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Abstrakt

Naplni této prace je studium bifurkaci v superlinearnich neurcitych problémech a systémech
reakce—difuze, které vykazuji Turingovu difuzi fizenou nestabilitu. Pt¥i zkoumani téchto pro-
blémil vyuzivime metod matematické a numerické analyzy.

Tato disertace je rozdélena na dvé c¢asti. V prvni se vénujeme jiz zminénym superli-
nedrnim problémiém. Jednak jde o studium globdlni struktury pozitivnich feSen{ pomoci
numerické kontinuace a objasnéni domnénky o poétu téchto reseni. Déle se pak zabyvame
superlinedrnim problémem s vahovou funkci. Zde jsme se vénovali ne¢ekanym spektralnim
vlastnostem tohoto problému a jejich disledktim na chovani bifurkac¢nich vétvi. V druhé
¢asti této prace shrneme nase vysledky tykajici se vlivu jednostrannych ¢élent a jednostran-
nych ¢lenii obsahujicich integralni primeér v rovnici pro aktivator u systému reakce—difuze na
vznik prostorovych vzorkt. UkaZeme, Ze mnozina difuznich parametrd, pro které je bifurkace
z konstantniho feseni mozna, je v takovém piipadé mensi, nez u problému bez jednostran-
nych ¢lenli. Zaroven prozkoumame tvorbu vzorkl u problému se Schnakenbergovou kinetikou
pomoci numerickych experimenti pro rizné jednostranné ¢leny a okrajové podminky.

Zavérem priklddame ve ¢tyrech apendixech ¢lanky s vysledky, které prezentujeme v textu
této disertacéni prace.

Klicova slova:

bifurkace, superlinedrni neurcity problém, numericki analyza, bifurkacni diagramy, rea¢né—
difuzni systémy, Turingova nestability, jednostranné cleny, pozitivné homogenni operatory,
prostorové vzorky, numerické experimenty



Abstract

This dissertation thesis presents our recent results concerning bifurcations in superlinear in-
definite problems and in reaction-diffusion systems exhibiting Turing’s diffusion-driven insta-
bility. All problems in the thesis are studied both by analytical and numerical methods.

We divided the thesis into two main parts. The first one is focused on superlinear indefinite
problems. We study the global structure of positive solutions using numerical continuation
and solve the conjecture about number of positive solutions under some additional conditions.
Subsequently, we explore a weighted superlinear indefinite problem with unexpected spectral
properties, which lead to complex behaviour of branches of nodal solutions. The second part
contains results concerning a system of two reaction-diffusion equations exhibiting Turing’s in-
stability. We show that adding unilateral terms or unilateral terms involving integral average
to the activator equation of the system results in a smaller set of positive diffusion parame-
ters, for which the bifurcation from the trivial solution can occur. All analytical results in the
part are accompanied by numerical experiments with Schnakenberg reaction kinetics. The
main aim of these experiments is to observe changes in pattern formation provoked by various
unilateral terms and boundary conditions.

The last part of the thesis is composed of four appendices containing our original publi-
cations with all details and technicalities for any interested readers.

Keywords:

bifurcation, superlinear indefinite problems, numerical analysis, bifurcation diagrams, reaction—
diffusion systems, Turing’s instability, unilateral terms, positively homogeneous operators,
pattern formation, numerical experiments



Résumé

Cette thése présente nos résultats récents concernant les problemes de bifurcations super-
linéaires indéfinis et les systemes de réaction-diffusion présentant l'instabilité de Turing ind-
uite par la diffusion. Tous les problemes de la these sont étudiés a la fois par des méthodes
analytiques et numériques.

Nous avons divisé la thése en deux parties principales. Le premier est axé sur les problémes
superlinéaires indéfinis. Nous étudions la structure globale des solutions positives en utili-
sant la continuation numérique et résolvons la conjecture sur le nombre de solutions positives
dans certaines conditions d’addition. Par la suite, nous explorons un probleme indéfini super-
linéaire pondéré avec des propriétés spectrales inattendues, qui conduisent a un comportement
complexe des branches de solutions nodales. La deuxieme partie contient des résultats con-
cernant un systéme de deux équations de réaction-diffusion présentant I'instabilité de Turing.
Nous montrons que 'ajout de termes unilatéraux ou de termes unilatéraux impliquant une
moyenne intégrale a I’équation activatrice du systéme entraine un ensemble plus petit de
parametres de diffusion positifs, pour lesquels la bifurcation de la solution triviale peut se
produire. Tous les résultats analytiques de la picce sont accompagnés d’expériences numéri-
ques avec la cinétique de réaction de Schnakenberg. L’objectif principal de ces expériences
est d’observer les changements dans la formation des motifs provoqués par divers termes uni-
latéraux et conditions aux limites.

La derniere partie de la these est composée de quatre annexes contenant nos publications
originales avec tous les détails et détails techniques pour tous les lecteurs intéressés.

Mots clés:

bifurcation, problémes indéfinis super-linéaires, analyse numérique, diagrammes de bifurca-
tion, systemes de réaction—diffusion, instabilité de Turing, termes unilatéraux, opérateurs
positivement homog?nes, formation de motifs, expériences numériques
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1 | Introduction

The main focus of this thesis are bifurcations in two types of problems. The first one is
a superlinear indefinite problem and the second one is a system of two reaction—diffusion
equations, which exhibits so called Turing’s instability. Every problem is approached by both
methods of mathematical analysis and numerical mathematics as it fits the author’s interest
in both of these areas of mathematics during his doctoral study.

The further text of this work is composed of two chapters. In the former chapter, we
present our new results concerning superlinear indefinite problems. The first section (Section
2.1) contains results from our joint paper with Julidn Lépez-Gémez:

[FLG21] M. Fencl and J. Lépez-Gdémez. Global bifurcation diagrams of positive solutions
for a class of 1-d superlinear indefinite problems. arXiv:2005.09369v3[math.AP]
TMar2021, Submitted to Nonlinearity.

We study there a superlinear indefinite problem

{—u" = \u+a(z)u? in (0,1),

u(0) = u(1) =0, (L.1)

where a(z) is a continuous function that changes the sign in the interval (0,1) and the para-
meter A € R is regarded as a bifurcation parameter.

We study the conjecture (see, e.g., Conjecture 2.3) about the number of positive soluti-
ons of the problem (1.1) for sufficiently negative A with dependence on the character of the
function a(z). This conjecture was originally presented in [GRnLGO00]. We show that the
conjecture holds true under some additional conditions on boundedness of solutions. Further
we study the structure of positive solutions by methods of numerical analysis in four special
cases of the function a(z). Besides observing the confirmation of the conjecture, we show that
the structure of branches of positive solutions can be very complex.

The next section (Section 2.2) summarizes results of the joint paper with Julidn Lépez-
Gomez:

[FLG20] M. Fencl and J. Lépez-Gémez. Nodal solutions of weighted indefinite problems.
Journal of Evolution Equations, 2020, published on-line at doi:10.1007/s00028-020-
006257

The problem of interest here is

—u" — pu = Am(z)u — a(z)u? in (0,1),

u(0) =u(1) =0,



where functions a, m are continuous and change the sign in the interval (0,1) and A\, u € R are
regarded as bifurcation parameters with A being the primary one and p being the secondary
parameter.

It is known that the eigencurve of this problem associated with bifurcation points of bran-
ches of positive solutions is always concave. Hence, the branches of positive solutions bifurcate
from up to two bifurcation points. We prove that for a special class of functions m(x), the
eigencurves of this problem associated with bifurcation points of branches of nodal solutions
are not always concave, which has a significant impact on the number of bifurcation points of
these branches. Further, we use numerical methods to compute branches of solutions and we
show how these branches behave as we increase the parameter u. The most interesting aspect
here is the recombination of these branches due to non-concavity of the associate eigencurve
and the change of the number of bifurcation points.

In the latter chapter, we incorporate our results concerning reaction—diffusion systems
exhibiting Turing’s instability. The well-known conditions on this effect are presented in
Section 3.1. The new results on this topic were published in two papers, first one being in
collaboration with Milan Kucera:

[FK19] M. Fencl and M. Kucera. Unilateral sources and sinks of an activator in reaction-
diffusion systems exhibiting diffusion-driven instability. Nonlinear Anal., 187:71-92,
2019, doi:10.1016/j.na.2019.04.001

[Fen20] M. Fencl. An influence of unilateral sources and sinks in reaction-diffusion systems
exhibiting Turing’s instability on bifurcation and pattern formation. Nonlinear Anal.,
196:111815, 2020, doi:10.1016/j.na.2020.111815

These two papers are very intertwined, because the numerical experiments published in the
latter one are also completing the topic of the former one. The numerical methods, Schna-
kenberg’s reaction kinetics we are using and boundary conditions are described in Section 3.2.

Sections 3.3 and 3.4 summarize the analytical and the numerical results concerning pro-
blems

O _ dhau+ (o) + Fo(x,u™) — Fr(x,u),

ot (13)

% = doAv + g(u,v) in Q x [0,+00),
and

Ou
i diAu + f(u,v)

n - m +

- 4 u + ; u
@ ([ g ) ) - @r (] axt| )

,l; ko 1K, JZ:; " wr K]
Ov .
i daAv + g(u,v)  in Q x [0,400),

respectively. The numbers d;, do are positive diffusion parameters, f, ¢ : R? — R are functi-
ons of the class C' and Q € RY is a bounded domain with Lipschitz boundary. The system
(1.3) contains functions f_, f : @ xR — R, which are the unilateral source and the sink with
u~,u" being the negative and the positive part of the function w. The system (1.4) on the
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other hand contains multiple unilateral sources and sinks, which involve the integral average
over some subset K, Kj of the domain €. Let us note that x(z) is always a characteristic
function of the set in its superscript. We always assume the existence of a constant steady
state of systems (1.3) and (1.4) completed by some boundary conditions. For more detailed
description of the problem itself and assumptions, see Chapter 3.

We show that under some conditions the set of points [d;,ds] € Ri, for which the bi-
furcation from the constant steady state of (1.3) and (1.4) (with some boundary conditions)
can occur, is smaller than in the classical case when there are no unilateral sources or sinks
(with or without integral average) present in the system. This assertion is proved for a rather
general combination of Dirichlet and Neumann boundary conditions. We also get specific
results in some special cases of, e.g., only Neumann boundary conditions etc.

Both problems (1.3) and (1.4) with Neumann and periodic boundary conditions are also
studied by numerical experiments in some specific situation concerning unilateral terms. We
study the quantitative change of the area of points [d;, ds], for which a pattern can develop
from small perturbations of the constant steady state. We are also interested in the shape of
created patterns and the effect of spatial dependence of unilateral terms on this shape. The
discussion of numerical results is in Section 3.5.

To conclude this introduction, let us note that all four papers are attached in appendices
of this thesis.



2 | Bifurcations in superlinear
indefinite problems

This chapter summarizes results of two papers [FLG20] and [FLG21] (see also Appendices C,
D). We study a superlinear indefinite problem in both of them. These two papers are good
examples how numerics and analysis can aid each other. Actually, all analytical results here
were motivated by a thorough numerical analysis and observations based on in. We devote
each of following sections to results of one paper.

Firstly, we briefly summarize ideas of the numerical bifurcation analysis, which is the
main tool used to study problems in this chapter, and used methods. The main goal of
this approach is to compute and plot bifurcation diagrams, which describe both local and
global behaviour of the problem under consideration. Hence, we want to compute branches
of solutions of the problem

F(Au) =0, (2.1)

where F : R x X — Y is a nonlinear operator on general Banach spaces X,Y and A € R is
regarded as a bifurcation parameter. Let us assume that there exists A\g € R and § > 0 such
that

F(A0) =0 foralxel:= (N —3d,N+9) (2.2)

and F(\, u) is the operator of the class C", r > 2 in an open neighbourhood of (Ao, 0). Hence,
the problem (2.1) now has the trivial solution for any A € I. We present here the following
definition of a bifurcation point, which we use in this chapter. Let us mention that in Chapter
3 we use a different definition of a bifurcation point related to a system of reaction-diffusion
equations with two diffusion parameters.

Definition 2.1.
We call the pair (M\g,0) a bifurcation point of the problem (2.1) if there exists a sequence
(An,up) € I x X \ {0} with n € N such that F(\,,u,) = 0 for all n and

nglfoo()\"’u") = (Ao, 0).

We built our own code in MATLAB to study all problems presented in this chapter and
to compute all bifurcation diagrams. There are of course available bifurcation solver packages
such as AUTO-07P, but our problems require very strict control of all step sizes, tolerances
and other technical properties, which makes these usually “black box”solvers less useful.

Most of the numerical bifurcation analysis theory and the numerical continuation can be
found, e.g., in [LG88], [AG03], [Mei00] or [Kel86]. Let us point out that we have used the
idea of pseudo-arclength parametrization of a curve and expanded system (see, e.g., [Kel86,
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Chapter 4]). In the predictor-corrector mechanism of the numerical continuation of a curve
we have adopted either the secant or the tangent predictor and classical Newton’s method
as the corrector (see, e.g., [Kel86, Chapter 2]). The very important part of this approach is
the approximation of the problem of the type (2.1). The operator contained in (2.1) is —%
in all cases in this thesis. We have used two methods here, finite differences and pseudo-
spectral method of Eilbeck (see [Eil86]). One could use either of these two methods to detect
bifurcation points and continue branches. However, pseudo-spectral method respects spectral
properties of the operator included in the problem (2.1) and provides much more accurate
approximation of bifurcation points than finite differences in our experience. On the other
hand, the numerical continuation of branches of solutions using finite differences is usually
faster due to the fact that the matrix provided by finite differences is three-diagonal, while
the approximation by pseudo-spectral method gives us full matrix. Hence, we decided to
combined these two methods to achieve both the high accuracy, when looking for bifurcation
points, and the low computation time, when computing large pieces of branches.

All problems in this thesis are studied by this approach in one spatial dimension. The
numerical bifurcation analysis and the continuation of branches of solutions can be, of course,
expanded to higher spatial dimension. However, this approach is very time demanding even
in 1D and the computation cost increases significantly as we increase the dimension. It is
also worth mentioning that the discretization gets more technically complicated and working
with eigenfunctions of Laplacian for shooting directions at bifurcation points would be quite
a difficult task in higher dimensions.

Remark 2.2.
. 2 . .y iy
The eigenvalues of the operator —dd? subject to homogeneous Dirichlet conditions form the

positive increasing sequence A\, = (nﬂ')2 with n € N and the orthonormal basis composed of
corresponding eigenfunctions can be chosen as ¢, = sin(nwz) with n € N.

2.1 | Global structure of positive solutions

This section summarizes results of the paper [FLG21] (see also Appendix D). We study both

analytically and numerically the superlinear indefinite problem

—u" = M+ a(z)u? in (0,1),

() in (0,1) 0
u(0) = u(l) =0,

where a(x) is a continuous function that changes the sign in the interval (0,1) and the
parameter A € R is regarded as a bifurcation parameter.

This problem was studied by many authors, we refer the reader to [FLG21] and references
therein for some historical background. Our interest here is the study of the global structure
of positive solutions of the problem (2.3). This study is motivated mainly by the conjecture of
Gémez-Renasco and Lépez-Goémerz originated from [GRnLGOO0], which says that there exists
some \. < 72 such that, for every A < A, the problem (2.3) has, at least,

n+1
Z n+1 _ontl 4
j=1 J



positive solutions, where n+ 1 is the number of positive peaks of a(z). Actually, n+ 1 of them

(n+1)n
2

have a single peak around one of the maxima of a(z), have two peaks, and in general,

% have j peaks for every j € {1,...,n + 1}. Hence, if we have a(z) = sin(37z), which
has two positive peaks, then by this conjecture we expect three positive solutions for A\ < A,
one with the peak localized around the left local maximum of sin(37z), one with the peak
localized around the right local maximum and one with both of these peaks. For the purpose

of this thesis, we formulate here this conjecture in the following form.

Conjecture 2.3 (see also Conjecture 1.1 of [FLG21] in Appendix D).

Suppose that a(x) possesses n+1 intervals, where it is positive, separated away by n intervals,
where it is negative. Then, there exists Ao < 72 such that, for every A\ < A, the problem (2.3)
admits, at least, 2"t — 1 positive solutions.

The most of analytic results about local and global behaviour of positive solutions of the
problem (2.3), that was already known, is collected in Section 2 of [FLG21]. We point out
here only the most important features in the following remark.

Remark 2.4.

The problem (2.3) possesses a component of positive solutions €+ C R x C([0,1]) bifurcating
from the bifurcation point (Ao, ug) = (72,0), where \g = 72 is the smallest eigenvalue of —d—22
subject to homogeneous Dirichlet boundary conditions (see Remark 2.2). The component €+
is unbounded in R x C([0, 1]) and there does not exist a positive solution for an arbitrary large
A > 72, Let Py be the projection defined by

Prx(Au) = A, (A u) € RxC([0,1)).

There are two options here, either 5\(€ 1) = (—o0,m?) or there exists \y > 72 and P\(€1) =
(=00, \t). If we consider the latter case, then for every \ € (7T2,)\t) there exist, at least, two
positive solutions, one linearly stable and another one unstable and there is a subcritical tur-
ning point at N\;. The bifurcation at \g = w2 is supercritical in that case and the branch
emanating from this bifurcation point is filled with linearly stable solutions. Moreover, any
positive solution of (2.3) is linearly unstable for X < w2

Firstly, we present main analytical results of [FL.G21], which support the conjecture about
number of positive solutions of (2.3) for sufficiently negative A. These results are contained
in Section 3 of [FLG21] together with Theorem 1.1 from Section 1. The important feature
here is the relation of (2.3) and its corresponding parabolic problem

9u — 0% 4 Nu+ a(x) t>0, z€(0,1),
w0 =uln=0, >0 .
u(z,0) = up(x), z € [0,1].

Now, let us consider two open sets
Q_ =int(supp a”) and Q. = int(supp a™).

The next theorem gives us a behaviour of positive solutions of (2.3) for z, where the function
a(z) is negative.



Theorem 2.5 (see also Theorem 3.1 of [FLG21] in Appendix D).
For every A < w2, let uy be a positive solution of (2.3). Then,

lim wup(z) =0 forall z€Q_ (2.5)

A——00
uniformly on compact subintervals of Q_.

Let us denote the solution of the parabolic problem (2.4), with the initial data uy and
defined in [0,7] for some T > 0, by u(x,t;up,A). The following theorem provide us with
the behaviour of solutions of the problem (2.4) in the case, when the initial data ug is a
subsolution of (2.3).

Theorem 2.6 (see also Theorem 3.2 of [FLG21] in Appendix D).
Suppose that ug > 0, ug Z 0 is a subsolution of (2.3). Then, for every x € Q_ and
te (Ovaax(UO));

lim  w(z,t;up, A) = 0.
A——00

Moreover, the limit is uniform on compact subsets of Q_.

Looking at Theorems 2.5 and 2.6, we can see that the behaviour of solutions of the
parabolic problem is copying the behaviour of solutions of (2.3) as A — —oo. Further let us
form the following assumption:

(Hq) The open sets 2_ and € consist of finitely many (non-trivial) intervals, I, j €
{1,..,r}, and I, i € {1,...,s}, respectively, and a(x) vanishes at the ends of these
intervals in such a way that each interior interval Iii is surrounded by two intervals
of the form I]_TE. In such case, we will denote, I, = (ey, Bj), with a; < B; for all

j€{l,..,r}, and It = (y;,0;), with y; < o; for all i € {1,..., s}.

Let us denote 0 ; a positive solution of

" — )\ + + 2 3 iy 0i),
u u+a’ (z)u” in (v, 0i) (2.6)
u(yi) = u(ei) = 0.
for i as in (H,). Further, we will consider the subsolution
9,\,1' in [’Yi,gi], 1 E {1,...,n+1},
ug 1= (2.7)

0 in [0,1]\ U?:Jrll [vi, 0i]-

If the solution u(x, t; ug, A) is globally bounded in time as A — —o0, one can prove Conjecture
2.3 (see the following theorem). However, the boundedness of solutions in time remains the
open problem in [FLG21].

Theorem 2.7 (see also Theorem 3.3 of [FLG21] in Appendix D).
Suppose (Hy) with s =n+1 and r = n, and ug (see (2.7)). Assume, in addition, that there
exists 1 > 0 such that, for every A < p, Tmax(uo, A) = +00 and there is a constant C(\) > 0
such that

u(z, t;up, A) < C(N) for all (x,t) € [0,1] x [0, 00). (2.8)

Then, there exists A\ < 0 such that (2.3) has, for every A < A, 2"t — 1 positive solutions.

7



We have used special choices

a(z) =sin((2n + 1)7wzx), for n € {1,2,3}, (2.9)
as well as
psin(5mx) if z€10,0.2)U(0.8,1],
a(x) = (2.10)
sin(5mx) it = €][0.2,0.8],

where p > 1 is regarded as a secondary bifurcation parameter in our numerical analysis. Let

us mention that these special choices satisfy the condition (H,). In next four subsections

we present results of the numerical bifurcation analysis of the problem (2.3) with these four

special choices of a(x) and then we conclude this section with discussion about results.
Before we proceed to numerical results, we define a n + 1 digit code

TEd1d2...dn+1, (2.11)

where n + 1 is the number of positive peaks of a(xz) and we assume d; € {0,1} for every
j=1,...,n+1. This code T is referred to as the type of the solution, where 1 means there is
emphasized bump in the solution localized around the positive peak of a(x) indicated by the
position of 1 in the code T" and 0 means there is no bump on this position. For example let
us consider the case a(x) = sin(37z). This function has two positive peaks, hence, the code
T has two digits. Hence, the solution with bump on the left will be represented by the code
10, the solution with bump on the right by 01 and the solution with both these bumps by 11
(see three positive solutions in Figure 2.1a). The trivial solution is then represented by 00.
At the end of this code, we add a positive integer in parenthesis, which represents the Morse
index, that is the dimension of the unstable manifold of the positive solution as a steady state
of the parabolic problem (2.4).

In all subsequent bifurcation diagrams we plot the parameter \ versus the derivative of
the solution in the zero u/(0). It is not appropriate to use L? norm or max norm to represent
a solution in these cases due to symmetries around 0.5, because, e.g., the solution with a
bump on the left and the solution with a bump on the right can have the same maximum
and also the same L? norms. Hence, if we used one of these representations, we would not be
able to differentiate between these solutions.

2.1.1 | The case n=1

Let us consider the case

a(z) = sin(37x), = € [0,1]. (2.12)

In the process of finding first few points on the bifurcating branch from the bifurcation point
(Ao, up) = (72,0), it is very useful to compute the bifurcation direction. We can compute the
first coefficient D; of the expansion of the mapping A\(s) (s being a parameter of the curve
bifurcating from the trivial solution) provided by Crandall-Rabinowitz theorem (see [CR71]
or Section 2 of [FLG21]). In this case it is

1 1
1
D, = —2/ a(x) sin®(rz) do = —2/ sin(37x) sin®(rz) do = 1> 0. (2.13)
0 0

2

Hence, the bifurcation from ug = 0 at A\ = #° is supercritical. Thus we can expect a

8



1000 -
900
800 -
700
600 -

£ 500
400 -
300 -
200 -

100 -

. . — 0 — ! . / )
0 0.2 0.4 0.6 0.8 1 -50 -40 -30 -20 -10 0 10 20
X A

(a) Positive solutions for A ~ —21: 10(1) in red, (b) Global bifurcation diagram.
01(1) in black, and 11(2) in blue.

Figure 2.1: Numerical results for a(z) = sin(37x).

turning point at some \; > 72 as was stated in Remark 2.4. The global bifurcation diagram
is plotted in Figure 2.1b. We can see that the set of positive solution of (2.3) with (2.12)
consists of the component 4, which exhibits a turning point at \; ~ 12.1 and a secondary
bifurcation at A\s &~ 10.1. As expected by Crandall-Rabinowitz exchange of stability principle
(see [CR73]), the positive solution bifurcating from (Ao, ug) = (72, 0) is stable until it reaches
the turning point at A\;. As we can see in the diagram in Figure 2.1b, the Morse index jumps
to one as we pass through the turning point and then it also increases after the secondary
bifurcation. At A\s; two new branches of positive solutions bifurcate subcritically from the
branch of 11 solutions. We can see that for sufficiently negative A, there are three types
of positive solutions, i.e., the peak on the left 10, the peak on the right 01 and both peaks
11, which we plotted for A = —21 in Figure 2.1a. There seems to be no other change in the
structure of branches and these solutions seem to be globally defined for every A < A;. Hence,
the number of positive solutions 22 — 1 = 3 is in the perfect agreement with Conjecture 2.3.
Let us mention that Morse indices of solutions on every branch for any A < A; are the same
as the number of bumps of solutions, i.e., as the sum of ones in the type T of the solution.

2.1.2 | The case n =2

Let us consider the case
a(xz) = sin(brzx), x € [0,1]. (2.14)

Since we have

1
D, = 2/ sin(57rz) sin®(rx) de = 0,
0

it is necessary to expand the mapping A(s) even more and compute Ds to get the bifurcation
direction. This computation is quite lengthy and technical and the reader can find it in
Section 2 of [FLG21]. The second coefficient is

5

D2=—o5 s

<0,

9



hence, the bifurcation from (72,0) is subcritical. The global bifurcation diagram is plotted
in Figure 2.2. Since there is quite large difference between the derivative in zero for, e.g.,
the solution 001 and the solution 111, the global diagram is very spread out. Therefore, we
split it into the lower part, whose magnification is plotted in Figure 2.3b and the upper part,
which is plotted in Figure 2.3a. Now we can see that the set of positive solutions consists of
three branches with turning points, two in the upper part and one in the lower part, and the
branch €t bifurcating from the trivial solution at A = 2.

We can see that along the blue branch plotted in Figure 2.3b, the solution changes its

3500 [

3000

T

2500

S 2000 -
1500
1000

500 [

-100 -80 -60 -40 -20 0
A

Figure 2.2: Global bifurcation diagram for a(x) = sin(57z).

type from 001 to 011 as we pass through the turning point. In the upper part plotted in Figure
2.3a, the solution 111 on the green branch changes its type to 101 as we cross the turning
point, while the solution on the black branch is changing from 110 to 101. In all cases there is
also a jump in Morse index too as usual. The component ¢+ does not exhibit any secondary
bifurcation as far as we know and neither does any other component. Hence, we have here
23 — 1 = 7 positive solutions for sufficiently negative )\, which is again in the agreement with
Conjecture 2.3. All positive solutions are unstable in this case as was predicted by results
collected in Remark 2.4. Let us notice here that Morse indices of solutions on every single
branch are equal to number of peaks of the solution.

2.1.3 | The case n =3

Let us consider the case
a(z) = sin(7Tnx), x € [0,1]. (2.15)

Similarly as in the previous section, the first coefficient of A(s) is zero in this case:
1
Dy = —2/ sin(77x) sin® (rzx) de = 0. (2.16)
0

10



3100 [ 110
3000 N <
2900w“
2800 80 - 010(1)

2700

> 2600

u'(0)

100(1)
2500
111(3)

2400

2300

2200

/ L ’ 001(1)
<
110(2) _

1 0 . .
60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -250 -200 -150 -100 -50 0
A A

2100

(a) Upper part magnification. (b) Lower part magnification.

Figure 2.3: Two significant magnifications of Figure 2.2.

The second one is 1

~ 12872

thus ¢+ bifurcates from (72,0) supercritically as in the case n = 1. We have seen in the
previous section, that branches in the bifurcation diagram were quite spread apart. In this
case, the situation is even worse, therefore we do not present here the global bifurcation dia-
gram, because it would not have any representative value. We rather show directly magnified
significant parts of this diagram. Hence, the lower part containing branches of solutions with
rather small +/(0) is plotted in Figure 2.4a and the upper part containing branches of soluti-
ons with large u/(0) is plotted in Figure 2.4b. Since the upper part is quite complicated, we
present even more magnified diagram in Figure 2.4c.

The component 4 most likely possesses a turning point, but since the bifurcation from
the trivial solution is very vertical, we were not able to find it. The solution on this branch
is of the type 0110. There is again the secondary bifurcation on €' at \; ~ —2.85 and the
solutions on bifurcating branches have types 0100 and 0010. If we restrict « onto the interval
[%, %], then in fact a(z) has the same behaviour here as in the case n = 1 and one can see
that on the character of the component 4" (again a secondary bifurcation, compare Figures
2.4a and 2.1b). Actually, even solutions on this component are of types 10, 01 and 11 for
T € [%, %] In the rest of the lower part we can see two branches with turning points. One
with solutions of the type 0001 changing to 0011 and the other with the type 0111 changing
to 0101. As far as we know, there is no other secondary bifurcation in the lower part of the
bifurcation digram than the one on the component 4.

We can see that the situation in the upper part is more complicated than in the previous
case n = 2. In Figure 2.4b, there are two branches with turning points, one internal in terms
of other branches (green) and one external (red). The solutions on the internal branch are
changing their type from 1110 to 1010 as we cross the turning point and on the external
branch they are changing from 1100 to 1000. Between the red branch and the green branch
there is another component composed of the black and the blue branch. The magnification of
this part is plotted in Figure 2.4c. There is the secondary bifurcation at Ag =~ —44.05 on the
black branch of solutions of the type 1001 changing to 1111. The bifurcating branch is filled
with solutions of the type 1011 changing to 1101 as we cross the bifurcation point. Hence,

D, >0, (2.17)

11
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Figure 2.4: Scattered bifurcation diagrams for a(x) = sin(77x).

we have 15 = 2% — 1 solutions in the overall for sufficiently negative A\, which is again in
the complete agreement with Conjecture 2.3. We can observe that the Morse index, i.e., the
dimension of the unstable manifold of solution, is almost always equal to number of peaks,
the solution is composed of. The only exceptions are solutions on the right side of bifurcation
points. However, for sufficiently negative A, this is always true. The example of solutions
along one of branches in this case is plotted in Figure 7 of [FLG21] (see also Appendix D).

2.1.4 | The case n =2 with an additional parameter

Let us consider the modification of (2.14) from Subsection 2.1.2 as

psin(brx) if z€][0,0.2)U(0.8,1],
a(x) = (2.18)
sin(5mx) if z€][0.2,0.8],

where the additional parameter u > 1 is a secondary bifurcation parameter. If there is u = 1,
then (2.18) and (2.14) coincides and so does the structure of positive solutions of the problem

12



(2.3). The bifurcation direction depending on the parameter p is

1 (5 _ _ 20
Dy 5 (5-v5) (5-v5)" (u 1). .19)
1287

We can see that for u = 1, there is D1 = 0 as in Subsection 2.1.2 and for any p > 1 we have
D; < 0. Hence, the bifurcation is subcritical for any value of the parameter p in this section.
Let us mention that we will denote the positive component bifurcating at (72,0) from the
trivial solution by €, with some u instead of € in this subsection.
The structure of branches in the global bifurcation diagram remains the same as in Figure
2.2 in Section 2.1.2 for p < pp =~ 3.895. As we increase p from p = 1 to p1, the branches with
turning points move closer to the component CKJ This behaviour is indicated by arrows in
Figure 2.5a. The diagram in Figure 2.5b shows the situation right before the collision of two
branches with €.
At the value 1 = 3.895, two branches with turning points touch the branch bifurcating

800 800

700 700 |-
600 600 -
500 500 -
£ 400 - S 400 -
=] =)

300 F 300
200 F 200

100 [ 100 [

-0120 -1‘00 -Z;O -6l0 -40 -20 (; 2‘0
(a) u=35<u (b) p=3.89 < 1y

Figure 2.5: Global bifurcation diagrams for u < pq.

from the trivial solution. In this moment, the global bifurcation diagram consists of only two
components. One is the component ‘5;17 which is composed of the main branch bifurcating
from (72, 0) and two previously isolated branches, and the other is the remaining green branch
with a turning point. The touching point of all three previous components acts here as some
sort of organizing center with respect to the parameter p. As p separates away from puq, the
touching point separates into two secondary bifurcation points as we can see in Figure 2.6a.
This structure is persistent for p in the interval (w1, o), where po ~ 3.925. Let us denote
values of the parameter A of these two secondary bifurcation points as Aj(u) > Ao(p) with
the dependence on the parameter . We have observed that as we increase the parameter
w from p1 to po, these two secondary bifurcation points are moving away from each other.
This behaviour is well illustrated by Table 2.1 with computed values of A1 (1), Aa(p) for three
different values of p € (u1, p2).

At the next critical value us ~ 3.925 occurs another reorganization of branches. The
remaining isolated branch touches the main branch bifurcating from the trivial solution, hence,
in this situation the global bifurcation diagram consists of a single component %ﬁfz As the
parameter p separates away from po, the component splits into two, see the diagram plotted

13



[ 3.9 391 | 3.92
A(p) | -5.1186 | -4.4513 | -3.9938
Xo(p) | -7.5845 | -8.4129 | -9.0284

Table 2.1: \;(u) for three values of u € (1, p2).

in Figure 2.6b. One is the component CKJ consisting of the main branch bifurcating from the
trivial solution with the secondary bifurcation. The other is the branch with turning point
and the secondary bifurcation of the next branch with similar structure. As far as we know,
this structure persists even for large values of p.

In Figure 2.7a we present the diagram for the larger value of u and its magnification with
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-100 -80 -60 -40 -20 0 -50 -40 -30 -20 -10 0 10
A A
(a) 1 < p=3.92 < po (b) pe < pu=3.93

Figure 2.6: Two significant global bifurcation diagrams

types of solutions on each branch is plotted in Figure 2.7b. We can see that for any p > 1,
there exists sufficiently negative A(u) such that the problem (2.3) with the special choice
(2.18) possesses 23 — 1 = 7 positive solutions, which is in full agreement with Conjecture 2.3.
The example of solutions along one of branches in this case is plotted in Figure 11 of [FLG21]
(see also Appendix D).

2.1.5 | Discussion of numerical results

All our numerical experiments in every case support the validity of Conjecture 2.3, i.e., there
exists a sufficiently negative A such that the problem (2.3) has 2"*! — 1 positive solutions.
We also made several other observations:

e For a sufficiently negative A, the Morse index of any positive solution u of the type
(2.11) is given by
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Figure 2.7: Global bifurcation diagram for p > o

e The only way, how to pass from the symmetric solution around x = 0.5 to the asymme-
tric one, is through the bifurcation point of a secondary bifurcation. That means any
component that does not include a bifurcation point is filled only either with symmetric
solutions or asymmetric ones.

o Ifnisevenin (2.9), then a(0.5) is negative, while if n is odd, then a(0.5) is positive. We
can see the for n = 1, 3, the component 4T includes a secondary bifurcation, while in the
case n = 2 it does not. Assuming that there is some kind of a pattern for general n here
is incorrect, which is supported by the case presented in Subsection 2.1.4, where there
exists a bifurcation point on the component ¢+ for sufficiently large u (e.g., u = 4.5).

2.2 | Nodal solutions and the concavity of eigencur-
ves in weighted problems

In this section we collect both analytical and numerical results of our paper [FLG20]. Let us
consider the superlinear indefinite problem

—u" — pu = dm(z)u — a(z)u?® in (0,1),

u(0) =u(1) =0,

(2.20)

where functions a, m are continuous and change the sign in the interval (0,1) and A, u € R are
regarded as bifurcation parameters with A being the primary one and g being the secondary
parameter. We are interested in the case of the special class of functions

m(z) =sin(jrx) for j € N\ {1}. (2.21)

Both positive solutions and nodal solutions of the problem (2.20) were studied mostly in
special cases m = 1, u = 0. For some historical results we refer the reader to [FLG20] and
references therein. We were mainly inspired by the paper [LGMMO05], where positive solutions
of the problem (2.20) with m(x) changing the sign were studied. As far as we know, our paper
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[FLG20] is the first one that studies nodal solutions of this problem, when m(x) changes the
sign.

The positive solutions were studied for a special choice of a(z) by the methods of numerical
analysis in [LGMMO5]. We have studied numerically the nodal solutions for the same choice
of a(z) during which we have observed an unexpected behaviour of bifurcation points of the

trivial solution and consequently of the eigenvalues of the operator [—% — )\m(az)} subject

to Dirichlet boundary conditions. These numerical observations led to analytical results for
the class of problems (2.20) with (2.21).
Firstly, let us consider the eigenvalue problem

—" — pp — Am(z)p = op in (0,1),
©(0) = ¢(1) = 0.

(2.22)

This problem possesses a sequence of algebraically simple eigenvalues

d2
da?

d2

Yo\ p) i=on )

— = A 1>} —o, { — n(@); 0, 1>} —um  meN.
Hence, the set of bifurcation points (A(u),0) from the trivial solution of the problem (2.20)

is given by values of parameters A, p for which ¥,,(\, ) = 0. Let us denote

d2

S,(\) == En(N, 0) = oy {—dxg

— Am(x); (0, 1)} , n e N. (2.23)
The function X,,(\) is called an eigencurve. We can see that there is ¥, (A, u) = £,,(A) —p and
%,(0) = (nm)? for all n € N. Hence, every bifurcation point (A(u),0) satisfies the equation

En(A) = p. (2.24)

It is already known that every eigencurve is analytic and the first eigencurve () is strictly
concave function (see, e.g., [LG13, Chapter 9]). As such there is

SH(A)>0for A< 0, S,(0)=0for A=0, S/(\)<O0forA>0 andX/(\)<0for \e€R,

where Y} denotes the first derivative of X1()) in the parameter A.
The local maximum of this eigencurve is at the zero with the function value ¥1(0) = 2.
Hence, for every u < 72, there exist two values of the parameter \,

A-(p) <0 <Ay (p), (2.25)

which satisfy the equation (2.24) and therefore are values A of bifurcation points (A(u),0).
For more details about eigencurves see Section 1 of [FLG20].

We have numerically computed the eigencurves for the case j = 2 in (2.21), i.e., we chose
m(z) = sin(2mx). The eigencurves are plotted in Figure 2.8 and we can see that the first
one is indeed strictly concave. Surprisingly, the other eigencurves are not. Actually, this
means that while the positive solutions bifurcate from the trivial solution at two values of A
(for ;1 < 72), the nodal solutions can bifurcate at two, three or even four bifurcation points
depending on the value of p.

Our numerical computations of eigencurves suggest that, the higher is the frequency
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Figure 2.8: The curves X, (\) for 1 < n <5 and m(z) = sin(27z).

of the weight function m(z), the larger number of eigencurves is concave. We can see the
computed eigencurves in the cases m(z) = sin(4nz) and m(x) = sin(67x) in Figure 2.9.
Clearly, for j = 4 there is the first and the second eigencurve concave, while for j = 6 there
are already first three eigencurves concave. We can see the systematic behaviour here, the
one we can prove analytically.

We start with a proposition about the behaviour of the eigencurves as |A\| — oo for a
function m(z) more general than in (2.21).

