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ABSTRACT. In this paper we establish a variety or results in ergodic theory
by using techniques from probability and analysis. We discuss divergence of
operators, including strong sweeping out and Bourgain’s entropy method. We
consider square functions, oscillation operators, and variational operators for
ergodic averages. We also consider almost everywhere convergence of convo-
lution powers.
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1. Introduction

There are many connections between ergodic theory, probability and harmonic
analysis. In the discussion to follow, we will be mainly interested in ergodic theory
results, but we will obtain these results by applying techniques or results from
analysis or probability. In most cases, the results below appear elsewhere, in some
cases in greater generality. However the idea here is to highlight some of the tools

Received November 24, 1997.

Mathematics Subject Classification. Primary: 28D05, 42B20; Secondary: 40A05, 42A50,
42B25, 60G42.

Key words and phrases. almost everywhere convergence, ergodic averages, strong sweeping out,
convolution powers, oscillation inequalities, jump inequalities, variational inequalities, maximal
functions, square functions, Calderén-Zygmund decomposition, Bourgain’s entropy theorem.

R. Jones is partially supported by NSF Grant DMS—9531526.

This paper is based on a series of three talks given at the New York Journal of Mathematics
Conference, which was held at Albany, N.Y. from June 9 — June 14, 1997.

©1997 State University of New York
ISSN 1076-9803/97

31


http://nyjm.albany.edu:8000/nyjm.html
http://nyjm.albany.edu:8000/j/Vol3A.html
http://nyjm.albany.edu:8000/j/1997/Jones.html

32 R. Jones

from analysis and probability that have proven to be most useful in the study of
certain of questions in ergodic theory.

We begin Section 2 with a discussion of ways to show that a sequence of operators
diverges a.e.. This discussion will include Bourgain’s Entropy Theorem, which has
already become a very useful tool in ergodic theory. To demonstrate this, we
highlight some of the results that have already been obtained using his theorem.
Since the proof involves a nice blend of analysis, probability and ergodic theory,
Section 3 contains a discussion of the proof.

In Section 4 we discuss convolution powers of a single measure p on Z. This
discussion leads to a discussion of the transfer principle, the Calderén-Zygmund
decomposition, and some connections with singular integrals.

In Section 5 we discuss a “good-lambda” inequality that relates two maximal
functions. These kinds of inequalities have proven useful in both probability and
harmonic analysis. Currently only minimal work has been done regarding such
inequalities in ergodic theory.

In Section 6 we discuss oscillation and variational inequalities. The proofs of
these results involve an interesting interaction between martingales and certain
ergodic averages. The variational inequalities give rise to inequalities for the number
of “\-jumps” that a sequence of ergodic averages can take. The results for “\-
jumps” were motivated by similar previously known results for martingales.

Throughout the paper, (X,3,m) denotes a complete non-atomic probability
space, and 7 denotes an ergodic, measurable, measure preserving point transfor-
mation from X to itself. To simplify the discussion, we will assume 7 is invertible,
although in many cases this assumption is not needed. If u is a probability measure
on Z, we can define an associated operator

In this situation we will also refer to p as an operator. It should be clear from the
context if p is being considered as a measure or as an operator.

The proofs of several of the results that will be discussed below are based on the
same general principle. While the results are in ergodic theory, we can remove any
discussion of ergodic theory from the proofs. The idea is to transfer the problem
in ergodic theory to a problem in harmonic analysis. To understand what is going
on, consider the orbit of a single point, z, 7z, 72z, ..., and relabel the points as
0,1,2,.... We can then pretend we are working on Z, with results obtained on Z
implying results about the orbit of the point x. The details to make this precise
are contained in a paper by A. P. Calderén [27] that appeared in the Proc. of
the National Academy of Science in 1968. See Bellow’s paper [8] for an excellent
discussion of this general principle.

As a consequence of this transfer principle, when we see Ay, f(z) = ¢ Z;:& f(riz)
we can, without loss of generality, think of € Z and 7(x) = x+1, so that Ay f(z) =
%Zf;é f(x + j), for f € £X(Z). In fact, more is true. In many cases the results
on Z imply the same results for averages associated with positive contractions. See
[45] or [46] for details.
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In general, we will not be interested in obtaining the best constants in the in-
equalities we consider. Hence ¢ will often be used to denote a constant, but ¢ may
not be the same constant from one occurrence to the next.

2. Divergence and Strong Sweeping Out

In ergodic theory we are often interested in knowing if a given sequence of oper-
ators converges or diverges. Consequently, for a sequence of operators, {T}}, each
mapping LP (X, X, m) to itself for some p, 1 < p < o0, it is useful to have a collection
of tools that can be used to establish a.e. divergence. Further, when divergence oc-
curs, it is useful to know how badly the sequence diverges. In particular, sometimes
it is possible that divergence occurs for some f € LP9, but convergence occurs for all
f € LP for all p > py. Examples of this behavior, for averages along subsequences,
were first constructed by Bellow [10] and later refinements were given by Reinhold
[65].

For a sequence of L' — L™ contractions, about the worst possible divergence
that can occur is divergence of {Tyx g} where xg is the characteristic function of
the measurable set E. For such operators, applied to x g, the possible values range
from 0 to 1. The worst that can happen is for the operators to get arbitrarily close
to both of these two extremes a.e.. This leads to the following definition.

Definition 2.1. A sequence {T},}, of positive linear contractions on L' and L°°,
is said to be strong sweeping out if given € > 0 there is a set F such that m(E) < e
but limsup,, T, xg(x) =1 a.e. and liminf T,,xg(z) =0 a.e..

There are several methods of showing that a sequence of operators is strong
sweeping out. Moreover, many examples of operators that are strong sweeping out
arise naturally in ergodic theory.

One family of operators that is of interest to ergodic theorists is the following.
Let {wg} denote an increasing sequence of positive integers and let {v,,} denote a
dissipative sequence of probability measures with support on {wy}. (A sequence
of probability measures {p,, } is said to be dissipative if lim,,_, oo 1, (j) = 0 for each
integer j. If a sequence of measures is not dissipative, then certain early terms
will continue to play a significant role in the value of the associated averages for
arbitrarily late averages.) Define

vn f(x Z U (wy) f (7% ).
n=1
For example if we let w;, = 2¥, and v, (wg) = + if k < n, then
1 n
vnf (@)=~ > f(r
k=1

and we have the usual Cesaro averages along the subsequence {2"}. We could also
consider the Riesz harmonic means, given by

3

R.f Z

“r),

an n—1 1

where a,, is chosen so that k=1 7—% = 1, or many other similar weighted

averages.
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In [1] a condition was introduced that is sometimes useful to establish strong
sweeping out. This condition is a condition on the Fourier transforms of the asso-
ciated sequence of measures.

To fix notation, we define the Fourier transform as follows.

Definition 2.2. Let v be a probability measure that is supported on the sequence
{wg}. The Fourier Transform of v is given by

D(t) = v(wg)e?

k=1
(In some cases it is convenient to let v = e*™ and write 0(y) = > po; v(wg)y"k.)

Theorem 2.3. [1] Let {v,} denote a dissipative sequence of measures on Z. If
there is a dense set D C R such that

lim | (t)] = 1

n—oo

for allt € D, then the operators (vy,), given by

v f(x) =Y vn(w)) (77 2),
JEZ
are strong sweeping out.

To see how to apply this condition, we give a few examples.

Example 2.4. Let {u,} denote the sequence of Cesaro averages along the sub-
sequence {2F}. That is, let u, = %Z?Zl do;. Then the associated operators are

strong sweeping out. To see this just note that f,(t) = %Z?Zl M2t If we
take t = o fpr some positive integers r and s, then for large enough j (j > s)
we have e2™?'* = 1. Consequently, it is clear that we have lim,, o fin(t) = 1 for

each dyadic rational ¢t. Since such t are dense, we can apply the theorem. (The
fact that these averages diverge for f € LP, p < oo, was first shown by Bellow [9],
following Krengel’s result [54] showing the existence of a subsequence for which a.e.
divergence occurs. See also [42]. The study of strong sweeping out for the Cesaro
averages along lacunary sequences, and for the Riemann sums, (that is, for averages
of the form A, f(z) = 237, f(z+ %), where f is periodic with period 1), started
in the 1980’s. The first proof of the strong sweeping out for Cesaro averages along
lacunary sequences (a*), as well as the first proof for strong sweeping out of the
Riemann sums, was given by Bellow and Losert using a different technique from
the one in Theorem 2.3. Their argument appears in the appendix to [1]. The fact
that divergence occurs for bounded functions when we average along any lacunary
sequence was first shown by Rosenblatt [68] using Bourgain’s entropy condition,
which we will discuss below.)

REMARK 2.5. Actually the argument associated with Example 2.4 shows more.
For any dissipative sequence of probability measures that are supported on the
subsequence {2*}, the associated operators are strong sweeping out. In particular,
this means that the operators obtained from averaging the Cesaro averages, using
other weighted averages, or selecting a subsequence of the Cesaro averages, will
all result in a sequence of operators that is strong sweeping out. No matter what
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we do, if the dissipative sequence of measures is supported on the set of dyadic
integers, strong sweeping out will always occur.

