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APPARENTLY CHAOTIC ORBITS EMBEDDED IN
CLOSED CURVES*

IRENE HUETER! AND SONYA BAHAR?

Abstract. In [S. Bahar, Chaos Solitons Fractals, 5 (1995), pp. 1001-1006; 7 (1996), pp. 41-47],
pictures were presented of the forward orbit {zp}r in the plane, where z, satisfies zn+1 = 2nAn+t1
for certain affine transformations A,. These orbits (a) appear to lie on closed curves, and (b) assume
forms reminiscent of strange attractors. We answer the questions raised in these references and prove
that indeed in the aperiodic case the invariant orbits of this “iterated function system” lie on closed
curves and that in some sense the maps act “chaotically” on the set of closed curves. A key role
is being played by almost periodic functions. Furthermore, we provide an expression for the top
Lyapunov exponent, that is, a sum in the periodic case and an integral in the aperiodic case. Our
results have important implications in applications of computer visualization and imaging and shed
some light on nonlinear dynamical systems.
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1. Introduction. Iterated function systems (IFS) have received tremendous at-
tention in the literature over the past few years, in large part for their power to
approximate and generate images [3]. A less well-known feature of IFS was investi-
gated by Berger [4], who let one random (infinite) trajectory trace out an orbit on a
smooth curve or wavelet, replacing the recursive, and thus, more cumbersome algo-
rithm of successive corner cutting. In the same spirit, Massopust [9] studied a class
of IFS whose attractors are C''- and C2-interpolating functions or C™-interpolating
surfaces. Most recently, Bahar [1, 2] presented some pictures of the orbital behavior
of certain affine IFS. It was observed that these attractors exhibit complex behavior,
as well as (a) appear to lie on closed curves, and (b) assume forms strikingly similar
to strange attractors, especially when the IFS is stochastic.

In this paper, we consider the forward orbit {z,},, where z, satisfies z,11 =
zn Ay for some affine transformations A,, and we answer the two questions raised
(but not answered) in [1, 2], namely, (1) do these orbits, left invariant under affine
transformations, live on closed curves, and (2) what can be said about the shape
and geometry of these orbits; in particular, do they exhibit chaotic behavior? The
latter conjecture will be confirmed in the sense described below (see next paragraph).
Moreover, an easily checkable condition will be provided that ensures stability of the
limiting orbit (as opposed to divergence to infinity if the system is repelling). The
established results will have several interesting implications in applications.

Indeed, we will prove that, in the aperiodic case, the orbit, extracted from the
invariant set of the IFS, lies on a closed curve that we specify, as the number of it-
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erations tends to infinity. This closed curve may consist of numerous loops so that
the curve well approximates a surface. The periodic case is degenerate and produces
a finite number of points (compare to the irrational and rational rotations or toral
automorphisms that are well studied in the literature). Nevertheless, only the ex-
ceptional case relative to Lebesgue measure, the periodic case, is accessible to these
orbits when generated by computer. Observe that the IFS has some striking features.
Let us mention one or two. Slightly changing one of the two scale parameters, while
keeping the other one fixed (for instance, from by = 10000 to bo = 10005, while fixing
as = 10000, as illustrated in Figures 2 and 3), may cause an explosion in the number
of loops along with a severe change in the shape of the curve. These discontinuities
in the space of closed curves that arise by perturbing the scale parameters within
the periodic regime, within the aperiodic regime, or by switching between periodic
and aperiodic regimes provide the chaotic nature of the system relative to the scale
parameters (for a definition of “chaos,” see [7, Chapter 13, p. 171]). Moreover, the
fact that the time-dependent maps are nonlinear in time and also “couple” the z- and
y-coordinates of the orbit equips our dynamical system with the chaotic appearance
that is typical in nonlinear dynamical systems and strange attractors. Of course,
this applies only to the aperiodic case. Yet the better the aperiodic case is “approxi-
mated,” the closer the system will get to chaos. The dependencies on the parameters
are discontinuous. There are many interesting consequences for applications. Next,
we shall discuss a few and we hope to spur interest for others.

Due to its simplicity, the proposed system should be helpful to generate a surface,
given the boundary of the surface, or to generate the boundary of a region, given the
region. The former is useful in computer visualization, the latter in imaging—more
precisely, to encode and decode images. For instance, in the storing process of medical
images of the heart or the brain, certain boundary lines can contain the most crucial
information and, given the limited storage space for these routine medical images, it
is not necessary to encode the entire image. Even more, by doing so the sharpness
of the boundary lines may be lost after decoding because they are lower-dimensional
objects. Since, as we will see, the system that we propose is relatively simple, tuning
the parameters to obtain the desired curve is not difficult.

Moreover, this class of IFS promises to shed some light on the less understood
properties of attractors of nonlinear systems, for which it is difficult to rigorously
calculate Lyapunov exponents along with other important quantities. The emerging
nonlinear behavior of this model offers us the opportunity to investigate the transition
to the chaotic regime.

