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Abstract The linear stability of steady-state periodic patterns of localized spots in R?
for the two-component Gierer—Meinhardt (GM) and Schnakenberg reaction—diffusion
models is analyzed in the semi-strong interaction limit corresponding to an asymptot-
ically small diffusion coefficient &2 of the activator concentration. In the limit ¢ — 0,
localized spots in the activator are centered at the lattice points of a Bravais lattice with
constant area |$2|. To leading order in v = —1/log ¢, the linearization of the steady-
state periodic spot pattern has a zero eigenvalue when the inhibitor diffusivity satisfies
D = Dy /v for some Dy independent of the lattice and the Bloch wavevector k. From a
combination of the method of matched asymptotic expansions, Floquet—Bloch theory,
and the rigorous study of certain nonlocal eigenvalue problems, an explicit analytical
formula for the continuous band of spectrum that lies within an O (v) neighborhood of
the origin in the spectral plane is derived when D = Do /v + Dj, where D1 = O(1)
is a detuning parameter. The periodic pattern is linearly stable when D; is chosen
small enough so that this continuous band is in the stable left half-plane Re(X) < 0 for
all k. Moreover, for both the Schnakenberg and GM models, our analysis identifies a

Communicated by Edgar Knobloch.

D. Iron
Department of Mathematics, Dalhousie University, Halifax, NS B3H 3J5, Canada

J. Rumsey
Faculty of Management, Dalhousie University, Halifax, NS B3H 3J5, Canada

M. J. Ward (X) - J. Wei
Department of Mathematics, University of British Columbia, Vancouver, BC V6T 172, Canada
e-mail: ward @math.ubc.ca

J. Wei
Department of Mathematics, Chinese University of Hong Kong, Shatin, New Territories, Hong Kong

@ Springer



858 J Nonlinear Sci (2014) 24:857-912

model-dependent objective function, involving the regular part of the Bloch Green’s
function, that must be maximized in order to determine the specific periodic arrange-
ment of localized spots that constitutes a linearly stable steady-state pattern for the
largest value of D. From a numerical computation, based on an Ewald-type algorithm,
of the regular part of the Bloch Green’s function that defines the objective function,
it is shown within the class of oblique Bravais lattices that a regular hexagonal lattice
arrangement of spots is optimal for maximizing the stability threshold in D.

Keywords Singular perturbations - Localized spots - Logarithmic expansions -
Bravais lattice - Floquet—Bloch theory - Green’s function - Nonlocal eigenvalue
problem

1 Introduction

Spatially localized spot patterns occur for various classes of reaction—diffusion (RD)
systems with diverse applications to theoretical chemistry, biological morphogenesis,
and applied physics. A survey of experimental and theoretical studies, through RD
modeling, of localized spot patterns in various chemical contexts is given in Vanag
and Epstein (2007). Localized spot patterns have also been analyzed for complex-
valued partial differential equation (PDE) models arising in the field of nonlinear
optics. In this different context, the formation of clusters of localized spots of light
in a driven optical cavity was analyzed in Vladimirov et al. (2002). Owing to the
widespread occurrence of localized patterns in various scientific applications, there has
been considerable focus over the past decade on developing a theoretical understanding
of the dynamics and stability of localized solutions to singularly perturbed RD systems.
A brief survey of some open directions for the theoretical study of localized patterns
in various applications is given in Knobloch (2008). More generally, a wide range of
topics in the analysis of far-from-equilibrium patterns modeled by PDE systems are
discussed in Nishiura (2002).

In the singularly perturbed limit, many two-component RD systems allow for the
existence of localized spot patterns where one or both of the solution components
concentrate, or localize, at certain points in the domain. For the case where only one
of the two solution components is localized, the spots are said to exhibit semi-strong
interactions. The goal of this paper is to analyze the linear stability of steady-state
periodic patterns of localized spots in R? for two-component RD systems in the semi-
strong interaction regime characterized by an asymptotically large diffusivity ratio.
For concreteness, we will focus our analysis on two specific models. One model is a
simplified Schnakenberg-type system,

vy =82Av—v+uv2, TU; =DAu—|—a—8_2uv2, (1.1)

where 0 < e < 1, D > 0, t > 0, and a > 0 are parameters. The second model is the
prototypical Gierer—Meinhardt (GM) model formulated as

vy =82Av—v—|—v2/u, Tu; =DAu—u+8_2v2, (1.2)

where 0 < ¢ < 1, D > 0, and t > 0 are parameters.
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Our linear stability analysis for these two models will focus on the semi-strong
interaction regime characterized by ¢ — 0 with D = O(1). For ¢ — 0, the localized
spots for v are taken to be centered at the lattice points of a general Bravais lattice
A, where the area | 2| of the primitive cell is held constant. A brief outline of lattices
and reciprocal lattices is given in Sect. 2.1. Our main goal for the Schnakenberg and
GM models is to formulate an explicit objective function to be maximized that will
identify the specific lattice arrangement of localized spots that is a linearly stable
steady-state pattern for the largest value of D. Through a numerical computation of
this objective function we will show that it is a regular hexagonal lattice arrangement
of spots that yields this optimal stability threshold. This objective function is described
subsequently in more detail.

There is a rather extensive literature on the existence and stability of one-
dimensional spike patterns for two-component RD systems in the semi-strong regime.
In Doelman et al. (2001, 2002) the existence and stability of spike patterns for the GM
and Gray—Scott (GS) models on the infinite line was analyzed using geometric singular
perturbation theory and Evans function techniques. These techniques, together with a
Floquet-based analysis, were used in Van der Ploeg and Doelman (2005) to analyze
the stability of spatially periodic spikes for the GM model on the infinite line. On a
bounded one-dimensional domain with homogeneous Neumann boundary conditions,
the stability of N-spike steady-state solutions was analyzed in Iron et al. (2001) and
Ward and Wei (2003) through a detailed study of certain nonlocal eigenvalue problems.
On a bounded two-dimensional domain with Neumann boundary conditions, a leading
order in v = —1/log ¢ rigorous theory was developed to analyze the stability of mul-
tispot steady-state patterns for the GM model [cf. Wei (1999), Wei and Winter (2001)],
the Schnakenberg model [cf. Wei and Winter (2008)], and the GS model [cf. Wei and
Winter (2003)] in the parameter regime where D = Dg/v > 1. For the Schnaken-
berg and GM models, the leading-order stability threshold for Dy corresponding to a
zero-eigenvalue crossing was determined explicitly. A hybrid asymptotic-numerical
theory to study the stability, dynamics, and self-replication patterns of spots, which is
accurate to all powers in v, was developed for the Schnakenberg model in Kolokol-
nikov et al. (2009) and for the GS model in Chen and Ward (2011). In Muratov and
Osipov (2000, 2002), the stability and self-replication behavior of a one-spot solution
for the GS model was analyzed.

One of the key features of the finite-domain problem in comparison with the periodic
problem is that the spectrum of the linearization of the former is discrete rather than
continuous. As far as we are aware, to date there has been no analytical study of the
stability of periodic patterns of localized spots in R? on Bravais lattices for singularly
perturbed two-component RD systems. In the weakly nonlinear Turing regime, an
analysis of the stability of patterns on Bravais lattices in R® using group-theoretic
tools of bifurcation theory with symmetry was done in Callahan and Knobloch (1997,
2001).

Using the method of matched asymptotic expansions, in the limit ¢ — 0 a steady-
state localized spot solution is constructed for (1.1) and for (1.2) within the fundamental
Wigner—Seitz cell of the lattice. The solution is then extended periodically to all of
IR?. The stability of this solution with respect to O(1) time-scale instabilities arising
from zero-eigenvalue crossings is then investigated by first using the Floquet-Bloch
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theorem [cf. Krichever (1989), Kuchment (1993)] to formulate a singularly perturbed
eigenvalue problem in the Wigner—Seitz cell €2 with quasi-periodic boundary condi-
tions on d€2 involving the Bloch vector k. In Sect. 2.2, the Floquet-Bloch theory is
formulated and a few key properties of the Bloch Green’s function for the Laplacian
are proved. In Sects. 3 and 4, the spectrum of the linearized eigenvalue problem is ana-
lyzed using the method of matched asymptotic expansions, combined with a spectral
analysis based on perturbations of a nonlocal eigenvalue problem. More specifically,
to leading order in v = —1/log ¢ it is shown that a zero-eigenvalue crossing occurs
when D ~ Dgy/v, where Dy is a constant that depends on the parameters in the RD
system but is independent of the lattice geometry, except through the area |2| of the
Wigner—Seitz cell. Therefore, to leading order in v, the stability threshold is the same
for any periodic spot pattern on a Bravais lattice A when |€2| is held fixed. To determine
the effect of the lattice geometry on the stability threshold, an expansion to a higher
order in v must be undertaken. In related singularly perturbed eigenvalue problems for
the Laplacian in two-dimensional domains with holes, the leading-order eigenvalue
asymptotics in the limit of small hole radius only depends on the number of holes and
the area of the domain and not on the arrangement of the holes within the domain.
An analytical theory to calculate higher-order terms in the eigenvalue asymptotics for
these problems, which have applications to narrow-escape and capture phenomena in
mathematical biology, is given in Ward et al. (1993), Kolokolnikov et al. (2005), and
Pillay et al. (2010).

To determine a higher-order approximation for the stability threshold for the peri-
odic spot problem, we perform a more refined perturbation analysis in order to calculate
the continuous band A ~ v (k, D1, A) of spectra that lies within an O(v) neighbor-
hood of the origin, i.e., that satisfies |A(k, D1, A)| < O(v), when D = Dy/v + Dy
for some detuning parameter D; = (O(1). This band is found to depend on the lattice
geometry A through the regular part of certain Green’s functions. For the Schnaken-
berg model, A; depends on the regular part Ry (k) of the Bloch Green’s function for
the Laplacian, which depends on both k and the lattice. For the GM model, A; depends
on both Rpo(k) and the regular part R, of the periodic source-neutral Green’s func-
tion on 2. For both models, this band of continuous spectrum that lies near the origin
when D — Do /v = O(1) is proved to be real-valued.

For both the Schnakenberg and GM models, the detuning parameter D on a given
lattice is chosen so that A; < O for all k. Then, to determine the lattice for which
the steady-state spot pattern is linearly stable for the largest possible value of D, we
simply maximize D; with respect to the lattice geometry. In this way, for each of
the two RD models we derive a model-dependent objective function in terms of the
regular parts of certain Green’s functions that must be maximized to determine the
specific periodic arrangement of localized spots that is linearly stable for the largest
value of D. The model-dependent objective function K has the general form

K=a rr}cin Rpo(k) — bRy,

for some constants a > 0 and b > 0. Here Ry (k) is the regular part of the Bloch
Green’s function for the Laplacian with Bloch wavevector k, and Ry, is the regular
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part of the periodic source-neutral Green’s function defined on the Wigner—Seitz cell.
The calculation of the continuous band of spectra near the origin, and the derivation
of the specific objective function to be maximized so as to identify the optimal lattice,
is done for the Schnakenberg and GM models in Sects. 3 and 4, respectively.

In Sects. 5.1 and 5.2, we exhibit a very simple alternative method to readily identify
this objective function for the Schnakenberg and GM models, respectively. In Sect. 5.3,
this simple alternative method is then used to determine an optimal lattice arrangement
of spots for the GS RD model by first calculating the objective function specific to the
GS model.

In Sect. 6, we show how to numerically compute the regular part Rpo(k) of the
Bloch Green’s function for the Laplacian that is key for identifying the optimal lattice.
Similar Green’s functions, but for the Helmholtz operator, arise in the linearized theory
of the scattering of water waves by a periodic arrangement of obstacles, and in related
wave phenomena in electromagnetics and photonics. The numerical computation of
Bloch Green’s functions is well known to be a challenging problem owing to the very
slow convergence of their infinite series representations in the spatial domain, and
methodologies to improve the convergence properties based on the Poisson summation
formula are surveyed in Linton (2010) and Moroz (2006). The numerical approach
we use to compute Rpo(k) is an Ewald summation method, based on the Poisson
summation formula involving the direct and reciprocal lattices and follows closely the
methodology developed in Beylkin et al. (2008, 2009). Our numerical results show
that within the class of oblique Bravais lattices having a common area |2| of the
primitive cell, it is a regular hexagonal lattice that optimizes the stability threshold for
the Schnakenberg, GM, and GS models.

Finally, optimal lattice arrangements of localized structures in other PDE models
having a variational structure, such as the study of vortices in Ginzburg—Landau the-
ory [cf. Sandier and Serfaty (2012)], the analysis of Abrikosov vortex lattices in the
magnetic Ginzburg-Landau system [cf. Sigal and Tzaneteas (2012a,b)], and the study
of droplets in diblock copolymer theory [cf. Chen and Oshita (2007)], have been iden-
tified through the minimization of certain energy functionals. In contrast, for our RD
systems that have no variational structure, the optimal lattice is identified not through
an energy minimization criterion, but rather from a detailed analysis that determines
the spectrum of the linearization near the origin in the spectral plane when D is near
a critical value.

2 Lattices and Bloch Green’s Functions
In this section we recall some basic facts about lattices and introduce the Bloch-

periodic Green’s function that plays a central role in the analysis in Sects. 3-5. A few
key lemmas regarding this Green’s function are established.

2.1 A Primer on Lattices and Reciprocal Lattices

Let 1 and I, be two linearly independent vectors in R2, with angle 0 between them,
where without loss of generality we take I to be aligned with the positive x-axis. The
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Bravais lattice A is defined by
A={mli+nly | m,nelZy, 2.1

where Z denotes the set of integers. The primitive cell is the parallelogram generated
by the vectors 1] and I, of area |I1 x I5|. We will set the area of the primitive cell to
unity, so that |I1]|l2|sin6 = 1.

We can also write I1,1, € R? as complex numbers «, 8 € C. Without loss of
generality we set Im(8) > 0, Im(x) = 0, and Re(er) > 0. In terms of « and B, the
area of the primitive cell is Im(« 8), which we set to unity. For a regular hexagonal
lattice, || = |B], with 8 = a €'?, 6 = 7/3, and & > 0. This yields Im(B) = a«/§/2,
and the unit area requirement gives «2+/3/2 = 1, which yields & = (4/3)'/*. For the
square lattice, we havea = 1, 8 =i,and 0 = /2.

