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Heteroclinic Attractors: Time Averages and
Moduli of Topological Conjugacy

Floris Takens

Abstract. In this paper we consider attracting heteroclinic cycles. We recall that
these cycles usually have no S.B.R. measure. This is related with the fact that certain
time averages do not converge. We obtain a topological interpretation of the asymp-
totic properties of these non-converging time averages. In terms of these asymptotic
properties we obtain a complete set of moduli for the attracting heteroclinic cycles.

1. Introduction

In this paper we consider heteroclinic ‘attractors’ (they differ from usual
attractors in the sense that they are only attracting from one side) as
in an example by Bowen of a smooth (at least C3) vectorfield in the
plane with two saddle points and two saddle connections as indicated
in figure 1. The eigenvalues of the linearized vector fields at the sad-
dle points are supposed to be so that the cycle, consisting of the two
saddle connections, is attracting from the inside. The special property
of the example is that for no orbit, converging to this cycle, there is a
corresponding ‘physical measure’.

We say that p is the physical measure corresponding to an orbit z(t)
of a flow in a space X if, for each continuous function g: X — R, the
phase average [, gdu equals the time average lim¢_, 1/t fg g(z(s))ds. In
other words, the physical measure of an orbit describes the probability
of finding a point of the orbit z(t), for big values of ¢, in the different
regions of the phase space X; see also [R,1989]. This notion of a phys-
ical measure is closely related to the notion of an S.B.R. measure, see
[S,1970]. In particular in this example the loop of saddle connections is
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an ‘attracting’ set without such S.B.R. measure.

Figure 1: Phase portrait of the example by Bowen.

In the example by Bowen, if z(t) is an integral curve, converging to
the cycle, and if g is a continuous function on the plane, taking different
values in the saddle points A and B, the time average

t
Jim [ gla(s)ds
does not exist. This means that in this example there is an open set of
initial states (the basin of attraction of the cycle) such that the corre-
sponding orbits define non-stationary time series (whenever one uses an
observable which has different values in the two saddle points).

I attribute this example to Bowen: although he never published
it, T learned this example through a paper by Ruelle who referred to
Bowen (we have no reference: even Ruelle could not localize that paper).
The example is ungeneric in the sense that it is not persistent under
perturbations (which can break the saddle connections). In the mean
time these homoclinic cycles were also discovered independently by other
mathematicians in situations where they are persistent. In the context of
population biology, were one uses dynamical systems on a simplex, they
were studied by Gaunersdorfer [G,1992], who proved non-convergence
of time averages (as was pointed out to me by M. Krupa). Also in the
context of symmetric vector fields the homoclinic cycles can occur in a
persistent way, and were analyzed e.g. in [GH,1988].

In [G,1992] there are relations between the limsup and the liminf of
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the partial time averages

t
gty =1/t /0 g(a(s))ds

and the eigenvalues of the linearized flows at the saddle points. These
results can in fact be formulated in terms of the moduli of topological
conjugacy as introduced in [P,1978].

In this paper we extend the relations between the asymptotic be-
haviour of the partial time averages and the moduli of topological con-
jugacy. We construct a new modulus, the value of which can be deter-
mined from the asymptotic behaviour of the partial time averages (and
hence is in invariant under topological conjugacy) and which, together
with the moduli defined before (and whose values can also be determined
from the asymptotic behaviour of the partial time averages), determine
the heteroclinic attractor and its basin of attraction up to topological
conjugacy. Our results admit straightforward generalizations to hetero-
clinic cycles with more than 2 saddles in dimension 2.

The non-existence of physical measures is against physical intuition.
This intuition is supported by the ergodic theorem [B,1931] which im-
plies that for dynamical systems preserving a probability measure, al-
most every (in the sense of that measure) orbit defines a physical mea-
sure. See also the survey on time averages by Sigmund [S,1992]. The
example of Bowen, described above, has an open set of orbits which do
not define physical measures, but the example itself is exceptional: it
has two saddle connection which can be perturbed away. As we ob-
served before, for dynamical systems with symmetry and for dynamical
systems on a simplex, heteroclinic attractors occur in a persistent way.
It is however an interesting and probably difficult question to deter-
mine whether there are such persistent examples for general dynamical
systems (smooth vectorfields or maps on R™).

2. Statement of the main results
We denote, for the example of Bowen given in figure 1, the expanding
and contracting eigenvalues of the linearized vector field in A by a4 and
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—a_ and in B by g4+ and —3_ — we recall that the saddle points are
denoted by A and B. The condition on the eigenvalues which makes the
cycle attracting is that the contracting eigenvalues dominate: o_3_ >
o By

The modulus associated with the upper, respectively lower, saddle
connection is denoted by A, respectively ¢. They are defined by

A=a_/B+ and 0 = f_/ay,

their values are positive and their product is bigger than 1, assuming
the cycle to be attracting.