Iterating in “random environment” and selecting the affinities randomly at each
step reinforces the peculiar and complex appearance of the orbits since several orbits
generated by the deterministic scheme are superimposed, although the behavior of
random orbits is similar to the one explained in this paper. Here we shall omit the
mathematical details and present only a few figures; we will more thoroughly treat
that situation in a separate paper.

1.1. Definition and background: Forward orbit and IFS. We begin with
describing the particulars of the system at hand. Let s: R — R and ¢: R — R be
two continuous periodic functions of periods p; and ps. For every integer n > 0 and
any real numbers aq, as, by, and by, define

(1.1) m, = a1 $(n/az),
v = by e(n/bs),
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and for any real numbers d; and ds, define the matrix
Un davy,

For any real numbers « and 8 and some initial point z{, = (x¢,yo) € R?, consider the
points {z!, = (zn,yn)} given by

Tpt1 ) T, @
(yn-‘rl >_Tn+1<yn>+<6>7
where 2’ denotes the transpose of the vector z. We will be interested in the limiting
forward orbit {z;,}ns1 in the contractive case. Specifics on a contraction condition
will be presented shortly. For n large enough, the sequence {z, }, will be independent
of the initial point (zg,yo). A simple but illuminating example for m,, and v,, that
the reader may keep in mind during the subsequent discussion is m,, = a; sin(n/as)
and v, = by cos(n/bs2). In fact, all figures use s(x) = sin(x) and ¢(z) = cos(z).

Our first observation is that there are two completely different cases to distinguish,
namely, (1) the periodic case, that is, when there exists some positive integer P such
that T,y p = T; for every integer ¢ > 0 (take the smallest such integer P, called the
period); and (2) the aperiodic case. For the purpose of applications, the latter case
is the interesting one. In the aperiodic context, {m,}n>0 and {v,}n>0, viewed as
functions embedded in the reals, are almost periodic functions (see Definition 1.1),
and thus, the affine transformations

(12) An = Tn + (Oé,ﬁ),

are almost periodic as well. Next, because at each step n there is exactly one pre-
scribed transformation A, to be applied, note that the limiting orbit of {z,},>1 is
a subset of the (unique) invariant set of an affine iterated function system with a
finite number of affine transformations in the periodic case and an infinite number
of affine transformations in the aperiodic case. Let us first regard the orbit in the
periodic case. Suppose that as and by are chosen such that there exists some positive
integer P such that (my4p,vp+p) = (My,v,) for all integers n. This happens if and
only if ay = P/(p1k1) and by = P/(p2ks) for some integers k1 and ko. This implies
that A,+p = A, for each integer n > 0; thus, the number of affine transformations

{41, As,..., Ap} is finite. Hence, it is an easy instance of the contraction principle in
the theory of IFS [8] that, if some contraction condition is satisfied, each trajectory
A, Ap_q1-...- Ai1zo will repeat itself forever. Indeed, each limit

lim AilAig et AinZO

n—oo
is independent of the point zp. But since A4;, A;, - ... is a periodic semi-infinite se-
quence, there are exactly P distinct such limits, one for each possible starting map
A;, (equivalently, for each beginning segment A4; A;, - ... A;,). This implies that,
since zp, = ApAp—1-...- Aa A1 20, there are no more than P distinct limit points 2, for
1 <4 < P. These P limit points must coincide with the fixed points of Ay, Ao, ..., Ap,
whose coordinates can be easily calculated. In light of the almost-periodicity of the
linear transformations, the aperiodic case derives from the periodic case.

A sufficient condition that guarantees contractivity of the IFS described above

is |T;| < 1 for each integer ¢ > 0. We will prove that this condition may be relaxed
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(Theorem 1.3). In fact, it suffices to require that the (pointwise) top Lyapunov ex-
ponent of the system be negative in order to establish stability of the orbit {z,}, for
each sufficiently large n. Although geometrically the aperiodic case is dramatically
different from the periodic case (the reader may try to plot some trajectories), the
situation concerning contractivity and existence of a limit set is analogous to the one
explained, regardless of the infinity of the number of underlying maps. Indeed, an
approximate period (see Definition 1.2) may be chosen such that the periodic case
can be mimicked.

Figures. Prior to stating the main results, we make some general observations
and glimpse at the figures. To build up intuition and to help understand the main
ideas, we return to the example where m,, = a;sin(n/as) and v, = by cos(n/bs) for
each n > 0. Thus, p; = ps = 27. In Figures 2-5, d; = d2 = 1. Each of the parameters
has its impact on the system. The most vigorous part is being played by the param-
eters as and by. While a; and by tune the “amplitude” of the image, the parameters
as and by determine the “wavelength.” The orbits behave discontinuously in as and
by. The invariant set will be shaped very differently depending on whether by/as is
rational (periodic case) or irrational (aperiodic case), and depending on whether by /as
equals some integer L, say, or equals L + ¢ for some small real § # 0. Every irrational
6 will lead to an orbit that is dense in a closed curve. Examples with by/as = 1 and
ba/as = 1.0005, respectively, are depicted in Figure 2 and Figure 3, respectively. For
a countable number of values of (ag,b2) the orbits behave discontinuously; in other
words, two arbitrarily nearby values of as, say, will produce two closed curves differing
significantly in shape and in density of the points.

