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BRANCHES OF FORCED OSCILLATIONS FOR A CLASS OF
IMPLICIT EQUATIONS INVOLVING THE ¢-LAPLACIAN

ALESSANDRO CALAMAI, MARIA PATRIZIA PERA, AND MARCO SPADINI

ABSTRACT. We consider a class of parametric, implicit ordinary differential
equations with a generalized ®-Laplacian type term and we study the structure
of the set of forced oscillations in presence of a periodic forcing term. Under
suitable assumptions we obtain global bifurcation results whose statements
require only conditions involving the well-known Brouwer degree in Euclidean
spaces.

1. INTRODUCTION

In this paper we study, by topological methods, the forced oscillations of some
nonlinear, implicit ordinary differential equations (ODESs) governed by a generalized
®-Laplacian type differential operator.

Implicit ODEs arise naturally in applications and have been studied by many
authors. For this kind of equations, usually the existence of homoclinic/heteroclinic
orbits has been investigated with different methods, for example with a dynamical
system approach (see, e.g., the recent [3] and the survey [20]). As far as we know,
instead, not many papers have been devoted to the study of periodic solutions.

A typical example, in the scalar case, of equations for which it is not possible,
or convenient, to write them explicitly, is provided by those involving the classical
p-Laplacian operator ®(z) := z|z|P~2, with p > 1, or, more generally, the so-called
®-Laplacian: meaning a strictly increasing homeomorphism ® : R — R. That is,
scalar equations of the form

((I)(CL'/))/ = f(t,.%’, l‘/).

These equations are well-studied since they arise in some applicative models: for
example, in non-Newtonian fluid theory, nonlinear elasticity, diffusion of flows in
porous media, theory of capillary surfaces and, more recently, the modeling of
glaciology (see, e.g., [4, 9, 32]). From a mathematical viewpoint, different kinds of
boundary conditions can be associated to these equations; for example, the exis-
tence of heteroclinic solutions can be established using the method of upper/lower
solutions (see, e.g., [7, 11, 13, 16, 18]). The study of periodic solutions has also been
pursued in R™ via degree theory: we cite, for instance, [5, 6, 10, 19, 21, 22, 33].

Here we study periodic solutions of some implicit ODEs in R™ with generalized
®-Laplacian type terms. We follow a topological approach based on the Brouwer
degree. We consider two different problems which have to be handled separately.
Namely,

(1) [0a (), (1)) = Af (8, x(t),2'(1)), A =0,
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2 A. CALAMAI, M.P. PERA, AND M. SPADINI

and

(2) [oa(z(t), 2 (1)]" = g(=(t), (1)) + Af(t, 2(t),2'(t)), A =0,

where ) is a real parameter and, for a given open set U C R", the maps f: Rx U x
R™ — R™ and ¢g: U x R™ — R" are continuous. We assume that f is T-periodic in
the first variable, T' > 0 being fixed, and we look for periodic solutions of (1), resp.
(2), of the same period T.

Concerning the left-hand side in (1) and (2), we assume that for each A € [0, c0)
and x € U, the map

oa(z,-) : R" - R"

is one-to-one and onto. Therefore, with the introduction of an auxiliary variable
y(t) = ¢a(x(t),2'(t)), problems (1) and (2) can be equivalently written as explicit
systems in R?". As a consequence, the properties of the solution sets of (1) and
(2) can be investigated by means of earlier results, obtained by the authors also
in collaboration with Massimo Furi, about periodically perturbed ODEs on differ-
entiable manifolds (see [24, 26, 35]). We observe that the mentioned results rely
upon the topological notion of degree (also called Fuler characteristic) of a tangent
vector field, see the classical books [28, 29, 30]. In spite of this fact, no advanced
tools from differential topology are needed in the present paper. In fact, the tech-
nicalities are hidden in the proofs and our main results require only the well-known
Brouwer degree in Euclidean spaces.

In our main results, Theorems 4.4 and 4.7, we investigate qualitative properties
of the set of T-periodic solutions of (1) and (2). Roughly speaking, we obtain the
existence of an unbounded connected set — a “branch” — made up of “nontrivial”
T-periodic solution pairs (A, z) of (1) and (2), that emanates from the set of the
“trivial” ones — see Section 2 for more precise definitions. Thus, we may describe our
main theorems as global bifurcation results. To prove the existence of such a branch
we need only suitable assumptions on the Brouwer degree of some maps in R",
related with the terms f and ¢ in the right-hand side of (1) and (2). Observe that
the Brouwer degree can be computed explicitly and so, in principle, it is possible,
and often not so difficult, to verify the validity of those assumptions.

Our results are somehow related to similar ones, concerning the set of T-periodic
solutions of periodically perturbed differential-algebraic equations, recently ob-
tained by the authors [8, 12, 15, 36]. In fact, under suitable conditions, also in
that case it is possible to relate such equations to ODEs on manifolds, and to
obtain the desired properties only in terms of the Brouwer degree in R".

