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Introduction

The present thesis collects some results which I have obtained in the past three
years for different nonlinear problems by means of topological methods. We start
with planar systems of equations, then we pass to planar systems of differen-
tial equations with periodic boundary conditions. The so found results will be
suitably generalized firstly to an infinite-dimensional setting and then to the
case of a finite-dimensional system of partial differential equations. We will
next focus our attention to nearly integrable Hamiltonian systems again in the
infinite-dimensional case. The thesis is concluded by some related problems
arisen independently of the main lines of our research.

The first chapter of the thesis focuses on topological degree and its applications
to some generalizations of the Poincaré-Bohl theorem for planar maps defined
over a bounded domain € in R?. A central role in the study of these kind of
problems is played by the normal cone. When € is convex and z € 0f2, the
normal cone is defined as

No(@) ={veR?*: (v,x—7) <0, forevery z € Q} .

Here, as usual, (-, -) denotes the euclidean scalar product in R?, with associated
norm ||-||. It is well known that if f satisfies an avoiding cones condition, namely

f(x) ¢ No(z), foreveryz € 00, (1)

then the equation f(z) = 0 has a solution z € (2. Its proof can be found for
example in [42,65]. Our research work focuses on the case when (2 is not convex.
In this case, we have to adopt a more general definition of normal cone like
the one provided in e.g., [91]]). Since it could well happen that the normal cone
reduces to a point for some z € 9, the avoiding cones condition at those points
T gives no restriction for f(z). Nonetheless we will show that, if the avoiding
cones condition (1) holds, the topological degree remains a positive number,
provided that 052 is sufficiently regular.

There are many other possible definitions of normal cone in the nonconvex
case (see [91, page 232] for a clarifying survey), and several theorems on the
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existence of equilibria are available (see, e.g., the review paper [65]). The main
novelty of our approach is allowing the normal cones to vanish at certain points,
still recovering the existence result at least in the planar case. More precisely
our purpose is to consider the case where (2 is an open and bounded planar set,
whose boundary 992 is a Jordan curve, f : @ — R? is a continuous function such
that 0 ¢ f(092) and provide some conditions on the behavior of the function f
at the boundary which guarantee that the Brouwer topological degree deg( f, §2)
is a positive number. It is well known that, in such a case, there will be some
z € Qsuch that f(z) =0.

Let we start with a definition

Definition. Let S C R we can define the iterated derived sets of S as
S — 5/’ Shtl) — [S(")]'.

We call S a vanishing set if, for some positive integer N, the iterated derived set S
is empty.

Here is the precise statement of our result.

Theorem 1. Assume OS2 to be a Jordan curve, piecewise graph of a continuous function.
Let v : [0,1] — R? be a continuous parametrization of ), with the property that there
are a countable number of non-overlapping intervals |a;, b;], contained in [0, 1], on the
interior of which ~y is of class C*, and S = [0, 1] \ U, |a;, b;[ is a vanishing set. If

f(x) ¢ No(z), foreveryxz € 0.
Then, deg(f,Q2) > 1.

This result is achieved by steps. In the first part we prove that the theorem is
valid when 92 is a “curved polygon”, namely a piecewise C' curve, and in this
setting we are also able to give an upper bound to the degree of f with respect
to (2; while in the second part we extend the result to the case when 9 is a
piecewise regular Jordan curve in which case we lose the upper bound on the
degree. The proof is quite peculiar since it mixes geometrical tools with an-
alytical ones. Entering into details the proof in the first case relies on Hopt's
theorem, the so called Umlaufsatz that gives the rotation index of the tangent
vector to a piecewise regular C' curve. (For the original statement and proof
made by Hopf in 1935 see e.g.[61].) The second part is based firstly on a gen-
eralization of Hopf’s Theorem to normal cones defined by Dini derivatives and
a generalization of Darboux’s theorem to Dini derivatives for continuous func-
tions. These two results are of independent interest and in particular the second
one finds an application in proving existence results for planar systems of or-
dinary differential equations with the methods of the topological degree (e.g.
[47]) as we will see in Chapter
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Darboux’s theorem states that the derivative of a C! function has the intermedi-
ate value property; we will show that the same holds true for Dini derivatives
of a continuous function.

Theorem 2. Let F' : [a,b] — R be a continuous function such that, for some 11 € R,
D*F(a) > pu> D_F(b).

Then, there is a £ € |a, b] such that
D_F(¢)>p>D¥F(¢).

As an immediate consequence of the above theorem we obtain the following
corollaries describing how the value of a Dini derivative at a point depends on
the values of Dini derivatives in a neighborhood of that point.

Corollary. Let F' : I — R be a continuous function, defined on some interval I, and
let 7y be a point of 1. Consider the set

E={rel:D"F(r)<D_F(1)}.
If 7y is a cluster point for E from the left, then

D_F(7y) > liminf DT F(7).
TTy
S

Similarly, if Ty is a cluster point for E from the right, then

Dt F (1) < limsup D_F(1).

+

TeEE
The next step consists in proving that Theorem [l remains true if S’, the derived
set of S, is finite. The same argument holds assuming that &’ is an infinite set,
with a finite number of cluster points; iterating the reasoning an arbitrary finite
number of times the proof is thus completed.

In Chapter 2] we consider the following periodic problem

o = fltxy), y=gtwy),
&) {x(O)—x(T), y(0) =y(T),

where f : R* — Rand g : R* — R are continuous functions, T-periodic in their
first variable. In this chapter we further develop the theory of lower-upper so-
lutions, concentrating on the periodic problem, by the use of topological degree
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methods. Our purpose is to give a general definition of a lower and an upper
solution with the aim of obtaining the existence of a solution to problem ().
The use of lower and upper solutions in boundary value problems goes back to
the papers of Peano [86] in 1885, Picard [87] in 1893, Scorza Dragoni [96] in 1931
and Nagumo [77] in 1937. The first results for the periodic problem were ob-
tained by Knobloch [64] in 1963. At present a huge literature on this subject has
developed, dealing with different types of boundary conditions for ordinary
and partial differential equations of elliptic or parabolic type (see, e.g., [29, 31]
and the references therein).

Let us recall the classical definition of lower /upper solutions for the periodic

problem
(P) {:B”:f(t,x),
z(0) =x(T), 2'(0)=2a(T).

In the scalar case when f : [0,7] x R — R is continuous, the C?-functions
a,f : [0,7] — R are said to be lower/upper solutions of problem (P), respec-
tively, if

a'(t) = f(talt)),  B(t) < f(t B(1)).

for every ¢t € [0, 7], and

a(0) = a(T), p(0)=p(T), a'(0)za(T), p(0)<p(T).

We say that («, 3) is a well-ordered pair of lower/upper solutions if o < . It
is well known that, when such a pair exists, problem (P) has a solution = such
thata <z < g.

When the inequality a < 3 does not hold, we say that the lower and up-
per solutions are non-well-ordered. In this case, further conditions have to be
added in order to avoid resonance with the positive eigenvalues of the differ-
ential operator —z” with T-periodic conditions (recall that 0 is an eigenvalue,
and all the other eigenvalues are positive) thus recovering existence results.
See [4], 130, 51}, 56, 59, 183]] for results in this direction.

Let us first recall the definition of lower solution given in [52]. A continu-
ously differentiable function o : R — R is said to be a lower solution for prob-
lem (*P) if it is T-periodic and the following properties hold:

(1) there exists a unique function y, : R — R such that

y<yalt) = f(talt)y) <
y>yalt) = f(talt)y) >
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(i7) yo is continuously differentiable, and
Yo (t) > g(t,a(t),ya(t)), foreveryte R;

(i17) there are two positive constants J, m such that, when |y — y,(¢)| <9,

Y <ya(t) —mlz —at)] = f(t,z,y) <d(t),
Y>yat) +mlz—alt)] = f(t,r,y) > ().

An analogous definition is provided for an upper solution 5 : R — R, and an
existence result is proved for problem () assuming a < f3, the so called well-
ordered case.

We will generalize the above definition in two directions. First of all, con-
dition (7iz) will be removed. Moreover, the function o will not need to be dif-
ferentiable on all its domain, and the function y, will be allowed to have some
discontinuity points. In proving this result we make use of Theorem 2| and its
corollary. At the same time a deeper analysis of the results in [29] leads to a
thorough insight in the study of Dini derivatives of real functions that will be
the main argument of the second appendix of the thesis. Moreover, after hav-
ing proved the existence of a solution of problem () in the well-ordered case,
we will then be able to prove an existence result also in the non-well-ordered case
(namely o £ () under some growth conditions on f and ¢ in order to avoid
resonance.

A natural application of our results is provided by the periodic problem as-
sociated with the scalar equation

(¢(ZE,))/ = h(t7 Z, fL‘/) ) 2)

which can be written in the form of problem (3), with f(¢,z,y) = ¢ '(y) and
g(t,z,y) = h(t,r,¢ ' (y)). Here, ¢ : I — J is an increasing homeomorphism
between two intervals / and J containing 0, and ¢(0) = 0. Typical examples
in the applications involve the choice ¢(v) = |v|P~?v, leading to the so-called
“scalar p-Laplacian” operator (cf. [22]), or ¢(v) = v/V/1 + v?, providing a “mean
curvature” operator (cf. [80]), or ¢(v) = v/v/1 —v?, providing a “relativistic”
operator (cf. [15]). (See [52] for a detailed discussion in this direction.) A lower
solution for the periodic problem associated with (2) is usually defined as a
continuously differentiable function « : [0,7] — R such that o/(¢) € I for every
t, with «(0) = «(T"), &/(0) > o/(T") and

(o) (t) > h(t,a(t),d'(t)), foreveryte [0,T].

We will see that our definition extends also this one, with the natural choice
Ya(t) = ¢(/(t)). Similarly for what concerns an upper solution. We remark
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moreover for our problem (*33) no monotonicity assumptions on f(t,z,y) are
made. Indeed, even in the simpler case f(t,z,y) = f(y), the inequalities in
(i) resemble some sign condition, which may be satisfied also if f is not an
increasing function.

The existence result in the well-ordered case o < 3 is based on assuming (like
in [52]]) the existence of some bounding curves, in order to control the solutions
in the phase plane. The construction of these curves can be easily carried out in
concrete examples, assuming a Nagumo-type condition (see again [52]).

The non-well-ordered case requires to add an extra technical condition on the
lower and upper solutions, namely we will assume the existence of a whole
family of bounding curves; existence that is again verified under some type of
Nagumo conditions.

The third and the fourth chapter of the thesis is focused on several existence
results for periodic solutions of ODEs both in finite-dimensional and in infinite-
dimensional settings by means of perturbation theory and degree theory, and
for PDE:s at least in the finite-dimensional case.

Chapter 3| deals with the methods of lower-upper solutions for both finite
and infinite-dimensional second order ODE.

Bebernes and Schmitt [10] generalized the scalar well-ordered case to a sys-
tem of type (P), in RY; we slightly generalize this result at the beginning of
our analysis. The first advancement we made in this direction is to prove an
existence result for a system in R" when the components of the lower/upper
solutions can be both well-ordered and non-well-ordered. In order to avoid res-
onance with the higher part of the spectrum, for simplicity we ask the function
f to be globally bounded in the non-well-ordered components (other even more
general choices can be done.

We conclude the chapter with the generalization of the previous result (un-
der suitable hypotheses) to the case of a system in an infinite-dimensional Hil-
bert space. The problem has been analyzed by Schmitt and Thompson [95] in
1975 for boundary value problems of Dirichlet type. However, when facing the
periodic problem, they needed to assume the space to be finite-dimensional.
In our work the lack of compactness is recovered by assuming the lower and
upper solutions to take their values in a Hilbert cube. Moreover, we ask the
function f to be globally bounded and completely continuous in the non-well-
ordered components. It can be seen that these assumptions resemble that of an
infinite-dimensional version of the Poincaré—Miranda Theorem as given in [68].

The study of periodic solutions for infinite-dimensional Hamiltonian sys-
tems has been already faced by several authors, see, e.g., [9, 18] 36, 45| 49]. Our
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approach does not need a Hamiltonian structure, and could be applied also
to systems with nonlinearity depending on the derivative of x, provided some
Nagumo-type condition is assumed. Such kind of systems were studied, e.g.,
in [95].

The proof of our result in the finite-dimensional case is based on construct-
ing an auxiliary problem that coincides with the given one on a sufficiently big
closed set and interpolate the given problem with a suitable one outside it. To
prove the existence of a solution of the problem, topological degree theory is
applied; the solution so found is a solution of the original problem since it ful-
fills a suitable a priori bound that guarantees that its trajectory is confined in
the region where the original problem has not been modified. In the infinite-
dimensional case one more step is needed: we have to approximate the infinite
system with a convenient finite-dimensional one, applying the theorem for the
finite-dimensional case and prove the convergence of the so found solutions to
a solution of the original problem.

In Chapter 4{ we further extent the results of the previous chapter to the PDE
counterpart in the finite-dimensional case with different boundary value prob-
lems. In particular we deal with a boundary value problem for a system of the

type

n=1,...,M.

Lu, = Fp(x,uy,...,up) in,
Bu, =0 on 0f,

In this setting, 2 is a regular bounded domain in RY, and the differential oper-
ator £ : W27(Q) — L"(Q) is of elliptic type:

(Lw)(z) == > am(x)D2,, wiz) + Z a;(2) 0y, w(z) + ag(z)w(z),

with a; € L>(Q), fori =0,..., N and ay, € C(2), @y = @y, forl,m=1,... N,
with the assumption that there exists a > 0 such that

N

> am(2)&&m > allél*,  forevery (z,) € @ x RN,

I,m=1

We may assume without loss of generality that ag > 0. We take » > N, so that
W?2r(Q) is compactly imbedded into C'(Q). The function F : Q x RM — RM
is assumed to be L" - Carathéodory; moreover, with regard to the boundary
operator B : C*(Q) — C(99), we assume that 912 is the disjoint union of two



12 CONTENTS

closed sets I';y and I'; (the cases '} = @ or I'y = @ are admitted), and take

w onl',

Bw := N
> " bi(x)0pw + bo(z)w  onTs,.
=1

Here b; € C1(092), fori = 0,..., N, and there exists b > 0 such that
bo(x) >0 and Z bi(z)vi(x) > b, foreveryz € 0.

The vector v(z) = (v1(x),...vy(z)) is the unit outer normal to 2 at x € 2. The
boundary condition on I'y is the (homogeneous) Dirichlet condition and the one
on I'y is the (non-homogeneous) regular oblique derivative condition.

We want to ensure the existence of a solution of problem (P), i.e., a function
u € W?*r(Q) satisfying the differential equation almost everywhere in  and
the boundary condition pointwise. A function with these properties is usually
called “strong solution” in the literature. This will be done by introducing the
concepts of lower and upper solutions in this setting.

For sake of simplicity we do not deal with nonlinearities depending on Vu;
nonetheless our results can be adapted to such a situation, by adding a Nagumo
type assumption. Moreover, our choice of taking the same differential operator
and boundary conditions for all components has mainly intended to simpli-
fying the exposition, even if our arguments are also suited to a more general
setting.

We will follow a semi-abstract approach like the one in [50], with the pur-
pose of highlighting the main features needed in order to obtain the existence
result. In this way, slight modifications lead to similar results for different prob-
lems. For example, differential operators of parabolic type may also be consid-
ered. Entering now for a moment into details, in this hypotheses we can deal
with the problem

{ Lu, = F(z,t,uy,...,uy) inQ,

=1,...,M.
Bu, =0 on Q) , e

where £ : W21(Q) — L"(Q) is defined as follows:

N N

Lw = Oyw — Z m (2,1)02 4, W+ Z a;(z,t)0p,w + ap(x, t)w .

l,m=1 =1
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and the boundary boundary operator B : C*°(Q) — C(dQ) defined as

([ w onIy x (0,77,
N
B = Z bi(x, )0z, w + bz, t)w onTy x [0,T7],
i=1
w — TpWw ian{O},
(| T-nw —w inQx{T}.

where
(tsw)(z,t) = w(z, t + s),

and thus having Dirichlet-periodic conditions on I';, and Robin-periodic on I's.

Concerning the problem of non-well-ordered lower and upper solutions, we
refer to [4,130,57,159,183]. An abstract approach to the theory of lower and upper
solutions has also been proposed in [1} 2]. Fewer results are known for systems.
We refer to [84, Chapter 8] for systems of elliptic or parabolic equations, where
some type of monotonicity is assumed in order to get the existence results.

In Chapter[5|we establish the existence of periodic solutions bifurcating from an
infinite-dimensional invariant torus for a nearly integrable Hamiltonian system.
The finite-dimensional case was treated in [5, 14} 24, 39, 40] by assuming the
existence of an invariant torus made of periodic solutions all sharing the same
period, under some non-degeneracy conditions. More precisely if we denote
by H(I,¢) = K(I) the Hamiltonian of a completely integrable system in R*" in
action—angle variables, we can write the corresponding system

¢ = VK(I)
—I=0.

Assume that there is a I° € R” such that
det KC"(1°) # 0 3)

and consider now the perturbed system

¢ =VK(I)+ eV, P(t, ¢, 1)
—[ =eV,P(t,p,1),

where P(-,p, 1) is T-periodic, and P(t,-,I) is 7;-periodic in ¢y, for every k =
1,..., N. Assume that there exist some integers m,, ..., my for which

TV’C([O) = (m17'1, Ce ,mNTN> . (4)
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Then, for |¢| small enough, there are at least IV +1 solutions (p(t), I(t)) satisfying
ot +T)=pt)+TVKI?), It+T)=1(), foreverytcR, (5)

and these solutions are near to some solutions of the unperturbed problem, i.e.,
briefly,
o(t) =~ p(0) +tVK(I%), I(t)=~I°

Since P(-,¢,I) also mT-periodic for every positive integer m, one could
search the so-called “subharmonic solutions” namely “periodic solutions” hav-
ing period mT, as well. We refer to [40] for a complete description of the prob-
lem, and for a more general statement.

The above result was recently extended in [41] for systems of the type

Sb = VIC([) +8V1P(t7@7[72’/)
—[':eva(t, o, 1, 2)
Ji=Az+4¢eV,P(t,p,1,2),

0 —Iy
Ing 0
is a symmetric non-resonant matrix. Assuming (3), (4) and that V P, the gradient
of P with respect to (¢, I, z), is uniformly bounded, the existence of at least N +1
solutions (p(t), I(t), z(t)) satisfying (5) and z(t +T") = z(t) was proved, when |¢|
is small enough.

where J = ( ) denotes the standard 2M x 2M symplectic matrix and A

In this thesis we will show how to extend the above results to an infinite-
dimensional setting. Let X and Z be the separable Hilbert spaces replacing
RY and R?Y, respectively. The spaces X and Z may be infinite-dimensional,
finite-dimensional, or even reduced to {0}. If X is finite-dimensional, the cases
Z = {0} and Z finite-dimensional correspond to the settings in [40] and [41],
respectively. In the case when X or Z are infinite-dimensional, we will be able
to prove the bifurcation of at least one periodic orbit from an invariant torus,
which can also be infinite-dimensional. The multiplicity problem remains open.

In proving our existence result in infinite-dimensions, we suppose all the
functions to be Lipschitz continuous on bounded sets, and the perturbing term
VP to be uniformly bounded. Moreover, we need a special structure of the
autonomous Hamiltonian function; roughly speaking, the functions involved
must be decomposable in a sequence of finite-dimensional blocks.

We conclude this chapter showing how the previous results apply to systems
where second order systems are coupled with linear ones (focusing in particular
on the case when the second order system is given by a relativistic or mean
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curvature operator) and to “superintegrable systems”. We will consider the
following kind of coupling

d
— (V®oi)=ecV,F(tux,z)
dt (6)
Ji=Az+eV,F(t,x, z).
Denoting by @ the Legendre-Fenchel transform of ®; system () can be
written as a Hamiltonian system

T =Vo*(y)
y=eV, F(t zz2)
Ji=Az+eV, F(t,x,z2).

(1= 1=l ).

The choice
P(y) =

M

7j=1

o) =3 ({115 -1).

transforms the first equation of system (f)) respectively in

and its dual, namely

—

d ‘
%L‘:svij(t,x,z), j=1,2,...
V1=l
or ,
d z;

a—.zsv@.F(t,x,z), j=12,...
V)P
The study of systems of the form
O =VK()+n*ViP(t, o, 1,2)
—I =n*V, P(t,¢,1,2)
Ji=nAz +n*V.P(t, ¢, 1,2),

with associated Hamiltonian function
H(t,p1,2) = K(I) + 3 (A, 2) + *Plt o, 1.2).

extends to an infinite-dimensional setting [41, Theorem 4.1], which was moti-
vated by the study of perturbations of superintegrable systems, cf. [75].
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The thesis is concluded by two appendices in which we deal with some spinoffs
of our research. Appendix|A|gives a characterization of the property of having
equal p-norms when p varies in some infinite set P C [1,4+00). As a result we
will prove that the above property is equivalent to the following condition:

p{z € E:|f(x)] >a}) =u({x € E:|g(x)] >a}) foralla>0.

The resulting condition resembles in some way a reverse Cavalieri’s principle
that links the volume of two solids with the areas of the corresponding parallel
sections. Recently this result has been applied to the inverse problem of recov-
ering the non-linearity for the one dimensional variable exponent p(z)-Laplace
equation from the Dirichlet-to-Neumann map (see e.g. [19]).

Appendix B|investigates some properties of Dini derivatives of arbitrary real
functions. We will show that for a continuous function f, the following theorem
holds.

Theorem 3. If f : I — R is upper well behaved, namely for every compact interval
J C [ there exists x; such that f(x;) = max f(J), then the set

Vi={xel:D_f(x)<D"f(z)}.
is totally disconnected.

The hypothesis is verified if f is continuous although other weaker assumptions
preserve this property. Quite surprisingly a function with this property did not
have to be nowhere continuous and we will construct a function f whose set
V; coincides with the entire domain, and nevertheless f is continuous on an
infinite set possibly having infinitely many cluster points. The study of this kind
of functions raises interest not only in and of itself but because it can give some
ideas and also tools to further investigate and maybe extend Theorem [1, The
proof of Theorem 3| relies deeply on the theory of continued fractions building
up a bridge with Appendix|A]since this is the main tool used by Stieltjes in 1894
(as can be seen in [98]) to build up one of the central examples.



Chapter 1

The Poincaré—Bohl theorem and the
avoiding cones condition

1.1 An historical overview

In this chapter we deal with the Poincaré-Bohl Theorem and we explore some
possible extensions and variations in the planar case. This theorem is strictly
correlated to topological degree theory, differential geometry and topology. Its
origins dates back to the pioneering work of Poincaré in 1883 when, search-
ing for particular solutions to the three-body problem, he discovered that their
existence depends on the solvability of a nonlinear system of n equations in n
unknowns. To tackle this problem he generalized the Bolzano’s Theorem in the
following way:

Theorem. Let fi, ..., f, be continuous functions of n real variables x, . .., x, , with
xie[—ai,ai] fOTﬂllizl,...,n,
and that for all i, f; is always positive for x; = a; and always negative if x; = —a;.

Then there exists &, . . ., &, such that
fil&,..., &) =0 forall i=1,... n.

This result was announced in 1883 in a note in Comptes-Rendus de 1’Aca-
démie des sciences de Paris [88] and developed in 1884 in another article in the
Bulletin Astronomique [89] although with an incomplete proof. In 1904, Piers
Bohl published on the “Journal de Crelle” [16] an article on the asymptotic be-
havior of a mechanical system in the neighborhood of an equilibrium point and
he proved several theorem on the existence of solution of systems of n equa-
tions in n unknowns defined over K = [[;_,[—a;, a;]. As a corollary he obtained
the following result:

17
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Theorem. If g : K — RY is continuous and doesn’t vanish on the domain there exist
u € OK and p < 0 such that g(u) = pu.

He also proved the analogous result for the n- dimensional ball. Another step in
this direction is the Poincaré-Miranda Theorem. The theorem stated in 1883 by
Jules Henri Poincaré (nowadays known as the Poincaré-Miranda Theorem) was
rediscovered in 1940 by Silvio Cinquini who gave an incomplete proof [25]. One
year later Carlo Miranda proved the equivalence of this theorem with Brouwer
fixed point theorem [74]. For a very complete and detailed historical account on
this topic see for example [69]. Recently Alessandro Fonda and Paolo Gidoni in
[42] have proved a variant of the Poincaré-Bohl theorem assuming an “avoid-
ing cones” hypothesis obtaining a generalization of the Poincaré-Bohl theorem
for convex domains or more generally to domains that are diffeomorphic to a
convex set in RV,

In this chapter we focus on the planar case dropping the convexity hypoth-
esis. To achieve this goal we have to adopt a more general definition of normal
cone like the one in e.g., [91]:

No(Z) = {v eRY: limsupM < O}.

zeN

This is the polar of the Bouligand cone (also named contingent cone). It has
been called reqular normal cone in [91} def. 6.3]. Since it could well happen that
Nao(z) = {0} for some z € 91, the avoiding cones condition at those points
gives no restriction for f(z). As a first step in Section |1.2|we treat the case when
the boundary of (2 is a “curved polygon” namely a piecewise C' curve. One
of the most important tools in Section [1.3|is the Hopf’s Theorem (the so called
Umlaufsatz). This result is highly important, linking the notion of curvature
and Euler characteristic, and it was proved in 1935 for curved polygons (see e.g.
[61]). In the same section we obtain a generalization of the Darboux Theorem
and the Umlaufsatz to Dini derivatives. | We conclude giving a generalization
of the Poincaré-Bohl theorem in that framework completing the analysis made
in [42].

Let us explain our main results, first introducing some notation. Since 02 is
a Jordan curve, there is a continuous function v : [0, 1] — R?, whose restriction
to [0, 1[ is injective, with v(0) = (1) and ~([0, 1]) = 0. Let us start assuming
that 0€) is a piecewise reqular Jordan curve. By this we mean that there are

O=aqy<a1 < - <a1<a,=1,

IThese two simple results seem not to be present in literature.
% P
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such that, for every j = 1,2,...,n, if we look at the function v; : [a;_1,a;] — R?,
restriction of + to the closed interval [a;_1, a ], this function is of class C*, and
v(s) # 0 for every s € [a;_1, a;]. Then, writing

v (ay) =~5a), () =a(as),

it may be that v’_(a;) # 7'.(a;). Among these, there could be inward and out-
ward corner points (see Section|1.2|for a precise definition). Let us denote by N,
the number of inward corner points (or cusps).

We will first prove the following result.

Theorem 1.1.1. Assume 052 to be a piecewise regular Jordan curve, and that
f(x) ¢ No(z), foreveryz € 0. (1.1)
Then, 1 < deg(f,Q2) < N, + 1.

As we already said, at certain points a; it may happen that No(a;) = {0}, in
which case f(a;) has no cone to avoid. Let us illustrate this with an example.
Using complex notation, we consider the function f : C — C defined as f(z) =
z%. As for the set ©, if we took the disk centered at the origin with radius 1,
condition would be violated at the point (1,0). So, we modify the disk in
a small neighborhood of that point, by creating an inner corner, as in Figure 1.
Now condition is satisfied, and Theorem tells us that 1 < deg(f,92) <
2 (of course, we all know that deg(f,€2) = 2 in this case).

0.5

Figure 1.1: Local deformation of the boundary.

The proof of Theorem is provided in the next section. An important tool
will be Hopf’s Theorem (the so-called Umlaufsatz), adapted to our situation.
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The extension of Theorem to sets having an infinite number of corners
is discussed in Section where we focus our attention on sets whose bound-
ary is piecewise the graph of a continuous function. This difficult task is not
fully achieved here, since we eventually need to assume some additional reg-
ularity of the boundary. However, in view of some striking examples of sets
whose boundary is locally the graph of nowhere differentiable functions (see,
e.g., the one in [34]), we expect that further generalizations would require a
much deeper insight in the theory of continuous functions (we will return on
this argument in Appendix[B). As expected, in this framework we lose the up-
per estimate on the degree, and finally only prove that deg(f,2) > 1.

Nevertheless, with the aim of extending Theorem we will provide in
Section a generalization of Hopf’s Theorem to some cases where the curve
bounding the set (2 is not regular, and in Section an extension of Darboux
Theorem involving the Dini derivatives. These results could also have an inde-
pendent interest.

The existence of equilibria of functions defined on sets in abstract spaces
with very irregular boundaries has been investigated in [13} 27, 28], typically in
situations when the associated topologically degree is equal to 1.

Let us end this introduction by saying that Theorem and its extension in
Section [1.3| could be generalized assuming the vector field f(x) to avoid some
more general upper semicontinuous multivalued map having closed convex
values.

1.2 Proof of Theorem(1.1.1

Following the usual habit, we assume that v : [0,1] — R? parametrizes 91 in
the counter-clockwise direction. Also, without loss of generality, we may ask that
7(0) = ¥(1) is a regular point, i.e., that 4’ (0) = 7"_(1), and that v" (a;) # 7' (q;),
for j =1,2,...,n — 1. Moreover, for simplicity we may also assume that vy is an
arc-length parametrization.

1.2.1 The angular function

Denoting by P(R) the collection of all subsets of R, we define a multivalued
function w : [0, 1] — P(R), the so-called angular function, as follows.

In the open intervals |a;_1, a;[, the function will be single-valued, hence we
can write

tw(s)

v'(s) =€ when s €la;_1,a;], (1.2)
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(recall that ||7/(s)|| = 1) while at the points a;, corresponding to corners or cusps,
w(a;) will be a closed interval [o;, 5;]. Moreover, the multivalued function w :
[0,1] — P(R) will be upper semicontinuous (cf. [Z, page 41]). We now enter into
details.

Since we have assumed that 7(0) is a regular point, we define w(0) to be
single-valued, such that ¢ = 4’ (0) and w(0) € [0,2n[. Then, the function
w(s) is uniquely defined on [0, a,[, by continuity, asking that holds, and it
is single-valued there.

Let us explain how w(s) is defined on [a1,as[. Since 7' (a1) # 7', (a1), it is
easily seen that we have the following alternative: either

(i) there is an ¢ > 0 such that y(a;) + A\y_(a1) ¢ Q, for every A €]0,¢[,

in which case we say thaty’_(a;) “points outward”, so that v(a, ) is an “outward
corner point”, or

(ii) there is an € > 0 such that y(a;) + \y"_(a1) € Q, for every A €]0,¢[,

in which case we say that 7’ (a;) “points inward”, so that y(a;) is an “inward
corner point”.

Figure 1.2: Inward and outward corner points for a curved polygon.

In case 7' (ay) points outward, let

a; = lim w(s). (1.3)

s—>a1

Such a limit exists and is finite, since (s) = 71(s) on [0, a;] and 7; : [0, a1] — R?
is of class C!, with ||} (s)|| = 1 for every s € [0,a;]. Moreover, ¢’ = ' (a;).
Let 81 €lai, a1 + 7| be such that €' = v/ (a;), and define w(a;) = [ay, B1].
Now there is a unique way to define w(s) on Ja, as[, in such a way that
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holds, preserving the upper semicontinuity of the multivalued function w on
the whole interval [0, a5[. Notice that it has to be

b1 = lim+ w(s). (1.4)

In case 7’ (ay) points inward, let instead

f1 = lim w(s), (1.5)

SHCLl

so that € = 7' (a;), and let oy € [, — , 1] be such that e’ = 4/ (a;). De-
fine w(a;) = [, f1], and extend w(s) on |a;, as[, in such a way that holds,
preserving the upper semicontinuity on the whole interval [0, ay[. In this case,
it has to be

a; = lim w(s). (1.6)

S*}CLT
The definition of w(as) is analogous to that of w(a;), and we can continue
recursively, thus defining w(s) on [a;_1, a,[, for every j = 1,2,...,n. When we
arrive at the last interval, we define w(1) just by continuity: w(1) = lim_,;- w(s).

Figure 1.3: The avoiding cones condition for the set 2. Notice that in C' the normal
cone reduces to {0} so there is no restriction for f in this point.
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The following lemma will be crucial in the proof of Theorem m

Lemma 1.2.1. One has that
w(l) = w(0) +27.

Proof The function w : [0,1] — P(R) defined above is upper semicontinuous
and, since 7(0) = (1) is a regular point, there must exist an integer N for which
w(l) = w(0) + 2w N. If there are no singular points, i.e. if n = 1, we can apply
Hopf’s Theorem [61], stating that for any simple closed C'-curve v in the plane
ithastobe N = 1.

Let us now assume n > 2. We will approximate the curve v with a C'-curve
¥ : [0,1] — R?, by smoothing the angles. We will thus correspondingly obtain
an approximation of the multivalued function w by a continuous single-valued
function w : [0, 1] — R.

Let us explain how 7 is defined, assuming for simplicity n = 2, i.e., that a, is
the only point of discontinuity of 7’. Recalling that w is upper semicontinuous
and w(a;) = [a1, B1], for any € € ]0, 2| there is a § > 0 such that

s€lay —0,a1 +0] = dist(w(s), a1, 51]) <e.

(Here and in the following, dist(.A, B) = inf{||lx — y|| : = € A,y € B}.) Take §
small enough, and consider the rectangle I; = [a; — 0,a; + 0] X [a; — €, 1 + €].
We want the function @ to coincide with w on [0, a; — 6] U [a; + 0, 1], while in the
interval [a; — 4, a; + §] we will construct a C*-function whose graph is contained
in I; and smoothly glues the endpoints (a; — 9, w(a; —9)) and (a3 + 6, w(ar +9)).

Let B(y(a1),r) be the open planar disk centered at v(a;) with a small radius
r > 0, so small that its boundary is crossed only twice by the curve v. This
choice is possible since there surely are # > 0 and § > 0 such that, if r €]0, 7]
and dist(y(s),y(a1)) = r for some s €la; — §,a; + [, then 7'(s) is transver-
sal to dB(y(a;),r). Moreover, there is a £ > 0 such that, if |[s — a;| > 6, then
dist(y(s),v(a1)) > &. It will then be sufficient to choose r < min{7, }. With this
choice of r > 0, there will be an “entrance point” A = y(a) and an “exit point”
B = ~(b). Notice that a < a; < b, and b — a can be made arbitrarily small, by
reducing the radius .

