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Introduction

The purpose of this work is to introduce some quantitative methods that
can be used in the study of random dynamical systems, that is, systems
whose laws of evolution are stochastically determined. This is distinct from
the qualitative treatment of dynamical systems, which can be applied to
systems whose precise evolution is poorly understood. Instead, a quantita-
tive approach is useful to study specific systems for which, for example, a
numerical prediction is desired.

The concept of random dynamical systems arises from the problem of
generalizing the ergodic theorem, which states that, if F' is a measure pre-
serving transformation, then the Birkhoff averages of any ¢ € L', given by
the arithmetic mean of the first k iterates, converge almost everywhere and
in L' to some invariant ¢ € L'. Instead of applying the same transformation
in each step to obtain the Birkhoff averages, a generalization is obtained by
considering random iterates, where the transformation is chosen in a family
according to some probability distribution.

In [30], it was verified that the generalization reduces to the former
theorem if the random system is considered as a skew-product that preserves
some measure whose marginal is stationary. Roughly speaking, a measure
is stationary if it is equal to the expected value of its pushforward, averaged
over the deterministic components of the system (definition 1.2).

The skew-product representation of the random transformation provides
a way to treat a random dynamical system as a deterministic dynamical
systems over a larger space. Many concepts, like ergodicity, admit a nat-
ural extension to random dynamical systems considering the skew-product
representation.

A classical condition on the existence of invariant measures of a determin-
istic transformation requires only compactness of the space and continuity
of the transformation. Since the skew-product is a deterministic transfor-
mation (over a larger space), this leads to a condition on the existence
of stationary measures. However, this criterion is based on a fixed point



theorem that does not guarantee absolute continuity with respect to some
reference measure, because the set of absolutely continuous measures is not
necessarily closed in the weak-* topology; consider, for example, an approx-
imate identity, that converges to a Dirac measure, which is not absolutely
continuous with respect to Lebesgue.

Absolute continuity with respect to Lebesgue measure is important for
numerical investigation, thus another approach to the existence of stationary
measures with this property is necessary. Instead of taking pushforward
measures, the Perron-Frobenius operator can be used to study the effect
of the random transformation on densities, in the sense of Radon-Nikodym
derivatives of absolutely continuous measures with respect to a reference
measure, provided the transformation satisfies a nonsingularity condition.

The Perron-Frobenius operator is a Markov operator, that is, positive,
contractive in L' and preserves the set of L' functions of norm 1. An
existence criterion of absolutely continuous stationary measures is then a
particular case of a known theorem on the existence of fixed points of Markov
operators. In corollary 3.2, we exhibit an explicit condition that guarantees
the existence of a stationary density for systems on the torus with additive
noise. That is, random dynamical systems whose deterministic components
are given by a translation of some fixed transformation on the state space.

Computation of the stationary densities is in general not simple. For
example, trying to directly use the ergodic theorem can lead to a very slow
convergence if additional assumptions aren’t made [29]. Some relatively
general criteria that guarantee fast convergence exist, for example, [35] in
the setting of Markov chains. However, verifying that a system satisfies
these conditions can be a difficult task.

We will discuss a method used in [14] to study an one-dimensional model
related to Belousov-Zhabotinsky reaction, a system with a marked oscilla-
tory behavior (see also [16, 17, 15] for applications to deterministic dynamics
or iterated functions systems). This method relies on a mixing condition on
the system that is verified numerically, which guarantees that the iterates
of densities converge exponentially fast to a unique stationary density, and
provides a way to calculate stationary densities, with L' bounds on the ap-
proximation. A ”coarse-fine” strategy, where a discretization using a coarser
partition is used in computationally more expensive tasks and is then related
to a finer partition to obtain tighter bounds, makes the algorithm sufficiently
fast to be run on a personal computer.

This method was used to study the effect of varying levels of additive
noise on the Lyapunov exponent of the stochastically perturbed system.
That is, since a transformation with an additive noise induces a family of



such transformations, considering the approximate identity generated by
the noise distribution, one may consider the Lyapunov exponent for each of
these random transformations. The L' approximation error in the stationary
density permitted to calculate these observables within a narrow margin of
error and provided a numerical approach to determine ‘“noise-induced order
for this system.

We note that in the original setting in [14], the one-dimensionality of
the system played an important role on the numerical estimates. Here, we
prove that the estimates can be generalized to higher dimensions (theorem
B) by using an appropriate higher-dimensional definition of functions of BV
type defined on the torus and a range of results available in the literature,
for example the Poincaré inequality for convex domains. This new result
indicates the possibility to extend the method to higher dimensional systems.

Beyond existence, a natural question that arises is the regularity of the
stationary densities. In [49], smoothness of the stationary densities was
obtained assuming smoothness of the density of the transition probability
of a random dynamical system. In the context of noises of BV type, in
particular in the numerically simulated noise, this result can’t be used.

We show in theorem 3.2 that, if the BV noise is Lipschitz in its sup-
port, assumed to be a ball, we can assure local Lipschitz continuity in every
point that satisfies a condition of local boundedness of the noiseless Perron-
Frobenius operator in a sphere centered in the point.

We illustrate the (one-dimensional) method with a model that arises in
the context of neural networks, proposed in [31] as an example of a system
exhibiting “chaotic itinerancy”, a property that it suggests to hold in the
mesoscopic dynamics of the hippocampus.

Although this map is related to mesoscopic brain dynamics, it shares
properties with microscopic brain dynamics. For example, a similar map is
obtained in [47], in the context of the BvP neuron driven by a sinusodial
external stimulus, which belongs to a family known as Arnold circle maps
(named after [3]), an useful family in physiology (see [18, equation (3)]).
Like the more complicated models from which it is derived, we have the
presence of quasi attractors (it can be seen as a stochastic perturbation of
a system with Milnor attractors).

This model is obtained in a similar way to the one related to the Belousov-
Zhabotinsky reaction that is, derived from the Lorentz plot of an oscillatory
process, which in this case is the collective firing activity of neurons. There-
fore it is natural to apply the method from [14] to study this system, which
is represented as a random dynamical system with additive noise, providing
a new application to the algorithm.



We determine both the existence of regions where the iterates of the
system concentrates and the mixing property of the system, a contribution
towards the mathematical formalization of the chaotic itinerancy property.
A local Lipschitz continuity at every point outside a finite set is obtained
from theorem A. These results are summarized in theorem C.

The structure of this work is as follows. In the first chapter, we define
random dynamical systems, stationary measures and other basic notions,
and present a version of the ergodic theorem, along with some results that
are generalizations of classical theorems from ergodic theory, for example the
ergodic decomposition theorem. In our context, in which random dynam-
ical systems are essentially Markov processes, these results are essentially
rephrasing of results from the ergodic theory of Markov processes (see, for
example, [13]).

In the second chapter, we present the Perron-Frobenius operator which
allows the study of stationary measures that are absolutely continuous with
respect to a fixed reference measure, by viewing the action of the random
transformation on densities of measures. We also present the context of
systems perturbed by an additive noise, in which an explicit expression of
the operator is available in the literature. We also study an appropriate
notion of BV space which will play an important role in chapter 4.

In the third chapter, we discuss general results on the existence of the
stationary measures and densities with respect to a reference measure and
the effect of the Perron-Frobenius operator on the regularity of densities.
We also establish theorem A on the regularity of stationary densities for
these systems.

Finally, in the fourth chapter, we present the framework used in [14]
to rigorously compute stationary densities (with respect to Lebesgue mea-~
sure) of systems perturbed by an additive BV noise. Except where spec-
ified, we don’t assume that the system is one-dimensional, and provide a
generalization of estimates that were previously shown to hold only in the
one-dimensional case.

Up to the author’s knowledge, theorems A, B and C are new, except
parts of C that were obtained in the joint work [6].

This thesis is submitted in partial satisfaction of the requirements for
the doctoral degree in Mathematics from Universidade Federal do Rio de
Janeiro — UFRJ, with the supervision of Maria José Pacifico, from UFRJ,
and Stefano Galatolo, from UNIPI.
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Chapter 1

Random dynamical systems

Throughout the text, we denote by (S5,S,p) a probability space and by
(Q, A, 1) the corresponding space of (one-sided) sequences with the product
o-algebra A = S®No and probability measure p = p™°. Also we denote by
o the shift map on Q, o({w; }ien,) = {wit1}ien,-

Definition 1.1 ([44, p. 60]). Let (M, B) be measurable space. Endow
Q x M with the product o-algebra A® B. A random transformation over o
is a measurable transformation of the form

F:QxM—=QxM, Fwz)=/(ow),F,)),

where w +— F,, depends only on the zeroth coordinate of w. By abuse of
notation, we denote this common mapping as Fi,,.
A random orbit for F' and a starting point x is a sequence given by

xo=a, xn=F)(z):=F,, ,0--0F,(x), n > 1.

If g is a measure on 2 x M, and wpr : QX M — Q, mpp : QX M — M are
the canonical projections, we say that g projects to mq «q and that mps .q is
the marginal of q.

Example 1.1. Let S = {1,...,d}, Q = SV, and suppose Fi,...,F, are
homeomorphisms over a locally compact metric space M. Define F(w,z) =
(0(w), Fiyy(x)). Then F is a random transformation over o.

A random orbit with starting point xg can be defined inductively by
independently choosing (according to the distribution given by p) a function
F,, € {F1,...,F;} and taking v;11 = F,,(x;). Equivalently, this can be
viewed as the projection in M of the orbit {F(w,z¢)}ien,, Where w =
{witien,-



It is sometimes useful to consider the slices of a measurable E C 2 x M,
defined by E, == {w € Q: (w,z) € E}, for x € M, and E¥Y := {zx € M :
(w,x) € B}, for w € Q. The following proposition shows that the process of
slicing is well-behaved.

Proposition 1.1 ([44, exercise 5.1]). The operators P¥ : M — Q x M,
where w € Q, and P, : Q — Qx M, where x € M, defined by P¥(x) = (w, x)
and Py(w) = (w,x) are measurable. Moreover, for measurable E C Q x M,

1. B ={weQ: (w,x) e E}e Aand E¥ ={x € M : (w,z) € E} € B;

2. x = u(Ey) and w — n(EY) are measurable for any probability mea-
sures p on (2, A) and n on (M, B);

3. [pr (Ez) dn(z) = (u x n)(E) = [, n(E*) du(w).

Proof. P, is measurable because my; o P, and mps o P, are both measurable,
for the first is the identity on 2 and the second a constant function. Sim-
ilarly, P“ is measurable. Thus E¥ = (P*)"Y(E) and E, = (P,)"Y(E) are
measurable.

To prove the second and third items, we will show that the family

&= {E C QXM :xw+— pu(E,;) is measurable, /M w(Ey) dn(x) = (,uxn)(E)}

is a A-system, that is, it contains €2 x M and is closed under complements and
finite unions of pairwise disjoint sets; and contains the sets A x B € A® B,
which form a m-system, that is, a family closed under finite intersections.

The 7-A theorem [5, theorem 3.2] states that, if a A-system £ contains
a m-system P, then L contains the o-algebra generated by P. Therefore all
measurable E C € x M belong to £, because the sets A x B generate this
o-algebra. The proof of the statement concerning w — n(E*) is analogous.

We first prove that A x B € A® B constitute a m-system and belong to £.
The 7-system condition follows from (Ax B)N(A'x B') = (ANA")x (BNB’).
The inclusion in &€ follows from

u(A) ifxeB

“((AXB)’”):{O ifze M\ B

and

/M W((A x B),) dn() = u(A)n(B) = (u x 1)(A x B).



To verify that £ is a A-system, we need to prove that Q x M € &; if
E € &, then E¢:= (Qx M)\ E € &; and if {E; };en is a sequence of pairwise
disjoint sets in £, then U;enFE; € €. The first condition holds, because
x = u((Qx M);) = u() is constant, in particular measurable, and

/M u((Q x M)) dn() = p(@)n(M) = (s x n)(Q x M).

The second condition holds, since x — p((E€),) = p(Q\E;) = () —p(Ey)
is measurable if  — p(F;) is measurable, and

/ u((E),) dn(x) = p(Qn(M) — / u(Ey) dn(x) = (1 x n)(E°).
M

M

Now, let { E(7) }ien be a sequence of pairwise disjoint sets in £ and note that

(UienE(1))z = UienE(i)z. Then z — p((UienE(i))s) = 2ien m(E(i)2) s
given by a series of positive measurable functions, hence measurable. Further

/M W(VienE(i))x) dn(z) =) /M WE@)s) dn(e) =) (ux n)(E(0)

€N ieN
= (b x ) ((VienE(i))e)- O

1.1 The transition operator

Suppose we have a random transformation F : Q2 x M — € x M and an
observable that quantifies some property of M, in general ¢ : M — R or
¢ € LP(n), p € [1,00]. Given a random orbit {z;},cn for which we know the
value of g = x € M, a natural question is to predict the value of ¢(z1),
that is, the expected value E(¢(z1) | xo = ). Since the iterate depends on
an outcome w € {2, which is distributed according to u, this is formally
calculated as

Uota) = [ oF@)dutw) = [ o(Fa@)dplon). (1D
If ¢ = xp for some B € B, the integral is well-defined and
Ug(x) = u(F~1(Q2 x B)y), (1.2)

thus U¢(+) defines a bounded, measurable function on M according to propo-
sition 1.1. This extends to every measurable ¢ that is bounded or measurable
by a standard measure theory argument (see proof of lemma 1.1).



Thus (1.1) defines the transition operator associated to F', which maps
bounded (or nonnegative) measurable functions to bounded (or nonnegative)
measurable functions.

Dually, we can consider its adjoint transition operator that acts in the
space of signed or probability measures 7 on M, defined by

Un(B) = / n(F5 Y (B)) dyu(w) = / n(F~H(Q x B)*) du(w)

for B € B.
Proposition 1.1 shows that the integral is well-defined and

Un(B) = (ux n)(F~H(Q x B)) = F(u x n)(2 x B), (1.3)

a special case of proposition 1.2. Therefore U*n is a well-defined probability.
The operators U and U* are related by the following property.

Lemma 1.1. For any bounded or nonnegative measurable ¢ : M — R,

[odwn = [voan

Proof. Set f, g the positive linear functionals defined by

f(9) = / pd(U™), 9(d) = / U,

If {an}nen is an increasing sequence that converges pointwise to a, denote
this by a, 1T a. Lebesgue’s monotone convergence theorem tells that if

én T ¢, then f(¢n) T f(¢) and g(én) T 9(9).
The following lemma shows that we need to check f(¢) = g(¢) only for

characteristic functions ¢ = x g, where B € B.

Lemma 1.1.1. Let f,g : F — G be positive linear operators, where G is
an ordered vector space and F is either the space of nonnegative or bounded
measurable functions on (M, B). Suppose that

f)=9Q1) if BoeF:o#¢")
VB € B: f(xn) < 9(xB);

Then
Vo € F: f(¢) < g(9)

10



Proof. By linearity and positivity, f(¢) < g(¢) for all positive simple func-
tions ¢ = > 7" | a;XB,-

If ¢ is bounded, then there is ¢ > 0 such that ¢ + ¢ is nonnegative and
f(o) < g(¢) if and only if f(¢p+c¢) < g(¢ + ¢). Hence we can assume that ¢
is nonnegative.

Define, for each n € N,

=1 =1
Pnl(@) = D ouX(ifann © $(2) = > on Xo=1((/2nm]) (2),
=0 =0

which are simple functions because the sums have finite, n2", nonzero terms.
If p(z) € [i/2™, (i +1)/2") for some i € {0,...,n2" — 1}, then ¢, (z) =1i/2™;
otherwise, ¢, (x) = 0. Hence ¢, T ¢.

Since f(¢n) < g(¢) for every n € N and f(¢y) T f(¢), we conclude that

f(#) < g(9). m
Let ¢ = xp, B € B. By (1.2), (1.3) and proposition 1.1,

f(6) = / Uxp(z) dy = / W(F1(2 x B),) dn(z) = (j x ) (F~1( x B))
- / n(F~H(Q x B)*) du(w) = Un(B) = g(4).

Then lemma 1.1.1 allows to extend the equality to all bounded or measurable
¢: M — R O

Of particular importance are the fixed points of the operator U*.

Definition 1.2. A probability measure n for M is called stationary for the
random transformation F' if U*n = 7.

We recall the deterministic concept of invariant measures.

Definition 1.3. If h : C' — C is a measurable mapping in the measurable
space (C,C), we say p is an invariant measure for h if u(h='(E)) = u(E)
for any measurable £ C C.

Notice that, if n is invariant for every F,,, then 7 is stationary for F.
The converse does not hold, as shown by the following example.

Example 1.2. Let d = 2, M = PR?, Fy([z]) = [A1z], Fx([z]) = [A27]
in the example 1.1, where A; and Ay are invertible matrices that admit a
decomposition into invariant sets

R¥=E{@E', i=1,2

11



satisfying, for all 2° € E} and z* € E,
A |l < Nlla® [l A 2 < pall™, Xy < 1,

and such that the Ef, and E} are all distinct.

Suppose a measure 7 is both F} and Fb invariant and take V' a neigh-
borhood of [E} \ {0}] such that [(Az®,2%)] € V for every A < 1 and
[(z®,2%)] € V. We have

Vc V) {[(@®,2")] : [(mAa®,2")] € V.

