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POSITIVE SOLUTIONS FOR SUPER-SUBLINEAR INDEFINITE
PROBLEMS: HIGH MULTIPLICITY RESULTS
VIA COINCIDENCE DEGREE

ALBERTO BOSCAGGIN, GUGLIELMO FELTRIN, AND FABIO ZANOLIN

ABSTRACT. We study the periodic boundary value problem associated with
the second order non-linear equation

u’+(Na(t) — pa” (t))g(u) =0,

where g(u) has superlinear growth at zero and sublinear growth at infinity. For
A, u positive and large, we prove the existence of 3" — 1 positive T-periodic
solutions when the weight function a(t) has m positive humps separated by m
negative ones (in a T-periodicity interval). As a byproduct of our approach
we also provide an abundance of positive subharmonic solutions and symbolic
dynamics. The proof is based on coincidence degree theory for locally compact
operators on open unbounded sets and also applies to Neumann and Dirichlet
boundary conditions. Finally, we deal with radially symmetric positive so-
lutions for the Neumann and the Dirichlet problems associated with elliptic
PDEs.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

In this paper, we present some multiplicity results for positive solutions to bound-
ary value problems associated with non-linear differential equations of the type

(L1) W+ q(t)g(w) =0,

where ¢(t) is a sign-changing weight function and g(s) is a function with superlin-
ear growth at zero, sublinear growth at infinity and positive on |0, +oo[. Due to
these assumptions, we refer to (1) as a super-sublinear indefinite problem. The
terminology “indefinite”, meaning that ¢(t) is of non-constant sign, was probably
introduced in [2] dealing with a linear eigenvalue problem and, starting with [31], it
has become very popular also in non-linear differential problems (especially when
g(s) is a superlinear function, for instance as g(s) ~ s? with p > 1, so that (LI)) is
said to be superlinear indefinite; see [5L6115]28]).
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We now describe our setting in more detail. Denoting by R™ := [0, +-00] the set
of non-negative real numbers, we assume that g: Rt — R is a continuous function
satisfying the sign hypothesis

(g+) g(0) =0, g(s) >0 for s> 0,

as well as the conditions of superlinear growth at zero

(90) lim 95)

s—0t S

=0
and sublinear growth at infinity

(9o0) im 8% .

s——+o0 S

Concerning the weight function ¢(t), we find it convenient to write it as

q(t) = ax ,(t) := Aat(t) — pa= (),
where a € L1([0,T]) is a sign-changing function, that is,

T T
/ a+(t)dt7é07é/ a”(t)dt,
0 0
and A, > 0 are real parameters. Summing up, we deal with the equation
(1.2) u” + (Aa™(t) — pa=(t))g(u) =0

and we investigate multiplicity of positive solutions (in the Carathéodory sense; see
[30]) to (T2) in dependence of the parameters A, > 0.

Results in this direction have already appeared in the literature. When (L2)
is considered together with Dirichlet boundary conditions u(0) = u(T) = 0, for
instance, it is well known that two positive solutions exist if A > 0 is large enough
and for any value p > 0. This is a classical result, on a line of research initiated
by Rabinowitz in [48] (dealing with the Dirichlet problem associated with a super-
sublinear elliptic PDE on a bounded domain; see also [I] for previous related results)
and later developed by many authors. Actually, typical versions of this theorem
do not take into account an indefinite weight function (that is, they are stated for
a~ =0 in ([L2))), but nowadays standard tools (such as critical point theory, fixed
point theorems for operators on cones, dynamical systems techniques) permit us to
successfully handle also this more general situation. We refer to [14] for the precise
statement in the indefinite setting as well as to the introductions in [IT[12] for a
more complete presentation and bibliography on the subject.

As far as Neumann boundary conditions «'(0) = «/(T') = 0 or T-periodic bound-
ary conditions u(T) —u(0) = w/(T) —w’(0) = 0 are taken into account, the problem
becomes slightly more subtle. Indeed, on one hand, the indefinite character of the
problems plays a crucial role, since no positive Neumann/periodic solutions to (L2)
can exist if a= = 0 or if a™ = 0, as it is easily seen by integrating the equation
on [0,T]. On the other hand, some restrictions on the ranges of the parameters
A, it > 0 also appear. Precisely, as already observed in previous papers [4[12],
whenever ¢'(s) > 0 for any s > 0, a necessary condition for the existence of positive
Neumann/periodic solutions to (L2)) turns out to be

T
/ ar () dt < 0,
0
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which equivalently reads as
T+

(1.3) u> () ;:AOT“;“)C”.
Jo a=(t)dt
Hence, contrary to the Dirichlet problem, the existence of positive solutions cannot
be ensured for any g > 0. However, under slightly more restrictive assumptions
than (go) and (goo) (like, for instance, g(s) ~ s with a > 1 at zero and g(s) ~ s”
with 0 < 8 < 1 at infinity), the existence of two positive Neumann/periodic solu-
tions to (L2 is still guaranteed for A > 0 large enough and p satisfying (I3). This
was shown in [12] using critical point theory and in [11] using a topological degree ar-
gument (this last proof working for the damped equation u” +cu’+ay ,(t)g(u) = 0,
as well). In both the approaches condition (3] plays the role of pushing the non-
linearity below the principal eigenvalue kg = 0 of the Neumann/periodic problem
both at zero and at infinity (notice that this is not needed if Dirichlet boundary
conditions are taken into account, since the first eigenvalue is strictly positive).

The above recalled results seem to be optimal from the point of view of the
multiplicity of solutions, in the sense that no more than two positive solutions can
be expected for a general weight. In this regard, sharp existence results of exactly
two solutions (at least for the Dirichlet problem and with a positive constant weight)
are described and surveyed in [34\46L[47] (more specifically, see [47, Theorem 6.19]).

The aim of the present paper is to show that, on the other hand, many positive
solutions for the Dirichlet/Neumann/periodic boundary value problems associated
with (L2]) can be obtained by playing with the nodal behavior of the weight func-
tion: roughly speaking, we will require it to have m positive humps, together with
a large negative part (that is, u > 0).

We now focus on the T-periodic boundary value problem associated with (L2))
and we proceed to state our main result more precisely, as follows.
Let a: R — R be a T-periodic locally integrable function and suppose that

(ax) there exist 2m + 1 points (with m > 1)
1< <...< 0 <Ti <. <O < Ty < Opa1, With o1 —o1 =T,
such that, fori=1,...,m, a(t) = 0 on [0, 7;] and a(t) <0 on [r,0i41],
where, following a standard notation, w(t) > 0 on a given interval means that
w(t) > 0 almost everywhere with w # 0 on that interval; moreover, w(t) < 0
stands for —w(t) > 0. Without loss of generality, due to the T-periodicity of the

function a(t), in the sequel we assume that o1 = 0 and 0,11 = T. We also set, for
1=1,...,m,

(1.4) It :=[o;,7] and I :=[r, 001

We look for solutions u(t) of (I2) (in the Carathéodory sense) which are globally
defined on R with u(t) = u(t +T) > 0 for all ¢ € R. Such solutions will be referred
to as positive T-periodic. Then, the following result holds true.

Theorem 1.1. Let g: Rt — RT be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a).
Then there exists A\* > 0 such that for each A > A\* there exists p1*(X) > 0 such that
for each p > p*(N) equation [L2) has at least 3™ — 1 positive T-periodic solutions.

More precisely, fized an arbitrary constant p > 0 there exists \* = X\*(p) > 0
such that for each A > X* there exist two constants r,R with 0 < r < p < R
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and p*(A) = p*(A\,r,R) > 0 such that for any p > p*(\) and any finite string
S=(S1,...,8m) €4{0,1,2}™, with S # (0,...,0), there exists a positive T-periodic
solution u(t) of ([2) such that

e max, ;+u(t) <r, if S; = 0;

o r < malxteﬁ u(t) < p, if Si =1;

° p< maxteligr u(t) <R, if S; = 2.

Remark 1.1. As already anticipated, the same multiplicity result holds true for the
Neumann as well as for the Dirichlet problems associated with (L2]) on the interval
[0,7]. Dealing with these boundary value problems, the weight function a(t) is
allowed to be negative on a right neighborhood of 0 and/or positive on a left neigh-
borhood of T. Indeed, what is crucial to obtain 3" — 1 positive solutions is the
fact that there are m positive humps of the weight function which are separated by
negative ones. Accordingly, if we study the Neumann or the Dirichlet problems on
[0,T7] it will be sufficient to suppose that there are m — 1 intervals where a(t) < 0
separating m intervals where a(t) > 0. On the other hand, the nature of periodic
boundary conditions requires that the positive humps of the weight coefficient are
separated by negative humps on [0,7]/{0,T} ~ R/TZ ~ S'. This is the reason for
which condition (a,) for the periodic problem is conventionally expressed assum-
ing that, in an interval of length T', the weight function starts positive and ends
negative. For a more detailed discussion, see Section <

Let us now make some comments about Theorem [[L1] trying at first to explain
its meaning in an informal way. The existence of 3™ — 1 positive solutions comes
from the possibility of prescribing, for a positive T-periodic solution of (LZ), the
behavior in each interval of positivity of the weight function a(t) among three pos-
sible ones: either the solution is “very small” on I;" (if S; = 0), or it is “small” (if
Si = 1) or it is “large” (if S; = 2). This is related to the fact that, as discussed
at the beginning of this introduction, three non-negative solutions for the Dirichlet
problem associated with u” +Xa* (t)g(u) = 0 on I;" are always available, when g(s)
is super-sublinear, for A > 0 large enough: the trivial one, and two positive solutions
given by Rabinowitz’s theorem (cf. [48]). This point of view can be made completely
rigorous by showing that the solutions constructed in Theorem [[1] converge, for
p — +00, to solutions of the Dirichlet problem associated with u” +Xa™ (¢)g(u) = 0
on each I} and to zero on |J, I; (see the second part of Section [l for a detailed
discussion). With this is mind, one can interpret Theorem [[T] as a singular pertur-
bation result from the limit case p = +o00. Indeed, by taking into account all the
possibilities for the non-negative solutions of the Dirichlet problem associated with
u” + Xat (t)g(u) = 0 on each I;7, one finds 3™ limit profiles for positive solutions
to (Z). Among them, 3™ — 1 are non-trivial and give rise, for u > 0, to 3™ — 1
positive T-periodic solutions to (2], while the trivial limit profile still persists as
the trivial solution to (L2) for any p > 0. Figure [I illustrates an example of exis-
tence of eight positive solutions for the Dirichlet problem when the weight function
possesses two positive humps separated by a negative one.

What may appear as a relevant aspect of our result is the fact that a minimal
set of assumptions on the non-linearity g(s) is required. Indeed, only positivity,
continuity and the hypotheses on the limits g(s)/s for s — 0% and s — +oco are
required. In particular, no supplementary power-type growth conditions at zero or
at infinity are needed. In the recent paper [11] we obtained the existence of at least
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FIGURE 1. The figure shows an example of 8 = 32 — 1 pos-
itive solutions to the Dirichlet problem for the super-sublinear
non-linearity g(s) = s2/(1 + s?). For this simulation we have
chosen the interval [0,7T] with T" = 37 and the weight function
axp(t) := Asin®(t) — psin™(¢), so that m = 2 is the number of
positive humps separated by a negative one. Evidence of multi-
ple positive solutions (agreeing with Theorem [(]) is obtained for
A =3 and g = 10. The subfigures (to be read in the natural order
left-right and top-bottom) show pairs of solutions according to the
following codes: (2,2) and (1,1), (2,1) and (1,2), (2,0) and (0, 2),
(1,0) and (0,1).

two positive T-periodic solutions under the sharp condition (I3]) on the coefficient
w; on the other hand, in the same paper some extra (although mild) assumptions
on g(s) were imposed. It is interesting to observe that increasing the value of u
yields both abundance of solutions and no extra assumptions on g(s).

The possibility of finding multiple positive solutions of indefinite non-linear prob-
lems by playing with the nodal behavior of the weight function was at first sug-
gested in a paper by Gémez-Refiasco and Lépez-Gdémez [28], in analogy with the
celebrated papers by Dancer [I8[19] providing multiplicity of solutions to elliptic
BVPs by playing with the shape of the domain. In particular, it was then proved in
[241[25] that the Dirichlet boundary value problem associated with the superlinear
indefinite equation

u’ + (at(t) — pa (t))u? =0, with p>1,

has 2™ — 1 positive solutions (with m again being the number of negative humps of
a(t)) when p is large. This result has later been extended in various directions, so
as to cover also the case of an elliptic PDE (cf. [9,27]), more general non-linearities
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(cf. [21L[26]) as well as Neumann/periodic boundary conditions (cf. [5,[1020,22]).
The fact that in the superlinear case less solutions, with respect to Theorem [I.1]
are available is not surprising, since in general no more than one positive solution
can be expected for the Dirichlet problem associated with u” 4+ a™(t)u? = 0 on
the interval I;” (the uniqueness is simple to check at least for a* = 1). On the
other hand, the parameter A in front of the positive part of the weight function is
not necessary to ensure existence: indeed, the superlinear growth at infinity plays
here the same role as the largeness of A in the super-sublinear case. Referring to
Theorem [Tl we can thus say that the 2" — 1 solutions associated with strings
S with §; € {0,1} correspond to the solutions already available for superlinear
problems, while all the other ones (that is, S; = 2 for at least an index i) are
typical of super-sublinear non-linearities.

An important feature of Theorem [[Tlis that all the constants appearing in the
statement (precisely A*, r, R and p*(\)) can be explicitly estimated (depending on
g(s), a(t), as well as on the arbitrary choice of p). In particular, it turns out that,
whenever Theorem [[T] is applied to an interval of the form [0, kT, with & > 1 an
integer number, these constants can be chosen independently on k. This implies
that, for any fixed A > A* and for any p > p*()\), equation ([2)) has positive
T-periodic solutions as well as positive kT-periodic solutions for any k > 2. Such
solutions can of course be coded similarly as the T-periodic ones, by prescribing
their behavior on the intervals

I:Z::Ifﬁ—ET, for i=1,...,m and { € Z,

according to a non-null bi-infinite km-periodic string S in the alphabet & :=
{0,1,2} of 3 symbols (see Theorem[6.1]). This information can be used to prove that
many of these positive kT-periodic solutions have kT as minimal period, namely
they are subharmonic solutions of order k (see Theorem [6.2] where a lower bound
based on the combinatorial concept of Lyndon words is given). Finally, using an
approximation argument of Krasnosel’skii-Mawhin type (cf. [3389]) for k — oo, it
is possible to construct globally defined bounded positive solutions to (I2]), whose
behavior on each I :r , can be prescribed a priori with a non-trivial bi-infinite string
S € /" and thus exhibiting chaotic-like dynamics (see Theorem [6.4). In this way
we can improve the main result in [I3], where arguments from topological horse-
shoes theory were used to construct a symbolic dynamics on two symbols (1 and 2,
according to the notation of the present paper).

For the proof of Theorem [I.1] and its variants, we use a topological degree ap-
proach looking for solutions to an operator equation of the form

(1.5) Lu = Ny,u, u€doml,

where L is the differential operator v — —u" subject to the boundary conditions
and N} , is the Nemytskii operator induced by a suitable extension, defined for all
s € R, of ay ,(t)g(s). Once we have chosen an appropriate pair of spaces X, Z such
that L: dom L (C X) — Z and N, ,: X — Z, we transform equation (L5]) into an
equivalent fixed point problem of the form

u=®y ,u, u€lX,

with ®, ,, a completely continuous operator acting on X. In the case of the Dirichlet
problem, the linear operator L is invertible and thus ®, , = L7'N A,u» While for
periodic and Neumann boundary conditions we follow the approach introduced by
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J. Mawhin in [36] for the definition of the coincidence degree. The crucial steps in
the proofs consist in defining some special open and unbounded sets AZ7 C X and
in computing deg; ¢(Id—®, ., A7, 0), where “deg; 3" denotes the Leray-Schauder
degree for locally compact operators (cf. [29/44,[45]). In the definition of these open
sets, Z and J are prescribed disjoint sets of indices contained in {1,...,m} and
u € AT7 provided that u(t) is “very small”, “small” or “large” on the intervals I;"
when i ¢ ZU J, i € I, or i € J, respectively. Moreover, by construction, 0 ¢ AT
when ZU J # 0. For A > \* and u > p*()\), we prove that the degree is defined
and

(1.6) deg; ¢(Id — @5 ., AT7,0) # 0.

