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Existence, Stability, and Dynamics of Ring and Near-Ring Solutions to the
Saturated Gierer-Meinhardt Model in the Semi-Strong Regime

lain R. Moyles' and Michael J. Ward?

Abstract. We analyze a singularly perturbed reaction-diffusion system in the semi-strong diffusion regime in
two spatial dimensions where an activator species is localized to a closed curve, while the inhibitor
species exhibits long range behavior over the domain. In the limit of small activator diffusivity we
derive a new moving boundary problem characterizing the slow time evolution of the curve, which
is defined in terms of a quasi steady-state inhibitor diffusion field and its properties on the curve.
Numerical results from this curve evolution problem are illustrated for the Gierer-Meinhardt model
(GMS) with saturation in the activator kinetics. A detailed analysis of the existence, stability, and
dynamics of ring and near-ring solutions for the GMS model is given, whereby the activator concen-
trates on a thin ring concentric within a circular domain. A key new result for this ring geometry
is that by including activator saturation there is a qualitative change in the phase portrait of ring
equilibria, in that there is an S-shaped bifurcation diagram for ring equilibria, which allows for
hysteresis behavior. In contrast, without saturation, it is well-known that there is a saddle-node
bifurcation for the ring equilibria. For a near-circular ring, we develop an asymptotic expansion up
to quadratic order to fully characterize the normal velocity perturbations from our curve-evolution
problem. In addition, we also analyze the linear stability of the ring solution to both breakup insta-
bilities, leading to the disintegration of a ring into localized spots, and zig-zag instabilities, leading to
the slow shape deformation of the ring. We show from a nonlocal eigenvalue problem that activator
saturation can stabilize breakup patterns that otherwise would be unstable. Through a detailed
matched asymptotic analysis, we derive a new explicit formula for the small eigenvalues associated
with zig-zag instabilities, and we show that they are equivalent to the velocity perturbations induced
by the near-circular ring geometry. Finally, we present full numerical simulations from the GMS
PDE system that confirm the predictions of the analysis.
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1. Introduction. Modern biological pattern formation is generally posited mathematically
via coupled reaction-diffusion (RD) systems where some spatially homogeneous solution exists
for a set of reaction kinetics. Often the effect of spatial diffusion in such systems is to initiate
spatially inhomogeneous patterns from perturbations of the otherwise stable steady-states of
the reaction kinetics. Classically, the onset of such spatial solutions can be analyzed using
a criterion derived by Turing (cf. [38]). However, large amplitude spatially inhomogeneous
patterns can persist beyond what one would anticipate from a Turing-type analysis, and it is
of general interest to study such patterns far from this Turing regime.

An early two-component RD model for complex pattern formation was developed in [12]
and is known as the Gierer-Meinhardt (GM) model. This model couples an autocatalytic short
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range activator with a long range inhibitor, and leads to self-sustaining patterns that are used
to model biological morphogenesis. This model has been used as a basis for explaining the
formation of embryonic axes, of leaf formation at the tip of a growing shoot, and of shell
patterns on mollusks (cf. [12], [16], [24], [34]). Aside from the GM models, there are various
other models that exhibit complex and interesting pattern dynamics. These include the Gray-
Scott (GS) model of theoretical chemistry (cf. [30], [31], [33], [7]), a hybrid chemotaxis RD
model of fish skin patterns (cf. [32]), the Swift-Hohenberg model (cf. [13]), a generalized
Schnakenberg system modelling root hair initiation in plants (cf. [5]), a model for urban crime
(cf. [37]), and many more. Many of these models admit similar structures and patterns due
to the coupling of short range activation and long range inhibition.

Many two-component pattern formation models exhibiting localized patterns can be writ-
ten in terms of an activator v and an inhibitor u in the singularly perturbed dimensionless
form

1
vy = Av — v + g(u,v), Tur = DAu —u+ - f(u,v), (1.1)
€

on some domain € C R? subject to Neumann boundary conditions on the boundary 9€2. Some
specific studies in more than two dimensions can be found in [22] and [29]. In (1.1), 7 is an
effective time scale delay between the activator and inhibitor, while D and €2, with ¢ < 1,
are the inhibitor and activator diffusivities respectively. We will consider a classical limit
for this problem, the so-called semi-strong regime where D = O(1). With this formulation,
the activator is singularly perturbed and localized, owing to its small diffusivity, while the
inhibitor has a longer range behaviour. The functions f(u,v) and g(u,v), with g(u,0) = 0
and f(u,0) = 0, are chosen such that spatially homogeneous steady-states are unstable to a
standard Turing analysis [38].

In the simpler setting of a one-dimensional spatial domain, there has been a plethora
of work characterizing the existence, stability, and the dynamics of steady-state and quasi-
steady state solutions to the GM, GS, and Schnakenberg, models (cf. [6], [8], [9], [15], [14],
[18], [27], [30], [40], [41], [42]). For the two-dimensional GM model, straight stripe patterns
in rectangular domains have been studied (cf. [17], [25], [10]). In higher dimensions, the
existence of steady-state ring solutions in /N-dimensional radially symmetric domains was
investigated in [29], without any stability analysis. Ring solutions were analyzed in [25], [20],
[21] and the linear stability analysis of such solutions to a breakup instability, which triggers
the disintegration of a ring into localized spots, relied on studying the spectrum of a non-
local eigenvalue problem (NLEP). In certain special cases, the analysis of the NLEP can be
reduced to the much simpler problem of analyzing an explicit transcendental equation for the
eigenvalue parameter (cf. [25], [28]).

The general form of the reaction kinetics for the GM model are

v° P 19

f(Uﬂf)—Ea g(uav)—m7 (1.2)

where 0 > 0 is a saturation parameter, which limits the autocatalytic activation of v. For

the range o > 0 the model is generally referred to as the saturated Gierer-Meinhardt (GMS)

model. Although most of the previous analytical studies of the GM model is for the basic

model with ¢ = 0, there are a few studies that allow for saturation. For the case where the
2



SIAM J. APPLIED DYNAMICAL SYSTEMS (© xxxx Society for Industrial and Applied Mathematics
Vol. xx, pp. x

activator is localized on the midline of a rectangular domain, resulting in a straight stripe
pattern, [17] provides existence and stability results for a stripe for the GMS model. However,
there are no corresponding studies where the activator concentrates on a circular curve, i.e. a
ring pattern, or on arbitrary curves. In a one-dimensional domain, some existence and stability
results for a spike solution to the GMS model are presented in [43] for the so-called shadow
regime, where D — oo, with the authors conceding that the establishment of similar stability
results for finite D is an open problem.

One of the main goals of this paper is to analyze the semi-strong interaction reaction
regime where the activator field concentrates on an arbitrary closed curve inside a 2-D domain
Q. In this singularly perturbed limit, in §2 we derive a new moving boundary problem for
(1.1), which characterizes the slow time evolution of the curve. This reduced problem is
defined in terms of a quasi steady-state inhibitor diffusion field and its associated jump and
continuity conditions across the curve. The formulation of this curve-evolution problem below
in (2.13) differs substantially from that of the more traditional mean curvature flows and
quasi-static moving boundary problems common in the field of materials science. As such,
in the companion article [26], a new numerical methodology was developed to compute curve
evolution from our quasi-static moving BVP. With this hybrid analytical-numerical approach
to study localized pattern formation, the qualitatively interesting curve-evolution dynamics
observed below in Fig. 2.1 for the GMS model provides an impetus to analyze the existence and
stability of ring and near-ring solutions to the GMS model in radially symmetric geometries.

With this motivation, the main focus of the paper is to analyze the existence, stability, and
dynamics of ring solutions to the GMS model with reaction kinetics (1.7) in radially symmetric
domains. When saturation is not present, it was shown previously that steady-state ring
solutions do not exist below a critical saddle-node fold bifurcation point (cf. [29]). This leads to
a saddle-node bifurcation diagram for ring equilibria when there is no saturation. However, in
63 we show that the inclusion of saturation induces a change in the small radius ring dynamics,
which creates a third steady-state ring radius. The corresponding bifurcation diagram for
steady-state ring radii with saturation is S-shaped, thereby allowing for hysteretic transitions,
and is such that steady-state ring solutions exist at all ring radii. This qualitatively new result
due to saturation is possibly linked to the discussion in [34], where it was noted that patterns
on a freshwater snail, Theodozus fluviatilis, change drastically because of concentrations of
salt in the water they are exposed to. A hysteresis-type bifurcation diagram provides a
mechanism to allow for such drastic changes that cannot be described with a saddle-node
bifurcation structure of steady-state solutions.

In §3 we then use our quasi-static moving BVP curve-evolution problem to study the effect
of perturbations to the radially symmetric solution for a near-ring interface. We show that
a two-term, and not simply a one-term, asymptotic expansion of this problem is essential to
capture important qualitative information of the curve dynamics resulting from perturbations
in the normal velocity. In particular, the leading-order term introduces the sinusoidal pertur-
bation to the constant velocity that is due to the angular perturbation of the interface, while
the second order term is needed to analyze the constant shift in the velocity, which induces a
non-zero drift of the average interface location. For small ring radii we show analytically that
non-radially symmetric initial perturbations of the ring will eventually stabilize, and lead to
the circularization of the curve as time increases.
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In §4 we use a WKB approach to formulate the linear stability problem for a ring solution
in a radially symmetric domain. We show that the spectrum is divided into two classes of
eigenvalues arising from either locally even or odd eigenfunctions across the ring, each of
which are analyzed in §4.1 and §4.2, respectively. The breakup instability analysis resulting
from locally even eigenfunctions relies on the derivation and analysis of a non-local eigenvalue
problem (NLEP), the main conclusions of which mirror the analysis in [17] of a straight-stripe
solution and, as such, are only briefly summarized. The main result of this analysis is that
when the saturation parameter is sufficiently large there is no longer any breakup instability for
a ring. The existence of such a stabilizing mechanism due to saturation has key implications
for solutions of our reduced curve-evolution problem (2.13) since it implies that its computed
solutions will persist as solutions to the full RD system.

In addition, in §4.2 we also analyze zig-zag instabilities of a ring solution, resulting from
locally odd eigenfunctions near the curve, which can distort the shape of the curve. The
analysis of these zig-zag instabilities for a ring is a new result, and does not follow in a
straightforward manner from the corresponding analysis of zig-zag instabilities of a straight
stripe solution done in [17]. As a result of the non-zero curvature of the ring, a rather
delicate matched asymptotic expansion analysis is needed to derive a formula for the small
eigenvalues of order O(e?), which characterizes zig-zag instabilities. We also show, as expected
intuitively, that these small eigenvalues are related to the first order velocity corrections of the
near-circular ring problem. This is significant because it shows the bifurcation from radially
symmetric solutions to solutions of near radial symmetry analyzed in §3. Therefore, in order
that the moving BVP curve-evolution dynamics (2.13) accurately approximate solutions to
the full RD system it is only essential to ensure that the ring solution is stable to locally even
perturbations across the curve, as characterized by the spectrum of the NLEP.

