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Abstract

Previous investigations of riddling have focused in the case where the dynamical invariant set in the symmetric invariant
subspace of the system is a chaotic attractor. A situation expected to arise commonly in dynamical systems, however, is that
the dynamics in the invariant subspace is in a periodic window. In such a case, there are both a stable periodic attractor and a
coexisting non-attracting chaotic saddle in the invariant subspace. We show that riddling can still occur in a generalized sense.
In particular, we argue that the basin of the periodic attractor in the invariant subspace contains both an open set and a set of
measure zero with riddled holes that belong to the basin of another attractor. We call suplsbadoriddle@nd we argue that
pseudo-riddling can be more pervasive than riddling of chaotic attractors because it can occur regardless of whether the chaotic
saddle in the invariant subspace is transversely stable or unstable. We construct an analyzable model, derive a scaling law for
pseudo-riddling, and provide numerical support. We also show that the chaotic saddle in the invariant subspace can undergo
an enlargement into the full phase space when it becomes transversely unstable. © 2001 Published by Elsevier Science B.V.

PACS:05.45.Jn; 05.45.Ac
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1. Introduction

Riddling is a recently studied phenomenon that occurs in chaotic systems with a symmetric invariant subspace
[1-8]. The phenomenon has attracted much attention because it is fairly common for dynamical systems to have a
simple symmetry that often leads to the existence of an invariant subspace. For instance, in spatially extended chaotic
systems such as those described by coupled maps or coupled differential equations, there is a natural invariant
subspace: the synchronization manifold on which all individual oscillators evolve chaotically and synchronously in
time [9-11].

The dynamical conditions for riddling to occur are first described in [2] where it is shown that for systems with
an invariant subspackf: (i) if there is a chaotic attractor iv, and (ii) if a typical trajectory in the chaotic attractor
is stable with respect to perturbations transvers&tothen the basin of the chaotic attractorAr can be riddled
with holes that belong to the basin of another attractov\dif provided that such an attractor exists. That is, for
every initial condition that asymptotes to the chaotic attracto¥inthere are initial conditions arbitrarily nearby
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that asymptote to the attractor offi. The mechanism for riddling to occur and the basin structure associated with
riddling are investigated [6]. Riddled basins are also studied in experiments conducted using coupled electrical
oscillators [4]. More recently, it is discovered and analyzed that small random noise can induce riddling in much
larger parameter regimes, even in those in which riddling would previously be thought not to occur [7].

Previous research has been based on the assumption that conditions (i) and (ii) are necessary for riddling to
occur. In this work, we argue that one of the conditions — condition (i) — the existence of a chaotic attractor in the
invariant subspace, is only sufficient but not necessary. It is necessary, however, that a chaotic invariant set does
existin M. Itis thus sufficient to have a non-attracting chaotic saddlefito have riddling (in a generalized sense).

These findings have dynamical consequences to practical problems. While chaotic attractors are common in physical
systems, it can easily disappear as a system parameter undergoes arbitrarily small changes [12]. For instance, the
dynamics in the invariant subspace may be that of one of the infinite number of periodic windows near a parameter
value at which the chaotic attractor is observed. Since, periodic windows occupy intervals of parameter values which
are apparently dense [13] in the parameter space, we expect the situation to be common in nonlinear systems. At
a given periodic window, one finds the coexistence of a non-attracting chaotic saddle and an attracting periodic
orbit [14]. A question is then, how does riddling manifest itself when the dynamics in the invariant subspace is in a
periodic window whose invariant sets are both a non-attracting chaotic saddle (necessary condition (i) for riddling)
and an attracting periodic orbit? The purpose of this paper is to address this question in view of the stated necessary
conditions for riddling. We find that riddling in fact occurs in the transverse vicinity of the chaotic saddle. Moreover,