Condition (L) together with a maximum principle argument implies the existence
of a non-negative solution u(t) of (L2 satisfying the boundary conditions and,
moreover, such that u € AZ7. This non-negative solution is either positive or the
trivial one. Considering all the possible choices of pairwise disjoint sets Z,J C
{1,...m} with ZU J # 0, we thus obtain the desired 3™ — 1 positive solutions.

The plan of the paper is the following. In Section 2] we introduce the functional
analytic setting to deal with the operator equation (LH). We shall focus our atten-
tion mainly on the case of the periodic boundary value problem (so that the operator
L is not invertible) exploiting the framework and the properties of Mawhin’s coinci-
dence degree. Although coincidence degree theory has already been well developed
in some classical textbooks (see [23|[37,[38]), we recall some main properties for
the reader’s convenience. In particular, due to our choice of considering equation
(CH) on open and unbounded sets, we present the theory from the slightly more
general point of view of locally compact operators. In Section Bl we define the open
and unbounded sets AZY and describe the general strategy for the proof of the
degree formula ([LG). In more detail, we first introduce some auxiliary open and
unbounded sets Q%7 and we then present two lemmas (Lemma B.J]and Lemma [3.2)
for the computation of

(1.7) deg; s(Id — @ ,, Q57 ,0).

Obtaining ([L6) from the evaluation of the degrees in (7)) is justified in the appen-
dix using a purely combinatorial argument. Next, in Section [ we actually show, by
means of some careful estimates on the solutions of some parameterized equations
related to (LZ), that the above lemmas and the general strategy can be applied
for A and p large, thus concluding the proof of Theorem [[LIl In Section Bl we
present some general properties of (not necessarily periodic) positive solutions of
(T2) defined on the whole real line and we discuss the limit behavior for u — +oco.
Section [l is devoted to the study of positive subharmonic solutions and of positive
solutions with a chaotic-like behavior. In a dynamical system perspective, we also
prove the presence of a Bernoulli shift as a factor within the set of positive bounded
solutions of ([2). The paper ends with Section [7 where we discuss variants and
extensions of Theorem [[.T] and we also present an application to radially symmetric
solutions for some elliptic PDEs.

2. ABSTRACT SETTING

Dealing with boundary value problems, it is often convenient to choose spaces of
functions defined on compact domains. Therefore, for the T-periodic problem, as



798 A. BOSCAGGIN, G. FELTRIN, AND F. ZANOLIN

usual, we shall restrict ourselves to functions u(t) defined on [0,7] and such that
(2.1) uw(0) = u(T), ' (0)=1u/(T).

In the sequel, solutions of a given second order differential equation satisfying the
boundary condition (2.1]) will be referred to as T'-periodic solutions.

Let X := C([0,T]) be the Banach space of continuous functions u: [0,7] — R,
endowed with the norm

= t
Jullse = mase. u(t),

and let Z := L'([0,7]) be the Banach space of integrable functions v: [0,T] — R,

endowed with the norm .
ol = / (1)) dt.

As is well known, the differential operator
L:uw— —u”,
defined on
dom L := {u € W*'([0,T]): u(0) = u(T), «'(0) = «/(T)} C X,

is a linear Fredholm map of index zero with range

ImL = {7} €z /OTv(t)dt = 0}.

Moreover, we can define the projectors
P: X - ker L 2R, Q: Z —coker L = Z/ITm L 2 R,

as the average operators

Finally, let
Kp:ImL — dom L Nker P

be the right inverse of L, that is, the operator that to any function v € L*([0,T])
with fOT v(t) dt = 0 associates the unique T-periodic solution u of

T
u’ +o(t)=0, with / u(t) dt = 0.
0

Next, we introduce the L!-Carathéodory function
—s if s <0;
t,s):= ’ -7
Sault:s) { (Aa™(t) — pa=(1))g(s), if s> 0;
where a: R — R is a locally integrable T-periodic function, g: RT — Rt is a

continuous function with g(0) = 0 and A, u > 0 are fixed parameters. Let us denote
by Nx,.: X — Z the Nemytskii operator induced by the function f) ,, that is,

(Nxuw)(t) = fau(t,u(t), te€[0,T].
By coincidence degree theory, the operator equation

Lu= Ny, u, wué€&domlL,
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is equivalent to the fixed point problem
u:@A#u = PU+QN)\#U+KP(Id—Q)N)\7#u, u € X.

Notice that the term QN ,u in the above formula should be more correctly written
as JQN, ,u, where J is a linear (orientation-preserving) isomorphism from coker L
to ker L. However, in our situation, both coker L, as well as ker L, can be identified
with R, so that we can take as J the identity on R. It is standard to verify that
®) ,: X — X is a completely continuous operator and thus we say that N, , is
L-completely continuous.

If O C X is an open and bounded set such that

Lu # Nyyu, YuedONndomlL,
the coincidence degree D, (L — Ny, O) (of L and Ny, in O) is defined as
DL(L - N)\,M, O) = degLS(Id - fI))\M, O, O)

In order to introduce the coincidence degree on open (possibly unbounded) sets,
we just follow the standard approach used to define the Leray-Schauder degree for
locally compact maps defined on open sets, which is classical in the theory of fixed
point index (cf. [29,[40,44L[45]). In more detail, let @ C X be an open set and
suppose that the solution set

Fix (®) ,, Q) := {u eQ:u= <I>,\7Mu} = {u eQndomL: Lu = NA,M“}
is compact. Then, the Leray-Schauder degree deg; g(Id — ®) ,,2,0) is defined as
deg;g(Id — @y, ,0) :=deg;g(Id — @y ., V,0),
where V is an open bounded set with
(2.2) Fix (@),,Q2) CVCVC Q.

It is possible to check that the definition is independent of the choice of V. Ac-
cordingly, we define the coincidence degree Dr(L — Ny ,,§) (of L and Ny, in Q)
as

DL(L — N>\7lt7 Q) = DL(L — N)\M,V) = degLS(Id — (I)Ayl“ V,O),
with V as above. In the special case of an open and bounded set €2 such that
(2.3) Lu # Ny,u, YVuecdQndomlL,

it is easy to verify that the above definition reduces to the classical one. Indeed, if
[23) holds with Q open and bounded, then, by the excision property of the Leray-
Schauder degree, we have deg; o(Id — @ ,,V,0) = deg; g(Id — Py ,, 2, 0) for each
open bounded set V satisfying (2.2)).

Combining the properties of coincidence degree with the theory of fixed point
index for locally compact operators, it is possible to derive the following versions
of the main properties of the degree.

o Additivity. Let €4, Q2 be open and disjoint subsets of €2 such that
Fix (@)\,M, Q) Q Ql U QQ. Then
Dp(L — Ny, ) = Dp(L — Ny i, 1) + Dp(L — Ny i, Qo).
e Ezxcision. Let Qo be an open subset of Q such that Fix (®, ,,Q) C Q.
Then
Dp(L — Ny, Q) = Dr(L — Ny, Qo).
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e Eumistence theorem. If D (L — Ny ,,Q) # 0, then Fix (®) ,, Q) # 0, hence
there exists u € 2N dom L such that Lu = Ny ,u.

e Homotopic invariance. Let H: [0,1] x Q — X, Hy(u) := H(Y,u), be a
continuous homotopy such that

S = U {u eQNdomL: Lu = Hﬁu}
9€[0,1]

is a compact set and there exists an open neighborhood W of § such that
W C Q@ and (Kp(Id — Q)H)|( 1«3 is a compact map. Then the map
¥+ Dp(L — Hy, Q) is constant on [0, 1].

For more details, proofs and applications, we refer to [23[37/38] and the references
therein.

In the sequel we will apply this general setting in the following manner. We con-
sider an L-completely continuous operator " and an open (not necessarily bounded)
set A such that the solution set {u € ANdom L: Lu = Nu} is compact and disjoint
from dA. Therefore Dr(L — N, A) is well defined. We will proceed analogously
when dealing with homotopies.

We notice that, by the existence theorem, if Dy, (L — Ny ,,2) # 0 for some open
set 2 C X, then equation

(2.4) u + fault,u) =0

has at least one solution in €2 satisfying the boundary condition ([ZT]). If we denote
by u(t) such a solution, we have that u(t) can be extended by T-periodicity to a
T-periodic solution of (2.4) defined on the whole real line. Moreover, a standard
application of the maximum principle ensures that u(t) > 0 for all ¢ € R. Finally,
if g(s)/s is bounded in a right neighborhood of s = 0 (a situation which always
occurs if we assume (gp)), then either w = 0 or u(t) > 0 for all ¢ € R.

Remark 2.1. As already observed in the introduction, our main attention is devoted
to the study of the periodic problem for Lu = —u”, while, for Neumann and
Dirichlet boundary conditions, as well as for other operators, we only underline
which modifications are needed.

If we study the Neumann problem, we just modify the domain of L as

dom L := {u € W*'([0,T]): «/(0) =«/(T) =0} C X

and all the rest is basically the same with elementary modifications. Obviously, the
right inverse of L now is the operator which associates to any function v € L*([0, T)
satisfying fOT v(t)dt = 0 the unique solution of v”+wv(t) = 0 with «/(0) = «/(T) =0
and fOT u(t)dt = 0.

In the case of the Dirichlet problem, the domain of L is

dom L := W' ([0, T]) = {u € W>1([0,T]): u(0) = u(T) =0} C X,

but now the differential operator L is invertible (indeed it can be expressed by
means of the Green’s function), so that ®, , = L_lN,\,M. In this situation, coinci-
dence degree theory reduces to the classical Leray-Schauder one for locally compact
operators.

Finally, we observe that the above framework remains substantially unchanged
for other classes of linear differential operators. In the periodic case, exactly the
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same considerations as above are valid if we take the operator

! !
L:ur —u' —c,

where ¢ € R is an arbitrary but fixed constant (recall that the maximum principle
is still valid in this setting; see [20, §6]). This, in principle, allows us to insert a
dissipation term in equation (L2)) (see Section [I] for a more detailed discussion).

Concerning the Neumann and the Dirichlet problems, we can easily deal with
self-adjoint differential operators of the form

L:uw— —(pt)u),

with p(t) > 0 for all ¢ € [0,7]. We do not insist further on these aspects; however,
we will see later a special example of p(t) which naturally arises in the study of
radially symmetric solutions of elliptic PDEs (see Section [T3]). <

3. PrROOF OF THEOREM [[LI} AN OUTLINE

The proof of Theorem [[T] and its variants is based on the abstract setting de-
scribed in the previous section but it also requires some careful estimates on the
solutions of (L2 and of some related equations. In this section we first introduce
some special open sets of the Banach space X where the coincidence degree will be
computed and next we present the main steps which are required for these com-
putations. In this manner we can skip for a moment all the technical estimates
(which are developed in Section H)) and focus ourselves on the general strategy of
the proof.

From now on, all the assumptions on a(¢) and g(s) in Theorem [l will be
implicitly assumed.

3.1. General strategy. Let us fix an arbitrary constant p > 0. Depending on
p, we determine a value A* = A*(p) > 0 such that, for A > A\*, any non-negative
solution to

u” + X (t)g(u) =0,
with max,_;+ u(t) = p, must vanish on I;” (whatever the index ¢ = 1...,m). This
fact is expressed in a more formal way in Lemma Bl (where we also consider a
more general equation). From now on, both p and A > \* are fixed.

Next, given any constants 7, R with 0 < r < p < R and for any pair of subsets
of indices Z, J C {1,...,m} (possibly empty) with ZN J = ), we define the open
and unbounded set

max;+ [ul <r, i€ {l,....m}\ (ZUJ)
(3.1) Q(I;zR) =SueX: max;+ful<p, i€l
max,+ [u| < R, i € J

Then, in Section we determine two specific constants r, R with 0 <r < p < R
such that, for any choice of Z, J as above, the coincidence degree

Dy (L — Na, Q{;;ZR))

is defined, provided that p is sufficiently large (say p > p*(\, 7, R)). Along this
process, in Section 3] and Section 4] we also prove Theorem [B.1] below.
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Theorem 3.1. In the above setting, it holds that

0, if T#0;
,J _ ) ’
(3.2) Du (L= Naw @5 ) = { 1, if T=0.

Then, having fixed p, A, r, R, p as above, we further introduce the open and
unbounded sets
max -+ lul <7, te{l,....m}\(ZTUJT)
g ._ . ;
(3.3) A py = queEX: r<max;: lul < p, @‘e T
p<max,+|ul<R,i€J

From Theorem [3J] and a combinatorial argument (see Appendix [A]), we can prove
the following.

Theorem 3.2. In the above setting, it holds that

(3.4) Dp(L = Naw AL p)) = (1)

As a consequence of the existence property for the coincidence degree, we thus
obtain the existence of a T-periodic solution of (2.4]) in each of these 3™ sets
AT (taking into account all the possible cases for Z, 7). Notice that A??(r, p, R)

(r,p,R)
contains the trivial solution. In all the other 3™ — 1 sets the solution must be non-

trivial and hence, by the maximum principle argument recalled in the previous
section, a positive solution of (IZ). In this manner we can conclude that, for each
choice of Z, J with ZU J # 0, there exists at least one positive T-periodic solution
u(t) of (L2) such that

e 0 <max, +u(t)<r, fori ¢ ZUJ;

o7 < maxtel;r u(t) < p, for all i € T;

° p< maxtel} u(t) < R, for all i € J.
Finally, in order to achieve the conclusion of Theorem [[.T] we just observe that,
given any finite string S = (S1,...,Sn) € {0,1,2}™, with S # (0,...,0), we can
associate to S the sets

T:= {iE{L...,m}:Si:l}, J = {iE{l,...,TTL}:Si:2}7
so that S; = 0 when ¢ ¢ ZU J. This completes the proof of Theorem [[1l O

3.2. Degree lemmas. For the proof of Theorem Bl we need to compute the
topological degrees in formula ([B.2]). To this end, we will use the following results.

Lemma 3.1. Let Z # () and A\, u > 0. Assume that there exists v € L*([0,T)), with
v(t) =0 on[0,T] and v=0 on |J, I; , such that the following properties hold:
(Hy) If a > 0, then any T-periodic solution u(t) of
(3.5) u” + (Aa™ () — pa™(t))g(u) + aw(t) = 0,
with 0 < u(t) < R for allt € [0,T], satisfies

e max, ,+u(t) #r, ifi¢ ZTUJ;

e max, .+ u(t) # p, ifi € Z;

o max, ;+u(t) # R, ifi € J.
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(Hg) There exists a* > 0 such that equation B.3), with a = o*, does not possess
any non-negative T-periodic solution u(t) with

u(t) <p, Vte UI;F
ieT

Then it holds that

Dy (L — Ny, Q07 ) =0.

B2 (rp, R)
Proof. We adapt to our situation an argument from [11 Lemma 2.1]. We first write
the equation

(3.6) W+ Frultyu) + av(t) = 0
as a coincidence equation in the space X
Lu= Ny, u+av, u€domlr,

and we check that the coincidence degree Dy, (L—N A — O, Q(IT‘Z R)) is well-defined

for any @ > 0. To this end, for @ > 0, we consider the solution set
Ra = {u € Cl(Qéi,R)) Ndom L: Lu = Ny ,u + ow}.

We have that u € R, if and only if u(t) is a T-periodic solution of (B6]) with
lu(t)| < rforalte Il ifi¢ZUJ, [ult) <pforallte I ifie Z, and
lu(t)] < R for all t € I} if i € J. By a maximum principle argument, we find
u(t) > 0 for any t. Moreover, taking into account that v(¢) > 0 on [0,7] and v =0
on |J; I, we have that u(t) is concave in each I;” and convex in each I; . As a
consequence, u(t) < R for any ¢. Hence, R, C B[0,R] := {u € X: |Jullc < R}
and the complete continuity of ®, , implies that R, is compact. Furthermore,
condition (H;) guarantees that max,+ u < r iti ¢ TUJ, max;+ u < p ifi e,

and max + u < Rifie J. Thus, R, C Q%"“ZR)' In this way we conclude that the

(I;‘Z R)) is well-defined for any a > 0.

