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This paper offers a review while also studying yet unexplored features of the area of
chaotic systems subjected to parameter drift of non-negligible rate, an area where the
methods of traditional chaos theory are not applicable. Notably, periodic orbit expansion
cannot be applied since no periodic orbits exist, nor do long-time limits, since for drifting
physical processes the observational time can only be finite. This means that traditional
Lyapunov-exponents are also ill-defined. Furthermore, such systems are non-ergodic,
time and ensemble averages are different, the ensemble approach being superior to the
single-trajectory view. In general, attractors and phase portraits are time-dependent in
a non-periodic fashion. We describe the use of general methods which remain neverthe-
less applicable in such systems. In the phase space, the analysis is based on stable and
unstable foliations, their intersections defining a Smale horseshoe, and the intersection
points can be identified with the chaotic set governing the core of the drifting chaotic
dynamics. Because of the drift, foliations and chaotic sets are also time-dependent,
snapshot objects. We give a formal description for the time-dependent natural measure,
illustrated by numerical examples. As a quantitative indicator for the strength of chaos,
the so-called ensemble-averaged pairwise distance (EAPD) can be evaluated at any time
instant. The derivative of this function can be considered the instantaneous (largest)
Lyapunov exponent. We show that snapshot chaotic saddles, the central concept of
transient chaos, can be identified in drifting systems as the intersections of the foliations,
possessing a time-dependent escape rate in general. In dissipative systems, we find that
the snapshot attractor coincides with the unstable foliation, and can consist of more
than one component. These are a chaotic one, an extended snapshot chaotic saddle,
and multiple regular time-dependent attractor points. When constructing the time-
dependent basins of attraction of the attractor points, we find that the basin boundaries
are time-dependent and fractal-like, containing the stable foliation, and that they can
even exhibit Wada properties. In the Hamiltonian case, we study the phenomenon of
the break-up of tori due to the drift in terms of both foliations and EAPD functions.
We find that time-dependent versions of chaotic seas are not always fully chaotic, they
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can contain non-chaotic regions. Within such regions we identify time-dependent non-
hyperbolic regions, the analogs of sticky zones of classical Hamiltonian phase spaces.
We provide approximate formulas for the information dimension of snapshot objects,
based on time-dependent Lyapunov exponents and escape rates. Besides these results,
we also give possible applications of our methods e.g. in climate science and in the area
of Lagrangian Coherent Structures.

© 2024 Published by Elsevier B.V.
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1. Introduction

The problem of deterministic dynamical systems subjected to parameter drift, a subclass of non-autonomous systems,
attracts increasing interest. Within the realm of dynamical systems theory only some modest attempts have been made
in this direction, and the main motivation for their understanding comes from the need to describe physical processes
of this type. One root in the background of this trend is certainly the phenomenon of climate change, since the forcing
of the climate system, e.g. the CO, content, changes in time. There is by now a considerable climate-related literature
on this (for reviews see, e.g., [1-4]). Within low-dimensional problems, perhaps the first field in which the importance
of treating chaotic-like systems subjected to a driving of arbitrary time-dependence was consistently emphasized is
fluid dynamics, and the concept of Lagrangian Coherent Structures, with some environmental concern [5-13]. Haller and
coworkers emphasize that physical observations always extend over finite time intervals, therefore, theory should also be
compatible with this: we have to abandon infinite-time asymptotes and accept that the time window of observation is
an essential part of the problem. We share this view, and therefore take it over for general dynamical systems, implying
a novel approach.

The subject of this paper is the dynamics of problems in the class of equations

X =F(x, t, u(t)) to <t = tnax, (1)

where X is a vector of state variables, F is a nonlinear function, where the explicit t-dependence, if present, is only of
periodic character, and u(t) represents a set of parameters of general time-dependence. The bounds on time express the
constraint of finite observation time, which is assumed to be valid throughout the paper. It is also important to emphasize
that Eq. (1) represents a two-time, non-translation invariant dynamics, i.e. a dynamics which does not depend only on time
differences, rather both on the initial and final time instances, i.e. not only on t;,, — to, but on both ty and t;. themselves.

In the approach presented here one must consider time-dependent phase space objects, due to the presence of
changing parameters. We build on the following basic elements: snapshot chaotic attractors, snapshot tori and chaotic seas,
and snapshot chaotic saddles, briefly introduced below. They all provide instantaneous patterns (hence the term snapshot),
and arise via monitoring an ensemble of trajectories.

For dissipative cases, the concept of snapshot attractors has been available since 1990, originating from the work of
Romeiras, Grebogi and Ott [14]. These attractors are instantaneous distributions of an ensemble of trajectories, initiated
sufficiently (but not an infinite time) earlier, exhibiting chaotic dynamics and a fractal-looking appearance. A related
concept is that of pullback attractors that appeared in the mathematics literature, see, e.g., [15-17], and became widely
popularized in the context of climate science by Ghil and coworkers, even in low-dimensional cases [18,19]. A pullback
attractor should be initialized in the remote past (i.e. the starting time of the integration tends to —oo), and it represents
the evolution of the attractor along the time axis. The term pullback refers to the property that by pulling back the
initial conditions to the infinite past, the system will forget the initial conditions upon arriving at the present due
to dissipation. An instantaneous slice of the pullback attractor corresponds to the snapshot attractor. Both types of
attractors can be noisy or deterministic. We shall be interested in noiseless dynamical systems, and keep using the
language of snapshot attractors. A number of papers appeared emphasizing the relevance of parameter drifts in problems
describable by deterministic snapshot attractors, covering phenomena such as general aspects of dynamical systems [20-
22], fluid dynamics [23-27], high dimensional problems [28-30], and epidemics in the presence of changing vaccination
coverage [31]. In addition, there is a vast climate change related literature involving snapshot attractors, which will be
detailed in Section 9.1. Here we only emphasize, that the nature of the process is chaotic, i.e., there exist many permitted
co-evolving states, for which a qualitative term, the theory of parallel climate realizations was proposed in [32-34].

The Hamiltonian analogs of snapshot attractors, snapshot tori and snapshot chaotic seas were identified and determined
in a simple time-continuous model and in a discrete-time version of such problems only recently, in [35,36], respectively.
These time-dependent objects are the images of the ensembles of KAM tori and chaotic seas of the drift-free system
taken in the non-autonomous dynamics. Pulling back the system to minus infinity does not help here, since initial
conditions are never forgotten. Thus, “snapshot” is the only proper adjective for the description of instantaneous objects
in non-dissipative contexts, which is why we keep using it for other objects as well, and avoid using the term pullback.

In transient chaos describing non-autonomous systems, the concepts of a snapshot chaotic saddle and its manifolds have
been available for more than a decade (for a review see e.g. [37]). In this case, because of the parameter drift, the central
concept of transient chaos, the chaotic saddle, is itself changing in time. Such objects have been identified in the process
of dying chaos [38,39]. Their unstable manifolds were shown to play a central role in chaotic advection in open flows of
arbitrary time dependence, as locations where advected particles accumulate while being transported away [6,26,40-42].
Even observational evidences have been provided for the existence of time-dependent, snapshot saddles in the dynamics
of the advection of pollutant particles in the atmosphere [43], and in the solar plasma [44].

In [45], an attempt was made to provide a unifying picture for both dissipative and Hamiltonian non-autonomous
chaos by identifying the time-dependent analogs of one of the most important concepts of standard chaos, stable and
unstable manifolds of hyperbolic periodic orbits. Since, however, there is no hope for a systematic identification of a large
number of the time-dependent analogs of periodic hyperbolic orbits, in [46], a further step was made towards generality:
time-dependent stable and unstable foliations were shown to exist and being easily accessible in numerics. As we will
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illustrate, these foliations coincide with the manifolds of snapshot chaotic saddles. A key object of chaos, a snapshot Smale
horseshoe can then be identified as the transverse intersection pattern of these foliations.

In non-autonomous systems, since the phase space contains time-dependent objects, the usual chaos indicators cannot
be computed. In [35], a method was given to determine one of such quantities: the time-dependent version of the largest
Lyapunov exponent. The method is based on the investigation of the distance of trajectory pairs and averaging it with
respect to the ensemble used. This results in the time-dependent function called the ensemble-averaged pairwise distance
(EAPD), and its slope can be considered an instantaneous, time-dependent Lyapunov exponent. The wide applicability of
the concept of both the foliations and the EAPD method will be illustrated in this paper.

On an interpretative level, in [45], the concept of parallel dynamical evolutions was introduced as an essential feature
of the dynamics of chaotic systems subjected to a non-negligible parameter drift, in analogy with the theory of parallel
climate realizations mentioned above. Generalizing similar phrases of earlier papers (see e.g. [47,48]), paper [45] also
claims that a dynamical system can be considered to undergo its own climate change whenever it is subjected to a
parameter drift whose timescale is roughly comparable to that of the internal dynamics.

The present work offers a review, as well as an extension and generalization of the above-mentioned concepts to
provide a better understanding of the dynamics of drifting systems. The main novel features treated here are the following:

e time-dependent Lyapunov exponents are defined as the derivative of the EAPD function, and are shown to characterize
the evolution of the strength of chaos in non-autonomous systems in a wide variety of scenarios,

e time-dependent natural measures are identified and given a formal description not considered before,

e time-dependent escape rates are used to characterize chaotic saddles of changing intensity,

e time-dependent information dimensions of snapshot objects are estimated based on the existence of the natural
measure, using time-dependent quantifiers and classical formulas,

e time-dependent basins of attraction are identified and studied in detail,

e time-dependent non-chaotic regions are found to typically exist within snapshot chaotic seas,

e time-dependent non-hyperbolic regions are shown to exist along the border of snapshot tori, and are identified as the
analogs of the so-called “sticky” regions of autonomous chaotic Hamiltonian systems,

where in all bullet points the adjective “time-dependent” implies aperiodic time-dependence. A number of potential
applications will also be given both within dynamical systems theory and in different disciplines of science.

In the bulk of the paper we focus on point mechanics, a subclass of (1), within which a general class of problems is
described by the equation of motion

X = F(x, %)+ e(t)d(x, %, t), (2)

describing one-dimensional problems, where F represents a nonlinear autonomous force which might be either of
dissipative or Hamiltonian character, d is a driving assumed to be periodic in time, and ¢ is a prescribed driving amplitude.
For &(t) = g9 = constant (2) describes driven nonlinear oscillators. We show that the presence of a time-dependent driving
amplitude &(t), implying an aperiodic driving, leads to phenomena completely different from those known in autonomous
or periodically driven systems, and requires a novel type of treatment, in particular if the dynamics is chaotic, examples
of which are mentioned in the bullet points above.

We focus on a particular subclass of (1): the driving d is chosen to be state-independent and trigonometrically time-
dependent. This latter feature enables us to take over a traditional method of dynamical systems theory: the stroboscopic
mabp, i.e. observing the dynamics at integer multiples of the driving period. We note that this can also be done with any
form of the time-dependent driving, simply by repeating the observation of the system at integer multiples of a convenient
pre-selected time. The advantage of using the map is that it enables us to follow the dynamics on a two-dimensional plane.
With a non-constant driving amplitude ¢(t) the strobospic map is of course itself non-autonomous, and can therefore be
written as

X1 = Fi(Xn, () Mo < N < Ny (3)

This is the discrete-time analog of Eq. (1) in which the presence of the drift is reflected by index n on the mapping function
f and parameter u.

As for the nonlinear force F, besides a linear term, we choose a cubic nonlinearity in the x-variable, with a linear
damping. We thus investigate the paradigmatic Duffing system [49-51], augmented with a time-dependent driving
amplitude in the dimensionless equation of motion [45,46]

X=x—x>—2B%+ &(t)cos wt, (4)

with 8 as a damping constant, and « being the driving frequency. The driving amplitude &(t) for simplicity, and in
keeping with the analogy of climate change, is chosen to be linearly changing in time. Furthermore, the trigonometric
time dependence mimics another feature present in climate, seasonal periodicity. As we will see, much insight can be
gained even from this very simple case. We thus write

e(t) = go + at, 0 =<t = tmaw (5)
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where « is the rate of the parameter drift. In discrete time, we write
en=¢(t=nT)=¢o+anT, 0=n <Ny, (6)

where T = 27 /w is the driving period. Note that, in comparison with (1), we have arbitrarily set ty = 0 (and np = 0
compared to (3)). We emphasize that in contrast to some earlier papers (see e.g. [39,52,53]), this monotonic change is kept
without any crossover into an asymptotic plateau behavior (which would allow for a trivial identification of attractors).
The introduction of minimum and maximum observation times in (5) and (6) is natural since the driving amplitude must
not increase without any limit in reality, in accordance with the view of finite observation time.

Note that formally Eq. (4) can also be written in autonomous form, by considering three independent variables,
described by

x=v, bv=x—x>—2Bv+s(t)coswt, =1. (7)

This is a set of three first-order differential equations, indicating that the phase space is three dimensional. This we shall
call the (x, v, t) phase space.

A scenario is defined by the triplet of the initial driving amplitude, &g, the rate of the parameter drift, o, and the time,
tmax, until which the dynamics is monitored, to which driving amplitude &,,,x belongs. For convenience, we monitor the
dynamics via the stroboscopic map (3). The maximum time of observation will be denoted in the map by n,,q, and the
stroboscopic phase space will be called the (x, v) phase space.

It is important to emphasize that our investigations are carried out in a non-adiabatic framework. The ratio

|| T || 27
R = — =

(8)
o Eow

measures the significance of the parameter shift during a period compared to the initial driving amplitude. The condition

of adiabaticity is most often expressed by means of parameter R as it being much smaller than unity, as described in

classical mechanics [54], and also discussed in modern literature [55-57]. Here, the existence of a maximal allowed time

in (5) makes the definition of another ratio possible as

. | [timax |€max — €ol

= = Rnpay, (9)
€o €0

R/

which measures the significance of the total shift during the scenario. For scenarios appearing in this paper, typical R
values are on the order of 0.01, and R’ values are on the order of unity or somewhat smaller (as ny,q can be up to 100).
We interpret this large value of R" as an indication for the possibility of non-adiabatic effects during the whole scenario.

The small (but certainly not very small) value of R at the same time makes the concept of adiabaticity not conclusive.
In order to have a clear answer, the introduction of a further concept, that of tracking can be beneficial. Tracking holds if
a phase space object monitored during the scenario remains close to its frozen, i.e. non-drifting counterpart all the time.
The concept was introduced in relation to rate induced tippings by Ashwin and coworkers [58], describing phenomena
where tracking breaks down upon increasing the rate of parameter drift. In this context, traditionally attractors - most
often regular attractors - are tracked. We are going to extend the tracked objects to saddles (including chaotic ones), and
to tori and chaotic seas, in the Hamiltonian context. As it turns out, for typical small R values tracking can be broken for
certain phase space objects. Thus, we define a non-adiabatic phase space object as one for which tracking is broken in the
course of the scenario. This formulation implies that within the same scenario the concept of adiabaticity might depend
on the object monitored (on e.g. attractors or saddles), which will be illustrated by examples in the paper. Furthermore,
we say that in our case one can consider a scenario to be non-adiabatic when the corresponding R’ value is large, and
there are objects for which tracking is broken. The conclusion is that in a complex system where chaos is present, single
numbers like (8) or (9) are not sufficient to decide if a process is adiabatic or not.

The paper is organized as follows. Section 2 investigates the simplest, non-chaotic snapshot objects, moving points of
different stability properties, in the phase space of (4). Already here, special emphasis is put on the fact that snapshot
objects differ from their analogs in the non-drifting counterpart, indicating non-adiabaticity. Explicit results are obtained in
the limit of weak driving, with technical details relegated to Appendix.

Section 3 reviews the basic characteristics of time-dependent chaos and presents the main features of chaotic snapshot
attractors, snapshot tori and snapshot chaotic seas. To this end foliations, EAPD functions and time-dependent Lyapunov
exponents, as well as time-dependent natural measures are used. It is again shown, now in the context of chaotic systems,
that drifting systems are significantly different from frozen, i.e. non-drifting ones at the same driving amplitude.

Section 4 is devoted to finding a general relation between snapshot chaotic saddles, and snapshot attractors and chaotic
seas. We demonstrate the so-called sprinkler method widely used to obtain chaotic saddles in time-independent cases.
We then apply this method to drifting systems in both the dissipative and Hamiltonian cases. We show that snapshot
attractors and chaotic seas certainly contain snapshot chaotic saddles, which are characterized by time-dependent escape
rates. We also show that the stable and unstable manifolds of the saddles run within the stable and unstable foliation of
the problem.

Section 5 discusses advanced features found in dissipative systems. We find that simple, time-dependent attractor
points can coexist with chaotic motion, within a single snapshot attractor. The chaotic set in such a snapshot attractor is
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shown to be an extended snapshot chaotic saddle. We also study the basin of attraction of the regular attractors. These
basins are found to accumulate on the fractal-looking stable foliation of the chaotic component of the snapshot attractor.
Having an example with three simple attractors, the boundaries appear to exhibit the Wada property, and the three sets
together occupy the phase space in a space filling way.

Concerning Hamiltonian systems (Section 6), we point out that the break-up of a snapshot torus starts at the first
instant from where the stable foliation, iterated backwards, first intersects the torus at its initial state. We find that the
chaotic set can be approximated either by the unstable or the stable foliation, depending on whether the strength of
chaos is increasing or decreasing within the scenario. Furthermore, we identify non-chaotic regions inside the snapshot
chaotic sea, occupying the areas where the snapshot chaotic sea does not correspond to the snapshot chaotic saddle.
Within non-chaotic regions, time-dependent non-hyperbolic regions are found to exist along the boundary of yet existing
snapshot tori, thus exhibiting similar behavior as traditional non-hyperbolic regions.

An effort estimating the dimension of snapshot objects is given in Section 7. Traditional relations for the information
dimension are applied using the time-dependent Lyapunov exponents and escape rates determined earlier.

In Section 8 we look at some theoretical aspects that could benefit from or are variations of the results discussed
here. Typical non-linear scenarios are reviewed, and their relevance is explored. Undriven non-autonomous Hamiltonian
systems of four-dimensional phase spaces are discussed, a so far untouched class where we expect that the same methods
could be applied after considering Poincaré sections. Another type of investigated systems are undriven autonomous
dissipative systems, exhibiting so-called doubly transient chaos where all motion ceases eventually, while the dynamics
of the phase space shows similarities to the previous system type.

In Section 9 we provide possible applications of the discussed concepts. Regarding climate science, we discuss different
approaches applied for understanding the climate snapshot attractor, while expecting the EAPD method to be useful,
despite the very high dimensionality of the attractor. When looking at Lagrangian Coherent Structures (LCSs), one can
make a correspondence between hyperbolic LCSs and stable and unstable foliations, as well as elliptic LCSs and snapshot
tori, the break-up of which can even be observed following experimental and oceanic eddies. Galaxy dynamics is often
described by simple Hamiltonian maps, providing an example for undriven non-autonomous Hamiltonian problems. In
plasma physics, the dynamics of particles in a tokamak reactor can easily be transformed into a Hamiltonian dynamical
system. If this is non-autonomous, all of the methods described here could be beneficial, especially in determining
time-dependent non-hyperbolic regions concerning the transport of runaway electrons. Lastly, in relation to engineering
applications, we discuss a case with the drift in the driving frequency, where snapshot attractors similar to the ones
presented in this paper are found.

Finally, we give our conclusions in Section 10.

2. Snapshot points: the simplest moving objects with regular dynamics
2.1. The significant difference between the drifting and non-drifting dynamics

The conservative force of the equation of motion (4) derives from a double-well potential of the form
V(x) = —x*/2 + x*/4. (10)

The origin is a local maximum, and corresponds to an unstable state, while the minima at x = =1 represent stable
states. In the undriven case, they are a hyperbolic fixed point and two fixed point attractors in the dissipative, two elliptic
fixed points in the Hamiltonian case, respectively. Fig. 1 shows the shape of the potential (10) (panel a), as well as the
structure of the corresponding Hamiltonian phase space (panel b), with the elliptic and hyperbolic fixed points, as well as
the separatrix highlighted. In the presence of a strictly periodic driving they become periodic orbits of analogous stability
properties (unstable limit cycle, limit cycle attractors and neutrally stable limit cycles), represented by a hyperbolic point
and two point attractors or elliptic points on a stroboscopic map taken with the period of the driving. In the general
case of aperiodic driving, the analogs of these orbits are themselves points moving with an aperiodic time-dependence,
and are aperiodically jumping even on stroboscopic maps [35,45]. To express this difference, these moving points are
called snapshot points [35], and are defined as points which keep their stability character (unstable, stable, neutral) for long
times. The three classes mentioned are snapshot hyperbolic points (SHPs), snapshot nodal points (SNPs) or snapshot attractor
points, and snapshot elliptic points (SEPs).

It is worth knowing that in the physics literature a nonchaotic, regular snapshot attractor was identified by Pikovsky [59]
40 years ago, under the term “synchronization by common noise”, an SNP in our terminology. The mathematics literature
goes back to [60] and ranges up to recent publications [16,17,61] with many examples on moving regular attractors. SNPs
of low order differential equations were also used for illustrating climate-related problems, see e.g. [18,33,62]. SHPs have
been considered in the LCS literature (see e.g. [7,63-65]), termed as moving hyperbolic points, distinguished hyperbolic
orbits, or hyperbolic cores. We intend to apply the adjective “snapshot” to emphasize the common feature of all such
points: time-dependence. The literature on rate induced tippings (see e.g. [58,66-70]) initiated by Ashwin and co-workers,
also investigates moving attractor points, when the system is in the process of transitioning from one state to another,
i.e. tipping. The case of snapshot elliptic points was first treated in [35].

6
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Fig. 1. (a) The shape of the double-well potential (10) with the direction of the small deviations y about the extrema used in (11) indicated by
arrows (not to scale). The time-dependent location y*(t) of snapshot points appears primarily in variable y in the linearized approach. (b) Phase
space trajectories in the undriven Hamiltonian case, with the elliptic fixed points denoted by orange dots, the hyperbolic fixed point denoted by a
red dot, and the separatrix shown in light green.

Table 1
Summary of the different snapshot points and the corresponding parameters, along with their coordinates
in the original variable (x), and their Lyapunov exponents. The particular form of y*(t) depends on &(t).

Type of Snapshot hyperbolic Snapshot nodal Snapshot elliptic
snapshot point point (SHP) point (SNP) point (SEP)
Parameters in y* wr=-1,>0 wi=2,>0 W =2,=0

x coordinate Xép(t) = y¥(t) Xeup(t) = £1 4+ y*(t) Xgp(t) = £14y*(t)

Instability exponent Ar=—-BE/B2+1 A =—-BE/B2-2 Ay = Fiv2

To have more insight on snapshot points, we linearize the equation of motion (4) about the origin and about +1 to
obtain the equation

j = —awhy — 2By + &(t) cos o, (11)

where y denotes the small deviation about the extrema of the potential, see Fig. 1(a), and w% is the second derivative of
potential (10) in these points (see e.g. [71]): a)g = —1 and a)é = 2 corresponds to the behavior about the unstable and
the stable points, respectively. This implies that we consider the weak driving limit of |&(t)] <« 1, so that the investigated
orbits do not leave the vicinity of the aforementioned points, at least for some time. In a linear differential equation
like (11), the snapshot points correspond to particular solutions, denoted by y*(t), of the inhomogeneous equation which
have no exponential contribution form the solutions of the homogeneous equation, as shown e.g. in [33,45]. Solution y*(t)
depends of course on the time-dependent &(t) driving amplitude.

The stability properties of the possible solutions of (11) only follow from its homogeneous part. Table 1 summarizes
these for the different snapshot orbits, also providing the results in the original x variable. The last line displays the
instability or Lyapunov exponents which are independent of time along the trajectory of the snapshot point. The stability
property along y*(t) follows form the homogeneous part of (11) and is therefore the same as that of the undriven problem,
and is hence independent of t and of w.

For the scenario ¢(t) = g9 + at of (5) we search for y* in the form of

V*(t) = ape(t) cos wt + boe(t) sinwt + a;£(t) cos wt + b1&(t) sin wt (12)

since a substitution of this into the linear Eq. (11) leads to no additional types of terms. The substitution @ = ¢ is made
in order to remain compatible with other types of parameter drift. The solution is of course valid as long as | y*(t) |< 1.
The general scheme of the approach is outlined in the Appendix, where also the explicit forms of the coefficients are
given, along with the case of quadratically time-dependent driving amplitudes. It is important to see that the coefficients
depend only on wy, w, B, but not on the scenario, and have no free parameters. The dependence on the driving scenario
&(t) only appears via the terms explicitly written out in (12).

It is worth mentioning that the periodic orbits of the frozen system with a fixed driving amplitude ¢ are given by

J/]fmzen(f) = apé& cos wt + bpée sin wt (13)

with the same amplitudes ag, by as in (12). This clearly shows that y* at g(t) = ¢ and yfmzen belonging to ¢ are different:
the snapshot points differ from their frozen counterparts at any instant of time.

7
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Fig. 2. Stroboscopic images of SNPs (orange dots) close to (x,v) = (1,0) compared with the frozen fixed point attractors (blue dots) of the
corresponding ¢ values, for 8 = 0.2 and w = 1. The images in (a) correspond to a linear drift with &p = 0.01, « = 0.003 and npg = 5 (emex = 0.104)
where the coordinates of the orange dots follow from (17) with x; = 14 y;;. The blue dots follow the same rule with & = 0. In panel (b) a case
of quadratic drift is shown with the same &y, @y = «, and a; = 0.0001 as the coefficient of the quadratic term (see Appendix). In the former case,
the SNPs are not the same as the frozen attractors but are translated by a constant distance, while for the quadratic drift their distance grows in
time as well. The gray lines denote the continuous trajectory of the SNPs in the respective cases. Parameters R and R’ (Egs. (8) and (9)) turn out -
applied formally to the quadratic case as well - to be 2 and 10, hence the drifting process is not adiabatic, also supported by the observation that
a spiraling curve is qualitatively different from an ellipsis or a circle.

