AFFINE ACTIONS OF A FREE SEMIGROUP
ON THE REAL LINE

VITALY BERGELSON, MICHAL MISIUREWICZ, AND SAMUEL SENTI

ABSTRACT. We consider actions of the free semigroup with two generators on the
real line, where the generators act as affine maps, one contracting and one expand-
ing, with distinct fixed points. Then every orbit is dense in a half-line, which leads to
the question whether it is, in some sense, uniformly distributed. We present answers
to this question for various interpretations of the phrase “uniformly distributed”.

1. INTRODUCTION

Denote the set of all one-sided 0-1 sequences by ¥ = {0, 1} where Ny = {0,1,2,... },
and let X, be the set of all 0-1 sequences of length n (¥, consists of one empty se-

quence). Set
G={J =
n€eNg
When the semigroup multiplication is the concatenation, then G is a free semigroup
with two generators.
Suppose that for some space Y two maps, Ty, 7} : Y — Y are given. For w =
(Wo, W1, -+ -y Wp_1) € X, Write

T, =1,

Then G acts on Y by w +— T,.
Our starting point is the following result, equivalent to Corollary 3.2 of [MR].

Theorem A. Let To(x) = x/2 and Ty (x) = (3x +1)/2, z € Ry = [0,00). Then for
any x € Ry the orbit {T,(x)}wec is dense in R.

O"'OTwloTw()'

n—1

We now consider a somewhat more general setup, where we have one expanding
and one contracting affine transformation of R, with distinct fixed points. Any pair
of such transformations may be brought into the form 7y(x) = az and Ty (x) = bz +1,
where 0 < a < 1 < b, by conjugating via an affine map. Therefore we will assume
from now on that 7y and 7} have such form.

Both Theorem 3.1 and Theorem 3.4 of [MR] imply Theorem A. However, the
proof of Theorem 3.1 of [MR] cannot be generalized for all T and 77 as defined in
the preceding paragraph, since it requires rational independence of loga and logb.
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Fortunately, one can repeat almost verbatim the proofs of Lemma 3.3 and Theorem 3.4
of [MR], which gives the following result.

Theorem B. Let To(z) = ax and Th(x) =br + 1, z € Ry =[0,00), where 0 < a <
1 <b. Then for any x € Ry the orbit {T,,(x)} e is dense in Ry.

Theorem B naturally leads to the following question.

Question. Is it true that under the assumptions of Theorem B every orbit is uni-
formly distributed in R, ?

One of the problems with this Question is, of course, the vagueness of the phrase
“uniformly distributed”. Indeed, while in the classical theory of the uniform dis-
tribution of sequences modulo one (see, e.g., [KN]) the sequences are conveniently
indexed by the ordered set N = {1,2/3,...} and belong to the “nice” compact space
T = R/Z, none of these ingredients is present in our situation.

As we shall see, there are various natural approaches to interpreting and answering
our Question, each revealing an interesting facet of the situation at hand.

One possible approach would be to inquire whether one can order the elements of
our semigroup G in some way, say (g;)icn, so that for some probability measure' p
on R, = [0, 0], one has

1
(1.1) lim —

lim = f(Ty (@)= | fdu

i=1 R+

for every € R, and every f € C(R,), where C(R,) is the space of all continuous
real functions on R,. While a priori it is not clear at all whether one can find such
ordering of GG and such measure p, the following theorem shows that, actually, a much
stronger result holds.

Theorem C. For any probability measure on R there exists a sequence (g;)ien of
elements of G' (which can be chosen in such a way that it exhausts G ), such that (1.1)
holds for any x € Ry and any f € C(Ry).

We will now describe another approach, which is, in our opinion, much more nat-
ural, since it takes into account the structure of the acting semigroup.

By extending Ty and T} to continuous maps of the one-point compactification R
of R, by the rule To(oco) = Ti(00) = oo (and keeping the notation Tp, 77 for these
extensions), we obtain an action of G on a compact space R,. Let M (respectively
M) denote the space of all probability measures on R, (respectively R, ).

A possible approach to answering our Question is to look for a measure y € M
such that the natural (from the point of view of ergodic theory) averages

ﬁ S AT ()

WEX,

converge to / f dp for every f € C(R,) and every = € R,.
R4

A priori, it is not clear whether such measure p exists. A possible candidate for

such p would be a measure that is g-invariant for any g € GG. However, it is easy to see

1By a probability measure we will always understand a Borel probability measure.
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that there are no such nontrivial measures in our situation. Indeed, since T3(x) > x
for every # € R, already the only T}-invariant measure in M is 0. It therefore
comes as a pleasant surprise that (under an additional assumption on a and b) such
a measure exists and can be described quite explicitly.

Theorem D. If, in addition to our standard assumption that 0 < a < 1 < b, the
parameters a,b satisfy ab < 1, then there exists p € M such that for any f € C(R,)
and any x € Ry one has

1
(1.2) lim

n—00 |En|

S f(Tu@) = | fdp

wGEn R+

It turns out that when ab > 1 then the averages in (1.2) converge to f(co). However,
as we will see, a natural weighted version of Theorem D holds under much more general
assumptions. In order to give a precise formulation of this result, we have to introduce
additional definitions and notation.

Let 0 : ¥ — X be the full one-sided shift, i.e. (0(®)), = w41 for any @ = (w;)ien, €
Y. Set X = ¥ x R, and denote by m; and m, the projections of X onto ¥ and
R respectively. Let N denote the space of all probability measures on ¥. Define
7: X — X as the skew product

T(w,z) = (0(@), ).

A similar approach to investigation of actions of free semigroups has been used for
instance by Sumi [S].

Definition 1.1. Let v be a o-invariant probability measure on . We will say that
a measure ;i € M is invariant for (T, Ty, v) if there exists a T-invariant probability
measure » on X such that the projection (m).(s¢) to N is v and the projection
(2)4(5¢) to M is p.

