ALMOST-EVERYWHERE CONVERGENCE
FOR ALMOST EVERYONE

JOEL H. SHAPIRO

OCTOBER 16, 2022

In 1926 Stefan Banach [3] set out a “two-step program” for proving theorems
about almost-everywhere convergence. Banach’s program lies at the heart of all
modern work on a.e. convergence. In these notes we’ll see why.
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1 Introduction

Almost a century ago, Stefan Banach published a paper [3] in which
he showed how to approach the notion of “almost-everywhere con-
vergence” through the emerging field of functional analysis. Banach
considered sequences (T,) of measure-continuous® linear transfor-
mations from a Banach space B into the space M of (a.e. equivalence
classes of) real-valued Lebesgue-measurable functions on the unit
interval, and asked when (T}, f) could be expected to converge a.e.
for every f € B.

Banach’s paper establishes the dependence of this problem on a
favorable estimate for the maximal operator T*, defined by:

(1) T'f = sup|Tuf|  (f €B).

He proves three main theorems; the first, a necessary condition for
a.e. convergence, reveals the sort of “favorable estimate” that will
dominate the rest of the discussion.

1.1 Theorem.? Suppose (T, f) converges a.e. for each f € B. Then
(2 lim sup u{T*f > A|If[|} =0,
A—o00 fEB

where y denotes Lebesgue measure on [0,1].

To get some feeling for condition (2), define the distribution of a
non-negative, measurable function f on [0, 1] to be the function
Yf: [0,00] — [0,1] given by

€) Yr(A) = p{f > A}

Clearly ¢ decreases monotonically on [0, o], and it’s easy to see that

(A > 0).

(4) f<owae = lim 7¢(A) =0.
A—>o0

Theorem 1.1 seems to be a sort of “uniform-boundedness result”

in that asserts that a.e. convergence of (T, f) for each f € B (i.e.,
“pointwise a.e. convergence”) implies that the distribution function
of T#f converges to 0 uniformly for f in the unit ball of B. It should
therefore come as no surprise that the proof we give here (Theorem
5.1, page 15) will involve the Baire Category Theorem.

1.2 Theorem.3 If (T, f) converges a.e. for each f € B, then the “limit
operator” T: B — M defined by

(5) Tf(x) = lim T, f(x)

is measure-continuous.

(feB,xe0,1])
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Throughout these notes we use “a.e.
convergence ” to mean “a.e. convergence to
a finite value.”

"Foramap T: B — M to be “measure-
continuous” (or “continuous in measure”)
means that T f, — Tf in measure whenever
fu— finB.

2 Banach [3], Théoréme |, pp. 356-7.

Throughout these notes we use the notation
{g > A} todenote {x € X: g(x) > A}.

Later on we’ll see that certain important
integrals involving f can be rewritten as
Riemann integrals involving its distribution.
For example, if 1 < p < oo, then

1 P 00 p—1
/Of(x) dx:p/o AP (A)dA

(see, e.g., Corollary ??, page ??).

The backward implication of (4) holds for all
measures 14, the forward one only for finite
measures.

Banach’s original proof used a more
complicated “gliding hump” argument to
show that if (2) were to fail, then (T, f)
would not converge a.e. for some f € B.

3 Banach [3], Théoréme |l page 359.
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Sketch of proof. Equation (5) along with Theorem 1.1 implies the
maximal condition (2), which quickly implies that T# is measure-
continuous, and this property transfers easily to the limit operator T
defined by (5).

1.3 Theorem.* Suppose: 4 Banach [3], Théoréme Il page 359.
(a) T'f < coae. for each f € B, and

(b lim, Ty, f exists a.e. for each f in a dense subset of B. Then that limit
exists a.e. for every f € B.

This, the most important result result in [3], gives us a program for
proving a.e. convergence:

First: Prove that lim,, T}, f exists a.e. for a dense subset of vectors
f € B (usually this is the “easy” part).

Next: Prove that the maximal function T# obeys the maximal condi-
tion (2).

Then: We're done! The uniformity baked into (2) allows the desired
a.e. convergence to be extended from the dense subset of B to the
whole space.

We'll discuss “Banach’s program” for proving a.e. convergence (a.k.a.
Theorems 1.2 and 1.3) carefully in the next section, after which we’ll
show how it suffuses three famous a.e. convergence theorems:

Section 3: Lebesgue’s theorem on “differentiation of integrals.”

Section 6: Boundary convergence in the Dirichlet Problem (for the
upper half plane).

Section 4: Birkhoff’s “Pointwise Ergodic Theorem.”

We'll give the “Baire Category” proof of Banach’s necessary condition
for a.e. convergence (Theorem 1.1) in §5, along with discussion of
later refinements. Finally, we'll close with a section devoted to L
estimates for the previously-appearing maximal functions. about LP for 1 < p < c0?

3

It will turn out that all of them belong to L,
but none to L. The question arises: What
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Part I: Basics



2 Banach’s Program: Sufficiency

Although Banach worked only with Lebesgue measure on [0, 1], his
apply to very general measure spaces. Thus our interpretation of his
work in [3] will involve:

(a) A Banach space B, with norm || - ||.

(b) A measure space (X,.Z,u), and its associated space M of (a.e.
equivalence classes of) scalar-valued measurable functions.

(c) A sequence (T,){° of sublinear> transformations B — M, each of
which is “continuous in measure” (as described in sidenote 1 on
page 2), for which we define the “maximal operator” T* by:

(1) T'f = sup|Tuf|  (f €B),

Note that T# takes B into the collection of non-negative functions
on X that are .#-measurable, but possibly not a.e. finite-valued.

2.1 Theorem.® Suppose that:
(@) limy, T}, f exists (finitely) a.e. for each f in a dense subset D of B.
and

(b) The maximal function T* obeys the “uniform maximal condition”
(2) lim sup p{T*f > A f[|} = 0.
A—=0 fEB

Then lim,, T, f exists (finitely) for each f € B, and the limit operator T
defined by
() Tf=lim T,f (f€B xeX)

is a measure-continuous, sublinear map that taking B into M.

Proof. To begin the proof of part (a) let’s define, for f € B:

(6) Af(x) :=limsup Ty f(x) — lin}11nf Tuf(x) (x € X),
and for A >0
@) B(A) := iﬂlgﬂ{T#f > Al

Thus we are assuming that lim,_, f(A) = 0, and wish to show that
Af = 0 a.e. for each f € B. This is already true for each f € D, so
we're faced with the familiar problem of using a “uniform condition”
to extend a known result from a dense subset to the whole space.
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Throughout these notes, B will be a real
Banach space. The passage to complex
scalars is easily achieved by applying the
“real” results to real and imaginary parts.

®To say a mapping T: B — M is sublinear
means that whenever f,¢ € Manda € RR:

- |T(f+8)| <|Tf|+|Tg| a.e., and
- T(af) = a||T(f)| ae.
For example, the maximal function T*

defined by (1) is sublinear, as is the map
f — |Tf| foranylinear T: B — M.

& Banach [3], Theoréme Il and Theoréme lIl,
page 359. Here: Theorems 1.2 and 1.3.

Observe that the right-hand side of (6) does
not have an “co — co” problem because,
T#f < oo a.e. thanks to inequality (2), hence
both terms in question are a.e. finite.
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To this end, note that:
(Ag) 0 < Af <2T*f ae. for each f € B.

(Ap) A(f—g) =Afae foreachge Dand f € B.

Now fix f € B,A > 0,and ¢ > 0. Since D is dense in B there exists
g € D such that ||f — g|| < 4. Thus:

p{Af > A} =p{A(f—g) > A} By (Ay) above.
< V({T#(f —3) > )\}) By (A,) above.
< ;B (Hf/\H) By the maximal inequality (2)
-8
< B(A/6) {8 is monotone decreasing.

In'summary: for each positive A and J:
u{Af > A} < B(A/9).
Upon keeping A fixed and sending J to 0, this inequality yields:
u{Af >A} =0 foreach A >0.

Since any countable union of sets of measure zero has measure zero:
m{af =0 =u( U {af > 1/k}) =0,
keN
i.e, Af =0 a.e., as we wished to show.

It remains to prove part (b), the measure-continuity of the limit
operator T. This will follow from:

(*) T* takes B into M, and is measure-continuous.

