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Abstract. We continue to study the shape of the stable steady states of the so-called
shadow limit of activator-inhibitor systems in two-dimensional domains

1
up = DyAu+ f(u,&) in Q@ xRy and 7& = ﬁ// g(u,&)dxdy in Ry,
Q
O,u=0 on 00 x R4,

where f and g satisfy the following: g¢ < 0, and there is a function k(§) € C° such that
fe(u, &) = k(€)gu(u,€). This class of reaction-diffusion systems includes the FitzHugh-
Nagumo system and a special case of the Gierer-Meinhardt system. In the author’s pre-
vious paper “An instability criterion for activator-inhibitor systems in a two-dimensional
ball” (J. Diff. Eq. 229 (2006), 494-508), we obtain a necessary condition about the
profile of u on the boundary of the domain for a steady state (u,&) to be stable when
the domain is a two-dimensional ball. In this paper, we give a necessary condition about
the profile of u in the domain when the domain is a two-dimensional ball, annulus or
rectangle. Roughly speaking, we show that if (u, &) is stable for some 7 > 0, then the
shape of u is like a boundary one-spike layer even if D, is not small.

1. Introduction. We study the shape of the stable steady states of the so-called
shadow system [N82| of activator-inhibitor systems in two-dimensional domains

up = DyAu+ f(u, &) in Q xRy and Tft:ﬁ// g(u,&)dzdy in Ry, (SSq)
Q
O,u=0 on 00 x R4,

where the domain Q(C R?) is a ball B(:= B,,):= {(z,y); 2? + y*> < r}}, an annulus
A = B \(By, U0B,,) (0 < rg < r1) or a rectangle R := {(z,y); 0 < z <l;, 0 <
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358 YASUHITO MIYAMOTO

y < ls} (0 <1, 0 <l3). Here D,, T are positive constants, || denotes the area of Q
and 0, denotes the outer normal derivative on 9€2. In theoretical biology, the unknowns
u=u(z,t) and £ = £(t) stand for the concentrations of biochemicals called the activator
and inhibitor respectively. The system (SSq) describes various natural phenomena. Two
concrete examples of (SSq) are given at the end of this section.

Throughout the present paper, we assume that

f(-, ), g(-, ) are of class C?, g < 0 and
13

there is a function k() € C° such that fe(u, &) = k(&) gu(u,§). (N)

This class of reaction-diffusion systems includes the FitzHugh-Nagumo system (Exam-
ple [ below) and a special case of the Gierer-Meinhardt system (Example [l below).
When we consider the case that Q2 = B or A, we also assume that

sup  fu(p1, p2) < Dura(92), (Fa)
(p1,p2)€ER?

where k4(Q) is the fourth eigenvalue of the Neumann Laplacian
Ap+rkp=0in Q@ and 3J,90=0 on IN. (1.1)

Here £;(2) (j > 1) denotes the eigenvalue of (II)) counting multiplicities.
A brief statement of our main results is the following;

THEOREM 1.1. Let (u,€) € C? x R be a non-constant steady state to (SSg). Suppose
that (N) holds.

(i) Suppose that Q@ = B and that (Fg) holds. If (u,£) is stable for some 7 > 0, then
there is a line L containing the origin such that u is symmetric with respect to L and
the global maximum and minimum of u are attained at 9B N L. Moreover, u is strictly
monotone in the direction of L.

(ii) Suppose that Q = R. If (u, &) is stable for some 7 > 0, then the global maximum
and minimum of u are attained at a corner of R or a side of R. Moreover, there is a
direction such that u is strictly monotone in the direction.

(iii) Suppose that Q@ = A and that (F4) holds. If (u,§) is stable for some 7 > 0, then
there is a line L containing the origin such that u is symmetric with respect to L and
the global maximum and minimum of u are attained at A N L.

See Theorems 3.3 .7 and [£.8] for the precise statements. Theorem [I1] tells us that
only the pattern that the activator concentrates at a point or on a portion of the boundary
can be stable when 2 = B or R.

REMARK 1.2. The assumptions (Fp) and (F4) are used to prove the symmetry of the
solutions. See Lemma [£.1] and Remark in Section 4.

In the case of a single reaction-diffusion equation with the Neumann boundary condi-
tion, all the stable steady states are constant when the domain is bounded and convex in
RY [CHT78, [Ma79]. In the case of a shadow reaction-diffusion system with the Neumann
boundary condition in a one-dimensional interval, all the stable steady states are constant
or monotone [N94, [NPYO0I]. See [JM94] K05, [KY03] [L96l [Y02al [Y02bl, [Y02¢] for other
stability and instability results. However, the shape of the stable steady states of a large
class of reaction-diffusion systems in high-dimensional domains seems not to be known
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ON THE SHAPE OF THE STABLE PATTERNS 359

very much. In [Mi06], the author has given a necessary condition about the shape of the
stable steady states of (SSp, ) on the boundary, when the domain is a two-dimensional
ball. Specifically, if (u,£) is stable for some 7 > 0, then v is constant or

Z[Us(-)] = 2. (1.2)

Here Uy(0) := Op(u(ry cosf, rysinh)), and Z[®(-)] denotes the cardinal number of the
zero level set of a function ®(-) € C°(R/27Z). On the other hand, a special case of
the Gierer-Meinhardt system in a two-dimensional ball has a stable steady state called a
boundary one-spike layer which is a function whose global maximum is attained at exactly
one point on the boundary and which almost vanishes outside a neighborhood of the
maximum point (see [NTYO0I] for a two-dimensional ball and see [LNT88, [NT91), [NT93,
Mi05] for general domains). Moreover, this stable boundary one-spike layer satisfies (I.2))
ILT01, LO1]. From the result of [Mi06] we cannot obtain the information of the shape of
u in the whole domain. However, the necessary condition ([2]) and the existence of the
stable boundary one-spike layer of the Gierer-Meinhardt system seem to suggest that the
shape of the stable steady states of (SSp, ) is like a boundary one-spike layer. Theorem
1.1 tells us that this expectation is correct provided that Q2 = B or R.