In order to find the phase space pattern of the moving snapshot points, let us rewrite (12) as
Y*(t) = Ae(t) cos (wt + ¢) + Bé(t) cos (wt + 0) = Ae(t) cos (wt + ¢) + yi(t). (14)

where the new parameters follow from the previous ones from trigonometric identities, and y;(t) depends only on the
rate of the parameter drift. Similarly, the velocity v* of the snapshot point can be written as

V() = §(t) = —Awe(t)sin (ot + ¢) + vi(t), (15)
where vj(t) contains all the terms proportional to &(t). One sees therefore that the phase space trajectory fulfills

(U* _ v*)Z

VA —YE'S)Z + TO :Azgz(t)s (16)

the trajectory is spiral-like around the moving center (y;(t), vg(t)). For comparison, the periodic orbits of the frozen system

are ellipses around the origin. In the particular case of w = 1, the spirals are of Archimedean type: r(t) = Ae(t) where r is

the distance from the moving center, while the periodic orbits are circles, r = Ae, where r is the distance from the origin.
On a stroboscopic map, at times t = nT = n2x /w, the coordinates of the snapshot points are from (12)

Vi = Gogn + a1, v = bowe, + (ag + biw)e, (17)

where abbreviation (6) has been used. Since both expressions depend linearly on n (via (6)) the snapshot point moves
along a straight line segment. The linear shift on the map, just like the spiraling orbit in continuous time, are valid for
any snapshot point.

Out of the three possible choices, in Fig. 2 we show the trajectory of moving attractor points (SNPs), in gray, as well as
their stroboscopic images in orange. The latters are compared with the frozen fixed point attractors (blue) belonging to
the same driving amplitude as the orange points. Panel (a) shows the case of linear drift (5), while panel (b) exhibits the
results obtained for the quadratic drift s(t) = g9 + a1t + at?, see Appendix. Note the considerable difference between
the SNP and the fixed point attractor, which might even increase in time (panel b).

The difference between the frozen and the snapshot points is present at time zero too (where &g # 0), even if the
derivative of the amplitude is continuous. This suggests that the endpoint of a general scenario valid for t < 0 will not
continuously join the snapshot orbit valid for t > 0: all snapshot points typically jump when a new scenario starts at
t=0.

2.2. The jumps of snapshot orbits at the beginning of scenarios

Here we investigate a peculiar feature not yet fully explored in the literature concerning regular snapshot orbits. As
such, readers mainly interested in chaotic aspects might skip to Section 3. We ask the question if a snapshot point can be
continuously continued when a new scenario starts in (11) with (5) at t = 0. Let the (y, v) coordinates of the endpoint
at time t = 0 of a previous scenario be denoted by (Vend, venq). The general solution of the inhomogeneous Eq. (11) is the

8
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Fig. 3. Jump of the solution from a previous scenario to the orbit of a snapshot point in a hyperbolic case with ¢y = 0.01, « = 0.001, 8 = 0.1,
® = 0.1. Blue curve: orbit fitted to the endpoint of the previous scenario, red curve: snapshot hyperbolic point, SHP, valid for t > 0, gray curves:
11 nearby trajectories initiated uniformly distributed around the SHP.

sum of the general solution of the homogeneous part and a particular solution. By means of the snapshot point solution
given in (12), which is at the same time a particular solution, this reads as

y(t)=c et fc et yi(t). t=0 (18)
A fitting of this to the endpoint at t = 0 leads to the constraints

Yend = C4 +C— +y*(0), (19)

Vend = C4 Ay + A+ v*(0), (20)

where the stability exponents are taken from Table 1 for the different snapshot points, and y*(0), v*(0) are the initial
coordinates of the snapshot point solution (12). This set of equations uniquely determines c,, c_, and the solution y(t)
obtained with these coefficients we call the orbit fitted to the endpoint yjseq(t), @ smooth continuation of the snapshot
orbit ending in (Vend, venq). We shall investigate the relation of this fitted orbit to the snapshot orbit y*(t) existing for t > 0
with driving amplitude (5). For simplicity, we choose the endpoint coordinate and its derivative as the frozen limit cycle
solution at fixed driving amplitude &, yj’fmzen(o) given by (13) at t = 0. We thus illustrate a new facet of the difference
between the frozen and the drifting dynamics, and emphasize that, when joining two scenarios, only the endpoints count,
which could follow from any type of scenario in the t < 0 past.

We start the investigation with the hyperbolic behavior since this is the basic building block of chaotic dynamics.
The blue fitted curve in Fig. 3 deviates quickly from the SHP (red curve). This strong difference is due to the fact that
the instability exponent A is positive for this case, see Table 1, and represents an exponentially exploding contribution,
always present unless ¢, = 0 in exceptional cases. The tendency for deviation from the SHP is present for any typical
initial condition, even for nearby ones, as the set of gray curves illustrate. We thus conclude that the orbit of the snapshot
hyperbolic points cannot be continuously fitted to previous ones. The only exception is when the functional form of &(t) is
the same before and after t = 0.

Fig. 4 shows similar plots for the snapshot nodal point. The fitted blue trajectory itself converges to the red SNP, just
as the 11 neighboring trajectories initiated at v*(0) but with initial coordinates differing from y*(0). Note that any other
initial condition would lead to a similar convergence to the SNP. The frequency of the oscillation is the imaginary part of
As, 0 = /2 — B% &~ 1.411 leading to a period T’ = 4.45. Note that the driving frequency is chosen to be w = 0.1, in order
to illustrate the separation of the period T = 27 /@ = 62.8 of the SNP solution from that of any other. All other possible
solutions oscillate, in the process of converging to the snapshot solution, with the frequency «’. The decay is governed
by B, leading to a characteristic e-folding relaxation time 10. After a few multiples of this, all trajectories are close to the
orbit of the snapshot nodal point in harmony with its attracting character. This means that here a continuous fitted orbit
does exist, and this orbit (the blue curve) itself can be considered as a snapshot attractor. This is in harmony with the
spirit of pullback attractors [16,17] according to which such an attractor should be a continuous solution of the problem
existing over long stretches of time. Note, however, that the blue attractor is oscillating much faster before reaching the
SNP solution than the latter, there is thus a change in the character of the attractor’s dynamics. We prefer to accept only
the SNP as the snapshot attractor, meaning that it does not continuously fit the previous one, and consider the oscillatory
part of the blue curve a transient to the SNP, just like any of the gray curves.

The elliptic case is the § — 0 limit of the attracting one. Fig. 5 is similar to Fig. 4 without of course any sign of
relaxation. The blue curve is oscillating about the snapshot elliptic point, representing a quasiperiodic motion about it,
just like all the gray curves. No continuous fit to the previous snapshot solution is possible, because A, has no negative
real part (see Table 1).
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Fig. 4. Jump of the solution from a previous scenario to the orbit of a snapshot point in an attracting case with ¢, = 0.01, « = 0.001, 8 = 0.1,
® = 0.1 Blue curve: orbit fitted to the endpoint of the previous scenario, red curve: snapshot nodal point, SNP, valid for t > 0, gray curves: 11
nearby trajectories initiated uniformly distributed around the SNP. The time interval shown is half the period of the SNP solution.
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Fig. 5. Jump of the solution from a previous scenario to the orbit of a snapshot point in an elliptic case with gy = 0.01, « = 0.001, @ = 0.1. Blue
curve: orbit fitted to the endpoint of the previous scenario, red curve: snapshot elliptic point, SEP, valid for t > 0, gray curves: 11 nearby trajectories
initiated uniformly distributed around the SEP. The time interval shown is half the period of the SEP solution.

These considerations suggest the view that all snapshot points typically jump when a new scenario starts at t = 0.
There is thus no need to know the past before t = 0. This observation helps accepting the relevance of finite observational
time windows, and allowing for any time, e.g. t = 0, to be the starting point of observation. At the same time it also
illustrates that we cannot speak about pullback hyperbolic and elliptic points, and that this is not a must in relation to
attractor points either. In general, when &(t) is not small, all snapshot points should be searched numerically for t > 0.
A peculiarity of the case of point attractors is that the search is certainly successful since any initial point converges to
the attractor after some convergence time t. (a few times 1/8 in our example). We can thus be sure that time ¢, after
initialization the snapshot attractor is reached even if the past before the instant of initialization is not known. The features
discussed in this section, as we shall see later, hold for chaotic snapshot objects, as well. In particular, the convergence
time t. will be relevant in the context of chaotic attractors too.

3. Basic features of chaotic drifting systems

In chaotic systems subjected to parameter drifts of non-negligible rate a number of basic methods of standard chaos
theory cannot be applied:

e The famous periodic orbit expansion [72] has to be discarded since no periodic orbits exist.

e Individual trajectories are not representative as they differ from any member of the trajectory ensemble used [39],
and are numerically unreliable. Furthermore, not even a single long trajectory would have any meaning (even if it
was allowed), since it would not trace out the snapshot attractor or the chaotic sea, see next point.

e Such systems are non-ergodic, time and ensemble averages are different as detailed in [14,73,74], one cannot fully
rely on the celebrated paper of Eckmann and Ruelle [75]. The finite observation does not provide sufficient temporal,
single-trajectory based statistics, therefore the ensemble view allowing for accurate statistics is superior to the
single-trajectory view. This means that chaotic snapshot objects and their natural measures can only be provided by
means of ensembles evolved from different initial conditions, governed by the same dynamics.

10
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e Strict fractality cannot exist because really fine-scale structures cannot be generated with finite-term simulations,
and, furthermore, self-similarity across all scales is lost, as it was shown in [76].

Furthermore, the finite observational time in physical processes is of enhanced importance in chaotic cases, since the
opportunity of comparison with asymptotic results is not possible because of the perpetual qualitative change of the
dynamics.

The aim of this section is to explore methods which can, nevertheless, be used for the identification of chaotic structures
of the phase space in such cases, both for dissipative and Hamiltonian dynamics. After presenting the characteristic phase
space objects in Section 3.1, two general approaches are discussed, one about the geometrical organization of the phase
space, via foliations (Section 3.2), while the other is more quantitative, based on the ensemble-averaged pairwise distance
(EAPD) function (Section 3.3), providing a generalization of Lyapunov exponents to time-dependent Lyapunov exponents.
We discuss the relevance of natural measures and present the theoretical background with numerical illustrations in
Section 3.4. As an extension of Section 2, we show in Section 3.5 the essential differences between drifting and non-drifting
irregular dynamics.

3.1. Snapshot objects in the phase space

In dissipative systems, the relevant phase space objects are snapshot attractors. The initial shape of the ensemble
used for generating them can be completely arbitrary, since every point eventually converges to the attractor. In practice,
usually an extended ensemble (i.e. a grid initial condition) is used, which we will also do often. The number of trajectories
in such an extended initial ensemble will be denoted as Ney;.

1.5
1.0
0.5
X 0.0
-0.5
-1.0
=1.5
0 2n an 6 8n 10{ 12n 14n 16m 18m 20m
(a)
15 15
10 1.0
0.5 0.5
Voo V oo
-0.5 -05
~1.0 -1.0
_15 ] -15
-15 -1.0 -0.5 0.0 0.5 1.0 L5 -15 -1.0 -0.5 0.0 0.5 10 15
X X
(b) (c)

Fig. 6. Snapshot attractor in the scenario gy = 0.4, @ = 0.00045, nyq = 100 (8 = 0.2, @ = 1). (a) Plume diagram evolving from 50 initial conditions
uniformly distributed between xy = —0.001, ..., 0.001, vg = 0. (b)-(c) The shape of the ensemble, i.e. the snapshot attractor, at times n = 60,100,
from an extended initial distribution centered on the origin, of linear size 4, with Ny = 40000.
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In Fig. 6(a) we numerically illustrate! that system (4) exhibits sensitivity to initial conditions by showing a plume
diagram for an ensemble of initially close trajectories distributed on an x-interval of length 2 - 1073, not discernible by
naked eye. We choose the parameter drift according to scenario gy = 0.4, & = 0.00045, n,,.x = 100, in which R = 0.007
and R' = 0.7 of (8) and (9). These values allow for non-adiabatic features, which will be detailed in Section 3.5. The other
parameters of (4) are 8 = 0.2 and w = 1, and the latter choice will be kept throughout the paper. After about 4.5 periods,
a deviation between the trajectories, plotted with different colors, becomes visible, and within one additional period a
full spread over a large range of x values occurs. The difference between parallel dynamical evolutions from nearby initial
conditions has started to show. Note, however, that the graphs of Fig. 6(a) might also depend on the numerical accuracy,
as another consequence of chaos, thus reliable statements can only be made by means of ensemble statistics.

In panels (b) and (c) the snapshot attractor is shown on the stroboscopic (x, v) phase plane with a much larger ensemble
than in panel (a) after n = 60 and 100 periods (at the values of around ego = 0.569 and £1990 = 0.682 respectively?). A
change in its shape is clearly observable. It is at this point where the qualitative view of parallel dynamical evolutions can
be illustrated. Any dynamical evolution leads to a blue point on panel (b) and their set is going to evolve further into the
pattern of panel (c) some time later. They do not have a meaning on the individual level, only their ensemble represents
physics and it traces out the snapshot attractor.

We emphasize that the convergence to the snapshot attractor requires some time t.. This convergence time can be
estimated by running a second ensemble from a remote initial distribution from that of the first ensemble. In practice,
the convergence time is the time after which the averages of the phase space variables x, v taken with respect to the

1 In all numerical integrations throughout the paper, the odeint differential equation solver of the scipy Python library was used. Note that in
order to obtain statistically accurate results in chaotic cases, the relative and absolute tolerances have to be set smaller than e.g. 10710,

2 The &n values will always be given with 3-digit accuracy.
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Fig. 7. Evolution of a snapshot torus. (a) Phase portrait of the drift-free problem generated form 41 uniformly distributed initial conditions between
X9 = —2...+ 2 with vg = 0 and followed up to N,y = N = 2000 iterations at eg = 0.08, 8 = 0. The red torus on the left belongs to xo = —0.85,
the other red torus to xo = 1.3. (b)-(f) Evolution of the left red torus in the scenario ¢y = 0.08, & = 0.0005, n,c = 100 of (21), generated from an
ensemble of Ny, = 10000 members on it, shown at time instants n = 40, 52, 53, 65, 100. The red curve shows in all the panels the original shape
of the left torus of panel (a).
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ensembles are practically identical, although time dependent (a more detailed discussion of the convergence time will be
given in Section 3.4). In our case t. is about 7 periods.

The main observation from panels (b), (c) is that the phase space is entirely dominated by one object, no other snapshot
attractors (neither simple nor chaotic) coexists with the one shown. We call this type of snapshot attractor a chaotic
snapshot attractor [46]. Note, however, that besides relying on indicators such as the extended nature and the fractal-like
appearance of the attractor, as well as the fast divergence of trajectories in the plume diagram, at this point we are not
in the position to quantitatively prove if the attractor is chaotic, and if so, how much chaotic it is. This problem will be
discussed below in Sections Section 3.3.

In Hamiltonian systems the basic components of the time-independent (divided) phase spaces are KAM tori and chaotic
seas. If we use these as non-trivial initial ensembles in the time-dependent system (the number of trajectories in them
denoted by Ny, and N, respectively), we obtain snapshot tori and snapshot chaotic seas that, just like the snapshot
attractor, also change their shapes in time. In addition to this, a delicate interplay can also take place by the intrusion and
breaking up of tori into chaotic seas, as first observed in [35].

Before proceeding, it is worth writing down the Hamiltonian corresponding to Eq. (4) with 8 = 0O:

pZ
H(x,p,t) = -5 + V(x) — xe(t) cos wt, (21)
where V(x) is given by (10). The equation of motion appears in this context in the form of the canonical equations [54,71].
One of these is x = dH/dp = p. According to Liouville’s theorem, which is also valid for non-autonomous Hamiltonians,
the phase space area is conserved in the (x, p) plane. Because of the coincidence of p and v this also holds for the (x, v)
plane in this case.

In panel (a) of Fig. 7 the phase space is shown before the scenario starts. A number of initial conditions are used in

a simulation of length 2000 periods without any drift to reveal the phase space patterns. Of particular importance will
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Fig. 8. Snapshot chaotic sea in the scenario of Fig. 7. The initial chaotic sea is obtained from the initial condition xo = 0.1, vg = 0 with N, = 10000
iterates, and corresponds to the dense blue region in Fig. 7(a). Panels (a)-(d) show the image of this set after n = 35, 40, 65, 100 time units,

respectively, in the scenario. Observe the close similarity of the shape of the snapshot chaotic sea in panel (d) to Fig. 7(f), the shape of the snapshot
torus at the same instant.
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be the red torus on the left since the points constituting it will be used as initial conditions, and thus its shape will be
followed in the course of the scenario (the one on the right will be used later in Section 6.1).

A first example of the evolution of a snapshot torus in the phase space is provided by panel (b) in scenario &g = 0.08,
o = 0.0005, npe = 100 where the original torus (at &g = 0.08) and its image (in blue) after 40 periods (at e49 = 0.206)
are shown. The torus has moved to the right and became slightly deformed. 12 periods later (at &5, = 0.243) the torus is
stretched and elongated (panel c). Due to Liouville’s theorem, the area of the snapshot torus remains unchanged. Within
one more period it stretches in a folded way over a broad range of the phase space (panel (d) at e53 = 0.246, note the
difference in the scales along the axes). The shape has no resemblance with a usual torus, the snapshot torus is said
[35,36] to have started to break up. The last two panels (e and f) show later images of the red torus, after 65 and 100
periods (at ggs = 0.284 and £199 = 0.394 respectively). Their appearance is similar to that of chaotic seas in traditional
chaos, but changes with time. The scatter of points in panels (e), (f) indicates that a huge number of strongly different
dynamical evolutions became possible in the course of the scenario.

The process illustrated by panels (b)-(f) shows that tracking certainly breaks down by instant n = 52 (panels c). The
process is non-adiabatic for the snapshot torus followed here. The corresponding parameters are R = 0.04 and R’ = 4.
Section 3.5 discusses adiabaticity in more detail for the Hamiltonian case as well.

The appropriate concept in relation to chaos in drifting Hamiltonian systems is that of snapshot chaotic seas. To
illustrate their relation with snapshot tori, in Fig. 8 we show the images of the chaotic sea of Fig. 7(a). These are slightly
deformed and enlarged images of the original one, shifted to the right. This is not in contradiction with Liouville’s theorem,
because the tori originally encircling the chaotic sea also break up and become entrained into it. A comparison with
Fig. 7(b), taken at the same time, indicates no relation between the snapshot torus and the chaotic sea at n = 40 (panel
b). By time 65, however (Fig. 8(c)), the two sets become quite similar, and at n = 100 (Fig. 8(d)) the chaotic sea and the
image of the torus (panel (f) of Fig. 7) are practically identical. We can thus conclude that the broken up torus becomes
mixed across the full snapshot chaotic sea.

3.2, Time-dependent foliations

In search for a topological identification of time-dependent chaos, and a possible relation to time-dependent Smale
horseshoes, the stable and unstable manifolds of time-dependent hyperbolic points (SHPs in the terminology of Section 2)
appear to be natural candidates, but the identification of a large number of such orbits is hopeless. In [46], therefore, a
method without a need for the existence of such orbits was proposed. It relies on the concept of stable and unstable
foliations, well known within the framework of the mathematical description of traditional chaos (see e.g. [77-80]).
Qualitatively speaking the unstable (stable) foliation is a direction field of long-term stretching in the forward (backward)
dynamics. In other words, unstable and stable foliations are curves whose tangents point in the local stretching direction
of the forward (backward) dynamics. In contrast to the field lines of e.g. electromagnetism or streamlines of velocity fields,
foliations are not necessarily defined in any point of the phase space as strong stretching is an exceptional property. A
Smale horseshoe [81] arises if the two foliations intersect each other roughly perpendicularly. Intersection points remain
intersection points in the course of the dynamics, and are of special importance since they are considered to be the points
of a (not necessarily attracting) chaotic set. These points are subject to two contradictory types of dynamics, stretching
and compression at the same time, their time evolution is therefore “hesitant”, i.e. chaotic.

Foliations turn out to be easy to generate in systems subjected to parameter drift. The method leading to such a
snapshot foliation is the following [46]: take a large number Ny, of points distributed on a not necessarily short interval
of length dl inside the chaotic region and follow their time evolution. To obtain the unstable foliation belonging to discrete
time instant n, the initialization should be at time instant n — k, where k is an auxiliary time parameter. In principle it
should be large, but the constraint of finite-time observation sets an upper limit on it. Its value can be on the order of 10
time units in practice. This value turns out to be sufficient enough for showcasing the main role foliations play in these
systems. For the stable foliation the algorithm is similar, just the time-reversed dynamics should be followed between
time units n + k and n.

Before proceeding, let us make a general comment. Given an observational time window [0, 1], the simulation of
the unstable foliation belonging to time instant n cannot go further back in the past than n = 0, i.e. k < n, while that of
the stable foliation cannot go further into the future than npq,, implying k < npq — n. In cases when the same auxiliary
time k is used for both foliations at time n, the maximum allowed value of it is

| n, for n < npk/2,
kmax = { Mmax — N for n > npe/2. (22)

It should be noted, that in our approach the foliations cannot be considered exact, due to the limit on k; with a
given observational window, one cannot expect better results than those consistent with the window. Nevertheless, an
exponential convergence is expected towards them due to the strong contraction in the perpendicular direction, around
their intersections at least. Thus, in the example of constructing both foliations with the same k, an error can only follow
from using a k value smaller than k4 given in (22), but it is expected to be small due to the exponential convergence.
Thus, the inaccuracy in generating the foliations can indeed be exponentially small in the auxiliary time k. We note that a
vanishing k value is certainly not sufficient for generating foliations, thus relation (22) implies that a faithful representation
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Fig. 9. Snapshot (a) unstable and (b) stable foliations in the dissipative scenario of Fig. 6, at time n = 60, using k = 40. The initialization occurs
on 3 vertical segments of length dl = 0.2 around points (—1, 0.75), (—0.5, 0.25), (0.75, 0.75) chosen to be close to the snapshot attractor, with (a)
Np1 = 20000 and (b) Ny = 105 points. In the latter case, at every step new points are added along the same segments.

of both foliations is hopeless at the ends of the observation time window. Even when using different ks, at the endpoints
of the window one of the foliations is impossible to construct.

Due to the finite window, the intersection points of the foliations are also not exact, and their number is certainly
finite in the simulation, but their topology might indicate dynamical complexity. We shall consider as an indication of
the existence of a chaotic set if a large number of transverse intersection points between the foliations are present. In a
few cases where SHPs can be determined at least approximately, like e.g. in the weak driving limit of our model studied
in Section 2, their unstable (stable) manifolds can be determined in the usual sense as curves emanated from small balls
about the SHP in forward (backward) dynamics, and were numerically found to run parallel to the corresponding foliations
in [38,45,46].

For the dissipative scenario of Fig. 6 the foliations are given, for time instance n = 60, in Fig. 9. Both turn out to be
strongly folded, a feature characterizing usual chaos as well. For the unstable foliation (green curve), panel (a), initialization
is taken on 3 segments of length dI = 0.2 with Ny, = 20000 particles on each, at time instant k = 40 earlier. Numerically,
the pattern observed on the scale of the figure is independent of the used auxiliary time k (if it is not too small), as well
as parameters dl, Ny,. It can thus be meaningfully considered as the unstable foliation of the dynamics. This foliation
should be compared with the blue attractor of panel (b) of Fig. 6. The concurrence suggests the rule: a snapshot attractor
is nothing but the snapshot unstable foliation, provided no other attracting objects are present. Strictly speaking, this is a
consequence of the attracting nature of the snapshot attractor, but using initial line segments instead of areas provides a
filament-based approximation of the attractor.

The stable foliation is expected to be more extended, therefore it is generated with Ny,; = 10° points on the 3 segments,
with the backward iteration started at time instant n+k = 100. In order to keep the number of points high enough in the
range shown (due to the anti-dissipation in the time-reversed dynamics, there is considerable escape to remote regions of
the phase space), at every step new points are initiated on the 3 segments originally chosen. The pink foliation obtained
this way in panel (b) is consistent with the view that the snapshot stable foliation is space filling as long as no other
attractors exist. On the image of Fig. 9(b), of course, a considerable amount of white regions can be observed, where
seemingly no point of the foliation exists. This however is only a numerical effect, as our simulation cannot fully keep
up with the very strong anti-dissipation of the phase space, not even with the point-inserting method described above.
Anticipating the space-filling nature of the snapshot stable foliation (to be illustrated in Section 4.2), any point of the
snapshot attractor is thus an intersection of the two foliations: chaos populates densely the attractor.

The algorithms for the Hamiltonian case are similar. Fig. 10 shows both snapshot foliations for the scenario of Figs. 7
at n = 35. Here the large scale shapes of both foliations are found to be independent of k (if its value is not too small).
A striking observation is that the snapshot stable and unstable foliations are different, due to the lack of time-reversal
symmetry, which would be impossible without the parameter drift. Observe that the shape of the stable foliation is
different than the snapshot chaotic sea of Fig. 8(a), however, the unstable foliation is similar to it: the latter of course has
a more filament-like appearance, while the chaotic sea appears more bulky, but their overall shape is indeed the same.
In this scenario, the asymmetry in the role of the stable and unstable foliations is a consequence of the torus break-up
mechanism. Another surprising feature is that, while chaos exists at the intersections of the foliations, but, given their
difference in shape, these intersections cannot be present everywhere, i.e. chaos does not need to be dense in snapshot
chaotic seas. A detailed investigation of these issues will be given in Section 6.
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Fig. 10. Snapshot (a) unstable and (b) stable foliations in the Hamiltonian scenario of Fig. 7, shown at time instant n = 35, with k = 10. Initialization
occurs on 3 vertical segments of length dI = 0.2 around points (—0.5, 0.5), (0, 0), (0.5, —0.5), chosen to be inside the chaotic sea, with Ny, = 20000
points.