Another context in which the above mentioned results on periodically perturbed
ODEs on manifolds have been successfully exploited is that of delay differential
equations (see, e.g., [14]). We think that the results obtained here could be gen-
eralized to equations in which a dependence on delayed terms is introduced (see
also [1]). However we do not pursue here this line: see Section 5 below for a brief
discussion.

Observe finally that our results are not directly deducible from the standard
implicit function theorem. And this for different reasons. Firstly, the implicit
function theorem provides information on local properties, while the results we
obtain here are of global nature. Next, the application of the implicit function
theorem requires more regularity than that we assume here (i.e., the involved maps
need to be of class C! and not merely continuous). In fact, apart from a technical
assumption on the partial differentiability with respect to the parameter \, we only
require continuity. We believe that our global bifurcation results could be even
generalized to a Carathéodory-type setting. This will be a further line of future
investigation.
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2. SETTING OF THE PROBLEM

Assume throughout the paper that ¢: [0,00) x U x R™ — R"™, U being open in
R™, is a continuous map with the property that for each A € [0,00) and u € U, the
map

o(M\u, ) : R" - R”

is one-to-one and onto; in other words, ¢(\,u,-) is invertible with respect to the
third variable in the following sense: for each w € R" there exist a unique v € R",
depending on (A, u), such that

w = ¢(\ u,v).

We will denote this “partial inverse” as ¥(\,u, ), so that v = Y(A, u, w). We will
also assume that, for each w € R™ and u € U, the map (-, u,w) is differentiable
and

(3) A= O1p(A u,w) is continuous.

Here and in what follows, the symbol “0;” denotes the partial differentiation with
respect to the i-th variable.

We explicitly observe that, throughout the paper, very weak regularity assump-
tions are needed on ¢, which is merely assumed to be continuous and such that (3)
holds. In fact, the map ¢ will be assumed to be a perturbation of a homeomorphism;
however, in the more regular case, the following remark is in order.

Remark 2.1. If the map ¢ is of class O, by applying the implicit function theorem,
one gets that the above condition (3) is satisfied if, for any (A, u,v) € [0, 00) xU xR™,
the partial derivative

83¢(Aa u, U)

is invertible.

It is sometimes convenient to write ¢y (u,v) instead of ¢p(X, u,v). Finally, we sup-
pose that ¢(0, -, -) depends only on the third variable, that is, by abuse of notation,
?(0,u,v) =: ¢g(v) thus we may write (0, u, w) = gbal(w). The latter assumption
means that we regard ¢, as a perturbation of some nonlinearity depending only on
the third variable. With this in mind, we view ¢(\, u, v) as a sum ¢g(v) +A0 (A, u, v),
where ¢g is a homeomorphism and §(A, u,v) is a perturbation such that the above
assumptions are satisfied.

Example 2.2. A simple example of a map ¢ as above, in the case n = 1, is the
following:

o\ u,v) = W+ N+ NP2 p=23,...

which is a perturbation of the classical p-Laplacian, namely ¢o(v) = v|v[P=2. In
this case one can explicitly compute, for p = 2, (A, u,w) = w — A, while for p > 2,

Y\ u, w) = sign(w)|w]/ P — A,
in any case we get 019 (A, u,w) = —1 so that the above assumptions are satisfied.
Example 2.3. As another example in the case n = 1, consider
(N u,v) = P(v) + AM(v —u),

where ® : R — R, a ®-Laplacian type operator, is a diffeomorphism such that
®'(v) > 0 for any v € R. Even in this case one can check that the above assumptions
are satisfied.



4 A. CALAMAI, M.P. PERA, AND M. SPADINI

We wish to investigate the two following problems that, although somewhat
similar, lead to substantially different results:

(4) (oA (z(t), 2" (1)) = M (£, =(t),2'(t)), A >0,
and
(5) [oa (1), 2" (1)) = g(x(t),2'(t)) + Af(t,=(t),2' (), A>0.

where f: R x U x R® — R™ and g: U x R® — R" are continuous maps and f is
assumed T-periodic in the first variable for a T' > 0 given.

By a T-periodic solution of (4), corresponding to a given A > 0, we mean a
C! and T-periodic function z: R — R™ such that there exists another C' and
T-periodic function y: R — R™ such that the system

xl(t) = 1/’(/\ x(t)7 y(t))a
y'() = M (tx(t), v (A 2(t),y(0) ),

is satisfied identically. The T-periodic solutions of (5), corresponding to A > 0, are
defined analogously as the T-periodic solutions of the system

. #(1) = ¢ (A 2(0), y (1)),
y'(0) = g(a(t), b\ 2(0), y(0) ) + AF (820, B (A 2(0), y(1)),

Observe that from the first equation in (6) we get ¢ (z(t),2’(t)) = y(t), hence
the map t — ¢ (z(t),2'(t)) is C'. Finally, notice that when the partial derivatives
of ¢ exist continuous along the curve t — (x(t),2’(t)) € R?" with 9205 (z(t), 2/ (t))
invertible, one has that z is actually C? since, in this case, we have

2(8) = Do (2(0), 2/ (0)) " [M (1,2(0),27 (1)) — 01 (a(0), 2" (1)) (1)

We denote by CT(U) the set of the U-valued, T-periodic, C" functions with
topology induced by the C” norm. This is a subset of the Banach space CT.(R™).
For simplicity, when r = 0, we write Cr(U) instead of C%(U).