We first restate the result of Gaunersdorfer, for our present case of
a two saddle cycle, in terms of the moduli of topological conjugacy:

Theorem 1. (See also [G,1992]). If g is a continuous function on R?
with g(A) > g(B), and x(t) an orbit converging to the cycle, then we
have for the partial time averages g(t):

o 1
1‘ g—= —— B —
imsup § 1+0_g(A)+ 1+0_g(B)
liminf g = —— ——g(A).
iminf g 1+/\g(B)+1+)\g( )

In order to formulate our main results we need to introduce some
more notation. We continue to use g for the partial time averages of
g(z(t)) as defined in the introduction. For big values of ¢, z(¢) is during
most of the time near A or near B. To formalize this, let U4 and Ug be
small neighbourhoods of A and B such that the function g is on these
neighbourhoods bigger than the above limsup, respectively smaller than
the above liminf (still assuming that g(A) > g(B)). Then for values of
t for which z(¢) is in Uy, § is increasing, while for values of ¢ for which
z(t) is in Up, g is decreasing. The intervals for which z(f) is in Uyg
or Ug are increasing in length unboundedly, the transition intervals,
in which z(t) is going from Ug to Up, or vice versa, are uniformly
bounded in length. Now we take sections £, and ¥,, as indicated in
figure 1 intersecting the upper, respectively lower, saddle connection
transversally. The successive times at which our orbit z(f) intersects
these sections are denoted by ¢ < f9, etc., so that z(¢1) € Ty, z(t2) €
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Ys, etc. By taking the sections smaller, one may miss the first few
intersections and get a sequence #; = t; o5 for some integer k. Also,
since we are only interested in the asymptotic behaviour of {¢;} for
i — 00, we can allow the numbering ¢ to start at a value different from
1.

Theorem 2. In the above situation the following limits exist:

to:l1 — to.
hmwzﬁh/a_i_:g

lo; — 121
toi Lo — to
lim —242 7 2+l o /g, =
toi41 — t9;
This implies that
to: —t21
lim 227" o
to; — t2;_2

Also the limit
limt; o —to; — Ao(te; — t2;_2)
exists, and is a new invariant of topological conjugacy (or modulus)
which we denote by v.
Our final result is that the three moduli, mentioned up to now, are
complete.

Theorem 3. If we have two vector fields X and X' on the plane R?, both
with a cycle as in the Bowen example, then there is a conjugacy of the
closure of the domain of attraction of one of the closure of the domain
of attraction of the other if and only if for X and X’ the three moduli
(here denoted by A, o, and v) are equal.

3. Proof of the theorems

3.1 Linearizations

It is known that, for saddle points of C® vector fields in R2, one can
construct linearizing coordinates which are C17¢, where ¢ is a positive
number, depending on the eigenvalues of the linear part of the vector
field at the saddle point. Without loss of generality we assume in what
follows that ¢ < 1. This was proved by Hartman [H,1960|, even for
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vector fields which are C! and whose first derivative is Lipschits. In the
present case we not only need these linearizing coordinates, but we also
need a certain freedom in constructing them. For this reason we rather
refer to [PT,1993], where a more geometric construction is given from
which it is clear what freedom one has in the choice of these linearizing
coordinates, but where we need the vectorfield to be C3. Below we
describe these results in the form which we need here.

y

— T —— _Ey

JEU

T, ) X

Figure 2: Linearizing coordinates near a saddle point in the plane.

We consider a C3 vectorfield Z on the plane, which has a saddle point
in the origin with contracting, respectively expanding, eigenvalue —7vy._,
respectively v4; see figure 2. Then there are C11¢ coordinates # and 7,
defined in a neighbourhood of the origin, such that, in these coordinates,
the flow of Z has the form Z,(Z,79) = (& exp(y+t), §exp(—y—_t)). These
coordinates are not unique. In fact, if one takes a (small) section L,
transverse to the stable separatrix of the saddle, and a (small) section
¥, transverse to the unstable separatrix of the saddle (see figure 2),
one can take these linearizing coordinates in such a way that ¢ and Z
on ¥, respectively ¥;, equal one. With this requirement the linearizing
coordinates are even uniquely determined in the quadrant where they
are both positive.

Changing the section 5, to Z;(2) (where Z; denotes the flow of Z),
corresponds to multiplication of § with a factor exp(vy_t); changing &,
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to Zi(Xz), corresponds to multiplication of Z with a factor exp(—~y,t).

