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GLOBAL BIFURCATIONS CLOSE TO SYMMETRY

ISABEL S. LABOURIAU ALEXANDRE A. P. RODRIGUES

ABSTRACT. Heteroclinic cycles involving two saddle-foci, where the saddle-foci share both in-
variant manifolds, occur persistently in some symmetric differential equations on the 3-dimensional
sphere. We analyse the dynamics around this type of cycle in the case when trajectories near
the two equilibria turn in the same direction around a 1-dimensional connection — the saddle-
foci have the same chirality. When part of the symmetry is broken, the 2-dimensional invariant
manifolds intersect transversely creating a heteroclinic network of Bykov cycles.

We show that the proximity of symmetry creates heteroclinic tangencies that coexist with
hyperbolic dynamics. There are n-pulse heteroclinic tangencies — trajectories that follow the
original cycle n times around before they arrive at the other node. Each n-pulse heteroclinic
tangency is accumulated by a sequence of (n+1)-pulse ones. This coexists with the suspension of
horseshoes defined on an infinite set of disjoint strips, where the first return map is hyperbolic.
We also show how, as the system approaches full symmetry, the suspended horseshoes are
destroyed, creating regions with infinitely many attracting periodic solutions.

1. INTRODUCTION

A Bykov cycle is a heteroclinic cycle between two hyperbolic saddle-foci of different Morse
index, where one of the connections is transverse and the other is structurally unstable — see
Figure [l There are two types of Bykov cycle, depending on the way the flow turns around
the two saddle-foci, that determine the chirality of the cycle. Here we study the non-wandering
dynamics in the neighbourhood of a Bykov cycle where the two nodes have the same chirality.
This is also studied in [34], and the case of different chirality is discussed in [36]. A simplified
version of the arguments presented here appears in [35].

1.1. The object of study. Our starting point is a fully (Zs x Zs)-symmetric differential equa-
tion @ = fo(z) in the three-dimensional sphere S® with two saddle-foci that share all the invariant
manifolds, of dimensions one and two, both contained in flow-invariant submanifolds that come
from the symmetry. This forms an attracting heteroclinic network ¥.% with a non-empty basin of
attraction V°. We study the global transition of the dynamics from this fully symmetric system
& = fo(z) to a perturbed system & = f)(x), for a smooth one-parameter family that breaks part
of the symmetry of the system. For small perturbations the set V? is still positively invariant.
When A # 0, the one-dimensional connection persists, due to the remaining symmetry, and the
two dimensional invariant manifolds intersect transversely, because of the symmetry breaking.
This gives rise to a network ¥*, that consists of a union of Bykov cycles, contained in V9.
For partial symmetry-breaking perturbations of fy, we are interested in the dynamics in the
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FIGURE 1. A Bykov cycle with nodes of the same chirality. There are two possibilities
for the geometry of the flow around a Bykov cycle depending on the direction trajectories
turn around the connection [v — w]. We assume here that the nodes have the same
chirality: trajectories turn in the same direction around the connection. When the
endpoints of a nearby trajectory are joined, the closed curve is always linked to the cycle.

maximal invariant set contained in V. It contains, but does not coincide with, the suspension
of horseshoes accumulating on ¥ described in [3L B1] B4 [46]. Here, we show that close to the
fully symmetric case it contains infinitely many heteroclinic tangencies. Under an additional
assumption, we show that Vj contains attracting limit cycles with long periods, coexisting with
sets with positive entropy.

1.2. History. Homoclinic and heteroclinic bifurcations constitute the core of our understanding
of complicated recurrent behaviour in dynamical systems. This starts with Poincaré on the late
19" century, with major subsequent contributions by the schools of Andronov, Shilnikov, Smale
and Palis. These results rely on a combination of analytical and geometrical tools used to
understand the qualitative behaviour of the dynamics.

Heteroclinic cycles and networks are flow-invariant sets that can occur robustly in dynamical
systems with symmetry, and are frequently associated with intermittent behaviour. The rigorous
analysis of the dynamics associated to the structure of the nonwandering sets close to heteroclinic
networks is still a challenge. We refer to [28] for an overview of heteroclinic bifurcations and for
details on the dynamics near different kinds of heteroclinic cycles and networks.

Bykov cycles have been found analytically in the Lorenz model in [I, [44] and the nearby
dynamics was studied by Bykov in in [9] 10l [IT]. The point in parameter space where this cycle
occurs is called a T-point in [I8]. Recently, there has been a renewal of interest in this type
of heteroclinic bifurcation in the reversible [15] [16] B7], equivariant [3] B4] [48] and conservative
cases [7]. See also [31].

The transverse intersection of the two-dimensional invariant manifolds of the two equilibria
implies that the set of trajectories that remain for all time in a small neighbourhood of the
Bykov cycle contains a locally-maximal hyperbolic set admitting a complete description in terms
of symbolic dynamics, reminiscent of the results of Shilnikov [52]. An obstacle to the global
symbolic description of these trajectories is the existence of tangencies that lead to the birth of
stable periodic solutions, as described for the homoclinic case in [2, 17, 401 411 [54].

All dynamical models with quasi-stochastic attractors were found, either analytically or by
computer simulations, to have tangencies of invariant manifolds [2], 21L 22]. As a rule, the sinks
in a quasi-stochastic attractor have very long periods and narrow basins of attraction, and they
are hard to observe in applied problems because of the presence of noise [24].

Motivated by the analysis of Lamb et al [37] in the context of the Michelson system, Bykov
cycles have been considered by Knobloch et al [31]. Using the Lin’s method, the authors extend
the analysis to cycles in spaces of arbitrary dimension, while restricting it to trajectories that
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remain for all time inside a small tubular neighbourhood of the cycle. We also refer the reader to
[32], where the authors consider non-elementary T-points in reversible differential equations. The
leading eigenvalues at the two equilibria are real and the two-dimensional invariant manifolds
meet tangentially. They found chaos in the unfolding of this T-point and bifurcations of periodic
solutions in the process of annihilation of the shift dynamics.

Bykov cycles appear in many applications like the Kuramoto-Sivashinsky systems [15], B37],
magnetoconvection [46] 50] and travelling waves in reaction-diffusion dynamics [6, [26].

1.3. Chirality. For a Bykov cycle in a 3-dimensional manifold, we say that the nodes have
the same chirality if trajectories turn in the same direction around the common 1-dimensional
invariant manifold. If they turn in opposite directions we say the nodes have different chirality.
A more formal definition, using links, will be given in Section below, showing this to be a
global topological invariant of the connection that is well defined only in a 3-dimensional ambient
space.

These cycles have been studied by different authors who were not aware of the chirality,
ignoring what looked like a very small and unimportant choice in local coordinates. For instance,
Bykov in [10, [[T] addresses the case of different chirality without mentioning it explicitly — see
a discussion in Section 7 of [36]. Cycles with the same chirality are treated in [3], 34] and they
occur naturally in reversible differential equations [32]. Dynamical features that are irrespective
of chirality are described in [31].

Arbitrarily close to Bykov cycles of any chirality there are suspended horseshoes and multi-
pulse heteroclinic cycles — see Theorem ] below. Around Bykov cycles where the nodes have
different chirality, heteroclinic tangencies occur generically in trajectories that remain close to the
cycle for all time, as shown in [36]. This is not the case when the nodes have the same chirality,
but we show here that heteroclinic tangencies appear when the equations are approaching a
more symmetric one.

1.4. Symmetry. Heteroclinic cycles involving equilibria are not a generic feature in differential
equations, but they can be structurally stable in systems which are equivariant under the action
of a symmetry group, due to the existence of flow-invariant subspaces [26]. Thus, perturbations
that preserve the symmetry will not destroy the cycle. Explicit examples of equivariant vector
fields for which such cycles may be found are reported in [4} [5, 30, [36] B8] 46] [49]. Symmetry,
exact or approximate, plays an essential role in the analysis of nonlinear physical phenomena
[0, 19, [46]. It is often incorporated in models either because it occurs approximately in the
phenomena being modelled, or because its presence simplifies the analysis. Since reality has not
perfect symmetry, it is desirable to understand the dynamics that are being created under small
symmetry breaking perturbations.

