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Abstract

For three specific singular perturbed three-component reaction—diffusion systems that
admit N-spike solutions in one of the components on a finite domain, we present
a detailed analysis for the dynamics of temporal oscillations in the spike positions.
The onset of these oscillations is induced by N Hopf bifurcations with respect to the
translation modes that are excited nearly simultaneously. To understand the dynamics
of N spikes in the vicinity of Hopf bifurcations, we combine the center manifold
reduction and the matched asymptotic method to derive a set of ordinary differential
equations (ODEs) of dimension 2N describing the spikes’ locations and velocities,
which can be recognized as normal forms of multiple Hopf bifurcations. The reduced
ODE system then is represented in the form of linear oscillators with weakly nonlinear
damping. By applying the multiple-time method, the leading order of the oscillation
amplitudes is further characterized by an N-dimensional ODE system of the Stuart—
Landau type. Although the leading order dynamics of these three systems are different,
they have the same form after a suitable transformation. On the basis of the reduced
systems for the oscillation amplitudes, we prove that there are at most [ N /2 |+ 1 stable
equilibria, corresponding to | N/2] 4 1 types of different oscillations. This resolves
an open problem proposed by Xie et al. (Nonlinearity 34(8):5708-5743, 2021) for a
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three-component Schnakenberg system and generalizes the results to two other classic
systems. Numerical simulations are presented to verify the analytic results.

Keywords Multiple Hopf bifurcations - Coexistence of multiple oscillatory moving
spikes - Matched asymptotic methods - Reduction methods - Three-component
reaction—diffusion systems

Mathematics Subject Classification 37110 - 35K57 - 35B25 - 35B36

1 Introduction

Spatially localized patterns have been observed in diverse physical and chemical exper-
iments (see the survey Vanag and Epstein (2007)). The modeling of these experiments
often generates nonlinear reaction—diffusion (RD) systems that admit spatial inho-
mogeneous solutions localized in small regions. As prototyping models to produce
well-localized solutions, several well-known two-component RD systems, such as the
Gierer—Meinhardt model (Gierer and Meinhardt 1972), the Gray—Scott model (Pear-
son 1993) and the Schnakenberg model (Schnakenberg 1979) have been extensively
studied. In the large diffusivity ratio limit, these systems can exhibit multiple-spike
solutions in the component with a slow diffusion rate. Such spiky patterns have been
shown to exhibit various types of instabilities and dynamic behaviors such as spike
splitting, temporal oscillations in the spike heights, spike annihilation, and slowly
moving spike, see Doelman et al. (2001a,b); Iron et al. (2001); Iron and Ward (2002);
Gomez et al. (2021); Ward and Wei (2003a,b) and the book (Wei and Winter 2013)
for the Gierer—Meinhardt system, Doelman et al. (2002, 1997); Kolokolnikov et al.
(2005a, b); Gomez et al. (2020); Kolokolnikov et al. (2006) for the Gray—Scott system,
Iron et al. (2004); Ward and Wei (2002); Gomez et al. (2020) for the Schnakenberg
system.

An intriguing phenomenon is the emergence of oscillatory patterns due to the Hopf
bifurcation (HB). Typically, increasing the reaction ratio constant of the inhibitor or
substrate can lead to a destabilization of the stationary spike solution through the
HB. Two distinct types of HB have been examined in the literature: One is asso-
ciated with “small eigenvalues" that approach zero when the diffusion rate of the
activator vanishes; the other is associated with “large eigenvalues" that remain to be
constant as the diffusion rate of the activator diminishes. As a reaction-time param-
eter is increased, either a large eigenvalue or a small eigenvalue will be the first to
have a positive real part. If a large eigenvalue crosses the imaginary axis first, oscil-
lations in the spike height occur first. Alternatively, oscillations in the spike position
take precedence. For the classic activator-inhibitor Gierer—Meinhardt model, the HB
is subcritical and generates unstable time-periodic patterns with spikes oscillating in
their heights (Ward and Wei 2003a; Gomez et al. 2021; Kolokolnikov et al. 2021;
Veerman 2015). For the activator-substrate systems such as the Gray—Scott model
and the Schnakenberg model, the HB for temporal spike height oscillations occurs
first and is subcritical at a low feeding rate (Gomez et al. 2020; Kolokolnikov et al.
2021). At a high feeding rate, the HB for temporal spike position oscillations occurs
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first and is supercritical (Chen and Ward 2009; Xie and Kolokolnikov 2017; Kolokol-
nikov et al. 2005a; Chen and Ward 2011). It is worth noting that the oscillation in the
spike position typically requires both components in the system to be strongly cou-
pled near the spike centers, namely, both the activator and the substrate are localized.
One may ask whether it is possible to find stable oscillatory spikes in the positions
with the substrate (inhibitor) weakly coupled with the activator. As far as the authors
are aware, this appears to be unrealistic for two-component systems. On the other
hand, theoretical results obtained for a class of three-component reaction—diffusion
equations in Or-Guil et al. (1998) suggest that it is always feasible to find parame-
ters that lead to the propagation of any stationary structure that can be found in the
corresponding two-component system. Further studies on three-component systems
(Bastiaansen and Doelman 2019; Chirilus-Bruckner et al. 2019) have revealed that
localized solutions can exhibit remarkably richer dynamics. This motivates us to con-
sider three-component extensions of some classic two-component models. Recently,
a three-component extension of the Schnakenberg model was analyzed in Xie et al.
(2021), exhibiting new, previously unobserved behavior: numerical simulations reveal
the coexistence of both in-phase and out-of-phase oscillations in the spike positions
for a two-spike solution. An open problem proposed there is: How many stable small-
amplitude oscillatory moving patterns can we find for an N-spike solution when N
translation modes are excited? One goal of this paper is to address this problem.

In this paper, we consider three-component extensions of three singularly perturbed
two-component systems

;= &2upy + f(u, v) — Kw,
0 = Duyyx + g(u, v), xe(—=1,1), =0, (1.1

TWy =u —w,
Neumann boundary conditions for at x = +1.

in the limit
ek 1. (1.2)

The first system is the nondimensional Gierer—Meinhardt model with reaction terms
as
fau,v)=—1—u+u*/v, gu,v)=—v+e 'u’. (1.3)

The second system is the nondimensional Gray—Scott model at a low feeding rate with
Fu,v)=—(1—)u+ Au*v, gu,v)=1—v—2e 'u?v. (1.4)

The third system is the nondimensional Schnakenberg model at a low feeding rate
with
2 1 -1,2
fu,v) =—0 —x)u+ uv, g(u,v):z—s u-v. (1.5)

The coupling coefficient k is independent of ¢ and assumed to be 0 < « < 1.
The nondimensionalization details of the Gierer—Meinhardt system are provided in
Appendix B. The third component w acts as an inhibitor to the first one, whose
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kinetic is motivated by the FitzHugh-Nagumo system. In the chemical system, it could
symbolize a substance produced as a byproduct of the activator’s production, which
in turn has a negative effect on the activator, representing a depletion of resources or
accumulation of waste that inhibits the reaction. These three RD systems degenerate
to their corresponding standard two-component systems when t = 0, which have the
following two properties when ¢ < 1:

e When D satisfies some explicit constraints, there exists a stable solution consisting
of N evenly distributed spikes with equal height.

e For a stable N-spike solution, the first NV leading eigenvalues are negative real and
O(g?), whose associated eigenmodes are translation modes in the leading order.

See Iron et al. (2001); Kolokolnikov et al. (2006); Iron et al. (2004) for related results
on each model. Setting T > 0 does not change the equilibrium state but has an impact
on the stability. Hence the existence of symmetric N-spike steady-state solutions
centered at x; = —1 + , j=1, , N to the system (1.1) is readily established.
In Or-Guil et al. (1998), the authors have shown that the eigenvalues that determine
the stability of an equilibrium state in the extended systems (1.1) for general f and g
can be explicitly determined by the eigenvalues of their two-component counterparts,
suggesting that we can obtain some analytic results if we know the solution explicitly.
For the systems under consideration, the first N leading eigenvalues are negative real
and of the order £, allowing us to find N thresholds located within a region of width
O(g?). These thresholds are identical in the limit & — 0, and N pairs of complex-
conjugated eigenvalues pass through the imaginary axis as T exceeds the critical value
7., which then excite the corresponding translation modes and initiate the multiple
types of oscillations in the spike positions. We aim to understand the stable small-
amplitude oscillatory patterns we can finally observe.

Figure 1 illustrates the aforementioned phenomenon in the Schnakenberg model.
For five spikes, there are five eigenvalues that cross the imaginary axis for t slightly
exceeding %, which causes the spike center to oscillate periodically. The long-time
dynamics settle into one of three possible stable oscillatory patterns, corresponding
to the three stable equilibria in the amplitude equations. Which pattern is chosen
depends on the initial conditions. For six spikes, there are six eigenvalues that cross
the imaginary axis for values of 7 well beyond 1/k. The long-time dynamics settle
into one of four possible oscillatory stable patterns, corresponding to the four stable
equilibria in the amplitude equations. Four types of oscillations coexist for the same
parameter values, and the pattern selection mechanism depends only on the initial
conditions.

With the goal to delineate the manifestation of periodically moving patterns, we
perform a detailed study of temporal oscillations in the spike positions near Hopf
bifurcations for N-spike solutions in three singular perturbed RD systems. In partic-
ular, we demonstrate that N Hopf modes become unstable when t passes % in the
limit ¢ — 0, leading to multiple types of oscillations at the onset of instability, which
then saturate into a particular stable periodic orbit. Next, we perform a multiple-scale
perturbation expansion in the vicinity of the bifurcation point and derive a set of ODE
equations, explicitly describing the dynamics of multiple spikes. Finally, based on the
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a) Five splkes 1. ) Five spikes I1.

(d) Six spikes I. (e) Six spikes I1. (f) Six spikes I11. (g) Six spikes IV.

Fig. 1 Space-time plots of the activator distribution u for different initial N-spike configurations obtained
from numerically solving the system (1.1) using FlexPDE7 (Inc 2020) with Schnakenberg type of non-
linearities in Eq. (1.5). The horizontal axis is space, and the vertical axis is time. The parameters are
e =0.005 «k =08, D= ﬁ for N =5, 6. (a-c) three different final states of oscillatory five spikes at

T = 1.01/k. The only difference between them is the initial perturbation we select. (d-g) four different final
states of oscillatory five spikes at T = 1.015/«. The only difference between them is the initial perturbation
we select

reduced description, we prove that the leading order oscillations settle into one of the
LN /2] + 1 possible stable states.

