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Abstract: We deal with the periodic boundary value problem associated with the parameter-dependent
second-order nonlinear differential equation

u" +cu' + (Aa* (x) - pa” (x))g(u) = 0,

where A, u > 0 are parameters, ¢ € R, a(x) is a locally integrable P-periodic sign-changing weight function,
and g: [0, 1] — R s a continuous function such that g(0) = g(1) = 0, g(u) > 0 for all u € ]0, 1[, with super-
linear growth at zero. A typical example for g(u), that is of interest in population genetics, is the logistic-type
nonlinearity g(u) = u?(1 — u). Using a topological degree approach, we provide high multiplicity results by
exploiting the nodal behavior of a(x). More precisely, when m is the number of intervals of positivity of a(x) in
a P-periodicity interval, we prove the existence of 3™ — 1 non-constant positive P-periodic solutions, when-
ever the parameters A and y are positive and large enough. Such a result extends to the case of subharmonic
solutions. Moreover, by an approximation argument, we show the existence of a family of globally defined
solutions with a complex behavior, coded by (possibly non-periodic) bi-infinite sequences of three symbols.
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1 Introduction and Statement of the Results

In this paper, we investigate existence and multiplicity of non-constant positive solutions for the parameter-
dependent second-order ordinary differential equation

u" +cu' + (Aa*(x) - pa~(x))g(u) = 0, (Eau)

where A and u are positive real parameters, ¢ € R, a*(x) and a™(x) are the positive and the negative part,
respectively, of a P-periodic and locally integrable sign-changing function a: R — R, and g: [0, 1] —» R is
a continuous mabp satisfying the sign condition

g(0)=g(1) =0, gu) >0 forallu€]0,1], (8+)
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and the superlinear growth condition at zero

lim (LN

0.
o (g0)

Following a terminology popularized in [32], we refer to (&},,) as an indefinite equation, meaning that the
weight function a(x) changes sign. In the last decades this kind of equations has widely been investigated,
both in the ODE and in the PDE setting, starting from the classical contributions [1-4, 13] and till to very
recent ones [9, 16, 28, 35, 36, 42, 51-53]; we refer the reader to [17] for a quite exhaustive bibliography on
the subject.

The mathematical questions we address here are motivated by the study of the spatial effects on the
variation in the genetic material along environmental gradients. In population genetics, when individuals of
a continuously distributed population mate at random in their habitat, and no genetic drift nor new muta-
tions appear, the evolution of the frequencies of two alleles, A; and A5, at a single locus under the action of
migration and selection can be described through the reaction-diffusion boundary value problem

du = Y Vi j()dxu + b(X) - Vu+ h(x,u) inQx]0, +ool,
i,j
O<uc<i1 in Q x ]0, +oo|,
v(x)- V(x)Vu =0 on 0Q x ]0, +oo,

(1.1)

where u(x, t) and 1 - u(x, t) denote the allele frequency of A; and A,, respectively (cf. [38, 44]). The set
Q c RN (N > 1) represents the habitat that is assumed to be a bounded domain with smooth boundary 0Q
and outward unit normal vector v(x). The matrix-valued function V(x) and the vector-valued function b(x)
are given and characterize the migration. Finally, h(x, u) is a nonlinear term which describes the effects of
the selection and satisfies h(x, 0) = 0 = h(x, 1) forall x € Q, so that u = 0 and u = 1 are constant solutions of
problem (1.1) that means that allele A; is absent or is fixed in the population, respectively.

In this context, available theory also assumes that migration is homogeneous and isotropic, namely,
V(x) is constant and b = 0, and that the selection is of the form h(x, u) = a(x)g(u), where a(x) is the spatial
factor and g(u) is a function of gene frequency satisfying (g.). The sign-indefinite weight term a(x) reflects
at least one change in the direction of selection and leads to several environmental regions in the habitat Q
which are favorable (a(x) > 0), neutral (a(x) = 0), or unfavorable (a(x) < 0) for one allele. In this connection,
investigations on non-constant positive stationary solutions (i.e., clines) lead to the study of the Neumann
problem

dAu +a(x)g(u) =0 inQ,
O<u<1l inoQ, (1.2)
oyu=0 onoQ,

where A denotes the Laplace operator and d > 0is the diffusion rate. Neumann boundary conditions model an
impenetrable barrier for the population so that no-flux of genes across the boundary occurs. The number and
the stability of non-constant positive solutions of (1.2) are governed by the features of both the components
a(x) and g(u).

The existence of a unique non-constant and globally asymptotically stable solution of (1.2) is proved
in [12, 31, 37] for sufficiently small d provided that fQ a(x)dx < 0 and g(u) is a smooth function such that
g (u) < 0 forevery u € ]0, 1[. The archetypical example is the case when no allele is dominant or the popula-
tion is haploid, namely g(u) = u(1 - u) (e.g., [29, 43]). On the other hand, if g(u) is not concave, multiplicity
results for (1.2) are shown in [39, 50]. In particular, if g’ (0) = 0 and we assume also that lim,_,o+ gli'f) > 0 for
some k > 1, then for d sufficiently small there exist at least two non-constant solutions: one stable and the
other unstable (cf. [39, Theorem 2.9]). The main example in this framework concerns completely dominance
of allele A, over allele A1, namely g(u) = u%(1 - u) (e.g., [38, 39]).

In this paper, we deal with migration-selection models in a unidimensional habitat. We also assume that
V(x) and b(x) are constant functions, with b(x) = ¢ for some ¢ € R. Moreover, we describe the strength of
selection in the environmental regions which are beneficial or harmful for the alleles by introducing two
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positive independent parameters, A and p, on which we discharge the migration rate. Precisely, the weight
term we consider is defined as
aru(x) := Aa*(x) — pa~ (x). (1.3)

Hence, the selection is h(x, u) = ay,,(x)g(u), where g(u) satisfies (g.) and, in order to include recessive phe-
nomena as a case study, we assume also condition (go). In such a way, we are lead to equation (&},,). We
notice that, for A = u = c_li and c¢ = 0, this gives the one-dimensional version of the elliptic PDE in (1.2).

We are interested in periodically changes in genotype within a population as a function of spatial loca-
tion. Thus we assume that a(x) is P-periodic (for some P > 0) and we seek non-constant positive solutions of
equation (&),,) (in the Carathéodory sense, see [30, Section I.5]) satisfying periodic boundary conditions

u(0) = u(P), u'(0)=u'(P).

These models are appropriate in the case of populations living in circular habitats (e.g., around a lake or
along the shore of an island), as well as for ring species, for instance, around the arctic.
To state our main results, we introduce the following condition on the weight function a(x) that we
assume henceforth:
(a.) There exist m > 1 non-empty closed intervals I}, ..., I}, separated by m non-empty closed intervals
I, ..., I, such that

rul JI; =0, Pl,

1

s

1l
=

s

1l
[

1
and

a(x) >0 onl,
a(x)<0 onl;.

In the above condition, the symbol > (respectively, <) means that a(x) > O (respectively, a(x) < 0), with
a(x) £ 0. We also define

j(f at(x)dx

#
U :=A
j: a-(x)dx

(1.4)

and notice that j(f apu(x)dx < 0if and only if u > p*(A).
With this notation, our first result reads as follows.

Theorem 1.1. Let c € R and let a: R — R be a P-periodic locally integrable function satisfying condition
(a.). Let g: [0,1] — R be a continuously differentiable function satisfying (g.) and (go). Then there exists
A* > 0 such that for every A > A* and for every u > u*(A) equation (&), w) has at least two non-constant positive
P-periodic solutions.

More precisely, fixed an arbitrary constant p € 10, 1[ there exists A* = A*(p) > 0 such that for every A > A*
and for every u > y#()l) there exist two positive P-periodic solutions us(x) and u¢(x) to (&3, such that

0 < Juslloo < p < lUuelleo < 1.

Let us notice that, when j'(f a(x)dx < 0, an application of Theorem 1.1 with u = A provides two non-constant
positive P-periodic solutions of the one-parameter equation

u" +cu' +da(x)gu) =0 (1.5)

for A > 0 sufficiently large (see Corollary 3.1). When ¢ = 0, this result can thus be interpreted as a periodic
version of the two-solution theorem given in [39, Theorem 2.9] for the Neumann boundary value problem
(indeed, A = % large implies d small). It is remarkable, however, that the same result holds even in the
non-Hamiltonian case ¢ # 0.