the basin of attraction in the transverse vicinity of the stable periodic orbit also consists of open volumes (open
areas in two dimensions). Globally, the basin of attraction of the stable periodic orbit is therefore of a mixed type:
open volumes and riddled-like structures. We call this type of basdudo-riddled basin#\ surprising finding is

that pseudo-riddling occurs in a wide parameter region for both transversely stable or transversely unstable chaotic
saddles, a phenomenon that is in contrast to riddling with chaotic attractors, where riddling occurs only when the
attractor is transversely stable with some of the embedded unstable periodic orbits being transversely unstable. To
quantify pseudo-riddling, we investigate scaling laws for physically observable quantities such as the probability
for arandom initial condition to asymptote to different attractors. An implication of our results is that a riddling-like
phenomenon can arise regardless of the nature of the attracting set in the invariant subspace, in so far as there is
chaos (attracting or non-attracting) in the system. A brief account of these results has been published recently [15].

Another issue we address in this paper concerns the parametric evolution of a chaotic saddle as it becomes
transversely unstable. In the case of a chaotic attractor, it has been known that the loss of its transverse stability can
lead to dynamical phenomenon such as on-off intermittency [16—-23]. Here, we investigate how the chaotic saddle,
which is restricted to the invariant subspace when it is transversely stable, evolves after it becomes transversely
unstable. We find that the chaotic saddle can extend into the entire phase space after the bifurcation, a phenomenon
that is callednetamorphosisf a chaotic saddle [24].

The paper is organized as follows. In Section 2, we give a qualitative argument for the phenomenon of pseudo-
riddling. In Section 3, we present numerical evidence and scaling results for pseudo-riddling. A simple analytic
model for which pseudo-riddling and the associated scaling behavior can be understood fairly completely is presented
in Section 4. In Section 5, we study the evolution of the chaotic saddle after it loses its transverse stability. A brief
discussion is presented in Section 6.

2. Pseudo-riddled basins

We present a qualitative argument for the condition under which pseudo-riddling can be observethééhe
invariant subspace in which there is a non-attracting chaotic s&daie an attracting periodic orlgi?, and letA be
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Fig. 1. A schematic illustration of the dynamical setting for pseudo-riddling: a chaotic saddle and an attracting perio@idrottiét invariant
subspace, and an attracfooff the invariant subspace. Points in the invariant subspace corresponding to the open dense set and the Cantor-like
set belong to the chaotic saddle. The periodic attracxas transversely stable, while the chaotic saddle can be either transversely stable or
transversely unstable for pseudo-riddling to occur.

an attractor offM, as shown schematically in Fig. 1. Assume that the periodic attrétistransversely stable so
that there is a boundary between the basins of attractiéresfdA. SinceQ is stable both inV and in the transverse
direction, the basin of attraction in the transverse vicinit¢)ag an open set containir@ with finite volume. Now
consider the situation where all unstable periodic orbits embedded in the chaotic Saddl&ransversely stable.
In this case, almost all initial conditions in the vicinity 8ft asymptote to the periodic attractor vt. There is
no riddling in this case. As a system paramegtahanges through a critical valyg, one of the unstable periodic
orbits inS becomes transversely unstable and, as a consequence, a set of infinite number of tongues opens at the
location of the periodic orbit and all its pre-images [6]. The situation so described is the riddling bifurcation that
marks the onset of pseudo-riddling fer> pc.

Can pseudo-riddling be observed in numerical experiments wipasses through the riddling bifurcation point?
The answer to this question lies in the interplay between two important time scales: the lifetime of the chaotic saddle
7o and another time associated with the riddling bifurcation. It was shown in [6] that fer pc, trajectories in
the vicinity of M can typically spend an extremely long time nelet before asymptoting to attractéx—a
superpersistent chaotic transient. The lifetime of the transient scaleawith |p — pc| as

