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Abstract. We show the direct applicability of the Brouwer fixed point
theorem for the existence of equilibrium points and periodic solutions for
differential systems on general domains satisfying geometric conditions
at the boundary. We develop a general approach for arbitrary bound sets
and present applications to the case of convex and star-shaped domains.
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and Mawhin.
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1. Introduction

The Brouwer fixed point theorem can be well considered as a fundamental
result in the area of topological fixed point theorems. As clearly explained
in the recent book of Dinca and Mawhin [16] and developed in the con-
tent of the book, as well as in the survey articles [41,48] and the references
therein, Brouwer theorem can be seen as a “core result” from which several
important theorems about the existence of fixed points and periodic points
can be proved. Further connections between the Brouwer fixed point theo-
rem and other results (including theorems of combinatorial nature) can be
found in [24,50] and [33,34,51]. From this perspective, an interesting line of
research, already pursued by several authors, is to establish different results
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of nonlinear analysis and its application to differential equations which can
be obtained, more or less directly, from this theorem.

In the present paper, we follow such a point of view, in the context of the
theory of positively invariant sets for differential systems in RV. A classical
general result from dynamical systems asserts that if a positively invariant
set is homeomorphic to a closed ball of RV, then it contains an equilibrium
point (see Theorem 2.1). An analogous result can be proved for processes
(see [26, Chapter 4] for the definition and general properties of processes),
guaranteeing the existence of periodic points for periodic processes in pos-
itively invariant sets with the fixed point property. All these results, when
applied to ordinary differential systems, require the uniqueness (or at least
forward uniqueness) of the solutions for the associated initial value prob-
lems. When uniqueness is not assumed, the study becomes technically more
involved, because the associated Poincaré map is multivalued [3,17] and the
classical general Nagumo—Yorke-Bony—-Brezis-type theorems, which are ex-
pressed by sub-tangential conditions at the boundary [8,9,46,60], guarantee
a weak form of positive invariance, namely, that for each point in a given
set M at least one solution remains in M for positive time. Hence, if one
considers a (multivalued) Poincaré map @, it occurs that ®(u) N M # 0, for
all uw € M, instead of ®(u) C M, for all u € M.

When M C RY is a closed convex set and f: RY — R is a continuous
vector field, the sub-tangential condition for the weak flow invariance for the
differential system ¢ = f(y) is expressed by the relation

(f(u),v) <0, foralluedM and v € N(u), (1.1)

where N (u) denotes the set of all outer normals to M at the point u. Recall
that v # 0 is an outer normal to M at the point v € OM if (x —u,v) <0 for
allz € M. If() # M # RV for each u € OM there is at least an outer normal.
Recently, Cid and Mawhin in [13] provided a new proof of the existence of
equilibrium points for f in a convex set M, under assumption (1.1), as a direct
application of the Brouwer theorem. Actually, the results in [13] apply also to
the existence of T-periodic solutions in M for non-autonomous vector fields.
Related results can be also found in [21] using degree theory. In [13, Section
5], the question was raised whether the Brouwer fixed point theorem can be
still applied if (1.1) is relaxed to a similar condition where the inequality
holds only for some (and not all) v € N(u), when M is a convex sets with
nonempty interior.

A first contribution of the present paper is to provide a positive an-
swer to the above question (see Theorem 2.4). This is illustrated in Sect. 2,
where we also recall some basic concepts as well as a few classical facts from
dynamical systems theory which are then used in the proofs. In our study,
we adopt an approach previously introduced in [39], in the framework of
the theory of bound sets, and further developed in [19] to obtain results of
strong flow invariance (namely, for each point in a given set, all the solutions
departing from the point remain in the set in future time). To show the ef-
fectiveness of this approach, in Sect. 3, following [19], we present our main
result (cf. Theorem 3.2), which ensures the existence of periodic solutions for
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non-autonomous systems in general bound sets, by assuming the existence
of an auxiliary vector field satisfying a suitable “condition of inwardness”
(3.7) at the boundary. Then, with the aid of such a condition, we further in-
vestigate applications to non-convex domains. In particular, we will provide
new results for star-shaped sets, using geometric hypotheses on Bony outer
normals.

Throughout the article, the following notation is used. We denote with
| - || the Euclidean norm in RY. The symbols B(zg,r) and B[zg,r], where
zo € RY and r > 0, represent the open and closed balls centered at
with radius 7, respectively, i.e., B(xg,r) = {x € RY: |z — x¢|| < r} and
Blxg,7] = {x € RY: ||x — 29| < r}. Moreover, S¥~! := 9B(0,1) c R¥.
Given a subset D C RY, we denote with int D its interior, with D its closure,
and with 9D its boundary.

2. Equilibrium points in convex bodies: a dynamical systems
approach

In this section, we study, from a dynamical point of view, the problems of
existence of equilibrium points (zeros of vector fields) in compact convex sets
with nonempty interior. Our aim is to show how existence results can be
obtained as a direct application of the Brouwer fixed point theorem, in the
framework of the theory of positively invariant sets. The search of zeros of a
vector field f, or, equivalently, equilibria for the differential system,

y=1rw), (2.1)

is a classical and well-investigated topic in the area of nonlinear analysis,
including important applications to different disciplines, like control theory
[6,7,22].

2.1. Preliminaries on dynamical systems

Let X be a metric space. A dynamical system on X is a continuous map
II: X x R — X such that

(ap) I(x,0) =z, for every z € X
(a1) II(I(z, s),t) = I(z, s + ¢), for every z € X and s,t € R.

Following [4], we will use the simplified notation
vt =1(z,t), 'z 2t
Moreover, when no confusion may occur, the dot “-” will be omitted. In this
manner, (ag) and (a1) can be written equivalently, as
(ag) 0 = x (respectively I1° = Idx), for every z € X,
(a1) (zs)t = x(s +t) (respectively ITt o II* = TI**?), for every x € X and
s, t € R,
while the continuity of the dynamical system can be expressed in sequential
form as

Ty =y X, lp—pt =  ut, —, ot
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An equilibrium point or rest point (or critical point, according to [4]) for the
dynamical system is a point z € X such that zt = z for every ¢t € R. By a
periodic point, we mean a point w € X such that there exists 7 # 0 such
that wr = w. Without loss of generality, we can suppose that 7 > 0. It is a
standard fact that if w is a periodic point and not an equilibrium, then there
exists a minimal period (fundamental period) T > 0 such that any period of
w is an integer multiple of T' (cf. [4, Theorem 2.12]). Moreover, any point x,
belonging to the orbit y(w) := {wt: t € R} of w, is also a periodic point with
the same period and (w) is homeomorphic to St = {(z,y) € R?: 2% + ¢ =
1} =9B(0,1).

