Angular maps for visualizing rotational dynamics

Wolf-Jirgen Beyn*  Thorsten Hiils*

Abstract. We develop and analyze angular maps as a numerical tool for visualizing and detecting rotational
dynamics in nonlinear, nonautonomous dynamical systems in discrete and continuous time. An
angular map assigns to each initial point the angular spectrum of the variational equation
along the corresponding trajectory. This spectrum describes the long-time average rotation
of subspaces transported by the linearized dynamics, measured by maximal principal angles.
Building on the theory of angular spectra, we develop efficient numerical algorithms based
on forward and backward subspace iteration. We prove that these algorithms asymptotically
provide angular spectral values for subspaces that are dominant in either forward or backward
time. Applications to Hénon maps, a planar flow, and the Lorenz system illustrate how angular
maps reveal rotational features across phase space. For continuous-time systems, we prove that
suitably rescaled angular spectra of exact time-step maps converge to the continuous angular
spectrum in the Hausdorff metric as the step size tends to zero. For autonomous systems, we also
justify a simplified algorithm that uses successive trajectory points to approximate the angular
range associated with the flow direction.
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1. Introduction. The main goal of this paper is to quantify the rotational behavior
of dynamical systems in discrete and continuous time. We first consider discrete-time
systems

(1.1) Tni1 = Fn(x,), meNy, x0€ RY,

where F, € C'(R? R%). With each trajectory (x,)nen, We associate the variational
equation

(1.2) Unt1 = Aptpn, n € No, with A, = DF,(x,) invertible

and ask for its angular spectrum. In [5] we introduced the notion of an angular spectrum
for general linear nonautonomous dynamical systems. For every fixed s < d the angular
spectrum of dimension s measures the long-time rotational behavior of all s-dimensional
subspaces as they evolve under the linear system (1.2); see Definition 1.1 below.

Our aim is to visualize how the long-time rotational behavior varies across phase space.
Think of leaves floating in a current, as illustrated in Figure 1.1. We quantify the rotation
that these leaves experience on average along their trajectories by considering the angular
spectra associated with a multitude of initial values.

We make the dependence on the initial value explicit by writing

(1.3) Tn = Tp(z0), An = An(x0) = DF,(zn(x0)), n € Np.
Correspondingly, we let ®(n,m;xzg) denote the solution operator of (1.2), defined by
O(n,m;xo) = An—1(x0) - ... - Ap(zo) for n > m, ®(n,n;x0) = Iz, and ¢(n, m;xg) =
AN (xo) - ... AT (20) for n < m.
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Figure 1.1: Leaves floating in a vector field. For two selected leaves, orthogonal coordinate
frames indicate their orientations at the current time (black) and at the previous time
(gray). Red arcs indicate the rotation angles.

Our objects of study live in the Grassmannian
G(s,d) = {V C R?:V is a subspace of dimension s},

which is a smooth manifold of dimension s(d — s) and a metric space w.r.t. the largest
principal angle £(V,W) € [0, ] between two elements V,W € G(s,d). We recall this
notion in Section 2 and summarize some of its basic properties.

The solution operator of (1.2), (1.3) is then used to form the average of principal
angles between iterates of an element V' € G(s,d)

N x G(s,d) x R — [0,%

disc 1 &
e (0, Vizo) = L@~ 1,0:20)V, 8, 0:20)V).
j=1

These are the key quantities which determine the angular spectrum.

Definition 1.1. For V € G(s,d) and xo € R? the interval

(1.5) T195¢(Ve20) = | lim a%5¢(n, V; 20), lim o3%¢(n, V;z0)
n—»00 n—00

is called the s-dimensional angular range of V' for the system (1.2). The s-dimensional
angular spectrum is defined by

sde(eo) =al| |J 18 (Via0)].
VegG(s,d)
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The map that assigns to any xo in some domain B C R? the closed set $35¢(xg) is called
the angular map of (1.2) in B.

Note that X1 is called outer angular spectrum in [5]. We omit the term outer in this
paper, since other variants of the angular spectrum (see [5, Section 5.3]) are more difficult
to access theoretically and extremely costly to compute numerically. The superscript
“disc” is used to distinguish the angular spectrum in discrete time from its continuous
time counterpart.

The continuous time angular spectrum 2" is discussed in Section 4. According to
[4] it is based on the following quantities, defined for 7' > 0 and V' € G(s, d):

(1.6) o™ (T, Vixo) = T/o (g — Po(t,0:20)v ) A(t; 20) Poo (1,052 )v || A2
Here ®(t, s; o) is the solution operator of a linear continuous time system

= A(t;zo)u, u(s)= us,

which depends on the initial value x¢ of a nonlinear system; see (4.1), (4.2) below. Fur-
thermore, the symbol Py in (1.6) denotes the orthogonal projector onto the subspace
V € G(s,d), and || - || is the spectral norm. The integrand measures the instantaneous
rate of rotation of the evolving subspace. The continuous angular spectrum ¥ is then
defined in an analogous fashion by considering the limit 7' — oo; see Definition 4.1.

Our planar flow example illustrates how angular maps reveal differences in the mean
rotation of infinitesimal perturbations that are not apparent from the mean rotation along
the flow direction alone. In particular, the latter may lie strictly between the minimal and
maximal angular values; see Figure 4.6.

We develop theoretical and numerical foundations of angular maps through the fol-
lowing contributions:

- We extend the algorithm from [5] to compute angular maps. By color-coding the
minimal and maximal spectral values within the region of interest, we obtain a
global map of the rotational dynamics.

- We develop efficient algorithms based on forward and backward iteration of sub-
spaces. These techniques apply to several examples and avoid the costly compu-
tation of the dichotomy spectrum and the corresponding spectral bundles. For
generic initial subspaces, we establish conditions under which the angular averages
computed by forward iteration asymptotically agree with those associated with the
fastest spectral subspaces.

- We establish a uniform error estimate between the continuous angular averages
a" (T V;z9) and their suitably scaled discrete counterparts aitep(h,T,V;xo),
obtained from exact flow values at time steps of length h. This estimate yields
convergence of the corresponding angular spectra to X" in the Hausdorff metric
as h — 0.

The remainder of the paper is organized as follows.
In Section 2 we introduce numerical algorithms based on forward and backward sub-
space iteration and illustrate them using various versions of the Hénon map.
In Section 3 we relate these algorithms to the reduction theory developed in [3]. This
theory uses the exponential dichotomy spectrum of the variational equation and its associ-
3



ated spectral fibers to reduce the computation of angular spectra to a distinguished family
of subspaces, the so-called trace spaces. It allows us to identify which parts of the angular
spectrum are captured by the algorithms of Section 2. We then show how forward and
backward iteration can be combined to recover further spectral fibers and their associated
angular values. The reduction to trace spaces also provides the basis for a general algo-
rithm for computing angular maps, including approaches for determining the smallest and
largest angular values. We illustrate these ideas further using the area-preserving Hénon
map.

In Section 4 we extend our approach to continuous-time systems and illustrate it for a
planar flow and the three-dimensional Lorenz system. We establish the approximation and
convergence results stated above (Theorems 4.3 and 4.6). Finally, we present and analyze
a simplified algorithm for autonomous systems that uses successive trajectory points to
approximate the angular range associated with the flow direction.

2. Principal angles and algorithms for their numerical approximation. The maxi-
mal principal angle of two subspaces V,W € G(s,d) is denoted by £(V,W). It can be
characterized as follows (see [2, Prop. 2.3])

£(V,W) = max min £(v,w) = arccos ( min max vl ).
veV weW veV  weW

v "]

Note that £ (v, w) = 4(span(v),span(w)) = arccos (W) € [0, 5] measures the princi-
pal angle between the subspaces span(v) and span(w). It ignores the orientation of their
spanning vectors v and w measured by /(v,w) = arccos H;{ﬁ) € [0, x]. For general sub-

spaces V, W € G(s,d), let the columns of the d x s-matrices Vp and Wx form an orthonor-
mal basis of V resp. W; then the maximal principal angle satisfies £(V, W) = arccos(os),
where o1 > 09 > -+ > 05 > 0 denote the singular values of VE—;WB; see [7, Ch. 6.4.3]. The
maximal principal angle defines a metric on G(s,d) and so does the expression

(2.1) |Pv — Pw| =sin(£L(V,W)), V,W €G(s,d),

where || - || denotes the spectral norm and Py, Py are the orthogonal projectors onto the
subspaces V and W, respectively [7, Ch. 6.4.3], [4, Prop. 2.3]. A further equation relates
the angle £(V, W) to the distance of the unit ball in one subspace from the other subspace;
see [12, Ch.IL.4]:

(2.2) sup{dist(v, W) : v € V, |[v|| = 1} = sin(L(V, W)).
Similarly, one finds for the minimal angle 0, (V, W) = arccos(o1) between V and W
(2.3) inf{dist(v, W) : v € V,||v|| = 1} = sin(Opin(V, W)).