Proposition 2.8 (see also Proposition 2.1 of [FLG20] in Appendix C).
Suppose that there exist x4+ € (0,1) such that £m(x1) > 0, i.e., m(z) changes the sign in
(0,1). Then, for every n > 1,

lim 3,(\) = —o0, lim ¥,(\) = —oc. (2.26)

A——00 A—00

The following proposition clarifies that if m(z) is odd by the center of the interval (0, 1),
then the eigencurves have always a stationary point in the zero and are symmetric.

Proposition 2.9 (see also Proposition 2.2 of [FLG20] in Appendix C).
Suppose that m # 0 is a continuous function changing the sign in [0,1] such that

m(l —z) =—m(z) forall z €[0,1]. (2.27)

17
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Figure 2.9: The curves ¥, () for 1 <n <5 with m(z) = sin(jrz), j = 4,6.

Then, Xp(—X) = Ep(N) for all X € R and any integer n > 1. In particular,

¥ (0)=0 forall n>1, (2.28)

where we are denoting X!, = C%\”.

If there is j odd in (2.21), then the assumptions of Proposition 2.9 are not satisfied and
indeed the eigencurves, that we have computed, are not symmetric in this case (see Figure
2.10). We will restrict ourselves to the class of functions m(x) of (2.21) that are odd around
x = 0.5, for which we can prove even more. Hence, we have

m(x) = sin(2kwz) with k£ € N. (2.29)
500 500
N —50 g 2,00
400 - Y — 5,0 400 - ~_ — 0
| —0 —0
300 — 5,0 |- 300 [ S DRCVISS
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—~ 100F =
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Figure 2.10: The curves ¥, (\) for 1 < n <5 with m(x) = sin(jrz), j = 3, 5.

Remark 2.10.

Let us consider (2.29), i.e., the case when assumptions of Proposition 2.9 are satisfied and the
eigencurves are symmetric. The bifurcation points always come in pairs (A_;,0) and (Ay;,0),
where A\_; = =Xy, and i € {1,2}.
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The next theorem is the main analytical result of [FLG20]. It confirms our numerical
observations about concavity of eigencurves.

Theorem 2.11 (see also Theorem 2.1 of [FLG20] in Appendix C).
Assume (2.29) for some integer k > 1. Then, as soon asn >k + 1,

Y (0)>0 forall n>k+1. (2.30)

Therefore, by (2.28), A = 0 is a local minimum of ¥, (\) and, in particular, ¥,(\) cannot be
concave.

In next subsections we present results of numerical analysis of 1-node solutions and 2-node
solutions. The positive solutions were already studied numerically in [LGMMO05] and we use
the same function a(x) as they did:

—0.2sin (F5(0.2—2))  if 0<z<0.2,

a(z) == 4 sin (&(z - 0.2)) if 0.2<z<0.8, (2.31)

—0.2sin (f5(z — 0.8))  if 0.8 <z < 1.

We discuss in the behaviour of the branch of positive solutions in the next subsection for the
completeness. In the end, we also add our own observation of the behaviour of this branch
for large values of u, which was not discussed before.

We have studied the problem (2.20) by the methods of numerical analysis for the special
case k =1 in (2.29), i.e., we considered m(x) = sin(27x). Let us note that in all bifurcation
diagrams in this section we plot the value of the parameter \ versus the L? norm of the
solution.

2.2.1 | Branch of positive solutions

Since the first eigencurve is concave, there can be maximally two bifurcation points from the
trivial solution. The maximum of X1(\) is 72 attained in the zero. Hence, for any u < 72,
there are exactly two bifurcation points. The bifurcation diagram for p = 0 is plotted in
Figure 2.11a. Indeed, we can see that the “fish-like”branch of positive solutions is bifurcating
from two points. Let us mention that the intersection point is not a bifurcation point here,
there is only the same L? norm of solutions in this point. As we increase the parameter y in
the interval (0,72), those two bifurcation points are closing to each other until they collide
in the zero for ;1 = 72. As pu separates from the critical value 72, the branch of positive
solutions separates from the trivial solution and becomes isolated. The bifurcation diagram
of the branch in the case u = 30 > 72 is plotted in Figure 2.11b.

This behaviour was already observed in [LGMMO05]. As we have found out, the component
of positive solutions is shrinking as we increase the parameter p and it collides at p ~ 54
and eventually disappears. The values of the parameter A of two bifurcation points from the
trivial solution are in Table 2.2 for a few values of pu.
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Figure 2.11: Bifurcation diagrams of branches of positive solutions.

u 0 ) 9 72 | 10
A_q1(p) | 28 | 18.64 | 7.49 | 0 | —

Table 2.2: The absolute value of X\ of bifurcation points |A_1(x)| = |A\41(p)| depending on
the parameter pu.

2.2.2 | Global behaviour of branches of 1-node solutions

According to Theorem 2.11, the second eigencurve Yo(\) is not concave (see also Figure
2.8). The local minimum is attained in the zero and 35(0) = (27)%. Hence, for every
p < (2m)? ~ 39.4784 there are two values A_i(p) < 0 < Ayp1(u), which satisfy (2.24).
It can be shown that assumptions of Crandall-Rabinowitz theorem hold at (A_;(u),0) and
(A+1(p),0), hence, there is a branch emanating from the trivial solution at each of these two
values of A\. We plot these two branches in Figure 2.12a for ;1 = 35. The branches are closing
to each other as we increase the value of the parameter p from zero to (2%)2.

At the critical value p = (277)2, these two branches touch at A = 0 and the set of values
of X of bifurcation points from the trivial solution consist of A_1(x), Ay1(p) and A = 0. The
bifurcation diagram for p = 39.6 > 39.4786 ~ (2)?, which is very close to the digram at the
critical value of u, where the branches touch, is plotted in Figure 2.12b.

If we have 1 € ((2m)?, j1e), where pie &~ 49.5, then there are four values of ) satisfying the
equation (2.24), i.e.,
Ac1(p) < Aza(p) <0 < Aqa(p) < Aga(p). (2.32)

Once again it can be shown that there are bifurcating branches of solutions with one
interior node from u = 0 at these four values of the parameter A. As we increase the parameter
poe ((2m)%, pe), the values A_o(p), Apo(p) separate away from the zero. The bifurcation
diagram plotted in Figure 2.12c shows two components of 1-node solutions and four bifurcation
points for p = 45. Clearly, as we pass through the critical value p = (2#)2, the branches
of solutions recombine. The more we increase the value of p € ((277)2 , le), the closer are
the bifurcation points with A_o(p), A_1(p) and the bifurcation points with Ay1(p), Ayo(u).
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|A+2(u)| depending on the parameter .

Eventually, these pairs collide for © = p. and the components become isolated for p > p. (see
Figure 2.12d). We present the values of bifurcation points with dependence on p in Table
2.3, which illustrates how the bifurcation points are closing to each other as we increase pu.
As far as we know, there are no secondary bifurcations on branches of 1-node solutions. The
example of solutions along two branches 1-node solutions is plotted in Figure 5 of [FLG20)]

(see also Appendix C).

21

500

Figure 2.12: Four representative bifurcation diagrams of 1-node solutions.



2.2.3 | Global behaviour of branches of 2-node solutions

Similarly as in the previous section, we know that the eigencurve ¥3(\) is not concave by
Theorem 2.11 (see also Figure 2.8). The local minimum of ¥3(\) is again in the zero and
¥3(0) = (377)2 ~ 88.8264. The situation with bifurcation points from the trivial solutions
is more or less the same here as for 1-node solutions. Hence, for p < (377)2 there are two
bifurcation points from the trivial solution. As we cross with p the critical value (37r)2, we
have four of them

Ai(p) < Aa(p) <0 < Aga(p) < Aa(p) (2.33)

for 1 € ((37)%, jue), where pe &~ 124.5. The pairs A_1 (1), A_a(p) and A1 (p), Ay2(p) again
collide as they did in the case of bifurcation points of 1-node solutions. The values of the
parameter A at these bifurcation points for several values of p are in the Table 2.4.

While the behaviour of bifurcation points is the same as in the case of 1-node solutions,
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Figure 2.13: Four representative bifurcation diagrams of 2-node solutions.

branches behave very differently here. At the beginning for u < (37)* there are again two
components bifurcating from v = 0 at A_;(u) and A11(p). As we increase the value of the
parameter pu, these components are moving closer to each other. However, this time instead
of touching, as they did in Figure 2.12b in the case of 1-node solutions, there appears en-
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1 50 | 80 | (3w2) | 90 | 100 | 120 | 125
IA_1(w)] | 382 | 317 | 290 | 292 | 266 | 196 | -
Ao | - | - 0 | 25|65 |119 | -

Table 2.4: The absolute value of A of bifurcation points [A_1(p)| = [A41(p)| and [A_a(p)| =
|[A+2(p)| depending on the parameter p.

tirely new component for 1 € ((37)%, u.) (see Figure 2.13a). The new component expands
into space between other components as we increase ;1 and it, eventually, touches other two
components for  ~ 108.1 € ((37)?, j1e) (see Figure 2.13b) and then become one component.
At this value of p occurs the reorganization of branches and for larger p there are three
components again (see Figure 2.12c), two of them bifurcating from the trivial solution and
one being isolated. At the value p = p., where the pairs of bifurcation points collide, the two
components previously bifurcating from u = 0 separate from the trivial solution and become
isolated too (see Figure 2.13d). The example of solutions along two branches 2-node solutions
is plotted in Figure 7 of [FLG20] (see also Appendix C).

2.2.4 | Bifurcation diagrams of superimposed branches of po-
sitive, 1-node and 2-node solutions

We conclude this section with superimposed diagrams of positive, 1-node and 2-node solutions
in Figure 2.14. They are plotted in the same colors as individually in previous figures. We
can see here, that the behaviour of branches for these three types of solutions is dramatically
different. The component of positive solutions does not recombine with any other component,
it get isolated, shrinks (see the trace of the component in the middle of Figure 2.14b) and
eventually disappears. The branches of two components of 1-node solutions first recombine
due to the fact that there are two more bifurcation points in the play and then get isolated
too. The branches of 2-node solutions behave even more sophistically. Firstly, there appears
the third component of 2-node solutions, which subsequently recombine with other two. Then
two of these components get isolated, which results in three isolated components of 2-node
solutions.
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Figure 2.14: Some bifurcation diagrams with superimposed branches of positive (blue), 1-node
(red) and 2-node (black) solutions.
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3 | Bifurcations in reaction-diffusion
systems with unilateral terms

and unilateral integral terms in

the activator equation

In 1952 Alan M. Turing wrote his paper “The Chemical Basis of Morphogenesis” [Tur52] on
biological pattern formation, in which he described that a reaction of two chemicals and their
diffusion in the space can lead to the production of a spatially heterogeneous structure. That
means, the spatially homogeneous steady state of the system, that is stable in the absence
of diffusion, could be destabilized by diffusion and produce a spatially heterogeneous state,
usually called a “pattern”. This behaviour is quite counter-intuitive since diffusion is often
perceived as a stabilization effect. Twenty years later, Gierer and Meinhardt published their
paper [GMT72], in which they analysed this problem in more detail and introduced so called
“short range activation-long range inhibition” mechanism. Their research was completely
independent, because they did not know about Turing’s paper. This effect is also often called
Turing’s instability, Turing’s effect or diffusion-driven instability. The theory and applications
are very thoroughly summarized, e.g., in the second instalment of Murray’s “Mathematical
biology” [Mur03].

A pattern formation is not a process exclusive to reaction-diffusion equations, but they are
one of common mathematical models for pattern formation problems. Gierer and Meinhardt
specified two types of reaction kinetics in [GMT72]. The first one is “activator-inhibitor”,
that means an activator is activating the production of both chemicals, while an inhibitor
is inhibiting the production of both chemicals. The other type is called “positive feedback”
or “substrate depletion”. In this case both activator and inhibitor activate an activator and
inhibit an inhibitor.

We devote Section 3.1 to the introduction of known theory, which we use later in this
chapter. Section 3.2 counsists of introduction of periodic boundary conditions from our paper
[Fen20] together with reaction kinetics, which we used for our numerical experiments in the
same paper. New results collected from paper [FK19] and [Fen20] are presented in Sections
3.3 and 3.4.
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3.1 | Conditions of Turing’s instability

Let us consider a general two component reaction-diffusion system

0
8—1; = d1Au+ f(u,v),
in Q x [0, +00) (3.1)
ov
i doAv + g(u,v),

where the domain Q C RY is bounded with Lipschitz boundary, di,dy are real positive
diffusion parameters and f, g : R? — R are functions of the class C'! such that there exist two
real constant u, v satisfying

f(@,v) =g(u,v) =0. (3.2)

The functions u,v describe concentrations of chemical substances. The reaction-diffusion
system (3.1) can be completed by various types of boundary conditions, e.g., homogeneous
or non-homogeneous Dirichlet, Neumann boundary conditions, periodic boundary conditions
etc. Let us consider here the mixed, Dirichlet-Neumann, boundary conditions

u=u, v=1vonlp,
3.3
% = g% =0onTl N-. ( )
where n is the unit outward-pointing normal vector of the boundary and I'p, 'y are open
disjoint subsets of 9 such that Q2 =Tp U Ty.

The pair [@, 7] is the constant steady state of the problem (3.1),(3.3). Since the functions
u, v describe concentrations of some chemicals, this steady state is positive in applications.
However, it is only natural to shift it to the origin for the sake of the simpler analysis.
Therefore, we will assume © = v = 0 from the beginning. IHence, the functions u, v describe
differences from the original positive steady state rather than concentrations themselves.

The stationary system of (3.1) with expanded functions f, g around the constant steady
state [u, 7] = [0, 0] has the form

diAu+ by ju + by 2v + nq(u,v) =0,

(3.4)
dQAU + b271u + b272v + TLQ(U, U) = O,

where b; ; for i,j = 1,2 are elements of Jacobi matrix J of mappings f, g at [0,0] and nq,no
are higher order terms such that

ni12(u,v) = o(|ul + |v]) as |u| + [v] = 0. (3.5)
The corresponding linearized system is then

diAu + b171u + bLQU =0,

(3.6)
doAv + b271u + b2721) =0.
Remark 3.1.
In this chapter we mostly work in the space
HH(Q) :={p e WH2(Q): ¢ =0 on T'p in the sense of traces}. (3.7)
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If Tp = 0, then the space H%) is actually the whole space W2 equipped with the standard
mner product

(u, ap)H%) = (u, )12 —/Q(VuV<p—|—u<p) dQ (3.8)

1
and the norm |lullyre = ([ (Vu)? 4+ u?) dQ)2. IfTp # 0, then we will use the inner
product

(u, ‘P)H}D :/QVqup dQ (3.9)

1
and the norm HuHH}) = (Jo(Vu)? dQ)2 equivalent to the classical Sobolev norm. Every time

we talk about steady states in this chapter, we mean weak solutions from H%)(Q)

The stability of the steady state W = [, 7] is considered in the norm ||W| = HuHH%) +
[lv]| m1, of the space H} x H},. The stability or the instability is decided by signs of eigenvalues
A of the eigenvalue problem

di1Au + b171u + blvzv = \u,

(3.10)
doAv + b271u + 52720 = v,

completed by (3.3).
The set of four conditions
tr(J) <0, det(J) >0,

(bi1da + baady)?
4d1ds ’

bl’ldg + bggdl > 0, det(j) <

is commonly presented in scientific papers as conditions of Turing’s instability. These neces-
sary conditions are derived, e.g., in [Mur03, Chapter 2] in the case I'p = (). The first and the
third condition already imply that diffusion parameters must be different. Moreover, if we
consider the first component u as the activator (bi; > 0) and v as the inhibitor (by2 < 0),
then it is necessary to have d; < da.

We prefer a different approach introduced in [MNY79] and [Nis82], which is crucial for
our new results in Section 3.3 and 3.4. Let us assume in the rest of this chapter that the
conditions

b171 > 0, b272 < 0, b172b271 < 0, tr(J) < 0, det(j) > 0. (3.11)

are satisfied. The first two conditions of (3.11) characterize the first equation of (3.1) as the
equation for the activator and the second equation as the equation for the inhibitor. The
sign of by 2b2 1 decides whether the system (3.1) is of the activator-inhibitor type or of the
substrate-depletion type. The last two conditions provide us with the stability of the constant
steady state [u,v] = [0,0] of (3.1) in the absence of diffusion.

The following remark describes eigenvalues and eigenfunctions of Laplace operator subject
to mixed boundary conditions.

Remark 3.2.
Let us consider the problem
—Au = Ku,
0
% =0onIly.
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The eigenvalues of (3.12) form a non-negative non-decreasing sequence K with k = 1,2, ...
(for Tp #0) or k = 0,1,2,... (for Tp = 0). The first eigenvalue is always simple. In the
case I'p # 0, the eigenfunction ey corresponding to the first eigenvalue k1 does not change
the sign on the domain Q. In the case I'p = 0, the eigenfunction ey corresponding to the
first eigenvalue kg = 0 is constant. Other eigenfunctions change the sign in both cases. We
can choose an orthonormal basis ey, in Hp, k=1,2,... (for Tp #0) or k =0,1,2,... (for
T'p =10) composed of the eigenfunctions of (3.12).

Let us define sets of points [d1, d2] such that an eigenvalue A of (3.10) is zero as

1 [ bigb
O ::{[dl,dQ]eRi: d1:<1’“’1+b1,1>}, k=1,2,..., (3.13)
daoky — ba 2

(for details see, e.g., [Nis82]). These sets are hyperbolas (or their parts) in R% (see Figure
3.1). Let us mention here that the sets Cj are often presented in the equivalent form with
respect to do instead of di. However, the form we present here is much more suitable for our
results.

Let us define the envelope of all hyperbolas C}, as

d
Ci

d4

Figure 3.1: Illustration of hyperbolas C}, the envelope C'r and domains of stability Dg and
instability Dy (hatched) in the case when all eigenvalues kj are simple.

Cp = {d— [dy,do] € RY : dy = max { [di,do] € U Ck}} (3.14)

di1eR4
This envelope divides the positive quadrant of points [d;, d2] onto two regions

Dg = {d € R% : d lies on the right of Cx},

e gy (3.15)
v :={d € R : d lies on the left of Cg},

which we call the domain of stability and the domain of instability, respectively (see Figure
3.1).
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Remark 3.3 (see [MNY79],[Nis82] for the case N =1 and [EK97] for the general case).

o If all eigenvalues of (3.12) are simple, i.e., K < Kp11 for all k € N, then Cy # Ciiq for
all k > 0. If an eigenvalue ki has a multiplicity [, then k1 < K = ... = Kyi—1 < Kgyy
and Ck—l 75 Ck = ... = Clc+l—1 75 Ok:—‘rl-

o If we have [dy1,d2) € Dy, then there exists at least one eigenvalue A\ of (3.10) with
positive real part and if [dy,ds] € Dg, then all eigenvalues X have negative real parts.

e If we consider T'p =0, then we have Cy = 0.

Definition 3.4 (Critical point).
A pair d = [dy, d2] € R% will be called a critical point of (3.6),(3.3) if there exists a non-trivial
(weak) solution of (3.6),(3.3).

Observation 3.5.

We can see that there ezists a non-trivial solution of the problem (3.6),(3.3) for some d if
and only if A = 0 is an eigenvalue of the problem (3.10),(3.3), that means if and only if d lies
on some hyperbola Cy. Hence, d is a critical point of the problem (3.6),(3.3) if and only if
d € Cy for some k. Consequently, the domain of stability Dg does not contain any critical
point of the problem (3.6),(3.3).

Remark 3.6 (see, e.g., [EK9T]).
Ifde C; fori=k,...,k+1—1 (either | is the multiplicity of the eigenvalue ki or d is in the
intersection of two hyperbolas Cy,Cp, and [ is the sum of multiplicities of ki, km, see Remark

keti—1
3.3), then span <{Mek,ek] > is the set of solutions of (3.6),(3.3).

ba1

1=

In Chapter 2 of this thesis we have used Definition 2.1 of a bifurcation point for a pair
(Ao, up), i.e., the value of the parameter and the solution. From now on, when we talk about
bifurcation points, we mean the couple of diffusion parameters in the sense of the following
definition.

Definition 3.7 (Bifurcation point).

A pair &° = [d},dJ] € R? will be called a bifurcation point of (3.4),(3.3) if in any neig-
hbourhood of [d°,0,0] € R% x W12 x W2 there exists [d, W] = [d, u,v], |W]| # O satisfying
(3.4),(3.3).

The following lemma provides us with the relation between critical points of (3.6),(3.3)
and bifurcation points of (3.4),(3.3).

Lemma 3.8 (see, e.g., Lemma A.2 of [FK19] in a special case without unilateral terms).
Every bifurcation point [dy,ds] of (3.4),(3.3) is also a critical point of (3.6),(3.3).

Combining Lemma 3.8 and Observation 3.5 yields the following consequence.

Corollary 3.9.
There are no bifurcation points of (3.4),(3.3) in the domain of stability Dg.
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3.2 | Periodic boundary conditions and reaction ki-
netics for numerical experiments

Firstly, we introduce periodic boundary conditions as we did in [Fen20]. We believe that this
type of boundary conditions can be more natural in many cases than Neumann boundary
conditions (for more details see [Fen20, Section 2.1]). While setting periodic boundary con-
ditions on the interval is quite straightforward, it can be less obvious for domains in higher
dimensions. We do not claim the following approach to be novel, rather more specific, because
this topic is not very well described in scientific papers. We suppose here that the domain €2
satisfies following properties:

for N =2:Q is conver and its boundary is composed of n pairs of edges I'" and T
with i =1,...n, which are parallel and of the same length, (3.16)
for N #2:Q is a hypercube with N pairs of parallel facets T* and T% withi=1,...N,

where N is the dimension of the domain . Let us denote p; the vector of the line connecting
the center of I'" and the center of Fip. For every point x € I'? there exists a point xp € F} such
that xp lies in the intersection of ' 3; and the line given by ﬁ and x. By periodic boundary
conditions we will mean boundary conditions of the type

u(x) =u(xp) , v(x)=0v(xp) (3.17a)
) = M) ) = () (3.17b)

for every pair of x € I'", xp € Fé;. The illustration of these conditions on two examples is in
Figure 2 in [Fen20).

Remark 3.10.
When we consider reaction-diffusion system with periodic boundary conditions (3.17), by
solution we will always mean weak solution in the space of periodic functions

HL () = {p € WH2(Q) : p(x) = p(xp)} (3.18)

The space is equipped with the same norm and inner product as W'? (see Remark 3.1).
The Laplace eigenvalue problem
—Au = Ku (3.19)

with periodic boundary conditions has similar structure of eigenvalues and eigenfunctions as
if pure Neumann boundary conditions were considered. Hence, there is the eigenvalue kg = 0
and the corresponding eigenfunction eg is constant. Other eigenvalues are positive. Let us
note that hyperbolas and their properties are the same.

Our numerical experiments from [Fen20], which we present in this chapter, are realized
using well-known Schnakenberg kinetics (see [Sch79])

f(u,v) = a —u+ u’v,

2

g(u,v) = b —uv (3.20)
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where a, b are positive reaction coefficients. The reaction-diffusion system (3.1) with this kine-
tics and either homogeneous Neumann or periodic boundary conditions has a single constant

steady state [u,v] = {a + b, ﬁ}. We will always assume that
a=02 b=2. (3.21)

One can easily verify that conditions (3.11) are satisfied in such case.

We consider the square computation domain Q = [—25,25]? and we always use a random
noise around the constant steady state [u, 7] with the range [—10*2,10*2] as the initial
condition. We say that we have found a stationary solution, when the difference of solutions
in the maximum norm in two consecutive times is smaller than 10~3. We call [z, 7] unstable if
the solution u(x) that evolved from perturbations of the constant homogeneous steady state
satisfy

max |u(x) — 1|
xet > 0.1. (3.22)
U
The value 0.1 is ten times bigger than the range of the initial perturbation, hence, we assume
that the solution has evolved enough and it suggests the instability of [u,v]. We use the
relative difference from w here, because the constant u is quite bigger that v and the stationary
solution u is in general much bigger than v. It does not seem to be the best idea to look for
some exact value of dj, where the stability changes. We will rather look for a critical interval
Irit == (dY,df) such that |d¥ — d7| < 0.01 and [@,7] is unstable for [d},ds] and stable for
[d7, da] (in the sense of (3.22)).
We built our own code in MATLAB for numerical experiments. The main idea is the

-
-
- - -

(8) (h)

Figure 3.2: Examples of typical patterns in the classical case without unilateral terms. (a)
sol. u, spots, Neumann b.c. (b) sol. u, stripes, Neumann b.c. (¢) sol. u, spots, periodic b.c.
(d) sol. w, stripes, periodic b.c. (e) sol. v, spots, Neumann b.c. (f) sol. v, stripes, Neumann
b.c. (g) sol. v, spots, periodic b.c. (h) sol. v, stripes, periodic b.c.

method of lines, i.e., we discretize the spatial variable to get a system of ordinary differential

equations, where the evolution in time can be realized by one of ode solvers implemented
in MATLAB. We use five-point finite difference scheme to approximate Laplace operator
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together with the idea of a ghost point to deal with either Neumann or periodic boundary
conditions. For the evolution in time we chose the solver odelss, which is in our experience
most suitable for this kind of problems. Also if the system contains an integral of the type

/udm,
K

with K C Q being a square, which happens in cases of unilateral integral terms in Section 3.4,
then we use trapezoidal rule to approximate this integral. This type of approximation has
the same error as five-point scheme, hence, it will not worsen the overall error of the method.

Typical patterns produced by numerical experiments on reaction-diffusion system with
Schnakenberg kinetics without any unilateral terms and coupled either with periodic or with
Neumann boundary conditions can be seen in Figure 3.2. The pattern with spots typically
appears for some [dy, d2] deep in the domain of instability, while stripe patterns are produced
for [dy, ds] close to the envelope C'g. One can see that the shape of patterns in solution u and
v are the same, there is just inverted coloring (maximums and minimums). We will always
show the solution v so that spots are always black.

3.3 | Reaction-diffusion problem with unilateral sour-
ces and sinks

In this section we present new results concerning the reaction-diffusion system supplemented
by unilateral sources and sinks in the activator equation. The unilateral source or the sink
is based on the negative part ¢~ = max{—1,0} or the positive part —¢p* = —max{1),0} of
the function 1, respectively, where v represents the variable of the activator. The unilateral
source 1~ turns on only if the value of the component ¥ drops under zero, otherwise it is
switched off. The unilateral sink —¢* behaves in the opposite way. We show that if terms
of this type are present in the activator equation of the system and certain conditions are
satisfied, then the set of points [dy,ds] € R%r, for which bifurcation from the trivial solution
can occur, is smaller than in the classical case, i.e., the problem without unilateral terms.
The main motivation for this study was the paper [Ku¢97], where was studied a system with
unilateral conditions related to the activator equation instead of unilateral terms and similar
results were achieved. The dual problem, where unilateral terms were present in the inhibitor
equation, was studied in the paper [KN18]. Firstly, we present analytical results from our
paper [FK19]. We follow with results of numerical experiments for specific reaction kinetics,
which were presented in [Fen20]. The dual problem was also studied numerically, e.g., in
[VIKR17] and [RV15]. For more information about the history of problems with unilateral
conditions or terms in reaction-diffusion systems see, e.g., [FK19],[Fen20] and references the-
rein.
Let us consider the system (3.1) supplemented by a unilateral source f— and a sink —f,

9 _ _
5 = ddut f(u,0) + Fo(xuT) = (e, u),

af; (3.23)
5= daAv + g(u,v) in Q x [0, +00)
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where f_, f+ : 2 xR — R are functions satisfying Carathéodory conditions and such that
there exist

_Ofy

s_(x) = a—g(x,g)k:o >0, s4(x):= a—g(x,f)kzo >0 fora.a. x € Q54 € Loo(9).
(3.24)
Moreover we assume that
f-(x,0) = f1(x,0) =0, (3.25)
which together with (3.2) implies that [u, 7] = [0, 0] is the constant steady state of the problem

(3.23), (3.3).

We will consider two distinctive cases based the choice of I'p in boundary conditions
(3.3), i.e., the case I'p # 0 (Dirichlet or mixed boundary conditions) and the case I'p = ()
(pure Neumann boundary conditions). The main reason is that in the former case, we can
significantly simplify our analysis, while the latter case is technically more demanding. We do
not distinguish the case of pure Dirichlet boundary conditions, because it is already included
in the case of mixed boundary conditions and it does not bring anything new. If we consider
fo= f’+ = 0, then the system (3.23) reduces to the classical system without unilateral terms
(3.1).

Now we introduce system

diAu+ by ju+ by 2v + ng(u,v) + f_ (x,u”) — f+(x, ut) =0,

(3.26)
daAv + by ju + b 2v + na2(u,v) =0,

which is the stationary problem of (3.23) with expanded functions f, g around the origin and

diAu + by qu+ by ov + s_(x)u” — s (x)ut =0,

(3.27)
doAv + 5271114 + b2721) =0,

which is the homogenized system of (3.26). These two systems are closely related to systems
(3.4) and (3.6), respectively. While in the classical case without unilateral terms we could
simply linearize the system (3.4), in this case it is not possible, because the system (3.26) is
non-smooth at the origin. Hence, we can only have the homogenized system (3.27). As far
as we know, this homogenized system does not say anything about dynamics of the nonlinear
system (3.26). However, the same relation between bifurcation points of (3.26), (3.3) and
critical points of (3.27), (3.3), which we presented in Lemma 3.8 in the classical case, holds
here too (see, e.g., [FK19, Lemma A.2]), i.e., every bifurcation point of (3.26), (3.3) is a
critical point of (3.27), (3.3).

In the next notation we define two subsets of the part R% of the plane of points [d1, da],
which are crucial for the formulation of our analytical results.

Notation 3.11.
Let us assume constants 7, R, e € R, which satisfy »r < R. We define two sets C*, CE(¢) by
CR .= {d=|[d,do] € Cp:ds € [r,R]}, (3.28)
CR) = {d=|[d,ds] € CEUDy :dy € [r,R] Adist(d,Cg) < €}. (3.29)
The following theorem is the main result of [FK19] for the case of general mixed boundary

conditions (3.3). The proof of the following theorem and technical details can be found in
Sections 4, 5 and 6 of [FK19].
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Theorem 3.12 (see also Theorem 3.1 of [FK19] in Appendix A).

(i) The domain of stability Dg contains neither critical points of (3.27),(3.3) nor bifurca-
tion points of (3.26),(3.3).

(i) Let0 <r < R. Let Cy,...,Crii—1 be all hyperbolas which have a non-empty intersection
with CE. Let any linear combination e of the eigenfunctions of (3.12) corresponding to

Kky - -y Kitl—1 Satisfy
s_e” —siet #0. (3.30)

Then there exists € > 0 such that there are neither critical points of (3.27),(3.3) nor
bifurcation points of (3.26),(3.3) in CE(¢).

Remark 3.13.

If the condition (3.30) is not satisfied for some e, then (3.27) becomes (3.6) and every point
[dy,da] € CR is a critical point of (3.27),(3.3) due to Observation 8.5 and Remark 3.6. Lel,
e.g., CF has non-empty intersection with ezactly two non-coinciding hyperbolas Cy and Cs.
Now it is possible that both eq and es satisfy the condition (3.30), hence, there are no critical
points on C1 and Cy excluding their intersection. In the same time this intersection can be a
critical point due to the fact that o linear combination of e1 and es does not have to satisfy
this condition. However, the opposite case that there would be critical points on C1 and Co,
but not in their intersection, is not possible. In the scenario in which Cv = Co all linear

combinations of e1 and ey must satisfy (3.30) so that there would not be any critical points
on Cy or Cs.

The illustration of the main result is in Figure 3.3. While Theorem 3.12 states that there
are no bifurcation points in some neighbourhood Cf(¢) under some conditions, it does not
say anything about nontrivial solutions themselves. The following corollary provide us with
nonexistence of, at least, small non-trivial solutions.

Corollary 3.14 (see also Corollary 3.1 of [FK19] in Appendix A).

(i) For any compact part M of Dg there exists 6 > 0 such that for any [d1,ds] € M there
are no non-trivial solutions of (3.26),(3.3) with 0 < ||ullgy + |[vllg1 <.

(i) Under the assumptions (ii) of Theorem 3.12, for any compact part M of Dg U CE(e)
there exists 6 > 0 such that for any [di,ds] € M there are no non-trivial solutions of
(3.26),(3.3) with 0 < HuHH}D + HUHH}J < 4.

Here follow two results in special cases of Dirichlet—Neumann and pure Neumann boundary
conditions in the case that only sources or sinks are present in the system.

Theorem 3.15 (see also Theorem 3.2 of [FK19] in Appendix A).

Let T'p # (0. Let one of the functions sy, s_ be identically zero and the other positive almost
everywhere on §) (that means only sources or sinks are present in the system). Let db be the
second coordinate of the intersection point of C1 and Cs.

(i) Anyd € Ch, in particular any d € CF with db < r < R, is a critical point of (3.27),(3.3).

(i) If 0 < r < R < db, then there exists € > 0 such that there are neither critical points of
(3.27),(3.3) nor bifurcation points of (3.26),(3.3) in CE(¢).
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Dy = CR(e)
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Figure 3.3: The illustration of the main result and C(g) neighbourhood. The case when all
eigenvalues ki are simple.

Theorem 3.16 (see also Theorem 3.3 of [FK19] in Appendix A).

Let T'p = (. Let one of the functions si,s_ be identically zero and the other positive almost
everywhere on Q (that means only sources or sinks are present in the system). Then for any
0 < r < R there exists € > 0 such that there are neither critical points of (3.27),(3.3) nor
bifurcation points of (3.26),(3.3) in CE(e).

The following theorem is a modification of Theorem 3.12 for the case of unilateral terms
in boundary conditions, namely for systems (3.6) and (3.4) with boundary conditions

u=v=0 on Ip,
ou I

5 = s_(x)u” —sy(x)u” on Ty, (3.31)
0
8771; = 0 on FN.

Theorem 3.17 (see also Theorem 3.5 of [FK19] in Appendix A).

(i) The domain of stability Ds contains neither critical points of (3.6),(3.31) nor bifurca-
tion points of (3.4),(3.31).

(17) Let0 <r < R. Let Cy,...,Crii—1 be all hyperbolas which have a non-empty intersection
with CE. Let any linear combination e of the eigenfunctions of (3.12) corresponding to
Ky -« Kitri—1 Satisfy
s_e” —siem#£0 onTly. (3.32)
Then there exists € > 0 such that there are neither critical points of (3.6),(3.31) nor
bifurcation points of (3.4),(3.31) in CE(e).
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Since we did not consider periodic boundary conditions in [FK19], the following theorem
is not included in there, but it is hinted in Remark 3.4 of [Fen20]. The proof is the same as
the proof of Theorem 3.12 in the case of pure Neumann boundary conditions.

Theorem 3.18.
Let us suppose that the domain Q satisfies (3.16).

(i) The domain of stability Dg contains neither critical points of (3.27),(3.17) nor bifur-
cation points of (3.26),(3.17).

(i) Let 0 < r < R. Let Cy,...,Cxyi—1 be all hyperbolas which have a non-empty inter-
section with CE. Let any linear combination e of the eigenfunctions of (3.19),(3.17)

corresponding to Kg,...,kg+i—1 satisfy (3.30). Then there exists € > 0 such that there
are neither critical points of (3.27),(3.17) nor bifurcation points of (3.26),(3.17) in
CE(e).

The following theorem provide us with sufficient conditions for the existence of, at least,
one critical point [dy, da] of the problem (3.27),(3.3). The opposite question, whether for suffi-
ciently strong unilateral source or sink there are no critical points of the problem (3.27),(3.3)
in the positive part R? of the plane of points [dy, d2], is an open problem.

Theorem 3.19 (see also Theorem 3.4 of [FK19] in Appendix A).
Let do > 0 be arbitrary fized. Let ko be such that [L (ﬂ +b171> ,dg} € Cg (see

Kko \ d2KKg—b2,2
b1,2b .
(3.13),(3.14) ). If max {[|s_||oc, [[S+|loc} < b1,1 + %7 then there exists at least one d;

such that [dy,ds]) € Dy U CE is a critical point of the problem (3.27),(3.3).

In our numerical experiments of this section we consider the unilateral source
xS (%) (u —T) (3.33)

added to the activator equation of the reaction-diffusion system with Schnakenberg kinetics
(3.20). The parameter 7 is real non-negative, Qg C € is a square with the center in the center

of the square  and x**s is the characteristic function of this set. The number @ = a+b is the
first component of the constant steady state {a + b, ﬁ} of the reaction-diffusion problem
with Schnakenberg reaction kinetics. We chose this simple unilateral source, because we can
expect the existence of C¥(¢) for any choice of C according to Theorem 3.16 (for 7 > 0 and
Qg = Q).

First, let us focus on the case of Neumann boundary conditions and the case Qg = (2,
hence, the source acts on the whole domain 2. We experimentally found the critical interval
1..;+ Tor several values of dy and three values of 7. A sample of these experiments for ds = 600
can be found in Table 3.1, the full table for several values of dy can be found in the appendix of
[Fen20] (see Table 7). One can see that as we increase 7, the critical interval shifts to the left.
It would be interesting to find a large enough value of 7, such that the critical interval reaches
zero, but numerical methods we used are not very reliable for d; close to zero. Hence, this
remains an open problem. The case 7 = 0 corresponds to the classical case without unilateral
sources. Of course, we could just use d; computed exactly using the definition of C'y (in the
second column). However, since everything is just approximate here, we should compare I..;
for positive 7 with I..; for 7 = 0. The patterns have usually the same shape when we use
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the unilateral source (3.33) on the whole domain € as in the classical case (meaning in the
problem without any unilateral terms).

ds dy I forT=0 I for 7=0.1 | Igpy for 7 =05 | Iy form=1
600 | 14.73 | (14.6149,14.6221) | (12.8456,12.8528) | (9.8967,9.9039) | (8.6452,8.6524)

Table 3.1: Critical intervals I..; for different values of 7 and Qg = ). The case of the
unilateral source (3.33) and Neumann boundary conditions. The value of d; in the second
column is exactly computed value of d; such that [dy,ds] € Cg.

In the next series of experiments we investigate the influence of the unilateral source
depending on the size of Qg C ). The goal is once again to find the critical interval for
different sizes of {2g. We can see in the sample in Table 3.2, that as we increase the size
of Qg, the unilateral term has bigger influence and the critical interval is closer to zero (see
Table 8 in the appendix of [Fen20] for more values of dy). This is the expected result, but
it is interesting that even for |Qg| = 302, which is quite large square, the shift is very small.
This suggests that using unilateral terms on small subset is not very effective in this sense.

do | I for |Qg| = 502 | I, for |Qs| = 402 | 1., for |Qg| = 302 | I, for |Qg| = 102

600 | (9.8967,9.9039) (12.637,12.6442) | (14.1258,14.133) | (14.6005,14.6077)

Table 3.2: Critical intervals I..; for 7 = 0.5 on square support g in the middle of 2. The
case of the unilateral source (3.33) and Neumann boundary conditions.

