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Periodicity versus Chaos in
One-Dimensional Dynamics®
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Abstract. We survey recent results in one-dimensional dynamics and, as an application, we derive
rigorous basic dynamical facts for two standard models in population dynamics, the Ricker
and the Hassell families. We also informally discuss the concept of chaos in the context of
one-dimensional discrete time models.

First we use the model case of the quadratic family for an informal exposition. We
then review precise generic results before turning to the population models.

Our focus is on typical asymptotic behavior, seen for most initial conditions and
for large sets of maps. Parameter sets corresponding to different types of attractors are
described. In particular it is shown that maps with strong chaotic properties appear
with positive frequency in parameter space in our population models. Natural measures
(asymptotic distributions) and their stability properties are considered.
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Part I. An Informal Overview

I. Introduction. The object of this paper is to survey some aspects of what is
presently known about the asymptotic dynamics of interval mappings and also to
give applications to two standard models in population dynamics. We consider one-
dimensional systems whose state space is an interval I, with a discrete time evolution
given by a mapping f : I — I; if the system is in state z, at time n, it will be
in state x,4+1 = f(z,) at time n 4+ 1. Our main theme is, What is the typical long-
time behavior for such a system? Here, typical means something that is seen for many
initial conditions and many parameters. The requirements on f will vary from theorem
to theorem in order to avoid being unnecessarily restrictive, but our main concern is
unimodal (one-humped) mappings with some smoothness and parameterized families
of such mappings. A particularly well understood case is the quadratic (alias the
logistic) family
(1.1) Qx(z) = Az(1 — x), 0<A<A4,

mapping the interval [0, 1] into itself.
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In population dynamics one often considers the Ricker family [Ric54]
(1.2) Ryp(z) =Aee P X>1, B>0,
and the Hassell family [Has74]

A\x

(1.3) H,\,g(x) = m,

A>1, B>1.
Both these models have [0,00) as state space, but all nontransient dynamics takes
place on a bounded interval.

Robert May’s famous article [May76] was one of the first to call broad attention
to the complexity of the dynamics produced by systems such as these. Background on
the use of these models in population dynamics can be found in the above-mentioned
sources and in [HLM74] and [MO76]. Surveys also appear in the books by Renshaw
[Ren91] and Murray [Mur93]. A discussion of chaos in ecological modeling with an
extensive bibliography can be found in [HHE'93]. Recent work includes [Mor90],
where problems with fitting models to real data was discussed; [GHK94] and [HV97]
considered the case of stochastically varying parameters; in [GHL97] certain models
were studied that combine discrete and continuous time modeling. Nice introductions
to the mathematical aspects of unimodal dynamics can be found in [CE80] and in
[Dev89).

The present article is an attempt to complement, update, and refine the above-
mentioned expositions. The case of deterministic one-dimensional dynamics is today
fairly well understood, and even though there is a considerable technical machinery
involved, many theorems that are relevant for applications can be stated and under-
stood in a standard context.

We will discuss attractors (there is a unique one for each of the systems above)
and so-called natural measures which describe the asymptotic distributions on the
attractors. A strong form of chaotic maps, which are characterized by a natural
measure with an integrable density and exponential sensitivity to initial conditions, is
recognized, and it is shown that such maps appear with positive probability in typical
families.

We particularly want to stress that the parameter dependence is much more subtle
and complicated (and interesting) than the much oversimplified picture sometimes put
forth of a sequence of period-doubling bifurcations leading to a “chaotic regime.” This
“chaotic regime” is in fact densely interspersed with “periodic regimes,” some corre-
sponding to short cycles, where typical orbits are absorbed into one single periodic
motion. Also, asymptotic distributions depend in a nontrivial way on the parameter.
We consider both deterministic and stochastic perturbations.

This paper is divided into three parts. Part I continues with a few remarks on
one-dimensional models and on the concept of chaos. Next follows an informal survey
of what can be expected in one-parameter families of systems, using (1.1) as a model
case. Then in Part II follow a few sections containing precisely formulated theorems.
In Part IIT this theory is applied to the Ricker and Hassell models.

This is a survey. Of the theorems stated in Part I1, only parts of Theorem 20 on the
parameter dependence of natural measures are original to the author. The conclusions
for the population models in Part III are in most cases easy consequences of the
theorems of Part 11, requiring only routine calculations. The proof of Theorems 28 and
29 (abundance of chaotic maps) is the least trivial part. Most of the statements of Part
IIT have been part of the working assumptions in population dynamics for many years,
but only recently have tools become available to back them up with rigorous results.
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I.1. The Visible versus the Invisible: Period Three versus Chaos. When mod-
eling with dynamical systems, one is primarily interested in phenomena that are
visible, numerically and in real life. This means focusing on dynamics that are stable
under perturbations and that are realized for large sets of initial conditions and pa-
rameters. Catchy as it might be, the title “Period Three Implies Chaos” of the often
cited paper [LY75] by Li and Yorke causes confusion when this dichotomy between
visible and invisible dynamics is neglected. Sometimes chaos is declared to exist in a
certain system, because a period-3 orbit has been detected. But the chaos alluded to
in the theorem of Li and Yorke might very well take place on a set of Lebesgue measure
zero and thus be completely invisible. For example, there is an open set of parameters
for which the quadratic maps @ have a globally attracting 3-cycle, attracting almost
all (in the sense of Lebesgue measure) initial conditions. So these maps will model a
highly regular behavior, even though there is some weak type of chaos taking place
on an invisible set. The same is true for the families (1.2) and (1.3): For each fixed
[ there is an open interval of A values such that the corresponding map has a 3-cycle
attracting almost all initial conditions. See Figure 1 for an example, taken from the
Hassell family. These period-3 windows in parameter space are clearly visible in Fig-
ures 2 (logistic), 3 (Hassell), and 5 (Ricker). Note that this is deep into “the chaotic
regime.” (This coexistence of period-3 chaos and a global periodic attractor in fact
persists on a dense set of A values to the right of these period-3 windows, since maps
with periodic attractors are dense in parameter space and the period-3 orbit persists
as an unstable one.)

1.2. Long-Periodic Motions versus Chaos. In real phenomena, a long stable
cycle will be indistinguishable from nonperiodic motion, simply because one never
observes more than a finite number of generations. Whether or not an attractor is
truly nonperiodic is probably of purely academic interest; in this respect, the asymp-
totic theory of dynamical systems might not seem very relevant. But for the overall
picture, theory is important. For example, we will see that the asymptotic distribu-
tion of orbits, though almost independent of initial conditions, will be very sensitive
to perturbations in parameter space when we are close to certain chaotic systems.
One should also be aware of the following scenario, which could be realized in any of
the models above.

Suppose we are given a system f, which has stable cycle of length p, but this has
not been revealed to us. We choose an initial condition zy and observe its orbit for,
say, p — 1 steps. So far we have not detected any periodic motion, and furthermore
it can happen that small perturbations of xg grow rapidly during these first p — 1
iterates. If p is large we may then be tempted to declare the motion to be chaotic,
but following the system for one more step we see the orbit closing, and the sensitivity
to perturbations is killed by a small derivative in this last step of the cycle. Using the
word chaos for a possibly longer-than-observed stable periodic motion could thus be
very misleading.

It is true that the transient phase could be long and complicated before settling
into a (possibly short) periodic cycle. In the presence of a 3-cycle, stable or unstable,
Sarkovskil’s theorem [Sar64] implies that there are cycles of all orders and that these
will influence the transient dynamics. But to avoid verbal inflation, we suggest sticking
to the word complicated, and saving chaos for systems that are truly and visibly
chaotic in the sense hinted at above and to be described below.

Unfortunately, in a parameterized model it is almost never possible to pinpoint a
truly chaotic parameter, even though one knows that they are there (in great abun-
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Fig. | Two orbits, xn versus n, of the Hassell map H3z120.914 of (1.3), which has an attracting
3-cycle 0.0017 — 0.0485 — 0.5584 +— 0.0017, attracting almost all orbits.
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dance), and it is not always true that a chaotic map and nearby maps with long
stable cycles have the same asymptotics even on a coarse-grained level. But on the
other hand, we will see that small random perturbations of a chaotic map often
roughly preserve the asymptotics and that strongly chaotic maps typically occupy a
positive measure set in parameter space. In this sense, chaotic maps are visible and
stochastically robust.

1.3. Deterministic One-Dimensional Models in Population Dynamics. There
are several motivations to study deterministic time-discrete one-dimensional models
in the context of population dynamics:

1. Such models are indeed used in population dynamics; see, for example, [Ric54],
[May76], [HLM74], [Ren91], [Mur93], and references therein.

