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Abstract

In this paper, we develop two accurate and fast algorithms for the computation of the stable and unstable manifolds of
hyperbolic trajectories of two-dimensional, aperiodically time-dependent vector fields. First we develop a benchmark method
in which all the trajectories composing the manifold are integrated from the neighborhood of the hyperbolic trajectory. This
choice, although very accurate, is not fast and has limited usage. A faster and more powerful algorithm requires the insertion
of new points in the manifold as it evolves in time. Its numerical implementation requires a criterion for determining when
to insert those points in the manifold, and an interpolation method for determining where to insert them. We compare four
different point insertion criteria and four different interpolation methods. We discuss the computational requirements of all
of these methods. We find two of the four point insertion criteria to be accurate and robust. One is a variant of a criterion
originally proposed by Hobson. The other is a slight variant of a method due to Dritschel and Ambaum arising from their
studies of contour dynamics. The preferred interpolation method is also due to Dritschel. These methods are then applied tc
the computation of the stable and unstable manifolds of the hyperbolic trajectories of several aperiodically time-dependent
variants of the Duffing equation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It is an accepted fact in dynamical systems theory that for autonomous and time-periodic vector fields, as well
as maps, knowledge of the stable and unstable manifolds of hyperbolic equilibria or hyperbolic periodic orbits
may play a central role in understanding many global, dynamical issues. For a given dynamical system, the only
general way of studying such stable and unstable manifolds is by computing them numerically. Consequently, a
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number of people have developed algorithms for computing the stable and unstable manifolds for autonomous and
time-periodic vector fields, as well as for maps. For example[l5&6,17,18,24—-26,31An advantage offered by

such vector fields and maps is stationarity. In particular, if we consider the familiar case of a two-dimensional,
time-periodic vector field with perio@and define a Poincaré section by fixing same rp. Because the stable and
unstable manifolds in any Poincaré sectiomat n7 (n € Z) are stationary, it is relatively simple to numerically
compute them.

In this paper, we consider a new aspect of this subject: the computation of the stable and unstable manifolds of
hyperbolic trajectories of two-dimensionapberiodically time-dependentector fields (by “aperiodic” we simply
mean “not periodic”). As in the situation for autonomous and time-periodic vector fields as well as maps, we expect
that the stable and unstable manifolds should play an important role in understanding a variety of global, dynamical
issues. Moreover, study of their evolution in general systems also requires humerical computation.

The dynamics generated by aperiodically time-dependent vector fields have not received as much attention in
the dynamical systems community as time-periodic vector fields or maps. Part of the reason is that many of the
standard dynamical systems techniques and approaches (such as the notion of a Poincaré map) do not apply in the
same way when the time-dependence of the vector field is aperiodic. Nevertheless, general frameworks for dealing
with different aspects of aperiodically time-dependent vector fields have been around for some time; notably, the
skew-product flow approach (see €29]), the cocycle approach (see €[§6]), and the approach of dynamics
generated by an infinite sequence of maps (seg[E5{). Within these frameworks fundamental issues such as
attractivity, stability, and asymptotic behavior have been formulated (sefl8,$9,23,29). In recent years, there
has been the beginnings of an effort to develop the building blocks of a geometric theory for the dynamics generated
by aperiodically time-dependent vector fields. Aspects that have been studied include bifurcatiofi8jepnoymal
form theory[30], shadowing lemma®,23] and chao$20,22,28,32—-34]

While there are some similarities in the computation of the stable and unstable manifolds of hyperbolic tra-
jectories in two-dimensional aperiodically time-dependent vector fields with their counterparts in time-periodic
vector fields, autonomous vector fields, and maps, there are also some fundamental differences. Perhaps the bigges
difference is the fact that the dynamics of an aperiodically time-dependent vector field are generatgahby a
stationary processPractically, this means that the unstable (resp., stable) manifold at any fixed time depends on
the evolution of trajectories from the infinite past (resp., future). In computing the stable and unstable manifolds
of hyperbolic periodic orbits of maps (or time-periodic vector fields) once a segment of the manifold is computed
further iterates of the map do not alter this segment. However, when there is no periodicity in the vector field,
as time evolveghe entire length of the computed manifalido evolves. Consequently, the numerical computa-
tions are much more intensive, from the point of view of time, memory, and storage, and a new point of view
must be adopted. A more detailed comparison of issues involved with the computation of the stable and unstable
manifolds of hyperbolic trajectories in time-periodic vector fields, versus time aperiodic vector fields, is given in
Appendix A

The goal of this paper is to develop a practical and efficient numerical method for computing the stable and
unstable manifolds of a hyperbolic trajectory for a two-dimensional, aperiodically time-dependent vector field.
The outline is as follows. Ii5ection 2 we discuss the notion of hyperbolic trajectories and the existence of stable
and unstable manifolds of hyperbolic trajectories for aperiodically time-dependent vector fields. This material is
not new, but it is outside the mainstream of applied dynamical systems theory and therefore we feel that a brief
review is necessary. With these notions in hand, we then discuss our numerical approach to computing the stable
and unstable manifolds of hyperbolic trajectories. The numerical method involves two key features: a criterion for
determining when new points must be added to the manifold, and a way of inserting these new points (interpolation).
In Section 3 we discuss several insertion criteria and interpolation methods. In addition to the “distance between
points” and “Hobson” criteria (related to curvat|e®]) which have been used in the past, we present two criteria:
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a variant of Hobson'’s criteria (mentioned by Hob$d@], but not used in his work), and a method due to Dritschel

and Ambaum (which uses local curvature to determine a desired point défi3ifyom the study of contour
advection. We present a detailed comparison between these four criteria. With a point insertion criteria in hand,
we then explore interpolation methods. We consider linear interpolation, Lagrange polynomials, cubic splines,
and a more geometrical method due to Dritschel developed in his studies of contour dynamics. We present a
detailed comparison between these four method$dation 4 we summarize these results and conclude that
there are two viable methods for practical use. Either the variant of Hobson’s method or the Dritschel-Ambaum
method can be used as a point insertion criterion in conjunction with Dritschel’s interpolation method. For vector
fields where the time-dependence is strongly spatially variable the Dritschel-Ambaum approach may offer some
advantages as it incorporates a point redistribution technique. This section serves as the main conclusion of this
paper. InSection 5we apply the optimal methods to several examples of aperiodically time-dependent vector fields
to compute the stable and unstable manifolds of a hyperbolic traje&ppendix A describes computation of

stable and unstable manifolds of hyperbolic trajectories in time-periodic vector fields and how the procedure must
be fundamentally different for aperiodically time-dependent vector fidldpendix Bdescribes our “benchmark
method”.

2. Background and set-up

We consider a two-dimensional velocity field of the form:
i=v(x 1, xeR? reR. (1)

We assume that the vector field@ (r > 1) in x, and continuous im. This will allow for unique solutions to

exist, and also permit linearization. The dynamics of aperiodically time-dependent vector fields are fundamentally
different, as well as less familiar, than those of time-periodic vector fields and maps. For this reason, we will need
to develop some of the basic background in more detail than for the latter cases.