The shape of patterns is more interesting in the case that the unilateral source is acting
only on the part of the domain ). In Figure 3.4 we illustrate the dependence of the shape of
patterns on the size of 2g and the value of d;. One can see that for the higher value of d; or
the larger (g, the pattern is not produced.

In the case of periodic boundary conditions, the situation considering the critical interval
and the shape of patterns is very similar to the case of Neumann boundary conditions. The
shift of the critical interval I..;; for do = 600 and three values of 7 is in Table 3.3, for the
several values of da see full Table 9 in the appendix of [Fen20]. The patterns are more of less
the same as typical patterns in Figure 3.2g, 3.2h.

do Iepit for =0 Iopir for 7=0.1 | It for 7 =0.5 | Igie for =1

600 | (14.1258,14.133) | (12.6946,12.7017) | (9.7169,9.7241) | (8.6596,8.6668)

Table 3.3: Critical intervals I..;; for different values of 7 and Qg = €). The case of the
unilateral source (3.33) and periodic boundary conditions.

In the case that the unilateral source is active only on §2g, the shift of the critical interval
Ierit for do = 600 and four sizes of (g is in Table 3.4, for the several values of ds see again
full Table 10 in the appendix of [Fen20]. The shape of patterns is again in this case more
interesting than in the case that the unilateral source is active on the whole domain  (see
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Figure 3.4: The dependence of the shape of patterns on the size of (g and the diffusion
parameter di- the case of Neumann boundary conditions and fixed do = 100.

Figure 3.5).

dy | Iy for |Qg| =402 | Iy for |Qg| = 302 | I for |Qg| = 20% | I for |Qg| = 102

600 | (12.1881,12.1934) | (14.0108,14.018) | (14.1412,14.148) | (14.1345,14.1412)

Table 3.4: Critical intervals I..;; for 7 = 0.5 on square support {0g in the middle of 2. The
case of the unilateral source (3.33) and periodic boundary conditions.

The unilateral source (3.33) can be of course replaced with more complicated sources or

we could use both the source and the sink. We repeated some of experiments for the unilateral
(u—u)~

T u—a)~ and got similar results, which we do not present here.

source with saturation 7y‘%s
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Figure 3.5: The dependence of the shape of patterns on the size of Qg and the diffusion
parameter d;- the case of periodic boundary conditions and fixed dy = 100.

3.4 | Reaction-diffusion problem with unilateral sour-
ces and sinks containing an integral average

In the previous section we have considered reaction-diffusion problems with unilateral terms of
the type ¥ ~, 1T in the activator equation. The behaviour of these terms is local in the sense
that, e.g., the unilateral source ¢~ (x) switches on in a point x of Q if the value ¥ (x) drops
under zero. We propose here a different type of unilateral terms, which we call unilateral
integral terms. One simple example of such a term is

where K, M are subsets of the domain €, x is the characteristic function of the set M and
| K| denotes the Lebesgue measure of the set K. This type of a unilateral term measures the
average of 1(z) on the set K and if this average drops under the threshold value (in this
case the zero), the source switches on and is active on the set M. It seems more natural
to measure the average of concentrations in some area as this term propose, rather than
measure the concentration in every single point. For our analytical results we will always
consider K = M, but we also investigate the option K # M in our numerical experiments.
We will show that if unilateral integral sources and sinks are present in the reaction-
diffusion system and a condition similar to (3.30) is satisfied, then again the set of points
[dy,ds] € Ri, for which the bifurcation can occur, is smaller than in the classical case. We
also complete analytical results by numerical experiments, similarly as in the previous section.
All results were published in the paper [Fen20], which is motivated by our previous paper
[FK19] and the paper [KRE03], where unilateral integral terms were presented in boundary
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conditions.
We supplement the activator equation of the system (3.1) by unilateral integral terms and
get

@ - dlAu+f(u7U)

ot
n - m +
+ZXK;($)fi ((/ II?*I dKi) ) _ZXKJ*(QC) i ((/+ If?ﬂ dKj) ) . (3.39)
i— K; i =1 K; J

J

% = doAv + g(u,v) in Q x [0,400)

where f? fi : R — R are real functions such that

FL0)=f1(0)=0 foreveryi=1,...n,j=1,...,m, (3.35)
and there exist
o fi - of!
Tt = L(f)]g:o eRY, 7= L({)\5:0 eRy foralli=1,...,n,j=1,...,m.
23 23
(3.36)
Once again we can see that [u,v] = [0,0] is the constant steady state of the problem

(3.34),(3.3). We suppose that K;,K;r C Q and functions x*i () and XK-;r(:B) are cha-
racteristic functions of sets K, and K;T, respectively. We will assume that sets K, are
connected and disjoint. The same is assumed for sets K;r. Hence, there is n unilateral in-
tegral sources and m unilateral integral sinks in the system (3.34). Source terms are always
active in the area, where the integral average is measured. The same applies to sink terms.
The area where the source and the sink is active can of course overlap.

Let us define the functional T} : H}, — R{ by

TT () = </X ’X‘ﬁ’ dX)jF, (3.37)

where X is some subset of Q. It will allow us to write upcoming systems with unilateral
integral terms in more compact form.
Similarly as in the previous section we introduce stationary system of (3.34)

0=diAu+ by 1u+ b1 2v + n1(u,v) + Z Y5 (x)fi (TI;, (u)) — Z XK;F (1)fi <T;+ (u)) ,
i=1 ’ j=1 !

(3.38)
0= dgAU + b271u + b272’U + TLQ(’U,, U),
and its homogenization
0=di1Au+by1u+biov+ Z X (f)TiT[;— (u) — ZXKj+ (I)TiT;fr (w), (3.39)
i=1 ‘ j=1 ’ .

0= dgA’U + b271u + b2721].

The next theorem is the main theoretical result of [Fen20] and it has the same role in the
case of unilateral integral terms as Theorem 3.12 in the case of unilateral terms.

Theorem 3.20 (see also Theorem 3.1 of [Fen20] in Appendix B).
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(i) The domain of stability Dg contains neither critical points of (3.39),(3.3) nor bifurca-
tion points of (3.38),(3.3).

(i) Let0 <r < R. Let Cy,...,Crii—1 be all hyperbolas which have a non-empty intersection
with CE. Let any linear combination e of the eigenfunctions of (3.12) corresponding to

Ky« -y Kitl—1 Satisfy
> X (@)7 T (e) ~ > XM (m)TiT;;(e) £ 0. (3.40)
i=1 ’ j=1

Then there exists € > 0 such that there are neither critical points of (3.39),(3.3) nor
bifurcation points of (3.38),(3.3) in CE(¢).

While in the case of unilateral terms we had Theorem 3.15, which ensured existence of
CE(e) along the part of O without satisfying condition (3.30) in the special case, it is not
possible to get the same result here in the case of unilateral integral terms. We can only
show that there are critical points of (3.39),(3.3) on the hyperbola C;. Similarly, we cannot
achieve the same results as we did in Theorem 3.16 in the case of pure Neumann boundary
conditions.

Theorem 3.21 (see also Theorem 3.2 of [Fen20] in Appendix B).

Let Tp # 0. Let either 7 = 0 and 1 >0 or 7 >0 and ™ =0 foralli=1,...,n and
j=1,...,m (that means we have either sources or sinks in the system). Let dé be the second
coordinate of the intersection point of C1 and Cy. Any d € Cy, in particular any d € CE
with di < r < R, is a critical point of (3.39),(3.3).

Theorem 3.22 (see also Theorem 3.3 of [Fen20] in Appendix B).

LetTp =0 and K, = K;r =Qforalli=1,...,n and j=1,...,m. The condition (3.40)
from Theorem 3.20 can never be satisfied and any point [d1,ds] € Cg is a critical point of
(3.39),(3.3).

Let us assume that K, K;’ C I'y and let us consider boundary conditions

u=v=0 on I'p,

ou - K- i — S K} Jpt
o~ 2 X z@)r%—(u)‘?}x @)y (w) on L, (3.41)
g% = O on FN

We have considered a problem with unilateral terms in boundary conditions in the previous
section. The same can be done here in the case unilateral integral terms.

Theorem 3.23 (see also Theorem 3.4 of [Fen20] in Appendix B).
LeiﬁK;,K;-r CIly foralli=1,....nand j=1,...,m.

(i) The domain of stability Dg contains neither critical points of (3.6),(3.41) nor bifurca-
tion points of (3.4),(3.41).
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(i) Let0 <r < R. LetCy,...,Crii—1 be all hyperbolas which have a non-empty intersection
with CE. Let any linear combination e of the eigenfunctions of (3.12) corresponding to

Ky -« Kkti—1 Satisfy
n 3 ' m N ]
3K (x)TZ_T];__ (€)= > x™ (x)TiT;j_(e) 20 onTy. (3.42)
i=1 ' j=1

Then there exists € > 0 such that there are neither critical points of (3.6),(3.41) nor
bifurcation points of (3.4),(3.41) in CE(¢).

Theorem 3.24 (see also Theorem 3.5 of [Fen20] in Appendix B).
Let us suppose that the domain Q satisfies (3.16).

(i) The domain of stability Dg contains neither critical points of (3.39),(3.17) nor bifur-
cation points of (3.38),(3.17).

(i) Let 0 < r < R. Let Cy,...,Cxyi—1 be all hyperbolas which have a non-empty inter-
section with CI. Let any linear combination e of the eigenfunctions of (3.19),(3.17)

corresponding to Kg,...,Kgti—1 satisfy (3.40). Then there exists € > 0 such that there
are neither critical points of (3.39),(3.17) nor bifurcation points of (3.38),(3.17) in
CE(e).

Remark 3.25.

We could repeat here Corollary 3.1 for Theorem 3.20 and other theorems as well. Also
Theorem 3.22 holds even in the case of periodic boundary conditions (3.17) and it is also
possible to combine Neumann and periodic boundary conditions on the boundary 0S.

For our numerical experiments we consider one unilateral integral source and one sink

M (x) </K “u_('“ dK>_ — oM (x) </K “’[_ﬂ“ dK)+ (3.43)

where 7, > 0 and ©w = a+b is the first component of the constant steady state {a +0, ﬁ}

of the reaction-diffusion problem with Schnakenberg kinetics. In the analytical part of the
paper we always supposed K = M. Here, we will make some experiments even in the case
that K £ M. The convergence to the stationary solution takes much more time for unilateral
integral terms. Hence, we look for I..;; for fewer values of do. Also we found out that the shift
of I..;+ to the left is much smaller than in the case of unilateral terms, therefore we require
that |d¥ — d7| < 0.001 in the definition of the critical interval I..;; instead of the value 0.01
we used before, to be able to recognise this shift.

In the case of Neumann boundary conditions, we tested several settings of parameters 7, ¢
and sets K, M. In Tables 3.5 and 3.6 we summarize computed critical intervals I..;; for two
different values of dy. Let us mention here that Table 3.6 with columns (v) and (vi) expands
Table 3.5. One can see here that the shift of the critical interval is very small. Looking at
the case (i7) (only the source) and (ii7) (both the source and the sink), we can see that the
shift is bigger, when we use both the source and the sink, not just the source. On the other
hand taking small sets K, M does not necessarily result in smaller shift (compare (iii) and
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(7v)). This make sense, because the integral does not need to be larger if we take larger sets
K, M. The same apparently is true, when we increase values of 7 and ¢ (compare (iii) and
(v)). The last case (vi) is the case, where the sets K and M are different, which is the case
excluded in the analytic part of this section. We can observe here the shift to the right, which
is something new.

dy (1) (i) (iid) (iv)
600 | (14.6218,14.6224) | (14.6166,14.6172) | (14.6218,14.6224) | (14.6189,14.6195)
500 | (12.3099,12.3109) | (12.213,12.214) | (12.246,12.2469) | (11.9368,11.9377)

Table 3.5: Critical intervals I in different cases for two values of dy. (i)- the classical case
(no unilateral integral terms), (i7)- the case 7 = 0.8, e = 0, K = M = [—20,20]?, (i4i)- the case
7=08,e=0.7, K =M = [-20,20]?, (iv)- the case 7 = 0.8, ¢ = 0.7, K = M = [-10, 10]?.

da (4) (v) (vi)
600 | (14.6218,14.6224) | (14.6103,14.6109) | (15.5855,15.5862)
500 | (12.3099,12.3109) | (12.0921,12.0931) | (13.6883,13.6891)

Table 3.6: Critical intervals I..; in different cases for two values of ds (extension of Table
3.5). (i)- the classical case (no unilateral integral terms), (v)- the case 7 = 1.5, ¢ = 1.2,
K = M = [-20,20]? (vi)- the case 7 = 0.8, ¢ = 0.7, K = [0,20]?, M = [-20,0]? (i.e., the
case K # M).

The shape of patterns does not seem to be very influenced by unilateral integral terms.
One could say that patterns are in some cases more blurry than in the classical case, but the
difference is quite small. Also the case of periodic boundary conditions gives the same results
as the case of Neumann boundary conditions.

3.5 | Discussion of numerical results

e Adding the unilateral source (3.33) with some non-zero 7 to the activator equation of
the reaction-diffusion problem results in the shift of the critical interval I..;+ to the left
(see tables in Section 5.1 and in the appendix of [Fen20]). Hence, the set of pairs [dy, da2],
for which the perturbation of the constant steady state evolves into some heterogeneous
state and we can observe pattern formation, is smaller than in the classical case. The
bigger is the parameter 7, the bigger is the shift to the left. Increasing the size of the
set ()g, where the source works, has the same effect.

o If we have Qg = Q in (3.33), we do not observe any qualitatively different patterns from
the classical case without any unilateral terms. However, if there is Qg C €2, then we
can observe breaking of the pattern formation on Qg in some cases (see, e.g., Figure
3.4).
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e Adding the unilateral integral source and the sink (3.43) to the activator equation of the
reaction-diffusion problem has similar effect as the unilateral source (3.33). However,
this shift of 1.5 is quite small in all studied cases and increasing the size of sets K, M
and parameters 7,¢ does not give significant improvement. In some cases it is even
unrecognisable. Moreover, the computation is very slow in all these cases and results
can be unreliable for high values of 7 and . Hence, we conclude that in the effort to
decrease the size of the set of points [d;, da], for which we observe instability and pattern
formation, unilateral integral terms are not very suitable. Especially, considering very
reliable behaviour of unilateral terms of the type =, ™.

e If we consider the special case K # M in (3.43), which does not fall under theoretical
results of Section 3.4, it is possible to observe the shift of the critical interval I..;; to
the right. This behaviour is new and was not observed in any other case of unilateral
terms or unilateral integral terms in the activator equation.

e Lastly, we have observed that the problem with periodic boundary conditions gives
similar results as the problem with Neumann boundary conditions. Since we consider
periodic boundary conditions more natural for the pattern formation, it is suggested to
use them instead of Neumann boundary conditions in future experiments.
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Carathéodory conditions and such that there exist

of- of
s_(x) = afé(x,g)kzo >0, s.(x)= gg(x,g)|§:0 >0 fora.a. x € 2,51 € Loo(2). (2)
As usually, ut = max{u,0} and v~ = max{—u,0} denotes the positive and negative, respectively, part of
u. We will always assume that
£(0,0) = ¢(0,0) = f_(x,0) = f1(x,0) =0 for a.a. x € 2. (3)

Our system will be supplemented by boundary conditions

u=v=0 on I'p,

ou  Ov (4)
_— = —— = F

on  On 0 only,

where n is the unit outward-pointing normal vector of the boundary 042 and I'y, I'p are open disjoint subsets
of 002, 02 = I'p UTy.

Apparently the problem (1),(4) has always the trivial solution [0, 0]. Our system should describe a reaction
of two chemicals, e.g. morphogens, having a basic positive spatially constant steady state [@, 7], that means
we should assume in fact f(7,7) = ¢(,7) = f_(x,7) = fy(x,7) = 0 instead of (3), but as usually, we
can shift the positive steady state to zero and we obtain our system satisfying (3). Let us emphasize that
then the functions u, v do not describe concentrations of the reactants, but their differences from the basic
constant stationary state [u,].

We will consider assumptions under which the problem (1),(4) with f_ = f, = 0 exhibits diffusion driven
instability discovered in the famous Turing’s paper [11]. That means if f_ = f, = 0 then the trivial solution
[0, 0] is stable as a solution of the corresponding problem without diffusion (ODE’s obtained for d; = ds = 0),
but as a solution of the whole system it is unstable for [dy, ds] from a certain subdomain Dy of the positive
quadrant R? (domain of instability), and stable only for [dy,ds] € Dg = R2 \ Dy (domain of stability).
Spatially non-homogeneous steady states bifurcate from the basic constant equilibrium in some points of
Dy, but such a bifurcation is excluded in Dg. Let us note that spatially non-homogeneous steady states can
describe spatial patterns in some models in biology.

Our goal is to prove that if we add unilateral terms f_(x,u "), fi(x,uT), then the domain of diffusion
coefficients where spatially non-homogeneous steady states can bifurcate is smaller than Dy;. In fact we will
prove more, see below. An example of unilateral terms can be

) _ R +
Py =Gy D) =stor 5

The stationary system corresponding to (1) can be written in the form

dy Au + by 1u + by 2v + nq(u,v) + f- (x,u”) — f+(x, ut) =0,

5
daAv + by 1u + ba 2v + na(u,v) =0, (5)

where B := (b; ;); j=1,2 is the Jacobi matrix of the mappings f, g at [0,0] and the functions n;, ny are higher
order terms, i.e.
ni2(u,v) = o(|ul + |v]) as [u] + Jv| = 0. (6)

(The nonlinear part in the first equation could be written also in the form s_ (x)u™ — sy (x)u™ + 71 (x, u, v),
that means a homogenization + higher order terms dependent on x).

We will always assume that the following conditions necessary for Turing’s diffusion driven instability
mentioned above are fulfilled:

b171 > 0, b2’2 < 0, b172b2’1 < O,tT(B) < O,det(B) > 0. (7)
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The first three conditions in (7) correspond to an activator-inhibitor system (for b; o < 0,b2; > 0), or to a
substrate depletion system (for by 2 > 0,b21 < 0), see e.g. [9]. The last two conditions ensure the stability
of [0, 0] as a solution of the system without any diffusion.

We will work mainly with the homogenized system

d1Au+ by 1u + by ov + s_(x)u” — s (x)ut =0,

(8)
do Av + bg,lu -+ bgygv =0.

We will show more than what is mentioned above, namely that critical points, i.e. couples [dy, d2] for which
the homogenized problem (8), (4) has a non-trivial solution, can exist only in a smaller domain than in
the classical case §5_ = 5, = 0. Since any bifurcation point is simultaneously a critical point, the main
goal mentioned above will follow. A similar result was proved in [5] for the case of unilateral sources
on the boundary described by quasi-variational inequalities, but we consider the description of unilateral
sources and sinks by the terms f_(x,u”~), fi(x,ut) more natural. We will briefly discuss also problems
with unilateral terms of the type s_(z)u~, si(z)u™ on the boundary.

Main ideas are similar to those from [5]. Considering a weak formulation, we will write our problem
as a system of operator equations in Sobolev space and we will consider an arbitrary fixed dy. Expressing
the variable v from the second equation and substituting it to the first equation, we reduce the originally
non-symmetric problem to a single equation with a positively homogeneous operator having a potential.
A variational characterization of its largest eigenvalue enables us to compare the largest eigenvalue corre-
sponding to the problem with and without unilateral terms, which is simultaneously the largest d; for which
[d1, ds] is a critical point of the original system with and without unilateral terms.

Let us note that if unilateral sources of the second variable v (inhibitor) are supplemented in the second
equation then bifurcation of spatial patterns occurs even in the domain Dg, where it is excluded for the
classical case without unilateral sources. See e.g. [7] and references therein for the case of sources described
by variational inequalities, [4] for unilateral sources described by multivalued maps and [3,6] for the case of
unilateral terms similar to the current paper. These results motivated numerical experiments [12] showing
that for a concrete model also spatial patterns arise from small initial perturbations for diffusion parameters
from Dg, where it is not the case without unilateral sources. The sense of these results is positive because
one of the problems of Turing’s theory is that the set of diffusion parameters for which diffusion-driven
instability occurs is too small, so unilateral sources for v improve this situation. The result of the current
paper is opposite, unilateral sources for © make larger the set of diffusion parameters for which bifurcation
of spatial patterns is excluded, i.e. for which no small spatial patterns can exist. We believe that, at least
in some cases, it is a signal that the same is true for the set of parameters for which spatial patterns evolve
from small perturbations of the basic spatially constant steady state. It agrees with numerical experiments
which will be published in a forthcoming paper. This seems to be a negative result, but perhaps there are
situations when it would be valuable to understand how to prevent evolution of spatial patterns. For instance,
patterns play a role in models of tumors, see e.g. [1] and references therein. In spite of that the paper [1] has
completely different goals, it can be perhaps motivating from the point of view mentioned, in particular its
Section 5.

We present the basic general assumptions and definitions in Section 2. Main results of this paper are
formulated and discussed in Section 3. In Section 4 we formulate our problem as a system of operator
equations in Sobolev space and we describe properties of the corresponding operators. Section 5 concerns
a reduction of our system to a single equation with a positively homogeneous operator and a variational
characterization of its largest eigenvalue. A comparison of largest eigenvalues and consequently also critical
points with and without unilateral terms by using this variational characterization is given. The proofs of
the main results are done in Section 6.
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2. Basic assumptions and definitions

We will always suppose that there exists ¢ € R such that

Inj(x,&)| <e(l+ |+ 1€)97Y) forall x, £ €R,j=1,2, 9)
1f(x,6)] <e(1+¢]*") forall £ € Rand a.a. x € 02, (10)
with some ¢ > 2if N =2o0r2 < g < —_ if N > 2. In the dimension N = 1 no growth assumptions are

necessary.
Besides systems (5) and (8) we will discuss systems

dlAu + bl,lu + bLQ'U = 0,

(1)
dQA’U + bg’lu + bQ’Q'U =0
and
dy Au+ by 1u + by 2v + nq(u,v) =0, 12)
doAv + by 1u + ba 2v + na(u,v) = 0.
By solutions we will always mean weak solutions in the space
HH(2):={pc W'2(2): ¢ =0on I'p in the sense of traces}. (13)

If I'p = 0, then the space H}, is actually the whole Sobolev space W2 equipped with the standard inner
product

(Phmy = (0w = | (TuTptup) do (14
1
and the Sobolev norm |july1,2 = ([, (Vu)? +u? d2)2. If I'p # 0, then we will use the inner product

(u, @) 1 :/ VuVy df? (15)
b Q

1
and the norm ||UHH}) = ([,(Vu)? d2)? equivalent to the classical Sobolev norm.

Definition 2.1 (Critical Point). A parameter d = [dy,d»] € R3 will be called a critical point of (11),(4) or
(8),(4) if there exists a non-trivial (weak) solution of (11),(4) or (8),(4), respectively.

Definition 2.2 (Bifurcation Point). A parameter d° = [df,d3] € R2 will be called a bifurcation point of
(12),(4) or (5),(4) if in any neighborhood of [d°, 0,0] € R% x H}, x H}, there exists [d, W] = [d,u,v], |[W| # 0
satisfying (12),(4) or (5),(4), respectively.

Remark 2.1. Let us consider the problem

—Au = Ku,
u =0 on FD, (16)
0
a—z =0on I'y.
The eigenvalues of (16) form a non-negative non-decreasing sequence x; with j = 1,2,... (for I'p # 0) or

j=0,1,2,... (for I'p = ). The first eigenvalue is always simple. In the case I'p # (), the eigenfunction e;
corresponding to the first eigenvalue k1 does not change the sign on the domain (2. In the case I'p = (), the
eigenfunction ey corresponding to the first eigenvalue k9 = 0 is constant. Other eigenfunctions change the
sign in both cases. We can choose an orthonormal basis e; in H},, j =1,2,... (for I'p #0) or j =0,1,2,...
(for I'p = () composed of the eigenfunctions of (16).
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d> G -
Ce
| stable

dy

Fig. 1. Illustration of the hyperbolas C; and the envelope Cg. The case when all eigenvalues k; are simple.

Let us remind that the conditions (7) are always considered. The sets

1 b1 .9b

Cj=1di,do] ERY : dy = — 220 i), i=1,2,... (17)
1 d2l€j — b272 ’

are hyperbolas (or more specifically their parts) in the positive quadrant Ri. Let us note that we present

hyperbolas in the different form than usually, namely with respect to d;i. It is of course equivalent to the

standard form derived from the relation

j — , — , — , 7:
(kjdi —b11)(kjde — ba2) — b1 2ba1 =0

(see e.g. [9]). If I'p = 0, for j = 0 the last equality is never satisfied, because det(B) is positive by (7). The
envelope

Cp:=1{d=][d,ds] €R%: dy = max Hdy,do) € | € (18)
d1€R+ j=1

divides the positive quadrant Ri onto two sets Dy and Dg (see Fig. 1).

Remark 2.2. If all eigenvalues of (16) are simple, i.e. k; < kj;y1 for all j € N, then C; # Cjyq
for all j > 0. If an eigenvalue x; has a multiplicity k, then ;1 < Kk; = -+ = Kjpp—1 < Kjyr and
Cj,1 75 Cj = =0j4k-1 7'é Cj+k. The sets

Dy == {d = [di,ds] € R% : d is on the left of C},
Dg = {d = [d1,d2]) € R : d is on the right of C}

are called the domain of instability and the domain of stability. It is known that if [dy,ds] € Dg, then
all eigenvalues A of the problem deciding about stability of the trivial solution of the evolution system
corresponding to (12),(4) have negative real parts and if [d1,ds] € Dy, then there is an eigenvalue A with
positive real part (for a particular case see [8,10] and for a general case [2]). In particular, the trivial solution
of (12),(4) is linearly stable for [d;, ds] € Dg and unstable for [di, ds] € Dy .

Remark 2.3. The following properties of the curves C; are known, see e.g. [8,10] for a particular case,
or [2] for the general case.
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e A point d = [di,ds] is a critical point of (11),(4) if and only if there exists j such that d € C;. In
particular, the domain of stability Dg does not contain any critical point of (11),(4) or bifurcation point
of (12),(4). Under some additional assumptions, e.g. if the eigenvalue &; is simple or of odd multiplicity,
the points on C; are simultaneously bifurcation points (see e.g. [10]).

elfd € C, forn = j,...,5 + k — 1 (either k£ is the multiplicity of the eigenvalue x; or d is in the
intersection of two hyperbolas C;, C,, and k is the sum of multiplicities of £;, Ky, , see Remark 2.2), then

- Jjt+k—1
span <[Wej, ej] ) is the set of the solutions of (11),(4).

b2 1 n=j
3. Main results

Let us recall that the assumptions (9),(10) are automatically supposed. Besides the notions introduced

in Section 2 we will use the following symbols.

Notation 3.1. Let r,R,e € Ry and r < R. We define
Cﬁ = {d: [dl,dg] c€Cgr:dy € [T, R]},
CF(&‘) = {d = [dl,dg] eCgUDy :dy € [T, R] /\dist(d, CE) < 8}.

The following theorem is the main result of this paper.

Theorem 3.1.

(i) The domain of stability Dg contains neither critical points of (8),(4) nor bifurcation points of (5),(4).
(it) Let 0 < r < R. Let Cj,...,Cjix—1 be all hyperbolas which have a non-empty intersection with CE. Let
any linear combination e of the eigenfunctions of (16) corresponding to Kj,...,Kj1x—1 satisfy

s_e” —s et £0. (19)

Then there exists € > 0 such that there are neither critical points of (8),(4) nor bifurcation points of

(5),(4) in CF(e).

We emphasize that if the condition (19) is not satisfied for some linear combination e mentioned, then
there are critical points of (8), (4) directly on C due to Remark 2.3. Let us note that if all hyperbolas
Cj,...,Cjqyr—1 do not coincide, i.e. it is not x; = K41 = -+ = Kjyr—1, then the eigenfunctions
€j,...,€j4+k—1 do not correspond to the same eigenvalue and their linear combination need not be an

eigenfunction. We discuss possible situations in the following two examples:

e First let us assume that CF has a non-empty intersection with exactly two non-coinciding hyperbolas
Ck and Ciy1. If both e = e} and e = ey satisfy (19), then there are no critical points of (8),(4) on
CE\ (C, N Chy1). However, it can happen that there is a linear combination e of ey, exy1 such that
s_e” —s,et =0, and in this case the intersection point Cy N Cj 1 is a critical point of (8), (4) (see
also Remark 2.3).

e In another scenario we take C® which consists of a part of two coinciding hyperbolas Cx = Cpi1,
ie. kK = Kgy1. In this case the assumption of Theorem 3.1 (ii) means that every eigenfunction
corresponding to ki = ki1 must satisfy (19). Otherwise the critical points of (8), (4) are on the whole

Cy, in particular on CE (see Remark 2.3).

The result is illustrated on Fig. 2.



M. Fencl and M. Kuéera / Nonlinear Analysis 187 (2019) 71-92 7

d2 Cl =
Ce
R e ¢ e e b e ¢ — — — — — — —
Ds
B - - i e e -
stable
1
’ dh
Fig. 2. Illustration of the result of Theorem 3.1. The critical points are no longer in the region between Cpg (red curve) and blue

curve. Assuming the case when all eigenvalues k; are simple, i.e. C; # C} for all k # j, and any linear combination of eigenfunctions
e1, ey corresponding to ki, ko satisfy (19). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Corollary 3.1.

(i) For any compact part M of Dg there exists § > 0 such that for any [dy,ds] € M there are no non-trivial
solutions of (5),(4) with 0 < ||u||H}J + Hv||H}J < 0.

(ii) Under the assumption from Theorem 3.1 (i), for any compact part M of Dg U CE(g) there exists § > 0
such that for any [dy,ds] € M there are no non-trivial solutions of (5),(4) with 0 < HUHHlD + HUHH%) < 9.

Proof. Indeed, it is easy to see that if this were not true, then a bifurcation point of (5),(4) would exist in
M, which would contradict Theorem 3.1. [

There are two important particular cases for I'p # () and I'p = 0

Theorem 3.2. Let I'p # 0. Let one of the functions sy, s_ be identically zero and the other positive a.e.

on (2. Let d} be the second coordinate of the intersection point of Cy and Cs.

(i) Any d € Cy, in particular any d € CF with d} < r < R, is a critical point of (8),(4).
(ii) If 0 < 7 < R < db, then there exists ¢ > 0 such that there are neither critical points of (8),(4) nor
bifurcation points of (5),(4) in CE(e).

Theorem 3.3. Let I'p = (). Let one of the functions s, ,s_ be identically zero and the other positive a.e.
on 2. Then for any 0 < r < R there exists € > 0 such that there are neither critical points of (8),(4) nor
bifurcation points of (5),(4) in CE(e).

Remark 3.1. The size of ¢ in Theorem 3.1-3.3 depends on 7 and R. Actually ¢ — 0 as R — d} or r — 0 in
Theorem 3.2 and € — 0 as r — 0 in Theorem 3.3. The following theorem states that if the source and sink
are in some sense small enough, then there exists at least one critical point [d1,ds] € Dy U Cgr with a given
da. A question if sometimes (for a strong source or sink) no critical point with a given dy exists remains an

open problem. Cf. Remark 5.5 in Section 5.
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Theorem 3.4. Let dy > 0 be arbitrary fized. Let jo be such that [# (% + bl,l) ,dg} € Cg (see
0 0 ’
(17) and (18)). If max {||s_|lcc, [[S+/lcc} < D11 + %, then there exists at least one dy such that

[d1,ds] € Dy UCE is a critical point of the problem (8),(4).

The last theorem of this section is a modification of Theorem 3.1 for the case of unilateral terms in
boundary conditions, namely for systems (11) and (12) with boundary conditions

u=v=0 on I[p,

ou _

B s_(x)u” — sy (x)ut on I, (20)
ov
% == 0 on FN

Let us note that we consider only positively homogeneous boundary conditions because introducing more
general boundary terms as f+ in the case of sources and sinks in the interior of the domain would mean
additional technical complications.

Theorem 3.5.
(i) The domain of stability Dg contains neither critical points of (11),(20) nor bifurcation points of
(12),(20).
(i) Let 0 < r < R. Let Cj,...,Cjir—1 be all hyperbolas which have a non-empty intersection with CE. Let
any linear combination e of the eigenfunctions of (16) corresponding to K;, ..., Kj1x—1 satisfy

s_e” —siet£0 ony. (21)

Then there exists € > 0 such that there are neither critical points of (11),(20) nor bifurcation points of
(12),(20) in CE(¢).

Analogous consequence as in Corollary 3.1 can be formulated for Theorems 3.2, 3.3 and 3.5.

4. Abstract formulation
We define the operator A : H} +— H}, as

(Au, @) = / up d2 for all u, € HH (). (22)
Q

Remark 4.1. The operator A defined by (22) is linear, bounded, symmetric and compact due to compact
embedding W'? << L2 Simple calculation gives that the eigenvalues of the operator A are p; = %, j=
1,2,... for I'p # 0 and p; = ﬁ,j = 0,1,2,... for I'n = (), and the corresponding eigenvectorsj of A
coincide with the eigenfunctions e; of (16). In particular, the maximal eigenvalue of A is always one and
therefore (Au,u) < Hu”iﬂ , where the equality holds only for all multiples u of ey or eq if I'p # 0 or I'p =0,
respectively, see also Remark 2.1. Hence, ((I — A)u,u) > 0 for all u ¢ span{e;} in the case I'p # () and for
all u ¢ span{eg} in the case I'p = 0.

We define two non-linear operators Ny, Ny : Hi, x Hi, — H} as

(N;i(u,v),¢) = / ni(u,v)p d2  for all u,v,p € Hp, i=1,2. (23)
Q

These two operators are well-defined and continuous due to the theorem about Nemytskii operators and the
assumptions (9).
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Remark 4.2. 1t is known that under the assumptions (6) and (9) we have

N,
lim dwv) oo (24)
lull g+l 1 =0 lfull gy + 10l
For details see e.g. Appendix A.1 of [5].
Furthermore we define operators 8=, 37 : H} — H}, by
(BT (u), ) = :F/ szuTp d2  for all u,p € Hj, (25)
Q
and 8 : H} — H}, as

Bi=B 44 (26)

Due to the theorem about Nemytskii operators and (10) we can also define operators F_, Fy : H L HY},
by

(Fx(w).0) =7 [ FelxuT)pa forall up € H) (27)
2

and F: HE — H} as
F=F, +F_. (28)

Lemma 4.1. The operator j3 is positively homogeneous (i.e. B(tu) = tB(u) for allt > 0,u € H},) and

(i) 3eeR: Bl < clls—lloollu gy + cllsilloollutll gy Vu € Hp, (29)
(i) (B(u),u) >0 Yue€ Hb, (31)
: un F(un)

Proof. The positive homogeneity is apparent.

(i) Using the continuous embedding H}, < L? and Hélder’s inequality we get

/s+u+g0d(2—/ s_u_god()'g
Q Q

<lsilloe  sup {llutllzz - lellze} + sl sup {Ju”llp2 - lloll2} <
||<PHH]13§1 ||<PHHlDS1

1)l = sup_|(B(u),¢)| =  sup
Ilely <1 el <1

<cllsiloe  sup {llwtlly - Iela §+els—loe sup {lullay Il | <
||%0||Hb§1 H<P||H1D§1

< el llollut s, + el lloo ™1
(ii) Let us have a sequence (u,,) C H7, such that u,, — u € H},. Then by the compact embedding W12 <

L?, we get u,, — u in L2. It is easy to see that |u, —u~| < |u, — u| holds almost everywhere on (2.
Hence,

18 un) = 5~y = swp_ (5 (wn) = 5~ (uo) < swp [ g = ol d2 <

lellgry <1 el <1

< Cllup —ul|p2 — 0.
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The same can be shown for ST and the assertion follows.
(iii) Let u € H} be arbitrary and (2, £2_ subsets of the domain 2 such that 2 = 2, UQ_, u > 0 a.e. on
24 and u < 0 a.e. on 2_. Hence

(B(u),u):/ syutu dQ—/ S_u"u dQ:/ s+u2dﬁ++/ s_u?df_
Q 7 Q4 o

and our assertion follows.
(iv) Now we will define a new auxiliary operator F' : H}, — H3 by

(F(u),p) =— /Q(f_(x,u) —s_u)p d?2 forall u,p € H},.

‘We have

lim 0 foraa.xe{?

£—0

f_(X,f) - 5—5 _
3

by assumption (2). The growth conditions (10) and Proposition 3.2 of [4] give

F
lim (1)
w5 Tl

(33)

If u,, — 0, then u,; — 0 (see [13]) and using (33) we get

o E ) =B )l F )y IF @)y
lim = lim ——=< lim ———= =
w2 T Tl N T P
Un, N\
If Uy, — 0, W w then
F_
M — 57(w)
Tunlly

due to positive homogeneity of 5~ and (30).
The same can be shown for F; and 8T and the assertion is proved. [

In order to give an operator formulation of the problem (11) or (12) with unilateral sources and sinks on
the boundary (20), we define operators B?\E, : H}, — H}, as

(B (w), ) = :F/ szuTo dl'y  for all u,p € H, (34)
I'n

and By : Hi, — H} as
By = B + By- (35)

Remark 4.3. The operator Sy possess the same properties as the operator /3 (see Lemma 4.1).

Let us emphasize that for cases I'p = () and I'p # () we have two different inner products and therefore
operators defined above are in these two cases also different. In the case I'p # () we consider the function
space H}, equipped with the inner product (u,¢) = [, VuVep df2. A weak solution of the problem (8),(4)
or (5),(4) is then a pair of functions u,v € Hj}, satisfying

dlu — blleu — b172AU + ﬂ(u) == 0,

(36)
dQU — b271Au - b272A2} =0
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or ~
diu — bLlAU — bl,QA’U — Nl(u,v) + F(’LL) =0,

(37)
d2’U — b2,1AU — bQ’QAU — NQ(U, U) = 0,

respectively.
If I'p = 0, the function space H}, is identical with W2 and is equipped with the inner product

(u,9) = [, (VuVp +up) df2. A weak solution of (8),(4) or (5),(4) is then a pair of functions u,v € W2

satisfying
d1 (I — A)U — bl,lA’LL - blygAU + B(u) == 0,

(38)
dQ(I — A)’U - b271Au - b272AU == 0
or ~
d1 (I — A)u — b171Au — bl’QA'U — Nl(u, ’U) + F(U) = 0, (39)
dg([ — A)U — bg’lAu — bngAU — NQ(U, U) = 0,
respectively.

For the problem (11),(20) or (12),(20) we will get analogous systems, we just replace operators 3 and F

5. Critical points for fixed d;

In this section we will assume that da > 0 is fixed and we will use the notation from Sections 2 and
4. As usually, by an eigenvalue of a positively homogeneous operator P we mean a number A such that
the equation P(u) = Au has a non-trivial solution. More generally, by an eigenvalue of a problem with a
positively homogeneous operator we mean a parameter for which the problem under consideration has a
non-trivial solution.