Now, using « as the homotopy parameter and using the homotopic invariance
of the degree (with the same argument as above, we can see that ] Ry is a

coincidence degree Dy, (L — Ny py—av,Q

acl0,a*
compact subset of Q(IT‘Z R)), we have that

Dy, (L — Ny s Q(I;:;R)) =Dy, (L =Ny — a*v, 9(171:;{,}%))'

If, by contradiction, this degree is non-null, then there exists at least one T-periodic
solution u € Q7 . of B6) with @ = o*. Again by the maximum principle, we

(r.p,R)
then have a non-negative T-periodic solution of [BE) with & = a* and, since
u € Q(IXZ,R) with Z # (), it holds that max; + u < pifi € Z. This contradicts
assumption (Hs) and the proof is completed. O

The next result uses a duality theorem by Mawhin which relates the coincidence
degree with the (finite dimensional) Brouwer degree, denoted here as “degg”. We
recall also the definition of u#()\) given in (L3).
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Lemma 3.2. Let Z =0, A >0 and p > u#()\). Assume the following property:
(Hs) If 9 €]0,1], then any T-periodic solution u(t) of

(3.7) u” + 9 (Aat(t) — pa=(t))g(u) =0,

with 0 < u(t) < R for allt € [0,T), satisfies
o max, ,+u(t) #r, ifi ¢ J;
o max, ;+u(t) # R, ifi € J.
Then it holds that
0,7
Dp(L— N, Q07 ) =1,

Proof. We argue similarly as in [I1, Lemma 2.2], using a reduction property for the
coincidence degree from Mawhin’s continuation theorem (see [38, Theorem 2.4] as
well as [30], where the result was previously given in the context of the periodic
problem for ODEs). We consider the parameterized equation

u="Ty(u) :=Pu+ QN u+9Kp(Id— Q)Ny,u, uelX, del0,1].

Let also
S = U {u ecl (Qwr‘i R)): u = \Ilg(u)}.
9€[0,1]

Suppose that 0 < ¢ < 1. In this situation, u = Uy(u) if and only if
Lu =9YNy  u, uedoml,
or, equivalently, u(t) is a T-periodic solution of
u +I9fx .t u) =0.

If u ecl (Q?TPR ), we know that max,+ [u| < rif i ¢ J and max+ [u| < R if
1 € J. Hence, by a maximum principle, u(t) is a non-negative T' -peric;dic solution
of BX) and, by a convexity argument, u(t) < R for any ¢t. Moreover, by (Hj),
max,+u < rifi¢ J and max;+ u < Rifie J.

On the other hand, if ¥ = 6, u is a solution of u = Wo(u) if and only if u =
Pu+ QN ,u, that is, u € ker L and QN ,u = 0. Since ker L =2 R and

1 /7
QN yu= T / fau(t,s)dt, for u = constant = s € R,
0

we conclude that u = s € R is a solution of u = ¥g(u) with u € cl (Q?r 0. R)) if and
only if |s| < rif J # {1,...,m} and |s| < R if J = {1,...,m} and, moreover,

ff#(s) = 0, where we have set

-8, if s <0;
(t, 1 /T
fA;L / Fau(ts) (T/ aA’M(t)dt)g(s), if s > 0.
0

If 41 > p#(\), we have that fj\%u satisfies fj\%u(s)s < 0 for s # 0. Hence u = 0.
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We conclude that the set S is compact and contained in Q?ﬁp R By the homo-

topic invariance of the coincidence degree, we have that
0,7
DL(L N,\H,Q ) :degLS(Id—\Ill,Q(rpR),O)

= deg g (Id — W, 07 o ,0)
= degp (_QN)\,Mh{erLa (TPR Nker L 0)

= degB (_fz\%u|kcer]_d,d[a 0) =1

where d = r or d = R according to whether J # {1,...,m} or J = {1,...,m}.
This concludes the proof. (I

(r,p,R)

Remark 3.1. When dealing with other differential operators L or with Neumann
and Dirichlet boundary conditions, some changes are required.

First of all we notice that Lemma B.I] and Lemma hold exactly the same for
the T-periodic problem and the differential operator u — —u” — cu’. The same is
true for Neumann boundary conditions: we have only to assume for equation (3.5)
and ([B.7) that u(t) is a solution satisfying «'(0) = «/(T) = 0. For these cases, no
relevant changes are needed in the proofs.

Concerning the Dirichlet problem the following modifications are in order.
First, in all the degree formulas the terms Dy (L — Ny ,,-) have to be replaced by
deg;g(Id—L'Ny ,,-,0). Secondly, in equations ([B.5) and (B.7) we have to suppose
that u(t) is a solution satisfying «(0) = w(7T") = 0. Finally, we strongly simplify the
argument in the proof of Lemma since, when ¥ = 0, we directly reduce to the
trivial equation u = 0. Therefore the homotopic invariance of the Leray-Schauder
degree (with respect to the parameter ¥ € [0, 1]) yields

Dp(L = Ny, Q07 1)) = degy5(1d, )7

(r,p,R) (r,p,R)’? )_1’

because 0 € QQJR) In this case the condition p > p#(\) is not required in
Lemma However, the largeness of p will be in any case needed later in subse-

quent technical estimates. <

4. PROOF OF THEOREM [[.I} THE DETAILS

In view of the general strategy for the proof described in Section 3] we are going
to prove that the assumptions (Hy), (Hz) of LemmaBland (H3) of Lemma[32 are
satisfied for suitable choices of 7, p, R and A, i large enough. These proofs are given
in the second part of this section (see Section B3] and Section B4). Lemma 31
and Lemma involve the study of the solutions of [B.3]) and [B.7), respectively.
These equations, although different, present common features and, for this reason,
we premise some technical estimates on the solutions which will help and simplify
our subsequent proofs.

Keeping in mind that all the assumptions on a(t) and ¢(s) in Theorem [[I] are
assumed, we introduce now the following notation. For any constant d > 0, we set

(4.1) ¢(d) == max 96) ) = min 9(s)
d<s<d S d<s<d S
Moreover, we also define

g"(d) == max g(s),  g.(d, D)= min g(s),



806 A. BOSCAGGIN, G. FELTRIN, AND F. ZANOLIN

where D > d is another arbitrary constant. Furthermore, recalling (a.) and the
positions in (4, for all i = 1,...,m, we set

nwﬂ:/aﬂmu
I:l:

i

and

A= [(a(@de et A= [ Ao,

i

Tit1
Bi(t) ;:/ a”(§)d¢, tel, 1Bl ::/ B;(t) dt.
t I
Notice that, in general, | 4;|| and || B;|| may be different.

4.1. Technical estimates. We present now some preliminary technical lemmas.
We stress the fact that all the results in this subsection concern the properties of
solutions of given equations without any reference to the boundary conditions.

Lemma 4.1. For any p > 0, there exists \* = A*(p) > 0 such that, for any A > \*,
a>0andie{l,...,m}, there are no non-negative solutions u(t) to

(4.2) u” + Xat(t)g(u) +a =0,
with u(t) defined for all t € I", and such that max, -+ u(t) = p.

Proof. We fix € > 0 such that, for each i € {1,...,m}, ¢ < (7; — 0;)/2 and,
moreover, f:_:; a™(t)dt > 0. In this manner, the quantity

Ti—€
Ve := min / at(t)dt

i=1,...,m oide

is well defined and positive.
Let p > 0 be fixed and consider « > 0 and ¢ € {1,...,m}. Suppose that u(t) is
a non-negative solution of ([2) defined on I;” and such that

max u(t) = p.

We claim that

t
[/ (t)| < @ Vte o +e,1—el

Indeed, if t € [0; + &, 7; — €] is such that u/(t) = 0, the result is trivially true. If
u/(t) > 0, using the concavity of u(t) on I;f, we have
¢

u(t) > u(t) —u(o;) = / w (€)dE > u'(t)(t — o) > u/(t)e.

[

Analogously, if /() < 0, we have

u(t) > u(t) —u(r) = —/ W' (&) dE > —u/(t)(1; — t) > —u'(t)e.
t
The claim is thus proved. As a consequence,

(4.3) /()] < g, Vi€ [o;+e,m— el
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On the other hand, the concavity of u(t) on I;" ensures that

(4.4) u(t) > ﬁ min{t — oy, 7 —t}, Vte I,
i

We introduce now the positive constant

Ne,p = Min g(s):57p+§s§p .
’ o |17]
ey

i=1,...,

Integrating equation (L2 on [o; + €, 7; — €] and using ({3)) and (£4), we obtain

Mo [ at@arsa [ at gyt = [ (o) - o)
oite oite oite
’ ’ 2p
=u'(o;+¢)—u(r—¢e)—a(r—o;—2) < ~
Now, we set
5y 2p
A" =X (p) = .
EVele,p

Arguing by contradiction, from the last inequality we immediately conclude that
there are no non-negative solutions u(t) of [@2) with max,_;+ u(t) = p, if A >
A" L O

Lemma 4.2. Let A\, u > 0. Let d > 0 be such that

1
(4.5) ¢(d) < — .
23 max (17 + I, al+a

Suppose that u(t) is a non-negative solution of
u’ +9(Aat () — pa=(t))g(u) =0, 9 €]0,1],
defined on I;" U I for somei € {1,...,m} and such that

maxu(t)=d and u'(0;) > 0.
ter;t

Then it holds that
9
o) 2 1+ 5 (@14 - 1)

and

V(d)
(o) 2 017 el = Ml i6(@) ).
Proof. The proof is split into two parts. In the first one we provide some estimates
for w(r;) and «'(7;), while in the second part we obtain the desired inequality on
u(ai_H)A and v/ (0j41)-
Let t; € IZ-+ be such that

maxu(t) = d = u(t;).

tert
Observe that u/(f;) = 0, if o; < t; < 7; (since u/(0;) > 0), while o/ (£;) > 0, if £; = 7;.
As a first instance, suppose that
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Let [s1, s2] € I;” be the maximal closed interval containing #; and such that u(t) >
d/2 for all t € [s1, sa]. We claim that [s1,s2] = I;". From
u”(t) = —0Aa" (t)g(u(t), te I,

and .

u'(t) = u'(t;) +/ u”’(€)d¢, Vtel],

t;

it follows that

W' (8)] < IMall+i¢(d)d, V€ [s1,52].
Then, in view of (@5,

t
. d
u(t) = u(t;) —I-/ u' (&) dé > d — I || al|+.i¢(d)d > 2 YVt € [s1, s2].

ti
This inequality, together with the maximality of [s1, o], implies that [s1, s2] = I
Hence

(4.6) W () = —0Malls C(d)d, VEe T,
and, a fortiori,

(4.7) u'(7i) = =0l 4 .i{(d)d.
Moreover, after an integration of (@8] on [f;, 7;], we obtain
(4.8) u(ri) = d(1 = I [lall+.i¢(d)).

On the other hand, if we suppose that #; = 7; and u'(£;) > 0, we immediately have
u(r;) =d > d(1 —INIL ||all+,¢(d) and /(1) > 0> —I|al|+,:(d)d.
Thus, in any case, [@7) and (L) hold. Having produced some estimates on u(7;)

and v/ (7;) we are in position now to proceed with the second part of the proof.

We consider the subsequent (adjacent) interval I, = [7;, 0;41] where the weight
is non-positive. Since u/(t) is non-decreasing, from ([£71) we get

W'(t) > —9N|al|iC(d)d, Vtel .

Therefore, integrating on [r;,t] and using (4.8)), we have
t

u(t) = () + [ (€)d€ = A1~ NI alliG(d) — INE; [l oC(d)

T4

(4.9)
> d(1 = NI+ 11 Dl (@) > o, Vel
where the last inequality follows from (@3]). On the other hand, integrating
a"(t) = dpa~ (Dg(u(t), telr,
on [r;,t] and using (@) and (£9), we find

W) =)+ [ o (©glule) de

d
> —OA|all+ i C(d)d+ 95 Ai(t), VEe L.

In particular,

(o) 2 0 (1 el = Ml i6(@) ).



POSITIVE SOLUTIONS FOR SUPER-SUBLINEAR INDEFINITE PROBLEMS 809

Finally, a further integration and condition (@A) yield

Tit1
U(O'i+1) = U(Ti) +/ u'(t) dt
> d = I + 1177 lal

7(d)
2

d
+,i¢(d)d + 795”7(‘0”‘41'”

+,iC(d)>}
> a1+ 3 (@l - 1)|.

This concludes the proof. O

Zd[lw(u 1Al = A(ZF |+ 127 )l

Symmetrically, we have the following.

Lemma 4.3. Let A\, ;u > 0. Let d > 0 be such that

1
¢(d) < — .
24 max ([1;]+ 1L Dllall+ i

Suppose that u(t) is a non-negative solution of
u" +9(Nat(t) — pa=(t))g(u) =0, 9 €]0,1],
defined on I._, U I} for somei € {1,...,m} and such that

maxu(t)=d and u'(7;) <0.
ter;t

Then it holds that
9
tris) 21+ 3 (@Bl - 1)]

and

W (ri) < —ﬁd(u@w

—i—1— /\||a||+7i§(d)).

Remark 4.1. In the sequel, when dealing with the periodic problem, we observe
that the solutions we consider are defined on [0, T] and satisfy T-periodic boundary
conditions u(T) — u(0) = «/(T) — «/(0) = 0. Hence it is convenient to count the
intervals cyclically. Accordingly, in the special case in which i = 1, we apply
Lemma [£3] with the agreement I; = I,. This makes sense because, if we extend
the solution by T-periodicity on the whole real line, we can consider the interval
I, — T as adjacent on the left to I;". <

Lemma 4.4. Let A > 0 and 0 < d < D. For any i € {1,...,m} there exists a
constant
prt =TI ) > 0
such that for all p > uf’+ any non-negative solution u(t) of
u’ +9(Nat(t) — pa=(t))g(u) =0, 9 €]0,1],
defined on I, U Ii-:l and such that
|lulloo < D, wu(r)>d and u'(r5) >0,

satisfies
u(t) >d, '(t)>0, Vtel UI\,.
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Proof. Clearly, by the convexity of u(t) on I, we have
u(t) >d, u'(t)>0, Vtel, .
Integrating
u”(t) = dpa” (t)g(u(t)) > dpa™ (t)g«(d, D), tel,

on [1;,t] C I; we find

t
o' (t) =/ (1) —|—/ u”(€)dé > IuA;(t)g«(d, D), Vtel,

so that
W' (0iv1) > IpAi(0i11)g4(d, D) = Ipllal| - ; g.(d, D).
On the other hand, integrating
u’(t) = —9Aa™ (t)g(u(t)) = —IAa™ (t)g* (D), telf,

on [o541,t] C I, we find

t

W (1) = (0141) + / W(€) de

it
> 0 (pllall—ig.(d, D) = Alall 19" (D)) >0, VeI,
where the last inequality holds provided that

. Mall+.is19%(D)
*F *,t + +iit
. = . I I = .
p = D) = T D)

Then the solution u(t) is increasing in I}, | = [0441, 7i11] and hence

u(t) > u(oip1) >d, Vteli,.
The proof is thus completed. O

Symmetrically, we have the following.

Lemma 4.5. Let A > 0 and 0 < d < D. For any i € {1,...,m} there exists a

constant
*

i = (L I2y) > 0
such that for all u > " any non-negative solution u(t) of
u" +9(Aat(t) — pa=(t))g(u) =0, 9 €]0,1],
defined on I." | U I, and such that
lulloo < D, wu(o;)>d and u'(0;) <0,

satisfies
u(t) >d, u'(t)<0, Vtel K UIl_,.