Symmetry plays two roles here. First, it creates flow-invariant subspaces where non-transverse
heteroclinic connections are persistent, and hence Bykov cycles are robust in this context. Sec-
ond, we use the proximity of the fully symmetric case to capture more global dynamics. Sym-
metry constrains the geometry of the invariant manifolds of the saddle-foci and allows us some
control of their relative positions, and we find infinitely many heteroclinic tangencies correspond-
ing to trajectories that make an excursion away from the original cycle. For Bykov cycles with
the same chirality, tangencies only take place near symmetry.

In the analysis of the annihilation of hyperbolic horseshoes associated to tangencies, on the
one hand, the symmetry adds complexity to the problem, because the analysis is not so standard
as in [4354]. On the other hand, symmetry simplifies the analytic expression of the return map.
It is clear that, for Bykov cycles of the same chirality, the annihilation of hyperbolic horseshoes
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associated to tangencies only takes place near symmetry. In the fully asymmetric case, the
general study seems to be analitically untreatable.

Many questions remain for future work. One obvious question is to assume different chirality
of the nodes. Due to the infinite number of reversals described in [36] , other types of bifurcations
may occur. The second question is to observe whether the non-wandering set may be reduced
to a homoclinic class.

1.5. This article. We study the dynamics arising near a symmetric differential equation with
a specific type of heteroclinic network. We show that when part of the symmetry is broken,
the dynamics undergoes a global transition from hyperbolicity coexisting with infinitely many
sinks, to the emergence of regular dynamics. We discuss the global bifurcations that occur as
a parameter A is used to break part of the symmetry. We complete our results by reducing
our problem to a symmetric version of the structure of Palis and Takens’ result [43] §3] on
homoclinic bifurcations. Being close to symmetry adds complexity to the dynamics. Chirality
is an essential information in this problem.

This article is organised as follows. In Section ] after some basic definitions, we describe
precisely the object of study and we review some of our recent results related to it. In Section
we state the main results of the present article. The coordinates and other notation used in
the rest of the article are presented in Section [, where we also obtain a geometrical description
of the way the flow transforms a curve of initial conditions lying across the stable manifold
of an equilibrium. In Section [ we prove that there is a sequence of parameter values \;
accumulating on 0 such that the associated flow has heteroclinic tangencies. In Section [ we
discuss the geometric constructions that describe the global dynamics near a Bykov cycle as the
parameter varies. We also describe the limit set that contains nontrivial hyperbolic subsets and
we explain how the horseshoes disappear as the system regains full symmetry. We show that
under an additional condition this creates infinitely many attracting periodic solutions.

2. THE OBJECT OF STUDY AND PRELIMINARY RESULTS

In the present section, after some preliminary definitions, we state the hypotheses for the
system under study together with an overview of results obtained in [34], emphasizing those
that will be used to explain the loss of hyperbolicity of the suspended horseshoes and the
emergence of heteroclinic tangencies near the cycle.

2.1. Definitions. Let f be a C" vector field on the unit three-sphere 83, r > 3, with flow given
by the unique solution z(t) = o(t,z¢) € S? of

(2.1) T = fa(x) and z(0) = xo.

where » > 3 and A € R. Suppose that v and w are two hyperbolic saddle-foci of (2] with
different Morse indices (dimension of the unstable manifold), say 1 and 2. There is a heteroclinic
cycle associated to {v,w} if

We) AW (w) £ 0  and  Ww) N W3(v) £ 0

where W5(x) and W"(%) refer to the stable and unstable manifolds of the hyperbolic saddle x,
respectively. The terminology [v — w]| or [w — v| denotes a solution contained in W"(v) N
W#(w) or W (v) N W#(w), respectively. A heteroclinic network is a finite connected union of
heteroclinic cycles.

For A = 0, there is a 1-dimensional trajectory in W*(v) N W#(w) and a 2-dimensional con-
nected flow-invariant manifold contained in W*(w)NW?#(v), meaning that there are a continuum
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of solutions connecting w and v. For A # 0, the one-dimensional manifolds of the equilibria co-
incide and the two-dimensional invariant manifolds have a transverse intersection. This second
situation is what we call a Bykov cycle.

These objects are known to exist in several settings and are structurally stable within certain
classes of G-equivariant systems, where G C O(n) is a compact Lie group. Here we consider
differential equations (1) with the equivariance condition:

Hi(yvx) = v fa(z), for all vy € G, A € R.

An isotropy subgroup of G is a set G = {v € G: ~vx =z} for some x in phase space; we write
FiX(é) for the vector subspace of points that are fixed by the elements of G. For G-equivariant
differential equations each subspace FiX(é) is flow-invariant. The group theoretical methods
developed in [19] are a powerful tool for the analysis of systems with symmetry.

Suppose there is a cross-section S to the flow of (ZII), such that S contains a compact
invariant set A where the first return map is well defined and conjugate to a full shift on a
countable alphabet, we call the flow-invariant set A = {¢(t,q) : t € R,q € A} a suspended
horseshoe.

2.2. The organising centre. The starting point of the analysis is a differential equation & =
fo(z) on the unit sphere S* = {X = (w1, 22,73, 74) € R* : || X|| = 1} where fo:S® — TS?is a
C? vector field with the following properties:

(P1) The vector field fj is equivariant under the action of G = Zy @ Zy on S? induced by the
linear maps on R*:

m(z1, 22,23, 24) = (—x1, —T2, T3, T4) and Vo1, 2, 23, 24) = (21,22, —X3, T4).

(P2) The set Fix(Zo®Zs) = {x € S® : 712 = y92 = x} consists of two equilibria v = (0,0,0, 1)
and w = (0,0,0, —1) that are hyperbolic saddle-foci, where:
e the eigenvalues of dfy(v) are —Cy £ ayi and Ey with ay, # 0, Cy > Ey > 0;
e the eigenvalues of dfy(w) are Ey, £ awi and —Cy, with ayw # 0, C > Ey > 0.
(P3) The flow-invariant circle Fix((v;)) = {z € S : 712 = 2} consists of the two equilibria v
and w, a source and a sink, respectively, and two heteroclinic trajectories [v — w].
(P4) The fo-invariant sphere Fix((72)) = {x € S? : 792 = z} consists of the two equilibria v
and w, and a two-dimensional heteroclinic connection from w to v. Together with the
connections in (P@) this forms a heteroclinic network that we denote by :°.

Given two small open neighbourhoods V' and W of v and w respectively, consider a piece of
trajectory ¢ that starts at 0V, goes into V and then goes once from V to W, enters W and
ends at 0W. Joining the starting point of ¢ to its end point by a line segment, one obtains a
closed curve, the loop of p. For almost all starting positions in 0V, the loop of ¢ does not meet
the network X°. If there are arbitrarily small neighbourhoods V' and W for which the loop of
every trajectory is linked to X, we say that the nodes have the same chirality as illustrated in
Figure [l This means that near v and w, all trajectories turn in the same direction around the
one-dimensional connections [v — w]. This is our last hypothesis on fy:

(P5) The saddle-foci v and w have the same chirality.

Condition (PH) means that the curve ¢ and the cycle X0 cannot be separated by an isotopy.
This property is persistent under small smooth perturbations of the vector field that preserve
the one-dimensional connection. An explicit example of a family of differential equations where
this assumption is valid has been constructed in [49]. The rigorous analysis of a case where
property (PH) does not hold has been done by the authors in [36].
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2.3. The heteroclinic network of the organising centre. The heteroclinic connections in
the network X9 are contained in fixed point subspaces satisfying the hypothesis (H1) of Krupa
and Melbourne [33]. Since the inequality CyCy, > Ey Ey, holds, the stability criterion [33] may
be applied to X0 and we have:

Lemma 1. Under conditions (HI)-(HJ) the heteroclinic network %0 is asymptotically stable.

