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ABsSTRACT. We establish the existence of intermittent two-point dynamics and infinite
stationary measures for a class of random circle endomorphisms with zero Lyapunov ex-
ponent, as a dynamical characterisation of the transition from synchronisation (negative
Lyapunov exponent) to chaos (positive Lyapunov exponent).

1. INTRODUCTION

In dynamical systems theory, the phenomenon of chaos (with hallmark sensitive depen-
dence on initial conditions) has been an important motivation and focal point of research. In
particular, the question of when and why chaotic dynamics emerges from more predictable
motion, for instance in a parametrized family of dynamical systems, has been a central
question in bifurcation theory.

While several routes to chaos have been identified for deterministic dynamical systems (see
for instance [20]), the corresponding transition in random dynamical systems (dynamical
systems driven by a signal with certain probabilistic characteristics) remains much less
understood.

In this paper, we address this problem for a class of random circle endomorphisms, adopt-
ing notions of order and chaos in terms of the sign of the Lyapunov exponent, with negative
Lyapunov exponent implying synchronisation (almost sure convergence of the distance be-
tween different trajectories with different initial conditions) and positive Lyapunov exponent
implying chaos (including sensitive dependence on initial conditions). We are led to address
the question how this transition happens, and in particular to identify dynamical aspects
that accompany the change of sign of the Lyapunov exponent. We focus in this respect
on the so-called two-point motion from the topological and (invariant) measure theoretical
point of view.

In late 1980s, Baxendale and Stroock [9, 11] studied the dynamics of stochastic differ-
ential equations, characterising stationary measures for the two-point motion in different
Lyapunov exponent regimes, establishing in particular the existence of an infinite ergodic
invariant measure at the zero Lyapunov transition point between synchronisation (station-
ary probability measure on the diagonal) and chaos (stationary probability measures on and
off the diagonal).
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In the early 1990s, Pikovsky [18] and Yu, Ott and Chen [51]| studied the transition to
chaos in the discrete time setting (random maps), leading to numerical evidence supporting
several heuristic conjectures concerning intermittency.

Recently, Homburg and Kalle [32] obtained explicit results about stationary measures for
certain random affine iterated function systems on the circle. They also point out the fact
that the infinite stationary measure of the two-point motion at the transition corresponds
to intermittent dynamics.

This leads to the natural question whether intermittency and associated infinite ergodic
stationary measure of the two-point motion are generic features of the transition to chaos
in random dynamical systems.

In this paper, we answer this question in the affirmative, in the specific setting of circle
endomorphisms of degree two with additive noise. Importantly, we develop techniques to
analyse the two-point dynamics near the diagonal, expanding on results developed by Bax-
endale and Stroock [9, 11] for stochastic differential equations. In particular, we analyse the
spectral properties and actions of annealed Koopman operators for one- and two-point mo-
tions, allowing us to derive quantitative estimates on various escape times of the quenched
process, which are key to our results. In Section 2.2, we present a summary of our techniques.

We anticipate that the techniques introduced in this paper will turn out to be fundamental
to settle our question in general.

1.1. Main results. Consider a smooth monotone circle endomorphism 7" : T — T of degree
k > 1, where T = R/Z denotes the circle endowed with the topology induced by the arc-
length metric d, and the parameter family of maps defined as

To(x) :=T(x+a (mod 1)).

We consider random iteration of maps from this family

ry = T (20) = T,y 0+ 0T}y, 0 Tiy (0)

where w := (w;)ieny and w; is drawn randomly (i.i.d.) from [—¢,d] with uniform measure
Leb/(29). We denote the corresponding sequence space
Sy = [0, 9.

with corresponding product measure P.

Our results require certain mild hypotheses, Hypothesis (H1)-(H5), which we proceed to
sketch with reference to Section 2 for details.

We assume that T and ¢ are such that the random dynamical system has a unique
stationary measure p with smooth and everywhere positive density. As a result, the random
dynamical system has a single Lyapunov exponent

1
A= /T /[_M] In (DT, (x)) dLeb(w)du(z),

which can be negative, zero, or positive, depending on T" and ¥. When we consider the
case where the random dynamical system depends smoothly on an additional parameter,
the Lyapunov exponent also varies smoothly with this parameter (due to our hypotheses).
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Then, a transition to chaos corresponds to the Lyapunov exponent traversing zero from
below.
We consider the two-point motion to gain insights into the dynamics:

(@0, yn) = (T2 (@0, y0) = (T2 (x0), T2 (%0)) -
Stationary measures for the two-point random dynamical system provide information well
beyond stationary measure for (the one-point dynamics of) T,,. Note that the stationary
measure for T, is also a stationary measure of the two-point motion, supported on the
diagonal
A= {(z,2) €T*; 2 € T}.
We are primarily interested in stationary measures with support outside of A, providing de-
tail on the comparison between orbits with different initial conditions. The e-neighbourhood
of the diagonal is denoted as
Ac = {(z,y) € T ; d(z,y) < e}.

Our main result concerns the following trichotomy in phenomenology from a topological
and measure theoretic point of view:

Theorem 1.1 (Topological random dynamics). Let T, be a random dynamical system satis-

fying hypotheses (H1) to (H5), X\ be its Lyapunov exponent, and let T£2) be the corresponding
two-point random dynamical system. Then,

(1) Synchronisation: if A <0, for all z,y € T,
1i_>m d(T](x), T (y)) =0, P—as.

(2) Intermittency: if A =0, for all (z,y) € T2\ A,

n—1
1 . ‘
lim — g d (T} (2), T, (y)) = 0 and limsupd (T} (z), T} (y)) > 0, P — a.s.
=0

n—00 N 4 n—00

(3) Chaos: if X\ >0, for all (z,y) € T?\ A,

n—1
nh_)ng@ - Z d (T} (z), T} (y)) > 0 and linrr_1>i£fd (T5(x), T (y)) =0, P—as.
=
This result mirrors those in [32], obtained for special random affine circle maps. The most

interesting aspect concerns the existence of intermittency in part (2). The existence of syn-
chronisation in the presence of negative Lyapunov exponent has already been well-studied,

see e.g. |10], and the properties highlighted under part (3) also align with existing insights.
The characterization of intermittency in part (2) is reminiscent of synchronisation on av-
erage [29] and that of chaos in part (3) of Li-Yorke chaos [16,39]. These characterisations

are not exhaustive. For instance, recently the positive Lyapunov exponent regime has been
associated with the existence of so-called random horse-shoes |35, 30].

The proof of Theorem 1.1, which uses techniques introduced in Sections 2 and 3, is
given in Section 4. The results for A < 0,A = 0 and A > 0 are presented separately in
Propositions 4.8, 4.3 and 4.6, respectively.
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Theorem 1.2 (Stationary measures). Let T,, be as in Theorem 1.1, and let v denote its

unique stationary (probability) measure.
Then,

(1) If A <0, u on A is the unique stationary measure for Tf,z).
(2) If A =0, p on A is the unique stationary probability measure for Ta(,Z). In addition,

T admits an infinite stationary (Radon) measure p?) on T2\ A, which has full
support. Moreover, for each such measure there exist o, 5 € (0,00) such that
@) (Tz \A) N(z) (TQ \A:)

oo M .
< liminf <1
CEENS T S et —In(e)

<p.

8) If A > 0, in addition to the unique stationary measure @ on /A TQ(,Q) admits a sta-
( : q Y I ;

tionary probability measure 2 on T2 \ A, which has full support.

Moreover, if the non-zero root v < 0 of the moment Lyapunov function' associated
with T, is also larger than —%, then for each such measure there exists cv, 5 € (0, 00),
such that

(2) 2)
a < liminf w < lim sup w

<B
=0 e e—0 e

As in Theorem 1.1, the most interesting aspect of this result is the intermittent case in
part (2), where we find that ergodic invariant measures off the diagonal are infinite, together
with the estimate on how such measures grow near the diagonal.

The asymptotics of the stationary invariant measure near the diagonal in the positive
Lyapunov exponent scenario (in part (3)) relies on the condition that v € (—1,0). If
v < —%, then the asymptotics may be different due to points being mapped more frequently
close to the diagonal, see Proposition 5.5.

The construction of stationary measures off the diagonal for the two-point motion in parts
(2) and (3) makes use of an inducing scheme with randomized return times. It should be
noted stationary measures constructed in this way do not need to be unique.

The heart of the proof of the above theorem is presented in Section 5, with arguments
relying on estimates from Sections 3, 4. The existence of the stationary measure on A follows
from Proposition 2.1. For A < 0, Theorem 1.1 (1) directly implies the unique stationary
measure in Theorem 1.2 (1). The results for A = 0 and A > 0 follow from Proposition 5.1,
Proposition 5.4 and Proposition 5.5.

We proceed to illustrate our results in an example.

Example 1.3. We consider a one-parameter family of random circle endomorphism
In = Tlil:w($0) = TV7wn—1 0-:+0 TV#’JI o TV,WO (xU)
with w; drawn i.i.d. from the uniform distribution on a subinterval of the circle [—¥, ], and

Tya(z) :=Ty(x+a (mod1l)), (1.1)

ISee Eq. (3.1) and Lemma 3.4.
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FIGURE 1. The graph of T}, (1.2) at v = 0.6.

with
T,(x) := /m v+ 140(2 — v)t3(1 — t)3dt  (mod 1). (1.2)
0

Note that 7,,(0) = 0 and DT, (0) = v. In Figure 1 we sketch the graph of T, for v = 0.6.

For parameter ranges discussed in this example T}, satisfies the Hypotheses (H1) to (H5),
see Example 2.6.

We first consider the behaviour of the Lyapunov exponent at a fixed value of v = 0.6
with varying 9. In Figure 2(a), we observe noise-induced chaos, as the Lyapunov exponent
increases monotonically from —0.4 to 0.45 with increasing 6 € [0.1,0.5]. In this interval, the
noise is large enough to ensure the existence of a unique stationary measure for Ty ¢, on T.

The dynamics of the two-point motions is illustrated by examples of time series for two
different values of ¥ in Figure 2(c) (6 = 0.17, close to intermittency) and Figure 2(d) (6 = 0.2,
chaos), displaying qualitative differences consistent with Theorem 1.1.

Figure 2(b) shows the distribution of the two-point distance for an example time-series,
displaying inverse-power-law behavior near zero, as asserted in Theorem 1.2.

Rather than varying the noise level for fixed parameter v, one may also consider varying
v at fixed noise level. Fixing the noise level at § = 0.5 (full noise), yields one-point mo-
tion orbits to be random i.i.d. sample from the stationary measure p = (7,), (Leb), see
Figure 3(b).

We include this example as it highlights the difference between the one- and two-point
motion. In particular, at full noise, the one-point dynamics is essentially a full shift while
the dynamics may be synchronising or chaotic. Indeed, varying v between 0.025 and 0.2 we
observe (in Figure 3(a) ) a monotonically increasing Lyapunov exponent going from negative
(synchronisation) to positive (chaos).
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(a) Numerical approximation of the Lyapunov ex-
ponent for fixed v = 0.6 and varying ¢. The
Lyapunov exponent increases monotonically with
the noise level, from negative to positive (noise-
induced chaos).
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(¢) Example of a time series of the distance be-
tween two orbits for ¥ = 0.17, when A =~ 0, close
to intermittency.

(b) Normalized distribution of distance between
two orbits (10° iterations) with different initial
conditions and the same noise realisation, consis-
tent with Theorem 1.2 (3).
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(d) Example of a time series of the distance be-
tween two orbits for ¢ = 0.2, when A\ = 0.11, in
the chaotic regime.

F1cURE 2. Illustration of aspects of the dynamics in Example 1.3 regarding
the family of random maps 7, ,, with v = 0.6.

We revisit the full noise case in the context of this example, in Example 3.9 and Example
3.12, where this assumption leads to simplified statements.

1.2. Context. In this paper we have established a link between intermittency (of the two-
point motion) and the transition to chaos in random dynamical systems. In the deterministic
setting, intermittency has been recognized as a hallmark of only one of several routes to
chaos [19]. We thus conjecture that the presence of noise "destroys" the others.
Intermittency and infinite ergodic measures are already known to be linked to nonhy-
perbolic fixed points and zero Lyapunov exponents. For instance, for random dynamical
systems on unbounded state spaces, a zero Lyapunov exponent may yield infinite stationary
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(a) Numerical approximation of the Lyapunov ex-  (b) Numerical approximation of the stationary
ponent for fixed ¥ = 0.5 and varying v. The Lya-  density, with v = 0.6 and ¢ = 0.5.

punov exponent increases monotonically with v,

from negative to positive.

