalue problem (3.2.6)—(3.2.7)), for parameter values at the double
Hopf point (3.2.11)—(3.2.12), that (allowing for small discretization errors)
there are four critical, purely imaginary simple eigenvalues A = %iwj 2, and
all remaining eigenvalues have negative real parts bounded away from 0.

If parameters are varied continuously, the eigenvalues change continu-
ously. Therefore, if parameters are near the double Hopf point, there are
four simple eigenvalues near +iw 2, near the imaginary axis, which we still
call critical eigenvalues. Near the double Hopf point, by continuity the re-
maining eigenvalues still have negative real parts bounded away from 0.

We conclude this section by introducing a vector notation, which makes
the subsequent bifurcation calculations more convenient. We let

Q

(z,1)
v_(t)

(t)
)

ja
]
g

(
o |, (3.2.13)
v4(t)

+(t

g

where for each t, X () belongs to a real infinite-dimensional function space H

consisting of vectors X (t) whose components satisfy the boundary conditions

(3.2.5)). We define the linear differential operator M by

_ . -
D&S — ke

fov—+ fiyw- + Ble(=L, ) —v-]
MX = €9y v— + egfw— , (3.2.14)

frvs + fiywiBle(+L, ) — vy]

€9y v+ + €gjyw

for all X (¢) belonging to H. Then the linearized system (3.2.4)—(3.2.5) can

be written as

X =MX, (3.2.15)
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3.2. Linearized Stability

for X (t) belonging to H, where the dot denotes differentiation with respect
to t. Setting X (t) = eMq, where

Yy

belongs to H, the eigenvalue problem (3.2.6)—(3.2.7) is expressed as
Mq = \q, (3.2.16)

For complex eigenvalues X\, we seek the corresponding eigenvectors ¢ in the
complexification of H. In particular, at the double Hopf point (3.2.11))—

(3.2.12)) we have

Maq = iwi1q1, Mg = iwaqo.

The complex eigenvectors (up to multiplication by an arbitrary complex
scalar) are

7Y sinh(Qyx) /sinh(Q1 L) n9 cosh(Qax) /cosh(QaL)
-1 1
Q= —egt /(w1 — €gyy) v Q2= gy / (iwa — €giy) ,
1 1
egy /(i — egiy) egy/(iwz — egiy)
) ) ) (3.2.17)
where

_ k+iwy _ k+iwo 0 __ K 0 __ K
Q= VD > 2y = VD » ™ = 5¥DOicoth(chL)’ 12 = w¥DOscoth($L)

Generally, the critical eigenspace (or center subspace) T is the real subspace
consisting of the span of the real and imaginary parts of the (generalized)
eigenvectors corresponding to all eigenvalues A with Re A = 0. In our case
it is the four-dimensional subspace

T¢ = span {Reqi,Imq1,Re g2, Im g2 }.
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3.3. Double Hopf Bifurcation

For later computational convenience we express the critical eigenspace in
complex notation as

T ={z1q1 + Z21q; + 22q2 + Z2qy : 21,22 € C}.

Since all eigenvalues other than the four critical ones +iw; 2 have nega-
tive real parts, the complementary subspace to T° in H is T, the infinite-
dimensional stable subspace. If parameters changes smoothly, then all the
eigenvalues change continuously, and simple eigenvalues change smoothly.
Therefore, if parameters are near a double Hopf point, there are four simple
eigenvalues near +iwi 2, near the imaginary axis, which we still call criti-
cal eigenvalues, and the remaining eigenvalues still have negative real parts
bounded away from 0.

3.3 Double Hopf Bifurcation

In the previous section, we found a double Hopf point, i.e. parameter values
where the critical eigenvalues for the linearization of the model system are
two pairs of purely imaginary eigenvalues 4iwq, diws. In the nonlinear
model system itself, for parameter values near the double Hopf point, we
expect bifurcations of nonlinear modes of oscillations that resemble the linear
anti-phase and in-phase eigenvectors. This is confirmed by a bifurcation
analysis, which also tells us the stabilities of the nonlinear anti-phase and
in-phase modes, and how the modes interact near the double Hopf point.
Key to this analysis is the reduction of the infinite-dimensional model system
near the steady state to a four-dimensional normal form whose dynamics can
be more easily determined.

We extend the vector notation introduced in the previous section to the

nonlinear problem, and write the model system (3.1.1)—(3.1.5) as
X=MX+LBX X)+ 40(X, X, X), (3.3.1)

for X (t) belonging to H, where X(t) is given by (3.2.13) and the linear
differential operator M is given by (3.2.14). The operators B and C' are
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3.3. Double Hopf Bifurcation

symmetric bilinear and trilinear forms, respectively, given by

0 0
b1 c1
B(X% X" =1 —eb; |, C(X* X" X)=| —ee;
by )
—eby —€Co

where

by = 2W0? + 2V (02w + 0P w®), by = 2Wel + 2Ve(viwh + vl w?),

cp = 2020w 4+ 20° vCw® 4+ 20% v wh, ey = 2040w + 205 05w + 20 vt
Then
0 0
Wev? + Vey_w_ v w_
aB(X, X)=| —e(W? +Vev_w_) |, 5CX, X, X)=| —ev?w_
Wev_%_ + Vévriwy v%_uur
—e(We? + Veviwy) —evwy

are the quadratic and cubic terms, respectively, of the model system.

At the double Hopf point (3.2.11)—(3.2.12), we recall that the linear op-
erator M has the four critical eigenvalues +iw 2 on the imaginary axis in
the complex plane, and the remaining eigenvalues of M are in the left com-
plex half-plane, bounded away from the imaginary axis. In this situation,
for parameter values near the double Hopf point, the nonlinear evolution
equation possesses a four-dimensional invariant local center manifold
W{ . in the function space H, that is tangent to the critical eigenspace T at
the double Hopf point. Furthermore, all solutions of near the steady
state decay exponentially rapidly, as ¢ increases, to the local center manifold
W .. Therefore, the local long-term dynamics of the entire system (3.3.1)
is governed by a four-dimensional system of ordinary differential equations
that describes the dynamics restricted to W . In fact, only low-order terms
in the Taylor series expansion of this system are required. Finally, a stan-
dard procedure of introducing coordinate changes reduces the system of
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3.3. Double Hopf Bifurcation

differential equations to a simpler but equivalent one, called a normal form.
This normal form is easier to analyze, and predicts the local dynamics of
the entire infinite-dimensional system .

In the Appendix, we give some details of the reduction of the evolution
equation to the normal form. The computations are analytical, as-
sisted by the mathematical software package Maple. Near the double Hopf
point, the normal form is a four-dimensional system of ordinary differential
equations, written in complex notation as

(1 = MC+ Ga100CEC1 + GroniiCaa + O(IullliCIP + 11CIP),
o = Xolo + Hi110G1G16o + Hoo1G3 G + Ol 1< + 11€11%),

whose solutions (i (t), (2(t) are complex numbers that, to leading order, rep-
resent the evolving amplitudes and phases of the anti-phase and in-phase
oscillatory modes in the nonlinear system . The critical eigenvalues
of the linearization M near the double Hopf point are A1 and Ao, so at
the double Hopf point itself we have A\ = ‘w1, Ay = iws. Near the dou-
ble Hopf point, the real parts of the critical eigenvalues ;1; = Re \; serve
as “unfolding” parameters that usefully quantify small deviations from the
double Hopf point. The higher-order Taylor series terms in the expansions
OIS + IIC]), where 1 = (1, p2) and ¢ = (G1,Ga, Ca, ), are mot ex-
plicitly needed for our work. The four coefficients G, and H gy, of the
cubic terms in the normal form are calculated with the help of Maple, and
we evaluate them at the double Hopf point,

G100 = —3.07849 + ¢0.00166, G011 = —5.89627 + 12.80222,

3.3.3
Hi110 = —6.00121 — 70.14896, Hoyp21 = —2.90063 + 71.38790. ( )

The analysis of the normal form (3.3.2) is described in several textbooks
on bifurcation theory. Here we briefly summarize the relevant parts of the
treatment in [39]. If we take polar representations ¢; = r1e'®1, (o = roe?2,
and truncate higher-order terms, then in polar coordinates (ri,72, ¢1, ¢2)
the normal form (3.3.2]) can be written as

71 = ri(p 4 purt + piar3),
vy = ra(p2 + parri + p2ard),
b1 = w1,

¢2 = w2,

(3.3.4)

where

p11 = ReGa100, p12 = ReGio11, p21 = ReHii10, p22 = Re Hooar.
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3.3. Double Hopf Bifurcation

We point out that the truncated normal form is an approximation
of the normal form due to missing higher-order terms in the Taylor
series expansions, but the approximation turns out to be sufficiently accurate
to predict the existence and stability of bifurcating solutions.

We see in the truncated normal form that the first pair of equa-
tions is independent of the second pair and thus the bifurcations of
are completely determined by the two equations in r;, where r; represent
the amplitudes of the anti-phase and in-phase modes:

1 = r1(p1 + p1ir? + piars),

] 9 9 (3.3.5)
T = ro(ue + pa17r] + p2ary).

Since we have p;; = —3.07849 and p22 = —2.90063, the normal form falls
into the “simple” case of [39] (p. 359), where p11p22 > 0 and no fifth-order
terms are needed in the amplitude equations . We observe that the
system has a trivial equilibrium Ey = (0,0) for all p 2. Moreover,
there can be as many as three nontrivial equilibria. Equilibria on the coor-
dinate axes

E1 = (Tl,O), Ty > Oa E2 - (07T2)7 ro > 07

r = /Ml; ry = [ K2
—P11 —D22

exist if p1 > 0, pg > 0, respectively. Another equilibrium

where

FE3 = (7“1,7“2), r1 >0, 170 > 0,

where
—p1 + Oz dp1 — p2
Sk S S S 3.3.6
—pn(05-1) °° —p22(06 — 1) ( )
and
o =212 — 203276, &= "2 = 1.94940, (3.3.7)
P22 pbn

exists if both —pq +6puo > 0 and o1 — p2 > 0. The equilibria Fy o bifurcate
from the origin Fy at the bifurcation lines

Hy = {(, p2)| pn = 0}, Ha = {(p1, p2)| p2 = 0}, (3.3.8)
and E3 bifurcates from F5 or E7 on the bifurcation lines

Th = {(p1, p2)| p1 = Opa, p2 > 0},

3.3.9
1o = {(p1, p2)| p2 = o1, 1 > 0}, ( )
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3.3. Double Hopf Bifurcation

respectively. We plot the parametric portraits of in Figure . In
the left panel, the four lines Hy, Ho, T} and T» divide the (i1, u2) parameter
plane into six open regions indicated by roman numerals. The corresponding
phase portraits of the amplitude system are also shown within each
open region. The H; (red dash-dot) line is the vertical ug-axis, while Hy
(black solid) is the horizontal pj-axis. The 77 (magenta dashed) and T,
(blue dotted) lines separate regions III, IV and V. In region I, the amplitude
system has the unique equilibrium Ej and it is asymptotically stable.
When entering region I (VI) from region I, crossing Hy (Hz), the equilibrium
E; (E2) bifurcates from Ej and is asymptotically stable, while Ej is unstable.
When entering region III (V) from region II (VI), crossing Ha (H1), another,
unstable, equilibrium Fy (E7) bifurcates from Ey while F; (F2) remains at
large amplitude and asymptotically stable, and Ej is unstable. Finally, in
region IV, there is bistability as the two equilibria E; and F, are both
asymptotically stable. A fourth equilibrium FE’3 exists and is unstable, while
Ejy is unstable. Although Fj3 is unstable, it has an important effect on the
overall dynamics. The unstable manifold of E3 forms the boundary between
the basins of attraction of the two stable equilibria £ and E5. Thus the
eventual limiting state of a generic trajectory depends on the location of its
initial value relative to the unstable manifold of F3. For more details, see
[39]. If we fix other parameters at value and only change 8 or D
near the double Hopf point, the curves corresponding to H;, T} in the (3, D)
plane are shown in the right panel of Figure The red dash-dot curve
corresponds to Hp, and the black solid red curve corresponds to Hy. The
dashed magenta and dotted blue lines are tangent lines at the double Hopf
point to the curves corresponding to 177 and 75, respectively.

Restoring the angular variables to to recover the truncated normal
form , the equilibria of get different interpretations. The origin
FE) is still an equilibrium at the origin, but E; and F» are cycles, or periodic
solutions of (3.3.4)), while s for (3.3.4)) is a two-dimensional invariant torus.
Their stability properties remain the same. Thus the lines H; correspond to
Hopf bifurcations, and the lines T to torus (or Neimark-Sacker) bifurcations.

Because nondegeneracy conditions are satisfied in our case, restoring the
higher-order terms to the truncated normal form to return to
changes the bifurcation results only subtly. The torus bifurcation lines Tj
become torus bifurcation curves 17 : p; = OQus + O(,u%) and Ty : py =
Su1 +O(u?) tangent at the origin to the lines , while solutions on the
invariant two-torus are slightly changed, but the two-torus persists as an
invariant manifold with the same stability type.

Finally, transferring the bifurcation and stability results to the original
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Figure 3.1: Parametric portrait of the amplitude equations in the
(111, p2) plane near the origin with phase portraits of the amplitude equations
(left panel), and the corresponding parametric portrait in the (3, D) plane
near the double Hopf point (right panel). In the left panel, the red dash-
dot vertical ps-axis is Hy : p; = 0, the black solid horizontal pi-axis is
Hs : uo = 0, the magenta dashed line is 77 : po = du1 and the blue dotted
line is T5 @ p1 = Oug. In the right panel, the red dash-dot curve (Hopf
bifurcation of anti-phase modes) corresponds to Hj, the black solid curve
(Hopf bifurcation of in-phase modes) corresponds to Hs, the magenta dashed
line (tangent at the double Hopf point to a curve of torus bifurcations from
anti-phase modes) corresponds to T} and the blue dotted line (tangent at
the double Hopf point to a curve of torus bifurcations from in-phase modes)
corresponds to T5. Other parameter values are fixed at values . Note
the right panel corresponds to the enlarged version of Fig. in chapter
near the intersection of the blue solid curve and the red dashed curve.
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3.3. Double Hopf Bifurcation

model system (3.3.1)), or equivalently (3.1.1)—(3.1.5), is straightforward. The

origin Fy corresponds to the steady state , FEq and E5 correspond to
nonlinear oscillating anti-phase and in-phase modes, and E3 corresponds to
an invariant two-torus or modulated oscillations, while the stability types
remain the same. The lines H; and Hs correspond to curves of Hopf bifurca-
tions from the steady state, of anti-phase and in-phase modes, respectively.
The line T3 corresponds to a curve of torus bifurcations from the anti-phase
mode and T corresponds to torus bifurcations from the in-phase mode. So-
lutions on the invariant two-torus are characterized by two frequencies, one
near wy and the other near wsy.

To check our results we consider parameter paths near the double Hopf
point in the (8, D) plane and plot corresponding bifurcation diagrams ob-
tained by using AUTO on a spatially discretized finite-difference approx-
imation of the model system f. In Figure we consider
an elliptical parameter path around the double Hopf point, setting 8 =
Be+0.005 cos(f) and D = D.+0.025sin(f), and increasing the path param-
eter f from —m to w. This parameter path, shown as a green curve in the
inset panel, starts directly to the left of the double Hopf point, traces the
ellipse in a counterclockwise direction as # increases, starting in region I and
visiting the regions II, ITI, TV, etc. in sequence before returning to region
I. The main panel of Figure |3.2] shows the bifurcation diagram obtained by
AUTO for the finite-difference approximation of the model system, with the
path parameter 6 plotted on the horizontal axis, and the V_ component of
the vector solutions on the vertical axis. As the path parameter 6 increases
from —m, the steady state is stable (solid curve), then first loses stability
(beginning of dashed curve) as the stable anti-phase mode bifurcates (solid
circles indicating maximum and mimimum values of V_(¢) on the periodic
solution) from the steady state. The anti-phase mode remains stable and
with a large amplitude as the unstable (open circles) in-phase mode bifur-
cates from the unstable (dashed curve) steady state. As 6 increases further,
the in-phase mode gains stability (transition from open circles to closed
circles), and then there is an interval where both anti-phase and in-phase
modes are stable (the solution branches appear to cross but this is only
because only one component of each vector solution is plotted). Then the
anti-phase mode loses stability (transition from closed circles to open cir-
cles), then as € increases there is a Hopf bifurcation back to the unstable
(dashed curve) steady state. Finally there is a Hopf bifurcation of the sta-
ble in-phase mode (solid circles) back to the steady state as the steady state
goes from unstable (dashed curve) to stable (solid curve). AUTO detects
stability changes of the anti-phase and in-phase modes when a pair of com-
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3.3. Double Hopf Bifurcation

plex conjugate Floquet multipliers for the oscillating modes crosses the unit
circle in the complex plane, which is characteristic of a torus bifurcation.
The sequence of stability changes and bifurcations found by AUTO is as
predicted by the normal form analysis. Although the amplitude equations
(due to truncation of higher-order terms) and the AUTO bifurcation com-
putations (due to finite differences) are both approximations of the model
system, the numerical values of the bifurcation points agree well, close to
the double Hopf point.

1.8

1.75

1.55
-

o
a

Figure 3.2: Bifurcation diagram for the model system, for a parameter path
around the double Hopf point, 5 = .+ 0.005 cos(d), D = D.+ 0.025sin(0),
increasing 0 from —7 to 7, with other parameters fixed at the values (3.2.11)).
The inset panel shows the elliptical parameter path plotted in green in the
(8, D) plane, together with the bifurcation curves obtained from the nor-
mal form. The parameter path starts directly to the left of the double Hopf
point, in the region I where the steady state is stable. As € increases (moving
counterclockwise from the leftmost point on the green ellipse), the param-
eter path crosses the red dash-dot Hopf bifurcation curve, the black solid
Hopf bifurcation curve, the blue dotted torus bifurcation curve, the magenta
dashed torus bifurcation curve, the red Hopf bifurcation curve, and finally
the black Hopf bifurcation curve before returning to the starting point. The
main panel shows the bifurcation diagram for the parameter path obtained
using AUTO on the spatially discretized finite-difference approximation of
the model system, with the path parameter 6 plotted on the horizontal axis,
the V_ component of the vector solution on the vertical axis. See the main
text for the coding of solution type and stability by line style.

AUTO is able to detect stability changes of periodic solutions that cor-
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3.3. Double Hopf Bifurcation

respond to torus bifurcations, but is unable to continue along branches of
invariant tori. To look for invariant tori where their existence is predicted by
the normal form analysis, we simulated directly the model system f
(3.1.5) with finite differences in both space and time. Although the tori are
unstable, if initial conditions are chosen close enough to an invariant torus,
the solution will stay close to a solution on the unstable torus for some time
before the exponentially growing drift apart becomes noticeable. We take
8 =0.509 and D = 0.55486, which, according to the normal form, is in the
parameter region IV between the two torus bifurcation curves, where there is
bistability due to both the anti-phase and in-phase modes being asymptoti-
cally stable, and an unstable invariant torus. We choose the initial condition
corresponding to

X(0) = 2Re(r1q1 + m292), (3.3.10)

recalling that the vector X () represents the deviation of variables from
the steady state , and rq, 7o are the amplitudes f given
by the equilibrium FE3 of the amplitude equations that corresponds to the
invariant torus. Since the parameters are close to the double Hopf point, we
reason that neglecting higher-order terms in the amplitude equations and in
the local center manifold should not give seriously large errors, and therefore
(3.3.10) represents an initial condition close to the unstable invariant torus.
The simulated results appear to validate this choice of initial condition. A
plot of the time evolution of V_ component of the solution is shown in the
left panel of Figure [3.3. For a reasonably long time the numerical solution
exhibits oscillations characterized by two periods which correspond to the
two oscillating frequencies w; and wo at the double Hopf point. The signal
displays a phenomenon similar to that of beats or amplitude modulation
that occurs when two linear oscillations with nearly the same frequencies
are added, with a fast “carrier” frequency |wj + w2|/2 and a slow modulated
“envelope” frequency |wy — ws|. The power spectrum from an FFT analysis
of the time series of the numerical solution is shown in the right panel of
Figure The two peaks on the FFT plot indicate the two main frequency
components from the time series in the left panel, and the peak locations on
the horizontal axis agree with the values of w1, wy. This is consistent with
the predictions of the normal form analysis.
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Figure 3.3: The time evolution of the V_ component of a simulated solution
of the model system with initial condition (3.3.10) (left) and its correspond-
ing power spectrum obtained from FFT analysis (right). In the left panel,
we can observe two periods from the series. The shorter period corresponds
to angular frequency |w; + wa|/2 and the longer period corresponds to an-
gular frequency |w; — wa|. The left inset panel shows the simulation results
on a short time scale that more clearly resolves the rapid oscillations cor-
responding to the shorter period. In the right panel, the power spectrum
of the solution is plotted, where the horizontal axis is angular frequency w.
Two peaks in the power spectrum at w = 0.79 and w = 0.81 are clearly
visible(other peaks correspond to integer linear combinations of w; and ws).
The right inset panel shows a more detailed graph near w = 0.8.
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Chapter 4

Generalized Model in One

Dimensional Space

The goal of this chapter is to formulate and analyze a general class of coupled
membrane-bulk dynamics in a simplified 1-D spatial domain.

We first construct a general model system that describes the coupling
of two dynamically active membranes, on which n species undergo chemical
reactions, through the bulk diffusion in a one dimensional finite domain of
length 2L in

In we construct a steady-state solution for the general model system
that is symmetric about the midline x = L. The analytical construction of
this symmetric steady-state solution is reduced to the problem of determin-
ing roots to a nonlinear algebraic system involving both the local membrane
kinetics and the nonlinear feedback and flux functions. We then formulate
the linear stability problem associated with this steady-state solution. In
our stability theory, we must allow for perturbations that are either sym-
metric or anti-symmetric about the midline, which leads to the possibility
of either synchronous (in-phase) or asynchronous (out-of-phase) instabilities
in the two membranes. By using a matrix determinant lemma for rank-one
perturbations of a matrix, we show that the eigenvalue parameter associ-
ated with the linearization around the steady-state satisfies a rather simple
transcendental equation for either the synchronous or asynchronous mode.

In we analyze in detail the spectrum of the linearized problem as-
sociated with a one-component membrane dynamics. For the infinite-line
problem, corresponding to the limit L — +o00, in §4.3.1|we use complex anal-
ysis together with a rigorous winding number criterion to derive sufficient
conditions, in terms of properties of the reaction-kinetics and nonlinear feed-
back and flux, that delineate parameter ranges where Hopf bifurcations due
to coupled membrane-bulk dynamics will occur. Explicit formulae for the
Hopf bifurcation values, in terms of critical values of 7, which characterize
the time scale of bulk decay in the general model system, are also obtained.
In further rigorous results are derived that establish parameter ranges
where no membrane oscillations are possible. For the finite-domain prob-
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Chapter 4. Generalized Model in One Dimensional Space

lem, and assuming a one-component membrane dynamics, we show in
that some of the rigorous results for the infinite-line problem, as derived in
84.3.1] are still valid. However, in general, for the finite-domain problem
numerical computations of the winding number are needed to predict Hopf
bifurcation points and to establish parameter ranges where the steady-state
solution is linearly stable.

We remark that for the case of a one-component membrane dynamics,
the eigenvalue problem derived in §4.3.1) characterizing the linear stability
of the coupled membrane-bulk dynamics, is remarkably similar in form to
the spectral problem that arises in the stability of localized spike solutions
to reaction-diffusion (RD) systems of activator-inhibitor type (cf. [57] and
[79] and the references therein). More specifically, on the infinite-line, the
spectral problem for our coupled membrane-bulk dynamics is similar to that
studied in §3.1 of [57] for a class of activator-inhibitor RD systems.

For a one-component membrane dynamics, in we illustrate the the-
ory of for determining Hopf bifurcation points corresponding to the on-
set of either synchronous or asynchronous oscillatory instabilities. For the
infinite-line problem, where these two instability thresholds have coalesced
to a common value, we illustrate the theoretical results of for the
existence of a Hopf bifurcation point. For the finite-domain problem, where
the two active membranes are separated by a finite distance 2L, numerical
computations of the winding-number are used to characterize the onset of
either mode of instability. The theory is illustrated for a class of feedback
models in for an exactly solvable model problem in for a kinase
activity regulation model in §4.4.3| and for two specific biological systems
in The biological systems in §4.4.4] consist of a model of hormonal
activity due to GnRH neurons in the hypothalamus (cf. [32], [47], and [17]),
and a model of quorum sensing behavior of Dictyostelium (cf. [19]). For the
problems in §4.4.1] [4.4.2] [4.4.4] we supplement our analytical theory with
numerical bifurcation results, computed from the coupled membrane-bulk
PDE-ODE system using the bifurcation software XPPAUT [16]. For the
Dictyostelium model and the model in §4.4.2) our results shows that there
is a rather large parameter range where stable synchronous membrane os-
cillations occur. Full numerical computations of the PDE-ODE system of
coupled membrane-bulk dynamics, undertaken using a method-of-lines ap-
proach, are used to validate the theoretical predictions of stable synchronous
oscillations.

In we consider a specific coupled membrane-bulk model, having two
active components on each membrane. For the case where the two mem-
branes are identical, and have a common value of the coupling strength to
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the bulk medium, we use a numerical winding number argument to predict
the onset of either a synchronous or an asynchronous oscillatory solution
branch that bifurcates from the steady-state solution. The numerical bifur-
cation package XPPAUT [16] shows that there is a parameter range where
the synchronous solution branch exhibits bistable behavior. In contrast,
when the coupling strengths to the two membranes are different, we show
that the amplitude ratio of the oscillations in the two membranes can be
rather large, with one membrane remaining, essentially, in a quiescent state.

For the case of a one-component membrane dynamics on a finite do-
main, in we formulate and then implement a weakly nonlinear multiple
time-scale theory to derive an amplitude equation that characterizes whether
a synchronous oscillatory instability is subcritical or supercritical near the
Hopf bifurcation point. For a specific choice of the nonlinearities, corre-
sponding to the model considered in §4.4.2 theoretical predictions based
on the amplitude equation are then confirmed with full bifurcation results
computed using XPPAUT (cf. [16]). Similar analysis is applied to the Dic-
tyostelium model. Moreover, for the model system considered in §4.4.2)
time-dependent full numerical computations of the coupled membrane-bulk
PDE-ODE system are performed to show a delayed triggered synchronous
oscillation arising from the slow passage of a parameter through a Hopf bifur-
cation point. Similar delayed bifurcation problems in a purely ODE context
have been studied in [1], [2], [36], and [49] (see the references therein).

We emphasize that the theoretical challenge and novelty of our weakly
nonlinear analysis in §4.6| is that both the differential operator and the
boundary condition on the membrane for the linearized problem involves the
eigenvalue parameter. This underlying spectral problem, with an eigenvalue-
dependent boundary condition, is not self-adjoint and is rather non-standard.
Motivated by the theoretical approach developed in [18] to account for
eigenvalue-dependent boundary conditions, we introduce an extended op-
erator L, and an associated inner product, from which we determine the
corresponding adjoint problem. In this way, we formulate an appropriate
solvability condition in Lemma that is one of the key ingredients, in
our multiple time-scale analysis, for deriving the amplitude equation charac-
terizing the branching behavior of synchronous oscillations near onset. We
remark that a similar methodology of introducing an extended operator to
treat a transcritical bifurcation problem involving an eigenvalue-dependent
boundary condition, which arises in a mathematical model of thermoelas-
tic contact of disc brakes, was undertaken in [60] and [61]. However, to
our knowledge, there has been no previous work for the corresponding Hopf
bifurcation problem of the type considered herein.
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4.1. Model Formulation

4.1 Model Formulation

In our simplified 1-D setting, we assume that there are two dynamically
active membranes, located at x = 0 and x = 2L, that can release a specific
signaling molecule into the bulk region 0 < z < 2L, and that this secretion
is regulated by both the bulk concentration of that molecule together with
its concentration on the membrane. In the bulk region, we assume that the
signaling molecule undergoes passive diffusion with a specified bulk decay
rate. If C(z,t) represents the concentration of the signaling molecule in the
bulk, then its spatial-temporal evolution in this region is governed by the
dimensionless model
7Cy = DCyyp — C t>0, O0<z<?2L,
DCZB(Ov t) = G(C(O7 t)a u1 (t)) ) _DOJL“(2L? t) = G(C(2La t)7 v1 (t)) >
(4.1.1a)
where 7 > 0 is a time-scale for the bulk decay and D/7 > 0 is the constant
diffusivity. On the membranes x = 0 and x = 2L, the fluxes G(C(0,t),u1)
and G(C(2L,t),v1) model the influx of signaling molecule into the bulk,
which depends on the bulk concentrations C(0,t) and C(2L,t) at the two
membranes together with the local concentrations u;(t) and vi(t) of the
signaling molecule on the membranes. We assume that on each membrane,

there are n species that can interact, and that their dynamics are described
by n-ODE’s of the form

du B dv

- F(u) + BP(C(0,t),u1)ex, - F(v) + BP(C(2L,t),v1)ex,
(4.1.1b)
where e; = (1,0,...,0)T. Here, u(t) = (u1(t),...,u,(t))? and v(t) =
(v1(t),...,va(t))T represents the concentration of the n species on the two

membranes and F(u) is the vector nonlinearity modeling the chemical ki-
netics for these membrane-bound species. In our formulation (4.1.1Db)), only
one of these internal species, labeled by u; and v; at the two membranes,
is capable of diffusing into the bulk. The coupling to the bulk is modeled
by the two feedback terms SP(C(0,t),u1) and SP(C(2L,t),v1), where the
coupling parameter § models the strength of the membrane-bulk exchange.

4.2 The Steady-State Solution and the
Formulation of the Linear Stability Problem

In this section we construct a steady-state solution for (4.1.1), and then
formulate the associated linear stability problem. In (4.1.1), we have as-
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sumed for simplicity that the two membranes have the same kinetics and
membrane-bulk coupling mechanisms. As such, this motivates the construc-
tion of a steady-state solution for that is symmetric with respect to
the midline x = L of the bulk region. The corresponding symmetric steady-
state bulk solution C¢(x) and the membrane-bound steady-state concentra-
tion field u. satisfy

DCepy — C. =0, O<zxz<L;
Cex(L) =0, DCer(0) = G (Ce(0), use) , (4.2.1)
F(ue) + BP(Ce(0),uic)er =0.
We readily calculate that

__pcosh [wo(L — )]
Celw) = Ce cosh(woL)

wo=1/VD, (4.2.2a)

where C¥ = C,(0) and u, are the solutions to the n+1 dimensional nonlinear
algebraic system

~C2tanh(woL) = woG (Cue) , Flue) + BP(CY urc)er = 0.
(4.2.2b)
In general it is cumbersome to impose sufficient conditions on F, P, and

G, guaranteeing a solution to (4.2.2b)). Instead, we will analyze (4.2.2b)) for
some specific models below in and in §4.5|

To formulate the linear stability problem, we introduce the perturbation
C(x,t) = Ce(x) + Xn(z),  u(t) =uc+ Ve,
into (4.1.1) and linearize. In this way, we obtain the eigenvalue problem

TAN) = D1y — 1, O0<z<L; an(O)ZG§770+G31¢1’
Jetp + B(Pino + PE d1)er = M.

Here we have defined 19 = 1(0), G¢ = G(C?,uie), G5, = Gy, (C2,uie),
P = P(C2ure), and PL, = Py, (C2,uze). In addition, J. is the Jacobian
matrix of the nonlinear membrane kinetics F evaluated at u..

The formulation of the linear stability problem is complete once we im-
pose a boundary condition for n at the midline x = L. There are two
choices for this boundary condition. The choice (L) = 0 corresponds to an
anti-phase asynchronization of the two membranes (asymmetric case), while
the choice 1, (L) = 0 corresponds to an in-phase synchronization of the two

(4.2.3)
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membranes. We will consider both anti-phase and in-phase instabilities in
our analysis.

For the synchronous mode we solve (4.2.3)) with 7,(L) = 0 to obtain that

v Y L SR ()

where we have specified the principal branch of the square root if A is com-
plex. Upon substituting (4.2.4) into the boundary condition for n on x =0
in (4.2.3)), we readily determine 79 in terms of ¢; as

Gy, 91

_ . 4.2.5
0= T Ge + DO, tanh(L) (42.5)

We then substitute (4.2.5)) into the last equation of (4.2.3), and rewrite the
resulting expression in the form

(Je = M) @ = pir(N)oren,

Ge P¢ — PGS — Ps DQy tanh(Q) L) (4.2.6)
pr(A) =5 . :
G¢ + DQ) tanh(Q,\L)
Similarly, for the asynchronous mode we solve (4.2.3) with (L) = 0 to

get
(2) = sinh [Q\ (L — )]
= sinh(Q,\L)
Upon applying the boundary condition for n at x = 0 from (4.2.3), we can
write 7 in terms of ¢ as

G
= TG 1 DOy coth(L)

(4.2.7)

Upon substituting this expression into the last equation of (4.2.3)), we can
eliminate ng to obtain
(‘]6 - )\I) ()b = p7(>\)¢1€1 )
=g G, Ps — Py G — Pg, D coth(,L) (4.2.8)
p=A = Ge + DSy coth(QL)

In summary, we conclude that an eigenvalue A and eigenvector ¢ as-
sociated with the linear stability of the symmetric steady-state solution
(Ce(), ue) is determined from the matrix system

(Je = A —p+(N\)E) ¢ =0, E=eel, (4.2.9)
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where e; = (1,0,...,0)T. Here py(\) and p_()\) are defined for the syn-

chronous and asynchronous modes by (4.2.6) and (4.2.8)), respectively. We
now seek values of A\ for which (4.2.9) admits nontrivial solutions ¢ # O.

These values of A satisfy the transcendental equation
det (Je = M — p+(N)E) =0. (4.2.10)

Since F is an n xn rank-one matrix, the transcendental equation (4.2.10))
for the eigenvalue A can be simplified considerably by using the following
well-known Matrix Determinant Lemma:

Lemma 4.2.1 Let A be an invertible n X n matriz and let a and b be two
column vectors. Then,

det (A + abT) - (1 + bTA—la) det(A). (4.2.11)

Therefore, (A+ab’ )¢ = 0 has a nontrivial solution if and only if b¥ A~ a =
—1.

Proof: We start the proof with a special choice A = I and consider the
following equality
I 0 I+ab" a I 0 I a
bl 1 0 1 -b" 1 0 1+b'a
12)

If we take determinants on both sides, the right hand side gives 1 + b’ a.
The determinant of the left hand side is the product of the determinants of
three matrices. Note the first and third matrices are triangle matrices with
unit diagonal, then their determinants are 1. Thus it follows that

det(I +ab’) =1+bla. (4.2.13)
Then for a general invertible matrix A, we have
det(A + ab”) = det(A) det(I + A~ tab?) = det(A)(1 4+ b1 A7 ta). (4.2.14)

This completes the proof of the lemma. ]

Applying this lemma to (4.2.10) and (4.2.9), where we identify A =
Je— A, a = —pieq, and b = ey, we conclude that if A is not an eigenvalue
of J., then A must satisfy

1—pi(Nel (J.=A)"te =0. (4.2.15)

64



4.3. One-Component Membrane Dynamics

To simplify (4.2.15), we write (J. — )\I)f1 in terms of the cofactor matrix
M as

-1 1 T

(Je =AD" = det(J, — /\I)M ’
where the entries M;; of M are the cofactors of the element a;; of the
matrix J, — A. Since el (J, — M)t e; = My;/det (J. — M), we obtain
that reduces to the following more explicit transcendental equation

for \:
Mii1(N)

1-— A)———— = 4.2.1
PN g o ~ % (4.2.16a)
where
9Fa S W 0F2
Juz u=u ’ ’ dun U—Ue
Mi1(\) = det , , (4.2.16Db)
OFn 0Fn
Ouo u:ue’ T Bun — —A

Here F3,...,F, denote the components of the vector F = (Fi,...,Fn)"
characterizing the membrane kinetics.
For the special case of a two-component membrane dynamics of the form

F =(f,9)7, with f = f(u1,us) and g = g(u1,us), (4.2.16al) reduces to

( )\) of of
Juy — ouy | Y Ouo |
_ B S S A, A =0 J. = U=te U=te y
det (Jo AnPEN =0 ‘ 99 99
Oy u=ue Ouz U=Ue
(4.2.17)

where py(\) are defined in (4.2.6) and (4.2.8). An example of this case is
considered below in §4.5

4.3 One-Component Membrane Dynamics

In this section we study the stability of steady-state solutions when the
membrane dynamics consists of only a single component. For this case, it is
convenient to label u; = u and to define F (C(0,t),u) by

F (C(0,t),u) = F(u) + P (C(0,1),u) . (4.3.1)

The symmetric steady-state solution Ce(x) is given by (4.2.2a), where C?
and u, satisfy the nonlinear algebraic system

—C%tanh(wyL) = woG (Cg,ule) , F (Cg,ue> =0, where wy=1/VD.
(4.3.2)

65



4.3. One-Component Membrane Dynamics

In terms of F' defined in (4.3.1), the spectral problem characterizing the
stability properties of this steady-state solution for either the synchronous
or asynchronous mode is

FeGe
DQy tanh(2\L) = -GS + Fec _”)\ , (sync),

Z*EEGG (4.3.3)
DQ,y coth(Q\L) = -GS + Fec u)\ , (async),

where Q) = /(14 7X)/D is the principal branch of the square root. We
will first derive theoretical results for the roots of (4.3.3) for the infinite-line
problem where L — oo.

4.3.1 Theoretical Results for a Hopf Bifurcation: The
Infinite-Line Problem

For the infinite-line problem where L — oo, (4.3.3)) reduces to the limiting
spectral problem of finding the roots of G(A\) = 0 in Re(A) > 0, where

c+ ah

G =V1i+1A—9g(N), and g(N) = Ty (4.3.4a)
Here the constants a, b, and ¢, are defined by
Ge = _pe L (Gere - e peg (4.3.4D)
a=-— , =-r,, c= —=|G.F, — G, F|. 3.
vD vD

Our goal is to characterize any roots of G(A) = 0 in Re(A) > 0 as the coeffi-
cients a, b, and ¢, are varied, and in particular to detect any Hopf bifurcation
points. In , b represents the dependence of the local kinetics on the
membrane-bound species. If b > 0, this term indicates a self-inhibiting ef-
fect, whereas if b < 0 the membrane-bound species is self-activating. The
sign of G¢ represents the feedback from the environment to its own secre-
tion. If G¢ is positive (negative) it represents negative (positive) feedback.
We remark that the spectral problem has the same form, but with
different possibilities regarding the signs of the coefficients, as the spectral
problem studied in [57] characterizing the stability of a pulse solution for a
singularly perturbed reaction-diffusion on the infinite line.

We first use a winding number argument to count the number N of roots
of G(A) = 0 in Re(\) > 0 in terms of the behavior of G(\) on the imaginary
axis of the A-plane. If N = 0, the symmetric steady-state solution is linearly
stable, whereas if N > 0 this solution is unstable.
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4.3. One-Component Membrane Dynamics

Lemma 4.3.1 Let N be the number of zeroes of G(A\) = 0 in Re(\) > 0,

where G(\) is defined in . Assume that there are no such zeroes on
the imaginary axis. Then,

1 1

N = i - larg G] |F1+ +P, (4.3.5)

where P = 0 if b > 0 and P = 1 if b < 0. Here [arg G] |F1 denotes
+

the change in the argument of G(\) along the semi-infinite imaginary axis
A =iw with 0 < w < 0o, traversed in the downwards direction.

Proof: We take the counterclockwise contour consisting of the imaginary
axis —iR < ImA < iR, decomposed as I'r, UT';_, where I'f, = iw and
I''. = —iw with 0 < w < R, together with the semi-circle I'g, given by
Al = R > 0 with [argA\| < 5. We use the argument principle of complex
analysis to obtain
lim [arg G] |, = 27(N — P), C=TrUl, UL, (4.3.6)
R—o0
where [arg G] |  denotes the change in the argument of G over the contour C
traversed in the counter-clockwise direction, and P is the number of poles of
G inside C. Clearly P =11if b < 0 and P = 0 if b > 0. We calculate G(\) ~
VTRe™/2 on Tp as R — oo, where § = arg A, so that limp_,o [arg Q]FR =

7/2. Moreover, since G(A) = G()\), we get that [arg Glr, =larg Glp, . In
+ —
this way, we solve for N in (4.3.6) to obtain (4.3.5). [ |

Next, we set A = iw in (4.3.4a)) to calculate [arg G

] ‘Fz+ and detect any

Hopf bifurcation points. Since we have specified the principal branch of the
square root in , we must have that Re(v/1 4 7A) > 0. Therefore, if
we square both sides of the expression for G = 0 in and solve for
7, we may obtain spurious roots. We must then ensure that Re(g) > 0 at
any such root. Upon setting A = iw in and squaring both sides,
we obtain that 7 = i(1 — [g(iw)]?) /w. Upon taking the real and imaginary
parts of this expression we conclude that

cb + aw?
T= %Im <[g(zw)]2> = %gR(w)gj(w) = W(ab —c). (4.3.7a)
Here w > 0 is a root of
Re ([g(iw)]”) =1, (4.3.7b)
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4.3. One-Component Membrane Dynamics

for which gr(w) > 0 and gr(w) > 0 to ensure that Re(y/1 +itw) > 0 and
7 > 0, respectively. In (4.3.7a)), g(iw) has been decomposed into real and
imaginary parts as g(iw) = gr(w) + igr(w), where

_be+ aw?

gr(w) = 22 gr(w) =

w(ab — ¢)
—_— 4.3.
b2 + w? (4:3.7¢)

In addition, if we separate v/1 4 ¢7w into real and imaginary parts, we readily
derive that

Re (VIFi) = o= [Viz i +1]
Im(mké{m_lr/?

We now apply the winding number criterion of Lemma together
with (4.3.7)) to determine the location of the roots of G(\) = 0 for various
ranges of a, b, and ¢, as the parameter 7 is varied.

(4.3.8)

Proposition 4.3.1 Suppose that cb < 0 and that a < 0. Then, no Hopf
bifurcations are possible as T > 0 is varied. Moreover, if b > 0 we have
N =0, so that the symmetric steady-state solution is linearly stable for all
T > 0. Alternatively, when b < 0 we have N = 1, and so the symmetric
steady-state solution is unstable for all T > 0.