Proof of (*). Note that by linearity it’s enough to show that if f, — 0
in B then T#f,, — 0 in measure. To this end, fix A > 0 and use the
maximal condition (2):
021 = {1 i) <p() e e o e
Since limy, || fu|| = 0 and lim; ;0 B(t) = 0, we have lim, B(A/||fn]]) =
0. Thus lim, u{T*f, > A} = 0for ] A > 0,ie., T*f, — 0 in measure
as n — oo. This completes the proof of (*).

To complete the proof that T is measure-continuous, note that
sublinearity allows us once again to restrict attention to continuity at
the origin. For this, suppose once again that limy, || f,|| = 0. Then for
A > 0 and 7 a non-negative integer:

i{Tfa > A} = p{lim Tfy > A} < p{T*fo > A}.

Thus lim, u{Tf, > A} = 0, hence Tf, — 0 in measure. This
completes the proof of Theorem 2.1. O



3 The Lebesgue Differentiation Theorem

The Fundamental Theorem of Integral Calculus tells us that if
f: R — R is continuous, with compact support, then

S pwae=s)

for each x € R, i.e.

lim / Flb)dt = f(x) = lim x:f(t)dt.

r—=0+ 71 r—0+ 7

The argument stems from the uniform continuity of the function f,
and actually proves something even stronger:

® om0 - f@lar=0  (Fer®),

r—0+ 27 xX—7r

for each x € R and f continuous with compact support.

LEBESGUE’S THEOREM says that if, instead of being continuous with
compact support, f is merely integrable on the real line, then (8) holds

for almost every x € R, with the same being true in higher dimensions,

once we interpret the average on the left-hand side as extending over
the ball of radius r centered at the point x.

More precisely, suppose d € N and denote by B,(x) the open
ball of radius r > 0, centered at x € R?. Let u denote Lebesgue
measure for RY, with L (y) (a.k.a. L'(IR?)) abbreviated to L'. For
later convenience we normalize y to give measure 1 to balls of unit
radius.

3.1 Theorem (Lebegue’s Differentiation Theorem). For each f € L!:

©) Jim s [~ )l =0

for p-almost-every x € RY.

The Lebesgue set of f € L! is the set of points x € R? for which (9)
holds. Its complement has measure zero, and for each of its points x:

lim / d
rﬁlOJr V{Br } f H= f( )

In fact, much more is true; here’s an easy exercise that illustrates the

power of the strong form (9) of Lebesgue’s theorem. For simplicity,

we state this only for dimension d = 2.

3.2 Exercise. Suppose Z is a family of closed rectangles in (for sim-
plicity) R? such that: (a) Each x € R? lies in a sequence of rectangles

A.E CONVERGENCE 7

For the proof in all finite dimensions see, e.g.
Rudin [23] §7.9, pp. 140-141.



from # whose diameters converge to zero, and (b) there exist num-
bers 0 < ¢ < C such that for each R € Z, the ratio of the length of the
larger side to the length of the smaller side lies between ¢ and C. Let
d(R) denote the diameter of the rectangle R, and write %y for those
rectangles in % that contain the point x.

Show that for each f € L! and each x in the Lebesgue set of f:

Flx) = d(llggo{y(lm/]{fdy: REA ).

3.3 Exercise. Show that the conclusion of Theorem 3.1 (hence also that
of Exercise 3.2) continues to hold if we require only that f be locally
integrable on RY, i.e., integrable over each ball.

To place Lebesgue’s Theorem in the setting of Banach’s program, we
take the measure space to be euclidean d-space R?, with Lebesgue
measure #, the Banach space B to be L' = L' (R?), and the sequence”
of maps (T,) to be those given for f € L! and x € R? by

1 .
) o [~ FN

noting that each of these maps is now sublinear (in the sense of

(10) T.f(x) = sup

O<r<i

sidenote 5 on page 5), and Lebesgue measurable.

With this setup, the Lebesgue Differentiation Theorem, can be
rephrased:

lim T,,f =0 ae. foreach f € L.

For the dense subset of B = L! on which the desired a.e. convergence
(9) holds, we take D = CC(]Rd), the space of continuous functions

on R? having compact support. That (9) holds for each f € C.(R%)
follows easily from the fact that each such function is uniformly
continuous on R. Thus, to complete Banach’s program we need
“only” an appropriate inequality for the maximal operator T# defined
by

1

THf = T,f =
(0 Tf=supluf = SUp 5,00}

The desired inequality will follow from:

Jy o 1 = £

3.4 Theorem (The Hardy-Littlewood Maximal Theorem). For f € L!
and x € RY, define

(@) af@)=supoi [ Wfldn (ke RY).

r>0

Then for each A > 0:

d
(13) pltf > 2y < i flh.
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Thus, for example, the Lebesgue Differenti-
ation Theorem remains true for each space
LP(R%), (1 < p < o), none of which is
contained within L (IR%).

7 We could as well work with the one-
parameter family {T,: r > 0} of maps
defined by the average on the right-hand
side of (10). The proof of Theorem 2.1 goes
through unchanged for this situation, and the
same maximal theorem will apply.

8Forx € R?we have Tu(x) =
sup{h,(x): 0 < r < 1/n}, where h;,
is continous on IR. Suppose T, f(x) > A
for some x € R and A > 0. Then there
is an index r such that i, (x) > A, so by
continuity there is a neighborhood U of x
on which i, > A, hence the same is true
of Tnf. In other words, for every A > 0
the set {T, > A} is open, which estab-
lishes the measurability (in fact, the lower
semi-continuity) of T, f on IR?.

The argument we used in sidenote 8 to prove
measurability for T, f works as well for both
T#f, and the Hardy-Littlewood maximal
function .# f defined below.



A.E CONVERGENCE ¢

3.5 Corollary. .Zf < co a.e. for each f € L1,

Proof of Corollary. Fix f € L!. From inequality (13) we know that for
eachn € N the set {.#f > n} has measure < 3%||f||; - 1. The set
{ f = oo} is the decreasing intersection of the sets {.#f > n}, and
each of these sets lies in {.Z f > 1} which, by inequality (13), has
finite measure, it follows from the “continuity of measure” that

u{ A f = oo} =limpu{.Af > n} =0. O
Inequality (13) calls to mind:

Chebyshev’s Inequality. For each f € L' and A > 0: Also known as "Markov's Inequality,” or "The
Chebyshev-Markov Inequality.”

Proof. For f € L1:

wlifl=ay< [

1
{fI > A < =Ifllx-
AR | fdn < I

This inequality suggests that a strategy for proving the Hardy-
Littlewood Maximal Theorem might be to show that f € L! implies
A f € L', hopefully with a constant C (independent of f) such that
l.#flli < C||fll1. Then Chebyshev’s inequality would yield the
Hardy-Littlewood Maximal Theorem (with C replacing 3¢ on the
right-hand side). Sadly:

3.6 Proposition. If f € L' is not a.e. equal to 0, then .4 f ¢ L'.

Proof. It’s enough to prove this for f = xg, the characteristic function
of a compact subset K of R? that has positive measure. Let J be the
radius of the smallest closed origin-centered ball that contains K. Fix
x € R\K. Then the closed ball of radius r = |x| + J, centered at x,

contains K, so
Here we use the fact that an open ball and its

1 K K closure have the same Lebesgue measure,
(///XK)(JC) > B (Y Xk dy = V(d ) = 'u( )5 i as well as the scaling property of Lebesgue
V{ r (x)} By(x) r (‘x| + ) measure, and our normalization that balls of

. . . .. s . dius 1 h 1.
Since the right-hand side of this inequality is not integrable over raclus T have measure

RY\K, neither is .# x,.. Conclusion: .4 x, ¢ L'. O

Proof of the Hardy-Littlewood Maximal Theorem

Fix A > 0 and f € L! with f > 0 a.e. By the regularity of Lebesgue
measure, it’s enough to prove (13) for any compact subset K of
{4 f > A}. Fix such a set K.