Inductively, V. C U FF(V). Clearly, U F*(V) ¢ M\ [E], and
conversely, M \ [E5] C U F;*(V) because for any [(z%,z%)] € M \ [E3],
we have [(\fu¥z®, %)) € V for some k € N. By the invariance of I,

n(V) = (U Fy ¥ (V) = n(M \ [E5]).

This holds for arbitrarily small neighborhoods V' of [E}], therefore n(M \
([EY] U [Ef])) = 0. The same reasoning implies n(M \ ([E4] U [E5])) = 0
and since we assume the eigenspaces to be distinct, we have n(M) = 0, a
contradiction.

Invariant measures and stationary measures for a one-sided random
transformation F' are related by the following proposition.

Proposition 1.2 ([30, lemma 2.1]). Fi(u xn) = pu x (U*n) for every prob-
ability measure n on M. In particular, n is stationary if and only if u X n
18 tnvariant.

Proof. For any measurable A x B C Q x M,
(x )(E (A x B) = [ [ xaoo@in o Fula) dnfe) dufw)
~ [xao0@) [[ xno Fuy(w) dufe) dpfen) dusto )
= () [ [ x 0 Fuy @) i) dp(en)

— u(4) / / X5 © Fuo () dps(w) dn(x)
— W(A)U*(B)

Therefore Fi(u x n) = p x (U*n) and Fi(p x n) = p x n if and only if
U'np=n. O

12



It should be noted, however, that not every invariant measure for F' that
projects to p can be written as this kind of product measure. To show this,
we first give a general characterization of such measures, based on their
disintegration.

Definition 1.4. A disintegration of a probability measure ¢ on 2 x M with
respect to u is a function ¢ : Q x B — [0, 1] such that

1. for all B € B, w + q,(B) is A-measurable;
2. for p-a.e. w € Q, B+ q,(B) is a probability measure on (M, B);
3. forall S e A® B,

0(8) = [ [ xste ) daute) dute)

When M is a complete separable metric space, with its Borel o-algebra,
then such a disintegration exists and is unique up to p-null sets. For any
sub-o-algebra S of A, the restriction ¢|sgp also admits a disintegration
with respect to uls, the conditional expectation of ¢ with respect to S. It is
denoted by w +— E(q. | S). and satisfies

E(q.|8)w(B) = E(¢.(B)[S)(w)  p-ae.,

where for a measurable and integrable function @ : 2 — R, the conditional
expectation with respect to S is the unique S-measurable function E(® | S)
such that

VAGS:/AIE(QIS)CZM—/ACDCZM. (1.4)

Proposition 1.3. [2, p. 23, lemma 1.4.4] Let F : Q@ x M — Q x M
be a random transformation, where Q is a standard space, and let q be a
probability measure on ) X M that projects to u. Then q is F-invariant if
and only if, for all n € Ny:

E(Etb*q"g_n-"l)w = qon(w) H-a.e. (1.5)

Proof. For any A € A and B € B, the o-algebras associated to 2 and M
respectively,

Flg(AxB) = a4 B) = [ (B dute)

[ FlaB)du)
on(A)

13



and

4(A x B) = /A 4o(B) dp(w) = /A 4o(B) (o7 1)(w)

- / Qo) (B) dp(w)
on(A)

Thus ¢ is F-invariant if and only if, for all n € Ny,

VAe ABEB: E" qu(B) du(w) = /

dom (w) (B) d:u(w)a
o™ (A) A

o~ "(A)

which is equivalent to (1.5). O
Definition 1.5. [2, p. 25] An F-invariant probability measure ¢ is called
a random Dirac measure if q, = d,(,) p-a.e. for some random variable

z : 0 — M. The function z is called the base point of the random Dirac
measure.

Note that, by the invariance condition, the random variable x in the
definition must satisfy, for all n € Ny:

Flaw) = o(o"(w)  pae.

If x is not a.e. constant, then ¢ can not be written in the form p x 7,
because a measure with this form has constant disintegration. The following
example, adapted from [2, p. 52, exercise 2.1.2], shows a situation in which
this happens.

Example 1.3. Take Q = SN, b € L'(S), where S is a probability space,
M = R? and define the random dynamical system

F:QxM—=Qx M, Flwz)= (o), Az +bwo)), A_<8 g)

Now, consider the disintegration w — d,(,,), where

z(w) = <0, — i?ilb(wi))
i=0

This defines a (F-invariant) random Dirac measure because

Fo(z(w)) = <O,b(wo) -y 2_i_1b(wi+1)> = 2(o(w)).

i=—1

If S = {0,1} with uniform distribution and b(w) = w, the range of z is the
interval [0, 1] and this measure can not be written in the form p x 7.

14



Another concept from deterministic dynamical systems that can be nat-
urally extended to random dynamical systems is that of ergodicity.

1.2 Ergodicity

Definition 1.6. We say that a (not necessarily stationary) probability 1 on
M is ergodic for a random transformation F': Q x M — Q x M if every set
B that is n-stationary, i.e. Uxp = xp 1-a.e., has full or null n-measure.

In case 7 is stationary, ergodicity is equivalent to the stronger condition
that every ¢ € L°°(n) that is n-stationary, i.e. U¢ = ¢, is constant in
some full 7-measure set [25, lemma 2.4]. In fact, if ¢ is n-stationary, then
B(c) ={x € M : ¢(z) > ¢} = ¢ *(c,+00) is n-stationary for every ¢ € R
(theorem 1.1). Therefore {z € M : ¢(x) = ¢} has full measure, where ¢ is
the supremum over the set of ¢ € R such that n(B(c)) = 1.

Theorem 1.1. Let n be a probability on M and T be a linear, positive,
contractive (that is, | T||» < 1) operator on LP(n), p € [1,00], such that
T1 < 1. Let S be the family of sets B C M such that Txp = xB-

Then S is a o-ring on M. Moreover, S is the smallest o-ring on M for
which the nonnegative or bounded fixed points of T are measurable.

Proof. Suppose 7 is a probability on M. We verify that the family of sta-
tionary sets S is a o-ring on M asin [13, p. 8]. If A, B € S, then AUB € §
because

Txaup <min{l,Txa +Txp)} = min{l, x4 + xB} = X4UB;
Txaup > max{Txa, Txp} = max{xa, X5} = XAuB-

Also, A\ B € S because

Txa = T(XA0B — XB) = XAUB — XB = XA\B-

Finally, for any sequence {B;}ren of sets in S and B = U;en B,

Txp= lim Tx g g = lim kK B =
XB = e X B = (IR XU B T XB

where the limits hold n-a.e. according to the following result, where v, T 9
indicates pointwise convergence of the increasing sequence {, }nen.

Lemma 1.1.2. If ¢, T ¢ € LP(n), then T'¢y, T To.

15



Proof. For each n € N| let
E,={zx e M:|To,(x) —To(z)| > €}

{T'¢p }nen is a monotone sequence because { ¢y, }nen is monotone and 7' is
positive. Thus E1 D E2 D --- and we have to prove that inf,cyn(E,) = 0.

In case p = o0, n(Ey) = 0if ||T'¢, — To|| < €, so n(E,) = 0 whenever
[én — oIl <€/[T]]-

In case p € [1,00), we write E,, = {x € M : |[T¢,(x) — To(x)|P > €}
and use the Markov inequality

- 1-r 7P

0B < [ [Tona)-Tot@Pdnta) < 7 IT6,~Tol? < L0E 6.,
so n(Ey) whenever ||¢, — ¢| < €/||T|P.

In either case, such an n exists because ¢, — ¢ in LP(n). O

We treat now the second part of the theorem. Any o-ring for which the
nonnegative or bounded fixed points of T' are measurable contains &, for
A={z € M:xa(z)> 0} belongs to S if and only if T'’x 4 = xa4.

Furthermore, every nonnegative or bounded fixed point ¢ is S-measurable,
because any set of the form B(c) := {z € M : ¢(x) > ¢} belongs to S. To
show this, the idea from [34, p. 92-93] is to construct a monotone sequence
{®n}nen of nonnegative stationary functions such that ¢,, converges point-
wise to X (). It follows that T'x () = XB(), because

Txpy = lim T¢, = ngrfoo ®n = XB(c)-

n—-+400

For the sequence {¢y, }nen, we can take
¢n(x) = min{1l, n max{0, ¢(z) — c} }.

Clearly, {¢n}nen is @ monotone sequence that converges pointwise to
XB(c)- Each ¢ is a fixed point because, for every fixed points ¢; and 1,

Y1+ [P — 4y
2 2 ’

Y1 + o n |11 — o]

min{wlu ¢2} - 2 9

max{y, s} =

are fixed points.
In fact, the fixed points of T form a linear subspace and [¢(-)| is fixed if
¥ is fixed, by proposition 2.6. O
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When F: Q x M — € x M is a random transformation and ¢ is some
appropriate function, we have defined U¢ as the expected value of ¢(x7)
when we know the initial point g of a random orbit {z;};en. In the same
spirit, consider averages

d(x) +Ud(x) + -+ U Lp(x)  E(p(wo) + ..., 0(vn1) |20 = 2)

n n

Intuitively, when n is large, and R is some small region, the contributions of
z; € R to the average are the product of the frequency in which they appear
and the expected value of ¢ on R. In case 1 is ergodic, this frequency is
proportional to n(R), thus the contribution is [ r @dn. Summing over all
small regions, we find that

T )+ - n=lg(x
Ole) + Vo) 4 £ U100 [ g

n

This idea is formalized by the ergodic theorems, which we present in the
context of positive contractions (cp. with [28]).

1.3 Ergodic theorems

The main result in this section is theorem 1.2, which deals with the point-
wise convergence of the Birkhoff averages. The results in this section apply
to both the transition operator U and the Perron-Frobenius operator L (def-
inition 2.1) of a nonsingular random transformation F': Q x M — Q x M,
by remark 2.1.

Definition 1.7. If T is a linear, positive, contractive operator on L'(n),
then the n-th Birkhoff sum and the n-th Birkhoff average, with respect to
T, are the linear, positive, contractive operators S, : L'(n) — L'(n) and
Ay o LY(n) — L'(n) given by

Sup=> Ti¢=0¢+T¢+---+T" '¢ and Ang=
j=0

n—1 Sn¢
- (1.6)

We start our investigation on the convergence of the Birkhoff averages
with the following lemma. For a proof, see [13, p. 9].

Lemma 1.2 (Hopf maximal ergodic lemma). Let T : L'(n) — L'(n) be a
linear, positive, contractive operator. If 1 € L'(n), then

/ Ydn >0, where E = {;U € M : sup Spp(z) > 0}. (1.7)
E neN
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In case v is of the form ¢ — €, where € > 0, we obtain
/ ¢dn>en(E), where E = {x € M : sup A, o(x) > e}. (1.8)
E neN

This lemma is traditionally used to decompose M into conservative and
dissipative parts [20, p. 32], respectively

C= {xEM:iTj¢o(x):+oo}, (1.9)
=0

D= {xeM:iTjgbo(a:) <+oo}. (1.10)
j=0

where ¢ € L(n), ¢o > 0.
To show the decomposition is well-defined, let ¢ € L1 (n) and consider

C' = {ZE €C:0< iTjgb(x) < +oo},
=0

D' = {x eD: iquS(:n) = —1-00}.
=0

Take j € Ny such that n({z € C" : T7¢(x) > 0}) > 277~n(C"), which exists
because > 72T Jg(x) > 0 implies

n(C") <Y n({x € C": TIg(x) > 0}).

=0

Apply (1.7) to Yo = ¢o — aT’¢ and p = ¢ — agy, where a > 0. Then
I' C Er:={x € M : sup,cn Sptr(z) > 0} for I € {C, D} and

0< [ @o—amoyin< [ sodn—a [ T

OS/ED(¢—a¢o)dn§/qudn—a/D,qbodn

Since a > 0 was arbitrary, the conclusion is that n(C’) = 0 = n(D’). There-
fore,

Cc {m e M : iTjgb(a:) =0 or iTjgb(x) - +oo}, (1.11)
§=0

=0

Dc {:r e M : iTjgﬁ(x) < +oo}, (1.12)
=0
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In particular, C' and D do not depend on the choice of ¢g > 0.
If we decompose the averages as

An¢ = An¢+ - An¢_a

then we see that lim, o0 An¢ = 0 n-a.e. on D.
Consider now the Banach operator adjoint 7% € L*(n) of T'. Note that
T* is positive and ||T%||ze = ||T||;1 < 1. Moreover,

T*1 < 1. (1.13)

In fact, for any e >0 and B € B, B={x € M : T*1 > 1 + ¢} satisfies

(1+en(B) < /

[ (@1 dn - /M Txp dn < |Txsl < lxsl = n(B),

thus 7(B) = 0, which proves (1.13).

Definition 1.8. B € Bis an invariant set if T*xyp = xp on the conservative
part C of T.

The next lemma, adapted from [20, lemma 9.4], provides a way to verify
if a set is invariant.

Lemma 1.3. If ¢ € L*(n) satisfies T*¢ < ¢ on C, then T*¢p = ¢ on C. If
¢ € L (n) satisfies Tp < ¢ on C, then Tp = ¢ on C.

Proof. Suppose ¢ € L*®(n), T*¢ < ¢ on C and fix p = ¢ — T*¢, ¢ = 1.
Since 1) 4 ...+ T*"=Dep = ¢ — T*"¢, we have

/w(¢o+-+T"—1¢o>dn=/ (6 — T™¢)do dn < 2] 6]l | boll .1
M M

It results from > 2, T ¢y = +00 on C that ¢» = 0 on C. Thus the first
part of the lemma is proven.
Now suppose ¢ € L1 (n), T¢ < ¢ but T¢ # ¢ on C. In particular, there
exists € > 0 such that B = {z € C : ¢(x) —T'¢p(x) > €} has positive measure.
We claim that Z;‘)C:)O T*xp = +oo on B. In fact, for any ¢ > 0, B’ =
{zreB:Y %, T*xp < c} satisfies

/ (ZTjXB’>XBd77:/ XB’(ZT*jXB>d77<+OO7
M N M =
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thus 77(B’) = 0, for B’ C B C C and (1.11) imply (372,77 x5)x5 = +00 on
B’. Note that the duality extends to infinite sums by monotone convergence.
Then (¢ —T¢) >°72, T*Ixp = +00 on B, which contradicts

| to=ro)( i Txa) dn = [

j=0 M

(iTj(¢_T¢)>XBdn§/jB¢dﬁ<+oo.

Thus T = ¢ on C. O

An immediate consequence of the lemma is that M is invariant, by (1.13).
Moreover,
xoc <T*xc and T*xp < xD- (1.14)

This follows from the fact that T*yo < T*1 <1 on C, thus T*x¢c = 1 on
C, that is, T*x¢ > xc; and T*xp = T*(1 — x¢) < 1 — xc = xp. We are
ready to prove the following.

Lemma 1.4. The invariant sets (definition 1.8) form a o-algebra C on M.
Moreover, every ¢ € L*°(n) such that T*¢ = ¢ on C' is C-measurable.

Proof. In view of theorem 1.1, we search a probability nc on (M, B) with
the property that T*¢ = ¢ on C' if and only if T*¢ = ¢ nc-a.e. If n(C) =0,
we can simply take n = n¢, then C = B; otherwise, we define nc on C by

nc(B) = ”(nB(g)C) for B € B.

Let B!, B? € B such that yg1 = xp2 7-a.e. on C. Then

xc(T*xpr) = xc(T*xprre + T xB1ap) = XcT " XB1ne = XcT X B,»

n-a.e. on M, where xoT*xp = 0 by (1.14).

Taking monotone sequences, it follows that T*¢ = T*¢ on C whenever
¢ = ¢ on C. Thus T* can be regarded as an operator on L'(n¢), and
is also linear, positive and contractive. Since T*1 = 1 ng-a.e., the lemma
shows that C is a o-algebra and every ¢ € L*(n¢) such that T"¢ = ¢ is
C-measurable. I

We recall that a sequence {z,},ecn in a Banach space X is weakly con-
vergent if there exists x € X such that lim, 4 f(z,) = f(z) for every
continuous linear functional f on X. We are ready to state the following.

Theorem 1.2 (Pointwise ergodic theorem). Let T be a linear, positive,
contractive operator on L*(n).

20



If there exists ¢ € L' (n) with ¢o > 0 such that {An¢otnen admits a
weakly convergent subsequence, then for every ¢ € L*(n), the limit

o(z) = lim A,¢(z) = lim Zqub (1.15)

n——+oo n—+oo N

ezists for n-a.e. x € M. Moreover, it defines a function ¢ € LY(n) such that
T¢ = ¢ and the convergence holds also in L' (n).
Furthermore, ¢ satisfies

VBGC:/B¢dn—/BHC¢d77, (1.16)

where C is the o-algebra of invariant sets (in the sense of definition 1.8) and

Hpo=1Ip) (Thnp)'é, Ipée)=xe(@)é(), ECM. (117
k=0

In particular, if F' is a random transformation with stationary ergodic
probability n, then

for ux n-a.e. (w,x) €N x M.

