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In chaotic scattering there is a Cantor set of input-variable values of zero Lebesgue measure (i.e., zero
total length) on which the scattering function is singular. For cases where the dynamics leading to
chaotic scattering is nonhyperbolic (e.g., there are Kolmogorov-Arnol’d-Moser tori), the nature of this
singular set is fundamentally different from that in the hyperbolic case. In particular, for the nonhyper-
bolic case, although the singular set has zero total length, we present strong evidence that its fractal di-

mension is 1.

PACS numbers: 05.45.+b, 03.20.+i

In a typical scattering problem, one considers particles
incident from infinity which interact with a localized po-
tential (the scatterer) and then move off to infinity. It
has recently become clear that, in many problems of this
type, the basic dynamics can be chaotic, and the associ-
ated phenomenon has been called chaotic scattering.! A
defining attribute of chaotic scattering is the singular be-
havior exhibited by scattering functions. By a scattering
function we mean a plot of an output variable character-
izing the trajectory after scattering versus an input vari-
able characterizing the incident trajectory (e.g., scatter-
ing angle versus impact parameter). In chaotic scatter-
ing the scattering function is singular on a Cantor set of
values of the input variable."> In any arbitrarily small
neighborhood of such a singular input-variable value, the
output variable varies wildly, and the range of variation
of the output variable does not decrease to zero as the
size of such a singular input-variable neighborhood is re-
duced. Numerical experiments demonsirating this strik-
ing behavior have been performed.'™ Furthermore, it
has been shown that the singular set corresponds to ini-
tial conditions which yield orbits which enter the scatter-
ing region but never leave it.!”> The existence of this
type of behavior of the scattering function means that
relatively small uncertainty in the input variable can
often make determination of the output variable impossi-
ble. A quantitative measure characterizing the magni-
tude of this effect is the fractal dimension of the set of
singular input-variable values. For the case where the
chaotic scattering set is hyperbolic, this dimension is typ-
ically less than 1 and greater than 0.2 It is the purpose
of this Letter to consider the fractal set of singular
input-variable values for the case where the chaotic
scattering set is nonhyperbolic.*> In this Letter we do
not give a precise definition of hyperbolic dynamics. We
do note, however, that when the dynamics is hyperbolic,
all periodic orbits are unstable, and there are no Kol-
mogorov-Arnol’d-Moser (KAM) tori. Nonhyperbolic
chaotic scattering is typically characterized by the pres-
ence of KAM tori in the scattering region. Our main re-
sult is that in the nonhyperbolic case, although the singu-
lar set has zero total length (zero Lebesgue measure), its
fractal dimension is aiways 1. This means that the

difficulty of determining outputs from inputs having
small uncertainty is (in a sense to be discussed) maximal
for nonhyperbolic chaotic scattering.

It is instructive at this point to consider a simple ex-
ample of a zero-Lebesgue-measure Cantor set which has
fractal dimension d=1. The set is constructed in stages
as follows. Start with the interval [0,1]. Remove the
open middle third interval. From each of the two
remaining intervals remove the middle fourth interval.
Then from each of the four remaining intervals remove
the middle fifth, and so on. At the nth stage of the con-
struction, there will be N =2" intervals, each of length
€:=2""[2/(n+2)]. The total length of all intervals
enN~n "' goes to zero as n goes to infinity. For a cov-
ering of the set by the ¢, intervals we have N(¢) ~¢ ™!
x(Ine™!) 7!, The box-counting (or “capacity””) dimen-
sion is d =lim,— o[InN(€)1/(lne ~!), and clearly yields 1.
Basically, d is the exponent of the dependence N (e) ~1/
€, where the weaker logarithmic dependence is imma-
terial in the determination of the dimension. We note,
however, that it is the logarithmic term which is respon-
sible for ensuring that the Lebesgue measure is zero:
eN(e) ~(ne ") ! approaches 0 as e— 0.