In some cases, even if the Fourier transform condition fails to show that we have
strong sweeping out, we can still use the Fourier transform condition to obtain
useful information. Consider the following.

Example 2.6. Let p,, denote the Cesaro averages along the sequence of integers of
the form nllogy, n]. (Here [-] is being used to denote the greatest integer function.)
Then the associated sequence of operators diverges a.e. In fact, give ¢ > 0, we
can find a set E, m(E) < ¢, such that limsup,,_, . unxe(z) > % a.e. To see this

2
X n+1
just note that pigns1 > 2L i=2n Okflog, k] =

3 om %I/n. Now just apply the Fourier

transform condition to show that {v,} is strong sweeping out. This follows, since it
o

is enough to look at the subsequence {vgn}. We have Dn (t) = 53w Zjé; emij2"t,

Now just take t = 55 as before, and the result follows. (At this time it is not known

if the averages associated with pu, are strong sweeping out.)

REMARK 2.7. It is interesting that as we saw above, the Cesaro averages along the
subsequence {n[log, n|} can diverge even for f € L*° while Wierdl [75] has shown
that the Cesaro averages along the subsequence {[nlog,n]} converge a.e. for all
f € LP, p > 1. This shows quite clearly that sequences can have the same rate
of growth, and still have the associated averages behave quite differently. See also
the paper by Boshernitzan and Wierdl, [22], where it is shown that many more
subsequences yield convergent sequences of Cesaro averages.

In [1] an example is constructed to show that the Fourier transform condition is
not necessary for a sequence of averages to have the strong sweeping out property.
Consequently it becomes interesting to consider other conditions that imply strong
sweeping out.

A second condition for establishing strong sweeping out was also introduced in
[1]. This condition is sometimes satisfied when the Fourier transform condition
fails.

Definition 2.8. A sequence of real numbers {wy} satisfies the C'(a) condition,
O0<ac< %7 if given any finite sequence of real numbers, x1,...,zy, there is a real
number 7 such that

rwg € xp + (a,1 — ) + Z,
fork=1,2,...,N.

This condition can be thought of as a very weak form of the following Theorem
due to Kronecker.

Theorem 2.9 (Kronecker). Let wy,...,wy be real numbers such that wy, ..., wy
and 1 are linearly independent over the rationals. Lete > 0 and x1,...,x N be given.
Then there is an integer v such that rwy € x + (—€,€) +Z, fork=1,...,N.

The reason for introducing the C'(«) condition is clear from the following theo-
rem.

Theorem 2.10 ([1]). If{wy} satisfies the C(a) condition, and {v,} is a dissipative
sequence of measures with support on {wy}, then the associated operators {v,}
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defined by v, f(z) = > 3o, vn(wy) f(T*x) are strong sweeping out. The same result
holds if

an(x) = Z Vn(wk)f(kax)a
k=1

where Upx is a measure preserving flow. (In this case {wy} need not be an integer
sequence.)

We now easily have the following.

Example 2.11. Let {wy} be a sequence of real numbers that are linearly inde-
pendent over the rationals. Let {v,} be a dissipative sequence of measures with
support on {wy}. Then the associated operators {v,} are strong sweeping out.
This is immediate from Theorem 2.10, combined with Kronecker’s Theorem. In
particular, if we consider wy = V/k, it is not difficult to see that we can extract a
subsequence which is linearly independent over the rationals, and has positive den-
sity in the sequence. Consequently we know that Cesaro averages % Soroy f(U Vi)
can diverge a.e. (See [52] for further discussion of this example as well as further
examples of situations where Kronecker’s Theorem can be used to imply strong
sweeping out.)

There are many sequences which satisfy the C(a) condition. In [1] it is shown
that any lacunary sequence of integers (after possibly neglecting the first few terms)
satisfies the C(«) condition. In fact, any finite union of lacunary sequences (again
after possibly neglecting the first few terms) satisfies the C'(«) condition. (See [56].)
Consequently there is the following theorem.

Theorem 2.12. If {wy} is a lacunary sequence of positive integers, (or a finite
union of lacunary sequences of positive integers) and {v,} is any dissipative se-
quence of probability measures with support on {wy}, then the associated operators,
{vn} are strong sweeping out.

In [44] Theorem 2.12 is applied to obtain the following example.

Example 2.13. Let {Y,,} be a sequence of Bernoulli random variables with P(Y,, =
1) =L and P(Y,, =0) =1 — 1. Then for a.e. w, the Cesaro averages associated
with the subsequence A(w) = {n : Y, (w) = 1} will be strong sweeping out. The
idea of the proof is to show that by eliminating only a small proportion of the set
A(w), one can obtain a lacunary sequence, then apply Theorem 2.12 above.

The above theorem and example suggest some interesting questions. For an
arbitrary sequence of integers, A, let C'y denote the space of all continuous function
on T such that f(n) = 0 for all n ¢ A. The set A is a Sidon set if every f € Cy has
an absolutely convergent Fourier series. It is not difficult to see that every Lacunary
sequence is a Sidon set, and further, so are finite unions of lacunary sequences.

Question 2.14. Is it true that the Cesaro averages associated with a Sidon set are
strong sweeping out? (In Rosenblatt [67] it is shown that the Cesaro averages along
Sidon sets fail to converge in mean.) Second, if we form the sets A(w) as above, we
see that they are close to lacunary for a.e. w, but are these sets Sidon sets for a.e.
w?
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In [15] moving averages of the form vy, = i Z;ﬁ:ﬁ"_l Jx, are studied. Conditions,
which are both necessary and sufficient for the a.e. convergence of these averages
are given. In particular, if ny = k2 and ¢;, = k then the averages are strong sweeping
out. (Akcoglu and del Junco [2] had already shown that this particular sequence

of averages diverge a.e.) To see that the Fourier transform condition will not help
i ;i:fk L p2mijt eZmnkté Z?«:Ol e2mijt —
s Znsﬁf’;ri. It is clear that this converges to zero for all ¢ # 0 (mod 1).
It is also easy to see the C(«a) condition fails to be satisfied for this example as
well. (In a forthcoming paper, [4], the C'(«) condition will be generalized, and that
generalization can be used to show strong sweeping out for this class of examples,
as well as other related examples.)

These moving averages are associated with the following example. Let pu =
1(80-+61), and consider pu™ = pixpu - - -xp where there are n terms in the convolution.
Then p™ = QL ?:o (?) 0;. (See Rosenblatt’s paper, [66], where these averages were
first shown to be strong sweeping out.) By looking at the normal approximation to
the binomial, we see that most of the “mass” of these measures will be in an interval
proportional to \/n and centered at . Consequently, it is like a moving average,
for which we already know strong sweeping out. (See [15] for further discussion
of this example.) However, neither the Fourier transform condition, nor the C(«)
condition are satisfied. (It turns out that modifications of either condition can in
fact be used to establish strong sweeping out for these examples. See [1], [3] and
)

This brings us to a third condition that can be used to show divergence of a
sequence of operators.

in this case, just note that Dy (t) =

e2mingt ekt

Theorem 2.15 (Bourgain[18]). Let (Ty) denote a sequence of uniformly bounded

linear operators in L? of a probability space. Assume
(1) The Ty,’s commute with a sequence (R;) of positive isometries on L? of the
same probability space, satisfying R;(1) =1 and the mean ergodic theorem.

(2) There is a 6 > 0 such that given any N > 0 there is a function f, ||f|l2 < 1,
and ni,ng,...,ny such that

HTnjf_Tnka? >0
forj#k, 1<jk<N.

Then there is a bounded function g such that (Trg) is not a.e. convergent.

Condition (2) in the above theorem is often referred to as Bourgain’s entropy
condition. Bourgain used this theorem to prove a number of very interesting results.

(1) The Bellow problem: Let {aj} denote a sequence of real numbers that con-
verges to zero. Does there exist a bounded function f on the real line such
that lim, o 2 30 f(2 + ag) diverges a.e.?

(2) A problem of Marcinkiewicz and Zygmund on Riemann sums: Does there
exist a bounded function f on [0,1) such that
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diverges? (Here we are using addition mod 1.) This was first solved by Rudin
[70] by different techniques, and as mentioned earlier, strong sweeping out
was first shown by Bellow and Losert (see the appendix to [1]).

(3) Khinchine’s Problem: Does there exist a bounded function on [0, 1) such that
the averages + 2?21 f(jx) diverge? (This was first solved by Marstrand [57],
again by different techniques.)