27» daB/d6A=1
Ve

Figure 3: Domains V4 and Vp of the linearizing coordinates.

Now we apply this to the example of Bowen; see also figure 3. We
take sections ¥y and X, transverse to the upper saddle connection cy,
respectively the lower saddle connection ¢, as in the previous section.
Then we take linearizing coordinates A4 and 64 in a neighbourhood V4
of A such that As and 64, restricted to ¥, respectively %,, are equal
to one. In the same way one constructs linearizing coordinates, denoted
by A and G35, in a neighbourhood Vg of B which are, restricted to ),
respectively %,, equal to one.

On these sections 4 and ¥p we have, apart from the linearizing
functions which are equal to one, restrictions of linearizing functions
which can be used as a coordinates (and which are zero in the inter-
section of the section with the saddle connection). On each of these
sections we have two of these coordinate functions: one defined on V4
and one defined on Vg. In general these two functions are not equal on
the section — this complicates the proofs and is related with the modulus
v. In general one can even not take the sections ¥, and ¥, so that the
two coordinate functions on both sections coincide. The best we can do
is to make on one of the sections, say on X the first derivatives of the

two coordinate functions equal in the point of intersection with the sad-
dle connection cy. This can be done by replacing =, by X:(2,), for an
appropriate value of ¢. In fact, doing so has the effect that &, is multi-
plied by a factor exp(a._t) and 65 by a factor exp(—(.-t). From this one

Bol. Soc. Bras. Mat., Vol. 25, N. 1, 1994



114 FLORIS TAKENS

easily sees that by moving the section X, one can make the derivatives
of the two coordinate functions on the other section ¥, equal in the
point of intersection with the saddle connection. One cannot improve
things by also moving the section X, because if we apply X; to both
sections then essentially nothing changes: the coordinate functions will
then just be composed with X_;. The ratio of the derivatives of the two
coordinate functions on ¥ in the intersection with ¢y is related with
the modulus v.

W

Figure 4: Transition map of a saddle point of a linear vector field.

3.2 Proof of the first part of theorem 2 and of theorem 1
We start with the first two limits in theorem 2. For this we recall some
facts concerning linear vector fields on the plane.

Let Z be a linear vector field on the plane, given by Z = v, 8/0x —
~_0/0y, with both v+ and ~_ positive. The sections {z = 1} and
{y = 1} are denoted by T, and X; see figure 4. For a point (s,1) in X,
with s > 0, the integration time ¢, needed to reach the other section %,
is given by

t=——,

T+
The point of intersection of the orbit through (s, 1) with X, is given by

(1,8 = §7) where v = y_/v4.

We apply the above considerations to our example, using again the
notation as shown in figure 3. We consider an orbit which first passes
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through V5 and then through Vj.

First in Vg, using the linearizing coordinates Ap and 63, we take the
orbit entering at 6 = s. This orbit will stay during time —(1/84)In s
in Vz and will exit at Ap = s? (as above with v we use § = 6_/f+ and
a=a_/oy).

Then it enters in V4 at Mg = f(s®) =a-sP + O(Sﬁ(l"'s)) = s', where
f is the function which describes the transition from the B-linearizing
coordinate to the A-linearizing coordinate. The derivative of this func-
tion in 0 is denoted by a, and this function has the same differentiability
as the linearizing coordinates, namely C'*¢. The orbit will now stay in
V4 during a time —(1/ay)lns’ = —(1/ay)(Ina + Blns + O(s7)). Now
we easily see that the quotient of these successive times (more precisely:
the time spent in V4 divided by the time spent in Vg) approaches, as s
tends to zero, the value (884)/at+ = B-/at = 0.

This proves the first limit in theorem 2. The second can be derived
in the same way.

For later reference we notice that the above arguments give even the
slightly stronger result that |

B (Bi41 — g — o (f2s — t2i-s)) = —(1/a4) Ina.
and
Jim (242 — toit1 — Altaits — t2¢)) = 0.

Next we give the proof of theorem 1. We only derive the limsup —
the formula for the liminf can be obtained in the same way. We divide
the orbit z(¢) in ‘periods’, each starting in X, (note that the different
periods are not equally long). During these periods, the ratio between
the time spent in V4 and Vg, approaches o: 1. Since, for increasing ¢ the
orbit spends an increasing part of the time it is in Vp in a very small
neighbourhood of B (and the same for V), the partial time averages,

at the end of the periods, will approach the weighted average of g(A)
and g(B):

g
A e

Since the partial time averages are increasing as long as the orbit is
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V4 and is decreasing as long as the orbit is in Vg (except if it is in
the transition fase), the above value must be the limsup as stated in
theorem 1. This completes the proof of the first theorem.

