IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Synchronized oscillations in a mathematical model of segmentation in zebrafish

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2012 Nonlinearity 25 869
(http://iopscience.iop.org/0951-7715/25/4/869)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 140.119.115.76
This content was downloaded on 21/01/2015 at 06:25

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0951-7715/25/4
http://iopscience.iop.org/0951-7715
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

TIOP PUBLISHING NONLINEARITY

Nonlinearity 25 (2012) 869-904 doi:10.1088/0951-7715/25/4/869

Synchronized oscillations in a mathematical model of
segmentation in zebrafish

Kang-Ling Liao', Chih-Wen Shih'-* and Jui-Pin Tseng?

! Department of Applied Mathematics, National Chiao Tung University, Hsinchu 300, Taiwan
2 Department of Applied Mathematics, National Pingtung University of Education, Pingtung 900,
Taiwan

E-mail: cwshih@math.nctu.edu.tw

Received 30 July 2010, in final form 29 August 2011
Published 28 February 2012
Online at stacks.iop.org/Non/25/869

Recommended by J A Sherratt

Abstract

Somitogenesis is a process for the development of somites which are transient,
segmental structures that lie along the anterior—posterior axis of vertebrate
embryos. The pattern of somites is governed by the segmentation clock and its
timing is controlled by the clock genes which undergo synchronous oscillation
over adjacent cells in the posterior presomitic mesoderm (PSM). In this paper,
we analyze a mathematical model which depicts the kinetics of the zebrafish
segmentation clock genes subject to direct autorepression by their own products
under time delay, and cell-to-cell interaction through Delta—Notch signalling.
Our goal is to elucidate how synchronous oscillations are generated for the
cells in the posterior PSM, and how oscillations are arrested for the cells in
the anterior PSM. For this system of delayed equations, an iteration technique
is employed to derive the global convergence to the synchronous equilibrium,
which corresponds to the oscillation-arrested. By applying the delay Hopf
bifurcation theory and the center manifold theorem, we derive the criteria for
the existence of stable synchronous oscillations for the cells at the tail bud of the
PSM. Our analysis provides the basic parameter ranges and delay magnitudes
for stable synchronous, asynchronous oscillation and oscillation-arrested. We
exhibit how synchronous oscillations are affected by the degradation rates and
delays. Extended from the analytic theory, further numerical findings linked to
the segmentation process are presented.
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1. Introduction

Somites are transient, segmental structures that lie along the anterior—posterior axis of
vertebrate embryos. They arise from the presomitic mesoderm (PSM) repeatedly and develop
into the vertebrae, rib and tail, under further differentiation. This whole process, termed
somitogenesis, is controlled by the segmentation clock which comprises a multicellular
genetic network of oscillators acting in the PSM to drive periodic expression of the cyclic
genes [11,18,22,26,28]. Somitogenesis involves tight gene regulation in both space and
time. The cyclic genes express synchronous oscillations in the tail bud of the PSM. Underlying
the morphogenetic rhythm of somitogenesis, repeated waves of oscillatory gene expression
propagate from posterior to anterior; the oscillations then slow down and finally arrest
and cells are formed into somites. Key cycling genes for the segmentation clock have
been identified, namely, Hesl and Hes7 in mouse, hairyl and hairy2 in chick and herl
and her7 in zebrafish [6, 18,27]. In particular, the oscillation period of the cyclic genes
in the tail bud of zebrafish is about 30 min, which matches the time taken to generate a
somite [17].

Theoretical modelling of somite segmentation starts from a ‘clock and wavefront” model
proposed by Cooke and Zeeman [5]. The interface between the gene expression oscillation
and the oscillation-arrested is called ‘wavefront’ which determines where the somites form.
It has been discovered in experiments that the signalling molecule fibroblast growth factor
(FGF) regulates the differentiation of PSM cells [9, 19, 38]. FGFS is only transcribed at the
posterior tip of the embryo and spreads anteriorly with gradient. In addition, there exists a
threshold for FGFS: if the FGF8 is smaller than the threshold, then the oscillation starts to
slow down and cells will then form into somites. Based on the experimental observations of
FGF8 [7,8, 13, 17], Baker et al [1] performed a mathematical study on the pattern formation
mechanism for somites under moving gradient of FGF8 expression along the anterior—posterior
axis of vertebrate embryos. The segmentation clock genes were not taken into account in that
model.

While somite oscillators in chick and mouse are considered more complicated than fish,
zebrafish has been a standard model organism for investigating somitogenesis. For zebrafish,
herl and her7 are the genes that satisfy the conditions to be central components of the
somitogenesis oscillator. Modelling the kinetics of segmentation clock genes for zebrafish
was proposed by Lewis who advocated that direct autorepression of serl and/or her7 by their
own products provides a mechanism for the intracellular oscillator. Accordingly, negative
feedback with time delay in gene regulation was modelled to generate the oscillatory gene
expression [21]. In zebrafish, the synchronization is realized by intercellular interaction via
Delta—Notch signalling. These oscillatory genes, herl, her7, and the Notch ligand DeltaC all
belong to the Notch signalling pathway.

Notch signalling pathway has been shown to play a critical role in somitogenesis
in a number of experiments. The hypotheses of the Notch signalling pathway include
oscillation-generator, boundary-formation, synchronization and polarity-formation [22, 25].
For zebrafish, synchronization and polarity-formation are the only functions of Notch signalling
pathway in the tail bud and the somites, respectively. This was justified in [22,25] via the
mutants caused by blocking the Notch signalling pathway through adding the chemical inhibitor
DAPT or overactivating the Notch signalling pathway by driving the expression of NICD
(activated form of Notch). In mathematical modelling, it is assumed that NICD generated is
proportional to the amount of Delta protein in the neighbouring cells. Hence, one still takes
into account the expressions of herl, her7 and delta genes to investigate the function of Notch
signalling pathway in zebrafish.
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In this investigation, we aim at establishing analytical theories for the collective behaviour
in the cell—cell kinetic model for the somitogenesis clock genes in zebrafish. We shall consider
the homodimer system and take her gene as either herl or her7; the two neighbouring
cells interact through Delta—Notch signalling with delay. Let x;, x,, x3, x4 (respectively,
Y1, Y2, ¥3, ya) represent the concentrations of her mRNA, Her protein, delta mRNA and
Delta protein of the first cell (respectively, the second cell), respectively. The kinetics of these
genes evolve according to the following equations:

x1(1) = gu(e2(t — 1), yalt — 7)) — dix1(t)
X2(t) = axx1(t — 1) — doxa(2)

x3(1) = gp(x2(t — 13)) — dax3(t)

X4(t) = asx3(t — 14) — daxs(t)

yi(®) = gu(n2(t — 71), x4(t — 71)) —d1y1 ()
V(1) = axy1(t — 1) — day2 ()

¥3(t) = gp(n2(t — 13)) — d3y3(7)

Va(t) = asy3(t — ta) — days(1).

(1.1)

Herein, the first equation describes the evolution of her mRNA, with its first and second terms
depicting the transcription and the degradation (with rate d; ), respectively. The second equation
depicts the kinetics of Her protein, where the first and second terms express the translation with
protein synthesis rate a; per mRNA molecule, and the degradation (with rate d,), respectively.
Similar interpretations apply to delta mRNA in the third equation and Delta protein on the cell
membrane in the fourth equation of (1.1). 7y, 1, 73, T4 are positive numbers which represent
the time delays, incurred in the following processes:

Ty = Ty © her gene transcription,

Ty = Ty, : her gene translation,

T3 = Tpg : delta gene transcription,

T4 = Tpq : delta gene translation and delivery to cell membrane.

The functions gy and gp relate the transcription initiation rates to her and delta protein
concentrations, respectively,

1+b% +v
gu(u, v) = ky 2 -, foru,v >0, (1.2)
l+bs—+v+ 4
Do I
go(u) = o foru >0, (1.3)
1+ 4
0

where ky (respectively, kp) is the maximal synthesis rate of her (respectively, delta) mRNA,;
Py (respectively, Pp,) is the critical number of molecules of Her (respectively, Delta) protein
per cell. In addition, b = 1 corresponds to the normal functioning of Notch signalling
pathway; b = O represents the blockade of Notch signalling pathway (by adding DAPT);
v > 0 means adding NICD to over-express the Notch signalling pathway. Since we only
consider normal segmentation, we take » = 1 and v = 0 throughout this paper. Note that the
Delta protein of the neighbouring cell stimulates the expression of her mRNA, as indicated in
function gy.

System (1.1) describes the kinetics of the gene expressions of two cells in contact; the
locations of these two cells are regarded as fixed. The first four and last four equations are
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coupled in a symmetric manner through the first and the fifth equations. We are interested
in seeing the collective behaviour of the coupled-cell system (1.1) corresponding to various
combinations of parameters and delay magnitudes. In particular, we shall investigate how
synchronous oscillation and oscillation-arrested are achieved in this system. By synchronous
periodic solution, we mean a periodic solution of (1.1) with x;(t) = y;(¢),i = 1,2,3,4. Ifa
synchronous periodic orbit is stable, then we say that the system admits (stable) synchronous
oscillation. We will also address asynchronous or anti-phase oscillation which is related to
mutation of segmentation. The parameter and delay magnitudes which yield synchronous
oscillations and clock-wave formation are important in understanding the models and the
defects of somitogenesis. As pointed outin [34], it is not obvious how synchronized oscillations
are achieved via Delta—Notch signalling, as Delta proteins stimulate the expression of the her
mRNA in neighbouring cells via Notch receptors, but the active expression of her in these cells
suppresses the delta gene within them. Hence, how synchronization can be achieved, while
sustaining the oscillation, requires a careful and detailed analysis in the study of somitogenesis
models.

Synchronized oscillations for the herl/her7 heterodimer oscillator model and the
homodimer oscillator based on herl or her7 (system (1.1)) with a different transcription
function gy have been investigated numerically in [21]. It was indicated therein that the
behaviour for herl/her7 heterodimer oscillator model is in general similar to that of a
homodimer oscillator based on herl or her7 alone. On the other hand, function gy in (1.2)
was adopted in [25] to describe the mutant caused by the absence or over-expression of Notch
signalling. This modified form of gy has the advantage that it can be reduced to the decoupled
(single-cell) model when b = 0. However, if the cells are coupled (i.e. b # 0), then the
dynamics for the system with either gy are quite similar. Since our goal is to see how the
Notch signalling promotes the synchronization, we only consider normal somite formation,
and hence, the Notch signalling should be present. While the main focus is on system (1.1)
in this work, our approach can be extended to treat the heterodimer model and systems with
general transcription functions gy and gp.

Mathematical analysis truly confirms the dynamics of the considered systems, and hence
provides a solid ground for comparison among various models and further extensions. The
stability of nontrivial steady state and periodic orbit through the Hopf bifurcation theory for
Lewis’s single-cell model has been studied in [10]. Bifurcation analysis for the oscillatory
gene expressions of other single-cell models was reported in [36, 37]. Analytic results on how
synchronous oscillations between adjacent cells are achieved have been lacking, to the best
of our knowledge. How delays affect the collective behaviour and oscillation in biological
clocks has been an interesting issue to be tackled [16]. Yet, nonlinear systems with several
components and multiple delays make mathematical analysis a difficult task [3,31]. An
effective way to analyze the characteristic equation which contains exponential functions,
is to allocate the purely imaginary eigenvalues and compute the exchange of stability for the
equilibrium as the first step. In applying the delay Hopf bifurcation theory, the computation in
determining the direction and stability of bifurcated periodic orbit through the center manifold
theory and the normal form theory is rather involved [36]. On the other hand, while stable
synchronous periodic orbit is local dynamics, ruling out possible oscillation as an indication of
oscillation-arrested requires a global result. Our analytic approach in concluding the regimes
of the synchronous oscillation and oscillation-arrested is especially illuminating for biological
systems with many parameters and multiple delays. Our investigation sheds light on certain
important issues; for example, that large coupling strength benefits the synchronous oscillation,
asserted in [28], actually also depends on appropriate magnitudes of degradation rates and
delays.
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The binding and dissociation of a gene protein to and from its site on DNA are stochastic
processes. The deterministic system (1.1) is, in fact, modelled under the assumption that
the random flickering behaviour of herl and her7 can be replaced by their instantaneous
time average. It was observed in [21] that the noisy system oscillates in the same way as
the deterministic system, if the protein synthesis is at the full normal rate; therein, further
numerical observation on the oscillations for the noisy system when the protein synthesis is
attenuated was also reported. The effects from noise on segmentation have also been studied
numerically in [2, 24, 28, 33, 35].