In §5, we present full numerical results to demonstrate predicted breakup modes in the
absence of saturation, as well as the stabilizing effect that saturation has on such patterns.
We show the curve circularization tendency for perturbed circles of small radii, but also
show that the curve can destabilize if made larger, or if the inhibitor diffusion coefficient is
appropriately scaled. Finally, in §6, we briefly summarize our main results, and we suggest a
few open problems that warrant further investigation.

1.1. Boundary Fitted Coordinate Formulation. Due to the singularly perturbed nature
of the activator, we will construct a local boundary fitted coordinate system (cf. [11], [13])
(z,y) — (n,s) where 7 is the signed normal distance from a curve (inward is positive) and s
is the curve arclength. In this coordinate frame, and sufficiently close to the curve,

K 1 85
i s LU G ((1—@)) ’ (13)

where & is the signed curvature (positive for convex curves). We consider g(u,v) from (1.1)
such that g(u,0) = 0 so by (1.1), the activator is identically zero except for a region of O(e)
near the interface. With this in mind we introduce the following inner coordinate scaling;:

A=1 B(h,s) = v(en,s), alh,s) = ulen,s). (1.4)
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Furthermore, we will construct quasi-steady solutions where the only dynamic component
arises from the evolution of a front. Asymptotic balance requires that this curve dynamic
time scale satisfies T = €2t. Using this time scale, we have that (1.1) transforms under the
inner coordinate system to

€Nty + €505 = A — 0 + g(@, D), (1.5a)
iy + e'rsis = DAG— i+ ef (i, 7) (1.5b)
where 1 and $ are the normal and arclength velocities, and the inner Laplace operator satisfies,
2
~ €R € 19)
A =0y — 05 5, ) : 1.6
- et e (o) (0

We will generalize results when possible for various f(u,v) and g(u,v) but will primarily focus
on the saturated Gierer-Meinhardt (GMS) model (1.2) of the following form:

2 o

Y f(u,v):%; go—(s+1)>0. (1.7)

904 0) = T 1 ooty

2. The Singular Limit in the Semi-Strong Regime. By expanding u and v in powers of

€, we obtain from the leading order problem for (1.5) that @y = Up(s) and
170,777 — g + g(Uo, 170) =0; 170,7(0) =0, Alim 19 =0, (2.1)
|7 —o0

where the front-centering condition is imposed to eliminate translational invariance in the
problem. We seek a homoclinic orbit solution of this problem that tends to the fixed point
0o = 0 as || — oco. A general result for the existence of such a homoclinic solution was first
proved in Theorem 5 of [4] (see also [25]). The result is as follows:

Lemma 2.1. Consider the problem of finding a C% smooth homoclinic orbit w(y) on —oco <
y < 00 satisfying

Wyy —w + h(w) =0, w—0 as |y| — oo; w'(0) =0, w,=w(0)>0, (2.2)

where we assume h(w) is C smooth on w > 0 with h(0) = 0 and K (0) < 1. If we define
Q(w) = h(w) —w, so that Q(0) =0 and Q'(0) < 0, and if

1. Fors>0,Q(s) =0, Q'(s) >0; Q(w) <0, for 0 <w < s,

2. Q(w) >0 for s < w < wy, with wy, satisfying fowm Q(w)dw =0,
then a unique, positive, homoclinic orbit solution exists.

Due to the structure of (2.1), the homoclinic orbit solution, if it exists, is necessarily even.

In the context of the GMS model we identify that
770 w2

. — 772
- UT[)I’ h(w) = T+ bu?) where b=U% > 0. (2.3)

w

We now examine the conditions in Lemma 2.1 for this choice of nonlinearity. When b > 1/4 we
observe that Q(w) < 0 for all w # 0 and therefore, condition 2 is not satisfied. Alternatively,
for b < 1/4, w =0 is a root together with the two additional roots

wr = (1++1—4b)/2b, (2.4)

5
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with Q(w) < 0 on 0 < w < w~ satisfying condition 1 of Lemma 2.1. Condition 2 is then
satisfied for w,, < wt if

wt

[ ewawz [* @i, 25)

This inequality will hold up until the value b = b, where w,, = w'(b.) and therefore a
homoclinic orbit exists when 0 < b < b, with

be = 0.211376,  wp,(be) = 3.29521 (2.6)

as was first reported in [17].
If we continue the activator-inhibitor expansion to O(e) then

- - e - - 1 -
Loy = Koy — gu(Uo, Do) U1 + Vo7 » Uiy = —Bf(anvo) ; (2.7)

where Loy = D15 — U1 + gv(Uo, 0o)?1. By the translational invariance of (2.1) 91 = ¥y is a
homogeneous solution to (2.7) for ©;. This leads to the following solvability condition:

] 1 o X Vo
n=—kK— M/ Sty dn; G = /0 gu(Up, ) dx . (2.8)

—00 v(]ﬁ

Upon integrating this expression by parts, and using (2.7) for a1, we get

N e g e ) i
[ sigdi =S|+ 5 [ SiCniais S@= [ s@de. @9

Finally, since f(u,v) is an even function in v, while G is odd, we obtain the front velocity
condition that

~

. 8u> G(+0)
:—KI—QH 7 , H5ﬁ7 2.10
! < M / =0 2o U, (2.10)

where (-),—, is the average across 77 = a and we have used matching conditions to the outer
region to rewrite the derivative. Moreover, by integrating (2.7) for 41, we get

du 1 [® . )
[dn]n_o N _D/_OO f(Uo, o) i, (2.11)

where [-],—, indicates a jump across n = a.
Now consider the global problem where n = O(1) given by (1.1). Since f(u,0) = 0 and v
decays exponentially in the far-field, then to leading order

lim 1) _ ( |t dﬁ) 5(n), (2.12)

e—0 €

where §(-) is the Dirac measure. Integrating the equation for w in (1.1) using this measure
results precisely in the jump condition (2.11) as one would expect. Therefore, in the limit as
6
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e tends to zero, we can ignore the reaction term f(u,v) in the global problem as long as we
properly supplement with jump conditions on u. In this way, we have the following singular
limit problem for the global inhibitor field:

Principal Result 2.1.Consider an activator v and inhibitor u to (1.1) on a domain § in R?
with Neumann boundary conditions on 0S). Suppose that the activator v is localized as € — 0
(in the sense of homoclinic orbit solutions defined by Lemma 2.1) entirely on a set of (possibly
disjoint) curves I'. The effective global problem for the inhibitor, which defines the interface
velocity, s

0
DAu—u=0, z€Q\T; %:o, z €00, (2.13a)
u="Up(s), zel, (2.13b)
ou 1 [
— | =—-= Ug) d7) T 2.1
] =5 [ s wer. (2130)
ou
on/p
The normal velocity to the curve, as measured with respect to the origin, is V = —1).

We remark that only for the special case where the interface is a circular ring concentric
within a disk-shaped domain, is it possible to readily verify that equilibria of the reduced
dynamics (2.13d), corresponding to setting V' =0 on I', do in fact correspond to true radially
symmetric steady-state solutions where the activator concentrates on a circular ring concentric
within the disk. Such ring-type solutions are analyzed in detail in §3.

While analytic solutions using this formulation are not generally possible for arbitrary
curves I', recently in the companion article [26], a numerical methodology has been designed
to solve moving-boundary problems of the type (2.13). This class of problems is new, as
compared to the well-known Cahn-Hilliard problems of material science, in the sense that the
normal velocity depends on the average, rather than the difference, of the diffusive flux across
the interface [26]. As such, a novel numerical framework was developed in [26] to treat (2.13).
Some numerical examples of solutions obtained using this methodology of [26] are presented
in Fig. 2.1, where it is seen that the RD system has a rich set of dynamics to be understood.
For example, in both Fig. 2.1a and Fig. 2.1b we start with similar initial conditions with the
main difference being the radius of the domain and base radius of the curve. However, in
Fig. 2.1a the perturbed circle shrinks and circularizes, while in Fig. 2.1b it grows and distorts.

It is important to emphasize that Fig. 2.1 is a simulation of the reduced dynamics, char-
acterized by the moving-boundary problem (2.13), and not the full PDE system (1.1). To
determine whether the reduced slow dynamics does in fact capture long-time behavior of the
full PDE system (1.1) we need to analyze the linear stability properties of the linearization of
the full PDE system (1.1). This is done in §4 for the class of ring-type solutions. For these
ring-type solutions we will show that weak zig-zag instabilities, associated with eigenvalues of
O(€?) in the linearization, have a direct correspondence to small amplitude shape-deforming
instabilities of the ring pattern associated with the reduced dynamics (2.13). We will fur-
ther show for ring-type solutions that there are parameter regimes where there are no O(1)
time-scale breakup instabilities associated with the profile of the ring solution, as character-
ized by the spectrum of a nonlocal eigenvalue problem NLEP. As such, our analysis suggests

7
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that there are parameter regimes where the reduced moving-boundary dynamics, which can
be computed using the algorithm in [26], should accurately reflect corresponding long-time
behavior in the full PDE system (1.1). In the remainder of this manuscript, we will primarily

focus on the simple geometrical configuration of a ring-type solution for which the development
of an analytical theory is tractable.

»-
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(a) 7o = 0.5 4 0.3 cos(50) (b) 70 =5+ 0.3 cos(50)
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(¢) 7o =5+ 0.3 cos(66)

Figure 2.1: Some numerical solutions to (2.13) using the framework developed in [26]. For (a),
we have taken the localized curve to be a near circle with radius given by ro = 0.540.3 cos(50)
inside a larger circular domain R = 1. For (b), we have taken the localized curve to be a near
circle with radius given by 79 = 5 + 0.3 cos(50) inside a larger circular domain R = 10. The
perturbation is identical to (a) but just with a larger curve base radius in a larger domain.
For (c), we have taken ro = 5+ 0.3 cos(66) inside a larger circular domain R = 10. This curve
grows and distorts even more than in (b). In all simulations we have chosen the exponent set

(2,q,0,8) = (2,1,2,0), the saturation as o = 10, and the diffusivity D = 1. We have omitted
plotting the boundary of the domain r = R.