As a consequence of Lemma [I] there exists an open neighbourhood V° of the network X such
that every trajectory starting in V" remains in it for all positive time and is forward asymptotic
to the network. The neighbourhood may be taken to have its boundary transverse to the vector
field fy. The flow associated to any C'-perturbation of fy that breaks the one-dimensional
connection should have some attracting feature.

2.4. Breaking the Zy((v;))-symmetry. When the symmetry Zs(({71)) is broken, the two one-
dimensional heteroclinic connections are destroyed and the cycle X° disappears. Each cycle is
replaced by a hyperbolic sink that lies close to the original cycle [34]. For sufficiently small
Cl-perturbations, the existence of solutions that go several times around the cycles is ruled out.
The fixed point hyperplane defined by Fix({y2)) = {(x1, 72,23, 74) € S? : 23 = 0} divides S3
in two flow-invariant connected components, preventing arbitrarily visits to both cycles in %Y.
Trajectories whose initial condition lies outside the invariant subspaces will approach one of the
cycles in positive time. Successive visits to both cycles require breaking this symmetry [34].

2.5. Breaking the Zy((y2))-symmetry. From now on, we consider fy embedded in a generic
one-parameter family of vector fields, breaking the (vs)-equivariance as follows:

(P6) The vector fields fy : S* — TS? are a C? family of (v, )-equivariant C? vector fields.

Since the equilibria v and w lie on Fix((7y1)) and are hyperbolic, they persist for small A > 0
and still satisfy Properties (P2]) and (PB)). Their invariant two-dimensional manifolds generically
meet transversely along two trajectories. The generic bifurcations from a manifold are discussed
by Chillingworth [12], under these conditions we assume:

(P7) For A\ # 0, the two-dimensional manifolds W*(w) and W?*(v) intersect transversely at
two trajectories that we will call primary connections. Together with the connections in
(PB)) this forms a Bykov heteroclinic network that we denote by %2

The network ¥* consists of four copies of the simplest heteroclinic cycle between two saddle-
foci of different Morse indices, where one heteroclinic connection is structurally stable and the
other is not, a Bykov cycle. Property (P[) is natural since the heteroclinic connections of (P,
as well as those of assertion (B]) of Theorem 2l below, occur at least in symmetric pairs. In what
follows, we describe the dynamics near a subnetwork consisting of the two primary connections
together with one of the unstable connections. The results obtained concern each one of the two
subnetworks of this type.

For small A # 0, the neighbourhood V' is still positively invariant and contains the network
YA, Since the closure of V? is compact and positively invariant it contains the w-limit sets of
all its trajectories. The union of these limit sets is a maximal invariant set in V°. For fy this
is the cycle 0, by Lemma [, whereas for symmetry-breaking perturbations of fy it contains ©*
but does not coincide with it. Our aim is to describe this set and its sudden appearance.

We proceed to review the dynamics in a small tubular neighbourhood of the cycle. In order
to do this we introduce some concepts.

Let T' € ¥* be one Bykov cycle involving v and w, and the connections [v — w] and [w — V]
given by (PB)) and (P{), respectively. Let V, W C V° be disjoint neighbourhoods of the equilibria
as above. Consider two local cross-sections of I' at two points p and ¢ in the connections [v — w]
and [w — v|, respectively, with p,q ¢ V U W. Saturating the cross-sections by the flow, one
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obtains two flow-invariant tubes joining V' and W that contain the connections in their interior.
We call the union of these tubes with V and W a tubular neighbourhood T of the Bykov cycle.
More details will be provided in Section @l

Definition 1. Let VW C VO be two disjoint neighbourhoods of v and w, respectively. A one-
dimensional connection [w — V| that, after leaving W, enters and leaves both V' and W precisely
n € N times is called an n-pulse heteroclinic connection with respect to V-and W. When there
is mo ambiguity, we omit the expression “with respect to V and W”. If n > 1 we call it a
multi-pulse heteroclinic connection. If W¥(w) and W*(v) meet tangentially along [w — v|,
we say that the connection [w — v| is an n-pulse heteroclinic tangency, otherwise we call it a
transverse n-pulse heteroclinic connection.

The primary connections [w — v] in ¥* of (P are transverse O-pulse heteroclinic connec-
tions. With these conventions we have:

Theorem 2 ([34]). If a vector field fy satisfies (HIl)-(Hi), then the following properties are sat-
isfied generically by vector fields in an open neighbourhood of fy in the space of (v1)-equivariant
vector fields of class C™ on S3, r > 3:

(1) there is a heteroclinic network ¥* consisting of four Bykov cycles involving two equilibria
v and w, two 0-pulse heteroclinic connections [v — w| and two 0-pulse heteroclinic
connections [w — v|;

(2) the only heteroclinic connections from v to w are those in the Bykov cycles and there
are mo homoclinic connections;

(3) any tubular neighbourhood of a Bykov cycle T in ¥* contains infinitely many n-pulse
heteroclinic connections [w — v| for each n € N, that accumulate on the cycle;

(4) for any tubular neighbourhood T, given a cross-section Sy C T at a point q in [w — V],
there exist sets of points such that the dynamics of the first return to Sy is uniformly
hyperbolic and conjugate to a full shift over a finite number of symbols. These sets
accumulate on X* and the number of symbols coding the return map tends to infinity as
we approach the network.

Notice that assertion (B]) of Theorem [ implies the existence of a bigger network: beyond
the original transverse connections [w — v|, there exist infinitely many subsidiary heteroclinic
connections turning around the original Bykov cycle. It also follows from (B) and (@) that
any tubular neighbourhood 7T of a Bykov cycle I' in ¥* contains points not lying on I' whose
trajectories remain in 7 for all time. In contrast to the findings of [51], 52, 53], the suspended
horseshoes of () arise due to the presence of two saddle-foci together with transversality of
invariant manifolds, and does not depend on any additional condition on the eigenvalues at the
equilibria.

A hyperbolic invariant set of a C?-diffeomorphism has zero Lebesgue measure [8]. Never-
theless, since the authors of [34] worked in the C! category, this set of horseshoes might have
positive Lebesgue measure. Rodrigues [47] proved that this is not the case:

Theorem 3 ([47]). Let T be a tubular neighbourhood of one of the Bykov cycles T' of Theorem[2.
Then in any cross-section Sy C T the set of initial conditions in Sy that do not leave T for all
time, has zero Lebesgue measure.

The shift dynamics does not trap most solutions in the neighbourhood of the cycle. In
particular, none of the cycles is Lyapunov stable.
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3. STATEMENT OF RESULTS

Heteroclinic cycles connecting saddle-foci with a transverse intersection of two-dimensional
invariant manifolds imply the existence of hyperbolic suspended horseshoes. In our setting,
when A varies close to zero, we expect the creation and the annihilation of these horseshoes.
When the symmetry Zs({72)) is broken, heteroclinic tangencies are reported in the next result.

Theorem 4. In the set of families fx of vector fields satisfying (HLl)-(H7) there is a subset C,
open in the C3 topology, for which there is a sequence \; > 0 of real numbers, with lim; oo A\; = 0
such that for X\ > \;, there are two 1-pulse heteroclinic connections for the flow of & = f(x), that
collapse into a 1-pulse heteroclinic tangency at A = \; and then disappear for A < X\;. Moreover,
the 1-pulse heteroclinic tangency approaches the original [w — v| connection when \; tends to
zero.

The explicit description of the open set C is given in Section ] after establishing some notation
for the proof. Although a tangency may be removed by a small smooth perturbation, the
presence of tangencies is densely persistent, a phenomenon similar to the Cocoon bifurcations
observed in the Michelson system [I5] [16] observed by Lau.