If the dynamical system is the flow associated with the autonomous
differential equation (2.1) where f: Q — R¥ is a continuous vector field
defined on a nonempty open set  C RY and such that the (local) uniqueness
for the initial value problems holds, then z € 2 is an equilibrium point if and
only if f(z) = 0. Technically, if the global existence of the solutions for (2.1)
is not guaranteed, we should speak of a local dynamical system associated
with (2.1) (see [37]); however, Vinograd’s Theorem [4,47] allows to enter in
the setting of dynamical systems even in the absence of global existence of
the solutions for (2.1). In any case, all the results we are going to present
in this article, even if restricted to the case of dynamical systems, apply to
local dynamical systems as well (see also [12,56] for a discussion about the
reparametrization problem). The crucial step to define a (local) dynamical
system associated with (2.1) comes from the assumption of the uniqueness
for the solutions of the Cauchy problems and, consequently, from the theorem
of continuous dependence of the solutions from initial data (cf. [27,47,54]).
From this, we can set

I (z) == §(t, z),

where § = §(-, z) is the solution of (2.1) with y(0) =z € Q.
The following lemma is borrowed from [4, Lemma 2.15, p. 18].

Lemma 2.1. For a dynamical system on a metric space X, let (x,)n be a
sequence of Ty, > 0 periodic points such that x, — z in X and T,, — 0.
Then, z is an equilibrium point.

For the next results, we need to introduce two further definitions. Let
M C X be a subset of a metric space with a dynamical system II. We say
that M is positively invariant (or flow-invariant) if for each x € M, we have
xt € M for all t > 0. Similarly, we define a negatively invariant set, by
the same relation with ¢ < 0. Finally, M is an invariant set if it is both
positively and negatively invariant, namely xt € M for all ¢ € R whenever
x € M. According to [4, Chapter 2], we have the following result.

Lemma 2.2. Let X be a metric space with a dynamical system and let M C X.
If M is positively/negatively invariant, then X \ M is negatively/positively
invariant. Moreover, also M and int M are positively/negatively invariant. If
M is open or closed and OM is invariant, also M is invariant.
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A topological space Y has the fized point property (FPP) if any con-
tinuous map ¥: Y — Y has (at least) a fixed point. The FPP is invariant
under homeomorphisms and is preserved under retractions on subspaces (see
[5] for more information). Hence, as a consequence of the Brouwer fixed point
theorem, we can state the following (cf. [41, Theorem 3]).

Lemma 2.3. Let X C RN be homeomorphic to a (retract of a) closed ball of
RN . Then, X has the FPP.

In particular, any (nonempty) closed bounded convex set in R™V has the
FPP (which is an equivalent formulation of the Brouwer fixed point theorem
for compact convex sets); if I' C R? is a Jordan curve (the homeomorphic
image of S') with A (T') and Aey (T) its interior and exterior open domains,
then D(T) := Aipt(T) UT = Ajpe(T') U 0Aint(T') is homeomorphic to B[0, 1]
(by the Jordan—Schonflies theorem [45]) and hence it has the FPP.

An application of Lemma 2.1 gives the following.

Theorem 2.1. Let M be a (nonempty) compact positively /negatively invariant
in a metric space with a dynamical system. If M has the FPP, then it contains
an equilibrium point.

Proof. Let M be positively invariant (for the negatively invariant sets a simi-
lar argument works). We take a decreasing sequence of positive real numbers
T, with 7,, \, 0 and, for each n, consider the continuous map II, := II"". By
the positive invariance of M, we have that II,,: M — M and, by the FPP,
there exists at least one fixed point y,, € M for I1,,, so that y,, = y,,7,. By the
compactness of M, we can find a subsequence z,, := yi, with z, — 2* € M.
Setting T}, := 7%, , we have that (x,) is a sequence of periodic points in M
with periods T,, — 07 and Lemma 2.1 ensures that z* is an equilibrium
point. ]

As an application of Theorem 2.1, we can obtain a classical result for
planar dynamical systems, according to which, if I' is a closed orbit of a
dynamical system in the plane, then A;,(I") contains an equilibrium point.
Indeed, by the last statement in Lemma 2.2, D(T") is an invariant set, since
I' = A (T) is invariant (in fact it is an orbit). Moreover D(I") has the FPP,
as indicated before. Hence, there is an equilibrium point z* in D(T), with
2* ¢ T and the claim is proved.

2.2. Zeros of vector fields and convex bodies

From now on, we focus our attention on the (local) dynamical systems de-
fined by ordinary differential equations in RY. An immediate consequence of
Theorem 2.1 is the following.

Corollary 2.1. Let Q C RN be an open set and f: Q — RY be a continuous
map. Let C' C Q be a compact set with the FPP. Assume that:

Hnig) all the Cauchy problems associated with (2.1) have a unique solution;
q

(H;ny) the set C is positively invariant with respect to the solutions of (2.1),

namely, for each xo € C, the solution § of (2.1) with g(0) = zq is
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such that g(t) € C for all t > 0 in the right mazimal interval of
existence of the solution.

Then, there exists z € C' with f(z) = 0.

Now, the question that arises is whether Corollary 2.1 can be improved
by removing the hypothesis of uniqueness for the initial value problems.
An interesting step in this direction has been recently achieved by Cid and
Mawhin in [13], where, as a consequence of a more general result on periodic
solutions for non-autonomous systems, the following result is proved (cf. [13,
Corollary 5.1])

Theorem 2.2. Let C C RY be a nonempty, closed, bounded and convex set,
and f: C — RY be a continuous function. Suppose that, for each outer nor-
mal field v: 0C — SN=1, it holds that

(f(z),v(z)) <0, forallxzedC. (2.2)

Then, the differential equation (2.1) has a constant solution in C.

