EXISTENCE AND STABILITY ANALYSIS OF SPIKY SOLUTIONS FOR THE
GIERER-MEINHARDT SYSTEM WITH LARGE REACTION RATES

THEODORE KOLOKOLNIKOV, JUNCHENG WEI, AND MATTHIAS WINTER

ABSTRACT. We study the Gierer-Meinhardt system in one dimension in the limit of large reaction rates.
First we construct three types of solutions: (i) an interior spike; (ii) a boundary spike and (iii) two boundary
spikes. Second we prove results on their stability. It is found that an interior spike is always unstable; a
boundary spike is always stable. The two boundary spike configuration can be either stable or unstable,
depending on the parameters. We fully classify the stability in this case. We characterize the destabilizing
eigenfunctions in all cases. Numerical simulations are shown which are in full agreement with the analytical

results.

1. INTRODUCTION

In this paper, we study the Gierer-Meinhardt system in the limit of large reaction rates. Let us first
put it in the context of Turing’s diffusion-driven instability. Since the work of Turing [16] in 1952, many
models have been established and investigated to explore the so-called Turing instability [10]. One of the
most famous models in biological pattern formation is the Gierer-Meinhardt system [4], [8], [9], which in one

dimension can be stated as follows:

AP
Ay =DaAA—A+—, =ze€(-1,1),¢t>0,
Ha
(1) THt:DHAH—H—F% ze(—1,1),t>0,

Ag(£1,1) = Hy(£1,8) =0, ¢ > 0,

where all of the parameters are positive and (p, g, m, s) satisfy

o
(s+1)-1)

In all of the recent mathematical investigations it was assumed that the activator diffuses much slower

1< <400, 1<p<4oo.

than the inhibitor, that is
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a condition which is related to those required for Turing instability [16]. See Chapter 2 of [10] for a thorough
investigation. Mathematically, this assumption allows perturbation techniques to be employed, since the
inhibitor can be assumed to be a slow-varying variable, and the system becomes only weakly coupled, as
first observed in [15]. The activator then exhibits spikes — regions of steep gradients — separated by regions
where the activator is nearly zero. For any given number N, a steady state containing N such spikes can be
constructed. In [7] and [20] it was shown that there exists a sequence of numbers Dy > Dy > -+ (which has
been given explicitly) such that if Dy < Dy the symmetric N-spike solution is stable, while for Dy > Dy
the symmetric N-spike solution is unstable.

We now introduce the setting of this paper. In contrast with the above-mentioned works, we do not
assume the large diffusivity ratio (2). Instead, we study the the limit of large reaction rates of the

activator. More precisely, we assume that
. p
(3) p,m>1 with O (—) =1.
m
To simplify our analysis, we make the following assumptions:
(4) g=1, s=0.
Further, we require that
(5) T=0.

Assumption (5) will be important for the stability analysis. (We expect that the analysis in this paper can

be extended to the case 7 small enough with minor changes. When 7 is sufficiently large, Hopf bifurcations

can occur, see for example [19]. The analysis of the case 7 large is more complicated, and is left for future

work.) For convenience, we rewrite m = (p — 1)r, r = O(1). By rescaling the space as * — /Dax and
Dy

introducing D = e L= D21/27 the system becomes

p
Ay = Ay — A+ AF; TH, = DH,, — H+ APV 2 (-L,L),
(6) Ay (£L)=0= H, (+L),

L,D=0(); p>»1; r>1andr=0(1).

Now we describe some previous work and motivate the study of large reaction rates from biological
applications.

Hunding and Engelhardt [5] considered the effect of large reaction rates on Turing’s instability for sev-
eral well-known reaction-diffusion systems (the Sel’kov model, Brusselator, Schnakenberg model, Gierer-
Meinhardt system, Lengyel-Epstein model). By increasing the reaction rate (or the so-called Hill constant

for Hill-type kinetics) which models cooperativity in the system, they showed, through a linearized stability
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analysis, that pattern formation by Turing’s mechanism is facilitated by large reaction rates, even when the
ratio of the diffusion constants is close to one.

The Hill equation assumes that many molecules can interact simultaneously, which is not a very realistic
assumption [21]. Instead, it is a more realistic physical assumption that one ligand molecule after another
is being bound to a receptor. This can happen in basically two different ways: By a sequential binding
mechanism, for which the order in which the sites are filled is determined, or an independent binding
mechanism, for which the sites can be occupied independently. Although for these two processes the Hill
number is smaller than the number of sites, they can still lead to high Hill numbers.

A interesting case study about the molecular basis of cooperative interactions has recently been given
in [17]. The mechanism of the binding of Calcium ions to Calmodulin, a multi-site and multi-functional
protein, has been modeled quantitatively and the theoretical results have been confirmed by experimental
observations.

In [1] evidence has been found for the fact that protein subunits can degrade less rapidly when associated
in multimeric complexes, an effect which is called cooperative stability.

The assumption of large reaction rates is reasonable for models of pattern formation induced by gene
hierarchy due to their high degree of cooperativity [5]. High cooperativity plays an important role even for
rather primitive animals and plants like flatworm, ciliates, fungi and has been well investigated in Drosophila.
In the latter example the homeobox genes are known to play a major role [13], [22] in facilitating a high
degree of cooperativity. Key ingredients of the gene hierarchy have been identified such as the maternal gene
bicoid, the gap gene hunchback and the primary pair-rule genes, which are expressed in a series of seven
equally spaced and precisely phase shifted stripes. The occurrence of these stripes can be explained by a
Turing mechanism in combination with maternal and gap gene interactions. These mechanisms have been
reviewed in [6], [11], and [12].