3. Ring and Near-Ring Solutions to the GMS Model. In this section, we will explicitly
consider the saturated Gierer-Meinhardt model where f(u,v) and g(u, v) in (2.13) are replaced
with (1.7). First, we consider a ring solution where the activator is localized on a circle of

8
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radius 7o in a domain 0 < r < R. For this geometry, we define the inner variable p = (r—rg)/e.
Upon solving (2.13) with a radially symmetric inhibitor field for this geometry we obtain the
following result:

Principal Result 3.1. For e — 0 the quasi-equilibrium ring solution with radius rq, satisfying
O(e) < g < 1 —0(e), is given by

r—7To

Go(r;m0)
Go(ro;ro)

where w is the homoclinic solution, as defined in Lemma 2.1, and Gq is the Green’s function
that satisfies,

ve(r) ~ Ulw ( ) L ue(r) ~ U (3.1)

€

1 1
Gorr + ;GOT - BGO =—4(r—ro); 0<r<R; Gor(0) = Gor(R) = 0. (3.2)

The solution to this problem for Go(r;ro) is given by

Go(r;ro) = {jo,l(r)jo,g(ro), 0<r<rmo

Joi(ro)Jo2(r), mo<r<R

Joa(r) = Io (\/%> o Joa(r) = aoly (\/%) e (T)  ap= ﬁ

(3.4)

where I, and K, are the modified Bessel functions of order n. The constant Uy is determined
by applying (2.13c), which yields

D

Uﬁ—l — .
0 roAGo(r0;70)

(o)
ﬁ:qo—g, _A:/ 'wodp. (35)
— 0o
When the parameter b # 0, as defined in (2.3), then this is an implicit expression for Uy since
A has a Uy dependence. However, if we define

G(b) = bAFT <D )ﬁl (3.6)

= -1 = o, .
r0Go (05 70)

then we can conclude numerically that dA/db > 0. Therefore, we have that dG/db > 0 so

that for each o there is a unique b. When o = 2, this monotonicity property was shown to

hold analytically in [43]. Finally, using (2.13d), the dynamic condition for the ring motion

becomes

oL _ag (Sl Jelny g [

— = + Too 9 3.
dT ro Jo,1(ro)  Jo2(ro) o wjdp

We emphasize that our construction of the quasi-equilibrium ring solution is asymptoti-
cally valid only when the ring radius satisfies O(¢) < rog < 1 — O(e). For the narrow range
9
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where rg = O(e), a new type of localized solution for the GMS model exists in the form of
a droplet, or bubble-type solution, similar to that constructed in [35] in the limit of large
saturation. We do not consider such a droplet solution here.

We further remark that the expression for #, in (3.7) arises from evaluating (2.9) for the
GMS model (1.7), and then using (2.2) to simplify the resulting expression. Typically one
considers a scaling where the diffusivity is absorbed into the length scale (R = 1/v/D = /)
and so we will take D = 1 and R = ¢ to be varied. When saturation is neglected, the problem
remains invariant under this transformation. However, when o # 0, the invariance is broken
since, for a given b value, different saturation constants, o, are needed for the problem of D
and R variable than for D = 1 and R variable. When b = 0, it has been shown (cf. [29]) that
equilibrium values to (3.7) undergo a saddle-node bifurcation at some R = R, where there
exists two equilibrium radii for R > R, with the larger radius yielding the stable equilibrium.
The existence of a saddle-node bifurcation point when o = 0 relies on H being constant for all
ro. However, when o # 0, then since b = b(Up) and Uy depends on rg, the value of b depends
on rg for a fixed saturation . Since the homoclinic orbit depends on b then # is no longer
constant. We have the following lemma to describe the behaviour of H for ro < 1 but with
ro > O (6):

Lemma 3.1. Consider (1.1) with f(u,v) and g(u,v) given by (1.7) and where the activator
is localized on a ring of radius o in a circular domain. Then, for ro < 1, but with ro > O(e),
the dynamic condition (3.7) reduces to

d?"o q7:l 1
— ~ 1] —, 3.8
dT <4(a0 + log(2) — log(rg) — ) ) 70 (3.8)

where v ~ 0.57722 is the Fuler-Mascheroni constant. If o = 0 then we can compute the
homoclinic orbit solution in Lemma 2.1 explicitly as w = 3 sech?(p/2). In this case H=4
and by (3.8),

d‘r’o 1

aT "~ o — —00. (3.9)
If o # 0 then, when a homoclinic orbit exists by Lemma 2.1, it is a function of ro and
specifically as ro — 0, but with ro > O(e), it follows from (3.6) that A tends to infinity and
so b must tend to the critical parameter b.. Therefore H tends to infinity in such a way that
by (3.8), we have % — 400 on the regime where O(e) K ro < 1.

The introduction of saturation has quite a drastic effect on the limiting behaviour of (3.8).

To investigate this we consider a small, non-zero saturation such that o < 1. For rg ~ O(1),
(3.6) implies that b ~ o < 1 and we expect that the leading order (b = 0) behaviour persists.
However, consider scaling ro = 0 Ry for some x > 0 so that in (3.6) we have

¢
G(b) ~ v (f?()) : v=0"%log(c™%)"¢, ¢ ﬁQ—ql , (3.10)

where we have taken G ~ log(c~?) for 0 < 1. However, G(b) = bAS as well and since G is
monotonic in b then there must be a value of b for all values of o regardless of rg. This value
10
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of b must satisfy 0 < b < b, and therefore §ince v > 1 then A ~ /¢, Tt is reasonable to
expect that this will also be the scaling for H as defined in (3.7) and therefore from (3.8),

~ 1— ¢z
qH v o ¢
T + 1o8(2) — log(o"Fy) — )~ loglo®) _ loglo 7P -
For x not too large then w < 1 and the leading order behaviour in (3.8), % — —00 persists

: . d
as when o = 0. However, as ro gets smaller and x increases then w > 1 and instead TZQ — 0.

To find the parameter z where small to large behaviour transitions we look for the roots w =1
of which there are two, £~ and 2. However, we also require that v > 1 when w > 1 and so
we take x = 2" as the transition point above which w > 1. To support this discussion we plot
b versus rq in Fig. 3.1 for various values of the saturation parameter o. Indeed we see that for
o < 1 and 7¢ not too small that b =~ 0 as we expected. We also observe the boundary layer
behaviour as rg tends to zero. For o > 1, b is equal to the saturation value for a large range
of 79. This could be expected once again by considering G(b) in (3.6) where now o > 1 and
therefore A > 1 unless ry is sufficiently large. To generate Fig. 3.1 we solved (3.6) for b using

r

Newton’s method for a fixed value of ¢ and by varying rg. In Fig. 3.2, we plot 3—79 for various

values of R =/ in the cases of no saturation (left figure) and when o = 0.5 (right figure). We
once again observe that, aside from rg < 1, the small saturation causes a negligible deviation
from b = 0.

Figure 3.1: Modified saturation parameter b as a function of rg for various saturation values
o. Here we take D =1, R = 1 and the exponent set (2,1,2,0).

The rg < 1 boundary layer has quite a significant role on the overall structure of the
equilibrium solutions. For the case of no saturation, Fig. 3.2a shows the existence of the
saddle-node bifurcation in that no equilibrium values exist until a critical R = R, = 3.622.
However, with saturation, we obtain the qualitatively new result, as seen in Fig. 3.2b, that

11
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Figure 3.2: Right-hand side of (3.7) for various domain radii R = ¢. The exponent set is
(2,1,2,0) and D = 1.

a new small equilibrium radius exists for all R due to the limiting g behaviour when o # 0
in Lemma 3.1. Therefore, adding saturation allows a new branch of equilibrium solutions
to emerge from rg = 0. Overall, the effect of the saturation parameter is that the saddle-
node bifurcation diagram for ¢ = 0 characterizing equilibria of the ring dynamics is deformed
into an S-shaped bifurcation diagram, which now allows for hysteresis behavior. Fig. 3.3
demonstrates this for o = 8.

3.1. Near-Ring Solutions. Next, we consider near-ring solutions to the GMS model. By
a near-ring we mean localizing the activator on a curve with radial perturbation r = ro+¢ch(6)
for e < 1 and h(#) to be some smooth periodic function. The immediate advantage of the
singular limit formulation (2.13) is evident here as this formulation is as amendable to this
new problem as it was to the ring. For asymptotic consistency, we require that € > € so that
the singular limit problem at O(1) is still valid.

To analyze the near-ring behavior we make a formal expansion of the inhibitor field as

u(r, 0) = ug(r) + euy (r,0) + us(r,0) + . .. , (3.12)

where we explicitly note that we want to consider a perturbation from the radially symmetric
inhibitor solution. Upon using this expansion, we have that the curve value Uy and normal
12
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35F

Figure 3.3: Bifurcation diagram for equilibria of (3.7) for ¢ = 8, D = 1, and exponent set
(2,1,2,0).

derivative can be expanded as

Uo = u(ro + eh(6)) ~ uo(ro) + &(uor(r)h(6) + u1(r))r,

+ &2 (;UOTT(T)[h(O)]Z + ui(r)h(0) + UQ('I"))
= Uy + €U01(9) + EQU()Q(H) , (3.13&)
du

dn

_..x ~T uOr(rOi) te (_UOM(TOi)h(H) o ulr(’l“oi))

2 (= Jorme RO — it 0(0) + 2280
0

Lol O
0

— uzr(r(jf)) . (3.13b)

The notation (-),, indicates an evaluation at r = ro and we do this externally because indi-

vidual terms may be discontinuous but they must combine to form a continuous curve value.

In the presence of saturation, we must also consider expansions similar to (3.12) for A, 7:[,

and b given by (3.5), (3.7), and (2.3) respectively. The leading order solution ug is the radi-

ally symmetric inhibitor problem on a ring, which was defined in Principal Result 3.1. Using
13
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(3.13), the problem at O(e) for u; is

e, = -100) |52 (3.14b)
[%ﬂm = —h(8) [‘i;fz‘)] O - ﬁAOUm, (3.14c)

where we have defined
Aoz“g)Ugo—m, Aozﬂ+2j;(’(]1£°. (3.15)

The zero subscripts indicate evaluations of saturation dependent functions at the constant
value Upyg. To calculate the terms in this expression involving ug, we use the standard Wron-
skian relation

e (Gg) 5 () ()it ()t e

In this way, we can rewrite (3.14b) and (3.14c) as

- 8u1 AO AO 1
= h(6)A —| =-h(0)— — —AoUo . 3.17
i, =h 00, |G| = h0)R - 7 A (317)
We then introduce the Fourier eigenfunction expansion
ur(r,0) = > Vin(r)exp(ind), Up(0)= > Uimexp(inf), h(0)= Y  H,exp(inf),

(3.18)
which leads to the following result regarding the solution to (3.14):
Principal Result 3.2. In terms of the Fourier decomposition (3.18), the solution to (3.14),
with (3.17), is

Vin(r) = A1nr0G1n(r;m0) — BinroGon(r; o) (3.19)
with constants Ay, and By, defined by

H,A Ay =
0 _ 29 Aoy, - (3.20)

Aln = HnA07 Bln = —
70 Uno

Here we have defined the Green’s functions G and G1,, as

jn,l(r)jn,2(T0)7 0<r<mg
Tn1(10)Tn2(r), 10<r <R’

Tn1 (1) T o(r0), 0< 1 <rp
i 1(r0) Tnp(r), ro<r <R’
(3.21)

Gon(r;mo) = { Gipn(r;mo) = {

14
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with Jyi(r) defined similarly as in (3.4). We note that Gy, is not continuous across r = rq
as is expected by the jump condition (3.14b). Using (3.13a), we have that

duo
uln — (Vln + HndT‘>r0 . (322)

Although each of the two terms in this expression are discontinuous across r = rg, we have
that Uy, is continuous, and so Uy, = (Uip) By explicitly evaluating the terms in this
expression we obtain that

H, Uy ( = Go-n(To;To))l Gon(ro;To) < dG0>
Uy =—r——[1—- 4= ——— 2+ { Gra(r,r9) + — . (3.23
! Go(ro; T’()) 0 Go(T’(); 7"()) 0 L ( O) dr ro ( )

r=r0"

Furthermore, the unsigned curvature at O(g) is
k1 =1o2 [7(0) + h(0)] , (3.24)

and, therefore, by expanding (2.13d) to O(e), we generate a perturbed interface velocity Vo1 of
the form

q?ﬁlo 2qb0 d/}:[() du() q7:[0 d2u0 6u1
Voo = —kp — 1- = N/ (o) { =2 i .
o= 2U§0< Ao b ) \ar /, " au U T0+ or /..
(3.25)

Here H is defined in (3.7), while u1 and Uy are given in (3.18).