Assumption (2.2) corresponds to an equivalent formulation, for the case
of convex sets, of the classical Nagumo condition [46] for the weak flow in-
variance of the set C (see also [8,9,14,31,52,53,60]). In this context, the term
weak flow invariance refers to the fact that any Cauchy problem with initial
value in C has at least one local solution which is in C' for positive time.
Hence, (Hipny) is satisfied if we further assume the uniqueness of the solutions
for the initial value problems. Notice, however, that Theorem 2.2 is obtained
(from the Brouwer fixed point theorem) without assuming the uniqueness
hypothesis (Hyniq)-

On the other hand, in [19, Corollary 3|, the weak positive invariance is
obtained under a more general geometric boundary condition, at the expense
of a stronger assumption on the convex set (which is required to have a
nonempty interior), as follows.

Theorem 2.3. Let C C RY be a nonempty, closed, bounded and conver set
with nonempty interior, and f: C — RN be a continuous function. Suppose
that there exists an outer normal field v: OC — SN~1, such that condition
(2.2) holds. Then, C is a weakly invariant set for (2.1).

According to this result, we have that (H,y) is satisfied, if (Hyniq) holds.

Our aim is to show that, under the same assumptions of Theorem 2.3
(and without invoking the uniqueness of the solutions for the initial value
problems), one can also conclude the existence of an equilibrium point in C'.
Incidentally, we observe (as pointed out by the referee) that a proof could be
obtained by means of degree theory (one can use a homotopy between f(x)
and x — p, with p a point in the interior of C'). However, our interest is to
demonstrate that this follows from a direct application of the Brouwer fixed
point theorem. Namely, the following result holds.

Theorem 2.4. Let C C RY be a nonempty, closed, bounded and convez set
with nonempty interior, and f: C — RN be a continuous function. Suppose
that there exists an outer normal field v: 0C — SN~1, such that condition
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(2.2) holds. Then, the differential equation (2.1) has a constant solution in
C.

Proof. We follow an approximation scheme already applied in the proof of
[19, Corollary 3]. Without loss of generality, we can assume that f: RY — RV
is continuous. Let wg € int C and r > 0 such that Blwg,r] C C. For each
z € 9C and v(z) € SV~ we have that wg + rv(z) € Blwp,r]; therefore,
{(wo+rv(r)—z,v(x)) <0and so (wy—z,v(x)) < —r|lv(z)]|?> < —r. Next, we
consider a sequence of locally Lipschitz vector fields g, : RY — R¥ converging
uniformly to f on compact sets. Hence, passing if necessary to a subsequence,
we can suppose that [|g,(z) — f(z)|| < =, for every x € C. Finally, we define
the vector fields

fo(@) = gn(x) + %(wo —z), zeRY,
and observe that, for the given outer normal field v,
1
{fal2), v(@)) = {f(2),v(2)) + (gn(@) = f(2),v(2)) + {wo — 2, v(2))
<0+ ||gn(z) — f(2)] — % <0, forevery z € 9C.

Applying Theorem 2.3 to the differential systems y = f,(y) for which we
have the uniqueness of the solutions for the initial value problems, we enter
in the setting of Corollary 2.1 and, therefore, for each n there exists at least a
zn, € C such that f,,(z,) = 0. Finally, by the compactness of C, we have that
a subsequence zy, converges to a point z* € C and f(z*) = 0, since (fn)n
converges to f uniformly in C. g

Similar results were previously obtained by Feuer and Heymann [20,
Theorem 3.3] and by Heymann and Stern in [32, Theorem 2.1] for the au-
tonomous control system y = f(y,w) (with w € R™ a control parameter),
using fixed point theorems for multivalued mappings by Kakutani [35] and
Browder [10], respectively. However, we point out that in [20,32], it is assumed
that f = f(y,w) is continuously differentiable in its first variable, while, in
our case, only the continuity of f = f(y) is required. Moreover, in our ap-
proach, as well as in [13], the results are obtained by a simple application
of the Brouwer fixed point theorem, without invoking more advanced fixed
point theorems on multivalued mappings. Incidentally, Theorem 2.4 is also
connected to a classical result by Gustafson and Schmitt [25, Theorem 1] (for
non-autonomous delay-differential equations), which was stated with strict
inequalities in (2.2). Recent extensions to first-order systems with nonlo-
cal boundary conditions have been obtained by Mawhin and Szymanska-
Debowska in [42]; see also [43, Theorem 1.2] and [44, Theorem 2.12]. These
results exploit the topological degree theory.

Remark 2.1. Theorem 2.2 and Theorem 2.4, although quite similar in the
assumptions, are independent. Indeed, if the interior of the convex set C
is empty, we cannot replace the condition for each outer normal field with
there exists an outer normal field, as the following elementary planar example
shows.



68 Page 8 of 24 G. Feltrin, F. Zanolin JFPTA

Consider the system 4@y = 1, 9 = —x5 (without equilibrium points)
and the convex set C' := [1,2] x {0} C R2. Notice that 9C = C. For each
x = (x1,0) € 90C = C, we take v(z) = (0,1) and observe that 0C 3> z —
v(z) € St is a normal outer field for the set C, because, (u — x,v(z)) < 0
(= 0) for all z € 9C and u € C. Moreover, (2.2) is satisfied (the inner
product is identically zero) for this particular normal outer field and the map
fo(@y,@2) = (1, —z2).

Another (even simpler) example was suggested by Prof. Mawhin (private
communication): consider f: (z1,z3) — (1,0), C = [—1,1] x {0} and v(z) =
(0,1) at every point of C' = 9C. <

3. Positively invariant sets and geometric conditions at the
boundary

Throughout this section, we suppose that f = f(t,z): [0,7] x Q@ — R¥ is
a continuous (non-autonomous) vector field with 2 ¢ R™ a nonempty open
set and G is an open and bounded set with G C Q. Unless explicitly stated,
we do not assume the uniqueness of the solutions for initial value problems
associated with

i=rty). 3.1

When we consider a solution of (3.1), we implicitly assume that it is non-
continuable, i.e., defined on a maximal interval of existence. Our aim is to
prove the existence of a T-periodic solution of (3.1) in G, namely a solution
satisfying the T-periodic boundary condition y(0) = y(7T'), and such that
y(t) € G for all t € [0,T]. When this kind of solution exists, then in the
particular case when the vector field is autonomous, we have also equilibrium
points in the set G. This is essentially Lemma 2.1 in the context of the
autonomous system (2.1) and without the assumption of uniqueness for the
Cauchy problems. Indeed, we have the following.