Sometimes, it is useful to work with orthogonal complements of subspaces rather than the
subspaces themselves (see Algorithm 3), using the following Lemma.

Lemma 2.1. For V,W € G(s,d) and nonsingular A € R* the following relations hold:
(2.4) LV, W) = LV W),

AV,AV) =L (VA7 TV,
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Proof. The equality (2.4) follows from (2.1) and the fact that I — Py = Py,1 is the
projector onto the orthogonal complement:

sin(£(V, W) = [Py — Pw = [[(Ia = Pv) = (Ia = Pw)l| = sin(£ (V" W)).

Further, the algebraic identity (AV)* = A~TV+ and (2.4) yield

LAV,AV) = L(VE (A =4 (v A7 TV,
|

2.1. One-dimensional spectra in discrete time — the fast subspace. For the discrete
time system (1.1), we propose a simple algorithm to illustrate the rotational dynamics of
several trajectories. The area of interest is given for dimension d = 2 resp. d = 3 by

BQ - [a’—7a+] X [b—7b+] and Bg = [a_,a+] X [b—7b+] X [C_,C+]-
Let L € N denote the resolution of the grid and define

by~ b
L

For d = 2 we define the (i, j)-th box for i,5 € {1,...,L} as

+ — C—

hy, and in the case d = 3 hc:c i

B@j = [a_ + (2 - l)ha, a_ + iha] X [b_ + (j — l)hb, b_ —i—jhb].

In Algorithm 1 we let NV € N denotes the trajectory length and assume that the Jacobians
DF,,_1 are available. The algorithm aims to compute the average rotation angle w.r.t. the
fastest direction.

Algorithm 1 Average rotation angle w.r.t. the fastest direction (s = 1)

1: fori=1,...,L do

2: for j=1,...,L do

3 for k=1,...,L (ifd=3) do

4 Choose the midpoint zo € B; j )

5: Choose Vp € R%, ||[Vp|| = 1 at random
6 forn=1,...,N do

7 Tn = Fn—l(wn—l)

8 Y = Danl(xnfl)anl

9 Y

Vo = ™I
| N
10: Ligm =5 ; £(Vi-1, Vi)
11: if x, e B¥ne{l,...,N} then
12: | | L Color the box B; ; () with the color that corresponds to the angle T'; ; 1)

In Algorithm 1 we include the case d = 3 and define the (4, j, k)-th box for 7,5,k €
{1,...,L} as

Bijk =[a—+ (i —1)hq, a_ +ihg] x [b— 4+ (j — 1) hy, b— + jhy] X [c— + (k —1)he, c— +Eh,].
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We apply Algorithm 1 to the following two- and three-dimensional Hénon systems:

3 3
R* = R R ]Rl-i—:v 1422
. _ 2 . 3~ =
2 i 0.271 + 0.1z9
For the two-dimensional Hénon map, we consider the box B = [~1.5,1.5]2 with resolution

L =103. We use N = 30 iterates for the left diagram in Figure 2.1 and N = 10* for the
right diagram. In addition, we plot the Hénon attractor in black to indicate its position
within the domain of colored points that do not leave the prescribed box.

N =30 N =104

15 x10*
10 - 10 -
50 50
%.2 0.38 0.55 %.2 0.369 0.55
[ I

Figure 2.1: Algorithm 1 applied to f2 (see (2.5)) with N = 30 (left) and N = 10* (right).

In the second row of the figure we provide a histogram of approximate angular spectral
data for those initial values among the L? = 10° grid points whose trajectories remain
in B. The color coding of points in phase space is synchronized with their corresponding
position in the histogram. We observe a marked difference between the results for short
(N = 30) and long trajectories (N = 10%). For long trajectories, angular spectral values
show a very narrow distribution and almost no dependence on the initial points in the
domain of attraction. However, for short trajectories, we observe a broad distribution
function with high values (yellow) and low values (blue) originating from different parts
of the domain of attraction.

For the three-dimensional Hénon map, we choose the box B = [-2,2] x [-3, 3] x [-3, 3]
with resolution L = 300. We use N = 30 steps for the left diagrams in Figure 2.2 and
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N = 10* for the right diagrams. These diagrams look very similar to the 2D case: a broad
distribution around a specific angular value related to a structured domain of attraction
and a very narrow distribution centered at a‘lhsc = 0.836 almost uniformly for all initial
values in the domain of attraction. In Section 3 below we show where this angular spectral
value is located in the angular spectrum.

N =30 N =10*

|

3 ‘ 5t
2,
1
1
0 0
5 1.2

0.4 0.844 0.45 0.836 1.2
[ I ]

Figure 2.2: Algorithm 1 applied to f3 (see (2.5)) with N = 30 (left) and N = 10* (right).

2.2. A @QR-like algorithm for multidimensional angular maps. We generalize Algo-
rithm 1 to the general case s > 1. For this step we use QR factorization analogous to the
transition from the power method to subspace iteration for eigenvalue problems; see [7,
Ch. 7.3, 7.6]. In line 9 we use the thin QR factorization for which V,, € R%*, V.1V, = I,

Algorithm 2 QR-like algorithm replacing lines 5-10 of Algorithm 1 (s > 1)

: Choose V € R%3, VOTVO = I, at random
:forn=1,...,N do

Tn = Fn—l(xn—l)

Y = Danl(l‘nfl)anl

1
Lije) = N Z L(Ve_1, Vo)
=1

© ® 3>

1

=

and R, € R®® is upper triangular; see 7, Theorem 5.2.3]. For large N, the value I

approximates some value in the angular range I35¢(Vy;zo). In Section 3 we will discuss

how the specific value selected by the algorithm relates to the invariant foliation induced
7



by the dichotomy spectrum of the linearized equation (1.2).

We apply Algorithm 2 to the three-dimensional Hénon system f3 (see (2.5)) in case
s = 2, using the setup from Figure 2.2. We note that computing the QR factorizations
is considerably more time-consuming than the normalization performed in line 9 of Algo-
rithm 1. We present the histograms for N = 30 and N = 10* in Figure 2.3, which provide
the most relevant information.

Figure 2.3: Algorithm 2 applied to f3 (see (2.5)) for s = 2 with N = 30 (left) and N = 10*
(right).

The orthogonal complements of elements V' € G(s,d) satisfy V+ € G(d — s,d). There-
fore, if s > %, it is more efficient to iterate orthogonal complements of smaller dimension
and employ Lemma 2.1 for computing angles. This leads to the following algorithm:

Algorithm 3 @ R-like algorithm for orthogonal complements,
replacing line 5-10 of Algorithm 1 (s > 1)

. Choose Uy € R%4—5, UJUO = I _, at random
:forn=1,...,N do
Ly = anl(l’nfl)
Solve Danl(.iL"nfﬂTZ = Unfl
(Unv Sn) = QR<Z)
N
i) = N Z L(Up—1,Uy)
(=1

1

@

If we choose Uy € R%%~5 in Step 5 such that UOTV{) =0 and UDTUO = I;_s holds for
the initial space Vj from Algorithm 2, then both algorithms yield the same value, i.e.,

N N
> 4(Veer, Vi) =) 4£(Up-1, Up).
=1 (=1
Indeed, by induction we obtain UJ V., = 0 from the invertibility of R, S, and
STUTV,R, =U] \DF,_1(zpn_1) *DE,_1(xpn_1)Vpn1=U,] Vo1 =0.

The equality £(Vy—1,Vy) = L(Up—1,Up), £ =1,..., N, then follows from (2.4).
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For the second angular value of the 3D-Hénon map we have s = 2 > % Hence, it
is more efficient to iterate normal vectors and normalize them at each step rather than
iterate bases of two-dimensional subspaces and perform a () R decomposition at each step.
This reduces the computation time by a factor of 7. If, in addition, an explicit formula
for the inverse Jacobian is used, the computation time is reduced by another factor of 3.

2.3. Application to inverted maps. Until now, we have computed angular maps only
through forward iteration. Forward subspace iteration captures angular values associated
with the fastest directions, while backward iteration captures those associated with the
slowest directions. For this purpose we consider an invertible map f : R* — R% and the
autonomous system

(26) Yn+1 = f_l(yn)v ne N07 Yo € Rd-

The associated variational equation (1.2) takes the form
(2.7) Uni1 = (Df(Ynt1)) "un, n € No,

since DL (yn) = (DF(F 1)) = (Df (gas1))

Numerically, we avoid iterating the inverse map in (2.6) and instead use the orbit
segment (xn)ne{gw_v ~y which has already been computed forward in time. For the initial
value yo = xy, we get the solution of (2.6) by y, = zn_y for n € {0,..., N}. Further
setting vy = un—_g, k € {0,..., N}, the finite time variational equation (2.7) takes the
form

V-1 = (Df('rk—l))_lvka k=N,... L

Figure 2.4 shows the histograms of the forward and backward angular maps for the two-
dimensional Hénon map f5 in a single diagram. We choose N = 1000 with the remaining
parameters as described above.