Remark 1.1. If L' limits of Birkhoff averages exist for every ¢ € L'(n),
then we recover the hypothesis: there exists ¢g € L(n) with ¢¢ > 0 such
that {A,¢o}nen admits a weakly convergent subsequence. In fact, we can
take any ¢g € L'(n) such that ¢g > 0, because L' convergence implies
weak convergence. This hypothesis appears in [26] and is related to the
Krylov-Bogolyubov procedure (proposition 3.2).

An alternative hypothesis is given in [?]: lim,—, 1o T*"xp = 0 a.e. and
there exists ¢g € L} (n) such that {x € M : ¢o(z) > 0} = C and {A,,d0 }nen
is weakly sequentially compact. Moreover, ¢y can be chosen in order that
Téo = ¢o [28, p. 175, theorem 3.3].

In the general case, we have convergence of Birkhoff averages in the
stochastic sense [28, p. 143, theorem 4.9]. This follows from the existence
of a decomp081t10n M = CUD such that C = {z € M : ¢o(x) > 0} €
C, D ={z € M: ho(z) > 0}, T"xp < xp, for some ¢y € L. (n) and
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ho € L (n) satisfying T¢g = ¢o and lim, 4 || A5 hollre = 0 [28, p. 141~
142, theorem 4.6]. In fact, this implies T(L'(C)) ¢ L'(C), thus, on C,
Angp = An(1z0) converges a.e. to Hz¢ on C by theorem 1.2; on the other
hand, given any o« > 0 and ¢ € L}r(n), there exist 6 > 0 and N € N such
that B = {x € M : ho(z) > &} satisfies n(D \ B) < /2 and ||A%xg|| <
S Ax bl < 056||(Z)”211/2 for n > N. Therefore, for all n > N,

n({z € D: Ay(I = He)g(x) > €}) < /2 + f_l/BAn(f — He)op(x) dn(x)

< a/2+ e Axplreo)n < e

It follows that A, ¢ converges stochastically to 0 on D, for all ¢ € L'(n).

If one is interested only in a.e. convergence, a sufficient condition is given
in [28, p. 132, theorem 3.12]: there exists ¢ € L1 (n) such that T¢ < ¢ and
{z € M : ¢(x) > 0} = C. This also provides an equivalence. In fact, lemma
1.3 implies that T¢ = ¢ on C, and evidently T¢ = 0 = ¢ on D; hence
{Ap¢}nen is constant, thus weakly convergent. Moreover, Conversely, given
#o € LY(n) with ¢g > 0 such that {A,¢o}nen admits a weakly convergent
subsequence, let ¢ € LY (n) be the weak limit of this subsequence. We have
T¢ < ¢ as the pointwise limit of

The following proof requires two general results, lemma 1.2 and theorem
1.3 [28, theorem 1.1]. Alternate proofs of similar statements are found in
[13], [28]. Here, n denotes any probability measure on (M, B).

Theorem 1.3 (Mean ergodic theorem). Let T be a bounded linear operator
on a Banach space X such that the Birkhoff averages defined by (2.3) are
uniformly bounded operators. Then, for any x € X such that

lim n T 'z =0
n—4o0o

and for any y € X, the following assertions are equivalent.
1. Ty=vy and y € ch{T" 'z :n € N};
2. {Apz}nen converges strongly to y;
3. {Apz}nen converges weakly to y;
4. {Anx}tnen admits a subsequence that converges weakly to y.

Proof of theorem 1.2. We first verify the assumptions of the mean ergodic
theorem. Clearly, ||T"] < 1 for every n € N, by the contractive property.
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Also, given any ¢ € L'(n), the sequence {%}%N has a weakly convergent
subsequence if and only if [10, p. 294, corollary 11]

lim / MdnzO (1.18)

n(E)—=0Jp N

uniformly on n. Given any ¢ > 0, take ¢y > 0 such that, for measurable
EFCcM,

wE) < = [ [60)1dn <
Now, take £ > 0 such that
n(B;) < min{e, e0}, where By = {x € M : t¢o(z) < |p(z)|}.

By hypothesis, there is ¢g > 0 such that {%}%N has a weakly convergent
subsequence. Thus, there exists § > 0 such that

n(E)<d§ = /ES"S%) < -

We conclude that if n(E) < 0, then

’/Es:fsdn‘ _ ’/E\B Sn(¢;rt¢0) d”+/B Sn(ﬁb;rwo) dn_/ESn(:ﬁo) dn‘
‘/E\Bt ‘;t¢0) dn +/;Bt Snr(bﬁb) dn/E\Bt Sn(:f()) dn‘

<[ Siorm) Sl gy [ Sy,
E\B: n B: E\By T

I d 2 d 4e.
s/E|¢<>r 0+ t/E\Bt% 0 < de

™M

~+

Thus, {%}%N has a weakly convergent subsequence, and the assumptions
of theorem 1.3 are verified.

If ¢ € Ll( ), apply the mean ergodic theorem to obtain ¢ € L!(n) such
that T¢ = ¢ and

lim M — 6‘ —
n—tooll m Lt (n)
We claim that g
im 2@ _ 5 (1.19)

n—-+oo n
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for n-a.e. z € M.
To prove (1.19), we show that for any given € > 0,

Sn(z) < o(x) +e (1.20)

lim sup
n—+o00 n

for n-a.e. x € M, because this bound applied to —¢ is equivalent to

lim inf ————= nqﬁ( )
n—+4o0o

> o(x) —

For any given § > 0, fix m € N such that
[Amd — ll L1y < €. (1.21)
We write ¢ = A, — ¢ — €,

E= {x € M :sup Spv(x) > 0} = {a: € M :sup Sn(Am® — 0)(x) > e}

neN neN n

and apply the maximal inequality as in (1.8) to obtain

/ (A — ) dyp > en(E).
E

Combining with (1.21), we find that n(E) < 6. To finish the proof in
the case ¢ € L*(n), we proceed as in [11, p. 46-47] and use the following
lemma.

Lemma 1.5. If ¢ € L*°(n) and n € N, then

lim_ (5, (An)(z) = Su(x)| = 0. (1.22)

n—+oo N

form-a.e. x € M.
Proof. By a telescopic sum argument,
T'¢ — ¢ = S;(T¢ - ¢).

We use this identity, the linearity and commutativity of the operators S;,
and the fact that the norm of 7" is 1, to obtain

S ¢ S m—1
50 (Z22) @) = $06(0) = 2286 — m)(w) = 22 (Y 8,(T6 — 6)(x)
=1
1= 1 m(m —1) J
= = Y ST - 0)(w) < ol = (1)

—_

=



for n-a.e. x € M. Dividing by n and letting n — +o00, we obtain the desired
inequality. O

Using the fact that ¢ is invariant by 7', we have that, for n-a.e. x € M\ E,

Snd(x) Sn(Am¢(2)) Sn(Am(¢ — ¢))(2)

+ o(x)

< ¢(z) +e.

lim sup = limsup ————= = limsup
n—+o00 n n—+o00 n n—+o00

Taking § — 0, we obtain (1.20) in the case ¢ € L*(n). To extend
to ¢ € L(n), take ¢g € L>°(n) such that [|¢ — ¢ollp1 < %. We have
|6 — dollpr < de because ||And — Aol < || — dol|z1 for every n € N,
Moreover, An¢(z)=p(x) = An(d—¢0)(x)+(Ando(z)—do(2))+(¢o(x) —¢(z))

and limsup,,_,, o [Ando(x) — ¢o(x)| = 0 imply

n({z € M : limsup Ang(z) > ¢(x) + €}) < n({z € M : ¢y(x) — ¢(x) > 5})

n—-4o00

+n({z € M : Sup An(¢ — ¢o)(z) > 5}) < 20,
ne

where we applied Markov inequality to ¢y — ¢ and (1.8) to A, (¢ — ¢o).
Taking § — 0 as before, this implies (1.20) and consequently (1.19), because
€ > 0 was arbitrary.

We turn now to (1.16). First, ¢ = 0 on D because S, ¢ is bounded on D
by (1.12). Since

k

XeTF¢ = xcT"(xcd) + xcT* H(TIp)gp =+ = xc Y _ T (xc(TIp) ¢),
j=0
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and T**(xg)xc = xBXxc for all k € N and B € C, we conclude that

n—1
_ _ 1
[ Gdn= [ xctdn= tm = [ xc Y 1*6dn
B B n——+oco n B P
1n71 k
= lim — T3 (xc(TIp) ¢) d
nJTmnkZO/BXC; (xc(TIp) ¢) dn

. 1
= lim -
n—4+oo N

n—1 k
> [ S D o) el 16 d
k=0"M j=0
1 n—1 k
— lim - TIp) ¢d
nJTmnkZO/sz;XBXC( D) ¢dn

n—-+o0o

= lim /ZXBXC(TID)j¢dn:/HC¢dn=
szo B

where we used the fact that Ho is a well-defined operator on L'. This
follows from the identity [28, p. 125, (3.3)]

k—1
(Io + TIp)* =) Ic(TIp) + (TIp)*. (1.23)
=0

In fact, there exist ¢; € L(n) such that ||¢j||;1 = 1 and Io(TIp) ¢; >
| Ic(TIp)||;r — 277, hence ¥y = max{gy,..., P} satisfies

E
—_

k—1
e (TIpY | < (TIo + TIp)* b — (TIp) e+ 277
=0
<||Ic + TIp|%, + |TID|%, +2 < 4 < +o0.

1
o

Therefore, the series that defines Ho converges in the space of bounded
operators on L.

Since 7 is an ergodic stationary probability if and only if it is ergodic
and invariant for F' (theorems 1.2 and 1.6), we can apply the result to T
the transition operator ¢ — ¢ o T and ¢ = ¢ o mpy, so that d(F(z)) =
Tip(z). O

The pointwise ergodic theorem has many consequences, for example
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Corollary 1.1. If 1 and no are distinct ergodic stationary probabilities,
then they’re mutually singular (notation: my L n9), that is, there exist mea-
surable sets B1 and By such that

.
e

Proof. 11 and 12 being distinct probabilities, there exists ¢ € L' ()N L (n2)

such that
/¢dm7é/ & dna.
M M

The pointwise ergodic theorem assures, for i € {1,2}, the existence of mea-
surable sets B; such that

Ve € B;: lim Snd(2) :/ ¢ dn);
n—-+oo n M

and 71(B1) = 1 = n2(B2). The limits are distinct according to whether
x € By or x € By, therefore By N By = () and 11(Ba) = 0 = n2(By). O

Corollary 1.2. If n < ng, where n is a stationary probability and ng is an
ergodic stationary probability of F', then n = ng.

Proof. Given an arbitrary ¢ € L'(n)NL!(no), we apply the pointwise ergodic
theorem to ¢ and 79, and obtain a measurable set B with 79(B) = 1 such
that

VweB: lim S"¢(w)—/ & dno.
M

n—-+oo n

If n < 1o, then n(B) = 1. Thus the theorem applied to ¢ and n gives

/M¢dn - /M /M¢dnodn _ /M¢dno.

We conclude that n = ng. O

These corollaries suggest that we may be able to decompose a stationary
measure in terms of ergodic stationary measures. We will describe such
a decomposition as a consequence of the following general theorem from
convex analysis [8, p. 316, theorem 4.2].

Theorem 1.4 (Choquet). Let K be a compact convex metrizable subset of a
locally convex topological linear space E. Let K. be the set of extreme points
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of K. Then K. is a Gs in K and every x € K has a representation of the
form

5= / ydé(y) (1.24)

for some non-negative Baire measure £ satisfying

Remark 1.2. The integral [ yd¢(y) denotes the unique element w € K that
satisfies

F(w) = [ Fo)dsto)
for every F' € E*.

Theorem 1.5 (Ergodic decomposition). Suppose F': Q@ x M — Q x M is a
random transformation, where M is a compact Hausdorff space. Then there
is a probability measure & on Ms(M), the space of stationary probabilities
on M with the weak-* topology, such that §(K.) = 1 for K. the set of ergodic
stationary measures and

0(B) = / w(B) de (k).

for every measurable B € B.

Proof. Mg(M) can be identified as a closed subset of the unit ball B(0) of
C°(M)* with the weak-* topology. In fact, Riesz representation theorem
[10, p. 265, theorem 3] identifies the space of signed Borel regular measures
with C°(M)* and

M(M) = (I-U")"Hoyn{n € CO(M)* : (1) = 1,9(¢) = 0if ¢ > 0}NB(0),

where U* is the weak-* continuous operator given by U*n(¢) = n(U¢).
We verify that the assumptions of the Choquet’s theorem hold.

1. My(M) c C°(M)*, where C°(M)* is a locally convex topological linear
space [10, p. 419, lemma 3];

2. Ms(M) is compact, because B(0) is compact by Alaoglu’s theorem [10,
p. 424, theorem 2J;

3. Ms(M) is metrizable, because B(0) is metrizable [10, p. 426, theorem 1],
for C°(M)* is a separable normed space by Stone-Weierstrass theorem [10,
p. 437, exercise 17];
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4. M4(M) is convex, because for every ni,m € My(M), t € (0,1) and
B e B, (1 —t)m +tn)(B) = (1= t)m(B) + tnz(B) € [0, 1];

5. The set of ergodic stationary measures K, is the set of extreme points of

M (M).

Proof. Ifn € Ms(M) is ergodic, suppose nn = (1—t)n;+tne for some t € (0, 1)
and 11, 72 stationary probabilities. We need to verify that n1 = ny = n2.
This is a direct consequence of corollary 1.2, because the non-negativity of
the measures and ¢t € (0,1) imply 11 < 1o and 72 < np.

If n € Mg(M) is not ergodic, let S be an n-stationary set with ¢ =
n(S) € (0,1). Define a probability ng by ns(B) = t~n(B N S) for every
B € B. ng is stationary because, for any bounded measurable ¢,

[vodns = [ xsvoan= [wxoweran= [xsodn= [ ans

where the equality marked with x follows from the facts that ||U|| = 1 and
Xs,¢ € L*(n). Then n = tns + (1 —t)(n — 1s). O

Choquet’s theorem guarantees the existence of a Baire measure £ with the
desired properties. M(M) is separable, for it is compact and metrizable
[10, p. 22, theorem 15]. Thus Baire and Borel sets are the same [19, p.
218-219] and the measure is Borel regular [19, p. 239]. O

Corollary 1.3. Theorem 1.5 applies also in the case where M is a complete
and separable metric space (or a Polish space).

Proof. Let h : M — h(M) C Q be a homeomorphism, where Q = [0, 1]
the Hilbert cube and h(M) is a Gs subset of @ [38, p. 55, remark 2.2.8]. In
particular, h : M — @ is measurable and h(B) C @ is measurable for every
B € B. Given any probability n on M, we can define a probability h.n on
Q by h.n(C) = n(h~1(C)) for measurable C' C Q.

We use the following lemma.

Lemma 1.6. Let Fip : 2 x Q — Q x Q be a random transformation such
that
Vo e M : Fo(w,h(z)) = (o(w), h(F,(x))).

Then n is stationary (or ergodic stationary) for F if and only if h.n is
stationary (or ergodic stationary) for Fg.
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Proof. 1f ¢ : Q@ — R is bounded and measurable, then i oh is bounded, with
the same bound as v, and measurable because h : M — (@ is measurable.
Thus, for every x € M,

Uq(y)(h(x)) = /M P(h(Ey(x))) dpw) = U(¢ o h)(z).

If C C @ is measurable and 7 is a probability on M, then
UQ" (h«n)(C) = /Q Uq(xc) d(han) = /M Uq(xc) o hdn = /M U(xc o h)dn

- /M Ulxn-r(cy) dn = Un(h=1(C)) = ha(U™n)(C).

It follows immediatly that n is stationary for F' if and only if h.n is
stationary for F.

For the statement concerning ergodicity, we note that if ¢ : Q@ — R is
bounded and measurable, then

hen({w € Q : Ugip(w) = ¢(w)}) = n({x € M : Ug(v)(h(x)) = (h(x))})

Along with Ug(v) o h = U(¢ o h), this implies that ¢ is (h.n)-stationary if
and only if ¢ o h is n-stationary. In particular, a set C' is (h.n)-stationary
if and only if h~1(C) is n-stationary. Since (h.«n)(C) = n(h=1(C)), we have
that h.n is ergodic if and only if 7 is ergodic. O

From the random transformation F', we can obtain a random transfor-
mation as in the lemma. Let, for example,

(0(w), (ho Fyoh~Y)(w))) if w e h(M);

(0(w),w) otherwise.

Fo(w,w) = {

If n is a stationary probability of F', then h,n is a stationary probability
of F. Theorem 1.5 gives a probability measure { on M (Q) such that
&(K.) =1, where K, is the set of ergodic stationary measures of Fg, and

han(C) = / +(C) dé (x) (1.25)

for every measurable C' C Q.

Denote by M?(Q) the space of stationary probabilities s of Fy such that
k(h(M)) = 1. Since h.n(h(M)) = 1, equation (1.25) implies {(M%(Q)) = 1.
By lemma 1.6, we can view 7 +— h.n as a mapping h, : Ms(M) — M*(Q)
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such that (hs) !(K.) is the set of ergodic stationary probabilities of F.
hs is bijective, with inverse given by t(k)(B) = k(h(B)), because h is a
homeomorphism.