Lemma 3.1. Let f: Q — RY be a continuous vector field. Assume that there
exists a sequence of Ty-periodic solutions to (2.1) with values in G and with
T, \\ 0. Then, there exists z* € G with f(z*) = 0.

Proof. A proof based on Ascoli-Arzela theorem can be found in [13, Sec-
tion 4]. We provide an alternative one as follows. Let (; be a sequence of
Ty.-periodic solutions of (2.1) with (x(t) € G for all t. By the compactness
of G, we can suppose, without loss of generality, that there exists a point
z* € G such that (,(0) — z*. Observe also that ||(x(t) — (x(0)|] < TiK for
all t € [0, Ty, where K > max{||f(w)||: w € G}. Next, we observe that, for
any fixed vector v € RY, it holds that

=7 [ UG = g6,

where in the last equality we have applied the mean value theorem. From
Ik (t) — 2*|| < Tk K +|¢x(0) — 2*|| — 0 and the continuity of f, we find that

0 Tik<<k<Tk> — (0),v)
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(f(z*),v) = 0 and, finally, we conclude that f(z*) = 0, since the nullity of
the inner product holds for an arbitrary vector v. O

The existence of T-periodic solutions with values in G for the non-
autonomous system (3.1) will be proved as a consequence of the Brouwer
fixed point theorem and some geometric conditions at the boundary of G
which are related (but not included) to some analogous ones considered in
the theory of positively invariant sets. In more detail, following [19] and
the theory of bound sets [23,40], we consider open and bounded sets whose
boundary is determined by a family of bounding functions (V,)ueoc with
the following property: for each u € OG, there exist a radius r, > 0 and
a Cl-function V,: B(u,r,) — R such that V,(u) = 0 and G N B(u,r,) C
{z € B(u,ry): Vyu(z) < 0}. This definition is a slight modification of [18,
Definition 2.1]. For simplicity of the exposition, throughout the paper we
confine ourselves to the case of smooth (i.e., C!) bounding functions. The
theory can be extended to the case of locally Lipschitz functions, too (cf.
[565,61]), but we do not consider here this case which is beyond the scope of
this article.

The next theorem summarizes some results previously obtained in [39]
(for the attractive bound sets) and in [19] (for strongly flow-invariant sets).

Theorem 3.1. Suppose that there exists a family (V,)ucoa of bounding func-
tions for G such that for each u € G there exists p, € ]0,7,] such that

(f(t,z),VVu(x)) <0, forallze GNB(u,py) andt € [0,T]. (3.2)

Then,

(i) each solution of (3.1) with y(0) € G is defined on [0,T] and such that
y(t) € G for all t € [0,T] (strong flow invariance for G );

(i) for each xo € OG, there exists at least one solution of (3.1) defined on
[0,T] such that y(0) = z¢ and y(t) € G for all t € [0,T] (weak flow
invariance for G );

(iii) if G is homeomorphic to a closed ball of RN and we assume the unique-
ness for the Cauchy problems associated with (3.1) with initial value in
G, then system (3.1) has a T-periodic solution in G.

Proof. Let y be an arbitrary solution of (3.1), with y(0) € G. We claim that
the solution is defined on the whole interval [0, 7] and, moreover, y(t) € G,
for all t € [0,T]. If, by contradiction, this is not true, then there exists a
time £ € ]0, T such that y(t) € G, for all t € [0,#[ and y(f) =: u € dG. Let
£ €0, 1] be such that y(t) € GNB(u,r,), for all t € [f—¢, [, and consider the
auxiliary function 7(t) := Vi, (y(t)) for t € [t — &,]. We observe that n(t) < 0
for all t € [t — ¢, and n(f) = 0. On the other hand, for all t € [t — ¢,{], it
holds that 17(£) = (§(t), VVa(y(1))) = (F(t,y(t)), VVa(y()) < 0, according
to (3.2), so that 0 = n(f) < n(f — ) < 0 and a contradiction is obtained.
Having proved (i), we immediately obtain (i¢) as follows. If u € G, then
there exists a sequence of points z, € G, with z,, — u. For each z,, let y, be
any solution of (3.1) with y,,(0) = 2, with y,, defined on [0, 7] and such that
yn(t) € G, for all t € [0,T]. Then [30, Theorem 3.2] ensures the existence of
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a subsequence (Y, )n Of (Yn)n With (yk,)n converging (uniformly on [0, 7]
to a solution ¢ of (3.1) with ¢ defined on [0,T]. We conclude that §(0) = u
and §(t) € G for all t € [0, T, because yi, (t) — 3(t), with yx, (t) € G.

If we further assume the uniqueness of the solutions for the Cauchy
problems associated with (3.1) with initial value in G, we have that the
Poincaré map ®1' is well defined on G and maps G into itself (as a consequence
of (i) and (i%)). The Brouwer fixed point theorem guarantees the existence of
a fixed point z* € G for ®! and hence the existence of a T-periodic solution
g of (3.1) with §(0) = z* and such that §(¢) € G for all t € [0, T] (by (i) and
(#4)). Thus, also (i) is proved. O

Clearly, a sufficient condition for the validity of (3.2) is to assume
(f(t,u), VVy(u)) <0, forallue G and t € [0,T], (3.3)

(see [39, Theorem 7.4]). In this case, we just restrict each V,, to a smaller ball
B(u,r,,) C B(u,r,) (if necessary), and (3.2) is satisfied.
In general, we cannot relax condition (3.3) to

(f(t,u), VVyu(u)) <0, forallue 0G and t € [0,T], (3.4)

even if we require the uniqueness of the solutions for the initial value prob-
lems, as it can be seen by the following elementary example.

Example 3.1. Consider the one-dimensional system y = 1 and the set G :=
{x € R: V(x) < 0}, with V(z) := (x + 1)(z — 1)3. We have G = ]-1,1],
and V_; =V} =V, with (3.4) satisfied. All the conclusions in Theorem 3.1
fail. The problem here is due to the fact that VV,(u) = 0 at the point
u=1¢€0G. <

3.1. A general existence result for T-periodic solutions

In view of Example 3.1, a natural assumption to improve the hypotheses (3.2)
or (3.3) to (3.4) is to add the condition

VVu(u) #0, forall u € 0G. (3.5)

Actually, it will be convenient to suppose the following condition: there are
constants 0 < 7~ < n* such that

n” < |IVVu(u)|| < 0T, forall u € 0G. (3.6)

When assumption (3.6) is required, we say that (V,,)ucoq is a family of non-
degenerate bounding functions. Observe that if (3.5) is satisfied, we can al-
ways enter in condition (3.6), by passing to the new family (W,),coc with
Wu(z) := Vi (2)/||VViy(u)]]. For the new bounding functions, condition (3.6)
is satisfied with n~ =5t = 1.