Note that by choosing in this definition u € M (rather than u € M) we exclude
the case u = 0, although » = v X d is always 7-invariant and projects to v and
Doo-

It makes sense to speak of the Lyapunov exponent of v, when we look at the
derivative of 7 in the direction in which it exists, that is, in R,. The derivatives of T}
and 717 are constant and equal to a and b respectively. We thus define the Lyapunov
exponent A(v) of an ergodic o-invariant measure v € N as the integral of the function
which equals to Ina on Cy and Inb on Cy, where C; = {w € ¥ : wy = i}:

A(v) =v(Cy)Ina+ v(Cy)Inb.

Theorem E. For any ergodic o-invariant probability measure v € N there exists a
probability measure invariant for (Ty, T1,v) if and only if A\(v) < 0. If such a measure
w exists, then it is unique and for every f € C(R,) and every x € Ry one has

nh_{go Z v(C,)f(Tu(x)) = B [ du,

wezn ]R+

where for w = (wo, w1, ..., wp-1), Co ={w €X: (®); =w;,i=0,1,...,n—1}.
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The issue of what happens (from the point of view of our Question) when A(v) > 0,
remains not fully resolved. One can show that the weighted averages which appear
in Theorem E converge to f(oco). This leads to a suspicion that there is an infinite
measure on R, which is “responsible” for the statistical behavior of G-orbits. We do
not address this issue here.

We also have an interesting addition to Theorem E, which deals with, so to say,
individual paths of points.

Theorem F. Assume that v € N is o-invariant, ergodic and satisfies Alv) < 0.
Then for v-almost every © = (wy,ws,...) € X and for every f € C(R,) and z € R
one has

im =S fe) = [ fan,

i=0 Rt
where Tn, = T(wgw,..won_1)(®) and p is the unique measure invariant for (Ty,Th,v).

One more way of addressing our Question is to inquire whether for some o-invariant
ergodic measure v € N the corresponding (T, 71, v)-invariant measure y is absolutely
continuous with respect to the Lebesgue measure. We prove the following result.

Theorem G. For every v > 1 there exists a o-invariant ergodic probability measure
v, € N with negative Lyapunov exponent, for which the corresponding (Ty, T, v.)-
invariant measure [, 15 absolutely continuous with respect to the Lebesgue measure
and the support of i, is the union of finitely many intervals whose convex hull is

[%1, 1. In particular, piy, # ps for v # 0, 7,6 > 1.

The case when v is (p, 1 — p) Bernoulli is of a special interest and needs a separate
discussion. If we assume that a?b'™? < 1 then A\(v) < 0, and so the (Ty, T}, v)-
invariant measure p exists. If, in addition, G acts effectively (that is, w # " implies
T, # T,) and a’b'? > pP(1 — p)' ™7, then the formal computation of the Hausdorff
dimension of u, which does not take into account the overlap of the images of R
under Ty and 77, gives result larger than 1. In such a case it is widely conjectured
that p should be absolutely continuous with respect to the Lebesgue measure (see,
e.g., [PSS]). Unfortunately, the existing techniques which could be used to prove this,
at least for typical values of a and b (e.g. [SSU], [T], [R]), use strong assumptions
which cannot be easily checked in our case. As a matter of fact, we believe that the
above conjecture is false in our situation.

On the other hand, even without assuming that G acts effectively, we can prove
the following interesting property of pu.

Theorem H. Assume that v is (p,1 — p)-Bernoulli with A\(v) < 0. Then the
(To, Th, v)-invariant probability measure 1 on R, is the image of the Lebesgue measure
under an increasing map from [0,1) onto R, which is Holder continuous with the
same exponent on each compact interval.

A property of this type is ubiquitous in the theory of dynamical systems. For ex-
ample, any conjugacy between diffeomorphisms on compact hyperbolic sets is Holder
continuous (Theorem 19.1.2 of [KH]). Therefore, the measure with maximal entropy
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for any Anosov diffeomorphism on a torus is the image of the Lebesgue measure under
a Holder continuous homeomorphism of the torus.?

The paper is organized as follows. We deal with Theorem C in Section 2, with
existence of (Tp, T}, v)-invariant measures in Section 3, with Theorems E and F in
Section 4, with Theorem G in Section 5, and with Theorem H in Section 6. When
stating the results in those sections, we use a slightly different language, which em-
ploys the notion of the weak-* convergence of measures.

2. IF ONE DISREGARDS GENERATORS. ..

Let us consider the maps Ty, T} and the semigroup G defined in the introduction.
It is a well known fact (see for instance Theorem 2.2 of [MR]) that if « = 1/2 and

= 3/2, then the action of G is effective. In fact, it is easy to see that the set of (a, b)
for which this action is effective contains the complement of a union of countably
many algebraic curves. Indeed, if the action of G is not effective, then there exist
distinct words w and w’ such that T, = T,,. In particular 7,,(0) = 7,,(0) and this is
a polynomial equation in a, b.

Remark 2.1. While rational independence of the logarithms of a and b seems to
play a crucial role for effectiveness of the action of G, it is not sufficient for it. For
instance if a = 1/2 and b = 4/3 then Tioo01 = To1100, hence the action is not effective.

The following theorem (together with Remark 2.5) is equivalent to Theorem C.

Theorem 2.2. For any p € M there exists a infinite sequence (g;)2, with g; € G
such that, for any point x € Ry we have

1 & .
(2.1) - Z(SW SN
=1

* =
where — denotes the weak-* convergence in R.

For the proof of this theorem we will need to adapt Lemma 3.3 and Theorem 3.4
of [MR] to our more general setup with Ty(z) = ax and Ti(x) = bxr+ 1, with 0 < a <
1 < b. The proofs are the same as in [MR].

Lemma 2.3. Let m be the number of 1’s in w = (wp,...,wn_1) € G of length n.
Assume that x < M and for every k < n we have T, o...o0T, (x) < M. Then

T
bM?2

Theorem 2.4. Given x,y > 0 and & > 0, there is w = (wo,...,wp_1) € G such that
T,(z) — y| <e. Moreover

>(m—1)

anfmbm -

min(z,y —e) <T, o...0T, (z) <K

for every k < n where K is a constant depending on x and y.