Consider the segment AB joining A and B, and take the straight line £,
parallel to AB, at a small distance ¢ > 0 from it, lying between the segment
itself and the center of the ball y(a;). Let A’ and B’ be the intersections of £ with
the lines

La={v(a)+ty(a):teR} and Lp={y(b)+ty'(b):t € R},



24 1. The Poincaré-Bohl theorem and the avoiding cones condition

Figure 1.4: The case of a cusp.

respectively. Let A” and B” be the points on the segment A’'B’ such that AA’
and A’ A" have the same length, as well as for for BB’ and B'B”. Taking ¢ small
enough, the vector from A” to B” will have the same direction of the vector
from A to B. Consider the circular arc C44~, starting at A, arriving at A”, and
tangent to both £ and £4. Similarly, consider the circular arc Cgp», starting at
B, arriving at B”, and tangent to both £ and L£z. The curve ¥ will be defined
as follows (see Figure 2): 7(s) coincides with v(s) for s < q, i.e., until it reaches
the point A; then, it follows the circular arc C44~ until A”; at this point, it goes
straight to B”, thus remaining on the line £; then, it follows the circular arc Cpp~
until B, where it rejoins the curve v. (Notice that, since we must be careful to
parametrize 7 in such a way that §(b) = B, this curve will be regular but not
necessarily parametrized by arc-length any more.) Finally, 7(s) coincides with
v(s) for s > b.

In the above construction, the constants r ¢, § and ¢ can be chosen to be
arbitrarily small. Moreover, the angle function w : [0, 1] — R, defined by

Y'(s) s

- =e
17" (s)l ’

with ©(0) = w(0), is monotone as s varies in [a, b], and continuous. These facts

guarantee that

dist(W(s),w(s)) <m+2e <2r, foreverys e [0,1].

By Hopf’s Theorem, w(1) = w(0)+ 27, hence also w(1) = w(0)+2m, thus finishing
the proof. O
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Figure 1.5: An example of angle-smoothing

1.2.2 The avoiding cones condition

We consider the restriction of our function f : Q — R? to the boundary of Q.
More precisely, let us define the new function

g=fovy:[0,1] = R*\ {0}.

Passing to polar coordinates, in complex notation, we can write

g(s) = p(s)e™,

for some continuous functions p : R —]0,+oco[ and ¢ : R — R. Since v(0) =
7(1), the number (1) differs from ¢(0) by an integer multiple of 27, and

e(1) — ¢(0)
27 '

It will be useful to consider the multivalued function © : [0,1] — P(R)
defined as

deg(f,Q) =

g, if s = a; and 7’ (a;) points inward,
O(s) =

w(s) — 37+ 27Z, otherwise.

We can thus introduce an auxiliary cone Ng(7(s)), made of the origin and the
union of all the half-lines starting from the origin determined by the angles in
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O(s). Precisely,

0}, ifs=a;and ' (a;) points inward,
Ni(r(s)) = { o j and 7 {a;) points i 17
{ae” :a>0,0 € O(s)}, otherwise.
In the sequel we will often use without further mention the elementary prop-
erties of this kind of cones, like e.g. being closed sets, translation invariant
and rotation equivariant. Notice also that neither N (v(s)) nor Ng((s)) can be
larger than a half-plane.

Lemma 1.2.2. The cones Nqo(v(s)) and N&(v(s)) coincide. Therefore, the avoiding
cones condition (1.1)) is equivalent to

o(s) ¢ O(s), foreverys e [0,1].
Proof We analyze several different situations.

If s # a; for every j = 1,2,...,n — 1, the boundary of 2 is smooth at (s),
hence Nq(7(s)) is just a single half-line, orthogonal to 7/(s), with angle w(s)— 1.

2
It thus coincides with N (v(s)).

Assume that s = a; and that 7’ (a;) points inward, so that ©(a;) = @ and
Ng(v(s)) = {0}. We want to prove that N (v(a;)) = {0}, as well. Let us translate
v(a;) to the origin and rotate the reference system of axes in such a way that
the two straight lines passing through it determined by 4’ (a;) and 7/ (a;) are
symmetric with respect to the vertical axis and, roughly speaking, the set 2
locally stays below its boundary. More precisely, if these two lines coincide,
in which case we have an inner cusp, they will be equal to {(z;,22) : 1 =
0}, otherwise, the first one will have a positive slope m, and the second one
a negative slope —m. We may also assume, in both cases, that there are two
constants 7 > 0 and p > 0 such that

{(x1,23) : w2 < p|z1|} N B(0,7) €, foreveryr €l0,7].
Let v = (v, v2) be a vector with ||v|| = 1. We distinguish three cases.

Case 1: v3 < p|vy|. Then, choosing = = Lv, we have that

r
2

(v, 2)

[E.

Case 2: vy > pfvy| and v; > 0. Here we choose © = (¢, ue), with € > 0 small
enough, and we have that

(o) n
Vg . 1.8
Il = i (18)

Case 3: vy > plv1] and v; < 0. We then take x = (—¢, ue), with € > 0 small
enough, and we have (1.8) again.
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We have thus shown, in all the three cases, that v ¢ N(0). Since it cannot
contain any unitary vector v, the cone Nq(0) is reduced to {0}.

Assume now that s = a; and that 7’ (a;) points outward. In this case,
w(a;) = [aj, B;], so that O(a;) = [a; — 17, B; — in] + 27Z. As above, we translate
v(a;) to the origin and take a reference system of axes so that the two straight
lines passing through the origin determined by 7’ (a;) and 7/, (a,) are symmet-
ric with respect to the vertical axis. If they coincide (in which case o;; = 7/2 and
B; = 3m/2 mod 27), we have an outer cusp, and they will be equal to {(z1, z2) :
x1 = 0}; otherwise, the first one will have a negative slope —m, and the second
one a positive slope m (in this case, a; = 7 — arctan(m) and 5; = © + arctan(m)
mod 27). We want to prove that, in the first case, N(0) = {(z1,22) : 2 > 0}
while, in the second case, N (0) = {(z1,22) : #5 > +|z[}. This will imply that
NQ(O) = N5(0>

Let us consider the case of an outer cusp. We first prove the following inclu-
sion {(z1,22) : 3 > 0} C N(0). Let v be a vector in {(z1,22) : z3 > 0}, and let
m, > 0 be such that v € {(z1,22) : z2 > my|z1|}. Thereis a 7 > 0 such that

QN B(0,r) C {(ml,xg) Xy < _ 2z |x1|} , foreveryr €]0,7].
m,
Therefore, for any r € |0, 7| and every x € QN B(0,r)\{0}, one has that (v, z) <0,
showing that v € Nq(0). Since Ng(0) is closed (cf. [91, Proposition 6.5]), we
conclude that {(z1,x2) : o > 0} C Ny(0).

To prove the opposite inclusion, let v = (v, v2) be such that v, < 0. There
exist ¢, > 0 and /i, > 0 such that, for every nonzero vector = = (z1,z,) with
xo < —[iy|z1], one has

(v, 2)
|

> c, . (1.9)

Now, there is a 7, > 0 such that
QN B(0,r) C{(z1,22) : x2 < —[iy |21]} , foreveryr €]0,7,].

Therefore, for any r €]0,7,] and every z € QN B(0,r) \ {0}, one has that
holds, showing that v ¢ Nq(0).

Assume now that 7’_(a;) points outward, but is not a cusp. Let us first prove
the inclusion {(z1,z2) : 72 > L |z1]} C N(0). Let v be a vector in {(z1, z2) : 25 >
+|z1]}, and let m), €]0,m[ be such that v € {(x1,22) : 22 > =-|z1|}. Thereis a
7 > 0 such that ’

QN B(0,r) C{(x1,22) : xa < —mi |z1|} , foreveryr €]0,7].
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Therefore, for any r €10, 7] and every x € QN B(0,r) \ {0}, one has that (v, z) <
0, showing that v € Nu(0). Since Ny(0) is a closed cone, we conclude that

{(21,29) s 29 > x|} € No(0).

Let us now prove the opposite inclusion. Let v = (v1,v2) ¢ {(21,22) : x2 >
%]xﬂ}, and let i, > m be such that v ¢ {(z1,23) : 23 > M%|x1|} Thereisa 7 > 0
such that

{(z1,22) 1 22 < —pip |21]} N B(0,7) C Q, foreveryr €]0,7].
Assume v; > 0, and hence v, < ivl. Then, taking x = (6, —p,0), for any
sufficiently small § > 0 we have that z € 2, and
(v, x) 1

el = i ) >0,

showing that v ¢ Nq(0). The case v; < 0 is analogous.

The proof of the lemma is thus completed. O

1.2.3 Conclusion of the proof

Recalling that (0) is a regular point and that, by Lemma[1.2.2]
¢(0) ¢ w(0) — 37+ 27Z,

there is a K € Z such that

w(0) — im + 27K < p(0) < w(0) — i + 2m(K +1). (1.10)
Then, by continuity and Lemma it has to be that
o(s) > w(s) — im+2rK, forevery s € [0,a4]. (1.11)

(Notice that w(s) is single-valued in [0, a; [, and in each interval Ja;_1, a;[.) When
we arrive at s = a;, we have two possibilities: either v’ (a;) points outward, or
it points inward. If it points outward, then

plar) € O(a1) = w(ar) — 37+ 2nZ = [, 1] — 37 + 27Z. (1.12)

By (1.11) and (1.3), we know that
p(a) = lim @(s) > lim w(s) — 37+ 27K = @y — 37 + 27K,

8—)0,1 8—)0,1

hence, by (1.12) and (1.4), it has to be
plar) > 1 — 37+ 27K = lim w(s) — 7 + 27K .

S—}[l‘l‘—
Consequently, if s > a; and s is sufficiently near a;, then ¢(s) > w(s) — 37 +
2n K. This inequality will persist, by continuity and Lemma for every

s €lay, ag.
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On the other hand, if 7’ (a;) points inward, there is no cone to avoid. How-

ever, by (L.11), (1.5) and (1.6),
¢lar) = lim @(s) > lim w(s) — 37 + 20K = — 57 + 21K >

S*)al S*)al

>y — 3w+ 27K = lim w(s) — 37+ 27K .

S—)(ll

Hence, by the same argument as above, we will have that ¢(s) > w(s) — 37 +
21K, for every s € ]ay, as|.

Iterating this process, we have that

o(s) > w(s) — im+ 21K, foreverys e U laj_1,a;],
j=1

and finally, by continuity, Lemma|l1.2.1jand (1.10),
e(1) > w(l) — 37+ 27K = w(0) — 37 + 27 (K + 1) > ¢(0).
Since ¢(1) — ¢(0) is an integer multiple of 27, we then deduce that
p(1) = ¢(0) = 2m,

i.e., that deg(f,Q) > 1.

In order to show that deg(f,€2) < N, + 1, let us go back to [0, a,[. Arguing as
above, by (1.10) we have that

o(s) <w(s)+ 3r+ 27K, foreveryse [0,ay.
If 4" (a1) points outward,
olar) < oy + 37+ 21K, (1.13)

and we see that, if s > a; and s is sufficiently near a;, then ¢(s) < w(s) + 37 +
27K, and this inequality will persist for every s € |a;, asf.

Now, if 7”_(a;) points outward for every j, we would have

o(s) <w(s)+3m+ 27K, foreveryse U laj_1,a,],
j=1

and, by Lemmal|l.2.1jand (1.10),
o(1) <w(l) + 2r+ 27K = w(0) + 37 + 27 (K + 1) < ¢(0) + 4.
Then, ¢(1) — ¢(0) < 27, so that deg(f,2) < 1.
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On the other hand, if 4’ (a;) points inward, there is no control like (1.13),
and it could be as well that

a1+%7r+27rK<go(a1)<61+%7T+27TK,

giving an increase of 1 in the final computation of the degree. Clearly, the same
could happen for any of the N, inward corner points.

The proof of Theorem is thus completed. O

1.3 An extension of Theorem 1.1.1

The aim of this section is to extend Theorem to the case when 0f2 is piece-
wise the graph of a continuous function. However, this difficult task will not be
completely achieved, and we will eventually need to assume some additional
regularity on that set. Moreover, as may be expected, in this framework we will
lose the upper estimate on the degree, and finally only prove that deg(f,2) > 1.

Let us start by giving a precise definition of what we mean by “piecewise

graph of a continuous function”. As usual, 0§} is a Jordan curve parametrized
by a continuous function v : [0, 1] — R?, in counter-clockwise direction.

Definition 1.3.1. We say that 02 is piecewise the graph of a continuous function
if there are
O=ap< a1 <+ <Qp_1 <Qpy=1,
such that, writing p, = v(ax),
the closed polygonal curve I' = popy - - - p, has no self-intersections ;

moreover, denoting by vy, the outer normal to the segment py_1py, joining the two points
pr—1 and py, for every k = 1,2,...,m there are hy, > 0 and a continuous function
Gk Pi—1Pk — [—hg, hi] such that, defining the rectangles

Ry = Dr—1pk + [P, hae] vk
we have that

QN Ry ={p+yv: p € Peoibr,y € [“hi, 9(P)[ }
0N Ry ={p+yvi : p € Dri-iPr ¥ = gi(p)} -

Notice that the polygonal curve I', being a piecewise regular Jordan curve,
can be parametrized by a piecewise regular function 4 : [0, 1] — R? such that
yr(ag) = v(ag), for every k = 1,2,...,m. Then, there is an associated angular
function wy : [0,1] — P(R), defined precisely as in Section [1.2| (to simplify the
exposition, we may assume that 71-(0) is a regular point for I', i.e., that y1.(0) =
71(1)). Notice that there are no cusps for I', and that wr(1) = wr(0) + 27, by
Lemma[1.2.1]
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2.9
v ()

'7/7(tl+1>7(ti 1)

Figure 1.6: The parametrization of the boundary of ) in the case of a piecewise regular
Jordan curve.

Let us now introduce the concept of “vanishing set”. Given a set S, we
denote by S’ the derived set of S, i.e., the set of cluster points of S.

Definition 1.3.2. Looking at the iterated derived sets
S — S, Shtl) — [S(")]',

we call S a vanishing set if, for some positive integer N, the iterated derived set SIV)
is empty.

We will prove the following extension of Theorem [1.1.1}

Theorem 1.3.3. Assume OS2 to be a Jordan curve, piecewise graph of a continuous
function. Let v : [0, 1] — R? be a continuous parametrization of 92, with the property
that there are a countable number of non-overlapping intervals [a;,b;], contained in
[0, 1], on the interior of which ~ is of class C', and S = [0, 1]\ U, |a;, b;| is a vanishing
set. If the avoiding cones condition holds, then deg(f,§2) > 1.

The proof will be carried out in the next four subsections. We will first need
to extend Hopf’s Theorem in this new setting, and to characterize the normal
cones with the new angular function, similarly as in Lemma We will then
make a small detour to provide us with some useful properties of the Dini
derivatives (which could also have some independent interest). The proof of
Theorem will then be given first assuming the number of intervals [a;, b;]
to be finite, and finally in its general form.
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1.3.1 An extension of Hopf’s Theorem

We need to define the angular function w : [0,1] — P(R) in the case when 012 is
piecewise the graph of a continuous function. This will eventually lead us to an
extension of Hopf’s Theorem.

So, take some = € 02, and assume first that © = 7(s) for some s € ]ay_1, ax|.
After a roto-translation Sy, in which the segment p,—1p;, becomes horizontal,
of the type [cx,di] x {0}, we have a corresponding continuous function Fj, :
[ck, di] — R, whose graph is the transformation of the graph of g, by Si, and
Si(2) locally “stays below” this graph. More precisely, we can write S, = 7T o
Ry, where T}, is a translation and Ry, is the rotation around the origin with angle

~ ag—1+a
B = = (B0

(Notice that wr is constant on |ay_1, x| .) The interval [cy, di] has the same length
as the segment p;_1py, and we will have that

Sk(v(s)) = (t(s), Fi(t(s)))

with ¢(s) €|cg, di[ continuously determined by s € |a;_1, a[ through the for-
mula

Moreover, t(ag_1) = dy, t(ax) = cx, and
Fi(t(s)) = [Sk o g 0 S, '] (t(5), 0).

To simplify the notation, we will now write F' instead of F}, and ¢ instead of
t(s). We consider the four Dini derivatives

D f(x) = timint LETPZI@ gy iy SO 2 @),
h=07 h h—s0+ h

D_f(&) = minf LEEWZI@) e gy gy LR = /@)
h—0— h B0 h

Let

[,,(t) = {(l’l,fﬂg) € R2 T S 0, To = D,F(t) $1},
LT(t) ={(z1,20) ER*: 2y <0, 2y = DYF(t) 11},
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where it is implicitly assumed that

D_F(t)=-c0 = L_(t)={0} x[0,+o0],
D F(t)=+cc = L_(t)={0}x]—00,0],
DYF(t)=—o00 = LT(t)={0} x[0,+oc],
DYF(t) =400 = L) ={0}x]—00,0]

Let 6_(t), 6 (t) be the two real numbers in [%, 7] such that, in complex notation,
L_(t)={ac®™ O . a>01, L£t)={a® D :a>0}.

(Notice that, whenever the right and left derivatives exist and are finite, the case
6_(t) < 67 (t) corresponds to an inward corner point, while the case 6_(t) >
6" (t) corresponds to an outward corner point.) We thus define

where
a(s) =07 (t(s)) —0F,  Bls) = 0-(t(s)) — OF, (1.14)
with the convention that [a, b] = [b, a] when b < a.

Now we look at the cases when s = a;, for some k£ = 1,2,...,m. At these
points, the limits from the left have to be made with one reference function,
while those from the right concern a different one. For example, looking at s =
ar, the angle 67 (t(ax)) must be defined through the function Fy, : [cx, d] — R,
with t(a;) = ¢, while 0_(t(a)) is defined using Fji1 : [ck1, drt1] — R, with
t(ax) = djy1. Once this is done, the definition of w(ay) is

where ) )
alag) = 07 (t(a) —0f,  Blar) = 0_(t(ar)) — 65, (1.15)

with the usual convention for [a, b] when b < a.

Having defined the multivalued function w : [0,1] — P(R), we can now
state an analogue of Hopf’s Theorem.

Theorem 1.3.4. Assume that 0S) is piecewise the graph of a continuous function. Then,

w(1l) = w(0) + 2.
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Figure 1.7: The avoiding cones condition for the set 2 in a point x of the boundary of
Q.

Proof We know that wr(1) = wr(0) + 27 and, for every s € [0, 1],
o B ewr(s) = Jod-pF<m.

Moreover, recalling the assumption that 012 is piecewise the graph of a contin-
uous function,

s €lag—1,ar] = dist(wr(s),w(s)) <

| X

The conclusion easily follows. O

1.3.2 A characterization of normal cones

We now give a characterization of normal cones, similarly as in Section
when 0} is piecewise the graph of a continuous function. It will be useful to
consider the following multivalued function © : [0,1] — P(R). Recalling how
we have defined w(s) = [a(s), B(s)], we set

{ J, if a(s) > B(s),

o(s) = 1 .
w(s) —sm+21Z, ifa(s) < B(s).
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We can thus introduce an auxiliary cone Ng((s)), made of the origin and the
union of all the half-lines starting from the origin determined by the angles in

O(s), as in (1.7).

Lemma 1.3.5. The cones Nqo(v(s)) and N§(v(s)) coincide. Therefore, the avoiding
cones condition (1.1)) is equivalent to

©o(s) ¢ O(s), foreverys e [0,1].
Proof We fix s € [0,1] and assume first that s € |ax_1, ax[, for some k. After
operating the roto-translation S;, we can assume that the segment p;_1p;, coin-
cides with [y, di] x {0}. Moreover, without loss of generality, we can assume
that ¢, < 0 < dj, and that S(v(s)) coincides with the origin.

Let a(s) > B(s), so that ©(s) = & and Ng(v(s)) = {0}. We want to prove
that No(v(s)) = {0}, as well. In this case, there are two real constants i > v
such that, for every 1 < i and every v > 7, the half-lines

O =A{(z,m) sar 20,z = pmn}, 4 = {(z1,22) 121 S0, 23 = vy}

intersect the set ) infinitely many times in every small neighborhood of the
origin. Hence, for every v € R?\ {0}, itis possible to find a vector x with ||z| = 1
on one of such half-lines for which (v, z) = § > 0. Hence, there is a sequence of
points (x,,), of Q \ {0} on this half-line such that z,, — 0 and (v, z,) = d||x,]|
Therefore, if v # 0, then v & No(y(s)).

Assume now that «(s) = (s), so that w(s) is single-valued and Ng(7(s)) is
a half-line. For every ¢ > 0 there are two sectors S; C S5, with the following
properties. First of all, both sectors are symmetrical with respect to Ng(7(s)).
The sector S5 has angular amplitude equal to 7™ + 2¢, and there is a 7 > 0 such
that S5 N B(0,r) contains 2 N B(0,r), for every r €]0,7[. The sector S5 has
angular amplitude equal to 7 — 2¢, and every half-line of this sector intersects
the set () infinitely many times in every small neighborhood of the origin.

Let v # 0 be a vector not belonging to the half-line N(v(s)). Then, taking
e > 0 small enough, it is possible to find a half-line in S and a point z on it,
with with ||z|| = 1, for which (v,z) = 6 > 0. Then, there is a sequence of points
(n)n of 2\ {0} on this half-line such that z,, — 0 and (v, z,,) = ||z, ]|, showing
that v & No(7(s)). We have thus proved that No(v(s)) € Ng(v(s)).

On the other hand, let v € Nj(7(s)) be a vector with norm |[v|| = 1. For
every ¢ > 0, there is a 7 > 0 such that, for every z € Q N B(0,7), being = € S5,

one has (0.2)
v, x 7r
L <L - — . 1.1
2 _cos<2 5) (1.16)
Since ¢ is arbitrary, this shows that v € Nq(v(s)), and since No(7(s)) is a cone,
we have proved that Ng(v(s)) € Na(v(s)).



36 1. The Poincaré-Bohl theorem and the avoiding cones condition

Finally, let a(s) < 3(s). In this case, O(s) = [a(s) — 17, B(s) — in] + 27Z, and

Ng(7(s)) is a cone whose angular amplitude is «(s) = 5(s)—a(s). We distinguish
two subcases.
Case 1: «(s) < m. For every € €0, 3(m — u(s))[ there are two sectors S§ C S5,
symmetrical with respect to N3(7(s)). The sector S5 has angular amplitude
equal to m—¢(s)+2¢, and thereis a7 > 0 such that SN B(0, r) contains QN B(0,r),
for every r €]0,7]. The sector S5 has angular amplitude equal to 7 — ¢(s) — 2¢,
and every half-line of this sector intersects the set ) infinitely many times in
every small neighborhood of the origin. The proof now is the same as the one
seen above in the case a(s) = 3(s).

Case 2: (s) = m. In this case, N(7(s)) is the half-plane {(z1,25) : 22 > 0}. For
every ¢ > (0 there is a sector S°, symmetrical with respect to the vertical axis,
having angular amplitude equal to 2¢, and there is a ¥ > 0 such that S* N B(0,r)
contains 2 N B(0, ), for every r €]0,7[. Let v = (vy, v2) be a vector with ||v|| =
1 and v, > 0. Then, for every sufficiently small ¢ > 0, taking r €]0,7[, we
see that, for every z € QN B(0,r), being z € S¢, the inequality holds
true. Since ¢ is arbitrary, this shows that v € Ng(7(s)). We have thus proved
that No(7(s)) contains the open set {(z,x2) : 2 > 0}. Being a closed cone, it
contains {(z1,z2) : xy > 0}, hence Nj(v(s)) € Na(7(s)). Then, equality must
hold, since Nq(7(s)) cannot be larger than a half-plane.

In the case when s = a;, for some k£ € {0,1,...,m}, the proof is essentially
the same, in view of (1.15), taking care of distinguishing the behaviour to the
left from the one to the right. We avoid the details, for briefness. O

1.3.3 A generalized version of Darboux’s Theorem

In the following theorem and related corollary, we provide some important
properties of the Dini derivatives, in the spirit of Darboux’s Theorem.

Theorem 1.3.6. Let I : [a, b] — R be a continuous function such that, for some u € R,
D*F(a) > pu> D_F(b). (1.17)
Then, there is a £ € |a, b] such that
D_F(§) = n= D*F(S).

Proof By Weierstrass Theorem, the function F'(t) = F(t) — ut has a maximum
in [a,b]. By (1.17), a maximum point £ must be in |a,b[. Then, D_F(§) > 0 >
DT F(¢), and since

D_F(§)=D_F(¢)—p, D'FE)=DF()—p,

the result follows. OJ
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The following corollary will play an important role in the proof of Theo-

rem[1.3.3l

Corollary 1.3.7. Let F' : I — R be a continuous function, defined on some interval I,
and let 1y be a point of 1. Consider the set

E={rel:D"F(r)<D_F(1)}.
If 1y is a cluster point for E from the left, then

D_F(r) > liminf DTF(7). (1.18)
T=Ty
TEE

Similarly, if Ty is a cluster point for E from the right, then

DY F(1) < limsup D_F(1). (1.19)

+

TeER

Proof Letus prove (1.18). Assume by contradiction that the opposite inequality
holds. Then, we can find a § > 0 and a real number y such that [ry — J,79] C
and

DYF(r)>u> D_F(m), foreveryr € [1o—4,10[NE. (1.20)

Fix 7 € [1p — 6, 79| NE. By Theorem there is a £ €]7, 79[ such that
D F(€) > > D*F(¢).

Then, we see that { € £ and, by (1.20), it should be D" F'(§) > p, a contradiction.
The proof of (1.19) is analogous. O

1.3.4 The proof of Theorem1.3.3|
The proof will be divided in three steps.

Step 1. First, we assume that the number of intervals [a;, b;] is finite. Hence,
besides assuming that 02 is piecewise the graph of a continuous function, we
also ask that there are

O=ap<n < - <ap1<a,=1,
such that, for every j = 1,2,...,n, the restriction of v to the open interval

Jaj_1,a,[ is of class C', and 7/(s) # 0 for every s €la;_1,a;[. Notice that, in
this setting, the limits lim_ . + 7/(s) do not have to exist.
J
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In the following, for simplicity, we will ask that v(0) = ~(1) is a regular
point, i.e., that 7/, (0) = 7’ (1). Let us start by assuming that each point q; is
contained in the interior of some |ay_1, G| .

We consider the function g = f o~ : [0,1] — R?\ {0} and, extending it by
1-periodicity, we write ‘

g(s) = p(s)e™,
for some continuous functions p : R —]0, +oc[and ¢ : R — R.

Being ©(0) ¢ ©(0), let K € Z be such that
B(0) + 27K < ¢(0) + 37 < a(0) + 2n(K +1). (1.21)

(Here, since w(0) is single-valued, a(0) = 3(0).) By continuity and Lemma[1.3.5,
it has to be that

o(s) +3m > B(s) +2rK, foreverys e [0,a].

We know that a; €]ag_1,ax[, for some k € {1,2,...,m}. We consider the
corresponding function ¢ :|ax_1, ax| — |ck, di[, and set 7y = t(a1). Then, recall-
ing (1.14), there exists some ¢ > 0 for which

ot (1)) + %71’ >0_(1) — é{f +2rK, forevery T €m0+ 0.

Then, by (1.19), recalling (1.14)) again,

vlar) + %71’ = lim sup gp(t_l(T)) +
T*)TJ

> limsup 0_(7) — 08 + 27K

+

> 0" (1) — OF + 27K = a(ay) + 27K . (1.22)

1
271'

(Here the set E plays no role.) We have two possibilities.
Case 1: D_Fy(19) > D" Fy(79). Then, by Lemma and (1.22), it has to be that

o(ar) + 5m > Blay) + 27K . (1.23)

Case 2: D_Fy (1) < DT Fy(79). Then, a(ay) > [(aq), and from (1.22) we get (1.23)
again.

On the other hand, by (1.14) and (1.18),

B(ay) = 0_ (7o) — 0% > liminf 6* (1) — O .

TﬁTO
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(Even here the set I/ plays no role.) So, by (1.23), there are a sufficiently small
¢ > 0 and a strictly increasing sequence (7, ),, such that lim,, 7,, = 7y and, setting

Sn =17 (T), by (1.14),

olar) + 37 —e > 07 (7,) — Ok + 27K = a(s,) + 21K = B(s,) + 27K .

(Here a(s,,) = (sn), being v of class C! on Jay, as[.) Since s, — a1, by continuity,
for n large enough,
©(sn) + 37 > B(s,) + 27K .

Hence, by Lemma and the continuity of ¢ and § on Jay, as|,
©(s) + 37 > B(s) + 27K, forevery s € lai, as|.
Iterating this procedure on each interval |a;_1, a;], we thus prove that
¢(s) +3m > B(s) + 27K, foreverys €la;_1,a;.

By continuity and Theorem recalling that w(1) is single-valued and using
also (1.21)),

e(1) +im > B(1) + 27K = a(1) + 27K = a(0) + 27(K + 1) > ¢(0) + i7.
Since (1) — ¢(0) is an integer multiple of 27, we then deduce that

(1) = ¢(0) > 27,

and the proof is completed. In the case when some a; coincides with some ay,
the proof is easily adapted, in view of the definition given in (1.15), taking care
of the different functions involved when approaching a; from the left and from
the right.

Step 2. As a second step, we now assume that there are a countable number of
non-overlapping intervals [a;, b;|, contained in [0, 1], on the interior of which v
is of class C', and that the singular set

S=10,1\ {Jlaj, b
=0
has a finite number of cluster points a] < a, < --- < dly.

Keeping the same notations as above, for simplicity we ask that v(0) = (1)
be a regular point, and we first assume that each point @}, d, . . . , @y is contained
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in the interior of some |ay_1, a;|. Let K € Z be such that (1.2I) holds. Then, by
induction, using the result proved in Step 1, we see that

o(s) +3m > B(s) +2rK, foreverys € [0,a[.

We know that @} € ]ag_1,ax[, for some k € {1,2,...,m}. We consider the corre-
sponding function ¢ : |a,—1, ax[ — |ck, di[, and set 7§ = t(a}). Using (1.19), we see
like in that (a}) + 37 > a(a}) + 27K (here the set E plays no role). We
now have two possibilities.

Case 1: D_Fj(1;) > D" Fy,(7(). Then, by Lemma(l.3.5] it has to be that
p(a)) + i > B(d)) + 27K . (1.24)
Case 2: D_Fj (7)) < D*Fy(75). Then, a(a}) > B(a}), and we get again.
Now, using (1.18), there is a strictly decreasing sequence (s, ),, such that
li£n sp=ay, als,) < B(sn), hgl a(s,) < B(d)).
(In this case, the set F plays a crucial role.) By (1.24), taking ¢ > 0 small enough,
p(a)) + 3m—e > afs,) + 27K,

for every sufficiently large n. Being O(s,) = [a(s,), 8(s,)] — 27 + 27Z, with
a(s,) < B(s,), by Lemma we have that

o(ay) + 37— e > B(s,) + 27K,
so that, by continuity, for n large enough,
©(sn) + 37 > B(s,) + 27K .
We can now use the argument at the end of Step 1 to show that
©(s) +3m > f(s) +2rK, forevery s € a}, asyl.
Iterating this procedure, we easily conclude the proof. The case when some d/;

coincides with some @y, is treated similarly, as already observed above.

Step 3. We have thus shown that the topological degree is a positive number
if §’, the derived set of S, is finite. We can now repeat the argument in Step 2
assuming that S’ is an infinite set, with a finite number of cluster points. And
this procedure can be carried on an arbitrary finite number of times. Since we
have assumed that S is a vanishing set, we will eventually reach an iterated
derived set having only a finite number of points. The proof is then completed
using once again the argument in Step 2. O



Chapter 2

Well-ordered and non-well-ordered
lower and upper solutions for
periodic planar systems

2.1 Introduction

The method of lower and upper solutions for scalar second order differential
equations of the type

2" = g(t,z, 2"

can be dated back to the pioneering papers by Picard [87], Scorza Dragoni [96]]
and Nagumo [77], dealing with separated boundary conditions. Its full exten-
sion to the periodic problem is due to Knobloch [64]. Further extensions to par-
tial differential equations of elliptic or parabolic type have also been proposed,
and there is nowadays a huge literature on this subject. For a rather complete
historical and bibliographical account, we refer to the book [29].

Recently Fonda and Toader [52], extended the main idea in the definition of
lower and upper solutions to planar systems of ordinary differential equations,
with the aim of finding bounded solutions through the method of Wazewski [103]].
As a by-product, the theorem of Massera [66] provided also the existence of pe-
riodic solutions. It is the aim of this chapter to further develop this theory, con-
centrating on the periodic problem, by the use of topological degree methods.

We consider the periodic problem

o= ftzy), ¥ =gtzy),
(P) {x(o>:x<T), y(0) = (1),

41
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where f : R® — Rand g : R® — R are continuous functions, T-periodic in
their first variable. Our purpose is to give a general definition of a lower and
an upper solution with the aim of obtaining the existence of a solution to prob-
lem (P).

In the first part we introduce our main definitions and provide some re-
marks and preliminaries needed in the sequel. In the second part we prove an
existence result in the well-ordered case a < 3, assuming (like in [52]) the ex-
istence of some bounding curves, in order to control the solutions in the phase
plane. The construction of these curves can be easily carried out in concrete
examples, assuming a Nagumo-type condition (see [52] or Lemma [2.4.2]below).

The next step is to extend the result dealing with the non-well-ordered case.
Here we need to ask an extra technical condition on the lower and upper solu-
tions; it remains an open question if it could possibly be avoided. Moreover, we
assume the existence of a whole family of bounding curves. This assumption is
again verified under some type of Nagumo conditions.

We conclude presenting some variants of our main theorems and discuss on
the possibility of further extending the theory to higher dimensional systems.