From (3.25) we obtain that the velocity perturbation has the limiting behavior Vj; ~ —k;
for 7o < 1. As such, for typical perturbations of the form h(f) = cos(mf), the interface
velocity is in phase with h(6) and will circularize the curve. This was evidenced in Fig. 2.1
where our choice g = 0.5 lead to an overall circularization of a perturbed curve. However
for larger values of rg, the curve grew and distorted from a circle. Overall then, (3.25) show
that curves of low curvature can grow because of radial gradients in the steady-state. Im-
mediately we see from Principal Result 3.2 that introducing sinusoidal perturbations induces
contributions of each perturbed mode to the inhibitor solution. However, any modes, aside
from n = 0, cannot describe vertical shifting from the unperturbed value Uy and as such, we
must consider second-order perturbations at O(¢?).

At O(e?) the base problem is the same as (3.14), but is now subject to the new jump
conditions

[u2],, = — h(0) {%ﬂT - [h(g)]z [fg)] ; (3.26a)
7], ]S ], e 58], e 53],
— §0200 (legl + EOU00U02> ; (3.26b)

15
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with

gbo(2¢ — 1) dAg  2¢%b% d*Ag
Ay db Ay db?

A= 2p-1)+

: (3.27)

Using (3.17) for (3.26a), together with (3.18) and Principal Result 3.2, we calculate that

i
Ao

[uzlry = [1(0))* 52

ApAy our| -

Then, upon using the Wronskian relationship defined by (3.16), together with the one defined
by

W= S (Y Cp (YA (r N N e
=4 \YD) a2 \YD) T dr " \VD) a2 " \yD) B Dr’ Y

we have that

82“’1 — 1 n2 1 Bln .
[ 92 LO = Z (Aln (702 + D) — 7“> exp(ind), (3.30a)

dBug (2 1
=—A(S+=). .
[dr?)] 0 (rg + D> (3.30b)
T0

Then, by using (3.18), we can simplify (3.30a) to

a2u1 AO " 1‘_10 14_1014:10
9.2 =2 - =y . 31
[ 9,2 :|,,0 T‘(Z) (h(e) h (9)) + D h(0) + Uooro Uo1 (3.31)

Combining this expression with (3.28) and (3.30), we obtain that (3.26b) simplifies to

Ous AO [h’(@)]Q Ao " AO 9 AOZO AO _ _
- ZOh(0)n" (0)— =2 [h(0)2— 2220 h(0) Ug — =2 (A i ‘

(3.32)
Next, in order to analyze the solution to this problem for us using an eigenfunction ex-
pansion, we need to treat products of infinite sums in a delicate way. Specifically, we will
assume that the perturbations h(6) are such that their Fourier series terminate, i.e. they are
composed of a finite set of modes. This leads to the following definition:
Definition 3.2. Assume two functions f(0) and g(0) have a Fourier series given by

f(0) ~ Z an exp(inf) , g(0) ~ Z by, exp(imb) ,

n=—oo m=—0oQ

and that there exists some N and M such that |an| = 0 when |n| > N and |by,| = 0 when
|m| > M. If this is the case then we can define the product of these functions as

FO)g@) = > > anbmexpli(n+m)d).

m=—0o0 nN=—0o0
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This definition allows us to use the finite series product for handling the infinite sums
which is in contrast to the Cauchy-product typically used. Using Definition 3.2 allows us
express the inhibitor solution at O(e?) as a series expansion

Z Vor. (1) exp(ik@) , Un2(0) = Z Usy, exp(ikd) , (3.33)

k=—o00 k=—o00

which leads to the following result for the solution:

Principal Result 3.3. Consider a series solution to (3.14) given by (3.33) with jump condi-
tions (3.28) and (3.32) in place of (3.14b) and (3.1/c) respectively. Only modes k which exist
as products of modes n at O(g) will produce non-zero components. As such, there exists a set
Ny, for each valid k containing the integer modes n that produce mode k. Using this notation,
we rewrite the jump conditions (3.28) and (3.32) as

A ApA
Vaklro Zﬁ Z HyHyp + =220 Z HyUjp—p = Aoy, (3.34a)
0 nENy 00 neNy
d A A
[ 21}2’“] - n(k —n)HyHyp — = Y (k—n)2H,Hy_,
" r TO nEN 0 nENg

’I’LeNk ENk
A = = —
— 720 Aq Z Uinlhig—n + AoUoolUsr, | = Boy, - (3.34b)
UOO neNg

With the jump conditions defined in this way, the solution Vs is decomposed as
Voi(r) = AgkroG i (r;170) — BakroGo k(13 m0) 5 (3.35)

where Go i, and G, are defined by (5.21). Using (3.13a), we have that

1 d U,
U= 502 D Halln + Y Hy vlk ntVar | (3.36)
neNg neNy ro

which we can once again compute by taking the average to yield

B Go(ro;ro)\ ' [ Aoro / d°Go
Uay = < — Ay Golr: 7o) 5 12 Z HpHy

70 neN
— dGl,k—n = dGO,k—n
+70 Z Hy (Alk—n <dr> — Big—n <d7"
neN To To
+70 Ak (G1k),, — roBarGok(ro; To)) ) (3.37)
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where BQk = By, + A[}(ﬁol/{gk. Furthermore, the unsigned curvature at (’)(52) ]

4n(O)R"(6) + [ (0))* + 2[1(0)]*

3.38
21"8 ( )

R =

Therefore, expanding (2.13d) to O(e?) generates a velocity perturbation Voa such that

q [ (U l7b2> - U dHo
Vo2 =ka + < — 5 JHo— 75— 01
2 ( U2, U2, U2, db

1 1d27:[0 9 d?’lo dug q d;LA[O 2
oo (2 Qe g 2 <d7“>m T ogz, Vg b Vot
d2u0 8u1 (ﬂ:[() 1 2 d3U()
<h<‘)><dr2> +<a>> -2 (e (o
70 To
82u1 h’(@) 8U1 [h’(&)]z duo 82u2
‘h<€)< o1 > T <ae> T <d> ‘< or > - B9

where we have defined by and by as

by = 2qUsT Uno, by = qUd > ((29 — 1)U + 2UgoUse) o - (3.40)

To illustrate the summing set Nj, suppose that h(6) = cos(66). There are two modes at
O(e) of n = —6 and n = 6. Various quadratic combinations of these modes leads to k = —12,
k=0, and k = 12 as the only possible modes that can occur at O(e?). Therefore, if k = —12
then N_13 = {—6}, while for & = 0 then the set is Ny = {—6,6}.

We can confirm Principal Results 3.2 and 3.3 by comparing to a numerically computed
solution. The numerical solutions are generated from the framework derived in [26] and
discussed in §2. We perform such simulations with ¢ = 10, R = 1, D = 1, exponent set
(2,1,2,0), and 79 = 0.5 with perturbation h(f) = cos(60) and ¢ = 0.01. Fig. 3.4 shows the
corrections at each order of € for Uy and modified saturation parameter b, while Fig. 3.5 shows
the corrections at each order of ¢ for the velocity, V. The asymptotically predicted corrections
of Principal Results 3.2 agree favourably and indeed demonstrate the need for both expansions
to see the introduction of sinusoidal perturbations and the vertical shifts that are induced at

O(£?).

4. Linear Stability of the Ring Solution. The numerical methodology in [26] generates
numerical solutions to (2.13) but does not address the question of the linear stability of
interface solutions to the RD system to any transverse perturbations. In particular, it has
been shown for stripe solutions (cf. [17]), and for ring solutions with a particular exponent
set (cf. [25]), that a certain class of eigenfunctions can lead to breakup instabilities for which
the numerical solutions to (2.13) no longer characterize the slow dynamics of an interface.
As such, it is important to investigate when instabilities of this nature could arise. For the
stability analysis, we explicitly consider the base solution v, and u. to be asymptotically given
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(a) Uo corrections (b) b corrections

Figure 3.4: Asymptotic corrections compared to full numerical simulations of the curve in-
hibitor value Uy and the corresponding saturation value b from solving (2.13) for a perturbed
circle with radius r = ro+¢h(f) and h(f) = cos(66). Here we take the exponent set (2,1,2,0),
R=1,D=1,ry=0.5,0 =10, and € = 0.01.

by the radially symmetric solution (3.1) described in Principal Result 3.1. Periodicity in 6
dictates that the angular mode m for the perturbation is an integer on (—oo,00). In our
calculation we will allow m to be a positive continuous parameter where we can ignore the
complex conjugate without loss of generality.

Since the quasi-steady equilibrium evolves on the slow timescale T' = €2t, we cannot use a
standard linear perturbation expansion in time. Instead we use a WKB ansatz (cf. [3]) of the
form

v~ v+ P <T — r0> eim+e(T)/e* , U~ Ue + N(1“)eim(’7ﬂ’(T)/62 , (4.1)
€

where the perturbation in the activator is explicitly made a function of the inner variable only
since it will remain localized. Note that, rather than a time dependent amplitude and phase,
we place the sole time dependence in the argument of the exponential, as is typical in WKB
theory. The interesting impact of the WKB formulation on the stability is the introduction
of the integral of the eigenvalue rather than the eigenvalue itself. Owing to the slow time-
dependence of the ring solution, delayed transitions to instability, similar to those studied in
[39] for the simpler case of 1-D spike solutions, should also occur for ring solutions. Although
we will not study such delayed bifurcation effects here for ring solutions, our WKB formulation,
which incorporates a historical memory into the linearized system, can in principal be used
to analyze this behavior.

