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Abstract: We establish the existence of intermittent two-point dynamics and infinite
stationary measures for a class of random circle endomorphisms with zero Lyapunov
exponent, as a dynamical characterisation of the transition from synchronisation (nega-
tive 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 pre-
dictable 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 sys-
tems (see for instance [33]), 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,
adopting 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 between different trajectories with different initial conditions) and positive Lya-
punov exponent implying chaos (including sensitive dependence on initial conditions).
We are led to address the question how this transition happens, and in particular to iden-
tify 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 [11,13] studied the dynamics of stochastic dif-
ferential equations, characterising stationary measures for the two-point motion in dif-
ferent Lyapunov exponent regimes, establishing in particular the existence of an infinite
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ergodic invariant measure at the zero Lyapunov transition point between synchronisa-
tion (stationary probability measure on the diagonal) and chaos (stationary probability
measures on and off the diagonal).

In the early 1990s, Pikovsky [60] and Yu, Ott and Chen [67] 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 [41] 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 tran-
sition 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 Baxendale and Stroock [11,13] for stochastic differential equations. In particular, we
analyse the spectral properties and actions of annealed Koopman operators for one- and
two-point motions, allowing us to derive quantitative estimates on various escape times
of the quenched process, which are key to our results. In Sect. 2.2, we present a summary
of our techniques.

We anticipate that the techniques introduced in this paper will turn out to be funda-
mental 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

T,(x)==T(x+a (mod 1)).
We consider random iteration of maps from this family

X, = Tar)l(xo) =Ty, 00Ty o Ty, (xo)

n—1

where @ = (w;)ien and w; is drawn randomly (i.i.d.) from [—4, ¥] with uniform
measure Leb/(29). We denote the corresponding sequence space

Yy = [0, 9.

with corresponding product measure P.

Our results require certain mild hypotheses, Hypothesis (H1)-(HS), which we pro-
ceed to sketch with reference to Sect. 2 for details.

We assume that 7 and 9 are such that the random dynamical system has a unique
stationary measure @ with smooth and everywhere positive density. As a result, the
random dynamical system has a single Lyapunov exponent

A= if/ In (DT, (x)) dLeb(w)du(x),
20 J Ji—o.9

which can be negative, zero, or positive, depending on 7 and ©*. When we consider the
case where the random dynamical system depends smoothly on an additional parameter,
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the Lyapunov exponent also varies smoothly with this parameter (due to our hypotheses).
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:

s yn) = (T2 (x0, y0) := (T2 (x0), T (30)) -

Stationary measures for the two-point random dynamical system provide information
well beyond stationary measure for (the one-point dynamics of) 7;,. Note that the sta-
tionary measure for 7, is also a stationary measure of the two-point motion, supported
on the diagonal

A::{(x,x)eTz; xe']I‘].

We are primarily interested in stationary measures with support outside of A, pro-
viding detail on the comparison between orbits with different initial conditions. The
e-neighbourhood of the diagonal is denoted as

Ag = {(x,y) € T? s d(x,y) < 8}.

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

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

satisfying hypotheses H1 to HS, A be its Lyapunov exponent, and let Ta()2) be the corre-
sponding two-point random dynamical system. Then,

(1) Synchronisation: if . <O, forall x,y € T,
nll)ngod (T2 (x), T} (»)) =0, P—as.

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

n— o0

. 1 n—1 . - ’
nll)ngo o X(;d (ch)(x), Ta’)(y)) = 0 and limsupd (Ta'f(x), Tg(y)) >0, P—a.s.
=

(3) Chaos: if . > 0, forall (x,y) € T2\ A,
n—1

: 1 i i DR n n _
Jlim X(;d (Tw(x), Tw(y)> > 0 and timinf d (T} (x), T4()) =0, P—as.
=l

This result mirrors those in [41], obtained for special random affine circle maps.
The most interesting aspect concerns the existence of intermittency in part (2). The
existence of synchronisation in the presence of negative Lyapunov exponent has already
been well-studied, see e.g. [56], and the properties highlighted under part (3) also align
with existing insights. The characterization of intermittency in part (2) is reminiscent of
synchronisation on average [37] and that of chaos in part (3) of Li-Yorke chaos [18,48].
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
[44,45].

The proof of Theorem 1.1, which uses techniques introduced in Sects. 2 and 3, is
given in Sect. 4. The results for A < 0,2 = 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 i denote its
unique stationary (probability) measure.
Then,

(D) If » <0, won A is the unique stationary measure for Ta()2).
) If A =0, u on A is the unique stationary probability measure for Ta()z). In addition,

Ta()z) admits an infinite stationary (Radon) measure 1® on T2 \ A, which has full
support. Moreover, for each such measure there exist o, B € (0, 00) such that

OT2\ A @2\ A
o < timint X0 V2D g TN R g
=0 —1In(e) e—0 —In(e)

(3) If» > 0, inaddition to the unique stationary measure (L on A, Tagz) admits a stationary
probability measure 1® on T2 \ A, which has full support.
Moreover, if the non-zero root y < 0 of the moment Lyapunov function' associated
with T, is also larger than — L then for each such measure there exists o, € (0, 00),
such that

@A @A
B e—0 ey

o < liminf
e—>0 &

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.

For an ergodic stationary measure in case of a positive Lyapunov exponent, the esti-
mates on M(z) (A¢) determine bounds on the frequency with which orbits of the random
map are within distance ¢ of each other, by Birkhoff’s ergodic theorem. The asymptotics
of the stationary invariant measure near the diagonal in the positive Lyapunov exponent
scenario (in part (3)) relies on the condition that y € (—%, 0).Ify < —%, 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, in order
to apply a Krylov—Bogolyubov type argument. It should be noted that such reasoning
does not provide uniqueness of stationary measures.

The heart of the proof of the above theorem is presented in Sect. 5, with arguments
relying on estimates from Sects. 3 and 4. The existence of the stationary measure on A
follows from Proposition 2.1. For . < 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
Propositions 5.1, 5.4 and 5.5.

We proceed to illustrate our results in an example.

Example 1.3. We consider a one-parameter family of random circle endomorphism
Xp = Tl?,w(XO) =Ty g, 00Ty u o0 Tv,wo(xo)

with w; drawn i.i.d. from the uniform distribution on a subinterval of the circle [—, ¥],
and

Tva(x) =Ty(x+a (mod 1)), (1.1)

1 The moment Lyapunov function will be defined below, see Eq. (3.1) and Lemma 3.4.
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Fig. 1. The graph of 7), (1.2) at v = 0.6

with .
Ty (x) :=/ v+ 1402 — v)2(1 — 1)3dr (mod 1). (1.2)
0

Note that 7;,,(0) = 0 and DT, (0) = v. In Fig. 1 we sketch the graph of T}, for v = 0.6.
Fig.2 depicts results of numerical experiments for this random family. We remark that
it is possible to determine Lyapunov exponents and the Lyapunov moment functions
rigorously [19,35].

For parameter ranges discussed in this example T, ,, satisfies the Hypotheses H1 to
HS, see Example 2.6.

We first consider the behaviour of the Lyapunov exponent at a fixed value of v = 0.6
with varying . In Fig. 2a, we observe noise-induced chaos, as the Lyapunov exponent
increases monotonically from —0.4 to 0.45 with increasing 6 € [0.1, 0.5]. Inthis interval,
the noise is large enough to ensure the existence of a unique stationary measure for 7 6,
onT.

The dynamics of the two-point motions is illustrated by examples of time series for
two different values of ¥ in Fig. 2c (8 = 0.17, close to intermittency) and Fig. 2d
(6 = 0.2, chaos), displaying qualitative differences consistent with Theorem 1.1.

Figure 2b 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 motion orbits to be random i.i.d. sample from the stationary measure u =
(T)), (Leb), see Fig. 3b.

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
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Fig. 2. Illustration of aspects of the dynamics in Example 1.3 regarding the family of random maps 7}, o, with
v = 0.6 (a) Numerical approximation of the Lyapunov exponent for fixed v = 0.6 and varying . The Lya-
punov exponent increases monotonically with the noise level, from negative to positive (noise-induced chaos).
(b) Normalized distribution of distance between two orbits ( 100 iterations) with different initial conditions
and the same noise realisation, consistent with Theorem 1.2 (1.2). (¢) Example of a time series of the distance
between two orbits for ¥ = 0.17, when A & 0, close to intermittency. (d) Example of a time series of the
distance between two orbits for ¥ = 0.2, when A ~ 0.11, in the chaotic regime

and 0.2 we observe (in Fig. 3a ) a monotonically increasing Lyapunov exponent going
from negative (synchronisation) to positive (chaos).

We revisit the full noise case in the context of this example, in Examples 3.9 and
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 [62].

The link between intermittency and infinite ergodic measures has been previously
observed for the one-point motion, concerning the behaviour of single trajectories. First,
this was established for deterministic dynamics near non-hyperbolic fixed points [50,59,
65]. Later, this was extended to intermittent dynamics near unstable invariant manifolds,
also know as on-off intermittency [38,61]. In random maps on bounded state spaces with
common neutral fixed points, intermittency and infinite ergodic measures have been
established in the presence of neutral fixed points [6,7] and on-average neutral fixed
points [58,66]. See [1,4,36] for case studies of random logistic maps with zero Lyapunov
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Fig. 3. Illustration of aspects of the dynamics of Example 1.3 regarding the family of random maps 7 ),
with ¢ = 0.5 and varying v. (a) Numerical approximation of the Lyapunov exponent for fixed ¢ = 0.5 and
varying v. The Lyapunov exponent increases monotonically with v, from negative to positive. (b) Numerical
approximation of the stationary density, with v = 0.6 and ¥ = 0.5

exponents. Random dynamical systems on unbounded state spaces with zero Lyapunov
exponent may also yield infinite stationary measures [5,21-23,31]. For specific results
on synchronisation on average (related to our notion of intermittency) in random maps,
see also [37,52].

While the majority of research in ergodic theory of dynamical systems focuses on
one-point motions, two-point motions are central to this paper. Crucially, our results on
intermittency and infinite ergodic measures of the two-point motion of random maps with
zero Lyapunov exponents do not imply intermittency and infinite ergodic measures for
the one-point motion. In particular, the one-point motion of the random maps discussed
in this paper do not display intermittency nor infinite ergodic measures.

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 [43], and
in particular by Ledrappier and Young [46,47] and Baxendale and Stroock [11,13]
focusing on different Lyapunov exponent regimes. More recently, their importance has
been recognized in stochastic fluid dynamics [14—-17,20].

Synchronisation in random dynamical systems constitutes the most elementary type
of dynamical behaviour, and has been studied extensively [34,40,53]. In particular, it
has been established in the negative Lyapunov exponent regime that synchronisation is
equivalent to a mild contractability condition [56]. Specifically, random circle homeo-
morphism have been discussed in [2,42,51,68].

There is also an interest in iterated function systems [9] where the random parameter
is chosen from a finite set, see also [41] for a result in the direction of this paper. Our
methods do not cover this setting, as we use absolute continuity of the noise to obtain
spectral gap for a Koopman operator on a space of continuous functions. A possible
strategy for discrete noise models might be to consider smaller function spaces.