In terms of I1,1, € R%, we have thatl; = (Re(oz), Im(a)), l, = (Re(ﬂ), Im(ﬂ))
generate the lattice (2.1). For a regular hexagonal lattice of unit area for the primitive

cell we have
A\ /4 N1 V3
11 = ((5) s 0) and 12 = (5) E, 7 . (22)

In Fig. 1 we plot a portion of the hexagonal lattice generated with this 11, I pair.
The Wigner—Seitz or Voronoi cell centered at a given lattice point of A consists of
all points in the plane that are closer to this point than to any other lattice point. It is
constructed by first joining the lattice point by a straight line to each of the neighboring
lattice points. Then, by taking the perpendicular bisector to each of these lines, the
Wigner—Seitz cell is the smallest area around this lattice point that is enclosed by all
the perpendicular bisectors. The Wigner—Seitz cell is a convex polygon with the same
area |l| x I,| as the primitive cell P. In addition, it is well known that the union of
the Wigner—Seitz cells for an arbitrary oblique Bravais lattice with arbitrary lattice
vectors 11,15, and angle 6, tile all of R? [cf. Ashcroft and Mermin (1976)]. In other
words, there holds
R = Je+9. 23)
zeA
By periodicity and the property (2.3), we need only consider the Wigner—Seitz cell
centered at the origin, which we denote by 2. In Fig. 1 we show the fundamental
Wigner—Seitz cell for the hexagonal lattice. In Fig. 2 we plot the union of the Wigner—
Seitz cells for an oblique Bravais lattice withl; = (1, 0),1, = (cot8, 1),and 6 = 74°.
As in Beylkin et al. (2008), we define the reciprocal lattice A* in terms of the two
independent vectors d| and d», which are obtained from the lattice A by requiring
that
dil;=5;. 2.4)
where §;; is the Kronecker symbol. The reciprocal lattice A* is defined by

A" ={md|+ndy, | m,nelZ}. 2.5)

The first Brillouin zone, labeled Q2p, is defined as the Wigner—Seitz cell centered at
the origin in the reciprocal space.
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N4

Fig. 1 Hexagonal lattice generated by lattice vectors (2.2). The fundamental Wigner—Seitz cell 2 for this
lattice is the regular hexagon centered at the origin. The area 2 and the primitive cell are the same and are
set to unity

Fig. 2 Wigner-Seitz cells for oblique lattice with 1 = (1,0), I = (cot6, 1), and 6 = 74°, so that
|€2] = 1. These cells tile the plane. The boundary of the Wigner—Seitz cells consist of three pairs of parallel
lines of equal length
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di+3d>

=3l +l2 L 21+l

-3l

—dly—l2 —li—l2 L1y

—4l, -2, —1, -2l —2l,

—2d,+3d>

—51,—303 o 21,30 —3l,

—d,—2d> —2d; —3d1+2d>

(a) Lattice A (b) Reciprocal Lattice A*

Fig. 3 Left panel: triangular lattice A with unit area of primitive cell generated by lattice vectors in (2.6);
right panel: corresponding reciprocal lattice A* with reciprocal lattice vectors as in (2.9)

We remark that other authors [cf. Linton (2010), Moroz (2006)] define the reciprocal
lattice as A* = {2nmd, 2nnd>s},, ,c7. Our choice (2.5) for A* is motivated by the
form of the Poisson summation formula of Beylkin et al. (2008) given subsequently
in (6.4) and that is used in Sect. 6 to numerically compute the Bloch Green’s function.

Finally, we make some remarks on the equilateral triangular lattice, which does
not fall into the framework discussed earlier. As observed in Chen and Oshita (2007),
this special lattice requires a different treatment. For the equilateral triangle lattice,
0 = 2n/3 and Im (eZi” /3 ) = +/3/2, so that the unit area requirement of the primitive
cell again yields « = (4/3)!/4. Since Re(e2i”/3) = —1/2, it follows that in terms of
l; € R2fori = 1,2, an equilateral triangle cell structure has

4\ /4 N1 V3
llz((g) ,o) and zgz(g) (—5,§). 2.6)

This triangular lattice is shown in Fig. 3. The centers of the triangular cells are generated
by (2.1), but there are points in A that are not cell centers (Fig. 3). For example,
Bn+ DIy +1,, Bn+2)I1, 3nly — 1, and (3n + 1)I; — 21, are not centers of cells
of equilateral triangles. In general, for integers p and g the point pl| + gl, will be a
vertex instead of a cell center when

(p mod 3)+ (¢ mod 3) =2, 2.7

where the positive representation of the mod function is used, i.e., (—1) mod 3 = 2.
Thus, for the equilateral triangular lattice the set of lattice points is

Ayi={mly+nly |m,neZ, (m mod 3)+ (n mod 3) #2}. 2.8)

The corresponding Wigner—Seitz cell is also an equilateral triangle.
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Regarding the reciprocal lattice for the equilateral triangular lattice with /1 and I,
given by (2.6), the defining vectors for A* are

1 1
di= = («/3, 1) and  dy = =77 (0.2), 2.9)

as can be verified by substitution into (2.4). A plot of a portion of this reciprocal lattice

for the equilateral triangle lattice is shown in the right panel of Fig. 3. From this plot
it follows that, for integers p and ¢, pd;| + g d, will be a vertex, not a center, when

(p—¢q) mod 3 =1. (2.10)
Therefore, the reduced reciprocal lattice becomes
Ay, ={mdi+ndy| m,neZ, (m—n) mod3#1}. (2.11)

Unfortunately, for the equilateral triangular lattice the property (2.3) does not hold.
In other words, the whole R2 is not the union of cells translated on the Bravais lattice,
and thus one cannot restrict the analysis to one Wigner—Seitz cell at the origin. As such,
itis unclear whether the corresponding Poisson summation formula in (6.4) below still
holds. However, if a homogeneous Neumann boundary condition is imposed on the
cell, it is possible to reflect through the edges and fill the whole R?. (This fact is used
in Chen and Oshita (2007).) Therefore, the equilibrium contruction of a periodic spot
pattern presented in Sects. 3.1 and 4.1 still applies for the equilateral triangular lattice.
However, the stability of periodic spot patterns on the triangular lattice is an open
problem.

2.2 A Few Key Properties of the Bloch Green’s Functions

In our analysis of the stability of spot patterns in Sects. 3.2 and 4.2 below, the Bloch
Green’s function G (x) for the Laplacian plays a prominent role. In the Wigner—Seitz
cell Q, Gpo(x) for k/(27) € Qp satisfies

AGpy = —6(x); X € Q, (2.12a)

subject to the quasi-periodicity condition on R? that
Gro(x+1) = e % Gpo(x), 1e€A, (2.12b)
where A is the Bravais lattice (2.1). As we show subsequently, (2.12b) indirectly yields

boundary conditions on the boundary 92 of the Wigner—Seitz cell. The regular part
Rpo (k) of this Bloch Green’s function is defined by

1
Rpo(k) = lim (Gbo(x) + —log |X|) . (2.12¢)
x—0 27
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To study the properties of Gpo(x) and Rpo(k), we first require a more refined
description of the Wigner—Seitz cell. To do so, we observe that there are eight nearest
neighbor lattice points to x = 0 given by the set

P={ml +nly| me{0,1,—1}, nef{0,1,—1}), (m,n) £0}. (2.13)

For each (vector) point P; € P, fori = 1,...,8 we define a Bragg line L;. This
is the line that crosses the point P;/2 orthogonally to P;. We define the unit outer
normal to L; by n; = P;/|P;|. The convex hull generated by these Bragg lines is the
Wigner—Seitz cell €2, and the boundary 9€2 of the Wigner—Seitz cell is, generically, the
union of six Bragg lines. For a square lattice, d€2 has four Bragg lines. The centers of
the Bragg lines generating 0<2 are reindexed as P; fori = 1, ..., L, where L € {4, 6}
is the number of Bragg lines demarking d€2. The boundary 92 of €2 is the union of
the reindexed Bragg lines L;, fori = 1, ..., L, and is parameterized segmentwise by
a parameter ¢ as

P.
aQ:Ier<7’+tnil]| —t<t<t, i=1,....,L, L=1{4,6}}.
i

(2.14)
Here, 21; is the length of L;, and n IL is the direction perpendicular to P; and, therefore,
tangent to L;.
The following observation is central to the subsequent analysis: suppose that P is
a neighbor of 0 and that the Bragg line crossing P /2 lies on d€2. Then, by symmetry,
the Bragg line crossing — P /2 must also lie on 9€2. In other words, Bragg lines on 92
must come in pairs. This fact is evident from the plot of the Wigner—Seitz cell for the
oblique lattice shown in Fig. 2. With this more refined description of the Wigner—Seitz
cell, we now state and prove two key lemmas that are needed subsequently in Sects. 3.2
and 4.2.

Lemma 2.1 The regular part Rpo(k) of the Bloch Green’s function Gpo(X) satisfying
(2.12) is real-valued for k| # 0.

Proof Let0 < p < 1, and define 2, = Q2 — B, (0), where B, (0) is the ball of radius
p centered at x = 0. We multiply (2.12a) by G0, where the bar denotes conjugation,
and we integrate over €2, using the divergence theorem to obtain

/GboAGbodX+/VGbo~VGbodX= / Gpo 9y Gpo dX

Q, Q, 92,
Z/Gbo 0,Gpodx — / Gbo x| Gpo dX.
ElY) 9B, (0)

(2.15)
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Here, 0, Gpo denotes the outward normal derivative of Gpg on 92. For p < 1, we use
(2.12c¢) to calculate

2w
_ 1 1
/ Gpo 9)x|Gpo dX N/ ——1logp + Rpotk) +o(D) ) | —=—+O) ) pdb
2 2mp
9B, (0) 0

1

~ o log p — Rpo(k) + O(plog p). (2.16)

Upon using (2.16), together with AGpp = 0 in 2, in Eq. (2.15), we let p — 0 to
obtain

_ 1
Rpok) = — / Gpo(x) 0,Gpo(x) dx + lim / |VGb0|2dX + —logp|. (2.17)
p—0 2w
Bo) Q,

From (2.17), to show that Rpo(k) is real-valued, it suffices to establish that the
boundary integral term in (2.17) vanishes. To show this, we observe that since the
Bragg lines come in pairs, we have

L/2
/ Gpo(x) 3,Gpo(x)dx = D / G0 () VxGpo(X) - 1; dx

p i=1 )
9% %+tnil

- / Gpo(x)VxGpo(x) - m; dx | . (2.18)

=P 1
—Him;

Here we have used the fact that the outward normals to the Bragg line pairs P; /24 tnf-
and —P;/2 + tr)l.L are in opposite directions. We then translate x by P; to obtain

/ Gpo(X)VxGpo(X) - n; dx = / Gpo(x)VxGpo(x) - n; dx

P; —P;
S} SL+mi+P;

= / C_;b()(X—i-P,')VXGbo(X-f-Pi) -n; dX.
St}

(2.19)

Then, since P; € A, we have by the quasi-periodicity condition (2.12b) that

GbO(X + P)VyGpo(x + P;) = (Gbo(x)eik?,-) (VxGbo(X)g*ikPi)
= Gpo(X) VxGpo(X).
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Therefore, from (2.19) we conclude that

/ Gpo(X)VxGpo(x) - ; dx = / Gpo(x)VxGpo(x) - 1; dX,
i -
which establishes from (2.18) that f Gpo(x) 8,Gpo(x) dx = 0. From (2.17) we con-

aQ
clude that Ry (k) is real. O

Next, we determine the asymptotic behavior of Rpo(k) as |k| — 0. The fact that
(2.12) hasno solutionifk = 0 suggests that Rpo (k) is singular as |k| — 0. To determine
the asymptotic behavior of Gy as |[k| — 0, we introduce a small parameter, o < 1,
and define k = ok, where |k| = O(1). For o « 1, we expand Gpo(X) as

Gpo(X) = 0 Up(x) + o U (x) + Ua(xX) + - - . (2.20)

For anyl € 2, and for o « 1, we have from (2.12b) that

2
mujn+Mu+b+w@+D+m:[L4ﬂmn_1“4y+m]
o o 2
y (UO(2X) n Ui (x) ) 4 - ) .
o o
(2.21)

Upon substituting (2.20) into (2.12a), and then equating powers of o in (2.21), we
obtain the sequence of problems

AUy =0; Up(x +1) = Uy(x), (2.22a)

AU =0; Ux+D) =UX) —ik-D)UX), (2.22b)
(k - 1)?

AUp = =86(x); U+ =UX) —ik- - DU — Up(x). (2.22¢)

The solution to (2.22a) is that Uy is an arbitrary constant, while the solution to
(2.22b) is readily calculated as U (x) = —i (k - X) Uy + U10, Where U is an arbitrary
constant. Upon substituting Uy and U into (2.22c), we obtain for any I € A that U
satisfies

12
k-1 Lo,

(2.23)
By differentiating the periodicity condition in (2.23) with respect to X, we have for
anyl € A that

Al = —=6(x); U (x+D) =Up(x) — (& - 1) (k- x)Up — i (k - 1) Uro —

Vo (x +1) = Vil (x) — k (k - 1) Up. (2.24)

Next, to determine U, we integrate Al = 0 over €2 to obtain from the divergence
theorem and a subsequent decomposition of the boundary integral over the Bragg line
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pairs, as in (2.18), that

L/2

1= / U dx = Z / Villr (X) - 7; dx — / Vilhr (X) - 1; dx
02 =\ Pt
(2.25)
Then, as in the derivation in (2.19), we calculate the boundary integrals as
/ Vilh (x)n; dx = / Vxlh (X)-n; dx = / Vxlho (x+P;)-n; dx.
S St 4P; St}
(2.26)
Upon using (2.26) in (2.25), we obtain
L/2
“1=3 [ xRy Ve@) mdx 27
i=1
T Lt

Since P; € A andn; = P;/|P;|, we calculate the integrand in (2.27) using (2.24) as
U

|Pi|
(2.28)

(Vla(x + P;) — Vil (X)) -1 = — (k -m;) (k - P))Up = — (k - P})?

Then, upon substituting (2.28) into (2.27), and by integrating the constant integrand
over the Bragg lines, we obtain that {{; satisfies

L/2
—l= _MOZ/:%ZE - _Z’{Oi%” = —UOZL:(" 'ﬂi)ztilpil,
- | - | - (2.29)
where 2¢; is the length of the Bragg line L;. Upon solving for U, we obtain that
1 L
U= 75 where Q=3 mom, and o =g4lPil. (230)

i=1

Since w; > 0, fori = 1,..., L, we have yT Qy = Zil‘:l (niTy)za)i > 0 for any
y # 0, which proves that the matrix Q is positive definite. We summarize the results
of this perturbation calculation in the following (formal) lemma.

Lemma 2.2 For |k| — O, the regular part Rpo(k) of the Bloch Green’s function of
(2.12) has the leading-order singular asymptotic behavior

Rpo (k) ~ s (2.31)

1
kT Ok
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where the positive-definite matrix Q is defined in terms of the parameters of the
Wigner—Seitz cell by (2.30).

We remark that a similar analysis can be done for the quasi-periodic reduced-wave
Green’s function, which satisfies

AG(X) —02G =-8(x); x€9Q; Gx+D=e*Gx), 1lea,
(2.32a)
where A is the Bravais lattice (2.1) and k/(277) € Qp. The regular part R(k) of this
Green’s function is defined by

R(k) = lim (G(x) + L log |x|) . (2.32b)
x—0 21

By a simple modification of the derivation of Lemma 2.1 and 2.2, we obtain the
following result.