There were some extensions of Lewis’s model. Her13.2 has been discovered to interact
with clock proteins and control the rate of oscillation in zebrafish [19, 32]. Cinquin [4] proposed
a multicellular delay system for zebrafish somitogenesis that involves heterodimerization of
clock proteins Her1 and Her7, with protein Her13.2, to model the posterior-to-anterior slowing
of oscillation rate, which leads to formation of clock-wave. Campanelli and Gedeon [2]
generalized Lewis’s model to a system with two different genetic control mechanisms to
initiate the gene-expression wave, one on the number of clock protein transcription binding
sites, the other on differential decay rates for clock protein monomers and dimers.

In the somitogenesis, time delays which have been estimated in the range of tens of minutes
in cell culture are due to synthesis and trafficking of macromolecules in cells. Modelling with
delays raises some mathematical technicality in differential equations. Replacing the time
delay by taking into account certain intermediate process in the cell, namely, the translocation
of Her protein from cytoplasm to nucleus, an ODE model has been studied in [33, 34]. Therein,
Michaelis—Menten type reaction for the degradation and more general transcription function
with Hill coefficients were employed. The investigation was mainly based on numerical
computations. In fact, in that ODE system, as some of those over ten parameters varies, the
equilibrium value, the linearization and its eigenvalues all change, which make bifurcation
analysis a difficult task.

Another modelling of vertebrate segmentation is to depict the phase dynamics of coupled
oscillators, where each of the oscillators represents a cell or a group of synchronous cells in the
PSM. It was shown that disruption of Delta—Notch intercellular coupling increases the period
of zebrafish somitogenesis and the embryonic segment length. An instability resulting from
decreased coupling delay time was predicted by the theory of phase oscillator and justified by
the experiments [16, 24]. A phase equation depicting the peak gene expression in the travelling
wave for a lattice system of ODEs was discussed in [33]. On the one hand, the parameters
in the kinetic models are more difficult to measure than those for the phase oscillators in vivo
[12, 16, 34]. On the other hand, those phase models are built under certain assumptions; how
they are linked to the solution behaviour of the kinetic equations which depict the interaction
of cyclic genes, such as (1.1), remains to be investigated. This present work hopes to provide a
basis for this linkage. Our analytic theory not only delineates qualitatively how the degradation
rates, the other focal parameters and delays affect synchronous oscillations, but also provides
the parameter regimes for oscillation-arrested, synchronous and asynchronous oscillations.

For mouse, the oscillating network of signalling genes underlying the segmentation clock
is more complex. It was reported through experiments by Dequéant and coworkers [6] that the
inhibitors of the Notch, FGF and Wnt signalling pathways are involved in the segmentation
clock. In addition, numerical simulation on an ODE model for Notch, FGF and Wnt signalling
pathways which contain the inhibitors discovered in [6], was performed to investigate the
oscillation and the interactions among these three pathways in [13]. On the other hand, delay
models for gene regulation of Axin2, Hesl and Lfng, which belong to the Notch and Wnt
signalling pathway, were employed to investigate the segmentation clock in mouse and chick
in [29].
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The paper is organized as follows. In section 2, we study the positive invariance of
the considered domain and the dissipative property for system (1.1), for the validity of the
model equations. We then show the existence of a synchronous equilibrium and apply an
iteration technique developed in [30, 31] to derive the global convergence to the synchronous
equilibrium. We regard this regime of parameters as the one for oscillation-arrested which
corresponds biologically to the formed somites. Although there are other proteins involved
in slowing down the oscillation, we interpret that these effects are reflected in altering the
parameters, such as degradation rates, of the system. In section 3, we employ the delay Hopf
bifurcation theorem to prove the existence of synchronous periodic solutions and use the center
manifold theorem and the normal form method to analyze the stability of the bifurcated periodic
solutions. In section 4, we summarize the collective behaviour of the coupled system (1.1),
and give some numerical simulations to demonstrate our analytic results. In section 5, the
paper ends with a conclusion.

2. Global convergence to steady state

In this section, we first examine the basic properties for system (1.1) to ensure that it is suitable
to model gene regulation. We then show that (1.1) has a synchronous equilibrium X. A
criterion for global convergence to X is then derived.

For the coupled system (1.1) with four time delays 71, 12, T3, T4, in this paper, we consider
the evolution W (¢, ¢) of (1.1) from initial condition ¢ = (¢y, ..., ¢g) € C([—1um, O], Ri) at
initial time ty = 0, where
Ty = max {‘L’l, T, T3, 1'4}, Ri = {(xl, ey X4y Vs ov ey y4)| Xi, Vi 2 0, i = 1, ey 4}
Let X(t; ¢) denote the solution induced from (1.1), which is defined by X(¢ + 0; ¢) =
U(t, $)(0), 0 € [—1y, 0], for t > 0. We further denote X(¢) = (x(1), y(t)) = X(¢; ¢) =
(x(t; ¢), y(1; ¢)), where & = (x1, X2, X3, X4), y = (1, Y2, ¥3, y4), When ¢ is not specified.
To ensure that (1.1) is proper in modelling the gene regulation, one first needs to ensure that
the solution X(#; ¢) is always nonnegative, for any ¢ € C([—1y, O], Ri).

Proposition 2.1. C([—1y, 0], Ri) is positively invariant for system (1.1).

Proof. We shall show that x;(t) > 0, y;(t) > 0,i = 1, 2, 3, 4, for solution X(#) evolved from
arbitrary ¢ € C([—tp, O], Ri). Let I be the maximal interval of existence for solution X(z).
First,

x3(1) = —d3x3(t) + gp(x2(t — 13)) > —d3x3(1), (2.1)
forall 7 € I, since gp(u) = kp/(1 +u*/P}) > 0, for any u. It follows that x3(#) > 0, for all
t € I, through comparison arguments. Similarly, we can show that y;(¢) > 0, forallt € I, by
the symmetry of system (1.1). With x3(¢) > O for all # € I, we use similar argument to derive
x4(t), ya(t), x1(t), y1(t), x2(2), y2(¢t) = 0O, for all ¢ € I, successively. O

We next derive the existence of global attracting set for system (1.1).

Proposition 2.2. There exists a closed and bounded set Q = T1?_, Q; x IT}_, Q; C RY, such
that X(t; ¢) converges to Q for arbitrary ¢ € C([—ty, 0], Ri), where Q; are defined by

01 =141, q:1]1 := [0, k/d,1, 0> = [42, ¢21 := [0, azky /(d1d>)],
03 = [¢3, 3] :=[¢3/d3, kp/d3], Q4 = [qa, Ga] = [as¢3/(d3ds), askp /(d3ds)]
and

kp P}

2.2)

= arky 2 *
Py +(5a)
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Proof. The assertion follows from estimating dx;/d¢, dy;/dt of system (1.1), and hence
x; (1), y; (t), successively. From the definition of functions gy and gp, we have

0 < gu(u, v) < ky, 0 < gp(u) < kp, forall u,v > 0.

Let X(t; 9) = X(@#) = (x1(#),...,x4(t), y1(t), ..., y4(t)) be the solution evolved from
¢ € C([—tum, 0], Rf). Note that, from proposition 2.1, x;(¢), y;(¢) > 0, foralli =1, 2, 3, 4,
t € I. Hence,

—dix1(t) < x1(t) < —dix1(t) + ky, forallt € I.

Consequently, x;(¢) exists on [0, co) and converges to [0, ky/d;] =: Ql, as t — oo.
Subsequently, x,(#) also exists on [0, co), with respect to the second component of system
(1.1); in addition, for any € > 0, there exists some #; > 0 such that

—dyxy(t) < X2(t) < —doxo(t) + axky/dy + €, fort > 17;

thus x,(¢) converges to [0, axky/(d1d2) + €/d,] for all ¢ > 0, and hence converges to
[0, azku/(d1dr)] =: QQ, ast — 0o. By similar arguments, we can justify that x3(¢) and x4(¢)
exist on [0, co) and converge to Q3 := [0, kp/ds3] and Q4 := [0, askp/(d3ds)], respectively.
Moreover, we can also prove that y; (¢) exists on [0, co) and converges to set Q,-, i=1,2,3,4,
by the symmetry of system (1.1).

So far, we have constructed a region, H?:l Qi X H?:] Q,-, to which every solution X(z)
converges. We can continue to construct an attracting region smaller than IT}_, 0; x ', 0i,
for system (1.1). Note that the convergence of x,(¢) to Qz = [0, aky/(d1d>)] leads to that for
any € > 0, there exists some t5 > t{ such that gp(x2(¢)) > kp P02/[P02+(a2kH/(d1d2))2] —€ =
¢z —e,forallt > t5 — ty > 0. It follows from the third component of system (1.1) that

—dyx3(t) + &3 — € < x3(t) < —d3x3(t) + kp, forallz > 15.

Subsequently, x3(¢) converges to [¢3/d3 — €/ds, kp/ds] for all € > 0, and hence converges to
[¢3/d5, kp/d3] =: Q3 = [g3, ¢3]), as t — oo. By repeating the similar process, we can show
that x4(¢) converges to interval Q4 = [§a, G4] = [a4¢3/(d3ds), askp/(d3ds)], ast — oo.
Setting Q1 = [¢1,¢1] := [0, ku/di] and Q2 = [§2,G2] = [0, (a2kn)/(dd>)], we also
conclude that x;(#) converges to set Q;, fori = 1,2. Symmetrically, y;(¢) converges to set
Q;,,i=1,23,4. O

Remark 2.1. (i) By continuing the estimates in the proof of proposition 2.2 iteratively, we can
confine the asymptotical behaviour of system (1.1) to smaller attracting set. For simplicity
of presentation, we merely demonstrate the idea via two iteration steps. (ii) The assertion of
proposition 2.2 indicates that every solution of (1.1) exists on [0, 00). (iii) Proposition 2.1 can
be extended to conclude that the Delta protein is always positive, if its initial value is positive.
Moreover, according to proposition 2.2, the Delta protein becomes larger than a positive value
after certain time. This indicates that the Notch signalling is always present, if b # 0.

Next, we shall show that system (1.1) always admits one positive synchronous equilibrium.
Herein, an equilibrium (x§,...,x7, ¥, ..., y;) of (1.1) is synchronous if x} = y}, for
i=1,2,3,4.

Proposition 2.3. There exists a synchronous equilibrium point

X = (xz, ) = (X1, X2, X3, X4, X1, X2, X3, X4)
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for system (1.1), where

- dz)_CQ _ kD P02 _ a4kD P02

X , X3 = ——, X4 = ———— 5>
= T PP+ ) YT dhdy(PE+ D)

and X, is a positive solution to the equation:
PE) = c5&> + 0387 — 0287 + 1§ = arku Py (d3dy Pp, + askp), 2.3)

and Cy = d1d2d3d4PDO > 0, c3 = 2d1d2d3d4P02PD0 > O, Cy = a2d3d4kHP02PD0 > 0,
c] = dldzpé(d3d4PDO +a4kD) > 0.

