MODULI FOR HETEROCLINIC CONNECTIONS
INVOLVING SADDLE-FOCI AND PERIODIC SOLUTIONS

ALEXANDRE A. P. RODRIGUES

ABSTRACT. Dimension three is the lowest dimension where we can find chaotic behaviour for flows
and it may be helpful to distinguish in advance “equivalent” complex dynamics. In this article, we give
numerical invariants for the topological equivalence of vector fields on three-dimensional manifolds whose
flows exhibit one-dimensional heteroclinic connections involving saddle-foci and/or periodic solutions.
Computed as a infinite limit time, these moduli of topological equivalence rely heavily on the local
behaviour near the invariant saddles. We also present an alternative proof of the Togawa’s Theorem.

1. INTRODUCTION

The classification of vector fields according to their topological properties is a major preoccupation in
the theory of dynamical systems. The problem of the classification of homo and heteroclinic cycles in
low-dimensional spaces has been frequently asked in recent years. For planar vector fields, based on a
Bowen'’s example, Takens [41] described a complete set of moduli of topological equivalence for attracting
heteroclinic cycles using asymptotic properties of non-converging time averages.

Dimension three is the lowest dimension where one finds chaotic systems for flows; among them, there
is a vast catalogue of exotic phenomena associated with cycles involving either saddle-foci or periodic
solutions. One of the most famous examples is the homoclinic cycle associated to a saddle-focus studied
by Shilnikov [36, 37, 38]; in its neighbourhood, under an eigenvalue condition, Shilnikov proved the exis-
tence of infinitely many periodic solutions of saddle-type, nowadays known as infinitely many suspended
horseshoes. Their existence does not require the breaking of the homoclinic connection as in the case
of saddles whose linearization has only real eigenvalues. As proved in [3], the exact knowledge of global
twisting around cycles involving saddle-foci is not necessary to predict shadowing properties of these
cycles, since the spiralling associated to the presence of complex eigenvalues spreads solutions around the
cycle — see also [5, 6].

Until the eighties, these spiralling sets have not attracted as much attention as the Lorenz attractor
because in general it is difficult to understand the topology associated to non-real eigenvalues. Recently,
the dynamics of spiralling attractors have been studied more systematically — see for example [17, 22, 27,
28, 31, 32] and references therein.

In order to distinguish in advance two complex dynamics, topological invariants are gratefully wel-
comed; they are relevant for comparison of families of vector fields. Roughly speaking, a topological
invariant or a modulus of topological equivalence is a function of the vector field that is invariant under
topological equivalence — a more formal definition will be given later in Subsection 2.2 of this paper.
An important subject in the study of dynamical systems is the notion of these quantities that remain
invariant under C°-change of coordinates.

The most famous topological invariant associated to a circle S' = R (mod 27) is the Poincaré rotation
number [20]: if f: S' — S' is a homeomorphism, let F : R — R be a lift to R. If z € R, then:

lim ) —e (z) — =
neN n
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exists for all x and is equal to p(f) € R, which does not depend neither on the lift nor on € R, up to
multiples of 27 — this limit is what we call the Poincaré rotation number. In particular, if f and f are
h—topologically conjugate preserving orientation then:

p(f) = p(h™t o foh)=p(f).

There are some occurrences of moduli in structurally unstable systems with two periodic solutions
having a quadratic tangency. The seminal example of moduli appear in 1978: J. Palis [30] proved that
heteroclinic connections that have a tangency between the stable and unstable manifolds of two periodic
solutions give rise to a modulus that can be expressed as the ratio of the leading Floquet multipliers of
the limit cycles. It has also been proved that homoclinic tangencies of the invariant manifolds of periodic
solutions give rise to infinitely many topological invariant — an overview of these results may be found in

Gonchenko et al [18].

Let Cp, Ep,ap € RT. In a three-dimensional flow, in the case of a homoclinic cycle to a saddle-focus

p whose linearization has eigenvalues
—Cp Tiap and Ey,

several authors proved that the ratio %E is a topological invariant [11, 12, 42] — this ratio is called
the saddle index of the equilibrium p. This modulus seems somewhat surprising since the eigenvalues
themselves are not topological invariants. The first proof is due to Shilnikov [37]; he did not use this
term, but the description of the non-wandering set proved explicitly that its structure depends on this
parameter. If the saddle index is greater than 1, then the dynamics near the homoclinic cycle is trivial
(the homoclinic cycle is attracting). If the saddle index is lesser than 1, periodic solutions bifurcate
from the homoclinic cycle, a phenomenon which may be considered as an internal bifurcation within the
Morse-Smale systems. In a classical work, Afraimovich and Ilyashenko [1, Section 5.6] also proved that
the saddle index is a modulus of topological equivalence. Other proofs arose: Ceballos and Labarca [11],
based on the first return map to a transverse section to the cycle; Dufraine [12] and Togawa [42] used
link types of the closed trajectories that appear near the separatrix.

For a heteroclinic cycles associated to a saddle-focus p as before and a periodic solution C with real
Floquet multipliers Cc and F¢ such that [Cc| < 1 and |Ec| > 1, Beloqui [8] derived that % is a
topological invariant. Heteroclinic connections of codimension two have also been considered by Bonatti
and Dufraine [9] and by van Strien [44], who found other topological invariants.

Motivated by these results and using recent results of Aguiar et al [3], Rodrigues et al [34] and Takens
[41], in this article we revive the research of Dufraine [12]. We present local necessary conditions to
prove topological equivalence of vector fields defined on a smooth three-dimensional manifold, whose flow
exhibits at least one connection involving either a saddle-focus or a periodic solution. The spiralling
behaviour associated to the presence of “rotation” spreads solutions near the connections and offers
complementary information about the dynamics, as we will observe. Since parts of the spiralling set
swirl around the one-dimensional connection, we will make use of the information “encoded” in the
neighbourhood of the connections which appears as a phenomenon of codimension one or two. Explicit
examples of vector fields where these connections can be found analytically are reported in Aguiar et al
[2, Section 4] and Rodrigues and Labouriau [33, Section 2].

2. PRELIMINARIES

Let f be a C% vector field on a C*°-Riemannian three-dimensional differential manifold M? possibly
with boundary, with flow given by the unique solution z(t) = o(t, z¢) € M? of

(1) &= f(x) and 2(0) = xo.

2.1. Heteroclinic Terminology. Following Field [15], if A is a compact invariant set for the flow of f,
we say that A is an invariant saddle if A C Ws(A)\A and A C Wu(A)\A, where A is the closure of A.
In this paper all the saddles will be hyperbolic.

Given two invariant saddles A and B, a heteroclinic connection from A to B, denoted [A — B, is a
solution of the Initial Value Problem (1) contained in W*(A) N W#*(B). There may be more than one

connection from A to B as shown in [34, Section 8].
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Let S={A; : j € {1,...,k}} be a finite ordered set of mutually disjoint invariant saddles. We say
that there is a heteroclinic cycle associated to S if

Vi€ {1 kLW A) N W (Aj41) #0  (mod k).

If £ = 1 we say that there is a homoclinic cycle associated to A;. In other words, there is a connection
whose trajectories tend to A; in both backward and forward time. We also refer to the saddles defining
the heteroclinic cycle as nodes. The dimension of the local unstable manifold of a saddle A; will be called
the Morse index of A;.

In many articles, all nodes are equilibria, but in this paper we explicitly consider the case in which
one of the saddles is a periodic solution with real Floquet multipliers, that we denote by C. The saddles
under consideration consist of either saddle-foci or non-trivial closed trajectories — these saddles are what
the authors of [3] call rotating nodes.