A pair (A\,z) € [0,00) x CL(U) with z taking values in U, such that z is a T-
periodic solution of (4) (resp. (5)), is said to be a T-forced pair for (4) (resp. (5)).
A T-forced pair (\, ) is called trivial if = is constant and A = 0. In this paper we
investigate the set of nontrivial T-forced pairs of (4) and (5).

(6)

3. PRELIMINARIES

In order to pursue our investigation on the set of T-forced pairs of (4) and (5)
we need slight generalizations of previous results, obtained in [24, 26, 35]. These
results deal with periodic perturbations of autonomous ODEs on manifolds and
require, in the statements, the notion of degree (also called Euler characteristic) of
a tangent vector field.

In this preliminary section we first recall this notion of degree and its relationship
with the Brouwer degree. As already pointed out, in this paper the degree is only
a tool, whose use is hidden in the proofs. In spite of this, we decided to add the
definition and some properties of the degree on manifolds in order to make the paper
self-contained. The reader which is already familiar with it can skip Section 3.1.

3.1. The degree of a tangent vector field. Let M be a smooth boundaryless
submanifold of R¥, and w: M — R* a continuous tangent vector field on M:
meaning that, for all p € M, we have w(p) € T, M, where T, M C R* is the tangent
space of M at p. Particularly relevant in this paper is the special case when M is
an open subset of R¥. When this happens, one has oM = R for all p € R¥.
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Let U C M be open. The pair (w,U) is said to be admissible if w=(0) N U is
compact; we also say that w is admissible for the degree in U. It is known (see,
e.g., [28, 29, 30]) that one can associate to any admissible pair (w,U) an integer,
deg(w,U), called the degree of w in U. The degree, roughly speaking, counts
algebraically the number of zeros of w in U.

When w is (Fréchet) differentiable at p € M and w(p) = 0, then its derivative at
p, w'(p): T,M — R¥, actually maps T}, M into itself, and, therefore, its determinant
det w’(p) is well-defined. If, moreover, p is a nondegenerate zero (i.e., w'(p): T,M —
R* is injective) then p is an isolated zero and det w’(p) # 0.

In the regular case, that is, when w is admissible for the degree in U and the
zeros of w are all nondegenerate, then the set w=1(0)NU is finite and the following
equality holds:

(8) deg(w,U) = Z sign det w’(p).
pEw—1(0)NU

Moreover, we stress that, when M = R¥, deg(w,U) coincides with the Brouwer
degree, degp(w,V,0), of the triple (w,V,0): where V C U is any bounded open
set, whose closure is contained in U, containing the compact set w=1(0) N U, i.e.,

(9) degp(w,V,0) = deg(w, U).

All the standard properties of the classical Brouwer degree on open and bounded
subsets of Euclidean spaces, such as homotopy invariance, excision, additivity, exis-
tence, are still valid in the more general context of differentiable manifolds. Indeed,
it can be shown (see [25]) that the degree of a tangent vector field is uniquely
determined by some of these properties used as axioms.

The classical Brouwer degree can be extended to the case when the open set
U is possibly unbounded; see e.g. [17, §1.2.4] or, in the context of differentiable
manifolds, [31, §1.3]. It is not difficult to show, using the excision property, that
(9) is valid also in this extended context. Indeed, one could use (9) as basis for the
extended notion of Brouwer degree.

In this paper, we will always omit the “target” point it in the notation for the
degree since we are only interested in the case when this is 0. By abuse of notation
justified by (9), we will write deg to denote both the extended Brouwer degree and
the degree of a tangent vector field.

3.2. On the set of T-periodic solutions of perturbed ODEs on manifolds.
In this section we will be concerned with differential equations on manifolds. We
need to introduce some further notation. Let M C R be a boundaryless dif-
ferentiable manifold. By Cr(M) we denote the set of the M-valued, T-periodic,
continuous functions with the topology induced by the Banach space Cp(R¥).

Consider the following differential equations on M C R* depending on a param-
eter A € [0,00):

(10) £(t) = g(&(1)) + M (t,€(t), N,
and
(11) £(t) = M(t,£(1), N),

where f: Rx M x [0,00) — R¥ and g: M — RF are continuous vector fields tangent
to M, § being T-periodic in the first variable.
A pair (A, &) € [0,00) x Cp(M), such that (10) (resp. (11)) holds identically is
a T-pair for (10) (resp. (11)). A T-pair (), €) is called ¢rivial if £ is constant and
A = 0. In this paper we investigate the set of nontrivial T-pairs of (10) and (11).
Given any point p € M it is convenient to introduce the notation p to denote
the function constantly equal to p. Accordingly, a T-pair for (10) is trivial if and
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only if it is of the form (0, p) for some p € g=1(0). Similarly, for all p € M, all pairs
(0,p) are trivial T-pairs for (11).

