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1. Introduction

It is a common belief that diffusion is a smoothing and trivializing process. Indeed, this is
the case for a single diffusion equation. Consider the heat equation

u; = Au in £2 x (0, +00),
u(x,0)=ug(x) >0 1in 2, (1.1)
g—‘: =0 on 082 x (0, +00).

Assume that ug(x) is continuous. It is known that u(x, t) is smooth for ¢ > 0 (smooth-
ing),and u(x,t) — Wl\ fQ uop(x)dx ast — +oo (trivializing). A similar result holds when
a source/sink term (or a reaction term) is present. Namely, for the problem

ur = Au+ f(u) in £2 x (0, 400),

u(x,0) =uop(x) >0 in £, (1.2)
u—=0 on 982 x (0, +00),

it is known that when £2 is convex, the only stable solutions are constants [5,46]. Thus
there are only trivial patterns (constant solutions) for single reaction—diffusion equations
(on convex domains).

On the other hand, it is important to be able to use diffusion (and reaction) to model
pattern formations in various branches of science (e.g., biology and chemistry). One im-
portant question is: can we get non-trivial patterns (stable non-trivial solutions) for systems
of reaction—diffusion equations?

Let us consider the following system of reaction—diffusion equations:

uy = Dy Au+ f(u,v) in £2 x (0, +00),

vy =DyAv+ g(u,v) in £2 x (0, 400),

u(x,0) =up(x), v(x,0)=v9(x) in 2, (1.3)
g—ﬁ:g—}jzo on 952 x (0, +00).

In 1957, Turing [68] proposed a mathematical model for morphogenesis, which de-
scribes the development of complex organisms from a single shell. He speculated that lo-
calized peaks in concentration of a chemical substance, known as an inducer or morphogen,
could be responsible for a group of cells developing differently from the surrounding cells.
He then demonstrated, with linear analysis, how a non-linear reaction diffusion system
like (1.3) could possibly generate such isolated peaks. Later in 1972, Gierer and Meinhardt
[21] demonstrated the existence of such solution numerically for the following (so-called
Gierer—Meinhardt system)

P
—“—ezAa—a—i—Z—q, xe,t>0,

ar —
(GM) T2 =DAh-h+%, xef,1>0,
da _ oh _ ), x€dR.

v — v
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Here, the unknowns a = a(x, t) and h = h(x, t) represent the respective concentrations at

point x € £2 C RY and at time 7 of the biochemical called an activator and an inhibitor;
N 32

€ >0, D >0, t >0 are all positive constants; A = j=173.2 is the Laplace operator in
J

R¥; 2 is a smooth bounded domain in R¥; v(x) is the unit outer normal at x € 3£2. The
exponents (p, g, r, s) are assumed to satisfy the condition

qr

— > 1.
(p—D(@s+1)

p>1, ¢g>0, r>0, s§>0, and y:=

Gierer—Meinhardt system was used in [21] to model head formation in the hydra. Hy-
dra, an animal of a few millimeters in length, is made up of approximately 100,000 cells
of about fifteen different types. It consists of a “head” region located at one end along
its length. Typical experiments on hydra involve removing part of the “head” region and
transplanting it to other parts of the body column. Then, a new “head” will form if and only
if the transplanted area is sufficiently far from the (old) head. These observations have led
to the assumption of the existence of two chemical substances—a slowly diffusing (i.e.,
€ < 1) activator a and a fast diffusing (i.e., D > €) inhibitor A.

To understand the dynamics of (GM), it is helpful to consider first its corresponding
“kinetic system”

{a,:—a—l—a"/hq, (1.4)
thy=—h+a"/h*.
This system has a unique constant steady statea=1,h=1.For0 <t < ([)_Iq)ﬁ it
is easy to see that the constant solution a = 1, h = 1 is stable as a steady state of (ODE).

However, if j_ﬁ is small, it is not hard to see that the constant steady state a = 1, h =
1 of (GM) becomes unstable and bifurcation may occur. This phenomenon is generally
referred to as Turing’s diffusion-driven instability. (A general criteria for this can be found
in Murray’s book [47].)

There are many other reaction—diffusion systems which exhibit Turing’s diffusion-
driven instability: they include Gray—Scott model from chemical reactor theory, Schnaken-
berg model, Sel’kov model, Lengyl-Epstein model, Thomas model, Keener—-Tyson model,
Brusselator, Oregonator, etc. For introduction and discussion on these general Turing mod-
els, we refer to the book [47]. A survey of mathematical modeling of biological and chem-
ical phenomena using reaction—diffusion systems is given in [38]. Mathematical modeling
of patterns in biological morphogenesis using extensions of GM model are discussed in
[36] and [48].

Several common characteristics of Turing type reaction—diffusion systems include: first,
they are non-variational, i.e., they do not have Lyapunov or energy functional so standard
variational (or energy) method cannot be applied; second, they are non-cooperative, i.e.,
they do not have Maximum Principles so sub-super-solution method cannot be applied;
third, they support finite-amplitude spatial-temporal patterns of remarkable diversity and
complexity, such as stable spikes, layers, stripes, spot-splitting, traveling waves, etc. (See
[63].) The study of these RD systems not only increases our knowledge on Turing patterns,
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but also induces new tools and techniques to deal with other problems which may share
similar characteristics.

The most interesting phenomena associated with (GM) is the existence of stable spikes
and stripes. The numerical studies of [21] and more recent those of [31] have revealed
that in the limit € — 0, the (GM) system seems to have stable stationary solutions with
the property that the activator concentration is localized around a finite number of points
in £2. Moreover, as € — 0, the pattern exhibits a “spike layer phenomenon” by which we
mean that the activator concentration is localized in narrower and narrower regions around
some points and eventually shrinks to a certain number of points as € — 0, whereas the
maximum value of the activator concentration diverges to 400.

Such kind of point-condensation phenomena has generated a lot of interests both math-
ematically and biologically in recent years. The purpose of this paper is to report on the
current trend and status of such studies (up to June, 2006). We shall not give most of proofs.
For more details, please see the references and therein.

In the study of spiky patterns (or concentration phenomena), two fundamental methods
emerge. The first one is the so-called “Localized Energy Method”, or LEM in short. LEM
is a combination of traditional Lyapunov—Schmidt reduction method with variational tech-
niques. This is a very useful tool to construct solutions with various concentration behavior,
such as spikes, layers, or vortices. The second method is the so-called “Nonlocal Eigen-
value Problem Method”, or NLEP in short. This deals with eigenvalue problems which
are non-selfadjoint. It plays fundamental role in the study of stability of spike patterns. In
this survey, I shall illustrate these two methods in details in the hope that they may find
applications in other problems.

Throughout this paper, unless otherwise stated, we always assume that

€ek1, Disfinite, 7>0. (1.5)

2. Steady states in shadow system case
2.1. Reduction to single equation

In general, the full (GM) system is very difficult to study. A very useful idea, which goes
back to Keener and Nishiura, is to consider the so-called shadow system. Namely, we let
D — 400 first. Suppose that the quantity —h + a? / h? remains bounded, then we obtain

ah
AR=0, ===0 ondf. @2.1)
v

Thus h(x,t) — £(¢), a constant. To derive the equation for £(¢), we integrate both sides
of the equation for & over §2 and then we obtain the following so-called shadow system

a=€*Aa—a+aP/E9 in$2,
& = —&+ gy [ga dx/E°, (2.2)
a>0 inf2 and 2 =00ndgn.

v
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The advantage of shadow system is that by a simple scaling,

%_Ll £ ( 1 / r) (p*l)l(’s:rll)fqr 23)
a=E&ErTy, =— | u , .
2] Je

the stationary shadow system can be reduced to a single equation

2.4
u>0 in2 and =0 onaR 24

v

{ezAu—u+u”=0 in §2,

whose energy functional is given by

Je[u] -=/ <i|Vu|2+lu2— ;upH)dx
o\ 2 2 p+1 T ’

where u = max(u, 0), 2.5)

foru € H'(2).

First we give some definitions on solutions to (2.4). A family of solutions {u.} to (2.4)
are called concentrated solutions if there exists a subset I" C £2 such that uc — 0 in
CIOOC(S_Z\F) and maxyer ue(x) = co > 0. If I consists of only points in £2, these kind
solutions are called point condensations. Among point condensations, there are two kinds:
spikes and bubbles. Spikes are those concentrated solutions such that max, s u < C,
while bubbles are those with max g ue — +o00. If the dimension of I is positive, concen-
trated solutions are also called layers. (Similar definitions can also be given for solutions
of the full Gierer—Meinhardt system by considering the activator a only.)

In the following, we discuss the existence of all kinds of concentrated solutions to (2.4).

2.2. Subcritical case: spikes to (2.4)

Let us assume first that 1 < p < (%—f%)jL (= %—fg if N> 3; =+o00 when N =1,2).
In this case, problem (2.4) can be studied by traditional variational methods, for example,
Mountain-Pass method, or Nehari’s solution manifold method. For Mountain-Pass method,
by taking a function e(x) = k for some constant k in §2, and choosing k large enough, we
have Je(e) < 0, for all € € (0, 1). Then for each € € (0, 1), we can define the so-called

mountain-pass value

ce = inf max Je[h(t)] (2.6)
hel 0<r<1

where I' = {h: [0, 1] — H'(£2) | |h(¢) is continuous, 7(0) =0, h(l) =e}.
It is easy to see that (Lemma 2.1 of [57]), ¢ can be characterized by

Ce = inf sup Je[tul, 2.7
uz0, ucH'(2) =0

© O N O 0o A O N =
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which can be shown to be the least among all non-zero critical values of Je. (This formu-
lation (2.7) is sometimes referred to as the Nehari manifold technique.) Moreover, c, is
attained by some function u, which is then called a least-energy solution.

In a series of papers [57] and [58], Ni and Takagi studied the so-called least energy
solutions and proved the following theorem

THEOREM 2.1. (See [57,58].) For € sufficiently small, there exists a mountain-pass solu-
tion ue which is also least-energy solution such that u. has only one local maximum point

P. €02 andu. — 0 in CIZOC([_Z\{PG}). Moreover, as € — 0,

H(P.) > max H(P),
Peos2

where H(P) is the mean curvature function for P € 082, and uc(Pe + €y) — w(y) uni-
Sformly in 2¢c p. ={y | Pc + €y € 2}, where w(y) is the unique solution of the following

Aw —w+ wP =0, w>0inRY,
(2.8)

w(0) =max,cgy w(y), w—0 atoo.
REMARK 2.2.1. The existence of ground state to (2.8) is well known. The radial symmetry
of w follows from the famous Gidas—Ni—Nirenberg theorem [22]. The uniqueness of w is

proved in [39].

REMARK 2.2.2. The proof of Theorem 2.1 is by expansion of energy:
1
Ce :eN[El[w] —cleH(PE)+0(e)i| (2.9)

where

I[w]:/ <1(|Vw|2+w2)—pr+l>
RN 2

p+1

is the energy of the ground state. A further expansion of c. up to the €> order is given by
[90]

ce =€V Bl[w] —cleH(P) + ez[cz(HuPe))2 +c3R(P)] + 0(62):| (2.10)

where c1, ¢3, c3 are generic constants and R(Pe) is the scalar curvature at P.. In particular
c1,¢3 > 0.(When N = 2, a further expansion to the order of €3 isalso givenin [91].) Some
applications of the formula (2.10) are given in [90].

Since then there has been a lot of studies on problem (2.4). A general principle is
that boundary spike solutions are related to the boundary mean-curvature H (P), P € 952,
while interior spike solutions are related to the distance function d(P, 952). Note also that
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for boundary spike the order is usually O (¢) while for interior spikes the order is O(e*g)
for some d > 0.

Let me mention some results on multiple boundary and interior peaked solutions.

For single and multiple boundary spikes, Gui [26] first constructed multiple boundary
spike solutions at multiple local maximum points of H (P), using variational method. Wei
[73], Wei and Winter [82,83] (independently by Bates, Dancer and Shi [4]) constructed
single and multiple boundary spike solutions at multiple non-degenerate critical points of
H(P), using Lyapunov—Schmidt reduction method. Y.Y. Li [41], del Pino, Felmer and
Wei [16] constructed single and multiple boundary spikes in the degeneracy case. Using
Localized Energy method (LEM), a clustered solution is also constructed by Gui, Wei and
Winter [29] (independently by Dancer and Yan [9]).

THEOREM 2.2. (See [9,29].) Let I" be a subset of 352, where it holds

min H(P) > min H(P). 2.11)
ar r

Then for any fixed positive integer k, there exists €y such that for € < €y, problem (2.4) has
a solution ue with k boundary local maximum points Pj . € I'. Furthermore, H(Pj ¢) —
miny H(P).

The energy expansion for K -boundary spikes is

K
K
Jeluel = eN[gl[w] —cie Yy H(Pj)

Jj=1
- T satopa( Pl | e
i#]

For single and multiple interior peaked solutions, the situation is quite different, as the
errors are exponentially small. Wei [79,74] first constructed single interior peak solution at
a strictly local maximum point of d (P, d§2). Gui and Wei [27] proved the following

THEOREM 2.3. (See [27].) For any fixed positive integer k, there exists € such that for
€ < €, problem (2.4) has a solution u. with k interior local maximum points Pj ¢ € §2.

Moreover, (P, ..., Px.c) approaches a limiting sphere-packing position, i.e.,
Oe(Pre, ... Pre) =  max  g(Pr,..., P (2.13)
(Py,..., P)ef2k
where

ok (Pry ..oy Pr) =. ‘nlliil;éj(|Pi — Pj|,2d(P;,082)). (2.14)
s Jols
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The energy expansion for K -interior spikes is

K 2d(Pj ¢.0%)
Jelucl = eN[KI[w] —wy e e

j=1

|Pi,e - Pj,e|
—me(fﬂ. (2.15)

i#]j

Grossi, Pistoia and Wei [30] further showed that there is an one-to-one correspondence
between the (sub-differential) critical points of ¢, and k-interior peaked solutions.

Concerning the existence of mixed-boundary-interior-spikes, the following theorem
gives a complete answer.

THEOREM 2.4. (See [28].) For any two fixed positive integers k, 1, there exists €y such
that for € < €x 1, problem (2.4) has a solution u, with k interior local maximum points and
[ boundary maximum points.

Theorems 2.2, 2.3 and 2.4 imply that the number of solutions to (2.4) goes to infinity as
€ — 0. Recently, the following lower bound on number of solutions is obtained:

THEOREM 2.5. (See [44].) There exists an €y > 0 such that for 0 < € < €y and for each
integer K bounded by

UN.2,f
1<K ——"7—
eN(|Ine)N

where ay o, p is a constant depending on N, §2 and p only, there exists a solution with K
interior peaks. (An explicit formula for ay o, is also given.) As a consequence, we obtain
that for € sufficiently small, there exists at least [j(zlvl’—f:l’)]\,] number of solutions. Moreover,

for each B € (0, N) there exists solution with energy in the order of eN=F.

Theorems 2.2, 2.3, 2.4 and 2.5 can all be proved by the powerful method—Localized
Energy Method—which was first introduced in [27]. We shall discuss it next.

2.3. Localized energy method (LEM)

We illustrate a general method in finding solutions with concentrating behavior—the so-
called Localized Energy Method, or LEM in short. The advantage of such method is that
it can be applied to subcritical, critical or supercritical problems, as long as the limiting
solution is well analyzed. This method was introduced in Gui and Wei [27] in dealing with
spikes.

In the following, we show how to prove Theorem 2.5 by LEM. We need to introduce
some notation first.

© 0o N o 0o A O N =
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Theorem 2.5 actually holds for a slightly more general equation than (2.4), namely,

EAu—u+ f(u)=0 in £,

u>0 in £2, (2.16)
g—ﬁ:O on d52.

We will always assume that f : R — R is of class C!7 for some 0 < o < 1 and satisfies
the following conditions (f1)—(f2):

(f1) f(w)=0foru <0, f(0)= f'(0)=0.

(f2) The following equation

Aw—w+ f(w)=0, w > 0inRY,

2.17)
w(0) = max, gy w(y), w— 0atoo,
has a unique solution w(y) and w is non-degenerate, i.e.,
, ow ow
Kernel(A—1+f (w)):span —_— ., — . (2.18)
ay1 YN
One typical example of f is: f(u) =u? —au?,wherea 20,1 <g<p < (%—J_’%)Jr. For

the uniqueness of w, see [39] and [40]. The proof of non-degeneracy is given in [58].
Without loss of generality, we may assume that 0 € §2. By the following rescaling:

x=¢€z, z€8R2::={z]|leze N2}, (2.19)

equation (2.16) becomes

Au—u—+ f(u)=0 1in £2,
. u _ . (2.20)
u>0 in$., and 5_0 in 082.
Foru e Hz(.Qe), we put
Selul = Au—u+ f(u). 2.21)
Then (2.20) is equivalent to
2 . ou
Selul =0, wueH (82:), u>0 inf2, 8_:0 on 982. (2.22)
v

Associated with problem (2.20) is the following energy functional

fe[u]:%/ (|Vu|2+u2)—/ F(u), ueH' (). (2.23)
2.

2
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We define two inner products:

(1, v)e =/ uv, foru,ve L*(2); (2.24)
£2¢

(u, v)e :f (VuVv 4+uv), for u,veHl(.Qe). (2.25)
¢

Let o be the Holder exponent of f” and

6+2
M>+U

K (2.26)

be a fixed positive constant. Now we define a configuration space:

A:={(Q1.....0k) € 2% | px (Q1..... Qk) > Me|Inel} (2.27)
where @k is defined at (2.14).
Let w be the unique solution of (2.17). By the well-known result of Gidas, Ni and Niren-

berg [22], w is radially symmetric: w(y) = w(|y|) and strictly decreasing: w’(r) < 0 for
r >0, r =|y|. Moreover, we have the following asymptotic behavior of w:

w(r) = ANrNZler(l + 0<1>>,
,

W(r)=—Ayr— T e (1 + 0(%)) (2.28)

for r large, where Ay > 0 is a constant. Let K (r) be the fundamental solution of —A + 1
centered at 0. Then we have

wr) = <Ao + 0(%))[(0),

w'(r) = <—Ao + 0(%))1«0, forr > 1, (2.29)

where Ay is a positive constant.
The idea of LEM is to look for solutions of (2.16) of the following type:

K Q
u:Zw(z—?j)—f-(]ﬁ (2.30)

j=1
where ¢ is solved first by Lyapunov—Schmidt reduction process, and (Q1,..., Q) are
adjusted so as to achieve a solution. LEM is a method of reducing the infinite-dimensional
problem of finding a critical point of J, to a finite-dimensional problem of (Q1, ..., Ok).

In general, it consists of the following five steps:
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STEP 1. Find out good approximate functions.
This step contains most of the important computations. The idea is to choose good ap-

proximate functions such that the error S¢ is small.
For Q € £2, we define we ¢ to be the unique solution of

9
Av—v+f<w(-—g>>=0 in 2., a—vzo on 9%2. 2.31)
€ v

Let Q=(Q1,..., Qk) € A. We then define the approximate solution as

K
WeQ =) Weo;- (2.32)
j=1

We first analyze we . To this end, set

(k-0 x
we,Q(x)—w( - )—wE,Q<;).

