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Abstract

The dynamics of a dissipative and area contracting planar homeomorphism is described
in terms of the attractor. This is a subset of the plane defined as the maximal compact
invariant set. We prove that the coexistence of two fixed points and an N-cycle produces
some topological complexity: the attractor cannot be arcwise connected. The proofs are
based on the theory of prime ends.

1 Introduction

In a remarkable paper [13], Levinson introduced the class of planar homeomorphisms which are
dissipative and area-contracting. His main motivation came from non-conservative Mechanics but
this class of maps is also relevant in other fields, such as population dynamics (see [22, 20] for more
details).

A homeomorphism h : R2 — R? is called dissipative if the point of infinity is a repeller. The
associated attractor A C R? is an invariant continuum composed by all the bounded orbits. The
set A has zero measure if h is area-contracting. Understanding the topology of A is a crucial step in
the study of the dynamics of A but this is not an easy task. Many examples have been constructed
to show that the set A, as well as the dynamics on it, can be very intricate (see [2, 26, 4, 8]).

In a recent paper [17] Nakajima used some clever and elementary arguments to prove that the
attractor is not arcwise connected when h has at least two fixed points and one of them is an inverse
saddle!. This result seems to be of a new type, showing that some dynamical assumptions (existence
of certain fixed points) imply a certain complexity of the attractor (not arcwise connected). This
line of research has been continued in [9], where the result in [17] is translated from the plane to
the punctured sphere. In the present paper we work in the plane and the goal will be to reach
Nakajima’s conclusion (A is not arcwise connected) without assuming the existence of an inverse
saddle. Instead we will assume that there exist at least two fixed points and one periodic point.
The proofs are very different from those in [17, 9]. Our arguments are based on the theory of prime
ends. The use of this theory in planar dynamics has a long tradition, starting with the work of
Cartwright and Littlewood in [5]. Incidentally we notice that these authors were motivated by the
study of the attractor of the periodically forced Van der Pol oscillator. Later, Alligood and Yorke
analyzed in [1] the connections between the rotation number of a local attractor and the existence
of accessible periodic points (see also [19, 21, 11]). All these papers consider the complement of
the attractor in the Riemann sphere S? = R? U {oc}, denoted as 2 = S?\/A. This set is open,
simply connected and invariant. The circle of prime ends is a fictitious boundary attached to §2
and the map h induces a homeomorphism h* on this circle. We will follow along this line and
show that there are obstructions for the dynamics of h* when certain periodic points exist and

1We recall that a fixed point p of a diffeomorphism h is an inverse saddle if the eigenvalues of the Jacobian matrix
R (p) satisfy A1 < —1 < A2 < 0. When 0 < A1 < 1 < A2 the fixed point is a direct saddle.



A is arcwise connected. In consequence A will not enjoy this topological property. The possible
novelty of our paper is in the connection between Nakajima’s ideas and prime ends. At this point
it may be worth to mention that this paper is an improvement on an unpublished manuscript.
In our previous version the conclusions were weaker and an anonimous referee proposed to apply
Corollary 2 of [5]. The proof we present now is based on more elementary ideas but those comments
certainly encouraged us to improve the paper.

An important aspect of the main result is the simplicity of the assumptions (two fixed points
+ one periodic orbit). This fact will allow us to obtain applications in the theory of periodic
differential equations. This was the original motivation for the study of the attractors in [13].

The rest of the paper is organized in five sections. The class of maps under study and the main
result are presented in Section 2. The next Section provides a short introduction to the theory of
prime ends. It follows Mather’s approach and it is the main tool for the proof of the main result
in Section 4. The last two sections are devoted to illustrate the applicability of our theorem. We
show that some well-known results on bifurcation on sub-harmonic solutions can be combined with
our result to produce new information on attractors. Two concrete situations are considered: a
forced Duffing oscillator and the classical SIR model with periodic contact rate (see [6] and [24]).

2 A class of planar homeomorphisms and main result

A homeomorphism of the plane is a continuous and bijective map h : R?> — R2. The class of
all homeomorphisms will be denoted by H(R?). A map h € H(R?) is called dissipative if there
exists a closed ball B C R? attracting all compact sets in a uniform sense. In other words, for each
p € R?,
. . n _
nETOO dist(h™(p),B) =0 (2.1)

and this limit is uniform in p € K with K any compact subset of RZ.

The attractor A C R? is defined as the maximal invariant and compact set. It satisfies the
properties below,

e A is compact and h(A) = A,
e A contains any compact set K C R? satisfying that h(K) = K.

With some work it can be proved that A always exists and it is indeed a non-empty continuum
(compact and connected set). Sometimes it is useful to interpret A as the set of the bounded
orbits. More precisely,
A= {pecR?: limsup |h"(p)| < oo}.
|n|—+o00

Notice that all orbits are bounded in the future (n — +00) and therefore A can be also described
as the set of orbits bounded in the past (n — —o0). The reader is referred to [13, 22, 7] for a
detailed discussion on attractors and dissipative maps.

Levinson considered in Section 7 of [13] the class of dissipative homeomorphisms contracting
Lebesgue’s measure. In that case the attractor has zero measure and, in particular, the interior
is empty. We will consider the larger class £LH(R?) composed by all dissipative homeomorphisms
whose attractor has an empty interior in R?. The class of Levinson appears very often in the theory
of nonlinear oscillations but £LH(R?) is more natural from a topological point of view. Notice that
LH(R?) is invariant under conjugacy.