Proof: We note that g(\), defined in (4.3.4a), is a bilinear form and is
real-valued when A is real. It does not have a pole at A = 0 since b # 0.
Therefore, it follows that the imaginary axis A = iw must map to a disk B
centered on the real axis in the (gg, gr) plane. When ¢b < 0 and a < 0,
it follows from that gr < 0, and so this disk lies in the left half-
plane Re(g) < 0. When b > 0, we have that g(\) is analytic in Re(\) > 0,
and so the region Re(\) > 0 must map to inside the disk B. As such,
since Re <\/1 + 7')\) > 0, it follows that there are no roots to G(A\) = 0 in
Re(A) > 0, and so N = 0.

For the case b < 0, we use the winding number criterion . Since
cb < 0 and a <0, we have gr(w) < 0, so that

Re [G(iw)] = Re [m - g(iw)} > 0.

We have arg G(iw) — m/4 as w — +oo and G(0) > 0, so that argG(0) = 0.
This yields that [arg G| }FI = —n/4. In addition, since P = 1 in (4.3.5), we
+

obtain that N =1 for all 7 > 0. [ |
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Next, we establish the following additional result that characterizes N,
independent of the value of 7 > 0.

Proposition 4.3.2 When ¢ > ab, there are no Hopf bifurcation points for
any T > 0. If in addition, we have

(I) b>0, andec/b<1, then, N=0Vr >0,

(II) b<0, andc/b<1, then, N=1Vr>0,

(III) b>0, andc/b>1, then, N=1VYT>0,

(IV) b<0, andc/b>1, then, N=2Vr>0.

Proof: We first observe from (4.3.8) and (4.3.7¢) that Im(G(iw)) > 0 for

all 7 > 0 when ¢ > ab. Therefore, there can be no Hopf bifurcations as
7 is increased. To establish (I) of we use G(0) > 0, since ¢/b <
1, argG(iw) — m/4 as w — o0, and Im(G(iw)) > 0 to conclude that
[arg G] ‘F1+ = —m/4. Then, since b > 0 we have P = 0, and (4.3.5) yields

N = 0. The proof of (II) of is identical except that we have P =1
in since b < 0, so that N = 1. This unstable eigenvalue is located
on the positive real axis on the interval —b < A < oo. To prove (III) we
note that G(0) < 0 since ¢/b > 1, and P = 0 since b > 0. This yields
[arg G] ‘Fq_ = 3r/4, and N = 1 from (4.3.5). This root is located on the

positive real axis. Finally, to prove (IV) we use G(0) < 0 and b < 0 to
calculate [arg G] ‘Fz =3n/4 and P = 1. This yields N = 2 from (4.3.5). A
+

simple plot of v/1 4+ 7 and g(\) on the positive real axis for this case shows
that there is a real root in 0 < A < —b and in —b < XA < oo for any 7 > 0.1

(4.3.9)

Next, we consider the range ab > ¢ and bc > 0 for which Hopf bifur-
cations in 7 can be established for certain subranges of a, b, and ¢. To
analyze this possibility, we substitute g(iw) into , to obtain that w
must satisfy

(aw2 + bc)2 —w?(ab—c)? = (b2 —l—w2)2 ,

in the region bc + aw? > 0. Upon defining ¢ = w?, it follows for |a| # 1 that
we must find a root of the quadratic Q(§) = 0 with £ € S, where

Q) = E—apl+ar = ({ — a0/2)2+a1—a(2)/4, S={{|¢>0and al > —cb}.

(4.3.10a)
We refer to S as the admissible set. Here ag and a1 are defined by
1 2 b* 2 2
a0 =5 [(ab ¢)” 4 2b(b — ac) a =1 b*—c
(4.3.10b)
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For the special case where a = +1, we have

_ o (c/b-1 e o fc/b+1 e
E=0 <c/b+3>’ if a=-1; E=-b (3—c/b)’ ifa=1.
(4.3.10¢)

Our first result shows shows that there are certain subranges of the
regime ab > ¢ and be > 0 for which we again have that no Hopf bifurcations
can occur for any 7 > 0.

Proposition 4.3.3 Suppose that b < 0, 0 < ¢/b < 1, and ¢/b > a. Then,
N =1 for all T > 0.

Proof: We first establish, for any 7 > 0, that Re(G(iw)) > 0 when w >
0. We observe from (4.3.8) that Re(y/1 + i7w) is a monotone increasing
function of w, while gp(w), defined in (4.3.7¢), is a monotone decreasing
function of w when ¢/b > a. This implies that Re(G(iw)) is monotone
increasing in w when ¢/b > a. Since Re(G(0)) =1 — ¢/b > 0 when ¢/b < 1,
we conclude that Re(G(iw)) > 0 for w > 0. Then, since Re(G(iw)) — 400
as w — 400, we obtain [arg J| ‘F1+ = —m/4. Using this result in (4.3.5),

together with P = 1 since b < 0, we get that N =1 for all 7 > 0.
We now use Lemma and (4.3.10) to identify a parameter regime in

the range ab > ¢ with bc > 0 where there is a unique Hopf bifurcation value
for 7:

Proposition 4.3.4 Suppose that b < 0, ¢/b > 1 and a < 1. Then, we have
either N =0 or N = 2 for all T > 0. Moreover, N =0 for 0 < 7 < 1
and N = 2 for 7 > 1. For a # —1, there is a unique Hopf bifurcation at
T =171 > 0 given by

2(cb + aw?;)

TRy

2
(ab—c), WH = \/(;O—i—c %—(11, (4.3.11a)

where { = 41 if |a|] <1 and { = —1 if a < —1. Here ag and a; are defined

m (4.3.100). When a = —1, we have

2(ch — w?
TH:—(ng(b-i-C), wH:\b]
(b +w?)

c/b—1
c/b+3°

(4.3.11b)
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Proof: We first establish that, for any 7 > 0, there is a unique root w* to
Re(G(iw)) = 0 in w > 0. To prove this we follow the proof of Proposition
to obtain that Re(G(iw)) is a monotone increasing function of w when
¢/b > a. Moreover, since Re(G(0)) = 1 —¢/b < 0, as a result of ¢/b > 1,
and Re(G(iw)) — 400 as w — +o00, we conclude that there is a a unique
root w* to Re(G(iw)) = 0 in the region w > 0. The uniqueness of the
root to Re(G(iw)) = 0, together with the facts that G(0) = 1 —¢/b < 0
and arg G(iw) — 7/4 as w — 400, establishes that either |arg G

3w /4 or [arg G] ‘FIJF
Im(G(iw*)) < 0, respectively. Therefore, since P = 1, owing to the fact that
b < 0, we conclude from that either N =0 or N = 2 for any 7 > 0.

To determine N when either 0 < 7 < 1 or when 7 > 1, we examine the
behavior of the unique root w* to Re(G(iw)) = 0 for these limiting ranges of
7. For 7 > 1, we readily obtain that w* = O(1/7), so that Im(G(iw*)) > 0
from estimating Im(y/1 4 i7w) and gr(w) in and . Thus,
N = 2 for 7 > 1. Alternatively, if 0 < 7 < 1, we readily obtain that
w* = O(1), and that Im(G(iw*)) ~ —gr(w*) + O(72) < 0. Therefore, N = 0
when 0 < 7 < 1. By continuity with respect to 7 it follows that there is a
Hopf bifurcation at some 7 > 0.

To establish that the Hopf bifurcation value for 7 is unique and to derive
a formula for it, we now analyze the roots of Q(§) = 0 for £ € S, where Q(&)
and the admissible set S are defined in . In our analysis, we must
separately consider four ranges of a: (i) 0 < a < 1, (ii) —1 < a < 0, (iii)
a=—1,and (iv) a < —1.

For (i) where 0 < a < 1, the admissible set S reduces to £ > 0 since
cb > 0. Moreover, we have Q(0) = a; < 0 since ¢/b > 1 and Q — +00 as
& — +o0. Since Q() is a quadratic, it follows that there is a unique root to
Q(&) =0in & > 0, with the other (inadmissible) root to Q(§) = 0 satisfying
¢ < 0. By using to calculate the largest root of Q(£) = 0, and
recalling , we obtain .

The proof of (ii) for the range —1 < a < 0 is similar, but for this case the
admissible set S is the finite interval 0 < & < —cb/a. Since Q(0) = a; < 0
and @ is a quadratic, to prove that there is a unique root to Q(§) = 0
on this interval it suffices to show that @ (—cb/a) > 0. A straightforward
calculation using the expressions for ag and ap in yields, upon

i
= —57/4 depending on whether Im(G(iw*)) > 0 or
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re-arranging terms in the resulting expression, that

2b2 b b2 b2 2
Q (~bja) = S = % [(ab— o+ 20— )] + v
2p? b b2 1
- ca2 B a(lc—aQ)(ab_C)2 i [(b_c)2+26b <1 Bl a)] '

Since ¢b > 0 and —1 < a < 0 all three terms in this last expression for
Q (—cb/a) are positive. Thus, there is a unique root to Q(§) =0in 0 < £ <
—cb/a, which is given explicitly by (4.3.11al).

When a = —1, the admissible set S is the interval 0 < £ < ¢b. It is
then readily verified that the explicit formula for £ given in when
a = —1 lies in this interval. In this way, we obtain (4.3.11b)).

Finally, we consider the range (iv) where a < —1, where the admissible
set is 0 < £ < —cb/a. Since ¢/b > 1 and a < —1 we have from (4.3.10b)
that ap > 0 and Q(0) = a; > 0. Thus the minimum value of Q(&) is at
some point £ = &, > 0. To prove that there is a unique root to Q(§) = 0 on
0 < £ < —cb/a we need only prove that Q (—cb/a) < 0. By re-arranging the
terms in the expression for () (—cb/ a) we obtain, after some algebra, that

3 2
Q (—cb/a) :_a?(ac?b—l) Z(1+a2)—a<;+a2>
b2

a2 —

[(b —¢)? + 2cb(a_1)} .

a
Since ¢b > 0 and a < —1, we have that the expressions inside each of the two
square brackets are positive, while the terms multiplying the square brackets
are negative. This establishes that @ (—cb/ a) < 0 and the existence of a
unique root to Q(§) = 01in 0 < £ < —cb/a. By taking the smallest root of

Q&) =0on ¢ >0 we get (4.3.11al). [ |

Our next result is for the case b > 0 on a subrange of where ab — ¢ > 0.
Proposition 4.3.5 The following results hold for the case b > 0: (I) Sup-
pose that ¢/b < a < 1. Then, we have N = 0 for all 7 > 0. (1) Suppose
that ¢/b < 1 < a. Then, there is a Hopf bifurcation at some T = 7 > 0.

If 0 < 7 < 1, then N = 2, whereas if T > 7, then N = 0. The Hopf
bifurcation value T > 0 is given by

2(cb + aw? 5
(b +w) 2 V4
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where ag and a1 are defined in (4.5.100)).

Proof: We first prove (I). When ¢/b < a < 1, we have from that
gr(w) is monotone increasing with ¢/b = gr(0) < gr(w) < gr(c0) = a < 1.
Since Re(v/1+iwt) > 1 for all 7 > 0, it follows that Re(G(iw)) > 0 on
0 < w < o0, and consequently [arg G] rLo= —m/4. Then, since P = 0,

owing to b > 0, yields that N = 0 for all 7 > 0.

To prove (IT) we consider the range ¢ > 0 and ¢ < 0 separately, and we
first examine the roots to Q(§) = 0 for £ € S, as defined in (4.3.10). For the
case ¢ > 0, the admissible set is £ > 0. Since the quadratic Q(§) satisfies
Q(0) =a; < 0when 0 < ¢/b <1 < a, together with Q(&§) — +o00 as & — oo,
it follows that there is a unique root to Q(§) = 0 on & > 0. This yields the
unique Hopf bifurcation value 7 given in . Alternatively, suppose
that ¢ < 0. Then the admissible set is £ > —bc/a. We calculate Q (—bc/a)
from (4.3.10), and after re-arranging the terms in the resulting expression,
we obtain

c2b? cb 9 b (b? — c?)
Q (—cb/a) = a2 + CL((I2 — 1) [(ab — C) + 2b(b — CLC):| + W 5
be (ab—c)?  b?(b? — c?) c2b? 9 2ab
== a1+ 22
« -1 T Ti—a& +a2(a2—1) “ T

Since each of the three terms in the last expression is negative when ¢/b <
1 < a, we have Q (—bc/a) < 0. It follows that there is a unique root to
Q&) =0 on —bc/a < & < 0o, and consequently a unique Hopf bifurcation
point.

Combining the results for ¢ > 0 and ¢ < 0, we conclude that there is a
unique Hopf bifurcation point 77 > 0 when ¢/b < 1 < a and b > 0. We now
must prove the result that N =0 for 7 > 7y and N =2 for 0 < 7 < 7. To
establish this result, we need only prove than N = 0 for 7 > 1 and N = 2 for
0 < 7 < 1. Then, by the uniqueness of 7z, the continuity of A with respect
to 7, and the fact that A\ = 0 cannot be eigenvalue, the result follows. For
7 > 1, we obtain from the unboundedness of Re(v/1 + iT7w) as 7 — +oo for
w > 0 fixed that Re(G(iw)) > 0 on 0 < w < oo when 7 > 1. Therefore, since
[arg G| ‘Fz = —7m/4 and P = 0, owing to b > 0, (4.3.5) yields that N =0
for 7 > 1.+ Next, since a > 1, we readily observe that there are exactly two
roots wy with 0 < w_ < wy to Re(G(iw)) = 0 on 0 < w < oo, with the
property that w_ = O(1) and wy = O(771) > 1 when 0 < 7 < 1. We
readily estimate that Im (G(iws)) > 0 and Im (G(iw—)) < 0 when 7 < 1.
Therefore, since arg G(iw) — /4 as w — +oo and arg G(0) = 0 since
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¢/b < 1, we conclude that [arg J] |F1 = 7r/4 when 0 < 7 < 1. Finally,
+
since P = 0, owing to b > 0, (4.3.5) yields N =2 when 0 < 7 < 1. [ |

Our final result is for the range 1 < a < ¢/b with b < 0 where there can
be either two Hopf bifurcation values of 7 or none.

Proposition 4.3.6 Suppose that b < 0 and 1 < a < ¢/b. Then, if ¢/b <
3a +2v2(a® — 1)1/2, we have N = 2 for all 7 > 0, and consquently no Hopf
bifurcation points. Alternatively, if ¢/b > 3a + 2v/2(a® — 1)Y/2, then there
are two Hopf bifurcation values T4, with TH— > Ty, so that N = 0 for
Ty < T < 71— and N = 2 when either 0 < 7 < Tgy or 7> TH_.

Proof: Since the proof of this result is similar to those of Propositions|4.3.4
and we only briefly outline the derivation. First, since necessarily
¢ < 0, the admissible set for Q(&) in (4.3.10a) is & > 0, and hence we focus
on determining whether Q(§) = 0 has any positive real roots. For the range
1 < a < ¢/b, we calculate Q(0) = a1 > 0 from (4.3.10). As such it follows
that there are either two real roots to Q(§) = 0 in & > 0, a real positive
root of multiplicty two, or no real roots. From , there are two real
roots only when ag > 0 and a% /4 —a; > 0, where ap and a1 are defined in
(£3.10).

Upon using for agp and a;, we can show after some lengthy
but straightforward algebra that ag > 0 when ¢/b > 2a + v/3a? — 2, and
a¢/4 —a; > 0 when

2
<Z—3a> +8(1—a2) >0.

For any a > 1, the intersection of these two ranges of ¢/b is ¢/b > 3a +
2v/2(a® — 1)%/2. On this range, Q(¢) = 0 has two positive real roots, and
hence there are two Hopf bifurcation values of 7. For the range 1 < a <
¢/b < 3a + 2v2(a® — 1)Y/2, then either ag < 0 or a/4 —a; < 0, and so
Q(&) = 0 has no positive real roots.

The determination of N follows in a similar way as in the proof of Propo-

sition [4.3.5| [ ]

4.3.2 A Finite Domain: Numerical Computations of the
Winding Number

For finite domain length L, the synchronous and asychronous modes will, in
general, have different instability thresholds. For finite L, we use (4.3.3) to
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conclude that we must find the roots of G(\) = 0, where we now re-define

G(A) as

G\ = DQ,\h(Q)\)—l—GE—LG“, h(Qy) = {tanh (Q\L) , (synchronous)

Fe— X ~ |coth(\L), (asynchronous)’

(4.3.13a)
where Q) = /(1 +7)\)/D. It is readily shown that (4.3.5) still holds, and
SO

11
N=2+- [arg G] {m + P, (4.3.13b)

where P = 0 if FY < 0 and P = 1 if Ff > 0. To determine N for a

specific membrane-bulk system, numerical computations of [arg G must

™
be performed separately for both the synchronous and asynchronous modes.
This is illustrated below in for some specific membrane-bulk systems.

We remark that some of the results in are still valid when L is
finite. To see this, we write in the form

VIF7A Z((Zg)) =g\, g\ = CLbJ;“ALA : (4.3.14a)

where wg = D~1/2, and where we have defined ar, b, and ¢z, by

Ge 1
——°c _ p=-F, ¢ =-——|[GF—GF].
vV Dh(wo) V- Dh(w) | |
(4.3.14b)

We remark that as L — oo, reduces to the eigenvalue problem
for the infinite-line problem studied in

With this reformulation, the left-hand side of has the same
qualitative properties as /1 + 7A that were used in the proofs of some of
the propositions in §4.3.1. In particular, Propositions 4.3.1 and part
(I) of Proposition still apply provided we replace a and c¢ in these
results by az, and ¢;. We do not pursue this extension any further here.

arp = —

4.4 Examples of the Theory: One-Component
Membrane Dynamics

In this section we consider some specific systems to both illustrate our sta-

bility theory and to show the existence of synchronous and asynchronous

oscillatory instabilities induced by coupled membrane-bulk dynamics. As-
suming a one-component membrane dynamics, we determine the stability
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of the steady-state solution by numerically computing the number N of
eigenvalues of the linearization in Re(\) > 0 from either for the
infinite-line problem, or from for the finite-domain problem. For
some subranges of the parameters in these systems, the theoretical results
of for the infinite-line problem determines N without the need for any
numerical winding number computation.

To confirm our stability results for the case of a one-component mem-
brane dynamics we also computed symmetric steady-state solutions of
and bifurcations of this solution to periodic solutions by first spatially dis-
cretizing with finite differences. Then, from this method of lines
approach, together with the path continuation program AUTO with the in-
terface provided by XPPAUT (cf. [16]), branches of steady-state and peri-
odic solution branches were computed numerically. To confirm predictions of
oscillatory dynamics, full time-dependent numerical solutions of the coupled
PDE-ODE system (4.1.1)) were computed using the method of lines.

4.4.1 A Class of Feedback Models
We first apply the theory of §4.3.1/ to a class of membrane-bulk problems of

the form

7Cy = DCyyp — C t>0, x>0;

DCZ|$:0:G(C’(0,t),u); C—0 as z— o0,
% = F(C(0,t),u), where F(C(0,t),u)=F(u)+ cG(C(0,t),u(t)),

(4.4.1)
for some o > 0. For this class, the flux on x = 0 acts as a source term to the
membrane dynamics. A special case of (4.4.1), which is considered below,
is when the membrane-bulk coupling is linear and, for some x > 0, has the
form

G(C(0,t),u) =k [C(0,t) —u] . (4.4.2)

To apply the theory in §4.3.1 to (4.4.1) we first must calculate a, b, and ¢,
from (4.3.4b)). We readily obtain that
1

G¢ , o
- , GeF' (ue), b—c = —=G;G¢,
75 c 75 (ue) ab—c 75
(4.4.3)

where u, is a steady-state value for u. The first result for (4.4.1) shows
that a Hopf bifurcation is impossible with a linear membrane-bulk coupling
mechanism.

b=—F'(ue)—0GS, a=
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Proposition 4.4.1 Let C,., u. be a symmetric steady-state solution for
with the linear membrane-bulk coupling . Let N denote the
number of unstable eigenvalues in Re(\) > 0 for the linearization of
around this steady-state solution. Then, for any T > 0, we have N = 0
when F'(ue) < Fru, and N = 1 when F'(ue) > Frwm, where Fry, =

oK/ [1 + /@/\/5}

Proof: Since with the coupling we have ab — ¢ = —1120/\/5 < 0,
it follows by Proposition that there are no Hopf bifurcations for any
7 > 0. To determine the stability threshold, we calculate a = —x/ VD <0,
b= —F'(ue)+ok, and ¢ = xF'(u.) /v D, and apply the results of Proposition
. We separate our analysis into three ranges of F'(ue). First suppose
that F’'(u.) < 0. Then, since b > 0, ¢ < 0, and a < 0, we have by (I)
of Proposition that N = 0. Next, suppose that 0 < F'(ue) < ok,
so that b > 0 and ¢ > 0. We calculate that ¢/b > 1 if F'(ue) > Frin,
where F4p, which satisfies 0 < Fr4, < ok, is defined above. Since ¢/b > 1,
(ITI) of Proposition proves that N = 1 for all 7 > 0. Alternatively, if
0 < F'(ue) < Frin, then ¢/b < 1, and (I) of Proposition proves that
N =0 for all 7 > 0. Finally, suppose that F'(u.) > ox. Then, ¢ > 0, b < 0,
so that bc < 0 and a < 0. We conclude from Proposition that N =1
for all 7 > 0. The proof is complete by combining these results on the three
separate ranges of F'(ue). |

This result for the non-existence of oscillations for a linear membrane-
bulk coupling mechanism holds only for the case of a single membrane-bound
species. As shown in when there are two species in the membrane,
oscillatory dynamics can occur even with a linear membrane-bulk coupling
mechanism. Our next result for (4.4.1]) specifies a class of nonlinear coupling
mechanisms G(C(0,t), ) for which no Hopf bifurcations of the steady-state
solution are possible.

Proposition 4.4.2 When G{GE, < 0, then the symmetric steady-state so-
lution of does not undergo a Hopf bifurcation for any 7 > 0. In
particular, if G5, < 0 and G > 0, then for any 7 > 0 we have N = 1 when
F'(ue) > F, and N = 0 when F'(ue) < Fy,. Here Fy, > 0 is the threshold

value

G
1+Ge/vVD

Proof: From (4.4.3) we have ab— ¢ < 0 when GG < 0. Proposition [4.3.2]
proves that there are no Hopf bifurcations for any 7 > 0. The second part

Fon = (4.4.4)
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of the proof parallels that done for Proposition |4.4.1 |

A similar analysis can be done for the case where G¢ > 0 and G¢ < 0.
For this case, the steady-state solution is unstable when G¢ < —+/D for all
ranges of F'(u.). When G¢ > —+/D, the steady-state is linearly stable only

when F/(u.) < —0GS/ [1 + Gg/\/ﬁ]
Our final result for (4.4.1) characterizes a class of nonlinear coupling

mechanisms for which a Hopf bifurcation of the steady-state solution does
occur for some value of 7.

Proposition 4.4.3 Suppose that G¢ > 0 and G¢, > 0. Then, for the sym-
metric steady-state solution of , we have:

(I) If F'(ue) > Fuy, then N=1Vr >0,
(II) If —oGS < F'(ue) < Fy,, then N=2 for 7> 7y, and
N=0 for 0<71<71g,
(III) If Fl(u) <0G, then N=0VYr>0.
(4.4.5)

Here Ty > 0 is the unique Hopf bifurcation point, and Fy, < 0 is defined in
4.4.4).

Proof: Since G¢ > 0, we have a < 0 from (4.4.3). To establish (III)
we calculate from that b > 0 and ¢ < 0 when F'(u.) < —oG¢.
From the first statement of Proposition we conclude that N = 0. To
establish (II), we observe that b < 0, ¢ < 0, and ¢/b > 1 when —0G¢, <
F'(ue) < Fen < 0. Proposition then proves that there is a unique
Hopf bifurcation value 7 = 77 > 0 on this range of F'(u.), as given in
(4.3.11)). Finally, to establish (I), we observe that b < 0 and ¢/b < 1 when
F'(ue) > Fin. For the range ¢ < 0, where Fi, < F'(ue.) < 0, we have
from Proposition that N = 1. Finally, for the range ¢ > 0, where
F'(ue) > 0, Proposition [4.3.1] also yields that N = 1. [ |

We now discuss the limiting behavior of 777 and the corresponding Hopf
bifurcation frequency wpg, as given by , at the two edges of the
interval for F'(u.) in (II) of Proposition First, we observe that as
F'(ue) approaches —oG¢, from above, we have that b — 07. Therefore,
from we have a; — 0, and so at this lower edge of the interval we
have wg — 07 and 7y — +00. At the other end of the interval, where
F'(ue) approaches Fy, from below, we have that ¢ — b — 0, so that again

a; — 0 in (4.3.11). Therefore, from (4.3.11), we conclude at this upper
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edge of the interval that wy — 01. However, since b = O(1), we have from
(4.3.114) that 7y — 2(1 — a)/|b] = O(1) at the upper edge.
4.4.2 A Phase Diagram for an Explicitly Solvable Model

Next, we consider a simple model where a phase diagram characterizing
the possibility of Hopf bifurcations can be determined analytically for the
infinite-line problem. For g > 0, v > 0 and x > 0, we consider

7Cy = DChyp — C, t>0, O0<z<2L,

- 2 =k (C(0,t) — u)
DCq| _,=G(C(0,1),u) = 5 (C00) —w) (4.4.6)
% = F(C(0,t),u) =~vC(0,t) —u,

with identical membrane dynamics at x = 2L. We remark that in (4.4.6)
the only nonlinearity arises from the flux term G(C(0,¢),u). The symmetric

steady-state solution for (4.4.6) is Ce(x) given in (4.2.2a), where CY = C,(0)

satisfies the cubic equation

(C9)3B(y—1)* tanh(wo L) —C? [kwo(y — 1) — tanh(woL)] =0, wp=+/1/Dy.

(4.4.7)
In our analysis, we will focus on periodic solutions that bifurcate from the
steady-state solution branch where C? is positive. From , the positive
root is given explicitly by

o0 — kwo(y — 1) — tanh(woL)
©\ B(y-1)?tanh(wol) (4.4.8)
when kwo(y — 1) — tanh(woL) > 0.

Ue = 700

e

We first consider the infinite-line problem where L — oo and we set
D =1 for convenience. Then, (4.4.8) reduces to

k(y—1)—1
Cg =4/ . 4.4.9
Bly—1) (49
For this example, we calculate a, b, and ¢, in (4.3.4b) as
1
a=-Gi=—=2—k(y—1)|, b=1,
k(v —1)2 [2=x(r= D) (4.4.10)

c=(y-1G¢, ab—c=—G¢.
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We now apply the theory of to obtain the phase-diagram Fig.
in the parameter space s versus 7. Since C? > 0 only when v > 1 and
k > 1/(y —1), the boundary between region I and II in Fig. is k =
1/(y—1). Next, we calculate that ab — ¢ < 0 and 0 < ¢/b < 1 when
(v — 17" < & < 2(y — 1)~} which is labeled as region II in Fig. 4.1
Therefore, in this region, we conclude from condition (I) of Proposition [4.3.2]
that the steady-state is stable for all 7 > 0. Next, we calculate from
that ¢/b < a <1 when 2(y —1)"' <k <2(y—1)"}2—-~)"tand v > 1,
which is region III of Fig. For this range, Proposition proves that
the steady-state solution is stable for all 7 > 0. Finally, region IV of Fig.
given by k > 2(y — 1)1 (2 — )7l for 1 < v < 2, is where ¢/b < 1 < a.
At each point in this region, Proposition proves that there is a Hopf
bifurcation value 7 = 7 > 0, and that the steady-state solution is unstable
fo<7<ry.

Figure 4.1: Phase diagram for (4.4.6) in the s versus 7 plane for the infinite-
line problem when D = 1. Inregion I, K < (y—1)"! with v > 1, and there is
no steady-state solution. In region II, bounded by (y—1)"! < x < 2(y—1)~!
for v > 1, we have ab — ¢ < 0 and b > 0, and the steady-state solution is
linearly stable for all 7 > 0. In region III, bounded by 2(y — 1)~ < xk <
2(y = 1)7H2 —5)7! for v > 1, we have b > 0 and ¢/b < a < 1, and so by
the first statement in Proposition there is no Hopf bifurcation and the
steady-state solution is linearly stable for all 7 > 0. In region IV, bounded
by k > 2(y—1)"1(2—7) !t for 1 < v < 2, wehave b > 0 and ¢/b < 1 < a, and
so by the second statement in Proposition there is a Hopf bifurcation
and the steady-state solution is unstable if 0 < 7 < 77 and is linearly stable

if 7 > 7y, where 7y > 0 is given by (4.3.12)).

For the finite-domain problem with L = 2, and for two values of , in
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Figure 4.2: Two typical bifurcation diagrams for u versus v for (4.4.6) on a
finite domain with L =2, D =1, 7 = 0.1, and 8 = 1. Left panel: kK = 9.
Right-panel: « = 10.5. The solid and dashed lines denote linearly stable
and unstable branches of steady-state solutions. The outer and inner closed
loops correspond to branches of synchronous and asynchronous periodic so-
lutions, respectively. The solid/open circles indicate linearly stable/unstable
periodic solutions, respectively.

Fig. we plot numerically computed bifurcation diagrams of u versus -y for
both the steady-state and bifurcating periodic solution branches. For the
corresponding infinite-line problem, this corresponds to taking a horizontal
slice at fixed x through the phase diagram of Fig. The results in the left
panel of Fig. show that when k = 9 the bifurcating branch of synchronous
oscillations is linearly stable, while the asynchronous branch is unstable. To
confirm this prediction of a stable synchronous oscillation for k = 9 and
v = 1.45, in Fig. we plot the full numerical solution computed from the
PDE-ODE system (4.4.6). Starting from the initial condition C(z,0) = 1,
together with u;(0) = 0.04 and u2(0) = 0.5 in the left and right membranes,
respectively, this plot shows the eventual synchrony of the oscillations in the
two membranes. In the right panel of Fig. where k£ = 10.5, we show that
the synchronous mode is stable for a wide range of ~+, but that there is a
narrow parameter range in v where both the synchronous and asynchronous
modes are unstable. For the value v = 1.28 within this dual-unstable zone,
the full numerical solution of the PDE-ODE system (4.4.6)), shown in Fig.
reveals a phase-locking phenomena in the oscillatory dynamics of the two
membranes.
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X t

Figure 4.3: Full numerical solutions(left panel) of the PDE-ODE system for
for the finite-domain problem with L =2, D =1, 7 = 0.1, k = 9,
v = 1.45, and 8 = 1. The initial condition is C(z,0) = 1 with u;(0) = 0.04
and u2(0) = 0.5 in the left and right membranes. On the infinite line the
parameter values are in region IV of Fig. For this value of v and k we
observe from the left panel of the global bifurcation diagram Fig. that
only the synchronous mode is stable. The full numerical solutions for wu
and wug (right panel) confirm this prediction.

6.81

AAAAAAAAAAALS
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Figure 4.4: Full numerical solutions(left panel) of the PDE-ODE system for
for the finite-domain problem with L =2, D=1, 7 = 0.1, k = 10.5,
v = 1.28, and 8 = 1. The initial condition is as given in Fig. For this
value of v and k we observe from the right panel of the global bifurcation
diagram Fig. that synchronous and asynchronous periodic solutions are
both linearly unstable. The full numerical solutions for u; and ug (right
panel) reveal a phase-locking phenomenon.
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4.4.3 A Model of Kinase Activity Regulation

In the following, we study a model which describes the regulation of of
kinase activity by its diffusion in space and feedback through membrane-
bound receptors from [30]. In [30], K (t,x) represent the concentration of
active kinase, () denotes the total concentration of the kinase, R(t) denotes
the surface concentration of the active receptors and P represents the total
surface concentration of the ligand bound receptors(including active and
inactive). In the original paper [30], a 2D model in a ball domain with
radius rg is considered. Here we import the model in 1D and consider the
domain [0,2L]. The original system reads

K= dAK — b K,

~diK,| = aR(Q-K(0,1), (4.4.11)

d
dif = a4y K(0,t)(P — R) — bR,

where b; > 0 denotes the dephosphorylation rate of kinase, d; is the diffusion
coefficient and a1, ao, by are positive reaction rates. To transform (4.4.11))
into the same form of (4.1.1), we define

Clat) = K(z,t), ult)=R(t), r— bi D= %. (4.4.12)
1 1
Then can be rewritten to
Tct = DAC - C,
DCy(0,t) = G(C(0,1),u), (4.4.13)
du
E = F(C(Ovt)a U) y
with
G(C(0,1),u) = %U(Q —0(0,1)), F(C(0,t),u) = asC(0,£)(P — u) — bau.
1
(4.4.14)

The steady state Ce(x) of the concentration of active kinase has same ex-
pression as (4.2.2)) with
o_ wgagPQ% — by tanh(woL)

¢ agtanh(woL) + wOCLQP‘g—ll

: (4.4.15)

and
a9 PCS

= 2l 4.4.16
Y by +CLQCg ( )
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For the linear stability analysis, we calculate that

G€
e o MM o GC <0, F°>0,

b= —F°=ayC%by >0, a= —
e vD /D
(4.4.17)

with
. a;  azP(beQ — a2(02)2 — 2b203)
b1V D by + axCY ’
GeFy  Geby — GuFe _ GuIe
vD vD VD
From Proposition case (I) or (IIT), depending on the parameter choices,
we observe that no Hopf bifurcation is possible for this system for any value
of 7 and N = 0(I) or N = 1(case (III)).

(4.4.18)

ab—c= < 0.

4.4.4 Two Biologically-Inspired Models

Next, we consider two specific biologically-inspired models which undergo
a Hopf bifurcation when parameters vary. The first example is a simpli-
fied version of the GnRH neuron model from [17, 32, 47]. In this context,
the spatial variable C(z,t) represents the GnRH concentration in the bulk
medium while u represents the membrane concentration of the activated
a-subunits of the G-protein G; which is activated by the binding of GnRH
to its receptor. As discussed in the Appendix, the functions describing the
boundary flux and the membrane kinetics for this model are as follows:

B t+1+(q 3 S 3
G(C(0,t),u) = —0o 1+6<,u—|—1+5q> <n+w+u)

I

Co.op (4.4.19a)
0,
F(C(0,t),u) =€ (’MW - U) )
where s and ¢, which depend on C(0,t), are defined by
_ o, ] _[C(o,n))?
SHrcoor T Reco0r (44190)

The fixed parameters in this model, as discussed in [17, 32, 47], can be
obtained from fitting experimental data.

For the bulk diffusion process we let D = 0.003, 7 = 1, and L = 1.
Since L/ VD =~ 18.3 > 1, our analytical stability theory for the infinite-line
problem will provide a good prediction for the stability properties associated
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Figure 4.5: Left figure: Numerical results, showing oscillatory dynamics,
for C(x,t) in the GnRH model (4.4.19). The bulk diffusion parameters
are D = 0.003, 7 = 1, and L = 1. The parameters in the membrane-
bulk coupling and dynamics in (4.4.19) are o = 0.047, 8 = 5.256 x 104,
L = 764.7, ¢ = 3747.1, p = 0.012, § = 0.588, n = 0.410, w = 0.011,
e = 0.0125, k; = 464, ks = 1, and k; = 61. Right figure: Plot of the
imaginary part versus the real part of G(iw) when A\ = iw and w decreases
from 3 (black dot) to 0. This shows that the winding number [arg G] ‘F1+ is

7 /4, and so N = 2 from (4.3.13a).
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with this finite-domain problem. By using the parameter values of [32], as
written in the caption of Fig. we calculate that

b=-F=¢>0, a=-GVD>0, F:>0, G%>0
(4.4.20)
In the right panel of Fig. we show a numerical computation of the wind-
ing number, which establishes that [arg G] ‘Fur = 7m/4. Since b > 0, we

conclude from that N = 2. Our full numerical simulations of the
PDE-ODE system in the left panel of Fig. showing an oscillatory dy-
namics, is consistent with this theoretical prediction. In fact, for the pa-
rameter values in the caption of Fig. we have a = 1.8223, b = 0.0125,
and ¢ = 0.0028. Since b > 0 and ¢/b < 1 < a, the second statement in
Proposition proves that there is a Hopf bifurcation value of 7 for the
corresponding infinite-line problem. We calculate 77 ~ 113.5 with frequency
wp ~ 0.0169, which indicates a rather large period of oscillation at onset.

Another specific biological system is a model of cell signaling in Dic-
tyostelium (cf. [19]). In this context, the spatial variable C(z,t) is the
concentration of the cAMP in the bulk region, while u is the total fraction
of cAMP receptor in the active state on the two membranes (binding of
cAMP to this state of the receptor elicits cAMP synthesis). As discussed
in the Appendix, the boundary flux and nonlinear membrane dynamics for
this system are described

eu[C(0,t)]?
a <A9 + 1+[c4<o,t>12>

(1+am+4§%$%%x1+ay (4.4.21a)
F(C(O’t)vu) = f2(0(0’ t)) - u[fl(C(O,t)) + f2(0(07t))] )

where

f1(C(0,1) =

G(C(0,1),u) = —o*

k1 + ko [C(O, t)]2
1+ [C(0,1)]2

kiLi+ kngcg[C(O, t)]2
1+ c3[C(0,1)]?
(4.4.21b)
The fixed parameters in this model, as discussed briefly in the Appendix,
are given in (cf. [19]) after fitting the model to experimental data. They are
written in the caption of Fig.

For the bulk diffusion process we let D = 0.2, 7 = 0.5, and L = 1. For
this case where L/v/D ~ 2.2, the analytical stability results for the infinite-
domain problem do not accurately predict the stability thresholds for this
finite-domain problem. For the parameter values in Fig. 4.6, we calculate
that

fa(C(0,1))

b=—-F;>0, F: <0, G; <0, G: <0.
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In the right panel of Fig. 4.6/ we show that [arg G| ‘Fz = 7m/4. Since b > 0,
we conclude from (4.3.13)) that N = 2. Our full nu+merica1 simulations of
the PDE-ODE system in the left panel of Fig. showing an oscillatory
dynamics, is consistent with this prediction. For the parameter values in
the caption of Fig. we have ¢ = 1.4223, b = 1.1525, and ¢ = 0.2205. We
remark that since b > 0 and ¢/b < 1 < a, PropositionMproves that there
is a Hopf bifurcation value of 7 for the corresponding infinite-line problem
given by 7y ~ 0.5745.
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Figure 4.6: Left figure: Numerical results, showing oscillatory dynamics, for
C(x,t) in the Dictyostelium model . The bulk diffusion parameters
are D = 0.2, 7 = 0.5, and L = 1. The parameters in the membrane-
bulk coupling and dynamics in are 0* = 32, a = 1.3, A = 0.005,
0 =01, e =02 ki = 1125, L; = 316.228, ks = 0.45, Ly = 0.03, and
cqg = 100. Right figure: Plot of the imaginary part versus the real part of
G(iw) when A\ = iw and w decreases from 100 (black dot) to 0. This shows
that [arg G = 7r/4, and so N = 2 from (4.3.13]).

s,

The parameters used in Fig. |4.6|are adopted from [19] (page 245) except
for the values of A, 6, o and 0. In Fig. 4.7/ we plot the numerically computed
bifurcation diagram of steady-state solutions for (4.4.21) as D is varied,
together with the branches of synchronous periodic solutions. In the left
panel of Fig. we took A = 0.005, 8 = 0.1 and 7 = 1.3, corresponding to
Fig. while in the right panel of Fig. we took A = 0.01, # = 0.01 and
7 = 1.2. For the latter parameter set, the steady-state bifurcation diagram
has an S-shaped bifurcation structure.
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Figure 4.7: Bifurcation diagram of steady-state and synchronous periodic
solution branches for the Dictyostelium model with respect to the
diffusivity D. The vertical axis is C'(0). Left panel: A = 0.005, § = 0.1
and 7 = 1.3. Right panel: A = 0.01, § = 0.01 and 7 = 1.2. In both
panels the other parameter values used are the same as in Fig. [4.6, The
solid /dashed lines denote stable/unstable branches of steady-state solutions.
The solid/open circles indicates stable/unstable periodic solution branches
of the synchronous mode. For the value D = 0.2 used in in the left panel of
Fig. [4.6, we observe from the left panel above that the steady-state solution
is unstable (as expected).
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4.5 Two-Component Membrane Dynamics:
Extension of the Basic Model

In our analysis so far we have assumed that the two membranes are identi-
cal. We now extend our analysis to allow for the more general case where
the two membranes have possibly different dynamics. From the laboratory
experiments of Pik-Yin Lai [42], it was observed for a certain two-cell system
that one cell can have oscillatory dynamics, while the other cell is essentially
quiescent. To illustrate such a behavior theoretically, we now modify our
previous analysis to remove the assumed symmetry of the bulk concentra-
tion about the midline at x = L, and instead consider the whole system on
0 < x < 2L. Allowing for the possibility of heterogeneous membranes, we
consider

7Cy = DCyyp — C t>0, O0<x<?2L,

DC,(0,t) = G1(C(0,t),u1), DC,(2L, ) = Ga(C(2L, 1), v1) (4.5.1a)

Here C(x,t) represents the bulk concentration of the signal, while u; and
vy are their concentrations at the two membranes x = 0 and = = 2L, re-
spectively. Inside each membrane, we assume the two-component dynamics

du du
CT;:f1(U1,U2)+ﬁ1731(0(0,t),m), 7;:91(11171&),
o o (4.5.1b)
=L = fo(v1,02) + B2Po(C(2L, 1), v1) =2 = go(v1,02),
dt dt
where the functions Gy, G2, P1, P2, f1, f2, g1, and g2 are given by
Gl(C(O,t),ul) = K1 [C(O, t) — ul(t)] y
G2(0(2L7t)5 Ul) = K2 [Ul(t) - C(2La t)] ;
- _ . Ul o 1 .
fi(ur,u2) = or1ug — qrus Q21 ¥ gl + q4u% , o g1(ur,ug) = 1 +u111 uz ,
v 1
fa(v1,v2) = o2v2 — pru1 — ! g2(v1,v2) = v,

p21+p3@1 +p4U% ’ 1—1—1}%
Pi(C(0,t),u1) = [C(0,t) —u1] , Pa2(C(2L,t),v1) = [C(2L,t) —v1] .
(4.5.1¢)
This system, adopted from the key survey paper [74] for the design of re-
alistic biological oscillators, models a gene expression process and protein
production for a certain biological system. With our choices of G; and P;
for i = 1,2, we have assumed a linear coupling between the bulk and the
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two membranes. The parameter values for o, ¢; and p;, for ¢ = 1,2, 3, used
below in our simulations are computed using parameters given in Fig. 3 of
[74].