Proof. Finding the synchronous equilibrium for (1.1) amounts to solving

gu(x2, x4) —dix; =0,
arxy — dz)Cz = 0, (2 4)
gp(x2) —dzx3 =0, ‘

agx3 — d4)C4 =0.
Then (x1, X, X3, X4) satisfies (2.4) if and only if

d>X» B kpP§ _ askp Py
= 3=, oy X = oy
(25} d3(PO +x2) d3d4(PO +x2)
and x; satisfies (2.3). Since p(§) — ocoasé — ooand p(0) =0 < azkHP(j‘(d3d4PD0 +askp),
there exists a solution &y > 0 satisfying p(§y) = arkn P(;‘ (d3d4 Pp, + askp). O

Note that every component of X is positive. In the rest of this section, we shall discuss
global convergence and synchronization. A criterion will be derived to yield both global
synchronization and global convergence to the synchronous equilibrium point X for system
(1.1). To this end, we let (t) = =(¢t) — x, y(t) = y(t) — x, and still denote x, y by x, y
respectively. System (1.1) becomes

x1(t) = —dix1(t) + gu(ea(t — 1) + X2, ya(t — 1) + X4) — di Xy,

X2(t) = —doxo(t) + arx 1 (t — 12),
x3(t) = —d3x3(t) + gp(x2(t — 13) + X2) — d3X3,
X4(t) = —dyxq(t) + asx3(t — 14),

. ] ) ) 2.5)
Vi) = —diy1(@) + gu(2(t — 1) + X2, x4(t — 71) + X4) — di Xy,

n2(t) = —doy2(t) + axy1 (1 — 2),

3(t) = —dzy3(t) + go(y2(f — 3) + X2) — d3X3,

Va(t) = —days(t) + asys(t — 14).
We shall show that every solution converges to the origin for system (2.5). Consider an
arbitrary solution X(¢#) = (x1(), ..., x4(t), y1(t), ..., ya(t)) of (2.5); then X(¢) exists on
[0, o0) according to remark 2.1(ii). As x;(¢), y;(¢) satisfy (2.5), by the mean value theorem,
we have

X (1) = —d;x; (1) + w; (1),

. (2.6)
Vi(t) = —d;y;(t) + wia (),
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wherei =1, 2, 3,4, and

) 0
wy(t) = %(ul(r ) ot — T — 1) + %(ul(t — ).t — 1)) yalt — 7).

wo (1) := ax;(t — 1),

d
ws(1) = (3t = 7)ot — ).
w4 (1) = asgx3(t — 4),
_0gu . ~ 0gH - ~
ws(t) := W(ul(t — 1), 0t — )yt — 1) + W(“l(f —11), 01 (t — T1))xa(t — T1),

we(t) := axy1(t — 12),
dgp .
wy(t) == E(us(t —3)n( — 1),
wg(t) 1= asy3(t — 14),
where u;(t — 71) (respectively, vi(t — 11), uz(t — w3), U (t — 71), V1(t — ©1), Us(t — 13))
is between x,(t — t1) + X and x, (respectively, y4(t — t1) + X4 and X4, x(f — 73) + X, and

X2, ot — 11) + X2 and X, x4(t — T1) + X4 and X4, yo(t —_‘53) + X, and x;). Note that the
solution X(#) of system (2.5) eventually converges to Q@ — X = IT}_, QF x IT}_, QF, where

i=1

Q7 :==1[q;i — %i,q; — X;],fori = 1,2, 3, 4. Every component of (2.6) is of the form
X(t) = —cx(@) + w(t), 2.7
where ¢ > 0 is a constant and w(¢) is a continuous scalar function. For any ¢ > 0, we denote
[w|™ (1) := sup{lw(s)] : s =1}, [w[™(00) := lim [w|™ (7).
It is not difficult to derive the following property; cf [30].
Lemma 2.4. Every solution of (2.7) converges to an interval [—3, 8], where
0 <8 < Jw™(00) /.

According to lemma 2.4, there exist eight intervals [; := [—§;, §;],i = 1, - - -, 8, to which
the ith component of X(¢) converges respectively. Moreover,
0 < 8 < |w;i|™(00)/d;, fori =1,...,4,
0<8,~ S |w,‘|max(00)/d,‘_4, fOI‘iZS,...,S.
Next, we construct a sequence of nonnegative numbers {ka)},fil through an iteration process
to derive sharper estimates for §;,i = 1, ..., 8. We introduce
dgp(u, v
p1 = max M u € 0,V € Q4},
ou
dgy(u, v
02 := max % :ueQZ,veQ4}, (2.8)
v
dgp(u
03 := max go(®) :ueQz}.
u
Proposition 2.5. For each i = 1,...,8, there exists a sequence of nonnegative numbers

{5;“},‘311 with 81.(]() > 6; such that for each k, the ith component for the solution X(t) of system
(2.5) converges to Il.(k) = [—51.(](), 81.(]()], ast — 0o, and 81.(1() satisfies

(2.9)



878 K-L Liao et al

where 8y := max{|q, — %al. g2 — %2} and 8" := max{|gs — %l 144 — Zal}, k > 1, and p;
are defined in (2.8).

Proof. From lemma 2.4, x,(¢) and y;(¢#) converge to intervals [—§;, §;] and [—3s, &s], as
t — oo, respectively, where

0 <6 < |wi|™(00)/dy, i=1,5.

Note that both x,(¢) and y»(¢) eventually converge to Q% = [§2 — X2, §» — *»], and both
x4(t) and y4(t) eventually converge to Qf = [gs — X4, §a — ¥4]; therefore u;(r — ;) and
i1 (t — 71) eventually converge to Q5 and v, (f — 71) and v, (f — 71) eventually converge to Q4.
Accordingly, fori =1, 5,

lw; " (00) < py max{|gs — X2l, 1g2 — Xa|} + po max{|gs — Xal, |G4 — X4}
=: ,01850) + p28§0).

We may say that x;(¢) and y;(¢#) converge to the closed and bounded intervals Ilm
[—8?”,8}1)] D I; and 15(1) = [—Sgl),égl)] D Is, respectively, where 8%1) = 8;1) =
(018 + 028%”) /d,. Tt then follows that for i = 2, 6,

8 < |wi|™X(00) /dy < (az/dr)st",

since [w(1)| = laxxi(t — ©)|, [we(t)] = lazy1(t — )|, and thus w;|"™(c0) < a8y,
i = 2,6. We then conclude that x,(#) and y,(¢) converge to closed and bounded intervals
12(1) = [—8;1), Sél)] D I, and 16(1) = [—«Sél), Sél)] D I, respectively, where 5;1) = 821) =
(az /d2)8§1). By continuing this process, we obtain (2.9). ]

In the following theorem, with the help of proposition 2.5, we derive the condition for 81.(/()
to converge to zero as k — oo, which yields §; =0, fori =1, ..., 8.

Theorem 2.6. System (1.1) achieves global convergence to the synchronous equilibrium

point X; that is, x;(t),y;(t) — X;, ast — oo, i = 1,2,3,4, for solution
(x1(t), ooy x4(8), y1(2), ..., y4(t)) of system (1.1), evolved from any initial condition in
C([—tu. 01, RY), if

p1axdzds + prp3aray < didrdzds =: By. (2.10)

Proof. To justify the assertion, it suffices to show that Si(k) converges to zero as k — oo for all
i =1,---,8. From the iterative estimate in (2.9), we obtain

810 = (018 " + ;28 dy

a a
L1 2651{71)_'_ 020403 25§k71>
d1d2 d1d4d3d2
praxdsdy + P2 030204 1)

d\dyrdzdy !

. (k—1)

= RsD,

Thus 8}“ — 0,as k — oo, since 0 < R < 1, by (2.10). Subsequently, (Si(k) — 0,as k — oo,
fori =2,...,8, with respect to (2.9). O
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Remark 2.2. (i) In fact, we can compute the upper bounds for the derivatives of gy and gp:

dgu(u, 2ky P¢ Pp,G2(Pp, +§ ~
0< gu(u, v) H 04 Dyq2( VDUZ 44) =: p1, foru € Q,, ve Qu,
den(u, v ky P2 Pp, 42 .
0< gu(u, v) < 4H 0 Doflzz —: /s, foru € Q,, ve Qu, (2.11)
ov PO (PD()+q4)
dgp(u) 2azkpky N
0< < =: 03, foru € Q».
du P, " "eo

Note that p; is computable and o; > p;, i = 1,2,3. Therefore, the convergent result in
theorem 2.6 also holds under the following condition

Praxdzds + prp3aras < Pa, (2.12)

which is easier to verify from computation view point. (ii) Roughly speaking, condition
(2.10) in theorem 2.6 favors large decay rates and small synthesis rates. (iii) Recalling
remark 2.1(i), we can establish smaller attracting region Q if further iterative estimate is
performed. Subsequently, the value p; (respectively, §;) can be lowered to relax condition
(2.10) (respectively, (2.12)). (iv) Under condition (2.10) or (2.12), X obtained in proposition 2.3
is the unique positive equilibrium for system (1.1), according to theorem 2.6.

Theorem 2.6 asserts that

xi(t) > x; and y;(t) = X;, ast — o0, i=1,23,4,

for solution X(#) = (x1(t),...,x4(), y1(t), ..., y4(t)) of system (1.1), evolved from any
initial conditionin C([—1ty, 0], ]RE). This corresponds to non-oscillatory or oscillation-arrested
phase for system (1.1), which is associated with the state of formed somites. This scenario
also corresponds to the global synchronization of system (1.1), as

x,-(t)—y,»(t)—)i,-—)_ci:O, as t—o00, i=1,2,3,4.

In fact, by analyzing the difference system % (x;(t) — yi (1)), and employing arguments similar
to those in proposition 2.5, we can establish the global synchronization for system (1.1) directly,
also under condition (2.10).

Corollary 2.7. Under condition (2.10) or (2.12), system (1.1) attains global synchronization:
xi(t) —yi(t) > 0, ast — oo, i =1, 2, 3,4, for solution (x1(t), ..., x4(), y1(t), ..., y4(2))
of system (1.1), evolved from any initial condition in C([—ty, 0], Ri).

It is usually a challenging task to investigate global dynamics for nonlinear systems and
delay coupled systems. Without knowing and using Lyapunov function, the above iteration
formulation works well in deriving global synchronization and global convergence to the
synchronous equilibrium.

3. Synchronous oscillations

Although corollary 2.7 concludes the global synchronization, it does reduce to the situation that
every solution tends to the synchronous steady state. Thus, there does not exist any oscillation
for system (1.1), under condition (2.10) or (2.12). In this section, we turn to target the local
dynamics and employ bifurcation theory to investigate the synchronous oscillations.

We shall apply the delay Hopf bifurcation theory to prove the existence of nontrivial
synchronous periodic solutions for system (1.1), in section 3.1. We then use the center
manifold theorem and the normal form method to compute the stability of the bifurcated
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periodic solutions in section 3.2. With positive invariance of the synchronous manifold, the
result then leads to synchronous oscillations for (1.1). To depict the loss of synchrony and
the phase transition as parameters or delay magnitudes vary, the asynchronous oscillation will
also be discussed.

3.1. Bifurcation of periodic orbits

In this section, we shall investigate the periodic solutions bifurcated from the synchronous
equilibrium X of system (1.1) via Hopf bifurcation theorem. By observing the structure of the
characteristic equation, while holding s = 13 + 74 fixed, we take r = 1] + 1, as the bifurcation
parameter. We will work on system (2.5) which is a translation of (1.1) from X to the origin.
The linearization of system (2.5) at the origin is given by

x1(t) = —dix1 () + L1 xa(t — 1) +Lppys(t — 1),
X2(t) = —daxa(t) + axx1(t — 12),

X3(t) = —d3x3(t) + £31x2(t — 13),

X4(t) = —dyxs(t) + asgx3(t — 14), G
yi(t) = —=diy1(t) +€51y2(t — T1) + Lspxa(t — 11), .
V2(t) = —doys (2) + a2y (t — 12),
y3(t) = —dz3y3(t) + €71 y2(t — 13),
V4(t) = —dayys(t) + asy3(t — 14),
where
0 o 0 o d _
Ly =451 = ﬁ(xz,xzt), Ly =45 = ﬁ(xz,xzt), L3 =47 = ﬁ(xz)- (3.2)
ou ov du
For convenience, we set
dgu 2ky P§ Pp,X2(Pp, + X4)
Y1 = __(’/h v)|u:)?2,v=i4 = ) 2- 120
du [Pp,(Py +X3) + PyX4]
8gH kHP2PD )22
Y2 = = (U, V) |umyvty = o,
ov [Pp,(Py +X3) + PyX4]
ng 2kDP2)22
Y3 = ——— ) lu=x, = 2—0_22.
du (P +%3)

Indeed, y1 = —€11 = —&s1, y2 = Lo = €52, y3 = —€31 = —L71 and y1, y2, 3 > 0. The
characteristic equation for (3.1) is

A()»,Tl,‘tz,‘l?3,‘f4) =0, (33)
where A(A, 11, T2, T3, T4) iS given by
A+dy  ye 0 0 0 0 0 — e Tt
—ae ™ A+d, 0 0 0 0 0 0

0 e B A +ds 0 0 0 0 0

0 0 —ase”™ A+dy 0 0 0 0
det —TA —TiA

0 0 0 —ye ! A+d ye” ! 0 0

0 0 0 0 —ae ™ A+d, 0 0

0 0 0 0 0 e ™ A+d 0

0 0 0 0 0 0 —aueT ™ A +dy
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By letting r := 1| + 7, and s := 713 + 14, the characteristic equation (3.3) can be factored as
A-f-()"a 71, T2, T3, T4) : A,()\,, 71, T2, T3, ‘C4) = A+()‘s r, S) : A*()"s r, S) = Os (34)
where
As(, 11,1, 13, ) = A+ 1A% + Bod? + B3h + Bu

+ar ) [)\.2 + (d3 + d4))\. + d3d4]e_(rl+T2)A + 612614)/2]/36_(T]+T2+T3+T4))\,
As(h,r,8) = A+ BIA3 + Bor? + Bah + By

+ayi[A + (d3 + d)A + dsdsle™™ £ arasyryse "N, (3.5)
,31 = d] +d2 +d3 +d4,
,32 = dody + dzdy + drds + didy + didr + dd3,
,33 = d2d3d4 + d1d2d4 + d1d3d4 + d1d2d3,
and B4 has been introduced in (2.10). Note that each S; is positive.