2.2 Main definitions and preliminaries

For any function v : R — R we use the notation

v(t7) = lim v(t), v(tt) = lim v(t).

t—T1— t—7t

Definition 2.2.1. A continuous function o : R — R is said to be a lower solution for
problem (P) if it is T-periodic and there exist a T-periodic function y, : R — R and a
finite number of points 0 = 79 < 7y < --- < 7, = T such that the following properties
hold:

1. the restriction of o [resp. y,] to each open interval |1,_1, 7,[, with k € {1,...,n},
is continuously differentiable [resp. differentiable];

2. /(1) and yo () exist in R for every k € {1,...,n}, with

o(ry) <a(nf) and ya(r) < wal7); (2.1)
3. foreveryt € Up_y |1, Tk[,

y<walt) = flt,alt).y) i (), (2.2)

{y>ya(t) = [t at),y)
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and
Ya(t) > g(t, a(t), ya(?)) - (2.3)

Definition 2.2.2. A continuous function 5 : R — R is said to be an upper solution
for problem (P) if it is T-periodic and there exist a T-periodic function yz : R — R
and a finite number of points 0 = 70 < 7 < --- < 1, = T such that the following
properties hold:

1. the restriction of 5 [resp. yg] to each open interval |1,_1, 7i,[, with k € {1,...,n},
is continuously differentiable [resp. differentiable];

2. B'(7iF) and y5 (1) exist in R for every k € {1,...,n}, with
B(m) z B (m) and  ys(7) = ys(7)) s (24)

3. foreveryt € Ul_, |m_1, Tk,

y<ys(t) = f(t,8(1),y) <pB(), 2.5)
y>ys(t) = f(t,B(t),y) >F(t),
and
In what follows, when dealing with a couple («, ) of a lower and an upper
solution, we will assume, without loss of generality, that the points {7, 7,..., 7, }

provided in the previous definitions are the same, both for a and 3. Moreover,
since we are dealing with T-periodic functions, it is worth defining the sets

J={t=mn+T|ke{l,...,n}, €L}, Z:=R\J.

Therefore, (2.1), hold with 7, replaced by any 7 € 7, and (2.2), (2.3), 2.5),
hold for every ¢ € .

Remark 2.2.3. When dealing with the periodic problem associated with the scalar equa-
tion

(¢(ZE,))/ = h(t, z, fL‘/) ) (2.7)
the usual definitions of lower/upper solutions are contained in the above ones, tak-
ing f(t,x,y) = ¢~'(y), g(t,x,y) = h(t,x,¢7(y)), and defining y.(t) = ¢(’(t)),
ys(t) = o(F'(t)). Indeed, the conditions a(0) = «(T), (0) = B(T) permit to con-
tinuously extend the functions o, 5 : [0,7] — R to the whole real line R, and the
conditions o/ (0) > o/(T'), 8'(0) < B/(T) are included in (2.1), 2.4). The possibility of
having some discontinuity points 7, can be useful in the applications, e.g., when taking
as a lower solution the maximum of two or more smooth lower solutions, and as an
upper solution the minimum of two or more smooth upper solutions.
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From we have that
a(t) = f(t,alt),ya(t)), foreveryteZ, (2.8)

and y,(t) is the only value for which this identity holds. Similarly, from (2.5) we
have

B'(t) = f(t,B(t),ys(t)), foreveryte, (2.9)
and yz(t) is uniquely defined on 7 by this identity.

It is well known in the case of scalar second order equations that if a function
is at the same time a lower and an upper solution, then it is a solution. Let us
write the analogous statement in our situation.

Proposition 2.2.4. Let x : R — R be at the same time a lower and an upper solution
for problem (P). Then, there exists a function y : R — R such that (x,y) is a solution
of problem (P).

Proof. Denote by v, and y3 the functions provided by Definitions[2.2.1jand [2.2.2|
taking + = avand x = f3, respectively. From (2.8) and (2.9) we deduce that

() = f(t,z(t),ya(t)) and y.(t) =ys(t), foreveryteX.

Then, from (2.T) and (2.4) we first see that 2/(7,, ) = 2/(7;"), thus implying that z :
R — Ris continuously differentiable; moreover, on one hand we have y, (7, ) <
Yo (1), and on the other hand

Ya(7) = ys(7c) 2 s(7) = vl
showing that y,,(77°) = ys(7;") for every k. We can thus define

Mﬂ—{%@% ifter,

(), ifte T,

a continuous function.

Since = : R — R is continuously differentiable, y : R — Rand f : R® - R
are continuous, from we deduce that 2/(t) = f(¢,z(t), y(t)) for every ¢t € R.
Moreover, by and we get y/(t) = g(t,z(t),y(t)) for every t € Z; since
y: R — Rand g : R® — R are continuous, we first see that y : R — R is
continuously differentiable, and then also that y/'(t) = g¢(t, z(t),y(t)) for every
t € R, thus completing the proof. O

We will need the following estimates involving our lower and upper solu-
tions, where we adopt the usual definition of the Dini derivatives:

D, F(ty) = liminf F(t) = F(to) D*F(ty) = limsup E(t) = Fito) .

?
ttg t—to t—tE t—to
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Proposition 2.2.5. If « is a lower solution for problem (P), then

D1ya(7) > g(1,0(7),ya(77)), foreveryr € J .

If 3 is an upper solution for problem (P), then

D¥ys(r) < g(r.B(r),ys(r+)), foreveryT € J.

Proof. Let us fix k and consider the restrictions of the functions y, and yz to the
interval |7y, T441], redefining the two functions at the extremes in such a way
to make them continuous. Then, since both y, and yz are differentiable in the
interval |7y, 741[, by [43] Corollary 3.7] we have

D_ya(ris1) = liminf D* g (£) = lim in g/, (1

t—)'r,H_1 t—>7’k+1
Z lim 17Df g(ta Oé(t), ya(t)) = g(Tk-I-l? Oé(Tk+1), yCY(Tk;-l)) )
t%TkJrl
and
Dt yg(mi) < limsup D_yg(t) = limsup yj(t)
t—>7',:' t—rr,j'
< limsup g(t, (1), ys()) = 9(70, B(78), ys (7)) -

t—1,

Similarly, we have

D ya(mi) > liminf D™yq(t) = liminf y,(t)

t~>7’,C t*)Tk

> lim iEfg(t, a(t), ya(t)) = g(, (k) ya(73))

t—1,
and
D™ yp(Thy1) < limsup Dyyp(t) = limsup yjp(t)
t—>7'k_+1 t—>7'k_+1
< limsup g(t, B(t), ys(t)) = 9(Tat1, B(Tht1), ¥a(Toi1)) »
t~>T1;+1
thus ending the proof. O

2.3 Well-ordered lower and upper solutions

We will say that («, 3) is a well-ordered couple of lower/upper solutions of
problem (P) if o and 3 are respectively a lower and an upper solution of prob-
lem (P), and «(t) < p(t) for every t € R. The following result generalizes that
part of [52, Theorem 2.5] concerning the existence of periodic solutions.
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Theorem 2.3.1. Assume the existence of a well-ordered couple (c, 3) of lower/upper
solutions of problem (P). Set A = min«a and B = max (3, with A < B. Let there exist
two continuously differentiable functions vy : [A, B] — R such that, for every t € R
and x € [a(t), 5(t)],

V- () < min{ya(t7), ys(t")} < max{ya(t"), ys(t)} < 74 (),
and
gt v,y (z)) < f(t, 2,7 (2)7_(2) (2.10)
9t v,y () > f(t 2,74 ()7 (2) - (2.11)

Then there exists at least one solution of problem (P) such that
a(t) <w(t) <B(t) and v (x(t)) <y(t) <y (z(1),
for every t € R.

Some remarks are in order.

1) We will discuss in Section 2.5/ on the possibility of reversing the inequalities
in (2.10) and (2.11).

2) We will provide in Lemma some Nagumo-type conditions which guar-
antee the existence of the curves ...

3) The assumption A < B is inessential, since if A = B we have that o = j,
hence by Proposition we immediately get a solution.

2.3.1 Proof of Theorem
2.3.1.1 An auxiliary problem

Let @ : R? — R? be defined as
O(t, z,y) = (f(t,2,9),9(t,2,9)) -
Fix D > 0 such that
—D <v_(x) <v4(xr) <D, foreveryz € [A, B].
Define

o/l = max [o’ ()], [|#]lc = max [5'(t5)], (2.12)

te0,T] te[0,7]

= max [t (), ve(e@) pe = max [£(E B(), 7 (BE))]

te[0,T
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choose

and

My > max{pu, pa, 0 [[oc, 1 5]l0} (2.13)

MY > ||7/i||ooMX (214)

We interpolate the vector field (¢, z,y) on {A <z < B, v_(z) <y < v4(2)}
with a constant vector field on {A < z < B, |y| > D}. Precisely, we define
P:Rx[A B xR— R*as

)

(M, My), ify > D,

(1,7 0) + 5 (M My) = (e, 740,
if v, () <y <D,
(tx,y) = O(t,z,y), if 7_(z) <y < v4(x),
B(t.,7-(0)) = 5 (=M= My) = 0, 2,7-(2))),
if —D<y<n~y(2),
| (—Mx,—My), ify<-D.

We will write (Ab(t, x,y) = (f(t, x,y),q(t, x, y))

and

By the use of the auxiliary functions

p, ifs <,
C(s;pv)=4qs, ifpu<s<v,

v, ifs>v,

s—pu, ifs<upy,
e(sip,v) = s —((s5p,v) = 10, if p<s<v,

s—v, ifs>v,

we define, for every (¢, z,y) € R?,

ft,x,y) Zf(t, (s at), B(t)), ¢(y; =D, D)) +e(y;—D, D),
g(t, 2, y) Iﬁ(t, (s a(t), B(t)), ¢(y; =D, D)) +e(z;a(t), B(1))
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so to introduce the modified problem

(ﬁ) {x/:i(tax7y)7 yl :_g(taxay)v
2(0) ==(T), y(0) =y(T).

We will write ®(¢, z,y) = (f(t,z,y),4(t, z,y)). In the space
Cy = {vel’([0,T],R?*) : v(0) = v(T)}
we introduce the open set
V={uel)|(tu(t) eV foreveryte[0,T]}, (2.15)
where, see Figure
V={(tz,y) eR’|a(t) <z < B(1), 7-(2) <y < 74(2)}.
Our aim is to prove that there exists a solution u = (z, y) of problem (P) belong-

ing to V. Since f = fand § = g on the set V, then u will solve also (P).

2.3.1.2 No solutions of (P) outside V

We show that all the solutions u = (x, y) of system (P) are such that (¢, u(t)) € V,
for every ¢t € R.

Let us start proving a preliminary lemma.

Lemma 2.3.2. For every t € Z, the following inequalities hold:

Ji(t,x,y) <ad(t), ifex<alt)andy < y.(t), (2.16)
ft,zy) > (1), ife<alt)andy > y.(t); '
flt,ay) <p(0), ifx>B(t)andy < ys(t), 217)
f(t,z,y) > p'(t), ifx>p(t)andy > ys(t); '

9(t,2,y5(t) > y(t), if x> B(t).

Moreover, for every T € J,

{g(t,x, ya(t)) < y(ll(t) ) lfl’ < Oé(t) ) (218)

(2.19)

{gw,ya(ri)) < Diya(r), ifx <alr),
G(r,2,y5(1%)) > D¥ys(r), if x> B(r).
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Proof. Let us prove the first inequality in (2.16). Suppose t € Z, v < «(t) and
Y < Yo (t). We have that

flt,z,y) = f(t, (s a(t), B(t)), ¢(y; =D, D)) +e(y;—D, D)
= f(t,a(t), ¢(y; —D,D)) +e(y;—D, D).

We need to consider three different cases.
Case 1. If v_(a(t)) <y < ya(t), then

f(ta,y) = ft.alt),y) = f(talt),y) < o/(¢).
Case 2. If —D <y < vy_(a(t)), then

ft,z,y) = f(t.a),y)

()
= ft.at)v-(a®) - L2 ap a4 (ath)
)

D +7-(a(t))
< St a(t),v-(alt)) < o'(t).
Case 3. If y < —D then, by (2.13),

ft,zy)=f(t,at),—D)+y+D=—-Mxy+y+D < —Mx <(t).

Hence, the first inequality in (2.16) is proved. The second one can be proved
analogously, as well as the inequalities in (2.17).

We now prove the first inequality of (2.18). Let x < a(t). Since —D <
7-(a(t)) < ya(t) < 7e(a(t)) < D, we have

3(t,0a(8)) = (¢, C(a:0(0). B1)) . € (va(t): =D, D)) + e(as a(t), B(1)
= §(t, a(t), ya(t)) + 2 —a(t)
< §(t, a(t), ya(t))
= g(t,a(t ) o(t) < ya(t).
The second inequality in (2.18) follows analogously, and a similar computation
proves the ones in 2.19. O

Let us define the sets
Ayw ={(t,2,y) € R [z < a(t), y > ya(tT)},
Asw = {(t,2,y) € R’ |z < a(t), y <yalt7)},
Ave = {(t,z,y) e R’ |z > B(t), y > ys(t7)},
Asp ={(t,z,y) €R® |z > B(t), y < ys(t")}

(see Figure 2.1).
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Figure 2.1: A sketch of the section at a fixed time ¢ of the regions where to study

the dynamics of v’ = &(t,u). Notice that the vertical lines = = o, z = f and the
horizontal lines y = y,, ¥ = yg move in time, while the curves v, are fixed.

Lemma 2.3.3. For every solution uw = (z,y) of

= f(t,z,y), y =gt xy), (2.20)
the following assertions hold true:

(to,u(to)) € Anw = (t,u(t)) € Anw forevery t < to,
(to,u(to)) € Asp = (t,u(t)) € Asg for every t < ty,
(to,u(to)) € Ane = (t,u(t)) € Ang for every t > to,
(to, u(to)) € Asw = (t,u(t))

9

€ Agw forevery t >ty .

)

Proof. We will prove only the validity of the first assertion, since the others fol-
low similarly. We argue by contradiction and assume the existence of ¢; < %,
and of a solution u = (z,y) of such that (¢,u(t)) = (¢, z(t),y(t)) € Ayw for
every ¢ € |ty, to] and (t1,u(t1)) = (t1, z(t1),y(t1)) € dAnw, where (see Figure2.2)

OANw ={(t,z,y) R’ |z =a(t), y > ya(t)}
U{(t,z,y) eR* |z < alt), yalt™) < yt) <wal(th)}. (2.21)
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VAN

(to, z(t0), y(to)) 1€

Figure 2.2: A sketch of the boundary of the set Ay . It consists of a wall x =
a(t), a floor y = y,(t") and a possible step y,(t7) < y < yo(t*). For simplicity,
the function y, is drawn as being piecewise constant.

Without loss of generality we can assume the existence of 6 > 0 such that J¢1,¢;+
8] C Z. We define G(t) = x(t)—«a(t), forevery t € [t1,t1+0]. We have G(t;+6) < 0
and, from (2.16)),

G'(t) = a'(t) — /(1) = f(t,2(t), y(t) — /(t) > 0,

for every ¢t €lt;,t; + d]. Hence, G(¢t;) < 0. We conclude that z(t) < «a(t) for
every t € [t1,%o]. So, being x(t;) < a(ty), recalling (2.21), we necessarily have
ya(tl_) < y<t1) < ya(tf—)'

If y(t1) = y.(t]), then the function H(t) = y(t) — y.(t") is continuous in the
interval [ty,%o] with H(¢;) = 0 and H(t) > 0 for all ¢t €]t;,%y]. Recalling that

z(t) < a(t) forall ¢ € [t 1], by (2.18) or (2.19) we have
DTH(t:) = y'(t1) — D1ya(t1) = gt 2(t1), ya(t)) — D1ya(ts) <0,

leading again to a contradiction.
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The case y,(t7) < y(t1) < ya(t]) could arise only if t; € J. However, such a
situation is not possible, indeed we would have the existence of § > 0 such that
H(t) < 0 for every t € (t1,t1 + ¢) which gives a contradiction, since we have
assumed (¢, u(t)) € Ayw for every t €]ty tol. O

We have thus proved that the sets Ayy, Agg are invariant in the past, while
the sets Axg, Asw are invariant in the future. We also define the sets

Ay ={(t,z,y) eR* |z < alt), ya(t™) <y < ya(th)},
Ap={(t,z,y) eR® |z > B(t), ys(tT) <y < wys(t™)},

(see Figure[2.1)).

Lemma 2.3.4. If u = (x,y) is a solution of (2.20) such that (to,u(ty)) € Aw , then
there exists > 0 such that

tE]to—a,to[ = (t,u(t)) € Avw ,

t €lto,to+0] = (t,u(t)) € Asw .
Similarly, if u = (x,y) is a solution of (2.20) such that (to,u(ty)) € Ag, then there
exists § > 0 such that

te ]to — 5, to[ = (t,u(t)) € Asg ,

telto,to+d6[ = (tut)) € Ang.
Proof. We give the proof of the first part of the statement, the second one being

similar. Let u = (x,y) be a solution of (2.20) such that (¢, u(tg)) € Aw. If
y(to) = ya(ts) then, defining as above the function H (t) = y(t) — ya(tT),

DT H(ty) = y/(to) — D1+yalto) = G(to, 2(to), yalty)) — Diyalto) <0,
using (2.18) or (2.19). So, there exists 6 > 0 such that y(t) < y.(t") = yo(t7) and
z(t) < a(t) for every t € Jto, to + I].

On the other hand, if y.(t;) < y(to) < ya(tl), then ty € J and the strict
inequalities y(ty) < va(tg) and z(ty) < a(ty) provide the same conclusion as
before by a continuity argument.

We now give the proof for ¢t < to. If y(ty) = ya(t, ) then

D™ H(to) = y'(to) — D-ya(to) = g(to, 2(t0), ya(ty)) — D_ya(to
Yo

)
and we get the existence of 6 > 0 such that y(t) > y,(t7) = yo(t") and z(t) <
a(t), for every t €]ty — 6, to[. On the other hand, if y. () < y(to) < ya(ts), we
reach the same conclusion, by continuity. O

<0,
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Lemma 2.3.5. Ifu = (x,y) is a solution of (P), then
a(t) <wx(t) < B(t), foreveryteR. (2.22)

Proof. Suppose that there exists a solution u = (z,y) of (P) such that z(ty) <
a(ty) for a certain tq € [0,T]. If (to,u(ts)) € Anw, then, from Lemma we
have that (¢,u(t)) € Ayw for every t € R. Moreover, from (2.16) we get

teT = (r—a)(t)=f(t,z(t),yt)—(t) >0,
a contradiction, since x — « is a periodic function.

The same reasoning can be adopted if (to, u(ty)) € Asw. Finally, if (¢o, u(to))
belongs to Ay, Lemma brings us to the previous contradicting situations.

A similar argument can be adopted in order to show that there are no solu-

tions u = (x,y) of (P) such that maxjy r(x — 3) > 0. O
Lemma 2.3.6. If u = (x,y) is a solution of (P), then
v_(x(t)) < y(t) < y4(x(t)), foreveryteR. (2.23)

Proof. We already know from Lemma that any solution of (P) is such that
a(t) < z(t) < B(t) for every t € [0,7]. We claim that |y(t)| < D, for every
t € [0, 7). Indeed, if the function y has minimum at ¢ = ¢,, such thaty(¢,,) < —D,
then we would have

a contradiction. Similarly, maxy 7y < D must hold.
We now define the periodic function F_(t) = y(t) — v_(x(t)). Let s,, € [0, 7]

such that F_(s,,) = minjg 7 F_. If F_(s,,) < 0, we get the following contradic-
tion:

= (B (s 2(5).Y(0)). (7 (@(5)). )
(12 =) =YY Fas o (el (o (a(s
= (1= e S (s, (o) - el (7 (el )

V- (2(sm)) — y(sm) :
PRI (M, My), (=7 (2(50)), 1)) < 0,
where we have used both and (2.14). So, min 7 F~ > 0. Similarly we can
prove that maxy ) Fy < 0, where F\ (t) = y(t) — v4+(«(t)), thus concluding the
proof. O
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2.3.1.3 A topological degree argument

We define the operators

£:CL Y, .C(z):(z)

where C. = {v € C'([0,T],R?) : v(0) = v(T)} and

vana e(o-(is) e

So, a solution u(t) = (I(t; ) of problem (P) corresponds to a solution of

y(t
Lu—Nu=0. (2.25)

In the previous section we have found the a priori bound V for all the pos-
sible solutions of problem (P). In order to apply the degree theory we need to
consider an open ball B containing V. By the above arguments, we can deduce
that if u solves (2.25), then u ¢ 9Bg, so that the coincidence degree dL(L—/\N/ , Br)

is well defined. We refer to [70] for more details on this topic.
Since (2.22) and (2.23) hold, we can rewrite system (2.20) as

o =y+ptay), Y=z+qtzy),
where
plt.a,y) = F(1:C(@alt), B(1) , C(y:=D, D)) = (5 =D, D).
q(t,z,y) = §/<t, ((z:a(t),8(1)) , C(y: =D, D)) — ((za(t), B(1)) |
are bounded functions. We now introduce the functions
Falt,u) = Falt, z,y) = (y +Ap(t, x,y), © + Aq(t, y)>,

and the problems

u = Fa(t,u),
(@) {u(()) = u(T).

We define the Nemytskii operator related to the family of problem (@) as

(Myu)(t) = Falt, ult)),
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Since the function (p,q) : [0,7] x R? — R? is bounded, by a classical argument
we can find a sufficiently large R > 0, such that, for every A € [0,1], all the
periodic solutions of ((),) satisfy
lullse = sup [2°(t) + 4 ()] < R
t€[0,T]

Since for A = 0 we have an autonomous linear problem ruled by the function
G(u) = G(z,y) = (y,z), by [23, Lemma 1] we can conclude that

de(L— N, Bg) = de(L — My, Bg) = de(L — Mo, Bg) = deg(G, Br) = —1,
where deg(G, Br) denotes the Brouwer degree of the function G on the ball By =
{(z,y) € R* | 22 + y* < R?} and Bg is the set of continuous functions having
image in Br. We have so found a solution of problem (P) belonging to the set

Br. However, such a solution belongs indeed to the a priori bound V, and so it
is also a solution of problem (P), thus concluding the proof of Theorem 2.3.1]

2.3.2 An important consequence of the proof

We first recall the definition of the open set
V={ueCl|(tu(t) €V foreveryt e [0,7T]}, (2.26)
where
V={(t,z.y) eR*|a(t) <z < B(t), 7-(z) <y < 7+(2)}.
Let us introduce the Nemytskii operator related to problem (P) as
v w()o- ()
Corollary 2.3.7. Under the assumptions of Theorem if there are no solutions

of (P) in 0V, then
de(L—N,V)=-1.

Proof. Since ® = ® on V, and so V' = A on V, the additional assumption per-
mits us to evaluate the coincidence degree also on the set V. Recalling that all

the solutions of problem (P) satisfy the a priori bounds (2.22) and (2.23)), by the
excision property we have

—1=de(L—N,Br) =de(L—N,V)=de(L—N, V),
and the proof is completed. O

Remark 2.3.8. The set V introduced in depends on the well-ordered couple (c, [5)
of lower/upper solutions of problem (P) and the functions v given in the assumptions
of Theorem In the following section, we will denote this set by V(«, 3, v+ ) when
we need to underline such a dependence.
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2.4 Non-well-ordered lower and upper solutions

We still consider the periodic problem

(P) {x/:i(tax7y)7 yl :_g(t,ﬁ,y),
2(0) ==(T), y(0) =y(T),

where f : R* = Rand g : R* — R are continuous functions, T-periodic in their
first variable.

We will say that («, 8) is a non-well-ordered couple of lower/upper solu-
tions of problem (P) if « and /3 are respectively a lower and an upper solution
of problem (P), such that there exists #, € [0, T satisfying

a(to) > B(to) - (2.27)
Let us set

a(t) == min{a(t), B(t)},  b(t) := max{a(t), 5(t)},
A:=mina, B :=maxb.
Notice that A < B, by (2.27).

Let us introduce our assumptions.

(H1) There is a continuous function x : R — [0, +occ[ and a constant M > 0 such
that

x(y) (1 +|z), for every (t,z,y) € R?, (2.28)
M(1+ly|), for every (¢,z,y) € R®. (2.29)

(H2) There exist two continuous functions v+ : [A4, B] x [1,4+00[— R, continu-
ously differentiable with respect to the first variable, such that

lim ~vi(z;\) = +o0, uniformly with respect to x € [A, B],

A—400
and
g(t, v (2; X)) < [tz y— (2 M)7 (230, (2.30)
g(t @, v (@ N) > [tz v (2 2)Y (25 A) (2.31)

foreveryt € R,z € [a(t),b(t)] and A € [1,+o0|. (Here we denote by v, the
derivative with respect to the first variable.)
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Theorem 2.4.1. Assume the existence of a non-well-ordered couple (o, B) of lower/up
per solutions of problem (P) with the additional property that there exists a constant
¢ > 0 such that, for every k € {1,...,n},

y<—¢ = flmaln)y) <a(n), 2.32
{yzé = [ a(r)y) > (7)), e
y<—¢ = fm b)) < B, 2.33
{yzé = [ B ), y) > B'(7) - o

If (H1) and (H2) hold, there exists at least one solution of problem (P) such that, for
some tq,ty € [0,T], one has x(t1) < a(ty) and x(ty) > B(t2).

This theorem extends some classical results for scalar second order differen-
tial equations of the type (2.7). We will show below two examples of applica-
tions. Conditions (H1) and (H2) will be necessary in order to avoid resonance
phenomena, and to obtain a priori bounds. Notice that and imply a
weaker form of (2.32) and (2.33), i.e., with only weak inequalities. It remains an
open problem if these additional assumptions can be omitted.

We will discuss in Section [2.5|on the possibility of reversing the inequalities
in (2.30) and (2.31). Concerning the existence of the functions ~., let us prove
the following lemma.

Lemma 2.4.2. Let the following assumptions hold:

(G1) there are a constant d > 0 and two continuous functions f : [d, +oo[ — R and
f- ] — oo, —d] — R such that

y>d = f(t,z,y) > fi(y) >0,
yg_d = f(t7x7y)§

forevery (t,z) € [0,T] x [A, B];
(G2) there is a positive continuous function ¢ : [0, +o00[ — R such that

gtz )l < @(lyl),  forevery (t,z,y) € [0,T] x [A, B] x R;

(G3) the above functions are such that

oo fe(s)
d ©(s)

~f(s)
oo PIs)

ds = 400, ds = —0. (2.34)
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Then, there exist four continuous functions v4 1, v+,2 : [A, B] x [1, +00[ = R, contin-
uously differentiable with respect to the first variable, such that

Al_lgloo Ya(w;A) = Foo  and /\1_15{100 Ya2(T; A) = Fo0,

uniformly with respect to x € [A, B], (2.35)

and
g(tz v (ms X)) > f(E @,y (@ )V (@30, (2.36)
g<t7 xz, 7+72(I; A)) < f(ta Z, ’7—5-72(37; A))7;72($7 >‘> ) (237)
g(t,x,y_’l(x; )\)) < f(t,x,v_,l(x, )\))7,_,1@% A), (2.38)
g(t, v p(z; X)) > f(t, 2, 7-2(x; )\))’yl72(a:; A, (2.39)

foreveryt € 0,7,z € [A,Bland X\ € [1,400].

Proof. For every y, > d, we introduce the continuous strictly increasing function
Fy © |d, +00] — R defined as

¢ S

We can easily verify that 7, (yo) = 0 and, from (2.34),

lim F, (§) = +oo.

E—+o0

Construction of v 1. For every yo > d and for every = € [A, B there exists a
unique § > y, such that F, () = 2(B — x). Hence, we can define v, ;(x; \), for
A > 1, as the unique solution of equation

Fa-1+d (”Y+,1(1’3 A)) =2(B-ux). (2.40)
In particular, since Fy_14q(74,1(B; \)) = 0, we get
V(@A) 2 71 (BsA) = A —1+d,

which provides the validity of (2.35)) for the function v, ;. Differentiating in (2.40)
we see that 7/, ;(z;\) < 0 for every z € [A, B], and
Flt 2 vea (@ )2 (@A) < fo v (@ AV, (s A)
= —20(74a(7;0) < —p(r4a(230))
< g(t, xz, ’Y+,1(l’§ A)) )

thus proving (2.36).
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Construction of v4 5. Arguing similarly as above, for every yy > d and for
every x € [A, B] there exists a unique £ > y, such that 7, (£) = 2(x — A). Hence
we can define v, »(z; \) by

Frrra(vra(z;A) = 2(z — A). (2.41)
In particular, since Fy_144(7+2(4; 1)) = 0, we get
Va2(23A) Z Y2(AA) = A =1+,
so that holds for the function 7, ». Differentiating in (2.41),

Sz, v o(m; AV (@5 A) > fr (v 2(z; M)V o (25 A)
= 20(v+2(x; ) > (v42(x; A))
> g(t,x, 74 2(250))

thus proving (2.37).
The construction of the functions v_ ; and ~_ , satisfying (2.38) and (2.39) is
similar. ]

Let us illustrate how our result applies to two classical scalar second order
differential equations of the type (2.7), involving a scalar p-Laplacian and a mean
curvature operator, with ¢(s) = |s[P~?s and ¢(s) = s/v/1 + s?, respectively.

Consider first the problem
Hp—=2 .0\ — /
{(\x o) h(t,x,;c , 042

with p > 1, which is equivalent to problem (P), taking f(¢t,z,y) = f(y) =
|72y, with (1/p) + (1/q) = 1, and g(t, z,y) = h(t, =, |[y|"?y).

Corollary 2.4.3. Assume the existence of a non-well-ordered couple (v, 5) of lower/up-
per solutions of problem (2.42)), and of a constant M > 0 for which

\h(t,z,2)| < M1+ [2[P7Y),  forevery (t,z,2) € R®. (2.43)

Then, there exists at least one solution of problem (2.42) such that, for some t,,t, €
[0, T, one has x(t1) < a(ty) and x(t2) > [(ts).

Proof. Notice that (2.43) implies (2.29). We can use Lemma with ¢(s)
M(1 + |y|) to construct the curves 7. Then, Theorem applies. O
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Consider now the problem

(W) = h(t,z,2'), (2.44)
2(0) =2(T), 2/'(0)=a/(T),

which is equivalent to problem (P), taking f(t,z,y) = ¢ *(y) = y//1 — y? and
g(t,z,y) = h(t,z,y/+/1 — y?). Notice that these functions are now only defined
onR x Rx | —1,1].

Corollary 2.4.4. Assume the existence of a non-well-ordered couple (v, [3) of lower/up-
per solutions of problem (2.44), and of a positive continuous function ¢ : [0, +oo[ — R
such that

\h(t,z,2)| <C(]2]),  forevery (t,x,z) € R?, (2.45)
and . i -
s
/0 L+ 292 (s) > 7 (2.46)

Then, there exists at least one solution of problem (2.44) such that, for some t1,ty €
(0,77, one has x(t1) < «a(ty) and x(ty) > [(t2).

Proof. Recalling that ¢(s) = s/v/1 + s2, by (2.46) there is a ¢ €0, 1| such that

o~ 1(c) ¢ (s) T
/0 s) ds > 7 (2.47)

We define the functions f.: R — Rand ¢. : R® — R as

¢ (—c)+y+e, ify<-—c,
fe(y) = o7 Hy), if ly| < ¢,
¢_1<C)+y_c7 ify>07
and
g(t,z,—c), ify < —c,
ge(t, v, y) = gtz y),  ifjyl <c,
g(t,z,c), ify > c,

and we consider the system

= fy), v = g.(t,z,y). (2.48)

Using Lemma we see that all the assumptions of Theorem hold, so
that problem (2.48) has a T-periodic solution (z, y).



2.4 Non-well-ordered lower and upper solutions 61

We now show that |y(¢)| < c for every t, implying that (z,y) is indeed a
solution of problem (2.44). By contradiction, assume that maxy > ¢, or miny <
—c. Let us treat the first case, the other one being similar. By the periodicity,
there exists a ¢ € [0, 7] such that 2/(§) = 0 and, correspondingly, y(§) = 0. Let &
and & be such that [& — &| < L, y(&) = 0, y(&) = ¢, and y(t) €]0, [ for every
t €)61,&[. (When & > &, we write [&;,&[ =6, &1 and [, 6] = [62,&1].) For
every t € [£1,&], by we have

' ()] < (o (y(1)),

so that, by (2.47),
@y ‘ TOY(s) T
> _ IV ] = ds > —
-bl2 ‘/g o) /0 (s 72
a contradiction. O

The above corollary generalizes [81] Proposition 3.7], where ((s) is a constant
function with positive value K < 2.

24.1 Proof of Theorem 2.4.1
24.1.1 An auxiliary problem

Let us set
dy = max{||yalloo s 1¥slloo s 1 lloc s 18']lc0 5 €}, (2.49)

where, for all these functions, the norm || - || can be defined as in (2.12).

We recall here a classical result, which is a straightforward consequence of
the Gronwall Lemma, often mentioned as elastic property.

Lemma 2.4.5. For every constant K > 0 we can define a function Ec : [0, +oo] —
[0, +-00[ with the following property: given a differentiable function z : R — R satisfy-

ing
12/(t)] < K(1+ |2(t)|), foreveryte R,
if|1z(t)] < Z foracertaint € R, then |z(t)| < Ex(Z) foreveryt € [t —T,t+ T).
For example, we can take Ex(Z) = (Z + KT)er.

Using the notation introduced in the previous lemma, let us now set

D = 5 M(dy) 5
where M and d, have been introduced respectively in (2.29) and (2.49).
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Figure 2.3: A sketch of the section at a fixed time ¢ of the regions N,, Cy, and S,.
Notice that the vertical lines + = « and x = 8 move in time, while the curves
v+ (-, A) are fixed.

By assumption (H2), we can find a sufficiently large constant A > 1 such that

|ve(z;A)| > D, foreveryz € [A, Bland A > A. (2.50)

Let us introduce the sets

Ny ={(t,z,y) e R® : a(t) <x <b(t), y > v4(x;A)},
Ch:={(t,z,y) €R’ : a(t) <z <b(t), v_(;A) <y < yy(x;A)},
Shi={(t,z,y) €R® : a(t) <z <b(t), y <y-(z;A)},

(see Figure[2.3).

Lemma 2.4.6. There are two constants {, and ¢, with the following property: if u =
(x,y) is a solution of

x' = f(t,ZL‘, y) ) y/ = g(tv Jf,y) (251)
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such that (ty,u(to)) € Ca for a certain ty € [0,T)], then
lz(t)| < l, and |y(t)| <4¢,, foreveryte [0,T].

Proof. Since the set C is bounded, we can fix two constants X > 0and Y > 0
such that

Cp C[-X, X] x [V, Y].
Hence, applying Lemma in the setting (z,K, Z,t) = (y,M,Y,t), we see
that every solution v = (z,y) of such that (ty, u(tg)) € Cy, for a certain
to € [0, T, satisfies

ly(t)| <, :=Eu(Y), foreveryte [0,7].