The qualitative properties of the set of T-pairs of (10) and (11) can be deduced
by suitable assumptions on the degree of some tangent vector fields, see [26].

In fact, by inspection of Theorem 3.3 of [26] one immediately sees that the
following result holds:

Theorem 3.1. Let §f and g be as in equation (10) and let Q be an open subset of
[0,00) x Cp(M). Put Qp = {p € M :(0,p) € Q}. Assume that deg(g, Qns) is well
defined and nonzero. Then there exists a connected set T of nontrivial T-pairs in
Q whose closure in [0,00) x Cp(M) intersects the set {(0,p) € [0,00) x Cp(M) :
pegt0)N QM} and is not contained in any compact subset of 2. In particular,
if M is closed in R* and Q = [0,00) x Cp(M), then T is unbounded.

Similarly, by inspection of the proof of Theorem 2.3 of [24] one obtains the
following:

Theorem 3.2. Let § be as in (11), define v: M — RF be the autonomous vector

field given by
1 T
= — 4 dt
Ry

Let Q be an open subset of [0,00) x Cp(M), and put Qp = {p € M : (0,p) € Q}.
Assume that deg(v, Qar) is well defined and nonzero. Then there exists a connected
set I' of nontrivial T-pairs in Q whose closure in [0,00) x Cp(M) meets {(0,p) €
[0,00) x Cp(M) : p € 071(0) N Qs } and is not contained in any compact subset
of Q. In particular, if M is closed in R¥ and Q = [0,00) x Op(M), then T is
unbounded.

Observe that Theorem 3.2 concerns the case not covered in general by Theorem
3.1 of perturbations of the zero vector field. In fact, unless the manifold M is
compact, Theorem 3.1 above is not applicable, g not being admissible.

Finally, consider the following system of coupled equations, depending on the
parameter A > 0, on the manifold M x N, where M C RF and N C R® are
differentiable manifolds

(12) { E(t) = N (1, £(6),n(1), \),
(t) = a(&(t),n(t)) + Ao (t.£(1),n(t), A),

where §: Rx M x N x[0,00) — RF h: Rx M x N x[0,00) — R* and g: M x N — R®
are continuous vector fields tangent to M x N, f and h being T-periodic in the first
variable.

A triple (A, z,y) € [0,00) x Cp(M x N), such that (12) holds identically is a
T-triple for (12). A T-triple (A, z,y) is called trivial if (x,y) is constant and A = 0.

As above, given (p,q) € M x N, by p and g we denote the functions constantly
equal to p and ¢, respectively. Thus, a T-triple is trivial if and only if it is of the
form (0,p,q) with (p,q) € g=1(0).

Let v : MxN — R**# be the vector field, tangent to the manifold M x N C RF+s,

given by
v(p,q) —( / f(t,p.q,0)dt , g(p, ))-

As for the previous two theorems, an inspection of the argument of Theorem 4
of [35] shows that the following statement holds:

Theorem 3.3. Let f, g and b be as in equation (12), and let Q be an open subset
of [0,00) X Cr(M x N). Assume that deg (1/, QMxN) is well-defined and nonzero.
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Then there exists a connected set T' of nontrivial T-triples in Q of (12) whose
closure in [0,00) X Cp(M x N) intersects {(0,5,q) € [0,00) x Cp(M x N) : (p,q) €
v=10)n QMxN} and is not contained in any compact subset of Q. In particular,
if M x N s closed in R¥*S and Q = [0,00) x Cp(M x N), then T is unbounded.

4. MAIN RESULTS

In this section we investigate the set of T-pairs for equations (4) and (5). A
crucial step is the following simple observation that essentially is a version of
Hadamard’s Lemma, see e.g. [2]:

Remark 4.1. Let ¢ be as in equations (4) and (5). Let also u € U, v,w € R"
and A € [0,00) be such that w = ¢, (u,v); then there exists a continuous function
h such that v = ¢al(w) + M(A,u,w). To see that this is the case, let us write
v = 1(\, u, w) and then, in order to isolate A, we observe that

1
v — ¢y H(w) = v — (0, u, w) :/0 % Y(sA, u, w)ds
1
:/ A1 (s, u, w) ds = Ah(\, u, w),
0

where h(u,w,\) = fol O (sA, u,w)ds.
We consider separately the cases of equations (4) and (5).

4.1. On the set of T-forced pairs for equation (4). Introducing the new func-
tion y(t) = o (2(¢), ’(t)) and using Remark 4.1 we are led to the following system:

@'(t) = ¢g " (y(1) + Ah(A, z(t), y (1),
(3 { ) Af(t £(t). 65 (u(1)) + A(A, 2(0). (1) ).
which is of the form (12). We relate the set X C [0,00) x C+(U) of T-forced pairs
of (4) with te set Y C [0,00) x Cr(U x R™) of T-triples of (13)

Define the map $: Y — X by $: (\,z,y) — (A, z), and observe that 9 is
continuous.