2. Higher dimensional systems can sometimes be approximated by, or reduced
to, one-dimensional systems. This could be through different scales of relax-
ation times, or by considering return maps for continuous time systems to
some lower dimensional subset. How models like (1.2) could be derived from
models with structured competition is discussed in [GHL97] and in the refer-
ences therein. See also [BS99] for an example of a Ricker-like map as a first
return map for amplitudes in a certain continuous-time predator-prey model.

3. For many of the results described in this paper there are analogous state-
ments about more complex systems, some of them proven and some of them
expected to be true in generic situations. So the fairly well understood one-
dimensional case (and in particular the quadratic family) can be seen as a
model of models, exhibiting various features one could expect to find in more
complicated (realistic) systems.

4. Even when a stochastic model is preferred, the study of such a model is of-
ten facilitated by a good understanding of its deterministic counterpart. See,
for example, [Hog97], where Ricker maps and their asymptotic distributions
appear as a limiting case of certain stochastic branching models.

2. An Informal Summary. We now give an informal summary, using the quad-
ratic family (1.1) as an example. We will give signposts to the full theorems appearing
in the following sections, where the reader can see in which situations the various
properties are rigorously known. When we say that a set is “large” we mean that it
has positive Lebesgue measure; “almost all” means full Lebesgue measure. f" will as
usual denote the nth iterate of f.

2.1. The Attractor. Let us imagine the following experiment. For each parame-
ter A we pick a random initial point o € [0, 1] and start to compute its orbit

{zn(N)}22,, where 2, () := Q% (zo).

What is the long-time behavior of this sequence? Denote by wy(xg) the set of accu-
mulation points of the orbit of xg under @, that is, the set where the orbit tends to
settle down once transients have died out. It is conceivable that the different initial
points xy will have different asymptotic orbits, but it turns out that this is typically
not the case. For each A there exists a unique set Q) C [0,1], the metric attractor
(Definition 1) of @, such that wy(zg) = Q) for almost all 2. In other words, if we
choose xg from a uniform distribution on [0, 1], the orbit of z¢ will be attracted to
and fill out Q2 with full probability. For different A values we see different attractors.
If we plot Q) versus A we obtain the well-known bifurcation diagram of Figure 2.
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Fig.2 The attractor Q) versus A for the logistic map Qx(z) = Az(1 —z) of (1.1). For 400 equally
spaced A values we have computed 900 iterates of xg = 0.5. For each )\, iterates x301—x900, an
approzimation of Qy, are shown. For a dense set of parameters, QU is a (possibly very long)
periodic cycle. Notice the parameter interval around A ~ 3.85, where we see an attractive
3-cycle followed by a cascade of attractive (3 - 2™)-cycles.

The attractor {2y comes in only three different flavors (see Theorem 6):

(1) a periodic cycle,

(2) an attracting Cantor set of zero Lebesgue measure, and

(3) a finite union of intervals;
all of them do appear. Chaos in almost any sense (except for “period-3 chaos”) is
only possible when we have an interval attractor.

2.2. The Structure in Parameter Space. A natural task is to describe the set
of parameters corresponding to these three different types. In the quadratic case the
following is true.

(1) P := {X | Q, is a periodic cycle} is dense in parameter space (see Theo-
rems 14 and 17) and consists of countably infinitely many nontrivial inter-
vals. Moving the parameter inside one connected component of P, we see
the period-doubling scenario, with universal scaling in parameter space (see
section 2.6).

(2) C :={X\| Q, is a Cantor set} is a completely disconnected set of Lebesgue
measure zero (see Theorem 10).

(3) Z:={\|Q, is a union of intervals} is a completely disconnected set of posi-
tive Lebesgue measure (see Theorems 9 and 18).
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So the type of attractor we are likely to find depends on how we restrict our parameter.
Any nontrivial parameter interval will contain maps with stable cycles, and inside one
of the components of P we find stable periodic maps with full probability. But close to
a A € 7 we are likely to find interval attractors. Recall that this is a general property of
a set of positive Lebesgue measure: almost all points of the set are so-called Lebesgue
density points, where measure accumulates.

2.3. The Distribution of Orbits. Knowing that for a given system @, almost
all orbits tend to the same attractor, we might ask how different orbits distribute
themselves on the attractor. Except for when 2, is a periodic cycle, it is not a priori
clear that they have the same distribution. We put point masses along the orbits and
normalize in order to obtain a probability measure: we form the Birkhoff sums

n—1
1
MA,n($O) = g E 6:ck(A)
k=0

Hoping for convergence, we take the limit (in the weak* sense!)
pa(zo) = lim fixn(z0)
n—oo

in order to obtain a probability measure describing the asymptotic distribution of the
orbit of zyp under Q. For an interval J, py(xo)(J) is then the asymptotic frequency
with which the orbit of z¢ under @ visits J. Note that py(xg) will be invariant:

A (20)(QY ' E) = pa(wo)(E) for any measurable set E.

Our hope is that p (o) should exist and also be essentially independent of zg, so that
we can speak of a common invariant measure py describing the asymptotics for a large
set of initial conditions. In this case py is called a natural (physical, observable, SRB,
SBR, etc.?) measure (see Definition 8). This is indeed true for almost all quadratic
maps (but fails for uncountably many parameters A). More precisely, we have the
following (see Theorems 9 and 10):

(1) If A € P, there exists a natural measure uy and py = px(xg) for almost all
. )y consists of normalized point masses on the periodic cycle €2y.

(2) If X € C, there exists a natural measure py and py = px(zo) for almost all
xg. The support of uy equals the Cantor attractor 2y, and so py is singular
with respect to Lebesgue measure.

(3) (a) There is a full-measure subset S C Z such that for all A € S, there exists

a natural measure uy that equals py(zo) for almost all 2p. Furthermore,
W is absolutely continuous with respect to Lebesgue measure; that is,
i has an integrable density, and the support of uy equals the interval
attractor Q.

(b) There are uncountably many parameters in Z\S. For these maps various
singular phenomena can occur: @ may lack a finite natural measure al-
together, or the distribution on the interval attractor could be extremely
nonuniform, leading to a measure with a nonintegrable density.

If we start off with a distribution of initial conditions rather than a single initial
point, then the natural measures are attracting stationary states. This point of view
is suitable when comparing with stochastic models.

IRecall that p is the weak™ limit of py, if fI fdp =limy, o fI fdpn, for any function f continuous
on I.

2This concept was introduced by Ya. G. Sinai in the context of so-called Anosov systems and
was applied by D. Ruelle and R. Bowen in the setting of Axiom A systems.
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2.4. Periodic Cycles or Chaos. We have just seen that for almost all parameters
A, @ has a unique natural measure p) describing the asymptotics of almost all orbits
under @y, where ) is either

e [the periodic case P] a finite union of point masses sitting on a periodic
attractor, or
e [the chaotic case S] a finite measure absolutely continuous with respect to
Lebesgue measure, supported on an interval attractor.
Cases (2) and (3b) above are avoided with full probability in parameter space.

We call the second case chaotic for the following reason: not only do orbits
distribute themselves in a seemingly random way, but these maps also have positive
Lyapunov exponents almost everywhere; that is, there are constants v > 0 and C > 0
such that

D@ (o) = Ce™

for almost all g when A € S (Theorem 12). The map will have a strong form of
sensitive dependence on initial conditions, with nearby orbits separating at a uniform
exponential speed. Any uncertainty in the observed initial state will make long-
time predictions of the orbit impossible, but the statistics of the orbit are accessible.
Orbits distributes themselves stochastically according to uy. Figures 7 and 8 show
the Lyapunov exponent and the natural measure for Ri6.999,2.0-

2.5. Parameter Dependence of Asymptotic Distributions. We now address
the question of how the natural measure varies with the parameter. First observe
that a stable periodic attractor persists and moves continuously with the parameter
in any smooth family, so py will depend (weak*) continuously on A at points in the
interior of P.

For chaotic maps the situation is much more complicated. Recall that P, the set
of parameters corresponding to maps with periodic attractors, is dense in parameter
space, so arbitrarily small perturbations of a chaotic map can lead to a map with a
periodic attractor. The natural measure also exhibits a sensitive dependence on the
parameter. In, say, the logistic family, it is known that there is a set A C S of positive
measure such that for any \* € A,

e )\ — py is discontinuous at A = A*. Any measure consisting of point masses
on an unstable periodic orbit of @»~, as well as the natural measure py~, can
be approximated with measures supported on periodic attractors of nearby
maps. To avoid this discontinuity, either open intervals C P or the entire set
A must be deleted.