We state the following useful lemmas on the properties of ¢¢ o, whose proof can be
found in [44].

LEMMA 2.6. Assume that %e|lne| < d(Q,08) < § where § is sufficiently small. We
have

ve0=—(4o +o(1>)K<"“_E—Q*'> +O(eV2MENH 233)

where K(r) is the (radially symmetric) fundamental solution of —A + 1 in RV, 0* =
0 +2d(Q, 8.(2)\)@, Vo denotes the unit outer normal at Q € 982 and Q is the unique

point on 382 such that d(Q, Q) =d(Q, 382).

The next lemma analyze we @ in £2¢. To this end, we divide £2. into K + 1-parts:

Qj 1 ,
96»1‘:{‘1——] <—wxkQy, j=1,...,K,
€ 2¢€
K
Qe k1= -Qe\ U .- (2.34)
j=1
LEMMA 2.7. Forz e $2 j, j=1,..., K, we have

we,sze,Qj+0(Ke”5)=w<z—%>+0(1(e”f). (2.35)
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For z € §2¢ k41, we have

M
We,Q = O(KGT). (2.36)

PROOF. For k # j and z € §2. ;, we have

Ok
We, 0y = w(Z -~ ) @e, 0, (€2)

ES
~

:O(e—lz—%l+e—|z—QT’t\+€M+N+1)=0(6

and so
Z We, 0 = O(Ke%)
k#j
which proves (2.35). The proof of (2.36) is similar. O

Next we state a useful lemma about the interactions of two w’s.

LEMMA 2.8. For M large, it holds

/RNf<w<Z - %>>w<z— %) = (V0+0(1))w<|Q1 - Qzl) 2.37)

Yo = /R S (w(y))e™ " dy. (2.38)

where

REMARK. Note that Yy > 0. See Lemma 4.7 of [61].

PROOF. By (2.28), we have for |ey| < |Q1 — O2],

N—-1

w<y+7QlEQZ)Z(AN+0(1))<—|ey+Q€1—Q2|) i e I+ A

(|Ql Q2|> O =g ol
€

Thus by Lebesgue’s Dominated Convergence Theorem

Joot (o= )l 2)
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= [, swou(y+ 2222)
RN €
=(1+o())w <|Q1 - Q2|)/RN flw()e” o 1o1=03) dy

- 101 — 0|
—(V0+0(1)) ( p ) 0

Let us define several quantities for later use:
Be(Qj)z_/ f(wj)sﬂe,Qj,Be(Qi,Qj):/ fwj)w;. (2.39)
$2¢ ¢

Then we have

LEMMA 2.9. For Q= (Q1,...,Qk) € A, it holds

2d(Q;, 08
B(Q)) = (yﬁo(l))w(#) + o(w(M|Inel)), (2.40)

Be(Qi, 0)) = (vo +o(D)w ('Q’ - Q") o(w(M|Inel)). (2.41)

PROOF. Note that

AoK('x _EQ*|> =(1 +0(l))w<|x_6—Q*|>

and by Lemma 2.6

Be(Qj)z(]+0(]))/ f(wj)w(Z—@)—l—O( fM+N+1)

10— O]l
=(y +o())w < Je >+0(w(M|lne|))

=(y —i—o(l))w(M) + o(w(M|Inel)).

(2.40) follows from Lemma 2.6. To prove (2.41), we note that

Be(Qi,Q,-)=f f(w)w<y—M)
RN €

_ / f(w)w(y _ M)
RN\QaQ,- €
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= (v +o(1))w<|Q’ Q) ') O(e (% yHeLD) M)
= (v +0(1))w(|Ql QJ|> o(w(M|Inel)). -

We then have the following which provides the key estimates on the energy expansion
and error estimates.

LEMMA 2.10. Forany Q=(Q1,..., Qk) € A and € sufficiently small we have

. K 1 K
Je [Z we,Q_,} = KI[wl = > Be(0)
i=1 i=1

1
-5 Z B(Qi, Q) +o(w(M|Inel)), (2.42)

i,j=L..K, i#]

and

g+l M(1+0)
+a€—2

<CK ¢
L4(82¢)

(2.43)

K
Se |:Z we’Qj:|
j=1

N
forany g > 5
The proof of Lemma 2.10 is technical and tedious. We refer to [44] for the computations.
STEP 2. Obtain a priori estimates for a linear problem.

This is the fundamental step in reducing an infinite-dimensional problem to finite-
dimensional one. The key result we need here is the non-degeneracy assumption (f2).
Fix Q € A. We define the following functions

B 2lez — Qil
Zij=(A— 1)|: (Z)] where x;(z) = x (m)

i=1,....,K, j=1,...,N, (2.44)

where X(t) is a smooth cut-off function such that x(t) =1 for |¢| < 1 and x(¢) = O for
|t] > —7— . Note that the support of Z; ; belongs to BMz 1 él(%)'
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In this step, we consider the following linear problem: Given i € L?($2,), find a function
¢ satisfying

Llpl:=A¢ =+ fr(we @b =h+ D ckiZii;
<¢7Zi,j>€=()a i=17"'7K7j=17”'7N’ and (245)

=0 ond,

for some constants ¢y ;, k=1,...,K,l=1,...,N
To this purpose, we define two norms

olls = lléllw2a(g.) I llsese = 11 fll Lo (20 (2.46)

where g > % is a fixed number.
We have the following result:

PROPOSITION 2.11. Let ¢ satisfy (2.45). Then for € sufficiently small and Q € A, we have
@1l < CliAll (2.47)
where C is a positive constant independent of €, K and Q € A.
PROOF. Arguing by contradiction, assume that
ol =1 2]l = o(L). (2.48)

We multiply (2.45) by "w’ X (z) and integrate over §2 to obtain

ch 1<Zkl» “ i (Z)>

€

ow;
=—<h, %xi<z>> <A¢ O+ 1 (we)d. x,(z)> (2.49)
J €

€

From the exponential decay of w one finds

311),'
<h, —Xi(Z)> =o(l).

9z €

Observe that aw’ L xi (2) satisfies

8w,~ 8w,~
A(a ~(z))—< ‘(Z))+f(w)<—xl(z))
Zj 07

Bw,- Bwi
=2Voo—Veri + (Ax) 5 (2.50)
Zj 0z;
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Integrating by parts and using Lemma 2.7, we deduce

<A¢> ¢+ f(we Q)¢> Ty (z)>
zj

€

’ M-1
=<(f (we,Q) — f'(wi ) Lxi (@), ¢>> 07 ligll+)
=O(KUG%WH*)=0(||¢||*)=0(1)

where we have used the fact that M > %N and that

H(f/( )= f( ))% j
We,Q Wi 3Zj Xi

O_Ma
<K%,
%

Wi

0z

Xi

o
CH |we,Q — wi
sk

It is easy to see that

dw; , dw \?
<Zi,,/,—x,-(z)> =—/ f(w)(—) dy +o(1). (2.51)
azj € RN a}’j

On the other hand, for k # i we have

3w,~
<Zk,1, —Xi (Z)> =0 (2.52)
0z

€

and for k =i and [ # j, we have

<Zi,1, %xi@ =0(eM). (2.53)
2j

€

The left hand side of (2.49) becomes

Gi,j+ Z O(GMCi,l) =o(1)
I#]

and hence
¢ j=o0(), i=1,....,K, j=1,...,N. (2.54)

To obtain a contradiction, we define the following cut-off functions:

=1,....K. (2.55)

2lez — Qi )
(M — M~)e|Ine|

i =dx/, where x/ =x (

Note that x/ =1 for z € BMzZ/JI “nel(%) and the support of ¢ belongs to B%Ilnel(%)'
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Then the conditions (¢, Z; j)e = 0 is equivalent to
(#i, Zi j)e = 0. (2.56)

The equation for ¢; becomes

Api — i+ f (we Q)i = Y _cijZij+hx/ +2VVx] + (Ax))p.  (2.57)

J

Lemma 2.7 yields

fl(we. @i = (f (wi) +o(eM*7N)) ;. (2.58)

Using (2.56) and (2.58), a contradiction argument similar to that of Proposition 3.2 of
[27] gives

q q q
ll¢i ||w2,q(_Q€) < C”hxi/ ||Lq((z€) + CHZV‘l’VXi/ + (Axi/)(p”Lq(.Qe)' (2.59)
Next, we decompose
K
$=) b+ (2.60)
i=1
where @ = ¢ (1 — Zf(: 1 X{)- Then the equation for @ becomes

AP — D+ f'(we Q)P

K

K K
=h<1 —ZX;> —2> VeVx = > (Ax))¢- (2.61)
i=1 i=1

i=1

By Lemma 2.7, f'(we,Q)® = o(1)®. Standard regularity theorem gives

K q
1215200, < € h(l - Zx{)
i=1 L9(£2,)
K K q
+C[23 VeV + ) (Ax)e (2.62)
i=l i=1 L9(%2)

(Observe that the constant C in the L?”-regularity is independent of € < 1. The case of
Dirichlet boundary condition has been proved in Lemma 6.4 of [61]. The case of Neumann
boundary condition can be proved similarly.)
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Combining (2.60), (2.59) and (2.62), we obtain

K
D ¢
i=1

q

W24(2c)

+Clol

w2

4(82¢)

K
<SCY 1ilag g, + ClPNag g,
i=1

K
< c(znhx,fu‘zmw
i=1

(-

K
+CD |2V + (Ax)é|

i=1

< Clhlfyq,, + O(Inel™") gl

since

K
> )
i=1

q )
La(82¢)

q
L1(82¢)

q
W2,q (Qe)

K K q
Z(x!)"+(1—2x;) <2 IVXI+1axI<C(me)™. (263)
i=1 i=1

This gives
||¢||W2,q(g€) =o(l).

A contradiction to (2.48).

(2.64)

From Proposition 2.11, we derive the following existence result:

PROPOSITION 2.12. There exists €9 > 0 such that for any 0 < € < €y the follow-
ing property holds true. Given h € W>4(82.), there exist s a unique pair (¢,¢) =
(¢, {ci,jli=1...k,j=1,...N) such that

Llgpl=h+Y cijZi.

i,j

(0,Zij)e=0, i=1,...

Moreover, we have

@l < CllA

for some positive constant C.

(2.65)

99

=0 ondf2. (2.66)
av

(2.67)
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PROOF. The bound in (2.67) follows from Proposition 2.11 and (2.54). Let us now prove
the existence part. Set

H={ueH (2] (u,(A-1)""Z; ;) =0}

e

where we define the inner product on H'(£2,) as

(u,v)e = (VuVv +uv).
2

Note that, integrating by parts, one has
YyeH ifandonlyif (¥,Z;;)e=0, i=1,....K, j=1,...,N.

Observe that ¢ solves (2.65) and (2.66) if and only if ¢ € H satisfies
/Q (VOVY +0) — (' we Q)b V), = (h, Y)e, Vi €.

This equation can be rewritten as
d+S@P)=h inH, (2.68)
where £ is defined by duality and S : H — 7 is a linear compact operator.
Using Fredholm’s alternative, showing that equation (2.68) has a unique solution for
each h, is equivalent to showing that the equation has a unique solution for 4 = 0, which

in turn follows from Proposition 2.11 and our proof is complete. (]

In the following, if ¢ is the unique solution given in Proposition 2.12, we set

¢ = Ac(h). (2.69)
Note that (2.67) implies
[Ac) |, < Cllalls (2.70)

STEP 3. A non-linear Lyapunov—Schmidt reduction.

For € small and for Q € A, we are going to find a function ¢, ¢ such that for some
constants ¢; j, j =1, ..., N, the following equation holds true

i Awe,Q+¢) — (We.+ @) + f(WeQ+ &) =D 4y ki Zrs  in L, @71

(¢.Zij)e=0, j=1,....N, 52=0 onis2.
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The first equation in (2.71) can be written as

A=+ [ (we. )¢ = (—Sclwe.Ql) + Nelp]+ D cij Zi ).

i.j
where
Ne[p] = —[f(we. + &) — f(we,Q) — f'(we.)¢]- 2.72)
LEMMA 2.13. For Q € A and € sufficiently small, we have for |||« + l|@1 11« + |21« < 1,

INe[o1],, < Cllglli™s (2.73)

| Nelp1] = Nelp2l|,, < C(I1llS + $2115) 11 — b2l (2.74)

PROOF. Inequality (2.73) follows from the mean-value theorem. In fact, for all z € £2,
there holds

fweq+¢) = f(we,Q) = f'(we,q +09)¢.
Since f is Holder continuous with exponent o, we deduce
|f(we.q + ) = f(weQ) = f'(we. @)l < C|p]'*,
which implies (2.73). The proof of (2.74) goes along the same way. (|

PROPOSITION 2.14. For Q € A and € sufficiently small, there exists a unique ¢ = ¢ Q
such that (2.71) holds. Moreover, Q — ¢ q is of class C' as a map into W>1(2:) N'H,
and we have

lbeolls <rk ‘T ToME (2.75)
for some constant r > 0.
PROOF. Let A, be as defined in (2.69). Then (2.71) can be written as

¢ = Ac[(—Selwe,Ql) + Nelo]]- (2.76)

Let r be a positive (large) number, and set

+1 .
Fr={p e HAW (20 gl <rK'T 7757 ),
Define now the map Ge : F, — H N W29(82,) as

Geld] = Ac [(_Se [we,Q]) + Ne [¢]]
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Solving (2.71) is equivalent to finding a fixed point for G.. By Lemmas 2.10 and 2.13, for
€ sufficiently small and r large we have

g+l

|Gel91]), < C|Selweql|l,, + C|Nelgl],, <rK

M(+o0)
2

’

+06

1
|Gel@1] — Belgal|, < C| Nelpi] — Nelgnl|, < S lo1 =2,

which shows that G, is a contraction mapping on F,. Hence there exists a unique ¢ =
@c.Q € F; such that (2.71) holds.

Now we come to the differentiability of ¢ . Consider the following map H : A x H N
W24(82:) x RNK - HNW24(82,) x RNK of class C!

(A =D (Selwe+ o) — X jcij(A—-1)71Z;

(@, (A=1)71Z1 1)
HG(Qv ¢7 c) -

(@, (A—=1D7"1Zg N)e
.77

Equation (2.71) is equivalent to H.(Q, ¢, ¢) = 0. We know that, given Q € A, there is
a unique local solution ¢¢ @, cc @ obtained with the above procedure. We prove that the
linear operator

IH:(Q, ¢, 0)

cHNW>(2) x RVE > Hnw?9(2.) x RVK
d(¢, 0

(Q’¢€,Q’C€,Q)

is invertible for € small. Then the C!-regularity of Q (@¢,Q> ce,@) follows from the
Implicit Function Theorem. Indeed we have

0H:(Q, ¢, ¢)
e [V, d]
d (¢v C) (Q,$¢,Q-¢c.Q)

(A =17 (S[we.@ + be.Ql(¥) = X dij(A = 1)7'Z;
W, (A=D71Z1 e

W, (A= D7 Zg n)e
Since [|¢e,q |« is small, the same proof as in that of Proposition 2.11 shows that

8(¢’ C) (Q’d)e,cheQ)
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is invertible for € small.
This concludes the proof of Proposition 2.14. g

In some cases (e.g., critical or nearly critical exponent problems), we need to obtain
further differentiability of ¢¢ ¢ (e.g., C 2 in Q). This will be achieved by further reduction.
See [13,65] and [66] for such arguments.

STEP 4. A reduction lemma.

Fix Q € A. Let ¢¢ ¢ be the solution given by Proposition 2.14. We define a new func-
tional

Me(Q) = Je[we.g + ¢eQl: A — R. (2.78)
Then we have the following reduction lemma

LEMMA 2.15. If Qc is critical point of M¢(Q) in A, then ue = we Q, + Pe,Q. is a critical
point of Jc[u].

PROOF. By Proposition 2.14, there exists €y such that for 0 < € < €y we have a C! map
which, to any Q € A, associates ¢, g such that

Se[we,Q + ¢e,Ql = Z Cri i,
k=1,..K;I=1,...N

(¢€,Qa Zi,j)e =0 2.79)

for some constants c; € REN,
Let Q¢ € A be a critical point of M.. Set uc = we ¢ + ¢¢ Q<. Then we have

Do, 10,0 Mc(Q)=0, i=1... K, j=1,.N.

Hence we have

/ [W ydWeo tde0) Iweq +e0)
L 900i) o= = Qi oo
d
— f(us)w i|:0,
Qi 0i=0¢

which gives

d
Z Ckl/ Zy 1—(w€’Q + 9e.0) =0. (2.80)
S 90 0i=0¢

© 0o N o 0o A O N =

AR A OB OB OB WO OW W W W W W WNNNDNNIDNDMNRNMNDRN 4 o oo o2 o2 4 o
a A W N 242 O © 0N O O A WO 4 O O 00 N OO O P~ WD 42 0O 0 0o N OO o P~ W NN =+ o



© O N O 0o b O N =

510 J. Wei

We claim that (2.80) is a diagonally dominant system. In fact, since {¢¢ Q, Zi,j)e =0,
we have that

ad e 0Z
[ o= [ woiggt = win
Q¢ aQi’j ¢ aQi,j

If k =i, we have

Zii 0, o _ 0Zy1 _ BZkyl
Y A R I FI
¢ k,j ¢ ij Qk’j o
_ O(K"quraeiMﬂ;"L]) _ O(GM*((I%ﬂﬂNfl)

)-

”(lse,Qe ”**

ES

—O(e

For k # i, we have

dwe, g dWe, o
/ Zk. € _/ 0 2% e = O(GM)'
08 g Jeansy G5 90

For k =i, we have

3wE,Q€ awe’Qe
/ Zig e =/ e Zkime
2. Q5 ; 2By, () 0y

1 , w\?
—€ 8]/'/ f (w)(—) +0(Q).
RN 8y]

For each (k, 1), the off-diagonal term gives

% ~|—Ze + Z O()=0 62 +KeM +€)=0(1)
k#i k=i,l#j

by our choice of M > %N.

Thus equation (2.80) becomes a system of homogeneous equations for cz; and the matrix
of the system is non-singular. Socy; =0,k=1,...,K,I=1,...,N

Hence u, = Zszl We, g + ¢>€,Q§ ,,,,, 0% is a solution of (2.20). (Il

STEP 5. Using variational arguments to find critical points for the finite-dimensional re-
duced problem.

By Lemma 2.15, we just need to find a critical point for the reduced energy func-
tional M. (Q). Depending on the asymptotic behavior of the reduced energy functional,
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one can use either local minimization, or local maximization [29], or saddle point tech-
niques [66]. Here there is no compactness problem since the reduced problem is already
finite-dimensional.

We first obtain an asymptotic formula for M, (Q). In fact for any Q € A, we have

Mc(Q) = Je[we ol + /9 (Vwe, Ve + We,0de.Q)
- /Q f(weQ)¢e.q+ O(lgeqll?)