For each x € K the definition of .Z f(x) promises that there is an
open ball By centered at x such that

1 1
W oy [ fdu> A, de, that p{B) < [ fdu.
(14) V{Bx}/Bxf z i mBd <3 f, fan
Since the collection of balls % := {B,: x € K} is an open cover of K,
there exists a finite subcollection {By; }{ that still covers K.
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Let’s write B; for By;, and (temporarily) indulge in some wishful
thinking. Suppose our subcollection of B;’s were pairwise disjoint!
Then we’d have:

n

wK) < U} < X wim)
=

j=1

U |
<Y1 [ Ifldi Doy ()
=17 7B
1 . . .
=3 / |fldu  [by disjointness!]
A JuB;

1 1
<= ==

which would prove the Maximal Theorem (with a better constant).

Needless to say, the finite subcollection {B;}} of K need not be
pairwise disjoint. However all is not lost; a beautiful covering argu-
ment due to Norbert Wiener [27] saves the day! Choose a ball B; € %
of largest radius (if there are several, make an arbitrary choice). Call
this ball L1, and remove from %: not only L, but also all the “satel-
lite” balls in . that intersect it. Note that 3L;, the open ball having
the same center as L; and three times its radius, contains every one
of these satellites!

If L; and its satellites exhaust all of %, stop. Otherwise do the
same with the remaining balls in %, i.e., choose the largest one—
call it Ly, remove it and all its satellites, and note that L; is disjoint
from Lj, and that 3L, swallows up all of L,’s satellites. Continue if
necessary. Because the initial covering of K was finite, this process
must eventually halt, resulting in a finite, pairwise-disjoint collection
{Ly}{ of open balls with centers in K, such that {3L; }{ covers K.
Thus:

4 14 /4
uK) < p{Usk) < Yufsld = 37 uiLd
= k=1 k=1
k=1 ——— ——
since KC Uk 3Ly since u{3Ly} =39mu{L;}
The estimate now proceeds as in the “wishful thinking” argument,
with L;’s replacing the B,’s. O

4 Birkhoff’s Ergodic Theorem.

Our setting shifts now to L! = L!(u), where (X,.7, ) is a probability
space, i.e., a measure space for which y(X) = 1. We'll deal with
mappings ¢: X — X that are not just measurable (in that ¢~ (F) € F
for each F € %), but measure-preserving (in that u(¢~'F) = u(F)

10



for every F € 7). In this case the 4-tuple (X, .Z, u, ¢) is called a
measure-preserving system.

4.1 Example. Let X = {z € C: |z| = 1}, the unit circle of the complex
plane, and p = Lebesgue arc-length measure on X, normalized to
have total mass 1. Let ¢ denote the “angle-doubling” map on X,
defined by Tz = z2. Being continuous, ¢ is a measurable mapping. ¢
is measure-preserving because T~'F, for each not-too-large arc F of
X, is the disjoint union of two arcs each having half the length of the
original.

Suppose (X,.Z, u, ¢) is a measure-preserving system. We study the
orbits (¢"x)§° for each x € X, where ¢" is the composition of ¢ with
itself n times.9 In particular, we study, for each f € L!, the “time
averages”

n—1
(15) W=y LA eX)

4.2 Theorem (The Birkhoff Ergodic Theorem). For (X, .%,u, @) a
measure-preserving system, and f € L', there exists f € L such that:

(@) lim Tuf(x) = f(x) forae x € X.
) fog=TFae..
(©) /fdy:/fdy

To set Birkhoff’s Theorem within Banach’s program, we already have:

the measure space, the Banach space B = L!, and the sequence (T;)
of linear maps. The “good” dense subset of B on which the desired

a.e. convergence is known to hold will turn out to be D = L2 = L?(u).

The argument here, which is not entirely trivial, will make essential
use of the Hilbert space structure of L?; it will yield, as an additional
benefit, the “Mean Ergodic Theorem” of John von Neumann.

The maximal inequality that will finish the proof of Birkhoff’s
result will arise from something that looks quite different:

4.3 Lemma (The “Maximal Ergodic Lemma”). Suppose (X, .7, u, @) is a
measure-preserving system, f € L1, and T, f is defined by (15). Let

n—1
T = supTuf () =sup . T f(9") (x€ X)
n n =0

Then for each f € L':
du > 0.
[

Before proving this result, let’s see how it implies the sort of maxi-
mal inequality required by Banach’s Sufficient Condition (Theorem
2.1). Continuing with the notation of Lemma 4.3:

Whereupon we galt i AW ERUIEN RS Ure. 1

® 90 is the identity map.

Birkhoff [4], 1931. The term “ergodic”, is said
to have been invented by Boltzmann in the
mid-1880’s as a portmanteau of the Greek
ergon (energy) and hodos (path).

The mathematical study of “Ergodic Theory”
arises from “statistical mechanics,” which
arose from attempts by Boltzman and others
in the late 1880’s to explain thermodynamic
phenomena via newtonian mechanics. For
concise and informative discussions of this
rich history, see Eisner, et al [7], especially
Chapter 1, pp. 2—4, and Chapter 5, pp.
67-69.

Note that here, unlike Banach’s definition
of T*, we do not surround Tnf by absolute
values.



4.4 Theorem (The “Ergodic Maximal Theorem”). For each f € L1:

(A >0).

>

(16) sup p{T"|f| > Allflli} <
fell

Proof. Given f € L' and A > 0, apply Lemma 4.3 to g := |f| — A. Let

Ey={T's >0} = {T"|f| > A}

Then
0</ d :/ —A)d
< Jp, 8 EA(|f| )dp
= [ Ifldn=An(Ey)
Ex
< [Ifllx = Ap(Ey),
which establishes (16). O

Proof of Theorem 4.2, part (a). By Theorem 4.4 the maximal inequality
(2) holds for T*, so by Theorem ?? the “good set”:

G:={f € L': (T.f)} converges a.e.}

is closed in L!(u). It remains to show that G is dense in L!(u). For
this, we’ll exploit the Hilbert-space structure of L? to show that it has
a dense subspace that belongs to G. Since L?-convergence implies L'
convergence G contains L? = L2(u), which is itself a dense subspace
of L.

To THIS END, we study the “Koopman Operator” U the the mapping
@ induces on L%

uf=fog (fel?),
Since ¢ is measure-preserving, the change-of-variable formula in-
sures that U is isometric on every L? space, ie., |[Uf||, = | f|, for
each f € LF. We'll be particularly concerned with the subspace %" of
L? consisting of g-invariant functions:

H={fe€l® f=fogp}=ker(l-U)

Foreach f € # andn > 0 we have f o ¢" = f, hence T,,f = f.
Thus # C G, trivially, so we can complete the proof that L? C G, by
proving that the orthogonal complement .#+ of .# in L?, also lies in
G, i.e., that (T,,f) converges a.e. for each f in L.

Proof that #+ C G. Because U is isometric we know that

(17) ker(I — U) = ker(I — U"),

A.E CONVERGENCE 12

Rather than Banach’s definition of T#, which
uses |T,, f|, we use here T, |f|, which

gives an even larger version of the maximal
function.

Since #(X) < oo we know that L?(u) is
contained in L (yt), and since u(X) = 1 we
know that || - [|1 is < || - ||2 on L?. Since the
simple functions form a dense subspace of
L2, they must also be dense in L.

This operator was introduced into the study
of Hamiltonian dynamical systems by
Bernard Koopman [15, 1931], whose work
inspired von Neumann’s proof of his “Mean
Ergodic Theorem” [22, 1932]. The survey
article [18, 2021] describes some of the
Koopman operator’s recent theoretical and
practical applications.

Proof of (17). Suppose f € ker(I — U), i.e.,
that Uf = f. Then use the inner product
of L2(p) to compute ||f — U* f||2 where
U*, the adjoint of U while not necessarily
an isometry is still a contraction: |{U*|| < 1.
The resulting computation (real scalars) is:

0=|f-UflF=(f-Uf, f-US)
= IFI3+ U 13 = 2(F, u*f)
<2|f15 - 2Uf, f)
=2(IfI3 (£, ) =0 O
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i.e., if U fixes f then so does U*.
Thus, to finish our proof we need only show that (T, f) converges
a.e. for each f € ran (I — U). Fix f € ran (I — U). Then for some

g€ L%
f=U-U)g=g-Ug=8—-g°¢,
SO
17 1 k K1y _ 1 1 n
Tuf =) fog'=—) (8og"—gog)=—g — —gog
k=0 k=0

Since g/n — 0 a.e., all depends on showing that the same is true for
go¢"/n. This is easy: ||[go ¢"||2 = ||g||2 since ¢ is measure-preserving,

hence
RV :;Hn"i
- ZHgH = sl Yz <
god” <ooa.e.,so%40a.e.. =

ConcrusioNs. (T, f){° converges a.e. for each f in a subspace
of L?(u) that is dense in L?(u), hence also dense in L!(u). Thus
we’ve fulfilled the conditions of Banach’s two-step program, so have
established that (T, f){° converges a.e. for each f € L!(u). This
completes the proof of part (a) of the Birkhoff Ergodic Theorem.  [J

Proof of Theorem 4.2, parts (b) and (c). To prove part (b) we need only
observe that for f € L'(u)

(Tuf) o (p+£ = ”nilTan a.e.,

where the left-hand side converges a.e. to f o ¢ and the right-hand
side a.e. to f.