2.1. Hyperbolic trajectories

Hyperbolicity of a trajectory is a property of the linear system obtained by linear{zingbout the trajectory.
The dynamics of the linear system are then described by the notionexfmmential dichotomywhich we now
define, and for which the standard referenced4&21]

Definition 2.1 (Exponential dichotomy). Consider the following linear ordinary differential equation with time-
dependent coefficients:

E=AWE £eR? )

whereA(r) € R%*? is a continuous function af SupposeX (r) € R?*? is thefundamental solution matriaf (2),
i.e., for any initial conditiorgg, &(r) = X (1)& is the solution of2) passing througlp att = 0 andX (0) = id. Let

|| - || denote a norm ofk?2. Then(2) is said to possess @axponential dichotomij there exists a projection operator
P € R?*2 p2 — P and constant&, Ko, A1, A2 > 0, such that

IX(OPX YD) < K1exp(—ri(t — 1)), 1> 1, ®3)

IX()id — XM (@) < K2expra(t — 1)), (<t 4)
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With the notion of exponential dichotomy in hand we can now define the notion of a hyperbolic trajectory of a
general time-dependent vector field.

Definition 2.2 (Hyperbolic trajectory). Ley(r) denote a trajectory of the vector figltl). Theny(r) is said to be a
hyperbolic trajectoryif the associated linearized system:

£ = Dyu(p(D), NE (5)

has an exponential dichotomy.

We now describe the geometry behind the notion of exponential dichotomy in termsexdéimeled phase space
E={(x,n e R>x R}, (6)

i.e., we append the dependent variabte the phase space. We consider the vector field defined on the extended
phase space by appending the (trivial) evolution tof(1) as follows:

x =v(x, 1), =1 ©)
and the hyperbolic trajectory in the extended phase sf&denoted by

Iy = (v, 1.
We define aime sliceof the extended phase spatas follows:

Y. ={(x,1 €&t =1} (8)

Then in the extended phase space, the hyperbolic trajeEtorintersectsy; in the unique poinj/(z).

In Definition 2.1, suppose the projection opera®has rank 1, the case of interest for us since we are concerned
with saddle-like behavior. Thef8) implies that on the time slic&., there is a one-dimensional subspac®éf
ES(1), corresponding to initial conditions of trajectories of the lineariegdations (5that decay to zero at an
exponential rate as— oo. Similarly, (4) implies that on the time slic&;, there is a one-dimensional subspace of
R?, EY(z), corresponding to initial conditions of trajectories of the linearieggdations (5jhat decay to zero at an
exponential rate as— —oo. Moreover, the angle betwedi?(r) and EY(1) is bounded away from zero for all
We illustrate this geometrically iRigs. 1 and 2

2.2. Stable and unstable manifolds of hyperbolic trajectories

We can now state the result that tangent to these linearized, time-varying eigenspaces we have invariant manifolds
for the full nonlinear vector field.
Let D,(z) € X, denote the ball of radius centered ap(z). Then

N,(r) = | (Dp(). 7)
teR

is atubular neighborhooaf I(7) in £. We have the following theorem.

Theorem 2.1 (Local stable and unstable manifold$jor the set-up and hypotheses described ahiotae extended
phase spac€ there exists a two-dimensional’ manifold W .(I(r)) C &, and a two-dimensional™ manifold
Wa(I'(1) C € and po sufficiently small such that fgr € (0, po):
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Fig. 1. Geometry of the stable and unstable subspaces of the linearized system associated with the hyperbolic trajectory, both in the extendet
phase space and on a time slice. (The arrows are meant to indicate that the structure extends for all time.) In this figure, we show trajectories

with initial (resp., final) conditions ir£S(z) (resp.,EY(7)).

(1) Wi .(I(0)), the local stable manifold of(7), is invariant under the forward time evolution generated(by
ngc(l’(t)), the local unstable manifold d@f(z), is invariant under the backward time evolution generate@y
(2) Wi (I(n)) and W}l .(I1(1)) intersect along'(7), and the angle between the manifolds is bounded away from zero

uniformly for all# € R.

X3

X

ES(1)

f

Fig. 2. Geometry of the stable and unstable subspaces of the linearized system associated with the hyperbolic trajectory, both in the extendet
phase space and on a time slice. (The arrows are meant to indicate that the structure extends for all time.) In this figure, we not only show
trajectories with initial (resp., final) conditions it¥(z) (resp.,EY(1)), but also the stable and unstable subspaces in the full extended subspace.

Note how they may “twist”.
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(3) Every trajectory onWp .(I(z)) can be continued to the boundary &f, (1) in backward timgand every
trajectory onW,! (I(r)) can be continued to the boundary&},(11(r)) in forward time

(4) Trajectories starting orW}; .(I1(r)) at timer = t approachl1(r) at an exponential rate *°(-? ast — oo
for some constanmt® > 0. Similarly, trajectories starting onW..(I(r)) at timet = ¢ approachI(r) at an
exponential rate~*"'=7l as; — —oo, for some constarit > 0.

(5) Any trajectory in\,(I(z) not on eitherW? (I(r)) or W .(I(1)) will leave N, (I'(r)) in both forward and
backward time

Proof. In some sense this theorem has been known for some time, although the autonomous or time-periodic
version is much more widely known. The theorem can be obtained from simple modifications of results found in
[3,8]. The theorem in this form can be found[it¥], see alsd35]. A discrete time version can be found[itb].

Less well-known work that gives similar resultd$12). O

This theorem provides the mathematical basis for computing the global stable and unstable maniflds of
as follows. Given a piece of the local stable manifW@C(F(t)) on the time sliceX}, a piece of the global stable
manifold WS(I(z)) on the time sliceX; can be obtained for < ¢ by evolving the trajectories starting on the
piece of W .(I(r)) backward in time. Similarly, the forward evolution of the trajectories starting on a piece of the
local unstable manifoldv! .(1(r)) on X; gives a piece oW"(I(7)) on X, for > r. We illustrate this situation
geometrically inFig. 3,

Wiee (T(1"))
W (1) WHT (1)

W (7 (1)

Wiee (T (1))

f

Fig. 3. Geometry of the stable and unstable manifolds of the nonlinear system associated with the hyperbolic trajectory, both in the extended
phase space and on a time slice. (The arrows are meant to indicate that the structure extends for all time.) The figure also indicates the computation
of pieces of the global stable (resp., unstable) manifolds on a particular time slice from a segment of the local stable (resp., unstable) manifold
on a later (resp., earlier) time slice. The evolution of a segmeiti(/1(r)) (shown in bold) from the time slic&, to the time sliceX, is

shown. Similarly, the evolution of a segmentWf (1)) (shown in bold) from the time slic&,~ to the time sliceX; is shown.
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2.3. Computation of the stable and unstable manifold of hyperbolic trajectories

Now we can turn to the main point of this paper: a numerical approach to computing the stable and unstable
manifolds of a hyperbolic trajectory for a two-dimensional, aperiodically time-dependent vector field.

First, we make twaassumptionsOne is that we know a hyperbolic trajectoiyr), of (1). This is actually
not a trivial assumption. For autonomous and time-periodic vector fields as well as maps, there is a variety of
numerical methods for locating hyperbolic periodic orbits, see[8%26] However, it is only in recent years
that numerical algorithms for computing hyperbolic trajectories of vector fields with aperiodic time-dependence
have been developed, spd,13] In addition, for the purposes of the exposition of the method, we temporarily
assume that we also knowlgc(l“(t)) and Wlf)c(l“(t)) in the small neighborhood af(z). We show how to obtain
their approximations numerically later in this section.

Next, we establish some notation associated with the time-evolution map for the aperiodically time-dependent
vector field. We lef#|k € Z} be a sequence of times with < 7,41 for anyk. The corresponding time slices are
=, 0 €&t =t}

The time increment B, = 7.+1 — £ can be, but is not necessarily, constant. Nowg(gtr, xo) be the trajectory
of (1) passing through the point atr = 7. For eachk € Z, we denote the forward time-evolution map between
X, andXy, , by

o Xy = T, ks ) > (ks o) = S Gk, 1) = (s s X6 ) )
and the backward time-evolution map by
FN Zn = T (gt ) B O 1) = f7 s, ) = 0tk o1, Xk ) 20)- (10)

The subscripk of x; here corresponds to the time slice, not the index of a coordinate, in the two-dimensional space.
By the definition of a hyperbolic trajectory, we hayg I(z;)) = I(t1) and fk‘l(F(tkH)) = I(t).