There are various problems beyond this paper that deserve further attention. First of
all, we expect our results to extend to higher-dimensional settings and allow for critical
points (see [35] for arecent numerical study in this direction). Furthermore, it is natural to
study parametrized families of random dynamical systems and consider the dependence
on the parameter of, in particular, Lyapunov moment function and stationary measures
of the two-point motion near zero Lyapunov exponent (see [27] for a recent study in the
case of random matrix products). Finally, it would be of interest to obtain finer statistical
information about the two-point dynamics in the presence of infinite stationary measures.
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1.3. Organization of the paper. This paper is divided into six sections. In Sect. 2, we
discuss the underlying hypotheses of this paper and provide a summary of the strategy
of the proof. In Sect. 3, the technical machinery involving Koopman operators is devel-
oped, which is required in the subsequent sections. Section4 is dedicated to the proof
of Theorem 1.1, where the three different scenarios with zero, positive, and negative
Lyapunov exponent are treated, respectively in Sects. 4.1, 4.2, and 4.3. The construction
of stationary measures and the derivation of their properties, leading to Theorem 1.2,
are contained in Sect. 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; < aj, such
that

a1 < DT (x) < a» (H1)

forall x € 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

Ruin :=max {r ; aid(x,y) <d (T (x),T(y))
<ard(x,y)forall x,y € Twithd(x,y) <r}. 2.1)

In particular 7'(x) # T (y) if d(x, y) < Rmin-
For w € T write

To(x)=T(x+w (mod 1))

for the circle endomorphism obtained by composing 7" with a translation. We take a
random process w;, i € N, where the w; are independently drawn from a uniform
distribution on

Qp = [0, D).
This yields a random dynamical system
Xp+1 = Ty, (xn) (2.2)

for an initial point xo € T.
Let the sequence space

Ty = Ql
be endowed with the product topology. We write w = (w;);en for points in X . Cylinders

are sets [Ag, Aj..., Al = {w e Ty ; w; € A;,0 < i < k} for Borel sets A; C T.
Cylinders are the basis for the product topology. Given the normalized Lebesgue measure
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Leb/(29) on Qy, write [P for the corresponding product measure on Xy . For a function
X on Xy we use common notation such as

E[X] :=/ X (w) dP(w).
PR

By identifying Q2 with the cylinder [2»] we can also use PP for normalized Lebesgue
measure Leb/(29) on Q. So, with a slight abuse of notation, if a function w > X (w)
depends on a single symbol @ € Qy, we write E [X] = an X (w) dP(w). Recall that a
measure i on T is called a stationary measure if

[ (@ @) are) = .
P}

for any (Borel) measurable set A C T.
The skew product map ® : ¥y x T — Xy x T is defined by

O(w, x) 1= (cw, Ty, (x)).

Here o is the left shift operator cw = (w;+1)ieN. With a slight abuse of notation we
write

Th(x) =Ty, 00Ty (x)
for iterates.
We compares two different trajectories by studying the random dynamical system.

For w € Xy, the two-point map (x, y) > Tu()z) (x, y) on T? is the product

(x, y) = (T (x), T ().
This yields the random dynamical system

(Xn+1, Yne1) = Ta(),zl) (Xn, yn). (2.3)
The two-point skew product map @@ : £ x T? — £y x T is denoted by

0P (w,x,y) = (cw, TP (x, ).

A measure 1® on T? is a stationary measure of the random dynamical system Ta(,z) on
T if

/ M(z) ((Ta()z))l (A)) dP(w) = M(Z)(A)’
Zy

for any (Borel) measurable set A C T2.



87 Page 10 of 52 V. P. H. Goverse, A. J. Homburg, J. S. W. Lamb

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 x, y € T, there is w € Xy so that Tc]j(x) =y. (H2)

This hypothesis in combination with absolute continuous noise guarantees the exis-
tence of a unique absolutely continuous stationary measure of full support for the one-
point motion, but also has further applications that are used throughout the paper.

Proposition 2.1. Suppose the random dynamical system described by (2.2) with w, i.i.d.
picked from a uniform distribution for [—19, ¥], adheres to Hypotheses H1, H2.

Then the random dynamical system admits an absolutely continuous stationary mea-
sure  with full support and smooth density.

The proof is omitted and be obtained from standard arguments using Perron-Frobenius
operators. A similar setup is in [8], 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 Ta(z) with positive prob-
ability, and more generally we must control and bound the probability that points are
mapped very close to the diagonal by the two-point maps Ta(z). The following hypothesis
provides us with an assumption to prevent this.

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

Hypothesis H4 is a generic condition. For convenience we formulate the following
lemma with the 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.

Lemma 2.2. There is an open and dense set of degree two increasing circle endomor-
phisms T : T — T in the C* topology so that the corresponding random system T, with
a € T satisfies Hypothesis H4.

Proof. To study intersections of the curve a — (7, (x), T,(y)) with A we only need to
consider nearby points 7' (x +a), T (y +a). We may thus write T (x +a) — T(y+a) =0
instead of d(T(x +a), T(y+a)) =0.Write T(x+a) =T(y+a)asT(b+s) =T(b)
withb =x +aand b +s = y +a, thatis, s = y — x. We are thus looking for zeros of
the family of functions

Js) :==T{b+s)—T(b),

with b € T. Note that zero’s of f; for b + s # b can only occur for s away from zero.
The hypothesis can be rephrased as stating that the graph of the function f; has only
transverse intersections with zero, or at most one quadratic tangency to the graph of
the zero function for isolated values of s. As in classical bifurcation theory applied to
bifurcations of equilibria in one-parameter families [24,57,64], for an open and dense
set of degree two increasing circle endomorphisms, a zero is either transverse or with a
quadratic tangency, and there is at most one zero with a quadratic tangency (a quadratic
tangency corresponds to a saddle-node bifurcation, for generic families one finds at most
one saddle-node bifurcation at a parameter value).
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The integrability statement in the following lemma is a consequence of Hypothe-
sis H4, and results in an estimate that is required in later arguments (Propositions 4.6,
5.4 and 5.5).

Lemma 2.3. For all R > 0 there exists C; > 0 with
E [—m(d(TLg?)(x, y)))] <, (2.4)

forall (x,y) € T2\ Ag.

Proof. Let w(x,y) denote the signed distance of x,y € T, defined as w(x,y) =
((y—x+ %) (mod 1)) — % Consider the real valued function

ar fa):=w (Ta(z) (x, )’))

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

D*f@|zc

whenever | f(a)| < § and |Df (a)| < §.

If I C T is an interval so that for a € I, |f(a)] < § and |Df(a)| > §, then
fl —In (| f(a)|) da is bounded by some Cs > 0.

To prove the lemma it remains to consider f onaninterval J C T sothat|f(a)| < 28
for a € J and J contains a pointd € J with Df(d) = 0.If f(d) =0and 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, d> on different sides of 4. Then a bound
0 < cl(a —dy)(a —dr)| < |f(a)| for some ¢ > 0 holds. In all cases c is uniformly
bounded away from 0. As the logarithms of c(a — d)? and c|(a — dy)(a — d»)| are
integrable, we find that fj —In (] f(a)|) da is bounded by some Cs > 0. Noting that
—In(| f(a)]) is bounded if | f (a)| > &, 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 (x, y)
to a curve a — (T,(x), T4(y)) in T2. For the composition of two iterates, we have

0
H ,y) i=det —T7Po1? ,
ag.ar (X, Y) (8(610, ap @ ° 1Ly, (x,y)

= DTay (Tay () DTy, (Tay (1) (DT (x) — DT (»)) - (2.5)

Consider now the following hypothesis.

For each (x, y) € T? \ A, there are ag, a; € (=9, ¥) so that Hy 4, (x, y) # 0. (HS)
This condition implies that for each (x, y) € T2\ A, the image of
(ao, ar) — Ta(lz) o Ta(oz)(x, y),

with ap, a; € [—10, ¥], contains an open set.
Recall that amap 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.



87 Page 12 0of 52 V. P. H. Goverse, A. J. Homburg, J. S. W. Lamb

Lemma 2.4. The skew product systems © : Ly x T — Xy x T and 09 3y xT? >
s 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 € Xy and k € N so that Talj(l ) = T. The reasoning will also
show that there is a cylinder D C X that contains w, so that Tg‘ (I) =Tforany ¢ € 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 T, [54]. Write k for the period of y. We
claim that given an open neighborhood V of y, there is an iterate Tak" that maps V onto
all of T. Suppose not. If V is small then Tak is a diffeomorphism between V and Tak (V).
Keep iterating until either some iterate Tak” no longer defines a diffeomorphism between
Tak (n=1) (V) and Tak” (V) (then ch‘” (V) covers T, or this never happens. In the latter case,
U, T (V) is an interval and T¥ is a diffeomorphism on it. This is not possible since y
is accumulated by repelling periodic points of different periods.

By Hypothesis H2 there is ¢ € Xy and m € N so that T2"(x) = y. Hence there is
n € N so that T(f" o T maps I onto T. By continuity the same applies to Tv’””‘" for v
in a suitable cylinder D that contains ¢p - - - §u—14 - - - @ (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 ©®/(U) that contains an open set Xy x I for
an open interval / C T. Now use the above statement to establish that a further iterate
covers 2y x T.

Next we consider @@ . Take an open set U C X3 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 (Ta(?)) (I x J) contains
T x K for an open interval K C T. Applying the above reasoning again, thereis/ € N so
!
that (Ta(?)) (I x J) equals T2. The proof of topological exactness of @@ is concluded

as above.

Hypotheses H3, HS 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 ¢ > 0, there existsa N € N, C > 0 such that for all (x,y) € T2,
we have

]P’({w € Xy ; d(Tai)(x), ch)(y)) < & forsome (0 <i < N}) > C.

2
Proof. Take (x,y) € T2\ A,. By Hypothesis H5 we find that @ > (T;2>) (x, y)

contains an open product set I, x I, C T?2. By compactness we find § > 0 so that
I, and I, have diameter at least §, uniformly in x,y € T2 \ Ag. The argument of
Lemma 2.4 shows that for any (x, y) € T?\A, there is an open neighborhood U of

N
(x, y) and a positive integer N so that (Ta()z)> (x’, y") covers T2 for any (x’, y') € U.

By compactness N is bounded uniformly in (x, y) € T2\ A. This implies the lemma.
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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
is obvious when ¢ = 0.5, and can be checked via a simulation or some naive bounds.
The main obstruction to Hypothesis H2 would be that the noise is too small to let an
orbit escape from a neighborhood of the stable fixed point.

Regarding Hypothesis H4, observe that there is exactly one point y € T that has two
preimages x1, xo € T with

DT (x1) = DT (x2).

At this point y, the second derivatives DT (x1) and DT (x3) have opposite signs. The
curvature of the curve a — (T, (x1), T,(x2)) at the point of tangency with A is therefore
nonzero, and the tangency is quadratic.

Finally, by Eq.(2.5), and the fact that for all (x, y) € ’]I‘z\A, there exists an ag €
[—9, 9] such that DT, (x) — DT,,(y) # 0, Hypothesis H5 follows. |

2.2. Strategy of the proof. This section gives a helicopter view on the reasoning in
Sects. 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
diagonal. Suppose xg, yo € T are close, so that dy = d(xg, yo) is close to zero. With
X, = T2 (x0), yo = T} (y0) and d,, = d(x,, y,), we find that as long as d, is small,

dpy1 X DTy, (xn)dy. (2.6)
Taking logarithms u,, = In(d,) this reads
Up+l X Uy +1In (DTa,n (x,,)) , 2.7

which is a random walk driven by the one-point motion x,+1 = Ty, (x5).

In the special case where x;, is identically and independently distributed (see Exam-
ple 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 [11, 13] 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[¢(Tu(x))].