Lemma 2.3 Letk/(27) € Qp. For the regular part R (k) of the reduced-wave Bloch
Green'’s function satisfying (2.32), we have the following results:

o (i) Let 0% be real. Then R(k) is real-valued.

o (ii) R(k) ~ Rpo(k) + O(c?) for o — 0 when |k| > 0, with |k| = O(1). Here,
Rpo (k) is the regular part of the Bloch Green’s function (2.12).

e (iii) Let 0 — 0, and consider the long-wavelength regime k| = O(o), where
k = ok, with |k| = O(1). Then

1

R(k) ~ , (2.33)
o2 [ + &7 Qx|
where the positive-definite matrix Q is defined in (2.30).
Proof To prove (i), we proceed as in the derivation of Lemma 2.1 to obtain
. 2 2112 1
Rk) = lim (|VG| 102G ) dx + —logp | (2.34)
p—0 2

$2p

which is real-valued. The second result, (ii), is simply a regular perturbation result for
the solution to (2.32) for o — 0 when |k| is bounded away from zero and k/(27) €
Qp, sothatk -1 # 27 N. Therefore, when k/(27) € Qp, R(k) is unbounded only
as |k| — 0. To establish the third result, we proceed as in (2.20)—(2.24), with the
modification that Al = Uy — §(x) in 2. Therefore, we must add the term Uy| 2| to
the left-hand sides of (2.25), (2.27), and (2.29). Solving for Uy we obtain (2.33). O

Subsequently, in Sects. 3.2 and 4.2, we will analyze the spectrum of the linearization
around a steady-state periodic spot pattern for the Schnakenberg and GM models. For
& — 0, it is the eigenfunction W corresponding to the long-range solution component
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u that satisfies an elliptic PDE with coefficients that are spatially periodic on the lattice.
As such, by the Floquet-Bloch theorem [cf. Kuchment (1993) and Krichever (1989)],
this eigenfunction must satisfy the quasi-periodic boundary conditions W(x +1) =
e~y (x) forl € A, x € R2, and k/(27) € Qp. This quasi-periodicity condition
can be used to formulate a boundary operator on the boundary 9<2 of the fundamental
Wigner—Seitz cell Q2. Let L; and L_; be two parallel Bragg lines on opposite sides of
dQfori =1,...,L/2. Letx;; € L; and xj2 € L_; be any two opposing points on
these Bragg lines. We define the boundary operator Py by

W(xi1) —ikt; (Y (Xi2) _ . , ,
Pr¥ = {\Ij ‘ (an\p(xil)) =e <3n\p(X1‘2)) , VYxj1e€eLl;, VYxpelL_;,
lieA, i=1,...,L/2}.
(2.35)
The boundary operator Py simply corresponds to a periodicity condition for ¥ on
each pair of parallel Bragg lines. These boundary operators are used subsequently in
Sects. 3 and 4.

3 Periodic Spot Patterns for Schnakenberg Model

We study the linear stability of a steady-state periodic pattern of localized spots for
the Schnakenberg model (1.1), where the spots are centered at the lattice points of
(2.1). The following analysis is based on the fundamental Wigner—Seitz cell €2, which
contains exactly one spot centered at the origin.

3.1 Steady-State Solution

We use the method of matched asymptotic expansions to construct a steady-state one-
spot solution to (1.1) centered at x = 0 € Q. The construction of such a solution
consists of an outer region where v is exponentially small and u = (1) and an inner
region of extent O(¢) centered at the origin where both v and u have localized.
In the inner region we look for a locally radially symmetric steady-state solution
of the form :
-1
u @U’ v=+DV, y=¢x (3.1)
Then, substituting (3.1) into the steady-state equations of (1.1), we obtain that V ~
V(p)and U ~ U (p), with p = |y|, satisfy the following core problem in terms of an
unknown source strength S = fooo UV?pdp to be determined:

AV =V +UVE=0, AU-UV =0, 0<p<oo, (3.22)

UO)=V(0)=0: V-0, U-~Slogp+x(S)+o(l), as p— oo.
(3.2b)
Here we have defined A,V = V" + p~ 'V’
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The core problem (3.2), without the explicit far-field condition (3.2b), was first
identified and its solutions computed numerically in Sect. 5 of Muratov and Osipov
(2000). In Kolokolnikov et al. (2009), the function x (S) was computed numerically,
and solutions to the core problem were shown to be closely related to the phenomenon
of self-replicating spots.

The unknown source strength § is determined by matching the far-field behavior
of the core solution to an outer solution for u valid away from O(¢g) distances of
the origin. In the outer region, v is exponentially small, and from (3.1) we obtain
e 2uv? — 27/ DSS8(x). Therefore, from (1.1), the outer steady-state problem for u
is

Au:—%+j—%sa(x), xeQ; Pu=0, xeiQ,

(3.3)
U~ \/%[Sloglx|+x(5)+§] , as x— 0,
where v = —1/loge and Q is the fundamental Wigner—Seitz cell. The divergence
theorem then yields
L (3.4)
B 271\/5. .

The solution to (3.3) is then written in terms of the periodic Green’s function G (X)
as

2 I
u(x) = ———[SGopx:0) —u.] . e = —— [S+27vSRop +vx(5)] .
v D 2mv

(3.5)
where the periodic source-neutral Green’s function Gg,(x) and its regular part Ry
satisfy

AG0p=‘—g12|—5(X), xeQ; PoGop=0 xe€0Q,

Gop ~ —5=log x| + Rop +0(1), as x— 0; gGodeZO. (3.6)

An explicit expression for Rg, on an oblique Bravais lattice was derived in Theorem 1
of Chen and Oshita (2007). A periodic pattern of spots is then obtained through periodic
extension to R? of the one-spot solution constructed within Q.

Since the stability threshold occurs when D = O(1/v), for which § = O(v 12y «
1 from (3.4), we must calculate an asymptotic expansion in powers of v for the solution
to the core problem (3.2). This result, which is required for the stability analysis in
Sect. 3.2, is as follows.

Lemma 3.1 ForS = Sov'/24+81v3/2 4. .. wherev = —1/loge < 1, the asymptotic
solution to the core problem (3.2) is

Ve o2 (Vo oV 40, U~v_1/2<U0+vU1+v2U2+-~),

x~v "2 (o+vxi4-) . (3.7a)
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where Uy, U1(p), Vo(p), and V1(p) are defined by

1 w X1 1
Uy=x0. Ui=xi+—Uy,, VW=—, Vi=-FSw+—5V. (3.7b)
X0 X0 X0 X0

Here w(p) is the unique ground-state solution to A ,w —w + w? = 0, with w(0) > 0,
w'(0) =0, and w — 0 as p — oo. In terms of w(p), the functions Uip and Vi) are
the unique solutions on ) < p < oo to

LoVip = —w?Uip,  V{,(00=0, Vi, >0, as p— o0, AyUip=u?

o0
Ul/p(O):O, Uip — blogp +o(1), as p— oo; bszz,od,o,
0

3.7¢)
where the linear operator Ly is defined by LoVip, = Ay Vip — Vip +2wVy . Finally,
in (3.7a), the constants xo and x| are related to So and S| by

o

b S1b S()/
=, =——+4+—= | Vi,pdp. 3.7d
X0 = X1 Sg+b2 1ppdp (3.7d)

0

The derivation of this result was given in Sect. 6 of Kolokolnikov et al. (2009) and
is outlined subsequently in Appendix 1. The o(1) condition in the far-field behavior
of Uyp in (3.7¢) eliminates an otherwise arbitrary constant in the determination of
U1 This condition, therefore, ensures that the solution to the linear boundary value
problem (BVP) system (3.7c) is unique.

3.2 Spectrum of the Linearization near the Origin

To study the stability of the periodic pattern of spots with respect to fast O(1) time-scale
instabilities, we use the Floquet—Bloch theorem, which allows us to only consider the
Wigner—Seitz cell €2, centered at the origin, with quasi-periodic boundary conditions
imposed on its boundaries.

We linearize around the steady-state u, and v,, as calculated in Sect. 3.1, by intro-
ducing the perturbation

u=u,+¢en, v=v,+e"p. (3.8)

By substituting (3.8) into (1.1) and linearizing, we obtain the following eigenvalue
problem for ¢ and 7:

2AP — P+ 2uvep +0in =rp, xe€Q; Trp=0, xe€iQ,

DAn — 28 2u,v.¢p — s_zvezn =ATn, X€Q; Prn=0, xe€d, (3.9)

where Py is the quasi-periodic boundary operator of (2.35).
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In the inner region near x = 0, we introduce the local variables N (p) and ®(p) by
1 -1
77=5N(,0), p=2(), p=ll., y=¢& x (3.10)

Upon substituting (3.10) into (3.9), and by using u, ~ U(p)/\/B and v, ~ ﬁV(p),
where U and V satisfy the core problem (3.2), we obtain on 0 < p < oo that

Ap®—D+2UVO+NV2 =10, -0, as p— 00, 3.11)
AN =2UV®+NV?, N~Clogp+B, as p— 00, :
with ®'(0) = N’(0) = 0, and where B = B(S; A). We remark that for Re(A+1) > 0,
® in (3.11) decays exponentially as p — co. However, in contrast, we cannot a priori
impose that N in (3.11) is bounded as p — oo. Instead, we must allow for the
possibility of a logarithmic growth for N as p — oo. Upon using the divergence
theorem we identify C as C = fooo (2UVd> + NV2) p dp. The constant C will be
determined by matching N to an outer eigenfunction 7, valid away from x = 0, that
satisfies (3.9).

To formulate this outer problem, we obtain, since v, is localized near x = 0, that,
in the sense of distributions,

g2 (2ueve¢ n nvg) = /(2UV<I> + sz) dy | sx) =27Csx). (3.12)

2
Using this expression in (3.9), we conclude that the outer problem for 7 is

An—2n=2ZC5x), xeQ; Pin=0, xeiQ,

D
(3.13)
n~%(Clog|X|+%+B) , as x— 0.
The solution to (3.13) is 7 = —2w C D~ 1Gy,.(x), where Gy, satisfies
_ - _ . —
AGpr — 5 Gpa 6(x), xe; PrGp. =0, x €09, (3.14)

Gpy ~ —%log x| + Rpp, as x — 0.

From the requirement that the behavior of 1 as x — 0 must agree with that in (3.13),
we conclude that B + C/v = =27 C Rp,,.. Finally, since the stability threshold occurs
in the regime D = O(v~') > 1, we conclude from Lemma 2.3 (ii) that for |k| # 0
andk/(2m) € Qp,

(1 27V Ry + O(vz)) C=—vB, (3.15)

where Ry is the regular part of the Bloch Green’s function Gy defined by (2.12)
on .

We now proceed to determine the portion of the continuous spectrum of the lin-
earization that lies within an O(v) neighborhood of the origin, i.e., that satisfies
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[A] < O(v), when D is close to a certain critical value. To do so, we must first
calculate an asymptotic expansion for the solution to (3.11), together with (3.15).

Using (3.7a) we first calculate the coefficients in the differential operator in (3.11)
as

uv =w+v(U0V1+U1V0)+-~-=w+%[V1p+wU1p]+-~-,

V2= (VE42000V) e = vt 4 20 (4 )
0 0

so that the local problem (3.11) on 0 < p < 0o becomes

qu>—q>+[2w+2—g(vl,,+wU1,,)+~-~]c1>

=—v[w—§+ (—xw +wv”’)+-~-}N+MD,
X0 Xo

3.16
ApNz[2w+2—;(v1p+wul,,)+---]c1> (3.16)
+v[“’—§+ ( Xiw +wv“’)+---}N,
X0 X
®— 0, N~Clogp+ B, as p— 00; ®'(0) = N'(0) = 0.

We then introduce the appropriate expansions,

N=1(Ro+vli+ ), B=L(Bo+vBi+-) ., C=CotvCi+ -,

=P+ vP;+---, A=Ato+VAi+---,
(3.17)
into (3.16) and collect powers of v.
To leading order, we obtain on 0 < p < oo that
2 A ~
Lo®yg=A, P9 — Dy +2wdg = —% Ng + LoD, A,Nyo =0,
0Po »Po 0 0 2 0 0Po pINO (3.18)

®y—0, No— By as p—o00; @p0)=0, Nj©0) =0,

where L is referred to as the local operator. We conclude that 1% = éo for p > 0.
At next order, we obtain on p > 0 that @ satisfies

2 2 wVip) o w? .

Lo®) + — (Vip + wlUip) @0+ —5 | —xiw? + —2 ) No = —— Ni + 11 ®o;
X0 X0 X0 X0

o - 0, as p— oo, (3.19)
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with @/ (0) = 0, and that Ny on p > 0 satisfies

w2

ApN1=2wd>o+—]\70; Ny ~ Cologp+ By, as p— o0; 1\7{(0):0.

X
(3.20)

In our analysis, we will also need the problem for N> given by

wvlp

o 2 2 2
ApNz—2w¢1+70z(V1p+wU1p) <I>0+E(—X1w + =

N2~C110gp+§2, as p — 00; Nﬁ(O):O.

~ 2 A
X0

(321
In addition, substituting (3.17) into (3.15) we obtain upon collecting powers of v that

A

Cop = —éo , Ci 4+ 27 Rp9Co = —B;. (3.22)

Next, we proceed to analyze (3.18)—(3.21). From the divergence theorem we obtain
from (3.20) that

o0 o0
b -~
Co =/2wd>0,0dp+—2No, bz/wzpd,o. (3.23)
X0
0 0

Since Cy = — By and By = N, (3.23) yields that

1 oo

. A b

No =By = -2 |:1 + —2:| /w@op dp. (3.24)
X0

0

With Ny known, (3.18) provides the leading-order nonlocal eigenvalue problem
(NLEP)

2w?h [y wo pdp
xg+b Jo wlodp

Lo®o — =xr®Po; Po—>0, as p—>o0; Dy0) =0.

(3.25)

For this NLEP, the rigorous result of Wei (1999) (see also Theorem 3.7 of the survey

article Wei (2008)) proves that Re(1p) < 0 if and only if 2b/( x§ +b) > 1. At the

stability threshold where 2b/(x3 + b) = 1, we have from the identity Low = w?

that &y = w and A9 = 0. From (3.24) and (3.23) we can then calculate l§o and Cy at

this leading-order stability threshold. In summary, to leading order in v, we obtain at
Lo = 0 that

b A .

~=1, dy=w, By=Noy=-b=— [w’pdp, Co=b. (326)
X0
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Upon substituting (3.26) into (3.20) we obtain at Ao = O that N 1 on p > 0 satisfies

~

A Ny =w?; Ny~blogp+ By, as p—o0; Nj@©0)=0. (327
Upon comparing (3.27) with the problem for U1, as given in (3.7¢), we conclude that
Ni = U, + B. (3.28)

Next, we observe that for D = Dg/v >> 1, it follows from (3.4) that S = v!/25, +
..., where Sy = a|Q|/(2w+/Do). Then, since Sy = b/ xo from (3.7d), and b/)(g =
1 when A9 = O from (3.26), the critical value of Dy at the leading-order stability
threshold Lo = 0 is

Cl2|Q|2
Dy = Dy, = 1nb (3.29a)

This motivates the definition of the bifurcation parameter u by

472Dvb

n =

so that at criticality where xo = +/b, we have u = 1.