Still there are some continuity properties:

e As mentioned, py~ can be approximated with natural measures for certain
nearby maps with periodic attractors;

e )\ — ) restricted to A is continuous;

e sin+ is stochastically stable: if we add a stochastic perturbation after each
iteration we get a Markov chain with an equilibrium measure. When the
size of the perturbation goes to zero, this equilibrium measure tends to the
measure fiyx.

See Theorems 20 and 21. In this context we would like to stress the first and the
last of these properties: typically, the natural measure of a chaotic map may be
destroyed under arbitrarily small deterministic perturbations, but it will be approxi-
mately preserved under small stochastic perturbations. Noise is in this way a savior
when modeling in the chaotic regime. We now give a simple example of this idea.
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Ezample. The map Q4(x) = 4x(1 — ) is known to be of interval attractor type
with an absolutely continuous natural measure p = py4. This is one of the rare
instances when such a measure can be computed explicitly, and p turns out to have
a density symmetric with respect to the critical point ¢ = 1/2.

For A\ = 4, we have that
12 901 Q0%
So for A close to 4, the critical orbit will first move close to 1 and then spend a long
time on the left-hand side of the interval climbing up from 0. By tuning A we can
arrange for the critical orbit to finally land on the critical point ¢ = 1/2. We thus find
a sequence { A}, lim, o Ap = 4, such that @, has a periodic attractor of length n
containing the critical point and such that each of these periodic attractors has just
one point in the right half of the interval [0, 1].

Thus (1/2,1] = 1/2 but wy, (1/2,1] = 1/n, so lim, s ux, (0,1] = 0. By con-
tinuity on P the same holds for parameter sequences {v,}, when 7, is sufficiently
close to A\, and, in particular, in the same periodic window. So arbitrarily small
deterministic perturbations of A = 4 can lead to completely different asymptotics.

However, the probability of this is small. It is known that the set A, within
which measures do vary continuously, has a Lebesgue density point at A = 4. So if
we add small random perturbations at each iteration step, we are most likely to end
up composing a chain of maps in which most maps belong to the set A. Intuitively
at least, this explains why stochastic perturbations roughly preserve the asymptotic
distribution.

We remark that by changing coordinates, the quadratic family can be written in
the form

z— 22+ e

In this form perturbations in the parameter ¢ are the same as perturbations in phase
space.

2.6. Period Doubling at Universal Rates. For completeness we end this over-
view with a few words on the period-doubling scenario, even though we will not go
into any details.

As can be seen from Figure 2, for A\ < A\; = 3, the attractor 2 is a fixed point.
When A increases beyond 3, the attractor bifurcates into a 2-cycle, followed by a
4-cycle, and then through the whole sequence of 2"-cycles. Let A, be the parameter
where the 2"-cycle is created. If one studies the rate of change of the distance in
parameter space between successive bifurcations one finds that
(2.1) lim 22 M s 4669,

n—0o0 )\n-‘rl - A
In other words, the distances between successive bifurcation points scale asymptoti-
cally in a geometric way, as \,, increase to the finite limit Ao. (The attractor y__ is
a Cantor attractor.)

As mentioned, the set P is dense in parameter space. In fact it consists of intervals
[5\, 5\00), where a periodic attractor of length, say, k is born when \ passes A, and period
doubling to (k - 2™)-cycles occurs as A passes certain A,. Once again the sequence
{An} accumulates at some finite Ao, corresponding to a Cantor attractor, with the
same asymptotic geometric rate 9.

In fact, this is independent of the actual analytic form of the function family. The
same scaling with the same ¢ is found in any one-humped family, where the critical
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point ¢ is nondegenerate (f”(c) # 0), and the hump moves monotonically (in the
vertical direction) with the parameter. For families with critical point of higher but
finite order, there are other universal rates.

A key feature of this is that from observations of a few period-doubling bifurca-
tions one can predict successive bifurcation values and their accumulation point. This
can be done for real-life systems, assuming nothing about the underlying model other
than a one-humped transition function with nondegenerate critical point.

One of the first researchers to observe this phenomenon and provide a mathemati-
cal explanation was Mitchel Feigenbaum [Fei79]. (The number § = 4.669. .. is known
as Feigenbaum’s constant.) This scenario has been rigorously verified in a number of
cases, including the logistic family [Lan82]. See also [CE80], [EE90], [EW87], [Sul88],
Chapter VI in [MS93], [McM96], [Lyu97], [Mar98], and ongoing work by de Melo,
Pinto, and de Faria.

Period doubling has also been observed in numerical experiments in higher dimen-
sions with both discrete and continuous time systems, as well as in physical systems.

Part Il. Rigorous Results

We will now introduce some concepts and theorems that give the scenario above
for the logistic family (1.1), and which to a large extent are applicable to the Ricker
family (1.2) and the Hassell family (1.3).

We consider continuous maps of an interval I into itself. f™ will denote the nth
iterate of f, and by the (forward) orbit of z (under f) we mean the set {f*(z)}22,.

3. Attractors for S-Unimodal Maps. The asymptotic behavior of the orbit of
point z under f is described by the set of accumulation points, the w-limit set of x,
w(x), defined by

w(z) =wy(z) = {y € 1| 3{n;}72, such that y = jli,r{.lo fm (az)}

A point x is periodic with period p if fP(x) = x, and p is the smallest positive
integer with this property. A periodic orbit P is attracting if there is a neighborhood
U of P such that w(y) = P for all y € U. If f is C', we may define the multiplier
A(P) of a periodic orbit P: by the chain rule, (f?)’ is constant on a periodic orbit of
length p. Let A(P) = (f?)'(x0), where xg € P. We then classify periodic orbits as
follows:

e P is superstable if A(P) = 0. This is equivalent to the condition that P
contains a critical point.
e P is stable if 0 < |A(P)| < 1.
e P is neutral if |A\(P)| = 1.
e P is unstable if |\(P)| > 1.
It is clear that stable and superstable periodic orbits are attracting. A neutral periodic
orbit may or may not be attracting.
A set I is called forward invariant if f(I') =T
Let B(I") denote the basin of attraction of a forward invariant set I', that is,

BI) ={z|w(x) cT}.

In other words, B(T") consists of all points that asymptotically end up in T'.
By an attractor we mean a set that has a large basin, such that all parts of the
attractor attract something substantial.
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DEFINITION 1 (metric attractor [Mil85]). A forward invariant set § is called a
metric attractor if B(Q) satisfies

(1) B(R) has positive Lebesgue measure;

(2) if V' is another forward invariant set, strictly contained in Q, then B(Q)\

B(§Y) has positive measure.

An attracting fixed point or an attracting periodic cycle are of course attractors
in this sense.

We will mainly consider unimodal (one-humped) maps.

DEFINITION 2 (unimodal). A continuous interval map f: 1 = [a,b] — I is
unimodal if there is a unique mazimum c in the interior of I such that f is strictly
increasing on [a,c) and strictly decreasing on (c,b]. For simplicity, unimodal will
also require that either a be a fized point with b as its other preimage, or that I =
[£2(0), £()]-

Remark. The conditions on the boundary behavior guarantee uniqueness of at-
tractors for the class of maps we are about to study. See Theorem 4, Corollary 5, and
Theorem 6.

For the maps we have in mind, f(c¢) < ¢ will always imply the existence of a
globally attracting fixed point. If ¢ < f2(c) < f(c), then there is a globally attracting
fixed point or 2-cycle in (¢, f(¢)). These cases need not be unimodal according to our
definition, although they have the right shape, but on the other hand there is not
much to say about the dynamics.

If f2(c) < ¢ < f(c), we can often reduce the study to the so-called dynamical core
[f%(c), fL(c)], which is mapped onto itself and absorbs all initial conditions (except
o = a when a € 01 is a fixed point).

We consider differentiable maps; in particular the turning point will be a critical
point, f’'(c) = 0.

If f”(c) = 0, we say that the critical point ¢ is degenerate. If the nth derivative
vanishes at ¢, f(™(c) = 0 for all n > 0, we say that ¢ is a flat critical point. Here we
will always assume at least nonflatness.

DEFINITION 3 (negative Schwarzian). An interval map f: I — I has negative
Schwarzian derivative if f is of class C® and

Sf(x):

ae 3 ar 2
= chf’((as)) -5 (J;u((x))> <0 forallzelI\{c]| f'(c)=0}.

A unimodal map with negative Schwarzian will be referred to as an S-unimodal map.

The importance of the Schwarzian derivative in interval dynamics comes from the
following theorem.