It is expected that a similar result holds when the domain is bounded and convex.
Specifically, in the case that {2 is a two-dimensional bounded convex domain, every stable
steady state of (SSq) attains the global maximum and minimum on the boundary of the
domain. However, this seems not to be proved. We discuss a technical point of this
conjecture in Section 5.

In [GMSS], the shape of the global and local minimizers of the functional (5.1]) subject
to the constraint ([B.2)) is considered. They obtain results similar to ours when the domain
is a two-dimensional ball or rectangle. We discuss this similarity in Section 5.

Let us explain the system (SSq) briefly. This system is a mathematical model describ-
ing the interaction of the two biochemicals which are called the activator and inhibitor.
The activator activates the production of the inhibitor (g, > 0), and the inhibitor in-
hibits the production of the activator (f¢ < 0). The inhibitor decays if there is no reaction
(g¢ < 0). Hence we call (SSq) the shadow limit of the activator-inhibitor system if f and
g satisfy

fe <0, g, >0 and g¢ <O0. (1.3)

The shadow limit describes the situation where the inhibitor diffuses quickly and always
becomes spatially homogeneous. The constant 7 means the ratio of the reaction speeds
of the activator and inhibitor. If 7 is small, then the inhibitor reacts quickly. In this case
the effect that the inhibitor inhibits the activator is strong, and the steady states tend
to be stabilized. Thus stable inhomogeneous steady states can exist. On the contrary, if
7 is large, then this effect is weak and the inhibitor £ changes slowly. In this case (SSgq)
behaves like a single reaction-diffusion equation, and we can easily expect and show that
if the domain is convex, all the stable steady states of (SSq) are constants. We give two
examples satisfying (I3) and (N).
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360 YASUHITO MIYAMOTO

EXAMPLE 1.3. The shadow system of the FitzHugh-Nagumo model [F61, NAY62| is
the following:

w =Dyt fofw) ¢ and 76 = oo [ (Bu—a€)daay,

where «, [ and 7 are positive constants and fo(u) is the so-called cubic function. A
typical example of fy is u(l —u)(u —9) (0 < § < 1). (I3) and (N) always hold. (Fq)
holds if D, is large.

EXAMPLE 1.4. The shadow system of the Gierer-Meinhardt model [GM72] is the
following:

uP 1 u”

where (p,q,r,s) satisfy p >1,¢>0,r>0,s>0and 0< (p—1)/¢ <r/(s+1). The
assumption on (p, ¢,r, s) comes from a biological reason. (3] always holds. If r = p+1,
then (N) holds. This system is a model describing head formation of a hydra which is a
small creature. Specifically, [GM72] shows experimentally that the head appears at the
point where the activator u attains the local maximum. It is known that this system
has steady states having various shapes (see [NT91l, INT93, (GW00l, [MMO02] for example).
Theorem 1.1 says that if a steady state is stable, then the global maximum of u attains
the boundary when 2 = B or R. This result can be interpreted as follows: the head
appears at a point on the edge of the body.

We should mention the strategy of the proof of our main results. We do not use
the rearrangement technique or the singular perturbation. However, we use the Courant
nodal theorem and the zero level sets of u,, u, and 86():”077’0)11(:: —(y—yo)uz+(z—x0)uy),
where (u,£) is a steady state of (SSq). These functions do not necessarily satisfy the
Neumann boundary condition. However, we can see the relation between the profile of
u and the positivity of the second eigenvalue of the corresponding eigenvalue problem,
using a variational technique and these functions. This relation is a key to our analysis.

This paper consists of five sections. In Section 2, we prepare notation and recall known
results. In Section 3, we prove the case that 2 = R (Theorem B.3]). In Section 4, we
prove the case that Q = B (Theorem 7)) and that Q@ = A (Theorem [.g]). In Section 5,
we discuss a technical difficulty which is Conjecture [5.1] when our result is extended to
convex domains. We also discuss the relation between our results and results of [GMSS].

2. Preliminaries. First, we obtain a sufficient condition for a steady state of (SSg)
to be unstable, where the term unstable means that the corresponding eigenvalue problem
has an eigenvalue with positive real part. Specifically, we show that a steady state of
(8Sg) is unstable for all 7 > 0 provided that the second eigenvalue of the eigenvalue
problem (LPg)) below is positive. This result reduces the instability problem of a steady
state of the shadow system (SSg)) to the eigenvalue problem of a single equation (LPg]).

Second, we recall known results about the zero level set, which is called a nodal line or
nodal curve, of the eigenfunction of the eigenvalue problem (LPg). The nodal line tells
us the relation between the shape of a steady state of non-linear elliptic equations and
the Morse index of the steady state which is the number of the positive eigenvalues of the
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corresponding eigenvalue problem. We also recall a strong unique continuation property
on the boundary of the domain of linear elliptic equations on two-dimensional domains.
Third, in order to state results about single elliptic equations, we prepare some more
notation.
Let S be a subset of R2. From now on, we denote int(S), S by

int(9) := S\aS, S:=SuUdas.
2.1. The instability of the steady state of (SSg)). Let (u,£) be a steady state of ([SSg)).
In order to establish the instability of the steady state, we consider the eigenvalue problem
Lov + fe(u, §)n = v and (v, gu(u,§)) + (1, g¢ (u, §)) n = Arn|Q2], (EPq)
d,v =0 on 09,
where Lo := D, A+ fu(u,€), and (v,n) € C? x R. We want to prove the existence of the

eigenvalue of (EPg)) with a positive real part. It is important to show that the second
eigenvalue of the eigenvalue problem

Lop=xv in & and J,99=0 on 09 (LPg)

is positive. From now on, let x,,(2) (n > 1) denote the n-th eigenvalue counting mul-
tiplicities. We also use X, if there is no confusion. Let %, denote a corresponding
eigenfunction satisfying ||| p2(q) = 1, and let spec(Lo) := {xn()}72;-

PROPOSITION 2.1 (Lemma 3.1 (i) of [Mi06]). Let (u,&) be a steady state of (SSg).
Suppose that (N) holds. If x2(2) > 0, then, for all 7 > 0, (u, &) is unstable. Here y2(Q2)
is the second eigenvalue of (LPg)).