F1cUrE 3. Illustration of aspects of the dynamics of Example 1.3 regarding
the family of random maps T, ,, with ¥ = 0.5 and varying v.

measures [0, 18-20,24]. In random maps on bounded state spaces with common neutral
fixed points, research has focused on two cases: invariant neutral fixed points (e.g., in ran-
dom intermittent maps |0]) and on-average neutral fixed points (e.g., the Pelikan map [17]).
Both scenarios exhibit infinite invariant Radon measures on the complement of the fixed
point. A number of case studies focus on random logistic maps with zero Lyapunov expo-
nents |1, 4, 28]|. For specific results on synchronisation on average (equivalent to our notion
of intermittency) in random maps, see also [29,12].

While the majority of research in ergodic theory of dynamical systems focusses on one-
point motions, two-point motions are central to this paper. The importance of two-point
motions, or more general n-point motions, has been recognized in the study of stochastic
differential equations, see for instance [31], and in particular by Ledrappier & Young [37,35]
and Baxendale & Stroock [9, 11] focussing on different Lyapunov exponent regimes. More
recently, their importance has been recognized in stochastic fluid dynamics [12—-15,17].

Synchronisation in random dynamical systems constitutes the most elementary type of
dynamical behaviour, and has been studied extensively [27,31,43]. In particular, it has been
established in the negative Lyapunov exponent regime that synchronisation is equivalent to
a mild contractability condition [16]. Specifically, random circle homeomorphism have been
discussed in [2,33,11,52].

1.3. Organization of the paper. This paper is divided into six sections. In Section 2,
we discuss the underlying hypotheses of this paper and provide a summary of the strategy
of the proof. In Section 3, the technical machinery involving Koopman operators is de-
veloped, which is required in the subsequent sections. Section 4 is dedicated to the proof
of Theorem 1.1, where the three different scenarios with zero, positive, and negative Lya-
punov exponent are treated, respectively in Subsections 4.1, 4.2, and 4.3. The construction
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of stationary measures and the derivation of their properties, leading to Theorem 1.2, are
contained in Section 5.

2. SETTING AND STRATEGY OF THE PROOF

This section introduces the hypotheses on the system and includes a summary of the
strategy of the proof. We start with a circle endomorphism 7' : T — T with the following

property.

T is a circle endomorphism in C?(T), of degree two with derivative positively

bounded from above and below; there exist positive real numbers a; < as,

such that (H1)
a1 < DT (z) < ay

forall z € T.

Note that every point has exactly two inverse images under 7. Degree two is not essential
in this paper, higher degree works the same with minor modifications. Define

Ryin = max{r; a1d(x,y) < d(T(x),T(y)) < agd(z,y) for all z,y € T with d(x,y) <r}.
(2.1)
In particular T'(x) # T'(y) if d(z,y) < Rmin-
For w € T write

T,(x)=T(x+w (mod1))

for the circle endomorphism obtained by composing T with a translation. We take a random
process w;, © € N, where the w; are independently drawn from a uniform distribution on

(219 = [—19, ?9]
This yields a random dynamical system
Tn+1 = To, (Tn) (2.2)
for an initial point zg € T.
Let the sequence space
219 = ng

be endowed with the product topology. We write w = (w;);en for points in 3y. Cylinders
are sets [Ag, A1 ..., Ax] = {w € Xy ; w; € 4;,0 < i <k} for Borel sets A; C T. Cylinders
are the basis for the product topology. Given the normalized Lebesgue measure Leb/(2¢)
on 2y, write P for the corresponding product measure on ¥y. For a function X on Xy we
use common notation such as

E[X] = /E X (@) dP(w).

By identifying 2y with the cylinder [{2y] we can also use P for normalized Lebesgue measure
Leb/(29) on Qy. So, with a slight abuse of notation, if a function w — X (w) depends on a
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single symbol w € Qy, we write E [X] = fﬂﬂ X (w)dP(w). Recall that a measure 1 on T is
called a stationary measure if

[ on (@ @) dew) = ),
2y
for any (Borel) measurable set A C T.
The skew product map © : ¥y x T — 3y x T is defined by
O(w,x) = (ow, Ty, ().
Here o is the left shift operator ow = (w;t1)ien. With a slight abuse of notation we write
T (x) =Ty, 00 T (z)

for iterates.
We compares two different trajectories by studying the random dynamical system. For

w € Xy, the two-point map (x,y) — TU(,Q) (x,7) on T2 is the product
(z,y) = (To(2), T (y))-
This yields the random dynamical system
(Tnt1,Ynt1) Zijﬁi)cﬂnayn)- (2.3)
The two-point skew product map O3 : £y x T2 — By x T2 is denoted by
0 (w,2,y) = (ow, TV (x,y)).

A measure 12 on T? is a stationary measure of the random dynamical system TUS2) on T2 if

[ ()" ) ape) = u(a),

for any (Borel) measurable set A C T2,

2.1. Hypotheses. We focus on random circle endomorphisms whose trajectories are not
confined to subintervals of the circle but spread over the entire circle.

There is k& > 0 so that for any z,y € T, there is w € ¥y so that T (x) = y. (H2)

This hypothesis guarantees the existance of a unique absolutely continuous stationary
measure of full support, but also has further applications that are used throughout the

paper.

Proposition 2.1. Suppose the random dynamical system described by (2.2) with wy, i.i.d.
picked from a uniform distribution for [—0,9], adheres to Hypotheses (H1), (H2).

Then the random dynamical system admits an absolutely continuous stationary measure
w with full support and smooth density.
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The proof is omitted and be obtained from standard arguments using Perron-Frobenius
operators. A similar setup is in [7], to which we refer for details.

The following assumption provides a local source for contraction. This is needed to achieve
a negative or zero Lyapunov exponent.

The map T has a hyperbolic attracting periodic orbit. (H3)

We must avoid that points in T? \ A are mapped into A by T(Ez) with positive probability,

and more generally we must control and bound the probability that points are mapped very
close to the diagonal by the two-point maps TéQ). The following hypothesis provides us with
an assumption to prevent this.

For every (x,y) € T2\ A, the curve a — (Ty(z),T,(y)) in T? intersects the (H4)
diagonal A transversely or with at most a single quadratic tangency.

Hypothesis (H4) is a generic condition.

Lemma 2.2. There is an open and dense set of degree two circle endomorphisms T : T — T
in the C% topology so that the corresponding random system satisfies Hypothesis (HJ).

Proof. In the argument to prove denseness we take the random parameter a in T, from the
whole circle T; taking a from a larger interval only shrinks the set of circle endomorphisms
that satisfy Hypothesis (H4).

Let w(x,y) denote the signed distance of x,y € T, The hypothesis can be rephrased as

stating that the graph of the function a w(Tf) (z,y)) has only transverse intersections
and at most one quadratic tangency to the graph of the zero function.

Present T as an interval map on [0, 1] with two monotone branches ; : I; — [0, 1] and
9 : Iy — [0,1] on intervals I; = [0,d] and Iy = [d, 1], where both maps are surjective. For
x € I, there is a unique point y € Iy with T'(z) = T'(y). For R < Ruin, d(T(x),T(y)) # 0
for all (z,y) with 0 < d(z,y) < R.

By a small perturbation of 7" near the boundary points of I, we get that DT'(0) # DT (d).
Write x1 = ;! and x2 = w5, both defined on [0,1]. Note that z = t1(z) = th2(y)
means x2(z) — x1(2) = y — . Using x # y, note that T,(xz) = T,(y) or equivalently
T(x 4+ a) =T(y + a) can only occur if

x2(2) —x1(2) =y — =z

for z = T,(x) = To(y). Also, a transverse intersection of a — w(Téz) (x,y)) with zero occurs
if Dxa(z) # Dxi1(z), a tangency if Dxa(z) = Dxi1(z). Such a tangency is quadratic if
D?x2(z2) # D*x1(2).

A small perturbation of y2 (and thus of T') will ensure that the critical points of z
X2(2) — x1(2) are quadratic (have a nonzero second order derivative) and the critical values
are different. So z — x2(2) — x1(2) — (y — x) is either transverse or at most quadratically
tangent to 0, and there is at most one tangency for fixed (z,y). Thus the graph of the
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function a — w(T, 52)(1', y)) has only transverse intersections and quadratic tangencies to the
graph of the zero function, with at most one such tangency. As (z,y) can be taken from
the compact region T? \ Ag, the numbers of transverse intersections and of tangencies are
bounded uniformly in (x,%) from T? \ A.. For the same reason, there is a uniform lower
bound on the second order derivatives at tangencies. Openness is now clear. U

The integrability statement in the following lemma is a consequence of Hypothesis (H4),
and results in an estimate that is required in later arguments (Proposition 4.6, Proposi-
tion 5.4 and Proposition 5.5).

Lemma 2.3. For all R > 0 there exists C1 > 0 with
E [~ (T (@,y)| < 1, (2.4)
for all (z,y) € T?\ Ag.

Proof. As earlier we let w(z,y) denote the signed distance of z,y € T. Consider the real
valued function

a— fla) =w (T(EQ) (x,y))

on T. Hypothesis (H4) implies that (see also the proof of Lemma 2.2) for (z,y) € T? \ As,
there exist § > 0,C > 0 so that

|D?f(a)|] > C

whenever |f(a)| < ¢ and |Df(a)| < 0.

If I C Tis an interval so that for a € I, |f(a)| < d and |D f(a)| > 6, then [; —In(|f(a)|) da
is bounded by some Cs > 0.

To prove the lemma it remains to consider f on an interval J C T so that |f(a)| < 20 for
a € J and J contains a point d € J with Df(d) = 0. If f(d) =0 and Df(d) = 0, we have a
bound 0 < ¢(a — d)? < |f(a)| for some ¢ > 0. The same bound applies if Df(d) =0 and f is
never zero on J. The possibility that is left is where f has two zeros f(d1) = f(d2) = 0 for
nearby points di, ds on different sides of d. Then a bound 0 < ¢|(a — d1)(a — d2)| < |f(a)|
for some ¢ > 0 holds. In all cases ¢ is uniformly bounded away from 0. As the logarithms of
c¢(a —d)? and c|(a — d1)(a — dg)| are integrable, we find that [, —In(|f(a)|) da is bounded
by some Cs > 0. Noting that —In(|f(a)|) is bounded if |f(a)| > 0, proves the lemma. [

We make a final assumption that will be used to prove full support of stationary measures
for the two-point motion. The random two-point system maps a point (z,y) to a curve
a— (Ty(x), T,(y)) in T2. For the composition of two iterates, we have

Hao,a1 (‘T7y) = det <88Tz§12) © ég) (:E,y))
= DTay (Tao (2)) DTy (Tag () (DTay (x) — DTag () - (2.5)

(ao, a1)
Consider now the following hypothesis.

For each (z,y) € T? \ A, there are ag,a; so that Hg, q, (z,y) # 0. (H5)
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This condition implies that for each (z,y) € T? \ A, the image of
(a0, a1) = T o T (2, ),

with ag, a1 € [—19,], contains an open set.
Recall that a map F' : X — X on a topological space X is called topologically exact if
for any open U C X, there is n € N so that F"(U) = X.

Lemma 2.4. The skew product systems © : 3y x T — Xy x T and 0@ 3y x T2 — Ny x T2
are topologically exact.

Proof. We first consider © and we start with the following statement: for any open interval
I C T there is w € ¥y and k € N so that T¥(I) = T. The reasoning will also show that
there is a cylinder D C ¥y that contains w, so that TCI“(I) =T for any ¢ € D.

Given the interval I, take x € I. Let y € T be a periodic point in an uncountable
transitive hyperbolic repelling set A of a map Ty, [14]. Write k for the period of y. Given an
open neighborhood V of y, there is an iterate T*" that maps V onto all of T (if U, T**(V) is
an interval, then T f is a diffeomorphism on it, but it also admits an uncountable hyperbolic
repelling set, which is not possible). By Hypothesis (H2) there is ¢ € ¥y and m € N so
that 77 (x) = y. Hence there is n € N so that T o T/ maps I onto T. By continuity the
same applies to T,ﬁ”*k” for v in a suitable cylinder D that contains ¢ - - gpn_1a---a (with
nk times a). This proves the statement with which we started.