The second, and main, part of our investigation is focused on the appearance of high multiplicity phenom-
ena for solutions of (&), ;). In this regard, the fact that the weight function ay,, (x) defined in (1.3) depends on
two parameters A and u plays a crucial role: indeed, high multiplicity of periodic solutions will be proved to
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arise when A > A* is fixed (where A* is the constant already given by Theorem 1.1) and y is sufficiently large
(typically, much larger than the constant u*(A) defined in (1.4)).
To state our result precisely, we introduce the condition

lim sup % < +00 (81)

u—1-
and notice that it is satisfied whenever g(u) is continuously differentiable in a left neighborhood of u = 1. To
complement Theorem 1.1 we have the following result. We remark that an analogous result is also valid if
Dirichlet or Neumann boundary conditions are considered (see Section 6.2).

Theorem 1.2. Letc € Rand let a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Let g: [0, 1] — R be a continuous function satisfying (g.), (€0), and (g1). Then there exists A* > 0 such that for
every A > A* there exists pu*(A) > O such that for every u > u*(A) equation (&3 ) has at least 3™ — 1 non-constant
positive P-periodic solutions.

More precisely, fixed an arbitrary constant p € ]0, 1[ there exists A* = A*(p) > O such that for every A > A*
there exist two constants r, RwithO < r < p < R < 1 and p*(A) = u*(A, r, R) > 0 such that for every u > u*(A)
and for every finite string 8 = (81, ...,8n) € {0, 1, 2}™, with 8 + (0, ..., 0), there exists at least one positive
P-periodic solution us(x) of (éx,,) such that, foreveryi=1,...,m,

* MaXy: us(x) <rif8; =0,
.« r<maxepus()<pifSi=1,
* P <maxXy: uUs(x) <R if8;=2.

Let us notice that the number of solutions provided by Theorem 1.2 is strongly related with the nodal behavior
of the weight function ay,j, (x): the larger the number of nodal domains of the weight function, m, the greater
the number of solutions obtained, 3™ — 1. Observe also that the number 3™ — 1 comes from the possibility
of “coding” the solutions via their behavior in each interval of positivity I;": “very small” (§; = 0), “small”
(8; = 1) or “large” (8; = 2). We mention that the same type of multiplicity pattern also emerges in a different
context, namely for equation (&},,,) with ¢ = 0 and a nonlinear term g: [0, +co[ — [0, +0o[ satisfying (go) and
having sublinear growth at infinity, that is, 5@ — 0 for u — +o0o (see [11]).

The possibility of providing, in the context of indefinite boundary value problems, high multiplicity
results by playing with the nodal behavior of the weight function was first suggested in [27]; therein, an
interesting analogy was proposed with the papers [14, 15], giving, in the PDE setting, multiplicity of solu-
tions depending on the shape of the domain. Later on, along this line of research, several contributions
followed [5-7, 11, 19-23, 25, 26, 45, 47]. In particular, dealing with equation (&), ,), with ¢ = 0 and g(u)
a Lipschitz continuous function satisfying (g.) and (go), the existence of 8 = 32 — 1 positive solutions for both
the Dirichlet and the Neumann boundary value problem was previously proved in [20], for a weight function
a(x) with m = 2 intervals of positivity. Therefore, Theorem 1.2 extends the result therein to the general case
m > 2 and to a wider class of boundary conditions, including periodic ones, possibly in the non-Hamiltonian
case ¢ # 0. It is worth noticing that this was explicitly raised as an open problem in [20, Conjecture 2]; let
us stress however that the shooting arguments employed in [20] by no means can be used to investigate the
periodic problem, and in the present paper we rely on a completely different approach.

Our last result concerns the dynamics of equation (&), y) on the whole real line. Precisely, having defined
the intervals

Ize =IT+¢P, i=1,...,m, €cZ,

we provide globally defined positive solutions of (&},,), whose behavior in each of the above intervals can be
coded, as in Theorem 1.2, by a bi-infinite (possibly non-periodic) sequence § € {0, 1, 2}%. This is a picture of
symbolic dynamics, and equation (&} ;) is said to exhibit chaos. The precise statement is the following.

Theorem 1.3. Let c € R and let a: R — R be a locally integrable periodic function of minimal period P > O
satisfying condition (a..). Let g: [0, 1] — R be a continuous function satisfying (g.), (o), and (g1). Then fixed
an arbitrary constant p € 10, 1[ there exists A* = A1*(p) > O such that for every A > A* there exist two constants r
andRwithO <r<p <R < 1,andu*(A) = u*(A, r, R) > Osuchthat forevery u > u*(A) the following holds: given
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any two-sided sequence 8 = (§;)jez € {0, 1, 2}% which is not identically zero, there exists at least one positive
solution us(x) of (6x,,) such that, foreveryi=1,...,mand ¢ € Z,

°  MaXyer, Us (X) <rif8isem =0,

° I <IMaXyep, us(x) < pif Sivem = 1,

° P <MaXyer, us(x) < Rif 8irem = 2.

In particular, if the sequence 8 is km-periodic for some integer k > 1, there exists at least a positive kP-periodic
solution ug(x) of (63, satisfying the above properties.

For the proofs of Theorem 1.1 and Theorem 1.2, we adopt a functional analytic approach based on topological
degree theory in Banach spaces (cf. [22] and the subsequent papers [10, 11, 23]). In particular, we follow the
general strategies developed in [10, 11], dealing with a nonlinear term g: [0, +oo[ — [0, +oo[ satisfying (go)
and having sublinear growth at infinity. As already mentioned, these (super-sublinear) nonlinearities have
similar features with respect to logistic-type nonlinearities considered in the present paper. However, while
in the former case it is often possible to develop dual arguments for small/large solutions, here the presence
of the constant solution u = 1 leads to an “asymmetric” situation which requires completely new arguments.
An important feature of this method of proof is that the estimates leading to the constant A* and u*(A) are
fully explicit, depending only on the local behavior of the weight function a(x) but not on the length of the
periodicity interval. As a consequence, one can prove Theorem 1.3 via an approximation argument.

The paper is structured as follows. In Section 2, we describe the abstract degree setting and we prove some
technical estimates on the solutions of (&) ;) (and of some related equations). Based on this, in Section 3 and
Section 4, we give the proofs of Theorem 1.1 and Theorem 1.2, respectively. The proof of Theorem 1.3 is then
presented, together with some comments about the existence of subharmonic solutions, in Section 5. The
paper ends with Section 6, discussing some related results: subharmonic solutions via the Poincaré—Birkhoff
theorem, Dirichlet/Neumann boundary value problems, stability issues, and an asymptotic analysis of the
solutions for 4 — +co.

2 Abstract Degree Setting and Technical Lemmas

The aim of this section is to present the main tools used in the proofs of our theorems as well as some
preliminary technical lemmas.
Before doing this, we introduce the following notation employed throughout the paper:

I;—: [Ui)Ti]’ Il_ = [Ti, Ui+1]’ i: 11---’m) (2-1)
where o0; and 1; are suitable points such that
0=01<T1<02<T2<...<Tm-1<0m<Tm<Omy1=P.

Notice that, due to the P-periodicity, we have assumed without loss of generality that O € II (and, thus,
P ¢ I;,). We also stress that, in dealing with the above intervals, a cyclic convention will be adopted. For
example, we will freely write expressionslike I;_; U I U I, where, ifi = 1, we agree that the interval I; means
the P-shifted interval I, - P. A similar remark applies for instance for I U I U I{,; when i = m and, in such
acase, I ., = I{ + P. This is not restrictive since the weight function a(x) is P-periodic.

2.1 Coincidence Degree Framework

In this section we recall Mawhin’s coincidence degree theory (cf. [24, 40, 41]) and we present two lemmas
for the computation of the degree (cf. [11]).