Proposition [Z] was obtained by [Mi06, [Y02c]. However, for the completeness of the
paper we prove Proposition 211
Proof. We consider (EPg)). From the second equation of (EPg]), we have
e o)
/\T‘Q| - <1ag€(u7 §)>
We consider the case that A > 0. Thus A7 > 0. Owing to the assumption (N), A7|Q| —

(1, g¢(w,€)) > 0. Thus the denominator of ([2.1)) does not vanish. Substituting (2.1]) into
the first equation of (EPg)), we obtain the eigenvalue problem of v,

(Lo + Axr)v = v, (2.2)

where A, ; is a rank-one operator (i.e., dimRanAy , = 1) and
(v, gu(u,§))
Je(u, ).
A0~ (1, e, €5
Note that A\ appears in Ay ;. Thus (Z2]) is not a standard eigenvalue problem. We see
by the Sherman-Morrison formula that

A)\,TU =

(Lo+ Axr—N)7! = <1 - %) (Lo — A,

where
<(L0 - )‘)_1 [fﬁ(uag)] 7gu(u7§)>

h(A) =1+ ATIQf = (1, g¢ (u, €))

License or copyright restrictions may apply to redistribution; see https://www.ams.org/license/jour-dist-license.pdf



362 YASUHITO MIYAMOTO

Therefore under the condition that A & spec(Lg), Lo + Ax,» — A is invertible if and only

if
h(X) # 0.
On the other hand, from the eigenfunction expansion we see
(Lo - N o] = - 3 0tnl (23)
n>1 A— Xn

Substituting (23] into h(A) = 0, we obtain the following equation:
)‘T‘Q| - <1vg§(u’ 5)) = ho()\),

where

hoN) =3 =i and an = (fe(ws€), ) (s gu(us)

We divide this case into three more cases.

Case k(&) = 0: In this case, a1 = 0. Thus (L + A, » — x1)[¢1] = 0, which indicates
that x1(> x2 > 0) is an eigenvalue of (EPg)). Thus (u, &) is unstable.

Case k(§) < 0: In this case, a1 < 0. If ay # 0, then as < 0. Thus limyyy, ho(X) =
+00, limy |y, ho(A) = —oc and h(X) € CO((x2,x1)). Therefore, for any 7 > 0, there is
A € (x2, x1) such that A7|Q| — (1, g¢) = ho()\), which indicates that (u,€) is unstable.

If ay = 0, then (L + A, , — x2)[t2] = 0. Thus x2(> 0) is an eigenvalue of (EPg).
Thus (u, &) is unstable.

Case k(§) > 0: Since a1 > 0, limy |, ho(A) = +00, limxj4o00 ho(A) = 0 and h(N) €
C%((x1,+00)). Hence, for any 7 > 0, there is A(> x2 > 0) such that Ar|Q| — (1, ge) =
ho(X). Thus (u, &) is unstable. O

2.2. The zero level set of the eigenfunction. Hereafter, we identify a complex number
¢ with a point in the two-dimensional domain Q. Let z({) (¢ € C) be a real-valued
function satisfying the following:

there is a constant C' > 0 such that |Az| < C(|Vz| + |z]). (2.4)

Using the Carleman-Hartman-Wintner theory, we can see the local behavior of the func-
tion z(¢) satisfying (Z4)).
ProposITION 2.2 (J[HW53, [C33]). Let 2(¢) = o(|¢|*™!) as |¢| — 0 for some n € N. If
z(Q) satisfies ([Z4), then either (i) or (ii) holds:

(i) 2(¢) =0 in Q,

(ii) there exists an integer m(> n) such that

2 %)
A= i e 70
¢#0

and z(¢) has an asymptotic expansion of the form
2(¢) = Re(AC™) +o(¢|™ ) as ¢ — 0,

where Re(A¢™1) is the real part of the complex function A1,
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REMARK 2.3. The real-valued function Re(A¢™) has a particularly simple represen-
tation in polar coordinates (p,w):

Re(AC™) = ap™ cos(mw) + Bp™ sin(mw),

where «, 5 € R. Obviously the zero level set of Re(A(™) consists of m straight lines
which meet at an equal angle. See [HMN99] for details.

Let ¢ be an eigenfunction of (LPg)). Then D,A¢ = (p — fu(u,€))¢, and ¢ satisfies
24)). Proposition can be applied to ¢, and we obtain the following:

PROPOSITION 2.4. The zero level set of ¢, which is a solution of (LPg)), consists of either
the whole domain or C''-curves and intersections among those curves.

