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Abstract. We call a sequence (17 ) of measure preserving transformations strongly mizing
if P(T; LANB) tends to P(A)P(B) for arbitrary measurable A, B. We investigate whether

K

one can pass to a suitable subsequence (T, ) such that % > f(Tn,) — [ fdP almost
k=1

surely for all (or “many”) integrable f.
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1. INTRODUCTION

Let (2, A, P) be a Polish probability space and (T},) a sequence of measure pre-

serving transformations. This sequence will be called strongly mizing if
lim P(T,”'AnN B) = P(A)P(B)
for arbitrary measurable sets A, B.

If T, are of the special form T" for a fixed transformation 7" then classical ergodic
theory may be applied in order to investigate various mixing properties (see [6]
for a good account of the relevant results). Here we have in mind working in the
more general setting of arbitrary sequences of transformations, in particular we are
interested in the density of orbits and the counterparts of ergodic theorems. One
major point of our investigations is to what extent the classical Birkhoff theorem
holds. It will turn out that by choosing appropriate subsequences of transformations
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we can derive an individual ergodic theorem for some class of L!-functions. It is not
to be expected that this kind of results holds for general L!-functions (see Section 5
for discussions). Moreover, even if all the transformations are powers of a given
transformation there are general examples where the Birkhoff theorem fails in L!
for arbitrary subsequences (see [4]). We discuss in Section 5 how large the class of
functions can be in order to get an individual ergodic theorem for subsequences.
Condition (1.1) is not the weakest mixing property. Usually one starts with er-
godicity which means that the right-hand-side limit in (1.1) is attained only in the

o0
Cesaro mean: lim 1 > (T, 'ANB) = P(A)P(B). We call such sequences of trans-
k=1

n—oo ™

formations ergodic. Alt_hough some of the following results can be derived under the
latter condition we prefer (1.1). The reason is that the ergodicity condition is not
invariant under taking subsequences while (1.1) is. In what follows we will sometimes
use the equivalent condition:

(12) Jm [ fT09@)P) = [ f@P@) [ g)Pes)
for all L!-functions f and g such that g-(foT,) is in L! for sufficiently large n. The
last condition is fulfilled whenever f € L', g € L or both f,g € L2

2. EXAMPLES OF STRONGLY MIXING SEQUENCES

The first examples are strongly mixing dynamical systems, ie. T, = T™ for
T: Q— Q is a strongly mixing map. In this case all classical ergodic theorems
hold.

More interesting are subsequences of (7"),,. These are treated in [4].

Let ¢: N — N be an unbounded monotone increasing function. Then the se-
quence T}, = S¢(") is mixing provided S is so. We note that for strictly monotone
increasing sequences we are in the case of subsequences. We also can allow (n) to
be eventually monotone increasing or even to have the property that the preimage
of any compact subset of N is compact. This leads to special rearrangements of the
previous sequences.

It is not hard to check that sequences of the form T,,: [0,1) — [0, 1), defined by
T, = ayzmod(l) where (a,) is an unbounded monotone increasing subsequence of
the natural (or even real) numbers is strongly mixing.

Let U;: M — M, t €N be a strongly mixing flow with respect to some invariant
measure. Then for any unbounded increasing sequence of real numbers t1,...,t,,...
the sequence t,, of time maps 7T, := U, : M — M is strongly mixing.
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3. ALMOST ALL ORBITS ARE DENSE

Lemma 3.1. Let (T},) be strongly mixing. If A is measurable such that P(A) > 0
then P( T, 1(A)) =1 for every ng.

nz2ng- N
Proof. Denote by B the complement of Un>n0 —1(A). Clearly we have that
P(T,71(A)N B) = 0 for all n > ng. But P(T,, }(A) N B) tend to P(B)P(A), hence
P(B) =0. O

This lemma shows that mixing transformations are sweeping out in the measure
sense. It copies the classical lemma for ergodic systems (see [6], Theorem 1.5) and
shows that the assertion does not depend on the fact that it is a classical ergodic
system, i.e. the consecutive powers of a single transformation. The next proposition
shows that there is also a topological variant of this result in the general case. We
want to remark that for both results the weaker notion of ergodicity is sufficient.

Proposition 3.2. Let (M, d) be a compact metric space, and P a Borel measure
such that P(U) > 0 whenever U is an open nonvoid subset. Then, for every strongly
mixing sequence (T,,), the orbit {T),(x): n=1,...} is dense for almost every .