Let ¢.¢ be the measure on M(M) defined by 1,.£(Z) = £(171(2)). If we
put C' = h(B) in (1.25), taking into account £(M%(Q)) =1,

0B) = [nmdee = [ ) = [ p) e o

s

A relationship analogous to proposition 1.2 between ergodicity in the
context of deterministic and random dynamical systems holds.

Theorem 1.6 ([30, theorem 3.1]). n is an ergodic probability of F if and
only if m := p x n is an ergodic probability.

Proof. Suppose a probability 7 is not ergodic for F', denote m = pu x 7. Take
B an n-stationary set with n(B) € (0,1) and let mp = p x (n|p), where
n|p is defined by n|p(B’) = n(B' N B) for B’ € B. mp is invariant for F
and mp < m, with mp # m. Then m is not ergodic for F', as corollary 1.2
applies to the deterministic case.

Now suppose instead that 7 is ergodic for F'. Take E a p X n-invariant set
with positive measure. For = € M, denote by E, the slice {w € Q: (w,x) €
E}. We claim that G = {x € M : u(E;) = 1} has measure n(G) = m(E).
In fact, n(G) = [}, xa(x)dn(z) < [, u(E;) dn(z) = m(E) by proposition
1.1. The opposite inequality is due to the following lemma.

Lemma 1.7. Let i be a probability measure on M and m = u xn. For any
measurable E C @ x M with m(E) > 0 and € > 0, there exists ng € N such
that

n({e € M:p((F"E),) > 1—€}) = (1 - m(E)

for alln > ng.

Proof. Let A, = S®" ® {2, Q}®N, the o-algebra generated by the first n
coordinates wy, . ..,wnp—1 of w € Q. Let ®%(w) = p(c" (AN Cp(w))), where
Cr(w) ={w € Q:w)=wp,...,w,_| =wn_1} € Ap.

P (w) = p(A| Ay)(w) for p-ae. w € Q, that is,

VO € A, : /C B (w) dp(w) = p(AN C),

because p(Chp(w))pu(o"(ANCyL(w))) = p(ANCh(w)), thus this equality holds
for a o-algebra that contains {C), (w) }weq C Ay, Therefore limy, o % (w) =
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Xa(w) for p-a.e. w € Q, by the forward martingale convergence theorem |9,
p. 195].

Let By ={w € Q:®L (w) >1—¢} and G" = {(w,z) € £ :w € £}
Note that E7 € A, and G} = E, N E}. Then

(@) = [ i) = [ [ u(] A du(e) dno

Letting n — 400, we obtain

lim m(G") = /M w(Ey) dn(z) = m(E).

n—-+00

For any w € M such that (F"(G"))y # @, let (z,w) € F"(G"). Then
there exist z € M and w € G7 such that z = ¢™(w) and w = Fy;(x).
o"(Cp(w)) = {o(w)}, so (F*(G"))w D 0™(G} N Cp(w)) and we may assume

O (w) = (GG | An) (W) = Xz (W)(Ee | An) (W) = Xz (W) P, (W)-
because (1(Cr(w)) > 0 and these relations hold for p-a.e. w € 2. Hence

p((F™(G"))w) 2 p(0™ (G N Cr(W))) = P (W) = xap (W) P, (W) > 1 —e.

Let mp(G™) = {z € M : G} # @}, the projection of G"™ onto M. Then
T (G") C{x € M : p((F"E)z) > 1 — €}. Since

n(ma(G")) 2 m(G") = (1 — e)m(E)
for sufficiently large n, we obtain the lemma. O

The relation
m(E) = /M W(Ey) dn(z) = 4(G) + /M\G w(Ey) di(z)

shows that p(E,;) = 0 for every x in some subset G’ C M \ G with measure
n(G') =1 —n(G). Since

W(Ey) = u(FE),) = /M (B o)) dulw),

z € Gand w € G if and only if F,,(z) € G and F,(w) € G’ for p-a.e. w € Q,
which means that, for every x in the full n-measure set G U G’,

Ulxe)() = / x&(Fu(@)) du(w) = xa ().

We conclude that n(G) = 1, by the ergodicity of 7. O
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Chapter 2

The Perron-Frobenius
operator

Fix some (Borel regular) probability of reference A on M. If a random
transformation F : Q x M — Q x M is nonsingular with respect to A, that
is, if for every probability measure ¢ absolutely continuous to 1 x A\ (notation:
g < puxA), we have Frg < p x A, then we can consider the effect of U* on
densities instead of measures because n < A implies U*n = s Fi(p X 1)
by proposition 1.2 and . Fi(p X n) < mara(pe x A) = A

Remark 2.1. If F' is nonsingular, then for any ¢ and i) bounded, measurable
functions such that B = {x € M : ¢(x) # ¥ (x)} has null measure,

/ U6 — Ul dA < /M /M I6(FL) — ¥(Fua)| du(w)dA(z)
< (16l + 16l1oo) s (1 X A)(Q % B) = 0.

This implies that {z € M : U¢(x) # Ut (z)} has null measure and U can
be seen as an operator U : L>(M) — L*°(M).

If n is stationary for F', then U can be either seen as an operator U :
L>(n) — L*>(n) by the same arguments above, taking into consideration
proposition 1.2, or as an operator U : L'(n) — L'(n) because US| L1y <

9l 21y for any ¢ € L>°(n) and L>(n) = L'(n). Then interpolation of LP
measures shows that we can consider U : LP(n) — LP(n) for any p € [1, ).

Definition 2.1. The Perron-Frobenius operator associated to the nonsin-
gular random transformation F' is the operator L : L'(M) — L*(M) given
by

_ d(U"(¢}))

L= —~— 7))
¢ TN
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where ¢\ denotes the Borel measure with density ¢, defined by

Vi € CO(M) - /wd(m) = /de.

Remark 2.2. This definition extends the Perron-Frobenius operator associ-
ated to a deterministic 7" : M — M, which can be viewed as a random
transformation F': 2 x M — Q x M where €) is a trivial probability space.

An immediate consequence of the definition is that, for every ¢ € L'(M)
and 1 € L*°(M),

/M(Ldmb d\ = /M (UY) dA.

Identifying L>°(M) as the dual space of L'(M), we can write L* = U.

A sufficient condition for nonsingularity is given as follows.
Proposition 2.1. If (F,)\ < A for p-a.e. w € S, then F is nonsingular.

Proof. If Ax B C Qx M is a u x A-null set, then pu(c~!(A)) = u(A) =0 or
MF;YHB)) = M(B) =0 for a.e. w € Q. Thus

w

Epx N xB) = [ o N B () =0 0

Remark 2.3. Since the null sets form a o-algebra and the sets of the form

A x B generate the o-algebra of Q x M, it suffices to verify the condition of
absolute continuity for sets of this form.

An alternative approach for the Perron-Frobenius operator is given by
transition probabilities.

Definition 2.2. Let F': Q x M — Q x M be a random transformation. If
x € M D B, the transition probability of x to B is given by

p(z,B) = Uxp(z) = p({w € Q: F,(z) € B}).

Proposition 2.2. (z,B) € M x B — p(x, B) defines a transition kernel,
that is, for every x € M, B +— p(z, B) defines a probability on M and for
every B € B, x — p(x, B) is measurable. If F is nonsingular and B is
countably generated, then there erists a transition density p € L*(M x M)
such that p(x, B) = [ p(x, w)d\(w) for X\-a.e. x € M.
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Proof. We recall that, for every x € M, the mapping P, : w — (w,x) is
measurable (proposition 1.1). Since u, : B — p(x, B) satisfies ug(M) =
p(2) =1 and p, = (w2 0 F o Py).p, it is a probability on M. Moreover, for
fixed B € B, x — pugy(B) = Uxp(z) is measurable. We can thus define a
measure p over M x M by

WA B) = [ pu(B)ara).
We claim that < A x A, In fact, if Ax B is a A x A-null set, then A(A) =0
or A(B) = 0. In the former case, u(A x B) = 0 because A is a null set, in
the latter because p(xz, B) = 0 for a.e. € M (remark 2.1). We conclude
that p admits a density p € L*(M x M).

The definition of y implies that, for fixed B € B, i, (B) = [z p(z, w) dA\(w)
for M-a.e. x € M. Since B admits a countable generator, we conclude that
there exists a full measure set S of z € M such that p.(B) = [ p(x, w) dA\(w)
for every B € B. O

The next proposition shows that transition densities define integral ker-
nels for the transition and the Perron-Frobenius operator.

Proposition 2.3. Suppose F' is nonsingular and B is countably generated.
If € L®(M), then for A-a.e. x € M,

Uo(x) = /Mpcc, Yo\ and Lo(x) = /Mp<-,:c>¢dA.

Proof. The first identity follows immediately for ¢ = xp and thus for any
¢ € L*>®(M) because U is a bounded linear operator.
For the second identity, we note that for every measurable B C M,

/B Lédr= /M<U><B>¢cu= /Mp(-,BmsdA: /B /Mp(-,xmdAdA(x),

where we’ve applied Fubini’s theorem in the last step. The claim follows. [J

Remark 2.4. Note that we require ¢ € L°°(M) also in the second identity.
In case p € L®°(M x M), we may extend it to ¢ € L*(M) by continuity of
L.

The following proposition from [32, remark 3.2.2] summarizes basic prop-
erties of the Perron-Frobenius operator. For any (7-a.e. defined) functions
oM — R, ¢: M — R, we say that ¢ > ¢ or ¢ < ¢ if ¢(z) > ¢(x) for
(n-almost) every x € M and denote the identically ¢ € R function by c.
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Proposition 2.4. The Perron-Frobenius L associated to a nonsingular trans-
formation F has the following properties.

1. L is a linear operator on L*(M);
2. L is a positive operator, that is, Lo > 0 if ¢ > 0;
8. Npe L*(M): [, Lodr= [,, ¢d);

Proof. For the first item, we note that L is the composition of the linear
operators ¢ — ¢\, which has as image the subspace of absolutely continuous
measures; U*, which preserves this subspace by the nonsingularity condition;
and 7 — j—:%, which is defined for absolutely continuous measures.

For the second item, it suffices to show that U*(¢A) is a nonnegative
measure if ¢ > 0, because the Radon-Nikodym derivative of an unsigned
measure is unsigned. This follows readily from the fact that U is a positive
operator, and thus U* preserves the subspace of nonnegative measures.

For the third item, we note that U1 = 1 and calculate

/M Lod\ = /M(Ul)qbd)\ = /Mmu.

2.1 Markov operators

Definition 2.3. A Markov operator on the measure space (M,B,n) is a
mapping P : L'(n) — L'(n) that satisfies items 1-3 of proposition 2.4, that
is, P is a positive, linear operator and [,, P¢ dn = [,, ¢ dn for all ¢ € L'(n).

For any function ¢ : M — R, the positive and negative parts are defined
by ¢ (z) = max{¢(z),0} and ¢ (x) = max{—¢(x),0}. This definition
extends naturally to n-a.e. defined functions.

Proposition 2.5 ([32, proposition 3.1.1)). If (M,B,n) is a measure space
and P is a Markov operator, then, for every ¢ € L'(n),

1. (Pp)T(x) < Po™(x) for n-a.e. x € M;
2. (Po)~(z) < P¢~(x) for n-a.e. x € M;
3. |(P)(x)| < Plo(-)[(x) for n-a.e. x € M;

4. |1Po|l < ||#l, that is, P is contractive.
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Proof. Since ¢+ — ¢+ > 0, positivity of P implies P(¢T — ¢) > 0, thus
Pyt > P¢. Along with (Pg)™ > 0, this proves that (P¢)*t < P¢™(z). For
the same reason, (P¢)~ < P¢~. Linearity of P implies

(PO)()| = (Po)" + (Pd)” < P + Po~ = P(¢" +¢~) = Plo(:)].

Finally, as a consequence of [,, Podn = [,, ¢dn for all ¢ € L*(n),

1Poll = [ 1Petldn< [ PloC)lan= [ loC)an=llel. O

Remark 2.5. In the case of the Perron-Frobenius operator L associated to
F:Qx M — Qx M, where M is compact, we also have ||Lo||re < ||@| roe
for ¢ € L*>°(M). In fact, for any ¢ € L (M),

VBeB:/MXBL¢dn=/MU(xB>¢dns/M\¢|dn=H¢>||Loo.

In the case = ), we denote by D the set of positive densities h € L*(M)
with L' norm ||h||; = 1. Clearly, P(D) C D for any Markov operator P.

Definition 2.4. A density h € D such that L(hA) = h\is called a stationary
density for F'. More generally, if P is a Markov operator, a density h € D
such that Ph = h is called a stationary density of P.

The following proposition shows that every fixed point of L can be ob-
tained from stationary densities.

Proposition 2.6 ([32, proposition 3.1.3]). If P is a Markov operator and
P = ¢, then P+ = ¢ and P~ = ¢

Proof. From P¢ = ¢, we have
¢" = (Pp)T < P¢" and ¢ = (P¢p)” < Py
Hence,
Jpor—otyans [(Pom =6 )an= [ Plot +07)~ (6" 467 )an
Z/P\¢(')| - |¢(-)|d77=/P|¢(')|dn—/\<i>(-)|d77=0-

As a consequence of (P¢T — ¢1) > 0 and (P¢p~ — ¢~) > 0, we have that
Pt —¢T =0and P~ — ¢~ =0. O
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Given a stationary density h for F, we can naturally obtain a Markov
operator P : L'(h\) — L'(h\) with fixed point 1 := y s in a similar fashion
to the definition of the Perron-Frobenius operator.

Proposition 2.7. Let F' be a nonsingular random transformation with ad-
joint transition operator U*. Take h € D and n = h\. Then P, : L'(n) —
L'(n) defined by
d(U*(¢n))

dn

is a Markov operator. If h is stationary, then Py1 =1 and

P, =

V¢ € L'(n),n € N: P}(¢)h = L"(¢h).

Proof. The same arguments from the proof of proposition 2.4 show that P,
is a Markov operator (recall that by proposition 1.2, they are well-defined).
If h is stationary, P,1 = 1 because U*n = n; and, for every ¢ € L'(n), we
have ¢h € L'(M) and

VBGB:/BP;(QS)hd)\:(U*)”(@y)(B):/BL"(géh)d)\.

Therefore PJ'(¢)h = L™ (¢h). O
These operators can be used to define a mixing property.

Definition 2.5. We say that F' is mizing for n = hd\ if
i [ Pp@)odn= [ odn [ way (21)
n=e M M M

for every ¢ € L'(n) and ¢ € L>®(n)

A more natural and often more convenient formulation is given by

n—oo

li L" d)\ = d\ hd\ 2.2
m [ 170 /M¢ /Mw (2.2)

for every ¢ € LY(M) and ¢ € L>=(M). .
These notions are related as follows.

Proposition 2.8. (2.2) implies (2.1) and they’re equivalent if suppn = M.

!This definition is adapted from [4] (Equation (1.5)).
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Proof. Suppose 2.2 holds. If ¢ € L'(n) and ¢ € L*>(n), then ¢h € L'(M)
and ¥ xp~o € L°(M). Substituting these functions into 2.2, we obtain

n—0o0

li L™(dh d)\ = hd hd)\ = d dn.
m [ 1(0h)is0dy /M¢> A/M¢xh>o A /M¢> n/Mw .

The first integral is equal to [,, P"(¢)t dn and this implies 2.1.

Reciprocally, suppose 2.1 holds and suppn = M. If ¢ € L'(M) and
Y € L*®(M), then ¢ = oh for some ¢ € L'(n), because suppn = M, and
1 € L*(n). Substituting these functions into 2.1, we obtain

lim Pn(é)wdn:/ q@dn/ ¢dn:/ gbd)\/ YhdA.
N0 J M M M M M
The first integral is equal to [, L"(¢)t) dA and this concludes the proof. [

In view of Radon-Nikodym theorem, the next theorem, presented in [32,
theorem 4.2.2] in the deterministic case, but valid also in the random case,
generalizes corollary 1.2. It shows that if 79 is an ergodic probability, then
there is at most one stationary probability such that n < ny. Additionally,
if a probability 79 has the property that ny < n for every stationary n < nyg,
then 7 is ergodic.

Proposition 2.9. Let F' be a nonsingular random transformation. If n is
ergodic for F (definition 1.6), then there is at most one stationary density
of P,. Further, if there is a unique stationary density h of n and h > 0
n-a.e., then n is ergodic.

Proof. Suppose 71 is ergodic and ¢, ¢2 are stationary densities of F'. Then
Y = ¢1 — ¢ satisfies Pyp = ¢ and proposition 2.6 implies that Pyy™ = ¢
and Py~ =¢~. Set B* = {x € M : ¢)*(z) = 0} and note that Uxp+ =
X5. This follows from the fact that U*(¢*n) < ¢n for all ¢ € L'(m)
by the nonsingularity condition. Ergodicity implies that n(xp+) = 0 or 1
and similarly for yg-. Since their union is M, they can’t both have null
measure. Together with the fact that [,, ¢1dn = [, ¢2dn, we conclude
that both have full measure, as well as the intersection {x € M : ¢(z) = 0.
Thus ¢1 = ¢2.