4
15 x10

0
0 0.369 0.746

ol

Figure 2.4: Histogram of angular maps for fo with N = 1000. The left peak corresponds
to the forward computation, and the right peak to the backward computation.

We repeat this computation in Figure 2.5 for the three-dimensional Hénon map.

In the next section, we explain why forward and backward iteration can capture the
entire angular spectrum for the two-dimensional Hénon map. Our numerical results sug-
gest that, for typical trajectories approaching the attractor, this spectrum consists of the
two values approximated by the peaks in Figure 2.4, with no apparent dependence on

9



x10° %107

[\

—_
T

0 0
0.5 0.739 0.834 1 05

Figure 2.5: Histogram of angular maps for fs with N = 1000. For s = 1 the left peak
corresponds to the backward computation, and the right peak to the forward computation.
For s = 2 the left peak corresponds to the forward computation, and the right peak to the
backward computation.

the initial point. Exceptional trajectories, such as fixed points and periodic orbits on
the attractor, may have different angular spectra. For the three-dimensional Hénon map,
however, forward and backward iteration alone miss one of the three spectral values.

3. Angular maps in discrete time and a general algorithm. In this section, we show
that the algorithms discussed so far capture only a specific part of the angular spectrum
and thus of the angular map. This follows from a key result of the reduction theory
developed in [3], which is based on the exponential dichotomy spectrum of the variational
equation (1.2). As a consequence, we will use the methods from [3] to develop an algorithm
capable of computing the entire angular spectrum. However, the computational cost of
this algorithm is orders of magnitude higher than the simple algorithms considered so far.

3.1. Angular range and dichotomy spectrum. The notion of an “angular range” is
justified by the following Lemma taken from [5, Lemma 2.6].

Lemma 3.1. The angular range IgiSC(V; xo) 18 the set of accumulation points of the
sequence (a8 (n, V;z0))nen-

We use the reduction theory from [3, Section 3] to analyze which part of the angular
spectrum is obtained by applying the QR-like Algorithm 2 to a generic subspace V €
G(s,d).

Let us assume that the matrices A,, in (1.2) are uniformly bounded and have uniformly
bounded inverses. According to the spectral theorem [1, Theorem 5.4] for exponential
dichotomies (see also [11]), there exists an index s < d and numbers

O:U:+1<a;Sa:<a;_1§a:_1<...<al_§afr

and projectors Pi, n € N, i =1,...,s + 1, with the following properties:
(i) For all 0 <m <mn, i =1,..., s there holds

®(n,m)P., = P:®(n,m), (invariance)
(3.1) {0} =R(PF™) CR(PX)C---CR(PH=R? (flag of ranges)

c
RY = N(P*Y) DN(PF) D --- DN(PL) = {0}. (flag of null spaces)
10



(i) For eachi=1,..., and for every 0 < & < 0; —0;"; there exists a constant K;(e)
such that for all 0 < m < n there holds
(3.2)

|®(n, m)PiFY| < Ki(e)(of,, +€)" ™, (forward dichotomy estimate)
1@ (m,n)(Ls — P, < Ki(e) (o7

. —e)" " (backward dichotomy estimate)

The set

Fa

Sep = | Jlo; ,0}']
=1

is called the dichotomy spectrum of (1.2).

Remark 3.2. In [3, Section 3] we derived the dichotomy estimates from the exponential
dichotomy of a scaled operator. However, our conclusion that the estimates (3.2) hold with
e = 0 is only true under additional assumptions. In general, the estimates are satisfied for
sufficiently small € > 0 with rates and constants depending on €. With this modification,
[3, Theorem 3.4] applies to e = iminizlw,,%(af — ‘7;:1) and then yields the rate r < 1
used in (3.5) below.

Due to the nested subspaces (3.1), the whole space can be decomposed into invariant fibers
(3.3) RI=@7, Wi, Wi=R(PHNN(PH, i=1,...

Note that we have W;, = R(P}) for the fiber projectors P, = (I;— P:H)P. = P — Pitl =
P (I— Pi+1). Because of the exponential estimates (3.2), we call W the slowest fiber and
W! the fastest fiber. Further, according to [3, (3.16)] we associate to every V € G(s,d) its
trace spaces

(3-4) To(V) = @72 Wa(V),  with Wi(V) = (la— PP (R(P) N V),

which satisfy Wi (V) C WY as well as >, dim(W:(V)) = s.

The main result [3, Theorem 3.4] states that the angle between the iterates of V' and
its trace spaces T, (®(n,0)V) = ®(n,0)7o(V) converges to zero at an exponential rate.
More precisely, for every V € G(s, d) there exists a constant C'(V') such that for all n > 0

1 ot
(35)  L(®(n,0)V,®(n,0)To(V)) < C(V)r®, == 7(1+ max %1) <1.

2 1=1,...,¢ o;

As noted above, the rate r is determined by the smallest gap between the spectral intervals.
As a consequence of (3.5), we find that the angular range of V' coincides with the angular
range of its trace space at n = 0 [5, Theorem 2.17]:

(3.6) If*(V) = I{*(To(V)), V€ G(s,d).
Hence, one can reduce the computation of the angular spectrum to the set of trace spaces:

Egisc _ Cl[ U ISISC(V):| ’
(3.7) VEDo(s,d)

Dy(s,d) = {@le W W subspace of Wi (i =1,...,5), Y7, dimW' = 5}.
11



In this way, the computational effort can be reduced significantly. In particular, if all fibers
are one-dimensional, the whole angular spectrum can be computed from the angular range
of at most (Csl) trace spaces. This case frequently occurs with our applications below.

Further, if we choose a random initial subspace as in Algorithm 2, then we expect the
algorithm to converge to the angular range of a trace space composed of the fastest fibers
in (3.3). To see this, determine the unique index j € {1,..., >} with

(3.8) SItdi<s<Yl di=d—Y7 di, di=dimW), i=1,...,

From the inequality s + Zfzj 11di < d we conclude that the two subspaces V' and

D= W} almost surely have a trivial intersection. Then W{(V) = {0} holds for
i=74+1,...,in (3.4) and

(39) To(V) = @, WiV) € @, Wi,

Therefore, the algorithm will generate the angular range of a subspace that belongs to a
sum of the fastest fibers. In case of equality on the righthand side of (3.8), we can say
even more:

Proposition 3.3. Let 0 < s <d and j € {1,..., s} be given. Then there exist constants
C >0 and 0 <r <1 such that for all V € G(s,d) with

(3.10) s =YL dimWY), VL, Wi= {0},

the following estimates hold for the iterates of V' and the angular sums from (1.4)

£(®(n, 0)V, B, W) < 9? ™, Wn > 1,
(3.11) min

|ad™(n, V) — o™ (n, B, Wi)| <
NBOmin

, Vn>1.

Here Oin = Omin(V, @Z’Zjﬂ W) denotes the minimal principal angle between the subspaces
Voand @, WE. Further, the equality 135¢(V') = 1dis¢( g:l Wi) holds.

Remark 3.4. Note that we have Opyin > 0 by formula (2.3) and assumption (3.10). The
estimate (3.11) refines the result of [3, Theorem 3.4] by specifying the dependence of the
constant C(V') on V in the asymptotic estimate (3.5). The closer V lies to the sum of the
» — j slow fibers, the longer it takes for the asymptotic regime to dominate.

Proof. From the equality of dimensions in (3.10) we find equality in (3.9) as well, i.e.
(3.12) To(V) =@ W =N(F™), DL W =R,
Moreover, assumption (3.10) assures that the map
(Is— Py ™Y - V= NP
is injective, hence invertible by the equality of dimensions. Setting

. . -1 . .
Lo= P ((La— P{™yw) NPT = RIB,
12



we can write V' as a graph over N(Pg“), ie.
(3.13) v=(Is— P+ Lo(I; — P, YoeV.
The characterization (2.3) of Oy, and (3.13) then show for all v € V

$in(Grin ) |0]| < dist(v, R(PSH)) < [[(Za — P31l
and

(314)  lIZo(Za— 3 Holl < lloll + lI(Za = Py ol < (1 +

smwm))”( = B el

We iterate the decomposition (3.13)
(3.15) ®(n,0)v = ®(n,0)(Iy; — Pg“)v
' +®(n,0)P] " Lo(Iy — PT)®@(0,n) (I — PIH®(n,0)(Ig — PI .
)

Let w = ®(n,0) (14 — Pg“ NS ./\/'(P%H) Using (3.14) and the dichotomy estimates (3.2)
for ®(n,0)PI*! and ®(0,n)(I; — PJ™), we obtain

O'j — &

a;r 1€ " 1
(3.16) 1,000 — wl| < K(e)? (*) (1+ gy ) el

Further, by the invariance of fibers we have

(n, ON(FS™) = @(n,0) DLy Wi = D1y Wi, = N (P,

For every w € N (P there exists a unique element v € V with w = ®(n, 0)(I;— PJH)
Thus the characterization (2.2) and (3.16) lead to

sin(£ (N (P, ®(n,0)V)) = sup{dist(w, ®(n,0)V) : w € N(PITY) |w| = 1}

ol +¢ " 1
< K.(2)2 | ZitL )
< K5 (e) ( p— (1+ )