3.3 Proof of the second part of theorem 2

In this proof we prefer to divide the orbit z(¢) in periods, which begin
and end each time the orbit is passing ¥, — so the periods are separated
by the ¢ values £9;. First we consider two successive periods. We assume
that the first period starts when the orbit enters V4 at a point where
the Mg coordinate has the value s. By the same type of arguments as
used in the previous subsection one derives that the total time of this
cycle is

—(1/ay + a/B+)Ins + O(s*)

and that the total time of the next cycle is
—(1/at + a/B+)(afBlns +Ina) + O(s*),

where a, as before denotes the derivative of A 4 with respect to ;\B at
the intersection of ¥, with the separatrix ¢, and where the linearizing
coordinates are Cclte,

This means that

toit2 — to; — af(te; — toi-2) = —(1/oy + /B4 )Ina + Ry,

where R; = O(s¢%), s; being the X4 coordinate of z(t;_3). Since s;41 =
a - s;’ﬁ 1 + O(s*P)), R; is converging to zero. Since a3 = Ay this proves
the second part of theorem 2. For the third modulus we have

v=—(1/a+ + a/f+)Ina.

In the next subsection we show that v is an invariant under topological
conjugacy.

For later reference we note two things. First, that R; converges
so fast to zero that the infinite sum 3, 4|R;| converges. Second, that
—(1/a+)Ina can be expressed in terms of the moduli: —(1/ay)Ina =
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(1/at)1/atr +a/fr) v =1+ (aat)/B+) v = 1+ 1) 1w

3.4 The proof of theorem 3

It is known that A and o as defined before are invariants under topo-
logical conjugation, see [P,1978]. In order to show that also v is a
topological invariant we proceed as follows. Let z(t) be an orbit as be-
fore which is mapped by a topological conjugacy to an orbit z'(¢t). For
both orbits we can construct the sequences {t;} and {¢;} as before —
since topological conjugacies do not need to respect the sections, these
sequences need not coincide but one can make them — by changing the
indices ¢ to ¢ + 2k, for some k, in one of the sequences — so that the
differences t; — t; are uniformly bounded. Theorem 2 then implies that
also the values of v and v/ are equal for both vector fields. Hence v is
invariant under topological conjugacy.

Next we prove that the three moduli are complete. For a given vector
field X on the plane as in the Bowen example, we construct another such
vector field X' such that the three moduli are the same, and such that
for the second vector field X’ we have linearizing coordinates such that
(denoting corresponding objects for X’ by the same symbols as we used
for X, but now with a prime) :\’A and ;\’B, restricted to X are equal
and such that ¢/, restricted to X/, is equal to a’ times 5. We have to
show that, in these two cases the vector field, restricted to the domains
of attraction of the cycles, are topologically conjugated.

We first observe that for X', due to the special requirements, a
stronger versions of theorem 2 holds: For any orbit z'(¢) converging to
the cycle and {t;} as defined before, we have

thiva = iyl — Altoiq1 — ;) =0,
thir1 — thy — olth; —th; 1) = —(1/c/ ) lna’ = 1+ X 1w
and hence
thiyo — b — Aa(ty; —ty;_9) = V.
This means that for the lengths of the successive periods T} = t5, 19—t

we have T}, ; = afT] + v. For any sequence {t;}, satisfying the above
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formulas there is exactly one corresponding orbit of X’ and the sequence
also determines the initial point z'(0) of the orbit.

Now we consider an orbit z(¢) of X and the corresponding sequence
{t;}. From the above observations it follows that a conjugacy should
map x(t) to an X’ orbit z'(¢) such that the sequences {t;} and {t/} of
these orbits can be taken so that ¢; — t; is uniformly bounded. However
we need more: since z(tg;) converges, for ¢ going to infinity, to X, N ¢y,
also x’(t2;) should converge to a point of ¢, — this means that ¢; — ¢
should converge to a constant. In fact we shall construct the sequence
t; such that the above formulas are satisfied (and hence such that there
is a unique corresponding X’ orbit z'(¢)) and such that ¢; — ¢, converges
to zero. This means that the conjugacy from z(t) to z'(t) extends to a
conjugacy from ¢, to ¢, in such a way that ¥, Nc, is mapped to X/ Nc,.
We mentioned in the proof of theorem 2 that to; 11 — to; — o(to; —t2;-1)
converges to —(1/ay)Ilna = (1+\) v = —(1/d/,)Ina’. This means that
the conjugacy from x(?) to z'(¢) also extends continuously to a conjugacy
from cy to ¢ mapping ¥) Ncy to Ty Nc).