To conclude the proof of topological exactness of ©, let U C ¥y x T be an open set. By
shrinking U we may assume that U is a product set U = C' x J of a cylinder C' and an open
interval J. There is an iterate ©7(U) that contains an open set Yy x I for an open interval
I C T. Now use the above statement to establish that a further iterate covers ¥y x T.

Next we consider ©®). Take an open set U C Ly x T2. By shrinking U we may assume
that U is a product set U = C x I x J of a cylinder C and open intervals I, J.

l
By the above reasoning, there is | € N and w € C so that (T052)> (I x J) contains
T x K for an open interval K C T. Applying the above reasoning again, there is [ € N so
!
that (TQ(JQ)> (I x J) equals T2. The proof of topological exactness of 03 is concluded as
above. g

Hypotheses (H3), (H5) and Lemma 2.4 show that P-almost surely all orbits of the two
point motion get arbitrarily close to the diagonal A. The following lemma formalizes this.

Lemma 2.5. For all e > 0, there exists a N € N, C > 0 such that for all (x,y) € T?, we
have

P({w e Sy ; d(T)(z), T} (y)) < € for some 0 <i < N}) > C.

2
Proof. Take (z,y) € T2\ A.. By Hypothesis (H5) we find that w ~ <TLS2)> (x,y) contains

an open product set I, x I, C T2. By compactness we find § > 0 so that I, and I, have
diameter at least &, uniformly in z,y € T? \ A.. The argument of Lemma 2.4 shows that
for any (z,y) € T2\ A. there is an open neighborhood U of (z,y) and a positive integer
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N
N so that (T“(,Q)) (2',y") covers T? for any (2/,3y') € U. By compactness N is bounded
uniformly in (z,y) € T? \ A.. This implies the lemma. O

Example 2.6. We continue from Example 1.3, giving concise justifications that the required
hypotheses hold. Hypotheses (H1) and (H3) are trivially satisfied. Hypothesis (H2) can be
checked via a simulation or some naive bounds.
Regarding Hypothesis (H4), observe that there is exactly one point y € T that has two
preimages x1,x2 € T with
(1‘2).

DT (x1) =
At this point y, the second derivatives DT'(z1) and DT (x2) have opposite signs. The
curvature of the curve a — (T,(x1),Ta(x2)) at the point of tangency with A is therefore
nonzero, and the tangency is quadratlc.
Finally, by Equation (2.5), and the fact that for all (z,y) € T2\ A, there exists an
ap € [—1,9] such that DT, (z) — DTy, (y) # 0, Hypothesis (H5) follows. [

2.2. Strategy of the proof. This section gives a helicopter view on the reasoning in Sec-
tions 3 and 4 that leads to Theorem 1.1 on dynamics of the random two-point maps. For
the study of orbits of the random two-point maps it is crucial to understand the duration
of trajectories of two nearby points staying close to each other. In terms of the two-point
motion this is the duration of trajectories of the two-point motion staying close to the diago-
nal. Suppose g, yo € T are close, so that dy = d(xo, o) is close to zero. With z,, = T} (xg),
yn = T (yo) and dy, = d(2n,yn), we find that as long as d,, is small,

dnt1 = DT, (,)dy,. (2.6)
Taking logarithms u,, = In(d,,) this reads
Upt+1 = Up, + In (DT, (z,)) , (2.7)

which is a random walk driven by the one-point motion x,,+1 = T, ().

In the special case where x,, is identically and independently distributed (see Example 1.3,
with ¥ = 0.5), the approximation is a random walk with i.i.d. steps. But this is not true
in general. We derive estimates for the duration of passages near the diagonal by adapting
reasoning in [9, 11] for continuous time settings to our discrete time setting. We base our
analysis on properties of the Koopman operator for the two-point system.

For the one-point motion, the annealed Koopman operator P acting on a real valued
function ¢ on T is defined as

Po(x) = E[p(Tu(x))] -
Here E stands for an expectation over w € >y. Analogously the annealed two-point Koopman
operator Py acting on a real valued function ¢ on T2\ A is defined as

Pyl y) = E [o(TP (z,1))]

To estimate stopping times for trajectories of the two-point motion from strips As \ A,
near the diagonal (so with 0 < & < ¢ small) we construct sub- and supermartingales for the
stopped dynamics. The key statements are Proposition 3.14 and Proposition 3.16 below. The
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constructions rely on an analysis of P,), which in turn is facilitated by the approximations
(2.6) and (2.7) and a study of the corresponding linearized Koopman operator, defined for
continuous real valued functions ¢ on T x RT by

TPQS('%‘?U) =E [¢(Tw($)v DTw($)u)] .

Formulas for the mentioned sub- and supermartingales are obtained from a study of the
twisted Koopman operator P, whose action on a real valued function 1) on T is defined as

o) =B |5 |

This in turn connects to the moment Lyapunov exponent

Ag) = lim ~In (E[DT"(2)7]).
n—oo N
The moment Lyapunov exponent plays a central role in our analysis, similar to [9, 11].
Originally introduced by Molchanov [15] and subsequently developed in particular by Arnold
[3], it can be viewed as a generalization of the Lyapunov exponent [21]. The relationship
between the moment Lyapunov exponent and the Lyapunov exponent was first described
in [22].

The above comments on methodology refer to a study of the two-point motion near the
diagonal. Our setting of endomorphisms, instead of diffeomorphisms, brings the effect that
points away from the diagonal may be mapped directly onto the diagonal by an application of
the two-point map. Hypothesis (H4) controls the probability with which points are mapped
onto or near the diagonal by the two-point maps.

3. KOOPMAN OPERATORS

This section develops theory of Koopman operators needed for our analysis on random
dynamics. The contents of this section are crucial for the arguments in the following sections,
although the statements in the lemmas and propositions in the following sections can be read
without reference to this section.

Below we define in particular the annealed Koopman operator and the linearized Koop-
man operator for the random one-point maps, and the annealed Koopman operator for the
random two-point maps. We consider the twisted Koopman operator and the moment Lya-
punov exponent and use it to obtain eigenfunctions for the linearized Koopman operator.
The approximation of the two-point random maps applied to nearby points by the linearized
random map allows us to obtain, from these eigenfunctions, functions on which the two-point
Koopman operator acts in a desired way: these functions appear in the construction of sub-
and supermartingales for the random two-point maps considered near the diagonal.

3.1. Twisted Koopman operator and moment Lyapunov function. Write C(T,R)
for the space of real valued continuous functions on T. Denote the C%-norm as || - ||. The
(annealed) Koopman operator P : C(T,R) — C(T,R) is defined as

Po(x) == E[o(T,(x))]-
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The twisted Koopman operator, P, : C(T,R) — C(T,R) with ¢ € R, is defined for contin-
uous functions ¢ : T — R by

Pooe) B [wmx» } |

(DT, (x))?
Note that P = P.

The following lemma establishes basic properties of ;. Similar statements in other set-
tings are in |3, 30].

Lemma 3.1. For g € R, the operator P, on C(T,R) is positive, compact and irreducible.

Proof. 1t is clear that Pyt > 0 if ¢ > 0, that is, that P, is positive. Hypothesis (H2) yields
the following property. There exists n € N, so that for any ¢ € C(T,R) with ¢» > 0 and
Y # 0, P/ > 0 everywhere. This means that P is irreducible.

Let B be the unit ball in C(T,R). For ¢ € B, note that (for readability skipping the
(mod 1) from the arguments)

1 9 1 x+19
Pobta) = 55 [ DTG +w) (T +w)do = 35 [ DTG 0T w)dy

is a continuously differentiable function of z € T. As ||P,t|| < C for a constant C (for ¢ > 0
we can take C' = ad /9, for ¢ < 0 we can take C' = af /9 with a1, as from Hypothesis (H1)),
P, is a bounded operator. Now

[DPgip(x)| = % |DT (2 +9) " ")(T(z +9)) — DT (x — 9) (T (z — V)|

< Clly|
for the same constant C. It follows that F,i for ¢ € B is an equicontinuous family of
functions. By the Arzela—Ascoli theorem we get that P, is a compact operator. O

Using this lemma we get the following results on the dominant eigenvalue and correspond-
ing eigenvector of F.

We make use of the gth moment Lyapunov exponent A(q) (see [3,10,30]) defined as
1 n
A(q) = nh—g)lo - In (E DT} (2)7]). (3.1)

We also write moment Lyapunov function, especially when discussing its dependence on gq.
We will find that the limit does not depend on z, and that it exists as an analytic function
of ¢. Denote 17 : T — R as the constant function equal to 1 on the circle.

Proposition 3.2. For q € R, P, has a dominant simple eigenvalue A9 The rest of the
spectrum of P, is contained in a disk of radius less then eACD | Write ¢q € C(T,R) for the

dominant eigenfunction of Py, so
Py = V¢, (3.2)
Then

(1) ¢o = 1t and e*O =1,
(2) ¢q is a positive function,
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(3) A(q) and ¢4 depend analytically on g,
(4) A is convex,

(5) Mq) = Aq.

Proof. The proof follows ideas as in [3,30]. The spectral properties of P, follow from
Lemma 3.1 and the Krein-Rutman theorem (see for instance [23, Section 19.5]). Write
r(q) = o (P,) for the spectral radius of P;. By the Krein-Rutman theorem, this equals the
dominant eigenvalue of F,. We have

Py'lr(z) = (kg, Ir)7(q)" ¢q () + o(r()"),
as n — oo, uniformly in z, where k, € C(T,R)* is a probability measure, see [3]. Now we
rescale ¢4, such that (k;, LIt) = 1 and using this, calculate

lim lln (E[(DT}(x))"?]) = lim 1ln (PP 1r(x))

n—o0o N n—oo n

= lim In ((Pnﬂ'ﬂ‘($))l/n>

n—00 q

= lim In ((r(q)"(bq(x) + O(T(Q)n))l/n)

= In(r(q)).

We find that lim, o 2 In (E [(DT7(z))"]) does not depend on 2. The remaining properties
of A(—gq) and ¢, follow from [3,30]. O

The following lemma connects the moment Lyapunov exponent and the Lyapunov expo-
nent.

Lemma 3.3. The first derivative of the moment Lyapunov function at ¢ = 0 is equal to the
Lyapunov exponent

1
A(0) = lim —E[In (DT} (z))] = A (3.3)

n—oo n
Proof. This follows from the fact that A(0) = 0, A(g) > Ag and the analyticity of A. For
the complete argument, see [3, 30]. O

We have established that A is a convex function that vanishes at 0. The following lemma
shows the existence of a second zero if A £ 0. This second zero plays a prominent role in our
analysis and also appears in the statements of the main theorem on stationary measures.

Lemma 3.4. If A # 0 then there is a unique v # 0, with opposite sign, such that A(y) = 0.
(We set v =0 if \=0.)

Proof. Assume that A > 0, which implies by (3.3) that A’(0) > 0. By Hypothesis (H3) there
is a contracting periodic point z. of T. Let k. denote its period. By continuity of map,
there exist € > 0 and § > 0 such that the set

e = {w € Sy € Be(xe) implies T8 (z) € Bo(T(we)), 1 < i < ke, In(DTF<(z)) < —5}

has positive measure P(H¢) > 0.
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By Hypothesis (H2), we know that for any x € T, there is a positive probability of reaching
B:(z.) in k steps. For any m = k + nk, sufficiently large, we have

E [(DT]'(x))" ] > P(xx € B:(z.)) e P(HE)".

Taking the logarithm and applying the limit lim,, %, it follows that A(q) — oo as
q — —o0.

By the continuity of A(q) and the fact that A’(0) > 0, there must exist a unique v < 0 such
that A(y) = 0. The argument in the case where A < 0 is analogous, using an expanding
periodic orbit instead of the contracting periodic orbit. The existence of an expanding
periodic orbit follows from [14]. O

We write 9,04 for the derivative of ¢, with respect to ¢, and likewise 83<Z>q for the second
order derivative with respect to ¢. Recall from (3.3) that A = A’(0) and let

V = A"(0).
Lemma 3.5. We have the following two equalities for x € T:
EIn(DT, ()] — A = (P — I) 460 () (3.4)
and, if A =0,
V=(F-1I) 83@%)0(9:) —2E [04¢0(To(x)) In(DT,(z))] + E [ln2(DTw(m))] . (3.5)

Proof. Differentiating (3.2) once with respect to g, yields for z € T,

“D9(x) — DN (—q)y(a) = [&z (WH

= (P0y0q)(z) — E [% (L (;)%jl(lé)Dqu(:r)) (3.6)
Equation (3.6) evaluated at ¢ = 0 yields
Ogo(w) — N'(0) = (Podgbo)(z) — E [In(DTiy(x))] -
Rewriting this proves (3.4).