3.3. Ensemble-averaged pairwise distance and time-dependent Lyapunov exponents

An important feature of drifting systems is that long-time limits are meaningless because of the finite observation
windows. Traditional Lyapunov exponents [82] are thus ill-defined. For the quantitative identification of chaos in such
systems, an entropy-based answer is available in [83], along with time-average-based approaches [84,85], and one based
on the size of the snapshot attractor [38]. A general moral of ensemble simulations is that time averages should be
avoided. In this spirit, a quantity reflecting sensitivity to initial conditions, an analog of the largest Lyapunov exponent
was proposed [35,45,46] to be extractable from the so-called ensemble-averaged pairwise distance (EAPD) function, whose
local slope can be considered an instantaneous Lyapunov exponent.

The function p of the EAPD in continuous time ¢ is defined as

p(t) = (Inr(t)), (23)

where the average is taken over an ensemble of trajectories. To any member of the ensemble a test particle is ordered
at an initial distance ry. Quantity r(t) is the dimensionless phase space distance between a test particle and an ensemble
member at time t. In discrete time, such as on the stroboscopic map used here, only the instants t = nT are considered,
and the formula becomes

Pn = (Inry), (24)

where r, = r(t = nT). The EAPD function is in general nonlinear (in t or n), the possibility of considering the local slope as
an instantaneous Lyapunov exponent arises from the analogy with traditional chaos, where the function p, vs n is linear
and its slope is the usual (largest) Lyapunov exponent. Strictly speaking, the local slope at n > 0 can only be considered a
Lyapunov exponent if the typical distance between pairs is very small. In practice, we say that it is sufficient if the average
distance is still much smaller than the global size of the investigated phase space object. We therefore only associate any
meaning with the slope if this is the case. In our examples, we consider this as a cutoff value at 1/100 the size of the
available dimensionless phase space at the end of the scenario (= e~) when applicable.> Note that for times shorter
than the convergence time to the attractor t. (found to be about 7 periods in Section 3.1) the ensemble averaging is not
reliable.

Fig. 11 provides examples of EAPD functions. Panel (a) corresponds to the ensemble of the snapshot attractor arising
in the scenario of Fig. 6. A monotonous increase is observed up to about time 40, after which a plateau follows indicating
that the initially very nearby points (ry = V210719, a value kept throughout the paper) have spread over the snapshot
attractor of size unity. The kink at about n = 25 turns out to correspond to the fact that the system passes through a
periodic window of the bifurcation diagram of the drift-free problem around ¢ = 0.46, see later Fig. 14 in Section 3.5.
The slope in this region is smaller than outside, but clearly still positive, indicating chaos in this region as well.

The cutoff value is indicated by the horizontal dashed line. The overall message of the local slopes (red lines) given
in panel (a) is that the attractor is strongly chaotic initially, then, in the range of the kink, it becomes weakly chaotic,

3 Following only one set of point pairs, as we do, the EAPD function sooner or later breaks this constraint, since the algorithm works with
non-infinitesimally small distances. This breaking could be remedied by discarding the test particles when their distance to the ensemble members
exceeds a threshold, and ordering new test particles to the trajectories again at ro distance. We argue however, that aside from being easier to
compute, the slope of the EAPD used is also a good approximation of, and therefore can be called as, an instantaneous Lyapunov exponent.
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Fig. 11. EAPD curves (a) for the snapshot attractor in the dissipative scenario of Fig. 6 and (b) for the Hamiltonian scenario of Figs. 7 and 8. The
left and the right curve belongs to the snapshot chaotic sea and to the snapshot torus, respectively. The initial distance is rp = +/2 - 1071 in all
cases. The dashed line is the cutoff value beyond which the slope of the EAPD curve cannot be considered an instantaneous Lyapunov exponent.
Note that the function in panel (a) provides here the same slope before and after the convergence time (about 7).

while around the end of the region permitted for extracting instantaneous Lyapunov exponents, chaos is strong again,
even somewhat stronger than initially.

In the Hamiltonian case (panel b) two curves are shown. The left one corresponds to the chaotic sea evolving in the
scenario of Fig. 8. The right one is based on the ensemble of the snapshot torus followed in Fig. 7. Initially, function p
hardly changes, but about n = 52, where the torus break-up starts, the function crosses over into a rapid increase. The
slope of the latter is slightly larger than that of the one on the left, indicating that the chaotic sea into which the torus
became entrained is not the same as the one governing the first about 30 periods, the one after time instant 52 appears to
be more chaotic. Another thing to note is that the image of the snapshot torus after 65 iterations, shown in Fig. 7(e), only
closely resembles a snapshot chaotic sea, since the distribution of the points is not as uniform as the chaotic sea of Fig. 8(c),
some denser regions can be observed. Looking at Fig. 11(b), this state of the snapshot torus fits into the break-up process:
n = 65 is in the middle of the slope of the right EAPD curve, meaning that at this point the break-up has already started,
but is not yet completed. In contrast, at n = 100 the EAPD curve has already started to go into saturation, indicating
the end of the break-up process, as the near-uniform distribution of points in Fig. 7(f) illustrates. The dashed line again
indicates the cutoff value.

The qualitative statement according to which the slope of the EAPD curve is an instantaneous average largest Lyapunov
exponent can be made quantitative by introducing the notation A(t) and writing

At) = p(t). (25)
In discrete time we write
Ap ,
Ap = E = Pn+1 — Pn = Pp> (26)

since At = 1 in stroboscopic units, and we have introduced the notation pj;,. The relevance of the discrete time form
is emphasized by the usage of the stroboscopic view throughout the paper. The prime in (26) denotes the discrete time
derivative with respect to the time unit T defining the stroboscopic map. In our case, T = 27 /w. The numerical value of
A(t) thus corresponds to A, /T. These relations are valid as long as p does not exceed the threshold value.

Examples for the discrete time Lyapunov exponent are given in Fig. 12, based on the derivatives* of the EAPD curves
of Fig. 11. The example starting with a pronounced positive value characterizes the chaotic snapshot attractor and has
a dip around n = 21, where the system passes through parameters ¢ belonging to a periodic window. The other curve
initially oscillates about values close to zero, in harmony with the existence of a snapshot torus, but switches over to
large positive values after the break-up, i.e., the conversion of the torus into chaos. The EAPD curve characterizing the
snapshot chaotic sea in Fig. 11(b) is not converted into a A, sequence since it would provide practically constant values
up until the cutoff.

In dynamical systems with one positive Lyapunov exponent, there should exist a .’ negative one as well because of
the overall phase space contraction. Their relation is determined by the phase space contraction rate o. The latter is given

4 The discrete time derivatives here and in every following case in the paper are calculated using the polyfit and polyder functions of the numpy
Python library. The algorithm fits a polynomial function to the whole investigated dataset, where the order of the polynomial depends on the
particular data. The derivative is then evaluated from this polynomial at the datapoints.
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Fig. 12. Time-dependent largest Lyapunov exponent A, in the stroboscopic picture for the chaotic snapshot attractor of Fig. 11(a) (shorter curve)
and for the torus break-up process described by the lower graph in Fig. 11(b) (longer curve). The Lyapunov exponents are calculated until the EAPD
curves reach the cutoff value.

by the negative divergence of the vector given by the right hand sides of the first order autonomous equations of motion.
In our case, based on (7), we obtain

divF 0% + ob + ot (27)
o = — = —| — — —_—
ox dv Ot
Evaluating the partial derivatives, from (7) we get
o =28, (28)

meaning that the phase space contraction rate is only set by the constant dissipation rate. Its value is the same in both
the three and two dimensional phase spaces, since there is no contraction along the time axis. Then we have the special
case of a constant phase space contraction rate, in which case in traditional chaos the second Lyapunov exponent A’ can
be expressed by means of the first one and the phase space contraction rate [82,86] as

A+ ) =—0. (29)
Since this relation has to hold for any time instant, for time-dependent Lyapunov exponents we have

M)+ 2(t) = —o0. (30)
From here

A () = A(t) +o. (31)

The modulus of the second Lyapunov exponent is obtained by shifting the value of the first one with o. In discrete time
Al =dn+0T, (32)

where in our case T = 27 /w. The modulus of the time-dependent second Lyapunov exponent of the snapshot attractor
in Fig. 6 is thus obtained by adding ¢T = 2827 = 0.87 =~ 2.5 to the A, values of Fig. 12, using (28) with § = 0.2 and
w = 1. In such cases the EAPD curve determines the time-dependence of both Lyapunov exponents.

3.4. Natural measure

Chaotic systems are unpredictable, individual time series are not representative, but a probabilistic description of
the dynamics is always possible, and can be made arbitrarily precise. The background is that a so-called time evolution
equation (or generalized Liouville equation) can be ordered to any dynamical system [72,82,86,87], as worked out mainly
for traditional chaos. It specifies the time evolution of a P phase space probability density. The ideas we present here are
specifically applied for drifting chaotic systems.

In time-continuous cases, for the equation of motion (1) with a time-dependent vector F(t) this time-evolution equation
is of the form of

oP
at

where we did not indicate the explicit x and u(t) dependence present in (1). This is nothing but the Fokker-Planck
equation (see e.g. [87-89]), expressing the conservation of probability, thus ensuring normalization. Here it appears without
the diffusion term, of course, since we deal with deterministic systems (there is no noise term in (1)). To any smooth

= —div(F(t)P), (33)
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initial distribution Py(x) valid at time to, this equation determines the distribution P(x, t, tg) for any time t > t,. (In
an autonomous case (F time-independent) P only depends on the time difference t — to, but in drifting systems, it is a
bivariate function of t and ¢,.)

To gain some insight, let us factorize the right-hand side and write

apP
Fri —divF P — (Fgrad) P = o(x, t)P — (Fgrad)P, (34)

where we have used that the negative divergence of the flow F is the phase space contraction rate o > 0 (27). Bringing
the last term to the left, what appears there is the hydrodynamic derivative D/Dt of P in the flow provided by F in the
phase space:

DP aP

Dr = 9t + (Fgrad) P = o(x, t)P. (35)
This simple form says that if we are co-moving with a phase space element, the density on it is continuously increasing
in time (exponentially, if o is constant). This is of course due to the contraction of the phase space volume (with rate
o, which vanishes in Hamiltonian cases) since the “material content” in a phase space volume does not change. In this
picture, the support of P is moving along a deterministic path, and converges, therefore, to the snapshot attractor, or
traces out the chaotic sea. Consequently, the density also converges to the density of the nature measure, the density on
either the snapshot attractor or the snapshot chaotic sea. This density we are going to denote by P* but indicate that it
depends on time, and write therefore P*(x, t). (In traditional chaos P*(x) - just like F - is independent of time, or depends
on it at most periodically).

The more conventional view provided by (33) (as opposed to (35)) provides the density P(x, t) at a fixed location. As
any solution of the Fokker-Planck equation converges to a limiting distribution, this P converges to the natural measure
P*(x, t), provided only one exists. This convergence is determined by the spectrum of the linear operator —div(F(t)-)
(sometimes also called the transfer operator) on the right hand side of (33). Here we proceed by fixing the time in the
operator to the initial time to and consider the operator —div(F(tp)-). This, as any stationary Fokker-Planck operator, is
expected to have a discrete spectrum [88,89] apart from special cases (like e.g. intermittency), the elements of which
describe an exponential decay P ~ exp(—Agp i(to)t). The largest eigenvalue App 1(to) is expected to be 1, expressing that
if the initial distribution corresponds to the natural measure, it would remain so forever. From the point of view of
convergence, the second largest eigenvalue App »(to) is relevant, which governs a decay of the type exp (—Agp,2(fo)t), and
the notation indicates that the eigenvalue depends on the time of initialization. The reciprocal of the eigenvalue (of its
real part if the eigenvalue is complex) sets a time scale, and we can write

P(x, t, to) — P*x,t) for t—ty> (36)

Re A a(to)
The probability distribution thus forgets its initial form, and after the characteristic time set by the second eigenvalue the
distribution evolves into P*(X, t), i.e. the one characterizing the snapshot attractor or the chaotic sea (provided, there is
a single such object present).

The case of Hamiltonian problems is special, since because of the disappearance of the phase space contraction rate,
a possible solution of (34) is a location- and time-independent P*. Quantity 1/Agp 2(to) is then the time-scale after which
an initially localized distribution approaches this constant density. Non-trivial examples of natural measures are thus
expected in dissipative cases only, discussed in what follows.

The distribution P*(x, t) is the analog of the celebrated SRB measure [75] for usual chaotic attractors. We are evaluating
statistics over the ensemble, this is however the same as determining averages (e.g. the EAPD function or the information
dimension) with respect to P*(x, t), these averages are therefore time-dependent. We can thus say that even if chaos is
unpredictable on the level of single time series, chaos is fully predictable in a probabilistic sense even in drifting systems.
It is to be mentioned that the natural measure can also be reconstructed using response theory, see e.g., [90]. The only
examples of natural measures on snapshot attractors that we know of have been given in low-dimensional climate-related
models, see e.g. [91-93], as well as in an epidemics related model [31].

We note here that an important aspect of numerical simulations is the time after which the simulation can be thought
to faithfully represent the natural measure of the snapshot attractor. An estimation of this convergence time, t;, was given
in Section 3.1 as the time for when the averages of all the phase space variables taken with respect to two initially different
ensembles are practically identical. (A more strict definition might request the identity of other statistical quantifiers, too.)
This ¢, typically depends on the particular choice of initial conditions, but is certainly on the order of the characteristic time
set be the second eigenvalue of the Fokker-Planck operator (which is independent of initial conditions):

1

te~ —mm.
Re Agp 2(to)

(37)

5 Note that the negative Lyapunov exponent A’ might be comparable in modulus with Agp »(to), it is, however, conceptually different as it does
not say anything about the convergence of a distribution.
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It is worth emphasizing that for a time instant ¢ for which t —ty < t. an ensemble simulation might produce a distribution,
but this is not yet the natural measure, and averages taken with respect to it are not characterizing the snapshot attractor
at time t.

In a different vain, it is also worth thinking about what the shortest observational time interval should be in order
to allow for the extraction of reliable dynamical information. As a straightforward tool, the convergence time discussed
here can be used to find an answer, the first constraint being that t;4, should be larger than t.. In addition, we can also
find another kind of convergence time in relation to foliations, concerning the auxiliary time k: for times longer than a
threshold, the shape of the foliations does not change on large scales. The numerical value of this “auxiliary convergence
time” turns out to be comparable with t. in our examples. We note that there is a conceptually somewhat different
convergence time characterizing the convergence to chaotic saddles and their distributions, too. It is a good approximation
if we assume that t. is roughly the same for all chaos-related phase space objects (and independent of ty) and coincides
with the auxiliary convergence time. This provides a lower bound on the length of the time window as

2te < tmax, 2te /T < Nmax, (38)

where the factor 2 comes from the need to provide a faithful foliation-based characterization of the dynamics, see Eq. (22).
This relation also shows that a novelty of the constraint of finite observational time windows is that the convergence time
(related to the second eigenvalue of the evolution operator) fits only a limited number of times on the full window.

For a non-autonomous two-dimensional stroboscopic map (3) taken with time unit T the process is the following. Let
Pp(X, ng) denote the density at discrete time n evolved from an initial distribution Py(x) prescribed at ng. The integral of
this density over a small area dA about point x is P,dA, and can be called the “material content”. The map brings the
phase space point into f;,(x), and the area into a dA’. The new density P, 1(f,(X), 1) at the image of x follows from the
invariance of the “material content”: P, {dA" = P,dA, from which

Pas (), ng) = L2 10), (39)

Jn(X)

where we have used that dA’/dA is the Jacobian J, of the map at the original point at time n. This is the time-evolution
equation for invertible non-autonomous maps, also called the Frobenius—Perron equation (see e.g. [72,82,86]). Here, again,
one observes that the solution Py(X, np) of (39) converges, after some time, to P;{(x), the time-dependent natural density
on the snapshot attractor. The Jacobian in (39) and the phase space contraction rate in (33) are related, e.g. for a constant
phase space contraction ] = exp(—oT). In fact, by taking the limit T — 0, one sees that (39) goes over into the
two-dimensional version of (33), (34).

The ensemble simulations of snapshot attractors presented in this paper are in full harmony with the mathematical
concepts applied above. We start typically with a uniform distribution of initial points in a phase space region, defining
(after normalization) an initial distribution Py. All the trajectories are followed in time, and the 'material content’
corresponds here to the number of trajectories in a phase space volume. Since no new trajectories are initiated, their
total number is constant over time, and those who are in a region once will remain in the image of that region later.
Due to the dynamics and phase space contraction, the distribution does not remain constant, and when stopping the
simulation at some time t, the distribution of the trajectory points at this time t defines (after normalization) a density
P(x, t, t). This density is determined with the accuracy of the numerical simulation, which can be made - in principle -
arbitrarily small. There is no sign of unpredictability when working with probabilities.

In practice, a simple two-dimensional histogramming of the points of the snapshot attractor in a given instant provides,
up to the smallness of the bin sizes, an approximation of the distribution in that instant. In all examples throughout the

Fig. 13. Natural measure (red) of the snapshot attractor of Fig. 6 belonging to time instances n = 60 (a) and n = 100 (b), with N, = 40000 (with
the same initial ensemble used for plotting the attractor). The snapshot attractor, the support of the distribution, is plotted in blue.
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paper, the number of bins is set to be on the order of /Ngy in both x and v directions, where Ny is the number of
trajectories in the ensemble. This implies several hundred bins and an average column height of non-empty bins on the
order of 100, which provides sufficient statistics for visual representations.

Fig. 13 exhibits the natural distribution obtained this way for the snapshot attractors shown in panels (b) and (c) of
Fig. 6. One clearly sees that not only the support, the attractor, changes in time, but also the distribution. Differences can
be observed nearly anywhere, a particularly striking feature is the rather dense appearance of the distribution at about
x = —0.5, v = 1 in panel (b). In this region a new folded structure has appeared by time n = 100 in the pattern of the
attractor (see Fig. 6(c)), and the vertical funnels of the density on this structure lead to the appearance of the new columnar
pattern in panel (b) of Fig. 13. (Note that the unicolor representation of the density applied here does not allow for a clear
distinction of individual columns lying behind each other.) Its is also clear that the distribution itself is fractal-like, and its
information dimension is time-dependent (we are going to give an estimate of this later, see Section 7). More generally,
any statistical characteristics evaluated with respect to the natural measure (like. e.g mean values, standard deviations)
will be time-dependent. Concerning the view of parallel dynamical evolutions, Fig. 13 also illustrates that the different
evolutions do not contribute with equal weights, and these weights depend on time.

3.5. Comparison with the frozen dynamics

In Section 2 we saw that snapshot points are different from their counterparts in the frozen systems. The difference
between the two classes is even more pronounced in the context of chaos. In the dissipative case, the bifurcation diagram
of the frozen system is shown in Fig. 14 for 8 = 0.2. The green and red lines mark the start and end of the scenario used
in Fig. 6, while the blue line at ¢ = 0.46 indicates a periodic window with three fixed point attractors.

An example of the drastically different behavior of the drifting system is provided by Fig. 15 where we show the
chaotic snapshot attractor at the value of the driving amplitude & to which the three fixed point attractors belong in the
frozen system, marked by the blue line in Fig. 14. The snapshot attractor is extended and chaotic, while the attractors of the
frozen system are periodic and point-like. A closer observation (see inset) reveals that the attractor points (red dots) are
not on the snapshot attractor (blue set of points). The snapshot attractor and its counterpart of the frozen system can be
distinct geometric sets. The only connection between them is that some global features of the usual bifurcation diagram,
the existence of a periodic window, can have influence on the drifting system, by weakening chaos in this region, which
can only be observed on the EAPD function and the Lyapunov exponent, which we saw in Figs. 11(a) and 12.

Another interesting aspect is the fate of the analogs of the regular (red) points with increasing rates. We are not in the
regime where the perturbative approach of Section 2 would apply. Therefore, we can only speculate if the counterparts of
the red points in the presence of a drift are snapshot points. Attractive snapshot points are not likely to exist here since
there is no sign of coexisting attractors in the simulation. It is the natural measure on the snapshot attractor which can
provide a hint on the existence of these points as unstable SHPs which are embedded into the chaotic snapshot attractor. The
natural measure of the snapshot attractor of Fig. 15 is plotted in Fig. 16(b). For comparison panels (a) and (c) correspond
to an earlier time, n = 10, and a later time, n = 30, respectively. In panel (b) three narrow peaks have appeared in
the distribution at locations close to those of the red points in Fig. 15, marked here by black vertical dashed lines. The
fact that these are somewhat off the peaks is natural since the frozen cycle points are not on the snapshot attractor as
illustrated by Fig. 15. Furthermore, snapshot points in drifting systems always differ from the frozen ones (now even more
than in the perturbation expansion of Section 2). The fact that the mentioned peaks are somewhat larger than any other
peaks, suggests that the underlying hyperbolic points are weakly unstable, and can thus be traces of the red points being
converted into SHP-s by the drift.

1.01
0.5
X 0.0
-0.5

0.8 1.0

Fig. 14. Traditional bifurcation diagram of the stroboscopic map of (4) with a time-independent driving amplitude ¢ and damping constant 8 = 0.2.
Transients of length 200 time units are discarded. The green, light blue and red lines mark characteristic values of the driving amplitudes along the
scenario of Fig. 6 of ¢ = g9 = 0.4, ¢ = 31 ~ 0.46 and ¢ = &190 = 0.682, respectively.
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Fig. 15. Comparison of attractors. The snapshot attractor of Fig. 6 (n = 21, &3; = 0.459) is plotted along with the three fixed point attractors (red
points) of the frozen system existing at the same value of ¢ (see the blue line in the periodic window of Fig. 14). The inset is a blow-up of the
neighborhood of the rightmost red point.
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Fig. 16. Natural measure on the snapshot attractor of Fig. 15 belonging to a periodic window of the frozen system, at instant n = 21, &5; = 0.459,
displayed in panel (b). Black vertical lines show the location of the three attractor points in the frozen system, marked as red dots in Fig. 15. Panels
(a) and (c) display the natural measures at earlier and later times, at n = 10, £10 = 0.428 in (a) and n = 30, 30 = 0.484 in (c).

The appearance is similar to that of noise induced chaos in the framework of which periodic attractors of a deterministic
system become embedded into a noise-induced chaotic attractor when the noise strength increases beyond a threshold
(yet remaining weak). The distribution of the natural measure on the snapshot attractor of noise-induced chaos has then
large peaks about the original fixed point attractors, indicating that the attractor points are converted into weakly unstable
points due to noise as demonstrated in [94,95]. What we see in Fig. 16(b) is very similar to this, thus the phenomenon
can be called drift induced chaos. Earlier and later, these peaks do not exist, while other peaks of similar height might
appear at other locations, see Fig. 16(a) and (c), respectively.

Regarding Hamiltonian systems, in Fig. 17(a) the snapshot torus appearing in Fig. 7(b) at n = 40 (blue) is shown to
not coincide with any tori in the frozen system of the corresponding 49 = 0.205 value. Some tori from the frozen island
at the corresponding amplitude ¢ = 0.205 are plotted in red. One of these tori was initiated from the leftmost point of
the snapshot torus, meaning that they have at least one common point. A magnification reveals (see inset), that this torus
is clearly different from the snapshot torus, meaning that all the others have to be different as well. Thus the snapshot
torus does not coincide with any of the frozen tori, not even with ones tangent to it. Of course, the difference would be even
more pronounced if an already broken-up snapshot torus was compared to frozen tori.

We can also look at chaotic seas, as shown in Fig. 17(b). In blue we see the snapshot chaotic sea in the same scenario
and time instant (n = 40) as that of Fig. 17(a), i.e. the same snapshot chaotic sea as in Fig. 8(a). Underneath it the frozen
chaotic sea belonging to the corresponding e value is shown in red, and we can observe that the frozen one is of larger
extension than the snapshot chaotic sea, as the latter does not cover the former fully. In fact, the differences between the
two sets can be observed around the edges of the outermost snapshot tori (not shown).

In Section 2.1 we have briefly mentioned rate induced tippings [58,66-70] in relation to snapshot points. Qualitatively,
this phenomenon implies that the behavior in the drifting system becomes completely different from the frozen one. In
the context of chaos, frozen and snapshot attractors can only be similar with a very slow rate of the parameter drift.
This means that in processes with increasing rates «, the system should go through a kind of rate induced tipping,
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Fig. 17. (a) Comparison of tori: blue snapshot torus in Fig. 7(b), n = 40, e40 = 0.205, and tori of the frozen system (red) belonging to the same
& value generated from initial conditions x, = —0.65, —0.7, —0.725, —0.75, vo = 0, as well as one generated from the leftmost point of the blue
snapshot torus. The inset is a blow-up showing parts of the snapshot torus and the frozen torus touching it on the left. (b) Comparison of chaotic
seas. Blue points indicate the snapshot chaotic sea in the phase space of the blue snapshot torus in panel (a), while the frozen chaotic sea, shown
in red, belongs to the phase space at ¢ = 0.205, lying outside the red frozen tori in panel (a). Both sets consist of N, = 30000 points.

a tipping from periodic into chaotic behavior, the result of which is illustrated by Fig. 15. An analogous process in
Hamiltonian systems is the tipping from quasi-periodic to chaotic behavior in relation to the evolution of snapshot tori
with increasing «. The case of snapshot tori not breaking up during a finite time interval is illustrated in Fig. 17(a), while
the break-up process of a torus is shown in Fig. 7. To our knowledge, such tippings have not yet been investigated in the
rate-induced-tipping literature.

At the end of this section, we are reformulating some of the observations made here considering the question of
adiabaticity. Fig. 15 clearly illustrates that tracking of the frozen attractors is not ensured by the existence of the extended
snapshot attractor in the drifting process. The process is thus non-adiabatic from the point of view of attractors. The
Hamiltonian case depicted in Fig. 17 shows that tracking is valid up to n = 40 for both objects shown. Concerning the
snapshot torus, even though it clearly deviates from the frozen one, this deviation is small, while for the chaotic seas,
though there are notable differences between the two, these are somewhat small in area compared to the whole of any
of the sets. Therefore, if we were to observe the process up to n,;.x = 40 only, the corresponding parameter would be
R = 1.6 (allowing for non-adiabaticity), but the process would be adiabatic for both the snapshot torus and the chaotic
sea. Fig. 7 illustrated that with np4, = 100, tracking is broken for the torus by n = 52, and then the process is non-adiabatic
for the torus, in harmony with R" = 4 being large.