To generalize this example, if at each stage we remove
a fraction n,=a/(n+c) (where a and ¢ are constants)
from the middle of each of the 2” remaining intervals,
then we find that

N—~—i[lnl} . 1)
€ €

We note from (1) that the slope of the curve InN vs
In(e™!), d(InN)/d(lne™"'), is always less than 1 for
small nonzero ¢, and it approaches 1 slowly (i.e., loga-
rithmically) as e— 0 (again yielding d =1). Thus, for
fractals whose general character is similar to that for
this example, we expect that accurate numerical estima-
tion of the dimension will require going to very small
scales. In addition, we also expect that any numerical
estimation of the dimension made using a finite range of
scales will be an underestimate, but that as the scale is
made much smaller the numerically determined value
will increase toward 1.
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The reason why we suspect that the dimension of the
fractal set of singularities is 1 in the nonhyperbolic case
is that in nonhyperbolic situations there is an algebraic
decay with time of the fraction R of incident particles
that remain in the scattering region,® R(z)~t ~°.
This algebraic decay is in contrast with the exponential
decay'>3® found in the hyperbolic case, R(z)
~exp(— yt). Based on previous analyses of the dynam-
ics of chaotic scattering,">*® we can imagine that, in
the hyperbolic case, a standard (i.e., d <1) Cantor set
results qualitatively as follows.” There is an interval of
input variables which lead to trajectories that remain in
the region of the scatterer for at least a duration of time
To. By time 27 a fraction n of these particles leave.
Say that the initial conditions of these escaping particles
are all located in the middle of the original interval.
Then we are left with two equal-length intervals of the
input variable which yield trajectories which remain for
at least a time 27. By time 37 say that an additional
fraction n of the particles remaining at time 27 escape.
Assuming that they do so from the middles of the two in-
tervals at time 27, we now have four remaining inter-
vals. Proceeding in this way, we obtain a Cantor set of
dimension d =In2/In[(1 —7)/2]1 "' on which particles
never escape. The exponential decay of the remaining
particles with time, R(t) —exp(— yt), in this case has a
decay rate y=To 'In(1—7n) !, This simple picture
captures the essence of what happens in the hyperbolic
case.>*® As a crude indication of the behavior in the
nonhyperbolic case, we can imagine following the same
process, but with algebraic (rather than exponential) de-
cay. Then the fraction of particles which leave at each
stage 7, is no longer constant, but decreases with n. In
particular, n,= —ToR ~'dR/dt for large n, giving
nn=ta/n. This yields Eq. (1) and hence a dimension-one
Cantor set. [Thus for this model the power a of the log-
arithmic term in (1) is identified with the algebraic-
decay exponent.] Clearly, the above is only a heuristic
argument which leads to the conjecture that the dimen-
sion might be 1 in nonhyperbolic cases. In what follows
we present numerical evidence that strongly supports this
conjecture.

To facilitate our numerical calculations, we use an
area-preserving map rather than a continuous-time
Hamiltonian system,

x'=Arlx— (x+y)¥4],

y'=0/M)y++y)?/4],

where we take the parameter A to be greater than 1.
This quadratic map® has one fixed point at the origin
(unstable) and another x =iy, y=4(A—1)/(A+1)2
(stable for 1 <A <3++/8=5.828 and unstable for A > 3
++/8). For large x and y the quadratic terms in (2)
dominate, and x quickly moves to —oo. In addition, it
can be shown that any initial condition in x <0 moves to
x = —oo, Thus any invariant set of (2) must lie in x =0

()

and in a finite region (x?+y2<r?) about the origin.
We have numerically examined (2) in a range of the pa-
rameter A, 1 <A <15, and we find that the invariant set
is apparently hyperbolic (nonhyperbolic) for A=6.5
(L $6.5). That is, we observe no KAM tori and the de-
cay is exponential for A 2 6.5.