First of all, we remark that solving the P-periodic problem associated with (&},,) is equivalent to look-
ing for solutions u(x) of (&),,,) defined on [0, P] and such that u(0) = u(P) and u'(0) = u’(P). Accordingly,
let X := G([0, P]) be the Banach space of continuous functions u: [0, P] — R, endowed with the sup-norm
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[ulloo := maxyefo,py [u(x)|, and let Z := L(0, P) be the Banach space of integrable functions v: [0, P] — R,
endowed with the L-norm |[v|11(,p) := f(f |v(x)| dx. We define the linear Fredholm map of index zero

L) :=-u"-cu

ondomL := {u e W21(0, P) : u(0) = u(P), u'(0) = u’'(P)} < X. We also introduce the L'-Carathéodory func-
tion

-u ifu<o,
fautou) == {apu(x)gu) ifuel0,1],
0 ifux>1,

and we denote by N, : X — Z the Nemytskii operator induced by the function f; ,, namely
(Nppw)(X) = fau(x, u(x)), xe€[0,P].
The coincidence degree theory ensures that the P-periodic problem associated with
u" +cu' + fu(x,u)=0 (2.2)
is equivalent to the coincidence equation
Lu=Njyu, uedomlL,
or to the fixed point problem
u =@y u:=Iu+QNpyu+Kn(d - Q)N yu, uekX,

whereIl: X - kerL =R, Q: Z — coker L = Z/Im L = R are two projections, and Ki;: Im L — dom L n ker IT
is the right inverse of L (cf. [24, 40, 41]).
In this framework, if Q € X is an open and bounded set such that

Lu+# Nyyu forallu e 0QndomlL,
the coincidence degree D (L — Ny y, Q) of L and Ny, in Q is defined as
Dr(L - Nay, Q) := degy(Id - Dy, Q, 0)

and it satisfies the standard properties of the topological degree, such as additivity, excision, homotopic
invariance.

Our goal is to construct open and bounded sets A < X such that D (L — Ny ,, A) # 0. By the existence
property of the degree, this implies that there exists u € A ndom L such that Lu = N ,u. Therefore, u(x) is
a P-periodic solution of (2.2). To obtain a P-periodic solution of (&}, ;), we further need to have

O<u(x)<1 forallx e [0, P].

The first inequality follows from a simple convexity argument (the so-called maximum principle). Indeed, if
Xo € [0, P] is such that u(xo) = minye(o,p; U(x) < 0, then from equation (2.2) we obtain u" (x) < O for a.e. x in
a neighborhood of xq, a contradiction. As for the second inequality, it will be a consequence of the construc-
tion of A, indeed we will take A € {u € X : |Jull < 1}, so that u(x) < 1 for all x € [0, P] (incidentally, notice
that this prevents u(x) to be the constant solution u = 1).

To construct the sets A as above, we need to introduce some auxiliary sets where we will compute the
degree. Given three constants r, p, Rwith 0 < r < p < R < 1, for any pair of subsets of indices J, J < {1, ..., m}
(possibly empty) with I n J = 0, we define the open and bounded set

Q‘?r’f)R) = JiueX: lullew < 1, max|u|l <r,ief{l,..., m}\(JUJ), max|u| < p, i € J, max|u| <R, ieH}.
P> I Ir I

With this notation, the following lemmas hold.
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Lemma 2.1. Let c € R and let a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Let g: [0, 1] — R be a continuous function satisfying (g.). Let 3 + @ and A, u > 0. Assume that there exists
v € L1(0, P), with v(x) > 0 on [0, P] and v = 0 on Ui I}, such that the following properties hold:

(Hy) Ifa = 0, then any P-periodic solution u(x) of

u' +cu' +apu(x)gu) + av(x) = 0, (2.3)

with 0 < u(x) < R for all x € [0, P], satisfies
o MmaXyer u(x) #rifi¢Iug,
* MaXyer UX) #p ifiel,
+ maxye u(x) # R ified.
(H,) There exists ag = 0 such that equation (2.3), with a = ag, does not possess any non-negative P-periodic
solution u(x) with u(x) < p for all x € J;eq I .
Then it holds that D (L — Ny, Q(j;j),R)) =0.

Lemma 2.2. Letc € Randleta: R — Rbea P-periodic locally integrable function satisfying condition (a.). Let
g: [0, 1] — R be a continuous function satisfying (g.). Let A > 0 and u > u*(A). Assume the following property:
(H3) If9 €0, 1], then any P-periodic solution u(x) of

u" + cu' + 9ap u(x)g(u) = 0, (2.4)

with 0 < u(x) < R for all x € [0, P], satisfies
o MmaXyer u(x) #rifi¢d,
+ maXxye u(x) # R ifi ed.

Then it holds that D(L — Ny, Q?r’,i’R

)) =1.

The proofs of Lemmas 2.1 and 2.2 follow the argument of the ones of [11, Lemma 3.1] and [11, Lemma 3.2],
respectively (even with some simplifications, due to the fact that the sets considered in the present paper are
bounded, differently from the case treated in [11]). We point out that in [11] only the case ¢ = 0 was treated;
however, the presence of the term cu’ does not cause any additional difficulties, after having observed that

the following property holds:
Property. If u(x) is a non-negative solution of either (2.3) or (2.4), then

max u(x) = max u(x). (2.5)
xel; xeol;
The above property is a direct consequence of the Hopf maximum principle (see, for instance, [33, Theo-
rem 1.2]); alternatively it can be obtained by arguing as in [23, Remark 3.4].
We notice that, for d € ]0, 1[, by taking either J={1,...,m} and J =0 in Lemma 2.1 or J=J =0 in
Lemma 2.2, we can evaluate the degree on the sets of the following type:

{u eX:ulleo <1, max|u|<d,ie {1,...,m}}.
I

An application of property (2.5) together with the excision property of the degree allows us to compute the
degree on the open ball B; < X of center zero and radius d > 0. More precisely, the following corollaries can
be proved.

Corollary 2.1. Letc € Randlet a: R — R be a P-periodic locally integrable function satisfying condition (a..).

Let g: [0, 1] — R be a continuous function satisfying (g.). Let I+ @ and A, u > 0. Let d € ]0, 1] and assume

that there exists v € L1(0, P), withv(x) > Oon [0, P]andv = O on (U; I; , such that the following properties hold:

(H,) Ifa > 0, then any non-negative P-periodic solution u(x) of (2.3) satisfies ||ulls # d.

(H,) There exists ag > 0 such that equation (2.3), with a = @, does not possess any non-negative P-periodic
solution u(x) with ||u|e < d.

Then it holds that Dy (L — Ny, Bg) = 0.

Corollary 2.2. Letc € Randlet a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Let g: [0, 1] — R be a continuous function satisfying (g.). Let A > 0 and u > y#()l). Let d € ]0, 1[ and assume
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that the following property holds:
(H3) If9 €10, 1], then any non-negative P-periodic solution u(x) of (2.4) satisfies |uls # d.
Then it holds that Dy (L — Ny, Bg) = 1.

2.2 Finding the Constant A*

In the following lemma we provide the constant 1* = A*(p) that appears in all our main results.

Lemma 2.3. Let c € Rand let a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Letg: [0, 1] — R be a continuous function satisfying (g..). Then, for every p € 10, 1[, there exists A* = A*(p) > O
such that, forevery A > A*, a > 0, and i € {1, ..., m}, there are no non-negative solutions u(x) of

u" +cu' + Aat()g(u) +a = 0, (2.6)
with u(x) defined for all x € I;' and such that maXyey+ u(x) = p.

The proof is essentially the same as in [10, Section 3.1] and, since we need to slightly refine the estimates,
we just provide a sketch.

e a*(x)dx > 0, foreveryi € {1, ..., m}. Thus the quantity

Proof. We fix & > Osuchthate < 1(7; - 0;) and e

Ti—€

Ve := min J a*(x)dx
m

is well defined and positive.
Let p > O be fixed and consider « > 0 and i € {1, ..., m}. Suppose that u(x) is a non-negative solution
of (2.6) defined on I = [0}, 7;] and such that max,. It u(x) = p.
Arguing as in [10, Step 1 and Step 2 of Section 3.1] (with the care of replacing the constant T therein
with |I]]), we obtain that
lu'(x)] < @e'c”m forallx € [0 + ¢, Ti — €], (2.7)
and that

min  u(x) > 6;p with §; := €]0,1][.

xeloj+e,Ti—¢€] £+ ez|C||Ii+||[i+|
We define n = n(p) := min{g(u): u € [8ip, p]} and

p(elc| + 2elclil)

A* = A%(p) := max (2.8)

_ Ti—-€ :
i=1,..., m en J‘aix+€ a(x) dx

Then, by integrating equation (2.6) on [0} + €, T; — €] and using (2.7) (for x = 0; + €and x = T; — €), we obtain

Ti—€ Ti—€

An J ax)dx <A J a(x)g(u(x))dx

oi+€ oi+€

=u'(oi+e)-u'(ti—€) + c(u(o; + &) —u(ti - €)) - a(ti — € - 0; — €)
< de|c||1,.+| +|clp.