In each of the above problems, Bourgain was able to use his theorem to show
divergence of the averages being considered. While the second and third problems
had been solved earlier, his method gives a unified way of solving such problems.
Later Rosenblatt [68] used Bourgain’s Entropy Theorem to show that for any dis-
sipative sequence of measures supported on a lacunary sequence, divergence occurs
when these averages are applied to the indicator function of some very small set.
This was part of the motivation for later trying to prove strong sweeping out for
such averages. In [13] Bourgain’s Entropy Theorem is used to show that the con-
volution powers (see Section 4 below), applied to bounded functions, can diverge
if a condition known as the bounded angular ratio condition fails to be satisfied.
Applications to problems outside ergodic theory also occur. For example in [39] the
operators defined by

oo
T, f(x)= Y fm)n|"sgn(n)e™
n=-—oo
are considered. These operators are related to the Hilbert transform, and conver-
gence in mean is known. However, using Bourgain’s Entropy Theorem it is possible
to prove the following.

Theorem 2.16 ([39]). Let (v,) denote a sequence of real numbers, converging to
zero. Then there is a function f € L>(T) such that lim; .o T, f(x) fails to exist
on a set of positive measure.

3. Proof of Bourgain’s Entropy Theorem

In this section we want to sketch a proof of Bourgain’s Entropy Theorem, and
show its relation with strong sweeping out. Bourgain’s Entropy Theorem does not
imply strong sweeping out. However, the following more quantative version does.
This version is a slight variation on a result that is contained in joint work with
M. Akcoglu and M. D. Ha [3]. Most of the ideas involved in the proof are either in
Bourgain’s original paper or are the result of discussions with Akcoglu and Ha.

Theorem 3.1. Let (T}) denote a sequence of uniformly bounded linear operators
on L? of a probability space. Assume

(1) The Ty’s commute with a sequence (R;) of positive isometries on L?* of the
same probability space, which satisfy R;(1) = 1 and the mean ergodic theo-

rem. (That is, |4 327 Rif — [ f(z)dz]2 — 0.)
(2) There is a 0 < p < 1 and d > 0 such that for any integer L we can find
(n17n27' .- anL) and f7 Hf||2 < 1; such that

/X T, f(2)To f(2)dz < pl| T, ll2 T f1l2
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for all k # 7, and
R
X

for1 <3< L.
Then for anyn >0, € >0, and € > 0, we can find a function g such that

V4 ——

m{x : max T, g(x) > d(1 —¢) p} >1—¢.
1<k<L " 1+ \@

REMARK 3.2. If in a particular application we can take d as close to 1 as we desire,

and if p can be taken as close to zero as desired, then with g as above, and any

€ >0, ¢ >0 we have

(1) miz : 1r<nkau<xLTnkg >1—¢}>1—¢.

If in addition, the (T} ) are positive contractions on L! and L, then, using inequal-
ity (1), strong sweeping out can be obtained. See [12] for a discussion of replacing
a function of small norm by a characteristic function, and see [32], where del Junco
and Rosenblatt show how to go from inequality (1), (with g the characteristic func-
tion of a set of small measure) to strong sweeping out. Also see [3] where further
discussion of this, as well as related details, can be found.

We want to give a proof of this version of Bourgain’s entropy theorem. The
idea is to exploit the fact that condition (2) above implies a degree of orthogonality
between the vectors in the family {7}, f }JL:1- However, before we give the proof,
we want to show how Theorem 3.1 implies Theorem 2.15.

Proof of Theorem 2.15. If we could show that the hypothesis of Theorem 2.15
implies the hypothesis of Theorem 3.1 then we would have the conclusion of Theo-
rem 3.1. We could then finish the proof by applying the Banach Principle for L.
(See [12] for a discussion of this principle and the necessary details to complete the
argument.)

To see that the hypothesis of Theorem 2.15 implies the hypothesis of Theorem 3.1
we argue as follows. There are two ways that vectors can be far apart. One way is
for them to have different lengths, and the other is for them to point in very different
directions. If we can eliminate the possibility that they have different lengths, they
must point in different directions. That is, we have the required orthogonality.

Let (Tx), f and § be as in assumptions 1) and 2) of Theorem 2.15. In the
following argument we can assume that the uniform bound on the operators is 1. If
not, just divide by the uniform bound, and consider the new sequence of operators.

In the hypothesis of Theorem 3.1, we need to find L vectors with the orthogo-
nality property (2). If there is a vector with norm less than £, then the rest must
all have norm greater than g Hence by taking one extra vector, we can assume
that all L vectors have norm greater than %. Fix v < g, and cut the interval [%, 1]
into a finite number, (say ), pieces of length less than ~. Call the kth interval Ij.
In the hypothesis of Theorem 2.15 take N > rL.

Let Ax = {j||Tn; fll2 € Ix}. Since N > rL, and there are only r sets, Ag, at
least one Ay, say Ay, must have at least L elements. If we rename our terms, we
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have (T f, Tof, ..., Trf) such that ||Tjf|ls € Ix,, and | T;f — T} f||2 > d. That is,
the functions (71 f,...,TLf) are all about the same length, and satisfy condition
(2) of Theorem 2. 15

Define T = evilE f\l Tj. We now have that ||T; f[ls = 1 for each j, 1 < j < L. We
also have

< |Tif = Tjfll2
= 1zs1Ter = 13 11T50
= 1T ATt = T 1T + NTe N5 = N5 1T
< 1Tl =TT ||+ (17 1T = 1T 1T 8
< NTS NN =Ty flle + 1T £l (1S 2 = 15 11)
< Wit = T3Sl + -

Thus 6 —~v < ||Tzf - ij||2~
From this we see

2 /X (T f (2) — T £ () [P
< /X (T f ()P — 2 /X Ty ()T f (x)dr + /X T f () P
<22 / T,f ()T} f (x)da
X

Solving for the inner product, we see

-

[ @@ <1- B
X

Thus if we take p = 1— =2 7) , we have (T, f, T; f) < p||Ti fll2||T; fll2. Consequently
the hypothesis of Theorem 2.15 is satisfied (with ||T;f[2> > %). O

Before we prove Theorem 3.1 we will first prove a proposition. While this propo-
sition appears too special to be useful for our purposes, it is in fact the key ingredient
in the proof of Theorem 3.1. In the following, when we say a random vector has
N(0, ) distribution we mean it is a multivariate normal random vector, with mean
given by the zero vector, and covariance given by the matrix .

Proposition 3.3. Fiz p, 0 < p < 1. Assume that for all large L, we can find
(Thy s Tngy - Ty ) and f such that (Tn, f, Tno f, - -, Tny f) has N(0,%) distribution
with o35 < p for1 <i < j <L andoy =1 forl <i < L. Further, assume f is
distributed N(0,1). Let 0 < e < i and ¢ > 0 be given. Then for any n > 0 and
for all L large enough, depending on p, € and € , we can find a function g such that
lgll2 < n, llgllc <1, and

/1 —
p}>1—e/.

m{a max T, g(e) > (1- )~ 7
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REMARK 3.4. We do not necessarily need to have the {T},,} defined on all of L?.
It is enough for the operators to be defined and uniformly bounded on the linear
subspace generated by functions of the form fxz where x5 can be any L? function
that takes on only the values 0 and 1.

REMARK 3.5. While the constant, (1 — €) ﬂ looks complicated, it will arise in
the computation below. While we could replace it with a simpler expression, the
proof would be slightly less natural.

To prove Proposition 3.3 we need a lemma about the multivariate normal and a
lemma about the size of the tail of a normal random variable.

Lemma 3.6. Let (Y1,Ys,...,Yy) denote a random vector with multivariate normal
distribution N(0,%) with o;; < p fori# jando; =1 for1 <i<L. Let0<e<1
and 0 < €' be given. Then for all L large enough (depending on p and € and €') we
have the following estimate:

P{w : max Yi(w) > (1—¢) 1= pv21nL} >1—¢.
1<k<L 1+ ﬁ

Proof. Slepian’s lemma (see [74] for a proof) says that if we have 2 multivariate

normal random vectors, X and Y, both with mean zero, and covariance ¥ and X’

respectively, and if each entry of X is less than or equal to the corresponding entry

in ¥/, then

P(max Xj; > \) > P( max Y, > ).
1<k<L 1<k<L
This is not too surprising since the more positive correlation, the less the vector
should behave like an independent sequence, and so the maximum should be smaller.
Using Slepian’s Lemma, we can increase some entries in 3, so that without loss
of generality we can assume o;; = p for i # j. The special covariance structure
makes it possible to obtain the necessary estimate of

P{w : max Yi(w) > (1-— €)MM}

1<k<L 1+/p
To make the required computation, we first consider a vector of independent
standard normal random variables; (Zy, Z1, ..., Zr). Form the new vector

(\/1—le+\/ﬁZo,\/l—ng+\/ﬁZO,...,\/l—pZL-i-\/ﬁZO).

This new random vector has the multivariate normal distribution. In fact the
covariance matrix for this random vector is the same as the covariance matrix of
the random vector (Y1,Ya,...,Yr). Consequently, by Slepian’s Lemma we have

P Y, =1- PNt (Vi <
{lglkagL k> A} {1 (Y <A}

=1 P{i= (V1= pZk + VpZo < N)}.