Using 2z < sin(z) < 1 for 0 < 2 < % and setting € = i(aj_ - 0';_+1), we obtain the first
estimate in (3.11) for the constants

+
=1(1+ J“), Co = 1nK; ()2
9j
With the triangle inequality for “4” we then find

| di“(n V) = a®®(n, @, W)l

<= Z |£(D(k —1,0)V, ®(k,0)V) — £L(@(k — 1,0)T5(V), ®(k,0)To(V))|

<= Z £(®(k—1,00V,®(k —1,0)To(V)) + £(®(k,0)V, ®(k,0)To(V))
200 - 2C)

~ NBOmin Tk = 7’L(1 - T)emin‘

k=0
13



Finally, the equality of angular ranges follows from (3.6) and (3.12). |

In the particular case of one-dimensional fibers we can choose j = s in (3.10). Since
a random choice of V' almost always satisfies the second condition in (3.10), we find that
Algorithm 2 almost surely yields the angular range of the subspace spanned by the s
fastest fibers. '

On the other hand, if s < >_7_; d; holds in (3.8), then the reduced set of trace spaces

(3.17) Di(s,d) = { I Wi e Dy(s,d): YL, dim Wi = s}

is a continuum. Therefore, we must invoke some continuous optimization method for
finding the infimum and the supremum of the angular spectrum.

In Section 2.3 we used the inverse map to find the angular spectrum associated to
the sum of the s slowest fibers. We derive a suitable analog of Proposition 3.3. Since we
cannot invert from infinity, we invert the solution operator at any finite NV € IN and take
care that the resulting estimates are independent of N. The inverse solution operator is

®(n,m)=®(N —n,N —m), 0<n,m<N.

Note that we do not make the dependence on N explicit. It is not difficult to see that the
properties (3.1), (3.2) and the decomposition (3.3) hold for ® with constants independent
of N and the following data (n =0,...,N):

st _ (5T -1 AT ywpE—itl
9 = (0%—i+1) ) Wn = Wan , t=1...,,

Pl=1I;— P2 i=1,...,%+1.

Given a subspace Veg (s,d) at time N, the trace spaces cannot be computed in terms
of the forward iteration, but are defined as follows

Ten(V) = @7 P (NPEEH V), n=0, .

Using the dichotomy estimates for the reversed system, one can show the following
result.

Proposition 3.5. Let 0 < s < d. There exist constants 0 < r <1 and C > 0, depending

only on the dichotomy estimates, such that the following holds. For every N € N, j €
{1,...,5}, and V € G(s,d) satisfying

(3.18) s=Y di, V@ Wy ={0},

=7

define émin = Omin(V @ WN Then the estimates hold

L(@(N —n, NV, D7, Wi_,) < =

(3.19)

G (N =, V) = G0 (N = 0, B, W) <

14



where, for V € G(s,d),

AT (N = n,V) = L(D(N —k+1,N)V, d(N — k, N)V).

Our numerical computations in Section 2.3 yield the quantity d;ﬁsc(O, XN/), which ac-
cording to (3.19) is a good approximation of

o : N , :
aghsc(ov @7:]' W]ZV) = % ZZ:l K(@;{:] Wév @7:]' Wé—l)?
i.e., of the angular spectrum that belongs to the slowest fibers.

3.2. Combining forward and backward iteration. Our numerical computations indi-
cate that, for the trajectories of the Hénon models considered here, all spectral fibers are
one-dimensional. Consequently, for the two-dimensional system f2, we compute the entire
angular spectrum by applying Algorithm 1 to fo and f, L

For the three-dimensional Hénon system f3, however, this approach yields only the
angular value of the fastest trace space W} (via forward iteration) and the slowest trace
space W3 (via backward iteration). Furthermore, using Algorithm 3, we have already
computed the normal vector 1771;2, which is orthogonal to W} @ W? via forward iteration
as well as the normal vector 72 via backward iteration, which is orthogonal to W2 W3,
The cross product w? = 7771{2 X n,zl’g of these two vectors spans the second trace space, i.e.,
span(w?) = W2 for n € {0,..., N}.

In summary, for i # j € {1,2,3} and n € {0,..., N}, the algorithms described above

yield vectors w?, and 7, = w! x wj, such that

span(w;) = Wfl and span(nf{j) = (WTZL @ VVﬂL)L

Using these subspaces together with (2.4), we compute the approximate angular spectra
Egij‘\‘,’ without requiring any further iterations:

Z?,l?\? = {&?isc(ovw]i\/) RS {17273}} = {% Zévzl 4(“’27“’2—1) S {17273}}7
£9% = @50, Wi @ WR) i, € {1,2,3}, i < j}

—{ X T mid ) i € (1,2,3), i < i}

Figure 3.1 shows the resulting histograms. In [3, Section 4.2.4], the numerical results
for both Hénon models were obtained using the general algorithm described in Section 3.3.
Here, we reproduce these results using forward and backward iterations without having
to compute the dichotomy spectrum.
15
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Figure 3.1: Histograms of the angular map for the three-dimensional Hénon map f3,
computed with N = 1000, for s = 1 (left) and s = 2 (right). Each peak is labeled with its
associated trace space.

In Figure 3.2, we vary the length N of the computed orbit over the range 102> < N < 107
while keeping the initial point fixed at g = (0.2, 0.1, O)T. The orbit starting at xg
approaches the attractor of the three-dimensional Hénon system. Our numerical results
suggest that the six angular sums converge to angular spectral values as N increases.

0.9 , . ; :
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Figure 3.2: Angular values for the fixed initial point 2o = (0.2, 0.1, 0)" and orbit lengths
ranging from N = 102 to N = 107, with s = 1 in the upper panel and s = 2 in the lower
panel. The color coding is the same as in Figure 3.1.

3.3. The general algorithm in discrete time. In Section 3.2 we approximated the
entire angular spectrum along the trajectories considered for the three-dimensional Hénon
system using the QR-like Algorithm 2. This worked since all fibers are one-dimensional
and since we employed techniques like inversion of the system and forming orthogonal
complements or intersections of fibers. For systems of dimension d > 3, combining forward
and backward iteration becomes more involved. For these systems, as well as for systems

16



with spectral fibers of dimension > 2, we use the trace-space approach described below to
obtain a complete picture of the angular spectrum and the corresponding angular map.

According to Section 3.1 we can achieve this by computing the angular ranges (1.5)
for all trace spaces V' € Dy(s,d); see (3.7). This in turn requires to first compute the
dichotomy spectrum and its associated invariant foliation. Then in a second step one
can form the possible trace spaces and compute their angular spectral values. Such an
algorithm was set up in [5, Section 4.2] under the assumption that all spectral fibers are
one- or two-dimensional. The algorithm proves to be quite expensive if the set of trace
spaces is not finite but consists of one- or two-dimensional continua (see the remarks
following (3.17)). In such cases, we limit ourselves to computing lower and upper bounds
of the set Edlsc(xo) = {ad¢(N,V;z0) : V € Dy(s,d;x0)}, given by

SN (wo) = inf L (x0), SN (w0) = sup ¥R (o).

Here Dy(s,d; o) denotes the set of trace spaces associated with the variational equation
along the trajectory starting at xg.

We consider maps F : RY — R? and let B = X?Zl[aj,bj] be a d-dimensional rec-
tangular box. By L we denote the resolution of our grid and define £ = {1,..., L} and
hy = bz T+t for i =1,...,d. For every multi-index

i=(i1,...,iq) € L%,
we denote the corresponding grid box by
d
= Xla — Dhj, aj +i5h4].
7j=1

The general algorithm reads:

Algorithm 4 Angular maps for s € {1,2} and general d

1: for i € £% do

2 Choose the midpoint zg € B;
3: forn=1,...,N do

4 Ty = Fn_1(l’n_1)

5 An 1=DF,_ 1(‘Tn 1)

> ¢

Compute the angular spectral values Zdlsc i nd Ed“C A% for the linear difference
equation u,11 = Aptn, n=0,..., N — 1 using the alg01 ithm from [5, Section 4.2]
with buffer intervals of length B

7 Color the box B; according to Zdlsc i and Zf}?vc’max, respectively

The role of the buffer intervals is explained below. In Algorithm 4, we color the initial
box of a starting point according to the minimal resp. the maximal angular value of the
corresponding trajectory. These values depend on the finite length N of the trajectory,
but we expect them to converge as N — oc.

~The major work of the algorithm occurs in step 6, where the angular spectral values
E;ij]s\(;’mm and Egj]s\?’max are computed. It is essential that the algorithm in [5, Section 4.2]
17



computes these values for the trace spaces V in G(s,d) rather than for all elements of
G(s,d); see (3.7). The computation of trace spaces requires most of the computational
effort. In some cases, such as the Lorenz system treated in Section 4.4, it turns out that
only finitely many trace spaces (in fact, very few) are analyzed by the algorithm.