The reason why cooperativity for homeobox genes is high is their ability to create proteins which can bind
to several other genes, in this process activating or inhibiting them. Experimentally reaction rates exceeding
8 have been found for several different gene control systems. (Note that even for p = 8 the steady state
solution u constructed below is already very well approximates by a spike on a real line since its spatial decay

—14l21 ) An explicit example is the pair rule gene hairy which was originally connected

rate is of the order e
to the nervous system but plays a role in the initial body plan of Drosophila as well.

A high degree of cooperativity leads to a whole class of control systems with large reaction rates which can
explain the emergence of a variety of complex patterns. These systems can read out and remember gradients

in the positional information, a fact which is important since this information must often be used repeatedly

for example in the anterior-posterior or dorsal-ventral gradients in Drosophila. The systems further have the
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ability to react in an almost on-off manner to very shallow gradients in positional information, a property
which plays a major role for example in controlling the cell cycle governing mitosis, where the properties of
the system must change qualitatively if its size is increased by a factor two. Further behaviors of solutions
to the resulting nonlinear systems include time oscillations and multi-stability, the latter being important
for modeling cell differentiation.

In this paper, we give a first analysis on Turing’s nonlinear patterns in the case of large reaction rates.
The model we consider is the Gierer-Meinhardt system, although our analysis can be extended to other
reaction-diffusion systems with large reaction rates (as in [5]).

We now present the main results of the paper. The first result is about the existence of steady states with
one or two spikes which is formulated using the Sobolev space with Neumann boundary conditions defined
by

H3(-L,L) = {u€ H*(-L,L) : u.(—L) = u.(L) = 0}.

Theorem 1. (a) Consider the system
AP

(7) OZAm;—A—Fﬁ; O:DHMK_H_;,_A(P*UT,
where
(8) x€(—-L, L), A, (£L)=0=H,(£L).

We assume that D, r, L are positive and fized and set
1
p—1
If p is large enough (i.e. if o is small enough), then (7) admits a solution (A, H) € (H%(—L, L))? such that

(%)awa (ﬁgC) (1+0(a)), |2|<1,

[e3%

9 Alr) = cosh (|z| —

Y P DG o), el > o)
cosh (Z=£

(10) H(z) = Ho(“f><1 +0(a)),
cosh (ﬁ)

where

r—1/2 L 1/(r—1)
HO — 047]7 r—1 |:251D1/2 tanh <\/5):| (1 —+ O(Oé)),
n = tanh?(L),
* 1 " 2r (Y
8= /_oo (2) sech (5) dy,
and w(y) = %sech2 (%) is the unique ground state solution to

(11) Wyy —w+w? =0, w>0, w,(0)=0, wy)~Ce ¥ |y - oc.
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FIGURE 1. (a) The plot of the steady state A(x) (solid line) and its outer region asymptotic
approximation (dashed line) given by cosh(|z| — L)/ cosh(L) (b) The plot of A(x)P near the
origin. Its asymptotic approximation given by (9) is also drawn, but is indistiguishable by
eye from the numerical solution. The parameter values are p = 90, r =2, D =1, L = 1.
Note that AP is localized near the origin, while A is not.
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Further, the error is estimated in the following space:

=O0(a).
H2(—L/a,L/a)

(b) The restriction of the solution constructed in Part (a) to the interval (0,L) is a solution (A, H) €

aAY*(az) — %w (v/nz)

(HZ(0,L))? the system (7), where
(12) Aw<0) = AI(L) =0= Hw(o) = Hz(L)

(¢) The extension of the solution constructed in Part (b) from the interval (0,L) to interval (0,2L) by

even reflection at x = L is a solution (A, H) € (H%(0,2L))? to the system (7), where

Remarks. 1. The steady state in (a) has an interior spike for AP located in the center x = 0 of the interval.
The solution in (b) has a boundary spike for AP located at the left boundary x = 0. The solution in (c) has
two boundary spikes for AP located at the boundaries x =0 and x = 2L.

2. The key observation is that, unlike in the case of a slowly diffusing activator (Da < Dy ), the activator
A does not look like a spike; nonetheless, its power AP does. This is illustrated in Figure 1, where both A

and AP are plotted. Note that AP is localized near the origin, while A is not.
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3. A remarkable fact is that in the above theorem the ratio of the two diffusivities D can be any finite
number.

4. We will construct these steady-state solutions in §2. The solutions each consist of an inner and outer
region, and its construction is done by the method of matched asymptotics.

The second main result of this paper is the stability analysis for these solutions. We summarize it as

follows.

Theorem 2. Suppose p is large enough. Then we have the following results for the stability of the steady
states constructed in Theorem 1:

(a) The interior spike is unstable. The eigenvalue problem has an eigenvalue with positive real part of
exact order O(1) which is given in (67). The corresponding eigenfunction is an odd function.

(b) The boundary spike is stable.

(c) The steady state with two boundary spikes is stable if D < D. and it is unstable if D > D.., where D,

is given by

o 2.~ (smiirem)

If D > D, there is an eigenvalue X with Re(\) = O(p?). The corresponding eigenfunction is odd about x = L.

The two instabilities of Theorem 2 are shown in Figure 2. The instability of the interior spike induces
spike motion towards the boundary and, due to the small eigenvalue, happens on a slow timescale O(1). On
the other hand, the instability of the boundary spike occurs on a much faster timescale O(p%), corresponding
to a “large” eigenvalue. As a result, one of the two boundary spikes is annihilated.