Examples of invariant orbits under random affine transformations are shown in
Figures 4 and 5. At each step, according to a Bernoulli(0.5) random variable, one of
two possible affine transformations is picked, with one having the opposite order of
the rows to the other relative to sin and cos. The parameter values are as = by = 0.2
in Figure 4 and as = 0.2 and b; = 0.2001 in Figure 5. In both figures, a; = 0.3,
by =045, a; = as = 0.1, and 5, = B2 = 0.2. In fact, the symmetry in the image
results from the symmetry between the two transformations.

Finally, Figure 1 presents a random orbit, as do Figures 4 and 5, with the only
difference being the multipliers of the row elements, that is, d; are not all equal 1.

1.2. Almost periodic functions and matrices. A key ingredient of our proofs
is the notion of an almost periodic function. A good reference is [5]. We present the
definition.

DEFINITION 1.1. Fiz some € > 0. A real number T = 7. is a translation number
of the function f: R — R"™ relative to € if

If(@+7) = flx)| <e

for all x € R. A continuous function on the reals is called almost periodic if, for any
e > 0, there is a length L = L(e) such that each interval in R of length L contains at
least one translation number ..

Clearly, every continuous periodic function is almost periodic (with the translation
numbers forming an arithmetic sequence), and each almost periodic function over Z is
almost periodic over R. In the nondegenerate (aperiodic) case, an elementary exercise
shows that {(mg,vi)}r>1 is almost periodic. Observe that any bounded continuous
function of almost periodic functions is an almost periodic function. In particular,
finite products or sums of almost periodic functions are almost periodic functions,
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F1a. 1. An affine random IFS attractor. Here, we have two transformations, each assigned equal
probability. For both transformations, a; = 0.3, by = 0.45, ag = 0.42, by = 0.42, and a1 = a2 = 0.1,
81 = B2 = 0.2. In the first transformation, however, the first row of Ty is multiplied by (0.7, 0.9)
and the second row by (1.0, 1.0), while in the second transformation the first row of Ty, is multiplied
by (1.0, 2.5) and the second row by (1.0, —1.0).

Fi1G. 2. An orbit where L = ba/az =1 is an integer. We have generated an image via an IFS
with coefficients my and v, defined as in (1.1). The parameters are a1 = 0.3, b1 = 0.45, a2 = 0.2,
ba =0.2, a =0.1, 8 =0.2. The image is plotted in the xy plane after discarding the first 70 points.

too. Furthermore, solutions of certain systems of linear equations whose coeflicients
are almost periodic functions are almost periodic functions. Also, note that the above
notion is different from the notion of quasi periodicity.

We will say that the “least” positive translation number 7. of some almost periodic
function f is an approximate period.

DEFINITION 1.2. For any fized € > 0, define the approximate period p = p. of f
to be the smallest positive real such that | f(x + p.) — f(x)| < e for all x € R.

If p1 = po, then p. = p; for all € > 0.

1.3. Main results: Closed curves and Lyapunov exponents. For any real
number d, define

(1.3) f(z) = a1s(z/az) + dbic(z/bs)

and let Z; denote the set of zeros of the function f. Now we are ready to state the
principal results of this paper.
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Fic. 3. An attractor with L = ba/as = 1.0005. Parameters are identical to those used to
generate Figure 2, except that ba = 0.2001.

Fic. 4. An orbit for a random IFS. Parameters are a1 = 0.3, by = 0.45, as = 0.2, ba = 0.2,
a; =az=0.1, 81 =2 =0.2.

THEOREM 1.3. Assume that di = do = d and that my + dvx, # 0 for every integer
k> 0.

(I) Aperiodic case. Assume that the parameters ay,az2,b1, and bs are chosen
such that f'(x) # 0 for x € Zy. If the limit

1 2 2
(1.4) i 207 )

n— o0 n
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F1a. 5. An attractor for a random IFS with multiple loops. Parameters are a; = 0.3, by = 0.45,
az = 0.2, bp =0.2001, a1 = a2 =0.1, B = B2 =0.2.

exists, then there is some finite constant Ky such that, for every ¢ > 0, the top
Lyapunov exponent A1 of the orbit {(n,yn)n>0 satisfies A1 > Ky and

(1.5)

1 [Pe
A — — / In |ays(x/az) + dbic(z/b2)|dz| < e.
0

g

In the special case py = py, we have \; = py* f(f)l In|f(z)|dx. For fired a1 and by,
and for Lebesque almost every choice of as and by, the limit in (1.4) exists and f' is
nonzero at the zeros of f.

(IT) Periodic case. Assume that P is the period of f. Then the top Lyapunov
exponent A1 of the orbit {(xn,yn)}n>0 s given by

1

P
(16) /\1 = Z In |mj + dvj\.
j=1

el

(For the definition of the Lyapunov exponents, see, e.g., [7, p. 191] or any standard
reference on dynamical systems.) There are analogues of the closed expression for Ay
in the general case d; # da, yet they are more complicated. Thus, we prefer to omit
the details. Observe that the second Lyapunov exponent Ay = —o0 if d; = ds.