Approximation errors occurring in the computation of trace spaces decay exponen-
tially fast from the boundary of the computational interval toward its center; see [8], [5,
Section 4.2]. Thus, we introduce left and right buffer intervals and utilize only the accurate
data between these buffer intervals for computing the angular maps.

3.4. The area-preserving Hénon map. We consider an area-preserving version of
Hénon’s map (see [9])

R? — RR?
(3.20) Jfao: [m1 N x% 4 29
xT9 T ’

with parameter a = 0.3. As we show below, trajectories on certain invariant curves
surrounding the elliptic periodic points have dichotomy spectrum Xgp = {1}. For these
trajectories, the only spectral fiber is R?, so determining the extremal angular spectral
values requires optimization over all one-dimensional subspaces.

For a numerical experiment we choose B = [—1,1]2. Figure 3.3 shows the midpoints
of an L x L grid, with L = 103, whose trajectories remain in B throughout N = 2000
iterations.

For every grid point, the left panel displays the computed minima, whereas the right
panel displays the computed maxima. The corresponding histograms are shown in the
lower row. Figure 3.4 displays the pointwise difference between the maximal and minimal
angular spectral values shown in Figure 3.3. A logarithmic color scale is used to make
small differences more visible.

Let us add a few analytical findings for this system with 0 < a < 1, which are in accor-
dance with the numerical observations. Area preservation follows from |det(D f,(z))| =1
for all 2 € R2. Then there are two hyperbolic fixed points z+ = (+/a, £+/a) ' for which
Df,(x1) has eigenvalues of modulus v/a + /14 a > 1 and —v/a + /1 + a < 1. Further,
there is a 2-periodic orbit

p1= (_{%) 02 = fa(p1) = —m

located at the centers of the two colored domains in Figure 3.3. The points p; 2 are elliptic
fixed points of f2, since D(f2)(p1) = D fa(p2)D fa(p1) has eigenvalues

A =1—2a+2ia(l—a), I =Xy, |I]=1

Therefore, the linearization about the two-periodic orbit p1, p2, p1, p2, . .. has no exponen-
tial dichotomy. Ome can say much more about trajectories starting near these elliptic
points by applying Moser’s Twist Theorem [10, Ch. 11.4].

Proposition 3.6. Let a € (0,1)\ {%, %, %} In every neighborhood of p1 there are invari-
ant curves of f2, on which f? is C'-conjugate to a rigid rotation with some diophantine
frequency w, i.e., |5~ — %\ > Cqt forallpeZ, g€ N and some ¢ > 2, C > 0. Initial

18
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Figure 3.3: Angular maps of the minimum (left) and maximum (right) angular spectral
values for the area-preserving Hénon map (3.20). The corresponding histograms are shown
in the lower row.

points on these curves lead to trajectories for which the linearization of f, has dichotomy
spectrum Xgp = {1}.

Proof. First note that the assumption a € (0,1) \ {3, 2} excludes the 1 : k resonance
)\ﬁ = 1for k = 1,...,4. Then there are local coordinate changes under which f2 near
p1 can be put into Birkhoff normal form [10, Ch. I1.4, Theorem 2.12], given in complex

notation as

C 3z Apz(1+iBi(a)z]?) + O(z]%).

Note that the variable z can still be scaled by a nonzero complex number, so that the
first Birkhoff coefficient Bj(a) is only unique up to a positive multiple. With a suitable
normalization, a symbolic toolbox yields the expression

8a —5
4v/a(l —a)(4a — 3)°
Hence, we have Bj(a) # 0 for a # g, and the Twist Theorem [10, Ch. II.4, Theorem 2.11]

applies. Let T' be one of the emerging invariant curves. Then there exists a C'-immersion
H:S?™ =R/(2rZ) — R? such that H(S?*") =T and

Bi(a) =

(3.21) fPoH=HoR, R,0) =80+wmod?2r,

for some w satisfying the diophantine condition.
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Figure 3.4: Pointwise difference between the maximal and minimal angular spectral values
shown in Figure 3.3. The colors are displayed on a logarithmic scale.

For § € S*" the vectors 7(0) = H'(6) and p(0) =
an orthogonal system at H(6) satisfying det (7(6) p(6) )
finds

(3.22) D(f3)(H(8)) (7(8) p(8)) = (7(0 +w) p(6 +w)) <(1) 2%2;)

)HT(9)||_2, J = (?_01), form

J7(0
= 1. By differentiating (3.21) one

Taking the determinant, we obtain d(f) = 1 and

7(0 +w) " D(f3)(H(0))p(0)
170 + w)|I? '

By induction the representation of the Jacobian in suitable coordinates (3.22) leads to

c(0) =

n 1 Y'L:l c(f + jw
(3.23)  D(Z)HO) (7(0) p(0) = (r(0+nw) p(0+nw)) (0 s A0+ >> |
Since ¢(#) and the matrix (7(0) p(9) ) as well as its inverse are uniformly bounded, we obtain

a constant C > 0 such that

ID(f2)(H(9))|| < C(A+|n|) forallneZ, §c S*.

Thus, the variational equation for f2 has no exponentially growing solutions in forward
or backward time. If f, has such a solution, it will have the same behavior for f2, and
therefore we conclude Xgp = {1}. [ |

Remark 3.7. In (3.23), the Jacobians D(f?") are represented in local coordinates by
a shear matriz ((1) ¢ ), where ¢, = Z?:_& c(0 + jw). On sufficiently small Moser invari-
ant curves, the nonzero twist implies linear growth of these shear sums. Consequently,
nontangential directions approach the tangent direction at a rate O(n=1). In numerical
computations, we also observe that one-dimensional subspaces approach each other at a
polynomial rate. However, we do not exploit this behavior and retain the original opti-
mization procedure.
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4. Angular maps for continuous flows and a general algorithm. In this section we
consider general nonautonomous systems in continuous time

(4.1) i(t) = f(t,z(t), teR, z(t)eR%

defined by some vector field f € C'(R x R%, R%). Extending the theory from [4], we set up
proper notions of angular spectrum and angular map for systems obtained by linearizing
(4.1) at a solution. Further, we show that the angular spectrum of the discretized linear
system converges to its continuous counterpart when the step-size goes to zero.

4.1. Definition of angular spectrum and angular maps. Let ¥ (¢, to; o) denote the
solution operator of (4.1), which maps the initial value z(tg) = x¢ to the solution of (4.1)
at time ¢1. We choose tg = 0 and note that W(t,0;z() exists on an open maximal interval
J = J(xop) € R containing 0. The associated variational equation is
. of
(4.2) u(t) = A(t;zo)u(t), t € J,  A(t;zo) = 3

T

(t,U(t,0;z0)).

By u(t, s; z0, up) we denote the solution of this linear system with initial condition u(s) =
up for some s € J and ug € R%. Since the solution depends linearly on ug, this defines the
solution operator ®(-, ;o) : J(wg) x J(zo) — R%? via

<I>(t, 53 1’0)“0 = u(t, 5,20, UO)'

In [4, Def. 4.3] we defined angular values for linear time-varying systems of the type (4.2)
using the following quantities for 7' > 0 and V' € G(s,d):

con 1 T
(43) Qg t(T7 V; x()) = T/O H(Id - P@(t,O;xo)V)A(t; xO)P<I>(t,0;zO)VHdt?

where [ - || is the spectral norm and P o.5,)y denotes the orthogonal projector onto the
subspace ®(t,0;x0)V € G(s,d).

In what follows we consider a domain B C R¢ such that the solutions of (4.1) exist
for all £ > 0 and for all xy € B. Moreover, we assume that we have a uniform bound

|A(t; z0)|| < C, Vit>0,29 € B.

This implies the bound o™ (T, V;x¢) < C for the values in (4.3) and hence that the limit
superior and limit inferior are finite. This justifies the following analog of Definition 1.1.

Definition 4.1. For any V € G(s,d) and xo € B the interval

(1.4 N (Via0) = | i STV, i o7 Via)|

T—o00

is called the s-dimensional angular range of V' for the linear system (4.2). The angular
spectrum of dimension s € {1,...,d} is defined by

(4.5) zgont(xo)zcl[ U Jgont(v;xo)]
VeG(s,d)
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The map

B — AR)

Zcont .
s g Egont<x0)

is called the angular map of the system (4.2) in the domain B C R?. Here A(R) denotes
the collection of nonempty compact subsets of R.

The outer angular values defined in [4, Def. 4.3] depend on z( in our setting. They are
related to the angular spectrum as follows:

ﬁ;nf’@(xo) = inf X" (), ﬁiuP’m(mo) = sup " (xg).

The analog of Lemma 3.1 in the continuous case is the following.

Lemma 4.2. The value 0 € R belongs to IS"(V;xg) if and only if there exists a se-
quence Ty, — oo such that lim,, . aS°"(T,,, V;z0) = 0.