Here [ stands for an expectation over @ € Xy. Analogously the annealed two-point
Koopman operator P(3) acting on a real valued function ¢ on T2 \ A is defined as

Pop(x,y) =E[o(T P, )]

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 Propositions 3.14 and 3.16 below. The
constructions rely on an analysis of P2y, whichin turnis facilitated by the approximations
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(2.6) and (2.7) and a study of the corresponding linearized Koopman operator, defined
for continuous real valued functions ¢ on T x R* by

TP¢(x,u) =E[p(Ty(x), DT, (x)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 ¥ on T is defined
as

ot [ L]

(DT, (x))4

This in turn connects to the moment Lyapunov exponent
A(g) = lim L (E[DT}(x)7])
= n—00 n @ ’

The moment Lyapunov exponent plays a central role in our analysis, similar to [11,13].
Originally introduced by Molchanov [55] and subsequently developed in particular by
Arnold [3], it can be viewed as a generalization of the Lyapunov exponent [25]. The
relationship between the moment Lyapunov exponent and the Lyapunov exponent was
first described in [26].

The above comments on methodology refer to a study of the two-point motion near
the diagonal. Due to the non-injectivity of T, trajectories of distinct points (x, y) € T2\ A
may land on the diagonal A in finite time. Our analysis circumvents this issue in two
ways. First, the local estimates for the Koopman operators are restricted to strips Ag \ A
where R < R,;,. Within this radius, the map acts injectively, ensuring that distinct
points no further than R apart do not coalesce in a single iterate, allowing for well-
defined expansion and contraction estimates. Second, regarding the global dynamics
and measures construction in Sect. 5, the set of points that map directly onto A (and
thus leave T2 \ A) is controlled by Hypothesis H4. This ensures that the probability of
landing on or close to the diagonal from a large distance is negligible for our growth rate
estimates.

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
Koopman operator for the random one-point maps, and the annealed Koopman operator
for the random two-point maps. What we refer to as the annealed Koopman operator
is also known, especially in the stochastics literature, as the Markov semigroup. We
consider the twisted Koopman operator and the moment Lyapunov 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.
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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 Il - II. The
(annealed) Koopman operator P : C(T, R) — C(T, R) is defined as

Po(x) = E[p(To(x))].

The twisted Koopman operator, P, : C(T,R) — C(T, R) with g € R, is defined for
continuous functions ¥ : T — R by
T,
R A CN |
(DTy(x))4

Note that P = P,.
The following lemma establishes basic properties of P,. Similar statements in other
settings are in [3,39].

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

Proof. 1t is clear that P,y > 0if ¢ > 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
¥ > 0and ¢ # 0, Py > 0 everywhere.

This means that P, is strictly positive.

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

x+0

1 [? 1
Py (x) = ﬁfﬁDT(X+w)’qw(T(x+w))dw= ), DT (y) 1y (T (y))dy

is a continuously differentiable function of x € T. As || P;y|| < C for a constant C
(for ¢ > 0 we can take C = al /9, for ¢ < 0 we can take C = a{ /¥ with a1, a from
Hypothesis H1), P, is a bounded operator.

Now

1
|DPy(x)| = F] |IDT(x + )Y (T (x +9)) — DT (x — ) "Iy (T (x — 9))|
< Cllyll

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

Using this lemma we get the following results on the dominant eigenvalue and cor-
responding eigenvector of P,.

We make use of the gth moment Lyapunov exponent A(q) (see [3,12,39]) defined
as

A(Q) == ’11Lr2021n (E[DT!(x)?]). 3.1)

We also write moment Lyapunov function, especially when discussing its dependence
on g. We will find that the limit does not depend on x, and that it exists as an analytic
function of g. Denote 1T : T — R as the constant function equal to 1 on the circle.
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Proposition 3.2. For q € R, P, has a dominant simple eigenvalue 2D The rest of
the spectrum of P, is contained in a disk of radius less then eAED Write ¢, € C(T,R)
for the dominant eigenfunction of P, so

Py = e TDg,. (3.2)
Then

1. ¢o = L1 and e*© =1,

2. ¢q is a positive function,

3. A(g) and ¢g depend analytically on q,
4. A is convex,

5.A(q) = Aq.

Proof. The proof follows ideas as in [3,39]. The spectral properties of P, follow from
Lemma 3.1 and the Krein-Rutman theorem (see for instance [30, Section 19.5]). Write
r(g)=o (Pq) for the spectral radius of P, . By the Krein-Rutman theorem, this equals
the dominant eigenvalue of P,. The dominant eigenvalue is simple, because the operator
is strictly positive. We have

P1r(x) = (kg, 1m)r(q)" ¢q (x) +o(r(g)"),
as n — oo, uniformly in x, where k, € C(T, R)* is a probability measure, see [3]. Now
we rescale ¢, such that (k;, 1) = 1 and using this, calculate

lim L 1n (IE [(DT;(x))‘q]) = nli)rgoéln (P;Ilqr(x))

n—oo n
. 1/n
= lim In <<Pq"ILT(x)> )

. a1
= lim_In ((r(@)"¢4 () +0(r (@)
= In(r(q)).
We find that lim,,_, %ln (]E [(DTQ’} (x))fq]) does not depend on x. The remaining
properties of A(—q) and ¢, follow from [3,39].

The following lemma connects the moment Lyapunov exponent and the Lyapunov
exponent.

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

A(0) = nli)rrolo %E[ln (DT2 ()] = A. (3.3)

Proof. This follows from the fact that A(0) = 0, A(g) > Ag and the analyticity of A.
For the complete argument, see [3,39].

We have established that A is a convex function that vanishes at 0. The following
lemma shows the existence of a second zero if & 7~ 0. This second zero plays a prominent
role in our analysis and also appears in the statements of the main theorem on stationary
measures.
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Lemma 3.4. If A # O then there is a unique y # 0, with opposite sign, such that
Ay)=0. (Wesety =0ifr=0.)

Proof. Assume that A > 0, which implies by (3.3) that A’(0) > 0. By Hypothesis H3
there is a contracting periodic point x. of 7. Let k. denote its period. By continuity of
the map, there exist ¢ > 0 and § > 0 such that the set

HE = {w e Ty ; x € Be(xc) implies T (x) € Be(xc), In(DT (x)) < -8}

has positive measure P(H¢) > 0.

By Hypothesis H2, we know that for any x € T, there is a positive probability of
reaching B (x,) in k steps. For any m = k + nk, sufficiently large, we have

E[(DT] ()] = PO € Be(x)) e " P(H)".

Taking the logarithm and applying the limit lim;,—_, o w, it follows that A(g) — oo as
g — —o0. By continuity of A(g) and the fact that A’(0) > 0, there is a unique y < 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 x. of T follows from [54]. Let k. denote its period. For wy, . .., wk.—1 near 0, the

maps Talj(' have hyperbolic repelling fixed points near x.. Since %Tw > (0 everywhere,
these hyperbolic repelling fixed points form a set that contains an open neighborhood
of x.. Using this, there exist ¢ > 0,6 > 0 and C > 0, such that for each x € B, (x.) the
set

HS = {w e Ty ; Tr() e Bo(xo), In(DTE (x)) > 5}
has strictly positive measure P(H¢) > C. The proof can now be finished as above. O

We write d,¢, for the derivative of ¢, with respect to ¢, and likewise ngbq for the
second order derivative with respect to ¢. Recall from (3.3) that A = A’(0) and let

vV :— A"(0).
Lemma 3.5. We have the following two equalities for x € T:
E[In(DT,(x)] =4 = (Po — I) 94¢0(x) (3.4)
and, if » = 0,

V = (Po— 1) 82¢0(x) — 2E [3,60(T,(x)) In(DT,, (x))] + E [an(DTw(x))] . (35)

Proof. Differentiating (3.2) once with respect to ¢, yields for x € T,

) . 9y (T(x)
M08, (0 = ATON 0,0 :E[aq( DT ) ﬂ
~ 9y (T(0) IN(DT(x))
= Pada#) ) = E[ DT, (x)? ] '

(3.6)

Note that the derivative of ¢, (x), with respect to g, exists because of Proposition 3.2.
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Equation (3.6) evaluated at ¢ = 0 yields
dg¢0(x) — A'(0) = (Podypo) (x) — E[In(DT,(x))].

Rewriting this proves (3.4).
Next, differentiating (3.6) with respect to g yields

ACD (8§¢q — 2N (—q)0g¢4 + (A’(—q)2 + A”(—q)) <bq) (x)

g9 (Tey(x)) 1H(DTw(X))i| LR g (T (x)) In>(DT,(x))
DT, (x)d DT,(x)4 '

= P04 (x) — 2E [
(3.7)
Evaluating (3.7) for g = 0 yields
—2N(0)3,p0(x) + A'(0)* + A”(0)
= (Po— 1) 07 ¢p0(x) — 2 [34¢0 (T,,(x)) In(D T,y (x))] + E [lnz(DTw(x))] . (3.8)

Rewriting, and plugging in A = 0, we obtain (3.5). O

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 A
(see Lemma 4.1 below).

Lemma 3.6. We have V > 0.

Proof. Following [12] we establish that V = 0 implies A(g) = Ag, which will lead to
a contradiction.
Rewriting (3.8), we obtain

Vo (Po = 1) (000 = 020 ) ()
= E [ (3,00(Tu(x) = (DT (2))* | = (g90(x) — 2)°

= E [ (3,00(Tu(x)) = In(DT, (1)’ | = (E[490(To(0)) = In(DT,(x))])*
(3.9

The last step uses (3.4). We conclude that
Vi (Po = D) (002 = 330 () = 0.

Now suppose V = 0, for the sake of contradiction. From (Py — 1) ((8q¢0)2 — 83(;50) (x)

> 0 we conclude that (9, ¢0)? — 83¢0 is constant (to see this, note that if a continuous
function x : T — R takes a maximum at x, then the property E [x (T, (x))] > x(x)
with Hypothesis H2 implies that x is maximal at every point of T). So in fact

(Po = 1) (080 = 830) (6) = 0
and (3.9) implies that

93¢0 (T (x)) — In(DT,(x)) = dgpo(x) — 24
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for all x and w. Then also
03¢0(T,) (x)) —In(DT,(x)) = d,4¢0(x) — nA.

As A(g) = limy,— % In (IE [(DTQ’)’ (x))q]) we find A(g) = gA. Lemma 3.4 shows that
this is 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

TP¢(x,u) :=E[p(Ty(x), DTy(x)u)].

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

W, (x,u) =u"9¢, (x). (3.10)
We reserve the filde notation for functions on T x R*.
Lemma 3.7. The function Wq is an eigenfunction of T P, with eigenvalue e™~9):
TPW,(x,u) = e "DW, (x,u). (3.11)
Proof. This follows from a straightforward computation. For (x, u) € T x R*,
TPW,(x, 1) = E [ Wy (T, (x), DT, (x)u)]

=E[(DT,(x)u) "¢y (To(x))]
= u 9B [DT,(x) ¢, (T, (x))]
=u" TP py(x)

— eA(—q)u—q¢q (x)

= eA(_q)Wq (x, u).
Remark 3.8. Consider a random sequence
(tnt1, Un1) = (Tonw(Xn), DTone (Xp)Un)
with xg, ug € T x R*. Take y as in Lemma 3.4 such that A7) = 1. Then
(TP —DW,(x,u) =0,

which shows that Wy (x5, un) is a martingale. m]

Example 3.9. In the setting of Example 1.3 with # = 0.5, we obtain

W, (x, u) = llggllu™?,

which is independent of x, since P, is constant for every ¥ € C(T, R). O
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Lemma 3.10. There exist K > 0 and two continuous functions
¢.7 € C%(T x R, R),
such that the following holds for (x, u) € T x R*. For ¢ we have

lp(x, u) — In(u)| <K, (3.12)
(TP —1)p(x,u) = A (3.13)

Assume . = 0. Then for 1 we have

|7i(x, u) = In* ()| < K| Inw)], (3.14)
(TP —-IDnx,u)y=1V. (3.15)

Concerning notation in the following proof and further below, m; is the function
mi(x,u) =x onT x R*, 7, stands for the function 2 (x, #) = u on T x R*.