The contribution of this paper is twofold. First, we extend the results in Xie et al.
(2021) to another two classic RD systems, showing that the coexistence of multiple
oscillation patterns is a universal phenomenon. Second, we resolve the open problem
raised in Xie et al. (2021), giving a complete classification of the stable oscillation
pattern slightly beyond multiple Hopf bifurcations.

The outline of this paper is as follows. In §2, we derive the relation between the
eigenvalues of three-component systems and their associated two-component systems.
We show that an N-spike solution undergoes a transition from a stationary state to an
oscillatory state as the parameter t is increased past some threshold 7; this instability
is triggered via a Hopf bifurcation of drift type. Moreover, N small eigenvalues (con-
trolling the motion of N spikes) undergo Hopf bifurcations nearly simultaneously.
Consequently, a complex interaction between the different modes can occur, leading
to the coexistence of multiple possible oscillating patterns. A key open problem then
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is determining whether these time-periodic solutions bifurcating from the N-spike
stationary solution are stable.

In §3, we formally derive a reduced description of spike positions and velocities
to unfold the dynamics near the bifurcation point for the Gierer—Meinhardt model,
which is essentially the Hopf normal form. In general, this can be done by following
the weakly nonlinear analysis developed in Veerman (2015) or similar approaches
used in Gurevich et al. (2006). However, the leading eigenmode in these references is
associated with an O(1) eigenvalue, in contrast with O(¢?) eigenvalue in this article.
Moreover, only one Hopf mode is assumed to be excited in Veerman (2015) and Gure-
vich et al. (2006), while we study the scenario when multiple Hopf modes are excited.
These differences make our problem more delicate and require intricate analysis in a
hierarchy of problems in each order of ¢. We will use a combination of the matched
asymptotic methods and the center manifold reduction to reduce the PDE system to a
set of ODE systems up to O(g2). We then apply the multiple-scale method to obtain
a leading order approximation of the solution to the reduced system, revealing that
the spikes oscillations consist of different oscillating modes in the leading order of ¢,
whose amplitudes are subject to a system of ordinary differential equations that can
be seen as the Landau equations. Each equilibrium point of the amplitude equations
corresponds to an oscillatory state, the stability of which determines the final state we
can observe numerically.

In §4, we classify the equilibria of the amplitude equations with respect to 7 and
rigorously prove that the Landau equations have at most 2%V non-negative equilibria,
among which [N /2] + 1 are stable, suggesting that at most | N /2] + 1 stable small-
amplitude oscillatory pattern can be observed in the leading order. Finally, in §5 we
summarize our results and highlight some open problems for future research.

2 Hopf Bifurcations

In this section, we investigate the bifurcations induced by increasing the reaction ratio
7 for general three-component systems (1.1). The analysis for the extended Schnaken-
berg model has been carried out in Xie et al. (2021). Here we sketch the analysis for
a general system. We consider the dynamics linearized around the stationary solution
(ug, vs, ug) and compare it with the dynamics in the special case T = 0.

We define the linear operator Lg as follows:

= 82A+fu(us’v5)_lc Solus, vy)
Foi= ( 8u(us, vs) DA + gy(uy, Us)) . 2.1

For a perturbation [¢,, V7, n:] < 1 to the steady state [uy, vs, us], we obtain the
following eigenvalue problem for t = 0:

ydo = 2 Ao + fulus, vs)do + folus, vs)¥o — k1o, (2.2a)
0 = DAY + gu(ug, v5)do + guv(us, vs) Vo, (2.2b)
0= ¢o — no; (2.2¢)
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and for 7 # 0O:
hpr = 2 A + fulitg v e + folus, vo) Y — K7)e, (2.3a)
0= DAY + gu(us, v5)dr + guv(Us, V5) Ve, (2.3b)
TANT = ¢r — Nr, (2.3¢)

where we denote the eigenvalues of the three-component system at T = 0 as y and
the eigenvalues at T # 0 as L. The system Eq. (2.2) can be rewritten as

y (%0) = Lo (i?)) : (2.4)

Note that the third row of system Eq. (2.3) is a linear algebraic equation. We solve 7

W.I.t ¢, to obtain
1

:1+tk

Using this to remove 1, in other two rows, we obtain

KT ¢\ _ ¢e
() (5) = (%) ”

Comparing Eq. (2.4) and Eq. (2.6), we compute A and [¢;, ¥, ;] based on y and
[¢o, Yol as follows:

Nz ¢r. 2.5)

2
A:Mi\/1+<w>, (2.7a)
2T T 2T
1
[¢c, ¥, ne] = (o, Yo, T 7-_}Lqﬁo]- (2.7b)

Equation (2.7) implies that the eigenvalue and eigenvector at T # 0 can be directly
obtained from those at T = 0. When 7 is increased, the bifurcations detected are
ranked according to the value of the related y. Thus, if an N-spike solution is stable
for T = 0, this solution will stay stable until 7 is increased up to +Jl/max.

We are interested in the stability of an N-spike solution and the dynamics of N

spikes in the vicinity of the bifurcation. Denote the # component of an N -spike quasi-

equilibrium solution as
N
X — X
~ ) 2.8
Ug ]; Uc ( o ) (2.8)

where xy is the equilibrium position, {x; = —1 + %, k=1,..., N}.For the sys-
tems we consider in this paper, the first N leading eigenvalues {yx, k = 1, ..., N} are
negative real and of the order 2 (see the computations in Iron et al. (2001); Kolokol-
nikov et al. (2006); Iron et al. (2004)). Hence, increasing the bifurcation parameter t

to pass t = +1 7 pushes the k-th eigenvalue to cross the imaginary axis with pure
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imaginary numbers. Since the eigenvector corresponding to yx is a translation mode
that can be written as a linear combination of {u] (*=*) ,k =1,... N}, N transla-
tion modes are destabilized when t > 1y, leading to complex motlons in the spike
positions. In the limit ¢ < 1, we have 7y ~ % fork =1,---, N, then N Hopf modes

become excited almost simultaneously when t is above 7, := %
Now we give a rough description of the dynamics near the bifurcation point. We
denote the ¢ component of corresponding first N eigenvectors as

N
(X
k "’ZQj,k“c
j=1

where Q; , are constants determining the moving direction of j-th spike under the
influence of k-th mode ¢y x. We define Q as the matrix with Q; x as its entries,

xf) k=1,....N (2.9)

Q0 :=1{Q}= (a1, . qn). (2.10)

For the Schnakenberg model, the Gierer—Meinhardt model and the Gray—Scot model,
they have the same Q (see Iron et al. (2001); Kolokolnikov et al. (2006); Iron et al.
(2004)) that can be computed as

1
qN=,/ﬁ[1,—1,1,~- , (=N, (2.11a)

=[Q14 -, Onil, k=1,---,N—1, 2.11b)

qk
2 koo
Qj,kz\/;sin (%(j—z)). @.11¢)

Here [ - ]T denotes the transpose. If we increase the control parameter t slightly
beyond 7. as T = 7. + &>, these N translation modes dominate the dynamics. Then
the dynamics can be approximated by

N
X — X
U~ Z Ue ( ") + ) (A po s +cc.). (2.12)
k=1

where Ay are constant oscillation amplitudes and c.c. is referred to as the complex
conjugate. Substituting T = 7. + £> into Eq. (2.7), we obtain

L= T+ ve)e® + v /x \/ Yk (f(/c + e + Vk/K>2

2(1/k + &2%) (1/k + €27) 2(1/k + £27)
k=1,...,N. (2.13)

A 2 -2
Note that y, ~ O(?), k=1,..., N.Let uy = % and wy = /—Kkyre 2, we
can rewrite Ay as

= 2k + O@E) +i <£a)k n 0(82)) , (2.14)
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then the corresponding factor e*+!

iewyt

in Eq. (2.12) can be decomposed into the oscillatory

factor e and the growth factor * *1it | This suggests that the amplitudes and phases
change at different time scales. Using (2.9) and taking the leading order part of A,
we rewrite Eq. (2.12) as

N N
i Yo () 3 (e )

k=1 k=1
N X — Xg N N X —X;j
~ Zuc ( - ) +Z<Akez£wkt +C.C>ZQj'kué < - )
k=1 k=1 j=1
(2.15)
N X — Xp X — Xp N
NZ uc< )—ué( )ZquijCOS(Sa)jl—l—Qj)
& & X
k=1 j=1
N
X — Xp — EPk
(i)
k=1
where A; = —%Bjeigf, = Z?’zl Ok, jBjcos (ew;t +0;). We point out that

B; = 2|Aj| and 6; evolves at a much slower time scale, namely &2t, and requires a
higher order analysis.

It is worth noting that there is a correction term to w we must include in the higher
order analysis according to (2.7b). Expanding (2.7b), we obtain

b0,k B0k 0
Yo,k ~ |\ Yok | —itcewx| O |, k=1,...,N. (2.16)
ﬁ¢o,k $0,k Po.k

The term [0, O, qbo,k]T is extracted separately in the expansion (3.5).

The ODE system describing the dynamics of B; for the Schnakenberg model has
been derived in Xie et al. (2021), where the method of matched asymptotic analysis
and the method of multiple scales are utilized. Our goal in the next section is to write
down the ordinary differential equation of the amplitude B; for the other two systems.

3 Slow Dynamics Close to the Hopf Bifurcation

In this section, we investigate the dynamics in the vicinity of N-fold Hopf bifurcations
by projecting the dynamics into the space expanded by N excited translation modes.
As the eigenvalues have a different scaling in real and imaginary part when v =
% + &2, the analysis involves different orders of &. We will derive the dynamics by a
combination of the matched asymptotic methods and the center manifold reduction.
The derivation has been done for the Schnakenberg model in Xie et al. (2021), we take
the same strategy to derive the reduced dynamics for the Gierer—Meinhardt model. As
to the Gray—Scott model, we omit the derivation and only present the results.
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3.1 Reduced ODE System for the Gierer-Meinhardt Model
We consider the extended Gierer—Meinhardt system:

Uy = 8214” —(—K)u+ u2/v — KW,
OZDUXX_U+M2/89

TWw; =uU — W,

3.1

Neumann boundary conditions at x = *£1.