Now, suppose P, admits a unique stationary density h > 0. Given any
n-stationary B € B, set B’ = M \ B and write h = xgh + xp'h. Then

xBh +xp'h = L(xgh) + L(xph).
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L(xgh) =0 on B’ because L(xph) > 0 and

// L(xgh)dn = /M(UXB’)XBh dn = /M xp'xphdn=0.

Thus L(xph) = xph and the uniqueness of the stationary density implies
that xyp =0 or xp = 1. O

The following characterization of ergodicity and mixing, analogous to
[32, theorem 4.4.1], shows that mixing is stronger than ergodicity.

Proposition 2.10. Suppose F' is a random transformation and n is a sta-
tionary measure for F. Then F is ergodic (or mizing) for n if and only
if the sequence {P]¢}jen is Cesdro (or weakly) convergent to 1 for all

6Dy ={peL'(n): [y vdn=1}.

Proof. Cesaro convergence of {P,g ¢}jen means pointwise convergence of the
Birkhoff averages

Apd = % > Pig. (2.3)

Theorem 1.2 implies that the pointwise limit ¢ of these averages is a sta-
tionary density of P, and f ¢dn=[ ¢dn. Thus it is 1 for all ¢ € D, if and
only if every n-stationary ¢ is equal to [ ¢ dn; equivalently, if and only if n
is ergodic.

As for the mixing property, since the dual of L!(n) is identified with
L*°(n), the claim is simply a rephrasing of (2.1). O

In our application, we shall verify the following stronger condition.
TN r— [ferm / fam=0}. (24

Remark 2.6. It suffices to verify that ||Lk‘V||L1(M)—>L1(M) < 1 for some
k € N, because || L¢|| 1 = 1.

2.2 Systems perturbed by an additive noise

Let M = T" = (S')", the n-dimensional torus, identified, as a measure
space, with [0,1]" with the Lebesgue measure A. Consider the family of
rotations 7; : LY(A) — LY(\), 7ef (21, ..., 20) = f(m(z1 —t1,..., 20 — tn)),
for t = (t1,...,t,) € R" and w(x1,...,2,) = (v1 — |Z1],.. ., 20 — [20]),
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where |a] = min{k € Z : k < a}. Note in particular that 7; is the identity
for any t € Z".
If f,g € L'()\), we define the convolution f * g of f and g by

Ve e M:(fxg)(z):= /M(th)(x)g(t) dA(t) = /M F@)(reg)(x) dA(t).

Note that the rightmost equality follows from the translational invariance
of Lebesgue measure. Moreover, f x g € L'()\) as a particular case of the
inequality [37, theorem 7.14]

Vp,q € L'(R") : /

n

[ vl = 9w do] do < ol o el e (25)

We will discuss the special case of a random dynamical system that
can be viewed as a perturbation by an additive noise of a deterministic
dynamical system [32, section 10.5]. That is, given 7 € L*(R") such that
suppr C By /2(0), the open ball of radius 1/2 centered at 0, with mean value

1 and r(z) = r(—=x) for x € R", define a one-parameter family of functions
in L'(R™) with mean value 1 and support contained in By /5(0) by

re(e) =& r(z/€),  £€(0,1].

Let p¢ be the unique function in L'(\) such that ps o m = 7 on B1/2(0).
Define a one-parameter family of operators Ng : L'(A) — L'(A) by the
convolution

Neh = pe x h.

For a fixed nonsingular T : M — M, we obtain a family of random dynamical
systems by the skew-product

Te:QAx M = Qx M, Tgw,z)=(o(w),n(T(x)+wo)),

where we take S the ball with radius £/2 and p the probability measure with
density given by p¢, with the same notations as in chapter 1. In this case,
we can obtain the following expression of the Perron-Frobenius operator.

Proposition 2.11. The Perron-Frobenius operator L¢ of Ty is N¢ Lo, where
Ly is the Perron-Frobenius operator of T' (see remark 2.2).

Proof. For any ¢ € L'(M) and measurable B C M, keeping the usual
notations for F' = Tg,

Jroa=[ | g P NH) = LI RO
:// L0¢(x+t)r5(—t)d)\(az)dt:/ NeLopd\. [
SJB B
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In order to calculate Lo for ¢ € L'()), we consider the following smooth
manifold structure on M, identified as a set with 7(R™) = [0,1)". We take
as open sets the images 7(0O) of open O C R™ and, given any x € M, for
the neighborhood m(B/2(7)), we have a chart (; : 7(By/2(7)) — Bya(7)
because W\Bl/z(x) is injective.

We can thus naturally consider the set C*(M, M) of C! functions from
M to M, that is, of functions T : M — M such that

CT(w) oT o 7T|Bs(m) : BS(JI) — R”
is of class C'!, where s > 0 is taken so small that T'(w(Bs(z))) C 7(B12(T(2))).

Proposition 2.12. Suppose T € C*(M,M). If € L*()\), then

Log(z) = Z ij%’)(?m (2.6)
T(y)==

for a.e. © € M such that #T 1 (z) < 4+oc and |detT'(y)| > 0 fory €
T Y(x).

Proof. Lift T to some S € C'(R",R") such that 7(S(x)) = 7(S(n(x))) for
all z € R™ and extend ¢ to L'(R") setting ¢(z) = 0 if x ¢ M.

Take B € B a ball centered at x sufficiently small that |det T'(y)| > €
for all y € T~!(B). Changing variables as in [12, theorem 3.9], we get, for
any B € B,

_ 2V dA(z) — ¢(y) .
[ @ = [ o@ae L%gmﬂwwxx
because ¢(y) =0 if y ¢ M. O

2.2.1 Noises of BV type

In chapter 4, the noise will be considered in the space BV (M) defined as
follows.

Definition 2.6. If f € L1(U), where U C R" is an open set, the variation
of f on U is defined by [12, definition 5.1]

|wmwwww/fmmwmwm
¢ JU
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where the supremum is taken over all ¢ € C(U,R"), that is, continuosly
differentiable functions ¢ : U — R” such that {¢ > 0} is compact, that
satisfy sup,cr |¢(2)] < 1. Given f € L'()\), consider its extension f = fom
to R™, where 7 : R” — [0,1)" is the retraction used in the definition of the
rotations 7.. We define

var(f) = lim [ DI(U) = inf |DF(). (27)

where the limit and infimum are taken over the open sets U D M. The
variation of f on I C M, vary(f), is defined as the variation of fx;. We
denote by BV (M) the set of f € L*(\) such that var(f) < +oo.

Remark 2.7. Our definition is made in order that, when “gluing” oposite
sides of the n-dimensional cube, the variation of f in the passage is taken
into account. It is well defined because ||Df||(U) C [|[Df|(V) if U C V.

In the following, we list some properties of the variation.
Proposition 2.13. In the context of definition 2.6, the following holds.

1. var is a seminorm on BV (M); that is, for any f,g € BV (M) and
a € R, we have var(f +g) < var(f)+var(g) and var(af) = |a| var(f);

2. if f € CY(M) (in the sense that f om € CYR")), then var(f) =
[V Fd (cp. with [12, p. 197-198]);

3. if f € BV(M), then there exists a sequence of f; € C°°(M) such that
fi = f in LY(\) and var(f;) — var(f) (cp. with [12, theorem 5.5]);

4. forallt € R™ and f € BV(M), nnf € BV(M) with var(r.f) = var(f);

5. in the one-dimensional case, for every f :[0,1] — R, we have

k
var(f) = sup Y |f(zj41) = fla))]; (2.8)

{zi}5_o j=0

where the supremum is taken over all increasing sequences {:cj}é?zo n
[0,1] such that each x; is a point of approximate continuity of f, that

18,

flxy) + f(=))

flas) = 5 J@)) = lim f(r(e; £ h),

h>0

and xy 1= xo (cp. with [12, theorem 5.21]);
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6. if f € BV(S!), then there exist increasing functions f1, fo : [0,1] —
R such that f(x) = fi(z) — fa(x) for every point x of approximate
continuity of f (cp. with [36, p. 103]).

Proof. 1. If f,g € BV(M) and U D M is open, then
IDG + D) =sup [ (F+§)(@) div (o) da
¢ JU

< sup/ f(x) div ¢(z) dw+sup/ §(z)divy(x) dx
¢ JU Y JU

= IDfIIU) + I1Dgll(v),

where the suprema, here and in the following, are taken over all ¢,¢ €
CL(U,R™) such that ||¢|p~ < 1, and h := hox for h € C1(M). Taking
U | M, we obtain var(f + g) < var(f) + var(g).

If fe BV(M),«>0and U D M is open, then
ID(@f)I|(U) = sup / (of () div §(z) dz
1) U
= s (o /U f(@) div é(z) d) = al| Df |(x).
Since ¢ € C1(U) if and only if —¢ € CL(U), we have
ID(=HIU) = sup / — f() div é(x) dz = sup / f(x) div(—p(x)) dz
¢ JU ¢ JU
— sup / f(x) div(x) dz = | DF|(U).
P U

Taking U | M and combining these two identities, we conclude that var(af) =
|| var(f) for any o € R.

2. Let U D M and consider g € L'(R™,R") (in the sense that each coordi-
nate function is in L'(R")) defined by

IVf()]

D it g e M, |V(z)] > 0;
g(x) = .
0 otherwise.

We have that sup,cpn [9(z)] < 1. Fix p € C®°(R") such that {p > 0} =
By /5(0), the open ball of radius 1/2 centered at 0, and [ pdX\ = 1. Define,

for every € > 0, pe € C(R") by pe(t) = £"p(t/€).
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Consider the sequence given by

pi(z) = / o)l — 1) dt = / prjila — t)g(t) dt.

Since M is compact, there exists igp € N such that By (z) C U for every
x € M. For i > ig, ¢; € CHU,R") and ¢; — g in L'(U,R"), a conse-
quence of corollary 3.3 and Lebesgue’s density theorem, respectively, with
sup,ep [9i(2)| < [ p1)i(t) supyegn |9(y)| dt = 1. Thus, by Stoke’s theorem,

/f ) div ¢ (z /Vf e dm—>/|Vf )| dz.

Hence ||Df|[(U) > [,;|Vf(z)|dz. On the other hand, if ¢ € C*(U,R")
satisfies sup,cpr |q§(x)| then
/ Fa) div o(z / V@) o) ds < [ V(@) de,
U
thus taking the supremum over all Such qS, we get ||Df|| ) < fU \Vf )| dz.
Taking U | M, we conclude that var(f) = [,, |V f(x ]dx

3. Consider the open sets U; = UxeMBl/i(ac), for k € N and the functions
p1/i € C°(R") defined in the previous item. Define a sequence of functions
by

£ = [ oup -t = [ pipta - 00
For each fixed iy € N, we have for i > ig, f; € C*°(U;,) and f; — f in
LY (U;,), in particular f;|p; — f in LY(\). Moreover, if 2,y € R", 7(x) =

7(y), then 0% fi(z) = 0“fi(y) for any a € Nj, because f(x —1t) = f(y —t)
for any t € R™. Hence f;|pr € C°(M).

We have, for all ¢ € CL(U;,,R),

/Uio fidivodr = /Uio (/pl/i(t)th(~)dt> (x) div ¢(x) dzx
= /Uio f(x) div (/pl/i(t)7t¢(') dt) (z) d

< IDFII(Us),

hence var(filar) < | DF[[(Usy) = var(f),
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Conversely, var(f) < liminf; ,~ var(f;|ar) because, for any € > 0, we
can find, for each iy € N, some ¢ € C}(U;,, R™) such that

/mM )) div é(x dH/ f(x) divé(x) dz > | DF||(Usy) — €
timint [ D(filan) () 2 IDAIT) — ¢ > var(F) — .

from which we conclude that liminf; , . var(f;|ar) > var(f) — e.

4. Given f € BV (M), take the sequence of approximations { f; };cy obtained
in the proof of the previous item. Clearly, {7 f;}icn is the corresponding
sequence to 7 f, so that var(r f;) — var(r f). Moreover,

var(rify) = /M IV (refi)| dA = /M Vi) = /M V£l d = var(fy)

by item 2. Therefore var(rf) = var(f).

5. Denote by V(f) the right-hand side of (2.8). Consider the sequence
{fi}ien defined in item 3. We have that f; — f in L'()\). Take any sequence
of points {a:j}?:O where f is approximately continuous and set xp = xg.
Since M-a.e. x € [0,1] is a point of approximate continuity of f, we have
that, for M-a.e. s € [0,1], all 7(z; — s) are points of approximate continuity
of f. Also, up to a cyclical permutation, {7(z; — s)};?;é is increasing for
j€{0,...,k—1}. Thus

k—1 k— 1/2
3. (ayen) = (o) =Z( [ PO e = 5) = f ey = ) ds
1/2 k—1
</1 puils ;!f (i1 — 8)) — F(n(x; — 5))| ds
1/2
< V() /_ P =V (D)

Since this inequality holds for any increasing sequence {xj};‘-:é, it follows
that V(filar) < V(f). Thus var(fi|ar) < V(f) by the following lemma.

Lemma 2.1. If g € C*™(S!), then V(g) = var(g), where

= sup Z lg(zj41) zj)], Ty = X,
{xz}J 0 j=0
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the supremum being taken over all increasing sequences {a;z}f;é in [0,1] of
points of approximate continuity of f.

Proof. Take any increasing sequence {xj}f;é in [0, 1] of points of approxi-
mate continuity of f and set xp = zo. Note that g(xo) = §(1 + x) for the
periodic extension § € C*°(R) of g. Set y; = x; for j < k—1and y, = 1+xz.
Then

kol it yj+1 k=l ryin
9(@s41) — 9(a;) :z\ / s dy| <3 [ Vi)l dy
j=0 j= j=0"Yi
1+y0
S/ y)ldy = / Va(y Idy—/\VgldA—var( )-
Yo
Therefore

V(g) < var(g).

Now fix € > 0. The equivalence of Riemann and Lebesgue integrals implies
that there exists ¢ > 0 such that, for any increasing sequence {y; k+é in
[0,1] satisfying yo = 0, yg+1 = 1 and |y;4+1 — y;] < ¢ for j € {0,.. k} we

have

N

S l9(wie1) — 9(u;)| > / Vgl dA —e.

§=0
Additionally, by the compactness of [0, 1] and continuity of g, § can be chosen
in order that each term in the sum is less than e.
Since a.e. x € [0,1] is a point of approximate continuity of f, there is
an increasing sequence {x; };:é of such points satisfying xg < 6§, xx >1— 0
and |zj41 — x| < 0 for j € {0,...,k —2}. Therefore

B
—_

k

9(341) — 9@l > 3 lo(wie1) — 9(u;)| — 26 > / Vgl dA — 3c,
=0

<.
Il
o

where z, = x0, yo = 0, Y41 = 1 and y; = z;_; for j € {1,...,k}. We
conclude that V(g) > var(g), thus V(g) = var(g). O

Since fi|pr — f in LY()\) and var(fi|a) < V(f), we have that

var(f) = lim var(film) < V().

i—+00
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If x is a point of approximate continuity of f, then f;i(z) — f(z). Hence, for
any increasing sequence {x]}k o in [0, 1] of points of approximate continuity
of f and xi = xo,

o
—

|f(zj41) = f(zj)| = lim Z | fi(zji1) — fiz;)]

’L*)JrOO

<.
Il
o

< Jlim Var(fz!M)—Var(f)

from which we conclude that V(f) < var(f), thus V(f) = var(f).

6. Set ¢ = liminf, o f(y), where y runs over the points of approximate
continuity of f. Define fi, fo : [0,1] = R by

k—1
fi(z )—C+SupzmaX{f(ny+1) f(z;),0}
{IJ}] =0
k-1
fa(x) = sup Y max{f(z;) — f(xj41),0},

{z;} j=0

where the suprema are taken over all increasing sequences {z; };‘?:0 in [0,1] of
points of continuity of f such that x; < z. Clearly, f1 and f; are increasing
functions. If x is any point of approximate continuity and € > 0 is arbitrary,
take increasing sequences {xl k_l and {:U2 = B in [0, 1], upper bounded by
x, such that

k—1

fi(z) = e+ max{f(xj,) — f(x]),0} > fi(x) -
j=0
-1

fa(w) > max{f(z3) — f(2}1),0} > falz) -

Jj=0

Take 9 < min{x}, 22} such that |f(x¢) — c| < e. Since max{a + b,0} <
max{a,0} + max{b,0} and max{a,0} — max{—a,0} = a for a,b € R, we can
join these sequences and {zg, z} into one increasing sequence {x; }’j”:_o1 such
that, setting a; = f(x;41) — f(x;), we have

(f1(z) — )fé<w+2%<ﬁ) (f2(z) —€).
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Therefore
m—1

£@) = (@) = @) < |e+ 3 a5 = (fi(@) = fale))| + Fa0) — ] < 2e.
=0

We conclude that f(z) = fi(x) — fa(z). O

The following proposition, a particular case of [24, proposition 1.4.7],
shows that L¢(BV(M)) C BV (M).

Proposition 2.14. If p € BV(M) and f € LY(M), then p* f € BV(M).