Now, recalling (2.28) and setting M, = max|_, ¢, X, applying Lemma
in the setting (z,K, Z,t) = (z, M,, X,ty), we see that any such solution also

satisfies
lz(t)] < by = En (X), foreveryte [0,7T].

The lemma is thus proved. O

We will now modify the functions f, g by a procedure which resembles the
one in Section 2.3.1.1] From assumption (H2) we can find A; > A such that

|ye(z; A)| >0, + 1, forevery x € [A,B]and A > A; . (2.52)
We introduce the constants
ey = max{|Y.(z; )] : x € [A,B], A€ [1,A] }, (2.53)
Mx ==max{|f(t,z,y)| : t €[0,T],|z| < by, |y| < €, + 1}, (2.54)
and choose
My > Cy Mx . (255)

Setting ®(t,z,y) = (f(t, z,y),9(t, z,y)), we define d: R x [—L,, l,] xR — R2
as

((MX7MY>7 lfyzgy—i—l,
q)(tha y) + (y - Ey) <(MX7MY) - CD(ta xv?/))v
ifl, <y<it,+1,

~

O(t,x,y) = D(t,1,y), it —0,<y<4d,,

(b(t,l', y) - (y + gy) ((_MXa _MY) - (D(t,l', y))7
if —¢,—-1<y<—¢,,

((—Mx, = My), ify <—£,—1.
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We will write ®(¢, z,y) = (f(t,z,v),4(t,2,y)). Finally, we define ® : R? — R? as
(4, 1), if x>0 +1,
Bt Lory) + (0 = L) (0 1) = Bt ).

ifl, <z </l,+1,
O(t,x,y) = fﬁ(t,x,y), if —0,<xz</{,,

(¥, —1), ifr<—0,—1.
We will write ®(t, z,y) = (f(t,z,y), §(t, z, Y)).

Remark 2.4.7. The functions f, g coincide with f, g on the rectangle [—(,, (,] X
[—ly, L), and f(t,x,y) = y when |z| > {, + 1. Moreover, the function § is bounded,
so we can find a constant M > 0 such that

G(t, z,y)| < M,  forevery (t,z,y) € R®.
We will consider the modified problem
5 = f(t,xy y =4g(t,z,y),
@ [ =dee, (t,7,9)
( )=a(T),  y(0) =y(T).
We have the following a priori bound.

Lemma 2.4.8. Ifu = (x,y) is a solution of (P) such that (to, u(ty)) € Cy for a certain
to € [0, T, then

lz(t)| <l and |y(t)| <4{,, foreveryteR.
Hence, w is also a solution of (P).

Proof. As long as the solution u of (P) is such that u(t) € [y, 0] x (=L, 0y,
it is a solution of (2.51). Hence Lemma applies, guaranteeing that indeed
u(t) € [y, U] X [—4,, 0] for every t € [0,T]. O

Remark 2.4.9. Since we have assumed the validity of 2.2), 2.5), and (2.33),
thanks to the choice (2.54) we have the following assertions.

If a solution (x,y) of( P) is such that y(t,) > d, and x(ty) = a(ty) [resp. x(ty) =
b(to)], then we have x > a [resp. x > b], in a right neighborhood of 1.

If a solution () of (P) is such that y(t,) < —d, and x(ty) = a(to) [resp. z(ty) =
b(to)l, then we have x < a [resp. x < bl, in a right neighborhood of t.
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2.4.1.2 An a priori bound for the desired solutions

Our aim is to show the existence of a solution of (P) belonging to the set

S ={u=(z,y) €C) : there exist t1,t, € [0,T] such that
z(t1) < a(ty) and z(t2) > B(t2)} . (2.56)

In the following lemma we will prove that a solution belonging to S satisfies
the hypotheses of Lemma permitting us to conclude that it is a solution of
the original problem (P).

Lemma 2.4.10. If u = (x,y) € S is a solution of (P), then there exists a to € [0,T]
such that (ty,u(to)) € Ca, where A is given in (2.50).

Proof. Let us first prove the following preliminary assertion.

Claim. For any solution u of (P), it cannot be that (¢,u(t)) € Ny for every
te[0,7].

By contradiction, assume this is true. We distinguish two cases.
If y(t) > ¢, + 1 forevery t € [0, 7], then, since Ny C [—/,,¢,;] X R, we get
y'(t) = g(t,2(t),y(t)) = §(t, 2(t),y(t)) = My >0,
which is in contradiction with the periodicity of the function y.

If y(to) < ¢, + 1 for some t, € [0,7], recalling (2.52) and the continuity of
the function ~, with respect to A, we can find Ay € [1,A;] such that y(ty) =

v+ (x(to); Ao). By and (2.55), we have
((Mx, My), (=7 (z;0),1)) > —e,Mx + My >0, (2.57)
for every x € [A, B] and X € [1, A;]. Moreover, we can rewrite as
(®(t, 2,7 (23 N) , (= A, (2:0),1)) > 0. (2.58)

The function F, (¢; Ao) = y(t) — v4(x(t); Ao) is T-periodic in t, and F’; (tg; Ag) = 0.
From the above estimates (2.57) and (2.58), since a(ty) < z(ty) < b(to),

F (to; M) = g(fo, z(to), v+ (x(f0);: Ao))
= f(fo, x(to), v+ (2(F0); X))V, ((Fo); Ao)
= <&’(50>33(50)>”Y+($(50); X)) s (=4 (x(f0); M), 1)

= <(/I\>(t_oyx(fo)77+($(fo); )\0)) , (— Vi (@(to); M), 1)> >0. (2.59)
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So, there exists € € ]0,7/2] such that
FJ’,(EO + & )\0) >0 > F+(ZO + 1T — g, )\0) ,

providing the existence of a certain ; € [to+¢, to+71 —¢] such that F (f1; A\g) =0
and F' (t1;\o) < 0. However, similarly as in (2.59), we get the contradiction
F_/i_(fl, /\0) > 0.

The proof of the Claim is thus completed. Similarly one proves that it cannot
be that (¢, u(t)) € Sy for every t € [0,T].

Now, let u = (z,y) be a solution of (P) belonging to S. Then, there exists a
to € [0, 7] such that

We will prove that (¢, u(to)) € Ch.

Assume by contradiction that (¢, u(ty)) € Ny. Recalling the Claim, let
ty :=inf{t € [to,to + T[: (t,u(t)) ¢ Na}. (2.60)

Since (t1,u(t1)) € ONa, we need to treat the following three cases (see Fig-

ure2.3).
Case 1: y(t1) > v (x(t1); A) and z(t,) = b(t1). Let

ty :=sup{t € [t1,to + T]; xz(s) > b(s) Vs € [t1,1]}. (2.61)

Since y(t1) > D > d,, from Remark we have that ¢, > t,. By Lemma[2.4.5
since y(t;) > D = Enl(d,), we get y(ta) > d,. Again from Remark we
have z — b > 0 in a right neighborhood of ¢, in contradiction with its definition
in (2.61).

is well defined and non-negative in the nontrivial interval [to,;]. Reasoning
as in (2.59), we can show that F'| (t;; A) > 0, contradicting the definition of ¢,
in (2.60).

Case 2: y(t1) = v (x(t1);A) and a(t;) < x(t1) < b(t;). The function F, (-;A)

Case 3: y(t1) > v4+(x(t1); A) and x(t1) = a(t1) < b(t1). This situation is forbidden,

by Remark

Hence, we can conclude that (to,u(ty)) ¢ Nx. Similarly one proves that
(to,u(to)) ¢ Sa, and the proof is thus completed. O
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2.4.1.3 Creating well-ordered couples of lower/upper solutions of (P)

Lemma 2.4.11. Both the constant & = —{, — 2 and « are lower solutions of prob-
lem (P). At the same time, both the constant [ = {, + 2 and [ are upper solutions of
problem (P).

Proof. We first verify that the constant functions & = —(, — 2 and §§ = (, + 2 are
respectively a lower solution and an upper solution of (P). Indeed, setting ys =
0 and y; = 0, since ft,—t,—2,y) = f(t.l,+2,y) = y, then and easily
follow. Moreover, and are an immediate consequence of §(t, —(, —
2,0) =—-1<0and g(t, ¢, +2,0) =1 > 0.

In order to check that the functions o and 3 are respectively a lower solu-

tion and an upper solution also for problem (P), we need to verify the validity

of 2.2), 2.5), 2.32) and (2.33), where we replace the functions f with f. This
fact is guaranteed by the choice (2.54). The validity of both and with

g replaced by g is trivial since g = g at the points we have to deal with. [

Remark 2.4.12. The couples (&, ), (&,3), and (a,3) are well-ordered couples of

lower/upper solutions of problem (P).

Lemma 2.4.13. There exist two continuously differentiable functions Ty : [&, f] — R,
such that

g(t,x,F_(a:))
g(tv €, F+(SL’)>

for every t € Rand = € [a, ).

< f(t, x, F_(:r))F',(x) ,
> f(t, @, ()T (),

Proof. From Remark we deduce the validity of the hypotheses of Lemma
adopting the following choices

(A, B =1[a,8], fo(y)=—f-(y) =d=max{Mx (,+1}, ¢=M.

Wetake I'_ =~_;(;A) and I'y = 4 1(-; A), for A > 0 sufficiently large. O]

2.4.14 Degree theory and conclusion of the proof of Theorem [2.4.1]
We define the sets
Uy={(tzy) eR®: a<z<f,T_(z) <y<Ti(x)},
Uy={(t,z,y) eR’ : & <z < B(t), T_(2) <y <Ty(2)},
Us ={(t,z,y) eR® : at) <z < B,T_(z) <y <Ty(2)}.
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Figure 2.4: The view of the phase plane at a fixed time ¢ in the large. Notice that
the horizontal lines y = y,, y = y3 move in time, while the curves I'; are fixed.

Notice that U, U Us C U;. Correspondingly, define the sets
U = {u=(z,y) €C} : (t,u(t)) € Uy forevery t € [0,T]},
U = {u=(z,y) €C} : (t,u(t)) € Usforevery t € [0,T]},
Us = {u=(z,y) €C} : (t,u(t)) € Us forevery t € [0,T]},
Uy =U \ U UU3) .
The last set can also be written as
U= {u=(z,y) €C} : (t,u(t)) € Uy forevery t € [0,T] and
there exist t1, &, € [0, T] such that z(t1) < a(t;) and z(t2) > B(t2)} .
So, U, C S, the set S being defined in (2.56).

With the notation introduced in Remark the sets U;, with i € {1,2,3},
can be written as

~ A

ul :V(daﬁari)7 Z/IQ:V(@757F:|:)7 U3:V(OZ,/B,F:‘:).
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Remark 2.4.14. The validity of Lemma forbids the possibility of finding a solu-
tion u = (z,y) of (P) belonging to U;, with j € {1,2,3}, satisfying y(to) = T+ (x(to))
at a certain time to € [0, 7. Indeed, we would have (t,u(t)) ¢ U; in a right neighbor-
hood of to, since £ (y — I'+(x))(to) > 0.

We now prove that there are no solutions of (ﬁ) in oUy, ie., if u € Uy

solves (P) then u € U;. Assume that z(t) > & for every t € [0,7] and there
exists ty such that z(tg) = & Then & < z(t) < —{, — 1 in a neighborhood of ¢,

where 2'(t) = f(t,z(t),y(t)) = y(t), so that
2"(to) = ¥ (to) = g(to, &, y(to)) = =1 <0,

providing a contradiction. Similarly, the situation when z(t) < 3 for ever
t € [0,7] and there exists ¢, such that z(ty) = / cannot arise. Remark [2.4.14
completes the argument.

Since there are no solutions of (P) in dl;, we can apply Corollary and

get B
de(L—N,Uy) = -1, (2.62)

where N is the Nemytskii operator associated to problem (P), defined as in (2.24).

Assume the existence of a solution belonging to 0. Then, recalling the
above argument and Remark [2.4.14}, we have

a<z(t)<pt), I'_(z)<yt) <Ti(r), foreveryte [0,T],

and there exists a ¢y € [0, 7] such that z(ty) = (o). So, such a solution belongs
to S, with ¢, = t; and ¢, = i, where ¢, was defined in (2.27).

Similarly, if we assume the existence of a solution belonging to dlfs, then we
have necessarily

alt) <z(t)< B, T_(x)<y(t)<Ty(z), foreveryte|0,T],

and there exists a ¢ty € [0, 7] such that z(t;) = a(ty). So, such a solution belongs

A

to S, with tl = to and t2 = to.

If at least one of the previous two situations arises, then we have found the
solution we are looking for, and the proof of Theorem is concluded. Oth-
erwise, we are in the hypotheses of Corollary which provides

de(L =N, Up) =—1 and dp(L—N,Us) = —1. (2.63)

Then, from (2.62) and (2.63), by the excision property,

de(L— N Uy) = de(L — N, Uy) — (d,;(c N Us) + de (L~ /V,ug)) _1,
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Uy =U\ (U UUs)

Figure 2.5: A sketch of the calculus of the degree in the proof of Theorem

and we thus find a solution of (P) belonging to 4, C S. The proof of Theo-
rem is thus completed, recalling Lemmas [2.4.10| and [2.4.8} in this order.

2.5 Further generalizations and applications

The inequalities in (2.10) and (2.11) can be reversed, and we can restate Theo-
rem as follows.

Theorem 2.5.1. Assume the existence of a well-ordered couple (c, 3) of lower/upper
solutions of problem (P). Set A = mina, B = max 3, with A < B. Let there exist
two continuously differentiable functions . : [A, B] — R such that

v-(z) < [})?jf}{ya(f),yﬂ(ﬁ)} < [soujg?{ya(ﬁ), ys(t7)} < 4 (),

with the following property:

either g(t,x,v_(x)) < f(t,z,v_ ()7 (x), VteR,Vxela(t),B(t)], (2.64)
B

or g(t,x,y_(x)) > f(t,x,v_(m))vz(m), Vt e R,Vz € [a(t),5(t)];, (2.65)
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and
either  g(t,z,v+(z)) > f(t,z, v+ (2))V(z), VteR,Vxe|a(t),B(t)], (2.66)
or gt w,74(w)) < f(t, 2, 74(2)7s (), VEER, V€ la(t), 5(1)]. (267)

Then there exists at least one solution of problem (P) such that

a(t) <z(t) <) and v (x(t) <y(t) <1 (z(t)),
forevery t € R.

In this statement we allow the additional situations (2.65)) and (2.67). Simi-
lar conditions were given, e.g., in [8]. The proof of Theorem needs minor
changes with respect to the one of Theorem For example, if we assume

the validity of (2.65)) and (2.67) instead of (2.64) and (2.66), in the proof of Theo-

rem we simply need to modify the function ® as follows:

(

(Mx,—My), lfyZD,

O(t,x, v (x)) + w((an —My) — q)(tﬂca%r(x)))a

B

(t,z,y) = O(t,2,y), if v_(z) <y < vy(z),

if —D<y<~y(2),
\(—Mx,My), lfyS—D

In general, the definition of ® for y > D is related to the choice (12.64)
vs. (2.65), while its definition for y < — D is related to the choice (2.66) vs. (2.67).

The proof of Lemma can be adapted to all the possible settings of Theo-
rem[2.5.1]

Concerning Theorem hypothesis (H2) can be similarly modified as fol-
lows.

(H2') There exist two continuous functions v+ : [A, B] x [1,+oco[ — R, continu-
ously differentiable with respect to the first variable, such that

lim vy (z;\) = £oo, uniformly with respect to = € [A, B],

A—400
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with the following property

either g(t,x,’y,(x; )\)) <f(t,x,’y,( ))’y (x; M),
VieR,Vz € [A, B], VA€ [l,+o0],
or g(t,xm_(x; )\)) >f(t,x,7 (z; )\))7 T\,
[

Vi e R,V €

and

either g(t, 2,74 (z; ) >F (¢, 2, 74 (25 X))V (25 ),
Vi € R, Vo € [A, B, VA € [1, 400l
)M
[

/
+
or g(t,x,vi(z; ) >F (82,7 (@ M)V (25 0),
VieR,Vz € [A B], VA€ [l,+oo].

Assuming (H2') instead of (H2) in Theorem we get the same conclusion.
However, some steps of the proof need some wise adjustments. In particular,

the small changes due in the definition of the function CT>, some lines above, in

the setting of Theorem can be proposed again similarly for the function )
introduced in the proof of Theorem Indeed, in the proof of Lemma
the estimates in must provide a different sign. Then, in the second part
of the same proof we need to go back in time: instead of (2.60), the following
definition is in order

t] := sup{t E]to T, to[ : (t,u(t)) §é NA} .

A similar reasoning in the interval [t, — T, o] can be performed. We omit to enter
in major details for briefness.

A further extension of our results could lead to systems in R*" of the type (P),
with f,g : R x RY x RY — R. The case f(t,z,y) = y and g(t,z,y) = g(t,z)
has been treated in [46], where also an infinite-dimensional system of the type
z" = g(t, z) has been proposed. However, in the non-well-ordered case, the ex-
istence of strict lower and upper solutions was needed there. We believe that a
similar procedure could be undertaken also in the more general framework of
system (P). The notion of strict lower and upper solutions would probably be
the one introduced in [52]; going back to the Introduction, one would need the
strict inequality in (i7) and condition (i) would also be necessary.



Chapter 3

Second order differential equations
in Hilbert spaces

3.1 Introduction

In this chapter we consider the periodic problem

(P) {f‘_“’ o
(0) = a(T), #(0) = #(T).

In the scalar case when f : [0,7] x R — R is continuous, the C2-functions «, 3 :
[0, 7] — R are said to be lower/upper solutions of problem (P), respectively, if

a(t) = f(tal),  B) < f(tB(1).
for every ¢t € [0,7], and

a(0) =a(T), B(0)=B(T), &0)=a(T), B(0)<B(T).

We say that («, 8) is a well-ordered pair of lower/upper solutions if o < . It
is well known that, when such a pair exists, problem (P) has a solution z such
that « < x < B. If we rewrite the problem (P) as a planar problem in the form

=y
(P) {9 =/f(tx)
2(0) = 2(T),  y(0) =y(T).
the above definition of lower and upper solutions is a particular case of that
given at the beginning of Chapter [2|since it suffices to choose y,(t) = «/(t) and

ys(t) = B'(t).

73
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Starting with the paper by Amann, Ambrosetti and Mancini [4] in 1978,
there have been several improvements in the existence and localization of the
solutions by Omari [83] in 1988, Gossez and Omari [56] in 1994, Habets and
Omari [59] in 1996 and De Coster and Henrard [30] in 1998 (see also [50] for an
abstract setting of the results).

Here we want to extend those classical existence results for scalar equa-
tions to systems, both in a finite-dimensional and in an infinite-dimensional
setting. The first step in this direction is represented by the work of Bebernes
and Schmitt [10] that generalized the scalar well-ordered case to a system of
type (P), with f : [0,T] x RY — RY. We report here, in a slightly more gen-
eral version, their result. We provide an existence result for a system in RY
when the components of the lower/upper solutions can be both well-ordered
and non-well-ordered to generalize it in an infinite-dimensional setting by an
approximating process passing to the limit in the dimension by the use of the
Ascoli-Arzela theorem.

3.2 Well-ordered lower and upper solutions for sys-
tems

In this section and the next one we consider the problem
'Z.U' = f t? x )
R S A

where f : [0,T] x RY — RY is a continuous function. We are thus in a finite-
dimensional setting. Let us recall a standard procedure to reduce the search of
solutions of (P) to a fixed point problem in Banach space. We define the set

Cp = {z € C*([0, T}, RY) : 2(0) = =(T), #(0) = &(T)},
and the linear operator
L:C:—C(0,T|,RY), Lx=—i+uw.

which is invertible and has a bounded inverse. We consider as well the Nemyt-
skii operator

N ([0, TLRY) = C([0,TLRY),  (Na)(t) = a(t) — f(t, (1))
Problem (P) is thus equivalent to the fixed point problem in C([0, 7], RY)
v=L""Nz.
Notice that LA : C([0, 7], RY) — C([0,T],R") is completely continuous.
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Here, we recall and slightly generalize [10, Theorem 4.1].
Definition 3.2.1. Given two C>-functions o, 8 : [0,T] — RY, we say that («, 3)
is a well-ordered pair of lower/upper solutions of problem (P) if, for every j €
{1,...,N}and t € ]0,T],
a;(t) < B;(t),

a;(0) = oy(T),  B;(0) = B;(T),  5(0) = a;(T),  5;(0) < 5;(T),

and, for every x € T2 _,[am(t), B (1)),
a;(t) > fit,x1, ..., xjm1,05(8), i1, .., TN)

ﬁj( ) < fj(t,l’l,...,xj_l,ﬂj(t),$j+1,...,.IN).

Theorem 3.2.2 (Bebernes-Schmitt). If there exists a well-ordered pair of lower/upper
solutions («, [3), then problem (P) has a solution x(t) such that

a;(t) <z;(t) < p;(t), foreveryje{l,....N}andt e [0,T]. (3.1)
Proof. Step 1. Define the functions v; : [0,7] x R — R as
a;(t) if s < ay(t),
vt s) =9 s if%‘()§8<ﬁ(t)
Bi(t) if s> B;(t),
and the functions T', f : [0, 7] x RY — R" as
F(t’ :L‘) = (71(t7 xl)a s 77N(ta xN)) ) f(tv :E) = f(t’ F(tv :E)) :

Consider the auxiliary problem

m fT e
and the corresponding Nemytskii operator
N ([0, TLRY) = C([0,T],RY),  (Na)(t) = T(¢,2(t)) — f(¢,(t)).
Problem (P’) is then equivalent to a fixed point problem in C([0, 7|, R"), namely
=L 'Nz.

By Schauder Theorem, since £~ : C([0,T],RY) — C([0, T], RY) is completely
continuous and has a bounded image, it has a fixed point, so that (#’) has a
solution xz(t).
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Step 2. Let us show that holds for every solution of ('), thus proving
the theorem. By contradiction, assume that thereisa j € {1,...,N} and a
t; € [0,T] for which z;(t;) ¢ [a;(t;), 5;(t;)]. For instance, let z;(t;) < «a;(t;) (the
case z;(t;) > f;(t;) being similar). Set v;(t) = a;(t) — 2;(t), and let ¢; € [0, 7] be
such that v;(#;) = max{v;(t) : t € [0,T]}. We distinguish two cases.

Case 1: t; €]0,T|. In this case, surely i;(Z;) < 0. On the other hand,
i(t;) = d;(t;) — 3;(t;)
= ay(ty) — f(t5, 2(t;)) — (t1)+%(tm%(t]))

](t]) - f](t]771<t37$1( ))7 (t])? SR 7,7N(tj7 xN(t]))) > 07
leading to a contradiction.
Case2: t; = 0 or t; = T. Assume for instance that ¢; = 0 (the other situation
being similar). Then,

02 0;(0) = é;(0) = @;(0) = &;(T) — a;(T) = 05(T),

so that, being v;(7") = v;(0) the maximum value of v;(t) over [0,7], it has to
be that 0;(T") = 0, hence also ©;(0) = 0. Now, since v;(0) > 0, there is a small
d > 0 such that v;(s) > 0, for every s € [0,6]. Then, if ¢ € [0,0], we have that
zj(s) < a;(s), for every s € [0,1], hence

i5() = 3;(0) + / ;(5) ds

/ (865) ~ 15(9) ds

/Ot <dj(5) - fj(87x(8)) —x;(s) +’7j(5,xj(8))> ds

> /Ot (dj(s) — Fi(s (s 21(@),s - ay(s), .. ,’yN(s,:cN(x)))> ds >0,

a contradiction, since 0 is a maximum point for v;(¢). The proof is thus com-
pleted. O

We now provide some illustrative examples.

Example 3.2.3. Let, for every j € {1,..., N},
fit,x) = aj:L’? + h;(t,x),
for some constants a; > 0, and assume that there is a ¢ > 0 such that

\h(t,z)| < c, forevery (t,x) €[0,T] x RY. (3.2)
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Then, taking the constant functions a; = —</c/a;, B; = {/c/a;, we see that Theo-
rerm applies, hence (P) has a solution.

Example 3.2.4. Let us consider, for every j € {1,..., N},
fi(t, @) = a%sinz; + hy(t,z),

and assume that there is a ¢ > 0 such that holds. Then, for every { € 7 with |{|
sufficiently large, taking the constant functions o; = —w /2 + 20w, 5; = m/2 + 24,
we see that Theorem [3.2.2)applies, and we conclude that (P) admits an infinite number
of solutions.

In order to work with Leray-Schauder degree, we need to introduce the no-
tions of strict lower /upper solutions.

Definition 3.2.5. The well-ordered pair of lower/upper solutions (c, 3) of problem (P)
is said to be strict if a;(t) < B;(t) for every j € {1,...,N}and t € [0,T)], and the
following property holds: if x(t) is a solution of (P) satisfying (3.1)), then

a;(t) < xz;(t) < Bi(t), foreveryje{l,...,N}andt e [0,T].

When we have a well-ordered pair of strict lower/upper solutions, the pre-
vious theorem provides some additional information.

Theorem 3.2.6. If (o, ) is a strict well-ordered pair of lower/upper solutions of prob-
lem (P), then
d(I — L7'N,Q) =1,
where
Q:={z € C([0,T],R"Y) : a;(t) < z;(t) < B;(t),
forevery j € {1,...,N}andt € [0,T]}.

Proof. Arguing as in Step 1 of the proof of Theorem we can introduce the
modified problem (P’) and we know, by Schauder Theorem, that

d(I — LN, Bg) =1,

where Bp, is an open ball in C([0, 7], R") centered at the origin with a sufficiently
large radius & > 0. In particular, we may assume that (2 C 5. By the argument
in Step 2 of the same proof and the fact that the pair of lower/upper solutions
is strict, we have that all the solutions of (P’) belong to 2. In other words, there
are no zeroes of I — L'\ in the set Bg \ Q. Then, by the excision property of
the degree,

d(I— LN, Q) =1.

Finally, since N and N coincide on the set ), the conclusion follows. O
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3.3 Non-well-ordered lower and upper solutions for
systems

In this section we still consider problem (P) in the finite-dimensional space R".

We will treat the case in which we can find lower and upper solutions which are

not well-ordered. To this aim, we need to distinguish the components which are
well-ordered from the others.

We will say that the couple (7, K) is a partition of the set of indices {1, ..., N}
ifand only if 7N K = @and J UK = {1,..., N}. Correspondingly we can de-
compose a vector

= (z1,...,7N) = (Tp)neq, Ny € RY

as r = (IJ,ZEK) where Tg = (ZL’j)jej S R#7 and T = (ﬁk)kelc S R#K. Here #j
and #K denote respectively the cardinality of the sets 7 and K.

Similarly, every function F : A — R can be written as F(z) = (F7(x), Fc(z))
where 7 : A — R#*7 and Fx : A — R#X,

Definition 3.3.1. Given two C?-functions «, 3 : [0, T] — RY we will say that (c, 3) is
a pair of lower /upper solutions of (P) related to the partition (7, K) of {1,..., N}
if the following four conditions hold:

1. forany j € J, oj(t) < ;(t) for every t € [0,T7;
2. forany k € K, there exists ) € [0, T such that ay(t) > Be(t2);

3. foranyn € {1,..., N} we have

Gn(t) > fu(t,xy, . 21, an(t), Tpsa,y - TN) (3.3)

5n(t) S fn(t,.fﬂl, RN ,.fl?n_l,ﬁn(t), Ln+1y--- ,.CEN) s (34)

for every (t,x) € €, where

£ = {(t,x) €0, T) xRN : o= (zg,2c),25 € H[ozj(t),ﬂj(t)]}.

JjeT

4. foranyn € {1,...,N},
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Definition 3.3.2. The pair («, ) of lower/upper solutions of (P) is said to be strict
with respect to the j-th component, with j € J, if a;(t) < B;(t) for every t € [0,T],
and for every solution x of (P) we have

(Ve € [0,T], a;(t) <) < Bi(t)) = (V€ [0,T], ay(t) < a;(t) < Bi(t)); (3.5)

it is said to be strict with respect to the k-th component, with k € K, if for every
solution x of (P) we have

(Ve € [0,T], zx(t) < Bi(t)) = (Vt € [0,T], zi(t) < Bi(t)). (3.7)

The following proposition provides a sufficient condition in order to guaran-

tee the strictness property of a pair of lower /upper solutions of (P) with respect
to a certain component.

Proposition 3.3.3. Given a pair («, 3) of lower/upper solutions of (P),

1. if, for any n € J, both and hold with strict inequalities, then
holds for n = j;

2. if, foranyn € K, holds with strict inequality, then holds for n = k;
3. if, forany n € K, holds with strict inequality, then holds for n = k.

The proof can be easily adapted from the corresponding scalar result in [29,
Proposition III-1.1] and is omitted.

We are able to prove the existence of a solution of (P) in presence of a pair of
lower /upper solutions («, 5) provided that we ask the strictness property when
the components oy, 31, are non-well-ordered.

Theorem 3.3.4. Let (o, 3) be a pair of lower/upper solutions of (P) related to the
partition (J,K) of {1,..., N}, and assume that it is strict with respect to the k-th
component, for every k € K. Assume moreover the existence of a constant C' > 0 such
that

|f(t,x)| < C, forevery (t,x) € €.

Then, (P) has a solution x with the following property: for any (5, k) € J x K,
(W) a;(t) <a;(t) < p;(t), for every t € [0, T];
(NWy) there exist ti,t2 € [0,T) such that (1) < o (th) and xx(12) > Bi(t3).

In Section we will provide a generalization of the above result, remov-
ing the strictness assumption on one of the components x € K. Let us now
present two illustrative examples.
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Example 3.3.5. Assume J = & and let, for every k € I,

QT
ta = - + h ta ’

for some a;, > 0, with

||| oo == sup{]hk(t,x)\ (t,x) €0,T) x RN} < ay. (3.8)
Then, taking the constant functions

728 ]| 1P|
ey — L LR LY
T T e Tl

we see that Theorem applies. The same would be true if J # @, assuming for
j € J,eg., asituation like in Examples(3.2.3|and [3.2.4}

Example 3.3.6. Let
fu(t,z) = —aysinz, + hy,(t, ),

with a,, > 0 and h,, satisfying (3.8) with k = n. For every n € {1,..., N} we have
constant lower and upper solutions

Ozne{g+2m7r:m€Z}, ﬁne{—g+2m7r:m€Z}.

Then, for each equation & = f,(t, x) we have both well-ordered and non-well-ordered
pairs of lower/upper solutions. Let us fix, e.g.,

an:g, ﬁ;:g—km, with + € {—1,1}.

Choosing i’ = (t1,...,tn) € {—1,1}", and defining (o, B) with 8, = B, by Theo-
rem we get the existence of at least 2V solutions x* of problem (P), whose compo-
nents are such that

=1= WEWILd@eFT%y

272

=12 HQEWJLﬁﬁQe[—iz]
22
We notice that, even if the function h(t,x1, ..., x,) is 2w-periodic in each variable x,,

the solutions we find are indeed geometrically distinct. We thus get a generalization of
a result obtained for the scalar equation in [71].
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3.3.1 Proof of Theorem 3.3.4

Notice that the case K = @ reduces to Theorem We thus assume K #
@ and, without loss of generality, we take either 7 = @, or J = {1,..., M}
and X = {M +1,...,N} for a certain M € {1,...,N}. Indeed, mixing the
coordinates of © = (z1,...,2y), we can always reduce to such a situation. We
continue the proof in the case J # @. (The case J = & can be treated essentially
in the same way.)

We need to suitably modify problem (P). For every r > 0, we consider the

problem
) {i:gr(t,x),
w0 = (1), @(0) = (D),

where g, : [0,T] x RN — RY, with
gT(t7x) = (gT,l(tJ I), s JgT,M(tJ x)?.gT,M+1(t7x)7 s 7gT,N(t7x)) )

is defined as follows.
We first introduce the functions f : [0,7] x RY — RY¥ and I': [0,7] x RY —
RY as
f(t.z) = f(t,T(t,x)),
F(t,.I) = (71(7571‘1)7 s 77M(t7xM)7IM+17 s ,.TN) .
where, for j € 7,
a;(t), if s<ay(t),
vi(t,s) =< s, if a;(t) <s < B;(t),
/Bj(t), if s> 5]@) .

Now we define, for every index j € 7,

gr,j(tax) = fj(tax) + Ty — Wj(tvxj) )

and for every index k € K,

fr(t, ) if |z <7,
x = .
gunlt ) = 4 (=) cﬁ b (47— |z fult,z) i r <z <r+1,
cé—’f‘ if Ja| >+ 1.
k

Notice that, for the indices j € 7, the value r > 0 does not affect the definition
of the components g, ;.
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Proposition 3.3.7. If = is a solution of (P,), then «;(t) < x;(t) < B;(t) for every
jeJandt €[0,T].

The proof follows from a classical reasoning and can be easily adapted from
Step 2 of the proof of Theorem 3.2.2]

Proposition 3.3.8. There is a constant K > 0 such that, if x is a solution of (P,), for
any r > 0, which satisfies (NW,) for a certain index k € IC, then ||zg||c2 < K.

Proof. Notice that
lgri(t,z)| < C, forevery (t,z) € [0,T] x RNk € Kandr > 0. (3.9)

Fix any k& € K. If z(t) is a solution of (P,), multiplying the k-th equation by
and integrating, we have that

. T\ . T\° .