— Jlweol + / (= Sclwe.ol)beq + O(Ige.ol)

Qe

= Je[we.Ql + O (|| Selwe. @l . Ite.Qll+) + O(lpe.ql?)

je[we,Q] + 0(K2+§+206M(]+(T)) — je[we,Q] +0(w(M|lne|))

by Lemma 2.10, Proposition 2.14 and the choice of M at (2.26).
By Lemma 2.10, we obtain

1 K 124005, 0%
M(Q) = K1[w] = > (v +o(1) Zw( (© )>
i=1

1 —0;
- E(VO +0(1)) Zw(%) + o(w(M|Inel)). (2.81)

i#j
We shall prove
PROPOSITION 2.16. For € small, the following maximization problem
max{M(Q): Qe A} (2.82)
has a solution Q€ € A°—the interior of A.
PROOF. First, we obtain a lower bound for M.: Recall that K¢, () is the maximum num-

ber of non-overlapping balls with equal radius r packed in 2. Now we choose K such
that

M+2N
1<K <Ko (%q ln6|). (2.83)

Let Q°=(0Y,..., Q(;() be the centers of arbitrary K balls among those K g(MJrTZN X
€|In€|) balls. Certainly Q° € A. Then we have

0 0. 0_ 0
w<2d(Q,.,afz>) Pyl Ly w<|Qi Qﬂ) < M2N
€

€
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and hence

Me(QF) > Mc(@) > KTTwl = 5 (30 + (1) M2

2
- K?(yo +o(1)eM 2N 4 o(w(M|Inel))

> KITw] — K2(yo + o(1))eM N 4 o(w(M|Inel)). (2.84)

On the other hand, if Q € 9.4, then either there exists (i, j) such that |Qf — QS| =
Me|Ine|, or there exists a k such that d(Qj, 082) = %d In€|. In both cases we have

1
Mc(QF) < KIfw] - 5(yo +o(1))w(M|In€|) +o(w(M|Inel)). (2.85)

Combining (2.85) and (2.84), we obtain

w(M|Inel) <2K2MH2N < ceM (ine]) (2.86)
which is impossible.
We conclude that Q¢ € A. This completes the proof of Proposition 2.16. ([

COMPLETION OF PROOF OF THEOREM 2.5. Theorem 2.5 follows from Proposition 2.16
and the reduction Lemma 2.15. (]

2.4. Bubbles to (2.4): the critical case

Let p= %—f% By suitable scaling, (2.4) becomes the following problem
A 3 =0 ing
U—uu—+u = ; n £2, (2.87)
u>0 inf2 and % =0 ondf
where = Glz is large.
It is well known that the solutions to
N+2
AU+UN2 =0 (2.88)

are given by the following

N=2
| N2
Ups=  — , where A >0, £ RV, 2.89
Ak CN<A2+|x—§|2) where A > & ( )
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A notable difference here is that the linearized operator A + (N +2)U *> has (N + 1)-
dimensional kernels. Namely,

N+2 A U, ¢ dUAe U, ¢
Kemel| A+ —— U [ | = =, R [ 2.90
erne ( + N oA ) span{ A o8, T ( )

Thus when we apply LEM, we need also to take care of the scaling parameters. See
[13,43,65,66] and the references therein.

Concerning boundary bubbles, the existence of mountain-pass solutions was first proved
in Wang [69] and Adimurthi and Mancini [1]. Ni, Takagi and Pan [55] showed the least
energy solutions develop a bubble at the maximum point of the mean curvature (thereby
establishing results similar to Theorem 2.1). Local mountain-pass solutions concentrating
on one or separated boundary points are established in [23]. At non-degenerate critical
points of the positive mean curvature, single boundary bubbles exist [2]. Lin, Wang and Wei
[43] established results similar to Theorem 2.2 for dimension N > 7, at a non-degenerate
local minimum point of the mean curvature with positive value:

THEOREM 2.17. Suppose the following two assumptions hold:

H1) N2>T7,
(H2) Qo =0 is a non-degenerate minimum point of H(Q) and H(Qp) > 0.

Let K > 2 be a fixed integer. Then there exists a (Lg > 0 such that for @ > wg, problem
(2.87) has a non-trivial solution u,, with the following properties

ey

K
N—4

ne = ; Yin oo™ or ™ o),

where Aj — Ag:=AoH(Qo) >0,j=1,...,K,and

2) OF = (QM, e, Q’;() approach an optimal configuration in the following problem:
(%) Find out the optimal configuration (Q] N QK) that minimizes the functional
R[Q1..... Qkl.

HereforQ_ (Q1,...,0k) € RV-DK 0, #* Qj,wedeﬁne

RIQ1. .. = ci Z¢(Q,>+czz - (2.91)
t#/ QJ'

where (Q) = Zk’l 0k H(Q0) QrQi, c1 and ¢y are two generic constants.

Theorem 2.17 is proved by LEM. Here the computation is more complicated, since the
interaction between bubbles is very involved.
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Concerning interior bubbles, under some assumptions, it is proved in [24] and [64] that
there are no interior bubble solutions. However interior bubble solutions can be recovered if
one add the boundary layers. (The boundary layer solution has been constructed in [50] (see
Section 2.6).) The following result establishes the existence of multiple interior bubbles in
dimension N = 3,4, 5.

THEOREM 2.18. (See [71,92].) Let N = 3,4,5. For any fixed integer k, then problem
(2.87) has a solution (at least along a subsequence €, — 0) with k interior bubbles and
one boundary layer.

2.5. Bubbles to (2.4): slightly supercritical case

In the slightly supercritical case, we let p = %—f% + & where § > 0. Consider

Au—pu+uP =0 in $2,
{ H (2.92)

u>0 in2 and & =0 onan.

E

The following result was proved by [66] and [14] through the use of LEM.

THEOREM 2.19. Let N > 3. Then § > 0 sufficiently small, problem (2.92) admits a bound-
ary bubble solution.

In fact, in the slightly supercritical case, there is also the phenomena of bubble-towers.
A bubble-tower is a sum of bubbles centered at the same point

K

Z UAj,g, where Ap,
j=I

Aj+1

400, j=1,....,K —1. (2.93)

J

This has been discussed in [15] and [25].

It is completely open whether or not point condensation solutions exist for (2.92) when
p> x—f% + §. In fact, let £2 be the unit ball. Using Pohozaev’s identity, it is not difficult to
show that there exists a positive constant ¢y, independent of € < 1, such that

infu > 2.94
1gu co (2.94)

for all radial solution u of (2.4). This marks a basic difference between the behavior of

solutions of these two cases p < %—f% and p > %—3 It eliminates the possibility of the

existence of a radial spiky solution which approaches zero in measure as € approaches
N+42

zero in the supercritical case p > §55.

2.6. Concentration on higher-dimensional sets

The following conjecture has been made by Ni [53,54].
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Fig. 1. Lines intersecting with 952 orthogonally.

CONJECTURE. Given any integer 0 < k < n — 1, there exists py € (1, 00) such that for
1 < p < pk, (2.4) possesses a solution with k-dimensional concentration set, provided that
€ is sufficiently small.

Progress in this direction has only been made very recently. In [49] and [50], Malchiodi
and Montenegro proved that for N > 2, there exists a sequence of numbers & — 0 such
that problem (2.4) has a solution u,, which concentrates at boundary of 952 (or any com-
ponent of 3£2). Such a solution has the following energy bound

Jelug 1~ e =L (2.95)

In [48], Malchiodi showed the concentration phenomena for (2.4) along a closed non-
degenerate geodesic of 952 in three-dimensional smooth bounded domain 2. F. Mah-
moudi and A. Malchiodi in [51] prove a full general concentration of solutions along
k-dimensional (1 < k < n — 1) non-degenerate minimal sub-manifolds of the boundary
forn>3and1 < p< Z:l’f_r% When §2 = B1(0), there are also multiple (radially symmet-
ric) clustered interfaces near the boundary [52].

For concentrations on lines intersecting with the boundary, Wei and Yang [93] made
the first attempt in the two-dimensional case. Let I" C £2 C R? be a curve satisfying the
following assumptions: The curvature of I" is zero and I intersects 952 at exactly two
points, saying, y1, Yo and at these points I" 1 9§2. Let —k; and ko are the curvatures of the
boundary 952 at the points y; and yq respectively. A picture of I" and £2 is as follows:

We define a geometric eigenvalue problem

—f"O)=2f), 0<6<1,
f') +ki f(1) =0,
f10) +ko f(0) =0. (2.96)

We say that I" is non-degenerate if (2.96) does not have a zero eigenvalue. This is equiva-
lent to the following condition:

ko — ki + kok1[I"| # 0, (2.97)
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where |I"| denotes the length of I".
Moreover, we set up the gap condition that there exists a small constant ¢ > 0

2_2
k“m= 5

0— WS >ce, VkeN. (2.98)

In [93], the following result was proved

THEOREM 2.20. We assume that the line segment I" satisfies the non-degenerate condi-
tion (2.97). Given a small constant c, there exists &y such that for all ¢ < &g satisfying the
gap condition (2.98), problem (2.4) has a positive solution u, concentrating along a curve
I'c near I'. Moreover, there exists some number co such that u. satisfies globally,

ue(x) < exp[—cos_l dist(x, I¢)]
and the curve I'; will collapse to I" as ¢ — 0.

REMARK 2.6.1. The geometric eigenvalue problem (2.96) was first introduced by M.
Kowalczyk in [37] where he constructed layered solution concentrating on a line for the
Allen—Cahn equation.

REMARK 2.6.2. Theorem 2.20 is proved using the infinite-dimensional Lyapunov—
Schmidt reduction technique introduced in [18].

REMARK 2.6.3. One can also constructed multiple clustered line concentrating solutions,
using the Toda system. See [94]. This follows from earlier work in [19], where multiple
clustered interfaces are constructed at non-minimizing lines for the Allen—Cahn equation.
It is quite interesting to see the connection between Toda system

q}/ + 9™+ dj-174) = () (2.99)
and clustered interfaces.

REMARK 2.6.4. It will be interesting to construct solutions concentrating on surfaces
which intersect with 92 orthogonally.

2.7. Robin boundary condition

Robin boundary conditions are particularly interesting in biological models where they
often arise. We refer the reader to [10] for this aspect.

In [3], Berestycki and Wei discussed the existence and asymptotic behavior of least en-
ergy solution for following singularly perturbed problem with Robin boundary condition:
{ezAu—u+u”=0,u >0 1in$2, (2.100)

eg—]'f—l—ku:O on 452,

-
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where A > 0. Similar to [57], we can define the following energy functional associated with
(2.100):

2 1 A
T.[u] :=€—/ |w|2+—/ u2—/ F(u)+€—/ w2, (2.101)
2 Jo 2Ja Q 2 Joe

where F(u) = fé‘ f(s)ds, f(s)=sP,ue H' ().
Similarly, for € € (0, 1), we can define the so-called mountain-pass value

= inf h(t 2.102
e = jnf max Je[n®)] (2.102)

where I = {h: [0, 1] — HY(2) | h(t) is continuous, 2(0) =0, (1) = e}.

For fixed € small, as A moves from 0 (which is Neumann BC) to 400 (which is Dirichlet
BC), by the results of [57,58] and [61], the asymptotic behavior of u. ; changes dramat-
ically: a boundary spike is displaced to become an interior spike. The question we shall
answer is: where is the borderline of A for spikes to move inwards?

Note that when N = 1, by ODE analysis, it is easy to see that the borderline is exactly
at A = 1. In fact, we may assume that £2 = (0, 1), and a s € — 0, the least energy solution
converges to a homoclinic solution of the following ODE:

w' —w+wP=0 inR! w(y) =0 as|y| — 4o0. (2.103)

Then it follows that

w)?=w?— wPtl W < w. (2.104)

p+1

As € — 0, the limiting boundary condition (2.100) becomes w’(0) — Aw(0) = 0. We see
from (2.104) that this is possible if and only if A < 1.

When N = 2, the situation changes dramatically. To understand the location of the spikes
at the boundary, an essential role is played by the analogous problem in a half space with
Robin boundary condition on the boundary. Thus we first consider

{Au_u+f(u):0,u>0 inRY, (2.105)

ue H'®RY), %4 u=0 ondRY

where Rﬁ ={(y', yn) | ynv > 0} and v is the outer normal on 8R1.

Let
1 ) A 2
Lu] = Va4 =?) = | Fw+Z | WA (2.106)
RY \2 2 R}, 2 Jory,

As before, we define a mountain-pass vale for 7,:

L= inf sup I, [tv]. (2.107)
v£0, ve HI(RY) >0
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Our first result deals with the half space problem:

THEOREM 2.21.
(1) For A < 1, ¢, is achieved by some function w,, which is a solution of (2.105).
(2) For A large enough, c; is never achieved.

(3) Set
Ay = Inf{A | ¢, is achieved}. (2.108)
Then A, > 1 and for L < Ay, ¢, is achieved, and for ). > A, ¢, is not achieved.

The proof of Theorem 2.21 is by the method of concentration-compactness, and the
method of vanishing viscosity.
Now consider the problem in a bounded domain.

THEOREM 2.22. Let A < Ay and uc ) be a least energy solution of (2.100). Let x. € §2
be a point where uc ) reaches its maximum value. Then after passing to a subsequence,
Xe — X0 € 082 and
(1) d(x¢,082)/e — dy, for some dy > 0,
(2) ver(y) =uep(xe+€y) = wy(y) in c! locally, where w), attains c), of (2.107) (and
thus is a solution of (2.105)),
(3) the associated critical value can be estimated as follows:

ce.=€"{c — eH (x0) +0(e)} (2.109)

where ¢, is given by (2.107), and H (xo) is given by the following

- , , 31,())L
H(xp) = max | — vy - V'w, — H(x0) (2.110)
w; €S;, R; 3YN
where S;, is the set of all solutions of (2.105) attaining c;, and y' = (y1, ..., YN—1),
V= (g5 )

(4) H(x0) = maxyes H(x).
On the other hand, when A > 1., a different asymptotic behavior appears.

THEOREM 2.23. Let . > A, and uc ) be a least energy solution of (2.100). Let x. € §2
be a point where u.  reaches its maximum value. Then after passing a subsequence, we
have
(1) d(xe,082) > max,en d(x, 082),
(2) Ve r(y) ;= uep(xe +€y) = w(y) in C! locally, where w is the unique solution of
(2.8),
(3) the associated critical value can be estimated as follows:

2d(xe, 302)
€

cep =€V [l[w]+exp<— (1 +0(1)))i|. (2.111)
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3. Stability and instability in the shadow system case

As we have already seen in Section 2 that there are many single and multiple spike solutions
for the shadow system (2.2). The question is: are they all stable with respect to the shadow
system (2.2)? Unfortunately, as we will show below, only one of them is stable.

Let uc be a (boundary or interior) spike solution. Then it is easy to see that (ac, &)
defined by the following

) 1 —(p—1/(gr—(p—D(s+1))
ac=£4/""Du,, sez<ﬁ fg uzdx) 3.1)

is a solution pair of the stationary problem to the shadow system (2.2).
In this section, we analyze the following linearized eigenvalue problem

2 a?”! al e
€“Ape — P + p Eg;’ be —q TN =0cPe, =0 onds2, 32)

—1
r [ G $e g lbs,
7182 Jo g dx — N =aen.

By using (3.1), it is easy to see that the eigenvalues of problem (3.2) in H?(§2) x L>®(£2)
are the same as the eigenvalues of the following eigenvalue problem

qr Ja ul”'¢
s+1+tae [oul
¢ € HX (). (3.3)

EAp— ¢+ pul~'¢ — u? = acd,

A simple argument [8] shows that

THEOREM 3.1. Any multiple-spike solution is linearly unstable for the shadow system
(2.2).

Let

Le(@) =€*Ap — ¢+ pul ™9,

r—1
L@ =Le(@) - —— J queu, Pur. (3.4)
2 %e

Thus we can only concentrate on the study of stability for single-spike solutions. The
study of stability and instability of single spike solutions can be divided into two parts:
small eigenvalues and large eigenvalues.

3.1. Small eigenvalues for L,

In [73], it was proved that single boundary spike must concentrate at a critical point of
the mean curvature function H (P). On the other hand, at a non-degenerate critical point of
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H (P), there is also a single boundary spike. Furthermore, in [76], it is proved that the single

boundary spike at a non-degenerate critical point of H (P) is actually non-degenerate.
Next we study the eigenvalue estimates associated with the linearized operator at u.:

Le=e2A—1+ puf_l. (Here the domain of L. is H2(£2).) We first note the following
result.

LEMMA 3.2. The following eigenvalue problem
Ap—¢+pwlp=pnp inRY, ¢eH'(RV) (3.5)
admits the following set of eigenvalues:
u1>0, pr=---=unt1=0, unsy2<0,.... (3.6)
Moreover, the eigenfunction corresponding to | is radial and of constant sign.
PROOF. This follows from Theorem 2.12 of [42] and Lemma 4.2 of [58]. U
The small eigenvalues for L, were characterized completely in [76].

THEOREM 3.3. (See [76].) For € sufficiently small, the following eigenvalue problem

-1 .
€2A¢e — ¢ + Pué) P =Tepe  In $2, 3.7)
%‘ =0 on 082

2 <<tV inthe interval [E5EL, ELY, where

admits exactly (N — 1) eigenvalues T} < t .

€
w1 and N1 are given by Lemma 3.2.
Moreover, we have the following asymptotic behavior of ¢ :

J
€

where Ay < Ay < -+ < Ay_ are the eigenvalues of the matrix Gp(Py) := (0;0; H(Fyp)),
and

N — 1 Jry W' (2)) 2y dz

no = 3 (3.9
N+1 RY (%)2 dz
(Here w'(|z|) denotes the radial derivative of w with respect o |z|.)
Furthermore the eigenfunction corresponding to !, j=1,...,N — 1, is given by the
following:
N-1 Jw
. Pe
¢S = (aij +o0(1)) — (3.10)

< 0t (Po)
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where Pc is the local maximum point of u., Zij =(aij,..., a(N_l)j)T is the eigenvector

corresponding to Aj, namely
G},(Po)&j:)»jaj, j=1,...,N—1. 3.11)

For single interior spikes, we obtain similar results. But it becomes more involved since
now the error is exponentially small.

The existence of interior spike solutions depends highly on the geometry of the domain.
In [74] and [75], the author first constructed a single interior spike solution. To state the
result, we need to introduce some notations. Let

_ 2lz—Py d
. e € Z
dupy(z) = lim IS R 3.12)

0
T age T dz

It is easy to see that the support of du p,(2) is contained in Bd( Py,02)(Po) N3S2.
A point Py is called “non-degenerate peak point” if the followings hold: there exists
a € RV such that

/ e P00 (2 — Py)dppy(z) =0 (H1)
982
and
( / iR (7 — Py)i(z — Po)jdup, (z)) :=G;i(Py) isnon-singular. (H2)
952

Such a vector a is unique. Moreover, G;(Pp) is a positive definite matrix. A geometric
characterization of a non-degenerate peak point Py is the following:

Py € interior (convex hull of support (du p, (2)).

For a proof of the above facts, see Theorem 5.1 of [74].
In [75] and [74], the author proved the following theorem.

