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STABILITY OF THE STATIC SPIKE AUTOSOLITONS IN THE
GRAY-SCOTT MODEL*

C. B. MURATOV! AND V. V. OSIPOV#

Abstract. We performed an asymptotic linear stability analysis of the static spike autosolitons
(ASs)—self-sustained solitary inhomogeneous states—in the Gray-Scott model of an autocatalytic
chemical reaction. We found that in one dimension these ASs destabilize with respect to pulsations
or the onset of traveling motion when the inhibitor is slow enough. In higher dimensions, the one-
dimensional static spike ASs are always unstable with respect to corrugation and wriggling. The
higher-dimensional radially symmetric static spike ASs may destabilize with respect to the radially
nonsymmetric fluctuations leading to their splitting when the inhibitor is fast or with respect to
pulsations when the inhibitor is slow.
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1. Introduction. Self-organization and pattern formation in nonequilibrium
systems are among the most fascinating phenomena in nonlinear dynamics [2, 7,
10, 20, 21, 22, 23, 25, 33]. Pattern formation is observed in various physical systems
including fluids; gas and electron-hole plasmas; various semiconductor, superconduc-
tor, and gas-discharge structures; some ferroelectric, magnetic, and optical media;
combustion systems (see, for example, [2, 21, 22, 23, 34]), as well as many chemical
and biological systems (see, for example, [2, 7, 10, 25, 33]).

Self-organization is often associated with destabilization of the uniform state of
the system [2, 22, 23]. At the same time, by applying a sufficiently strong perturbation,
one can excite large-amplitude patterns, including autosolitons (ASs)—self-sustained
solitary inhomogeneous states—when the uniform state of the system is stable [20, 21,
22, 23]. ASs are elementary objects in open dissipative systems away from equilibrium.
They share properties of both solitons and traveling waves. They are similar to solitons
since they are localized objects whose existence is due to nonlinearities of the system.
On the other hand, from the physical point of view, they are substantially different
from solitons in that they are dissipative structures; that is, they are self-sustained
objects which form in strongly dissipative systems as a result of the balance between
dissipation and pumping of energy or matter. This is the reason why, in contrast to
solitons, their properties are independent of the initial conditions and are determined
primarily by the nonlinearities of the system [6, 11, 15, 18, 20, 21, 22, 23]. ASs
can be static, pulsating, or traveling. As a result of their various instabilities, these
simplest localized patterns can spontaneously transform into complex space-filling
static or dynamic patterns, including complex pulsating and traveling patterns, or
spatiotemporal chaos [3, 6, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 27, 28, 35,
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38]. Thus it is the destabilization of ASs that is the main source of self-organization
in nonequilibrium systems with the stable homogeneous state [23].

An example of a system in which these self-organization scenarios are realized is
the classical Gray—Scott reaction-diffusion model. This model describes the kinetics
of a simple autocatalytic reaction in an unstirred flow reactor [8]. The reactor is a
narrow space between two porous walls. Substance Y, whose concentration is kept
fixed outside of the reactor, is supplied through the walls into the reactor at the rate
ko, and the products of the reaction are removed from the reactor at the same rate.
Inside the reactor, Y undergoes the reaction involving an intermediate species X:

(1.1) 2X +Y % 3X,
. — 1nert.
(1.2) X 5

The first reaction is a cubic autocatalytic reaction resulting in self-production of
species X; therefore, X is the activator species. On the other hand, the production of
X is controlled by species Y, so Y is the inhibitor species. The equations of chemical
kinetics which describe the spatiotemporal variations of the concentrations of X and
Y in the reactor and take into account the supply and removal of the substances
through the porous walls take the following form:

X

(1.3) 887 = —(ko + ko)X + k1 X?Y + DxAX,
oY )

(1.4) T ko(Yo —Y) — k1 XY + Dy AY,

where now X and Y are the concentrations of the activator and the inhibitor species,
respectively, Yy is the concentration of Y in the reservoir, A is the two-dimensional
Laplacian, and Dy and Dy are the diffusion coefficients of X and Y.

In order to be able to understand various pattern formation phenomena in a
system of this kind, it is crucial to introduce the variables and the time and length
scales that best represent the physical processes acting in the system. First and most
important is the choice of the characteristic time scales. These are primarily dictated
by the time constants of the dissipation processes. For Y, this is the supply and the
removal with the rate kg, whereas for X this is the removal from the system and
the decay via the second reaction with the total rate kg + k2. The natural way to
introduce the dimensionless inhibitor concentration is to scale it with Y. Since we
want to fix the time scale of the variation of the inhibitor (with the fixed activator),
we will rescale X in such a way that the reaction term in (1.4) will generate the
same time scale as the dissipative term. This leads to the following dimensionless
quantities:

k 1/2
(1.5) 0=X/X,, n=Y/Yy, Xo= (ko) .
1

The characteristic time and length scales for these quantities are

(1.6) 1= (ko + k2) ™', Ty =g,
(1.7) 1= (Dxm)"?, L= (Dyr)"?.

Naturally, one should require positivity of # and 7.



STABILITY OF THE STATIC SPIKE AUTOSOLITONS 1465

Let us measure length and time in the units of I and 7y, respectively. Then (1.3)
and (1.4) can be rewritten in the dimensionless form as follows:

00
1.8 — =A0+ A0 —0
(1.8) Y + Ab%n — 0,
0
(1.9) AL e 2An—0*n+1—n,
ot
where we introduced the following dimensionless parameters:
D 1/2 Vokl/2p1/2
(1.10) € = __hkoDx a:L, A:M.
(ko + k2) Dy ko + ko (ko + k2)

The parameters € = [/L and a = 7y/7, are the ratios of the length and time scales
of the activator and the inhibitor, respectively, and A characterizes the degree of
deviation of the system from thermal equilibrium.

For A < 2, the system has only one homogeneous state 6 = 8y, n = 7y, where

(1.11) 0, =0, np=1,
whereas for A > 2 two other homogeneous states appear:

AF VA% -4 A+ VA% —4
— s _— .

(1.12) On2,3 = v T2z = 24

It is easy to see that the homogeneous state 6 = 6}, 7 = n;, is stable for all values of
the system’s parameters. Thus self-organization associated with the Turing instability
of the homogeneous state 6;, = 0 and 7, = 1 is not realized in the Gray—Scott model.
Instead, for A < 2, self-organization may occur only as a result of the instabilities of
large-amplitude patterns already present in the system.