Next, differentiating (3.6) with respect to ¢ yields
A=a) (8§¢q - 2A,(*Q)8q¢q (A/( Q) + A//( Q)) d’q) (z)

_ 9q9q (Tws(x)) In(DT, (2)) ¢q (L(x)) In*(DT,(2))

= P,0;¢q(x) — 2E DT, (2)1 ] +E [ DT, (2)7 (3.7)

Evaluating (3.7) for ¢ = 0 yields
—20’(0)9y¢0 () + A'(0)* + A”(0)
= (Py — 1) 02 ¢o(x) — 2K [94¢0 (Tos(2)) In(DT,,(2))] + E [In*(DT,(2))] . (3.8)
Rewriting, and plugging in A = 0, we obtain (3.5). O
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It is immediate from the convexity of A that V' > 0. Our set-up implies that in fact
V' > 0, which we require in our analysis of the case with a zero Lyapunov exponent \ (see
Lemma 4.1 below).

Lemma 3.6. We have V > 0.

Proof. Following [10] we establish that V' = 0 implies A(q) = Ag, which will lead to a
contradiction.
Rewriting (3.8), we obtain

V+ (Py— 1) ((0q0)* — 02h0) (x)
= E |(9,60(T(2)) — In(DTu(2)))?] = (y60(x) — A)*
— E |(9,60(To(2)) — n(DTu(2)))?| = (E10,60(Tu(x)) ~ I(DTu(@)]) . (3.9)
The last step uses (3.4). We conclude that
V + (Py— 1) ((0q¢0)* — 8260) (x) > 0.

Now suppose V = 0, for the sake of contradiction. From (Py — I) ((84¢0)* — 92¢0) (x) >0
we conclude that (9,¢0)*—82¢o is constant (to see this, note that if a continuous function x :
T — R takes a maximum at z, then the property E [x(7,(x))] > x(x) with Hypothesis (H2)
implies that x is maximal at every point of T). So in fact

(Po = 1) ((940)* = 95¢0) () = 0
and (3.9) implies that
9y90(Tw(2)) — n(DTy(x)) = Ig¢o(x) — A
for all x and w. Then also
0q0(T35(x)) — (DT (x)) = Do () — nA.
As A(q) = limy, oo 2 In (E[(DT7(2))9]) we find A(q) = ¢\. Lemma 3.4 shows that this is

n
not the case in our set-up. O

3.2. Linearized Koopman operator. We introduce the linearized Koopman operator,
defined for continuous real valued functions ¢ on T x R™ by

TPo(x,u) =E[d(Ty(x), DT, (x)u)].

Recall from Proposition 3.2 that ¢, is the dominant eigenfunction of P,. Define Wq :
T x R — R by

Wy(z,u) = u™%, (). (3.10)
We reserve the tilde notation for functions on T x RT.
Lemma 3.7. The function Wq is an eigenfunction of TP, with eigenvalue eM=9

TPW,(x,u) = *COW, (2, u). (3.11)
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Proof. This follows from a straightforward computation. For (z,u) € T x R*,

WWMLMZEﬁ%@meRQMH
=E [(DT,(z)u) "9¢q (T ()]
= u " "E [DT,(z) g (Tu())]
= u""Pypg(x)

— eA(_Q)u_ngq(a:)

= ACDW, (2,u).

0
Remark 3.8. Consider a random sequence
(Tnt1,Unt1) = (Tonw(@n), DTony(Tn)un)
with zg,up € T x RT. Take v as in Lemma 3.4 such that ¢*(?) = 1. Then
(TP — I)W,(z,u) =0,
which shows that W, (2,,u,) is a martingale. [
Example 3.9. In the case of Example 1.3, with ¢ = 0.5, we get
Wq(l‘au) = || @7,
which does not depend on z, as the one point dynamics is essentially a full shift.’ |
Lemma 3.10. There exist K > 0 and two continuous functions
$,7 € C°(T x R*,R),
such that the following holds for (z,u) € T x RT. For ¢ we have
|p(x,u) — In(u)| < K, (3.12)
(TP —1I)¢(x,u) = A (3.13)
Assume A = 0. Then for 11 we have
iz, w) — n2(w)| < K|In(u)], (3.14)
(TP —1I)n(x,u) =V. (3.15)

Concerning notation in the following proof and further below, 7 is the function 7 (x,u) =
x on T x RY, 7y stands for the function mo(x,u) = u on T x RT.

Proof of Lemma 3.10. We give a constructive proof for Lemma 3.10, where we use Propo-
sition 3.2 and Lemma 3.5. We first find the function ¢ for which (3.12) and (3.13) holds.
Subsequently we find 7 for which (3.14) and (3.15) holds.

For (z,u) € T x RT, let

d(z,u) = In(u) — Oy¢0(z). (3.16)
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Note that
¢ € CYT x RT,R).
Furthermore, for all (z,u) € T x RT, we have
(TP — 1) §(x,u) = (TP — I)In(ma)(w,u) — (Po — I) (94¢0) ()
= E [In(DT,(x)u)] — In(u) — E[In(DT,(z))] + A
=\

In the first line we use that dy¢0(x) only depends on z. For the second equality we apply
(3.4) in Lemma 3.5.
For the second part of the proof, we take A = 0 and let

fi(z,u) = In*(u) — 21n(u)dypo(z) + 83%(3:).
And again note that
i € CO(T x RT,R).
From a straightforward computation, we obtain, for (z,u) € T x R
(TP —I)n(x,u) =
(TP —I)In*(ma)(x,u) — 2 (TP — I)In(m2) 040 (m1) (z, u) + (TP — I) 07 po(m1) (2, w).
We analyse the terms on the right hand side separately. For the first term, we have
(TP —-1) (ln2(7r2)) (x,u) =E [an(DTw(a:)u)] — In?(u)
~E [(ln(DTw(x)) + 1n(u))2} — In2(u)
=E [In*(DT,(z))] + 2In(u)E In(DT,(z))] . (3.17)

For the second term we have

2(TP — 1) In(m2) g0 (m1) (2, u) = 2E [In(DTe (2)u) g0 (To ()] — 2In(u)dg0 (2)
= 2E [In(DT,, (2)) 9y ¢0 (T ()] + 2In(w) (E [05¢0(Te(x))] — g0(x))
= 2B [In(DT,,(2)) 9400 (T ()] + 2In(u) (P — I)dg¢o(x)
= 2E [In(DT,, (2))9g¢0(Tw(x))] + 2In(w)E [In(DT,,(2))], (3.18)

where in the third to fourth line we make use of the properties of d,¢0, as described by (3.4)
in Lemma 3.5. For the third term, we have

(TP —1)0}po(m1)(z,u) =V + 2E [In(DT,,(2)) g0 (T (2))] — E [In*(DT,(x))] . (3.19)

Here we use (3.5) in Lemma 3.5. Combining (3.17), (3.18) and (3.19), we conclude, for
(z,u) € T x RT,

(TP —1I)n(x,u) =V. (3.20)
Finally, (3.12) and (3.14) follow from the analyticity in q of ¢, (z)(see Proposition 3.2). [
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Remark 3.11. Consider a random sequence
(@nt15 unt1) = (Tonw(zn), DTone(n)un) ,

with (zg,ug) € T x R*. Then (3.13) expresses that the function ¢(,,u,) — n\ is a mar-
tingale. Assuming A\ = 0, (3.15) expresses that the function 7(x,,u,) —nV is a martingale.

Example 3.12. In the case of Example 1.3, with ¢ = 0.5, we get ¢(z,u) = In(u) + ||0,¢0|
and 7j(z, u) = In?(u) — 2(|0y¢0|| In(u) + [|02¢0]|. Both functions are independent of x, as the
one point dynamics is essentially a full shift. |

3.3. Two-point Koopman operator. The (annealed) two-point Koopman operator Pa)
is defined for a real valued function ¢ on T2\ A by

Poyd(a.y) = E [$(T (z,))]
The following lemma addresses the approximation of Py by T'P.
Define ¢ : T2\ A — R by
¢(z,y) = In(d(z,y)) — Ogo ().
With ¢ from Lemma 3.10 (see (3.16)) we have, for (z,y) € T2 \ A,

oz, y) = ¢(z,d(x, y)). (3.21)
Let n: T2\ A — R be defined as
n(x,y) = n*(d(z,y)) — 2060 (x) In(d(z,y)) + g0 ().
Note that for (z,y) € T? \ A,

Define W, : T2\ A — R by
Wy(z,y) = d(z,y) pq(x). (3.23)
With W, from (3.10) we have for (z,y) € T?\ A,

The next lemma compares the action of T'P and Fy).

Lemma 3.13. There exist R, B > 0, such that we have the following bounds, for (x,y) €
AR \ A;

TPé(, d(z,y)) ~ Poyél, )| < Bd(z,y), (3.25)
[T Pii(z, d(x.y)) ~ Poyn(,y)| < Bd(z,y)|n(d(,y)), (3.26)

and for q € [=|y| =1, |y[+ 1],
‘TPWq(% d(x,y)) — PoyWo(z, y)) < Bd(z,y)" "t (3.27)
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Proof. We will work out the estimates for (3.25), then the computation for (3.26) is analo-
gous, and will be left to the reader. We will sketch the proof for (3.27).

Recall that w(x,y) denotes the signed distance between x and y, for nearby points z,y €
T. Take R > 0 small enough so that T, is injective on all intervals of length R. For
(337 y) € Agr \ A)

TP(z, [w(z,y)|) = E (| DT ()w(z, y)|)] — (Podydo) (z)
= In(jw(z, y)|) + E [In(DT,(2))] — E[0y¢0 (To,(2))] - (3.28)

To determine Po)¢, we use a Taylor expansion for T,. We obtain,

w(T (w,y) = DTyl y) + 3 D*T(Eu(z, ).

for a £ in the interval between = and x + w(x,y). Therefore, for (z,y) € Agr\ A with R > 0
small enough,

Pay(ay) = E [n (w7 (@.9))] )| - Rodyéo(@)

2 wl(x 2
D m)Z (,y) ]_poaqw)

DT, (§w(z,y)

=F {m (’w(x,y)DTw(a:) +

~ n(fu ) + B (DT, ()] +E n |1+ )| - Bz

2DT,,(x)
(3.29)
Combining (3.28) and (3.29) yields, for (z,y) € Ar\ A,
2 w(x
| Py, y) — TP, [w(z,y)))| <E [m (‘1 LD %%(i) ) m , (3.30)

The right hand side of (3.30) can be bounded using the standard inequalities z/(1 + z) <

In(1+2) <z for z > —1. For R small we have )%W‘ < 1for (z,y) € Agr\ A. Then

for the upper bound we obtain

[ (14 DLAOun)] L Inte DT
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Similarly for the lower bound, when we take R small enough so that |w(x,y)|||D*T,| < a1
for (x,y) € Ar\ A, we obtain

T DT, (¢
DT, (&)w(x, y) 2DT
E[ln (1+ 2DT, (@) )] = L DT
L 2DT
D*T,(&)w(z,y)
o DQT (©w(a, )
1
> —|w(z,y)|| D*T,||E [2DTw(x) + DT (&)w(w,y)
N —|w(z, y)|ID* T
ai
HD Tw

Setting B = I finishes the first part.

In a similar manner we can choose B such that (3.26) holds for (z,y) € Ar \ A with R
small enough.

For (3.27), take (z,y) € Ar \ A with R small and assume, without loss of generality,
x <y. Then

TPW, (@, d(z,y)) — PoyWy(w,y)

—q

< [logl E

|rDTw<x>w<m, yI™ - \DTw@)w(m, )+ 5 DTl )

With (3.3) and the mean value theorem for a — a™9, we get

TPWQ(:C?w(wvy)) - P(Z)W(I(wvy)‘ < Cq‘q’E Uw(‘rvy)|7q71‘D2Tw(§)w($ay)|2]
< Colgl| DT |w(z, y)| -7+
< Bd(z,y) ",

for some positive constant C,. As Cy|q| depends continuous on ¢, restricting ¢ to [—|v| —
1, |v] + 1] allows us to uniformly bound it with a constant B. This completes the proof. O

The following lemma is a key lemma that adapts the equalities and estimates in Lemma 3.13
for TP to the setting for Py, but only near the diagonal A, using that near A, Py can be
approximated by TP (Lemma 3.13).