Therefore, non-negative P-periodic solutions u(x) of (2.6) with max,es u(x) = p can exist only for A < A*. This
proves the lemma. O

2.3 Some Estimates for Small Solutions

The following lemma gives a lower bound for positive P-periodic solutions of (2.4) that will be exploited in
the proof of the existence result in Theorem 1.1.



DE GRUYTER A. Boscaggin et al., High Multiplicity and Chaos for an Indefinite Problem —— 683

Lemma 2.4. Letc € Randleta: R — Rbea P-periodic locally integrable function satisfying condition (a. ). Let
g: [0, 1] — R be a continuously differentiable function satisfying (g.) and g'(0) = 0. Let A > 0 and u > u*(A).
Then there exists ro € )0, 1[ such that for every 9 € 10, 1], every non-negative P-periodic solution u(x) of (2.4)
with |lulleo < 1o Satisfies u = 0.

Proof. Let M > ellP|q| 11(0,p). By contradiction, we assume that there exists a sequence (u,(x)), of non-
negative P-periodic solutions of (2.4) for 9 = 9, € 10, 1] satisfying O < |unllo — O. By the strong maximum
principle (see [17, Appendix C]), we have that u,(x) > O for all x € [0, P], moreover, since |uplo — 0, we
have that u,(x) < 1 for all x € [0, P] and n large. We can thus perform the change of variable

Uy (X)

Zn(X) = m, x € R. (2.9)

An easy computation shows that
Zh(0) + €zn(X) + Ing' (Un(0))Z3(X) + apu(x) = 0. (2.10)

Moreovet, z,(x) has to vanish in some point x,, € [0, P], since u,(x) is P-periodic.
We claim that
Iznlleo < M.

We suppose by contradiction that this is not true. Then we can find a maximal interval J, < [0, P] either of

the form [X,, X,,] or of the form [X,, X,,] such that |z,(x)| < M for all x € J, and |z,(x)| > M for some x ¢ J,. By
the maximality of the interval J,,, we also know that |z, (X,)| = M. Rewriting (2.10) as

(eSX 2, (%)) + X (98’ (un (X))Z2(x) + ar u(x)) = 0,

an integration on J,, gives

Zn(Rn) = - j 00 (98" (un (0)22(0) + ar (1)) dx
In

from which

M = |z,(%y)] < €!P( sup, &' UnCNIPM? + lar i o,p) )-
x€[0,

Passing to the limit as n — +co and using g'(0) = 0, we thus obtain M < e!P|ay ;11 (0,p), contradicting the
choice of M.
Now, we integrate (2.10) on [0, P] to obtain

P
0<-— J apu(x)dx < sup |g' (un(x))|PM?,
o x€[0,P]

and so a contradiction is reached using the fact that g’(u) is continuous and g’(0) = 0. O

The next lemma gives us some estimates for positive solutions of (2.4) which will be used to prove the mul-
tiplicity result in Theorem 1.2. To state it, let us introduce the following notation. For any constant d > 0,
we set

{(d) := max M, y(d) := min =—

d<usa U d<usd U
Furthermore, recalling (a.) and the positions in (2.1), foralli € {1, ..., m}, we set

X Oi+1
AL = Ja’(é) g, Al = j a(©dE, xel, (2.11)
Ti X
Lemma 2.5. Let c € R and let a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Let g: [0, 1] — R be a continuous function satisfying (g.) and (go). Let A > 0. Then there exists ¥ € 10, 1[ such
that foreveryr € 10, 7], forevery 9 € 10, 1], and for every u > 0, ifu(x) is a non-negative solution of (2.4) defined
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inI_, UIT UI; forsomei e {1,..., m}with maxye+ U(x) =1, the following hold:
e Ifu'(0;) =0, then
9 -
u(oi) > (14 5 (AL e I - 1)),
1 e B
u'(0i41) 2 Sr(iyy(r)llallpui—)e lellf; | —AllallLl(I;)((r)e“”Ii VI ').
e Ifu'(t;) <0, then
9 -
u(ri-n) 2 (14 S(yMIAL gy et - 1)),
1 el SN
' (ri-1) < -9r( Suylalig; e ! - Aalgydmeiavit),
Proof. From condition (go) we can fix a constant 7 € ]0, 1[ such that for every r € ]0, 7] it holds that

{(r < ! . (2.12)

.....

We give the proof when u'(0;) > 0 (the case u'(t;) < 0 follows from analogous arguments). We divide the
arguments into two parts: in the first one, we provide some estimates for u(t;) and u’(t;), in the second one,
we obtain the inequalities on u(oi,1) and u’(0j41).

Step 1. Let X; € I be such that
u(x;) = maxu(x) =r.
telf

We notice that if 0; < X; < 74, then u’(%;) = 0 (since u'(o;) > 0). Otherwise, if X; = ;, then u’(%;) > 0.
Suppose first that u’(x;) = 0. Let [sq, s3] € I I be the maximal closed interval containing X; and such that
u(x) > % forall x € [s1, s;]. We claim that sy, s;] = I;". From

(e™u'(x)) = -9Aa* ()gu(x))e™, xe If,

integrating between x; and x and using u’(X;) = 0, we obtain
X
u'(x) = -9 J at(O)gu(£)eC™d¢ forallx eI}
Xi

Then
' (x)] < 9Alalls g ¢(ryrel il forall x € [s1, 5],

and
X

uG0 = utie) + | w'(dg > r(1 - Mlalyagy et 171) >

This inequality, together with the maximality of [s1, s, ], implies that [s1, s3] = IIT . Hence

% forall x € [s1, S2].

u'(x) = -9Allallp g {(relli forall x e If (2.13)
implying
u'(13) 2 =9Alalls g §(ryrel i, (2.14)
Furthermore, by integrating (2.13) on [X;, T;], we obtain
u(ty) 2 r(1 - 9Alallys g Srel | ). (2.15)

On the other hand, if we suppose that X; = 7; and u’(%;) > 0, we have
u(ti) = r > 1(1 - Nllallp g (re Vi z )

and
u'(15) > 0 2 —9Alallps gy (ryre i,

Thus, in any case, (2.14) and (2.15) hold, and so we can proceed with the second part of the proof.
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Step 2. We consider the interval I; = [7;, 0;;1]. Since the map x — e* u'(x) is non-decreasing in I7, from
(2.14) we have
u'(x) = e Ty (1) > —SAIIaIILl(I;)((r)re'C”I?UI;' forallx € I;.

Therefore, integrating on [7;, x] and using (2.15), we have

X

u(x) = u(t;) + j u'(§)dé

T
> r(1 = 9 allps g e M| - 9Allalips gy (r)e! MV )
> r(1 = AlI} U I llalips g (el Vi
> r(1 - Al UTF U I [llallga gy §(r)e! Ml
> % forallx e I, (2.16)
where the last inequality follows from (2.12). On the other hand, integrating
(e™u'(x)) = Jua~ (x)g(u(x))e™, xe I,

on [1;, x] and using (2.14) and (2.16), we find
X
u'(0) = u'(1)e’ ") + g j a~(§gu(®)e ™ d¢
Ti

T 1 -
> .9r<—)l||a||L1(1i+)((r)e|C”Ii ULy Eyy(r)Aﬁ(X)e‘lc”Ii ') forall x € I .
In particular,
1 - I
u' (0i41) = Sr(zyy(r)llallp([i_)e lellI; | —/tIIaIILl(I;)((r)e“”I" ul; I>.

Finally, a further integration and condition (2.15) provide
Ois1
u(oi1) = u(ty) + I u' (x) dx

Ti

+ +07- _ 1 _ -
> r(11 = Olalys g )V = ANl M |+ 9 Sy (A e )
] B 1 -
> r(1 = Ol gy §r)e MU L UL UL |+ 92 pyMIAT I e ')

'9 — -
2 r(l + E(HY(”)llAlr'HLl(I;)e lelif 1 1)),

where the last inequality follows from (2.12). Thus the proof is completed. O

2.4 Some Estimates for Large Solutions

We start by introducing the following auxiliary result.