We will now take advantage of the structure of this new sequence. We note that

P(Nf—y (V1= pZy+/pZo) < \) = P(lgllgé V1= pZk+/pZy < N).



42 R. Jones

Since maxi<r<r /1 — pZx and /pZy are independent, the distribution of the sum
is given by a convolution. Thus for all A we have

{jl(\/l—Z+fZO</\)}
:[m ( \/fz+ft<)\))r

/OOP< 7, < #) \/%e*%ﬁ

o0 L \/7 2 1 2
— —%d ——e 7 dt.
/ ( Z) NoTa

We need to estimate this last 1ntegral, and show it is less than ¢ if L is large
enough.

Let A= (1—¢) 1V+f\/21nL and select L so large that [, \/%efgdt < % We

now break the integral into 2 parts,

Aot
/ / ‘id LS
—_— 2 YA —e 2

V2T

/°° 15[ /Aﬁi 12\ L e
+ e 2dz e 2dt
- j=1 —00 V 2 V4 2T

=I+1I.

Because of our choice of A, we clearly have that I < %/ if L is large enough. We
now need an estimate for the integral I1.

‘We have
L A\/it ) 1 ,
Il = 727dz e~ T dt
/ 1;[ </ ) V2T
~ L Mt , ) ,
V1—p z t
< e 2dz e zdt
o /—)\ jE[I (/—oo V 27T > kY4 27‘(
- L
/OO /X%) /L “¥d L%
= e z e .
— — 0 2 A 2T
Thus if
L

A(+vB)

/ VI=p 1 7ﬁd < €

e 2dz ,
s V2T

then we have the desired estimate.

Let M = 200D — (1 — )12 (bﬁé’;) V2L = (1 - €)v/2In L. We need

L
/M L -%a) <<
€ a5
oo V2T 2
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* 1 2 L ¢
1-—- e zdt] < —-.
( / M V2T ) 2
Taking logs, we see that we need to establish the inequality

(1o [ L) «m”
n — e 2dt) <In—.
( /M Var ) 2

Since In(1 — z) < —z, it will be enough to show

L (— /MOO \/12?6—"5(10 < —In(2/¢).

Estimating the integral, (see [34] page 175) we need to have

L( ! ! ) = e > In (2/€).

or

M M3)\/ox
Using the value of M given above, and the fact that € > 0, we can now easily
check that we have the desired estimate if L is large enough. O

Lemma 3.7. Let X have N(0,1) distribution, and let 0 < § < 3 be given. Define
b= 5XX{‘5X|>1}. Then

30
V2T

Proof. The proof is just a standard computation with the density function of a
normal random variable, and is left as an exercise for the reader. ([l

_ 1
e 252,

Io]13 <

Proof of Proposition 3.3. Let
§=—L
V2InL’

where p < 1 will be chosen later. Define

9(x) = 0 f (X)X (al|57(x) <1} (@)-
Assume that sup; |Tjll2 < B. For L large enough we have § < n, and hence
llgll2 < n. We need to estimate

Vs
Plal max, [Touglo)] > (- 0L},
Write g = df — b. We then have

Plo: max 11,00 > (1 -0y}

= Plo: max (1, (5f(x) = b)) > (1 - )

\/lfp}

1+ p
1 V1—-p
1756)1+\f}
D

11—
- P{x : max |1, b(x)| > =¢ p}
1<k<L ’ 2 1+ ﬁ

> -
> P{x - max |T,8/(2)] > (

=I1-1I.
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For I, using our value of 5 above, and Lemma 3.6 (wit

Lemma 3.6, hence we need = 2 < 1), we have

/ /!
I:P{x:maxTnkf(x)>( ) L V2T }21—6—
1<k<L W 1+ \f 2

for all L large enough.
We now need to estimate I1. We will show that for L large enough, we have
IT < 5. By taking L large enough, both the estimate of I and the estimate of I

will hold, and we will have the estimate.

. I—p ’
P{x  mas [T, g(x)| > (1-0) - \/ﬁ} S>1-¢.

Let a = §1V+f We have

IN

1
o2 &%'ka( o)f'ds

1 2
= /X I;XEk ()| Tkb() [2dz

where F, is the set of  where the maximum is achieved for that value of k. However,

/ZXEk ) Tieb(x |2d$<2/ X5, ()| Tib(x) | *da
X =1
< |Ty.b(x)|*dx
>/
L
<> B |b(x)Pde
>,

< L3%|bll3-

Thus we have 11 < $L52||b|\%. Applying Lemma 3.7, we see
36
—c
V2T
The required estimate will follow if 5 52 > v1In L for some v > 1, since then we

would have 11 < c Le vinl < cﬂ L'=7. Thus we could take L large enough so
that c L1 7Y < §. Since

P{x P max, |Tib(x)| > a}

__1_
262,

1
IT < L3
«

7]
V2InL’

we see that we need > 7. Thus we select p such that 1 — 5 <y <1, and then

select v with #2 > 'y > 1. With these selections, all the requlred estimates are
satisfied, and the proof is complete. O

Proof of Theorem 3.1. Assume f and T,,,,T,,,...,1,, are given as in the state-
ment of the theorem. We can assume that [T, f(x)Ty, f(z)dz < p for j # k and
ST, f(z)]?dx = 1 for 1 < k < L, since if not, replace each operator T, by the
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new operator S,, defined by S, g(z) = T,,9(x)/||Tn, fll2- These new operators
will be uniformly bounded since || T, f|l2 > d for all k, and the T}, were uniformly
bounded. Further, they clearly satisfy [ Sy, f(2)Sn,f(x)dz < p for j # k and
J1Sn, f(@)|? dz = 1, as required.

Fix a and 7 so that p < a <y <land § <~ <1. Define p = £. (This is to
give us some room, since the best we know is that certain averages are converging
to a number less than or equal to p, but at any finite stage we may be above p,
and other averages are converging to 1, but at any finite time may be below 1.)
We will now introduce a product space X x € and extend the operators to that
space. In the product space we will see that for most fixed x, treating our function
on the product space as a function of w € €2, we will be able to get an example
with the required properties. We will then apply Fubini’s Theorem to see that for
some fixed w € 2, the associated function of = will have the required properties,
concluding the proof. To do this, we need to first put ourselves into position to use
Proposition 3.3. With this in mind, we introduce the following matrix.

For each x € X and positive integer J, let

RlTnlf(l‘) RlTnzf(J?) e RlTan(Z‘)

A(x) _ L R2Tn1f(.13) RQTan(JJ) . RQTan(Jf)
VIl

Ry, f(x) RjTo,f(z) ... RsTn f(x)

Let (Z1, Zs, ... ) be a sequence of independent standard normal random variables.
Let Z = (Z1,Z,...,Zj) denote the initial segment of length J, and let Y, (w) =
(Y1(w), Ya(w), ..., Y (w)) be given by Y, (w) = Z(w)A(x).

Then Y, has a multinormal distribution with covariance matrix given by I' =
AtA. Thus

J
Yik(x) = %Z R{Ty, f(x)RiTy, f(x)
i—1

1

J
= S BT, T, ) ).
=1

Since the sequence (R;) satisfies the mean ergodic theorem, we have that

J
1
i=1
converges in mean to
[ T f@ T s (@),
X
Hence for each fixed function f and sequence T,,,T,,,...,T,,, we can let

Ej={x:vjr(z) <aforall 1 <j<k<L;v(x)>yforl<j<L}

Since

/ T, f(2)T, f(z)de < pforall 1 <j< k<L,
p's



46 R. Jones

and
/ T, f(2)T, f(x)dz =1for 1 <j <L,
X

we see that m(Ejy) — 1 as J — oo.

On the new space, X x Q, we extend the definition of {T}} to functions of the
form 3~ Z;(w) f;(x) by Tk(ZZ( )fi(w) =32 Zi(w) Tk fi ().

Define F(z,w) = fZg 1 Zij(W)R; f(z).

For x € E; we now modify each T),; slightly. For x € E; define TnjF(x,w) =
\/%TnjF(z,w). For x ¢ E; we can let Tn]F(x,w) =T, F(z,w).

For each fixed x we can now think of our operators as operators on 2.

For each fixed x € Ej, since p = % < 1, we are now in the situation of Propo-
sition 3.3, and hence given n > 0, € > 0 and ¢; > 0, we know if L is large enough,
depending only on 7, €, ¢; and j then we can find a function G(z,w) such that
Jo |Gz, w)?dP(w) < (3)% |G(z, )]s < 1, and

P{w: max T, G(z,w) > (1 —¢) 17/3

1<k<L 1++/p
For x ¢ Ej let G(z,w) = 0. An examination of the proof of Proposition 3.3 shows
that G(z,w) is obtained from F(z,w) by multiplication by a constant, truncation
by a function which is measurable on the product o-field, and multiplication by
XE,, a function measurable on the product o-field. Thus we see that G(z,w) is

measurable on the product o-field.
We have

}>17€1.

e V=7
m®P{(x,w) : 121;3§)(LT”’€G($’M) > (1-— 6)1 T

We now consider G(z,w) as a function of z for w fixed. Let

O ={w: /X |G (2, w)|?dx < n?}.