A ~ explK (Ap)~T],

wherey > 0 andK > 0. There is a practically important difference in the dynamicsgfas pc between the

case treated in [6], where the invariant sef\ihis a chaotic attractor, and our case here. In our case, supertransient
still occurs but the lifetimeo associated with the chaotic saddle is typically much shorter than the supertransient
lifetime: 10 <« ta. Thatis, a trajectory in the basin of the periodic attra@approaches this attractor in a time that

is typically shorter than the time, it takes a trajectory in the basin of the attractoto approach this attractor. As

a practical consequence, no riddling can be observed, say in numerical experiments, immediately after the riddling
bifurcation, untilzo ~ za. As Ap increasesya decreases and becomes smaller than or equivalemnt. tim this

case, it is easier to observe pseudo-riddling.

To observe pseudo-riddling in numerical or laboratory experiments, a large number of unstable periodic orbits
embedded in the chaotic saddlenust be transversely unstable so that there is a physically realizable probability that
a trajectory with a random initial condition can asymptote to the attra@ctiéve should restate that pseudo-riddling
can occurregardless of whethe§ itself is transversely stable or unstabMathematically, the basin of attraction
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of A consists of an open dense set of tongues off the invariant subsdgdmgt these tongues are restricted to the

setS. Note that this type of riddling is different from riddling of a chaotic attractoMt in which case riddling
disappears when the attractor becomes transversely unstable [1-8]. In this sense, we expect pseudo-riddling to be
more pervasive.

3. Numerical example

We consider the following general class of dynamical systems:
Xn+1 = f (X, r) + higher order terms of,,, Yu+1 = g(Xu, @)y, + higher order terms of,,, Q)

wherex € RNs (Ns > 1),y € RNT (N1 > 1),f(x,, r) is a map possessing an infinite number of periodic windows,
g(X,, a) is a scalar functiorn; anda are parameters. The invariant subspace is defingdy) because for initial
conditionyp = O, trajectories havg, = 0 for all times. We choose the parametdn the magf (x,,, ) so that it is

in a periodic window of perioa:. Let {x,?};’f:1 be a dense trajectory in the chaotic saddle an(k@lxg, X9

be the attracting periodic orbit in the window. The largest transverse Lyapunov exponents of the chaotic saddle and
the periodic attractor are given by

M m

1 1

S— |im = S . oO_ = O .

A= fim D INlgeal-ul AP =23 Infg(R.a)l - ul @
n=1 i=1

wherel is the identity matrix andi a random unit vector in the transverse subspace. To be concrete, we study the

following two-dimensional map:

Xpr1 =Xy (1 —x,) + b)&p Yn+l = 8% Yn + CYZ’ (3)

wheref (x) = rx(1— x) is the logistic mapg, b, andc are parameters. We choose- 3.84 so that the logistic map
is in the period-3 window in which there is an attracting periodic orbit of period-3 coexisting with a chaotic saddle,
as shown in Fig. 2(a), where the chaotic saddle is represented by a trajectory of 50 000 points obtained by using the
PIM-triple method [25]. We are interested in the case wh’e?eremains negative. There are thus two attractors in
the system: the period-3 attractor in the invariant subspaee and the attractor at = +o0. Fig. 2(b) showsA?
and A9 versusz in the range B < a < 2.0 forb = 0.1 andc = 1.0, where, ag is increased from.5, A3 passes
through zero from the negative sideat~ 1.75, while A(TD remains negative in this range @f Figs. 3(a) and (b)
show the basin of the period-3 attractor foe= 1.7 (A? ~ —0.034) andu = 1.8 (A? ~ 0.023), respectively. For
both cases, the basin of the period-3 attractor appears pseudo-riddled, as can be verified through successive blowups
of the basin neay = 0, regardless of whether the chaotic saddleyin= 0 is transversely stable or transversely
unstable The basin of the attraction at infinity is an open dense set of tongues in the transverse neighbashood of
in both figures.