A simple calculation shows that the steady-state concentrations wuqe, usge,
V1e, and vy, satisfy the nonlinear algebraic system

o1 q2U1e
1 — Q1Ule — + Bi(aetie + bevie — ure) =0,
1+ Uzlle e 1+ G3tite - q4u%e ( elle elUle e)
09 P2V1e
—— — D1V1e — + Ba(cettie + devie — V1) =0,
1+ Uile P1V1e 1+ P3v1e + p4v%e 52( elle eUle 16)
(4.5.2)
where we have defined ae, be, ce, de, 111, and Iy, by
Qe = K101 [Dwo coth(2Lwy) + ﬁg] , be = ko0 ' Dwy csch(2Lwy) ,
Ce = K107 Dwg csch(2Lwy) , do = Koo ! [Dwo coth(2Lwq) + m] ,
6= D2w§ + Dwy (k1 + k2) coth(2Lwg) + K1k2,
(4.5.3)
where wg = D=2 In terms of Ule, Vle, Uge, and vo., we have
1
Ce(o) = QeUle + bevle y U2e = ﬁu%e s
1 (4.5.4)
Ce(QL) = Celle + deVie s V2e = rU%e .

To examine the stability of this steady-state solution, we introduce C(z,t) =
C.(z) + e Mn(x), together with

Uy (t) = Ule + eAtd)l 5 UZ(t) = Uge + eAt¢2 5
v1(t) = vie + My, va(t) = voe + eMapy .
Upon linearizing (4.5.1), we obtain the eigenfunction n(z) satisfies

B sinh((2L — x)Q)) sinh(z€2y)
n(x) =n(0) sinh(2L4)) ’ )M’

We readily calculate the derivative of n(x)

cosh((2L — z)Q))

ﬁx(v’ﬂ) = _QM?( ) smh(QLQ)\) COSh(mQ)\)

Om2L) ——=~
2l )sinh(QLQA)’

In addition, the boundary condition at x = 0 and 2L gives
Dnm(o) = 77(0) (ic + ¢1G§u17 D%(zL) = U(QL)GSC + leSM :
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4.5. Two-Component Membrane Dynamics: Extension of the Basic Model

Substitute the expression of n(x) into above expressions, we obtain

D(=2xn(0) coth(2LQy) + Qyn(2L) csch(2LQy)) = 1(0)G. + $1GT,,
D(—n(0) esch(2L82y) + Q\n(2L) coth(2LQy)) = n(2L)GS5,. + 1 GS,,

Then we can solve

77(0) = A¢1 + By, 77(2L) =C¢1+ Dy .
For the local kinetics, we have

A1 = frurd1 + fruad2 + B1(Pien(0) + Pruior) ,
AP2 = gru1P1 + Gruzd2

A1 = fou1t1 + favat2 + Ba(Pacn(2L) 4+ Paithn) ,
Ao = gaun1th1 + gav2tba,

where we use f;j,, gij, to represent the partial derivatives of f; and g; with
respect to ji, i,k = 1,2, j = u,v. So it gives

J1u1$1 Gov1?1
Ppo=~——, Yo="—,
A = J1u2 )
and
f1u2glu1
[A = fru — N — B1Pru1 — B1P1cA]p1 — fr1PicBipy =0,
—B2 P2 Cpr + (A — fau1 — favag2r BaPyy1 — BaPac D]ty =0,

A — 9202

So the eigenvalue A\ satisfies the transcendental equation

A= fluy = H22 4 By — BiA, ~$1B
det =0,
—2C, A= fau, — f,\%i]gz,%1 + B2 — 02D
(4.5.5)
where we have defined A, B, C, and D, by
A= k1A [k + DQ,y coth(2L))] B = ko A71DQ)y esch(2LQy) ,

C=r AT DOy esch(2L)), D= koA~ [k + DQy coth(2L))]
A= DQQ)\ + K1Kko + (Hl + Hg) DQ)\COth(QLQ)\) .

91



4.5. Two-Component Membrane Dynamics: Extension of the Basic Model

[

T
=

il

S
12 14

o

<)
o
o

>

Figure 4.8: Left panel: Bifurcation diagram with respect to § in the two
identical membrane case. The larger and smaller values of 5 at the two
Hopf bifurcation points correspond to the synchronous and asynchronous
modes respectively. The branches of periodic solutions corresponding to
synchronous and asynchronous oscillations are shown. There are secondary
instabilities bifurcating from these branches that are not shown. The
solid/open circles indicates stable/unstable portions of the periodic solu-
tion branches. The parameter values for bulk diffusion are D = 50, 7 = 0.1,
and L = 5, while the parameter values for the membrane dynamics are
identical for both membranes and are fixed at p;1 = ¢1 = 1, pa = g2 = 200,
p3 = q3 = 10, py = q4 = 35, 01 = 02 = 20, and k1 = kg = 20.0. Right panel:
Full numerical solution of the PDE-ODE system when 8 = 0.4, re-
vealing a synchronous oscillatory instability.
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4.5. Two-Component Membrane Dynamics: Extension of the Basic Model

Here Q) = \/% and f;s; denote partial derivatives of f; where i = 1,2
with respect to s, s =u,v and j = 1,2.

When there are two identical membranes, the eigenvector of the matrix
in (4.5.5) corresponding to the eigenvalue at the stability threshold is either
(1,1)T (in-phase synchronization) or (1, 1) (anti-phase synchronization).
For this identical membrane case where 8§ = 1 = s, in the left panel of
Fig. we plot the numerically computed bifurcation diagram in terms of
B, showing the possibility of either synchronous or asynchronous oscillatory
dynamics in the two membranes. In the right panel of Fig. we plot
the full numerical solution computed from the PDE-ODE system (4.5.1)
when 8 = 0.4, which reveals a synchronous oscillatory instability. The
parameter values used in the simulation are given in the caption of Fig. 4.8/
To determine the number N of eigenvalues of the linearization in Re(\) > 0
for the identical membrane case, where fi = fo = f and g1 = g2 = g, we
recall that A must be a root of (4.2.17). As such, we seek roots of G(A) = 0
in Re(A\) > 0, where

of af

g()\) — 1 _ (gu2 — >\) J = duy U=, R U=,
Copx(A) det (Je— AL R 99

ou1 y— ’ Ous y—

(4.5.6)
Here p,(A) and p_(\) are defined in and (4.2.8), respectively. For
our example we find that py(A) is non-vanishing in Re(A) > 0. Then, by
using the argument principle as in the proof of Lemma 4.3.1, and noting
that G(\) is bounded as |\| = +o00 in Re(\) > 0, we obtain that

N:P+lh@mH : (4.5.7)
™ Iy

Here P is the number of roots of det (J. — AI) = 0 (counting multiplicity)
in Re(A) > 0, and [arg G] |F1 denotes the change in the argument of G(\)
+

along the semi-infinite imaginary axis A = iw with 0 < w < oo, traversed in
the downwards direction. In Fig. we show a numerical computation of
the winding number (4.5.7) near the values of 3 at the bifurcation points of
the synchronous and asynchronous solution branches shown in the left panel

of Fig. [4.8

However, when the two membranes are not identical, the matrix in
can have eigenvectors that are close to (1,0)7 or (0,1)%, which cor-
responds to a large difference in the amplitude of the oscillations in the
two membranes. In such a case, we will observe a prominent oscillation in
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Figure 4.9: Winding number computation verifying the location of the Hopf
bifurcation point of the synchronous mode (left panel 5 = 0.6757) and the
asynchronous mode (right panel § = 0.2931) corresponding to the bifurca-
tion diagram shown in the left panel of Fig. The other parameter values
are as given in the caption of Fig. . The formula determines the
number N of unstable eigenvalues in Re(A\) > 0. For both plots P = 2 in
(4.5.7). When the change in the argument of G(iw) is —2m, then N = 0.
Otherwise if the change in the argument is 0, then N = 2.

only one of the two membranes. We choose the coupling strengths 5; and
B2 to be the bifurcation parameters, and denote p by pu = B2 — 1. The
other parameter values in the model are taken to be the identical for the
two membranes. To illustrate that a large oscillation amplitude ratio be-
tween the two membranes can occur, in Fig. we show full numerical
results from the PDE-ODE system with D = 1 when #; = 0.2 and
B2 = 0.7. From this figure we observe that the concentration of the signaling
molecule undergoes a large amplitude oscillation near one boundary and a
significantly smaller amplitude oscillation near the other boundary.

4.6 Weakly Nonlinear Theory for Synchronous
Oscillations

In we showed that, depending on the nature of the membrane-bulk cou-
pling mechanism, spatial-temporal oscillations are possible for a membrane-
bulk model consisting of a single species on each membrane that is coupled
through linear bulk diffusion. These oscillations originate from a Hopf bi-
furcation associated with the symmetric steady-state solution branch. In
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Figure 4.10: Left panel: Contour plot of the oscillatory instability for the
case of heterogeneous membranes as computed from the PDE-ODE system
with D = 1, k1 = k2 = 0.1, and with the same parameters as in
the caption of Fig. The two membranes differ only in their coupling
strengths with 81 = 0.2 and 82 = 0.7. The oscillation is pronounced only
in the membrane at x = 0, with only a small-scale oscillation in the second
membrane at x = 2L with L = 5. Right panel: similar plot showing wu;
(left boundary) and v; (right boundary) versus ¢, showing the amplitude
difference.
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

this section we develop a weakly nonlinear analysis in the vicinity of this
Hopf bifurcation, which leads to an amplitude equation characterizing small
amplitude oscillations. By evaluating the coefficients in this amplitude equa-
tion, we determine whether the Hopf bifurcation is supercritical or subcriti-
cal. This asymptotic prediction for the stationary periodic solution near the
bifurcation point is then compared favorably with full numerical results for
two specific systems.

We illustrate our weakly nonlinear theory only for the case of syn-
chronous oscillations. The resulting model, assuming only one species on
the membrane, is formulated as

1 T
Copz — =C = —=C, t>0, O0<x<L;
D~ D v (4.6.1a)
Cy(L,t) =0; DCq|,_, = G(C(0,t),u),

with the local membrane dynamics

du
o = F(C.0),u(t). (4.6.1b)

The steady-state solution (Ce(x),u.) of (4.6.1)) satisfies

1
Ce:z:x_BCe:Oa 0<1:<L§ Cex(L):Oa

DC.(0) = G(C.(0),u), F (Ce(0),ue) =0.

(4.6.2)

We choose the diffusivity D as the bifurcation parameter. We assume that
when D = Dy the linearization of around the steady-state solution
has a complex conjugate pair of imaginary eigenvalues, and that all the other
eigenvalues of the linearization satisfy Re(\) < 0.

We will analyze the weakly nonlinear dynamics of when D is
close to Dy. As such, we introduce ¢ < 1 and a detuning-parameter D; by
D = Dy + €2Dq, with Dy = #1 indicating the direction of the bifurcation,
so that

1 1 1 oDy

D =Dy+éD — = = — -5 4.
o+e Dy, D= Dyt eDi 1O ~ Dy € D(2)+O(e)
(4.6.3)

To derive the amplitude equation, we will employ a formal two time-
scale asymptotic method where we introduce the slow time T = €%, so that
d/dt = 0/0t + €20/0T. For D — Dy = O(€?), we then expand the solution
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

to (A:6.1) as

C(x,t,T) = Ce(x) + €Cy(z,t,T) + €Cy(x,t, T) + €C3(x,t,T) + ... ,
u(t,T) = ue + euy (t,T) + uz(t,T) + Suz(t,T) + ... .
(4.6.4)

We then substitute (4.6.4)) into (4.6.1) and equate powers of e.
To leading-order in €, we obtain the steady-state problem (4.6.2) when

D = Dy. This has the solution

Ce(x) = C? COS}CIO[SLE)((Q{;I_/)UU)] , wo = 1/y/Dy, (4.6.5a)

with C? = C,(0), where the constants C? and u. are determined from the
nonlinear algebraic system

—C%tanh(woL) = woG(C2, u,), F(C% u.) =0. (4.6.5b)

The O(e) system is the linearization of (4.6.1) around the steady-state

solution, which is written as

1
Dy
Docla:‘xzo =C1Gi+wG;,, onz=0,

uyy = Ch1FS+wF, on xz=0.

Clae — clzDicu, t>0, O<az<L; Cu(Lt,T)=0,
0

(4.6.6)
Here F7, G? denote partial derivatives of F' or G with respect to i evaluated
at the steady-state solution (C.(0),u.) at z = 0, where 7 = {C,u}. At
O(€?), we have that Cy(z,t,T) and us(t, T) satisfy
1 T Dy

Copg — —Cy = —Clyy — —~
2 DO 2 DO 2t D%

Ce, t>0, 0<zxz<L; Cpu(L,tT)=0,
Dy C = CyG° G 1C2Ge 2G¢. +201u1 G —&Ge
0 236’96:0_ 2G . + u2 u+2 1Gee Tuily, + 1U1Ggy, Do )
on z =0,
1
ue = CoFf +usFy + 5 (CRFe +u3Fg, + 201w Fs,) , on 2 =0.

(4.6.7)
In a similar notation, FS. denotes the second partial derivative of F' with
respect to C evaluated at the steady-state pair (Ce(0), u.). Lastly, the O(e3)
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

system for C3(z,t,T) and us(t,T"), where resonances will first appear, is

1 T Dy Dyt T
C3M_D7()C3: D7003t_D7801_D7801t+D7001T’ t>0,0<xz<Lj;
Cs.(L,t,T) =0,

D003m| 0= CgGﬁ + U3GZ + C’ngGiC + U1u2qu + (ClUQ + Czul) Giu

xr=

1
+ 6 <Ci)) chc

+ 3012U1G§cu + 301U%G§uu + U?Gfmu>
D
- D%) (C1GS+u1GS) , on =0,
usy = —uip+CsES + usFy + C1CoFS. + ujuoF,, + (Crug + Couy) Fs,

1
+6 (C{)Fcecc + 3C%U1Fcecu + 301U%Fceuu + U?FSuu> , onxz=0.
(4.6.8)

When D = Dy, (4.6.6) is assumed to have a complex conjugate pair of
pure imaginary eigenvalues, and so we write

Ci(x,t,T) = A(T)e'n(z) + c.c. uy(t, T) = A(T)e? gy + c.c.
(4.6.9)
for some A\; > 0. Here ng(z) and ¢q is the eigenpair associated with the
linearized problem, and c.c. denotes the complex conjugate. An ODE for
the unknown complex amplitude A(T') will be derived by imposing a non-
resonance condition on the O(e3) system . To normalize the eigenpair,
we impose for convenience that 79(0) = 1.

Upon substituting (4.6.9)) into (4.6.6), we obtain that n(x) and ¢g satisfy

144X
ng_(—i_DZIT)UO:O, 0<z<L;
0
Donos(0) = ngo((]) + G5, ¢0, Noz(L) =0,
Fino(0) + Figo = irr¢o, on x=0.

We solve this system, and impose the normalization 7(0) = 1, to obtain

(4.6.10)

cosh [\ (L — z)]
cosh(Q\L)

Fe

14 itAg
= N . Q)\E =
iAr — F¢ Dy

(4.6.11)
where we must take the principal value of the square root. From the condi-
tion for 7y, on x = 0 in (4.6.10|), we obtain that ¢A; is a root of the following
transcendental equation, which occurs at the critical value Dy of D:

no(z) = b0

(Do tanh (L) + GS) (iAf — FS) + FSG, = 0. (4.6.12)
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The spectral problem is a nonstandard eigenvalue problem since
the eigenvalue parameter appears in both the differential operator as well
as in the boundary condition on x = 0. Therefore, we cannot simply define
the operator L = %ﬁ — % and consider the problem as a special case of
Lu = A\u, owing to the fact that the domain of L depends on A. Instead, we
must extend our definition of L, construct its adjoint and find an expansion
theorem following the approach in [18] for treating non self-adjoint spectral
problems with an eigenvalue-dependent boundary condition. This formalism
will then allow for a systematic imposition of a solvability condition on the
O(€®) problem , which leads to the amplitude equation for A(T).

Motivated by the form of , we define an operator L acting on a

two-component vector U = (u(z), u1)T by

u(z) | Doy (z) — Lu(x)

U1 FEU(O) + Fuul

Cc

, (4.6.13a)

where u(x) satisfies the boundary conditions
ug (L) =0, Douy(0) = Géu(0) + GLuy . (4.6.13b)
The calculation in (4.6.11) shows that LU = iA\;U, with normalization

u(0) = 1, where U is given by

cosh[Q (L—)]

U= cosh($hL) : (4.6.14)
Fe
i}\]—FS

Next, we define an inner product of two vectors U = (u(z), u1)’ and
V = (v(x), vi)" by

L
(U,v) = / u(z)v(x) dr 4+ w1ty , (4.6.15)
0
where the overbar denotes complex conjugate, and where we restrict our
attention to the subspace where
uy(L) =0, Dou,(0) = Geu(0) + Gu (4.6.16)
With this definition of the inner product, we integrate by parts to establish
that (LU, V) = (U, L*V), in terms of an adjoint operator L* defined by

Do) — Loy(x
o [ @) - )
Ftvy — GSv(0) /T

(4.6.17)
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Here V is a two-component vector satisfying the adjoint boundary conditions

vz(L) =0, Dyvg(0) = Gév(0) — 7Efv; . (4.6.18)

A simple calculation shows that —i\; is also an eigenvalue of L* (as
expected), and that the eigenvector satisfying the adjoint problem L*V =
—iA7V, normalized by v(0) = 1, and where ) is defined in (4.6.11)), is

cosh[O(I—)]
V= COShé?AL) ) (4.6.19)

With the determination of the solution to (4.6.6) now complete, we then
proceed to the O(e?) system (4.6.7). We substitute (4.6.9) into (4.6.7) and
separate variables to conclude that Cy(z,t,T") and us(t,7") must have the
form

Col,t,T) = go(@, T) + g1 (&, T)e™M* + gy, T)e2M! 1 cc,

ug(t,T) = ho(T) 4 hi(T)eMt + ho(T)e? M + c.c. (4.6:20)
where gj(z,T) and h;(T) for j = 0,1,2 are to be determined. Since the
problem for g1 and hy is simply the linearized problem , without
loss of generality we can take g; = 0 and hy = 0. By comparing terms
independent of powers of et we conclude, upon using 10(0) = 1, that go
and hg are real-valued and satisfy

1 D
gO$$_FOgoz_H%087 0<$<L7 gOCC(L):07
11 D
Dyox(0) — (90(0)G¢ + hoG) = AP = 52G°, on =0,
0

A
go(0)EFS + hoF) = —\A\272 on r=0.
(4.6.21a)

In the notation in (4.6.21al) we have suppressed the dependence of gy on T
Here we have defined Il; and As by

Uy = 2Gzc+2‘¢0|2Giu+4Re(¢0)G§u , Ag= 2Fcec+2‘¢0|2F5u+4Re(¢0)Fceu )

(4.6.21Db)
where |z| denotes the modulus of z. In a similar way, upon comparing e2irrt
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terms, we obtain that go and ho satisfy

1+ 2iTA
g2m—wg2=0, 0<z<Lj; 92:(L) =0,
Dy
I
D22 (0) = (92(0)G¢ + haGy) = AP, on w =0,
A

92(0)EFS + hoFyY — 2iArhe = —\A|271 on x =0,

(4.6.22a)
and are complex-valued. Here, we have defined II; and A; by

I = G + 3G, +200Ge, . A1 = Fi + ¢iFy, + 200Fy, . (4.6.22b)

Next, we solve the problem for go(z) and hg explicitly. Since the
inhomogeneous term proportional to C. in the differential operator for gg
satisfies the homogeneous problem, we can readily determine the particular
solution for . With this observation, and after some algebra, we
obtain that

go = ga cosh [wo(L — )] —|—P02D1L sinh [wo(L — z)]— LoDy z sinh [wo(L — z)]

wo wo

(4.6.23a)

where wy = y/1/Dy and Py is defined by

CO

P=——7—"5—. 4.6.23b
0 D2 cosh(wyL) ( )

In (4.6.23a)), the constant gé is given by
gé = Dix1 + |A]*x2, (4.6.23c¢)
where x1 and ys are defined in terms of As and Ils, given in (4.6.21b)), by

_ Py3sGS, — Py F 1 NG — T FE

M= Py Fe — FeGe cosh(woL) . 2~ 2 \ Py Fe — FeGe cosh(woL) )
(4.6.23d)

Here the three new quantities Py, Ppo, and Pps, are defined in terms of P

of (4.6.23b)), by

PL
Po1 = Dowp sinh(woL) + G& cosh(wpL) , Pys = F¢ (;) sinh(woL) ,

wo
P L PyD ¢
Py = 2%00 [Dowg cosh(woL) + G& sinh(woL)] + 20w00 sinh(wpL) — Do
(4.6.23e)
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In addition, the real-valued constant hg is given by in terms of Py, Po1, Poo,
Pos, 12, and A, by
ho = Dixs + |A]*x4 . (4.6.24a)

where x3 and x4 are defined by

. PQQFCe COSh(WQL) — P01P03 o 1 HQFCe COSh(WQL) — AQPOl
X3 = PoFe — GeFecosh(wol) © * = 2 \ By Fe — GSFe cosh(woL)
(4.6.24D)

Finally, in our solvability condition for the amplitude equation to be derived
below, we will need to evaluate gy at * = 0. Upon using (4.6.23a) and
(4.6.23c)), we can write go(0) as

90(0) = D1goc + goalA|?;

RL . (4.6.25)
goc = x1 cosh(woL) + E sinh(woL) goa = x2 cosh(woL) .
0

Next, we solve the problem (4.6.22)) for go and ha. We readily calculate

that [ ( )]
gcosh |[Qo\(L — 1+ 2iTAr
p— Q f— e —
92(x) = 92 cosh(QaaL) 2A=\""Dp,

where g and hy satisfy the 2 x 2 linear system

I

[DoQ0oy tanh(QaL) + G<] g9 + GSha = —7%42 :
A

FEg9 + (FS — 2iA1) hy = —71A2.

Here 11y and A; are defined in (4.6.22b)). By solving this linear system, we
obtain that

92(0) = g3 = x6A>,  hy = x547, (4.6.26a)
where x5 and x¢ are defined by

. ( I F¢ — Ay (DoQoy tanh(QorL) + GC) )
5 )

2 \ (DoQax tanh(QorL) + G¢) (Fe — 2iA;) — GSFe
(4.6.26b)
_ 1 Hl(Z’i)\[—Fs)—l-Ale
X6=73 (D02 tanh(QoaL) + GS) (FS — 2iN) — GSFS |

With the solution of the O(e?) system (4.6.7) complete, we now proceed
to the O(e3) problem (4.6.8), where the resonance term comes into play.
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We substitute the expression of C, u; and Cq, us from (4.6.9) and (4.6.20)),
respectively, into 1) and identify all terms that are proportional to e,
In order to eliminate resonance in , thereby ensuring that Cs(z,t,T)
and ug(t,T) remain bounded on asymptotically long time intervals of order
t = O(e71), we require that the coefficients of the e"** terms satisfy a certain
compatibility condition. This leads to an amplitude equation for A(T).

To derive this amplitude equation, we substitute

C3(x,t,T) = Cy(z, T) + C3(x, T + Co(x, T)e* M 4 Cy (2, T)e3M! + c.c.,

uz(t, T) = Uy(T) 4 Us(T)e ! + Up(T)e* 1t + Uyp(T)e* M 4 coc.
(4.6.27)

together with (4.6.9) and (4.6.20) into (4.6.8), to obtain, after a lengthy but

straightforward calculation, that Cs, Us satisfy

C LoCye — 1C C R
I 3| Z -3 -3 — i 5] . 1 ’
U; FCeC;J,(O) + FiUg U; A,¢0 —Rs
O<ax< L,
(4.6.28a)
where C3(x) satisfies the boundary conditions
C3:(L) =0, DoCss|,_, — [GeC3(0) + GLUs] = Rs. (4.6.28b)

In the notation of (4.6.28) we have suppressed the dependence of C3 on T
In (4.6.28), R is defined by

D
Ri= Ay — —— (14 itA) Ao , (4.6.29a)
Dor

and the residuals Ro and R3 have the form
Ro = D1ARs + A|A*Ra1, Rz = D1AR30 + AJA|*R31.  (4.6.29b)

The coefficients Rog and R3g of the linear term in A are

Rao = gocGee + G0X3G o, + 0090cGay + X3Gey (G¢ + ¢0GY)

1
Dy
Rso = gOCF:c + ¢0X3F5u + (bOgOCFceu + X3Ft:6u )
(4.6.29¢)

where goc, X3, and ¢, are defined in (4.6.25)), (4.6.24b), and (4.6.11), re-
spectively. In addition, the coefficients R9; and Rj3; of the cubic term in
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(4.6.29b) are given by

1 _ _ _
Rin =3 G+ Gl + G (B0 + 200) + G (68 + 2000
+ 904Gt + X6Goe + doxaGyy, + Gox5Gly

+Gg, (¢ogoA + Pox6 + x4 + X5> ,
(4.6.29d)
and

1 o g J—
RSl = 5 |:Fc8cc + Fiuu¢%¢0 + Fcecu <¢0 + 2¢0) + Fceuu (¢(2) + 2¢0¢0):|

+ goaFg, + x6F e + doxaFy, + doxsFy + F, (cbogOA + doXe + X4 + X5) :
(4.6.29¢)
In (4.6.29d)) and (4.6.29¢)), the quantities goa, X3, X4, X5, and X are defined

in (4.6.25), (4.6.24b)), and (4.6.261).

The following lemma, consisting of a compatibility relation between R,
Ro, and Rg3, provides a necessary condition for the existence of a solution

to (4.6.28).

Lemma 4.6.1 A necessary condition for to have a solution is that
A(T) satisfies

L L
A / novdz + ¢ov1 | = & (1 + iT)\])A/ novdr + U1 Rs — RQ/T,
0 Dot 0
(4.6.30)
where V = (v,v1)T is the nontrivial solution, given in , to the ho-
mogeneous adjoint problem L*V = —iA;V.

Proof: We define U = (C3,U3)”, and we calculate from (4.6.28), and the
definition of the inner product in (4.6.15)), that

L
(LU — iU, V) = / Rivdz + (A'¢g — R3) vy . (4.6.31)
0

We then integrate by parts on the left-hand side of (4.6.31f), and use the
boundary conditions for v and Cs from (4.6.18) and (4.6.28b)), respectively.
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

In this way, we obtain
L Dy v
(LU —iA\fU V) = / (vm — T) Csdx + [Fng(O) + FjUg} it
0

+ — [C5(0)v2(0) — C34(0)3(0)] — A (U, V)

LD 0l 1
= / <0’Um; — ’U) Csdx + <’01F5 - ’U(O)Gi) Us
0 T T T

= (U, L*V +i\V) ”(To)m.

(4.6.32)
To obtain the compatibility condition, we compare (4.6.31)) with (4.6.32)) and
use L*V 4+ iA;V = 0. By substituting (4.6.29a)) for R; into this condition,
and recalling that v(0) = 1, we readily obtain (4.6.30]). [ |

Finally, upon substituting (4.6.29) into (4.6.30), we obtain the following
amplitude equation for A(T):

A= Db A+ by A%A, (4.6.33a)

where the complex-valued coeflicients b; and bs, which are independent of
Dy, are given by

1|1+t [T 1
blEN (—ZZ_I)/O noﬁdx—l-@leo—RQQ/T R bQEN[Ulel—Rgl/T] ,
] (4.6.33D)
where we have defined A/ by
. _
N = / nov dz + dov1 | - (4.6.33c)
0

In (4.6.33b)), the coefficients Rag, R30, Ro1, and Rz, are defined in ,
(4.6.29d)), and (4.6.29¢). Moreover, v(x) and v, are the components of the
adjoint eigenfunction V', satisfying L*V = —iA[V, given in (4.6.19).

The ODE , commonly referred to as the Stuart-Landau equa-
tion, characterizes the weakly nonlinear behavior of the oscillation near the
critical stability threshold. We write A as A = re?® and decompose b; and
by into real and imaginary parts as by = big+1b1; and by = bop +1ibo;. From

(4.6.33al), we obtain that r and 0 satisfy
T‘/ =T (lelR + bgR’F2) y 9/ = lell + b21T2 . (4.6.34)
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The fixed points in r, when they exist, correspond to periodic solutions for
A. These special solutions are

birD ~ =
Y W . 0=0T, 0=Diby+b?.  (4635)
2R

For € — 0, and with D — Dy = €Dy, we conclude from (4.6.4), (4.6.9), and
(4.6.35)), that there is a periodic solution near the Hopf bifurcation point of
the form

ClatT) | [ Ce@) ), | o | m@)

u(t,T) Ue Po

+ c.c.

(4.6.36)
The analysis of the amplitude equation is routine, and depends
on the signs of bigp and bor. The Hopf bifurcation is supercritical when
bor < 0 and is subcritical if bog > 0. More precisely, if byjg > 0, the
symmetric steady-state solution (Ce(x), u.) is linearly stable if D; < 0 and
is unstable if D7 > 0. An unstable branch of periodic solutions exists in
the region Dy < 0 if bog > 0 (subcritical Hopf). If bog < 0, then there is
a stable periodic solution branch in the region D > 0 (supercritical Hopf).
In contrast, if by < 0, the symmetric steady-state solution (Ce(x), ue) is
linearly stable if D > 0 and is unstable if D; < 0. An unstable branch of
periodic solutions exists in the region Dy > 0 if bog > 0 (subcritical Hopf).
If bor < 0, there is a stable periodic solution branch for Dy < 0 (supercritical
Hopf).

Remark 4.6.1 A similar weakly nonlinear analysis can be done to deter-
mine whether an asynchronous periodic solution branch is subcritical or su-
percritical at the Hopf bifurcation point. To consider this case, we sim-
ply replace the no-flux condition at x = L for n(z), v(x), and Cj(z) for
3 =1,...,3 with a homogeneous Dirichlet condition. We do not carry out
the details of this calculation here.

4.6.1 Numerical Validation of the Weakly Nonlinear
Theory With the Explicitly Solvable Model

We now apply our weakly nonlinear theory to the explicitly solvable model

system of §4.4.2) where G(C(0,t),u) and F(C(0,t),u) are given in (4.4.6).
Since, for this example, F(C(0,t),u) is linear in its variables, the only non-
linearity in (4.6.1) arises from G(C(0,t),u). In our analysis, we will focus
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

on periodic solutions that bifurcate from the steady-state solution branch
where C? = C,(0) is positive, and given explicitly in (4.4.8). For this system
we compare predictions from the amplitude equation with full nu-
merical results computed from the numerical bifurcation software XPPAUT
(cf. [16]). The numerical procedure used to compute these bifurcation dia-
grams is described in

Treating D as the main bifurcation parameter we numerically computed
steady-state and periodic solution branches of for two values of ~.
In our numerical experiments, we found that a periodic solution bifurcates
via a Hopf bifurcation from the positive steady-state solution branch. As
shown in Fig. [4.11] by tuning the parameter -y, while holding the other pa-
rameters fixed, the Hopf bifurcation was found to change from supercritical
to subcritical.
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Figure 4.11: Bifurcation diagrams with diffusivity D as bifurcation param-
eter showing either a supercritical or subcritical Hopf bifurcation structure
for (4.6.1)), with coupling functions given in (4.4.6), for two values of ~. Left
panel: v = 1.55 (supercritical). Right panel: v = 1.7 (subcritical). The
solid and dashed lines represent stable and unstable steady-state solutions,
respectively. Open circles indicate the max/min amplitude of unstable pe-
riodic solutions, while the solid dots correspond to linearly stable periodic
solution branches. The bulk diffusion parameters are 7 = 0.1 and L = 5.
The membrane kinetic and coupling parameters are 8 =1 and k = 12.

By using the amplitude equation , our weakly nonlinear asymp-
totic theory predicts that the switching point from a supercritical to a sub-
critical Hopf bifurcation occurs at v = 1.628 (accurate to three decimal
places), which agrees with the corresponding numerical result. Furthermore,
the amplitude equation also allow us to approximate the solution near the

107



4.6. Weakly Nonlinear Theory for Synchronous Oscillations

Hopf bifurcation point as shown in (4.6.36). For the local variable w(t),
we obtain from (4.6.36) that the amplitude of the periodic solution can be

written as
u(t, T) — ue| = ere|e PNty 4 c.c.| = 2ere|¢ol (4.6.37)

where r, is the fixed point of the amplitude equation given in . Here
e < 1 and ¢ is the eigenfunction of wu(t), given explicitly in (4.6.11)). If
we define uamp = |u(t,T) — ue| and plot wamp, versus the diffusivity D, then
Uamp should be proportional to € = /D — Dy in the vicinity of the Hopf
bifurcation point Dy. The quantity wamp is plotted in Fig.
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0.9881
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0.01F ‘@'

lu()-u,|

0.9861

0.987 * 0.9;88 * 0.9‘89 = E0 100 200 Size 300 400 500
Figure 4.12: Left panel: Comparison of bifurcation diagrams near a sub-
critical Hopf bifurcation obtained from full numerics and from the weakly
nonlinear analysis. Red dots represent the amplitude of the unstable pe-
riodic solution uamp, (see the text) obtained from the amplitude equation
(4.6.33) and the black circles are from the full numerical simulations. The
black and blue curves are the corresponding fitted parabola and the curva-
ture of the two curves are 5.6 (black) and 5.0 (blue), respectively, at the
Hopf bifurcation point Dy = 0.9879 (red dots) and Dy = 0.9874 (black cir-
cles). The computations are done with 80 interior spatial meshpoints. Right
panel: Plot of the Hopf bifurcation point Dg versus the number of spatial
meshpoints of the discretized system. The parameter values are the same
as those used in Fig. with v = 1.7.

The left panel of Fig. shows a comparison between the analytical
and numerical bifurcation diagrams near a subcritical Hopf bifurcation point
Dg. In our numerical experiments, since we discretized the PDE-ODE sys-

tem (4.6.1), with coupling functions (4.4.6), with finite differences into a
system of ODE’s, some error is incurred in predicting the location of the
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

Hopf bifurcation value Dgy. In contrast, in the implementation of the weakly
nonlinear theory we solved the transcendental equation for a com-
plex conjugate pair of imaginary eigenvalues and Dy directly. Therefore, the
Dy calculated from (4.6.12)) is more accurate than the one computed from
the numerics and it results in the shifting of the bifurcation point Dy, as
shown in the left panel of Fig. The right panel of Fig. shows how
the numerically calculated value Dg shifts towards the more accurate value,
computed from , when we increase the number of spatial meshpoints
in the discretized system. Although, there is a small difference in predicting
the value of Dy, the amplitude calculated by the weakly nonlinear theory
shows good agreement with the corresponding amplitude computed from
the numerical bifurcation software, as evidenced by the close comparison of
the curvature of the two curves in Fig. at D = Dy.
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Figure 4.13: Left panel: Comparison of bifurcation diagrams near a super-
critical Hopf bifurcation obtained from full numerics and from the weakly
nonlinear analysis. The notations are the same as those in Fig. except
now the red dots and black circles represent the stable periodic solution
branch. The curvature of the two curves are 9.8 (black) and 9.3 (blue),
respectively, at the Hopf bifurcation point Dy = 1.7591 (red dots) and
Dy = 1.7583 (black circles). The computations are done with 80 interior
spatial meshpoints. Right panel: Plot of the Hopf bifurcation point Dg
versus the number of spatial meshpoints of the discretized system. The
parameter values are the same as those used in Fig. with v = 1.55.

Fig. compares the numerical bifurcation diagram with the asymp-
totic prediction near a supercritical Hopf bifurcation point Dy. The ampli-
tude of the stable periodic orbits calculated by the weakly nonlinear theory
and the numerical simulations are seen to compare favorably. The right
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panel of Fig. shows that the numerically calculated Hopf bifurcation
point shifts toward the more accurate value as the number of interior mesh-
points increase.

In Fig. , we observe that when v = 1.7 the system , with
coupling functions (4.4.6)), undergoes a subcritical Hopf bifurcation at Dy =
0.9879. In Fig. we show that as D is decreased slowly below Dy on
the range from 1 to 0.95, that there is a delayed bifurcation effect whereby
the transition from stable steady-state to stable periodic orbits occurs when
D is somewhat below the critical value Dy predicted from the bifurcation
analysis. For our choice D = 1—ot, where o = 0.0001, we plot D versus ¢ in
the left panel of Fig.[4.14. The method of lines and the forward Euler method
is then used to solve , with coupling functions as given in . In
the right panel of Fig. we plot the numerically computed u(t) versus
D(t), which clearly illustrates the delayed transition to the periodic state.

761
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Figure 4.14: Left panel: Plot the diffusivity D as a function of time for D =
1—ot, where 0 = 0.0001. Right panel: Plot of the local variable u(t) versus
D(t). As D passes slowly below the critical value Dy, the periodic solution
appears when D is around 0.965, which due to the delayed bifurcation effect
is less than the theoretically predicted value. The parameter values used are
the same as in the right panel of Fig.

4.6.2 Numerical Validation of the Weakly Nonlinear
Theory With the Dictyostelium Model

In the following, we apply our weakly nonlinear theory to the model of
cell signaling in Dictyostelium studied in §4.4.4, where G(C(0,t),u) and

F(C(0,t),u) are given in (4.4.21).
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4.6. Weakly Nonlinear Theory for Synchronous Oscillations

Similar to the analysis done in we will compare predictions from
the amplitude equation (4.6.33)) with full numerical results computed from
the numerical bifurcation software XPPAUT (cf. [16]). We use the diffusion
coefficient D as the bifurcation parameters, numerically compute steady
state and the synchronous periodic solution branches. One typical bifurca-
tion diagram of this system is given in the left panel of Fig. 4.7, We observe
that when D is gradually decreasing from 0.65, the steady state solution
becomes unstable at the Hopf bifurcation point Dy = 0.62 and an unstable
synchronous periodic solution appears, which indicates a subcritical Hopf
bifurcation.

In Fig. [4.7) the vertical axis represents the value of the global variable
C(x,t) near the membrane z = 0. Then from (4.6.36)), we readily calculate
the amplitude of the periodic solution can be written as

1C(0,£,T) — Co(0)] = ere|e® Dty (0) + c.c.| = 2ere|no(0)],  (4.6.38)

where 7. is the fixed point of the amplitude equation given in . ek 1
and 19(0) is the eigenfunction of C(x,t) evaluated at x = 0. Similarly, we
define camp = |C(0,t,T) — Ce(0)| and plot camp versus the diffusivity D,
then camp should be proportional to € = /D — Dy in the vicinity of the Hopf
bifurcation point Dy. The left panel of Fig. |4.15|shows the plot of cam, versus
D in the neighborhood of Dy. The amplitude of the unstable periodic orbits
calculated by the weakly nonlinear theory and the numerical simulations
are seen to compare favorably. In the right panel of Fig. we observe
the value of the Hopf bifurcation Dy is gradually approaching a horizontal
asymptote when the number of spatial meshpoints of the discretized system
increases.
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Figure 4.15: Left panel: Comparison of bifurcation diagrams near a sub-
critical Hopf bifurcation obtained from full numerics and from the weakly
nonlinear analysis. The notation are the same as those in Fig. The
curvature of the two curves are 0.63(black) and 0.77(blue), respectively at
the Hopf bifurcation point Dy = 0.62134(red dots) and Dy = 0.62132(black
dots). The computations are done with 100 interior spatial meshpoints.
Right panel: Plot of the Hopf bifurcation point Dy versus the number of
spatial meshpoints of the discretized system. The parameter values are the
same as those used in the left panel of Fig.
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Chapter 5

A Model of Bulk-Diffusion
Coupled to Active
Membranes With Slow-Fast
Kinetics

In a previous work [23] by Gomez et. al, a model of coupled active mem-
branes with activator-inhibitor dynamics is proposed. They use numerical
simulations together with nullcline analysis to explore different oscillatory
patterns that the system possessed and predict the stability boundary of the
steady state of the system.

The goal of this chapter is to give a detailed analysis of the triggering of
synchronous oscillations for the coupled 1-D coupled membrane-bulk model
of [23]. This chapter proceeds as follows.

In §5.1}, we restate the model system constructed in [23] and give a review
of the nullcline analysis in the slow-fast limit where the time scale of the
activator and inhibitor dynamics are largely distinct. In §5.2 we construct
a symmetric steady-state solution, and we formulate the linear stability
problem for this solution. In §5.3| we consider a one-bulk species model
where only the inhibitor V' can diffuse in the bulk. For this case, in §5.3.1
an asymptotic analysis for ¢ — 0 of the stability problem is provided to
analyze Hopf bifurcations of the symmetric steady-state and the emergence
of asymmetric steady-states. The ¢ = O(1) problem for one diffusing bulk
species is studied numerically in §5.3.2. In §5.4) we extend our analysis to
the full model which consists of two diffusing bulk species.