} > (1—e)m(Ey).

Clearly P(Q;) > 2 since we have

Q
// G, ) [2dwd P(w) //\wa)\ AP(w)dz < (1)

and if P(€) < 3 then we would have

// Gz, w)[PdzdP(w) >

n,

4>\>—‘

a contradiction.

Let
O - VI=7 ,
Oy = {w :m{x: 1r§nkaSXLTnkG(9:,w) > (1 —6)1 n \/5} >1-— }
We see that P(y) > Z since if not, we would have

T-5y 3 1 ,
m®P{(m,w) nax, T, G(z,w) > (1—6)1+\/ﬁ}<*—|—*(1—6).
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Since we have
-5
1+

et

m®P{(x,w) : 1r§11]quXLTnkG(x,w) > (1—¢) } > (1 —¢e)m(Ey),

S

we see we will have a contradiction if

6/

(1 - 61)m(EJ) >1-— Z
By taking J large enough, and €; small enough, this can be achieved.
Since P() > % and P(9) > %, we clearly can find wg € Q1 NQy. The required

function is G(x,wp). For that wp, because of our definition of Tnj, we also have

vi1- /3} /
—r>1—c€.

L+Vp

By taking « close enough to p and ~ close enough to 1, (which we can do by
taking J large enough), we can make p as close to p as desired. In particular we
can have

m{x : 1I§n1?§XLTn’“G(x’WO) >y(1—¢)

1197 —1#?/%3 > (1 - 2) fi?/g.

Thus we can have

V-
m{x : max T, G(z,wp) > (1 — 2¢) ,0} >1-—¢.
1<k<L 1+ \/,5

We now just replace € by €/2 to achieve the desired conclusion. (I

4. Convolution Powers

Let p be a probability measure on Z. Define

and for n > 1,

W) (@) = p(p" () (@)
It is quite clear that the operator p is a positive contraction on L' and L*°,
and hence is a Dunford Schwartz operator. Consequently we know the averages

1 n—1
— Z p(f)(x) converges a.e. for all f € LP, 1 < p < oo. However, much more is
n

k=0

true. If the measure w is symmetric, that is, u(k) = u(—k) for all k, then the op-
erator p is self-adjoint. For self-adjoint operators, Burkholder and Chow [24], with
a very nice argument involving a square function, proved the following theorem.

Theorem 4.1 (Burkholder and Chow, [24]). Let T be a linear self-adjoint opera-
tor in L*(X) such that for each f € L*(X) we have [y |Tf(z)|dz < [y |f(z)|dx
and |Tf|lco < || fllcc- Then for each f € L%, lim, o T*" f(z) exists a.e.

Applying the result to T'f, we also have convergence for 72*+1 f. For symmetric
measures, 4, the associated operator u satisfies the hypothesis of Theorem 4.1, and
an easy square function argument shows that 2" and p?"*! are close, so either
both converge or both diverge a.e.. Thus we have the following theorem.
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Theorem 4.2. If i is a symmetric measure on Z, then p™(f)(x) converges a.e.
for all f € L2.

Later Stein [71], using his complex interpolation method, was able to extend
Theorem 4.1 to obtain convergence of ™ f for all f € LP, 1 < p < co.

Working with A. Bellow and J. Rosenblatt [14], we were able to extend Stein’s
Theorem to measures that were not necessarily symmetric. This generalization
depends on the following definition.

Definition 4.3. A probability measure p on Z has bounded angular ratioif |i(vy)| =
1 only for v =1, and

() — 1
sup () |<OO

|v|=1 1- |ﬂ(7)|
We obtained the following theorem.

Theorem 4.4 ([15]). Let p have bounded angular ratio.

(1) For fe LP, 1 <p < oo, u"f(x) converges a.e..
(2) For 1l < p < oo we have

I sup 1" flllp < @) f1lp-

Proof. Below is a sketch of the proof of this result in the case p = 2. The general
result follows in a similar way, using Stein’s complex interpolation method to reach
the values of p < 2. (For values of p > 2, the result follows from the case p = 2, the
trivial estimate || sup,, [#" f|l|sc < ||f|loo, and an application of the Marcinikewicz
interpolation theorem.)

We have (for N > 2M)

1 X,
N_MZuf(x)

k=M
N N
= 3 (@) 1 @) 4 )
k=M j=k
N
5 3 (s s) 3 1
j=M k=M
1 j j+1 N+1
= =57 2 G = M+ 1) (1 f@) = @) + i S (@),
j=M

Consequently for N > 2M, we have

NiM ]i;ukf(w) —uN“f(w)’ < Ni 2 ‘u fla uj“f(:v)‘
< N1M(j%(\/;)z)é(Jﬁ:{(\/jf‘ujf(a:) —Mij(x)‘z)%
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Since the operator p is a positive contractlon on L' and L, by the Dunford—
Schwartz ergodic theorem, we know Zk o p* f(z) converges a.e.

Clearly for each fixed M, x5 Son_ s ¥ (f)(2) converges a.e. If we could show
that the right hand side goes to zero as M goes to oo, so would the left hand side.
Consequently, for M large enough, and N > 2M , we have that ﬁ ZziV:M wF(f) ()
and N1 f(z) are close. This implies gV 1 f(z) must converge a.e. too.

2 1
The argument to show that (E;‘;Mj‘,ujf(x) — uj"’lf(x)‘ ) * converges to zero
involves first transferring the problem to Z. (See Bellow’s paper [8].) A Fourier
transform argument is then used to show that the multiplier is bounded, with
M =1, and consequently, goes to zero as M goes to co. The details of the Fourier
transform argument are as follows.

H(O_O I f(z) — @ f () % /7 12 ‘/ﬂf /ﬁl\f(v)rdy
= /'y=1ij () f(y) — (ﬂ(v))jﬂf(w)rdv
:/w:lij'“”'%“— AP dy

</ (W)ﬂl—ﬂwnﬂﬂwﬁdw

I R ST
< s (T=hmis mon) /M_lf(”)' ol

11— ()]
Sclil‘l:pl(iu il )‘) 1£113-

Hence, with the assumption that p has bounded angular ratio, the first part of the
theorem follows. As we see, the bounded angular ratio condition arose naturally in
the computation.

The maximal inequality follows from the fact that

@) < 5 Zuf 4+ el flw) = w f(@)?)
k=1

Now take the supremum over N on both sides. Note that

=

N
1
Isup |5 S i f@)llp < el flps
k=1

since p is a contraction on all LP, and we just saw that at least for p = 2, the
square function is a bounded operator. The general case follows by Stein’s complex
interpolation.

O

Of course, the theorem is only useful if there are measures that satisfy the
bounded angular ratio condition. It turns out that there are many examples of
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such measures. The following theorem from [13] shows how to find a large class of
examples.

Theorem 4.5. If

> ku(k) =0

k=—o0

and

Z E?pu(k) < oo
k=—o0
then u has bounded angular ratio, and p™ f(x) converges a.e. for f € LP, 1 < p <
00.

REMARK 4.6. If y has finite first moment (in particular, if 4 has finite second mo-
ment) and E(p) = > 7~ ku(k) # 0 then p has unbounded angular ratio. Hence
if E(u) = 0 then the statement p has finite second moment, and the statement p
has bounded angular ratio are equivalent.

It turns out that the bounded angular ratio condition is not only sufficient for
a.e. convergence of the convolution powers, but it also is (almost) necessary. We
have the following result. (See [1], [3] and [15].)

(y) — 1
Theorem 4.7. If lim1 W = oo then (u™) has the strong sweeping out prop-
=11 = |aly
erty
la(y) =1

It is possible that lim fails to exist. In that case, there are situations

=1 1= |a(y)|
where we are still uncertain if divergence occurs.
REMARK 4.8. In [13] Bourgain’s entropy method was used to show that divergence
occurs. Later in [1] a modification of the Fourier transform condition for strong
sweeping out was used to obtain the stronger result. In [3] a modification of the
entropy method was used to also obtain strong sweeping out.

In the above discussion we have only considered the case p > 1. The case p =1
is much more difficult. The first non-trivial result in this direction was obtained by
Karin Reinhold [64].

Theorem 4.9 (Reinhold [64]). If u has bounded angular ratio and

oo

S K uk) < oo
k=—o0
for some § > W%S), then pu™ f(x) converges a.e. for all f € L*.

(Recall that for p as above, since u has bounded angular ratio, we are restricted
to u such that E(u) =0.)

The argument used by Reinhold involved a comparison with the appropriate
normal density, and used the fact that the maximal function associated with con-
volution of dilates of the normal density function will satisfy a weak (1,1) inequality.

(vV/17-3)
2

However, it seemed unlikely that the term could be sharp.
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Encouraged by Reinhold’s result, the problem was later studied by A. Bellow
and A. P. Calder6n. They knew about the Calderén transfer principle, and they
realized that in some ways, these convolution powers behaved like singular integrals.
Moreover they knew how to use the Calderén-Zygmund decomposition to obtain
results about singular integrals. With these tools, they improved Reinhold’s result
to obtain the following.