Let us emphasize that € or « are the natural small parameters in systems of this
kind. Their relative smallness is in fact a necessary condition for the feasibility of
any patterns in systems with a unique homogeneous state [6, 11, 12, 13, 14, 15, 18,
20, 21, 22, 23]. Indeed, if the inverse were true, that is, if both the characteristic
time and length scales of the variation of the inhibitor were much smaller than those
of the activator, the inhibitor would easily damp all the deviations of the activator
from the homogeneous state, making the formation of any kinds of persistent patterns
impossible. This can be easily seen in the Gray—Scott model with e > 1and > 1. In
this case, (1.9) reduces (on the time scales of order 1) to n = 1/(1+62). Substituting
this into (1.8), we obtain

00 A6?

)
ot tire

(1.13)

This equation possesses a simple variational structure

0 1) 6)2 62
(1.14) %z—%, f:/ddx <W2)—A9+Aarctan0+2) .
For A < 2, the functional F has a unique global minimum at 8 = 6, = 0, so any
initial condition will evolve to the homogeneous state 6. For A > 2, there are two

stable homogeneous states § = 0, and 6 = 0,3 (see above), so it is possible to have
waves of switching from one homogeneous state to the other [2]. It is easily checked
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that, in such a wave, the homogeneous state 6;, invades 03 when 2 < A < 2.18, while
for A > 2.18 the homogeneous state 63 invades 6},.

Thus pattern formation in the Gray—Scott model is possible only when ¢ < 1
and/or a < 1. Therefore, it is advantageous to consider the extreme cases e < 1
and/or @ < 1. In [30], we showed that when ¢ <« 1, one can excite static spike
ASs in the Gray—Scott model in one, two, and three dimensions. These ASs have
the form of spikes of width of order 1 (in our units) and large amplitude in the
distribution of #. For sufficiently small ¢, Doelman, Kaper, and Zegeling proved
existence of these solutions in a certain parameter range in one dimension [5], and
Wei proved the existence of radially symmetric solutions in a certain parameter range
in two dimensions [41]. Hale, Peletier, and Troy constructed stationary solutions and
studied their stability in the Gray—Scott model with € ~ 1 [9].

In the present paper, we perform a comprehensive asymptotic analysis of the
linear stability of the static spike ASs in the Gray—Scott model in one, two, and three
dimensions for € <« 1. Our paper is organized as follows. In section 2, we study
stability of the one-dimensional static spike AS in higher dimensions, in section 3 we
do that for the three-dimensional radially symmetric static spike AS, in section 4 we
outline the stability analysis of the two-dimensional radially symmetric static spike
AS, and in section 5 we summarize our results.

2. Stability of the one-dimensional static spike AS. We start by analyzing
the one-dimensional static spike AS in higher dimensions. In one dimension, the
solution in the form of the static AS exists for A, < A < Ay, where Ay = v/12¢ and
Ay~ 1.35 for e < 1. For Ay, < A < Ag, the inner solutions é, 7 describing the spike
region are [30]

A? A2
1+ -t cosh_2<£>, =2

For Ay, <« A <« Ay, these functions become 0 = gcosh_2 (%) and 7 = %. For
A ~ Ay, the inner solutions are found numerically.

The equations describing small deviations 60 = 0 — 6y and 61 = n — ng of the
activator and the inhibitor, respectively, from the distributions 6y (z) and 7o(x) in the
form of the static one-dimensional AS are obtained by linearizing (1.8) and (1.9). (We
chose the axes so that 6y and 79 depend only on z.) Let us take

(2.2) 80 = 50y, (x)eiwtfikyv 61 = 61w (x)eiwtfiky’

where w is the complex frequency and k is the wave vector that characterizes the trans-
verse perturbations of the AS. Then, after some algebra, (1.8) and (1.9) linearized
around 6y and 79 can be written as

d2
(2.3) {—dl& +1+iw+k? — 2A00n0] 80k = AB2 6Nk,
-2 d2 -1 —271.2
—€ @—i—l—i—la w+ € k% 0Nk
d2
—1 . 2
(24) = —A |:_d.’E2 + 1 —+ 1w + k 59kw

Equation (2.4) can be solved by means of Green’s function
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62
677kw = _Zéekw
1

€ (1 — & +iw—ifa” w) /+oo e—e\/1+ioﬁ1w+s*2k2\x—x'\69 ( Ndaz'
: ew (2')d2’.
2AV1+ia—tw+e2k2 J_o

(2.5)
This expression for émy, can be substituted back into (2.3) to get a single integro-
differential equation in terms of 86y, alone:

2

da?

2 s 2 1 \p2 pdoo
_ _6(1 — e +iw —iefatw)b; o /1+i“71“’+672k2|r_1/|69kw(x')dm'.
2vV1 + i~ Tw + e2k2 oo

+1+iw+ k% —2400n0 + 6298:| 60k

(2.6)

Equation (2.6) is the basic equation for studying the stability of the static one-
dimensional AS in higher dimensions. One has to solve this equation as an eigenvalue
problem: find the modes 66,, and the values of w = w, (k) corresponding to them.
The instability of the AS will occur when the real part of v = —iw is negative.
(Re 7 is the damping decrement (decay rate) of a fluctuation.) We will use w and
~ interchangeably throughout this paper. To analyze the stability of the static spike
AS in one dimension, one should simply put £ =0 in (2.6).

Note that since 62 in the right-hand side of (2.6) is an exponentially decaying
function of z [30], a mode 66,, can be unstable only if it is localized, since otherwise
we would have v = 1+ k2 > 0. In other words, the unstable modes should be in
the discrete spectrum of the solutions of (2.6). Also note that since the static AS
is symmetric with respect to its center, the spectrum of the problem breaks up into
even and odd modes. For the purposes of notation, we will choose even (odd) values
of a nonnegative integer n to denote the even (odd) modes 66, ordered by Re ~,.
Because of the translational invariance, the problem always has a zero eigenvalue
with the corresponding odd eigenfunction 660 = dfy/dx. The analysis below shows
that qualitatively the first few modes 66,, look like those shown in Figure 2.1.

Observe that the operator in the left-hand side of (2.6) is a Schrodinger-type
operator with the potential in the form of a well of depth and size of order 1. Indeed,
according to the results of [30], the characteristic length scale of the variation of 6
is of order 1, and we have y ~ Ae~! and 1y ~ A~2¢ in the spike, and so Afyny ~ 1
and exponentially decays away from the spike. Also, the right-hand side of (2.6) is
multiplied by the function 62, which also exponentially decays away from the spike.
Therefore, in solving this eigenvalue problem, one should know only the distributions
0o and 1o in the spike. So, for € < 1, we may use only the inner solutions 6 and 7,
obtained in [30] and set fy = ¢ =10 and 7y = €7} in (2.6).