Theorem 5. For a family fx in the open set C of Theorem [{}, and for each parameter value
Ai corresponding to a 1-pulse heteroclinic tangency, there is a sequence of parameter values \;j
accumulating at \; for which there is a 2-pulse heteroclinic tangency. This property is recursive
in the sense that each n-pulse heteroclinic tangency is accumulated by (n + 1)-pulse heteroclinic
tangencies for nearby parameter values.

Associated to the heteroclinic tangencies of Theorem [B suspended horseshoes disappear as A
goes to zero.

Theorem 6. For a family fy in the open set C of Theorem [§), there is a sequence of closed
intervals Ay, = [cp,dy], with 0 < dp41, ¢, < dp, and lim d,, =0, such that as A decreases in A,
n—oo

a suspended horseshoe is destroyed.

A similar result has been formulated by Newhouse [40] and Yorke and Alligood [54] for the
case of two dimensional diffeomorphisms in the context of homoclinic bifurcations in dissipative
dynamics, with no references to the equivariance. A more precise formulation of the result is
given in Section [l Applying the results of [43] 54] to this family, we obtain:

Corollary 7. For a family fy in the open set C of Theorem[{], and X\ in one of the intervals A,
of Theorem [@ the flow of & = fi(x) undergoes infinitely many saddle-node and period doubling
bifurcations.

With the additional hypothesis that the first return map to a suitable cross-section contracts
area, we get:

Corollary 8. For a family fy in the open set C of Theoreml[q), if the first return to a transverse
section is area-contracting, then for parameters A in an open subset of A, with sufficiently large
n, infinitely many attracting periodic solutions coexist.

In Section [0] we also describe a setting where the additional hypothesis holds. When A de-
creases, the Cantor set of points of the horseshoes that remain near the cycle is losing topological
entropy, as the set loses hyperbolicity, a phenomenon similar to that described in [22]. For A ~ 0,
return maps to appropriate domains close to the tangency are conjugate to Hénon-like maps
3, 29, 39]. As A — 0, in VO, infinitely many wild attractors may coexist with suspended
horseshoes that are being destroyed.
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FIGURE 2. Cylindrical neighbourhoods of the saddle-foci w (a) and v (b).

The complete description of the dynamics near these bifurcations is an unsolvable problem:
arbitrarily small perturbations of any differential equation with a quadratic heteroclinic tangency
may lead to the creation of new tangencies of higher order, and to the birth of quasi-stochastic

attractors [20] 25, 23], [24].

4. LOCAL GEOMETRY AND TRANSITION MAPS

We analyse the dynamics near the network by deriving local maps that approximate the
dynamics near and between the two nodes in the network. In this section we establish the
notation that will be used in the rest of the article and the expressions for the local maps. We
start with appropriate coordinates near the two saddle-foci.

4.1. Local coordinates. In order to describe the dynamics around the Bykov cycles of ¥4, we
use the local coordinates near the equilibria v and w introduced by Ovsyannikov and Shilnikov
[42]. Without loss of generality we assume that ay, = aw = 1.

In these coordinates, we consider cylindrical neighbourhoods V and W in S3 of v and w,
respectively, of radius p = ¢ > 0 and height z = 2¢ — see Figure @l After a linear rescaling of
the variables, we may also assume that ¢ = 1. Their boundaries consist of three components:
the cylinder wall parametrised by € R (mod 27) and |y| < 1 with the usual cover

(z.y) = (Liz,y) = (p, 0, 2)
and two discs, the top and bottom of the cylinder. We take polar coverings of these disks

(ryp) = (o, £1) = (p, 0, 2)
where 0 <7 <1 and ¢ € R (mod 27). The local stable manifold of v, W#(v), corresponds to
the circle parametrised by y = 0. In V' we use the following terminology suggested in Figure

e In(v), the cylinder wall of V', consisting of points that go inside V' in positive time;
e Out(v), the top and bottom of V', consisting of points that go outside V' in positive time.

We denote by Int(v) the upper part of the cylinder, parametrised by (x,%), v € [0,1] and by
In~(v) its lower part.

The cross-sections obtained for the linearisation around w are dual to these. The set W*(w)
is the z-axis intersecting the top and bottom of the cylinder W at the origin of its coordinates.
The set W"(w) is parametrised by z = 0, and we use:
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e In(w), the top and bottom of W, consisting of points that go inside W in positive time;

e Out(w), the cylinder wall of W, consisting of points that go inside W in negative time,
with Out*(w) denoting its upper part, parametrised by (z,%), ¥ € [0,1] and Out™ (w)
its lower part.

We will denote by W (w) the portion of W"(w) that goes from w up to In(v) not intersecting
the interior of V' and by W} (v) the portion of W#(v) outside W that goes directly from Out(w)
into v. The flow is transverse to these cross-sections and the boundaries of V' and of W may be
written as the closure of In(v) U Out(v) and In(w) U Out(w), respectively.

4.2. Local maps near the saddle-foci. Following [14] [42], the trajectory of a point (x,y)
with y > 0 in In(v), leaves V' at Out(v) at

(4.2)
1 Cy
Dy (z,y) = <y‘5“ + 51z, 55 ), —% +a+ Sz(w,y;k)> =(r¢)  where by =_=>1,
where S7 and Sy are smooth functions which depend on A\ and satisfy:
8k+l+m g \ o Sutool
4.3 ~aaTa i@y A)| < Cy™ToT

and C and o are positive constants and k, [, m are non-negative integers. Similarly, a point (r, ¢)
in In(w)\W}? _(w), leaves W at Out(w) at

(4.4)
1 Cw
q)W(T’QD) = <—E+QD+R1(T,QD;)\),T5W +R2(T’Q07)‘)> = (:Cay) where 5W =—>1

Eyw Ey
where Ry and Ry satisfy a condition similar to (£2]). The terms S1, Sa, Ri, Rs correspond to
asymptotically small terms that vanish when y and r go to zero. A better estimate under a
stronger eigenvalue condition has been obtained in [27, Prop. 2.4].

4.3. Transition map along the connection [v — w]|. Points in Out(v) near W* (v) are
mapped into In(w) in a flow-box along the each one of the connections [v — w]. Without loss
of generality, we will assume that the transition Uy _,y : Out(v) — In(w) does not depend on A
and is modelled by the identity, which is compatible with hypothesis (PH]). Using a more general
form for Wy _.w would complicate the calculations without any change in the final results.

The coordinates on V' and W are chosen to have [v — w]| connecting points with z > 0in V'
to points with z > 0 in W. We will denote by 1 the map n = &y o ¥, o . Up to higher
order terms, from (£2) and ([@4]), its expression in local coordinates, for y > 0, is
(4.5) n(x,y) = <x — Klny,y5) with 0 =0y > 1 and K= Gt Bw > 0.

EvEw

The choice of Wy _.y as the identity reflects the fact that the node have the same chirality.
In the case where the nodes have different chirality, them map W, _. reverses orientation. This
affects the form of the map n and any subsequent results that use it.

4.4. Geometry of the transition map. Consider a cylinder C' parametrised by a covering
(0,y) € R x [—1,1], where @ is periodic. A heliz on the cylinder C' accumulating on the circle
y = 0 is a curve on C without self-intersections, that is the image, by the parametrisation (6,y),
of a continuous map H : (a,b) = R x [=1,1], H(s) = (Hg(s), Hy(s)), satisfying:
lim Hy(s) = lim Hp(s) = +o0 lim Hy(s) = lim Hy(s) =0
s—b~ s—a™t s—b~

s—at
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and such that there are @ < b € (a,b) for which both Hy(s) and H,(s) are monotonic in each
of the intervals (a,a) and (b,b). It follows from the assumptions on the function Hy that it has
either a global minimum or a global maximum, since lim,_,,+ Hy(s) = lim,_,;,—- Hy(s). At the
corresponding point, the projection of the helix into the circle y = 0 is singular, a fold point
of the helix. Similarly, the function H, always has a global maximum, that will be called the
mazimum height of the helix. See Figure Bl

Hy Hy(s)
H(s)

a b a b Hg(s)

FIGURE 3. A helix is defined on a covering of the cylinder by a smooth curve
(Ho(s),Hy(s)) that turns around the cylinder infinitely many times as its height H,
tends do zero. It always contains a fold point, indicated here by a diamond, and a point
of maximum height, shown as a black dot.