Because of Proposition [Z4] we call the zero level set of ¢, {(z,y); ¢(x,y) = 0}, a
nodal curve. We call each connected component of {(x,y); ¢(x,y) # 0} a nodal domain.
In Sections 3 and 4, we use the following corollary of Proposition

COROLLARY 2.5. Let V(x,y) € C°(2), and let ¢(z,y) be a function satisfying D, A¢ +
Vo = 0 in Q. If there exists (zg,y0) € int(Q?) such that é(zo,y0) = ¢=(To,y0) =
¢y(x0,y0) = 0 (or ¢(xo,yo) = 0), then either (i) or (ii) holds:

(i) = 0in Q,

(ii) the zero level {(z,y); ¢(x,y) = 0} has at least four (or two respectively) branches
at (o, yo). Moreover, there are at least two connected components of {(x,y); ¢(x,y) #
0}, which are {(z,y); ¢(x,y) > 0} and {(z,y); ¢(x,y) < 0}, near the point (zg,yo)-

The following proposition is a strong continuation property of linear elliptic equations
on the boundary of the domain.

PROPOSITION 2.6 (Lemma 4.4 of [Mi06]). Let Q(C R?) be a bounded domain, and let
I'(C 99) be a portion of the boundary of class C2. Let V € C°(). If there is a
neighborhood of T in 2, U, and a function ¢ € C?(U) N C*(U) such that

DAp+Vep=0in U and ¢=0,0=0,¢=0 on T,
then ¢ =0 in U, where 9, ¢ is the tangential derivative along I'.

PROPOSITION 2.7 (Lemma 4.3 of [Mi06]). Let Q(C R?) be a bounded domain with
piecewise C? boundary, and let V € C°(Q). Let ¢ be a non-trivial solution to

DyA¢+Ve=0in @ and 8yp=0 on 9.

Suppose that there is (zg,30) € 9Q such that ¢(xg,yo) = 0 and that 9Q is of class C?
near (zg,yo). Then there is a nodal curve of ¢ connecting to (xq,yo)-

2.3. Notation. By L?(Q2), H'(Q2) we denote the usual Lebesgue space and Sobolev
space of order one on § respectively. By (-, -), || - ||z2(q) we denote the inner product
and norm of L?(Q) respectively, i.e.,

(F,G) = //Q F(e, )Gz, y)dady  and  |[Fll g = V(EF).
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Suppose that ¢ is a fixed constant. Then the first equation of (SSg) becomes a single
elliptic equation of u. In Sections 3 and 4, we consider this single equation, and use a
different notation as follows:

D,Aw+N(w)=0 in @ and Jyw=0 on 09, (SEq)

where N(-) is of class C?. Let w be a solution of (SEg). Then the corresponding
eigenvalue problem becomes as follows:

DAY + N (w)yp =pp in @ and 9,90 =0 on 99. (EPSEq)

Hereafter, by 1, (2) (n > 1) we denote the n-th eigenvalue of (EPSEq) counting multi-
plicities. We call the number #{p,, () > 0} the Morse index of w. When we consider the
problem (SEq), the assumption (Fq) is read as follows:

sup N'(p) < Duria(9), (FOo)
pER

where k4() is the fourth eigenvalue of (L).

3. Rectangle. In this section we consider the case that the domain is a rectangle,
i.e., Q = R. Specifically, the purpose of this section is to prove Theorem below.

First, we give a sufficient condition for the second eigenvalue of (EPSER) to be positive.
In the proof we use a variational characterization of the second eigenvalue of (EPSEq)

p2(82) = sup Hal2)/ll21172q)» (3.1)
z€(span<w1>LﬂH1(Q))

where 1)1 is an eigenfunction corresponding to the first eigenvalue of (EPSE)),
span (1) = {z € L*(Q); (2,41) = 0}

and

Halp] = //Q(fDquS\ZqLN’(w)gbz)dxdy

/ /Q 6 (Dub6-+ N'(w)o)dody =D, [ o(00)d. (32
We define the set Ry, Rs by
Ry :={(0,9),(l1,y); 0 <y <la}, Ry == {(z,0), (x,l2); 0 <z <Ii}.

LEMMA 3.1. Let w be a non-constant solution to (SEg), and let pus(R) be the second
eigenvalue of (EPSER). Then (i) and (ii) hold.

(i) If there exists a point (xg,30) € R\R; such that w,(xo,y0) = 0, then either w, =0
in R or us(R) > 0.

(ii) If there exists a point (zq,yo) € R\Ra such that wy(zo,yo) = 0, then either w, =0
in R or us(R) > 0.

Proof. The proofs of (i) and (ii) are the same, and we will prove (i) only. Let ¢ := w,.
We assume that ¢ Z 0 in R. From the assumption of the lemma we see that ¢(zg,y0) = 0
and that D,A¢ + N'(w)¢ =0 in R. If (zo,yo) € int(R), then we can use Corollary
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If (x0,y0) € Ra, then we can use Proposition 271 Whichever case occurs, ¢ has at least
two nodal domains which are {¢ > 0} and {¢ < 0}. We define ¢+, ¢~ by

“(x,y) = +a:, —o(z,y).
0 in {(z.9): 6(z.9) <O}, ¢ (z,y) = 9" (2,y) — d(z,y)

Let 1)1 be the first eigenfunction of (EPSEg). We define ¢* by ¢* := ¢+ +agp™ (o € R),
where « is chosen so that (¢*,1;) = 0. Note that ¢* € H!(R). Then we have

SHony) = {qs(x,y) in {(z,); ¢(z,y) >0},

Hr[¢"] = =Dy ¢*(0,¢")do =0,
OR
where we use ([B2)) and the fact that ¢* = 0 on Ry and that 9,¢* = 0 on Ry. By a
variational characterization of the second eigenvalue ([B.I]) we have that

p2(R) > Hrlo"]/ 6" Z2(r) = O-

We will show by contradiction that pe(R) > 0. Suppose the contrary. We assume that
u2(R) = 0. Then ¢* should be an eigenfunction corresponding to po(R), and satisfy
the Neumann boundary condition. Hence ¢* = 9,¢* = 0 on L;. By a strong unique
continuation on the boundary (Proposition [Z6]) we see that ¢* = 0 in a neighborhood
of a point on L;. Moreover it follows from the usual strong continuation at an interior

point that ¢* = 0 in R, which is a contradiction. O
Second, we study the shape of a solution of (SEr) when the Morse index of the solution
is one.