2.1. Case @ > 1 and k = 0: Stability of the AS in one dimension.
According to the general qualitative theory of ASs, the static spike AS should be
stable in the entire region of its existence for & > 1 in one dimension [21, 22, 23].
To see this, let us analyze (2.6) in the case & > 1 and k = 0. In this case, it can be
asymptotically written as

d? < 1~ Foeo
(2.7) ——— 1=y = 2400+ 0% 60 = ——0*(1 — ’y)/ 560(x")dx’.
dxz? 2¢

— 00
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Fic. 2.1. A qualitative form of the lowest-lying modes 60y, .

To see that the AS is stable in one dimension for A, < A < Ag4 in the case of
sufficiently large «, we solved (2.7) numerically, using the asymptotic distributions
6 and 7 obtained in [30]. We solve this equation by discretizing the operators and
diagonalizing the obtained matrices for sufficiently small e. This gives +,, as functions
of A.

We found that the discrete spectrum of the problem contains at least one even
eigenvalue. The damping decrement Re 7 is positive and goes to zero as A — Ay,
signifying the instability of the AS at this point. The corresponding eigenfunction has

two nodes with two distinct peaks and a deep trough between them (Figure 2.2(a)),
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F1G. 2.3. The dependence Re vo(A) for the static one-dimensional AS for A ~ A, (a) obtained
from the numerical solution of (2.8), and A ~ Ay (b) obtained from (2.7).

suggesting that the instability at A = Ay will result in the local breakdown in the
AS center and its splitting. The latter is supported by the numerical simulations
[29, 39, 40].

When A ~ A, (2.7) can be further simplified by using the analytical expressions
for 6 and 7 from (2.1) [30] and ignoring the last term in the square bracket in its
left-hand side. So, (2.7) in the case A ~ A, asymptotically becomes

2

 da?

34%(1 — ) Ap
(2.8) - 11— 55

Naturally, (2.7) in the case A < 1 should give the same results as (2.8) in the case A >
Ap. The numerical analysis of this equation also shows that the damping decrement
Re 79 > 0 for A > A and that 79 — 0 as A approaches Ap. By direct inspection, the
corresponding eigenfunction at A = Ay is 66y = cosh™?(z/2). It has only one peak
(Figure 2.2(b)) and no nodes and results in the AS collapse at this value of A [29].
The damping decrements Re vy(A) obtained from the numerical solution of (2.7)
and (2.8) are shown in Figure 2.3. This figure indicates that for sufficiently large « the
static spike AS in one dimension is indeed stable in the entire region of its existence.
Notice that it turns out that only at A, < A < 1.064, or at 0.90 < A < A; we have
Re wp 2 = 0 so that there are two distinct localized modes 86 o with different (real)

+1—~—3cosh2 (;)} 50

2 +o0
1.—4 f / /
cosh (2)[ 86(z')dx'.

o0
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values of 7. For all other values of A, we have Re w # 0, and there are two complex-
conjugate eigenfunctions corresponding to the two complex frequencies w and —w™*.
For A, < A <« Ay, we have Re 79 ~ 1 and Re wy ~ 0.15.

Observe that (2.8) can be analyzed rigorously. This analysis turns out to be
rather involved, so we present it in Appendix A. It agrees with the conclusions of
this section concerning the case A < 1. Note that Doelman, Gardner, and Kaper
independently showed stability of the one-dimensional static spike AS in a limited
region of the parameters by a direct solution of an equation equivalent to (2.8) [4].

2.2. Case @ S 1 and k = 0: Instability with respect to pulsations.
The general qualitative theory of ASs suggests that for small enough values of a the
static spike AS may become unstable with respect to the fluctuations with Re w # 0,
resulting in the onset of the AS pulsations [21, 22, 23]. The analysis of (2.6) shows
that, in order for it to have a solution with Im w = 0 and Re w = wy # 0, we must
have €2 < o <1 and wy ~ 1. Let us introduce x% = €2 /a < 1. Then, dropping 1 in the

square roots in the right-hand side of (2.6) and putting k& = 0, we get asymptotically
d? ~ ~
——— 4+ 1 +iwy — 2407 + 6| 660
dx?

(2.9) = — e~ Viwolr=2l 503" da!

(1 + iwp — irwp)6? /+°O
2%\/1&)0 — 0o

In order for the exponential in the right-hand side of this equation to decay at large
distances, we must choose the analytic branch of the square root that has a positive
real part for all values of wgy, which is achieved by making a branch cut along the
positive imaginary axis. Strictly speaking, the branch cut should begin at w = i« (see
(2.6) with k& = 0), which for sufficiently small « can be considered to be at zero in the
analysis of the dangerous modes.

To find the instabilities of the static spike AS with respect to pulsations, we first
solved (2.9) numerically using the inner solutions of [30] for A ~ 1. This numerical
solution shows that the static spike AS indeed becomes unstable with respect to the
fluctuation 86y, which looks like Figure 2.1(a), with Re w = wp(A) at o < a,(A) ~ €2.
The plots of a,(A) and wy(A) are shown in Figures 2.4(a) and 2.4(b), respectively.
Alternatively, for a given value of a ~ €2, the static spike AS becomes unstable with
respect to pulsations when A < A, < 1.

Equation (2.9) can be simplified in the case 4, < A < 1 and €2 < a < 1. In
this case, one can use the analytical expressions from (2.1) for 6 and 7 in the limit
A > Ay and neglect the last term in the left-hand side of (2.9), the exponential, and
the term ik?wy in its right-hand side. As a result, (2.9) can be written in this case as

2

e + 1+ iwg — 3cosh™2 (z)] 60

(2.10) = - 80(x")dx'.

A2(1 + iwg) cosh™*(z/2) /+°°
8kA/1wg o
One can see that the dependence on the system’s parameters enters this equation via

only the combination A2/k = a'/242%/e. Solving (2.10) numerically, we obtain that
the AS destabilizes at

(2.11) ap =515 x 2474, wy=0.534, for A, < A< 1.
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F1c. 2.4. The dependences o, (A) (a) and wo(A) (b) for the static one-dimensional AS obtained
from the numerical solution of (2.9); the dependences aw(A) (c) and wo (d) are obtained from the
numerical solution of (2.13).

Note that (2.10) can be rigorously analyzed by the method similar to the one used
for (2.8). This analysis is presented in Appendix B. It yields the same conclusions
as above and in (2.11). The result of (2.11) is in agreement with that of Doelman,
Gardner, and Kaper obtained by a direct solution of an equation equivalent to (2.10) in
a limited parameter region [4]. Notice that this equation gives a good approximation
for «a, only for A < 0.5 (see Figure 2.4(a)). Recalling that we must have A > A, =
V/12¢, we see that (2.11) can give a good approximation only for ¢ < 0.01 in a limited
range of A.