We notice that the limit lim,,_ ., In(m2 + v2)/n does not always exist in the
aperiodic case, as the following counterexample illustrates.

Counterezample. Let my = aj sin(k/as) and vy = by cos(k/bs) for every integer
k. Now we give some special choice of ay and bs. Indeed, let the binary expansion of
1/(maz) be as follows:

1
—— = 0.1001000010...010...010...,

Tas
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where the number of zeros in the kth block of consecutive zeros to the right of the
decimal point equals wy with w41 = 2% and w; = 2 (and set wg = 0). Let the
binary expansion of 1/by be

1
— =0dy...ds...ds...ds...,
by

where dj, indicates the beginning of the kth block of length wy+1, each block consisting
of the first binary digits of 7/2, and wy is given as before. Now, multiplying 1/as
and 1/by by ng = 2+, where up, = k + Zle w; for every integer k > 0, leads to a
subsequence {ny}r>1 such that limy_. In(m2, +v2 )/n, = —oc.

For the next result, we do not assume that d; = ds.

THEOREM 1.4. Assume dyi,ds € R and that the top Lyapunov exponent A\y < 0
(possibly, —co), where A1 is described in Theorem 1.3 for di = do = d.

(I) Periodic case. Assume that P is the period of f. Then for Lebesgue almost all
choices of as and by, and for sufficiently large n = r(mod P), the orbit {(xn, Yn) tn>0
satisfies

(1.7) Ty = my05(r) + a,
Yn = Ur66(r) + ﬂa

where the coordinates {6;(r)}o<r<p—1, © = 5,6, are the solutions of the recursion in
(2.7).

(IT) Aperiodic case. For sufficiently large n, the shifted orbit {(z, — a,yn —
B)}nso is embedded in the closed curve

(1.8) (a1s(z/a2)Ds(x),bic(x/ba) De(x))zer,

where the distortion functions Ds(x) and Dg(x) are the continuous extensions over the
reals of the sequences {65(1) }o<r<p—1 and {66¢(r) }o<r<p—1, Tespectively, with P = p.
for suitably small € > 0.

The fact that the curve described in this result is closed is due to the almost peri-
odicity of the underlying functions in the aperiodic case. Observe that the functions
D5 and Dg can be calculated with any desired degree of accuracy by solving system
(2.7) for an approximate period (instead of the period in the periodic case). Clearly,
di1 = ds implies D5 = Dg or 65 = 6.

Remarks.

(1) The above-mentioned results generalize to the higher-dimensional (> 2) Eu-
clidean space without complicating the discussion. Furthermore, similar results can
be proved if f is a linear combination of almost periodic functions.

(2) The method adopted shows that, for fixed integer k > 1, the return map
{(xn, Tn+r)n>1 of the first coordinate enjoys the very same properties as the orbit
{zn}n>1; thus in the aperiodic case, its values fall on a closed curve. Of course, this
holds for the second coordinate y,, as well.

(3) Selecting the affine transformations randomly may reinforce the complexity
of the orbit, although the behavior of the orbits under random transformations are
not much different. In fact, the system considered in “random environment” leads to
a superposition of a good number of such orbits that eventually are traced out with
probability one (see Figures 1 and 5 for a random orbit).

The structure of the rest of the paper is as follows. Section 2 derives the coordinate
functions of the orbits and proves Theorem 1.4. Section 3 discusses the top Lyapunov
exponent of the system, presents some estimates to justify the integral expression for
the Lyapunov exponent in the aperiodic case, and proves Theorem 1.3.
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2. Limiting orbit. We will carry out the algebra on which the asymptotics will
rest for the periodic case and derive the almost periodic case from the periodic context
by means of a continuity argument.

2.1. Composition law. First, we examine the composition law and fix more
notation. Recall that we consider the orbit {z,, n € N} in R? under affine transfor-
mations, described by z,, = T,,z,—1 + 7, where 7' = («, ) for some real numbers «, 3
and the matrices T, introduced in section 1. Let M3(R) be the set of 2 X 2 matrices
that have the first row elements proportional to m,, and the second row elements pro-
portional to v,, for some integer n and define the product space H = Ma(R)xR?2. Then
H is closed under a certain composition law that we describe next. Let E, F € My(R)
be given by

g ami em; r_ fimj_1 famy_y
€305 €40y ’ f31}j_1 f41}j_1

for e;, fi € R, i =1,2,...,4 and some integer j > 1, and let 7 = (a;, 3;) for some
real numbers aj, ;. Thus, (E,7}), (Fyvj_;) € H and ((E,7}), (F,7j_1)) € H, with
the composition law on H being defined by

4 4 _ mj(e1fimj—1 + ez fsvj—1) my(erfamj—1 + e2favj-1)
((B,75), (Fv5-1)) = (< ’Ujj(e&flmjj—l + €4f3’Uj]71) vj](egfzmj]—1 + e4f4vjj71) ) ’

< mj(aj—1+ difj-1) + a; ))
vj(aj—1 +dafBj-1) + B; '

Observe that H is not a semigroup. Applying this to (7,7') € H yields
(21) (Tm’Y) . (Tn—l,’Y) e (T1>7) = (Mna kn)a

where M, is the product M, = T,T,_1---15T7 and k, accounts for the repeated
shifts by v' = («, ). Hence,

(22) Zn = Myzo + Ky

for every initial point z{, = (zo, yo)-

2.2. The attractors are embedded in closed curves. Next we discuss the
behavior of the sequences {M,, },,>1 and {k, },>1. In the periodic case, care is required
to ensure invertibility of the system below. Thus in the next result, there are some
anomalies that have zero Lebesgue measure.