As for part (c): It follows from part (a) and Fatou’s Lemma that

f € L'(u). Recall that our argument that (T, f) converges a.e. on a
dense subset of L! (i) actually showed that it converges on a dense
subset of L2(pt) to Pf, where P is the orthogonal projection taking
L?(u) onto the kernel of the operator U: f — f o ¢. Since ¢ is

13

measure-preserving for y, the operator T, is a contraction™ on each 1% Meaning: the norm of T, f is < that of f.

of the Banach spaces L¥(u) for 1 < p < oo. In particular, an “¢/3
argument” shows that:

. 2 This is von Neumann’s “Mean Ergodic
Tuf — Pf in the norm of L(p), Theorem” [22, 1932].
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hence also that T, f — Pf in the (weaker) norm of L!(y). In particu-
lar, [ Pfdu = [ fdyu for every f € L!(u), thus completing the proof
of Birkhoff’s Ergodic Theorem with f = Pf in part (c). O

RemARK. The orthogonal projection P: L?(u) — ker(I — U) is the
Radon-Nikodym derivative of f du with respect to the restriction

of u to the o-algebra .%, of ¢-invariant subsets of .7, i.e, it’s the
“conditional expectation” of f with respect to .7, as is its extension

to L'(p).

PrROOF OF LEMMA 4.3 For f € L'(u) and n € N let " See, e.g., Taylor [26], Lemma 14.4, p. 196.
Suf i=nTu=f+ fop + fog® + ... + fog"!

and write

- S
nf = max Sif.

It’s enough to prove that for each n € IN:

8 ‘ du>0.
(18) /{Sﬁf>0}f #=

To this end, note that for 1 < k < n and we have (Sﬁ )T > Sf, so Notation: g* := max{g,0}
fH ST 09> f+(Skf)op=Seif,
In particular, for2 <k <n
f=5Scf = (Shp)t

and the same, trivially, for n = 1. Thus upon max-ing the right-hand
side over 1 < k < n we obtain

(19) f>Shf— (it

Finally, we integrate both sides of (19) over E, := {S%f > 0}:

[ fauz [ (Shf = (sh)*t o g)dp

= / (SEA)T— (St og)du By definition of E.
= [ (b e [ (L) o g e (S1f)" = 0on X\E:
> / (Sﬁf)Jr dy _ / (5ﬁf)+ o 47) dy Composition preserves positivity.
X X
/ f dy / T is (u-)measure-preserving.
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5 Banach’s Necessary Condition

We now turn to Banach’s First Principle, which asserts necessity of
the uniform estimate (2) on page 2 for a.e. convergence. For this we
return to the general setting;:

- (X, .Z,u) is a measure space,

- M is the vector space of (y-equivalence classes of) a.e. finite, .%-
measurable, real-valued functions on X,

- B is a Banach space with norm || - ||, and

- T, (for n € IN) is a linear transformation B — M that is “continu-
ous in measure.”

- T* is the maximal operator for the sequence (T} ):

T'f =sup |Tuf|  (f €B).
nelN

- BA) :=sup p{|T*f| > Al fII} = sup p{|T*f| > A} (A >0).
feB IflI=1

5.1 Theorem. (Banach’s necessary condition for a.e. convergence)*? 12 Banach [3], Theoréme |, page 356.
Suppose u(X) < co. If T*f < co a.e. for each f € B, then

(20) lim B(A) =0.

A—o0

Convergence in measure is metrizable

To assist our proof, we note that the space M supports a complete
metric d whose convergent sequences are precisely those that con-
verge in measure.

5.2 Proposition. For f,g € M let

(21) 10,9) = [ LS.

Then:
(a) d is a translation-invariant metric on M.

(b) For a sequence (f,) in M, and f € M:

fn — finmeasure <= d(f,, f) =0 (n — o).

(c) (M,d) is a complete metric space.

15
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Proof. (a) Let v(f) := d(f,0) for f € M. Then the triangle inequality
for d is equivalent to

v(f+g) <v(f)+v(g) (f,.geM),

and this in turn follows from the fact that for each pair x,y of non-
negative real numbers:

xX+y < X " Y .
l1+x+y ~ 14+x 1+y

That the other metric axioms are satisfied by d is obvious.
(b) We may, without loss of generality, assume f = 0 (a.e.). Sup-

pose d(fy,0) — 0. Then for each n € N and A > 0:

|f" | |fn |
d(fn,0) = du > / dm,
! 14| ful (Ufal>2} 1+ |ful
hence
A Here we use the monotone-increasing-ness

> AL of the function t — ¢/ (1 + t) on the positive
(22) d(fnlo) —1+A V{|fn‘ > } real axis.
Thus d(f,,0) - 0 = u{fy > A} - 0foreach A >0,1ie., f, = 0in
measure.
Conversely, if f, — 0 in measure then some subsequence (f, )
converges to 0 a.e., so d(fy,,0) — 0 by the Dominated Convergence
Theorem.
(c) We use the fact that a sequence in M that is Cauchy in measure
must converge in measure’3. Suppose a sequence in M is d-Cauchy. '3 See, e.g., Halmos [13], Theorem E, page

93, which uses “fundamental in measure” for

Then by inequality (22) our sequence is Cauchy in measure, hence , )
what we're calling “Cauchy in measure”.

convergent in measure to some f € M. Thus by the just-proved part
(b), our sequence d-converges to f. O

For A and ¢ both > 0, define

(23) Ve : = Af € M:p{lf[ > A} <e}.

With this notation: f;, — f in measure iff for every positive A and e:
eventually f, — f € V), .

5.3 Proposition. For each positive A and € the set V), . is closed in (M, d).

Proof. Suppose f, € V) . for each n € IN, and that f;, — f in measure.
We wish to show that f € V) .. To this end, fix v > A and note that

{1 > vy C{If = fal > v =AY U{lful > A},

hence

Al > v} <p{lf = ful > v = A} + u{lfal > A}



The first summand on the right -+ 0 asn — oo (since f, — fin
measure), while the second one is < ¢ (since each f, € V). Thus
u{|f| > v} < eforeachv > A, consequently u{|f| > A} < ¢ as
desired. O

Proof of Theorem 5.1

Fix f € Band ¢ > 0, and note that, because T#f < co a.e. there exists
a positive integer n = n(e, f) such that u{T#*f > n} < e. Thus

(24)  B= J{feB: T f>n} <e} = |J (T (Vie)

nelN nelN

For N € N define T;: B— M by:

TNf = sup [Tuf|  (f€B).

1<n<N

Since each T}, is a continuous map B — M, the same is true of T#,
hence T} f / T*f as N / oo, for each f € B. Consequently:

(T) "' (Vie) = {f € B: p{T"f > n} <}

= N {feB: u{T{f >n} <e}

NelN

= () (TR) 7 (Vae) -

NelN

Since the mapping T%; is continuous, and V. is closed in M (Propo-
sition 5.3) we know that (T%;) “1(V;,) is closed in B, hence the same
is true of (T#)~1(V,,,). Thus (24) expresses B as a countable union

of these closed sets, so the Baire’s Theorem'# guarantees that one of
them must contain a d-ball. Put more plainly: there exists n € N,

fo € B, and J > 0 such that

(25) If = foll <6 = u{A"f >n} <e.