THEOREM 4 (Singer’s theorem [Sin78]). Let f: I — I be a C® interval map
with negative Schwarzian derivative. Then each attracting periodic orbit attracts at
least one critical point or boundary point. Furthermore, each neutral periodic point is
attracting.

COROLLARY 5. An S-unimodal map can have at most one periodic attractor, and
it will attract the critical point.

Unimodal maps with negative Schwarzian and nonflat critical point come in only
a few different flavors according to the next theorem, due to Blokh and Lyubich.

THEOREM 6 (see [BLO1]). Let f: I — I be an S-unimodal map with nonflat
critical point. Then f has a unique metric attractor Q, such that w(z) = Q for
Lebesgue almost all x € I. The attractor Q2 is of one of the following types:
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(1) an attracting periodic orbit;

(2) a Cantor set of measure zero;

(3) a finite union of intervals with a dense orbit.

In the first two cases, Q = w(c).

We will also need the following concept.

DEFINITION 7 (Misiurewicz map). A map f is called a Misiurewicz map if it has
no periodic attractors and if critical orbits do not accumulate on critical points, that
is, if

cn wy (C) =0,

where C denotes the set of critical points of f.

Ezample. Consider Q4(z) = 4x(1 — ). One verifies that this is an S-unimodal
map on [0, 1] and that Q4(0) = Q4(1) = 0. Furthermore, we know that for the critical
point ¢ = 1/2 we have

Q
903
Since 0 is a repelling fixed point, we apply Singer’s theorem and conclude that Q4
has no periodic attractors. We thus see that @4 is a Misiurewicz map, and from this
it follows that @4 has strong chaotic properties (see below).

1/2 941

4. Natural Measures. A Borel measure p is invariant for f: I — Iif u(f~1(E)) =
u(E) for every measurable set E C I. One looks for invariant measures that describe
the asymptotic distribution under iteration for a large set of initial points.

DEFINITION 8 (natural measure). An invariant measure p is called a natural

measure for f if
1 n—1
(4.1) w= nll_}IIDlo - Z (5fk($)
k=0
for all x in a set of positive Lebesque measure. (Here 8, denotes a Dirac mass in x,
and the limit is in the weak* sense.)

Natural measures are also known by the names physical measures and Sinai—
Ruelle-Bowen (SRB) measures. One could think of them as absorbing stationary
distributions. In many cases, as we will see, such measures exist and describe almost
all orbits so that they are unique.

For a map with a periodic attractor, point masses of equal weight on the points
of the attractor constitute a natural measure.

We will also be interested in the case when the natural measure has a density;
this we interpret as a sign of chaos. The following abbreviations will be used:

e acim stands for absolutely continuous (with respect to Lebesgue measure)
mvariant measure;

e acip stands for absolutely continuous invariant probability measure, a finite
and normalized acim.

The following theorem (see Chapter V.1 in [MS93]) will be relevant for our dis-
cussion.

THEOREM 9. Let f be an S-unimodal map with nonflat critical point. If f has
a periodic attractor, or a Cantor attractor, then f admits a unique natural measure
supported on the attractor.

If f admits an acip p, then

(1) w is a natural measure;

(2) the attractor Q of f is an interval attractor;

(3) supp(w) = Q, in particular, p is equivalent to the Lebesgue measure on €.
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In all these cases the natural measure describes the distribution for almost all initial
conditions.

Remark. Observe that the theorem does not guarantee the existence of a natural
measure in the case of an interval attractor. Indeed there are uncountably many
parameters in the logistic family, for which the corresponding maps have interval
attractors and lack natural measures altogether, or have natural measures with weird
properties. See [Joh87] and [HK90].

But, at least in the logistic family, both such singular phenomena and Cantor
attractors are rare in the sense of Lebesgue measure.

THEOREM 10 (Lyubich [Lyu97], [Lyu98]). For almost all X € (0,4], the logistic
map Qx has either a periodic attractor or an interval attractor supporting an acip.

A generalization of this theorem to unimodal, real-analytic families with quadratic
critical point has recently been announced by Avila, Lyubich, and de Melo.

5. Chaos. In [Guc79], Guckenheimer made the following definition.

DEFINITION 11 (sensitive dependence). An interval map f has sensitive depen-
dence on initial conditions if there exists a set K of positive Lebesgue measure with
the property that there exists a 6 > 0 such that for every x € K and every interval
neighborhood J of x, there is an n such that f™(J) has length larger than 6.

This means that with positive probability we find points with arbitrarily small
neighborhoods which sooner or later expand to macroscopic scale.

If f is as in Theorem 6, Guckenheimer proved that

e if f has a periodic attractor, then f does not have sensitive dependence;
e if f has an interval attractor, then f has sensitive dependence.

Remark. Cantor attractors can be of two types. In [Lyu94], Lyubich showed
that an S-unimodal map with nondegenerate critical point that also has a Cantor
attractor has to be what is called infinitely renormalizable. Guckenheimer’s work
implies that there is no sensitive dependence in this case. So for S-unimodal maps with
nondegenerate critical point, sensitive dependence on initial conditions is equivalent
to the presence of an interval attractor.

In families of unimodal maps with critical point of sufficiently high order, there
also exist attractors worthy of the name strange attractors: Cantor attractors with
sensitive dependence on initial conditions. This was proved by Bruin et al. in
[BKNvS96].

There are several definitions in use for what it means for a map to be chaotic,
where sensitive dependence is one of the weakest. Even weaker is the type of chaos
implied by the existence of a 3-cycle [LY75]; in this case we have sensitive dependence
on an invariant uncountable set, which could be of measure zero. As mentioned in
the introduction, such “period-3 chaos” could peacefully coexist with a stable periodic
attractor whose basin of attraction has full measure.

One other possibility is to say that f is chaotic if f admits an acip. In the
case of nonflat S-unimodal maps, almost all orbits distribute themselves according
to this measure over entire intervals. This follows from Theorem 9 and is intimately
connected with strong expansion properties. In fact it is equivalent to having a positive
Lyapunov exponent almost everywhere.

THEOREM 12 (Keller [Kel90]). Let f : I — I be an S-unimodal map with nonflat
critical point. Then f admits an acip if and only if

1
lim Elog|Df”(x)| =k>0

for almost all x € 1.
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Refer to Figures 7 and 8 for an illustration using a certain Ricker map of Misi-
urewicz type.

For nonflat S-unimodal maps, some weak expansion along the critical orbit of f
is a sufficient condition for f to admit an acip. This is sometimes a good way to prove
that f is chaotic.

THEOREM 13 (Nowicki and van Strien [NvS91]). Let f be an S-unimodal map
with nonflat critical point ¢ of order ¢; i.e., assume that there are constants C1 and
Cy such that

Cile—c ' <Df(x) < Cylz—c .

Also assume that
> 1

2

— <
Z D (e "

Then f admits an acip, with a density that belongs to LP for all p < ﬁ.

Remark. Typically one would expect exponential growth of the derivative to be
associated with an acip, but not even the weak condition in the theorem above is
necessary [Bru94al, [Bru94b].

It is easy to see that an acip will have singularities along the critical orbit
{c1,¢2,...} and that these will imply that the density of the acip is not in L? for
p > £/(¢ — 1), whenever the critical point is of order £. These singularities are clearly
visible in Figure 8.

Any Misiurewicz map with negative Schwarzian admits an acip under mild non-
flatness conditions. See [Mis81] and [BM89]. In generic one-parameter families, there
are uncountably many Misiurewicz maps, but they form a set of measure zero in pa-
rameter space [San98]. But as we will see in the next section, Misiurewicz parameters
are Lebesgue density points of parameters corresponding to acips. In particular we
find maps admitting acips for a positive measure set of parameters.

6. The Structure in Parameter Space. For S-unimodal maps with nonflat crit-
ical point, Theorem 6 gives three possible different types of asymptotic behavior. A
fundamental problem presents itself: Describe the subsets in parameter space corre-
sponding to different types of attractors.

6.1. Periodic Maps Are Dense. For the quadratic family we have the following
theorem.

THEOREM 14. The set of parameters A such that Q» has a stable periodic attractor
is dense and open in (0,4].

This theorem was first announced by Swi@tek in [Sa92], and a complete proof
was given in [GS99]. In his thesis, Kozlovski [K0z97] solved the famous problem of
structural stability and Axiom A for unimodal maps, and he generalized the theorem
above to real-analytic families.

DEFINITION 15 (Axiom A). An interval map f satisfies Axiom A if

(1) f has finitely many period attractors, and

(2) Df™ is uniformly exponentially large in n outside the basins of the periodic

attractors.

Note that an S-unimodal map satisfies Axiom A iff it has a stable periodic at-
tractor.