We then proceed to analyze the effect of the higher-order terms in powers of v on
the stability threshold. In particular, we determine the continuous band of spectrum
that is contained within an O(v) ball near A = 0 when the bifurcation parameter u is
O(v) close to its leading-order critical value i = 1. As such, we set

A=VAL+ -, for pu=14+vpur+---, (3.30)

and we derive an expression for A in terms of w, the Bloch vector k, the lattice
structure, and certain correction terms to the core problem.

To determine an expression for 1 in terms of xo and yi, we first set D = Dgy/v
and write the two-term expansion for the source strength S as

al|L|

1/2
— = S+VS +--0),
P~ (So | )

where Sy and S are given in (3.7d) in terms of xo and x;. Using (3.7d) and (3.29b),
this expansion for S becomes

o
b b x1b 1
—=|\—tv|—-——+ =5 [ Vippdp | +--- | . (3.3D)
w X0 X0 x5
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As expected, to leading order we have © = 1 when b = X& At A9 = 0, where
xo=~b,weuse u" 12 ~1— vuy/2 + -+ torelate ug to xg as

o

X1 mr o1

== —2/V1,,pdp. (3.32)
0

Next, we substitute &g = w, 1% = —b, x§ = b, and 1\71 =Up + l§1 from (3.28)
into Eq. (3.19) for ®;. After some algebra, we conclude that @ at 1y = 0 satisfies

2
W A 2 3
Lo®) + =By = - X002 2,2 Up+rw; & —0, as p— oo,

b b b

(3.33)

with ®(0) = 0. In a similar way, at the leading-order stability threshold, prob-
lem (3.21) for 1\72 on p > 0 becomes

AAPNQ =2wd, +Aw72é1 + %w2U1p + —2X2):' w?, (3.34)
N> ~Cilogp+ By, as p— 00; N;(0) = 0.

To determine 31, as required in (3.33), we use the divergence theorem on (3.34) to
obtain that

o0
.~ 3
Ci =2/w<l>1pdp+31 +Z w?Uipp dp + 2x0X1.-
0

Upon combining this expression with C1 +2mw Rp0Co = —1§1 , as obtained from (3.22),
where Cy = b, we obtain B; as

9)

00 3 o
—/wq>]pd,0—JTbRb()—E/szlppdp_XOXL
0 0

Upon substituting this expression into (3.33), we conclude that @ satisfies

2Jo- w®ipdp

LP] = Lo®P; — =Rs +rw; ®; -0, as p— o0,

Jo~wpdp
(3.35a)
with <I>’l (0) = 0, where the residual R is defined by
3,7 2 3
2 w? 2 XoxX1w )
Rs =nw Rb0+2b2 /w Uippdp — b —Ew Uip. (3.35b)
0
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Then X1 is determined by imposing a solvability condition on (3.35). The homo-
geneous adjoint operator £* corresponding to (3.35) is

LY = LoW — w b ijpdp. (3.36)
Jo~wodp

We define W* = w+pw’/2 and readily verify that LoW* = wand Low = w? (see Wei
(1999)). Then we use Green’s second identity to obtain f;~ [wLoW* — U*Low] p dp
= fooo (w2 — \IJ*wz) pdp. By the decay of w and W* as p — 00, we obtain that
fooo w2pdp = fooo W*w?p dp. Therefore, since the ratio of the two integrals in (3.36)
is unity when ¥ = W*, we conclude that L*W* = 0.

Finally, we impose the solvability condition that the right-hand side of (3.35) is
orthogonal to W* in the sense that A1 [~ w¥W*pdp + [;~ RsW*pdp = 0. By the use
of (3.35b) for R, this solvability condition yields that

JoZ wrv*pdp 3 7 )
A1=—m bJTRbO—XIXO'F% wUippdp
0 0 (3.37)
fo w?U,,¥*p dp
JoZ wrW*pdp

Equation (3.37) is simplified by first calculating the following integrals using integra-
tion by parts:

o0 oo 1 oo
Jwwpdo = [ (Low) (Ly'w) = [wlpdp =b,
0 0

T " ) L Tr21 2 b
Ofw\ll*,od,o :({pw(w%—%w’) dp:ofw ,od,o—i—zg’[w | p?*dp =%
(3.38)
In addition, since LoV, = —w2U1p from (3.7¢) and ¥* = La] w, we obtain upon
integrating by parts that
o o o
/szlp\IJ*,odp = —/ (L()le) (Lalw) pdp = —/ Vipwpdp.
0 0 0
Substituting this expression and (3.38) into (3.37), we obtain
o0 o
M g [P 3/U d—|—3/Vd (3.39)
- = T — _— w .
) b b0 — XoX1 + 2D 1ppap b 1ppap
0 0

Next, we use (3.7¢) to calculate [~ w?Ui,pdp = [;° (Vip —2wVip) p dp. Finally,
we substitute this expression, together with xo = /b and (3.32), which relates 1
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to x1, into (3.39) to obtain our final expression for A;. We summarize our result as
follows.

Principal Result 3.1 In the limit ¢ — 0, consider a steady-state periodic pattern of
spots for the Schnakenberg model (1.1) on the Bravais lattice A when D = O(v™)),
where v = —1/loge. Then, when

I L (3.40a)
= vV . . a
4m2by H
where w1 = O(1), the portion of the continuous spectrum of the linearization that

lies within an O(v) neighborhood of the origin A = 0, i.e., that satisfies |A| < O(v),
is given by

o0
"1 1
A =VA cee M=2|——7Rpo — — Vipdp | . 3.40b
VA + 1 5 ~ 7R sz/plpp ( )
0

Here, |Q2| is the area of the Wigner—Seitz cell and Rpo = Rpo(k) is the regular part of
the Bloch Green’s function G defined on Q2 by (2.12), withk # 0 andk/(27) € Qp.

The result (3.40b) determines how the portion of the band of continuous spectrum
that lies near the origin depends on the detuning parameter 11, the correction V1, to
the solution of the core problem, and the lattice structure and Bloch wavevector k as
inherited from Ry (k).

Remark 3.1 We need only consider k/(27) in the first Brillouin zone Q2 p, defined as
the Wigner—Seitz cell centered at the origin for the reciprocal lattice. Since Ry is real-
valued from Lemma 2.1, it follows that the band of spectrum (3.40b) lies on the real
axis in the A-plane. Furthermore, since, by Lemma 2.2, Rpg = O (1 / k" Qk)) — 400
as |k| — 0 for some positive definite matrix Q, the continuous band of spectrum that
corresponds to small values of |k| is not within an O(v) neighborhood of A = 0 but
instead lies at an O (v JkT Qk) distance from the origin along the negative real axis in
the A-plane.

We conclude from (3.40b) that a periodic arrangement of spots with a given lattice
structure is linearly stable when

o0
* 1 * .
H1 < 2mRpy + o / Vippdp, Ry, = mkm Rpo(k). (341
0

For a fixed area |€2| of the Wigner—Seitz cell, the optimal lattice geometry is defined
as the one that allows for stability for the largest inhibitor diffusivity D. This leads to
one of our main results.

Principal Result 3.2 The optimal lattice arrangement for a periodic pattern of spots
for the Schnakenberg model (1.1) is the one for which Ky = Ry, is maximized.
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Consequently, this optimal lattice allows for stability for the largest possible value
of D. Forv = —1/loge <K 1, a two-term asymptotic expansion for this maximal
stability threshold for D is given explicitly in terms of an objective function Ky by

2|Q|2 1 %®

a N .

Domm”m 1+v Z”me’Cs+b_2/V‘dep , ICSERbozn}cmRbo,
0

(3.42)
where max s K is taken over all lattices A that have a common area |2| of the Wigner—
Seitz cell. In(3.42), V1, is the solution to (3.7c) and b = fooo w2,0 dp, where w(p) > 0
is the ground-state solution to A,w — w + w? = 0. Numerical computations yield
b~4.93 and [;° Vi,pdp ~ 0.481.

The numerical method to compute K is given in Sect. 6. In Sect. 6.1, we show
numerically that within the class of oblique Bravais lattices, s is maximized for a
regular hexagonal lattice. Thus, the maximal stability threshold for D is obtained for
a regular hexagonal lattice arrangement of spots.

4 Periodic Spot Patterns for GM Model

In this section, we analyze the linear stability of a steady-state periodic pattern of spots
for the GM model (1.2), where the spots are centered at the lattice points of the Bravais
lattice (2.1).

4.1 Steady-State Solution

We first use the method of matched asymptotic expansions to construct a steady-state
one-spot solution to (1.2) centered at the origin of the Wigner—Seitz cell 2.

In the inner region near the origin of 2, we look for a locally radially symmetric
steady-state solution of the form

u=DU, v=DV, y:e_lx. “.1)

Then, substituting (4.1) into the steady-state equations of (1.2), we obtain that V ~
V(p) and U ~ U (p), with p = |y|, satisfy the core problem

A,V -V +VIU=0, AU=-V? 0<p<oo, (4.22)
U'0)y=V'(0)=0; V-0, U~-Slogp+ x(S)+o(l), as p—> oo,
(4.2b)

where A,V = V" 4+ p7!'V/ and § = fooo V2p dp. The unknown source strength S
will be determined by matching the far-field behavior of the core solution to an outer
solution for u valid away from O(¢) distances of the origin.
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Since v is exponentially small in the outer region, we have in the sense of distribu-
tions that e ~2v?> — 27 D?S8(x). Therefore, from (1.2), the outer steady-state problem
for u is

Au— fu=-27DS8(x), xeQ Pu=0 xedL,

4.3
u~—DSlog|X|+D(—§+x(S)), as x — 0, (4.3)
where v = —1/log ¢. We introduce the reduced-wave Green’s function G, (x) and its
regular part R,, which satisfy
1 . _
AGy — 5Gp, =—-3(x), xX€Q; PoG, =0, xe€0dQ, 4.4)

Gp(x)w—%log|x|+Rp, as x— 0,

where R, is the regular part of G ,. The solution to (4.3) is u(x) = 27 DSG ,(x). Now,
as x — 0, we calculate the local behavior of u(x) and compare it with the required
behavior in (4.3). This yields that S satisfies

(1 + vaRp) S =vx(S). 4.5)

Since the stability threshold occurs when D = O(v™~!) > 1, we expand the solution
to (4.4) for D = Dgy/v > 1, with Dy = O(1), to obtain

Dy Dy

p=m+Gop+(9(U), R,,:m-i—Rop—}-O(v), (4.6)

where G and Ry, are the periodic source-neutral Green’s function and its regular
part, respectively, defined by (3.6). By combining (4.5) and (4.6), we obtain that S

satisfies
27 Dy

1

To determine the appropriate scaling for S in terms of v < 1 for a solution to
(4.7), we use x(S) = O(S'/?) as § — 0 from Appendix 2. Thus, to balance the
leading-order terms in (4.7), we require that § = O(v?) as v — 0. The next result

determines a two-term expansion for the solution to the core problem (4.2) forv — 0
when § = O(v?).

(1 +,u+271vRop+(9(v2))S —vx(S), 4.7)

Lemma 4.1 For S = Sov> + S1v> + -+, where v = —1/loge < 1, the asymptotic
solution to the core problem (4.2) is

V~u(VooVid-), U~U<U0+UU1+1)2U2+...),
(4.8a)

x~vxo+tvxi+---),
where Uy, U1(p), Vo(p), and V1 (p) are defined by

Up=x0, Ur=x1+SUip, Vo=xow, Vi=xiw+SoVip. (4.8b)
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Here, w(p) is the unique ground-state solutionto A ,w —w + w? =0, withw(0) > 0,
w'(0) =0, and w — 0 as p — oo. In terms of w(p), the functions Uip and Vi), are
the unique solutions on ) < p < 0o to

LoVip =w?Uip,  V{,(0)=0, Vi >0, as p— oo,
ApUip =—w?/b, U{,(0)=0, Ui — —logp+o(l),
(4.8¢)

o0
as p— 00; bz/ pwzd,o,
0

where LoVip, = ApVip — Vip + 2wV, Finally, in (4.8a), the constants xo and x1
are related to Sy and Sy by

o0
So N SO/
=/, =L 2 [ wv,pdp. 4.8d
X0 b X1 20b b wVippdp (4.8d)
0

The derivation of this result is given subsequently in Appendix 2. The o(1) condition
in the far-field behavior in (4.8c) eliminates an otherwise arbitrary constant in the
determination of Uj,. Therefore, this condition ensures that the solution to the linear
BVP (4.8¢) is unique.

4.2 Spectrum of the Linearization near the Origin

We linearize around the steady-state solution u#, and v,, as calculated in Sect. 4.1,
by introducing the perturbation (3.8). This yields the following eigenvalue problem,
where Py is the quasi-periodic boundary operator of (2.35):

2
EAp—p+22p—Sn=2p, xeQ: Pp=0, x€IQ,

¢ “4.9)
DAn—n+2e%v¢ =irtn, x€Q; Pn=0, xeQ.

In the inner region near x = 0, we introduce the local variables N (p) and ®(p) by

n=N@p), ¢=0p), p=lyl, y=¢&'x (4.10)

Upon substituting (4.10) into (4.9), and using u, ~ DU and v, ~ DV, where U and
V satisfy the core problem (4.2), we obtain on 0 < p < oo that

) _‘DJF%CD_Z_ZN:M)’ ®—>0, as p— 00,

@ @.11)
oN =-2Vd, N~ —Clogp+ B, as p— 00,

A

A

with ®'(0) = N’(0) = 0, and where B = B(S; 1). The divergence theorem yields
the identity C =2 [;° V®p dp.

To determine the constant C, we must match the far-field behavior of the core

solution to an outer solution for n, which is valid away from x = 0. Since v, is

@ Springer



884 J Nonlinear Sci (2014) 24:857-912

localized near x = 0, we calculate in the sense of distributions that 28‘2vg¢ —
2D (IR2 Vo dy) 8(x) = 2n CD§(x). Using this expression in (4.9), we obtain that
the outer problem for 7 is

An—02n=-2nC8(x), xeQ; P=0, xeiQ,
c (4.12)

n~—Clog|x|—7—B, as x— 0,

where we have defined 9, = /(1 + tA)/D. The solution to (4.12) is n = 27 CGp,. (X),

where Gy, satisfies

AGp, — 037Gy, = —8(x), x€Q; PG =0, x€0Q,
1 (4.13)

Gps. ~ —5, log x| + Rp;, as x— 0.