5.1. Reduction to one operator equation for the case I'p # ()

Let us suppose I'p # (). Since the operator A is positive by Remark 4.1 and bg 2 < 0 by the assumption

(7), the number ;;—22 is not its eigenvalue. Therefore the operator daI — by 2 A is invertible and surjective.

Hence, we can expfess v from the second equation in (36), substitute it into the first one and get
diu — by 1 Au — by 9 A(da — by 2 A) " the 1 Au+ B(u) = 0.
Introducing the operator Sg, : H}, — H}, as
Say = b11A + b1 2 A(dol — ba o A) by 1 A, (40)
we can write the system (36) as

diu — Sg,u + p(u) =0, (41a)
v = (dg[ — b272A)_1b271Au. (41b)

In particular, the system of the operator equations

diu — Sg,u =0, (42a)

V= (dg[ — b272A)71b2,1AU (42b)
is equivalent with the system

dlu — bLlAU — bl’QA'U = 0,

(43)
dQU — b271AU — b2’2A’U =0.
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Remark 5.1. The operator Sg, : H, — H}, defined by (40) is linear, bounded, symmetric and compact.
It follows from simple calculations and Remark 4.1 that the eigenvalues of the operator Sy, are

; 1 b1,2b2.1 )
P =—|—" 4p =12 ... 44
1 I{j <d2/‘€j — b272 + l,l) s J ) &y ( )

and since x; — 0o as j — 00, we get d{ — 0 as j — oo. The eigenvectors of Sy, corresponding to d{ coincide
with those of the operator A corresponding to 1}, i.e. with the eigenfunctions of (16) corresponding to &;.

5.2. Reduction to one operator equation for the case I'p = ()

Let us consider the case I'p = (). It follows from Remark 4.1 that the number ds is not an eigenvalue

of the operator dyA + by 2A. Indeed, we have dy # dif_?f, because dakj # bao (b2 is negative by (7)).

Hence, the operator dof — da A — by 2 A (in (38)) is surjective and invertible. Similarly as in Section 5.1 we

can transform the system (38) to the system

di(I — A)yu — Sg,u+ B(u) =0, (45a)
vV = (ng — d2A - bg,gA)_lelAu, (45b)

with the new operator
Sd2 = b171A + bl’QA(dQI - dgA - b272A)_1b271A. (46)

In particular, the system of the operator equations

di(I — Au— Sg,u=0, (47a)

vV = (d2I — d2A - bQ’QA)_1b271AU (47b)
is equivalent with the system

dl(I — A)u - bl’lAU - bl,gAU = 0,

(48)
dg([ — A)’U - bg’lAU - bg,gAU =0.

Remark 5.2. The operator Sy, defined by (46) is linear, continuous, symmetric and compact. Simple
calculations and Remark 4.1 imply that the eigenvalues of the operator Sy, are

; 1 b1,2b2 1 .
pr - 272, bii),ji=0,1,2,... 49
rj 41 (dzf”vj “ban 1’1> ’ ()

and the eigenvectors of Sy, corresponding to A’ coincide with those of A corresponding to pj, i.e. with the

eigenfunctions of (16) corresponding to x;. However, the eigenvalues d{ of the problem (47a) are the same
as those of the operator Sy, defined by (40) in the case I'p # 0, i.e. they are given by (44). (There is no
eigenvalue with j = 0.)

5.8. Mazximal eigenvalues and critical points
Notation 5.1. We will denote by d}4X the maximal eigenvalue of the operator Saq, or of the problem
(47a) in the case I'p # 0 or I'p = (), respectively. We will also denote by dzl\/[AX’ﬁ the maximal eigenvalue of

the operator Sy, — 3 or of the problem (45a) in the case I'p # 0 or I'p = ), respectively, if it exists.

Observation 5.1. We can see from the form (44) of the eigenvalues d{ (see Remarks 5.1 and 5.2) and from
(17), that a point [dy,ds] lies on a hyperbola C; for some j € N if and only if di is an eigenvalue of Sq, in the



M. Fencl and M. Kuéera / Nonlinear Analysis 187 (2019) 71-92 83

case I'p # () or an eigenvalue of (47a) in the case I'p = 0. For the mazximal eigenvalue dMAX of Sa, in the
case I'p # () and of (47a) in the case I'p = () we have [d}14X ds] € Cg. It follows from (44) and Remark 5.2
that the operator Sq, in the case I'p # O and the problem (47a) in the case I'n = () have infinitely many
positive eigenvalues and maximally finite number of negative eigenvalues. See also Fig. 1.

Lemma 5.1. If I'p # 0, then a point [dy,ds] € R% is a critical point of the system (11),(4) or (8),(4) if
and only if dy is an eigenvalue of the operator Sq, or Sq, — [3, respectively.

If I'p = 0, then a point [dy,ds] € RZ is a critical point of the system (11),(4) or (8),(4) if and only if d;
is an eigenvalue of the problem (47a) or (45a), respectively.

Proof. Let I'p # 0. A point [dy,ds] € R? is a critical point of the system (11),(4) or (8),(4) if and only if
there exists a non-trivial solution [u,v] of (43) or (36), respectively. This is true if and only if there exists
a non-trivial solution u € H}, of (42a) or (41a), i.e. dy is an eigenvalue of the operator Sy, or Sq, — f3,
respectively (see Section 5.1). The proof for the case I'p = () is analogous, we only use (48), (38), (45a) and
(47a) and the result of Section 5.2. [

We will use a variational characterization of the largest eigenvalue of an eigenvalue problem with a
positively homogeneous operator to a study of critical points of the problem (8),(4). The following abstract
theorem is a slight modification of the result proved for the particular case L = 0 in [6] and for the general
case in a forthcoming paper of J. Navratil. Let us remind that Ker(I — L) is the kernel of the operator I — L.

Theorem 5.1. Let H be a Hilbert space, P : H — H a positively homogeneous, continuous operator such
that
U, =~ u = P(u,) — P(u)

and L : H — H a linear, continuous, symmetric and compact operator. In the case L £ 0 we suppose that
the mazimal eigenvalue of L is in the interval (0,1]. Let there exist ug € H,ug ¢ Ker(I — L) such that

(P(u), u) (P(uo), uo)

Ao = max - -0 50
’ uQKueig—L) ((I o L)’LL, U) ((I - L)“Oa ’LL[]) ( )
and .
lim = (P(uo + th) = P(uo), uo) = (P(uo),h) Vh € H. (51)
2

Then Ao is the mazimal eigenvalue of the problem
AMI —Lyu—P(u) =0 (52)

and ug s a corresponding eigenvector. If uy ¢ Ker(I — L) is an arbitrary eigenvector of (52) corresponding
to Ao then it satisfies (50) with ug replaced by uy .

Let us note that the problem (52) has an eigenvector in Ker(I — L) only if there is u € Ker(I — L) such
that P(u) = 0. In this case any A is an eigenvalue.

Proof. We will assume that L # 0, the case L = 0 is simpler. Let us denote by u4X the maximal
eigenvalue of L. Since uM4X € (0,1], we have max wzo (Lu,u) = pMAX < 1. If A% < 1) then

ull 1 =1

(Lu,u) < 1 and therefore ((I — L)u,u) > 0 for all u. If ,LLL]%AX =1, then max w20 (Lu,u) =1, but the
lull ;1 =1

maximum is attained only in the elements of Ker(I — A). Hence, (({ — L)u,u) > 0 for all u ¢ Ker(I — L)

and the expression in (50) makes sense.
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Let ug ¢ Ker(I — L) be arbitrary such that (50) and (51) are fulfilled, and let h € H}, be arbitrary fixed.
Then for ¢ € R small such that (ug + th) ¢ Ker(I — L) we have

(P(uo), uo)
((I — L)ug, UO)

(P(UQ + th), ug + th)
((I — L)(’LL() + th), () + th)

IA

= )\0.

We can rewrite this inequality as

(P (uo),uo)

(P(uo +th), uo) +1(Pluo + th). h) < (=75 =

(I = L)uo,uo) + 2t((I — L)ug, h)

+t*((I — L)k, h)]
and eventually as
(P(ug + th),uo) — (P(uo), uo) + t(P(ug + th), h) < Ao [2¢((I — L)ug, k) + t*((I — L)k, h)] .

We divide it by 2t and get

2% [(P(ug + th),ug) — (P(uo), uo)] + %(P(uo +th),h) < Xo [((I — L)ug, h) + %((I — L)h,h)} , t>0,

% [(P(ug + th),ug) — (P(uo), uo)] + %(P(uo +th),h) > Xo [((I — L)ug, h) + %((I - L)h,h)} , t<0.

Let ¢ — 0. We use the condition (51) and continuity of P to get

(P(ug),h) < Xo((I — L)ug, h),
(P(ug),h) > Xo((I — L)ug, h).

Since h was arbitrary, we have
(P(ug),h) = X\o((I — L)ug,h) for all h € H},,
that means
P(Uo) = )\0([ — L)’LLO

Hence, the number )\ is an eigenvalue of the problem (52) and wug is a corresponding eigenvector.
Let A; be another eigenvalue of the problem (52) and let uy ¢ Ker(I — L) be a corresponding eigenvector.
Then we have

P(ul) = )\1([ — L)Ul
and if we multiply it by u; and divide by ((I — L)uy,uq), we get

(P(ur),wr) _  (P(uo),uo)
((I = Lyur,ur) = (( = L)uo, uo)

Hence, Ag is the maximal eigenvalue. If \; = A\g, then we have equality in the last estimate, that means u;

A = = Xo.

is a maximizer of the expression (50). That means an arbitrary eigenvector corresponding to Ag not lying in
Ker(I — L) satisfies (50) with ug replaced by uy. O

If the condition (51) is fulfilled for any wug, then it actually means that P has a potential & = 1(Pu,u).

Remark 5.3. In the particular case L =0, Ao := maxuen %Y {5 the maximal eigenvalue of P.

uF#o Hu”%{
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Theorem 5.2. Let I'p # () and let Sq, be the operator from (40). If there exists a function ¢ € Hj, such

that
(Say 05 0) = (B(), ) > 0, (53)
then the mazimal eigenvalue of the operator Sq, — [3 is
S. _
dMANF = max (Say, 1) 2 Blhw) _ ax (Sayu, ) — (B(u),u) > 0. (54)
1 1
uGHD ”uHHl uEHD
uo b Il =1

Mazimizers of the expression in (54) are exactly all eigenvectors of Sq, — 3 corresponding to di\/[AX’B.

Proof. Let us prove that the maximum in (54) exists. Let

M= sup (Sgu,u)— (B(u),u).
uEHlD
Il gy =1
The existence of ¢ satisfying (53) implies M > 0. We can choose a sequence (u,,) C H}, with ||u,]| HL = 1
such that

nli_)rgo(SthLn,un) — (B(up),un) = M. (55)

We can assume u,, — ug € H},. Since Sg, is linear and compact and 8 satisfies (30), we get
(Sdptn; Un) — (B(Un), un) — (Sayuo, uo) — (B(uo), uo) = M. (56)
Now we will show that |ugll;1 = 1. We know that Hu0||H113 < 1.If0 < HUOHHlD < 1, then

D
) up _ ) ug _ frs :
(Sd2 HuoHH}D , ||“0||H]13> (ﬁ (“0|H1D) , ||“0”H113> | > M due to positive homogeneity of 5 (see

Lemma 4.1), which contradicts the fact that M is supremum. If uy = 0, then M = 0, which is not the case.

M
2
U
0||H1

Therefore the last maximum in (54) exists and it is attained at ug with [Juo]| HL = 1. The equality between
two maxima in (54) follows from the positive homogeneity of £.

It is known that P = [ and therefore also P = Sy, — (3 satisfies (51) for any wuy (see Lemma A.3 in
Appendix). The operator P = Sg, — (3 satisfies also the other assumptions of Theorem 5.1 (see Remark 5.1
and Lemma 4.1). Hence, the assertions of Theorem 5.2 follow from Theorem 5.1, where we choose L = 0,
that means we have Ker(I — L) ={0}. O

Remark 5.4. Let us consider the case I'p = (). The definition of the inner product and of the operator A
(Section 4) give (I — A)u, @) = [,(Vu, Vi) df2 for all u, . It follows that (I — A)u = 0 is equivalent to
(I — A)u,u) = 0, and this holds if and only if u is a constant function. In other words, Ker(I — A) =
span{eg}, eg being the eigenfunction of (16) corresponding to kg. Due to Remark 5.2, any non-trivial
ug € Ker(I — A) is simultaneously an eigenvector of Sy, from (46) corresponding to \°. Hence, by using (7)

we get
b1,2b21 ,  —det(B)
— == [luollyy1,2 = -
b b2 2

)

HUOH%‘,M <0. (57)

(Sayuo,up) = (ANug, up) = <b1,1 +

)

Theorem 5.3. Let I'n = () and let Sq, be the operator from (46). If there exists a function ¢ € W12
satisfying (53), then the maximal eigenvalue of the problem (45a) is

MAX,B (Sdgw u) — (B(u),u)
dy = max, (T = Auu) > 0. (58)
u¢gKer(I—A)

Mazimizers of the expression in (58) are exactly all eigenvectors of the problem (45a) corresponding to

MAX,B
dMAXS
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Proof. Let us denote

M = sup (SdQua ’LL) — (B(u)a U) )
wewl2 (I — A)u,u)
u¢gKer(I—A)
Since ((I — A)u,u) = [, (Vu)? df2 > 0 for every u and we assume that there exists a function ¢ satisfying
(53), we have M > 0.
We can choose a sequence u,, ¢ Ker(I — A) with ||u,|/y1,2 = 1 such that

lim (Sdgunaun) - (ﬂ(un)aun)

n—00 (I — A, uy) =M

We can assume that u,, — ug. If ug = 0, then we have
(I — Aup,uy) =1 — (Aup,uy) = 1 — (Aug,ug) =1
due to the compactness of A, and

(Saytin, un) = (B(un), un) = (Sayuo, uo) = (B(uo), uo) = 0

by the compactness of Sy, and (30). This means that M = 0, which contradicts the positivity of M.

Further, let us show that ug ¢ Ker(I — A) \ {0}, i.e. ug is not a constant function. Let ug be a non-zero
constant function. Then (Sg,uo,up) < 0 by Remark 5.4. Since we have —(3(u),u) < 0 for every u by (31),
we get (Sq,u0,ug) — (B(uo),up) < 0 and consequently

lim (Sdgunvun) - (5(“71)7“’71)
n=s 00 (I — A)up,uy,)

<0.

That contradicts the fact that u, is a maximizing sequence and the supremum M is positive. Hence, we
have ug ¢ Ker(I — L).

We need to show that ||ug||y1.2 = 1. We already know that 0 < |lug||y1.2 < 1. Now let 0 < lug|lyy1.2 < 1.
We have 1 — (Aug, ug) > 0 (see Remark 4.1) and

(SdQUnaun) - (/B(Un)aun) (Sd2u07u0) B (6(”0)7“0)

(I — A)up,uy) 1 — (Aug,up) =M

by the compactness of Sg,, A and the condition (30). Simultaneously |[ugl|?,12 — (Auo,uo) > 0 because of
ug ¢ Ker(I — A) (see Remarks 4.1 and 5.4). It follows that

(Sayu0, uo) — (B(uo), uo) > (Sayuo,u0) — (B(uo), uo)
Hu0||‘2/V1,2 — (AUO,U()) 1-— (A’LLO,U())

=M >0,

which contradicts that fact that M is a supremum. Hence, we have |lug||y1,2 = 1.
We use compactness of Sg,, A, the property (30) of 5 and the fact that ||u, |12 =1 = ||uol|y1,2 to get

(Saytin, un) = (B(un), un) _ (Sayuo, o) = (B(uo), uo)
(I = A)un, un) ((I = Auo,uo)

Hence, the maximum exists and it is attained at the function ug ¢ Ker(I — A) with |lug||y1.2 = 1.
It is known that P = Sy, — f satisfies (51) for any ug (see Lemma A.3 in Appendix). The operators
P =54, —f and L = A also satisfy the other assumptions of Theorem 5.1 (see Remark 4.1, Remark 5.2 and

(59)

Lemma 4.1). Hence, diVIAX”B is the maximal eigenvalue and ug is a corresponding eigenvector of the problem
(45a) by Theorem 5.1.

Let us show that if u; is an arbitrary eigenvector of (45a) corresponding to di/ 4% then uy ¢ Ker(I—A).
If uy € Ker(I — A) \ {0}, then we have —(Sg,ui,u1) + (B(u1),u1) > 0 (see (57)) and Lemma 4.1
and dM4P((I — A)uy,uy) = 0, which contradicts Eq. (45a) with v = w; multiplied by u;. Hence,
u; ¢ Ker(I — A), and the last assertion of Theorem 5.3 follows also from Theorem 5.1. O
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Remark 5.5. The assumption (53) is clearly satisfied if there exists ¢ such that (5(¢),p) = 0 and
(Sa,p,¢) > 0, which is easier to verify. If there is no ¢ satisfying (53) then the supremum in proofs of
Theorems 5.2 and 5.3 is not positive. It follows that there is no positive eigenvalue of the operator Sy, — 3
in the case I'p # ) or of the problem (45a) in the case I'p = (). Indeed:

e in the case I'p # 0, if d; > 0 were an eigenvalue, then we would have (Sq,u,u) — (8(u),u) = di(u,u) >0
for the corresponding eigenvector u, which would contradict the non-positivity of the supremum.

e in the case I'p = (), an eigenvector u cannot be constant (see the end of the proof of Theorem 5.3),
and if u were non-constant, then we would have (Sg,u,u) — (B(u),u) = di(({ — A)u,u) > 0 by the last
assertion of Remark 4.1, which would be a contradiction again.

It follows that in the situation of Theorem 3.4 there exists ¢ satisfying (53) because that theorem guarantees
the existence of a critical point in Dy U C'g and consequently also existence of a positive eigenvalue of the
operator Sy, — 8 in the case I'p # () or of the problem (45a) in the case I'p = () (see Sections 5.1, 5.2).

The following theorem is formulated for both cases I'p # 0 and I'p = 0.

Theorem 5.4. If [dy,ds] is a critical point of (8),(4), then always dy < dMAX . If [dMAX  ds] € C; exactly
fori=j,...,j+k—1, all linear combinations e of e;,...,ej1x—1 satisfy (19) and [d1,ds] is a critical point
of (8),(4), then dy < dMAX | Moreover, if the assumption (53) is satisfied, then dy < d' %P < gMAX

The assumption concerning a position of [d}M4X | dy] is fulfilled either if [d}AX | dy] lies in fact only on one
hyperbola C; = ---Cjy,—1 (the eigenvalue x; has the multiplicity k) or in the intersection of two different
hyperbolas Cj = ---Cjy1—1 # Cj41 = - - Cjir—1 (k5 has the multiplicity [, x;4; has the multiplicity &k —[).
See also Remark 2.2. Cf. also comments after Theorem 3.1, where the assumptions are related to a set C¥,
while in Theorem 5.4 they concern only one point [d4X | ds] with a given fixed ds.

Proof. First let us consider the case I'p # ().

Let us show that if (53) were fulfilled with no ¢ then no critical point of (8),(4) with ds under
consideration would exist. If [dy,ds] were a critical point with d; > 0, then d; would be an eigenvalue
of S4, — B (see Lemma 5.1). Hence, we would have u with HUHH}D = 1 satisfying (41a). It would follow that
(Sa,u,u) — (B(u),u) = d1||uHH11:> > 0 and the condition (53) would be satisfied with ¢ = wu, which is a
contradiction.

Hence, in the following we can assume that (53) is fulfilled with some ¢. Due to Theorem 5.2 and Lemma 4.1

we get
AMAXE _ o (Sayu, u) ;(5(“)»“) < max (Sdzgﬂt) _ gMAX
wer, [[ullF werly, [lullf
uF#o D uF#o D

As above, if [dy, ds] is a critical point (8),(4), then d; is an eigenvalue of Sy, — 5 (see Lemma 5.1). Hence,
the first assertion of Theorem 5.4 is true.
There exists ug € Hllj such that

dMAX,B (Sdzu(),uo) - (B(Uo)ﬂio)
1

2
ol
Due to Lemma 4.1 we have (s )
di\/[AX,,B < dzuoé ] < d{\/[AX_ (60)
ol

Let (B(up),up) = 0. Let us show that then the last inequality is strict. Indeed, if we had equality in
(60), then up would be an eigenvector of Sy, corresponding to d AX that means a linear combination
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of ej,...,€ej4k—1 (see Remark 5.1). Hence, (19) with e replaced by u would be fulfilled by our assumptions
and we would get (B(ug),up) > 0. This contradiction implies that the inequality in (60) must be strict and
we get dMAX F < dyrax,

If (B(ug),uo) > 0, then the first inequality in (60) is strict and consequently d 4% < gMAX

again.
If [d1, d2] is a critical point of the problem (8),(4), then d; is an eigenvalue of Sgq, — 8 by Lemma 5.1 and

therefore
dy < dMANP < gMAX,

The proof for I'p = () is analogous, but we must use Remark 5.2 and Theorem 5.3, in particular formula
(58) instead of (54). O

6. Proofs of main results

We will use notation from the previous sections.

Proof of Theorem 3.1.

(i) Since dy > 0 was arbitrary in Section 5 and [d}4X dy] € Cp (see Observation 5.1), it follows from
Theorem 5.4 that there are no critical points of (8),(4) in Dg (see also Fig. 1). Consequently there are also
no bifurcation points of (5),(4) in Dg (see Lemma A.2 in Appendix).

(ii) Let us consider the case I'p # (). Let us suppose the opposite, i.e. the assumptions of the second part
of Theorem 3.1 are satisfied and there are critical points of (8),(4) in CF(e) for every € > 0. We can choose
a sequence d" = [d},dy] € Dy and W,, = [un,vn] such that d® — d° € CE, |W,|| = Hu||Hl1) + ”UHH}J # 0

and d", W, satisfy (36). We can assume that ”W W= [w, z]. Let us divide (36) by [|[W,]| to get

U U
A — — by A—— — by 0
WLl T IIW | o <HW ||> ’
Up, Up, v

A I 1A e T

(61)

By the compactness of A and (30), we get Adn ”W 0

Hence, it follows easily from (61) that ”Wn” — w, ”;’(};” — z and

— Aw and 8 (H;‘V—’;”) — B(w), analogously for v,, and z.

d?w — bLlA’LU - bLQAZ - ﬂ(w) = 0,
dgz - b271Aw - b272AZ = 0.

Therefore the point d° = [dY, d9] € CI is a critical point of the system (8),(4), which contradicts Theorem 5.4
for dy = d. Hence, there exists ¢ > 0 such that there are no critical points of (8),(4) and consequently no
bifurcation points of (5),(4) in CF(¢) (see Lemma A.2 in Appendix).

The proof for I'p = ) is analogous, we only use the system (38) instead of the system (36). O

Proof of Theorem 3.2.

(i) Under the assumptions about s, either e = e; or e = —e; satisfies s_e™ — s e = 0. Since any point
d € (4 is a critical point of the problem (11),(4) with a non-trivial solution %&61, el} due to
Remark 2.3, it is also a critical point of the problem (8),(4). !

(ii) Due to the definition of di, for dy < d we have [d}AX d,] € C; for a finite number of indices j > 1
(see Section 2 and also Observation 5.1). Any linear combination e of the eigenfunctions e;,j > 1
changes the sign (see Lemma A.1 in Appendix). Hence, under the assumptions of Theorem 3.2 we have
s_e” — spet # 0. Therefore any critical point [dy,ds] with do < db of the problem (8),(4) satisfies
dy < dMAX by Theorem 5.4. Now, it is possible to repeat the part (ii) of the proof of Theorem 3.1. O



M. Fencl and M. Kuéera / Nonlinear Analysis 187 (2019) 71-92 89

Proof of Theorem 3.3. For any dy > 0 we have [dM4X dy] € C; for a finite number of indices j > 0
(see Section 2 and also Observation 5.1). Any linear combination e of the eigenfunctions e;,j > 0 changes
the sign (see Lemma A.1 for details), therefore the relation s_e™ — syet # 0 is always satisfied. Hence,
any critical point [dy,ds] of the problem (8),(4) satisfies d; < dM4X by Theorem 5.4. Now, it is possible to
repeat the part (ii) of the proof of Theorem 3.1. O

Proof of Theorem 3.4. The assumption on jy directly implies that the jp-th eigenvalue of the operator
Sa, in the case I'p # 0 or of the problem (47a) in the case I'p = @ is positive (see Remarks 5.1 and 5.2
and (17),(18)). Hence, we have (Sg,e€j,,€j,) > 0, where e, is the corresponding eigenvector. Let us denote
7= max {[[s oo, |54 ]loc }- We get

(Sazejoyejo) — (B(€jo), €jo) = (Sazejos €jo) — /QerejOe% dﬁ—/Q —s_ej€;, df2 >
> (Sdp€jo» o) — |15+l (e )? d2—||s_| (e,)? d1
= Wda€jp5 Cjhg +lloo Jo o0 Jo
2 2
> Snenen) 7 ([ (2 a2+ [ (2 a2) =
2 2
> (Sd26j07 ejo) - T(Aejov ejo)'

S e
Since ej, is non-trivial, we have (Aej,, ej,) > 0. Hence, if 7 < W then (Sq, €5y, €50) — (B(€j0)s €5g) >
0.

jo:%0)

If I'p # () then we get

1 ¢ bipgba 12
(Sayejo» €jo) jo (dznjo—b2)2 +b1,1)llej, ”H11:> b1.2ba1 b (62)
= = 1,1
(Aejiy, €5o) %Hey‘o\@b darjy — ba2
(see Remarks 4.1 and 5.1) and if I'p = () we get
1 b1 2b21 12
(Say€jo> €jo) _ Ko +1 (dz'<°ﬂ'0_b2’2 + bl’l)HejoHHlD _ b1,2b2 1 F by (63)
(Aejoy, €jo) ﬁ”%”f% dafijy —bap

: by 2b
(see Remarks 4.1 and 5.2). Hence, if 7 < ——2222L
d2l$] 71)272

is satisfied with ¢ = e;, and therefore di\/[AX’ > 0 exists. A point [diWAX’ﬁ, ds] is a critical point of (8),(4) by
Lemma 5.1 and it lies in Dy UCg by Theorem 5.4 and because [d}4X dy] € Cg (see Observation 5.1). O

+ b1 1, then the assumption (53) of Theorems 5.2 and 5.3

Proof of Theorem 3.5. If unilateral terms in boundary conditions are considered, we replace the operators
F and B in (36) (39) by the operator By, which has the same properties as 3. Then it is necessary to
repeat whole Section 5 for this operator. The actual proof of Theorem 3.5 is then the same as the proof of
Theorem 3.1.
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Appendix

For a completeness we give here proofs of two standard assertions used in the text (Lemmas A.1 and A.2),
and a slightly simplified proof of a result given already in [6] (Lemma A.3).

Lemma A.1. Any linear combination ZZ:]-O arer,n € N of eigenfunctions of (16), where jo = 2 for I'p # 0
and jo = 1 for I'p = 0, changes the sign on the domain 2.

Proof.
Case I'p = 0:
Since ey, is an orthonormal basis (see Remark 4.1) and e is constant, we have

n

/ € Z ager df? = Z ak./ eper df? = Z ak/ (VeoVeg + epey) df2 = Z ax(eo, er)p12 = 0.

k=jo k=30

Hence, the function ey Y, _ jo k€ changes the sign on the domain 2. Since e is constant, also the function
ZZ:jO apey changes the sign on 2.
Case I'p # (:

We will use the eigenfunction e; instead of eg. Again since ey, is the orthonormal basis, we have
1 1 1
erer d2 = ——Aeje, d2 = — [ VeiVer d2 = —(er,ex)y1 =0 for any k> 1.
2 n K K1 Jo K1 D
The rest is the same as in the case I'p = 0. O
Lemma A.2. Every bifurcation point [dy1,ds] of (5),(4) is also a critical point of (8),(4).

Proof. We will show the proof for I'p # (). The proof for I'p = ) is the same, we only use the system (39)
instead of the system (37).

Let d° = [d1,ds] € R% be a bifurcation point of (5),(4). Then there exists a sequence d" = [df, d3] such
that d" — d® and W,, = [un,vn] — 0 with [|[W,|| = HUHH}:) + ”UHH}) # 0 and d™, W, satisfy (5),(4), i.e. (37).

We can assume H%—ZH — W = [w, z]. Let us divide the system (37) by ||W,]||. We get

Unp ~ Ni(un,vn) F(uy)
d bl 1A — b1 QA - 07
Wl HW I HW | HW | Wl (64)
Un NQ(UTMUTL)
d b2 1A — by 214 = 0
Wl HW I HW | Wl
due to linearity of A. Due to (24) we have Nj”(g[;“ﬁ") — 0 asn — 400 forj = 1,2. Since ”",‘Vifl” — w and

_Un

TWAT — % using compactness of A and (32) we get A |W i
and z. We have dy,dy > 0, therefore it follows from (64) that

(w), analogously for v,
=z, |W| =1 and

— w,
HW ||

HW [

ddw — bi1Aw — by 2Az + f(w) =0
dgz - b271Aw - b272AZ = 0.

Therefore the point d° is a critical point of the system (8),(4). O

Lemma A.3 (See [6]). For any dy > 0 and ug € Hj}, the operators P = 3 and P = Sq, — B satisfy the
condition (51).
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Proof.

We will prove (51) for P = 7. The proof for 7 is analogous and for P = S, — /3 it will follow by using
the definition of 8 and linearity of Sg,.
Let ug, h € H}). We will introduce two sets {29 and (2, such that

up(x) < 0 a.e. on 2, up(x)>0a.e. on 2\ £,
uo(x) +th(x) < 0 a.e. on 2y, wuo(x)+th(x) >0 ae. on 2\ 2.

Then
1, _ _
E(B (uo +th) — B (uo),uo) — (B (u0), h) =
LT
== /—(uo—l-th)_uo—i-uougd() —/ —ug hdf? =
t R 0 2
1
= - / (Uo+th)U0 thh_/ ’U% d.QO —/ ’LLohd.QOZ
¢ L/ 2en, 2o 20
. -
= — / ugdﬁth/ Ugd.QO +/ uOhd.ch/ uOhd.Qg.
¢ LY e, 29 2p 29

We can afford to work with the definition of 8~ without s_, because it is non-negative, i.e. it does not affect
the sign of terms under integration.

Let x:n and xo be the characteristic function of (% and (2, respectively. We have

lim uoh dSp, :lim/ uohxthdﬁz/ uOhXOdQ:/ uoh df
2 t—0 o 0

t—0 2
by Dominated Convergence theorem. Let us introduce sets {2n1, 212, {2:n3 such that

up(x) < —th(x) and up(x) < 0 almost everywhere on (%1,
up(x) < —th(x) and ug(x) > 0 almost everywhere on (22,

up(x) > —th(x) and ug(x) < 0 almost everywhere on (23,

with 2, = ip1 U e and 2y = 41 U 3. This way we get

/ u% A — / u% dfdy = / u% dfn1 +/ u% dfno — / u% dfn1 — / u% A3 =
2 20 2¢p1 2tho 2¢p1 2¢p3

2 2
= / Ug dﬂthz — / U d.chg.
2tha 2th3

Since 0 < ug < —th a.e. on {49 and 0 > ug > —th a.e. on {3, we get

1 1
lim — / U(Q) thhQ — / U,g dﬁthg < lim — / (th)2 dﬂthg - / (th)2 d.chg = 0.
=01 2tpo 2¢p3 =01 2po 2¢p3

Hence, it follows from the discussion above that

g+ (5™ (o + £h) = 6™ (o), o) — (8™ (o), ) = 0

t—0

which proves (51) for g=. O
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We consider a general reaction—diffusion system exhibiting Turing’s diffusion-
driven instability. In the first part of the paper, we supplement the activator

equation by unilateral integral sources and sinks of the type ( f K T}?l) dK )7 and

+
( f x ulgl) dK ) . These terms measure an average of the concentration over the

set K and are active only when this average decreases below or increases above
the value of the reference spatially homogeneous steady state, which is shifted
to the origin. We show that the set of diffusion parameters in which spatially
heterogeneous stationary solutions can bifurcate from the reference state is smaller
than in the classical case without any unilateral integral terms. This problem is
studied for the case of mixed, pure Neumann and periodic boundary conditions.
In the second part of the paper, we investigate the effect of both unilateral terms
of the type v—,u’ and unilateral integral terms on the pattern formation using
numerical experiments on the system with well-known Schnakenberg kinetics.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In 1952 Alan M. Turing wrote his paper “ The Chemical Basis of Morphogenesis” [23] on biological pattern

formation, in which he described that a reaction of two chemicals and diffusion in the space can lead to

the production of a spatially heterogeneous structure. That means, the spatially homogeneous steady state

of the system, that is stable in the absence of diffusion, could be destabilized by diffusion and produce a

spatially heterogeneous state, in other words a “pattern”. This behaviour is quite counter-intuitive since

diffusion is usually perceived as a stabilization effect. Twenty years later, Gierer and Meinhardt published

their paper [6], in which they analysed this problem in more detail and introduced so called “short range

activation-long range inhibition” mechanism. Their research was completely independent, because they did

not know about Turing’s paper. A lot of work has been done in this area in past few decades. This effect
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is usually called Turing’s instability, Turing’s effect or diffusion-driven instability (diffusion “drives” stable
homogeneous state unstable). The theory is very thoroughly summarized e.g., in the second instalment of
J.D. Murray’s “ Mathematical biology” [16].

A pattern formation is not a process exclusive to reaction—diffusion equations, but they are one of the most
common models for pattern formation problems. We consider a classical system of two reaction—diffusion
equations

O _ 4y Au+ flu,),

ot 1)

ov
0 — dov -+ gluv),

with functions v = u(x,t),v = v(x,t) describing concentrations of some chemicals and f, g being reaction
kinetics as our starting point.

The idea of Turing’s instability is not perfect and one of problems it suffers is the strict requirement that
diffusion coefficients must be different. Actually, for the most usual reaction kinetics this difference must be
significant. The fact that one chemical diffuses with very different intensity than the other is not very realistic
in many problems. There were efforts to modify or generalize the idea of Turing’s instability. For example
Rovinsky and Menzinger presented so called differential-flow-induced chemical instability [14] in the system,
in which one of the chemicals is immobilized and the other diffuses and flows. This idea leads to a similar
destabilization as by Turing’s DDI. This mechanism was experimentally verified on Belousov—Zhabotinsky
reaction (see [19]). Their work later inspired Klika et al. [7] to add advection to the complete reaction—
diffusion system (no immobilized chemical). They were able to show that, even if diffusion coefficients are
equal, the homogeneous steady state can be destabilized utilizing relatively small amount of advection.

Several authors focused on the analysis of the bifurcation during the destabilization of the spatially
homogeneous steady state and bifurcating patterns. The set of couples of diffusion parameters, such that the
reference steady state is stable or unstable, is usually denoted Dg or Dy, respectively, in following papers.
Kucera et al. studied unilateral conditions related to the inhibitor equation (the equation for the chemical
that is inhibiting its production) and some of these results were first mentioned in [9]. The abstract result for
variational inequalities concerning destabilization of the reference spatially homogeneous steady state was
shown in [2] and the influence of unilateral conditions on bifurcation of patterns was revealed in [3]. There
were also other papers concerning similar problems e.g., [1,4,12,18]. It is known that in the classical case the
bifurcation from the reference steady state is excluded in Dg. However, if unilateral conditions are present
in boundary conditions for the inhibitor equation, this bifurcation exists under some conditions. Hence, the
set of couples of diffusion parameters, for which the bifurcation occurs and a bifurcating pattern exists, is
larger than in the classical case without unilateral conditions. It was natural to ask, what effect will have
unilateral conditions related to the activator equation (the equation for the chemical that is activating its
production). The problem was explored in [8] and it was shown that the effect is exactly opposite, i.e., the
set of couples of diffusion parameters, for which the bifurcation occurs and a bifurcating pattern exists, is
smaller than in the classical case without unilateral conditions.

Later, the idea of unilateral conditions and variational inequalities was replaced by the idea of adding
unilateral sources and sinks to the activator equation (see [5]) or to the inhibitor equation (see [10]),
respectively. The unilateral source or sink is based on the negative part ¢~ = max{—1,0} or the positive
part —¢T = —max{t,0} of the function 1, respectively () represents the variable of an activator or an
inhibitor). These terms act in the interior of the domain and they seem to be more natural than unilateral
conditions given by variational inequalities. Unilateral terms cannot be linearized and the study of the
stability is difficult and so far an open problem. Therefore only bifurcations were studied in these papers.
It was again shown that if there are unilateral terms in the inhibitor equation, then the set of couples of
diffusion parameters, for which the bifurcation occurs and a bifurcating pattern exists, is larger than in
the classical case without unilateral terms. The case with unilateral terms in the activator equation again
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brings opposite results. There were performed many numerical experiments in [24] and [20] for the case of
the unilateral source 7o~ (and its modifications) in the inhibitor equation for the specific reaction kinetics.

In our paper we will investigate the impact of unilateral terms involving the integral average over some
subset of the domain {2, where we will work. To put it in the context with the previous work mentioned
T
the value of 9 in each point x of {2 and if the value drops under certain threshold (in this case the zero),

above, for example we had the unilateral source s_(x) in our paper [5]. This term measures exactly

then the production of 1 is switched on locally on the support of s_(z). One simple example of unilateral

V(@) ( i 1%) dK)_,

terms we introduce in this paper is

where K is a subset of the domain (2 and x* (z) is the characteristic function of the set K. We denote by
|| the Lebesgue measure of the set K. This term measures the average of ¢ over the set K and if this
average drops below the threshold (again in this case the zero), then the source is switched on and is acting
again on the set K.

We will work with more general terms e.g., several sources (and sinks) and we will correctly describe
properties of K, {2 etc. later. Our inspiration is partially papers about unilateral terms mentioned above

and also [11], in which integral terms are used in some sense in boundary conditions.
We consider the reaction—diffusion system

n B m +
Ou _ u u, v M () £ YUk, - M@ e
o7 = hdu+ f(u, )+Zx ()f((/Kl e dKZ> ) ;x ()f+<</KJ+ K7 dKj> ) @)

i=1
v .
% doAv + g(u,v) in 2 x [0,+00)

S

where 2 C RY is a bounded domain with Lipschitz boundary, d; and dy are positive diffusion parameters,
f,9: R xR — R are real differentiable functions and there exist constants @, > 0 such that

f(ﬂv E) = g(ﬂ,v) =0, (3)

i.e., [, 7] is a spatially homogeneous steady state. Furthermore we assume that f?, f_{ : R — R are real
functions such that

fi(0) = fi(()) =0 foreveryi=1,...,n,j=1,...,m, (4)
and there exist
S 9f o of7
T! = a];(é)k:l)eR(J)rv T = afg(f)k:oERé{ foralli=1,...,n,7=1,...,m. (5)

- +

We suppose that K ,K;’ C 2 and functions x%i () and XKJ' (x) are characteristic functions of sets K
and K;L,
sets Kj

The system (2) will be completed by boundary conditions

respectively. We will assume that sets K, are connected and disjoint. The same is assumed for

u=u,v=v on lp,

ou Ov (6)
% = 87’[’1 0 on FN,

where n is a unit out-ward pointing normal vector of the boundary 92 and I'p, 'y are open disjoint subsets
of 912 such that 02 = I'p U I'y. We will distinguish two cases I'p # 0, i.e., mixed boundary conditions,
and I'p = ), i.e., pure Neumann boundary conditions. The case of pure Dirichlet boundary conditions is
included in the case I'p # () and we do not treat it separately, because the analysis and the results are the
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same. We will also discuss problems with unilateral integral terms in boundary conditions as well as the case
of periodic boundary conditions
u(x) = u(xp),
ou ou 7
—%(X) = %(XP% "
on special domains. We will describe this case in more detail in the next section.