Lemma 2.6. Letc € R.Letg: [0, 1] — R be a continuous function satisfying conditions (g.) and (g1). Let] ¢ R
be a closed interval and b € L'(J). Then, for every € € 10, 1], there exists R, = R.(c, g, ], b) € 10, 1[ such that
forevery 9 € 10, 1] and for every non-negative solution u(x) of

u'" +cu' +9b(x)g(u) =0,
that satisfies u(x) > R, and u' (x) = 0 for some x € ], it holds that

ux)>1-¢ and [u'(x)<e forallxe].
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Proof. Given € € |0, 1[, let us define

R, = 1 - ge 3KIDliagy+1+2ichi,

First of all we notice that either u = 1 or (1 — u(x))? + (u'(x))? > 0 for every x € J, due to the uniqueness of the
solution of the Cauchy problem
u" +cu' + 9b(x)g(u) =0,
u(xo) =1,
u'(x0) =0,
ensured by condition (g1).
In the first case the thesis follows straightforwardly. In the second case, we compute

_, (1 u0' () + Ib(OU' (g X)) + ' (x))*

d '
— log((1 - U(X))Z +(u (X))Z) = 1 - u())? + W ()2

dx

From the previous equality and since by (g1) we can fix K > 0 such that g(u) < K(1 - u) for every u € [0, 1],
we deduce that

(1 = u())u' ol + [bOOu' (x)|gu(x)) + Icl(u’ (x))?
(1 -u(x)? + (u'(x))?

< (1 + KDDL — u@))u' (0] + el (x))?

- (1-ux)? + W' (x))?

<1+ K|b(x)| +2]|c|.

d 2 /o2
alog((l—u(x)) + ') <2

Hence, by an integration of the above inequality from X to an arbitrary x € J, we have

(1 —u))? + (' (x)?
(1 -u(x))?

log < Klblirrgy + (1 + 2|cDII.

As a consequence, it follows that
(1 _ u(x))Z + (ur(x))z < (1 —Rg)2eKllbllLl(/)+(1+2|c|)|]| — 82

for all x € J, and so the thesis is proved. O

The following lemma gives an upper bound for positive P-periodic solutions of (2.4) which will be used to
prove the existence result in Theorem 1.1.

Lemma 2.7. Let c € Rand let a: R — R be a P-periodic locally integrable function satisfying condition (a.).
Let g: [0, 1] — R be a continuously differentiable function satisfying (g.). Let A > 0 and p > u*(A). Then there
exists Ry € 10, 1[ such that for every 9 € 10, 1], every non-negative P-periodic solution u(x) of (2.4) satisfies
lulloo < Ro.

Proof. By contradiction we assume that there exists a sequence (u,(x)), of non-negative P-periodic solutions
of (2.4) for 9 = 9, € 10, 1] such that |luyllcc — 17

By applying Lemma 2.6 with the choice of J = [0, P] and b(x) = ay,,(x), we deduce that u,(x) — 1 uni-
formly in x as n — +oco.

Through the change of variable introduced in (2.9) and an integration of (2.10) on [0, P] we have

P

P
0> j apu(x)dx = -9y Jg'(un(x))zf,(x) dx. (2.17)
0 0

When g'(1) < 0, we deduce that g’ (u) < 0 for every u in a left neighborhood of 1. In this case, a contradiction
follows from (2.17) by the uniform convergence of u,(x) to 1. When g'(1) = 0, a contradiction is reached
because, by arguing as in Lemma 2.4, the sequence (z,(x)), is uniformly bounded and g’ (u,(x)) converges
to 0 uniformly. O
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The next lemma gives us some estimates for positive solutions of (2.4) which will be used to prove the mul-
tiplicity result in Theorem 1.2. To state it, we recall the definition of Aj(x) and A%(x) given in (2.11) and we
introduce the further notation

F = ’ ’D = i ’
(d) gﬁ;g(u) x(d, D) drgng(u)

where d, D € ]0, 1[ satisfy d < D.

Lemma 2.8. Let c € Rand let a: R — R be a P-periodic locally integrable function satisfying condition (a..).
Let g: [0, 1] — R be a continuous function satisfying (g.) and (g1). Let A > 0 and d € 10, 1[. Then there exists
R = R(d) € 1d, 1[ such that for every R ¢ [R, 1[, 9 € ]0, 1] and u > 0, if u(x) is a non-negative solution of (2.4)
definedinI_, UIT UI; forsomei e {1,..., m} with MaXyer- urrul- u(x) = MaXyer: u(x) = R it holds that

u(oi;1) >R+ 9(}1||A1¥||L1(1;))((d, Rye el 1 _ /\"a"Ll(IDF(R)eICIIIfUI{I|Ilj- U Ii_l)’
u(ti-1) 2R+ 9(}1||A}_1||L1(I;1)X(d, R)elellfil _ /1||a||L1(1;)F(R)elcln":lum||I,-__1 U [l_+|)'

Proof. Given d > 0, let us take
1-d
€=

1+ maxj-1,..,m I |ellIf]

.....

We now apply Lemma 2.6 with the choice of J = I and b(x) = Aa*(x) in order to find the corresponding
Rei = Re(c, g, I, Aa*) and we set

Notice that 1 — £ > d. Therefore, since R ; € |1 - ¢, €[, it holds that R € ]d, 1[.
Let R € [R, 1[, 9 €]0, 1] and u > 0. Let u(x) be a non-negative solution of (2.4) defined in I, UI} U I}
forsomei € {1,..., m}with

max u(x) = maxu(x) = R.
xel_,UIful; telf

Let X; € Il.+ be such that u(x;) = maXyer u(x) = R. We observe that u'(x;) = 0, otherwise u(x) > R for
some x in a neighborhood of ;. Lemma 2.6 applies and yields
ux)>1-¢ and [u'(x)|<e forallxel;. (2.18)
We claim that
ux)>d forallxel_ UIfUI;.

The inequality in I} is obvious since 1 - & > d. As for the interval I, since the map x — e*u'(x) is non-
decreasing, we have e*u’(x) > eTiu'(t;), forall x € I;. Thus, from (2.18) it follows that

lu' ()] < eellfil forall x e I7.

Then an integration gives
X
u(x) = u(ti) + J W(@OdE21-e-ell;|eM > d forallxel,
Ti

where the last inequality follows from the choice of ¢. A similar argument applies in the interval I;_; and the
claim is thus proved.
Recalling that u(x;) = 0, we find

u'(x) = 91 j a* (g(©)eEde forallx e I

Xi

implying
' ()| < 9Allallp g T(R)EIE! forall x e I
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Therefore
Ti

u(ri) = uxy) + J W (§dE > R - Il gy TR,
Xi
As a consequence, in the interval I; we have

X

u'(x) = u'(17)e“" ™) + 9 j a (Hgu())e ™ d&

Ti

> —9Allallp: i T(R)e MV + 9pAL(0x(d, R)e i1 forall x e I

An integration of the above inequality, together with the estimate for u(r;), finally provides
Oit1
u(0i;1) = u(t;) + J u'(x) dx

Ti

> R = 9Mall gy TRY NI = 9Allala gy FR)EMT NI + Ol Al x(d, R)e I
>R+ 19<H||A{||L1(I;)X(d, R)e_|C||I;| — A”a”Ll(I:.)r(R)ek”IrUI”|I;" U Il_|>’
where the last inequality follows from (2.12). Thus the proof is completed. O

Remark 2.1. Lemma 2.8 will be exploited in Section 4.1, while verifying the assumptions of Lemma 2.1 and
Lemma 2.2. We stress that only the assertion on u(oj.1) will be used. The second one plays a role in the
corresponding proofs dealing with Dirichlet or Neumann boundary conditions (see Section 6.2).

3 Existence of Two Solutions

In this section we give the proof of Theorem 1.1.

Proof of Theorem 1.1. Given p > 0, we first apply Lemma 2.3 in order to find the constant A* = 1*(p) > 0
(defined as in (2.8)). Then we fix A > A*.

We claim that Corollary 2.1 applies with the choice of d = p and v(x) as the indicator function 1y, 1 (x)
of the set | J; I, that is,

Vo) = 1 ifxeUZ I},
0 ifxe[0,PI\UL, I}

First, we verify assumption (H;). From property (2.5), since v(x) = 0 for all x € Ui I}, we observe that any
non-negative P-periodic solution of (2.3) attains its maximum on | J; I;". Then (H;) follows from Lemma 2.3.
As for assumption (H,), we integrate equation (2.3) on [0, P] and pass to the absolute value in order to obtain

allvilzio,py < llaaullrio,py max g(u).
uel0,p]

Therefore, (H;) follows for a sufficiently large. Summing up, from Corollary 2.1, we thus obtain
Dr(L - Npy, Bp) = 0.