Lemma 4.2. The map $ is a homeomorphisms that respects the notion of triviality,
in the sense that it makes trivial T-triples correspond to trivial T-forced pairs and
vice Versa.

Proof. First notice that, if (A, z,y) is a T-triple of (13), then x is a T-periodic
solution of (4) corresponding to A. In particular, when (A, z,y) is trivial, A = 0
and z is constant: hence (A, ) is a trivial T-forced pair.

Conversely, take any (A, z) € X, and let y(t) = ¢ (x(t),2/(t)). We immediately
see that y is T-periodic and that (z,y) is a T-periodic solution of (13) corresponding
to A. In other words

H7 N x) = (A2, a(2,27)) = (N2, y)
and this map is obviously continuous. Observe, in particular, that when x is con-
stant so is y, hence the image under $~! of any trivial T-pair is a trivial T-forced
pair. O

Consider the following vector field, defined on U x R™:

T
v(p.q) = (} | stporta)ar, ¢al<q>> .

Taking into account Theorem 3.3 and Lemma 4.2 one sees that the degree of v plays
a crucial role in our investigation. Furthermore, since ¢, 1'is a homeomorphism,
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the computation of the degree of v can be reduced to the degree of the “average
wind”:

T
(1) wi)i= 7 [ o)

as shown by the following technical lemma:

Lemma 4.3. Let W C U be open. The vector field v is admissible for the degree
in W x R™ if and only if so is w in W, and

(15) deg (v,W x R") = £ deg (v, W).

Proof. Since ¢g ! is a homeomorphism let gy € R™ be the (unique) point such that
®p ' (q0) = 0. We have

(16) v=1(0) = {(p,q0) :p € w1 (0)},

so that w=1(0) N W is compact if and only if so is =1 (0) N (W x R™). This implies
that v is admissible in W x R™ if and only if so is w in W.

We now prove formula (15). Let W3 and Ws be open and bounded subets of W
and R™ respectively such that »=1(0) C W; x Wa. By the excision property of the
degree, we find
(17) deg (1/, Wy x R”) = deg (1/, Wy x Wg).

Denote by v the first component of v. By known transversality theorems, we can
approximate v with a smooth map 7 with only isolated zeros and also approximate
¢o with a smooth diffeomorphism ¢q. Let

(p,q) = (M (), d5"(a)).
We can take the approximations so close, that the homotopy
H(s,p,q) = st(p,q) + (1 = s)v(p,q)
= (sm1(p.0) + (1= ) (p.0) . 565" (@) + (1= )65 (@),

has no zeros on the boundary of the bounded open set W7 x W» for s € [0, 1]. Thus
H is admissible in W7 x W5. The homotopy property of the degree yields

(18) deg (1/, W1 x Wg) = deg (19, W1 x WQ).
Similarly, defining @(p) = 24 (p, 0), we have
(19) deg(w, Wy) = deg(w, Wh).

Given an isolated zero (pg, qo) of ¥, we have

0101 (po, qo) 0

det v (PO» qO) = det (82191 (p(], qO) (qgal)/(qo)

As in (16) we have

):MW%MM%W%)

p710) = {(p,q0) : p € 0" (0)}.
Also, ngg ! being a diffeomorphism, sign det(qASa (go) = 1. Thus,

deg(, W1 x W) = > sign det 2’ (po, qo)
(Po,qo0)€EP—1(0)NW7 x Wa

= sign det(qggl)’(qo) Z sign det @’ (po)
po€w=1(0)NW1
= +deg(w, W,).

The assertion now follows from equations (19), (18) and (17). O
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Given an open subset 2 of [0,00) x Cr(U), the set Q* = Q x Cr(R™) is open in
[0,00) x C7(U x R™). As in Section 3 we define

Qu={peU:(0,p) €}

that is clearly open in U. Similarly, we consider the open set Qf; pn € U x R"
given by
Qurn = {(p,q) €U xR": (0,p,7) € 2*} = Qu x R™.

By Lemma 4.3 we have that, when deg(w, Q) is well defined and nonzero, then
so is deg(v, Qf; gn). Thus, by Theorem 3.3 applied to (13) we find that there
exists a connected set, say ©, of nontrivial T-triples in Q of (13) whose closure in
[0,00) x C7(U x R™) meets v~1(0) N Q;, z- and is not contained in any compact
subset of )}, gn. According to Lemma 4.2, one finds that I' = $(0) is a set of
T-forced pairs for (4) in 2 such that trivial T-triples of (13) correspond to trivial
T-forced pairs. Since §) is a homeomorphism, we have the following result:

Theorem 4.4. Let 2 be an open subset of [0,00) x Cr(U). Let w be as in (14) and
assume that deg(w, Qy) is well-defined and nonzero. Then there exists a connected
set T' of nontrivial T-forced pairs in Q of (4) whose closure in [0,00) x Cp(U)
intersects the set {(0,p) € [0,00) x Cp(U) : p € w™(0)NQu } and is not contained
in any compact subset of Q. In particular, when U = R™ and = [0, 00) x Cp(R"™)
then I' is unbounded.