For a initial condition with N spikes located at positions close to their equilibrium
positions, the spikes will start to oscillate with a small amplitude when t slightly
exceeds %; thus we assume the k-th spike to be located at X = x; + € p according
to Eq. (2.15). Then, we calculate the solution in the inner region near the k-th spike
where |x — Xx| ~ Of(e), and in the outer region away from the k-th spike where
|x — Xx| ~ O(1). The equations for the position of each spike are determined by
matching the outer and inner solutions.

Inner region: Near the k-th spike, we introduce variable y = ’H"_TE'""(’), and
rewrite u, v and w as
ulx,t)=U@w,t), vx,t)=V(,t), wkx,t)=W(,1). 3.2)
Then, the system (3.1) becomes
. AU s
~Uypi+ - = Uy = (L= U + U*/V =& W. (3.3a)
0= DVyy, — &’V +¢U?, (3.3b)
1 ow
(— +&%%) (—Wyﬁk + ¥> =U—-W. (3.3¢)
K

The far-field conditions as |y| — oo are that U and W tend to zero exponentially,
whereas the conditions for V contain some constants that must be determined by
matching with the outer solution.

To facilitate the analysis, we introduce slow time scales

Ty =¢t, Tr =€, ,

so that 3
pr=eBb L 200y (3.4)

and use the following expansion in the spirit of center manifold reduction according
to Egs. (2.15) and (2.16)

U Uy U 0 Uy Uj
Vi=|Vol+el|Vi|+a] O +&2 | Va |43 | V3 | +hot, 35)
w Wo |41 Uoy Ws W3
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with [Up, Vo, Wo] being the spike profile and [Uy, Vi, W] being orthogonal to
[Uoy, Voy, Uoyl and [0, 0, Upy] for k > 1. Note that [Upy, Voy, Upy] has been implic-
itly included into [Uy, Vo, Up] in the way of Eq. (2.15) and «[0, 0, Upy] accounts
for the corrections from Eq. (2.16). We remark that [Uy,, Voy, Uoy] and [0, 0, Upy ]
are the basis of the center manifold near the spike center. Thus we require the rest
terms to be orthogonal to them. Substituting Eq. (3.5) and Eq. (3.4) into Eq. (3.3) and
collecting different terms in order of ¢, we obtain a hierarchy of equations.
In the leading order, we obtain

0 = Ugyy — (1 — )Uo + UG/ Vo — kW, (3.62)
0 = DVoyy, (3.6b)
0=Uy— W. (3.6¢)

The conditions needed to match to the outer solution are that V{y is bounded and
Up, Wy — 0 as |y| — oo. Thus, the solution to Eq. (3.6) is

Uo = crop(y), Vo = ck0, Wo = crop(¥), 3.7
where ci o are constants we will determine by matching and p(y) = %sechz(%)
satisfying

p'—p+p°=0; p—0as|yl > o0 p'(0)=0. (3.8)

Since V) is a constant, the orthogonality conditions are simplified to be
(U, Ugy) =0, (Wi, Upy) =0, fork >1 (3.9)
where ( f, g) denotes the inner product of two functions over R,

(f.g) = / FO)g() dy. (3.10)

In the order of ¢, we obtain

9 pk
— U()yi —F = Uryy — (1 —)U1 + 200U/ Vo — k(W1 + aUgy), (3.11a)

aT
0= DViy, + Ug, (3.11b)
9k
- Woya—T1 =« (U1 — (W1 + awUpy)) , (3.11c)
where
Fii=—UVi/V{. (3.12)

Since V; is independent of U; and W1, we solve Eq. (3.11b) for V| first to obtain
Vi= Cl%,ogl + b1y +ck1, (3.13)

@ Springer



78 Page 12 of 43 Journal of Nonlinear Science (2024) 34:78

where by 1, ci,1 are constants left to be determined and g; is an even function defined

as
L (Y (s, ..
g1 = ——/ / p- dydz. (3.14)
D Jo Jo

The far field behavior of V] is

2 CI%O oo 2
Vi — (ck’ogl(:lzoo) +bk,1> y+|ck1— —/ / p-dzdy |, asy - o0,
D 0 +o0

(3.15)
Since g} is odd, the constant by ; can be determined by the far field behavior of V|

1
bry = 3 (Vi(+00) + V{(—00)). (3.16)
Using Eq. (3.11c) to remove W1 in Eq. (3.11a) yields
Utyy — Uy +2pU; = —F1. (3.17)
Since Uy, is the homogeneous solution of Eq. (3.17), the right-hand side of Eq. (3.17)
must be orthogonal to Uy, . Taking the inner product between Eq. (3.17) and Uy, gives
rise to the solvability condition of Eq. (3.17):

_<U0y1‘7:1>:01 (3.18)

Using the fact that Up, is odd and V; can be decomposed as the addition of odd and
even functions, we obtain

o0
by / P20l ydy =0, (3.19)
—00
Thus, the solvability condition yields
bk, = 0. (3.20)
Using Eq. (3.20), we solve Eq. (3.11a) for U to obtain
Ui = ck1p + i ofis 3.21)
where fj is an even function satisfying
= h+20fi=pgr (3.22)

Taking the inner product between Eq. (3.11c) and Uy, and using the orthogonal con-
dition Eq. (3.9) yield

—_— = . 3.23
3T, Koy (3.23)
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Substituting Eq. (3.23) into Eq. (3.11c), we obtain
Wy =U. (3.24)

In the order of &2, we obtain

9 pk dpr U
— U — - F Uyyy — (1 — k) U 2UogUr / Vo — kW3,
5, T 1y8T1+8T1 2 =Uzyy — (1 = 1)Uz + 20Uz / Vo — kW2
(3.252)
0= DVyy, — Vo +20pUy, (3.25b)
Woo 22X _ (Wi, + U ) + don WL U —Wa),  (325¢)
— (07 ) — =K — .20C
OyaT 1y kU0yy 0y T T 2 2
where
Fy 1= U}/ Vo = 2UgUr Vi [V — UGV VG + USVEVS. (3.26)
Solving Eq. (3.25b) for V,, we obtain
IS )
V2=5/ /(Vo—2U0U1)dydz+bk,2y+0k,2
(3.27)

1
= 5pC* 0y + b2y + ek + 2ckock 181 + 26k 082

where by 2, ck 2 are constants determined by matching with the outer region and g2

is defined as Lo oge
g = ——/ / o f1 dydz. (3.28)
D Jo Jo

Note that by » can be determined by the far field behavior of Vz/ as follows:

1
bro = 3 (V3 (+00) + V3(—00)) . (3.29)

Using Eqgs. (3.25¢) and (3.24) to remove W> in Eq. (3.25a) yields

0 pi day
Uzyy — Uz +2pUz = —F2 + Upyy—oax — Upy—. (3.30)
a7y a7y

Taking the inner product between Eq. (3.30) and Uy, gives rise to

% _ (Fa, UOy) (UOyya U()y) aﬂa
aT, (Uoy, Uoy) ~ (Uoy, Uoy) 0T1

(3.31)

Note that only the inner product between Uy, and the odd part of /3 is nonzero. We
simplify Eq. (3.31) as
dap  bio [T, p70'y dy
AT cro [0, p%dy

: (3.32)
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We rewrite U, as a summation of an even function and an odd function
Uy = Usze + Usyp,
where Uj . and Uy, satisfy:
Uzeyy — Une +2pUse = —UL [V + 2UgUy Vi Vg + Ug Va,e/ Vi
9 pr
—UGVEIVE + Ugyy ——au,
0T

U2,0yy - UZ,() + pUZ,n = U() VZ,O/VO - ona_Tl.

For latter use, we express Uz , and Us, as

3
Uz,e = ck,1¢k,0€1 + Ck20 + Ck0€2 + ¢k €3

2
Ck,0KQ,
+— v,

Uzo = bi2 /2,

wheree;, j=1,...,3, are even and f; is odd, satisfying

¢ —e1 +2per =2p%g1,

1
e —er+2per = —py?,
ey —e3+2pes = — ff +2pg1 f1 +2p° 82 — pgl,
o' [0, 070 ydy

B = f+20fH =0y —
: [0, % dy

(3.33)

(3.34)

(3.35)

(3.36)
(3.37)

(3.38a)
(3.38b)
(3.38¢c)

(3.38d)

Taking the inner product between Eq. (3.25c) and Uy, and using the orthogonal con-

dition Eq. (3.9) yield

Ipr _ dax Wiy + axUoyy, Uoy) 9k

aT, ATy (Uoy, Uoy) — 9T0°
Note that
(W1iy + o Uoyy, Uoy) = (Ury + axUoyy, Uoy) = (Uiy, Uoy)
= Ck,0Ck.1 /oo P dy +ci g /00 fiyp' dy.
—c0 —0
Thus,

dpe  bea [T P70y dy e [25 07 dy + o J5 fiyp' dy

T2 cro [7, 0% dy ko0 [T, P2 dy

KOl
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Substituting Eq. (3.39) into Eq. (3.25¢), we obtain

1 opr 1 (Wi, Uoy) px
Wo=Us+ —-(Wiy+arUpyy) — — ————— —— 3.42
2 2 K( 1y + o O”)BT  (Unys Uoy) 3T, (3.42)
In the order of &3, we obtain
0 pk dpr  AU;  dU,
Uy Uy + =+ —
073 0T» T, dT;
—F3 = Usyy — (1 = )U3z +2U0pU3/ Vo — kW3, (3.43a)
0= DV3,y — Vi +2UpUs + U}, (3.43b)
. Opr d Dk dorg
_TKa_TlUOy 0y 9T (W1y+akU0yy)aT +U()yaT
oWy dW,
— + — =k (U3 — W3). 3.43
o7 + a7, k(U3 3) (3.43¢)

where
Fyi= (2U§v1 Va + 2U1 U VE + 206U V2 — 206U Vo Vs

—(U? 4 2UgUp) Vi Vo — UG V3 Vo — UB vf/vo) JVe. (344

Solving Eq. (3.43b), we obtain

1 yore R
Vi = D / [ (Vi = 2UoUs — U) d9 dz + br 3y + ¢, (3.45)
o Jo

where by 3, ci 3 are constants determined by matching with the outer region. We
rewrite V3 as the sum of an even function V3, and an odd function V3 ,:

V3 = V3,e + V3,0- (346)

Then,
V3,0 = bi 3y + 2bi 2¢k,083- (3.47)

where g3 is an odd function defined as

NI
g3 = ——f / o> d dz. (3.48)
D Jo Jo

Note that by 3 can be determined by the far field behavior of V3’ as follows:

N =

2% 00
bis = = (V{(+00) + V{(—o0)) + %C"O/ /s dy. (3.49)
0
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Using Eq. (3.43¢c) to remove W3 in Eq. (3.43a) yields

. Opr 9 Pk dog  d(Us — Wr)

Uzyy — Uz + 2pUz = Tk — Ul Uoyy— — —+——= — F3.