By imposing that the behavior of n asx — 0 agrees with thatin (4.12), we conclude that

(1 4+2mvRpy) C = vB. Then, since D = Dgy/v > 1, we have from Lemma 2.3 (ii),

upon taking the D >> 1 limit in (4.13), that Rpy ~ Rpo + O(v) for k| > 0 and

k/(2m) € Qp. This yields

(1 2V Ry + (9(\)2)) C =B, (4.14)

where Rpo = Rpo(k) is the regular part of the Bloch Green’s function G defined on
Q by (2.12).

Asin Sect. 3.2, we now proceed to determine the portion of the continuous spectrum
of the linearization that lies within an O(v) neighborhood of the origin . = 0 when
D is close to a certain critical value. To do so, we must first calculate an asymptotic
expansion for the solution to (4.11) together with (4.14).

Using (4.8a) we first calculate the coefficients in the differential operator in (4.11)
as

14 +vSo (v Uiy + V2 2+2vS0
—=w —_— 1 —w 1 ey —_— =
U xo 7 r U? X0

w(le—wU1p)+~~,

so that the local problem (4.11) on 0 < p < 0o becomes

208
qu>—<1>+[2w+ ;Oow(vlp—wUlp)Jr-.-]@

2 28
=[w +%w(V1p—wU1p)+--~]N+kd>,

ApN = =2v [Xow +v (Xlw + S()le) + - ] D,
® -0, N~ —Clogp+ B, as p— o0; ®'(0) = N'(0) = 0.
(4.15)
To analyze (4.15) together with (4.14), we substitute the appropriate expansions

L
(Bo+vbi+ ), C=Co+vCit:-,

v

L
N:—(No+vN1+~--), B
V

1
<b:;(¢>0+v¢>1+--~), A=A+ VAL +--- (4.16)
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into (4.15) and collect powers of v.
To leading order, we obtain on 0 < p < oo that

L()CD()EAPCD()—q)o-i-ZwCDo:wZAA/o-I—)\oCDo, A/)NO:O,

o A , ~ 4.17)
oy — 0, No — Bp as p — o0; ®,(0) = Ny(0) =0,
where L is the local operator. We conclude that ]\Alo = éo for p > 0.
At next order, we obtain on p > 0 that @ satisfies
9 280 280 A
Lo® —w"Ny = —E (le — wUlp) D + %w (le — wUlp) No+ 11Dy ;
d; -0, as p— o0, (4.18)

with @} (0) = 0, and that 1\71 on p > 0 satisfies

Apﬁl = 2xow®y; Ni~—Cologp+ B, as p— 00; N{(O):O.
. (4.19)
At one higher order, the problem for N> on p > 0 is

ApNy = —250wd; — 2 (x1iw + SoVip) ®o;

R ) X (4.20)
Ny~ —Cilogp + By, as p— o0; N5(0) = 0.

In addition, substituting (4.16) into (4.14) we obtain, upon collecting powers of v, that
Co= By, Ci+27RpBy=B. “.21)

Next, we proceed to analyze (4.17)—(4.20). From the divergence theorem we obtain
from (4.19) that

o
Co = 2X0/wCI>0pdp. (4.22)
0

To identify xo in (4.22), we substitute S = v2Sy +--- and x ~ vxo + - - - into (4.7)
toobtain (1 4+u+---) (v2S0 + - ) ~ 1)2()(0 + - - -). From the leading-order terms
we obtain xo = So(1 + ). Then, since So = b x§ from (4.8d), we obtain

o0
1 1 A A 2

= — S = — Co=By=Ny= — wd dp.

b+ T pgpe 0THTN b(1+u)0/ opar

(4.23)

X0
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From (4.17) we then obtain the leading-order NLEP on p > 0:

2w? [T wdopdp
(I+w [ wodp

Lo®o = Ao Po;

(4.24)
21 Dy

€2

@y — 0, as p—o00; Py0)=0; =

For this NLEP, Theorem 3.7 of Wei (2008) proves that Re(1¢) < 0 if and only if
2/(1 4+ p) > 1. Therefore, the stability threshold where Ly = 0 and ¢ = w occurs
when u = 1. At this stability threshold, we calculate from (4.23) that

)
A A 1
X0 = —, So = — dg=w, C():B()ZN()ZE/U)CDQ,OCZ,OZI.
0

(4.25)
Upon substituting (4.25) into (4.19) we obtain at Ao = 0 that N1 on p > 0 satisfies

2

ApN] =—2Xow2=—w7; Ny~ —logp+B;, as p— 00; N{(O):O.
(4.26)

Upon comparing (4.26) with the problem for Uy, in (4.8¢), we conclude that
Ni = U, + Br. (4.27)

As in Sect. 3.2, we now proceed to analyze the effect of the higher-order terms by
determining the continuous band of spectrum that is contained within an O(v) ball
near A = 0 when the bifurcation parameter p is O(v) close to the leading-order critical
value n = 1. As such, we set

A=vVAl +---, for pu=14vur+---, (4.28)
and we derive an expression for A in terms of the detuning parameter 11, the Bloch
wavevector k, the lattice structure, and certain correction terms to the core problem.

We first use (4.8d) and (4.7) to calculate x; in terms of . Substituting u =
1 4+vur 4+ -- -, together with (4.8a), into (4.7), we obtain

[1+(1+vm)+27va0p+"‘][”250+v351+"']=V2(xo+VX1+~-~).

From the (9(1)3) terms we obtain that x; = w150+ 251 + 27 Rop So. Upon combining
this result with (4.8d) for x1, and using xo = 1/(2b), we obtain at criticality where
Ao = O that

1
X1=——F——7——7 [ wVippdp. (4.29)
This result is needed subsequently in the evaluation of the solvability condition.
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Next, we substitute (4.25) and (4.27) into (4.18) for ®; to obtain, after some algebra,
that (4.18) reduces at the leading-order stability threshold Ag = 0 to

Lo®d; — wzél =AMw+ w2U1p; ®;, -0, as p— o0, (4.30)

with @ (0) = 0. In a similar way, at the leading-order stability threshold 1o = 0, the
problem (4.20) for 1% on p > 0 reduces to

~ w 1 ~ N
Apsz——d>1—2(X1w+—V1p)w; Ny ~ —Cilogp + B2,

b 4b (4.31)
as p—o00;  N(0)=0.
Applying the divergence theorem to (4.31) we obtain
1 7 1 7
Cq =E/wd>1pdp+2X1b+i/wV1ppdp. (4.32)
0 0

Then, using (4.21) with éo = 1 to relate AC1 to I§1, we determine é] as é] =C; +
27 Rpo, where C is given in (4.32). With Bj obtained in this way, we find from (4.30)
that ®; satisfies

2Jo- w®ipdp

LO]|=LydP| —w
Jo~ w?pdp

=Ry +Mw; ®; -0, as p— o0,

(4.33a)
with <I>’l (0) = 0, where the residual R is defined by
1 o
R =27 Rpow? + 21bw? + %wz/wvl,,p dp + w?Uyp. (4.33b)
0

As discussed in Sect. 3.2, the solvability condition for (4.33) is that the right-hand
side of (4.33a) is orthogonal to the homogeneous adjoint solution ¥* = w + pw’/2
in the sense that A1 [;° wW*pdp + [;° RgW*pdp = 0. Upon using (4.29), which
relates x to 1, to simplify this solvability condition, we readily obtain, using (4.33b)
for R, that

JoZ wrW*pdp

o0
23 1 /
AL = 2Ry — L —wRop — — [ wVippd
L werpdp 0T 00" op | WTIPPEP
0
_h" w0, ¥tpdp 4.34)
JoowWrpdp ’
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To simplify the terms in (4.34), we use LoVi, = w?Ujp and A Uy, = —w?/b
from (4.8c¢), together with w = L 1 W™ to calculate, after an integration by parts, that

o o o
/szlp\IJ*,odpz/(Lovlp) (Lalw),odpz/vlpw,odp.
0 0 0

Substituting this expression, together with [;° w?¥*pdp = b and [;° w¥*pdp =
b/2, as obtained from (3.38), into (4.34) we obtain our final result for ;. We summarize
our result as follows.

Principal Result 4.1 In the limit ¢ — 0, consider a steady-state periodic pattern of
spots for the GM model (1.2), where D = O(v™"), with v = —1/log e. Then, when

Q
D ~ 18] (I+vuy), (4.352)
2wy

where 1 = O(1) and |2| is the area of the Wigner—Seitz cell, the portion of the
continuous spectrum of the linearization that lies within an O(v) neighborhood of the
origin A = 0 is given by

1

23
A =vA e, AM=2|——27R TRy, —
1+ 1 > b0 + 7T Rop b

o
/,owV]pdp . (4.35b)
0

Here, Rpo = Rpo(k) is the regular part of the Bloch Green’s function Gpq defined on
Qby(2.12), k/(2m) € Qp, and Ry, is the regular part of the periodic source-neutral
Green’s function G, satisfying (3.6).

Remark 4.1 In comparison with the analogous result obtained in Principal Result 3.1
for the Schnakenberg model, A in (4.35b) now depends on the regular parts of two
different Green’s functions. The term Ry, only depends on the geometry of the lattice,
whereas Ryg = Rp0(k) depends on both the lattice geometry and the Bloch wavevector
k. To calculate Rpo(k), we again need only consider the vectors k/(2m) in the first
Brillouin zone Q25 of the reciprocal lattice. Since Rpq is real-valued from Lemma
2.1, the band of spectrum (4.35b) lies on the real axis in the A-plane. Moreover, from
Lemma 2.2, small values of |k| generate spectra that lie at an O (v/kTQk) distance
from the origin along the negative real axis in the A-plane, where Q is a positive-definite
matrix.

For a given lattice geometry we seek to determine w1 such that A; < O for all k.
From (4.35b) we conclude that a periodic arrangement of spots with a given lattice
structure is linearly stable when

o0
1
1 < 4w Ry — 2w Rop + 5 / wVi,pdp, Ry = n}cin Rpo(k). (4.36)
0
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We characterize the optimal lattice as the one with a fixed area |2| of the Wigner—Seitz
cell that allows for stability for the largest inhibitor diffusivity D. This leads to our
second main result.

Principal Result 4.2 The optimal lattice arrangement for a periodic pattern of spots
for the GM model (1.2) is the one for which the objective function Kgy, is maximized,
where

Ken =47 Ry —27Rop, Rpp = mkin Rpo (k). (4.37)

Forv = —1/loge <K 1, a two-term asymptotic expansion for this maximal stability
threshold for D is given explicitly by

o
|€2] 1
Dopiim ~ T 1+v mfx Kom + 3 wVippdp , (4.38)
0

where max  Kgp, is taken over all lattices Q having a common area |2| of the Wigner—
Seitz cell. In (4.38), V1 is the solution to (4.8c) and b = fooo w2p dp ~ 4.93, where
w(p) > 0is the ground-state solution to A ,w —w+ w? = 0. Numerical computations
yield [;° wVippdp ~ —0.945.

The numerical method to compute Kgpy is given in Sect. 6. In Sect. 6.1, we show
numerically that within the class of oblique Bravais lattices, the maximal stability
threshold for D occurs for a regular hexagonal lattice.

5 A Simple Approach to Calculating the Optimal Diffusivity Value

In this section we implement a very simple alternative approach for calculating the
stability threshold of the Schnakenberg (1.1) and GM models (1.2)in Sects. 5.1 and 5.2,
respectively. In Sect. 5.3, this method is then used to determine an optimal stability
threshold for the GS model. In this alternative approach, we do not calculate the entire
band of continuous spectrum that lies near the origin when the bifurcation parameter
u is O(v) close to its critical value. Instead, we determine the critical value of u,
depending on the Bloch wavevector k, such that A = O is in the spectrum of the
linearization. We then perform a min—max optimization of this critical value of p with
respect to k and the lattice geometry A to find the optimal value of D.

5.1 Schnakenberg Model

This alternative approach to calculating the stability threshold requires the following
two-term expansion for x (S) in terms of S as § — 0.
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Lemma 5.1 For S — O, the asymptotic solution to the core problem (3.2) is

3 n N
Vo~ Sw S (=Ribw+ Vi) 4 U~§+S(X1+%)+m,
, A ) o0 (5.1
X~s+Sx+--; XlEbzfvlppdp'
0

Here, w(p) is the unique positive ground-state solution to A ,w — w + w? = 0 and
b= fooo w?pdp. In terms of w(p), the functions Uip and Vi), are the unique solutions
on0 < p<ooto(3.7c)

The derivation of this result, as outlined at the end of Appendix 1, is readily obtained
by setting §; = 0 and S = Sov'/? in the results of Lemma 3.1.

The key step in the analysis is to note that at A = 0, the solution to the inner problem
(3.11) for ® and N can be readily identified by differentiating the core problem (3.2)
with respect to S. More specifically, at A = 0, the solution to (3.11) is ® = CVg,
N = CUsg, and B(S;0) = Cx’(S). With B known at A = 0, we obtain from (3.15)
and (3.4) that the critical value of D at .. = 0 satisfies the nonlinear algebraic problem

als2|
27D .
To determine the critical threshold in D from (5.2), we use the two-term expansion

for x(S) in (5.1) to obtain x'(S) ~ —b/S? + X1 + - - - . Using the relation for S in
terms of D from (5.2) when D = Dgy/v >> 1, we obtain that

14+2mvRp +vx'(S) =0, where S = (5.2)

47T2D0b Dy

woo.
"(8) ~ 2= e = ———, D=—. 53
x (S) , Pt = ” (5.3)

Upon substituting this expression into (5.2), we obtain that
1= p+vi = —27vRp + O0?),

which determines p as u ~ 1+ v(27 Rpg + x1). Recalling the definition of w in (5.3),
we conclude that A = 0 when D = D*(k), where D* (k) is given by

a
472by

2| |2
D*(k) =

[1+v 27 R0 + 1) + 00D)] (5.4)

where x is definedin (5.1). If we minimize Rpo (k) with respect to k and then maximize
the result with respect to the geometry of the lattice A, then (5.4) recovers the main
result (3.42) of Principal Result 3.2. This simple method, which relies critically on
the observation that B = Cx’(§) at A = 0, provides a rather expedient approach to
calculating the optimal threshold in D. However, it does not characterize the spectrum
contained in the small ball [A\| = O(v) < 1 near the origin when D is near the
leading-order stability threshold a?|Q% /(@ 2by).

@ Springer



J Nonlinear Sci (2014) 24:857-912 891

5.2 Gierer-Meinhardt Model
Next, we use a similar approach as in Sect. 5.1 to rederive the stability result in (4.38)
of Principal Result 4.2 for the GM model. We first need the following result, which

gives a two-term expansion in terms of S for x (S) as § — 0.

Lemma 5.2 For S — 0, the asymptotic solution to the core problem (4.2) is

V~\/§w+5(21w+vlp)+---, U~\/§+S(21+U1p)+---,
. . o0 (5.5)
XN\/§+SX1+-~-, le—}-,fwvlppdﬂ
0

Here, w(p) is the unique positive ground-state solution to A,w — w + w? = 0 and
b= fooo w2 pdp. In terms of w(p), the functions Uip and V1), are the unique solutions
on0 < p < oo to(4.8¢c).