4.2. On the set of T-forced pairs for equation (5). Proceeding analogously to
the above case, system (7) can be written as

@'(t) = ¢ " (1)) + M(A, 2 (t), y(1)),
(20) v/ (1) = 9((0), 65" (4() + M(h, (), y(1) )+
AL (820,657 (u(B)) + A(A 2(1), y(D)) )

With the same procedure used in Remark 4.1, we can isolate A from inside g as
well and get, for some appropriate function h, the equality:

g(2(1). 95 (v(®) + AN, 2(1), y(8) ) = g(w(1), 657 (u(1)) ) + AR, 2(8), y(1)

So, collecting all the A-dependent terms in the second equation into an appropriate
function F' we can rewrite (20) as

2'(8) = 65" (y(0)) + M\, (), y(1),
y' (1) = g(2(0), 65" (4(1)) ) + AF (t,2(0),y(1), A)-

This is of the form (10) with M := U x R™, so that, in analogy with Section 4.1, we
will speak about T-triples rather than T-pairs. Accordingly, we will relate the set
E C [0,00) x Ch(U) of T-forced pairs of (5) with the set T C [0,00) x Cr(U x R™)
of T-triples of (21).

Define the map &: ¥ — ZEby $: (A, z,y) — (A, ). A result analogous to Lemma
4.2 holds in this case too.

(21)

Lemma 4.5. & is a homeomorphisms that respects the notion of triviality, in the
sense that it makes trivial T-triples correspond to trivial T-forced pairs and vice
versa.

In this case our result will be a consequence of Theorem 3.1. Let G be the vector
field defined on U x R™:

:0) = (¢5(@) » 9(p. 05" (@)
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In analogy with the previous section, since ¢g 1'is a homeomorphism, the degree of
G reduces to the degree of the vector field:

(22) v(p) = 9(p,0).
The proof of the next lemma can be carried out as in Lemma 4.3 above and,
therefore, is omitted.

Lemma 4.6. Let W C U be open. The vector field G is admissible for the degree
in W x R™ if and only if so is v in W, and

(23) deg (G,W x R") = +deg (v, W).

We conclude as in Section 4.1. Given an open subset Q of [0,00) x Cr(U), we
observe that the set Q* = Q x Cr(R™) is open in [0, 00) x C7(U x R™) and we define
the open subset of U:

Qu={peU:(0,p) €}

Furthermore, we consider the open set Qf; zgn € U x R™ given by
Qg = {(p,q) e U xR":(0,p,q) € Q*} =Qu xR".

By Lemma 4.6 it follows that, if deg(~,Qy) is well defined and nonzero, then
so is deg(G, Qf  gn). Hence, Theorem 3.1 applied to (21) yields the existence
of a connected set, say O, of nontrivial T-triples in Q of (21) whose closure in
[0,00) x Cr(U x R™) meets G~1(0) N 27, g~ and is not contained in any compact
subset of Qf, p.. By Lemma 4.5, we get that I' = &(0) is a set of T-forced pairs
of (5) in 2 since & is a homeomorphism. As above, observe that a T-triple (0, z,y)
of (21) is trivial if and only if (0, z) is a trivial T-pair of (5). Thus, we have proved
the following result:

Theorem 4.7. Let Q) be an open subset of [0,00) x Cp(U). Let vy be as in (22) and
assume that deg (7, QU) 1s well-defined and nonzero. Then there exists a connected
set T' of nontrivial T-forced pairs in Q of (5) whose closure in [0,00) x Cp(U)
intersects the set {(0,p) € [0,00) x Cr(U) : p € v"2(0) NQu} and is not contained
in any compact subset of Q1. In particular, when U = R"™ and 2 = [0, 00) x Cp(R"™)
then I' is unbounded.

As already pointed out, this theorem cannot be obtained as a direct consequence
of Theorem 4.4.

5. FINAL REMARKS AND PERSPECTIVES

In this paper we have investigated the structure of the set of T-periodic solutions
of equations (1) and (2). Although the former can be seen as a particular case of
the latter, and despite the fact that the results concerning the set of T-forced
pairs of either equations have a similar form, we notice an important difference.
Namely, the degree of the average wind w, that is crucial for Theorem 4.4, plays
no role in Theorem 4.7: it could, in principle, be not even defined. Conversely,
for equation (1), the degree of v does not even make sense. It seems natural to
compare Theorems 3.2 and 3.1 with Theorems 4.4 and 4.7, respectively.