We now investigate, for fixed s > 0, the existence of r-induced periodic solutions
bifurcated from the origin of (2.5). We shall start from finding a purely imaginary root iw
of the characteristic equation (3.3) and its corresponding bifurcation value » = r(w) so that
A(Gw, r(w), s) = 0. To this end, we substitute A = iw, with w > 0, into A (A, r, s) = 0 and
collect the real and imaginary parts:

w* — Bow? + B4 + aryy (dzds — w?) cos (rw) + ary w(ds + dy) sin (rw)

Larasyrys cos ((r +s)w) =0,
—,31w3 + Bsw + axyrw(ds + dy) cos (rw) + azyl(w2 — dsdy) sin (rw)

Farasy,ys sin ((r + s)w) = 0. 3.6)
By the properties of trigonometric functions, (3.6) can be written as
w* — fow® + B + [ary1 (dady — w?) £ arasy2y3 cos (sw)] cos (rw)

Hay1w(ds +dy) F azasyry; sin (sw)]sin (rw) = 0,
—B1w’ + Byw + [ary1w(ds + dy) F azasysys sin (sw)] cos (rw)

— [ay1(dsds — w?) £ @rasyays cos (sw)] sin (rw) = 0,

or, equivalently,

VL) -sin (¢s +rw) = —w* + prw? — By,

VLs(w) - cos (¢ +rw) = frw’ — fyw,

where Li(w) := [ayi(dsds — w?) £ aasyryscos sw)l* + [ayiw(ds + di) F
arasy>ys sin (sw)]? > 0, if w is a solution of (3.7); ¢+ € [0, 27) and satisfies

sin (¢+) = [azy1(d3dy — w?) & azasyrys cos (sw)]/v/Le(w),
cos (¢+) = [axy1w(ds + ds) F azasyys sin (sw)]/+/Li(w).
Summing up the square of equations (3.7) gives

0+ (w) = (aadsdayr)* =: T, (3.8)

(3.7)

where

0:(w) = w®+ (B — 28w’ + (—a3yi + By — 2B1 B3 + 20w’
+[—a3(d3 +dD)yl + B3 — 2B2Bs £ 2a3asy1y2y; cos (sw) Jw?
+ [2a5a4(ds + dy) y1y2ys sin (sw)]w

+ (B} — aza;ysvi F 2a3asdsdsyry2ys cos (sw)].
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Figure 1. Graphs of functions z = Q_(w), z = Q+(w), z = I', with the parameter data in [25].

We summarize the properties of functions Q4 (w) as follows; cf figure 1.
(P1) : Q4(0) = B7 — (a2asy2¥3)* F 2a3asdzdsy1y2y3. Obviously,
0+(0) < 0-(0).
(P2) : Q.(w) and Q_(w) are dominated by the leading term w?, since | sinu/, | cosu| < 1.

Consequently, both Q. (w) and Q _(w) are strictly increasing eventually, and increase to
00, as w — 00.

According to properties (P1) and (P2), we derive the following lemma.
Lemma 3.1.
(i) For any fixed s > 0, there exists at least a positive solution to Q,(w) =T if 0+(0) < T';
namely,
0 < B4 < masyrys + axdsdyyr. (3.9)
(ii) For any fixed s > 0, each of Q _(w) = I" and Q.(w) = T has at least a positive solution
if 0_(0) < I'; namely,
0 < B4 < larasyrys — acdsdayi|. (3.10)
There may exist multiple solutions to Q. (w) = I' or Q_(w) = I'. In the following, we
denote by w, (respectively, w_) a positive solution to Q,(-) = I" (respectively, Q_(-) = T').
Now, we find the value of r such that iwy is a purely imaginary root of Ay(-,r,s) = 0. We
divide the first equation of (3.7) by the second and obtain

tan (¢+ +rw) = S(w)/C(w),
S(w) = —w + prw’ — fu,
C(w) := w’ — Baw.
Let ¢ = + or —. For a fixed w,, there exists a sequence {rék)(wa)}kez:

1T S(we
— |tan! (ﬂ) — by +2kn} , if Clwy) >0,
w, | C(w,)
1 1 { S(we) .
— [ tan C —¢s+ 2k — D |, ifC(wy,) <0,
r® (wy) = uio‘ L (ws) (3.11)
w2 % +2kn] , if C(wy) = 0, S(ug) <0,
Wqe |
1 —
— 1[5 — g0+ 2], if C(wy) = 0, S(wg) >0,
wy L
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such that A, (iw,, r®(w,), s) = 0. To simplify the notation, we denote r® := r® (w,)
as the bifurcation value, and we shall consider the case r®) > 0. Accordingly, a positive
solution w, (respectively, w_) of Q.(-) = I' (respectively, Q_(-) = I') corresponds to a
pair of purely imaginary roots +iw, (respectively, +iw_) of A, (-, r® s =0 (respectively,
A, s) =0).

Next, to apply Hopf bifurcation theory, we further impose the conditions of simple root
and transversality. For ¢ = +, —, we consider
Condition (Cl),: Q/ (w,) # 0, and all other positive solutions to Q.(-) =Tand Q_() =T
are not integer multiples of w,.

Condition (C2),: [R, (wo, ¥ + 1y (we, r¥)]? # 0, Wﬁa(wg, r®y + Wia (we, r®) #£0,
and Q1.0 (Wo, r Wi o (o, ') + 026 (Wo, I Wa o (W, 1)) 0, where
Ri(w,r) := —3w261 + B3+ ary1(ds +dy — dzdyr + u)zr) cos (wr)

—ay 1w (=2 + dsr + dyr) sin (wr) F arasyry3(r +s) cos ((r + s)w),
L (w, r) := —4w? + 2wpy — axyyw(—2 + dsr + dyr) cos (wr)

—apy1(ds +dy — dydyr + w?r) sin (wr) £ aagy,ys3(r +s) sin ((r + s)w),
Q1.+(w, r) = —aywl(ds + da)y1w cos (wr) + y1(—dzds + w2) sin (wr)

Fasyayssin ((r + s)w)l,
Or1(w, r) == aywly (dzds — w?) cos (wr) & agyrys cos ((F + s)w)

+(d3 + dy)yw sin (wr)],
Wis(w,r) = —3w2,31 + B3+ ary1(ds + dy — dzdyr + wzr) cos (wr)

Farasy,y3(r +s)cos ((r +s)w) — ayyyw(—2 + dsr + dyr) sin (wr),
Wot(w,r):= —[4w? — 2wps + ary1w(—2 + dsr + dyr) cos (wr)

+ayy1(ds + dy — dydyr + w?r) sin (wr) F aasyry3(r +s) sin ((r + s)w)].
These terms are obtained from the proof of the following theorem.
Theorem 3.2. For a fixed s > 0, assume that there exists a positive solution w, (respectively,
w_) to Q.(w) = T (respectively, Q_(w) = T) satisfying conditions (Cl), and (C2),
(respectively, (C1)- and (C2)_) for some rik) > 0 (respectively, r& s 0) and k € Z. Then
Hopf bifurcation occurs at r = rik) (respectively, r = r® ), and a periodic orbit is bifurcated
from the zero solution of system (2.5). Moreover, the periodic orbit bifurcated at rik) > 0is
synchronous, while the one bifurcated at r® > 0is asynchronous.

Proof. Under the assumption, it suffices to verify the transversality for the assertion of Hopf
bifurcation. We only prove the first case. We compute that

a
aA_'.()\,, r, s)|)L=iw+,r=rik) = {4)\,3 + 3,31)\,2 + 2/32)» + B3 + a1 Qr+d; + d4)e_”\

—raxy [)\.2 + (d3 + d4))\. + d3d4]e7” — (l’ + s)a2a4y2y3e7(’”)x}|)\: (k)

iw,, r=ry
k : k
= Ry (wy, r.(+ >) +il (wy, ’](_ ) s

where R, I, are defined as above. Thus, B%AJr(k, 8|2
(C2),. Hence, there exist a 83‘) > 0 and a smooth function Aik) : (rik) — (Sik) , rik) + 8J(rk)) - C
such that A, AP ), r® ) = A, ¢P)) = 0 and AP ) = iw,, by the implicit
function theorem. Differentiating A+()»frk) (r)) = 0 with respecttor atr = rik), we obtain

k . k
O1,+(wy, VJE )) +107 +(wy, ri ))

k . k)N’
Wi+ (wy, ri )) +iWs 4 (wy, r+(— ))

® #£ 0, due to condition

iw,,r=r,

) =
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where Q1+, Q2.+, Wi+, Wy, are defined as above. Thus, Re(()»ﬁrk))/(rik))) # 0, by condition
(C2),. Therefore, Hopf bifurcation occurs at the origin of system (2.5) at r = rik), according

to [15]. Next, note that
S :=1{(z1, 22,23, 24,21, 22,23, 24) : Zi € C([—™m, 0], Ry), 7 =1,2,3,4} (3.12)

is positively invariant under (1.1) and (2.5). In addition, the characteristic equation for the
linearized system of (2.5) restricted to the synchronous manifold S at the origin, is exactly
A;(X, 7, 5) = 0. Therefore, by the uniqueness in Hopf bifurcation theorem and the positive
invariance of S, the periodic orbit generated by the bifurcation at r = rik) is synchronous. On
the other hand, the periodic orbit generated by the bifurcation at r = r® s asynchronous;

cf [14, 20, 39] for details. O

Remark 3.1. (i) In lemma 3.1, (3.9) and (3.10) are sufficient conditions for Q,(w) = I" and
Q4 (w) =T tohave a solution, respectively. These conditions provide a basic parameter range
for AL(-, 7, s) = 0 to admit purely imaginary roots. Therefore, theorem 3.2 can be used with
condition (3.9) or (3.10). For parameters not satisfying (3.9) or (3.10), we still can compute
all positive solutions to Q4 (w) = I' numerically, if they exist. (ii) It is also possible to use s
as the bifurcation parameter, as observed from the structure of the characteristic equation for
(3.1). The computation will be similar to using r. (iii) We have seen that f4, the product of all
decay rates d;,i = 1, 2, 3, 4, has appeared in the conditions for theorem 2.6 and lemma 3.1.
The parameters corresponding to the stable synchronous oscillations lie outside the range for
global convergence to the equilibrium in theorem 2.6, namely,

Ba < praxdsds + prp3azas.

Indeed, B4 serves as an organizer for the dynamics of system (1.1). We shall pursue this further
in the next section.

3.2. Stability of periodic solution

Under the situation that there exist solutions w, to Q,(-) = I' and/or w_to Q_(-) = T, the
following value r. which stands for the first bifurcation value of r can be defined:

re = min{r : r = rik)(er) >0orr = rik)(w,) >0, keZ,

Q:+(wy) =T, Q_(w-) =T} (3.13)

Moreover, we set w, as the positive solution to Q,(-) = I" withr, = rik)(wc) ortoQ_()=T
with r, = rik)(wc), for some k € Z. We note that r. and w. are well defined under (3.9) or
(3.10).