It only remains to translate this “ fo-centered ” result to the origin. To
this end, write g = (f — fo)/¢ . Thus g is an arbitrary unit vector in
B, and upon noting that the additivity of each map T, guarantees
sub-additivity for T#, we obtain :

ST =THf~fo) <T'f+T'fy
which, along with (25) yields

y{éT#g >2n} < y{T#f >n} +y{T#f0 >n} <2

<e since || f—fp||<é <e
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The same argument shows that

M\Vye = {f € M: p{[f| > A} > ¢}

is closed in M. Thus its complement

Vor=A{f e Mo p{[f] > A} <&}

is open in M.

* See, e.g., Axler [2], §6E, page 185.



In summary, given ¢ > 0 there exists n € IN such that:
(26) g€ Bwith |g| =1 = pu{T%¢ >2n/6} < 2e.

Since can rewrite the definition of f(A) from (20) as

B(A) = sup p{T"g > A},
lgli=1

estimate (26) implies

B(2n/s) = sup u{T*q >2n/8} < 2e.
lgli<1

THuUs: given ¢ > 0 we’ve found A, := 2n/6 > 0 such that f(Ae) < 2e.
Since the @(A) decreases as A increases, we have the desired result:

lim B(A) = 0. 0
A—o0
Estimates for B(A).

In each of our examples of Banach’s program, the Banach space B
has been the L! space of a measure,'> and the resulting maximal
inequality has had the form

@) pn=o(3) 1w

Elias Stein'® showed that estimate (27) holds in Banach’s necessary
condition whenever B is a “nicely embedded” translation-invariant
subspace of L!(G), where G is a compact abelian group, and each T,
is a bounded linear operator on B that commutes each translation
operator t,: f — fj,.

Stein showed that for the special case B = LP(G) with1 < p < 2,
there results an even better improvement of Banach’s necessary
condition:

(=8) g -0(3) -

Special cases of Stein’s L? result had been proved much earlier by
Kolmogorov [14, 1925] and Calderon. Kolmogorov used an existing
a.e. convergence result for conjugate Fourier series in L! to derive
estimate (28) with p = 1 for the resulting maximal function, and
Calderon showed that if the Fourier series of each L? function were to
converge pointwise a.e., then the associated maximal function would
obey (28) with p = 2.
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' More specifically, a probability measure, or
Lebesgue measure on R,

16 [25], 1961

Here “nicely embedded” means that B C
L'(G) with the identity map a bounded
operator B — L!. To say B is “translation-
invariant” means that for each f € B and
h € G, the “h-translate” f},, defined by

fu(g) =flg+h) (gheG)
isin Bwith || fI| = [| full-

Stein [25] attributes this result to Calderon. It
appears (unattributed) along with a sketch of
proof in [28] as Theorem 1.22 on page 65.
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Part 11
Hardy-Littlewood Redux



6 A Dirichlet Problem

In this section we will consider real-valued functions u on the eu-
clidean upper half-plane UHP = {(x,y) € R?: y > 0} that are
harmonic, i.e., that satisfy Laplace’s equation

?u  du
(29) 32 El 0
at each point. The Dirichlet problem asks for a function # harmonic
on UHP linked, in some way, to “boundary data” prescribed by an
integrable function f: R — RR.

The Poisson Integral

Everything in this section springs from the function p: R — R
defined by:

1 1

Airw  FER)

(30) p(x) =

where the factor 1 is inserted to make the integral of ¢ over the real
line equal to 1. The Poisson kernel for level y > 0 is the function P,
defined on R by

1l xy 1Ty
(31) Py(x) := gp(?) R (x,y) € UHP.

Each Poisson kernel Py is clearly non-negative, bounded, continuous

on R and, for each y > 0, convergent to 0 as x — =oco. By a simple
change of variable

1 dx
P == - dx=1
/]R y(x) dx - ]R1+x2dx

for each y > 0.

6.1 Proposition. For f € L'(IR), the “Poisson integral”

Pfl(xy) = [ P(x=0f(Hdt  (x€R)
exists for every x € R, and defines a function P|f] harmonic on UHP.

Proof. Upon identifying the point (x,y) € R? with the complex
number z = x + iy, and observing that P,(x) = Re (i/(nz)) for each
z € C\{0}, we see that:

i
z—t

7Pf)(z) = [ Re - f(1)dt = Re ./]Rz#;tf(t)dt,

Thus to show that P[f] is harmonic it will be enough to show that
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In the real world, one might imagine UHP to
be a flat metal sheet, to which, at time t = 0,
an initial temperature f(x) is applied at
each point x € IR. There results, at each
point (x,y) € UHP, and each time t > 0,
a temperature U(x, y, t). At each point

of UHP the “steady-state” temperature
u(x,y) = lim; 0 U(x,y,1), exists, and
satisfies Laplace’s equation.

Figure 1: Graph of Poisson kernel P (x) =
%q)(x/y) for three different values of y > 0
(smaller values give “peakier” graphs).

The last equality uses from real-valuedness
of f and the definition of integral of a
complex-valued function in terms of the
integrals of its real and imaginary parts.



the function F defined on UHP by

Py [ £ g

Rz—t

(z € UHP)

is analytic on UHP, i.e., that its complex derivative exists there.
To this end, fix points z and zp in UHP and compute:

RO Fe) S0,
z—129 R (z—1t)(z0—1)

In the integral on the right, the integrand’s denominator is bounded

away from zero (with bound depending only on z and zp), and as

z — zg the integrand converges pointwise (almost everywhere) to

F(#)/ (20 = 1)

Thus by the Dominated Convergence Theorem, F is differentiable

Flzo) =~ | WiON

R (z — )2

Consequence: P[f] is the real part of the iF, a function analytic on the

at zp, with

upper half-plane, hence P[f] is harmonic there. O

Does P[f] solve the Dirichlet problem for boundary data f € L?

The answer is “Yes” ... in the following sense:

6.2 Theorem. If f € L' and u = P[f] then u is harmonic on UHP, and

lim u(x,y) = f(x) fora.e. x € R.
y—0+

The harmonicity of u has already been established. To prove its a.e.
convergence to f we'll follow Banach’s program, taking

(@) L' = LY(R) for the Banach space B.

(b) The space of (a.e. equivalence classes of) Lebesgue-measurable
real-valued functions on R for the space M.

(c) The one-parameter family sublinear maps T, defined for f € L!
and y > 0 by

Tyf(x) = [Plfl(x,y) = f(0)]  (x € R).

In these terms the conclusion of Theorem 6.2 becomes: “lim, o Ty f (x) =

Oforae xeR.”

(d) C. =those f: R — R that are continuous and compactly
supported, for the dense subset D of B on which Theorem 6.2 is
known to hold. That C. belongs to the “good set” for Theorem 6.2
is made clear by the Proposition below.
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The existence of the integral is not in doubt,
since f is integrable and the integrand’s
denominator is bounded below by the
distance from the (fixed) point z € UHP to
the real line.

What we’ve really done here is justify an
interchange of differentiation (with respect to
z) with integration.

Thanks to the Cauchy-Riemann equations,
the real part of any function analytic on an
open subset of the plane is harmonic there
(see, e.g. [24], Ch.2, §14-16, pp. 23-25).

The denseness of D in L! follows easily
from the fact that it contains each function

continuous on IR having compact support.
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6.3 Proposition. Suppose f € L'(R) is bounded and uniformly continuous

on R. Then the function u: UHP — R defined by UHP := {z =x+iy € C: y > 0}, the
“closed upper half-plane.”
P[f] on UHP
u =
f on R

is harmonic on UHP and continuous on UHP.

Proof. We'll need the following properties of the Poisson kernel:
(P1) Py > 0 for each y > 0,

(P2) [ Py(x)dx =1 for each y > 0, and

(P3) lim, o f|x‘>5 P,(x)dx = 0 for each § > 0.