Theorem 4.10 (Bellow—Calderén [11]). If p has bounded angular ratio and

oo

D> 1kPu(k) < oo,

k=—o0
then:
o For each A > 0 we have

n c
miz :sup " f(z) > A} < S fllss
e For all f € LY(X), uf(x) converges a.e..

A sketch of their proof is given below. They first transfer the problem to Z, and
1 . .
write p"(z) = [2, 4(e?™?)"e=2m2% 4§, They then use a clever integration by parts
2

argument to obtain the following Lemma.

Lemma 4.11 (Bellow—Calderén). If u has bounded angular ratio and

S kPuk) < oo,

k=—o00
then

sup "z — ) — p"(x) < 4.
n ||
This lemma gave them exactly the same control of the “smoothness” of the con-

volution powers that one has for the Hilbert transform. Once Bellow and Calderén
established this control, they knew the proof could be finished in exactly the same
way that one completes the proof of the weak type (1,1) inequality for the Hilbert
transform. Convergence on a dense class (all of L?) was known. Consequently, by
the Banach principle, to establish convergence for all f € L, it was enough to prove
this weak type (1,1) inequality. To prove such inequalities, with either the convo-
lution powers or the Hilbert transform, one begins with the Calderén-Zygmund
decomposition. The version of this important decomposition stated below is for
Z, however, with nothing more than a change in notation, the same decomposi-
tion holds on R. It is the key to prove the weak type (1,1) result for the Hilbert
transform, and as Bellow and Calderén showed, for convolution powers as well.

Theorem 4.12 (Calderén-Zygmund decomposition). Given a nonnegative function
f €XZ) and X > 0, we can write f = g+ b, where g € *(Z) and

(1) llgller < 1fllex
(2) llglles <24,
(3) b=>",b; where each b; satisfies:
a) each b; is supported on a dyadic interval B;,



52 R. Jones

b) >, bi(j) =0 for each i,
c) ﬁZjeBi 0i(j)| < 4\ and A < \ 11\ ZjeBi

d) For each i # j we have B; N B; = 0.

F@;

REMARK 4.13.

e We are using |S| to denote the number of integers in the set S.
e The conditions above imply

1 1
;|Bz‘| < X; biller < X||f\|el-

e In the above decomposition, if A > || f||cc then we can take f = ¢g and b = 0.

Proof of 4.12. The proof is not difficult. First find a dyadic interval, I, so large
that \Tl\Zjel ()] < Ay and |f(4)] < A for j ¢ I. Now divide I into two equal
dyadic subintervals, I; and Is. Look at the average over each piece. If in either
case the averages is more than A, keep that interval and it will become one of
the B;’s. If the average is less than A, divide that interval into two equal dyadic
subintervals, and repeat the procedure. The process clearly stops after only a finite
number of steps. We then have a collection of disjoint dyadic intervals. The average
over any one of the selected intervals is dominated by 2A. The value of f off the
union of these selected intervals is at most A. Denote the selected intervals by

Bi,Bs,.... On B; define g = ﬁzg‘e& f(4), and off UB; define g(5) = f(j).
Define b(j) = f(j) — 9(j), and let b; = by p,. It is easy to check that all the desired
properties are satisfied. O

REMARK 4.14. There is also an analog of the Calderén—Zygmund decomposition
for martingales. This was discovered by Gundy, [38], and has been useful for proving
several results about martingales.

Proof of 4.10. The following proof is due to Bellow and Calderén. We first use the
strong type (2,2) inequality to maintain control of g. We then use the smoothness
of the operator to control b when we are far from the support of b, and use the
fact that b has small support to control what happens near the support of b. The
details are as follows.

Note that

[{sup 1" f(z)| > 2A} < [{sup|u"g(z)] > A} + [{sup [n"b(z)| > A}.
n n n
To handle the first term, recall that by Theorem 4.4 we have

[['sup [u"glle> < cllgllez-
n
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Consequently,

1
[{sup [u"g(x)| > A} < <5 || sup |u"gll|7
n >\ n

IN

Cc

1zl

c )

ﬁz \Q(J)|2
J

AZ l9(7)IA

IN

IN

IN

“llal
)\gel

Sl

IN

To handle the second term, we first write B; for the interval with the same center
as B;, but Withﬁve times the length. We also let B = U;B;. Let B¢ denote the
complement of B. We then have

[{sup |u"b(x)| > A} < [{sup |u"b(x)| > A} N B[ + |B|.
This time the second term is easy. We have

~ S
1Bl <5 IBil < Tl flle-

For the remaining term, we need some additional notation. Let r; denote a point
near the center of the interval B;. Recall that pb(x) = > u™(x —7r)b(r), and that
>, b(r) = 0. Consequently,

Z ' (x —r)b(r) =0.

reB;

For z € Bf, we know |z — ;| > 2|B| and for r € B;, we know |r — ;| < |B|. Hence

|r — 74l S
Z FEYE <2 Z G S
! k=|B;|

xer



54 R. Jones

‘We have

_ 1
[{sup [1"b()| > A} B < 5 Y sup [u"b(a)]
xEBC "

T3 suplo(a)

i :ve];’f

SIS s | S = rbr) — 3t rgb(r)|

- ~ n
v xzeBY

T X T

v oxzeB; T
|r — 7]
Z Nz — 12

<13l
i T rEBf

IN

[b(r)]|

pre =) = @ =)

5. Good-)\ Inequalities for Convolution Powers

The above discussion suggested that convolution powers exhibit a behavior sim-
ilar to that of a singular integral. In this section we give an additional result in the
same spirit. That is, the result is proved in the same way as a related result for
singular integrals. Let p be a probability measure on Z. As before, let

oo
nf(@)= Y wpk)f(r*a),

k=—oc0

and for n > 1, p" f () = p(pu" =1 f) (). Let p* f(x) = sup,,» [ f ()| and
b

fa) = sup ———— 5| f(ra)]

agogbb—a—Fl —
Jj=a

Theorem 5.1. Assume p is a probability measure on Z which has finite second
moment and Y, ku(k) = 0. There are constants C > 0 and C" > 0 (which depend
only on u) such that if > 1 and 0 < v <1 satisfy 6 — 1 —~C" > 0 then

m{z " f(x) > BA, f*(x) <yA} < chiv

miz: u* f(z) > A}

o {z:p"f(z) > A}
REMARK 5.2. Joint distribution function inequalities such as given in the above
theorem are often called “good—lambda” inequalities. They were introduced by
Burkholder and Gundy, and have played an important role both in probability and
in harmonic analysis. For example, see Coifman’s article [28], where he proves
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a similar inequality between certain singular integrals and the Hardy-Littlewood
maximal function.

Proof. First we will prove the result on Z and then transfer the result to the
ergodic theory setting in the standard way. We will use the same notation for the
operators on Z with the transformation being translation.

Let ¢ € £'. We can assume without loss of generality that ¢ is non-negative.
Let S = {j: p*¢(j) > A}. Then we can write S = UI;, where the I; are disjoint
intervals of integers, and the intervals are of maximal length. That is, if I; =
{pi+1,...,pi +d;}, then p*¢(p; +j) > X for j = 1,2,...,d;, p*é(p;) < X and
p*(pi +di +1) < A

Let I ={p+1,...,p+ d} be one of these intervals. It will be enough to prove

C
(2) G € 1:w00) > 800" () < M < gy Tl

We can assume that there is a point pg € I so that ¢*(pg) < A since otherwise
the left side of (2) is zero and the result is obvious.

Let I = {p—d,...,p+2d}. ThenI C I, and I is at least a distance d from the
boundary of I. Let ¢ = ¢1 + ¢2 where ¢1(j) = ¢(5)x;(j)-

Although we only need to estimate p*¢(j) for j € In{k : ¢*(k) < yA}, we
will actually show first that there is a constant C” such that we have the uniform
estimate ©*¢2(j) < (1+ C’'y)A for all j € 1.

For fixed n, we have for j € I,

prea(G) = Y p"(G— k)2 (k)

k=—o00

= Y wrp-k)dak)+ D (u”(j — k) —p"(p— k)>¢2(k’)
k=—o00 k=—o00

=A+B.

‘We have
A< YT M p—k)o(k) = p"o(p) < A
k=—o00

since ¢ < ¢ and p*¢(p) < A by assumption.
For B we need to work harder. We can write

o0

B= Y (u”(j — k) — p"(po — k))¢2(k)

k=—o00

+ Y (u"(po —k) =" (p— k))@(k)
k=—0c0

= By + Bs.