Remark 4.2. Similarly as in Remark Il in order to make the statements of
Lemma 4] and Lemma meaningful for each possible choice of i € {1,...,m},
when dealing with the periodic problem we shall use the cyclic agreement I = I,
(as above) and, moreover, I,} = I{", I] = I. <
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4.2. Fixing the constants p, A, r and R. First of all, we arbitrarily choose a
constant p > 0. Then, we determine the constant A\* = A\*(p) > 0 according to
Lemma ET] and we take an arbitrary A > A*. Next, we fix two positive constants
r, R with

O0<r<p<R
and such that
1

4.10
(4.10) <(5)<2)\ max (|| + 7] + |17 [)lal|+.;

, VO<s<r Vs>R,

where ((s) is defined in (IH) In the above formula, we use again the cyclic agree-
ment [, = I,. The existence of r and R with the above property is guaranteed
by the fact that g(s)/s — 0" for s — 0T and for s — 400, namely conditions (go)
and (geo)-

With this choice of r, p and R, we consider the sets Q R) defined in (B1I). We
are ready now to prove Theorem 3.1l by checking that Lemma B and Lemma
can be applied for p > 0 sufficiently large (say p > p*(A, 7, R)).

In the proofs of the next two subsections we deal with solutions satisfying T-
periodic boundary conditions. Accordingly, we apply Lemma E2] Lemma 3]
Lemma [£.4] and Lemma with the cyclic convention about the labelling of the
intervals described in Remark 1] and Remark

4.3. Checking the assumptions of Lemma [3.1] for p large. In this section we
are going to prove the first part of Theorem B} that is,

(4.11) Dp(L = Nap Q00 ) =0, if T#0.

As usual, we implicitly suppose that Z, 7 C {1,...,m} with ZNJ = 0.

Given Z,J as above, with Z # 0, it is sufficient to check that the assumptions
of Lemma [3.J] are satisfied, taking as v(¢) the indicator function of the set | J
that is,

+
i€l 17

1, iftelU,r L5
’U(t): - UEI N
0, ifte[0,T)\User I;-

Verification of (Hy). Let a > 0. By contradiction, suppose that there exists a
non-negative T-periodic solution u(t) of A with ||ul|lc < R such that at least
one of the following conditions holds:

(a1) there is an index i ¢ Z U J such that max, ¢ /+ u(t) = r;

(az) there is an index i € Z such that max, .+ u(t) = p;

(ag) there is an index ¢ € J such that maxte;:r u(t) = R.

Suppose that (a1) holds. On the interval I;” UT; (with i ¢ ZUJ) equation (B.5)
reads as

"+ (Aat(t) — pa= (1)) g(u) = 0.

Consider at first the case u/(0;) > 0. By Lemma (with 9 =1 and d = r), we
have that
(r)

osen) 2 (142214 - ) = w2 A
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Thus, taking

; 2R
(4.12) o> et 2

’ ry(r)[[Aill
we obtain

U(Ui+1) > R,

a contradiction. On the other hand, if u/(0;) < 0, by the concavity of u(t) in I;"
we have that «/(7;) < 0. In this case we reach the contradiction

’U,(Tl;l) >R
using Lemma (with ¥ =1 and d = r) and taking

2R
(4.13) ps et 28
ry ()| Bi-1|l

Suppose that (ag2) holds. This fact contradicts Lemma 1] in view of our choice
of A > A*. In this case no assumption on p > 0 is needed.

Finally, if (as) holds, we obtain again a contradiction arguing as in case (a1)
and using Lemma (with ¥ = 1 and d = R). Indeed, v'(0;) cannot be negative,

otherwise u(o;) = R and we get a contradiction with max; ;+ u(t) = R = |Jul|oo-
Hence, only the instance u/(o;) > 0 may occur and we have a contradiction for
(4.14) B> =

Y(R)[| A

We conclude that (H;) holds true for

(H1) . Aright  ~left ~

> p max LA g

Verification of (Hz). Let u(t) be an arbitrary non-negative T-periodic solution of
B3) (with o > 0) such that u(t) < p for every t € ;7 I
We fix an index j € 7 and observe that on the interval I J+ equation (B3] reads
as
u’ 4+ Xat (t)g(u) + a = 0.
Now, we choose a constant € € |0, (1; — 0;)/2[ and we notice that the inequality

|u(®)]

[/ (1) < - Vteloj+e,1 —el,

used in the proof of Lemma [£1] is still valid. Integrating the differential equation
on [o; + €, 7; — €] and using the above inequality, we obtain
Ti—€ 2
a(r—o;—2e)=u'(0;+¢€) —u(r; — ) — )\/ at(t)gu(t))dt < =.

o+ €
This yields a contradiction if & > 0 is sufficiently large. Hence (Hy) is verified (with
o* > 2p/e(1; — o; — 2¢)). Notice that for the validity of (Hz) we do not impose any
condition on p > 0.

Summing up, we can apply Lemma B for 1 > p(#1) and therefore formula

(@IT) is verified. O
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4.4. Checking the assumptions of Lemma for i large. In this section we
are going to prove the second part of Theorem 3] that is,

0,7 _
(4.15) Dp(L = Naw, 5, 1) =1,
where J C {1,...,m}.
Given an arbitrary J C {1,...,m}, it is sufficient to check that the assumption

of Lemma is satisfied.

Verification of (Hz). Let ¢ € ]0,1]. By contradiction, suppose that there exists
a non-negative T-periodic solution wu(t) of B) with ||u|lcc < R such that at least
one of the following conditions holds:

(b1) there is an index i ¢ J such that max,+ u(t) = 7;
(b2) there is an index ¢ € J such that maxtel} u(t) = R.

Suppose that (by) holds. Consider at first the case u'(0;) > 0. Applying
Lemma [£2] (with d = r), we obtain

o) 27 [14 2 (4 - 1)]
and
o) 2 or (W7 ol = Mallesc))
Notice that if
(4.16) > prent
with 27" defined in @IZ), then x> 1/(y(r)||As]]), and hence u(o;y1) > 7 (as

9 > 0).
On the interval I, equation (B) yields

u(t) = —dAat ()g(u(t) > —Ira* (£)g" (R).

Then, integrating on [0;41,t] C I}, and using the above lower estimate on u/(011),
we obtain
¢

u'(t) = u'(0ig1) +/ u”(€)dé > v/ (0i41) — INall 4+ 419" (R)

Tit1
y(r g (R
> 0 (W2 el = Alalle ) = Ml T ). e 1.

Taking p sufficiently large, precisely

(4.17) > et 2A(lall4+,7¢(r) + llall+ 419" (R))
z y(r)rllall-i

b

we obtain that
u'(t)>0, Vtel,.
Consequently
t
u(t) :fu/(o'iJrl)—i_/ ’U/(f) dé- Zu(0i+1) >, Vte Iztrl
Tit1
‘We conclude that for

~right ~right
> max{ fig &, &},
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we have that
u(t) >r, W'(t)>0, Vtelf,,
and, in particular,
w(tip1) >r  and  u/(7i41) > 0.
Now we can apply Lemma [4.4] (with d = 7 and D = R) on the interval I;, ; U I;:_z,
which ensures that

u(t) >r, u'(t)>0, Vel UI,,
provided that

* — Alall4 429" (R)
(4.18) p> i = (I I ) = T2 1)
1 + +2 Ha’”*,iJrlg*(ra R)

Repeating inductively the same argument m — 1 times we cover a T-periodicity
interval with intervals (of the form I~ U I j +1) where the function wu(t) is strictly
increasing, provided that p is sufficiently large. More precisely, for

p> max prt

i=1,...,m
it holds that
u(t) >r, u(t) >0, Vtel0,T].

This clearly contradicts the T-periodicity of wu(t).

Consider now the case u/(0;) < 0, which implies (by the concavity of u(t) in
L") that u/(7;) < 0. The same proof as above leads to a contradiction, proceeding
backward and using at first Lemma 3] (with d = r) and then Lemma (with
d =rand D = R), inductively. Conditions [@I6), (£17) and [@I8) will be replaced

by the analogous inequalities
p> et

with gl defined in (ZI3),
et 2A(lallirC(r) + llall+.i-19" (R))

B> et = ;
‘ y(r)rllall-i-1

and Ml i2g" (R)
*,— . — — a+i72g*

B>l = (I;F—,Ii—):—’ ,

1 2 hi2) = [ g (. R)

respectively. Thus a contradiction comes for

p> max o,
1=1,....m
by showing that «'(¢) < 0 for all ¢ € [0, 7.
Taking into account all the possible situations we conclude that the case (by)
never occurs if
o> ‘ugHg) — max ‘agight’ﬂzeft’ﬂzight’ﬁzeft’ﬂ?ﬂL’u;ﬂ,*}'

i=1,....m
To conclude the proof, suppose now that (b2) holds. As observed in the previous
proof, the fact that max, ;+ u(t) = R = |lul| prevents the possibility that u'(co;) <
0. Hence only the instance u’ (o;) > 0 may occur. Applying Lemma (with
d = R), we obtain

i) = B |1+ 3 (R4 - 1)].
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Hence, if
1
P> flg = e
Y(R)[[Adll
(already defined in (£I4)) we get u(oy+1) > R and thus a contradiction with
lu]loc < R. We conclude that the case (b2) never occurs if

> g = max .

i=1,...,m
Summing up, we can apply Lemma for
> p ) = max{ ™), ", i ()}
and therefore formula ([@.I3)) is verified. O

4.5. Completing the proof of Theorem [I.T1 With reference to Section Bl we
summarize what we have proved until now and we give the final details of the proof
of our main theorem.

First, we have fixed an arbitrary constant p > 0 and determined a constant
A* = A (p) > 0 via Lemma LTl We stress the fact that A\* depends only on g(s)
for s € [0, p] and on the behavior of a(t) in each of the intervals I;".

Next, for A > \*, we have found two constants (a small one r and a large one
R) with 0 < r < p < R such that condition ({I0) holds. To choose r and R we
only require conditions on the smallness of g(s)/s for s near zero and near infinity,
which is an obvious consequence of (gg) and (go). We notice also that condition
(@I0) depends on the behavior of a(t) in each of the intervals I;" as well as on the
lengths of pairs of consecutive intervals.

As a further step, we have shown that both Lemma [3I] and Lemma can be
applied provided that

p>pt(N) = pt (A1 R) = max{M(Hl)jﬂ(Hs)}.

Checking carefully the estimates leading to (1) and ;(F3) one realizes that again
only local conditions about the behavior of a(t) on the intervals IZ-jE are involved.
As a consequence, for all g > p*(\), formula (2] in Theorem Bl holds. From
this latter result, via a purely combinatorial argument (independent on the particu-
lar equation under consideration), we achieve formula (34) in Theorem B2 and the
existence of 3™ — 1 positive T-periodic solutions to (L2) is guaranteed, as already
explained at the end of Section 3.1 O

5. GENERAL PROPERTIES FOR GLOBALLY DEFINED SOLUTIONS
AND SOME A POSTERIORI BOUNDS

In this section we focus our attention on non-negative solutions of (L2)) which
are defined for all ¢ € R. On one hand, we show how some computations in the
proofs of the technical lemmas in Section @ are still valid in this setting; this will
be useful in view of further applications of Theorem [I.1] described in Section
On the other hand, we provide some additional information for the solutions when
u — +00.

In order to avoid repetitions, throughout this section we assume that the con-
stants p > 0, A > A*, 0 <r < p < R and p > p*(\) are all fixed as in Section [£.2]
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and Section We stress the fact that even if these constants have been deter-
mined with respect to the T-periodic problem, all the results below are valid for
arbitrary globally defined non-negative solutions.

The first result concerns the behavior of the solutions with respect to the constant
R.

Proposition 5.1. Let g: RT — R™ be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a).
If w(t) is any non-negative solution of (L2) with sup,cp w(t) < R, then w(t) < R
for allt € R.

Proof. Suppose by contradiction that there exists a point t* € R such that w(t*) =
max;er w(t) = R. Let also £ € Z be such that t* € [¢(T, (¢+1)T]. In this case, thanks
to the T-periodicity of the weight coefficient ay ,(t), the function u(t) := w(t +¢T)
is still a (non-negative) solution of (L2) with max,ep,ryu(t) = u(t*—L(T) = w(t*) =
R. From now on, the proof uses exactly the same argument as for the discussion
of the case (a3) in the verification of (H;) in Section (for @ = 0) and the same
contradiction can be achieved. ]

A straightforward application of Lemma ET] gives the following result (the obvi-
ous proof is omitted).

Proposition 5.2. Let g: RT — RT be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a.).
If w(t) is any non-negative solution of (L2) and Ii't'g := I;" + (T is any interval of
the real line where a(t) = 0, then max;e w(t) # p.

The next result concerns the behavior of the solutions with respect to the con-
stant r.

Proposition 5.3. Let g: Rt — RT be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a.).
If w(t) is any non-negative solution of (L2) with sup,cpw(t) < R and I:'e =
Ii+ + (T is any interval of the real line where a(t) > 0, then max, .+ w(t) #£r.

Proof. We follow the same scheme as for Proposition 5.1l Suppose by contradiction
that there exists t* € I:E such that w(t*) = max, ¢+ w(t) = r. The function
u(t) := w(t+£T) is a non-negative solution of (L2)) with max, .+ u(t) = w(t*) =r.
From now on, the proof uses exactly the same argument as for the discussion of
the case (a1) in the verification of (Hy) in Section (for & = 0) and the same
contradiction can be achieved, in the sense that we find a point where w(t) > R. O

We now focus on some properties of globally defined non-negative solutions of
(T2) when g — +oo. The first result in this direction concerns the behavior on
the intervals where a(t) > 0: roughly speaking, any “very small” solution becomes
arbitrarily small as p — +00.

Proposition 5.4. Let g: RT — RT be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a).
Then for every € with 0 < € < r there exists pr > p*(A\) such that for any fized
w > pr the following holds: if w(t) is any non-negative solution of ([L2) with
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sup,cp w(t) < R and max, .+ w(t) < r, where I, :== I." + (T is any interval of

the real line where a(t) = 0, then max, ¢+ w(t) <e.

Proof. Repeating the same approach as in the proof of the previous propositions
and using the T-periodicity of the weight, without loss of generality, we can restrict
ourselves to the analysis of the non-negative solution w(t) on an interval I;", for
i=1,...,m.

The proof uses exactly the same argument as for the discussion of the case
(a1) in the verification of (H;) in Section 3] (for « = 0). Let € € ]0,r]. By
contradiction, suppose that there exists a non-negative solution w(t) of (I2) such
that sup,cp w(t) < R and max, ;+ w(t) = &g € [¢,7]. Consider at first the case
w'(0;) > 0. Recalling condition (Itﬂ]l), by Lemma [£.2] (with ¥ =1 and d = ¢¢), we
have that

(o)

w(oig) 2 peo L4

Observing that

g(s)

) NPT ) BESRN
o) = oS 2R =)
and thus taking
2R
>uite)i= ——
w> ) = e AT

we obtain w(o;11) > R, a contradiction. On the other hand, if w’(o;) < 0, by

the concavity of w(t) in I;¥ we have that w’(r;) < 0. In this case we reach the

contradiction w(7;—1) > R using Lemma 3] (with ¥ = 1 and d = ;) and taking
2R

eyt (e, )| Biall

(if i = 1, we count cyclically and consider the interval I; as I,}). In conclusion,

taking

> (e) =

p>pte= max {7 (), (), (N}
the proposition follows. |

Our final result in this section concerns the behavior of non-negative solutions
to (I2) on the intervals where a(t) < 0. With reference to condition (a.), for
technical reasons we further suppose that a(t) Z 0 in each right neighborhood of 7;
and in each left neighborhood of o;41. Such an assumption does not require any new
constraint on the weight function, but just a more careful selection of the points
7; and o;11. What we mean is that for a weight function a(t) satisfying (a.) the
way to select the intervals I;¥ and I;” may be not univocal. Indeed, we could have
an interval J where a(t) = 0 between an interval of positivity and an interval of
negativity for the weight. Up to now the decision whether to incorporate such an
interval J as a part of I;" or I, was completely arbitrary. On the contrary, for the
next result, we prefer to consider an interval as J as a part of If . In any case, we
can allow a closed interval where a(t) = 0 to lie in the interior of one of the I .
With this in mind, we can now present our next result.

Proposition 5.5. Let g: RT — RT be a continuous function satisfying (g«), (go)
and (goo). Let a: R — R be a T-periodic locally integrable function satisfying (a).
Then for every € with 0 < & < r there exists u** > p*(\) such that for any fized
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> prr the following holds: if w(t) is any non-negative solution of ([L2) with
sup,ep w(t) < R and I, , := I, + T is any interval of the real line where a(t) < 0,
then max, ;- w(t) <e.