126l < (5= ) Naxl3 < (5= ) CVT 2.
2m 2m

Therefore, by a classical reasoning, there exist a constant C; > 0 such that

|Zx||m» < €, and there is a constant Cy > 0 such that ||7||. < Cp, for every

solution x of (P,). Define

ur(t) = min{ou(t), Bk(t)}, U(t) = max{ax(t), Br(t)}. (3.10)
Since (NW}) holds, there is a 7y € [0, 7] such that
ug(70) < (7o) < Up(To) - (3.11)

Then, if x is a solution of (P,),

(01 = [rat) + [ 061 05| < ot + [ fen(9l s < oGl + VTl

70

S maX{HaHOO7 Hﬁ“oo} "‘ ﬁcl = KO,

hence ||zx||« < Ky. Moreover, by periodicity, there is a 77 € [0,7] such that
t1(m1) = 0, hence by (3.9)

|Zk(t)] = ‘:‘nk(n) + /t in(s) d3’ -

T1

T
< [ lgats.atslas < cr.
0

so that ||z ||.c < CT'. Then,
[zkllez = lzrlloo + [[Ek]loo + |Zllo0 < Ko+ CT +C = K,
thus proving the proposition. O
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From now on, we will fix » > max{K, ||¢|«, ||8]|~}, where K is given by
Lemma Problem (P,) is equivalent to the fixed point problem

r=L""Nz, z € C([0,T],RY),
where we have introduced the Nemytskii operator
N C((0,T],RY) = C([0,T],RY),  (Noa)(t) = () — o (t, (1)) -
Since we are looking for zeros of
T = (I - L7N;)(x),

we are going to compute the Leray-Schauder degree on a family of open sets.
Let us define the constant functions

~

a=-r—1, B=r+1,
as well as the functions
a;(t)=a;(t) =1, and F;(t) = B;(t) + 1,
for every j € J.

We define, for every multi-index u = (pari1, ..., pun) € {1,2,3,4} M, the
open set

Q= {z € C([0,T],RY) : (OY) and (O,*) hold for every j € Jand k € K},
(3.12)
where the conditions (09) and (O*) read as

)

) a;(t) < z;(t) < B;(t), for every t € [0, T,
& < () < B, for every t € [0,7],
< xx(t) < Pi(t), forevery t € [0,T1,

O3) ay(t) < zi(t) < B, for every t € [0,T),

w(ty) < an(ty) and w(}) > Bi(t})-
Proposition 3.3.9. The Leray-Schauder degree d(7,,2,,) is well-defined for every j €
{1,2,3,4}8-M,

Proof. Assume by contradiction that there is z € 0}, such that 7,z = 0, i.e., z is
a solution of (P,). All the several different situations which may arise lead back
to the following four cases.
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Case A. For some index j € 7, &;(t) < z;(t) < j3;(t), for every t € [0,7], and
&;(7) = z;(7) for a certain 7 € [0, 7] (the case when z;(7) = 3;(7) is similar). We
can prove that

d](t) > gr,j(t7 l‘l(t), R ,xj_l(t), Ovéj(t), Ij+1(t), e ,ZBN(t)) , for everyt S [0, T] ,

so that arguing as in Step 2 of the proof of Theorem we obtain a contradic-
tion.

Case B. For some index k € I, & < xi(t) < 5’, for every t € [0,7], and

A

& = xy(7) for a certain 7 € [0, 7] (the case when z(7) = [ is similar). Since
Gri(t,x1(t), .. k1 (), &, xpgr (2), ..., an(t)) = —C <0, foreveryt e (0,17,

we easily get a contradiction as before.

Case C. For some index k € K, & < z4(t) < Bi(t), for every ¢t € [0,7], and
z(7) = Pi(7) for a certain 7 € [0,7]. Such a situation cannot arise since (3.7)
holds by assumption.

Case D. For some index k € I, ay(t) < xp(t) < B, for every t € [0,7], and
x,(T7) = ag(7) for a certain 7 € [0,7]. Such a situation cannot arise since (3.6)
holds by assumption. O

Proposition 3.3.10. For every multi-index pu € {1,2,3}¥~M we have d(T;,9,,) = 1.

Proof. In this case, it can be verified by the arguments of the previous proof, that
the definition of the set €2, provides us a well-ordered pair of strict lower /upper
solutions of problem (P,). The conclusion is then an immediate consequence of

Theorem O

For any multi-index ;i € {1,2,3}V-¥~1

the multi-index

we can consider, forevery ¢ € {1,2, 3,4},

(67 ﬂ) = (67 MAr42y - - - ,,UN) € {1’2’374}N_]\/[ :

We can verify that Qs ), Q3 4, Q4,2) are pairwise disjoint and all contained in
Q5 so that

Qup = Qap \ Qe U Qs - (3.13)

Proposition 3.3.11. For every multi-index fi € {1,2, 3}~ we have d(T;, Qs ) =
—1.
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Proof. By Proposition [3.3.10|and equation (3.13),

1=d(T:, Q)
= d(T:, Qe py) +d(Tr Qs py) +d(Tr, Q)
=2+d(T:, Qap)

and the conclusion follows. O]

Arguing similarly we can prove by induction the following result.

Proposition 3.3.12. For every K € {1,...,N — M} and every multi-index ;1 €
{4} x {1,2,3}N"M=K ‘we have

AT, Q) = (-1

Proof. We proceed by induction. The validity of the statement for K = 1 follows
by Proposition3.3.11] So, we fix K > 2 and assume that

d(T,,Q,) = (-1)*!, forevery p € {4} x {1,2, 3} "MK+,

Consider the multi-index p = (4,...,4, fiyrssc, arse ki1 - - -5 i) € {43571 x
{1,2,3}N=M=E+1 and define for every ¢ € {1,2, 3,4}, the multi-index

,agz (47"'a47€7PJM+K+17"'7:uN)'

We then see that
(=1 = d(T,, Q)
= d(ﬁv Qﬂ2) + d(ﬁa QQB) + d(ﬁa Qﬂ4>
=2 (=) "+ d(T;, Q) ,
yielding d(7,, Q1) = (—1)¥. The proof is complete. O

By the previous proposition we conclude that

d('ﬁ, Q(4 4)) = (—1)N_M. (3.14)

.....

.....

Recalling the a priori bounds in Propositions 3.3.7] and [3.3.8, we see that the
solution x is indeed a solution of problem (P) and satisfies (1¥;) and (NW},), for
every j € J and k € K. The proof is thus completed.
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3.3.2 An extension of Theorem 3.3.4

The existence of a solution of (P) can be obtained also removing from the as-
sumptions of Theorem the strictness assumption on one of the components.

Theorem 3.3.13. Let («, 5) be a pair of lower/upper solutions of (P) related to the
partition (J,IKC) of {1,..., N}. Fix k € K and assume that (o, () is strict with respect
to the k-th component, for every k € KC\ {x}. Assume moreover the existence of a
constant C' > 0 such that

\f(t,z)| < C,  forevery (t,x) € €.

Then, (P) has a solution x such that (W;) and (NW},) hold for every (j, k) € J x (K \
{k}), and

(NW,.) there exist tL 12 € [0, T) such that z,.(tL) < ov.(£2) and z,.(t2) > B.(£2).
Proof. Without loss of generality we can choose J = {1,..., M}, K = {M +
1,...,N}and k = N. We can follow the proof of Theorem step by step in
the first part, noticing that Proposition[3.3.8 holds with the same constant when
we assume (W ~)- Moreover, since we do not ask the strictness assumption
with respect to the N-th component, when we introduce the sets €, as in (3.12),
we can consider only multi-indices with the last component frozen to 1, i.e.
= (tarsts - pin—1,1) € {1,2,3,4}¥=M=1 x {1}. Indeed, with this new choice
of the multi-indices we can still guarantee that the Leray-Schauder degree is
well-defined.
Then, arguing as in Propositions3.3.10, 3.3.11|and [3.3.12| we have

e d(7,,9,) = 1forevery p € {1,2,3}"M-1 x {1},
e d(7,,9,) = —1forevery u € {4} x {1,2,3}V"M=2 x {1},

e forevery K € {1,...,N—M—1},d(7;,9Q,) = (—1)* for every multi-index
pe {4 x {1,2, 3N M=K=1 x f1},

However, we cannot conclude the proof saying that the Leray-Schauder degree

Anyhow, at this step of the proof, we can follow the classical reasoning
adopted in the scalar case in presence of non-well-ordered lower/upper solu-
tions, cf. [29, Theorem III-3.1]. If there exists x € 94, 42) such that 7,z = 0,
then we can easily see that 2 must be a solution of (P,) such that zy(t) < By (t)
for every t € [0,7] and zy(7) = Bn(7) for a certain 7 € [0,7]. Since the com-
ponents ay, Sy are non-well-ordered, we have ay (&%) > On(t%) > (%) for
some Y € [0,T]. So (NWy) holds, thus giving us that z is a solution of (P,)
satisfying all the required assumptions.
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We can argue similarly if there exists x € 04, 43) such that T,z = 0.

If the previous situations do not occur, we can compute the degree both in
Qa2 and Q,43). Asin (3.13), we have

------

so that the degree is well defined also for 24, .. 4,4). Performing exactly the same
computation adopted in Propositions and we can conclude that
d(Tr, Qu,..2y) = (=1)¥ M, thus finding also in this case a solution z with the
desired properties. The proof is thus completed. O

3.4 Infinite-dimensional systems

We now focus our attention on a system defined in a separable Hilbert space i
with scalar product (-, -) and corresponding norm | - |. We study the problem

T = (7 )7
(P) {<>:x<T> #(0) = #(T).

where f : [0,7] x H — H is a continuous function. In what follows, we extend
the results of Section [3.3| to an infinite-dimensional setting, trying to maintain
similar notations.

Let Ny = {1,2,3,... }. Choosing a Hilbert basis (e, )ncn, , every vector z € H
can be written as x = 3 .y Tn€n, OF T = (Tn)pen, = (T1,72,...). Similarly, for
the function f, we will write

f(t7$> = (fl(t’x)va(tvx)> . )

We will sometimes identify H with (2.

As in the finite-dimensional case, we will say that the couple (J,K) is a
partition of N, if and only if 7 N K = @ and J UK = N,.. Correspondingly, we
can decompose the Hilbert space as H = H; x Hy, where every x € H can be
written as x = ([L’j,l’;c) with Ty = (l’j)jej € Hy and zx = (xk)kejc € Hy.

Similarly, every function 7 : A — H canbe written as F(z) = (F(z), Fic(z))
where F; : A — Hy and Fx : A — Hg.

We rewrite Definition in this context.

Definition 3.4.1. Given two C*-functions «, 3 : [0, T] — H we will say that («, ) is
a pair of lower /upper solutions of (P) related to the partition (7, ) of N if the
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four conditions of Definition hold replacing {1, ..., N} by N and the inequali-
ties (53), G3) by

an<t) 2 fn(taxla s 7xn—17an(t)7xn+l7 cee ) 9

ﬁn(t) S fn<t,$1, e 7xn7175n<t)7xn+17 e ) .

Moreouver, it is said to be strict with respect to the n-th component, with n € N, if
the conditions of Definition hold.

We recall the definition of the set

£ = {(t,x) c0, 7] xRY : x=(27,2¢),705 € H[aj(t),ﬁj(t)]}.

jeTJ
Here is our result in this infinite-dimensional setting.

Theorem 3.4.2. Let («, ) be a pair of lower/upper solutions of (P) related to the
partition (J, K) of Ny, and assume the following conditions:

e there exists a sequence (d,)nen, € (? such that

—d, < ap(t) <d, and —d, < B,(t) <d,, foreveryn € Nyandt € [0,T];

* (a, ) is strict with respect to the k-th component, for every k € IC;

o there exists a constant C' > 0 such that

|fic(t,z)| < C, forevery (t,x) € &;

* for every bounded set B C &, the set fic(B) is precompact.
Then, (P) has a solution x with the following property: for any (5, k) € J x K,
(W) o;(t) < x;(t) < B5(t), for every t € [0,T7];
(NW},) there exist tL, 2 € [0, T] such that x;(t1) < o (tL) and zx(12) > Bi(2).

The proof of the theorem is carried out in Section [3.4.2}

Remark 3.4.3. As in Theorem |3.3.13, we can drop the strictness assumption for a
certain index k € K.

As an immediate consequence of Theorem taking o and 3 constant
functions, we have the following.
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Corollary 3.4.4. Let there exist two sequences (p,)nen, and (¢n)nen, in (2, with p, <
qy for every n € N, and a partition (7, K) of N, such that, for every (t,x) € [0, 1] x
Hjej[pj7qj] X Hy,

jE j=> fj(t,xl,...,xj_l,pj,xjﬂ,...) S 0

(3.15)
S fj(t,l’l,...,ZEj_l,q]‘,ZL‘j+1,...);
k’6’C:>fk(t,l’l,...,:L'k_l,pk,l‘k+1,...) >0
> fk(t,xh...,xk_l,qk,xk+1,...).
(3.16)

Furthermore, let there exists a sequence (Cy,)xexc € €% such that, for every k € K,

fi(t,2)| < Cr,  forevery (t,x) € [0,T) x [[Ips» 5] x Hx -
JjeJ

Then, (P) has a solution x(t) such that, for every j € J, k € I,

{z;(t) : t € [0,T]} C [pj, 45 (3.17)
{zi(t) : t € [0, T} N [pr ] # 2.

We now give some examples of applications, with H = ¢?, where we implic-
itly assume all functions to be continuous.

Example 3.4.5. Let, for every j € N,
fi(t,x) = x? + h;i(t, x),

and assume that there is a ¢ > 0 such that

|h;(t,z)| < %, for every (t,z) € [0,T] x (2. (3.18)
J
Then, f : [0,T] x (? — (* is well-defined and taking q; = —p; = /c/j, we see that
both (p;);, (g;); belong to (%, and (3.15)) is satisfied, so that Corollary applies with
K=g.

Example 3.4.6. Let us consider, for every j € Ny,
fit,x) = :L‘? sinz; + h;(t, z),

and assume that there is a ¢ > 0 such that (3.18) holds. Then, f : [0,T] x £* — (? is
well-defined. Since x*sinz > 123 in the interval [0, 7 /2], taking q; = —p; = V/2¢/j,

we see that both (p;);, (¢;); belong to (2, and (3.19) is satisfied, so that Corollary
applies with K = @.
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Furthermore, for every { € Z with || sufficiently large, we can see that the constants
p' = —7/2+20r, ¢* = w/2+20r satisfy B15), for every j € N,. Thus, we can replace
a finite number of couples (p;, q;) with some couples (p*, ¢*). Such a replacement must
be performed only for a finite number of indices j € N since we need to guarantee that
the new sequences (p;); and (q;); remain in (*. Recalling that the so found solution of
problem (P) must satisfy then we conclude that (P) admits an infinite number
of solutions.

Example 3.4.7. Let, for every k € N,

Ty

t -k
Iilt, @) 1+ k||

+ hk(t7 ZE) )

and assume that there is a ¢ € |0, 1] such that
c

hat, )| < £

Then, f : [0,T] x £* — ¢ is well-defined and taking q, = —py = 5=, we see that

=k
both (pk)k, (qx)x belong to (2, and (3.16) is verified, so that Corollary applies with
J =02.

Example 3.4.8. Let (a,,), and (0,,), be sequences of positive numbers in (* and let, for
every n € N,

for every (t,x) € [0,T) x (*.

Fult, ) = —agsin (Z252) (1, ).

On
If h,, satisfies
sup {|hn(t, z)| : (t,2) € [0,T] x £} < a,,

we see that, for every n € {1,..., N}, it is possible to find pairs of constant lower and
upper solutions

ane{%—kman:meZ}, Bne{—%—kman:mGZ}.

Then, for each equation & = f,(t,x) we have both well-ordered and non-well-ordered
pairs of lower/upper solutions. Applying Corollary we thus get the existence of
infinitely many solutions of problem (P). By the same argqument in Example we
notice that, even if the function h(t, xy, xs,...) is o,-periodic in each variable x,,, the
solutions we find are indeed geometrically distinct.

Remark 3.4.9. This result should be compared with the ones in [18,49]], where one or
two geometrically distinct solutions were found assuming a Hamiltonian structure of
the problem, i.e.,

A%
hn(t’ x) - %(ta [L’) )
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for some function V(t, x1, xa, . .. ) which is o,-periodic in each variable x,,. It was said
in the final section of [49] that it remained an open problem to know if the existence of
more than two T-periodic solutions could be proved, and in [18] that “it would be natu-
ral to conjecture the existence of infinitely many T-periodic solutions”. It is interesting
to notice that even in [18,149l], in order to recover some compactness, it was assumed
that the sequence of the periods (o,,), belongs to (>.

Remark 3.4.10. For any choice of a partition (J, K) of N, we can consider functions
[ satisfying the requirements of Examples |3.4.5| 3.4.6|or |3.4.8| for every j € J and of
Examples or for every k € KC. Corollary applies also in this case.

In the next section we provide some preliminary lemmas, which will be used
in order to prove Theorem 3.4.2]

341 Some compactness lemmas

For every sequence 7 = (7,)nen, contained in [0,7] and every function u €
C([0,TY], H), define the function P,u : [0,7] — H as

(Pfu)n(t):/ un(s)ds, neN,.

We will need the following extension of [49, Lemma 3.2].
Lemma 3.4.11. Let E C C([0,T], H) be such that the set
A={u(t):ue E, te[0,T]}
is precompact in H. Then the set
S={Pu:7el0,T"",uec E}
is precompact in C([0,T], H). As a consequence, the set
E={Pu(t):T€[0, " ue E, te0,T]}

is precompact in H.

Proof. Fix ¢ > 0. Since A is precompact, there exist vy, . .., v, in H such that
Ac|B(.,e). (3.19)
=1

Let V' = Span(vy,...,v,), and denote by ) : H — V the corresponding orthog-
onal projection. We first prove that the set

R={P(Qu):uekE, re0,T]""}
is precompact in C([0, 77, V).
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The set )(A) is precompact in V' and hence bounded; there exists a real con-
stant D such that

|Qu(t)| < D, forallue F andt € [0,T]. (3.20)

Moreover, for every u € E, 7 € [0, 7"+ and t € [0, 7],

/ :(QU)n(S) as| <

[(Pr(Qu))n(t)] = s)|ds|, mneNg

and consequently

Py Z!

/\@u >rd82 <3 (f @)

by the Holder Inequality and the use of the Monotone Convergence Theorem,

recalling (3.20),
o0 T
Z (/ \(Qu)n(s)|ds < TZ | Qu)n(s)|* ds
n=1 0

n=1"0
:T/ Z]Qu ‘2d8

_ T/ Qu(s)]? ds < T2D?,
0

and then
P (Qu) ()] <TD.

Since V is finite-dimensional, the set S = {w(t) : w € R} C V is precompact.
On the other hand, for every u € E, 7 € [0,7]"* and every t,,t, € [0,7] with

t; < ty, we have
to
| @)
t1

so that R is equi-uniformly continuous as a subset of C([0, 7], V). By the Ascoli-
Arzela Theorem, the set R is precompact in C([0, 7], V).

< / |(@Qu)(s)|ds < D(ty — 1),

t1

|Pr(Qu)(t1) — Pr(Qu)(t2)| =
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Consequently, there exist fi, ..., f; in C([0,7], V) such that

l

RC|JB(f9). (3.21)
=1
Now, foreveryu € E, 7 € [0, T|"+ and t € [0, 7], by (3.19),
| Pru(t) — Z! (Pru)n P (Qu))n(t)[*

— (Qu)n(s)| ds

<ZT/ |t () w)n(s)? ds

=7 [ ) - @it s
=7 [ Juls) — Qo) ds < 72

and so
|P-u(t) — P-(Qu)(t)| < Te.

On the other hand, since P.(Qu) € R, by there exists ¢ such that
1P (Qu) — fillo <&,
hence
|Pru(t) — fi(t)| < [Pru(t) — Pr(Qu)(®)| + |P-(Qu)(t) — fi(t)| < eT +e =e(T +1).

We have thus shown that, given ¢ > 0, there are fi,..., f, in C([0,T], H) such

that
¢

> C B, (T+ 1),

=1
hence proving that ¥ is precompact.

The fact that = is precompact in H now follows again from the Ascoli-Arzela
Theorem, recalling that this theorem gives a necessary and sufficient condition
for precompactness. 0

Let us denote by IIy : H — H the projection
HN(JL'):(Zfl,...,l'N,0,0,...). (322)
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Lemma 3.4.12. Let A be a compact subset of H. Then, for every ¢ > 0, there is a
M > 1 such that, for every a = (ay)nen, in A,

[e.e]

Z |lan|? < &2

n=M

In particular limy_, (Ilx — Id)x = 0 uniformly for z € A.

Proof. By contradiction, let there exist an £ > 0 such that, for every M > 1,
there is a™ = (a}')pen, € Asuch that Y 7, |a}'|* > 2. By compactness, the
sequence (a™)yren . has a subsequence, for which we keep the same notation,
such that o™ — a*, for some a* € A. Let M, be any positive integer. Then,

taking M > M, sufficiently large,

i 1/2 > 1/2
(3 daxl?) "= (X laP)
n=>Mu n=M
& 1/2 ° 1/2
> (Y1 P) T (X Jad i)
n=M n=M
> e — [|a™ —a*|p > g.
We thus get a contradiction with the fact that a* € H. O

As an immediate consequence we find the following compactness property.
Lemma 3.4.13. Let A be a compact subset of H. Then, the set

is precompact in H.

Proof. Let us consider a sequence (z,,)nen, contained in A”.

If there exists Ny € N, and a subsequence (z,,), such that z,, € IIy,A for
every /, then the conclusion is reached since 1, A is compact.

If the previous situation does not arise, then we can find a diverging se-
quence (), C N; and a subsequence (z,,), such that z,, € IIy,A for every /.
So, there is a sequence (y,,)¢ C A such that z,, = Ily,y,,. Since A is compact,
then, up to a subsequence, we have y,,, = y € A. Hence,

’xne - §| < |IW - ynél + ‘yne - Zj| < |(HNe - Id)yné‘ + ‘ynz - §| — O>
where Lemma 3.4.12|has been applied. O

Remark 3.4.14. The above statements have been formulated for a Hilbert space H. We
will apply them also treating the previously introduced Hilbert spaces Hy and H 7.
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3.4.2 Proof of Theorem 3.4.2

We consider, for every N € N, the auxiliary system

(9'51 = fl(t>$17 ce 7$N,04N+1(t)704N+2(t)7 . )
Ii‘N = fN(t,ZL‘l,‘..,J}N,OéN+1<t),()éN+2<t),...)
Zi’NH =0

Ini2=0

\

We recall the projections Il y, introduced in (3.22), and define the function
Iy : C(0,T], H) — C([0,T], H)
Oyz(t) = (21(t), ..., an(t), anii(t), ania(t), ... ).

The auxiliary problem can then be written as

Notice that
(t,TIyaN () € €, forevery N € Ny and ¢ € [0,7]. (3.23)

By Theorem for every N € N, there is a solution ™V (¢) of (ﬁN) such that
(W;) and (NW},) hold for every j € 7 N[1,N]and k € KN [1, N]. We impose

zN(t)=0, foreveryn > Nandte€[0,7].

Arguing as in the proof of Proposition cf. (3.10) and (3.11), we conclude
that 2V satisfies

{z}(t) : t € [0, T} C [—d;.dj], (3.24)
{2 () 1 € [0, T} N[y, di] # 2,
for every k € K and j € J. Concerning the indices j € J we thus have
wy(t) € Dy = [[I-d;, dy], (3.25)
JeT

forevery N € Ny and ¢ € [0, 7.
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Now, we repeat the arguments of Proposition with a slight modifica-
tion. Given the solution 2"V of (Py), we can compute

~N |2 T ? N |12 T ? \/_ ~N
08 < (5= ) Ia¥IB < (5= ) CvTIals,

so that ||| i < C) and ||ZY || < Cp for some constants C; and Cj,.

Recalling the validity of (3.24), we can find a sequence 7 = (7 )rex C [0, 7]
such that
|l ()] < dy, forevery k € K. (3.26)

Then, we can prove that the sequence (2 ) xe, is uniformly bounded. Indeed,

e (OF =)l (@) =)

‘ 2

() + / i (s) ds

N

kek ke k
. 2
S?Z |l (V)2 + /Nx',]fv(s)ds
kel Tk

<2 d+2T|iR |3 <2) di +2TCF =: ¢,
kek kek
Then, choosing B = {(t,z) € £ : |zk| < o} and recalling and that fi is
completely continuous in £, we notice that the set A = { fx (¢, My (t)) : N €
N, ,t € [0,T]} C fx(B) is precompact. Then, using Lemma we deduce
that the set {#%(t) : N € N, ¢t € [0,7]} is precompact. By periodicity, there
exists a sequence ty = () )rex such that ) (7)) = 0 for every k € K. Writing

20 =)+ [ i ds= [ )= (Byd)o,

N N
tk k

we deduce from Lemma [3.4.11| that the set {i% (¢) : N € N, ,t € [0,T]} is pre-
compact.

Finally we prove that also the set {z% (t) : N € N, ,¢ € [0, 7]} is precompact.
Recalling the sequence 77 = (7" )kex in (3.26)), we can write using the notation
of Section 3.4.1

() =& + (Ppad) (), where & = (o} (1))ex

By construction & € Dy := [[,cx[—dk, di], so that, by Lemma [3.4.11 we con-
clude that both the addenda are in a compact set. Hence there is a compact set

ZS,C such that
zN(t) € Dy,  forevery N € N, andt € [0,7]. (3.27)
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We can now prove similar properties for the components of zV(¢), and their
derivatives, with indices j € J. At this step, the continuity of f; is suffi-

cient. Indeed, from (3.25) and (3.27), the compactness of {f(t, Mz (1))
N € Ny ,t € [0,7]} follows. Then, arguing as above, we can prove that both

{z%(t) : N eNy,te0,T]}and {}(¢) : N € N, ,t e [0,T]} are precompact.

Consider now the sequence (u”")yen, of functions u” : [0,7] — H x H

defined by
ut(t) = (& (1), 27 (1)) .

By the above arguments, the sequence (u)yen, takes its values in a compact
set, and it is equi-uniformly continuous. By the Ascoli-Arzela Theorem there
exists a subsequence, for which we keep the same notation, which uniformly
converges to some u* : [0,7] — H x H. Writing u*(t) = (z*(¢),y*(t)), we
have that (2", 2") uniformly converges to (z*,y*). In particular z*(0) = *(T),
y*(0) = y*(T). Rewriting the differential equation in (ﬁN) as a planar system,

we have
—~ T = Y,
(@w) {y My f (8, Tl (t),

or equivalently
= FN(t,u),

where FN(t,2,y) = (y, Iy f(t, ﬁNa:(t))) The corresponding integral formula-
tion is then

u(t) = u(0) + /Ot FN(s,u(s))ds. (3.28)
System (Qy) has a solution u¥ = (zV, ") such that u¥ (0) = u™(T) for every
N € N,. We want to show that
FN(t,uMN(t)) — F(t,u*(t)), uniformlyint € [0,7], (3.29)
where F'(t,z,y) = (y, f(t,x)). Fix e > 0; for N sufficiently large, we have
FY (6™ (1)) — F(t ' (1))
< [y (1) — v ()] + [T f (¢, Tna™ (1) = f(t,27(1)))
< e [Ty f (¢, Tina™ (1)) = f (8 Tva™ () |+
+ £ D™ () = £t 27(1))].

Since {ﬁNxN (t) : N € Ny ,t € [0,7T]} is precompact, cf. (3.25) and (3.27), then
by continuity {f(¢,IIyz™(t)) : N € N, ,t € [0,7]} is precompact, too. So, by
Lemma 3.4.12} for N sufficiently large,

Ty f(t, Tna™ (1) — f(t Mya™ (1)) = [(y — 1) (¢, Tya™ (1) < e
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Moreover,

Tya™ (t) — T ()] = (0, ..., 0, ans1(t), anga(t), . ..)]

[e.9]

§2d2—>0, as N — oo.
n=N

Then, applying Lemma
Iy () —2*| < [ya™ () = My @)+ | Hya™ ) — 2N @)+ |2V () —2* ()| = 0,
as N — oo, so that by continuity, for IV large enough,
f(t vz () = f(ta" (1) < e
Summing up, if NV is large, then
|FN(t,u (1)) — F(t,u*(t))] < 3e, forevery t € [0,77,
thus proving (3.29). Passing to the limit in (3.28), we get

u*(t) = u*(0) +/0 F(s,u*(s))ds,

and so z*(t) is a solution of (P). The conditions (1) and (NW},) are easily seen
to be preserved in the limit process. The proof is thus completed. O

3.5 Final remarks

In this final section, we briefly outline some possible extensions of the previous
results.

1. The boundedness assumption on the function fi.(¢,z) could be replaced by
a nonresonance condition with respect to the higher part of the spectrum of the
differential operator —& with 7T-periodic conditions. For instance, denoting by
A the first positive eigenvalue (27/7')?, one could assume that

—fic(t, ) = ye(t, )x + re(t, ),

where vk (t,2) < ¢ < Ay and rx(t, z) is bounded. Or, more generally, one could
assume an asymmetric behaviour of the type

—fic(t, ) = pxc(t,2)at —ve(t, 2)a™ +ric(t, o),

where (puc(t, x), v (t, x)) lie below the first curve of the Fu¢ik spectrum (here, as
usual, 27 = max{z,0} and 2= = max{—=x, 0}).
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2. One could deal with nonlinearities of the type f(¢,z, &), depending also on
the derivative of z, assuming some type of Nagumo growth condition (see [29]).
Such a situation has already been studied in the infinite-dimensional setting,
e.g., in [95], in the well-ordered case.

3. In this Chapter we defined the lower and upper solutions as C*-functions.
However, this regularity could be weakened, and different definitions could be
adopted. We do not enter into the details, for briefness, and we refer to the
book [29] for further possible developments.

4. The results of this Chapter hold the same for the Neumann problem

some modifications are needed in the non-well-ordered case.
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Chapter 4

Lower and upper solutions for PDE

The method of upper and lower solutions and the construction of monotone se-
quences with the goal to prove the existence of maximal and minimal solutions
of elliptic boundary-value problems were developed as early as the 1930s by
Nagumo in [77, 78] [79] for both ordinary and partial differential equations. In
the early 1970s, Amann [3] and Sattinger [94] formalized the properties of upper
and lower solutions and obtained a more systematic approach for the construc-
tion of monotone sequences. Amann considered a general elliptic boundary
value problems with nonlinear boundary conditions, while Sattinger extended
the definition of upper and lower solutions to parabolic boundary value prob-
lems. The same idea has been extended by Pao [85] to parabolic problems
with nonlinear boundary conditions. At the beginning of this chapter we in-
troduce the abstract setting, and we provide an existence result in the case of
well-ordered lower and upper solutions. This is the analogue, in the setting of
PDEs, of a result obtained in [10] for periodic systems of ODEs. For similar re-
sults concerning elliptic or parabolic problems see, e.g., [11} 32} 33| 160, 84] and
the references therein.

We then consider non-well-ordered lower and upper solutions and we state
our main theorem, whose proof is provided in Section We emphasize that
we do not need any monotonicity assumptions on our nonlinearities. This part
is then concluded by some illustrative examples of applications, and comment
on some possible extensions of our result in different directions; in particular
we show how to adapt our main theorem to systems involving differential op-
erators of parabolic type.

101
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4.1 Well-ordered lower and upper solutions

4.1.1 The abstract setting

Let Q2 be a bounded domain in RY, and denote by W () a Banach space of
real-valued functions which is continuously and compactly imbedded in C*(12).
Assume that £ : W(2) — L"(2) is a linear operator, withr > 1,and B : C*(Q) —
C(01?) is a linear and continuous operator. We are concerned with the boundary
value problem

{Eun—Fn(x,ul,...,uM) inQ,

(P) Bu, =0 on 0f),

n=1,...,M.

The function F : Q x R® — RM js ["- Carathéodory, i.e.,

(i) F(-,u)is measurable in Q, for every u € RY;

(i) F(x,-)is continuous in R, for almost every z € ;
(i77) for every p > 0 thereisa h, € L"(Q2) such that, if |u| < p, then

|F(x,u)] < h,(x) fora.e zeQ.
We now introduce our abstract hypotheses (see [50, Assumptions Al and

A2]).
Assumption 1. If w € W (Q) is such that

minw <0, and Bw >0,
Q
then there exists a point x, € Q) satisfying the following properties:
a) w(xzg) <0,
b) there is no neighborhood U of x such that (Lw)(z) > 0 for a.e. x € U N L.

Remark 4.1.1. Concerning the elliptic operator, taking W (Q) = W2 (Q) withr > N,
Assumption (1| is a consequence of the Strong Maximum Principle (see, e.g., [50, 155,
102])).

We define
Cy(Q) = {w e C*Q) : Bw = 0}, Ws(Q) = {we W(Q): Bw=0}.

These are subspaces of C*(Q2) and W (), with the respective norms. Both C%(2)
and Wp(?) are Banach spaces, since the operator B is linear and continuous. Let
us denote by Lz : Wi(2) — L"(Q2) the restriction of £ to Wpz(Q2), and by I the
identity operator.
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Assumption 2. There is a constant ¢ < 0 such that Lz — ol : W(Q)) — L"(Q) is
invertible, and (Lp — oI)™' : L™(Q) — Wp(Q) is continuous.

Remark 4.1.2. For the elliptic operator, any sufficiently negative constant o can be
taken.

We will write any u € [Wg(Q)|™ as u = (uq,...,un). Let L : [Wp(Q)]M —
[L"(9)]M be defined as

(Lu)(z) = ((Lpur) (@), .- ., (Lpun)(2)) ,

and let us introduce the nonlinear operator N : [C(Q)]Y — [L"(Q)]M, defined
as
(Nu)(z) = F(z, u(z)) .

It is readily seen that N is continuous and maps bounded sets into bounded
sets. Our problem (P) can then be rewritten as

Lu= Nu.

A solution of problem (P) will be a function u € [W5(Q2)]™ which satisfies this
equality in [L"(Q2)]*, hence almost everywhere.

If 0 is the constant introduced in Assumption 2} (P) is equivalent to the fixed
point problem
u=Su,
where S : [C5(Q)]M — [CE(Q)]M is defined by Su = (L — oI)~*(Nu — ou). Since
(L —ol)™ : [L"(M — [W(Q)M is continuous and [W ()] is compactly
imbedded in [C*(Q)]™, the operator S is completely continuous, and this will
allow us to use Leray-Schauder degree theory.

4.1.2 An existence result

Let us introduce the concept of lower and upper solutions.

Definition 4.1.3. Given two functions «, 3 € [W(Q)]|M, we say that («, ) is a well-
ordered pair of lower /upper solutions of (P) if « < (3 and there exists a negligible
set N' C Q such that

Laj(x) < Fj(z,ur, ... uj-1, (), Ujg1, ..., Un) ,
‘Cﬁj(x) > Fj<w7u17 s auj—laﬁj<x)7uj+l7 ce 7uM)a
BO{j S 0 S Bﬂj s

forevery j € {1,..., M} and (z,u) € (Q\N) x [T, [ (), B (2)] .
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Here is our result, in the well-ordered case; it generalizes [10, Theorem 4.1].