5.1 Coupled Membrane-bulk Model With
Activator-Inhibitor Dynamics

The coupled membrane-bulk model of [23] on a one-dimensional spatial do-
main consists of two active membranes with activator-inhibitor dynamics
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at x = 0 and x = L that are coupled through passive diffusion in the bulk
region 0 < z < L. In the bulk we assume that there are two diffusing species
with concentrations U(z,t) and V (x,t) satisfying

Ui = DUypy — o, U, Vi = DyVyp — o,V O<ax<L, t>0.
(5.1.1a)
Here D, and D, are the two diffusion coeflicients, while o, and o, are the
constant bulk decay rates. The kinetics on the two active membranes at
x =0 and z = L are assumed to be identical, and given by

f(U]_,’l}l)—'—kuUr(O,t), :Eg(ulvvl)+kvvx(07t)7

i, = o
! , (5.1.1b)
Uy = f(’LLQ,’UQ) - kqu(L)t) ) Vg = 69(“’27”2) - k’UVw(L7t) P

where u; and v;, ¢ = 1, 2 denote the two concentrations on the membrane, so
that uq(t) = U(0,t), ua(t) = U(L,t), v1(t) = V(0,t) and ve = V(L,t). The
parameter € that accompanies g(u;,v;) determines the relative difference in
the time-scale for the boundary kinetics, so that the time evolution of u is
much faster than v if 0 < € < 1. The terms k,U,(0,t) and k,V,(0, t) account
for the exchange of species between the membrane and the bulk, where the
constants k, and k, are the coupling strengths. The kinetics f(u,v) and
g(u,v) are chosen to account for a local activator-inhibitor dynamics, and
we use the Fitzhugh-Nagumo type kinetics considered in [23], given for ¢ > 0
and z > 0 by

flu,v) =u—qu—2)>+4—-0v, g(u,v) =uz—v. (5.1.1¢)

The qualitative mechanism, as discussed in [23], for the triggering of time-
periodic solutions for the coupled system in the slow-fast limit € — 0
is based on a simple nullcline analysis, and is described in the caption of
Fig. [5.1. We assume that the parameters ¢ and z are chosen so that the
membrane kinetics in the absence of any coupling to the bulk has a single
stable equilibrium point. For ¢ = 5 and z = 3.5, this stable fixed point
(te,ve) occurs at the intersection of the two nullclines v = V(u) = u —
q(u —2)3 4+ 4 and v = zu where f(u,V(u)) = 0 and g(u,zu) = 0. In the
limit € — 0, it is readily shown from the Jacobian of the membrane kinetics
that the equilibrium state (ue,v.) is linearly stable only when V'(u.) < 0,
and undergoes a Hopf bifurcation when V'(u.) crosses through zero. For a
coupling strength in for which k, = O(e) and k, = O(e), it readily
follows, to leading order in €, that the steady-state of remains on the
nullcline f(u,v) = 0. However, the effect of the coupling to the bulk for V is
to shift the nullcline for the v-component in (5.1.1b)) to v = Su, for some S

114



5.1. Coupled Membrane-bulk Model With Activator-Inhibitor Dynamics

0 1 2 3 4
u

Figure 5.1: Plot of the nullcline V(u) = u—q(u—2)3+4 with ¢ = 5 for which
f(u,V(u)) = 0. The straight lines are v = fu with § = 3.5, § = 3, and
B = 2. The straight line v = 3.5u is the nullcline of g(u,v) = 0 when z = 3.5
for the uncoupled membrane-bulk problem. As the bulk-coupling strength
ky, = O(e) increases, the effective parameter  decreases. The dotted line
with 8 = 3 intersects V(u) in the unstable region where V'(u) > 0. For
B = 2.0, the intersection again occurs in the stable region for the membrane
kinetics. For a coupling strength where k, = O(€) in the nullcline
for f(u,v) = 0 is, to leading order in €, unchanged by the coupling of the
membrane to the bulk.
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that is a monotonically decreasing function of k,. This shows that there is
an intermediate range of 8 where the equilibrium point is unstable, such as
given by the dotted line in Fig. Although this mechanism of [23] does
provide a clear qualitative reason underlying the triggering of oscillations
induced by membrane-bulk coupling in the limit ¢ — 0, it does not provide
a detailed quantitative characterization of these oscillations.

As an extension of this qualitative and numerical analysis of [23], we use
asymptotic analysis together with bifurcation and stability theory to give a
detailed theoretical analysis of the onset of oscillatory dynamics for (5.1.1]).
In the singular limit € — 0 of slow-fast membrane dynamics, and assuming
only one diffusing species in the bulk, our stability analysis of the unique
symmetric steady-state solution will provide a detailed phase diagram in
parameter space where various types of oscillatory dynamics can occur. In
the limit e — 0, our asymptotic analysis of the spectral problem, and in
particular the winding number, will yield asymptotic approximations for
the Hopf bifurcation thresholds in parameter space for both the synchronous
and asynchronous periodic solution branches, as well as the Hopf bifurcation
frequencies near onset. In addition, zero-eigenvalue crossings corresponding
to the emergence of asymmetric steady-state solutions will be studied. In
the non-singular case, where ¢ = O(1), a numerical study of the winding
number together with the numerical bifurcation software XPPAUT [16] will
be used to to construct global bifurcation diagrams of steady-states and
periodic solution branches for the case of either one or two diffusing species
in the bulk. Overall, we show that stable synchronous oscillations between
the two membranes is a robust feature of the dynamics that occurs in a wide
parameter regime. A glimpse at some more exotic dynamics such as a torus
bifurcation, arising from secondary bifurcations, is given.

5.2 The Steady-State Solution and the
Formulation of the Linear Stability Problem

In this section we determine a symmetric steady-state solution for (/5.1.1)
and analyze the linear stability properties of this solution. Since the two
membranes are identical, it is natural to seek a steady-state solution that is
symmetric about the midline x = L/2, so that for the steady-state problem
of we consider 0 < z < L/2 and impose zero flux conditions at
x = L/2. In the steady-state analysis, for convenience we drop the subscripts
for u and v at the left membrane. As such, the symmetric steady-state
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solution U, and V, for (5.1.1]) satisfies
D,Uepy — o, U =0, DyVepy —o,Ve =0, O<z<L/2, (52.1)

with boundary conditions Ue(0) = ue, Ve(0) = v, Ues (L/2) = 0, and
Ve (L/2) = 0. The solution to this problem is

cosh |wy (L — x)
Ue(x) =U [ 2 j| y Wy = & )
cosh (wy, L/2) D, (5.2.2)
cosh [wv(é - m)} Ty
Vel@) = ve cosh (w,L/2) ~ = D,

Then, by using (5.1.1b) with kinetics (5.1.1c), we readily derive that u = .
is a root of the cubic H(u) = 0, given by

H(u) = qu® — 6qu’ + (12¢ — 14 ay + ) u— (8¢ +4), (5.2.3a)
where we have defined a,, and 3, by

ay = kyw, tanh (wuL/Z) , B=ez/(e+ay,), where a, = kyw, tanh (va/Q) i
(5.2.3b)
In terms of any solution u = ue to the cubic, v, is given by ve = Sue.

We now claim that has a unique positive symmetric steady-state
solution. To show this, we must verify that there is a unique root u, > 0 to
H(u) = 0 when u > 0. In our proof below we will consider two cases: Case
La,+8>1. Casell: 0 < a,+ B < 1. We first consider Case I. We calculate
that H(0) = —(8¢ +4) < 0 and H(u) — +oo as u — +oo. Moreover, we
derive that H'(u) = 3q(u — 2)? + (ay + B — 1), so that H'(u) > 0 for u > 0
in Case I. Since H(0) < 0, H(u) — +o0 as u — oo, and H(u) is monotone
increasing on u > 0, there is a unique root to H(u) = 0 in u > 0 in Case 1.

Next, we consider Case II. We conclude that H'(u) = 0 at exactly two
points v = uy, given by

1
ur =2+ \/%\/1 Gy — 3. (5.2.4)
Here u_ < 2 < uy, with u— and u4 a local maximum and local minimum
of H(u), respectively. Therefore, since 2 < uy, H(2) = —6 + 2(a, + 5) <0,
H(u) — 400 as u — oo, and uy is a local minimum point of H(u), we
conclude that there is a unique root to H(u) = 0 in u > 2. To conclude the
proof for Case II, we need only show that H(u_) < 0 whenever u_ is on
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the range 0 < u_ < 2. To show this we use 3q(u_ —2)? =1 — (a, + ) to
calculate

H(u) = qlu_ —2)* —u_ — 4+ (ay + B)u_

:W(U_—z)—u_—zw(aﬁﬁ)u—,
=2 (20 U Gt )] 144 200+ )

Since the last expression shows that H(u—) < 0 for 0 < u_ < 2 when
0 < ay + B <1, we conclude that there are no additional roots to H(u) =0
located on 0 < u < 2 whenever 0 < a, + 8 < 1. Combining the results of
Case I and Case II, we conclude that, for any a, + 8 > 0, there is a unique
positive symmetric steady-state solution to .

We will assume that z and ¢ are such that the steady-state of the mem-
brane kinetics, when uncoupled to the bulk, is a linearly stable fixed point.
As a result, any instability that arises in our analysis is due specifically to
the coupling of the two membranes by the bulk. For the uncoupled problem,
where a, = 0 and a, = 0 in , we obtain that wu. is a root of
in which we set a, = 0 and 8 = z in (5.2.3a). In terms of ., the Jacobian
of the membrane kinetics is

Jo = ws Ju . 1_3Q(U6_2)2a —1 (5.2.5)
‘ €g;,,  €gs €2 —€ 7

when uncoupled from the bulk. We calculate the determinant and trace of
this matrix as

detJ? = ¢ [z 1+ 3q(ue — 22, 0 =1— e —3q(uc — 2)%. (5.2.6)

To ensure that the uncoupled membrane kinetics has a stable fixed point,
we will assume that z > 1, so that detJ? > 0 for any parameter set. There-
fore, the stability of the fixed point is determined by the sign of trJ?. To
determine the region of the (g, z) plane, with z > 1, for which trJ? < 0,
we simply locate the stability boundary where trJ = 0. We solve
for ¢ and then (5.2.34), with a, = 0 and 8 = z, for z, to readily obtain a
parametric description of this stability boundary in the form ¢ = Q(u) and
z = Z(u), for u > 0, where

(1—¢) 4  (1—e)

q:Q(U)Em, ZZZ(U)El—i—E—
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Figure 5.2: The stability boundary when e = 0.015 (left panel) and when
e = 0.3 (right panel) for the membrane dynamics when uncoupled to the
bulk diffusion. The heavy solid curve is the stability boundary where
trJ? = 0. Above this curve in the shaded region, trJ? < 0 so that the
uncoupled membrane kinetics has a stable fixed point in this region. For
e = 0.015, the parameter values z = 3.5 and ¢ = 5, used in [23], correspond
to the marked point.

For ¢ = 0.015 and ¢ = 0.3 in the left and right panels of Fig. re-
spectively, we plot the stability boundary for the uncoupled problem
in the (g, z) plane for z > 1. In the shaded regions of this figure we have
trJ? < 0. In our analysis below, we will assume that the pair (g, z) belongs
to this region, which ensures that the fixed point associated with the uncou-
pled membrane kinetics is linearly stable. As a remark, for the parameter
values z = 3.5, ¢ = 5.0, and € = 0.015, as used in [23], we calculate from
(5.2.3a) and (5.2.6) that ue ~ 1.67 and trJ? ~ —0.649 < 0, so that the fixed

point for the uncoupled dynamics is stable. This point is marked in the left

panel of Fig.

5.2.1 Formulation of the Linear Stability Problem

Next, we derive the linear stability problem associated with the symmetric
steady-state solution. We introduce

U(zx,t) = Ue(x) + go(z:)e” , u(t) = ue + ceMt,
V(z,t) = Vo(z) + ¢(x)e™,  o(t) = ve +ne,
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5.2. The Steady-State Solution and the Formulation of the Linear Stability Problem

into . Upon linearizing the resulting system we obtain that

Dypzs — (0u+A)p =0, Dyzy — (00 + AP =0, 0<z<L/2,
(5.2.8a)
with ¢(0) = £ and ¥(0) = 7, together with the linearized membrane kinetics
on x = 0 given by

EN=Efy+nf + k' (0),  nh =gy +engy + koy)'(0). (5.2.8b)
Since the two membranes, one at x = 0 and the other at x = L, are iden-

tical, then due to reflection symmetry there are two types of eigenfunctions
for (5.2.8). One type is the synchronous, or in-phase, mode with

¢ (L/2) =0, ¢ (L/2) =0, (5.2.9)
while the other is the asynchronous, or anti-phase, mode for which
¢(L/2)=0, % (L/2)=0. (5.2.10)

Upon solving (/5.2.8)) for the in-phase, or synchronous ('+’) mode, we get

cosh [Qu(% - x)} cosh [Qv(% - x)]

_ : - . (5.2.11
pil@) =€ cosh (Q,L/2) el@) =n cosh (2,L/2) ( )

where we have defined Q,, = Q,(\) and Q, = Q,(\) by
.= U“ A = U” A (5.2.12)

In (5.2.12) we have chosen the principal value of the square root, which
ensures that ¢4 and 4 are analytic in Re(A) > 0 and decay at x = L/2

when L > 1. By substituting (5.2.11)) into the boundary condition (/5.2.8b)
at z = 0, we get that ¢ and 7 satisfy the homogeneous linear system

(fa=A=kuptQu)E+fin =0, egu€+(egy —A—koq1 Qo) =0, (5.2.13)
where we have defined py = p4 () and ¢4+ = g4 (\) by

p+ = tanh (Q,L/2) | ¢+ = tanh (Q,L/2) . (5.2.14)

120
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By setting the determinant of the coefficient matrix of this linear system to
zero, this linear system has a nontrivial solution if and only if A is a root of
the transcendental equation

(fo =X —kup+) (eg;, — A — kyq+8y) —€fig, = 0. (5.2.15)

Similarly, for the anti-phase, or asynchronous (’-’), mode we obtain from
(5.2.8a) and (5.2.10)) that

sinh [Qu(% - 3:)]

sinh [Qv(% - x)}
sinh (2,L/2)

where A satisfies
(fu = A — kup— Q) (€gy, — A — kyg—Qy) —€ef5g,, = 0. (5.2.16)
Here we have defined p_ = p_(\) and ¢ = ¢_(\) by

p— = coth (Q,L/2) , q— = coth (Q,L/2) . (5.2.17)

The eigenvalue problems (5.2.15) and (5.2.16) for the synchronous and
asynchronous modes can be written in terms of locating the roots A of
Fi(A) =0, where

_ 1 + 2,8, _ Qu(ﬁgf; - )‘) _ Qv(fs - )‘)

T kukyprqe  det(Je — NI)  kyqedet(Je — AI)  kyprdet(Je — AI)
(5.2.18)

Here J, is the Jacobian matrix of the membrane dynamics (5.1.1bl), evalu-

ated at the steady-state solution associated with the coupled membrane-bulk

model. Therefore, from (/5.2.6)), we have

Fi(N)

det(J, — M) = A% — (trJ.) A + det.J,

) ;1 (5.2.19)
trJe =1 — € — 3q(ue — 2)°, detJ, =€ z—1+3q(ue—2)],

where u. is the unique root of #(u) = 0, with H(u) as defined in (5.2.34).
In (5.2.18) we have eg§ = —e and f$ = tr.J. + €.

To analyze the stability of the steady-state solution, we use the argument
principle of complex analysis to count the number N of roots of F1(A) =0
in the right half-plane Re(A) > 0. We take the counterclockwise contour
consisting of the imaginary axis —iR < Im\ < iR, denoted by I'_ UT'y, and
the semicircle I'g, given by |A\| = R > 0, for |arg\| < 7/2. Since 1/p+, 1/q+,
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5.3. One Diffusive Species in the Bulk

Q,, and €2, are analytic functions of A in the right half-plane ReA > 0, and
detJ. > 0 since z > 1, it follows that the number P of poles of F1(\) in the
right half-plane depends only on the sign of trJ,.

Since p+ — 1 and ¢+ — 1 as R — oo on I'p, with A = Re™ and
lw| < /2, we have that the decay of F(\) as R — oo is dominated by the

first term in (5.2.18)), so that
1
 kuky
on I'g. Therefore, there is no change in the argument of ]:i()\z over I'p as
R — oo. By using the argument principle, together with Fy(\) = FiL(N),
we conclude that

Fi(N)

+(’)(R_1/2> , as R — oo,

1 2 if trJ. >0
N =P + —JargFi]r, , where P = . (5.2.20)
i 0 if trJ. <O

Here [argF.]r, denotes the change in the argument of F along the semi-
infinite imaginary axis 'y = Ay, with 0 < A7 < oo, traversed downwards.
When the membrane dynamics are uncoupled with the bulk we have as-
sumed tr.J, < 0, so that P = 0. For the coupled problem, we show below
that P depends on the strength of the coupling between the membrane and
the bulk. We remark that, although, it is analytically intractable to calcu-
late [argF4|r,, this quantity is easily evaluated numerically after separating
Fi(iAr) into real and imaginary parts. In terms of this readily-computed
quantity, the global criterion yields the number of unstable eigen-
values of the linearization (5.2.8)) in Re(\) > 0.

In §5.3| we determine P and [argFy]r, for the synchronous and asyn-
chronous modes in the limiting case where there is only one bulk diffusing
species. The general case of two diffusing bulk species is considered in §5.4.

5.3 One Diffusive Species in the Bulk

In this section we analyze the special case, considered in [23], where there is
only one diffusing species in the bulk. As in [23], we assume that only the
inhibitor V' can detach from the membrane and diffuse and be degraded in
the bulk. As such, in this section we consider the limiting problem where
ky = 0in so that U(x,t) has no effect on the membrane kinetics, and
can be neglected. The one-bulk species model is formulated as

Vi = DyVye — 0,V O<z<L, t>0, (5.3.1a)
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5.3. One Diffusive Species in the Bulk

coupled to the membrane dynamics v1(t) = V(0,¢) and va(t) = V(L,1),
where

:f(ulavl)7 U/I :eg(ulavl)+kvvw(ovt);
= fluz,v2), vy =eg(ug,v2) — k,Va(L,1).

Here f(u,v) and g(u,v) are given in (5.1.1c). For this limiting problem, the
symmetric steady-state solution satisfies

u

(5.3.1b)

NS =~

u

DyVezz — 0uVe =0, 0<$<L/2; Ve(O):Ue, Vex(L/2):0>
(5.3.2a)

f(U’e? 'l)e) = 07 6g(uea Ue) + kv‘/ea:(o) = O . (532b)

Defining w, = /0y, /D,, we obtain that wu. is the unique root of H(u) = 0,
where

H(u)zqu3—6qu2+(12q—1+ﬁ) u—(8¢+4);

B=z/(1+€ta,), ay = kyw, tanh (va/2) ' (5.3.3)

By setting k, = 0 in the stability analysis of §5.2.1 we obtain that the
linear stability properties of this symmetric steady-state is determined by
the roots of G+ (A) = 0, defined by

L Q(fs =)
kyge  det(Je — AI)’

where €, ¢+, and ¢_, are defined in (5.2.12)), (5.2.14)), and (5.2.17), respec-
tively.

To analyze the roots of (5.3.4), it is convenient to write (5.3.3) and (/5.3.4)

in terms of dimensionless bifurcation parameters. To this end, we introduce
two parameter {1 and [y, and define 8 in (5.3.3)) in terms of them as

Iy L

1 + % tanh (%)]
(5.3.5)

The ratio L/lp is a nondimensional measure of the distance between the
compartments to the diffusion length [y, while l;/lp is a nondimensional
measure of the strength of the membrane-bulk coupling relative to the dif-
fusion length.

Next, we define b = tr.J,, and use (5.2.19) to write

Gi(\) = (5.3.4)

-1

llzkv/ea 10:\/Dv/0'v:1/wv7 B=z

fé=bte, detJ.=ea, a=z—e-b>0, where b=1-e—3q(u.—2)*.
(5.3.6)
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5.3. One Diffusive Species in the Bulk

We recall that a > 0 since we assume from that z > 1. In this way, and
upon writing ¢4+ and Q, in terms of [y and l1, we obtain that (5.3.4)) can be
written as G4 (A) = [1/(elo)] GL(A), where GL()) is defined by

Gi(\) ST (bﬂ_A) , (5.3.7)

= Lig+ (o) A2 — b\ +ea

where ¢ (7,\), with 7, = 1/0y, is defined by

1 () = tanh [ﬁ\/l + Tv/\} , synchronous (4) mode (5.38)
coth [ﬁ V1i+ 7‘1,)\} , asynchronous (—) mode

By using a winding number argument, similar to that in §5.2.1, the number
N of unstable roots of (5.3.7) in Re(\) > 0 is

1 2 if b=trJ.>0
N =P+ f[arggi]p+ , where P =
™ 0 if b=trJ. <0
(5.3.9)

In terms of our dimensionless parameters, we remark that the symmetric
steady-state solution, and consequently b = tr.J., depends on 1 /Iy and L/lj.
In contrast, the stability properties of this solution, as to be analyzed from
below in depends on [y /lp, L/lp, and 7, = 1/0,.

In our stability analysis we will consider two distinct cases. In
we analyze in the limit ¢ — 0 where the membrane-bulk coupling
parameter satisfies k, = O(e), so that 8 = O(1) in (5.3.5). For the parameter
values given in [23]

D,=05, e=0.015, 0, = D,/100, z=3.5, ¢g=5, L =10, k, = 0.0225,
(5.3.10a)
we calculate that
Iy L
lh=15, lp=10, 7,=200, %:0.15, %:1. (5.3.10b)
For this parameter set, our small ¢ stability analysis below will provide a
theoretical understanding of the numerical results in [23]. In §5.3.2, we
use a numerical winding number approach together with numerically com-
puted global bifurcation diagrams, obtained using the bifurcation software
XPPAUT [16], to study the e = O(1) problem.
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5.3. One Diffusive Species in the Bulk

5.3.1 Stability Analysis for the ¢ — 0 Limiting Problem

In this subsection we study the roots of (5.3.7) for various ranges of b. To
determine the winding number [argG) ] L in (D we must consider several

distinct ranges of A\;. For ¢ < 1, we will calculate this winding number
analytically.

We first observe that Re(GY(iA;)) — lo/li > 0 as A\; — —+00, so that
in the (G%,,GY,) plane, where G%, (A7) = Re (GL(iA;)) and GY, (A\;) =
Im (Qi(i)\[)), we begin at a point on the positive real axis. Then, since
Re(v/1+7m,A) > 0, and both Re(tanhz) > 0 and Re(cothz) > 0 when
Re(z) > 0, we conclude for € — 0 from that G%, (A7) > 0 for A; > 0
with Ay = O(1). We then use to calculate G{ (0), for any € > 0, as

lo (b + 6)
G2 0) = — , where a=z—e—b>0. 5.3.11
:I:( ) llQi(O) a ( )
We conclude that G (0) > 0 when b+¢ < aly/[l1q+(0)]. Sincea = z—e—b >
0, we solve this inequality for b to obtain that G(0) > 0 when b < by and
G2(0) < 0 when b > by, where by is defined by

llQi(O):| .
lo

b<by=z [1 + (5.3.12)

For the synchronous (+) mode, we now show that b < by always holds
for any root to the cubic H(u) = 0, defined in (5.3.3). In particular, we
will prove that b > b, is incompatible with a root of . To show this,
we first observe that since ¢4 (0) = tanh (L/2ly), the condition b > by is
equivalent to b > 8 — €, where 3 is defined in . We have from
that b > 8 —eand 8> 0, when 0 < 3 < 1 — 3q(u — 2)?, where u > 0 is the
unique root of H(u) = q(u — 2)3 + Bu — (4 + u) = 0. From this inequality
on [, we calculate

H(u) < qlu—2)° +u |1 - 3q(u—2)?] - (4+ )
= q(u—2)> =4 —3qu(u—2)? = —2¢(u — 2)*(u+1) -4 <0,
for all w > 0. Therefore, there is no root to H(u) = 0 when b > b;. As a
consequence, we must have b < by, so that for the synchronous mode we
have G9(0) > 0 unconditionally.

To determine the curve in the Iy /ly versus L/ly plane where the asyn-
chronous (-) mode has a zero-eigenvalue crossing, we set b = b_, and use
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(5.3.12) together with (/5.3.3]) to obtain that a zero eigenvalue crossing occurs

when B
l L —2)3 4
2|1+ L tanh | — :—M—l—f—l—l,
lo 2[0 u u
l L\|
2 |14 ZFcoth | == =1-3q(u—2)%.
lo 2o
We rearrange these expressions to get
l1 U

)

L
j, tanh <2l0> =), al) = e T (5.3.13)

L zu
Leoth | =) = = -

For the range of u > 0 for which x1 > 0, x2 > 0, and x1/x2 < 1, we readily
derive from that the curve in the [y /ly versus L/l plane where the
asynchronous (-) mode has a zero-eigenvalue crossing is given parametrically
in terms of u by

l L u) + U
b atat, Lo (VeI gy
0 0 Vxe(u) = v/x1(u)

For ¢ =5, z = 3.5, (5.3.14)) yields the upward facing horseshoe-shaped curve
shown in the left panel of Fig. . Below in (5.3.30)), we show that this zero-

eigenvalue crossing for the asynchronous mode is a bifurcation point where
asymmetric equilibria of (5.3.1) bifurcate from the symmetric steady-state
solution branch.

Now that the possibility of zero-eigenvalue crossings has been analyzed,
we proceed to determine [argGY|r,. Since G%, (A;) > 0 for A; > 0 with
Ar = O(1), we need only analyze (5.3.7) with A = ¢A\; and A; near the
origin. For [b] > O(e), we set A\; = e\) with A9 = O(1) in (5.3.7) to obtain

l ba
0 0 (7,10 0
e (G200) gl
Ohr+ e (G4 (ieA]) l1q+(0) a2+b2(>\9)2
For the synchronous mode, we conclude from (5.3.15) that Q% 4+ > 0 when
Ar = O(e), and consequently [argG}|r, = 0, for any b with [b] > O(e). As
a result, for the synchronous mode, we obtain from (5.3.9) that

(5.3.15)

2 if b=trJ. >0
N =P, where P= ,  (synchronous mode) .
0 if b=trJ. <0

(5.3.16)
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In contrast, for the asynchronous mode, we conclude from that
for A\ = O(e) and |b] > O(e), we have G% (A7) > 0 when b < b_, and
G% (A1) < 0 when b > b_, where b_ is defined in . Therefore, for
the asynchronous mode, we have [argG° |r + = 0whenb < b_, so that
still holds when b < b_ and |b| > O(e). However, it remains to calculate
[argG%]r, = 0 when b > b_, for which G% (A7) < 0. This computation is
done numerically below.

0.8

2 Lot T [ GH() ——G-() = = - HR)
’ —Syn - - -Asy

Gha A
Figure 5.3: Left panel: The path G (iAr) = G, (A1) + iG], (Ar), for the
parameter set (5.3.10a)) of [23]. For both + modes, we start at \; = 100
(solid dot), which corresponds to the common value G%, ~ lp/l; > 0 and
Q(I) . = 0. As \; increases, g% ., remains positive, and the path for each mode
terminates when A; = 0 at different points on the positive real axis, without
wrapping around the origin. This establishes that [argG}]r + = 0. Right
panel: The functions G4 (A) and H (), as defined in (5.3.17), when A > 0 is
real, for the parameter set . The curves for G4 and G_ essentially
coincide. Since there are no intersections between G1 and H()), then there
are no real positive roots to G2(\) = 0 in for either the synchronous

or asynchronous modes.

For any b independent of e, this analysis shows for the synchronous
mode that N =0 for b < 0 and N = 2 for any b > 0. For the asynchronous
mode we have N = 0 for b < 0 and N = 2 for any 0 < b < b_. As a
result, to leading order in €, we conclude that both the synchronous and
asynchronous modes undergo a Hopf bifurcation as b crosses through zero.
For the parameter set (5.3.10al), as used in [23], in the left panel of Fig. [5.3|we
plot the numerically computed path of G (i);) in the plane (G%,,G?,). For
this parameter set we calculate numerically that b_ ~ 2.627 and by = 3.258

from (5.3.12), and b = trJ, = 1 — € — 3q(ue — 2)? ~ 0.2746, from (5.2.19),
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where u, is the unique root of H(u) = 0 defined in (5.3.3). Since b < b_,
our theoretical prediction that [argGl]r, = 0 is confirmed from the plot in
the left panel of Fig. 5.3

To determine the location of the two unstable eigenvalues of the lin-

earization for the parameter set of (5.3.10a), we look for zeroes of (5.3.7)) on
the positive real axis A > 0. To this end, we rewrite (5.3.7)) as

B (V) ga(r )]
HAN =X -b\tea, Gi(\)= ellol(b + € — N g (T M) V1 4+ T\,

(5.3.17)
For the parameter set of , in the right panel of Fig. we plot
G+ (M) and H(A) for A > 0 real, which shows that there are no real positive
roots to GL(A) = 0. As a result, the two unstable eigenvalues for the param-
eter set (5.3.10al) are not real-valued, and do indeed generate an oscillatory
instability of the symmetric steady-state solution.

Next, we examine the region near b = 0 where a Hopf bifurcation for
either of the two modes must occur. To determine the precise location of
the Hopf bifurcation point we look for a root A; of , with A\j < 1,
when b = O(e). We Taylor-expand the right-hand side of as A\ — 0,
and set G (i\;) = 0 to obtain that

A} —ibA\; +e(z—e—)

~€ <ci +iXrst + O(/\%)) <1 + %TU)\[ - O(A%)) (b+e—iXp),

(5.3.18)
where ¢y and si are determined from the Taylor series of 11qy (iT,A1)/lo as

_h

l ) )
—lqi(zn)q) =ct + A5+ + O()\%) ; c+ = —q+(0), S+ o

I Tvq;:(()) .
0

(5.3.19)
Upon expanding the right-hand side of (5.3.18]), we obtain that

A2 b +e(z—€e—b) ~e 5

c+ +i (si + CiTU) A1+ (’)(/\%)] (b+e—iAg).

(5.3.20)
To determine A; and the critical value of b for a Hopf bifurcation we take
the real and imaginary parts of both sides of (5.3.20). From the imaginary
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parts, we get

b~ecy —e(b+e) <si + c;ﬂ,) )

Upon solving this equation asymptotically for b, we obtain that
b~ ecy — eQ(Ci + 1) (Si + C;:Tv> . (5.3.21)

Next, by taking the real parts of both sides of (5.3.18)), we get

N fe(z—e—b) ~e(b+€e)cs + eX? <$:|: + C;ﬂ,) .

We substitute b ~ ecy into this equation, and simplify the resulting expres-
sion to get

Mo~z —(er +1)2 —el? <si + c;ﬂ,) .

For € < 1, we readily derive from this last expression that

Ao~ el/212 0 < (e +1)2+ 2 (si + Ciﬂ,)

5 +O(e). (5.3.22a)

Upon recalling (5.3.19) and (5.3.8)), we determine ¢y and sy as

%tanh (L) , synchronous (+)

o — 2,
%coth (% , asynchronous (—) ( b)
9.3.22
. e (%) (%) sech? (%) ,  synchronous (+)
:t pr—
—n (%) (%) csch? (%) , asynchronous (—)

In summary, we conclude to leading-order in the limit ¢ — 0 that there
is a Hopf bifurcation when b = trJ. ~ ecy with leading-order frequency
A ~ €/221/2 Therefore, the period T of small-amplitude oscillations at the
onset of the Hopf bifurcation is long as € — 0, with scaling T ~ 27/ /ez. A
higher-order asymptotic formulae for the Hopf bifurcation point is given in
(5.3.21)) and (5.3.22). We observe that the critical threshold for b, given by
b ~ ec4, shows that the Hopf bifurcation threshold for the synchronous and
asynchronous modes are only slightly different when e < 1.
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To determine the curves in the [y /ly versus L/ly parameter plane where
Hopf Bifurcations occur, we set b = trJ, = 1 — € — 3q(ue — 2)? = ecs, and
solve for u.. This yields the two roots w1+ and uo+, defined by

1
\/73?\/1—6(14-01), uzi=2+\/@\/l—e(1+z:)3.23)

By using (5.3.3), we then solve H(u1+) = 0 and H(uz+) = 0 for 3 to obtain
that 8 = Z(u1+) and 8 = Z(ug4 ), where

Z(u)=1—|—i—(1_€)

Ul = 2 —

(u—2). (5.3.24)

Finally, we use (5.3.5) to relate 3 to l1/lp and L/ly. Upon solving the
resulting expression for Iy /Iy we obtain that the Hopf bifurcation curves for
the synchronous and asynchronous modes are given by

R ] ( L > ,
— = —1f{coth| — ], for =1,2; synchronous (+) mode,
o | Z(uj) 2o J Y (+)
(5.3.25a)
[ ] L
;(1) = Z(zjj) — 1| coth <2l0> , for j=1,2; asynchronous (—) mode

(5.3.25b)

where Z(u) is defined in (5.3.24) and cy is defined in (5.3.22b). We remark
that since ¢y depends on 13 /lp, is a weakly implicit equation for
l1/lp when e < 1. We solve when € < 1 for 11 /lp using one step of
a fixed point iteration.

In the left panel of Fig. we plot the Hopf bifurcation curves from
in the 11 /lp versus L/l plane when ¢ = 0.015, ¢ = 5, and z = 3.5.
For this parameter set, we observe from this figure that the Hopf bifurcation
thresholds for the synchronous and asynchronous modes almost coincide.
Inside the region bounded by the curves, the symmetric steady-state solution
is unstable and there may either be stable or unstable periodic solutions.
The parameter set , as used in [23], corresponds to the marked
point I1/lp = 0.15 and L/lp = 1 in this figure that is near the stability
boundary. This phase diagram is comparable to the one obtained in [23].
However, as discussed in §5.1, in [23] the Hopf bifurcation boundary for
the leading order theory, where the synchronous and asynchronous modes
have a common threshold, was obtained qualitatively through an analysis
based on the crossing of nullclines. No zero-eigenvalue crossing was noted
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0.2 0.3 0.4 0.5
Ly

Figure 5.4: Left panel: The Hopf bifurcation boundaries for the synchronous
mode (solid curves) and asynchronous mode (dotted curves), as computed
from , for the one-bulk species model when ¢ = 5, z = 3.5,
7o = 200, and ¢ = 0.015. These Hopf bifurcation thresholds essentially
coincide except when L/l is small. The upward horseshoe-shaped curve
corresponds to a zero-eigenvalue crossing for the asynchronous mode, as
given parametrically by . The marked point corresponds to the pa-
rameter set l;/lp = 0.15 and L/lp = 1 used in [23]. Right panel: Phase
diagram in the k, versus L/ly plane when [y = 10 showing a clear difference
between the Hopf bifurcation boundaries for the synchronous (outer solid)
and asynchronous (inner solid) curves. Between the two outer solid curves,
the synchronous mode is unstable while between the inner solid curves the
asynchronous mode is unstable. The dashed horseshoe shaped-curve corre-
sponds to the zero eigenvalue crossing . Inside the region bounded
by horseshoe-shaped curve there are asymmetric steady-state solutions. The
Hopf curves coincide almost exactly with full numerical results computed by
solving for a pure imaginary eigenvalue A = iw using Maple [50] (dot-
ted curve).
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5.3. One Diffusive Species in the Bulk

in [23]. Our stability analysis for the limiting problem ¢ — 0 has been
able to determine two-term approximations to the Hopf boundaries for both
the synchronous and asynchronous modes, to determine the Hopf bifurcation
frequencies near onset, and to detect zero-eigenvalue crossings corresponding
to the emergence of asymmetric steady-state solutions of .

In the right panel of Fig. we plot the corresponding Hopf bifur-
cation curves in the k, versus L/l when lp = 10, which shows a clearer
distinction between the synchronous and asynchronous modes of instabil-
ity. Between the two outer solid curves, representing the Hopf threshold
for the synchronous mode, the synchronous mode is unstable. Similarly,
between the two inner solid curves, representing the Hopf threshold for
the asynchronous mode, the asynchronous mode is unstable. The dashed
horseshoe-shaped curve corresponds to a zero eigenvalue crossing. Inside
this horseshoe-shaped region, there are asymmetric steady-state solutions
to . This plot shows that for a given value of L/ly the symmetric
steady-state solution is unstable to an oscillatory instability only for some
intermediate range k,_ < k, < kyt of the coupling strength between the
membrane and the bulk. We remark that the analytical stability boundaries
in Fig. were all verified numerically by determining the complex roots of

G+ =0, as defined in (5.3.4), using Maple [50].

0.2p

0.4

0.2

o
g7

-0.5 0 0.5 o 1 15 2 -0.5 0 g(’)‘[‘i 1 1.5
Figure 5.5: Plot of GY(iA;) = G% (A7) +iGY_(Ar) for the parameter set
li/lp = 1.0, L/lp = 0.4, ¢ = 5.0, z = 3.5, that lies within the horseshoe-
shaped region of the left panel of Fig.[5.4]where b > b_. Left panel: 7, = 200.
Right panel: 7, = 1. For A\; — oo, both paths begin on the positive real
axis, and end on the negative real axis when A\;j = 0. For both values of 7,
we have [argG’]r, = —, so that N =1 from (55.3.9).

Next, we numerically compute the winding number [argG® |- . to count
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5.3. One Diffusive Species in the Bulk

the number of unstable eigenvalues for the asynchronous mode for parame-
ter values inside the horseshoe-shaped zero-eigenvalue crossing curve in the
left panel of Fig. Recall that within this region, we have b > b_ and
so G(0) < 0. For the particular point /;/lp = 1.0 and L/ly = 0.4 in this
region, and for ¢ = 5 and z = 3.5, in Fig. we show that [argG®|p, = —
for two different values of 7,. From (5.3.9)) this implies that N = 1, and so
for the asynchronous mode the linearization around the symmetric steady-
state has an unique unstable real eigenvalue. By further similar numeri-
cal computations of the winding number (not shown), we conjecture that
[argG |- . = —m, and consequently NV = 1 for the asynchronous mode,
whenever b > b_.

In the left panel of Fig. we show the numerically computed spec-
trum of the linearization, obtained using Maple [50] on , when we
take a vertical slice at fixed L/ly = 0.3 in the right panel of Fig. that
begins within the horseshoe-shaped region, first traversing above the zero-
eigenvalue curve, then past the asynchronous Hopf threshold, and finally
beyond the synchronous Hopf threshold. A zoom of the region in Fig.
where these crossings are undertaken is shown in the right panel of Fig. [5.6l
The expected transition in the spectrum as predicted by our theory, and
discussed in the caption of Fig. is confirmed.

Next, we show analytically that the zero-eigenvalue crossing for the asyn-
chronous mode at b = b_ corresponds to a bifurcation point where asymmet-
ric equilibria of bifurcate from the symmetric steady-state solution
branch. To show this, we first construct a more general steady-state solu-
tion , where we remove the symmetry assumption about the midline
x = L/2. For this more general steady-state, we calculate from the steady-
state system for that

sinh [w, (L — )] sinh(wy)

elT) = — v =V 0ou/Dy, (5.3.2
Velz) = v1 sinh(w, L) v sinh(w, L) “ o/ (5:3.26)

where v = V¢(0) and vy = V(L). By setting eg(u1,v1) + ky, Ve (0) = 0 and
€g(ug,vy) — kyVer (L) = 0, we readily derive, in terms of a 2 X 2 symmetric
matrix A, that

! L 1l L

v U 1+ Fcoth (—) 1csch (—)

A U 1 7 A= 7 To I
V9 U9 —f—écsch (%) 1+ %coth (%)

(5.3.27a)

Upon setting f(u;,v;) =0, j = 1,2, we obtain a nonlinear algebraic system
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Figure 5.6: The spectrum Im(\) versus Re(\) (left panel) near the origin for
the asynchronous (solid dots) and synchronous (diamonds) modes for a fixed
L/lp=0.3,1p =10, ¢ =5, z = 3.5, 7, = 200, and € = 0.015, as the coupling
strength k, crosses various stability boundaries as shown in the right panel,
representing a zoom of a portion of the k, versus L/l plane of the right
panel of Fig. Top left k, = 0.26 (in the horseshoe-shaped region I):
N =1 and N = 2 for the anti-phase and in-phase modes, respectively.
Top right: k, = 0.265 (outside the horseshoe, but before the asynchronous
Hopf boundary: region II): N = 2 for both anti-phase and in-phase modes.
Bottom Left: k, = 0.275 (between the asynchronous and synchronous Hopf
boundaries: region III): N = 0 for the anti-phase and N = 2 for the in-phase
modes. Bottom Right: k, = 0.282 (above the synchronous Hopf boundary:
region IV): N = 0 for both the anti-phase and in-phase modes. These
spectral results are all consistent with our stability theory.
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for u = (u1,uz)?’ given by N (u) = 0, where

(ur —2)3 1 .
N(u) = —¢q +4 +u—zA "u. (5.3.27b)
(ug —2)3 1

Since the matrix A is symmetric and has a constant row sum, it follows
that q; = (1,1)7 (in-phase) and qo = (1,—1)7 (anti-phase) are its two
eigenvectors. After some algebra, we obtain that the two corresponding
eigenvalues are

ll L l1 L
Aq; = 1595 ; 1 + o tan <2l0> , 42 + loCOt <2l0>
(5.3.28)

To recover the construction of the symmetric steady-state branch we use
a1 = (1,1)7, and look for a solution to with u; = us = ue. Since
2 A" qy = z,uflql, and zufl = [, we readily identify that reduces
to , where (5 is defined in . To determine whether there are any
bifurcation points from this symmetric branch, we write u = u.(1,1)7 + é¢,
where § < 1 and ¢ is a 2-vector. Upon linearizing (5.3.27b)), we readily
obtain that

Ap = (13q(ie2)2> o. (5.3.29)

Bifurcation points correspond to where (5.3.29) has a nontrivial solution.
Such points occur whenever

1—3q(uc —2)> =B, (in-phase);
—1

l L 5.3.30
1+ - coth | — , (anti-phase) . ( )
lo 21y

1—3q(ue —2)* =2

As shown previously, the in-phase equation above is inconsistent with any
root of the cubic . In contrast, the anti-phase equation in is
precisely the condition b = b_. Therefore, zero eigenvalue crossings for the
asynchronous mode correspond to where branches of asymmetric steady-
state solutions bifurcate from the symmetric steady-state branch.

In the left panel of Fig. we plot a global bifurcation diagram ver-
sus the coupling strength k, showing only the symmetric and asymmetric
steady-state solution branches and the two bifurcation points off of the sym-
metric branch. This plot corresponds to taking a slice at fixed L/ly through
the phase diagram in the right panel of Fig. [5.4. It also corresponds to
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5.3. One Diffusive Species in the Bulk

the solution set of the nonlinear algebraic system . Although the
bifurcation diagram can be obtained from , we used the numerical
bifurcation software XPPAUT [16] after first discretizing into a large
set of ODE’s. In this way, the stability properties of the asymmetric steady-
state branch was determined numerically. Our computations show that the
asymmetric solution branch is unstable except in a narrow window of k,. In
the right panel of Fig. we show results from full numerical solutions to
the PDE-ODE system , computed using a method of lines approach,
that verify this prediction of a stable window in k, for the stability of the
asymmetric steady-state solutions.