For A, « A < 1and € < a < a, it is easy to show that the AS is unstable.
For these values of A and «, the right-hand side of (2.10) is a perturbation, so to
the leading order 66 is given by (A.2). The solution of (2.10) in the first order of
perturbation theory with a/e? < A* then gives us

5 27n2V5
2.12 ~ D T YR A2 <.
(2.12) o= gt ggy A e <0

Notice that by equating this expression to zero, one gets the value of o which differs
from o, given by (2.11) by only 10%.

According to (2.11), when A decreases, the value of ¢, increases, and when A
reaches the value of order A,, we must have o, ~ 1, and so for these values of the
parameters one can no longer neglect 1 compared to o 'w in the square roots in
(2.6). On the other hand, in this case, one can still use the same approximations as
in deriving (2.10), except we should now use the asymptotic expressions for 6 and n



1472 C. B. MURATOV AND V. V. OSIPOV

from (2.1) [30]. As a result, for a ~ 1 and A ~ Ay, we get asymptotically
(2.13)

d2
d2—|—1+1w0—3c05h }

2
b

A2

3A%(1 +iwp)
8AZ\/1 +ia~Twy

“+o0
cosh™ ) / 80(x")dx'.

— 00

The results of the numerical solution of this equation for «, and wg are presented
in Figures 2.4(c) and 2.4(d), respectively. From these figures, one can see that for
a > ag =~ 0.33 the considered instability of the static spike AS cannot be realized for
any value of A. This result is in agreement with the general qualitative theory of ASs
[21, 22, 23].

2.3. Case a > 1 and k # 0: Instability with respect to corrugation.
Let us now see what happens in higher dimensions when A ~ 1 and « is sufficiently
large (so that the terms proportional to a1 in (2.6) can be dropped) as the value of
k is varied. Let us consider the situation when ¢ < k < 1. Then one can neglect 1
compared to e 2k? in the square roots in (2.6) and write it asymptotically as

2

SRR T —2A0n+92} 50y,

n2(1 _ 400 ,
(2.14) :7%16%) / e Fle=2"150, (2" )da'

Note that for k ~ 1 the coefficient multiplying the right-hand side of (2.14) becomes
of order 1. Here we should expect a corrugation instability with respect to the mode
66y with some k = ko ~ 1 [21, 22, 23, 36]. Indeed, as the value of k increases, the
magnitude of the right-hand side of (2.6) decreases as 1/k, while the contribution to
the left-hand side of (2.6) increases as k2. Therefore, for some k = ko, the contribution
of both these two terms to (2.6) will be minimal so that we can get an instability:
Re v, < 0.

To show that there is indeed an instability at k ~ 1, we solved (2.14) numerically
using the asymptotic distributions for 6 and 7] obtained in [30]. Figure 2.5 shows the
solutions for Re 7, obtained for a particular value of A = 1.2.

For k > 0.29, (2.14) has two localized even solutions and a continuous spectrum
of v for A = 1.2, all having Re w(k) = 0. The curve at the bottom of the figure
corresponds to 66y, the curve in the middle corresponds to 662, and the curve on
the top is the bottom of the continuous spectrum. The corresponding eigenmodes
look like Figures 2.1(a) and 2.1(c), respectively. From Figure 2.5, one can see that
the AS is unstable with respect to 66y (the corrugation instability) for a range of
wave vectors k ~ 1. When 0.05 < k < 0.29, the complex frequency w(k) for the
modes 66y 2 acquires a real part for A = 1.2. The corresponding eigenfunctions for
these modes, as well as 7, are complex-conjugate. The real and the imaginary parts
of these eigenmodes look like linear combinations of the functions shown in Figures
2.1(a) and 2.1(c). For yet smaller values of k, the real part of w vanishes once again,
so we have two distinct solutions, with 66y and 605 looking like Figures 2.1(c) and
2.1(a), respectively. The latter is related to the presence of two distinct solutions
in the case of the one-dimensional AS studied in section 2.1, which is obtained from
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Fic. 2.5. The damping decrement Re i for the static one-dimensional AS obtained from the
numerical solution of (2.14) for different modes at A = 1.2.

(2.14) in the limit & — 0. When the value of A is decreased below A = 0.90, these
two distinct solutions disappear, and the solution with a nonzero real part of w(k)
goes all the way to k = 0.

The analysis of v, for different values of A shows that the static one-dimensional
spike AS in higher dimensions is unstable with respect to corrugation for all values
of A at which it exists. Note that, in the case A, < A < 1, it can be easily shown
that the AS is unstable with respect to the corrugation instability. Indeed, for A < 1
and A2 < k < 1, the inner solution is given by (2.1) in the limit A > A;, so one
can neglect the exponential in the right-hand side and the last term in the bracket
in the left-hand side of (2.14). Then the operator in the right-hand side of (2.14) is
a perturbation, so, in the zeroth approximation, 86, is given by (A.2). Then, in the
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first order of perturbation theory,

5 75m2A2 T5m2A2\
2.1 = (-2 2) (14 282
(2.15) Yo(k) <4+'%%k+k)<4_m%k> ’

which is negative for A? < k < 1. The same conclusion can be made for A ~ Ay, along
the same arguments. Notice that according to (2.15) the fastest growing mode has
k ~ 0.60, which coincides with very good accuracy with the results of the numerical
solution of (2.14) (see Figure 2.5).

2.4. Case a > 1 and k # 0: Instability with respect to wriggling. Let
us now turn to the mode §6;. The numerical analysis of (2.7), which determines the
stability of the static AS in one dimension for « > 1, shows that, for £ = 0, we have
v = 0 and 661 = dé/ dx corresponding to the translational mode. This mode looks
like the one shown in Figure 2.1(b). Since this mode is degenerate, it is of special
interest to study the solutions of (2.6) for |y| <« 1 and k < 1. The small values of k
and ~ introduce a weak perturbation to the operators in (2.6) with k = 0 and vy = 0.
Therefore, in the leading order of perturbation theory, we must multiply (2.6) by the
adjoint function 607 and integrate over x. As a result, in the first order in ~y; and k2,
we obtain

“+o0 +oo
—y + K + a~! / / x)607 (x)|x — 2'(661 (2" dzdx’

(2.16) = é(% — ae?k?) /+<>° /+OO 0%(2)60% (z)(z — )60 (') daxda’,

where we expanded the exponential in (2.6) up to the second order in € and used the
normalization fj;o 807160 1dx = 1.

Recalling that 66; = dé/dm, we can calculate the integral in the right-hand
side of (2.16). Using the symmetry properties of 667, we find this integral to be
2 fj—z 202607 dx fjooj Odzx. For A, < A < Ay, we used the inner solutions obtained in
[30] to compute 867 numerically and found that this integral is negative for all values
of A. By a similar integration, one can show that the integral in the left-hand side
of (2.16) is also negative. Then, it is easy to see that when a 2 € (otherwise, the
AS would be unstable in one dimension (see section 2.5 below)), for small values of
k, we will have v;(k) ~ —e 1 A%k? < 0, so the one-dimensional static spike AS is in
fact always unstable with respect to the 60, mode with small k£ for A > A;. These
fluctuations lead to wriggling of the AS [29, 32].