To quantify pseudo-riddling, we focus on the scaling behaviors of some physical observables. In particular, we
consider the probability for an initial condition chosen randomly from a ling &te near the invariant subspace
y = 0 to asymptote to the attractor at infinity. Denote this probabilityfby(e). Figs. 4(a) and (b) show ™ (¢)
versus on a logarithmic scale far = 1.7 and 1.8, respectively. Apparently, we have, for both cases, the following
algebraic scaling law:

Fr(e) ~ €, 4

where the scaling exponentjs~ 1.73 and 0.92 for Figs. 4(a) and (b), respectively. Note the scaling exponent
in Fig. 4(a) is significantly larger than that for the case where there is a chaotic attractor in the invariant subspace
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Fig. 2. (a) The chaotic saddle and the periodic attractor in the period-3 window of the logistic map. (b) The transverse Lyapunov exponents of
the chaotic saddle and the period-3 attractq?,and A?, respectively, versus the bifurcation parametér model equation (3).

Fig. 3. The basins of the period-3 attractor (in black) and the attractor at infinity (in blank) far: €ajl.7 (A? ~ —0.034); (b)a = 1.8
(A3 ~ 0.023).
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Fig. 4. F*(¢) versuse on a logarithmic scale for: (a) = 1.7; (b)a = 1.8.

with similar transverse Lyapunov exponent, sa§, ~ —0.034. In that case, the scaling exponent is proportional

to |A$| which is close to zero [3,7]. The largeness of the scaling exponéoit |A$| = 0, regardless of whether

A$ is positive or negative, is a general feature of pseudo-riddling, in contrast to riddled basins of chaotic attractors.
Physically, such a large exponent means that it is significantly more difficult for trajectories with random initial
conditions near the invariant subspace to asymptote to the attractor off the invariant subspace. The dynamical reason
lies in the finite lifetimerp of the chaotic saddle: a trajectory will approach the periodic attractor in a time given

by 0. When|A$| = 0, it usually takes a long time for trajectories to escape the finite-time transverse attraction of
the chaotic saddle in order to asymptote to the attractor off the invariant subspace.

4. An analytic example and scaling laws

To better understand the phenomenon of pseudo-riddling and the possible universal scaling behavior associ-
ated with it, we construct a simple analyzable model that captures the main qualitative features required for
pseudo-riddling. We focus on the physically interesting case where a large number of unstable periodic orbits
embedded in the chaotic saddle is transversely unstable so that the saddle itself is marginally transversely stable (or
unstable). The model is the following two-dimensional map defined-far < x < oo and 0< y < oc:

h(x,), x, <0,
1 " " ey, x,<0and0<y, <1,
+4q
Xn+l = Xns 0 <y <p, Yn+1 = 3 CYu, O<xp,<p< %andOg <1 (5
1
1fz(1—xn), X, > p, dyi. X > pand0= y, <1,

whereq 2 0,0 < p <1l ¢>10<d < 1, andl" > 0. The mapi(x) is chosen such that it has a stable
fixed-pointO in x < 0, as shown in Fig. 5. Singe >, 0, we see that the-dynamics has a chaotic saddle( 1)
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x A

Fig. 5. Thex-dynamics in the analyzable model equation (5).

with the following average lifetime:

1 ~o
In(1+ ¢q)

and almost all initial conditions eventually asymptote to the fixed-point attr&tevhich is the dynamics in the
invariant subspace = 0. They-dynamics is described by a simple expansion—contraction processfor @ 1,
and we assume there is another attraétémcated aty > 1 and any trajectory witly > 1 asymptotes to it rapidly.
The transverse Lyapunov exponents of the fixed-point attractor and the chaotic saddle are

1-—
A®=-r <o, A-%:(E) Inc+[—p} Ind, (")
q q

to=[InA-2)11= (6)

[ |

respectively. Choosing as the bifurcation parameter, we see thétcrosses zero from the negative side wipen
passes through the critical poipg¢ = | Ind|/(Inc+ | Ind|). LettingY = — In y, we obtain the following dynamics
inY:

Yii1i=a, +7Y,, (8)

wherea,, = —Inc < 0if0 < x, < pande, = —Ind > 0if p < x, < 1. Since thex-dynamics is chaotic for

0 < x < lintimezp, we see that the dynamicsif is afinite-time random walMt is finite-time because the chaotic

saddle iny = 0 has a finite lifetimerp. A trajectory in one of the tongues located at some transversely unstable
periodic orbits embedded in the chaotic saddle behaves, in the phase space, like arandom walker before it is attracted
to either the periodic attract@ in y = 0 or to the other attract@k. Focusing on the situation whepex p. so that

A3 =~ 0, the random walk dynamics can be described by the following drift—diffusion equation in¢ifi2é] L.

P P a2p

oL _plt 9
ar Vo a2 ©)

where P (Y, t) stands for the probability distribution fa¥, v = —A$ ~ 0 is the average drift and =
%(((SY — (8Y))?) is the diffusion coefficient. Choosing initial conditions from a lineYat= 1/Ine (y = ¢),
we have the following initial condition for the diffusion equation:

P(Y,0) = 8(Y — Yo). (10)

1 After submitting this paper, we became aware of the work of Dronov and Ott [38], which contains a more accurate derivation of the scaling
laws.
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Since trajectories having > 1 are lostto the attractératy = 1, we have an absorbing boundaryat 0 (y = 1):
P@O,r) =0, < 10. (12)

To solve Eq. (9) with the initial condition equation (10) and the boundary condition equation (11), we make use of
the standard Laplace-transform technique [27]. Let®d, s) be the Laplace transform @f(Y, 1):

o0
P(Y,s) = f e S'P(Y, 1) dr, (12)
0
we obtain the following equation faP (Y, s):
%P  dP -
v —sP=-8(Y-Y 13
av2 "oy (¥ =~ ¥o) (13)

with the boundary condition
P(0,s) = P(c0,s) =0. (14)
The solution to Egs. (13) and (14) is

— 1
P(Y,s) =——— [0 PY L gy —1v)el-To ) L 9 — vg) e Fr¥—Yo),
Y9 =5, - P,)[ +OFo—Y) +O(Y - Yo) ]
—v ++/v2+4sD
Pe=—=%p (15)

where® (x) is the Heaviside step function. Sinf@oP(Y, t) dY is the probability that the walker is still undergoing
diffusion at timer, the probability for a trajectory to asymptote to the attraétan time o is

Fte)=1- /OOP(Y, 10) dY. (16)
0

As acrude approximation, we assume that walkers who are still diffusing for timey asymptote to the fixed-point
attractorO. We thus obtain

o+ioco [ee) [ee) 2
Fre =1- i o e”O/ dy B(Y. s) = zim/ 9 goro g xp{i/_ o+ —} . (17)
0

27i o ®

In the case, wherep — oo, a closed expression f@t* (¢) can be obtained. Note that in this case, the significant
contribution to the integral in Eq. (17) is the smalfange. Expanding the exponent in the integral in Eq. (17):

Ine /. 2 vin(l/e) .In(l/e)w  In(1l/€)Dw?
— Jiw+ — ~ +1i + e,
D 4D 2D v v3

we obtain

oy~ L <_M) o | v
Frao~sen\——p— )M 2Vinae? |

where erfz) is the error function. Using etf) ~ 1 — (1//7)(1/z) e—ZZ, we obtain

1 1 D 7213
Fte) ~e’/P| = - Zlinelexp| ——2 . 18
(€)~e |:2 0/ v3| ¢l Xp( 4D|Ine| (18)
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Fig. 6. Theoretically predicted scaling relations betwéen(e) ande for different values of lifetime of the chaotic saddle in the invariant
subspace.

Fig. 6 shows log, F* (¢) versus logg e, where the integration in Eq. (17) is done numerically and the parameters
are chosen to mimic the parameter setting in our numerical example (Eqv (3)0.05, D = 1, andzp = 20.