In a three-dimensional manifold, a Bykov cycle is a heteroclinic cycle associated to two hyperbolic
saddle-foci with different Morse indices, in which the one-dimensional manifolds coincide and the two-
dimensional invariant manifolds have a transverse intersection — see Bykov [10]. A Bykov cycle is also
called by T [erminal]-point because it corresponds to a point on the space of parameters where such cycles
appear [14, 27].

2.2. Modulus of Topological Equivalence. Following Shilnikov et al [39, Chapter 2], two three—
dimensional systems:
&= f1(x) and &= fo(x)

defined in regions Dy, C M? and Dy C M3 respectively, are topologically equivalent in the subregions
Uy C Dy and Uy C Dy if there exists a homeomorphism h : U; — Us, which maps trajectories of the first
system into trajectories of the second one.

For i € {1,2}, let ¢;(t,x0) be the unique solution of & = f;(z) with initial condition z(0) = z. If the
homeomorphism h is time preserving, that is, if:

Vye M®,  VteR, @it h(y)) = hipa(t,y)),

we say that the flows are topologically conjugate and h is a conjugacy. When h is a C"—diffeomorphism,
we say that the flows are C"—conjugate (r € Np).

Remark 1. The notion of topological conjugacy is restrictive since one requires the solutions 1(t,*)
and pa(t,x) to be topologically conjugate for all t, which is much more than require that trajectories of
& = fi1(x) are mapped into trajectories of & = fo(x) homeomorphically.

A vector field f is said to have a modulus of topological equivalence (resp. modulus of topological
conjugacy) if, in some subspace U D {f} of the space of vector fields, a continuous, locally non-constant
functional 7 is defined such that if f and f are topologically equivalent (resp. topologically conjugate),
then n(f) = n(f) We require that in the region of the definition of 7, there are no open sets in
a neighbourhood of f where the functional 7 takes a constant value — see Gonchenko et al [18] and
Shilnikov et al [40, Chapter 8]. By Remark (1), moduli of topological conjugacy are quite often while

moduli of topological equivalence are not.

2.3. Suspension flows. Suppose that M is a smooth compact riemannian manifold and f is a C*°—
diffeomorphism. Consider the space 2 = M x [0, 1]/ & where  is the identification of (x, 1) with f(z,0).
The standard suspension of f is the flow on 2 defined by ¢¢(y, s) = (y,t+s), for 0 < t+s < 1. It is well
known that €2 is a smooth compact riemannian manifold and ¢, is C*>°. We refer the reader to [24] for
more information about suspensions.

3. A TOUR ALONG THE MAIN RESULTS

Let M? denote a C* Riemannian three-dimensional differential manifold possibly with boundary.
Throughout this paper, we assume that h is a homeomorphism mapping the trajectories of the flow
induced by the vector field f : M3 — T M3 into trajectories of the flow induced by f: M3 — T M3, If
p € M3, we set p = h(p). Note that the homeomorphism A under consideration may reverse the time
orientation.
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FIGURE 1. Shilnikov cycle I'p: the homeomorphism h preserves time-orientation.

Our first object of study is the set H of C%—vector fields f : M3 — T M?3, satisfying the following
property — see Figure 1:

(H1) There is a homoclinic cycle I'p, associated to a hyperbolic saddle-focus p, where the imaginary
part of the complex conjugate eigenvalues of D fy is +ap # 0.

These cycles will be called Shilnikov cycles. The equilibrium p may have Morse index 1 or 2: if its
Morse index is 1, then p is denoted by v and its eigenvalues are —C, + ¢ and Ey, where Cy, Ey, > 0;
otherwise p is denoted by w and its eigenvalues are Ey, + aywi and —Cy, where Cy,, Fy > 0.

If we do not ask for C'-smoothness of h, then the eigenvalues of Df, and D ff, may be different.
Hereafter, we use the following convention: if A, is an eigenvalue of D fy, then Ap is the h—corresponding
eigenvalue of D ff,. Of course that if h reverses time orientation, then contracting eigenvalues are mapped
into expanding eigenvalues; more precisely, according to our notation, if £y, > 0 is an eigenvalue of D fp,
then —Cp < 0 is the h—corresponding eigenvalue of D ff,.

The strenght of the swirling motion around the one-dimensional local invariant manifold of p is mea-
sured be the absolute value of the imaginary part of the complex (non-real) eigenvalues of D fp,. The first
item of Theorem 1 says that this number is a topological invariant in H.

Theorem 1. Let f,f cH. Iff s h—topologically equivalent to f, then:

(1) |ap| = |apl;
c

C 5 ) ) )
(2) g—z = g—g, if h preserves time-orientation;
(3) = o if h reverses time-orientation.
Ttem (1) of Theorem 1 has been proved by Dufraine [12] in 2001 using linking numbers and knots

arguments. Item (2) has been shown by Togawa [42] in 1987 and later by Ceballos and Labarca [11]
in 1992. Based on the recent work of Rodrigues et al [34] and using a similar approach to that of
Gaunersdorfer [16] and Takens [41], we address an alternative proof of items (1) and (2) of Theorem 1 in
Section 6. Using the topological concept of spinning in average, we give a more elegant proof of item (1)
of Theorem 1 in Section 7.

There are homeomorphisms that transform a hyperbolic saddle-equilibrium p, where the eigenvalues
of D f, are real, into a saddle-focus. Item (1) of Theorem 1 excludes the possibility that such homeomor-
phisms transform a homoclinic cycle to a saddle into a homoclinic cycle to a saddle-focus.

Corollary 2. A homoclinic cycle to a saddle and a homoclinic cycle to a saddle-focus cannot be topolog-
ically equivalent.

Generalizing the above notation, our second goal is the study of the set B of C?~vector fields f on M3
satisfying the following property depicted in Figure 2:
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[v —w]

W \Y

FIGURE 2. Heteroclinic connection associated to two saddle-foci of different Morse indices.

(B1) There is a one-dimensional heteroclinic connection [v — w] associated to two hyperbolic saddle-
foci of different Morse index v and w (the Morse indices of v and w are 1 and 2, respectively).
The eigenvalues of D f, are:
(a) —=Cy + ayi and Ey with Cy, Ey, > 0, for p = v;
(b) Ew £ awi and —CY, with Cy, Ey > 0, for p = w.

Connections satisfying (B1) will be called Bykov connections. We now compute a topological invariant
for heteroclinic connections associated to two saddle-foci of different Morse indices.

Theorem 3. Let f,f € B. If f is h—topologically equivalent to f, then:

Cy _ Cy : : o
(1) 5= = 5= if h preserves time-orientation;
Cy _ Eg

(2)
(3) (avEw + awCy)x(Cy + Ew)f1 = (s Fw + axCs)x(Cy + E‘;‘,)*1 if h preserves time-orientation;
(4) (avEw + awCy)x(Cy + Ew)f1 = —(a5Cq + awEq)x (Ey + C";‘,)*1 if h reverses time-orientation.

We address the proof of Theorem 3 in Subsection 7.3.

= if h reverses time-orientation;

A heteroclinic connection from a saddle-focus to a non-trivial periodic solution is a phenomenon of
codimension one in M?3. Our third goal is the study of the set P of C?vector fields f on M? such that
the flow has a heteroclinic connection between a saddle-focus and a non-trivial periodic solution with real
Floquet multipliers — see Figure 10. More precisely, the set P satisfies the following properties :

(P1) There is a one-dimensional heteroclinic connection [v — C] associated to a saddle-focus v and a
non-trivial periodic solution C of period T" > 0 such that:
(a) the eigenvalues of Df, are —Cy + ayi and Ey, with Cy, Ey, > 0;
(b) the Floquet multipliers of C are real and given by e~¢© < 1 and efe > 1.