We noted the first two of these properties in the paragraph preceed-
ing Proposition 6.1 above. For the third, fix positive numbers J and

y; then use the even-ness of P, and the change-of-variable x = ty to
compute:

X

o0 1 [ee]
P, dx =2 —o(—)dx=2 t)dt.
/\x|>(5 y(x)dx =5 yq)(y) * t:&/yq)()

Property (P3) follows from this and the integrability of ¢ over R.
We prove the Proposition by showing that lim, o1 P[f](x,y) =

f(x), where the convergence is uniform for x € R. To this end, fix

€ > 0 and use the uniform continuity of f to choose Jp > 0 such that

[t] <o = |f(x—t)—f(x)|<e/2 (VxeR).
By condition (P3) above, we can choose J > 0 so that

€ | fllco := sup,c |f(£)].
0< <(S:>/ P,(t)dt < ——. teR
y T

Fix (x,y) € UHP and note that:

PIfI(e,y) = fx) = [ Pylx=0)f (Dt = £(x)
= /IRf(x - t)Py(t) dat — f(x) [Change of variable]

(32) — [f(x _ t) _ f(x)] Py(t) dt . [Property (P2) of Poisson kernel]

Now estimate (using in the first line the positivity of Py):

IP[f](x,y) — f(x)] < (/R F(x— 1) — F(0)| Py (1) de
- ~/‘t\<§0 + /|t250 |f(x - t) _f(x)‘ Py(t) dt

= Il +12,
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where
€
I / x—t t)dt < 7/ =.
V= e fwl R RIOLE-
<e by choice of &y e
<1by (P2)
For the second integral we have this estimate for 0 < y < J:
Bl = [ |fx=t) = f(x)| B(t)at
|28 N~ ———’
<2|flleo
< 2fle [ Pyt
<2Afle [ B
%,_/
2Hf|| by choice of ¢
< £
2
Thus for each x € R:
O<y<é = ‘P[f](x,y) —f(x)\ <h+Dh<eg,
which establishes the uniform convergence of P[f](x,y) to f. O

Thus the desired a.e. convergence will follow, via Banach’s program
(extended to one-parameter families of operators, as indicated in
sidenote 7, page 8), from Theorem 2.1 and a favorable estimate on
the maximal function T#f = sup, o Ty f. For this we’ll prove such an
estimate for the Poisson Maximal Function

(33) PPf(x) = sup (PN (xy)  (x€R).
y>

6.4 Theorem (The “Poisson Maximal Theorem”). For each f € L'(R)
and A >0

3
p{P*f > A} < 2l
where y denotes Lebesgue measure on R.

Proof that Theorem 6.4 implies Theorem 6.2. Since constant functions are
fixed points for Poisson integrals, we have for each f € L! and x € R:

(T*f)(x) < sup [P[f](x,y)] +|f(x)]

O<y<1
< (P*F)(x) + [ f(2)].
Thus, as in our proof of the Lebesgue Differentiation Theorem,
m{T*f > A} <m{P*f > A/2} + m{|f| > A/2}

6 2
< = =
< 2Nl + 3151

8
= 21l

23



which, thanks to Theorem 2.1, yields Theorem 6.2.

Proof of Theorem 6.4 (and therefore of Theorem 6.2). Fix v > 1. We’ll
construct a “wedding-cake” w: R — (0, 00) whose graph lies between
those of p and yp. To do this, draw the largest possible closed
rectangle (sides parallel to the coordinate axes) that has top edge

at height p(0) and which fits between the graphs of p and yp. Now
draw another such rectangle, the largest one whose top edge contains
the bottom edge of the first rectangle, and which again fits between
the two graphs. Continue the process (forever), obtaining a function
x — w(x) whose graph looks like the side view of a wedding cake
(see Figure 2).

For j € N, denote by B, the interval obtained by projecting the
base of j-th rectangle formed above onto the horizontal axis, and let
Hj = H%Bj)xgj. Thus [, Hjdu = 1 for each j € N, and it’s clear from
its defining picture that there is a sequence («;) of positive constants
such that w = Y.j«jHj. Moreover: ) aj < 7.(*)

For (x,y) € UHP let Wy(x) =y~ 'w(x/y), so that

Py(x) < Wy(x) < yPy(x) (xeR, y>0).

Thus for f € L'(R) and x € R:
PIAI(ry) = [ 1£(x=0)IPy(t)d
< [ U= niw,(e)at

=L [ flx= 000

1
_]ZajM/Bju(x—t)mt

Now make the substitution s = x — t in the integrals in the last line
above, and write Bj(x) for B; + x, the interval of the same size as B},
but now with center x. The result is

1
PN ) < 2ty gy Jy 14

<Mf(x)

where Mf is the Hardy-Littlewood Maximal Function (defined
by (12) on page 8). Conclusion: For each (x,y) € UHP and each
f € LM(R):

PIfl](x,y) < v Mf(x).

By Theorem&ﬁaﬁ(tﬁbqbgg{@%@alig4

Recall the Poisson kernel: P (x) =
y~'p(x/y), where p(x) = (mr(1+x%))~".

Figure 2: The “wedding-cake” construction

XE denotes the characteristic function of the
set EC R (=1onE, and 0 off E).

(*) Proof: yP, > W, and [ Pydm =1, s0

v > /Rwdm = szj /JRH]'dm = sz,.
j j



A.E CONVERGENCE

Upon taking the supremum of the left-hand side over y > 0 we
obtain:
P*f(x) < y Mf(x) V feLY(R)and x € R.

Since this is true for each v > 1 it’s also true for ¢y = 1. Thus, for each
feLY(R)and A > 0:

RIPPF> ) < pMf > A} < Siflh.

with the final inequality provided by Theorem 3.4, the Hardy-
Littlewood Maximal Theorem. This completes the proof of our
Poisson Maximal Theorem, and with it, the proof of Theorem 6.2. [

L? boundary data, p > 1.

We’ve just employed Banach’s program to solve the Dirichlet problem
of the upper half-plane (UHP) in the following sense (Theorem 6.2):

For each f € LY(R) there exists a harmonic function u on UHP such
that limy, o u(x,y) = f(x) forae x € R.

The question arises:
If p > 1, does a similar result hold for f € LF?

A straightforward application of Holder’s inequality shows that
for each such f the Poisson integral exists and defines a function
harmonic on UHP, so only the a.e. convergence is at issue.

A similar situation arose in our discussion of the Lebesgue differ-
entiation theorem, proved initially for f € L!, then extended (via
Exercise 3.3) to all f that are locally integrable, (and in particular, for
f € LP for each p > 1). The key to this generalization was the fact

that the differentiation in question is local: the existence and value of
im — [ f)dr
=0+ p(Br(x)) JB,(x)

does not change no matter how the function f might be altered
outside a neighborhood x.

The following lemma shows that, with a bit more work, we can
establish the same kind of locality for the Poisson integral.

6.5 Lemma. Suppose 1 < p < oo and f € LP. Then for each x € R:

lim HPy(x—t)dt=0
Y0t |tfx|>lf() y(x=1)

Once this lemma has been established, we’ll have:

6.6 Theorem. If f € LP(R) and u = P[f] then:

li = for a.e. R.
yir&u(x,y) f(x) forae. x €

25



Proof that Lemma == Theorem. Fix a unit-length interval I of the real
line. For f € L7 let fi coincide with f on I, and set it equal to 0 off
I. Then f; belongs to L' (Holder’s inequality), so by Theorem 6.2 we
have, lim, ;o P[f7](x,y) = fi(x) for a.e. x € R. In particular, this
limit is f(x) for a.e. x € I. Now fix such an x € I, and note that

PIfIGey) = PRI + [ F(OR(x—t)at

[t—x|>1

where (as y — 0+) the first summand on the right converges to f(x),
and the second one to zero. Thus lim, o, P[f](x,y) = f(x) for a.e.
xel

The theorem follows upon decomposing the real line into count-
able a disjoint union of unit-length intervals, and applying the result
of the above paragraph to each. O

Proof of Lemma. Fix f € LP. For (x,y) € UHP set

Iy (x) = /|t_x|>1 F(E)P(x — t) dt

and let g denote the Holder-conjugate index for p.
Ll< [ 0[Py (x — t) dt
el< [ FWIR=D
1/q
< I fllp (/ Py(X—f)th>
[x—t|>1

sty ([, maerar)”

where the second line follows from the first: obviously if p = oo,
otherwise by Holder’s inequality, and the third from the second

by the obvious change-of variable (thanks to the even-ness of the
Poisson kernel and the translation-invariance of Lebesgue measure).

Now
00 00 yZ q
2 ﬂ/ Ptqm:/ <>dt
™ t=1 y(t) =1 \y? + 12
oo 1 q
= —— | dt
y/tzl/y (1+t2)

< y/oo 724 4t
t=1/y

— 1 2
R

Thus |I,(x)| = O(y) as y — 0+, which completes the proof of the
Lemma. O
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“Nontangential” convergence in the Dirichlet problem

We know from Theorem 6.2 that if f € L! and u = P[f], then for a.e.
xo € R the Poisson integral u(x,y) of f converges to f(xp) as (x,y)
converges to xq along the vertical line x = xg. We'll see now that the
arguments that produced this result can be easily modified to get a
better “nontangential” result.