2The authors thank Anatole Katok for pointing this out.
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Proof of Theorem 2.2. For any measure p € M there exists a sequence (a;)°; of
points a; € Ry such that the averages of the Dirac delta measures d,, at a; converge

to u:
1 & .
5 20 =
n =1

Observe that {Ty(1)} ., = Ry by Theorem 2.4, and together with Lemma 2.3, this
implies that for any i there exists g; € G with

1 1
(2.2) T,.(1) — a;] < H and T, < T

Thus, for any z € R, we have
1 1
T, () — ] < Ty () = T (D] + 1T (1) = ] < 3o — 1]+ 7 = 0.
as i — oo. This implies (2.1). O

Remark 2.5. Observe that if 31" | a; — a for some infinite sequence (a;)32; and Gy
is a sequence obtained from (a;)2, by inserting additional elements from a bounded
sequence at sufficiently rarefied times, then %Z?:l a; — a. Therefore the sequence g;
in the statement of Theorem 2.2 can be chosen so as to erhaust the semigroup G.

Note that the proof of Theorem 2.2 relies strongly on the contraction property (2.2)
of the action of G on R,. The following example shows that without this property
the situation may be different.

Example 2.6. Let T,.(x) = x+r and consider the semigroup H of rational translations
{T,(x), r € Q.} acting on Ry (with oo +r = o). For any probability measure p
concentrated on R, and any infinite sequence of elements h; € H there exists at most
one x € Ry for which

I .
2.3 — D 07, (a
( ) n ; Thz‘( ) — U
Proof. Assume there exist x < y € R, such that

1 1
lim — ZdThi(‘”) = lim — Z 6Thi(y) = L.
i=1 i=1

n—oo M, n—oo 1,

Since Ty,y = Tp,x + (y — x), the sequence (2.3) with z replaced by y converges to the
measure p shifted by (y — z), so u is invariant with respect to the shift by (y — x).
However, there exists an interval I of positive measure p and length less than (y — ).
Then pu(I +k(y —x)) = u(I) for all k£ > 0, so u(R;) = oco. This is a contradiction, as
[ is a probability measure. 0

3. EXISTENCE AND UNIQUENESS OF INVARIANT MEASURES

In Ergodic Theory one usually considers invariant measures. As we explained in
the Introduction, requiring the measure to be invariant for each T, is too strong.
Therefore, we adopt Definition 1.1, which takes into account the particular structure
of G as a semigroup with two generators.
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Note that in the theory of iterations of random maps (see, e.g., [KL]) one often
encounters a definition of invariant measure similar to our Definition 1.1. This is also
the situation in the theory of Iterated Function Systems (IFS; see, e.g., [BE], [DF],
[NSB] or [PSS]), except that the maps T, are applied in the reverse order. Hence,
instead of considering the measure v, we should, in the IFS case, consider the “dual”
measure. By a dual measure we mean the projection to the space of measures on
the negative coordinates of the natural extension of v as in Section 5. When v is a
Bernoulli measure, then it is naturally “isomorphic” to its dual.

Often, in the theory of random iterations and in IFS only Bernoulli measures v are
considered. While this approach can be easily justified, from a purely mathematical
point of view all non trivial ergodic invariant probability measures v are equally
interesting (this approach is also adopted for instance in [PSS]). This motivates our
Definition 1.1.

We want to show that measures invariant for (Ty, 77, v) are unique if they exist. We
start by proving that our system is contracting in the sense revealed by the following
lemma.

Lemma 3.1. Fix z,y € Ry and @ = (wo,w1,...) € X. Set xg = x, yo = y and by
induction x,1 =T, (x,) and ypi1 = T, (yn). Then

. o ()

Proof. We consider another system smoothly conjugated to (Tp,77). This conjugacy
gives us a new metric on the positive real half-line, which enables us to control the
estimates related to the contracting properties of the system more efficiently.

The conjugacy is via the logarithmic function: instead of x € (0, 00) we consider
t =Inx € R. Let Ty and T} be conjugate to Ly and L; respectively. Then Ly(t) =
In(ae’) = t+ Ina and Lyi(t) = In(be’ + 1). We get Li(t) = 1 and L} (t) = be'/(be' +
1) < 1, so both maps are Lipschitz continuous with constant 1. This shows that
|Inz, 1 —Iny,q| < |lnz, —Iny,| for all n. In particular, if one of the sequences z,,
yn converges to 0 or 0o, so does the other one.

Assume that x, and y, do not converge to zero or infinity. Then there is M such
that for infinitely many n’s we have Inx,,Iny, < M and w, = 1 (we use here the
assumption that a < 1). For each such n we get

beM
beM +1°
Since beM /(be™ + 1) < 1, this proves that lim,, . |Inz, —Iny,| = 0. In order to get
1/(1 + ) from Inz we apply the map ¢ — 1/(1 + €'). The derivative of this map is
—e'/(1+4€')% However, since (1+¢')? —4e! = (1 —¢")? > 0, the absolute value of this
derivative is not larger than 1/4. Therefore |1/(1+x,)—1/(1+y,)| < 1/Inz, —Iny,),
o (3.1) holds.

If both z, and y, converge to 0 then 1/(1 + z,) and 1/(1 + y,) go to 1, so (3.1)
holds. If both x, and y, converge to oo then 1/(1 + z,) and 1/(1 4+ y,) go to 0, so
(3.1) also holds.

Since we started by taking logarithms of x and y, there remains the case when one
of these numbers is 0. However, then either all w,,’s are 0, and both z,, and v, go to

|1I15L'n+1 - lnyn+1| S |1I1[En - 1nyn| :
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zero, or there is n such w, = 1 and we can apply the main part of the proof to z, 1
and y,.1 instead of x and y. This completes the proof. 0

Now we can prove the following theorem.

Theorem 3.2. For any ergodic o-invariant probability measure v there is at most
one T-invariant probability measure »x on X = ¥ X Ry, other than v X 0, whose
projection to N is v. This measure s, if it exists, is ergodic.

Proof. If such a measure s exists and is not ergodic, each of its ergodic components
is also T-invariant and projects to v. Therefore it is enough to prove that there is at
most one ergodic measure s satisfying the assertions of the theorem.

