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Abstract

We show a scenario of a two-frequency torus breakdown, in which a global bifurcation occurs due to the collision of
a quasi-periodic torus 7° with saddle points, creating a heteroclinic saddle connection. We analyze the geometry of this
torus-saddle collision by showing the local dynamics and the invariant manifolds (global dynamics) of the saddle
points. Moreover, we present detailed evidences of a heteroclinic saddle-focus orbit responsible for the type-II intermit-
tency induced by this global bifurcation. We also characterize this transition to chaos by measuring the Lyapunov expo-
nents and the scaling laws.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Non-linear phenomena are abundant in nature. It has been extensively studied in several areas of physical sciences
[1], economy [2], ecology [3] and applied engineering [4]. The behavior of a non-linear oscillator may change as we vary
a control parameter; the oscillator undergoes a bifurcation, causing a change in the topological picture of the solution in
the phase space, thus altering the dynamics. Bifurcations can be local (changing only locally the behavior of the oscil-
lator in the phase space) or global (changing the behavior of phase space as a whole). The understanding of the bifur-
cation scenario for an oscillator is particularly important for the characterization of its dynamical behavior.
Surprisingly, there are just a few bifurcation scenarios in which a non-linear oscillators initially presenting a periodic
behavior can undergo a transition to chaos. These transitions has been studied in conservative [5] and dissipative sys-
tems [6,1].

Among the routes to the appearance of chaotic behavior are the bifurcations of a quasi-periodic attractor with N
incommensurate frequencies, also known as torus 7%. Landau proposed the motion on such high-dimensional torus
as the basic mechanism to create turbulence; as a parameter is increased towards the turbulence, successive modes
of incommensurate frequencies would arise. In this situation, the dynamics of this higher-dimensional torus would
be regarded as a model for turbulence. But, Newhouse-Ruelle-Takens [8] showed that turbulence can already arise
from the destabilization of a low-dimensional three-frequencies torus 7°. They showed that small perturbations on

* Corresponding author.
E-mail address: murilo@mpipks-dresden.mpg.de (M.S. Baptista).

0960-0779/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chaos.2007.06.115


mailto:murilo@mpipks-dresden.mpg.de

T. Pereira et al. | Chaos, Solitons and Fractals 39 (2009) 2198-2210 2199

the constant vector field of the T° are enough to create chaos by torus destruction, resulting in a dynamics that presents
infinitely many frequencies. This bifurcation explains the appearance of chaos from a torus of three or more frequencies
but does not hold for a low-dimensional torus 7°. So, one could expect that chaos does not appear by the destabiliza-
tion of a T2 torus, but this is not the case.

Curry and Yorke [9] showed that chaos, with broadband spectra, could emerge directly from the destabilization of a
torus 72 This scenario is characterized by a 7> born from the destabilization of a stationary solution, followed by a
successive series of phase-lockings and, eventually, the onset of chaos. The emergence of chaotic behavior is generally
associated to the appearance of a localized folded and wrinkled structure, as reported in laser systems [10] and in line-
coupled diodes [11]. A frequency characterization of this type of chaos shows that the frequencies present before the
torus breaks are still dominant in the chaotic trajectory. A metric characterization shows the appearance of an extre-
mely small and positive Lyapunov exponent.

Recently, it was shown the appearance of chaotic behavior by a transition directly from the torus 77 [12-14], in
which there is a collision of the torus with saddle points originating a type-II intermittency [15]. In this scenario, there
is a mechanism of reinjection associated to a heteroclinic connection between the central unstable focus and the saddles,
which takes the trajectory back to the vicinity of the focus. This trajectory evolves in a laminar fashion around the focus
towards the saddles. It behaves chaotically in the saddles vicinity, and far away from the region delimited by these sad-
dles, returning to the focus along the heteroclinic orbit. This alternation between this type of laminar and chaotic
behavior characterizes the type-11 intermittency.