Proof. Without loss of generality, we can restrict ourselves to the analysis of the

non-negative solution w(t) on an interval I, , for i =1,...,m.
Given € € ]0,7], we consider the values of the solution w(t) at the boundary of
the interval I; , for an arbitrary but fixed index ¢ € {1,...,m}. If w(7;) < € and

w(oyi) < €, then, by convexity, w(t) < e for all ¢ € I, and we have nothing to
prove. Therefore, we discuss only the cases when w(7;) > ¢ or w(o;41) > . We are
going to show that this cannot occur if u is sufficiently large. Accordingly, suppose
that w(7;) > e. Knowing that w(t) < R on the whole real line, in particular in the
interval I;", we easily find that there is at least a point to € I;% such that |w’(¢)| <
R/|I;f|. On the other hand, equation (L2) on I;" reads as w” = —Xa™(t)g(w), so
that an integration on [tg, 7;] yields

W) =wto) =X [ at ot >~
to
where the constants ||al/+; and g*(R) are those defined at the beginning of Sec-
tion @ The convexity of w(t) in I;” guarantees that w'(t) > —k; for all t € I, .
Hence, if we fix a constant ¢; > 0 with 7; + 6; < 0,41 and such that §; < /(2k;),
it is clear that w(t) > ¢/2 for all t € [1;, 7, + 6;]. On the interval I;” equation (L.2)
reads as w” = pa~ (t)g(w), so that an integration on [, t] C [r;, 7y + ;] yields

= Mlall+ig"(R) =: =i,

¢
W) =)+ [ @ (©gw©)de =~k + A0 9.(e/2 ),

where the function A;(¢) and the constant g.(¢/2, R) are defined at the beginning
of Section @l Since we have supposed that a~(t) is not identically zero in each right
neighborhood of 7;, we know that the function A;(t) is strictly positive for each
t € ]7,0i4+1). Then, integrating the above inequality on [7;, 7; + d;], we obtain

Ti+6; Ti+6;
W (B dt > & — ribi + 1 ga()2, R) / A1) dt.

Ti

w(r; 4 6;) = w(7;) + /

This latter inequality implies w(7; + d;) > R (and hence a contradiction) for
R+ k;6;
9-(e/2, ) [T Ay(tydt-

On the other hand, if we suppose that w(o;1+1) > €, then by the same argument we
have

1>t (e) =

w'(0i41) < Rigi = e | + AMlall+,i+19™(R)

i+1
(if i = m, we count cyclically and consider the interval I, gt I7). As before, we
fix a constant 6,41 > 0 with 0,41 — d;41 > 7 and such that 0iv1 < €/(2kKiy1), sO
that u(t) > ¢/2 for all t € [0;41 — di+1,04+1]. An integration of the equation on
[t, 0'7;_;,_1] ylelds

w'(t) < kip1 — pBi(t) g«(e/2, R).

Since we have supposed that a~(t) is not identically zero in each left neighborhood
of o;+1, we know that the function B;(¢) is strictly positive for each ¢ € [1;, 0441
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Then, integrating the above inequality on [0;+1 — d;41,04+1], we obtain

Oit1
w(0i+1 - 6i+1) >e— Hi+15i+1 + /Lg*(E/?, R)/ Bz(t) dt.
oit1—0i41
This latter inequality implies w(o;41 — d;41) > R (and hence a contradiction) for
i R+ Kiy10;
right 1+1Vi+1
B> My ¢ (5) = T; :
9+(e/2, R) fai :76#1 B;(t)dt
In conclusion, for
(5.1) p>ptt = max {f(e), m ™ (e), ()}
our result is proved. O

We conclude this section by briefly describing, as typical in singular perturbation
problems, the limit behavior of positive solutions of (L2) for u — +oo (compare
with [B], where a similar discussion was performed in the superlinear case). We
focus our attention on the solutions found in Theorem [Tl for the T-periodic prob-
lem; however, similar considerations are valid for Dirichlet and Neumann boundary
conditions, as well as for globally defined positive solutions.

Let us fix a non-null string S € {0,1,2}™. Theorem [[I] ensures the existence
(in general, not the uniqueness) of a positive T-periodic solution of ([2)) associated
with it, if A > A* and g > p*(\); in order to emphasize its dependence on the
parameter p, we will denote it by u,(t). Then, as a direct consequence of Proposi-
tion [5.4] and Proposition [5.5] we have that wu,(¢) converges uniformly to zero both
in the intervals I;* with S; = 0 as well as in the intervals I, for u — +o00. As
for the behavior of u,,(t) on the intervals I;% such that S; € {1,2}, with a standard
compactness argument (based on the facts that 0 < u,(¢t) < R and that equation
([C2) is independent on the parameter y in the intervals I;), we can prove that the
family {uu|1j}u>u*(>\) is relatively compact in C(I;") and that each of its cluster

points s (t) has to be a non-negative solution of v’ + Aa*(t)g(u) = 0 on I;". We
claim that us(t) is actually a positive solution, satisfies Dirichlet boundary condi-
tion on I;r and is “small” if S; = 1 and “large” if S; = 2. Indeed, the first assertion
follows from the fact that, passing to the limit, r < Max, ¢+ oo t)<pifS; =1
and p < max, ;+ Uso(t) < Rif §; = 2. As for Dirichlet boundary condition on I,
this is a conseq{lence of u,(t) — 0 on every interval of negativity. Finally, using
Lemma BTl we infer » < max, ;+ uoo(t) < p if S; = 1 (that is, uc(t) is “small”)
and p < max, .+ Uso(t) < R if Si=2 (that is, ux () is “large”).

In conclusionl7 up to subsequences, u,, () — oo (t) uniformly for p — +oo, with
Uoo(t) a function made up of “null”, “small” and “large” solutions of Dirichlet
problems in the intervals I;” (depending on S; = 0, 1,2 respectively) connected by
null functions in ;. See Figure 2 for a numerical simulation. Notice that this
discussion is simplified whenever we are able to prove that each Dirichlet problem
associated with u” + Aa*(t)g(u) = 0 on I} has ezactly two positive solutions;
indeed, in this case every string S € {0, 1,2}™ uniquely determines a limit profile
Uso (t) and wu,,(t) — uco(t) uniformly, without the need of taking subsequences (even

if u,(t) could be not unique in the class of positive solutions to (I.2)) associated
with S).
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FIGURE 2. The lower part of the figure shows a positive solu-
tion of equation (2] for the super-sublinear non-linearity g(s) =
arctan(s?), for s > 0, and Dirichlet boundary conditions. For this
simulation we have chosen the interval [0, 7] with T = 3 and the
weight function ay ,(¢) with a(t) having a stepwise graph as repre-
sented in the upper part of the figure. First, with a dashed line we
have drawn the Dirichlet solutions (“small” and “large”) on the
intervals [0,1] and [2,3]. Then, for A = 20 and p = 10000, we
have exhibited a solution of the form “small” in the first interval
of positivity [0,1] and “large” in the second interval of positivity
[2,3]. Such a solution is very close to the limit profile for the class
of solutions associated with the string (1,2), which is made by a
“small” solution of the Dirichlet problem in [0,1] and a “large”
solution of the Dirichlet problem in [2, 3] connected by the null so-
lution in [1,2]. Notice that, for the given weight function which is
identically zero on the interval [2,2.5] separating the negative and
the positive hump, the solution is very small (and the limit profile
is zero) only in the interval [1, 2] where the weight is negative. This
is in complete accordance with Proposition and the choice of
the endpoints of the intervals I, Zi

6. SUBHARMONICS AND SYMBOLIC DYNAMICS

As remarked in Section 5] the estimates which allow us to determine the value
A*, r, Rand p*(\) are of local nature. We exploit this fact by applying Theorem [[T]
on intervals of the form [0, kT, with k > 2 an integer, and thus proving the existence
of subharmonic solutions. Next, letting k¥ — oo and using a Krasnosel’skii-Mawhin
lemma for bounded solutions, we obtain positive bounded solutions which are not
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necessarily periodic and can reproduce an arbitrary coin-tossing sequence. This is
a hint of complex dynamics and indeed we conclude the section by describing some
dynamical consequences of our results.

Throughout the section we suppose that g: RT — R¥ is a continuous function
satisfying (g.) as well as (go) and (¢o) and a: R — R is a T-periodic locally
integrable function satisfying (a.). For convenience in the next discussion, we also
suppose that T' > 0 is the minimal period of a(t). Moreover, we recall the notation

(6.1) Iiﬁ, ::Iii—i—fT, for i=1,...,m and ¢ € Z.

6.1. Positive subharmonic solutions. In this subsection we investigate the ex-
istence and multiplicity of positive subharmonic solutions to equation ([L2)). Let
k > 2 be a fixed integer. Following a standard definition, we recall that a sub-
harmonic solution of order k is a kT-periodic solution which is not [T-periodic for
any integer [ =1,...,k — 1. As observed in [22] (as a consequence of (g.) and the
fact that T > 0 is the minimal period of a(t)) any positive subharmonic solution of
order k has actually kT as minimal period.

As a further remark, we observe that if u(t) is a positive kT-periodic solution
of (Z), then, for any integer ¢ with 1 < ¢ < k — 1, also its time-translated
ve(t) = u(t + €T') is a positive kT-periodic solution of the same minimal period.
Therefore, if we find a subharmonic solution of order k, we also obtain altogether
a family of k subharmonic solutions of the same order. These solutions, even if
formally distinct, will be considered as belonging to the same periodicity class.

We split the search of subharmonic solutions to ([2) into two steps. In the
first one we present a theorem of existence and multiplicity of positive kT-periodic
solutions which is a direct application of Theorem [[T] for the interval [0,kT]. As
a second step, we show how the code “very small/small/large” allows us to prove
the minimality of the period for some of such kT-periodic solutions and determine
a lower bound for the number of k-th order subharmonics.

First of all, in order to apply Theorem [[1] to the interval [0, kT], we need to
observe that now a(t) is treated as a kT-periodic function (even if it has T as
minimal period). Recalling the notation in (G, in the “new” periodicity interval
[0,kT] the weight a(t) turns out to be a function with km positive humps [:'é

separated by km negative ones I, , (fori=1,...,mand £ =0,...,k—1).
In this setting, Theorem [[.I] reads as follows.

Theorem 6.1. Let g: Rt — RT be a continuous function satisfying (g«), (go) and
(9oo). Let a: R — R be a locally integrable periodic function of minimal period
T > 0 satisfying (ax). Then there exists \* > 0 such that for each A > \* there
exists p*(A) > 0 such that, for each pu > p*(\) and each integer k > 2, equation
(2) has at least 3*™ — 1 positive kT-periodic solutions.

More precisely, fixed an arbitrary constant p > 0 there exists \* = X*(p) > 0
such that for each A > X* there exist two constants r,R with 0 < r < p < R and
w*(A) = p*(A\, 7, R) > 0 such that, for any p > p*(\) and for any integer k > 2,
the following holds: given any finite string S = (S1,...,Skm) € {0,1,2}F™  with
S #(0,...,0), there exists a positive kT -periodic solution u(t) of (L2) such that

* max, + u(t) <r, if S =0 for j =i+ Im;
o 7 <max,.+ u(t) < p, if S; =1 for j =i+ lm;
e p< maXtte’,Z u(t) <R, if S; =2 for j =i+ ¢m.
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Proof. This statement follows from Theorem [[]] (for the search of positive kT-
periodic solutions and the weight a(t) considered as a kT-periodic function), after
having checked that the constants A\*, r, R and p*()) can be chosen independently
on k. This is a consequence of the fact that, for the part in which they depend on
a(t), these constants involve either integrals of a*(t) on I or interval lengths of

the form |I|, with i = 1,...,m (compare with the discussion in Section E3)), and
of the fact that the “new” intervals Iﬁ (fori=1,...,mand £=0,...,k—1) are
just ¢T-translations of the original I (with a(t) T-periodic). O

Remark 6.1. As further information, up to selecting the intervals Il-jE so that a(t) # 0
on each right neighborhood of 7; and on each left neighborhood of ¢;11, among the
properties of the positive kT-periodic solutions listed in Theorem [6.I] we can add
the following one (if p is sufficiently large):
e 0 < u(t) <ronl; foralli=1,....mand £=0,..., k-1

This assertion is justified by Proposition taking p > pr* defined in (&) for
e = r, and observing also that the constants pl°®(r) and pu}®"™ (r) depend on a(t)
on a T-periodicity interval and do not depend on k. <

From now on, we can use Theorem [6.1] to produce subharmonics. The trick is
that of selecting strings which are minimal in some sense, in order to obtain the
minimality of the period. On the other hand, in counting the subharmonic solutions
we wish to avoid duplications, in the sense that we count only once subharmonics
belonging to the same periodicity class. To this end, we can take advantage of
some combinatorial results related to the concept of Lyndon words. We recall that
an n-ary Lyndon word of length k is a string of k digits of an alphabet % with
n symbols which is strictly smaller in the lexicographic ordering than all of its
non-trivial rotations. It is possible to see that there is a one-to-one correspondence
between the n-ary Lyndon words of length & and the aperiodic necklaces made by
arranging k beads whose color is chosen from a list of n colors (see [22], § 4.2]).

We denote by L,,(k) the number of n-ary Lyndon words of length k. According
to [35, §5.1] we have that

Lalk) = 3 S p@)nt,
Uk

where p(-) is the Mébius function, defined on N\ {0} by u(1) =1, p(l) = (=1)% if I
is the product of s distinct primes and p(l) = 0 otherwise. For instance, the values
of L3(k) (number of ternary Lyndon words of length k) for k = 2,...,10 are 3, 8,
18, 48, 116, 312, 810, 2184, 5880.

In this setting we can now provide the following consequence of Theorem

Theorem 6.2. Let g: RT™ — RT be a continuous function satisfying (g«), (go) and
(9oo). Let a: R — R be a locally integrable periodic function of minimal period
T > 0 satisfying (ax). Then there exists \* > 0 such that for each A > \* there
exists (1*(A) > 0 such that for each p > p*(A) and each integer k > 2, equation
[@T2) has at least L3m (k) positive subharmonic solutions of order k.

Proof. We consider an alphabet £ made by 3™ symbols and defined as
% :=1{0,1,2}™.

Let us fix a non-null k-tuple 71 .= (T¢)e=o,... k—1 in the alphabet 2. We have that
for each £ = 0,...,k — 1, the element 7, € % can be written as T, = (77)1':1’,“7,,1,



POSITIVE SOLUTIONS FOR SUPER-SUBLINEAR INDEFINITE PROBLEMS 823

where 7, € {0,1,2} fori =1,...,m and £ = 0,...,k — 1. By Theorem [6.] there
exists at least one positive kT-periodic solution u(¢) of equation (I2Z) such that

* max,;+ u(t) <r, if T} =0;

’ TR A
o 7 < maxy u(t) < p, if 7, = 1;
* p<max,;+ u(t) < R, if T} =2.

In fact, the k-tuple 7% determines the string S of length km with
S; =T/, forj=i+tm.

It remains to see whether, on the basis of the information we have on u(t), we
are able first to prove the minimality of the period and next to distinguish among
solutions not belonging to the same periodicity class. In view of the above listed
properties of the solution u(t), the minimality of the period is guaranteed when the
string 7% has k as a minimal period (when repeated cyclically). For the second
question, given any string of this kind, we count as the same all those strings (of
length k) which are equivalent by cyclic permutations. To choose exactly one string
in each of these equivalence classes, we can take the minimal one in the lexicographic
order, namely a Lyndon word. As a consequence, we find that each 3™-ary Lyndon
word of length k& determines at least one kT-periodic solution which is not pT-

periodic for every p =1,...,k — 1. This solution has indeed kT as minimal period.
Moreover, by definition, solutions associated with different Lyndon words are not
in the same periodicity class. |

6.2. Positive solutions with complex behavior. Having shown the existence of
a mechanism producing subharmonic solutions of arbitrary order, letting k — oo we
can provide positive (not necessarily periodic) bounded solutions coded by a non-
null bi-infinite string of three symbols. A similar procedure has been performed in
[5] and [22] § 4.3] for the superlinear case.

Our proof is based on the following diagonal lemma borrowed from [33] Lem-
ma 8.1] and [39, Lemma 4].