The next result is an almost direct consequence of the definition of LH(R?) and will be repeat-
edly applied throughout the paper.

Proposition 2.1. If h € LH(R?), then A does not contain Jordan curves.



Figure A: The third step in the construction of the Cantorian sun.

Proof. By contradiction assume that I' C R? is a Jordan curve inside the attractor. Let R;(T)
be the bounded component of R?\I'. We will prove that R;(T) is also contained in A, but this is
impossible if A has empty interior.

Since A is invariant, every iterate of the curve is also contained in A, that is,
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Let B be a large ball containing .A. Then

U #(a(0) = | Ri(h"(0)) € B

neZ neZ

and all the orbits starting at R;(I") remain bounded. This implies that R;(T") C \A. O

It is well known that many continua in the plane have an intricate topology and they can be
realized as attractors. A very interesting discussion on possible attractors for maps in LH(R?)
can be found in Section 7 of [13]. The simplest possible attractor is a singleton, corresponding to
a globally asymptotically stable fixed point. After this case, Levinson presented three figures of
increasing complexity. In Figure 1 of [13] the attractor is an arc and two dynamics are considered:
three fixed points or one fixed point and a 2-cycle. In Figure 2 the attractor is a triode with one
fixed point and two 3-cycles. Finally, in Figure 3, the three branches of the triode wrap themselves
infinitely many times around three arcs. The corresponding continuum is not arc-wise connected.
The dynamics is also more involved and a 6-cycle appears. Another possibility, also mentioned by
Levinson, is the Cantorian Sun. This continuum is obtained by drawing all the rays connecting
the origin to the points of a Cantor set lying in S!. See the Figure A. It was proved in [8], see also
[26], that this set is the attractor of a map h in LH(R?). Moreover the dynamics on the Cantor set
is recurrent (non-periodic) and the only periodic point is the origin, Fiz(h) = Fiaz(h™) = {(0,0)}
for each n > 1. In this case A is arcwise connected but it is not locally connected.
After these examples we are ready to present the main result.

Theorem 2.1. Assume that h € LH(R?) is orientation preserving and there are at least two fized
points and an M -cycle with M > 2. Then, A is not arcwise connected.
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Figure B: Phase portrait of the flow {¢;}ier

The proof of this result is postponed to Section 4.

Now we include some comments and examples:

Remarks:

1.- The theorem cannot be extended to orientation-reversing homeomorphisms when M = 2.
We will construct an orientation-reversing map h € LH(R?) having two fixed points, one 2-cycle
and the Y-set as attractor. We first construct a flow {¢;}ser with four equilibria at the points
A= (-1,0), B=(0,0), C = (1,1), D = (1,—1) and phase portrait illustrated in Figure B. Also,
we assume that the flow is symmetric with respect to the horizontal axis,

¢tOS:So¢t7 tERa

where S(z,y) = (z, —y).

If we fix a time T > 0, the map h; = ¢7 belongs to LH(R?) and the attractor is composed by
the four equilibria and the heteroclinic orbits connecting them. This map is orientation-preserving
but h = S o h; is orientation reversing and has the fixed points A, B and the 2-cycle {C, D}. The
attractor of h; and h coincide because h; and S commute.

2.- The theorem does not extend to higher dimensions. The class LH(R?) can be defined in the
obvious way. We consider h € LH(R?) with

h(I7y, Z) - (h1($7y)’ hQ(Z))

In addition we assume that hy € LH(R?) is orientation reversing and it has the attractor A; =
[-1,1] x {0} and the three fixed points (—1,0), (0,0) and (1,0). The function hy : R — R is
a decreasing homeomorphism having the attractor Ay = [—1,1], one fixed point at z = 0 and a
2-cycle at z = +1. The product map h has three fixed points, a 2-cycle, it is orientation preserving
and the attractor

A= (A x {0 U ({(0,0)} x As)

is arcwise connected.



3.- It would be nice to connect the theorem with Nakajima’s result but this is unclear. We do
not know if there are maps h € LH(R?) having an inverse saddle and no periodic orbits.

Given a map h € LH(R?), the iterate h™ with n > 2 will also belong to LH(R?). Moreover,
the attractor is the same. This observation allows to apply the previous theorem to any positive
power of h. As a consequence we obtain:

Corollary 2.1. The conclusion of Theorem 2.1 also holds under one of the assumptions below,

i) h € LH(R?) is orientation reversing and it has at least two fived points and one M -cycle with
M > 3.

ii) h € LH(R?) is orientation preserving and it has at least two cycles with minimal periods
M >N >2.

In the first case we apply the Theorem to h% and in the second to h"Y. The third example in
[13] is in the conditions of ii) with M =6 and N = 3.

3 Background on Prime Ends

Let © be an open and simply connected subset of S? such that oo € Q, Q # S? and S?\Q is not a
singleton. It is well known that Q is always homeomorphic to the open unit disk int(D), where

D={2zeC:|z] <1}.

However, the boundary of Q in S?, denoted by 0522, is not necessarily homeomorphic to oD = S*.
Caratheodory’s theory of prime ends allows to construct an abstract topological space Q* containing
Q and such that the pairs (2*,Q) and (D, int(D)) are homeomorphic.

The space of prime ends is defined as

P = Q"\Q.

The space Q* is not inside S? but somehow describes the way in which € is embedded in S2. The
following property reflects this fact.