The breakdown of the torus 7° by a torus-saddle collision differs from the Curry—Yorke in the sense that it is asso-
ciated with the appearance of many frequencies, where the old frequencies no longer play an important role. Addition-
ally, a global bifurcation creates a robust heteroclinic cycle with the appearance of a very large positive Lyapunov
exponent. As reported by Lethelier et al. [16], this phenomenon is not restricted to continuous-time systems but it also
happens in spatiotemporal systems.

In this work, we review this scenario of 72 breakdown [12-14] and, in addition, we present details of the methods
previously used to characterize such a scenario. We especially analyze the global dynamics: the collision of the torus
with the saddle forming a heteroclinic saddle connection, the non-linear mechanism responsible for the type-II intermit-
tence. We also characterize the local dynamics: the existence of the focus and saddle points, i.e. the stretching and the
folding character of the saddle vicinity and the spiraling character of the focus vicinity. As the parameter is varied and
the torus 72 grows in size, the positions of the saddle points remain almost unaltered. So, it is the torus that approaches
the saddle points and not vice-versa.

This work is organized as follows. In Section 2 we present the forced Chua’s circuit and in Section 3 the experimental
set-up. In Section 4 we show the experimental results that support the numerical scenario shown in Section 5. The con-
clusions are given in Section 6.

2. Forced Chua’s circuit

The forced Chua’s circuit constructed and analyzed in this work was introduced in [17,12]. The circuit and the char-
acteristic curve of the piecewise-linear resistor Ry are schematically shown in Fig. 1. This circuit is well known [20] and
it is basically a RLC oscillator (a) with a non-linear active component, the Ryr (b).

This circuit is composed of two capacitors, C; and C,, two resistors, R and r, one inductor, L, and the non-linear
(piecewise-linear) resistor, Rny. V.1, Ve, and iy represent the tension across the capacitors, and the current through the
inductor, respectively. The Ry characteristic curve is mathematically represented by:

iNL(Vcl) = mOVcl +05(m1 - mO){‘Vcl +Bp‘ + |V(:1 7Bp|} (1)

The forcing applied to the circuit, shown in Fig. 1 is of the form Vsin(2nf ¢), where V is the amplitude and f'is the
frequency.

3. Experimental setup

The non-linear resistor is constructed such that the characteristic curve presents my = — 0.539(3), m; = — 0.910(2),
and B, = 1.200(4) V (the number between brackets indicate the deviation in the last digit). The components of the cir-
cuit are C; = 0.0047 uF, C, = 0.052 uF, R € [1.0,1.7]KQ, L = 9.2 mH, and r = 10 Q. We set the resistor R to obtain the
regime of a Double-Scroll-like attractor, and then we introduce the perturbation destroying this attractor, which gives
place to the attractors observed in this work.
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Fig. 1. (a) Forced Chua’s circuit, the forcing is represented by V),sin(2nf,t) and (b) the piecewise-linear characteristic curve of the
resistor Ryr.

We use a Tektronix AFG320 function generator connected in parallel to the resistor r, to introduce the forcing in the
circuit. An Agilent 35670 A dynamic signal analyzer is used to check the frequency f of the circuit, by a Fourier trans-
former in the variable V.. Data acquisition is performed using an AT-MIO 16E1 National Instruments board (12 bits)
connected to a computer controlled by a software developed in LabView language, for a sampling of 6=1/250 kHz.

We acquire the variable V., (¢ = id), with i representing the number of acquired data points. Next, we identify all its
local maxima, which is the variable chosen to reconstruct the attractor.

These maxima are obtained by fitting a 2 degree polynomial to a set of 15 points of the experimental time series.
Then, it is verified whether the maximum of the fitting curve is within the time interval corresponding to the used time
series. If so, this maximum point of the fitting is taken as a local maximum V', (n) where the n index represents the num-
ber of maxima. This time series V,,(n) is used to reconstruct the attractor V., (n) x V., (n + p), using time-delay embed-
ding coordinates [18]. The parameter p represents the time-delay for the embedding space. The value p is chosen
conveniently according to the geometry of the attractor studied, here p = 2. This reconstruction is a two-dimensional
map of the attractor. Thus, the torus 72 appears as a cycle in this representation and a limit cycle as a point.