THEOREM 3.4. Suppose that Py is a non-degenerate peak point. Then for € < 1, there
exists a single interior spike solution u¢ concentrating at Py. Furthermore, u¢ is locally
unique. Namely, if there are two families of single interior spike solutions uc 1 and u¢ 2 of
(2.4) such that Pe1 — Py, Pe2 — Py where

ue1(P) = maxue (P), uer(P?) = max e, 2(P),

then Pe1 = P€2, Ue,1 = Ue2. Moreover,

1
Pl=P2=pPy+ e<§d(P0, 9)a + 0(1)) ase— 0.
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Let we p and @ p be defined as in Section 2.3. (It was proved in [75] and [74] that
—elog[—@c p(P)] — 2d(P,082) ase — 0.)
Similarly, we obtain the following eigenvalue estimates for u,

THEOREM 3.5. The following eigenvalue problem

3
EAp—p+pullp=1¢ in, a_¢=0 on 382 (3.13)
V

admits the following set of eigenvalues:
i = +o(l), 5 =/(co+oD)gep,(P)rj—1, j=2,....,N+1,

o =w+ol), 1>N+2,

where Aj, j=1,..., N, are the eigenvalues of G;(Py) and

S pwP~ w'ul (r)

co=2d"%(Py, 82) :
Jan (522 dy

0, (3.14)

where u,(r) is the unique radial solution of the following problem
Au—u=0, u©0)=1, u=u(r) inRV. (3.15)

Furthermore, the eigenfunction (suitably normalized) corresponding to tf, j=2,...,
N + 1, is given by the following: '

N
dwe, p
¢S =) (aj—11+o(l))e—— , (3.16)
= ot
where aj = (aj1,...,ajn)" is the eigenvector corresponding to X j, namely

Gi(Py)aj=xrjaj, j=1,...,N.

3.2. A reduction lemma

Let ¢ be an eigenvalue of (3.3). Then the following holds. (The proof of it is routine. See
Appendix of [77].)

LEMMA A.
(1) ae =0(1) ifand only if ae = (1 + 0(1))1; for some j =2,...,N + 1, where r; is
given by Theorem 3.3 or Theorem 3.5.
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) If ae = ag #0. Then ay is an eigenvalue of the following eigenvalue problem

qr fRN w e
s+14+tap  fpvw"

¢ € H*(RY). (3.17)

Ap—¢+pwP~le— w? = o,

A direct application of Theorem 3.5 is the following corollary.

COROLLARY 3.6. Fore K 1, (ae, &) is unstable with respect to the shadow system (2.2).

3.3. Large eigenvalues: NLEP method

This section is devoted to the study of the non-local eigenvalue problem (3.17). By [77]
and [78], if problem (3.17) admits an eigenvalue A with positive real part, then all sin-
gle point-condensation solutions are unstable, while if all eigenvalues of problem (3.17)
have negative real part, then all single point-condensation solutions are either stable or
metastable. (Here we say that a solution is metastable if the eigenvalues of the associ-
ated linearized operator either are exponentially small or have strictly negative real parts.)
Therefore it is vital to study problem (3.17).
We first consider the simple case when T = 0. Namely, we study the following NLEP:

—1 fRNwr_1¢ 2 (N
Ap—¢+pwlp—y(p—DE——TwP=ip, ¢eH(RY), (3.18)
Sy w”
where
o qr
T -1
rheC, A#0, ¢x)=g¢(x]). (3.19)

For problem (3.18), it is known that when y = 0, there exists an eigenvalue A = u > 0
(Lemma 3.2). An important property of (3.18) is that non-local term can push the eigenval-
ues of problem (3.18) to become negative so that the point-condensation solutions of the
Gierer—Meinhardt system become stable or metastable.

A major difficulty in studying problem (3.18) is that the left-hand side operator is not
self-adjoint if r # p + 1. (In the classical Gierer—Meinhardt system, r = 2, p = 2.) There-
fore it may have complex eigenvalues or Hopf bifurcations. Many traditional techniques
do not work here.

In [78] and [77], the eigenvalues of problem (3.18) in the following two cases

r=2, or r=p+1

are studied and the following results are proved.
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THEOREM 3.7.
(1) If (p,q,r,s) satisfies

qr

A y=——77—=>1
(s+Dp—-1D
and
4 N+2
B) r=2, 1<p< 1+N orr=p+1,1<p<<N—i_2)

where(N+2) N+2 when N > 3and(N+2)+—+oowhenN—1 2.
Then Re(k) < —cl < 0 for some c1 > O where A # 0 is an eigenvalue of problem
(3.18).
(2) If y < 1, problem (3.18) has an eigenvalue )1 > 0.
3 If

4
<C) r=2, p>1+ﬁ and 1<y <1+-co,
for some co > 0. Then problem (3.18) has an eigenvalue A1 > 0.
We give a complete proof of Theorem 3.7 since this is the key element in all the stability
result later on.
The proof of Theorem 3.7 is based on the following important inequalities which are

new and interesting.

LEMMA 3.8. Let w be the unique solution to (2.8).
M Ifl<p<l+ %, then there exists a positive constant a1 > 0 such that

2(p— 1) [zn wo [y wPe

/RN(|V¢|2 +¢? — pwP~le?) +

Jpw w?
Sy wP! (/ )2
— — =
(P )(flRN w2)2 RN U)¢
2 aldIZAZ(RN)(d)v Xl)’ (320)

forall p € H'(RN), where X := span{w, 3713 j=1,...,N}.

@ Ifp=1+ %, then there exists a positive constant ap > 0 such that

2(p— l)f]RN we fRN wP¢
Jry w?

[ (1987 +62 = purio) +

fRN wp+1 2
-0 ()
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2
>a2dL2(RN)(¢s XZ)v (321)

forall g € H'(RN), where X5 := span{w, —Lrw+3yVw(y), 37“]’ j=1,....N}.
(3) There exists a positive constant az > 0 such that

(P — D(Jpn wPe)?

fRN wpt+1

> azdpy gy (9, X1), Vo e H'(RY). (3.22)

[ (1968 +0> = pur-io) +

PROOF OF LEMMA 3.8. To this end, we first introduce some notations and make some
preparations. Set

r—1
Lo :=Lop—y(p— 1)fRNw—r¢w1’, ¢ e HX(RY)
Jrvw

whEre y = (p,]q)ﬁ and Lo := A — 1+ pw?~!. Note that L is not selfadjoint if % p+1.
et

0
Xo :=kernel(Lg) :span{—w ‘ j= 1,...,N}.
ay;

Then

1 1
Low = (p — Dw?, Lo< 1w+§wi> =w (3.23)

and

1 1 1 1 N 2
(Lo w)w: wl—w+xVuw | = —— — w?,
RN RN P—l 2 p—l 4 RN

(3.24)
1
/ (L 1w)w"=/ w”(—w—i——wa)
RN RV p— 2
=f (Ly'w) ! Low = R ) (3.25)
gy 0 p—1 p—1Jry
Since L is not selfadjoint, we introduce a new operator as follows:
f we fRN w’¢
Lig:=Lop — (p— DTF—wP — (p— DI—70
¢ oo Jpw w? g Jpw w?
wPt! w
+(p— 1)fRN Jen ? . (3.26)

(Jpn w?)?
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By (3.26), L is selfadjoint. Next we compute the kernel of L. It is easy to see that

Jw

w, 3y, j=1,..., N, ekernel(L). On the other hand, if ¢ € kernel(L), then by (3.23)

Lop =c1(@)w + c2(p)w?

1 1 w
=c (¢)Lo(—w + —wa> + 62(¢>)L0<—>
pP—= p—1

1 2
where
fRN fRN - fRN weo
Cl(‘f’)—([?—l)fiw—(]’ (f/v 2)2 s
o) =(p - 1)&“*”
Hence
1 1 1
¢ —c1(d) (—w + —wa) — ¢2(¢) ——w € kernel(Lo). (3.27)
p—1 2 p—1
Note that

N wP L +l \v4
@) = (p— Derty B G T2V

Jry w?
S WP foy w(Gw + 3xVw)
—(p—1 P
(p )Cl(¢) (IRN w2)2
3 1 N fgy wPt!
=c1(¢) — Cl((b)(—l - —>W

by (3.24) and (3.25). This implies that c¢1(¢) = 0. By (3.27) and Lemma 3.2, this shows
that the kernel of L is exactly X;.

Now we prove (3.20). Suppose (3.20) is not true, then there exists («, ¢) such that (i) «
is real and positive, (ii) ¢ L w, ¢ L g}—lf’j, j=1,...,N,and (iii) L1¢ = a¢.

We show that this is impossible. From (ii) and (iii), we have

(Lo—a)p=(p— I)Mw. (3.28)

Jrn w?

We first claim that [y wP¢ # 0. In fact if [y wP¢ =0, then « > 0 is an eigenvalue of
Lo. By Lemma 3.2, o = 1 and ¢ has constant sign. This contradicts with the fact that
¢ L w. Therefore o # 111, 0, and hence Lo — « is invertible in X(J)-. So (3.28) implies

¢=(p— fﬁ” )

© O N O 0o A O N =

40



24

Existence and stability of spikes 527

Thus

Jry wPo -1
p — —_ — p
fRqus—(p DI | (Lo— o w)u?,

/ w2=(p—1)/ ((Lo—ot)_]w)w”,

RN RN

/ w2=/ ((Lo—a)_lw)((Lo—a)w—i—aw),

RN RN

0=/ (Lo — o) w)w. (3.29)
RN

Let hi(a) = [en (Lo — @) ~'w)w, then

h1(0)=f (L_lw)wzf (Lw—i—l)wVw)w
RN 0 RN p—l 2

-3 L
=— - — w” >0
p—] 4 RN

sincel <p <1+ %. Moreover

hﬁ@):f ((Lo—a)_zw)wzf ((Lo— ) 'w)* > 0.
RN RN

This implies &1 («) > 0 for all @ € (0, 7). Clearly, also /1 (x) < 0 for @ € (1, 00) (since
limy— o0 k1 () = 0). This is a contradiction to (3.29)!

This proves the inequality (3.20).

The proof of (3.21) is similar. In this case we have

1 1
-1

Thus the kernel of L; is X;. The rest of the proof is exactly the same as before.
To prove (3.22), we introduce

Jew w7 w?.

L3¢ :=Lop—(p— 1)m
R

(3.31)

Similar as before, the kernel of L3 is exactly X;.
Suppose (3.22) is not true, then there exists (o, ¢) such that (a) « is real and positive,

(b)¢J_w,¢J_gT'fl_,j=1,...,N,and(c)L3¢=a¢.

We show that this is impossible. From (a) and (c), we have

(p=VJpywrs

3.32
Jrw wPt! (332

(Lo —a)p =
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Similar to the proof of (3.20), we have that fRN wP¢ #£0,a # 1,0, and hence Lo — « is
invertible in Xg-. So (3.32) implies

_ p
P=D far w8

¢ =

fRN wr !
Thus
'/RN wl¢=(p— )ffN pfl RN((Lo—ot)—lwl’)wp’
/ wPt = (p— 1)/ (Lo — ) 'wP)w?. (3.33)
RN RN
Let
ha(@) = (p — l)f ((Lo—arlw”)w”—/ whH,
RN RN
then
h3(0)=(p—1)/ (Lglwl’)wp—/ wPtl = 0.
RN RN
Moreover

3@ = - DAN ((Lo—a)wP)w? = (p - D/}RN ((Lo— ot)_lwf”)2 > 0.

This implies 43(c) > 0 for all @ € (0, ;7). Clearly, also h3(«) < O for o € (11, 00). A con-
tradiction to (3.33)! O

Using Lemma 3.8, we can prove Theorem 3.7(i).
PROOF OF THEOREM 3.7(1). We divide the proof into three cases.
CASE 1. r=2,1<p<1+%.

Let ¢g = ar + iy and ¢ = ¢pr + i¢p;. Since g # 0, we can choose ¢ L kernel(L).
Then we obtain two equations

Lod — (p— Dy BB PR b s — iy, (3.34)

Jrn w?

Sy wor
Sy w?

Logr — (p — Dy ——5 wP = ard; + ardr. (3.35)
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Multiplying (3.34) by ¢r and (3.35) by ¢; and adding them together, we obtain

o f (62 +62)
RN

= L1(¢r, dr) + L1(¢1,91)
Jrn WOR [pn WPOR + [pn WO [pn WPP;
Jry w?

o B (o) (o))

Multiplying (3.34) by w and (3.35) by w we obtain

(p—l)f wP¢R—y<p—1>M/ wh!
RN RN

Jrn w?

:‘XR/ w¢R—a1/ woy, (3.36)
RN RN

+(-=Dly-2)

(p_1>/ wPer — y(p— IR0 "Z’/ w1
f w RN
Z(XR/ weor +a1/ WOR. (3.37)
RN RN

Multiplying (3.36) by [pv w¢g and (3.37) by [pv w¢; and adding them together, we ob-

tain
(p—l)/ w¢Rf w"¢R+<p—1>/ w¢,/ s
p+1 2
(et BN ([ i)+ ([ wor) )
fRNw RN RN

Therefore we have

—ag /RN(qs,% +¢7)
=L1(¢r,dr) + L1(¢1,01)

.- S wPt! ) (Jav woR)? + (Jpn wer)?
ey Jev w? Jrw w?

fRN wp+l 2 2
o0 (L) = (Loer) |

1
+(p—1)(y—2)<
P
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Set

dr=crw +¢%, 0% L X1, ¢r=crw+ér, ¢ LX.

/w¢R=CR/ w?, /wq&]:c[f w?,
RN RN RN RN

Aoy @R XD = |0 (720 Ao, @1 X0 = o7 [}

Then

By some simple computations we have

Li(¢r, ¢or) + L1(¢1,¢1)
+(y - 1)aR(c§+c%)/ w?+ (p— D(y — 1)2(c§+c%)/Nw1’+1
RN R
+ar(|ox g2 + 67 72) =0,

By Lemma 3.8 (1)

(y — 1)aR(c%e —i—c%)/ w?

RN
+(p— Dy — D*(c% +c§)/ wP !
RN
+G@r+an) (|67 + 7 [72) <O
Since y > 1, we must have ag < 0, which proves Theorem 3.7 in Case 1.
CASE2. r=2,p=1++.

Set

1 1
wy=——w+ —xVw. (3.38)
p—1 2

We just need to take care of wy.

Suppose that g # 0 is an eigenvalue of L. Let og = ag + iy and ¢ = ¢pg +ip;. Since
ag # 0, we can choose ¢ L kernel(Lg). Then similar to Case 1, we obtain two equations
(3.34) and (3.35). We now decompose

dr =crw +brwo + ¢%, ¢ L X1,
¢1 =crw+brwo+¢i, ¢ LX.
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Similar to Case 1, we obtain

Li(¢r, dr) + L1(d1, 91)

+(y— l)ozR(c%e +c?)/ w2+ (p—D(y — 1)2(0% + c%)/ wht!
RN RN

2 2
van(vh( [ ud) +or( [ u8) + okl + o) <0

By Lemma 3.8(2)

(y — 1)ozR(c%e +c?)/ w?+ (p—D(y — 1)2(6’%? + c%)/ wht!
RN RN

ran(t( [ ) +or( [ u8) ) + ol + ot

<0.
If ag > 0, then necessarily we have
cr=cr=0, ¢x=0, ¢ =0.
Hence ¢r = brwo, ¢; = bywop. This implies that
brLowo = (br —br)wo, brLowo= (br + br)wo,
which is impossible unless bg = by = 0. A contradiction!
CASE3. r=p+1,1<p< ).

Letr = p 4 1. L becomes

qr ]]RN w?- wp
s+ 1 fen wPt!

L=Ly—

We will follow the proof of Case 1.
Let ¢p = ar + iy and ¢ = ¢pr + i¢p;. Since oy # 0, we can choose ¢ L kernel(Ly).
Then similarly we obtain two equations

v wP

Lo¢r — (p — I)V%wp =QRrOr — a1, (3.39)
v wP

Lot — (0 — Dy 0 s e, (3.40)

fRN wpb+l
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Multiplying (3.39) by ¢ and (3.40) by ¢; and adding them together, we obtain

—aR /RN (d’%{ +¢%) = L3(¢r, pr) + L3(¢1, d1)
)< Sy WPOR)? + (fgn wPdr)?

S wPt!

+(p-Dy -1
By Lemma 3.8(3)

R /R (@ +¢7) +axd]x (9. X0)

) (Jan WPOR)? + (fpnw wPér)? <0

Dy -1 <
+ =Dy v wP ]

which implies ag < 0 since y > 1.
Theorem 3.7(i) in Case 3 is thus proved. (Il

PROOF OF THEOREM 3.7(11). Assume that y < 1. To prove Theorem 3.7(ii), we introduce
the following function:

ha(h) :=/ w —y(p— 1)/ (Lo —»)""wP)w . (3.41)
RN RN

Note that &14(A) is well defined in (0, 1), where w is the unique positive eigenvalue of
L. Let us denote the corresponding eigenfunction by @g. Since w1 is a principal eigen-
value, we may assume that @ > 0.

It is easy to see that to prove Theorem 3.7(ii), it is enough to find a positive zero of
ha(X).

First we have

h4(0)=/ wr—y(p—l)/ Lalw”wr_lz(l—y)/ w >0. (342
RN RN RN

Set @) = (Lo — )~ 'wP. Then @, _satisfies
(Lo —N®; =w?”. (3.43)

Multiplying (3.43) by @ and integrating by parts, we have

(i1 —)»)/ ¢,\¢0=/ Dow?,
R R

which implies that

1
@D)LGD(): <1§0wp.
RN pm1— A Jry
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Let

b, = <;/ 45()11)1’><1>0+<szL o 1L @
(1 — 1) fgv DF Jry

533

(3.44)

Then as A — w1, A < w1, we have that || QD)J\- | 2w is uniformly bounded and by (3.44)

/ @)Jl)ril — 400,
RN

which implies that
hqa(A) > —00 ash— g, A< ui.

By (3.42) and (3.45), there is a A € (0, p1) such that h4(Ap) =0.
This proves (ii) of Theorem 3.7.

PROOF OF THEOREM 3.7(111). Similarly, we just need to find a zero of

h5(k):=/ w2—y(p—1)f w(Lo— 1) Tw?.
RN RN
We write it as

hs(x) = (1 —y) /H;N w? —y(p— m/ w[(Lo =2~ (w)]

RN

=(1—y)/ wz—y(p—l)k/ wLy ' (w) + 0(2?).
RN RN

Since fRN wLal (w) < 0, we see that for 0 < y — 1 small, there is a small A¢ > 0 such

that i5(Xg) > 0.
For general r, the author in [80] proved the following:

THEOREM 3.9.

(3.45)

(3.46)

O

(3.47)

M 1If
-1 _ _
()= P D Jpr Lo v W e
. (fRN wr)Z
where Lo = A — 1+ pwP™! (L' exists in H}(RY) = {u € HX®RY) | u(x) =
u(|lx}) and
1 1
4+ —<y<1+

1+ po VT=po

(3.48)
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where pg > 0 is given by
Jrw whH!

o =
V ey WP [y w?

Then for any non-zero eigenvalue A of problem (3.18), we have Re(L) < —c; <0
for some c1 > 0.
() If (p,q,r,s) satisfies

<1 (3.49)

14 N+2 d 14 (3.50)
—<p<|—— < , .
vr<ly=), @y co

for some co > 0. Then problem (3.18) has a real eigenvalue A1 > 0.