Proof of Lemma 3.10. We give a constructive proof for Lemma 3.10, where we use
Proposition 3.2 and Lemma 3.5. We first find the function ¢~5 for which (3.12) and (3.13)
holds. Subsequently we find 7 for which (3.14) and (3.15) holds.

For (x,u) € T x R*, let

¢ (x,u) = In(u) — d;¢0(x). (3.16)
Note that
$ € CO(T x R, R).
Furthermore, for all (x, u) € T x R*, we have

(TP —1)¢(x,u) = (TP —D)In(m)(x, u) — (Po — I) (94¢0) (x)
=E[In(DT,(x)u)] —In(u) — E[In(DTy(x))] + A
=A.
In the first line we use that d,¢o(x) only depends on x. 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

A(x, u) = In*(u) — 2In(u)dy0(x) + 9, o (x).
And again note that
i € C%T x R*, R).
From a straightforward computation, we obtain, for (x, u) € T x R*

(TP —Dn(x,u) = (TP — I)In*(m)(x, u)
—2(TP — I)In(mw2)d,po (1) (x, u) + (TP — 1) 35450(711)()6, u).
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We analyse the terms on the right hand side separately. For the first term, we have
(TP -1 <ln2(7r2)) (.u) =E [ln2(DTw(x)u)] — In2(u)
—E [(ln(DTw(x)) + 1n(u))2] — ()
—E [lnz(DTw(x))] +2InWE[In(DT,(x)]. (3.17)
For the second term we have

2(T P — I)In(m2)dy¢0 (1) (x, u) = 2E [In(D T, (x)u)dyho(Toy (x)) ] — 2 1n(u)dgpo (x)
=2 [In(DT,,(x))3q$o(Twy(x)) ] + 2 Inu) (E [34¢00(Ty (x))] — 34¢0(x))
= 2E [In(D T, (x))3,¢0(T,(x))] + 2 In(u) (P — 1)d4¢0(x)
= 2E [In(D T, (x))3gp0(T,(x))] + 2 In(w)E [In(DT, (x))], (3.18)

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

(TP = 1)02po(r))(x. u) = V + 2E [In(DT,,(x))d,po (T (x))] — E [lnz(DTm(x))] .
(3.19)

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

(TP —DiGx,u)=V.

Finally, (3.12) and (3.14) follow from the analyticity in g of ¢, (x)(see Proposi-
tion 3.2).

Remark 3.11. Consider a random sequence
(Xn+1, Uns1) = (Tone(Xn), DTone(Xp)uy)

with (xg, ug) € T x R*. Then (3.13) expresses that the function d;(xn, Up,) —niisa
martingale. Assuming A = 0, (3.15) expresses that the function 7(x,, u,) —nV is a
martingale. O

Example 3.12. In the case of Example 1.3, with ¥ = 0.5, we get (ﬁ(x, u) = In(u) +
10,001l and 77 (x, u) = In?(u) =2 g ol In(u) + ||3§¢0||. Both functions are independent
of x, as P, is constant for every ¢ € C(T, R). O

3.3. Two-point Koopman operator. The (annealed) two-point Koopman operator P(2)
is defined for a real valued function ¢ on T? \ A by

Poyd(.y) ==E[¢(T 20, )]
Define ¢ : T2\ A — R by

¢ (x,y) :=In(d(x, y)) — 95¢0(x).
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With ¢~> from Lemma 3.10 (see (3.16)) we have, for (x, y) € T2 \ A,
$(x.y) = p(x.d(x, ). (3.20)
Letn : T2\ A — R be defined as
n(x, y) :=In?(d(x, y)) — 28,¢0(x) In(d(x, ¥)) + 3o (x).
Note that for (x, y) € T2 \ A,
n(x,y) =n(x, dx, y)). (3.21)
Define W, : T2\ A — Rby
Wy(x,y) :=d(x,y) 1¢q(x). (3.22)
With W, from (3.10) we have for (x, y) € T2\A,
Wy(x, y) = Wy (x, d(x, y)). (3.23)
The next lemma compares the action of TP and P(y).

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

TPG(x, dix, v) — Poyp(x, )| < Bd(x, ), (324)
|T Pij(x,d(x,y)) — Poyn(x, y)| < Bd(x, y)|In(d(x, y)I. (3.25)

and for q € [—|y| — 1, |yl +1],
‘TPWq(x, d(x. y)) — PoyW,(x, y)‘ < Bd(x, y)~9*!. (3.26)

Proof. We will work out the estimates for (3.24), then the computation for (3.25) is
analogous. We will sketch the proof for (3.26).

Recall that w(x, y) denotes the signed distance between x and y, for nearby points
x,y € T. Take R > 0 small enough so that 7, is injective on all intervals of length R.
For (x,y) € Ag\ A,

TP(x, lwix, y))) = E[n(IDT,(x)w(x, y))] — Podyo(x)
= In(lw(x, Y)|) + E[In(DT,(x))] = E [4¢0 (To(x)].  (3.27)

To determine P(2)¢, we use a Taylor expansion for 7,,. We obtain,

@ L5 2
w(T,”(x,y) = DTw(X)uJ(x,y)+§D T,(E)w(x, y)7,

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

Pop () =E[In ([u@@ . m)|)] = Podydo)

DT, (&)w(x, y)?
2

)] — Podggo(x)

~ DT, (§)w(x, y)
=In(w(x, y)) + E[In (DT, (x)] +E [ln (‘1 + TMD}

—E[3g¢0(Tw(x))]. (3.28)

= E |:11'1 (‘DT(D(X)U)(X, y) +
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Combining (3.27) and (3.28) yields, for (x, y) € Ag \ A,
- [m ( D*T,(&)w(x, y)

2DT,(x) ﬂ ’

The right hand side of (3.29) can be bounded using the standard inequalities x /(1 +x) <

In(1+x) < x forx > —1. For R small we have ‘%W < lfor (x,y) € AR\A.

1+ (3.29)

|P@yp (x, y) = TP (x, lw(x, »))| <

Then for the upper bound we obtain

2 2
E[ln(l WD Tw@w(xw)} _ e DT,
2DTw(x) 2ay

Similarly for the lower bound, when we take R small enough so that |w (x, y)||| D> T, || <
ay for (x,y) € Ar\A, we obtain

D>Ty(&)w(x, y)

Bl (10 ZTo@ueen) | g 20Ty
2T )T D Tu®ue.y)
2DT,(x)
2
. D2T,(&)w(x, y) }
T 2DTw(x) + D2 Ty (E)w(x, )
Z ~lw D T””E[zDTwm+D2Tw<s)w(x,y)]
_ G DT,
a
Setting B = 1D, finishes the estimates for (3.24).

a
To prove (3.25), we again perform an explicit calculation. Note that n =

In%(d(x, y)) — 29,¢0(x) In(d(x, y)) + 94¢0(x) is made up from three terms. When
bounding the difference |T P7j(x, d(x, y)) — Poyn(x, y)|, the contribution from the last
two terms is treated as above.

It therefore suffices to bound the contribution from the first term In? d(x,y)).

For (x, y) € Agr\ A, factoring the Taylor expansion as in the previous step, we have

DT, (&)w(x, y)? )}

2
. D2Tw<s>w<x,y)‘))2].
2DT,(x)

Expanding the square and comparing with the term E[ln?(|DT,(x)w(x, y)D]from T P,
we find that the difference is bounded by

|Poyn(x, y) — T Pij(x, d(x, y))|

PoyIn*(d)(x,y) =E _ln2 (‘DTw(x)w(x, y) +

=E <ln(|DTw(x)w(x, y)|) +In (

DZT(,_) ’
<E HzlanTw(x)w(x, ) n (1 + #) H

DT, (§)w(x, y)
2
+E |:ln (1 + W)} +0d(x,y)).
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Using the inequality #?/(1+u)? < In?(1+u) < u® for small u (as in (3.29)), the second
term is bounded by O (d (x, y)z). For the first term, since R is small and | In(| DT, (x)|)|
is bounded, we have | In(|DT,(x)w(x, y)])| < C|In(d(x, y))| for some constant C.
Thus,

2
w +0®d(x,y))

| Poyn(x, y) = TPii(x, d(x, y))| < 2C|In(d(x, y))| - 2

< Bd(x, y)|In(d(x, y))|.

We can choose B such that (3.25) holds for (x, y) € Ar \ A with R small enough.
For (3.26), take (x, y) € Agr\ A with R small and assume, without loss of generality,

x < y. Then
_qH

|7 PW, (e w(x, ) = Py W, )| = ColalE [ lwer, )17~ DTy @w i, )P
< CylqlI DT | |w(x, y)| 9%
< Bd(x,y) 7,

|7 PW,(r, dCr, ) = Py Wy, v)|

|DT,(x)w(x, y)| ™4 — ‘DTw(x)w(x, )+ %DZTw@)w(x, y)?

<loule|

With (3.3) and the mean value theorem for a — a~7, we get

for some positive constant Cy. As Cy|g| depends continuous on g, restricting g to
[—]y| — 1, |y]| + 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 T P to the setting for P(y), but only near the diagonal A, using that near
A, P() can be approximated by 7' P (Lemma 3.13).

Proposition 3.14. There exists a R, K > 0, and continuous integrable functions
¢* 0" € CUT?\ A, R),

such that the following holds for (x,y) € Ar \ A.
For ¢* we have

lp=(x, y) — In(d(x, y))| < K, (3.30)
(Poy—1)¢~(x,y) =A< (Poy—1)d*(x, ). (3.31)

Assume ) = 0. Then for n* we have

It (x, y) — In?(d(x, )| < K|In(d(x, y))I, (3.32)
(Poy—I)n~(x,y) <V < (Pay—I)n*(x, y). (3.33)



Intermittent Two-Point Dynamics at the Transition to Chaos Page 25 of 52 87
Proof. We can bound (P2y — 1) ¢ (x, y), by applying the triangle inequality and using
(3.13), (3.20) and (3.24):

<Bd(x,y) by (3.24)

|(Pay = 1) 9. ) = 2] = |TPG(x, d(x. ) = Pay(x, v)|
=0 by (3.13) =0 by (3.20)

+[(TP = D, e, ) = 3+ |6, ) = $lr dix, )

s

for (x,y) € Agp \ A.So

|(Poy = 1) ¢(x,y) — A| < Bd(x, y), (3.34)

for (x,y) € Ag\ A.