4. Experimental torus-saddle collision

We use as control parameters the voltage V" and frequency f of the forcing. The behavior of the forced circuit is very
rich and complex. In the parameter space several windows of phase-locking emerge when we change these parameters
[19]. In particular at "= 0.7 V and f'= 3500 Hz, a periodic window is obtained and we explore this situation in details.
For V'=0.7V fixed, we change f within the interval [3505,3537] Hz and built the bifurcation diagram as shown in
Fig. 2. The periodic window remains up to f= 3514 Hz, when a Hopf bifurcation occurs, so a torus 7° takes place.
Further increasing the control parameter, at f=3530.6 Hz a sudden change in the system dynamics happens, the
destruction of the torus by a torus-saddle collision.

In Fig. 3a, we show a torus 72 created from a Hopf bifurcation of a limit cycle. In the used two-dimensional recon-
struction this bifurcation corresponds to an attracting fixed point becoming an unstable focus. Close to the Hopf bifur-
cation point, the torus has a circular shape with the average radius, (r), that scales as (r) < (f — f.)? as fis increased,
with f. being the parameter for which the bifurcation occurs. As the parameter is increased further, the torus shape
becomes like a pentagon, Fig. 3b. This change happens when the torus grows and gets close to the five fixed points cor-
responding to a period-5 unstable saddle orbit.

At a critical parameter = 3530.6 Hz, the torus collides with the external saddle points. Fig. 3¢ shows a parameter
situation in which the torus has already collided with the saddles. In this figure, the diamonds outside of the broken
torus represent the scaping of the trajectory from the broken torus, along the unstable manifolds of the saddle points.
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Fig. 2. Bifurcation diagram of the forced Chua’s circuit, for = 0.7 V. One sees a fixed point that bifurcates by a Hopf bifurcation
into a torus 72 At a critical parameter = 3530.6 Hz (indicated by the letter C) a torus-saddle collision happens. The attractors
indicated by the letters (A-D) are shown in Fig. 3.

Analyzing the destroyed torus, depicted in Fig. 3d, we can see that the dynamics is still related to the torus. In fact,
the trajectories behave as if they were in a quasi-periodic oscillation, around the saddle points, for a while. Thus, they go
away from the saddle vicinity along the saddle unstable manifolds, spending some time far away from the region delim-
ited by the saddles. Then, they are eventually reinjected in the unstable focus vicinity, spiraling toward the saddle
points. Then, this cycle repeats itself. This process is the characteristic mechanism of type-II intermittency.

This unstable focus is obtained by the Fixed Point Transform [21], which consists in transforming the original data
set, such that the transformed data is concentrated on the periodic orbits. The histograms of the transformed data pre-
sents sharp peaks at the location of the unstable periodic orbits, which allow us to estimate their positions.

The focus point is represented in Fig. 3¢ by a diamond inside the broken torus. The existence of the saddle points,
near this distorted torus, can be verified by introducing a small noise in the forced Chua’s circuit. This is done by
approaching a magnet in the inductor. This causes a change in the magnetic flow of the inductor, which induces a small
change in a dynamical variable, taking the trajectories away from the attractor. With this procedure we are be able to
place the trajectory in the vicinity of the saddle points, as well as, everywhere else in the phase space. We repeat this
perturbation until we have a picture of the phase space in which we can clearly see the saddle points. Those are iden-
tified by selecting trajectory points that after p-iterations are mapped close by. In Fig. 4 we show the torus and the per-
turbed trajectories that are placed in the vicinity of the saddles. After reaching the saddle vicinities, the trajectory goes
either toward the torus or away from it, by the unstable manifolds of the saddle points, following the directions indi-
cated in this figure by the arrows.