Generally speaking, D(r) is very difficult to compute. A recent result of the author and
L. Zhang partially solved this problem and moreover we obtained more general and explicit
result. For example the following result are proved [81].

THEOREM 3.10. Let

p—1
’

N.

Firy=1-

Suppose2<r<p+1,1<p<1+2ﬁrand

ly —2I

VE(p+1D)(F(p+1)—FQ), (3.51)

y—2
F(r)}TF(p—i-l)-i-

then for any non-zero eigenvalue A of problem (3.18), we have Re(L) < —c1 < 0 for some
c; > 0.

REMARK. Condition (3.51) holdsif 2 <r <p+1, F(r)>20Ge., 1l <p<1+ %) and
1 <y < 2. Thus in this case we obtain the stability of the non-zero eigenvalues of (3.18).
This is the first explicit result for the case when r ¢ {2, p 4+ 1}. For y > 2, we need

-2
FO) 2= [Fp+ ) = VF+ DF(p+ D = FO)]

Going back to the shadow system case, the following result was proved in [77].

THEOREM 3.11. Assume that € < 1 and t is small. If (p, q,r,s) satisfy (A) and (B) in
Theorem 3.7, then
(1) single boundary spike solution at a non-degenerate local maximum point of mean
curvature is stable, and
(2) single interior spike solution is metastable.

Related work can also be found in [59] and [60].
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3.4. Uniqueness of Hopf bifurcations

In Section 3.3, we have discussed the NLEP (3.17) when 7 = 0. It is easy to see that when
T small, results in Theorem 3.7 still hold. On the other hand, for t large, it is easy to see
that there is an unstable eigenvalue [8] to (3.17). (In fact, as T — +o00, there is a positive
eigenvalue near 11 > 0.) Therefore, as t varies from 0 to co, Hopf bifurcation may occur.
In this section, we show that in some special cases, Hopf bifurcation is actually unique.

We consider the following non-local eigenvalue problem (putting r = p =2,5 =0 in
(3.17))

1 +yrxo f}wz Zf w?=dop, ¢peH’RY). (352
R

Lp:=A¢p—¢+2wep —

THEOREM 3.12. Let L be defined by (3.52). Assume that N < 3 and y > 1. Then there
exists a unique T = 11 > 0 such that for T < 11, (3.52) admits a positive eigenvalue, and
for T > 11, all non-zero eigenvalues of problem (3.52) satisfy Re(A) < 0. At t =11, L has
a Hopf bifurcation.

PROOF OF THEOREM 3.12. Let y > 1. As in [8], we may consider radially symmetric

functions only. By Theorem 1.4 of [77], for T = 0 (and by perturbation, for t small), all

eigenvalues lie on the left half plane. By [8], for t large, there exist unstable eigenvalues.
Note that the eigenvalues will not cross through zero: in fact, if Ao = 0, then we have

and hence by Lemma 3.2

fRN weo

Jrn w?

w € Xp.

o—vy

This is impossible since ¢ is radially symmetric and ¢ # cw for all ¢ € R.

Thus there must be a point t; at which L has a Hopf bifurcation, i.e., L has a purely
imaginary eigenvalue o = /—lar;. To prove Theorem 3.12, all we need to show is that 7
is unique. That is

LEMMA 3.13. Let y > 1. Then there exists a unique 11 > 0 such that L has a Hopf bifur-
cation.
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PROOF. Let Ag = +/—lo; be an eigenvalue of L. Without loss of generality, we may
assume that oy > 0. (Note that —+/—1a; is also an eigenvalue of L.) Let ¢p9 = (Lo —
v —lap)~'w?. Then (3.52) becomes

fRN waoo _ 14+ t/—1ay

(3.53)
Jaw w? 4
Let ¢pg = ¢§ + V= 1¢6. Then from (3.53), we obtain the two equations
R
1
Jrw w‘i’vo _ 1 (3.54)
Jrew 4
I
Jrw w‘f/o _ T (3.55)
Jr2w 4
Note that (3.54) is independent of 7.
Let us now compute [py we. Observe that (¢, @) satisfies
Logg =w” — s, Lody =ardg -
So qbg = a;lL()d)é and
¢ =ar(L3+ad) w2 ¢f =Lo(Ld+a}) w2 (3.56)
Substituting (3.56) into (3.54) and (3.55), we obtain
wLo(L:+aH)~'w? 1
JanTwLo(L? 2“1) 1_1 (3.57)
Jevw 4
24 2\ —
Jalo L ) Wl (3.58)
Jr2w 4

Let

Jpv wLo(LE +aP)~w?

Jr2 w?

Then integration by parts gives

he(ay) =

S wz(L% + ot%)_lw2

he(ap) = oy
RN

Note that

) I w2(L(2) + ot%)_zw2

h =—-2
6(6(1) (04 fRN wz

< 0.
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So since

he(ay) — 0 as oy — oo, and y > 1, there exists a unique «; > 0 such that (3.57) holds.
Substituting this unique ¢ into (3.58), we obtain a unique 7 = 71 > 0.
Lemma 3.13 is thus proved. ]

Theorem 3.12 now follows from Lemma 3.13. ]

3.5. Finite € case

In all the previous sections, it is always assumed that € is small. However, in practical ap-
plications, it is vital to know how small € should be. The finite € case has been completely
characterized in one-dimensional case by Wei and Winter [89]. We summarize the results
here.

Without loss of generality, we may assume that §£2 = (0, 1). That is, we consider

a,:ezam—a+§—§, O<x<l1, >0,

Tét — _é_— _i_é_-fs .[01 a” dx, (359)
a>0, ax0,t)=a,,t)=0.

The steady-state problem of (3.59) is equivalent to the following problem for the trans-
_4
formed function u. given by u.(x) =& r-Ta(x):

. 1
$1+57% =/ u"(x)dx
0

and

2 P _—

€Uy —u+uf =0,

uy(x) <0, 0<x <1, uy(0)=u,(1)=0. (3.60)

Letting

1

L:=- 3.61)
€

and rescaling u(x) = wr (y), where y = Lx, we see that wy, satisfies the following ODE:

Vi
wL—wL+w£:0,

w; () <0,0<y<L, wj(0)=w;(L)=0. (3.62)
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Since (3.62) is an autonomous ODE, it is easy to see that a non-trivial solution exists if
and only if

— 1
€< P <orL > d ) (3.63)
b4 p—1

The stability of steady-state solutions to (3.59) has been a subject of study in the last few
years. A recent result of [56] (see Theorem 1.1 of [56]) says that a stable solution to (3.59)
must be asymptotically monotone. More precisely, if (A(x, t),&(t)),t > 0 is a solution to
(3.59) that is linearly neutrally stable, then there is a 7o > 0 such that

ax(x,t0) #0 forall (x,1) € (0, 1) x [tp, +00). (3.64)

Thus all non-monotone steady-state solutions are linearly unstable. Therefore we focus
our attention on monotone solutions. There are two monotone solutions—the monotone
increasing one and the monotone decreasing one. Since these two solutions differ by re-
flection, we consider the monotone decreasing function only. This solution is then called
u. and it has the least energy among all positive solutions of (3.60), see [60]. If L < ﬁ,
then wy = 1. We also denote the corresponding solutions to (3.59) by

4 I4s—-2-

1
ar(x) =&} wp(Lx), £ ”*1=/0 wh (Lx)dx. (3.65)

Before stating our results, we first introduce some notation. Let I = (0, L) and ¢ €
HZ(I). We define the following operator:

Lipl=¢" -+ puwl ¢, (3.66)
It is proved [89] that £ has the spectrum

A >0, A; <0, j=2,3,.... (3.67)
Hence for the map £ from H2(I) to L?(I) we know that £~! exists, where £7! is the
inverse of £. This implies that £~ w; is well defined.

Then we have the following theorem

THEOREM 3.14. Assume that L > —%— and either

vp—1
L
r=2, / wr L' wpdy >0 (3.68)
0
or
r=p+1. (3.69)

Then (ar, &) (given by (3.65)) is a linearly stable steady state to (3.59) for t small.
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This theorem reduces the issue of stability to the computation of the integral

L
f wL,C_ledy.
0

This integral is quite difficult to compute for general L.
For t finite, we have the following theorem.

T . .
THEOREM 3.15. Let (3.68) be true and L > T T Then there exists a unique 7. > 0

such that for t < 7., (ar,&L) is stable and for T > 1., (ar, &) is unstable. At T = 1., there
exists a unique Hopf bifurcation. Furthermore, the Hopf bifurcation is transversal, namely,
we have

dAg
dt

T=T1,

>0, (3.70)

where Lg is the real part of the eigenvalue.

Using Weierstrass p(z) functions and Jacobi elliptic integrals, one can show that
fOL wLE’]wL dy > 0 for all L > 7 in the cases r =2, p = 2,3. The original Gierer—
Meinhardt system ((p, g, r, s) = (2, 1, 2,0)) falls into this class. Thus for the shadow sys-
tem of the original Gierer—Meinhardt system, we have a complete picture of the stability
of (ar,&r) for any t > 0 and any L > 0, by the following theorem

THEOREM 3.16. Assume that L > J;]:Tl andr =2, p =2 or 3. Then there exists a unique
7. > 0 such that for © < 1., (ar,&r) is stable and for v > 1., (AL, &) is unstable. At

T = T, there exists a Hopf bifurcation. Furthermore, the Hopf bifurcation is transversal.

Theorem 3.16 gives a complete picture of the stability of non-trivial monotone solutions
in terms of L since for L < % we necessarily have wy = 1. Combining this with the
results of [56], we have completely classified stability and instability of all steady-state
solutions for all € > 0 for the shadow system of the original Gierer—Meinhardt system.

We do not know if the Hopf bifurcation in Theorem 3.15 is subcritical or super-
critical. This is related to another interesting question: is there time-periodic solution
(a(x,t),&(x,1)) to (3.59) at the Hopf bifurcation point T = 7.? If so, is it stable or un-
stable?

We can also extend this idea to general domains in RN, N >2. Namely we consider

a,:Aa—a+g—s, xefRr, t>0,

e =—6+E " g fo, @ 3.71)

a>0, =0 ondf2,
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where we have scaled the € into the domain through £2; = é.Q In this case, let us assume
that £2; C R¥ is a smooth and bounded domain, and the exponents (p, g, r, s) satisfy the
following condition

qr
p>1, ¢>0, r>0, s20, y'=——"—>
(p—D(@s+1)

)

and p is subcritical:

N+2
l<p< * ifN2>23; 1l<p<-4oo ifN=2

N-2
The steady state solution of (3.71) is given by

4 _ar 1
a=trTu, T [ W (3.72)
120] Jo,

where u is a solution of the following problem:

Au—u+uP =0, u>0 in$2, 373
g—g =0 on d82;. (3.73)

We again consider the minimizer solution wy (x) which satisfies (3.73) and
Elwp]= inf Elu] (3.74)

ueH (1), us0
where
2 2
f_Q (IVul|* +u”)
Elu]l= L—2
(f-QL up+1)m

The corresponding steady-state solution to the shadow system (3.71) is denoted by

4 R |

aL:éijij, & p71=m 5 wy. (3.75)
L

Let
-1
LIp)=Ap — ¢ + pwi ¢.
Then we have the following lemma whose proof is similar to Lemma 3.2.

LEMMA 3.17. Consider the following eigenvalue problem

{E¢=A¢,in9b 376)

9% _0 on 082y

v
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Then A1 > 0 and 1y <0.

We now put two important assumptions:
We first assume that

(A1) £~ exists.

Under (A1), we assume that
(A2) f wr (L7 wy) > 0.
2L

We can now state the following theorem
THEOREM 3.18. Assume that either

r=p+1, and(Al) holds,
or
r=2, and (Al) and (A2) hold.

Then (ar, &p) is linearly stable for T small.

In the case of r =2, there exists a unique T = t. such that (ar, &p) is stable for T < t.,
unstable for t > t., and there is a Hopf bifurcation at T = 1.. Furthermore, the Hopf
bifurcation is transversal.

The proof of Theorem (3.18) is similar to the one-dimensional case.

It remains an interesting and difficult question as to verify (A1) and (A2) analytically. If
L is large, the assumption (A1) is verified in [76] and assumption (A2) holds true if

4
1 I+ —. 3.77
<p< +N ( )

This recovers the results of [77].
It is difficult to verify (A1) and (A2) in general domains. One may ask: does (A1) hold
true for generic domains?

3.6. The stability of boundary spikes for the Robin boundary condition

The stability of least energy solution in the Robin boundary condition case is quite com-
plicated. We state the following result which deals with one-dimensional case only:
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THEOREM 3.19. (See [45].) Consider the following

P
al=62axx—a+‘g—q, O<x<l1,t>0,

T =—k+£7° [y d dx, (3.78)
a>0, e€ay0,t)+ra(0,t)=€ca(1,t)+ ra(l,t) =0,
hy(0,8) =hy(1,1) =0.

Assume thatr =2,1 < p<3orr=p+1,1 < p < +o00. Then for each A € (0, 1) the
least energy solution is stable for t < 11 and unstable for T > 11. At 11, there is a Hopf
bifurcation.

The main idea of the proof is similar to that of Theorem 3.14. Here we have to study an
NLEP on a half line with Robin boundary condition:

¢ — ¢+ pwh ¢ —y(p- 1>f;oo'f,j‘3¢wfo =ag, 0<y<-+oo,
0 X0
¢'(0) — 2 (0) =0

(3.79)

where wy, = w(y — x0) with w'(—x0) = Aw(—xp). Let Ly,(¢) = ¢" — ¢ —i—pwfo_lq&. Then
we need to show that

/O - Wy [ Ly (W) ] > 0. (3.80)

By some lengthy computations, we can show that the function fooo wxo[L;O1 (wyy)] is an
increasing function in xg when p < 3, and a constant when p = 3, and an decreasing
function when p > 3.

REMARK 3.6.1. An interesting phenomena is the case of 3 < p < 5. In this case, one
can show that there exists a ag € (0, 1) such that the boundary spike is stable when a €
(0, ap) and unstable when a € (ap, 1). It is quite interesting to see that the Robin boundary
condition can also introduce some instability.

4. Full Gierer-Meinhardt system: One-dimensional case

In this section, we study the full Gierer—Meinhardt system in the one-dimensional case.

Unlike the shadow system case, where one can reduce the existence of solutions to a vari-

ational elliptic problem, there is no variational structure for the full Gierer—Meinhardt sys-

tem. This is the major problem, which is also the source of all interesting new phenomena.
We begin with the steady-state problem in the full space case.
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4.1. Bound states: the case of 2 =R!

Let 2 =R'. By a change of variables the steady-state problem for (GM) can be conve-
niently written as follows

Aa—a+2—5=0,a>0 inR!,

Ah—0%h+% =0, h>0 inR!, 4.1)
a(x), h(x) -0 as x| > +oo
where
2
2 G
=— <1
o D <

The existence of multiple spikes solutions to (4.1) is referred to as “symmetry-breaking”
phenomena. This was proved in [12] (by dynamical system techniques) and [7] (by PDE
methods). We will sketch the PDE methods in Section 5.1.

THEOREM 4.1. (See [7,12].) For each fixed positive integer k, there exists o > 0 such
that problem (4.1) has a solution (ac, h¢) with the following properties

k
Ck
ae(x) ~ p ( w(x — Sf)) 4.2)
j=1
where ¢ > 0 is a generic constant and

k+1 1 1
£7 = j_L log—+ Ol loglog— ), j=1,...,k. (4.3)
J 2 o o

4.2. The bounded domain case: Existence of symmetric K -spikes

Without loss of generality, we may assume that £2 = (—1, 1). We consider the following
elliptic system

e2a’ —a+ Z—Z =0, —-l<x<l,
Dh' —h+% =0, —l<x<l, (4.4)
a(E ) =nEE1=0.

In this case, the existence of multiple-peaked solutions was first obtained by I. Takagi in

[67].

THEOREM 4.2. (See [67].) Fix any positive integer K. If % sufficiently small, there ex-
ists a K-peaked solution (ac g, hek) to (4.4) such that (ac k, he x) has exactly K local
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maximum points —1 < x1 < xp < --- < xg < 1 which are equally distributed. In fact, we
have
2j—1

K

xj=—1+ . j=1,....K.

Takagi’s proof uses the symmetry of the problems: by reflection, one can reduce the
existence of multiple symmetric spikes solutions to studying the existence of one boundary
spike solution. Namely, we just need to study the following system

2 1 al _ 1
€“a —a—l—h—q—O, 0<x<s5g,
Dh' —h+% =0, 0<x<

ax) ~ErTw(®),  h(0)=§,
a'(0)=a'(zp) =1'(0) =1 (5%) =0.

1
2K (4.5)

For the one boundary spike solution, one can use the Implicit Function Theorem,
since the linearized operator is invertible in the space of functions with Neumann bound-
ary conditions. (The last statement follows from the fact that the kernel of the operator
A — 1+ pwP~! consists exactly those of partial derivatives of w. See Lemma 3.2.)

4.3. The bounded domain case: existence of asymmetric K -spikes

In the bounded domain case, as D is getting smaller, more and more new solutions appear.
By using the same matched asymptotic analysis in [34], M. Ward and Wei in [70] discov-
ered that for D < Dk, where Dk is given by (4.67) below, problem (4.4) has asymmetric
K -peaked steady-state solutions. Such asymmetric solutions are generated by two types
of peaks-called type A and type B, respectively. Type A and type B peaks have different
heights. They can be arranged in any given order

ABAABBB...ABBBA...B

to form an K -peaked solution. The existence of such solutions is surprising. It shows that
the solution structure of (4.4) is much more complicated than one would expect. The sta-
bility of such asymmetric K -peaked solutions is also studied in [70], through a formal ap-
proach. We remark that asymmetric patterns can also be obtained for the Gierer—Meinhardt
system on the real line, see [12].

In this and next section, we present a rigorous and unified theoretic foundation for the
existence and stability of general K -peaked (symmetric or asymmetric) solutions. In par-
ticular, the results of [34] and [70] are rigorously established. Moreover, we show that if
the K peaks are separated, then they are generated by peaks of type A and type B, re-
spectively. This implies that there are only two kinds of K-peaked patterns: symmetric
K -peaked solutions constructed in [67] and asymmetric K -peaked patterns constructed in
[70].
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The existence proof is based on Lyapunov—Schmidt reduction. Stability is proved by first
separating the problem into the case of large eigenvalues which tend to a non-zero limit
and the case of small eigenvalues which tend to zero in the limit € — 0. Large eigenvalues
are then explored by studying non-local eigenvalue problems using results in Section 3.3
and employing an idea of Dancer [8]. Small eigenvalues are calculated explicitly by an
asymptotic analysis with rigorous error estimates.

In this section, we present the existence part.

Before we state our main results, we introduce some notation. Let G p (x, z) be the Green
function of

DGy (x,2) = Gp(x,2) +8:i(x) =0 in (=1, 1), @6
Gp(=1,2)=Gp(1,2)=0 '
We can calculate explicitly
cosh[6(1 + x)]cosh[A(1 —2)], —1<x <z,
GD()C, Z) _ smh(29) (47)
Smh@@) cosh[6(1 — x)]cosh[0(1+2)], z<x<1
where
9=p-1/2
We set
1 —Ljx—¢]
Kp(lx—zl)=—=e ¥~ 7, (4.8)

2D

to be the singular part of Gp(x, z) and by Gp = Kp — Hp we define the regular part Hp
of Gp. Note that Hp is C* in both x and z.