LEMMA 3.2. Let w be a non-constant solution to (SEg), and let u2(R) be the second
eigenvalue of (EPSER). If p2(R) < 0, then either (i) or (ii) holds.

(i) There is a direction which is not parallel to the z-axis and y-axis such that w is
strictly monotone with respect to the direction. Moreover w attains its global maximum
(minimum) at exactly one point of the corner of R.

(ii) w depends only on z or y, and it is strictly monotone in x or y respectively.
Therefore w attains its global maximum (minimum) on one side of R.

Proof. First, we assume that w, = 0 in R. Let ¢ := w,. Then ¢ depends only on
y. The eigenvalue problem (EPSEg) becomes a one-dimensional problem and ¢ satisfies
Dy¢yy + N'(w)¢ = 0 in R. Suppose that ¢ changes the sign. Then by the Sturm-
Liouville theory we see that the second eigenvalue is positive. This is a contradiction,
because p12(R) < 0. Thus w, does not change the sign, and (ii) occurs.

Second, we assume that w, # 0 in R. Then we see by Lemma[B.1] (i) that w, does not
change the sign, because ps < 0. Thus w, > 0 in E\(‘?Rl or w, < 0in E\@Rl. By the
same argument as w, we see that there are three cases: wy, =0 in R, wy > 0 in R\(‘?Rg,
or wy < 0in R\ORy. (ii) occurs if w, =0 in R, and (i) occurs otherwise. O

THEOREM 3.3 (Rectangle). Let Q = R, and let (u,£) be a non-constant steady state to
(SSg). Suppose that (N) holds. If (u,§) is stable for some 7 > 0, then either (i) or (ii)
holds.
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(1) There is a direction which is not parallel to the z-axis and y-axis such that w is
strictly monotone with respect to the direction. Moreover u attains its global maximum
(minimum) at exactly one point of the corner of R.

(ii) w depends only on z or y, and it is strictly monotone in x or y respectively.
Therefore u attains its global maximum (minimum) on one side of R.

Proof. From the assumption of the theorem we see that (u, ) is stable for some 7 > 0.
The contrapositive of Proposition 2] says that the second eigenvalue of (LPg), x2(R),
is less than or equal to 0. The desirable result is obtained from Lemma O

4. Ball and annulus. In this section we consider the case that the domain is a ball
or an annulus, i.e., ) = B or A. Specifically, the purpose of this section is to prove

Theorems 4.7 and E.8 below.

Hereafter, we say that (zo,y0) is a critical point of w if wy(xo,v0) = wy(xo, %) =
0, and we say that (xo,yo) is a degenerate point of w if w(xg,yo) = we(xo,y0) =
wy (0,Y0) = 0.

First, we will prove the symmetry of the solutions of (SEp). The condition (FOp) is
used to prove the symmetry.

LEMMA 4.1. Let w be a solution to (SEp). Suppose that (FOg) holds. Then there is a
line containing the center of B such that w has the reflection symmetry with respect to
the line.

Proof. Let w be a solution of (SEg). Let R denote the counterclockwise rotation
by 6, and let S be the reflection with respect to the y-axis, i.e., (z,y) — (—z,y). We
define w® (z,y), w0 (z,y) by

w?(@,y) = (ROw)(z,y), @9 (z,y):= (R Sw)(z,y),
namely w(® (z,y) = w(x cosf + ysinf, —zsind + y cosh) and
0 (z,y) = w(—z cos + ysinb, xsin b + ycosh).

We define ¢(?) by
¢ = w® — @, (4.1)
Then ¢ (—x,y) = ¢ (z,y), and ¢(@ satisfies
Dy AP 1V =0 in B and 9,6 =0 on 8B,

where
N(w® z,y))—N w®) x, . . /] ~(0 .
V(zy) = ey i {(@,y); 0@ (ey) # 8O ()}
N'(w (2, y)) in {(z,9); w?(z,y) =0 (z,9)}.
Here 0 is an eigenvalue and ¢(?) is an associated eigenfunction of the eigenvalue problem

D,A¢+Vep=~p in B and 0,0=0 on 0B, (4.2)

provided that ¢(¥) # 0 in B. Tt is clear that ¢(*) = 0 on BN {(z,y); = = 0} for all §. In
particular, ¢(?)(0,0) = ée)(O, 0) = 0. Since P (0,0) = 2(wg(0,0) cos & — wy(0,0) sin @),
there exists 0y € [0,27) such that ¢§59°)(0, 0) = 0. By Corollary we see that either
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(%) = 0 in B or $(%) has at least four branches of {(z,y); ¢%)(z,y) = 0} at (0,0).
We will show by contradiction that ¢(%) =0 in B. Suppose the contrary. Since the zero
level set of ¢(?0) is symmetric with respect to the y-axis, there is at least one branch
on each side of B\{(z,y); = = 0} and the branch should divide each side into at least
two subdomains. Hence ¢(%) has at least four nodal domains. By the Courant nodal
theorem we see that there is an integer no(> 4) such that v, = 0, where {7, }22, is the
eigenvalue of (£2) counting multiplicities. In particular, the fourth eigenvalue is greater
than or equal to 0. However, the fourth eigenvalue of the eigenvalue problem

D,A¢+ Dyra(B)p=p¢ in B and 9Jy¢p=0 on 0B (4.3)

is 0. Because of the assumption (FOp), V < Dyk4(B). It follows from the comparison
principle of the eigenvalues of linear elliptic partial differential operators that the fourth
eigenvalue of (£2) should be less than the fourth eigenvalue of ([£L3]), which is 0. We
obtain a contradiction. From the assumption of contradiction we see that there exists
0o € [0,27) such that ¢(®) = 0 in B. We obtain the desirable result. |

REMARK 4.2. Let w be a solution to (SE4), and let ¢() be a function defined by
#I). In the case that Q@ = A, we can have a similar argument under the condition
(F04). Specifically, there is 6 € [0,27) such that a degenerate point of $(%0) appears on
int(A) N {(z,y); = = 0}. Thus #(%) has at least four nodal domains, which implies that
w is symmetric with respect to a line containing the origin.