With these assumptions and notations in hand, we derive expressions for the global stable and unstable manifold
of I'(#;) atr = t; that are amenable to computation. The technical expressions are given by

W) = Bim (fi-10- -0 fioaWisc(TTtimn))), (11)

W) = im (fig oo fin 1 WigeTtien))))- (12)

By letting#; andr,, bet andt, we recover the results Bection 2.2Moreover, this expression gains some familiarity
by relating it to the similar expressions for time-periodic vector fields as we shawppendix A Still, these
formulae probably appear a bit incomprehensible. Now we explain in detail what they mean.

First, we consider the unstable manifold. The global unstable manif8id1z;)) on X;, (left-hand side) can be
obtained by the known local unstable manif(bﬁ;gc(l“(t,-_,,)) on apasttime sliceX;,  and forward time-evolution

map f; between the adjacent time slices for n < k < i — 1 (right-hand side)Theorem 2.1says that, if
Wi (Iti—n)) C fimnny W (Iti—(n41)))), then
fim10 0 ficn(Wiae(Iti=n))) C fi—1 00 ficn © ficn+1) Wine(Tti—(n+1))))- (13)

Taking the limitn — oo gives the entire global unstable manifold on the time sligeas illustrated irfFig. 4 These
expressions give rise to a computational approach for obtaiithg(#;)) on the time sliceX;,. In Section 3we
develop a practical and efficient method to compute this expression.

Next we consider the global stable manifalef(11(#;)) on X;,. The formula is similar to that of"(1(#;)) with
the time direction reversed. The global stable maniféf{I1(z;)) on X, (left-hand side) can be obtained by the
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z t i+n ,.Q*n /

wloc(r(‘ﬁn))

l+l ” oflﬂ\Z |+nl(WIOC(F(tI+n)))

DN

fi00f 0 fi-n(w loc (T (tin) ))

Wioc (T (tin))

Zti-n / v( ti-n)./ /

Fig. 4. A geometrical illustration of the approach to computing segments of the global stable (resp., unstable) manifold of a hyperbolic trajectory
on a given time slice from a segment of the local unstable manifold on a later (resp., earlier) time slice.

known local stable manifoldvlzc(l“(t,-ﬂ)) on thefuturetime slice X, and backward time-evolution ma;g‘l
between the adjacent time slices fof n > k > i (right-hand side)Theorem 2.1says that, ifW? .(I(ti4s)) D

firn+1 (W2 (I tir(ns1)))), then
fi1o o fimWe(Ttin)) C 100 fin © fiytnrny Wine Tt ar1))- (14)

Taking the limitn — oo gives the entire global stable manifold on the time siige
We summarize the method for computing a segment of the unstable manifold at timthe following three
steps. The method for computing a segment of the stable manifold is analogous with the reversed time direction.

Step 1. Choose an initial tinre_,,, n > 0. The larger the choice af, the longer the segment of unstable manifold
that can be computed on the later time sligg (subject to control of numerical errors).

Step 2. On the time slic&;,_,, choose a small segment & (11t;_,)).

Step 3. Evolve this segment forward in time to the time she
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The numerical implementation of this algorithm gives rise to the following two difficulties that must be overcome:

(1) We have assumed thatzs;_,) and W} (I(;_,)) were known in Step 2. How do we actually obtain them?

(2) Given a segment oW, (I(r;_,)), we cannot computationally realize it as a continuous curve. Rather, we
approximate it by closely spaced points. The more closely spaced the points, the better the approximation to
a continuous curve. Nevertheless, as time evolves, significant “gaps” may develop between points that were
closely spaced “neighbors” on the original time slice. How do we treat the issues that arise as a result of this
phenomenon?

The first difficulty can be addressed as follows. Numerical algorithms for computing a hyperbolic trajgctory
can be found irf11,13] As discussed ifsection 2.2approximatinngL(‘)C((y(t), 1)) by EY(z) is often sufficient in
practice. Obtainingz"(¢) generally requires the numerical solution(6§; a numerical algorithm for computing it
can be found also if11]. We letxpyT (¢) denote the (numerically obtained) hyperbolic trajectory where the subscript
stands fodistinguished hyperbolic trajecto@HT). In addition, we let &) and &'(r) denote unit vectors in the
direction of ES(r) and EY (1), respectively. Then, an approximation, oo,  (xpHT (1), 1)) to Wi ((v(1), 1) is given
by the straight line-segment betweasyt (r) and

x5y (£) = XpHT (1) + 1 €%(1). (15)

Therefore, the first difficulty amounts to the choicerofvhich varies from case to cas®ection 3provides some
guidance.
Similarly, ngprox((xDHT(t), 1)) defined by the straight line-segment betwegpnt () and

XM (1) = xpuT (1) + 1 €'(p) (16)

gives an approximation t&] .((y(1), 1)).
The second difficulty is the main subject of the next section.

3. Numerical implementation

In this section, we discuss how to numerically implement the computation of the stable and unstable manifolds
of a hyperbolic trajectory. We follow the three-step algorithm describ&eittion 2.3Henceforth, we will restrict
our discussion to the computation of the unstable manifold. The discussion for the stable manifold is analogous to
that for the unstable manifold with the direction of time reversed.

In Step 1, we choosg (=t;—,) = 0 andr, (=t;) = T. In any implementation, we are inevitably restricted to a
finite time rangel” andn + 1 time slices. The time incrementT'd= 7/n, can be constant for simplicity.

In Step 2 on the time slic&,,, Eq. (16)provides an approximatiowgppro)&(xDHT(to), 10)) to the local unstable
manifold W,} .(I'(1)) for a giveni. A number of points are placed over the lengtbn ngpro)&(xDHT(to), o)) SO
that the gaps between adjacent points are small.

In Step 3, the points starting dﬁgppro)g(xDHT(to), to)) evolve according to the forward time-evolution given by
(23).

The second difficulty discussed 8ection 2.3arises in Step 3. As the segment of unstable manifold stretches,
visible gaps between the adjacent trajectories may develop. There are two approaches with which we can deal witt
this:

(1) On X}, place the points with such a distribution that visible gaps do not develd@p, on
(2) Insert additional points on the time sligg, for 0 < k < n according to an interpolation scheme.
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The first approach, which forms the basis of our “benchmark” calculation as describpdéndix B is doomed
to failure. Limited machine precision means that there is a maximum nubfigrof points that can be numerically
distinguishable over a given segment lengtalong ngpro)g(xDHT(to), fg)) on Xy, and it may happen that those
points do develop visible gaps &%, for long time ranged’. Moreover, the computer time required to achieve a
manifold of sufficient length may be too large to make it a practical method in applied problems. Nevertheless, if
the points can be sufficiently closely spaced for a short time, then a very accurate manifold can be computed by this
approach.

The second approach is computationally more practical. The insertions take place only on the discrete time slice
%y, for 0 < k < n and requires various considerations, as we shall see.

An insertion technique can be developed as follows. On the time Bliceve examinevhether or nota new
point should be inserted in the neighborhood of two nodes. This requires an insertion criterion. Once the insertion
is found to be necessary, then we determine the coordinates of the point to be insettiedorevious time slice
2y, This requires a method for interpolation between points on the manifold. The new point is then integrated up
to the time sliceX;, . This process is repeated until the set of pointndo not require any further insertion.