Suppose that there exist two such ergodic measures, s; and 7. For ¢+ = 1,2 and
v-almost every @ € ¥, there are generic points of s in {w} x R,. Take such @ € ¥
and 1, e € Ry such that z; = (0, ;) is generic for s, i = 1,2 (note that z; # oo,
since 7; # U X 0s).

The metric d(z,y) = |1/(1 + z) — 1/(1 + y)| is compatible with the topology of
the compactification R, of R, , so we may use it for measuring of the distance be-
tween two points of X having the same projection to . By Lemma 3.1 we have
lim d(7"(z1),7"(22)) = 0 and thus lim |o(7"(21)) — @(7"(22))| = 0 for any contin-
uous real function ¢ on X. Since z; is generic for s, (i = 1,2), this implies that
[ @dse; = [ ¢dse. Since this holds for all ¢, we get s = . O

Corollary 3.3. For any ergodic o-invariant probability measure v, there is at most
one probability measure invariant for (Ty, Th,v).

We now investigate when such a 7-invariant measure exists.

Theorem 3.4. For any ergodic o-invariant probability measure v there exists a prob-
ability measure invariant for (Ty, T1,v) if and only if the Lyapunov exponent \(v) is
negative. If such a measure u exists, then it is unique and the sequence of measures

n—1
1
(32) Ay = ﬁ E 5Tk(z),
k=0

where z = (0, x), converges for v-almost every w € 3 and every x € Ry to a unique
T-invariant measure »x whose projection to M s pu.

Proof. Suppose first that the Lyapunov exponent A\(v) of v is negative, but there does
not exist any probability measure invariant for (7y,77,v). Let @ € ¥ be a generic
point of v, and set z = (w,1) € X.

Suppose that the sequence of measures (3¢, )nen, given by (3.2) with z = 1, does
not converge to v X o (in the weak-* topology). Then there is a subsequence of
the sequence (77,)22; which converges to some other measure s. By the standard
argument (as in the standard proof of the Krylov-Bogolubov Theorem, see, e.g. [W],
Theorem 6.9), the measure 3¢ is 7-invariant. Since @ is a generic point of v, the
projection of s to A is equal to v. Note that ¥ x {oo} is T-invariant and v X 0 is
the only invariant measure concentrated on this set and whose projection to N is v.
Therefore our measure s has to be an affine combination of v X d, and ¢/, where
is an 7-invariant probability measure concentrated on > x R, and its projection to
N is v. In this affine combination the coefficient of ¢ is non-zero since we assumed
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that s # 1 X 6. Hence the projection of 5 to M is a probability measure invariant
for (Ty, T1,v). This contradicts the assumption that such a measure does not exist,
thus proving that the sequence (3¢,)°; must converge to v X 0.

Since the Lyapunov exponent of v is negative, there exists n > 0 such that
v(Co)Ina + v(Cy)In(b+n) < 0. Set M = max(1/a,1/n) > 1. For every positive
integer n define

A, = {ke{0,1,...,n—1} : m(7%(2)) > M and m(7%(2))o = 0},
B,= {ke{0,1,...,n—1} : m(7%(2)) > M and m(7%(2))o = 1},
D,= {ke{0,1,....n—1} : m(7%(2)) < M}.

These sets form a partition of {0,1,...,n — 1}. Now fix n and set oy, = Inmy(7%(2))
ifke A, UB, and o, =0 if k € D,,. Let us estimate a1 from above.

If £ € A, then either a1 = ax + Ina or agy,y = 0. In the second case, since
ar > InM and M > 1/a, we get ayy1 < ap + Ina; clearly this also holds in the first
case.

If k € B, then, if z = m(7%(2)), we have ap = Inx and oy = In(bxr + 1) =
Inz +1In(b+ 1/x). Since x > M > 1/n, we get agi1(x) < oy + In(b+ 7).

If k € D,, then, with the same notation, x < M, so oy, = 0 and a1 < In(bx+1) <
In(bM + 1). Therefore g, 1(x) < oy + In(bM + 1).

Summing everything and taking into account that ag = 0 (because M > 1), we get

n—1 n—2 n—1
o= o1 <> g+ Ayl -Ina+|By| - In(b+n) + Dy - In(bM + 1).
k=0 k=0 k=0
Therefore
A B D
Mlna—l— Mln(b—i—n) + |Dn| In(bM + 1) > 0.
n n n

However, as n — 00, 7, goes to I/ X 0, and hence, |A,|/n goes to v(Cy), |B,|/n goes
to v(C1), and |D,|/n goes to 0. Therefore we get

v(Co)Ina + v(Cy)In(b+n) >0,

contrary to our choice of 1. This proves that if the Lyapunov exponent of v is negative
then there exists a probability measure p invariant for (7y, T, v).

Uniqueness of i follows from Corollary 3.3 and uniqueness of s from Theorem 3.2.
This shows also that s is ergodic.

If z is a generic point of s, the measures s, given by (3.2), converge to ». By
Lemma 3.1, if this holds for some z = (@, x), it holds also for 2/ = (@, ') for every
x' € R,. Therefore it holds for v-almost every w € ¥ and every = € R, .

Suppose now that the Lyapunov exponent of v is non-negative, but there exists a
probability measure invariant for (Tp, 7%, v). This measure is the projection to M of
some T-invariant measure s on X whose projection to A is v. In particular, s is
concentrated on ¥ x R,. Let 2/ = (0, y) € X be a generic point of .

Our assumptions imply v(Cy) > 0, since v(Cy) = 0 would imply A(v) = Ina < 0
leading to a contradiction. So there exists M’ > 0 with (X x {M'}) = 0 and
»#(Cy x [0, M']) > 0, which means that we can choose an arbitrarily large n such that
(T (Z)) < M.
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Now we make a construction very similar to the one from the proof of the first
implication. The definitions of the sets A/, B/, and D! and the functions o) will be
very similar. Namely, fix some M’ and n as above and set

A= {ke{0,1,....n—1} : m(7%(2')) = 0},
B = {ke{0,1,...,n—1} : m(7%(2")) < M" and m (7%(2"))o = 1},
D= {ke{0,1,....n—1} : m(7%(z")) > M’ and 7 (7%(7))o = 1}.