LEMMA 2.1. For every integer n > 1, we have

M, = ( ?:il(%) o gf((:)) ) ’

where 6;(n) satisfy the recursion

(2.3) 61(n) =mp—161(n — 1) +v,_1dy 63(n — 1),
b2(n) = mp—162(n — 1) +vy—1dy 64(n — 1),
b3(n) =mp—161(n — 1) +v,—1da63(n — 1),
b4(n) =mp—162(n — 1) + vy—1da b4(n — 1),
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and 51(1) = 1, 52(1) = d1, 63(1) = 1, and (‘54(1) = dg.

Moreover, assume that each T; has norm less than 1. Then in the aperiodic case, as
n — 0o, the matrices M, converge to the zero matriz; that is, for everyi=1,2,...,4,
the numbers 6;(n) — 0 as n — oo. In the periodic case (with period P), if, for every
n > 1, we define the four discrete functions g1, gs, h1, and ho by the recursion scheme

(2.4) 91(k) = mpn_i [g1(k — 1) + ga(k — 1)],

92(k) = v [dig1(k — 1) + daga(k — 1)],

hl(k)zm g[hi(k—1)+ ha(k —1)],
(k)

ho(k —k [dihi(k — 1) + daha(k — 1)]

fork =23,...,n—1 and g1(1) = h1(1) = mp_1, g2(1) = divy—1, and ha(1) =
dovn_1, and if we assume that the following algebraic conditions are satisfied:

(2.5) (1= ho(P)) (1 — g1(P)) # h1(P)g2(P),
(1 = d2ho(P)) (1 — d1g1(P)) # didahy(P)g2(P),

then as n — oo, the matrices M,, converge to the zero matriz.

Proof. The first claim (2.3) is an elementary exercise that rests on induction over
n. We omit the details.

To prove the second statement about the limiting behavior of the §;(n), we first
address the periodic case, the period being denoted by P. It is sufficient to present
the argument for the set of functions §; and 3 since the argument runs in parallel for
the functions 69 and é4.

The functions 6; and 63 follow the recursion

61(n) = g1(k) 61(n — k) + g2(k) 63(n — k),
(53(%) = hl(ki) (51(71 - k?) + hz(k) (53(77, - k‘)

for all integers n > 1 and k£ > 0, in particular for k¥ = P, where g1, g2, h1, and hy
follow the recursion given in (2.4). Since (61(n),d3(n)) satisfy the same recursion as
(61(n — P),é3(n — P)), it follows that 61(n) = é1(n — P) and é3(n) = é3(n — P).
Therefore, the limits of the sequences é1(n) and d3(n), guaranteed by the assumption
that each T; has norm less than 1, is periodic and has the form (6;1,6;2,...,6;p) for
i=1,3. Let r = n (mod P). Then (61, 03,) satisfies

(2.6) 61r = g1(P) b1, + g2(P) b3y,
03r = h1(P) b1y + ho(P) b3y

From the first equation in (2.6) we find that 61,.(1 — g1) = 283, and from the second
equation, 83,(1 — hg) = h161,, where we have written g; = g;(P) and h; = h;(P) for
7 = 1,2. Hence, we obtain

03,(1 — h2)(1 — g1) = h1 g2 63y,

an equation whose validity is precluded by conditions (2.5), except for 83, = 0. There-
fore, we conclude that 6, = 63, = 0 for every r=1,2,..., P.

Now, in the aperiodic case, it remains to be observed that for every € > 0 there
is a time p = p. such that (my,4p, Vn4p) is within e-distance to (mp,v,), measured,
say, in Euclidean distance. Hence, we find four linear equations that are arbitrarily



1834 IRENE HUETER AND SONYA BAHAR

close to the equations as given in the periodic case above. Therefore, any solutions ;5
must be arbitrarily close to the solutions in the periodic case and thus to zero. In fact,
the solutions §;; are almost periodic functions. We omit the e-arguments behind our
words “arbitrarily close.” In this case, the algebraic conditions can be ignored, as one
can always find some approximate period p. = p such that the algebraic conditions
are satisfied with P = p.. This finishes our proof. ]

LEMMA 2.2. For every integer n > 1, we have

- ()

where 65(n) and b¢(n) satisfy the recursion

(27) 65(71) = Mp—-1 65(71 — 1) + Up_1 d1 66(” — ].) + o+ d1 ﬂ,
66(n) = mp_105(n —1) +v,_1dab6(n — 1) + a+da 3,

and 85(1) = 66(1) = 0.
Proof. This is an immediate consequence of an induction argument over n. O
This finishes the proof of Theorem 1.4. System (2.7) consists of linear equations
in 65(-) and 6¢(-) and thus is straightforward to solve.