Recalling that ¢y is supported outside I, that ¢*(py) < v\, and the smoothness
condition on p”, from Lemma 4.11, that is

. lpo — J|
"5 —k)—pu" — k)| <er——=,
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which was established in [11], we now estimate

oo

Bi= 3 (W'G=k) =" (o — k) a(k)
k=—oc0
< Y (WG -R) - 10— k) da(k)
[po—Fk|>d
= |7 — pol
< e 5 0(k)
|P0§>d |k_p0|2
<ed) oo —k)+ed) %(b(po + k)
k=d k=d
> =1 1
< cd§d¢(po - k)j; (]7 TG+ 1)2)
+Cdkz_;l¢(p0+k’)jz_;€(j2 (]+1)2)
oo N o] J
<SS 6o -k +ed> =3 oo+ k)
=" k=0 j=d 73 k=0
< 26d¢ (p(]) Z %
j=d’
< 2cyA.

The term Bs is estimated in exactly the same way, and we also obtain By < 2¢yA.
Hence if we let C' = 4¢, then we have p*¢o(j) < (1 + C'y)\ for all j € I.

We now return to estimating the left side of (2). Here we will use Theorem 4.10,
the fact established by Bellow and Calderén [11], that p* is a weak type (1,1)
operator. We have

i el:p o(j)> BN o"(4) <A}
SHiel:por(h) +p e2(d) > (6 —1—~7C)A+ (1 4+~+C")A}]
SHiel:pi(j) > (8—-1—~C)A}

C

< WH%HI
C

< - -
c

< mm(ﬁ*(]ﬂo)
C

S @1

Cvy

S el



Ergodic Theory 57

as required. O
This implies the following corollary.

Corollary 5.3. Assume p is a probability measure on Z which has finite second
moment and Y, ku(k) = 0. Let ®(t) > 0 be increasing and such that ®(2t) < c®(t)
fort > 0. Then there is a constant ¢ such that

/be(u*f(x))dx < 5/X &(f*(2))dz.

In particular, taking ®(t) = tP, we have

[ i@ <a [ ir @
X X
for 0 < p < 0.

REMARK 5.4. Note that the range of p is 0 < p < oo, we do not have the usual
restriction that p > 1.

Proof. Take f =2 and v = QLN for some large enough integer N. We have

[ aGu i@y < [ mie: 1) > 2034000
X 0
> * * 1
< / i< it @) > 20, (@) < 5y AR ()
+/O mia 1t f(x) > 20, f*(2) > QLNA}C@(A)

*  Csx . 1
<[ gorgmle @) > grNae)
oo N 1
—|—/0 m{z: f*(z) > 2—N)\}d<1>()\)
b .
< [ oG s@)s

— 5

+/X(I>(2Nf*(a:))dx.

Hence we have

oL
[ oG s@yte < e [ 8 f@)do+ [ 95 @)

X

oN

Using the properties of ® we see that this implies

1 C 1, 1.
L@(Qp*f(x))dxgl_z/xc/x@%u f(x))d:chcNH/X@(if (z))dz.

Now we solve, and obtain

(1—0 Cov )/){@(%ﬂ*f(m))dxSCNH/X@(%J‘*(QJ))dx.

C’
I_ZT
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Replacing f by 2f, and taking N large enough so that C’ < 2V, we have the
conclusion of the theorem.

(Actually there is an additional step. We first establish the theorem with p* re-
placed by supg< < |1F|. For this operator we know that the term [, ®(§u* f(z))dz
on the right hand side will be finite, so we can solve. Then we note that the in-
equality does not depend on K, so we have the result for the maximal operator,
p*.)

O

6. Oscillation Inequalities

To understand some of the discussion in this section, it helps to have a little
background about martingales. We will not need the full theory, and consequently,
will restrict our attention to two special cases: the dyadic martingale on [0,1), and
the dyadic reverse martingale on Z.

For f € L'([0,1)) and n = 0,1,..., define

k
fuley =2 [ sty dt for 2% << k;f,

k
i

with k =1,2,...,2".
Some important operators include the martingale maximal function

[ (z) = sgPIfn(x)l’

and the martingale square function

1

Suf(e) = (1)~ fenn(@)P)"
k=0

Doob, in his classical 1953 book, [33], proved that ||f*]l, < ¢l fll, and also
proved the associated weak type (1,1) inequality, that is, m{x : [f*(z)| > A} <
$IIfll1- (See Doob’s book, [33] for further discussion, as well as many other impor-
tant facts about martingales.) Austin [7] first proved the weak type (1,1) inequality
for Sprf in 1966. As in the case of the maximal function, we have || Sy fl, < ¢l fllp
for 1 < p < co. It was Burkholder who first realized the importance of the martin-
gale square function, and later working with Gundy and Silverstein, they were able
to use the martingale square function to give the first real variable characterization
of the Hardy space H! [26]. (See Petersen’s book [61], “Brownian Motion, Hardy
Spaces and Bounded Mean Oscillation”, for an exposition.)

We can also consider two additional operators. First, if we fix an increasing
sequence (ny) we can define the oscillation operator,

oo

Ouf@) = (Y sw  Iful@) = ful@))".

1 e <N<Nkt1

-

For any ¢ > 2, we define the p-variational operator for martingales by

1

Vaeof @ = s (o)~ fov (27)
k=1

ni<ng<...

where the supremum is taken over all increasing sequences of positive integers.



Ergodic Theory 59

It is easy to see that ||Ons fll2 < ¢||f||2. Just note that

[ sw (@) = fu@Pde < [ 1fuy(0) = fu, (@),
np<n<ngii
which follows from the maximal inequality applied to the martingale that starts at
ng. The strong (p,p) result for Vyy ,f is a result of Lepingle [55]. See also [60] and
[43] for further discussion of the operator Vi ,. (If ¢ < 2 the operator can diverge.
That is why we restrict our attention to ¢ > 2. See Monroe’s paper [58]. If we use
an exponent ¢ < 2, then even the analog of the simple square function can diverge.
See [5].)

It is also useful to note another square function that has played an important
role in analysis. That is, the Littlewood Paley g-function. Let P;(z) = 2

t
T 7 [z]24t2
denote the Poisson kernel on R. Define u(z,t) = f x P,(z), and let

9f(z) = (/000 thu(x,t)th)%.

A closely related (and slightly easier) operator is

g1f(x) = (/Oootgtf*Pt(x)th)%.

If we were look at a discrete version of the operator g;, we might try to break
up the region of integration, estimate % f * P:(z) on each piece, and add up the
results in the appropriate way. Consider the following heuristic' argument.

[N

(
B (k_i /: 02 Py lar)
<5 [t e
= (kim |Pyess % f(x) — Py % f(2)]? /22+ Q%dt)%
:( i |P2k+1*f(:c)fpgk*f(xﬂz)é,

L Actually one direction of this heuristic argument can be made precise. Write
ok+1

1 19} 1
(E 1P 2 10) = Ppe s S0 = (1 [, e f@) e’
2k+l

0 1
— P, 2dt) 2
|5 P x F@)P dt)

S(zka’“/Qk

< (/Ooou%Pt*f(x)th)% = g1/ (x).
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With the above martingale square function, and the Littlewood-Paley g function
as motivation, we define the ergodic analogs, and see to what extent they behave
like the previously studied square functions.

Fix a sequence n; < ng < .... We define the ergodic square function associated
with this sequence by

Nl

S1@) = (D 1An @) = Au f@)F)
k=1

The theory for this operator developed as follows:

(1) The first special case was ny = k, which was shown to be a bounded operator
on LP for p > 1, and weak type (1,1) in 1974. (See [40] and [41].)

(2) The second special case was nj = 2* considered by de la Torre in 1975 [31].

(3) The general case was studied in a paper that appeared in 1996 in joint
work with Ostrovskii and Rosenblatt [47]. We showed that in particular the
operators are bounded on LP, 1 < p < 2 and are weak (1,1). Later, in joint
work with Kaufmann, Rosenblatt and Wierdl, we showed that they map L>
into BMO and hence by interpolation, are bounded on all LP; 1 < p < co.

To prove these square function inequalities, we argue as follows. First, using the
Calderén transfer principle, as usual, we transfer the problem to Z. To prove the L?
result, we use a Fourier transform argument. After writing things in terms of Fourier
transforms, we make two different types of estimates, depending on the growth from
ng to ng41. In particular, for fixed 6, we look at those k so [ng8 — ni160| <1 and
those where |ngd — ni110] > 1. It is then a matter of adding up the resulting
estimates. This takes some work, but is not too unpleasant.

For the weak (1,1) result, we continue to work on Z, and do a Calderén-Zygmund
decomposition of f. (Recall Theorem 4.12.) Following the standard technique, as in
the proof of Theorem 4.10, write f = g+b. Use the L? estimate on g, and then try
to use an L' estimate on b, staying far away from the support of b. Unfortunately,
even in some simple cases, (say ny = k and b = §p — 1) the square function will not
be in £! (Bc), that is, even if we only sum far away from the support of b, we can
still diverge. Consequently, the standard technique fails, and we need to modify
the method.

We avoid the above difficulty by using the following result:

Theorem 6.1. Let S be a sublinear operator, and assume that S has the following
properties

(1) Hz: Sf> A < 13-
(2) For some o > 1, we have

1

a) 1S(32;b)(@) < e X2, 1S0)@)|2) " fora ¢ B.
b) % s S| < clByl.
Then S is weak (1,1).