Let g : S — S? be a homeomorphism with g(co) = oo and such that € is invariant under
g, g(Q) = Q. Then there exists another homeomorphism ¢g* : 9* — Q* such that g = g* on Q.
After conjugation, the restriction of g* to the space of prime ends, ¢* : P — P, can be seen as a
homeomorphism of S*.

An end-path is a continuous map 7 : [0,1] — S? such that (¢) € Q if t € [0, 1] and v(1) & Q.
End-paths can also be interpreted as paths in 2*. More precisely, it is possible to construct a
continuous map ~v* : [0,1] — Q* such that v* = + on [0,1[ and 7v*(1) € P (see Theorem 16 in
[14]).

The prime end P = v*(1) is called accessible and £ = (1) € 0521 is the principal point of
P. It can be proved that every accessible end has a unique principal point, (Theorem 17.1 in [14]).

Given two end-paths 79,71 : [0,1] — S?, we say that they are homotopic if there is a continuous
mapping I : [0,1] x [0,1] — S? such that T'(¢,0) = y0(¢), T'(¢,1) = 71(¢), T'(1,5) = vo(1) = 71 (1),
I'(t,s) € Qif t < 1. This notion is relevant because two end-paths are homotopic if and only if the
corresponding accessible prime ends coincide, vg(1) = 5 (1) (Theorem 18 in [14]).

For a general domain €2 not all prime ends are accessible. However, if the boundary of €2 is
locally connected then all prime ends are accessible (Theorem 20 in [14]). From now on we assume
that 0s2€) is locally connected. Under this assumption the previous discussions are sufficient to



construct the space P and the map g* in concrete cases. Prime ends with the same principal point
& € 0521) correspond to different ways of approaching £ from Q. Given P € P, we can have an
end-path + such that v(1) = ¢ for a suitable point ¢ € 9s2€2. To construct the topology of Q* is
enough to define a sub-basis of neighborhoods for each P € P. Given an end-path v defining P, we
take an open ball B centered at the principal point ¢ = v(1). Let B, be the connected component
of BN Q such that y(t) € By if t <1 and 1 — t sufficiently small. We define the neighborhood

Up =B, U{\(1): A€ A}

where A is the family of end-paths A : [0, 1] — S? satisfying that A(t) € B, if t € [0, 1[. After this
definition the following result is easily proved.

Lemma 3.1. In the previous notations assume that the boundary Os2€) is locally connected and
consider the map
HZP—)@ng, ,P'—><7

assigning the corresponding principal point ¢ to each prime end P. Then, I1 is continuous.

Finally, we discuss how to induce homeomorphisms on P. Let h : R?> — R? be a homeomor-
phism such that € is invariant. Then also 02§ is invariant. Given an end-path « defining P, the
composition h o 7y is another end-path inducing a prime end. The homeomorphism h* : P — P
satisfies

h*(P) = (hoy)*(1).
The useful property (h*)™ = (h™)* holds for each n € Z.

As an example we consider the domain Q = S?\ A where A = ([-1,1] x {0}) U ({0} x [-1,1]).
In this set we distinguish the four end points a,b,c,d and the origin 0. For each point £ €
A\{a,b,c,d,0} there are two prime ends whose principal point is {. Four prime ends have the
origin as principal point. Finally, there is only one prime end for a,b,c, and d. The Figure C
illustrates this description.

Consider now the symmetry h : S? — S§?, h(z) = z. Then, h(Q2) = Q and h* : P — P satisfies
Fixz(h*) = {a,c}, Fiz((h?)*) = P. In particular, h(b) = d, h(O1) = Oy,...

4  Proof of Theorem 2.1

We start with three preliminary results which will be used in the proof.

Lemma 4.1. Assume that K is a non-empty continuum in the plane and h € LH(R?) is such that
KCcA and MWK)=K.
Then, Q = S?\K is a simply connected domain with 0s2Q = K.

Proof. Let {Q;};cr be the family of connected components of Q. Since h is a homeomorphism and
) is invariant, components must be mapped onto components. This means that h(£2;) = Q,;),
where o is a permutation of I. Let 2o, denote the component containing co. From h(co) = oo,
we deduce that h(Qs) = Qs. Also the complement S\, must be invariant under k. Then, all
orbits lying in §?\Q, are bounded and this set is contained in the attractor. From S?\Q., C A,
we deduce that intgz (S?\Qoo) = 0. This implies that Q = Q... Once we know that Q is connected,
it is easy to prove that it is also simply connected. Indeed, it is sufficient to observe that the
complement S?\Q = K is connected. Finally, we observe that €2 is dense in S?, in consequence
0200 =S2\Q = K. O
The previous result can be applied to the case K = A. In particular, we recover Proposition 2.1,
A cannot contain Jordan curves. From this fact we deduce an useful result.
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Figure C: Description of the prime ends in A = ([-1,1] x {0}) U ({0} x [-1,1])

Lemma 4.2. Assume that h € LH(R?) and v = Ty is an arc contained in A such that the end
points are fized, that is, x,y € Fixz(h). Then, h(y) = 7.

Proof. The set v U h(y) is a closed loop contained in A. This loop should contain a Jordan
curve unless both arcs v and h(v) coincide. To justify the previous reasoning the reader can find
convenient to invoke Lemma 2.6 in [9]. O

Oriented arcs have a natural ordering and this fact will be crucial for the following result.

Lemma 4.3. Assume that h € LH(R?), A is arcwise connected and p € A\Fiz(h). Then there
exist a fized point x and an arc T' = px contained in A so that

I'N Fix(h) = {z}.