Theorem 4.1.4. Let Assumptions [I|and 2| hold true. If there exists a well-ordered pair
of lower/upper solutions («, 3), then problem (P) has a solution u such that o« < u < f5.

Proof Let us define the functions
aj(z) ifs < oj(x),
vi(z,s) = S if a;(z) < s < p;(x),
Bi(z) ifu> B;(x),
and the function
F(i[},u) = (")/1(.1', ul)? s 7'7M(x7 uM)) :

Consider the auxiliary problem

_ Lu; —ou; = Fj(x,T(x,u)) — oy, (z,u;) in 2,
j=1,.... M.

(P) Buj =0 on 012,

The remaining part of the proof is divided in two steps.
Step 1: Problem (P) admits a solution.
Let us introduce the operator N : [C4(Q)]Y — [L"(Q)]M defined by

(Nu)(z) = F(x,T(2,u(z))) — ol'(x, u(x)).

One can see that NV is continuous and has a bounded image. Problem (P) is
equivalent to the fixed point problem

u=Su,
where the operator S : [CE(Q)]M — [C5(Q)]M is defined by
Su=(L—ol)'Nu.
We have that S is completely continuous, and its image is bounded. By Schauder
Theorem, it has a fixed point, hence problem (P) has a solution.

Step 2: Every solution u of (P) is such that o < u < 3.

Let us prove that @ < u. Set v = u — a, and assume by contradiction that
minv; < 0, for some j € {1,...,M}. Since Bv; = Bu; — Ba; = —Ba; > 0,
by Assumption (1| there is a point z, € Q2 such that v;(z) < 0, and there is no
neighborhood U of z, such that Lv; > 0, almost everywhere on U N €2. On the
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other hand, as v;(xy) < 0, there is a neighborhood V' of z, such that v; < 0 on
VNnQie,u; <ojonV NQ. Hence,

EU]‘ = ,CUJ‘ — ,COéj
= F}(I,F(m,lb)) - J(Wj('rauj) - uj) - ‘Caj
= Fj(x, (vl(z,ul), o ag(T), . ,7M(x,uM)) —o(oj —uy) — Loy

>ov; >0,

almost everywhere on V' N (2, a contradiction. In a similar way it can be shown
that u < f3.

Hence, every solution u of (P) solves (P), and the proof is completed. O

4.1.3 Computation of the degree

In the following, for any two continuous real-valued functions v, w, we write
v<w < v(r)<w(z), foreveryz e Q.
We define
Cp-(Q)={weC(Q): Bw<0}, Cp(Q)={weC (Q):Bw>0},
both endowed with the norm of C'*(€Q).

We now introduce a further hypothesis (see [50, Assumption A4]).

Assumption 3. An order relation v < w can be defined in C*(S2), with the following
properties:

v < w = 1<w = vw,

(v<w and w<Kz] = 1Lz,

(v<w and w<z] = Vv<Lz,

TL<w = v+zKw+ 2z,

[¢>0 and v<w] = o<,

for every v, w, z € CY(Q) and every real constant c. Moreover, we assume that the set
{we 0p-(Q) : w < 0}
is open in Cj;_(12).

As usual, we can write w > v instead of v < w. Consequently, the set
{we Ck. () : w> 0} is open in Cj, (Q2), and the sets

{fweOx(Q):w< 0} and {we Ci(Q):w>0}
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are open in C5(€2). Notice also that the closures of these sets are contained in
{fweCx(Q):w<0} and {we Ci(Q):w >0},

respectively.
Remark 4.1.5. For the system with the elliptic operator, we will write v < w if the
following two conditions hold:

a) for every x € Q, v(x) < w(x),

b) for every x € 09, either v(z) < w(x), or

v(z) =w(z) and Jv(x) > dw(x).

Here, v denotes the outer unit normal to 02 at the point .

If the two functions v, w have values in R¢, for any dimension d, then we

write
vVSw S Uy < Wy,

V<L w = Um < Wy ,
Definition 4.1.6. A well-ordered pair of lower/upper solutions («, [3) is said to be strict
if o < 3, and any solution u of (P) satisfying o < u < [ is such that

aLukpf.

for every m € {1,...,d}.

If (o, B) is strict, then the set
Uap) = {u € [CoQ] 1 0 < u < B}

is open in [C5(Q2)]M, by Assumption 3, Moreover, if u is a fixed point of S in
U(ap), then a < u < 3 and, by the strictness hypothesis, u € U, 5. So, there
are no fixed points of S on the boundary of ¢, 5, and we can define the Leray—
Schauder degree

deg (I - S, U(aﬁ)) .

Theorem 4.1.7. Let Assumptions [1, 2] and [3| hold true. If there exists a strict well-
ordered pair of lower/upper solutions («, [3), then

deg ([ - S, U(aﬁ)) =1.

Proof Going back to the proof of Theorem 4, any fixed point u of S is such that
a<u<p anditisa iixed point of S. Hence, all fixed points of S belong to
U (), and since S and S coincide on U/, 5, we have

deg (I - S, U(aﬁ)) = deg (I - 37 Z/{(aﬁ)) .

By Schauder Theorem and the excision property of the degree, taking R > 0
large enough, we have

deg (I -S, U(a’g)) = deg ([ - S, B(0, R)) =1,
thus ending the proof. O
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4.2 Non-well-ordered lower and upper solutions

Here again, in perfect analogy with what we have done in Section [3.3| we will
decompose each element of the space separating the well-ordered components
from the non-well-ordered ones. For the convenience of the reader we recall
the following notation. We will say that the couple (7, K) is a partition of the
set of indices {1,..., M} ifandonlyif 7NK = @and JUK = {1,...,M}.
Correspondingly we can decompose a vector v = (uy,...,uy) € RM asu =
(ugz,ux) where uz = (u;)jer € R* and ux = (up)rex € R#*. Here #J and
#IC denote respectively the cardinality of the sets 7 and K. Also every function
F : A — RM can be written as F(z) = (F7(z), Fx(z)) where F7 : A — R#J
and Fi : A — R#K,

Definition 4.2.1. Given two functions o, B € [W(Q)]M, we say that («, 3) is a pair
of lower /upper solutions of (P) related to the partition (J,K) of {1,..., M} if
the following four conditions hold:

1. ag < By
2. oy £ B, forevery k € K;

3. there is a negligible set N' C Q) such that

L@n<$> S Fn(x7u17 S 7un—l7an(x>7un+l7 s ,UM),
£ﬁn(x) Z Fn(maulw .. 7un—1aﬁn(x)7un+l7' < aU'M)v

foranyn € {1,..., M} and every (z,u) € &€, where

£ = {(x,u) e (Q\N) xR : w= (ug,uxc),uy € H{aj(:c),ﬁj(m)]}.

JjeET
4. Ba, <0< Bpj,, foreveryn € {1,...,M}.

Definition 4.2.2. The pair («, ) of lower/upper solutions of (P) is said to be strict
with respect to the J-th component if a; < B and, for every solution u of (P) we
have

ay<us <fBr = ar<Luy<LPg;

it is said to be strict with respect to the k-th component, with k € K, if for every
solution u of (P) we have

Up = = U > oy,
up < B = o <L P
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We need to introduce some further assumptions.

Assumption 4. There is a number \; > 0 and a function @, € Wi($2), with 1 > 0,
such that
ker(Lg — MI) = {cpy : c € R}.

We will assume that max ¢ = 1.
Q
Remark 4.2.3. The existence of a “first” eigenvalue A\, with the required properties is

standard in the elliptic case, where the spectrum is made of isolated eigenvalues \; <
Ay < A3 < ..., all contained in [0 + ool, cf. [55] 102].

Lemma 4.2.4. Let Assumptions [3|and @ hold. Given a bounded set A in W (Q), there
is a constant Cy > 0 such that, if w € A satisfies Bw < 0, then w < Cy1, and if
w € A satisfies Bw > 0, then w > —C 4.

Proof See [50, Lemma 4.1]. H

Definition 4.2.5. A pair of functions (1, V) € L"(Q) x L" () is said to be admissible
if it satisfies 1 < A\ < U almost everywhere in ) and, for every q € L"(2), with
Y < q < VU almost everywhere in (2, if w is a solution of

{Ew =q(z)w in Q2

(Pin) Bw =0 on ),

then, either w = 0, or w < 0, or w > 0.

Remark 4.2.6. For a self-adjoint elliptic problem, the above property of the couple 1y, ¥
is satisfied, e.g., if ¥ < \q (the second eigenvalue), with strict inequality on a subset of
positive measure (cf. [59]]).

Lemma 4.2.7. Let Assumptions 2} [3and [d hold. Given an admissible pair of functions
(1, W), there are two positive constants ¢, v and Cy, g such that, for every g € L"(2),
with ¢ < q < U almost everywhere in ), if u is a solution of (Py;y,), then

Cpwl[ullepr < ful < Cpulluf| s

Proof See [50, Lemma 4.3]. O

Assumption 5. There is a function @y € W (£2) such that

(= min g > 0, Log>0 and By > 0.
Q

We will assume that max ¢y = 1.
Q
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Remark 4.2.8. In the applications to the elliptic case the function ¢, can be taken
constantly equal to 1.

Here is the main result of this Chapter.

Theorem 4.2.9. Let Assumptions hold true. Let (a, f3) be a pair of lower/up-
per solutions of (P) related to the partition (J,K) of {1,..., M} which is strict with
respect to the k-th component, for every k € IC, except at most one. Assume that there
exist two L"-Carathéodory functions f, g : Q x RM — RM with the following property:
forevery k € IC,

Fk(xa u) = gk(x7 u)uk + fk(xvu) )
and there is an admissible pair (1, Vy), and a function hy, € L"(Q2) such that

Ur(r) < ge(z,u) < Vi(x)  and  |fi(z,u)| < b)),

for almost every x € Q and every u € RM. Then, problem (P) has a solution u such
that

(W;) ag <uy < Bg;

(NW) ap & uy and uy, L By, for every k € K.

4.3 Examples and remarks

As an illustrative example, consider the Neumann problem

—Auy = |ug|7sinug + wy(z,ug, ug)  in €2,
—Auy = +arctan us + wy(x, uy,uz) in €2,
O,u; = O,us =0 on 0f).

Here v is any positive exponent, and wy,w, :  x R? — R are continuous and
bounded functions, with

™

5

Applying Theorem we obtain the existence of infinitely many solutions
u = (uy,us). Indeed, it is sufficient to choose the constant pairs of lower/upper
solutions («, #), with

||wa oo := sup {|w2(x,u1,u2)] cx € Qug,ug € ]R} <

3
o= <g+2m7r,:|:n> , b= (g—l—Zmﬂ,:Fn) ,
for sufficiently large positive integers m,n. Notice that these will be well-or-
dered if the minus sign appears in the second differential equation, otherwise
non-well-ordered in the second component.
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As a second example, we consider the mixed Dirichlet-Neumann problem

—Auyp = —ud + fi(u) + wi(z, uy, ug, uz) in €,

—Aug = tarctan ug + wy(x, uy, ug, ug) in(,

—Aug = £ arctan ug + ws(x, uy, us, ug) in (2,
up =0, Jyus=030,u3 =0 on 0f2.

Here f; : R — R is any continuous function, and w;, wy, ws : Q xR?> — R are
continuous and bounded, with
T

lealle < 20 sl < 5

Applying Theorem we obtain the existence of at least one solution, taking
the constant pairs of lower/upper solutions («, ), with

o= (—m,in,i—n), b= (m,:Fn,ZFn>,

for a sufficiently large positive integer n and m = m(n). Indeed, it is sufficient
to fix n > tan(max{||ws||s, || w3/« }) and

m > (max {|fi(s)]: s € [-n.n]} + leuw)l/?’.

Remark 4.3.1. All the results of this Chapter hold if the nonlinearities depend also on
the gradient N u, provided that a Nagumo-type condition is assumed. See [50] for the
details.

Remark 4.3.2. Asymmetric nonlinearities can also be considered, as in [59, 30, 50].
We do not enter into details, for briefness.

Remark 4.3.3. Concerning a system with a p-Laplacian differential operator, some dif-
ficulties may arise. If we consider, e.g., the associated Dirichlet problem, then the inverse
function (L—oI)~" transforms any h € L= (Q) into (L—al)~'h € W, " (Q)NCH(Q),
for some v > 0, and this function might not have reqular second order derivatives.
In [30l, this problem is overcome by defining lower and upper solutions in a weak form,
and carrying out the same construction as for the linear case. A similar procedure can
also be practiced in our situation, leading to an existence result analogous to Theo-
rem

Remark 4.3.4. The periodic problem for a system of ordinary differential equations has
been treated in [44l]. Infinite-dimensional systems were also considered there. It is an
open problem whether it could be possible to extend the results of the present Chapter to
an infinite-dimensional setting.
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4.4 Proof of Theorem

Notice that the case K = @ reduces to Theorem We thus assume K # @
and, without loss of generality, we take either 7 = @, or J = {1,...,J} and
K={J+1,...,M} foracertain J € {1,..., N}. We moreover suppose that the
component on which the lower/upper solution is possibly not strict is the last
one, i.e., k = M. Indeed, mixing the coordinates we can always reduce to such
a situation. We continue the proof in the case J # @. (The case J = @ can be
treated essentially in the same way:.)

We need to suitably modify problem (P). For j =1,...,J we define

GJ(J/’,U) = Fj(%’h(%ul); s a’yJ(x7uJ)7uJ+17 cee auM> +u] - J’Yj(xauj)a

where the functions ; are the ones introduced in the proof of Theorem [4.1.4]

Using Lemma and the fact that oy, and (3, are bounded, we can find a
constant ¢ > 0 such that, for k € K,

—cpr —c<ap <cpr,  —opr < P Scpyfc.
For any k € K and A > 0 large enough, to be fixed, we define
(N u < (A () + Zpo(),
ge(z,u) = q gr(z,u) i Jup] < Api(2) + Seo(),
\ )\1 if u, > Api(x) + %gpo(:p) ,
(BElf oy < —(Api (@) + Zgo (),

fr(x, u)

Je(w,u) i Jug| < Ay (2) + 2o(z),

=L wy, > Mg (2) + 2o (2),
\

(here, the dots mean “linear interpolation”), and
Gk(l’, ’LL) = gk(xa u)uk + .]?k('ru ’LL) :
We consider the problem

~ Lu, = Gp(z,ug, ... ,upy) in Q)
(Pr)

Bu,, =0 on 0f2,
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Proposition 4.4.1. If u is a solution of (ISA), for any constant A > 0, then oy < uy <
Ba-
Proof It is easily adapted from Step 2 of the proof of Theorem O

We define ax and B by setting &, = —(Apy + %goo) and 3, = Apr + %g&o, for
every k € K. Notice that, taking A > ¢,

de < e < P dx < B < -

Finally, we choose & = (o7, k) and B = (B7, B;C)

Let us prove that (&, () is pair of lower/upper solutions of (P, ). We have not
modified the components of & and (37, so we just need to check what happens
for a and k. For every k € K we have

30)\1 ~

Lag(z) < =AXpi(z) = Mag(z) + . o) < gr(z, a(x))ag(x) + fi(z, a(x)),

and Ba;, = —3¢By, < 0. Similar computations can be done for Bs. So, (a, B) is
m p

pair of lower/upper solutions for (P,).

Let us prove that (&, f3) is strict with respect to the k-th component, for every
k € K. Let u be a solution such that u; > a;. We want to show that u;, > &;. By
contradiction, let v, = u, — &4, be such that min v, = 0. Let z;, = vy, — ﬁgag, so that
min z; < 0 and

2
Bz, = Buy, — Béy, — <Bop = fBgOo >0.
1

By Assumption 1 there is a zy € 2 such that z,(zy) < 0 and there is no neigh-
borhood U of z; on which (Lz;)(z) > 0, for almost every x € U N Q2. By conti-
nuity, there is a neighborhood V' of zy, on which z; < 0. So, on V, we have that
up < ay + ﬁgoo, and so

Lo = Luy, — Lég — 25900

36)\1 + ].)

2
= <)\1uk -+ -+ A)\1Q01 + ;C[,goo

3ch +1

> <)\15ék +
3ch 3ch + 1
- @Yo + >

1t [t

0,

a contradiction. Similar estimates can be written for Bk, so we conclude that the
pair of lower/upper solutions is strict with respect to the k-th component.
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Let X be the subset of [IW(€2)]” made of those solutions u of (P, ), for any
A > ¢, satisfying o € ux and ux & S.

Claim. There exists a constant C; > 0 (independent of A) such that, for any
u € X, one has |u,| < Cy¢y, for every k € K.

Proof of the Claim. We first prove that there is a constant X' > 0 (independent
of A) such that, for any u € X, one has |ux|l« < K, for every k € K. By
contradiction, let (u")" be a sequence in X, such that ||u}|. — oo, for some
k€ K. Letusnow fixsuchk € K.

We know that «" is a solution of (P, ), for some A,, > c. Let us denote by g}
and f;' the corresponding modified functions. Then w} = u}/||u}| - satisfies

Lwy (x) = gp (z, u" (2))w (z) + fi(w u(x)), Buj=0.

[[uilloo
Let us consider the set of functions
Dpy={pe L"(Q): Yp(x) < p(x) < Wi(x), forae. ze N},

which is bounded, closed and convex, hence weakly compact. Since the se-
quence (g; (-, u™(-))), belongs to Dy, up to a subsequence it weakly converges in
L™(2) to some ¢(-) € Dy, while

fi(z,u™(z)) = 0 in L"(Q).

il
Let NI : C4(Q) — L7(Q) be defined as

(Npw)(w) = G (@, u" (@))w(z) + Ji (@, u™(2)) .

[k loo
Let 0 € R be the number given by Assumption 2} and let S : C4(Q) — CL(Q)
be defined as B B
Siv = (L —ol) " (Nj'v — av).

Notice that _

wy, = Spwy; .
Since (NPw! — ow}),, is bounded in L7(Q) and (L — o)~ : L"(2) — Cj(Q) is
compact, there is a w € C%(2) such that, up to a subsequence,

Stwl = (L — oI) Y Nw! — ow}) = w  in Cx(Q).

Hence, w} — w in C}(Q). Since Njw} — ow} weakly converges to ¢(-)w — ow,
we conclude that
w= (L= ol) g(-)w - ow),
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so that w € Wg(§2) and
Lw = q(-)w,

i.e., w satisfies (Py;,). Then, either w = 0, or w < 0, or w > 0. Since [|w} |« = 1,
for every n, we know that w # 0. Assume for instance w > 0 (the case w < 0
is similar). By Lemma there is a constant ¢, > 0 such that a, < éyp1. By
Lemmal.2.7, w > ¢y, v, 01 > (cy, w,/2)p1, since ¢1 > 0, by Assumption 2. So,

Copy, T, > Copye, Ty,

w > - = bro .
9 1 = 2 673 4873

By Assumption 3, for n large enough, w}; > byay, and increasing n still more,
up = ||uf|lcowp > ||u}||lcobror > au, a contradiction.

We have thus seen that X, the projection of the set X' on the K-th compo-

nent, is uniformly bounded. Now recall that problem (Py) is equivalent to a
fixed point problem

u=(L—ol)"(Nu—ou).

By Assumption 2, we deduce that Xx is indeed bounded in [W (Q2)]**. Then, by
Lemma we find a constant C; > 0 such that |u;| < Cy¢y, for every k € K.
The proof of the Claim is thus completed. O

From now on, we fix A > C;. We are going to compute the Leray—Schauder
degree of I — F on a family of open sets, where

F: [CHEOM — [Chr@)M | F(u)=(L—ol) "(Nu—ou).

Let us define the functions

&; = a; — g, and Bj:ﬁj+9007

forevery j € J.

We need to introduce a multi-index 7 = (9;41,...,70) € {1,2,3}77, in
order to define the open sets

Qo= {u € [CEDM : a7 < uy < B7and (O}*) holds for every k € K},
where
(0}) ap < up, < By,
(0}) ap < up < B,
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We now end the proof of Thoerem assuming first that the lower/upper
solutions are strict with respect to all the components k € K.

Proposition 4.4.2. For every multi-index 1, the degree d(I — F, Q) is well-defined,
and

d(I — F, Q) = 1.

Proof Assume by contradiction that there is v € 0Q; such that (I — F)u = 0,

i.e., uis a solution of (Py). All the several different situations which may arise
lead back to the following four cases.

Case A. For some index j € J, &; < u; < B;, and either &; & u;, or u; € f3;.
We have seen in the proof of Theorem that a; < u; < j3;. Since ¢y > 0, by
Assumption we then have a; < u; < 3;, hence &; < u; < 3}, a contradiction.

Case B. For some index k € K, aj, < uy < Bk, and either &; < uy, or vy & Bk

This is impossible, since (&, () is strict with respect to the k-th component, for
every k € K.

Case C. For some index k € I, ap < up < B, and u; € [i. Such a situation
cannot arise, by assumption.

Case D. For some index k € I, o, < uy, < Bk, and aj £ uy. Such a situation
cannot arise, by assumption.

Since the sets (2; provide us a well-ordered pair of strict lower /upper solutions
of problem (P, ), the conclusion is a consequence of Theorem O

We now start an iterative process, defining a series of open sets and com-
puting the corresponding degrees. This process will eventually lead us to the
conclusion.

For every ¢ € {1,2,3} and any 77 = (49, ..,1n) € {1,2,3}~U+), we now
define the open sets

Notice that 27, » and Q; . are disjoint subsets of (2, .. We also define the open
set
0 _ o 00 (00
Ua) = P \ Qe Y s -
Prgposition 4.4.3. For every multi-index i, the degree d(I — F, ), ) is well-defined,
an
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Proof Using the fact that the sets Q(()f,ﬁ) are open, for / = 1,2, 3, we can see that
0 0 0 0
Oy S O YO U O35 -

Since we already know that there are no solutions of (ﬁA) on GQ?M), for ¢ =

1,2, 3, we consequently have that there are no solutions of (ﬁA) on 69?4’,7), hence
the degree is well-defined. By the additivity property of the degree and Propo-

sition[4.4.2}
d(I = F, V) = d(I — F, Q) —d(I — F, Q) —d(I — F, Q) = —1,

so that the proof is completed. O

Now, for every ¢ € {1,2,3} and any 77 = (n/13,...,nm) € {1,2,3}M-U+2 we
define the open sets

Ni)tice that Q, ., and Qs  are disjoint subsets of Q(, .. We also define the open
se

Qi = Uy \ Yoy U X

(4,m) CRN
Proceeding by induction, for K € {0,1,...,.M — (J+ 1)}, any ¢ € {1,2,3} and
any 7= (Nyirs2,---,nu) € {1,2,3}M-UU+E+D we can define the open sets
Q{Zﬁ) == 9(4, . ,4,@,17J+K+2 ,,,,, 77]\4) .

K times

Notice that Qf; » and Q5 - are disjoint subsets of Q] .. We also define the open

set
K o K K K
Qi = \ Qe Y %0 -

Proposition 4.4.4. For every K € {0,1,..., M — (J + 2)} and every multi-index 7],
the degree d(I — F,Qf, ) is well-defined, and
d(I —F,Qf ) = (-1)%.

Proof We proceed by induction. The validity of the statement for K = 0 follows
by Proposition Assume that it holds for some K € {0,1,..., M — (J+3)}.
The same argument in the proof of Proposition shows us that the degree is
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well-defined. Then, for every 7 = (nyyx43,---,mum) € {1,2,3}M-U+E+2),
d(I — F, Q{jfﬁ)l) =d(I - F, Qg;}) —d(I - F, ngﬂl) —d(I — F, Qgg)
- d(I - ‘Fv 9(4, RN I (B N ST TR 77M))_

K+1times
- d(I -7, 9(4, s A2 ks T]M)) - d(I - F, Q(47 co s A3 NI K485 77M)>
K+1times K+1times

= d(I - F, 9(47---,47471=77J+K+3 ----- 7IM))_
~———

K times

K times K times
=d(I = F, Q1 0) —dI — F,Qf 0.) —d(I — F,Qf} 3.)
— (_1)K+1 . (_1)K+1 o (_1>K+1 — (_1)K+2

yielding the conclusion. O

By the previous proposition, in the special case K = M — (J + 2) we have
that for every ¢ € {1,2,3},

dpi=d(I —F,Qa. .. a.a0)= (1M,

M—J—2times

We now consider the set

Q) = Qapan) \ Qa2 U D a3) -

-----

By the same argument as above,

77777

As a consequence, there exists a solution u of problem (ﬁA) in the set (4, 4).
Recalling the above a priori bounds, we see that the solution u is indeed a solu-
tion of problem (P) and satisfies (I¥;) and (NW},). The proof is thus completed,
in the case when the lower/upper solutions are strict with respect to all the
components k € K.

If the lower /upper solutions are not strict with respect to the A/-th compo-
nent, the previous propositions all continue to hold provided that n,; = 1, but
we cannot ensure that the degree is well-defined if ), = 2 or ), = 3. We thus
have that

d(I — F,Qu,.an) = ()M

and there are two possibilities: either, there is a solution of problem (P,) on

77777777

are well-defined, and we conclude as above. O
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4.5 The parabolic case
In this section we briefly describe how our results can be adapted to the study
of systems of parabolic type. For the details, we refer to [50| Section 7].

Let 2 be a regular bounded domain in RY and, given 7 > 0, set Q =
2x]0,T]. Choosing r > N + 2, we define £ : W>!(Q) — L"(Q) by

N N

Lw = 0w — Z A (2,1)0%  w + Zai(x, )0z, w + ap(x, t)w.

TiTm
Il,m=1 i=1

Here a;, € C(Q), i = Gy, G (7,0) = @y (2, T) in Q, for [,m = 1,..., N, there
exists a > 0 such that

N

Z alm(x7t)€i€j > dHf"Qa for every (l’,t,f) € @ X RN?

I,m=1

and a; € L>*(Q), fori =0,..., N.

Assume that 012 is the disjoint union of two closed sets I'y and I'; (the cases
I't = @ or I'y = @ are admitted). Let 7, be the operator defined by

(Tsw)(z,t) = w(z,t + s),

and define B : C1°(Q) — C(9Q) by

(v on Ty x (0,77,
N
Bw = ; bi(z,t)0z,w + bo(z,t)w onTy x (0,77,
w—Trw in Q x {0},
\ T-nW —w inQx {T}.

Here b; € C'(092 x [0,T1), bi(z,0) = by(x,T) in 99, fori = 0,..., N, and there
exists b > 0 such that

N
bo(x,t) >0 and Zbi(x,t)ui(x) >b, forevery (x,t) € 9Qx]0,T].

=1

We thus have Dirichlet-periodic conditions on I';, and Robin-periodic on I';.
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We can deal with the problem

Lu, = F(z,t,u,...,upy) inQ,
=1,...,M.
Bu, = 0 ondQ, T

Also in this setting our choice of taking the same differential operator and bound-
ary conditions for all components has only the aim of simplifying the exposi-
tion. A solution of problem (P) is a function u € W!(Q) which satisfies the dif-
ferential equation almost everywhere in () and the boundary conditions point-
wise. A function with these properties is usually called “strong solution” in
the literature. All the existence results of this Chapter can be adapted to this
situation. See [50] for the verification of the corresponding Assumptions

As a final example, we consider the system of the mixed Dirichlet-periodic
and Neumann-periodic problem

Oy — Auyp = —u? + wy(x,t,uy, us) in@,
Oyus — Aug = tarctan ug + wo(x, t, ur, uz) inQ,
u1:0, 8,,u220 onGQX[O,T],

uy(z,0) = uy(x,T), wus(x,0) =us(z,T) onQ.

If w,wy, : Q@ x R? — R are continuous and bounded, with |jwy|l < 7/2,
we obtain the existence of at least one solution, taking the constant pairs of
lower /upper solutions (¢, 3), with o = (—m, £n) and 5 = (m, Fn), for suffi-
ciently large positive integers m and n.
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Chapter 5

Periodic solutions of nearly
integrable Hamiltonian systems

The search of periodic solutions of Hamiltonian systems and more specifically
of perturbations of completely integrable Hamiltonian systems naturally arises
in the study of mechanical systems. Historically the main inspiration has come
from celestial mechanics (see e.g. [88) 189, 90]) since in this framework in the
hypotheses when one body is significantly more massive than all the other the
system can be studied as a system of two body problems plus a perturbative
term. The main goal in this field is to identify under what assumptions the per-
turbed system maintains one or more solutions having the same period of the
perturbation itself. This branch of research goes under the name of KAM theory
from the initials of Kolmogorov, Arnold and Moser which gave a fundamen-
tal contribution in this subject (for an exhaustive introduction to Hamiltonian
perturbation see [6, 12], while for an outline of KAM theory see e.g. [37]). For
non-planar Hamiltonian systems, a local approach can be found in the work of
Bernstein and Katok in [14] then generalized by Chen in [24]. When we look for
the existence and multiplicity of periodic solutions and only the global behavior
of the nonlinearity is assumed to be known, the approach combines topologi-
cal and variational methods. In this chapter we want to prove the existence of
periodic solutions bifurcating from an infinite-dimensional invariant torus for
a nearly integrable Hamiltonian system. More precisely we want to extend the
existence result given in [4]] for a system of the type

©=VK()+eViP(t, oI, z)
—I =eV,P(t,p,1,2)
Ji=Az+¢eV, Pt o1, 2),

to its infinite-dimensional analogue.

121
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5.1 The main result

Let X and E be two separable Hilbert spaces, and set ¥ = X? x E?. We will
use the notation w = (¢, 1, 2) for the elements of X, with o, I € X and z =
(z,y) € E*. For simplicity, we will write Z = E?, and we define J : Z — Z as
J(z,y) = (—y, ). (The same notation J will also be used with the same meaning
in similar settings.) Let us introduce all the assumptions we need.

The continuous functions £ : X -+ Rand P : R x X — R are assumed to be
continuously differentiable with respect to I and w, respectively. The function
t — P(t,w) is T-periodic, for some T" > 0. Moreover, we assume the following
Lipschitz condition on bounded sets.

(L) For every R > 0 there exist two positive constants Lg, L such that
IVEI") = V)| < Lelll" = 1",
for every I', I" € X with ||I'|| < R, ||I"|| < R, and
IVuP(t,0) = Vo Pt W) < Lrfw' =",

forevery t € [0,7] and w’,w” € X with ||’ < R and ||w"|| < R.

Introducing some Hilbert bases of X and E, we can identify these spaces
either with some R”, if they are finite-dimensional, or with ¢2, the space of real
sequences (o), which satisfy Y r | o2 < oo. Each of the vectors ¢, [ in X and z
in Z will then be written in their coordinates, e.g., v = (1, ¥2,...), 0r © = (Yk)k,
with ¢, € R, while I = (I}); and 2z = (z);, with z; = (z;, ;) € R? Notice that
these sequences may be finite.

We also ask P to be periodic in the ¢-variables, as follows.
(P;) The function P(t, ¢, I, z) is 7y-periodic in each ¢y, ie., fork =1,2,...,
P(t,...;o6+ Tk, ., [,2) =Pty ..., 05, ..., I, 2),

for every (t,¢,1,2) € [0,T] x X ; moreover, if dim X = oo, then the se-
quence (7x); belongs to ¢2.

Concerning V,, P, we assume it to be bounded and precompact, in the fol-
lowing sense.
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(Pyy) There exist (o), and (alﬁ)l such that, for every k,l =1,2,...,

‘a—P(t,w) + 8—P(lf,w) a—P(t,w) a—P(t,w)

+ <a
O, oIy, Iy

1>

*
Saky

for every (t,w) € [0,7] x X. If dim X = oo or dim Z = oo, then («j); or
(a}); belong to (2, respectively.

Notice that the sets [[;>,[—a}, aj] and [[°,[—al, o] are Hilbert cubes, hence
compact sets in /2.

Let A : Z — Z be alinear bounded selfadjoint operator. We need the following
non-resonance assumption.

(NR) Denoting by
L:D(L)c L*[0,T),Z) — L*([0,T),Z), Lz=J%,
the unbounded selfadjoint operator with domain
D(L) = {z € H'([0,T],2) : 2(0) = 2(T)},
we assume that 0 ¢ o(L — A).

In the case when 7 is infinite-dimensional, we need to assume a particular
structure for the function A.

(Dec1) If dim Z = oo, there exists a sequence of positive integers (N7,),,>1 and
functions A,, : R2Vs — R2Vu such that, writing any vector z € Z as
2= (2, ... Zpy..), With 2, = (B, ) € R?Mn we have that

Az = (A2 Az, ).

Concerning the function K, its gradient will be “guided” by some linear
bounded selfadjoint invertible operator B : X — X, with bounded inverse, as
we now specify. First of all, similarly as before, in the case when X is infinite-

dimensional, we need to assume a particular structure for the functions B and
K.

(Dec2) If dim X = oo, there exists a sequence of positive integers (N7);>1 and
functions B; : R/ — R, K; : RY/ — R such that, writing any vector
ITeXasl=(L,...,1;...),with[; € RY/, we have that

=1
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We now fix I° € X, and introduce our twist condition.
(Tw) There exist two positive constants ¢, p such that, for every j = 1,2, ...,
IG-10<p = (VD) - VIGUD), Bi(h —10) ) > e|lT; - TP
Finally, we assume a compatibility condition between 7" and the periods in-
troduced in (P,).
(C;) There exist some integers my, ms, ... for which
TVK(I?) = (mym, mats, ... ).

We are now ready to state our main result.