Our main result in this direction is the following.

Theorem 3.2. Let (V,)ucaa be a family of non-degenerate bounding functions
for G such that (3.4) holds and suppose that there exists a continuous function
g: 0G — RN such that

sup (g(u), VV,(u)) < 0. (3.7)
uedG
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If G is homeomorphic to a closed ball of RY, then there exists a T-periodic
solution of (3.1) with values in G.

Proof. Using Tietze extension theorem, we extend by continuity ¢ to G. Let
€ > 0 be such that (g(u), VV,(u)) < —e, for every u € OG. Then, for every

positive integer n, we consider a locally Lipschitz continuous function f,,: £ x
[0,1] — RY such that

We have that
[fnlt,z) — f(t2)]| <

fn(t,x) — (f(t,x) + :Lg(x))H < ﬁ, for every (t,z) € [0,T] x G.

1 _
+— max||g( )||, for every (t,z) € [0,T] x G,

277Jr

so that f,, converges uniformly to f on [0, 7] x G. Moreover, for all u € G
and ¢ € [0,T], we deduce that

(fu(t,w), VVi(u))
= (falt ) = () + —g(u)), DValw)) + {7 (6 w) + glur), TVafu)
<[t - s + Lot

(70, TVaw) + - (g(u), Vo (w)

<27+0+7<O

so that condition (3.3) is satisfied for f,,. Hence, we can apply (ii7) of Theo-
rem 3.1 to the differential systems

= fult,y) (3-8)

and obtain that, for each n, there exists a T-periodic solution ¢, to (3.8)
such that ,(t) € G for all t € [0,7]. Using the Ascoli-Arzela theorem and
the fact that f,, converges uniformly to f on [0, 7] x G, we can conclude that
there exists a subsequence (g, )n of (§n)n converging uniformly on [0,T] to
a T-periodic solution § of (3.1) and such that §(t) € G for all t € [0,7]. O

vVl

We stress the fact that in Theorem 3.2, we do not require the unique-
ness of the solutions for the Cauchy problems. It is immediate to check
that Theorem 2.4 can be obtained as a consequence of Theorem 3.2, set-
ting Vi, (x) := (z — u,v(u)) and g(z) := wo — = with wy € int C (and using
also Lemma 3.1).

Another application, following [2, Theorem 16.9, p. 218], can be provided
when V,, = V for all u € G, namely, when G is a sub-level set of a Lyapunov-
like function. More precisely, let us suppose that V':  — R is a continuously
differentiable function and let ¢ € R be such that M := V~!(]—o0,c]) is a
compact set with nonempty interior. Suppose also that

V(u) #£0, forall uedM. (3.9)
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In this situation, V=!(]—o0, ¢[) C int M and M C V~!(c). Moreover, OM =
Od(int M). Hence, G := int M is an open and bounded set whose boundary is
determined by the family of bounding functions (V,,)ucac such that V,,(x) :=
V(z) — ¢, with V,, restricted to an open ball B(u,r,) where VV (z) # 0 (see
[18, p. 520], for a similar discussion). Having assumed that VV(z) # 0 for
all x € 0G = OM, we have (3.6) satisfied (by the continuity of VV') and,
moreover, (3.7) holds for the choice g(z) = —VV(x). Hence, the following
corollary can be given.

Corollary 3.1. Let V: Q — R be a C'-function and let ¢ € R be such that
the set M := V~1(]—o0, c]) is homeomorphic to a closed ball of RN . Assume
(3.9) and also

(f(t,u),VV(u)) <0, foralluec oM andt € [0,T]. (3.10)
Then, there exists a T-periodic solution of (3.1) with values in M.

Remark 3.1. The conditions (3.9) and (3.10) are optimal. Indeed, concerning
(3.9), the same case considered in Example 3.1 shows that the result is no
more true if VV vanishes at some point of the boundary. On the other hand, it
is trivial to produce cases where (3.10) fails at some point of the boundary and
the conclusion of Corollary 3.1 does not hold (take, for instance, f(t,y) = f(y)
and G =] — 1,1[ as in Example 3.1 and V(z) = 2% — 1). <

Remark 3.2. To apply Corollary 3.1, we should know the topological struc-
ture of the level sets and sub-level sets of the Lyapunov-like functions. This
is a classical problem already studied in [58] and also related to the Poincaré
conjecture. For a recent contribution, in the light of the verification of the
conjecture in all dimensions by Perelman, Freedman and Smale, we refer to
[11]. See also [38] and [30, Corollary 11.2, p. 539] for a connection to the
Markus—Yamabe conjecture. For instance, according to [11, Theorem 1.2],
we have that the sub-level set M = V~1(] — co,¢]) is a compact set with
nonempty interior and homeomorphic to a closed ball, if V: RV — R is a
smooth and proper function with a compact set of critical points and c¢ is
sufficiently large. We also notice that Corollary 3.1 and its consequences are
strongly related to the classical results of Krasnosel’skii on guiding functions
and the celebrated theorem on the degree of the gradient of coercive maps
[36, Lemma I1.6.5] (see also [1,2] and [16, Section 5.1.4]). <

3.2. Applications to the non-convex case

Our aim now is to provide another application of Theorem 3.2 outside the
framework of convex sets. With this respect, we deal with a class of star-
shaped domains. According to a standard terminology, a subset U of a vector
space is said to be star shaped with respect to a point p € U, if [p,z] C U,
for each « € U, where [p,z] := {p+J(z —p): 0 < ¥ < 1} is the segment
connecting p and x. Analogously, we define [p, z[ := {p+9(x—p): 0 < I < 1}.

Usually, in the context of fixed point theory in Euclidean spaces, some
further properties are required. In particular, if if = A with A € RY an open
bounded set, we focus our study to the following case.
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Definition 3.1. Let A C RY be a nonempty open bounded set. We say that A
is strictly star shaped with respect to a point p € A if, for each point u € A,
we have [p,u[ C A.