LEMMA 4.3. Let w be a solution of (SEq), and let ¢ be a non-constant function such
that D,A¢ + N'(w)¢p = 0 in . Suppose that there are two nodal domains of ¢, 1 and
s, and an interior point p € int(€2) such that the measures (lengths) of 92; N IN and
00y N O are zero and that p & Q) UQs. Then pp(Q) > 0, where () is the second
eigenvalue of (EPSEq).

Proof. We define 1), ¢ ¢* by
(b(l)(x’y) = ¢(x7y) in Ql7 ¢(2) (.’I},y) — (b(x,y) in 927
’ n 2\, 0 in O\,
¢ = ¢+ (a € R),

where « is chosen such that (¢*,41) = 0 and ¢; is an eigenfunction of (EPSEq) corre-
sponding to the first eigenvalue. Using the assumption of €; and s, we have

p2(92) > Ha [¢*1/16*1172(q) = O-

We show by contradiction that pz(€2) > 0. Suppose that p2(£2) = 0. Then ¢* is an

eigenfunction of (EPSEg). However, there is an interior point p such that ¢* vanishes

in a neighborhood of p. By the usual strong unique continuation at an interior point we

see that ¢* = 0 in Q, which is a contradiction. Thus ug(£2) > 0. O
We define ag”“’yl) by

aéxl,yl) ==y —y1)0x + (z — x1)0y.
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We denote wy by 8(§0’0)w. Since 8§x1’y1)A = A@éxl’yl), we easily see that
Dy A@S " w) + N (w) (857 w) = 0,

provided that w is a solution to (SEgq).

LEMMA 4.4. Let Q(C R?) be a bounded convex domain with boundary of class C2, and
let w € C1(Q) be a function such that d,w = 0 on 9. Suppose that (zq,y0) € 9.
Then

(0rw)(zo,yo) =0 if and only if (8§x1’y1)w)(:co,yo) =0 for all (z1,y1) € int(Q).

In particular,

(6(§w17y1)w)($o,yo) = ( for some (1‘1, yl) S int(Q) if and only if
(aé“’yl)w)(xo, yo) = 0 for all (z1,y1) € int(Q).

Proof. The tangent line of 9Q at (xg, yo) is not parallel to the vector (z1 — g, y1 —Yo),
because (2 is convex. Hence if (5‘éx1’y1)w)(xo,y0) = (O,w) (o, yo) = 0, then wy(zo,yo) =
wy (20, yo) = 0. Therefore (0;w)(zo,yo) = 0. Conversely, if (0-w)(zo, yo) = (O w)(z0, yo)
=0, then wy(zo,%0) = wy(x0,yo) = 0. Thus (8é11’y1)w)(x0,y0) = —(yo — y1)wx (0, Yo)
+ (o — z1)wy (0, yo) = 0 for all (z1,y1) € int(Q). O

We study the shape of the solution of (SEg) when the Morse index of the solution is
one under the condition that the solution is symmetric.

The next lemma is the key technical lemma of the paper.

LEMMA 4.5. Let w be a non-constant solution to (SEp), and let us(B) be the second
eigenvalue of (EPSE ). Suppose that w is symmetric with respect to the line L containing
the center of B. If there is a point (x¢, yo) € int(B) such that w,(zo, yo) = wy(xo,y0) =0,
then p2(B) > 0.

Proof. Let w be a non-constant solution of (SEg). After a rotation transformation,
wy = wy = 0 at the point corresponding to (zg,yo). Therefore, we can assume, without
loss generality, that w is symmetric with respect to the y-axis. Let ¢ := 8(50’0)11}. We
divide the proof in two cases.

Case 1(xo # 0): We consider the case that (zo,yo) € int(B)\{(x,y); = = 0}. First,
we assume that ¢ # 0 in B. Since wy(z0,%0) = wy(zo,yo) = 0, ¢(xo,yo) = 0. Proposi-
tion 24 says that there is a nodal curve on each side of B\{(xz,y); = 0} and that each
curve should divide each side of B\{(z,y); « = 0} into at least two subdomains. Thus ¢
has at least four nodal domains. On the other hand, 0 is an eigenvalue of (EPSEg), and
¢ is an associated eigenfunction. By the Courant nodal theorem we see that there is an
integer ng(> 4) such that p,,(B) = 0, where {,(B)}52, is the eigenvalues of (EPSEpR).
Therefore pa(B) > pin,(B) = 0.

Second, we assume that ¢ = 0 in B. Then an eigenfunction of (EPSEp) corresponding
to the first eigenvalue is radially symmetric, i.e., 8(§0’0)w1 =0 in B. Since w is radially
symmetric, (11,w,;) = 0. Moreover w,|op = 0, because w,(x,y) = (Ow)(z,y)x/r,
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where r0, := 20, + y0, and r := y/x2 4+ y2. On the other hand, we have that

Hplw,] = —Dy, Wy (Opw, )do = 0,
oB
where we use ([B2)) and the fact that w,|sp = 0. By a variational characterization of the
second eigenvalue ([B.I]) we have that

p2(B) > HB[wx]/me”%%Q) =0.