3yy 3+ 2pU3 TKBT1 oy + ok 0yy8T2 0yaT2 + aT, 3

(3.50)
Taking the inner product between Eq. (3.50) and Uy, gives rise to
d(Uy—W»)
dag f;caﬁ (C52, Uoy) akaﬂ (Uoy, Uoyy)  (F3, Uoy) (3.51)
0T 0Ty (Uoy, Uoy) dT> (Uoy, Uoy)  (Uoy, Uoy) .

We now compute each of the terms on the right-hand side of Eq. (3.51). Integrating
by parts and using Eqgs. (3.9), (3.25¢), (3.23), (3.24), we calculate

GO =W oy — LGy — W, Uny) — (U — Wi, — P
dT, YT dT ) ary 7
| api\> (3.52)
=0- E(le + OlkUOyya UOyy) (3_T1>
= _KO‘]?(U()yya Uoyy)-
Using the fact that Uy, is odd and Uy, is even, we obtain
(Uoy, Upyy) = 0. (3.53)

Since the inner product between Uy, and the even part of F3 is 0, we calculate

2V2,, U Vi +2Ua,, Ui VE = 2Va ,UgUy Vi — 2U5,, U Vi Vo — U V3, Vo

T3, Uny) =
(3 0y> ( V(f

s UOy)

= C;%,obk,zh — ¢k ,0bk 312,
(3.54)
where

I = / 2[(yp—f2)(pg1 —fl)—g3,02] p'dy, L= / yp?p'dy. (3.55)

—00 —00

Thus,

dak . Kk [P0 dy 4 crobialy —bish
— =Tk oy — -

[07
T o0 dy F o [, 0% dy

(3.56)
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We summarize the equations for p; and oy at the first two time scales as follows:

o

oT, = K, (3.57a)
dap  bio [To 070y dy

% _ o (3.57b)
0Ty ko [Zog 0™ dy

apr bea [T ey dy e [To PP dy 4 [T fiye dy.

L S — o kag, (3.57¢)
7> ko [Tog P dy k.0 oo P/ dy

3 R Kk [T (") d bioly — by 3l

ook = t/czoek — fogo 5 ya,‘:’ _ G0 k,2o<} /2k’3 2 (3.57d)
AT, [, 0% dy k0 [Cog P dy

Thus, Eq. (3.4) becomes

bia [So p?pydy et [0 P dy + o [T5 fiyp dy

2 3
- kag | =+ O(e?),
ko [0, 02 dy ko [0, 02 dy

(3.58a)

o ko [T PPy dy . 5 K [T dy 5 crobiali —bish | 3
= ——— e+ T — ——— o — = &=+ 0().
k0 [Coo P2 dy oo P dy k0 [Coo P dy

Pk = kKage + (

(3.58b)

Remark 1 The system (3.58) describes the dynamics of centers of N spikes when our
initial condition is close to the quasi-equilibrium solution, in which by 2, bk 3, ¢k 0
and i1 encode the information from other spikes and need to be determined from the
outer solution.

Outer region: Away from the spike centers where x satisfies |[x — X;| ~ O(1),
u is exponentially small and v satisfies Dvy, — v ~ 0 on the interval x € [—1, 1]
with suitable discontinuity conditions imposed across x. In the limit ¢ — 0, the even

2 . e . . N
part of ”? behaves in the distributional sense as a linear combination of §(x — Xi)

fork = 1,..., N, where §(x) is the Dirac delta function. Whereas the odd part of
”8—2 behaves like a linear combination of 8’(x — x;) for k = 1, ..., N. Therefore, v
satisfies
N
Dvey —v+ Y (SkS(x — X — epi) + 2 (x — x — epk)) —0, v(+1)=0,
k=1
(3.59)
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where
Sk = Sk,0 + Sk,1€ + - -~

o0 o o0
= / Uddy + e/ 2UU; dy + € f (U} +2UgUs.) dy + O(&?)
o o0

—00 —

> [ 2 © 00
= Ck,O/ p-dy+e <2Ck,06k,1 / p-dy + 262,0/ pfi dy>
S o .

o0

00
2 2 2 2
+e&° (¢ / p°dy 4+ 2ck 1c / pfid
(“ N Lo oI (3.60)

4 * 2 2 © * 2
+Ck,0/ /i dy+2Ck,1Ck,o/ per dy +2Ck,2Ck,0/ p~dy
—00 o0

—00

o] KaZ
+2¢ct, f (pex + —Lypp") dy
’ oo 2
o
+2ci / pe3 dy) + 0%,
—00

hic = hi,o + ehi,i + - -

o0 Z
= 2UpU, , dydz + O(e)
/;OO /OO ¢ 3.61)
oo pz R
= 2Ck,0bk,2/ / pf2 dydz + O(e).
—o0  J+oo

Solving Eq. (3.59) yields

N N
V= ZSkG(x;XkJrspk)—ezzthz(x;XkJrspk), (3.62)
k=1 k=1

where G (x; z) is the Green’s function satisfying
DGy — G =—8(x —z), Gy(£l) =0, (3.63)

and G(x; z) is the derivative of Green’s function with respect to the second variable,

which satisfies
DG,y —G, =8 (x —2), Gu(£l)=0. (3.64)

A simple calculation gives:

. 1 cosh IJ;EZ) cosh %), —l<x<z, (3.65)
X)) =—+ .
/D sinh (2/«/5) cosh 1—\;%) cosh %), z<x<l.
For convenience, we rewrite G as
1
G = %e—'ﬁl/@ +R(x; 2), (3.66)
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where R is the regular part of Green’s function. Then, near the k-th spike x = x; +
e(px +y), we have

N N
v(x) =Y s;G(x +ey +eprixj +ep)) —e2 Y hiG (x +ey + epri xj +€pj)
j=1 j=1

=ve0(y) + vk 1 () + E2vea () + v 3 () + -
(3.67)

where

N
Vo = Y 850600 x;)), (3.68)
j=1

N N
v =Y 516G x) + Y _sj0
j=1 j=1

N
[Gurs x)pr + G- (ui x)ps ]+ ¥ D sj.0Gx (673 %)), (3.69)
j=1

Since only the derivatives of vx 2 and vx 3 at y = 0 are needed in the later matching

+ +
procedure, we compute 3vk'32;0 ) and auk§;0 ) as follows,
N
dve,2(0%)
éy = Z (55,0 [Gx 555 x ) i + Gox (0 x)pj ] + 571G (1 x))) (3.70)
=1
N
dvg.3(0%) 1
= 2 (G0 [3G et )P} + 6G e 6 Pk + 3G (5 x)]

(3.71)
+ 30 [Gux 5 X)) Pk + Gox (055 x)pj ] 452G (65 X)) = hj0Gor (653 X./>)~

-
Il

Matching: To determine the constants in the inner region, we match the local
behavior of the solution v with the far field behavior of V in each order of ¢. For
convenience, we define the matrix G as

G = (G(xx; xj)). (3.72)

Let us denote %as V- When k # j, we can define V,, G(xx; x;) and ij G(x; xj)
in the classical way. When k = j, we define

R(x; xp). (3.73)

sy

d
Vi G (i xg) := P
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We also define the matrix P and G, as follows,

P = (Vi G(xis x))) (3.74)
Gg = (Vx; Vi, G (ks 1)) - (3.75)

As we have chosen x; as the equilibrium position of the k-th spike, we have the
following identities related to G from Iron et al. (2001):

N
> G x)) = cq. (3.76a)
j=1

N N

D VuGluix) =0, Y ViGlusx)) =0,

j=1 k=1

Vi G (i X)) = Vi G(xj5 x0). (3.76b)

-1
where ¢g 1= [2\/5 tanh (ﬁ)] is a constant independent of k.

Matching the term in the leading order, we obtain

N
ko0 = Zsj,OG(xk§ xj). (3.77)
j=1

We assume N spikes have the same height in the leading order, then ¢ o has the same
value for k = 1, ..., N. Using Eq. (3.76a), we solve Eq. (3.77) to obtain

1
. — (3.78)

o [To P2 dy

Matching the terms in the order ¢, we obtain

1 1 (9 1(07) 9, 1(07)
b — V/ V/ _ — s )
k,1 ) ( 1 (00) + Vi ( 00)) 3 < dy + dy )
N
= 57.0Va G x;), (3.79)
j=1
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and

Ck,1 _Ukl(0)+_/ / p? dzdy
+oo

N
Z ), 1G<xk,xj>+2sjo [V GOos %) pi + Vi, GO X)) ps] (3.80)

c
ko/ / p? dzdy.
+00

Substituting Eq. (3.76b) into Eq. (3.79), we obtain
b1 =0, (3.81)

which is consistent with the solvability condition Eq. (3.20) in the inner region. Using
Egs. (3.76a) and (3.76b), we can rewrite Eq. (3.80) in the form

<_3g+z> = (PTp+Ely), (3.8
g ez [T p?dy
where 7 is the identity matrix, p := [p1, p2, -+, pn1T, €1 ;= [c1.1,¢2.15 -+ » en.1]T,
—[1.1,---,1]7 and
+00 -1 1 +oo py +00 -1 ntoo
¢ = (/ ,ozdy) 5/ / p* dzdy +2 (/ Pzdy) / pfidy | .
—00 0 +o00 —0o0 —00
(3.83)

-1
Using (—ag +I> 1y = —1y, we can express ¢| as

1 2 !
a=— (-2 +z> PTp—ély). (3.84)
2 [Z, prdy (( Cg

Matching the terms in the order of £2, we obtain

(V3 (+00) + V3(—00))

e 2(07) Qg 2(07)
+
dy dy

brp =

N =

Il
-MZ -

(57,0 [Vae Vo G (s X)) pic + Vi, Vi G (s X pj ] + 5,1 Vi, G (ks X))
1

J
(3.85)
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Using the fact that Y")_ | V V., G(xi: x)j) = 5 XV, Gl xj) = % and Ply =
0, Eq. (3.85) becomes