Our definition corresponds to that considered by Deimling in [15, p. 33],
referring to A as a star-shaped set with a simple boundary. This is also the
case presented by Yang in [59, p. 111], where it is required that, for every
u,v € OA with u # v, it follows that [p,u] N [p,v] = {p}. Clearly, compact
convex sets with nonempty interior are strictly star shaped (according to our
definition) with respect to any interior point. Our definition requires a little
more than the hypothesis that the open set A is star shaped. Indeed, if A is
star shaped with respect to a point p € A, also A is star shaped with respect
to p. However, our condition on the boundary points might not be satisfied,
as shown in the following example.

Ezxample 3.2. Let us consider the set
A= { (@1, 22) € B2 for |} + Jaalt < 1\
{($1,$2)€R22.’E1 S_i,.TQZO}. (3.11)

We notice that A is star shaped with respect to the origin as well as its
closure

A= {(xl,l'g) S R22 ‘$1|% + |£C2|% < ]_} \ {(1'1,1'2) € R2Z r < —i,‘fCQ > O} .

Observe that the origin is the unique point p such that A is star shaped
with respect to p. On the other hand, A does non satisfy our condition.
Indeed, if w = (u1,0) with —1 < w3 < —1/4, then u € 9A, but [0,u] ¢ A
and the condition of simplicity of the boundary of Deimling is not satisfied.
Equivalently, if « = (u1,0) and v = (v1,0) with =1 < wy # v; < —1/4, we
find that (—1/4,0) € [0,u] N [0,v] and Yang’s definition is not satisfied. See
Fig. 1 for a graphical representation of this example. <

The class of star-shaped sets with the boundary condition considered in
Definition 3.1 is relevant in fixed point theory. In particular, a continuous map
¢ such that ¢(0A) C A has a fixed point [15, p. 33] (see also [62, Corollary 1]).
For other fixed point theorems in the setting of star-shaped sets, see [28,
Section 19.5] and [49]. Star-shaped sets with the stronger condition at the
boundary considered in Definition 3.1 are also studied in different contexts.
See [28, p. 1008] and the references therein where these sets are also referred
to as strongly star shaped or radiative at p. See also [29] for a comparison of
different properties concerning convex and star-shaped sets.

In the next lemma, we show that a strictly star-shaped set is homeo-
morphic to a closed unit ball (since we have not found a precise reference in
the literature, we give also the simple proof, for the reader’s convenience).

Lemma 3.2. Let A C RY be a nonempty open bounded set with A strictly star
shaped with respect to a point p € A. Then, for each unit vector v € SN ™1,
there is a unique 9, € |0,4o00[ such that p + 9,0 € OA. Moreover, the map
SN=1 30— 9, is continuous and A is homeomorphic to the unit ball B[0,1]
of RV,
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T2 T2
1 1
D A
T T
-1 0 1 -1 0 1
1 —1
FIGURE 1. Representation of the set D := {(z1,22) €

R2: |z1|2 4 |22z < 1} (on the left) and of the set A defined
in (3.11) (on the right). Both D and A (and their closures)
are star shaped with respect to the origin and the origin is
the unique point such that these sets are star shaped with
respect to it. However, D is strictly star shaped with respect
to the origin, while A is not strictly star shaped with respect
to the origin (and not with respect to any other point)

Proof. Let 0 < r < R be such that B(p,r) C A C Blp, R]. Hence, for every
v € SV=1 the ray {p +tv: t > 0} intersects A at a point p + ¥, v which is
unique, as a consequence of Definition 3.1. Observe that r < ¥, < R for all
v € SV~ We claim that the map ¢: S¥=1 — [r, R] defined by ¢(v) := ¥,
is continuous. Since the range of ¢ is contained in a compact set, it will
be sufficient to prove that the graph of ¢ is closed (see [57, Problem 108]).
Accordingly, let v,, — v* in S¥~! and ¥, — ¥*. By definition, p + 9, v, —
p + ¥*v*, with p + 9,, v, € 0A for each n. Hence, p + ¥*v* € 0A and, by
the uniqueness of the intersection of the ray {p + tv*: ¢t > 0} with 0A, we
conclude that ¥* = J,«. This proves that the graph of ¢ is closed.
Next, we introduce the map W: B[0,1] — A, defined by

¥(0) =p,
U(z)=p+zp (

x) , forax#0.

We have that ¥ is continuous (by the continuity and the boundedness of
#). Moreover, W|gv—1: S¥~1 — 9A, which maps v € SV~ to p+ VJ,v €
0A, is bijective and also ¥ maps bijectively any segment [0,v] € B[0,1] to
[p,p + ¢(v)v] € A. Consequently, ¥ is a continuous one-to-one map from
B[0,1] onto A and hence a homeomorphism. O

]|

The following property will be crucial in our result for non-convex sets.

Lemma 3.3. Let G C RN be a nonempty open bounded set with G strictly
star shaped with respect to a point p € G. Moreover, suppose that there exists
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a family (Vi) uecoa of bounding functions for G. Then, it holds that
(VViy(u),p—u) <0, forallu € dG.

Proof. Let w € G and V,,: B(u,r,) — R be the corresponding bounding
function. By definition, V,,(u) = 0 and V,,(x) < 0 for all x € GN B(u,r,). Let
us consider the segment [p,u] C G with [p,u[ € G. Taking a parametrization
for the segment, we can introduce the function v(9) := Vi, (p + 9(u — p)),
defined for ¥ € |1 — r,/||u — p||, 1] and such that (1) = 0 and v(9J) < 0 for
¥ < 1. From this, we find that (VV,(u),u — p) = /(1) > 0 and hence the
thesis. O

After these preliminary results, we are now in position to give our ap-
plication of Theorem 3.2 to star-shaped domains.

Theorem 3.3. Let (V,,)uecoc be a family of non-degenerate bounding functions
for a nonempty open bounded set G with G strictly star shaped with respect
to all the points in a ball Blp,d] C G. Assume that (3.4) holds. Then, there
exists a T-periodic solution of (3.1) with values in G.

Proof. First of all, without loss of generality, we suppose (passing to V,,(z)/
IVVi(w)|l, if necessary) that ||[VV,(u)|| = 1, for each u € OG. Next, we
observe that

(VViu(u),p —u) < =94, forall u € 0G.

Indeed, it is sufficient to apply Lemma 3.3 to the point x := p+ 0 VV,,(u) €
Blp, 6], so that, for each u € 9G, it holds that

(VVu(u),p —u) = (VV,(u),x — u) — §(VVy(u), VV(u)) < —0.