Again, those sets form a partition of {0,1,...,n — 1}.
Set o = Inmy(7#(2)) for all k € {0,1,...,n—1}. Let us estimate o, from below.
If k € A, then o, = o}, + Ina.
If k € B), then, if x = m(7%(2)), we have o), = Inz and o}, = In(bz + 1) =
Inz+In(b+1/z) > af +In(b+ 1/M").
If k € D;, then, with the same notation, o), = In(bx + 1) > Inbx = aj, + Inb.
Summing everything we get

n—1 n—2
r / /
o = oyt Qi1
k=0 k=0

S
—

Vv

a,+ayg—a,_+|A|-Ina+ |B,|-In(b+1/M') + |D;| - Inb.
0

B
Il

Since oy = Iny and «/,_; < In M’ by our choice of n, we get

/ B/ D/
MlncL—i— Mln(b—i— /M) + D] Inb+

Iny — In M’
r=nl —= <
n n n n

0.

As n — oo (along a suitable subsequence), |A!|/n goes to v(Cy), |BL|/n goes to
#(Cy x [0, M']), |D.|/n goes to »#(Cy x (M’',00)) and (Iny — In M")/n goes to 0, we
get

v(Co)Ina + »(Cy x [0, M'])In(b+ 1/M") + 3(Cy x (M',00))Inb < 0.
By assumption A(v) = v(Cy) Ina + v(Cy) Inb > 0, hence

0 < v(Co)lna + (%<01 % [0, M) + 5(Cy x (M, oo)) Inb
and the last two equations yield
2(Cy x [0, M) In(b+ 1/M") < 3(Cy x [0, M']) Inb.

This contradicts our choice of M’, thus completing the proof. O

4. ERGODIC PROPERTIES OF INVARIANT MEASURES

Recall that the elements of the semigroup G are 0-1 sequences w = (wy, . .., wWn—1),
n € Ny. Denote the cylinder consisting of all elements of ¥ whose first n positions
coincide with w by C, and write z, = x(w) =T, _, o--- o T, (x). For © € ¥ denote
the cylinder whose first n positions agree with the first n positions of w by CZ and
write x, = z,(w) =T, , 00T, (). In particular, 0,,(w) means z, () with z = 0.
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In the case of a (semi)group with a single generator T, Birkhoff’s Ergodic Theorem
can be restated in the following way. If a measure p is invariant and ergodic, then
for p almost every point x we have

1 n—1
- Z Tf(@) — K
n =0

We would like to obtain similar results for our semigroup G. What was a single
element 7" in the semigroup with one generator now becomes a whole “sphere” ¥;
and thus, before averaging with respect to i, one should also take the average over this
sphere. Luckily, it turns out that after averaging over the sphere using appropriate
weights, we do not need to average over 1.

We start with a simple lemma. For any z,y € R, write

1 1
d(z,y) =

(L+z,)  (1+ya)
and ¢, (@) = d(2(0), yn(@))-

Lemma 4.1. For any probability measure v on 3, any n > 0 and any x,y € R, we
have

lim Z v(C) = lim v({o € ¥ : ¥,(0) > n}) =

T e @)z e

Proof. By Lemma 3.1, the sequence of functions v,, converges to 0 for any x,y € R,
so it converges to 0 in measure. 0

Theorem 4.2. Assume that v is an ergodic o-invariant probability measure with
Av) < 0. Then for every x € Ry the sequence of measures

Hn.z = Z V(Cw)(sTw(x)
u}EZn

converges (in the weak-* topology) to the (Ty, T, v)-invariant measure .

Proof. Given € > 0, we choose M such that M > x and p([0,M]) > 1 —¢e. By
Lemma 4.1, for every 1 > 0 there exists N such that if n > N then

v({w e X : d(0,(®), M,(@)) > n}) <e.
In other words, if

B, =| J{C.: w € %, d(T,0, T, M) < n}
then v(B,) > 1 — ¢ for every n > N. Therefore,
(4.1) »%(By, x [0, M]) > 1 — 2e.

For a continuous function ¢ : R, — R, let ® = p o m,. Then

/gpd,u—/CI)d%.

Set 56, = 71 (5|, x[o,m))- Since » is invariant, we have by (4.1)

‘/CD d%n— @d%‘ ‘/cbd (3¢l xronBaxo)) ) | < Nl - 2e.
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If we denote by >’ the sum over those w € ¥,, for which C,, C By, and by > " the
sum over the rest of w € ¥,,, we get

CDd%n:/ Do7" di= '/ ®or" dsx
/ X [0,M] Z wx[0,M]

and

/ iy = 3 (L) p(Tr) = 37 w(Cl) o(Tur) + 37 w(CL) p(Tuw),

WEX,

where

> v el < el - 32" v(C) < el <.
Therefore

§3E'HQOH+Z/ /c [OM](I)OTn d»x —v(C,) (T, x)|.
UJX 9

Since ¢ is uniformly continuous, for every € > 0 there exists n > 0 such that, if
d(z,y) < n then |p(x) — ¢(y)| < e. By the definition of B, if n > N, then for any
o' € C, € B, and any z,y € [0, M] we have

(@ o)W, y) = p(Tor)] = lp(Toy) — w(Tur)| <&

We then get for the sum on the right-hand side of (4.2) the following estimate:
>
Thus, for n > N we have | [ ¢ du — [ ¢ dpn| < e(3[l¢]|+1). Ase > 0 can be chosen

arbitrarily this proves that lim,, . [ @ dpun . = [ @du. As this holds for every ¢, the
proof of the theorem is complete. O

SE-Z’ v(C,) <e.

/ B o ds— v(Cy) o(Tor)
Cu x[0,M]

One can also mimic Birkhoff’s Ergodic Theorem in another way. Namely, choose
one sequence w € X and average 0, () where ¢ ranges from 0 to n — 1. Note that this
is a similar procedure as in Theorem 2.2, but here we use the structure of G given
by its generators. Therefore we get a different result, which is a direct consequence
of Theorem 3.4.