We see that the algebraic scaling law (4) holds well, in agreement with Figs. 4(a) and (b). The dashed straight line
in Fig. 6 denotes the case whetg — oco. We see that indeed, the decay behavior for finiés generally faster

than that for the case of a chaotic attradatas = oo) in the invariant subspace, in agreement with our numerical
experiments of Eq. (3). Note that Eqg. (18), or more generally, Eq. (17), includes the case of a chaotic attractor
(o = 00) as a special case where it was found previously Eate) ~ /P [3].

5. Blowout bifurcation of non-attracting chaotic saddles

When the dynamical invariant set in the invariant subspace is a chaotic attractor, the bifurcation at which the
attractor loses its transverse stability is callddwoutbifurcation [5,28,29]. We notice from our numerical and
analytic models that the transverse stability of the chaotic saddle in the invariant subspace changes smoothly from
being stable to unstable as the bifurcation parameter changes. A natural question is: what is the dynamical character
associated with the blowout bifurcation of the chaotic saddle? Here we argue that at the bifurcation, there is a sudden
extension of the chaotic saddle into the entire phase space [24].

The basic argument goes as follows. Before the bifurcation, the chaotic saddle is restricted to the invariant
subspace. After the bifurcation, the transverse instability of the chaotic saddle stipulates that it acquire infinitely
more new pieces outside the invariant subspace, which were not existent before the bifurcation. To see why, recall
that a chaotic saddle is globally non-attracting and it has a basin of attraction of vanishing volume in the phase
space. Nonetheless,canditionally invariant measurean still be defined on the saddfeConsider a trajectory
on the chaotic saddle iM with respect to the conditionally invariant measure: call d¢oamditional trajectory.

By continuity, a trajectory in the vicinity of the invariant space is also a conditional trajector;m?oﬂt 0, the
conditionally invariant measure on the chaotic saddle is transverse stable. That is, the chaotic saddle tends to attract
nearby conditional trajectories in the transverse directions. Thus, the chaotic saddle is confined within the invariant
subspace and it isolatedfrom the remaining of the phase space. H§r> 0, the conditionally invariant measure

on the chaotic saddle becomes unstable. Now a conditional trajectory in the neighborhood of the chaotic saddle

2 A conditionally invariant measure on a chaotic saddle can be defined as follows [30]. Imagine that we enclose the saddle®jnaireibe
phase space and we sprinkle a very large num@ of initial conditions uniformly in the cube. The number of trajectories that still remain
in Cis N(r) ~ N(0)e"/*, wherer is the average lifetime of the chaotic saddle. Mg(n, ¢, C) be the number of trajectories that areCirat
time nt, where O< n < 1. The conditionally invariant measure is defined tqéC) = lim;_, ;o lim,;0)— 00 No(n, t, C)/N(2).
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is typically repelled away from it asymptotically. Since the trajectory is conditional, it remains conditional under

the dynamics even though it is no longer confined within the invariant subspace. The corresponding measure that
supports the trajectory must be conditional and, hence, it defines a chaotic saddigehdtbeyond the invariant
subspaceM in the transverse subspaces. As a consequence, a sudden enlargement, or a metamorphosis, of the
chaotic saddle occurs a§ becomes positive. The newly acquired infinite pieces of the chaotic saddle do not exist
before the bifurcation: they are created at the bifurcation when the chaotic saddle in the invariant subspace becomes
transversely unstabl@.

The extension of the chaotic saddle in the invariant subspace into the full phase space after the blowout bifurcation
can also be understood by using the analyzable model equation (5). Consider a trajectory in the vicinity of the chaotic
saddle in the invariant subspace. Theariable of the trajectory obeys Eq. (8), the random walk model. Taking the
time average of Eq. (8), we obtaify ;1 = @, + Y,,. Sincew, is a random variable which takes on the valuds ¢
and— In d with probabilitiesp/q and(1 — p)/q, respectively, we have

1-—
= g(—lnc) + Tp(—lnd) = —AS.