The approach of the 77 to the saddle points causes a change in the dynamics that can be observed by the time the
system spends in each part of the torus. The more distorted the attractor becomes, the more time the trajectory remains
close to each torus corner. From the time series of maxima V', (n), we construct a k-return map 0, X 0,1, where 0 is the
angle between the trajectory and the inner unstable focus, and k is chosen in accordance to the rotation number. A
representation of this angular variable is shown in Fig. 3b, which is used to show the permanence of the trajectory
in the vicinity of the saddle points, which can be seen in the return map of Fig. 5. This return map reveals five regions
which are mapped close to the identity line. The trajectory takes more time to leave the vicinity of these tangent points
than in any other place. The local geometry of the mapping around the saddle points can be analyzed by observing the
return of a set of initial conditions, around these saddles, after five iterations. In Fig. 6, we connect the points in the set
of initial conditions to the corresponding returning points. We have selected the shortest arrows in order to not over-
whelming the picture. This technique completely reveals the dynamical structure around the saddle points.

Now, we argue that the trajectories in the branches of the broken torus, the extended structures in Fig. 3d, are ruled
by the unstable manifold of the saddle points. To see this, we evolve in time a set of points in the branch, close to the
saddle, and after for example 15 iterations this small ball returns to the branch, but stretched. So the trajectories in the
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Fig. 3. (a) A torus 77 is shown, for f = 3518 Hz. In (b) the torus becomes like a pentagon, due to the manifolds of the unstable saddle
points, near the torus, for f=3529 Hz. In (c) we show the attractor right after the torus has collided with the saddle points. The
diamond points are a first scape of an orbit from the broken torus, and the central point inside the torus is a repeller focus, obtained by
a Point Fixed Transformer, for f'= 3530 Hz. In (d), the chaotic attractor born from a global bifurcation, the torus-saddle collision, for
f=3531 Hz.

branches are governed by an unstable manifold. Following the consecutive iterates of the branches, we notice that the
points on the branches are eventually mapped on the vicinity of the focus.

A schematic view of the dynamics of trajectories in the broken torus is shown in Fig. 7. We illustrate the manifolds of
the saddles points, and some orbits leaving the unstable focus, toward the saddle points. The placement of the trajectory
around the focus happens associated with a heteroclinic orbit connecting the saddle points with the central unstable
focus. So, the unstable manifold of the saddle are eventually mapped in the focus.

The scaping of the trajectory from the saddles (chaotic bursts) and the subsequent reinjections around the focus can
be also recognized in the time series V,(n), in Fig. 8, where one can see that the orbits spiral out from the center, getting
closer to the saddle points, followed by a chaotic burst. Eventually, they are reinjected around the focus along the het-
eroclinic orbit, generating the characteristic behavior of the type-II intermittency.

As idealized by Pomeu and Manneville [15], the type-II intermittence is born with a Hopf bifurcation in such a way
that the steady state goes to an oscillatory behavior, the trajectory spiraling around the focus, followed by chaotic
bursts. To generate intermittence they conjectured a non-linear mechanism of reinjection. However, in some situations
[22,12,13], it can happen that after the Hopf bifurcation the oscillatory behavior is still stable, and only after some var-
iation in the control parameter the intermittent behavior takes place, which is the case of our experiment.

When the torus looses its stability and the intermittent behavior takes place, one can still write the same normal form
as for the inverse pitchfork bifurcation [5], since one has an analogous resonance condition on the eigenvalues of the
unstable focus. So, in the presence of a global mechanism which set the trajectory in the vicinity of the focus, the usual
analysis of the laminar time statistics can be applied.
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Fig. 4. At f'= 3529 we introduce a small noise in the magnetic flow of the inductor. This take the trajectories away from the torus and
reveals the structure of the phase space near the torus, i.e., the existence of the saddles.
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Fig. 5. Return map of the 20th iterate. This enable to detect five points which are mapped very close to themselves, and the system
spends more time at these points. These points are related to the corners of the pentagon-shape attractor in Fig. 3d, showing that the
attractor settles close to an unstable period-5 saddle orbit.

The scaling law expected in the type-II intermittence is not fixed, in other words, given the average laminar time ©
and e = |[f — f.], the scaling t « € depends on the approximation done in order to get the scaling law. As shown in Ref.
[5], the exponent can vary from u=—1/2to u=— 1.