Lemma 6.1. Let f: RxR? — R? be an L'-Carathéodory function. Let (t,)nen be
an increasing sequence of positive numbers and (z,)nen be a sequence of functions
from R to R* with the following properties:

(1) tn — +00 as n — co;
(i3) for each n € N, z,(t) is a solution of

(6.2) a' = f(t,x)

defined on [—t,,t,);
(iii) there exists a closed and bounded set B C R? such that, for each n € N,
x,(t) € B for every t € [—t,,ty).

Then there exists a subsequence (Tn)nen Of (Tn)nen which converges uniformly on
the compact subsets of R to a solution T(t) of system ([€2); in particular T(t) is
defined on R and Z(t) € B for all t € R.

In order to simplify the exposition, as in [522] we suppose that the coefficient
a(t) has a positive hump followed by a negative one in a period interval (i.e. m =1
in hypothesis (a.)). In this framework, the next result follows.



824 A. BOSCAGGIN, G. FELTRIN, AND F. ZANOLIN

Theorem 6.3. Let g: RT — R be a continuous function satisfying (g«), (go) and
(9o0)- Let a: R — R be a T-periodic locally integrable function such that there exist
a< B <a+T sothat a(t) = 0 on [a, 8] and a(t) < 0 on [B,a+ T). Then, fized
an arbitrary constant p > 0 there exists \* = A*(p) > 0 such that for each A > \*
there exist two constants r, R with 0 < r < p < R and p*(\) = p*(\,7,R) > 0
such that for any p > p*(A\) the following holds: given any two-sided sequence
S = (S))jez € {0,1,2}% which is not identically zero, there exists at least one
positive solution u(t) of (L2 such that

® MaXycatj1,a+57) U(t) <7, if Sj =0;
o 7 < maXielatjrpiyr) W(l) < p, U S =1;
® p <MaAXse(ajT,p+57) U(E) < R, if S5 = 2.

Proof. Without loss of generality, we suppose that « = 0 and set 7 := § — «, so
that a(t) > 0 on [0, 7] and a(t) < 0 on [r,T]. We also introduce the intervals

(6.3) JF =T, m+4T), J7 = +iT,(G+1)T), jei

Let p, A > A*, r, R and p*()) be fixed as in Section and Section for m = 1.
Once more, we emphasize that all our constants can be chosen independently on
k. Thus, having fixed all these constants and taken p > p*(\), we can produce
kT-periodic solutions following any k-periodic two-sided sequence of three symbols,
as in Theorem [G.1]

Consider now an arbitrary sequence S = (S;)jez € {0, 1,2}% which is not iden-
tically zero. We fix a positive integer ng such that there is at least an index
Jj € {—no,...,no} such that S; # 0. Then, for each n > ng we consider the
(2n + 1)-periodic sequence 8™ = (8j); € {0,1,2}” which is obtained by truncating
S between —n and n, and then repeating that string by periodicity. We apply
Theorem 6.1l with m = 1, on the periodicity interval [—nT, (n 4+ 1)7T] and find a
positive periodic solution uy, (t) such that u, (t+ (2n+1)T) = u,(¢) for all t € R and
[[unlloo < R (by the concavity of the solutions in the intervals J;~ where a(t) < 0).
Moreover, we also know that

* max;c+ u,(t) <r,if S; = 0;
o r <max,;+ un(t) < p, if S} =1;
e p< maxteJ} un(t) < R, if S} = 2.

In each interval .J ]+ (of length 7) the positive solution u,(t) is bounded by R and
therefore there exists at least a point ¢, ; € Jj+ such that |u),(t, ;)] < R/T. Hence,
for each t € J;r and every n > ng, it holds that

¢ R
01 = e+ [ at@ae < 2 a [ o @atun (e
(6.4) tnj T I
R
< — +AMall+19"(R) = K,

where the constants ||a||+ 1 and ¢g*(R) are those defined at the beginning of Sec-
tion @l Notice that K is independent on j and this provides a uniform estimate
for all the intervals where the weight is positive. On the other hand, using the
convexity of u,(t) in the intervals J;~, we know that

lul, ()] < max. lur,(§)] < max |u,(§)| <K, Vte Ji, ¥n > ng,
gea + +

j cJy Ui



POSITIVE SOLUTIONS FOR SUPER-SUBLINEAR INDEFINITE PROBLEMS 825

and thus we are able to find the global uniform estimate
luh,(t)| < K, VteR, Vn>ny.

Now we write equation (2] as the planar system

u' =y,
{ y' = —(Aa*(t) — pa” (1)) g(w).

From the above estimates, one can see that (up to a reparametrization of indices,
counting from ng) assumptions (7), (#4) and (i7i) of Lemma [61] are satisfied, taking
tn =0T, f(t,x) = (y,—(Aa*(t) — pa™(t))g(u)), with = (u,y), and

B = {{I;: (,’El,.’L'Q) ERQZ 0<zy <R, |.’II2| SK}’

which is a closed and bounded set in R?. By Lemma [6.1] there is a solution ()
of equation ([2) which is defined on R and such that 0 < @(¢) < R for all ¢ € R.
Moreover, such a solution @(t) is the limit of a subsequence (i), of the sequence
of the periodic solutions u, (t).

We claim that

e max, ;+ u(t) <7, if S; = 0;
J
o r <max, ;+U(t) < p,if S; =1;
J
e p <max, ;+u(t) <R, if §; = 2.
J
To prove our claim, let us fix j € Z and consider the interval Jj introduced in

(63). For each n > |j| (and n > ng) the periodic solution w,(t) is defined on R and
such that max ;+ Un <rif§; =0, r<maxJ+un <pif§; =1, p<maxJ+un <R

it §; =2. Passmg to the limit on the subsequence (tn)n, we obtain that

® maxc a(t) <r, if S; = 0;

o r < Max;e + a(t) <p,if S; =1,

o p< max;e r+ (t) <R, it S; = 2.
By Proposition Bl we get that a(t) < R, for all ¢ € R. Moreover, since there exists
at least one index j € Z such that S; # 0, we know that @(t) is not identically

zero. Hence, a maximum principle argument shows that @(¢) never vanishes. In
conclusion, we have proved that

0<a(t) <R, VteR.
Next, using this fact, by Proposition we observe that

max u(t) # p, VjeELZ,

¥
tGJj

and by Proposition [£.3] we have

max a(t) #r, Vj€Z,

teJt
since, at the beginning, p has been chosen large enough (note also that we apply
those propositions in the case m = 1 and so the sets I Z+ , reduce to the intervals

[0, 7]+ ¢T"). Our claim is thus verified and this completes the proof of the theorem.
O
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Theorem can be compared with the main result in [13], providing (under a
few technical conditions on a(t) and g(s)) globally defined positive solutions to (I.2))
according to a symbolic dynamic on two symbols. More precisely, using a dynamical
systems technique it was shown in [I3], Theorem 2.3] the existence of two disjoint
compact sets K1,K2 C R? such that for any two-sided sequence S = (S;)jez €
{1,2}% there is a positive solution u(t) to (L2 satisfying (u(a+ jT), v (a+5T)) €
Ks; for all j € Z. Even if this conclusion is not directly comparable with the one
of Theorem (in which solutions are distinguished in dependence of the value
MaXyc(q+;7,4+57] U(t)), a careful reading of the arguments in [I3] should convince
us that the solutions obtained therein correspond to solutions which are “small”
or “large” according to the code of the present paper. From this point of view,
Theorem [6:3] can thus be seen as an improvement of [I3, Theorem 2.3], providing
in addition solutions which are “very small” on some intervals of positivity of the
weight function and thus leading to a symbolic dynamic on three symbols. It has
to be noticed, however, that in [I3] some further information for the Poincaré
map associated with ([2)) were obtained; we will comment again on this point in
Section [6.31

Theorem can be extended to the case of a weight function with more than
one positive hump in the interval [0,7], as described in hypothesis (a.). The
corresponding more general result is given in the next theorem.

Theorem 6.4. Let g: RT — R be a continuous function satisfying (g+), (go) and
(9oo)- Leta: R — R be a locally integrable periodic function of minimal period T > 0
satisfying (ax). Then, fixred an arbitrary constant p > 0 there exists \* = A*(p) > 0
such that for each A > X* there exist two constants r,R with 0 < r < p < R and
w*(A) = p*(\r,R) > 0 such that for any p > p*(\) the following holds: given
any two-sided sequence S = (S;)jez in the alphabet & := {0,1,2} which is not
identically zero, there exists at least one positive solution u(t) of (L2) such that

* max,,+ u(t) <r, if S =0 for j =i+ Im;

o r< ma§t€I+£ u(t) < p, if S =1 for j =i+ Im;

o p< maxteﬁ,[ u(t) <R, if S; =2 for j =i+ ¢m.
Proof. The proof requires only minor modifications in the argument applied for
Theorem and thus the details are omitted. We only observe that the uniform

bound K for |u],(t)| is now achieved by working separately on each interval I;},.
When arguing like in (6.4]) one obtains

R .
lul, (t)] < ] + Mallyig"(R) = Ky, VteIf, Vn>mno.

Now all the rest works fine for

K := max Kj.
i=1,....m
The same final arguments allow us to obtain the theorem. O

Remark 6.2. As further information, up to selecting the intervals Iii so that a(t) £ 0
on each right neighborhood of 7; and on each left neighborhood of ¢;11, among the
properties of the positive solutions listed in Theorem and Theorem [6.4] we can
add the following one (if 4 is sufficiently large):

e 0<u(t)<ronl,, foralie{l,...,m} and for all £ € Z.
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This assertion is justified by Proposition taking p > p** defined in (G for

e = r, and observing also that the constants p®(r) and u?ght (r) depend on a(t)

on a T-periodicity interval. <

6.3. A dynamical systems perspective. In the two previous sections we have
proved the presence of chaotic-like dynamics which is highlighted by the coexis-
tence of infinitely many subharmonic solutions together with non-periodic bounded
solutions which can be coded by sequences of three symbols. Our next goal is to
show that our results allow us to enter a classical framework for complex dynamical
systems, namely the semiconjugation with the Bernoulli shift.

We start with some formal definitions. Let % be a finite set of n > 2 elements
(called symbols), conventionally denoted as & := {by,...,b,}, which is endowed
with the discrete topology. Let ¥, := %% be the set of all two-sided sequences
T = (T¢)eecz where, for each ¢ € Z, the element T is a symbol of the alphabet
A. The set By, = [[,c; %, endowed with the product topology, turns out to be a
compact metrizable space. As a suitable distance on X,, we take

5 /, 7"//
AT, T") = 07, 7/) o oTTres.,
LET
where ¢ is the discrete distance on £, that is, §(s’,s”) =0if ¢’ = s’ and §(¢,s") =
1if s’ # §”. We introduce a map o: %, — X, called the shift autormorphism
(cf. [51), p. 770]) or Bernoulli shift (cf. [53]) and defined as

o(T)="T', with T/ := T, VL€ Z.

The map o is a bijective continuous map (a homeomorphism) of ¥,, which possesses
all the features usually associated with the concept of chaos, such as transitivity,
density of the set of periodic points and positive topological entropy (which is log(n)
for an alphabet of n symbols).

Given a topological space X and a continuous map : X — X, a typical way
to prove that ¢ is “chaotic” consists of verifying that 1 has the shift map as a
factor, namely that there exist a compact set Y C X which is invariant for
(i,e. ¥(Y) =Y) and a continuous and surjective map 7: Y — %, such that the
diagram

YLY
T T

Y —= 2,
o

commutes, that is,
(6.5) moY =o0com.

If we are in this situation we say that the map |y is semiconjugate with the shift
on n symbols. Usually the best form of chaos occurs when the map 7: Y — X, is
a homeomorphism. In this latter case the map |y is said to be conjugate with the
shift o. This, for instance, occurs for the classical Smale horseshoe (see [43L[51]).
In many concrete examples of differential equations, the conjugation with the shift
map is not feasible and many investigations have been addressed toward the proof
of a semiconjugation with the Bernoulli shift, possibly accompanied by some further
information, such as density of periodic points, in order to provide a description of
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chaotic dynamics which is still interesting for the applications. Quoting Block and
Coppel from [8 Introduction],

“ ...there is no generally accepted definition of chaos. It is our
view that any definition for more general spaces should agree with
ours in the case of an interval. ...we show that a map is chaotic
if and only if some iterate has the shift map as a factor, and we
propose this as a general definition.”

Indeed, the semiconjugation of an iterate of a map 1 with the Bernoulli shift is
defined as B/C-chaos in [3].

We plan to prove the existence of a strong form of B/C-chaos coming from
Theorem [6.1] and Theorem [6.4] namely the existence of a compact invariant set Y
for a continuous homeomorphism 1 such that 1|y satisfies ([G.3) and such that to
any periodic sequence of symbols corresponds a periodic solution of (LZ). Such
a stronger form of chaos has been produced by several authors using dynamical
systems techniques (see, for instance, [I3|[I6LA4TL42I[62/54155]). Obtaining this kind
of result with the coincidence degree approach appears new in the literature.

Let us start by defining a suitable metric space and a homeomorphism on it.
Let X be the set of the continuous functions z = (x,7): R — R2. For each 2; =
(21,91), 22 = (z2,y2) € X, we define

In(z1,22) := max{|:1:1(t) —zo (V)| + |y1(t) — y2(t)]: t € [-N, N]}7 N e N\ {0},

and we set
=1
dist (21, 22) = Z
N=1
It is a standard task to check that (X, dist) is a complete metric space. Moreover,
given a sequence of functions (zx ) in X and a function 2 € X, we have that 2z — 2
with respect to the distance of X if and only if zj(¢) converges uniformly to 2(t)
in each compact interval of R (cf. [7, ch. 1], [49, ch. III] and [50, §20]). We also
recall that a family of functions M C X is relatively compact if and only if for
every compact interval J the set of restrictions to J of the functions belonging to
M is relatively compact in C(J,R?) (cf. [I7, p. 2]). Next, recalling that T' > 0 is the
minimal period of the weight function a(t), we introduce the shift map 1: X — X

defined by

1 In(21,22)
N 1+ 19]\7(2:1,22)'

(WYu)(t) =u(t+T), teR,
which is a homeomorphism of X onto itself. The discrete dynamical system induced
by v is usually referred to as a Bebutov dynamical system on X.

For the next results we assume the standard hypotheses on the non-linearity g(s)
and on the coefficient a(t), that is, g: RT — R¥ is a continuous function satisfying
(9+)s (90), (9o0), a: R = R is a T-periodic locally integrable function satisfying (a.)
with minimal period T'. We suppose also that all the positive constants p, A > \*,
r, R and p*(\) are fixed as in Section and Section Let also p > 0.

We consider the first order differential system

=y,
(6.6) { y = —(at(t) — pa(1))g(x),

associated with (L2). Even if all our results concern non-negative solutions of (L.2]),
in dealing with system (G.6]) it would be convenient to have the vector field (i.e. the
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right-hand side of the system) defined for all ¢ € R and (z,y) € R2. For this reason,
we extend g(s) to the whole real line, for instance by setting g(s) = 0 for s < 0 (any
extension we choose will have no effect in what follows). As usual the solutions of
[68) are meant in the Carathéodory sense.

Next, we denote by Y the subset of X made up of the globally defined solutions
(x(t),y(t)) of (6.6l such that 0 < z(t) < R, for all ¢ € R. Observe that (0,0) € Yj
(as u(t) = 0 is the trivial solution of (L2])). On the other hand, if (z,y) € Yy with
x # 0, then z(¢) > 0 for all ¢ € R.

Lemma 6.2. There exists a constant K > 0 such that for each (z,y) € Yy it holds
that

(6.7) ly(t)| < K, VteR.
Moreover, Yy is a compact subset of X which is invariant for the map .

Proof. The estimates needed to prove this result have been already obtained along
the proof of Theorem We briefly repeat the argument since the context here is
slightly different. Let (x,y) € Yy. Since 0 < z(t) < R for all ¢ € R, we have that,
for all i € {1,...,m} and ¢ € Z, there exists at least a point #; , € IZFZ such that
ly(tie)| < R/|I | (recall the definition of I}, in @I0). Hence, for each ¢ € I7,, it
holds that

901 = |otb) + [ v(€de] < Ta [ at@ateto)ds

R *
< Iad] + Mlall4.i9"(R) =: K;.