The rest of this section is devoted to a discussion of various insertion crigg@idn 3.2 and interpolation
methods $ection 3.3 To select the optimal insertion technique, we use a dynamical system that has been studied
intensively. The performance of the insertion techniques is evaluated based on accuracy in comparison with the
benchmark calculation.

3.1. Set-up for evaluation

As discussed iBection 2 W;‘ppro)g(xDHT(t), 1)) relies onxpyt(7) as well as &(¢) and €(r), which are in general
obtained numerically. However, there are cases whgge (¢), €(r) and &(¢) can be obtained analytically up to
some order in a small parametee R. This eliminates the extra layer of difficulty and puts the main focus on the
purpose of this paper: the numerical computation of the stable and unstable manifolds of hyperbolic trajectories
in aperiodically time-dependent vector fields. We use the periodically forced Duffing equation initially for this
purpose, whereppt(7) can be computed analytically (%), while €'(r) and &(r) can be computed t6®(€?);
however, we willnot use the time-periodicity property in our manifold calculations. We will turn to aperiodically
time-dependent examples $8ection 5

The periodically forced Duffing equation is

i1 = xo, 17)
k2 = x1 — x5 + esiny, (18)

wheree = 0.01. In Step 1 of our three-step algorithmSection 2.3we setr, = T = 6, i.e., three times the
forcing period Zr, and treat @ = 7/n as a parameter for the insertion technique. Using perturbation theory for
smalle, we obtain:

XpHT () = —g < s;nstt> + 0 (19)
and also
el() = % (1) + O(€?), e(t) = % (11) + O(). (20)

Therefore i is the only control parameter irf), (1) that determinewgppro)g(xDHT(t), 1) (16)in Step 2. To focus
on the insertion technique in Step 3, we set 0.1 throughout this paper. This value specifies the limits of a
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Fig. 5. Computation of the unstable manifold for the periodically forced Duffing equation$060.01 using the benchmark method. Results
are shown af’” = 6. The segment of the unstable manifold shown in the figure containsNB844 points, where the maximum allowed
distance between adjacent points is- 0.05. The computing time used was CR5904 s.

segment where the local manifold is well approximated by a line. Visual inspection of the manifold shéiyngin

would seem to indicate this choice bf= 0.1 as self consistent since the manifold has linear appearance near the
hyperbolic trajectory. In order to quantify the initial deviation of the manifold from a line, we take advantage of the
periodicity of the manifold (i.e. it is the same at time &nd 0) and we measure the distance from the endpoints of
xyy, (6m) for A = 0.1 to the grown manifold. This distance is below #0which is withine2, and therefore validates

this choice oft.. The length of the manifold shown in this figureTat= 67 is determined by the value af since the
endpoints of the initial approximation to the unstable manifold remain the endpoints of the manifold as it evolves
in time. In general, an appropriate choicexofvill depend both on the eigenvalues of the linearized problem and
on the nonlinearity of the system.

While ngpro)&(xDHT(t), 1)) can be obtained analytically, individual trajectories must be numerically integrated
between the time slices. In this study, we use a fifth-order adaptive Runge—Kutta algorithm with a variable time step
ofinitially Ar = 0.05, and an error tolerance controlled by the paranzgter 1 x 10~8 (seg27] for the use of this).

We also enforce the constraint that the trajectories are computed by the Runge—Kutta method on the time slices
tr—whenever they cross a time slice, the integrator is used again with a new adjusted step that ends exactly on the
time slice.

The unstable manifold calculated using the benchmark method is shokig.i® and is used as a reference
to evaluate other methods. The figures shown in this section are the magnification of small regions near this
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manifold. The codes used in computing all the manifolds in this article are written in Python and can be found at
http://lacms.maths.bris.ac.uk/projectShe codes have been run on a 1 GHz processor with 1 Gb RAM on a PC
running Red Hat Linux.

3.2. Insertion criteria

An insertion technique has two components: an insertion criterion and an interpolation method. In evaluating
the performance of different insertion criteria we used the most robust interpolation method, which is the Dritschel
interpolation method discussed$ection 3.3.3In this case, we feel confident that any shortcomings in the manifold
computation can be attributed to the insertion criterion.

Below we discuss four different criteria for determining if new points should be inserted. The “distance criterion”
(Section 3.2.}, the “Hobson criterion” $ection 3.2.2and the “Hobson variant criterionSgction 3.2.Bhave been
discussed by Hobsdi0]. The “Dritschel-Ambaum criterion"ection 3.2.derives from a technique originally
developed to study the complex evolution of vorticity contours, i.e., contour surgery for contour dynamics in fluid
mechanics. Our work analyzes for the first time the applicability of this method to the computation of invariant
manifolds.

Note that throughout this sectian denotes thegth point along the manifold, considered as an ordered sequence
of points. In order to avoid confusion we note here that in two dimensions when it is necessary to consider the
components of ; we use the notatiotwy, ;, x2, ;).

3.2.1. Distance criterion
The first criterion used is the simplest; on eath, the distance between a pair of adjacent paintandx ;1
corresponding to adjacent trajectories:

di = |xjy1— xjl, dieR

are checked against a threshe|dvhich we call the “tolerance”. Its value is chosen by considering the maximum
distance between points that would allow us to recover a smooth manifold such as the one dispfage8l i
d; > 7, then a new point is inserted between the two points omptaegioustime slice X, ; that evolve tar; and
xj4+1 on the time sliceX;, using one of the interpolation methods discusse8eation 3.3 The new point is then
integrated to the time slicE,, and the checking process is repeated until all neighboring pairs of points satisfy the
criterion. This iterative checking is also used with all the criteria described below.

Therefore, the distance criterion uses one threshodahd requires a computation &f for all x; on eachXy, .

Fig. 6 compares details of folds in the unstable manifold using this criteriom t6r0.02 and d" = 7/89 with
the benchmark.

3.2.2. Hobson criterion

In an attempt to capture details of the folds more accurately, we use an insertion criterion[tl0f vehich
uses the angle; shown inFig. 7 as explained ifi10]: “This angle is a measure of the spacing of the image points
relative to the local radius of curvature”, and is defined by

_qlXj—1 — xj-1]

o; = 2sin ,
J 2lxj — xj-1]
where
Xi—x:
- J j+1
Xj—1=Xj+ —|xj —xj_1|.

|xj — xjyal
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Fig. 6. The two panels show details of two different folds of the unstable manifol8-ofor the periodically forced Duffing equation with
€ = 0.01 using the distance criterion with= 0.02, shown as the dashed curve. Point insertion was base#t eny89, and a” the number
of points comprising the manifold is 9635. The computation time for this segment of the manifold was 1382 s. The benchmask@ihis
also shown as a solid black curve for comparison.
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Fig. 7. The definition of the angle; used for the Hobson and Hobson variant criteria.

It follows from the definition that G< «; < 7. In[10], this technique is used to calculate the unstable manifold of a
hyperbolic fixed point of the Poincaré map of the periodically forced Duffing system; in our framework this would
correspond to sampling the manifold at time intervels=d 7/3 = 2.

On each time slicez;, , we compute the angte; and the produat ;d; for all pointsx ;. Then for eacly we check
them against the thresholdsand d, respectively. lir; > o« or «;jd; > de, then a new point is inserted between
the two points on th@revioustime sliceY;, , that evolve tax; andx;1 on the time sliceX;, using the best of
the interpolation methods discussedSaction 3.3 Typical values for those parameters are discussétioh We
also require?; > §, wheres is a minimum distance between adjacent points; otherwise when the distance between
points becomes comparable to the errors in the numerical integratiantéis¢ can be triggered to insert points by
these small errors and the method can fail. We fourd10-® to be suitable for this problem.