The average laminar time t may be difficult to be estimated since the determination of the laminar period can be
mislead by the fact that we are working in a projection of the full phase space. Therefore, we rather compute a more
robust quantity called y [22]. Thus, instead of measuring the laminar time we measure the chaotic bursts, y is the frac-
tion of the time of the chaotic burst y = f,uret/fi0ra1 and, as the chaotic burst is very pronounced, the statistics of is better.
Assuming 7 < € ¥, the variable y is related to t by
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Fig. 6. The arrows connect a given point with its 5th iterate. One can see the saddle structure represented by the arrows, the unstable
(stable) manifold is revealed by looking at the direction of the vectors. The filled circle indicates the saddle point position and the
oversized arrows indicate the unstable and stable manifolds of the saddle point.

Fig. 7. We illustrate the dynamics of the Sth iterate of the broken torus. We show the manifolds of the saddle points, and some orbits
that departure from the focus and go toward the saddle points.

1= (1+9) @

with d being a constant (see Ref. [22] for more details). Since 1 < d/e”, Eq. (2) can be written as y o €. From our exper-
imental results we have that u =~ 0.97 (Fig. 9), which suggests that the observed scenario is of a type-1I intermittence.
Next, we estimate the Lyapunov exponents of our data through the Eckmann—Ruelle technique [7], using the well

known definition of the Lyapunov exponents:
(3)

.1

where Aﬁ.v are the eigenvalues of the matrix M and

M = HJ(X,,), (4)
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Fig. 8. Time series of the maxima for V), = 0.7 and f, = 3531. After the trajectory escapes from the saddle neighborhood along the
unstable manifold, it behaves chaotically (chaotic bursts) until its reinjection around the unstable focus. Thus, it spirals toward the
saddles in a laminar fashion.
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Fig. 9. We show logy x log|f — f.|. By fitting the data set, we have that the average laminar time scales as 7 o |[f — f.|*, where u ~ 0.97,
which agrees with the interpretation of type-1I intermittence.

where x,, represents a vector with coordinates { V,.(n), V.i(n + 2)}, and J(x,,) is a linear transformation that places the
points in the vicinity of x,, to the x,,4. If the Jacobian is invertible we can write it in the form:

J =0T, (5)
where O is an orthogonal matrix and T is a triangular matrix (if an specific matrix is not invertible, we eliminate it from
the calculus). We can do a partition by the QR decomposition technique. So, we are able to write:

J,=0,T,0, . (6)

Therefore, M can takes the form:
M = O(x,)T(x,))T(xp_1) - .. T(x1). (7)
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Now, the Lyapunov exponents can be written as

1 N
A= D In|[Ty(x,)l- (8)
n=1

The spectra of the Lyapunov exponents, for the forced Chua’s circuit has the form A = (14,0, 4>, — ¢). The null expo-
nent corresponds to the direction of the flow, and the —c¢ exponent corresponds to the strong stable foliation. The other
two exponents, 4; and 1,, correspond to the stretching and the folding dynamics of the return map V. (n) X V.i(n + 2).
The spectrum that corresponds to the attractor of Fig. 3d is 4; = 0.30 + 0.08 and 4, = — 0.1 4 0.04, with one positive
Lyapunov exponent, and therefore chaotic behavior.

5. Numerical results

In order to have a better understanding of the system we perform numerical analysis of the circuit equations, with
parameters that adequately reproduce the experimental scenario. The equations that describe the system shown in
Fig. 1 can be obtained by applying the Kirchoff’s laws to the nodes of the circuit. These equations are not autonomous,
due to the time dependence of the perturbation. However, adding one more equation we put the system of differential
equations in an autonomous form. The resulting state equations are given by

dv, 1 .
1T1:1—3(Vp2—V01)—1NR(VC1), 9)
dr, 1
——=—V,4-V. j 1
Crge mgVa Vet (10)
di .
Liszcszsmd), (11)
dr
d¢
= 12
a = (12)
where V., and V,, are the voltage in the capacitors C; and C,, respectively, and i; is the electric current across the
inductor L. The analysis is done at the Poincaré section V., = — 1.5. For each n crossing of the trajectory we have a

pair of points {V.x(n),iz(n)}.