3. Lyapunov exponents when d; = d2. The Lyapunov exponents measure
the exponential decay of the dependence of the orbit on the initial conditions (for
definitions and more see [6] or [7, p. 191]) and are useful to characterize the stability
properties of the orbits. However, it is well known that, for nonlinear systems, it is
generally difficult to obtain closed expressions for Lyapunov exponents. In IFS, such
expressions are available. We shall be interested in the top Lyapunov exponent. To
facilitate the presentation, we may assume that d; = dy = d. The developed results
have analogues in the general case d; # do, with the algebra being more clumsy and
the Lyapunov exponent being a pointwise Lyapunov exponent that takes different
values at different points. For d; # da, the top Lyapunov exponent is a function
of some expressions gotten as solutions of a recursion scheme analogous to the ones
encountered in section 2.2. Moreover, note that the top Lyapunov exponent will
provide a weaker contraction criterion than the requirement |T;| < 1 for each integer
1> 0.

It will turn out that, if d; = ds, then the matrices T,, are singular; thus, one of the
singular values equals zero and, equivalently, one of the two Lyapunov exponents is
negative infinite. If the largest Lyapunov exponent of the system is finite, then it can
be expressed as a finite sum in the periodic case and approximated by an integral in
the aperiodic case (the integral is exact if p; = p3). To justify the integral expression,
we shall argue that the integral is finite, which in fact requires a few delicate estimates
involving almost periodic functions and a “transversality condition” to be enjoyed by
the function f(x) = a1s(z/az2) + dbic(z/b2) at its zeros. Since f has at most finitely
many zeros on each interval of finite length, the minimal slope at the set of zeros is
well defined. Recall that Z; denotes the zero set of f and define

3.1 = = min "(z
(3.1) p=pre=  pun |f' ()]
if Z; N0, pc] is nonempty, and, p = 1, say, if Z; N[0, p.] is empty. For all that follows,
we agree on the following two standard assumptions:
(A) p> 0, (“transversality condition”).
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(B) m; + dv; # 0 for every integer j.
Both assumptions can be shown to hold for Lebesgue almost every choice of parame-
ters ai, as, by, and by and thus are mild conditions. A combination of assumptions (A)
and (B) will enable us to bound the largest Lyapunov exponent away from negative
infinity.

LEMMA 3.1. Under assumption (B), the first and second Lyapunov exponents A
and Ay associated with the matrices {T;};>1 are given by

1S . In(m?2 +02)
(3.2) A1 = HILH;O - ; In|m; + dv;| + nhﬁngo #,
)\2 = -

if the limit lim,, o In(m2 + v2)/n exists.

Proof. Recall that {z], = (zn,yn)}n>1 is defined recursively by z, = Apz,—1 =
AnAn—1 - ... Aizo, where A; are the affinities defined in (1.2). To compute the
Lyapunov exponents, we shall find the singular values of the matrices T;. Recall that
the T; are two-by-two matrices, whose first row elements are m; and dm; and whose
second row elements are v; and dv;. Let B,, be the product of the first n matrices Tk,
that is,

n—1
By =T, Toy+...- Ty =T, [[(m; +dvy).
j=1

Let a1 and a0 denote the singular values of the matrix B,,, that is, the nonnegative
square roots of the two eigenvalues of B} B,,, where B} denotes the transpose of B,,.
Then the Lyapunov exponents A\; and Ay are given by \; = lim,_ o Ina,;/n for
1 =1,2. If we write s,,_1 = H;L;ll (mj + dv;), then

BB, =TT =t ) () ).

Hence, the two eigenvalues of B B,, are given by (1+d?)s2_;(m2 +v2) and 0. Thus,
their (nonnegative) square roots are

ap1 = V14 d?|sp—1]/m2 + v2,

Apo = 0.

Therefore, we get Ay = —oo and

1
A= lim —Inao,

n—oo M
1
— lim ~In [\/1+d2|sn_1|\/m%+v%}
n—oo N,
. In(1+d?) 1= . In(m2 +v2)
— lim —— """/ 4 72 1 4 dus lim ——m ' "n/
T T g I T

1< In(m?2 + v2)
= i —El i +dvj| + lim —2—"~
Jim 2 n|m; + dvj]| Jim 5

as shown in (3.2). O
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In the periodic case, there is some integer P > 0 so that T; p = T; for all integers
i, equivalently, m;y p = m; and v;; p = v;, thus, clearly lim, ., In(m2 +v2)/n =0
and

1 P
)\1 = F Zl ln|m1 +d’l)z|

Thus, in the subsequent discussion we shall restrict our attention to the aperiodic
case, where a sequence of lemmas will provide an estimate of a lower bound for the
limit in the previous lemma. Once expression (3.2) is bounded from below, A; can be
approximated by the following expression in a closed form:

1 Pe
[ it

for some approximate period p.. Crucial ingredients in the proof are the facts that (a)
for 1 < i < n, not too many values |m; +dv;| are close to zero, and (b) the minimum of
these values does not approach zero too fast. A consequence of the remarks following
Definition 1.1 is that {f(k)}x>1 is almost periodic. The next result establishes a lower
bound for the distance of the values of f(k) from zero.