Immediately after the blowout bifurcation, we haz«é = Oand, hencd?,,+1 < Y,, whichindicates thaf, 1 > ¥,.

Since: (1) the change in, is finite in one iteration, and (2) on an averageincreases for small,,, we conclude

thaty, cannot reach zero asymptotically. Thus, the trajectory, which is initiated in an arbitrarily small transverse
neighborhood of the chaotic saddle in the invariant subspace, can no longer be restricted to the invariant subspace
and it must lie in the full phase space. Since the trajectory starts in the immediate vicinity of the chaotic saddle
in the invariant subspace, it must still be in the vicinity of the new chaotic saddle after the bifurcation, which now
extends into the full phase space.

The above scenario for the blowout bifurcation of the chaotic saddle can be observed easily in numerical models
such as equation (3). To compute a long continuous trajectory on a chaotic saddle, we make use of the PIM-triple
algorithm.# Figs. 7(a) and (b) show bifurcation diagrams of the chaotic saddle, where the dynamical vasjables
andy, of PIM-triple trajectories on chaotic saddles are plotted versus the paranietel.7 < a < 1.8. Before the
blowout bifurcation, the saddle is apparently confined in the invariant subgpac8. PIM-triple trajectories on
the saddle start to burst out pf= 0 after the bifurcation, as shown in Fig. 7(b). The bursts seem foru. ~ 1.75
in Fig. 7(b) are transients. To better visualize the chaotic saddle, in Figs. 8(a) and (b), we show the PIM-triple
trajectories (plotted in black), together with the basin (in gray) of the period-3 stable attractor (large filled circles
on thex-axis) in the invariant subspace, for= 1.7 < ac (before blowout bifurcation) and = 1.8 (after the
bifurcation), respectively. Apparently, far= 1.7, the saddle is confined in the invariant subspaee 0, while
for a = 1.8, the chaotic saddle spreads in the basin of the stable periodic attragtet il, and the Lyapunov

3 Bifurcations of chaotic saddles have been investigated before. For instance, two chaotic saddles can collide with each other as a system
parameter changes through a critical value, resulting in physically observable phenomena such as basin boundary metamorphosis [31,32] and
enhancement of chaotic scattering in open Hamiltonian systems [33,34]. More recently, a homoclinic bifurcation has been identified after which
a chaotic saddle acquires new pieces that were located at a finite distance from the saddle and were not part of the chaotic saddle before the
bifurcation [35]. All these bifurcations were investigated for low-dimensional chaotic systems in which chaotic sets have only one positive
Lyapunov exponent. Blowout bifurcation of the chaotic saddle discussed in [24] and here is a high-dimensional phenomenon where the chaotic
saddle after the bifurcation possesses more than one positive Lyapunov exponent.

4 For two-dimensional hyperbolic maps, it can be proven that the PIM-triple algorithm in [25] yields numerical trajectories that can stay
arbitrarily close to the chaotic saddle. For non-hyperbolic cases, if the map is invertible, numerical evidence suggests that the algorithm is still
capable of yielding an approximate natural measure for the chaotic saddle [36]. Our model equation (3) is a two-dimensional non-invertible map,
as most model systems utilized previously in the study of riddled basins. Thus, in our case, there is no assurance that the PIM-triple algorithm
would generate an approximate trajectory on a chaotic saddle. Nonetheless, we find that the algorithm generally yields trajectories that are
consistent with the dynamics (e.qg. Figs. 8(a) and (b)).
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Fig. 7. For the numerical model equation (3), bifurcation diagram of the chaotic saddle near the blowout bifureatrsriat5: (a)x versus

a, and (b)y versusa, wherex andy are the dynamical variables of a PIM-triple trajectory on the chaotic saddle. There is an extension of
the saddle beyond the invariant subspace 0O at the bifurcation. The trajectory points with> 0 seen before the bifurcation are transients.
Asymptotically, there is a sudden extension of the chaotic saddle into the full phase space at the blowout bifurcation.
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>0.5
L —— g
0 0.5 1
X
1 (b)
>0.5