Proof. Since h is dissipative we know that it has at least one fixed point . Let ' = 1/92 be an
arc contained in A. The arc I" can contain many fixed points besides ¢ but we select the smallest
fixed point x; that is, h(z) # z if z € pT, 2z # x and h(z) = x. Then, I' = px is the searched arc. O

After these preliminary results we are ready for the proof of the main result.

Proof of Theorem 2.1. By a contradiction argument we assume that h € LH(R?) is orien-
tation preserving, A is arcwise connected, {zo,...,zxy—_1} is an N-cycle and Fiz(h) contains at
least two points.

We can apply Lemma 4.3 to find an arc 'y = Zyx contained in A and such that To N Fiz(h) = {z}.
Also we select a second fixed point y # x and find an arc v C A, v = 7. We can apply Lemma
4.2 to deduce that h(y) = . Since A is also in LH(R?), kN (T¢) = I'y. We claim that

vy T = {a}. (4.1)



To prove this we first observe that the intersection v NI'g must be a sub-arc emanating from x, for
otherwise v N Ty should contain a Jordan curve. Let 3 =~y NTy = 77} be this subarc. Since v and
Iy are invariant under A"V, h™ (z7) = Z7. The subset of end points of 3, {n, 2} must be invariant
under A"V and AN (x) = z. Thus, it is clear that h™¥(n) = n. This point belongs to the invariant
arc v and the dynamics of h : v — ~y is trivial, i.e. all orbits converge to fixed points. Therefore,
n € Fiz(h) NTy and the construction of I'y implies that n = x.

Once we have proved (4.1), we define the set

K= ’YUFO @] h(Fo) U...u hN_l(FQ).

We observe that K is invariant under h. Let us now recall that a Peano continuum is a locally
connected continuum. A finite union of Peano continua with a common point is also a Peano
continuum (see [18], page 88). In consequence K is a Peano continuum. From (4.1) we also deduce
that

yOR*To) ={z}, k=1,..,N -1 (4.2)

In view of Lemma 4.1 we can consider the space of prime ends associated to = S?\K. The
boundary is locally connected and we know that each point of K is the principal point of some prime
end. Let us take Py € P with II(Py) = z9. The sequence {II o (h*)"(Py)}nez is periodic, namely
{320, 21y ooy ZN—1, 205 Z15 -y ZN—1... }. From the continuity of II, we deduce that {(h*)"(Po)}n>0
can not be a convergent sequence.

Let us now analyze the prime end P, € P with II(P,) = y. Indeed this prime end is unique.
To justify this assertion we observe that it is not restrictive to assume that the arc « is a segment.
This is possible because all arcs in the plane are tame (see [15]). Given a disk D centered at y and
having small radius, we can invoke (4.2) to deduce that D N K = D N +. The uniqueness of P,
together with the identity

(W (P,)) = h(II(P,)) = h(y) = y

implies that P, is fixed under h*.

At this point we have found the searched contradiction on the dynamics of h*. This map can
be seen as an orientation preserving homeomorphism of S' having the fixed point Py and the
non-convergent orbit {(h*)™(Po)}n>0. It is well known that such a map cannot exist. O

5 The attractor of a forced oscillator

We consider the equation
i+ a4 2 = poF(t) (5.1)

where pqy > 0 and pus € R are real parameters and F' : R — R is a continuous and periodic
function with period T' = 1.

Given (g, v9) € R?, the solution satisfying x(0) = zg, #(0) = v is denoted by x(¢; 2o, v). The
dynamics of the equation (5.1) can be analyzed through the planar map

P : (z0,v0) = (z(T; w0, v0), (1520, v0)),

sometimes called Poincaré map.
From now on X will denote the Banach space of 1-periodic and continuous functions F' : R — R
endowed with the uniform norm
1] = max | F'(t)].
cR

As a first step we are going to prove that the map P belongs to the class of maps considered in
the previous Section.



Lemma 5.1. For each 1 > 0, s € R and F € X, the map P belongs to LH(R?) and it is
orientation preserving.

Proof. First we show that P is a homeomorphism of R2. For this it is sufficient to show that all
the solutions of (5.1) are globally defined (see [20] for more details). Assume that z(t) = z(t; 2o, vo)
is a maximal solution with energy

1
B(t) = () + go(t)"
After differentiation,
_— -2 . .2 |,LL2| .9 9
B[ = | = pad” + poFi| < pa” + == (3" + F7)

2

H2
< (21 + e B + L2 2.

We have found a linear differential inequality in £ which can be solved. Then, it is easy to show
that the pair (z(t),#(t)) cannot blow up in finite time. Therefore, the maximal interval of this
solution is | — oo, +00[.
Once we know that P € H(R?), we are going to prove that it is dissipative. This is equivalent
to prove that there exists C' > 0 such that for each solution x(¢) of (5.1) there exists a time 7 > 0
such that
()] + li(t)] < C

if ¢t > 7. This is a consequence of general results on dissipative systems (see [22]) but it is also
possible to obtain a direct proof with the help of the modified energy

1 1
V(t) = 5g'c(t)2 +ex(t)i(t) + Zac(zf)‘l,
where € > 0 is small enough.
To complete the proof of the Lemma, it is sufficient to observe that P is area-contracting and
orientation preserving. In fact, a well-known computation based on Liouville formula shows that

0 < det P'(xg,v9) = e M7 < 1 (5.2)

for each (xg,vg) € R2. O

Throughout this section Ap will denote the attractor of the map P. Indeed Ap will also depend
upon the parameters p; and ps but we want to stress the functional dependence.