THEOREM 16 (Kozlovski [Koz97]). Aziom A maps are dense in the space of all
C* unimodal maps in the C* topology, k =1,2,...,00,w.
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THEOREM 17 (Kozlovski [Koz97]). If f,... is an l-parameter family of real-
analytic unimodal maps of an interval, depending in a real-analytic fashion on the
parameter(s), such that the family contains at least one Aziom A map and at least
two nonconjugated maps, then the Axziom A maps are dense in the set of parameters

{( A1, )}

6.2. Chaotic Maps Are Common in the Sense of Measure. Maps with periodic
attractors are thus predominant from a topological point of view. On the other hand,
one knows that chaotic maps are common in the sense of Lebesgue measure. This is
a theorem that exists in many versions. The first result in this direction is due to
Jakobson [Jak81]. The formulation below is taken from [MS93]. A slightly different
version of Theorem 18 below was first presented in [TTY92]. The proof in [TTY94],
as well as the proof in [MS93], uses the techniques introduced by Benedicks and
Carleson in [BC85] and [BC91], where they proved an abundance of chaotic maps in
the quadratic family.

The setup is as follows:

H1: f\ is a one-parameter family of C?> unimodal maps of an interval I.

H2: Each f) has a nondegenerate critical point ¢ (we assume c¢ is independent of

A; this could always be achieved by a smooth change of coordinates).

H3: Each f) has a repelling fixed point on the boundary of I.

H4: The map (l’,)\) = (f)\(x)asz)\(I)aDng(x)) is O

H5: \* is a parameter value such that fy~ is a Misiurewicz map; for simplicity we

assume that the critical orbit is mapped onto an unstable periodic cycle P*
in a finite number of steps.

By general theory, an unstable periodic orbit (in fact any hyperbolic set) persists
and moves smoothly under small perturbations of the map; for A sufficiently close to
A* we can find a point z(\) € I and an unstable periodic orbit P(A) such that

e A\ — x(\) is differentiable;
o z(A) = fax(c);
e P()\) moves continuously with A and P(\*) = P*;
e x(A) is mapped onto P(A) in the same number of steps as x(A\*), and onto
the corresponding point of P(X).
One needs to know that the map really moves with the parameter at A = A* in the
following sense:

H6: % (.1?()\) - f)\(c))‘)\:)\* 7é 0.

THEOREM 18. If f) satisfies H1-H6, there exist constants v > 0 and C > 0 and
a positive measure set E& of parameters with \* as a Lebesgue density point, such that

| D fX (fa(c)| = Ce™™ for all X € E and alln > 1.

Using Theorems 9, 12, and 13 one also immediately obtains the following corollary.

COROLLARY 19. If fy is also an S-unimodal family, then for all A € E one also
has that

(1) fn admits an acip py, with a density that is in LP for any p < 2;

(2) pa is a natural measure describing asymptotics for almost all orbits;

(3) fx has positive Lyapunov exponent almost everywhere.

Other papers with similar results and/or different proofs include [CE80], [Ryc88],
[BY92], and [Luz00]. Following his paper [Tsu93b], Tsujii gave a generalization to
polymodal families in [Tsu93a]. The hypothesis H2 can be relaxed to a nonflat crit-
ical point. Under some extra conditions the theorem in fact generalizes to certain
families with flat critical point [Thu99]. We mention that one of the key points in the
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construction of the good parameter set E is that for A € E, the critical orbit should
not accumulate too fast on the critical point ¢. For some small positive number « one
requires that

(6.1) [fi(c)—c| >e " foral A€ £ andalln > 1.

We summarize the picture in parameter space for real-analytic one-parameter
families of maps satisfying H1-H6. Stable periodic attractors are found for a dense
and open set of parameters, and acips for a nowhere dense set of positive measure.
These two cases (acips and period attractors) have full measure in parameter space.
For this last property, nondegenerate critical point H2 is essential to the best of our
knowledge; cf. Theorem 10 and its generalization to real-analytic unimodal families.

7. Parameter Dependence and Stochastic Perturbations. According to The-
orem 10, the mapping

U : X\ — py =: the natural measure of the logistic map @)

is well defined for almost all A in (0,4]. Of course, ¥ is continuous on the interior of
P, the set of parameters for which Q) has a stable periodic orbit. In what follows we
discuss the structure in parameter space and the parameter dependence of py near
certain maps admitting an acip. From Theorem 18 and its corollary, we get a positive
measure set A4, such that for A € A, @, admits an acip py. Combining the results
from several papers, we see that we can choose A to have several other features,
which we believe are typical for maps with an acip. In particular one finds that the
parameter dependence of natural measures has severe singularities at any parameter
in A.
THEOREM 20. There is a set of parameters A of positive measure, such that for
each A € A, one has the following properties.
(1) Qx fulfills the conclusions of Theorem 18 and Corollary 19. In particular Qx
admits a natural acip p).
(2) There is an open set O C P of parameters accumulating on X\, such that if
O 3 Ay — A, then py, — p; i.e., the acip py is the weak™ limit of certain
measures on periodic attractors of nearby maps [Thu96], [Thu98].
(3) For any unstable periodic orbit P of Qx, there is an open set Op C P of

parameters accumulating on A, such that if Op 2 A, — A, then uy, — ,ujing,

where p?‘g is the equidistributed singular measure on P; i.e., any invariant
measure of Qx sitting on an unstable periodic orbit can be approrimated in
the weak™ sense by measures on periodic attractors of certain nearby maps
[Thu9g].

(4) It follows that ¥ : XA +— uy is discontinuous at any point of A; to recover
continuity open intervals of periodic maps, or the entire set A, must be deleted.
U is thus not continuous on any set of parameters of full measure [Thu98].

(5) W restricted to A is weak™ continuous; in fact the densities vary continuously

in LP for p < 2 [RS92]. See also [Tsu96).

(6) px is strongly stochastically stable in the sense of Baladi and Viana (see below)

[BV96].

Properties 3 and 4 of Theorem 20 hold for generic families satisfying H1-H6. For
Property 2 one also needs to know that the critical orbit is distributed according to
the acip for maps in .A. That this is the case for quadratic maps was shown in [BC85].

We comment on the notion of stochastic stability. Let f be an interval map with
a natural acip p and let {O.}¢>o be a family of probability densities such that O, is



PERIODICITY VERSUS CHAOS IN ONE-DIMENSIONAL DYNAMICS 19

supported on [—e¢, €]. The idea is to replace the nth iterate f™ of f by
(f+ta)o-o(f+11),

where ¢; are random numbers chosen independently according to the common distri-
bution ©.. One thus obtains a discrete time Markov chain x¢ on the interval. This
Markov chain has a unique stationary probability measure m..

We say that f is weakly stochastically stable under x¢ if m. — p in the weak™
sense, when ¢ — 0. In [BY92], Benedicks and Young proved that there exists a set
of parameters of positive measure such that the corresponding quadratic maps admit
an acip that is weakly stochastically stable under a certain class of perturbations.

f is strongly stochastically stable under x°€ if
du  dme

.
s dx dx

e—0

=0.
Ll (dx)

Baladi and Viana in [BV96] considered perturbations O, as above with some extra,
mild technical assumptions and proved the following theorem.

THEOREM 21. Let f be an S-unimodal interval map with nondegenerate critical
point c. Assume there are constants hog > 1, v >0, and 0 < a < /4, such that

(1) |f™(c) —c| = e " for all n > ho;

(2) |(f")/ (f(e))| = €™n for all n > ho;

(3) f is topologically mizing on the interval bounded by f(c) and f3(c).

Then f has an invariant measure with an integrable density, which is strongly stochas-
tically stable.

The first condition is built into the construction of the set E of Theorem 18,
whose existence is implied by conditions H1-H6; see (6.1). The second is of course
the property given by Theorem 18, and the third assumption always holds for S-
unimodal maps with an acip p: there is a full measure set of initial points whose orbits
are distributed according to pu; in particular these orbits will be dense on the unique
interval attractor. Thus any open set will contain a point with a dense orbit, and so
the map is topologically mixing. From all this it follows that Theorem 21 is applicable
to all maps in the set E of Theorem 18 and Corollary 19 in the S-unimodal case.

Remark. Note that the notions of weak and strong stochastic stability defined
above should not be confused with stochastic stability in the sense of Hognés and
Vellekoop [HV97]. They studied generalizations of the Ricker models and the Has-
sell models where the “environmental” parameter (3 is a stochastic variable. They
called such a Markov chain stochastically stable if it has an attracting, stationary
distribution.