Proof. Let Uy,Us,... be a basis of the topology. Then, as is easy to see, an
orbit {Ty,(z): n=1,...} is dense iff z liesin ), ,, U ~1(U,.). By the preceding

lemma Unzn(,Tv: 1(U,) have full measure for all r, ng so that we are done. O

n=ng n

4. MEAN VALUES ON THE ORBIT APPROXIMATE THE INTEGRAL

Let (T,) be a strongly mixing sequence. We will use the following notation:
For any scalar-valued measurable function f and any x the arithmetic mean
(f(Th(x)) + ... + f(Tn(z)))/n will be abbreviated by S,(f,z). (Sometimes we
will pass to a subsequence (T,,,) of (T3,). Then S,(f,z) are meant to be defined
with respect to this subsequence.)

In this section we will be concerned with the problem to what extent S, (f, z) tend
to [ fdP.

Lemma 4.1. For all f € L' and almost all z one has liminf S,,(f,z) < [ fdP <
limsup S, (f, x).

Proof. For integers ng, k let A, 1 be the set

{x S ( /fdP—l/k; for all n>n0}
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denote by g the characteristic function of this set. Then, whenever n > ng, one has
[a@surapan = [ sugapan < ([ 1P -1k) Pl
Ano,l\:

On the other hand, as n goes to infinity the integrals [ g(x)S,(f,z)P(dz) tend to
[gdP [ fdP = P(Ay, k) | fdP by formula (1.2) so that necessarily P(A,, ) = 0.

Thus
P({x: limsup S, (f,z) < /fdP}) = P(ﬂ Ano,k> =0.
n(),k
Similarly it is shown that liminf S, (f,z) < [ fdP for almost all z. O

In general it is not to be expected that the preceding lemma could be sharpened
in that S,,(f,z) would converge to [ fdP.

Consider any mixing sequence T}, on any nontrivial Q and consider a new sequence
Ty, Ty, ... defined by Ty, Ts, Ts, Tb, T3, T, . . ., (1 time T, 3 times T, 12 times T3, . . .
(Tk occurs 3ry times, where ry are defined by r1 := 1,rp41 := 3(r1 + ... + 1%)).
The new sequence surely is also strongly mixing, but the construction ensures that
the sequence (S, (f,z)) oscillates; for example, if f is the characteristic function of
a set A with P(A4), P(2\ A) > 0, then S, (f,z) will be > 2/3 and < 1/3 infinitely
often for almost all x.

Let (b,) be a bounded sequence of real numbers. Then it is easy to see that
for any b lying between the liminf and the lim sup of the Cesaro means there is a
subsequence which is Cesaro convergent to b. One might suspect that this elementary
argument would yield for any bounded f a subsequence of the original (73,) such that
S, (f,x) for this subsequence converge almost everywhere to [ f dP. However, since
one might have to take into account uncountably many x it is not obvious whether
one may pass from numbers to functions.

Nevertheless, it is possible to prove a variant of Birkhoff’s theorem:

Theorem 4.2. Let (T),) be strongly mixing and F = {f1, f2,...} a countable
subset of L'. Then there is a subsequence (T,,) such that the associated S,(f,.)
tend to [ fdP almost everywhere for all f € F.

Proof. This follows from the Komlos theorem ([3]): Whenever (g.,) is a uni-
formly bounded sequence in L', there are an L!-function g and a subsequence (g, )
such that every subsequence of this subsequence is pointwise Cesaro convergent al-
most everywhere to g.

To derive our result apply the Komlds theorem to the sequence (f1 o Ty)n; a
suitable subsequence (fz o Ty, ) will have the property that all subsequences are
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Cesaro convergent almost everywhere. Now consider (f207}, ) and choose a suitable
subsequence again. It should be clear now how to proceed and that a standard
diagonal construction leads to a subsequence of (7),),—which we will denote by
(Th,)r again—such that (f, o T}, ) are Cesaro convergent almost everywhere for all
fr. It now only remains to note that the respective limit necessarily is [ f, dP by
the preceding lemma.

Under additional conditions on f7,... one can give a proof which does not depend
on the Komlds theorem. To indicate the idea let us assume that there is only one
function f in F and that this function is bounded. Then it is possible to mimic
the idea of the proof of the strong law of large numbers as it is presented in [1].
One chooses a subsequence (T, ) such that (f o T,,) is “nearly“ an iid sequence
of random variables. Using [ g(f o T,)dP — [ fgdP for bounded f,g it can be
achieved that [|foT,, +...fo Tn,€|4 dP < Ck? for a suitable subsequence, and
then S, (f,z) — [ fdP follows by a Borel-Cantelli argument.