In summary, the Hobson criterion uses three thresh@lds do) and requires computation af;, d;, anda ;d;
forall x; in X, . For the Hobson criterion, as showrfig. 8, we find that the performance of this insertion technique
depends ond as well.

Fig. 8a shows a fold of the unstable manifold computed usifig=d 27, with («, 8, do) = (0.3, 105, 0.001).
As in [10], the folds of the manifold are computed with great resolution and accuracy. When the sampling time step
dT is changed so that it does not match the period of the system the accuracy of the scheme dimirfigie®) as
shows. Note that this phenomenon would not be observed using Poincaré map techniques; so far as we know it has
not previously been noticed, and we are not currently able to offer an explanation for it.

Reducing @& will cause points on the manifold to be placed closer togdtt@®r increasing accuracy but also the
computational load. For instancehig. 9, the total number of points of the unstable manifolds jumps from 6280 to
19173 by decreasingxdrom 0.001 to 0.0001.

3.2.3. Hobson variant criterion

The wide separation of points that the Hobson criterion allows in “flat” regions of the manifold may hinder
its response to the development of bends. A possible remedy is to combine the distance criterion, which prevents
wide separation of points, with the Hobson criterion, which gives a better distribution of points in regions of
large curvature. We call this combination tHebson variant criterionlt uses the thresholdg, §, t) and requires
evaluation ofe;, andd; for all x;. To make the Hobson criterion symmetric with respect to the angle we have
modified it slightly by redefining the angle a§ = (aj+ajr1)/2.

Fig. 10shows the results for this method. The improvement from the Hobson criterion is quite remarkable, and
the accuracy is as good as the more elaborate Dritschel-Ambaum criterion which we now discuss.
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Fig. 8. The effect of @ using the Hobson criterion ab7, in comparison to the benchmark (solid line) wite= 0.05 (we are showing the same
fold as inFig. 6a). All cases uséx, 8, da) = (0.3, 1076, 0.001). (a) Dashed-dots line,Jd= 7/3 as in[10]. At this time the number of points
comprising the manifold is NP= 4002. (b) Dashed-dots line witifd= 7/4 (NP; = 4611); solid-circle line with @ = 7/5 (NP, = 4790);
dashed-square line witHfd= 7/89 (NP; = 6280).
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Fig. 9. Effect of d¢ while keeping & = 7/89: dashed-dot line witha = 0.0001 gives NP = 19173 and the computational time
was CPU = 2948s, solid-circle line with @ = 0.0005 gives NP = 8780, dashed-square line witlx d= 0.001 gives N = 6280
(CPU=9855).

3.2.4. Dritschel-Ambaum criterion

The Hobson criterion controls the point density by an estimate of relative point-spacing to curvature based on
only three points—this works remarkably well much of the time, but can cause problems if the points move slightly
away from their “true” positions: errors resulting from numerical integration and interpolation can cause point
insertion after a false-positive diagnosis that the curve is not well resolved. The new points will be more closely
spaced, and thus yet more vulnerable to misdiagnosis due to errors of a given size. It may be anticipated, then, that
in some especially demanding problems a more elaborate scheme to control point density may become necessary
(an example of this is shown iRig. 20. Such a criterion has been developed by Dritschel and Am{a{iim
the very different context of vortex dynamics in fluid mechanics. This method additionally incorporates a point
redistribution procedure for use after the insertion phase which attempts to ensure that the points are concentrated
in regions of the manifold, where greater definition is needed and can remove points from less demanding parts of
the manifold and thereby reduce the total number of points included in the manifold. In Duffing systems this is not
a major issue, but in problems where time-dependence strongly varies in phase space it can be an important matter
to deal with.

For each pair of consecutive pointg andx;_1 in the current manifold this method first calculates a desired
density,p;, and then calculates; = p;d;, whered; = x; — x;_1. If 0; > 1 anew point is inserted. The density
is set to be

_ (k;LY?

pj L +kj, (21)
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Fig. 10. A comparison of the unstable manifold computed with the Hobson variant criterion (dashed line}vth2,« = 0.3, ands = 10-°
with the benchmark (solid line). The number of points in the manifold computed with the Hobson variant criteriop is 845 and the
computational time was CP& 1544 s: (a) the same fold as showrFig. 6a; (b) the same fold as shownig. 6b.
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or 2/8, whichever is smaller (so that nodes cannot get closertZnve set the parametér= 10-6). The parameter
w in this equation is the primary means by which the density is ultimately controlled. Small valueafespond
to a high point density, but this parameter needs tuning for individual problems.

In Eq. (21)

kj= 5K+ k1)
is defined in terms of, which in turn is defined as

L wio1kj-1t+ Wik
Kj—

wj-1+wj

which uses the weighting ; = dj/(djz. + 45%) and the curvaturg;, which itself is defined by

wherex , finally, is the local curvature defined by a circle through the three peiats x; andx ;1 (an explicit
formula is given inEq. (26), andL is defined in7] to be a length typical of the large-scale vorticity distribution;
we have substituted a typical length of the domain in which the manifold growd., i-e.3.

Once the insertion criterion is satisfied along the whole length of the manifglthat node redistribution process
begins, following[6]. During redistribution the end points of the manifold are held fixed.

Letn be the number of nodes at Compute

n
q=y 0
=1

and defing: = [¢] + 2 (i.e., two more than the nearest integegfoThen — 2 “old” nodes between the end points
will be replaced by: — 1 entirely new nodes in such a way that the spacing of new nodes is approximately consistent
with the desired average density, controlled by the parameter

To redistribute the points along a manifold defined by a finite collection of points requires us to make assumptions
about the behavior of the curve between points. This is essentially the same problem as that of interpolation, which
we address iBection 3.3elow. The Dritschel redistribution procedure shares a great deal with what we have called
below Section 3.3.3Dritschel interpolation, and we shall refer the reader to that section for some of the details.

Let o} = oji/q SO thatZ’}zl o} = n. Then, the positions of the new nodes 2, ... , 7 are found successively
by seeking, for each a j and ap such that
j—1
Za{—i—a}p =i—1
=1

This value ofp is the parametric distance along the implicit curve between the old noated; + 1 to be used to
interpolate the position for the point, as describe8&attion 3.3.Delow.

Now, attempts to use only this redistribution scheme to accommodate the growth of the manifold were not suc-
cessful, ag-ig. 11 shows. The difficulties arise from the time differencE e 1, — 7,1 at which manifolds are
adjusted: we wish to take this much larger than the time step appropriate for integrating individual trajectories
on the manifold. This means that large gaps between points on the manifold can develop, and the redistribu-
tion algorithm, which relies on onlgmall changes between applications, is unable to fill them in a reasonable
way.
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Fig. 11. A fold of the unstable manifold using the Dritschel-Ambaum criterion with redistribution only £010.005 after 21 steps of sizefd
(thick line) and 22 steps of sizefd= 7/89 (thin line). The method has clearly failed between these two time steps.

Accordingly, we have modified the algorithm given[if] by developing from it a criterion for point insertion.

Since, as discussed Bection 3.2.1we always insert points on the previous time step to satisfy a criterion on the
current oneq; < 1), we prevent gaps developing which could give problems to the redistribution algorithm. Once
the criterion is satisfied for each pair of points we may then take advantage of the redistribution algorithm to reduce
the number of points used to represent the manifold and be confident that the resulting points will still be a good
representation.