Moreover, it is possible to show that the static spike AS which is stable in one
dimension is in fact unstable with respect to wriggling for all values of A > A;. Indeed,
for A ~ Ay, the operator in the right-hand side of (2.6), which is the only non-self-
adjoint operator there, can be considered as a perturbation, and so to the leading
order 60% = 661, where 66 is given by (A.2) and 6 is given by (2.1). Substituting
this into (2.16), we obtain that for small values of k the damping decrement -y, of the
fluctuations leading to wriggling is given by

A2 A2
(2.17) (k) ~k* |1 - NQ+1_N>

From this equation, one can see that v1(k) < 0 for small k, signifying an instability,
for A > Ay, and sufficiently small k. Thus, in summary, the one-dimensional static
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Fic. 2.6. The dependence ar(A) for the static one-dimensional AS obtained from the numerical
solution of (2.16).

spike AS is always unstable in higher dimensions, and so the instabilities that are
realized for sufficiently small a are meaningful only for the one-dimensional system.
Note that the wriggling instability was found in [37] for a simplified version of the
Gray—Scott model.

2.5. Case a <€ 1 and k = 0: Instability with respect to the onset of
traveling motion. In addition to the instability of the AS with respect to wriggling,
another instability may be realized when o < 1 [37]. As was already mentioned, for
k =0, (2.16) has a simple zero solution for any « due to the translational invariance.
However, at some special value of @ = agp, the solution v = 0 may become doubly
degenerate. This will happen when the coefficient in front of v in (2.16) vanishes.
If this is the case, in addition to the trivial solution, we will have another nontrivial
zero solution, for which the value of v should change sign as the value of o passes
through ap. This signifies an instability that leads to the onset of traveling motion.
It is not difficult to see that this instability will occur when o < ap ~ € for A < 1.
In particular, when A < 1, we can put 667 = 661, where 66, is given by (A.2), since
again the only non-self-adjoint operator is the operator in the right-hand side of (2.6)
and is small. After a little algebra, we obtain that the instability will occur at

2
2 A? A?
(2.18) ar={ Az [1+\/ —Aé] : A~ Ay,

3 A%, A< AL

Note that the last formula coincides with the expression for the bifurcation point
between the traveling and the static spike AS obtained by us in [29, 31].

To analyze the dependence ar(A) for A ~ 1, we solved for the adjoint function
607 numerically and then substituted it into (2.16). The resulting dependence az(A)
is presented in Figure 2.6. Observe that for A < 1 the value of a is given by (2.18)
with an accuracy better than 10%.
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2.6. Comparison of the pulsation and traveling instabilities. According
to (2.11) and (2.18), for A > 1.58¢/6, we have ar > a,, so if one starts with the static
spike AS at A ~ 1 and a sufficiently large value of o and then gradually decreases «,
the AS will destabilize with respect to the fluctuation 66; that looks like Figure 2.1(b)
and transform into traveling. If, on the other hand, we have A < 1.58¢/¢ at the start,
the AS will destabilize with respect to pulsations, with the corresponding eigenmode
looking like Figure 2.1(a). Also, according to (2.11) and (2.18), for a < a, = 0.83¢*/3,
the one-dimensional static spike AS will be unstable regardless of the value of A, and
so we conclude that this AS can be excited only when a > «a..

3. Stability of the three-dimensional radially symmetric static spike
AS. Let us now turn to the three-dimensional radially symmetric spike ASs. It turns
out that, up to the logarithmic terms, all the results on the stability of the two- and
three-dimensional radially symmetric static spike ASs have the same dependence on
€, so we will concentrate mostly on the three-dimensional AS.

For the three-dimensional radially symmetric static spike AS, the small deviations
60 = 0 — 0y and 6n = n — 1o in the spherical coordinates can be taken as

(31) 60 = ethKLm(ﬁa 410)60nw (T)a 677 = ethY’rnn (197 @)677nw (T)7

where Y,,,,, are the spherical harmonics. In [30], we found that the radially symmetric
static spike ASs exist in the Gray—Scott model when A ~ ¢. Using the inner solutions
6 = ey and 7] = 19 found in [30] and the variable A = ¢ 1A, we can write (1.8) and
(1.9) linearized around 6y and 7y as

2 2d nn+1) - o
.2 ——— - —— 4+ ——— + 1 +iw— 2407 = 1492
Z? 2d nn+1l) 5 .,
[_dﬂ S + 2 + € + i€ w} OMNnw
- 2 2d nn+1)
_ —1 .
(33) = —cA |:d’l“27"d7“+7"2+1+1w:| 6'9nw

Equation (3.3) can be solved by means of Green’s function, which, in the case of the
operator in the left-hand side of (3.3) multiplied by r2, is (a similar Green’s function
was used in [27, 28])

Iyjp1/2(ery/14+ia1w) K, 412 (er'm)

/

(34) G (r r/) — rr! 5 r<r )
Wi Int1/2(er’\/1+ia " 1w) K, 412 (ery/14+ia~1w) ,

Vot ) rzr,

where I,,11/2(%) and Ky, 1/2(z) are the modified Bessel functions. Solving (3.3) with
the use of (3.4), we obtain

O = —€AT180,, — eA7H1 — € + iw — i2a " w) / Gw(r, r’)é&nw(r’)r’2dr’.
0

(3.5)
Substituting this expression into (3.2), we obtain the following equation:
d? 2d 1 <~ ~
—————+M+1+iw—2fwﬁ+92 60,
dr?  rdr r2

(3.6) = —0*(1 -+ iw— ieza_lw)/ G (71, 77) 80,0, ()" dr”
0
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This equation determines the complex frequencies of different fluctuations as the func-
tions of the control parameters and has to be solved as an eigenvalue problem. The
instability of the AS will occur when Re v < 0, with v = —iw.

3.1. Case a > €2?: Instability with respect to the non radially sym-
metric fluctuations. Let us first look at (3.6) at a > €. In this case, the terms
proportional to a1 in the right-hand side of (3.6) can be neglected, so Green’s func-
tion G, can be expanded in €. Then (3.6) becomes asymptotically

22 1 I
d d "("HH—%—M%M?}&&”

et
02(r)(1 =) [ / N !
(3.7 = 72717—1-1/0 Gn(r,7")00, (r")r'dr’,
where
n_ J @/, <
(38) gn(T»T ) - { (,r,l/,r)n-l-l7 r 2 7’/.