It is standard to pass from one f to countably many f, however, it seems to be
no way to treat the case of arbitrary L!-functions in this way. O

Corollary 4.3. Let P be a Borel probability measure on a compact metric space
(M,d) and (T,,) a strongly mixing sequence. Then there is a subsequence (T}, ) such
that (S, (f,x)) tends to [ fdP for almost all x and every continuous function f.

Proof. One only has to combine the preceding theorem with the remark
that C'M is separable with respect to the supremum norm and the observation that
uniform limits of functions f with “(S,(f,z) tends to [ fdP for almost all 2 also

have this property. O

5. FURTHER DISCUSSIONS

In the previous section we have seen that by passing to a subsequence the Birkhoff
theorem holds for continuous functions. A natural question is whether this can be
generalized to all of L' as in the classical ergodic theorem. Unfortunately we cannot
fill up L' with the closure of a countable set in the supremum norm and push our
arguments through. Moreover, in a series of papers Bourgain and others have shown
that if inf m,,41/m, > 1 then for any ergodic transformation (and in particular for
any mixing transformation) S there is a function f € LN L such that for T,, = S™»
the sequence (S, (f,x)), does not converge almost everywhere; see [2] or [4]. So the
question arises to what extent the class of continuous functions can be enlarged that
the individual ergodic theorem holds within this class.
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First we want to improve the statement of Lemma 4.1 for special functions.

Proposition 5.1. Let (2, A, P) be a Polish space and (T},),, a mixing sequence
of transformations. Let U be an open set, xy its indicator function and (T, ) the
subsequence from Corollary 4.3. Then

K
o1
lim inf ® ZXU(Tnkx) = P(U)
k=1
for P, a.e. x € Q.
Proof. For given ¢ > 0 we always can find a continuous function f with

f|Q\U =0,0< f<xvand P(U)— [ fdP < e. In view of Corollary 4.3 we have

K
lim+ > f(Th,z) = [ fdP. Now Lemma 4.1 implies the statement since ¢ was
k=1

arbitrary. O

Similarly we have

Proposition 5.2. Let (2, A, P) be a Polish space and (T},),, a mixing sequence
of transformations. Let F' be a closed set, xr its indicator function and (ny)y the
subsequence from Corollary 4.3. Then for P, a.e. x € {2

K

. 1

lim sup 174 ZXF(Tnkx) = P(F).
k=1

In the remainder of this section we want to stress that one can enlarge the set
of functions for which there is a universal subsequence such that the Cesaro means
along this subsequence converge for all functions in this set to the integral. However,
this subsequence becomes sparser as we extend the set of functions.

Let C = {C1,C%,...} be a countable collection of measurable sets and (py) an
increasing sequence of natural numbers. We denote by V = V(C, (px)) the following

class of sets. V € V iff there is a sequence of sets Ay, As, ... with the properties
e A, € {01,02, .. "Cpk} = Ck,
o Ay C Ap_1,
o V= A,

P(Ay) < P(V)(1+1/k?).
A set V €V is called (C, (pi))-approximable.
We can prove the following theorem.
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Theorem 5.3. Let C and (pi) be given as in the previous definition. Let (T, )y
be strongly mixing. Then there is a subsequence (ny ), of natural numbers such that
for Ve V(C, (px)) we have

K

Jim E: (T, ) = P(V)

for almost all x € Q.
Before proving this theorem we recall the following result of Philipp (see [5], p. 66):
Theorem 5.4 (Philipp, Schweiger). Let (2,.A, P) be a probability space and
(En)n a sequence of measurable sets. For x € Q we define A(N,z) := > xg,(z)
n<N
and ¢(N) := > P(E,). Suppose there exists a convergent series » . «, with ay, > 0

n<N
such that

PE,NE,im) < P(E,)P(Epim) + (P(En) + P(En+m))am + P(Epim)n.
Then for € > 0 and for almost all x
A(N;2) = @(N) + O(p* (N) logZ (N

holds true.

This theorem has the following immediate corollary:

Corollary 5.5. Let (T,) be a sequence of measure-preserving transformations
and A a measurable set. If there is a summable sequence o, with

P(TTPANT L A) < P(A)? + oy + o

n+m

then

K

hm ZXA (Th,x) = P(A)
=1

for almost all x € ().