Proposition 3.14. There exists a R, K > 0, and continuous integrable functions
¢*,n* € COU(T?\ AR),
such that the following holds for (z,y) € Ar \ A.
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For ¢+ we have

|67 (2, y) — In(d(z,y))| < K, (3.31)
(Poy—1) ¢~ (#,y) <A< (P — 1) ¢ (2,9). (3.32)
Assume X\ = 0. Then for nt we have
I (z,y) — In*(d(x, y))| < K|In(d(z,y)), (3.33)
(Poy—1)n (z,y) <V < (Poy —I) ' (z,y). (3.34)

Proof. We can bound (P(g) — I) ¢(z,y), by applying the triangle inequality and using (3.13),
(3.21) and (3.25):

(P = 1) d(z,y)| <
<Bd(z,y) by (3.25) =X by (3.13) =0 by (3.21)

TPz, d(z,y) — Paydla,y)| +| (TP = 1) é(w, d(z.y))| + |é(x,y) — (. ()],
for (z,y) € Ar\ A. So

for (z,y) € Ar\ A.

This basically means that (P(Q) -1 ) ¢ near the diagonal is close to A\. To obtain functions
¢* so that P9y — I applied to them, after subtracting A, has a definite sign, we add suitable
functions to ¢: we take ¢F : T2\ A — R of the form

Cbi(x? y) = (;5(:17, y) + ClW*Qo (337 y)’ (3-36)

for a small positive value gy € (0,1/2), such that A(gp) # 0, and |c1| large enough (will be
defined below), with sign such that ¢;(e2®) — 1) > 0. Note that ¢ € CO(T? \ A, R).
By Proposition 3.2, we obtain

(TP — I)W_g(z,u) = (eA(qO) — 1) uPp_g (), (3.37)

for (z,u) € T x RT.
Combining (3.35), (3.37), (3.27) and (3.24) allows us to prove the first inequality of (3.32),
by choosing |ci| in (3.36) large enough. For (z,y) € Ar\ A,

(Poy—1)¢" (w,y) = A= (Po) — I) p(x,y) = A+ c1 (Pa) — 1) Wy (2, 1)

>_Bd(z,y) by (3.35) >c1(eM90) —1)d(z,y)% /C by (3.37)
= (Poy — 1) ¢(z,y) — X + (TP = I)W_gy (2, d(z,y))
>—|e1|Bd(z,y)?0t1 by (3.27) =0 by (3.24)

+ o1 (PoyWego(@,y) = TPW- (2. d(w,9))) + e (Wego(a,y) = Wegy (2, d(a. 1))

> _Bd(z,y) + & <eA< >—1) d(z,y)®/C — |e1|Bd(z,y)® !, (3.38)
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so that
(Poy —1) o™ (z,y) >\,
if R is small and |c;| is chosen large enough. The second inequality regarding ¢~ is obtained
using similar bounds. The bound (3.31) for suitable K > 0 is immediate from the expressions
for ¢ .
We take A = 0 and proceed with the construction of . We can bound (P(g) — I) n(z,y)
by applying the triangle inequality and using (3.20), (3.26) and (3.22). This yields

<Bd(w.y)| In(d(z,y))] by (3.20)
|(Pay = I) n(x,y) = V| < [(TPij(x,d(z,y)) — Poyé(z,y)) |+

=0 by (3.22)

6(w,y) — (. d(x,))|

=0 by (3.26)
(TP —1)¢(z,d(z,y)) — V[+

e

so that
|(Po) — 1) n(z,y) — V| < Bd(z, y)| In(d(z, y))], (3.39)
for all (z,y) € Ag\ A. We may not have that (P — I) n(z,y) — V has a definite sign. We
therefore add functions to 7 (as we did to obtain ¢* from ¢) and let
7 (2,) = n(@,y) £ Wy (z,d(z,y)), (3.40)

with |co| large enough (will be defined below), with sign such that c(e(®) — 1) > 0. We
clearly have that n* € C°(T?\ A, R).

Combining (3.20),(3.27) and (3.37) allows us to prove the first inequality of (3.34), by
choosing ¢y in (3.40) large enough. For (z,y) € Ar \ A, we get through a straightforward
combination of previous inequalities,

(Poy—1I)n*(z,y)
>V —Bd(z,y)|In(d(z,y))|—CBd(z,y) by (3.39) =c2 (GA(qO)—l)d(%y)qO /C~|c2|Bd(z,y)%0t" by (3.38)

= (Poy —I) n(x,y) + o (Poy —I) W_gy(,y),
so that

(Poy—I)n"(z,y) >V,
for R small enough, by choosing cs large enough. Here we use the fact that for 0 < R < 1,
and go € (0,1), there exists a C' > 0, such that for all z € (0,R), Caf > —xIn(z). The
second inequality in (3.34) for 7~ is obtained using similar bounds.

Finally, (3.33) for K large enough is clear from the expression for n*, using Proposition 3.2.
O

Remark 3.15. We can use (3.32) to get
tE [¢+(Tw<$)7Tw(y))] - A > :I:¢i($7y)7
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for d(x,y) small enough. Similarly if we assume A = 0, we get
£E [t (Tu(2), Tu(y)] =V = 207 (2, y),

for d(z,y) small enough. Applying Doob’s stopping time theorem (we refer to standard ref-

erences such as [50] or [25]) with suitable stopping times we build sub- and supermartingales
for such random sequences from the functions ¢+, ¢—, n™ and n~. This is done in the proof
of Lemma 4.1. |

Proposition 3.16. There exists a R, K > 0, and a family of continuous functions,
W3 e C’(T?\ A,R),

for q € [—|v| — 1/2,|v] + 1/2], such that the following holds for all (z,y) € Ar \ A.
For qu we have

1 _ _
@)™ SWE(a,y) < Kd(z,y)™, (3.41)
(P(Q) — eA(_q)) W, (z,y) <0< (P(Q) — eA(_q)) Wq"'(x,y). (3.42)

Proof. We can bound (P(Q) — eA(*Q)) Wy(z,y), by applying the triangle inequality and using
Lemma 3.13:

‘(P(g) - SA(_Q)> Wo(z, y)‘ <

<Bd(z,y) "9 by (3.27) =0 by (3.11)

Poy Wyl y) = TPW, (. d(a, )| +| (TP = X0) Wy(a. d(a, )|

=0 by (3.24)

I

1A ‘Wq(x7y) — W,(z,d(z,y))

for (z,y) € Agr\ A. So
(P~ *9) Wolar,v)| < Ba(ar, )+, (3.4

for (z,y) € Ar\ A.

This basically means that (P(Q) — eA(_p)) W, near the diagonal is close to 0. To obtain
functions qu so that Pg) — eM=P) applied to them, has a definite sign, we add suitable
functions to Wy: we take W : T2\ A — R of the form

W (2,y) = Wo(z,y) + csWy, (x,y),

for ¢1 € (¢ —1/2,q), such that A(—q) — A(—q1) # 0, and |cs| large enough (will be defined
below), with sign such that c3(er-9 — eAl=a)) > 0,



INTERMITTENT TWO-POINT DYNAMICS AT THE TRANSITION TO CHAOS 27
By applying (3.43) we get for (z,y) € Agr\ A,
(P(2) - €A(7q)) W, (z,y) =
>—Bd(z,y)~ 9! by (3.43) >—c3(Bd(z,y)~N1+1) by (3.43)

(P(2) - SA(_Q)> Wy(z,y) +c3 (P(g) - EA(_(“)) W, (2, 9)
>cz(er(—a1) —eA=9))d(2,y) "9 /K by (3.23)

Picking c3 large enough and R small enough yields,
(P(Q) — eA(—q)) Wj(a:,y) >0, for (z,y) € Ag\A.
Similarly we get
(P(z) — eA(—Q)) W, (z,y) <0, for (z,y) € Ag\ A.
Now set K again large enough such that (3.41) holds. 0

Remark 3.17. Suppose 7 is such that ¢*?) = 1. We can use (3.42) to get
B [W2(Tu(2), Tu(y))] = W, (1),

for d(z,y) small enough. Applying Doob’s stopping time theorem with suitable stopping
times we build sub- and supermartingales for such random sequences from the functions
Wﬂf and W, . This is done in the proof of Lemma 4.5.

4. TOPOLOGICAL RANDOM DYNAMICS

In this section we prove Theorem 1.1(3) and construct tools to prove Theorem 1.2 in
Section 5, for A > 0. We look separately at cases with zero Lyapunov exponent, positive
Lyapunov exponent and negative Lyapunov exponent.

4.1. Zero Lyapunov exponent. The next part of the analysis is to calculate escape proba-
bilities and expected escape times for escape from neighborhoods of the diagonal and strips
near the diagonal. The proofs in this section rely on an analysis of Koopman operators,
which is developed in Section 3. The statements can be read without reference to Section 3,
but for the proofs the reader has to familiarize with the results in Section 3.

For suitable small R, numbers 0 < € < § < R and points (z,y) € Ar with e < d(z,y) < 6,
we define stopping times

754+ (x,y) = min{n € N d(T](x), T (y)) > 6}, (4.1)
7e—(2,y) = min{n € N; d(T;(z), T (y)) < e}-

The following lemma addresses statistics of these stopping times.
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Lemma 4.1. For A = 0, there exists an sufficiently small R > 0, and sufficiently large
K >0, such that if 0 < e < d(z,y) <0 < R, then

P(min{7. _(z,y), 75+ (z,y)} < o00) =1, (4.3)
as well as
In (7257) - 2K n (757 ) + 2K
n (%) SP({7e—(2,y) <754 (z,9)} < In (2) (4.4)
and

% <ln (d(;, y)) In (d(ij y)) — 6K |In(e)| — 2K2>

<E [min{TE,— (1‘, y): T8+ ('7}7 y)”

< % (m <d(; y)> In <d(ij y)> 46K In(e)] + 2K2> . (45)

Proof. We follow reasoning of [9, 11]. As indicated above, we will use statements from
Section 3. The functions ¢* and n* come directly from Proposition 3.14. Denote (z,, y,) =
T (xo,y0), for (wo,yo) € T2\ A, such that 0 < e < d(x,y) < § < R. Now 0™ (z,,yn)
stopped at min{7. _(z,y), 75 +(x,y)} is a submartingale, by Proposition 3.14, Remark 3.15
and applying Doob’s stopping time theorem. So, with

n = min{n, Te,—(z, ), 7'5,+(377 Y}

we have
0t (x,y) <E[n"(za,ya) —aV].
Rewriting, we obtain
< In%(d(x,y)) + In*(cay) + K|In(ca1)| < oo.

This implies that P(7 = co) = 0, which then implies (4.3).
By Proposition 3.14 and Remark 3.15 and applying Doob’s stopping time theorem,
¢ (@, yn) stopped at min{7: _(z,y), 75+ (x,y)} is a submartingale. Therefore we have

o (z,y) <E [T (z5,ya)] -
Letting n go to infinity, and conditioning separately on 7. _(z,y) < 75+ (x,y) or 7. _(z,y) <
Té,-‘r(‘rvy) , W€ get

" (w,y) < lim E [¢7 (27, ys)]
=P (7 (2,9) < 704 @Y E[6F (@r._(n1 U o) | 7o (29) < 7ot (2,9)]
P (7o (@,9) > 7,4 (@) E [6F @y (005 Uri s ) | T (@) > o (23)] - (4.6)
By (4.3) we have
P (1 (2,y) > 754 (2,y)) =1 =P (7, (2,y) < 154(2,9))- (4.7)
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From (3.31) we get
In(d(z,y)) — K < ¢*(z,y). (4.8)

Note that once the distance d(xs, y5) is outside of (g, ), the distance is either in (gaq, €] or
in [0, daz) by Hypothesis (H1). Therefore we can bound the conditional expectation in (4.6)
in the following manner,

E [¢+(x7'5,,(m,y)a yTsy,(m,y)) | TE,*(:Ca y) < 7—5,-5-(':5’ y)] <
sup {In(r) + K} <lIn(e) + K (4.9)

re€faiee)

and

E {¢+(x'r§7+(z,y)7y7'57+(a:,y)) ‘ Ts,_(l’,y) > 7_5,+($7y)] <

sup {ln(r)+ K} <In(d) + 2K, (4.10)
refd,azd]

for K chosen large enough. Using the bounds (4.8), (4.9), (4.10) and the equality (4.7) in

(4.6), we get
In M — 4K
P(7e—(z,y) < 154 (z,y)) < < 12 (5%

J

In a similar fashion we get the counterpart of (4.6) for ¢,
¢~ (2,y) > Jim E (67 (5, ya)]
=P (- (2,9) < 5.+ (2, Y) E [0 (0r. (@) Yre, @) | Tei=(2,9) < 754 (2,9)]
TP (7o (@,9) > 7,4 (@) E [67 (s (o095 Uri s ) | Tem (@) > 7o (2,1)]

In (d(x’y)> +AK

from which we obtain a bound

5
P(7,—(2,y) < 754+ (2,9)) > - : (4.11)
ln( )

J

again assuming that K is chosen large enough. This finishes the proof of (4.4).