The operator in the left-hand side of (3.7) is a Schrédinger-type operator with the at-
tractive potential —2[1@17, repulsive potential 62, and the centrifugal potential
n(n+1)/r2.

As in the case of the one-dimensional AS, the modes 66,, that can lead to insta-
bilities are localized. The numerical solution of (3.7) shows that at a > € the AS
is stable in a certain range flb <A< flcg. The value of flb ~ 5.8 coincides with the
boundary of existence of the AS [30] and corresponds to the fluctuation with n = 0.
This fluctuation leads to the AS collapse [29, 32]. At A = A ~ 8.4, there is an
instability with respect to the mode with n = 2.

The presence of the localized solution 66,, of (3.7) with ~,, = 0 for n > 0 signifies
an instability of the radially symmetric static AS with respect to the non radially
symmetric fluctuations resulting in the distortions of the spike and leading to its
splitting [29, 32]. It is clear that this instability will occur more easily at smaller
values of n. (Note that the case n = 1 corresponds to the translation of the AS as a
whole and therefore does not lead to any distortions.) The numerical solution of (3.7)
shows that the AS first becomes unstable with respect to the fluctuation with n = 2.
All other modes go unstable at higher values of A.

It is not difficult to show that for A > 1 the AS will be unstable with respect to
the fluctuations with n # 0. Indeed, according to the results of [30], for these values
of A, the AS has the form of an annulus of large radius R ~ A2. Using the analytical
expressions for § and 7 obtained in [30] in this case, one can see that the leading
contribution to the potential in the left-hand side of (3.7) is V(1) & —3 cosh™? (58).
For R > 1and 1 < n < R, all of the other terms can be considered as a perturbation
to the Schrédinger operator with this potential, and so to the leading order of the
perturbation theory for the lowest eigenvalue of the Schriodinger operator we have
60 = 66y (r— R), where 66y () is given by (A.2), and we moved the boundary condition
at r = 0 to minus infinity. In the first order of the perturbation theory, we obtain

5 n?  225m2 22572\ '
. e (2 =+ 20 (1 .
(8:9) 7 ( 1 TRt 2048n) ( * 2048n)
This equation shows that for R > 1 there is a range of values of n for which ~, < 0.
The fact that the annulus must be unstable with respect to the shape deformations is
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Fic. 3.1. (a) The stability diagram for the three-dimensional radially symmetric AS. (b)
The frequency wo at the threshold of the pulsation instability. Results of the numerical solution
of (3.6). In (a), the upper solid line shows the values of a,/€? corresponding to the onset of the
pulsation instability (n = 0), and the lower solid curve shows the values of ar/e? corresponding to
the instability leading to the onset of traveling motion (n = 1). The dotted lines correspond to the
instabilities of the static AS at A= flb and A = Aca.

an obvious consequence of its quasi-one-dimensional character (see section 2.3). It is
interesting to note that (3.9) with n = 2, together with the expression for R(A) from
[30], gives the correct value of Ao with accuracy better than 5%.

Dynamically, when the value of A is increased beyond the value corresponding
to Ao, the buildup of the instability with n = 2 will result in splitting of the AS
[32, 38]. After such a splitting event, the two newborn ASs will go apart until they
are separated by a sufficiently large distance and then will split again. Thus the
considered instability will result in self-replication of ASs [29, 32, 38]. We would
like to emphasize that the character of the instability that leads to self-replication in
three-dimensional (and two-dimensional) systems is significantly different from that
in one dimension. In the former, the instability results in the buildup of the shape
distortion that eventually leads to splitting, while, in the latter, the instability leads to
the widening of the activator distribution profile and local breakdown in the AS center
(see section 2.1). Thus self-replication of the AS in one dimension is qualitatively
different from that in higher dimensions. Similar conclusions were made in a wide
class of reaction-diffusion models [26, 27, 28].

3.2. Case a < €2: Instability with respect to pulsations and the onset
of traveling motion. According to the general qualitative theory of ASs, when «
becomes small, the AS may become unstable with respect to pulsations with Re w # 0.
The analysis of (3.6) with n = 0 shows that this instability may be realized only when
a~ € and Re w = wy ~ 1. In view of this fact, we can drop 1 in the square roots in
(3.4). Equation (3.6) can then be solved numerically. The results of this numerical
solution are presented in Figure 3.1. The upper curve in Figure 3.1(a) shows the
critical values of o, for the onset of this instability for those values of A at which
the AS is stable at a > €2. Figure 3.1(b) shows the frequency wy of the fluctuations
at the threshold of the instability. From Figure 3.1(a), one can see that the static
three-dimensional AS is unstable for all values of A if o < . ~ 3.7¢2.

In addition to the modes studied above, we always have a dangerous mode 66 =
do /dr with n = 1 corresponding to translations. The analysis of (3.6) shows that, in
addition to the trivial solution, at some o = ap ~ €2, this equation can have another
solution with v = 0. As in the case of the one-dimensional AS, this solution will
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signify the instability which results in the AS starting to move as a whole. To find
this instability point, we need to know the behavior of Green’s function Gy, (r,7’) at
small values of iw. Expanding the Bessel functions in (3.4) and finding the adjoint
function 607 numerically, we calculate the coefficient in front of iw in the first order
of the perturbation theory, keeping only the leading terms in €. The above-mentioned
instability will be realized when this coeflicient vanishes. The lower solid line in
Figure 3.1(a) shows the values of ar/€? at which this happens. One can see that this
instability occurs when the AS is already unstable with respect to pulsations. Note
that the numerical solution of (3.6) shows that the instabilities with respect to the
fluctuations with n > 2 always happen for significantly lower values of «.

4. Stability of the two-dimensional radially symmetric static spike AS.
Finally, we will briefly discuss the stability of the two-dimensional static spike AS
for ¢ < 1. In the cylindrical coordinates 7, @, the small deviations 60 = 6 — 6y and
oén =n — ng can be taken as

(4.1) 60 = 66, (r)eiwt—imp’ 50 = 51w (,r)eiwt—imp7

where n is an integer.

The equation for 66, is obtained by linearizing (1.8) and (1.9) around 6y and 7
and eliminating 67y, by inverting the equation for 67,,. As a result, using the inner
solutions f = efly and 7j = 79 Ine ! and the variable A = A/(elne!) obtained in [30],
we arrive at the following equation for 66,,:

d? 1d n? s -
e — 4+ — 4 1+ iw — 2400 + 0% 60,
{ dr? 7“d7°+7“2+ T n }

(4.2) = 01— +iw— ieQOFIu;)/ G (1,780, (r")r' dr’
0

where G,,(r,7") is given by

(4.3) Gl r') = I (erv1+ia 'w)K,(er'vV1+ia"lw), r<r,
' T L(er' VT +ia lw) Ky (erV/1 + e tw), r>r,

where I,, and K,, are the modified Bessel functions. The analysis of this equation can
be performed in the way completely analogous to that of (3.6). It is clear that the
instabilities of the two-dimensional static spike AS will be qualitatively the same as
those of the three-dimensional AS. We would like to emphasize that, as in the case
of the three-dimensional AS, splitting and self-replication of the static spike AS in
the two-dimensional system is related to the buildup of the fluctuation with n = 2
describing a nonsymmetric distortion of the AS. Because of the very slow convergence
of the asymptotic theory in two dimensions (recall that the small parameter here is
1/Ine~1), we will not present a detailed study of (4.2).