This basically means that (P2) — I) ¢ near the diagonal is close to A. To obtain
functions ¢+ so that Py — I applied to them, after subtracting A, has a definite sign,
we add suitable functions to ¢: we take ¢+ : T> \ A — R of the form

dE(x, y) = d(x, y) £ Wy (x, y), (3.35)

for a small positive value go € (0, 1/2), such that A(gg) # 0, and |c | large enough (will
be defined below), with sign such that ¢ (¢*(99) — 1) > 0. Note that = € Co%(T2\ A, R).
By Proposition 3.2, we obtain

(TP —I)W_g(x,u) = (.eA(qo) - 1) Uy (x), (3.36)

for (x,u) € T x R*.
Combining (3.34), (3.36), (3.26) and (3.23) allows us to prove the first inequality of
(3.31), by choosing |c1] in (3.35) large enough. For (x, y) € Ar\A,

(Poy—1) ¢ (x,y) = A = (Poy—I)¢p(x,y) —A+c1 (Pay — 1) W_gy(x, y)
>—Bd(x,y) by (3.34) >c1 (eA0)~1)d(x, )10/ C by (3.36)

= (Pa)—1)¢(x,y) —A+eil(TP — DW_gy(x,d(x,y))
>—|c1|Bd(x,y)?0*! by (3.26)

+e1 (PoyWeg (6, 3) = T PW_gy (x.d(x, 1))
=0by (3.23)

+er (Wegy(e,3) = Wegy (. dCx y)) )

> _Bd(x,y)+¢| (e“%) - 1) d(x, Y)%/C — |e1|Bd(x, )P+ (3.37)

so that
(Poy—1)¢™(x.y) = 1,

if R is small and |c{] is chosen large enough. The second inequality regarding ¢~ is
obtained using similar bounds. The bound (3.30) for suitable K > 0 is immediate from
the expressions for ¢ .
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We take A = 0 and proceed with the construction of n*. We can bound
(P<2) — I) n(x, y) by applying the triangle inequality and using (3.15), (3.25) and (3.21).
This yields

<Bd(x,y)|In(d(x,y))| by (3.15)

|(Poy = I)n(x,y) — V| < (T Pii(x,d(x, y)) — Poyn(x, »))| +
=0 by (3.25) =0by (3.21)

(TP —Dnx,d(x,y) = VI+Inx,y) —ix, d(x, y))l

so that
|(Poy — I)n(x,y) — V| < Bd(x, y)|In(d(x, y))I, (3.38)

for all (x,y) € Ag \ A. We may not have that (P2 — 1) n(x, y) — V has a definite
sign. We therefore add functions to 7 (as we did to obtain ¢* from ¢) and let

nE (e, y) = n(x, y) £ Wog (x, d(x, ), (3.39)

with |c;| large enough (will be defined below), with sign such that cr(e290) — 1) > 0.
We clearly have that n* € CO(T? \ A, R).

Combining (3.15),(3.26) and (3.36) allows us to prove the first inequality of (3.33), by
choosing ¢; in (3.39) large enough. For (x, y) € Ag\ A, we get through a straightforward
combination of previous inequalities,

(Poy —I)n*(x,y)

>V—Bd(x,y)|In(d(x,y))| by 3.38) >c2(e2@0)—1)d(x,y)90 /C—|c2| Bd(x,y)90*! by (3.37)
—
= (Poy — 1) n(x. y) + e (Pay — 1) W_gy(x, y),

so that

(Poy—I)n*(x,y) =V,

for R small enough, by choosing c; large enough. Here we use the fact that forO < R < 1,
and go € (0, 1), there exists a C > 0, such that for all x € (0, R), Cx%° > —x In(x).
The second inequality in (3.33) for ™ is obtained using similar bounds.

Finally, (3.32) for K large enough is clear from the expression for ¥, using Propo-
sition 3.2. |

Remark 3.15. We can use (3.31) to get
+E [¢*(To(x), To ()] = 4 = £6™(x, ),
for d(x, y) small enough. Similarly if we assume X = 0, we get
£E [ (T (), ToO)] = V = £ (x, y),

for d(x, y) small enough. Applying Doob’s stopping time theorem (we refer to standard
references such as [63] or [32]) with suitable stopping times we build sub- and super-
martingales for such random sequences from the functions ¢*, ¢, n* and n~. This is
done in the proof of Lemma 4.1. O
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Proposition 3.16. There exists a R, K > 0, and a family of continuous functions,
W, e CO(T?\ A, R),

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

1
0TS WEG, y) < Kd(x, )™, (3.40)
(P = X)Wy 0= (Poy — TP Wiy, (B4

Proof. We canbound (P — e*(=9) W, (x, y), by applying the triangle inequality and
using Lemma 3.13:

‘(P(z) — eA(fq)) W, (x, y)) <

<Bd(x,y)~9*! by (3.26) =0 by (3.11)

‘P(Q)Wq(x, y) — TPWq(x, d(x, y))‘ + ‘(TP - eA(_q)) Wq(x, d(x,y))

=0by (3.23)

+e A ‘Wq(x, ) = Wy(x, d(x, y))

’

for (x, y) € Ag \ A. So
(P = ) Wy, )| = Bdx, )7, (3.42)

for (x,y) € Agr\ A.
This basically means that (P) — e”(=P)) W, near the diagonal is close to 0. To

obtain functions W= so that P(3) — e*~7) applied to them, has a definite sign, we add
suitable functions to W,: we take qu : T?\ A — R of the form

Wi (x, y) = Wy(x, y) £ caWy, (x, y),

for g1 € (¢ — 1/2, q), such that A(—q) — A(—q1) # 0, and |c3| large enough (will be
defined below), with sign such that c3(e2(~9) — ¢A91)) > 0.
By applying (3.42) we get for (x, y) € Ag \ A,

(Pay = MDY Wi, ) =
>—Bd(x,y) "9 by (3.42) >—c3(Bd(x,y)"91*!) by (3.42)

(P(z) - eA(fq)) Wy(x, y)+c3 (P(z) - eA(fm)) Wy (x, y)

>c3(eM9D) —eACD)d (x,y) 791 /K by (3.22)

b oM Ay

Picking c3 large enough and R small enough yields,

(P = MDY Wi, 1) 20, for(v,y) € A\ A.
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Similarly we get
(Pay =M 0) Wy (v, ) <0, for (v, ) € Ap\ A

Now set K again large enough such that (3.40) holds.
Remark 3.17. Suppose y is such that e*(") = 1. We can use (3.41) to get

+E [W2, (T, (), To ()] = £W2, (x., ),

ford(x, 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
W; and W,". This is done in the proof of Lemma 4.5.

4. Topological Random Dynamics

In this section we prove Theorem 1.1 and construct tools to prove Theorem 1.2 in Sect. 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 prob-
abilities 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 oper-
ators, which is developed in Sect.3. The statements can be read without reference to
Sect. 3, but for the proofs the reader has to familiarize with the results in Sect. 3.
In order study escapes from strips near the diagonal, we define stopping times
75,+(x, y) ;== min{n € N; d(T,(x), T,;(y)) > 8}, (4.1)
Te,—(x,y) :=min{n e N; d(T)(x), T} (y)) < ¢}, (4.2)
where (x,y) € Ar with 0 < ¢ < d(x,y) < § < R. The following lemma addresses
statistics of these stopping times.

Lemma 4.1. For & = 0, there exists a sufficiently small R > 0, and sufficiently large
K >0, such that if0 < e <d(x,y) <8 < R, then

P(min{ze _(x, y), 15 +(x, y)} < 00) =1, 4.3)

as well as

In(4—)—2K In(-~2—)+2K
M <P ({te (. y) < T5.4(x. )} < %
£

l 1) d(x,y) _ _ 2
V<ln(d(x,y))ln< - ) 6K |In(e)| 2K>

< E [min{ze,_(x, y), 75+ (x, »)}]

L (ln( ) )ln (d(x’ y)) +6K|1In(e)| +21<2> . (4.5)
\% d(x,y) £

Note that the estimates (4.4) and (4.5) are only informative when both §/d (x, y) and
d(x, y)/e are sufficiently large.

4.4

and
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Proof. We fix R > 0 small enough and K > 0 large enough such that Proposition 3.14
and Proposition 3.16 hold simultaneously. We follow the reasoning of [11,13]. As indi-
cated above, we will use statements from Sect. 3. The functions ¢* and n* come directly
from Proposition 3.14. Denote (x,, y,) = T, (xo, ¥0), for (xo, yo) € T2\ A, such that
0 <e<d(x,y) <8< R Now n*(x,, y,) stopped at min{z, _(x, ), 75+ (x, ¥)} is
a submartingale, by Proposition 3.14, Remark 3.15 and applying Doob’s stopping time
theorem. So, with

ﬁ == min{n’ TE,*()C’ y)a T8,+(x7 y)}?

we have, for a fixed n € N, by Doob’s stopping time theorem with bounded stopping
time,

n*(x,y) < E[n" (. yi) —aV].
Rewriting, we obtain
E[a]V < E[n* (. yi)] — n*(x, »)
< In®(d(x, y)) +In*(ea;) + K| In(eay)| < oo.
Taking n — oo and by the monotone convergence theorem, we have
E[min{ze, —(x, y), 75+ (x, »)}] < 00.

This implies (4.3).

By Proposition 3.14 and Remark 3.15 and applying Doob’s stopping time theorem
now for almost surely bounded stopping time, ¢*(x,, y,) stopped at min{z, _(x, y),
75 +(x, y)} is a submartingale. Therefore we have

¢+(X, y) <E [¢+(xﬁ’ yﬂ)] .

Letting n go to infinity, applying dominated convergence theorem, and conditioning
separately on 7, _(x, y) < Ts+(x,y) or T, —(x,y) < 75 +(x, y), we get

¢*(x.y) = lim E[¢" (. y7)]
= P (e~ (r.3) < 73,000 ) E[97 () V() | Term (60 3) < T.429)
AP (T, (5, ) > T4 (6 D) E [ 6 (g0 Ve ) | Term (60 3) > T340
(4.6)
By (4.3) we have

P(Te—(x,) > 54(x, ) =1 =P (te—(x, y) < T5,4(x, ). (4.7

From (3.30) we get
In(d(x,y)) — K < ¢"(x,y). (4.8)

On the iterate n when the distance d(x;, y,) first leaves (¢, §), the distance is either
in (gay, €] or in [§, 8az) by Hypothesis H1. Therefore we can bound the conditional
expectation in (4.6) in the following manner,

E[¢* (e _(xoy)s Yoo - eo) | Te,— (1, ¥) < T54(x, )] <
sup {In(r) + K} <In(¢e) + K 4.9)

relaye,e)



87 Page 30 of 52 V. P. H. Goverse, A. J. Homburg, J. S. W. Lamb

and

E[¢+(xrg.+(x,y), yr(g,+(x,y)) | Ta,—(x7 y) > T5,+(-xv y)] <

sup {In(r) + K} < In(8) + 2K, (4.10)
relé,ad)

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

in (4.6), we get
In (d(x’ y)> —4K
1)
) < :

€
In (—)

8
In a similar fashion we get the counterpart of (4.6) for ¢,

¢~ (x,y) = lim E[¢™ (xz, )]
n—od
=P (te- (0, ) < 5400, ) E[67 (v, vy Vo) | Teim (0, ) < T5,4(x,3)]
+P (Ts,f(x’ y) > T4+ (x, )’)) E [¢_(xr5,+(x,y')v Visa(ey) | Te,—(x, ¥) > 5.4 (x, )’)] s

d(x,
ln< (); y)) +4K
) > , (4.11)
€
n(3)
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*(x,,y,)—nV stopped at

Te,—(x,y) < Ts4+(x,y)or 7o —(x,y) < 75,+(x,y) (see Remark 3.15 and apply Doob’s
stopping time theorem.) and we let time go to infinity. Denoting

P (te,—(x,y) < T5,4(x, )

from which we obtain a bound

P (e, (x,y) < T5.4(x,y)

T =min{ts +(x, y), Te,— (x, )},
this yields
Nt (x,y) <E[n" (e, o) = V.

Rewriting and conditioning on 7 —(x,y) < T54+(x,y) and 7o _(x,y) < Ts5+(x,y)
separately, we obtain

VE[r] <P (te,—(x, ) < t5.+(x, »)) E [z, yo)lte—(x, y) < T5.4(x, )]
+P (Te,— (x, ¥) > T5.+(x, V) E[0F (r, yo)lte,—(x, y) > 15,46, )] — 0¥ (x, y).
4.12)

As above we have bounds
E[n* (xr, yo)lte,— (x, ¥) < T5.4(x, »)] < In*(a1¢) + K [In(a;e)]
< In%(¢) + 3K |In(e)| + 2K 2,
E[n*(r, yolte,—(x, y) > 154(x, )] < In?(8) + K [In(8)[,
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Now for a different, larger K, we have E [n* (x7, yo)|te,— (x, ¥) < T5.4(x, y)] < In’(e)+
K|log(e)| and we have

—n*(x,y) < —In’(d(x, y)) + K [In(d(x, y))I.