Note that a multi interior spike solution can be constructed from an interior spike solution by even reflec-
tion. However, since a single interior spike is unstable, this multi-spike configuration is also automatically
unstable. This is because an eigenfunction corresponding to one interior spike can be extended by even
reflection to an eigenfunction for K interior spikes. So an unstable mode of a single spike automatically
induces an instability for K spikes.

Finally, it should be mentioned that both Theorem 1 and Theorem 2 can be made rigorous by the method
of Liapunov-Schmidt reduction as used in [20]. We will give an outline of the proof of Theorem 1 in Remark
4 following the result.

We now summarize the contents of the paper. In §2 we use asymptotic analysis to construct the steady-
state solution given in Theorem 1. In §3 we derive the eigenvalue problem. In §4 we consider the large
eigenvalues and reduce the eigenvalue problem to a nonlocal eigenvalue problem. In Theorem 3 we fully

classify its unstable eigenfunctions and their eigenvalues. When r = 2 we are able to obtain necessary and
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FIGURE 2. (a) Motion of the interior spike towards the right boundary. Profiles of A(z)
are shown with increments of 0.1 time steps. The parameter values used were p = 50, r =
2, D =1, L = 1. The initial condition was taken to be slightly to the right of the center.
(b) Competition instability of two boundary spikes. The profiles of A(x) are shown with
increments of 0.1 time steps. The spike at the right boundary eventually disappears. Here,
p=>50,r=2 D=4, L =1.5 with z € (0,2L).

sufficient conditions for stability. In Theorem 4 we state the corresponding result on a large bounded interval.
In §5 we study the small eigenvalues. We show that all corresponding unstable eigenfunctions are odd. In §6
we apply the results of §4 and §5 to prove Theorem 2. Applying the results of §4, the stability of a boundary
spike is established. Applying the results of §5 to the case of an interior spike, we show that there is a small
eigenvalue with positive real part, so that an interior spike is unstable. Applying the results of §4 to the case
of a double boundary spike, we show that there is a large eigenvalue whose real part is positive or negative,
depending on the condition on D < D, or D > D, for some D, > 0, respectively. All the other eigenvalues
have negative real part, so the double boundary spike can be stable or unstable. In §7 we discuss our results,
emphasize their relevance for pattern formation in reaction-diffusion systems and biological application, and

we conclude by stating some open problems.

2. CONSTRUCTION OF THE STEADY STATE

In this section we construct the steady state usinig asymptotic matching and prove Theorem 1. As a

motivation, note that a solution to the ODE

Veeg —V+ 0P =0, xR,
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v(z) = [(T) sech” (p; lx)] o .

Taking into consideration the scalings of the spatial variable and of the amplitude of this solution, for p < 1,

is explicitly given by

this motivates the following change of variables:

u(z)\” x
1 A = —_— = —
(15) @= (") -2
where
1
= — 1.
« p—1<<

With this rescaling, we anticipate that u will be independent of p at the leading order. We then obtain the
following inner problem:

2 2 2
U U U 1
Ouzzz++a(u+z>+0(a2), 2| < =,

U H U [o%

1

0=—DH,.— H+ u o,
Q

In the inner region |z| < + we expand

u(z) = Up(2)(1 4+ O(a)),

H(z) = Ho(1 + O()).

Below, we will show that u = O () and H = O («) so that the leading order equations are

Uz Uz
0z + 2 = 07 HO,zz =0.

1 zz T
(16) Uo Us T Hy

This, together with the boundary conditions, implies that Hy is a constant. A direct verification shows that

(16) admits a one-parameter family of solutions given by

Uo(2) = S5 (y/12),

where

(17) w(y) = 3 sect (4)

is a solution to (11) and where 7 is an arbitrary parameter that corresponds to a scaling symmetry Uy =
T]Uo, z=n"12% of (16). The values for n and Hy are to be determined shortly.

In the inner region, we compute, using

w (y) = 6exp (— |y|) + Ofexp (—=2[y|)) as [y| — oo,
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that
Az) = expalnu(2))
= L oxp (aIn(Ui(2)) + O(0))
(18) _ 071@ (1—ayilz] +0(a?) for || < é

It follows that A(z) — - as |z — oco.

In the outer region a < |z| (equivalent to 1 < |z|), we have
Apr —A~0; Ay(+L)=0

and the matching condition with the inner solution gives A(0) = a% This implies

= L (2L

aa

—|—O(|x|2)) , a <zl

Next we perform the matching of the inner and outer solution to the next order. For o < |z| < 1 we

expand the outer solution in a Taylor series to get
1 2
A= e (1 — (tanh L) |z| + O(|| ))

L (1 —a(tanh L) |z + O (a?|2]?)) .

T an

(19)
Equating the O(«a) terms in (18) and (19), we get
n = tanh? L.
To compute Hy, we note that in the outer region, |[A®~17| = o(1). We therefore write

DHy,y — H ~ —Cod (z); H, (£L) =0,

where
Co = / AP=Dr gy
_ o (Hon\ /°° W d
“i\3a ) LYY
_ a (Hp Tﬂ
\/ﬁ «
(20)
and

It follows that
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where B is determined by

(LN 1
\/BB sinh (\/ﬁ) = 500

This implies that

H(0) = Ho (14 O(a)) = ;\% coth <\/L5> (1+0(a)),
=12

(21) Hy=an™ =1 {2&11)1/2 tanh (\/Lﬁ)] e (14 O(«)).