Proof. 1f 6 is one of the endpoints of I¢°"(V; x¢), then the assertion is clear. Otherwise,
we find for every n € N some T_(n) > n with oS (T_(n),V;z) < 6. And there exist
numbers T4 (n) > T_(n) with a™(T(n),V;z0) > 6. The function o™ (T, V;xz) is
continuous w.r.t. T’; hence, there exist T, € [T_(n), T4 (n)] with aS(T,,,V;z0) = 6 by
the intermediate value theorem. Since T;, — 0o, this proves our assertion. |

The integral expression in (4.3) was obtained in [4, Section 4] as the limit

QS (T, Vs ag) = lim o3P (h, T, V;xo)
—>

of angular averages os'®? which are formed with a stepsize h = % as follows:

N
1
(4.6) aztep(h,T,V;mo) =7 E L(®((j —1)h,0;x0)V,®(jh,0;20)V), h=
=1

2]

Note that the term % = ﬁ in (4.6) carries an additional factor % when compared to

(1.4). The reason is that the quantity to be averaged over time is the rate of change of the
principal angles per unit time, rather than the principal angles themselves. In (4.6) the
time unit is h, whereas the discrete formula (1.4) tacitly assumes that one step corresponds
to a time unit of length 1. In Section 4.5 below we provide a precise estimate of the error
|0 (T, V: ) — 3P (h, T, V; 20)|. This will again justify that the sum in (4.6) is scaled
correctly.

4.2. The general algorithm for flows. Let T" > 0 be the length of the time interval
and let h = % be the step size. We use the multi-index notation from Section 3.3.

In Algorithm 5 we use RK(f, h,z,) to denote one step of the fourth-order explicit
Runge-Kutta scheme with step size h, applied to (4.1) with initial value x,,. For nonau-
tonomous ODEs, the starting time nh is understood implicitly in the notation RK(f, h, zy,).
Correspondingly, we consider the discrete system

xn = RK(f,h,xp—1), n=1,...,N
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Algorithm 5 Angular maps for s € {1,2} and general d

1: for i € £¢ do

2: Choose the midpoint zg € B;

3: forn=1,...,N do

4 L Tn =RK(f, h,xn_1)
Ap1= ngK(fa h,xn_1)

6: Compute the angular spectral values Egijs\(,f’mm and Zfi]s\?’max for the linear difference
equation u,4+1 = Apun, n =0,..., N — 1, using the algorithm from [5, Section 4.2]
with buffer intervals of length B '

7: Normalize SREmin . h’lel]s\f’mm and pREmax . }L’IZSIR(;’nlaX

8: Color the box B; according to SN apd REmax oghectively

and the solution operator ®;(n, m;xp), n > m > 0, of the linearized system

ORK
un+1zﬁ(f,h,xn)un, n=20,...,N —1.

Then we replace the flow ® in (4.6) by the solution operator @, i.e., we compute
1
ol (h, T, Viao) = 7 Y L(®n(j = 1,0:20)V, @15, 0520) V).
j=1

As in Definition 1.1 we define the s-dimensional approximate angular spectrum
by

SR, Ty 20) = el {afX (h, T, Vimg) : V € G(s,d) } .
Its extremal values are given by
wREmin g 7sg0) = inf SEE(R, Ty a0), SR Ti20) = sup ZRE(h, T 20),
and ' .
ESRK’dlﬁ(h, T;x0) = ZI:LK’maX(h, T;x0) — ESK’mm(h, T;xp).

In practical computations the whole set G(s,d) is replaced by approximate trace spaces
which are computed from an approximate dichotomy spectrum obtained at finite time. In
the following we do not discuss the errors induced by these additional approximations.

4.3. Application to an autonomous planar flow. Our first example in continuous
time is inspired by a nonautonomous fluid flow model introduced in [6]. We consider the
two-dimensional autonomous ODE model, defined on B = [0, 27] x [0, 7]

an 2 <U1> cos(u3) — sin(u1) cos(uz) +

sin(uy)

= <(Sin(’u1)Sin(u2)_“72+§)2+1)4
cos(u1) sin(usg)

ot \u2

The left and right boundaries of B are identified, so that the system is considered on
(R/277Z) % [0, 7].
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Note that sin(0) = sin(m) = 0; thus solutions cannot leave B through the upper and
lower boundaries.

We choose N = 2000 and h = 2—10 and apply five successive steps of the classical fourth-
order Runge-Kutta scheme with step size 1—(1)0 to obtain a numerical approximation of the
h-flow. In Algorithm 5, RK denotes this composition, and %QL—IK its derivative. We then
apply this algorithm on an L x L grid, with L = 103. Numerical tests indicate that for
almost all initial points, the only spectral fiber is the entire space R?. Thus, we omit the
computationally expensive calculation of the dichotomy spectrum and its corresponding
trace spaces and solve only optimization problems in line 6 of Algorithm 5. Figure 4.1
shows the resulting angular maps in the upper row and corresponding histograms, using the
same color scheme, in the lower row. Figure 4.2 displays the pointwise difference between
the maximal and minimal angular spectral values shown in Figure 4.1. A logarithmic color
scale is used to make small differences more visible.

Figure 4.1: Angular maps of the minimum (left) and maximum (right) angular spectral
values for (4.7). The corresponding histograms are shown in the lower row.

4.4. Application to the 3D-Lorenz system. Our second example is the well-known
three-dimensional Lorenz system

(5] O’(Ug — ul)
(4.8) n ug | = | pui — us — ugus with parameters o =10, p =28, § = %.
u3 ujup — Bug

We first take the h-flow of the Lorenz system with h = % and compute an orbit that is

close to the Lorenz attractor. For the initial conditions tested, the computed finite-time
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Figure 4.2: Pointwise difference between the maximal and minimal angular spectral values
shown in Figure 4.1. The colors are displayed on a logarithmic scale.

spectral intervals of the dichotomy spectrum show little dependence on the initial point.
Our numerical procedure yields three separated spectral intervals near 0.48, 1, and 1.05.

Next, we take a grid of size L? with L = 100 in B = [~20,30] x [—20, 30] x [-10, 50].
For all initial conditions chosen at the midpoints of the grid cells, the computed orbits
eventually approach the Lorenz attractor. Thus, we observe only one-dimensional spec-
tral fibers in the Lorenz system. This allows us to avoid the costly computation of the
dichotomy spectrum and its associated trace spaces at every grid point. Instead, as in
Section 3.2, we approximate the relevant trace spaces by combining forward and back-
ward iterations. Figure 4.3 shows the three-dimensional angular maps for N = 200 and
N = 2000, together with the corresponding histograms.

For N = 2000, we compute all angular spectral values for s = 1 and s = 2. The
corresponding histograms are shown in Figure 4.4. We present only the histograms and
label each peak with the trace space in which the corresponding angular spectral value is
attained.

4.5. Convergence of angular spectra for time-discretized systems. In the following
we analyze the approximation error

e(h,T,V) = |a5P(h, T, V) — a5 (T, V)|

of the terms in (4.6) and (4.3). To simplify notation, we omit the dependence on the initial
data zg, i.e., we write

o P(h,T,V) = afP(h, T, Vo), af™(T,V) = a™(T,V;x0).

In Remark 4.7 we will indicate when all the estimates hold uniformly in zy € B. Our goal
is to prove the following theorem.

Theorem 4.3. Let A € CL([0,00), R%?), i.e., A(-) and A(-) are continuous and bounded.
Then there exist constants C, hg > 0 such that the estimate

e(h,T,V) < Ch

holds for all V € G(s,d), for all T > 0 and for all h = % < hg, where N € N.
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Figure 4.3: Spectral angular values for s = 1 computed by forward iteration of the h-flow

of the Lorenz system (4.8), with h = 5. The results for N = 200 and N = 2000 are

shown on the left and right, respectively, together with the corresponding histograms.
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Figure 4.4: Histograms of the angular map for the three-dimensional Lorenz system,
computed with N = 2000, for s = 1 (left) and s = 2 (right). Each peak is labeled with its
associated trace space.

For the proof we use a linear algebra lemma inspired by [7, Theorem 2.5.1].

Lemma 4.4. Let A € R%*? let P be an orthogonal projector in RY and let || - || be the
spectral morm. Then the following equality holds

(4.9) |(I = PYAP + PA"T(I — P)|| = ||(I — P)AP].
Proof. Recall |B|| = ||B"| for B € R%?. Further, by the orthogonality of P,

I(I = P)a + Py|* = [I(I - P)z|* + |[Pyll*, V¥ x,yeR"
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Using this and PT = P, we obtain for all z € R?