Proof. Since BV (M) C L'(M), we have that p* f € L'(M), by (2.5). Given
any ¢ € CH(M), |¢| < 1, we have

Josnavoir= [ [ s div @) ixe dx()
_ / ( / ip() div 6(2) dA(x) ) F(£)AA(1)
< /var(np)f(t) dA(t) < var(rep)| fl| L1

Since var(mip) = var(p) < 400 by item 4 of proposition 2.13, we conclude
that p f € BV (M). O
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Chapter 3

Existence and regularity of
stationary densities

Assume initially that F': Q@ x M — Q x M is a continuous random trans-
formation, in the sense that each F,, = F(z,-) is continuous, and M is a
metric space. We first investigate conditions that guarantee the existence of
stationary densities.

We remark that the space P(M) of regular probability measures on
M can be identified with a subspace of C'(M)*, the dual of the bounded
continuous real functions on M [10, p. 262]; under this identification, we
have 1(¢) = [ ¢dn for every n € P(M) and ¢ € C(M).

In the following proposition, we denote by weak-* topology on P (M)
the subspace topology obtained when C(M)* is endowed with the weak-*
topology. We recall that this topology is given by arbitrary unions of basic
neighborhoods

{ePM): (Vo€ ®:¢(0) —Un(e)] <€)},
where @ C C'(M) is a finite set.

Proposition 3.1. The operator U maps C(M) to itself and U* is continuous
in the weak-* topology.

Proof. The first part of the proposition is a direct application of item 1 of
theorem 3.2 to the functions f(w,-) = ¢ o F,,. Given any n € P(M) and a
basic neighborhood of U*n,

W={£cPM): (Vpe®:[£(d)—Un(¢)] <€},
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where ® is a finite subset of C'(M) and € > 0. Consider the set

V={{ePM): (V¢ eU(®):{(¥) —n()| <e)}.

Then V' > 7 is a basic neighborhood, because U(®) is a finite subset of
C(M), and U*(V)) C W because U*¢(¢) = £(Ug) for ¢ € P. O

Remark 3.1. The first part of the proposition allows us to restate lemma 1.1

as U*n(¢) = n(U¢) for n € P(M) and ¢ € C(M).

3.1 Existence criteria

Corollary 3.1 (Existence of stationary measures [2, p. 31]). If M is com-
pact, then there exists a stationary measure on M.

Proof. If M is compact, then the set of signed Borel measures can be identi-
fied with C°(M)* by Riesz representation theorem, which is a locally convex
topological vector space under weak-* topology (see proof of theorem 1.5).
With this identification,

P(M) = () {neC%(M)*:n(¢) >0}n{neCO¥(M)*:n(1) =1} C B(0)
¢eCO(M)+

is compact in the weak-* topology, because the unit ball B(0) is compact by
Alaoglu’s theorem. Clearly, it is a convex set. Therefore U* admits a fixed
point by Schauder-Tychonoff fixed point theorem [10, p. 456]. O

Stationary measures can be obtained in the following way, a version of
Krylov-Bogolyubov procedure [2, p. 29]. Note that the choice of the initial
probability is important in general, since convergence is only guaranteed in
some weakly closed set [7, theorem 14, p. 392], which may be empty.

Proposition 3.2. Define for an arbitrary probability v on M and n € N,
1 n—1
==Y U 3.1
Vo = jz:% v (3.1)

Then every limit point of {vn}nen in the weak-* topology is invariant, and
any nvariant v arises in this way.
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Proof. Assume without loss of generality that {v,},en converges weakly-*
to 7. Since U* is weak-* continuous, {U*v;, } ,en converges weakly-* to U*D.
On the other hand,

¥ € COM) £ [0 (9) — va(d)] = +U"w(8) - (0)] < [

Thus U*D = 7.
For the final assertion, note that for any invariant v, the Birkhoff aver-
ages in (3.1) are equal to v. O

We now consider stationary measures that are absolutely continuous with
respect to a reference measure A, or equivalently, stationary densities of the
Perron-Frobenius operator, since the latter are Radon-Nikodym derivatives
of the former.

A sequence of absolutely continuous probabilities converges weakly-* to
some (absolutely continuous) probability if and only if the associated den-
sities converge weakly to some density. Thus Krylov-Bogolyubov procedure
shows that a necessary and sufficient condition for the existence of station-
ary densities is the existence of some ¢ € D such that {% Z;‘:—& LI} nen
contains a weakly convergent subsequence, that is (see (1.18)),

1TL
lim —

—1
Lody=0
AME)—=0 N ]z; /E ¢

uniformly on n.

Alternatively, we may consider the Perron-Frobenius operator as a par-
ticular case of positive contractions. Recall that the Banach dual of the
Perron-Frobenius operator is the transition operator (remark 2.2). In this
case, we have the following criterion for the existence of nonzero positive
fixed points [33] (see also [28, p. 137, theorem 4.2]).

Theorem 3.1. Let P be a positive contraction on L'(n). There exists f €
LY (n) with Pf = f # 0 if and only if, for every strictly positive h € LY (n),

7}bgf(')/P hdn > 0. (3.2)

Further, there exists a strictly positive f € L} (n) such that Pf = f if and
only if (3.2) holds for all 0 # h € LS (n).
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Proof. Suppose there is f € L}F(n) such that Pf = f A0 and let 0 #£ h €
LP(n). If either f or h is strictly positive, then there exists e > 0 such that

/ FP (R AT dy = / (P"F)(h A1) dn = / F(h ALY dn > 2] flli o

for all n € N. Set A, = {P*"(h A1) > €}. Then P""(h A1) < P*1 <1
implies

2¢|| fll 1) < /fP*"(h/\ 1)dn < e/

M\A,,

fd77+/Anfdn,

hence fAnfdn > €| fllp1(y) for every n € N. Since f € L% (n), we con-
clude that there exists some § > 0 such that n(A,) > ¢ for every n € N.
Consequently,

inf /P*”h dn > inf/ P (h A1) >de>0.

For the converse, we divide into two cases.

1. Suppose there exists a strictly positive h € LS°(n) such that

inf /P*”h dn = 0.

n>0

Then inf,>q [ fP*"hdn = 0 for any f € L) (n). Indeed, if we take a > 0
such that ||(f —a) |11 <€ then f <a+ (f —a)" implies

/fP*”hdn < a/P*"hdn—i—/P"(f—a)+hd77
.'./fP*”hdn < a/P*"hdn—i—eHhHLoo(n).

for any n € N. We conclude that inf,>o [ fP*"hdn < €||h| poo () for every
e > 0 and the claim follows.

Suppose f € L1 (n) verifies Pf = f. We have that

/fhdnzrllgfo/(f’ f)hdnzgg/fP hdn =0,

therefore f = 0, because h is strictly positive.
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2. Now suppose (3.2) holds for every 0 # h € L(n). Note that M = C.
Otherwise, there would be some ¢ > 0 such that B = {>_°° ; P/1 < ¢} has
positive measure. Therefore

e . o0 .
E /P*JXBdn:/ZP31<c,
n=0 B =0

which contradicts (3.2).

Define a linear functional p on L*(n) by p(h) := I({[ P*"hdn}nen),
where [ is an arbitrary Banach limit. Then p(h) > 0 for h € L (n) and
p(P*h) = p(h). Define, for h € LY,

5(h) := inf { S plha) i h =Y huha € Lf(n)}.
n=1

n=1

Lemma 3.1. v(B) := v(x) defines a o-additive finite measure on B.

Proof. Since xp € L3°(n) for every B € B, we have v(B) < p(xB) < +o0.
Thus v is a finite set function on B.

v is o-additive because, given a sequence {B;},en of disjoint sets in B
and B := U2 B;, we can find, for every € > 0, sequences {h; ;} jen such that

9] 0 €
j=1

j=1
Y v(B) > Y plhiy) = p(xs) = v(B).
i=1 ij=1

The reverse inequality holds because, given any sequence {h; }j’ozl on LY (n)
such that yp = z;’;l hj, we have, for each n € N,

S uB) <D0 plxshy) =Y pxpiu-ushi) <> p(hy)
i=1 i=1 j=1 j=1 j=1
B <3 olhy),
i=1 j=1
by linearity and positivity of p. O
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Set f = fil—q';. We claim that Pf = f. In fact, p(P*h) = p(h) for any
h € L (n) implies that #(P*h) < (h) for any h € LY (n), hence Pf < f.
Since M = C, we conclude that Pf = f by lemma 1.3. Set B = {f = 0}
and suppose it has positive measure.

7(xp) = 0 implies that, for each m € N, there is a sequence {hy,p }tnen
such that xg = >0 hypn and Y00 p(humy) < m~t. Take k(m) so large

that
Z / mndn <27 ( )
n=k(m)+
and set
k(m)
h* := inf P .-
meN —

h* € LS°(n), because each hy,,, € LY(n). Further,

/h*dn+z Z /mnd77>77 B),

m=1 n=k(m)+1

from which follows that [ h*dn > 0, hence h* # 0. On the other hand, for
all m € N,

p(h*) < P( Z hmn) = nz:l p(hmn) < m_l’

thus p(h*) = 0. This implies that liminf, . [ P*"h* dn = 0, which con-
tradicts (3.2). We conclude that B has null measure, that is, f is strictly
positive. [

Example 3.1. T : [0,1] — [0,1], T'(z) = 2? does not admit an invariant
measure that is absolutely continuous with respect to Lebesgue. In fact,
consider U the transition operator of 7" and ¢ : [0,1] — [0,1], ¢(x) = =.
Then ¢ € LY is strictly positive and, for every n € N and € > 0,

/ Un () do — /0 Y @) de + / ; Uno(T" (2)) da

<eXe+(1— 2%)n_)—+>ooe.

", inf /U”gb(x) dx = 0.

neN

In contrast with the example, a large class of random transformations
admits stationary densities.
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Proposition 3.3. Let F : Q x M — Q x M be a nonsingular random
transformation with respect to X. Suppose there exists § > 0 such that

AB)>1-6 = in]f/[,u({w €Q: F,(x)e B})>0.
Te
Then F' admits a stationary n < .
Proof. 1t suffices to show that there is f € L1 ()\) such that Lf = f # 0,

where L is the Perron-Frobenius operator of F'. The transition operator of
F' is given by

Uhta) = | W(Fu(a)) ().
If h € LE°(N) is strictly positive, fix € > 0 such that B = {h > €} satisfies
A(B) >1-6.

For every z € M, we have
Uh(z) = / M(FL(r)) du(w) > ¢ inf p(fw € Q: Fu(a) € BY) = a > 0,
Q S

Therefore
VnGN:/U”hd)\Za>O,

and the existence of f follows from theorem 3.1. 0

Corollary 3.2. Suppose F : Q x M — Q x M, M = [0,1]", is obtained
from T : M — M by an additive noise, as in section 2.2. Suppose the noise
is distributed according to p\, where p € LY(\) and A({p > 0}) > 0, for A
the Lebesgue measure. Then there is a stationary n < A.

Proof. Let 6 = $A({p > 0}). If A(B) > 1 — 4, then, for every z € M,

A{Fu(z) € B : p(wo) > 0}) = AM(B) + A({Fu(2) : plwo) > 0}) =1 >0
A{wo € {p> 0} : Fu(z) € BY) > 6.

Fix € > 0 such that
1)
AM{we{p>e}: Fy(x) € B}) > \{we{p>0}:F,(z) € B}) — 3
We conclude that
€l

p{weQ: F,(x) € B}) >eA{w € {p >¢€}: F,(x) € B}) > 0}

for every © € M. Thus the hypothesis of the proposition are satisfied. [

56



Although theorem 3.1 is not constructive, the existence of some strictly
positive fixed point is enough to apply the ergodic theorem for any initial
point and thus obtain fixed points.

An important issue is the speed of such convergence. In general, this
can be arbitrarily slow [29]. In the following proposition, we show that
condition (2.4) is strong enough that the convergence to a stationary density
is exponentially fast in the L' rather than in Cesaro sense.

Proposition 3.4. If the Perron-Frobenius operator L of a random dynam-
ical system F is mizing in the sense of (2.4), then L admits a unique sta-
tionary density h and any density f must converge exponentially fast to h.
Precisely, there are C' >0 and A < 1 such that |[L"(f) — hl 1) < CA".

Proof. ||L|z1(x) = 1 by proposition 2.4 and |]Lk\v||L1(/\) < « for some k € N
and a < 1, by (2.4). Take a density f € L'()\). We claim that L™(f) — h for
some density h. On the contrary, there would be € > 0 and a subsequence
{L™(f)}ren such that

Vk € N: [L"H(f) = L™ ()l = €

Le+17"k(f)—f € V because L™ +17"( f) is a density, and 2HL|V||7L”§(/\) >
€ for every k € N, a contradiction.

h is stationary because L is bounded, and unique because g —h € V im-
plies [|L"(g) — hl[z1(x) — O for any density g. Similarly, the mixing property
follows from f — ([ fdm)h € V.

Given any density f, f —h € V implies that

n L%] n—| 2 n
IL™"(f) = hllpiy < HLk|VHL'f(A) LR (F = Ry < CA7,

1/k HLi(f*h)”Ll(A)

Al B

for A =« <land C = maxo<i<ik—1

In the following, we will use equation (2.4) as the definition of mixing

property.

3.2 Regularity of Perron-Frobenius iterates

We wish to show that the Perron-Frobenius operator regularizes functions
under some conditions on the transition density or on the noise, in the case
of transformations obtained by additive noise. We state the following variant
of [5, theorem 16.8].
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Theorem 3.2. Let f(-,z) : Q@ — R be a measurable function for each x € O,
where O is a metric space, and p a probability measure on ).

1. Suppose f(w,-) is continuous at xo for a.e. w € Q and there exists
a neighborhood Oy 2 7o where |f(w, )| < g(w) for some g € L'(u).
Then [ f(-,x)dp is continuous at .

2. Suppose O is a subspace of R and, for every xg € O, there exists a
full measure set Qg such that f(w,-) and %(w, -) are continuous at
xo. Suppose also that there exists some neighborhood O, > ¢ where
%(w, I < g(w, mg) for some g(-,xz0) € L* (). Then

) of
ax/ﬂf(w,.)du(w):/an(w,~)du(w) (3.3)

and [q f(w,-)dp(w) € CH(O).

Proof. 1. We have limy_,, f(w,z) = f(w, ) for a.e. w € Q and |f(w,z)| <
g(w) for all z € Og,. Thus by Lebesgue’s dominated convergence theorem,

limg gy [ f(w,z) dp(w ffwxo dp(w).
f(w,x)—f(w7x0) —

r—x0

2. Take Q,, and Oy, as in the hypothesis. We have lim,_,,
g—i(w,xo) and |W| < g(w, xg) for every w € Q,, and z € Oy,. We
may apply Lebesgue’s dominated convergence theorem to obtain

’f — flw,z0)  Of

T — X ox

xh%nxlo (w, xo)‘ dp(w) =0,

fQ wxdu — Jq fw, zo d,u() of

xﬁxo T — xo q Oz

== (W, zo) dp(w),

where we tacitly extended %(-,xo) to all 2 as a measurable function, be-

cause (1, is a full measure set, setting %(w,xo) = 0 where the partial
derivative doesn’t exist.

We note that, for every w € Q, limg_y, %(w,x} = %(w,xo) and
\a—f(w z)| < g(w, wo) for all x € O,. Hence the previous item applies to
9 (-,z) and [, f(w,") du(w) € CH(O). O

To extend the theorem to functions defined on R", we use the multi-
index notation: we define, for o = (au,...,a,) € Ny, |a| = > | a; and
oo f = 2

AT Han
Ox, ' --0x,"
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Corollary 3.3. Let f(-,x) : Q@ — R be a measurable function for each
xz € O, where O C R™ is open, and p a probability measure on €. Suppose
that, for every xg € O, there exists a full measure set Qy, such that 0% f(w, -)
is continuous at xo for every w € Qz, and o € N, |a| < k. Suppose also
that there exists some neighborhood Oy, > xo where, for every o € Ny
with |a| < k, [0°f(w,")] < galw,x0) for some ga(-,x0) € L*(n). Then
fo £w,2) du(w) € CHO) and 0 [, fleo, ) du(w) = [0 f(w, ) dpu(w) for
aeNg, o <k.

Proof. We proceed by induction on k. For k = 0, the claim follows directly
from Lebesgue’s dominated convergence, because lim, ., f(w, z) = f(w, zo)
and [f(w, )| < g(w, o).

Suppose now that the claim is valid for some k£ € Ny and denote the
canonical basis of R" by {e!, ..., e"}. If the assumptions hold for k+ 1, then
the theorem can be applied to each function f&(w,-) : ¢+ 0%f(w,zo + tet),

where |a| = k. In fact, for every w € Q. i4ei, f{(w,-) and 8(;2& (w,) :

t— (g 7 (w, o + te') are continuous at each t € (—e¢,¢), where Be(xg) C

0, arld |ff‘( )| < galw, o) in Oy,. In particular, %fg [ (w,t) du(w) =
Jo aaig'(w,t) du(w) for t € (—e,€). It follows from the inductive hypothesis
that, if & € Ny and |a| <k,

(0% [ [(w,z0) du(w o o
oz /a (w, o) dp(w 8t/f ()
ofy [ 0(0*f)
[ 0auw) = [ A8 w0 duto).
Since 8"‘+eif(w, ), where (ai,...,an) + € == (a1,...,q; +1,...,0qp), is

continuous at zq for every w € €, and dominated by g(w, zo),

lim [ 9ot fw,z) dp(w /8‘”6 fw, zo) du(w).