Note that this verifies the consistency assumptions that Uy = O (a) and Hy = O (a), which were required
in (16). This completes the construction of a boundary spike. The other two types of steady states (interior
spike on (—L, L), two boundary spikes on (0,2L)) follow from the boundary spike on (0, L) by reflection at
x =0 and x = L, respectively. This concludes the derivation of Theorem 1. B

A rigorous proof of this result using Liapunov-Schmidt reduction and following the approach of [20] can
be outlined as follows:

Note that for given u € H%(—L/a, L/«), the solution (A, H) € (H%(—L, L))? can be expressed by using

Green’s function. Choosing a suitable approximation

= %w (‘fm) (1+0(a)

which satisfies the boundary condition u,(—L/a) = u,(L/a) = 0, e.g. by using a cutoff function, it is not
too hard too show that this approximation solves the Gierer-Meinhardt system (7) up to an error of the
order O(a) in the norm of the space (L?(—L/a, L/a))?. Then, using Liapunov-Schmidt reduction, the proof
can be completed and an exact solution can be determined. The value of the constant 7 is calculated as part

of the process.

3. STABILITY

We now study the linear stability of the non-homogeneous steady state. Linearize around the steady state
as:
Az, t) = A(z) + eMo(z),
H(z,t) = H(z) + M(x),

where (A(z), H(x)) is the steady state solution as given by Theorem 1. We obtain

Ar~lg AP
(22b) 0=Dtppy — b +1(p—1) APTD=14,

As before, we make the change of variables given in (15). Since A ~ 1 near z ~ 0 we have

U U
AP = — A~ —.
o e
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We obtain

u u u
(23) 052(>\+ 1)¢N a2¢r1+ E¢+aﬁ¢faﬁwa
(24) 0~ Dtpyy — b +ra"""tu" .

For an interior spike which is symmetric about the origin, there are two possible types of eigenfunctions:
either odd or even around the origin. Both satisfy Neumann boundary conditions on (—L, L). This yields
two separate problems. An even eigenfunction can be restricted to (0, L) and is the same as an eigenfunction
for a single boundary spike.

Finally, the double boundary spike on (0,2L) requires an extra type of eigenfunction which is odd about
x = L. This leads to three different types of eigenfunctions which (0, L), whose boundary conditions and

symmetry properties are specified as follows:

¢ Even eigenfunction for an interior spike on (—L,L) or a boundary spike on (0, L):
(25) ¢z (0) =0, ¢2(L) = 0; ¥ (0) =0, ¥(L) = 0;

e Odd eigenfunction for an interior spike on (—L, L):
(26) ¢(0) =0, ¢2(L) =0; ¥(0)=0, ¥(L)=0;

e Eigenfunction which is odd about = = L for a double boundary spike on (0,2L):
(27) ¢z (0) =0, ¢(L) =0; ¢ (0) =0, (L) =0.

As will be evident shortly, problems (25) and (27) admit eigenvalues that have O(p?). We will refer to
these as large eigenvalues. These are analyzed in §4. On the other hand, problem (26) admits an eigenvalue

of O(1) which is studied in §5. We will refer to it as the small eigenvalue.

4. LARGE EIGENVALUES

We start by analyzing the large eigenvalues. Changing to inner variables, we have

r=-""y u @nw(y)'
\/ﬁ b 3 bl
and we obtain
a? 1 a Yy
TN+ 1D ~ - _ =70
" ( + )¢ ¢yy+ 3w¢ 3H0w’
where
o = 1(0)

and ¥ (0) is determined by

(28) Dpyy — b ~ C10(x); 9, (£L) =0,
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o ruNT T r ([ H Sl

CI:/ (£) Zode=— ( 0’7) / W' dy.
oo N/ VN \ 3« oo

P(z) = —C1G(0),

This implies that

where

Clw) cosh( \/@)
2v/D sinh \%)

)

is the Green’s function satisfying
DG — G =—0(x), G,(£L)=0.

On the other hand, from (21) we have

_ o (Hom ’”/°° .
HO\/T](?)&) 7oow dy G(0).

So the boundary conditions (25) lead to following dimensionless nonlocal eigenvalue problem:

f_ w"pdy a?
ffooo w” dy

For the boundary conditions (27), the only difference is that the boundary conditions in (28) are changed to

(29) )\0@5 ¢yy + w¢ —_ =

Dirichlet conditions 1 (L) = 0. Thus the Green’s function now is the one for Dirichlet boundary conditions

given by
sinh < )
Gy(z) = .
2v/D cosh (\Lﬁ)

A similar computation then leads to:

1 r o L [ wrhdy a?
30 Ao = + —w¢ — - tanh” | = | w"m—, Ao~ —A.
(30) 00 = Puy F gue = gtan (@)wf_mw'dy Ty

Equations (29), (30) are the starting point of our analysis. Both cases will be covered, once we prove the

following two key theorems.

Theorem 3. Let

1
(31) LO¢ = ¢yy + §w¢

and consider the following nonlocal eigenvalue problem on all of R :

oo
(32) Lop — ’yw/ w'ody =Ap, ¢ LR), r>1
where w is given by (11). Let
1 1
33 - 5 o0 . -
(33) 03T wray

We have the following:

(a) If v < o then (32) has a positive eigenvalue A > 0.
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(b) If ¥ > vo and r = 2 then Re(\) < 0 for all \. The only eigenfunction corresponding to A = 0 is ¢ = =~

which is an odd function; all other eigenvalues have strictly negative real part.