LEMMA 3.2. Suppose that assumptions (A) and (B) hold. Let {T'(n)}n>1 be an
increasing sequence of positive integers such that T(n) — oo and T(n)/n — 0 as
n — oo. If there is a subsequence {ny}r>1 such that

(3.3) |f ()| < [T(ng)ne] ~

for every integer k > 1, then ng41/nk — 00 as k — oo.

Proof. We will prove claim (3.3) by contradiction. Suppose that there is a sub-
sequence {ny }r>1 such that |f(ng)| < [T(ng)ng] ! for every integer k > 1 and sup-
pose that there is some integer w > 0 such that for arbitrarily large k, we have
ng < ng+1 < wng. Fix such an integer w > 0. By the triangle inequality,

|f(nks1) — f(ni)] < 2 [T (ng)ni)

The transversality condition (assumption (A)), along with the assumptions imposed
upon the functions s and ¢, guarantees that f has at most finitely many zeros on any
interval of finite length. Thus, without loss of generality we may assume that the
small values f(ng) and f(ng41) correspond to the neighborhood of the same root of
f on an interval of length p = p.. Note that for sufficiently large k, |f'(ng)| > p. If
we use the linear approximation |f(ng+1) — f(nk)| = | f'(ng)|(ng+1 — ngk)(mod p) for
f, we would obtain, for all sufficiently large k,
2 1

Ng+1 — ng)(mod p) < — ——.

S A
By the uniform continuity of f, the constant

Cyp = max [f'(x)|

0<z<p

is positive and finite. Relying on the linear approximation for f in the other direction
as well would provide, for every integer s > ngy1,

(3.4) |£(s) = f(5 = (M1 — ni))| <20 /(p T (ni)ni) = K/ (T (ng)ng),
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where we wrote K = 2Cy/p. Next let I denote the range of the function f on the
reals and |I| < oo its length. Let J C I be the vacant space in I, i.e., such that
JN{mj+wv;: for all j > n,} = (. Since future points in the orbit { f(n;)}i>x will be
at a distance < K/(T'(ny)ng) from any point of the orbit up to time ny, by (3.4),

[J[ > ] —#{i: 1< <ngyr I/ (i T ()
= ] = nik1 K/ (ni T (ng.))
> |I| — wni K/ (ni T'(ng))
= 1| = wK/T (ng),

where # denotes cardinality. Since 1/T(ng) — 0 as k — oo, it would then follow that
|J| > |I| as k — oo. Thus, |J| = |I|. Now observe that f is Lipschitz and the Lebesgue
measure is an ergodic invariant measure under the map {k/az}x>1 and {k/b2}x>1 [10].
Consequently, each interval of positive one-dimensional Lebesgue measure must be hit
infinitely often by values of f. This is a contradiction. Since w was arbitrary, it follows
that ng11/ng — 00 as k — oo. O

The number of values of f(k) close to zero is bounded as follows.

LEMMA 3.3. Impose assumptions (A) and (B) and let {T'(n)}n>1 be a sequence
as described in Lemma 3.2. Then there is some positive finite constant C' such that
for all sufficiently large n,

(3.5) #1<k<n: |f(k)|<1/T(n)} <Cn(l+4¢e,)/T(n),

where # denotes cardinality and €, — 0 exponentially fast with increasing n.

Proof. Observe that © — x + 1/az (mod p1) and = — x + 1/bs (mod ps) are
ergodic (see, e.g., [10, p. 49]) and that the one-dimensional Lebesgue measure is
invariant under these two transformations. Let A, = {1 <k <n: |f(k)| <1/T(n)}.
Since f is Lipschitz, there is a positive finite constant C' such that for all sufficiently
large n, the expected cardinality of A,,, under the normalized Lebesgue measure, is
bounded above by Cn/T(n). Fix some ¢ > 0. A routine argument resting on the
central limit theorem, applied to the sum of i.i.d. Bernoulli random variables, yields
that there is some constant ¢y > 0 such that, for all sufficiently large n,

P(#A, > Cn(1+¢)/T(n)) < e "¢,

where P denotes the uniform distribution (or normalized Lebesgue measure). Since
€ > 0 was arbitrary, this completes the proof. ]
Next, if for every n > 0 we define the set

(3.6) B=B,={1<k<n: |f(k)]<n}

of “bad” integers between 1 and n, then clearly,

n—1 n—1

1 1
(37) nlLH;O E Z In |mj + dvj| = nh~>nolo E Z In |mj + d’Uj| {1{keB} + l{keB}}
j=1 j=1

n—1

.1
> nlgglo - 2; In [m; + dvj| 1irepy +In,
]:

where 1 denotes the indicator function. It remains to bound below the sum on the
right-hand side of inequality (3.7).
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LEMMA 3.4. Suppose that assumptions (A) and (B) hold. Then for sufficiently
small n > 0, we have

R
(3.8) Jim — > nmy + dvj| Lkep,) > wy,
j=1

where r, = #{0 < x < L : f(z) = 0} < oo for some integer L > 0 and wy =
min(n,n/p)rr(Inn —1)/L.