6.7 Definition. For u: UHP] — R and points xy € R, to say u(x,y)
converges nontangentially to wy € R means: For every « > 0 and &€ > 0
there exists & = &(a,€) > 0 such that |u(x,y) — wy| < &€ whenever

|x —xo| <ayand y < 4.

6.8 Theorem. If f € L! then for a.e. xy € R, the Poisson integral u = P|f]
converges nontangentially to f(xg).

Proof. Fixa >0, x9 € R, and f € L'. For y > 0 define T;j: L' — M by

Tif(w) = sup |u(xy) — f(xo)]

|[x—xp|<ay

ie, Ty f(xo) is the supremum of |P[f] — f(xo)| over the intersection of
Q4 (xp) with the vertical line of height y. The conclusion of Theorem
6.8 can now be restated:

(34) ygm Ty f(x0) =0 forae. xo € R.

Once again we have assembled the basic ingredients needed for Ba-
nach’s program: The one-parameter family {T,: y > 0} of semilinear
maps L' — M for which the desired convergence holds on a dense
subset of L! (e.g., those integrable functions that are uniformly con-
tinuous on R). Thus we can complete the proof of Theorem 6.8 by
proving an appropriate inequality for the maximal function

T*f=supT,f (x€R, fell).
y>0

To this end, note that for x, € Rand y > 0:

Tyf(x0) = sup

|x—x0[<ay

/Pyx—t £) dt — f(xo)

</IR sup  |Py(x — )f()dt — f(xo)| dt,

lx—xo|<ay

S0 upon writing

(35) P{(xp):= sup Py(x)

|x—xp|<ay
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Geometrically, this means that for each given

a > 0 the value u(x,y) approaches wy

when (x,y) approaches (xo,0) while staying

within the “nontangential approach region”

Qq(x0) = {(x,y) € UHP: |x —xo| < ay}.

¥

Figure 3: The approach region Q, (xo
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we have

(6) T(x0) < [ P (x0 = DIF() = Flxo)] b

The rest of the proof will proceed exactly as for that of Theorem 6.2,
once we establish

Lemma. For each o > 0 there exists a positive constant Cy such that
37) B (x0) < CePym) (10 € R,y >0)

For once this inequality is established, we’ll know,

T3 f(xo) < Cu [ Pylxo = DIF() = Flxo)

so that for each xy € R:

T*f(x0) < CuP*(|f — f(x0)]) (x0)
< Ca(Mf = f(x0)|)(x0)

where P* is the Poisson maximal function defined by (33) and M is
the Hardy-Littlewood Maximal operator defined by (12) on page 8.
Thus for each f € L' and A > 0

u{Thf > A} < u{M|f — f(xo| > A/Ca}

< p{Mf > A/ Q2C)} + u{lfI > A/ (2Ca) }

8Cy
<
< X2 s

Thus the conditions of Banach’s program are satisfied, so (modulo
the proof of the Lemma) Theorem 6.8 is proven . O

Proof of the Lemma. We wish to show that

P("‘)
(38) Co = sup{ ;y(ff;)

:xe]R,y>0} < 0.
Recall that for each y > 0:
1 rx
Px)=—-p(>) (x€R)
1 1

1422
In the same way:

where p(x) =

« 1 X
P ) = pC

y y) (x € R)
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where
pW(x) =sup{(p(x—t): [t| <a}  (x€ER).

Thus an easy calculation shows that our desired inequality (38) can
be rewritten

(a)
(39) Ca:—sup{pp(g):xelR,y>0}<oo.

Figure 5 at the right shows that

PO =7z (t<a)
P (x) =< p(x—a), (0<t<a)
p(x+a), (—a<t<0)

Since p(®) and p are both even functions, the supremum in (39) need
only be computed for x > 0.
Now for x > 0:

40) P [142 (0<x<w
- 2
p(x) Earm (>
and since £ legzl 7 — 1asx — oo, we see that the left-hand side

of (39) is bounded on the non-negative real axis, so C, < oo, which
completes the proof of the Lemma (more precisely, a little Calculus
shows that Cy = 1+ (a/2)(a + V4 + a2), see Figure 5). O

Comments and Complements

Higher dimensions. Let % denote the upper half-space of R**1, i.e.,
U :={(x,y) € R x R: y > 0}.

The analogue for % of the Poisson kernel for UHP is:

1
ynfl

1
A+ P

Py(x) = q)(g) where ¢(x) =cp
for x € RY, y > 0 and ¢, chosen to make fRd @dm = 1. Thena
change-of-variable in R? shows—just as for the n = 1 case—that
[ga Pydm = 1 for each y > 0; in fact all the properties P1 — P3
for our original Poisson kernel '7 continue to hold for these higher
dimensional ones.

We can then form the Poisson integral

PUAIey) = [ Px=Df(at ((ny) € )
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Figure 4: The graphs of p and p(®)

\

05 1.0 15 20 25 3.0

Figure 5: Cop(x) > p(x —a) fora = 1 and
x > 0. The dot is at the point of tangency.

Now m = Lebesgue measure on R

7 See the proof of Theorem 6.3 for these.



of any f € L'(R?), verify that P[f] is harmonic on % (now using
an interchange of derivative and integral to verify that it satisfies
Laplace’s equation on %), and proceed to prove by exactly the
same steps as before that P[f] solves the Dirichlet problem for %,
with a.e. convergence to boundary data f € L1(R?).

The higher dimensional analogue of the Poisson Maximal The-
orem (Theorem 6.4) and therefore its resulting a.e. convergence
theorems (Theorems 6.2 and 6.8) continue to hold, with essentially
the same proofs—now based on the d-dimensional version of the
Hardy-Littlewood Maximal Theorem.

7 Fourier Series

Our setting for this section shifts to the real interval [—7t, 7], with p
denoting Lebesgue measure on that interval, normalized to have total
mass 1, ie., du(x) = 4.

Initially we'll work in (compex-valued) L> = L?(u), which is a

Hilbert space with inner product

(f.8):= [rgan  (fgel?),
and norm
Ifl2:=/{f f) (fel?).

Forn € Zand x € R, lete,(x) = ¢”*. Then the bi-directional
sequence (e,: n € Z) is an orthonormal set in L? which, by the
Weierstrass Approximation Theorem, is complete in that

lim H Y (f, en>en—fH2:O (f € L?).

N—oo In|<N
In other words, for each f € L? the Fourier series

(41) E (f, en)en

nez

converges to f in the norm of L?, in the sense that its sequence (Sy)§’
of symmetric partial sums

(42) SNf: 2 <fr en>en

[n|<N

converges in L? to f.
It's traditional write, f (1) for the n-th coefficient in the series (41):

f(n) = <f, en> — /f(x) e inx dﬂ(x) = % /_t[f(x) eI gy

A.E CONVERGENCE

See [2], Chapter 7, pp. 144-151 for the
continuous and “mean” versions of the
problem.

In fact, the series (41)converges to f in
L2 unconditionally, i.e., no matter how its
individual terms are rearranged.
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We call f(n) the n-th Fourier coefficient of f. The mapping f — f is
the Fourier transform which, by Parseval’s theorem [REF] is a linear
isometry taking L? onto the sequence space (? = (2(Z).