I((I = PYAP + PAT(I = P))z|* = |(I = P)APz|* + | PAT(I — P)x|?
< |I(I = P)AP|*||Pz|* + | PAT(I - P)|*||(I — P)z|*
= (I = P)AP|P(| P|* + (I = P)z|*) = (I = P)AP|]* ||
hence, ||(I — P)AP +PAT(I — P)|| < ||(I — P)AP||. Next, there exists some z € R? with
|z|| =1 and ||(I — P)APz| = ||(I — P)AP||. Then we have ||[Pz| <1 and
I(I = P)AP|| = |[(I — P)AP(Pz)|| = ||(( - P)AP + PAT(I — P))(Pxz)|
<|(I - P)AP+ PA'(I - P)|||Pz| < |(I — P)AP + PA'(I — P)|.

Combining both estimates leads to the equality in (4.9). |

The following proposition sharpens the result [4, Theorem 3.4] on derivatives of principal
angles and simplifies the proof.

Proposition 4.5. Let A € C}([0,00), R%?). Then there exist constants C,ho > 0 such
that for all >0, V € G(s,d) and 0 < h < hyg,

(4.10) %4(@(7 F RV — (T = POA Py | < Ch,

where Py denotes the orthogonal projector onto V., || - || is the spectral norm, and ® is the
solution operator of (4.2).

Proof. Choose an orthonormal basis of V, i.e., some Wy € R%* with R(Wy) = V
and W, Wy = I,. For a fixed 7 > 0, define W (t) = ®(r + t,7)Wp so that R(W(t)) =
®(7 4 t,7)V holds. The matrix W (t) and its derivative solve the initial value problems

W(t) = At +7)W(t), W(0)=Wo,
W)= [At+7)+ At +7)2|W(t), W(0)=A(T)W, = W.

Let |A(T)|| + ||A(7)|| < C for all 7 > 0. Then a Gronwall estimate yields ||[W(t)| <
etCl Wl < e for 0 <t <1 as well as

W ()| < Ce®, W) <C1+C)e’ =:C.,.

By a Taylor expansion we obtain for 0 < h <1

1
i C
IW (h) = Wo — hWo|| = [|n* /0 (1 =)W (nh)dn] < =*h*.

We write this in the usual way as W (h) = Wy + hWo 4+ O(h?), where O(h?) holds with a
constant that is uniform in 7 > 0 and V' € G(s,d). Correspondingly, we have W(h)'T =
Wy + hW, + O(h?). This implies

W (h)TW (h) = I, + h(W, Wy + Wy Wy) + O(h?).
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Hence, there exists a 0 < hg < 1, independent of 7 > 0 and V' € G(s,d), such that the
inverse exists for 0 < h < hg and satisfies

~1 . .
(W(h)TW(h)) = I, — h(W, Wo + Wy W) + O(h?).
The orthogonal projectors associated to V and to ®(7 + h, 7))V, 0 < h < hyg, are
Py = WoWy',
~1
Pairinmy = W(h) (WR)TWR) W),

Using the previous expansions, we obtain
(4.11)

Pairinry = WoWJ + b [WoW — Wo(W Wo + Wy Wo)Wy + Wol | +0(k?)
= Py + 1 [(1 = WoWq )WoWg + WoWg (1 = WoWwy)]| +0(?)

= Py +h[(I= P)A() Py + PrA(n) (1= Py)| + O(h%),
For later reference, let us note that this implies

(4.12) | Por+nmyv — Pvl = O(h).

Let us abbreviate p(h) = £(®(7 + h,7)V,V) in the following. With Lemma 4.4 and
formula (2.1) we obtain from the expansion above

‘:L sin(p(h)) — (I — Py)A(r)Py||

1
= 1Pateny = PVl = I = POATIRY + oA (1= RO

= HflL(P<1>(r+h,T)v - Py) - [(I — P)Am)PY + PVA(T)T(I a PV)} H

= O(h).
Finally, using arcsin(y) = y + O(y?) and sin(p(h)) = O(h), we end up with

p(h) 1 1

2 — ~arcsin(sin(p(h) = 3 (sin(e(h)) + Ofsin(p (1))
= 1 (sin(e(R) + () = (T ~ PY)AM) Y| + O(h). D

Proof of Theorem 4.3. Let us abbreviate V; = ®(7,0)V and E(7) = (I — Py, )A(T)Py...
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With T'= Nh we obtain by substituting 7 = (5 — 1+ r)h

e(h T, V) = hN(ZAV(”h, ) Z/ () lar,

= \

1 N
‘EZ (Vig—1)ns Vin) / |E((j—1+7)h )||d7“’
=
N1
N Z’h ms @G, (G = DIV ) = 1B = D)

1
+Z/ |E((7 —1)h) = E((j — 1L+ r)h)|dr
j=1"0

The terms in the first sum are bounded by O(h) due to (4.10) with 7 = (j — 1)h, V =
V(j—1)n- Recall that all O-estimates are uniform in 7 and V. The terms in the second sum
are also O(h) due to (4.12) and the boundedness and Lipschitz boundedness of A(-):

[E(T) — E(r+rh)|| <[ = Pv,) — (I — Py, )IIAT) P ||
+ I = Py, [lA(T) = A(T + rh) ||| Py, ||
+ 11 = Py, AT+ rR) [Py, — Py,
<Ch, V7>0,0<h<hgy 0<r<l.

In view of the prefactor 3, we finally obtain e(h, T, V) = O(h). [ ]

As in (1.5) let us introduce the angular range generated by a subspace V' € G(s,d) for
a fixed stepsize h > O:

(4.13) 5P (B, V) = [lim a3 (h, N, V), Tim aztep(h,Nh,V)] .
—00

N—oo

The result of Theorem 4.3 enables us to prove a strong approximation of the (outer)
angular spectrum X°™ (see (4.5)) by its discrete counterpart

sy =l ) Bk, V))
Veg(s,d)

with respect to the Hausdorff metric.

Theorem 4.6. Let A € CL([0,00), R%?). Then there exist constants C, ho > 0 such that
(4.14) dp (X5P(R), B°") < Ch, VY0 < h < hy,

where dpy denotes the Hausdorff distance.

Proof. We will show the estimate

A (ISP (h, V), I™(V)) < Ch, YO0 <h<hg,V €G(s,d)
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for the angular ranges from (4.4) and (4.13). The estimate (4.14) then follows by taking
the union over V' € G(s,d) and by a subsequent closure argument. As another preparation
we note that E(t) = (I — Py,0)v)A(t) Po,0)v satisfies for T, 7 > 0

|agont (T, V) _ agont (7_7 V)‘

IN

1 1
T T

T 1 T
| e | [ ie©la

2 2C
—[T=7|sup |[E(Q| < —|T —7].
T ¢>0 T

(4.15)

IN

Consider first € I¢°"(V). By Lemma 4.2 there exists a sequence T;, — oo with 6 =
limy, 00 aS°(T),, V). For 0 < h < hy choose ng = ng(h) such that |a™(T,,V) — 0| < h
for all n > ng. Then we set N(h,n) = |22 | so that |T), — hN(h,n)| < h and N(h,n) — oo
as n — oo hold. An application of Theorem 4.3 and of (4.15) yields for n > ng

|a§tep(h’ hN(h7 7’L), V) - 9‘ < |a2tep(h’ hN(hv n)v V) - agont(hN(}% TL), V)|
+ a5 (AN (hyn), V) — ™ (T, V)| + a5 (T, V) — 6]

2
< Ch+T—CyTn—hN(h,,n)y +h < Ch.

Therefore, we obtain the inequalities

lim o®*P(h, kh,V) — Ch < lim o***P(h, hN(h,n),V)—Ch <0

K n—oo
< Tm jstcp(h, hN(h,, n)’ V) | Ch < k:le OfStCF(h7 k;h7 V) _|_ Ch
—00

Thus, we have shown dist(1°", I53*P(h)) < Ch for the Hausdorff semidistance.

The proof of the converse estimate is somewhat analogous. For 6 € I;tep(h), Lemma
3.1 yields a sequence N(h,n) — oo with lim, . o3P (h, AN(h,n),V) = 0. Then we
choose ng = ng(h) with |a3*®(h, AN (h,n),V) — 0| < h for all n > ng. Thus Theorem 4.3
leads for n > ng to the estimate

’6 - agont(hN(ha n)’ V)| < ‘9 - ai’tep(h’a hN(h7 n)v V)|
+ [a5P(h, AN (h,n), V) — o™ (AN (h,n), V)| < h + Ch.

As above, we obtain

lim a"(T,V) — Ch < lim o™ (AN (h,n),V)—Ch <6

T—o0 n—00
< lim o (AN (h,n),V) + Ch < lim of°"(T,V) + Ch.
n—oo T—o0
Thus, we conclude dist([ﬁtep(h), Ity < Ch, which finishes our proof. [ |

Remark 4.7. Recall the dependence of the linear system (4.2) on the data xo € B. If
A(-, o) and its first derivative A(-, xg) have bounds that are uniform fort > 0 and xy € B,
then the estimates in Theorems /.3 and 4.6 hold uniformly for xog € B.
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4.6. A simplified algorithm for the continuous-time case. Recall the continuous-
time system

i(t) = f(t,z(t)), teR

and its solution operator W(t1,to, o) from (4.1). For sufficiently small h > 0, we use the
h-step map W¥(nh, (n — 1)h;-) in place of F,_1 of the previous algorithms. The following
simple algorithm uses only points on the trajectory.