2 T

0.03 -

< 0.02—

0.0l

I |
0.1775 0.178 0.1785 0.179 0.1795

f

Fig. 10. (a) Numerical bifurcation diagram, similar to the one experimentally observed, Fig. 2. The letters (A-D) indicate the
attractors which are depicted in Fig. 11. (b) Largest Lyapunov exponent. At a critical parameter, f'~ 0.179, one can see an abrupt
transition of the largest Lyapunov exponent.
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For convenience, we introduce the usual parameter rescaling which produces a set of dimensionless parameters [19].
We permit a slight modification of the rescaled parameters due to deviations in the real experimental values. Thus, the
parameters used in the numerical simulation of the circuit of Fig. 1 are C; =0.1, C, =1.0, L=1/6, % =
0.575, my = —0.5, m; = —0.8, and B, =1.0. We integrate the forced Chua’s equations by using the 4th order
Runge-Kutta method with an integration step of 0.01.

5.1. Unstable periodic orbits

In order to detect the saddle points as well as the focus, we introduce a numerical technique, which can be adapted to
experimental data series. The method consists in integrating the equations for several trials and changing the initial con-
dition in each trial. The initial conditions are randomly chosen within a volume centered at a point p, in the chosen
Poincaré section of the phase space. The point py has to be close to the searched period-n unstable orbit.

Each integration trial is performed until the trajectory, departing from these initial conditions, returns to the Poin-
caré section after the next nth crossings. The distance between the initial condition and the returning point is measured
and compared with the previous trials. The point p, is thus replaced by the initial condition that has the minimal abso-
lute distance with the returning trajectories. The initial conditions are now randomly chosen around this new center p;.
We repeat this process i times until the distance between the initial condition and a returning point is smaller than 1075,

If the system performs i = 5000 trials without changing the point p;, the range in which the initial conditions are cho-
sen is decreased by a factor of f5, here = 0.8, meaning that the overall volume is decreased by a factor of ¢, where d is
the dimension of the phase space. This is required because the bigger is the volume of search the smaller is the probability

1.8 |~

0.7 0.8 09 1 1.1 07 0.8 0.9 1 1.1
V1)

Fig. 11. Simulation of the experimental attractors observed in Fig. 3. The saddle points are indicated by filled circles and the focus by a
filled square. In (a) it is shown a fixed point, for f = 0.17785. In (b) the torus is born from a Hopf bifurcation, for f = 0.17832. In (c) one
can see the deformation in the torus due the presence of the saddle points, for = 0.17893. In (d) it is shown the destroyed torus, for
f=0.1791. The attractors in this figure are obtained for a fixed V' = 0.234.
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of finding a better central point p;. Since during the trials both the initial conditions and their respective returning points
are saved, it is possible to figure out how the space is mapped near the fixed points.

This method is not convergent for all points, since the center of search p; can be mistaken by a recurrent orbit, that is
not periodic. That can be avoided with a previous analysis of the system, and a suitable estimation of the initial central
point and volume, around a region where an unstable periodic orbit seems to exist.

This method is applied throughout this section to obtain the unstable periodic orbits and their fixed points, i.e., their
intersections with the Poincaré section presented later on.

5.2. Numerical picture

We fix the perturbation amplitude at V= 0.234, and change the frequency in the interval f=1[0.1775,0.1795]. We
analyze the system dynamics in a Poincaré section at V., = —1.5, and in Fig. 10 a we show the bifurcation diagram
plotting V', (n) versus f, and in Fig. 10b we show the maximum Lyapunov exponent as a function of the control param-
eter f.

Fig. 12. We show the same torus shown in Fig. 11c with the unstable focus (light gray square), the saddle points (gray circles), and a
picture of the manifolds of the saddle points the stable direction (squares) and the unstable direction (triangles). The manifolds are
depicted by iterating a set of initial conditions very close to one saddle point.

Fig. 13. The unstable periodic orbit of the chaotic flow responsible for the saddle points in Fig. 11d.
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Fig. 14. Local structure around the 5-period orbit saddle orbit. We connect a given point near the saddle and its 5th iterate by an
arrow.