Plugging this and (4.7), (4.11), (3.32) into the estimate (4.12), we obtain
d(x,
In (%) +4K

n(5)

+In%(8) + 2K | In(8)| — In?(d(x, y)) + 2K | In(d(x, y))|.

VE[r] =

<1n2 (e) —In® (8) + K ‘m (g)‘)

Note that In? (¢) — In? (8) = In (&) In(e8) and In%(8) — In*(d(x, y)) = In (d(xLy))
In(d(x, y)§). As |In(x)| is a decreasing function for 0 < x < 1, we have |In(¢)| <
| In(d(x, y))| < |1In(5)|. Using these identities and estimates we get

VE[z] < In (@) In(e8) — In <d(’;’ y)> In (d(x, y)8) + 12K | In(e)| + 8K >

d(x,y) £ 2
§ln< 5 >ln<d(x,y)>+12K|ln(8)|+8K'

In a similar fashion we get

In <—d(’;’ y)> — 4K

n(5)

+In%(8) — 2K |In(8)| — In*(d(x, y)) + 2K | In(d(x, y))|,

VE[r] =

(1n2 (¢) — In2 (8) + 2K ‘m (g) D

and from this,

VE[r]zln<d(x’y)>1n< ¢ )—12K|ln(£)|—8K2.
) d(x,y)

Replace 2K by K to get the statement of the lemma. This finishes the proof.

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(x, y) sufficiently small.

Lemma 4.2. Let R, K be as in Lemma 4.1. Then for all (x, y) € T2, with0 < d(x, y) <
§ <R,

P (7s,4(x, y) < 00) = 1 (4.13)
and

E [7:5,+(x, y)] = o0 whenever d(x,y) < e K5,
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Proof. For any ¢ € (0,d(x, y)), we have the inclusion of events
{Ts,+(x, ¥) = T~ (x, y)} C{15,4(x, y) < 00}.
Therefore,
P(ts,+(x, y) <00) = P(t5,4(x, y) = 7o —(x, y)) = 1 = P(7e,—(x, y) < T5,4(x, ¥)).
Recall the upper bound in (4.4),

In (7257) +2K
s
In (%)
As ¢ — 0, the denominator goes to infinity while the numerator remains fixed. Thus the

term on the right hand side goes to 0, implying P(ts +(x, y) < oo) = 1. For the second
statement, observe that for any 0 < ¢ < d(x, y),

]P)('Ca,—(x’ )’) < 7:5,+(x1 )’)) =<

Ts5,+(x, y) = min{te _(x, y), 15 +(x, ¥)}.

Taking expectations and applying the lower bound from (4.5) in Lemma 4.1, we find
VE[7s5,+(x, y)] = VE[min{ze _(x, y), 7s,+(x, y)}]

n< ) )m <d(x’y)> — 6K|In(e)| — 2K2.
d(x,y) €

Recalling that for small ¢, In(d(x, y)/e) = In(d(x, y)) + | In(¢g)|, we group the terms
involving | In(¢e)|:

)
VE[zs,+(x, y)] > In (d(x, »

— 8 8 2
= |In(e)] [ln (d(x, y)) — 6Ki| +In (d(x, y)) In(d(x, y)) —2K*.

The hypothesis d(x, y) < ¢ %%§ gives In (d(x y)) — 6K > 0. Taking the limite — 0
and applying the monotone convergence theorem, yields

> (In(d(x, y)) + | In(¢)|) — 6K | In(e)| — 2K >

E[Tﬁ,+(X, »l= gi_I)%E[TS&(xa y) - Il{rl;vJ,(x‘y)<1.'6,_(x,y)}(CU)] =00

O

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

(Xn yn) = ( (2)) (x0, Y0)
before escaping As, with (xo, yo) € A,—6k g, is infinite.
The above results allow to conclude Theorem 1.1(2).
Proposition 4.3. If A = 0, for all (x, y) € T? \ A,

n—o0

. 1 n—1 ‘ ' .
nll)n;o - ng (Ta’,(x), T;)(y)> =0 and limsupd (Ta'f(x), Ta')’(y)) >0, P—a.s.
=
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Proof. Lete > 0. For (x,y) € T>\ A and w € g, consider the empirical count of
iterates in Ag,

#ieNO0<i<n—1:d(T.(x),T.(y)) < ¢}
- .

Ne(x, y, ) =ngn;o

We follow reasoning in [4], adapting to our setting. Let (xg, yo) be a point outside A,
and consider the orbit (x;, y;) = (T (x0), T} (¥0)). For almost all @ €  there is an
infinite sequence of times S; and 7;,i > 0, with0 = Sy < Top < S§1 < T1 < ---, such
that for j > 0,

T; =min{i > 8 o dx,yi) < 86‘_6K},
Sjpp=min{i > Tj : d(x;, y;) > ¢}.

We can also assume that d (x;, y;) is never exactly ¢, as this holds for almost all w € ¥y.
Write

ojr1 =T; —Sj, Tjs1 =381 —Tj.
Given (xg, yo) outside A, write

#ieNO0<i<n—1:dx,y) <e¢)
. .

Ne(n, w) =

Let N, (n) be the largest index i with S; < n and let N, (n) be the largest index i with
T; < n. Consider, for definiteness, the case that d(x,, y,) > ¢. Calculate

TN,(,,)—l

Y. T/i+T)

i=1

Ng(n, w) >

Nz (n)

The dependence of, for instance, o; on the orbit point (xg;, ys;), makes that we can not
apply the strong law of large numbers for independent random variables. However, the
arguments that lead to the strong law of large numbers, see for instance [32, Section 2.5]
and [28,29], combined with the uniform bounds on the expected escape times o; do give
that for some K > 0, for almost all w € Xy,

n—1

1
hmsup—Zo,- <K
n—oo N~
i=0
Likewise,
n—1
liminf — Ztl = 00,
n—>00 g 4 o
1=

for almost all w € Xy. The case that d(x,, y,) > ¢ is treated similarly. We get that
P-almost surely N (x, y, w) = 1, for all ¢ > 0 implying the first part of the statement.
The second part follows from Lemma 2.5. O
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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 y.

Consider 0 < 8§ < R and (x,y) € T?\A with d(x,y) < 8. Let 7(x, y, w) be the

minimal time with
T(x,y,0)
a((2)"" @) =

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

Lemma4.4. Let R, K be as in Lemma 4.1. Suppose . > 0. For 0 < § < R and
(x,y) € T2\A withd(x, y) < § we have

P(d(Tg(x), T, (y)) > 8 for somen € N) =1.

Moreover, for some K > 0,

1 8 1 )
X (ln (d(x, y)) — 2K> <E[t(x,y,w)] =< X (ln (d(x, y)) +2K> . 414

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

AE[T] < E[¢" (xe, o) — ¢"(x, )] < In(8) — In(d(x, y)) +2K

and

AE[] = E ¢~ (xr, y2) — ¢~ (x, )] = In(8) — In(d(x, y)) — 2K.
The lemma follows. O

More detailed estimates can be obtained by analysing escape times from strips A \
A;. The next lemma is the equivalent of Lemma 4.1 for positive Lyapunov exponent.
Stopping times 75 +(x, y) and 7. _(x, y) are defined as before in (4.2), (4.2).

Lemma 4.5. Let R, K be as in Lemma 4.1. Suppose ). > 0. Let y # 0 be the negative
value so that A(y) =0.If0 < e <d(x,y) <8 < R, then

P(min{ze —(x, y), 75+ (x, y)} < 00) = L. (4.15)
Furthermore, there exists a k € (0, 1), such that if 0 < e <d(x,y) < k8 < kR, then

L (dx,»\ ey
(M) <P({re,-(x,)) < 4(x, 1)) <K <¥) '

&

z (4.16)

Proof. The proof is similar to the proof of Lemma 4.1. Let (x, y) € As \ Ag, so with
e <d(x,y) <$é.Lett,_ and 15+ asin (4.2) and (4.2). As before we get (4.15), that is,
minf{ze —, 75 +} < oo for almost all w.
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We start with the upper bound in (4.16). Using Remark 3.17 and applying Doob’s
stopping time theorem, we get

W_,(x,y) =
P (7e,—(x,y) < 15,+(x, ) E I:W:y(x‘r&,(x,y% Vro_(x.y) | Te,— (X, ¥) < 75,4(x, Y)]

+P (TE,f(-xv y) > T5,+(X, )’)) E [W:y (x‘551+(x,}‘)7 yrgﬁ.(x,y)) | Té‘,*(x’ y) > T5’+(.X, y)] .
4.17)

As before, since min{t, _, 8} is almost surely finite (see Lemma 4.1), we have

P(TE,—(X’ y) > T5,+(-xv )’)) =1 _P(TS,—(X’ y) < T5,+(-xv )’)) .

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

_ e
E[WZ, (e _(eoy)s Yoo eoy) | Teom (0, 9) < Ts.4(x, )] = <

_ 57
E[W_y(xr3.+(x,y), Yesate) | Te—(x,y) > Ts.4(x, )] = e
and also Kd(x, y)¥ > W:y (x, y). Then (4.17) yields

P(te—(x,y) < t54(x,¥) < (sz(x, - 5”) /(7 =87).

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

Using the above lemma we get the following statement in which we discuss, for orbit
pieces starting in A5 \ A, until escape from A, 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 .. > 0, for all (x, y) € T2\ A,

n—>o0o n 4

N B S -
lim — Zd (Ta’)(x), Té(y)) > 0 and 1}{2233” (Th(x), T} (») =0, P—as.
i=0
Proof. The reasoning follows Proposition 4.3. Let ¢ > 0. For (x, y) € T2 \ A and
w € Xy, consider the empirical count of iterates in A,

#ieN,0<i<n—1:d(T)(x), T.(y)) < &}
- .

Ne(x,y, w) =nli)rgo

By Lemmas 4.4 and 2.3 and the strong law of large numbers, we get that P-almost surely
Ne(x,y,w) < 1, forae > 0 implying the first part of the statement. The second part
follows from Lemma 2.5. O
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4.3. Negative Lyapunov exponent. In this section we consider negative Lyapunov expo-
nent 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 7} of points in A,
which exists for almost all w € ¥y [49]. We provide a proof along the lines of our
reasoning in previous sections, compare also [10].

Lemma 4.7. Let R, K be as in Lemma 4.1. Suppose . < 0. There is 0 < x < 1 so that
the following holds. For each 0 < 8 < R there is 0 < §' < §, so that for (x, y) with
d(x,y) <&,

P (d(T(Z(x), T (y)) < 8 forall n and linéod(Tg(x), T, () = 0) > X.