The derivation of this result, as outlined at the end of Appendix 2, is readily obtained
by setting S; = 0 and S = Sov? in the results of Lemma 4.1.

Like the analysis in Sect. 5.1, the solution to (4.11) for ® and N is readily identified
by differentiating the core problem (4.2) with respect to S. In this way, we obtain
B(S,0) = Cx/(S). Therefore, at A, = 0, we obtain from (4.14) and (4.7) that the
critical values of D and S where A = 0 satisfy the coupled nonlinear algebraic system

(L4 pu+27vRyp + OWH) S =vx(S), pn= 27&30, Dz%, (5.6)
1+ 27vRp + O(W2) —vyx/(S) = 0.

We then use the two-term expansion in (5.5) for x (S) as S — 0 to find an approximate
solution to (5.6).

In contrast to the related analysis for the Schnakenberg model in Sect. 5.1, this
calculation is slightly more involved since S must first be calculated from a nonlinear
algebraic equation. Substituting (5.5) for x(S) into the first equation of (5.6) and
expanding u = o + vier + - - -, we obtain

[1+4 mo+v (u1 +27vRop)] S ~ v(\/§+ S)El) ,

which can be solved asymptotically when v < 1 to obtain the two-term expansion for
S in terms of pg and pg given by

S:v2(§o+v§1+--~)' 3‘05;

’ b(1 4 )%’ 5.7)
~ 2 ’
Si=——— (31 — — 2w Ryp) -

TR (X1 — 0p)
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From the two-term expansion (5.7) for S we calculate x’(S) from (5.5) as

3,61/2

1 N . ~1/2 S
l ~ N
S) ~ —(So+vS +--- + 31~ 5 - ——=a5 | +OW).
X 2\/1_)1) ( 0 ! ) Xl 2\/1_71) |:X1 4\/558/2:|

Using (5.7) for Sp and 81, the preceding expression becomes

I )
X'($) ~ 3= [+ i) +v (0 + 1 +27Roy) + 00N | (5.8)

Then, substituting (5.8) into the second equation of (5.6) we obtain, up to O(v) terms,
that .
1+2mvRy0 ~ (14 po) + 5 (1 + 27 Rop + 1)

which determines (o and | as
mo=1, p1=—x1—21Rop + 47 Rpo. (5.9

Finally, recalling the definition of u and ¥ in (5.6) and (5.5), respectively, and
using the two-term expansion w = o + vup from (5.9), we conclude that A = 0
when D = D*(k), where D*(k) is given by

o
Q 1
D*(k) = 2|n—]|) 14+ v | 47 Rpo(k) — 2w Rop + E/leppdp + O(VZ)
0
(5.10)

If we minimize Rp(k) with respect to k, and then maximize the result with respect to
the geometry of the lattice A, then (5.10) recovers the main result (4.38) of Principal
Result 4.2.

5.3 Gray—Scott Model

In this subsection, we employ the simple approach of Sects. 5.1 and 5.2 to optimize
a stability threshold for a periodic pattern of localized spots for the GS model, where
the spots are localized at the lattice points of the Bravais lattice A of (2.1). In the
Wigner—Seitz cell €2, the GS model in the dimensionless form of Muratov and Osipov
(2000) is

v,:ezAv—v—i—Auvz, ru,:DAu+(1—u)—uv2, xeQ;

(5.11)

Pou = Pov =0, xe€dR,
where ¢ > 0, D > 0, T > 1, and the feed-rate parameter A > 0 are constants. In
various parameter regimes of A and D, the stability and self-replication behavior of
localized spots for (5.11) were studied in Muratov and Osipov (2000, 2001, 2002), Wei
and Winter (2003), and Chen and Ward (201 1) (see also the references therein). We will
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consider the parameter regime D = O(v™') > 1 and A = O(e) of Wei and Winter
(2003). In this regime, and to leading order in v, an existence and stability analysis of
N-spot patterns in a finite domain was undertaken via a Lypanunov—Schmidt reduction
and a rigorous study of certain nonlocal eigenvalue problems. We briefly review the
main stability result of Wei and Winter (2003) following (5.16b) below.

We first construct a one-spot steady-state solution to (5.11) with spot centered at
x = 0 in  in the regime D = O(v~!) and A = O(e) using the approach in Sect. 2
of Chen and Ward (2011).

In the inner region near x = 0, we introduce the local variables U, V, and y, defined

by
D
u=—_vu, v=£V, y=¢lx, (5.12)

AVD €

into the steady-state problem for (5.11). We obtain that U ~ U(p) and V ~ V(p),
with p = |y|, satisfy the same core problem,

AV =V H+UVE=0, AU-UV*=0, 0<p<oo, (513a)

U'0)=V'0)=0; V-0, U~ Slogp+ x(S)+o(l), as p— oo,
(5.13b)

as that for the Schnakenberg model studied in Sect. 3.1, where S = fooo UV?pdp and
A,V =V 4 p~ 'V’ Therefore, for § — 0, the two-term asymptotics of x (S) is
given in (5.1) of Lemma 5.1.

To formulate the outer problem for u, we observe that, since v is localized near x =

0, we have in the sense of distributions that uv? — &2 (f[RZ VD (Ae)y tUv? dy) 8(x)

~ 27e/DA'S 8(x). Then, matching u to the core solution U, we obtain from (5.11)
that

Au—l—%(l—u):j’f/%SS(x), xeQ; Pu=0, xeiQ,
MNﬁB(Sloglxl—i-%—l—x(S)), as x — 0,

(5.14)

where v = —1/loge. The solution to (5.14) isu =1 — Q.JTSSG[,(X)/(A\/B), where
G ,(x) is the Green’s function of (4.4). Next, we calculate the local behavior of u as
x — 0 and compare it with the required behavior in (5.14). This yields that S satisfies

S+v[x($) +27SR,] = A”;/B, (5.15)

where R), is the regular part of G, as defined in (4.4).
We consider the regime D = Dg/v > 1 with Dy = O(1). Using the two-term
expansion (4.6) for R, in terms of the regular part R, of the periodic source-neutral
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Fig. 4 Plot, to leading order in v, of saddle-node bifurcation diagram S versus .A, obtained from (5.17),
for GS model, with |2| = 1 and Dy = 1. The leading-order spot amplitude V (0) = g1 \/B()SU}(O)/[? is
directly proportional to S. The heavy solid branch of large-amplitude spots is linearly stable to competition
instabilities, while the dotted branch is unstable to competition instabilities. To leading order in v, the zero-
eigenvalue crossing corresponding to the competition instability threshold occurs at Ag = (2 4+ ) Vb/p ~
7.34, where Sg = /b ~ 2.22

Green’s of (3.6), (5.15) becomes
S+ ) +v[27SRop + x (9] + O = Aok, (5.16a)
where we have defined i and A = O(1) in terms of A = O(¢) by

A 1@ 27D D
a=Ajer o _2mh o, Do (5.16b)
eV 2nm v

To illustrate the bifurcation diagram associated with (5.16a), we use x (S) ~ b/S
as § — 0 from (5.1) of Lemma 5.1. Upon writing S = v!/2S, with S = O(1), we
obtain from (5.16) that, to leading order in v,

_ 27 Dy
1

b o0
AViE= S0+ + ¢ b=/w2pdp. (5.17)
0

From Lemma 5.1 and (5.12), the spot amplitude V (0) to leading order in v is related
to S by V(0) = e~ 1/DoSw(0)/b. In Fig. 4 we use (5.17) to plot the leading-order
saddle-node bifurcation diagram of S versus .4, where the upper solution branch cor-
responds to a pattern with large-amplitude spots. The saddle-node point occurs when
Sr=+b/(0+p)and Ay = 2V + )/ . As we show subsequently, there is a
zero-eigenvalue crossing corresponding to an instability for some Bloch wavevector k,
with |k| > O andk/(27) € Qp, that occurs within an O(v) neighborhood of the point
(So. Ap) on the upper branch of Fig. 4 given by So = /b and Ay = (2 + ) +/b/ 1.
Since |k| > O for this instability, we refer to it as a competition instability. In what
follows, we will expand A = Ay + vA; + -+ and determine the optimal lattice
arrangement of spots that minimizes .A;. This has the effect of maximizing the extent
of the upper solution branch in Fig. 4 that is stable to competition instabilities.
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Before proceeding with the calculation of the optimal lattice for the periodic prob-
lem, we recall some prior rigorous results of Wei and Winter (2003) for the finite-
domain problem with N localized spots in a finite domain 2y with homogeneous
Neumann boundary conditions. From Wei and Winter (2003), the bifurcation diagram
to leading order in v is

o
b 27 N Dy
Ay =S+ un) + <, b=/wzpdp, UN = ,
N / 2N

eV2nN’

A [|Q
A=A 1l

which shows that we need only replace |€2| in (5.17) with |Q2y]|/N. From a rigorous
NLEP analysis of the finite-domain problem, it was proved in Wei and Winter (2003)
that the lower solution branch in Fig. 4 is unstable to synchronous instabilities, while
the upper branch is stable to such instabilities. In contrast, it is only the portion of
the upper solution branch with S > Sy that is stable to competition instabilities
(Fig. 4). Therefore, there are two zero-eigenvalue crossings, one at the saddle-node
point corresponding to a synchronous instability and one at the point (Sp, Ag) on the
upper branch corresponding to a competition instability.

Similarly, for the periodic spot problem there is also a zero-eigenvalue crossing
whenk = 0,i.e., a synchronous instability, which occurs at the saddle-node bifurcation
point. However, since it is the zero-eigenvalue crossing for the competition instability
that sets the instability threshold for A (Fig. 4), we will not analyze the effect of the
lattice geometry on the zero-eigenvalue crossing for the synchronous instability mode.

We now proceed to analyze the zero-eigenvalue crossing for the competition insta-
bility. To determine the stability of the steady-state solution u, and v,, we introduce
(3.8) into (5.11) to obtain the Floquet-Bloch eigenvalue problem

e2Ap — ¢ +2Auv.0 + AvIn =219, xe€Q; TPrp=0, xedQ, 5.18)
DAn — 1 —2uev.p —v2n=Artn; TPrp =0, xe€dQ. :

In the inner region near x = 0, we look for a locally radially symmetric eigenpair
N(p) and ©(p), with p = |y|, defined in terms of n and ¢ by

_ ¢ _D _ _
n—AﬁN(p), ¢ = A D), p=1yl, y=¢& x (5.19)

From (5.18) we obtain, to within negligible O(&?) terms, that N (p) and ®(p) satisfy

Ap®—D+2UVO+NV2 =20, &0, as p— 00,

ApN =2UV®+NV?, N~Clogp+B, as p— oo, (5.20)

with @'(0) = N'(0) =0, B = B(S; A),and C = [;° (2UV® + NV?) pdp.
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To determine the outer problem for 1, we first calculate in the sense of distributions
that

27es/D
A

D
Quved + V20 — % 52/ (2UV<1> n VZN) dy | 8(x) = CS(x).

R2
(5.21)
Then, by asymptotically matching n as x — 0 with the far-field behavior of N in
(5.20), we obtain from (5.21) and (5.18) that the outer problem for 7 is

An—efnzj”T%ca(x), xeQ; Pn=0, xei,

& C
~ Wi [C10g|x| + VB] , as x— 0.

(5.22)

Here we have defined 6, = +/(1+1A)/D. The solution to (5.22) is n =
—2meCGpy, (x)/(A«/B), where G, satisfies (4.13). By imposing that the behavior of
n as x — 0 agrees with that in (5.22), we conclude that (1 + 27 vRp) C +vB = 0,
where Rp) is the regular part of Gy, defined in (4.13). Then, since D = Do /v > 1, we
have from Lemma 2.3 (ii) upon taking the D >> 1 limitin (4.13) that Ry ~ Rpo+O(v)
for |k| > 0 and k/(27) € Qp. Thus, we have

(1 27V Ry + O(vz)) C—vB=0, (5.23)

where Rpg = Rpo(k) is the regular part of the Bloch Green’s function G defined
on 2 by (2.12). If we were to consider zero-eigenvalue crossings for a synchronous
instability where k = 0, we would instead use Ry, = R, ~ Do/v|Q2| + Rop + - -
from (4.6) to obtain (1 +u+2mvRyo + O(vz)) C + vB = O instead of (5.23).

As in Sect. 5.1, we use the key fact that at A = 0, we have B(S;0) = Cyx'(S).
Therefore, at A = 0, we obtain from (5.23) and (5.16a) that the critical values of A
and S where A = 0 satisfy the coupled nonlinear algebraic system

S+ ) +v[27SRop + x ()] + O = ASvi

) (5.24)
1 4+ 27vRp + O(=) +vx'(S) = 0.

The final step in the calculation is to use the two-term expansion for x (S), as given
in (5.1) of Lemma 5.1, to obtain a two-term approximate solution in powers of v to
(5.24). By substituting x'(S) ~ —bS~2 + 1 for S <« 1 into the second equation of
(5.24), we readily calculate a two-term expansion for S as

A N |
S~ by (1+v8i4+-), $y =3 (Ui +2mRw). (529
Then we substitute (5.25), together with the two-term expansion

A=Ag+vA +---, (5.26)
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into the first equation of (5.24) and equate powers of v. From the O®wY?) terms in the
resulting expression we obtain that Ay = v/b(2 + 1)/ /1, while at order OW3?) we
obtain that A; = A, (k) satisfies

A 27Rop X1 5 27wRop . 2=
L e/ IS ST S — wRpo (k) + X1 ; (5:27)
bu M K 2

where X is given in (5.1) of Lemma 5.1.

To determine the optimal lattice that allows for stability for the smallest value of
A, we first fix a lattice A and then maximize A in (5.27) by minimizing Rpo(k) with
respect to the Bloch wavevector k. Then we minimize A; with respect to the lattice
geometry A while fixing |€2|. We summarize this third main result as follows.

Principal Result 5.1 The optimal lattice arrangement for a steady-state periodic pat-
tern of spots for the GS model (5.11) in the regime D = Do/v > 1 and A = O(¢) is
the one for which the objective function Kgg is maximized, where

* * . 27 D()
Kes = TuRyy — 2w Rop s Ry = n}cln Rpotk), u= - (5.28)
Forv = —1/loge K 1, a two-term asymptotic expansion for the competition insta-
bility threshold of A on the optimal lattice is
2
Aoptim = € |El-Aoptim )
o
Vb2 + 1) b 1 m
A~ 2T 0 [0 a5 (1-5) [ Wipods ) 4
0
(5.29)

where max s Kgy is taken over all lattices A having a common area |$2| of the Wigner—
Seitz cell. In (5.29), V1, is the solution to (3.7c), while b = fooo w?p dp ~ 4.93, where
w(p) > 0 is the ground-state solution of Ap,w — w + w? = 0, and fooo Vippdp ~
0.481.