1

S ptdy

1 ce 2 2 !
=————|=Z+G +—7><——Q+I) PT ) p.
Cg, f_oooo p% dy <D 8 Cg Cg

b> (%l—i-gg)p—i- %'PC]

(3.86)

Matching the constant terms in the order of £2, we obtain

N
1
k2 =3 2570 Vi Voy GOtk X))} + 2V Vi, GOt X)) pip; + Vi, Vi, Gl x)p |
Jj=1
N N
+ Y8 [V Gl X)) pi + Vo, Gl x)pj ]+ Y526 (s x))

j=1
2¢k.0C RE 4
4 k0 k,l/ / 2 dzdy
D 0 +00

26‘2 o [T Y
+ - / / p f1 dzdy.
D 0 +o00

Matching the terms in the order of &3, we obtain

j=1

(3.87)

2ck,0br [
bz = = (Vi(+00) + Vi(—00)) + —/0 pfady

D

vk, 3(07)  Bue3(07) 2ck0bk2 [
+ + / pfa dy
dy dy D 0

1
2
1

1
(55,/,0 I:ka Vi Vi G (xg; x./')pl% + ZVXJ' Vi Vi G (ks X)) P j
1 (3.88)
+Vx; Va; Vi G (x; xj)pf]
+ 571 [ Vi Vi, G (v X)) pic + Vi, Vi G (s %) pj |
+ 52V, G(xk; xj) — hj’ovxj kaG(X;t; Xj))

2ck,0bk2 [
+ ——= / pf2dy.
D 0

I
'Mz S]]

J

Observe that c; > and by 3 consist of quadratic terms and linear terms involving
pj, j = 1,---, N, which will be eliminated in determining the ODE for the slow
evolution of the amplitude in the later subsection. Hence, we omit the exact evaluations
of them.

The constants in Eq. (3.58) have been determined explicitly. Thus, the dynamics
of spikes’ centers in the vicinity of Hopf bifurcations is governed by the system
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(3.58), where the constants ck0, Ck.1, Ck.2, bk.1, bk2, bi 3 are determined by
Egs. (3.78) (3.84) (3.87) (3.81) (3.86) and (3.88). We do not intend to solve the full
system but seek a leading order approximation in the order of ¢.

3.2 Leading Order Periodic Solution

Equation (3.58) can be seen as a linear system with weakly nonlinear parts. We proceed
to determine the leading order dynamics of Eq. (3.58). We denote

2 2 -
M=ST14 Gs+—P <——g +I> PT. (3.89)
D Cg Cg

Substituting Eq. (3.58a) into Eq. (3.58b) and using the slow time #; = ¢f, we can
obtain a second- order nonlinear ODE system:

d?p dp B (dp\® dF
— —kPMp=c |G T+ M) — — == — +H|, 39
ar? kBiMp =¢ ((TK + b1 )dtl p <dt1) + an + (3.90)

where [ ~ 1°3 is the Hadamard power, 81 and B, are constants

b - Joo p?p'y dy 2 8, S dy 5 G3o1)
==, Bpi=— = =, )
Cg ffooo 0% dy Cg ffooo 02 dy 7
F (p, 37‘:) and H (p, %) are vectors defined as
Fi H
F H>
F=| |, H=| |, (3.92)
Fy Hy
with
Ck,1 ffooo '0/2 dy + Cl%,O ffom fly,O/ dy. ck.0bk2lh — bi 312
b = — Kok, Hy=—k .

ko0 [0 P dy
(3.93)
The eigenvalues of the matrix M are crucial to determine the dynamics. In Iron
et al. (2001) (see Eq. (4.58)), the eigenvalues and eigenvectors of M are computed
analytically. We summarize the result as follows:

k0 [ og ' dy

Lemma 1 The eigenvalue & of M are

=1 2 csch? ( 2 >sin2 (”k> (3.94)
k== — 1 @G
D D%Uk D%vk (cg«/ﬁvk — 2) VDN N
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with v = 2coth (JEN) 2csch (JEN
eigenvectors Qi of M are defined in Eq. (2.11). These eigenvalues are positive and
ordered as {y > --- > {o > {1 > 0 only when D < DY},;, where

) cos ( N ) and the associated normalized

1
Dy i= . (3.95)
YT NI (14 VD)
Remark2 The terms %, ———, and 2 cschz( 2 )sinz kY are
P D%Vk D%vk(cg«/ﬁvk—2) VDN ( N )

-1
eigenvalues of the matrices %I , Gg, and %P (—%Q + I) PT, respectively. The

order of {x when D < D;’i, is not mentioned in the reference (Iron et al. 2001), but we
can see it by further simplifying ¢ as

- cg (1 — cos (k[(,f)) (1 — 2 tanh? (ﬁ)) (3.96)
‘"D 2 — cosh (ﬁ) —cos (F) . .

~
9

* _ 2 1
Note that D}, corresponds to the zero of the term <1 2 tanh (_JBN ))

Remark 3 An N -spike equilibrium solution will be stable only when D < D},. As we
assume N-spike equilibria are stable at T = 0, the condition D < D3 is implicitly
required.

Let &€ = QTp, then Eq. (3.90) becomes

&2 N & p ag\? | _dF (0 o)

d—t%—KﬂlAE—E (tK I+'31A)d_t]_ —QT7 <Qa) + 07 T

+Q™H (Q‘s‘ 0 E)) (3.97)
dr

where A is the diagonal matrix with ; on its diagonal. Next, we derive a multiple-scale
approximation of the solution to Eq. (3.97). We introduce slow time scales t» = ¢t}
and assume

E=8t1, ) +e& () + . (3.98)
Then,
& _ 9% (351 §o

= O(&?). 3.99
dr oty oty + 3t2>+ &) ( )

Substituting Eq. (3.98) into Eq. (3.97) and collecting terms in the leading order yield

250

o 2 —kP1AEy =0. (3.100)
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The general solution of this problem is

B (12) cos (w111 + 01(12))

By (12) cos (waty + 02(12))
§0= : : (3.101)

By (12) cos (wnty + On(12))

where
op =/ —kPitk , (3.102)

By (1) and 6, (1) are functions of slow time scale t, that need to be determined in the
O(e) equation. In the order of ¢, we have

%€, 9%,
iz P ",
&g
. T T( aso>°3 _9F (08, 052)
HlECTepne - 20T (070 ) +oT——) —=
+QTH<Q§'0 %ﬁ‘))) (3.103)

Note that Eq. (3.103) can be decoupled into N independent second-order inhomo-

geneous ODEs. To obtain a bounded solution for each element of &;, we need

to remove the secular terms (the solutions of the associated homogeneous equa-

oF (080,052 )
daty

and QTH (Q‘;'O, Q%) contain no secular terms involving sin (wkt] + Gk (2)) in

tion) in the inhomogeneous part. A careful examination shows that QT

the k-th component of Eq. (3.103). Then, by removing the secular term involving
sin (wit] + Ok (¢2)) in the k-th component, we obtain the equations for the amplitude
of &0,k

dBy
=B (‘L'K +B1%) — —— Zak joiBY | (3.104)

where

NYN o4 i =k
ak,j=[ 2i=1 Q) / (3.105)

INY Y, 0308 Ak

Remark 4 We can obtain the equation of 6 (r2) by removing the secular terms involving
cos (wit1 + Ok (t2)) in the k-th component of Eq. (3.103). In this situation, F and H
will contribute to the secular term. As we are interested in the amplitude system that
is critical to the manifestation of the periodic orbit, we will not go into details here.

Remark 5 Note that B¢, are the eigenvalues of the system at T = 0. Hence, the
system (3.104) is the same as the corresponding amplitude equations for the extended
Schnakenberg model in Xie et al. (2021) except the different constants terms.
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We summarize our results as follows,

Principal Result 1 Ler

1 .
r=—+s2r
K

and assume that T = O(1) as ¢ — 0. Then there exists a solution to the extended
Gierer—Meinhardt system (3.1) consisting of N spikes nearly-uniformly spaced, but

whose centers evolve near the symmetric configurations on a slow time-scale according

to the following. Let Xy, be the center of the k-th spike. Then Xy ~ —1 + 2kN L+ epi

where N
pr =Y OuBj(er) cos (ewji +6; (%)) (3.106)
=1

In Eq. (3.106), Qy; is the entry of the matrix Q defined by Eq. (2.10), w; is defined by
Eq. (3.102) and the associated amplitudes {B(s), j =1, ..., N} satisfy Eq. (3.104).

3.3 Amplitude Equations for the Extended Gray-Scott Model
We consider the extended Gray—Scott system:

u,:szuxx—(l—/()u—l-Auzv—Kw,
0=Dv+1—-v—"=*

TW; =uU — W,

(3.107)

Neumann boundary conditions at x = =£1.

It has been shown in Kolokolnikov et al. (2005a) that there are two symmetric N-spike
equilibrium solutions to the system (3.107) at T = 0 given asymptotically by

1—

N
=3 Glx,xp). (3.108)

C
8 j=1

1
Vizz(lﬂ:‘/l—24cg/A2), (3.109)

-1
with ¢ = [2\/— tanh ( fN)] defined in Eq. (3.76a). A necessary condition to
have an N-spike solution is

ui(x)~—2p<e (x —xj)), valx) ~1-

where

A2

ﬁ )
which implicitly poses a restriction on D. The stability analysis of these two symmet-
ric N-spike equilibrium solutions of two-component system in Kolokolnikov et al.
(2005a) further reveals that the solution contains V. is always unstable to the small

(3.110)

Cg <
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eigenvalues when N > 1. As to the solution determined by V_, we have the follow-
ing lemma related to the stability of an N-spike equilibrium solution at 7 = 0, see
Proposition 3.3 in Kolokolnikov et al. (2005a).