24
24

22 22

Figure 5.7: Left panel: Global bifurcation diagram of u; and ue, computed
using XPPAUT [16], for the asymmetric and symmetric steady-state so-
lutions to (5.3.1) showing the two bifurcation points off of the symmetric
steady-state branch. The parameter values are Iy = 10, L/lp = 0.4, ¢ = 5,
z = 3.5, 7, = 200, and € = 0.015. Thin curves represent unstable steady-
state solutions while thick curves indicate stable ones. Right panel: Time
evolution of uy, wg, as computed from the full PDE-ODE system (5.3.1)
using a method of lines approach. The parameter values are in left panel
except that k, = 0.13 is chosen so that the asymmetric steady-state solution
is stable. Initial conditions for are chosen close to the stable asym-
metric solution. As expected, the two wu; approach their steady-state values
after a transient period.

In the left panel of Fig. 5.8, we plot a global bifurcation diagram of u;
versus k,, computed using XPPAUT [16], showing only the local branching
behavior of the synchronous periodic solution branch near the Hopf bifurca-
tion point where it emerges from the symmetric steady-state branch. In the
right panel of Fig. we plot the corresponding period of the synchronous
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Figure 5.8: Left panel: The global bifurcation diagram of w; versus k,,, com-
puted using XPPAUT [16], for in-phase perturbations, showing the periodic
solution branch of synchronous oscillations near the lower Hopf boundary
for the synchronous mode in the right panel of Fig. The other pa-
rameter values are L/l = 1.0, l[p = 10, ¢ = 5, z = 3.5, 7, = 200, and
€ = 0.015 corresponding to the parameter set of [23]. Right panel:
The period of oscillations along the synchronous branch. The solid and open
circles in both plots represent stable and unstable periodic solutions, respec-
tively. The solid and dashed lines in the left panel are stable and unstable
symmetric steady-state solutions, respectively.
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oscillations. The periodic solution branch is found to be supercritical at
onset, with a narrow range of k, where the branch is unstable. Stability
is regained at some larger value of k,. From the right panel of Fig.
the period of oscillations at onset is 27.99, which agrees rather well with
the asymptotic result T' = 27 /A; &~ 30.42, where we used A; =~ 0.2065 as

computed from (5.3.22a) for the synchronous mode.

Figure 5.9: Full numerical simulations of the PDE-ODE system 1' for
V(x,t), with time running from bottom to top and space represented hor-
izontally. The fixed parameter values are ¢ = 5, z = 3.5, 7, = 200, and
e = 0.015. The initial conditions used in the simulation are V(z) = 0.5,
up = 1, ug = 5. Left panel: L =5 with [;/lp = 0.5 and L/ly = 0.5 showing
stable synchronous oscillations. Middle panel: L = 10 with I /Iy = 0.25 and
L/lp =1 showing stable asynchronous oscillations. Right panel: L = 10
with Iy /lp = 0.15 and L/lp = 1 corresponding to the parameter set
of [23].

Finally, to illustrate the oscillatory dynamics, full time-dependent nu-
merical solutions for V(x,t) from the coupled PDE-ODE system (5.3.1)
were computed using a method of lines approach. We choose three param-
eter sets that are inside the region of the left panel of Fig. where both
oscillatory modes are unstable with N = 2 unstable eigenvalues for each
mode. In the left and middle panels in Fig. representing contour plots
of V(z,t), we show the clear possibility of either stable synchronous or sta-
ble asynchronous oscillatory instabilities, depending on the particular point
chosen within the instability region. For the right panel in Fig. we use
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5.3. One Diffusive Species in the Bulk

the parameter set of [23], for which k, = 0.0225, which is close
to the stability boundary where a Hopf bifurcation occurs (see the marked
point in the left panel of Fig. . For this parameter set, we observe from
the right panel of Fig. that the synchronous periodic solution is stable
and that the period of oscillations is T &~ 64. The corresponding full numer-
ical results computed from the PDE-ODE system shown in the right
plot of Fig. reveal stable synchronous oscillations with a period close to
this predicted value.

5.3.2 Stability Analysis for the ¢ = O(1) Problem

Next, we study oscillatory dynamics for when ¢ = 0.3, which is a
twenty-fold increase over the value used in We use a combination of
a numerical winding number computation, based on , to determine
the stability properties of the symmetric steady-state, and Maple [50] to
find the roots of determining the eigenvalues of the linearization of
(5.3.1) around the symmetric steady-state solution. Since for this larger
value of ¢ the PDE-ODE system is not as computationally stiff as
when € = 0.015, we are able to use XPPAUT [16] to calculate global branches
of synchronous and asynchronous periodic solutions. Asymmetric steady-
state branches and their bifurcations are also computed.

In the left panel of Fig. we plot the Hopf bifurcation curves, com-
puted from the roots of , in the [y /lp versus L/ly plane when g = 5,
z = 3.5, 7, = 200, and € = 0.3. In contrast to the similar plot in the left
panel of Fig.[5.4] where ¢ = 0.015, we observe from the left panel of Fig.
that the Hopf bifurcation thresholds for the synchronous and asynchronous
modes are now rather distinct when L/ly < 0.5. The left horseshoe-shaped
curve is the zero-eigenvalue crossing boundary for the asynchronous mode,
as parametrized by .

For a fixed L/ly = 0.4, and with ¢ = 5, z = 3.5, 7, = 200, and € = 0.3, in
the right panel of Fig. [5.10] we plot the bifurcation diagram of u with respect
to 11 /lp, showing the primary solution branches and some secondary bifurca-
tions. This plot corresponds to taking a vertical slice in the phase diagram
given in the left panel of Fig. [5.10l There are several key features in this
plot. Firstly, as [1/ly is increased from zero, the first bifurcation is to syn-
chronous temporal oscillations. Our computations show that, except in very
narrow ranges of [1 /ly, the global branch of synchronous oscillations between
the two membranes is stable. Secondly, we observe that the asynchronous
branch of oscillations that bifurcates from the symmetric steady-state at
l1/lp = 0.41 is mostly unstable, but exhibits a small region of bistability.
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Figure 5.10: Left panel: The Hopf bifurcation boundaries for the syn-
chronous (solid curves) and asynchronous (dotted curves) modes for the one-
bulk species model (5.3.1)), as computed from solving with Maple [50]
when ¢ = 5, z = 3.5, 7, = 200, and € = 0.3. These Hopf bifurcation thresh-
olds are distinct when L/ly < 0.5. The dashed curve is the zero-eigenvalue
crossing for the asynchronous mode, given parametrically by . Right
panel: Bifurcation diagram of u with respect to l; /Iy for a fixed L/ly = 0.4.
The solid and dashed curves indicate stable and unstable steady-states, re-
spectively. The solid and open circles correspond to stable and unstable
periodic solutions, respectively. The synchronous and asynchronous peri-
odic solution branches first bifurcate from the symmetric steady-state at
l1/ly = 0.38 and 11 /lp =~ 0.41, respectively. Asymmetric steady-state solu-
tion branches, that bifurcate from the symmetric steady-state solutions at
the zero eigenvalue crossings, are also shown. Additional periodic solution
branches, arising from Hopf bifurcations off of these asymmetric steady-
states, also occur.
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Thirdly, the asymmetric steady-state solution branch bifurcates from the
symmetric steady-state branch at two values of l1/ly. These asymmetric
steady-states are mostly unstable, but there is a range of l1/ly where they
are stabilized. Unstable periodic solution branches, emerge from, and ter-
minate on, the asymmetric steady-state branch. Overall, the bifurcation
diagram is rather intricate, and it is beyond the scope of this study to clas-
sify and study all of these secondary bifurcations.

Figure 5.11: Left panel: Contour plot of V(x,t) computed numerically from
the PDE-ODE system for 13 /lp ~ 0.406 (k, = 1.22) (left) and for
li/lp = 041 (k, = 1.23) (right). The initial condition is V'(z,0) = 0.5,
u; = 1, and ug = 5, at £ = 0. The system exhibits synchronized oscilla-
tions with unequal amplitude for [;/ly ~ 0.406, and synchronized period-
doubling oscillations for 1 /lyp ~ 0.41. The other parameters are the same
as in Fig. [5.10. Right panel: Time series of the inhibitor concentration v;
and vy in the two membranes for Iy /Iy ~ 0.406 (top) and for I} /Iy ~ 0.41
(bottom).

From the right panel in Fig. we observe that although the syn-
chronous periodic solution branch is stable in a large range of 11 /ly, there
is a narrow region 0.413 < [;/lp < 0.430 predicted by XPPAUT [16] where
the symmetric steady-state and the synchronous periodic solution branch
are both unstable. As a result, in this narrow region we anticipate that
will exhibit rather complex dynamics. Due to the small numerical
error associated with using XPPAUT on the spatially discretized version of
(5.3.1), in our numerical simulations of the PDE-ODE system (5.3.1) shown
in Fig. we have observed qualitatively interesting dynamics in a slightly
shifted interval of [1 /ly. The results in Fig. are for 1 /lp = 0.406 and for
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l1/lp = 0.41. From Fig. we conclude that as I /]y is increased through
the narrow zone where the synchronous branch is unstable, the two mem-
branes first exhibit synchronized oscillations with a significant distinction in
their oscillating amplitudes. This is followed by period-doubling behavior.
As 11 /1y increases further, the periodic-doubling behavior disappears and the
two membranes return to synchronous oscillations with unequal amplitudes.

5.4 Two Diffusive Species in the Bulk

In we considered the case where only the inhibitor can detach from the
membrane and diffuse in the bulk. In this section, we consider the full model
where both the activator and inhibitor undergo bulk diffusion. To
partially restrict the wide parameter space for (5.1.1)), we will study
for the fixed parameter values

D,=05, D,=15, 0,=0.008, o,=001, 2=35, ¢=25,
(5.4.1a)
and we will impose equal coupling strengths so that k = k, = k,. We will
vary the domain length L and k. We then introduce the diffusion lengths [
and [, the ratio of diffusion lengths «,,, and the two time-constants 7, and
Ty, DY

D D
lo=4/—=~ 79057, [,=/—=~12.247,

| Tv . Tu . (5.4.1b)
oy = 2~ 06455, T, = — =125, T1,=— =100.

u UU Uu

To determine the stability of the unique symmetric steady-state solution,
we first nondimensionalize , in a similar way as was done in (/5.3.7)
for the one-bulk species model. We obtain that the number IV of eigenvalues
A of the linearization of in Re(A) > 0 is

1
N =P+ —[argFr, , (5.4.2a)
T
where

2 if b=trJ.>0 9
P = , b=1-—¢€—3q(u. —2), (5.4.2b)
0 if b=trJ. <0
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where u, is the unique root of the cubic 1' and where F{ () is defined
by

F(\) = lo _e\/l—i-TU)\(b—i-e—/\)+eau\/1+7'u)\(e+/\) px
* liq+ det(J. — \I) det(J, — \I) 4
N oyl NI DYV D)
o JP* det(J. —AI)

(5.4.3a)
Here det(J, — M) = A2 — bA + €(z — € — b), g+ are given in (5.3.8), and p
are defined by

L L
py+ = tanh (au\/ 1+ Tu)\2l> , p_ = coth <au\/ 1+ Tu)\2l> .
0 0

(5.4.3b)

We observe that the first two-terms in (5.4.3a)) are the same as in (5.3.7)),

with the last two terms arising from the additional coupling with the ac-
tivator. As in §5.3.1} it is possible to study in the limit ¢ — 0 to
determine N analytically for both the synchronous and asynchronous modes,
and to asymptotically calculate the Hopf bifurcation frequencies near onset.
However, in this section, we will consider the finite € problem with € = 0.15
and use Maple [50] to numerically compute both the roots of and the
winding number in , which gives N.

In this way, in the left panel of Fig. we show a phase diagram in
the 1y /ly versus L/ly parameter space, where l; = k/e and € = 0.15, with
k = k, = ky,. The Hopf bifurcation boundaries for the synchronous and
asynchronous modes are the solid and dashed curves, respectively. Inside
the region bounded by the disjoint solid curves, the synchronous mode is un-
stable with two unstable eigenvalues. Inside the open loop bounded by the
dashed curve, the asynchronous mode is unstable with N = 2. In contrast to
the phase diagrams for the one-bulk species case, no zero-eigenvalue cross-
ings were detected for the parameter set . This aspect is discussed
further at the end of this section.

By using XPPAUT [16], in the right panel of Fig. we plot the global
bifurcation diagram of u with respect to [y /ly for a fixed vertical slice with
L = 4 through the phase diagram in the left panel of Fig. [5.12] so that
L/lp =~ 0.505. This plot shows that the synchronous mode first loses stability
to a stable periodic solution at l; /lp =~ 0.36, and that there is a subsequent
Hopf bifurcation to the asynchronous mode at 1 /lp ~ 0.39. The key feature
in this plot is that the synchronous branch of periodic solutions is almost
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Figure 5.12: Left panel: The Hopf bifurcation boundaries for the syn-
chronous mode (solid curves) and asynchronous mode (dashed curves) for
the two-bulk species model , as computed from (5.4.3) with Maple
[50] when € = 0.15 and for the parameters of (5.4.1). Inside the region
bounded by the solid curves, the synchronous mode is unstable, while inside
the region bounded by the dashed loop the asynchronous mode is unstable.
Right panel: Global bifurcation diagram of uw with respect to I/l for fixed
L = 4 so that L/lp ~ 0.505. The solid/dashed lines are stable/unstable
symmetric steady-states. The outer loop, which is almost entirely stable,
corresponds to the branch of synchronous oscillations. The inner loop is the
unstable branch of asynchronous oscillations.
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entirely stable, while the asynchronous branch is unstable. No asymmetric
steady-state solutions bifurcating from the symmetric steady-state branch
were detected. As a partial confirmation of these theoretical predictions,
in Fig. we show a contour plot of V(x,t) computed from the PDE-
ODE system for the parameters of and with e = 0.15, L =4,
k = 0.7, so that L/ly ~ 0.505 and [;/ly ~ 0.59. With a random initial
condition, this plot shows the eventual synchronization of the oscillations
in the two membranes. This simulation confirms the prediction of the right
panel of Fig.[5.12|that only the synchronous mode is stable for this parameter
choice.

100.

Figure 5.13: Full numerical solution of V' (z, t) computed from the PDE-ODE
system showing stable synchronous oscillations for the parameter
values of and with e = 0.15, L = 4, k = 0.7, so that L/ly ~ 0.505
and l1/lp ~ 0.59. The initial condition for was V(z,0) = 0.8 and
U(z,0) =2.

We remark that richer spatio-temporal dynamics can occur if we choose
a vertical slice through the phase diagram in the left panel of Fig.
for the larger value L = 5.5, so that L/ly ~ 0.70. In the right panel of
Fig. we plot the global bifurcation diagram of u versus Iy /Iy for this
vertical slice. In contrast to the case where L = 4 in the right panel of
Fig. we observe from Fig. that, as we increase the value of [y /ly
from 0.2, the asynchronous mode loses its stability before the synchronous
mode. However, as 1/l is decreased from 0.8, the synchronous mode loses
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its stability at [1/lp =~ 0.76 before the asynchronous mode at {1/ly =~ 0.70.
We again find that the synchronous mode is stable for a wide range of 13 /lp.
However, in the rather narrow parameter range 0.290 < /1 /ly < 0.305 both
the synchronous and asynchronous modes are unstable. To examine the
behavior of the full PDE-ODE system in this range of Iy /ly, in the
left panel of Fig. we plot the numerically computed time evolution of
ve(t) = V(L,t) for (5.1.1) when [;/ly = 0.30. The initial conditions used
in the simulation are the same as given in the caption of Fig The
resulting time-series for va(t) shows the presence of two distinct periods,
which is indicative of a torus bifurcation. We expect similar analysis as
shown in chapter §3|could be applied here for the initiation of the torus but
we will omit it here.

251

5'750 1(30 260 3(30 460 5(‘)0
Figure 5.14: Left panel: Plot va(t) = V(L,t) versus ¢ computed from
full PDE-ODE system for the parameter values of and with
e =0.15, L = 5.5, k = 0.35, so that L/ly ~ 0.7 and 1 /ly ~ 0.30. The re-
sulting time series has two distinct periods, which indicates a possible torus
bifurcation where the in-phase and anti-phase periodic solutions change from
stable (unstable) to unstable (stable). Right panel: Global bifurcation dia-
gram of u with respect to [y /ly for fixed L = 5.5, so that L/ly ~ 0.7. The
labeling of the branches and their stability is the same as in the right panel
of Fig. [5.12l The closed, primarily outer, loop is the synchronous branch,
while the other closed loop is the asynchronous branch, which is mostly
unstable. The synchronous branch is again mostly stable. In the window
0.290 < 11 /lp < 0.305 both the synchronous and asynchronous branches of
periodic solutions are unstable. No secondary bifurcations are shown.

Finally, we confirm theoretically that there are no zero-eigenvalue cross-
ings, corresponding to the bifurcation of asymmetric steady-state solutions
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from the symmetric steady-state branch. Proceeding similarly as in (5.3.26)—
(5.3.27b)) of §5.3.1, we obtain in place of (5.3.27b)) that, for any asymmetric
steady-state solution of (5.1.1), u = (ur, uz)” now satisfies

(ug —2)3 1 . E
N(u) = —¢q +4 +u—zA 7 u— —Bu=0. (5.44)
(ug — 2)3 1 bu

where A is defined in (5.3.27a)) and the symmetric matrix B is defined by

- coth (%) —csch (ﬁ)
b= —csch (ﬁ) coth (ﬁ) ‘ (5:45)

Since B is symmetric with a constant row sum, the eigenvectors q; = (1,1)7
and g = (1,—1)7 are common to both A and B. We readily calculate
that the two eigenvalues {; for j = 1,2 of B are § = tanh (L/(2lu)) and
& = coth (L/(2Ly)).

The symmetric steady-state solution is recovered by seeking a solution
to of the form u = u.q;. By using the explicit expressions for the
eigenvalues & and ;1 of B and A, respectively, where p4 is given in (5.3.28)),
we readily derive that wu, satisfies the cubic . To determine whether
there are any bifurcation points from this branch we write u = u.(1,1)7 +d¢
for § < 1, and linearize . We conclude that bifurcation points occur
whenever

—3q(ue —2)%p+ ¢ — 2A7 1o — lﬁqu =0, (5.4.6)

has a nontrivial solution ¢. For the in-phase mode ¢ = qi, we use the
explicit expressions for & and w1 to derive from that any such a
bifurcation point must satisfy 3+ a, — 1 = —3q(ue — 2)?, where 3 and a,,
are defined in . By an identical proof as in this condition is
inconsistent with any root u. to the cubic . Thus, no zero-eigenvalue
crossing of the in-phase mode from the symmetric steady-state branch can
occur.

For the anti-phase mode ¢ = qs, we use the explicit expressions for the
eigenvalues & and ug in to obtain that there is a bifurcation point
to an asymmetric steady-state whenever

L

k
—3q(ue — 2)% +1 — —coth <) = &

1+ f—écoth (TLO) ’

lu 21y,
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5.4. Two Diffusive Species in the Bulk

has a solution, where u, is a root of the cubic . For the parameter
set (5.4.1), we verified numerically that no such solution exists for any point
in the phase diagram in the left panel of Fig.[5.12| However, we remark that
for other parameter sets, notably when ¢ is decreased from € = 0.15, such
bifurcation points should be possible.
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Chapter 6

Models in a

Two-Dimensional Domain

In previous chapters we have studied coupled bulk-membrane models where
the membranes or cells are coupled by diffusive signals in a one-dimensional
domain. In this chapter, we formulate a class of coupled cell-bulk models
in a two-dimensional domain, which provides a more realistic geometry for
modeling experimental observations relating to quorum sensing behavior in
thin petri dishes. In our analysis we will not focus on a specific biological
application, but rather will formulate and provide a theoretical framework to
construct the steady-states and to analyze their linear stability properties for
a general class of cell-bulk models, with the aim to predict when synchronous
oscillations can be triggered by the cell-bulk coupling. The theory will be
illustrated for some specific choices of the intracellular kinetics.

The outline of this chapter is as follows. We first formulate the cou-
pled cell-bulk model with one signaling compartment in a two-dimensional
bounded domain in §6.1. Our modeling framework is closely related to the
study of quorum sensing behavior in bacteria done in [54] and [55] through
the formulation and analysis of similar coupled cell-bulk models in R3. For
this 3-D case, in [54] and [55] steady-state solutions were constructed and
large-scale dynamics studied in the case where the signaling compartments
have small radius of order O(e). However, due to the rapid 1/r decay of
the free-space Green’s function for the Laplacian in 3-D, it was shown in
[54] and [55] that the release of the signaling molecule leads to only a rather
weak communication between the cells of the same O(e) order of the cell
radius. As a result, small cells in 3-D are primarily influenced by their own
signal, and hence no robust mechanism to trigger collective synchronous os-
cillations in the cells due to Hopf bifurcations was observed in [54] and [55].
We emphasize that the models of [54] and [55] are based on postulating a
diffusive coupling mechanism between distinct, spatially segregated, dynam-
ically active sites. Other approaches for studying quorum sensing behavior,
such as in [58], are based on reaction-diffusion (RD) systems, which adopt
a homogenization theory approach to treat large populations or colonies of
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Chapter 6. Models in a Two-Dimensional Domain

individual cells as a continuum density, rather than as discrete units as in
[54] and [55].

Next in §6.2) we use the method of matched asymptotic expansions to con-
struct steady-state solutions to our 2-D multi-cell-bulk model , and we
derive a globally coupled eigenvalue problem whose spectrum characterizes
the stability properties of the steady-state. In our 2-D analysis, the interac-
tion between the cells is of order v = —1/log e, where € < 1 is the assumed
common radius of the small circular cells. In the distinguished limit where
the bulk diffusion coefficient D is of the asymptotic order D = O(v~!), in
we show that the leading order approximate steady-state solution and
the associated linear stability problem are both independent of the spatial
configurations of cells and the shape of the domain. In this regime, we
then show that the steady-state solution can be destabilized by either a syn-
chronous perturbation in the cells or by m — 1 possible asynchronous modes
of instability. In leading-order-in-v limiting spectral problems when
D = Dy /v, with v < 1, for both these classes of instabilities are derived. In
we illustrate our theory for various intracellular dynamics. When there
is only a single dynamically active intracellular component, we show that
no triggered oscillations can occur. For two specific intracellular reaction
kinetics involving two local species, modeled either by Sel’kov or Fitzhugh-
Nagumo (FN) dynamics, in §6.4 we perform detailed analysis to obtain Hopf
bifurcation boundaries, corresponding to the onset of either synchronous or
asynchronous oscillations, in various parameter planes. In addition to this
detailed stability analysis for the D = O(v!) regime, in we show for
the case of one cell that when D > O(v~!) the coupled cell-bulk model
is effectively well-mixed and its solutions can be well-approximated by a
finite-dimensional system of nonlinear ODEs. The analytical and numerical
study of these limiting ODEs in §6.5| reveals that their steady-states can
be destabilized through a Hopf bifurcation. Numerical bifurcation software
is then used to show the existence of globally stable time-periodic solu-
tion branches that are intrinsically due to the cell-bulk coupling. For the
D = O(1) regime, where the spatial configuration of the cells in the domain
is an important factor, in we perform a detailed stability analysis for
a ring-shaped pattern of cells that is concentric within the unit disk. For
this simple spatial configuration of cells, phase diagrams in the 7 versus D
parameter space, for various ring radii, characterizing the existence of ei-
ther synchronous or asynchronous oscillatory instabilities, are obtained for
the case of Sel’kov intracellular dynamics. These phase diagrams show that
triggered synchronous oscillations can occur when cells become more spa-
tially clustered. In we also provide a clear example of quorom sensing
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6.1. Formulation of a 2-D Coupled Cell-Bulk System

behavior, characterized by the triggering of collective dynamics only when
the number of cells exceeds a critical threshold.

Our analysis of synchronous and asynchronous instabilities for in
the D = O(v~!) regime, where the stability thresholds are, to leading-order,
independent of the spatial configuration of cells, has some similarities with
the stability analysis of [77], [78], [65], and [9] (see also the references therein)
for localized spot solutions to various activator-inhibitor RD systems with
short range activation and long-range inhibition. In this RD context, when
the inhibitor diffusivity is of the order O(r~!), localized spot patterns can
be destabilized by either synchronous or asynchronous perturbations, with
the stability thresholds being, to leading-order in v, independent of the spa-
tial configuration of the spots in the domain. The qualitative reason for
this similarity between the coupled cell-bulk and localized spot problems is
intuitively rather clear. In the RD context, the inhibitor diffusion field is
the long-range “bulk” diffusion field, which mediates the interaction between
the “dynamically active units”, consisting of m spatially segregated localized
regions of high activator concentration, each of which is is self-activating.
In this RD context, asynchronous instabilities lead to asymmetric spot pat-
terns, while synchronous oscillatory instabilities lead to collective temporal
oscillations in the amplitudes of the localized spots (cf. [77], [78], [65], and
19).

Finally, we remark that the asymptotic framework for the construction
of steady-state solutions to the cell-bulk model , and the analysis of
their linear stability properties, relies heavily on the methodology of strong
localized perturbation theory (cf. [76]). Related problems where such tech-
niques are used include [37], [63], [45], and [46].

6.1 Formulation of a 2-D Coupled Cell-Bulk
System

We first formulate and non-dimensionalize our coupled cell-bulk model as-
suming that there is only one signalling compartment )y inside the two-
dimensional domain 2. We assume that the cell can release a specific sig-
naling molecule into the bulk region exterior to the cell, and that this se-
cretion is regulated by both the extracellular concentration of the molecule
together with its number density inside the cell. If U(X,T) represents the
concentration of the signaling molecule in the bulk region Q\Qy, then its
spatial-temporal evolution in this region is assumed to be governed by the
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PDE model

UT:DBAXU—k:Bu, XGQ\QO,
OnxU =0, X €090, (6.1.1a)
DpOn U = Bid — Bop', X € 09y,

where, for simplicity, we assume that the signalling compartment 2y € € is
a disk of radius o centered at some X € (2.

Next, we suppose that inside the cell there are n interacting species
w=(pt,..., ") whose dynamics are governed by n-ODEs of the form

d
= kP (/) + e [

(Bitd — ot dSx . (6.1.1b)
Qo

where e; = (1,0,...,0)7. Here u = (u',...,u™)T represents the total
amount of the n species inside the cell, while kr > 0 is the reaction rate
for the intracellular dynamics. The scaling constant p. > 0 is a dimen-
sional constant measuring a typical value for p inside the compartment.
The dimensionless function F'(u) models the reaction dynamics for the lo-
cal species within the cell. We remark that the integration in is
over the boundary dSx of the cell.

In this coupled cell-bulk model, Dp > 0 is the diffusion coeflicient for
the bulk process, kp is the rate at which the signalling molecule is degraded
in the bulk, while 8; > 0 and 3 > 0 are the dimensional influx (eflux) con-
stants modeling the permeability of the cell wall. In addition, d,, denotes
either the outer normal derivative of 2, or the outer normal to 2 (which
points inside the bulk region). The flux $1U — fBau' on the cell membrane
models the influx of the signaling molecule into the extracellular bulk region,
which depends on both the external bulk concentration U (X, T) at the cell
membrane 9y as well as on the intracellular concentration p! within the
cell. Only one of the intracellular species, p', is capable of leaving the cell
into the bulk.

If we let [y] denote the dimensions of the variable -, then the dimensions
of the various quantities in are as follows:

moles (length)?
U= ———, = moles, ¢] = moles, Dp| = —7—",
(length)? ] ] [Ds] time
length 1
(k) = [kr] = time ’ ] = time ’ 1P = length x time

(6.1.2)
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6.1. Formulation of a 2-D Coupled Cell-Bulk System

We now nondimensionalize this model by introducing the dimensionless
variables t, x, U, and u defined by

L? )
t=T/tg, x=X/L, U=—U, u=—, (6.1.3)
He He

where L is a typical radius of Q. In terms of these variables, (6.1.1) becomes

1 Dg -
U= 2B AU - O\Q
k?BtR t kBLQ :DU U) S \ 0>
O, U =0, x e, (6.1.4a)
Dpg b1

ﬁ&nmU = ﬁU — 62’[1/1, T € (9(20,
which is coupled to the intracelluar dynamics

1 du L61 51 1
——=F — —U — dSy . .1.4b

Here QO is a sphere centered at some x of radius o /L.

We then choose tr based on the time-scale of the reaction kinetics, and
introduce an effective dimensionless diffusivity D, both which are defined
by

1 Dp
tph = — = —. 6.1.5
R kR ’ kBLQ ( )
Then, (6.1.4) can be written as
k -
B, =DALU-U, xe\Qo,
kp
O, U =0, x e, (6.1.6a)
Bl BQL 1 A
D n = 7 7 - 5 ) Q )
On, U knL kp U x € 0
which is coupled to the intracellular dynamics
du kpe; / B BoL 4
—=F —U - — dSyg . 6.1.6b
a - P <I<:BL ko (6.1.6b)

We now introduce our scaling assumption that the radius of the cell is
small compared to the radius of the domain, so that ¢ = 0 /L < 1. However,
in order that the signalling compartment has a non-negligible effect on the
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6.1. Formulation of a 2-D Coupled Cell-Bulk System

bulk process, we need to assume that 41 and £ are both O(e™!) > 1 as
e — 0. In this way, (6.1.6)) reduces to the dimensionless coupled system
U = DALU -U,  x€Q\Q,
o, U =0, x € 0Q, (6.1.7a)
€D, U =diU —dou', x €00,

where QO is a disk of radius € < 1 centered at some xzy € Q. This bulk
process is coupled to the intracellular dynamics described by

du el 1
Z-F =l AU — dyu') dS, . 1.7b
- <u>+76/m(1v ) dS, (6.1.7b)

The key O(1) dimensionless parameters in (6.1.7)) are 7, D, dy, and ds,
defined by

kr Dp dq kg \ ds
= — D= = (kL) — == —.
T kB’ kBL27 /81 (B)G, 52 (L c
(6.1.8)

We remark that the limit 7 < 1 (7 > 1) corresponds to when the intracellu-
lar dynamics is very slow (fast) with respect to the time-scale of degradation
of the signalling molecule in the bulk. The limit D > 1 corresponds to when
the bulk diffusion length \/Dp/kp is large compared to the length-scale L
of the overall domain. Finally, we remark that upon using the divergence
theorem, we can readily establish that

d 1
— / Udz +eTu | = —/ Udzx + e F(u), (6.1.9)
dt \ Javao T JN\G0

where e = (1,...,1)7. The left-hand side of this expression is the total
amount of material inside the cells and in the bulk, while the right-hand
side characterizes the bulk degradation and production within the cell.
Our analysis of the 2-D coupled cell-bulk model , and its multi-cell
counterpart , which extends the 3-D modeling paradigm of [54] and
[55], has the potential of providing a theoretical framework to model quorum
sensing behavior in experiments performed in petri dishes, where cells live
on a thin substrate. In contrast to the assumption of only one active intra-
cellular component used in [54] and [55], in our study we will allow for m
small spatially segregated cells with multi-component intracellular dynam-
ics. We will show for our 2-D case that the communication between small
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Figure 6.1: Schematic diagram showing the internal molecule reactions and
external passive diffusion of the signal. The small shaded regions are the
signalling compartments or cells.

cells through the diffusive medium is much stronger than in 3-D, and leads
in certain parameter regimes to the triggering of synchronous oscillations,
which otherwise would not be present in the absence of any cell-bulk cou-
pling. In addition, when D = O(1), we show that the spatial configuration
of small cells in the domain is an important factor in triggering collective
synchronous temporal instabilities in the cells.

6.2 Analysis of the Dimensionless 2-D Cell-Bulk
System

With the motivation provided in in this section we analyze a gen-
eral class of dimensionless coupled cell-bulk dynamics, in a two-dimensional
bounded domain €2 that contains m small, disjoint, cells or compartments
that are scattered inside 2. We assume that each cell is a small region of
radius O(e) < 1, and that both the diameter of 2 and the distance between
any two cells is O(1) as € — 0. A schematic plot of the geometry is shown
in Fig.

In analogy with the dimensional reasoning provided in §6.1} if U(x,t)
represents the dimensionless concentration of the signaling molecule in the
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6.2. Analysis of the Dimensionless 2-D Cell-Bulk System

bulk region between the cells, then its spatial-temporal evolution in this
region is governed by the dimensionless PDE model

U, = DAU — U , e Q\UL Qo
oU =0, x € 0N, (6.2.1a)
DOy U =diU —dyu, x€d,, j=1,....m.

Here D > 0 is the diffusion coefficient of the bulk, d; > 0, dy > 0 are the
dimensionless influx (eflux) constants modeling the permeability of the cell
wall, J;, denotes the outer normal derivative of €2, and 9,,; denotes the outer
normal to each €, which points inside the bulk region. We assume that
€, is a domain of radius O(e) that shrinks uniformly to a point z; € ) as
€ — 0 for each j = 1,...,m. The signalling cell, or compartment, €, is
assumed to lie entirely within 2. The flux dlU—dgujl- on each cell membrane
models the influx of the signaling molecule into the extracellular bulk region,
which depends on both the external bulk concentration U(x,t) at the cell
membrane 9, as well as on the amount u} of the intracellular species
within the j-th cell.

We suppose that inside each of the m cells there are n species that can
interact with each other, and that their dynamics are governed by n-ODEs
of the form

du; 1
] = Fj(uj) + — / (dlU — dQU;) dsey, (6.2.1b)
dt €7 Jog.,
where e; = (1,0,...,0)T. Here u; = (u;, e ,u?)T represents the concentra-

tion of the n species inside the j-th cell and F'j(u;) is the vector nonlinearity
modeling the chemical dynamics for these local species within the j-th cell.
We remark that the integration in is over the boundary of the com-
partment. Since the perimeter of the compartmental boundary 91, has
length |0€;| = O(e), the source term for the ODE in , arising from
the integration over the perimeter, is O(1).

The dimensionless constants D, 7, di, and ds, are related to their di-
mensional counterparts by . From , we conclude that when
7 < 1 the intracellular dynamics occurs on a much slower time-scale than
the time-scale associated with bulk decay. The limit D > 1 corresponds to
where the diffusion length induced by the bulk diffusivity and the bulk decay
rate is much larger than the overall length-scale of the confining domain €.
These simple qualitative will serve as a guide for interpreting our stability
results obtained below.
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6.2.1 The Steady-State Solution for the m Cells System

We first construct a equilibrium solution to (6.2.1) with m cells scattered in
the two-dimensional domain 2. In the next sub-section we will formulate
the linear stability problem for this steady-state solution. We assume that
the cells are well-separated in the sense that dist(x;, ;) = O(1) for i # j
and dist(x;,00) = O(1) for j =1,...,m.

In our analysis below, for simplicity we assume that each (), is a circular
domain of radius € centered at x; € 2 for each j = 1,...,m. With such
an assumption we are able to provide an explicit approximate solution in
the vicinity of each cell. However, as we will remark below, this assumption
that each cell has a circular shape is readily extended to the case where the
small cells have an arbitrary shape.

Since in an O(e) neighborhood near each cell the solution U changes
rapidly and has a sharp spatial gradient, we will use the method of matched
asymptotic expansions to construct the equilibrium solution to . In
the inner region near the j-th cell, we introduce the local variables U; and
y, which are defined by

y=clw—wy),  Uyly) = Ul +ey). (6.2.2)
In terms of these local variables (6.2.1a)) transforms to

DALU; — €2U; =0, ly| > 1,

. (6.2.3)
D@njUj:dlUj—dguj, |y\ =1.

We look for a radially symmetric solution to of the form U; = U;(p),
where p = |y| and Ay = 0,, + p_lap denotes the radially symmetric part
of the Laplacian. Then, at the leading order, we seek a radially symmetric
solution to

OppU;j + pflapUj =0, 1< p<oo, (6.2.4a)
subject to the boundary condition
oU;
DBi:m%_®@’ p=1. (6.2.4b)

The solution to (6.2.4a)), which has logarithmic growth at infinity, is
Uj = Sjlogp+xj, (6.2.5)

where x; = Uj(1) is to be determined. We refer to S; as the source strength
of the j-th cell. By satisfying the boundary condition (6.2.4b) at p = 1, we
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determine x; in terms of S; and ujl as

1 .

With the inner dynamics (6.2.1bf) inside each cell, we find that the source
strength S; and the steady-state solution u; satisfy the nonlinear algebraic

system of equations

2nD
Fj(Uj) + 71-TSjel =0, (6.2.7)

which, with F; = (Fjl, . F Jn)T, is equivalent to the following system writ-

ten in component form:

2D ;
Fluf,. ) + =28, =05 Fj(u,....uf) =0, i=2..n.

In principle, we can determine u} from this system in terms of the unknown

S; as u} = ujl(Sj) The remaining steady-state values u3, .. ., ul, also depend

on Sj. Next, in terms of ujl-, we derive a system of algebraic equations for
S1,...,Sm, which is then coupled to (6.2.7)).
Upon matching the far-field behavior of the inner solution (6.2.5) to the

outer solution, we obtain that the outer problem for U is

AU — U =0, x e N{z1,...,zn},
U =0, x € 01, (6.2.8)
UNSjlog‘cc—wj‘—i-%—i-xj, as x—x;, j=1,...,m,
where we have defined ¢y and v < 1 by
wo=1/VD, v=—1/loge. (6.2.9)

We remark that the singularity condition in for U as ¢ — x; is
derived by matching the outer solution for U to the far field behavior of
the inner solution . To solve , we introduce the reduced-wave
Green’s function G(x; x;), which satisfies

AG—p3G = —6(x—=x;), xeQ; oG =0, x € 00. (6.2.10a)
As x — x;, this Green’s function has the local behavior
1
G(x;xj) ~ ~5r log | — x| + Rj + o(1), T — x;, (6.2.10b)
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where R; = Rj(x;) is called the regular part of G(x; x;) at © = ;. In terms
of G(x;x;) we can represent the outer solution for U in (6.2.8) as

U(x) = —27 i SiG(x,x;) . (6.2.11)
i=1

By expanding U as © — x;, and equating the resulting expression with the
required singularity behavior in (6.2.8)), we obtain the following nonlinear
algebraic system for Si,...,.Sn:

m
Sj—l-dLl(DSj—l—dgu})—{—Qﬂ'V SjRj+ZSiGji =0, i=1....m,
i#j
(6.2.12)
where Gj; = G(x;; ;). This system is coupled to , which determines
u} in terms of Sj.
It is convenient to write in matrix form. To do so, we define the
Green’s matrix G, the vector of source strengths S and the vector w!, whose
j-th element is the first local variable in the j-th cell, by

Ry Gz - Gin S1 u%
G= G'21 Ry - Gom . §= S2 ol uy
Gml Gm2 o Ry Sm u}n

By the reciprocity of the Green’s function, we have that G;; = G;;, so that
G is a symmetric matrix. In terms of this matrix notation, (6.2.12)) can be
written as

D d
1+ 27) 8+ 2mGS = — 2ol (6.2.13)
dl dl

Together with (6.2.7)), (6.2.13) provides an approximate steady-state so-

lution for w, which is coupled to the source strengths S. It is rather in-
tractable analytically to write general conditions on the nonlinear kinetics
to ensure the existence of a solution to the coupled algebraic system (6.2.7)
and . As such, in subsequent sub-sections below we will analyze in
detail the solvability of this system for some specific choices for the nonlinear
kinetics. We remark that even if we make the assumption that the nonlinear
kinetics in the cells are identical, so that F'; = F for j = 1,...,m, we still
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have that S; and u' depend on j through as a result of the Green’s interac-
tion matrix G, which depends on the spatial configuration {x1,...,x,} of
the cells.

In summary, after solving the nonlinear algebraic system (6.2.7) and
(6.2.13), the approximate steady-state solution for U is given by (6.2.11))
in the outer region, defined at O(1) distances from the cells, and in
the neighborhood of each cell. We remark that this approximate steady-
state solution is accurate to all orders in v, and our analysis has effectively
summed an infinite order logarithmic expansion in powers of v for the steady-
state solution. Related 2-D problems involving logarithmic expansions, such
as the calculation of the mean first passage time for diffusion in 2-D domains,
are studied in [37] and [63] (see also the references therein).

Lastly, we remark on how the analysis can be extended to study the
case where the small cells have an arbitrary shape. In this case, the inner
problem near the j-th cell is

Aij:()? y¢Qj; DanjUj:dlUj_d2Uj1‘, ye@Qj,

Uj ~ Sjloglyl, |y = o0.
(6.2.14)
Here Q; = 6_1Q€j denotes the j-th cell region when magnified by e !, while
On; now denotes the outward normal derivative to 2; as written in the y
variable. The solution to (6.2.14) can be conveniently decomposed as

where V; is the unique solution to

A’!/V}:()v y¢Qj; Dan]vv]:dl‘/}, yean,

(6.2.15a)
Vi ~loglyl, ly| — oo.

In terms of this solution, we identify the constant £ in the far-field behavior
of V;, which depends on the shape of 2; and the ratio d;/D, by

Vj ~log|ly| —logé& +o(1), ly| = oo. (6.2.15b)

In general £ must be calculated numerically from a boundary integral formu-
lation of (6.2.15al). This yields the following far-field behavior of the inner

solution U; when written in outer variables:

Sj d2u31‘ -
U; NSjlog\w—:ij—?de—, v=—1/log(ek). (6.2.16)
1
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By using the divergence theorem in the region between 0€2; and a large disk,
we can readily verify that still holds, and that also holds if we
replace v and x; in with 7 and dgujl- /d1, respectively. By repeating
our previous analysis, it is clear that we can readily determine a system very
similar to (6.2.29). The only essential difference is that one must numerically
compute the constant £ from the PDE . This constant defines the
gauge function o from . Rather than proceed with this general case,
in the next sub-section we study the linearized stability problem for the
simpler case where all the cells are circular with a common radius e.

6.2.2 Formulation of the Linear Stability Problem

Next, we consider the linear stability of the steady-state solution constructed
in the previous subsection. We perturb this steady-state solution, denoted
here by U.(x) in the bulk region, and u. ; in the j-th cell as

U=U,+ e’\tn(:c) , Uj = U+ e)‘tqu .