Our goal is to show that we can get similar results concerning bifurcations for reaction—diffusion systems
with unilateral integral terms as we did for unilateral terms without integral in the activator equation in [5].
Hence, the set of couples of diffusion parameters, for which the bifurcation occurs and a bifurcating pattern
exists, is smaller than in the classical case. In the second part of the paper we use numerical experiments
to investigate the influence of unilateral terms from [5] and unilateral integral terms presented in this paper
on the pattern formation. We study the case of Neumann and periodic boundary conditions on the square
domain {2 and we use well-known Schnakenberg kinetics as functions f and g. The goal is to study the
shape of patterns, to compare Neumann and periodic boundary conditions and to show that with increasing
strength of unilateral (integral) terms the set of [dy, ds] such that patterns are produced and the spatially
homogeneous steady state seems to be unstable is getting smaller.

Main ideas are in some sense similar to those in [5] and [8]. We will take the stationary problem of the
reaction—diffusion system (2), (6) and rewrite it into the weak formulation in Sobolev space and further to the
system of operator equations. Then we will extract the variable v from the second equation and substitute
it to the first one. This way the system of operator equation will be reduced to a single operator equation.
In the paper [5] we used a variational characterization of the maximal eigenvalue. However, in this case it
is not possible. Therefore, we will use different, maybe more simple, approach to get our results, similar to
the one in [8]. The numerical experiments are inspired by analytical results from [5] and this paper in some
sense follows the paper [24].

The text is divided in the following manner. Section 2 consists of essential definitions, general assumptions
and the summary of important known facts. We formulate our main results in Section 3. In Section 4 we
define operators and prove their properties and in Section 5 we reduce our system to a single operator
equation and present proofs of theorems from Section 3. Section 6 concerns numerical experiments.

2. Turing’s instability, basic assumptions and periodic boundary conditions

It is possible without the loss of generality to shift the reference spatially homogeneous steady state [@, 7]
to the origin for the sake of simpler analysis. Therefore we will assume from the start that [@,v] = [0, 0].
In such case, functions v and v do not describe concentrations of the chemicals, but rather the difference of
these concentrations from the original positive reference steady state [@,7]. Hence, our boundary conditions
(6) are transformed to

u=v=0 on[Ip,
ou Ov (8)
—=—=0 on Iy.
on  On N
Remark 2.1. By solutions we will mean weak solutions usually in the space
Hp(2):={p € WH2(2): ¢ =0 on I'p in the sense of traces}. 9)

If I'p = (), then the space H}, is actually the whole Sobolev space W12 equipped with the standard inner
product

(Phmy = (0w = [ (TuTp+up) do (10)
1
and the Sobolev norm |july1,2 = ([, (Vu)? +u? d2)2. If I'p # 0, then we will use the inner product

(u, ) 1 :/ VuV df? (11)
b 2

1
and the norm ”“HHB = ([,(Vu)? d2)? equivalent to the classical Sobolev norm.
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We will now define the functional 7§ : H: — R{ by

T () = (/X ,;ﬁ dX)i (12)

where X is some subset of {2. It will allow us to write many upcoming formulas in more compact way.
We can write stationary system corresponding to the system (2) and to the classical system without
unilateral integral terms (1) as

0= bt b b () + T @ (Tow) - o ().
i=1 7

i=1 B

0 = daAv + by 1u + by 20 + no(u, v),

and
0=diAu+ bl,lu + bLQU +n1 (’LL, U),

(14)
0= dQA’U + bg,lu + b272U + N2 (u, ’U),

respectively, where b; ;,i,j7 = 1,2 are elements of Jacobi matrix of mappings f,g at [0,0] and ni,ny are
higher order terms, i.e.,

ny 2(u,v) = o(Ju| + |v|) as |u| + |v| — 0. (15)

We will always assume that the following set of inequalities is satisfied:
bi,1 +b22 <0, by1b22 — b1 2021 >0, b1 >0, baa <0, by 2021 <O0. (16)

The first two conditions of (16) guarantee that the reference steady state is stable as a solution of the classical
system in the absence of diffusion. The third and fourth conditions correspond to the fact that we expect that
the first equation of the system (2) is the activator equation while the second one is the inhibitor equation.
The last condition decides whether the system is in activator-inhibitor form (for b1 2 < 0, by > 0) or
substrate-depletion form (for by o > 0, by 1 < 0) as was specified in [6].

Further we will suppose that there exists ¢ € R such that

(6 €) < e(L+ x|+ ¢ forall x,£€R, j=1,2, (17)
with some ¢ > 2if N =2o0r2 < ¢ < % if N > 2. In the dimension N = 1 no growth assumptions are

necessary.
We can homogenize the system (13) and linearize the classical system (14) to get

n 3 A m n ‘
0=diAu+by1u+biav+ Z i (:L’)TETI;, (u) — Z i (.CE)TiT;+ (u), as)
i=1 ¢ j=1 J

0 = doAv + b 1u + b2 20,
and
0=dAu+ bl’lu + b172’U,
0= dZAU + bg,lu + b272v.

Definition 2.1 (Critical Point). A parameter d = [dy,ds] € R will be called a critical point of (19), (8) or
(18), (8) if there exists a non-trivial (weak) solution of (19), (8) or (18), (8), respectively.

Definition 2.2 (Bifurcation Point). A parameter d® = [d,d3] € R% will be called a bifurcation point of
(14), (8) or (13), (8) if in any neighbourhood of [d°,0,0] € R% x H}, x HJ, there exists [d, W] = [d, u,v],
||W|| # 0 satisfying (14), (8) or (13), (8), respectively.
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Remark 2.2. Let us consider the problem

—Au = Ku,
0
G—Z =0on I'y.
The eigenvalues of (20) form a non-negative non-decreasing sequence ry with k = 1,2,... (for I'p # () or

k=0,1,2,... (for I'p = 0). The first eigenvalue is always simple. In the case I'p # 0, the eigenfunction e;
corresponding to the first eigenvalue x1 does not change the sign on the domain (2. In the case I'p = (), the
eigenfunction eg corresponding to the first eigenvalue kg = 0 is constant. Other eigenfunctions change the
sign in both cases. We can choose an orthonormal basis ey, in Hh, k =1,2,... (for I'p #0) or k=10,1,2,...
(for I'p = () composed of the eigenfunctions of (20).

The eigenvalue problem

A\t = d1AU+b171U+b1’21}, (21)
AV = dzA’U + b271u + b2’2’U.

with boundary conditions (8) determines the stability of the reference stationary solution [0,0] of the
evolutionary problem corresponding to (14), (8). From the dispersion relation

bi,1b22 — by 2bo 1 + k2dydy — k(b1,1d2 + ba2d1) =0 (22)

we can derive sets of points [dy, da] for which A from the system (21) is zero. These sets can be written with
respect to dy as

1 b1 202 1
Cp=1[di,da] ER: : dy = — [ —="—+b L k=1,2,... 23
k {[ 1,ds] T 1= <d2/€k—bg72+ 1,1)} (23)
where ky are the eigenvalues of the problem (20). These sets are actually hyperbolas, but since we consider
only positive dj, dz, we have only parts of these hyperbolas (see Fig. 1). There is no hyperbola for the zero
eigenvalue kg (see (22) and (16)). Let us define the envelope

CE = {d:[dl,dg]ERil di = max { dl,dg UCk}} (24)

dieRy

which divides the positive quadrant Ri on two sets Dy and Dg (see Fig. 1). Moreover, we define two sets,
which will be important in the formulation of our main results. Let r, R, € Ry and r < R. We define

CF = {d=[dy,ds] € C : dy € [, R]}, (25)

Cﬁ(é‘) = {d = [dl,dg] S CE U DU 1 dy € [’I", R] A diSt(d, CE) < E}. (26)

Remark 2.3. If all eigenvalues of (20) are simple, i.e., kK < Kpy1 for all & € N, then Cy # Ciyq

for all £k € N. If an eigenvalue x; has a multiplicity [, then kx_1 < K = -+ = Kgyi—1 < Kgg; and
Ck—l 7& Ck == Ck-i—l—l 75 Ck—H- The sets

Dy = {d = [d1,ds] € R} : d is on the left of Cp},
Dg = {d = [d1,d2]) € R? : d is on the right of C}

are called the domain of instability and the domain of stability. It is known that if [dy,ds] € Dg, then all
eigenvalues A of the problem (21), (8) have negative real parts and if [d;, ds] € Dy, then there is a positive
eigenvalue A (for the particular case see [15,17] and for the general case [4]). In particular, the trivial solution
of (14), (8) is linearly stable for [dy,ds] € Dg and unstable for [d1,ds] € Dy (see e.g., Chapter 11 in [22]).

Remark 2.4. The following properties of the curves C}, are known, see e.g., [15,17] for the particular case,
or [4] for the general case.
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C

ds

Fig. 1. The illustration of hyperbolas Cj and the envelope Cg. The case when all eigenvalues ki are simple. The hatched region is
the domain of instability Dy .

e A point d = [dy,ds] is a critical point of (19), (8) if and only if there exists k such that d € Cj. In
particular, the domain of stability Dg does not contain any critical point of (19), (8) or bifurcation
point of (14), (8). Under some additional assumptions, e.g., if the eigenvalue kj is simple or of odd
multiplicity, the points on C} are simultaneously bifurcation points (see e.g., [17]).

elfd € C, forn = k,...,k+1—1 (either [ is the multiplicity of the eigenvalue k; or d is in the
intersection of two hyperbolas Cy, C,, and [ is the sum of multiplicities of kg, ky,, see Remark 2.3),

dokg—ba o kti=1N .
then span [7’%, ek] is the set of the solutions of (19), (8).

b2,1 n==k

Now let us assume that K, K;r C I'y. We will also consider a problem with unilateral integral terms in
boundary conditions, i.e., systems (14) and (19) with boundary conditions

u=v=0 on I[p,

3U_Zn K (o i e Zm K (N et

on i=1 r (x)T_TKi_ () _j:1X ] (x)TJrTKj(U) on v (27)
ov
I =0 on Iy.

2.1. Periodic boundary conditions

Probably the most common boundary conditions considered in the theory of Turing’s DDI and pattern
formation are homogeneous Neumann boundary conditions. While they are more natural for these kinds of
problems than Dirichlet boundary conditions, they are not always the best option. Let us for example study
the pattern formation on the skin of some animal (e.g., cheetah). We would like to assume that our domain
{2 is actually a cut out part of its fur and we could construct his fur by repeating this domain {2. For such
case periodic boundary conditions are better option than Neumann.

The basic idea of periodic boundary conditions is that in paired points the solution has the same value
and the same derivative in the corresponding direction (see below). The definition is simple in dimension
N =1, let us assume i.e., 2 = (a,b) with a < b. In this case periodic boundary conditions are

u(a) = u(b), o8)
ou ou
~ 5, @ = 5-(b),

and the same for v.
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(a) Hexagon

(b) Rhomboid

Fig. 2. Illustration of periodic boundary conditions. Every two edges, where we define periodic boundary conditions, have the same
colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The setting of periodic boundary conditions in the higher dimension is not so easy. We will suppose here
that the domain {2 satisfies the following properties:

forN =2: £ is convex and its boundary is composed of n pairs of edges I''and I's
with i = 1,...,n,which are parallel and of the same length. (29)
for N #2: 0 is a hypercube with N pairs of parallel facets I'and I'bwith i =1,...,N.

The dimension N = 2 is the most interesting for us, because patterns are often studied by numerical
experiments in this dimension and it is probably the most important one for applications. That is why
we assume more general 2 in (29) despite the fact that we could just settle here with a hypercube (square)
too. We mention that periodic boundary conditions could be defined on even more general domains.

Now in general, we denote ﬁ the vector of the line connecting the centre of I'* and the centre of I'5. For
every point x € I'* there exists a point xp € I's such that xp lies in the intersection of I'; and the line
given by ]72 and x. By periodic boundary conditions we will mean boundary conditions of the type

8U(X) = %(XP)a (30a)
—%(X) = %(XP)’ (30Db)

for every pair of x € I'', xp € I't, (and the same for v). The illustration of periodic boundary conditions on
hexagon and rhomboid is in Fig. 2.

In the following remark, we discuss a special type of the shape of (2 in the dimension N = 2 suitable for
construction of the animal skin.

Remark 2.5. As we mentioned above, the motivation for periodic boundary conditions is to simulate
pattern formation on {2 and we aim to construct something larger by repeatedly folding 2 (“as a puzzle”).
This leads to the tesselation (or tilling) of the plane, in particular the tesselation by a single geometrical
object, i.e., we cannot combine e.g., squares and octagons. The plane can be tesselated by equilateral
triangles, squares and hexagons (and their distorted variants). Since triangles do not satisfy the condition
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(29), we exclude them. Hence, we can use only convex parallelogons (e.g., square, rhomboid, hexagon etc.)
for these purposes.

Remark 2.6. When we consider reaction—diffusion system with periodic boundary conditions described in
Remark 2.5, by solution we will always mean weak solution in the space of periodic functions

H)..(2) = {p € W"(2) : ¢ satisfies (30a)} . (31)

per

The space is equipped with the same norm and inner product as W12 (see Remark 2.1).
The Laplace eigenvalue problem

— Au = Ru (32)
with periodic boundary conditions has similar structure of eigenvalues and eigenfunctions as if pure Neumann
boundary conditions were considered. Hence, there is the eigenvalue k9 = 0 and the corresponding

eigenfunction eg is constant. Other eigenvalues are positive. Let us note that hyperbolas and their properties
are the same.

3. Main results

We will use notation from previous sections and we assume that conditions (4), (5), (15), (16), (17) are
satisfied. Proofs of results presented here are postponed to the end of Section 5.

Theorem 3.1.

(i) The domain of stability Dg contains neither critical points of (18), (8) nor bifurcation points of (13),

(8).

i) Let 0 <1 < R. Let Cy, ..., Clrii—1 be all hyperbolas which have a non-empty intersection with Cf. Let
( ) ) ) + yp pLy r

any linear combination e of the eigenfunctions of (20) corresponding to K, ..., Kkri—1 Satisfy
n m +
K i — K j
SN @ T () = oA @ T 0 £ 0 (%)
i=1 g j=1

Then there exists € > 0 such that there are neither critical points of (18), (8) nor bifurcation points of
(13), (8) in CR(e).

Remark 3.1. If the condition (33) is not satisfied, then (18) becomes (19) and every point [dy,ds] € CF
is a critical point of (18), (8) due to Remark 2.4. Let e.g., C® have non-empty intersection with exactly
two non-coinciding hyperbolas C; and C5. Now it is possible that both e; and es satisfy the condition (33),
hence there are no critical points on C7 and C5 excluding their intersection. At the same time this intersection
can be a critical point due to the fact that a linear combination of e; and es does not have to satisfy this
condition. However, the opposite case that there would be critical points on C and Cs, but not in their
intersection, is not possible. In the scenario in which C7 = Cy all linear combinations of e; and e; must
satisfy (33) so that there would not be any critical points on C; or Cs.

For the case of unilateral terms of the type u™,u™, if only sources or sinks were present in the system,
it was possible to show the existence of the e-neighbourhood along the whole envelope Cg (excluding Cy
in the mixed boundary conditions case) free of critical points of (18), (8) without satisfying the condition
similar to (33) (see [5, Theorems 3.2, 3.3]). It was based on the fact that the eigenfunctions e; of (20) for
k > 1 change the sign. This is not enough in the case of unilateral integral terms and it is necessary to satisfy
condition (33). The result of Theorem 3.1 is illustrated in Fig. 3.

Theorem 3.2. Let I'p # (). Let either 7 = 0 and 7'_{_ >0 or7tt >0 and 7'1_ =0 foralli=1,...,n and
j=1,...,m (that means we have either sources or sinks in the system). Let d} be the second coordinate of
the intersection point of Cy and Cy. Any d € Cy, in particular any d € CE with d} < r < R, is a critical
point of (18), (8).



10 M. Fencl / Nonlinear Analysis 196 (2020) 111815

dz

Cs Cy Cs C Cy

Dy (AT

dy

Fig. 3. The illustration of the main result and C’f(e) neighbourhood. The case when all eigenvalues kj, are simple.
Theorem 3.3. Let I'p =0 and K; = K;r =8 foralli=1,...,nand j=1,...,m. The condition (33)
from Theorem 3.1 can never be satisfied and any point [dy,ds] € Cg is a critical point of (18), (8).

Remark 3.2. The same formulation of Theorem 3.3 holds in the case that we consider {2 with property
(29) and systems with periodic boundary conditions instead of Neumann.

Theorem 3.4. LetK{,Kj+ CIy foralli=1,...,nandj=1,...,m.

(i) The domain of stability Dg contains neither critical points of (19), (27) nor bifurcation points of (14),

(27).
(ii) Let 0 <r < R. Let Cy,...,Cri1_1 be all hyperbolas which have a non-empty intersection with CE. Let
any linear combination e of the eigenfunctions of (20) corresponding to Ki, ..., Kk1i—1 Satisfy
n +
_ o I .
ZXKi (:E)TZ_TK,_ (e) — ZX j (ﬂ:)TiT;(r;r(e) #0 only. (34)
i=1 ’ j=1

Then there exists € > 0 such that there are neither critical points of (19), (27) nor bifurcation points of
(14), (27) in CE(e).

Remark 3.3. The fact that there are no bifurcation points in Dg or even in C(¢) U Dg implies that for
any compact part M of Dg or CE(e) U Dg, respectively, there exists § > 0 such that for any [di,ds] € M
there are no non-trivial solutions of (18), (8) (or (19), (27)) with 0 < HuHH}D + ||UHH1D < 4.

Theorem 3.5. Let us suppose that the domain §2 satisfies (29).

(i) The domain of stability Dg contains neither critical points of (18), (30) nor bifurcation points of (13),

(30).
(ii) Let 0 < r < R. Let Cy,...,Clyi_1 be all hyperbolas which have a non-empty intersection with CE. Let
any linear combination e of the eigenfunctions of (32), (30) corresponding to ki, ..., Kp+i—1 satisfy (33).

Then there exists € > 0 such that there are neither critical points of (18), (30) nor bifurcation points of
(13), (30) in CE(e).

Remark 3.4. The same assertion considering periodic boundary conditions as in Theorem 3.5 could be
stated for the case of unilateral sources and sinks studied in [5]. Also one could assume a combination of
periodic and Neumann boundary conditions, e.g., periodic boundary conditions on two parallel edges of the
square and Neumann boundary conditions on the rest of the boundary.
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4. Abstract setting
We define the operator A : H, — H}, as

(A, @) = /Q Yo dR?  for all i, o € HH(R). (35)

Remark 4.1. The operator A defined by (35) is linear, bounded, symmetric and compact due to compact
embedding W2 << L2. Simple calculation gives that the eigenvalues of the operator A are pu = lek’ k=

.for I'p # 0 and pp = o +1,k = 0,1,2,... for I'p = 0, and the corresponding eigenvectors of A
coincide with the eigenfunctions of (20). Also in the case I'p = () we have ((I — A)u,u) > 0 for all u and the
equality holds only for u € span{eg}, i.e., u constant.

We define operators 8=, 37 : H: — H} by

(6™ (@), ¥) = = /Q (Z Xt (w)TiT;__(l/})> pd2 forall ¢, p € Hp,

o (36)
(5 (4), ) = /Q SO @A T )| pde  forall v, g € H)
j=1 !
and the operator 3 : H}, — H}, as
B=p"+p". (37)
We also define operators F~, F* : H}, — H}, by
o =- [ (Z (@) ] (T;__@m)) pdf forall 4, € Hb,
- (38)
(F* (1) / ZX ; <T+ (¢)> @ dR  for all 1, p € Hp,
and F : H}, — H}, as
F=F +Ft. (39)
Lemma 4.1. Functionals Ty and operators 3, F have the following properties:
(i) B(ty) =tB() for allt >0, ¥ € Hp, (40)
(ii) (B(4),v) =0, (41)
(i) k= = T () = TX (), (42)
() x = = B(yr) = B{), (43)
(0) 0, o = TR (44)

HwkHHl [l £,



12 M. Fencl / Nonlinear Analysis 196 (2020) 111815

Proof.

(i) The property described in (%) is positive homogeneity and it is apparent.
(ii) For any v € H}, we have

m

(B(), v / <Zx” ST zw))wdm /Q SN @) T () | v de =

J

n

= - TiTI;_(z/;)/de;JrZTiT;(zp)/mdej:

i=1 j J

—ZT (7 ¢ ) K7 |+ZTi<T+ (v >)21K;\zo-

J=1 J

(iii) We will prove the assertion for T, the proof for Ty is the same. Let us have a sequence (vx) C H}
such that ¢ — ¢ € H}. Then by the compact embedding W12 << L2 we get 1, — 1 in L?. One
can see that

T ‘_‘( ) (L) ‘Smlrﬂ"”’“”“dxg

< |X|/Q e = 0] 42 < sl =l 0.

(iv) We will show this property for 3. Let us have a sequence (1) C H}, such that ¢ — ¢ € H},. Then
by the compact embedding W12 <s<s L2 we get ¥ — 1 in L?. We use the property (ii) of this
lemma, the continuous embedding W12 < L? and Holder’s inequality to get

187 Wx) = B~ (D)l = sup [(B7(¥r) = 87 (¥),¢)| <

el g1 <1
Hp

lol -y xi (@)1,
HsonHl <1/ Z

< CllYr =Ygz — 0.

T, () = Ty ()| 22 <

The same can be shown for ST and the assertion follows.
(v) We will prove this property for F~ and 3~. We again use the continuous embedding W12 — L? with
some embedding constant ce,,; and Holder’s inequality to get

_ n fZ < (¢k)>
F . -
EWo) _ gy < sup T (w)|- [ N @) de <
1%l 1 m el <1 HWHH}) K; o
n Jm TK > T (d’lc)
K; , _
< Cemb : : t 7T _(w)|- HXK’ x ‘
2|7 S0 Ty, I
T — k)
Since —4k— — w, we get ——i—— — T (w) by properties (i) and (iii). From the assumption (5)
|I¢kHH113 |I¢k|\H}3 K;
we have ‘
tim =) _ 1. (45)

£—0 f
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and due to the fact that v, -0 — T __ (vr) — 0 we have

3

(1)

i i

— — 7" foreveryi=1,...,n. (46)
T ()
All of this together yields
I (T[;__wk)) To_ ()
— T — 7T _(w)| =0, foreveryi=1,...,n, (47)
T () il K
which means @;‘(‘w’“l) — B~ (w). The proof for F* and 3% is analogous and the assertion is proved. [
H
D

Remark 4.2. One could consider more general type of unilateral integral terms, e.g., x™ (x) ( i) " % dK ) -

with M # K. While these terms could be interesting for applications, the crucial non-negativity condition
(41) is not satisfied in such cases and therefore we exclude them.

5. Reduction to a single operator equation and proofs of main results

Let us remind that we have two different inner products in two different cases I'p = () and I'p # (). The
system of operator equations is slightly different in these two cases, but the approach is the same. We will
focus here on technically more difficult case I'p = (), i.e., pure zero Neumann boundary conditions. Hence, the
space H7, is the identical with the space W2 and we use the inner product (u,¢) = [, (VuVe +up) di2.
Now, a weak solution of the problem (18), (8) or (19), (8) is a pair of functions u,v € H}, satisfying

d1 (I — A)U — bLlAU — bLQAU + ﬁ(u) = 0,

do(I — A)v —ba 1 Au —be 2 Av =0 (48)
o di(I — A)yu — by 1Au — by 2Av =0,
da(I — A)v — b1 Au— be 2 Av =0, (49)
respectively.

Let us suppose do > 0 fixed. Now we can reduce each of these systems of operator equations to one
operator equation by expressing the variable v from the second equation and substituting it to the first one.
This way we can transform systems (48) and (49) to

di(I — A)yu— Sg,u+ f(u) =0, (50a)
v = (dg[ — dgA — b272A)_1b2’1Au (50b)
and
di(I — Ay — Sg,u =0, (51a)
v = (dg_[ — dgA - b272A)_1b271Au (51b)
with the new operator
Sd2 = bl,lA + b1,2A(d21 - dQA - b272A)_16271A. (52)

The inverse in equations above always exists and the reduction is very similar in the case I'p # 0 (see
Section 5.1 and 5.2 in [5]). This idea of reduction can be found e.g., in [5] or [8]. In the next remark we
will summarize known properties of Sy,, present the form of eigenvalues d; of the problem (51a) and the
connection of hyperbolas, critical points of (19), (8) and bifurcation points of (14), (8).
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Remark 5.1. The operator Sy, defined by (52) is linear, continuous, symmetric and compact. The
eigenvalues of the operator Sy, are

A=

1 b1,2b21
2020 Ly ) k=0,12,... 53
Iik+1 <d2l€k —bgyg 1’1) ( )

and the eigenvectors of Sy, corresponding to A* coincide with those of A corresponding to i, i.e., with the
eigenfunctions of (20) corresponding to k. Also for ug constant we have

b1.2b —det(B)
_ (1O _ 1,292.1 2 2
(St ) = (00, ) = (b11+ 2220 ) oy, = =25 gl <0, (54)
The eigenvalues d¥ of the problem (51a) are given by
1 b1,2b2.1
dF = — [ 275 k=1,2,...
1 P <d2/"ik _ b272 + 1,1> ) ) &y (55)

There is no eigenvalue with £ =0 (c.f. (22)).
We will denote by dM4X the maximal eigenvalue of the problem (51a). It is well known that we can
characterize this maximal eigenvalue of (51a) as

S, u, u)

AMAX _ (Sayt, )

1 uQKI'Ielg)I(—A) (I — A)u,u) (56)
uEHlD

We can see from the form of eigenvalues d} that [d¥,ds] € Oy, [dM4X,ds] € Cp and there are infinitely
many positive eigenvalues d§ and only finite number of negative ones.

It can be shown that d; is an eigenvalue of (51a) or (50a) if and only if [d;, d2] is a critical point of (19), (8)
or (18), (8), respectively (see Remark 2.4 for the classical case or Lemma 5.1 of [5]). Also every bifurcation
point [dy,ds] of (14), (8) or (13), (8) is a critical point of (19), (8) or (18), (8), respectively. To prove this
implication, one needs properties of 3 and F we proved in Lemma 4.1 and definition of nonlinear operators
corresponding to higher order terms ny,ne for which the growth conditions (17) are necessary. The proof is
the same as the proof in the case of problems with unilateral terms and it can be found in appendix of [5]
(see Lemma A.2).

In our previous paper [5], we used the variational characterization of the maximal eigenvalue d; of
problems (50a) (with different ) and (51a) and compared them. The eigenvalue problem (50a) is non-linear,
therefore we used [5, Theorem 5.1] (originally from [10]) to get the existence of the maximal eigenvalue and
its variational characterization. In the case of unilateral integral terms this is not possible, because we are not
able to verify the crucial potentiality condition (51) of [5, Theorem 5.1]. Hence, we use a different approach
that does not guarantee the existence of critical points of (18), (8), but considering the fact that we aim to
prove the non-existence of critical points on Cg, this is not an issue.

Theorem 5.1. Let dy > 0 be arbitrary fized. If [dy,ds] is a critical point of (18), (8), then we always have
dy < dMAX | If [dMAX dy) € O, exactly forn =k,... k41— 1, all linear combinations e of ey, ..., ex11_1
satisfy (33) and [dy1, ds) is a critical point of (18), (8), then di < d}14X.

Proof. Let [di,ds] be a critical point of (18), (8), i.e., dy is an eigenvalue of the problem (50a) with some
eigenfunction ug. The eigenfunction uy cannot be constant, i.e., it cannot be ug € Ker(l — A). If it were,
we would have —(Sg,uo,uo) + (B(uo),up) > 0 due to (41) and (54). However, this is not possible, because
an eigenfunction ug satisfies

(I = A)ug, uo) — (Sayu0,u0) + (B(uo), uo) = 0.

For any eigenfunction ug ¢ Ker(I — A) corresponding to the eigenvalue d; we have

(Sdgu()vu()) - (6(’&0),@60) (Sd2u07u0) (SdQ’LL,U) MAX
= < < — L =
d (T=Duoyue) (T~ Aug,ug) ~ wgkertt— (T — A)uu) 4
uEHD

due to non-negativity of (8(u),u) (see Lemma 4.1). Hence, the first assertion is proved.
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Let e be as in the assumptions of the theorem and let us suppose that [dM4X dy] € CF is a critical point
of (18), (8), i.e., dM4X is an eigenvalue of (50a) with corresponding eigenfunction ug. It means that

MAX (Sd2u0,u0) — (B(uo),uo) (SdQuo, ug) MAX
W =TT Duowe) = (T Augyug)

due to (41) and the fact that d}74X is the maximal eigenvalue of (51a). Hence, the inequality is not possible,
but in the same moment e is an eigenfunction corresponding to the maximal eigenvalue d}4X too and
(B(e),e) > 0 because of (33), which leads to the contradiction. Hence, [d}/4¥ dy] € Cg cannot be a critical
point of (18), (8) and together with already proven first assertion of the theorem we get that every critical
point [dy,ds] of (18), (8) satisfies d; < dM4X. O

Proof of Theorem 3.1

(i) By Theorem 5.1, any critical point [dy,ds] of (18), (8) satisfies d; < dMAX for a fixed do > 0. By
Remark 5.1 there is [dMAX dy] € Cp. Hence, there are no critical points in Dg (see Fig. 1 and
Remark 2.4). Since any bifurcation point of (13), (8) is also a critical point of (18), (8) (see Remark 5.1),
there are no bifurcation points of (13), (8) in Dg.

(ii) The idea of the following proof is the same as in our paper [5]. We will make the proof for the case

p = (). The case I'p # () is analogous.

Let us suppose the opposite, i.e., the assumptions of the second part of Theorem 3.1 are satisfied
and there are critical points of (13), (8) in CE(e) for every ¢ > 0. We can choose a sequence
dv = [d},dy] € Dy and W,, = [uy,v,] such that d" — d° € CE |W,| = ||u||Hb + ||UHH113 # 0
and d", W, satisfy (48). We can assume that ”W T W= [w, z]. Let us divide (48) by ||[W,]| to get

u
di(I — A)—— — b1 A—— — b1 oA + 0 ( ) 0,
Wy~ 7.1 .l ] )
Un v
d5(I — A)w—— — by, — b = 0.
W~ AT A -
By the compactness of A and (43), we get A |W" T~ Aw and ( T ”) — B(w), analogously for v,

and z. Hence, it follows easily from (57) that HWnH — w, HWnH — z and

d?([ — A)U) — bl’lAw — bl,QAZ - B(w) = 0,
dg([ - A)Z - 6271Aw - b2’2AZ = 0.

Therefore the point d° = [d?,d9] € CF is a critical point of the problem (18), (8), which contradicts
Theorem 5.1 for dy = d9. Hence, there exists ¢ > 0 such that there are no critical points of (18), (8)
and consequently no bifurcation points of (13), (8) in Cf(g), because every bifurcation point is also a
critical point (see Remark 5.1). O

Proof of Theorem 3.2
Since we assume I'p # (), the first eigenfunction e; of (20) does not change the sign by Remark 2.2. Hence,
_ ) 4 .
for either e = ey or e = —e; we have Y1 | x™ ()T T _(e)— > i i (:c)ﬁFTI;r (e) = 0. Since any point
2 J
[d1,ds] € C is a critical point of (19), (8) with the solution [%ﬂel, 61} (see Remark 2.4), it is also a

critical point of (18), (8). O

Proof of Theorem 3.3
In the case I'p = () any linear combination e of eigenfunctions ey, for k > 0 satisfies | o € d2 = 0. Indeed,
using Green’s formula and zero Neumann boundary conditions we have

mk/ekd(}:/—ﬂekd():— 9k 490 =0 for every k > 0.
2 ) an On
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Since all Ky, for k > 0 are positive, we immediately get |, o € d§2 = 0. This means that T (e) =0 and by the
similar argumentation as in the proof of Theorem 3.2 the assertion follows. [

Proof of Theorem 3.4
First let us define operators By, 5} : H}, — H}, as

By (W), ) = = / <Z X (@) T <w>> pdly forally, o € Hp,

I'n \i=1
m (58)
+ .
e = [ (XA @At @) | edry forallv, v e )
ry \i4 j
and then the operator Sy : Hb, — H}, as
BN = By + By (59)

The operator Sy has the same properties as 5 (see Lemma 4.1). Now we can rewrite problem (19), (27) as

dl(I — A)u — bl,lAu — bLQA'U + ﬁN(U) = 0,

60
dg([ - A)U — bgylAu — b272A'U =0. ( )

Then it is necessary to repeat the process of the reduction to one operator equation from the beginning of
this section. Theorem 5.1 applies to this problem as well and the rest of the proof of Theorem 3.4 is the
same as the proof of Theorem 3.1 presented above. [J

Proof of Theorem 3.5

In the case of periodic boundary conditions, we use the function space H;eT from Remark 2.6 and by
solution we mean a weak solution from this space. We can define the same operators A, 5 etc. from Section 4
using the inner product of H},, (let us remind that it is the same inner product as the inner product of
W12). These operators have again the properties described in Lemma 4.1. Eventually, we get the same
systems of operator equations (48), (49) as we had in the case of Neumann boundary conditions. Then we
can apply again the reduction to one operator equation. Theorem 5.1 still applies in this case and the proof
of Theorem 3.5 is then exactly the same as the proof of Theorem 3.1. O

6. Numerical experiments

In this section we will present a collection of results of our numerical experiments with specific reaction
kinetics. In some sense we take inspiration in the paper [24], where Vejchodsky et al. investigated the
influence of unilateral sources of the type 7o~ (and its modifications) in the inhibitor equation of the
reaction—diffusion system on pattern formation. Analytical results for systems with unilateral terms suggest
that the domain of instability could be bigger than in the classical case. Vejchodsky et al. were looking for
a critical value of the portion of diffusion parameters D = % where Turing’s instability occurs. Of course,
one cannot talk here about true stability (or instability), because everything is just based on numerical
experiments and one can only observe whether the solution evolving from initial perturbations of the
homogeneous steady state converges to this state or not (i.e., it is evolving into something significantly
bigger). We are investigating here the dual problem, i.e., unilateral terms in the activator equation. We
focus both on numerical experiments considering unilateral terms of the type u™,u™ (analytical results
were presented in [5]) and also unilateral integral terms presented in the analytic part of this paper. One
goal is to investigate the influence of these terms on the “change of stability” of the reference steady state
in the similar way as Vejchodsky et al. did. Also we are interested in the shape of resulting patterns in
different scenarios. We use here two types of boundary conditions, i.e., pure Neumann boundary conditions

and periodic boundary conditions. Since we most commonly used Neumann boundary conditions before and
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we deem periodic boundary conditions more realistic, we want to compare results and shapes of patterns
for these two types of boundary conditions and conclude that periodic boundary conditions are the better
option for future experiments.

We use the well-known Schnakenberg reaction kinetics (see [21])

f(u,v) = a —u+ v, (61)

g(u,v) = b —u?v,

where a, b are positive coefficients. The reaction—diffusion system with this kinetics and either Neumann or

periodic boundary conditions has only one constant steady state [u,7] = [a +b ] We will assume

_b
I (a+b)2
values of coefficients

a=02 b=2. (62)

One can easily verify in such case that conditions (16) are satisfied and the kinetics is of the substrate-
depletion type. The spatial domain is always the square 2 = [—25, 25]2.

The overall approach of numerical solving of our reaction—diffusion system is made in the sense of the
method of lines. We use finite difference method for the spatial approximation, in particular the five-point
scheme to approximate the Laplace operator. The evolution in time is managed by odelds solver in the
software MATLAB. We should mention that we use the idea of the ghost-point and the central difference
to deal with Neumann boundary condition and periodic boundary conditions (see e.g., [13]). We adopt the
trapezoidal rule to compute integral terms in the activator equation.

We use the random noise around [u,?] as an initial condition with range [-1072,1072]. We label the
solution stationary, when it does not change too much, i.e., the difference of solutions in the maximum norm
in two consecutive times is smaller than 1072, We say that [u, 7] is unstable if the solution u(x) that evolved
from perturbations of the reference homogeneous steady state satisfy

maxxeq [u(x) =4 (63)
U

The value 0.1 is ten times bigger than the range of initial perturbation, hence we assume that the solution
has evolved enough and it suggests instability of [u,7]. We use the relative difference from @ here, because
the constant w is quite bigger that v and the stationary solution u is in general much bigger than v. It does
not seem to be the best idea to look for some exact value of d;, where the stability changes. We will rather
look for a critical interval I..;; :== (d¥,dy) such that |dY — df| < 0.01 and [@,7] is unstable for [d{, ds] and
stable for [dy, ds] (in the sense of (63)).

The typical patterns produced by reaction—diffusion system with Schnakenberg kinetics and either
periodic of Neumann boundary conditions can be seen in Fig. 4. The pattern with spots typically appears
for some [dy,ds] deep in the domain of instability, while stripe patterns are produced for [dy,ds] close to
the envelope Cg (the eigenfunctions corresponding to the smaller eigenvalues have probably bigger influence
here). One can see that the shape of patterns in solutions u and v is the same, there is just inverted colouring
(maximums and minimums). In [24], Vejchodsky et al. always showed the solution u, but they also used
inverted colourmap in Matlab. Since we use standard colourmap (grey), we will always show the solution u
so that spots are always black.

6.1. Experiments with unilateral terms

We will consider the unilateral source

T(x)(u—1u)~ (64)

in the activator equation with 7(x) > 0 for every x € 2. We chose this simple unilateral source, because we
can expect the existence of CZ(e) along the whole envelope Cr according to analytical results from [5] (for
7> 0).

First, let us focus on the case of Neumann boundary conditions and 7 constant on the whole domain (2.
We experimentally found the critical interval I..;; for several values of dy and three values of 7. A sample of
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=2
= i )

o"
(8)

Fig. 4. Examples of typical patterns in the classical case without unilateral terms. (a) sol. u, spots, Neumann b.c. (b) sol. u, stripes,
Neumann b.c. (c¢) sol. u, spots, periodic b.c. (d) sol. u, stripes, periodic b.c. (e) sol. v, spots, Neumann b.c. (f) sol. v, stripes, Neumann
b.c. (g) sol. v, spots, periodic b.c. (h) sol. v, stripes, periodic b.c.