Fig. 12shows the results for this method. The performance is as good as for the Hobson variant criterion although,
atleast in this example, the computational time increases considerably. Nonetheless, the sophisticated redistributio
method could prove to be valuable in problems where the time-dependence of the problem varies extensively in
space and there are important accumulations of trajectories in the manifold.

3.3. Methods for interpolation

The criteria discussed above examimgether or notpoints should be inserted on the time sliEg. We now
determinewhat the spatial coordinates of the inserted points on the previous time 3jjce should be. This
utilizes an interpolation method. If the insertion is found to be necessary betwyeghand.x;1(#), then we
apply an interpolation method of our choicex@(z—1)’s on the previous time slic&;, ;. A new pointx’(f—1)
is first inserted between the two points(#.—1) andx;1(fx—1) according to the interpolation method. Then, the
forward evolution map gives the position of the new pdiritz), 1) = fir_1(x'(tx_1), tx_1) on the current time
slice X, .
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Fig. 12. The two panels show two folds of the unstable manifold using the Dritschel-Ambaum critet}on_gpfor © = 0.005 (solid-dots
line) and benchmark (solid line). The number of points in the manifold i NM879 and the computational time is CRtJ4358 s.
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3.3.1. Linear interpolation
The simplest method is linear interpolation. It uses two adjacent pojnasidx; 1 and adds a new point
midway between, given by

/ 1
X = i(.x/‘+)€j+1).

This interpolation method has been used with the distance criterion descriBedtion 3.2.1

The piecewise linearity assumed in linear interpolation is a poor approximation to the manifold, unless a suf-
ficiently high point density is enforced, which is prohibitively expensive for aperiodically time-dependent vector
fields. The subsequent evolution of points inserted via this method often leads to “jaggedness” in the computed
manifold, as is shown iRig. 13 Sophisticated methods for controlling point insertion mistake this spurious jagged-
ness for curvature of the manifold and attempt to resolve it. A feedback loop of insertion then develops as these
methods attempt to resolve finer and finer scales, and the method break$-itpwlidl §hows this in the case of the
Hobson variant point insertion criterion). This phenomenon also occurs with most other interpolation techniques
and this means that the distance criterion for point insertion is the only one possible for these techniques since it
does not attempt to resolve these high frequency oscillations of the computed “manifold”.

3.3.2. Lagrange polynomial and cubic spline interpolation
It might be hoped that higher order interpolation schemes would be less vulnerable to the high frequency oscilla-
tions. Accordingly we have also tried two third-order interpolation schemes. The third-order Lagrange polynomial
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Fig. 13. A fold of the unstable manifold computed using linear interpolation and the distance critedgnai’” = 6x: the benchmark is the
solid line, the dashed line is obtained by using the distance criterien@.02) for point insertion and linear interpolation with (NP= 9739,
CPU = 1402s). The dotted line uses= 0.01 (NP = 19484, CPU= 2800s).
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Fig. 14. The two panels show details of a fold of the unstable manifold computed using linear interpolation and the Hobson variant criterion on
>r atT = 67: (a) benchmark is the solid line, the dashed line uses0.02,« = 0.3 ands = 108 (NP; = 50815, CPU= 9534 s); (b) in
this magnification circles show points inserted in an attempt to resolve spurious artifacts.
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Fig. 15. Afold, and azoom in showing details, of the unstable manifold using the distance criterionsw@l®2 onX'; atT = 6x: (a) afold using
cubic splines; (b) magnification for the tip of the fold—the solid line is benchmark w4th0.05, the dashed line is the Lagrange polynomials
interpolation withr = 0.02 (NP; = 9683, CPU= 1394 s), the dotted line uses cubic splines wita 0.02 (NP; = 9636 CPU = 1408s).
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interpolation[27] uses the four points;_1, x;, x ;1 andx 4, to describe a curve betweenandx 1, denoted by
xint(s) for 0 < s < 1. In contrast, the cubic spline method uses all existipg to describexjyi(s) between any two
adjacent points (sg@7] for details of both methods). The results are showRig 15 where it is seen that these
methods do not eliminate the shortcomings of the linear interpolation method described above.

3.3.3. Dritschel’s curvature method

The last interpolation method that we consider is Dritschel’s curvature mfhdtluses four consecutive points
Xj_1,Xj, xjy1 andx;; like the third-order Lagrange polynomial interpolation method. This curvature method
attempts to represent a segment of a smooth curve betwesTdx ;. 1:

Xeurn(p) = xj+pt;+ nj(P)”j (22)

for 0 < p < 1 with xcyrv(0) = x; andxeun(1) = x;41, where

tj=(aj,bj)=)Cj+1—x]', tjERZ, (23)
nj= (—bq,’, aj), nje Rz, (24)
nj(p) = wip+Bip* +v;p’, mjeR. (25)

The cubic interpolation coefficienis;, 8; andy; are
O U O I =L e i — ke
wj=—3zdjkj— 5djKj+1, Bj = 5djk;, vi = §dj(kjr1 — k),
whered; = |x;41 — x| and
aj-1bj —bj-14a;

2 2
|dj_ltj+djlj—1|

I(j = (26)
is the local curvature defined by a circle through the three points, x;, andx ;1. Therefore xcyn/(p) for
0 < p < 1 uses the local curvature to describe the smooth curve betweandx 1.

Fig. 6b shows a detail of the unstable manifold &8k generated with Dritschel’'s curvature method and the
distance criterion for point insertion. It completely eliminates the high frequency oscillations generated by the
linear interpolation method~{g. 13, the third-order Lagrange polynomial method, and the cubic spline method
(Fig. 15); this justifies our choice of this method for evaluating the different point insertion criteria.

4. Discussion

In this section, we discuss in detail the performance of the different insertion techniques, which are summarized
in Table 1 Our rule for tuning the parameters is that each technique should give a comparable average density of
points along the manifold at the final time. There are three exceptions to this fdélm 1 One is the benchmark
calculation. The second is an additional case of the Hobson criterion with the Dritschel interpolation method, to
improve accuracy. This technique works well with small enough valuesdpbuat the average density of points
in the manifold is huge, and, consequently, it requires significantly more computing time. The third exception is
the Hobson variant insertion criterion with linear interpolation, where the large number of points illustrates the
problems this technique has with high frequency oscillations.

The Hobson variant criterion with the Dritschel interpolation method, and with a reasonable average density of
points and computing time, provides an excellent result. The choice of the Dritschel-Ambaum insertion criterion
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Table 1

Comparing results of different methods

Method Parameters NP CPU (s) Comment
Benchmark t=0.05 3844 5904 Most accurate
Distance & Linear 7=0.02 9739 1402 Oscillations
Distance & Linear t=0.01 19484 2800 Oscillations
Distance & Lagrange polynomial 7 =0.02 9683 1394 Oscillations
Distance & Cubic spline v =0.02 9636 1408 Oscillations
Distance & Dritschel T =0.02 9635 1382 Rough folds
Hobson & Dritschel o =0.3,de=00015=10° 6280 985 Inaccurate folds
Hobson & Dritschel o = 0.3, de = 0.0005 5§ = 10°° 8780 1359 Inaccurate folds
Hobson & Dritschel o = 0.3, de = 0.0001, § = 10~ 19173 2948 Accurate
Hobson variant & Dritschel «=03171=00268=10° 9845 1544 accurate
Hobson variant & Linear «=031=00268=10° 50815 9534 Oscillations
Dritschel-Ambaum & Dritschel w=0.00535=10"° 9879 4358 accurate

with the Dritschel interpolation method also produces accurate results, but with a heavier computational requirement
in this case as compared with the Hobson variant criterion.