Let —1 <t? <<tV <.i < tlo( < 1 be K points in (—1, 1) and w be the unique
solution of (2.8).

Put
p—1
, (p—D(s+D—qr
&:G/w@ﬂ) . 4.9)
R

We introduce several matrices for later use: For t = (71, ..., tx) € (=1, DX, let
Gp() = (Gp(t,1))). (4.10)

Let us denote W

Wheni=j, Kp(|t; —tj|) = Kp(0) = JB is a constant and we define

as V,. When i # j, we can define V;,G(f;, t;) in the classical way.

0
VtiGD(tiafi)iz_a H(x,1).

X=t;
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Similarly, we define
s s H X, ifi = s
ViVi,Gpitj) = % =i |y:ti D) e J
ViV, Gp(ti, t)) ifi # j.
Now the derivatives of G are defined as follows:
VGp(t) = (V,Gp(ti. 1)),
V2Gp(t) = (V;, Vi, G p(ti. 1))

We now have our first assumption:
(H1) There exists a solution (¢ ?, e, 51(\),) of the following equation

qr

N
Y Go( ) E)TT =8 i=1....N.
j=1

Next we introduce the following matrix

b,‘jZGD(liO,l?)(é;-))%isil, B=(bij).

Our second assumption is the following:
(H2) It holds that

p—

o —s(r—1) ¢ o(B),

where o (B) is the set of eigenvalues of B.

“4.11)

4.12)
4.13)

(4.14)

4.15)

(4.16)

REMARK 4.3.1. Since the matrix B is of the form GpD, where Gp is symmetric and D is

a diagonal matrix, it is easy to see that the eigenvalues of 5 are real.

By the assumption (H2) and the implicit function theorem, for t = (1, ..

., 1g) near

to = (t?, e, tlo(), there exists a unique solution é (t) = (él ®,..., ék (t)) for the following

equation
K
e .
ZGD(ti,lj)Ej" =&, i=1,....K.
j=1

Set

H(t) = (5 1)8).

4.17)

(4.18)
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We define the following vector field:

Ft)=(F(),..., Fk®),

where
K T
Fit) =) V,Gp(ti, 1)§"
=1
~ pqu —s ~ qul —s
= Vi Hp(i, )"+ ViGpli, &,
i
i=1,....K. (4.19)
Set
M@ = (§7'V, F (). (4.20)

Our final assumption concerns the vector field F(t).
(H3) We assume that at ty = (to, R tlg):

F(ty) =0, (4.21)
det(M(tp)) #0. (4.22)

Let us now calculate M (t°): Therefore we first compute the derivatives of . 1tis easy to
see that £(t) is C! in t. We can calculate:

~ qr K Aﬁfsfl ~
Vibi= (S Y Gpt.mE Vi
=1

K d p ol —s
+Z§(GD(HJI))EIP7 .

For i #£ j, we have

qr

N o

qr Ao —s—1 A Al —S

Vi = (F - S) > Gp, & ViE+ Vi, G, 1§ .
=1

Fori = j, we have

ar__
T—S

K K
~ qr A 51 A a9 p
V& = <—1 —S) Y Gopi.tETT T Vg + ) :g(GD(liatl))sll
=1

- I=1

© 0o N o 0o A O N =

AR A OB OB OB WO OW W W W W W WNNNDNNIDNDMNRNMNDRN 4 o oo o2 o2 4 o
a A W N 242 O © 0N O O A WO 4 O O 00 N OO O P~ WD 42 0O 0 0o N OO o P~ W NN =+ o



© O N O 0o b O N =

548 J. Wei

—S

—s—1 A AL
= (q— - s> ZGD(r,, D&+ VG, 1E

K ar
AT =S
+) ViGpi. g™,

=1

since %GD(@-, 1) =2V, Gp(ti, ;).
Note that

(Vi,Gp(i 1)) = (VGp)'.
Therefore if we denote the matrix
VE = (V&) (4.23)

then we have
-1

Ve = (1 - (% —S)GDH;“S“> (VGp) H7T

K
+0 <Z|F,» (t)}). (4.24)
j=1
We can compute M (t°) by using (4.24):
M) = 1 V2GpH T

! (Ll _s)ngHf'w

. -1 "
x (1 _ (% —s)gDH%‘S“) (Vo) THFT™.  (425)

The existence result is as follows

THEOREM 4.3. (See [84].) Assume that assumptions (H1), (H2) and (H3) are satisfied.
Then for € K 1, problem (4.4) has an K -peaked solution which concentrates at tf, e, t;(,
or more precisely:

ae(x) ~ ZSLI 0)71 <%) (4.26)

he(tf)~55§-°, i=1,.. K, (4.27)
£ >0, i=1,...,K. (4.28)
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REMARK 4.3.2. In the case of symmetric K -peaked solutions, conditions (H2) and (H3)
are not needed, as in the construction of solutions one can restrict the function space to the
class of symmetric functions (see for example [67]). Note that for small € (and not only in
the limit € — 0) the peaks are placed equidistantly.

REMARK 4.3.3. Our results here can be applied to give a rigorous proof for the existence
and stability of K-peaked solutions consisting of peaks with different heights.

In [70], by using matched asymptotic analysis, Ward and the first author constructed
such solutions and studied their stability. We now summarize their main ideas. First (4.4)
is solved in a small interval (—[,[):

€2g/’—a+Z—Z:0 iIl (—l,l),
DR —h+§5 =0 in (=1,D), (4.29)
a(x)>0,h(x)>0 in (=1,1),

(=) =d'(l)=h'(=1) = h'(I) = 0.

Then the single interior symmetric spike solution is considered which was constructed by
I. Takagi [67]. By some simple computations based on (4.6), we have that

l
h(l) ~c(D)b| —= |, 4.30
) C()<J5> (4.30)

where c(D) is some positive constant depending on D only and the function b(z) is given
by

b(2) = tanh® (z) o (p—1
" cosh(z)’ Tgr—(G+D(p-1

4.31)

The idea now is that we fix [ and try to find another [ # [ such that the following holds

! ] _
— ) =b| — 1 4.32
b( D) ( D)’ O0<l<l<l1, (4.32)

which will imply that () = h(l_). This shows that if there exists a solution to (4.32), we
may match up A(/) and h(l). In other words, we may match up solutions of (4.29) in
different intervals.

It turns out that for D small, (4.32) is always solvable. Now (4.32) has to be solved along
with the following interval constraint:

Kil+K)=1, Ki+K)=K. (4.33)
For a solution / of (4.60) and (4.33) and j =1, ..., K we define

li=1 or Ij=I (4.34)
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where the number of j’s such that /; =/ is Ky (and consequently the number of j’s such
that/; = l'is K7). We call the small spike with / j =1 type A and the large spike with [; = ]
type B.

Then we choose t? such that

|l§~)—t§-)+l|=lj+lj_1, j=0,...,K,
where t(()) = —l,tlo(Jrl =1.

By using matched asymptotics, we now have K type A and K> type B peaks. This ends
the short review of the ideas in [70]. Let us now use Theorem 4.3 to give a rigorous proof
of results of [70]. In order to apply Theorem 4.3, we have to check the three assumptions
(H1), (H2) and (H3).

To this end, let us set

£=(@vD)tanh(®¥)). j=1.....K, (4.35)
where

g, = L (4.36)

i= JD' )

It is difficult to check (H1) directly. Instead we note that ggl is a tridiagonal matrix.
(See [34] and [70].) More precisely, we calculate

B 0 . o0
Br v2 B2
951=(a,~j)=2\/5 o ‘
By B O
0 . . 0 Bn-1yN

where

y1 = coth(6; + 62) + tanh(6}),

yj =coth(§j_1 +6;) +coth(9; +6;41), j=2,....,K—1,
yx = coth(fx -1 + Ok) + tanh(Og ),

Bj=—csch(@; +6;41), j=1,...,N—1

and 0; was defined in (4.36). Note that

aij = 2D(Bj8ij—1) + vidij + Bj+18i(j+1))- (4.37)
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Verifying (4.14) amounts to checking the following identity

qr

N
> aiE)= ()T, (4.38)
j=1

which is an easy exercise.

It remains to verify (H2) and (H3).

To this end, we need to know the eigenvalues of B and M. In the same way as for the
matrix Gp, one can show that B lisa tridiagonal matrix. However, it is almost impossible
to obtain an explicit formula for the eigenvalues. Numerical software for solving eigen-
value problems of large matrices is indispensable. Then (H2) has to be checked explicitly.
Numerical computations in [70] do suggest that assumption (H3) is always satisfied.

4.4. Classification of asymmetric patterns

A natural question is the following: Are all K-peaked solution generated by two types of
peaks as the solutions which were constructed in [70]?

Our next theorem gives an affirmative answer. It completely classifies all K -peaked
solutions, provided that the K peaks are separated.

THEOREM 4.4. (See [84].) Suppose that for € sufficiently small, there are solutions
(ac, he) of (4.4) such that

a4 x —1t€

ae(x) ~JZ_;SJ"1 (éj»)ﬂ‘w( - / ) (4.39)
and

he(tf) ~EEF, i=1,....K, (4.40)
where & is given by (4.9),

E—E >0, if>1) ?#08, i#jij=1..K (4.41)

Then necessarily, we have
=10 =12 ell,l}, i=1,....K, (4.42)

where t(()) = —1,1 and [ satisfy (4.32) and (4.33) with K| being the number of i ’s for which
li =1 and K, being the number of i ’s for which l; = I (hence K1+ K, = K).

Theorem 4.4 shows that an K -peaked solution must be generated by exactly two types
of peaks—type A with shorter length / and type B with larger length /. This shows that the
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solutions constructed in [70] (through a formal approach) exhaust all possible separated
K -peaked solutions. In particular, it shows that there are at most 25 K -peaked solutions.
If the assumptions (H1)—(H3) are met, then there are exactly 2K K -peaked solutions.

PROOF OF THEOREM 4.4. First we make the following scaling

where &, is defined at (4.9). Hence (a., fze) satisfies

€2Aa. —ac + q_o —l<x<l,

h
DAsz—fze—i—ceﬁ—Szo, —1<x<l1,

where c is defined as cc = (e [ w") 7.

Now (4.39) and (4.40) imply that

. K X—f; A A
do~ 2@ () (i) =6
j=1

Letting ¢ — 0, we assume that

We see that fze — ho(x) where hq(x) satisfies

{ DAho — ho + Zle(éy)%_szi(x - t;)) =0, —-l<x<l,

hiy(—1) = hiy(1) = 0.

In other words, we have

ho(x) = T' GD x t; )

HMN

(4.43)

(4.44)

(4.45)

(4.46)

Since ho(t?) = .f;‘;), j=1,..., K, we have from (4.46) that (élo, e §IO<) must satisfy the

following 1dentity:

K
Y Go( ) E)TT =8 i=1.. K
=1

This is the same as (4.14).

(4.47)
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Define

e
de,j =0aeX F
0

553

where 7 is a very small number. Then ac_; is supported in the interval 1; =(—ro+ t;. ,Fo+

t;.). We may choose 7y so small that /£ N 1]? =@ fori # j. Then

K
ae = Z&e’j +e.s.t.
—

Now we multiply the first equation in (4.43) by éé, i and integrate over (—1,1). We

obtain

, [ [paa; al*'h
=— T g+l +e.s.t
5L he he¢
2 ~Ap+1
_ 4t [de g oo

By the equation for he, we have that
R 1 ar
he(x):Ce/ Gp(x,2)==

-1 h$

and thus for x € I;,
A K A qr
he(x)=>"Gp(x. 1) (&) + 0(e)
k=1

and

K -
A1) = VieGo 15 ) (6) 77 + 0@,
k=1

(4.48)

(4.49)
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Substituting (4.49) into (4.48) and using (4.44), we obtain the following identity

K
> VG, 1) (E) T = o(1) (4.50)
k=1
and hence
K R ar
D VoG )(E) T =0, j=1.....K, 4.51)
J
k=1

which is the same as (4.21).
Note that by the expression for kg in (4.46), (4.51) is equivalent to the following

ho(194) + hy(19-) =0, j=1.....K, (4.52)
where h(’)(t?+) is the right-hand derivative of h¢ at t;.) and h(’)(t?—) is the left-hand deriva-
tive of hg at t;.). On the other hand, from the equation for /¢, we have that

qr

D(ho(19+) = ho(1)=)) =—(E) T, j=1.....K. (4.53)

Solving (4.52) and (4.53), we have that

1 apar
0 0 0\ =7 —S .
Since hq satisfies Dh! = hg > 0 in each interval (t;)fl, tj.)), j=2,...,K, we see that

there exists a unique point s;_1 € (t(?_l , t?) such that hg(s;j—1) = 0. Since hy(—1) =0, by

J
using symmetry, we see that
Sf%“":z?, ji=1,....K, (4.55)

where we take so = —1, sk = 1. Let2l; =s; —sj—1, j=1,..., K.
Note that on each interval (—/; + tj.), I+ tj.)), ho satisfies

N qr
0

DAy —ho+ (€))7 T 8(t —¢

with Neumann boundary conditions at both ends. Thus from (4.6) it is easy to see that

A r_ g l;
(gjo) p‘{l s—1 :2«/5 tanh(\/—%) j=1,...,K, (4.56)
i

—. (4.57)
cosh(ﬁ)

ho(lj) =
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Since hg is continuous on (—1, 1), we have
ho(l1) = ho(l2) = --- = ho(lk). (4.58)

Using (4.56) and (4.57), we see that (4.58) is equivalent to

(f5)(25) (%)

where the function b was defined in (4.31). Suppose without loss of generality that [; < /o,
then we take /1 =1 and (4.59) implies that I, € {/, l_} and that /; € {/, l_} for j=2,...,K.
Thus [ must satisfy (4.60) and (4.33).

This finishes the proof of Theorem 4.4. |

4.5. The stability of symmetric and asymmetric K -spikes

In this section, we present the stability of the K -peaked solutions constructed in Theorem
4.3.
To this end, we need to study the following linearized eigenvalue problem

p—
€

ZAE_ c + ge_ AE,
£€<¢6>:<6 be — &, prd) Clhgwﬁ )>=)¥e(¢6>’ (4.60)

r—1 r
Ve %(DA% — Ve +ra2§ e — shgil Ve Ve

where (ac, h¢) is the solution constructed in Theorem 4.3 and A, € C—the set of complex
numbers.

We say that (ac, h¢) is linearly stable if the spectrum o (L) of L, lies in the left half
plane {A € C: Re(X) < 0}. (ac, h¢) is called linearly unstable if there exists an eigenvalue
Ae of L with Re(A¢) > 0. (From now on, we use the notations linearly stable and linearly
unstable as defined above.)

THEOREM 4.5. Let (ac, he) be the solutions constructed in Theorem 4.3. Assume that
e K 1.
(1) (Stability) If

r=2, <p<5 or r=p+1, <p<+4+x 4.61)
and furthermore
qr .
—s| min 0 >1 4.62)
p—1 oeo(B)
and

o(M) € {o |Re(o) > 0}, (4.63)
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there exists Ty > 0 such that (ae, he) is linearly stable for 0 < T < 1.
(2) (Instability) If

< qr —s) min o <1, (4.64)
p—1 oea(B)

there exists 1y > 0 such that (ae, he) is linearly unstable for 0 > 1 < 1.
(3) (Instability) If there exists

oeo(M), Re(o) <0, (4.65)
then (ae, he) is linearly unstable for all T > 0.

REMARK 4.5.1. In the original Gierer—Meinhardt model, (p,q,r,s) = (2,1,2,0) or
(p,q,r,s) =(2,4,2,0). This means that condition (4.61) is satisfied.

REMARK 4.5.2. By Theorems 4.3 and 4.5, the existence and stability of K-peaked so-
lutions are completely determined by the two matrices 3 and M. They are related to the
asymptotic behavior of large eigenvalues which tend to a non-zero limit and small eigen-
values which tend to zero as € — 0, respectively. The computations of these two matrices
are by no means easy. We refer to [34] and [70] for exact computations and numerics. Com-
bining the results here and the computations in [34], the stability of symmetric K -peaked
solutions is completely characterized and the following result is established rigorously.

THEOREM 4.6. (See [34,84].) Let (ac i, he k) be the symmetric K -peaked solutions con-
structed in [67]. Assume that € < 1.
(a) (Stability) Assume that 0 < t < 1¢ for some 1y small and that

r=2,1<p<5 or r=p+1,1<p<+40 (4.66)
and
1
D < Dg: 4.67)

T K2(og(Va + Va + D)2’

where o is given by (4.31), then the symmetric K -peaked solution is linearly stable.
(b) (Instability) If

D > Dk, (4.68)

where Dk is given by (4.67), then the symmetric K -peaked solution is linearly un-
stable for all T > 0.
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The proof of Theorem 4.5 consists of two parts: we have to compute both small and
large eigenvalues. For large eigenvalues, we will arrive at the following system of non-
local eigenvalue problems (NLEPs)

" — @+ pwllo

—1
—qr(I—i—sB)_lB(/ w’_1®></ w’> wP = AP (4.69)
R R

where B is given by (4.15) and

o1
_ 03)

= e (HX®)~.
Pk

By diagonalization, we may reduce it to K NLEPs of the form (3.17). Using the results
of Theorem 3.7, we obtain the stability (or instability) of large eigenvalues.

For the study of small eigenvalues, we need to expand the eigenfunction up to the order
0(62) term. This computation is quite involved. In the end, the matrix 5 and M will
appear.

A similar stability analysis for the Schnakenberg model has been carried out in [35].

5. The full Gierer—-Meinhardt system: Two-dimensional case

Let us now consider the Gierer—Meinhardt system in a two-dimensional domain. The re-
sults are more complicated. To reduce the complexity and grasp the essential difficulties,
we assume that (p, g, r,s) = (2, 1,2, 0) in this section.

We start with the bound states.

5.1. Bound states: spikes on polygons
We first consider the case when £2 = R?:

Aa—a—}—‘z—z:O, a>0 in R2,
Ah—o’h+a*>=0, h>0 inR? (5.1
a(x),h(x)—0 as |x| — +oo.

As we will see, a notable feature of this ground-state problem in the plane is the pres-
ence of solutions with any prescribed number of bumps in the activator as the parameter o
gets smaller. These bumps are separated from each other at a distance O(|loglogo|) and
approach a single universal profile given by the unique radial solution of (2.8). The multi-
bump solutions correspond respectively to bumps arranged at the vertices of a k-regular
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polygon and at those of two concentric regular polygons. These arrangements with one ex-
tra bump at the origin are also considered. This unveils a new side of the rich and complex
structure of the solution set of the Gierer—Meinhardt system in the plane and gives rise to
a number of questions.