We substitute (4.1) into (1.1) taking the GMS forms (1.7) for g(u,v) and f(u,v) and
19
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Figure 3.5: Asymptotic corrections compared to full numerical simulations of the curve veloc-
ity Vp from solving (2.13) for a perturbed circle with radius r = ro+¢eh(6) and h(0) = cos(66).
Here we take exponent set (2,1,2,0), R=1, D =1, rp = 0.5, 0 = 10, and € = 0.01.

linearize the resulting equations. The leading order stability problem for ® is

_ w? e2m?
Lopy® — qUg 1mN(To) = (A + 2 > ®, (4.2a)
2w T
where Loy® = ®,, — O+ mfb, Y= / A(s)ds. (4.2b)
0

We note that if A were time-independent then ¢/e? = At, as expected. Classically, one
often takes ¢ = At regardless of the slow time dependence in the base operator. The WKB
method used here more accurately reflects this time dependence but quite often we are only
concerned about qualitative eigenvalue information such as regions of positivity and the overall
formulation doesn’t impact this significantly. Using the Dirac measure, the perturbation to
the inhibitor satisfies

B-1 B—q poo
sUy N(ro) A — oU,

r —00

1 m2 2 o—1
—(rNy)r — TTN —6iN = w O dp | §(r — o). (4.3)

Here 6y = 4/ 1+DT’\, where we have chosen the principal branch of the square root. We have

the following result concerning the solution to (4.3):
Principal Result 4.1. The solution to (4.3) subject to N,(0) = N,(R) =0 is

Uﬁ*q o0 Uﬁf1 _
N(r)=rg (0 107 / wledp - > ;) N(ro)A | Gom(r;70) (4.4)
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where

= T (OAr) Tm2(0xr0), 0<71 <rg
Gom(riro) =19 - _ ,
TIm1(0xr0)Tm2(0xr), 10 <r <R
jm71(9)\7') = Im (9)\7’) s jm72(9)\7’) = @mIm (9)\7') + Km (9)\7') , (45b)
_ K1 (AR) — g7z Km (OAR)
Oy, = — )
7o dm (OAR) + Im+1 (O\R)

(4.5a)

(4.5¢)

Furthermore, evaluating (4.4) at r = ro and using (3.5) to simplify the resulting expression,
we get

oo o—1
g Xm J s W @ dp I _
N(TO):UO quoo#, szcimzqo s+

Jo,1(r0)Jo,2(70) >_1
Tm1(0x70) Tm,2(070) '
(4.6)

The structure of the eigenvalue problem (4.2a) is such that ® has both even and odd
solutions. Since w is even, then by (4.6) it follows that N(rg) can only vanish whenever ®
is odd, or when ® is even with multiple nodal lines. When this happens the eigenvalue, A in
(4.2a), becomes part of the spectrum of the local operator Lg, in (4.2b). The eigenvalues of
this operator are characterized by the following lemma adapted from Theorem 5.4 of [2]:

Lemma 4.1. Assume that h(w) is such that there is a unique solution to the homoclinic
orbit problem

Wyy —w + h(w) =0, w'(0)=0, w—0 as |yl = o0, w(0)>0,
(for the precise conditions see Lemma 2.1). Then, the corresponding local eigenvalue problem
L=y, — D+ 1 (w)® =\, ®—0 as |yl — oo,

has a discrete simple positive eigenvalue Ay > 0 associated with a positive eigenfunction ®@g.
There is also a discrete eigenvalue \y = 0 with the eigenfunction ®, = w’. Furthermore when
R (0) is finite, a continuous spectrum exists on Re(\) < —1+ h/(0) < 0 with Im(\) = 0.

A corollary to Lemma 4.1 is that if other discrete eigenvalues A;, j > 1 exist, then
—1+ R/ (0) < Aj < 0. We therefore have two possible cases that lead to instability, i.e. to an
eigenvalue with Re(\) > 0. Either ® is even and of one sign so that N(rg) does not vanish, or
® is odd (to leading order) and instabilities emerge from A = 0. We classify these eigenvalues
in a similar manner to [17] whereby the even eigenfunctions that satisfy Re(\) > 0 are called
breakup instability modes, and they evolve on an order-one time scale, which is fast relative
to the slow dynamics. In contrast, the odd eigenfunctions, that satisfy Re(\) = 0, are called
zig-zag instability modes, and they evolve on a slow time scale. We will analyze each of these
instabilities, recalling that breakup instabilities are the most delicate in terms of studying
(2.13).
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4.1. Breakup Instabilities of a Ring. When N (ry) # 0, where N(rg) is defined in (4.6),
then (4.2a) transforms into the following nonlocal eigenvalue problem (NLEP):

Principal Result 4.2. Let € — 0 and assume that ffooo wlddp # 0. Then, ® satisfies the
NLEP

2 2,,2

Xm w R i e“m
Lop®———"— T o dp = ud h =
0 A(1+bw2)/_oow pPEME,  where pEAt =5,

(4.7)

where we explicitly include terms €2m? to account for large wavenumber perturbations. Since
Loy is self-adjoint, we can alternatively readily show that the unstable eigenvalues are roots in
Re(X) > 0 of gm(X) =0, where

0wty d w?
(V) = CaN) = f(0), F(p) = I‘“’AM> v =Lo =1 Ty

(4.8)
Here Cy,(\) is given by (4.06).

This operator splitting approach is the same technique used to analyze the NLEP for a
straight stripe solution in Principal Result 2.2 of [17]. We start with the case 0 = b = 0 where
LoV = Lyo¥ = vV¥. From [8, 23], the continuous spectrum exists on Re(r) < —1 and the
discrete eigenvalues and eigenfunctions satisfy,

5 3 5
w=-, Yo=uw’? =0, Ui=uw; w=-", U= (1-_w)w’?. (49)
4 4 6
The analysis of the NLEP (4.7) when o = 0 is very similar to that in Appendix A of [17].

Specifically, it relies on the following properties of f(u), as rigorously established in Proposition
3.1 and 3.5 of [40]:

f/(/J’) >07 IS [O,VO); f//(/'b) >0a JIRS [OaVO); f(:u) <0, IS (VOaOO)’ (410)
S 0—1L73 2 d
f(,u)~1—|—<1—210)u+/£cu2 as pu—0; /ﬁczf_‘)ow AO (w’) p‘ (4.11)

While [40] only demonstrates the properties for o = 2 and o = 3, they can be extended
numerically to general exponents. We also have the following properties for C,, in (4.6),
which are readily established through numerical and asymptotic investigation of the modified
Bessel functions I,, and K,,:

oC,, dC, 02Cy,
om (0 >0, an O o2

as well as Cp, = O(m) for m > 1.

First we establish the following result regarding the neutral stability points:

Proposition 4.2. There exists two neutral stability points m = my- and m = my+ that
satisfy gm(0) = 0. The lower threshold my- satisfies, to leading order, the implicit relation

_ Joa(ro)Joz(ro)
ﬂ M

Co(0) =1/2, <0, (4.12)

Tmy,—1(10) Tm, 2(70) B=qo—s, (4.13)
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while the upper threshold my+ is given asymptotically for e < 1 by

T0\/V0 B qoB . B f_oooo w20, dp ffooo w1, dp
€ 49 Jo(r0)Jo2(ro) A [% WEdp :

(4.14)

mpy+ ~

Here vy and Vg are the principal eigenpair of the local operator, as given in (4.9).

Proof. The neutral stability point my- is calculated by simply satisfying g,,(0) = 0
and using the monotonicity properties (4.12) to ensure its uniqueness. The second neutral
stability point, my+, utilizes an asymptotic expansion in (4.7) of the form ® ~ e 1@y + &,

and m ~ e 'mg + my, to generate the problems
2 2 2 00
m m qow 1 2mom;
Lo®g = —2dy, Lo®; — —2&; = /w°<1>d+ Dy .
0?90 rg 0 01 rg 1 2‘7071(7"0)‘70’2(7“0)”%0“4 . odp T(Q) 0
(4.15)

The first has solution ®; = ¥y and m? / 7“(2) = 1y, which becomes a homogeneous solution for
the second problem for ®;. Invoking a solvability condition generates the required correction
term m;. W
The eigenvalue analysis now follows identically as in Appendix A of [17]. Specifically, in
regards to complex eigenvalues, we can use a winding number criterion (cf. [36]) to count the
number of eigenvalues NV in the right-half plane Re(A) > 0. This yields
V0

sz-{—;[arggm]pl, O<m< ———; N:Z‘i‘;[arggmhﬁ’ m

S TV )
4 € €

where I'; is the positive imaginary axis traversed downwards. Overall, we have the following
proposition regarding eigenvalues to (4.7) when there is no saturation:

Proposition 4.3. For 0 < m < my-, there are no eigenvalues with positive real part when T
is sufficiently small and two complex eigenvalues with positive real part when T is sufficiently
large. These eigenvalues undergo a Hopf bifurcation when T = 7H. As 1 increases further,
the complex conjugate pair coincide on the real axis and become purely real. The neutral
stability point at m = my- s the largest eigenvalue while T < T;,‘ibb_ at which point there exists
some Ar > 0 that is purely real. The transition value T = T,;‘qui occurs at m = my- when

gm(0) = ddg—/’\"(O) = 0. For my— < m < my+ there exists exactly one real positive eigenvalue for
all 7 and when m > my+ there are no eigenvalues with positive real part for all T.

Proof.  The proof follows immediately from Appendix A of [17] with the neutral stability
points redefined by Proposition 4.2. B

A unique aspect of the ring problem that is not present in the stripe case is the curvature
term r( ! which modifies the stability boundaries. This is most readily seen in the expression
for my+, (4.14) where the upper instability boundary grows with increasing circle radius
(decreasing curvature). The implication of this qualitative result is that higher curvature
circles are less susceptible to high wave mode breakup instabilities than are smaller curvature
circles. Table 4.1 shows the values of m;- and my+ for various choices of rg corresponding to
the exponent set (2,1,2,0) with D =1, R = 1, and 7 = 0. We compute my+ using (4.14)
and my— by using a Newton’s Method solver on (4.13). The lower instability band my- also
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’ 70 ‘ my— ‘ T;;b_ ‘ M+

0.01 | 0.1375 | 5.0456 | 0.3629
0.10 | 0.2266 | 2.9539 | 4.3329
0.25 | 0.3027 | 2.2126 | 10.9972
0.50 | 0.4003 | 1.8376 | 22.1376
0.75 | 0.4920 | 1.8736 | 33.3084

0.90 | 0.5520 | 2.0969 | 40.0231

Table 4.1: Breakup instability boundary limits my;- and my+ for various values of ry subject
to the exponent set (p,q,0,s) =(2,1,2,0), D=1, R=1, and 7 = 0.

increases with decreasing curvature but to a lesser extent as it remains an O(1) quantity.
Overall, the breakup instability band is suppressed as the curve shrinks. In Table 4.1 we also
compute T,ﬁlbi , the value of 7 for which the lower instability point vanishes and this decreases
with decreasing curvature, which implies that smaller circles maintain the neutral stability
point for a larger range of 7. All of this behaviour supports the breakup stabilizing effects
that curvature has on the circle. We expect that a similar qualitative result would likely be
true for general curves, although the analysis of this is an open problem.