Proof. First, using the decomposition, we can write

m{z: Sf(x) > 22} <m{xz: Sg(x) > A} + m{x: Sb(x) > A}.
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For the “good function”, g, the argument is easy, as before. We have

[{z: Sg(a) > A} < 35913
5 [ lo@) o
<5 [lo@hds
5 [ 1f@ldz = S0l

IN

as required.
For the “bad function”, b, we have the following estimate

{z : Sb(x) > \}| < |[{z € B: Sb(x) > \}| + |B|
< IS b)@e + 1B

zeBe J

1 2. 2 ISE)@) + B

z€B J

<S5 O ISB)@)e + 1B

J zEB;
¢y |Bjl+5)_|B,l
i J

C
SHfh.

IN

IN

O

To prove S(f) is weak type (1,1) it will be enough to show that our square
function satisfies the properties in Theorem 6.1.

The required weak (2,2) result is just a consequence of the strong (2,2) result.
For the second condition we use ¢ = 2, and note that for fixed x and k, at most
two of the terms in the squared part of the expression are non-zero, and that
(a+b)? <2(a® +b?).

The third condition requires some work to estimate, but is just a computation.

It turns out that these square functions map ¢°° into BMO, and consequently,
we can interpolate, and get strong type (p,p) for 1 < p < 0.

REMARK 6.2. There are some sequences, such as n, = 2* for which a different
argument will work. When nj increases fast enough, a condition sometimes referred
to as the Hormander condition is satisfied. In this case, the more standard argument
will work. However, in general the Hérmander condition is not satisfied, and the
above argument is required.

To give a flavor of the kind of computations necessary to prove the square func-
tion is bounded on L?, we illustrate the technique with a very special case.
Let ng = k, that is we are looking at the square function

1

Sf(@) = (X 1Akf @) = Arf@)P)"
k=1
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Rewriting the problem on Z, we have

_ ,2mind

l i 2mik® _ lI—e
n prs 1 _ 627”0)

Using Fourier transforms, we have

ISF]2 = / 1SF(@)[2 da

=/ SH6) 2 do

hE

m\»—A

N

p—

|ALf(0) — Apir f(0)]% dO

K

SIS
o
Il

1
1

APl / MG

1
2

Mg

<| Z [ Ak = A1 [l | FII7-
k=1
Hence it is enough to show that

oo
I 1Ak = A Pllos < e

k=1
‘We have
e’} 1 k—1
A — APl = - 2mijo _ o2miko ZH
||];| k k+1| Hoo ‘(k k+1 ]Z:Oe k+1 | N

NERINgE

1 1 — 271760 27mik6 |2
(k+1)2|Eze T 'HOO
§=0

1
(k+1)2

=
Il
—

M8

<

(22|

=
Il
—

Because of the term Tz e will have a bounded sum if

k+1
|45(0)] < c

for some constant ¢, independent of 6. The required estimate is trivial. Just
estimate each term in the sum defining Ay by 1. Thus, the average is no more
than 1.

REMARK 6.3. In the case special case considered above, i.e., the case ny = k, a
different argument can be used. Following the argument above, but working directly
with the ergodic average, we can dominate the square function by a constant times
the maximal function, plus the operator
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It is easy to see that this last operator is bounded in L2. A variant of this operator,
when we look at f(7™*x) instead of f(7*x), is studied in [50].

We now consider the oscillation operator

o

Of@)= (D sw  |Anf@) - Auf @)

1 M <n<ngp1

N

(1) In 1977, Gaposhkin [36] showed that ||Of]l2 < ¢|f]l2 in the case where
we have 1 < a < % < B < oo for some constants o and (3. Also see
Gaposhkin’s later paper [37].

(2) In 1989 Homer White showed that there was in L? inequality in case there
are constants a > 0 and § > 1 such that ng4q > omk (See [6].)

(3) In joint work with R. Kaufman, J. Rosenblatt and M. Wierdl, [43] we showed
that ||Of]|2 < ¢|| f]l2, with no restriction on the increasing sequence (ny), and
in fact we showed, ||Of|l, < ¢p||fllp for 1 < p < oo, and the operator is weak
type (1,1). Further, the constant ¢, depends only on p, and does not depend
on the sequence (ng).

We will now show how to prove a weaker version of this last result. We will show
how to get the L? boundedness without the restriction imposed by Gaposhkin,
that n’““ < 8 < 0. (However, the argument will still require the restriction that
1<a < 241 ) To do this we need one more result that is also contained in the joint
paper Wlth Kaufman Rosenblatt and Wierdl. On Z we can consider the reverse
martingale given by E,f(z) = 5= Eyt?ﬁ ~! () where r2" < z < (r 4 1)2™.
(This reverse martingale satisfies the same results as the standard martingale, in
particular we have ||Ops fll2 < ¢||f|l2.) We can also define the square function

Spf(x (ZlAgkf Ekf(:c)|2)%

This operator, which gives us a way to transfer martingale results to the ergodic
theory setting, is strong (p,p) for 1 < p < oo, and is weak (1,1).

We can now estimate as follows. For fixed nj < n, let 2% denote the largest
dyadic that is to the left of ny, and let 2¢ denote the largest dyadic that is to the
left of n. Let f, = A, f(z). We have

|f7lk - fn'
= |fnk (fsz - f2‘k) + (Efkf - Eékf) + (Bef — Eof)) + (for = for) — ful
= [(fnn = four) + (foor = B f) + (Eo, f — Eof) + (Eef — fae) + (f2e — [fo)]
< |fnk - 22k| + |f2£k - E@kf| + |Efkf - E@f' + ‘Eff - f2‘~7‘ + |f2£ - fn‘
Using this observation, we can estimate (3" pe; | fn, (7) — fn(2)[?)1/2 by first using
the triangle inequality. From the resulting expressions, the first one we can estimate
by using S f, the second by Sp f, the third by Oy, f, the fourth by Sp f again, and

for the last expression, use Gaposhkin’s result, since 2¢ < n < 2¢+1,
We can also define an analog of the operator Vi, f, by

o [~

ni<nz<...

Vb@ = sp (3 1 An @)~ Aue, F0)1)
k=1
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The proof is much in the same spirit, but we need to use Lepingle’s result in
place of the result for Oy f.

This result gives us information about “jumps” of the ergodic averages. Define
the operator

N(f, A, x) = max{n| there exists s1 <t < 89 <tg- - < 8, < tp,
such that |A, f(x) — As, f| > A for each 1 < k < n}.
We can now show that
Hx : N(f, A\, x2) >n} <

&
1

[[£1]1-

ne
We just note that
1
AN(f; A 2)) 2 <V, f(x).
Hence

o NUA ) >0} < o (V25 )
< Ha: V,f(z) > Ane}

c
< 1 Hf ||1
ne
With a little more work we can in fact replace the exponent % by % (see [43])

and we can show that this is sharp (see [50]).
There are also higher dimensional results. For example we can use squares,
rectangles, etc. See [51].

7. Concluding Remarks

There are many interesting and important areas that are related to the above
discussion, but that we have mentioned only briefly, or in some cases, not at all.
For example we did not discuss the extensive work on good subsequences for the
pointwise ergodic theorem. This started with the block sequences of Bellow and
Losert [16], followed by the important and difficult work of Bourgain ([19], [20]),
and Wierdl ([76], [75]). For an excellent (and very readable) exposition of this work,
the reader should see the article by Rosenblatt and Wierdl [69].

There is an important open problem associated with subsequences. At this
time, there is no known example of a subsequence that is good for a.e. convergence
for all f € L', and has successive gaps increasing to infinity. In particular, the
question of a.e. convergence for f € L' along the sequence of squares is open, and
probably very difficult. The techniques used in Section 4 and Section 6, including
the Calderéon-Zygmund decomposition, do not seem to apply.

We have not discussed the ergodic Hilbert transform, which has many of the same
properties as the ordinary Hilbert transform. Petersen’s book, “Ergodic Theory”
[62] contains a good introduction to this operator. It turns out that the moving
ergodic averages studied in [15], have an analog for the ergodic Hilbert transform.
See [35].

We could consider oscillation inequalities and variational inequalities for several
operators other than those discussed above. For example we could consider os-
cillation and variational inequalities for averages along subsequences, convolution
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powers, or other weighted averages. (Some results on oscillation and variational
norms for convolution powers are contained in [48], but there is more work to do.)

While as mentioned above, Bellow and Calderén have shown a.e. convergence of
unf for f € L1, if u has mean value zero and finite second moment However, there
are many examples of u for which we know a.e. convergence for f € LP, p > 1,
but which do not satisfy the conditions necessary to apply Bellow and Calderén’s
result. Do the convolution powers of these measures converge a.e. for f € L'?
Again, this problem seems difficult.

It is clear that there are many interesting questions that remain in this area, and
it seems that the more we discover, the more questions arise.
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