Now, we use Lemma 2.4 and Lemma 2.7 to fix ro and Ry in ]O, 1[. Without loss of generality we can
assume 0 < ryp < p < Rg < 1. Then Corollary 2.2 applies both with the choice of d = ry and d = Ry (indeed,
(Hs) is trivially satisfied). Therefore, we have

Dr(L-Npyu,By,) =1 and Dr(L - Ny, Bg,) = 1.
The additivity property of the coincidence degree implies

Dr(L—Niu, Bp\ By,) =-1 and Dr(L - Ny, Bg, \Bp) = 1.
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As a consequence, there exist a P-periodic solution us(x) of (2.2) in B, \ B_,O as well as a P-periodic solution
ue(x) of (2.2) in Bg, \B_p. As observed in Section 2.1, by the maximum principle it holds that us(x) > 0 and
uy(x) > 0 for all x € [0, P]. Moreover, we clearly have ug(x) < 1 and uy(x) < 1 for all x € [0, P]. Hence, us(x)
and ue(x) are non-negative P-periodic solutions of (&),,). Since g(u) is of class €1, the uniqueness of the
constant zero solution for the Cauchy problem associated with (&},,,) implies that us(x) and ue(x) are positive
P-periodic solutions of (&),,) and the proof is concluded. O

Remark 3.1. By a careful checking of the proof, one can realize that Theorem 1.1 is still valid if g(u) is
assumed to be continuously differentiable in a right neighborhood of u = 0 and in a left neighborhood of
u = 1. We also remark that the assumption of differentiability near u = 0 could be removed, provided one
supposes a condition of regular oscillation, that is,
lim slww) =1
u—0+ g(u)
w—1

(cf. [10, Section 4.3]). At last, we mention that, by arguing as in [10], one could also weaken assumption (a.),
so as to cover some situations when the weight function a(x) changes sign infinitely many times. For the sake
of briefness, and since assumption (a.) is crucial in the proof of Theorem 1.2, we have preferred to work in
a unified simpler setting.

We end this section by stating the following straightforward corollary, dealing with the one-parameter
equation (1.5).

Corollary 3.1. Letc € Randlet a: R — R be a P-periodic locally integrable function satisfying condition (a..)
and f(f a(x)dx < 0. Let g: [0, 1] — R be a continuously differentiable function satisfying (g.) and (go). Then
there exists A* > 0 (depending on c, g(u) and a*(x), but not on a~(x)) such that for every A > A* equation (1.5)
has at least two non-constant positive P-periodic solutions.

4 High Multiplicity of Solutions

In this section we give the proof of Theorem 1.2.

Proof of Theorem 1.2. Given p > 0, we first apply Lemma 2.3 in order to find the constant A* = 1*(p) > 0
(defined as in (2.8)). Then we fix A > A*.
We apply Lemma 2.5 to find 7 € ]0, 1[ and we fix

r € 10, min{r, p}[.
Moreover, we apply Lemma 2.8, with the choice of d = p, to find R ¢ ]p, 1[ and we fix
R e [R,1].

We claim that there exists u*(1) = u*(A, r, R) > O such that for every u > p*(A) Lemma 2.1 and Lemma 2.2
hold for any pair of subsets of indices 7, J < {1, ..., m} withJ n J = 0. This is a long technical step of the proof
and we provide the details in Section 4.1. Once this is proved, we have that

0 ifJ+0
J,d _ ’
Dr(L = Nayw Qi g)) = ‘|1 I (4.1)
We define the open and bounded sets
A(jr’iR) = {u eX:luleo <1, max|u|<r,ie{l,..., m}\(JUJ), r<max|u|<p,iel,
e Ir I

i i

p <max |u| <R, ieg}
I

and so from (4.1) and the combinatorial argument in [11, Appendix A], we obtain that

Di(L = Nay, ALS ) = (D).
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As a consequence of the existence property for the coincidence degree, we thus obtain the existence of
a P-periodic solution of (2.2) in each of these 3™ sets A(jr”i’ r)- Here, the number 3™ comes from all the possible
choices J and J with J n J = 0. Notice that, since the identically zero function is contained in the set A?;fj, Ry
we do not consider it in the sequel. Instead, every solution u(x) of (2.2) in each of the other 3™ — 1 sets
is non-constant and, by the maximum principle, such that u(x) > 0 for all x € [0, P]. By the uniqueness of
the zero solution for the Cauchy problem associated with (2.2) (coming from condition (go)) we have also
u(x) > 0 for all x € [0, P]. Moreover, by construction, it follows that u(x) < 1 for all x € [0, P]. Hence, u(x) is
a non-constant positive P-periodic solution of (&),,).

Summing up, for each choice of Jand JwithIn J = 0 # J U J, there exists at least one positive P-periodic
solution ug, 3(x) of (&3,,) such that
o 0 <maxy ugg(x) < rforalli¢ Ju{,
©  r<maxyer Usg(x) <pforalliel,
* P <MaXy: Ug,g(x) <Rforallieg.
To achieve the conclusion of Theorem 1.2, we observe that, given any finite string 8 = (81, ..., 8n) € {0, 1, 2}™,
with 8§ # (0, ..., 0), we can establish a one-to-one correspondence between § and the sets

Je={ie{l,...,m}:8 =1}, J:={ie{l,...,m}:8; =2},

so that 8; = O when i ¢ J U J. This completes the proof of Theorem 1.2. O

4.1 Finding the Constant y*(A, r, R)

The constant u*(A, r, R) is defined as
u*(A, 7, R) := max{u), )},

where uHV) and u*3) will be obtained along the arguments below (see (4.4) and (4.7)). We stress that such
constants are fully explicit, depending only on A, r, p, R, g(u) and a(x).

Checking the Assumptions of Lemma 2.1

Let J, J with J # 0 and define v(x) as the indicator function of the set | J;., I}, namely

1 if ier I
V(x) = 1 X € Ulej i
0 ifx € [0,P]\ Ujes I}

Verification of (H;). Let a > 0. By contradiction, we suppose that there exists a P-periodic solution u(x)
of (2.3) with 0 < u(x) < R, for all x € [0, P], such that at least one of the following conditions holds:
(h}) Thereisanindexi ¢ JU J such that maxyers U(X) =r.
(h%) There is an index i € J such that maXyer: U(X) = p.
(h%) There is an index i € J such that maXyer: U(x) = R.

Suppose that (hi) holds. Since v(x) = 0 for x € I_; UI{ U I, equation (2.3) reduces to (&},,). Consider at
first the case u’(0;) > 0. By Lemma 2.5 (with 9 = 1), we have that

1 B - 1Al
u(0is) > 1(1+ S (uy AT e - 1)) > Erylalgye 0.

Thus, taking
L 2Relcllfi ]|

i 2R (4.2
K A

we obtain u(oi.1) > R, a contradiction. On the other hand, if u'(0;) < 0, using the fact that x — e“u'(x)
is non-increasing on I;', we have that u'(t;) < 0. In this case, we can use the second part of Lemma 2.5
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(with 9 = 1) to reach the contradiction u(t;_1) > R whenever

0 2Rel€llli4l

u>p=——. (4.3)
CoryMIAL )

Now, we suppose that (h%) holds. In this case a contradiction is immediately obtained by Lemma 2.3 (no
assumption on y > 0 is needed).

At last, we assume that (h%) holds. As for the case (hi) we have v(x) = 0 for x e I;_; UI UI;. Then we
can apply Lemma 2.8 (with d = p and 9 = 1) in order to obtain

u(011) 2 R+ plA I x(p, Re™ Ml = Alalls gy T(R) M I U L7 .

Taking
@l TRV U I |
1A X (P, R)e~lcliii|
we obtain u(oj+1) > R, a contradiction. Notice that, contrarily to the case (h%), here it is not necessary to

consider the behavior of u(x) in the interval I_, .
We conclude that (H;) holds for

M> Jji=

= max {Q, i}, fif}. (4.4)

Verification of (H;). Let u(x) be an arbitrary non-negative P-periodic solution of (2.3) such that u(x) < p for
all x € Jjey ;- We fix an index j € J and observe that on the interval I equation (2.3) reads as

u" +cu' +Aat(x)gu) + a = 0.

Let € € ]0, %(Tj — 0j)[. As shown along the proof of Lemma 2.3 the inequality (2.7) holds. Then, integrating
the differential equation on [oj + €, Tj — €], we obtain
Tj—¢
a(tj - 0j - 2¢) = u'(gj + &) —u'(1j - €) + cu(oj + €) — cu(tj —€) - A I at(x)g(ux))dx

oj+e

2 +
< ?pelc”lf L+ 2|clp.

This yields a contradiction if a > 0 is sufficiently large. Hence (H;) is verified. O

Checking the Assumptions of Lemma 2.2

LetJc{1,...,m}and 9 € ]0, 1].