Proof. Let y > 0 given by Lemma 3.4 be so that A(y) = 0. The first part of the
proof is similar to the proof of Lemmas 4.1 and 4.5. Take (x, y) € As\Ag, so with
e <d(x,y) <. Lett,_(x,y)and t5.4+(x, y) as in (4.2) and (4.2). As before we get
(4.15), thatis, min{t, —(x, y), Ts +(x, y)} < oo for almost all w. Thus, as in Lemma 4.1,

P (te,—(x,y) > G54(x, ) = 1 =P (e, - (x, y) < w,+(x, ) . (4.18)
Using Remark 3.17 and applying Doob’s stopping time theorem, we get
W_, (x,y) =
P (té‘,—(xv y) < T5+(x, y)) E I:W__y(xrg__(x,y)s yrg,_(x,y)) | 7e,—(x, y) < 75,4 (x, y):l

+P (Ts,—(xs y) > 15.4+(x, )’)) E [W:y (xr,s,+(x,y)s yt5v+(x,y)) | Te,—(x, ¥) > T5.4(x, Y)] .
4.19)

For some K > 1 as in Proposition 3.16, we get

E[WZ, (s Yoo o) | e (80 9) < To4(v )] = =,

_ FY4
E[WZ, (g eoy)s Yosotry) | Te— (6, 9) > T5.4(x, )] = i
and also Kd(x, y)Y > WZ, (x, y). Using (4.18), (4.19) yields
lim }P’(rg,_(x, y) < 15.4(x, y)) > lim (sz(x, v — 8V) / (8” - 8V)
e—0 e—0

d(x, v
:1-1{2( O;”) . (4.20)

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

dix, )\’
P(d(xn,y,,) <éforall n € Nand lim inf d(x,, y,) = o) >1-K? (%) ,

at least for d(x, y)/& small enough. Note that IP goes to one if d(x, y)/§ goes to zero.
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We obtain the lemma from the observation that the above argument applies to any 4.
To finish the argument, take 0 < d» < 87 < d(x, y) < § and, using (4.20), consider

P (ta,,—(x,y) < T5.4(x, y) and d(x;, y;) < 8 foralli > 74, _(x, y))
Y Y
(11— g2 (45 k2 (2)7).
8 )
The lemma follows by taking d»> and §; to zero, with d»/§> small enough, and noting
that the bound on the right hand side stays strictly positive. O

Synchronisation of typical orbits expressed by Theorem 1.1(1) is a consequence of
the above lemma and our hypotheses on the random dynamical system.

Proposition 4.8. Suppose A < 0. Forall x, y € T, for P-almost all v € Xy,

Tim (T} (x), T4 () = 0.

Proof. Take 0 < 8’ < § as in Lemma 4.7. By Lemma 2.5 there is a strictly positive
probability for an orbit 7' (x, y) to enter Ay in finitely many steps. That is, there exists
C > 0and N > 0 so that for (x, y) € T2\ Ay,

P ((T}(x), T} (y)) € Ag forsome 0 <n < N) > C.
We find that for (x, y) € T?\ Ay,
P ((T(x), T (y)) & Ay forall 0 <n < kN) > (1 — O)F,

so that P ((T(x), T/ (y)) & Ay foralln) = 0. There are therefore almost surely
infinitely many orbit points from (7} (x), T} (y)) in Ag.

As before, for 0 < ¢ < & and (x, y) € T? with ¢ < d(x,y) < 6, (TR (x), TS (y)
will be outside Ag\ A, for some n > 0, almost surely. Combined with the above we see
that almost surely, orbit points (7} (x), T} (y)) are in A, infinitely often. This holds for
any ¢ > 0, so that

liminf d(T) (x), T)(y)) =0
n—oo

almost surely. That is, given a sequence ¢ that is decreasing to zero, there is a sequence
of first iterates (T~ (x), To* (v)) inside Ag, . Lemma 4.7 now implies synchronisation.

5. Stationary Measures for the Two-Point Motion

This section contains both the construction of stationary measures on T? \ A for the
random 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 exponent.
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5.1. Construction by inducing. We construct a stationary Radon measure on T\ 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
adomain away from the diagonal A by the Krylov-Bogolyubov method. Following work
by Deroin, Kleptsyn, Navas and Parwani [31], 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 Aj; 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.

An alternative way to construct stationary measures for the positive Lyapunov expo-
nent case A > 0, might be through a Lyapunov function as in [20] for random diffeo-
morphisms. Our case is different due to the possibility that points (x, y) € T2 can be

mapped onto the diagonal A by Ta(z).
Proposition 5.1. The random dynamical system (2.3) has the following properties:

e if . = 0, then the two-point motion admits an infinite stationary Radon measure
,u(z) on T? \ A, and

e if A > 0, then the two-point motion admits a stationary probability measure u»
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 &€ < Rpin, SO

that points in T2 \ (K U A) can not be mapped into A by Ta(z). Note that there will be
points in A that are mapped into A by some Ta(2). Namely, any (x, y) € T? with x # y
and T,(x) = T,(y) lies in I and will be mapped into A by Ta(z). By Lemma 4.2, for

n
any (xg, yo) € K, of the random orbit (x,, y,) = (Ta()z)) (x0, yo) 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 (xq, yo) consider the random stopping time V (w) > 1
(suppressing dependence on (xg, yp)) so that the probability P(V =n+1 | V > n)
equals &(x,+1, Yn+1). S0 when the random orbit arrives at (x,+1, yn+1) We stop with
probability & (x,+1, Yu+1) and continue with probability 1 — & (x,+1, Yn+1)-

We use E to denote the expectation both over ¥y and over the random process
defining the random stopping time. So E [8(x, .y, ] is the distribution of the stopped
point (xy, 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, yg) € K in the weak star
topology. Namely, consider a sequence of distributions of stopped points for a converging
sequence of initial points (xg, ;). From (4.13) we get that for ¢ > 0 small there exists
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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, yy), V < N, for (x’01, yg)

are close to those for (xo, yo). Consequently, the distribution E [8(y,,. ] of the stopped

point depends continuously on (xg, yo), for (xg, yo) € IC, in the weak star topology.
Define

P = fT E [0y di(xo. 30) (5.1)

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 g,

P: 5o = 5o,

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

V(w)—1
m(xo,yo) =E Z a(xj,yj) . (52)
j=0

Because 1 — £ vanishes on K, we can write, with (x;, y;) = Ta()?)_l 0---0 Ta()g) (x0, Y0),

oo n

T = 3 /f [T (1 - €G30 ) 80690 dBC@0) - dP(@n_1).  (53)

n=0 @gretop_y J=1
€T

Integrate over (xg, yo) taken from the measure ¢ to obtain

W = [ T dsato o) (5.4)
T
Written out this reads
V(w)—1
n(A) = / EL Y 1T T | dgo(xo. yo)
T ;
j=0

for Borel sets A C T2 \ A.
We claim that for any continuous function ¥ : T2 — R with support disjoint from
A’

V(w)—1

RIE /T E ]X:(j) v | deotro. o) (5.5)

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 g > 0 so that with probability at least ¢ an orbit starting in supp ¥ hits K
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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

V(w)—1 o)
E| Y vy | <Y, max |y »INI—g) " <o
—0 i1 (x,y)eT?

That is, E Viw)-1 [ (x;,y;)|| is finite and bounded uniformly on supp . This
j=0 i Vi y pPp

implies that the right hand side of (5.5) is finite.
We will establish that 1) is stationary for the two-point maps. We must thus show
Pu® = 1@ with

Pu® .= /T (Ta@))* 1@ dPa).

Applying P yields, with (xj, y)) = T\ o -+ o T (x0, o),

Py, v = [ﬂ‘ (Ta(z))*mxo,yo dP(a)
=2 // [TO-¢0550) (Ta(z))*5<xn,yn>dP(a)dIP’(wo)~~dJP’(wn-1)
n=0

=Va,wp,...0,_1 ]=1
eT

=) [T —=&G)9)) 8ty dP(@0)dP(@1) - - - dP(w,)

n=0w0 ..... wn j=1

V(w)
=E Z Sy
j=1

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

Pm(}fo,yo) = M (xg,y9) — 8(xo,y0) + E [S(XV(w)aYV(w))] :

Integration over ¢ yields

P/L(z) =P f]ﬁ M (xy,y) dS0(X0, Y0)
= / P (xy,yo) dS0(X0, Y0)
T2
:/ W(xo,ymdgo(x(),yo)—/ 8(x0.y0) d50(x0, ¥0)
T2 T2

+ /11‘2 E [S(XV(m»yV(w))] dgo(xo, yo)
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=n® —co+ Pro
=u®,
the last step by P invariance of .

Note that the argument includes the observation that 11(?) assigns finite measure to
compact sets disjoint from A.

For A = 0, Lemma 2.5 shows that iterates of points (x, y) € T2 enter any small
neighborhood of A with positive probability. Combining this with Lemma 4.2 shows

V(w)—1
u?(T?) = f E| > 1p(Tix). T)(»)) | dsoxo. o)
T2 i=0

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

Vix,yw)—1

X= /JIZE Z ]lTZ(TO{(x)’ Ta{()’)) dso(x,y)

j=0

= /TQIE[V(x, v, )] dgo(x,y) < oo.

Now 1® given by

Vix,yw)—l1

1 . .
) = o /11‘]E Y L@ T | dsotx )

J=0

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

Remark 5.2. The stationary measure 11® is obtained by pushing forward the measure
Go on the support of a test function &. The test function is constant one on a suitable set
K. The construction shows that MQ) restricted to K equals ¢ restricted to /C (see (5.3)
and (5.4)). We can therefore also obtain ;® from ¢ restricted to K by pushing forward.
That is, with

o8]

n
Mgy = D (1= Tc(xjs 7)) ¢,y dA(@p) - - - dM(@n—1)
n=0 =1

gy J

for (xo, yo) € K, we find

n® = /,Cﬁi(xo,yo)dg()(xo’ Y0)-
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5.2. The support of the stationary measure. Hypothesis HS and Lemma 2.4 show that
forall ¢ > 0, there exists a k € N, such that images under O@ ofaset Ty x {(x, y)} for
(x,y) € T2\ Ag, cover Ty 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 Sect.5.1.

5.3. The growth rate of the stationary measure at the diagonal for . = 0. The following
lemma discusses the expected number of such orbit points that lie inside strips As\Ag,
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 . = 0. Assume 0 < ¢ < & < R.
For (x,y) € T2 with0 < d(x, y) < 8, define

75+ (x,y)

ges(, ) =E | Y Lieoo@(T4(x), T,())
i=0

Then

1 5 ,
Dl (229 ) 6k ) < timinf 822002
% d(x, ) 0 Inge)

, 1 )
glimsupMS—On( @ )+6K>.
e—»0 —In(e) 14 d(x,y)

Proof. We follow [11, Proposition 5.6], with modifications needed for the discrete time
setting. Recall that ay, ay are given in Hypothesis H1. Define, for ¢ < r < §,

8s(r) =inf {ge s(x,y) 5 rar <d(x,y) <r},

grs(r) =sup{ges(x.y): r <d(x.y) <rax}.
Observe that r — 8:5 (r) is a monotone non-increasing function on [, §], and constant
on (0, ¢].

We first focus on g, 5. Conditioning on the smallest stopping time s 4 or 7, —, which
have been defined in (4.2) and (4.2), we obtain

8e,5(x, y) =P (e~ (x,y) > 75,4+(x, y)) E[15 4+(x, y)]
+P(te,—(x,y) < 75, (x, ) E[1e,— (x, y)]
+P (T, (x,y) < 75— (x, ) E[ge,6(rr _s yro ) | Te,— (X, y) < T5,4(x, y)]
= E [min{zs 4+ (x, y), Te,— (x, Y)}]
+P (e, (x, ) < 15,4, V) E[go,5(rr 2 Yoo L) | Te— (X, ¥) < T5,4(x, )]
> E[min{zs +(x, ), t,— (¥, »}] + 8, 5 (P (ze,— (¥, ¥) < T5,4(x, ) -

Due to monotonicity of g, 5(r) in r, we have fore < r < §,
8;5(8) = g;B(r)
>inf {ges(x,y) : air <d(x,y) <r}

> i B [minfes (), T )]+ 80, OF (5 () < 10 0) ]

raj<d(x,y)<r
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We get the lower bound for g, 5(x, y) by setting r = d(x, y), using (4.4) and (4.5) from
Lemma 4.1, and g;8 (e) > g;(s (r),

8e.s(x, y) = g, 5(r)

> inf {i(ln< 5 >ln<d(x’y))—6K|lne|+2K2)
raj<d(x,y)<r | 'V d(x,y) €
In <d( >
+8,.5(&) ( ) }
1 d(x,y)
= V r/a<1111(lfy)<r { (d(x ) . ( ) }

8
In —> —2K
aj

n(?)