For (4.5) we use the submartingale property of n* stopped at 7. _(x,y) < 75+ (z,y) or
Te—(x,y) < T54(z,y) (see Remark 3.15 and apply Doob’s stopping time theorem.) and we
let time go to infinity. Denoting

7 =min{75 1 (z,y), 7 —(z,v)},
this yields
77+(l‘,y) <E [77+(x‘ray‘r) - VT] .
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Rewriting and conditioning on 7. _(x,y) < 75+ (x,y) and 7. _(x,y) < 75+ (x,y) separately,
we obtain
VE[7] < P(7e—(z,y) < 75+ (2, 9) E [0 (27, yr) 7~ (2, y) < 75,4 (2, 9)]
+P(1e—(2,y) > 754 (2, ) E [0 (27, yr) |7 - (2, 9) > 75,4 (2, 9)] =07 (2,9). (4.12)
As above we have bounds
E [n+(x7, yr)|Te —(z,y) < T&.’.(:U,y)] < ln2(a1€) + K |In(a1e)| < 1n2(5) + 3K |In(e)| + 2K7?,
E [0t (@7, yr)7e,— (2, y) > 75,4 (2,9)] < In®(8) + K [In(8)],

Now for a different, larger K, we have E [t (z,,y.)|7e—(2,y) < 754 (7,y)] < In?*(e) +
K|log(e)| and we have

Plugging this and (4.7), (4.11), (3.33) into the estimate (4.12), we obtain

VE[r] < 1 <d(?y)> o

()

Note that In* (£) —In* () = In (£) In(e6) and In*(8) — In*(d(z,y)) = In (%) In(d(z,y)J).

As |In(x)| is a decreasing function for 0 < z < 1, we have |In(¢)| < |In(d(z,y))| < |In(d)].
Using these identities and estimates we get

(1112 (6) —In® (0) + K )ln (%) D

+1n2(8) + 2K|1n(8)| — In®(d(z, y)) + 2K|In(d(z,))|.

VE[r] <ln <d(";’ y>) In(6) — In (d(”;’ y>> In (d(z,y)8) + 12K In(e)| + 8K

<In (d(‘g’ y)> In (d(; y)> + 12K |In(e)| + 8K2.

In a similar fashion we get

VE[r] > 1 (d(:’;y)> "

)

and from this,

(1112 () —In? (6) 4+ 2K ‘ln (%) D

+1n2(8) — 2K|1n(8)| — In®(d(z, y)) + 2K|1In(d(z,))|,

VE[r] > In <d(9§ y)> In <d(; y)> — 12K]In(e)| — 8K2.

Replace 2K by K to get the statement of the lemma. This finishes the proof. ([l
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From here on, R, K are fixed as in Lemma 4.1. We now formulate a result stating that
trajectories of points (x,y) € As will almost surely escape from As. However, the expected
escape time will be infinite for d(z,y) sufficiently small.

Lemma 4.2. Let R, K be as in Lemma 4.1. Then for all (z,y) € T2, with 0 < d(x,y) <
0 < R,

P (5.4 (2,y) < o) = 1 (4.13)
and

E [75,+ (x,y)] = 0o whenever d(z,y) < e K4

Proof. We apply Lemma 4.1. The first statement follows from (4.3). For the second state-
ment, by Lemma 2.5 we find that for (z,y) with d(z,y) < R, there is a positive probability
to enter A, ¢xs5. Now let € — 0 in (4.5). O

From this lemma we know that for (xg,yo) € As, the expected number of orbit points

(@ 9n) = (T2)" (@0, 30)

before escaping Ags, with (xg,y0) € A6k, is infinite.
The above results allow to conclude Theorem 1.1(2).

Proposition 4.3. If A\ =0, for all (z,y) € T?\ A,

n—1
lim =Y d(T(z),T" =0 and li d(T"(z), T" 0, P—as.
nggon; (T5(@), Tiw) = 0 and limsupd (T (x), T;(y)) > 0, P—as

Proof. Let € > 0. For (z,y) € T? \ A and w € Xy, consider the empirical count of iterates
in Ag,
#ieN0<i<n—1:d(T(z), T (y)) < ¢}

n
By Lemma 4.2, Lemma 2.5 and the strong law of large numbers, we get that P-almost surely
N:(z,y,w) = 1, for all £ > 0 implying the first part of the statement. See for example ||
for a worked out argument. The second part follows from Lemma 2.5. (Il

Ne(%ij) = nh—%lo

4.2. Positive Lyapunov exponent. In this section we consider positive Lyapunov expo-
nent A > 0. This will be assumed to hold throughout the section. Furthermore, we will
denote the second zero of the moment Lyapunov function A as ~.

Consider 0 < § < R and (z,y) € T2\ A with d(z,y) < §. Let 7(z,y,w) be the minimal

time with (
7(z,y,w)
a((22)"" @) > 5

with 7(x,y,w) = oo if this does not exist.

Lemma 4.4. Let R, K be as in Lemma 4.1. Suppose X > 0. For 0 < d < R and (x,y) €
T2\ A with d(z,y) < § we have

P(d(T](z), T (y)) > 9 for somen € N) = 1.
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Moreover, for some K > 0,

% (m <d(jy)> _ 2K> <E[r(z,y,w)] < % <ln <d(jy)> 4 2K> | (4.14)

Proof. Write z,, = T)}(z) and y, = T}(x). We also use shorthand notation 7 for 7(z,y,w).
By Proposition 3.14 and Remark 3.15 we find, applying Doob’s stopping time theorem,

AE[r] < E [¢" (27, y,) — 6" (2,9)] <In(0) —In(d(z,y)) + 2K
and
)‘E[T} > E |:¢_(ij yT> - ¢_(£L',y)] > ln(é) - ln(d(:c,y)) —2K.
The lemma follows. O

More detailed estimates can be obtained by analysing escape times from strips As \ A..
The next lemma is the equivalent of Lemma 4.1 for positive Lyapunov exponent. Stopping
times 754 (z,y) and 7. _(z,y) are defined as before in (4.1), (4.2).

Lemma 4.5. Let R, K be as in Lemma 4.1. Suppose A > 0. Let v # 0 be the negative value
so that A(y) =0. If 0 < e < d(x,y) < d < R, then

P(min{r. _(z,y), 75+ (z,y)} < o0) = 1. (4.15)
Furthermore, there exists a k € (0,1), such that if 0 < e < d(z,y) < kd < KR, then
1 [d(x, 7 d(zx, K
2 () <p (e <o < 6 (T22) 0 ag

Proof. The proof is similar to the proof of Lemma 4.1. Let (x,y) € As \ A., so with
e < d(xz,y) <. Let 7._ and 751 as in (4.1) and (4.2). As before we get (4.15), that is,
min{r. _, 754} < oo for almost all w.

We start with the upper bound in (4.16). Using Remark 3.17 and applying Doob’s
stopping time theorem, we get

W=, (z,y) =
P(7e,—(2,y) < 754 (@, ) E W (%7, _(54): Yo (@) | Term (T, 9) < T5.4(2,7)]
FP (e (2,) > 7o (2 9) B W2 (T (0o Urs o) | 7o (28) > Ta (,9)] - (417)
As before, since min{7. _, ¢} is almost surely finite (see Lemma 4.1), we have
P (e (z,y) > 75,4 (2,9)) =1 =P (7, (2, 9) < 754(2,9)).

Furthermore, for some K > 1 as in Proposition 3.16, we get

E [W:ﬂ/(l}a,,(a:,yyyTE,f(x,y)) | TE,*(J:’ y) < 7—5,+($7y)] >

||

E W2 (0ry o) U (o) | 7o (@,9) > T4 (2,9)]
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and also Kd(x,y)” > W2, (z,y). Then (4.17) yields

P (7 (2,y) < 5.4 (2.y)) < (K2d(z,y)” = 87) /(7 = 47).

From this and a condition d(x,y) < kd for small enough k, we get the stated bound. The
lower bound in (4.16) is derived similarly. O

Using the above lemma we get the following statement in which we discuss, for orbit
pieces starting in Ays \ Ac until escape from Ag, the expected number of points in A.. It
is similar to Lemma 5.3, but for positive Lyapunov exponent.

The results in this section easily allow to conclude Theorem 1.1(3).

Proposition 4.6. If A > 0, for all (z,y) € T?\ A,
n—1

. ]. g i . . n n _
T}l_}n;o - z(;d (T (x), T, (y)) >0 and hnrglorolfd(Tw (), T5(y)) =0, P—as.

Proof. The reasoning follows Proposition 4.3. Let ¢ > 0. For (z,7) € T?\ A and w € Xy,
consider the empirical count of iterates in A,

N.(z,y,0) = lim #{eN,0<i<n—1:d(Ti(z),Ti(y)) < 23

n—o00 n

By Lemma 4.4 and Lemma 2.3 and the strong law of large numbers, we get that P-almost
surely N¢(z,y,w) < 1, for a € > 0 implying the first part of the statement. The second part
follows from Lemma 2.5. O

4.3. Negative Lyapunov exponent. In this section we consider negative Lyapunov ex-
ponent A < 0. This will be assumed to hold throughout the section. The following lemma
can be obtained by the construction of local stable manifolds for 77} of points in A, which
exists for almost all w € ¥y [10]. We provide a proof along the lines of our reasoning in
previous sections, compare also [3].

Lemma 4.7. Let R, K be as in Lemma 4.1. Suppose A < 0. There is 0 < x < 1 so that the
following holds. For each 0 < § < R there is 0 < &' < 0, so that for (z,y) with d(z,y) < ¢,

P (d(Tg(x),Tg(y)) <8 for alln and lim d(T2(z), T (y)) = o) > X

Proof. Let v > 0 given by Lemma 3.4 be so that A(y) = 0. The first part of the proof
is similar to the proof of Lemma 4.1 and Lemma 4.5. Take (z,y) € As \ A¢, so with
e <d(z,y) <. Let 7. _(x,y) and 75 (x,y) as in (4.1) and (4.2). As before we get (4.15),
that is, min{7. _(z,y), 754 (x,y)} < oo for almost all w. Thus, as in Lemma 4.1,

P(re—(2,y) > 754 (2,9) =1 =P (7 (2,y) <754 (2,9)). (4.18)
Using Remark 3.17 and applying Doob’s stopping time theorem, we get

WZ (z,y) >
P (7_6,—('%'7 y) < 75,4+ (.%', y)) E [W—_'y(xTE,_(:ay)a yTE,_(x,y)) ’ Te,— (1‘, y) < T57+($, y)]
P (e (2,) > 7o (2 9) B (W2 (5 (o) g o) | 7o () > T (,9)] - (419)
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For some K > 1 as in Proposition 3.16, we get

E [W:W(-:L‘Ts’i(x7y)7y7'57,(;1;7y)) ‘ TE,—('%.7 y) < Té,‘i’(x? y)] Z

)

SEER

E {W:v(x76,+(x,y)vyﬂs,+(r,y)) | 7o (2, y) > 75,+(m,y)} 2
and also Kd(x,y)” > W2, (z,y). Using (4.18), (4.19) yields
lim P (.- (2,y) < 7.4 (,9)) > lim (K?d(@,y)" = 87) / (7 — &)
e—0 e—0

—1- K? (d(x’ y))”. (4.20)

o

The limit exists because the probability is monotone decreasing as € — 0. This lower bound
for P is strictly positive if d(x,y)/d is small enough. The computation means that there is
a strictly positive probability
. 2 d(l‘a y) K
P (d(:cn,yn) < ¢ for all n € N and liminf d(zp, yn) = 0) >1-K*| ———= | ,

n—o0 5

at least for d(x,y)/d small enough. Note that P goes to one if d(x,y)/d goes to zero.
We obtain the lemma from the observation that the above argument applies to any §. To
finish the argument, take 0 < dy < d2 < d(z,y) < 0 and, using (4.20), consider

P(TdQ,*<$7y) < T57+($, y) and d([l}“ yz) < 52 for all ¢ Z Td2,*(x7y)>

(o (52)) (0 ().