Here we gave a short summary of the question of adiabaticity in both dissipative and Hamiltonian systems, and
additional comments will be given concerning dissipative cases in what follows (Sections 4 and 5). We note that most
generally speaking, any process in which rate-induced tipping is present for a phase space object is non-adiabatic for that
object, if followed with a rate higher than the tipping threshold.

4. The relationship between snapshot chaotic saddles, manifolds and foliations
4.1. Generating saddles and manifolds with the sprinkler method

The theory of transient chaos is a well-established field of nonlinear science (for a monograph see [37]). The traditional
subject of this field is chaotic behavior existing over a finite time. The central objects in the phase space are non-attracting
chaotic sets, typically a fractal set of zero volume on which the dynamics is chaotic, but from whose neighborhood an
escape occurs. In invertible systems these sets are chaotic saddles, the elements of which are saddle-point-like. The full
set is not globally repelling, but possesses stable manifold, the set along which the saddle can be reached, which is of
zero volume (and therefore cannot be called a basin of attraction in the classical sense). The analog set in the time
reversed dynamics is the unstable manifold. A quantity specific for transient chaos is the rate of the emptying of any
region surrounding the chaotic saddle, called the escape rate. The reciprocal of it can be used for estimating the lifetime
of chaos for points originally close to the saddle.

As a traditional case, we consider a periodic window (a typical occurrence of transient chaos), marked by the light
blue line of Fig. 14 at ¢ = 0.46. A straightforward and easily applicable method for the construction of a chaotic saddle
is the sprinkler method (see e.g. [37,96]). This is based on distributing a large number of points in a pre-selected region.
Trajectories starting from each point are followed and only those are kept which remain in the pre-selected region up to
2n + 1 time units, starting at time —n and ending at n. The number of surviving points up to time n is denoted by Nj.
The length of the time interval 2n + 1 should be a few times 1/« to ensure that the majority of the original trajectories
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Fig. 18. Characteristic sets of a time-independent chaotic saddle with ¢ = 0.46, 8 = 0.2. The number of initial points, distributed on a square
between —1.5, 1.5 in both directions, is N, = 10°. (a) Stable manifold (b) chaotic saddle, (c) unstable manifold, obtained as the points of the
non-escaped trajectories at n = —25, n = 0, and n = 25, respectively, excluding three small disks around the attractor points, shown in red. Panel
(d): number N, of non-escaped points as a function of time n (red) and the fitted straight line (blue).

has escaped the region by the end of the simulation. The kept trajectories are thus long lived, which can only happen
if they started very close to the stable manifold of the saddle, and visited later points of the saddle with good accuracy.
Therefore, by plotting the initial and endpoints of the kept trajectories one gets approximants to the stable and unstable
manifold, respectively, while the midpoints of all the kept trajectories approximate the chaotic saddle itself within the
pre-selected region. Under ideal conditions this region should be chosen to fully contain the chaotic saddle.

Fig. 18 provides an example of this algorithm. In the shown range of the phase space 10° points are initially distributed
uniformly, and followed up to 51 periods. Only a portion of the initial points remains all the time in the region. The initial
point of such non-escaped trajectories, at discrete time n = —25, are visible in panel (a). This fractal set of points leads
initial points to the saddle, thus it corresponds to the stable manifold of the saddle. The saddle itself is visible in panel
(b), consisting of points taken at time n = 0. Such a set is typically a double fractal. The unstable manifold is traced
out by the last points (n = 25) of the trajectories (panel c), and corresponds to an object which directs points from the
saddle to the attractor points of three fixed points, shown in red in panels (a-c). In panel (d) the number N, of nonescaped
trajectories is shown as a function of time, on a semi-logarithmic scale. The fitted value of the escape rate is x = 0.09,
the investigated time interval of 51 periods is thus about five times of the average lifetime of chaos.

Note that the unstable manifold in panel (c) contains the three (red) attractor points since an unstable manifold can
only direct points into attractors. A comparison with Fig. 15 displaying the snapshot attractor belonging practically to
the same driving amplitude enables us to complete the discussion at the end of the previous section on adiabaticity.
The extended structure in these panels is nearly indistinguishable, although their dynamical role is very different: the
extended structure of Fig. 15 is an attracting chaotic object and does not contain the red points, while Fig. 18(c) represents
the unstable manifold of a chaotic saddle that incorporates the red points. Based, however, on our earlier observation
according to which the snapshot attractor is an unstable foliation, we are comparing here the unstable foliations of the
drifting and of the frozen system, and find that the difference is minor, tracking is fulfilled. We thus discover a dichotomy
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in adiabaticity: the dissipative process studied in the scenario of Fig. 6 is non-adiabatic for attractors, but adiabatic for
unstable foliations.

The features illustrated by Fig. 18 show up in systems subjected to parameter drift as well, see e.g. [37-39]. The main
new point here is that the saddle changes with time (unlike in Fig. 18, where taking a larger n would only yield sets with
less points but of the same shape), and therefore the sprinkler method provides sets belonging to different time instants.
The algorithm applied for drifting systems thus depends on which of the characteristic sets is to be determined. Being
interested in the chaotic saddle at time instant n, one should initiate trajectories at time n — ks (where ks, the auxiliary
time used for the sprinkler method, should be sufficiently large) and follow the non-escaping trajectories up to time n+ks.
The midpoints of these trajectories approximate the chaotic saddle at time n. This now changes with time n and should
be called the snapshot chaotic saddle. The initial and end points of the non-escaped trajectories correspond to stable and
unstable manifolds here, as well, just the former is now the snapshot stable manifold at time n — kg, while the latter the
snapshot unstable manifold at time n + k. This shift in time between the saddle and the manifolds generated this way
results in the feature that these manifolds do not belong to the saddle at time n. It follows then, that if the stable (unstable)
manifold is to be obtained at time n, then, using the framework of the sprinkler method with a given ks, it arises as the
initial (end) point of non-escaped trajectories in an algorithm aiming at generating the saddle at time n + ks (n — k). The
manifolds obtained this way are the manifolds of the saddle at time n, and intersect each other in the snapshot chaotic
saddle, as discussed earlier e.g. in [37,38].

4.2. Dissipative systems
Let us apply this method to the scenario of Fig. 6. Fig. 19 summarizes the results for the saddle at time n = 60 (the

same instant as in Fig. 6(b)). Panel (a) shows the range in which trajectories are initiated at time n — k; = 20, and the blue
points belong to non-escaping orbits. They shade the full square, illustrating that no escape occurs, the stable manifold
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Fig. 19. Chaotic snapshot attractors as snapshot saddles. Here the sprinkler method for n = 60 was applied with k; = 40, Ne = 90000, in the
scenario &g = 0.4, « = 0.00045, npe = 100 and B = 0.2, resulting in characteristic sets (a) stable manifold, (b) saddle, (c) unstable manifold.
The formal snapshot chaotic saddle in panel (b) is identical to the snapshot attractor at this time instant (Fig. 6). Panel (d) shows the EAPD curve
initiated on this set.
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is not a fractal, in fact it is the full phase space. This is, however, natural in view of the fact that the snapshot attractor
is the only attracting set. Panel (b) shows the trajectories at time n = 60. Formally this is the chaotic saddle at this time,
but it is not a double fractal, we see here a degenerate case. In fact, the saddle fully corresponds to the snapshot attractor
of Fig. 6(b). We can thus conclude that a snapshot attractor can actually be considered a special snapshot saddle, when
no other attractors are present. The last panel (c) is the end point of the investigated trajectories, the unstable manifold
at time n + k; = 100. This is nothing but the snapshot attractor at time n = 100 shown in Fig. 6(c).

These observations can be interpreted from the point of view of foliations, as well. It is important to add that Figs. 19(a)
and 19(b) would be similar for later instances up to at least n = 100. A particular consequence of this is that the stable
manifold would fill the region even at n = 60. Because of this, it should correspond to the stable foliation at this time,
which is space filling because of the lack of any other attractors. The manifold in this case provides a more faithful view
than Fig. 9(b), obtained via a direct generation of the stable foliation, in which the complete space-filling property is not
yet fully evident. The unstable foliation was shown to coincide with the snapshot attractor in Section 3.2. Panel (b) of
Fig. 19 shows thus nothing but the unstable foliation at n = 60. Thus any point of panel (b) is an intersection point of
the two foliations, but since panel (b) is simultaneously the snapshot attractor, we conclude that any point of the snapshot
attractor is chaotic, also supported by panel (d), indicating the positivity of the Lyapunov exponent. It can thus indeed be
called chaotic snapshot attractor. In Section 5.1 we shall see that not all snapshot attractors are of this type.

These arguments, based on the view of transient chaos, deepen the observation formulated above according to which
the snapshot attractor is the unstable foliation (see Figs. 6 and 9), which appears here as the unstable manifold of a (dense)
snapshot saddle. Furthermore, based on this result, we can also say that for this type of snapshot attractor the unstable
manifold of a chaotic saddle coincides with the unstable foliation belonging to the same time instant. Similarly, we can say
that the stable manifold of a chaotic saddle coincides with the stable foliation. From the point of view of the convergence to
the snapshot attractor, Fig. 19 shows the evolution of an initially broadly extended ensemble, in contrast to the localized
ensemble of the plume diagram in Fig. 6(a), both converging to the same attractor.

4.3. Hamiltonian systems

Transient chaos is a useful tool for looking into the details of the dynamics of chaotic systems, by selecting a region
within an interesting chaotic part of the phase space, and determining the points never escaping this region. The method
is called leaking the dynamical system [97].

We apply this approach to find a relation to snapshot chaotic seas. We select a region, a square centered on the point
(0.25,0) and determine the chaotic saddle within it in Fig. 20 in the course of the scenario of Fig. 7, at instant n = 35.
The saddle (panel b) turns out to be rather sparse and unstable, therefore, a short interval k; = 2 should be taken for its
determination using the sprinkler method. Panels (a) and (c) display the stable and unstable manifold at times n = 33
and 37, respectively.

Fig. 21 provides a more global view. Panel (a) shows the stable and unstable foliations of Fig. 10 superimposed, as
well as some surviving snapshot tori. The difference between the two foliations was mentioned in Section 3.2. From a
dynamical point of view, the most basic components of chaos are Smale horseshoes, or the intersections between the two
foliations. We shall call the set of intersections, that is the embedded chaotic saddle, the chaotic subset of the chaotic sea. In
contrast to traditional chaos, this set proves to be smaller than any of the foliations. Panel (b) displays the same foliations,
but it also contains two insets, out of which the one in the lower right corner is of interest for now (we will come back
to the other one in Section 6.2). Here, the light blue points are identical with those of the chaotic saddle in Fig. 20(b). It is
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Fig. 20. Transient chaos within the snapshot chaotic sea in the scenario of Fig. 7. Panels (a)-(c) show the snapshot objects: stable manifold, the
saddle, and the unstable manifold, respectively, obtained by using parameters n = 35, k; = 2 and N, = 10° initial points distributed (at n = 33)
uniformly on the square shown.
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Fig. 21. Foliations and saddles in a Hamiltonian case. (a) Foliations of Fig. 10 overlaid. Initial conditions for the tori are X, = —0.75, 0.96, 1.561, 1.65,

vo = 0. (b) The same without tori. The lower right inset shows, inside a square of edge length 1.2 centered at point (0.25, 0), points of the chaotic
saddle of Fig. 20(b) in light blue. Upper left inset: a yellow square of edge length 0.04 centered at point (—0.475, 1.45) magnified. (c) The snapshot
chaotic saddle (red points) of Fig. 20(b) at time n = 35 along with the stable and unstable manifold belonging to the same instant, ks = 2. (d) A
saddle type object belonging to n = 35, generated with k; = 10, and N, = 2.25 - 10 initial points at n = 25, following the constraint that the
trajectories are in the investigated region only at instants n.,, = 25, 35, 45.

satisfying to see that these coincide with intersection points of the foliations. The chaotic subset thus contains the snapshot
chaotic saddle. The chaotic subset is of course much larger since the saddle is formed by never escaping points of the
region shown in Fig. 20, which are rare.

Panel (c) displays the same saddle as Fig. 20(b) but plotted together with the stable and unstable manifolds belonging
to the same time instant n = 35. By keeping parameter ks = 2, these manifolds are emanated, in the framework of the
sprinkler method, from the chaotic saddles of time n = 37 and n = 33, respectively, as described earlier. One clearly sees
that the manifolds intersect each other in the points of the saddle. (This would not be the case with the manifolds shown
in Fig. 20, which cannot be overlaid since they belong to different time instants.) This property is consistent with the
observation that the chaotic subset of the chaotic sea is the intersection of the stable and unstable foliations belonging
to the same time instant.

Panel (d) opens up a new view. Points of it are obtained by following the algorithm of the sprinkler method for a
saddle at n = 35 by using k; = 10, but trajectories escaped earlier than n = 45 are not excluded, and their presence in
the investigated region is prescribed at certain times only, in this case at n = 25, 35 and 45. A saddle-like object is obtained
with much more points than the traditional saddle. This offers a broader interpretation of the snapshot chaotic saddle,
and it also comes with the advantage that the points of this new saddle are also part of the chaotic subset, providing a
better approximation of it. A method of selecting trajectories which follow a given set of constraints in time was explored
and called “leaking in history space” in [39], and led to a double fractal set at the midpoint, just like with the constraint
of never escaping a region (i.e. the traditional sprinkler method). The case of panel (d) corresponds to this method by
applying a constraint in certain instances only, and the regime being the same.
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5. Advanced features in dissipative systems

To help us in the discussion of features in dissipative systems, it is beneficial to define two distinct regimes. In the
examples treated up to now, if exists, time-dependent chaos is robust, with a chaotic snapshot attractor and a degenerate
saddle that coincides with the attractor. This we call the robust regime. The other regime, that we shall present in this
section, is characterized by the novel feature of weak time-dependent chaos, which is governed by a non-degenerate
time-dependent chaotic saddle, and the resulting attractor is called a strange snapshot attractor [46]. We shall call this
regime the weak regime. The limit of weak driving, treated in Section 2 in order to make perturbative results for snapshot
points possible, is a subset of this regime. The two regimes in our system can be roughly distinguished by the typical
values of parameters ¢ and 8 as well; typically where chaos is present in the robust regime, e.g. the case of Fig. 6, both
are on the order of a few tenths, while in the weak regime g is typically smaller by 5-10 times. The transition between
the two regimes based on these parameters will be investigated in Section 5.6.

5.1. The strange snapshot attractor

A quite peculiar feature of the weak regime is that a fractal-looking snapshot attractor is not necessarily fully chaotic.
Then a chaotic component coexists with simple snapshot attractors, in such a way that chaos is of finite lifetime. The
weak regime of (4) is well suited for illustrating this in parameter ranges where no chaotic attractors exist in the drift-free
system.

This is reflected by the bifurcation diagram of Fig. 22 with weak dissipation 8 = 0.01, where narrower black bands
correspond to simple fixed points. The construction of the diagram differs from that of its traditional counterparts in the
sense that relatively short transients (of length 50 periods) are discarded here before plotting the x values. The striking
broad gray bands indicate that the dynamics is chaotic before reaching the simple attractors. It has been shown in earlier
papers (see e.g. [38,45]) that it is transient chaos in the drift-free system that enables the existence of snapshot attractors
in the presence of parameter drift: the unstable manifold of the frozen chaotic saddles is deformed into a time-dependent
attracting object.

In Fig. 23, panel (a) shows a snapshot attractor in the weak regime in the scenario g = 0.08, « = 0.0005, 1n,;,0x = 100
(R = 0.04, R’ = 4, the scenario is the same as in the Hamiltonian case of Fig. 7), after n = 25 time units, where g5 = 0.158.
In the full range three simple point-like attractors, SNPs are present. Two of these lie close to the origin, and can be
identified in a perturbative approach, as carried out in Section 2 and the Appendix, and happen to be close to +1, the
minima of the double well potential (Fig. 1(a)) characterizing the external force in (4). The third one at n = 25 is located
at (1.6372,0.8291), and its estimated position for a given n can only be determined numerically. This is carried out
iteratively by a successive approximation approach: we estimate the location of the attractor point for a given ¢, by an
initial guess, initiate trajectories at n = 0 around this point, then take their average position at n as the new guess, and
repeat the process until convergence is reached. It is worth mentioning that the SHP determined in Section 2 is found to
lie on the snapshot attractor, as expected. The drastic difference between the frozen and the snapshot attractors implies
a break-down of tracking along the entire scenario, the process is thus non-adiabatic for attractors in the weak regime.

The existence of SNPs is the reason for the appearance of the dense blue regions in panel (a). The initiation of the
ensemble occurs on an extended region of the phase space, covering all SNPs. Some of the points become immediately
attracted to the SNPs. Other parts of the ensemble become stretched and folded leading to a fractal-like pattern in regions
further away. The snapshot attractor thus contains all SNPs, their compact surroundings, and a fractal-like component,
too.
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Fig. 22. Bifurcation diagram of (4) with a time-independent driving amplitude ¢ in the weak regime with 8 = 0.01 (o = 1), obtained by not
excluding transients longer than 50 periods. The green line at ¢ = g, = 0.08 marks the initial value of the driving amplitude in the scenario
taken in Fig. 23, while the red line corresponds to ¢ = 55 = 0.158, belonging to the attractor of Fig. 23(a). The blue lines mark the amplitudes
& = g59 = 0.237 and the maximal ¢ = 1990 = 0.394 in the same scenario, at the end of the EAPD curves of Figs. 24(a) and 25(a), respectively.
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Fig. 23. (a) Strange snapshot attractor in the scenario &g = 0.08, « = 0.0005, ny,,, = 100, with 8 = 0.01, at time n = 25 (&5 = 0.159) starting
with Ngy = 40000 points on a square of side length 4 centered on the origin. (b) Unstable (green) and stable (pink) foliations generated for the
instant n = 25 with k = 10 by initiating Nj,; = 50000 points on 3 vertical sections of length dl = 0.2 around points (—1, 0.8), (0.25, 0), (0.85, —0.5).
(c) Blow-up of the previous panel around the intersection points. The cyan points show the chaotic saddle in good agreement with the intersection
points of the foliations. The saddle was generated by the sprinkler method from N, = 90000 points on a rectangle of size 3.6 x 2.4 centered on
the origin (note that the rightmost SNP is inside this rectangle), with k; = 20. Escape towards the SNPs was studied by eliminating points that end
up within a 0.1 radius of them. (d) The chaotic saddle obtained with N, = 250000 is shown separately, together with the SNPs (red dots). (e) The
saddle of panel (d), shown in blue, compared with the chaotic saddle of the frozen case (red) corresponding to the driving amplitude of instant
n = 25, &5 = 0.158. Since both colors are visible, the two sets are not the same.

Such strange snapshot attractors do exhibit chaotic features, as the next panel illustrates, but chaos is not permanent,
and hence it is useful to distinguish such cases from cases like those in Fig. 6, where a single permanently chaotic snapshot
attractor exists. We note that the shape one sees in a particular simulation might depend on the choice of the region of
initialization, and on the number of trajectories followed. If the region is far from the simple attractors and the scenario
is not too long, the SNPs might be seen to be outside the snapshot attractor (see [46]). Furthermore, chaos being not
permanent means that at the end of a very long scenario most of the points would be around the SNPs, connected with
a sparsely populated filamentary pattern (as shown in [45] for a scenario with decreasing driving, and a similar case will
be discussed in Fig. 26(d)).

In panel (b) the snapshot stable and unstable foliations at n = 25 obtained using auxiliary time k = 10 (past what we
called "auxiliary convergence time" in Section 3.4) can be seen on top of each other. It is clear that the set of intersection
points, the Smale horseshoe, is much smaller than the snapshot attractor visible in panel (a). The chaotic saddle is thus
not populating the attractor, another reason to not to call it chaotic snapshot attractor. The term attractor is, however,
properly used, since the blue object in panel (a) is an attracting set in the phase space, with a convergence time t, of 8
periods.

The dynamics of this attractor is governed by transient chaos. To illustrate its snapshot chaotic saddle, panel (c) shows
a blow-up image of panel (b), where cyan points indicate the chaotic saddle of this instant. The saddle is generated using
the sprinkler method by discarding points that fell into a circle of radius 0.1 around the SNPs. It is clear from the image
that the chaotic saddle obtained this way lies on the intersection points of the two foliations, the chaotic set of the problem
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is thus an extended snapshot chaotic saddle (but not populating the full snapshot attractor). In panel (d) we highlight the
saddle by showing it separately and with more points, as well as plotting the SNPs.

Transient chaos is present in the frozen dynamics as well, see Fig. 22, governed by a chaotic saddle. It is therefore
natural to compare this frozen saddle to the snapshot saddle of panel (d). Panel (e) illustrates this comparison, with the
snapshot saddle colored blue and the frozen one colored red. The latter belongs to the driving amplitude ¢ = 0.158, which
is the same value as that of g5 in the time-dependent scenario. While the shapes of the two sets are not very different,
some red regions (e.g. around (—0.25, —0.5)) are visible, meaning that the sets are clearly not exactly the same either,
again illustrating the observable difference between the drifting and frozen dynamics. Of course, the most significant
difference is on the level of attractors, where the frozen ones are completely regular in the full & range investigated. A
similar property within a narrow periodic window of the frozen system was discussed in Section 3.5 in the robust regime.
Here we complete this picture by showing that differences can be seen even at the level of chaotic saddles. The deviation
is expected to depend on the specific system and scenario, for example, a much more pronounced difference was found
in [38], when comparing the unstable manifold of the frozen chaotic saddle and the (strange) snapshot attractor itself.
In the case of [38] parameter R can be estimated to be R = 0.3, and its value being close to unity suggests overall
non-adiabaticity. In our examples with a much smaller value of R we conclude that processes in the weak regime are
non-adiabatic for attractors, but adiabatic for chaotic saddles.

Finally, let us discuss the role of the foliations in relation to the strange snapshot attractor. The unstable one (green
curve) is localized, exhibiting a fractal-looking structure. Note, however, the spiraling tendency appearing in the holes
about the SNPs at (£1, 0). The length of the simulation (k = 10) is not long enough here to see that the foliation is
approaching any of the SNPs, but we expect them to do so for larger k-s taken (up to kpnq). On general grounds, the
unstable foliation is expected to asymptotically reach the SNPs. Thus, the unstable foliation is the same as the strange
snapshot attractor. The latter can be considered as the union of its two basic components: the chaotic saddle and the
SNPs, along with the unstable foliation connecting them, and this statement is expected to hold throughout the scenario.
It also follows then that the unstable foliation coincides with the unstable manifold of the snapshot chaotic saddle belonging
to the same time instant. Concerning the stable foliation (pink curve), based on the observation that the chaotic set is a
chaotic saddle, we can say that the stable foliation coincides with the stable manifold of the snapshot chaotic saddle. These
statements are extensions of those mentioned at the end of Section 4.2.

5.2. EAPD of strange nonchaotic attractors and the disappearance of SNPs

When plotting the EAPD function of the strange snapshot attractor (Fig. 24(a)), we see that the distance growth is
exponential at first, but then it stops, with a maximum at around n = 30, after which the average distance starts to
slowly decrease. This can be interpreted as another manifestation of transient chaos: initially the chaotic motion around
the saddle dominates, while later attraction towards the SNPs takes over. Note that the average distance remains orders
of magnitude smaller than the extension of the phase space, meaning that the Lyapunov exponent can be evaluated
throughout the whole range shown, which is why the cutoff line is absent from the image. Since the Lyapunov exponent
is defined as the derivative of the EAPD function, the value of the Lyapunov exponent reaches zero at the maximum, and
becomes negative when overall convergence towards the SNPs takes over.

Fig. 24(b) shows the shape of the attractor for n = 30 (at the maximum). It is similar to the one in Fig. 23(a), but now
A = 0, it is thus an extended, fractal-like but non-chaotic attracting set. We see here appearing the snapshot version of
a strange nonchaotic attractor, an object intensively studied in the traditional chaos literature, see e.g. [98,99]. The EAPD
curve suggests that the attractor remains non-chaotic for a while after n = 30. Note that the zero value, or even the
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Fig. 24. (a) The EAPD function in the scenario of Fig. 23 up to n = 50. (b) The strange snapshot (nonchaotic) attractor at n = 30 (g3 = 0.174)
where the instantaneous Lyapunov exponent vanishes. This is the image of the attractor in Fig. 23(a) 5 iterations later.
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negativity of the average Lyapunov exponent does not mean that there is no chaos at all, since individual trajectories can
indeed be sensitive to initial conditions, but these are outcompeted by those converging towards the SNPs, thus we are
justified in calling the overall dynamics non-chaotic.

However, a surprising phenomenon occurs when we continue to plot the EAPD curve (Fig. 25(a)): at around n = 54,
for a short time interval the overall dynamics turns chaotic again, with a smaller positive Lyapunov exponent than before.
After this the function again reaches a maximum and starts to decrease. The reason for this can be seen if we observe the
attractor after this shift, at n = 60 (Fig. 25(b)) where it is clear that the two SNPs around (%1, 0) have disappeared, and
only the third one remains. This suggests that points that have accumulated around the two disappeared SNPs start to
be attracted by the remaining one. Also, the positive Lyapunov exponent suggests that these points first wander around
the chaotic saddle before starting to converge. We note, however, that this chaotic saddle is different from the one that
existed up to n = 54, since now the dynamics in the area around (41, 0) is chaotic as well, which can also be observed
in Fig. 25(b). The saddle belonging to n = 60 is shown in Fig. 25(c), and compared with the one in Fig. 23(c), it has a
narrower and more sparse structure.