Now, defining g: G — R as g(w) = p—x, we find that condition (3.7) holds
true. Moreover, by Lemma 3.2, G is homeomorphic to the unit ball B[0, 1] of
RY. Then, we reach the thesis as an application of Theorem 3.2. 0

Remark 8.3. The assumption that the set G is strictly star shaped not only
with respect to a point p, but also with respect to all the points in a neighbor-
hood of p, is a hypothesis which is rather common in the theory of star-shaped
sets and is usually referred saying that the strong kernel of G has nonempty
interior (cf. [28]). Actually, if the open set G has a kernel with nonempty
interior (according to [28, p. 1005]), that is, G is star shaped with respect
to all the points of a (small) open ball B C G then, according to [28, The-
orem 3, p. 1006], for each p € B, and u € 9G, it follows that [p,u] C G.
As a consequence, G = G and G is strictly star shaped with respect to p.
Therefore, G is strictly star shaped also with respect to all the points in a
neighborhood of p. <

Ezample 3.3. Let us consider the autonomous planar differential system
¥ =1, oo = p(x2) (3.12)
with
p(0) =0 and ¢(s) = —2——, for s 0.

T
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FIGURE 2. Representation of the set G defined in (3.13) and
the flow associated with system (3.12)

Using the positions x1 := t, 9 := x, we see that the positive semi-orbits of

system (3.12) are the graphs of the solutions (¢, z(t)) of & = p(z) satisfying

the initial condition z(ty) = xq, for t > ty in the (¢, x)-plane. The function ¢

is continuous and decreasing; hence the forward uniqueness for the solutions

of the Cauchy problems is guaranteed, according to [30, Corollary 6.3, p. 34].
We introduce now the set

G = {(z1,22) €]-1,1[ x |1, 1[: |2o| < (z1 — 1)} (3.13)
(see Fig. 2 for a graphical representation). The set G is strictly star shaped
only with respect to the points belonging to the segment [—1,0] x {0} and
thus is not strictly star shaped with respect to all the points in any ball

contained in G.
We split the boundary of G into the following sets:

Tyo={(z1,22): 0 <y < 1,mp = (31 — 1)°},
Ty = {(z1,22): —1<z <0,2y =1},

D3 :={(x1,22): x1 = —1,-1 < 2y < 1},
Uyi={(z1,22): —1< 2 < 0,29 = —1},

Ty = {(wl,xg): 0<m <10 =—(21 — 1)2}'

A family of bounding functions associated with the set G is given by (V3,)wecoc,
with

Va1, 20) = VHay, 20) := — (21 — 1)% + 2o, ifuely,
—1 4 xo, ifu ey,

=
—~
&
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8
(V)
Il
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Vu(xl,asg) :V4(561,1‘2) = —1 — a9, if’LLEF4,
Vu($17$2):V5(1‘1,{L‘2) = —($1—1)2—1‘2, if u € T's.

We warn that, consistently with our definition of bounding functions, it is
sufficient to have one function V,, at any point © € 0G. For this reason, when
uw e I';y NI with ¢ # j, we will just choose one of the two possibilities given
by the above list. Now, it is easy to check that (f(u), VV,(u)) = 0 for all
u €T Ul and (f(u), VVi(u)) <0 for all u € Ty UT's UTy. Hence, condition
(3.4) is satisfied. However, there are no periodic solutions, or equilibrium
points for system (3.12). <

Remark 3.4. Example 3.3 shows that, if we assume the weak boundary con-
dition (3.4), then the condition of strong kernel with nonempty interior of
Theorem 3.3 is optimal and cannot be removed. Example 3.3 also provides a
new case which shows that the condition of linear independence of the gra-
dients considered in a result of positively invariant sets in [31, Corollary 1,
formula (10)] cannot be removed. Indeed, in [31, Corollary 1], Hartman con-
sidered the case of a bounded domain whose boundary is described by a
finite number of bounding-type functions. Differently from our case where,
at each point u € 9G, we take one function V,,, in [31] there is a finite set
of functions V* (denoted as L* in [31]) with the condition that the vectors
VV*(u) are linearly independent at the points u € G where the V*s van-
ish. In our example, at each point of I'; N T'; 44, for ¢ = 1,...,4, the vectors
VVi(u) and VV*(u) are linearly independent, but this does not happen at
the point z = (1,0) € I'y NT's where VV!(2) = (1,0) = —VV?(z). Indeed,
the set G is not positively invariant with respect to the semi-flow associated
with system (3.12), because the solution (z1(t),z2(t)) = (¢,0) is in the set
for t = 0 and escapes the set G for ¢t > 1. The example of Hartman in [31,
p. 513] considers a trivial set with empty interior, given by {(0,0)}, where
the condition of independence of the gradients fails. <

A simple condition to verify that a sub-level set is strictly star shaped
with a strong kernel with nonempty interior is provided by the next result.

Lemma 3.4. Let V: RN — R (with N > 2) be a continuously differentiable
function and let p € RN and ¢ € R be such that V(p) < ¢ with V~'(c)
bounded and nonempty. If

(VV(u),p—u) <0, foralluecV (), (3.14)

then M :=V ~Y(]—o0,c]) is strictly star shaped with respect to all the points
in a ball Blp,d] C G =int M = V~1(]—o0,¢|).

Proof. Tt is sufficient to check that condition (3.14) implies that the set M is
strictly star shaped with respect to p. Indeed, by the compactness of V~!(c),
we have max,cy-1()(VV (u),p —u) < 0 and hence, for all the points z in a
neighborhood of p, it holds that (VV (u),z —u) < 0, for all u € V=1(c).
Now following (with some simplifications) an argument from [62], we
consider the auxiliary function v(s) := V(p + s(u — p)) for u € M \ {p} and
s > 0. By the assumptions, we deduce that v(0) < ¢, v(1) < ¢, and (from
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(3.14)) v'(s) > 0 for all s such that v(s) = c. This proves that the half-line
{p+ s(u —p): s > 0} intersects IM = dG = V~!(c) in at most one point.
More precisely, {p + s(u — p): s > 0} intersects G exactly in u (for s = 1),
if u € 0G.