The lemma follows by taking dy and dy to zero, with da/d2 small enough, and noting that
the bound on the right hand side stays strictly positive. O

Synchronisation of typical orbits expressed by Theorem 1.11 is a consequence of the above
lemma and our hypotheses on the random dynamical system.

Proposition 4.8. Suppose A < 0. For all x,y € T, for P-almost all w € Yy,
lim d(T7(x), T; (y)) = 0.
n—oo
Proof. Take 0 < ¢’ < 0 asin Lemma 4.7. By Lemma 2.5 there is a strictly positive probability

for an orbit T, (x,y) to enter Ay in finitely many steps. That is, there exists C' > 0 and
N > 0 so that for (z,y) € T?\ Ay,

P (T2 (x), T2 (y)) € Ag for some 0 <n < N) > C.
We find that for (z,y) € T?\ Ay,
P (T (), T (y)) & Ag for all 0 < n < kN) > (1 - C)F,

so that P ((T7%(x), T} (y)) € Ay for all n) = 0. There are therefore almost surely infinitely
many orbit points from (7% (x), T} (y)) in Ag.

As before, for 0 < ¢ < § and (z,y) € T? with e < d(z,y) < 6, (T(z), T (y)) will be
outside A\ A; for some n > 0, almost surely. Combined with the above we see that almost
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surely, orbit points (T7(x), T (y)) are in A, infinitely often. This holds for any € > 0, so
that
liminf d(T7 (), T2 (3)) = 0

almost surely. That is, given a sequence ¢, that is decreasing to zero, there is a sequence of
first iterates (T0%(x),T*(y)) inside A, . Lemma 4.7 now implies synchronisation. O

5. STATIONARY MEASURES FOR THE TWO-POINT MOTION

This section contains both the construction of stationary measures on T2\ A for the ran-
dom two-point maps, in the case of zero and positive Lyapunov exponent, and the derivation
of their asymptotics at the diagonal. The results apply to zero and positive Lyapunov ex-
ponent.

5.1. Construction by inducing. We construct a stationary Radon measure on T2\ A for
the two-point random dynamical system with Lyapunov exponent greater than or equal to
zero. We do this by inducing: we construct a stationary measure for a first return map on
a domain away from the diagonal A by the Krylov-Bogolyubov method. Following work by
Deroin, Kleptsyn, Navas and Parwani [21], who study random walks on the real line, we
introduce random stopping times in order to be able to apply a Krylov-Bogolyubov method
to find stationary measures.

A stationary measure is obtained as usual by pushing forward the stationary measure
for the first return map. For a zero Lyapunov exponent, Lemma 4.2 implies that it takes
in expectation infinite time to get away from the diagonal and therefore the stationary
measure is not finite. For a positive Lyapunov exponent, a stationary measure for the
two-point motion can be constructed just as in the case of zero Lyapunov exponent. The
finite expectation of the escape time from Ags as expressed by Lemma 4.4, shows that the
total measure is finite. Normalizing the measure, we derive the existence of a stationary
probability measure.

Proposition 5.1. The random dynamical system (2.3) has the following properties:
o if A = 0, then the two-point motion admits an infinite stationary Radon measure
1 on T2\ A, and
o if A\ > 0, then the two-point motion admits a stationary probability measure /1(2) on
T2\ A.
Proof. For a fixed small ¢ > 0 take the compact set
K=T2\A..

Because T is of degree two, each element in T has two distinct pre-images. The minimal
distance between pre-images is smaller than Ry, (recall (2.1)). Take € < Rpn, so that

points in T? \ (X U A) can not be mapped into A by TCE2). Note that there will be points

)

in K that are mapped into A by some TCEQ . Namely, any (z,y) € T? with  # y and

To(z) = T,(y) lies in K and will be mapped into A by 7. By Lemma 4.2, for any
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(zo,y0) € K, of the random orbit (z,,y,) = Tu()Q) (20, o) has almost surely infinitely many
points contained in K.

Fix a smooth function & : T2 — [0,1] with support disjoint from A and with ¢ = 1 on
K. For an initial point (xg,yo) consider the random stopping time V(w) > 1 (suppressing
dependence on (zg,yo)) so that the probability P(V =n+ 1|V > n) equals {(Tn11, Ynt1)-
So when the random orbit arrives at (z,4+1,Yn+1) We stop with probability &(xnt1, Ynt1)
and continue with probability 1 — &(2y41, Ynt1)-

We use E to denote the expectation both over ¥y and over the random process defining
the random stopping time. So E [5(mv,yv)] is the distribution of the stopped point (v, yy ).
It is an element of the space P(supp &) of probability measures on supp &, which we endow
with the weak star topology.

We claim that this distribution depends continuously on (xg,yo) € K in the weak star
topology. Namely, consider a sequence of distributions of stopped points for a converging
sequence of initial points (xf,yy). From (4.13) we get that for ¢ > 0 small there exists
N > 0 so that with probability at least 1 — {, the stopping time V is smaller than N. As
the maps T, depend continuously on a, the points (xy,yyv), V < N, for (z{,yy) are close to
those for (zg,yp). Consequently, the distribution E [5(xv,yv)] of the stopped point depends
continuously on (zg, yo), for (xg,yo) € K, in the weak star topology.

Define

Pg# = /V]I‘2 E [5($V7yv)] d/L(IEQ, yo) (51)

acting on P(supp&). Then (5.1) is a continuous map from P(supp&) to itself. We can
therefore apply the Krylov-Bogolyubov procedure of taking a converging subsequence of
Césaro averages, to find a P invariant probability measure ¢,

Pego = <o,

with sup ¢y C suppé.
We will use this to construct a stationary Radon measure on T2\ A. Consider the average
measures

V(w)—1

(3707?/0) =E Z 5(33779] : (52)

m

Because 1 — £ vanishes on KC, we can write , with (z;,y;) = T“(,?)_l 0---0 Tf,? (0, %0),

Tha00) = Z / / H £(@5)) ) TP(w0) - dPlamr).  (5.3)

,,,,, wnl.jl

Integrate over (zg, o) taken from the measure ¢y to obtain

= /EQ m(ﬂﬁ(),yo) dq](l'o, yo). (5.4)
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Written out this reads
V(w)—1
P = B3 1T T | doleoso)
j=0
for Borel sets A C T? \ A.
We claim that for any continuous function v : T? — R with support disjoint from A,
V(w)—1
[wdm=[ B> v doto.) (5.5)
T2 T2

=0

is well defined and finite. We conclude from this that ©(? is a Radon measure that assigns
finite measure to compact sets disjoint from A. To establish the claim note that there are
N > 0 and ¢ > 0 so that with probability at least ¢ an orbit starting in supp ¢ hits K in at
most N steps. Note that iterates outside supp ¥ do not contribute to the right hand side of
(5.5). We find an estimate

That is, E {Zy:("oj)*l |1/)(:1cj,yj)q is finite and bounded uniformly on suppt. This implies
that the right hand side of (5.5) is finite.

We will establish that p(® is stationary for the two-point maps. We must thus show

Pu® = / (Tf)) 1@ dP(a).
T *

Applying P yields, with (z;,y;) = Tcg?)_l o0 TS (x0, o),

P, o :/ (Ty)) Maq,0 dP(a)
'JI‘ *

- // ﬁ (1 —&(x5,v5)) (Tch))* O(n,yn) AP(a)dP(wp) - - - dP(wy—1)

(again using that 1 — ¢ vanishes on K).
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Compared to (5.2), the index j is counting from 1 to V(w) instead of from 0 to V(w) — 1.
We thus find

Pi(g,0) = T(wo,y0) — 5(9007?!0) +E [5(”"/(@79‘/(@)} ’

Integration over ¢g yields

PM(Q) = P/T2 M (20,40) dso(z0, Yo)
= / P (24.40) 450 (0, Y0)
TQ

=/, T (0,40) 4%0(20, Y0) — /]1‘2 S(20,y0) d50(T0, Yo) + /T2 E |:5(xv<w),yv(w>)i| dso (o, yo)

=u® — g+ Peco

= u®,

the last step by P invariance of ¢p.

Note that the argument includes the observation that 4 assigns finite measure to com-
pact sets disjoint from A.

For A = 0, Lemma 2.5 shows that iterates of points (x,%) € T? enter any small neighbor-
hood of A with positive probability. Combining this with Lemma 4.2 shows

V(w)—1
pA) = [ B Y (T, Tw) | dalan. )
§=0

= 00.
For A > 0, by Lemma 4.4, we see that

V(%y’w)* 1

¥=LE| X T T0)| don) = LBV (0.0 dafey) < .

Now M(Q) given by

V(z,y,w)—1
1 ) )
M(2)(A)=§ TZE > 1a(Ti(), TI(y)) | deol(z,y)
=0

is a stationary measure. Since pu(®(T?) = 1, we find from this expression that u(® is a
probability measure. O

Remark 5.2. The stationary measure (2 is obtained by pushing forward the measure g
on the support of a test function . The test function is constant one on a suitable set /.
The construction shows that p(® restricted to K equals gy restricted to K (see (5.3) and
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(5.4)). We can therefore also obtain p(?) from g restricted to K by pushing forward. That
is, with

M (20.0) Z // H (1 — Lic(25,47)) S ym) AN (w0) - - - AN (wn—1)

,,,,, wn . J=1
for (zo,y0) € K, we find

= / M (20,40) 450 (T0, Y0)-
K
[ |

5.2. The support of the stationary measure. Hypothesis (H5) and Lemma 2.4 show
that for all € > 0, there exists a k € N, such that images under ©?) of a set Xy x {(z,y)}
for (z,y) € T2\ A, cover ¥y x T2. This implies that stationary measures for the two-point
motion have full support, if they are obtained from an inducing scheme as in Section 5.1.

5.3. The growth rate of the stationary measure at the diagonal for A = 0. The
following lemma discusses the expected number of such orbit points that lie inside strips
As \ A, in the limit of & going to zero. The obtained bounds will be used below to derive
the growth-rate near the diagonal of stationary measures for the two-point motion.

Lemma 5.3. Let R, K be as in Lemma 4.1. Suppose A = 0. Assume 0 < e < § < R. For
(2,y) € T? with 0 < d(z,y) < J, define

Ts, +(l’,y

ges(z,y) =E Z Lz o) (A(T5(2), T, (y)))

1 (5CL1 .. geﬁ(xvy)

— (1 —6K | <1 ="

V(“<d<x,y>> ° )—1?551 —In(e)
<limsupgs’6(x’y)<1(ln( oay >+6K>.
T es0 —In(e) TV d(z,y)

Proof. We follow |9, Proposition 5.6], with modifications needed for the discrete time setting.
Recall that a1, as are given in Hypothesis (H1). Define, for e < r < ¢,

9. 5(r) =inf{ges(2,y) ; ra1 < d(z,y) <r},
925(r) = sup {ge (2, y) ; r < d(x,y) < ras}.

Observe that r — gjé(r) is a monotone non-increasing function on [e,d], and constant on

(0,¢].
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We first focus on g_ o Conditioning on the smallest stopping time 75 1 or 7. _, which have
been defined in (4.1) and (4.2), we obtain

9es(,y) =P (7, —(2,y) > 754 (2,9)) E[75 1 (2, y)]
+ P (7o, (2,y) < 75— (7,9)) E[1e, (2, 9)]
+ P (7o (2,9) < 75— (2, 9) E [ges(@r, s yr. ) | 7o (2,y) < 75,4 (2,9)]
=E [mln{T5’+(JJ, y)a TE,—(‘T) y)}]
+P (’7'57_(.21?, y) < 7'57_,_(.%', y)) E [ga,é(sz,f ) yTs,f) ‘ TE,—(x7 y) < 7’574_(:6, y)]
> E [min{rs 4 (2, y), 7e,— (2, ¥)} + 9_5(E)P (7e,- (z,y) < 75.4(2,y)) -
Due to monotonicity of g_s(r) in r, we have for ¢ < r <4,
9;5(5) > 9;5(7")
> inf {ge 5(z,y) ; arr < d(z,y) <r}

> it {Emin{zs(e,), 7 ()] 0, B (e (0,) < 7iale0)}

We get the lower bound for g, ;(z,y) by setting r = d(z,y), using (4.4) and (4.5) from
Lemma 4.1, and g_,(¢) > g_5(7),

9=,5(2,y) = g 5(r)

: 1 0 d(z,y) 2
> f — (1 | —6K]|1 2K
_m1<ill(lﬂ?,y)<7“{v <n<d(3«"ay>> H< ) 6 Inel +

" (ag)
)

+9.5(€)
In <
)

1 d(z,y)
> — f | 1
-V r/agzli?m,y)gr { " (d(az,y)) n ( IS > }

ln<
— 6K |In(e)| + 2K2 + 9.5(1)

M | o

rajy

J
In <)
€
Divide by |In(e)| and take liminf._,. This yields

955(5) In (ﬁ) — 6K N In (%) — 6K'

li f > inf
B TIE@)] 7 ar<diog<r v =

5>_2K

The bound for gj{s(r) is obtained by following a similar scheme. O
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The following proposition allows us to estimate on the growth-rate of the stationary
measure (2 near the diagonal, in the case A = 0.