4.1.1. The Effect of Saturation on the Breakup Instability Band. When we add satura-
tion, the upper neutral stability point (4.14) of Proposition 4.2 still satisfies my+ ~ ro/10(b)/€
to leading order where 1(b) is the positive discrete eigenvalue to the operator Lg, given by
(4.2b). Such a unique positive discrete eigenvalue exists because the operator can still be clas-
sified by Lemma 4.1, even in the presence of saturation. We start with an important lemma
regarding the critical saturation value b,

Lemma 4.4. Consider the singular activator limit (2.1) with the saturated GM formulation
(2.3). When 0 < b < b, with b, given by (2.6) then a homoclinic orbit exists via Lemma 2.1.
When b = b. a heteroclinic orbit, W, exists with

dim w=0, lim @ = wpy(b), (4.17)
n——00 n—00
where wp, (be) is given by (2.6).

The proof of this lemma rests on a continued analysis of Lemma 2.1 at the value b = b,
and recognizing that wy,(b.) is a saddle point in the w’ versus w phase-plane. Considering
this new heteroclinic orbit, we are lead to the following result:

Principal Result 4.3. When b = b, in the saturated GM model, a heteroclinic orbit, w exists
on 0 < W < Wy (be) by Lemma 4.4 and @' is an even function with no nodal lines. As such, by
Lemma J.1, @' is the principal eigenfunction of Loy with eigenvalue vo(be) = 0 and, therefore,
the upper neutral stability point m = my+ tends to zero as b tends to b..

When b = b, then w is an equilibrium solution to (2.2). This heteroclinic orbit also has a
translational invariance and therefore differentiating (2.2) with respect to the space variables
yields Loy’ = 0 and therefore zero is an eigenvalue of the operator. Since 1 is an even
function with no nodal lines then it is the principal eigenvector and hence zero is the principal
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eigenvalue. In Fig. 4.1, we numerically verify that the principal eigenvalue v4(b) tends to zero
as b — b . It is an open problem to theoretically predict the explicit rate at which 1(b) tends
to zero as b — b, .

1.4

maxA\

0 0.05 0.1 0.15 0.2 0.25

Figure 4.1: Computation of the principal eigenvalue of Lg, given by (4.2b) as the saturation
b is increased.

The entire classification of the breakup instability regime rested upon having the principal
eigenvalue of the NLEP satisfy Re(rp) > 0 so that there was a finite band m,- < m < my+
where a real positive eigenvalue existed. However, since this eigenvalue tends to zero at critical
saturation, it is reasonable to expect that this can entirely quench the breakup instability
behaviour. Indeed, we observe this behaviour numerically in Fig. 4.2 where we plot the
principal eigenvalue to the NLEP (4.7) versus m for a range of b values and see that the entire
breakup spectrum disappears as we vary saturation. From this plot, we observe that even
when b =~ 0.2 < b, there is no breakup instability band for m. It is important to emphasize
that Principal Result 4.3 nor Fig. 4.2 should be taken as a proof that the breakup instability
can always be suppressed. Indeed for fixed b then as € — 0 there will always be an €* such
that for € < €* a breakup instability band will form. However, in our numerical computations
we consider € as a small but fixed parameter and for any fixed e there will be a range of b
values for which my+ < 1 suggesting the disappearance of the breakup band. The numerical
experiments in §5 support this conjecture.

4.2. Zig-Zag Instabilities of a Ring. When N (rg) = 0, the spectrum of (4.2a) reduces to
eigenfunctions that belong to Lg,. Following Lemma 4.1, instability can occur when ® ~ w,
and g1 = A + €2m?/r3 ~ 0 to leading order. We first remark that if m = O(e™!) then p = 0
implies Re(A) < 0 and so instability can only occur where m = O(1). Secondly, unlike the
study of breakup instabilities, which followed from an analysis similar to [17], the analysis here
for zig-zag instabilities is both novel and intricate owing to the radial geometry. In particular,
Appendix B of [17] for the zigzag instabilities associated with a straight, planar, stripe solution
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max Re(\)

Figure 4.2: Computation of eigenvalues of the NLEP for b > 0 and 7 = 0 as the mode m is
varied. In all cases (2,q,0,s) = (2,1,2,0), e =0.025, R=1, rg = 0.5, and D = 1.

relies on commutation of the Ly operator with differentiation, which does not extend to our
problem with radial geometry due to the presence of the curvature r~! term. We therefore
must use a rather intricate matched asymptotic analysis to analyze zigzag instabilities of a
ring. This method could also be applied to the stripe case in [17] and as such is a more general
approach to the analysis of zig-zag instabilities.

Since N(ro) ~ 0 to leading order, we rescale N (r) = N, and let N(p) = N(ro + ep). We
then introduce the following expansion into the spectral problem:

D ~w,+eP +EDPy+..., N(p)~No+eNi+.... (4.18)

This leads to our next result regarding eigenvalues at O(e):
Proposition 4.5. Consider N(r) = eN so that N(ro) = 0 to leading order in (4.2a). Ezpand
® and N(p) = N(ro+e€p) as in (4.18). Then X = o(e).
Proof. Let A = e\;. We start by expanding the equilibrium states as
e ~ Udw + €0y + €To+ ..., T~ Uy +eliy + g+ ... . (4.19)
Upon using (2.7) for the GMS kinetics (1.7), and converting to polar coordinates, we obtain
that ¥; and  satisfy

Ul w? d

-~ _ _Y q-1 = q470
Lobvl = —TO'U)/) + QUO mﬂl — UO ﬁwp s (420&)
1
1,y = —BU@%O. (4.20b)
If we differentiate (4.20a) with respect to p and rearrange the resulting expression we get
1 - w q w? drg
=——1L S T Y 7 P 4.21
a1 Ud 06U1p To + Up (14 bw2)u1p ar e (4.21)
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where we have defined a; by

2 (1 - 3bw?) _
= — . 4.22

In this derivation we used the simplification

(1 — 3bw?)
Lowy), =L 2w,y 4.2
(Lovy)p = Lovyp + 1 w2 Y (4.23)

We now proceed with the eigenvalue calculation by substituting the expansion (4.18) into
(4.2a) to obtain that ®; satisfies

w drg a1
Lopy®1 = — r—pop —w —a1w, + 1 +0bw2

w?No + \w, (4.24)

which, after using (4.21), reduces to

1 . q w? ~ ~ ~ N
Lop®1 = UfgLobvlp + Fomfo + )\1’wp, Fo = UgNO — u’l . (4.25)

By Lemma 4.1, w, is a homogeneous solution to this problem, which then leads to the solv-
ability condition

00 2

q w? -
4 Y Fw,dp+ A
Up J oo (T + bw?)” 0 P 1/_

o0

wg dp=0, (4.26)
(o.9]

where we have used the fact that Lg, is a self-adjoint operator in order to remove the first
term. To show that the first integral in (4.26) vanishes, we need to study the problem .7}0;) =
UJ No, — i1, which we have differentiated from (4.25) since it is natural to use (4.20b) for
@i1pp- For N, we consider the linearization of (1.1) via (4.1) in the inner region, i.e. we take
(4.3) without the using the Dirac measure reduction. This yields,

~ D ~ Dm? - - opo! sv° -
3 _ 2 2 e e
€ TN)\l—m((TO+€p)Np)p—6 WN—E N+ des (P—Eag+1N, (427)
- p—
and therefore, using the expansion (4.18), we get Ny, = —%wo_lwp. Combining this

relation with (4.20b) yields .7:"0,) = 0, which shows that Fy is constant. Because Fo is constant,
the first integral in (4.26) is odd and, consequently, vanishes. Therefore, Ay = 0 and A < O(e)
as stated. B

We now use the same techniques at O(e?) to show that eigenvalues are non-vanishing at
this order. To do this we will require some key results. Firstly, we have the following result
regarding the equilibrium solution at O(e?):

Principal Result 4.4. Consider ve and ue which satisfy (1.5) subject to GMS functions (1.7).
If we pose an expansion as (4.19) then vy and uy are given by (4.20), while vo and ug satisfy,
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~ —2 2
- bp  pUs droo dror g UG Calg+1l)  w?
Lopia = — 22 _ _ Ul —

e T AT A 2 1+ buw?)
2q w o 1 (1—3bw?) _, 1 w?
2q S S LA T 5 o P R 4.28

R ) el T N el A B ey (4.282)
. Up w 1. 8.1 o~ 1. 5 -
U2pp =75 — Kg + BU[? swliy — BU[? Tow’ 1o, , (4.28b)

where rog = roo + €ro1. Here, rog replaces ro, i.e. it satisfies (3.7), while ro1 will satisfy a
differential equation via an orthogonality condition with the homogeneous solution v2 = w,
which exists by Lemma J.1. Differentiating (4.28a) and rearranging yields,

1 - U1 w pw 1 drgo .
—— _ pp P P~
PO T T Uy T 12y 13y Ug AT
d?“()l . ay . q w2 ~
_ ﬁwpp + a2U1p — Uig’l)lp + i{)muglo 5 (429)

where as and ao are defined by

4y = 2 (1—3buw?) . _ i | 4 14D W e
CUo(1+bw?)2 \ U™ (1 + buw?) Uz (1+bw?2)2 !
2q (1-3bw?) . . 12bw (1 —bw?) ,
- — 4.
urtt (1+ bu?ys 1 U2 (1+ buw2)i T (4.30)
2 w o qlg+1)  w
= - . 4.30b
B 7 A TR ) N T R T R (4.30b)

It may seem erroneous to introduce a radial correction rg; without any consideration to
matching conditions in earlier discussions. However, in terms of the outer problem, we are
only interested in the singular limit solution where all variables are O(1) and matching terms
generated by radial corrections furnish conditions on terms smaller than O(1). Next, we
establish the following result regarding the eigenfunction solution ®;:

Principal Result 4.5. Consider ®1, the eigenfunction correction at O(e), which satisfies
(4.25) with Ay =0, as shown in Proposition 4.5. We rewrite this problem as

1 aFo w?
Lo | & — —3,, — 222 =0 Lopt) = ——— 4.31
0b < 1 Ug V1p UO 1/)) 5 0b¢ 1+ wa 5 ( )
which, by setting the homogeneous solution to zero without loss of generality, can be solved to
yield

Lo 4 00

B =
1 Ug'Ulp+ U(]

Y. (4.32)
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In [}0], where b =0, it was shown that 1) = w. If we operate Loy on this function when b # 0

then
2 1—b 2
Lopw = — ( ad ) . (4.33)

1+ bw? \ 1+ bw?