Upon substituting this perturbation into (6.2.1)), we obtain in the bulk region
that
TAn = DAn—n, x e N\UL Qe ,
onn =0, x €0, (6.2.17a)
€DOy,n = din — da; , x € 09, .
Within the j-th cell the linearized problem is

1
)\(ﬁj = Jj¢j + —e / <d177 - d2¢j1) dS, (6'2'17b)
T BQEj

€

where J; denotes the Jacobian matrix of the nonlinear kinetics F'; evaluated
at u.j. We now study in the limit ¢ — 0 using the method of
matched asymptotic expansions. The analysis will provide a limiting glob-
ally coupled eigenvalue problem for A, from which we can investigate possible
instabilities.

In the inner region near the j-th cell, we introduce the local variables
y = ¢ Yz — z;), with p = |y, and let 1;(y) = n(x; + ey). We will look
for the radially symmetric eigenfunction n; in the inner variable p. Then,
from (/6.2.17al), upon neglecting higher order algebraic terms in €, the inner
problem becomes

Oppnj +p ' Om; =0,  1<p<oo, (6.2.18a)
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with boundary condition

a .
Da—"pf = dinj —dagl,  p=1. (6.2.18b)

The solution to this problem is
n; = cjlog p + B, (6.2.19)

where ¢; and B; both are unknown constants. Upon satisfying the boundary
condition in (6.2.18b)), we determine B; in terms of c¢; as

1
B; = dT(DCJ' + dapy) - (6.2.20)

Then, upon substituting (6.2.19) and (6.2.20) into (6.2.17b), we obtain that

D
(Jj — /\I)(ﬁj + 27r7cjel =0, i=1....m. (6.2.21)

In the outer region, defined at O(1) distances from the cells, the outer
problem for the eigenfunction n(x) is

1 A
An_(;;)nzu z € N\{z1,...,Zn},
oo wcon. (6.2.22)
nNleog‘iU—mj“f‘&‘FBﬁ vz, j=L...m,
v

where v = —1/loge. We remark that the singularity condition in (/6.2.22])
as * — x; is derived by matching the outer solution for 7 to the far field
behavior of the inner solution . To solve (6.2.22]), we introduce the
Green’s function G(x; ;) which satisfies

AGy — 3Gy = —d(z — =), x e,
oGy =0, x € 0, (6.2.23)

1
Gi(z;x;) N*glog\w*wj!+RA,j+0(1), T —xj,

where Ry ; = Rx(x;) is the regular part of G\ at «;. Here we have defined

©x by
147X
ox =1/ D (6.2.24)
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6.2. Analysis of the Dimensionless 2-D Cell-Bulk System

We will choose the principal branch of ), which ensures that ¢, is analytic
in Re(A) > 0. For the case of an asymptotically large domain €2, this choice
for the branch cut also ensures that G decays as | — ;| — oo.

In terms of G\(x;x;), we can represent the outer solution n(x), which

satisfies (6.2.22)), as

n(x) = =27 Z c¢iGx(z,x;) . (6.2.25)
i=1

By matching the singularity condition at @ — x;, we obtain a system of
equations for ¢; as

m
S 4Bj=-2m Ry +Y G|, j=Ll...m, (6.2.26)
v ii
where G ;; = Ga(xj;x;). Upon recalling that B; = %(ch + dggbjl-) from
(6.2.20), we can rewrite (6.2.26)) as
C; 1 “
;] + E(ch + d2¢]1) + QW(CjR)\J -+ ZCiG)\,ji) =0. (6.2.27)
1 —
i#j

It is convenient to write (6.2.27)) in matrix notation. To this end, we
define the Green’s matrix Gy and the vectors ¢ and ¢' by

Ry1 Gri2 - Gaim c1 o1
Grx21 Ra2 -+ Giom c2 o3
g)\ = . . ) c= . ) ¢1 = '2
G/\,ml G)\,mQ tee R)\,m Cm, qb;ln
(6.2.28)

We observe that the j-th entry in the vector ¢! = (¢1,---,¢L )7 is simply
the first element in the eigenvector for the j-th cell. In this way, (6.2.27)
can be written in matrix form as

1427 ¢ + @mpl +21vGrc = 0. (6.2.29)
dy dq

Together with (6.2.21)), (6.2.29)) will yield an eigenvalue problem for A with
eigenvector c.
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6.2. Analysis of the Dimensionless 2-D Cell-Bulk System

We now determine this eigenvalue problem in a more explicit form by
first calculating ¢; in terms of ¢ from (6.2.21)) and then substituting the
resulting expression into (6.2.29). If A is not an eigenvalue of J;, we obtain

from (6.2.21) that

2w D _
¢ = T(AI — J;j) tejer,

where e; is the n-vector e; = (1,0,...,0)”. Upon taking the dot product
with e;, we isolate d)% as

2w D
=

cjelT()\I — Jj)_lel .

This then yields that
D
' =2r—Ke, (6.2.30a)
T

where K = IC(\) is the m x m diagonal matrix with diagonal entries

1

I M;j
det(A — J)

Kj=e(\[-J;) ter det(A — Jj)
J

e1lM e = . (6.2.30b)

Here M; is the n X n matrix of cofactors of the matrix A\ — J;, with M 11
denoting the matrix entry in the first row and first column of Mj, given
explicitly by

6Fj2 6Fj2
P2 lumu,,;’ 7 P fu=ue
Mj11 = Mji(A) = det - e
_oFp - OF"
Ouso _ ’ ’ Oun |
U—ue,j u—ue’j
(6.2.31)

Here FJ.Q, ..., F}" denote the components of the vector F; = (Fjl, .. ,F]n)T,
characterizing the membrane kinetics.

Next, upon substituting (6.2.30a) into (6.2.29), we obtain the homoge-
neous m X m linear system

Me=0, (6.2.322)
where M = M(]) is defined by
D
M= (142 14 200 % DK 1 2000, (6.2.32b)
d1 d17'
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6.3. The Distinguished Limit of D = O(v=1) > 1

where the diagonal matrix I has diagonal entries , and Gy is the
Green’s interaction matrix defined in , which depends on A as well
as on the spatial configuration {x1,...,®,,} of the small cells.
We refer to as the globally coupled eigenvalue problem (GCEP).
In the limit € — 0, we conclude that X is a discrete eigenvalue of the lin-
earized problem if and only if A is a root of the transcendental
equation
det M =0. (6.2.33)

To determine the region of stability, we must seek conditions on the param-
eters for which any such eigenvalue satisfies Re(\) < 0. The corresponding
eigenvector ¢ of associated with a root of gives the spatial
information for the eigenfunction in the bulk via (6.2.25).

We now make some remarks on the form of the GCEP. We first observe
from that when D = O(1), then to leading-order in v < 1, we
have that M ~ I 4+ O(v). As such, when D = O(1), we conclude that to
leading order in v there are no discrete eigenvalues of the linearized problem
with A = O(1), and hence no O(1) time-scale instabilities. However, since
v = —1/loge is not very small unless € is extremely small, this prediction of
no instability in the D = O(1) regime may be somewhat misleading at small
finite €. Instead of finding the roots of using numerical methods,
without first assuming v < 1, in the next sub-section we will consider the
distinguished limit D = O(v~=!) > 1 for (6.2.32b) where the linearized sta-
bility problem becomes highly tractable analytically. In another, somewhat
related, context this large D distinguished limit regime was found in [77],
[78], and [65] (see the references therein) to play a central role in calculat-
ing stability thresholds associated with localized spot patterns for certain
two-component reaction-diffusion systems in the plane.

6.3 The Distinguished Limit of D = O(v1) > 1

In the previous section we considered the general case where there are m
dynamically active cells in a two dimensional bounded domain §2 with bulk
diffusion. For ¢ — 0, we constructed the steady-state solution for this prob-
lem and derived the spectral problem that characterizes the linear stability
of this solution.

In this section, we consider the distinguished limit where the signaling
molecule in the bulk diffuses rapidly, so that D > 1. More specifically, we
will consider the distinguished limit where D = O(r~1), and hence for some
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6.3. The Distinguished Limit of D = O(v=1) > 1

Dy = O(1), we set
D
D==2. (6.3.1)

v

Under this assumption, we will obtain a leading order approximation to
the steady-state solution. We will then analyze the corresponding spectral
problem.

Since the reduced-wave Green’s function depends on D, we first approx-

imate it for large D. We write (6.2.10a) as

AG_DLG:_g(m_q;j), recQ; 9,G=0, =xcd. (6.32)
0

This problem has no solution when v = 0. Therefore, we expand G =
G(z;x;) for D> 1 as
1
G=-G_1+Gy+vG1+.... (633)
v

Upon substituting (6.3.3)) into (6.3.2), and equating powers of v, we obtain
a sequence of problems for G; for i = —1,0, 1. To leading-order O(v~1), we

get that G_; satisfies
AG_1 =0, x e Q; 0,G_1=0, x € 0N. (6.3.4)
This gives that G_; is a constant. The O(1) system for Gy is

1
AGOZD—G_l—é(w—mj), x € Q; OnGo =0, x € 0.
0

(6.3.5)
Similarly the O(v) problem satisfied by G is

1
AGlzﬁGo, x €, 0,G1 =0, xed. (6.3.6)
0

The divergence theorem applied to (6.3.5) and (6.3.6]) yields that

Dy
G_l—@, /QG()dLE—O.

In this way, we obtain the following two-term expansion for the reduced-
wave Green’s function and its regular part R; in the limit D = Dy/v > 1:

Dy

Dy
G(z;x;) = + Go(z;xj) + -+, Rj = v|Q

o] +Roj+---. (63.7)
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6.3. The Distinguished Limit of D = O(v=1) > 1

Here Go(x;x;), with regular part Rp;, is the Neumann Green’s function
defined as the unique solution to

1

AGy= — —(z — x;), €
9]
OnGo =0, =€ dQ; /God:c:O, (6.3.8)
Q
1
Go(a:;azj)N—glog‘m—mj‘—i—Ro,j, T —x;.

We then substitute the expansion (6.3.7) and D = Dy/v into the non-
linear algebraic system (6.2.7) and (6.2.13)), which is associated with the
steady-state problem, to obtain that

D 2rmD d

(L%O>S+”m 08 + 271Gy S = —2vu!
& it & (6.3.9)

2D

WVOSjelzo, jzl,...,m,

Fj(u;) +

where £ and the Neumann Green’s matrix Gy are the m x m matrices defined
by

. ) R071 G0,12 T GO,lm
1 1 Goo1  Ro2 -+ Gop
&= 7eeT = ) gO = "
1 ... 1
Gom1 Gomz2 -+ Rom
(6.3.10)
Here e is the m x 1 vector e = (1,...,1)7T.

The leading-order solution to (6.3.9) when v < 1 has the form
S=vSy)+ 0(1/2) , u; = ujo + O(V) . (6.3.11)

From (6.3.9) we conclude that So and u ;o satisfy the limiting leading-order
nonlinear algebraic system

D 2mmD d
(1 + °) So+ T 0egy = — 2yl
& i & (6.3.12)
27TDO .
Fj(UOj)‘FTSOjel:O, i=1...,m.
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Since this leading order system does not involve the Neumann Green’s ma-
trix Gy, we conclude that S is independent of the spatial configuration of
the cells in €.

For the special case where the reaction kinetics F'; is identical for each
cell, so that F'; = F for j = 1,...,m, we will look for a solution to (6.3.12)
with identical source strengths, so that Sp; is independent of j and ug; = ug
is independent of j. Therefore, we write

So = S[)ce, (6.3.13)

where Sy is the common source strength. From (6.3.12)), where we use
Ee = e, this yields that Sy, and ug satisfy the m 4+ 1 dimensional nonlinear
algebraic system

Do 2mmDy day 4 2w Dy
1+ — 4+ ——— ) Spe = ——1uy, F Socer =0,
( + 4 + ’Q| ) 0 dluo (ug) + - 0c€1
(6.3.14)

where u} is the first component of ug. This simple limiting system will
be studied in detail in the next section for various choices of the nonlinear
kinetics F'(up).

Next, we will simplify the globally coupled eigenvalue problem (GCEP),
given by , when D = Dy /v > 1, and under the assumption that the
reaction kinetics are the same in each cell. In the same way as was derived

in (6.3.2)-(6.3.7), we let D = Dy/v > 1 and approximate the A-dependent
reduced Green’s function G(x; x;), which satisfies (6.2.23). For 7 = O(1),

we calculate, in place of (6.3.7), that

Dq
G(z;x;) = PREESIV] + Go(z; ;) + O(v),
Dy
Bri = gy s 00

where Go(x; ), with regular part Ry j, is the Neumann Green’s function
satisfying (6.3.8)). It follows that for D = Dg/v > 1 and 7 = O(1), we have

g o ng
AT LA+ TN
where £, and the Neumann Green’s matrix Gy, are defined in (6.3.10)).

We substitute (6.3.15) into (6.2.32b)), and set D = Dy/v. In (6.2.32b

we calculate to leading order in v that the matrix IC(\), defined in (6.2.30b
reduces to

E+Go+0(v), (6.3.15)

My,
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where J is the Jacobian of F' evaluated at the solution ug to the limiting
problem (6.3.14)), and My, is the cofactor of A\ — J associated with its first
row and first column. The O(v) correction in K(A) arises from the higher
order terms in the Jacobian resulting from the solution to the full system

(6.3.9). In this way, the matrix M, defined in (6.2.32b)), associated with the
GCEP reduces to leading order to

M =a(N)I +bNE + O(v), (6.3.17a)
where a(\) and b()\) are defined by

DO 27Td2 Do M1 1

Do | 2mmDg
dq diT det(A\ — J)’

(1+7N)[Q

a(A) =1+ b(\) = (6.3.17b)
We remark that the O(v) correction terms in arises from both
271Gy, which depends on the spatial configuration of the cells, and the
O(v) term in K as written in (6.3.16)).

Therefore, when D = Dg/v, it follows from and the criterion
(6.2.33) of the GCEP that A is a discrete eigenvalue of the linearization if

and only if there exists a nontrivial solution ¢ to
(a(NI +b(N)E)e=0, (6.3.18)

where a(A) and b()\) are defined in (6.3.17b). Any such eigenvalue with
Re(A) > 0 leads to a linear instability of the steady-state solution on the
regime D = O(v~1).

Explicit equations for A\ are readily derived from by using the
key property that e = e and £q; = 0 for j = 2,...,m, where g; for
j =2,...,m are an orthogonal basis of the m — 1 dimensional perpendicular
subspace to e, i.e q]Te =0.

In this way, we obtain that X is a discrete eigenvalue for the synchronous
mode, corresponding to ¢ = e, whenever \ satisfies

DO 27Td2 D()MH 27TmD0

A bN)=1+4— -
oM 0N =1+ S T eI — ) T G+ 9

0. (6.3.19)

This expression can be conveniently written as

M1 T (KlT)\+I€2

- TA+1

— here = ﬂ%—l = +2m7rd1
det(M — J) — 2nds  WHERE 1= 2=

Dy 1
(6.3.20)
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In contrast, X\ is a discrete eigenvalue for the asynchronous or competition

modes, corresponding to ¢ = g; for j = 2,...,m, whenever A satisfies a(\) =
0, which yields
= — —+1]. 6.3.21
det(N — J) 2mds (DO + ) ( )

We remark that the synchronous mode depends on the total number m of
cells. In contrast, the asynchronous mode is independent of m, but does
require that m > 2.

Any discrete eigenvalue for either the synchronous or asynchronous modes
that satisfies Re(A) > 0 leads to an instability. If all such eigenvalues sat-
isfy Re(A) < 0, then the steady-state solution for the regime D = Dy /v is
linearly stable on an O(1) time-scale.

6.4 Examples of the Theory: Finite Domain
With D = O(v™1)

In this section we will study the leading-order steady-state problem ,
and its associated spectral problem (6.3.19) and (6.3.21)), for various special
cases and choices of the reaction kinetics F'. We would like to investigate the
stability properties of the steady-state as parameters are varying,
and in particular, find conditions for Hopf bifurcations to occur.

6.4.1 Example 1: m Cells; One Local Component

To illustrate the asymptotic theory, we first consider a system with m cells
in a two-dimensional bounded domain 2 such that the local dynamics inside
each cell consists of only a single component with arbitrary scalar kinetics F'.
For this case, the steady-state problem for uy = ug and S, given by ,
reduces to two algebraic equations. We now show that no matter what F'(u)
is, the steady-state can never be destablilized by a Hopf bifurcation.

We will study the stability problem for both the synchronous and asyn-
chronous modes. In the one component case, we calculate My; = 1 and
det(AI — J) = XA — F¢, where Ff is defined as the derivative of F(u) eval-
uated at the steady-state ug. It is easily shown that the spectral problem
for the synchronous mode reduces to

1
AN = Ap1+p2=0, ples—l—g, ng(ry—CFS):O,
T T TA\T
(6.4.1a)
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where

27Td2D0 o 27rmd1D0

TR0 Ly, =14 0 o 6.4.1b
di + Dy C ’Q|(d1 +D0) ( )

Y=

For a Hopf bifurcation to occur we need p; = 0 and py > 0. Upon setting
p1 =0, we get

1
Fi=—(1+¢) >0. (6.4.2)
Upon substituting (6.4.2)) into the expression for ps in (6.4.1a) we get
1/~ 1
— (2 ¢Ee :7< 1— —2)<0, 6.4.3
=t (2-¢r) =5 (-0 -¢ (6.4)

since 7 > 0, v > 0 and ¢ > 1. Therefore, there can be no Hopf bifurcation
for the synchronous mode. The following result characterizes the stability
properties for the synchronous mode:

Proposition 6.4.1 Consider the synchronous mode. Suppose that

v 27mdy di  2rmdy ]
F<—= -
v Cr T + Dy + 19| ’

(6.4.4)

then we have Re(\) < 0, and so the steady-state is linearly stable to syn-
chronous perturbations. If FS > ~/[(T], the linearization has exactly one
positive eigenvalue.

To show this, we note that the steady-state solution is stable to syn-
chronous perturbations if and only if py < 0 and py > 0. From (6.4.1a)),
p1 < 0 and p2 > 0 when

TF; <C+v,  TE;<9/C, (6.4.5)

respectively, which implies that we must have 7F¢ < min(¢ ++,7/¢). Since
¢ > 1, the two inequalities in hold simultaneously only when 7F¢ <
v/¢. This yields that Re(A) < 0 when holds. Finally, when F¢ >
v/ [¢7], then py < 0, and so there is a unique positive eigenvalue.

This result shows that the effect of cell-bulk coupling is that the steady-
state of the coupled system can be linearly stable even when the reaction
kinetics is self-activating in the sense that F; > 0. We observe that the
stability threshold «/¢ is a monotone increasing function of Dy, with v/{ —
0 as Dy — 0 and /¢ tending to a limiting value as Dy — oo. This shows
that as Dy is decreased, corresponding to when the cells are effectively more
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isolated from each other, there is a smaller range of FY > 0 where stability
can still be achieved.

Next, we will consider the spectral problem for the asynchronous mode.
From , we get

1 T

A—Fg oy’
where 7 is defined in (6.4.1b). Therefore, A = F¢ — v/7, and so A is real
and no Hopf bifurcation can occur. This asynchronous mode is stable if
F¢ < ~/7. Since ¢ > 1, we observe, upon comparing this threshold with
that for the synchronous mode in , that the stability criterion for the
synchronous mode is the more restrictive of the two stability thresholds.

In summary, we conclude that a Hopf bifurcation is impossible for (6.2.1a))
in the parameter regime D = Dy /v when there is only one dynamically ac-
tive species inside each of m small cells. Moreover, if F < ~/[(T], where
and ( are defined in , then the steady-state solution is linearly stable
to both the synchronous and asynchronous modes.

(6.4.6)

6.4.2 Example 2: m Cells; Two Local Components

Next we consider m cells in €2, but now we assume that there are two dynam-
ically active local species inside each cell. Without causing any confusion,
we write the intracellular variable as w = (v,w)” and the local kinetics
as F(v,w) = (F(v,w),G(v,w))’. In this way, the steady-state problem
becomes

( DO 27TmD0> d2 27TDO

1 5 P c = — €7F ey We
T P ) Se= g v Fleewe)+—

Soc =0, G(ve,we) =0.

(6.4.7)
Given specific forms for F' and GG, we can solve the steady-state problem

(6.4.7) either analytically or numerically.
To analyze the stability problem, in a similar way as for the one-species

case, we first calculate the cofactor Mi; as M13 = A—G¢, and det(A\ —J) =
A2 —tr(J)\+det(J), where tr(.J) and det(J) are the trace and determinant
of the Jacobian of F', given by

tr(J) = FC+ GS,  det(J) = F°GS, — FSGe. (6.4.8)

Here F?, G¢ are partial derivatives of F', G with respect to i, with i € (v, w),
evaluated at the solution to (6.4.7)).

Next, we analyze the stability of the steady-state solution with respect
to either synchronous or asynchronous perturbations. For the synchronous
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mode, we obtain, after some algebra, that (6.3.20) can be reduced to the
study of the following cubic polynomial in A:

H(A) =N+ Np1 4+ Ap2 +ps =0, (6.4.92)

where we have defined p1, p2, and p3 by

plzlJrg—tr(J),
T T
1
P2 = det(J) = 165, + ~ (X = ¢ta())), (6.4.9b)
ps = ~(Cdet(J) — 1G5).

Here v and ( are defined in (6.4.1b)).

To determine whether there is any eigenvalue lying in the right-half of
the complex A-plane, and to detect any Hopf bifurcation boundary in the pa-
rameter space, we will use the Routh-Hurwitz criterion for a cubic function.
This criterion gives necessary and sufficient conditions for all of the roots
of the cubic polynomial with real coefficients to lie in Re(\) < 0. Given a
cubic polynomial H(\), the criterion states that a necessary and sufficient
condition for all its roots to satisfy Re(A) < 0 is that the following three
conditions on the coeflicients hold:

p1 >0, p3 >0, p1p2 > p3 . (6.4.10)

To find the conditions that parameters should satisfy on a Hopf bifurcation
boundary, we need only consider a special cubic equation which has roots
A1 =a <0 and A2 3 = fiw. Thus, such a cubic equation has the form

A —a)(XN —iw) A +iw) = X3 — aX? + w? X —aw? = 0. (6.4.11)

Comparing this expression with (6.4.9a) and together with Routh-Hurwitz
criterion, we conclude that the Hopf bifurcation boundary lies in the pa-
rameter regime where

p1>0, p3>0, (6.4.12a)

with the Hopf bifurcation boundary given by

P1pP2 = p3 . (6412b)

We will return to criterion in the next two subsections when we study two
specific models for the local kinetics (F, G).
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Next, we consider the spectral problem for the asynchronous mode.
Upon substituting the expressions of Mp; and det(A] — J) into (6.3.21))
and reorganizing it, (6.3.21)) becomes a quadratic equation in A given by

Nt =0, qg=t(J)—2L, g=det(]) - %G;. (6.4.13)

For a Hopf bifurcation to occur, we require that ¢g; = 0 and ¢ > 0, which
yields that

SR

= tr(J) = FS + G5, (6.4.14a)

provided the inequality
det(J) — IGZ} = —G°F° — (G)* >0, (6.4.14Db)
T

holds. Finally, we conclude that Re(A) < 0 for the asynchronous modes if
and only if

tr(J) <~y/7, and  det(J)— }G; > 0. (6.4.15)

To write the stability problem for the asynchronous mode in terms of Dy,
we use for « in terms of Dy to obtain from the conditions (6.4.144)
and that the Hopf bifurcation threshold for the asynchronous mode
is given by the transcendental equation

letl“(J)
Dy =g————— 6.4.16
0 2ndy — Ttr(J)’ ( a)
provided that the inequality
2nd
Do ( WT "Gy, det(J)> < dydet(J), (6.4.16b)

is satisfied. We observe that in this formulation, both tr(J) and det(J)
depend on the form of the local kinetics and the steady-state solution, which
depends on Dy and 7.

In the next two subsections we study in some detail two specific choices
for the local kinetics, and we show phase diagrams where oscillatory insta-
bilities can occur.

174



6.4. Examples of the Theory: Finite Domain With D = O(v~1)

Local Kinetics Described by the Sel’kov Model

We first consider the Sel’kov model, use in simple models of glycolysis, where
the functions F(v,w) and G(v,w) are given in terms of parameters a > 0,
@ >0, and ¢g > 0 by

F(v,w) = aw + wv? — v, G(v,w) = € (,u — (aw + wv2)> . (6.4.17)

First, we determine the approximate steady-state solution by substituting
(6.4.17)) into (6.4.7). This system can be solved analytically to obtain the

steady-state solution
1 1

= 9 e — 9 S c — e s 6418
[1 + ZWDOB/T] v a+ v? 0c = fv ( 2)

Ve

where we have defined 8 > 0 by

da

8= & Do+ 2nmdi Do)

(6.4.18b)

As needed below, we first calculate the partial derivatives of F' and G eval-
uated at the steady-state solution as

Ff = 2v.we—1, ES = a—i—vz, G = —2¢pvewe, GS = —eo(a—l—vg),
(6.4.19a)
which yields

det(J) = e (a + vg) >0, tr(J) = 2vewe — 1 — € <a + v?) . (6.4.19b)

To study possible synchronous oscillations of the m cells, we compute the

Hopf bifurcation boundaries as given in , where we use . For
the parameter set 7 = 1, Do = 1, |Q2] = 10, p = 2, & = 0.9, and ¢y = 0.15, we
obtain the Hopf bifurcation boundary in the d; versus ds parameter plane
as shown by the solid curves in Fig. form=1,2,3.

Next, to obtain instability thresholds corresponding to asynchronous

mode, we substitute (6.4.19af) into (6.4.14)) and obtain that, the Hopf bi-
furcation boundary is given by

y=T1tr(J) =T [Zvewe —1—e(a+ vZ)} : (6.4.20)

provided that det(J) — tr(J)GS, > 0. This latter condition can be written,
using (6.4.19a)), as eo(a + v2) (1 +tr(J)) > 0, and so is satisfied provided
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that tr(J) > —1. Since v > 0 from (6.4.20)), we must have tr(.J) > 0, which
guarantees that det(J) — tr(J)GS, > 0 always holds at a Hopf bifurcation.
In this way, and by substituting for we into , we obtain that
the asynchronous mode has a pure imaginary pair of complex conjugate
eigenvalues when

’y:7'|:2’061u _1—60(0(‘1‘1;2)]’ where Ue:[]_—l—27’["uDoﬁ/T}’

(6.4.21)
where v and 3, depending on dy, d2, m, ||, and Dy, are defined in (6.4.1b)
and , respectively. By using these expressions for v and 3, we can
readily determine a parametric form for the Hopf bifurcation boundary in
the d; versus ds plane as the solution to a linear algebraic system for d;
and dg in terms of the parameter v, with 0 < v, < . Some simple algebra
yields that

D — D —
dy = o(a12 — az2) dy — o(a21 au)’ (6.4.22a)

)
11022 — 421012 11022 — 421412

where a11, ai2, ase, and a1, are defined in terms of the parameter v, by

14 2mmDy 1 1 2w Dy
a1l = s a2 = ————, an =1, a9 = — ,
€2 B(ve) 7 (ve)
(6.4.22b)
where
20cpt (14— ve)
Y(ve) =7 [a :Ug ~1-¢ (a + UQ)} o Ble) = TWO; . (6.4.22¢)

By varying ve, with 0 < v, < u, and retaining only the portion of the
curve for which d; > 0 and do > 0, we obtain a parametric form for the
Hopf bifurcation boundary for the asynchronous mode in the d; versus ds
parameter plane. For m = 2 and m = 3, these are the dashed curves shown

in Fig.
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2.5¢

0.5

Figure 6.2: Hopf bifurcation boundaries for the synchronous (solid curve)
and asynchronous (dashed curve) modes for the Sel’kov model with various
number m of cells in the d; versus dy parameter plane. The synchronous
mode for m = 1 between the two black lines is unstable. For m = 2 and
m = 3 the synchronous mode is unstable in the horseshoe-shaped region
bounded by the blue and red solid curves, respectively. Inside the dotted
regions for m = 2 and m = 3 the asynchronous mode is unstable. For the
asynchronous mode, the boundary of these regions is given parametrically
by . The parameters used are p = 2, a = 0.9, ¢¢ = 0.15, 7 = 1,
Dy =1, and || = 10.

We now discuss qualitative aspects of the Hopf bifurcation boundaries for
both synchronous and asynchronous modes for various choices of m as seen
in Fig. For m = 1, we only need to consider the synchronous instability.
The Hopf bifurcation boundary is given by the two black lines, and the region
with unstable oscillatory dynamics is located between these two lines. For
m = 2, inside the region bounded by the blue solid curve, the synchronous
mode is unstable and under the blue dashed curve, the asynchronous mode
is unstable. Similar notation applies to the case with m = 3, where the Hopf
bifurcation boundaries for synchronous/asynchronous mode are denoted by
red solid/dashed curves.

One key qualitative feature we can observe from Fig. is that the oscil-
latory region for a larger value of m lies completely within the unstable re-
gion for smaller m for both the synchronous and asynchronous modes. This
suggests that if a coupled system with m cells is unstable to synchronous
perturbations, then a system with msy < m;j cells will also be unstable to
such perturbations. However, if a two-cell system is unstable, it is possible
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that a system with three cells, with the same parameter set, can be stable.
Finally, we observe qualitatively that the Hopf bifurcation boundary of the
asynchronous mode always lies between that of the synchronous mode. This
suggests that as we vary d; and do from a stable parameter region into an
unstable parameter region, we will always first trigger a synchronous os-
cillatory instability rather than an asynchronous instability. It is an open
problem to show that these qualitative observations still hold for a wide
range of other parameter sets.

50 5.

m=1

Figure 6.3: Left panel: Hopf bifurcation boundaries for the synchronous
(solid curves) and asynchronous (dashed curves) modes for the Sel’kov model
with various number m of cells in the 7 versus Dy plane. Only inside the
region bounded by the two black solid curves, the synchronous mode is
unstable for m = 1. Similarly, in the lobe formed by the blue solid and red
solid curves the synchronous mode is unstable for m = 2 (blue) and m = 3
(red), respectively. In the region enclosed by the blue (red) dashed curve,
the asynchronous mode is unstable for m = 2 (m = 3). Right panel: Hopf
bifurcation boundaries for the synchronous mode with m = 1 shown in a
larger region of the 7 versus Dy plane. Parameters used are y = 2, a = 0.9,
€0 = 0.15, di = 0.5, dy = 0.2 and |2] = 10. With these choices of pu, «
and ¢g, the uncoupled system has a stable steady-state for the intracellular
kinetics.

Next, we show the region where oscillatory instabilities can occur in the
T versus Dy parameter plane for the synchronous and asynchronous modes.
We fix the Sel’kov parameter values as p = 2, « = 0.9, and ¢y = 0.15, so that
the uncoupled intracelluar kinetics has a stable steady-state. We then take
dy = 0.5, do = 0.2, and || = 10. For this parameter set, we solve the Hopf
bifurcation conditions by a root finder. In this way, in the left panel
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of Fig.[6.3| we plot the Hopf bifurcation boundaries for the synchronous mode
in the 7 versus Dy plane for m = 1,2,3. Similarly, upon using (6.4.16)), in
the left panel of Fig. [6.3| we also plot the Hopf bifurcation boundaries for the
asynchronous mode. In the right panel of Fig. where we plot in a larger
region of the 7 versus D plane, we show that the instability lobe for the
m = 1 case is indeed closed. We observe for m = 2 and m = 3 that, for this
parameter set, the lobes of instability of the asynchronous mode are almost
entirely contained inside the instability lobes for the synchronous mode.

Finally, we consider the effect of changing d; and ds to di = 0.1 and
ds = 0.2, while fixing the Sel’kov parameters as p = 2, o = 0.9, and
€0 = 0.15, and keeping |Q2] = 10. In Fig. we plot the Hopf bifurcation
curve for the synchronous mode when m = 1, computed using , in
the 7 versus Dy plane. We observe that there is no longer any closed lobe
of instability. In this figure we also show the two Hopf bifurcation values,
derived below in that corresponds to taking the limit Dy > 1. These
latter values are Hopf bifurcation points associated with the linearization of
the ODE system around its steady-state value. This ODE system
(6.5.16]), which will be derived in the next section, describes large-scale cell-
bulk dynamics in the regime D > O(v).

Local Kinetics Described by a Fitzhugh-Nagumo Type System

Next, we will consider another form for the local kinetics, taken from [23],
that is of Fitzhugh-Nagumo (FN) type. The functions F'(v,w) and G (v, w),
have the form

F(v,w) = ¢g(wz —v), Gw,w)=w—qw—2)>+4—v, (6.4.23)

where the parameters satisfy ¢g > 0, ¢ > 0, and z > 1.

Upon substituting (6.4.23) into (6.4.7)) we calculate that the steady-state
solution w, > 0 is given by the unique real positive root of the cubic C(w) = 0

given by
C(w) = qu® — 6quw? + w(12¢ — 1+ A) — (8¢ +4), (6.4.24a)

where A is defined as
€0<
[60 + 27TDoﬂ/T] ’

and 3 is defined in (6.4.18b)). The uniqueness of the positive root of this
cubic for any A > 0 was proved previously in our 1-D analysis of membrane-
bulk coupling with FN membrane dynamics. In terms of the solution w, > 0

A= (6.4.24b)
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Figure 6.4: Hopf bifurcation boundaries for the synchronous mode for the
Sel’kov model with m = 1 in the 7 versus Dy plane when d; = 0.1 and
d2 = 0.2. The other parameters are the same as in Fig. Inside the
region bounded by the two black solid curves, which were computed using
(6.4.12), the synchronous mode is unstable. The instability region is no
longer a closed lobe as in Fig.[6.3. The dashed lines represent the two Hopf
bifurcation points that are obtained by a numerical path following using
XPPAUT [16] of the steady-states of the ODE system (6.5.16). We observe
that as Dy increases, the Hopf bifurcation thresholds in 7 gradually approach
that obtained by the large D approximation.
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to the cubic equation, we can calculate v, by ve = Aw. and the common
source strength by Sp. = —SAwe.

As needed below, we first calculate the partial derivatives of F' and G at
the steady-state solution as

Ff=—-e, Fi=ez, G5=-1, G%=1-3q(w.—2),

(6.4.25a)
which yields

det(J) = e [z — 1+ 3q(we — 2)2} >0, tr(J) = —eo + 1 — 3q(we — 2)°.
(6.4.25b)

To determine conditions for which the synchronous oscillation mode has

a Hopf bifurcation we first substitute (6.4.25a)) into (6.4.9b). Then, from
the conditions in (6.4.12)), to obtain purely imaginary roots of (6.4.9al), we

need to numerically compute the parameter regime where p1p2 = p3, with
p1 > 0 and p3 > 0.
Similarly, to study instabilities associated with the asynchronous oscil-

latory mode we substitute (6.4.25al) into (6.4.14]) to obtain that the Hopf

bifurcation boundary is given by
y=r [—60 +1 - 3q(we — 2)2} , (6.4.26a)
provided that
7 e e e e \2 2 2
det(J) = 1Gy, = —GoFy—(G5,)? = oz [1 — 3q(we — 2) ] >0, (6.4.26b)

where w, is the positive root of the cubic . In a similar way as was
done for the Sel’kov model in the Hopf bifurcation boundary for the
asynchronous mode in the d; versus do parameter plane can be parametrized
as in (6.4.22a) where where a11, a2, age, and ag;, are now defined in terms
of the parameter w, > 0 by

1+ 27rmD0 1 1 27TDO
all = s 12 = — 757 a1 =1, a2 = ————,
€] B(we) ¥ (we)
(6.4.27a)
where

o (=2 . _ q(we—2)° 4
B(we) T on Do <A(we) 1), with  A(we) = " +1+we’

Y(we) =T |:—6() +1—3q(we — 2)2} )
(6.4.27b)
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Figure 6.5: Hopf bifurcation boundaries for the synchronous (solid curve)
and asynchronous (dashed curve) modes for the FN system with
various number m of cells in the d; versus dy parameter plane. Between the
solid lines the synchronous mode is unstable, whereas between the dashed
lines the asynchronous mode is unstable. Notice that the region of instability
for the asynchronous mode is contained within the instability region for the
synchronous mode. Parameters used are z = 3.5, ¢ = 5, ¢¢ = 0.5, 7 = 1,
Dy =1, and || = 10.

By varying we > 0 and retaining only the portion of the curve for which
d; > 0 and dy > 0, and ensuring that the constraint holds, we
obtain a parametric form for the Hopf bifurcation boundary for the asyn-
chronous mode in the d; versus dy parameter plane. For m = 2 and m = 3,
these are the dashed curves shown in Fig.

In this way, in Fig. we plot the Hopf bifurcation boundaries for the
synchronous mode (solid curves) and asynchronous mode (dashed curves)
for various values of m for the parameter set z = 3.5, ¢ =5, ¢g = 0.5, 7 = 1,
Dy =1, and || = 10. As compared to Fig. 6.2, we notice that the unstable
regions for both modes are not only shrinking but also the boundaries shift
as the number m of cells increases. This feature does not appear in the
previous Sel’kov model.

Next, in Fig. we show the region of oscillatory instabilities for the
synchronous and asynchronous modes for m = 1,2,3 in the 7 versus Dy
plane. These Hopf bifurcation boundaries are computed by finding roots of
for the synchronous mode or for the asynchronous mode
for various values of Dy. The other parameter values are the same as those
used for Fig. except d; = 10 and ds = 0.2. Inside the region bounded by
the solid curves the synchronous mode is unstable, while inside the region
bounded by the dashed curves, the asynchronous mode is unstable. Similar
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to that shown in Fig. the regions of instability are shrinking, at the
same time as the Hopf bifurcation boundaries shift, as m increases. For
these parameter values of d; and ds, the Hopf bifurcation still occurs for
large value of Dy.

3 m= 3 3

2 2 m=2 2

[N

________ m=3

1 1 e 1 =T

0 0 0

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

D[J

Figure 6.6: Hopf bifurcation boundaries for the synchronous (solid curves)
and asynchronous (dashed curves) modes for the FN system with
various number m of cells in the 7 versus Dy parameter plane. Between the
solid lines the synchronous mode is unstable, whereas between the dashed
lines the asynchronous mode is unstable. Parameters used are z = 3.5,
q=0>5, € =0.5,d =10, do = 0.2, and |Q| = 10.

6.5 Finite Domain: Reduction to ODEs for
D> O™

In this section we will consider our basic model with one small cell circular

(). centered in a bounded two-dimensional domain 2 under the assumption

that the diffusion coefficient D satisfies D > O(v~!), with v = —1/loge. In

this limit, in which the bulk region is effectively well-mixed, we show that

we can reduce the dynamics in the coupled cell-bulk model to a system of

nonlinear ODEs for the time history of the bulk and cell concentrations.
For the case of one cell, the basic model is formulated as

U, =DAU -U, =xeWN\Q: 0,U=0, xcdQ,

L (6.5.1a)
eDO, U = diU — dou R T € 896,
which is coupled to the cell dynamics by
d 1
au = F(u) + — / (dlU — dgul) dsep, (6.5.1b)
dt €T A0
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where e; = (1,0,...,0)T. Here u = (u1,...,u,)’ represents the concen-
tration of the n species inside the cell with intracellular reaction kinetics

We will assume that D > 1, and in the bulk region expand
1
U=U0+5U1+'-‘. (6.5.2)

Upon substituting this expansion into (6.5.1al), and noting that Q. — x as
e — 0, we obtain to leading order in 1/D that AUy = 0 with 9,Uy = 0 on
0Q. As such, we have Uy = Up(t). At next order, we have that U; satisfies

AU =Uyg+ 71Uy, xc¢€ Q\{L'Co}; opU1 =0, x €. (653)

The formulation of this problem is complete once we determine a matching
condition for Uy as € — xg.

To obtain this matching condition, we must consider the inner region
defined at O(e) distances outside the cell. In this inner region we introduce
the new variables y = ¢ (@ — x) and U(y,t) = U(zo + ey,t). From
, we obtain that
TUt:%AyU—U, p=lyl >1; Da—U:dlﬁ—dgul, on p=1.

€ op
For D > 1, we then seek a radially symmetric solution to this inner problem
in the form

N ~ 1 -
U(pvt) = UO(p7t) + BUl(p7t) o (654)
To leading order we obtain that
» ol
A,Uy=0 >1; — =0 =1
pYO0 ) p =1 ap ) P )

subject to the matching condition to the bulk that Uy — Uy as p — 0. We
conclude that Uy = Uy. At next order, the problem for Uy is that

- U]

— =d1Uy—d =1. 6.5.5
ap 1Yo U1, p ( )

Allowing for logarithmic growth at infinity, the solution to this problem is

Ul = (don — dgul) logp + C', (656)
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where C is a constant to be found. Then, by writing (6.5.6) in outer vari-
ables, and recalling (6.5.4), we obtain that the far field behavior of the inner
expansion is

N 1 1
U~Uy+ — (don—d2u1)10g|:1:—a:0] +V(d1U0—d2ul)+C] —+ e

D
(6.5.7)
From we observe that the term proportional to 1/D is smaller
than the first term provided that D > O(v~!). This specifies the asymptotic
range of D for which our analysis will hold. From asymptotic matching of
the bulk and inner solutions, the far-field behavior of the inner solution
provides the required singular behavior as & — xg for the outer bulk

solution. In this way, we find from (6.5.7)) and (6.5.2)) that U; satisfies (6.5.3)

subject to the singular behavior
Uy ~ (d1Uy — dauy) log|x — xo|, as = — xp. (6.5.8)

Then, (6.5.3) together with (6.5.8)) determines U uniquely. Finally, in terms
of this solution, we identify that the constant C' in (6.5.7) and (6.5.6) is

obtained from

lim [Uy — (dUp — daur) log |z — o|] = v ! (d1Up — dowr) +C'. (6.5.9)

T—TQ

We now carry out the details of the analysis. We can write the problem
(6.5.3)) and (6.5.8) for Uy as

AUy = Up+1Ug+2m (d1Uy — douy) 6(x—xp), £ € Q5 0p,U; =0, x € 00.