In this subsection, we shall analyze the stability of the periodic solution induced by
r = 11 + 1 for system (2.5) at r near r., by the normal form theory. To this end, we will first
discuss the stability for the equilibrium of the system as r < r.. It will be shown that in some
parameter range, the origin of system (2.5) is asymptotically stable for » < r, and any 73 > 0
and 4 > 0.
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We consider (3.4) with r = 0; namely,
Ars(X,0,8)-A_(X,0,5) =0. (3.14)

We aim at deriving the conditions for parameters under which all roots of (3.14) have negative
real parts, for all s > 0. We first consider (3.14) with s = 0 as follows:

Ay(2,0,0)- A_(%,0,0) =0, (3.15)
AL(X,0,0) = A* + A2 + 0oA? + a3k + o,

where oy 1= 1, a2 1= Potaryr, a3 i= Py+aryi(ds+dy) and o = By+ardsdayy Earasyrys.
For later use, we denote

D; := det(a;) = o1 > 0,

D, = det <a1 a3)
1 [0%)

= d}(d, +dy + d3) + ds(dy +da + d3)* + (dy + do)[d] + dyd3 + da(dy +d3) +axy1] > 0,

o] o3 0
+ . + _ 2 2 +
Dy :=det| 1 o o | =aimas —a; —ojoy,,
0 (03] (0%}
o1 o3 0 0
+
1 o « 0
Df := det 4 = af . Df.
0 (3] a3 0

0 1 af

Note that D, and D, are both positive. Therefore, by the well-known Routh—Hurwitz criterion,
all roots of (3.15) have negative real parts if and only if

D; >0, Dy >0, Dy >0 and D; > 0. (3.16)
Now, we give the following result on the stability of the origin for (2.5) withr = 5 = 0.
Lemma 3.3. All roots of (3.15) have negative real parts, and hence the origin of system (2.5)
withr = s = 0 is asymptotically stable if and only if

a0 — (a3)?
(@)? — masyrys — aadidayr > Ba > aaagyrys — ardidayy. (3.17)
1

Proof. Note that o > o, and D < D;. Thus @; > 0 and D] > 0 if and only if (3.16)
holds. It can be verified that (3.17) holds if and only if «;, > 0 and D} > 0. The assertion
thus follows. O

Following lemma 3.3, we shall show that the origin is an asymptotically stable equilibrium
of (2.5), for any s > 0 and r = 0 under some additional condition. We substitute A = iv with
v 2 0into A4 (X, 0,s) = 0 and collect the real and imaginary parts to obtain

Farasyays cos (vs) = v* +ayi (dsdy — v?) — 2v* + Ba, (3.18)
£arasyryssin (vs) = vlax(ds +dy)yr — V2B + 3. '

Summing up the square of equations (3.18) gives

E) = (@masyry3)?, (3.19)
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where

E@W) =8+ (2ayy; + B7 — 28)0°
+[adyl + B3 +2ary1(dsdy — (ds +di) Br + Bo) — 2B1 B3 + 2B41v*
+[a3(d; +dD)yi + B3 — 2BaBa — 2a2y1(dsdso — (d3 +da) B3 + B)V?
+ (ardsdayr + Ba)*.

A direct computation gives E'(v) = 8v7 + Esv® + E3v3 + E{v, where

Es = 6(d? +d3 + d? +d3) — 12ayy,
Es = A[d2d3 + d3(d? + d2) + 2axddoyy + a3yl + d2(d? + d3 + d2)) — Say(d2 +d2)y,
E| = 2[d;(didy + ayy))* + d; (d; (d} + d3) + 2axddoyy + a3y} +did3)] — 4didiary.

Lemma 3.4. There does not exist any real solution to (3.19) under conditions:

El > 0, E3 > O, E5 > O, (320)
Bi > arasyrys — ardzday. (3.21)

Proof. Obviously, E(v) is strictly increasing on [0, co), under condition (3.20). Moreover,
it is straightforward to verify that E(0) = (axdsdsy; + B4)? > (arasy>y3)?* if (3.21) holds.
Consequently, E(v) > (a2a4y2y3)2, for all v > 0, and hence for all v € R, as E is an even
function. 0

Remark 3.2. By the definition of E; and that y; is bounded, we find that, roughly speaking,
inequalities (3.20) favor larger d; and d, and smaller a;, d3 and ds. Note that (3.17) implies
(3.21).

By lemmas 3.3 and 3.4, for arbitrarily fixed s > 0 and r = 0, all roots of (3.14) have
negative real parts under conditions (3.17) and (3.20). Moreover, under such assumptions,
there does not exist any solution A with nonnegative real part to AL(A,r,s) = 0 forr < r.
and any s > 0. Accordingly, we conclude the following result.

Proposition 3.5. Assume that (3.9) or (3.10) holds. For any fixed s > 0, the origin is an
asymptotically stable equilibrium of system (2.5) for r < r., under (3.17) and (3.20).

Remark 3.3. (i) In lemma 3.1, condition (3.9) or (3.10) is used to guarantee the existence of
purely imaginary roots iwy for Ay(-, r,s) = 0. Herein, condition (3.10) is compatible with
(3.21) as apaqyry3 — ardsdayy < 0. If axaayrys — axdsdyy, > 0, we still can use (3.9) to find
the solution of Q,(w) = I', when B4 satisfies (3.21). (ii) If both Q,(w) =T and Q_(w) =T
do not have any solution, then for any fixed s > 0 and r > 0, the origin is an asymptotically
stable equilibrium of system (2.5), under (3.17) and (3.20).

Setting 0 = + (respectively, 0 = —) if Q,(w.) = I' (respectively, O_(w.) = I'), we
introduce the following conditions:

Condition (B1): Q’U (w.) # 0, and all other positive solutions to Q,(-) = I' and
Q_(-) =T satisfy w # mw, for any integer m;

Condition (B2): [R, (w,, r.)1* + [ 1, (w,, r.)]* # 0, Wﬁa(wc, re) + Wid (we, re) # 0, and
Ql,a (va rc)Wl,(r(va rc) + QZ,G(va rc)WZ.a(va rc) 75 0.
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Conditions (B1), (B2) are analogous to (C1),, (C2),, but are specifically considered at
w. and r.. Moreover, under conditions (B1) and (B2), Hopf bifurcation occurs at the first
bifurcation value r.. Therefore, we shall apply the center manifold theorem and the normal
form method to analyze the stability of the periodic solution bifurcated from the origin of
system (2.5) and r = r.; cf [15]. Recall that the phase space C := C([—ty, O], R®) is a

Banach space of continuous functions with the supremum norm [[¢[| = sup_, <4<o 19 (0)|.
We rewrite (2.5) in the following form,
X(1) = L,(X)+Gu(Xy), (3.22)

where X(1) = (xi (), ..., x4(0), y1(t), ..., ya(O)", X, (0) = Xt + ), 6 € [~1y,0],
W:=r—r.=T1+71 —r.,and T denotes the transpose.
The operator L,, : C — R?® is the linear part of (3.22), and is given by

L,¢p = Mop(0)+ Mip(—11) + Map(—72) + M3 (—73) + My (—14),
Where MO = dlag{_dl’ _d27 _d3’ _d49 _d17 _d27 _d37 _d4}7
Ly, ifij =12

Cn, ifij=18 Gy, ifij =32,
(My)ij = (s, ifij =54 (M3)ij = 1 tn,  ifij =76,
U5, ifij =56 0, otherwise,
0, otherwise,
_far, ifij=21andij =65 fas, ifij =43andij =87,
(Ma)ij = {0, otherwise, (Ma)ij = 0, otherwise,

as expressed in (3.1) with €y, £y, 431, €51, £sp, €7, defined by (3.2). By the Riesz
representation theorem, there exists a matrix 7(-, u) whose entries are functions of bounded
variation on [—1y, 0] such that L ¢ = fiM dn(@, )¢ (). In fact, we can choose

77(9, M) = MO(S(G) + M13(0 + ‘L’l) + M25(9 + ‘L’z) + M33(9 + T3) + M43(9 + 7,'4),

where §(-) is the Dirac function.
The operator G, : C — RR3, is the nonlinear part of (3.22), and is given by

mid3(—11) + mpgn (— 1) s (—71) + mizpE (—11) + miag3 (—11)
+mis@3 (—T1)Ps(—T1) + Mg (—T1)PE (—T1) + mi7¢3 (—71) + h.o.t.
0
m31¢§(—1’3) + m32¢§(—r3) +h.o.t.

0
Gu(p) = ,(3.23)

Mms1¢2(—11) + msade(—T1)pa(—71) + ms3pZ (—71) + msa (—71)
+MssPZ(—T1)Pa(—T1) + msePo(—T1)P (—T1) + ms7¢3(—11) + h.o.t.

0
m71¢>§(—r3) + m72¢é(—r3) +h.o.t.
0
where
L9%u 5, %), T
mi=m :=——x,x mip = msp := X2, X4),
11 51°= 35 8 2, X4 12 s21= oo (X2, Ky
L9%n 5, %), L% ¢ 5
miz =m :=——x,x Mgy = Msy 1= — X2, X4),
13 531= 5 3 (. X 14 54 1= e 3 (. Xy
mis =m '_l_ag (X2,X%4), mg=m 1—a3gH()E X4)
15 — 55 -— 28 28 25 A4), 16 — 56 28],{8'1)2 2y A4),
.1ag _ ld%p _ _ 1d%p
myp = msy = e 3 (X2, X4), m3 =my = §W(x2)’ mz =my = EW(M)
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Now, we define two operators on C! := C'([—1y, 0], R®):
de(0)/do, 0 €[—u, 0),
(A,0)(0) = 0 (3.24)
-0 | ancwse. 6=o,
(o, 6 € [—ty, 0),
(Ru$)(0) = {Gﬂ(qb), 90 (3.25)

To analyze the stability of the bifurcated periodic solution by the Hopf bifurcation theory, we
transform (3.22) into

X, = A, X, + R, X,. (3.26)
The adjoint operator A* of A is defined as
—dy(0%)/d6", 6% € (0, Tml,

A* 0* — 0
(A.)E7 / dnT (&, Y(=0), 6% =0,

i
where ¥ € C'([0, )], R®). For convenience, we allow functions to have range in C3, instead
of merely R8, in the following computation.

To determine the coordinates of the center manifold near the origin of (3.22), we need to
use the following bilinear form:
0

0
—T —T
(W, o) =9 (0)¢(0) —/ ¥ (§—0)dn(0)¢(§)dé,
O=—1y JE=0
for ¢ € C([—ty, 0], C?), ¥ € C([0, ti], C?), where 1(8) := n(0,0). Herein, the overline
stands for complex conjugate.

Let ¢ (0) be the eigenvector of A := A corresponding to the purely imaginary eigenvalue

iw.. It follows that —iw, is an eigenvalue of A* := Af with respect to some eigenvector
q*(6%), namely,
Ag(0) = iw.q(H) and A*g*(0%) = —iw.q*(0%). (3.27)

Now, let us compute the eigenvectors ¢ = ¢(6) and g* = ¢*(0*) which satisfy the normalized
condition, (¢*, ¢) = 1 and (g*, g) = 0. For this purpose, we assume that

q(6) = q(0)e"’, q*(6") = q*(0)e™”", (3.28)
for 6 € [—tu, 01, 6* € [0, 7], and ¢ (0) = (g1, -+ -, g8) T, ¢*(0) = 5 (g, ..., g5)", where p,
gi and g¥,i =1, ..., 8, are to be determined. Substituting (3.28) into (3.27) and evaluating
at 0 = 0, we obtain
_ 1 _al, _ al51UrUs _ aayls UL UsUy
q1 42 v, g3 —Vz Vs g4 —V2 ViV ,
UsU4V3Vi(—arty + U U,V Vs) UsUg(arl Uy — U Vi Vo) V3V
qs = ) CI6 = - 3
araslinly asli2€71 V>
0= Us(a b Uy = U Vi) Vy g5 = —a b Uy + U ViV,
7= — 5 8 = 5
asln Vo L2V
N . UV «  UDUs(—axl U Uz +VVy)
g =1, q;= y 43 = ,
as axl3

*

44

*

_ VhUsUsVi(—axtnU U, + V1 V) g
= . g

aasls

_ U1 U2U3 U4V374(—a2€1 ]ﬁlﬁZ + VIVZ)
araslsilsy

k]
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9 o
Uy ls\ V3V (—axl U Uy+V Vg))

— —2—2
UsUs(a3l1271UUSU , +

q* _ axl31lsy
6 a4V2V3V4 ’
. as U Uy . 05U,
viv, =8 V,

where U; = e Wt Vi =iw. +dj, for j =1, 2,3, 4. If we take p to be
(qlq_?< + q2q_;< +---+ qgﬁ) + Ji ‘E]Ciiwfr] + .]2'17263411)“12 + J3T3€7iw”r3 + J4‘L’4eiiwru, (329)

where J; = 5116125 + EIZCISE + 552614% + €51969%, Jo = ax(qigi + qsq), J3 =

0319205 +7196q; and Jy = a4(q3q;+g7q3). then (g*, ) = 1and (¢*, §) = 0; see appendix A.
Next, we use g and g* to construct a coordinate for the center manifold €2y at u = 0. Let

X =X(0) = (x14(0), ..., x4,(0), y1.:0), ..., y4,,(6’))T be a solution of (3.26), and let
z(t) == (q", Xy), (3.30)
W(t,0) :=X,(0) — 2Re(z(t)q(0)). (3.31)

On the center manifold 2y, W(¢,0) = W(z(¢), z(¢),0). By the tangency to the center
eigenspace at the equilibrium, we have

2
W(t,0) = W(z(1),z(1),0) = Wzo(e)& + Win(@)z(@)z(1) + W02(6’)L +- (3.32)

where z and Z are the local coordinates of the center manifold g in directions ¢* and g*,
respectively.
For the solution X, € 520 of (3.26), at u = 0, we have

7", X,)

q*’AXt> (q*,ROX,)

A*q*, X)) +(q", RoXy)

—iweq*, X» +(g* (e, RoX,)

= 1wcz+q (O)GO(X,)

= iw.z 4+ (0Go(W(z, 7, -) + 2Re(zg ("))
= iw.z+q (0) fo(z. 2.