Table 1
Critical intervals I.,;; for different values of 7. The case of the unilateral source 7(u — u)~ and Neumann
boundary conditions. The value of d; in the second column is analytically computed value of d; such that

[d1,ds] € Cg.

ds dy I.riy for =0 I.riy for 7 = 0.1 I.riy for 7= 0.5 Iopiy for 7 =1
600 14.73 (14.6149, 14.6221) (12.8456, 12.8528) (9.8967, 9.9039) (8.6452, 8.6524)
Table 2

Critical intervals I.,;; for 7(x) = 0.5 on square support £2s in the middle of 2. The case of the unilateral
source 7(x)(u —u)~ and Neumann boundary conditions.

dy Iersy for |2g| = 502 Iersy for |2g] = 402 Ierse for |2g| = 302 Iersy for |2g] = 102

600 (9.8967, 9.9039) (12.637, 12.6442) (14.1258, 14.133) (14.6005, 14.6077)

these experiments for dos = 600 can be found in Table 1, the full table for several values of dy is Table 7 in
the appendix. One can see that as we increase 7, the critical interval shifts to zero. It would be interesting
to find large enough value of 7, such that the critical interval reaches zero, but the numerical methods we
used are not very reliable for dy close to zero. Hence, this remains open problem. The case 7 = 0 corresponds
to the classical case without unilateral sources. Of course, we could just use d; computed analytically using
the definition of C'g (in the second column). However, since everything is just approximate here, we should
compare I..;; for positive 7 with I..;; for 7 = 0. The patterns have usually the same shape when we use T7u~
on the whole domain (2 as in the classical case (meaning in the problem without any unilateral terms).

In the next series of experiments we investigate the influence of the unilateral source acting only on some
subset of the domain 2. We assume

T(X):{ 0.5 ... x¢€s, (65)

0 ... otherwise,

where (25 is a square with centre in the centre of the square {2. The goal is once again to find the critical
interval for different sizes of 2. We can see in the sample in Table 2, that as we increase the size of {2g,
the unilateral term has bigger influence and the critical interval is closer to zero (see full Table 8 in the
appendix). This is the expected result, but it is interesting that even for |2s| = 302, which is quite large
square, the shift is very small. This suggests that using unilateral terms on small subset is not very effective
in this sense.
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Fig. 5. The dependence of the shape of patterns on the size of 2g and the diffusion parameter d;- the case of Neumann boundary
conditions and fixed do = 100.

Table 3
Critical intervals I.,;; for different values of 7. The case of the unilateral source 7(u — w)~ and periodic
boundary conditions.

do Ieriy for 7 =0 I.pi¢ for 7 =0.1 I.rie for 7 =0.5 Iepit for 7 =1
600 (14.1258, 14.133) (12.6946, 12.7017) (9.7169, 9.7241) (8.6596, 8.6668)
Table 4

Critical intervals I.,;; for 7(x) = 0.5 on square support £2s in the middle of 2. The case of the unilateral
source 7(x)(u —w)” and periodic boundary conditions.

dsy Ieriz for |Qg| = 402 I.rie for |2g| = 302 Iersy for |2g] = 202 Ierse for |2g] = 102

600 (12.1881, 12.1934) (14.0108, 14.018) (14.1412, 14.148) (14.1345, 14.1412)

The shape of patterns is more interesting in the case that the unilateral source is acting only on the part
of the domain {2. In Fig. 5 we illustrate the dependence of the shape of patterns on the size of {2g and the
value of di. One can see that for the higher value of dy or the larger {25 the pattern is not produced.

In the case of periodic boundary conditions, the situation considering the critical interval and the shape
of patterns is very similar to the case of Neumann boundary conditions. The shift of the critical interval I.,;;
for do = 600 and three values of 7 is in Table 3, for the several values of dy see full Table 9. The patterns
are more of less the same as typical patterns in Figs. 4(g), 4(h).

In the case that the unilateral source is active only on {2g the shift of the critical interval I..;; for do = 600
and four sizes of f2g is in Table 4, for the several values of dy see full Table 10. The shape of patterns is
again in this case more interesting than in the case that the unilateral source is active on the whole domain
2 (see Fig. 6).

The unilateral source 7(u —u)~ can be of course replaced with more complicated sources or we could use

both the source and the sink. We repeated some of experiments for the unilateral source with saturation
T(u—w)"
T+ (u—w)—
it is bounded, while 7(u — )~ is not.

and we got similar results. We should mention that this term is more natural due to the fact that
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Fig. 6. The dependence of the shape of patterns on the size of g and the diffusion parameter d;- the case of periodic boundary
conditions and fixed do = 100.

6.2. Experiments with unilateral integral terms

We consider one unilateral integral source and one sink

e ([ 5 ) e ([ 55 )

with 7,& > 0. In the analytical part of the paper we always suppose K = M. Here, we will make some
experiments even in the case that K # M. The convergence to the stationary solution takes much more
time for unilateral integral terms. Hence, we look for I..; for fewer values of dy. Also we discovered
that the shift of I..;; to the left is much smaller than in the case of unilateral terms, therefore we
require that [dY — d;y| < 0.001 in the definition of the critical interval I..;; instead of the value 0.01 we
used before.

In the case of Neumann boundary conditions, we tested several settings of parameters 7, ¢ and sets K, M.
In Tables 5 and 6 we summarize computed critical intervals I..;; for two different values of do. One can see
here that the shift of the critical interval is very small. We note here that columns (v) and (vi) are in Table 6.
Looking at the case (i¢) (only source) and (7iz) (both source and sink), we can see that the shift is bigger,
when we use both source and sink, not just the source. On the other hand taking small sets K, M does not
necessarily result in smaller shift (compare (ii7) and (iv)). This makes sense, because the integral does not
need to be larger if we take larger sets K, M. The same apparently is true, when we increase values of 7
and e (compare (ii7) and (v)). The last case (vi) is the case, where the sets K and M are different, which
is the case excluded in the analytic part of this paper. We can observe here the shift to the right, which is
something new.

The shape of patterns does not seem to be very influenced by unilateral integral terms. One could say
that patterns are in some cases more blurry than in the classical case, but the difference is quite small.
Also the case of periodic boundary conditions gives the same results as the case of Neumann boundary
conditions.
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Table 5

Critical intervals I.,.;; in different cases for two values of ds. (i) — The classical case (no unilateral integral
terms), (ii) — the case 7 = 0.8, ¢ = 0, K = M = [—20,20]?, (ii4) — the case 7 = 0.8, ¢ = 0.7,
K = M = [-20,20]?, (iv) — the case 7 = 0.8, ¢ = 0.7, K = M = [-10, 10]%.

s B (i4) (i) (iv)

600 (14.6218, 14.6224) (14.6166, 14.6172) (14.6218, 14.6224) (14.6189, 14.6195)
500 (12.3099, 12.3109) (12.213, 12.214) (12.246, 12.2469) (11.9368, 11.9377)
Table 6

Critical intervals I.,.;; in different cases for two values of ds (extension of Table 5). (i) — the classical
case (no unilateral integral terms), (v) — the case 7 = 1.5, ¢ = 1.2, K = M = [—20,20]* (vi) — the case
7=0.8,¢=0.7, K=10,20]?, M =[-20,0]? (i.e., the case K#M).

da (i) D) (i)

600 (14.6218, 14.6224) (14.6103, 14.6109) (15.5855, 15.5862)
500 (12.3099, 12.3109) (12.0921, 12.0931) (13.6883, 13.6891)
Table 7

Critical intervals I..;; for several values of dy. The case of the unilateral source 7(u — uw)~ and Neumann
boundary conditions.

ds dy Ierit for =0 I.rit for 7 = 0.1 I.riy for 7 = 0.5 Iorip for 7 =1
600 14.73 (14.6149, 14.6221) (12.8456, 12.8528) (9.8967, 9.9039) (8.6452, 8.6524)
400 9.96 (9.9503, 9.96) (8.8706, 8.8804) (6.7211, 6.7308) (5.7776, 5.7873)
300 7.47 (7.4262, 7.4335) (6.6821, 6.6894) (5.0919, 5.0992) (4.3332, 4.3405)
200 5.01 (4.9904, 5.0002) (4.4718, 4.4816) (3.3661, 3.3759) (2.8866, 2.8964)
150 3.75 (3.7207, 3.728) (3.3398, 3.3472) (2.5342, 2.5415) (2.168, 2.1753)
100 2.51 (2.4806, 2.4904) (2.2257, 2.2355) (1.6962, 1.706) (1.4511, 1.4609)
70 1.76 (1.7462, 1.7531) (1.5675, 1.5744) (1.1894, 1.1963) (1.0106, 1.0175)
80 2.01 (1.9943, 2.0021) (1.798, 1.8059) (1.3583, 1.3662) (1.1542, 1.162)
60 1.5 (1.4941, 1.5) (1.3359, 1.3418) (1.0195, 1.0254) (0.86719, 0.87305)
50 1.25 (1.2402, 1.25) (1.1133, 1.123) (0.83984, 0.84961) (0.72266, 0.73242)

6.3. Conclusion

The numerical investigation of unilateral and unilateral integral terms yielded several observations. Should
we compare the influence of unilateral terms and unilateral integral terms, former ones have much bigger
impact on the pattern formation. First we have seen that with the increasing strength of unilateral terms, the
shift of the critical interval I..;; to the left is getting bigger and the same is true, when we increase the set,
where these terms are active. We have observed that the pattern formation can be locally broken on the set,
where unilateral terms are active and it leads to quite interesting patterns. This behaviour can be detected
for the case of Neumann boundary conditions and also periodic boundary conditions. Hence, we conclude
that we should focus more on periodic boundary conditions in the future, because they give qualitatively
similar results as Neumann boundary conditions and we deem them more natural. On the other hand, in the
case of unilateral integral terms, we observed that the shift of I..;; is small in several scenarios. The shift is
especially small in comparison to the shift in the case of unilateral terms. Also the shape of patterns usually
remains unchanged. The most interesting observation here is the fact that when K # M (the set where we
compute integral and the set where these terms are active is different), the critical interval can truly shift
to the right. This is something new, which was not possible in the case of unilateral terms.

Acknowledgements

M. Fencl has been supported by the project SGS-2019-010 of University of West Bohemia, Czech Republic,
the project 18-03253S of the Grant Agency of Czech Republic and the project LO1506 of the Czech Ministry
of Education, Youth and Sport.



22 M. Fencl / Nonlinear Analysis 196 (2020) 111815

Table 8
Critical intervals I.,;; for 7(x) = 0.5 on square support s in the middle of 2. The case of the unilateral
source 7(x)(u —w)~ and Neumann boundary conditions.

dy Iepse for |2g| = 502 Ierie for |2g| = 402 I.rie for |2g| = 302 Iepse for |2g| = 102
600 (9.8967, 9.9039) (12.637, 12.6442) (14.1258, 14.133) (14.6005, 14.6077)
400 (6.7211, 6.7308) (8.7053, 8.715) (9.7266, 9.7363) (9.9308, 9.9405)
300 (5.0919, 5.0992) (6.6092, 6.6165) (7.2074, 7.2147) (7.3606, 7.3679)
200 (3.3661, 3.3759) (4.6088, 4.6186) (4.9121, 4.9219) (4.9806, 4.9904)
150 (2.5342, 2.5415) (3.457, 3.4644) (3.6401, 3.6475) (3.728, 3.7354)
100 (1.6962, 1.706) (2.3727, 2.3825) (2.4512, 2.461) (2.4904, 2.5002)
80 (1.3583, 1.3662) (1.9079, 1.9158) (1.9629, 1.9707) (1.9864, 1.9943)
70 (1.1894, 1.1963) (1.7325, 1.7394) (1.7462, 1.7531) (1.6775, 1.6844)
60 (1.0195, 1.0254) (1.4473, 1.4531) (1.4766, 1.4824) (1.4941, 1.5)

50 (0.83984, 0.84961) (1.2109, 1.2207) (1.2305, 1.2402) (1.2402, 1.25)
Table 9

Critical intervals I.,;; for several values of dy. The case of the unilateral source 7(u — u)~ and periodic
boundary conditions.

do Ierie for 7 =0 I.pie for 7 =0.1 I.pi¢ for 7 =0.5 Iepie for 7 =1
600 (14.1258, 14.133) (12.6946, 12.7017) (9.7169, 9.7241) (8.6596, 8.6668)
400 (9.8919, 9.9016) (8.608, 8.6177) (6.6432, 6.653) (5.7484, 5.7581)
300 (7.0615, 7.0688) (6.3466, 6.3539) (4.8949, 4.9022) (4.3259, 4.3332)
200 (4.9415, 4.9513) (4.4718, 4.4816) (3.3661, 3.3759) (2.8866, 2.8964)
150 (3.6548, 3.6621) (3.2153, 3.2227) (2.4829, 2.4902) (2.168, 2.1753)
100 (2.4806, 2.4904) (2.2355, 2.2453) (1.6864, 1.6962) (1.4413, 1.4511)
80 (1.9786, 1.9864) (1.7745, 1.7823) (1.3583, 1.3662) (1.1542, 1.162)
70 (1.7394, 1.7462) (1.5675, 1.5744) (1.1825, 1.1894) (1.0106, 1.0175)
60 (1.4824, 1.4883) (1.3184, 1.3242) (1.0195, 1.0254) (0.86719, 0.87305)
50 (1.2402, 1.25) (1.1133, 1.123) (0.83984, 0.84961) (0.72266, 0.73242)
Table 10

Critical intervals I.,.;; for 7(x) = 0.5 on square support 2s in the middle of . The case of the unilateral
source 7(x)(u —u)~ and periodic boundary conditions.

do Terie for |2g| = 402 Iorit for |2g| = 302 Iorit for |2g| = 202 Iorit for |2g| = 102
600 (12.1881, 12.1934) (14.0108, 14.018) (14.1412, 14.148) (14.1345, 14.1412)
400 (8.2662, 8.2733) (9.7849, 9.7946) (9.8978, 9.904) (9.8915, 9.8978)
300 (6.508, 6.5157) (6.9375, 6.9448) (6.9626, 6.9716) (7.0582, 7.065)
200 (4.6114, 4.6189) (4.9062, 4.9125) (4.9286, 4.9348) (4.9411, 4.9474)
150 (3.3953, 3.401) (3.5375, 3.5438) (3.6201, 3.6293) (3.6572, 3.6665)
100 (2.3624, 2.3716) (2.4563, 2.4625) (2.4786, 2.4849) (2.4849, 2.4912)
80 (1.8992, 1.9066) (1.9563, 1.9625) (1.9698, 1.9748) (1.9798, 1.9849)
70 (1.6404, 1.649) (1.7062, 1.7125) (1.7248, 1.7336) (1.7424, 1.7512)
60 (1.4394, 1.4449) (1.4688, 1.475) (1.4775, 1.485) (1.485, 1.4925)
50 (1.2129, 1.2191) (1.2375, 1.2437) (1.2375, 1.2437) (1.2437, 1.25)

Appendix

A.1. Tables

See Tables 7-10.
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Abstract. This paper analyzes the structure of the set of nodal solutions, i.e., solutions changing sign, of a
class of one-dimensional superlinear indefinite boundary value problems with indefinite weight functions
in front of the spectral parameter. Quite surprisingly, the associated high-order eigenvalues may not be
concave as is the case for the lowest one. As a consequence, in many circumstances, the nodal solutions can
bifurcate from three or even four bifurcation points from the trivial solution. This paper combines analytical
and numerical tools. The analysis carried out is a paradigm of how mathematical analysis aids the numerical
study of a problem, whereas simultaneously the numerical study confirms and illuminates the analysis.

1. Introduction

In this paper, we analyze the nodal solutions of the one-dimensional nonlinear
weighted boundary value problem

{ —u" — pu = am(xX)u —a(x)u* in (0, 1),

u(0) =u(l) =0, (I.)

where a, m € CJ0, 1] are functions that change sign in (0, 1) and A, u € R are
regarded as bifurcation parameters. More precisely, A is the primary parameter and p
the secondary one. All the numerical experiments carried out in this paper have been
implemented in the special case when

—0.2sin (0%(0.2 — x)) if 0<x<0.2,
a(x) := { sin (O%(x — 0.2)) if 0.2 <x <0.8, (1.2)
—0.2sin (0”7()6 — 0.8)) if 0.8 <x <1,
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Figure 1. Graph of the weight function a(x)

because this is the weight function a(x) considered by Lopez-Gémez and Molina-
Meyer [29] to compute the global bifurcation diagrams of positive solutions. Figure 1
shows a plot of this function. In this paper, we pay a very special attention to the
particular, but very interesting, case when

m(x) = sin(jmwx)

for some integer j > 2.

To the best of our knowledge, this is the first paper where the problem of the existence
and the structure of nodal solutions of a weighted superlinear indefinite problem is
addressed when m (x) changes sign. The existence results for large solutions of Mawhin
etal. [40] required m = 1, as well as the results of Lépez-Gomez et al. [36], where the
attention was focused on the problem of ascertaining the structure of the set of positive
solutions. Most available results on nodal solutions deal with the special cases when
m = 1, u = 0 and a(x) is a positive function with minyp jja > 0 (see Rabinowitz
[41-43]), or with the degenerate case when a(x) is a continuous positive function
such that a=1(0) = [a, Bl C (0, 1) (see Lopez-Goémez and Rabinowitz [37-39] and
Lopez-Gomez et al. [34]). In strong contrast to the classical cases when mingg, 1;a > 0,
in the degenerate case when @ > 0 with a~1(0) = [a, 8] C (0, 1), the set of nodal
solutions might consist of two, or even more, components, depending on the nature
of the weight function a(x) (see [34,39] for further details). Nevertheless, as for the
special choice a(x) given by (1.2), a(x) is negative in the intervals (0, 0.2) and (0.8, 1),
while it is positive in the central interval (0.2, 0.8), this is the first time that the problem
of analyzing the structure of the nodal solutions in this type of superlinear indefinite
problems is addressed.
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A natural strategy for constructing the solutions of (1.1) with n > 0 interior zeroes,
or nodes, consists in linearizing (1.1) at the trivial solution, u = 0, and then searching
for the eigenvalues of the linearization having an associated eigenfunction with exactly
n interior nodes in (0, 1), for as these values of the parameters will provide us, through
the local bifurcation theorem of Crandall and Rabinowitz [12], with all the small nodal
solutions of (1.1) bifurcating from u = 0. This strategy leads us, in a rather natural
way, to the linear weighted eigenvalue problem

0(0) = (1) = 0. (13

By Sturm-Liouville theory, Problem (1.3) has a sequence of eigenvalues

{ —¢" — pgp —am(x)p =o¢ in (0, 1),

S0, 1) 1= 0p[—D* — w — Am(x); 0, )],  n>1,

which are algebraically simple. Moreover, associated with each of them, there is an
eigenfunction, ¢,, with ¢, (0) > 0, unique up to a multiplicative constant, with exactly
n — 1 interior nodes, necessarily simple, in (0, 1). By uniqueness,

2o, 1) i= op[=D* —dm(x); (0, D] —p,  n>1. (1.4)

It turns out that the set of all the possible bifurcation points from u = 0 to solutions
of (1.1) with n — 1 interior zeroes corresponds to values of A and u for which

Xp(A, ) =0.
This motivates the analysis of these curves. Throughout this paper, we will denote
Ta(A) = (X, 0) = 0,[—D? — am(x); (0, )], n>1. (1.5)
Then,

Tn(h, ) = X,(A) —

and £,(0) = (n7)? for all n > 1. Based on a classical result of Kato [22] on pertur-
bation of simple eigenvalues, for every n > 1, £, (1) is analytic in . € R. A proof
of this can be obtained by means of [27, Ch. 9] and Section 5 of Antén and Lopez-
Gomez [2], where the result was established when n = 1. An extremely important
property of 31 (1) is its strict concavity with respect to the parameter A (see Berestycki
et al. [5], Cano-Casanova and Lopez-Goémez [10] and Chapter 9 of [27]). It holds that
Y1(A) > 0forall A <0, £{(0) =0, () <0 forall A > 0, and

2/(A) <0 forall A €R. (1.6)

Since £ (0) = 72, this property entails that, for every u < 72, D 1(,u) consists of
two values of A,

b =) <0 < Ay = Ag (),
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which are the unique bifurcation values to positive solutions from u = 0 of (1.1)
(see Lopez-Gomez and Molina-Meyer [29]). Even dealing with general second order
elliptic operators under general mixed boundary conditions of non-classical type, the
strict concavity of X1(X) relies on the strong ellipticity of the operator (see, e.g.,
Chapter 8 of [27]).

For analytic semigroups, the spectral mapping theorem holds (see, e.g., [3,4]), i.e.,

O_(eDz+Am)\{O} — o0 (=D?=im) _ {e—on(—DZ_)\m;(O,l)) Cn > 1},

Thus, the spectral radius of the associated semigroup is given through the formula

o(A) := spr (eD2+km) — ¢~ (=D?=Am0.1) _ e Wy eR.
Hence, o (1) is logarithmically convex, which is a classical property observed by Kato
[21], and equivalent to the concavity of X1 (L).

According to Propositions 1.10 and 1.11 of Figueiredo [17], for every . < 0, the
eigenvalue problem

{ —¢" — pp = im(x)g in (0,1),
9(0) =¢(1) =0,

has a double sequence of eigenvalues

S Ala() < Aoi(u) < 0 < Aq(u) < da(w) < -

such that lim;,— oo A, () = 400 and lim,, 5o A—, () = —o00. Actually, by a result
of Hess and Kato [20], A_>() < A—1() < 0 < A1() < A2(w). Thus, it is rather
natural to believe that in the one-dimensional setting A_¢,4+1)(1t) < A_,(u) and
An() < Apg1(w) forall n > 1 and that for every n € Z, associated with A, (i) there
1s a unique eigenfunction, up to a multiplicative constant, ¢,,, with n — 1 interior nodes
in (0, 1), as it occurs in the setting of the Sturm—Liouville theory. Rather surprisingly,
this is not true for sufficiently large © > 0 because X, (1) is not necessarily concave
for all n > 2. Actually, there are examples of weight functions m(x) for which none
of the remaining eigenvalues ¥, (1), n > 2, is concave with respect to A. Figure 2
shows one of these examples for the special choice m(x) = sin(2w x).

In this case, X1 (A) is the unique eigencurve which is concave. All other curves are
symmetric functions of A, with a quadratic local minimum at A = 0, as illustrated by
Fig. 2. This fact has dramatic implications from the point of view of the structure of
the set of nodal solutions of the problem (1.1). Indeed, setting

Mp =max X,(X), n>1, (L.7)
reR

it is easily seen that u, > ¥,(0) = (nm)? for all n > 1 and, hence, for every n > 2
and any u € ()2, 1), En_l () consists of two negative eigenvalues, A_[1 ,) (1) <
A—2,n1(n) < 0, and two positive eigenvalues 0 < A2 41() < A41,,1(w) such that

0 <2dyipm(n) ==A_2n() < Agqi,n () = —A_(1,01(0).
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Figure 2. Curves 2, (1) for 1 <n <5 and m(x) = sin(27x)

Therefore, for this range of , we expect that the solutions with n — 1 interior nodes
of (1.1) will bifurcate from the trivial solution at each of the four values

A=Axfin, =172
By construction, letting 1 | (n7)?, it follows that

Az ((nm)?) = 0.

Moreover,

At (n) = A2 () < 0 < App2,n(n) = Ag(1,01(Un),

at least forn € {2, 3,4, 5}.

As illustrated in Fig. 3, the number of eigencurves, X, (1), n > 2, which are concave
in A might vary with the weight function m(x). Indeed, when m(x) = sin(4mx), it
turns out that not only X1 (A) but also ¥>(A) is strictly concave, while the remaining
eigencurves, X, (A), with n > 3, are not concave. Similarly, when m (x) = sin(6mw x),
then X ; (1) are concave for j € {1, 2, 3}, while they are not concave for j > 4.

As suggested by our numerical computations, the more wiggled m (x) is, the higher
the number of modes is for which X, (1) is concave.

The structure of this paper is as follows. Section 2 studies some global properties
of the eigencurves X, (A) for all n > 2 and analyzes their concavities in the special
case when, for some k > 1,

m(x) = sin(2kmx), x € [0, 1]. (1.8)

In Sect. 3, some global bifurcation diagrams of nodal solutions of (1.1) with one and
two interior nodes are derived; they complement the global bifurcation diagrams of
positive solutions of Lopez-Gémez and Molina-Meyer [29]. Finally, in Sect. 4, we
describe the numerical schemes used to get the global bifurcation diagrams of Sect. 3.



M. FENCL AND J. LOPEZ- GOMEZ J. Evol. Equ.

400 - 300

I Y - T —=0
300 \\\ | EW 200l T~ P b
— — 5 ~_ — —

200 - — ———]—3,m 1 — )
T — 5\ 100 - B

100

3

= =
~ 0 = 0
2l L
-100
-100 -
-200 -
-200 -
-300
-400 L ! 2300 L )
-500 0 500 -500 0 500
A pY

Figure 3. Curves X,(A) for 1 < n < 5 with m(x) = sin(jmx),
j=4,6

2. Some global properties of the nodal eigencurves X, (1)

Throughout this paper, for any givenr, s € R withr < s and every continuous function
q € C[r, s], we denote by (7,1[—D2 + q(x); (r,s)], n > 1, the nth eigenvalue of the
eigenvalue problem

@(r) = ¢(s) = 0.
The next properties are well known (see, e.g., [9]):

=—<p”+q<x)<p =o¢ in (r,s), (2.1)

(i) Monotonicity of o, with respect to q(x): If g, q € Cl[r, s] satisfy g < g, then
oul=D* +q(x); (r,$)] < 0y [=D* +§; ()] forall n = 1.
(1)) Monotonicity of o, with respect to the interval: If [, B] C (r, s), then
Un[—D2 +q; (r,s)] < an[—D2 +q; (o, B)] forall n > 1.
Based on these properties, as suggested by Figs. 2 and 3, the next result holds.

Proposition 2.1. Suppose that there exist x+ € (0, 1) such that £m(x+) > 0, i.e.,
m(x) changes the sign in (0, 1). Then, for everyn > 1,

lim %,(A) = —0o0, lim Z,(}) = —oo. (2.2)
Al —00 Atoo

Proof. Consider a sufficiently small ¢ > 0 such that

Je =[xy —&, x4 +€] C (0, 1), rr}inmsz>O.

Then, by the monotonicity properties of X,,, for every A > 0 and n > 1, we have that

2, (A) = 0u[—D? — am(x); (0, 1)] < 0,[—D? — am(x); Je]

R U _ (7T
< ou[—D wmp Jol =o0,[—D7; J] — Amp = > rmp.
€

Thus, letting A 1 oo, the second relation of (2.2) holds. The first one follows by
applying this result to the weight function —m (x). 0
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The fact that all the eigencurves plotted in Figs. 2 and 3 are symmetric about the
y-axis is a direct consequence of the next general result, because

sin (2km (1 — x)) = —sin(2kmx),
for all integer k > 1 and x € [0, 1].
Proposition 2.2. Suppose that m # 0 is a continuous function in [0, 1] such that
m(l —x) =—m(x) forall x €10, 1]; (2.3)

this holds assuming (1.8). Then, X,(—X) = X,(1) for all . € R and any integer
n > 1. In particular,

,(0)=0 forall n>1, (2.4)
where we are denoting ¥, = %.

Proof. Since m # 0, either there exists x4 € (0, 1) such thatm(x;) > 0,orm(x_) <
0 for some x_ € (0, 1). Suppose the first alternative occurs. Then, by (2.3), we also
have that

m(l—x4)=-mxy) <0

and hence, m(x) changes the sign in (0, 1). In particular, (2.2) holds.
Pick an integer n > 1, a real number A, and let ¢, be an eigenfunction associated
with ¥,,(A). Then, ¢, possesses n — 1 zeros in (0, 1), ¢,(0) = ¢,(1) =0, and

— @y (x) = Am(x)n (X) + Zp (A)h (x)
for all x € (0, 1). Thus, setting
Yn(x) == gu(1—x), x €0, 1],
it is easily seen that
Yp(x) i= =g, (1 —x), ¥,/ (x) =¢,(1—x), x€l0,1],

and hence, for every x € (0, 1),

Y, () = —=¢, (1 = x) = Am(l = X)$a(l = x) + X, (M) (1 — x)
= Am(1 — x)Y (x) + Zp (M) (x)
= —Am(X)Yn (%) + Zp (W) Pn (x).

Consequently, ¥, (x) is an eigenfunction associated with —D? 4+ am(x) withn — 1
interior zeros. Therefore, by the uniqueness of ¥,,, it becomes apparent that

Yu(—=A) = 2,(A) forall A € R.

Since %, (1) is an analytic function of A, necessarily >, (0) =0. ]
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Figure 4. Curves X, (A) for 1 < n < 5 with m(x) = sin(jmx),
j=3,5

Figure 4 shows that the function X, (1) may not be an even function of A if condition
(2.3) fails.

The next result establishes that, as already suggested by Figs. 2 and 3, the nodal
eigencurves, X, (1), cannot be concave for the choice (1.8) if n > k+ 1. We conjecture
that, in general, for that particular choice, %, is concave if n < k. Therefore, X,, should
be concave if, and only if, n < k. The analysis of the concavity when n < k for the
choice (1.8) remains outside the general scope of this paper.

Theorem 2.1. Assume (1.8) for some integer k > 1. Then, as soon asn > k + 1,
$,(00) >0 forall n>k+ 1. (2.5)

Therefore, by (2.4), A = 0 is a local minimum of X, (A) and, in particular, X, ()
cannot be concave.

Proof. Since ¥, (A) is algebraically simple for all n > 1, we already know that X, (1)
is analytic, by well-known perturbation results of Kato [21]. Moreover, the eigenfunc-
tion associated with 3, (1), denoted by ¢, 5}, can be chosen to be analytic in A by
normalizing it so that

1
1
2
fo Pin.X) dx = 5 (2.6)
By definition, ¢, 51(0) = ¢[,,51(1) = 0 and
— @[ () = Am ()@ (x) + Tp(W@pnay(x) forall x € (0, 1). (2.7)

Thus, since £,(0) = (n7)?3, evaluating (2.7) at A = 0 and taking (2.6) into account,
it becomes apparent that ¢, ;] is an analytic perturbation of the eigenfunction

@[n.01(x) = sin(nmx), x € [0, 1].
Moreover, differentiating (2.7) with respect to A yields

- ¢f;,x](x) = )“m(;b[n,)»] + meu ) + 2.:n()‘)(p[n,)»] + 2;n()‘)(;b[n,)»] in (0,1). (2.8)
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Thus, since £,(0) = (n7)? and £,(0) = 0, evaluating (2.8) at A = 0 shows that
@[n.0] solves the problem

{ [-D? — (n7)*]u = mgpu0) in (0, 1), (2.9)

u(0) =u(l) =0.

In order to find ¢, ), we first determine the general solution of the linear inhomoge-
neous equation
[—D? — (n7)*]u = m(x) sin(nmx). (2.10)

Set v := u’ in order to vary coefficients in the first-order system associated with (2.10),
u 0 1 u 0

= . 2.11

(v/) (—(nn)2 O) (v) + (—m(x) sin(nnx)) (2.10)

cos(nmwx) sin(nmx)
—nmsin(nwx) nmcos(nmwx)

Since
W(x) := (

is a fundamental matrix of solutions for the homogeneous linear system associated
with (2.11), the change of variable

wy _ W(x) c1(x)
v c2(x)
transforms (2.11) into the equivalent system
i)\ 0
W) (cé(x)) B (—m(x) sin(nnx)) ’
whose solution, according to Cramer’s rule, is given through
/ 1 - 2 / —1 .
ci(x) = —m(x)sin“(nmwx), ¢y(x) = —m(x) sin(nmx) cos(nmx).
nw nmw
Thus,
1 X
c1(x) = —/ m(s) sin®(n7s)ds + A,
ni Jo
1 X
cx)=—— / m(s) sin(nms)cos(nms)ds + B,
ni Jo

for some constants A, B € R. Therefore, the general solution of (2.10) is given by
u(x) = cos(nmwx)cy(x) + sin(nmwx)ca(x)

= cos(nmx) <A + i /x m(s) sinz(mrs) ds)
nim Jo
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+ sin(nmwx) (B — L /x m(s) sin(nmws) cos(nms) ds)
nit Jo

= Acos(nmx) + Bsin(nmx) + p(x),

where
px) = % /x m(s) sin(nmws) sin[nw (s — x)]ds, x €10, 1], (2.12)
0

is a particular solution of (2.10). It is the solution obtained by making the choice
A = B = 0. Obviously, p(0) = 0. Moreover, by (1.8),

1
p(l) = / m(s) sin(nms) sin[nmw(s — 1)]ds
0
1
= (—1)"/ sin(2ks) sin®(n7rs) ds = 0,
0

because the integrand,
0(s) 1= sin(2kms) sin*(ns), s € [0, 1],

satisfies 6(1 — s) = —6(s) for all s € [0, 1] and hence, it is odd about 0.5. As we are
interested in solving (2.9), we should make the choice

0=u0) =A+ p0) = A.
Thus,
@[n.,01(x) = Bsin(nmx) + p(x),  x €[0, 1],

for some constant B € R. To determine B, we can proceed as follows. Differentiating
(2.6) with respect to A and evaluating the resulting identity at A = 0 yield

1

1 1
0= f ®1n,01(X)@pn,01(x) dx = B/ sinz(mrx) dx —I—f sin(nx)p(x)dx.
0 0

0

Consequently,

1
B = —2/ sin(nx)p(x)dx
0
and therefore,
1
@n,0)(x) = =2 </ sin(nms)p(s) ds) sin(ntx) + p(x), x €[0,1]. (2.13)
0

To find £,,(0), we can differentiate identity (2.8) with respect to A. After rearranging
terms, this gives

[_D2 — Am — En(k)]ﬁb[n,k] - 2m§b[n,k] + 22n()\)¢)[n,k] + i.:n()“)(po[n,)h]-
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Thus, evaluating at A = 0 yields

[—D? — (1) 1@[n.01 = 2m@pn.01 + £n(0)@pn.01 (2.14)

and hence, multiplying (2.14) by ¢y, 07 and integrating over (0, 1), it is apparent that

2,(0) = —4/01 m(X)Pin,01(X)@[n,01(x) dx. (2.15)
Therefore, substituting (2.13) into (2.15) and using (1.8) yield
£n(0) = —4 fo 1 m(x)@n,01(x) p(x) dx
=—4 /01 sin(2km x) sin(nmwx) [% /Ox sin(2kms) sin(nms) sin(nmw(s — x)) ds] dx.

Finally, we need the trigonometric formulas

sinx siny = % [cos(x — y) —cos(x + ¥)], (2.16)
sinx cosy = % [sin(x — y) 4+ sin(x + y)], (2.17)
to simplify the integrands in in (0). First, we will determine the function p(x). For

this, we use formula (2.16) on sin(2ks s) sin(nms) and then formula (2.17) to simplify
the integrand in p(x). Then, integrating yields

1 |cos(mx(2k —n)) cos(mx(2k +n)) ncos(nmx)
p(x) = [

872 k(n — k) kn+k) k(2 —k2) ] - @18

After substituting (2.18) into the formula for ¥,,(0), we can again use formulae (2.16)
and (2.17) to simplify the underlying integrands, which can then be directly integrated.
The result can be simplified to get the final formula

1

2O = g — ey

Obviously, n?—k* > 0ifn > k+1, and therefore f)n (0) > 0. Hence, the eigencurves
¥, (A) are convex in a neighborhood of A = 0 for n > k + 1. Thus, they cannot be
globally concave.

3. Global bifurcation of nodal solutions

Since £1(0) = 72, for every U < 72 the set X ! (u) consists of two points,
A—(u) <0 < Ay (u),
such that

lim A4 () = 0.
pt?
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Moreover, owing to Theorem 9.4 of [27],
X1(A—(w) >0 and X;(Ay(n)) <O.

Thus, by the main theorem of Crandall and Rabinowitz [12] (one can see also Chapter
2 of [26]), L = A+ (w) are the unique bifurcation values of A to positive solutions of
(1.1) from u = 0. The first plot of Fig. 1 of Lopez-Gémez and Molina-Meyer [29]
shows one of those bifurcation diagrams for the special choice (1.2) of a(x) with

m(x) = sin(2wx), x € [0, 1]. (3.1)

In order to complement the numerical experiments of [29] with our new findings
here, all the numerical experiments of this section have been carried out for this
special choice of m(x). As u increases to reach the critical value 1 = 72, the set of
positive solutions of (1.1) bifurcating from u = 0 consists of one single closed loop
bifurcating from u# = 0 at the single point A = 0. These loops, separated from u = 0,
are persistent for a large range of values of ;& > 72, until they shrink to a single point
before disappearing at some critical value of the parameter p (see [29, Fig. 1]).

According to Theorem 2.1, 3> (A) is not concave if (3.1) holds, which is clearly
illustrated by simply looking at the plot of ¥>(A) in Fig. 2. This feature has important
implications concerning the structure of the set of 1-node solutions of (1.1). Indeed,
according to the plot of ¥, (), for every u < (27)2, the set X, ! () consists of two
single values A_ (1) < 0 < A4 () with Z2(A_(u)) > 0 and 25 (A, () < 0. Thus,
according to [27, Th. 9.4], the transversality condition of Crandall and Rabinowitz [12]
holds at (A, u) = (A+(u), 0). Hence, an analytic curve of one-node solutions of (1.1)
emanates from u = 0 at each of these values of A, A+ (u). Figure 5a shows the plots of
these two curves for the value of the parameter 1 = 35. Our numerical experiments
suggest that they are separated from each other. In this bifurcation diagram, as well
as in all the remaining ones, we are plotting the values of A versus the L?-norm of the
solutions. So, each point on the curves of the bifurcation diagrams, (A, u), represents
a value of A and a nodal solution u of (1.1) for that particular value of A.

When p grows to reach the critical value (27)2, the two components become closer
and closer until they meetat A =0 at u = (277)%, where the set of bifurcation points
to one-node solutions from u = 0 consists of the points (A ((27)%), 0) plus (0, 0).
This is the situation sketched by Fig. 5b, where we have plotted the global bifurcation
diagram computed for

w=139.6 > 39.4786 ~ (27)°.

When € ((27)?, u2), where o is given by (1.7), the set Ez_l(u) consists of
four values: two negative, A_[12)(1) < A_2,21(n) < O, plus two positive, 0 <
Ag2.21(n) < Ayq1.21(). Moreover, by Proposition 2.2, it is apparent that

0 < Aqp21(w) = =22 () < Aqq1,21() = —A_q1,21(1).
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Figure 5. Four representative bifurcation diagrams of one-node
solutions

Furthermore, as suggested by our numerical experiments,

Yo(A_1.21() >0, La(A_po(n)) <0,
Yo (Aapo(w) >0, La(Aiqro(w)) <O.