An interesting question, that we postpone to further research, is whether it would
be possible to find a bridge between Theorems 4.4 and 4.7. After all, Theorem 3.3
does something similar for Theorems 3.1 and 3.2, see the pertinent discussion in [35].

A further attractive line of study, not addressed here, is the investigation of the
set of T-periodic solutions of equations (1) and (2) when a dependence on delayed
arguments is introduced in ¢ and f. Namely if equations of the form

[¢>\ (.T(t), x(t - T)7 xl(t))]/ = g(x(t)7 :L'/(t))
+Af(tx(t),z(t —r), 2’ (t),z(t—7)), A>0
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are considered. In fact, it seems reasonable to combine the method used here to
prove Theorem 3.1 with the arguments developed in [27]. Actually, at the price of
some increase in the technical details it seems possible to use the arguments of [14]
in conjunction with the techniques of the present paper to further generalize our
results to the functional delay case.

Finally, we mention another possible extension of the results obtained here. It
seems plausible to use the results of [23, 34] in order to generalize Theorem 3.3
to the case when h and § are Carathéodory so that, following the argument of
Section 4, one could extend Theorems 4.4 and 4.7 to equations of the form (1) and
(2) where the forcing term f is allowed to be Carathéodory.

REFERENCES

[1] Amster, Pablo; Kuna, Mariel Paula; Santos, Dionicio. Stability, existence and non-existence
of T-periodic solutions of nonlinear delayed differential equations with p-Laplacian. Commun.
Pure Appl. Anal. 21 (2022), no. 8, 2723-2737.

[2] Arnold, Vladimir I. Ordinary differential equations, Universitext, Springer, Berlin, 2006.

[3] Battelli, Flaviano; Feckan, Michal. General Melnikov approach to implicit ODE’s, J. Dyn.
Differ. Equations 34 (2022), no. 1, 365-397.

[4] Benedikt, Jif{; Girg, Petr; Kotrla, Luk4s; Takac, Peter. Origin of the p-Laplacian and A.
Missbach. Electron. J. Differ. Equ. 2018, Paper No. 16, 17 pp.

[5] Benevieri, Pierluigi; Calamai, Alessandro. Bifurcation results for a class of perturbed Fred-
holm maps, Fized Point Theory Appl. 2008, Article ID 752657, 19 pp.

[6] Bereanu, Cristian; Mawhin, Jean. Periodic solutions of nonlinear perturbations of ®-Laplac-
ians with possibly bounded ®, Nonlin. Analysis TMA 68, (2008), 1668-1681.

[7] Biagi, Stefano; Calamai, Alessandro; Papalini, Francesca. Heteroclinic solutions for a class
of boundary value problems associated with singular equations, Nonlin. Analysis TMA 184
(2019), 44-68.

(8] Bisconti, Luca; Calamai, Alessandro; Spadini, Marco. Periodic solutions of semi-explicit
differential-algebraic equations with time-dependent constraints, Bound. Value Probl. 2014
2014:179, 19 pp.

[9] Bognar, G.; Ronté, M. Numerical-analytic investigation of the radially symmetric solutions
for some nonlinear PDEs, Comput. Math. Appl. 50 (2005), No. 7, 983-991.

[10] Boscaggin, Alberto; Feltrin, Guglielmo; Zanolin, Fabio. Uniqueness of positive solutions for
boundary value problems associated with indefinite Laplacian-type equations. Open Math.
19 (2021), 163-183.

[11] Cabada, Alberto. An overview of the lower and upper solutions method with nonlinear bound-
ary value conditions. Bound. Value Probl. 2011, Art. ID 893753, 18 pp.

[12] Calamai, Alessandro. Branches of harmonic solutions for a class of periodic differential-
algebraic equations, Commun. Appl. Anal. 15 (2011), no. 2,3 and 4, 273-282.

[13] Calamai, Alessandro. Heteroclinic solutions of boundary value problems on the real line
involving singular ®-Laplacian operators, J. Math. Anal. Appl. 378 (2011), no. 2, 667-679.

[14] Calamai, Alessandro; Pera, Maria Patrizia; Spadini, Marco. Branches of forced oscillations
induced by a delayed periodic force. Adv. Nonlinear Stud. 19 (2019), no. 1, 149-163.

[15] Calamai, Alessandro; Spadini, Marco. Periodic perturbations of constrained motion problems
on a class of implicitly defined manifolds, Commun. Contemp. Math. 17 (2015), no. 2,
1450027, 19 pp.

[16] Cupini, Giovanni; Marcelli, Cristina; Papalini, Francesca. Heteroclinic solutions of boundary-
value problems on the real line involving general nonlinear differential operators, Differ.
Integral Equ. 24 (2011), no. 7-8, 619-644.

[17] Dinca, George; Mawhin, Jean. Brouwer degree — the core of nonlinear analysis. Progress in
Nonlinear Differential Equations and their Applications, Birkhduser/Springer, Cham (2021).