Lemma 2 An N-spike equilibrium solution is stable at T = 0 if D satisfies the follow-
ing transcendental equation

4
D < (3.111)

sg+1 So+1 2
N2 In? (g 2/ (3) —1)

1=V

Sg =

Now we start to derive the dynamics of spikes near the Hopf bifurcations. The

inner region analysis of the Gray—Scott model is similar to the Schnakenberg model,

while the outer solution has the same structure as the Gierer—-Meinhardt model up to

a constant addend. After a tedious but straightforward analysis as we have done for

the extended Gierer—Meinhardt model, we obtain the following equations for the slow
evolution of the amplitudes:

where

(3.112)

N
dBy 3,32 22
4B _ 5 _ 2P B2 | 3.113
an k (TK + B1&w) » N]_lak,,w, ; ( a)
where
aj = VY 1Q’J J=k (3.113b)
AN YL 1050 J#EKS
and

sg [T p?0'ydy 25, o (P dy 5
pr=——————=—=, fpi=—F—==, wk=m-
cg [Zoo P dy Cg S p?dy 7
(3.113¢)

The matrix Q is defined the same as Eq. (2.10), and ¢, k = 1, ..., N (with abuse of
notations) are eigenvalues of

-1
M=%T 4G, +%p (—s—gg+z> P, (3.114)
D Cg Cg
which can be computed as

=1 | % csch? ( 2 ) sin? <”k> (3.115)
= — — 1. .
D D%vk D3y (cg\/_vk - sg) VDN N

Then, we arrive at the following result:
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Principal Result2 Let

1 N
T == +¢°7F,
K

and assume that T = O(1) as ¢ — 0. Then there exists a solution fo the extended
Gray-Scott system (3.107) consisting of N spikes nearly-uniformly spaced, but whose
centers evolve near the symmetric configurations on a slow time-scale according to
the following. Let Xj be the center of the k-th spike. Then X ~ —1 + 2kN—_1 + ep
where

N
pe = 01 B; (&) cos (80)]'1‘ n 9j(82t)) . (3.116)
j=1
In Eq. (3.116), Qy; is the entry of the matrix Q defined by Eq. (2.10), w; is defined by
(3.113c) and the associated amplitudes {B(s), j =1, ..., N} satisfy Eq. (3.113a).

3.4 Numerical Validation

In this subsection we use finite element solver FlexPDE7 (Inc 2020) to numerically
solve systems (3.1) and (3.107). In particular, we validate the reduced systems for
the amplitude evolutions in the case of two spikes, as predicted in Principal Results 1
and 2. For the validation of N spikes’ oscillatory dynamics, the readers are referred
to Xie et al. (2021), where the authors have done various numerical computations to
demonstrate the effectiveness of the reduced system for the Schnakenberg model.
We first outline our procedures. Initial two-spike equilibrium states for which
we will use to test the dynamics are obtained by initializing a two-bump pat-
tern in (3.1) and (3.107) with t set well below the Hopf threshold % We then
evolve (3.1) and (3.107) until the time ¢ is sufficiently large that changes in solu-
tion are no longer observed. Using this equilibrium solution plus a perturbation

T .. .. .
[O, 0, o18%u,y (”50'5) + a8y (x_€0'5>] as the initial condition, we increase t
2

to % + T&* and try various values of o] and « to test the sluggish dynamics of (3.104)
and (3.113a) near the Hopf bifurcation. Here u, denotes a single spike solution and
[a1, a] gives the initial moving directions of two spikes.

Figure 2 and Fig. 3 illustrate the coexistence of in-phase and out-of-phase oscilla-
tions predicted by (3.104) and (3.113a). All parameters in the specific system are the
same. In Fig. 2(a) and Fig 3(a), the initial perturbation is chosen as [«1, a2] = [1, 1],
resulting in-phase oscillations. In Fig. 2(b) and Fig 3(b), the initial perturbation is cho-
sen as [a1, ap] = [1, —1], resulting in out-of-phase oscillations. The evolution of the
amplitudes described by (3.104) and (3.113a) are solved with MATLAB subroutine
ODEA45 and the results are in good agreement with the full PDE simulations.
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(a) In-phase oscillations. (b) Out-of-phase oscillations.

Fig.2 Two types of oscillations in GM model when 7 is well beyond % The parameters are T = 300, ¢ =

0.01, D = ZL, k = 0.2. The red dashed lines are the amplitudes’ evolution obtained from solving
In? (14+/2)

the system (3.104). The only difference between Fig. 2(a) and Fig. 2(b) is the initial condition we select

(a) In-phase oscillations. (b) Out-of-phase oscillations.

Fig.3 Two types of oscillations in GS model when 7 is well beyond % The parameters are 7 = 450, ¢ =
0.01, D =0.2, k = 0.2, A = 6. The red dashed lines are the amplitudes’ evolution obtained from solving
the system (3.113a). The difference between Fig. 3(a) and Fig. 3(b) is the initial conditions we select

4 Stability of Equilibria of the Amplitude Equations
In this section, we investigate the equilibrium points of the amplitude equations and

their stability, which is crucial to understand the stable oscillations in the original
reaction—diffusion systems. We start with the general form of amplitude equations

dBy

_ 2 p2
o B3 L +ﬂ1;k)——2ak,w B |, 4.1
We introduce new variable X = & %B,f Then, the system Eq. (4.1) is equivalent
to
ka
o, = Xk - X;ak LX), with X; > 0. 4.2)
j

where 7; = %(sz + B1¢k). Note that 7 is ranked in a descending order, namely,
T1 > Tp > --- > Ty. In the following analysis, we will always assume 7n > 0 such
that N Hopf modes are excited.
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Denote AN as the N x N matrix with entries ay, j- In Appendix A, we calculate
ax, j explicitly and have the following result:

Lemma 3 For the matrix AN,

o when N = 2n + 1, we have

I, k=j=N,
3 . n
5, k= N 8 3 3
arj =12 _”é ’ detAW):ﬂ(——), (4.3)
1, k+j=N, 3 4
2, else.

e when N = 2n, we have

1, k=j=N and k= j=n,
3 _ _ n—1
a; = 5, k—.];éN and k= j #n, detA(N)=—8n+l _§ .
1, k+j=N, 3 4
2, else.
4.4)
For concreteness, when N = 5 and N = 6, we have
3 322212
52212 Z 3
3 252122
23122 221222
AV =121322|, A9= 3 4.5)
3 212522
122352 3
22251 122252
222221

The equilibrium points of the system Eq. (4.2) can be obtained by setting the left-hand
side to be 0, i.e.,

N
X“ﬁ¢-§:ahfxp==0,szo,mrkzl,u-Jv (4.6)

j=1
We denote S as a subset of the set Sy = {1, ---, N} with m entries and S to be the

complement set of S. The equilibrium points satisfy Xg = 0 and .A%N)X =713
where A(SN) is the square submatrix obtained by removing all the columns and rows

with index in the set S from A®). For instance, when S = {1, 4}, the submatrix AWM
is defined as a new matrix obtained by removing the first and fourth columns and the
first and fourth rows from AN,

3 31222
2 2122
6 _ 3 ©) _
AL = ;%f , AP = 2232 4.7)
2221
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If A(SN) is invertible for all S withm = 1, - -- , N, we can at most find 2"V non-negative
solutions to Eq. (4.6).
Remark 6 For a given S, we show that Az is invertible in Appendix A. Thus there

exists a solution to the system AgN)X § = T5. However, the solution may be negative
unless we impose suitable conditions on 7 3.

For succinctness, we will represent AY) by A in the remainder of this sec-
tion. Linearizing the ODE system Eq. (4.2) around a equilibrium point X =

[X1, X2, -+, Xn]T leads to the following eigenvalue problem:
N N
M =2 % — > ajX; | ok —2Xk Y arjb;. 1<k<N. (48)
j=1 j=1

For the equilibrium point satisfying Xs = 0 and X5 = Agl T5 > 0, the eigenvalue
problem can be decomposed into two sets of equations:

M =—2Xi Y arj$j. k€S, (4.92)
jes
Mp =2 — > ar;jX;| b kes. (4.9b)
jes

After relabeling, we write Eq. (4.9) in a matrix form

_IDXf-A‘ ONﬂn m)
rp =2 5778 : , 4.10
¢ (quN_m D; ¢ (4.10)

where DX§ is a diagonal matrix with Xz on its diagonal, Oy 4 is a zero matrix and

D; = diag(d;) is am x m diagonal matrix with d; = [%,, — Zam, iX;1form e S.
Jj€s

Thus, an eigenvalue of —ngAg is also an eigenvalue of Eq. (4.8). We will use this

fact to rule out a large part of the unstable equilibrium points. A key observation is
the following lemma.

Lemma4 For the equilibrium point satisfying Xs = 0 and X5 = Aglig, if the
matrix Ag has a negative eigenvalue, then the equilibrium point is unstable.

Proof 1t suffices to show that the matrix —Dy ;A3 has a positive eigenvalue when Aj
has a negative eigenvalue. A direct computation yields Dy ; Ay is similar to the matrix

1 1
D:_ A:zD3 _, which is congruent to the matrix Az.
X Az X g Az

1 1
By Sylvester’s law of inertia, the matrix D,Z(gA §D)2(g and the matrix Ag have the
same number of positive, negative and zero eigenvalues. Thus, if A5 has a negative
eigenvalue, then —Dx Aj has a positive eigenvalue. O
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Denote #S as the cardinality of the set S. Regarding the eigenvalues of Az, we have
the following results:

Lemma5 When #S > 2, the matrix Ag has at least one negative eigenvalue.

Proof To prove Aj has at least one negative eigenvalue, it suffices to show that Aj is

not positive semi-definite. Let g, ; be the entry of Ag. When #S > 2, there exists an
k

index k such that axy1 x = ark+1 = 2. We choose x = [0, - - - ,,-/1\, —-1,---,0]7,
then xTAgx = a ; — akq1,k — Gk k1 + Aky1,k+1- As the entries ag ; and a4 k41
are either % or 1, we have xTAgx = —1, =2, or —%. By Sylvester’s criterion, Ag is
not positive semi-definite. Thus, .45 has at least one negative eigenvalue. O

Lemma 6 When #S = 2, except the matrix

3
Ag = G ;) (4.11)

the matrix Ag has at least one negative eigenvalue.

Proof When #S = 2, the matrix A  has the following possible forms:

3 3 3
=< 1) (5 %) or (2 2), for N is odd, (4.12)
2
3 3
As = < ) <§ g) <§ f) or (; f) for N is even.  (4.13)

We can easily calculate their eigenvalues explicitly and find that only the eigenvalues
3

of Ag = (% %) are all positive. ]
2

A

i
—
[NS]198}

3
2
1

[NSI[OS I

The above two lemmas have identified most of the unstable equilibrium points. Next,
we examine the stability of the remaining equilibrium points.