(P2) The local manifolds W .(C) and W} (C) are smooth two-dimensional surfaces which are home-
omorphic to a cylinder as illustrated in Figure 4.

‘We do not consider saddle periodic solutions with two-dimensional stable and unstable manifolds which
are homeomorphic to a Moebius band. A description of a heteroclinic connection where (P2) does not
hold has been given in [39, Chapter 3].

Theorem 4. Let f,f € P. If f is h—topologically conjugate to f, then:

C'v j— 0\7 y ] ) N
( ) e — Es 1] h preserves o1 Z@ntatlon,

Cy _ Eg . ), ) -
(2) Ee — C~ Zf h reverses o1 Zenta,tlon,

(3) (avEC + %’TC‘,) x (Ec + Cv)_l = (a;,Eé + %’TC{,) x (Eg + C;,)_1 if h preserves orientation;
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(4) (avEc+ 22Cy) x (Ec + c,) t=— (a;,C’c + %E;,) x (Cg + Eg)™" if h reverses orientation.

The proof of Theorem 4 is similar to that given in Section 7 for Theorem 3; for the sake of completeness,
we sketch the main steps of the proof in Subsection 7.4.

The rest of this paper is organized as follows: in Section 4, applying coordinate changes, we C'—
linearize the vector field f around the nodes (saddle-foci and periodic solution); we introduce some
notation that will be used in the rest of the article and we obtain a geometrical description of the way the
flow transforms a curve of initial conditions lying across the stable manifold of the saddle in Section 5. We
show that along one-dimensional heteroclinic connections, the global distortion induced by the transition
map is bounded. Based in [13], we present the first proof of Theorem 1 in Section 6, emphasizing that
the invariant is topological. Using the concept of spinning in average, in Section 7 we present a new proof
for item (1) of Theorem 1. Moreover, we prove Togawa’s Theorem, we derive a topological invariant for
Bykov cycles and conjugacy invariants for cycles involving a non-trivial closed trajectory. We end this
article with a short discussion about the results.

Reversing the time-orientation of trajectories does not add significant difficulties. This is why we
restrict the proofs to the time-orientation preserving case. When there is no ambiguity, we remove the
subscripts which identify the homo/heteroclinic connection under consideration. We have endeavoured
to make a self contained exposition bringing together all topics related to the proofs. We have stated
short lemmas and we draw illustrative figures to make the paper easily readable.

4. LoCcAL MAPS

Historically, in order to study homo and heteroclinic bifurcations, two approaches have been taken. In
the first one, due to Shilnikov, one rewrites the differential equation in integral form and uses smoothness
results for the integral equations to derive approximations of the Poincaré map. A different technique,
used by Tresser and coworkers, uses linearization results obtained via a normal form procedure. In this
article, we are going to use the second approach; we establish local coordinates near the hyperbolic
saddle-foci p and define some terminology that will be used in the rest of the paper. The letter p denotes
v or w when the results hold for both equilibria.

The behaviour of the vector field f in the neighbourhood of each heteroclinic connection [A — BJ is
given, up to topological equivalence, by the linear part of f in the neighbourhood of A and B and by the
transition map between two discs transversal to the flow in those neighbourhoods. We choose coordinates
in the neighbourhoods of A and B in order to put f in canonical form and we assume that the transition
map is linear.

The crucial point is the application of Samovol’s Theorem [35] to C''-linearize the flow around the
nodes'— equilibrium or periodic solution — and to introduce cylindrical coordinates around them — see
also Homburg and Sandstede [23, Section 3.1]. We use neighbourhoods with boundary transverse to the
linearized flow.

4.1. C'-linearization comes “for free”for saddlle-foci. Given two cross sections Ei)” and Z;’)“t that
are transverse to the stable and unstable manifolds of p, respectively, the local transition ®p is the map:
Dp : B — B,
that sends points in the boundary where the flow goes in into points in the boundary where it goes out.
The Hartman-Grobman Theorem [19] asserts that there is a continuous change of coordinates h near p
that transforms the solutions of & = f(x), in a small neighbourhood of p, into the solutions of the linear
system y = D fp(y — p), in a neighbourhood of h(p). With these new coordinates, the return map is a
homeomorphism but is not evident the real geometry of the flow. Also, it is not clear how expansions and
contractions in y € ¥4 can be derived. Belitskii [7] and Samovol [35] derived the following eigenvalue
condition which ensures the existence of a differentiable change of coordinates that linearizes the original

flow:

(2) Re(Xi) # Re(\;) + Re(Ax),

IIn Subsection 4.1, we show that in a three-dimensional smooth manifold, if p is a hyperbolic saddle-focus, then any
CY-linearization is also a C''-linearization.
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z"‘ I W)

FIGURE 3. Cylindrical neighbourhoods of the saddle-foci v (a) and w (b). The flow in the
neighbourhood of a saddle-focus swirls around the one-dimensional invariant manifold much as
air flow swirls around the core of a tornado.

where A s are the nonzero eigenvalues of Df at p. When the inequality (2) does not hold, the authors
of [39, Section 3.13] say that the eigenvalues exhibit a 2-resonance. If p is a saddle-focus in M3, the
Cl-linearization holds because condition (2) is always satisfied. After the linearization, we may compute
&, explicitely.

4.2. Saddle-foci. Recall that the Morse index of v and w is 1 and 2, respectively. Since v and w are
hyperbolic, by Samovol’s Theorem, the vector field f is C(1*%)—conjugate to its linear part around each
saddle-focus v and w (¢ > 0). As in the classic work of Tresser [43], we choose cylindrical coordinates
(p,0,2) near v and w so that the linearized vector field can be written as:

(3) p=-Cwp AN bB=ay A i=Eyz
and
(4) p=FEwp A 0=ayw A 2=-Cyz.

After a linear rescaling of the local variables, we consider cylindrical neighbourhoods of v and w in
M? of radius 1 and height 2 that we denote by V and W, respectively — see Figure 3. Their boundaries
consist of three components: the cylinder wall parametrized by z € R (mod 27) and |y| < 1 with the
usual cover (x,y) — (1,2,y) = (p,0, z) and two disks (top and bottom). We take polar coverings of these
disks (r,¢) — (r,¢,7) = (p,0,2) where j € {—=1,+1}, 0 <r <1 and ¢ € R (mod 27). By convention,
the intersection point of the one-dimensional homo or heteroclinic connection with the wall of the cylinder
has zero angular coordinate.

As depicted in Figure 3(a), the cylinder wall of V is denoted by . The top and the bottom of the
cylinder are simply denoted by X2“*. Note that W .(v) corresponds to the circle y = 0. The boundary
of V' can be written as the disjoint union:

oV = 2inUneutin,,
where , is the part of OV where the flow is not transverse. It follows by the above construction that:
Lemma 5. Solutions starting:

(1) at ¥ go inside the cylinder V in positive time;
(2) at 324t go outside the cylinder V in positive time;
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(3) at SI\W*(v) leave the cylindrical neighbourhood V at %24t

If (x,y) € SI\Wg_(v), let Ty(z,y) be the time of flight through V of the trajectory whose initial
condition is (x,y). It only depends on y # 0 and is given explicitly by

(5) Ty(w,y) = Eivm (é') .

In particular limy_,o T\ (z,y) = +00. Now, we obtain the expression of the local map that sends points
in the boundary where the flow goes in, into points in the boundary where the flows goes out. The local
map @ : T — B4 pear v is given by

(6) Dy(o,y) = (v, g nlyl +2) = (1,0)
where 6, = %: > 0 is the saddle index of v. Observe that for a fixed zo € R, lim,_,o [Py (x0,y)| =
(0, +00).