The values of the positive slopes in Fig. 25(a) suggest that this saddle is less chaotic than the one before, however this
can be misleading since by now several points have already accumulated around the only remaining SNP, meaning that
those skew the statistics towards a flatter slope. In order to obtain more accurate results, we consider the EAPD curve of
a scenario with the same rate and the same 8 vale, but starting with an extended ensemble at 54, = 0.249, i.e. at the
beginning of the second positive slope in Fig. 25(a). This EAPD curve is shown in Fig. 25(d), and it shows that, in fact, this
saddle has a larger instantaneous Lyapunov exponent than the preceding one (the first slope in Fig. 25(a)).
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Fig. 25. (a) The EAPD function in the scenario of Fig. 23 plotted up to nme = 100. (b) The snapshot attractor at n = 60 (ggp = 0.268) where
it possesses a positive Lyapunov exponent again. The single SNP existing here is plotted as a red dot. (¢) The chaotic saddle inside the snapshot
attractor at time instant n = 60 obtained with numerical parameters k; = 5, Ngy = 90000. It contains the previous SNPs about x = +1 converted
into SHPs. Escape occurs upon entering a disk of radius 0.1 around the only SNP. (d) The EAPD function initiated on an extended ensemble at
n = 54, corresponding to £54 = 0.249. The positive slope corresponds to the Lyapunov exponent of the saddle in panel (c).
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5.3. Natural measure on the strange snapshot attractor

We have seen that embedded into a strange snapshot attractor one finds a chaotic saddle and a few regular attracting
points, SNP-s. Since a saddle is a non-attracting set, the natural measure P*(x, t) of the attractor will have a tendency
to accumulate about the regular points. The process might, however, take a long time. The time evolution of the natural
measure is illustrated by the tableau of Fig. 26, in the scenario considered in this section. The convergence time t. to the
attractor was found to be 8 periods, thus the instances shown are a faithful representations of the dynamics.

On panel (a) we see the distribution on the attractor of Fig. 23(a) at n = 25, and the distribution is without any
large peaks, although the density is markedly lower at the front and back edges of the attractor, plotted in blue. Panel
(b) belongs to the time instant of the first maximum, n = 30, of the EAPD curve of Fig. 25(a), where the slope is zero,
the instantaneous Lyapunov exponent vanishes. The extended and fractal nature of the distribution supports the view
that the attractor is a strange non-chaotic attractor here. Note that this suggests that the disappearance of the average
Lyapunov exponent does not necessarily mean that the distribution has to be trivial. The next panel exhibits the density
at n = 50 about the end of the downward slope of the EAPD curve, where the Lyapunov exponent is negative. The regular
attractors dominate, and one indeed sees two pronounced peaks at about (£1, 0) and an even larger one at the third SNP,
while considerable portions of the filamentary pattern of the attractor are hardly populated. The distribution is even less
uniform than before (but still a fractal), this is still a strange non-chaotic attractor. When going further, the two peaks
disappear, indicating that the corresponding SNP-s became parts of the attractor (see Fig. 25(b), which is again a case of
a strange snapshot attractor with a positive largest Lyapunov exponent). Finally, we show the distribution belonging to
n = 70 in panel (d), where the EAPD slope is zero again, to illustrate that the attractor at this instant is another strange
non-chaotic attractor, dominated by the peak at the third SNP.

Fig. 26. Natural measure (red) on the strange snapshot attractor (blue) along the scenario used in this section, for instances n = 25, 30, belonging
to Figs. 23(a) and 24(b) (panels (a) and (b)), and n = 50, 70 (e50 = 0.237, 50 = 0.300) (panels (c) and (d)).
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5.4. Time-dependent basin structures

The stable foliation, shown in Figs. 23(b) and 23(c) in pink, turns out to be fractal-like (with zero area) and does not
shade any area, while it penetrates into regions outside the shown frame as well. This is in contrast to the case of a chaotic
snapshot attractor, where the stable foliation is space filling. The reason for this is that the saddle occupies only part of
the attractor, so the set along which it can be reached must not be space filling. However, the whole strange snapshot
attractor is the only attracting set governing the dynamics, thus its basin of attraction must be the whole phase space. It
is then worth investigating if the gaps in the snapshot stable foliation could be filled.

Given the existence of the three simple attractors, SNPs in our example in Fig. 23, it is natural to ask where their
basins of attraction are. These are also sets, just like the stable foliation, that describe points that converge to an object,
an SNP, but these have finite area. Since SNPs are time-dependent, being snapshot objects, their basins should be also
time-dependent.

To observe the basins of attraction, consider Fig. 27(a) in the scenario investigated. The basins of attraction are
approximated by choosing compact regions about the SNPs at time n = 35 and iterating Ny, points in them backward
in time over k = 10 units (the same auxiliary time that is used for the stable foliation). The basins of the SNPs about
(—1,0) and (1, 0) are colored green and yellow, respectively, while that of the third one (being at about (1.7075, 0.6335)
at n = 35) blue. One clearly sees that all three colors become mixed in extended regions.

The figure also contains the stable foliation of Fig. 23 plotted in pink, superimposed on the three basins. Bands of all
three colors of the regular basins are seen to penetrate the tongues left empty by the stable foliation. White regions are
also visible as consequences of the fact that the chosen compact regions do not fully match the basins, not even close to
the SNPs. With an appropriately refined choice, however, the white areas would shrink. Since the regular basins’ colors
appear to be mixed with pink, we can say that the boundary of the basins accumulate on the snapshot stable foliation.
We see here a case of a snapshot fractal basin boundary, that is, the sets that transport points to the snapshot chaotic
saddle, as well as the SNPs, are time-dependent. A special class of boundaries is called the Wada boundary [37,100] if it is
true that any small neighborhood of the fractal boundary contains all three (or more) basins. Since all colors are equally
well mixed in our case, we suspect to see here a snapshot Wada type boundary. The three colors of the regular basins
(up to the white patches) appear to cover the whole plane, indicating that the three SNPs (and therefore also the strange
snapshot attractor) attract points in a space-filling way.

In Fig. 27(b) we illustrate the “basin structure” in the case of the snapshot attractor displayed in Fig. 25(b). Here two
of the three SNPs no longer exist, thus the image contains only two colors, the white patches again come from not being
able to perfectly cover the basin of the single SNP with compact regions. In pink we show the stable foliation, i.e. the
time-dependent set along which points are attracted to the saddle. The basin of attraction of the remaining SNP is plotted
in blue (just like in panel (a)), which now becomes space filling. The Wada-type mixing of basin boundaries present in
panel (a) however has completely disappeared. These observations illustrate that the regular component(s) of strange
snapshot attractors are robustly attracting.

Fig. 27. (a) Basins of attraction of the three time-dependent attractor points at time n = 25 superimposed with the stable foliation of Fig. 23. The
initialization for generating the basins occurs at n = 35 with N, = 40000 points in a circle (green and yellow) of radius 0.15 around the SNPs at
(£1, 0) and in three (blue) rectangles around the SNP close to (1.7075, 0.6335), centered at (1.75, 0.5), (0, 1.4), (1.2, —1.4), of sizes 0.15x 1, 1.5x 0.2,
0.5 x 0.5, after which a backward iteration is applied over k = 10 time units. (b) The “basin structure” for n = 60 in the same scenario, belonging
to the attractor of Fig. 25(b). In the construction of the foliation and the basin we have k = 5 with Ny, = 200000 and Np,s = 90000 trajectories.
The latter number of points are distributed on each of the four initial rectangles centered at (1.75, 0.1), (0.9, 1.25), (1.2, —1.3), (1.3, —1.4) and of
sizes 0.15 x 1.1, 0.8 x 0.6, 0.5 x 0.3, 0.15 x 0.55. at n = 65.
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5.5. Time-dependent escape rates

A novel feature can be observed when considering the time evolution of the number of points remaining near the
saddle of Fig. 23(d): the escape from the saddle is not exponential, as it can be seen in Fig. 28(a). This means that, contrary
to traditional transient chaos (e.g. Fig. 18), here the dynamics cannot be described by one single escape rate, rather the
escape rate itself is changing in time.

Generally, this time-dependence manifests in the derivative of the curve in Fig. 28(a). Let N(t) and N, give the number
of survivors in continuous and discrete time, respectively. The time-dependent escape rates are then obtained as

d N(t InN,

k(t) = % InN(t) = —%, Kn=— Atn = —(InNpyq — InN,) = —(InN,,) (40)
This is illustrated in Fig. 28(b), by numerically computing the derivative. In traditional transient chaos, the decay with
exp (—«t) starts after a convergence time only, needed by the ensemble to approach the chaotic saddle along the stable
manifold. An example of convergence is provided by the beginning of the curve in Fig. 18(d). In the time-dependent
context, we shall denote the convergence time after which the snapshot chaotic saddle is reached by t and 7 in continuous
and discrete time, respectively. Based on this, we conclude that the first few outlier points in panel (a) are a sign of the
convergence towards a snapshot saddle and discard them in the analysis, plotting « from n = 9 onward only.

An important message of transient chaos theory is that the positivity of the average Lyapunov exponent does not
imply chaoticity. A simple example is an isolated hyperbolic point, possessing a positive local Lyapunov exponent (which
is also the average in this case), which is then the same as the escape rate, while of course the dynamics of a single
isolated hyperbolic point is not chaotic. What matters is the difference of the two quantities since the global escape from
a collection of hyperbolic orbits, the chaotic saddle, is slower than the typical stretching rate. This is expressed by the
positivity of the metric entropy K, which has the form [37,82,101]

K=A—k>0 (41)

for systems with one positive Lyapunov exponent . A saddle is thus considered chaotic if ¥ < X holds. This statement
implies that typical transient trajectories exhibit chaotic behavior before they escape. The general condition for the
existence of complex transient dynamics is that the topological entropy [102] is positive, a quantity reflecting the
exponential growth of permitted transient trajectories, i.e. the complexity of the dynamics. The topological entropy is
larger than or equal to the metric one. If these two quantities are different, a fractal looking saddle may exist with « > X
as long as the topological entropy is positive.

These relations should hold for time-dependent quantities as well. Calculating the derivative of the EAPD function in
Fig. 25(a), i.e. the Lyapunov exponent 1,, we find that the escape rate «, of Fig. 28(b) remains for the first part of the
scenario smaller than A,, but the difference changes sign at n = 27. Since the metric entropy is negative for n > 27, we
can say that the saddle is a strange nonchaotic saddle in this range, implying that there are many trajectories exhibiting
sensitivity to initial conditions, but they are atypical. Since this saddle is the chaotic component of the strange snapshot
attractor, in a transient chaos based view, it should be said that the attractor is non-chaotic already for n > 27 (not only
for n > 30 stated so far). This condition is illustrated by a black line in Fig. 28(b). Note however, that the topological
entropy is expected to be positive for quite a long time, as long as the attractor appears to be fractal-like.

0.20
11.0
10.5 0.15
= 100 L K
(=)l . 0.10
o .
95
20 . 0.05
85, T aeeses®
0.00
5 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
n n
(a) (b)

Fig. 28. (a) Number of survivors N, in the rectangle mentioned in Fig. 23 in the scenario used there. The curve is not linear on the semi-logarithmic
plot, thus the escape is not exponential here, meaning that it should be described by time-dependent escape rates. (b) Time-dependence of the
escape rate x based on the numerically obtained derivative of the curve in panel (a). In instants before the vertical line at n = 27 the snapshot
saddle is chaotic, while after it the saddle is strange non-chaotic, and the figure shows that the escape rate remains defined in the latter case as
well.
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Fig. 29. Number of survivors for the snapshot chaotic saddle of Fig. 25(c), existing for n > 54, in the scenario gy = 0.08, « = 0.0005, Ny = 100,
with 8 = 0.01, associated with the strange snapshot attractor of Fig. 25(b), The escape is now exponential, contrary to Fig. 28.

It is worth noting that the presence of a time-dependent escape rate does not imply that the naively expected relations

N(t) ~ e 0 N, ~ g=¥n" (42)

would be valid. As follows from the relations in (40), the exponents should contain a time integral, or a sum, over the
previous instances. The correct relations, valid after the convergence time ¢, i, are

N(t) = Ne~ fi <@ N — Re=Eisi, (43)

where N is the number of non-escaped particles at the instant of £, fi. These might lead to results differing considerably
from those of the naive estimates (42) since a value taken at the last instant multiplied by a time interval is not the same
as the integral of the investigated quantity over the time interval.

After n = 54, and the disappearance of two SNPs, the chaotic saddle becomes different, as can be seen in Fig. 25(c), it
is thus worth separately calculating « for this case. Using the same method as before, the result shown in Fig. 29 is quite
interesting in view of the previous example: the escape becomes exponential. Not only that, but the linear fit results in the
escape rate « = 0.28, which is larger than the values in Fig. 28(b), meaning that now the escape is faster than before. An
explanation might be related to the basins of attraction in Fig. 27. With the disappearance of two SNPs on panel (b), the
Wada-type basin boundary vanishes, after which, once a trajectory leaves the vicinity of the saddle, it can only escape one
way, towards the one remaining SNP. In the case of panel (a) however, one can speculate that the extended Wada-type
boundary allows the trajectory to “hesitate” between which SNP it would eventually escape to, meaning that in this case
escape is slowed down by the time-dependent Wada-type basin boundary.

5.6. Transition between the weak and robust regimes

We have seen that chaotic snapshot attractors exist in the robust regime (illustrated with driving and damping
& ~ 0.55, 8 = 0.2), while in the weak regime (illustrated with driving and damping ¢ ~ 0.2, 8 = 0.01) the snapshot
attractor is strange. We found that a transition can be shown to occur between these qualitatively different types of
snapshot attractors, and this is what we investigate in this section.

We start with the frozen system, and generate the bifurcation diagram along a curve of the (¢, 8) plane, i.e. we change
these parameters simultaneously, according to a functional relation between them. We have found that a linear relation

e —&o=5(B— Bo) (44)

suffices, where fy is the damping constant belonging to the driving amplitude ¢q. For the constant parameters we choose
the values s = 1.92, By = 0.032, &g = 0.1 (in the weak regime).

Fig. 30 shows this two-parameter bifurcation diagram obtained by cutting out short transients only. Fixed point
attractors appear in this view as bold, black curves. It is clear that the two basic attracting fixed points originating from
x = %1 exist up to about (¢ &~ 0.23, 8 &~ 0.12), and are surrounded by transient chaos in the whole of this interval. After
this parameter pair, the bifurcation diagram is consistent with the presence of a single extended chaotic attractor which
undergoes internal crises, and ceases to exist at the far right of the picture.

As a next step, we apply a drift in both ¢ and 8 with rates o and y, respectively, and investigate the fate of snapshot
attractors. The drift follows the line prescribed by (44) in the parameter plane with the choice s = «/y. We thus consider
a Duffing system with two time-dependent parameters:

X=x—x>—2B(t)k + &(t) cos wt, (45)
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Fig. 30. Bifurcation diagram taken along the &(8) line (44) of the parameter plane with s = 1.92 by cutting out short transients of length 25
iterations only. The green line is at the chosen values of ¢y = 0.1, By = 0.032, blue lines: ¢ = 0.162, 0.225, 0.288, 8 = 0.064, 0.097, 0.130, red line:
& = 0.414, B = 0.195. The lines colored blue and red mark values at which snapshot attractors are shown in Fig. 31 in a scenario with two drifting
parameters.

taken at stroboscopic instances t = Tn, with parameter drifts as
gty=eo+at, Bt)=PFo+yt, 0=t=lnux (46)

The rate « is taken 0.0005 as in this section so far, and y is chosen as «/s = 0.00026. The initialization occurs at time
n = 0 with N,y = 250000 points distributed uniformly on a square of side length 3 centered at the origin. This parameter
pair is marked by a green line in Fig. 30.

Before showing the snapshot attractors along this scenario, let us note that as long as the two basic attracting fixed
points originating from x = %1 exist, there should be two regular snapshot objects, SNPs, close to their location in the
bifurcations diagram. (The precise locations were calculated for weak driving in Section 2, but the results are not applicable
for about ¢ > 0.2.) The SNPs are expected to disappear approximately at the ¢, 8 values where the fixed points cease
to exit. Afterwards the SNPs might become converted into unstable SHPs, a possibility we have discussed in Section 3.4.
The disappearance of SNPs marks the emergence of chaotic snapshot attractors. In view of this discussion, the structural
changes visible in the shape of snapshot attractors in the sequence shown in Fig. 31 is easy to interpret.

Panel (a) arises at iteration n = 20 and belongs, from the point of view of parameters, to the first blue line in Fig. 30. The
snapshot attractor contains two dense patches about x = +1, in accordance with the existence of two SNPs there, as well
as a filamentary part connecting them. Its shape is similar indeed to that visible in Fig. 23(a), without the third SNP specific
to that case. (The bifurcation diagram of Fig. 30 also contains a third fixed point, originating from the top left, which ceases
to exist at about ¢ = 0.11.) The situation is similar in panel (b) (n = 40, second blue line in Fig. 30) just the dense blue
regions are shifted more to the right and have shrank, as a considerable amount of trajectories converged towards the
SNPs, which is also apparent on the emptier filamentary regions. The dense regions are no longer present in panel (c)
(n = 60 third blue line in Fig. 30) marking the loss of SNPs and the conversion into a chaotic snapshot attractor. It is not
yet densely populated, since (based on the bifurcation diagram) the SNPs have just disappeared, meaning probably that
the earlier densely populated regions have now been transported away from x = 41, but are not yet fully stretched. The
last panel exhibits the snapshot attractor at n = 100 (red line in Fig. 30), at parameters 190 = 0.414, 8190 = 0.195. This
attractor is indeed similar in appearance to that of Fig. 6. The sequence of Fig. 30 illustrates that there exists a transition
from strange to chaotic snapshot attractors when going from the weak towards the robust regime. At the beginning of
the transition the process is non-adiabatic for the attractor, while the frozen attractor belonging to panel (d) is found to
be very similar with the one shown, tracking, and thus adiabaticity, holds by the end of the scenario.

6. Advanced features in Hamiltonian systems

It is worth differentiating between two cases related to Hamiltonian systems too. One of them is such a scenario where
the dynamics is becoming more chaotic over time, called a chaos enhancing scenario (treated up to now), while the other
is one where the strength of chaos is ever decreasing, the chaos weakening scenario (to be discussed in Section 6.4). In the
former, snapshot tori typically break up and the size of the snapshot chaotic sea is growing, while in the latter tori do not
break up. In the context of our system with a linear parameter drift, the enhancing and weakening scenarios correspond
to a positive rate and a negative rate «, respectively. Note that the fact that such a clear distinction can be made is a
beneficial property of our specific system and the chosen drift.
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Fig. 31. Snapshot attractor in the scenario &g = 0.1, fp = 0.032, « = 0.0005, y = 0.00026, npme = 100, with Ney = 250000 points distributed
initially on a square of side length 3 centered at the origin, shown at discrete times (a) n = 20, (b) n = 40, (c) n = 60, and (d) n = 100.

6.1. Predicting the torus break-up

The phenomenon of torus break-up, characteristic of chaos enhancing scenarios, was mentioned in Section 3.1 as a
dramatic event in the history of a snapshot torus, the process during which it loses the smooth loop character, i.e. when
it gets entrained into the snapshot chaotic sea. We note that, besides the features mentioned at the end of Section 3.5,
this process can also be loosely considered as an example of rate induced tipping [58] since a transition occurs between
two distinct states, regular and chaotic dynamics. In this section we concentrate on the dynamical condition of torus
break-up. A hint in this direction might be provided by a careful observation of Fig. 21(a) where one discovers that in
certain regions the pink snapshot stable foliation slightly overlaps with some of the blue tori belonging to the same time
instant. Such a behavior would be impossible in traditional chaos, where phase space curves are forbidden to cross each
other. This is, however, not impossible in systems subjected to parameter drift. Since the stable foliation directs points
into chaos in the future, an intersection of this foliation and a torus at a certain instant means that the intersection region
will be mapped into a chaotic region at some later time, implying the break-up of the torus.

Concerning previous efforts, the first attempt in understanding the mechanism was the observation in [35] that
the stable manifold of a snapshot hyperbolic point (SHP), which can be perturbatively determined for small driving
amplitudes, can be used to signal torus break-up. The stable manifold is generated from a small segment along the local
stable direction of the SHP, which itself lies in the chaotic sea. If a minimum of k backward iterates are needed to have an
intersection with a given torus at time zero, then it was said that the break-up of that torus starts approximately k time
units later. In the discrete-time problem treated in [36], where identification of SHPs was hopeless, a similar condition
was found with the stable manifold of hyperbolic points of the drift-free problem. This observation showed that the
precise knowledge of the SHPs is not needed for finding the condition of torus break-up, and a more robust feature of
the dynamics, the snapshot stable foliation can be used.

Here we thus present this mechanism in detail, using the general language of time-dependent foliations. The torus
selected as an example is the red torus on the right of Fig. 7(a). This curve belongs to the initial instant, and we are
interested in the moment when the break-up process of this torus starts in the scenario followed in that figure. To this
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Fig. 32. Dynamical condition for torus break-up in the same scenario as in Fig. 7 (¢ = 0.08, @ = 0.0005, nme = 100). In panels (a), (b) the red torus
on the right of panel (a) of Fig. 7 is shown in blue (at the initial time instant n = 0). The stable foliation (pink curve) was generated by iterating
the same initial segment of length dl = 0.2 around the origin (marked pink in panels (c), (d) with Ng; = 100000 points on it) backward over k = 18
and 19 time periods in panels (a) and (b), respectively. Panels (c) and (d) show the image of the torus after 18 and 19 iterations, respectively. Note
that in the latter, the deformed torus intersects the small segment. Panel (e) exhibits the EAPD curve belonging to the time evolution of the torus.

end, we keep looking at the torus at the initial instant, but compare it in Figs. 32(a) and 32(b) with the stable foliation
generated via backward iterations initiated at different k time units later on a small segment (marked by pink in panels
(c) and (d)) in the middle of the chaotic sea. In panel (a) k = 18, i.e., we see the stable foliation at the initial time instant
which leads to chaos by time n = 18. The pink curve comes quite close to the torus, here plotted in blue for contrast, but
remains outside it, indicating that the image of the torus will not yet be in the chaotic sea after n = 18 steps. In contrast,
with k = 19 (panel (b)) a crossing of the same blue curve can be seen at the bottom of the torus. This implies that some
portions of the image of the torus are in the chaotic sea after n = 19 steps, i.e., the break-up process has started.

Panels (c) and (d), showing the image of the torus at time instants n = 18 and 19, respectively, fully support this
expectation as the snapshot torus is yet about its original location in panel (c), but one step later has developed a long
tongue crossing through the origin, which belongs, at all instants, to the middle of the snapshot chaotic sea. A further
feature supporting the view presented is provided by panel (e). It shows the EAPD curve (24) of the torus through the
scenario. The initial phase is represented by a rather low value of function p, but at a critical n, = 19 a sudden change
occurs, and a rapidly increasing phase, indicating chaos, starts. It is therefore natural to consider the critical instant n. = 19
the instant when the torus break-up starts.

The dynamical condition for torus break-up thus appears to be that the stable foliation originating at time n, intersects,
at time 0, the snapshot torus in question, with n. being the smallest discrete time instant where this intersection occurs.
Note that the right EAPD curve of Fig. 11 also characterizes a torus break-up. Although not said there, the argument above
implies that the critical time n. = 52 has the property that this is the first instance whose stable foliation intersects the
torus (the red one on the left of Fig. 7(a)) at time n = 0. A comparison of the two EAPD curves indicates that the critical
time depends on the torus in question. Since the red torus on the right is closer to the edge of the elliptic island containing
it than the left one, it is natural that the one on the right breaks up earlier.

The phenomenon of torus break-up contributes to a more detailed understanding of the difference between the
foliations illustrated in Fig. 10. We have seen, e.g. in Figs. 21(a) and 32(b), that the stable foliation, and only it, penetrates
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into the surroundings of tori, as a basic element of the torus break-up mechanism. This implies that the stable foliation is
of somewhat larger extent than the unstable one. More generally, we can say that in chaos enhancing scenarios the stable
foliation is more extended than the unstable one.

6.2. Time-dependent non-chaotic regions

In this section, we intend to explore the fine structures of the snapshot chaotic sea in chaos enhancing scenarios. Fig. 21
clearly indicates that stable and unstable foliations are not fully identical. The intersection points of an instant correspond
to the chaotic subset, but there are small regions where the foliations do not overlap. Points belonging solely to the stable
foliation at n, appearing in Fig. 21(a) in pink for n = 35, were not chaotic in the past, since if they were, they would have
to be on the unstable foliation as well (which was initiated from chaos k units earlier). These points are also not chaotic
at the moment, but are going to be chaotic in the future (after k units), since the construction of the stable foliation starts
with a small segment in the chaotic region at time n + k, and subjected to backward iteration. Such points correspond to
the mechanism that the stable foliation moves snapshot tori towards chaos, just discussed in Section 6.1. Alternatively,
points belonging solely to the unstable foliation, appearing in green, were chaotic k times earlier but are not so at the
moment (at n), and, crucially, will not be chaotic in the future either, due to them not being on the stable foliation. Such
a case is exemplified, after magnification, in the upper left inset of Fig. 21(b), the center of which is marked by a yellow
square. In this scenario k = 10 for the foliations, thus we expect points on the small yellow square to be not chaotic 10
steps later.

To gain further insight, in panel (a) of Fig. 33 the shape of this yellow square is shown k = 10 steps later. The panel
also contains the unstable foliation belonging to the same time instant (n = 45) in green (obtained with the same k = 10)
and the snapshot chaotic sea in blue. A snapshot torus is also shown, one that is close to the outermost still surviving
snapshot torus at this instant and is about to break up in a few steps. Earlier we made the observation, that the unstable
foliation is similar in shape to the snapshot chaotic sea, but here we see that they are not exactly the same. Points of the
snapshot chaotic sea are plotted in blue if lying close to the foliation, but those being farther away than a threshold value
are plotted in red. The threshold value is so small that the shape of the blue region cannot be distinguished by naked
eye from the unstable foliation, and the blue points are hardly visible over the green ones. This property will be kept in
following analyses of this type, namely Figs. 34 and 37, thus on those figures we omit plotting the foliation, in order to
highlight the chaotic and non-chaotic parts of the chaotic sea. In panel (b), the full snapshot chaotic sea can be seen in
blue for comparison, along with the selected torus, while panel (c) shows the stable and unstable foliation overlaid, in
order to highlight the intersection points.