A possible criticism to this definition of attractor is that the map P is linked to the initial value
problem at time ¢ty = 0 and this is a rather arbitrary choice. We could instead select any other
initial time ¢y € R. This leads to the family of maps

P, :R? — R?

(z(to), 2(to)) = (@(to + T), 2(to + T)).

Since they are conjugate, all of them belong to £H(R?) and the corresponing attractors Ap(to)
are homeomorphic subsets of the plane.

We are going to present a result on the topology of Ag that is valid for typical forcings F. This
will be understood in the sense of category. We will say that a property holds for a generic F' in
X if it holds for every F' € G, where G is an open and dense subset of X.
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Figure D

Theorem 5.1. For a generic F' in X there are numbers € > 0 and n > 0 such that the attractor
Ap is not arcwise connected if
0 <pr <nlpa|, [p2| <e.

The attractor in the red region is not arcwise connected while it is a singleton on the green
line (see Figure D). Indeed, when po = 0 the equation is autonomous and = = 0 is a globally
asymptotically stable solution. When F' is a constant function the equation is again autonomous
and the unique equilibrium = = (ugF )% attracts all solutions. Again the attractor is a singleton.
This shows that the conclusion of the Theorem cannot be valid for all F € X. Later we will be
more precise on the nature of the set G where the conclusion of the Theorem is valid.

To prove the Theorem we will apply some well-known results on the existence of sub-harmonic
solutions of a forced oscillator. We will work with the framework of page 372 in [6], which can be
adapted to equation (5.1). It must be noticed that in [6] it is assumed that the equation is smooth
in all variables and (5.1) is only continuous in ¢. This does not create essential differences because
the Poincaré map is real analytic as a function of (xq,vo, p1, t12)-

The first step will be to find a periodic solution of the autonomous equation (g = pg = 0)
with minimal period kT for each k = 2,3, .... Let C(t) be the unique solution of

F+ad=0 (5.3)

with minimal period T'= 1 and C(0) > 0,C(0) = 0. This solution exists because = 0 is a center
and the minimal period of the closed orbits has the formula

where £ > 0 is a fixed constant and A > 0 is the amplitude of the oscillation. Actually, the
non-trivial solutions of (5.3) are described by the family of two parameters

z(t) = A\C(At+ o) (5.4)
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with A > 0 and o € R. We refer to [16] for an expression of C(Z) in terms of special functions. Let
us define S(t) = C(t) so that t — (C(¢), S(t)) is a clock-wise parameterization of a closed orbit of
(5.3). For each k = 2,3, ..., the solution

1 t
t)y=-—C|~+
en(t) kC (k)
has minimal period T' = k.

Differentiating the formula (5.4) with respect to ¢ and A, we observe that the variational equa-
tion
i+ 3pr(t)?y =0 (5.5)

has a fundamental system composed by the functions

y1(t) = @r(t), ya(t) = pr(t) + tor(t).

In consequence, the only periodic solutions of (5.5) are of the type cgg(t) with ¢ € R. This is the
starting assumption in [6]. The other assumption is connected with the function

k k
Gr(a) = %/0 GO F(t — a)dt = %/0 Gr(t+ a)F(t)dt.

This function is real analytic and we will impose the condition
Gl (@)* + Gl () >0 (5.6)

for each o € R. This means that G}, is a Morse function because all critical points (G} () = 0) are
non-degenerate (G} (c) # 0). Under the assumption (5.6) the results in [6] imply the existence of
ex > 0 and 71, > 0 such that the equation (5.1) has a solution with period kT if 0 < 1 < 7|2l
|pa] < ex. This solution is Cl-close to ¢y (t) and so it has no period of the type T with 1 <r < k
if £ is small enough.

Let us define G C X as the set of functions F' in X such that the corresponding function Gy
satisfies the condition (5.6). We claim that the conclusion of the Theorem holds if F' € Gy, N Gy,
with k1 < ka. To prove this we will apply Corollary 2.1 ii).

Let us expand the function C(t) as a Fourier series

C(t) =Y Cpe®™

nez
with C,, = C_,,. We claim that the following result holds:
Lemma 5.2. Assume that k > 2 is such that Cy, # 0. Then Gy is open and dense in X.

Assuming by now that this result holds we can easily complete the proof of the Theorem. By
direct substitution in (5.3) we observe that this equation does not admit solutions of the type
z(t) = Z|n\§ ~ Cne?™i (trygonometric polynomials). In consequence, there exists infinitely many
Fourier coetlicients C,, # 0. Let us take 1 < ki < kg such that Cy, # 0 and Ck, # 0. Then,
according to Lemma 5.2, Gi, N Gk, is open and dense. We can take G = G, N G, to complete the
proof of Theorem 5.1. O

Proof of Lemma 5.2. Let X7 be the class of functions G : R — R of class C? and period
k. It becomes a Banach space when it is endowed with the norm

IGll2 = max(Ge) | + |G (@)] + |G ()]
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The linear operator
L:X— X3

F'—)Gk

is continuous. The class of Morse functions is open in %i In consequence Gy, is open in X.

Next we are going to compute LP for the choice P(t) = esin[2n(¢ — 7)]. From the definition,

g

k
LP(a) == /O r(t) sin[2m(t — 7 — a)]dt

k
_ L/ C E (627ri(t7‘r7a) o 6727ri(t77'7a))dt (57)
2k J, © \ %

2 .
— 7£R6(Ck627r1(7+a)),
k
If Ck = ‘Ck|€iw,
2me
LP(a) = —T|Ck\ cos(2m(T + a 4+ w)).