Verification of (H3). By contradiction, suppose that there exists a P-periodic solution u(x) of (2.4) with
0 < u(x) < Rforall x € [0, P] such that at least one of the following conditions holds:
(h%) There is an index i ¢ J such that max,. rruG)=r.
(h;) There is an index i € J such that max, I u(x) = R.
Suppose that (hi) holds. We consider at first the case u'(0;) > 0. We are going to prove that, if u large
enough, then
u(x)>r and u'(x)>0, (4.5)

for all x € [0, P]. This clearly contradicts the P-periodicity of u(x).
Proving (4.5) in I;.’H. Taking u > ji} (with jif defined in (4.2)), we have
elelr; |
> —r
YOIAi L)

and so, from Lemma 2.5, we obtain u(oi,1) > r (as 9 > 0). Moreover, using the estimate on u'(0,1) provided

U
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in Lemma 2.5, we observe that u’(0;,1) > 0 when

20l g Gy el |

Y(")”a”Ll(I;) (4.6)

Integrating (2.4) on [0j41, X] € I;;l and using again Lemma 2.5, we obtain

X

u'(x) = u' (04,1)e“ ™) — 92 J a*(&gu(&))et™ d¢

Oit1

> u'(031)e” Wil — 9Aallpa gy T(R)elNn]

1 _ 0Tt +O I Ul F(R) +
> .9r<5yy(r)||a||L1(I;)e lcllI; Ul | —A||a||L1(1i+)((f)€|C”Ii UL UL | ~ Al ) . e|c||11.+1|).

Notice that the first of the above inequalities requires u’(ci,1) > 0, which is ensured by (4.6). Taking

o 2A(lall g §nrel M al e T(R)e!Min)

M> iy i=

5

y(rilallp e 1M Vil

+

+
i+1° i

+.1- We conclude that for

we finally obtain that u’(x) > 0 for all x € I}’ ,. Consequently, u(x) > u(oi;1) > ronl

u > max{ji, if),

inequalities in (4.5) hold.

Proving (4.5) in I’T+1 . Using the monotonicity of the map x — e*u’(x), we deduce that
u'(x) > e "™y (1141) > 0 forall x e I, ;.

Thus the conclusion follows, since u(tj;q1) > r.

Proving (4.5) in I,T+2. Integrating equation (2.4) on [7,1, x] € I;,;, we find
X
u' () = U (T341)e“ T + I J a (§)gu(&)e ™ d¢
Ti+1

> QuAL,  Ox(r, Rje”! Wil forall x € I,

i+1°

in particular,
u'(0142) > 8H||a||L1(1i-+l))((r, R)e7 Il 5 0,
On the other hand, integrating equation (2.4) on [0i,2, x] < I}, ,, we find
X
u'(x) = u'(0142)e 270 — 97 J at(H)g(u(é))e™ d&
Ois2

> 9(pllal gz x(r, Rye Wi lil — Aals gy T(R)EMT) > 0

forall x € I

+.2» Where the last inequality holds for

+

N 2|l VI, |
ps P = I I = Mlal: ) FR)eT s e
i i i+1° 7i+2 "a”Ll(Iijrl)X(r’ R)

Then the solution u(x) is increasing in I}, , and hence u(x) > u(oi;2) > r on I ,. Therefore, the inequalities
in (4.5) hold in I, ,.

Proving (4.5) in [0, P]. This is easily achieved by repeating the argument just described in order to cover
a P-periodicity interval. This eventually requires

*,4
max Mu;’ .
=1,..., m

n>
1
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Having dealt with the case u'(0;) > 0, we now assume u’(0;) < 0, which implies (by the monotonicity of the
map x — e“u’(x) in I) that u’(r;) < 0. A contradiction can be achieved proceeding backward. More pre-
cisely, we may use at first Lemma 2.5 and then an inductive argument similar to the one explained above.
Conditions on u will be replaced by the analogous inequalities

H>H
with ﬁ% defined in (4.3),

L 2A(llallp g §rrel I T g T(R)elMT
u> =

yOrlalp . e Wil
;

and _

A”a”Ll(Iitz)F(R)eZ|C||I,-_2UI'_2|
"a"Ll(I;Z))((T, R)

Thus the contradiction u’(x) < 0 for all x € [0, P] can be proved for

K> = I, I y) =

.....

Taking into account all the possible situations we conclude that case (hi) never occurs if

(Hs) ._

p> = max G i i e )

.....

To conclude the proof, we suppose now that (h%) holds. By applying Lemma 2.8, the contradiction
u(oiy1) > R follows when

/\"a"LlUDF(R)ezlcllli*ull?l|[i+ U Iz_l

> Ui :
e 1AL X( R)

We conclude that case (h;) never occurs if

u> y(2H3) = max
i=1,..., m
Summing up, we can apply Lemma 2.2 for
o> p) = max{u{™, u, 1f ()} (4.7)
and therefore formula (2.4) is verified. O

5 Globally Defined Solutions and Symbolic Dynamics

In this section we prove Theorem 1.3. Actually, we are going to give just a sketch of the argument, which
follows the same schemes of the one for the proof of [23, Theorem 4.5]. We also remark that one could adapt
to the present setting also the discussion developed in [11, Section 6], in order to show that the existence of
non-periodic bounded solutions coded by sequences of three symbols implies semiconjugation of a suitable
map induced by (&),;,) with the Bernoulli shift.

Proof of Theorem 1.3. Given p > 0, we fix the constants A*, r, R, and p* as in Theorem 1.2. The first crucial
observation is that all these constants depend (besides on g) only on the behavior of the weight function a(x)
on the intervals Ilfr and I; withi e {1,..., m} (and not on the length P of the periodicity interval). As a conse-
quence, the conclusion of Theorem 1.2 holds (with the same constants) even if, in place of [0, P], an interval
of the type [n1 P, n,P] (with ny, n, € Z and n, < n;) is considered.

Let 8 = (S))iez € {0, 1, 2}% be an arbitrary sequence which is not identically zero. If § is km-periodic
for some integer k > 1, then an application of Theorem 1.2 in the interval [0, kP] ensures the existence of
at least a kP-periodic solution us(x) of (&3,,) coded by 8. If it is not the case, we approximate § with the
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sequence (8"),, where 8" € {0, 1, 2}% is the (2n + 1)m-periodic sequence defined as
S]" =8 forj=-nm+1,...,(n+1)m.

An application of Theorem 1.2 on the interval [-nP, (n + 1)P] (at least for n sufficiently large, so that §" # 0)
leads to the existence of a non-constant positive (2n + 1)P-periodic solution u,(x) of (&}, ;) such that

© MaXp, un(x) <rif8; =0forj=1i+¢em,

© T <maXep, up(x) <pif§j=1forj=i+em,

* P <MaXep, up(x) <Rif§j=2forj=1i+¢m

foreveryi=1,...,mand ¢ =-n,...,n.

A compactness argument (cf. [23, Section 4.3]) ensures the existence of a solution #(x) of (&,,) defined
on R and obtained as the limit of a subsequence of u,(x). Passing to the limit as n — +co, we have
© MAXyp, i(x) <rif§;=0forj=i+em,

o TS maXyp, u(x)<pif§j=1forj=1i+em,
* P SmaXy, i(x) <Rif§j=2forj=i+¢m
foreveryi=1,...,mand ¢ € Z.

To conclude the proof we have to show that the above inequalities are strict. This can be done using
on one hand Lemma 2.3 (ensuring that max: Unp # p) and on the other hand the arguments exploited in
Section 4.1 to prove that the alternatives (h%) and (h%) can not hold (notice that for these the periodicity is
not necessary). O

Remark 5.1. Given an integer k > 2, Theorem 1.2 provides positive kP-periodic solutions of (&},;). In this
direction, it is natural to investigate whether such solutions have kP as minimal period, namely, whether they
are not ¢P-periodic for any integer £ = 1, ..., k — 1. A kP-periodic solution with this property is usually said
to be a subharmonic solution of order k (cf. [8] and [23, Section 4.1] for additional comments and references
on the subject).