Proof. Again let {T'(n)},>1 be a sequence as described in Lemma 3.2. Since
the Lebesgue measure is an ergodic invariant measure for the transformation z +—
z 4+ 1(mod p;), i = 1,2, we have, for every n > 0,

—0o0 N

n—1 n—1
.1 o1
Jim > | f(k)| Liken,y = Jim {/0 In | f (@) L1 7(n)<|f(2)|<n} 4T
k=1

n—1
(3.9) + > [ F ()] Ly sy <1/ } :
k=1

We first prove that the limit of the second term in (3.9) is zero. Pick 6 > 0
and some L = L(§) so that each interval of reals of length L contains at least one
translation number 75 for f. By Lemma 3.2, the gap between two integers ny and ng1
such that f(ng) < [T(ng)ng]™! and f(nge1) < [T(ngs1)nee1) ™! equals ng(wy — 1),
where wy — oo as k — oco. Now pick k£ large enough such that there is an interval
of integers of length L, say, ng,ng + 1,n9 + 2,...,n9 + L such that for every integer

ng <ng < j<nyg+ L < ngy, we have

G > [T

Combining this with Lemma 3.3 and using the almost periodicity of f, we find that

1 n—1 n— 1 no+L
=D Wl W Lrwi<yreny = 7 D, WIfEgswi<yrm) +cd
k=1 k=no+1

> —[lnn+InTn)|C(1+¢e,)/T(n) + cd

for some constants 0 < C, ¢ < oo, where &,, — 0 exponentially fast. Now choose T'(n)
such that Inn/T'(n) — 0 as n — oo. This shows that, for sufficiently large n, the
left-hand side of the last displayed equation is larger than or equal to zero because 6
was arbitrary. Since clearly it is also nonpositive, it must be exactly zero in the limit.

Second, we will bound the first term of the right-hand side in (3.9). Recall
that f'(z) < Cy and that f(x) = 0 implies |f'(z)| > p. Thus, f(z) < é for some
sufficiently small é implies |f/(z)| > ¢p for some positive finite constant ¢, with ¢ — 1
as & — 0. Now suppose that xg is a zero of f. Then for |z — z¢| < §, we obtain
f(z) = f'(x0)(x — x0) + 0(6). Below we carry out only the steps for z —zy > 0 and
f'(xo) > 0. Minor modifications establish the case z —x¢ < 0. Write Zp = Z; N[0, L].
Straightforward calculus yields
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n—1 L
n—1
/O | f (@) L @len/rmmy de = —F /0 I | f (@) 1 p@)ien/mmn).my do + o(8)

mu

ToE€EZ]
' 1{|f'(1‘/0)(33710)|€[1/T (n),m} dz + 0(0)
-1
:n > / (| f'(xo)(z — x0)|]
To€EZL
* {14 (o) (2—wo) €[1/T(n),m} 4T + 0(6)
n—1 Z /f (w0)(L— a:o)
- ny
Lf/ .ro f'(xo)zo
1{ye[1/T<n }dy+ 0(6)
n—1 J(L=m0)An
Lf’ o) Z / Inydy + o(6).

zo€ZL 1/T(n)

We may assume L # o (because otherwise the interval length L may be chosen
differently). Pick n < pming,ez, (L — xo), divide both sides by n, and take the limit

) 1 n—1
lmlfA In £ (2)| L oy e/ Yy — 1)

n—oo N
ToEZLL

+ (InT(n) +1)/(T(n)p)}
r .
= - min(n,n/p)(lny — 1),

as desired. |

This completes the proof of Theorem 1.3.

COROLLARY 3.5. Under assumptions (A) and (B),

1 n—1

3.10 lim — | i +dvi| > K —
( ) ningon;n‘mj+vj|— f= o0,
where Ky = Inn+ rpmin(n,n/p)(Inn — 1)/L, and r1,n, L, and p are positive finite
constants depending on the particular function f. Moreover, in the aperiodic case, if
the limat

i 05+ 07)
n— 00 n

exists, then it equals 0, and the largest Lyapunov exponent is bounded below, i.e.,
M > Ky Fize > 0. Then

(3.11) <e,

1 De
)\1——/ In|f(x)|dx
Pe Jo

where pe is the approzimate period defined in Definition 1.2. The limit lim,,_ » In(m?2 +
v2)/n exists for Lebesgue almost every choice of values for as and bs.

Proof. Combining (3.7) and Lemma 3.4 yields (3.10). Finally, (3.11) is an imme-
diate consequence of Lemma 3.1. 1]
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