Lemma 9. Consider a curve on one of the cylinder walls In(v) or Out(w), parametrised by the
graph of a smooth function h : [a,b] — R, where b —a < 27 with h(a) = h(b) = 0, h'(a) > 0,
h'(b) < 0 and h(x) > 0 for all x € (a,b). Let M be the global mazimum value of h, attained at
a point xpr € (a,b). Then, for the transition maps defined above, we have:

(1) if the curve lies in In(v) then it is mapped by n = Py oWy _w oDy into a helix on Oul(w)
accumulating on the circle Out(w) N WL (w), its mazimum height is M? and it has a
fold point at n(xy, h(xy)) for some x. € (a,xnr);

(2) if the curve lies in Out(w) then it is mapped by n~* into a heliz on In(v) accumulating
on the circle In(v) N W _(v), its mazimum height is M'/° and it has a fold point at
Ny, h(xy)) for some xs € (zar,b).

1

This result depends strongly on the form of 7, and therefore, on the chirality of the nodes.
If the nodes had different chirality, the graph of A would no longer be mapped into a helix; the
curve 7 (z, h(z)) would instead have a vertical tangent at infinitely many points, see [34].

Proof. The graph of h defines a curve on In(v) without self-intersections. Since 7 is the transition
map of a differential equation, hence a diffeomorphism, this curve is mapped by 7 into a curve
H(x) =n(x,h(z)) = (Ho(z), Hy(z)) in Out(w) without self-intersections. Using the expression
&3 for n, we get

_ o [y KW (@) (b)) W ()
(4.6) H(x) = <x — Klnh(x), (h(x))‘s) and H'(z) = (1 — h) ,0 h@) ) .

From this expression it is immediate that

lim Hy(x) = 1ir£1 Hy(xz) =400 and lim Hy(r) = lim Hy(z) =0.
T—b—

z—at z—at z—b—

Also,
Hy(zpr) = M° > (h(z))’ = H,(z)
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for all 2 € (a,b), so the curve lies below the level y = M? in Out(w). Since h/(b) < 0, there
is an interval (b,b) where I'(z) < 0 and hence Hj(z) > 0 and Hy(z) < 0. Similarly, #'(z) > 0
on some interval (a,a), where Hy(z) > 0. For the sign of Hy(z), note that Kh'(a) > 0 = h(a)
and Kh'(zp) = 0 < h(zpr). Thus, there is a point z, € (a,zp) where h(z,) = Kh'(z,) and
H)(x) changes sign, this is a fold point. If z, is the minimum value of = for which this happens,
then locally the helix lies to the right of this point. This proves assertion (). The proof of
assertion () is similar, using the expression

(4.7) n Hx,y) = (w - %ln y,yl/‘S) :

In this case we get

lim Hyp(z) = lim Hp(x) = —o0

z—at x—b~
and if z, is the largest value of x for which the helix has a fold point, then locally the helix lies
to the left of n~! (x4, h(zy)). O

Note that if, instead of the graph of a smooth function, we consider continuous, positive and
piecewise smooth curve «(s) without self-intersections from «(0) = (a,0) to a(l) = (b,0), we
can apply similar arguments to show that both () and 7! (a) are helices.

4.5. Geometry of the invariant manifolds. There is also a well defined transition map

T ., Out(w) — In(v)

W—V

that depends on the Zs(7y2)-symmetry breaking parameter \, where W9, . is the identity map.

We will denote by Ry the map W3, ., o, where it is well defined. When there is no risk of
ambiguity, we omit the superscript A. In this section we investigate the effect of W3,_,,, on the
two-dimensional invariant manifolds of v and w for A # 0, under the assumption (PIT).

For this, let f\ be an unfolding of fy satisfying (PO)—(P). For A # 0, we introduce the

notation, see Figure [}

e (PL,0) and (P2,0) with 0 < Pl < P2 < 27 are the coordinates of the two points where
the connections [w — v| of Property (P[7]) meet Out(w);

e (PL,0) and (P2,0) with 0 < P! < P2 < 27 are the coordinates of the two points where
[w — v] meets In(v);

e (P%,0) and (P,0) are on the same trajectory for each j = 1,2.

By (PI0), for A # 0, the manifolds W*(w) and W?*(v) intersect transversely along the primary
connections. For A close to zero, we are assuming that W} (v) intersects the wall Out(w) of
the cylinder W on a closed curve as in Figure dl It corresponds to the expected unfolding from
the coincidence of the manifolds W*(v) and W*(w) at fo. Similarly, W} (w) intersects the wall
In(v) of the cylinder V on a closed curve. For small A > 0, these curves can be seen as graphs
of smooth 27-periodic functions, for which we make the following conventions:

Wi .(v) N Out(w) is the graph of y = hy(z, A), with hy (P&, A) =0, j =1,2;

W (w) NIn(v) is the graph of y = hyw(z, A), with hw(PJ,A) =0, j = 1,2;

hy(z,0) =0 and hw(2,0) =0

for A > 0, we have hl, (PL,\) > 0, hence h.(P2,)\) < 0 and hl, (Pl \) < 0,hl (P2, \) >
0.

The two points (PL,0) and (P2,0) divide the closed curve y = hy(x,\) in two components,
corresponding to different signs of the second coordinate. With the conventions above, we get
hv(z,A) > 0 for € (P, P2). Then the region W~ in Out(w) delimited by W (v) and

W (w) between P} and P2 gets mapped by WJ,_,, into In~(v), while all other points in
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Wige(V)

y=hy (X, N)—; — y=hu(x,%)

FIGURE 4. For A close to zero, W#(v) intersects the wall Out(w) of the cylinder W
on a closed curve, given in local coordinates as the graph of a periodic function. Simi-
larly, W*(w) meets In(v) on a closed curve — this is the expected unfolding from the
coincidence of the invariant manifolds at A = 0.

Outt(w) are mapped into In"(v). We denote by W the latter set, of points in Out(w) with
0<y<1landy > hy(z,A) for z € (Py,P2). The maximum value of hy(z, ) is attained at
some point

(z,y) = (zv(A), My (N))  with P}, < av(\) < P2.

Finally, let My (\) be the maximum of hy(z,)), attained at a point zw(A) € (P2, Pl). In
order to simplify the writting, the following analysis is focused on the two Bykov cycles whose
connection [v — w]| lies in the subspace defined by z3 > 0. The same results, with minimal
adaptations, hold for cycles obtained from the other connection. With this notation, we have:

Proposition 10. Let f\ be family of vector fields satisfying (HI)-(H7). For X # 0 sufficiently
small, the portion of W .(w) N In(v) that lies in In"(v) is mapped by n into a heliz in Out(w)
accumulating on W.(w). If Mw()\) is the mazimum height of W} (w) N In*(v), then the
mazimum height of the heliz is My (N)°. For each A\ > 0 there is a fold point in the heliz that,
as \ tends to zero, turns around the cylinder wall Out(w) infinitely many times.

Proof. That n maps W“.(w)NIn" (v) into a helix, and the statement about its maximum height
follow directly by applying assertion () of Lemma [l to hy,. For the fold point in the helix, let
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x4(A) be its first coordinate. From the expression (1)) of 7 it follows that
Tx(A) = 2y — KInhy(z))
for some x) € (P2, 2w () and with hy (2, \) < hw (2w (), \) = My (\) and hence,
—KInhy(zx,A) > —KIn My (N).