(q"
(
(
(

Therefore,
z(t) = iw.z(t) + g(z(1), (1)), (3.33)
where g(z(1), z(¢)) := fT(O)fo(z(t), z(t)). Next, we expand g in powers of z and z:
2 =2 22
7z

_ z _ .
7)) = gy0— + " 9 — + go—— - 3.34
8(z,2) = g2 7 TN gn T e (3.34)

From the coefficients g29, g11, go2 and gz, we shall compute the values of v,, {; and 7, which
are needed to determine the direction, stability and period of the periodic solution in Hopf

bifurcation theorem. Note that g(z, z7) = q_*T (0)Go(X;). Hence, by (3.34), we can derive
2 o — —
820 = E{e ST (my1g5 + gs(miago + m13gs))g; + (ms3qy + qe(msaqs +msiqe))gi]

—2iw,

+e M (m3195q% + m71qeq)},
1 Jp— _ - -
g = 5{("112612 +2m13q8)qsqy + g2l(2m11g2 + mi2qs)qy +2m3192q53

+ (2ms3qaqs + ms2qeGs + Ms2qade + 2ms196Ge)q: +2m71qsdeds ),
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2iw,

2 B o o — B o o —
g = E{e "(mg; + mi2gags + mi3q3)q; + (ms3gs + msrgage + mside)qil

2i % %
+e™" B (m31g,q95 + mn1qsq;)},

—iw,

| _ i — _
g = 5{6 “12g2q5 Bmangada + 2mu W (—13)) + 24645 3maaqsds + 2mn W (—13))]

+2e 7 g ((Bmsrq; + q6(2mseqa + Mssq6))da + (Mseqs + 2Mmssqage + 3msaqe)do

+ (2ms3qs + ms2qs) Wl(?)(_fl) + (ms2q4 + 2ms14e) Wl(?)(_fl))

+q;((3miags + qs2misqa + mi6qs))@a + (Mmisq5 + 2mi6qaqs + 3m1793)ds

+ (2my1g2 + m12¢]8)W1(?(—71) + (mi2g2 + 2m13£]8)W1(f)(—T1))]

+ 26" (31245 Wag (—T3) + m71G6q3 Wao (—T3))

+e" N [gF((2ms3Ga + ms2G6) Wag (—T1) + (ms2Gs + 2ms136) Wao (—T1))

+ 47 (@mngo + mdg) Wi (—11) + (minds + 2m133s) Wag (=T}, (3.35)

where W) (6), W (0) and W5 (0) are the kth components of Wao(6), Wi (6) and Woa (0),
respectively; see appendix B.

In the following, we shall calculate the values of W;y(6) and W;;(0), and substitute these
values into (3.35) to calculate g;; the detailed computation is arranged in appendix C. By the
definition of A in (3.24), and comparing the coefficients in W=X, — zq(0) — Zé (0) with the
ones of W = W,z + WZZ, we obtain, for —ty <6 < 0,

AWy (0) = Wao(0) = 2iw,Wap(8) + g209 (0) + 024 (6),

. 2 3.36
AW11(0) = Wit (0) = £119(0) + 2113 (6). (330
For —13; < 6 < 0, the solution of (3.36) is
Wao(6) = 2 (0)e™ — E2-G(0)e 0 + e
RPN (3:37)
W“(@) = q(o)elwpé) _ Jq(o)e—lwré) + E2,
where
2e 2T (193 + qs(m12go + m13qs))
0
26_2iw”3m31q§
O i 1 0
Ei = Qiw.I — e dn(6,0))” i , 3.38
1= /TM 1. 0) 2e 2 (ms3q3 + g6 (Ms2qa + Ms1ge)) (3.38)
0
26_2iw"r3m716]62
0
2mi1lqa|? + 2m1oRe(gsga) + 2myslgs|*
0
2m31 gz |
0 -1 0
E,=|[-— dn(9,0 _ . 3.39
? < /_TM ! )) 2ms3|qal® + 2msyRe(geqa) + 2ms; |qo|* (3.39)
0
2m71|q6|*

0
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Next we substitute W5y(0) and Wi;(0) into (3.35) to obtain g,;. Finally, we can use these
computations of g9, g11, go2 and g; to obtain the following quantities
i 821

1
e — ~leon) + 2L,
(820811 lg11] 3|802| ) >

i
2w,

_ Re(C1(0)
V=—=""—"",
Re(A'(rc))

{2 = 2Re(C1(0)),

Ci(0) =

-1
= w—[Im(Cl(O)) +1Im ()]s
cf [15]. By theorem 3.2 and proposition 3.5, we draw the following conclusions.

Theorem 3.6. For afixeds = 0, assume that (3.9) or (3.10) and (3.17), (3.20), and conditions
(Bl), (B2) hold. Then system (2.5) undergoes a Hopf bifurcationatr = r. (u = 0)and X = 0.
More precisely,

(i) The direction of the Hopfbifurcation is determined by the sign of v,. Ifvy > 0 (respectively,
< 0), it is supercritical (respectively, subcritical) and a bifurcated periodic solution exists
forr > r. (respectively, r < r.) with r near r.

(ii) The stability of the bifurcated periodic solution is determined by the sign of {. If & < 0
(respectively, > 0), then the periodic solution is stable (respectively, unstable).

(iii) The period of the bifurcated periodic solution is determined by the sign of T». If T, > 0
(respectively, < 0) and v, > 0, then the period increases (respectively, decreases) as |L
increases. If T, < O(respectively, > 0)andv, < 0, then the period increases (respectively,
decreases) as |1 decreases.

According to theorems 3.2 and 3.6, we summarize the respective criteria for the stable
synchronous and asynchronous oscillations.

Condition (S): (3.9) or (3.10) holds, Q,(w.) = T, (3.17), (3.20), and conditions (B1),
(B2) hold, and &, < 0.
Condition (AS): (3.9) or (3.10) holds, Q_(w,.) =T, (3.17), (3.20), and conditions (B1),
(B2) hold, and &, < 0.

Corollary 3.7. Ifcondition (S) (respectively, (AS)) holds for parameters (ay, dy, dz, ky, Po, a4,
ds, ds, kp, Pp,) and a fixed s > 0, then there exists a stable synchronous (respectively,
asynchronous) periodic solution of system (2.5), for |r — r.| small and r > r., if v, > 0,
andr <re ifv, <0.

4. Collective behaviour and numerical illustrations

We summarize the theories established in previous sections and delineate the chief dynamics
regimes of system (1.1) in section 4.1. In section 4.2, we provide three numerical examples
to demonstrate our theories and illustrate the dynamical scenario exhibited by the considered
model.

4.1. Collective behaviour

According to the analysis in previous sections, B4, the product of all degradation rates d;, i =
1, 2, 3, 4, organizes the dynamics of system (1.1). Recall remark 3.1(iii), (2.10) and (3.9) and
note that p1 > y1, p2 2 y»2, and p3 > y3 yield axdsdsy + axasyay3 < axdzdapr + azaspr03.
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11 ]z 13 14
g A A A A

X ﬂ4
0 I 4a,,7; +aydid,y, R \ o
|aa,7,7; —adid, | Praydyd, +aya,p, 5

Figure 2. Partition for the range of B4: I} = (0, |axaayry3 — axdzdayr|), I = (laxasyrys —
arxdzdayil, azaayays + axdzdayr), Iz = (aasyays + axdzdayr, Praadsds + azasapaf3), Is =
(ﬁ1a2d3d4 + a2a4/32/33, OO); ﬁi is defined in (2.11), i=1, 2, 3.

We depict in figure 2 a typical dynamical scenario for (1.1) as B4 increases from zero to 0o,
based on both theoretical and numerical supports.

(D1) If B4 € Iy, then (3.10) holds and both Q. (w) = I" and Q_(w) = I" have solutions, by
lemma 3.1. Therefore, if conditions (C1), and (C2), hold at some w, and rf,k) for some
k € Z,0 = + or —, then r-induced synchronous (respectively, asynchronous) oscillation
is generated, for r near r® (respectively, r®.

(D2) If B4 € I1 U I, then (3.9) holds and Q,(w) = T has a solution. Hence, if conditions
(C1), and (C2), hold at some w,. and rik) forsome k € Z, then the r-induced synchronous
oscillation is generated, for » near rik) . In addition, if 84 € I, then Q_(w) = " may or
may not have a solution. We do find numerical examples with B4 € I, (purple region in
example 4.1) so that Q. (w) = I" has a solution, but Q_(w) = I" does not.

(D3) If B4 € I3, then both Q. (w) = I' and Q_(w) = I' do not have any solution and the
system is non-oscillatory, according to our numerical computations.

(D4) If B4 € 14, then according to remark 2.2(i), the system achieves global convergence to
the unique synchronous equilibrium X. Therefore, there does not exist any oscillation.

From figure 2, we observe that large degradation rates lead to oscillation-arrested.

4.2. Numerical illustrations

The analytic theories presented in theorem 2.6 and corollary 3.7 have provided the criteria
for oscillation-arrested, synchronous and asynchronous oscillations of system (1.1). Those
criteria consist of inequalities involving the parameters and delays and can be examined
numerically. As indicated in corollary 3.7, the synchronization depends on several factors
including the magnitudes of degradation rates and delays. To elucidate more concretely the
dynamics regimes asserted in these theories, we present example 4.1 which provides a graphic
illustration through examining these criteria and demonstrate the dynamics through solving
the delay differential equations (1.1) numerically. In example 4.2, we illustrate the dynamics
with parameters and delays adopted in [25]. The dynamics of system (1.1) describes the
collective behaviour for two cells in contact in the PSM and actually does not incorporate
the spatial structure. That is, the positions for the cells are regarded fixed. However, as the
embryo grows, the PSM boundary shifts posteriorly, and the position of the considered cells
moves from the posterior PSM to the anterior PSM. The cells experience different stages
during the process. We thereby compose a system, arranged in example 4.3, with multiple
phases, namely, synchronous oscillation, oscillation slowing down and oscillation-arrested, to
delineate the phase transition of two adjacent cells in the PSM.
The following parameters are adopted in [25]:

ay =45, as=45, kp=33, ky=33, Py=40, Pp, =400, “4.n
dy = 0.252525, d, =0.23, d3 =0.273224, d, =0.23.
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From the experiment in [12], the delay magnitudes considered in [25] are
T = 3.8+1.0+ Tinit-herv 3 = 8412+ Tinit-delta’ (42)
T, ~ 2.8, 4 ~ 20,

where the unit of time delay is minute. The symbol ‘+’ in (4.2) means the error of the mean,
and Tipit-ner (respectively, Tinit-delta) 1 the time for bound inhibitory protein and for the mRNA
polymerase to produce sufficient transcription for herl (respectively, delta) gene. The values
Tinit-her = Tinit-aelta = 4 were adopted in [25].

On the other hand, Lewis [21] denoted by Ty the total time delay during the Notch
signalling pathway, which is separated into four parts:

Ty = Tndeltac + TpdeltaC + Tpexpon + TNotchActivation s

where Tigelac is the delay for delta gene transcription (between 16 and 68 min), Tpgelac is the
delay for delta gene translation (about 5.5 min), Tpexport is the delay for delivery of the protein
via the secretory pathway to the cell membrane (about 15 min), and TNotchActivation 15 the delay
for the resultant activated Notch arriving in the nucleus of the neighbouring cell, which is short
compared t0 Tpexport- In our notation, 73 and 74 correspond to Tigeitac and Tpgettac + Tpexports
respectively. In particular, 74 represents the total delay for making a mature molecule of Delta
protein via translation and delivery to the cell membrane. Therefore, if TNotchActivation 1S VETY
small or is included in t;, then Ty can be regraded as our s = 73 + 74. Hence, we regard s
as the role of Ty in the following examples. We use Mathematica and Matlab software in the
following computations.