Similarly, after linearizing and rescaling the local variables, we get dual cross sections near w. We
omit the details because they are similar to those of v. The set W}? (w) is the z-axis, intersecting the
top and bottom of the cylinder W at the origin of its coordinates — see Figure 3 (b). The set W}’ (w) is
parametrized by z = 0. We denote by %", the two connected components (top and bottom of W). By
construction, we may easily conclude that:

Lemma 6. Solutions starting:
(1) at X go inside W in positive time;
(2) at X2 go outside the cylinder W in positive time;
(3) at SI\Wg _(w) leave the cylindrical neighbourhood W at L4t

Of course, points in W _(w) N T do not return to L. If (r,¢) € X', let Ty (r, ) be the time of
flight through W of the trajectory whose initial condition is (r, ). The time of flight only depends on
r € RT and is given explicitly by:

1 1
7 To(r, ) = —In (=) .
™ o) =g (7]
For the connected component of S7\W} (w) with y > 0, the local map:
Doy DG \Wie(w) = 5

near w is given by:
(8) Du(r0) = (g nr + 9,0 ) = (2,9)

where dy, = g—“’ > 0 is the saddle index of w. The same expression holds for the local map from the
other connected component of L\W; (w) to £ where y < 0, with the exception that the second
coordinate of @, changes its sign.

In Homburg [22], the author obtains precise asymptotic expansions for the local map X" — $2ut,
similar to that of Ovsyannikov and Shilnikov [29]. In the present article, we omit high order terms
because they are not needed to our purposes.

4.3. Periodic Solution. Observing that the Floquet multipliers of C do not depend on the specific
choice of p € C, let us consider a local cross-section IT* at a point p in C. Since C is hyperbolic, by
Hartman [19], there is a neighbourhood V* of p in II* where the first return map 7 is C*—conjugated to
its linear part. The eigenvalues of D7 are ¢ and e~“©, where Cc, Ec > 0. Suspending the linear map
gives rise, in cylindrical coordinates (p, 6, z) around C, to the system of differential equations:

p=—-Cclp—1)

©) 6= %
ZZECz

which is orbitally equivalent to the original flow near C; T' > 0 is the period of C. In these coordinates,
the T—periodic trajectory C is the circle defined by p =1 and z = 0, its local stable manifold, W} .(C),
is the plane z = 0 and W} (C) is the surface defined by p =1 — see Figure 4.
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FIGURE 4. Neighbourhood of the closed trajectory C, invariant manifolds and corresponding
cross sections. (a) and (b): general cylindrical coordinates on the neighbourhood of C. (b): the
sets Wi5.(C) and Wi, (C) are smooth two-dimensional surfaces homeomorphic to a cylinder as
stated in (P2).

With this kind of suspension in which the ceiling map is constant, we might lose some information
about the original dynamics: in particular, it does not preserve the return time of the original trajectories.
However, at the limit, the time spent for initial conditions near W _(C) may be approximated by the
time of flight through the suspended neighbourhood, which are preserved under conjugacy. This is the
only point where the conjugacy is used.

After a rescaling of variables (if necessary), we will work with a hollow three-dimensional cylindrical
neighbourhood Vi of C contained in the suspension of V* (see Figure 4):

Ve={(p,0,2): 1—e<p<l+e -1<2z<1 and 6€R (mod2nm)} .
Its boundary is a disjoint union: _
Ve = XEUSE0N
such that lé‘ is the union of the walls of the cylinder, p = 1 £ ¢, locally separated by W} (C) — see

Figure 4. The set ¥ is the union of two anuli, the top and the bottom of the cylinder, z = =1,
locally separated by W .(C). The vector field is transverse to Q¢ at all points except at the four circles

Qc =X NG It follows directly by construction that:

Lemma 7. Solutions starting:
(1) at & go inside the hollow cylinder Vg in positive time;
(2) at BE* go outside the hollow cylinder Vi in positive time.

The two cylinder walls, Zlg, are parametrized by the covering maps:
0,2) = (1+e,0,2) = (p,0,2),
where # € R (mod 27), |2| < 1. In these coordinates, £ N W (C) is the union of the two circles z = 0.
The two anuli X&' are parametrized by the coverings:
(o) = (1,0, %) = (p, 0, 2),
forl—e <r <1l+eand p € R (mod 27) and where S N W} _(C) is the union of the two circles r = 1.

In these coordinates, the set Q¢ is the union of the four circles defined by p =1+ ¢ and z = +¢. Noting
that the trajectory whose initial condition is (6, z) € 3% arrives at X" at time:

(10) To(0,2) = Eic In (Iil> ,
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the local maps ¢¢ from a connected component of E%‘ into the corresponding connected component of
¥t are given by:
21 Cc

= - 50 e = —_—
(11) Dc(0,2) = (0 TEo In|z|,1+ez > (p,7) where ¢ Fo >0.

The constant dc is called the saddle index of C. The signs + depend on the component of ¥ we started
at, + for trajectories starting with p > 1 and — for p < 1. More details about the local maps may be
found in [3, 34].

4.4. Transition Maps and First Return Maps. Let A and B denote two nodes not necessarily
different. Here, we study the lowest order map for the transition W4 ,p) : Yout — ¥ along the
connection [A — B] for the three cases under consideration:

e Shilnikov cycles (Subsection 4.4.1);
e Bykov connections (Subsection 4.4.2);
e heteroclinic connections between a saddle-focus and a periodic solution (Subsection 4.4.2).

By the Tubular Flow Theorem [21], solutions starting near X9** N W} (A) follow the one-dimensional
homo/heteroclinic connection. The return map is highly nonlinear since the distortion near the hyperbolic
saddle-foci is tremendous. Since our topological invariants will be computed as a “limit” involving times
of flight, we are interested in the map nap defined by W4, 50 @4 : B4 — U7 to compute the ratio of
“consecutive” times of flight.

4.4.1. Homoclinic cycle to v. The map ®, defined in (6) is given in polar coordinates (r,¢) in X4t
Since the coordinates in " may be considered as rectangular coordinates, it is required to change
them in order to compose the maps. Let X = rcos(¢) and Y = rsin(¢). In rectangular coordinates,
the global transition from Y2*' to X" can be approximated by the linear diffeomorphism given by
Upyoyy) 1 B9 — B where:

xr = allX -+ CL12Y and Yy = a21X + a22Y

and det ( le le > # 0. Neglecting high order terms, the first return map:
21 (22

Iy = Uy o @y : B = B
is given explicitely by:

o ay : Qy
yv.lagpcos (2 Inly| —x) —ajesin (S In|y| —x
(12) ( ) > g f" . f" +e
y Y. (a2 cos ( F¥ In|y| — x) — agzsin o In|yl—x

where the dots mean smooth functions which tend to zero as y — 0 to the order of °v. A determination
of the precise form of the Poincaré map that also takes higher-order terms into consideration can be
found in [40, Chapter 13].