Let us set

ko1 -
2
Ty = (—log—f w (y)dy) . 5.2)
2 o Jr2

THEOREM 5.1. (See [17].) Let k > 1 be a fixed positive integer. There exists o, > 0 such
that, for each 0 < o < oy, problem (5.1) admits a solution (a, h) with the following prop-

erty:

k
Tot (x) = ) _w(x —&)| =0, (5.3)

i=1

lim
o—0

uniformly in x € R%. Here the points & correspond to the vertices of a regular polygon
centered at the origin, with sides of equal length l, satisfying

1 1
lo =loglog—+ O (log loglog —>. (5.4)
o o
Finally, for each 1 < j < k we have
lim |t5ho (§; + ) — 1| =0,
o—0
uniformly on compact sets in y.

Our second result gives existence of a solution with bumps at vertices of two concentric
polygons.

THEOREM 5.2. (See [17].) Let k > 1 be a fixed positive integer. There exists o > 0 such
that, for each 0 < o < oy, problem (5.1) admits a solution (a, h) with the following prop-
erty:

k

Tim | g (x) = Y [wx — &) + wix —£9)] =0, (5.5)

i=1

uniformly in x € R2. Here the points & and &' are the vertices of two concentric regular
polygons. They satisfy
2jm . 27

jr
!

Ej=poe k', Ei=pjet’, j=1,.. .k,
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where

1 1 1
Po = ———loglog — + 0<10gloglog —),
[1—e® | 4 o

and

1 1 1
o = (1 + 727”) loglog — + O(logloglog—).
|1—€T| o (o8

A similar assertion to (5.4) holds for h,, around each of the &; and the Si* ’s.

THEOREM 5.3. (See [17].) Let k > 1 be given. Then there exists solutions which are ex-
actly as those in Theorems 5.1 and 5.2 but with an additional bump at the origin. More
precisely, with w(x) added to Zl (w(x — &) in (5.3) and added to Zle[w(x —&)+
wx — él )] in (5.5).

The method employed in the proof of the above results consists of a Lyapunov—Schmidt
type reduction. The basic idea of solving the second equation in (5.1) for 4 first and then
working with a non-local elliptic PDE rather than directly with the system. Let 7' (a?) be
the unique solution of the equation

Ah—c?h+a*>=0 inR?,

(5.6)
h(x) >0 as |x| — +o0,

for a? € Lz(Rz). Equation (5.3) can be solved via sub-super-solution method. Solving the
second equation for 4 in (5.1) we get h = T (a?), which leads to the non-local PDE for a

a2
Ba—at s = (57)
Fixing m points which satisfy the constraints
2 1 .
gloglog— <Ig— §i|<210g10g;, forall i # j.
We look for solutions to (5.7) of the form
| K
a(x)=—(W+¢), where W=> w(x—&). (5.8)
To

j=1

By using finite-dimensional reduction method, we first solve an auxiliary problem

_ _ W) i1
AW +9) = (W+)+ 00 =3, ciag

fR2¢ds = i=1,....m, a=1,2.

(5.9)
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Solutions satisfying the required conditions in Theorems 5.1-5.3 will be precisely those
satisfying a non-linear system of equations of the form

Cia(él,EZ,---,Em)ZO, i=17”'7m7 a:1529

where for such a class of points the functions c;, satisfy

d
Cia(Sl,u-,ék):as [ZF(@j—SiI)]-FGm, (5.10)
i

function F : R4 — R is of the form

c7logr
log é

F(r)=

+ csw(r),

c7 and cg are universal constants and

1
L —0 ,
i ((logé)HV)

for some y > 0. Although (5.10) does not have a variational structure, solutions of the
problem c;,, = 0 are close to critical points of the functional Z# iF (I&; — &1). In spite
of the simple form of this functional, its critical points are highly degenerate because of
the invariance under rotations and translations of the problem. Thus, to get solutions using
degree theoretical arguments, we need to restrict ourselves to classes of points enjoying
symmetry constraints. This is how Theorems 5.1-5.3 are established. On the other hand,
we believe strongly that finer analysis may yield existence of more complex patterns, such
as honey-comb patterns, or lattice patterns.

REMARK 5.1.1. Similar method can also be used to prove Theorem 4.1. In that case, we
have

d
ciEr,.... &) = a—g_[z Fi(lg; — sn)} +0(c'), (5.11)
Phij

function Fj : Ry — R is of the form
Fi(r)=cyor +crow(r),

c9 and cq¢ are universal constants. It is easy to see that the critical points of Zi £ Fi(& —

&;jl) is non-degenerate (in the class of points with Zle & =0).

-
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5.2. Existence of symmetric K -spots

We look for solutions to the stationary GM on a two-dimensional domain with the follow-
ing form

¢ x—Pj
ac(x) ~ Y ke jw| — (5.12)

Jj=1

where P; are the locations of the K -spikes and & ; is the height of the spike at P;.
If all the heights are asymptotically equal, i.e.

lim 26 — 1, fori # j, (5.13)

€—~>0 &8¢ j

such solutions are called symmetric K-spots. Otherwise, they are called asymmetric K -
spots.

In this section, we discuss the existence of symmetric K-spots. It turns out in two-
dimensional case, we have to discuss two cases: the strong coupling case, D ~ O(1), and
the weak coupling case, D > 1.

We first have the following existence result in the strong coupling case

THEOREM 5.4. (See [86].) Let 2 C R? be a bounded smooth domain and D be a
fixed positive constant. Let Gp(x,y) be the Green function of —DA + 1 in 2 (with
Neumann boundary condition). Let Hp(x,y) be the regular part of Gp(x,y) and set

hp(P)= Hp(P, P).
Set
Fp(P1,...,Px) =Y Hp(P;, P)— Y _ Gp(Pj, P).
i=1 j#l
Assume that (Py, ..., Px) € 2K isa non-degenerate critical point of Fp(Py, ..., Pg).

Then for € sufficiently small, problem (GM) has a steady state solution (ac, h¢) with the
following properties:
(1) ac(x) = EG(Z - w( ’ ) 4+ o(1)) uniformly for x € 2, P€ — P0 j=1,...,K,
as e — 0, and w is the unlque solution of the problem (2. 8)
2) he(x) =61+ 0(|loge|)) unlformlyforx € 2, where

3) &' =k +o(1)e?log ! [row
REMARK 5.2.1. Theorem 5.4 shows that interior peaks solutions are related to the Green

function (contrast to shadow system case). Thus in the strong coupling case, the peaks are
produced by a different mechanism. It seems that the equation for / controls everything.

REMARK 5.2.2. In a general domain, the function Fp(P) always has a global maximum
point Py in £2 x --- x £2. (A proof of this fact can be found in the Appendix of [86].)
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The proof of Theorem 5.4 depends on fine estimates in the finite-dimensional reduction:
the major problem is to sum up the errors of powers in terms of @

€
Next, we discuss the weak coupling case. We assume that lime_.o D = 4+00. We first
introduce a Green function G which we need to formulate our main results.
Let Go(x, &) be the Green function given by

AGo(x, &) — Wl‘ +8:(x)=0 in £,

f:z Go(x,&)dx =0, (5.14)
3Gexf) — on 382
and let
1 1
Hy(x,§) = gﬁ = Go(x,§) (5.15)

be the regular part of Go(x, £).
Denote P € 22X, where P is arranged such that

P= (P, P>,..., Px)
with
Pi =(Pi,1, Pi,2) fOl‘i: ],2,...,K

For P € 2K we define

K
FoP)=Y Ho(Pi,P)— Y. Go(Pi, P)) (5.16)
k=1 ij=1,...K, i#j
and
Mo(P) = (VpFo(P)). (5.17)

Here My(P) is a (2K) x (2K) matrix with components a?jﬁ;g o i,k=1,...,K, j,l=
i,jO bk,
1, 2 (recall that P; ; is the jth component of P;).
Set

log —. (5.18)

Then D — +o0 is equivalent to 8 — 0.
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The stationary system for (GM) is the following system of elliptic equations:

eZAa—a—l—“h—Z:O, a>0 in £2,

Ah—B*h+p%a*=0, h>0 ing2, (5.19)
d doh
ﬁ:%:O on 052.

The following concerns the existence of symmetric K-peaked solutions in a two-
dimensional domain which generalizes the one-dimensional result Theorem 4.2.

THEOREM 5.5. (See [87].) Let PO = (P?, on, e, PI(}) be a non-degenerate critical point
of Fo(P) (defined by (5.16)). Moreover, we assume that the following technical condition
holds

ifK > 1. then lim ne # K. (5.20)
€—

where 1 is defined by (5.18).

Then for € sufficiently small and D = é sufficiently large, problem (5.19) has a solution
(ae, he) with the following properties:
_p¢ _
(D) ac(x) = 55(25;1 w(x —+) + O(k(e, B))) uniformly for x € §2. Here w is the
unique solution of (2.8) and

1£2]

1 .
K2 fR2 w2(y) dy ifne — 0,
1 Q .
=1 omadns | e (5.21)
1 2] .
K+no GZJRZ wz(y)dy lfﬂe - 770,
and
2 2
k(e, B) :=€"6:8". (5.22)
(By (5:21). k(e. p) = O(min{ L+, f2)).)
Furthermore, P; — PJQ ase > O0forj=1,...,K.

) he(x) =&(1 + O(k(e, B))) uniformly for x € Q.

5.3. Existence of multiple asymmetric spots

Similar to the on dimensional case, there are also multiple asymmetric spots in a two-
dimensional domain. But the existence of such patterns is only restricted when

lim
e—>0 ]()g

- < +00. (5.23)

€
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We first derive the algebraic equations for the heights (&1, ..., k).
For B > 0 let Gg(x, &) be the Green function given by

5.24
3G _ on 3f2. ©.24)

:Acﬁ—ﬂZGﬁMg:o in £2,

Recall that ,32 = % and therefore 8 ~ 1 . Let Go(x, &) be the Green function defined
log ¢

in (5.14).
In Section 2 of [87] a relation between G¢ and Gy is derived as follows

-2

G,s(x,é)—?g—'+Go(x £)+0(p%) (5.25)

in the operator norm of L?£2) — H?(£2). (Note that the embedding of H>(£2) into L>(£2)
is compact.)
We define cut-off functions as follows: Let P € 22X . Introduce

x —
1)

P.
Xe,pj(x)z)(( f), xeR, j=1,....,Km, (5.26)

where x is a smooth cut-off function which is equal to 1 in B;(0) and equal to 0 in R?\
B>(0).
Let us assume the following ansatz for a multiple-spike solution (ac, h¢) of (GM):

~ Zl 1;5_6 tw( l )Xé P; (.X) (527)
h (PE) ~ e,
where w is the unique solution of (2.8), & ;,i =1, ..., K, are the heights of the peaks, to
be determined later, and P¢ = (PS¢, ..., Pf() are the locations of K peaks.

Then we can make the following calculations, which can be made rigorous with error
terms of the order O (— 1 )in H2(£2).

From the equation for h6 ,
Ahe — B*he + BPal =0,
we get, using (5.25),

he(Pf) = /g Gp(Pf.£)BPal()dE
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x(if ( _Pé)xep@)ds

j=l1

ot )

Thus

2
sg‘,:sif—/ wz(y)dy+§§iﬂ2/ Go(Pf,&)w (
12| Jr2 o

+Z<@+,B Go(Pf -g))ngGZfRz w?(y)dy

K
Z )+ 0(B*e?)).
Here we have used that for j # i

§—Pf
/ Go(Pf,f)w2< ]>X5,P,($)d§
Q €

:ez/ Go(Pf, ey + Pf)w 2(y)dy +es.t.
R2

:eZGO(Pf,P;)/ w(y)dy
R2

K 9Go(Pf, PS)

+63Z T /Rz w>()ydy + 0(e*)

= ezGo(Pf, P;)/ w?(y)dy + 0(64).
R2

§—P¢ .
(Note that we have set y = —— and we have used the relation

/ w?(y)ydy =0
RZ

which holds since w is radially symmetric.)

x (Zs&,jw2< - ’)xe,p,-@ ds.
j=1

)Xe P; (6)d&

565

(5.28)
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Using (5.15) in (5.28) gives

2 e 2
Ee.i ="§e,,’@ 2u) (»)dy

HEP /( s| HO(P"G’g)>“’2(§

+Z<ﬁ+ﬂ Go( P, Pf))gejeszz w?(y)dy

+ (07 + 0(3)

2
2 e 2 2 B » 1 2
=¥e,i—|9| /zw (y)dy+€e,,-—n€ 10gg/sz ) dy

+&2, p ( / 2(y)1ogidy_€2H0(pf Pf) / w%y)dy)
R2 R2

€l2 ||

+Z<@+ﬂ Go(Pf, P€)>§ eszZ w?(y)dy

JF#L

+Zs€, )+ 0(B*?)).

Recall that Hy € C?(£2 x £2).
Considering only the leading terms in (5.29) we get following

K &2 g
_ 2 €7 2 2 2
I—JZ_;fe,j'm/sz (y)dy-i-ée,z €’ log - / w?(y)dy
K
+) §2,0(8%).
j=1

Let us rescale

1£2]

ge,i = Seée,i’ where § = —————.
62 f]R2 wz

Then from (5.30) we get

(L me 2 2
é‘_e,t <|.Q|+|Q|> i€ /sz(y)dy

— P
' )xe,p; (§)ds
€
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€2 K
+Zs§,,-@f2 wi(ndy + 3 82, 0(p2),
i R j=1
where 71 was introduced in (5.18). Assuming that
Ei—&. ne— o, (5.32)
we obtain the following system of algebraic equations
K
Ei=) 8, +&m, i=1....K, (5.33)
j=1

which can be determined completely.
In fact, let

p(t) =1 — not?. (5.34)

Then (5.33) is equivalent to
K
pE)=) &, i=1,.K, (5.35)
j=1

which implies that

pE)=pE)) forij. (5.36)
That is

& —En(1—noE +Ep) =0. (5.37)
Hence for i ## j we have

P A oA 1

§—& =0 or &+&=—. (5.38)

Mo

The case of symmetric solutions (é,- = él, i =2,...,N) has been studied in [86] and

[87]. Let us now consider asymmetric solutions, i.e., we assume that there exists an
i €{2,..., N} such that & 5 &;. Without loss of generality, let us assume that

& #&,
which implies that

fi+é=—. (5.39)
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Let us calculate éj, j=3,....K. If ?:fj + §1, then by (5.38), éj + §1 = 77_10’ which implies
that éj = é'z.

Thus for j > 3, we have either éj = él or éj = éz.

Let k1 be the number ofé‘l’s in {é‘l, e, éK} and k, be the number ofé‘z’sin {é‘l, e, é‘K}.
Then wehave ki > 1, ko > 1, k1 +kr =K.

This gives
K
El— okl =) & =kl + ki3, (5.40)
j=1
~ 1 ~
br=——§&. (5.41)

1o

Substituting (5.41) into (5.40), we obtain
. . . 1 )\’
E1 —nofl =ki& +k2<% —sl)

and therefore

ro 2kat+mos ko
(ki + k2 +no)éf — ———& + = =0. (5.42)
10 Uh

Equation (5.42) has a solution if and only if

2k +m0)* _ k
% > 472 (ki + k2 + o). (5.43)
Mo Mo

The strict inequality of (5.43) is equivalent to

no > 2y kiks. (5.44)

It is easy to see that if (5.44) holds, then there are two different solutions to (5.42) which

are given by (p+, +).
Therefore we arrive at the following conclusion.

LEMMA 5.6. Let no > 2/k1ka. Then the solutions of (5.33) are given by (é], ...,éN) €
({p+, n+ )X where the number of p+’s is ki and the number of n+’s is k».

If no > 2/ k1ka, there exist two solutions (p+, N+).

If no = 2+/k1ka, there exists one solution (p+, p+).

If no < 2+/k1ka, there are no solutions (p+, p+).

© O N O 0o A O N =
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Let no > 2/k1ky where k1 + k> = K, k1, ko > 1. By Lemma 5.6, there are two solutions
to (5.33). In fact, we can solve

2ky + 1m0 + /nj — dkik> 2ky +mo — \/nj — dkik> 545

,O = I IO* = ’
" 2n0(n0 + K) 2n0(n0 + K)
2k1 + 10 — \/ng — 4kik 2ky +no + /nd — 4kika

N4y = , n- = . (5.46)

2no(no + K) 2no(no + K)
Note that

1 1

Pty =—, p—F+n-=—. (5.47)
10 10

Let (0, n) = (p4, n4) or (p, n) = (p—, n-). We drop “+” if there is no confusion.
Let (§1,...,&k) € RX be such that

£; € {p, n}, and the number of p’s in (£, ..., k) is ki. (5.48)

Then there are k» 7’s in (51, e %A'K).
LetP=(P,..., Px) € 2K, where P is arranged such that

P= (P, P,,..., Px)
with
P,=(Pi1,P2) fori=1,2,...,K.

For P € 2X we define

K
Fo®)=Y Ho(P, PO& — Y Go(Pi, PDEE; (5.49)
k=1 i,j,=1,...K,i#]j
and
Mo(P) = Vi Fy(P). (5.50)

Then we have the following theorem, which is on the existence of asymmetric K -peaked
solutions.

THEOREM 5.7. (See [88].) Let K > 2 be a positive integer. Let k1, ko > 1 be two integers
such that ky +ky = K. Let
g2l V192l
og ,
2 €

1
ﬁ2=57 Ne =
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where |§2| denotes the area of §2, Assume that ng = lime_. ne > 2+/k1k2,

(T no#K
and that

(T2) - (Plo, P20, e, PI%) is a non-degenerate critical point of ﬁo(P)
(defined by (5.49)).

Then for € sufficiently small the stationary (GM) has a solution (ac, he) with the follow-

ing properties:
x—P¢

1) ac(x) = Zle e j(w(—>+) + 0(%)) uniformly for x € §2, where w is the unique
solution of (2.8) and

2 |$2]
e, j =&cbe,j, b= W 5.5
Further, (ée,la e ée,K) — (él, e, éK) which is given by (5.48).

(2) he(PS) =& j(1+3) in HX(2), j=1,.... K.
3) P;—>P](.)ase—>0f0rj=1,...,K.

5.4. Stability of symmetric K -spots

Next we study the stability and instability of the symmetric K -peaked solutions constructed
in Theorems 5.4 and 5.5.
In the strong coupling case, it turns out all solutions are stable:

THEOREM 5.8. (See [86].) Suppose D = O(1). Let Py and (ac, h¢) be defined as in Theo-
rem 5.4. Then for € and t sufficiently small (ac, he) is stable if all eigenvalues of the matrix
MpPo) = (VI2,0 Fp(Py)) are negative. (ac, he) is unstable if one of the eigenvalues of the
matrix M p(Pg) is positive.

In the weak coupling case, the stability of symmetric K -peaked solutions in a bounded
two-dimensional domain can be summarized as follows.

THEOREM 5.9. (See [87].) Let P° be a non-degenerate critical point of Fo(P) and for
€ sufficiently small and D = é sufficiently large let (ac, he) be the K-peaked solutions

constructed in Theorem 5.5 whose peaks approach P°.
Assume (5.20) holds and further that

(%) Plisa non-degenerate local maximum point of Fy(P).

Then we have

© O N O 0o A O N =
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Table 1
Case 1 Case 2 Case 3 (g < K) Case 3 (g > K)

K =1, t small stable stable stable stable

K =1, t finite ? stable ? ?