Remark: We conjecture that (b) is true for all r > 1. In fact one can show that (b) is true also when r =1
(in this case the eigenvalues are purely real because the operator in (32) is self-adjoint). We do not know
how to prove (b) for general r. However, we see no reason why the result should not be true for general r,
for example there do not seem to be any bifurcations in the system for changing r.

Strictly speaking, the inner problem (32) is actually posed on a finite but large interval (—R, R) with
R = L/a. However, this does not affect the stability of the large eigenvalues, as we demonstrate in the

following theorem.

Theorem 4. Let R > 0 and consider the nonlocal eigenvalue problem on (—R, R):
R
(34) Lo~ 7w [ wody=Anb, 6 € L¥(~R.R), 6,(£R) =0, r=1
-R

Then there exists Ry > 0 such that for R > Ry, we have the following:
(a) If v < 7o, then (34) has a positive eigenvalue Ag > 0.

(b) If v > v0 and r = 2, then either limg_,oo Ag =0 or Re(Ag) < —c¢q for some ¢y > 0.

Note that Theorems 3 and 4 imply the threshold (14). It also shows that the interior spike is stable with
respect to even perturbations.

Before proving Theorem 3, we first summarize the properties of the local operator Lg. Note that

2
(35) Low =w — ng; Lytw=3
(36) / w? dy = 6; / wdy = 6.

In addition we have the following characterization of the spectrum of Lg.

Lemma 5. The eigenvalue problem

(37) Lod = gy + 506 =29, ¢ € L(R)

has two monnegative eigenvalues. The first eigenvalue is

1
)\1 == Z
corresponding to an even eigenfunction given by
o1 = wl/ 2,

The second eigenvalue is
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corresponding to an odd eigenfunction given by

w
¢ = —.

w
All other eigenvalues satisfy A < 0 and are embedded in the continuous spectrum covering the negative real

azis.
Finally, we will need the following key lemma.

Lemma 6. Consider the eigenvalue problem

(38) Lo — %w[ wody = Ao, ¢ € L®(R).

It admits an eigenvalue A = 0 whose eigenspace is spanned by the even eigenfunction ¢ = 1 and the odd

eigenfunction ¢ = % All other eigenvalues satisfy A < 0. As a consequence, we have the following inequality

(39) Ia (<¢y>2 - §w¢) ay+ (/m w¢dy)2 >0, Ve H'(R).

Proof of Lemma 5. We proceed as in [2]. Let v = VA, where we take the principal branch of the square

root. Next, substitute ¢(y) = w”(y)F (y). Then F satisfies
Wy 1 2
(40) Fyy + 2’}/?Fy + g — Y + g’y(’y — 1) wF = 0.

We introduce the following new variable

(41) z:%(_%).

Then
Wi q 9 we6:(1—2), T —.1-2)
w ’ T odx

This gives the following equation for F' as a function of z:

(42) 21— 2)F 4+ (c—(a+b+1)2)F —abF =0,
where
1
(43) a+b+1=2+4y, ab:2(2'y('y—1)—3(§ —7)), c¢=1+2y.

The solutions to (42) are standard hypergeometric functions. See [14] for more details. Now there are two

solutions to (42):
F(a,b;c;2) and 27 Fla—c+1,b—c+1;2 —¢;2).
By our construction, F is regular at z = 0. At z = 1, F(a,b;¢; z) has a singularity

: —(c—a— . e _ F(C)F(a +b— C)
;1_{111(1*2) ( b)F(a7b7C7Z) = W’
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where ¢ —a —b = —2y < 0. Note that since v = /X, the real part of 7 is positive. So a solution that is
regular at both z =0 and z = 1 can only exist if I'(z) has a pole at a or b, respectively. In other words, we

have
(44) a=0-1,-2,...o0b=0,-1,-2,....
From (43), we compute that
a=2y—1, b=2vy+2 or b=2y—-1, a=2y+2.

By assumption, Re(y) > 0, so we must choose either v =0 or v = % in order to satisfy (44).This gives

1
/\:Zor/\:().

In case A = %, wehavey=1/2, a=0,b=3, ¢=2, F(0,3;2;2) = 1. Thus the corresponding eigenfunction
is w!/? (taking a = 3,b = 0 also yields the same eigenfunction). In case A = 0 we get a = —1,b = 2,¢ = 1.
Now F(—1,2,1,2) = 1 — 2z and it then follows from (41) that ¢ = % This concludes the proof of the first
part of the lemma. Standard spectral properties of elliptic operators in combination with these results imply
the second part of the lemma. B

Proof of Lemma 6. We consider two cases. First, if

(45) /OO wedy =0,

— 00

then we have Lo$ = A¢. Then by Lemma 5 either ¢ = Cw'/2, A = 1 or ¢ = C=2£, X\ = 0, where C is some
nonzero constant. The former case contradicts (45) since w > 0; so only the latter case is possible. Moreover,
since w is even, any odd eigenfunction ¢ satisfies (45) and hence by Lemma 5 must be equal to a multiple
of ¢ = %, corresponding to zero eigenvalue.