It might be imagined that we could exploit our knowledge of the manifolg & develop a more sophisticated
procedure than iteratively inserting one pointat; between each adjacent pair of points which fail to satisfy the
criterion when evolved ta,: in particular, a multiple point insertion technique. But methods to accomplish this,
which rely on local geometric approximations (even of third order) to the two-dimensional manifold in extended
phase space, are likely to fail wheff ds taken to be large, as we wish to do. It is quite clear that no such local
approximation will characterize the dynamics of the system over long times.

In the criteria described above, one has to be careful in the choice of an adequate number of initial points
along ngpm)g((xDHT(to), to)). In criteria using distance as a control parameter, it is simplest to tentatively place
only two points at the extremes of the initial segment spanning the DHT,; if the number of initial points is in-
sufficient for the criterion at time = d7, then the number of points at= 0 will be increased accordingly.

Other criteria, such as Hobson or Dritschel-Ambaum, make use of curvature-related parameters. Since we think
of our manifolds as being comprised of two “half-manifolds”, each of which is bounded at one end by the DHT,
and we wish to be sure that the curvature of each half-manifold can be monitored from the beginning, we re-
quire at least three points on each half-manifold initially, of which the one nearest the DHT may be shared. This
leads us to use five points at= 0 for such methods; this has been shown to be enough for the criteria to act.
Fig. 16shows the evolution of the number of points in the unstable manifold against time. That figure shows two
curves for the Dritschel-Ambaum criterion to illustrate the effect of point redistribution. Diamonds represent the
number of points in the manifold at each time step before redistributing points and squares after redistributing
points.

5. Aperiodically time-dependent examples

We have used the methods described in the previous section to calculate stable and unstable manifolds fol
Duffing-type systems with both periodic and aperiodic forcing.

Specifically, we use our variation of the Hobson criterion to determine when to insert points and Dritschel's
method to perform the interpolation, since these techniques offer the best compromise between speed and pre
cision. Some results are also shown for the Dritschel-Ambaum point insertion criterion for comparison
purposes.
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Fig. 16. The number of points in the unstable manifold versus the time index for different insertion methods. Crosses denote the distance criterion
with ¢ = 0.02; triangles denote the Hobson criterien=€ 0.3, do = 0.0001); squares and diamonds are for the Dritschel-Ambaum criterion

with © = 0.005, at each time step squares represent the number of points in the manifold after the redistribution and diamonds before; circles
are for the Hobson variank(= 0.3, d = 0.02).

5.1. Periodically forced rotating Duffing equation

To ensure the generality of our insertion technique for aperiodically time-dependent vector fields, we first use the
rotating Duffing equation:

&\ [ sin2sr  cosBi+p) (&
&) \cosBr—pB —sin2pt £

This Duffing equation is quasi-periodic in time when the rotation faiteirrational. It is obtained fron(17) and
(18) by applying the linear, rotation coordinate transform: R(1)& [11], where

R() = ( cospt  — sinﬂt) . (28)

sint  cospt

) _ _ 3 ( sin Bt
+ (esint — [cosptEr — sSinBtéa]°) . (27)
cospt

As in the periodically forced Duffing equation, the DHT as well as the linearized stable and unstable subspaces can
also be obtained through perturbation methods:

Eont(t) = R() ‘xput(0, € =RO W), €)= ROV,

wherexpnt (1), €'(r) and &(r) are given in(19) and (20) Therefore, the accuracy bt (¢) is O(%) and that of
ef(n and () is O(e?).
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We apply the three-step algorithm $éction 2.30 the aperiodically forced Duffing equation with= 0.01 and
B =2

As before, to compute the unstable manifold, we che@se0, 1, = T = 67 and the time incrementld= 7/89
for Step 1, and alsa = 0.1 for Step 2. We use the Hobson variant criterion—Dritschel curvature interpolation
method with(e, 8, 7) = (0.3, 1078, 0.02). Fig. 17 shows the resulting unstable manifold afr, as well as the
stable manifold starting o&o.

5.2. Exponentially forced Duffing equation
We now consider another variation of Duffing equation with aperiodic (exponential) forcing:
X1 = Xx2, (29)
ip=x1—x3+ee D cos(t +2) (30)

with € = 0.1. As in the case of the periodically forced Duffing equation, the DHT can be approximated analytically:

(31

—(+2) [ —2sin(t +2) — +2
Conr () = ce ( sin(z + 2) — cos(t )) Lo

5 3sin(r + 2) — cos(t + 2)

up to O(e3). Given the order of the DHTs ifl9) and (31)the linearized unstable and stable subspaces for both
systems are the same ag20) up to O(e?).

To compute the manifolds, we once again take the three-step algorithm using the Hobson variant criterion—
Dritschel curvature interpolation method witda, 8, 7) = (0.3, 10°8, 0.02) with (d7, 1) = (7/89, 0.1). The results
are shown fot,, = 6 andrg = 0 in Fig. 18

5.3. Duffing system with Gaussian forcing

We have also considered a variation of the Duffing equation with Gaussian-type forcing:

X1 = x2, (32)
. 3 11 2 4\ o~ (t+3m)?
Xp=x1—x7+¢€ ?(t+3n) —1-2¢t+3n)7) € (33)

with € = 0.1. As in the other variations of Duffing’s equation, the DHT can be approximated analytically:

—%(1‘ + 37.[)2 e—(t+37r)2

1) =
YOHT(D =€ ( ((t + 31)3 — (¢t + 3m)) e (377

) + O

up toO(e%). Once again, &) and &(r) are the same as {{20) up to O(€?).

For computation of the manifolds, we use the Hobson variant criterion—Dritschel curvature interpolation
method with (e, 8, 7) = (0.3,10°%,0.02). The results are shown fa; = 67 andz = 0 in Fig. 19 Using
the Dritschel-Ambaum criterion—Dritschel curvature interpolation method with 0.005 gives a similar per-
formance. An identical figure is obtained where the number of points in the stable and unstable manifolds (after
redistribution) is NB = 10 247 and their computing time is CRtJ2486 s.
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-0.5

-1 F

0.5

Fig. 17. The unstable manifold aBi7 (a) and the stable manifold aBy (b) for the rotating Duffing equation with = 0.01 andg = /2.
The parameters used for the Hobson variant criterion—Dritschel curvature interpolation methed & = (0.3, 107, 0.02) with
(d7, 1) = (7/89,0.1). These figures have been computed in the same time as the nonrotating case-(C844 s) and contain the same
number of points (NP = 9845).
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Fig. 18. The unstable manifold atiy (NPr = 10696, CPU= 1628 s) (a) and the stable manifold & (NP; = 21 995 CPU = 3705 s) (b) for
the exponentially forced Duffing equation with= 0.1. The parameters used for the Hobson variant criterion—Dritschel curvature interpolation
method arda, 8, 7) = (0.3, 1076, 0.02) with (d7; A) = (7789, 0.1).
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Fig. 19. The unstable manifold atiy (NPr = 14629, CPU= 2172 s) (a) and the stable manifold 8 (NP; = 14629 CPU = 2170 5s) (b) for
the Gaussian-type forced Duffing equatior at 0.1. The parameters used for the Hobson variant criterion—Dritschel curvature interpolation
method area, 8, 7) = (0.3, 1078, 0.02) with (dT; A) = (7/89,0.1).
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Fig. 20. (a) Unstable manifold of the DHT of the integrable Duffing equation. (b) Magnification near the hyperbolic point. The thin solid line is for
the Hobson variant criteriorid, 8, ) = (0.3, 1078, 0.02)), while the dashed line is for the Dritschel-Ambaum criterign ¢) = (0.005 10-5)).
The thick line in this figure is the benchmark result.
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5.4. Integrable Duffing equation

Finally, we apply the two methods to the integrable, time-independent Duffing equation. This is equivalent to
settinge = O in the periodically forced cas€$7) and (18)n Section 3.1as well as the examples 8ections 5.2
and 5.3 The DHT is now a fixed point at the origin, whil€@ and &(r) are given exactly by20).