Note that (5.29) can also be derived through the more lengthy but systematic
approach given in Sects. 3 and 4 of first calculating the portion of the continuous
spectrum that satisfies [A| < O(v) when A = 4y + O(v).

The numerical method to compute Kg is given in Sect. 6. In Sect. 6.1, we show
numerically that within the class of oblique Bravais lattices, Kgs is maximized for
a regular hexagonal lattice. Thus, the minimal stability threshold for the feed rate A
occurs for this hexagonal lattice.

6 Numerical Computation of Bloch Green’s Function

We seek a rapidly converging expansion for the Bloch Green’s function Gy satisfying
(2.12) on the Wigner—Seitz cell Q2 for the Bravais lattice A of (2.1). It is the regular
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part Rpo of this Green’s function that is needed in Principal Results 3.2, 4.2, and 5.1.
Since only one Green’s function needs to be calculated numerically in this section, for
clarity of notation we remove its subscript. In Sect. 6.1, we will revert to the notation
of Sect. 2-5 to determine the optimal lattice for the stability thresholds in Principal
Results 3.2, 4.2, and 5.1.

Instead of computing the Bloch Green’s function on €2, it is computationally more
convenient to equivalently compute the Bloch Green’s function G = G on all of R?
that satisfies

AGx) = —8(x); Gx+D=e¢*Gx), leA, 6.1)

where k/(2) € Qp. The regular part R(0) = Rpp(0) of this Bloch Green’s function
is defined by

R(0) = lim (G(x) + L1og |x|) : 6.2)
x—0 2

To derive a computationally tractable expression for R(0), we will follow closely the
methodology of Beylkin et al. (2008).
We construct the solution to (6.1) as the sum of free-space Green’s functions

GX) =D Giee(x+1) *?. (6.3)
leA

This sum guarantees that the quasi-periodicity condition in (6.1) is satisfied. That is,
if G(X) = D> jcp Giree(xX +1) e'®! | then, upon choosing any I* € A, it follows that
G(x +1*) = e k" G(x). To show this, we use I* +1 € A and calculate

G(X +l>k) — Z Gfree(x +l* +l) eik-l — ZGfree(X +l* +l) elk(l*-l—l) e—ik~[*
leA leA
= k" G(x).

To analyze (6.3), we will use the Poisson summation formula which converts a sum
over A to a sum over the reciprocal lattice A* of (2.5). In the notation of Beylkin et
al. (2008), we have (see Proposition 2.1 of Beylkin et al. (2008))

. 1 ~ .
D fxhett =2 ferd MR x ke R, (64
leA deA*

where f is the Fourier transform of f and V = |Q| is the area of the primitive cell of
the lattice.

Remark 6.1 Other authors [cf. Linton (2010); Moroz (2006)] define the reciprocal
lattice as A* = {2mrmd, 2nnd3},, ,c7, so that for anyl € A andd € A* it follows
that I -d = 2K for some integer K, and hence e'/4

summation formula will then differ slightly from (6.4).

= 1. The form of the Poisson
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By applying (6.4) to (6.3), it follows that the sum over the reciprocal lattice consists
of free-space Green’s functions in the Fourier domain, and we will split each Green’s
function in the Fourier domain into two parts in order to obtain a rapidly converging
series. In R2, we write the Fourier transform pair as

. , 1 L
f(p) Z/f(X)e_'X"’ dx, f(x)= m/f(P) e'Pxdp. (6.5)
R2

RZ
The free-space Green’s function satisfies AGee = —6(X). By taking Fourier trans-
forms, we obtain —|p|2 Gtree(p) = —1, so that
N 1
Giree(p) = T (6.6)
Pl

With the right-hand side of the Poisson summation formula (6.4) in mind, we write

1 . (k) eix‘(2nd—k)
— Giree2md — k) 77470 = _— 6.7
% Z free (277 )e Z |27‘[d—k|2 (6.7
deA* deA*
since V = 1. To obtain a rapidly converging series expansion, we introduce the

decomposition

Giree@rd—k) = a(2d—k, 1)) Giree 2d —k)+ (1 —aQrd—k, 77)) Gtree 2rd —k)

(6.8)
for some function «(2wrd — k, ). We choose a(2nwd — k, 1), so that the sum over
d € A* of the first set of terms converges absolutely. We apply (6.5) to the second set
of terms after first writing (1 — «) éfree as an integral. In the decomposition (6.8), we
choose the function « as

2rrd — k|?
a2rd —k, n) = exp _u i (6.9)
4n2
where 1 > 0 is a cutoff parameter to be chosen. We readily observe that
9 27rd — k|?
lim a@rd —k, ) =0;  lim aQrd —k, g =1; % ZTd-ka
n—0 n—00 an 253

since « > 0 and n > 0. This shows that 0 < ¢ < 1 when 0 < n < oo. Since
0 < a < 1, the choice of 1 determines the portion of the Green’s function that is
determined from the sum of terms in the reciprocal lattice A* and the portion that is
determined from the sum of terms in the lattice A.
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With the expressions (6.9) for & and (6.6) for éfree, we obtain

« . 27d — k|? ix-(2nd—k)
Ol(ZJTd —k, 1) Giree2nd — k) elx'(Zﬂd_k) = exp<_ 27 l ) ¢

4n? 27d —k|*’
(6.10)
Since 2rd — k # 0, which follows since k/(27) € Qp, the sum of these terms
overd € A* converges absolutely. Following Beylkin et al. (2008), we define

Gourier (X) = Z eXp

deA*

2 2 ix-(2rwd—k)
(_I wd — k| ) e 6.11)

4n2 2nd — k|2

For thle (1— g) éfree term, we define p by p = |2nd — k|, so that from (6.9), (6.6),
and Gfree = Gtree(|p]) We obtain

) I
(1 —a@rd —k,n) Grree@rd —k) = — (1 _ e*ﬂz/“"z)) . (6.12)
0

Since [ e7" ¢ 25 ds = —¢=P" " /(2p?), the right-hand side of (6.12) can be calcu-
lated as

—log(2n)
2 9
P
—00
so that
o0
(1 — a2rd — k, 0)) Giree2d — k) = 2 / P D8 g (6.13)

log(2n)

To take the inverse Fourier transform of (6.13), we recall that the inverse Fourier
transform of a radially symmetric function is the inverse Hankel transform of order
zero [cf. Piessens (2000)], so that f(r) = @mn)~! fooo f(,o) Jo(pr) pdp. Upon using
the well-known inverse Hankel transform [cf. Piessens (2000)]

_ 2 2
eZs rce” /4

’

2,2 1
el e pJo(pr)dp=§

we calculate the inverse Fourier transform of (6.13) as

o0

o
1 —2s
E/ / 2eP 2_2S,<)J()(,0r)dsd,0

Olog(2n)
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o0 o0
= / /e pre? o Jo(pr)dp | ds
log(2n) 0
o0 o0
2 5 2 o
= 1 2 BTN gy = 1 T ds
2 2
log(2n) log(2n))
In the notation of Beylkin et al. (2008), we then define Fiing(X) as
o0
_Ix?
Fsing(x) = / e ) (6.14)
log
so that by the Poisson summation formula (6.4), we have
Gpatial (X) = Z ek Fiing(x + D). (6.15)

leA

In this way, for k/(27) € Qp, we write the Bloch Green’s function in the spatial
domain as the sum of (6.11) and (6.15)

127d — k|? ei"'(z”d”‘) ikl / i &y
G = j— l
(X) Z eXp ( 4,72 |27‘[d _ k|2 Z

denr log(2n)

(6.16)
From (6.11) and (6.15) itreadily follows that Gourier — 0as 7 — 0, while Gypatial —
0asn — oo.
Now consider the behavior of the Bloch Green’s function as x — 0. From (6.11)
we have

[27d — k|2 1
GFourier(O) = dg\:* exp(— 4772 |27-[d _ k|2 ’ for k/(27'[) [S QB ,

(6.17)
which is finite since |27d — k| # 0 and n < oo. It is also real-valued. Next, we
decompose Ggpatial in (6.15) as

Gpatial (X) = Fiing(X) + z k1 Fiing(X + D). (6.18)
leA
120

For the second term in (6.18), we can take the limit x — 0 since from (6.14) we have

ikl
E e Fing ()| < 00.
leA
1£0
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In contrast, Fiing(x) is singular at x = 0. To calculate its singular behavior as x — 0,
we write Fiing(X) = Fing(r), with r = x|, and convert Fing(r) to an exponential
integral by introducing u by u = r2¢* /4 in (6.14). This gives

1 7 1 7
Fing(1) = 5 / T ds = o =—E1<r 5 (619

log(2n)

#\‘
Q
I

where E1(z) = [~ 1~ 'e™" dt is the exponential integral [cf. Sect. 5.1.1 of Abramowitz
and Stegun (1965)]. Upon using the series expansion of E1(z)

00 (_1)n 7"
Ei(z) = —y —log(z) — Z ol for |argz| <, (6.20)
n=1 :

as given in Sect. 5.1.11 of Abramowitz and Stegun (1965), where y = 0.57721 - - - is
Euler’s constant, we have from (6.19) and (6.20) that

y logn logr
Faing (1) ~ = = S T om

+o(l), as r—0. 6.21)

This shows that the Bloch Green’s function in (6.16) has the expected logarithmic
singularity as x — 0.
We write the Bloch Green’s function as the sum of regular and singular parts as

1 1
G(x) = Tor log [x| + R(x), R(x) = Grourier (X) + Gspatial (X) + p log [x].

(6.22)
By letting x — 0, we have from (6.18), (6.21), (6.17), and (6.22) that fork/(27) € Qp
|27d — k|? 1 el ~logn
RO= 2, eXp(_ 4n? ond —kP 2 Fing(®) - 2
deA* leA
1£0
(6.23)

where Fying(1) = E1(I1*1n%)/(47).

For a square lattice, with unit area of the primitive cell and with n = 2 and k =
(sin % cos %), in Table 1 we give numerical results for R (x) for various values of x as
x — 0. The computations show that Im (R(x)) — 0 asx — 0. This provides a partial
check on the accuracy of our numerical scheme in the sense that from Lemma 2.1 of
Sect. 2.2 we must have that R(0) is real-valued. From Table 1, our computations at
x = (10719, 10~19) show that R(x) is real-valued to within nine decimal places.

6.1 Optimal Lattice for Stability Thresholds

In this subsection we determine the lattice that optimizes the stability thresholds given
in Principal Results 3.2, 4.2, and 5.1 for the Schnakenberg, GM, and GS models,
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Table 1 Regular part R(x) of Bloch Green’s function, as defined in (6.22), for x tending to the origin for
square lattice with unit area of primitive cell and with n = 2 and k = (sin %, cos %)

X G(x) R(x)

(1.1 1.1027-.12568 79138-.125681

(.01,01) 1.4730-.012593 79526-.012593 i
(1073,1073) 1.8396-.0012593 1 79531-.0012593

(1074, 10™%) 2.2060-.00012593 1 79530-.00012593 1
(1073,1079) 2.5725-.000012593 i 79529-.000012593 i
(1079, 1079) 2.9389-.0000012593 i 79531-.0000012593 i
1077,1077) 3.3054-.00000012593 i .79530-.00000012593 i
(1078,107%) 3.6719-.000000012593 i 79531-.000000012593 i
1072,1079) 4.0383-.0000000012593 i 79529-.0000000012593 i
107101010y 4.4048-.00000000012593 i .79530-.00000000012593 i
o~ 1011 4.7713-.000000000012594 i 79529—.000000000012594 i

Notice that the imaginary part of R(x) becomes increasingly small as x — 0, as expected from Lemma 2.1
of Sect. 2.2, where it was established that R(0) is real-valued

respectively. Recall that in the notation of Sects. 2-5, Rpo(k) = R(0), where R(0) is
given in (6.23). The minimum of R(0) with respect to k is denoted by R},.

In our numerical computations of R(0) from (6.23), we truncate the direct and
reciprocal lattices A and A* by the subsets A and A* of A and A*, respectively,
defined by

A= {nlll —l—nzlz‘—Ml <ni,ny <M1} s
A* = {n1d1 —i—nzdz’—Mz <ni,ny < Mz} , ni,np € 7.

For each lattice, we must pick M1, M3, and n such that G can be calculated accurately
with relatively few terms in the sum. The computations were done in Maple, with
these parameters found by numerical experimentation. For the two regular lattices
(square, hexagonal) we used (M1, M>, n) = (2, 5, 3). For an arbitrary oblique lattice
with angle 6 between | and I, we took M| = 5 and M, = 3, and we set n = 3. The
numerical results given below in Table 2 are believed to be correct to the number of
digits shown. Increasing the values of M| and M; did not change these results.

In Table 2 we give numerical results for R}, for the square and hexagonal lattices.
These results show that R}, is largest for the hexagonal lattice. For these two simple
lattices, in Table 2 we also give numerical results for Ry, defined by (3.6), as obtained
from the explicit formula in Theorem 1 of Chen and Oshita (2007) and Sect. 4 of Chen
and Oshita (2007). In Theorem 2 of Chen and Oshita (2007) it was proved that,
within the class of oblique Bravais lattices with unit area of the primitive cell, Ro, is
minimized for a hexagonal lattice. Finally, in the fourth and fifth columns of Table 2
we give numerical results for K5 and Ky, as defined in Principal Results 3.2 and
4.2. Of the two lattices, we conclude that K5 and Koy, are largest for the hexagonal
lattice. In addition, since R}, is maximized and R, is minimized for a hexagonal
lattice, it follows that Ko in Principal Result 5.1 is also largest for a hexagonal lattice.
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Table 2 Numerical values for R}:O = ming R(0), where R(0) is computed from (6.23), for the square and
hexagonal lattice for which |2 =1

Lattice RZO Rop Ks Kgm
Square —0.098259 —0.20706 —0.098259 0.06624
Hexagonal —0.079124 —0.21027 —0.079124 0.32685

The third column is the regular part Ry, of the periodic source-neutral Green’s function (3.6). The last two
columns are /Cs and KCgm, as defined in Principal Results 3.2 and 4.2, respectively. Of the two lattices, the
hexagonal lattice gives the largest values for K and Kgm

T —0.078
—0.075 | i

—-0.079
—0.080

—0.080
—0.085

.
Ry, —009%

—0.095

—0.081
*

b0
—0.082

—0.083
—0.100

—0.084 - B

—0.105

! I I !
07 08 09 1.0 11 12 13 14 15 16

—0.085 ! ! I I !
0.90 0.95 1.00 1.05 1.10 115 1.20

0 [4
Fig.5 Minimum value RZO of Ry (k) for all oblique lattices of unit area for whichl| = (1/+/sin(0), 0) and

I3 = (cos(0)/+/sin(B), 4/sin(H)), so that [I{| = |I2| and |Q2| = 1. The vertical line denotes the hexagonal
lattice for which 6 = /3. Left figure: angle 6 between lattice vectors ranges over 0.6 < 0 < 1.7; right
figure: enlargement of left figure near 6 = /3. The vertical line again denotes the hexagonal lattice

Thus, with respect to the two simple lattices, we conclude that the optimal stability
thresholds in Principal Results 3.2, 4.2, and 5.1, occur for a hexagonal lattice.