Since fy unfolds fy, then limy_,o My (A) = 0, hence limy o —K In hy (), A) = oo and therefore,
the fold point turns around the cylinder Out(w) infinitely many times. U

The Hypothesis (PH]) about chirality of the nodes is essential for Lemma [0l and Proposition [0}
If we had taken the rotation in W with the opposite orientation to that in V', the rotations would
cancel out and the curve H(x) defined in (£6) would no longer be a helix, since the angular
coordinate Hy would not be monotonic.

5. HETEROCLINIC TANGENCIES

Using the notation and results of Section [l we can now discuss the tangencies of the invariant
manifolds and prove Theorems [ and Bl As remarked in Section 5] since [ unfolds fp, then
the maximum heights, M (A\) of W} (v) N Out(w), and My () of W (w) NIn(v), satisfy:

lim M, () = lim My (X) = 0.
We make the additional assumption that (My(X))° tends to zero faster than My (). This
condition defines the open set C of unfoldings fy that we need for the statement of Theorem €l
The subset C of Theorem [ is the set of families fy of vector fields satisfying (PIl)—(PT) for
which there is a value A, > 0 such that for 0 < A < A, we have (My()))? < My ()). Then C is
an open subset, in the C2 topology, of the set of families fy of vector fields satisfying (PI)—(P{T]).

Out(w) In(v)
A,
X /) X
P! P& )

FIGURE 5. Left: when A decreases, the fold point of the helix a*(z) € Out(w) moves
to the right and for A = \; it is tangent to W (v) creating a 1-pulse tangency. Right:
U(w_v] maps the helix a*(z) close to W (w) NIn(v), creating several curves that
satisfy the hypotheses of Lemma [l (). These curves are again mapped by 7 into helices
in Out(w) creating 2-pulse heteroclinic tangencies.
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5.1. Proof of Theorem M. Suppose f) € C. By Proposition [I0] the curve
oMw) = (@A), = (a}(@).0d(@)) .z € (PP (mod 2n)

is a helix in Out™(w) and has at least one fold point at # = x,()\). The second coordinate of
the helix satisfies 0 < a3 (z) < Myw(A)° for all z € (P2, Pl) (mod 27) and all positive A < A,.
Since fy € C, then aj(x) < My()) for all z and all positive A < \,.

Moreover, since the fold point a*(x.())) turns around Out(w) infinitely many times as A goes
to zero, given any \g < A, there exists a positive value Ag < g such that a*(z,(\g)) lies in
W, the region in Out(w) between W} (v) and W} (w) that gets mapped into the upper part
of In(v). Since the second coordinate of the fold point is less than the maximum of Ay, there
is a positive value A\;, < Ag such that o*(z.(Ar)) lies in W, the region in Out(w) that gets
mapped into the lower part of In(v), whose boundary contains the graph of hy. Therefore, the
curve o (z.())) is tangent to the graph of hy (z, \) at some point a(x. (A1) with A\; € (AL, Ag).

We have thus shown that given Ay > 0, there is some positive \; < Ag, for which the image of
the curve W (w) NIn(v) by 7 is tangent to W}’ (v) N Out(w), creating a 1-pulse heteroclinic
tangency. Two transverse 1-pulse heteroclinic connections exist for A > Ay close to A;. These
connections come together at the tangency and disappear.

By Proposition [0 as A goes to zero, the fold point a*(z4()\)) turns around the cylinder
Out(w) infinitely many times, thus going in and out of W~. Each times it crosses the boundary, a
new tangency occurs. Repeating the argument above yields the sequence \; of parameter values
for which there is a 1-pulse heteroclinic tangency and this completes the proof of the main
statement of Theorem [4]

On the other hand, as A goes to zero, the maximum height of the helix, (Mw()\))6 also tends to
zero. This implies that the second coordinate of the points a*(z.();)) € Out(w) where there is
a l-pulse heteroclinic tangency tends to zero as ¢ goes to infinity. This shows that the tangency
approaches the two-dimensional connection [w — v] that exists for A = 0. O

A crucial fact in the proof of Theorem @ is that W* (w) N In(v) is the graph of a function
with a single maximum, and that this maximum goes to 0 as A goes to 0. This follows because
the family fy unfolds the more symmetric vector field fo. We could make the assumption on the
invariant manifold directly, but it is the context of symmetry-breaking that makes it natural.

The construction in the proof of Theorem [@ may be extended to obtain multipulse tangencies,
as follows:

5.2. Proof of Theorem Bl Look at W} (w)NIn(v), the graph of hy (z,A). Since hl, (PL,\) <
0, there is an interval [#, P}] C [zw()), P}] where the map hy is monotonically decreasing. Note
that the hypothesis of different chirality is essential here. Therefore, we may define infinitely
many intervals where o (z) = 1 (2, hw (2, \)) lies in WF. More precisely, we have two sequences,
(a;) and (b;) in [Z, P}] such that:

a; < bj < aj+41 with hmj—)oo a; = P‘};

a*aj) and o (b;) € W (v) N Out™(w);

if z € (aj,b;) then a*(z) € WT;

the curves o ([a;, b;]) accumulate uniformly on W% (w) N Out(w) as j — oo.

Hence, each one of the curves o (laj,b4]) is mapped by Vy_,y into the graph of a function A in
In(v) satisfying the conditions of Lemma[0 and hence each one of these curves is mapped by 1
into a helix &;(z), = € (a;,b;).

Let A; be a parameter value for which & = fy,(x) has a 1-pulse heteroclinic tangency as stated
in Theorem @l As j — 400, the helices {;(z) accumulate on the helix of Theorem Ml as drawn in
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Out(w)

1
Pw

W

S
loc

(v) N Out(w)

FIGURE 6. Curves in the proof of Theorem[Bl for A = \; the curve o () = n(W¥.(w)N
In"(v)) (solid black curve) is tangent to Wy (v) (gray curve) in Out(w). The curves
&;(x) (dotted) accumulate on a*(z). Very small changes in A make them tangent to
W _(v) creating 2-pulse heteroclinic tangencies.

Figure[6 hence the fold point of £;(x) is arbitrarily close to the fold point of n(x, hw(x,X)). The
arguments in the proof of Theorem [ show that a small change in the parameter A makes the new
helix tangent to W’ (v) as in Figure Bl For each j this creates a 2-pulse heteroclinic tangency
at A = \;;. Since the the helices £;(z) accumulate on a’i(z), it follows that limjen Aij = Ai.
Finally, the argument may be applied recursively to show that each n-pulse heteroclinic

tangency is accumulated by (n + 1)-pulse heteroclinic tangencies for nearby parameter values.
O

If \* € R is such that the flow of & = fy«(z) has a heteroclinic tangency, when X varies near
A*, we find the creation and the destruction of horseshoes that is accompanied by Newhouse
phenomena [22] 54]. In terms of numerics, we know very little about the geometry of these at-
tractors, we also do not know the size and the shape of their basins of attraction. Basin boundary
metamorphoses and explosions of chaotic saddles as those described in [45] are expected.