We define the time delay T for an initial point (x¢,y¢)
as the number of iterations it takes to reach x < x,; <0.
Specifically, we choose yo=—3 and x;= —3 and con-
sider T as a function of xo. The function T(x¢) for a
typical nonhyperbolic case is shown in Fig. 1(a) for
A=4.1. Figure 1(b) shows a blowup of T'(x) in a small
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FIG. 1. Time-delay functions 7T(x¢). (a) For the quadratic
map with A =4.1 with x0=1.03302+ 6x and éx in the range 0
=6x=10"3 (b) Same as (a) but with xo=1.03302270685
+6x and &x in the range 0<6x <10 (c) For the d=1
Cantor set with n, =1/(n+2). (d) An expanded plot of (c).
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interval where Fig. 1(a) indicates a long time delay. The
horizontal axes in Figs. 1(a) and 1(b) are 6x =x¢— x5,
where x,=1.03302 and x,=1.03302270685, respec-
tively. For comparison, Fig. 1(c) shows the time-delay
function resulting from the model dimension-one Cantor
set described previously, while Fig. 1(d) shows a blowup
of a small interval in Fig. 1(c). The relevant point is
that the density of singularities appears to be much
greater in the blowups than in the plots over the larger
intervals, and this is true for the result both from Eq. (2)
and from the dimension-one Cantor set model. This is
qualitatively different from what one observes in the hy-
perbolic case. In particular, in the hyperbolic case the
general character of the behavior of T(x¢) in blowups is
qualitatively indistinguishable from that on larger
scales.> The reason for the denser appearance of the
singularities in the blowup for the case of the one-
dimensional Cantor-set model is that the successively re-
moved intervals get relatively smaller as the delay time
increases (i.e., 7, decreases with n).

In measuring the dimension of the Cantor set in the
nonhyperbolic case, it is essential, as previously dis-
cussed, to use small enough ¢. Estimation of the usual
box-counting dimension requires an extremely large
number of intervals when ¢ is very small (like 10 ~'9).
Computation of the uncertainty dimension®*®° is much
less demanding, and this is the dimension we shall use.
The uncertainty dimension for the time-delay function is
calculated as follows. For a fixed value of “uncertainty”
€, we randomly choose a point xo and compute |7 (xo)
—T(xo+e)|. If |T(x¢) — T(xo+€)| > 0.5, then we say
that xo is € uncertain. (The subsequent results for the
dimension are independent of the choice 0.5 in the in-
equality.) We then randomly choose another x( and de-
cide whether it is uncertain. We continue doing this un-
til the number of uncertain points reaches a prescribed
figure (typically 100). We then divide the number of un-
certain points by the total number of points chosen (both
certain and uncertain) to obtain the uncertain fraction
f(e). The uncertainty dimension is defined as d=1
—lim_ olInf(e)/Inel, where f(¢) is the probability that
a randomly chosen x( is uncertain, and is numerically
approximated by f(e). After calculating f(e) for many
values of ¢, we plot f(¢e)/e as a function of € on a log-log
scale. Typically we observe that such plots are well
fitted by a straight line, indicating that the uncertain
fraction scales as a power of ¢, f(e) ~ €, which gives an
estimate for the uncertainty dimension, d =1—p. Thus
the uncertainty dimension essentially tells us how the
probability of making an error of order 1 or more (e.g.,
greater than 0.5 in our computations) in determining
T (xo) for randomly chosen x¢ scales with uncertainty €
in xo. When d is larger this scaling is more unfavorable
(i.e., the degree to which one is able to improve one’s
predictive power [reduce f(e)] by decreasing the uncer-
tainty € is more limited), and the most unfavorable scal-
ing possible is d =1 (since d =< 1). When d is close to 1,
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computation of the uncertainty dimension is especially
effective because f(e) is large and the total number of
required points is relatively small. From the definition of
the uncertainty dimension it can be shown that it is
smaller than or equal to the box-counting dimension.’®
The uncertainty and box-counting dimensions have been
conjectured to be equal in typical dynamical systems,?®
and classes of systems for which rigorous results can be
obtained satisfy this.'® Furthermore, we can prove that
our model d=1 Cantor set also has an uncertainty di-
mension of 1, in agreement with its box-counting dimen-
sion.