Next suppose that (45) does not hold. Since ¢ is defined up to a constant multiple, we may rescale it so

that
/ wody = 18;

— 00

equation (38) then becomes
Defining

then A solves the equation

(46) FA) = 18.
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Since (38) is self-adjoint, all its eigenvalues are real and it suffices to show that f(\) # 18 for A > 0. Note

that
1
(47) Lol = —w
3
so that
(48) 7(0) =18

and therefore A = 0 is an eigenvalue of (38) corresponding to the eigenfunction ¢ = 1. Next, we compute

oo

)= /00 w(Lo — \) 2wdy = / [(Lo — A)flw]2 dy >0

— 00 — 00

so that f(A) is an increasing function. Finally, note that the local operator Lo admits a single positive
eigenvalue \g = i. This implies that f(\) has a single pole at A = % and no other poles along the positive

real axis A > 0. On the other hand, for large values of A\ we have

1 (o]
f()\)N_X/ wrdy — 07 as A — +oo0.

— 00

To summarize, f(A) has a vertical asymptote at A = 1; f(0) = 18, f — 0~ as A — oo and f is increasing
for A # 1. It follows that f()\) # 18 for all A > 0 and this proves the lemma. To prove (39), we proceed by

contradiction. Suppose (39) does not hold. Then we have a function ¢ € H'(R) such that

2
(49) J (108 = gus?) v+ ([ woay) <o

which implies that for R large, the first eigenvalue for the following eigenvalue problem

R
(50) Lodr — / wondy = Andn. v €(-RR). or(£R)=0

is positive. In fact,

R , 1 1 R 2
51 —Ap = inf / < - —w ) dy + — / wo d
( ) R SR 62 dymt, s HA(~RR) R (¢y) 3 ¢ Y 18 " ody

Thus 0 < Ag. Moreover, by (49), Ag > Ag > 0 for R large. We may also assume that max,c g r) ¢r(y) = 1.
Letting R — 400 and Agp — A, we see that ¢r — ¢ which satisfies (38) with A > 0. This is impossible. H
Proof of Theorem 3. We start with the proof of (a).

Define a function

(52) fo) = / w" (Lo — \) " twdy
so that the eigenvalue A solves the equation
(53) )=
5
By (35), note that
1 1
(54) f0)=— < —.
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Note that the local operator Ly admits a single positive eigenvalue \g = %. We claim that
(55) f(A) = 400 as A — Ag.
To see this, let A = \g + & with § < 1 and let ¢ = (Lo — A\)~'w. That is, ¢ satisfies

(Lo — Ao) ¢ — 09 = w.

Let ¢o = w'/? be the eigenfunction corresponding \g. We project w onto ¢q so that we write

75 woody
w=apotw; o= "5 —-
s

Therefore in the limit § — 0, we get

¢~ —%¢o +0(1), s<1.

Hence we get

—0o0 0

Since w and ¢ are positive, this proves (55). On the other hand, f(A) has no other vertical asymptotes

since Ly has only one positive eigenvalue \g. It follows that (53) has a solution with A < 0 < Ay whenever
0 < v < . This implies part (a).
Next we prove part (b). Since the operator (32) is not self-adjoint, the eigenvalues are in general complex.

Therefore we write

A= A"+ V1N

6= ¢ +VId
When r = 2, we have
(56) Loo" — yu | T WPy = N - N
(57) Lt =y [ uPgtdy = X6+ X

Multiply (56) by ¢" and (57) by ¢, then integrate and add to obtain

(58) [ o:o (¢"Lo¢" + ¢'Lo¢") dy — yA = \"B

where

(59) A= [ wordy [ wrerays [ wotdy [ utetay
(60) B= [ @7+ @ )
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Multiply (56) and (57) by w, integrate, then use integration by parts. This yields

00 ) oo o0 o[
/ " (w — 3w2> dy — 67/ w2 dy = )\"'/ P wdy — )\l/ o'wdy
— 00 — 00 — 00 — o0

/ o' (w — 3w2> dy — 6'}// w?el dy = )\T/ o'wdy + )\Z/ o"w dy.

Eliminating A\ we then obtain

(61) ()\7"—1)04—(54—67)14:0

o ([ s (o)

Next we use the following estimate, see Lemma 6:

[z¢mmws;(/wwﬁé

ANB+~vA< iC

where A is given by (59) and

Then (58) becomes

18
Combining with (61) we obtain
. AT —1 1
BN Do Loy
(3 +67) 18
and so
Y 1 Y
(62) N|B- 5——C| < |—=—
(3 +69) 18 (3+69)
Note that
1
63 = —:
( ) Y0 187
(64) L < 7 < ! henever 79 < v <
— < ————— < = whenever 00
18~ (2+6y) 6 =7
so that

Y
N |B—-——=C| <0 > Y.

Now by Cauchy-Schwarz inequality we have
1
(65) CSGB@B—ECEO.

Combining (64) and (65) we have

~y
B—-————=C2>0.
(5+67)

Therefore A\” < 0. Further, if A\” = 0, then from (62) and (64) we have

C <0

1 Y
0< | = — v
—lls (3 +67)

18

this can only happen if v = Tls = 79. This case is excluded from the assumption of Theorem 3. Therefore,

Ar<0. B
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Proof of Theorem 4. Notice that since Ly is self-adjoint, Ly admits a single positive eigenvalue g r =
1 4 o(1) for R large. Part (a) follows from a simple perturbation argument.

To prove part (b), we proceed by contradiction. Suppose that for R large problem (34) has an eigenfunction
¢ with eigenvalue A such that Re(Ar) > —cg for some ¢y > 0 independent of R small enough. We decompose

¢ into a sum of an odd and an even function. If ¢ is odd, then ffR w"¢dy =0 and (34) is reduced to
Lop = Agop, ¢ € L®(—R,R), ¢isodd, ¢,(£R)=0.