6. BIFURCATING DYNAMICS

We discuss here the geometric constructions that determine the global dynamics near a Bykov
cycle, in order to prove Theorem [Bl For this we need some preliminary definitions and more
information on the geometry of the transition maps. First, we adapt the definition of horizontal
strip in [26] to serve our purposes: for 7 > 0 sufficiently small, in the local coordinates of the
walls of the cylinders V and W, consider the rectangles:

Sy = [P2 -1, Pl 4+ 7] x[0,1] C In(v) and Sw = [P2 — 7, P) + 7] x [0,1] C Out(w)

with the conventions —7 < P2 —7 < Pl+7<7mand -t < P2 —7 < P, +7 <.
A horizontal strip in Sy is a subset of In™(v) of the form

H = {(m,y) cint(v): =z¢ [P3 —T,P& + 7] and y € [ul(x),UQ(x)]},

where uy,up : [P?2 — 7, P} 4+ 7] — (0,1] are smooth maps such that uj(z) < ug(z) for all z €
[P2—7, PL+7]. The graphs of the u; are called the horizontal boundaries of H and the segments
(Pg — T,y), ul(P3 —7)<y< u2(P3 —7) and (P\} —|—T,y), with ul(P‘} +7)<y< u2(P\} +7)
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are its wvertical boundaries. Horizontal and vertical boundaries intersect at four vertices. The
mazimum height and the minimum height of H are, respectively

max us(x) min up(z).
$€[P37T7P&+T} "L'G[P‘%*T,P‘}ﬁﬂ'}

Analogously we may define a horizontal strip in Sy, C Out™(w).
A horseshoe strip in Sy is a subset of In™ (v) of the form

{(m,y) cInt(v): z€lag, by, yE€E [ul(:v),UQ(:c)]},
where
° [al,bl] C [ag,bg] C [P3 — T,P& +T];
° ul(al) = ul(bl) = O;
° u2(a2) = UQ(bQ) =0.
The boundary of H consists of the graph of ua(z), = € [ag, ba], the graph of ui(z), = € [a1,b1],
together with the two pieces of W (v) NIn(v) with = € [as,a;1] and z € [by, by].

6.1. Horseshoe strips in S,. We are interested in the dynamics of points whose trajectories
start in Sy and return to In*(v) arriving at Sy.

In(v)

)// W (v)NInv)

w;‘c(w> N In(v)

FIGURE 7. For A > 0 sufficiently small, the set n7!(Sw) N Sy has infinitely many
connected components (gray region), all of which, except maybe for the top ones, define
horizontal strips in Sy accumulating on W (v) NIn(v) (gray curve).

Lemma 11. The set 17 (Sw) NSy has infinitely many connected components all of which are
horizontal strips in Sy accumulating on W (v) N In(v), except maybe for a finite number. The
horizontal boundaries of these strips are graphs of monotonically increasing functions of x.

Proof. The boundary of Sy, consists of the following;:

(1) a piece of Wit (w) N Out(w) parametrised by y = 0, x € [P}, — 7, P2 + 7], where 5! is

not defined;

(2) the horizontal segment (z,1) with = € [P — 7, PL + 7];

(3) two vertical segments (Pg, — 7,y) and (P2 + 7,y) with y € (0,1).
Together, the components ([2) and (B) form a continuous curve that, by the arguments of
Lemma [ @), is mapped by 7 into a helix on In™(v), accumulating on W (v) NIn(v). As
the helix approaches W} (v), it crosses the vertical boundaries of Sy infinitely many times.
The interior of Sy is mapped into the space between consecutive crossings, intersecting Sy in
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horizontal strips, as shown in Figure [l From the expression (@7) of 7! it also follows that

the vertical boundaries of Sy, are mapped into graphs of monotonically increasing functions of
x. ]

Here, as in the next two Lemmas, we are using the form of the map 7 through Lemma [l
hence the result depends strongly on the chirality hypothesis (PH).
Denote by H,, the strip that attains its maximum height h,, at the vertex (P& + T, hn) with

(6.8) h, = e(P‘}—Pv%JrzT—zmr)/K

then lim,, o hy, = 0, hence the strips H,, accumulate on W} (v) NIn(v). The minimum height
of H,, is given by

(69) My, = e(P\?*Pvlvf2Tf2n7T)/K

and is attained at the vertex (P3 -, mn) Moreover n < m implies that H,, lies above H,,.

FIGURE 8. Horseshoe strips: for A > 0 sufficiently small, the set Ry(n™!(Sw) NSy) C
In™(v) defines a countably infinite number of horseshoe strips in Sy, that accumulate on
Wige(w) N In(v).

Lemma 12. Let H,, be one of the horizontal strips in 1~ (Sw)NSy. Then n(H,) is a horizontal
strip in Sw. The strips n(H,) accumulate on W}t (w) N In(v) as n — oo and the mazimum
height of n(Hy) is hS, where h, is the mazimum height of H,.

ns

Proof. The boundary of Sy consists of a piece of W? _(v) plus a curve formed by three segments,
two of which are vertical and a horizontal one. From the arguments of Lemma [ (), it follows
that the part of the boundary of Sy not contained in W}? (v) is mapped by 7 into a helix.
Consider now the effect of  on the boundary of H,,. Each horizontal boundary gets mapped
into a piece of one of the vertical boundaries of Sy,. The vertical boundaries of H,, are contained
in those of S, and hence are mapped into two pieces of a helix, that will form the horizontal
boundaries of the strip n(#,), that may be written as graphs of decreasing functions of x.
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A shown after Lemma [[1] the maximum height of #,, tends to zero, hence the strips 7(H.,,)
have the same property. The maximum height of 1(#,) is h9, attained at the point (PVZV -7, hi)
O

Lemma 13. For each X\ > 0 sufficiently small, there exists ng(\) such that for all n > ng the
image Ry(Hyn) of the horizontal strips in 1~ (Sw) NSy intersects Sy in a horseshoe strip. The
strips Ryx(Hn) accumulate on W .(w) N In(v) and, when n — oo, their mazimum height tends
to My (N), the mazimum height of W} (w) N In(v).

Proof. The curve W _(v) N Out(w) is the graph of the function hy(z, \) that is positive for =
outside the interval [P2, PL] (mod 27). In particular, hy (P2 —7,)) > 0 and hy (P2 +7,)) > 0
for small 7 > 0. Therefore there is a piece of the vertical boundary of Sy that lies below
W (v) N Out(w), consisting of the two segments (P2 — 7,y) with 0 < y < hy(P2 — 7,A) and
(PL 4+ 7,y) with 0 < y < hy(PL +7,)). For small A > 0, these segments are mapped by W3, ..
inside In™ (v).

Let ng be such that the maximum height of n(#,,) is less than the minimum of

hy(P2 —7,0) >0 and hy(P2 +7,)) > 0.

Then for any n > ng the vertical sides of n(#,) are mapped by ¥ .  inside In~(v). The
horizontal boundaries of 7(H,,) go across Sy, so writing them them as graphs of u;(x) < ua(z),
there is an interval where the second coordinate of W3, _, (7, u;(z)) is more than My, (X) > 0, the
maximum height of W% (w) N In™(v). Since the second coordinate of ¥y,_, (7, u;(x)) changes
sign twice, then it equals zero at two points, hence Ry(H,) NSy is a horseshoe strip.

We have shown that the maximum height of 7(*H,) tends to zero as n — oo, hence the
maximum height of Ry(H,) = ¥ _,,(n(H,)) tends to My (N). O

W—V

6.2. Regular Intersections of Strips. We now discuss the global dynamics near the Bykov
cycle. The structure of the non-wandering set near the network depends on the geometric
properties of the intersection of H,, and Ry(H.,).

Let A be a horseshoe strip and B be a horizontal strip in Sy. We say that A and B intersect
reqularly if AN B # () and each one of the horizontal boundaries of A goes across each one of
the horizontal boundaries of B. Intersections that are neither empty nor regular, will be called
wrregular.

If the horseshoe strip A and the horizontal strip B intersect regularly, then AN B has at least
two connected components, see Figure 8 In this and the next subsection, we will find that the
horizontal strips H, across Sy may intersect Ry(H,,) in the three ways: empty, regular and
irregular, but there is an ordering for the type of intersection, as shown in Figure

Lemma 14. For any given fivzed A > 0 sufficiently small, there exists N(\) € N such that for
all m,n > N(X), the horseshoe strips Ry(Hy) in Sy intersect each one of the horizontal strips
H,, regularly.

Proof. From Lemma [[3] we obtain no(A) such that all Ry(#,,) with m > ng(A) are horseshoe
strips and their lower horizontal boundary has maximum height bigger than the maximum height
My (X) of Wit _(w) NIn(v).