K =1, t large unstable stable unstable stable

K > 1, t small unstable stable unstable stable

K > 1, 7 finite unstable stable unstable ?

K > 1, t large unstable stable unstable stable

CASE 1. ne — 0 (ie., 2‘%’ > log ).

If K = 1 then there exists a unique t1 > 0 such that for T < t1, (ae, he) is linearly stable,
while for T > 11, (ac, he) is linearly unstable.
If K > 1, (ac, he) is linearly unstable for any t > 0.

CASE 2. ne — +o0 (i.e., % < log é).

(ae, he) is linearly stable for any T > 0.

CASE 3. 1 = o € (0, +00) (i.e., 72 ~ Llog 1).

If K > 1 and no < K, then (ac, h¢) is linearly unstable for any T > 0.

If no > K, then there exist 0 < 1o < 13 such that (ae, he) is linearly stable for T < 13
and t > 3.

If K =1, ng < 1, then there exist 0 < t4 < 15 such that (ac, he) is linearly stable for
T < 14 and linearly unstable for T > 15.

The statement of Theorem 5.9 is rather long. Let us therefore explain the results by the
following remarks.

REMARK 5.4.1. Assuming that condition (x) holds, then for € small the stability behavior
of (ae, he) can be summarized in the following table:

REMARK 5.4.2. The condition () on the locations P arises in the study of small (o(1))
eigenvalues. For any bounded smooth domain £2, the functional F(P), defined by (5.16),
always admits a global maximum at some P° € £2X. The proof of this fact is similar to the
Appendix in [87]. We believe that in generic domains, this global maximum point P is
non-degenerate.

It is an interesting open question to numerically compute the critical points of Fo(P) and
link them explicitly to the geometry of the domain 2.

We believe that for other types of critical points of Fy(P), such as saddle points, the
solution constructed in Theorem 5.5 should be linearly unstable. We are not able to prove
this at the moment, since the operator L, is not self-adjoint.
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REMARK 5.4.3. Case 1 and Case 3 with ny < K resemble the shadow system and Case 2
and Case 3 with nog > K are similar to the strong coupling case.

From Case 2 and Case 3 of Theorem 5.9, we see that for multiple spikes (K > 1) large t
may increase stability, provided that g > K. This is a new phenomenon in R?. It is known
that in R!, large r implies linear instability for multiple spikes [8,34,59,60].

REMARK 5.4.4. We conjecture that in Case 3, 7o = r3. This will imply that for any 7 > 0
and no > K, multiple spikes are stable, provided condition (x) is satisfied. (It is possible
to obtain explicit values for 7, and 13.)

REMARK 5.4.5. Roughly speaking, assuming that condition (x) holds and that t is small,
then for € < 1, Dk (€) = % log% is the critical threshold for the asymptotic behavior
of the diffusion coefficient of the inhibitor which determines the stability of K-peaked

solutions.

The proof of Theorem 5.9 is again divided by two parts: large eigenvalues and small eigen-
values. For small eigenvalues, we relate them to the functional F (P). For large eigenvalues,
we obtain a system of NLEPs:

Adi — ¢i +2we;
201+ no(1 +Th0)) fpo wi + X i Jro wds]
- : w” = Ao,
(K +n0)(1 + 120) [p2 w?
i=1,....K. (5.52)
By diagonalization, we obtain two NELPs:
A¢p— ¢ +2wep — L[/ w(y)d)(y)dy}wz:w, (5.53)
(K +10) [gow? [ Jr2
and
2(K +no(1 +th0) Jr2w¢
A¢p — 2 — =X
¢ — ¢+ 2w K 1100 1m0 fszzw 09,
¢ € H*(R?), (5.54)

where 0 < g < 400 and 0 < 7 < +o00.
Problem (5.53) is the same as (3.7). For problem (5.54), we have the following result

THEOREM 5.10.
(1) Ifno < K, then for T small problem (5.54) is stable while for t large it is unstable.
(2) Ifno > K, then there exists 0 < 1o < 13 such that problem (5.54) is stable for T < o
ortT > 13.
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PROOF. Let us set

2K +mno(1+172))
F o = K a1 on) (5.35)

‘We note that

210
K +mno

lim f(tA) = = foo-
TA—> 400

If no < K, then by Theorem 3.12(2), problem (3.52) with u© = f has a positive eigenvalue
1. Now by perturbation arguments (similar to those in [8]), for 7 large, problem (5.54)
has an eigenvalue near oy > 0. This implies that for t large, problem (5.54) is unstable.

Now we show that problem (5.54) has no non-zero eigenvalues with non-negative real
part, provided that either t is small or 9 > K and 7 is large. (It is immediately seen that
f(tA) > 2astA—0and f(tX) —>
3.12 should apply. The problem is that we do not have control on tA. Here we provide a
rigorous proof.)

We apply the following inequality (Lemma 3.8(1)): for any (real-valued function) ¢ €
H?(R?), we have

fRZ we fR2 w’

Jr2 w?

Jeo w? ?

Az(|V¢|2+¢2—2w¢2)

where equality holds if and only if ¢ is a multiple of w.
Now let Ao =Ar + v/ —1A1, ¢ = pr + /—1¢; satisfy (5.54). Then we have

Jre wo
Sz w?

Multiplying (5.57) by ¢—the conjugate function of ¢—and integrating over R?, we obtain
that

Log — f(Tho)

/RZ(IV¢I2+ ¢1° —2wlp|?)
=—?»of o>~ f (A)fRz / (5.58)
R2

Multiplying (5.57) by w and integrating over R?, we obtain that

2 fRZ w?
/ w2 = (1o + f(Tho) . / we. (5.59)
R2 fRZ w R2
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Taking the conjugate of (5.59) we have

3
fRz w2p = (Xo+f(rio)fR2w )/Rz wé. (5.60)

Sz w?

Substituting (5.60) into (5.58), we have that

/RZ(IV¢>|2+ I$1* = 2wl %)

Je w3> | Jp2 wol” (5.61)

Jrw?/) [pw?

We just need to consider the real part of (5.61). Now applying the inequality (5.56) and
using (5.60) we arrive at

3
—AR = Re(f(fko)(/_\o + f(tho) Jpa 0 ))

— o A‘{ P~ fero) (io  f(tho)

Jeo w?
B _ w3 w3
- 2Re<xo + f(rM)fRz w2> + fRz 5
R2 R2

where we recall Ag = Ag + +/—1A7 with Ag, A; € R.
Assuming that Az > 0, then we have

Jr
Jr

By the usual Pohozaev’s identity for (2.8) (multiplying (2.8) by y- Vw(y) and integrating
by parts), we obtain that

3
/w3=—/ w?. (5.63)
RZ 2 RZ

Substituting (5.63) and the expression (5.55) for f(tA) into (5.62), we have

3
232 |/ (e20) = 1| +Re(ho(/ (v20) ~ 1)) < 0. (5.62)

3 5 _ _
3 1m0+ K + (no — K)TA|” +Re((no + K)(1 + t20) ((n0 + K)o
+ (10 — K)tlAol?)) <0
which is equivalent to

3 2 2 2
51+ 1otar) +Ar + (ot 4+ 7 + ot Aol ") AR

3
+ <§M(2)r2 + ot — r>,\% <0 (5.64)
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: ._ no—K
where we have introduced g := Tk

If no > K (i.e., o > 0) and 7 is large, then

220 —720 5.65
FHT +upor—1 20. (5.65)
So (5.64) does not hold for Az > 0.
To consider the case when t is small, we have to obtain an upper bound for A;.
From (5.58), we have

A / |¢|2=Im<—f(f?»o)fR2wf f w2¢3>.
R2 /sz R2

Hence

w4
Al < | f(xho)] Jee 5 <C (5.66)
fR2 w

where C is independent of Aq.
Substituting (5.66) into (5.64), we see that (5.64) cannot hold for Ar > 0, if 7 is small. [
5.5. Stability of asymmetric K -spots

Finally we study the stability or instability of the asymmetric K -peaked solutions con-
structed in Theorem 5.7.

THEOREM 5.11. Let (ae, he) be the K -peaked solutions constructed in Theorem 5.7 for €
sufficiently small, whose peaks are located near P°. Further assume that

(%) Plisa non-degenerate local maximum point of F @P).
Then we have:

(a) (Stability)
Assume that

2V kiky <no< K (5.67)
and

ki >ka, (0,m)=(04,np).

Then, for T small enough, (ac, h¢) is stable.
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(b) (Instability)
Assume that either

no > K
or
T is large enough.
Then (ac, h¢) is linearly unstable.

A consequence of Theorem 5.11 is stable asymmetric patterns can exist in a two-
dimensional domain for a very narrow range of D, namely for

I Y@l _ D Y[ 2]

(0] < — < (0)
WK e el S anvhik ¢ e

(5.68)

WV

and € small enough, where k| and k are two integers satisfying k1 + ko = K, k1 > 1, ko
1. In most cases, asymmetric patterns are unstable.

6. High-dimensional case: N >3

When N > 3, there are very few results on the full Gierer—Meinhardt system. The differ-
ence between N > 3 and N < 2 lies on the behavior of the Green function: when N < 2,
the Green function is locally constant (when N =2, it is locally co). The limiting problem
is still a single equation (2.8). But when N > 3, the Green function is like W The

limiting problem when N > 3 becomes

Aa—a+2’—f;:0 in RV,
Ah+ % =0 in RV, (6.1)
a,h>0,a,h—0 as|y|l— +oo.

Problem (6.1) seems out of reach at this moment. We believe that there should a radially
symmetric solution to (6.1) which is also stable.

As far as the author knows, the only result in higher-dimensional case is the existence of
radially symmetric layer solutions [62].

Let £2 = By be a ball of radius R in RY. By scaling, we may take D = 1 and obtain
formally the following elliptic system

2 al _ :
€ Aa—a+h—q_0 in Bg,

Ah—h+‘;l—S=O %n Bpr (6.2)
vsa>0, h >0 in Bg,

d il

So=5=0 on Bg,
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where (p, g, m, s) satisfies

qm

- 1. (6.3)
(p—D@s+1)

p>1, ¢>0, m>0, s52>0,

(The case of the whole R” is also included here, by taking R = +00.)

Note that in (6.2), we have replaced a” by a™ since we will use r = |x| to denote the
radial variable.

We first define two functions, to be used later: let Ji () be the radially symmetric solu-
tions of the following problem

N —1

r

J+ J—=J1=0, J(©=0, Ji(0)=1, J;>0. (6.4)

The second function, called J,(r), satisfies

N—-1

r

J) + J—Dh+8=0, Jr>0 Jro(+00)=0, (6.5)
where § is the Dirac measure at 0.

The functions J; (r) and J>(r) can be written in terms of modified Bessel’s functions. In
fact

2-N 2-N N -2
Ji(r)y=cir 2 1,(r), Jo(ry=cor 2 K, (r), v=—F— (6.6)

where ¢y, c; are two positive constants and /,,, K, are modified Bessel functions of order v.
In the case of N = 3, Ji, J» can be computed explicitly:

sinh r e’

J == ) J =
! r 2(r) dmr

6.7)

Let w(y) be the unique solution for ODE 2.103. Let R > 0 be a fixed constant. We define

J3(R)
J{(R)

Jo,r(r) = J2(r) — Ji(r) (6.8)

and a Green function Gg(r; ')
1 N — 1 ’ ’ / / /
G+ ——Gr=Gr+d: =0, GrO:;r)=0, Gr(R;r)=0. (69
Note that

J, r(R) =0, Rlim JR(r) = Ta(r). (6.10)

© 0o N o 0o A O N =

AR A OB OB OB WO OW W W W W W WNNNDNNIDNDMNRNMNDRN 4 o oo o2 o2 4 o
a A W N 242 O © 0N O O A WO 4 O O 00 N OO O P~ WD 42 0O 0 0o N OO o P~ W NN =+ o



© O N O 0o b O N =

578 J. Wei
Fort € (0, R), set

(N=D(p—1)  J@) "
gt Ji(t)  Jr@)’

MR(t) := 6.11)

When R = 400, J2 100(r) = J2(r). We denote G 100(r;7') as G(r; 1) and My (t) as
M(t). That is,

N -1 | ) (r), forr <7/,
Gleir) =colr) {Jl(r’)Jg(r), forr >r/, ©.12)
M) = N=Dp-D  Ji®©) KO 6.13)

qt Jit) ()’

Then we have the following existence result on layered solutions.

THEOREM 6.1. (See [62].) Let N > 2. Assume that there exist two radii 0 <r; <r, < R
such that

Mg (ri))Mg(r2) <O. (6.14)

Then for € sufficiently small, problem (6.2) has a solution (ac g, he r) With the following
properties:
(1) ac,r, he,r are radially symmetric,

(2) acr(r) =& w(=2)(1+o(1)),
(3) aer(r) = &c rR(GR(te: 1)) " GR(r; 1) (1 4 0(1)), where Gr(r;tc) satisfies (6.9),
&c.r is defined by the following

(I+s)(p—1)—gm
m

£ R = (e(/ wm>GR(te;te)> ! (6.15)
R

and t € (r1, rp) satisfies lime_.o Mg (ts) = 0.

It remains to check condition (6.14), which can be verified numerically. Under some
conditions on p, g, we can obtain the following corollary.

COROLLARY 6.2. Assume that the following condition holds:

(N —2)q

N1 +1l1<p<g+1. (6.16)

Then there exists an Ro > 0 such that for R > Ro and € sufficiently small, problem (6.2)
has two radially symmetric solutions (aé’ R> h’6 r) concentrating on sphere {r = t;} with
Mgr(t)=0,i=1,2,andO0<t;j<th <R,i=1,2.
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We remark that Corollary 6.2 is the first rigorous result on the existence to (6.2) of
positive solutions in dimension N > 3. Next we consider the existence of bound states.
That is, we consider the following elliptic system in RV :

P .
e?Aa—a+9%:=0 inRY,
m

Ah—h+9%=0  inRV, (6.17)
a,h>0, ah—0 as|x|— +o0.

We have the following result.

THEOREM 6.3. (See [62].) Let N > 2. Assume that there exist two radii 0 <r; <ry <
+o00 such that

M(ri)M(r2) < 0. (6.18)

Then for € sufficiently small, problem (6.17) has a solution (ae, he) with the following
propetrties:
(1) ae, he are radially symmetric,
q

@) ac(r) =& w(=Ze) (1 +o(1)),
(B) he(r) =E(G(re;re) " G (r; re)(1 + 0(1)), where & is defined at the following

A+ (p=D—gm
£ = (e(/ wm>G(r5;r€)) ! (6.19)
R

and r¢ € (r1, rp) satisfying lime_,o M (re) = 0.
Similarly we have the following corollary.

COROLLARY 6.4. Assume that N > 2 and that the condition (6.16) holds. Then for €
sufficiently small, problem (6.2) has a radially symmetric bound state solution (ac, h¢)
which concentrates on a sphere {r = to} where M (ty) = 0.

By using the same method, it is not difficult to generalize the results of Theorem 6.1 to
other symmetric domains, such as annulus or the exterior of a ball. We omit the details.

Several interesting questions are left open. First, can multiple layered solutions to (6.2)
exist? Second, it would be an interesting question to study the stability of these “ring-like”
solutions. Numerical computations in two dimension indicate that the “ring-like” solutions
constructed in Theorem 6.1 are unstable and will break into several spots due to angular
fluctuations. Third, if we vary R from O to 400, what is the relation between the layered
solution constructed in [52] for the single equation (2.4) and the solutions in Theorem 6.1?
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7. Conclusions and remarks

In this chapter, I have surveyed the most recent results on the study of Gierer—Meinhardt
system.

First, we consider the case D = +o0. In this case, the state-state problem becomes a sin-
gularly perturbed elliptic Neumann problem (2.4). Using the LEM, we established various
existence results on concentrating solutions. In particular, Theorem 2.5 gives a lower bound
on the number of solutions to (2.4). Several interesting questions are associated with (2.4).
First, is there a lower bound on the number of boundary spikes? What is the optimal bound
on the number of solutions to (2.4)? The followings are just some related conjectures

CONJECTURE 1. Suppose the mean curvature function H (P) has | local minimum points.
Then there is at least

C
(N—T)

number of boundary spikes to (2.4).

CONJECTURE 2. Suppose the distance function d(P, 382) has [ local maximum points.
Then there is at least

C
€Nl

number of interior spikes to (2.4).

CONJECTURE 3. Suppose we have the energy bound Jc[uc] < Ce™ for some m < N.
Assume that the concentration set I'c = {ue > %} is connected. Then the limiting set I’ =
lime_ ¢ I'c has Hausdorff dimension N — m.

Second, we consider the stability of spike solutions to the shadow system (2.2). By
studying both small and large eigenvalues, we have completely characterized the stability
(or instability) inthe case of r =2, 1 < p <1+ % or r = p + 1. The study of the NLEP
(3.52) is not complete yet. Many interesting questions are still open: the case of general r,
the case of large 7, the uniqueness of Hopf bifurcation, etc. The non-linear metastability of
interior spike solutions is studied in [6]. The stability of boundary spikes is studied in [32],
through a formal approach. It can be proved that when D > Dg(¢) > 1, the full Gierer—
Meinhardt system converges to the shadow system [59,60,77,78]. However, the critical
threshold Dg(e) seems unknown.

Third, we consider the one- and two-dimensional Gierer—Meinhardt systems. For steady
states, we established the existence of symmetric and asymmetric K -peaked spikes. In 1D,
the bifurcation of asymmetric K-spikes occur when D < Dg. In 2D, the bifurcation of
asymmetric K -spikes occur when D ~ log é We also obtain critical thresholds for the
stability of K -peaked solutions: If € < 1 there are stability thresholds

Di(e) > Dy(€) > D3(€) > ---> Dg(e) > -+
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such that if

Dk (¢)

lim

e—0

>

then the K -peaked solution is stable, and if

. Dg(e)
lim — <1
D

e—0

then the K -peaked solution is unstable. In 1D, the critical threshold is Dg ~ % In 2D,

2
the critical threshold is loing . In 1D, the small eigenvalues determine the critical thresh-
olds, while in 2D, the large eigenvalues give the critical thresholds. An interesting ques-
tion is to obtain the next order term in the critical threshold for 2D (which should be
O (1) and location-dependent). The dynamics of multiple spikes in 1D and 2D is com-
pletely open. In 1D, the dynamical equation for the positions of the spikes is a system of
algebraic-differential-equations (ADE). A matched asymptotic analysis is given in [33]. In
2D, the dynamics of two well-separated spots is studied in [20] and it is shown that the two
spots will repel each other, provided that the initial distance between the two spots is large
enough. In a general two-dimensional domain, the dynamics of multiple spots should be
governed by VFp(P) or VFy(P).

Finally, it is almost completely open as regards to three-dimensional Gierer—Meinhardt
system. The main difficulty is the study of the coupled system (6.1) which requires some
new insights. A layered bound state is constructed, but most likely it is unstable. An inter-
esting question is to generalize Theorem 6.1 to general domains.

Although the analysis in this paper was carried out for the Gierer—Meinhardt system, the
results can certainly be generalized to a much wide class of non-local reaction diffusion
systems that have localized spike solutions.
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