Thus, again the transversality condition of [12] holds at each of these critical values of
the parameter A. Therefore, (1.1) should possess four analytic curves filled in by one-
node solutions bifurcating from u = 0 at each of these critical values of the parameter
A. Figure 5c¢ shows the global bifurcation diagram of one-node solutions bifurcating
from these four bifurcation points that we have computed for u© = 45. Once again, the
set of one-node solutions consists of two components.

As soon as the transversality condition of Crandall and Rabinowitz [12] holds, the
generalized algebraic multiplicity of Esquinas and Lépez-Gémez [15,26], x, equals 1
and hence, thanks to Theorem 5.6.2 of Lopez-Gomez [26], the Leray—Schauder index
of u = 0, as a solution of (1.1), changes as A crosses each of these values. Therefore,
each component of the set of nontrivial solutions of (1.1) emanating from u = 0 at
each of these critical values of the primary parameter A satisfies the global alternative
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of Rabinowitz [41], i.e., either it is unbounded in R x C[O0, 1], or it meets the trivial
solution in, at least, two of these singular values.

Each of the two components plotted in Fig. 5S¢ bifurcates from two different points of
(%, 0), and according to our numerical experiments, both seem to be unbounded. The
problem of ascertaining their precise global behavior remains open. As p increases
and crosses the critical value u;, these two components disconnect from the trivial
solution and stay separated from it, becoming isolas, i.e., components separated from
the trivial branch. Figure 5d shows the plots of these components for u = 54. In Fig. 6,
we plot some distinguished solutions with one node along some of the pieces of the
global bifurcation diagrams of Fig. 5. Namely, Fig. 6b shows a series of solutions with
one node along the same-colored branches of Fig. 6a, which is a magnification of a
part of the left component of Fig. 5a, and Fig. 6d shows a series of solutions with one
node along the bifurcation diagram plotted in Fig. 6¢, which is a magnification of a
part of the left component plotted in Fig. 5d. The colors of each of these one-node
solutions correspond to the color of the part of the bifurcation diagram on the left
where they are coming from.

Similarly, according to Theorem 2.1, for the special choice (3.1), the third eigen-
curve, X3(X), is not concave if (3.1) holds. This can be seen in the plot of ¥3(X) in
Fig. 2. For every u € ((37)2, 1u3), the set X5 ! (u) consists of two negative eigenval-
ues, A_q1,31(n) < A_p,31(n) < 0, and two positive eigenvalues, 0 < Ay 3(n) <
A41,31(1). Moreover, by Proposition 2.2,

0 < Aqp3(m) = —A_231() < Ayqp,31() = —A_[1,3(w)

and, according to our numerical experiments,

Y131 (0) > 0, Xo(h_p3(w) <0, Za(ripa(w) >0,
Xo(hsqr31(w) < 0.

Thus, the transversality condition of [12] holds at each of these critical values and the
local bifurcation theorem of [12] implies that an analytic curve of two-node solutions
emanates from u = 0 at each of these four singular values of A. The first three plots
of Fig. 7 show these curves for three different values of the secondary parameter .
Namely, © = 105, © = 108.1 and u = 110, respectively. All these values satisfy
n < 3. The last plot of Fig. 7 is computed for © = 140 > w3 and shows three
components of two-node solutions separated from u = 0. For this value of x, no
solution with two interior nodes can bifurcate from u = 0.

More precisely, at @ = 105, problem (1.1) possesses three components of solu-
tions with two interior nodes: two of them bifurcating from u = 0 at A_[; 3;(105)
and A[1,31(105), respectively, and the third one linking (A_[23;(105),0) with
(A412,31(105), 0). According to our numerical experiments, these components are
unbounded in R x C[0, 1] and are persistent for all further value of © below some
critical value, . < 108.1, where the three components meet. Thus, for u = ., there
is a component of the set of nontrivial solutions of (1.1) bifurcating from # = 0 at four
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Figure 6. A series of plots of one-node solutions (right) along some
of the same-colored components of Fig. 5 (left) (Color figure online)

different values of A: A1 3)(1t¢) and A4p2.31(ie¢). The plot in Fig. 7b shows the corre-
sponding global bifurcation diagram for u = 108.1, a value of u slightly greater than
e, where the three components of nontrivial solutions are very close. Comparing to
the global bifurcation diagram for ;© = 105, it becomes apparent that a global imper-
fect bifurcation has happened at the critical value u.. As a consequence, one of the
components bifurcating from u = 0 links (A_1,37;(108.1), 0) with (A_2,3;(108.1), 0),
another links (A42,31(108.1), 0) with (A11,3)(108.1), 0), while the third one remains
separated from u = 0. The latter remains separated from zero for any further value
of . Therefore, a reorganization of the components of the set of two-node solutions
occurs as u crosses (.. The pictures in Fig. 7¢, d show the plots of the corresponding
components for 4 = 110 < u3 and u = 140 > 3, where the previous bifurcations
from u = 0 of these components are lost. For larger values of i, the solutions along
these three components become larger and larger and it remains an open problem to
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Figure 7. Four representative bifurcation diagrams of two-node
solutions

ascertain whether, or not, (1.1) can admit some two-node solution for sufficiently large
w. Figure 8 shows the plots of some distinguished two-node solutions of (1.1) along
some of the curves of the bifurcation diagrams plotted in Fig. 7.

Finally, Fig. 9 contains the global bifurcation diagrams of positive solutions found
in [29] (in blue) together with the global bifurcation diagrams of nodal solutions with
one node (in red) and two nodes (in black) computed in this paper for four different
values of w: 0, 54, 70 and 100. Although all the components of nodal solutions persist
for these values of u, the component of positive solutions shrinks to a single point
and disappears at a value of © above 54 but very close to it. In Fig. 9b, one can still
see an small piece of blue trace component shortly before disappearing for an slightly
greater value of p.

4. Numerical methods and their implementation

To discretize (1.1), we have used two methods. To compute the small solutions
bifurcating from u = 0, we implemented a pseudo-spectral method combining a
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Figure 8. Some plots of two-node solutions (right) along the bifur-
cation diagrams of Fig. 7 (left)

trigonometric spectral method with collocation at equidistant points, as in most of
the previous numerical experiments of the second author and coworkers (see, e.g.,
[18,19,28,30-33]). This gives high accuracy (see, e.g., Canuto et al. [11]). However,
to compute the large solutions, we have used a centered finite difference scheme, which
gives high accuracy at a lower computational cost. This provides us with a much faster
code to compute global solution curves.

The pseudo-spectral method is easier to use and more efficient for choosing the
shooting direction from the trivial solution in order to compute the small nodal solu-
tions of (1.1), as well as to detect bifurcation points along the bifurcation diagrams.
This is due to the fact that it provides us with the true bifurcation values from u = 0,
while the schemes in differences only approximate them.

For general Galerkin approximations, the local convergence of the solution paths
at regular, turning and simple bifurcation points was proven by Brezzi et al. [6-8]
and by Lopez-Gomez et al. [28,35] at codimension two singularities in the context of
systems. In these situations, the local structures of the solution sets for the continuous
and the discrete models are known to be equivalent. The global continuation solvers
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used to compute the solution curves of this papers, as well as the dimensions of the
unstable manifolds of all the solutions along them, have been built from the theory on
continuation methods of Allgower and Georg [1], Crouzeix and Rappaz [13], Eilbeck
[16], Keller [23], Keller and Yang [24], Lépez-Gémez [25] and Lépez-Goémez et al.
[28].

The complexity of the bifurcation diagrams, as well as their quantitative features,
required an extremely careful control of all the steps in subroutines. This explains why
the available commercial bifurcation packages such as AUTO-07P are not useful to
deal with differential equations with heterogeneous coefficients. As a matter of fact,
Doedel and Oldeman admitted in [14, p.18] that

“Note that, given the non-adaptive spatial discretization, the computational proce-
dure here is not appropriate for PDEs with solutions that rapidly vary in space, and
care must be taken to recognize spurious solutions and bifurcations.”
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This is just one of the main problems that we found in our numerical experiments,

as the number of critical points of the solutions increases according to the dimensions
of unstable manifolds, and the turning and bifurcation points might be very close.
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ABSTRACT. This paper analyzes the structure of the set of positive solutions of a class of
one-dimensional superlinear indefinite bvp’s. It is a paradigm of how mathematical analysis
aids the numerical study of a problem, whereas simultaneously its numerical study confirms
and illuminates the analysis. On the analytical side, we establish the fast decay of the positive
solutions as A | —oo in the region where a(z) < 0 (see (1.1)), as well as the decay of the
solutions of the parabolic counterpart of the model (see (1.2)) as A | —oo on any subinterval
of [0,1] where up = 0, provided ug is a subsolution of (1.1). This result provides us with a
proof of a conjecture of [29] under an additional condition of a dynamical nature. On the
numerical side, this paper ascertains the global structure of the set of positive solutions on
some paradigmatic prototypes whose intricate behavior is far from predictable from existing
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1. INTRODUCTION

In this paper we study, both analytically and numerically, the global structure of the bifurcation
diagram of positive solutions of the semilinear boundary value problem
—u” = Xu+ a(z)u® in (0,1), (1)
u(0) = u(1) =0, '
where a € C[0,1] is a real function that changes the sign in (0,1) and A € R is regarded as a
bifurcation parameter. Moreover, we analyze the dynamics of its parabolic counterpart
%—%:Au—f—a(:c)uQ, t>0, ze€(0,1),
u(0,t) = u(l,t) =0, t>0, (1.2)
u(z,0) = up(z), x € [0,1],

for some significative choices of the initial data ug > 0, i.e., ug > 0, ug # 0.
In our numerical experiments we have used the special choices

a(x) :=sin[(2n + 1)7x], n €{1,2,3}, (1.3)
and
a(z) = { psin(bmr) if x€1]0,0.2)U(0.8,1], (1.4)

sin(bmx) if x€[0.2,0.8],
1
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where p > 1 is regarded as a secondary bifurcation parameter. In these examples, the graph
of a(z) has n + 1 positive and n negative bumps.

Since a(z) changes the sign, (1.1) is a superlinear indefinite problem. These problems
have attracted a lot of attention during the last three decades. Some significant monographs
dealing with them are those of Berestycki, Capuzzo-Dolcetta and Nirenberg [5, 6], Alama
and Tarantello [1], Amann and Lépez-Gémez [3], Gomez-Reniasco and Lépez-Gémez [29, 30],
Mawhin, Papini and Zanolin [59], Lépez-Gémez, Tellini and Zanolin [57], Lépez-Gémez
and Tellini [56], Feltrin and Zanolin, as well as Chapter 9 of Lépez-Gomez [42], the recent
monograph of Feltrin [24], and the list of references there in. Superlinear indefinite problems
have been recently introduced in the context of quasilinear elliptic equations by Lopez-Gomez,
Omari and Rivetti [54, 55|, and Lépez-Gémez and Omari [51, 52, 53].

Thanks to Amann and Lépez-Gomez [3], it is already known that (1.1) possesses a component
of positive solutions, €+ € RxC[0, 1], such that (72,0) € €7, i.e., €+ bifurcates from u = 0 at
A = 2. Moreover, ¢ is unbounded in R x C[0,1], and (1.1) cannot admit a positive solution
for sufficiently large A > 72. Furthermore, by the existence of universal a priori bounds uniform
on compact subintervals of A € R for the positive solutions of (1.1), (—oc,n2) C PA(€T),
where Py, stands for the A-projection operator defined by

Pr(A,u) = A, (A, u) € R xC[0,1].

Actually, according to Gémez-Refiasco and Lopez-Gémez [29, 30], either Py(€1) = (—oo, 72),
or there exists Ay > 72 such that P\(¢ ") = (—oo, \t]. Moreover, (1.1) admits some stable
positive solution if, and only if, A € (72, \¢], and, in such case, the stable solution is unique,
and it equals the minimal positive solution of (1.1). The fact that A; is turning point is
emphasized by its subindex.

Besides the (optimal) multiplicity result of Amann and Lopez-Goémez [3], establishing that
(1.1) has, at least, two positive solutions for every A € (72, \;) if \; > 72, there are some
others multiplicity results by Gaudenzi, Habets and Zanolin [28] later generalized by Feltrin
and Zanolin [25] and Feltrin [24]. Precisely, according to Corollary 1.4.2 of Feltrin [24], which
extends [28, Th.2.1], setting a = a™ — pa™, there exists p. > 0 such that, for every p > pe,
the problem

{—u":<a+—ua>u2 in (0,1), (15)

u(0) =u(l) =0,

possesses, for every p > p., at least, 2"*t! — 1 positive solutions if a(z) is given by (1.3).
However, this result does not solve the conjecture of Gémez-Renasco and Lépez-Gomez [29]
according with it there is a . < 72 such that, for every A < A, (1.1) possesses, at least,

n+1

Z(n;—l)zwﬂ_l

j=1
positive solutions; among them, n + 1 with a single peak around each of the maxima of a(x),

(+Dn with two peaks, and, in general, % with j peaks for every j € {1,...,n+ 1}.

2
For instance, when n = 1, then a(z) = sin(37z) and, according to our numerical experiments,
(1.1) indeed has, for sufficiently negative A, three positive solutions: one with a bump on
the left, one with a bump on the right, and another one with two bumps (see Figure 3a).
Note that, essentially, Corollary 1.4.2 of Feltrin [24] establishes that (1.1) possesses 2"+! — 1
positive solutions provided A = 0 and ||a™ || is sufficiently large, though it does not give any
information for A < 0. Thus, after two decades, the conjecture of [29] seems to remain open.

For the purpose of this paper, we formulate here this conjecture in the following manner:
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Conjecture 1.1. Suppose that a(z) possesses n+ 1 intervals where it is positive separated
away by n intervals where it is negative. Then, there exists \. < w2 such that, for every
A < Ae, the problem (1.1) admits, at least, 2" — 1 positive solutions.

The main goal of this paper is to gain some insight, on this occasion of a dynamical nature,
into that conjecture and to face, by the first time, the ambitious problem of ascertaining the
global topological structure of the set of positive solutions of (1.1). As a direct consequence of
our numerical experiments for the special choice (1.4), it becomes apparent the optimality of
[24, Cor. 1.4.2], in the sense that, for sufficiently small @ > 0, the problem (1.5) might have
less than 2"t — 1 positive solutions.

Throughout most of this paper, we will assume that, much like for the special choice (1.3),
a(x) satisfies

(Hg) The open sets
Q_:=a'((~00,0)) and Q4 :=a '((0,00))

consist of finitely many (non-trivial) intervals, I, j€ {1,..,r},and I7, i € {1,..., s},
respectively, and a vanishes at the ends of these intervals in such a way that each
interior interval I Zi is surrounded by two intervals of the form I;-F, much like it happens

with the special choice (1.3). In such case, we will denote, I = (e, By), with a; < B;
for all j € {1,...,r}, and I;" = (i, 0;), with v; < g; for all i € {1,..., s}.

As these intervals are adjacent and interlacing, |r — s| < 1. Under this assumption, our
main analytical results can be summarized as follows. Theorem 3.1 establishes that, for any
family of positive solutions of (1.1), {(A, u))}x<o,

/\Ifm ur(z) =0 forall zeQ =] I; (1.6)
it =

uniformly in compact subsets of {2_. Theorem 3.2 establishes that there exists T' > 0 such
that, as soon as ug > 0 is a subsolution of (1.1), the unique solution of (1.2), denoted by
u(x, t;ug, A), is defined in [0, 7] as A | —oo and satisfies, for every t € [0,7] and = € Q_,

)\lilinoou(a:,t; ug, A) = 0. (1.7)

Moreover, this behavior is inherited by the intervals I;r where ug = 0, as soon as ug also
vanishes at the adjacent I ;’S, as established by the next result.

Theorem 1.1. Suppose that ug > 0 is a subsolution of (1.1) such that ug = 0 on some

i

interior Ii+ for some i € {1,...,s}, as well as on its adjacent intervals, say I and I, ie.,
ug =0 1in Ij_ U I;— @] Ij_-i-l = (Oéj,ﬂj) U (ﬂj,aj_;,_l) @] (Ozj+1,,8j+1).
Then, there exists T =T (ug) > 0 such that, for every t € [0,T] and x € (o, Bjt+1),
lim w(z,t;up, A) = 0. (1.8)
Al—o0
Moreover, (1.8) holds uniformly in compact subintervals of (o, Bj4+1). A similar result holds
true for I = (0, 01) and I} = (s, 1).

By a simple combinatorial argument, Theorem 1.1 provides us with a further evidence
supporting the conjecture of [29]. Actually, it proves it under an additional assumption.
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Indeed, suppose that a(z) satisfies (H,) with r = n > 1 and s = n + 1 and, for every
i € {1,...,n+ 1}, let 0, ;3 be a positive solution of

{ _u” = \u + a+(.’l,‘)u2 in (717 Ql)a (19)

u(vi) = ulei) = 0,
and consider the subsolution of (1.1) defined through

{ Oy in I i€{l,...,n+1},
Ug ‘= X _ .
0 in I, je{l,..,n}

Suppose that u(z,t;ug, A) is globally bounded in time as A | —oo. Then, Theorem 3.3 shows
that there exists . < 0 such that (1.1) has 2""! — 1 positive solutions for every A < A.. But
the extremely challenging problem of ascertaining whether or not wu(x,t;ug, A) is globally
bounded as A | —oo remains open in this paper.

Throughout this paper, for any a(z) with n + 1 positive bumps separated away by negative
ones, we use a code with n + 1 digits in {0, 1}, where 1 means that the solution has a bump
localized at the nodal interval indicated by its position in the code, whereas 0 means that no
bump in that position exists. Thus, when, e.g., a(x) = sin(37z), we have positive solutions in
Figure 3a represented by 2-digit codes, where 00 stands for the trivial solution, 10 stands for
a solution with a single bump on the left, 01 stands for a solution with one single bump on
the right, and 11 stands for a positive solution with both bumps around each of the interior
maxima of a(x). At the end of this code, called the type of the solution in this paper, we
will always add a positive integer within parenthesis, the Morse index, i.e., the dimension of
the unstable manifold of the positive solution as a steady state of the associated parabolic
problem (1.2). The dimension of the unstable manifold of a given steady state solution, say u,
equals the number of negative eigenvalues, 7, of the linearized problem

{_v” = \v + 2a(x)u(z)v + 7o in (0,1), (1.10)

v(0) =v(1) = 0.

Although there is a huge amount of literature on bump and multi-bump solutions for
nonlinear Schréodinger equations (see, e.g., Ambrosetti, Badiale and Cingolani [4], del Pino
and Felmer [20, 21|, Dancer and Wei [19], Wei [64], Wang and Zeng [63], Byeon and Tanaka
[12], among many others), in the existing literature a(x) always is a positive function. So,
none of these results can be applied in our general context, which explains why the conjecture
of [29] remains open.

This paper is organized as follows. Section 2 collects the available information concerning
the global structure of the set of positive solutions of (1.1) paying attention to the detail as
some of these results, rather topological, are not well known by experts yet. In Section 3
we prove Theorem 1.1 by using the theory of metasolutions (see, e.g., [42]). Then, we infer
from it Theorem 3.3. Finally, in Sections 4, 5 and 6 we present and discuss the results of our
numerical experiments in cases n = 1, n = 2 and n = 3, respectively. In Section 7 we analyze
the more sophisticate case when a is given by (1.4) using p > 1 as the secondary bifurcation
parameter. In Section 8 we shortly discuss the necessary numerics to implement the numerical
experiments of this paper. The paper ends with a final discussion carried out in Section 9.
Discussing the results of our numerical experiments in this short general presentation seems
inappropriate. The readers should enjoy them in their own sections.
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2. GLOBAL STRUCTURE OF THE COMPONENT %€+

This section analyzes the local and global behaviors of the component of positive solutions
¢ introduced in Section 1. The next result, of a technical nature, allows us to express,
equivalently, (1.1) as a fixed point equation for a compact operator. As the proof is elementary,
we omit it herein.

Lemma 2.1. For every f € C[0,1], the function

T 1
w(z) :/ (s —2)f(s) ds—x/ (s — 1) f(s) ds (2.1)
0 0
provides us with the unique solution of the linear boundary value problem

—u"=f in [0,1],
{ w(0) = u(1) = 0. (2:2)

According to Lemma 2.1, we introduce the linear integral operator K : C[0,1] — C?[0, 1]
defined, for every f € C[0, 1], by

Kf(z) = /Ox(s — ) f(s) ds — x/ol(s —1)f(s)ds, z€[0,1]. (2.3)

Subsequently, for every integer n > 0, we denote by C{[0, 1] the closed subspace of the real
Banach space C"[0, 1] consisting of all functions u € C"[0, 1] such that ©(0) = u(1) = 0, and
denote C[0,1] := C°[0, 1], Co[0, 1] := CJ[0, 1]. The next result collects a pivotal property of the
integral operator K.

Lemma 2.2. K : C[0,1] — C3[0,1] is linear and continuous.

Proof: As the integral is linear, K is linear. Moreover, setting u := K f, we have that

T 1
o (x) :-/0 £(s) ds—/o (s—1)f(s)ds and o"(z)=—f(z)
for all z € [0,1]. Thus,

ulloo < 3l fllocs [0/ lloe < 2l fllocs 110" floo < I lloo-
Therefore, for every f € C[0, 1],

1K fllezp0,1) < 6[.f]loos
which ends the proof. U

Subsequently, we consider the canonical injection

9:C2[0,1] — C§[0,1]. (2.4)
Thanks to the Ascoli—Arzela theorem, it is a linear compact operator. Thus,
K = 3Klcipo,1 : C3[0,1] — ¢j[o,1], (2.5)

also is a linear compact operator. Using K, the problem (1.1) can be expressed as a fixed
point equation for a compact operator, because u solves (1.1) if, and only if,

u = K(u+ au?).

Note that R[K] C C2[0, 1], by the definition of K. Thus, the solutions of (1.1) are the zeroes
of the nonlinear operator § : R x C}[0, 1] — C}[0, 1] defined by

SO\ u) = u— K(Au + au?), (A, u) € R x C3[0,1]. (2.6)
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Setting
LNu = u— Au, N\ u) = —K(au?), (\u) € R x C}[0,1], (2.7)
it is apparent that
S u) = LN)u+ N\, u)

satisfies the general structural requirements of Chapters 2 and 6 of [39], because £()) is
an analytic compact perturbation of the identity map on C}[0, 1], I, and the nonlinearity is
completely continuous, i.e., continuous and compact, and, being a polynomial, also is analytic.
In particular, £()\) is Fredholm of index zero for all A € R, and § is a compact perturbation
of the identity map that it is real analytic in (A, u) € R x C}[0,1]. Thus, the main theorems
of Crandall and Rabinowitz [16, 17|, as well as the unilateral global bifurcation theorem of
Loépez-Gomez [39, Th. 6.4.3], can be applied.

The generalized spectrum, ¥(£), of the Fredholm curve £(\) defined in (2.7) consists of
the set of A € R for which u = MCu for some u € C}[0, 1], u # 0. Differentiating twice with
respect to x, this fixed point equation can be equivalently expressed as

"o .
{ ) = uf1) = o (28)
Thus,
Z(S):{onz(mr)z :neN, nZl}.
Moreover,

NIEOW)] = spanfn],  tne) = sin(nmz), @€ [0,1].
Subsequently, in order to apply the main theorem of [16] at o,, = (nm)?, we fix n > 1 and,
adopting the notations of [39, Ch. 2], we set (Ao, p0) = (0n, ¥n). Then,

N[£Lo] = span [po], Lo = L(N\o) =1 —0,K, £ =2 (\) = —K,
and the following transversality condition holds
£1(N[Lo]) & R[L0] = C5[0, 1]. (2.9)
On the contrary, assume that £1p9 € R[£o]. Then, there exists u € C}[0, 1] such that
—Kpo = L1900 = Lou =u — o, Ku
and hence, differentiating twice with respect to x, it becomes apparent that
—pp = —u" — o,u.

Consequently, multiplying by ¢ and integrating in (0, 1) yields

1 1 1
= [ ebdo= [~ mawpgnldo = [ [~ - oupo)uldz =0,

which is impossible. This shows (2.9). Therefore, as a direct application of the main theorem
of Crandall and Rabinowitz [16], the following result of a local nature holds.

Theorem 2.1. For any given integer n > 1, let Y denote the closed subspace of CL[0,1]
defined by
1
Y = {w € Ccjlo,1] : / w(x) Yy (z) de = O}.
0
Then, there exist 1 > 0 and two analytic maps A, : (—,n) = R and y,, : (—,n) =Y such
that

L4 An(o) = On, yn(o) =0;
o F(An(5),s(n +yn(s))) =0 for all s € (—m,n); and
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o the solutions of the curve (An(s), s(¥n + yn(s))), |s| < n, are the unique zeroes of §,
besides (,0), in a neighborhood of (0,,0) in R x C}[0,1].

Since y,(0) = 0, the function u(s) = s(¢n + ya(s)) € C5(0, 1] has the same nodal behavior
as 1, for sufficiently small s # 0, because y,(s) ~ 0 in C}[0,1] and the zeroes of v, are
simple. Therefore, by Theorem 2.1, it is apparent that, for every n > 1, (1.1) has a curve
of solutions with n — 1 zeroes bifurcating from v = 0 at A = o, regardless the nature of
the weight function a € C[0,1]. In particular, by the local uniqueness result at (oy,0), the

positive solution of (1.1) can only bifurcate from u = 0 at the critical value of the parameter

o1 = w2, Next, we will analyze the local nature of this bifurcation from (\,u) = (o71,0).

Setting Dy := N[ (0), Do := \{(0), w1 := y;(0) and ws := y{(0), we have that
Ai(s) = o1 4 8Dy + 52Dy + O(s%), y1(s) = swy + s%wa + O(s%),
as s — 0. By Theorem 2.1, we already know that
—s(1 4 swy + s2wa + O(5%))" = [o1 + sD1 + 52Dy + O(s°)
+ a(z)s(1 + swy + s2ws + O(s3))]s(yh1 + swy + s2ws + O(s3))
for s ~ 0. Thus, dividing by s yields
— (31 + swy + 52wy + O(5%))” = [0 + sD1 + s2°Dy + O(s?)
+ a(z)s(Y1 + swi + s2wa + O(s3))] (Y1 + swi + s2wq + O(s%)).

Particularizing (2.10) at s = 0, yields to —¢{ = 011, which holds true by the definition of
1. Identifying terms of the first order in s, it follows from (2.10) that

(2.10)

—wy = orwi + (D1 + a(2)1)ir. (2.11)
Therefore, multiplying by 7 this equation and integrating in (0, 1) yields
1 3 d 1
D, = _ho al(ac);bl (z) dw = —2/ a(x)sin®(rz) d. (2.12)
Jo ¥i(z) dx 0

If Dy # 0, then, since a(x) changes the sign, the bifurcation direction, D = Dy, can take any
value, either positive, or negative. Actually, the bifurcation to positive solutions is supercritical
if D > 0, while it is subcritical if D < 0. If D; = 0, then we need to compute Ds. Suppose
Dy = 0. Then, similarly as above, we can collect terms of the second order in s from (2.10) to
get
—wy = 1wy + Dathy + a(x)with

and hence,
Jo a(@)wi (2)9} () da

Jo ¥i () do
Thus, to get the exact value of Ds, we need to determine wi(x). It is the unique solution of
(2.11), subject to Dirichlet boundary conditions, in the closed subspace Y. Since D; = 0, the
general solution of (2.11) is given by

wi(z) = cos(mx) <01 + 71T/0:r a(s) sin®(ms) ds)

+ sin(mx) (02 — 71T/0z a(s) sin®(ms) cos(ms) ds) .

As 0 = w1 (0) = ¢1, after some adjustment we find that

Dy =

=9 /01 a(x)w (z) sin®(7z) d. (2.13)

wy(x) = e sin(mx) + % /Ox a(s) sin?(ws) sin(rs — wzx) ds.
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To find out cg, we recall that yi(s) € Y for s ~ 0. Since Y is closed, this entails that

wy = lim vi(s) Cy
s—0 S

Thus,

1
wy (z) sin(rz) dx

o
I
S—

1 1 gj T
= 62/ sin?(mz) dx + / sin(r2) / a(s) sin?(ms) sin(rs — 7x) ds da
0 0 0

s

and therefore,
1 i T
co = —2/0 sm(ﬁﬂx)/o a(s) sin?(ws) sin(rs — wzx) ds de.

This way we can compute the bifurcation direction D = Do when Dy = 0. This situation
arises in Sections 5, 6. Should it be Dy = 0, then it is necessary to use higher order terms of
A1(s) and y1(s).

Next, we will use the Schauder formula for determining the Leray—Schauder degree
Deg (£(\), Br), R > 0, for every A\ € R\ X(£), where Br stands for the open ball of
radius R centered at the origin in the real Banach space Col [0,1]. According to it, we already
know that

Deg (£(\), Br) = (—1)™EV), (2.14)
where m(£(A)) stands for the sum of the algebraic multiplicities of the negative eigenvalues of
£(A). To determine m(£(\)), we will find out all the values of u € R for which there exists
u € C3[0,1], u # 0, such that

LAN)u =u — Mu = pu. (2.15)
Since £(\) is invertible for all A € (0,07), by the homotopy invariance of the degree,
di = Deg (£(\), Bgr) is constant on A € (0,07).
Similarly, for every k > 2,
dr+1 = Deg (£(\), Br) is constant on A\ € (og, 011).

The equation (2.15) can be expressed as

or, equivalently, by inverting K,

A
—u" = 1_Mu in [0,1].

Note that, due to (2.15), Ku =0 if u = 1, because A > 0, and hence u = 0. Thus, p # 1 and

hence, we can divide by 1 — . Consequently, there should exist some integer n > 1 such that
A

L —p

for some n > 1. Therefore, the set of (classical) eigenvalues of £()) is given by

:(j'n

o(£(N) = {pun —1-2 . gen, n>1}. (2.16)

On
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On the other hand, for every A > 0 and any integer n > 1, the eigenvalue p, :== 1 — ﬁ is an
algebraically simple eigenvalue of £(\) = I — AK, because

N[I — AKX — ppI] = span [¢,] and ), ¢ R[I — AK — 1. (2.17)
Indeed, arguing by contradiction, assume that, for some u € C}[0, 1],

U =u— ACu — ppu = (1 — pp)u — ACu.
Then,
(1 — pn)u = MCu + 1y, € C2[0,1]
and, since pu, # 1, u € Cg [0,1]. Thus, differentiating twice with respect to x yields
—(1 = pn)u"” = du — ! = Xu + opihy.

Equivalently, by definition of u,,

A
"
——u = Au = op¥n
On
and hence,
2
o
"
- —opu = 7”@/}”.

Finally, multiplying by 1, and integrating in (0, 1), we find that

UTQL ! 2 ! "
% [t = [ = s =0,
0 0
which is impossible. This ends the proof of (2.17). Therefore, (2.14) becomes
Deg (£(3), Br) = (=1)"®, (218)

where n() stands for the number of negative eigenvalues of (2.16). Assume A < o;. Then,
C%l < 1 and, since o, > o7 for each n > 1, we find that

A A
1-—2>1——>0.
On 01
Thus, n(A) = 0 and (2.18) entails Deg (£(\), Br) = 1. Assume 01 < A < 09. Then,
A A A
-2 c0<l-2c1- 2 <o
o1 g2 03

and hence, n(\) = 1. Therefore, by (2.18), Deg (£()\), Br) = —1. Obviously, every time that
A crosses an additional eigenvalue o,,, n(\) increases by 1. Therefore, for every integer k > 1,

(1 if A€ (oop, Oopy1),
Deg (£()), Br) = { —1  if X € (0okg1, O2kt2)-

Consequently, according to [39, Th. 6.2.1], the next result holds. We are denoting by S the
set of non-trivial solutions of (1.1), i.e.,

S={\u)eF0) : u#0}U{(6,,0) : n>1} C R xC}[0,1],
where §(\, u) is the operator introduced in (2.6).

(2.19)

Theorem 2.2. For every n > 1, there exists a component of S, €, such that (c,,0) € €.
Moreover, for sufficiently small ¢ > 0,

Be(on,0) NCn = {(An(s),5(¢¥n + yn(s))) : s~ 0},
where (An(s), s(¥n + yn(s))), s ~ 0, is the analytic curve given by Theorem 2.1.



10 M. FENCL AND J. LOPEZ-GOMEZ

As the nodes of the solutions of (1.1) are simple, it is easily seen that the number of nodes
of the solutions of (1.1) vary continuously in R x C}[0, 1] and hence, since the solutions of 4},
bifurcating from u = 0 at A\ = o, possess n — 1 interior nodes in (0, 1), €, \ {(on,0)} consists
of solutions with n — 1 interior nodes. Therefore,

Co NG =0 if n#m.

Consequently, thanks to the global alternative of Rabinowitz [60], %, is unbounded in
R x C}[0,1] for each integer n > 1. Note that €t is the subcomponent of 4] consisting of
the positive solutions (\,u) € 1. According to [39, Th. 6.4.3], ¢ also is unbounded in
R x C& [0,1]. A further rather standard compactness argument, whose details are omitted here,
shows that actually €t is unbounded in R x Cy[0,1]. This information can be summarized
into the next result.

Theorem 2.3. The component ¢+ is unbounded in R x Co[0,1]. Moreover, A = 72 if
(\,0) € €F. Furthermore, €+ bifurcates supercritically from u =0 at X\ = 7% if D > 0, while
it does it subcritically if D < 0, where D is given by (2.12) or (2.13).

In addition, by the a priori bounds of Amann and Lépez-Gémez [3], the next result holds.

Theorem 2.4. The component €+ is uniformly bounded on any compact subinterval of X € R,
and (1.1) cannot admit a positive solution for sufficiently large . Thus,

(—o0,m2) C PA(€T).

Moreover, if (1.1) admits a positive solution, (X, ug), with Ao > 72, then it admits at least
two positive solutions for every \ € (12, o).

These findings can be complemented with the theory of Gémez-Renasco and Lépez-Gdémez
[29, 30], later refined in [42], up to characterize the existence of linearly stable positive solutions
of (1.1) thorough the sign of D. Indeed, by [42, Cor. 9.10], any positive solution of (1.1) is
linearly unstable if D < 0, and actually, due to [42, Pr. 9.2], (1.1) cannot admit a positive
solution (\,u) with A > 72 in such case. Thus,

PA(ET) = (—o0, 7?)

if D < 0. Moreover, (1.1) admits some stable positive solution if, and only if, D > 0 and, in
such case, the results of [42, Sec. 9.2-4], provide us with the next one.

Theorem 2.5. Assume D > 0. Then, there exists \; > 7> such that (1.1) cannot admit a
positive solution if X > A\, and

Pr(€T) = (=00, M)
Moreover,

(a) Any positive solution of (1.1) with A < 72 is linearly unstable.

(b) For every A € (7%, \¢], the minimal positive solution of (1.1), (X, 0%, is the unique
stable positive solution of (1.1). Moreover, these solutions are linearly stable if
A € (72, \). Thus, they are local exponential attractors of (1.2).

(c) For every \ € (w2, \;), (1.1) possesses, at least, two positive solutions: one linearly
stable and another one unstable.

(d) (A, 05{?“) is the unique positive solution of (1.1) at X\ = A, and it is linearly neutrally
stable. Moreover, the set of positive solutions of (1.1) in a neighborhood of (A, Hf\rfn)
consists of a quadratic subcritical turning point whose lower half-curve is filled in
by linearly stable positive solutions, while its upper half-curve consists of unstable
solutions with one-dimensional unstable manifold.
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(e) The map A — 01, (01, \s) — C}[0,1], is analytic and

lim 63" = 3.
M A At

The numerical experiments carried out in this paper confirm and illuminate these findings
complementing them. Note that the exchange stability principle of Crandall and Rabinowitz
[17] only provides us with the linearized stability of the minimal positive solution for A > 72
sufficiently close to 72, while the existence and the uniqueness of the stable positive solution
established by Theorem 2.5 inherits a global character. Very recently, it has been established
by Fernédndez-Rincén and Lépez-Gémez [27] that choosing a a nonlinearity of the type u? for
some p > 2 in (1.1) is imperative for the validity of Theorem 2.5, regardless the nature of the
boundary conditions that might be of general type. This explains why in this paper we are
focusing attention on the particular example (1.1).

3. BEHAVIOR OF THE SOLUTIONS OF (1.1) AND (1.2) AS A\ | —o0

The next result provides us with the point-wise behavior of the positive solutions of (1.1) in
the open set Q_.
Theorem 3.1. For every A < w2, let uy be a positive solution of (1.1). Then,

)\ljm ux(z) =0 forall x € Q_ (3.1)

uniformly on compact subintervals of €)_.

Proof. Pick an arbitrary xg € Q_. As €)_ is open, there exists € > 0 such that
O0<zop—4de<zp+4e <1l and [xg—4e,xo+4e] C Q.
Since a is continuous, we have that

w:= max a(z)<0.
|x—x0|<4e

Let /" denote the minimal positive solution of the singular problem

0" =M+ a(x)? in (zg—4e, 20 + de), (3.2)
Uz —4e) = l(zg + 4e) = o0, '
whose existence is guaranteed by, e.g., [42, Ch. 3], and set

B = [[65™|efmg 22,0 +24]-

Then, the restriction of the function /3 to the interval [zg — 2¢, z¢ + 2¢] provides us with a
positive subsolution of the regular problem

—u" = u+wu? in (29— 2, 20+ 2¢), (3.3)

u(zg — 2¢) = u(xog + 2¢) = B. '

As w < 0, any sufficiently large constant, M > B, provides us with a supersolution of (3.3)
such that .

< M in [z — 2,0 + 2¢].
Thus, thanks to, e.g., [42, Th. 2.4], (3.3) possesses a unique positive solution, 0[5 g, such that

nin < Opap) <M in [z9 — 2¢, 20 + 2¢].