We will show by contradiction that ps(B) > 0. Suppose the contrary. We assume that
t2(B) = 0. Then w, is an eigenfunction corresponding to 0, and satisfies the Neumann
boundary condition. Therefore w, = d,w, = 0 on dB. By a strong unique continuation
on the boundary (Proposition 2.6) we see that w, = 0 in a neighborhood of a point on
0B. Moreover, it follows from the strong unique continuation at an interior point that
w, =0 in B. Thus w, depends only on y. Since w is radially symmetric, w should be
constant, which is a contradiction.

Case 2(xo = 0): We consider the case that (xo,y0) € int(B) N {(z,y); x = 0}. Let
¢ = aéo’y‘))w. Then ¢ satisfies D,A¢ + N'(w)¢ = 0 in B, and the zero level set of ¢ is
symmetric with respect to the y-axis. On the other hand, we have that

Qg(x7y) = 7(y7y0)wm(x7y) +xwy(xay)a
Solz,y) = —(y = yo)wae(z,y) + 2wy, (2,y),
(51/('7:7y> = _wa:(x7y> - (y_yO)wwy(x’y)+$wyy(x7y)-

Since w4 (0, yo) = wy (0, yo) = 0, we have that
é(ovyo) = Q’Sa:(07y0) = éy(ovyo) =0.

By Corollary we see that either ¢ = 0 in B or ¢ has at least four branches of
{(z,y); ¢(x,y) =0} at (0,y0). If yo = 0 and if ¢ = 0, then this case is already studied in
Case 1. If yg # 0 and if ¢ = 0, then we can easily show that w is constant. We omit the de-
tails. Therefore we consider the case that ¢ # 0. Since the zero level set of ¢ is symmetric
with respect to the y-axis, there is at least one branch on each side of B\{(z,y); = = 0}.
First, we consider the case that each branch connects to BN {(x,y); = 0}. Then there
are two nodal domains By, By such that 0B; N (0B\{(z,y); « = 0}) = 0 for j = 1,2,
and there is an interior point p € int(B) such that p € B; U By. By Lemma [3] we see
that ps(B) > 0.

Second, we consider the case that each branch does not connect to 9BN{(z, y); = = 0}.
Then each branch should connect to OB\{(z,y); © = 0}. Let p1, po € 0B\{(x,y); =
= 0} be such intersection points. Then by Lemma 4 we see that ¢(p1) = ¢(p2) = 0,
because ¢(py) = ¢(ps) = 0. Moreover Proposition 27 says that there are nodal curves
connecting to p; and ps. Since the zero level set of ¢ is symmetric with respect to the
y-axis, ¢ has at least four nodal domains. By the same argument as in the first part of
Case 1 we see that puq(B) > 0. O

LEMMA 4.6. Let w be a non-constant solution to (SEg), and let pus(B) be the second
eigenvalue of (EPSEp). Suppose that w is symmetric with respect to the line L containing
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the center of B. Let d,w denote the derivative in the direction parallel to L. If there
exists a point (xg,yo) € int(B) such that (J,w)(xo,yo) = 0, then ps(B) > 0.

Proof. Because of the assumption of the lemma, we can assume, without loss of gen-
erality, that w is symmetric with respect to the y-axis. Hence we see that w, = 0 on
BN {(z,y); = =0} and that

the zero level set of w, is symmetric with respect to the y—axis. (4.4)
First, we show that if w, = 0 at a point on int(B) N {(z,y); = = 0}, then us(B) > 0.
Suppose that there is (0,y0) € int(B) N {(z,y); = = 0} such that w,(0,yo) = 0. Since

wg(0,y0) = wy(0,70) = 0, we see by Lemmal.Flthat po(B) > 0. From now on we assume
that

wy >0 on int(B)N{(z,y); x =0} (4.5)

Second, we show that w, > 0 on 9B\{(z,y); = = 0}. We see that w, = 0 at
OB N {(z,y);z = 0}. Thus 8é0’0)w =0 at OB N {(z,y); = 0}. Suppose that there
is a point p € OB\{(z,y); = = 0} such that aéo’o)
Proposition [2.7] that there is a nodal curve connecting to p. Therefore aéo’o)w has at

w = 0 at p. Then it follows from

least four nodal domains. By the Courant nodal theorem we see that there is an integer
no(> 4) such that py,,(B) = 0. Thus us(B) > pin,(B) = 0. Therefore 8§O’O)w(x,y) #0
on 0B\{(z,y); = = 0}. Suppose that there is a point (z1,y1) € 0B\{(z,y); = = 0}
such that wy(z1,31) = 0. Since d,w = 0 on 0B, rd,w(= zw; + yw,) = 0 on 0B,
wg (= —y/zw,) = 0 at (x1,y1). Hence wy(x1,y1) = 0, which is a contradiction. Therefore

wy >0 on 0B\{(z,y); z =0}. (4.6)

Third, we show by contradiction that w, > 0 in int(B)\{(x,y); =z = 0}. Suppose the
contrary. We assume that there is a point (zg,y0) € int(B)\{(x,y); * = 0} such that
wy(z0,y0) = 0. Using (@), (43), (£6) and Proposition 24, we see that there are two
nodal domains, B; and By, and an interior point p € int(B) such that p ¢ By U By
and that (0B; N 0B)\{(z,y); * = 0} = 0 for j = 1,2. By Lemma 3] we see that
[LQ(B) > 0. O

The next theorem is our main result in the case that the domain is a ball.

THEOREM 4.7 (Ball). Let Q = B, and let (u, &) be a non-constant steady state to (SSg).
Suppose that (N) and (Fp) hold. If (u, &) is stable for some 7 > 0, then B has a diameter
PQ such that

(i) w is symmetric with respect to PQ,

(ii) w is strictly monotone in the direction parallel to PQ, i.e., d,u > 0 on B\{P, Q},
where d,u denotes the derivative in the direction,

(iii) ug > 0 on one side of B\PQ, ug < 0 on the other side, where PQ denotes the
segment whose endpoints are P and @,

(iv) w(Q) < u(z,y) < u(P) for (z,y) € B\{P,Q}.