(6.5.10)
By the divergence theorem, this problem has a solution only if (Uy + 7Uqy) ||
—27(d1Uy — dauy). This leads to the following ODE for the leading-order
bulk solution Uy(t):

1 27Td1 27Td2
f=—=11 —u . .0.11
UO J ( + |Q| > U[)+ 7’|Q|U1 (65 )

Without loss of generality we can impose that fQ Uydx = 0 so that Uy
describes the spatial average of U. The solution to (6.5.10) is then simply

U1 = -27 (d1U0 - dgul) Go(d?; .’L'o) s (6512)
where Go(x; xp) is the Neumann Green’s function defined uniquely by (6.3.8)).

We then expand (6.5.12)) as @ — xo, and use (6.5.9) to identify C as
C = — (dyUp — dour) (fl n 27TRO) : (6.5.13)
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where Rg is the regular part of the Neumann Green’s function defined in
(6.3.8)

In summary, by using (6.5.4), , and (6.5.13), the two-term inner

expansion near the cell is given by

~ 1 1
U~ UO + 5 (don — dgul) (10gp — ; — 27TRO> —+ e (6514)

From (6.5.2) and (6.5.12)), we obtain the corresponding two-term expansion
of the outer bulk solution

2
U~Uy— Eﬂ- (don — d2ul) Go(w; mo) s (6.5.15)

where Up(t) satisfies the ODE (6.5.11)).
The final step in the analysis is to use (6.5.1b]) to derive the dynamics
inside the cell. We readily calculate that
1

2w
— (dlU - dgul) ds ~ — (don - dgul) s
€T 90 T

which determines the dynamics inside the cell from (6.5.1b)).

This leads to our main result that, for D > O(r~!), the coupled PDE
model reduces to the study of the coupled (n+1) dimensional ODE
system for the leading-order average bulk concentration Uy(t) and cell dy-
namics u given by

1 2md 2md 2
U(/):—* <1+ 7T1>U0+7T2U1, u’:F(u)+—7r[d1U0—d2u1]el.
|€2] 7|9 T 6.5.16)

Before studying for some specific reaction kinetics, we first ex-
amine conditions for the existence of steady-state solutions for and
we derive the spectral problem characterizing the linear stability of these
steady-states.

A steady-state solution Uy, and wu, of , if it exists, is a solution
to the nonlinear algebraic system

2
F(Ue) + 771— (dlU()e — dg’ule) e = O, T’U()e = SU1e, (6.5.17&)

where 7 and s are defined by

+27’[‘d1 8:271'(12
e e

(6.5.17b)
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To examine the linearized stability of such a steady-state, we substitute
Uonge—i-e’\tn, u:ue—i—e’\t(b.
into and linearize. This yields that 1 and ¢ satisfy
Ap=Jb+ 2 (din—dapr)er,  TAI= i+ s,
where J is the Jacobian of F' evaluated at the steady-state u = w.. Upon

solving the second equation for 7, and substituting the resulting expression
into the first equation, we readily derive the homogeneous linear system

. 2 d18
(A= J)—p&r]p=0, where p= <7_)\ e dz) , (6.5.18)

where & is the rank-one matrix & = ele{.

By using the matrix determinant lemma we conclude that A is an eigen-
value of the linearization if and only if A satisfies el (\I — J) 'e; = 1/p,
where p is defined in (6.5.18]). From this expression, and by using dis—dor =
—dy as obtained from , we conclude that A must be a root of
Q(A) =0, where

T(T—FTA) _ MH
2rdy (1+7X)  det(A — J)

o) =-— (6.5.19)
where 7 is defined in (6.5.17b)). Here M7 is the cofactor of the element in
the first row and first column of Al — J.

We use the argument principle to determine the number N of roots of

Q(A) in Re(A) > 0. We first observe that [argQ(/\)]FR — 0 as R — oo,

where I'g is the semi-circle A = Re? with |§] < 7/2 and the square brackets
indicate the change in the argument over I'g. Assuming that there are no
zeroes on the imaginary axis, we readily obtain that

1
N = - [zaurgQ()\)}Fl+ +P, (6.5.20)
where P is the number of zeroes of det(AI — J) in Re(A) > 0, and I'j+
denotes the positive imaginary axis A = ¢A; with A\; > 0 traversed in the
downwards direction.

Next, we show that , which characterizes the stability of a steady-
state solution of the ODE dynamics , can also be derived by taking
the limit Dg > 1 in the stability results obtained in of for the
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D = O(v~1) regime where we set D = Dg/v. Recall from the analysis in
for D = Dy/v, that when m = 1 only the synchronous mode can occur, and
that the linearized eigenvalue satisfies (6.3.20)). By formally letting Dy — oo

in (6.3.20) we readily recover (6.5.19).

We now gives some examples of our stability theory.

6.5.1 Large D Theory: Analysis of Reduced Dynamics

We first consider the case where there is exactly one dynamical species in the
cell so that n = 1. From (6.5.17)) with n = 1 we obtain that the steady-state
ue is any solution of

27dy 2mdq -1 27dy 2mdy -
Fue) —— |1 e — YU, e — 1 e = V-
(ue) . [ + Q] ] Uue =0 Uo 0] + Q] Uue =0
(6.5.21)

In the stability criterion (6.5.19) we set My; = 1 and det(A — J) = X\ — F/,
where F¢ = dF/du|y=y,, to conclude that the stability of this steady-state
is determined by the roots of the quadratic

N —\pi+p2=0, (6.5.22a)

where p; and py are defined by

1 2md; 2mdy Fe¢ 2md; 27mdy
——=-(1 Fe — =11 .
m r<+9|)+“ roo P T<+rm>+72

(6.5.22b)

We now establish the following simple result based on (6.5.22]).

Proposition 6.5.1 Let n = 1. Then, no steady-state solution of
can undergo a Hopf bifurcation. Furthermore, if

Fue<FthE 1+

]

27Td2 |: 27Td1:|1 (6523)

then Re(\) < 0, and so the steady-state is linearly stable. If FS > Fy,, the
linearization has exactly one positive eigenvalue.

We first prove that no Hopf bifurcations are possible for the steady-
state. From (6.5.22a)) it is clear that there exists a Hopf bifurcation if and

only if p; = 0 and po > 0 in (6.5.22b). Upon setting p; = 0, we get
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F¢ =2ndor™' + 771 (14 27d;/|€2]). Upon substituting this expression into

(6.5.22b)) for po, we get that
1| 4n%d3 1 2mdy 2mdy
=— |- ——(1 1
P27 [ TR TR A
Since p2 < 0 whenever p; = 0, we conclude that no Hopf bifurcations for
the steady-state are possible.

The second result follows by establishing that p; < 0 and pa > 0 when
F? < Fi. From (6.5.22b) it follows that p; < 0 and p > 0 when

ormd 1 ormd omd ord
T2 _pey 2 (1470 50, 2 _pe T%pe .. (6.5.24)
T T Y] T 19

These two inequalities hold simultaneously only when the second relation is
satisfied. This yields that when holds, we have Re(\) < 0. Finally,
when F? > Fp,, we have py < 0, and so there is a unique positive eigenvalue.

This result qualitatively shows that the effect of cell-bulk coupling is
that the steady-state of the ODE dynamics can be linearly stable
even when the reaction kinetics is self-activating in the sense that F > 0.
Moreover, we observe that as 7 increases, corresponding to the situation
where the membrane kinetics has faster dynamics than the time scale for
bulk decay, then the stability threshold F}, decreases. Therefore, for fast
cell dynamics there is a smaller parameter range where self-activation of
the intracelluar dynamics can occur while still maintaining stability of the
steady-state to the coupled system.

Next, we consider the case n = 2, where F(u) = (F(u1,uz), G(u1,uz2))".
We readily derive that any steady-state of the ODEs must satisfy

2md S
7_2u1€ =0,  Gure,uz) =0, Une = ~uie, (6.5.25)

F(ule; u26) -

where r and s are defined in (6.5.17b)). We then observe that the roots of
Q(A\) = 0 in (6.5.19)) are roots to a cubic polynomial in A. Since M;; =
A= GS,, det(M — J) = A — tr(J)A + det J, where

tr(J) = Fy, + G, det J = F; Gy, — F; Gy, (6.5.26)

u ? uy

and F{, G are partial derivatives of F' or G with respect to v € (u1,ug)
evaluated at the steady-state, we conclude that the linear stability of the
steady-state is characterized by the roots of the cubic

A2 piAZ ol +p3 =0, (6.5.27a)
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where p1, po and p3 are defined as

ordy 1 omrd
=2 2 (12T ),
T T 19

- 2rdy . 1 ( 2mdy 2mdy
po = det J . Gy, + = ( - <1+ 0] >tr(J)> v (6.5.27b)

1 2mdy 27mdsy
== 1+ ——)detJ — —=G, | .
& r((*\m)” : )

By taking m = 1 and letting Dy — oo in (6.4.9b)), it is readily verified
that the expressions above for p;, for ¢ = 1,2, 3, agree exactly with those in

(6.4.9b)). Then, by satisfying the Routh-Hurwitz conditions (6.4.12)), we can
plot the Hopf bifurcation boundaries in different parameter planes.
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Example: One Cell With Sel’kov Dynamics

0.5f

0 0.05 0.1 0.15
da

Figure 6.7: Left panel: Comparison of the Hopf bifurcation boundaries for
the synchronous mode for the Sel’kov model in the d; versus ds
parameter plane with Dy = 1, 5, 50 (solid), as obtained from , and
the large D approximation (dashed), as obtained from (6.5.27). Between
the outer two black curves, the synchronous mode is unstable for Dy = 1,
whereas in the region bounded by the solid/dashed curve the synchronous
mode is unstable. We observe that as Dy increases, the Hopf boundaries
obtained from gradually approaches the one obtained from (6.5.27))
from the large D approximation. Right panel: Numerical simulation for the
ODE system (6.5.16), showing sustained oscillations. In the left and right
panels we fixed p =2, @ = 0.9, ¢ = 0.15, 7 = 1, and || = 10, and in the
right panel we took d; = 0.8 and dy = 0.05 corresponding to a point where
the steady-state solution of the ODEs is unstable.

Next, we apply our theory for the D > O(v~!) regime to the case where the
local kinetics is described by the Sel’kov model, where the nonlinearities F

and G are given in (6.4.17). From (6.5.25) we obtain that the steady-state
solution of the ODE dynamics (6.5.16|) under Sel’kov kinetics is

W= —H ue —
! [7‘+27rd2/7'] ’ 2

p sf

—_— Upe = ——— 6.5.28
a+ (u§)?’ 0 ¥ 2ndy ( )

where r and s are defined in . The partial derivatives of F' and G
can be calculated as in (6.4.19a)).

In the left panel of Fig. we plot the Hopf bifurcation boundary in
the dy versus dy plane associated with linearizing the ODEs (6.5.16)) about
this steady-state solution. In this figure we also plot the Hopf bifurcation
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boundary for different values of Dy, with D = Dy/v, as obtained from our
stability formulation of for the D = O(v~!) regime. We observe
from this figure that the stability boundary with Dy = 50 closely approxi-
mates that obtained from , which corresponds to the Dy — oo limit
of (6.4.9).

We emphasize that since in the distinguished limit D > O(v~—!) we can
approximate the original coupled PDE system by the system of
ODESs, a numerical solution of the approximate system to show large-scale
time dynamics away from the steady-state becomes possible. In the right
panel of Fig. EL we plot the numerical solution to with Sel’kov
dynamics (6.4.17), where the initial condition is u1(0) = 0.01, u2(0) = 0.2
and Up(0) = 0.5. We observe that by choosing d; and dy inside the region
bounded by the dashed curve in the left panel of Fig. where the steady-
state is unstable, the full ODE system exhibits a stable periodic
orbit, indicating a limit cycle behavior.

. \/\/\MN\A/
o
)
0.03f

5405

o
1'6;/\/\/\/\AA/\/
s

S 12F

0.8r

Figure 6.8: Left: Plot of ui, ue and Uy versus time showing sustained os-
cillatory dynamics. Parameters used are p = 2, « = 0.9, ¢¢ = 0.15, 7 = 1,
|| =10, d; = 0.8 and d2 = 0.05. Right: Plot of u; versus ug when the local
kinetics is decoupled from the bulk. There is decaying oscillations towards
the stable steady-state solution at u; = p and ug = /(o + u?). The initial
condition is u1(0) = 0.01 and u2(0) = 0.2. The parameter values of u, €
and « are the same as that used for the left panel.

In addition, in the left panel of Fig. we plot the time evolution of uq,
ug and Uy, showing clearly the sustained periodic oscillations. For compar-
ison, fixing the same parameter set for the Sel’kov kinetics (6.4.17), in the
right panel of Fig. we plot the phase plane of uy versus u; when there is
no coupling between the local kinetics and the bulk. We now observe that
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6.5. Finite Domain: Reduction to ODEs for D > O(v~1)

without this cell-bulk coupling the Sel’kov model (6.4.17) exhibits transient
decaying oscillatory dynamics, with a spiral behavior in the phase-plane
towards the linearly stable steady-state.

22

d

Figure 6.9: Global bifurcation diagram of u; with respect to ds at a fixed
dy = 0.8 as computed using XPPAUT [16] from the ODE system (6.5.16))
for the Sel’kov kinetics (6.4.17). The thick/thin solid line represents sta-
ble/unstable steady-state solutions of w1, while the solid dots indicate sta-
ble synchronous periodic solution. The parameters used are u = 2, a = 0.9,
€0 = 0.15, 7 =1, and || = 10.

Finally, we use the numerical bifurcation software XPPAUT [16] to con-
firm the existence of a stable large amplitude periodic solution to (6.5.16)
with Sel’kov kinetics when d; and ds are in the unstable region of the left
panel of Fig. In Fig. we plot a global bifurcation diagram of u;
versus dg for di = 0.8, corresponding to taking a horizontal slice at fixed
ds = 0.8 through the stability boundaries in the dy versus d; plane shown
in Fig. The two computed Hopf bifurcation points at ds ~ 0.0398 and
di =~ 0.1098 agree with the theoretically predicted values in Fig.

Example: One Cell With Fitzhugh-Nagumo Dynamics

Finally, we apply our large D theory to the case where the intracellular

dynamics is governed by the FN kinetics (6.4.23). From (6.5.25) we obtain
that the steady-state solution of the ODEs (6.5.16]) with the kinetics (6.4.23)

1S

e
su €02
uf = Aus Upe = —+ where A
1 2 r )

[eor + 2mda /7]

(6.5.29)
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Here r and s are defined in (6.5.17b)), and wug. > 0 is the unique root of the

cubic (6.4.24a) where A in (6.4.244a)) is now defined in (6.5.29)). The partial
derivatives of F' and G can be calculated as in (6.4.25)).

501

40t

dy

Figure 6.10: Left panel: Comparison of the Hopf bifurcation boundaries for
the synchronous mode with FN kinetics in the dy versus dy parame-
ter plane with Dy = 1, 5, 50 (solid), as obtained from (6.4.9), and the large
D approximation (dashed), as obtained from (6.5.27). In the wedge-shaped
regions bounded by the solid curves the synchronous mode is unstable for
the finite values of Dy. As Dy increases, the Hopf boundaries obtained
from becomes rather close to the dashed one obtained from
from the large D approximation. Right panel: Numerical simulation for the
ODE system , showing sustained oscillations, with initial conditions
u1(0) = 6.0, uz(0) = 2.3, and Up(0) = 0.05. In the left and right panels
we fixed z = 3.5, ¢ = 5, ¢¢ = 0.5, 7 = 1, and |Q2] = 10, and in the right
panel we took d; = 15.6 and do = 0.2 corresponding to a point where the
steady-state solution of the ODEs is unstable.

In the left panel of Fig. we plot by the dashed curve the Hopf
bifurcation boundary in the d; versus dy plane associated with linearizing
the ODEs about this steady-state solution. This curve was obtained
by setting pi1ps = ps with p; > 0 and p3 > 0 in . In this figure the
Hopf bifurcation boundaries for different values of Dy, with D = Dy /v, are
also shown. These latter curves were obtained from our stability formulation
of Similar to what we found for the Sel’kov model, the stability
boundary for Dy = 50 is very close to that for the infinite D result obtained
from @ In the right panel of Fig. we plot the numerical solution

to (6.5.16) with FN dynamics (6.4.23) for the parameter set dy = 15.6
and do = 0.2, which is inside the unstable region bounded by the dashed
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curves in the left panel of Fig. With the initial condition u;(0) = 6.0,
u2(0) = 2.3 and Up(0) = 0.05, the numerical computations of the full ODE
system reveal a sustained and stable periodic solution.

Finally, we use XPPAUT [16] on to compute a global bifurcation
of u1 versus d; for fixed do = 0.2 for FN kinetics. This plot corresponds to
taking a vertical slice at fixed do = 0.2 through the stability boundaries in
the dy versus d; plane shown in Fig. The two computed Hopf bifur-
cation points at d; ~ 15.389 and d; =~ 42.842 agree with the theoretically
predicted values in Fig. These results confirm the existence of a stable
periodic solution branch induced by the cell-bulk coupling.

70

1

Figure 6.11: Global bifurcation diagram of u; versus d; at a fixed do = 0.2,
as computed using XPPAUT [16] from the ODE system for the
FN kinetics (6.4.23). The thick/thin solid line represents stable/unstable
steady-state solutions of u;, while the solid dots indicate a stable periodic
solution. The other parameter values are z = 3.5, ¢ = 5, ¢¢ = 0.5, 7 = 1,
and |Q] = 10.

6.6 The Effect of the Spatial Configuration of the
Small Cells: The D = O(1) Regime

In this section we construct steady-state solutions and study their linear
stability properties in the D = O(1) regime, where both the number of
cells and their spatial distribution in the domain are important factors. For
simplicity, we consider a special spatial configuration of the cells inside the
unit disk 2 for which the Green’s matrix G has a cyclic structure. More
specifically, on a ring of radius rg, with 0 < rg < 1, we place m equally-
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spaced cells whose centers are at

T
217 217
xj =10 (cos (M) ,sin (W)) , j=1,....m. (6.6.1)
m m

This ring of cells is concentric with respect to the unit disk Q = {x ||| < 1}.
A schematic diagram for this system with m = 5 is shown in Fig.

Figure 6.12: Schematic diagram showing five cells evenly spaced on 2D ring
with radius 79 = 0.3 inside the unit disk. The red dots denotes signaling
compartments or cells

We also assume that the intracellular kinetics is the same within each cell,
so that F; = F for j = 1,...,m. A related type of analysis characterizing
the stability of localized spot solutions for the Gray-Scott RD model, where
localized spots are equally-spaced on a ring concentric with the unit disk,
was performed in [9)].

For the unit disk, the Green’s function G(x; £) satisfying can be
written as an infinite sum involving the modified Bessel functions of the first
and second kind I,,(z) and K,(z), respectively, in the form (see Appendix
A.1 of [9])

G(x; &) :%KO (folx — &)

_ 2717r Z on cos (n(y — o)) [I(;L((:OO)) I (or) L (Boro) : (6.6.2)
n=0 n
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Here 6 = D™ Y2, & = re'¥, € = rge™, and

|z — &| = \/7“2 + 713 — 2rrg cos(vp — o).

By using the local behavior Ky(z) ~ —logz +log2 — 7. + o(1) as z — 07,
where . is Euler’s constant, we can extract the regular part R of G(x; &)
as x — &, as identified in (6.2.10b)), as

log D) - iﬂ ZJHKZ(GO) [, (6or0)]” . (6.6.3)

1

2

For this spatial configuration of cells, the Green’s matrix G is obtained
by a cyclic permutation of its first row vector @ = (a1,...,a,)", which is
defined term-wise by

a1 = R; a; =Gj =G(xj;21), j=2,...,m. (6.6.4)

We can numerically evaluate Gj; for j = 2,...,m and R by using (6.6.2)
and (6.6.3)), respectively. Since G is a cyclic matrix, it has an eigenpair,
corresponding to a synchronous perturbation, given by
m m
Ge = we; e=(1,...,1), wlzzaj:R—i—ZGji. (6.6.5)
j=1 j=1
When D = O(1), the steady-state solution is determined by the solution
to the nonlinear algebraic system (6.2.7) and (6.2.13). Since F; = F for

j=1,...,m, and e is an eigenvector of G with eigenvalue wy, we can look for
a solution to and having a common source strength, so that
S =25 uj=uforalj=1,...,m, and u! = uje. In this way, we obtain
from (6.2.7) and (6.2.13), that the steady-state problem is to solve the n+1
dimensional nonlinear algebraic system for S. and w = (ug,us,...,u,)"
given by

2w D dov
Flu)+ TSce =0; Se = —Pu, p= dy + 2rvdiwy + Dv’
(6.6.6)
where v = —1/log € and w; is defined in (6.6.5). We remark that w; depends
on D, rg, and m.
To study the linear stability of this steady-state solution, we write the
GCEP, given in (6.2.32), in the form

g c— L + & + 27TVd2D M11 ¢
AT Tom d dir detO —J) |’

(6.6.7)
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where J is the Jacobian of F' evaluated at the steady-state. In terms of the
matrix spectrum of Gy, written as

G\vj =wyr;v5,  j=1...,m, (6.6.8)

we conclude from (6.6.7) that the set of discrete eigenvalues A of the lin-
earization of the steady-state are the union of the roots of the m transcen-
dental equations, written as F;(\) = 0, where

1 Dy dsy D My ,
Nz=wy i+ — (1427 —1,...,m.
Fild) w’\’J+27ru<+d1)+<dlr>det()\I—J)’ ST
(6.6.9)

Any such root of F;(A\) = 0 with Re(A\) > 0 leads to an instability of
the steady-state solution on an O(1) time-scale. If all such roots satisfy
Re(A) < 0, then the steady-state is linearly stable on an O(1) time-scale.
To study the stability properties of the steady-state using , and
identify any possible Hopf bifurcation values, we must first calculate the
spectrum of the cyclic and symmetric matrix Gy, whose entries are
determined by the A-dependent reduced-wave Green’s function G)y(x;§),
with regular part Ry (), as defined by (6.2.23). Since G) is not a Hermitian
matrix when A is complex, its eigenvalues w) ; are in general complex-valued
when X is complex. Then, by replacing 6y in (6.6.2) and (6.6.3) with 6\ =

V(14 7X)/D, we readily obtain that

1

:ﬂKO ((9,\’113 — E‘)

Ga(z; )

- 27;— Z On COS (n(w - ¢0)) [;;I(f:)) I (GAT) I, (GATO) 5
n=0 n

oo=1, op,=2, n>1,
(6.6.10)
with regular part

[e.9]

1 1 1 | K/(6,) )
Ry=—|log2— .+ =logD — - log(1 AN|—— n— I, (0 ,
A o |: 0og Ye + 2 og 2 Og( +7 ):| o 7;)(7 Ik(e}\) [ ( )\TO)]

(6.6.11)
where we have specified the principal branch for 8,. The Green’s matrix Gy
is obtained by a cyclic permutation of its first row ay = (ax1,. .. ,a,\,m)T
which is defined term-wise by

I

ax1 ER)\; ay j :G)\’jl EG)\(mj;:Bl), j:2,...,m. (6.6.12)
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Again we can numerically evaluate G ;1 for j = 2,...,m and Ry by using
(6.6.10) and (6.6.11), respectively.

Next, we must determine the full spectrum of the cyclic and
symmetric matrix Gy. For the m x m cyclic matrix Gy, generated by permu-
tations of the row vector ay, it is well-known that its eigenvectors v; and
eigenvalues wy ; are

m—1
wyj = Z aA7n+1e2wi(j—l)n/m , v = (17 e27rz'(j—1)/m o 7627ri(j—1)(m—1)/m)T’
n=0
j=1....m.
(6.6.13)

Since G is also necessarily a symmetric matrix it follows that
a>\7j = (I)\’m_;_g_j y j = 2, ey (m/Z] y (6614)

where the ceiling function [z] is defined as the smallest integer not less than
x. This relation can be used to simplify the expression (6.6.13)) for wy ;, into

the form as written below in (6.6.16)). Moreover, as a result of (6.6.14), it

readily follows that
WA, = WA m+2—7 » for 7=2,...,Im/2], (6.6.15)

so that there are [m/2]—1 eigenvalues of multiplicity two. For these multiple
eigenvalues the two independent real-valued eigenfunctions are readily seen
to be Re(v;) = (vj +vmi2-;)/2 and Im(v;) = (vj — Vm42-5)/(27). In
addition to wi, we also observe that there is an additional eigenvalue of
multiplicity one when m is even.

In this way, our result for the matrix spectrum of G, is as follows: The
synchronous eigenpair of Gy is

wa1=Y arn, v1=(1,...,1)7, (6.6.16a)
n=1

while the other eigenvalues, corresponding to the asynchronous modes, are

s 2n(j —1)n
wrj = Y cos (]> i1y  J=2,...,m, (6.6.16b)
n=0 m
where wy; = wymi2—; for j = 2,...,[m/2]. When m is even, we no-

tice that there is an eigenvalue of multiplicity one given by wWamir =
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-1
2 n=o

be written as

(=1)"ap+1. The corresponding eigenvectors for j = 2,...,[m/2] can

v; = (1,COS (27T(j — U) s ..., COS (27r(j = D(m = 1)> )T )
m m
VUm42—j = (O,Sin (27T(‘7_1)> ,...,8In <27T(‘7 —Dlm - 1)> )

m m

(6.6.16¢)

Finally, when m is even, there is an additional eigenvector given by vmg =

(1,-1,...,-1DT.
With the eigenvalues wy j, for j = 1,...,m, determined in this way, any

Hopf bifurcation boundary in parameter space is obtained by substituting
A =iA; with A7 > 0 into (6.6.9)), and requiring that the real and imaginary
parts of the resulting expression vanish. This yields, for each j =1,...,m,

that
1 Dv doD My
R V+— (1422 R =0
e (W) + 53— < T ) T e (det()\I— J)> oo
Im (w ) + dQDIm My =0 -
Mg \det(M — ) ‘

Finally, we can use the winding number criterion of complex analysis on
to count the number of eigenvalues of the linearization when the pa-
rameters are off any Hopf bifurcation boundary. This criterion is formulated
below in

We remark that in the limit D > 1, we can use Ky(z) ~ —logz to-
gether with Ip(z) ~ 1+ 2%2/4 as 2 — 0, to estimate from the n = 0
term in and that —(2m) " K} (0,)/15(05) ~ D/ [7(1+ 7A)]
as D — oo. Therefore, for D — oo, the Green’s matrix G, satisfies
Grn — Dm&/[r(14 7X)], where £ = ee’/m and e = (1,...,1)T. This
yields for D > 1 that wy = Dm/[r(1 4+ 7A)] and w; = O(1) for j = 2,...,n.
By substituting these expressions into (6.6.17), we can readily recover the
spectral problems and (6.3.21)), considered in associated with
the regime D = O(v~!). Therefore, (6.6.17) provides a smooth transition
to the leading-order spectral problems considered in for D = O(v1).

6.6.1 Example: The Sel’kov Model

We now use (6.6.17)) to compute phase diagrams in the 7 versus D parameter
space associated with m equally-spaced cells of radius € on a ring of radius
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ro, with 0 < rg < 1, concentric within the unit disk. For the intracellular
dynamics we let n = 2, so that u = (u1,u2)”, and we consider the Sel’kov
dynamics F = (F(u1,uz), G(u1,u2))? as given in . For this choice,
yields the steady-state solution (u1e,ug.)? for the coupled cell-bulk
system given by

1+2rDB/T’ N a+u?,

where 3 is defined in . Upon using (6.4.19)) we calculate that

Ule , (6.6.18a)

det(J) = e (a + u%e) >0,
(6.6.18b)
tr(J) =

1
2 [2'“16:“’ - (a + u%e) - 60(a + u%e)2] :
a+ uf,
In this subsection we fix the Sel’kov parameters pu, o, and €g, the permeabil-
ities dy and ds, and the cell radius € as

w=2, a=0.9, €p = 0.15, dy =0.8, de =0.2, e =10.05.

(6.6.19)
With these values for u, a, and €y, the intracellular dynamics has a stable
steady-state when uncoupled from the bulk.

Then, to determine the Hopf bifurcation boundary for the coupled cell-
bulk model we set My = A — G5, in (6.6.17), and use G, = —det(J) as
obtained from (6.4.19). By letting A = ¢A; in the resulting expression, we
conclude that any Hopf bifurcation boundary, for each mode j =1,...,m,
must satisfy

)

D,,) ) (d2D> A3r(]) + det () (A2 — det(]))

1
Re(wrj) + 5—(1+ —
(wrg) + Dy < - d; diT [(det(J) _ )3)2 + ()\Itr(J))Q]

o) 1 <d2D> [AI (det(J) — A2) +det(J)tr(J)A1} ;N
7 [(det(J) — 22?4 (Altr(J))ﬂ
(6.6.20)

For a specified value of D, we view as a coupled system for the Hopf
bifurcation value of 7 and the corresponding eigenvalue A;, which we solve
by Newton’s method.

For parameter values off of any Hopf bifurcation boundary, we can use

the winding number criterion on F;(\) in to count the number of
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unstable eigenvalues IV; of the linearization for the j-th mode. By using the
argument principle, we obtain that the number N; of roots of F;(A) =0 in
Re(A) > 0 is

1
o reFile + P, (6.6.21)

where P is the number of poles of F;(\) in Re(A) > 0, and the square bracket
denotes the change in the argument of F; over the contour I'. Here the closed
contour I' is the limit as R — oo of the union of the imaginary axis, which
can be decomposed as I';, = ¢A; and I'j_ = —iAp, for 0 < A\; < R, and the
semi-circle I'gr defined by |A| = R with |arg(\)| < 7/2. Since wy; is analytic
in Re(\) > 0, it follows that P is determined by the number of roots of
det(A — J) = 0 in Re(\) > 0. Since det(J) > 0, as shown in (6.6.18b),
we have that P = 2 if tr(J) > 0 and P = 0 if tr(J) < 0. Next, we let
R — oo on I'g and calculate [argFj|r,. It is readily seen that the Green’s
matrix Gy tends to a multiple of a diagonal matrix on I'g as R > 1, of the
form Gy — R) o1, where R) o is the regular part of the free-space Green’s
function Gy (x; @) = (2m) 1Ko (6x|x — 0|) at & = xo, given explicitly by
the first term in the expression for Ry. Since wy; — R) for
j=1,...,m, we estimate on I'g as R > 1 that

N; =

1
Fi(A) ~ —%log\/l +TA+co+ O (1/A),

for some constant cp. It follows that F;(A) ~ O(InR) —i/8 as R — oo,
so that limg_,.[argF;]r, = 0. Finally, since [argF;|r,, = [argFj]r,_, as
a consequence of F; being real-valued when A is real, we conclude from

(6.6.21) that

1 2 if trJ >0
Nj = %[arg}"j]ru + P, P= 0 i ) <0 . (6.6.22)
1 T

By using for the real and imaginary parts of F;, [argF;]r,, is easily
calculated numerically by a line sweep over 0 < A\ < R. Then, by using
to calculate tr(.J), P is readily determined. In this way, (6.6.22)
leads to a highly tractable numerical procedure to calculate N;. This crite-
rion was used for all the results below to identify regions in parameter space
where instabilities occur away from any Hopf bifurcation boundary.

In Fig. we plot the Hopf bifurcation boundaries when m = 2 and
ro = 0.25. From the left panel of this figure, the synchronous mode is un-
stable in the larger lobe shaped region, whereas the asynchronous mode is
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Figure 6.13: Hopf bifurcation boundaries in the 7 versus D plane for m = 2,
ro = 0.25, and with parameters as in , computed from . Left
panel: the heavy solid curve and the solid curve are the Hopf bifurcation
boundaries for the synchronous and asynchronous modes, respectively. In-
side the respective lobes the corresponding mode is linearly unstable, as
verified by the winding number criterion . Right panel: same plot
except that we include the Hopf bifurcation boundary for the synchronous
mode from the leading-order D = Dy/v > 1 theory, computed from (6.3.20)).
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unstable only in the small lobe for small D, which is contained within the
instability lobe for the synchronous mode. In the right panel of Fig. we
show the Hopf bifurcation boundary for the synchronous mode, as obtained
from , corresponding to the leading-order D = Dy/v > 1 theory.
Since the instability lobe occurs for only moderate values of D, and € = 0.05
is only moderately small, the leading-order theory from the D = Dy/v
regime is, as expected, not particularly accurate in determining the Hopf bi-
furcation boundary. The fact that we have stability at a fixed D for 7 > 1,
which corresponds to very fast intracellular dynamics, is expected since in
this limit the intracellular dynamics becomes decoupled from the bulk diffu-
sion. Alternatively, if 7 < 1, then for a fixed D, the intracellular reactions
proceed too slowly to create any instability. Moreover, in contrast to the
large region of instability for the synchronous mode as seen in Fig. we
observe that the lobe of instability for the asynchronous mode only occurs
for small values of D, where the diffusive coupling, and communication, be-
tween the two cells is rather weak. Somewhat more paradoxically, we also
observe that the synchronous lobe of instability is bounded in D. This issue
is discussed in more detail below.

In Fig. we show the effect of changing the ring radius rg on the
Hopf bifurcation boundaries. By varying rg, we effectively are modulating
the distance between the two cells. From this figure we observe that as rq
is decreased, the lobe of instability for the asynchronous mode decreases,
implying, rather intuitively, that at closer distances the two cells are better
able to synchronize their oscillations than when they are farther apart. We
remark that results from the leading-order theory of for the D = O(v™1)
regime would be independent of 9. We further observe from this figure that
a synchronous instability can be triggered from a more clustered spatial
arrangement of the cells inside the domain. In particular, for D = 5 and
7 = 0.6, we observe from Fig. that we are outside the lobe of instability
for ro = 0.5, but inside the lobe of instability for r¢ = 0.25 and r¢9 = 0.75.
We remark that due to the Neumann boundary conditions the cells on the
ring with r¢9 = 0.75 are close to two image cells outside the unit disk, which
leads to a qualitatively similar clustering effect of these near-boundary cells
as when they are on the small ring of radius rg = 0.25.

In Fig. we plot the Hopf bifurcation boundaries when m = 3 and
ro = 0.5. For m = 3, we now observe that the region where the synchronous
mode is unstable is unbounded in D. The lobe of instability for the asyn-
chronous mode still exists only for small D, as shown in the right panel of
Fig. In this case, we observe that the Hopf bifurcation boundary for
the synchronous mode, corresponding to the leading-order D = Dy/v > 1
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Figure 6.14: Hopf bifurcation boundaries for the synchronous mode (larger
lobes) and the asynchronous mode (smaller lobes) in the 7 versus D plane for
m = 2 and for three values of ¢, with 7y = 0.5 (heavy solid curves), ro = 0.75
(solid curves), and ro = 0.25 (dashed curves). The other parameters are
given in (6.6.19). We observe that as ry decreases, where the two cells
become more closely spaced, the lobe of instability for the asynchronous
mode decreases.

theory and computed from , now agrees rather well with results
computed from .

In the left panel of Fig. [6.16| we plot the Hopf bifurcation boundaries for
the synchronous mode for m = 5 when ry = 0.5 (heavy solid curves) and
for ro = 0.25 (solid curves). We observe that for moderate values of D, the
Hopf bifurcation values do depend significantly on the radius of the ring. The
synchronous mode is unstable only in the infinite strip-like domain between
these Hopf bifurcation boundaries. Therefore, only in some intermediate
range of 7, representing the ratio of the rates of the intracellular reaction
and bulk decay, is the synchronous mode unstable. As expected, the two
curves for different values of rg coalesce as D increases, owing to the fact
that the leading-order stability theory for D = Dy /v > 1, as obtained from
, is independent of ry. In the right panel of Fig. we compare the
Hopf bifurcation boundaries for the synchronous mode with ro = 0.5 with
that obtained from , corresponding to the leading-order theory in the
D = Dy/v > 1 regime. Rather curiously, we observe upon comparing the
solid curves in the left and right panels in Fig.[6.16|that the Hopf bifurcation
boundaries from the D = O(1) theory when r9 = 0.25, where the five cells
are rather clustered near the origin, agree very closely with the leading
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Figure 6.15: Left panel: Hopf bifurcation boundaries in the 7 versus D plane
for the synchronous mode for m = 3 equally-spaced cells on a ring of radius
ro = 0.50 (heavy solid curves), as computed from (6.6.20)), with parameters
as in . The dashed curve is the Hopf bifurcation boundary from the
leading-order D = Dy /v theory computed from . Right panel: The
Hopf bifurcation boundaries for the asynchronous mode (solid curve) and
the synchronous mode (heavy solid curve) shown in a magnified region of
D. The asynchronous mode is linearly unstable only inside this small lobe,
which lies within the unstable region for the synchronous mode.
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Figure 6.16: Left panel: Hopf bifurcation boundaries in the 7 versus D
plane for the synchronous mode for m = 5 equally-spaced cells on a ring
of radius 79 = 0.25 (solid curves) and radius 79 = 0.5 (heavy solid curves)
concentric with the unit disk, as computed from (6.6.20)), with parameters
(6.6.19). Right panel: Comparison of the Hopf bifurcation boundaries for
the synchronous mode with o = 0.5 (heavy solid curves), as computed from

(6.6.20), with that obtained from (6.3.20)) for the leading-order D = Dy /v

theory (solid curves). These curves agree well when D is large.
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order theory from the D = Dy/v > 1 regime. Since the clustering of cells is
effectively equivalent to a system with a large diffusion coeflicient, this result
above indicates, rather intuitively, that stability thresholds for a clustered
spatial arrangement of cells will be more closely approximated by results
obtained from a large D approximation than for a non-clustered spatial
arrangement of cells. In Fig. we plot the Hopf bifurcation boundaries
for the distinct asynchronous modes when m = 5 for ro = 0.5 (left panel)
and 79 = 0.75 (right panel), as computed from with j = 2,5 (larger
lobe) and with j = 3,4 (smaller lobe). The asynchronous modes are only
linearly unstable within these small lobes.

0.5 0.6

0.4
. 04t o777

03 .

0.2

0.2f

01f .-~

(9,05 0?1 0.‘15 0‘,2 0t1 ' 0t2 ' 013
D D

Figure 6.17: Hopf bifurcation boundaries for the two distinct asynchronous
modes when m = 5 for ro = 0.5 (left panel) and ro = 0.75 (right panel),
as computed from with j = 2,5 (larger solid curve lobe) and with
j = 3,4 (smaller dashed curve lobe). The heavy solid curves are the Hopf
bifurcation boundaries for the synchronous mode. The parameters are as
in . The asynchronous mode for j = 2,5 and j = 3,4 is linearly
unstable only inside the larger and smaller lobe, respectively.

To theoretically explain the observation that the instability region in
the 7 versus D plane for the synchronous mode is bounded for m = 2, but
unbounded for m > 3, we must first extend the large D analysis of to
the case of m small cells. We readily derive, assuming identical behavior in
each of the m cells, that the reduced cell-bulk dynamics for one cell
must be replaced by

1 2mmdy 2mdom 2w
! - __ 1 / = F —_— d — d
U(] - < + |Q| ) Uo+ 7’|Q| ui , u (u)+ - [ 1Ug gul] e,
(6.6.23)
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when there are m cells. This indicates that the effective domain area is
|Q2|/m = 7w/m when there are m cells. Therefore, to examine the stability
of the steady-state solution of for the Sel’kov model, we need only
replace |Q] with |©2]/m in the Routh-Hurwitz criteria for the cubic (6.5.27).

With this approach, in Fig. we show that there are two Hopf bifur-
cation values of 7 for the steady-state solution of when m = 3 and
m = 5. These values correspond to the horizontal asymptotes as D — oo in
Fig. for m = 3 and in Fig. for m = 5. The numerical results from
XPPAUT [16] in Fig. then reveal the existence of a stable periodic solu-
tion branch connecting these Hopf bifurcation points for m = 3 and m = 5.
A qualitatively similar picture holds for any m > 3. In contrast, for m = 2,
we can verify numerically using (6.5.27), where we replace Q| with |Q]/2,
that the Routh-Hurwitz stability criteria p; > 0, p3 > 0, and p1ps > p3 hold
for all 7 > 0 when m = 2 (and also m = 1). Therefore, for m = 2, there
are no Hopf bifurcation points in 7 for the steady-state solution of .
This analysis suggests why there is a bounded lobe of instability for the
synchronous mode when m = 2, as was shown in Fig.

For the permeability values d; = 0.8 and do = 0.2 used, we now sug-
gest a qualitative reason for our observation that the lobe of instability for
the synchronous mode is bounded in D only when m < m,., where m, is
some integer threshold. We first observe that the diffusivity D serves a dual
role. Although larger values of D allows for better communication between
spatially segregated cells, suggesting that synchronization of their dynamics
should be facilitated, it also has the competing effect of spatially homoge-
nizing any perturbation in the diffusive signal. We suggest that only if the
number of cells exceeds some threshold my, i.e. if some quorum is achieved,
will the enhanced communication between the cells, resulting from a de-
crease in the effective domain area by [2|/m, be sufficient to overcome the
increased homogenizing effect of the diffusive signal at large values of D,
and thereby lead to a synchronized time-periodic response.

Finally, fixing do = 0.2, we use the Routh-Hurwitz stability criteria
for the cubic to determine how the quorum-sensing threshold m,
depends on the permeability di. Recall that if m > m, there is a range of
7 for which the steady-state solution of is destabilized due to Hopf
bifurcations at some 7_ and 74, with a periodic solution branch existing
on the range 7— < 7 < 74. Our computations using the Routh-Hurwitz
conditions yield for the unit disk that m. = 3 if dy = 0.5, m, = 4 if d = 0.4,
me=61if d; = 0.3, m, =9 if d; = 0.2, m, =12 if d; = 0.15, and m, = 19 if
d; = 0.1. We observe that by decreasing d;, the number of cells required to
attain a quorum increases rather steeply. This suggests that small changes
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Figure 6.18: Global bifurcation diagram of u;, versus 7 for the Sel’kov model
as computed using XPPAUT [16] from the ODE system
characterizing the limiting problem as D — oo with m small cells in the unit
disk €. Left panel: m = 3. Right panel: m = 5. The Sel’kov parameters
are p = 2, a = 0.9, and ¢g = 0.15, while d; = 0.8, and do = 0.2. The
thick/thin solid line represents stable/unstable steady-state solutions, while
the solid dots indicate a stable synchronous periodic solution in the cells.
For m = 5 (right panel), there are two Hopf bifurcation points at 7 = 0.2187
and 7 = 0.6238. For m = 3 (right panel), the two Hopf bifurcation points
are at 7 = 0.3863 and 7 = 0.6815. These points correspond to the horizontal
asymptotes as D — oo in Fig. for m = 5 and in Fig. for m = 3.
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in the permeabilities can have a rather dramatic influence on increasing the
number of cells needed to reach a quorum, and thereby initiate synchronous
oscillations. For d; < 0.15, a new effect is observed in that there is a
lower threshold value m_ of m needed to ensure that the synchronous lobe
is bounded. In particular, we obtain for di = 0.15 and d; = 0.1 that
the synchronous lobe is bounded only for 2 < m < 12 and 2 < m < 19,
respectively, but is unbounded if m = 1. The explanation for the lower limit
is that the steady-state can be unstable when d; = 0 and do = 0.2 for some
range of 7. By ensuring pips = ps at some 7 = 7. > 0 with pips > p3 for
T # T, together with p; > 0 and ps > 0, in the Routh-Hurwitz criteria, in
Fig. we plot the numerically computed quorum-sensing threshold m.
and the lower threshold m_ as continuous functions of d;.