[18] El Khattabi, Noha; Frigon, Marlene; Ayyadi, Nourredine. Multiple solutions of boundary
value problems with ¢-Laplacian operators and under a Wintner-Nagumo growth condition.
Bound. Value Probl. 2013 (2013), Paper No. 236, 21 pp.

[19] Fabry, C.; Fayyad, D. Periodic solutions of second order differential equations with a p-
Laplacian and asymmetric nonlinearities. Rend. Istit. Mat. Univ. Trieste 24 (1992), no. 1-2,
207227 (1994).

[20] Feckan, Michal. A survey on the Melnikov theory for implicit ordinary differential equations
with applications to RLC circuits, in: Smith, Frank T. (ed.) et al., Mathematics applied to



12

(21]

(22]
23]
[24]

[25]

[26]
27]
(28]
29]
(30]
(31]

(32]

33]
(34]
(35]

(36]

A. CALAMAI, M.P. PERA, AND M. SPADINI

engineering, modelling, and social issues. Cham: Springer. Stud. Syst. Decis. Control 200,
121-160 (2019).

Feltrin, Guglielmo; Sovrano, Elisa; Zanolin, Fabio. Periodic solutions to parameter-dependent
equations with a ¢-Laplacian type operator, NoDEA, Nonlinear Differ. Equ. Appl. 26 (2019),
no. 5, Paper no. 38, 27 pp.

Feltrin, Guglielmo; Zanolin, Fabio. Bound sets for a class of ¢-Laplacian operators. J. Differ.
Equations 297 (2021), 508-535.

Furi Massimo; Pera Maria Patrizia. Carathéodory periodic perturbations of the zero vector
field on manifolds, Topological methods in nonlinear analysis 10 (1997), n. 1, 79-92.

Furi Massimo; Pera Maria Patrizia. Global branches of harmonic solutions to periodic ODEs
on manifolds, Boll. Un. Mat. Ital. 11-A (1997), 709-722.

Furi Massimo; Pera Maria Patrizia; Spadini Marco. A set of axioms for the degree of a
tangent vector field on differentiable manifolds. Fized Point Theory Appl. 2010, Art. ID
845631, 11 pp.

Furi Massimo; Spadini Marco. On the set of harmonic solutions to periodically perturbed
autonomous differential equations on manifolds, Nonlin. Analysis TMA 29 (1997), 963-470.

Furi, Massimo; Spadini, Marco. Periodic perturbations with delay of autonomous differential
equations on manifolds. Adv. Nonlinear Stud. 9 (2009), no. 2, 263-276.

Guillemin, Victor; Pollack, Alan. Differential Topology, Prentice-Hall Inc., Englewood Cliffs,
New Jersey, 1974.

Hirsch, Morris W. Differential Topology, Graduate Texts in Mathematics, Vol. 33, Springer,
Berlin 1976.

Milnor, John W. Topology from the differentiable viewpoint, Univ. press of Virginia, Char-
lottesville, 1965.

Nirenberg, Louis. Topics in Nonlinear Functional Analysis. Courant Institute of Mathemat-
ical Sciences, New York, 1974.

Picasso, Marco; Rappaz, Jacques; Reist, Adrian; Funk, Martin; Blatter, Heinz. Numerical
simulation of the motion of a two-dimensional glacier. Int. J. Numer. Methods Eng. 60
(2004), No. 5, 995-1009.

Rachunkové, Irena; Tvrdy, Milan. Periodic problems with ¢-Laplacian involving non-ordered
lower and upper functions. Fized Point Theory 6 (2005), no. 1, 99-112.

Spadini, Marco. Harmonic solutions of periodic Carathéodory perturbations of autonomous
ODE’s on manifolds, Nonlin. Analysis TMA 41A (2000), 477-487.

Spadini, Marco. Branches of harmonic solutions to periodically perturbed coupled differential
equations on manifolds. Discrete Contin. Dyn. Syst. 15 (2006), no. 3, 951-964.

Spadini, Marco. A note on topological methods for a class of differential-algebraic equations,
Nonlin. Analysis TMA 73 (2010), no. 4, 1065-1076.

ALESSANDRO CALAMAI, DIPARTIMENTO DI INGEGNERIA CIVILE, EDILE E ARCHITETTURA, UNI-

VERSITA POLITECNICA DELLE MARCHE VIA BRECCE BIANCHE 1-60131 ANCONA, ITALY

Email address: calamai@dipmat.univpm.it

MARIA PATRIZIA PERA, DIPARTIMENTO DI MATEMATICA E INFORMATICA “ULISSE DINI”, UNI-

VERSITA DEGLI STUDI DI FIRENZE, VIA S. MARTA 3, 1-50139 FLORENCE, ITALY

Email address: mpatrizia.pera@unifi.it

MARCO SPADINI, DIPARTIMENTO DI MATEMATICA E INFORMATICA “ULISSE DINI”, UNIVERSITA

DEGLI STUDI DI FIRENZE, VIA S. MARTA 3, I-50139 FLORENCE, ITALY

Email address: marco.spadini@unifi.it