Furthermore, if we recall the homoclinic orbit problem (2.2) and differentiate with respect to
the saturation parameter b then we get the result

w

L = 0——. 4.34
s = (4.34)

Combining this with (/.33), we have that

w2
L 20L =—7 4.35
0pW 0bWh = 7 ywoR (4.35)
and therefore,

b= w+ 2buy, (4:36)

where we have, once again, set the homogeneous solution to zero without loss of generality.
Using Principal Results 4.4 and 4.5 while taking A = €29, we have the following problem
for the eigenfunction correction at O(e?):

w? ~ 1 dr -
Loy ®o :iifi + <a2 _4 (alzp + %1/1,; + 00 ¢p>> Fo

Up (1 4 bw?) Uy dT
1 . m? —1
+ quObvgp + ( Ao+ 5 Wp (4.37&)
Uy 700
F1 =U{Ny — iz, . (4.37b)

Since ®3 = w), is a homogeneous solution then the eigenvalue A2 will be be determined by the
orthogonality condition

oo 2 o
q w nd ~ _ q 1
Uo /_oo mw"}—l dp+Fo /_OO a2Wp — Uo (a“/’wp + %wpwp + dT¢p“’p> dp

11 12

2 1 o)
+ <)\2+m . )/ w2dp=0. (4.39)
"o —00

We will evaluate each of these integrals separately. Beginning with o, we use (4.21) and
integrate by parts to obtain that

o0 o0 1 - w 1/) q - w2 d’l“()()
dp = ——L PPy = dp. (4.
[ envmdn= [ g+ P 4 i s Py dp. (439
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Using (4.30b) from Principal Result 4.4, integrating by parts, and using the self-adjoint prop-
erty of Lgp, we also have that

< q [~ . q(q+1) , /due o
/ asw,dp = _UqH / Y Lop01,dp + (2[]02)7-[< i > / wg dp. (4.40)
- 00

— 00 —0o0

Here H is given in (3.7), while < I )roo denotes the average value of the outer inhibitor
derivative solution across r = rgg. Upon combining these two integrals we get

_Q(q+1)A due / _/
12—72Ug H<dr . w 2dp P 1p +b 2)

2(] 1 dT’o() /oo
—_— . 4.41
UO <7a + a7 > - wpthpdp ( )

o0

For the last integral, we simplify it using (3.7), to finally obtain, after integrating several terms
by parts and by using (4.36) for ¢, that

q due & bg? /due < wwy
I, = H < > / wy, 2dp - = < 4/ ——dp
202 roo o —00 Ug \dr /.. o (14 bw?)

+4/ / i bv2 dvdp — 27{/ WyWh) dp> (4.42)

We make one further simplification by differentiating # in (3.7) with respect to the saturation
b, and noticing that this is the final term in the brackets in (4.42). Therefore, we arrive at

q 5 /due <, 2bq d#
= — —_— 1———— . 4.4

Finally, we consider [; in (4.38) which, upon integrating by parts, is

%4 ~ 00 popw(z) 42 -
I = “a ] W Sdp (flp( )+]:1p(—00)) + /oo /0 /0 wdv dz | Fippdp,
(4.44)

where the term in brackets of the second integral is an odd function of p. To see that this
integral vanishes, we require the following result regarding F7:

Principal Result 4.6. Consider F defined by (4.37b), and differentiate it twice with respect
to p to get

Fipp = U{Nyp — tiappp - (4.45)

The third derivative of ug is obtained by differentiating (4.28b) in Principal Result 4./. We
obtain an equation for N1 from an expansion to O(e) of (4.27) using (4.18) to produce,

- No, U o oUP™? b, | 4%
Ni,y=— —2 4+ 220 °Ny — —2 o—1 [ Zlp , 470
e > B R > B W S T
Uﬁ—q—l -1 Uﬁ—Qq
OSOTwO—lwpm - wwo—mﬁl . (4.46)
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Combining this with the third derivative of tio yields

_ UOB*1
Flpp = D

w ™ Fo(sw — ov), (4.47)

which is an even function. Therefore, in (4.44),

L dvdz | Fi,dp=0 4.48
/—oo/o/o 1—i—bv2vx lppdp =U. (4.48)

If we define a global function F = UIN — (Zl:f and combine I and I, we have that (4.38)
simplifies to

1—m? q 2bq d# due qH dN d%u,
Ay = - —= l1— —— F U — —
? 7n(%() 2U§H ( H db > < dr >7‘00 (TOO) " 2UO " dr T00 d?"2 00 ,
(4.49a)

N du
774 _ €
F(roo) =Uy <N >mo < T >T00 : (4.49b)

i.e. the eigenvalues can be written in terms of outer solutions to u. and N. Here we have
used the fact that F is a constant to leading order and therefore that F(rg) must be defined
and equal to the average value. Next, we establish the following result regarding the outer
inhibitor eigenfunction N:
Principal Result 4.7. Approximating the localized radius ro = rog + €rg1 = ro0, the problem
for the inhibitor eigenfunction in the outer region takes the form
1 m?

N - 1 . 1 o0 ! T — 700 1s v?2 .
Z(rND)y —— N — N4+ ——2 @ ————C°_N=0. 4.50
r( ) 72 D +62D ug < € € Dystt ( )

S1
Taking € — 0, the terms Sy lead to singularities with Dirac measures of the form

B Ug*q UIB*Q*I

2gbd
D A5/(T — Too) —+ iiA

.7:(7“00)./4 <5 + A db ) 5(7“ — 7‘00) , (4.51)

S1

with A, Uy, and B given by (3.5), and F(roo) by (4.49b). Here ¢'(+) is the Dirac measure of
order one. Substituting these singularities into (4.50) and integrating yields the jump relations

A~ A_O
[Nrgy = — vl (4.52a)
dN AO Aoz‘:lo ~ Aojo due
—| = — U (N — 4.52b
[dr ] Ugroo U™ ° < >r00 * vitt\dr /. ( )
T00
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where Ay and Ag are defined by (3.15). If we define

1 2w

Z=HU{N+Vy,, H,= o | () exp(~ind)do, (4.53)
0

where h(6) is a smooth C? periodic function and Vi, is the solution in Principal Result 3.2,
it follows that the outer inhibitor eigenfunction problem can be recast as

2 1 dz

1 n
—-(rZ)y — —=2—-—=2=0, : —_— =0, 4.54
r(r ) r? D 0 T # oo dr lr=rgo 0 (4542)
4z AgAg
2l =0, o =— Z(roo) 4.54b
[ ] 00 |:d7’ :|r00 Us (7'00) ( )

for which Z =0 is the only solution. Therefore, the outer inhibitor eigenfunction is simply

- 1
N=—F"Vi,. 4.55
H,Ud ™" (4.55)
The Dirac measure singular terms in Principal Result 4.7 arise in a similar fashion to (2.12)
after expanding ® and N = N((r — ro)/e) using (4.18) while the order one Dirac measure
term comes from recognizing that,

> (z=m)
lim ——=—= = Aj(r — 4.
lim - Ad(r — o), (4.56)
and then differentiating the result. Overall, we are lead to the final key result for the small
eigenvalues associated with the zig-zag mode, and which demonstrates the close connection
between these eigenvalues and the quasi-steady near-circle problem already discussed:
Principal Result 4.8. Consider a radially symmetric quasi-steady state given by (3.1) in
Principal Result 3.1 with dynamic condition subject to (3.7). Assume that these steady-states
are perturbed in the sense of (4.1) with ® odd so that N(r) = eN with N given by (4.55) in
Principal Result /.7. The leading order time expansion satisfies p(T)/e? = fOT Am(8) ds with

1—m? q - 2bq dH due due
Am = 1——— m H,,
2 Tomuet ( 5] db) < dr >mo <<V1 Yroo < T >T00>

qH dVin, du,
— H, ( — . 4.
2H,,Uy << dr >7’00 + < dr2 ( 57)
700

In terms of the near circular ring geometry v = ro + €h(0), € < 1 which has leading order
correction given by Principal Result 3.2, the leading order velocity correction satisfies

Vor =Y HpAmexp(imé). (4.58)

m=—0Q0
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We can see the eigenvalue-velocity relationship more naturally by looking at the activator
itself. If the eigenfunction is odd then the the maximum of ® is not at p = 0. This maximal
location p* is how we define the localization curve for the activator v. Therefore, extending
back into the outer coordinates, the localization curve will be at the radius r = rg + €p*(0)
where

T
Up(p™) = Vep(p™) + @p(p") exp (im& - /0 Am(8) d3> =0. (4.59)

Since this maximal radius is a function of the angle, we produce the aforementioned zig-zag
instability which creates a near circle perturbation. If we differentiate (4.59) with respect to
T then we can write the curve velocity as

dr _dro , dp”_dro , Tep(p)
dT AT AT  dT = 9,,(p*)

An(T) (4.60)

with %9 given by (3.7). This explicitly shows the velocity-eigenvalue relationship when the
coefficient in front of )\, is small.

5. Numerical Experiments in the Semi-Strong Regime. We now compute full numerical
solutions to (1.1) for the GMS nonlinearities (1.7) for the exponent set (2,1,2,0). From an
analysis perspective, it is often convenient to scale the diffusivity to be unity and alter the
length scale. However, this is generally impractical when computing. Instead, we fix R =1
and instead vary the diffusion coefficient. As we remarked in §3, these two formulations are
not invariant when saturation is included in that different values of o are needed to generate
a given value of b. In our simulations, we fix b initially and adjust ¢ accordingly for a given
parameter regime. For the discretization, we take a uniformly spaced rectangular grid in (r, 6)
with a cell centered discretization. We supplement this with Neumann conditions at » = 1
and a compatibility condition that the derivative of each component vanish at » = 0. For
plotting purposes, we use a conformal map to a circle using Matlab’s pol2cart function.

To stimulate breakup instabilities, we will allow for random perturbations to the base
state when b = 0, which is sampled uniformly from [—d,¢] with § = 0.001. Even when
we allow saturation to be non-zero, we take the b = 0 base solution and allow the code to
evolve naturally to a quasi-equilibrium. When breakup patterns do occur, we expect that the
maximal eigenvalue will persist but as we discussed in Proposition 4.3, there is usually a range
of instability and, due to the random perturbations, modes clustered near the maximal mode
may persist. Therefore, when looking for breakup patterns, we perform a discrete Fourier
transform of the solution and isolate the modes that are within 95% of the maximal mode
(herein termed dominant modes). Since we are not concerned with translational effects, we
will filter the m = 0 mode. Since m are integers then we predict the number of spots, N, that
form to be N = mgom. When breakup patterns are not expected, we will instead consider a
perturbation of the form r = rg 4+ 0.02 cos(66). Since slow dynamics occur on the long time
scale O(e~?2), we will track the curve base radius 7o as the average r position which produces
the largest value of the activator, v, for each 6. If the ring breaks into spots, this value is
not reliable or relevant, and secondary instabilities intrinsic to spot patterns (cf. [19] for the
Schnakenburg model) can take effect.
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Figure 5.1: Experiment 1: Contour plot of the solution v to (1.1) with ring geometry at four
times with exponent set (2,1,2,0). The parameter values are e = 0.025, D =1, 7 = 0.1, and
o = 0. The radius 7o is computed as the average value of the radial positions corresponding
to the maximum of v for each 6.