On the other hand, since the strips H,, accumulate uniformly on W _(v) NIn(v), with their
maximum height h,, tending to zero, then there exists nj(A) such that h,, < My (\) for all n >
n1(\). Note that the h,, do not depend on A. Therefore, for m,n > N(X) = max{ng(\),n1(\)}
both horizontal boundaries of Ry(H,) go across the two horizontal boundaries of #,,. O

The constructions of this section also hold for the backwards return map R~! with analogues

to Lemmas [T [2], 3] and 141
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Ha Ha

G\
Hp =2 - Hp 7 N
/ (c) \

FIGURE 9. Strips in Proposition I3t (a) A = As; (b) A = Ag; (¢) A = A1. The position
of the horizontal strips H, and H; does not depend on A. The maximum height of the
horseshoe strips Ry (H,) and Ry(Hjp) decreases when A decreases, and the suspended
horseshoe in Ry(H,) NH, is destroyed.

Generically, for n > N(\) each horizontal strip H,, intersects Ry(H,) in two connected
components. Thus the dynamics of points whose trajectories always return to In(v) in H,, may be
coded by a full shift on two symbols, that describe which component is visited by the trajectory
on each return to H,,. Similarly, trajectories that return to Sy inside H, U --- U H, 4, may be
coded by a full shift on 2k symbols. As k — oo, the strips H, 1, approach W} (v) NIn(v) and
the number of symbols tends to infinity. We have recovered the horseshoe dynamics described
in assertion (@) of Theorem

The regular intersection of Lemma [[4] implies the existence of an Ry-invariant subset in
7~ 1(Sw) NSy, the Cantor set of initial conditions:

A= ﬂ U (R)\j (Hm) N Hn) )

JEZmmn>N(N)

where the return map to 77! (Sw )NSy is well defined in forward and backward time, for arbitrarily
large times. We have shown here that the map R) restricted to this set is semi-conjugate to a full
shift over a countable alphabet. Results of [3, [34] show that the first return map is hyperbolic
in each horizontal strip, implying the full conjugacy to a shift. The time of return of points in
H; tends to +o00, as j — +o00. The set A depends strongly on the parameter A, in the next
subsection we discuss its bifurcations when A\ decreases to zero.

6.3. Irregular intersections of strips. The horizontal strips H,, that comprise n~(Sw) NSy
do not depend on the bifurcation parameter A, as shown in Lemmas [I1] and This is in
contrast with the strong dependence on A shown by the first return of these points to Sy at the
horseshoe strips Ry(Hy,). In particular, the values of ng(A) (Lemma [I3]) and N () (Lemma [I4])
vary with the choice of A. For a small fixed A > 0 and for m,n > N () we have shown that #,
and R)(H,,) intersect regularly.

The next result describes the bifurcations of these sets when A decreases. These global
bifurcations have been described by Palis and Takens in [43] in a different context, where the
horseshoe strips are translated down as a parameter varies. In our case, when \ goes to zero the
horseshoe strips are flattened into the common invariant two-dimensional manifoldsof v and w.

Proposition 15. Given A3 > 0 sufficiently small, there exist \y < Aa < A3 € R, a horizontal
strip Hq across Sy C Int(v) and by > a such that for any b > by the horizontal strips H, and
Hy satisfy:

(1) for X = A3 the sets H; and Ry,(H;) intersect reqularly for i,j € {a,b};

(2) for A = Ay the intersection Ho N Ry, (Ha) is irregular;

(3) for A=Ay the sets H, and Ry, (Ha) do not intersect at al;

(4) for X=Xy and X\ = Ay the set Ry(Hy) intersects both Hy and H, regularly.
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Proof. As we have remarked before, the horizontal strips H,, do not depend on the parameter
A. In particular, they are well defined for A = 0. Their image by the return map Ry is no
longer a horseshoe strip, it is a horizontal strip across Sy. Since for A = 0 the map W% . is the
identity (see [3]) and the network is asymptotically stable, it follows that the maximum height
of Ro(Hy,) is no more than that of n(H,,).

From Lemma [[2land the expressions (6.8]) and ([63]) for the maximum, h,, and minimum m,,,
height of H,,, we get that the maximum height kS of n(#,) is less than m,, if

L,=6P}—P2)+27r(0—1)—2nr(0 — 1) < P2 - PL.

Since lim,, o L, = —00, there is ny such that Ry(H,) N H, = 0, for every n > ny. Therefore,
since R) is continuous on A, for each n > ny there is A, (n) > 0 such that the maximum height
of Ry(n)(Hn) is less than that of H,,.

Let @ = max{ni, N(A3)} for N(\3) from Lemma [[4l Then assertion () is true for this #,
and for any H, with n > a, by Lemma [[4. We obtain assertion (B by taking A\; = A.(a).
Assertion (2) follows from the continuous dependence of Ry on A. Assertion (@) holds for any
Hp with b > N (A1) = by by Lemma [[4 O

6.4. Proof of Theorem [6. In particular, Proposition [[5 implies that there exists d € [A2, A3)
such that at A = d, the lower horizontal boundary of Ry(H,) is tangent to the upper horizontal
boundary of H,. Analogously, there exists ¢ € (A1, Ag] such that at A = ¢, the upper horizontal
boundary of R)(H,) is tangent to the lower horizontal boundary of #H,. There are infinitely
many values of A in [¢,d] for which the map R) has a homoclinic tangency associated to a
periodic point see [43] [54].

The rigorous formulation of Theorem [0 consists of Proposition [[H], with Ay = [¢,d] as in the
remarks above. Since Proposition holds for any A3 > 0, it may be applied again with A3
replaced by A1, and the argument may be repeated recursively to obtain a sequence of disjoint
intervals A,,. O

6.5. Proof of Corollary [7l The A dependence of the position of the horseshoe strips is not a
translation in our case, but after Proposition the constructions of Yorke and Alligood [54]
and of Palis and Takens [43] can be carried over. Hence, when the parameter \ varies between
two consecutive regular intersections of strips, the bifurcations of the first return map can be
described as the one-dimensional parabola-type map in [43]. Following [43] [54], the bifurcations
for A € [A1, A3] are:

e for A\ > d: the restriction of the map R), to the non-wandering set on H, is conjugate
to the Bernoulli shift of two symbols and it no longer bifurcates as \ increases.

e at A € (¢,d): a fixed point with multiplier equal to +1 appears at a tangency of the
horizontal boundaries. It undergoes a period-doubling bifurcation. A cascade of period-
doubling bifurcations leads to chaotic dynamics which alternates with stability windows
and the bifurcations stop at A = d;

e at A\ < c¢: trajectories with initial conditions in H, approach the network and might be
attracted to another basic set.

O

6.6. Proof of Corollary Bl If the first return map R) is area-contracting, then the fixed point
that appears for \ € (¢, d) is attracting for the parameter in an open interval.

This attracting fixed point bifurcates to a sink of period 2 at a bifurcation parameter A > ¢
close to c¢. This stable orbit undergoes a second flip bifurcation, yielding an orbit of period 4.
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This process continues to an accumulation point in parameter space at which attracting orbits
of period 2 exist, for all k € N. This completes the proof of Corollary . O

Finally, we describe a setting in which the fixed point that appears for A € (¢, d) can be shown
to be attracting. Recall that the set W (w) NIn(v) is the graph of y = hw(z, A). Suppose the
transition map W, ., : Out(w) — In(v) is given by ¥ . (2,9) = (z,y + hw(z,\)), which is

W—V w

consistent with Section Since

-K
1 0 L=

D\Ifév_w(x,y) = < ah—“’(m) 1 > and Dn(x,y) = Yy
Ox 0 (5:[/571

then
det DRy (z,y) = det DU, . (n(z,y)) - det Dy(z,y) = 6y° L.
For sufficiently small y (in H,, with sufficiently large n) this is less than 1, and hence R) is con-

tracting. However, if the first coordinate of ¥, . (z,y) depends on y, then det DU, .. (n(z,y))
will contain terms that depend on z + K Iny and a more careful analysis will be required.
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