Given an integer k > 2, in order to produce at least a subharmonic solutions of order k, it is sufficient
to take the km-periodic sequence 8 = (8;)jez € {0, 1, 2}% given by 81 = 1 and S8j=0forje{2,...,km}. The
minimality of the period kP is a consequence of the behavior of the solution ug(x) given by S. Following the
discussion developed in [11, Section 6] and in [23, Section 4.2], one can give an estimate for the number
of subharmonic solutions of order k. Indeed, one can define a one-to-one correspondence between the ape-
riodic necklaces of length k on n colors and the non-null strings of length k on n symbols. Taking n = 3™
symbols/colors, the desired estimate is given by Witt’s formula

1 m
Zan(k) = £ Y uD3T,
Lk

where p(-) is the Mobius function, defined on IN \ {0} by u(1) = 1, u(l) = (-1)4 if l is the product of g distinct
primes and u(l) = 0 otherwise. We refer to [18, Remark 4.1] for an interesting discussion on this formula.

6 Related Results and Remarks

We conclude the paper with some complementary results and remarks.

6.1 Subharmonic Solutions

In the context of Theorem 1.1, if we further suppose that g(u) is of class €2 in an interval [0, £] and satisfies
g (u) > 0 for every u € ]0, €], then the equation

u" +apu(x)g(u) =0 (6.1)

has, for every A > 1* and u > p*(A), positive subharmonic solutions of order k for any integer k large enough.
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This follows from [8, Theorem 3.3], after having observed that the constant A* given therein does not
depend on a”(x) (actually, is obtained exactly as in Lemma 2.3). Let us stress that such a proof is of sym-
plectic nature, being based on the Poincaré—Birkhoff fixed point theorem: therefore, the assumption ¢ = 0 is
essential. Subharmonic solutions in the case ¢ # 0 can be found as in Remark 5.1 (for every integer k > 1),
but only for larger y, i.e., p > u*(A).

6.2 Dirichlet and Neumann Boundary Conditions

A suitable variant of Theorem 1.2 is valid when equation (&},;,) is coupled with Dirichlet boundary conditions
u(0)=u(P)=0

or Neumann boundary conditions
u'(0)=u'(P) =0.
Letusrecall that, in both cases, with a standard change of variable we can assume ¢ = 0 (cf. [17, Appendix C]).

In this context, it is possible to consider a slightly more general sign condition, with respect to (a..), for the
L'-weight a: [0, P] — R. Precisely, a(x) can be allowed to have an initial negativity interval I, and, if m > 2
or Iy + 0, to have I, = 0, that is, a(x) can be non-negative in a left neighborhood of P, provided that there
exists at least one negativity interval (cf. [11, Section 7.2]).

The proofs require just minor modifications with respect to the ones given for the periodic problem.
Precisely, the appropriate abstract setting for Dirichlet and Neumann boundary conditions is described
in [11, Remark 2.1]; with this in mind, the general strategy in Section 4 remains the same. In order to ver-
ify the assumptions of the degree lemmas in Section 2.1, the estimates given in Section 2.2 can still be
exploited, since they are of local nature, and the boundary condition at x = 0 and x = P can be used in place
of the P-periodicity to reach the desired contradictions. See also Figure 1 for a numerical example.

As standard corollaries, one can give multiplicity results for radially symmetric positive solutions of
elliptic BVPs on annular domains (cf. [11, Section 7.3] and [21, Section 3]).

6.3 Stability Issues

Dealing with equation (6.1) and assuming further that g(u) is of class €2 in an interval [0, €] and satisfies
g"'(u) > 0 for every u € 10, £], some information about the linear (in)stability of the solutions found in Theo-
rem 1.1 and Theorem 1.2 can be given. Here, linear stability/instability is meant in the sense of steady states
of the corresponding parabolic problem, that is, a P-periodic solution u(x) of (6.1) is said to be linearly stable
(respectively, linearly unstable) if the principal eigenvalue vq of the P-periodic problem associated with

V' (v ap (08 u(x)))v =0

satisfies vy > 0 (respectively, vo < 0), cf. [34, Definition 2.1]. The same definition can be given when (6.1)
is considered together with Dirichlet or Neumann boundary conditions (of course, the principal eigenvalue
is meant with respect to the corresponding boundary conditions). It is worth mentioning that, for P-periodic
solutions, this notion of linear stability is completely unrelated with respect to the more traditional one, based
on Floquet theory, arising as the linear version of Lyapunov stability [48].

Taking into account the above discussion, one can apply [8, Lemma 4.2] ensuring that vy < O for every
positive P-periodic solution u(x) of (6.1) satisfying ||ull« < €. Therefore, choosing p € ]0, €[ in Theorem 1.2,
we conclude that all the 2™ - 1 solutions associated with the strings 8§ with 8; # 2 foralli=1,...,m, are
linearly unstable (recall that, by property (2.5), these solutions satisfy |u|l« < p). By a careful checking of
the computation in [8, Lemma 4.2], one can deduce the same conclusion when Dirichlet/Neumann boundary
conditions are taken into account.

In the same way we can also deduce that the small solution us(x) in Theorem 1.1 is linearly unstable:
this is consistent with [39, Theorem 1.3], proving, for the Neumann problem, that one solution is unstable
(while a second one is stable).
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a(x)

g(u)
L /\ 0.1
0 f r T X
| 4 \/2n 8
1 r t u
+ 0 1
(a) Graph of the weight term defined (b) Graph of the nonlinear term
as a(x) = 2 sin(2x) — max{0, sin(x)} g(u) = u?(1 - u).

on [0, 27r] and a(x) = 0.2 on [27, 8].

(o

u(x)

[

u(x)

-
-

-

u(x)
u(x)
u(x)

0 0 0

X

(c) Graphs of 26 = 33 — 1 positive solutions of the Neumann boundary value problem
associated with (&3,,), where ¢ = 1, a(x) is as in sub-figure (a) with P = 8 (and so m = 3),
g(u) is as in sub-figure (b), A = 12, and u = 80.

Figure 1: High multiplicity of positive solutions for the indefinite Neumann boundary value problem associated with (&} ).

6.4 Asymptotic Analysis

By using the arguments described in [11, Section 5] and in [23, Section 3.5], it is possible to investigate the

asymptotic behavior for 4 — +oo of the solutions provided by Theorem 1.2 and Theorem 1.3 (with A > A*

fixed). More precisely, if {us, ,(X)}u>u- (1) denotes a family of solutions coded by the same string 8, one can

show that, up to subsequences, the following hold:

e us,u(x) converges to zero uniformly in all the negativity intervals of a(x),

e us,yu(x) converges to zero uniformly in the positivity intervals I;r’ ¢, such that 8¢ = 0,

» us,u(x) converges to a positive solution of the Dirichlet problem associated with (&) ,) on the positiv-
ity intervals I ,* o such that 8;,¢m € {1, 2} (notice that, from this discussion, it follows that such Dirichlet
problems have at least two positive solutions, cf. [49]).
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-

S E
= =

0 0

bs X

(a) Graph of the “large” solution u,(x) of (b) Graph of the “large” solution ue(x) of
the Neumann boundary value problem the Neumann boundary value problem
associated with (&) ), where ¢ = 1, a(x) associated with (&), ), where c = 1, a(x)
and g(u) are asin Figure 1 withP=m and g(u) are as in Figure 1 withP=m
(and so m = 1). Notice that (@and som = 1). We take A = 12 and
j(;’ a(x)dx < 0. We take A = p € {12, 15, u € {12, 30, 100, 500, 2000, 10%, 10°,
20, 30, 50, 100, 200, 500, 5000} and we 10, 108} and we represent also the limit
represent also the limit profile. profile.

Figure 2: Asymptotic analysis for the indefinite Neumann boundary value problem associated with (&3, ,) with respect to the
parameters A and p.

Similarly, one can discuss the case of Dirichlet and Neumann boundary conditions (in the Neumann case,
whenever a(x) starts or ends with a positivity interval IIT with corresponding §; € {1, 2}, then us ,(x) con-
verges in such an interval to a positive solution of a mixed Dirichlet/Neumann problem). We omit the details
for briefness.

It is worth mentioning that, for the one-parameter equation u"' + Aa(x)g(u) = 0, that is, equation (&, W
for A = p and ¢ = 0, the asymptotic behavior of the two positive solutions when A — +co has been carefully
investigated in [46]. Roughly speaking, the small solution us(x) converges to zero uniformly in the whole
interval [0, P], while the large solution u,(x) converges to 1 (respectively, to 0) uniformly on every compact
subinterval of the interior of the positivity intervals (respectively, negativity intervals), see [46, Theorem 1.3]
for the precise statement. Of course, this result is unrelated with the one discussed above for the two-
parameter equation (&) ), since in the latter case A is fixed (and p — +00). See also Figure 2 for a numerical
investigation.
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