In Fig. 11 the Poincaré section of the attractors indicated by letters (A-D) in Fig. 10 is given. We also show the sad-
dle points, depicted by the filled circles (gray), and the focus depicted by a filled square (light gray). These periodic
points are obtained by the method proposed previously. In Fig. 11b, after a Hopf bifurcation that happens at
f=0.1781, a torus 7> takes place. This Hopf bifurcation is a local bifurcation, so it does not change the structure
of the phase space far away from the bifurcation point.

As the torus approaches the saddle points, it becomes distorted due to the presence of these points, Fig. 11c. We
manage to get an illustration of the manifolds of the saddle points. For that, we evolve forward and backward a small
set of initial condition, very close to a saddle point. The result is shown in Fig. 12, where we depict the torus showed in
Fig. 11c and the trajectories of these initial conditions chosen near the saddle. The unstable periodic orbit containing
the 5 saddle points of Fig. 12 is presented in Fig. 13 together with saddles indicated by the filled circles. The local
dynamics around the saddle points can be seen in Fig. 14. In this figure, by the tick arrows represent the local linear
geometry around the saddle, i.e., the stable (dark gray) and unstable eigenvectors (gray) of the saddle. The local geom-
etry is depicted likewise done in Fig. 6. We iterate a set of initial conditions around the saddle and connect the returning
points to the Poincaré section with arrows that are not too large (<107%) in length. This procedure reveals the local
structure around the saddle, indicating the stretching and expanding character of the saddle point.

We also numerically obtain a scaling law for the average laminar length (7) of the type-II intermittency observed in
the attractor depicted in Fig. 11d, for V= 0.234. Analogously to the experimental scaling, we obtain (7) o |f — f.| 7,
with y = 0.98 £+ 0.08. Note the agreement between the experimental and numerical exponents. We also calculate the
Lyapunov exponent of the attractor depicted in Fig. 11d, obtaining 4; = 0.37 £+ 0.06 and A, = — 0.35 4 0.05.

6. Conclusions

In this article we have analyzed experimentally and numerically the scenario of a two-frequency torus breakdown by
a global bifurcation, the saddle-torus collision, in the forced Chua’s circuit. This scenario is characterized by the col-
lision of a quasi-periodic torus with saddle points. The torus is surrounded by the saddle points. As a parameter is
increased, the torus grows in size and touches the saddle points. At the collision, the trajectory spends some time at
the previous neighborhood of the torus, being spelled off the torus region by the unstable manifolds of the saddle points,
the chaotic explosion, eventually returning to the neighborhood of the focus. At the moment of the collision a hetero-
clinic orbit is formed between the saddle and the inner unstable focus, it is responsible for the reinjection of the trajec-
tory from the saddle to the focus. Then, the trajectory spirals off toward the saddle, the laminar phase, being again
expelled, from the saddle manifolds. This endless repeating process between the laminar phase and chaotic explosion
characterizes the type-II intermittency, phenomena borne together with this bifurcation.

We present experimental and numerical new details of this scenario, previously observed in [12-14]. These are mainly:
(i) the existence of the saddle points. They are experimentally observed by introducing a perturbation in the circuit, at a
moment that the saddle points are close to the 72 torus. They are numerically detected by the method introduced in here:
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(i1) The existence of the focus points. They are experimentally obtained by the method of Ref. [21], and numerically by the
method introduced in here; (iii) The manifolds of the saddle points. We also show evidences of the heteroclinic orbit
between the saddle points and the focus, by iterating points at the unstable manifold of the saddle and verifying that they
eventually are mapped in around the focus; (iv) We obtain the Fourier and the Lyapunov spectra, showing that both
suffer a sudden transition at the moment of the torus collision; (v) Verification of a power scaling law for the average
laminar length, (7") with respect to the distance between the parameter, f (perturbing frequency), and the critical param-
eter, f., where the bifurcation takes place. We find that (7) o |f— f.| ", with u=0.97 + 0.05 (experimentally) and
1 =0.98 &+ 0.08 (numerically).
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