We apply the methods as if this were an aperiodically forced velocity field like the other examples, using the
Hobson variant criterion—Dritschel curvature interpolation method \ths, r) = (0.3,10°6,0.02) and the
Dritschel-Ambaum criterion—Dritschel curvature interpolation method with 0.005. The results are shown for
t, = 15inFig. 20 The global structureHig. 20a) suggest that the manifold has been recovered accutaigpl,
however, shows an enlargement of the region near the origin, and demonstrates that in approaching a hyperbolic
point the influence of the unstable subspace will exaggerate even the slightest errors in the interpolation scheme.
The thin solid line is for Hobson variant criterion while the dashed line is for the Dritschel-Ambaum criterion. It
may be seen that in this case oscillations are smoothed. The thick line in this figure is the benchmark result.
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Appendix A. Comparison with time-periodic vector fields

Suppose the vector field) is periodic in time. Then it is well known that the trajectories can be studied by
passing to the associated Poincaré map7ldeinote the period of the vector field, and choose the sequence of times
such that @y = 41 — % = Tfor all n. Then we havefi(-) = f;(-) = f(-), foralli andj, and f(-) is the Poincaré
map. Furthermore, we suppose the hyperbolic trajeqtaiyis a periodic trajectory with perio@(more generally,
our discussion would apply if the period pfr) were some rational multiple of). Then, for some arbitrary initial
time (i.e., choice of Poincaré section), sgyati = 0, y(r9) = y is a hyperbolic fixed point of the Poincaré map
f(O), e, f(y) = y. Egs. (11) and (12hen reduce to the familiar expressions:

Wi, 1) = lim_f" (Wige(¥, 10)), (A1)
Wi, i) = lim =" (Wige (7, 10)) (A2)

for all k. A comparison of these formulae witfhl) and (12)eveal a fundamental difference between computing

the stable and unstable manifolds of hyperbolic trajectories in aperiodically time-dependent vector fields versus
time-periodic vector fields. In iterating,! (7, 7o) under the Poincaré magach iterates on the Poincaré section

%, Hence, each iterate creates a segment of the unstable manifold at the desired time. Therefore, once a segmen
of the manifold is created, we no longer need to be concerned with that segment and the computation can then
be focussed on creating additional length of the manifold. In contrast, a segment of the unstable manifold of the
hyperbolic trajectory afg is created by evolving in forward time a segment of the unstable manifold starting at
some time in the past,,,, » > 0. During the course of the time evolutiolwneof the manifold is created at time

to until the final time step. In other words, because of the lack of periodicity in the vector field as the manifold is
grown in timethe entire lengthof the manifold must be evolved in time.
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We emphasize the differences further by making a direct comparison with a standard approach to computing
the unstable manifold of a hyperbolic fixed point of a map. Considet & > 1) diffeomorphismg : R? — R?
having a hyperbolic fixed point at= xo, and denote its local unstable manifold By, (xo). Many algorithms for
computing the unstable manifold use the idea of iteratingqhdamental domajiwhich we now describe. Choose a
pointx € W (xo). Then the segment 6¥"(xo) betweenk andg(%) is called aflundamental domaijrand denoted
by Dg. Then one of the branches of the local unstable manifold is “globalized” (or “grown”) by iterating this
fundamental domain, i.e.:

W (x0) = Wige(x0) | (U D;) :

n=0

where
_ 0
Dy = ¢"(DY)

(the other branch of the unstable manifold is grown by starting with a fundamental domain in that branch and
following the same procedure). Of course, numerically, we can only grow the manifold for a finite number of
iterates. So consider a finite piece of a branch of the unstable manifold grown in this way:

k1
W,gc(xo)U UDg , manifold afterk; iterates (A.3)
n=0

We can grow this branch longer by considering additional iterates of the fundamental domain:

b k2
wiexo) [ Dz U D], manifold afte; iterates (A.4)
n=0 n=k1+1

wherek, > kj.

Now in going from(A.3) and (A.4) we need no longer be concerned with evolving the manifold afteerates.
We only need to appenkh — k1 iterates ofD’;l = g"l(Dg) to the manifold obtained aftdy iterates in order to
obtain the manifold aftek, > k1 iterates. In other words, to grow the manifold further in time we can “forget”
about the manifold grown earlier in time since it is unchanged for all later times. This is a characteristic of the
computation of unstable (and stable) manifolds of hyperbolic trajectories that is specific to maps and time-periodic
vector fields which isiot shared by aperiodically time-dependent vector fields. In the latter case, in evolving the
manifold from an earlier time to a later time, thatire manifold from the earlier time must be evolved to the later
time. This requires significantly more computational resources. In particular, many more points must be evolved
to obtain comparable length manifolds in the aperiodically time-dependent case. As a result, we cannot “seed” the
manifold initially with a sufficiently high density of points. This is why sophisticated point insertion criteria and
interpolation methods are needed in the aperiodically time-dependent case (and why they are not needed whel
periodicity orstationaritycan be exploited).

Appendix B. Benchmark

First we discuss a method that inserts points only=atrg. Such a method eliminates the errors associated with
inserting points at other times and may therefore serve as a benchmark for point insertion strategies, although, a
mentioned above, we expect it to be too numerically expensive for practical use.
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Table 2
The benchmark algorithm

defineBenchmarkxppr, €, 7)
(A, A) = (2o, Ao)
trajectories:= ¢
X = XxpHT + 1€
traj := maketrajectoryf)
Outer loop begins here.
while A < Amaxdo
trajectories:= trajectoriesu {traj}
finished:= false
Inner loop begins here:
whilenot finisheddo
MNi=A+A
X = xpHT + A/ €"
trajnew := maketrajectoryf)
if maxdist(traj, trajnew) < 7 then
finished:= true
Ai=2
A =3A
traj 1= trajnew
else
A=A/2
endif
endwhile
end while
return trajectories

All points initially lie on the linear manifold¥y,, given inEq. (16) whose notation we adopt, at the initial
time of the data set.

We assume the existence of subroutimaske _trajectory(x)”, which calculates and returns a numerical trajec-
tory corresponding to a spatial positirat the start of the time interval and stores its values at all of toéthe
chosen time discretization, anchax_dist(trajy, traj,)”, which returns the maximum distance between two given
trajectories at any one of the

Using these assumptions, the subroutiBerichmark(xpyt, €, 7)” computes a set of trajectories, given the
position,xpyT, of the hyperbolic trajectory ap, the unit vector & and a tolerance that defines the maximum
permissible distance between two neighboring trajectories at;any

The algorithm, shown iffable 2 moves alongﬂlgpproxby increasing. in steps ofA and storing thérajectories
calculated in the set variablmjectories this is the purpose of the outer loop.

Most of the subtlety of the code is concerned with picking a &tesuch that a new trajectory trgj, will remain
close enough to its (already calculated and stored) neighbor traj. The inner loop of the subroutine does this by
reducingA by half after unsuccessful trajectories and increasing it by a factor of three after successful trajectories.
The Boolean variablénishedindicates whether the inner loop has found a satisfactory new trajectory; when it has
done so control returns to the outer loop, the trajectory is stored and the outer loop resumes.

The computation of the stable manifold is completely analogous.
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