T—T0 [e)

This concludes the inductive step, because any o € Nj with |a| < k+1 can
be written as o + ¢’ for some o’ € Njj with |o/| < k. O

By proposition 2.3, the Perron-Frobenius operator L : L'(\) — L'()\)
admits an expression of the form

Lé(x) = / p(t, 2)6(t) dA(1)

if F' is nonsingular, B is countably generated and ¢ € L°(\). Therefore,
we consider the case 2 = M, y = A in corollary 3.3 and expect L¢ to be at
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least as regular as p under mild conditions on ¢. The following proposition
develops this idea.

Proposition 3.5. Ifp € L'(M x M) is of class C*, then L¢ is of class C*
for every ¢ € L(\).

Proof. For each t € M, x — f(t,x) = p(t, 2)$(t) is of class C*. Further, for
every xg € M, we have

Va € Ng, |af <k :|0%f(t,2)| < [|0°pllzeeBwo)) [€(D)]

for all x € B(x), a sufficiently small neighborhood of z( such that the 0“p
are bounded.

Thus corollary 3.3 applies to f and we conclude that L¢ is of class
C*. O

3.3 Regularity of stationary densities of systems
with additive noise

We are mostly interested in the case that F'is given by some map on M =
[0,1]™ = T™ perturbed by a BV additive noise, as in subsection 2.2.1. If F
is not a local diffeomorphism, p can admit discontinuities. Thus we take a
different approach and consider properties of the convolution.

In the following, for an open set O C M, we say that ¢ € L{°.(O) if
¢l oo (k) < 400 for every compact K C O. And we say that ¢ is locally
Lipschitz continuous at x € M if ¢ o 7w is Lipschitz continuous in some

neighborhood of .

Lemma 3.2. Let L¢ = N¢Lo, where N¢ is the convolution operator given by
¢ € LX) — pex o, pe € L'(N) is symmetric and supported on Bg5(0) as in
section 2.2 and Lo the Perron-Frobenius operator associated to a nonsingular
T. If pe is Lipschitz continuous in w(Bg2(0)) and there is an open set
O C M such that Lop|lo € LS.(0), then Leg is locally Lipschitz continuous

loc

at every x € M such that m(0Bg /() C O.

Proof. We use the following lemma.

Lemma 3.2.1. If f € BV(M), then ||[tnf — fllpr < |h|var(f) for every
h € R".
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Proof. Let ¢ € CHR™ R), supycpn |¢(x)] < 1 and e = |h—‘ € R"™. Define
¢ € CL(R™,R") by ¢ = ¢pe. Then, for t = |h],

/(Thf(l’) — f(@))p(x) d(z) = /f(l’)(ﬁﬁ(l’ +h) = o(x)) dA(x)
= /f(x)/o Vo(z + se) - edsdA(x)
= /0 /f(a;) div ¢(z + se) d\(x) ds < tvar(f).

C1(R™, R) is dense in L>°(R"), therefore ||, f — f|lz1 < |h|var(f). O

If Loglo € Li5.(0) and m(9B¢2(x)) C O, fix s > 0 such that K =

loc

T(Beja+s(x) \ Beja—s(x)) C O. Then, for every y,y + h € By(x), we have

[NeLoo(n(y + ) — NeLoo(r(u))| = | [ (r-urype(t) = mype(t)) Loo() ax()

< |h|var(rype) [l Lo || o (rcy + |7l Lip(p¢ | (B¢ o (0))) [ Lo® | 21
< |hl(var(pe)l| Lod || Lo (x) + Lip(peln(Be o (0)))»

because m(Bg/2(y))An(Bg/2(y +h)) C K, thus both or none of m(t —y) and
m(t —y + h) belong to m(B¢/2(0)) if t ¢ K. We conclude that NeLo|p, (5 is
Lipschitz continuous.

The second part of the theorem is a direct application of 3.3, taking

flw,x) = pe(x = w)p(w). -

Theorem A. In the context of section 2.2, suppose that T € C*(M, M),
with #TY(x) < m for every x € M, and pe is Lipschitz continuous in

O = {x e M:#T " is locally constant at ,|det T'(y)| > 0 for ally € T~ (x)}

Then every bounded stationary density ¢, in particular every stationary den-
sity in the one-dimensional case, is locally Lipschitz continuous at every
v € M such that m(0B¢3(x)) C O.

Proof. For every compact K C O and ¢ € L*°()), we have, by proposition
2.12,

m| ¢l Lo
Lod|| oo 50y < - < oo
| Lo HL (K) lnfyeTfl(K) ’T/(yﬂ
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We conclude that Loglo € LiS.(O) and the hypothesis of lemma 3.2 is
satisfied for ¢ = L¢¢.

In the one-dimensional case, since L¢¢p = ¢ implies that ¢ € BV (M)
(proposition 2.14) and BV (M) C L*°(\) (proposition 2.13), we have that
every stationary density is bounded and the statement follows. O

The next theorem from [14] shows that the stationary densities are stable
under small changes of noise or the deterministic component, provided we
have contraction on the zero average subspace

V:{fele/fdAzo}.

Theorem 3.3. In the context of theorem 3.2, denote by L1, Lo the Perron-
Frobenius operators associated to continuous T1,T5 : M — M, and Ny, No
the convolution operators associated to p1,p2 € BV (M), respectively. Sup-
pose that N1L1 satisfies the spectral gap condition

ke N:|[[(NM L)y < 1.
If Lio; = ¢; for i € {1,2}, then there is a constant C' > 0 such that
1o = ol < Clllpr — pallpp + mingvar(pr), var(p) HITE () — To()ll o).
Proof. We use the following lemma, from which the constant is obtained.
Lemma 3.3. Let P, Py be two Markov operators. Assume
Vje{0,....k}: ||Plv] < Cj
and Cy, < 1. If P,f; = f; fori € {1,2}, then

k-1
O
12— Al < ==Y p _ py. (3.4)
1-Ch
Proof. By triangle inequality,
If1 = foll = |1PFf1 = PEfol| < ||1Pf(f1 = fo)|| + |(PF — P) fo]..

The first term in the rightmost side is bounded by Cy|| f1 — f2||. To estimate
the second term, we write

k-1
PF—Py=> P (P - PPy,
i=0
k-1
S IPE = P <) Gl — Poll.
1=0
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Therefore,

k—1 k—1
(1= Collfs = £l €D CillPr = Pallll faoll = D> Cill P = P O

=0 i=0

Thus it remains to bound || N1 L1 — NaoLs|| 1 in terms of T, s, p1, p2, as
follows. Take any ¢ € L'()\) and estimate

||N1L1 — N2L2||L1 < ”N1L1 — N2L1||L1 + HN2L1 — N2L2HL1
< lpr = p2llpr | L1l + N2 llw o 1 L1 — Lol pisw
< lpr = pallpr + var(p2)||L1 — Lol 1w,

where we used item 5 of theorem B. Together with the fact that, for all
ferLt,

(L1 = L2)fllw = sup /f(x)[¢(T1(x)) — ¢(Ta(x))], dA(x)
Lip(¢)=1

S/\f(a?)HTl(x)—T2($)!dk(x) <7 = Oz [ 1l

we obtain the desired estimate. O
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Chapter 4

Ulam approximation

Here we show how we can study the behavior of the Perron-Frobenius op-
erator associated to a random dynamical system by approximating it by
a finite rank operator. The finite rank approximation we use is known in
literature as Ulam’s method, named after [43]. For more details, see [14].

We assume the context of section 2.2, with p € BV (M).

Suppose we’re given a d-partition of M into convex sets Zs = {Il-}ﬁzl,
where diam I; < §, and denote the characteristic function of I; by x;. An
operator P : L'(M) — L'(M) can be discretized as

Ps: LY(\) — LY()\), Ps=nsPn;, (4.1)

where 75 : LY(\) — L'()) is the projection

l

msh(z) = E(h|L)xi. (4.2)

=1

This operator is completely determined by its restriction to the subspace
generated by {xi,...,x:}, and thus may be represented by a matrix in this
base, which we call the Ulam matrix. In the following, we assume that Z;
is a d-partition of M.
For computational purposes, the Perron-frobenius operator L¢ of T¢ is
discretized as
Ls¢ = msNemsLoms. (4.3)

This is simple to work with because it is the product of the discretized
operators msNems and ms Los.
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4.1 Computation of the stationary density

Consider the zero average subspace
V:{feLl()\):/fd/\:O} (4.4)
and suppose HL§7§|V” < a < 1 for some k € N. We have

ILelv iz < IL5elvllze + IL5elv — Lelv o1 (4.5)

Denote by f¢ and f5¢ the stationary probability densities for L¢ and L,
respectively. Since (see the proof of lemma 3.3)

e faellor < T2 I1(Ehe — I fellus, (4.6)
we search a good estimate of ||(L’g75 - ng)fg”Ll to prove mixing of T¢ and
give a rigorous estimate of || f¢ — f5¢ll 1.

The calculus of || L .|y || is computationally complex, thus an alternative
approach is used in [14]. First, a coarser version of the operator is considered,
Leonir,6» Where dcongr is a multiple of 4, for which Keontr € N and constants
Ci contr, for @ < kcontr, and owontr < 1 are calculated in order that

HLfsconthg” S Ci,contry Hngcomrg‘VH S Qcontr- (47)

contr,

Finally, the following lemma is used to relate the estimates of the coarser
and finer partition.

Lemma 4.1. Let ||Lfy§|VHL1 < Ci(7); let o be a linear operator such that

o?=o0, ol <1, and o1y = myo = y; let A = cNeoLoo. Then we have

. , 3 it
(] ¢ = A)Nell o < 5 var(p) 3 Ci(). (4.8)
=0

The lemma is applied to two cases.

1. v = dcontr, 0 = 5 and A = Ls¢ implies

—1

A } 3cont X
1L e = L) Vellis < = F var(p) 3 Ccomr
=0
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This is used to obtain £ € N, o < 1 and C;, i < k, such that
ILelvll < Ciy [ LEelv]l < (4.9)
In fact, we have
L5 elvl < [|IL5¢ Nemslvl
< (L' = Lin ) Nemslv || + | L L, Nems|v |

5contr 75 (Scontr
< N(L5e" = Lo Nell + 1 L5, v

2. y=90,0=1d and A = L¢ implies

ILE vl < IIL’EgLs\VIILl + H(LIE — L o)Ll
<« + — Var Z Ci(6

By remark 2.6, we conclude that the mixing condition is satisfied when-
ever

k—1
+ — Var Z Ci(0 (4.10)
=0
Proof of lemma 4.1. As in the proof of lemma 3.3, we have
k—1
(LE e = AMNe =D L ((Lye — MAFTNG,
=0

where the term (L., ¢ — A) can be decomposed as

Ly¢—A=myNe(my—0)L+ (1) —0)NeoL.

Therefore
k—1 '
I(LE ¢ = A*)Nell <> Ci()(lmy Ne(my — o) pa [ LA 1
i=0
+|(my = o) Nellpa [loLAS 1| 1)
k—1
< i) (INe(my = DIz + [|(my = D) Nel| 1)
i=0
k—1 5 3y k—1
<2 Ci(v) (5 + 7) var(pg) = ? var(p) Ci(v),
i=0 i=0
where we use items 6 and 7 of theorem B. O

66



Remark 4.1. In the case that the partition is given by cubes, a better bound
can be obtained by item 6 of theorem B. In particular, in the one-dimensional
case, we get the constant 27/ instead of 3v/¢&.

We remark that a simple estimate to (4.6) is given by ([14, equation 4]).
This follows from (4.8), because

(L5 — L) fell o < lI(L5e — L?)NeHLIHLszLl = [[(Ls¢ — L¢) Nell 1

)
e - ﬁdp_zvm }jo (4.11)

The analysis of data obtained from the numerical approximation f of
fs¢, in particular its variance, permits to improve greatly this bound. This

is done as follows: first, we verify that
k—1

I(L§e = LE) fellr < 11— ms) fellpr + Y Ci()(INe(1 — mw6) L fell 11+
=0 |INems L(1 — m5) fell 1),

where all the terms |[(1 — 7s) fellp1, [[Ne(1 — 7m5)Lfe||pr and || NemsL(1 —
7s) fel| 1 admit bounds (for i = 1,2,3 respectively)

Adlfe— Pl + Bs (1.12)
thus for A = A; + (AQ + Ag) Zf:_ol C; and B= B; + (B2 + Bg) Zf:ol C;,

I(LEe — LEY fellp < Allfe — fsellir + B.

Using this estimate, (4.6) implies

_ < _f —
e~ fogli <C+DIfe~ i, ©=2 p=-D

Finally, adding the numeric error,
Ife = fllor < 1 fse = Fllwr + C + Dl fe = fllr,
which can be rewritten as
1
Ife = Fllor < =5 (1 fag = fllzr + ©). (4.13)
We proceed to prove the bounds on |[(1 — 7s) fel|lp1, [[Ne(1 — 7s5) L fel o2

and || NemsL(1 — 75) fel| 1) in lemmas 4.19, 4.21 and 4.22. To do it, we will
need the bounds summarized below.

67



4.1.1 Auxiliary bounds
Definition 4.1. The Wasserstein-like norm is defined on V' by

Ifllw = sup / f(2)d(x) da, (4.14)
Lip(¢)=1
where Lip is defined on C°(M) by
Lip(@) = sup 196) =0
z,yeM |(lZ y|

We generalize bounds obtained in [14] in the one-dimensional context.

Theorem B. Let w5 be the Ulam projection on a d-partition Ls of M into
convex sets and I a finite union of sets from Is. Let N¢ be the convolution
operator Ne(f) = pe * f, where var(pg) < +o0o. Then

1. Hl - 7r5Hvar—>L1 < g;

2. |11 =75l piw < 65 if T is a partition into cubes with side < d, then
11— mgllw < d foe 2] dN(z);

. 1/n
3. 11— mslvar, swy < ntinfaer ()\(B)_l Jr |z —zo|™ d)\(a:)) , where

A(B) is the volume of the n-dimensional unit ball;
4' HNﬁHLl—War < V&I‘(pg);
5. || Nellw— 1 < var(pe).
Consequently,
6. ||(1 — m5)Nell 1 < § var(pe);
7. ||Ne(I—ms)||pr < 0var(pe); if Z is a partition into cubes with side < d,
then ||Ne(1 —ms)|| g1 pr < dvar(pg) f[o,l}" || dA(z).

Proof. 1. Given any f € BV(M), we may assume that f € C°°(M) be-
cause there exists a sequence {f}r in C°°(M) such that fr — f in L'(M)
and var(fy) — var(f), by proposition 2.13. By the L! optimal Poincaré
inequality for convex domains [1, theorem 3.2],

)
VI eZs: ||f — 7r5f||L1(I) < ivarl(f). (4.15)
Hence 5 5
1f = 7sfll o < Z §var1(f) = §Val“(f)-
1€l
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2. Since f + fd\ defines an isometric embedding of L'(M) into the space
M(M) of signed Borel measures equipped with the TV norm, and 1 — 74
extends to M (M) taking

(1 —ms)n =n—E(n|ZLs),

it’s sufficient to prove that |1 — 75| sman—w < 6.

If ni,...,mr € (Mp)1 have disjoint supports and the inequality ||(1 —
ms)nillw < 6||millrv is valid for ¢ € {1,...,k}, then it is valid for any n =
tim + -+ + teng, ti € Ry, The set {0, }zen constitutes of measures with
pairwise disjoint supports. By continuity of the norms, we conclude that, if

(1 = 75)0zllw < 0[|0z]l7v =6 (4.16)

for every x € M, then ||(1 —75)n|lw < §||n|lrv for every n € ch({62}een) =
(Mar4)1. Finally, any n € M(M) can be written as a difference of nonneg-
ative measures with disjoint supports n = n* —n~. We proceed to show
(4.16). Take any d,, € M. We have

(1 —m5)0p = 0, —EN|Z(x)),

where Z(x) is the element of the partition Z that contains z. Hence
11 = ms)aclhw = sup [ (1~ m5)0.)

= sup (6(r) —A(Z(x) " | o).

I(=)
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where the supremum is taken over all 1-Lipschitz ¢ € C°(M). Therefore,
10— m)salw <AEE)T [ e -ylarss
If Z(x) is a cube of side a, then
M@ [ Ja-slaa) <o [ ol dA@).
Z(x) [0,1]"

which suffices to prove the second claim.

3. We have to bound ||(1 — 7s) f[lw () for f such that var;(f) < +oo. It
suffices to consider the case [, f d\ = 0, because both var;(-) and (1—ms) are
translation-invariant. As in the proof of item 1, we can assume f € C*°([).
We have, for any zg € I,

1w = sup /1 f(@)6(x) d\(z) < /I (@)l — o] d,

Lip(¢)=1
We apply the isoperimetric inequality [45, equation (6.41)] and obtain

vary(f)
1Nl Lrrnn iy < TA(B)

where B is the unit ball. Thus
. n 1/n
e < 1 Flgessiay i, ([ 1o = ol axa)

vary(f) . n 1/n
< Wﬂ}gg] (/I|$_$O| d>‘(®‘)> .