Example 4.1. In this example, we illustrate the dynamics regimes through examining the
criteria established in theorem 2.6 and corollary 3.7, then we justify these dynamics through
solving delay differential equations (1.1) numerically. For system (1.1) with the parameters
in (4.1), we further set 1, = 2.8, 7y = 20, and d| = d, = d3 = dy = d, for d, > 0.01.
The degradation rates are set equal for demonstration purpose. We vary the values of d, and
s = 13 + 174 to examine whether the parameters and delays satisfy the criteria for the chief
dynamics of (1.1). In doing so, we shall provide a visual illustration to see how dynamics
regimes vary with respect to d, and s. More precisely, we consider (1.1) with the value of
d, increasing from 0.01 to 2.4 with increment 0.01 and the value of s from 21 to 105 (i.e.
73 from 1 to 85) with increment 1 successively. In figure 3, the colours mark the values of
(dy, s), and system (1.1) admits identical properties under values (d,, s) at the locations of the
same colour. The green dot means the parameters satisfy S4 = aasy»y3 + axdsdsy,, i.e. they
do not satisfy (3.9), which is a sufficient condition for the existence of purely imaginary root
of A.(-,r,s) = 0. In fact, according to our numerical computation, there is no solution to
Q.(w) =T and Q_(w) = I'. The dark green dot means that the parameters satisfy (2.12), i.e.
the corresponding system admits global convergence to the unique equilibrium X. The light
blue dot means there exists a root iw,. of A,(-, ., s) = 0 and the values of the terms in the
transversality condition (C2), are small at w. and r.. The orange dot means that there is a root
iw, of A_(-, 7., s) = 0 and the values of the terms in the transversality condition (C2)_ are
low at w, and r.. The blue dot means both Q. (w) = I" and Q_(w) = I" have solutions, and
condition (S) holds, i.e. there exists a stable synchronous periodic solution for » near r.. The
pink dot means condition (AS) holds, i.e. there exists a stable asynchronous periodic solution
for r near r.. The purple dot means only Q,(w) = I' has a solution, but Q_(w) = I" does not
have any solution, and condition (S) holds, i.e. there exists only synchronous periodic solution
and does not exist any bifurcated asynchronous periodic solution. The grey dot indicates that
the magnitudes of Df and Df in (3.16) are smaller than our working precision. The black dot
means the parameters satisfy (3.9) and there exist purely imaginary characteristic values w..
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Figure 4. Evolution of x4(t), ya(t), for (a) t € [0,600], (b) t € [2600, 3000], with (dy, s) =
(0.23,44), t; = 3.90264, 13 = 24 and r = 6.70264 near r., which satisfy condition (S). The
solution tends to a stable synchronous periodic solution with period 27.

which are smaller than our working precision. We do not consider these parameters represented
by black and grey dots in the following discussions. According to corollary 3.7, if condition
(S) or (AS) holds, then we compute w, and r. which are dependent on s. In the numerical
computation, t; is then chosen to be near (r, — 2.8).

Next, we elucidate the dynamics in detail for the parameters located at various colours in
figure 3. In figures 4-7, we only demonstrate the solution evolved from the constant initial
value ¢ = (10, 180, 7, 130, 8, 170, 6, 138) and its x4(¢) and y4(¢#) components.

(I For (d,, s) lying in the blue (respectively, pink) region of figure 3, the system satisfies
condition (S) (respectively, (AS)), and there exists a stable synchronous (respectively,
asynchronous) periodic solution bifurcated from equilibrium X, for r near r., by
corollary 3.7. The dynamics for (1.1) with these parameters are computed numerically in
figure 4 (respectively, figure 6).

(II) Consider again (d, s) lying in the blue region and the pink region of figure 3, respectively.
We demonstrate theorem 3.2 numerically. For any given s > 0, all purely imaginary roots
iwy of A(-, r, s) = 0 can be computed numerically. For each w_, there exists a sequence
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Figure 5. Dynamics of x4(f), ya(t), for (a) t € [0,600], (b) t+ € [2600,3000], with
(dy,s) = (0.23,44), 1y = 5.54309, 13 = 24, and r = 8.343 09 near certain bifurcation value
larger than r.. The solution tends to an asynchronous periodic solution with period 33.
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Figure 6. Evolution of x4(f), y4(t), for (a) t € [0, 600], (b) t € [2600, 3000], with (d., s) =
(0.23,58), 11 = 3.66971, 13 = 38, and r = 6.469 71 near r., which satisfy condition (AS). The
solution tends to a stable asynchronous periodic solution with period 26.

{rik )(w+)} such that the system has a periodic solution, at r near the bifurcation value
rf_Lk)(wi), if conditions (C1)+ and (C2)+ hold at w4 and rj(tk)(wi), for some k € Z. In
figure 5, we take » = 8.343 09, which is near certain bifurcation value larger than the
smallest bifurcation value r, chosen in figure 4; an asynchronous periodic orbit emerges,
in contrast to the synchronous one in figure 4.

(II) Figures 4, 5, 6 and 7 demonstrate that, as the bifurcation value r increases, the
system undergoes a sequence of phase exchanges between synchronous oscillation and
asynchronous oscillation. This illustrates a scenario on how r = 1] + 15, the delay for her
gene, affects the synchronization. In addition, observe figures 4 and 6, which have the same
d, but different s. It also undergoes a sequence of phase exchanges between synchronous
and asynchronous oscillations as s varies. This scenario shows how s = 73 + 14, the delay
for delta gene, affects the synchronization. Indeed, synchrony of periodic orbit can be
broken by choosing inappropriate values of » or s.

(IV) We connect the dynamics regimes depicted in figure 2 with the numerics in this example.
Recall the intervals Iy, I, I3, 14 in figure 2. First, for any s > 0, if d, > 0.07, then the
parameters satisfy (3.17) and (3.20). So we only consider d, > 0.07. In this range, there
is a correspondence between the values of B4 and d,; namely, for any fixed s > O, if
d, €{0.07,0.08, ..., 1.24,1.25} and d, € {1.26,1.27, ..., 1.37,1.38}, then B4 € I, and
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Figure 7. Evolutions of x4(¢), y4(t) for t € [2600, 3000], with (d, s), 73 as in figure 6, and
(a) 1 = 5.17878, r = 7.97878, (b) 711 = 33.0221, r = 35.8221. The oscillation switches from
asynchrony in figure 6 to synchrony in (a), then to asynchrony in (b).

B4 € I, respectively. The dynamics of these two regions correspond to (D1) and (D2).
The equilibrium X of system (1.1) is asymptotically stable, for any s > 0 and r < r, by
proposition 3.5. If d, € {2.3,2.31, ...,2.39,2.4}, then B4 € I4, and system (1.1) admits
the global convergence to equilibrium X, which is associated with the dynamics depicted
in (D4), by remark 2.2 (i). Finally, if d, € {1.39, 1.4, ...,2.28, 2.29}, then B4 € I3 and
both Q,(w) =T and Q_(w) = I" do not have any solution, according to the numerical
computation. Hence, Hopf bifurcation theory is not applicable for the parameters in this
range. In fact, these parameters belong to the green region in figure 3, and the equilibrium
X is asymptotically stable, for any s > 0 and > 0, by remark 3.3(ii).

(V) In the regime of synchronous oscillation, we can also examine the periods of oscillations
corresponding to various parameters and delays, through further numerical computation.
To this end, we focus on those parameters and delays which satisfy condition (S), i.e. the
blue and purple regions in figure 3. If we fix d,, € {0.15,0.16, ..., 1.29, 1.3} and vary s €
{21,22, ..., 104, 105}, then the periods of the corresponding periodic solutions are almost
the same. This indicates that s, the delay for Notch signalling pathway, has a mild effect on
the period in this regime. On the other hand, if d,, € {1.31, 1.32, ..., 1.37, 1.38} is fixed,
then the period of oscillation increases as s increases. One can also fix s, and compute
how period changes with respect to d,. Our numerical simulation shows that the period
of oscillation increases as the degradation rates approach the values corresponding to the
oscillation-arrest. For example, as s = 38, (dy, p) = (1.29, 19), (1.35, 35), (1.37, 38);
as s =46, (d,, p) = (1.24, 16), (1.32,22), (1.37,45), where p denotes the period.

Example 4.2. The parameters in (4.1) and delays in (4.2) with Tipit-her = Tinit-delta = 4»
are considered in the heterodimer model in [25]. In this example, we take 7, = 2.8,
73 = 124, 74 = 20 so that s = 13 + 4 = 32.4, and choose r or 7; (r = 71 + 2.8) from our
bifurcation theory. Then according to corollary 3.7, system (1.1) with these parameters and
delays satisfies condition (AS) and admits a stable asynchronous oscillation for r = 6.08948
near r., i.e. Ty = 3.28948 = r, — 2.8, shown in figure 8(a), where the initial value is
¢ = (14,46, 13.5,45,13.5,47, 13, 42).

Moreover, if r is changed to r = 66.5759, near another bifurcation value larger than
r¢, the evolution from the same initial value tends to a synchronous periodic solution shown
in figure 8(b). Therefore, the system with the same parameters can generate both stable
asynchronous and synchronous oscillations at different delays r = 1| + 15.
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Figure 8. Evolutions of x4(¢), y4(t) for t € [2600, 3000], in example 4.2; (a) asynchronous
oscillation with period 25, for r = 6.089 48 near r., which satisfies condition (AS); (b) synchronous
oscillation with period 156, for r = 66.5759 near larger bifurcation value greater than r.

Example 4.3. From system (1.1), we compose a non-autonomous system by choosing three
parameter sets, with fixed s = 60 (r3 = 40, ty = 20), to generate three different phases:
synchronous oscillation, oscillation slowing down, and oscillation-arrested. For the first phase
of synchronous oscillation, we choose

ay =4.5, dy = 1.35, dr, = 1.35, kny = 33, Py =40,

4.3)
as = 4.5, d; = 1.35, dy = 1.35, kp = 33, Pp, = 400,

and 1, = 2.8, which is the value adopted in [21, 25]; then by (3.13), we choose 7; = 10.4041
so that r = 7 + 1, = 13.2041 is near r., i.e.

(71, T2, 3, T4] = [10.4041, 2.8, 40, 20]. (4.4)

For the second phase, the parameters are set as

ay = 4.5, d, = 1.38, dr = 1.38, kg = 33, Py =40, @5)
as = 4.5, dy = 1.38, dy = 1.38, kp = 33, Pp, = 400, '
and the delays are chosen according to (3.13),

[t1, T2, T3, 4] = [25.5646, 2.8, 40, 20]. (4.6)

These two sets of parameters satisfy condition (S) and the period of the oscillation for the
second is larger than the one for the first. Next, we choose the third set of parameters as

a) = 45, d] = 1.5, dz = 1.5, kH = 33, P() = 40, (4 7)
as = 4.5, d;=1.5, dy =1.5, kp = 33, Pp, =400, '
where the degradation rates d, = d;,i = 1,2,3,4 have been increased; we retain the

magnitudes of delays as (4.6). The synchronous equilibrium of system (1.1) with parameters
(4.7)1s

X = (&, &), with =~ (12.3262, 36.9786, 11.8622, 35.5865).
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Figure 9. The x;-, y;-components for a non-autonomous system composed from (1.1), starting
from synchronous oscillation, then slower oscillation and finally tending to the synchronous
equilibrium.

In fact, the parameters in (4.7) do not satisfy condition (2.12), but satisfy the conditions
in remark 3.3(ii); the system still converges to equilibrium X. We certainly can increase
degradation rates d, further to meet condition (2.12) and obtain a similar scenario.

The whole evolution system is then composed as follows. The parameters are set as
(4.3), during ¢ € [0, 800], and as (4.5), during ¢ € [1000, 1800], and finally as (4.7), during
t € [2000, 4000]; in addition, the degradation rates increase linearly during the transition when
t € [800, 1000]U[1800, 2000]. Moreover, we set the delays equal to (4.4), when ¢ € [0, 800],
and equal to (4.6), when ¢ € [1000, 4000]; and increases linearly, when ¢ € [800, 1000]. The
transitions among the settings are all continuous.