Panel (a) clearly indicates that the yellow points are indeed not chaotic at this later instant, instead, they form a short
band inside the red region. Note that the yellow trajectories have evolved from a small square that was part of the unstable
foliation but not part of the stable, k iterations earlier. A similar statement is expected to be true concerning the origin
of most of the red points as well. These mark the region in which the snapshot chaotic sea differs from the unstable
foliation at time n, and appear to be close to a torus. In these regions, the dynamics is certainly not chaotic, since chaos
would be indicated by the intersections of the snapshot stable and unstable foliations (see panel c), but these regions
are not even parts of the unstable foliation, thus cannot be chaotic. The behavior of the yellow trajectories also supports
this assertion. Therefore, these regions can be called time-dependent non-chaotic regions. It should be noted that this is an

Fig. 33. Snapshot chaotic sea and its non-chaotic component in the same scenario as in Fig. 7 (¢p = 0.08, @ = 0.0005, n,,4x = 100). (a) The chaotic
sea (blue) compared to the unstable foliation (green) at n = 45 generated with k = 10, Ny,; = 20000, on 3 vertical sections of length dl = 0.2 around
points (—1.5, 0.25), (—0.5, —0.5), (0.25, 0.25). The initial conditions at n = 0 for the chaotic sea and the shown torus are xo = 0.1, 1.579, vg = 0,
Ntor = Nepg = 20000. Condition for points of the chaotic sea plotted in red is that their distance from the unstable foliation is > 0.03. (b) The same
torus and the chaotic sea shown on their own. (c¢) Stable (pink) and unstable (green) foliations overlaid.
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approximation, the exact non-chaotic region should be defined as the complement set of the chaotic saddle. This is thus a
larger set than the red region presented in Fig. 33(a), and the difference depends on the density of the intersections on
the unstable foliation. Looking at the large number of intersections in panel (c), we can say that here the red region is
a good enough approximation of the exact non-chaotic component. This means that, despite being the image of a fully
chaotic object, the snapshot chaotic sea contains both a chaotic and a non-chaotic component.

At this point, the value of k is arbitrary, subjected to the constraint of a finite observation window (22). It is thus
natural to think that the size of the red non-chaotic regions depends on the choice of k. In order to find the optimal value,
we recall how the red regions are defined: they are trajectories that were not chaotic k iterations earlier (they were part
of the unstable foliation but not of the stable), but were chaotic another k iterations earlier (they were inside a chaotic
region on a small segment). Now let us have k' > k for the same n, where in a chaos enhancing scenario we find that
the non-chaotic component is smaller for k' than for k.5 We realize that knowing that the non-chaotic trajectories were
chaotic 2k iterations earlier means that at least 2k iterations have to fit into the scenario investigated up to n. This bounds
k as k < n/2, taken together with the condition of not being able to go to negative times due to finite observation (22).
In order to have the best-converged results, the maximal available integration time should be taken, i.e. we say that our
numerical method best approximates the non-chaotic component of the snapshot chaotic sea at a given n if the applied auxiliary
time is k = n/2 < kpq in chaos enhancing scenarios.

We find that for larger n (and thus ¢) values in such scenarios the non-chaotic regions all but disappear and the
chaotic subset dominates the snapshot chaotic sea. For smaller n values however, pronounced non-chaotic regions can

6 The mechanism is that the extension of the stable (unstable) foliation is larger (smaller) at n — k’ than at n — k, leading to there being less
points that are part of one foliation but not the other at &,_, i.e. smaller non-chaotic regions at n.
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X X X
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Fig. 34. (a)-(e) The change of the non-chaotic (red) and chaotic (blue) regions of the snapshot chaotic sea in time with fixed auxiliary time k = n/2
in the same scenario as in Fig. 33, at instants n = 10, 20, 30, 40, 50. In each case, a snapshot torus close the outermost one is displayed from the
island on the right, corresponding the initial conditions xo = —0.4, —0.3, —0.15, 0.05, 0.25, vo = 1.1 for panels (a)-(e) (at n = 0), generated from
N¢or = 20000 points. Initial conditions for the snapshot chaotic sea are xy = 0.1, vg = 0, and N, = 20000. The condition for points of the chaotic
sea plotted in red is that their distance from the unstable foliation (not shown) is > 0.03. (f) The number of non-chaotic trajectories (red points
in panels (a)-(e)) against time on a semi-logarithmic plot. The fitted straight line implies that the non-chaotic region disappears at an exponential
rate.
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Fig. 35. The two foliations (stable in pink, unstable in green) overlaid for n = 10, 30 and 50, k = 5, 15 and 25, in panels (a), (b) and (c), respectively.

be observed. This is illustrated in Fig. 34, where we show the snapshot chaotic sea with the chaotic subset (blue) and the
non-chaotic regions (red) in the same scenario as before, for instants n = 10, 20, 30, 40, 50, where the parameter values
are ¢, = 0.111, 0.142, 0.174, 0.205, 0.237, generated with the optimal choice of k = 5, 10, 15, 20, 25. Observe that at
the beginning the red area is of similar size than the blue, but by the end only very small patches can be found near the
outermost snapshot torus. Note that it follows from the mechanism of torus break-up, see Section 6.1 and our observations
below, that the stable foliation is a more extended set than the unstable. We thus find here that as time increases, the
snapshot unstable foliation (effectively the extension of the blue points) provides a better and better approximation of
the chaotic subset, as the time-dependent non-chaotic region disappears. The rate of this disappearance can be observed
in panel (f), where we plot the number N, of non-chaotic points as a function of discrete time n. The curve shows an
approximately exponential trend with the exponent £ ~ 0.13 obtained from a linear fitting. Note that the observation
that the unstable foliation of Fig. 10(a) is similar in shape to the full snapshot chaotic sea of Fig. 8(a) can be understood
in the context of Fig. 34: the time instant shown in the former figures (n = 35) is between those of panels (c) and (d), in
a region where the red points have nearly disappeared.

In order to monitor the above process from the point of view of intersections, we consider three examples from Fig. 34
(panels (a), (c) and (e)) with the stable and unstable foliations superimposed in Fig. 35. In panel (a) the unstable foliation
is not yet densely crossed by the stable one, the chaotic saddle is sparse. In panels (b), (c) dense crossings are present,
and the unstable foliation is a better approximation of the chaotic subset, the chaotic saddle, more so in panel (c) than
in (b).

We conclude that if the scenario and the observational time window allows for such cases, when the non-chaotic regions
disappear completely, the unstable foliation is the same as the snapshot chaotic sea. This is because the lack of red regions
implies that the unstable foliation is completely covered with the stable one, meaning that every point of the unstable
foliation is an intersection point, i.e. the saddle occupies the unstable foliation. In such a case, the unstable foliation is
also identical with the snapshot chaotic sea, which is fully chaotic. Note that from this it does not follow that the two
foliations are identical, only that in a chaos enhancing scenario, the stable is of larger extension than the unstable, such
that the latter is completely inside the former. This is also supported by Fig. 35, where for increasing n the stable foliation
is shown to cover the unstable one more and more, while another example was shown in [46]. Concerning the question
if the unstable foliation, and thus the chaotic subset, is space filling, the numerical results of Fig. 35 suggest that this
is approximately the case, while for a more accurate statement further studies are needed, just as for the question of
adiabaticity concerning the chaotic subset.

6.3. Time-dependent non-hyperbolic regions

Typical Hamiltonian systems are known to exhibit non-hyperbolic behavior manifesting itself in slow dynamics.
Because this implies long lifetimes around certain phase space regions, around last KAM surfaces in particular, the term
stickiness is also used for this phenomenon (see e.g., [82,103]). Here we demonstrate that a similar behavior can be
observed in systems subjected to parameter drift.

Upon further investigating the time-dependent non-chaotic region, one realizes that this is not a homogeneous set.
Fig. 36(a) shows the full snapshot chaotic sea (plotted in blue) belonging to n = 10 on its own, i.e. the same instant as
Fig. 34(a), an instance when the non-chaotic region is of considerable extension. Within this region, one can see areas of
the snapshot chaotic sea that are much more dense than their surroundings, in particular around x = —0.5, to the left
of the upper and lower tongues of the large torus. These areas, that are parts of the non-chaotic component, bear a clear
resemblance to conventional non-hyperbolic (or sticky) regions of chaotic Hamiltonian systems.
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Fig. 36. Signature of non-hyperbolic behavior. (a) Snapshot chaotic sea of instant n = 10 in the scenario of Figs. 33, and 34, originated with
X0 = —0.1, vg = 0 and N, = 15000. The non-hyperbolic region can be observed as a more dense region along the inner perimeter of the chaotic
sea. The inset shows two squares of side length 0.02, centered at (—1.1, —1.35) (light brown), (—0.6, —1.35) (dark brown). (b) The EAPD curve of
the dark brown square on a logarithmic time scale. The linear fit signals power-law-like behavior, with the exponent indicated in the figure. (c) The
EAPD curve of the light brown square, indicating chaotic dynamics from the very beginning.

In order to characterize the dynamics of such regions, let us concentrate on the lower left non-chaotic part of the
snapshot chaotic sea. Here we investigate the EAPD curves of two small squares, see the inset in Fig. 36(a). The darker
brown on the right is inside, while the lighter brown on the left is outside the dense region. Fig. 36(b) shows the EAPD
curve of the dark brown square. A logarithmic scale is used along the time axis, since in traditional chaos the distance r(t)
of trajectory pairs (the logarithm of which is described by p) within a sticky region evolves according to a power-law:
r(t) ~ t=° [82]. The initial part of the curve is similar to this: a linear fit can be carried out, resulting in the exponent
¢ = 2.15 £ 0.81. The uncertainty can be attributed to the fact that the dynamics of the region only remains slow for a
relatively short time, as the size of the non-chaotic regions shrinks - as we have just seen - at an exponential rate. At
around n = 24, the average distance of point pairs starts to grow exponentially even starting from this dense region. This
instance is between those of Figs. 34(b) and 34(c), where one can clearly observe a drastic decrease in the number of red
points. Because of this, the fit in Fig. 36(b) can only indicate traces of the power-law-like behavior, since it is expected
to be properly detectable after long times only [82]. Nevertheless, based on the observed accumulation of trajectories
around the snapshot tori, as well as the slow dynamics exhibited on the EAPD curve, we call these regions time-dependent
non-hyperbolic regions. They are a subset of the non-chaotic component of the snapshot chaotic sea, exhibiting prolonged
regular dynamics.

As the time-dependent non-hyperbolic region can be observed as a more dense part of the snapshot chaotic sea, it is an
interesting question what the fate of the light brown square in Fig. 36(a) is, since this is inside the non-chaotic region, but
not in its non-hyperbolic part. Fig. 36(c) shows its EAPD curve, which suggests that its dynamics is immediately chaotic.
This is unexpected, since the non-chaotic region certainly does not contain any intersections of the foliations (which signal
chaos), as it is not even part of the unstable foliation. However, let us remember that the dynamics of this region was not
chaotic k steps earlier, and is not chaotic at n. This, however, says nothing about the future (for times larger than n) of the
trajectories in this region. They can remain non-chaotic, as is the case for the non-hyperbolic regions, or, evidently, they
can turn chaotic even right after the observation, as Fig. 36(c) suggests. This assertion is again supported by the fact that
the non-chaotic region disappears exponentially, meaning that it is possible that a large portion of non-chaotic trajectories
turns chaotic in a very short time. It is interesting to conclude that what separates the non-hyperbolic regions from the
simply non-chaotic ones on an observational level is that the dynamics of the non-hyperbolic regions remains regular for a
considerable time, while the rest of the non-chaotic component becomes chaotic relatively fast.

6.4. Chaos weakening scenarios and convergence towards integrability

In this section, we explore the relation between chaotic seas and foliations in a chaos weakening scenario, which in our
system corresponds to a decreasing trend in the driving amplitude. In order to illustrate the essential difference between
chaos enhancing and weakening scenarios, let us recall that in Hamiltonian systems subjected to parameter drift, the
dynamics is not invariant under time-reversal. Due to the particular form of the equation of motion (4) with vanishing
dissipation 8 = 0, time reversal is equivalent to replacing the rate @ by —« and keeping the original time direction, that
is following a chaos weakening scenario.

The case of decreasing driving strength was investigated in dissipative cases, leading to the “death of chaos” in [38,45].
Here we concentrate on the Hamiltonian version of this problem, strictly in the context of finite observations. The scenario
starts, as before, at &g = 0.08, but the rate is now « = —0.0003. Fig. 37(a) shows the phase space at the instance n = 10,
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Fig. 37. (a) Phase space of the scenario g9 = 0.08, « = —0.0003, n;,q = 42 at n = 10, g1 = 0.061. The initial conditions at n = 0 for the chaotic sea
are xo = 0.1, vyp = 0, while for the snapshot tori xo = 0.78, vg = 0 (smaller), x, = —0.61, vg = 1.3 (larger), with Ngz = Ny = 10000. These were
originally close to the outermost KAM tori. (b) Foliations (unstable in green, stable in pink), shown at n = 28, g3 = 0.027, generated with k = 14,
and initialized on 3 vertical sections of length dl = 0.2 around points (—0.5, 0.5), (0, 0), (0.5, —0.5) with Ny = 10000. (c) The snapshot chaotic sea
with Ngyg = 70000 at n = 28, with the non-chaotic region plotted in red. The threshold for the red points is their distance from the stable foliation
being bigger than 0.01, while points closer to the foliation are plotted in blue. The snapshot tori evolving from those shown in panel (a) are also
displayed in blue. The yellow frame is a square of side length 0.6 x 0.6, to be used in the next two figures. (d) The unstable foliation at n = 28.

with the snapshot chaotic sea, as well as two snapshot tori which were close to the outermost KAM tori at n = 0 in the
respective islands. An interesting observation here is that the large snapshot torus is now more elongated than its original
shape (see the rightmost island in Fig. 7(a)). This means that snapshot tori can increase in extension (in some directions)
with decreasing driving as well. However, neither tori shown in panel (a) exhibit any sign of break-up, which would be
signified by strongly stretching patterns in their shapes.

We show the foliations and the non-chaotic region at n = 28, where g,3 = 0.027, and since we are in a chaos
weakening scenario, chaos is expected to exist in a restricted part of the phase space only. Panel (b) indicates indeed
that the foliations stretch over a small portion of the phase space only, moreover we find that the stable one (pink) is
of smaller extension than the unstable (green), unlike in the chaos enhancing case. We believe that this feature can be
generally valid in any chaos weakening scenario. This means that in chaos weakening scenarios, it is the stable foliation
that well approximates the chaotic saddle in case of a dense coverage of intersection points. These properties appear to be
consistent with applying a time-reversal transformation to a drifting system, and leading to the exchange of the roles of
the foliations. Because of this observation, and the fact that here we find that the intersection points can be dense on the
stable foliation, we approximate the chaotic subset with the stable foliation, and say that the non-chaotic region is its
complement set within the snapshot chaotic sea. For completeness, in panel (d) we present the unstable manifold on its
own to illustrate that, in a comparison with the pink curve of panel (b), the intersections indeed are dense.

On panel (c) we show the snapshot chaotic sea (the image of the sea of panel (a) 18 steps later). Points farther away
than a threshold distance from the stable foliation are plotted in red, and now they cover a more extended part of the
phase space than in chaos enhancing scenarios. The chaotic subset is plotted in blue, where the threshold value is again
so small that the shape of this region cannot be distinguished by naked eye from the stable foliation. The fact that the
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snapshot chaotic sea is much broader than its chaotic subset implies that in such cases the number of permitted states is
large, but the chaotic ones only populate a small region.

One can also observe on panel (c) the image of the two snapshot tori displayed on panel (a). They do not break up,
even at this point in the scenario. The mechanism can be clearly seen in the image: the non-chaotic region effectively
forms a boundary between the tori and the chaotic subset (this is more apparent for the smaller torus around (1, 0)). This
makes it impossible for the dynamics of the tori to change to chaotic, thus we expect the tori not to break up at later
times either. This conclusion complements a similar one made in [45], concerning the avoidance of torus break-up.

Observe that the snapshot chaotic sea, or rather the non-chaotic region, looks as though it broke into two separate sets.
The reason for this apparent splitting becomes clear if we observe the large snapshot torus. By this point, its elongation
had increased to such a degree that its two tongues have met on the left side, and the torus started to fold onto itself
(without breaking up). Earlier in the scenario, the space on the left between the two tongues was occupied by the snapshot
chaotic sea, like e.g. on panel (a). With the tongues meeting, only a very narrow band remains where the “outer” part of
the chaotic sea can connect to the “inner” one. In principle, traces of this narrow band could even be visible on panel (c)
as sparse red points (since it is part of the non-chaotic region) along the blue lines on the left, the meeting point of the
tongues. However, in this illustration the blue lines are overlaid on the red points, thus they suppress them.

Note that the last stroboscopic instance in this scenario where the driving amplitude is positive is n = 42, where
g4p = 0.00083. Since we avoid negative amplitudes, the next instance, n = 43, is not allowed, i.e. ny,x = 42. Even at
n = 28, we see that transverse intersections only occur around the origin, and around the separatrix of the undriven case
(green curve in Fig. 1(b)). This is in harmony with the spirit of the KAM theorem, valid strictly speaking in the frozen
dynamics only [82], according to which the extension of chaos is proportional to the amplitude of perturbation, which is
of order & ~ 0.03 at that instant.

In order to monitor the scenario towards reaching zero driving amplitude, we define in Fig. 37(c) a relatively small
square around the origin (drawn in yellow), and evaluate time-dependent characteristics of an ensemble distributed
uniformly on this area at n = 14, as shown in Fig. 38. The Lyapunov exponent (panel (a)) decreases in time, the number
of non-escaped orbits from this square (panel (b)) goes into saturation, while the escape rate (panel (c)) decreases to zero.
The key in the background of this behavior is the white hole in the foliations at about x = 0.2, v = 0 in Fig. 37(b) and
the small red area along the right edge of the square in Fig. 37(c). Both signal a small non-chaotic region at n = 28.

In the integrable limit, the phase space of which is plotted in Fig. 1(b), a single hyperbolic fixed point exists, the origin
with a large positive Lyapunov exponent. Investigating a very small square around the origin in our scenario, we would
see that the Lyapunov exponent tends to this value, and correspondingly, the unstable foliation initiated from a single
short interval crossing through the origin would converge to the light green separatrix of Fig. 1(b). The presence of the
non-chaotic hole within the yellow square shifts the focus away from the origin. While there is a shrinking chaotic saddle
about the origin and along the separatrix, the fact that the number of trajectories do not decrease to 0 extremely rapidly
in Fig. 38(b) suggests that there can exist another, weakly chaotic (or non-hyperbolic) set around the hole. Their joint
contribution to the ensemble average carried out in the EAPD function leads to a Lyapunov exponent of decreasing trend
as shown in Fig. 38(a). Panel (b) illustrates in addition that after about n = 22 the very slowly escaping points dominate.

Further insight into this process is provided by Fig. 39. In panels (a) and (b) we present the results of the sprinkler
method applied to the yellow square with Ng; = 250000 points uniformly distributed at instant n = 14. Panel (a) and
(b) exhibit the points not escaping up to n,q, at times n = 28 and n,,,;, = 42, respectively. Formally, these sets are the
analogs of the chaotic saddle and its unstable manifold. In fact, the escape from the chaotic saddle about the origin and the
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Fig. 38. Quantities evaluated on the yellow, 0.6 x 0.6 square of Fig. 37(c) with Ngy = 10000 for the EAPD function and N, = 250000 for the
escape dynamics. The panels show(a) the Lyapunov exponent, i.e. the discrete-time derivative of the EAPD function, (b) the number N, of the not
yet escaped trajectories, and (c) the escape rate, the discrete-time derivative of log N,. The quantities are plotted from n = 15, £15 = 0.052 up to
Nmax = 42, €47 = 0.00083, where the driving amplitude is practically zero.
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Fig. 39. Approaching the integrable limit. (a)-(b) The shape of the non-chaotic hole at n = 28, e;3 = 0.027 and npa = 42, 4o = 0.00083, respectively,
obtained from the sprinkler method, initiated at n = 14 with k; = 14. (c) The unstable foliation at n,, = 42, obtained with k = 10, initiated from
a section of length dl = 0.02 at the origin. (d) The thin frozen chaotic sea at ¢ = 0.00083.

separatrix is so fast that we do not see any sign of the saddle in panel (a). What we do see is practically the non-chaotic
hole which is indeed similar to the white hole visible in Fig. 37(b) at the same instant. The pattern in panel (b) is then the
shape of the non-chaotic hole belonging to the practically vanishing driving amplitude at &4, = 0.00083. It has changed
its shape, became more elongated, and as a particular feature remains bounded with its longer sides being similar to the
phase space trajectories of Fig. 1(b). We therefore conclude that we see here the convergence towards integrability.

At the endpoint of the scenario the chaotic subset cannot be generated using our method, since for that we would need
to observe the intersections between the foliations, but the generation of the stable foliation by backwards integration
from the future is impossible. Here we are facing a natural consequence of the finiteness of the observation window: in
the very last permitted instant it is impossible to determine any dynamical quantity being related to the future. The small
but positive value of &4, might imply a small chaotic subset along the separatrix, but our method does not allow us to
check if it is there. Therefore, on panel (c), we present the only set we are able to reliably provide, the unstable foliation.
For comparison, in panel (d), we present the chaotic sea of the frozen Hamiltonian system at the same driving amplitude
& = 0.00083 as at the endpoint of the scenario. In the frozen system, this is the same as the unstable foliation, but its
shape is clearly different from the snapshot foliation in panel (c), thus again we see an example for the difference between
the drifting and non-drifting dynamics. It is unknown at the moment if there are any methods enabling one to construct
the chaotic subset at the endpoint, thus we do not know what the difference is on this level, since from foliations we are
unable to identify any intersection points.

It is interesting to mention that the problem of approaching integrability was investigated in [45] for a set-up where
the driving amplitude was kept zero after the stroboscopic instant when this value was first reached. In such a case it
is meaningful to follow the dynamics after arriving at the integrable case. The phase space of the problem contained
snapshot tori and a large snapshot chaotic sea at the moment of arriving at zero driving. Afterwards, the phase space
pattern was still changing in time, formally a chaotic sea survived, but this change of the pattern was a consequence of
the stirring due to the phase space flow of the integrable problem, Fig. 1b. Since the dynamics is regular in the integrable
case, even if the snapshot chaotic sea appeared to be extended at any later time, it had no chaotic subset at all.
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7. Estimating the dimension of phase space objects

In addition to the famous fractal dimension [104], fractal distributions possess a continuous spectrum of dimensions
reflecting fractality in different statistical characterizers of the distributions [105-110]. Among these, the so-called
information dimension is perhaps the most important, because it refers to the most populated subset of the distribution.
Furthermore, for natural measures of dynamical systems, it is this dimension which is related to chaos quantifiers, such
as average Lyapunov exponents, exemplified by the Kaplan-Yorke [82,111] and Kantz-Grassberger [37,101] formulas. In
this section, we give estimates for the dimension based on the previously defined time-dependent quantifiers, and the
aforementioned formulas. Since we shall only be dealing with information dimensions, notation D is applied for it (and
the subscript 1, often used in the literature, is omitted).

For general parameter drifts, fractality is ill-defined since the (statistical) self similarity of the fractal construction is
not ensured due to the perpetual change of parameters. There are indeed examples (see. e.g. [76]), where a numerical
scale-dependence of the dimension was found.

It is worth, however, mentioning that there is one subclass of drifting chaotic systems where one can speak of well-
defined dimensions: random maps [14,112,113]. We emphasize here that the term random does not necessarily mean
stochastic problems. In the context of noiseless systems, the subject of this paper, random maps arise when the time-
continuous driving parameters are irregularly changing about a time-independent mean and, importantly, the observation
of an ensemble can be arbitrarily long. On a stroboscopic map taken with a pre-selected time T, the dynamics is of
the form of (3) in which the parameters u, can be written at discrete time n as u, = uo + Au,, Where g is the
time-independent mean, and because of the irregular change in continuous time, Au, can be considered a discrete-
time random fluctuation. An example of such a process is the advection of floaters on the surface of an irregularly
pumped bulk of fluid which was demonstrated, by the experiments of Sommerer and Ott [24,25], to be describable by
the theory of random maps. The theory leads to the conclusion that under very general conditions the Kaplan-Yorke
relation is valid [114] with the average Lyapunov exponents evaluated in the presence of random fluctuations, and are
therefore not the same as in the system without such parameter fluctuations. Analogous statements hold for the Kantz-
Grassberger relation [26,37,40,41]. Such results are obtained by averaging over all possible realizations of the random
fluctuations, i.e. all possible scenarios [14,112,115], possessing different individual dimensions. For sufficiently long times
n the deviation is proportional to 1/./n, implying a rather slow convergence to a well-defined limit. The often used
statement, according to which such systems possess a time-independent dimension, should be interpreted in this spirit.

Our approach differs from the one used for random maps in two important ways. For one, we rely on the finiteness
of observation windows, and secondly, we do not intend to average over different scenarios. These make the existence
of time-independent dimensions impossible in general (even for random maps). Because of this, and the fact that self-
similarity is not ensured, here we can only give a heuristic estimate for the information dimension. Qualitatively, we
believe that such results provide a faithful expression of the fractality observed by naked eye, i.e., on the largest scales.