Theorem 4.3. Assume that v is an ergodic o-invariant probability measure with
Av) < 0. Then for v-almost every @ € ¥ and every x € R the sequence of measures

1 n—1
=0

converges (in the weak-* topology) to the (Ty, Ty, v)-invariant measure fi.
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5. ABSOLUTELY CONTINUOUS INVARIANT MEASURES

In the theory of Dynamical Systems, measures that are absolutely continuous with
respect to the Lebesgue measure are of special interest. As we mentioned in the
Introduction, we do not know whether certain particular measures are absolutely
continuous. Nevertheless, we can show that for some c-invariant measures v there
exist (T, T, v)-invariant measures that are absolutely continuous.

For any 7 > 1, consider that map defined by

Tyl (z) =2 if 1 <o <oy
(5:1) Tw) = {To‘l(x) 1 g b< <2
1 b ﬁy ST > a’

and let Iy = [11,9), 1 = [y,2] and I = I, UL, = [+, 2]. We want to find an
absolutely continuous 7T-invariant measure and investigate its properties. For this,

we need the following theorem.

Theorem 5.1. Let p < v < q be real numbers and let S be a map of J = [p, q| to itself
such that both S|y, ) and S|(,q extend to monotone C* maps on the closed intervals
[p,v] and [, q| respectively. Assume that there exists n such that S™ is piecewise
expanding. Then there exists a unique probability measure p on J which is invariant
for S and absolutely continuous with respect to the Lebesgue measure. The measure
1s ergodic and its support is the union of finitely many intervals, one of which contains
v wn 1ts interior.

Proof. By results of Lasota and Yorke [LaY] and Li and Yorke [LiY] (see also [BG])
there exist absolutely continuous probability measures p1, ..., g, £ > 1, invariant for
S™, ergodic, having mutually disjoint supports and such that every absolutely con-
tinuous probability measure, invariant for S™, is a convex combination of uq, ..., .
Moreover, the support of each p; is the union of finitely many intervals, one of which
contains a discontinuity of S™ or of its derivative in its interior. Note that such a
discontinuity is a preimage of v under S7® for some 0 < j(i) < n and the measure
530) (1;) thus contains «y in the interior of its support.

Since S™ commutes with .S, any measure S, (y;) is an absolutely continuous proba-
bility measure, invariant and ergodic for S™, Therefore S, maps {1, ..., pux} to itself.
Since each p; is fixed by S}, this map is a bijection. Only one of these measures
may contain vy in the interior of its support, hence all Sﬁ(i)(,ui) must be equal. This
measure belongs to the S,-orbit of each p; and therefore all p; form one orbit of S,.

Set p = % Zle wi. All the properties of i from the statement of the theorem follow
directly from the properties of the pq, ..., ux described above. 0

We get

Corollary 5.2. For any 0 < a <1 < b and v > 1 there exists an absolutely continu-
ous T-invariant probability measure with the properties listed in Theorem 5.1.

Proof. From Lemma 2.3 it follows that there exists n such that T™ is piecewise ex-
panding. We then apply Theorem 5.1. 0

Let p: X — X be the skew product map p(@,x) = (o(@), T, (z)).

wo
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Lemma 5.3. Given a T-invariant probability measure p, there exists B C X and
a p-invariant probability measure »x on B such that (me).«(2) = p and (p|g, ) is
isomorphic to (T, ).

Proof. For x € I consider the itinerary map ¢ : I — ¥ with ¢(z) = (wo, w1, ...) € X,
where wy, = i if T*(z) € I; (for k > 0 and i € {0,1}). This map is a Borel map and
its graph B = {(¢(x),z) : € I} is a Borel set in X, and the projection ms|p is a
bijection between B and /. Thus a measure p can be transported to B by the inverse
bijection and we obtain a measure » on B C X. By construction (m).(2) = p. We

have
mo(p(p(r),x)) = T () = T(ma(p(2), 7)),
so (m2)s is an isomorphism between (B, p,s) and (I,T, ). In particular, s is p-

invariant. O

Denote by ;s the space of all infinite two-sided 0-1 sequences

5: (...7572,571750,51,£2,...).

Lemma 5.4. Given an ergodic T-invariant probability measure u, there exists an
ergodic o-invariant probability measure v on ¥ such that p is invariant for (Ty, Ty, V).

Proof. Let us look at the natural extension (inverse limit) (X,7,3) of the system

(X, p, ) constructed in Lemma 5.3. The space X consists of all sequences of pairs
0@ 49 for which

=—00)

5.2) P00, yV) = (@Y, )
i=—1,-2,...). The map p is given by

5.3) P, (@72, ) (@Y ), (@O, y )
= (., @Dy (@@, y @), (o(@), T ().

Wo

Condition (5.2) is equivalent to the pair of conditions

(5.4) o(@®) = oty

and

(5.5) T4 (y) = .
0

Sequences (@™)%____ of elements of ¥ satisfying (5.4) can be identified with doubly
infinite 0-1 sequences £ by ©¥ = (&, &41,...). Then (5.5) becomes

Té_,l (y(i)) _ y(i—H) ‘

This is equivalent to Tg, (y(*Y) = y@). Therefore, once £ and y are given, all @
are uniquely determined and become redundant. This means that the space X can
be written as ;s x Ry, and then p becomes the skew product

p(&y) = (0(6), T, (v)-

Note that although ngl(y) is not defined everywhere, it is defined ¢-almost every-
where, and this is sufficient for our purposes.
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The inverse of p is given by
P& y) = (078, Teu (v)).
Therefore 7 is a factor of p ~! under the projection 7 : X - X , given by

ﬂ-(gv y) = ((€-1.6-2, ... ), 9).

Hence, 3 = m,(3) is a T-invariant probability measure.

By Lemma 5.3, (m2).(3¢) = p. Therefore for every measurable set A C R we have
(A) = (X x A). Clearly, (3 x A) = 3(3;s x A). This proves that the projection
of 3¢ to the space of probability measures on the second coordinate of X = s X Ry
is p. Hence, (m2).(3¢) = p. Therefore, if v = (m1).(3¢), then p is a (T, T3, v)-invariant
measure.

Since p is ergodic for T', by Lemma 5.3 s¢ is ergodic for p. Therefore 7 is ergodic
for p, so 3 is ergodic for 7, so v is ergodic for o. OJ

We can now state the main result of this section.