4.4.2. Heteroclinic connections [v . — w| and [v — C]. The linear part of the map W, _., may be
represented, in rectangular coordinates (X,Y), as the composition of a rotation of the coordinate axes
and a change of scales. As in Bykov [10] and Homburg and Sandstede [23], after a rotation and a
uniform rescaling of the coordinates, we may assume, without loss of generality, that W[, ., is given in
rectangular coordinates by the linear map:

- b (E) = (2 0) (£ ) hee aem

where the dots mean smooth functions which tend to zero as X, Y — 0. To compose this map with @,
it is required to change the coordinates. More precisely, let 7yw the map defined by:

Upysw) © By 1 5" — B0

The initial condition (x,y) € ¥ under the local map near v, @, is mapped into:

(14) By (a,y) = <y5 - jjzln|y|> = (o).
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ZOU'[
w

Wlic (V)

Zout
w

FIGURE 5. The image of a segment 3, under ®5! or ®,,, is a helix accumulating on the circle
defined by y = 0 in local coordinates. The double arrows represent the orientation and not the
flow: (a) Equilibrium v with Morse index 1. (b) Equilibrium w with Morse index 2.

Transforming the polar coordinates of @ (z,y) into rectangular coordinates, it yields:

X =rcos(p)
(15) { Y = rsin(gf)

Therefore, we may write the radial component of ¥f,_,w) 0 ®y(z,y) as:

(16) R = \/a%r2 cos2(p) + a—2r2sin?(p)

S 1

where 7 = 3% and ¢ = x — %= Infy|. If the argument of (arcos(p), L7 cos(p)) lies in the interval

kw (k+1)m
20 2

will be useful to the computation of the times of flight in Subsection 7.3. Similar arguments can be used
to conclude that the radial component of the transition map W, _,¢) from X3 to ¥ takes a similar form
to that of (16).

), with & € N, then the argument of W, (X,Y) lies in the same interval. Formula (16)

5. LocAL GEOMETRY

The coordinates and notations of Section 4 will be used to study the geometry of the local dynamics
near each node. This is the main goal of the present section but first we introduce the concept of a
segment on X" and L.

Definition 1. A segment j3:

(1) on 3% is a smooth reqular parametrized curve B : [0,1] — X2t that meets W' (v) at the
point 3(0) and such that, writing B(s) = (r(s),d(s)), both r and ¢ are monotonic and bounded
functions of s — see Figure 5(a).

(2) on X is a smooth regqular parametrized curve 8 : [0,1] — X that meets W (w) at the point
B(0) and such that, writing 5(s) = (r(s), p(s)), bothr and ¢ are monotonic and bounded functions
of s — see Figure 5(b).
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The definition of a segment may be relaxed: the components do not need to be monotonic for all
s € ]0,1]. We use the assumption of monotonicity to simplify the proof of item (1) of Theorem 1. The
following definition adapted from [3, 34] will be useful in the sequel.

Definition 2. Let a,b € R such that a < b and let X% or X" be a surface parametrized by a covering
(z,y) € R X [a,b] where 0 is periodic. A helix on ¥9"" accumulating on the circle y = yo is a curve

~v:10,1] — Ef," or v :[0,1] — B

such that its coordinates (x(s),y(s)) satisfy lims_oy(s) = yo, lim,_,g+ |z(s)| = +00 and the maps x and
Yy are monotonic.

The next result characterizes the local dynamics near the two types of steady-state.

Lemma 8. A segment :

(1) on XU is mapped by @y into a heliz on X" accumulating on the circle defined by S NWE (w);
(2) on X¢“! is mapped by ®; ' into a helir on X accumulating on the circle defined by S NWE (v).

Proof. We prove item (1); the proof of (2) follows straightforwardly reversing the time. Let 5 be a
segment on L as shown in Figure 5(b). Write 3(s) = (r*(s),¢*(s)) € X, where s € [0,1], ¢* is a

decreasing map as function of s and lim,_ g+ 7*(s) = 0. We omit the dependence on s to simplify the
notation. The function ®,, maps the curve 8 C X% into the curve defined by:

¢w0%®)=¢mh*@%wﬂé}=[—Zzhn”®)+¢W@707@VW}=(w@%M®)

The map Py o 3 is a helix accumulating on the circle defined by X9 N W} _(w) because z(s) and y(s)
are monotonic and

li *(5))% =0 d i
g ()™ =0 and - i,

= +o00.

— 2 I (s) + ¢ (s)

w

O

Remark 2. The coordinates (z,y) € 39 may be chosen so as to make the map p* increasing or
decreasing, according to our convenience.

In the context of Theorem 1, recall that by convention, the point W*(v) N W#(v) N X" has angular
coordinate equal to zero. For 7 > 0 very small, we define the two lines:

CV = {(l',y) S Ei,n : Yy = 0 and 0< |;L'| < 7‘},
Analogously for w, as depicted in Figure 6, we set:
Cow={(z,9) €29 : y=0 and 0<|z| <7}

The following geometrical result is the main ingredient for the proof of Theorem 1 in Section 6. Despite
the fact that the stable manifold of v continued along the homoclinic cycle in backward time has a helicoid
form, next lemma states that its first intersection with X% has two segments. Similar reasonings work
for w. The leading rotation occurs near the invariant saddle and not during the homo/heteroclinic
connection; more precisely, the distortion induced by \If[_vl_w] and V[y_,w is small and controlled. The
proof of the following result is an immediate application of the Tubular Flow Box Theorem [21].

Lemma 9. The set:

(1) Cy is mapped by \P[?,Lv] into two segments in XU ;

(2) Cw is mapped by Wiy _w] into two segments in yin,

Item (2) of Lemma 9 is illustrated in Figure 6. Let f, f € H such that f and f are h-topologically
equivalent. If h(v) =: v, then:

-1

(1) if h preserves orientation, then each connected component of ¥ (Co)\WE (V) is a segment

[v—v]
in nout;
v
(2) if h reverses orientation, then each connected component of W _,4)(Cy)\W} (V) is a segment in
sout,

Dual results hold for w.
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FIGURE 6. The set Cyw is mapped by W[y_,w into two segments in Y meaning that the
distortion along the transition map V[ _,w is small.

6. TOPOLOGICAL INVARIANTS FOR SHILNIKOV HOMOCLINIC CYCLES

In this section, we deal with homoclinic cycles of Shilnikov type associated to a saddle-focus p. For
convenience, we concentrate our analysis on the case where the Morse index of p is 2 (equilibrium w) and
h preserves time-orientation. The other cases have a similar treatment reversing the time. The following
topological proof is based on the works of [3, 13, 16, 41]. Although we are using the time of flight of
trajectories through the neighbourhoods V' and W, the result does not depend on the conjugacy because
the invariants are constructed as a limit.

6.1. Proof of item (1) of Theorem 1: the imaginary part. Let f, f € H and let f be a vector field
that is h—topologically equivalent to f (preserving time-orientation) around w. We want to prove that
|aw| = |ow].

Let us find two neighbourhoods of w and w where it is possible to linearize the vector fields around
the saddle-foci, as done in Subsection 4.2. If the homeomorphism given by the linearizations are denoted
by &w and &g, then the map h* := &g o ho (&)~ ! can be considered as a homeomorphism between two
cylinders W and W, where formulas of Section 4 can be applied, up to higher order terms. With no loss
of generality and in order to simplify the notation, we may consider h = h* the homeomorphism between
two cylinders as those defined before.

Let a be one of the two segments Uiy, _,w)(Cw) C S parametrized by s € [0,1]: a(s) = (ra(s), ¢a(s)).
By definition, it follows that ¢, (s) is bounded for [0, 1] — in fact, are asking for this restriction for s ~ 0.
Using (8), we have:

Ow
B 0(6)) = (00 (6) + (61 72(9) = (210)
Let g € [0,27[. For n € N, let s, € R be such that (see Figure 7):
(17) — 2 In(ra(sn)) + Palsn) = 207 + g0

and define A, = a(s,), By = Pw(a(s,)) = Pw(An) € X" and A, = h(A,) = h(®,'(B,)). We also set
B, = <I>VTV1 (A,,) as suggested in Figure 7. First we are going to show that for all n € N, we have:

-y T o vy
(18) P(An) = 2(Bn) — = (207 + 9o = ¢(An)) + o|ra(s)])-

w

Indeed, using (8), it follows that:

~ ~ Ol ~

(19) @(An) - 'i(Bn) = @(An) + Ev”v ln(fa(sn)) - @(An)

By (7), note that *ﬁ In(74(sp)) is the time of flight inside W of a trajectory whose initial condition is
(Ta(sn), Pa(sn)), where:

Y9 =h(Zy)  and T =h(Z).