7.1. Chaotic snapshot attractors

The Kaplan-Yorke formula [82,111] expresses the information dimension D of chaotic attractors with one positive and
one negative average Lyapunov exponent. Expressing it in a time-dependent way via relations (25), (31), we obtain
At At o(t
D=2+ 20 oy MOy PO (47)
|A/(8)] Mt)+o pt)+o
where the last equation is written to emphasize that the EAPD function determines the full time-dependent information
dimension of chaotic snapshot attractors (for a constant o). This quantity characterizes the attractor in the (x, v, t)
three-dimensional phase space and is always smaller than 3. The analogous expression in discrete time is

An — 14+ An :01/1

D,=1+ = =1+ .
" A An+oT o +oT

(48)

This formula describes what one sees on the plane of stroboscopic map obtained by taking slices in the three-dimensional
phase space at instances nT,n=0,1,2,....

An example for the time-dependent information dimension on the stroboscopic map of the chaotic snapshot attractor
of Fig. 6 characterized by the EAPD function of Fig. 11(a) with o = 28 = 0.4 is given in Fig. 40 in which a decrease of
the dimensionality can be observed in the middle of the scenario. This decrease reflects the passing through of a periodic
window of the frozen system, resulting in a decrease of the instantaneous Lyapunov exponent there, plotted in Fig. 12.

A simpler case, where the whole investigated time interval can be (roughly) characterized by the same Lyapunov
exponent is the chaotic snapshot attractor in Fig. 19 (identical to Fig. 6(b)). Here, using (48) with an approximately
constant A, &~ 0.91 (in the interval read off from Fig. 19(d)) and ¢ = 28 = 0.4, we obtain D ~ 1.26. Note that the
information dimension in both cases is simultaneously the dimension of the unstable foliation since it coincides with the
chaotic attractor. The stable foliation is space filling as no other attractors exist.
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Fig. 40. Time-dependent information dimension of the chaotic snapshot attractor characterized by the Lyapunov exponent presented by the upper
curve of Fig. 12.

7.2. Snapshot chaotic saddles, strange snapshot attractors

Since chaos is transient on a strange snapshot attractor, different transient-chaos-related dimensions can be considered
in this case. The celebrated Kantz-Grassberger relation [37,101] provides the information dimension D) of the chaotic
saddle along its unstable direction in terms of the escape rate and the positive Lyapunov exponent. Writing this in
time-dependent form leads to

K(t) N(t) N/

D) =1 =14 2 p—q gy T (49)
A0 T TN o Naoy

in continuous and discrete time, respectively, where (25) and (40) have been used. This formula suggests that beside the
EAPD function p, the number of survivors N is another function which is needed to specify time-dependent fractality.
Fig. 41a exhibits, with 0 = 28 = 0.02, how D'V changes on the stroboscopic map. Note that the positivity of the metric
entropy (41) implies that these dimensions are never negative, that is, the information dimension is only defined for
chaotic saddles. For strange nonchaotic saddles, existing for n > 27 in Fig. 28(b), the fractal dimension is still positive,
while no information dimension exists.

The dimension along the stable direction, denoted by D, is D(") multiplied by the ratio of the positive and the modulus
of the negative Lyapunov exponents. In time-dependent forms
MO payey= MO gy p@ = Prpm o e po (50)
2 ()] AMt)+o [ VA L
Quantities D, D are partial dimensions, always smaller than 1. Other relevant dimensions can be obtained via
elementary modifications. The dimension of the saddle on the stroboscopic map is simply the sum D(ns ) = fo) + Dgf).
Adding just 1 to the partial dimensions provides the dimensions of the stable and unstable manifold (coinciding with the
foliations): DY = 1+ DY, D = 1 + D{?. The dimensions in the (x, v, t) phase space are DS)(t) = 1+ D(t) + D2)(t)
for the saddle, and D = 2 + D((t) for the stable and D™ = 2 4+ D)(¢) for the unstable manifold/foliation, respectively.
These expressions clearly indicate that taking a slice of the phase space objects of the full phase space decreases the
dimensionality by 1.

We write out these dimensions explicitly, with A(t) = p(t) and A, = p},

DA(t) =

o(t) N(t) o N/
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The former is the information dimension of the unstable manifold of the chaotic saddle in continuous time and on the
stroboscopic map, respectively. However, we have seen that the unstable manifold of the saddle embedded into the
strange snapshot attractor is the same as the unstable foliation, while the latter is nothing but the strange snapshot
attractor itself. This means that, quite remarkably, even if the origin of the fractality in (51) is transient chaos, this
dimension is the dimension of an attractor, namely the strange snapshot attractor. An example is plotted in Fig. 23(a) for
n = 25, along with the chaotic set governing the dynamics of this attractor, the snapshot chaotic saddle in Fig. 23(d).
Fig. 41(b) exhibits the dimension of the unstable manifold as a function of discrete time n, while 41(a) displays the
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Fig. 41. Time-dependent dimensions related to strange snapshot attractors determined based on the number of survivors function of Fig. 28(a) and
the EAPD function of Fig. 24(a). (a) Information dimension of the saddle along its unstable direction. (b) Information dimension of the unstable
manifold/foliation which coincides with that of the attractor. The points are plotted until n = 27 only, because after this, «, is larger than the value
of the Lyapunov-exponent, i.e. the snapshot chaotic saddle is replaced by a strange non-chaotic saddle.

dimension along the unstable direction. From panel (b) we can read off that the dimension of the strange snapshot
attractor displayed in Fig. 23(a) is DSZZS ~ 1.39. Note that dimension D} originates in the chaotic part of the strange
snapshot attractor, as in the parts spiraling around the SNPs the foliation is one-dimensional, the local Lyapunov exponent
is expected to be negative. It is nevertheless correct to say that D(n”) (as long as it is larger than 1) is the dimension of
the full attractor since the dimension of the union of two sets (in this case the chaotic and spiraling parts) is the larger
dimension of the sets.

Eq. (52) describes the information dimension of the stable manifold of the chaotic saddle. The time-dependence of this
dimension can be obtained by just adding 1 to the points in Fig. 41(a), the dimension along the unstable direction, and
characterizes the fractality of basin boundaries. In the particular case of Fig. 27(a), its value is D(Sizs ~ 1.68. From the
dimensions of the two manifolds, we have, for the snapshot chaotic saddle of Fig. 23(d), D$15:)25 = Dfizs +D(r225 -2~ 1.07.

7.3. Hamiltonian snapshot chaotic saddles

A peculiar feature of snapshot chaotic seas is that they are not necessarily fully chaotic. We have seen that the
Hamiltonian chaotic saddle is often a subset of the chaotic sea which also contains non-chaotic regions. It is thus a non-
trivial question to ask whether, contrary to the traditional case, the dimension of the chaotic subset is different from the
dimension of the phase space. Because of the existence of the non-chaotic regions, the saddle might be considered as a set
governing the temporarily chaotic motion between incoming typically non-chaotic and outgoing non-chaotic dynamics.
We can thus say that the process is a kind of chaotic scattering [82,86] in a system of bounded phase space. The analogy is
valid since in traditional chaotic scattering both the incoming and outgoing motion is a free flight stretching to infinity,
a special case of non-chaotic dynamics.

It is therefore meaningful to estimate the dimension of Hamiltonian snapshot chaotic saddles. Technically, the formulas
follow from those of the previous subsection, just the phase space contraction rate o should be set zero. From (51) we
have for the dimension of the unstable manifold/foliation in continuous time and on the stroboscopic map:

t N(t N!
D(u)(f):3—$:3+#’ Dg“u):z_l{lzz_{_ "/_ (53)
w0 =T Nopo P s

A peculiar feature following from the non-dissipative character is that the these expressions also hold for the stable
manifold/foliation since for ¢ = 0 the partial dimensions are identical D'V = D both in continuous and discrete time.

We apply these results to the scenario investigated in Section 6.4 since it is interesting to see the approach to the limit
of integrability in terms of dimensionality. Based on the results given in Fig. 38 and relation (53) the time-dependent
dimension of the foliations is determined and plotted in Fig. 42. One sees a quick initial increase and a saturation at
dimensionality 2 after about n = 22, that is, the information dimension differs from the dimension of the phase space in
the initial phase of the process only. This is in harmony with the discussion at the end of Section 6.4 according to which
the set in Figs. 38(a) and 38(b) refer asymptotically to the non-hyperbolic component. It is thus natural to interpret the
results as the non-hyperbolic component tending to be space-filling in the limit of integrability. A similar behavior is
expected in the dimensionality of the non-chaotic component of the entire chaotic sea.

It is worth mentioning that non-chaotic regions might be part of snapshot chaotic seas in chaos enhancing scenarios, as
well. An example is shown in Fig. 34 where the red non-chaotic region was shown to decrease with n. A similar dimension
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Fig. 42. Dimension of the unstable foliation (based on Fig. 38), which coincides with that of the stable foliation in this case, as a function of discrete
time. The behavior is dominated by the non-hyperbolic component.

analysis would lead in that case, too, to an increasing dimensionality of the foliations, and a saturation at 2, the dimension
of the phase space, if the escape rate vanishes. This is, however, a physically completely different situation from the one
characterized by Fig. 42, since the data would reflect the unstable manifold of the chaotic saddle, and illustrate that
the foliations and the chaotic saddle can become space-filling as time goes on. This is also the reason why that analysis
would be more difficult to carry out: the area from which escape should be monitored is basically the chaotic subset of
the snapshot chaotic sea, which, besides changing in time, has a very complicated shape.

8. Relevant aspects in dynamical systems theory
8.1. Other types of typical parameter drifts and scenarios

It is to be emphasized that the features discussed above hold for any type of parameter drift of any parameter. For
example, the case of a quadratic drift is treated in the Appendix, and in Section 9.5 a Duffing case will be discussed with
a linear trend in the driving frequency.

Fig. 43 provides a schematic summary of basic types of typical scenarios in terms of a general parameter u, used in
(1). Panel (a) represents the most straightforward generalization of the linear time-dependence followed up to now into
a monotonic increasing (or decreasing) trend during the time window of observation.

Another type of time-dependence can be an aperiodic up and down change in the drifting parameter restricted to a
bounded range, as illustrated by panel (b). This might be realistic, say, when modeling wind strength in environmental
problems (see e.g. [84]). The theory of random maps mentioned in Section 7 is applicable to this type of scenario, however,
only if there is no restriction on the length of the observation time window. A combination of type (a) and (b) is also
possible, when oscillations occur about a monotonically changing curve.

Panel (c) represents a scenario bridging two constant values of the parameter. In dissipative cases, a simplifying feature
here is that on the plateaus traditional attractors exist, even if the time of observation does not necessarily allow for a
full convergence. If, in addition, the plateaus are allowed to be infinitely long, even t — +o0 limits can be properly

(a) (b) (c) (d)

Fig. 43. Scenario types: (a) monotonic change, (b) aperiodic oscillations about a mean (dashed line), (c) crossover between two parameter plateaus,
(d) return scenario to the initial level (denoted by a dashed line). All scenarios are drawn in the time window of observation, i.e. between t = 0
and t = tpgy.
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defined. In any case, phase space objects in scenario segments away from the plateaus can only be snapshot objects. The
use of such plateau-scenarios (with infinitely long plateaus) is typical in the field of rate induced tipping. The literature,
see e.g. [58,67-69], investigates if in a drifting system a qualitatively different attractor can be reached due to the drift,
if the rate is sufficiently large. In the simplest settings, a crossover from a point attractor, or SNP, to another one occurs
across a moving hyperbolic state, an SHP. We note here that the study of rate induced tippings has been extended from
regular systems to tippings over snapshot chaotic saddles [52,53,116]. In this paper, we illustrated rate induced tippings
from regular to chaotic dynamics in the context of snapshot attractors and the break-up of snapshot tori, in Sections 3.5
and 6.1, completing the picture by adding the issue of adiabaticity.

Panel (d) illustrates a scenario type in which a full return to the initial parameter w(0) occurs at some later time. Such
a scenario is particularly well suited for illustrating the difference between the drifting and the frozen dynamics since
with drifting a hysteresis is present: the initial and the final states are different, although the parameter itself has returned
to the same value.

The easiest way to illustrate the hysteresis is to consider the linear problem formulated for snapshot points in Section 2.
Consider a piecewise linear version of Fig. 43(d) with driving amplitude u(t) = &(t) = g + ot with « > 0 valid from
t = 0 up to some t = t;, when the sign of the first derivative suddenly changes, and

u(t >t1)=¢(t >t1) =¢e +a2t; —t) for t; <t <2, (54)

so that the amplitude is &g again at t = 2t;. Now the parameter drift is continuous at t = t, but there is a jump in the
derivative, and hence also in the graph of the position of the snapshot point y*(t). Based on (12), for t > t; the expression
of y*(t) is also of the form of (12) (the coefficients are given in the Appendix):

Yi(t > t1) = ap[eo + (2t — )] cos wt + bo[ £0 + (2t — t)] sinwt — are cos wt — by sinwt for t; <t < 2ty. (55)

By time t = 2ty, the solution y*(2t;) is different form y*(0) given by (12) at t = 0. The difference Ay* = y*(0)—y*(2t;) has
a particularly simple form when t; is an integer multiple, say n;, of the driving period T = 27 /w implying cos(w2t;) = 1,
and sin(w2t;) = 0. We can then follow the process in stroboscopic instances. The coordinate of the snapshot point is
given by y% in (17) along the increasing ramp up to n = n;. In the decreasing phase the y* coordinates follow from (55)
to be

Vi = Gon=n, — M = do[eo + a(2ny —n)T| —ayer, 1y <n < 2my. (56)

Plotting the coordinates as a function of the corresponding driving amplitude, i.e. eliminating n, a “hysteresis loop” is
found on the ¢, y* plane, consisting of two parallel lines of discrete points, vertically shifted by

Ay* = 2way. (57)

The height Ay* of the hysteresis loop is set by the rate of the parameter drift. The hysteresis disappears only for the frozen
system without any drift.

It is common to speak about hystereses in relation to attractors, and such dynamical hystereses were found in ensemble
averages of chaotic snapshot attractors, see e.g. [32,38,47,117,118]. Our simple analysis is, however valid for any snapshot
points, and this suggests that the hysteresis phenomenon can be present in the dynamics of any kind of snapshot objects.
Examples for snapshot torus hysteresis was given in [36], as well as in Supplementary Material S6 of [35].

8.2. Undriven non-autonomous Hamiltonian systems

Throughout this paper, we have been focusing on driven dynamical systems, where the proper characterization of the
phase space can be achieved through a stroboscopic mapping. Although the most general features of chaotic systems
subjected to parameter drift can certainly be inferred from these, we have yet to touch on an important class of
chaotic dynamical systems: undriven, closed Hamiltonian systems. In the time-independent case, they possess an even-
dimensional phase space, which can be reduced by considering a Poincaré section. Here, one of the coordinates is fixed
while another one can be expressed from energy conservation. Countless examples of such two-dimensional, simple
systems exist, for example the double and spring pendula, or masses swinging on a pulley [82,86], all with air drag
neglected.

The non-autonomous version of this type of systems is still yet to be properly analyzed and described. Nevertheless,
we can formulate some expectations about these, based on what we know so far. One coordinate of the phase space can
be eliminated by a Poincaré section, however the energy is no longer conserved since its expression becomes explicitly
time-dependent. This means that only one dimension can be reduced, leaving us, in the case of planar motion, with a
three-dimensional phase space of the map. The mapping connects points of the same Poincaré section but of different
flying times. In the presence of parameter drift, a new feature is that the distribution of the flying times over the section
is in itself time-dependent. We expect that the objects in this phase space behave similarly to those we encountered so
far: some initial ensembles represent regular, while some others chaotic motion, and these objects change their shape
in time, with a chance for predictable motion to turn into chaotic via a break-up process of snapshot tori in a scenario.
Snapshot tori are defined, as in all cases up to now, as images of tori on the Poincaré plane of the frozen Hamiltonian
system, followed in a dynamics subjected to parameter drift. These tori remain one-dimensional objects which are able to
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deform in the third dimension, and their convenient monitoring occurs in a projection on a 2-dimensional plane, where
different tori might intersect. In a different view, snapshot stable and unstable foliations, as well as chaotic saddles should
also exist in these systems, and we expect these to generally behave similarly to the ones studied in this paper, only living
in a four dimensional phase space. We also expect the EAPD to work the same way, and we expect it to be an accurate
indicator of chaos here as well.

8.3. Doubly transient chaos

An other type of system that provides a peculiar class of chaotic dynamics is that of undriven autonomous dissipative
systems. They generally exhibit complex time-dependence, and are often used as experimental demonstrations of chaos,
as e.g. the double pendulum (with air drag being relevant). This is, however, misleading since permanent chaos certainly
cannot be present in such systems. Due to friction being present, the intensity of such motions decreases in time, along
with a monotonous decrease of the total mechanical energy: the final state is a rest state, the attractor can only be of
fixed point type. Transiently chaotic dynamics could, in principle, govern such systems due to a usual chaotic saddle, but
its existence requires the presence of unstable periodic orbits of infinite lifetime, and friction excludes the existence of
such orbits. Chaotic dynamics is thus not only transient, but also time-dependent in such a way that it ceases to exist
ultimately. The term doubly transient chaos was introduced in [76] as a proper term for chaos that undriven autonomous
dissipative systems exhibit.

The properties of such systems were investigated in the examples (all in the presence of dissipation) of the two-
and three-magnet magnetic pendula [45,76,119], of the motion of a ball in a bowl [120,121], of a roulette [122], of the
double pendulum and of a ball bouncing between two wedges [119]. As particular consequences of the perpetual decay, a
time-dependent escape rate «(t) was defined to characterize the escape form chaos towards the state of rest and found to
exhibit a strongly increasing trend [76]. Fractal-looking basin boundaries turned out to exhibit smaller and smaller fractal
dimensions when observed with increasing magnifications [76,119-122].

The usefulness of an ensemble view in the context of doubly transient chaos was explored in [45,119] leading to the
conclusion that a clear view is provided if one identifies first the basic phase space structures of the dissipation-free,
Hamiltonian version of the problem. Particle ensembles can be initiated on KAM tori or on chaotic regions on the initial
(frozen) Poincaré plane, and their time evolution is followed with dissipation turned on. Although there is no driving here
whose amplitude would be subject to parameter drift, the total energy is time-dependent (is monotonically decreasing), and
can be considered a drifting parameter (of negative rate). Thus, all the techniques used in the paper apply here as well.
An ensemble initiated on a frozen KAM torus might exhibit torus break-up, despite the chaos weakening scenario. The
minimal phase space dimension for autonomous chaos in the presence of dissipation is 4, thus after applying a Poincaré
section, the phase space is 3-dimensional and cannot be reduced further due to the lack of energy conservation, just like
in the case of undriven non-autonomous Hamiltonian systems. Snapshot tori thus exist in a 3-dimensional space, and
can be monitored on a 2-dimensional projection. Nevertheless, the break-up can clearly be followed [45,119], and it is
interesting to observe that tori dissolve into chaos well before all motion stops. An ensemble initiated on a chaotic sea of
the Hamiltonian counterpart evolves as a snapshot chaotic sea which is defined as earlier, i.e. the image of the Hamiltonian
chaotic sea, but evaluated in the dissipative dynamics. At first it might grow, but asymptotically it always decreases in
extension, and shrinks, ultimately, onto the fixed point attractor. Note that the term snapshot chaotic sea characterizes in
this case a dissipative system. It can again be seen that even if such a sea appears on the map as an extended set of points,
its chaoticity might be rather weak. In fact, the EAPD curve can be evaluated in such cases both for tori and chaotic seas,
and one finds an initial strong increase in both cases, followed by reaching a maximum, after which a decrease towards
large negative values can be seen [45,119].

Recently the concept of doubly transient chaos has been extended to open systems [123]. The analog of transient
chaos in autonomous Hamiltonian systems of unbounded phase spaces is traditional chaotic scattering [37,124], as also
mentioned in relation to the dimension of Hamiltonian snapshot chaotic saddles in Section 7.3. Such processes start with
an incoming free motion which becomes convoluted in the central scattering regions, and ends with a free outgoing
motion. The term used in [123] is dissipative chaotic scattering, and the aim is to understand the effect of dissipation on
the scattering dynamics. Besides mechanical friction, dissipation can play an important role even in astronomy where
radiation pressure might break the motion [125]. Dissipation was found to alter the escape rate since the perpetual
energy decay implies that the particle motion is slowing down. It also affects the nonhyperbolic behavior: dissipation
typically destroys elliptic orbits and the surrounding KAM tori. The authors of [123] apply an ensemble view, start with
an extended initial distribution, and investigate the survival probability in a phase space region. In contrast to usual
chaotic scattering, the initialization is not in the incoming region of free motion, rather in a central part of the potential,
in the scattering region, since otherwise dissipation might hinder the arrival to this region. The survival probability P(t)
of trajectories within the scattering region is shown to decay ever slower: the escape rate «(t) decreases in time. The
decrease is due to the fact that the typical energy of particles is decaying in time and the escape rate of the dissipation-free
Hamiltonian system is smaller at lower energies. The authors suggest to define a sub-ensemble by selecting particles of the
full ensemble possessing a particular energy value E, one of the values accessible in the Hamiltonian counterpart. This can
be done because they use small dissipation. The authors find that particles of instantaneous energy E are distributed along
a fractal-like filamentation. Furthermore, this filamentation is practically the same as the unstable manifold of the chaotic
saddle governing the scattering in the dissipation-free scattering process at fixed energy E. This implies that dissipation
enhances trapping, and certain aspects of the process can be approximated via properties of the Hamiltonian counterpart,
in the case of small dissipation.
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9. Potential applications
9.1. Climate science

The dynamics of the climate can be called chaotic-like as it is certainly a complex dynamics exhibiting complicated
time-dependencies. A climate model has 10® — 10° different variables, the dynamics is thus describable by Eq. (1) with a
very high-dimensional vector X, and, in addition, it also governs important spatial aspects related to a hierarchy of relevant
time-scales. These differences motivate us not to call climate simply chaotic, rather chaotic-like. An important common
feature with low-dimensional chaos is certainly unpredictability. Climate dynamics could also be called turbulent, or
considered an example of spatio-temporal chaos, in our current context it is, however, worth concentrating on similarities
with usual chaotic dynamics.

Due to the frictional forces, present in the atmosphere and oceans, climate dynamics is dissipative, and possesses an
attractor. Even in an unchanging climate, this attractor is high-dimensional and complex. Its fractal character cannot be
unfolded since only projections can be observed (and the projection of a high-dimensional fractal on low-dimensional
spaces is space-filling). The attractor of an unchanging climate represents the set of all states permitted to coexist, and it
has a natural periodicity due to seasonal changes.

The main reason of the climate change occurring in our days is considered to be the observed increase of greenhouse
gas concentrations, in particular that of the well-measurable carbon dioxide on the scale of a century, while other
(e.g. geophysical) factors like the total solar irradiation might play a smaller role [126]. This change in CO, concentration
represents a kind of external driving, wu(t) in Eq. (1), whose amplitude increases in time, with a scenario similar to the
schematics of Fig. 43(a). In a qualitative comparison with Eq. (4), the time-dependence of the concentrations of greenhouse
gases is the analog of the driving amplitude ¢(t) with a positive rate o (and w corresponds to the frequency of the annual
periodicity). As this analogy also shows, our changing climate is a system subjected to parameter drift. Since the driving
contains a nonperiodic component, too, there is no strict repetition, and the climate attractor is strictly aperiodic. It is
in fact a high-dimensional snapshot attractor, that can be considered to be representing the plethora of all permitted
climate histories (after convergence to this attractor took place). As in low-dimensional cases, a proper representation of
the snapshot attractor requires ensemble simulations. By now, an increasing number of ensemble simulations are available
in climate science, and the ones corresponding to what we have discussed up to now use a single climate model with
a chosen forcing (e.g. greenhouse gas concentration) scenario, and run with an ensemble of initial conditions without
any change in the model and in the scenario (see e.g. [127-130]). A qualitative term characterizing this approach is the
“theory of parallel climate realizations” [32-34]. A very important message of ensemble simulations is that a statistical
characterization of the climate can only be given in terms of instantaneous quantities, one cannot rely on the temporal
(e.g. 30-year) averages widely applied in earlier approaches.

A well-spread visualization method of the snapshot attractor in climate science is showing the projection of a single
global variable, e.g. the annual mean surface temperature, as a function of time. As ensemble results are presented, a band
of data appears at any instant (in any year), the permitted values of all the parallel climate realizations.

As an example, Fig. 44 presents the projection of the high-dimensional snapshot attractor on the global mean surface
temperature variable, denoted here as TS, in the last 100 years, using the CO, scenario based on the measured data. One
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Fig. 44. Projection of the climate snapshot attractor on the annual global mean surface temperature (TS) variable in a climate ensemble simulation
(gray shading) in the period 1920-2020. The simulation was performed with a freely accessible intermediate complexity model, the Planet
Simulator [131] with a 20-member ensemble. Data by M. Herein, used with permission.
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clearly sees an increasing trend, in particular after 1960, a visualization of what is called global warming in plain language.
The width of the gray band is the size of the snapshot attractor in this variable.

The very high dimensionality of the climate attractor severely limits the illustration of the methods presented in this
paper for dissipative systems, since neither foliations nor chaotic saddles can be sufficiently visualized. There is however
one method that could be viable even in this case: the EAPD. It speaks to the universality of the EAPD method that it can
indeed be measured in any projection of the phase space as it is only about the strongest separation rate between initially
close trajectories. In practice, however, a recent study shows [132] that the time scale of separation in a climate model is
about a month, since after this the distances do not grow further considerably. This means that, especially compared to the
time scale of a few hundred years of climate models, one measurement of the EAPD is expected to characterize the system
on meteorological time scales. This approach does have potential, however, since meteorological prediction times are, for
obvious reasons, of interest, for which the reciprocal of the (meteorological) instantaneous largest Lyapunov exponent
might be a natural candidate. At the same time, characterizing the long-term climate can still be possible using the EAPD.
For this, repeated measurements have to be taken in subsequent years, similarly to the method described in [132]. In this
way, one could obtain the long-term time-dependence of the instantaneous Lyapunov-exponent in a climate model.