Note that for simplicity in the notation, we do not include the dependence of w with respect to k.

To prove that Gy is dense in X, we take an arbitrary function F € X with G = LF. We
will distinguish three cases which will cover all possibilities because G is a real analytic periodic
function.

Case 1: (G')? + 1£5(G”)? is not a constant function.
We consider the perturbation F(t) = F(t) + esin[2n(t — 7)]. We are going to prove that if Cy, # 0
and € # 0, then for all 7 excepting a finite number, the function LF is a Morse function.

The equations for a degenerate critical point of LF are

472

G'(a) + —¢|Ck|sin2n (T + a+w)] =0
k (5.8)
1, 472
—G"(a) + —¢|Ck| cos2m(T + a + w)] = 0.
2m k
Equivalently,
G' (@) ) ( 0 )
Ri2n(a + 7+ ¢ = - , 5.9
(a4l () . 6.9)
where

rle) = (nls) o) )

The previous system implies that

(0 + 5G"(0) =

472

From the analyticity of G and the assumption of case 1 we deduce that a € [0,1) must belong to
a finite set {a1,...,a,.}. Foreach i = 1,...,7 and o = q, it is clear that (5.9) has a unique solution
in T €[0,1), say 7;. After selecting some 7 # 7;, i = 1,...,7 and 0 < 7 < 1, we observe that F
converges to F' as € — 0 and LF is a Morse function.

Case 2: G is constant. B

Taking F' as in the previous case we observe that LF' is a Morse function if ¢ # 0.

Case 3: G'(a) = ¢1 cos(2ma) + ¢z sin(27wa), ¢ + ¢3 > 0.

In this case, G is a Morse function. O
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6 The attractor of the SIR model with periodic contact rate

The classical SIR model with periodic contact rate [23, 24, 12] is given by the system of differential
equations )
S=X—puS—p>)SI
I'=p@)ST—(y+mpl (6.1)
R=~I—-puR
with all parameters strictly positive and 3 : R — [0, +00) a continuous and 7T-periodic function.
Since S+ I+ R= A — u(S + I+ R), the planar system

{ Szz\—uS—B(t)Sl (6.2)
I'=pB(t)SI = (v+p) '

completely determines the dynamical behavior of (6.1). We emphasize that this system is mean-
ingful only in R2 = {(S,I) : S > 0,1 > 0}. Since the system (6.2) is defined on a proper subset
of the plane, the dissipative structure has some subtleties. To describe them we first observe that
every solution of (6.2) is defined on a maximal interval of the type [a, +00) with —oo < a < +00.
In fact, the vector field defined on (6.2) points inwards or is tangent to the boundary of Rf_. More

precisely,

X1(t,0,1) >0 and Xo(t,5,0) =0
if X(¢,5,1) = (A—pS—pB(t)SI,B(t)ST — (v + p)I). In addition, as long as the solutions stay in
R%, they satisfy

A= (p+7)(S@) +1(t) < %(S(t) F () < A= p(S(t) +1(1). (6.3)

This differential inequality implies that the solutions cannot blow up in finite time.

Once we have analyzed the initial value problem, we can use (6.3) again to prove that

lim sup[S(8) + ()] < 2

t—s 400 M

for each solution.
Let B be the family of the bounded solutions. This means that & = —oo and

sup[S(t) + I(t)] < 0.
teR

The corresponding section at time ¢ is denoted by
Ar ={(S(), (1)) - (S, 1) € B}.

Standard arguments in the theory of dissipative systems can be employed to prove that A; is a
continuum contained in Rﬁ_ with the properties

Ay, 2 Ay, Avpr = A, A ﬁaRi ={E},

where F = (%, O) is the semi-trivial equilibrium.

The periodic family {A;}er has the attracting property:

dist[(S(t), I(t), A — 0 as t — 400
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for every solution (S(¢),I(¢)) of (6.2).
In view of these facts, we can say that Ag is the attractor of the embedding

P :RT — RE, (S(0),1(0)) — (S(T), 1(T)).
The main result of the Section is concerned with the topology of Ajg.

Theorem 6.1. Assume that

A T
Ro = W/o B(t)dt > 1. (6.4)

If (6.2) admits a kT-periodic solution that is not T-periodic with k € N, then Ay is not arcwise-
connected.

Remark 6.1. The reader can consult [24, 12, 23] for sufficient conditions on the existence of sub-
harmonics in (6.2). We emphasize that if (6.4) is not satisfied, then (%, 0) is globally asymptotically
stable in (6.2), see Proposition 1 in [3].

The map P, is not defined in the whole plane and so the results of Section 2 are not directly
applicable. Our strategy will be to construct a map P : R? — R? with the properties

P=P, on R}, PeLH(R?), A=A,

where A is the attractor of P as defined in Section 2.
To this end we consider the auxiliary system

{ S=X\—puS—pBt)StIt (6.5)

[=B)STIT = (y+ I

defined on the whole plane R?. We employ the notion S* = sup{S,0} and It = sup{7, 0}.

This system is linear outside the first quadrant and all solutions are defined on the whole line.
The associated Poincaré map is an orientation preserving homeomorphism of R? extending P..
The region {I < 0} is invariant and all solutions lying there converge to the equilibrium E. The
solutions starting at the second quadrant are unbounded in the past and eventually enter into the
first quadrant. Therefore, the map P is dissipative and all bounded orbits lie in Ri, in consequence
A = .A().