Part lll. Applications to Population Dynamics

8. Uniqueness of Attractors in Population Dynamics. We now focus on the
Ricker and Hassell families, defined in (1.2) and (1.3), and begin with some elementary
but useful facts.

LEMMA 22. FEach map in the Ricker family has negative Schwarzian derivative.

Proof. Calculating the Schwarzian derivative of Ry g we find that

4
;(1—5555)2 (x2 —4x/B+ 643%).

This is readily shown to be negative for all  # ¢ = 1/4. ]

SRy p(x) = —
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LEMMA 23. Each map in the Hassell family with 8 > 2 has negative Schwarzian
derivative.
Proof. Straightforward but somewhat tedious calculations give

BB —1) 2
SHy p(x) { 20122 (D17 } {(B-=1)(B-2)2" —4(B—2)x + 6} .
The first factor is obviously negative for  # ¢ = 1/(1 — 3), and the second is positive
when (> 2. 0

LEMMA 24. Each map in the Hassell family with 1 < 8 < 2 has a unique and
globally attracting fixed point, regardless of the size of \.

Proof. The fixed point at = 0 is globally attracting iff A < 1. For A > 1 there
is an interior fixed point z = A% — 1, and calculating the derivative, one finds that
1> H, 4(z)=1-B1-A")>1-2=-1

if 8 < 2. z is easily seen to attract all initial conditions zy # 0. 0
Let f be a Ricker or a Hassell map. Then the following facts are easily checked:
o if f(c) < corifc< f2(c) < f(c), then f has a globally attracting fixed point
or 2-cycle;
e if f2(c) < c < f(c), then I = [f?(c), f(c)] absorbs all initial conditions z¢ # 0,
and f restricted to I is unimodal.
Combining these observations with Lemmas 22-24 and Theorem 6, we obtain our
first main result on Hassell and Ricker maps.
THEOREM 25. Fach Ricker or Hassell map has a unique metric attractor at-
tracting almost all initial conditions. The attractor is a periodic cycle, an attracting
Cantor set, or a finite union of intervals with a dense orbit.

9. Structure in Parameter Space. Figures 3-6 show one-parameter bifurcation
diagrams for our population models. We immediately notice that the A dependence
for each of the families and the 8 dependence for the Hassell family seem much the
same as the parameter-dependence in the logistic family. In this section we will prove
some results along these lines.

9.1. Maps with Periodic Attractors. As a corollary to Theorem 17 we immedi-
ately obtain the following theorem.

THEOREM 26. Maps with a stable periodic attractor form a dense subset:

(1) in (N, B)-space, for both the Ricker family {Rx g} ) and the Hassell family,

{Hxp}x8)5

(2) in A-space for each of the families {Rx g, }x and {Hx g, }r obtained when
B = Bo is fized;

(3) in B-space for the one-parameter families {Hy, g}s, obtained when A = ¢ is
fized.

Proof. All we have to do to apply Theorem 17 is to find an Axiom A map (a map
with a stable cycle) and two nonconjugated maps within each of the families. The first
statement in the theorem in fact follows from the second, which is easily proved since
the interior fixed point starts out as a stable fixed point absorbing all initial conditions
2o # 0 for small X, and loses its stability for some A(3) when a 2-cycle is born.

For the third statement we argue as follows. For Ao < 1, x = 0 is a globally
attracting fixed point for all 3, so this case is trivial. The interior fixed point z =

)\é/ # _ 1 exists for Ag > 1 and has multiplier

M(B) = Hy, 5(z) =1- 8 (1-2"°) .
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Fig. 3 DBifurcation diagram Q g versus A as in Figure 2 but for the Hassell family of (1.3) with
fized B = 20. (We have also performed this experiment with the parameterization and the
parameter values used in [HV97] and obtained the same type of picture as seen here. We
have not been able to reproduce the bifurcation diagram in [HVIT7].)

A=215

LB

Fig. 4 Bifurcation diagram Q0 g versus B for the Hassell family with fized X = 21.5. Note the
logarithmic vertical scale.
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Fig. 5 Bifurcation diagram Qy g versus X for the Ricker family of (1.2) with fized 8 = 2.

One readily shows that M is decreasing in 8 and that
ma M(B)=1—1n).

Thus for 1 < A\g < €2, z is stable and globally attracting for Hy, g for all 3. Once
again statement (3) is trivial. For A\g > €2, z will lose its stability for 3 large enough.
This can only happen when a 2-cycle is born, and a map with a 2-cycle can of course
not be conjugated to a map without a 2-cycle, so we may apply Theorem 17. O

Remark. Note that the corresponding statement for one-dimensional sections
{Rx,,3}s of Ricker maps fails. This is so simply because 3 is a pure scaling parameter.
For any A > 1 and any ;1,82 > 0, Ry g, and Rj g, are conjugated via a linear change
of coordinates, independent of \. Moving ( just moves the map inside a conjugacy
class determined by A. This is illustrated in Figure 6.

This should be an important qualitative difference between Hassell maps and
Ricker maps, which in particular suggests that they should behave differently under
stochastic perturbations in the -parameter (sometimes called environmental stochas-
ticity).

9.2. Abundance of Strongly Chaotic Maps. Finally we use Theorem 18 and
Corollary 19 to show that genuinely chaotic maps, with positive Lyapunov exponents
almost everywhere and an invariant absolutely continuous probability measure, appear
with positive frequency in both families. We do this by verifying the conditions H1-
H4 and proving the existence of a Misiurewicz parameter \*(3) satisfying H5 and
H6 for all § in an open interval. The choice of Misiurewicz parameter is dictated
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Fig. 6 For the Ricker family, B is a pure scaling parameter. This figure shows 25 g versus 3 for

three fired values of A. The qualitative type does not change with 3. For A~ 16.999 and any
B> 0, we know that R 8 is a Misiurewicz map of type ¢ — c1 — cg — c3 O, and thus has
strong chaotic properties.
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by computing convenience. The reader can, using the same techniques, go hunting
for Misiurewicz parameters with the right properties in his or her favorite part of
parameter space. We stress the following facts:
e Conditions H1-H4 are easily checked for entire families, and for each fixed
B = Bo they hold for the one-parameter families Ry g, and H) g,.
e Misiurewicz maps exists in great abundance in generic families by kneading
theory, and condition H6 is of course completely generic.

PROPOSITION 27. There exists a By ~ 20.914 such that for each fixed B suffi-
ciently close to By, there exists a X*(8), A*(8o) = 21.5, such that Hy = Hxp is a
one-parameter family with a Misiurewicz map Hx« fulfilling conditions H1-H6.

Proof. First H1-H4 are easily checked for any fixed 5 > 1 and A > 1. Then one
verifies that the critical point ¢ = 1/(5—1) is mapped onto the interior (unstable) fixed
point z = A'/# — 1 in exactly three iterates for A = \g = 21.5 and § = By ~ 20.914:

Cr> €l Cob> 03 =2+ 2.
To do this, one shows numerically that

B {z(X0,8) — HS, 5(c ()}

changes sign for 8 = [y ~ 20.914. One also verifies that z is a repeller for these
parameter values. Thus the critical orbit does not accumulate on the critical point
for Hy, g,, and there are no stable or neutral cycles, since for unimodal maps with
negative Schwarzian, these would attract the critical orbit. So we have a Misiurewicz
map.

Finally we verify H6 numerically for A = Ay = 21.5 and 8 = [y ~ 20.914. Here
we think of Hy = H(\, By) as a one-parameter family. Define

F(z;\) := Hx(x),
F™(x;A) o= F (F" Y(2;A);A) = HY(z) forn > 1.
For A close to A\g we may define () by
C(Ao) = Hxy(c),
F2(C(A); M) = 2 (X, Bo) -

¢(A) will be a point close to Hy(c), with the same type of forward orbit as Hj,(c).
Finally, we also write

Condition H6 now reads

d

W =Few)|  #o
From the definition of { we get
iy = 4 ) -
OF d oF
= %(Cl; A)JF(C;)\) + ﬁ(Cl; A)

0 0 d 7] 0
= S { GGG+ GrEn ] + S,
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Solving for d¢/d\, we obtain

This expression can easily be evaluated at A = Ao, since by definition {(A\g) = H),(c)
and (1(Ao) = H3 (c), and all other quantities are explicit. H6 can now be verified
numerically with rigorous estimates.

Finally, using the implicit function theorem and the fact that condition H6
is open, we conclude that for any f close to (y, there is a A*(3) with the desired
properties. ]

Combining Theorem 18, Corollary 19, Theorem 21 and the discussion thereafter,
Lemma 23, Theorem 25, and Proposition 27, we obtain the following theorem.