Divide by | In(e)| and take lim inf,_, . This yields

—6K|In(e)| +2K> + g s () ——F——

s
~.(8) ln(d’ )—6K
liminf S22 > e A T
e—0 |In(e)| = air<d(x,y)<r 1%
In (;2;) - 6K
> — 7
- Vv
The bound for g:’ 5(r) is obtained by following a similar scheme. O

The following proposition allows us to estimate on the growth-rate of the stationary
measure 1» near the diagonal, in the case A = 0.

Proposition 5.4. Suppose A = 0. Given the stationary measure 1>, there exist a, p €
(0, 00), such that

@(T2\ A @(T2\ A
o < liminf T \VB) o AN A g (5.6)
e—0 —In(e) 50 —In(e)

Proof. Temporary fix ¢ > 0 small. For 0 < & < § for suitable small 8, set I = T2\ Ag.
For (x, y) € K, write

N(x,y,w) =min{n > 0; (T, (x), T,;(y)) € K}
for the first return time to /C. By Remark 5.2 we have that for all stationary Radon

measures 1 on T2 \ A, the restricted measure ux = u® | is a stationary measure
for the induced process

2) N(xXn,yn,0)
(st ue) = (T2) (X )
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on /C. For convenience we rescale pxc so that it becomes a probability measure,

p(K) = 1.

Denote the set G C K x Xy as the union of (x, y, w) € K x Xy, such that there
exists T(x, y, w) € N with the following properties,

1. for0 <i <7, (T (x), T.(y)) ¢ K,
2- (Taf(x,y,w)(x)’ TQE(X»}V,w)(y)) c Ae’7Ku15'

Here K is as in Lemma 4.1. By Lemma 2.5, we have (uic x P)(G) > 0.
Now we have the ingredients to prove the lower bound for the lim inf. For all mea-
surable sets A C T2, from Remark 5.2 we obtain

N(x,y,w)—1

n?(A) = /K ) Yo LTI, T du x P)(x, y,@). (5.7
Xy j=0
By (5.7) and Lemma 5.3,
N(x,y,w)—1 - .
pA (T2 Ap) = /K ) Yo I (TI), T () d(uk x P)(x, y, )
X Ly j=0

N(x,y,w)—1
> /g S o, (T30, TAON dux x P, y, )
j=0

N(x,y,w)—1

> D Lo, (T ). T () d(p x P)(x. y, )
9 j=r(x,y.0)

T(x,y,w)
nge,a ((T;?)) } (x,y)) d(ue x P)(x, ¥, ©),
g

To get the first inequality of (5.6) we divide both sides by — In(¢), take the lim inf, and
apply Lemma 5.3. This yields

. wA(T2\ Ap) _ (K +In(a) (e x P)(G)
im inf > .
e—0 — ln(s) Vv

This proves the lower bound for the lim inf.
To get the upper bound for the lim sup 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 Tu()z). When pushing forward px, this moves mass directly to small
neighborhoods of A. Write IC x ¥y = Ro U R4 as a union of sets on which N is either
equal to 1 or is bigger than 1,

Ro={(x,y,0) e Lx Zp; Nx,y,w) =1},
R+={(-x7y3w)€ICXET9; N(x’va)> ]}

The set R is a disjoint union of a set

gd = R+ N (ARmin x Zﬁ)
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(recall (2.1) for the definition of Rpi,) and its complement G., which is contained in
(Aazg\Ag) x Xy. For (x, y, w) € G. we find Tu()z)(x, y) C As\Ags. We have
N(x,y,w)—1

O\ an = [ f Z Lpa o, (T4 0. T (0) dP@)d e (v, y)

N(x,y,0)—1
/ /2 Z Ip2\a, (T](x) T](y))dIP(w)du,C(x y)
79 .:

N(x,y,w)—1

=/ / aP@dpc ) + [ / Z Ly o, (T4 (0. T4 () dP@d e (v, )

< uic () + / fR ge.5(T57 (6, ) dP(@)dpc (x, ). (5.8)
Recall that by Lemma 2.3, we have the existence of C; > 0 with

E [—1n(d(To§2>(x, y)))] <Cy. (5.9)

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

i pP(T?\ Ap)
msup ———
e—0 - ln(E)

< lim sup
e—0

ges(Ts (x. )
< // lim supLdIP’(w)d,u;c(x, y)
UGy =0 —In(e)

S// 1 In ;SL +6K | dP(w)dpuic(x,y)
uGa V AT (x, y))

_ In(6ax) + 6K + C;
- Vv
which finishes the proof. O

+hm sup // gedlle X, ) S(Tw (x ) = dP(w)duic(x,y)
£—0 UGy —In(e)

’

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 1®) near
the diagonal, in the case of A > 0.

Proposition 5.5. Suppose A > 0 and let y be the neganve value so that A(y) = 0.
Suppose y € (—1/2,0). Given the stationary measure 1>, there exist a, g € (0, 00),

such that o @A
A
@< 1iminf”“—(y€) < lim sup"“f() <B. (5.10)
&

=0 & e—0

To prove the above proposition, we first consider orbits near the diagonal.
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Lemma 5.6. Let R be as in Lemma 4.1. Suppose A > 0. Assume 0 < ¢ < § < R. For
(x,y) € T2 with0 < d(x, y) < 8, define

Ts,+(x,y.0)—1

feseN=E| Y LoagTix), TH)

i=0

There exist K < oo, k € (0, 1), such that for (x,y) € T2, if0 < ¢ < d(x,y) < k8 <
KR, then

1 (d(x,y)
el

Y
—) < fes(x,y) < K(

&

d(x,y)>y
=) .

Proof. Letk beasinLemma4.5. Let Ko be K from Lemma4.5 and set K| = ¢**X0. By a
straightforward computation for the lower bound, comparable to the proof of Lemma 5.3,
we obtain

fé‘,ts(xv )’) Z ]P)(TE/KI,f(x’ )’) < T5,+(-xa Y))
@re
XE[roa (T 000 | 7m0 9) < T 6, 9)]

L (R y” (1 (8 ar)).
Ko e by K

Set
5,4+ (x,y,0)—1
fisy= sup  E| Y Loa@(TLx), TH(0)) (5.11)
ray<d(x,y)<r i=0

. L 1y
and observe that f;s is monotone decreasing in r. Let Ky = (ﬁ) /a>. When
K>e < kR, we have

fhs@ < sup E[rge )]+ sup P (7e—(x, ¥) < T5.4(x, y)) fis(e)

eay<d(x,y)<e eKr<d(x,y)<eKran

1 K>
< - (ln (—) + 2K0> + Ko (Kaan)? f75(e).

A ap

Therefore f5(¢) < 00. So, using f¢5(x,y) < P (ze,—(x,y) < T5.4(x,y)) Ts(e), we
get the desired result. O

Proof of Proposition 5.5. We follow reasoning of Proposition 5.4, using Lemmas 4.4
and 5.6. Let R, K > 0 be as in Lemma 5.6. For 0 < § < R small, take X = T? \ As.
As in Proposition 5.1, a finite measure oy is constructed and from the restriction px of
00 to KC, the measure 1) is obtained by pushing forward 1k by the two-point maps.
See Remark 5.2.

By rescaling px we may assume

szE[V(x’ v. o)l du(x, y) = 1.
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Fix ¢ > 0 small enough and let § < R. For the stationary measure of the two-point
motion we have by Proposition 5.1 that

Vix.y,0)—1

u?(A) = / E| Y 1a(TJ), TJ() | dux(xo, yo).
T2 im0

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 Rpiy).

As before, see the proof of Proposition 5.4, denote the set of G C (’]I‘Z\A(g) X Xy as
the union of (x, y, w) € (']Tz\Ag) X 2y, such that there exists an 7(x, y, w) € N, with
the following properties:

1. foralli e N,0 <i <7, (T)(x), T.(y)) ¢ (T2 \ As),
2. (T5 ), TS5 (1) € Avs.
Here « as in the proof of Lemma 5.6.

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.

75,4+ (T (X), Toy (), @) —1 _ '
w2 (Ag) = / > 10,61 (d(T(x), Ty () d(uxc x P)(x, y, ®)
TZ\A(sXE,; i—0
75,4+ (To (x), T (), @) —1 _ '
> /g Y L0a@T, TEe) diuc x P)(x, v, )
i=0
75,4+ (Tw (x), T (), ) —1 _ '
> / > L0,e1(d(T,(x), T,(y»)) d(xc X P)(x, y, )
g i=1(x,y,w)
E_V
>
— Ko
We proceed with an upper bound. Here we must include orbits that start outside
AR, and jump directly into Ag, and also directly into A,. This can be seen as pushing

forward mass from K into A; in a single iterate. We divide the set G into two subsets,
G = Gq UG, with a set

(ne x P) (9).

Ga=9nN (Tz \ ARpyin X Eﬂ)

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

T5,+(x,y,0)—1

a0 = [ S L0a@T), THm) diu x P)(x, v, @)
T2\Asx Xy i=0

T5,+(x,y,0)—1
s[Y @@, T duc x By
¢ i=0
75,4+ (x,y,0)—1 ' ‘
+ /g S La@T), Th) dluk x P)(x, v, ).
d

i=0
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The first integral can be bounded from above by using Lemma 5.6. Recall that f; 5
defined in (5.11) is a monotone function. Now

75,4+ (x,y,0)—1

/ D LeaThx), T, d(uk x P)(x, y, o)

-y
< / (TP (x, y))d (e x P)(x, y, ) < fF5(k8) < K( £ ) .
g(,' ' ’ a]K3

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

Go = [,y 0) € Gas TP (x.y) € A
For (x, y) € A let, similar to (4.2),

Te+(x, y) =min{n € N; d(T, (x), T (y)) > €},
%54, ) = minfn € N; d(T) (), T(y)) > 5).

By Lemma 4.4 we have an estimate

L ¢ 2K) <E e ¢ 2K
K(“(d(m))_ )‘ [“*(x’y)]—i(“(d(x,y))* )

for some constant K > 0. For (x,y,w) € G: we find 7. +(x,y, w) < T5.4+(x,y, ®)
almost surely. This allows us to write

s+ (X, y,0)—1

f Y Lad(Thx), T, duk x P)(x, y, o)
e 2o
Te+ (X, y,0)—1  754(x,y,0)—1

[ X v Y ) teaudm iomdur < B0

i=0 i=T¢ +(x,y,0)
75,4+ (x,y,0)—1 )
. /g ] 3 La@TE@). T dlpk x P)(x. . o)
d\Ge i=0

< /g T (TP (6, ) d(ug x P)(x, y, ©) + /g frs@)d(ug x P)(x, y, )

+ / FEs@TP e, ) d (e x P)(x, y, o).
gd\ge

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

L 5+ (T2 (x, ) (g x PY(x, v, ) < Ce.
d

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

1
f;:(s(g) = CX
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for some C > (0. We get therefore a bound

/g fEs(e)d(p x P)(x,y,w) < C/e
for some C > 0. The third integral is bounded by

/ fEs@(TP (x, ) d(ss x P)(x, y, w)
gd\gs
-y

<[ k(g dwxp
9\ge  \d(T"(x,y))

< Ke? / AT (x, y)) d(ss x B)(x, y, ) < Cs”,
gd\gs

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

1P _
eV -

lim sup C

e—0
for some C > 0, if y € (—1/2,0). O
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