Figure 2(a) (for A =4.1) shows results for log;o(f/¢)
vs logio€e using points xo randomly chosen in the interval
Xa=<x0=<x,+Ax, where Ax=10"" [T(xy) in this
range is plotted in Fig. 1(a)l. The slope of the fitted line
gives d==0.79. Figure 2(b) shows similar results, but
now using the much narrower range of xo shown in Fig.
1(b), xp < xo=< xp+Ax, where Ax=10""'°. The slope
in this case gives a value of d significantly closer to 1
(d=20.96). One reason for employing this zoom-in tech-
nique is that there may be large intervals where the dis-
cernibility of the possible one-dimensional nature of the
set requires much more magnification than in other inter-
vals'! (e.g., see Figs. 16 and 18 of Ref. 5). The zoom-in
technique allows us to focus on those intervals where the
higher-dimensional structure is more easily measured.
In addition, the use of very small ¢ is expected to be
necessary in order to obtain dimensions close to 1. In
particular, in our model the reason the dimension is 1 is
that the removed fractions 7, eventually get very small,
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FIG. 2. Plots of logio(f/€) vs logioe, where f is the uncer-
tainty fraction and € the uncertainty. (a) The slope gives
d =0.79 for the range of xo in Fig. 1(c). (b) For the range in
Fig. 1(d), the slope gives d =0.96.
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FIG. 3. The uncertainty dimension for the quadratic map vs
A.

and this only happens at sufficiently small scale. This
can also be clearly seen by applying the uncertainty-
dimension technique to the model T(x¢) shown in Figs.
1(c) and 1(d). The result for the range shown in Fig.
1(c) is d==0.88 (for 10 2<e¢=<0.1), while d=20.95
(for 10 7'2< ¢=<10"8) is obtained for the range in Fig.
1(d).

We now present results for numerically determined
values of the uncertainty dimension for (2) as a function
of A. In Fig. 3, we show two types of data. The dots are
obtained with ranges Ax = 10 ~7 and the triangles with
Ax <10 7°. In the hyperbolic case (A larger than about
6.5), both types of data yield comparable results for d.
The computed dimension values for the hyperbolic range
of A can be significantly lower than the values in the
nonhyperbolic range, where the computed dimension
values for the triangles are typically larger than 0.95. As
expected from our previous discussion, and in contrast
with the results for the hyperbolic range of A, the trian-
gles, which correspond to narrower ranges in xo, are al-
ways significantly above the dots when A is in the nonhy-
perbolic range. This is consistent with the supposition
that, throughout the nonhyperbolic range, the measured
value of d will approach 1 as smaller scales are exam-
ined. 2

In conclusion, by using the quadratic map as an exam-
ple, evidence has been presented which strongly supports
the conjecture that fractal chaotic scattering sets have
dimension 1 in the nonhyperbolic case. In contrast, the
fractal dimension in the hyperbolic case can be far below
1. In the hyperbolic case, the structure of the time-delay
function is that of a standard (d < 1) Cantor set, as dis-
cussed, for example, in Refs. 2 and 3(b); while in the
nonhyperbolic case, it resembles the time-delay function
obtained from our d =1 Cantor-set model.

We thank M. Ding, Q. Chen, and T. Tél for useful
discussion. This work was sponsored by NASA, DOE,
and ONR (Physics).

@ And Departments of Electrical Engineering and of Phys-
ics.

ITwo recent reviews of chaotic scattering are by B. Eck-
hardt, Physica (Amsterdam) 33D, 89 (1988); and U. Smilan-
sky, in Lectures at Les Houches, Chaos and Quantum Physics,

edited by M.-J. Giannoni, A. Voros, and J. Zinn-Justin (EI-
sevier, Amsterdam, 1990).