This non-autonomous system then has stable synchronous oscillation during ¢ € [0, 1800].
The period of oscillation during ¢ € [0, 800] is about 30 min which matches the experimentally
observed period for the oscillatory clock gene at the tail bud. The oscillation then slows down
with the period increased and the amplitude decreased when ¢t € [1000, 1800]. Possibly
due to the effect of FGF8, the cell degradation rates increase during the process. Finally,
the solution tends to equilibrium X, when ¢ € [2000,4000]. This phase corresponds to
oscillation-arrested and the cells are formed into somites. We illustrate only the dynamics
for the x;- and y;-components of the solution evolved from the constant initial value
¢ = (14,46, 13.5,45,13.5,47, 13, 42) in figure 9.

5. Discussions and conclusions

We have developed analytical theories for the kinetics of her gene expressions of two
neighbouring cells interacted through the Delta—Notch signalling. In particular, the basic
regimes of synchronous oscillation and oscillation-arrested have been identified. ~Our
theoretical results show consistency with the numerical findings incorporated with proper
biological data in [21, 25].

We found that the value of B4, the product of all degradation rates, organizes the dynamics
of system (1.1). As B4 increases from zero, the dynamics vary from oscillatory phase to steady
phase. We have proved that large degradation rates and small synthesis rates are favorable for
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conditions (2.10) and (2.12) which yield global convergence to the synchronous equilibrium.
This steady phase corresponds to the oscillation-arrested state for the cells in the formed
somites.

This study has elucidated how synchronization and oscillation depend on the parameter
values and delay magnitudes, and clarified certain assertions in the literature. For example,
it was mentioned in [21] that the delay of the Notch signalling, i.e. Ty or s = 73 + 74, can
synchronize her gene oscillations over adjacent cells. From the bifurcation analysis, we have
shown that the synchrony depends on both s and r, where r is the combined delay in her
gene regulation. In fact, holding a suitable s and varying r can lead to a sequence of phase
exchanges between synchronous oscillation and asynchronous oscillation, and vice versa. It
was mentioned in [28] that large coupling strength promotes the synchronization between
cells. Our investigation indicated that inappropriate choice or combination of the degradation
rates and the delays can destroy the synchrony even though the coupling strength, reflected
in the magnitude of ky, is large. Indeed, synchronous oscillation is a collective behaviour for
coupled-cell system (1.1) under suitable combination of parameters and delays. Based on the
present theory, we extended the investigation further through numerical simulations to depict
more complete dynamical scenarios of the system. Our numerical computation indicates that
under condition (S), the period of the oscillation is large, if the degradation rates are close
to the values where the oscillations arrest. In addition, the period of the bifurcated periodic
solution appears to be larger at larger bifurcation value.

The analytic results for the considered cell—cell system also provided a basis to compose a
system with multiple phases to describe the whole evolution of two adjacent cells in the PSM
during the somitogenesis. This system, presented in example 4.3, exhibits stable synchronous
oscillation, oscillation with slower rate and oscillation-arrested, in succession. The formulation
in turn leads to the construction of a non-autonomous lattice system of N coupled cells, which
generates the travelling wave of oscillatory gene expression [23].

The established framework is rather general and can accommodate other models; for
example, the heterodimer model containing herl, her7 and delta genes, and models with
Michaelis—Menten type reactions for the degradation and general transcription function with
Hill coefficients. In fact, what are essentially required in our approach are the following:

(1) agﬂa(;"") <0, ag“;g’”) > 0 and % < 0, for all u, v > 0, i.e. Her protein suppresses the
transcription of her gene, Delta protein from neighbouring cells activates the transcription
of her gene, and Her protein suppresses the transcription of delta gene,

(ii) there exist constants B; and B, such that 0 < gy(u, v) < By and 0 < gp(u) < B,, for all
u,v > 0,i.e. gy and gp are bounded,
(iii) there exists a positive synchronous equilibrium for the system.

Such gy includes the one adopted in [21]:

kH v () kD
X ) gplu) = .

2 2
1+%  Pp,+v 1+ 5
0 0

gH(”’ v) =

Moreover, the treatment can also be applied to the system modified by adding delays in the
model in [34]. Such extension responds to a research task posed in the discussion section
of [34].

Furthermore, our analytic approach in concluding global convergence to the synchronous
equilibrium and global synchronization can be extended to the N-cell system [23]. The basic
assumption is large degradation rates. The existence of synchronous oscillation for the N-cell
system is similar to the cell-cell system in section 3, as the assertion can be obtained from
restricting the dynamics to the synchronous manifold, due to the symmetric coupling among
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cells in the considered system. The computation for the stability of bifurcated periodic orbit
is, however, more complicated, as one needs to analyze the characteristic equation obtained
from the determinant of a 4N x 4N matrix.

While system (1.1) models the kinetics of the gene expression in zebrafish somitogenesis,
the equations actually represent typical gene regulatory networks with autorepression and time
delays in transcription and translation taken into account. Mathematical analysis prevails in
understanding the dynamics of the model system, and elucidates the interplay between the
parameter values and delay magnitudes for the collective behaviour. However, if more genes
are involved and considered in the modelling, then the size of the model system increases,
so does the challenge of analysis. The mathematical analysis and technique in this study
are expected to contribute toward advancing the theoretical investigation on gene regulation
models including systems similar to (1.1).
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Appendix A.

From (g*, g) = 1, we can obtain p as follows:
_r 0 6 _r
", q) = T (©)g(0) - / / 7€ — 0)dn(0)g(€) de
=—1y JE=0
1 * % % > * * P %
= E(QIQ1 +q2q5 + 9393 + qaq} +qs5q5 + qeq¢ + 4197 + qsqg)

0 0
1 — —\aiweE— w
—f f L@ D A0 (L. .. gs) e
O=—1y JE=0 P

1 _ . 0 0 1 — . i
=(q197 + ... +gsq5) — f f [—_(qr, e gDMo(qr, -, qs) T8 (0)e™ !
14 O=—1y JE=0 | P

1 — — .
+ E(q;: L aDMi(qr, -, q8) 80 + T)e™?
1 P % T iw,.0
+5( F Mgy, ... qg) 80 + Ty)e™
1 P % T iw.60
+5( F L aDMs(qr, ..., q8) 80 + T3)e™
1 Py P T w0
+E( oo @g)Ma(q, ..., qg) 80 +14)e™” | dE dO

1 — — . . . .
= —_[(q]q?< R ngg) + J|T]€_1w'r' + JQ‘L’ze_lw‘T2 + J3t3e_‘“”3 + J4r4e_1w““]

Hence p is determined to be (3.29).
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Appendix B.

From g(z,2) = FT(O)GO(Xr), we compute
_ 1 — —

8(z,2) = E(qi*,-..,qgk) :

mi X3 (=T1) + miXy, (—T) yas (—71) + mizy;, (—11) + miax; (—11)
+misx3  (—11)ya (—T1) + migxa, (—11)y;  (—71) + mi7y; ,(—71) + hoo.t.
0
m31x§7t(—r3) + m32x§’t(—r3) +h.o.t.

0
ms1y3 (—=T1) + ms2y2, (=) X4, (—T1) + ms3xg  (—11) + mss4y; (—T1)
+mssy3 ,(—T1)xa,(—T1) + mseya, (—T1)x; (—T1) + ms7x; ,(—71) + hoo.t.
0
my1y3 (—13) + mpy; (—13) +hoo.t.

0

By (3.31) and (3.32), we obtain
_— z? z2
Xi(0) = zq(0) +zq(0) + Wzo(G)E + Wn@zz + Woz(9)3 e
It turns out that, fork, j = 1,2, 3, 4,

2 =2
LWt . == T k Z k - k <
X (—Tj) = zqee™" T + Zqie™ T + Wz(o)(_fj)g + WP (=1)2z + Wiy (1) =

2
=13
+o(|(z, 2)I7),
(k+4) 22 (k+4) (k+4) z
—iw.T; | == iw.t; + + - +
Vit (—T;) = 2qiea®™ ™Y + Zqpsae™ T + W,y (_Tj)E + W (1) + W, (—Tj)g

+o(/(z, DY),

where W) (6), W (0) and W3 (0) are the kth components of Wa(6), Wi(6) and Woa(0),
respectively. Hence, we obtain g9, g11, o2 and ga1.

Appendix C.

We compute Wy (6) and W;1(0). By (3.31),
W = 0W/dt(z,0)
= X, —2q(0) —zq(9)
= AX, + RoX, — [iwez + g% (0) folz, Dg(0) — [—iw.Z +¢*(0) fo(z, 213 (60)
= AX, + RoX, — Azq — AZ§ — 2Re(q" (0) fo(z, 2)q(6))
= AW —2Re(@" (0) fo(z, Dq(0)) + RoX,

_ AW - 2Re(q* (0) fo(z. D)q(0)), 0 € [—tm,0),
AW — 2Re(@* (0) fo(z. D)q(0)) + fo(z.2). 6 =0,
=AW+ H(z,2,0). 6.1)

We expand H(z, Z, 0) as
z2 2
H(z,z,0) = Hzo(G)E +Hp(0)zz + Hoz(9)3 +ooe (6.2)
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Next, taking the derivative of W with respect to ¢ in (3.32), we obtain

W =W.z+ W:Z. (6.3)
Substituting (3.32) and (3.33) into (6.3), we obtain
W = (Wy(@)z + Wi (0)Z + - )(iwez + &) + (Wi (0)z + Wp(0)Z +-- ) (—iwZ+3).  (6.4)

On the other hand, by (3.32), (6.1) and (6.2), we have

2 =2
W = (AW () + Hzo(e))% + (AW11©) + Hy1(9))2Z + (AWa(8) + H02(9))% +ooel (65)

Comparing the coefficients with (6.4) and (6.5), we obtain

AWy (0) — 21w Wi (0) = —Ha(0), (6.6)
AW11(0) = —H;1(9). 6.7

Recall that H(z, z,60) = —2Re(FT(O)fo(Z, 2)9(0)) + RoX, = —g(z,2)9(0) — g(z,2)q(0) +
RyX;, cf (3.33) and (6.1). Thanks to (3.34), we derive

H(z,Z,0) = —(38202° + gnzZ + $802%" + - )q (0)
—(3820Z” + gnZz+ 38m3” + - )G(0) + RoX;. (6.8)

Comparing the coefficients in (6.2) with (6.8), we obtain, for —t)y < 0 < 0,

Hy(0) = — g20q(0) — 802 (0), (6.9)
Hy1(0) = — g1q(0) — g11q(9). (6.10)

Recall the definition of A in (3.24), and substitute (6.9) and (6.10) into (6.6) and (6.7)
respectively, we obtain (3.36). Obviously, for —7); < 6 < 0, the solution of (3.36) is (3.37).
In the following, we shall find the matrices E| and E, to establish W5y(8) and W ().

From (6.6), (6.7) and the definition of A in (3.24), we have

0

AW (0) = / dn(8, 0)Wan(8) = 2w, Wao(0) — Han(0), ©.11)
0

AWU(O>=/ dn(6, 0) W1 (6) = — Hyy (0). 6.12)

Since H(z,z,0) = —g(z,2)q(0) — g(z,2)g(0) + RoX;(0) = —g(z,2)q(0) — g(z,2)g(0) +
Go(X;), we have

Hy(0) = — g20q(0) — §0ng(0) + Ey,
H11(0) = — g119(0) — g11¢(0) + E>,
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where

2e 2 (my g2 + gs(M12q2 + m13qs))
0
2e "B my g3
0
e 2wt (mSSqA% + q6(m52q4 + m51Q6))
0
e
0

2mi1|qa|* +2mRe(gsga) + 2my3lgs|?
0
2m311qa|?

B> = 0

2ms3|qal® + 2msyRe(qeqa) + 2msi|qe|?
0
2m71|q6
0

Moreover, from (3.27), we derive

0
<iwCI - / e dn(o, 0)) q(0) =0, (6.13)

—Ty

0
<—iwcl — / e % dn (o, 0)) 3(0) =0. (6.14)

™

By (6.13) and (6.14), we can rewrite (6.11) and (6.12) as

0
<2iwcl —/ e?e? dn (o, 0)) E =E,,

—Ty

0
—/ dn(®,0)E, = E,.

™

Hence, we obtain (3.38) and (3.39). We then substitute (3.38) and (3.39) into (3.37) to obtain
Wao(0) and Wy (0).
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