14 ALEXANDRE A. P. RODRIGUES

h
orientation

FIGURE 7. Topological eguivalence:~An = a(ty) , Bn = ®w(al(sy)) = dw(A,) € 2, A, =
h(An) = h((I)v_vl(Bn) and Bn) = CI)V"V(An)'

Near W, (w) N i (ie when 74(s) ~ 0), up to higher order terms, the (real) time of flight inside a

small neighbourhood of w of a point in 3" is essentially governed by T, given in formula (7). Thus, we
may write:

(20) o n(Fa(sn)) = F n(ra(sn) + oflra(sn))
Combining (19) and (20), we have @(A,,) —(B,,) = 7 In(ra(sn)) +o(|ra(sn)|). Using now (17), we get:
B n(ra(sn)) + ollra(sn)]) = (=207 = 9o + palsn)) x ¥

and so $(A,) — Z(Bn) = — 5= (2n7 + o — ¢(An)) + o(|ra(sy)|). Formula (18) is shown.
By Lemma 9 and the subsequent remark, h(a) must be a segment on X2, Thus @(h(a(s)) is bounded;

this means that there exists & € R such that |3(A,)| < k. Equality (18) implies that there exists
k € RT such that:

(21)

Z(B) — Z‘x’ (2mn + o — ¢(4,)) + 0(|ra(sn)|)‘ < k.

w

Taking the limit of (21) for n € N, it implies that:

(22) lim

Z(Bn) 0w (27T_|_ Yo @(An)> T o(|ra(sn)l)

-
n

Since the sequence ¢(A,,) is bounded, then lim, N w = 0. Consequently,

= %277’.

QA

Z(Bn)

29) R
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By construction, one knows that lim,en 2(B,) = ¢, then:

lim 2(h(By)) = lim 2(By) = o,

for some @y € [0, 27[. Therefore there exists M € R* such that:

#(Bp)—2mn <M and #(B,)+2mn <M

and hence for all n € N, it follows that #(Ba) 4 277‘ < %, meaning that lim,cn ’i(%%)

= 2m. Using

n

(23), it implies that aw = taw. A novel and more elegant proof of item (1) of Theorem 1 will be given
in Section 7.

6.2. Togawa’s Theorem: the saddle index. Togawa’s Theorem states that the saddle index of a
saddle-focus is a topological invariant. The idea behind the proof of [42] is the concept of link types of
periodic solutions when d,, = %‘; < 1; more precisely, if Cy, < Ey, Shilnikov [36, 37, 38] proved that there
are infinitely many linked solutions (of saddle-type) arbitrarily close to the homoclinic cycle. The author
considered double round periodic solutions and knot invariants to count the number of twists around
the homoclinic separatrix. The ratio of twists in the first and the second turns determines the ratio of
eigenvalues Cy, and Ej .

The topological invariance of the saddle index reflects the dependence of the configuration of the
invariant manifolds on the saddle index. It may have further implications for the bifurcation diagrams of
two coexisting saddle-foci as those of [27, 33] but this subject is beyond the scope of this article.

Let Tyy(z,y) denote Ty, (Ily(x,y)). We will prove that if (z,,,yn ), € X is a sequence such that:
(24) ln (20, 5n) € Wige(v) (& lim yn = 0),

Tyv (Tn,Yn

then the limit lim,en oy )) does not depend on the sequence (z,,y,), and then it is a topological

invariant.

Alternative proof of item (2) of Theorem 1: Let (z,,,y,) € X as in (24). By (5), we have Ty (2, yn) =
_E%, In |y,|. Using the expression (12), we know that:

[Yn|%v. (@11 cos Felnlyn| —2n ) —arzsin ( FrInly,| — 2,
Hv(xn,yn) - o a : «a
[yn | (@21 cos ( 2 In|yn| — 2n ) — azesin ( F¥ Inly,| — 2y,

Using the argument of Takens [41, Section 3.2], it follows that:

1 v . v
Tvv(xnvyn) = _Fv In <yn|6v <a21 Ccos (glv In |yn| - $n> — Q22 51N (;;V In |yn| - xn))) + 0(|yn|6v)'

Thus, we may write:

. Tvv(xnayn) . In (‘yn|6v~ <a21 COs (%:', 1n|yn| _xn) — agz sin (%:: 1n|yn| _xn>)) +0(|yn|6v)
lim = lim .
neN Ty(zp,yn)  neN In |y, |

Using the properties of In, one concludes that:

. i Tov (T, yn) ; Oy In |y, | +In |:Cl21 cos (%—:’, In |y, | —xn) — a9y sin (%—:’,ln\yﬂ —xnﬂ
(25) nlerRI To(Tpn,yn) n}enlil In |y, | '

Since ag; cos (g—" In |y, | — zn) — agy sin (aE—V In|y,| — a:n) is bounded and lim,en In |y, | = +00 (because
lim,en yn = 0), we focus on the leading terms and we conclude immediately that (25) is equal to dy, the
saddle index of v. O

Tyv (%n,Yn) 3 ta ia :
Tolonyn) > 1, which is consistent with

previous results in the literature, which say that the time of flight through V increases geometrically

If 6y > 1, the homoclinic cycle T'y is attracting and lim, N
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ngc (C )

¢(t.q)

ngc (C )

e

FIGURE 8. Example of a trajectory turning twice around a periodic solution with respect to Ilp.

Ty (ITET (20,yn))

in consecutive visits of a solution to V. If k € N, since lim,en =5 )

straightforwardly that:

= dy, then it follows

TV Hk n»y n
g T @) o
neN  Ty(xn,yn)

7. SPINNING IN AVERAGE

The following definitions and ideas have been motivated by the concept of chaotic double cycling of
Rodrigues et al [34].

7.1. Definition and properties. Throughout this section, let p denote either a saddle-focus or a pe-
riodic solution. Given a homoclinic cycle associated to p, I'p, let V, be a compact neighbourhood of
the node p such that each boundary 0V}, is a finite union of smooth manifolds with boundary, that are
transverse to the vector field almost everywhere. The set V}, is called an isolating block for p.

Consider a codimension one submanifold with boundary II, C V,, of M3, such that (see Figure 8

where p is a non-trivial closed trajectory):

o the flow is transverse to Ilp;

e 1l intersects OV} transversely;

® VVléO('(p) C aHp and quéc(p) - aHP
We call I, a counting section. We are interested in trajectories that go inside the neighbourhood V;, in
positive time and hit the counting section II, a finite number of times (which can be zero) until they
leave the neighbourhood. Every time the trajectory makes a turn inside V}, it hits the counting section.
It is natural to have the following definition where int(A) is the topological interior of A C M3:

Definition 3. Let V;, be an isolating block for p and Il a counting section. Let g € OV}, be a point such
that the following properties hold:

e d7 > 0,Vt € (0,7),0(t,q) € int(Vp)
o o(7,q) € OVp.

The trajectory of q turns n times around p in Vp, relatively to I, if

(26) spin(q, Vp,Ilp) = # ({¢(t,q),t € [0, 7]} N1I;) =n >0 .
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FIGURE 9. The sets Vp and V are two isolating blocks of p such that V, D V3. The point
©(q,0) belongs to the wall of the narrower cylinder V.