Thus by Lemma 5 we conclude that A — 0 as R — 400 which implies the first alternative in Theorem 4

(b).

Suppose ¢ is even. Similar to the proof of Theorem 3, we have

(66) /i (0"Log" + ¢'Lo¢') dy —vA =\ B
where A}, is the real part of A\g and ¢ = ¢” + /—1¢". Thus |\}| < C where C is independent of R for R
large. Similarly, we also have that [A%| < C. Thus |Ag| < C. Therefore we may assume that Ag — A as
R — +o00. Since without loss of generality ||¢||po(—r,r) < 1, the limit of ¢ exists and satisfies (32) with

Re(A) > —cp for some ¢y > 0 and ¢ being even, which gives a contradiction to Theorem 3 (b) if ¢g is chosen

small enough. Thus this is not possible and Theorem 4 (b) follows. H

5. SMALL EIGENVALUE

It remains to study the stability of small eigenvalues. In particular, we prove the following result.

Theorem 7. Consider the eigenvalue problem (22a,22b) with the boundary conditions (26). If p > 1 this

problem admits a positive eigenvalue A that satisfies

(67) VA + 1tanh Ltanh (LVATl) =140 < ) :

1
p

To start with, expand the inner region to two orders for both the eigenfunction and the steady state:

T = az;
u=Uy(z)+aUi(z)+--+ H=Ho+aH(z)+" -
dp=Pg(2) +adi(z)+--+ T=Uy+---

The leading order equations are

U Ug U?
(68) Boss + FZ% =0; Uy, — UOOZ + Ff; =0; Hp= const.
The solution to @ is given by
Uo:
(69) Po(2) = 7
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We now formulate a solvability condition with ®( as a test function. Multiplying (23) by é@o(ﬁ) and

integrating on the half-interval (0, L), we have,

L
(70) a?(A+1) / () o

L
d
| (@62 + o+ ago—agme) @nl(DT

o 0 o«

T dr

)

a
First we estimate the left hand side of (70). In the outer region we use w(y) ~ Cexp(— |y|), |y| — oo so that

@0 ~ —\/77, z> 1.

On the other hand, up to exponentially small terms we have
Guz~ A+ 1), |z|>a; ¢, (L)=0

so that we may write
cosh (VA+1(z — L))
cosh (\/)\ + 1L)

where Ag is obtained by matching ¢ as  — 0 to ®y as z — oco. This yields

Ao = — /1.

¢~ Ag

Therefore we estimate

L T N L cosh (VA +1(z — L))
/0 ¢(x)¢0(a) du 77/0 cosh (\/)\ + lL) de

~ \/)\nﬁ tanh (\/mL>

and finally
(71) Ihs(70) = anv/A + 1 tanh (\/)\ ¥ 1L) .

Next we must estimate the right hand side of (70). Since u decays exponentially as z — oo, the inner region

provides the dominant contribution there. After changing variables x = az and expanding, we obtain,

o Uy o Uy
rhs(70) = Dy [ Do, + F@g dz + « Do [ Pr,, + <I>1F dz
0 0 0 0

< U, UpH, < [, ®2 % [o®p
o2 [ — — d 9 _ / =20, dz + O(a?).
+a/0 O(Ho 2 z—i—a/o , o . H 0dz+ O(a”)

The first term is zero by (68); we write the remaining terms as

rhs(?O) =allp+1+1+ Ig)

I—/Ooq) P +<I>& dz
O—O 0 1zz IHO

where

> U UgH,
I = P2 = — d
' /0 O<H0 H§> :
Uy
12:/<I>§F0d
> Up®
Iy =— 0 Oy, d
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Now define

U
Lod=d,, + cmp.

First, we integrate by parts to obtain
IO = / (I)()LO(I)l dz = [(I)lzq)o - (I)l(p()z]go =0.
0

Next, Uy satisfies

200, U1, U UUy U Ug
72 U,y — ——= 20U, +2 — —=H, - U, Z = 0.
(72) 1 i +U§ 1+ H, ~mh 0+U0
Now define
A Ul
1= 7.
0
Then U, satisfies
. Uy ~ UoH, Ug
73 Uiz + —U; — -1 Z = (.
( ) 1 + HO 1 Hg + U02
Differentiating (73) we obtain
- Uo:Uy | Uo-Hi | UoHi. (UR
LoUyi, = — — 2
=Tt ),
U = ®UH,  UgHy, Uo-
= _—dy— 2 .
o, t H? H2 A

Therefore we have

> .  BoUpH, . > By U
I :-/ ¢0L0U1zdz+/ Ljdﬁﬂ/ 0= g
0 0 HO 0 HO

Integrating by parts, we get

/OO (I)()L()Ulz dz = q)o(OO)Ulzz(OO).

0

Note that Uy — 0, ®9 — —,/1 as z — oo and using (73) we obtain
UlZZ(OO) =1- n

so that

00
/ (I)QL()ULZ dz = —\/77“!‘7]3/2.
0

Next we compute

> ®oUpH1 1 /oo 1 /oo
" dy = — UpHi,dz = —— UoH:.: dz.
/0 Hg Hg Jo Hg Jo

Note that H satisfies

0=DH,,— H+u"a "
so that

DHy..(2) ~ —a'"Ug (2)

and

OO‘I)()UoHlZ Oél_r /OO 1
dz ~ Uit dz.
b g,



EXISTENCE AND STABILITY ANALYSIS 22

Finally,

> @oUo 2 /0O Ug 2 32/OO (w (y))2 2
9 [ 2004 2 sdp=Zopr2 [ D) g 22
/0 H “TH )y U ©T3T )y Twy @37

In summary, we obtain

Now

and finally, we write

Now we have

D\IJOZZ —r—1
- U — =0
042 0 tra 0 Uo
so that

al—r .