Theorem 5.1.1. Let the above assumptions hold. Then, for every o > 0 there exists
€ > 0 such that, if |¢| < &, there is a solution of system

©=VKI)+eViP(t, oI, z)
—I =eV,P(t,p,1,2) (5.1)
Ji=Az+¢eV. Pt o1, 2),

satisfying
ot +T) =)+ TVKI?), It+T)=1(), =2t+T)==z2(t), (5.2)
and such that

lo(t) — p(0) =t VKU ||+ II(t) = I°|| + ||2(t)|| < o, foreveryt € R. (5.3)

Remark 5.1.2. When X is finite-dimensional, we will see that condition (Tw)
can be generalized to

(Tw”) There exists a positive constant p such that
II-1°<p = (VKI)-VKUI"),BI-1°)>0;
a still more general condition, adopted in [40], is the following;:

0¢ cl{p €10, +o0[: min (VK(I)— VK(I), B(I - I°)) > o} ,

[1=1°]=p

where cl S denotes the closure of a set S.
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5.2 Preliminaries for the proof

We will carry out the proof of Theorem in the case dim X = coand dim Z =
oo, with some specific remarks on the finite-dimensional cases. By the change
of variables

(f(t), [<t>7 Z(t)) = (@(t) - tVlC(I(]), [<t)7 Z(t>> ) (5.4)
system becomes
£ =VK(I) — VK + eV, P(t,&,1,2)
—[ = VP61, 2) (5.5)

Ji=Az+eV,P(t,¢1,7),
where
P(t,&,1,2) = P(t,§ +tVK(I°), 1, 2).
We use the notation ¢ = (¢, I, z); the Hamiltonian function is thus
H(t,¢) = K(I) = (VK(I°), ) + § (Az,2) + eP(t,¢).
Combining (P,) with (C;), we see that the function P (+,&, 1, z) is T-periodic, and
P(t,-,1,z)is 7-periodic in ¢, for every k = 1,2, ...

Some additional notations are now necessary. By assumption (Dec2), the
vectors &, I € X decompose in vectors ¢;, I; € RY/. Setting

J
Sg=0, S;=) N forj>1,

i=1

we can explicitly write the components of &;, I; as

&= (Esr 41,80 125 8s1) L= sy 41, Isr 42, 1)

Similarly, by assumption (Dec1), the vector z € Z decomposes in vectors z,, €
R2V7: Setting

m

ngo, S :Z:NZ-u form>1,

m
i=1

we can explicitly write the components of z, as

Zm = (Zsfn_1+1’ Zsfn_1+2’ ey Zan) .
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We define the sequences (a%);, (af,)n, in (* by

N* N

) J . 1/2 1/2
@ = (Dlas )P dh = (Dol L))

=1 =1
Notice that ||a*||;2 = ||a* || and ||a*]|2 = [|af]]s2.
Remark 5.2.1. When X has a finite dimension dx, we can define the sequence
(N}); taking Ny = dx and Ny = 0 for j > 2. Similarly when Z is finite-
dimensional.

Without loss of generality, from now on we will assume that I° = 0, a situ-
ation which can be recovered by a simple translation. The strategy of the proof
of Theorem [5.1.Twill be to construct a finite-dimensional approximation of sys-
tem (5.5), and then pass to the limit on the dimension. Precisely, we define the
projections Ilg: : X — X and Hs”j 14 — Z as

Hg}v = (171,...,173,0,0,...), HS‘u]Z = (Zl,...,Zj,0,0,...),
and consider the truncated system
€ =Tlg, [VK(I) — VK(0) + £V, P(t,€, 1, 2)]
—1 =g [eVeP(t,6,1,2)] (5.6)
Jz = HSuJ[Az +eV,.P(t,&,1,2))].
We thus have the Hamiltonian function
Hy(t,¢) = K(Isy I) — (VK(0), Tss I) + 5(Allgs 2, Tl 2)
+ €P(t, Hsgf, Hs\}], HS‘ujZ) .
Notice that the function
Py(t.€.1,2) = P(t, sy € sy [, 2)

satisfies both (L) and (P,) with the same constants, for every index J > 1, and
observe that system (5.6) is equivalent to

[ >

§ = VK;(I}) = VK;(0) + eV Py(t,6,1.2)

L= eV Py(t.6.1,2) j=J,

JZ; = AjZ; + eV Py(t, €1, 2)

(5.7)
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It can be viewed as two uncoupled systems, the first one in a finite-dimensional
space (the “approximating system”), and the second one, infinite-dimensional,
having only constant solutions. From now on, we will take &(t), I;(t), Z(t) iden-
tically equal to zero when i > 7.

Concerning the “approximating system”, we will need the following slight
modification of [41, Corollary 2.3]. Let us consider the finite-dimensional Hamil-
tonian system

JC =V H(t (), (5.8)
with ¢ = (£, 1, z) € RVTNT2M where the Hamiltonian function is T-periodic in
t. Here we use the notation & = (&,,...,&,), I = (I, ..., I7).

Theorem 5.2.2. Assume that H(t,() = 1 (Az, z) + G(t, (), where A is a symmetric
2M x 2M matrix such that z = 0 is the unique T-periodic solution of equation Jz =
Az, and there exists a constant ¢, such that

VGt Q)| <,  forevery (t,¢) € R x RAM+N)

Let G(t,&, I, z) be periodic in the variables &y, . .., &n. Assume moreover the existence
of some positive constants r; < r7 and symmetric invertible matrices B;, with j =

1,...,J, such that, for any solution ((t) = (£(t), 1(t), 2(t)) of (B.8), if
P < IGO) = P <o) and  |E(0) ~ IO < ! foreveryi # .
then . . B .
(&(1) = &(0), Bi(T(0) = [})) > 0.
Then, there exist at least N + 1 geometrically distinct T-periodic solutions ((t) =
(&(t), I(t), z(t)) of (5.8), such that
1;(0) = I <7, foreveryj=1,...,7.

5.3 Proof of Theorem [5.1.1

In what follows, we always assume that |¢|] < 1, and we denote by p the con-
stant introduced in assumption (Tw). Moreover, as in the previous section, we
assume 1% = 0.

Lemma 5.3.1. There is a constant C' > 0 with the following property: if ((t) =
(&(t), I(t), z(t)) is a solution of with || L;(0)|| < p, for some j > 1, then

I1€;(t) — &(0) — t[VK;(L;(0)) — VK 0)]|l + | 1;(t) — L0)|| < Clela?

for every t € [0,T]. The same property holds for the solutions of (5.7), when j =
1,....J.
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Proof. Let us start computing the following estimate, for every ¢t € [0,7] and
every k€ {S7 ; +1,...,587 | + Ny = S5},

» Mg— 1

t o T 8ﬁ
10 = 50 < [ 1ilds < el [ | T2 56000 | s < el T

Then we easily get

I5) - 50 < (e ) = e T
Moreover, |
I€(6) = £(0) — 1K, (T3(0)) — VIS, 0))]
/ 1€(5) = (VKT (0)) = VK, (0)]| ds

< / IV (s)) = VIO ds + | [ 1V Pls. o))l ds

T

< / LIT(s) = T(0)] ds + |¢| Ta?
0

< |e| T(1 + LT)a?,

where L is a suitable Lipschitz constant provided by (L). The proof is thus com-
pleted. O

Lemma 5.3.2. There exist £ > 0 and a sequence (0,); in (?, with §; €10, p|, satisfying

the following property: if ((t) = (£(t), 1(t), 2(t)) is a solution of -, with |e| < &
and 6; < Hfj(O)H < p, for some j > 1, then

(&(1) - §(0), B; I;(0)) > 0.

The same property holds for the solutions of (5.7), when j =1,....J.
Proof. 1f || I;(0)|| < j for some j > 1, then, by Lemmal5.3.1and (Tw),

(§(1)-§(0), B <o>>

= (§(1) = §(0) = TIVK;(50)) = VK,(0)], B; T;(0)) +
<wcj< 1(0)) = VK,(0) B; I;(0))
> —Clela; 18] |1 50)]| + Tell7;(0)]
= (—Clela; 11| + TellGO)I1) 1150)])
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Setting
2
d; := min {p, 70 a; ||B; H}

we easily verify that (d;); € %, since (||B;]|); is bounded by ||B|| and (a}); € (%
in particular, there exists an integer j, such that

2C
d; = — a* 185l for every j > jo .

So, we see that, since |¢| < 1 and ||f](0)|| > 0;,
—Clela; |[B]| + Te] £;(0)]| > 0,

for every j > jo. For the remaining finite number of integers j € {1,...,j, — 1}
we simply need to choose |¢| sufficiently small, thus finishing the proof. O

Remark 5.3.3. When X is finite-dimensional, the above estimate simplifies, in
view of the compactness of the closed balls centered at the origin, so the first
condition in (Tw’) is sufficient in this case. Concerning the second condition in
(Tw’), we see that it guarantees the existence of a sequence of balls, with smaller
and smaller radii, over which the twist condition still holds.

Notice that the set .
= H BY[0,8; + Caj],

where B"[0, R] denotes the closed ball {v € R" : |jv| < R}, is compact, being
homeomorphic to a Hilbert cube. We now modify the function K outside =,
in order that the gradient of the modified function be bounded. Let R; > 0 be
such that =; C {v € X : ||v| < R;}, and ¢ : R — R be a smooth decreasing
function such that

Y(s) =1 if s <Ry, P(s) =0 if s > 2R;.
Define K : X — Ras K(I) = o(||I|)K(I). Then, when I # 0,

I

VR = [ IV g + oD VRD | < el + 9K,

for some ¢; > 0. By assumption (L), we can find a Lipschitz constant L such
that, for every s € [0,1], if ||| < 2Ry,

IVE(sD| < [[VE(sT) = VEO)| + VO < LI + [[VEO)]] -
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Moreover,

K| = "C(O)Jr/o (VE(sI), I) ds| < [K(0)] + sup [[VE(sD)[|[[1]

s€[0,1]

< KO+ (LI + [VEO)]) 1]l -
Hence,
IVED)| < | K(0)] + (2Rser + 1) (2R, L + |[VEO)]), for every I € X.

We define A = diag(A;, ..., As) as a block-diagonal matrix having a diago-
nal formed by the matrices A, ..., A introduced in (Decl), i.e. such that

A, .. 2r) = (Mik, ... AgZy).

It is easy to verify, using (NR), that = = 0 is the unique 7T-periodic solution of
equation JZ = Az. Then, by Theorem for every J there is a T-periodic

solution
Cr(t) = (Es(1), L7(t), 27 (1))

of (5.7), with

HI}](O)H <9;, foreveryj>1. (5.9)
(Recall that we have chosen the last constant components of the solutions of (5.7)
to be equal to zero.) By Lemma these solutions satisfy

117,(t)]| < ; + Ca’, foreveryt e [0,1],

ie.,

I;(t) e Z;, foreveryte[0,7]. (5.10)

Let us now consider the component £ 7(t) of the solution. By the periodicity
assumption (P;), we can assume without loss of generality that £,.(0) € [0, 7¢],
for every k > 1. From Lemma property (L) and (5.9), we have
€(t) = &(0)] < |I§(t) = §(O0)|l < Ca} +TLs;,  foreveryt € [0,T],

for a suitable Lipschitz constant L. Setting b, := Caj + T'Ld;, where j is the
index such that Sjtl < k< S*, and defining

E H bk,Tk—i-bk

k=1

we have that
€7(t) € Z¢, foreveryte [0,7]. (5.11)

We now need an a priori estimate on z7(t).
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Lemma 5.3.4. There exists a sequence (R;); € (* of positive constants such that, for
every T-periodic solution ((t) = (£(t), I(t), z(t)) of (5.5), we have

2. < )
150 e, < 19155

for every j > 1. The same property holds for every T-periodic solution of (5.7), when
i=1,....J.

Proof. Fix j > 1 and consider the j-th block of the third equation in (5.5), i.e.
L;Z = Az + V5 P(t,Q), (5.12)
where £; denotes the j-th block of the linear operator £ introduced in (NR), i.e.

ﬁjgj = Ej(25§71+1, ceey ng) = (J2511_71+1, ey Jésg). (5.13)

J

From hypothesis (Decl), we have o(£; — A;) C o(L — A). Hence, using (NR),
0¢o(L; —A;)and (5.12) is equivalent to

7 =e(L; — A)7IV5 P(t, Q).

Moreover,

1

125 = A~ = Gist(0,0(L; — A)) = dist(0,0(£ — A))

=L = A",

and consequently, setting r; := \/Tag- (£ — A)~!||, we have that

I1Z

= el I(L; = A)7HI -1V Pl ot < elry

L%[O,T],RQN?
Since Z; solves (5.12), we have that ZJ e L*([0,T], R2Y) ), and

oty T 11VTdl < | (I14lrs + T )

150, .

< A 5
ooty < MIEN,

So, setting C; = (1 + ||4;|)r; + vVTd’ ,

1751l ah) S [€]C; - (5.14)

H(j0,T],R™4

By the continuous immersion of H'([0,7], Z) in C([0,T7], Z), cf. [108, §23.6],
we can find a constant y > 0 such that

I zlleqon,2) < Xl 2l a0, 2) »
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for every z € H'([0,T], Z). Since C([0, T], RN 7) and H* ([0, T7, R2Y] 7) can be seen
as a subsets of C([0, T, Z) and H'([0, T, Z), respectively, simply adding an infi-
nite number of null components, we obtain

< Cj.
150, oty SXIE 0 ans <lel
The proof is thus completed, taking R; = xC;. O
Defining
=. = [[ B0, Ryl
j=1

we have thus proved that

z7(t) € 2,, foreveryte[0,7T]. (5.15)

Summing up, by (5.10), (5.11), (5.15), we have that, setting = = 5, x Z; x =,
the T-periodic solutions we found satisfy

Cr(t) = (&s(t), I5(t),25(t) € =, foreveryt e [0,T].

Notice that = is compact, being the product of three compact sets. We will now
prove that there is a subsequence of ({7)s which uniformly converges to a so-

lution of (5.5).
From (5.14)), recalling that |¢| < 1, we have

T 1/2 0o 1/2
o) = 25 ()] < [t — 2]/ (/ ||z'y<s>||2ds) sm—wﬁ”(ZCﬁ) -

Looking at the variables I (t), by (Py;) we have that

1/2

gt = 1ol < =t ([ Wiao)Pds) < o =t VT oL
Concerning the variables £ 7(t), we first observe that
lE7(s)]| < IVE(Ls(s)) = VE(O)I| +l|oa*H/z2
< L+ e < L( 3000 +Ca?) 4 flatle = 8
j=1
where L is a suitable Lipschitz constant provided by (L). Then,

1/2

T ~
€2 (81) = Ea(t) ]| < [t2 — t2]'/? </o Héj(s)|]2ds> < |ty —t4|"2VT C.
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Hence, the sequence ((7)7 is equi-uniformly continuous on [0, 7] and takes its
values in a compact subset of X. By the Ascoli-Arzela Theorem, we find a
subsequence, still denoted by ((;)s, which uniformly converges to a certain
continuous function ¢* : [0,7] — X, such that (*(¢) € = for every ¢ € [0,T], and
C*(0) = C*(T). We are going to prove that (" solves (5.5), following the lines of
the proof of [18, Theorem 3].

Let us consider the solution (., of system such that (., (0) = ¢*(0) which,
by the boundedness of VK and V<]3, is certainly defined on [0, 7']. We will prove
that the sequence ((7) 7 converges uniformly to (., thus obtaining that (., = ¢*.
To this aim, we write the integral formulation of systems and (5.6), for
J =1

Coo(t) = Cool0) — /0 IV H (s, Cols)) ds (5.16)
Co(t) = Co(0) — /O IV H (s, Co(s)) ds (5.17)

In order to simplify the notations, we introduce the projection
P5(Q) = P5(61,2) = (g § My I, 1 gz 2)
Let us write
1€7 () = Co@l < 1€ () = PG (Ol + | P 7Coo(t) = Coo (D] -
By an elementary argument,
| Z7¢0(t) — ()| =0, asJ — o0, (5.18)

uniformly with respect to ¢ € [0,T]. From (5.16) and (5.17), since #;J = J &7,
we have

1 (8) — Dol < 1€ (0) — PrColO)] +
" / 1V (5. (5)) — TP 5V M (s, C(5) s (5.19)

Notice that

1€7(0) = 27 (0)]] < [1€7(0) = ¢ (0)]] = 1I1¢7(0) = F(O)] = 0, asT —>(OO~)
5.20
Since V¢ H (s, C7(s)) = 27V H(s,(s(s)), the integral term in satisfies

/

125 (Velt(s.Co(5) = Vell(s.Gu(s)) | as < 2. [ 6o (s) = Gl ds.
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where L is a suitable Lipschitz constant. Summing up, we have

1o (8) = Cou(t)]) < cg 4+ L / 1€ (5) — Cools) | ds.

where (c7) 7 is a sequence, provided by the limits in (5.18) and (5.20), such that
lim s c; = 0. Hence, by Gronwall’s Lemma,

1C7(t) = Co(B)]| < cqe™,  foreveryt € [0,T],
implying that (; — (., uniformly on [0, T]. We conclude that ¢, = ¢* on [0, T],
thus showing that (., (0) = ((T), so that (. is a T-periodic solution of (5.5).
By the inverse change of variables
((t), 1(t), 2(t)) = (&(t) +tVL(I°), I(t), 2(1))

cf. (5.4), we have a solution of (5.1)), satisfying (5.2). Moreover, condition (5.3)
holds true, by Lemmas|5.3.1|and 5.3.4} suitably reducing, if necessary, the value
of &. The proof of Theorem is thus completed. O

54 Applications

5.4.1 Coupling second order with linear systems

We first state a simple lemma, which may be useful for the verification of the
twist condition.

Lemma 5.4.1. If there exists I° € X such that K : X — R is twice continuously
differentiable at 1° and K" (I°) : X — X is invertible, with bounded inverse, then there
exist two positive constants ¢, p such that

II-1"l<p = (VK@) - VKU, K" () -1")) =cly - I'|I*.

Moreover, if dim X = oo and, with the usual notation, K(I) = 377, le(fj), then
condition (Tw) holds.

Proof. Since B := K"(I°) : X — X is invertible with bounded inverse, there
exists v > 0 such that ||BI|| > v||I|| for every I € X. Then,

(VK(I) = VK(I°), B(I—1°)) =
:/1<’C”(IO+S<I—IO>)(I—IO), B(I—1°)) ds

= ||B(I — I1%))? +/0 ([K'(I°+sI—1°)-B](I-1°,BI-1°) ds
> (v* = IBI| - [IKK"(I° + (1 = 1°)) = B||) [T = I°||.
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Since K" is continuous at I°, there exists p > 0 such that, if ] € X satisfies
|I —I°| < p, then

2

IC/II_B:’C/I[_IC//IO S Y ’
IKK"(1) = B = [|K"(1) ol 511

SO
(VK(I) - VK(I%), B(I - 1°)) > %HI—IOHQ, (5.21)

and the first part of the lemma is thus proved.

Assume now that K(I) = 3777, IC](I;) We have that
BI:<81E,...,BJ'I_;‘,...),

where B, = IC;’ (fjo). Then, (Tw) is verified directly from (5.21) defining, for
every j € {1,2,...}, the vector [ as I = I if i # j, once f] has been chosen. [

We thus have the following.

Corollary 5.4.2. Assume (L), (P,), (Py;), (NR), (Dec1), (Dec2) and (C,) hold. If K :
X — R is twice continuously differentiable at I° and K"(I°) : X — X is invertible,
with bounded inverse, then there exists £ > 0 such that, if |¢| < &, system has a
T-periodic solution.

Let us now consider an equation in an infinite-dimensional space of the type

4 (V@oi)=ecV,F(t,x,z2)
dt (5.22)

Ji=Az+eV,F(t,x, z).

Let, for definiteness, dim X = oo and dim Z = oo. Concerning the bounded
selfadjoint operator .4, we require the nonresonance assumption (NR) and that
it decomposes as in (Decl). For the differential operator in the first equation,
we suppose that there exists a sequence of positive integers (V;),>1 such that,
writing any vectory € X asy = (¢,...,3;,...), with j; € R,

[e.o]

2y =3 ,(3).

where each @, is a continuous real valued strictly convex function defined on a
closed ball B(0, a;) in R, continuously differentiable in the open ball B(0, a;),
with V&, : B(0,a;) — X being a homeomorphism, and V&;(0) = 0.



136 5. Periodic solutions of nearly integrable Hamiltonian systems

Denoting by @7 the Legendre-Fenchel transform of ®;, we have that @} :
X — R is strictly convex and coercive, with Vo&* = (V®)™! : X — B(0,a),
cf. [72, Chapter 2]. We can define

[e.e]

(y) = > (7).

so that system (5.22) can be written as a Hamiltonian system

i = Ve (y)

y=eV,.F(t zz2)

Ji=Az+eV, F(t,z, z2).
So, we are in the situation of system (5.1)), taking K (1) = ®*(/) and P(t, ¢, [, z) =
F(t, ¢, 2).

An example is provided by the choice
oly) =3 (1= 1= 1502 ).
j=1

for which, writing = (#4,...,7},...), system (5.22) becomes

d o
%#:‘SV@F(LZ‘72)7 7=12 ...
- 151 529

Ji=Az+4+¢eV, F(t,x,z),

so that, in the first equation, we can see a kind of relativistic operator. We then
have the following.

Corollary 5.4.3. In the above setting, assume moreover the following conditions:
(L) for every R > O there exists a positive constant Ly, such that
IVuE' (t,u') = VuF (& u")]| < Lilu’ =",

foreveryt € [0,T]and v’ = (2',2'),u" = (2", 2") € X x Z with ||v'|| < R and
[ < B

(F.) the function F(t,z,z) is -periodic in each xy, and the sequence (1) belongs
to (?;
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(Fyq) there exist (a}), and (o), in (% such that, for every k,1 =1,2,...,

<ap,  VaF(tz,2)] <o,

forevery (t,z,z) € [0,T] x X x Z.
Then, there exists € > 0 such that, if |¢| < &, system (5.23)) has a T-periodic solution.

Proof. Taking I° = 0, we have that V®*(0) = 0 and (9*)”(0) = Id. So, assump-

tion (C,) is fulfilled taking m; = my = --- = 0 and, in view of Lemma we
can apply Theorem to conclude. O

We have thus obtained an extension to infinite-dimensional systems of a re-
sult in [67].

Another possible situation where Theorem applies is provided by the

choice N
o) =3 Y1+ 1712 -1).

j=1
In this case, we find

o0

w0 =305 =3 (11— 1517,

J=1 Jj=1

and the first equation in system (5.22) becomes

d T
E# —eVaF(ta,2), =12
L+ (|75

involving a kind of mean curvature operator.

Since each V&7 is defined only on the open ball B(0, 1), we must first mod-
ify and extend the Hamiltonian function outside a ball B(0, ), with r €10, 1],
and then be careful that the y; component of the T-periodic solution we find
remains in B(0,r). We omit the details, for briefness. Stating the analogue of
Corollary we thus obtain an infinite-dimensional version of some results
obtained in [51, 53] (see also [80], where bounded variation solutions are con-
sidered).
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5.4.2 Perturbations of “superintegrable” systems

In this section we study a slightly different situation with respect to system (5.1)).
We are going to consider the Hamiltonian system

¢ =VKI)+ VPt ¢, 1,2)
—I =1*V, P(t,¢,1,2) (5.24)
Jz=nAz+n*V.P(t,p,1,2),

with Hamiltonian function
H(t,,1,2) = K(D) + 3 (Az, 2) + °P(t, 0, 1,2)..

The following result extends to an infinite-dimensional setting [41, Theorem
4.1], which was motivated by the study of perturbations of superintegrable sys-
tems, cf. [75].

Theorem 5.4.4. Assume (L), (P,), (Pyy), (Decl), (Dec2), (Tw) and (C,). Moreover let
the operator A be invertible with a bounded inverse. Then, for every o > 0 there exists

n > 0 such that, if |n| <7, system (5.24) has a solution satisfying (5.2)) and (3.19).

Notice that the nonresonance assumption (NR) is not required here.

Proof. Arguing as above we can perform the change of variable (5.4) and set
without loss of generality I = 0, so to obtain

¢ = VK(I) = VK(0) + n*V P(t,¢, 1, 2)
—] = 12V:P(t,¢,1,2) (5.25)
Ji =nAz+ 2V, P61, %)),
and, for every index J > 1, its approximation
¢ =g, [VK(I) = VK(0) + 12V, P(1, 6,1, 2)]

—[ =g [VeP(t,€,1,2)] (5.26)
‘]Z = HS}} [77-’42 + T]QVZP(tv 57 I: Z)] .

Lemmas [5.3.1| and [5.3.2| holds again, simply replacing |¢| with n* and & with
77*. The statement and the proof of Lemma however, must be modified as
follows.

Lemma 5.4.5. There exists a sequence (r;); € (> of positive constants such that, for

every T-periodic solution (t) = (£(¢), I1(¢), 2(t)) of we have

—’. < .
||Z]||L2([07T]7R2N§) > |77|T]7
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for every 7 > 1. The same conclusion holds for every solution of (5.26), when j =
1....J.

Proof. Fix j > 1 and consider the j-th block of the third equation in (5.26)), i.e.
L% = nAiZ + 0V P(1,0), (5.27)

where £; denotes the j-th block of the linear operator £, cf. (5.13). From hypoth-
esis (Decl), we have that o(£; — nA;) € o(L —nA). We set g = min{1, 775}
and, recalling that 0 ¢ o(A), we choose ¢ € (0, 7) such that o(A) N [0, 0] = @.
Claim. When |n| < 1o, every A € o(L — nA) satisfies |\| > d|7].

In order to prove this Claim, notice that, if A\ € o(£ — n.A), there exists a
non-trivial T-periodic solution z of Jz' = (nA — AI)z, so

o(J(nA—AD)) N Q%iz 4o, (5.28)

If |\ > 7/T, then |A| > § > d|n|. So, we can assume || < 7/7". In this case, we
have

2
[7mA = AL < Il ]l + 1] < =
SO, )
peo(JmA=AD) = |ul <[JmA=AD)| < T

By (5.28), we have that 0 € o(J(nA — A\I)) and, since J is invertible, 0 € o(nA —
Al). Hence, % € 0(A) and so |%| > 0, thus proving the Claim.

From now on we assume |n| < 7. By the Claim, in particular, 0 ¢ o(L —
nA) and so £ — nA is invertible, as well as £; — n.A;, with bounded inverses.
Hence, (5.27) is equivalent to

Z=n*(L; —nA;) 'V P(t,C).
Moreover,
1 1 1
<

1025 =14 = G0, 002, —nky)) = @st(0, 0 (2 = A)) = 3]

and consequently

nQ\/Tag. \/Tag-
= |n| 5

3. <2 I(L: —nA) - Vg.ﬁ
150 gty <7 =0 N IVSPI, e <

thus concluding the proof of the lemma. O

The proof of Theorem can now be completed following again the lines
of the proof of Theorem 5.1.1} O
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Appendix A

Recovering a function from
its p—norms

In this appendix we will investigate the problem of finding necessary and suffi-
cient conditions for a couple of real valued functions f and g to have coincident
p-norms on the same set of p values. The result, besides the intrinsic interest,
has a deeply correlation with Probability and in particular with the so called
Stieltjes moment problem. Let us briefly recall its description.

Suppose 1 be a positive Radon measure. If the number

+o00
On = / 2" dp(zx)
0

exists and is finite, it is called the n-th moment of the measure p. If for all
n > 0 the moments exist and are finite, the sequence (o,,), is called the moment
sequence of /.. The moment problem consists in answering to the following two
questions.

1. Given a sequence (0,), of real numbers, find, if possible, a measure y
having it as its moment sequence.

2. Is p uniquely determined by this sequence?

We will focus our attention on the second question. Stieltjes, in [98], shows
that in general the answer to this question is no. (Other examples can be found
in [99] while a complete discussion of the problem can be found in [97,[105].)

Our result is then extended to functions defined over N. The problem will
be tackled by means of complex analysis techniques and a central role here is
played by the Mellin Transform named after the Finnish mathematician Hjal-
mar Mellin who introduce this transformation to study some properties of the

141
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gamma functions and of hypergeometric functions (see e.g. [73]). Nowadays
Mellin transforms find application in number theory [101], mathematical physics,
statistics, the theory of asymptotic expansions, special functions and integral
transformations. (For a very detailed exposition of the argument see e.g. [100,
211)).

Before stating our main results, let us recall the standard notation for the norms
in LP(E):

I = ([ ran)” i1 <p<oc, Il = esssup ]
E
Moreover, for a measurable function f : £ — R, we write

{f>at={2eE: f(z)>a}, u(f>a)=p{f>a}).
Here is our main result.

Theorem A.0.1. Suppose f,g € LP(E) forall p > 1, and P = (p;)32, is a sequence
of distinct real numbers p; > 1. Suppose also that at least one of the following two
conditions holds:

a) P has an accumulation point in (1, +00);
b) f,g € L*(F)and
> - (A1)

Then the following two statements are equivalent:
) \[flle=llglly forallpe P;

it) p(|fl >a)=p(g| >a) foralla>0.
Observe that, if lim; p; = +00, then (A.1)) is equivalent to

o0

Zl = +00.

=1 P

Notice moreover that, in this case, if we drop the boundedness hypothesis on
f and g, the result is no longer true, as we will show with a counterexample in

Section Theorem applies for example if

1 1
P={jeN j>10},P={14+—:jeNV,orP=42+—— :j€ENbY.
pen sz p={is g enforr {ze g el
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On the contrary, the set P = {j*:j € N\ {0}} is not admissible, since in this
case the series in converges.

It can be seen, as a consequence of the Chebyshev inequality, that i7) implies
the identity || ]|, = ||g//,, for all p € [1, +00), and for any functions f, g € L*(E).
Hence, we will focus on proving that i) implies 7).

After having recalled some results in measure theory and complex analysis
we will give a proof of Theorem [A.0.1] by the use of the “Full Miintz Theorem
in C[0,1]”, elementary complex analysis and the Mellin transform. Next we
construct the counterexample to the conclusion of Theorem if the bound-
edness hypothesis on f and g is dropped in b). At last we will provide a gener-
alization of the theorem for sequences and final remarks.

A.1 Some preliminaries for the proof

We will need the following preliminary results.

Lemma A.1.1. Suppose P = (p;)32, is a sequence of distinct real numbers p; > 1
satisfying (A.1) and having at most 1 as a finite accumulation point. If ¢ € £1[0,1]
satisfies

1
/ o(x)r?'dr =0 forall p€ P, (A.2)
0

then () = 0 for almost every x € [0, 1].

Proof. By the assumptions given on P, one of the following two cases occurs:

(b1) P has a strictly increasing subsequence (p;, ) such that p;, — +oo and
Dkt ;Tl-k = +00;

(b2) P has a strictly decreasing subsequence (p;, ) such that p;, — 1 and
> i1 (py — 1) = +o0.

With no loss of generality, we may replace P by the subsequence p;,, in either
case.

Suppose that (b1) holds; then by (A.2) we have

1
/ o(x)arP PP dr = 0.
0

By the “Full Miintz Theorem in C[0, 1]” given in [17, Theorem 2.1] the linear
span of {z77P' p € P} is a dense subset in C°[0, 1] because in this case

bp—Nn
—:+OO,
Z(p—p1)2+1

peP
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by (A.T). Hence, for any & € C°[0, 1] we have:

/01 o(z)z" " h(z) da = 0.

Extend ¢ = 0 outside [0,1]. Let x. be a family of mollifying kernels on R (as
shown for example in the article [54] or [104, Chapter 9.2]). Then picking h(x) =
Xe(r — y) and setting k(z) = ¢(z)2P*~! we obtain:

/0 k(x)h(x)dx = /Rk:(a:)xg(x —y)de = (k*x:)(y) =0 for every y € R.

Now, by [104, Chapter 9, Theorem 9.6],
kxx.—k  inL£Y0,1].
Consequently, holds if and only if ¢ = 0 almost everywhere.
If case (b2) holds then we can define a sequence of functions (f;); by
filw) = p(x)z™ .

The sequence ( f;),; converges to ¢ pointwise. Moreover, choosing o(x) = |¢(z)|,
we obtain that ¢ € £! and

|fi(x)] < o(x) forallz € [0,1]andall j € N,j > 1.

By the Dominated Convergence Theorem we obtain that

1 1
/ o(r)dz = lim [ o(z)z?tdz=0.
0

Jj—00 0

Consequently we can suppose, without losing in generality, that 1 belongs to P
and the proof proceeds as before applying the “Full Miintz Theorem in C|0, 1]”
[17, Theorem 2.1]. o

Remark A.1.2. If f € LP(E) forall p > 1, let ju5 : (0,400) — R be defined by

pe(t) = p(lfl>1).

It is well known that ji; is a monotone nonincreasing function, continuous from the

right, and that
+o0
[usrau=p [ usoear
E 0

for every p € [1,+00), cf. [104), Theorem 5.51]. Note in particular that p; € £1(0, +00).
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To deal with the first part of Theorem namely when case a) holds,
we have to recall some tools in complex analysis. The Mellin transform of a
function v(t) is defined as

(Mu}(2) = F(2) :/ vB)Eldt, zeC,
0
whenever the integral exists for at least one value 2, of z (cf. [100} 105, [107]).
Lemma A.1.3. Let v : [0,4+00) — R be a function such that
v(t) "t e £1([0, +00)) forall z > 1.
Then Mu is analyticin S = {w € C: R(w) > 1}.

Proof. Let : [0,1] — Cbe a triangle in S and let ®(s, z) = v(s)s*~'. Then,

LF _ L (/0+OO<I>(S,2) ds) ds = /01 (/0%0@(5,7@))7'@) ds) dt,

with +/(¢) defined for all but three points ¢ € [0, 1]. Observe that

/W’F‘ - /01 (/Om (s, 7()7' (@)l ds> dt
= /01 (/Om [u()lls" 7 @) ds) dt.

Being v a triangle, |7/(¢)| is constant on every side and then there exists C such
that |7/(t)] < C) for all t € [0, 1] where the tangent vector is defined. Let R > 0
be such that Supp(y) C B(0, R). Then,

701 = FRhO-] < R4

and so

[ ([ wenseivoras)a<e [ ([T wesas)a

By hypothesis, v(s)s? is Lebesgue integrable for all p > 0, so

1 400
C’l/ (/ [u(s)s™ ds) dt < C\Cr < +00.
0 \Jo



146 A. Recovering a function from its p—norms

Then, by Fubini-Tonelli Theorem,

AFzA(/O+m®(s,z)ds) dz
_ /Om(/V@(s,z) dz) ds = /;Oo(/yu(s)sz—l dz) ds.