Hereafter, this integer will be called by spinning number of g, which strongly depends on the isolating
block and on the counting section. We state the following technical result that we use in the sequel.

Lemma 10. Let (2, yn) € X' be a sequence such that lim,en(zy, yn) € Wi (p) and let Tp(2n,yn) be
the time spent in Vi, by the trajectory whose initial condition is (Tn,yn). The limit

(27) lim 5pin(($na Z/n)7 Vp: Hp)
neN Tp(xna yn)

does not depend neither on the isolating block Vi, nor on the cross section Il.

Proof. Let (zn,yn) € X" and let Ty, (2, yn) be as in the statement. In order to simplify the arguments,
let Vp, and V' be two isolating blocks of p such that Vi, D V3 as shown in Figure 9. Let II5 C V¥ and
Il C Vp be two counting sections at p.

First note that for each ¢ = (,yn) € X3, there exists a bounded map k : X' — Z such that:
(28) spin(q, Vp, p) = spin(p(q,d), V3, I15) + k(q),

where § = min{t € R : ¢(q,t) € OV} — it means that ¢(g,0) is the first intersection of {¢(q,t)}|t>0
with the wall of the narrower cylinder V,;. Using (28), it implies that:

lim spin(p((Tn, Yn), 6), Vp, lp) —  lim Spin(@((wn,yn),(S),V;,H;) + k(zn, Yn)
neN To(xn, yn) neN To(Zn, yn)
— lim Spin(@((xmyn)75)7vgaﬂg) + lim k'(xnayn)
neN To(Tn, yn) neN T (Tn, Yn)
. Spi"(@((ﬁ?nyyn)75)avlfaﬂ§)
- ilenl\ll T5(Tn,yn) + 7 ’

where 7 > 0 is the upper limit of time that trajectories spend from V, to V3 and T, ;(mn, Yn) is the time

of flight of ¢((n,yn),d) through V5. The last equality follows because lim,en Tp(Zn, Yn) = +00 and k
is bounded. O
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Limit (27) is what we call spinning in average, which does not depend on the choice of coordinates.
Observe that a homeomorphism A maps the local invariant manifolds into local invariant manifolds and
cylindrical coordinates into cylindrical coordinates. Thus, we may conclude that:

spin((zn,yn), Vo, Up) _ . spin(h(@n, yn), (Vp), h(Mlp)) _ . spin(A(zn, yn), 1(Vp), h(Ilp))

lim = lim = lim
neN Tp(xnvyn) neN Tp(h(znayn)) + 0(|yn|) neN Tp(h(xnayn))

For an equilibrium point p, from now on we use as counting section the following rectangle denoted by
IIy:

I, ={(p,0,2): 6=0, 0<p<1 and 0<z<1} .

The coming step is to compute (27) and show that it does not depend on the sequence (z,,Yn)neN-
Denoting by [a] the greatest integer less than or equal to a, we have the following result, whose proof
follows from the expression of the angular component of ®,, in (6) and ®y, in (8).

Lemma 11 (Rodrigues et al [34], adapted). The spinning number of (xn,y,) € L' inside Vy, with
respect to Il is given by:

|:apr($nayn) + xn:| ’

spin((n, yn), Vp, p) = o

which tends to +00 when y, tends to zero.

7.2. Shilnikov cycle. In the present section, we give an alternative proof of item (1) of Theorem 1,
where the absolute value of the imaginary part of the eigenvalues of Df at the saddle-focus may be
considered a topological invariant in .

Alternative Proof of item (1) of Theorem 1. Let (z,,yn) € Ei)” be a sequence such that lim,en (2, yn) €
Wi .(p) and let Tp(xy, ys) be the time spent in V}, by the trajectory whose initial condition is (2, y»).
By Lemma 11, there exists K € RT such that:

Oijvp (x'm yn) + Tn
2w

spin((Tn, Yn), Vp, IIp) — < K.

Since lim,en Tp(Zn, yn) = +00, it implies that:

opTp (Tn,yn)+Tn

szn(('rna yn)7 Vpa Hp) - 27

lim =0
neN Tp(xmyn)
and then:
. apTp (Tn,Yn)+Tn
neEN To(zn, yn) neN  To(Tp, Yn) neN 27Ty (Tn, Yn) o

Since the spinning in average is preserved under homeomorphisms, it follows that |ap| is a modulus of
topological equivalence. O

The previous result allows us to conclude that asymptotically we have:

SPZ.”((xmyn)’VPva) ~ |ap|
To(@n, Yn) o’

(30)

which means that up to multiplication by a positive constant, the time of flight of trajectories with initial
condition (x,,, y,) through V,, (with lim, en ¥, = 0) can be replaced by the number of revolutions around
p as defined in (26). The one-dimensional invariant manifold of p behaves as a vortex core curve since
solutions spiral around it.
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[v—C]

FIGURE 10. Heteroclinic connection involving a saddle-focus v of Morse index 1 and a periodic
solution C.

7.3. Bykov connection. Using the concept of spinning in average, we prove item (1) of Theorem 3. If
(r,y) € B let Tyw(x,y) denote T (Nyw (7,y)) — please recall the definiton of 7y in Subsection 4.4.

Proof of item (1) of Theorem 3. Let (z,,yn) € X such that lim,en(zn,yn) € Wi, (v). Using (5), we
may write Ty (2, yn) = —Ei In |y, |. In the polar coordinates of X", the radial component of 7yw (21, ¥n)
is given by:

R= r\/a2 cos?(ip) + a2 sin?(yp),

v and ¢ = x, — %—‘; In |y,|. Writing the expressions explicitely, we have:

]. v . v
Tow(Tn, Yn) = 5 In (yn|5" X \/a2 cos? (mn - % In yn|) + a—2sin? (a?n — ;— In |yn|>> + o(|yn|5")

and thus:

where 7 = |y, [°

Tow(rmyn) . B (10al™ x /02 o (e — frnlya]) +a2sin (e, — 2 fyal)) + (|l ™)

lim ————= = lim
neN T, (C(:n, yn) neN L% In |yn‘

Using the properties of In, it follows that:

2

B, Ov In [y,| + 3 In (a cos?(z, — Fenlyal) + a2

Tow(Zn, Yn) sin?(z, — 2 In \yn|))
hm _— = hm
neN Ty (2, yn) neN Fy, In |yy|

Noting that In (a2 cos?(z, — 2= In |y, |) + a2 sin®*(z, — 2 In |yn|)) is bounded, the previous limit can

be written as I%YV O

In order to prove item (3) of Theorem 3, we generalize the notion of spinning in average for two
nodes connected by a one-dimensional heteroclinic connection of the type [v — w]. We are interested in
trajectories that go inside a neighbourhood V' in positive time and hit the counting section Il, a finite
number of times until they leave the neighbourhood and jump for W repeating the process. Every time
the trajectory makes a turn inside the neighbourhoods, it hits the corresponding counting sections. This
is the motivation for the following definition:

Definition 4. Let V and W be isolating blocks for v and w, respectively, and let 11, Iy be the corre-
sponding counting sections. Let g € AV be a point such that the following properties hold:

Ir > 0,Vt € (0,71), ¢(t,q) € int(V) ;

90(7-17(1) € 8‘/7

I > 0,Vt € (0,72), o(t, nyw(q)) € int(W) ;

@(72, nvw(q)) € OW;

between V' and W the solution o(t,x) does not visit the neighbourhood of any other saddle.