2Some papers which consider the dimension of the singulari-
ties of the scattering function are Ref. 3 and Z. Kovacs and T.
Tél, Phys. Rev. Lett. 64, 1617 (1990); Q. Chen, M. Ding, and
E. Ott, Phys. Lett. A 145, 93 (1990); P. Gaspard and S. A.
Rice, J. Chem. Phys. 90, 2225 (1989); M. Henon, Physica
(Amsterdam) 33D, 132 (1988); B. Eckhardt, J. Phys. A 20,
5971 (1987); D. W. Noid, S. K. Gray, and S. A. Rice, J.
Chem. Phys. 84, 2649 (1986). In terms of the so-called “Poin-
caré scattering map” introduced by C. Jung [J. Phys. A 20,
1719 (1987)], these singularities correspond to points where
the Poincaré scattering map is not defined.

3(a) S. Bleher, E. Ott, and C. Grebogi, Phys. Rev. Lett. 63,
919 (1989); (b) S. Bleher, C. Grebogi, and E. Ott, Physica
(Amsterdam) 46D, 87 (1990).

4Hyperbolicity of an invariant set (for our case the invariant
set is chaotic) is defined, for example, in the text by J. Guck-
enheimer and P. Holmes, Nonlinear Oscillations, Dynamical
Systems and Bifurcation of Vector Fields (Springer-Verlag,
Berlin, 1983), p. 238. Some papers which explicitly consider
nonhyperbolic chaotic scattering are Ref. 5 and M. Ding, C.
Grebogi, E. Ott, and J. A. Yorke, Phys. Rev. A 42, 7025
(1990); P. Gaspard and S. A. Rice, “Hamiltonian Mapping
Models of Molecular Fragmentation,” (to be published).

5Y.-T. Lau and J. M. Finn, Astrophys. J. 366, 577 (1991).

6C. F. F. Karney, Physica (Amsterdam) 8D, 360 (1983); B.
V. Chirikov and D. L. Shepelyanski, Physica (Amsterdam)
13D, 364 (1984); J. D. Hanson, J. R. Cary, and J. D. Meiss, J.
Stat. Phys. 39, 327 (1985); J. D. Meiss and E. Ott, Phys. Rev.
Lett. 55, 2741 (1985); Physica (Amsterdam) 20D, 387 (1986).

"We emphasize that there are many other model Cantor-set
constructions that one could envision. Furthermore, our mod-
els are meant to give only the gross character and not details of
the behavior. In particular, Cantor sets for chaotic scattering
are not, in general, self-similar.

8R. DeVogelaere, in Contributions to the Theory of Non-
linear Oscillations, edited by S. Lefschetz (Princeton Univ.
Press, Princeton, 1958), Vol. 4, p. 53; M. Hénon, Q. Appl.
Math. 27, 291 (1969); A. J. Dragt and J. M. Finn, J. Math.
Phys. 17, 2215 (1976). This map was chosen for simplicity
and because its properties (KAM tori, period doublings, horse-
shoes, etc.) are generic.

9S. W. McDonald, C. Grebogi, E. Ott, and J. A. Yorke, Phy-
sica (Amsterdam) 17D, 125 (1985); C. Grebogi, S. W.
McDonald, E. Ott, and J. A. Yorke, Phys. Lett. 99A, 415
(1983); H. E. Nusse, C. Grebogi, E. Ott, J. A. Yorke, and H.
E. Nusse, Ann. N.Y. Acad. Sci. 467, 117 (1987).

10S. Pelikan, Trans. Am. Math. Soc. 292, 692 (1985).

TNote that the dimension of a subset cannot exceed the di-
mension of the set. Thus, if the calculated dimension over a
finite range of Ine approaches 1 as we zoom in further and fur-
ther, the dimension in the larger set must also be 1.

12We have also obtained additional data on a finer grid in A
than shown in Fig. 3. These data reveal that there are pro-
nounced narrow dips in the estimated d values for the range of
scales for the dots at A==4.0 and 5.1. The A=24.0 dip corre-
sponds to the disappearance of the period-four island that sur-
rounds the central KAM region of the stable fixed point. Simi-
larly the dip at A==5.1 occurs at the period-three bifurcation
that destroys the central island. Zooming in to smaller scales
we have verified that our estimate of d at these dips increases.

981