Yo, _TUO;
al—r > r+1

I3 oz | Uyt dz

Therefore, we finally obtain

rhs(70) = a/7.

Combining this result with (71) and recalling that = tanh® L (Theorem 1) yields (67). Note that
1hs(67)|r=0 = tanh® L < 1; on the other hand lhs(67)— oo as A — oco. This shows that (67) admits a
positive eigenvalue. l

We now verify Theorem 7, by solving the full eigenvalue problem (22a, 22b, 26) numerically. The numerical
algorithm consists of re-formulating the eigenvalue problem as a boundary value problem, by adjoining an
extra equation %)\(I) = 0 along with an extra boundary condition ¢, (0) = 1. The inner approximation (69)
was used as an initial guess. We then compare the resulting Anumeric With Aasymptotic, Obtained by solving

numerically the algebraic equation (67). Using r =2, D = 1,L = 1 and with p = 90 or p = 180 we obtain:

p=90: Anumeric = 1.21197,  Aagymptotic = 1.13769;  error = 6.5%

p=180": Apumeric = 1.1729,  Aagymptotic = 1.13769;  error = 3.4%.

These data indicate that doubling p halves the error. This provides a good numerical verification of Theorem

7.
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6. PROOF OF THEOREM 2

We now complete the proof of Theorem 2. First, consider the case of a single boundary spike. In this
case, the eigenfunction satisfies the boundary condition (25). The corresponding eigenvalue problem is given
1

gm. But since we take r > 1, we have v > g where ~q is

by (29); this is equivalent to (32) with v =
given by (33); hence Re(\) < —cp < 0 by Theorem 4. This proves the stability of a single boundary spike.
Next, consider the case of an interior spike centered at the origin. It admits two eigenvalues with corre-
sponding eigenfunctions satisfying the boundary conditions given by (25) or (26), respectively. The former
is stable as just shown. However the latter (small eigenvalue) is always unstable, as proven in Theorem 7.
Finally, we consider the double boundary spike case. This admits two eigenvalues. The first corresponding
eigenfunction has boundary conditions (25) while the second eigenfunction satisfies boundary conditions (27).
The former is stable as just shown. The latter leads to the nonlocal eigenvalue problem (30) as derived in
Section 4. It follows from Theorem 3 that the corresponding eigenvalue is unstable if 7 tanh? (%) < 1 and

VD

completes the proof of Theorem 2.

is stable if r = 2 and r tanh? (L) > 1. The threshold is given by D = D, where D, is given by (14). This

7. DISCUSSION

In this paper we have studied the Gierer-Meinhardt system with large reaction rates. Formal asymptotics
were used to construct the steady state solutions; their stability was analyzed using a combination of formal
computations and rigorous analysis. The main result, Theorem 2, is the classification of the stability of
interior and boundary spike solutions. The behavior of the system differs significantly from the “standard”
GM system (1). In particular, an interior spike is unstable with respect to translation instabilities, and moves
towards the boundary. This is phenomenologically similar to the shadow GM system [18]. In contrast, the
interior spike of the standard GM system is stable [7], [20]. Therefore we expect that as the nonlinearity
strength p is increased, the interior spike can be destabilized. It is an open question to determine this
instability threshold.

In agreement with the GM system and the shadow GM system, then single boundary spike is single. In
contrast to the shadow GM system and in agreement with the GM system, the double boundary spike can
be stable or unstable depending on the value of the diffusion constant of the inhibitor.

To summarize the stability results, we observe a new and interesting mixture of properties from the GM
system and the shadow GM system.

In Theorem 3 we proved the stability of the large eigenvalue for a single spike under the assumption that
r = 2. We also conjecture that the theorem remains true for any r > 1. It is an open question to prove this

conjecture.



EXISTENCE AND STABILITY ANALYSIS 24

In our analysis, we assumed that the inhibitor has infinitely fast response (7 = 0). We expect that our
analysis can be extended to the case of 7 small enough without too much extra effort. On the other hand,
it is known that for sufficiently slow response rates (large 7), the spikes in the usual GM model can exhibit
oscillatory instability due to a Hopf bifurcation in the large eigenvalue (see [19]). We believe that this is
true also for the case of large reaction rates. However, the precise analysis of this bifurcation as well as the
critical scaling of 7 in the case of large reaction rates is an open question.

We have shown that large reaction rates are able to create spiky patterns for the GM system in a similar
way as has been shown before for small diffusion constant of the activator. In this sense, large reaction rates
increase the potential of the system for pattern formation. This effect corresponds well to results in [5],
where it is shown that Turing instability is possible for large reaction rates, even if the diffusion constants
are very close to each other.

Biologically, this is important, as it widens the range of possible applications for Turing systems to explain
pattern formation into areas where there is no good justification for vastly different reaction rates but it is
known that there are large reaction rates. If there is a high degree of cooperativity between the components,
which is often the case for many gene hierarchies, a large reaction rate can often be explained theoretically
and measured experimentally, thus opening the door for suitable Turing systems to explain the patterns

observed.
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