X

Fig. 8. PIM-triple trajectories (plotted in black), together with the basin (in gray) of the period-3 stable attractor (large filled circlasaxishe
in the invariant subspace, for: (@)= 1.7 < ac (before blowout bifurcation); (y = 1.8 (after the bifurcation).
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exponents of the saddle ake ~ 0.51 andi, ~ 0.006. In general, we find that > ac, the chaotic saddles are
high-dimensional because they have two positive Lyapunov exponents.

6. Discussions

The phenomenon of riddling has been an active area of research in chaotic dynamics [1-8]. Although riddling
relies on systems’ possessing one or more invariant subspaces, the presence of invariant properties is common in
models of dynamical systems. Symmetry, which usually leads to the existence of an invariant subspace, is perhaps
not a rare property in dynamical systems. Riddling is relevant to spatio-temporal chaotic dynamics because spatially
extended dynamical systems such as coupled oscillators often possess an invariant subspace: the synchronization
manifold [4,9-11]. Riddling is also closely related to the phenomenon of on—off intermittency [5,16—23,28]. Most of
the existing work on riddling, however, focused on the case where there is a chaotic attractor in the invariant subspace.

The main motivation of this paper comes from the fact that chaos can not only occur on chaotic attractors, but
it can also come from non-attracting chaotic saddles [14]. In particular, a chaotic system can operate in one of the
infinite number of periodic windows in which a chaotic saddle and a stable periodic attractor coexist. If the dynamics
in the invariant subspace occurs in a periodic window, the question is whether riddling can still be expected. We
have provided a firm answer to this question in the present work. Specifically, we show, with the support of analyses
and numerical evidence, that due to the dynamical interplay between the non-attracting chaotic saddle and the
stable periodic attractor, riddling can then be more pervasive than the case where there is a chaotic attractor in
the invariant subspace. Our scaling analysis also generalizes results obtained in previous studies of riddling. Since
periodic windows are dense and structurally stable and therefore are common in nonlinear systems, we expect our
results to be relevant to problems such as synchronization of nonlinear oscillators [9-11,37].

Finally, we wish to suggest how the phenomenon reported in this paper can possibly be observed in experiments.
Take, e.g. the experimental system consisting of a number of coupled chaotic electronic circuits by Heagy, Carroll,
and Pecora to study riddled basins [4]. In the original experiment, the parameters of the chaotic circuits are chosen
so that each circuit, when isolated, exhibits a chaotic attractor. In order to observe pseudo-riddling, one can simply
adjust the parameters of each circuit so that it falls in a periodic window and examine the basin of the synchronous
periodic attractor. As we have predicted in this paper, pseudo-riddling can occur regardless of the transverse stability
of the chaotic saddle in the periodic window, which means that, in the experimental situation described, the range
of the coupling conductance between the circuits for pseudo-riddling to be observed can be much larger than that
for the case where each circuit exhibits a chaotic attractor. Specifically,detan internal parameter for each
individual circuit, and let; andr, be two parameter values for which the circuit exhibits a chaotic attractor and
periodic window, respectively, wherg ~ r,. Sincery is close to-, the transverse Lyapunov spectrum of the chaotic
attractor at is close to that of the chaotic saddle-atFor each case, one can then change the coupling parameter
systematically and measure the range of this parameter for which pseudo-riddling can be observed (say, visually).
Our point is that it is easier to observe (pseudo-) riddling-fer ro because, for = r1, riddling disappears as soon
as the chaotic attractor becomes transversely unstable, whitefor, pseudo-riddling still exists even when the
chaotic saddle becomes transversely unstable.
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