Note that the constant K; does not depend on the index ¢. Therefore, setting
K:= max K,
1,....m

we get
)| < K, Vtelf, Vi=1,...,m, VIeL

On the other hand, using the convexity of x(t) in the intervals I, , we know that

ly(t)| = |2’ (t)] < max |2/ (§)| < K, Vtelf, Vi=1,...,m, VL€ L.
ie
This proves inequality ([€.1).
From system (G.6), we know that the absolutely continuous vector function
(z,y) € Yy satisfies

|2’ ()| + |y (t)] < K 4+ (Aa™(t) + pa™ (t))g*(R), for ae. t€R.

Therefore, the Ascoli-Arzela theorem implies that the set of restrictions of the
functions in Yy to any compact interval is relatively compact in the uniform norm.
Thus we conclude that the closed set Y} is a compact subset of X.

Finally, we observe that the invariance of Yj; under the map % follows from the T-
periodicity of the coefficients in system (G.6]), which in turn implies that (x(t), y(¢))
is a solution of (&8) if and only if (x(¢t + T),y(t + T)) is a solution of the same
system. O

The next result summarizes the properties obtained in Proposition (.1l Propo-
sition and Proposition (.31
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Lemma 6.3. Suppose that p > p*(\). Then, given any (z,y) € Yy, for each
i € {l,...,m} and £ € Z we have that one of the following alternatives holds:
max;e zt)<r,r< max, e+ z(t) <porp< max, e+ z(t) < R.

Let
% .=1{0,1,2}™
be the alphabet of the 3™ elements of the form (wy,...,wy,), where w; € {0,1,2}
foreachi=1,...,m.
We define a semiconjugation m between Y, and the set ¥.3m associated with %
as follows. Suppose that p > p*(\). To each element z = (z,y) € Yy the map 7
associates a sequence w(z) =T = (T¢)eez € X3m defined as

To= (T} ..., /") € B, (€T,
where, for i =1,...,m,
o 7/ =0,if max,c+, x(t) < r;
o T)=1ifr< max; e+ x(t) < p;
o Ti=2ifp< max, e+, z(t) < R.
Lemma guarantees that the above map is well-defined.

Now we are in position to state the main result of this section.

Theorem 6.5. Suppose that p > p*(N\). Then the map w: Yy — Lzm is continuous,
surjective and such that the diagram

Yo —=Y

d |7

Ygm — Yigm

commutes. Furthermore, for every integer k > 1, the counterimage of any k-
periodic sequence in Xgm contains at least a point (u,y) € Yo such that u(t) is a
kT -periodic solution of (2.

Proof. Part of the statement follows immediately from our previous results. The
surjectivity of the map 7 is a consequence of Theorem Indeed, if T € Ygm
is the null sequence, then it is the image of the trivial solution (0,0) € Y;. On
the other hand, given any non-null sequence T = (T¢)eez, with T, = (T}, ..., T;™)
for each ¢ € Z, there exists at least one globally defined positive solution w(t) to
equation (Z2) such that

* max u(t) <r, if T} =0;
o r<max, + ut) < p, if T/ =1,
o p<max, i u(t) < R, if T} = 2.
Then 7 maps (u(t), v (¢)) = (x(t),y(t)) € Yy to T. In a similar way, Theorem
ensures that, for any integer £ > 1, the counterimage of a k-periodic sequence in
Y3m can be chosen as a kT-periodic solution of (6.6l).
The commutativity of the diagram follows from the fact that, if (z(t),y(t)) is a

solution of (G.0)), then (x(t+1T'),y(t+T)) is also a solution of the same system and,
moreover, if (7¢)eez is the sequence of symbols associated with (x(t),y(t)), then



POSITIVE SOLUTIONS FOR SUPER-SUBLINEAR INDEFINITE PROBLEMS 831

the sequence corresponding to (x(t +T'),y(t + T)) must be (T¢41)ecz. This proves
6.5).

Thus we have only to check the continuity of 7. Let Z = (&,9) € Yy and
T = n(3). Let z, = (Zn,Yyn) € Yy be a sequence such that z, — Z in Yy. This
means that (2, (t), y,(t)) converges uniformly to (Z(¢), §(t)) on any compact interval
[-NT,NT) of the real line. For any interval I}, C [-NT, NT], we have that
either maxr+, T<rorr < maXr+ T <porp< ’max[ﬂ Z < R. By the uniform

convergence of the sequence of solutions on I, j ¢» there exists an index n; , such that,
for each n > nj,, the solution z,(t) satisfies the same inequalities as Z(t) on the
interval I :‘ ;- Hence, for any fixed IV, there is an index

ny :=max{n;,:i=1,...,m, {=-N,...,N—1}

such that, setting 7" = 7(2,), it holds that 7,* = T; for all n > n¥% and £ =
—N,...,N —1. By the topology of ¥3m, this means that 7™ converges to 7. This
concludes the proof. |

From Theorem many consequences can be produced. For instance, we can
refine the set Y in order to obtain an invariant set with dense periodic trajectories
of any period. This follows via a standard procedure that we describe below for the
reader’s convenience.

Let Yper be the set of all the pairs (z,y) € Yy which are kT-periodic solutions of
(66) for some integer k > 1 and let

Y = Cl(Yper) c Ybu

where the closure is taken with respect to the distance in the space X. Clearly,
the set Y is compact, invariant for the map 1) and Y, is dense in Y. Then, from
Theorem we immediately have that for p > p*(A\) the map ¥|y: Y — Y is
semiconjugate (via the surjection 7|y ) with the shift o on ¥3m and, moreover, for
every integer k > 1, the counterimage by m of any k-periodic sequence in Y3m
contains at least a point (u,y) € Y such that u(t) is a kT-periodic solution of (2.

As a last step, we want to express our results in terms of the Poincaré map
associated with system (6.6). To this end, we further suppose that the non-linearity
g(s) is locally Lipschitz continuous on R*. This, in turn, implies the uniqueness
of the solutions for the initial value problems associated with ([G6]). We recall that
the Poincaré map associated with system (6.6 is defined as

Up: dom ¥ (C R?) = R?, 29 = (20,%0) — 2(T, 20),

where z(t, z0) = (2(t, 20), y(¢, 20)) is the solution of system (G.6]) such that x(0) = x
and y(0) = yo. The map Uy is defined provided that the solutions can be extended
to the interval [0, T]. In general the domain of W7 is an open subset of R? and ¥
is a homeomorphism of dom U7 onto its image. In our case, due to the sublinear
growth at infinity (geo), we have that dom ¥z = R? and U7 is a homeomorphism
of R? onto itself.

Let

Wo = {(2(0),y(0)) € [0, R] x [-K, K]: (z,y) € Yo}
and define IT: Wy — ¥3m as

I(z0) := w(2(-, 20)), 20 € W.
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Notice that the map II is well defined; indeed, if zg € W), then z(:, z9) € Y.
The next result is an equivalent version of Theorem where chaotic dynamics
are described in terms of the Poincaré map.

Theorem 6.6. Suppose that p > p*(\). Then the map IL: Wy — Xgm is continu-
ous, surjective and such that the diagram

)\
Wo —= Wy

a

Ygm — Yigm

commutes. Furthermore, for every integer k > 1, the counterimage of any k-
periodic sequence in Xgm contains at least a point w € Wy which is a k-pertodic point
of the Poincaré map and so that the solution u(t) of (L2), with (u(0),v (0)) = w,
is a kT-periodic solution of (2.

Proof. Let ¢ : Wy — Yy be the map which associates to any initial point zy the
solution z(-, zg) of ([6.6) with (2(0),y(0)) = zo. We consider the diagram

)\
Wo —> W,

e

YO —_— YO
(4

and observe that the map ¢ is bijective, continuous and with continuous inverse.
Indeed, if 2, — 2o in R?, then z(t, z,,) converges uniformly to z(, 29) on the compact
subsets of R. The above diagram is also commutative because (by the uniqueness of
the solutions to the initial value problems) the solution of (G.6]) starting at the point
z(T, z9) coincides with z(t + T, zp). From these remarks and the commutativity of
the diagram in Theorem we easily conclude. ]

We conclude this section with a final remark concerning a dynamical consequence
of Theorem Consider again the alphabet % of 3™ elements of the form w =
(wi,...,wm), where w; € {0,1,2} for each i = 1,...,m. To each element w € B we
associate the set

max; e+ z(t,w) <r, ifw; =0
Ko=<{weWy: r<max,+z(t,w) <p, ifw,=1 3,
p< maxteI} z(t,w) < R, if w; =2

which is compact, as an easy consequence of Lemmal[6.3l By definition, the sets K,
for w € # are pairwise disjoint subsets of [0, R] x [-K, K]. Hence, another way to
describe our results is the following:

For each two-sided sequence (T¢)ecz there exists a corresponding
sequence (wy)eez € (Wo)Z such that, for all ¢ € Z,
(6.8) weyr = Pr(we)  and  we € K7y

moreover, whenever (Tg)eez s a k-periodic sequence for some in-
teger k > 1, there exists a k-periodic sequence (wg)eez € (Wo)?
satisfying condition (6.8).
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In this manner, we enter a setting of coin-tossing type dynamics widely explored
in the literature. As a consequence, in the case m = 1, we obtain a dynamic on
three symbols, described as itineraries for the Poincaré map jumping among three
compact mutually disjoint sets Ko, K1,/2. A previous result in this direction,
but involving only two symbols, was obtained in [I3] with a completely different
approach.

7. RELATED RESULTS

In this final section we briefly describe some results which can be obtained by
minor modifications of the arguments developed within this paper.

7.1. The non-Hamiltonian case. One of the advantages in obtaining results
of existence/multiplicity with a topological degree technique lies in the fact that
the degree is stable with respect to small perturbations of the operator. Such a
remark, when applied to equation (2], allows us to establish the same result for
the equation

(7.1) u” + cu'+(Aat (t) — pa” (t))g(u) =0

where ¢ € R and ¢ # 0. More precisely, in the same setting of Theorem [Tl once
A > X and p > p*(A) are fixed, there exists a constant e = (A, u) > 0 such that the
statement of the theorem is still true for any ¢ € R with |¢| < e. The same remark
applies to the results in Section [6] so that we can prove the existence of infinitely
many positive subharmonic solutions as well as the presence of chaotic dynamics
on 3™ symbols also for equation (). Typically, results about multiplicity of
subharmonic solutions are achieved by exploiting the Hamiltonian structure of the
equation and therefore using variational or symplectic techniques. Our approach
shows that, for equations with a sign-indefinite weight, we can achieve such results
also in the non-Hamiltonian case.

A possibly interesting question which naturally arises is whether these multi-
plicity results are still valid for an arbitrary ¢ € R. In the superlinear indefinite
case, Capietto, Dambrosio and Papini in [I5] produced such kind of results for
sign-changing (oscillatory) solutions. More recently, in [22] complex dynamics for
positive solutions has been obtained. Concerning our super-sublinear setting, all
the abstract approach and the strategy for the proof work exactly the same for the
linear differential operator u — —u” — cu’ for an arbitrary ¢ € R (see Remark 2]
and Remark Bl). Thus, the only problem in extending all our results of the pre-
vious sections to equation (ZI)) comes from some additional difficulties related to
the technical estimates. In particular, we have often exploited the convexity of
the solutions in the intervals I;” and their concavity in the intervals If . In the
recent paper [I1] we have proved the existence of two positive T-periodic solutions
to equation ([TI) by effectively replacing the convexity/concavity properties with
suitable monotonicity properties for the map ¢ — e“*«/(t). Similar tricks have been
successfully applied in [22] to obtain multiplicity results for equation (1)) with a su-
perlinear g(s). It is therefore quite reasonable that these arguments can be adapted
to our case. However, due to the lengthy and complex technical details required in
Section [4 we have preferred to skip further investigations in this direction.
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7.2. Neumann and Dirichlet boundary conditions. As anticipated, versions
of Theorem [I.1] for both Neumann and Dirichlet boundary conditions can be given.
In these cases, we can consider a slightly more general sign condition for the mea-
surable weight function a: [0,7] — R, which reads as follows:

(axx) there exist 2m + 2 points (with m > 1)
0=71<01<N<..<0<T<...<0m<TmSomgp1 =1

such that a(t) = 0 on [0y, 73], fori =1,...,m, and a(t) < 0 on [ry,0i41],
fori=0,...,m.

This means that a(t) has m positive humps [o;,7;] (i = 1,...,m) separated by m—1
negative ones [, 0,41] (i = 1,...,m — 1); in addition, a(t) might have one/two
further negativity intervals, precisely an initial one |19, 1] = [0, 01] or/and a final
one [T, Om41] = [Tm, T] (compare with Remark [[T)). In this setting, the following
result holds true.

Theorem 7.1. Let g: Rt — Rt be a continuous function satisfying (gs), (go)
and (goo). Let a: [0,T] — R be an integrable function satisfying (as«). Then there
exists A* > 0 such that for each X > X\* there exists p*(X) > 0 such that for each
> p*(X) the Neumann problem

{ u'+(Aa* (1) = pa~ (1) g(u) = 0,
w/(0) = w/(T) =0,

has at least 3™ —1 positive solutions. The same result holds for the Dirichlet problem

{ '+ (Aat (1) = pa (1)) g(w) = 0,
w(0) =u(T) =0.

Of course, such solutions can again be coded via a non-null string S € {0, 1,2}™
as described in Theorem [[LJ1 We also remark that, as usual, a positive solution
of the Dirichlet problem is a function w(t) solving the equation and such that
u(0) = u(T) = 0 and u(t) > 0 for any ¢ € ]0, T

For the proof of Theorem [TI] we rely on the abstract setting of Section 2] (with
the changes underlined in Remark 2T]) and on the general strategy presented in
Section 3.l The key point is then the verification of the assumptions of Lemma [3.1]
and Lemma (in the slightly modified versions described in Remark B). To
this end, we can take advantage of the technical estimates developed in Section 1]
(which indeed are independent of the boundary conditions) and we can prove the
result with minor modifications of the arguments in the remaining part of Section [l

Finally, we observe that the same result can be obtained for positive solutions
of equation (I2) satisfying the mixed boundary conditions u(0) = «/(T)) = 0 or
u'(0) = u(T) = 0 (compare with [21, §5.4]).

7.3. Radially symmetric positive solutions. As a standard consequence of
Theorem [Il we can produce multiplicity results for radially symmetric positive
solutions to elliptic BVPs on an annulus.

More precisely, let || - || be the Euclidean norm in RY (for N > 2) and let

Q:={zeR": R < |z|| < Ro}
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be an open annular domain, with 0 < R; < Rs. We deal with the elliptic partial
differential equation

(7.2) —Au= (A" (2) = pg~(2))g(u) inQ
together with Neumann boundary conditions

Ju
(7.3) op =0 on o9

or Dirichlet boundary conditions
(7.4) u=0 on 0.