4. As in the proof of item 1, we may assume that ps € C*°(M) because

there exists a sequence {ry} in C°°(M) such that r, — pe in L'(M) and
var(ry) — var(pg). Then

V(Nef) = (Vpe) * f € C=(M). (.17
Therefore, by (2.5),

var(Nef) = [[(Vpoe) * fllr < Vel fllr = var(pe) [l (4.18)
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5. Let f € V and consider the sets M* = {v € M : f*(v) > 0}. For each
probability ¢ on M+ x M~ with marginals ¢;= = f* d\, we have

(f+ - f_))‘ = /M+ . 51 - 5y dQ(xay)

Therefore, extending N¢ to My by Nev = (pe)) * v, we have

Ne(Ft A= [ (Ned = Ned,) dafa)

= / [(Tzpe) A — (Type) A dg(x, y)
M+xM-

INeflln < / var(pe)lz — yl da(z,y) < var(pe)| flw,
M+xM—

X

where the estimate ||7,p¢ — Typel| 1 < var(pg) follows from lemma 3.2.1.
Finally, items 6 and 7 are a consequence of items 1, 4 and 2, 5, respec-
tively. O

4.1.2 Main estimates for stationary density

Based on the estimates presented in proposition B, we calculate the terms
that appear in (4.13), thus establishing a bound for the approximation of
the stationary density.

Lemma 4.3. Let w5 be the Ulam projection on a é-partition. Then

(1= 7s) fellpr < Aullfe — foellor + Bu, (4.19)

4] 0 =
A= ifflvar(p), B, = ivar(NgLf).
Proof. We have, using item 6 of proposition B,

(1 —ms) fellpr = [[(1 — 7s) Ne L fe|l 1
< ||(1 = 7s)NeL(fe — f)llz1 + [1(1 — ws) Ne L ]| .1
< |1 = m5)Nellpll fe — Fllzr + 11 — 75l vars 21 var(Ne Lf)

) ~ ) -
< S var(p)lfe = Flle + § var(Ne ). =

We give now the estimates (4.12) for ¢ = 2, 3.
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Assumption 1. We assume T to be piecewise C'T# and monotonic on a
partition {C;} of [0,1], and let T; = T'|¢,. For each L' density g, we let L;g
be the component of Lg coming from the i-th monotone branch, that is,

Lig = L(gx)- (4.20)
In this way, we have Lg = ) . L;g.

Lemma 4.4. Let II be the partition whose elements are given by unions
of k adjacent elements of the partition Iy = {Ii}i-:l mto squares of side
< d0/y/n =:d, where k divides l. Then

INe(1 = ms) Lfell 1 < Asll fe = fllo + B, (4.21)

d
Ao = Gar(og) [ faldA()
[0,1]™
Var] (L; f " /n =
7var pg szl l/n /| | d)\ ,HLif”Ll([)},

Iell
where A(B) is the volume of the n-dimensional ball.

Proof. We can estimate as

INe(1 —ms)Lfellpr < |Ne(1 — ms)L(fe — f)llpr + | Ne(1 — m5) Lf | 11
<|INe(X = 7s)|lpr - ([ fe = fllpy 4 [|Ne(1 — ws) Lf || 11

d - ~
< 5 var(pe)llfe — fllor + [INe(L = 75)Lf|| -

The first term corresponds to As||fe — f||z1. The second term is estimated
splitting the elements of II as follows.

INg(1 = 75) Lf |2 < [ Nellworall (1 = 75)Lf lw

< INellw e Z (1 = ms)Lfx1llwr
Ien

< [ Nellw -1 Z Zmin{Hl — 76 |lvar;sw(r) varr(Li f),
Tenl

11— sl ry HL'fHLl(z)}

Var (L; /n -
< var(pe) szl I f;n /’ " dA\(x 7‘|Lif‘|L1(I)}v

Iell 4

where in the last step we used items 2, 3 and 5 of proposition B. ]
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Lemma 4.5. Let II be a partition as in lemma 4.4. It holds

INems L(1 — ms) fell 1 < Asll fe = fllot + Bs, (4.22)
d
A3 - 2\/ﬁ V&I‘(pg),
d? N
B3 = var(pg) var(Ne L f / x| dA\(z) + min
= 1 (5)(”[01]" Z 5
var(pe) /2 \ .
g T ([ Jeldr )" Vvarr (VL)

where A(B) is the volume of the n-dimensional unit ball.

Proof. We have

[ Nems L(1 — 7s) fell 1t = || Nems L(1 — 7s) Ne Lfe || 11
< ||Nems L(1 — 75) Ne L(fe — f)ll 2 + || Nems L(1 — ) Ne Lf|| 11

Since ||L||;1 < 1, the first term is bounded by

INemslo 0 = m)Nella 1 = Flor < 5= var(oo)llfe = Flos
the second term, by
INeL(1 = 75)NeLf | 1 + [ Ne(1 = m5)[| o | Ll 2|1 = 5 | var—s 1 vax(Ne L f)

d? P
mv&r(pg)var(NgLf) /[0,1]" |z| dA(x).

To estimate ||[Ne¢L(1 — 7T5)N£L]E||L1, we use the following lemma.
Lemma 4.6. For each I €11,

I Zllwy—w = 1T | e (n) (4.23)
Proof. If f = x1f € V, then taking any vy € I,

sup / L(f)odr= sup /N (x1f)(é 0 T) dA

Lip(¢)= Lip(¢)=

/ fo ) 1| ey o — wol) dA(v)

< ||NeL(1 — ) NeLf| 11 +

< |IT" M| ooy /If(U)W — o dA(v) < T o (1 fllw (1)
thus || Lf|lw < [|7"[| e ) l1 flw ) O
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Now we split over the elements I € II.

> IINeL(1 = ms)(NeLf - x1) | 2
Ten

< Z min {HN&HW%Ll ||LHW(I)—>W||1 - 7T5||Var1—>W(I)>

Iell
||1 - 7T5”var1~>L1 }Varl NgLf)
var(pg)/2
< Z { fl/nH "N Lo () / 2™ dA(z , }VarI(Nfo)
proving the statement thanks to the lemma. O

4.2 Estimating the average of observables

Here we discuss how to average an observable h that has a finite number
of singularities in the sense that, outside any neighborhood E of this finite
set, the observable is in L. This is done by approximating [y hfe d\ with
fM\E hfed\ and bounding the error in terms of ||fe — fllp1, [|fellzoo(m)

1Al (z) and [[A]| e (0 E)-

Lemma 4.7. If h € L>=(S) and v € L'(S) has zero average, then
h —inf h
’/ iwdA) < Suwph—mih . e lyTHYT (4.24)
S

Proof. For every c € R,

’/hvd)\‘ < ’/(h—c)vdA‘ +‘/cvd)\‘ < |Ih = ¢l pool|v]| 1,
S S S

because v has zero average. Then ||h — ¢||p > max{|suph —¢|, |inf h — c|}
implies that the optimal bound is obtained with ¢ = (suph + inf h)/2, for
which ||h — ¢||g = (suph — inf h)/2 and we get the desired estimate. [

Corollary 4.1. Let f and f be bounded probability densities on M and
E C M a Borel subset for which the fE fdx= fE fdX. If h is an observable
that is bounded on M \ E, then, for a = (supypph —infanph)/2,

| [nrax= [ nfa\ < Wl o +alf - flu. @29
N M\E
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Proof. We write
}/Nhfdx— M\Ehfd)\‘:‘/Ehfd)\— M\Eh(f—f)dA‘

< Wbl llflm + | [ 0= pax

and apply (4.24) tov=f—fand S= M\ E. O

We proceed to obtain bounds for the term || f| ;e (z) that appears in
(4.25) applied to fe.

Lemma 4.8. Let Z be a partition as in proposition B. For every I € Z,

1 fell oy < INeLFll oo ry + lpellpoe | f = fell - (4.26)

Proof. Since fe = N¢Lf¢, triangle inequality gives

I ellzoery < INeLf |l oo ry + INeL(F = fe)llos(ry
S NeLfllzoo(ry + INell 1o poe [ L(F = fe)ll o

then (4.26) follows because ||Ne¢||p1 00 < ||pgllnoe- O

4.3 Application

We consider a random transformation on the circle, suggested by the be-
havior of a certain macrovariable in the neural networks studied in [31],
modeling the neocortex with a variant of Hopfield’s asynchronous recurrent
neural network presented in [21].

In Hopfield’s network, memories are represented by stable attractors and
an unlearning mechanism is suggested in [22] to account for unpinning of
these states (see also, e.g., [23]). In the network presented in [31], however,
these are replaced by Milnor attractors, which appear due to a combination
of symmetrical and asymmetrical couplings and some resetting mechanism.

The model we consider is made by a deterministic map 71" on the circle
perturbed by a small additive noise. For a large enough noise, its associated
random dynamical system exhibits an everywhere positive stationary density
concentrated on a small region (see theorem C), which can be attributed to
the “chaotic itinerancy” of the neural network. This concept still doesn’t
have a complete mathematical formalization, and deeper understanding of
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the systems where it was found is important to extract its characterizing
mathematical aspects.

In the paper, with the help of a computer aided proof, we establish
several results about the statistical and geometrical properties of the above
system, with the goal to show that “the behavior of this system exhibits
a kind of chaotic itineracy”. We show that the system is (exponentially)
mixing, hence globally chaotic. We also show a rigorous estimate of the
density of probability (and then the frequency) of visits of typical trajectories
near the attractors, showing that this is relatively high with respect to the
density of probability of visits in other parts of the space. This is done by
a computer aided rigorous estimate of the stationary probability density of
the system. The computer aided proof is based on the approximation of
the transfer operator of the real system by a finite rank operator which is
rigorously computed and whose properties are estimated by the computer.
The approximation error from the real system to the finite rank one is then
managed using an appropriated functional analytic approach developed in
[14] for random systems.

The transformation is given by

iy1 =T (z;) + &, (mod 1), where T'(z) = = + Asin(dnz) + C, (4.27)

for A =0.08, C = 0.1 and &, an i.i.d. sequence of random variables with a
distribution assumed uniform over [—£/2,£/2].

The Perron-Frobenius operator (definition 2.1) associated to this system
is given by L¢ = N¢Lo (proposition 2.11),where N¢ is a convolution operator
(4.28) and Ly is the Perron-Frobenius operator of T

&2
Nep(x) =& _gﬂcﬁ(w—t)dt, (4.28)

where ¢(z) = ¢(m(z)) with 7 : R — [0,1) as in subsection 2.2.1.
Since
T'(x) =1+ 4w Acos(4rx), 4rA = 1.005,

T satisfies assumption 1, with 5 = oo and 6 branches. Viewed as an operator
on S', it satisfies the hypothesis of theorem A.

In [6], we verified mixing and calculated the stationary density of the one
dimensional system (4.27) using the numerical tools from the compinv-meas
project [14], which implements the ideas presented in section 4.1. The data
obtained is summarized in table 4.1.
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Figure 4.1: Data plot from Tsuda (2016, apud [6]) suggesting the model we
studied and the deterministic component of (4.27).

We have shown how the numerical approach developed in [14] can be
used to study dynamical properties for a one dimensional random dynamical
system of interest in the areas of physiology and neural networks.

We have the following characterization of the stationary densities of the
system.

Theorem C. For every & > 0 such that the constants obtained by the algo-
rithm, for some § > 0, satisfy

26 n—1
o+ ?Zci(a) <1,
=0

the system (4.27) is mizing, with a unique everywhere positive, locally Lip-
schitz continuous outside a finite set, stationary density f such that f(x) =
flz 4+ 1/2) for x € [0,1/2]. In particular, this holds for the & in the ta-
ble 4.1. The stationary densities obtained by the algorithm are presented in

figure 4.2.

Proof. The condition on the constants implies that (4.10) is satisfied, be-
cause in our case, var(p) = 2; thus the system is mixing. In particular,
it posssess a unique stationary density, by proposition 3.4. This density is
a.e. locally Lipschitz continuous by theorem A, because T'(z) = 0 only for
finitely many points x € [0, 1], and satisfies f(z) = f(z+1/2) for z € [0,1/2]
because T'(z) = T'(z + 1/2) for x € [0,1/2], so that, for any ¢ € L*°([0,1]),
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¢ Econtr Ocontr o > C; 1llapriori lilerr

0.732x 107! 126 0.027 0.05 56.64 0.313x1072 0.715 x 10~*
0.610 x 10~' 167  0.034 0.067 78.66 0.530 x 1072 0.105 x 1073
0.488 x 101 231 0.051 0.1 120.56 0.106 x 10~! 0.184 x 1073
0.427 x 1071 278 0.068 0.14 156.45 0.163 x 10! 0.268 x 1073
0.366 x 10~! 350  0.087 0.19 213.17 0.273x10~! 0.432 x 1073
0.305 x 101 453 0.12 026 307.03 0.523 x 107! 0.813 x 1073
0.275 x 1071 532 0.14  0.32 380.64 0.776 x 107! 0.122 x 102
0.244 x 10~ 596 0.19 041 467.70 0.124 0.202 x 1072
8§ = 2719 used to calculate the invariant density. decontr = 27*: used to find the

estimates in (4.7). dest = 2712 used to estimate the L' error of the invariant density.

Table 4.1: Summary of the L' bounds on the approximation error obtained
for the range of noises &, where kcontr and aeontr are chosen in order to satisfy
(4.7) so that the values a and ) C; obtained through lemma 4.1 attempt
to minimize the error 11err obtained through the algorithm in [14].

denoting by & the periodic extension of ¢ to R,
[ res@owir= [ @) [

= [ 1@ [ 6T +1/2) + w) dote) dr(z)
_ /Lgf(:c)d)(a:+ 1/2) dA = /Lgf(a:—i— 1/2)() dA.

)+ w) dp(w) dA(z)

For the value o + 25—5 > C;, we obtain, in the same order that the values
appear in the table, 0.05, 0.07, 0.11, 0.15, 0.21, 0.30, 0.37, 0.48. Therefore
the condition is satisfied in all these cases. ]

We also studied the system Equation (4.27) in the case that A = 0.07
for the same range of noises (Table 4.2). In Figure 4.3, stationary densities
obtained in this case are shown. We note that the same kind of “chaotic
itinerancy” obtained in the main case is observed.
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Figure 4.2: Approximated stationary densities f¢ 5 for T¢, with § = 2-19 and
A=0.08. (a) £ =0.732x 107 L; (b) £ = 0.488 x 1071; (c) £ = 0.305 x 10~ 1;
(d) € =0.214 x 1071,

¢ Econtr Ocontr o > C; 1llapriori lilerr
0.732 x 10~! 183 0.03 0.059 83.57 0.466 x 1072 0.255 x 1074
0.610 x 10~1 237  0.046 0.089 119.31 0.822x 1072 0.282 x 10~*
0.488 x 107! 332  0.069 0.14 186.80 0.170 x 10~' 0.323 x 10~
0.427 x 1071 406  0.087 0.18 244.95 0.267 x 10~! 0.358 x 10~*
0.366 x 101 494 0.12 025 330.89 0.459 x 107! 0.419 x 104
0.305 x 1071 500 0.3 0.46  419.92 0.974 x 10~! 0.646 x 10~*
0.275 x 1071 596 0.32  0.52 517.97 0.151 0.807 x 10~*
0.244 x 10~1 600 049  0.73 573.04 0.326 0.189 x 103

Table 4.2: Summary of the L' bounds on the approximation error obtained
for the range of noises &, for the system Equation (4.27) with the alternative

value A = 0.07.
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Figure 4.3: Approximated stationary densities f¢ 5 for T¢, with 6 = 2719 and
A=0.07 (a) £=0.732x 107} (b) £ = 0.488 x 1071; (c) € = 0.305 x 10~ 1;
(d) £ =0.214 x 1071
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Conclusion

We have obtained theorem A on the regularity of the stationary density of a
random dynamical system on the torus with additive noise, using elementary
properties of an appropriate notion of BV space. We also proved theorem
B, which provides higher-dimensional generalizations of estimates used to
calculate the approximation error of the stationary density using the method
developed in [14]. Finally, we summarized in theorem C results obtained in
[6] and through application of theorem A.

These results are preliminary and can be further explored in future
works. In the case of theorem A, it is likely that this can be used to de-
termine an L°° bound in approximations of the stationary density, which
should make more precise the “chaotic itinerancy” property, since the error
in the calculated stationary density in theorem C holds only in L!.

In theorem B, we have not investigated optimality of the bounds, which
is important to the speed of the algorithm. Also an actual implementa-
tion would possibly require more sophisticated arguments, because higher
dimensions would require much larger matrices in order to calculate the
contraction rate of the discretized operator on the zero-average space.

In the application, to investigate further “chaotic itinerancy”, it would
be important to rigorously compute Lyapunov exponents and other chaos
indicators and to investigate the robustness of the behavior of the system
under various kinds of perturbations, including the zero noise limit. An-
other important direction is to refine the model to adapt it better to the
experimental data shown in figure 4.1, with a noise intensity which depends
on the point.
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