For our first experiment we take D =1, R = 1, r9p = 0.5, and ¢ = 0.025. From Fig. 4.2,
when b = 0, we predict mgom = 4.80 and hence a four-spot breakup pattern. We plot the
results from the simulation in Fig. 5.1, and from the Fourier transform in Fig. 5.2, where we
see that m = 4 is one of the most dominant modes. The rather slow onset of the breakup can
be attributed to the unstable eigenvalues in Fig. 4.2 being below A = 1.

For the remainder of our numerical experiments we will study the effect of saturation

(o # 0), since by Proposition 4.3 it follows that without saturation breakup instabilities

will occur for all parameter values. For experiment 2, we take the same parameter set as

in experiment 1 but now take ¢ = 25. By (3.6), this corresponds to b = 0.1356 and, from

Fig. 4.2, we do not anticipate this low value of the saturation to stabilize the breakup pattern.

However, for this value of b the instability band is significantly diminished and so we expect
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Figure 5.2: FEzperiment 1: Discrete Fourier transform of the solution v to (1.1) with ring
geometry at four times with exponent set (2,1,2,0). The parameter values are e = 0.05,
0. The upper left plot shows the amplitudes from the Fourier
transform while the upper right plot displays the phase. The bottom graphic in each panel
shows an inverse Fourier transform of a solution comprised of only the most dominant mode.
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that the dominant mode for experiment 2, mgom = 4.68, should be more pronounced when
compared to experiment 1, since there is less clustering near the dominant mode. Since the
magnitude of the unstable eigenvalues with Re(\) > 0 decreases as well, this should lead to
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an increase in the time needed for breakup instability formation.

The results for experiment 2 are shown in Fig. 5.3, with the Fourier transform results given
in Fig. 5.4. We notice that these predicted results do indeed hold, as the onset of instability
is delayed when compared to Fig. 5.1 and the four spot breakup pattern is more pronounced.
We also notice that the ring is thicker owing to the wider homoclinic orbit solution that occurs
as b increases (cf. [17]). Finally, we note that since the initial radius, ro = 0.5 is greater than
the equilibrium value predicted by (3.7) for the parameter set used in experiment 2, the ring
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Figure 5.3: Experiment 2: Contour plot of the solution v to (1.1) with ring geometry at four
times with exponent set (2,1,2,0). The parameter values are e = 0.025, D =1, 7 = 0.1, and
o = 25. The radius rg is computed as the average value of the radial positions corresponding
to the maximum of v for each 6.

radius should decrease. Indeed we see over the course of the experiment that ry decreases to
ro ~ 0.48 before breakup up occurs.

For experiment 3, we once again take the same parameters as in experiment 1 but with
o = 950. Then, from (3.6), we get b = 0.2010 and, by Fig. 4.2, we predict that there is
no longer any breakup instability. Therefore, after an initial transient period where the ring
thickens due to the saturation, the ring should remain relatively static with dynamics only
occurring due to (3.7). Once again, the initial radius ro = 0.5 is greater than the equilibrium
value and so the radius should decrease. By Fig. 3.1, b increases as rg decreases and this should
cause the ring to thicken even further. Indeed, all of this predicted behaviour is evidenced in
Fig. 5.5. The Fourier transform plot shown in Fig. 5.6 indicates that, while m = 4 remains
the dominant integer mode, the Fourier amplitudes do decrease over time, and so no breakup
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Figure 5.4: FEzperiment 2: Discrete Fourier transform of the solution v to (1.1) with ring
geometry at four times with exponent set (2,1,2,0). The parameter values are ¢ = 0.025,
D=1,7=0.1, and o = 25.

instability occurs.

Finally, we consider two experiments where we illustrate our results regarding zig-zag
instabilities. For experiment 4 we take the parameters as in experiment 3 but now use, as
an initial perturbation, localization on a curve of radius r = 0.5 + 0.02 cos(66). We predicted
in Principal Result 3.2 that when rg < 1, the velocity corrections are in phase with the
perturbations and should lead to curve stabilization. The full numerical results shown in
Fig. 5.7 do illustrate this circularization tendency of the curve. However, when rg > 1, we can
no longer guarantee that curve perturbations will circularize. To illustrate this, in experiment
5 we take the parameter set D = 0.01, rg = 0.5, and € = 0.01. At first glance it looks like the
same behaviour could occur because the same computational value of rg has been chosen as
in experiment 4. However, the diffusivity has changed and if we scale to D = 1, the equivalent
problem would be R = 10, rg = 5, and € = 0.1. Since varying the parameters does affect the
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Figure 5.5: Experiment 3: Contour plot of the solution v to (1.1) with ring geometry at four
times with exponent set (2,1,2,0). The parameter values are e = 0.025, D =1, 7 = 0.1, and
o = 950. The radius rq is computed as the average value of the radial positions corresponding
to the maximum of v for each 6.

saturation value o, we need to take & = 5910 in order to use b = 0.210, which is the value used
in experiment 3 and experiment 4. Fig. 5.8 show the results of this experiment where the curve
begins to accentuate the small angular perturbations causing overall curve lengthening that
destabilizes the circular solution. However, this new solution does not undergo any breakup
instabilities as it evolves. It is worth mentioning that the parameters chosen for experiment 5
are very similar to those chosen in Fig. 2.1c where the algorithm developed in [26] was used to
demonstrate curve buckling. Therefore, perhaps tuning the saturation parameter if necessary,
it is reasonable to expect that such a pattern would be stable to breakup based on experiment
5.
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Figure 5.6: Ezperiment 3: Discrete Fourier transform of the solution v to (1.1) with ring
geometry at four times with exponent set (2,1,2,0). The parameter values are e = 0.05,
D=1,7=0.1, and ¢ = 950.
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Figure 5.8: Ezperiment 5: Contour plot of the solution v to (1.1) with perturbed ring geometry
of the form cos(66) at four times with exponent set (2,1,2,0). The parameter values are
e = 0.01, D =0.01, 7 = 0.1, and ¢ = 5910. This corresponds to a scaling of the problem
D=1¢=0.1, R=10, and 7 = 0.1. We take as an initial base radius ro = 0.5 which scales
tor =5 when D = 1. The radius r¢ is computed as the average value of the radial positions
corresponding to the maximum of v for each 6.
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6. Discussion. We have analyzed a singularly perturbed RD system in the semi-strong
diffusion regime in two spatial dimensions where an activator species is localized to a closed
curve, while the inhibitor species exhibits global behaviour over the domain. In this semi-
strong asymptotic limit, we derived a novel moving boundary problem characterizing the
slow time evolution of the curve, which is defined in terms of a quasi steady-state inhibitor
diffusion field and its properties on the curve. Since this curve-evolution problem differs
significantly from the traditional mean curvature flows and quasi-static moving boundary
problems common in the field of materials science, in the companion article [26] a new nu-
merical methodology was developed to compute curve evolution from this new quasi-static
moving BVP.

The qualitatively interesting numerical results from this curve evolution problem, as shown
in Fig. 2.1, provided motivation for our detailed analysis of the existence, stability, and dy-
namics, of ring and near-ring solutions to the GMS model in radially symmetric geometries.
A brief summary of some of our major findings for this class of ring solutions is as follows:
We first showed that, in contrast to the saddle-node bifurcation structure for steady-state
ring solutions in the absence of activator saturation, the introduction of the saturation pa-
rameter admits a hysteresis effect between two stable branches of ring-equilibria, and that
ring-equilibria now exist for all ring radii. Secondly, we used our curve evolution problem to
show that, for the case of near-ring solutions, a perturbed ring will ultimately circularize if
the ring radius is small enough. In addition, a higher order theory was developed to deter-
mine the mean drift of a perturbed ring. Thirdly, in our stability analysis of a ring solution,
we showed that the breakup instability band, which triggers the disintegration of a ring into
localized spots, can disappear when the saturation parameter is sufficiently large. Therefore,
under sufficiently large activator saturation, the slow curve evolution problem should accu-
rately reflect corresponding behavior in the full PDE system. Finally, we provided a new
matched asymptotic expansion analysis to derive an explicit formula for the small eigenval-
ues of order O(e?) of the linearization of the ring solution, which characterize any zig-zag
shape-deforming instabilities of the curve. The calculation of such eigenvalues is a new result,
and due to the non-zero curvature of the ring the analysis was considerably more intricate
than that for a straight stripe solution performed previously in [17]. Moreover, these eigen-
values were shown to agree with the normal velocity corrections to the perturbed near-ring
dynamics. Our full numerical results in §5 computed from the RD system for the GMS model
demonstrated predicted breakup modes in the absence of saturation, as well as the stabilizing
effect that saturation has on such patterns. These results also showed the predicted curve
circularization tendency for perturbed circles of small radii, and the initial development of
labyrinthian-shaped curve for perturbed rings of a large enough radius, or if the inhibitor
diffusion coefficient is appropriately scaled.

Finally, we briefly discuss four open directions that warrant further investigation. One
particular challenging problem is to derive and then analyze a nonlocal eigenvalue problem
(NLEP) whose spectrum will characterize the possibility of O(1) time-scale breakup insta-
bilities for an arbitrary closed curve in the semi-strong interaction limit. The formulation
of this linear stability problem would, at least for low wavelength perturbations, involve the
full numerical solution of a free boundary problem for the linearization of the inhibitor field.
We anticipate that a hybrid asymptotic-numerical approach would be required to analyze the
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spectrum of the NLEP. One of the challenges to this is that the boundary coordinate Laplace
operator is not separable and as such the eigenfunction expansion is cumbersome. However,
we showed for a ring that high curvature tends to stabilize the breakup instability pattern and
conjectured that this would hold for arbitrary curves. Taking a high curvature limit of the
boundary coordinate operator may simplify the resulting linear stability problem and allow
for an analytic insight to the upper stability band in a similar fashion to the ring problem.

A second open direction would be extending our analysis of near ring solutions to a related
problem of a circular curve in a domain with a boundary that is only slightly perturbed from a
circle. This would easily fit into the numerical curve tracking algorithm presented in [26] and
would provide an interesting case for comparison to the results presented here, particularly in
regards to geometry effects on stability threshold. A third interesting open problem would be
moving beyond the study of closed curve-evolution to the case where the curve is not closed,
but instead has endpoints, or tips, inside the domain. The analysis of localized pattern
formation in the presence of these stripe fragments is largely an open problem (see [1] for
one specific study). It would be interesting to develop an asymptotic approach to derive a
reduced dynamical description of tip dynamics through the asymptotic matching of the local
tip behavior to the global inhibitor field. Finally, it would be worthwhile to develop a hybrid
asymptotic-numerical approach to study localized pattern formation for the GMS model in
the weak interaction regime, where D = O(€?). The numerical experiment shown in Fig. 5.8
gives a glimpse that rather intricate dynamics should occur in this regime. With this scaling,
both problems are localized and so it will be easier to formulate analytical problems for both
the equilibrium and stability of arbitrary curves. However, like with the NLEP formulation in
the semi-strong region presented here, numerical techniques will be required for determining
stability boundaries.
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