To conclude our proof, we have to show that, for every v € SV=1, the
half-line {p + sv: s > 0} intersects V ~!(c). Suppose, by contradiction, that
there exists © € SN¥~1 such that V(p + sd) < ¢, for all s > 0. We choose a
point @& € V~1(c) such that HZ%;;H # —0. Such a choice is always possible
because, if u € V=1(c) # 0, then VV(u) # 0 by (3.14) and the implicit
function theorem guarantees that V ~!(c) is locally a surface around u. Let
R > 0 be such that V~!(c) C B(p,R) and let K > 1 be sufficiently large
that [p + Ko,p + K (@ —p)] N B(0, R) = (). On the other hand, V (p + K©) <
¢ < V(p+ K(t — p)) and therefore there exists w € |p + Ko,p + K(u — p)]
such that V(w) = ¢, a contradiction to the fact that V~1(c) C B(p,R). O

By the above lemma, we can provide a new proof, in the frame of the
Brouwer fixed point theorem, of a result previously obtained in [62, Theo-
rem 2.

Corollary 3.2. Let V: Q — R (with N > 2) be a C'-function and let p € R
and ¢ € R be such that V(p) < ¢ with V~1(c) bounded and nonempty. Let
also M = V=1(]—o0,c]). Assume (3.10) and (3.14). Then, there exists a
T-periodic solution of (3.1) with values in M.

Proof. We apply Lemma 3.4 together with Corollary 3.1 and Lemma 3.2, or,
alternatively, Theorem 3.3, jointly with Lemma 3.4. 0

The above corollary provides an example of application of Theorem 3.3
to strictly star-shaped sets with the boundary described by a single regular
bounding function V. As a second application, we propose an application
to domains with possible non-smooth boundary, using a concept of outer
normals due to Bony [8]. Let G be an open and bounded set with M := G C Q
and let u € OM. A vector v # 0 is called an outer normal to M in u, according
to Bony, if u is a point of M at minimal distance from u+ Av for some A > 0.
Playing on the coefficient A > 0, one can equivalently express this fact, by
assuming that B(u+ v, |[v|) N M =0, or Blu+ v,||v||] N M = {u} (actually
different, but equivalent definitions have been considered by some authors
[8,52,53]). We also denote by Np(u) the set of all (Bony) outer normals
to M in u. Then the following result holds [8, Theorem 2.1] (see also [52,
Theorem 1] and [53, Theorem 1]).

Theorem 3.4. Let M := G C §, where G is a nonempty open bounded set. Let
f = f(t,z) be continuous and locally Lipschitz continuous in the x-variable.
Suppose that

(f(t,u),v) <0, foralltel0,T),u € OM,v € Ng(u). (3.15)
Then, M is positively invariant with respect to the solutions of (3.1).

Clearly, under the assumptions of Theorem 3.4, if M has the FPP, then
it contains a T-periodic solution of (3.1). In [52,53] the Lipschitz condition
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was improved to a suitable one-sided uniqueness hypothesis. As in Theo-
rem 2.2, the above result requires the inequality (3.15) to be satisfied for
all the outer normals at the boundary points. Similarly to that in Theo-
rem 2.3, we propose now an existence result of periodic solutions where, for
the boundary condition, we assume that the inequality is satisfied only for
some outer normals. We stress the fact that only continuity of f will be re-
quired. We restrict our application to star-shaped sets, to enter in the setting
of Theorem 3.3; however, our result, in principle, could be applied to more
general domains, provided we find a suitable auxiliary vector field g as in
Theorem 3.2.

Theorem 3.5. Let G be an open bounded set with G(C §2) strictly star shaped
with respect to all the points in a ball B[p,d] C G. Assume that for each
u € OG, there exists v = v, € Np(u) such that

(f(t,u), 1) <0, foralltel0,T]. (3.16)
Then, there exists a T-periodic solution of (3.1) with values in G.

Proof. By the hypothesis, for each u € G, we have an outer normal v, such
that (3.16) is satisfied. For such v, we have that Blu + v, ||v|]] N G = {u}
(according to one of the equivalent definitions of Bony outer normal). Then,
we define the function

1
It is immediate to check that V,(u) = 0, V,(x) < 0 for all z € G, and
VVu(x) =u+ vy — x, so that VV, (u) = v,,. Hence, (3.4) follows from (3.16)
and we conclude by applying Theorem 3.3. 0

(Ial® = llo = (u +wa)]?) -

Remark 3.5. Clearly, Theorem 3.5 extends Theorem 2.4. We also note that,
in the context of open and bounded star-shaped sets, the difference between
Theorem 3.4 and Theorem 3.5 is stronger than that between Theorem 2.2
and Theorem 2.4. Indeed, in the case of convex bodies, all the points at the
boundary possess outer normals. This is no more true for star-shaped bodies.
For instance, if we consider the sets

Gl = {(1‘17.’1}2) € RQZ (.’L'% +mg) < 17 ‘372‘ > xl} (317)

and G7 = {(z1,22) € R?: (2% + 23) < 1, (Jza| > z1)} (see Fig. 3), we
have that G, is strictly star shaped with respect to all the points in a ball
Blp,0] C G; for p = (—1/2,0) and ¢ > 0 sufficiently small. Observe that
G is homeomorphic to a closed disc by Lemma 3.2. Hence, if we assume f
locally Lipschitz continuous in z = (x1,22) and (3.15) satisfied for all the
outer normals at dG; (whenever they exist), then, by Theorem 3.4, we have
the existence of a T-periodic solution with values in G. In this case, we
have to check the sub-tangentiality condition (3.15) for all the outer normals
at the corner points (1/4/2,41/4/2), but no condition has to be checked at
(0,0), a point that does not possess any outer normal. On the other hand,
Theorem 3.5 cannot be applied because at (0,0) there are no outer normals.
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T

—1 —1

FIGURE 3. Representation of the set G defined in (3.17)
(on the left) and of the set G defined in (3.18) (on the right)

Conversely, if we consider the sets
Gy = {(zl,xg) eR?: (22 +2d) <1, (x1 —V2)2+a2 > 1} (3.18)

and Gy = {(z1,72) € R?: (23 +22) <1, (z1 — v2)? + 22 > 1)} (see Fig. 3),
we have again that G is strictly star shaped with respect to all the points
in a ball B[p,d] C Gy for p = (=1/2,0) and § > 0 sufficiently small. Now,
to apply Theorem 3.5 we just need f to be continuous and check the sub-
tangentiality condition at the boundary, by taking only one outer normal at

the corner points (1/v/2,+1/v/2). <
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