At this moment it is not obvious that P belongs to LH(R?), because we do not know if A
has an empty interior. It could seem reasonable to transform the system under the change of
variable L = InI. In the variables (S,L) the system has negative divergence on [0,+0c0) x R
and the corresponding Poincaré map is area contracting. However, since A is a set touching the
equilibrium E, the measure of A\{E} could be infinite in the new coordinates.

Since the previous attempt does not work, we will need several preliminary results before
concluding that A C Ri has zero measure.

Lemma 6.1. Assume that (6.4) holds. Then, there exists a compact set B C [0,400) x (0, +00)
so that P(B) C B and for each p € [0,400) x (0,+00) there exists an integer n, > 1 and a
neighborhood U, with

pP*(U,) CB

if n > mny.
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Proof. All topological notions will be understood with respect to the relative topology of R.
Using (6.3), the set

C={(S,I)eR::S+1< %+1}
is positively invariant under P. In fact,

P(C) Cintg: (C) (6.6)
where intg> (C)={(S, ) eRL:S+I< % + 1} is the interior of C relative to RZ.. Moreover, for
each p € R2, there exists n; € N so that

P"(p) € intis (O)

for all n > ny.
On the other hand, condition (6.4) guarantees that the disease persists uniformly strongly, (see
Theorem 3.1 in [25]). Hence, there is a constant £ > 0 so that, for all p = (S,I) € R% with I > 0,

liminf I, > ¢ (6.7)
with {(Sn, )} = {P™(p)}. Define the set
G=Cn{(SI)eRy :1>e¢}.

From the previous properties we deduce that every forward orbit lying in [0, 400) x (0, +00)
will enter in the set intg2G. In particular, due to the continuity of P, given q € G it is possible to
find an open neighborhood W, and an integer n, > 1 such that

P (W,) C G.
Since G is compact we can take a family of points q1, ..., g, € G so that
G C G Wy,
i=1
Define N = max{ng, : i = 1,...,m} + 1 and
B=GUP(G)U..UuP Q).

We claim that B is positively invariant. In view of the definition of B, this will follow from the
inclusion PV (G) C B. To prove it we pick any point ¢ € G, then ¢ € W, for some i € {1,...,m}.
In consequence,

PY(q) = PN (P (q)) € PN (P (Wy,)) € PN (G).

Once we know that B is positively invariant, we must prove that it also enjoys the attraction
property. For each point p € [0,4+00) X (0,400) we know that the forward orbit will enter into
intgs (G). Then, there exists an integer n, > 1 and a neighborhood U,, with

pP™(U,) C G C B.

The positive invariance of B implies that P"(U,) C B for each n > n,,. O
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Our next step will be to construct a curve emanating from E and contained in A. We want to
construct it as one of the branches of the unstable manifold in F. There is an apparent obstruction
because the system we have defined on the whole plane is not C' and it is not possible to linearize
around E. For this reason we go back to the original system (6.2) but now we assume that the phase
space is the whole plane. The Poincaré map of this system is denoted by P:DcCcR — R2,
where D is an open set containing Ri and P = P on Ri. At the equilibrium F the periodic
linearized system is

C=—p¢— gﬂ(t)m n= gﬂ(f)n —(v+mwn

with Floquet multipliers p, = e T iy = eRo=DO+mT - These numbers are the eigenvalues of
the Jacobian matrix P'(E). When (6.4) holds, 0 < 3 < 1 < pe and E is a hyperbolic fixed point
of P. The stable manifold is W#(E) =R x {0} and the unstable manifold can be splitted as

WH(E) =W, UW_

with Wy Cc R2, W_ C {(S,1) : I <0} and W, NnW_ = {E}. For our purposes the branch W_
has no significance but W, plays an important role in the dynamics of P. We list some useful
properties:

P(Wy) =Wy, Wy C Ay, Wy ={peRL: P "(p) — E asn — +oo}.

The set W, has zero measure. This is a consequence of the stable manifold theorem because W
can be described as W, = {¢(s) : s € [0,4+00)} where ¢ : [0,+00) — R? is a C! map. Next we
consider the invariant splitting

and we are going to prove that also A\W, has zero measure. To prove this, we first observe that
this set is contained in the compact set B given by Lemma 6.1. To prove A\W, C B, we take a
point ¢ € A\W, and select a sequence of integers 7(n) — 400 such that P~7(")(¢g) — p with
p # E. This is possible because ¢ € W, and {P~"(¢)}n>0 is bounded. The point p belongs to
the attractor and we know that AN {(S,I) : I = 0} = {E}. Therefore, p € [0,+00) x (0, +00)
and Lemma 6.1 implies the existence of n, and U, with P"(U,) C B if n > n,. Let us select an
integer n large enough so that P~7(")(q) € U, and 7(n) > n,. Then, P*»~"(")(g) € B. Since B is
positively invariant and n, — 7(n) < 0, we deduce that ¢ € B.
Once we know that A\W, C B, we can guarantee the existence of some § > 0 such that I > ¢
for each (S,1) € A\W_,. Note that B is compact and BN {(S,I): I =0} =0.
It is time to go back to the change of variable L = In I we mentioned before. In the variables
(S,L) € [0, +00) x R, the system (6.1) becomes
{ S =Yi(t,S,L) = \— uS — B(t)Se* (68)
L =Ya(t,8,L) = A(6)S — (v + ). |

The divergence of the vector field Y (¢, ) is given by

divY (t,S,L) = % + % = —u—B)er <o.