Proposition 5.4. Suppose A\ = 0. Given the stationary measure M(Q), there exist o, 8 €
(0,00), such that

(2) (2 (2) (2

e—0 —In(e) £—0 —In(e)

< 8. (5.6)

Proof. Temporary fix € > 0 small. For 0 < ¢ < ¢ for suitable small §, set K = T2\ As. For
(z,y) € K, write

N(z,y,w) = min{n > 0; (T7(x), T;(y)) € K}
for the first return time to K. By Remark 5.2 we have that for all stationary Radon measures
1? on T2\ A, the restricted measure e = p? |k is a stationary measure for the induced

process

N($nyyn7w)
(mn—I—l? yn-f—l) = (Tog2)> (xm yn)

on K. For convenience we rescale px so that it becomes a probability measure,

pic(K) = 1.
Denote the set G C K x ¥y as the union of (z,y,w) € K X Xy, such that there exists
7(z,y,w) € N with the following properties,
(1) for 0 <i <7, (Ti(x), T (y)) ¢ K,
(2) (T2 (@), TP () € Au-rica,s.
Here K is as in Lemma 4.1. By Lemma 2.5, we have (ux x P)(G) > 0.

Now we have the ingredients to prove the lower bound for the liminf. For all measurable
sets A C T2, from Remark 5.2 we obtain

N(x,y,w) -1

W (A) = /}C . EO 14(T(2), TE()) d(pxc % P) (&, ). (5.7)

By (5.7) and Lemma 5.3,

Z‘,y,w)_l

N(
WO(T2\ AL) = / S g (T9@), TE() (e X B) (2, 3,)
K:><219 j:0
N(z,y,w)—

)—1
> [0 e (T T0)) dl ¢ ) ,)
g =

N(x’yzw)fl

> /g S Ly (@), T()) dlux x P)(a,y,w)
j:T(x7y7w)

> [aea ((12)" @) e % B ).
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To get the first inequality of (5.6) we divide both sides by —In(e), take the liminf, and
apply Lemma 5.3. This yields

lim inf pP(T2\A:) (K +1n(a1)) (ke x P)(G)
=0 —In(e) T v '

This proves the lower bound for the lim inf.
To get the upper bound for the limsup we use a similar technique. Here we have to
incorporate the possibility that points in K are mapped onto, or close to, A by a single

iterate of TUSQ). When pushing forward px, this moves mass directly to small neighborhoods
of A. Write K x ¥y = Rg U R4+ as a union of sets on which N is either equal to 1 or is
bigger than 1,

Ro=A{(z,y,w) e Kx Xy ; N(z,y,w) =1},
R+ = {(xuyaw) €K x 219; N(:E,y,w) > ].}

The set Ry is a disjoint union of a set

Gi=R+N(Ag XZﬁ)

min

(recall (2.1) for the definition of Ryu,) and its complement G., which is contained in
(Agys \ As) X Xy. For (z,y,w) € G, we find Tu()2) (z,y) C A5\ Agys. We have

N(x,yw
WO(T2\ A, / /E ¥ 1T2\AE<Tz<m>,Tg<y>>dP(w)dm:c,y)
,yw
/ / nw\Aﬂg(m),Tz(y»dP(w)dm:c,y)
9 §=0
< //R 4P () dprc (z, y) //R L, (T ) AP (o)
0 + j=1

<)+ [[ 0T @) @i (). (5
+
Recall that by Lemma 2.3, we have the existence of C7 > 0 with
E |~ n(d(TP (x,y))] < €1, (5.9)

for all (z,y) € K.
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To conclude the proposition we divide (5.8) by —In(e) and take the limsup. Doing this,
applying Fatou’s lemma and using Lemma 5.3 and (2.4), yields

n(T2\ A,)

.
YT — ()
(2)
157 (x,
< lim sup () + lim sup// ges (o™ (@) dP(w)duic(z,y)
0 —1In(e) e—0 UG4 —1In(e)
(2)
Ty (x,
< // lim sup 9es(To” (2, y)) dP(w)dpc (2, y)
cUgd e—0 s 1n(5)

1 da
< / / T (m (d(Tf)(jcy))> +6K> dP(w)dpc (2, y)

< In(dag) + 6K + C4
— V Y
which finishes the proof. O

5.4. The growth rate of the stationary measure at the diagonal for A > 0. The
following proposition allows us to estimate on the growth-rate of the stationary measure p(?
near the diagonal, in the case of A > 0.

Proposition 5.5. Suppose A > 0 and let v be the negative value so that A(y) = 0. Suppose
v € (=1/2,0). Given the stationary measure @ | there exist o, B € (0,00), such that

(2) 2)
a < liminf M < lim sup &
=0 en em0 €7

<B. (5.10)

To prove the above proposition, we first consider orbits near the diagonal.
Lemma 5.6. Let R be as in Lemma 4.1. Suppose A > 0. Assume 0 < e < § < R. For
(z,y) € T? with 0 < d(z,y) < J, define

75,4+ (xzva) -1

fs,é(x7 y) =K Z ]1(0,5] (d(TZ,(.%‘), TZJ (y))>

i=0
There exist K < oo, k € (0,1), such that for (z,y) € T?, if 0 < ¢ < d(z,y) < Kd < kR, then
1 (d(z,y)\’ d(z,y)\"
— | === < <K|—=]) .
K < c —fE,(S(x7y)— c
Proof. Let k be as in Lemma 4.5. Let Kg be K from Lemma 4.5 and set K; = ¢**50, By
a straightforward computation for the lower bound, comparable to the proof of Lemma 5.3,

we obtain

2)T.
Fes@9) 2 P (i, (@) < 71 (@) B 7o o (T8 @) | 7y ~(,9) < 754 (2,9)]

(Bt (o) o).
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Set
75,4+ (@,y,w)—1 ' '
fZ5try=" sup E > Log(d(Ti(x), T (y)) (5.11)
ra;<d(z,y)<r i—0

1/~
and observe that f:(s is monotone decreasing in r. Let Ky = (ﬁ) Jaz. When Koe < kR,

we have

J5(e) < sup E [Tgpe) 4 (2, 9)] + sup P (7e,— (2, y) < 754 (2,9)) f25(e)
cai<d(z,y)<e eKo<d(z,y)<eKaaz

< % (ln (f) + 2K0> + Ky (KQGQ)’Y f;—(s(&“)

Therefore f;;(e) < o00. So, using f.5(z,y) < P(1e—(2,y) < 754 (2,y)) f;;(e), we get the
desired result. O

Proof of Proposition 5.5. We follow reasoning of Proposition 5.4, using Lemma 4.4 and

Lemma 5.6. Let R, K > 0 be as in Lemma 5.6. For 0 < § < R small, take KL = T?\ As. As

in Proposition 5.1, a finite measure o is constructed and from the restriction pux of g to K,

the measure 1@ is obtained by pushing forward pc by the two-point maps. See Remark 5.2.
By rescaling px we may assume

/T2 E[V(z,y,w)] duxc(z,y) = 1.

Fix € > 0 small enough and let § < R. For the stationary measure of the two-point motion
we have by Proposition 5.1 that

v($7y7w) _1

WO (A, = / E| S 1a(TI@), TEW) | ducrowo).
T2 =

We remark that the condition |y| < 1/2 is to bound the mass that is transported to
neighborhoods of the diagonal from outside Ag_. by this construction (recall (2.1) for the
definition of Ryip).

As before, see the proof of Proposition 5.4, denote the set of G C (T? \ As) x Ly as
the union of (z,y,w) € (T? \ As) x Xy, such that there exists an 7(x,y,w) € N, with the
following properties:

(1) foralli € N,0 <i <7, (T (x), T (y)) ¢ (T?\ As),
(2) (T2 (@), T () € Avs.

min

Here « as in the proof of Lemma 5.6.
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For the lower bound in (5.10) we consider only orbit pieces near A. From Lemma 2.5 we
know that (us x P)(G) > 0.

7o+ (Tw (x), T (y),w)—1

SISEY . Z 10 (A(TE (@), T () e x B) ()
)—

75,4+ (Tw (w)’Tw (y)vw ' '
> /g ]l(o,s](d(Ti(x)aTi(y)))d(/m % P)(z, y,w)

7'5+(Tw(xv T (y)w)—

z/ ]1(05]( (T8 (2), T (9))) d(pc % P)(x, 9, w)
g

O

6_7

> Kw0)— = (e x P) (G).

We proceed with an upper bound. Here we must include orbits that start outside Ag_,.
and jump directly into Ag, and also directly into A.. This can be seen as pushing forward
mass from C into A. in a single iterate. We divide the set G into two subsets, G = G; U G,
with a set

Ga=GnN (T2 \ AR, .. X 219)

and its complement G. C (A(;/al \A(;) X Xy.
Using this division, we get

75,4+ (2,y,w)—1

p(A) < /m . Z 0.4 (A(TE (@), Th(w)) dljuxc % P) ()

=0
/ (Os]( (T2 (), TL(y))) d(pxc x P)(z,y,w)
Ts +(m,yw ' 4
/g L0, (d(T5 (), T3, () d(pxc x P)(,y,w).
d 1=0

The first integral can be bounded from above by using Lemma 5.6. Recall that f;; defined
n (5.11) is a monotone function. Now

T6+ »yw

/ 1o (d(TE (2), T (1)) d(juc % P) (i, , )

/f+ 7O (2 )))d(mcxIP’)(x,MSf;é(“‘”gK( 6 >_7'

a1ko
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To handle the second integral we consider separately the subset G. C Gy of points that
are mapped directly in A., thus

0. = {(r.0) € Gus TP € A},
For (z,y) € A. let, similar to (4.1),

Te+(x,y) =min{n € N; d(T](x), T, (y)) > €},
75+ (7,y) = min{n € N; d(T;}(z), T} (y)) > d}.

By Lemma 4.4 we have an estimate

(0 () o) =z =5 (n (55) +2n)

for some constant K > 0. For (z,y,w) € G we find 7. 1 (z,y,w) < 754(z,y,w) almost
surely. This allows us to write

T§+ )yw

/ 10, (d(T(2), T2 () d(puc % P)(z, )
gd i:O
T€y+($7y7w)_1 T(;,Jr(x»y:w)*l

< / S Y| LT @) TH) i x B) (@, y,w)

i=0 i:T57+(x’y7w)
75,4+ (xvva) -1

* /gd\gs Y Lo (d(Ti(x), Ti(y) duc x P)(z,y,w)

=0

< [; T (TD (2, 9)) (e X P)(@, g, / F5() d(p % P)(, y,)

[ R ) o < B)e ),
Ga\Ge

To bound the first integral in the final expression we use Lemma 4.4, Lemma 2.3 and
Hypothesis (H4) to get or any 0 < s < 1 the existence of a constant C' > 0, such that

/g 5.4 (T () d(px x B)(,y,w) < Ce®
d

Hypothesis (H4) shows the existence of a constant C' > 0 with (ux x P)(G:) < Cy/e.
Lemma 4.4 shows that

56( )<CX

for some C' > 0. We get therefore a bound

/ (e % P)(,y,w) < CVz
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for some C > 0. The third integral is bounded by

/ AT (2, 9))) dss x P) (w9, )
Ga\Ge

-
13
<[ K[—F ) duxp
/gd\gs <d<T£2><x,y>>>
< Ke / ATO) (2, ) d(ss x P)(x,y,w) < C”,
gd\g£

for some C' > 0. Here we use Lemma 5.6 and Hypothesis (H4), and v < 1. Combining the
above analysis yields

lim sup
e—0

for some C' > 0, if v € (—1/2,0). O
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