20

4

Figure 6.19: For do = 0.2, and as d; is varied, the instability lobe for the
synchronous mode is bounded in D for any integer value m between the lower
and upper curves. The domain is the unit disk, and the Sel’kov parameters
are given in . The upper curve gives the quorum-sensing threshold
for the number of cells m in the well-mixed D > O(v~!) regime that are
needed to initiate a collective synchronous oscillatory instability between
the cells for some range of 7.

Owing to the fact that the key parameter in the cubic is |Q]/m,
in order to determine thresholds for other domains we need only multiply the
thresholds given above in Fig. for the unit disk by the factor |Q2| /7. The
existence of this lower threshold m_ as di decreases explains the observation
seen in Fig. for di = 0.1 and dy = 0.2 where one cell on a domain of
area |2| = 10 lead to an unbounded lobe of instability for the synchronous
mode. For this domain area, and by using the real-valued thresholds in
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Fig. for the unit disk together with our scaling law, we predict that
there is a bounded lobe of instability for the synchronous mode only when
5 < m < 61. Therefore, for m = 1, as in Fig. [6.4, we correctly predict that
the lobe should be unbounded. In addition, for d; = 0.5 and dy = 0.2, and
with |Q| = 10, the lower threshold is slightly below unity, while the upper
quorum-sensing threshold is m, = 12. This confirms the bounded lobes of
instability for the synchronous mode for m = 1,2,3 as seen in Fig. [6.3.

6.7 Infinite Domain: Two Identical Cells

In the previous sections we studied the case where m small disjoint cells
are located inside a bounded domain 2. For this case, we showed that
the construction of the steady-state solution, and the analysis of the linear
stability of this steady-state, simplifies considerably when D = O(v~1) > 1.
For this large D regime, a stability analysis based on retaining leading-order
terms in v was performed. The fact that the domain was bounded was
essential to the large D analysis.

In this section, we consider the case where there are two small circular
cells of a common radius e centered symmetrically at (zg,0) and (—xo,0)
in the infinite plane. For this problem, we will construct a steady-state
solution and we formulate the linear stability problem. We emphasize that
our analysis below is not a leading-order-in-v analysis, but incorporates all
orders in v = —1/loge. The geometry is shown in Fig.

AY

‘D
e

e

8 mo
<Y

Figure 6.20: Schematic plot of the geometry of two cells on the infinite plane

To formulate our model, we take the two cells as the circular regions
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Qc, = {@||z — (£x0)| < €} of radius e. Let U(w,t) represent the concen-
tration of the signaling molecule in the bulk. Then, similar to (6.2.1), its
spatial-temporal dynamics can be described by the PDE

U, =AU - U, x € R\Q., ; U—0 as |z|]— o0,
66njU:d1U—d2ui’—, T € 6Q€+,

ec‘)ne_U = CllU — dz’u,f, T < 896_ )
(6.7.1a)

+ and so points into the

where nf denotes the outer normal to the cell QF,

bulk region.

Within each cell we assume, as before, that there are n dynamically
interacting species. Assuming that the reaction kinetics are the same within
each of the two cells, the cell dynamics are governed by

du*

1
M P+ — (dlU - dguf) dser (6.7.1b)
dt €T agei
where u® = (uf,...,u5)T represents the concentration of the n species in
the two cells Q, and e; = (1,0,...,0)7. In our formulation we assume

that only one species, labeled by u% inside the cell, is capable of being
transported across the cell membrane into the bulk region.

To derive , which has unit diffusivity, starting from our original
dimensional formulation , we proceed as follows: We introduce the
dimensionless variables

L? 7
t=krT, x=X/Lg, U="Bu, wu="=, (6.7.2a)
He He

where Lp is the diffusion length Ly = /Dp/kp. We assume that L/Lp >
1, where L is the radius of €2, so that effectively ) can be replaced by R2.
In terms of the z-variable, the radius of the cells are ¢ = 0/Lp < 1. We
then introduce O(1) constants dy and ds defined by

o d1 o k‘B d2 0 o %
ﬁl—(kBLB)e, B2_<LB>5’ ‘=1, LB—\/kB-
(6.7.2b)

In terms of (6.7.2)), we readily derive (6.7.1)), where 7 = kr/kp. In (6.7.1),

the key parameters are 7, the half-distance d between the centers of the
cells, and the permeability constants d; and ds.
We now study (6.7.1)) in the limit e — 0.
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6.7.1 The Steady-State Solution

We now construct the steady-state solution to when € < 1. Since
the two cells have identical kinetics and coupling mechanisms, we seek a
steady-state solution that is symmetric about the midplane x = 0. This
steady-state solution satisfies

AU -U =0, x> 0\Q; U—0 as |z|— o0,

6.7.3
€on U = d1U — dauy , x € 08 ; U:,=0 on z2=0, ( )

where ). denotes the circular disk of radius € centered at g = (x¢,0). Here
we have dropped the subscript '+ for convenience of notation. The Neu-
mann boundary condition at x = 0 arises from the symmetry assumption.
We use the method of matched asymptotic expansions to study
for ¢ < 1. In the neighbourhood of the cell region €., we introduce the local
variables y = e !(z — xo) and Up(y) = U(xo + €y), and we let p = |y|. In
terms of these local variables, and neglecting algebraic terms in €, we obtain

from (6.7.3)) that Uy satisfies
DppUo +p 10, Up =0, 1<p<oco, (6.7.4a)
subject to the boundary condition

oUy

— =d1Up —d =1. 6.7.4b
ap 1Yo U1, P ( )

We readily solve (6.7.4), in terms of the as yet unknown source strength S,
to get

1
Uy = Slogp+ x, where X = d—(S + douy) . (6.7.5)
1
Within the cell, the steady-state u of the membrane dynamics satisfies

1
F(u) + — (d1Up — dauy) dsey =0. (6.7.6)
E€ET A
By evaluating the integral over the perimeter, we readily find that

Fw) + e — 0. (6.7.7)
T

Next, we analyze the outer region. We match the far-field behavior of
the inner solution (6.7.5) to the bulk solution, which yields a singularity
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condition for the bulk solution as @ — xg. In this way, we obtain that the
outer bulk solution must satisfy

AU -U =0, x> 0\{xo}; U—0 as |x|— oo,
U;=0 on z=0, (6.7.8)
U~ Slog|x —xo| + S/v+x, as ¢ — xg,
where x is given in (6.7.5) and v = —1/loge.
To solve (6.7.8), we introduce the reduced-wave Green’s function G(z; o)
satisfying
AG — G =z —xy), x> 0; G—0 as |z|— o0,

(6.7.9)
G,=0 on z=0.

It is well-known that the free space Green’s function Gy for this operator is

G520) = o (Ko(| — o] (6710

prs
where Kj(z) is the modified Bessel function of the second kind of order zero.
Then, by the method of images, the Green’s function satisfying (6.7.9) is

Gl mo) = o [Kollw — o) + Ko(lz — z3))] (6.7.11)

where x* = (—z,0). We recall that as z — 0, Ky(z) has the local behavior

Ko(2) ~ —log(z/2) (1422 /4+0 () 4+ (—Ye+(1—7e) 22 /4+---), as z—0,
(6.7.12)
where 7, is Euler’s constant. This yields the singular behavior of the Green’s

function (6.7.11) as * — x( given by
1
Gw—;log\m—mo|+R+0(1), as  x — X, (6.7.13)
T

where the regular part R is

1
R=o- (log2 — ve + Ko(2d)) , (6.7.14)
and where 2d = |xo — x| is the distance between the centers of the two

cells.
In terms of G(x;xo), the solution to (6.7.8) can be represented as

U= —-215G(z,x0) = -5 [Ko(|lz — xo|) + Ko(|lz — x5])] -
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Therefore, as * — xg, we have that
U — S (log|x — zo| —log2+ . — Ko(2d) + -+ ) . (6.7.15)
By matching the regular part of the singularity behavior in (6.7.8) with that
in (6.7.15)), we obtain that S satisfies
S
S (—log2+ 7. — Ko(2d)) = PRES (6.7.16)

where x is defined in (6.7.5). Upon substituting for x in (6.7.16), and re-
calling (6.7.7), we obtain the following n+ 1 dimensional nonlinear algebraic

system for S and u = (uy, ..., uy):

1 1 d2u1 27TS
S|—4+—+log2— Ko(2d) | = ———— F —e1 =0
(V + g 1082 =% + Ko )> g (u) + ——e1 =0,
(6.7.17)
where v = —1/loge and ~, is Euler’s constant. This completes the asymp-

totic approximation of the steady-state solution to (6.7.1) that is symmetric
about the midplane z = 0.

6.7.2 Linear Stability Analysis

To formulate the linear stability problem, we first introduce the perturba-
tions
Ulx,t) = U(x) + eMP(x),  u(t)=u.+eMo,

into (6.7.1) and linearize. By symmetry, we will only consider the region
x > 0, and will impose suitable boundary conditions on x = 0 for ¢ as
discussed below. This leads to

AP — (14+7N)P =0, x> 0\Q; ®—-0 as |x|— o0,
e@nﬂ) =d1P — dsopy, T € BQE,
(6.7.18a)
which is coupled to the linearized cell dynamics
1
Ap=Jop+ / (dlq) — d2¢1) dse; (6.7.18b)
ET IR

Here J is the Jacobian of F' at the steady-state solution u = wu,, while ¢; is
the first element in the eigenvector ¢ = (¢1,...,dn)7T.

To complete the formulation of the stability problem we must impose a
boundary condition for ® on the midplane x = 0. There are two choices

216



6.7. Infinite Domain: Two Identical Cells

for this boundary condition. The choice ®(0,y) = 0 corresponds to an anti-
phase synchronization of the two cells, while ®,(0,y) = 0 corresponds to an
in-phase synchronization of the two cells. We will consider both types of
perturbation in our analysis.

We now study by the method of matched asymptotic expansions.
In the inner region near the cell we introduce the local variables y = ¢~ (x —
xg) and Po(y) = ®(x¢ + ey). Upon neglecting algebraic terms in €, we look
for a radially symmetric solution in terms of p = |y| to

0P
0pp® +p 10,0 =0, 1<p<oo; % =d1® — doihy, p=1.
(6.7.19)
In terms of a constant C' to be determined, the solution to (6.7.19)) is
1
& =Clogp+ B, where B = a7 (C+daopy) . (6.7.20)
1
By substituting (/6.7.20) into (6.7.18b|) we obtain that
2
(J=AD)é+ "% — 0. (6.7.21)
T

Next, we formulate the outer problem by matching the far-field behavior
of the inner solution (|6.7.20)) to the bulk solution, which yields a singularity
condition for the outer solution as & — xg. This yields the outer problem

AD — 30 =0, x> 0\{zo}; ®—-0 as |x] — o0,
C (6.7.22a)
o~ Clog|x — x| + — + B, as « — xp,
v

subject, for either symmetric (+) or asymmetric perturbations, to the bound-
ary condition

®=0 on =0, (-) (async), or ®,=0 on z=0, (+) (sync).
(6.7.22b)
Here B is defined in , and @y =+/1+ 7\, where we have chosen the
principal branch of the square root.
The solution to is written in terms of the A—dependent Green’s
function G (x, xg) as

¢ = -27CGy\(x, xp), (6.7.23)
where G (x; xp) satisfies
AGy — @3Gx = —6(w — x) x> 0; Gy—0 as |x|]— o0,
(6.7.24a)
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subject to either of the two possible boundary conditions

Gy=0 on z=0, (), or Gyxe=0 on z=0, (+).

(6.7.24Db)
By the method of images, the solution to (6.7.24) is
1 *
Ga(a;xo) = o (Ko(pal® — o) £ Kol(palz — x5))) (6.7.25)

for either the synchronous (+) or asynchronous (—) mode. As & — xy we
obtain the local behavior

1 1
Gl o) ~ — 5 log e — 2o + o (—1og (2) - KO(QdSOA)) ,

as x — xo,
(6.7.26)
where 7, is Euler’s constant, and 2d = |x¢ — x| is the distance between the
centers of the two cells. Upon using (6.7.26)) in (6.7.23), we can calculate
the local behavior of ® as * — xy. Then, we match this local behavior with
the required singular behavior in . This yields that

% +B=-C (- log (“;A) et K0(2d<p,\)) . (6.7.27)

Next, we substitute (6.7.20) for B into (6.7.27), and solve the resulting

expression for C' to obtain

do

1 1
—m@sl,

where Y =1og (2 ) 45, — (@) Ko2de) — L~ -

2
(6.7.28)
where the + and — signs denote the synchronous and asynchronous modes,

respectively. Upon substituting (6.7.28]) into (6.7.21)), we readily derive that

C

Jo—A)+ ————ee =0, 6.7.29
[( e ) - dlAf 1 1] o) ( )
where e; = (1,0,...,0)”. We conclude that A = O(1) is an eigenvalue of the
linearized problem (6.7.18)) if and only if there is a nontrivial ¢ to (6.7.29).

To derive an explicit transcendental equation for A we use the matrix
determinant lemma det(A+ab’) = (1 + bTA_la) det(A), to conclude that
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if A is not an eigenvalue of J then there is a nontrivial solution to (6.7.29))
if and only if
21 doy

T -1
— e; (A —J e =0.
I 1>\i 1( ) 1

Finally, by calculating (AI —J) ™!, we conclude that ) is a discrete eigenvalue
of the linearization if and only if A\ is a root of Q4(\) = 0, where Qy is
defined by

2mdo M,

dyr det(M — J)

Here My is the cofactor of the element in the first row and first column of
A — J, and Af is defined by

Q+(\) = Ay —

(6.7.30a)

1 1
Af510g<?>+’Ye—(i)K0(2d90A)—V—dl, Pr=V1I+TA,
(6.7.30b)
where 2d is the distance between the centers of the two cells, v = —1/loge,

v is Euler’s constant, while the 4+ and — signs indicate the synchronous and
asynchronous modes, respectively. In , the Jacobian of the mem-
brane kinetics is evaluated at u., where u, is obtained from the nonlinear
algebraic system associated with the steady-state solution.

Next we will use a winding number criterion to compute the roots of
Q.+ (\) in Re(A\) > 0. By using the argument principle, we obtain that the
number N of roots of Q4 (A) =0 in Re(A) > 0 is

N = %[argQi]r + P, (6.7.31)
where P is the number of poles of Q+(A) in Re(A) > 0, and the square
brackets denote the change in the argument of Q4 over the contour I'. The
closed contour I' is the limit as R — oo of the union of the imaginary axis,
which can be decomposed as 't = iA; and I';_ = —iAp, for 0 < A\; < R,
and the semi-circle I'p defined by |A] = R with |arg(\)| < 7/2. Since
Af is analytic in Re(\) > 0, it follows that P is the number of roots of
det(AI — J) = 0 in Re(A) > 0. Now if we let R — oo on I'r, we calculate
using that Q4+ (\) ~ O(In R) + im/4, so that as R — oo we have
largQ+]r, = 0. Further, since [argQ+]r,, = [argQ+]r,_ , then
becomes .

N —

™

where P is the number of roots of det(Al — J) = 0 in Re(\) > 0.

[argQulr,, + P, (6.7.32)
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6.7. Infinite Domain: Two Identical Cells

With this framework we have formulated a hybrid asymptotic-numerical
method to determine whether there can be any triggered oscillations due
to Hopf bifurcations for the two-cell infinite line problem as parameters are
varied. One future goal is to use this framework to compute phase diagrams
in parameter space where different types of instabilities can occur for various
specific reaction kinetics.
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Chapter 7

Conclusion and Future Work

In this chapter we first give a brief summary of the main results presented
in this thesis and then list a few open problems for possible directions of
future work.

In general, on a one-dimensional spatial domain we have introduced and
analyzed a class of models that couple two dynamically active compartments,
either cell or membranes, separated spatially by a distance 2L, through a
linear bulk diffusion field. For this class of models, we have shown both ana-
lytically and numerically that bulk diffusion can trigger a stable synchronous
oscillatory instability in the temporal dynamics associated with the two ac-
tive compartments. Qualitatively, our results also show that oscillatory
dynamics in the two compartments will only occur for some intermediate
range of the compartment-bulk coupling strength and the parameter range
where stable synchronous oscillations between the two compartments occur
is much larger than that for asynchronous oscillations. This suggests that
stable synchronized oscillations between two dynamically active compart-
ments coupled by passive bulk diffusion can be a robust feature in coupled
compartment-bulk dynamics.

For one particular form of local kinetics, we use center manifold and
normal form theory to reduce the local dynamics of the model system to
a normal form for a double Hopf bifurcation, which predicts the patterns
of Hopf bifurcation and the stability of both synchronous and asynchronous
modes near the double Hopf point. In the study of coupled oscillators, double
Hopf bifurcations often appear in delay-coupled systems, e.g. [5, 69]. In our
model, there is no explicit delay term, but the communication between the
two oscillators is through spatial diffusion of a signalling chemical in the
extracellular medium. For spatially separated cells, this can be a more
realistic way to describe the connections among individuals and at the same
time diffusion serves effectively as a time delay, reflecting the time needed for
a chemical to change concentration at a distant location. In fact, diffusion
can be explicitly represented as a distributed delay through the variation of
constants formula [6], and this sometimes has practical advantages.

For the case of a single local component in each compartment, and in
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7.1. Future Work

the limit of L — oo we derive rigorous spectral results to characterize the
possibility of Hopf bifurcations. Also, a weakly nonlinear theory is developed
to predict the local branching behavior near the Hopf bifurcation point for
finite L. In addition, we give a detailed theoretical analysis of the onset of
oscillatory dynamics for a model system from [23] using asymptotic analysis
together with bifurcation and stability theory.

In 86l we have formulated and studied a general class of coupled cell-bulk
problems with the primary goal of establishing whether such a class of prob-
lems can lead to the initiation of oscillatory instabilities due to the coupling
between the cell and bulk. Our analysis, formulated in an arbitrary bounded
domain, relies on the assumption that the signalling compartments have a
radius that is asymptotically small as compared to the length-scale of the
domain. In this limit € — 0 of small cell radius we have used a singular per-
turbation approach to determine the steady-state solution and to formulate
the eigenvalue problem associated with linearizing around the steady-state.
In the limit for which the diffusivity D of the bulk is asymptotically large of
order D = O(v~ 1), we have derived eigenvalue problems characterizing the
possibility of either synchronous and asynchronous instabilities triggered by
the cell-bulk coupling. Phase diagrams in parameter space, showing where
oscillatory instabilities can be triggered, were calculated for a few specific
choices of the intracellular kinetics. Our analysis shows that triggered oscil-
lations are not in general possible when the intracellular dynamics has only
one species. For the regime D > O(r~!), where the bulk can be effectively
treated as a well-mixed system, for a one-cell geometry we have reduced
the cell-bulk PDE system to a finite dimensional ODE system for the spa-
tially constant bulk concentration field coupled to intracellular dynamics.
This ODE system was shown to have triggered oscillations due to cell-bulk
coupling, and global bifurcation diagrams were calculated for some specific
reaction kinetics, showing that the branch of oscillatory solutions is globally
stable. For the regime D = O(1), where the spatial configuration of cells is
an important factor, we have determined phase-diagrams for the initiation
of synchronous temporal instabilities associated with a ring pattern of cells
inside the unit disk, showing that such instabilities can be triggered from a
more clustered spatial arrangement of the cells inside the domain.

7.1 Future Work

This kind of compartment-bulk coupling model is relatively new and there
are still many open problems that require further investigations. In the
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7.1. Future Work

following, we list a few possible directions for further work.

A biologically relevant direction related to our work in chapter §2| that
warrants further investigation is to introduce different, more detailed, mod-
els for the coupling strength between the compartment and the bulk. It
would be interesting to analyze triggered oscillations that result when the
compartment-bulk coupling strength [ varies dynamically in time, or is
coupled to some slow dynamics, so as to create periodic bursts of syn-
chronous oscillatory behavior, followed by intervals of quiescent behavior,
in the two compartments. Such bursting and triggered dynamics have been
well-studied in a purely ODE context (cf. [1], [2], [29], [49], see also the
reference therein). A related, but rather challenging direction, would be to
investigate the possibility of synchronized oscillations when S is allowed to
switch stochastically in time between an ON and OFF state. Such stochas-
tic switching behavior is a characteristic feature of channels in biological
membranes. The resulting model is a stochastic hybrid system that consists
of both continuous PDE-ODE dynamics, punctuated by discrete stochastic
events. A mathematical analysis of a class of related stochastic hybrid sys-
tem, whereby the boundary condition for a heat equation on a finite domain
switches randomly between Dirichlet and Neumann, is analyzed in [43] and
another example of switching boundary conditions is considered in [3].

Another direction is to consider more thoroughly the case of multi-species
membrane dynamics in the one-dimensional system. More specifically, al-
though a numerical winding number computation is readily implemented for
multi-species membrane dynamics, there is a need to extend the theoretical
spectral results in chapter 84| to the case of more than a single membrane-
bound species. Furthermore, it would be interesting to extend the weakly
nonlinear analysis in chapter to the case of multiple membrane-bound
species.

As a further extension to the studies in chapter §4] and chapter §5| it
would be interesting to use numerical bifurcation software to give a detailed
investigation of secondary instabilities arising from bifurcations of asymmet-
ric steady-state solutions or either the synchronous or asynchronous periodic
solution branch. Our preliminary results show that such secondary bifurca-
tions can lead to more exotic dynamics such a quasi-periodic solutions or
period-doubling behavior. In particular, it would be interesting to explore
whether there can be any period-doubling route to chaotic dynamics such as
was observed computationally in [56] for a related model consisting of two
diffusing bulk species that are subject to nonlinear fluxes at fixed lattice
sites.

In addition, It would also be worthwhile to study large-scale oscillations
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by representing the bulk diffusion field in terms of a time-dependent Green’s
function with memory. Coupling to the membrane dynamics leads to a con-
tinuously distributed delay equation for the dynamically active membrane
components.

An open direction relates to our assumption that the bulk diffusion field
has a constant diffusivity and undergoes a linear bulk degradation. It would
be worthwhile to extend our analysis to allow for either a nonlinear degrada-
tion of the signaling molecule in the bulk, a nonlinear diffusivity, or to allow
for a sub-diffusive bulk diffusion process. Either of these three additional ef-
fects could be important in various biological applications. Particularly, for
our study of the two-dimensional model in chapter §6|, for the large D regime
where D > O(v~!), it is possible to readily analyze the case where the bulk
degradation is nonlinear, with possibly a Michaelis-Menton saturation of the
bulk decay of the form 7U; = DAU — op(U), where op(U) = U/(1 + cU).
With this modification, we can readily derive in place of that the
coupled cell-bulk dynamics reduces to the finite-dimensional dynamics

, 1

2md 27d. 2

Uoz—f UB(U0)+ il 1UQ + T 2u1, u':F(u)+—7T[d1U0—d2u1] el .
T | 7| T

(7.1.1)

It would be interesting to explore the effect of this nonlinear bulk decay on
the possibility of Hopf bifurcations. In addition, in the large D regime, it is
readily possible to derive an extended system of ODE’s for the case where
there are multiple, and not just one, small signalling compartment.

More far-reaching extensions of chapter §6| would be to derive amplitude
equations characterizing the weakly nonlinear development of any oscillatory
linear instability for the coupled cell-bulk model, and to analyze large-scale
dynamics for the regime where D = O(1) by first calculating the time-history
dependent Green’s function for the bulk diffusion process.
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Appendix A

Formulation of the
PDE-ODE System for a
Periodic Chain

In this appendix we will derive (2.3.1b) for the local dynamics for the case of
one cell on [—L, L], which occupies a narrow interval [—e, €] centered at the
origin with 0 < ¢ < 1. Assume that the signaling molecule diffuses out of
the cell at a certain rate. The local chemical species inside the cell, denoted

by u = (u1,us,...,u,)T, are assumed to satisfy the following system
uy = €Duy, + F(u), —e<xz<e, t>0,
Du,(e,t) = e1G1(C(e,t),u1(e, t)), Duy(—e,t) = e1Ga(C(—€,t),ui(—¢,t)),
(A.0.1)
where ¢ < 1 and e; = (1,0,...,0)T. Here for simplicity we assume that all

local chemicals share the same diffusivity eD < 1, with D = O(1), which is
asymptotically small as compared to the reaction rate of the kinetics.

We now derive a reduced model from (A.0.1) in the limit € < 1 to obtain
the approximate behavior of this system. To do so, we first introduce the
local variable y = ¢!z, so that in terms of the y variable (A.0.1) becomes

uy=¢ 'Duy, + F(u), —1<y<l1l, t>0,
Duy(1,t) = ee1G1(C(e,t),ui(1,t)), Duy(—1,t) = ee1G2(C(—¢,t),ui1(—1,1)).
(A.0.2)
We then expand the local specifies u as
u=u’+eu +--. (A.0.3)

Substituting this expansion into (A.0.2)), and linearizing, we obtain to lead-
ing order that u" satisfies

up, =0, —-1<y<l; ud(+l,t)=0. (A.0.4)

The solution to (A.0.4)), which is independent of the spatial variable y, is

u’ = u®(t). We then proceed to the next order to determine the equation
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that u” satisfies. At the next order, u! satisfies

Du;y:u?—F(uo), -l<y<1,

Duzl’,(l,t) =e1G1(C(e,1),u0(t)), Du;(—l,t) = e1G5(C(—e,1),ud(t)),

(A.0.5)

where e; = (1,0, ..., O)T, and u{ denotes the first component of u". For this

O(e) system, we invoke the divergence theorem to obtain that [ _11 Duly dy =

fil (u? — F(uo)) dy. Upon evaluating this expression, and using @),
we get

Dul(1,t) - Dul(~1,t) = e, (Gl(C(e,t),u?(t)) — Go(C(~e, ), u?(w))
=2(u) — F(u?)).
(A.0.6)
Upon rewriting this equation we obtain a system of ODEs for u’ given by

u = F(u®) + % [Gl(C(e,t),u(f(t)) — G (C(=e,1), u?(t))] . (A0

Now letting the width of the cell approach 0, or equivalently ¢ — 0, we
obtain the limiting system

u? = F(u®) + % [Gl(C’(()*,t), WO(t)) — Go(C(07, 1), u?(t))] . (A.0.8)

If we consider the case of linear coupling for which GG; and G2 have the forms

GL(O0F, 1), u0) = K(C(0F, ) —ud),  Go(C(07,1),u0) = —K(C(0~,t)—ub),

(A.0.9)
then (A.0.8)) becomes
u? = F(u®) + e [g(C(m, £) +C07,1)) — f@uﬂ . (A.0.10)

This specifies ODEs for the time evolution of the leading order term for the
local species inside the cell, and in this way approximately characterizing

the local dynamics. In we drop the superscript in u° and use (A.0.10)
to describe the local dynamics inside each cell.
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Appendix B

An Alternative PDE-ODE
Formulation for a Periodic
Chain

In this appendix we briefly discuss the implications of an alternative for-
mulation of the periodic cell problem (2.3.1). In this simpler formulation,
we assume that C(x,t) is continuous on the ring, but has jumps in the flux
DC, across each cell. This alternative formulation is

Cy=DCyp —kC, t>0, z€(—L,(2m—1)L),
with z#2jL, j=0,....,m—1,
C(—L,t) =C(2mL — L,t), Cy(—L,t)=Cr(2mL — L,t),
[DC,] | =2k [C(2jL,t) — wyj] , j=1,...,m,
(B.0.1a)

where [u] ’xo = uy(2d) — uz(zy ). This bulk field is then coupled to the
internal cells dynamics by

x=2jL

duj

e F(uj) + ey [kC(2jL,t) — kuj] , j=0,...,m—1. (B.0.1b)

For (B.0.1)), we again obtain the symmetric steady-state solution as in
§2.3.1. However, in contrast to the analysis in §2.3.2] in the linear stability
analysis for (B.0.1) the perturbations in the bulk diffuson field must now
be continuous across each cell. From an analysis similar to that in §2.3.2]
we readily derive for the Sel’kov kinetics that the eigenvalue parameter A
satisfies (2.3.12a)), where in place of (2.3.12b)), we have

1 1 sinh (22, L) 27l
A= L Re(z) = ) (B.0.2
A P DQ)y Re(z) — cosh (2Q,\L)’ e(z) = cos m )’ ( )
where ) is defined in (2.3.9). As a remark if we set z; = 1 (in-phase)
and z; = —1 (anti-phase) in (B.0.2)), we can readily show that (2.3.12a))

234



Appendix B. An Alternative PDE-ODE Formulation for a Periodic Chain

with (B.0.2)) reduces, as expected, to the two-cell spectral problem (2.2.5)
of §2.2.1] for either in-phase or anti-phase modes, respectively, upon setting

8=k in 223).
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Appendix C

Calculation of Normal Form
Coefflicients

In this section, we describe the calculations to evaluate the four cubic coef-
ficients G jxim, Hjkim in the normal form that governs the dynamics
near a double Hopf point. To evaluate the coefficients, it is sufficient to take
parameters at the double Hopf point, thus p; = g2 = 0 and we have

¢1 = w11 4 G2100¢EG + Gro11C162la + O(||(C1y Ciy G2, G)II),
Co = iwalo 4+ H1110C1C1Ca + Hoo21¢582 4+ O([|(C1, €1y G2, &) 1P).

At the double Hopf point, the nonlinear system (3.2.2)—(3.2.3), written
as (3.3.1)), is reduced to a system on a four-dimensional center manifold

that is tangent, in the infinite-dimensional function space H, to the critical
eigenspace T°. Since this center manifold reduction is standard and follows
closely the analogous procedure at a simple Hopf bifurcation described in
detail for reaction-diffusion systems in the textbook [39], we give only a
short description together with some details specific to our system. This
center manifold system is further reduced to the normal form (C.0.1J).

We first construct a projection P¢ of the space H, onto the critical
eigenspace 1. This requires an inner product, and two adjoint eigenvectors.
For a pair of complex vectors

(C.0.1)

§(x) n(x)
X-— p-

p=1 9- |, a=| ¢¥_ |,
X+ P+

| U] U]

we define their inner product to be

+L . B
(p,q) = /L E(@)n(x) de +X_p- + 9 + X4 049,
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With respect to this inner product, the adjoint to the linear differential
operator M is the linear differential operator M*, given by

§(x) D& (x) — k&(x)
X- fvx— +egvd— — Bx— + ré&(=L)
M9 | = fwx— + egwi— ;
X+ fox+ +egviy — Bxs +wE(+L)
| Jwx+ + egwi4 ]

with adjoint boundary conditions

—D&(=L) = fx- — r&(-L),
+DE(+L) = Bx+ — w&(+L).

We solve for two adjoint eigenvectors

&i(z)
ijf
p'] = 19.77_ ?

X3+

Vj+
j =1, 2, satisfying

M*py = —iwip1, M*py = —iwapo,
with normalizations such that
(p1,q1) = 1, (P2, q2) = 1, (C.0.2)

where ¢1, g2 are the eigenvectors given in Section 3.2 We note that the
orthogonality conditions
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are automatically satisfied. We obtain

i &10 sinh Q3 /sinh Q3L ] i &0 cosh Qqx /cosh QL ]
-1 1
p1=ad fuw/(iw1 + €gu) , p2=ay —fu/ (w2 + €gu) ’
1 1
—fuw/(iw1 + €gw) —fuw/(iw2 + €gw)

where the constants
a(l) = 0.250508 — 70.172379, ag = 0.253847 — 10.181974,

are chosen so that the normalization conditions (C.0.2)) hold, and

_ [ k—iwy _ Ji—iws _ 8 _ 8
Q3 = D Q4= D 10 = k4D coth Q3L €20 = K+ DSy tanh Q4L

We define the projection P, of H onto the critical eigenspace T°¢, by
P°X = z1q1 + 271Gy + 22q2 + 220y,

for any X € H, where z;, zo are complex numbers given by the inner
products

31:<p17X>7 Z2:<p27X>’

Now we can use the projection P¢ to split any vector X € H into two
parts
X =X°+Y,

where the “center” part
X¢=PX = z1q1 + 21q; + 2242 + 220

belongs to the four-dimensional critical eigenspace T and the complemen-
tary part

Y = (I - PC)X =X - <p17X>q1 - <T)17X>61 - <p27X>QQ - <ﬁ27X>627

where I denotes the identity operator, belongs to the infinite-dimensional
stable subspace 7. Correspondingly, the system (3.3.1) splits into two parts

X© = MX+1P°B(X°4Y, X°+Y)+1 P°C(X°+Y, X°+Y, X°+Y), (C.0.3)
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Y = MY +3(I-P°)B(X°+Y,X+Y)+(I-P°)C(X+Y, X°+Y, X°+Y).

(C.0.4)
By center manifold theory, there is an invariant, exponentially attracting,
four-dimensional local center manifold in H that is tangent to the critical
eigenspace T¢, and the center manifold can be expanded in a Taylor series
as

Y=Y(a,21,2,2) = Y mimWikim? 21275 +0(| (21, 21, 22, 22) ).
jk+l+m=2
(C.05)

Substituting the expansion (C.0.5) into (C.0.3)—(C.0.4) and using the in-

variance of the center manifold, we collect terms of like powers and obtain
nonhomogeneous linear boundary value problems for each of the ten coeffi-
cient vectors wjym, at second order (j +k+14+m =2; j,k,l,m > 0),

I—-P°

(2iwr] — M)waooo = (I — P°)B(q1,q1),
—Mwi100 = (I — P°)B(q1,q,),

(twrd +iwal — M)wipr0 = (I — P°)B(q1,q2),
( )B(q1,7)

(w1 I — dwel — M)wigo1 =

etc.

Using the explicit expressions for ¢g1 and g2, we use matrix algebra
and the method of undetermined coefficients, assisted by the mathematical
software package Maple, to solve for the wjx, that we require. It is helpful
to use symmetry to reduce the number of explicit solutions needed.

Substituting into each of the components of (C.0.3), we obtain
a four-dimensional ordinary differential equation that gives the dynamics
restricted to the invariant local center manifold,

Z1 :iw1z1+g(21,21,22,22), (006)
Z9 :iWQZ2+h<21;21722722)' -

Expanding in Taylor series

_ N J=k_l=m

g(z1, 21, 22, 22) = § Giklm#1 21 %2725
J+k+H+m>2

_ N J=k _1l=-m

h(z1, 21, 22, Z2) = E hjkimz121 2525,
j+k+H+m>2
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the ten quadratic coefficients of the center manifold system (C.0.6) are given
by

92000 = 3{p1, B(q1,q1)),

g0 = (p1, B(q1,q1)),

gio10 = (p1, B(q1, ¢2)),

g1001 = (p1, B(q1,32)),
etc.

Note that several of these coefficients vanish due to symmetry. We need
explicitly only four of the cubic coefficients of the centre manifold system

(C.0.6),

92100 = (p1, B(q1, w1100 + 3 B(q1, w2000) + 3C(q1, 01, 71)),
gro11 = (p1, B(q1, woo11) + B(g2, wi001) + B(q2, wio10) + C(q1,42,G2)),
hi110 = (p2, B(q2, w1100) + B(q1, wo110) + B(q1, wio10) + C(q1, Gy, G2)),
hoo21 = (P2, B(g2, woo11) + 3 B(Ta, wo020) + 5C (g2, G2, T3))-

Finally, a near-identity coordinate transformation of the form

1 = Cl + O(H(Cla 513 CZ? 62)”2)’ 22 = CZ + O(H(Cl’ C_-la CQ? C_Q)||2)7

takes the the center manifold system into the normal form (C.0.1)).
The procedure to construct the coordinate transformation is lengthy but
standard, and is described in textbooks. For example, see [39] for more
details. In the end, there are formulas derived for the cubic coefficients in
the normal form , in terms of the quadratic and cubic coefficients of
the center manifold system (C.0.6): see equations (8.90)—(8.93) in [39]. We
use Maple to evaluate these coefficients numerically, obtaining .
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Appendix D

Two Specific Biological
Models

D.1 The Dictyostelium Model

The amoeba Dictyostelium discoideum is one of the most studied organism
in biology. There are many stages in the life cycle of each such amoeba
cell. When nutrient is readily available, they live as single cell organisms.
However, when food becomes scarce, each cell starts to release cyclic AMP
(cAMP) in order to attract other cells, and at the same time themselves are
attracted by the cAMP signal emitted by others. This secretion results in
an aggregation of individual amoeba to form aggregate centers [19]. This
intercellular communication mechanism presents some similarities with the
endocrine system in higher organisms. In [19] a two-variable model was pro-
posed to describe the cAMP (cyclic adenosine monophosphate) oscillations
in Dictyostelium cells. This minimal model was obtained from a reduction
of a more elaborate model based on desensitization of the cAMP recep-
tor which consists of variables representing molecules such as the active(R)
and desensitized(D) forms of the receptor, free(C) and active form(E) of
adenylate cyclase, intracellular(P;) and extracellular(P) cAMP, and sub-
strate ATP(S). In [19] this minimal model was used to analyze the bursting
and birhythmicity observed in experiments with amoeba cells. The model
is formulated as

d J )
L= R() = ph()+ (), T =0"(pny) —key,  (D.Lla)
where
_ ki + k272 _ k1Ly + k‘QLQCnyQ

A== AT f2(v) = Trer
epty? D.1.1b
o a(ae ) (D.1.1b)

¢(Pta7) =

(1+a0)+ (£25) (1 +a)

241



D.2. The GnRH Model

Here p; is the total fraction of receptor in the active state, o and v denote
the normalized concentration of intracellular ATP and extracellular cAMP,
f is the ratio of Michaelis constants for the E and C forms of adenylate
cyclase, A is the ratio of catalytic constants of forms C and E of adenylate
cyclase, € is the coupling constant for activation of C by cAMP-receptor
complex in active state, ki is the rate constant for the modification step
from R to D, L; is the equilibrium ratio of the states R and D, k5 is the rate
constant for modification step from R to D in the presence of cAMP, Lo
is the corresponding equilibrium ratio, k. is the ratio of maximum activity
for extracellular phosphodiestease and the Michaelis constant of extracellu-
lar phosphodiesterase for cAMP, ¢4 is the ratio of dissociation constants of
cAMP-receptor complex in R and D states, o* is calculated as some combi-
nation of other constants. For a more detailed discussion of this model see
[19] (pp. 195-258).

Since the cAMP molecules can diffuse in space, in our model we assume
that the extracellular cAMP is also a function of location, so that v = y(x, ).
We assume that it can diffuse freely in space, with some bulk decay, but that
all the reactions occur on the boundaries of amoeba cells. In this way, our
model for cAMP, given a cell at x = 0 and at x = 2L, and with 7 = 1/k, is

dy d%y
ops o t L;
Tdt 72 v, >0, O0<zxz<L;
Vo(L,t) =0,  Dy(0) = —o"¢(ps,7(0,1)), (D.1.2)
dpt

= P2(0(0.0)) = ot [1(3(0,6)) + fo(x(0,1))] -

D.2 The GnRH Model

Gonadotropin-releasing hormone (GnRH) is a decapeptide secreted by GnRH
neurons in the hypothalamus that regulates the reproductive function in
mammals. There are about 800-2000 GnRH neurons scattered in a few
areas of the hypothalamus. Each GnRH neuron releases GnRH to portal
blood in an oscillatory profile with a period of several minutes and they syn-
chronize to produce large GnRH pulses with a period ranging from twenty
minutes to one hour. Experiments reveal that GnRH neurons express GnRH
receptors. Based on these biological facts, a possible synchronization mech-
anism of GnRH neurons was proposed in [17, 32, 47]. In this model, it is
assumed the the GnRH neurons are coupled through GnRH in the extracel-
lular environment. This model was able to predict that oscillations occur
over a one hour period. Assuming two neurons, one each at x = 0 and at
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x = 2L, this model system is

gt:Dng_ga t>07 0<1L’<L, gZ‘(Lat):Oa Dgx(O):—O'j,
(D.2.1a)
with the three-component membrane dynamics

[9(0,¢)]" :
_ _ . D.2.1b
o (ipnam ) o-teed. 2
with coefficients ny, = 4, ng = 2 and n; = 2. In (D.2.1a)), o reflects the
secretion efficiency, and the boundary flux is

o L 14¢q\? s \°

j:1+ﬁ<,u+1+5q> <77+W+Z_> , (D.Q.lc)
(see [32,47] for further details and definition of the parameters). In (D.2.1al),
s, ¢ and ¢ represent the concentration of three G-proteins, Gg, Gg and
G, respectively. It is postulated that the release of GnRH is mediated
through activation (Gg, Gg) and inhibition (Gy) of these proteins. With
the assumption that the time scales of s and ¢ are much faster than 7, we use

a quasi-steady state approximation to fix s and ¢ at (approximately) their
steady-state values. This leads to the following reduced coupled system

9t = Dgue—g, t>0,0<az<L; g(L,t)=0, Dg.(0)=G(g(0,t),i) ,
(D.2.2a)
with the one-component membrane dynamics and boundary flux given by

P G V()
R+ (90 0)2 ’

, , (D.2.2b)
. t+1+4+Cq s
0.4) = —o |1 trmrTeq
G (9(0,4),i) = —o +ﬁ<u+1+6q> <n+w+i> :
Here, s and ¢, which depend on ¢(0,t), are given by
0,t)]* 0,t))?
) L la0.0) D220
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