The Poincaré map in the new variables, denoted by P : [0,+00) x R — [0,+00) x R, is area
contracting. This means that

u(P(A)) < p(A)
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if A C[0,4+00) x R is a measurable set with 0 < p(A) < 400 and p is the Lebesgue measure in
R2. Define
L={(S,InI):(S,I)e AW,}.

This set is bounded and measurable, in particular, (L) < +oco. Since P(L) = £ we must conclude
that £ has zero measure. Going back to the original variables we conclude that A\W_, has zero
measure.

Once we know that u(A) = 0 we can say that P is in the class LH(R?) and we are ready
for the proof of Theorem 6.1. The condition (6.4) guarantees the existence of a fixed point in
{(S,I) : S > 0,1 > 0}, see Theorem 1 in [10]. The conclusion now follows from Corollary 2.1
i). O

ACKNOWLEDGMENTS:
The authors acknowledge funding provided by the Spanish MICINN (grants MTM2017-82348-C2-
1-P and MTM2017-87697P)

References

[1] KT Alligood & JA Yorke, Accessible saddles on fractal basis boundaries, Ergodic Theory and
Dynamical Systems 12 (1992), 377-400.

[2] DK Arrowsmith & CM Place, An introduction to dynamical systems, Cambridge University
Press, Cambridge 1990.

[3] PG Barrientos, JA Rodriguez & A Ruiz-Herrera, Chaotic dynamics in the seasonally forced
SIR epidemic model Journal of Mathematical Biology 75 (2017), 1655-1668.

[4] J Buescu, Exotic Attractors, Birkhauser-Verlag, Basel 1997.

[6] ML Cartwright & JE Littlewood, Some fized point theorems, Annals of Mathematics 54
(1951), 1-37.

[6] SN Chow & JK Hale, Methods of bifurcation theory (Vol. 251). Springer Science Business
Media, 2012.

[7] JK Hale, Dissipation and compact attractors, Journal of Dynamics and Differential Equations
18 (2006), 485-523.

[8] L Hérnandez-Corbato, R Ortega, & FR Ruiz del Portal, Attractors with irrational rotation
number, Mathematical Proceedings of the Cambridge Philosophical Society 153 (2012), 59—
77.

[9) G Graff, R Ortega, & A Ruiz-Herrera, Attractors of dissipative homeomor-
phisms of the infinite surface homeomorphic to a punctured sphere, preprint, see
https://www.ugr.es/ ecuadif/files/Dissipativehomeomorphisms.pdf.

[10] G Katriel, Ezistence of periodic solutions for the periodically forced SIR model Journal of
Mathematical Sciences 201, (2014)

[11] A Koropecki, P Le Calvez, & M Nassiri, Prime ends rotation numbers and periodic points,
Duke Mathematical Journal 164 (2015), 403-472.

[12] YA Kuznetsov & C Piccardi, Bifurcation analysis of periodic SEIR and SIR epidemic models,
Journal of Mathematical Biology 32 (1994), 109-121.



18

[13] N Levinson, Transformation theory of non-linear differential equations of the second order,
Annals of Mathematics 45 (1944), 723-737. Correction: Annals of Mathematics 49 (1948),
738.

[14] J Mather, Topological proofs of some purely topological consequences of Caratheodory’s
Theory of prime ends. Selected Studies: physics-astrophysics, mathematics, history of science,
pp 225-255, North-Holland, Amsterdam-New York 1982.

[15] E Moise, Geometric Topology in dimension 2 and 3, Springer-Verlag, New York-Heidelberg
1977

[16] GR Morris, A case of boundedness in Littlewood’s problem on oscillatory differential equa-
tions, Bulletin Australian Mathematical Society 14 (1976), 71-93.

[17] F Nakajima, Connected and not arcwise connected invariant sets for some 2-dimensional
dynamical systems, Journal of Mathematics of Kyoto University 49 (2009), 339-346.

[18] NHA Newman, Elements of the topology of planar sets of points, Cambridge University
Press, Cambridge 1951.

[19] HE Nusse & JA Yorke, Bifurcations of basins of attraction from the view point of prime ends,
Topology Appl. 154 (2007), 2567--2579.

[20] R Ortega, Periodic differential equations in the plane: A topological perspective, De Gruyter
Series in Nonlinear Analysis and Applications, 29, Berlin 2019.

[21] R Ortega & FR Ruiz del Portal, Attractors with vanishing rotation number, Journal of
European Mathematical Society 13 (2011), 1569-1590.

[22] VA Pliss, Nonlocal problems of the theory of oscillations, Academic Press Inc, New York-
London 1966.

[23] HL Smith, Multiple stable subharmonics for a periodic epidemic model, Journal of Mathe-
matical Biology 17 (1983), 179-187.

[24] HL Smith, Subharmonic bifurcation in an SIR epidemic model, Journal of Mathematical
Biology 17 (1983), 163-177.

[25] HR Thieme, Uniform persistence and permanence for non-autonomous semiflows in popula-
tion biology, Mathematical Biosciences 166 (2000), 173-201.

[26] RB Walker, Periodicity and decomposability of basin boundaries with irrational maps on
prime ends, Transactions of American Mathematical Society 324 (1991), 303-317.

Rafael Ortega

Departamento de Matemaética Aplicada
Universidad de Granada
rortegaQugr.es

Alfonso Ruiz-Herrera
Departamento de Matematicas
Universidad de Oviedo

ruizalfonsoQuniovi.es