For simplicity, we look for classical solutions to (Z2) (namely, u € C?(Q2)) and,
accordingly, we assume that ¢: Q — R is a continuous function. Moreover, in order
to transform the partial differential equation (2] into a second order ordinary
differential equation of the form ([L2)) so as to apply Theorem [[I] we also require
that ¢(z) is a radially symmetric function, i.e. there exists a continuous function
Q: [Ry, R2] — R such that

(7.5) a(@) = Qllell), Vu el
We also set
Qu(r) :=AQ7(r) —uQ=(r), 7€ [Ry, Ry,
where, as usual, A, u > 0.
Looking for radially symmetric (classical) solutions to (72, i.e. solutions of

the form wu(x) = U(||z||) where U(r) is a scalar function defined on [Ry, Ra], we
transform equation (7.2)) into

(7.6) (PN U + Ny L (r)gU) = 0.
Moreover, the boundary conditions (Z3]) and ([Z.4]) become

UR) =U(R2) =0 and U'(R1)=U'(Rz) =0,
respectively. Via the change of variable

t=h(r):= / ¢V dg

Ry
and the positions
Ro
T:= e-Nde, rt):=h7Yt) and w(t) =U(r(t)),
Ry

we can further convert (T8 and the corresponding boundary conditions into the
Neumann and Dirichlet problems

{ v + GA,u(t)g(U) =0, and { v+ a)\,u(t)g(v

0,
v'(0) =o' (T) =0, v(0) =v(T) =0,

respectively, where
a(t) = r(t)*NVQ(r(1), ¢ e[0T,

and ay ,,(t) := Aa™ (t) — pa= (t), for t € [0, 7.
In this setting, Theorem [Tl gives the following result. The straightforward proof
is omitted.
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Theorem 7.2. Let g: RT — RY be a continuous function satisfying (g«), (go) and
(9o0)- Let Q: [R1, Ra] = R be a continuous function satisfying

(Qux) there exist 2m + 2 points (with m > 1)
R1:7'0§0'1<Tl<...<0'i<Ti<...<0'm<Tm§0'm+1:R2

such that Q(r) = 0 on [o4, 7], fori=1,....,m, and Q(r) < 0 on [1;,0:41],
fori=0,...,m,
and let g: Q — R be defined as in (TH). Then there exists \* > 0 such that for each
A > X\* there exists pu*(\) > 0 such that for each p > p*(\) the Neumann problem
associated with ([C2) has at least 3™ — 1 radially symmetric positive (classical)
solutions. The same result holds for the Dirichlet problem associated with (2)).

APPENDIX A. COMBINATORIAL ARGUMENT

In this appendix, we present the combinatorial argument needed in the proof
of Theorem In more detail, recalling the definitions of Qé‘z R) and Aiji R)
given in (B and B3] respectively, from formula ([B.2]) (concerning the degrees on

(I#:Z,R))v we prove that, for any pair of subset of indices Z,J C {1,...,m} with
ZNJ =0, we have

Di (L= Ny AG y) = (-D)FE.

We offer two independent proofs since we believe that both possess some peculiar
aspects which might be also adapted to different situations.

A.1. First argument. In this first part we present a combinatorial argument
which is related to the concept of valuation, as introduced in [32].
Let m € N be a positive integer. We denote by

A= {AlXAQX...XAmZAiGQZ({O,].,2})}

the set of the 8™ Cartesian products of m subsets of {0, 1, 2}.
Let

(A1) A=A x Ay x ... x A,

be an element of A, let 7 € {1,...,m} be a fixed index and let also B; € Z({0,1,2}).
We introduce the following notation:

A[ZBZ] I:A1X...XAi_1><Bi><Ai+1X...XAm.

Note that for any fixed A as above and ¢ € {1,...,m} it holds that A = A[i : 4;].
We consider a function
d: A— 7
which satisfies the following property:
Additivity property. Let i € {1,...,m} and B; € Z({0,1,2}).
Suppose that B}, B/ C B, are disjoint (possibly empty) and such
that
B; = BLUB/.
Then, for all A € A, it holds that

d(Afi : B;]) = d(A[i : B}]) + d(A[i : B/]).
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From the additivity property (applied in the case B, = B, = B} = () we imme-
diately obtain that, if there exists an index ¢ € {1,...,m} such that A; = (), then
d(A; x ... x Apy) =0.

Moreover, we assume that d satisfies the following rules:

(R1) If there exists an index i € {1,...,m} such that A; = {0,1} and A; €
{{0},{0,1,2}} for all j € {1,...,m} such that A; # {0,1}, then

d(Ay x ... x Ap) =0.
(R2) If A; € {{0},{0,1,2}}, for all i =1,...,m, then
d(Ay x ... x Ap) = 1.

Our goal is to compute d(A; X ... x A,,) when A; € {{0},{1},{2},{0,1,2}}, for
allt=1,...,m.
As a first step we prove a generalization of rule (R1).

Lemma A.1. If there exists an index ¢ € {1,...,m} such that A; = {0,1} and
A; € {{0},{2},{0,1,2}} for all j € {1,...,m} such that A; # {0,1}, then

d(Ay x ... x Ap) =0.
Proof. We prove the statement by induction on the non-negative integer
k:=#{je{l,...,m}: A; = {2}}.

Case k = 0. If thereisno j € {1,...,m} such that A; = {2}, the thesis follows
by rule (R1).

Case k = 1. Suppose that there is exactly one index j € {1,...,m} such that
A; = {2}. Recalling the definition of A in (AJ)), it is easy to see that

Alj:{0,1,2}] = AU A[j : {0, 1}].
Then, by the additivity property of d and rule (R1), we obtain
d(A) = d(A[j : {0,1,2}]) — d(A[j : {0,1}]) =0 -0 =0.

Inductive step. Suppose that the statement holds for k. We prove it for k+ 1. Let
j€{1,...,m} be such that A; = {2}. As above, from
Alj:{0,1,2}] = AU A[j : {0,1}],

we obtain
d(A) = d(A[j : {0,1,2}]) — d(Alj : {0, 1}]).
By the inductive hypothesis, we know that
d(A[j: {0,1,2)]) =0 and d(A[j: {0,1}]) = 0

(since A[j : {0,1,2}] and A[j : {0,1}] both have exactly k indices 7 such that
A; = {2}). The thesis immediately follows. O

Now we provide a generalization of rule (R2).
Lemma A.2. If A; € {{0},{2},{0,1,2}}, foralli=1,...,m, then
d(Al X ... XAm):l



838 A. BOSCAGGIN, G. FELTRIN, AND F. ZANOLIN

Proof. We prove the statement by induction on the non-negative integer
k:=#{je{l,...,m}: A; = {2}}.

Case k = 0. If there isno j € {1,...,m} such that A; = {2}, the thesis follows

by rule (R2).

Case k = 1. Suppose that there is exactly one index j € {1,...,m} such that
A; = {2}. Recalling the definition of A in (A, it is easy to see that

Alj:{0,1,2}] = AU A[5 : {0, 1}].

Then, by the additivity property of d and rules (R1) and (R2), we obtain
d(A) = d(A[j : {0,1,2}]) = d(A[j : {0, 1}]) =1 -0 = 1.

Inductive step. Suppose that the statement holds for k. We prove it for k+ 1. Let
j€{1,...,m} be such that A; = {2}. As above, from

Alj:{0,1,2}] = AU AJj : {0,1}],
we obtain

d(A) = d(A[j : {0,1,2}]) — d(A[j : {0, 1}]).

By the inductive hypothesis, we obtain that d(A[j : {0,1,2}]) = 1 (since
Alj : {0,1,2}] has exactly k indices i such that A; = {2}). By Lemma [A]]
we have that d(A[j : {0,1}]) = 0. The thesis immediately follows. O

Finally, using the rules presented above, we obtain the final lemma.
Lemma A.3. If A; € {{0},{1},{2},{0,1,2}}, for alli=1,...,m, then
d(Ay x ... x Ap) = (—=1)#L,
where T := {i € {1,...,m}: A; = {1}}.

Proof. We prove the statement by induction on the non-negative integer k := #Z.

Case k =0. If there is noi € {1,...,m} such that A; = {1}, the thesis follows by
Lemma

Case k = 1. Suppose that there is exactly one index i € {1,...,m} such that
A; = {1}. Recalling the definition of A in (AJ)), it is easy to see that

Ali :{0,1,2}] = Afi : {0} U AU A[i : {2}].
Then, by the additivity property of d and Lemma [A.2] we obtain
d(A) = d(Ali : {0,1,2}]) — d(Ali : {0}]) — d(A[i : {2}])
=1-1-1=-1=(-1)*%.
Inductive step. Suppose that the statement holds when the set Z has k elements.

We prove it for #Z = k+ 1. Let ¢ € {1,...,m} be such that 4; = {1}. By
assumption there are k£ + 1 indices with such a property. As above, from

Ali : {0,1,2}] = Ali : {0} U AU Afi : {2}],
we obtain
d(A) =d(A[i : {0,1,2}]) — d(A[i : {0}]) — d(A]i : {2}]).

Now, all the sets A[i : {0,1,2}], A[i : {0}] and A[é : {2}] have precisely k indices j
such that A; = {1}. Then, by the inductive hypothesis, we obtain that

d(Afi : {0,1,2}]) = d(Ali : {0}]) = d(A[i : {2}]) = (-1)"
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and hence
d(A) = —(-1)F = (1) = (-7
The thesis immediately follows. |

We conclude this first part by showing how to apply this approach to obtain

formula (B4).

To any element A € A we associate an open set 24 made up of the continuous
functions w: [0,7] — R which, for all i = 1,...,m, satisfy
max, + |u(t)| <r, if A; = {0};
r < max, - [u(t)] < p, if A; = {1};
p < max,. lu(t)| < R, if A; = {2};
max; . /+ |u( )| < p,if A; ={0,1};
either max, ¢+ lu(t)] <rorp< max; e+ lu(t)] < R, if A; = {0,2};
< maxe lu(t)] < R, if A; = {1,2};
max; e /+ lu(®)| < R, if A; ={0,1,2}.
By convention, we also set Q4 = ) if there is an index ¢ € {1,...,m} such that
A; = (. In this manner the set Q4 is well defined for every A € A.
Having fixed p, A > A*, r < p < R and p > p*()\) as in Section [l we have that

the coincidence degree Dr (L — N, Q4) is well defined for every A € A. Hence
we set

d(A) = DL(L - N)\,;L,Q.A)~
Notlce that the sets Q ‘7 ,.r) introduced in @BI) are of the form Q4 for A with

= {0} forany i € {1 m}\(IUJ) A; ={0,1} forany i € Zand A; = {0,1,2}
for any ¢ € J. Snnllarly, the sets AT ‘Z ) introduced in B3) are of the form Q4
for A with A; = {0} for any i € {1,...,m}\ (ZU J), A; = {1} for any i € Z and
A;={2} forany i € J.

With these positions, the additivity property of the valuation d follows from the
additivity property of the coincidence degree. Moreover, rules (R1) and (R2) are
satisfied since they correspond to formula (3.2]). Then, all the above lemmas on
the valuation d apply and, in particular, Lemma gives precisely formula (B.4]).
This completes the proof of Theorem

A.2. Second argument. In this second part we present a different combinatorial
argument, in the same spirit of the one adopted in [2I| Lemma 4.1].

Let 7, p, R be three positive real numbers such that 0 <r<p< Randletm > 1
be an integer. Recalling the definitions of Q( TR and A(IT’:; R) given in (3] and
B3) respectively, we note that, for any pair of subset of indices Z, 7 C {1,...,m}
with ZNJ = (), we have

,J ,J
(A.2) Q(rpR) U A(TpR) UT(?"PR)’
T'CIUT
J' T
'ng’'=0
where

.J R ,J . o 7.7 ) .
Torm= U {weaflpr maxiul =rfu U{ue0p] 5 maxiul=p}.
i€ZUT i ieT B
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j I//
We notice that the union in (A2) is disjoint, since A( Ry N A(T p,R) = (), for

' #7T" or for J' # J". Moreover, we observe that the set of all the pairs (Z,J)
with Z, J C {1,...,m} such that ZN J = () has cardinality equal to 3™.

Now we are in position to present the following result.
Lemma A.4. Let Z,J C {1,...,m} be two subsets of indices (possibly empty)
such that TN J = (. Suppose that the coincidence degrees Di, (L - Ny, QIT ,;71%))
and Dy, (L — N,\W,A(Irp R)) are well defined for all T C T UJ and for all 7' C J
with T’ N J' = 0. Assume also

(A.3) Dp(L=Nayw Q70 =1, if T' =
and
(A.4) Dp(L = Ny Q7 p) =0, if T #0.
Then
(A.5) Di(L = Nay AL py) = (=1)#F
Proof. For simplicity of notation, in this proof we set

OB =Qp7 o and AP = AT

First of all, we underline that Q%% = A?? and, in view of (A.3)), we have that
(A.6) Dy (L — Ny, Q%% = D (L — Ny, A%?) = 1.

Hence the conclusion is trivially satisfied when Z = 7 = {.

Now we consider two arbitrary subsets of indices (possibly empty) such that
IUJ # 0and ZNJ = 0. We are going to prove formula (AX) by using an
inductive argument. Instead of a double induction on #Z and on #.J, it seems
more convenient to introduce the bijection

(i,j) i+ (m+1)j
from the set of couples (i,5) € {0,1,...,m}* and the integers 0 < n < m(m + 2),
in order to reduce our argument to a single induction. More precisely, we define

n=#I+(m+1)#J >1

and, for every integer k with 0 < k < n, we introduce the property &?(k) which
reads as follows:

P(k): The formula
Dp(L — Ny, ATy = (=1)#T
holds for each ' C T U J and for each J' C J such that TN J =0 and
#I'+ (m+ 1)#J' < k.
In this manner, if we are able to prove £ (n), then (A5) immediately follows.
Verification of 2(0). See (A.G).

Verification of 2(1). For I' = J' = ) the result is already proved in (AG). If
T’ ={i}, withi € ZUJ, and J’ = 0, by the additivity property of the coincidence
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degree and hypothesis [(A4]), we have

Dp(L — Ny, AT"7") = Di(L — Ny, A0
= Dr(L — Ny, QU0 \ A%9)
= Dp(L — Ny, 8% — Dp(L — Ny, A%?)
=0-1=-1=(-1)#T.
There are no other possible choices of Z' and J' with #Z' + (m+1)#J’ < 1 (since
m > 1).

Verification of Z(k — 1) = P(k), for 1 < k < n. Assuming the validity of
P(k — 1) we have that the formula is true for every 7/ C Z U J and for every
J' C J such that /N J" = 0 and #Z' + (m + 1)#J’ < k — 1. Therefore, in order
to prove L (k), we have only to check that the formula is true for any possible
choice of 7/ CZU J and J’' C J with Z/ N J’ = () and such that

(A7) #I' + (m+ )#T = k.

We distinguish two cases: either 77 = () or Z' # (). As a first instance, let Z/ = ()
and, in view of (A1), suppose J’ # 0 and #J' = k/(m + 1). By formula (A2),

097" can be written as the disjoint union

O N U I Stttk S Ay VAN [ IV SV

£cg’ £cg’
KCJ’ KT’
LNK=0 LNK=0

We observe that there is no solution of Lu = N ,u with u € 107" due to
the fact that the degree is well defined on the sets A“X. Consequently, since
#HL+ (m+1)#K <k—-1if K C J’, by (A3) and by the inductive hypothesis, we
obtain

DL(L - N)\,/VMA@’JI) = DL(L - N)\,/MQ&J/) - Z DL(L - N)\,/MALJC)

cLcg’
KcJ'
LOK=0

=1- Y (-D*E

L£cg’
KcT’
LNK=0

Now we observe that

DRSNS DD SRS

ey’ KCJT' LCT\K
Kcg’
LNK=0

due to the fact that in a finite set there are so many subsets with even cardinality
as there are with odd cardinality. Thus we conclude that

Dy (L — Ny, A»7") =1 = (—1)#T",
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As a second instance, let Z’' # (). Using (A.2), we can write Q77" as the disjoint
union

0L — U ALK YTI — ATT U ALK YT’
LCT'UT’ LCT'UT’
Nevg KcJg!
LNK=0

LNK=0
(LR)AT,T")
We observe that there is no solution of Lu = Ny ,u with u € TZ'7' | due to

the fact that the degree is well defined on the sets A“X. Consequently, since
HL+(Mm+D)H#KL<k—-1,if KC J orif K=J" and £L C 7', by (A4) and by the
inductive hypothesis, we obtain

Dy (L — Ny, AT"7")

=Dp(L—Nxy, @)= > Dp(L— Ny, ASK)
LCT'UT!
KxCcJg’
LNK=0
(LA T
=0- 3 (DF=(DF - Y ()= (P
LQI/UJ/ LQI/UJ/
KCJ’ Kcg’

LNK=0 LNK=0
(L)AT,T")

observing, as above, that

DIEILED SR DI

LCT'UT' KCJT' LCT'U(T\K)
v
LOK=0
Then & (k) is proved and the lemma follows. O

Now, since ([A) is exactly formula ([3.4]), in order to complete the proof of The-
orem we have only to check that the degrees are well defined and assumptions
(A3) and ([AF) in the above combinatorial lemma are satisfied. All these requests
are obviously guaranteed by the discussion in Section Bl and by formula (B:2)).
Then Lemma [A.4] applies and this completes the proof of Theorem
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