Moreover, according to the proof of [42, Th 3.2], 0|5 p is symmetric about zp, and, for every
A € R, the point-wise limit
Ly:=1limé
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is increasing and, thanks to the uniqueness result of [40], it provides us with the unique
positive solution of the singular problem

—u" =M +wu? in (zg— 2e, 70+ 2¢),

u(zo — 2¢) = u(xg + 2¢) = oo.
Since Ly is symmetric about xg, it is apparent that

L = i L. 3.4
Mzo)= - min D (3-4)

On the other hand, by [42, Th. 2.4], we already know that 0, q < 0,¢ if A < p. Thus,
letting € 1 oo yields

Ly<L, in [zg—2e,x0+ 2¢].
Subsequently, we consider the auxiliary function
m(x —x0+¢€)

) S ) .
5 x € |wo — &, + €]

o(x) = sin
It has been chosen to satisfy
w(xg—¢) =p(xg+e)=0.
Thus, multiplying the differential equation
—L{ =AMLy +wL3 in [xg—e,20+¢]
by ¢ and integrating in (zg — &,z + ¢) yields
To+e zo+e zo+e
— / Yodr =\ Lypdz + w/ L3pdz. (3.6)
To—¢ zTo—¢ To—¢

On the other hand, integrating by parts, we find that

xo+e xo+e , xro+e xo+e
/ LYipdr = / (L\e) dz —/ L\ dx = —/ Lh\¢' dx,
X x

0—€ To—€ To—E 0—¢€
To+e To+e , zo+e

/ L,\go”da?:/ (La¢)) dx—/ L\ dz.

ro—¢& To—¢€ To—¢€

Consequently, by (3.5),

xo+e To+e xo+e , To+e
—/ '/\’gpdaf;:/ L’/\go'dac:/ (Lr¢") da:—/ Ly¢" dx
X x

0—€ 0—€ To—¢€ To—¢€
/ / 7T \2 zote
= L(oo +e)¢ @+ )~ Ia(wo —)¢ao— o)+ (£)° [ Ingpie:
X

Thus, since w < 0, substituting in (3.6) yields

xro+e

xo+e
[(%)2 —)\} /x L)\gpdx:w/ LigodijL,\(a:o—e)go/(xo —¢e) = La(zo + &)@’ (xz0 + €)

0—¢ zo—¢
< Ly(zg — €)' (xg — &) — La(wo + )¢’ (z0 + ).
Therefore, since
Ly(wg —&)¢' (w0 — €) — Lx(wo +&)¢' (o + €) > 0,
we can infer from the previous estimate that

xro+€
lim Lypdz = 0. (3.7)

Al—o0 To—€E
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Consequently, owing to (3.4) and (3.7), it becomes apparent that
lim L = 0. .

m AMo) =0 (3.8)

Note that, since
f?m < 9[)\731 <L, in (x() — 2€,I0 + 26),

(3.8) implies that

lim 3 (z0) = 0. (3.9)

Al—o0
Similarly, for every x € [zg — €,z + €], we have that

[z —e,x 4+ €] C [xo — 26,20 + 2¢]

and hence, the restriction of /" to the interval [z — e,z + €] provides us with a subsolution of

{_uu:Merﬁ in (z—e2+¢), (3.10)

u(lz —¢e)=u(z+¢)=B.
Consequently, reasoning as above, it becomes apparent that
A< Ly, in (z—e,x+e), (3.11)
where L) , stands for the unique positive solution of the singular problem
{ —u" = u+wu? in (z—¢ex+¢),
u(z —e) =u(z+e) = oo.
By the uniqueness and the radial symmetry of L) , about x, we find that
Lyo(y) =La(zo—x+y) forall ye(z—e,x+¢).
Thus, it follows from (3.11) that
() < Ly ,(2) = Ly(z9) for all = € (zg — &, 70 + €).
Therefore, due to (3.8), we find that

lim " =0 uniformly in (zg — €, 20 + €).
Al—o0

A compactness argument ends the proof. O

Throughout the rest of this section, we will assume that a(z) satisfies (H,). Then, for every
Jj €{1,...,r}, some of the following (excluding) options occurs. Either (i) 0 < a; < f; < 1,
or (ii) 0 = a; < fj < 1, or (iii) 0 < a;; < B; = 1. Subsequently, we will denote by Eﬁfij“ the
minimal positive solution of the singular problem

—u” = Xu+a(z)u® in (af5))
T 3.12
{ o) =001 () = o0 (3.12)
if (i) holds, or the minimal positive solution of
—u" =M+ a(z)u® in (g, B))
T 3.13
L =0, wiiy = o (3.13)
if (ii) holds, or the minimal positive solution of
—u’ = Xu+a(z)u® in (aj,5),
{ u(oy) =00, u(l) =0, (3.14)

in case (iii). Their existence is guaranteed, e.g., by [42, Ch. 3].
The proof of Theorem 3.1 reveals that actually the next result holds.
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Corollary 3.1. Under assumption (H,), for every j € {1,...,r} and z € (o , B;),
Aljinoo 65 (z) =0, (3.15)

uniformly in compact subsets of (¢, ;).

Conversely, Theorem 3.1 follows from Corollary 3.1 taking into account that, thanks to the
maximum principle,
uy <O in (ay, B)) (3.16)

for all j € {1,...,7}.

The behavior of the positive solutions of (1.1) as A | —oo in Q_ described by Theorem
3.1 is mimicked by the positive solutions of its parabolic counterpart (1.2), as soon as
the initial datum wug be a subsolution of (1.1). To state this result, we need to introduce
some of notation. We will denote by u(z,t;up,\) the unique solution of (1.2), and by

Tinax = Tmax(uo, A) € (0, +00] its maximal existence time. As for every A < p the solution
u(x, t; ug, p) is a strict supersolution of (1.2), owing to the parabolic maximum principle,
u(z, t;ug, ) < u(z,t;ug, 1) (3.17)
for all z € (0,1) and t € [0, Tinax (o, it)). Thus,
Tax (v, 1) < Tiax(uo, A)  for all A < p. (3.18)
Therefore, the limit
Tiax (o) = lim Tipax(ug, A) € (0, 00] (3.19)
Al—o00

is well defined.

Theorem 3.2. Suppose that ug > 0 is a subsolution of (1.1). Then, for every x € Q_ and
te (Ovaax(UO))y
lim wu(zx,t;ug, A) = 0. (3.20)
Al—o0

Moreover, the limit is uniform on compact subsets of Q_.

Proof. Pick t € (0,Tmax(uo)). By (3.18) and (3.19), there exists © < 0 such that t €
(0, Trmax (uo, p)) for all A < p. Moreover, since ug is a subsolution of (1.1), by Sattinger [61],
u(z,t;up, A) is a subsolution of (1.1) for all ¢ € [0, Tmax(uo, A)); equivalently, u(z, t; ug, A) is
non-decreasing for all ¢ € [0, Tiyax(ug, A)). In particular, for every j € {1,...,r}, the restriction
of u(-,t;up, A) to the interval I = (o, B;) provides us with a positive subsolution of the
singular boundary value problem (3.12) if (i) holds, (3.13) if (ii) holds, or (3.14) if (iii) holds.
Thus, by the maximum principle, we find that

u(zx, t;ug, A) < r}\n,l]n in [ , B3] (3.21)
Finally, (3.20) follows easily from (3.21) and Corollary 3.1. O

Since (3.20) holds for every ¢ € (0, Timax(uo)), letting ¢ | 0 in (3.20), after inter-exchanging
the two limits, it seems that a necessary condition so that ug > 0 can be a subsolution of
(1.1) as A | —oo should be

up=0 in Q_ = U}T:lfj_,
which explains why all subsolutions of (1.1) that we will consider later satisfy this requirement.

Finally, we are ready to deliver the proof of Theorem 1.1. We will actually prove that one

can take T'(ug) = Tmax(uo)-
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Proof of Theorem 1.1. First, suppose that If is an interior interval. Note that IZ-+ = (i, 0i) =
(Bj,ajt1). Choose € sufficiently small so that o; + ¢ < 841 — . Then, by Corollary 3.1,
/\lffnoo éﬁf‘j“(aj +e)= /\lﬁnm L (Bjt1 —€) = 0. (3.22)

Moreover, by (3.16), for every ¢ € (0, Tiax(up)), there is p < 0 such that t € (0, Tiax(uo, it))
and, for each A < p,

u(z, tyug, \) < OVp(x) for all @ € (ap, Br), h € {j,j+1} (3.23)
Thus, by (3.22) and (3.23),
)\liim u(o + €, tup, A) = )\liim u(Bjr1 — €, t;ug, A) = 0. (3.24)

On the other hand, note that, as soon as the condition

A +au(-, t;up,A) <0 in [oy + ¢, Bj41 — €] (3.25)
holds, we have that
ou  O%*u 0%u |
5= @+)\u+au2 < 5,2 o laj + €, Bjy1 — €.

Since ug = 0 in [a;, Bj4+1], by continuity, there exists 7'(\) > 0 such that (3.25) holds for all
t € [0,T(\)]. Actually, by (3.17), (3.25) holds for every ¢ € [0,7(n)] if A < p. Consequently,
setting T'= T'(p) and

Qr = (o) +¢,Bj+1 —¢) x [0,T7,
the parabolic maximum principle implies that

max u = max u,
Qr oLQr

where Jr Q7 stands for the lateral boundary of the parabolic cylinder Qr,
ILQr = ({o +¢,Bj31 — e} X [0, T U ([ + €, Bj1 — €] x {0}).
Therefore, since ug = 0 in [, Bj41],

max u = max max{u(a; + ¢,t;up, A),u(Bj+1 — €, t;up, A) }
Qr  te0T] (3.26)

= max{u(oj + &, T ug, A), u(Bjr1 — &, T5up, A) }

because, since it is a subsolution of (1.1), u(z,t; up, \) is increasing in time.
Subsequently, we choose 77 > 0 arbitrary. Then, there exists u = p(n) < 0 such that, for
every \ < p,

A
A+ Jla)leon < 5 < 0.
Thanks to (3.24), shortening p if necessary, we also have that, for every A < p,
max{u(a; + &, T;up, A), u(Bj+1 — &, Tiuo, A)} <.

Thus, (3.26) implies that

max u < 1,
Qr

and hence,
A
A+ a(z)u(z, Tiup, \) < A+ ||a]|oon < 5 < 0 in [o5+¢€,Bjp1 —el.

Therefore, u must remain bellow the level 7 in [a; + ¢, 841 — €] for all time where it is defined.
As 1 > 0 is arbitrary, the proof is completed in this case.
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This proof can be easily adapted to cover the case when 0 € ff ,orlel +. Indeed,
suppose, for instance, that I;” = (0, 01). Then, I; = (o1, 41) and, whenever ug = 0 in [0, £1],
the parabolic maximum principle can be applied in the interval [0, 51 — €], instead of in
[aj + €, Bj+1 — €], to get the same result. This ends the proof. O

In the rest of this section, we assume that a(x) satisfies (H,) with s = n+ 1 and r = n, like
the special choice (1.3) with n € N, n > 1. Suppose

I7,+: (72791)7 (XS {177n+1}7
and, for every i € {1,...,n + 1}, let 0, ;3 be a positive solution of

{_W:M+M@Miﬂ%m’

u(y;) = u(o;) = 0. (3.27)

on the component € of this problem. The existence has been already discussed in Section 2
and follows from the a priori bounds of [3]. The uniqueness might be an open problem even
in the special case when
at(z) = p;sin M, x € [vi, 04, (3.28)
Qi — Vi
for some constant u; > 0. As, for every A < 0, the change of variable u = —AU transforms
(3.27) in

{—EUU =-U+a"(2)U? in (y,0), (3.29)

Ulvi) =Ul(ai) =0,
with e = —1/\, it turns out that the problem of the uniqueness of the positive solution of
(3.27) as A | —oo is equivalent to the problem of the uniqueness of the positive solution for the
singular perturbation problem (3.29) as € | 0. Although there is a huge amount of literature
on multi-peak solutions for Schrodinger type equations like (3.29) (see, e.g., Ambrosetti,
Badiale and Cingolani [4], del Pino and Felmer [20, 21], Dancer and Wei [19], and Wei [64]),
the experts still seem to be focusing most of their efforts into the problem of the existence of
multi-bump solutions, rather than on the problem of their uniqueness (see, e.g., the recent
paper of Le, Wei and Xu [36]).

Our numerical experiments suggest that the problem (3.27), with the special choice (3.28),
possesses a unique positive solution, ) ;, in the component €+ for every A < 72, Moreover,
0.i is symmetric about the central point of (v, 0;), z; := (Vi + 0i)/2, where a™t(z) reaches its
maximum value in I;r , and it has a single peak at z;. Actually,

cg+:{(/\7em.) A< (9;%)2}

consists of symmetric solutions about z;, because we could not find any secondary bifurcation
point along the curve €. Figure 1 shows the global bifurcation diagram of positive solutions
of (3.27) for the choice (3.28), with p; = 1, after re-scaling the problem to the entire interval
[0,1]. We are plotting the parameter A, in abscisas, versus the derivative of the solution at the
origin, u’(0), in ordinates. As for A < —600, ¢} ;(0) is very small, in this range of values of X it

is hard to differentiate € from the A-axis. The component 6 bifurcates subcritically from
u=0at A\ = 72 and, according to [3], satisfies Py(€" ") = (—oo,7?). It consists of symmetric
solutions about 0.5 with a single peak at 0.5.

Figure 2 shows the plots of the solutions of €T corresponding to A = —100, A = —683 and
A = —1695, respectively. Not surprisingly, the smaller is the value of A\, the more concentrated
is the mass of 0 ; at 0.5. The three solutions plotted in Figure 2 have been previously re-scaled
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F1cure 1. Global bifurcation diagram of (3.27)—(3.28).

to the interval [0, 1] from the original interval [v;, 0;] in such a way that 0.5 corresponds to
z;. Actually, according to our numerical experiments, it becomes apparent that, for every
S [727 91]7
. | 4o if x =z,
)\lilinoo 0)\77,(33) - { 0 if x# z,
which is a rather genuine behavior of this type of superlinear elliptic boundary value problems.
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FIGURE 2. Three positive solutions of the component €.

Subsequently, we will consider the subsolution of (1.1) defined by

9>\,i in [’)/Z‘, Qi], 1 € {1, vy M+ 1},

. (3.30)
L.l 0 in [0,1]\ UM [, 04

The fact that it provides us with a weak subsolution of (1.1) is a direct consequence of a result of
Berestycki and Lions [7]. Thus, making the choice ug := u; _; and using the theory of Sattinger
[61], u(z,t;up, ) must be a subsolution of (1.1) for all ¢ € Iyax(uo, A\) = [0, Tmax (w0, A)).
Equivalently, u(z,t; up, \) is non-decreasing for all ¢ € Iyax(ug, A). In particular,

up < u(-,t;up,A) in [0,1] for all t € Lpax(uo, ). (3.31)

Then, the following result holds, though it remains an open problem to ascertain whether, or
not, the condition (3.32) holds.

n+1
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Theorem 3.3. Suppose (H,) with s =n+1 and r =n, and ug = u,_;. Assume, in addition,
that there exists p > 0 such that, for every A < p, Tmax(ug, \) = oo and there is a constant
C(X\) > 0 such that

u(z, t;up, A) < C(N) for all (z,t) € [0,1] x [0, 00). (3.32)
Then, there exists Ao < 0 such that (1.1) has, for every A < A, 2"t — 1 positive solutions.

Proof. Under these assumptions, thanks to the main theorem of Langlais and Phillips [35],
for every A < p the point-wise limit

O (1,.1)} o= gg u(-,t; ug, \)

provides us with a positive solution of (1.1) such that ug < 0y (1, 1)}- Thus, for every
ie{l,..,n+1},

Ori <O,y in I;r = (Vi, i),
while, thanks to Theorem 3.1,

)\lim 0{)\7(1 _____ N} = 0 in U Ij.
{—00 =1

In particular, for sufficiently negative A < 0, the positive solution 6y (1, 1)} has, at least, one
peak on each of the n + 1 intervals (74, 0;), ¢ € {1,...,n + 1}.
Now, for every (dy,...,dn11) € {0,1}"*1 such that Z:-L:Jrll d; < n, we consider the initial

data

3 difp;y i I i€{l,...n+1},

Uo = U(dy,....dnt1) = R .

0 in I, je{l,...,n},

having, at least, Z?jll d; < |n| peaks. Arguing as before, it becomes apparent that u(z, t; tg, \)
is a subsolution of (1.1) for all ¢ € I1yax(@o, A). Moreover, by the parabolic maximum principle,
since 1y < ug, we have that, for every x € [0,1] and t € I hax(to, ),

U($, ta Qj607 )\) < U(.ﬁlf, t? uo, )‘>
Thus, Tiax (o, A) = oo and, for sufficiently negative A, u(x,t; 4o, \) is increasing in time and
bounded above. Hence,

017 (d1,sdnsr)} = }% u(-, t; g, A) < }g u(s, tuo, A) = 0px (1,...1))

provides us with a positive solution of (1.1) such that, according to Theorems 1.1 and 3.1,
n
)\hm H{Ay(dly"'vdn+1)} = 0 in U I; U U Ij
Jl—00 ) B
Jj=1 €7
where
Z={ie{l,..,n+1}:d; =0}.
Since,
0< 9{/\71-} < 9{)\,(611,..-,dn+1)} in I;'_ for all ¢ € {1, ey + 1} \ N,

a genuine combinatorial argument ends the proof, as these solutions differ as A | —o0. O
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4. THE CASE n =1

Throughout this section, we assume that
a(z) = sin(37x), x € [0,1].
Then, the global bifurcation diagram of the positive solutions of (1.1) looks like shows Figure

3b. Our numerical experiments suggest that the set of positive solutions of (1.1) consists of
the component €+, which bifurcates supercritically from u = 0 at A\ = 72, because

1
= —2/ )sin®(rz) do = —2/ sin(37x) sin® (7x) do = 1> 0.
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(A) Positive solutions for A &~ —21: 10(1) in red, (B) Global bifurcation diagram.
01(1) in black, and 11(2) in blue.

FIGURE 3. Numerical results for a(x) = sin(37z).

This component exhibits a turning point at A\ = 12.1, and a secondary bifurcation at
As &~ 10.1, as shown in the global bifurcation diagram plotted in Figure 3b. In this and in all
subsequent global bifurcation diagrams we are plotting the parameter ), in abscisas, versus
the derivative of the solution at the origin, «'(0), in ordinates. This allows to differentiate
between all admissible positive solutions. By the symmetries of the problem, the reflection
about 0.5 of any positive solution of (1.1) provides with another solution, though there is no
way to differentiate between such solutions if, instead of plotting A\ versus «/(0), we plot A
versus the Ly-norm of the solutions for some p > 1. Should we proceed in this way, we could
not differentiate between, e.g., the solutions of types 01(1) and 10(1), as they have the same
Ly-norms for all p > 1 (see the plots of these solutions in Figure 3a).

According to Theorem 2.5, Py(¢'T) = (—o0, \] and, for every A € (72, \;], the minimal
positive solution of (1.1) is the unique stable positive solution of (1.1). Actually, for every
A € (w2, \¢), the minimal solution is linearly asymptotically stable and hence, its Morse index
equals zero. Moreover, by Theorem 2.5, (A, Gi\riin) is the unique positive solution at A, it is
linearly neutrally stable, and it is a quadratic subcritical turning point of the component
€. The solutions on the upper half curve through the subcritical turning point (A, mm)
have one-dimensional unstable manifold, and actually are of type 11(1) until A reaches the
secondary bifurcation point, As, where they became unstable with Morse index two and type
11(2) for any further smaller value of .

At A = Ag, two (new) secondary branches of positive solutions with respective types 01(1)
and 10(1) bifurcate subcritically. Naturally, «'(0) ~ 0 for the solutions of type 01(1), while
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u'(0) is large for those of type 10(1), as confirmed by our numerical experiments. These three
branches seem to be globally defined for all further smaller values of A\, A < A;.

In full agreement with Conjecture 1.1, the problem (1.1) has three positive solutions for
every A < Ag. Figure 3a shows the plots of these solutions at a value A &~ —21. Note that the
number of peaks of the solutions coincides with the dimension of their respective unstable
manifolds for all A < Ag.

5. THE CASE n =2
Throughout this section we have chosen
a(z) = sin(bmx), x € [0,1].

By Conjecture 1.1, we expect to have 23 — 1 = 7 positive solution for sufficiently negative \.
The global bifurcation diagram computed in this case has been plotted in Figure 4.

3500 [
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2500
_@ 2000
1500
1000 -

500

-100 -80 -60 -40 -20 0
A

FIGURE 4. Global bifurcation diagram for a(z) = sin(57x).

It consists of 4 components, 3 global folds isolated from u = 0, plus €, which in this
occasion bifurcates subcritically from u = 0 at A = 72, because

1
D, = 2/ sin(5rx) sin®(7x) de = 0
0

and
5

B
25612

None of these components, neither 4 nor any of the three folds plotted in Figure 4, exhibited
any secondary bifurcation along it.

Figure 5 shows two magnifications of the most significant pieces of the global bifurcation
diagram plotted in Figure 4 together with the superimposed types of the solutions along each
of the solution curves plotted on it. Precisely, Figure 5a shows a zoom of the two superior

1
Dy = —2/ wy () sin(57x) sin? (mx) do =
0
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global folds plotted in Figure 4 around their respective turning points. These solutions look
larger in these global bifurcation diagram because

/\lﬁnoo uh\(0) = +o0

for any positive solution (A, uy) having mass in (0,0.2). Figure 5a shows the types of the
positive solutions along each of the half-branches of the two folds. They change from type
100(1) to type 110(2) as they cross the turning point of the exterior component, while they

are changing from type 101(2) to type 111(3) as the turning point of the interior folding is
crossed.
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(A) Upper part magnification. (B) Lower part magnification.

Ficure 5. Two significant magnifications of Figure 4.

Not surprisingly, since 4 does not exhibit any secondary bifurcation along it, all the
solutions of ¢+ that we have computed are of type 010(1), in complete agreement with the

exchange stability principle of Crandall and Rabinowitz [17], because u = 0 is linearly stable
for all A < 72.

Lastly, the solutions along the interior folding in Figure 5b change type from 001(1) to
011(2) when the turning point of this components is switched on. Moreover, for sufficiently
negative A, (1.1) admits 7 positive solutions, with respective types

001(1), 010(1), 100(1), 101(2), 110(2), 011(2), 111(3),
in full agreement with Conjecture 1.1. In particular, in any circumstances, the number of
peaks of these solutions, when they exist, equals their respective Morse indices.
6. THE CASE n =3
Throughout this section we make the choice
a(x) = sin(7Trx), x €[0,1].
According to Conjecture 1.1, we expect to have 2* — 1 = 15 positive solution for sufficiently
negative A. Since
1
D, = —2/ sin(77x) sin®(rx) de = 0
0
and
1
12872

1
Dy = —2/ wi () sin(7rz) sin? (7z) dz > 0,
0
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the component ¢’ bifurcates supercritically from u = 0 at A = 72, and exhibits a secondary
bifurcation at As & —2.85. It has been plotted in Figure 6a, which shows a significant piece of
the global bifurcation diagram of the positive solutions of (1.1).
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(A) Small positive solutions. (B) Large positive solutions.
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(c) A magnification of Figure 6b.
FIGURE 6. Scattered bifurcation diagrams for a(z) = sin(7rz).

Figure 6 consists of Figures 6a, 6b and 6¢, where we are plotting, separately, the most
significant branches of positive solutions that we have computed in our numerical experiments.
By simply looking at the ordinate axis in Figures 6a and 6b, it is easily realized the ultimate
reason why we are plotting these components in two separate figures. Whereas for those
plotted on the left u/(0) < 3 - 102, for those plotted on the right we have that u’(0) > 59 - 10%.
So, plotting them in the same global bifurcation diagram would have pushed down against
the A-axis all the branches on the left, much like in Figure 4, but straightening this pushing
effect. Figure 6¢ shows a zoom of the secondary bifurcation arising in Figure 6b, to detail the
types of the positive solutions around it.

Since €T bifurcates from u = 0 supercritically, by the exchange stability principle, [17],
its solutions have Morse index zero until they reach the turning point. The bifurcation is
very vertical in this case, hence, it is hard to determine for which A the turning point occurs.
Anyway, Morse index increases to one as we pass the turning point and it remains the same
until we reach the bifurcation point at A; &~ —2.85, where the Morse index becomes two for
any smaller value of \. By Theorem 2.1, the solutions (\,u) € €T with A ~ 72 have the form
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s(sin(mx) + y(s)) for some s > 0, s ~ 0. Thus, they have a single peak around 0.5. Once
crossed A, these solutions are of type 0110(2). The solutions along the bifurcated branches
have types 0100(1) and 0010(1), respectively. So, this piece of the global bifurcation diagram
seems to be generated by the two internal positive bumps of the weight function a(x). Besides
the component €, Figure 6a shows two additional global subcritical folds. The solutions on
the lower half-branch of the inferior folding have type 0001(1) and change to type 0011(2)
on its upper half-branch, as the turning point of this component is crossed. Similarly, the
solutions on the lower half-branch of the superior folding have type 0111(3) and change to
type 0101(2) on the upper one. All those solutions can be generated, very easily, by taking
into account that its type must begin with a 0, because «/(0) is small, while the remaining
three digits should cover all the possible combinations of three elements taken from {0,1}.
Thus, counting u = 0, we have a total of 23 = 8 solutions for sufficiently negative .

Analogously, Figure 6b shows all solutions with «/(0) sufficiently large, whose types must
begin with 1. Thus, it also shows a total of 23 = 8 solutions. According to our numerical
experiments, these solutions are distributed into three components. Namely, two isolated
global subcritical folds, plus a third component consisting of two interlaced subcritical folds,
which is the component magnified and plotted in Figure 6¢c. The bifurcation along this
component occurs at A\s &~ —44.05.

According to these findings, based on a series of rather systematic numerical experiments,
the sum of the four digits of the type of the solutions, i.e., their number of peaks, always
provide us with the dimensions of their unstable manifolds, except for the solutions in a right
neighborhood of the two bifurcation points on Figures 6a and 6c, where the solutions have
types 0000(1) and 1001(3), respectively. Nevertheless, for sufficiently negative A, this is a
general rule.

In Figure 7 we have plotted a series of solutions of types 0111 and 0101 along the superior
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(A) The blue upper fold of Figure 6a. (B) Plots of solutions of type 0111(3) (red) and
0101(2) (black) on the branch plotted on the left.

FIGURE 7. Plots of solutions (right) along the branch (left) from Figure 6a.

fold (blue branch) of Figure 6a. The solutions on the lower half-branch are of type 0111,
because they exhibit three peaks, and have been plotted in Figure 7b using red color. As
the turning point is approached, the peaks of these solutions decrease until the central one is
almost glued as the turning point is crossed. Once switched the turning point, the solutions
need some additional, very short, room for becoming of type 0101 pure, since the central peak
still persists for a while, as it is illustrated in Figure 7b, where those solutions have been
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plotted in black color. Essentially, as the turning point is switched, the external peaks of the
0111 solutions increase, while the central peak is glued.

7. THE CASE n = 2 WITH AN ADDITIONAL PARAMETER [

In this section, we make the following choice
( { psin(5m) if x€0,0.2)U(0.8,1],
a(x) =

: : (7.1)
sin(5mzx) if x€[0.2,0.8],

where p > 1 is regarded as a secondary bifurcation parameter for (1.1). The behavior of this
model for 4 = 1 has been already described in Section 5. The bifurcation direction is

15— 5) (5-v5) (-
- AE Ao

for all ;4 > 1 and hence, the bifurcation is always subcritical.

According to our numerical experiments, as we increase the value of u, the global bifurcation
diagram remains very similar to the one plotted in Figures 4 and 5, up to reaching the critical
value p1 =~ 3.895, where the global structure of the bifurcation diagram changes. Figures
8a and 8b plot the corresponding global bifurcation diagram for 4 = 3.5 and g = 3.89,
respectively, whose global structure, topologically, coincides with the one already computed
in Section 5 for pu = 1.

Essentially, as p separates away from p = 1 increasing towards p = pyp, the two subcritical
folds lying in the upper part of the global bifurcation diagram plotted in Figure 4 are getting
closer approaching the peak of the corresponding component ¢+ = %J , as well as the global
subcritical folding beneath, as sketched in Figure 8.

According to our numerical experiments, at the critical value of the parameter u1, the set
of positive solutions of (1.1) consists of two components, instead of four, because three of the
previous four components of the problem for p < p; are now touching at a single point playing
the role of a sort of organizing center with respect to the secondary parameter p, whereas the
upper interior supercritical folding remains separated away from %ﬁj: Naturally, ‘5;; consists

of limyp,, %j plus the limits of the previous exterior upper folds and folds beneath CKJ for
o< 1.
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FiGUrE 8. Global bifurcation diagrams for p < .
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The numerics suggests that, as u increases separating away from g1, the touching point of
the old three components spreads out into two secondary bifurcation points from the new
component ‘KJ , in such a way that the “previous” folds do now bifurcate from CKJ at these two
bifurcation values with respect to the primary parameter A\, say A\1(u) > A2(u), as illustrated
in Figure 9a, where it becomes apparent how the old upper interior folding component still
remains separated away from ij . Essentially, the upper half-branch of the old folding above
%”j together with the lower half-branch of the old interior folding provide us with the branch
bifurcating from ‘5; at Ag(u), for p > uy, whereas the lower half-branch of the old folding
above CKJ together with the upper half-branch of the old interior folding provide us with the
new branch bifurcating from %" at A1(u). And this situation persists for all p € (1, p2),
where p9 ~ 3.925. The bigger is p in the interval (i1, u2), the more separated stay the two
bifurcation values A\;(u) and Aa(p) and the more approaches the exterior upper fold to the
component %/j . The separation between the bifurcation values is very well illustrated by the
next table that provides us with the corresponding values of Aj(u) and Ao(p) for three values

of puin (p1, p2):

7 3.9 391 | 3.92
A (1) | -5.1186 | -4.4513 | -3.9938
No (1) | -7.5845 | -8.4129 | -9.0284

TABLE 1. A;(u) for three values of € (uq, p12).
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FIGURE 9. Two significant global bifurcation diagrams

And this situation persists, until p reaches the critical value po, where, according to the
numerics, the exterior folding touches (flj; at a single point, in such a way that the set of
positive solutions of (1.1) consists of the single component %lj; As > g separates away
from po, our numerical experiments provide us with the global bifurcation diagram plotted in
Figure 9b, where, once again, the set of positive solutions of (1.1) consists of two components,
%J plus a global subcritical fold with a bifurcated secondary branch with the structure of a
global subcritical folding. Thus, a new re-organization of the previous solution branches has
occurred through a sort of mutual re-combination.
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The global bifurcation diagrams remained topologically equivalent for all values of p > us
for which we computed them. Figures 9b and 10a plot them for p = 3.93 and u = 4.5,
respectively. In both cases, the set of positive solutions consists of CKJ plus two global
subcritical folds that meet at a single point, which can be viewed as a secondary bifurcation
point from any of them. This structure persists for any further larger values of u. Figure 10b
shows a magnification of the most significant parts of Figure 10a superimposing the individual
types of the solutions together with the dimensions of their unstable manifolds.
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FicUrE 10. Global bifurcation diagram for p > uo

In full agreement with Conjecture 1.1, for every p > 1, there exists A(x) < 0 such that (1.1)
has 23 — 1 = 7 positive solutions for every A < A(u). For the choice u = 4.5, A\(u) ~ —23.27
equals the A-coordinate of the bifurcation point of the global subcritical folds. Note that, for
this special choice, (1.1) possesses three solutions at A = 0.

Figure 11 plots a series of solutions with types 100 and 001 along the blue/black branch
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(A) The branch bifurcating from €.

(B) Plots of solutions 001(1) and 100(1) on the
left.

FIGURE 11. Plots of solutions (right) along the branch (left) from Figure 10a.

of Figure 10b that is part of the component

8

which has been isolated in Figure 1la.
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According to our numerical experiments, the solutions on the lower half-branch are of type
001; they have been plotted using red color. As the branching point is approached (see Figure
10b), the right peak diminishes and the solution looks like the first eigenfunction sin(7x).
At the branching point, the solution changes its old type to 100. These solutions have been
plotted using black color. The peak on the left starts to increase as we separate away from
the bifurcation value.

8. NUMERICS OF BIFURCATION PROBLEMS

To discretize (1.1) we have used two methods. To compute the small positive solutions
bifurcating from v = 0 we implemented a pseudo-spectral method combining a trigonometric
spectral method with collocation at equidistant points, as in Gémez-Renasco and Lépez-
Gémez [29, 32], Lépez-Gémez, Eilbeck, Duncan and Molina-Meyer [43], Lépez-Gémez and
Molina-Meyer [45, 46, 47], Lopez-Gémez, Molina-Meyer and Tellini [48], Lépez-Gomez, Molina-
Meyer and Rabinowitz [49], and Fencl and Lopez-Goémez [26]. This gives high accuracy at
a rather reasonable computational cost (see, e.g., Canuto, Hussaini, Quarteroni and Zang
[14]). However, to compute the large positive solutions we have preferred a centered finite
differences scheme, which gives high accuracy at a lower computational cost, as it is runs
much faster in computing global solution branches in the bifurcation diagrams.

The pseudo-spectral method is more efficient and versatile for choosing the shooting direction
from the trivial solution in order to compute the small positive solution of €+, as well as to
detect the bifurcation points along the solution branches. Its main advantage in accomplishing
this task comes from the fact that it provides us with the true bifurcation values from the
trivial solution, while the scheme in differences only gives a rough approximation to these
values. A pioneering reference on these methods is the paper of Eilbeck [23], which was
seminal for the research teams of the second author.

For computing all the global subcritical folds arisen along this paper, we adopted the
following, rather novel, methodology. Once computed ¢, including all bifurcating branches
from the primary curve emanating from v = 0 at A = 72, one can ascertain the types of
the solutions in € for sufficiently negative X\. As, due to Conjecture 1.1 and the argument
supporting it in Section 1, we already know that (1.1) admits 2"*! — 1 positive solutions for
sufficiently negative A, together with their respective types, we can determine the types of
all solutions of (1.1) for A sufficiently negative that remained outside the component €.
Suppose, e.g., that we wish to compute the solution curve containing the positive solutions
of type 011(2) in Figure 10b. Then, we consider as the initial iterate, ug, for the underlying
Newton method some function with a similar shape. If the choice is sufficiently accurate, after
finitely many iterates, whose number depends on how far away stays from the true solution
the initialization ug, the Newton scheme should provide us with the first positive solution on
that particular component. Once located the first point, our numerical path-following codes
provide us with the entire solution curve almost algorithmically though the code developed by
Keller and Yang [34] to treat the turning points of these folds as if they were regular points
treated with the implicit function theorem.

The huge complexity of some of the computed bifurcation diagrams, as well as their deepest
quantitative features, required an extremely careful control of all the steps in the involved
subroutines. This explains why the available commercial bifurcation solver packages, such
as AUTO-07P, are almost un-useful to deal with differential equations, like the one of (1.1),
with heterogeneous coefficients. As noted by Doedel and Oldeman in [22, p.18],
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“given the non-adaptive spatial discretization, the computational procedure here is not appropriate
for PDEs with solutions that rapidly vary in space, and care must be taken to recognize spurious
solutions and bifurcations.”

This is nothing than one of the main problems that we found in our numerical experiments,
as the number of critical points of the solutions increases according to the dimensions of their
unstable manifolds, and the solutions grew up to infinity as A | —oo within the intervals
of suppa™, while, due to Theorem 3.1, they decayed to zero on the intervals where a(z) is
negative. Naturally, for all numerical methods is a serious challenge to compute solutions
exhibiting simultaneously internal and boundary layers, where the gradients can oscillate as
much as wish for sufficiently negative \.

For general Galerkin approximations, the local convergence of the solution paths at regular,
turning and simple bifurcation points was proven by Brezzi, Rappaz and Raviart in [8, 9, 10]
and by Lépez-Goémez, Molina-Meyer and Villareal [50] and Lépez-Gomez, Eilbeck, Duncan
and Molina-Meyer in [43] for codimension two singularities in the context of systems. In these
situations, the local structure of the solution sets for the continuous and the discrete models
are known to be equivalent.

The global continuation solvers used to compute the solution curves of this paper, as well
as the dimensions of the unstable manifolds of all the solutions filling them, have been built
from the theory on continuation methods of Allgower and Georg [2], Crouzeix and Rappaz
[18], Eilbeck [23], Keller [33], Lépez-Gémez [37] and Lépez-Gémez, Eilbeck, Duncan and
Molina-Meyer [43].

9. FINAL DISCUSSION

Our systematic numerical experiments have confirmed that the following features should be
true for a general a(x) with suppa™ consisting of n + 1 intervals separated away by n intervals
where a is negative:

e As A | —oo, (1.1) has, at least, 2! — 1 positive solutions. Theorem 3.3 has shown
it under condition (3.32). It remains an open problem ascertaining whether, or not,
(3.32) holds. Actually, for the special choice (1.3), it should have exactly 27! — 1.

e As A\ | —oo, the Morse index of any positive solution u of type dids - - - dp 41, d;j € {0,1},
is given by

n+1

M (u) =) dj.
j=1

e The eventual symmetric character of the solutions cannot be lost along any of the
components of the set of solutions, unless a bifurcation point is crossed. Thus, each
fold consists of either symmetric solutions around 0.5, or asymmetric ones.

Note that in the special case when a(z) is given by (1.3), a(0.5) < 0 if n is odd, while
a(0.5) > 0 if n is even. Moreover, according to our numerical experiments, the component
does not admit any bifurcation point if n = 2, whereas it admits one if n € {1,3}. Thus, one
might be tempted to believe that, in general, € should not have any bifurcation point if
a(0.5) < 0. Our numerical experiments in Section 7 show that, for the special choice

4.5sin(5mx) if z€1]0,0.2)U(0.8,1],
a(x) = (9.1)
sin(5ma) if z€][0.2,0.8],

the component €T has a bifurcation point (see Figure 10b), though a(0.5) < 0. Thus, one
should be extremely careful in conjecturing anything from either numerical experiments, or
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heuristical considerations, as they might drive, very easily, to extract false conjectures (see
Sovrano [62]).
According to the numeric of Section 7, the problem

{—u” = a(x)u® in (0,1),

u(0) = u(1) =0, (6:2)

for the special choice (9.1) has, exactly, three positive solutions, and it should not admit
anymore, by consistency with the structure of the global bifurcation diagram (see Figure
10b). Thus, Corollary 1.4.2 of Feltrin [24] is optimal in the sense that it cannot be satisfied
for sufficiently small @ > 0. Precisely, it does not hold when pu = 1 for the special choice
(9.2). Since (1.1) still possesses 23 — 1 = 7 positive solutions for sufficiently negative A < 0,
this example also shows the independence between the conjecture of [29] and the multiplicity
results of Feltrin and Zanolin [25] and Feltrin [24].
For every u € (3.895,3.925), the component T of (1.1) for the choice

(__{Mm@mg if x€[0,0.2)U(0.8,1],

. : (9-3)
sin(5mx) if = €[0.2,0.8],

exhibits two bifurcation points along it. This might be the first example of this nature
documented in the abundant literature on superlinear indefinite problems.

As, generically, higher order bifurcations break down by the eventual asymmetries of the
weight functions, as discussed in Chapter 7 of [39] and in [56], we conjecture that

e Generically, when a(z) is asymmetric about 0.5, the set of positive solutions of (1.1)
consists of the component € plus n supercritical folds, Z;, j € {1,...,n}, in such a
way that, as A | —oo, (1.1) admits, at least, one solution in 4+ and two solutions in
9; for each j € {1,...,n}.

The global bifurcation diagram plotted in Figure 5 being a paradigm of this global topological
behavior.

The analysis of the reorganization in components of the positive solutions of (1.1) carried
out in Section 7 for the special choice (9.3) when pu increases from 3.89 up to reach the value
= 3.93 reveals the high complexity that the global bifurcation diagrams of (1.1) might have
when a(z) changes of sign a large number of times by incorporating the appropriate control
parameters into the problem. Getting any insight into this problem is a challenge.
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