To show that the same conclusion regarding the optimal stability thresholds occurs
for the class of oblique lattices, we need only show that R}, is still maximized for the
hexagonal lattice. This is done numerically below.

We first consider lattices for which |I1| = |I,]. For this subclass of lattices, the
lattice vectors are I| = (1/4/sin(0), 0) and Iy = (cos(8)/+/sin(0), +/sin(h)). In our
computations, we first use a coarse grid to find an approximate location in k-space of
the minimum of R(0), and then we refine the search. After establishing by a coarse
discretization that the minimum arises near a vertex of the adjoint lattice, we then
sample more finely near this vertex. The finest mesh has a resolution of 7 /100. To
determine the value of R}, we interpolate a paraboloid through the approximate
minimum and the four neighboring points and evaluate the minimum of the paraboloid.
As we vary the lattice by increasing 6, we use the approximate location of the previous
minimum as an initial guess. The value of 6 is increased by increments of 0.01. Our
numerical results in Fig. 5 show that the optimum lattice where R}, = ming R(0) is
maximized occurs for the hexagonal lattice where & = 7/3. In Fig. 6, we also plot
Rop versus 0 [cf. Theorem 1 of Chen and Oshita (2007)], given by

1 1 i
Rop = —5- log(27r) — Eln Vsinf e (£/12) H (1 — e(né))?| ,

n=1

(6.24)

e(Z) = e2niz , E — eie.
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—0.215

0

Fig. 6 Plot of regular part R, as given in (6.24) [cf. Chen and Oshita (2007)], of the periodic source-

neutral Green’s function for all oblique lattices of unit area for which /1 = (1/4/sin(f),0) and I, =
(cos(0)/+/sin(0), /sin(0)), so that |l || = |l2| and |Q2| = 1. The vertical line denotes the hexagonal lattice
for which 6 = 7/3. The minimum occurs for the hexagon

Finally, we consider a more general sweep through the class of oblique Bravais
lattices. We let I} = (a,0) and I, = (b, ¢), so that with unit area of the primitive
cell, we have ac = 1 and b = a~! cot 0, where 0 is the angle between I| and I,. We
introduce a parameter « by a = (sin 6)%, so that

c=(sin®)™® and b =rcosh (sinf) . (6.25)
Then |I{| = |l2] when @ = —1/2, |I1| = 1 (which is independent of §) when o = 0,
and |I] = 1 when @ = —1. In the left panel of Fig. 7, we plot R}, versus 6 for
o = —0.5,-04, -0.3, —0.2, —0.1, 0. The angle, 6, at which the maximum occurs
increases from 7 /3 at « = —0.5 to approximately 1.107 = 7 /3 4 .06 for « = 0.
However, the value of the maximum is largest for « = —0.5 and decreases as «
increases to zero. The regular hexagon occurs only at « = —0.5 and 6 = /3. The

vertical line in the plot is at & = 7 /3. Similarly, in the right panel of Fig. 7, we plot
R;O versus 0 fora = —0.5, —0.6, —0.7, —0.8, —0.9, —1.0. Since there is no preferred
angular orientation for the lattice and since the scale is arbitrary, the plot is identical
to the previous plot, in the sense that the curves for« = —0.6 and « = —0.4 in Fig. 7
are identical. We conclude that it is the regular hexagon that maximizes R},. These
computational results lead to the following conjecture.

Conjecture 6.1 Within the class of Bravais lattices of a common area, R}, is maxi-
mized for a regular hexagonal lattice.

7 Discussion

We have studied the linear stability of steady-state periodic patterns of localized spots
for the GM and Schnakenberg RD models when the spots are centered for ¢ — 0
at the lattice points of a Bravais lattice with constant area |2|. To leading order in
v = —1/loge, the linearization of the steady-state periodic spot pattern has a zero
eigenvalue when D = Dg/v for some Dy independent of the lattice and the Bloch
wavevector k. The critical value Dy can be identified from the leading-order NLEP
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theory of Wei and Winter (2001) and Wei and Winter (2008). This zero eigenvalue cor-
responds to a competition instability of the spot amplitudes [cf. Wei and Winter (2001),
Kolokolnikov et al. (2009), Chen and Ward (2011), and Wei and Winter (2008)]. Using
a combination of the method of matched asymptotic expansions, Floquet—Bloch the-
ory, and the rigorous imposition of solvability conditions for perturbations of certain
nonlocal eigenvalue problems, we have explicitly determined the continuous band of
spectrum that lies within an O(v) neighborhood of the origin in the spectral plane
when D = Dg/v + Dj, where D1 = O(1) is a detuning parameter. This continuous
band is real-valued and depends on the regular part of the Bloch Green’s function
and D;. In this way, for each RD model, we derived a specific objective function
that must be maximized to determine the specific periodic arrangement of localized
spots that is linearly stable for the largest value of D. A simple alternative method
to derive this objective function was also given and applied to the GS model. From a
numerical computation, based on an Ewald-type algorithm, of the regular part of the
Bloch Green’s function that defines the objective function, we showed within the class
of oblique Bravais lattices that a hexagonal lattice arrangement of spots was the most
stable to competition instabilities.

Although we focused our analysis only on the Schnakenberg, GM, and GS models,
our asymptotic methodology to derive the model-dependent objective function that
determines the optimally stable lattice arrangement of spots is readily extended to
general RD systems in the semi-strong interaction regime, such as the Brusselator
RD model [cf. Rozada et al. (2014)]. Either the simple method of Sect. 5 or the more
elaborate but systematic method of Sects. 3 and 4 can then be used to derive the
objective function.

There are a few open problems that warrant further investigation. One central issue
is to place our formal asymptotic theory on a more rigorous footing. In this direction,
it is an open problem to rigorously characterize the continuous band of spectrum that
lies near the origin when D is near the critical value. In addition, is it possible to
analytically prove Conjecture 6.1 that, within the class of oblique Bravais lattices of
a common area, RZO is maximized for a hexagonal lattice?

As possible extensions to this work, it would be interesting to characterize lattice
arrangements of spots that maximize the Hopf bifurcation threshold in t. To analyze
this problem, one would have to calculate any continuous band of spectra that lies
within an O(v) neighborhood of the Hopf bifurcation frequency A = iA;9o when
T — 17 < 1, where 77 and Aj¢ is the Hopf bifurcation threshold and frequency,
respectively, on the Wigner—Seitz cell.

We have not analyzed any weak instabilities due to eigenvalues of order A = O(s?)
associated with the translation modes. It would be interesting to determine steady-state
lattice arrangements of localized spots that optimize the linear stability properties
of these modes. For these translation modes we might expect, in contrast to what
we found in this paper for competition instabilities (Remark 3.1 and Lemma 2.2),
that it is the long-wavelength instabilities with |k| < 1 that destabilize the pattern.
Long-wavelength instabilities have been shown to be the destabilizing mechanism
for periodic solutions on three-dimensional Bravais lattices of two-component RD
systems in the weakly nonlinear Turing regime [cf. Callahan and Knobloch (1997),
Callahan and Knobloch (2001)].

@ Springer



908 J Nonlinear Sci (2014) 24:857-912

Finally, it would be interesting to examine the linear stability properties of a col-
lection of N > 1 regularly spaced localized spots on a large but finite domain with
Neumann boundary conditions and to compare the spectral properties of this finite-
domain problem with that of the periodic problem in R?. For the finite-domain prob-
lem, we expect that there are N discrete eigenvalues (counting multiplicity) that are
asymptotically close to the origin in the spectral plane when D is close to a critical
threshold. Research in this direction is in progress.
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8 Appendix 1: Schnakenberg Model: Expansion of Core Problem

We outline the derivation of the results of Lemma 3.1, as given in Sect. 6 of Kolokol-
nikov et al. (2009), and those of Lemma 5.1. We first motivate the appropriate scaling
for solutions U, V, and x to (3.2) for § — 0. Upon writing U = US™P,V = VS§P,
where if and V are O(1) as S — 0, we obtain that the V equation in (3.2) is unchanged
but that the U equation becomes

AU =SPUVE; U~ STPlogp+SPy as p— oo

From equating powers of S after first applying the divergence theorem, we obtain that
2p = p + 1, which yields p = 1. Then, to ensure that &/ = O(1), we must have
x = O(S7P). This shows that if S = Sov!/? where v <« 1, the appropriate scalings
are V.=00Y%),U =O@Ww %), and x = O(~1/?).

With this basic scaling, we then proceed to calculate higher-order terms in the
expansion of the solution to the core problem by writing S = Sov!/% + S;v3/% + ...
and then determining the first two terms in the asymptotic solution U, V, and x to
(3.2) in terms of Sy and S;. The appropriate expansion for these quantities is [see (6.2)
of Kolokolnikov et al. (2009)]

Vo2V +ovi4) G0 =vT 10, Uo) +v (s Un + -+ 1.
8.1)
Upon substituting (8.1) into (3.2) and collecting powers of v, we obtain that Uy and
Vo satisfy

ApVo—Vo+UgV§=0; A,Up=0, 0=<p<oo,

Vo — 0, Up— xo as p — o0} Vi(0) = Uy(0) =0, (8.2)
where A, Vp = V' + p! V;- At next order, Uy and V satisfy
AV = Vi +2UgVoVi = —UiV§; AU =UgVg, 0<p<oo, 83)

Vi—0, Uy — Sologp+x1 as p—o00; V/(0)=U{0) =0.
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Then, at one higher order, we obtain that U, satisfies

ApU2=U1V02+2U0V0V1, 0<p<o0; Uy ~ S1logp + x2
/ 8.4)
as p —> o0; U,(0) =0.

The solution to (8.2) is simply Uy = xo and Vyp = w/xo, where w(p) > 0 is the
unique radially symmetric solution to A ,w —w + w? =0, withw(0) > Oand w — 0
as p — oo. To determine yq in terms of Sp, we apply the divergence theorem to the
U, equation in (8.3) to obtain

o b o

So :/UoVozpdp ==, b E/pwzdp. (8.5)

X0
0 0

It is then convenient to decompose Uy and V) in terms of new variables U;, and

Vip by

U w \%
U=x+—2, w=-224712 (8.6)

X0 X X
Substituting Up = xo0, Vo = w/ xo, (8.5), and (8.6) into (8.3), and using A ,w — w +
2w? = w?, we readily obtain that U; p and Vy, are the unique radially symmetric
solutions to (3.7¢). Finally, we use the divergence theorem on the U, equation in (8.4)
to determine x in terms of S; as

o0
S| = / (ZUoV()Vl + U, VOZ) pdp
0
o0 o0
X1 1 2
=—-= ,od,o+—3 (2wV1p+w Ulp),od,o.
X0 X0
0 0
Wethenuse A, Vi, —Vip = —w? U1p—2wV1) inthe integral, as obtained from (3.7¢),

and simplify the resulting expression using Uy = o and Vo = w/xo. This yields
Si=—-b"1x Sg + b’3Sg fooo Vipp dp, which gives (3.7d) for x;. This completes the
derivation of Lemma 3.1.

To obtain the result in Lemma 5.1, we set S = Sov!/? and S; = 0in (3.7) to obtain

Sfw 52 xiw Vi So 52 Ui
Ve =+ -5 +—=%)). U~~lw+t5zla+=2)).
So\ xo S X0 X0 S So X0

oo
Soxo . S
X~ =gt / Vippdp (8.7)
0

since x| = Sob_2 fooo Vipp dp from (3.7d). Finally, since Sp xo = b from (3.7d), (8.7)
reduces to (5.1) of Lemma 5.1.
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9 Appendix 2: GM Model: Expansion of Core Problem

We outline the derivation of the results of Lemmas 4.1 and 5.2. To motivate the scalings
for the solution U, V, and x to (4.2) as S — 0, we write U = US?, V = V'SP, where
U and V are O(1) as S — 0. We obtain that the V equation in (4.2) is unchanged but
that the U equation becomes

APU:—SI’VZ; U~—-S"Tlogp+S7Px as p— oo.

From equating powers of S after applying the divergence theorem it follows that
p =1 — p, which yields p = 1/2. Then, x = O(S'/?) ensures that { = O(1). This
shows that if § = Syv? where v < 1, the appropriate scalings are that V, U, and x
are all O(v). To obtain a two-term expansion for the solution to the core problem, as
given in Lemma 4.1, we expand S = Sy vZ 4+ S1v3 + - -. and seek to determine the
solution U, V, and x to (4.2) in terms of Sy and ;. The appropriate expansion for
these quantities has the form

VU, x)=vMVo,Uo, x0) + V> (Vi, U, x1) + v (Va, Us, x2) +--- . (9.1)

Substituting (9.1) into (4.2) and collecting powers of v, we obtain that Uy and Vj
satisfy

ApVo—Vo+VE/Up=0; AUp=0, 0<p<oo,

Vo—0, Uy— xo as p — 00} V5 (0) = Uj(0) =0, ©-2)
where A,V = V{4 p~'V{. Atnext order, U; and V; satisfy
Apvl—vl+%v1=;—f§w; AU =-V¢, 0<p<oo, ©.3)
Vi—=0, U — —Splogp+x1 as p—oo; V{(0)=U[©0)=0.
Then, at one higher order, we obtain that U, satisfies
AUy ==2VpVi, 0<p<oo; Uy~ —Silogp+ x2 ©.4)

as p — o0o0; Uj(0)=0.
The solution to (9.2) is simply Uy = xo and Vo = xow, where w(p) > 0 is the

radially symmetric ground-state solution to A,w — w + w? = 0. Next, applying the
divergence theorem to the U; equation in (9.3) we obtain

o0 o0
So =/pV02dp =xib, b= /pu)2d,0. 9.5)
0 0

It is then convenient to decompose Uy and Vj in terms of new variables U;, and
le by
U= x1+SUip, Vi=xiw+SoVip. (9.6)
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Substituting Uy = xo, Vo = xow, (9.5), and (9.6) into (9.3) and using A,w — w +
2w? = w?, we readily obtain that U, p and Vq, are the unique radially symmetric
solutions to (4.8c). Finally, we use the divergence theorem on the U, equation in (9.4)
to obtain 2xo x16 + 2 x0S0 fooo wVi,pdp = S1, which readily yields (4.8d).

To obtain the result in Lemma 5.2, we set S = Sov? and S; = 0 in (4.8), with
X3 = So/b from (4.8d), to obtain

S S S S
Vo~ < xow+ S (xiw+ SoVip) . U~ —Xo+S—0 (x1+ SoUip) ,

S() SO
9.7
S n S
X So X0 So X1

where x; = —Sob~! [;° wVi,p dp from (4.8d). Since Sy = bxg from (4.8d), (9.7)
reduces to (5.5) of Lemma 5.2.
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