Note that Wei studied existence and stability of the two-dimensional radially
symmetric static spike ASs in the Gray-Scott model with A ~ eIn/? ¢! [41]. This
regime differs from the one studied by us only by logarithmic factors. The stability
results of Wei agree with ours up to the logarithmic terms.

5. Conclusion. In conclusion, we performed a comprehensive linear stability
analysis of the static spike ASs in the Gray—Scott model for ¢ < 1.

We found that the one-dimensional static spike ASs are stable in one dimension for
« > 0.33 in the entire region of their existence 3.46¢1/2 < A<1.35. At A= 3.4661/2,
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Fic. 5.1. The diagram of existence and stability of different ASs in one dimension in the limit
e — 0.

the AS collapses into the homogeneous state, while, at A = 1.35, a local breakdown
in the center of the AS occurs, leading to its splitting [29, 30, 39, 40].

When the value of « is decreased, the AS can undergo two types of instabilities
in one dimension. If A < 1.58¢'/6, the AS destabilizes with respect to pulsations and,
after a few periods, collapses to the homogeneous state [29]. If, on the other hand,
A > 1.58¢'/%, the AS will destabilize with respect to the onset of traveling motion and
transform to a traveling AS [29]. At a < 0.83¢*/3, the static one-dimensional spike
AS is unstable for all values of the parameters.

The results on the existence of the static spike ASs and their stability in one
dimension obtained in the previous sections, together with the results of [31] on the
existence of the traveling spike ASs, are summarized in Figure 5.1. This figure shows
the domains of existence and the instability lines for the ASs in the Ina — In A plane
in the limit e — 0.

The analysis of stability of the one-dimensional static spike ASs (stripes) in higher
dimensions shows that these ASs are always unstable with respect to both the cor-
rugation and wriggling instabilities, which results in the granulation of the stripes
[29, 32].

The three-dimensional radially symmetric static spike ASs are stable in a narrow
range 5.8¢ < A < 8.4e when a > €. At A = 5.8¢, the AS collapses into the
homogeneous state, while, at A = 8.4e, it destabilizes with respect to the deformation,
which leads to its splitting [29, 32]. When the value of « is decreased, at some a, ~ €2,
the AS undergoes a pulsation instability. For o < 3.7¢2, the three-dimensional radially
symmetric spike ASs are unstable for all values of the parameters. Similar conclusions
can be made about the two-dimensional radially symmetric ASs.
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Appendix A. Analysis of (2.8). Equation (2.8) is of the kind studied by Kerner
and Osipov in the case of the ASs in systems of small size [6, 11, 15, 18, 21, 22, 23].
Here we perform a rigorous analysis of (2.8) using their method.

Let us introduce the orthonormal basis set 66, of the eigenfunctions of the
Schrodinger operator in the left-hand side of (2.8)

d? o (X
(A1) [—dxz +1— 3cosh (2)] 80, = M\ S0.

This operator has three discrete eigenvalues

Ao = — Z 5600 = \/gcosh_?’ (g) :
(A.2) M= 0, 80, = \/?tanh (5)con(5).
Ay = %, 00, = \/3?2 (5 tanh? (g) - 1) cosh™* (g) )

and a continuous spectrum for A, > 1 [24].
Assuming for a moment that the problem is considered on a large but finite
domain, we can write the operators of (2.8) in this basis as

(A.3) B = (A = 7)8mn + C(1 —7)bL b7
where 6,,, is the Kronecker delta,
+o0 T +oo
(A4) bl = / cosh™ (5) 60, (x)dz, b, = / 60, (x)dzx,

and

2
342 A2
(A.5) C‘sAﬁ(”‘/l_Az .

Observe that C' is a monotonically increasing function of A > Ay.
In terms of By, (2.8) becomes

(A.6) det By, = 0.

Note that, since by symmetry b!, and b are identically zero for odd functions 66,
we immediately conclude that these functions are the solutions of (2.8) with v, = A,
corresponding to these functions.

It is not difficult to show that because of the special form of the second matrix
in (A.3) we have [6, 11, 15, 18, 21, 22, 23] (see also [1])

1+0(1-7Y /\naj ,Y] [T =),

n n

(A.7) det By, =

where a,, = bl b and the summation is over the even states only. Using (A.1), one
can bring the expression for a, to a symmetric form which is convenient for further
calculations:

(A.8) ap = 2 {/ﬁo cosh™2 (g) 69n($)d9@]

2
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The values of ag and ag can be calculated explicitly with the use of (A.2):

75m?2 972
A9 ag = ——, a3 =——>.
(4.9 7 o567 7T 256
The calculation of aj corresponding to the functions 66 of the continuous spectrum
(with the wave vector k and A\, = 1 + k?) is rather involved. The functions 66 can
be written as linear combinations of the real and the imaginary parts of

. 1—
(A.10) u(y) = (1 —y*)*F <2ik —3,2ik + 4, 2ik + 1, 2y> ,

where y = tanh(z/2) and F(a, 3,7, x) is the hypergeometric function [24], to obtain
the even functions 66;. The functions 66 should be normalized in such a way that
80y (z) — cos(kx + 6) as © — +oo. Then, after calculating the respective integrals,
we arrive at

8m2k2 (k% + 1)
(16Kk* + 40k2 + 9) sinh®(mk)

(A.11) ap =

Naturally, in the infinite domain, one should replace the summation over the contin-
uous spectrum in (A.7) by integration: Y., — [° 4.
To study the unstable solutions of (A.6), we need to analyze zeros of the function

. agp a e akdk
Al12) Dw)=1+0C(1 S
(A-12)  D(w) =1+C( +1“’)</\0+iw+/\2+iw+/0 7r(1+k2+iw)>

in the lower half-plane of the complex frequency w = iy. This can be done with the
aid of the argument principle [6, 11, 15, 18, 21, 22, 23] which states that the number
of zeros N of the complex function D(w) in this region of the complex frequency w is
equal to

1
(A.13) N=P+ Q—A arg D(w),
T

where P is the number of poles there and Aarg D(w) is the change of the argu-
ment of the function D(w) as w winds around this region of the complex frequency
counterclockwise.