Before the now more widely accepted practice of ensemble simulations, climate predictions have largely been based on
single simulations, however, it follows from the overall approach presented here that these cannot be considered reliable.
These days, some of the professional models using ensemble simulations yield results that turn out to be in harmony
with observations of the recent past in global quantities at least, like temperature TS in Fig. 44, see e.g. [3,4,127,130,133].
(It has to be noted that due to the overwhelming numerical demand of state-of-the-art climate models, an ensemble is
considered large, if the number of ensemble members is a few times 10 [134,135].) However, it is worth emphasizing that
even with ensemble simulations, there can be a problem if no care is taken of the convergence time t. to the attractor.
There is a considerable literature dealing with this aspect [32,93,136,137]. The convergence time in processes influenced
mainly by the atmosphere is estimated to be a few decades, and for the ocean it can be hundreds of years. If ensemble
simulation results are taken for time instances earlier then t. after initialization, they do not characterize the climate
since initial condition chosen in the numerics are not yet forgotten, see relation (36). In this spirit, the simulation of the
ensemble presented in Fig. 44 was initiated in 1850 (with an already converged ocean), so it is fair to say that in the
displayed time interval the data represent the climate attractor.

We mention in brief that tipping transitions are essential also in climatic contexts, and illustrate this with a few
examples. Rate induced tipping was identified in [138] in a wind-driven ocean model between a basic state and a self-
sustained periodic regime due to the drift in the external forcing. The unstable state across which tipping occurs in large
climate models is a high-dimensional chaotic saddle. The terminology of the literature on turbulence in pipe flows was
taken over, and such a state is called an edge state [ 139], if governed by a saddle whose stable manifold cuts the phase space
into two. In the problem of the Snowball Earth-Warm Earth transition, taking place due to a change in the solar irradiation
intensity, tipping is on the boundary between these stationary states as investigated in detail in [140]. In a subsequent
study [141] with a return scenario, long term tipping or no tipping was found to occur with certain probabilities which
can be determined via ensemble simulations.

A feature of the climate certainly not present in low dimensional models, is spatial aspects. The many temporal
scales combined with spatial ones lead to the striking phenomenon of teleconnections, i.e. pronounced correlations or
anticorrelations in the behavior of remote geographical locations. These are subject to alterations due to climate change.
Their investigation from the point of view of snapshot attractors has started in [32]. As an example, we mention here the
case of the perhaps best known teleconnection, the El Nifio Southern Oscillation (or ENSO) phenomenon, see e.g. [74,142-
145]. A particularly efficient method of pattern analysis is the search for Empirical Orthogonal Functions (EOFs). In relation
to teleconnections, their generalization to ensemble approaches has been worked out by Haszpra and coworkers [146]
in the framework in which temporal averages are replaced by averages taken with respect to the natural measure on
the snapshot attractor, the method is therefore called the snapshot EOF, SEOF analysis [145-148]. To our knowledge, in
physics research the focus is not yet on pattern forming systems subjected to parameter drift. Examples could be partial
differential equations or cellular map lattices with changing parameters, or turbulent flows of increasing or decreasing
intensity. In any case, the methods developed in climate science could be worth taking over, such as teleconnection
analysis and in particular, the SEOF method.

An important issue has not been discussed in the paper, namely extreme behavior. The study of extreme events is a hot
topic in climate science and in environmental problems, see e.g. [149-152]. In view of the need of an ensemble approach
for drifting systems, very little is known about how to study the dynamics of extremes in such cases. In a climatic concept,
an example is provided in [ 132] where the typical growth rate of extremes was studied. On the ensemble representing the
snapshot attractor, sub-ensembles were considered originating from well localized initial distributions at a given instant,
enabling one to “zoom in” into the dynamics of the system. Out of these sub-ensembles plume diagrams evolve (similar
to that of Fig. 6(a)), and the difference between the maximum and minimum values of a quantity in such a plume diagram
was considered an extreme deviation, followed in time. The dynamics of typical extreme deviations is then obtained by
averaging over all sub-ensembles on the attractor. The application of this method might be promising in low-dimensional
systems, too.

Concerning experiments related to climate change, the first and only example we are aware of is that of Vincze and
co-workers [153]. The authors followed a traditional setup for modeling large scale flows on Earth, and used a rotating
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annulus filled with water subjected to a horizontal temperature gradient, mimicking the temperature contrast between
the Equator and one of the Poles. The novelty of the experimental procedure was that the temperature contrast decreased
in time continuously, and that the surface temperature was measured (via a thermographic camera) in an ensemble
of experiments driven with a practically identical decay in the temperature contrast in all cases. Mean and variance
of the surface temperature field was evaluated over the ensemble. We would like to emphasize that the experimental
investigation of any system subjected to non-adiabatic drifts would require similar ensemble experiments.

9.2. Lagrangian coherent structures

The problem of advection is of central importance in environmental science. May the advected particle be harmful
(like e.g. pollution) or beneficial (like e.g. plankton for fishes) the advection dynamics for small sized particles (whose
extent is much smaller than the characteristic size of the flow) is described by the equation

P = v(r, t), (58)

where v is the space and time-dependent velocity field whose form is assumed to be known, and is typically incompress-
ible:

divw = 0. (59)

Position r represents not only the spatial coordinate, but also the position of the advected particle. The content of (58) is
thus that the particle takes on the velocity of the neighboring fluid immediately, a natural assumption for small particles.
Eq. (58) is a set of three first order differential equations, the phase space is thus identical with the geometrical space.
Its solution in the Lagrangian view, the particle path r(t), is typically chaotic [154,155]. Due to the incompressibility
condition (59) the dynamics is volume-preserving, and in the special case of two-dimensional advection, it can be
transformed into a Hamiltonian form [37].

The time-dependence of velocity fields in nature is aperiodic: winds and oceanic currents often change strength and
direction, although the magnitude of these is typically bounded. The parameter drift in this context is thus not monotonic,
rather oscillatory in a nonperiodic manner, similarly to the schematics of Fig. 43(b). The topic of chaotic advection in flows
of arbitrary time-dependence and over finite-time intervals attracted intense scientific interest in the last two decades
(see e.g. [156,157].) The appearance of the concept of Lagrangian Coherent Structures (LCSs) [5-13] implied a kind of
breakthrough. These are material objects, formed by fluid elements, that organize transport over finite time intervals,
that is they separate different types of fluid motion. LCSs are thus transport barriers in problems appearing in the context
of advection.

Hyperbolic LCSs are defined as surfaces (ridges) along which the stretching of fluid elements is maximal, and turn
out to exhibit filamentary patterns. Material surfaces of large future stretching can be called stable manifolds, namely
manifolds of certain hyperbolic cores. Similarly, material surfaces of large past stretching are typically considered as
unstable manifolds of certain hyperbolic cores. We point out that the hyperbolic cores correspond to snapshot hyperbolic
points (SHPs) in our terminology, and that hyperbolic LCSs run parallel to the stable and unstable foliations of the dynamical
system (58). The LCSs are in fact subsets of the foliations, since the latters are not subject to any global maximizing
condition.

Elliptic LCSs are closed surfaces along which shear is maximal, and their outermost element encircle long-lived
vortices. The general property of LCSs, being barriers to transport, is particularly well manifested here: an elliptic LCS is a
compact (rotating) surface that keeps material trapped, fluid elements inside it cannot escape. The outermost elliptic LCS
corresponds to the vortex boundary, and this closed material surface remains smooth during the time of observation [158].
Interpreting this in view of the torus break-up phenomenon discussed in Section 6.1, we can say that in two-dimensional
flows elliptic LCSs are bounded by the outermost snapshot tori not yet broken up in the interval of observation. In other words,
the surrounding stable foliation has not yet entered the snapshot torus representing the vortex boundary. A visualization
of this connection was shown in [35] using the so-called Polar Rotation Angle method [159].

The observation of [158] according to which three-dimensional time-dependent elliptic LCS-es, vortices, are rotating,
material-holding tubular regions of the flow, can be illustrated via a set of simple laboratory experiments. The authors
of [160,161] used magnetic stirrers to generate a rotating water column in a cylindrical container. The vertical rotational
axis of the stirrer bar, brought into motion via a magnet rotating below the bottom of the container, is not fixed, rather
is irregularly oscillating about a mean position. Consequently, the fluid is also brought into rotation but the emerging
vortex is not stationary, it is time-dependent in an aperiodic manner. When injecting dye into the central region of the
container, one finds that the dye remains captured around a central tubulus as shown in panel (a) of Fig. 45 over long
stretches of time (over minutes in the experiment). This observation can be interpreted by having visualized a moving
vortex, which turns out to be much narrower than the full rotating fluid. The central feature of a vortex is not its rotation,
rather its material holding property [158]. In harmony with this, if a certain amount of dye enters a region outside the
vortex, it becomes rapidly diluted. Figs. 45(b) and 45(c) illustrate this process. Here, injection occurs close to the vortex,
and dye remains initially close to it (panel b). A short while later (on the time scale of a few seconds) dilution occurs,
and a uniform mixing takes place (panel c), leading to a complete homogenization outside the vortex. What occurs in
any horizontal slice can be interpreted by saying that the vortex is analogous to an island of yet unbroken snapshot tori,
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S

(b)

Fig. 45. Snapshots from a video recording of an experiment conducted by the authors of [160,161]. Panel (a): dye is injected in the central region
from above and spreads along a column of approximately constant width, a vortex. Panel (b): dye injected outside the vortex might remain initially
close to it but later, panel (c), becomes spread in an extended region. The short black segment at the bottom designates one end of the rotating

stirrer bar. The images are snapshots from a video made by M. Vincze, used with permission.
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Fig. 46. Numerical monitoring of the material content (red) of an elliptic LCS identified off the Canary Islands in September 2007 ending in a break-up
process which start on the 1st of March 2009. This break-up process is very similar to the break-up of snapshot tori presented in Section 3.1. The
images are snapshots from the Supplementary Movie “M11” from the PhD thesis of Anass El-Aouni [165], used with permission.

and material entering the fluid outside this island enters the snapshot chaotic sea and becomes mixed accordingly. The
analogy with snapshot tori is supported by the fact that the rotation of the fluid is aperiodically time-dependent, and
that after sufficiently long times even the dye in the vortex mixes into the surrounding fluid, an analogous process to the
torus break-up.

Concerning environmental flows in nature, elliptic LCSs also arise, among others, in the context of coastal upwellings,
a well studied case of which is, e.g., the North-West African upwelling with characteristic mesoscale eddies [162-164].
As an example, we show in Fig. 46 the time-evolution of an elliptic LCS in this region [165]. A coherent vortex of 38 km
in diameter was formed off the Canary Islands. Its material content is colored red, and as the pictures resulting from a
numerical simulation based on the observed flow show this elliptic LCS kept its identity over about 450 days. Then it
lost the compact form, broke up, similarly to the snapshot torus of Fig. 7, and became quickly stretched into an extended
and convoluted filamentary structure, the unstable foliation of the fluid flow at that instant. Again we can establish an

analogy between elliptic LCSs and snapshot tori.

9.3. Galaxy dynamics

Modern galaxy models usually utilize statistical approaches, as simulating the trajectory of every stellar object
(stars, planets, etc.) would be hopeless. The central quantities of these models are mass distributions and the resulting
gravitational potentials [166,167], in the spirit of classical mechanics. Furthermore, the general aim is the most effective

55



D. Janosi and T. Tél Physics Reports 1092 (2024) 1-64

simulation of the dynamics of galaxies, using the least possible amount of parameters, while preserving the most general
features of the galaxies. Most models use axisymmetric mass distributions and potentials, and direct interactions between
stellar objects are usually neglected, which turns out to be a good approximation in most cases where the trajectories of
objects are separated by great distances, meaning that collisions and close encounters are a rare occurrence [168]. In this
way, simple models can be obtained that can easily be reconstructed from observational data.

It is common practice to model the components of galaxies, the central bulge, the disk, and the dark matter halo, using
different potentials. The potential of the whole galaxy is then obtained by summing up for the components. A recent
study [169] aims to describe galactic dynamics under mass exchange, using the Hernquist (spherical) potential [170] for
the bulge, the extended Myamoto-Nagai potential (disk of finite thickness) [171,172] for the disk, and the Navarro-Frenk-
White potential [173,174] for the halo, applied for the Milky Way galaxy. In the context of dynamical systems, this is a
chaotic Hamiltonian problem with two degrees of freedom, i.e. a four-dimensional phase space. The phase space of the
time-independent version of the model treated in [169] can be reduced to two dimensions by Poincaré mapping, since
the energy is conserved.

Parameter drift is introduced by decreasing the mass of the disk while simultaneously increasing the mass of the
bulge with the same rate. This simple model aims to reproduce the observed process of disk galaxies forming larger
classical- and pseudo-bulges, which shows up in different surveys and observations, and is still a relatively unknown
process [175,176]. While mass is conserved in the whole system, mechanical energy is not, since the mass exchange
effectively results in more contribution from the bulge and less contribution from the disk. Interestingly, because of the
different forms of their potentials, this turns out to result in a small gradual decrease in overall energy in the simulations.
Since this problem relies on Poincaré sections, the methods described in Section 8.2 can be used. Study [169] follows
snapshot tori on a two-dimensional projection, applies the EAPD method, which is easy to use here as well, and also finds
that sizeable time-dependent non-hyperbolic regions can be observed in the phase space.

9.4. Plasma physics

Besides the example of galaxy dynamics, the dynamical systems aspects mentioned in Section 8.2 can be relevant to
any low-dimensional Hamiltonian system subjected to parameter drift. Among the many possibilities, we discuss here in
some detail one particularly relevant field: plasma physics, and sketch two aspects of possible novelty, where there is
tremendous potential for future theoretical results, as well as practical applications.

The dynamics of magnetically confined plasmas in fusion reactors follow a set of magnetohydrodynamical (MHD)
differential equations [177]. These, however, are not always applicable, in particular if the dynamics of the charged
particles becomes chaotic. Alternatively, one can apply the approximation that the particles within the plasma follow
the magnetic field lines. This is because the trajectory of the particles is a spiraling motion around a finite magnetic flux,
with the so-called Larmor radius and Larmor frequency, however in practice the radius is negligible compared to the size
of the reactor, and the frequency is very large [177]. An averaging leads to the conclusion that particles practically move
along field lines. Under this assumption, because the magnetic field is divergence-free, the confinement system becomes
equivalent to a volume-preserving dynamical system with a three-dimensional phase space [178]. This can be reduced
to two by making a Poincaré (or stroboscopic) cut, i.e. only observing the particles at a segment of the plasma chamber
at a given toroidal angle (which plays the role of the time-like coordinate), and the magnetic confinement ensures that
in this way we obtain an area-preserving Hamiltonian map. This map usually contains at least some macroscopic chaos,
and can either be complicated, or as simple as the paradigmatic standard map [179].

Of course, subjecting such systems to parameter drift is a natural extension. This, in the context of a tokamak, would
imply the time-dependence of some basic variables, such as components of the magnetic field or a divertor current. In
this way we obtain a similar problem as the one mentioned in the previous section. Alternatively, one can study chaotic
maps that are designed to reflect the magnetic geometry of tokamak reactors. This was done in a recent study [180] for
the time-dependent version of the nontwist map developed by Ullmann and Caldas [181]. This map describes a magnetic
configuration perturbed by a so-called ergodic limiter, causing chaotic regions to show up in the outer parts of the plasma.
The authors of [180] introduced a linear time-dependence in the ratio of the plasma and limiter currents, and observed
snapshot tori as parts of island chains behaving similarly to the ones described here, also evidenced by their EAPD curves.
Furthermore, a considerable time-dependent non-hyperbolic region was found to exist, surrounding an island chain close
to the boundary between the chaotic and strictly regular parts of the phase space. This time-dependent non-hyperbolic
region was visualized by displaying the spatial distribution of the values trajectories contribute to the EAPD function in
the chaotic sea. It was found that at a given instant non-hyperbolic trajectories contribute considerably smaller distances
than chaotic ones.

The concept of time-dependent non-chaotic or non-hyperbolic regions could especially be relevant for the dynamics
of runaway electrons in tokamak reactors, with far reaching consequences to the construction of ITER [182]. Runaway
electrons occur when the friction between such electrons and particles of the plasma confined in the reactor cannot
sufficiently counterbalance the kinetic energy of the electrons, which then leave the confined population at very high
energies [183,184]. The created beam, traveling very fast, is then able to hit various components of the plasma chamber
wall (e.g. diagnostic devices), damaging them. Therefore, analyzing the transport of these electrons in maps modeling
fusion plasmas is of great importance. The currently best accepted model of non-diffusive plasma transport [ 185] is based
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on the approximation of an exponential decay of the number of particles, i.e. purely chaotic transport in the phase space.
This approach neglects the significant presence of elliptic islands within fusion plasma, and with them the effect of the
non-hyperbolic regions surrounding them. The inclusion of these regions might already provide a better description of
the transport, since it is well known in chaos theory that after the initial exponential decay, a power-law tail takes
over for long times, see e.g. [103,186-188]. As a particularly powerful tool for describing the mechanism behind this
phenomenon, several models were developed based on the hierarchical structure of microscopic island chains within
chaotic seas [189,190]. For reviews on the subject, see [97,191]. For recent findings concerning the properties of the
power-law tail, and a possible first step towards application, see [192]. If a parameter drift is introduced, via the presence
of e.g. a prescribed time-dependent divertor current, the time-dependent non-hyperbolic regions explored in Section 6.3
could become the appropriate concepts for the description of the non-exponential transport, where a non-trivial function
is expected to describe the decay of the particles.

9.5. Engineering applications

There is a number of cases of engineering relevance where some parameter is changing in time either in a controlled
way or because of a natural process. Notable examples can be the effect of moving components in machines [193,194], or
parameter changes in optical or mechanical systems, where even experiments have been completed [ 195-197]. In most of
these cases however, the drift was chosen to be slow, strictly adiabatic, while the phenomena presented in the paper will
only become observable with faster changing parameters. Examples where a non-negligible parameter drift could play a
role are e.g. the change of resistance due to an external change of temperature, or ships subjected to waves generated by
a wind of increasing strength [198].

Here we explore a case that fits to the overall topics of the paper, by considering a problem related to acceleration
or deceleration of rotating machine elements like centrifuges. This, by considering the least possible deviation from the
simple model studied throughout the paper, can be illustrated by discussing a version of the Duffing equation in which
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Fig. 47. Snapshot attractor in the scenario wy = 1, « = 0.001, npe = 30 (B = 0.2, ¢ = 0.08) of (60) shown at stroboscopic time instances
n = 15, 20, 25, 30 in panels (a)-(d), obtained from an extended initial distribution with N, = 10000 particles at time 0.
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the driving frequency is drifting. The governing dimensionless equation is then
X=x—x>—2B%+ & cos(w(t)t), (60)

where ¢ is a fixed driving amplitude, and w(t) is a time-dependent driving frequency. To keep similarity with our main
example, we choose the frequency to be

o(t)=wo+at, 0=t < tpaw, (61)

where « is again the rate of the parameter drift, i.e. the angular acceleration of the driving signal.

The snapshot attractor can again be obtained as the instantaneous shape of an initially compact ensemble (after a
convergence to the attractor took place). Such instances are shown in Fig. 47. Although the driving has no periodic
component, we have the freedom to choose a time unit T and take slices at integer multiples of it, again leading to
a (non-autonomous) stroboscopic map, yielding w, = wp + anT in discrete time. Here, for simplicity, we take integer
multiples of the initial period T = 27 /@y, and follow the scenario over 30 such units. Note that no sign of coexisting other
attractors can be observed, we see the evolution of a single chaotic snapshot attractor. A comparison with Figs. 6(b) and
6(c) reveals that the pattern is changing more drastically now. This might be explained by the fact that system (4) is close
to an anharmonic oscillator driven with a constant frequency, while here the shift in frequency from 1 to wme = 1.188
is considerable, therefore the stroboscopic slicing alters the dynamics more significantly.

The main message from an engineering point of view could be that individual simulations (and/or experiments) are to
be avoided. Besides the numerical uncertainties, such a simulation would only provide a single point on the (x, v) plane,
instead of the extended attractor evolved from ensemble simulations. It is quite clear that the former cannot be a faithful
representation of the possible states of the systems, while the latter can, by giving a global overview of all permitted
cases.

10. Conclusions

We conclude this review by providing some general thoughts.

The study of drifting systems provides new discoveries in the realm of chaotic dynamics. One important aspect is that
the relation between trajectory based and ensemble based simulations should be reevaluated. The constraint of finite
time observation cannot be avoided in general, requiring a new attitude concerning mathematical accuracy. Relevant
phase space objects and quantities, including chaotic attractors, chaotic seas, natural measures, Lyapunov exponents and
escape rates become time-dependent. Foliations turn out to be the basis of phase space structures. In dissipative cases
the unstable ones coincide with the snapshot attractors. In Hamiltonian systems stable and unstable foliations differ, and
whether one or the other is more closely related to the chaotic subset of the chaotic sea might depend on the type of
the scenario. A number of traditional concepts, like e.g. basin and Wada boundaries, strange nonchaotic attractors, KAM
tori, non-hyperbolic regions, chaotic scattering, hysteresis, etc., are not only time-dependent, but also call for a redefined
approach. The question of adiabaticity, characterizing the speed of the drifting process, becomes especially relevant. We
have found a chaos-related new property: adiabaticity might depend on which phase space object is followed within the
same scenario. It can also happen that for a given object the process is non-adiabatic first, and then crosses over into
being adiabatic.

The essence of chaos is, of course, the presence of a Smale horseshoe, or a chaotic saddle, designated by a multitude of
intersection points between the two foliations. In chaotic systems subjected to parameter drift, the saddle is a snapshot
chaotic saddle, found to be incorporated into both snapshot attractors and snapshot chaotic seas. Therefore such systems
are not only transiently chaotic, but since the strength of transient chaos is changing in time, from this point of view they
can be considered as instances of doubly transient chaos in a generalized sense (even if no final asymptotic state exists).

All the examples presented show that chaotic dynamical systems subjected to non-negligible parameter drift possess
a plethora of permitted states, whose time dependence should be described by monitoring an ensemble of trajectories.
The set of permitted states at an instant is described in dissipative and Hamiltonian cases by the snapshot attractor and
the snapshot phase portrait (tori and chaotic seas), respectively. These of course are changing in time, along with the
associated natural measure. As a plausible picture behind this view, we can speak of the theory of parallel dynamical
evolutions [45] of the systems, in analogy with the theory of parallel climate realizations, introduced earlier [32-34]. This
phrase automatically expresses the non-representative nature of any approach based on individual trajectories in drifting
chaotic systems.
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Appendix. Derivation of the snapshot points for polynomial forms of the parameter drift

An observation of (11) suggests that a particular solutions without any exponential contribution can be searched as a
linear combination of the ith temporal derivatives ®(t) of £(t) in an infinite series:

y(t) =Y et )aicoswt + bisinwt), (62)
i=0
where ¢(t) is of polynomial time-dependence:

e(t)=¢e0+ Zajtj. (63)
j=1

Substituting this into (11), we obtain similar terms on both sides, and after regrouping, from the vanishing of a given type
of term, algebraic equations arise for the coefficients a;, b;.

For simplicity, we illustrate the general mechanism with the case of driving amplitudes &(t) of quadratic time-
dependence (for which the third and higher time derivatives vanish). Therefore, we search for snapshot point orbits in
the form of

Y*(t) = ape(t) cos wt + bos(t) sinwt + a;£(t) cos wt + b1&(t) sinwt + ax&(t) cos wt + by&(t) sin wt, (64)

valid as long as |y*(t)| < 1. Substituting (64) into (11), the vanishing of terms &(t) cos wt and &(t)sin wt provides two
constraints:

(0* — wd)ap — 2Bwby +1 =10, 2Bway+ (0> — wi)by = 0. (65)
These determine coefficients ag, by:

a = —(0® — w5)/Z, by =2Bw/Z, (66)
where

Z = (0® — 02 + (2Bw)*. (67)

These are the same as the ag, bg coefficients in (12). It is worth recognizing that these relations are known from elementary

mechanics: eap and eby determine via (13) the limit cycle attractor of the periodically driven harmonic oscillator of

eigenfrequency wg, damping constant 28, driven with a constant amplitude ¢ and driving frequency w, see e.g. [54,71].
The vanishing of terms £(t) cos wt and &(t) sin wt provides the constraints:

—2wby + ai(w* — w§) — 2Bag — 2Bwby; =0, 2wag + bi(w? — wf) — 2Bbo + 2pwa; = 0. (68)
These equation make it possible to express a;, b; (the same as in (12)) in terms of the already known coefficients ag, by:
a1 = [-2B(0* + wd)ag + 20(2B% + w* — wi)bol/Z, b1 = [-20(2B% + w* — w})ap — 2B(0* + wj)bol/Z. (69)
Finally, from the vanishing of terms £(t) cos wt and £(t) sin wt we obtain:
—ag — 2wb; + ay(w?® — w}) — 2Ba; — 2Bwby =0, —bg + 2wa; + by(w® — @E) — 2Bb1 + 2Bwa; = 0. (70)
By means of them, coefficients a,, b,, describing the new terms compared to (12), can be expressed with ag, a1, by, by as:
ay =[(w® — wg)ap + 2Bwby — 2p(w* + w§)ar + 20(2p* + w* — wf)b11/Z,
b, =[—2Bwag + (w* — wj)bo — 2w(2p* + w? — wi)a; — 2B(w* + wi)b11/Z. (71)
The snapshot point coordinates at stroboscopic instances at t = nT are obtained from (64) as
Vi = doen + 1én + 02207, (72)
where
en = g0 + aqnT + aa(nT)?, &, = aq + 2anT. (73)
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The difference between the snapshot coordinate y*(t) and the frozen one y;}

), given by (13), holds for any &(t),

ozen (t

as well as the spiral-like phase space patterns of the snapshot points, expressed in the form of (16). These properties are
valid within the linear approximation applied. No analytic expressions are, however, known for the snapshot points of
general drifting nonlinear problems, not even for the Duffing system (4) with a relatively large &(t).
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