Proof of Theorem 5.3. Let C, (pr) be given. We construct the subsequence
(nk) inductively. First we are going to construct a subsquence (ng)) such that the
assumptions of Corollary 5.5 hold for the sequence (T e )i and all sets C1,...,Cp,.

k
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Let 0 < v < % In view of the strong mixing property we first choose a subsequence
(m,gl)) of naturals such that P(ANT "}, A) < P(A)? +~* for all A € C;. Now we
my

choose a subsequence (m,(f)) - (mg)) with
P(T 4 ANT 4 A) < P(A)? 47"

my my
for all A € C;. We continue this process by induction. Finally we set n,(cl) = mgck).
By the properties of the construction we have
(5.1) P(T-LANT L A) < P(A)? 445+

e Netm
for all A € C; and m > 0.

Let us inductively choose subsequences (ng)) C (ng_l)) such that (5.1) holds for

the sequence (ng)) and all sets A € C;. Again applying the diagonalization procedure
we produce a sequence (ny) := (nik)) with the property that

P(T,'ANT,! A) < P(A)?+A"m

Nk+m

provided A € C;, k> 1, m > 0.
Let V € V(C,(px)). Choose Aj € Cj such that P(A4;) < (1 + 1/k*)P(V) and
V C Ag. Hence,

(5.3) P(T, VT, V)< P(T,'AcnT, A
< P(Ak)2 + ’)/ker
1\2
(5.5) <(1+ ﬁ) P(V)2 4 Ahtm

for m > 0. If we set a,,, = 3/m? > 4**™ we have }_ a,, < co and the assumptions
of Corollary 5.5 are fulfilled. Hence, the assertions follow immediately. O

Corollary 5.6. Let V, (pr), Tn, be as in Theorem 5.3 and let f be a finite linear
combination of characteristic functions of sets from V (or even a uniform limit of
K
such functions). Then the sums 1/K Y f(T,,) tend almost everywhere to [ f dP.
k=1
Here we have an interesting phenomenon: It is not to be expected that the result
holds for every L!'-function; this fails already for arbitrary lacunary subsequences
(see [4]). On the other hand, the hierarchy of sets V grows with the growth rate of
(pn)- The above theorem tells us that we can find sparser and sparser subsequences
to have an ergodic theorem for the classes V. It seems that sparse sequences are at
the same time contraproductive and helpful.
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6. OTHER SUBSEQUENCE AVERAGING

We can also raise the question what happens if we take the entire sequence (77,)
but evaluate the Cesaro mean at special places only. There is no way of getting an
almost sure convergence result in general. Here we have the following example which
is a modification of the example above.

Example. Let ¥ := {0, 1}" be the space of all one-sided infinite sequences of 0’s
and 1’s endowed with the Tichonov product topology generating the Borel sets. Let
o be the shift to the left and P the Bernoulli measure assigning to the symbols 0
and 1 equal probability 1/2. We set, for m € N, r(m) := sup{r: 7! < m}. The
strongly mixing sequence of transformations is defined as T}, := ¢"(™ (note that o
itself is mixing). For & = z1xa... € 3o we define f: ¥y — R via f(z) = 1. We
claim that no subsequence of (S, (f,z)) converges almost everywhere. Let us assume
the contrary, i.e. there is a sequence Ny such that (Sn, (f,z))r converges almost
everywhere to a function g. Let 3% > ¢ > 0 be fixed. Then we can find a set I € 3
with P(I') > 1 — ¢ and a number ko = ko(g) such that |Sn, (f,z) — Sn,(f,z)| < ¢
for all k,1 > ko. By the definition of (7},) we have for all sufficiently large n that
Sni(f,z) < e provided x,, = 0 or Sp1(f,2) > 1 — € provided =, = 1, respectively.
Hence for sufficiently large k we have Sy, (f,z) < ¢ whenever z,(n,) = Z,(n,)+1 = 0
or Sy, (f,z) > 1 — e whenever z,(n,) = Tr(n,)+1 = 1, respectively. We consider
sufficiently large numbers k, [ with ko < k < [ such that 7(Ny) +1 < 7(IN;). Then
the set B := {z: 2,(n,) = Tr(v)+1 = 0 and 2,(n,) = Zp(n,)+1 = 1} consists of
points z with |Sn, (f,z) — S, (f,z)| > 1 —2¢ > ¢ implying BNT = (). On the other
hand, P(B) = 7z and hence P(BNT) > & — ¢ > 0, a contradiction.
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