THEOREM 28. Hassell maps are strongly chaotic with positive probability: There
exists a nonempty, open set B such that for each B € B, there exists a positive measure
set Ag such that if A\ € Ag, then

(1) Hxp has no periodic attractor and the unique metric attractor is a transitive

interval attractor;

(2) Hx g admits an absolutely continuous invariant probability measure px g with

the following properties:

(a) pxp describes the asymptotic distribution of almost all orbits under
H,\,ﬁ,'

(b) wxpg has density in LP, 1 < p < 2;

(c) uxp is strongly stochastically stable in the sense of Baladi and Viana
[BV96];

(3) Hyxp has positive Lyapunov exponent almost everywhere, in particular at the

critical value.

The corresponding result also holds for the Ricker maps, by the same type of
arguments. Here we find a map of the type

c>—>clp—>02»—>63=ZO

for any 8 > 0 and A = Ao ~ 16.999 (independent of 3). These maps will be Misi-
urewicz maps, since the fixed point z = In(Ao)/3 has multiplier R} ;(2) =1-InXg <
—1 and thus is unstable. We have checked condition H6 numerically for 0 < § < 200.
We remind the reader that this particular choice of Misiurewicz map is only chosen
as a convenient example.

THEOREM 29. Ricker maps are strongly chaotic with positive frequency in pa-
rameter space: for any B > 0, there exists a positive measure set A/(gR) such that if

A€ AgR), then
(1) Ry g has no periodic attractor and the unique attractor is a transitive interval
attractor;
(2) Ry p admits an absolutely continuous invariant probability measure py g with
the following properties:
(a) pxpg describes the asymptotic distribution of almost all orbits of Ry g;
(b) wxg has density in LP for any 1 <p < 2;
(c) uxp is strongly stochastically stable in the sense of Baladi and Viana
[BV96];
(3) Rx g has positive Lyapunov exponent almost everywhere, in particular at the
critical value.
Figures 7 and 8 show the Lyapunov exponent and the natural measure for R1¢.999,2.0-
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Fig. 7 Positive Lyapunov exponent. For the Ricker map Ry g with A = 16.999 and 3 = 2, the figure
shows log [(RY 5)'(z0)| versus n for two different initial conditions zo = 0.3 and zo = 1.2.



PERIODICITY VERSUS CHAOS IN ONE-DIMENSIONAL DYNAMICS 27

X0 = 0.3

124

10

mmuuu =

02 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34

X

Xo = 1.0
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Fig. 8 Histograms of the distributions of two different orbits for the Ricker map Ry g, again with
A = 16.999 and B = 2. These are approzimately the same and are approrimated by the
natural acip of Ry g. This is a Misiurewicz map with finite critical orbit ¢ = 0.5 — c1 =
3.13 — c2 = 0.10 — c3 = 1.42 O. Notice the (square-root) singularities building up on the
forward images of the critical point. We have computed 10,000 points on each orbit and
divided the interval into 50 subintervals of equal length.
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Remark. One would also expect the natural measures of the chaotic maps in
Theorems 28 and 29 to have the sensitive type of A dependence described in parts
(2)—(4) of Theorem 20. Using the methods of [Thu98] we can in fact prove these
properties at the special Misiurewicz maps Hy«(g),3 (or Ry«(g) g defined in the same
way) used in the proofs above. To get the full analogue of parts (3) and (4) of
Theorem 20, one would need to know that all, or at least most, Misiurewicz maps in
the closure of the sets Ag satisfy the generic condition H6. This is of course what one

expects, but we have no rigorous results to back this up.

10. Concluding Remarks. Using recent results in one-dimensional dynamics,
one can harvest a lot of results on basic dynamical properties for explicit families of
systems. Here we considered two well-known, and much studied, models in popula-
tion dynamics, the Ricker family (1.2) and the Hassell family (1.3), and verified the
following commonly assumed properties:

e cach system has a unique metric attractor, being either a periodic cycle, a
Cantor set, or a finite union of intervals;
e periodic attractors appear for a dense subset of parameter space.
We also proved that
e maps with strong chaotic properties, stable under stochastic perturbations,
appear with positive frequency in parameter space.
Since we also expect asymptotic distributions (natural measures) as a function of
the parameter to behave in a singular way close to chaotic maps, we have a slightly
awkward situation when using these families to model real-life observables. If our
estimated parameters put us close to the set of strongly chaotic maps, the asymptotic
motion will behave in an extremely sensitive way on the parameter, making even
statistical predictions of the long-time behavior impossible. This should not be viewed
as weakness of the models; it may be an unavoidable difficulty. It is the way these
systems, and maybe nature herself, behave.

Acknowledgments. This paper was originally written while the author was at
the Department of Mathematics at KTH, Stockholm, where an earlier version was
published in their reports series. The author would like to thank Professors Michael
Benedicks, Timo Koski, and Ingemar Nasell for helpful discussions and encourage-
ment, and he acknowledges the support from the Royal Swedish Academy of Sciences.

REFERENCES
[BC85] M. BENEDICKS AND L. CARLESON, On iterations of 1 —ax?, Ann. of Math., 122 (1985),
pp. 1-25.
[BC91] M. BENEDICKS AND L. CARLESON, The dynamics of the Hénon map, Ann. of Math.,

133 (1991), pp. 73-169.
[BKNvS96] H. BRUIN, G. KELLER, T. NOWICKI, AND S. VAN STRIEN, Wild Cantor attractors exist,
Ann. of Math., 143 (1996), pp. 97-130.

[BL91] A. M. BLOKH AND M. YUu. LYUBICH, Measurable dynamics of S-unimodal maps of the
interval, Ann. Scuola Norm. Sup. Pisa Cl. Sci. 4, 24 (1991), pp. 545-573.

[BM89] M. BENEDICKS AND M. MISIUREWICZ, Absolutely continuous invariant measures for
maps with flat tops, Inst. Hautes Etudes Sci. Publ. Math., 69 (1989), pp. 203-213.

[Bru94a) H. BRUIN, Invariant Measures of Interval Maps, Ph.D. Thesis, Technische Universitet,
Delft, the Netherlands, 1994.

[Bru94b] H. BrUIN, Topological conditions for the existence of invariant measures for unimodal
maps, Ergodic Theory Dynam. Systems, 14 (1994), pp. 433-452.

[BS99] B. Brasius AND L. STONE, UPCA dynamics and phase synchronization in ecological

systems, Internat. J. Bifur. Chaos Appl. Sci. Engrg., to appear.



[BV96]

[BY92]

[CESO]
[Deva9)
[EE90]
[EW8T]
[Fei79]
[GHK94]

[GHLY7]

[GS99]
[GucT9]
[Has74]

[HHE 93]

[HK90]
[HLM?74]
[Hg97]
[HV97]
[Jaks1]
[Joh&7]
[Kel90]
[Koz97]
[Lan82]

[Luz00]

[LY75]

[Lyu94]
[Lyu97]
[Lyu9g]
[Mar9g]

[May76]

PERIODICITY VERSUS CHAOS IN ONE-DIMENSIONAL DYNAMICS 29

V. BALADI AND M. VIANA, Strong stochastic stability and rate of mizing for unimodal
maps, Ann. Sci. Ecole Norm. Sup. (4), 29 (1996), pp. 483-517.

M. BENEDICKS AND L. S. YOUNG, Absolutely continuous invariant measures and ran-
dom perturbations for certain one-dimensional maps, Ergodic Theory Dynam.
Systems, 12 (1992), pp. 13-37.

P. CoLLET AND J.P. ECKMANN, [terated Maps of the Interval as Dynamical Systems,
Birkhauser, Boston, 1980.

R. DEVANEY, Introduction to Chaotic Dynamical Systems, Addison-Wesley, Redwood
City, CA, 1989.

J.-P. ECKMANN AND H. EPSTEIN, Bounds on the unstable eigenvalue for period dou-
bling, Comm. Math. Phys., 128 (1990), pp. 427-435.

J.-P. ECKMANN AND P. WITTWER, A complete proof of the Feigenbaum conjecture, J.
Statist. Phys., 46 (1987), pp. 455-477.

M. J. FEIGENBAUM, The universal metric properties of nonlinear transformations, J.
Statist. Phys., 21 (1979), pp. 207-244.

M. GYLLENBERG, G. HOGNAS, AND T. Koski, Population models with enviromental
stochasticity, J. Math. Biol., 32 (1994), pp. 93—-108.

M. GYLLENBERG, I. HANSKI, AND T. LINDSTROM, Continuous versus discrete sin-
gle species population models with adjustable reproductive strategies, Bull. Math.
Biol., 59 (1997), pp. 679-705.