But now v(s)s*! is a holomorphic function of z, and then by the Cauchy inte-
gral theorem

/U(s)sz_l dz =0,

Y
/F:m
.

for every triangular path. Consequently, by Morera’s theorem for triangles (see
for example [26]), F(s) is holomorphic on {w € C : ®(w) > 1}. O

and then

A.2 Proof of Theorem

Being f and g in LP(FE) for every p € [1, +00), the functions

t—>u<|f|>t%> and t—>,u<|g|>t%>

are finite almost everywhere, the function

T(p) = /E (AP — 1gl?] dp

is well defined and finite for every p € [1,4+00), and
Z(p) :/E (IF1" = lgl")dp =
+oo
= [ P > 0 = gl > v
0

:/0”‘> [u <|f| > t%) —u(lgl - t%)} "

Substituting z = tv, the integral becomes

+00 +00
() = p / k(] > 2) - ullg] > 2)] 7 dz = p / o)1z, (A3)
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where
o(z) = p(lf| > 2) — p(lgl > 2).

Notice that ¢ : [0,4+00) — R is continuous from the right and that

1l = llgll, & Z(p) =0.

Suppose @) holds. Being ¢ : [0,400) — R the difference of two monotone
functions, it is differentiable almost everywhere, and hence continuous almost
everywhere. Moreover, it is of bounded variation on [a, 4+00) for all @ > 0 and
then of bounded variation in a neighborhood of each y € (0, +00). Notice that
the integral in the right-hand side of is the Mellin transform of ¢ , hence

I(p) =0 & {Mp}(p) =

By [105, Chapter 6.9, Theorem 28], for every c € (1, +00),

1 1 c+iT
- — 0= — T —p
plelw+0) +ple =0 == Im | AMeip)zdp, (A4)
where
o(x+0) = lim ¢(t) and o(x —0) = lim ¢(t).
t—at t—a~
By Lemma M is holomorphic on {w € C: R(w) > 1}. But
{Mep}(p) =0 forall pe P,

and, by a), P has an accumulation point in {w € C : ®(w) > 1}. Then, by the
identity theorem of complex analytic functions,

Mp =0 on {w e C: RN(w) > 1}.

The inversion formula (A.4) then becomes
1 1 c+iT
- —0)=— 1 2 Pdp =
5 [o(z+0) 4+ p(x — 0)] 5 TETOO - 0-2Pdp=0.
Being ¢(x) continuous almost everywhere, we have that ¢(z) = 0 for almost
every x. The conclusion easily follows.

Assume now that b) holds and that P has no accumulation points in (1, 4+00).
If || fllo = 0 0r ||g||cc = O, then either ¢) or i7) imply that f = g = 0 almost every-
where, and the result is achieved. Without loss of generality, we can suppose
1l < llgllc = 1. Indeed,

£l = llglly <[5 = lgll5

o o (Yo o ()
< [ () o= L (i) o
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In this case,
1
I(p) = / gp(z)zp_l dz,
0

and ¢ € £'[0,1]. By Lemma we have that Z(p) = 0 for all p € P if and
only if ¢(z) = 0 for almost every z € [0,1]. By the the right-continuity, we
conclude. O

A.3 Construction of the counterexample

In this section we want to show that, in general, the boundedness hypothesis on
f and ¢ in Theorem when b) holds, cannot be removed. In the first part
we give some definitions to set the problem in a more general frame, then we
develop the counterexample. Precisely, we will firstly build a continuous func-
tion ¢ defined on the positive real semiaxis and orthogonal to every monomial
(and for linearity to every polynomial). Then, we will prove that this function is
continuous and it is of bounded variation on [0, +00). So, it can be written as the
difference of two strictly decreasing functions; their inverses are the functions
we are looking for. To conclude we show;, as corollaries of independent interest,
that modifying a bit this function ¢ firstly we can make it smooth, and secondly
it could be orthogonal to every rational power of z, with fixed denominator. For
an in-depth analysis of this argument see e.g. [97,99].

Lemma A.3.1. The function ¢ : [0, +00) — R defined as
o(z) = e~V sin (V)

is such that .
/ z"p(x)dr =0 foralln e N.
0

Proof. This result was already known by Stieltjes that gave it in his work on

continuous fractions [98| page 105]. For the convenience of the reader we sketch
a self-contained proof relying only on elementary complex analysis.

Set
+oo )
I, = / e 102y .
0

Being |z"e~(1792| = 2"¢~*, we have that the integral I, is well defined for all
n. Moreover, letting z = 1 — 4, performing the change of variables zz = y we

obtain:
+o0 ) +o0
I, = / e~ 1m0 qy = / e dr = 27"} /y”ey dy,
0 0 0
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where 7 is the half-line starting at the origin, containing the point 1 —i. Consider
the triangular path 7 in the complex plane joining the points 0, N, N — i/V.
Being y"e™¥ analytic over the interior of T the integral along T’y is 0. Moreover:

N—iN
/ y"e Y dy
N

and so

N N
/ (N —it)"e N ¥ dt g/ IN? +#2|2e NV dt — 0,
0 0

N N—iN 0
/ ye Ydy + / yre Y dy + / y"e Ydy = 0.
0

N N—iN

Then, passing to the limit for NV tending to +oo, the first term tends to I'(n + 1),
the second term tends to 0, and the third tends to —z"*'I,, hence:

L=2""T+1)=z""nl.

Then,
In =nl. (1 — i)_n_l =nl. (1 + 2’)7"04-1 . 2—n—1 _
7+l ‘
:n‘|:(1+l>‘| '27”71'2%“:77,!'6%-27”71
V2
So,
I3 €R forallp e N,
and then
S (Lapy3) =0 forallpe N,
so that

+00 +oo
0=S(Lypy3) = / pP e (e) do = / P " sin(r)dr  forall p € N.
0 0

Letting = ui , we arrive to
+oo 4
/ wPe™ Visin(yu)du =0 forall peN.
0

The function

has the requested properties. [

Lemma A.3.2. The function y defined in Lemma belongs to BV ([0, +00)).
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Proof. Observe preliminarily that ¢(0) = 0 and ¢ tends to 0 at infinity; moreover,

oy = Ces (V) TR Voo g (m )
A3/4 Ax3/4 A3/4 4
and so

\/56_% . <7r

/ f— —_— —_—
o) =0 < e sy
The second derivative of ¢ is given by

Sy - B (VE) — (297 +3)cos (V)

16 27/4

—f)_o o VI= ——I—k:7r fork € N.

Letting

T 4
I”:(z“”) )

we see that (¢”(z,)), has alternating signs, since
11256y/27(-(7+3))
(47n 4+ m)6 7

" (xn) = (=1)"

So, the total variation of ¢ is the series of variations between each stationary
point plus the variation between 0 and the first stationary point. Writing R* =
{z € R:xz >0}, we have

ISH

e
Ver(9) = =+ > " leo(@as) — ()]
n>0
e~ i
- + Z ’90 xn+1 (xn)l + Z ‘90<$n+1) - Sp(xn)‘
ne2N nEe2N+1
%
= \/§ + Z [p(@2n41) — @(22n)] + Z [p(@2n+2) — P(T2n11)]
neN neN
— 17 (8n+5) 7(8n+1) L7(8n+9) L7(8n+5)
€ 4 e 4 e 4 e 1
S AOME D3 +
V2 V2 = Y V2
—z [oe —2mn
e 4

267271'71 e
- z(em )
e e

L=

&

b

€ ( S 727m
= 1+ =+ —) d (e +1
2
\/§ € n=0
i | (1+e)? et
pr— . 1 p— 2 .
\/§ e2m 1—6—27r+ V2 em —1
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We are now ready to construct the counterexample. Define

1 1
t) = P(t — t) = N( —
0) = Plt.00) + gz« () = Nt+o9) + g
where P(t,+00) and N(t,+o00) are, respectively, the positive and the negative
variation of ¢ on (¢, +00). The functions ¢ and v are positive, strictly decreasing,
bounded, and achieve their maximum in 0. Moreover,

lim ¢(t) = lim 9(t) =0,

t——+o0 t—-+o0

and

o) —o(t) = (1)
Restricting the codomain of ¢ to (0, ¢(0)] and that of 1 to (0,%(0)], we obtain
two invertible functions

~ ~

¢ :[0,400) = (0,0(0)], ¢ :[0,+00) = (0,4(0)].

Moreover, their inverses are also non negative decreasing functions. Define

f=0":(0,6(0)] = [0,+00), g =011 (0,9(0)] = [0,+00),
and notice that
lim f(z) = lim g(z) = +oc0.

z—0t z—0t

Extend f and g to all R by setting them equal to 0 outside their domain, and
call them f and §. These are the functions we are looking for. Indeed, we will
now prove that (| f| > «) does not coincide with p(|§| > «) for a.e. a > 0. By
contradiction suppose that

w(|f] > @) = (gl > a) fora.e.a > 0.

Being f and § non-negative and being their level sets coincident with those of f
and g, we have
u(f >a)=plg > a) fora.e.a>0.

But f and g are monotonically strictly decreasing, so {f > a} = [0, f~*(«)) and
{g > a}=1[0,g7()), hence

fHa)=gYa) fora.e.a>0.
Being ™' = ¢and ¢! = ¢,

o(a) =Y(a) fora.e.a > 0.
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Recall then the definition of ¢ and ¢ to obtain

P(o, 4+00) + 5 = N(a, +00) + forae. o >0,

(a+1) (a+1)2

SO
P(a,+00) = N(a, +00) forae. a >0,

and then
o(a) = P(a,+00) — N(a, +00) =0 fora.e.a >0,
finding a contradiction. The proof is then completed. O

In the following corollary, we want to extend Lemma to find a continu-
ous function orthogonal to every fractional power of x with fixed denominator.

Corollary A.3.3. Fix g € N\ {0}. There exists a continuous function p, : (0, +00) —
R, not identically equal to 0, such that

+oo
/ ripy(r)dr =0 foralln € N.
0
Proof. Define I,, as before. We have
+00
/ " sin(z)dr =0 forallp € N.

0

Letting v = i we arrive to
too P 4g 1-g
/ wie™ Visin(%u)u« du=0 forallpeN.
0

The function

is the one we were looking for. O

The aim of the subsequent lemma is to show that, if we multiply the func-

tions ¢(z) and ¢,(x), found respectively in Lemma and Corollary
by a suitable power of x, we obtain two new functions that maintain the same

property of orthogonality but are arbitrarily regular. We achieve this result ap-
plying Faa di Bruno’s formula.

Lemma A.3.4. Let w € C*(R) and 0 < a < 1. Then the function g,, : [0, +00) — R,
gn(x) = 2 w(z"),

is of class C" on [0, +00), with géj)(O) =0forallj=0,1,2,...,n.
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Proof. A central tool of this proof will be Faa di Bruno’s formula that we will
recall briefly. Let w and u be C™ real valued functions such that the composition
w o u is defined; then (w o u)(z) is of class C"™ and for x > 0 we have

(wou) _]'Z 2 T |

hi+-+hg=j

or, setting (ky, ..., k;) =Ke(l,...,j) =,

n kn
(wou) Z k1 wkr++ks) ﬁ <u( )

K-J=j n=1

For a proof of this formula look at [92]. We have that

ggj)( ) Z (2)71(71 — 1) e (n —h+ 1)xn7h [w(xa)](”_h) ’

h=0

and each term of this sum is of the form
C ™ Mw(z®)]" M, (A.5)

where C' is a real number depending on j,h and n. Now we use the Faa di
Bruno’s formula to express the derivatives of w. In our case u(z) = 2 and so

u(z) = (a), z*" where ()p=ala—1)---(a—h+1).
Consequently
u (@) u™) (@) = (@)n, (@)ny -+ (@)p,a® P2 g0,
and if hy + -+ hy = J,
u(z) - (z) = C(hy, ... hy)aho

So, applying Faa di Bruno’s formula to (A.5), each term has the form

n—h n—h
‘rnfh Z Ckw(k) (xa) . Ikaf(nfh) _ Z Ckw(k)
k=1 k=1

To conclude observe that

J
Nz) =3 Cpu®
k=1

and apply the theorem on the limit of the derivative. O
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As a consequence of Lemma we have that the function ¢ : [0, +00) —
R in the statement of Lemma can be chosen to be arbitrarily regular (but
not C*). For example, taking

o(z) = e~ V¥ sin(Va)z", neN,

by Lemma choosing w(z) = e *sin(z) and a = }, we see that p(z) is
of class C". The same reasoning choosing the same w and o = 4iq allows to
conclude that also the function ¢, is of class C" if multiplied by 2"t

A.4 Final remarks

As a direct consequence of Theorem we have the following.

Corollary A.4.1. Suppose u(E) < +oo, f € LP(E) forall p > 1 and P = (p;)32,
is a sequence of distinct real numbers p; > 1. Let C be a non negative constant, and
suppose that either a) or b) holds. Then, the following two conditions are equivalent:

1 \#

1) | ——= =C orall p e P

) (i) Mh=C
it) |f(x)|=C forae x € E.

Indeed, Theorem applies taking as g a constant function.

Theorem |A.0.1| remains valid assuming the existence of an accumulation
point of P in (0, 1] and supposing f, g € LP(E) for all p > 0. In this case, || f||, is
formally defined as before, although this is not a norm anymore. To prove this,
first notice that, without loss of generality, we can always assume that f,g > 0.
Let § € (0,1] be an accumulation point of P. Forallp € PN ($,2),

5
/ P = / gfPdn o ( / |f3|“du)
E E E
5

5 2 2 5 s
= ([1atFae)™ & sty = oty
E

The set P = 2 :pe Pn(%,2)}is contained in (1, +00) and has an accumu-
lation point there. We can now apply the second part of Theorem to find
that

u(1f3] > @) = p(lg?| > a)  foralla >0,
and so (| f| > a) = p(lg| > «) foralla > 0.
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In the last part of this section we consider the special case of ¥ spaces and
show that Theorem can be generalized in this setting. We recall that, for a
sequence A = (a,),, the /P norms are defined as follows:

1
1Al = (Z Ian\p> , [Allee = sup an].

n=0
Here is our result.

Theorem A.4.2. Let A = (ay,), and B = (b,),, be two sequences of real numbers in (*.
If P = (p;)52, is a sequence of distinct real numbers p; > 1 having an accumulation
point in (1, 4+o00] and

1All, = [IBll, forall pc P,

then the sequences
Al = (lan])n and  [B] = ([ba])n
can be obtained one from the other by permutation, appending or removing some zeroes.

Proof. Suppose that the accumulation point is finite. Choose X = N, A = P(N)
and p the counting measure. By Theorem we have that

#(|A] > a) =#(|B| > «) foralla > 0.

Without loss of generality we can suppose that a,,b, > 0 for all n € N. Being
(ay)n and (b,), absolutely convergent, we can rearrange them in such a way
that A and B are non increasing without modifying the /¥ norms, thus obtaining
A= (Gpn), and B = (En)n, respectively. Clearly

#(A>a):#(21>a) and #(B>a):#<é>a).

If 4, = b, for all n, then the theorem is proved. Assume by contradiction that
A # B and let 7 be the smallest index such that a, # b,. Suppose for instance
that G, > b, and choose

o — a5 + by
— B
With this choice we have
#<A>a) 2ﬁ>#<]§>a> ,

a contradiction. Suppose now that +oc is the only accumulation point of P. We
have that R A
tisn A, = [[All = o,
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and similarly for B, obtaining that ay = bo. Define A, = (Gp)n>1 and B, =
(bn)n>1 and notice that:

IIA,| = Zam @ = |AHpJ @ = ||BHp] W= HBI\Z; 7

and consequently ||/11Hp]. = HBalj for all j. By the same reasoning we will
obtain that
lim || Ay |, = 1A4]|oo =

and the same for Bl , to obtain a; = El. Proceeding by induction, we conclude
that A = B. n

Notice that, choosing for example p; = j! for all j > 1, the condition || A|| b =
1B p, for all j implies that A = B, but in this case the series in converges.
Notice moreover that Theorem[A.4.2]remains valid if 1 is the only accumulation
point of P, supposing that (A.T) holds.

The problem of the necessity of condition (A.1) has been solved in 2020 by
Erdély (see [38]]) in the following sense:

Theorem A.4.3. There is a finite Borel measure jpon E := [0, 1] with 0 < p(E) < 400
and there are two functions f, g € L(E) such that || f||, = ||g||, forall p € P but

pfz e E:|f(x)l <a}) # p{z € E:g(x)] < a})

for at least one value of o > 0.

We want to conclude this chapter showing we can find two real functions
having coincident norms for an arbitrary finite set of p values in [1, +00). Let us
start by proving the following theorem.

Theorem A.4.4. For all n > 0, given n distinct, positive real numbers py,...,py
greater or equal to 1 there exist a polynomial n(x) such that

1
/ n(x)aPide =0  foralli=1...n
0

Proof. Define, for every ¢ € (—1,0) and = € [0, 1],

W= [ e as,

2mi Joioo (s+D(s+2)- (s+n+1)(s+n+2)
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7 is the inverse Mellin transform of the function

(s) = (s =pi1)(s—p2)--- (s —pu) P(s)

(s 1)(s+2) - (sFn+1D)(s+n+2)  Qs)

having as zeroes exactly pi, ..., p,. We want now to prove 7(z) is a polynomial.
Let us consider the semicircular path v; having as a diameter the line segment
from ¢ — ji to ¢ + ji and closed to the left. By the residue theorem

O [P(s) L. [ P(s)
jETmlj )" ds‘/m o)

since the integral on the circular arc tends to 0 as the radius tends to 0 for |s| —
+00. On the other hand

, P(s) . R P(s)z—
jlg?o[w Q(s)x ds—;Res( 0s) , 8 = k:)
n+2 n+2

P(_k) k _ k—1 P(_k) k
:;Q’(—k)x =2 (=1 (k—Dln+2—k)!""

k=1 ’

that is a polynomial in . Now, by repeating the same construction made in
Sectionthat leads to f and g starting from ¢ for the function 7 to obtain two
functions having equals p-norms for p = py,...,p, . O
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Appendix B

Dini derivatives of continuous
functions

In this second appendix we want to inquire the behavior of Dini derivatives
of continuous functions. Beside the intrinsic interest the inspiration for this
study arose firstly from the study of lower and upper solutions (see e.g. the
conditions [29, Definition 3.1, Chapter 1, Section 3] but also Proposition [2.2.5]
in Chapter 2| of this thesis) and secondly by the possibility to further extend the
results presented in Chapter|l|for the Poincaré-Bohl Theorem for bounded open
sets with even more irregular boundary.

Dini derivatives take their names after Ulisse Dini, who introduced them in
1878, cf. [35]; let us recall their standard notations

D, f(z) = hhfg(l)ﬂlf flz+ hf)L — f(x) : D+f(l’) _ h}fi%ljp flz+ hf)b — f(z) ’
D,f((%) _ hhfgé{lf f(J? + hf)L - f(l‘) ’ Dif(l’) _ h}rlfi)%l_lp f(l’ + hf)b — f(x)

Here, and in the rest of the chapter, we assume that f : I — R is defined on
some open interval / C R. A fundamental step in the study of Dini derivatives
was achieved in the first quarter of the twentieth century by Denjoy [34] for
continuous functions, Young [106] for measurable functions, and Saks [93] for
arbitrary ones. The Denjoy—Young-Saks theorem states that at each point z,
except for a set of measure zero, one of the following four alternatives holds:

1. f has a finite derivative at x;
2. D_f(z) =D*f(z) eR, D f(x) =400, Dif(z)=—00;
3. D f(x) = Dy f(x) € R, D* f(z) = +00, D_f() = —o0;
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4. D~ f(z) = D* f(x) = +00, D_f(x) = D f(x) = —0.

Denjoy also explicitly constructed a continuous function realizing each of the
previous four conditions on a perfect set of positive Lebesgue measure; a highly
remarkable result, in consideration of the fact that continuous functions can
exhibit very pathological behaviors (see, e.g., [62]). We refer to the book by
Bruckner [20] for an extensive study of Dini derivatives and a more complete
historical account.

In this chapter, for any function f : I — R, we are interested in studying the
set
Vi:={axel:D_f(x)<D"f(x)}.

It should be noticed that, in the above mentioned example by Denjoy, the set V;
is totally disconnected, i.e., it does not contain any nontrivial interval. The main
question is: how large can this set be?

It is well known that there exist non-continuous functions f : R — R for
which V; = R (see for instance [58], where the function f : R — R has a dense
graph in R?). On the contrary, we will prove that there are no continuous func-
tions with such a property. To be more precise, let us introduce the following
class of functions.

Definition B.0.1. We say that a function f : I — R is upper well behaved if for
every compact interval J contained in I thereisa x; € J such that f(x;) = max f(J).

Clearly, every continuous function is upper well behaved. On the other
hand, one can easily find examples of upper well behaved functions which are
nowhere continuous (e.g., the well known Dirichlet function).

Here is our first result.

Theorem B.0.2. If f : I — R is upper well behaved, then the set Vy is totally discon-
nected.

Our theorem complements Denjoy’s example of a continuous function, for
which p(Vy) > 0; it suggests that, if f is continuous, the set V; should be “small”,
in some sense. Some questions then arise:

Q1. If f : I — R is continuous, or even upper well behaved, is the set V; of first Baire
category?
Q2. If I = (a,b) and f : I — R is continuous, can p(Vy) be equal to b — a?

We will also show that the set V; can be preassigned, at least in the class
of totally disconnected closed sets; taking, e.g., I = R, for any given totally

disconnected closed set V C R, there exists a continuous function f : R — R
such that V; = V. This will be a consequence of Lemma below.
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Let us now investigate on the possibility for a function f : R — R to be
such that V; = R and, at the same time, to be continuous at some points of its
domain. We will prove the following.

Theorem B.0.3. For any totally disconnected closed set A C R, there exists a function
[+ R — R, whose set of continuity points coincides with A, such that V; = R, and
more precisely

D_f(z)=-00 and DTf(z)=+occ, foreveryz € R.

Recall that a Smith—Volterra—Cantor set is a totally disconnected closed set
C, contained in [0, 1], having any assigned Lebesgue measure ;(C) €]0,1[. It-
erating its construction on any interval [n,n + 1], with n € Z, we could have a
totally disconnected closed set A with “almost full” measure.

A further question now arises:
Q3. If V; = R, can the function f : R — R be continuous on a dense set of points?

The proof of Theorem and Theorem are provided in the next sec-
tion. They are based on the knowledge that every monotone function is differ-
entiable almost everywhere, and on some simple properties of continued frac-
tions.

B.1 Proofs

We denote by p be the Lebesgue measure on R.

Proof of Theorem|B.0.2] By contradiction, let [a,b] C V;, with a < b. Let (x,),
be a sequence in [a, b] such that f(z,) — inf f([a,b]). Passing if necessary to a
subsequence, we can assume that z,, — Z, for some & € [a,b]. We have two
cases.

Casel: & € [a,b). We will prove that f is increasing in (#,b], hence almost
everywhere differentiable there, a contradiction.

By contradiction, let a, 5 in (&, b] be such that o < § and f(«) > f(/). Being
T < aand f(a) > inf f([a,b]), there exists n such that z, < a and f(z,) <
f(«). Since f is upper well behaved, there is a & € [z,, ] such that f(z) =

max f([xn, f]). Being f(Z) > f(o) > max{f(z,), f(B)}, it has to be & € (z,, (),
whence D_f(%) > 0 > D™ f(z), a contradiction, since & € V.

Case 2: & = b. One proves in an analogous way that f is decreasing in [a,b),
hence almost everywhere differentiable there, a contradiction.
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The proof is thus completed. O

Remark B.1.1. If we define a function f : I — R to be lower well behaved when
(—f) is upper well behaved, then it can be proved that the set

Ap:={zel:D f(z)>D;if(x)}

is totally disconnected.

Let us now go for the proof of Theorem In the following, we allow an
interval to be reduced to a single point. It will be useful to consider the function
F; : R — [0, 1] defined as

Fy(x) = 2y/x(1—2z), ifzel0,1],
ne 0, otherwise .

We first need to prove the following two lemmas.

Lemma B.1.2. Let A be a totally disconnected closed set. Then, there exists a nonneg-
ative continuous function o4 : R — R such that:

* o4 is differentiable on R\ A;
o forallx € Aonehas D_o,(z) = —oo and Do 4(z) = 400}
* ou(x) =0ifandonly if v € A.

Proof. We first prove the result in the case when A is bounded. Without loss
of generality we can assume that A C (0,1). Since A is closed, its complement
in (0,1) can be written as an at most countable union of pairwise disjoint open
intervals U,, = (ay,b,), with n > 1. We will treat in detail only the case when
there are infinitely many of them (in the other case A has only finitely many
points, and the proof is much easier). We can then write

A=0,1)\|JU..

We define R, = [0, 1] and, for every n > 2,

n—1

R, =001\ JU;.

7=1
The following properties hold true:

e U, CR,, foreveryn > 1;
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© RRDRy D" DR, 2+

* (R.=AU{0,1}.

n>1

Moreover, for n > 2 the set R, is the union of n pairwise disjoint closed intervals
R, =58,1USp2U---US,,.

We set S;; = R; = [0,1]. For every n > 1 there exists an integer H(n) €
{1,...,n} such that U, C S, p(n). For simplicity, let us introduce the notation

P = 11(Sn ) -
Note that, since A is totally disconnected, we have
limp, =0. (B.1)
We define the function 54 : R — R as

Gal) :i\/p—nFﬁ (é:‘?)

n=1 n

Notice that, for each z € R, the above sum has at most one non-zero addend. It
is clear that 54(z) > 0 for all x € R, and that

A={z€(0,1):64(x) =0}.

If z € (0,1) \ A, then z € U, for some n, hence 7, is differentiable there. How-
ever, G4(x) = 0 for every x € R\ (0,1). We thus need to modify 74 outside
some interval [, 1 — ], with 0 € (0,1), containing A in its interior. It is indeed
possible to find a function o4 : R — R, which coincides with 64 on [d, 1 — ], and
is continuously differentiable on (—oo, ] U [1 — §,4+00), being strictly positive
there, and

oalx) =1 foreveryz € (—o0,0] U[l,+00).

This function 04 : R — R is differentiable on R \ A and it is such that

A={z eR:04(x) =0}.
We would like to prove that, for any x € A, the function o4 is continuous at z,
with D_o4(z) = —oo and Dt o4(z) = +c.

Suppose then z € A, and so 04(x) = 0. For every n > 1 we can find an index
N(z,n) € {1,...,n} such that x € S, n(sn). Let us first focus our attention on a
right neighborhood of . We consider two cases.
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Case 1. Assume inf{y € A : y > z} > x. Then = = a,, for a certain index
n. In particular, U, U {z} = [a,, b,) is a right neighborhood of z, and it is easily
seen that lim, ,,+ 04(y) = 0 and Do 4(z) = 4o0.

Case 2. Assume inf{y € A : y > x} = . In this case, S,, n(»») contains a right
neighborhood of z, for every n > 1, and

SuN@m Ny € (z.1) 1y ¢ A} = | U;,
J€JIn
where J, is an infinite set of integers, such that

lim (min J,,) = +00. (B.2)

n

We first prove that o4 is continuous from the right at z. Fix ¢ > 0. By (B.1)
and (B.2), there exists 7 > 1 such that

n>n = p;<e& foreveryj€J,. (B.3)

For any y € Sin@n) N (x,1) we have that, either y € A, hence o4(y) = 0, or
y € U, for a certain j € J;; in this case, by (B.3),
y—a

oA = 75 F (b‘ ) < VB <e.
J

J

We have thus proved that 0 < 04(y) < ¢ for every y in a right neighborhood of
z,and so lim,_,,+ 04(y) = 0.

We now prove that DT o4(x) = +oo. We claim that there exists a strictly
increasing sequence (ny;);, of positive integers such that
Sn,H(ng) = Oy Nw,ny) - (B:4)

Indeed, set n; = 1. Then, for some m > 2 we know that it will be

S2,N(z,2) = S3,N(:p,3) = " = Om,N(z,m) 7& Sm+1,N(x,m+1)

if and only if the sets U, , Us, ..., U, -1 have an empty intersection with S5 n (5 2),
while U,, C S5 n(z,2). We see that in this case S, #(m) = Sm,N(@m); such an m
is denoted by n,. Then, one proceeds inductively: assume that n; has been
defined, for a certain k& > 2; for some m > n;, + 1 it will be

Snk—i—l,N(ac,nk-l—l) = Snk+2,N(z,nk+2) = " = Pm,N(z,m) 7& Sm—i—l,N(:L’,m—‘rl)

if and only if the sets U,,, , Uy, 41, ..., Un—1 have an empty intersection with
Snp+1,N (zmp+1), While Uy, C© Sy, 11 N(wng+1)- We see that Sy, gr(m) = S, N(e,m); such
an m is denoted by 1.
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We have thus defined the sequence (ny); for which (B.4) holds. Denote by
I, the midpoints of the intervals U, . Since, by (B.4),

T e Snk,N(m,nk) - Snk,H(nk) and :i'nk S Unk g Snk,H(nk) y
it has to be [z, Z,,,| C Sy, H(n,), hence &, —x < p,,. Then, by (B.1),

An - . vV Pn . 1
DY oy(x) > lim OA(xAk) o4(2) > lim Y% _ Jim
k Lny — & ko Py, k Py,

= +00.

A similar argument shows that lim,_,,- 04(y) = 0 and D_o4(z) = —o0, so
that the proof is completed, in the case when A is bounded.

Let us now consider the case when A is unbounded both from below and
from above. We can define a bilateral sequence (z,),cz of points, not belonging
to A, such that 2,1 — z,, > 1 for every n € Z. Define A,, = AN [z,,, T11], for ev-
ery n € Z. Notice that A,, is closed, totally disconnected and bounded, for every
n € Z. Applying the above procedure with A, instead of A, we obtain the cor-
responding functions o 4,, which we denote by o,,. Notice that, by construction,
for every n we have that

on(zy) =1, op(tp1)=1, and o (z,) =0, (xp1)=0.
We define the functiono4 : R — R as
oa(z) =o0,(x), forevery neZ and x € [z,,2n11],

It is readily verified that 04 well-defined, continuous on all R, and differentiable
onR\ A.

The cases when A is unbounded only from below or only from above can be
obtained adapting the procedure adopted in the previous two cases. O

Lemma B.1.3. Let ¢ : R — R be a non-negative continuous function, and define

f(x) =9Y(x) - Z(x), where
1, ifr=00rzeR\Q,

X () = 1 . D .
2= e cQ\{0}and |o| = with ged (p.q) = 1.

Then, the set of continuity points of f coincides with the set of zeros of 1); moreover,
e if(x) #0,then D_f(x) = —ocand D f(z) = +o0;
e ifip(x) =0, then D_f(x) =2D_1(x) and D% f(x) = 2D (x).

Proof. The result is proved by means of the theory of continued fractions, for
which we refer to [82]. We fix = € R and consider two cases.
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Case 1: ¢(x) # 0. It is easy to prove that f is not continuous at these points.

If z € (0,400) \ Q, let (¢, (x))nen be the sequence of convergents of the con-
tinued fraction representing x. Define

— _ Q2p41

a
+ m Con (), T,

r, = —
n
b2n

= = Con+1(T) .

2n+1
The sequence (z;)),, converges to the right while (z;,),, converges to the left to .
Since the fractions ¢, (x) are in lowest terms, we have

o) f@) (27 o )blen(@) - v(a)

Tk —w Con(T) — o

because the numerator tends to ¢(z) > 0 as n — +o00. Analogously,

f(x,) — f(z) <2 a a2i+1>w(62”+1(x)) —¥()

= — —00,

T, —x Cont1(x) —

Hence, D" f(z) = +oo and D_ f(z) = —ooc.
Ifzx e (0,400)N Q,letz = § with ged(p, ¢) = 1, and define, for every n € N,

=Py 1 2"t +1 P 1 2"pgt — 1

"og (29 ngn g
For every n > 2, the fractions are reduced to lowest terms, while their numera-
tors tend to infinity as n — +o00. So,

flyd) — f(=) (2 B Wlﬂ) o) - (2 - }9) ¥ ()

= —
Y —x (29)™ oo

because the numerator tends to %1/1(@ > 0 asn — +oo. Analogously,

to) ey 2 ) v - (27 ) v

=— — —00.
Yp — T (2¢)™ >

Hence, D* f(z) = +ooand D_ f(x) = —oo. We have thus proved the conclusion,
in this case, for every x > 0.
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A similar argument leads to the conclusion when = < 0. Finally, if x = 0, we
define, for every n > 1,

_n+1

zZ,
n2

+_n+1

Z =
n? ’

n )

so that

1
F(z5) = £(0) (2 g 1) v (=) - 0)

= — +o00
+ + )
22 —0 2

since 1(0) > 0, hence proving again that D" f(0) = +oco and D_f(0) = —oc.

Case 2: ¢(z) = 0. The continuity of f at z is trivial, since

Y(y) < fly) < 20(y), foreveryy € R. (B.5)

The function

y—z  y—ua
is continuous in its domain R \ {z}, and

r.(y)(y —x) >0, for every y € R\ {z}. (B.6)
Moreover,
Dt(x) = limsupr,(y), D_¢(x) = liminfr,(y) .
y—at y—x—

Correspondingly, we can find two sequences of irrational numbers (¢ ), in
(=00, ) and (&), in (x, +00) such that lim,, (& = z and

limr,(£7) = DM(x), limr,(§,) = D_v(z).

We now assume z > 0. Recalling the notation (¢, (()),, for the sequence of
the convergents of the continued fraction representing ¢ ¢ Q, we can find two
sequences of positive rational numbers ((),, such that

N - Tn + + Yo
Cn = 02”(”)+1<§n) = g and Cn = C2k(n) (fn) = g,

where the choice x(n) > nis such that |¢X — (Z| < n7, | (65) — r(¢F)| < n7t,
and v > n. In particular, we can ensure that lim,, (¥ = z and

limr,(¢F) = DYy(x), limr,(¢,) = D_v¢(z).
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Finally,
f(CH) — f(z f(¢r 1Y »(¢Gh +
SR ) EE e,
el o) _ ) _ (5= LY Yo ap yi)

Hence, D" f(z) = 2D"(x) and D_ f(z) = 2D_1)(z), taking into account (B.5)
and (B.6).

The cases when z < 0 or z = 0 can be carried out similarly. The proof is thus
completed. O

The proof of Theorem is now an immediate consequence of Lemma[B.1.3]
taking as ¢ the function o4 provided by Lemma[B.1.2
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