Lemma7 For#S = 1and iy > %f],

e when N is odd, only the equilibrium point X = [0, --- ,0, Ty]T is stable;
o when N is even, only the equilibrium points X = [0,---,Tns2,---,0]T and
X =1[0,---,0,Ty]T are stable.

Proof For the equilibrium point X = [0, - - -, ai—kk, .

Eq. (4.8) can be written in the following matrix form

-, 0]T, the eigenvalue problem

rp =2D; ¢, 4.14)
) ) ) L - ark . - Qi -
where D; = diag(d) is a diagonal matrix with d = [7] — — T, T — —— T,
ag k ak k
~ o~ Ak+1.k ~ ~ an k -~ O ..
=Tk, Tkl — + T, -+ , Ty — —— Tx]. Hence, the equilibrium point is unsta-
ag .k Aak .k

ble if one entry in d is positive.
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e When N is odd, the (N — k)-th entry of d is

_ 2 2
Fyp— Nk e e~ SE > v — 2% >0, fork £ N.  (4.15)
Ak k 3 3
Thus, the equilibrium point X = [0, -- -, ‘%, ---,0]T is unstable for k # N.
Whereas for k = N, we have Apnax = 2(71 — 2Ty) < 0. Therefore, only the
equilibrium point X = [0, - - - , 0, Tx]T is stable.

e When N is even, with a similar analysis as done for the odd case, we can show that
only the equilibrium points X = [0, --- , Ty/2,--- ,0]Tand X = [0, --- , 0, Ty ]T
are stable. |

Lemma8 For#8 =2 and iy > %fl,

e when N isodd, the stable equilibrium pointsare [0, - - - , X3, 0, -+ , Xy_g,---,0]T
fork=1,---, %, where Xyand X N —y satisfy:
P ( Xy (). (4.16)
13)\Xyvi)  \ivs)’ '
e when N is even, the stable equilibriumpointsare [0, - -+ , X§, 0, -+ , Xy_g,---,0]T
fork=1,---, % — 1, where Xy, and X n—i satisfy:

31 Xk Ty
2 _
(D) =(n) @

Proof For compactness, we only prove the case when N is odd. Solving Eq. (4.16)
yields
4 4 6

6. - - .
(X, Xnk] = [gfk — 5Nk —5 T + gTN—k], (4.18)

which is positive under the condition that Ty > % 71. The eigenvalue problem Eq. (4.10)
becomes

B O
Ap =2 (0 Df) é, (4.19)

where D; = diag(d;) is a (N — 2) x (N — 2) diagonal matrix with d; = [7, —
am k Xk — am N—k XN—k] form # k, N — k and B is a2 x 2 matrix defined by

_ (Xp 0 3
B=-— ( 0 XN_k) (% %). (4.20)

The eigenvalue of B is negative, thus we only need to examine the entry of d;. When
N > %fl, we have

- ~ 4 - 5 5 1.
Tn — Ak Xk — Am Nk XN—k = Tn — g(fk +INk) <T1 — sV <ty < 0.
4.21)
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Therefore, the equilibrium points [0, - - - , X¢,0,--- , Xy—k, -+ ,0]fork=1,---,

NT_I are stable. |

We summarize all the above lemmas and obtain our main results.

Proposition1 When ty > %, the system Eq. (4.2) possesses |N /2] + 1 stable
equilibrium points.

Proposition 1 implies that we can observe at most [N /2] 4 1 stable oscillatory
patterns when 7 is above a certain value.

Remark 7 When 7 is big enough, the stability of the oscillatory patterns is determined
by the direction vectors {ql, qr, -+, q N} that are independent of the spike pro-
file. As the direction vectors are the same for these three singular-perturbed systems,
Proposition 1 is valid for all of them.

5 Discussion

Temporal oscillations in the pattern position are wildly reported in three-component
systems (Gurevich et al. 2006; Giunta et al. 2021). For a two-component system
that admits stable stationary localized patterns, a simple way of producing traveling
patterns is to add a non-diffusive inhabitant to the activator of the two-components
systems and increase the reaction-ratio of that inhabitant (Or-Guil et al. 1998). In
Xie et al. (2021), by introducing a second inhibitor to the Schnakenberg model, the
coexistence of multiple oscillating patterns is reported and analyzed. However, the
number of stable periodic oscillations for an N-spike solution is still unknown. In this
article, we extended the analysis to extensions of two other well-known systems the
Gierer—Meinhardt system and the Gray—Scot system. Moreover, we rigorously prove,
based on the long-time evolution of the amplitudes of the oscillations, that there are
at most [ N/2] + 1 stable patterns for three-component extensions of these systems,
thereby resolving the open problem. Our findings shed light on the initiation of rich
dynamical behaviors of localized structures. It is worthwhile to note that our analysis
is only valid for the bifurcation parameter at an O (£2) distance to the thresholds. More
complex oscillatory patterns, such as zigzag oscillation, when t exceeds 7. in an O(¢)
or O(1) scale are beyond the scope of this article and need alternative treatments.

As described in Appendix B, the system we consider is a simplified version of the
following system

Uy = 82u“ + f(u,v) —kw
TyVr = Dyvyy + g(u, v) xe(—1,1), t>0, 5.1)
TyWr = Dywyy +cu —w '

Neumann boundary conditions for at x = +1.

To facilitate the analysis, we have assumed that 7, and D,, are sufficiently small and
can be set to zero. We remark that this assumption leads to a singular reduction of
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the system since it alters the order of differential equation. The generalizability of the
conclusions drawn in this paper to the case where 7, and D,, are small but not zero
remains uncertain. Some investigation has been conducted in Saadi et al. (2024) using
a three-component Brusselator model with D,, = &*, revealing the persistence of spike
patterns even with nonzero D,,. Conversely, in the absence of the third component, it
is widely acknowledged that increasing 1, sufficiently results in oscillations in spike
height, as demonstrated in Ward and Wei (2003a,b). We expect to see a combination
of jumping and oscillating spikes in some parameter regimes.

The new phenomena we observe are not limited to the systems we have studied. In a
more realistic situation with more complicated reaction terms and additional diffusion
of component w, e.g.

uy = &%uxy + f(u, v) — Kuw,

Ty = Dyvyx + g(u, v), xe(=1,1), t>0. (5.2)
TyW; = Dwé‘szx + kuw — w, '

Neumann boundary conditions at x = +1.

we also observe multiple stable oscillatory moving spikes with suitable parameters.
Although the localized profiles of u and w now are unknown analytically, a similar
analysis can be done since the localized components, # and w, do not change the
stability analysis of the oscillations.

Our result is applicable to the system with a uniform feed rate or precursor. It would
be interesting to investigate how the heterogeneity impacts the stability threshold as
well as the spike dynamics at the onset, which are more biologically relevant because
they model the hierarchical formation of small-scale structures induced by large-scale
inhomogeneity. Many results exist for two-component systems with heterogeneity.
For example, the existence of a solution consisting of a cluster of N spikes near a non-
degenerate local minimum point of the smooth inhomogeneity in GM model has been
rigorously shown in 1-D (Wei and Winter 2017) and 2-D (Wei et al. 2017) domains.
The evolution of multi-pulse patterns in an extended Gray—Scott—Klausmeier equation
with parameters that change in time and/or space is investigated in Bastiaansen and
Doelman (2019). One future direction is to explore the stability and evolution of these
spike clusters in three-component systems.

For the extended Gierer—Meinhardt system (3.1) with periodic boundary condition,
numerical simulations exhibit a traveling and breathing two-spike pattern, which is
similar to the moving and breathing solitons discussed in Gurevich and Friedrich
(2013). It is unclear whether such behaviors are due to the same mechanism, i.e., the
excitation of both drift and Hopf modes.

More complex dynamics are expected in 2-D domains, the freedom in different
directions and impact of the domain geometry on the instability remain to be investi-
gated. For example, Xie and Kolokolnikov (2017) and Tzou and Xie (2023) employ
a hybrid asymptotic-numerical method to investigate the Hopf bifurcation related to
translational instabilities for the Schnakenberg model with the high feed rate in two-
dimensional domains. Various domains and spot arrangements are numerically tested

@ Springer



78  Page 36 of 43 Journal of Nonlinear Science (2024) 34:78

there, exhibiting rich dynamics. It is an open question to explore these effects on the
dynamics of multiple spikes in our extended three-component systems.

Appendix A. Calculations of .A and A;
We prove Lemma 3
Proof First, we calculate all entries of the matrix A.

Now we calculate the entries on the diagonal of the matrix A4, it is easy to find
ay,y =1.When N =2n+1,forj=1,..., N — 1, we have

N N . : , ; ,
4 L4 @l—=1Djm 4 (3N sin (4j7) sin (2j7) 3
“j,jZNE Q?A:—Esmé‘ijz— — + ]2 — _J, =-.
= YN 2N N\ 8 16sin =T 4sin —]]\7; 2

=1
(A1)

When N =2n, a; ; =%forj #n, N.For j =n, we have

N N N

4 22— 4 (3N 1

app =N E Qin=ﬁ E SIH4T=N(?+§ E cos(2[—1)7t> =1.
=1 =1 =1

(A.2)
Here we use the formula
301 1 al sin (2Nx)
sin? x = g T g Cos(4x) — =~ cos(2x), ];cos(Zk —hr=—
x #km (k e NT). (A.3)
Next, we calculate the other entries of the matrix A. Fori # j i =1,---,N —

I, j=1,---,N—1)andi + j # N, we have
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2 (21 — 1)17r 6in2 @l -1)jn
2N

[( @ -DG+ = Q-1 - i)ﬂ)
+ cos
N N

o 2= 1)m e —Nl)jn)} )

1 <sm QG + j)m)  sin(2(j —i)n))_% (sin Qi) | sin (2j71)> "

(1+1)7T G=D=m in T in ST
2 sin i 2sin ~

ﬁ

2 sin —— 2 sin

l\)2|

(A4)
Fori + j = N, we have

. .__i ) Q= Din @l Djm
"N 2N 2N

N . .
%[Z cos(2l — 1)1 + cos W)

— _ (A.5)
(21 1)171+CO (21 Nl)]n>:|+2

1 ( N Sln(2(]—l)7r)) g(sin(zi_n) N sin(2j'rr))+2

= — —x
2 sin N\ 2sin 2sin &%

Fori =1,---, N — 1, we have

N N

4 2l - in (21 — 1)17r

avi =iy =y ) sint oy =2 Z
I= 1=1

2 sin (i) _5

A.6)
N 2siniZ ”T (

Finally, we compute the determinant of .A. We first define the matrix B, ,, as

Boysow =1+ o0 ] (A7)

Using some elementary transformations, we obtain
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rj—rN,_/=l,---,N—] n
e (1 + %")det(B(Zn)x(Z”)) = (1 + %ﬂ) x (7%) , for N = 2n +1,
45 =l N2
det(A) ] NTITIT
LN Il N ~(5+ %) deus yo— (2 8) 5 (=3)7" forn =2
373 @n-)x@2n-2)) =—\3 773 )X \7% ,» for N =2zn.