Proof. Since (u,£) is stable for some 7 > 0, we see by Propositions 2] that yo < 0,
where y2 is the second eigenvalue of (LPpg). Thus we see by Lemma [T] that there is
a line L containing the center of B such that u is symmetric with respect to L. Let
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o = 8§0’0)u. By the same argument as in the second part of Case 1 in the proof of
Lemma we see that ¢ Z 0 in B. Since u is symmetric with respect to L, L is a
nodal line of ¢. We show by contradiction that there is no other nodal curve. Suppose
that there is a point p € B\L such that ¢ = 0 at p. We can see by Propositions 2.4]
and [2.7] that there are at least four nodal domains of ¢. By the Courant nodal theorem
we see that there is an integer no(> 4) such that x,, = 0. Thus x2 > xn, = 0, which
contradicts x2 < 0. Thus ¢ has exactly two nodal domains.

Let P, @ be intersection points of B and L. Using Lemma 1] and .6l we easily see
that (i), (ii) and (iii) hold. Moreover, (iv) follows from Lemma [F] O

The next theorem is the main result of the case of an annulus.

THEOREM 4.8 (Annulus). Let Q = A(= B,,\B,,), and let (u,£) be a steady state to
(SSg). Suppose that (N) and (F4) holds. If (u, &) is stable for some 7 > 0, then there is
a line, say L, containing the center of B,, such that

(1) w is symmetric with respect to the line L,

(ii) up > 0 on one side of A\L, ug < 0 on the other side,

(iii) u attains its global maximum (minimum) on AN L.

Proof. (i) follows from Remark -2l By the same argument as in the proof of Theorem
417 we see that (ii) holds. Using (ii), we easily see that the global maximum and the
global minimum of u are attained on AN L. Therefore (iii) holds. O

REMARK 4.9. It is known that if sup,,cg{N'(p)/k2(Q2)} < Dy, then all the solutions of
(SEq) are constant (see [CHS78| [GMS88]). Therefore Theorems [4.7] and .8 have meaning
when

sup  {fulpr,p2)/ka()} < Dy < sup  {fu(p1,p2)/k2(2)}.
(p1,p2)ER? (p1,p2)ER?

5. Discussions.

5.1. An extension to convexr domains. We consider the case of two-dimensional bound-
ed convex domain. As stated in the introduction, we can expect that the following holds:
if (u, £) is stable for some 7 > 0, then the global maximum and minimum of u are attained
on the boundary of the domain. The following conjecture about the relation between the
shape of the solution and the positivity of the second eigenvalue seems to be important
in proving this:

CONJECTURE 5.1 ([Y06]). Let Q be a two-dimensional bounded convex domain with
smooth boundary, and let w be a non-constant solution of (SEq). Let u2(€2) denote the
second eigenvalue of (EPSEq). If there is an interior point (zg, %) € int(£2) such that
(x0,Y0) is a critical point of w, i.e., wy(xo, Yo) = wy(xo, yo) = 0, then pa(2) > 0.

In the case that the domain is a two-dimensional ball (Lemma [H]), we use the sym-
metry of the solutions in order to prove this conjecture.

This conjecture is a non-linear version of the “hot spots” conjecture of J. Rauch [R74]
which is the following: if the domain is convex, then an eigenfunction corresponding
to the second eigenvalue of the Neumann Laplacian attains its global maximum on the
boundary of the domain. There are counterexamples of the “hot spots” conjecture if
the domain is a two-dimensional domain with one hole [B05] or two holes [BW99]. See
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[BB99, [INOQ] for partial positive answers of the conjecture. The “hot spot” conjecture
follows from Conjecture [B.11

We can consider a more general problem. Let €2 be a convex domain. It is well-known
that all the solutions of (SEq) are constant provided that pq(2) < 0 [CH78, Ma79]. If
Conjecture 0.1l is correct, then all the solutions of (SEq) do not have a critical point in
int(2) provided that ps(Q) < 0. For each n € {1,2,---}, when pu, () < 0, what shape
are the solutions of (SEq)?

5.2. A relation between [GM88| and our theorems. In [GM8§], Gurtin and Matano
study the shape of the global and local minimizers of

Bl = /Q{U\Vu(x)\2+W(u(x))}dx (5.1)
subject to the constraint
/Qu(x)dfc =m (5.2)

in various domains 2. Here o is a positive constant, m is a constant and W is the so-called
double-well potential. A typical example of W is given by W’ (u) = (1l —u)(u—a) (0 <
a < 1). When the domain §? is a two-dimensional ball, they obtain the same conclusion
as Theorem 7] in the present paper under the assumption that a critical point u of (5.1I)
subject to (52) is the global minimizer. (They also obtain results similar to Theorems[3.3]
and[£.]]in the present paper when (2 is a rectangle or an annulus. See theorems in Sections
3 and 4 of [GMS&S].)

Roughly speaking, the constraint (5.2) has the effect of removing the first eigenvalue
in their problem [Ma05]. Hence, if a critical point of (&1l subject to (52) is a local
minimizer, then the second eigenvalue is not positive. This is the same situation as ours.
This is a reason why theorems in Sections 3 and 4 of [GMS8S] are similar to Theorems B.3]
471 and of the present paper. However, from a technical point of view, the proofs
of our results and theirs are different. In [GMS8S]|, the rearrangement technique is used
when (Q is a two-dimensional ball. Therefore a critical point of (5.1J) subject to (B.2)) has
to be assumed to be the global minimizer. On the other hand, we do not use this type
of global assumption, which is difficult to check, and we use only a local property of the
stability.
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