The trajectory of q turns n; times around v in V| relatively to I, and ny times around w in W, relatively
to Iy, if spin(q, V,Ily) = ny and spin(nvw(q), W, 11w ) = na.
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We may then define the spinning number along the heteroclinic connection [v — w]| as:
spin(q, V, W, Ily, llw) = spin(q, V,1ly) + spin(nvw(q), W, 1lw)
Roughly speaking, if ¢ € ¥, the number spin(q, V, W, I, Il,) counts the number of hits in IT, and
II,, of the trajectory with initial condition g. The following proof has been based on [12, 34, 41].
Proof of item (3) of Theorem 3. Let (zy,yn) € S be a sequence such that limpen(@n, yn) € Wi (V).
By (30), there exists k € RT such that

Oy
Tv(xruyn) - |27T_|Tw(nvw(wn7yn))‘ <k.

|ovy |

spm((xn, yn)7 ‘/7 VVa Hvu Hw) - 2
Y
Thus:

L spin(ns o) VIV I Ty) = [T G g0) + 30T G )|
nlenl\ll T (s Yn)

where 7, (21, Yn) = Ty (Tn, Yn) + S0+ Tw (Nvw (Tn, Yn)) and s, is the time of flight of the transition between
$2ut and . Let us compute the following limit:

=0

lim |av|Tv(xnya yn) + |aw|Tw(77vw(l'na yn))

neN Ty (xy, yn) + sn + TW(UVW(xm yn))

Since lim,en 5, = s € RT, then we may deduce the following:

lim |av|Tv(-rnayn) + |O¢W|Tw(77vw(xnayn)) _
neN Ty (Tn,yn) + 80 + Tw(vw (Tn, Yn))
. |av|Tv(xn7yn) + |Oéw|Tw(77vw(xnayn)) _

= lim
neN Ty (zp, yn) + Tw(ﬁvw(-%'n» yn))

—  lim |0zv|Tv($Cn,yn) + |aw|Tw(77vw($n7yn)) % lim Tv(mn/yn) _
neN Tv(znayn) neN Tv(xnvyn) + Tw(nvw(xnayn))
o Tow (@nsyn) Tow(@nyn)\
= ay| + lim O Enn) g (g4 DY) )
|a |+"1€H1\11 Tv(xnvyn) ”IEHI&I + Tv(xnayn)

—~
*
~

Y (Jav| + |a |& x (14 Oy o
= v w Fu Eu =
= (lav|Ew + |aw|Cy) x (Cy + EW)_la

which does not depend on the sequence (2, yn)nen. Equality (*) follows from the proof of item (1) of
Tyw (Tn,Yn) Cy
Tv(ajn ayn) Ew®

Theorem 3 where we have shown that lim,cn
O

On the proof of Theorem 3, the time 7,, can be replaced by the sum of the local time of flight near the
two saddles because asymptotically solutions spend almost all the time near the saddles and not during
the transition from $2%* and i

7.4. Heteroclinic connection involving a saddle-focus and a periodic solution. The proof of
Theorem 4 is similar to that performed for Theorem 3. We sketch here the main steps of the proof. First
of all, observe that Lemmas 10 and 11 hold for the case where p is a non-trivial closed trajectory. If
(O, 2n) € X8, the spinning number of (0,,2,) inside Vi, an isolating block of C, with respect to the
counting section:

e ={(p,0,2): 6=0, 1<p<l+4+e and 0<z<1}

is given by:
in((6 ), Ve, T) 0, In|z,|
spin ny<n), ) = |5 — )
P e
which tends to 400 when z, tends to zero. By (10), one knows that T (0, 2,) = _E%; In (z,), hence:
. In |z,
spin((0y, zn), Vo, lc) - Tlgc‘ L Tc(On,2n) 1

. i _TEe 1
neN T, 2n) neN T (O, 2n)  neNT X Tc(On,zn) T
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The argument used in Subsection 7.3 to prove (1) of Theorem 3 is valid to show that:

1 v . v Cy
Tvc(Tn,yn) = —E—C In <|yn|6v X \/a2 cos? (xn — 2— In yn|> + a—2sin? (xn — 2— In |yn|>> = T
v v

and then

lim | | Ty (20 Y, Yn) + Q%Tc(nvc(xmyn)) .
neN Tv(zna yn) + 80 +1Tve (Inv yn)

| ‘+2£& % 1_1'_& 71—
NI T B Be)

2m
(lavlBc+ 5

Theorem 4 is now proved. Before finish this section, we would like to stress that we have used the
conjugacy of Theorem 4 just in Subsection 4.3 to construct the suspension around V. Once we obtain
a linear vector field whose flow has a non-trivial closed trajectory of period T, we do not need anymore
the conjugacy.

Ov) X (EC + Ov)il.

8. DISCUSSION AND FINAL REMARKS

In dealing with nonlinear dynamics people are used to ask questions on their asymptotic in time
properties. Even most of concepts used in nonlinear dynamics like Lyapunov exponents or decay of
correlations involve an infinite time limit. Although general answers to these questions are very difficult
to obtain, in this article, in the spirit of the works [16, 34, 41], we have shown that some questions about
topological invariants could be partially answered and that the local dynamics near one-dimensional
homo/heteroclinic connections could be seen as a signature for the global dynamics.

For three-dimensional flows with connections involving saddle-foci, the spiral patterns contain vortices;
the strenght of this swirling motion is measured by the absolute value of the imaginary part of the complex
eigenvalues. The spiralling dynamics and cycling behaviour described in [3, 33, 34] bring strong properties
that should not be neglected in terms of topological dynamics, and constitute the main ingredient for
the proofs throughout all article. The rotation around each equilibrium constitutes a different situation
from that where all eigenvalues of the linearization at the node are real.

For a system with a homoclinic cycle to a saddle-focus, we gave an alternative proof that the absolute
value of the imaginary part of the complex eigenvalues is a topological invariant, in the set of vector
fields whose flow has a Shilnikov cycle. Our proof is different to that presented in [12], in which the
author used knots-type arguments. Furthermore, we have also constructed numerical invariants for cycles
involving rotating nodes, where the saddles are either saddle-foci or periodic solutions. The invariants
depend heavily on the eigenvalues of the linearization of the vector fields at the nodes and they allow to
distinguish different complex dynamics, up to topologically equivalence. These results generalize those
of Gaunersdorfer [16] and Takens [41] for planar vector fields.

A crucial argument of our proofs is the analysis of the dynamics near structurally unstable connections
of dimension one. The Flow Box Theorem does not allow “irregular” behaviour. If the heteroclinic
connections have codimension zero then transverse connections appear, chaos will occur and we would
“lose” information about the “consecutive” times of flight. If the cycle I'yy were asymptotically stable,
then we may generalize Theorem 3: besides I%v’ the ratio g—”c” would also be a topological invariant and
then the constant 6 = dydw > 1 which appear in [16], [25, 26] and [27] would become a modulus. The
time averages of continuous functions along trajectories that converge to the heteroclinic cycle typically
do not converge — we refer to Takens [41] for a relation between the moduli and these time averages (on

the plane). A systematic study on this subject in dimension three is in preparation.

For higher dimensional cycles of rotating nodes, there are works in the literature which describe the
local behaviour near the connections — see for instance Rodrigues et al [34, Section 6]. The extension
relies strongly on the Center Manifolds for Heteroclinic Cycles [39]. Structurally unstable heteroclinic
connections in higher dimensions may require infinitely many new moduli besides known ones for their
description. A lot more needs to be done in order to characterize a complete set of topological invariants
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for cycles of rotating nodes and their non-wandering dynamics. We hope that this article could be a
starting point for further related studies.
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