N ris iEN. g2 -

Then we show that A5 is invertible.

Recall that S is a subset of the set Sy = {1, --- , N} with m elements, and S is the
complement of S. Ag is the square submatrix obtained by removing all the columns
and rows with index in the set S. We shall discuss two cases according to the parity of
N. In the following we shall only give details for the case where N is even, the odd
case is simpler and we will omit the details.

1. When N = 2n, according to whether n and 2n belong to S, it will be divided
into four cases.

(). If #S = m and n, 2n € S, by elementary transformation that exchanges any
two rows and corresponding two columns, the original matrix A can be transformed
into the following one

E D

Xs Xt

(Cm(a) ET) , (A.8)

wheres =2n —2m+3,t=m—3,a = % and matrices C, D, E are as follows

32...212

23...122 322 22.-.2

R 2%"‘2 22 2
Cixs@) =1 "~ : 3 B D])(t: o, ) E,XS:

21---522 Dot

12..-232 223 22.--2

22.--22a

(A9)
Letr; and ¢; represent j-th row and i-th column, respectively. Using some elementary
transformations, we have

1] %51
0

Fon—2m+3+j—T2n—2m+3, j=1l,-,m=3
( 1] xs] 1 x1]

Csxs(a) Et-l;s Con—2m+3+j —Con—2m+3, j=1,-,m—3
E D

txs txt

Cslxsl (a1) OT
721172m+3+ﬁ72n—2m+3+_/s j=1,---.m-3

1 .
Con—2m+3+ ;=5 C2n—2m+3+j, j=1,-.m—3

where s =2n —2m+3, 1 =m—3,a, =2 — 2(m—1—2)’ Oy, x5, 18 a zero matrix and
matrix F is as follows

-1 -1, _1
N
3=l =3
Fa=1. .. | (A.10)
1 1
—5 =5 -1

Here r; — rj means —1 times the j-th row of the matrix is added to the i-th row of the
matrix, ¢y — ¢; means — 1 times the /-th column of matrix is added to the i-th column
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of the matrix. Using the similar method to calculating the determinant of .4, we have

s—1

8s—8 —45+7 3\ -
Get(Cors) — (B +a=H) x (-3) 2 ’, for s is odd, A1D)
e - (8374 4+ q=HE5 ) (- §)T for s is even '
3 3 1 ; .
and .
. ':2’_”’ 1
det (Fyyp) I =2l <__) X (14 1) (A.12)
rijilrh J=2,- 0t 2

Therefore we have

4n 2m 19 3\
det = —_— - — . — .
| e(A5)| —+ 3 5 X <4> X (2)
(2). If #S = m and n, 2n ¢ S, by elementary transformation that exchanges any two
rows and corresponding two columns, the original matrix .4 can be transformed into

(A.8), where s = 2n — 2m, t = m, a = 1. Again using elementary transformations,
we have

Foan—2m+1+4j —T2n—2m+1, j=1,-.m—1
Con—2m+14j—Com—2m+1, j=1,-,m—1

1 .
ron—2m41+ 5 n—2m+414j, j=1, m—1
; n—2m+ ri: n—2m+1+j J. 1, | Cszxsz(QZ) 01 01‘12-><s2
Cyxs(a) Ele Con—am+1+ 5 Con—2m+1+j, J=1, m— oT _2mtl T
1 2 ?
E. . D, Fan—2m+1—"2n—2m> C2n—2m+1—C2n—2m 0 02m F
Fon—2m+ g T P20 —2m+1s Con—2m+ 3 Con—2m-+1 x5 2 nxi

where s =2n —2m,tp = m—1,ap; = 2 — 2m+1’ 0, =(@,---,0)T and 0, =
0, ---,0)T are sp-dimensional column vector and f,- dlmenswnal column vector,
respectively. By (A.11) and (A.12), we get

dn 2m 1 3\l ™!
|det(AS)| = ( + 3 + 8) X (Z) X (E) .

QB).If#S=mand2n € §, n ¢ S, by elementary transformation that exchanges any
two rows and corresponding two columns, the original matrix Ag can be transformed
into (A.8), where s =2n —2m +2,t =m —2,a = % Again using elementary
transformations, we have

Toan—2m+2+j —T2n—2m+2, j=1,-,m=2

(Cxxs(a) E,TX_V> Con—2m+2+j —Con—2m+2, j=1,,m=2 <Csz><s3(a3) Ot3xsz)
E D

IXs Xt

1 .
r2n72m+2+mr2n72m+2+j, j=1,"',m—2 0’3><Y3 Ft3 X13

C2n72m+2+ﬁ52n72m+2+jv Jj=1,- Jm—2
where s3 =2n —2m+2,t3 =m —2,a3 =2 — 2(m By(A 11) and (A.12), we

have )
4n  2m 3 3\ 1\~
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@).If#S =mandn € S, 2n ¢ S, by elementary transformation that exchanges any
two rows and corresponding two columns, the original matrix .43 can be transformed
into (A.8), where s = 2n —2m + 1,t = m — 1, a = 1. Again using elementary
transformations, we have

Fan—2m42+4j —T2m-2m42, j=1,;m=2
Con—2m+2+j —Com—2m+2, j=1,-,m—=2
rzn—2m+2+ml ron—2m+2+j, J=1 m—=2 CS4><S4(a4) 01 o
T C2n— + 5 Con— ij=1,.m=2 taxsq
Csxs(a) ET 2—2m42F = Con—2m+2+j 5 J o omer
s
E., D, Fon—2m 42 =T —2m+1s Con—2mt+2—Cn—2m+1 o 1 %),2 p >
2m—2 S ,
Fon—2m41+ 55— 2n—2m+2, Con—2m+1+ 5 =1 Con—2m+2 14X 54 b taxts

where sy =2n —2m+ 1,4 =m —2,a4 =2 — 2m 1,01 =(,---,0)Tand 0, =
0, ---,0)T are s4-dimensional column vector and f#4- dlmensmnal column vector,
respectively. By (A.11) and (A.12), we have

n 2m 3 3\ 1\" 2
— +— —=|xX|- X | = .
3 3 2 4 2

2. When N = 2n + 1, by (A.11) and (A.12) we have

|det (A3)| =

, for#S=mand2n+1 € S,

(§ n—m+1
P
()" x 3", for#S=mand2n+1¢S.

|4n +2§n )mfZ

et (45) = {r‘" 5

I\)I'—‘ C\I\l

|
|

Appendix B. Scaling of the Three-Component Gierer-Meinhardt
Model

For completeness, we briefly discuss the rescaling of the original Gierer—Meinhardt
model used to arrive at the form (1.3) considered in this paper. The majority of what
follows is a reproduction of the brief discussion in the introduction of Iron et al. (2001);
we perform here an additional rescaling to include the third component w.

The original Gierer—Meinhardt model of Gierer and Meinhardt (1972) is

ur
ur = Dyuyy — pyu + Cufp— +oup
o xe(=t0), 1=0,

B.1
Ut:vaxx_MvU+Cvpv_q (8.1

Neumann boundary conditions for at x = +1.

where u and v are the concentration of the activator and the inhibitor; D, and D, are
the diffusion coefficients for the activator and inhibitor, respectively, with D, small; p
is the rate of production of the activator and inhibitor, u,, and p, are the decay rates of
the activator and inhibitor, o, is the source term for the activator, which is small. We
consider the simplest case whenr = 2,5 = 1, p = 2, ¢ = 0 and add an inhibitor w,
which acts as a feedback regulator that influences the production rate of the activator
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or inhibitor based on the current state of the system, providing a feedback loop. Then
we have the following extended system:

2
u
ur = Dyuyy — pyu + Cup? +oup — kw

xe(—£,0), t>0,
v = DyUsy — [Ly¥ + ¢y pu’ (=69 (B.2)
Wy = DyWyx + Cplt — tyw

Neumann boundary conditions for at x = +-¢.

Since D, and o, are assumed to be small in Gierer and Meinhardt (1972), we denote
2

D, = (uy +k)e? < land o, p = %0’82 « 1. Following Iron et al. (2001), we

let

k)ii b KW . k)?
MZM’ v:g7 w:M’ t:(l‘LLl+k)t1 h:c_vw
gcup € ECup My cip
~ D, - D, (u + k) (y + k) k Cw
Dy=—, Dy =—, iy=—""—", Ty = , K= , €= —
Mo Mw My Mw (Hu + k) Mw
(B.3)
Then
~2
~ 2~ ~ u 3 ~
u; =¢ u”—(l—/{)u—l—g—}—aps — KW
~2
- ~ - —£,0), t>0,
rvv;:vaxx—v—}—hu— x & )
e
Ty; = Dytyy + cil —
Neumann boundary conditions for at x = £¢.
(B.4)

Neglecting the higher order constant o pe> and dropping the tilde, we obtain

2
2 u
U =uyy — (1 —)u+ — —kw
v
u? xe(—£,0, t>0,
TV = Dyvyy — v+ h— (B.5)
e
TwWr = Dywyy +cu —w
Neumann boundary conditions for at x = +-¢.

Finally, Setting h = 1,¢ = 1 and 7, = 0, D,, = 0 gives us the rescaled system
(1.1). We remark that taking t, = 0, D,, = 0 leads to a singular reduction of the
system since it alters the order of the differential equation. The generalizability of the
conclusions drawn in this paper to the case where 7, and D,, are small but not zero
remains uncertain.
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