J. GRACZYK AND G. SWIATEK, Smooth unimodal maps in the 1990s, Ergodic Theory
Dynam. Systems, 19 (1999), pp. 263-287.

J. GUCKENHEIMER, Sensitive dependence on initial conditions for one dimensional
maps, Comm. Math. Phys., 70 (1979), pp. 133-160.

M. P. HASSELL, Density-dependence in single-species populations, J. Animal Ecology,
44 (1974), pp. 283-296.

A. Hastings, C. L. HoMm, S. ELLNER, P. TURCHIN, AND H. C. J. GODFRAY, Chaos in
ecology: Is mother nature a strange attractor?, Annu. Rev. Ecol. Syst., 24 (1993),
pp. 1-33.

F. HOFBAUER AND G. KELLER, Quadratic maps without asymptotic measure, Comm.
Math. Phys., 127 (1990), pp. 319-337.

M. P. HAsseLL, J. H. LAWTON, AND R. M. MAY, Patterns of dynamical behaviour in
single-spieces populations, J. Animal Ecology, 44 (1974), pp. 283-296.

G. HOGNAS, On the quasi-stationary distribution of a stochastic Ricker model,
Stochastic Process. Appl., 70 (1997), pp. 243-263.

G. HOGNAS AND M. H. VELLEKOOP, A unifying framework for chaos and stochastic
stability in discrete population models, J. Math. Biol., 35 (1997), pp. 557-588.

M. JAKOBSON, Absolutely continuous invariant measures for one-parameter families
of one-dimensional maps, Comm. Math. Phys., 81 (1981), pp. 39-88.

S. D. JOHNSON, Singular measures without restrictive intervals, Comm. Math. Phys.,
110 (1987), pp. 185-190.

G. KELLER, Exponents, attractors and Hopf decompositions for interval maps, Ergodic
Theory Dynam. Systems, 10 (1990), pp. 717-744.

O. S. KozLovsKl, Structural Stability in One-Dimensional Dynamics, Ph.D. Thesis,
Amsterdam University, Amsterdam, 1997.

O. LANFORD, A computer-assisted proof of the Feigenbaum conjectures, Bull. Amer.
Math. Soc., 6 (1982), pp. 427-434.

S. LuzzAaTTO, Bounded recurrence of critical points and Jakobson’s Theorem, in The
Mandelbrot Set: Themes and Variations, Tan Lei, ed., London Math. Soc. Lecture
Note Ser. 274, Cambridge University Press, Cambridge, UK, 2000.

T. L1 AND J. A. YORKE, Period three implies chaos, Amer. Math. Monthly, 82 (1975),
pp. 985-992.

M. LyuBICH, Combinatorics, geometry and attractors of quasi-quadratic maps, Ann.
of Math., 140 (1994), pp. 347—404.

M. LYUBICH, Almost every real quadratic map is either reqular or stochastic, Ann. of
Math. (2), to appear.

M. LYUBICH, Regular and stochastic dynamics in the real quadratic family, Proc. Nat.
Acad. Sci. USA, 95 (1998), pp. 14025-14027 (electronic).

MARCO MARTENS, The periodic points of renormalization, Ann. of Math. (2), 147
(1998), pp. 543-584.

R. M. May, Simple mathematical models with very complicated dynamics, Nature,
261 (1976), pp. 459-466.



30

[McM96)

[Mil85)
[Mis81]

[MO76]
[Mor90]
[MS93]

[Mur93|
[NvS91]

[Ren91]

[Ricb4]

[RS92]

[Ryc88]
[Sa92]

[San98]
[Sar64]

[Sin78]

[Sul8y]

[Thu9e6]

[Thu9s)
[Thu99)]

[Thu00a]

[Thu00b]

[Tsu93a]
[Tsu93b]
[Tsu96]

[TTY92]

[TTY94]

HANS THUNBERG

C. T. MCMULLEN, Renormalization and 3-Manifolds which Fiber Over the Clircle,
Princeton University Press, Princeton, NJ, 1996.

J. MILNOR, On the concept of attractor, Comm. Math. Phys, 99 (1985), pp. 177-195.

M. MISIUREWICZ, Absolutely continuous measures for certain maps of an interval,
Inst. Hautes Etudes Sci. Publ. Math., 53 (1981), pp. 17-51.

R. M. MAY AND G. F. OSTER, Bifurcation and dynamic complexity in simple ecological
models, The American Naturalist, 110 (1976), pp. 573-599.

W. F. MORRIS, Problems in detecting chaotic behavior in natural populations by fitting
stmple discrete models, Ecology, 71 (1990), pp. 1849-1862.

W. DE MELO AND S. VAN STRIEN, One-Dimensional Dynamics, Springer-Verlag,
Berlin, Heidelberg, 1993.

J. D. MURRAY, Mathematical Biology, Biomath. 19, Springer-Verlag, Berlin, 1993.

T. NOWICKI AND S. VAN STRIEN, Invariant measures exist under a summability con-
dition for unimodal maps, Invent. Math., 105 (1991), pp. 123-136.

E. RENSHAW, Modelling Biological Populations in Space and Time, Cambridge Stud.
Math. Biol., Cambridge University Press, Cambridge, UK, New York, Melbourne,
1991.

W. E. RICKER, Stock and recruitment, J. Fisheries Research Board of Canada, 11
(1954), pp. 559-623.

M. RycHLIK AND E. SORETS, Regularity and other properties of absolutely continuous
invariant measures for the quadratic family, Comm. Math. Phys., 150 (1992), pp.
217-236.

M. RyCHLIK, Another proof of Jakobsons theorem and related results, Ergodic Theory
Dynam. Systems, 8 (1988), pp. 93-109.

G. SWI@TEK, Hyberbolicity Is Dense in Real Quadratic Family, SUNY preprint 10,
SUNY Stony Brook, New York, 1992.

D. SANDS, Misturewicz maps are rare, Comm. Math. Phys., 197 (1998), pp. 109-129.

O. M. SARKOVSKII, Co-existence of cycles of a continuous mapping of the line into
itself, Ukrain. Mat. Zh., 16 (1964), pp. 61-71.

D. SINGER, Stable orbits and bifurcations of maps on the interval, SIAM J. Appl.
Math., 35 (1978), pp. 260-267.

D. SULLIVAN, Bounds, quadratic differentials and re-normalization conjectures, in
AMS Centenniel Publications 2, F. Browder, ed., Mathematics Into the Twenty-
First Century, AMS, Providence, RI, 1988, pp. 417-466.

H. THUNBERG, Absolutely continuous invariant measures and super-stable periodic
orbits: weak*-convergence of natural measures, in Some Problems in Unimodal
Dynamics, I, Ph.D. Thesis, KTH, Stockholm, 1996, pp. 1-19.

H. THUNBERG, Unfolding Chaotic Quadratic Maps and Parameter Dependence of Nat-
ural Measures, 1998, preprint.

H. THUNBERG, Positive exponent in families with flat critical point, Ergodic Theory
Dynam. Systems, 19 (1999), pp. 767-807.

H. THUNBERG, Abundance of chaos in one-dimensional population dynamics, in
EQUADIFF ’99, Proceedings of the International Conference on Differential
Equations, B. Fiedler, K. Groger, and J. Sprekels, eds., World Scientific, Sin-
gapore, 2000, pp. 1229-1231.

H. THUNBERG, Periodicity versus chaos in certain population models, in Stochaos:
Stochastic and Chaotic Dynamics in the Lakes, P. V. E. McClintock, D. S. Broom-
head, E. A. Luchinskaya, and T. Mullin, eds., American Institute of Physics,
Woodbury, NY, 2000, pp. 215-220.

M. Tsuiii, Positive Lyapunov exponent in families of one-dimensional dynamical sys-
tems, Invent. Math., 111 (1993), pp. 113-137.

M. Tsuii, A proof of Benedicks-Carleson-Yakobson theorem, Tokyo J. Math., 16
(1993), pp. 295-310.

M. Tsuji, On continuity of Bowen-Ruelle-Sinat measures in families of one-
dimensional maps, Comm. Math. Phys., 117 (1996), pp. 1-11.

Pu. THIEULLEN, C. TRESSER, AND L. S. YOUNG, Ezposant de Lyapunov positif dans
des familles a un paramétre d’applications unimodales, C. R. Acad. Sci. Paris Sér.
I, 315 (1992), pp. 69-72.

PH. THIEULLEN, C. TRESSER, AND L. S. YOUNG, Positive Lyapunov exponent for
generic one-parameter families of unimodal maps, J. Anal. Math., 64 (1994), pp.
121-172.