So to complete the construction of the conjugacy, restricted to the
orbit z(t) (and its closure), we only have to construct the sequence {¢;}
satisfying lim; ., t; — ¢; = 0 and satisfying

to; 1o — to; — Ao(ty; — ty;_o) =,
and
t9ir2 — tosp1 — Altaiy1 — 19,)-

We first concentrate on the conditions involving ¢; and ¢, for even
values of i. We define T; = t9;12 — to; and recall that T; — AoT;_1 =
v+ R;, with ;3| R;| converging to a finite value. For each ¢, we construct
a sequence Téi),Ti(l), e ,Ti(i) = T; such that Tj(i) — /\aTj(i)l = v for
j=1,...,i. Then T''™ — T = Ao)=+D Ry 1, s0 limj oo TS =T
exists. We take this Ty as starting point of a sequence {7} such that T;—
AoT,_1 = v. Then we have lim(T; — T;) = 0 and |T; — 1_';| < E;‘;Hl\le.
This implies that lim;_,., Eﬁzo(Ti — 1_';) converges to a finite value. This
means that we can take th; so that T; = b, 5 —t5; and lim(tg; —t5;) = 0.
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Finally we take o, 1 so that t5,, o—t5,, 1 = A(t5;, 1 —%5;). This concludes
the construction of the sequence {t;}.

We obtain a topological conjugacy by applying the above construc-
tion to all orbits. It is easy to see that in this way we get a continuous
map h such that Xjh = hX;. We only have to verify injectivity. This
follows from the fact that for two different orbits z(t) and Z(t) of X, the
asymptotic behaviour of the corresponding sequences {t;} and {¢;} are
not the same. This last fact can be seen as follows.

Without loss of generality e may assume that tg = tg = 0, so that
z(0), Z(0) € ., and also that the A4 coordinates of both points are
sufficiently small. Then it follows that the ratio of the A4 coordinates
s; and 3;, of the intersections xz(ty;) and Z(tp;) of the orbits with X,
goes to zero or to infinity. On the other hand, as we have seen, the
values of t9; 19 — t9; and #9;19 — t9; are asymptotically, up to a fixed
multiplicative and a fixed additive constant, equal to Ins;, respectively
In3;. This implies that ¢; — #; cannot be uniformly bounded. This
completes the proof of theorem 3.

Acknowledgement. The author acknowledges hospitality at IMPA, Rio
de Janeiro, and financial support from CNPq, Brazil, during part of the
period this paper was written.

References
[B,1931] G.D. Birkhoff, Proof of the ergodic theorem, Proc. Nat. Acad. sci. 17
(1931), 656-660.

[G,1992] A. Gaunersdorfer, Time averages for heteroclinic attractors, SIAM J. Math.
Anal. 52 (1992), 1476-1489.

[GH,1988] J. Guckenheimer, Ph. Holmes, Structurally stable heteroclinic cycles,
Math. Proc. Cambridge Phil. Soc. 103 (1988), 189-192.

[H,1960] P. Hartman, On local homeomorphisms of Euclidean spaces, Bol. Soc.
Mat. Mexicana 5 (1960), 220-241.

[HPS,1977] M.W. Hirsch, C.C. Pugh, M. Shub, Invariant manifolds, Lecture Notes
in Mathematics 583, Springer-Verlag.

[P,1978] J. Palis, A differentiable invariant of topological conjugacies and moduli of
stability, Asterisque 51 (1978), 335-346.

[PT,1993] J. Palis, F. Takens, Hyperbolicity and sensitive-chaotic dynamics at ho-
moclinic bifurcations, Cambridge University Press, 1993.

Bol. Soc. Bras. Mat., Vol. 25, N. 1, 1994



120 FLORIS TAKENS

[S,1970] Ia. G. Sinai, Mesures invariants des Y-sistémes, Actes Congrés Int. Math.
Nice 2 (1970), 929-940.

[S,1992] K. Sigmund, Time averages for unpredictable orbits of deterministic sys-
tems, Ann. Operations Research 37 (1992) 217-228.

[R,1989] D. Ruelle, Chaotic evolution and strange attractors, Cambridge University
Press, 1989.

Floris Takens
Mathematisch Instituut
Rijksuniversiteit Groningen
P.O. Box 800

9700 AV Groningen

The Netherlands

Bol. Soc. Bras. Mat., Vol. 25, N. 1, 1994