Algorithm 6 A simplified algorithm for continuous-time systems in case s = 1

1: for i € £% do

2: Choose the midpoint xy € B;
3: forn=1,....N+1do
4: Tn = ¥Y(nh,(n —1)h,xp—1)
1 N
5: I'; = W;K(lgl —11/4714—14+1)
6: Color the box B; with the color that corresponds to the angle I';

In Section 4.7 we will prove that, for autonomous systems under suitable assumptions,
the resulting angular range is close to the angular range associated with the flow direction.

When applying Algorithm 6 to the ODE (4.7), we compute the differences using a
continuous lift of the first coordinate to R. Figure 4.5 shows the resulting angular values
along the flow direction and the corresponding histogram in the left panels. The angu-
lar map looks similar to the upper-right diagram in Figure 4.1, where we compute the
maximum angular spectral values by solving an optimization problem. The right panel of
Figure 4.5 gives the pointwise absolute difference between the maximum angular spectral
values and the angular values along the flow direction.

To examine these differences more closely, we consider initial points g = (g,xg)T,
xg € [0,7], along the white dashed line in Figure 4.5. We compute the minimal and
maximal angular values and compare them with the values obtained from Algorithm 6,
using T' = 5000 and h = %. Each step is evaluated by five Runge-Kutta steps of size
ﬁ. Starting from a uniform grid in x9, we locally maximize the difference between the
maximal and minimal angular values with respect to x3. The results in Figure 4.6 reveal
three pronounced peaks in this difference. Near xzo = 0.236, the flow direction yields
approximately the minimal angular value, whereas near xo = 2.6 it yields approximately
the maximal value. Near zo = 0.733, its angular value lies strictly between the two
extrema. Thus, the mean rotation along the flow direction does not capture the full range
of mean rotations of infinitesimal perturbations. The angular maps identify regions where
this additional variation occurs. A detailed analysis of the associated periodic orbits will
be given in a subsequent paper.

Figure 4.7 presents an application of Algorithm 6 to the three-dimensional Lorenz
system (4.8) with step size h = 5 and N = 2000 on a grid of size L3, where L = 100.

For the orbit segments considered here, the numerical computations in Section 4.4
yield three separated finite-time spectral intervals, with the second interval containing 1.
The corresponding computed spectral fiber W2 is associated with the flow direction. Thus,
in the left histogram of Figure 4.4, the peak near 8.4 corresponds to the flow direction.
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Figure 4.5: Left panels: Angular map of the flow direction for (4.7) and the corresponding
histogram. The right panel shows, on a logarithmic color scale, the pointwise absolute
difference between the angular map in the upper-left panel and the maximum angular
spectral values shown in the upper-right panel of Figure 4.1. The white dashed line marks

the section z1 = § investigated in Figure 4.6.

Accordingly, the simplified approach of Algorithm 6 produces a peak at approximately
the same value in Figure 4.7.

4.7. Convergence analysis of Algorithm 6. In this section we consider Algorithm 6
with step-size h for an autonomous system

(4.16) i(t) = f(z(t)), teR, x(0)= .

Algorithm 6 aims at approximating the time average a{°"* (T, Vj) from (4.3) for the special
choice Vp = span(z(0)) by

N
(@17) oS T0) = 1 3 (G — D) — (), a(Gh) — a((G+ D), b=

Here and in what follows we suppress the dependence of the solution z(t) = z(t;x¢) on
the initial value. In the autonomous case, the space V{ is mapped by the solution operator
®(7,0) of the variational equation (4.2) to

(4.18) V; =span(i(7)), (1) = ®(7,0)2(0).

As above, we do not discuss the error caused by the approximation of the nonlinear flow
U(7,0) in (4.17) and treat only the error induced by taking differences along the solution
path. The analog of Proposition 4.5 is the following.

32



Figure 4.6: Angular values for initial points (7, r2) " along the white dashed line in Fig-
ure 4.5, with 7 = 5000 and 7 = 5. Top: minimal (blue) and maximal (red) angular
values, compared with the values obtained from Algorithm 6 (yellow dashed). Bottom:
the same values after subtracting the angular value of the flow direction, which there-
fore corresponds to zero. The vertical axis uses a symmetric logarithmic scale with an

approximately linear region near zero, with transition scale 1072.

Proposition 4.8. Let f € C?*(RY,R?) and let x(t), t > 0, be a nonconstant bounded
solution of (4.16). Then there exist constants C, hy > 0 such that

(4.19) |L(&(T — h),2(7)) — £L(z(T — h) — 2(7),z(7) — (T + h))| < Ch?
holds for all 0 < h < hg and for all 7 > h.

Proof. In the following we write P, = Fpan() for the orthogonal projector onto a
one-dimensional subspace. From (2.1) we obtain

‘ sin(£(&(1 — h), (1)) —sin(L(z(1 — h) — x(7), (1) — x(T + h)))‘
(4.20) = ‘Hpi(ﬂ'fh) - P:):(T) H - HPCE(Tfh)*I(T) - Px(T)*‘T(T+h)H‘
< | Pir=n) = Pitr) = Potr—n)—a(r) + Pom)—a(r+m)ll-

Due to our assumptions we have that #(7) = f(z(7)) # 0 is bounded for 7 > 0, and so are
the derivatives # = Df(x) and # = D?f(x)(&,4) + Df(x)#. Moreover, by a Gronwall
estimate on an interval of length 1 we find a constant C' > 0 such that

lZ@)|| + |Z@)] < Cllz(r)]| for all 7,¢ >0 with |7 —¢t| < 1.
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Figure 4.7: Angular map of the flow direction for (4.8) with N = 2000 and h = o (left)
and the corresponding histogram (right).

Therefore, the following Taylor expansions hold with remainders that are uniform for
O<h<landO< h<T<o0:

&(1 — h) = &(r) — hi(r) + O(h*||&(7)]),
(421) w(r 4+ h) = 2(7) + hif(7) + 5hE(r) + O (7)),
z(t —h) =x(r) — ha(r) + %hQ.’i‘(T) + O3 z(7)|)-
Note that we will not assume any lower bound for ||@(7)||. Using (4.21), we expand the
first term on the righthand side as in (4.11):
li(r = B)II* = ll&()I* — 2hi(7) Ti(r) + O(R?[l(7)]%),
li(r = )72 = [|&(n)I| 72 + 2hi(r) i (r) | (r) |~ + OR|&(r)]|~2),
Pi(r—py = l[&(7 — )| 2i(r — h)i(T — h) " = Pyry
—hM@NFQﬂﬂMﬂT+¢ﬁﬁﬁf—2ﬂﬂTﬂﬂﬂvﬂ+O@%.

In a similar fashion, we find from (4.21)
(7 % ) = 2(0)|2 = k2@ 72 (1 F Bl ()25 T (r) + O(h))
Purin—str) = Patr) £ W@l [ @@ +i(r)in)T)
— (7)) P | + O(2),

Inserting both expansions into (4.20), we obtain that the righthand side is O(h?). Finally,
using the Lipschitz bound for arcsin near zero, we find that the difference of the angles is
O(h?), as claimed in (4.19). [ |

As a consequence of Proposition 4.8 we obtain an estimate for the approximate values
(4.17) of the angular spectrum.

Theorem 4.9. Let the assumptions of Proposition 4.8 hold. Then there exist constants
C,ho > 0 such that the values o (h, T, Vo) with initial subspace Vo = span(#(0)) satisfy
(4.22) a$°™(T, Vo) — o (h, T, V)| < Ch
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for all T >0 and h = % < ho.

Proof. By Theorem 4.3 it is enough to prove the estimate (4.22) for o5 rather than

a§°™. Such an estimate follows immediately from (4.18) and Proposition 4.8

|a(1iiff(h7 T7 VO) - aitep(h7 T7 VO)’

N
= | 37 (G~ D)~ 2(ih),2G) — (G + DR) — LG D), #GR))
j=1

IN

1 N
— Z Ch? = Ch.
hN

This finishes the proof. |

As in (4.13) let us introduce the angular range generated by the subspace Vy =
span((0)) for a fixed stepsize h > 0:

(0, ) = | tim o5, N Vo). i o (. Nk, i)

N—oo

We conclude with the convergence of the angular ranges with respect to the Hausdorff
metric. The proof uses the same arguments as in Theorem 4.6, except that we cannot pro-
ceed from the angular range to the angular spectrum since we consider only the subspace
spanned by the flow direction.

Theorem 4.10. Let the assumptions of Proposition 4.8 hold. Then there exist constants
C, hg > 0 such that

dp (I8 (h, Vi), I (Vy)) < Ch, V0 < h < hg

holds for the Hausdorff distance dpy.
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