Theorem 5.5. For every v > 1 there exists a o-invariant ergodic probability measure
vy € N with negative Lyapunov exponent, for which the corresponding (Ty, T, v, )-
invariant measure i, 15 absolutely continuous with respect to the Lebesque measure
and the support of p., is the union of finitely many intervals whose convex hull equals
(2 2], In particular, fey # s for v # 0, 7,0 > 1.

b 7a
Proof. The existence of v, and p.,, follows from Corollary 5.2, Lemma 5.4 and Theo-
rem 3.4. Observe that by Theorem 5.1 v is contained in the interior of the support
of y1,. Since T(y) = %7 and lim, ., T(z) = 2, the endpoints of I are contained in
the support of p,. As the support of 1, is contained in I, its convex hull equals 1.

All other properties of p., follow from Corollary 5.2. 0J

6. INVARIANT MEASURES OVER BERNOULLI SYSTEMS

Let us see how Definition 1.1 works in the classical case when the system (o, %, v)
is Bernoulli.

Proposition 6.1. Assume that v is Bernoulli. If a T-invariant measure s projects
to v, then 3 = v X u for some measure (.

Proof. We have s = 3114325 where 371 is concentrated on X xR, and sz is concentrated
on ¥ x {oo} (one of these measures may be zero). Since ¥ x {oo} is 7-invariant,
the measure sz, is 7-invariant. Together with the ergodicity of v this implies that
2y = C-V X 0 for some constant c. Therefore it is enough to consider s = 5. Thus
we assume that s is concentrated on X x R,.

Observe first that the measure 7.(v x d,) is a weighted average of the measures
v X 01, and v X 07, (here we use the assumption that v is Bernoulli). Therefore, for
any measure g1 on R, the measure 7, (v x ;) is of the form v x p, for some measure
M2 O1l K+.

By Theorem 3.4, for almost every w € X, the sequence of measures s, given
by (3.2) with x = 1 converges to ». Integrating those measures with respect to
v and applying the Lebesgue Dominated Convergence Theorem (we can do it since
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the weak-* convergence means convergence of integrals of any continuous function
¢ : Ry — R and those integrals are bounded by the supremum of |¢|) we get that

1n1
—E TV><51 — ¢
1=0

By the preceding paragraph, all measures 72(v x ;) are of the form v x y;, so » is
also of the form v x pu. O

S

If the system (o,%,v) is (p,1 — p) Bernoulli, then the action of G has a simple
interpretation. Namely, we apply Ty or 77 randomly each time, choosing Ty with
probability p and 77 with probability 1 —p

In this case we can also look at the invariant measures for (Ty, T, v) from another
point of view. The maps Ty, T} induce operators (1p)x, (11)« from M to itself. Define
T, : M — M by T, = p(To). + (1 = p)(T1)-

Proposition 6.2. Let v be the (p,1 — p) Bernoulli measure on ¥ and let p € M.
Then the following are equivalent

(1) the measure v X u is T-invariant;
(2) for any measurable set B C R, , we have

(6.1) w(B) = pp(Ty(B)) + (1 = (T (B)):
(3) w is a fized point of T,.
Proof. Denote C; = {w € ¥ : wy =i} for i = 0,1. We have
7 A% B) = [(a]e,) " (A) x Ty (B)] U [(ele) 7 (A) x T H(B)].
Since v((o]c,) " (A)) = pr(A) and v((o]e,) " (A)) = (1 — p)v(A), we have

(6.2) (v x ) (77 (A x B)) = pr(A)u(Ty(B)) + (1 = pr(A)u(Ty H(B)).
If v X p is T-invariant, then by (6.2)

uB) = (vx p) (8 x B) = (v x p)r (X x B) = pp(Ty(B)) + (1 = p)u(Ty(B)),

o (2) holds.

On the other hand, multiplying both sides of (6.1) by v(A) and using (6.2) one
sees that (2) implies (1).

Conditions (2) and (3) are equivalent by the definition of 7,. O

Note that by the above proposition and Theorem 5.1 of [DF| (cf. [NSB]), our
(To, T1, v)-invariant measure is the same as the invariant (stationary) measure for the
corresponding IF'S.

As an immediate consequence of Propositions 6.1 and 6.2 we get the following
theorem.

Theorem 6.3. Assume that v is (p,1 — p) Bernoulli. A probability measure p sup-
ported by Ry is (Ty, Ty, v)-invariant if and only if it is a fived point of T,,.

Another immediate consequence is the following lemma, where we use property (2)
of Proposition 6.2.
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Lemma 6.4. Assume that v is (p,1 — p) Bernoulli and p is the (1o, Ty, v)-invariant
measure. Then for every interval I and i = 0,1 we have p(T;(I)) > qu(l), where

¢ = min(p, 1 —p).
From this we get, in turn, the next lemma (cf. [BE], Theorem 3).

Lemma 6.5. Assume that v is (p, 1 — p) Bernoulli and p is the (Ty, Ty, v)-invariant
measure. Then the measure p of every interval I is positive. In other words, the
support of p is the whole R .

Proof. There exists an interval J C R, with p(J) > 0. Let x be the center of J. Let
I C Ry be an interval with center y. By Lemmas 2.3 and 2.4, we can find w € G
such that that T,,(z) is so close to y and T, is so small that T,,(J) C I. Then by
Lemma 6.4 u(I) > 0. O

As we mentioned in the Introduction, we do not know whether the assumption
that v is (p, 1 — p) Bernoulli and p is a (T, T, v)-invariant measure implies that p is
absolutely continuous with respect to the Lebesgue measure. The strongest property
of the measure p that we can prove is the following.

Theorem 6.6. Assume that v is (p,1 — p)-Bernoulli with AN(v) < 0. Then the
(T, Ty, v)-invariant measure  on Ry is the image of the Lebesgue measure under
an increasing map from [0,1) onto R, which is Hélder continuous with the same
exponent on each compact interval.

In order to prove this theorem we need the following lemma. For an interval I we
denote its length by |].