From the spectrum of the operator in (A.1), one can see that only the pole at
w = iAo lies in the lower half-plane of the complex frequency, so we have P = 1
[6, 11, 15, 18, 21, 22, 23]. Let us see how the function D(w) with w real varies as w
goes from +o00 to —oo. Since D(w) is symmetric with respect to the real axis, one
needs only to analyze the case of positive w. At w = oo, we have

(A.14) D(oc) =1+ C (ao +as +/ “’“ﬁdk> >0,
0

where we used the explicit expressions for ag 2, and Ag 2 to calculate the sign of D(c0)
and evaluated the integral in this equation to be fooo 7 tardk ~ 0.12. On the other
hand, at w = 0, we have

ap Qs < apdk 8
A5 DO)=1+C (%0 % _wdh N Sccg
(A-15) (0)=1+ ()\O+)\2+/O 7r(1+k2)) 37 <
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Fi1Gc. A.1. The behavior of the function D(w) for the static AS (a) and for the small amplitude
solution from [30] (b).

for A > A,. The latter expression can be obtained by recalling that at A = Ay, for
which C' = 3/8, we have D(0) = 0 (see section 2), and C' monotonically increases with
A.

It is not difficult to show that the imaginary part of D(w) is negative for all w > 0:

Im D(w) - ao()\o — 1) ag()\g — 1) /OO kJQCLkdk‘
o 7

Cw A +w? A3+ w? 1+ k2)2 + w?]
ao(/\o — 1) 1 /oo kJQCLkdk‘
A.16 A —1 e 0.
( ) < A2+ w? +)\§+w2 ax(d2 = 1) + N T <

The last inequality is obtained by using the explicit expressions for ag 2k, Ao2 and
the evaluation of the last integral fooo 7 'k%a,dk ~ 0.02. Note that, because of the
smallness of the contributions from the continuous spectrum, one can get very good
approximations for the solutions of (2.8) by restricting 66,, to the discrete spectrum
only (see also [36, 37]).

From all this, we conclude that the function D(w) has the form shown in Figure
A.1(a), so we have Aarg D(w) = —2r for the static spike AS. This means that
N = 0, and (2.8) does not have solutions with Re v < 0. Note that the same line
of arguments shows that the asymptotic stability problem for the stationary solution
with the smaller amplitude for A ~ A, found in [30] always has a solution with
Re v < 0 since in that case Aarg D(w) = 0 (see Figure A.1(b)). So this small-
amplitude solution is always unstable. These conclusions are in agreement with the
general qualitative theory of the ASs [21, 22, 23].

Appendix B. Analysis of (2.10). In this section, we use the method of the
previous section to analyze the solutions of (2.10). This method was used by Kerner
and Osipov for studying the instabilities of the static ASs for small values of « in
systems of small size [16, 19, 20, 21, 22, 23].
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After introducing the orthonormal basis set of the eigenfunctions of (A.1), we get
the following expression for B, from (2.10):

1 +1LU bl b,,.

( ) ( lw) \/m

where now
A201/2

(B.2) C="—F—;

the rest is the same as in (A.3), and a — 40 (cf. (2.6); o will determine the proper
winding direction; see below). As in the previous section, we may write

H(An -7,

where a,, are given by (A.8). To analyze the solutions of (A.6) with these B, we
will study zeros of the function

1+ iw ao as o ardk
B.4 D =14+C _
(B4) @) M \/iw+a()\o+iw+)\2+iw+/0 T(1+k%2+iw))’

where ay, are given by (A.11), in the lower half-plane of the complex frequency w by
using the argument principle ((A.13), in which, as before, P = 1). Of course, as in
the previous section, D(w) should be symmetric with respect to the real axis.

For w > 0, the real and the imaginary parts of D(w) can be written as

(B.3) det By, =

14 iw an
1+C :
\/inrozzn:)\n-i-lw

(B.5)

2w 2w ao)\o ag)\g e (1 + kQ)CLkdki

VY D) = Y22 1
Re 20 =Yo7+ v (95 55+ [ st en)

ao az *° adk
1— _ _ _
el “’)( Nta? Mt | w[(1+k2)2+w2]>

and
(B.6)

han(cu):w(Hw)( G _ _ % _/Owﬂ[( ardk )

A2 4w? A w? 1+k2)2 + w2

agAog a2 A2 /OO (1 + k?)ardk
/\(2)+w2 A3 + w? o T(1+Ek2)2+w2])"

+(w—1)(

Using the explicit expressions for ag 2 and Ag2 from the previous section, it is not
difficult to show that the expressions in the brackets in (B.6) are negative for all values
of w. The analysis of (B.6) then shows that Im D(w) should change sign only once
when 0 < w < co. Let us denote the value of w at which this happens as wg. Note
that, according to (B.6), we must have wy < 1.

From the definition of D(w), one can see that

1% 00
(B.7) D(w) - 1+C— <a0+a2+/ “’“dk>, W — %00,
\/2|w| 0 ™
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\ \
N No

Fic. B.1. A qualitative form of the function D(w) for large values of C (a) and for small values
of C (b).

Since the expression in the brackets in this equation is positive, we will have Im D(w) <
0 for sufficiently large w > 0. On the other hand,

8C(—1+1)

3y2lw]

Therefore, for sufficiently small w > 0, we must have Im D(w) > 0. Observe that
(B.8) was obtained for & = 0. When « is small but finite, the two branches in (B.8)
will actually get connected at Re D(w) ~ —a~ /2. Thus the qualitative behavior of
D(w) should be the one shown in Figure B.1. Note that the function D(w) can be
calculated numerically from (B.4) for any value of C' and has indeed the form shown
in Figure (B.1).

The number of zeros of D(w) in the lower half-plane of the complex frequency is
determined by Re D(wp). According to (B.4), if C is sufficiently small, the first term
in (B.5) will dominate for w = wy, and so we will have Re D(wg) > 0. In this case,
the change of the argument of D(w) will be Aarg D(w) = 27 (Figure B.1(a)), so we
will have NV = 2 and therefore an instability. On the other hand, if C is large, we
can neglect v2w/C at w = wy in (B.5). From (B.5) and the fact that wy < 1, one
can then see that Re D(wp) < 0. In this case, the change of the argument will be
Aarg D(w) = —27 (Figure B.1(b)), so the number of zeros in the lower half-plane is
N = 0, implying stability. From all of this, we see that as the value of C' is decreased,
at some C = Cp, a complex-conjugate pair of unstable solutions of (2.10) appears,
signifying a Hopf bifurcation. The numerical analysis of (B.4) shows that Cy ~ 0.2837,
which corresponds to au, ~ 5.15e247% and wy ~ 0.534, in excellent agreement with
the results of section 2.2.

(B.8) D(w) — w — £0.
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