The notion of Fourier transform and Fourier series make sense,
with the same definitions, for functions f € L' = L!(u). Unfortu-
nately the relationship between L! and its image under the Fourier
transform is not as neatly described as in the L? case. Nevertheless,
it’s easily seen that the Fourier transform maps L! into the space
(* = (®(Z) of bounded (complex) sequences, and does so contrac-
tively in the sense that that |f(1)| < ||| for each f € L. It's well
known that:

(a) The Fourier transform maps L' one-to-one into (but not onto) the
subspace cg of {*° consisting of sequences that converge to 0 as
|n| — oo, and

(b) There exist functions in L! whose Fourier series do not converge
in L. [REF]

The problem of pointwise convergence of Fourier series dates back

to the foundations of the subject. 19th century work of Dirichlet,
Jordan, and du Bois Reymond showed that if f is continuous and
2m-periodic on the real line, and of bounded variation, then its Fourier
series converges pointwise to f, but that the bounded-variation
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hypothesis could not be omitted.!8 '8 See e.g., Rudin [23], §5.11-5.13, pp.
Motivated by the Lebesgue theory of measure and integration, ;ozg;;ro: for the modern treatment of these

Nikolai Lusin asked in 1920 if, nevertheless, each such continuous

function was the sum of its Fourier series at almost every point of the

real line. Andrei Kolmogorov showed in 1923 (at age 20) that there

exist functions f € L! whose Fourier series diverge at almost every

point of R, Nevertheless, Lusin’s question remained unanswered ' Fundamenta Math. 4, pp. 324-328. A few

until 1966, when the Swedish mathematician Lennart Carleson

years later Lusin produced an LY-function

whose Fourier series diverged at every point

proved: of R.

Carleson’s Theorem.? If f € L2, then f(x) = Y,cz f(n)e™ for 20 Acta Math. 116 (1966) 135-157.
almost-every x € [—7r, 7T].

Carleson’s proof proceeded (thanks to Theorem 1.3 and the density
of the trigonometric polynomials) by establishing Banach’s maximal
condition (2) in the form

up u{T* —o( 00
sup (TS > A2} o(z) G-,

where T* is the “Fourier Maximal Operator” 2! defined for f € L? 2 Also known as the “Carleson operator”
and |x| < 7T by:

(THf)(x) = sup |Snf(x)| = sup| X f(m)e™|.
N N

[n|<N
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Carleson’s argument is challenging; subsequent authors have made
the result more accessible (see, e.g., Lacey [19]), but it’s still not for
the faint-of-heart.

The fraught nature of the a.e. convergence problem for Fourier
series lies in the integral representation of its symmetric partial sums:

W Swf) = [fx-nDx(an)  (Felh), A
where Dy is the Dirichlet kernel / \

sin 1 [
Dy = ¥ et — SMNEI gy | \

|1’Z|SN Sln(j) 5 5 \/ I

In order for the representation (43) to make sense, we’ll need to
assume (now, and forever after) that each measurable function on Figure 6: The Dirichlet Kernel Dy

[—7t, pi] has been 27r-periodically to the entire real line.
It turns out that limy_,« || Dy|[1 = oo, from which one can prove
that both the operator Sy on L', and the linear functional oxN: f —
Snf(x) on the continuous, 27t-periodic functions, have norms tend-
ing to o0 as N — co. In particular, the uniform boundedness principle
insures that that there exists f € L! whose Fourier series does not
converge in L!, and that there exist continuous periodic functions
f whose Fourier series do not converge pointwise. [REFERENCES
PLEASE!]

The situation for all modes of Fourier-series convergence improves
considerably if, instead of focusing on the partial-sum sequence
(Sn)§, we instead focus on its sequence (o )§’ of arithmetic means:

1 X 1
(44) onf = Nii Snf (fel’),
n=0

for which the integral representation is, for each f € L!:

W) onf() = [Kn(OfGx—tdut)  (Felh).

Here Ky, called the Fejér kernel, is the N-th arithmetic mean of the :ﬂ)
Dirichlet-kernel sequence. The kindly nature of the sequence (oy) / \
stems from its closed-form representation: ’/‘” \

||

k3

2
1 sin 21y ' \
6 Ky (t) := 2 /

(46) n(#) N—l—l( sin% — \
Thanks to this formula we see that the Fejer kernel has three crucial Figure 7: The Fejér kernel Ky

properties similar to those previously established here for the Pois-
son kernel (Properties P1-P3 on page 22) in the course of proving
Proposition 6.3.
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7.1 Lemma (Properties of the Fejer kernel). for N = 0,1,2, ... and
xeR:
(@) Kn(x) = 0.
®) /KN(x) du(x) =1for N=0,1,2, ....
(©) lim max Ky(x) =0 whenever 0 < é < 7.
N—oo 5<|x|<7T
Proof. Property (a) is obvious from (46), while (b) follows immedi-
ately from the fact that [ Dy (t) du(t) = SNy1(0) =1 for every N.
As for (c), we have from (46):
1
max Ky(x) < - —+0as N — oo. O
<|x|<m n(x) < N+1 sin?(6/2)

Lemma 7.1 allows the argument we used in our initial solution of the
Dirichlet Problem (Theorem 6.3, page 22) to work almost word-for-
word in the present setting, resulting in:
7.2 Corollary. If f is 27t-periodic and continuous on R, then onf — f e Tim max |(on f)(x) — £(x)] = 0.

uniformly on R. N—voo |x|<7

By a trigonometric polynomial we mean a linear combination of expo-
nentials ey, i.e., a finite sum
N .
p(x) =Y a,e"™ (NeN, x €R).
n=1
7.3 Corollary (A Weierstrass Approximation Theorem). The trigonomet-
ric polynomials form a dense subspace of L.

Proof. We know from Real Analysis that the continuous functions
with compact support in the open interval (—7, 77) are dense in L! =
LY([~m, 7]). Thus, if f € L' and n € N, there exists a continuous
function ¢ with support in the open interval (—7t, 77))

IF =gl =5 [ 1f0) - g@)ldx < 5

Corollary 7.2 now provides a trigonometric polynomial p, with
|gn — pn| < 2 at each point of [—7, 7t]. Thus

1
_ < _ _ [
If = pulli < If = &nlli + lIgn — Pl < m o
Thus ||f — pull = 0 as n — oo. O
7.4 Corollary. For each f € L':
li - =0.
Jm o f = flls

Proof. GIVE THE THREE-EPSILON PROOF O

33



A.E CONVERGENCE

The “Fejér Maximal Function

In the last section we used the “wedding cake construction,” to
showed how the Hardy-Littlewood maximal function dominates the
Poisson maximal function. In fact, the argument works word-for-
word if the Poisson kernel is replaced by for any “kernel” J,: R —
(0,00) for y > 0, where Jy is non-negative, even, decreasing for x > 0,
and integrable with C := Sup,~o lJyll1 < co. If we define the operator
Ty on L! by

Tof(x) = [ FO)y(x—)at
then for each f € L!, the wedding-cake construction yields:
T'f(x) <CMf(x) (x€R),

where ./ is the Hardy-Littlewood Maximal Function.
In particular, (now returning to the setting of normalized Lebesgue

measure on [—7T, 77]), note that the “central peak” of the graph of K, e i ——
. . 27 . _ (2N+1)? Figure 8: The Fejér kernel K, and its
sits on the interval [t| < 5%/, on which K(t) < K(0) = g7 majorant Iy

Define, for each N € IN, the continuous function Jy to have value
Kx(0) on the support of that central peak, and to be an appropriate
constant multiple 1/t> on the rest of the interval [—7t, 7]. More
precisely:

(2N+1)% . 2
es R L) ez
(47) INO=93 .. | )
—Nﬁl g if 72N7-T+2 < |t < .

7.5 Lemma. For each N € IN:

(a) Jn > Ky at each point of [—7t, 7.

8N

N1 <%

® Wil = [ Tty

Proof. Part (b) is a straightforward integration. For part (a), note that,
by definition, the desired inequality is true for |t| < & (and is

equality for t = 0). For the remaining values of t we have

Kn() £ ‘<sin((2N+l)£)>2

In(t) ~ 4m2 sin(§)
2
R
472 sin?(4)
< L . £ . Since sin(t/2) >t/ on [0, 7t].
~4n? (t/m)?

In summary: Ky is < Jy on the support of the central peak of of Ky's
graph, and is < Jn/4 on the rest of the interval [—7, 77]. O

34



A.E CONVERGENCE 35

Thanks to the “Wedding Cake construction” we know from part
(b) of Lemma 7.5 that for each f € L!, N € N, and |x| < 7

JINOU =Dl au) <8af(x) (x| <),
so by part (a) of that Lemma:
) [ KnOlf (e =)l dn(t) < 8. ().

7.6 Theorem (The “Fejer Maximal Theorem”). For f € L!, define the
“Fejer Maximal Function” o f by:

o'f) = [ Donf)] (el < pi)

Then o* f < 8.4 f on [—7, 7.

7.7 Corollary. I\l}im onf = f ae. foreach f € L.
—» 00
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