Lemma 6.7. Under the assumptions of Theorem 6.6, if I C R is an interval centered
at t, then

(6.3) log (1) > c4(t) + c5log |1]
holds with c4(t) depending continuously on t (but independent of I) and
—log g - log @tb=1
(6.4) =2l %8
logb - log ———

where ¢ = min(p, 1 — p).

Proof. For an interval I C R, we need to estimate p(I) from below. If we find
a sequence w of length n such that 7,(]0,1/a]) C I, then by Lemma 6.4, u(l) >
q"11(]0,1/a]). Note that by Lemma 6.5, 1([0,1/a]) > 0. Thus, we will look for
preimages of I along a specific branch.

We start by choosing the smallest £ such that for the midpoint ¢ of I we have
T7%(t) < 1/a. Since T1(0) = 1 < 1/a, we have then T *(t) € [0,1/a]. Moreover, if
t>1/a then 1/a < T (t) < t/bF!, so

log™ t
(6.5) k<2

Y

log b

where we use the notation log™ z = max(0, log ).
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Consider the map ¢ : [0,1/a) — [0,1/a) given by

z ifz<l1
6.6 —la ’
(6.6) #(z) {%l x> 1.

(cf. formula (5.1)). Starting at the point 7;*(t) and applying ¢ amounts to choos-
ing further preimages of ¢ along some branch. Our aim is to find m such that
(™) (T7*(t)) is larger than 1/a divided by the length of the half of the interval
T7%(I). Then the preimage of I under the corresponding branch (of length k + m)
will contain [0,1/a).

Since we do not know the location of T, ¥(t), we have to estimate from below
(™) (z) for all x € [0,1/a). We can treat ¢ as a map of the circle with one disconti-
nuity at which the left-hand limit is larger than the right-hand limit (so its lifting is
an old heavy map,® see [M]). We will compare it with the map v : [0,1/a) — [0,1/a)

given by
1/1(37)_ W+a+b L g ifI<1,
= if > 1.

This map can be treated as an orientation preserving homeomorphism of the circle.
Let us find its rotation number. We have

l1—-a a+b-1 1 a+b—-1 1
b T aw <y_b—1>: VT ho1
and
-ss)-1_y 1
b b b—1°

This means that the map

1 1 1 1
: — log ——,1 -+ —
e f0.2) = Jlosy2yotox (54 527) )
given by the formula
1
- -
&(z) = log <x+b_1>

conjugates 1) with the map

1 11 1 11
¢ h%b—1k%< b—1)>_’h%b—1m%<5+b—1>>’

given by the formula

(@) z + log =1 if log - <z < log ;2
xT) =
x—l—logb 1f10gb <x<log( —i—bil).

The map (, treated as a circle homeomorphism, is just a rotation. Its rotation

number is

a+b—1
ab

a+b—1 °
a

log

/)(C)Zlog

35A map ® : R — Ris old if ®(z + 1) = ®(z) + 1 for all # € R; it is heavy if lim, - ®(y) >
®(x) > lim,_,,+ ®(y) for all x € R.
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The lifting of ¢, with the length of the circle normalized to 1, is the translation by
p(¢). The n-th iterate of this lifting sends a point y € [0,1) to y +np(¢) € [p,p+ 1),
where p equals [np(¢)] or [np(¢) + 1]. Thus, the same is true for ¢ replacing (.

Let ¥ be the lifting of ¢ and ® the lifting of ¢, agreeing with W on the right lap.
Then ¥ > ®. Moreover, V¥ is increasing, and thus U™ > ®" for all n (see [ALM]).
Thus if y € [0,1) then ®"(y) € [p/,p' + 1), where p’ < |np(¢) + 1]. This means that
if we iterate ¢ n times, its right lap is used at most p’ times. Therefore the left lap
is used at least n —p’ > n —2 — np(() times. From (6.6) we read off the derivatives
of both laps of ¢, and we get that

ez ()7 ()6 [G) 0T

Substituting the value of p((), we get after a short algebraic manipulation on the
formulas

a logb- 1og

(6.7) log(i2")'(x) = 2log § + — 757 = n
We want to find m such that
1 2 2bF
(") (7) > = = :
a |T7HI)|  alll

According to (6.5) and (6.7), this inequality will be satisfied if
2b(log+ ta)/log b+1

all] ’

a logh- loga+b i
210g5 log =L m > log

that is,
2b(log+ ta)/log b+3 at+b—1
lo 31T log “=

logd - log a+ll; T

m >

Therefore we can find required integer m satisfying

2b(10g+ ta)/log b+3 b—1
log T log ==
m < .
b
logb - log 7=

We can rewrite this inequality as

(6.8) m < ¢i(t) — ealog |1,
where
o opllog™ ta)/logb+3 _10 a+b—1

(6.9) ) [ — & o 4

logh - log —— a+b T
and

lo a+b—1

(6.10) Co = b

logh - log —— +b T

Note that all logarithms appearing in the formulas for ¢;(t) and ¢y are positive, so
c1(t) and ¢y are positive.
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In such a way we found a 0-1 sequence w of length k + m, such that 7,,([0, 1/a]) C
I, and hence u(I) > ¢*+™p([0,1/a]). Moreover, by (6.5) and (6.8), we have the
following estimate for k + m:

log™ ta

log b

(6.11) k+m < + 14 c1(t) — ealog|I].

We can rewrite it as

k+m < Cg(t) — CglOg |[|
According to formulas (6.8)-(6.11), the dependence of ¢3(t) on ¢ is continuous, and ¢y
is independent of t. We get

log (1) > (c3(t) — c2log | 1) log g + log pu([0, 1/al).
Therefore (6.3) holds with ¢; given by (6.4) and ¢4(t) depending continuously on
t. UJ

Proof of Theorem 6.6. Consider the map H : [0,1) — R, such that H(z) = y if and
only if 1([0,y]) = x. By Lemma 6.7, and since p(R;) = 1, this map is well defined.
By the definition, the measure p is the image of the Lebesgue measure under H. In
particular, for an interval J C [0,1) we have |J| = u(H(J)), so (6.3) gives us

| /] > exp(ea(t)) - [H(J)|,

where ¢ is a certain point of H(J). This shows that H is Hélder continuous with
exponent 1/c; on each compact interval. ([l
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