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Foreword

Beginning in the spring of 2000, a series of four one-semester courses
were taught at Princeton University whose purpose was to present, in
an integrated manner, the core areas of analysis. The objective was to
make plain the organic unity that exists between the various parts of the
subject, and to illustrate the wide applicability of ideas of analysis to
other fields of mathematics and science. The present series of books is
an elaboration of the lectures that were given.

While there are a number of excellent texts dealing with individual
parts of what we cover, our exposition aims at a different goal: pre-
senting the various sub-areas of analysis not as separate disciplines, but
rather as highly interconnected. It is our view that seeing these relations
and their resulting synergies will motivate the reader to attain a better
understanding of the subject as a whole. With this outcome in mind, we
have concentrated on the main ideas and theorems that have shaped the
field (sometimes sacrificing a more systematic approach), and we have
been sensitive to the historical order in which the logic of the subject
developed.

We have organized our exposition into four volumes, each reflecting
the material covered in a semester. Their contents may be broadly sum-
marized as follows:

I. Fourier series and integrals.
II. Complex analysis.
ITI. Measure theory, Lebesgue integration, and Hilbert spaces.

IV. A selection of further topics, including functional analysis, distri-
butions, and elements of probability theory.

However, this listing does not by itself give a complete picture of
the many interconnections that are presented, nor of the applications
to other branches that are highlighted. To give a few examples: the ele-
ments of (finite) Fourier series studied in Book I, which lead to Dirichlet
characters, and from there to the infinitude of primes in an arithmetic
progression; the X-ray and Radon transforms, which arise in a number of
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problems in Book I, and reappear in Book III to play an important role in
understanding Besicovitch-like sets in two and three dimensions; Fatou’s
theorem, which guarantees the existence of boundary values of bounded
holomorphic functions in the disc, and whose proof relies on ideas devel-
oped in each of the first three books; and the theta function, which first
occurs in Book I in the solution of the heat equation, and is then used
in Book II to find the number of ways an integer can be represented as
the sum of two or four squares, and in the analytic continuation of the
zeta function.

A few further words about the books and the courses on which they
were based. These courses where given at a rather intensive pace, with 48
lecture-hours a semester. The weekly problem sets played an indispens-
able part, and as a result exercises and problems have a similarly im-
portant role in our books. Each chapter has a series of “Exercises” that
are tied directly to the text, and while some are easy, others may require
more effort. However, the substantial number of hints that are given
should enable the reader to attack most exercises. There are also more
involved and challenging “Problems”; the ones that are most difficult, or
go beyond the scope of the text, are marked with an asterisk.

Despite the substantial connections that exist between the different
volumes, enough overlapping material has been provided so that each of
the first three books requires only minimal prerequisites: acquaintance
with elementary topics in analysis such as limits, series, differentiable
functions, and Riemann integration, together with some exposure to lin-
ear algebra. This makes these books accessible to students interested
in such diverse disciplines as mathematics, physics, engineering, and
finance, at both the undergraduate and graduate level.

It is with great pleasure that we express our appreciation to all who
have aided in this enterprise. We are particularly grateful to the stu-
dents who participated in the four courses. Their continuing interest,
enthusiasm, and dedication provided the encouragement that made this
project possible. We also wish to thank Adrian Banner and José Luis
Rodrigo for their special help in running the courses, and their efforts to
see that the students got the most from each class. In addition, Adrian
Banner also made valuable suggestions that are incorporated in the text.
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We wish also to record a note of special thanks for the following in-
dividuals: Charles Fefferman, who taught the first week (successfully
launching the whole project!); Paul Hagelstein, who in addition to read-
ing part of the manuscript taught several weeks of one of the courses,
and has since taken over the teaching of the second round of the series;
and Daniel Levine, who gave valuable help in proofreading. Last but not
least, our thanks go to Gerree Pecht, for her consummate skill in type-
setting and for the time and energy she spent in the preparation of all
aspects of the lectures, such as transparencies, notes, and the manuscript.

We are also happy to acknowledge our indebtedness for the support
we received from the 250th Anniversary Fund of Princeton University,
and the National Science Foundation’s VIGRE program.

Elias M. Stein
Rami Shakarchi

Princeton, New Jersey
August 2002

As with the previous volumes, we are happy to record our great debt
to Daniel Levine. The final version of this book has been much improved
because of his help. He read the entire manuscript with great care and
made valuable suggestions that have been incorporated in the text. We
also wish to take this opportunity to thank Hart Smith and Polam Yung
for proofreading parts of the book.

May 2011
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Preface to Book IV

Functional analysis, as generally understood, brought with it a change
of focus from the study of functions on everyday geometric spaces such
as R, R? etc., to the analysis of abstract infinite-dimensional spaces, for
example, functions spaces and Banach spaces. As such it established a
key framework for the development of modern analysis.

Our first goal in this volume is to present the basic ideas of this theory,
with particular emphasis on their connection to harmonic analysis. A
second objective is to provide an introduction to some further topics to
which any serious student of analysis ought to be exposed: probability
theory, several complex variables and oscillatory integrals. Our choice of
these subjects is guided, in the first instance, by their intrinsic interest.
Moreover, these topics complement and extend ideas in the previous
books in this series, and they serve our overarching goal of making plain
the organic unity that exists between the various parts of analysis.

Underlying this unity is the role of Fourier analysis in its interrelation
with partial differential equations, complex analysis, and number theory.
It is also exemplified by some of the specific questions that arose initially
in the previous volumes and that are taken up again here: namely, the
Dirichlet problem, ultimately treated by Brownian motion; the Radon
transform, with its connection to Besicovitch sets; nowhere differentiable
functions; and some problems in number theory, now formulated as dis-
tributions of lattice points. We hope that this choice of material will not
only provide a broader view of analysis, but will also inspire the reader
to pursue the further study of this subject.
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1 L? Spaces and Banach Spaces

In this work the assumption of quadratic integrability
will be replaced by the integrability of |f(x)|?. The
analysis of these function classes will shed a particu-
lar light on the real and apparent advantages of the
exponent 2; one can also expect that it will provide
essential material for an axiomatic study of function
spaces.

F. Riesz, 1910

At present I propose above all to gather results about
linear operators defined in certain general spaces, no-
tably those that will here be called spaces of type (B)...

S. Banach, 1932

Function spaces, in particular LP spaces, play a central role in many
questions in analysis. The special importance of LP spaces may be said
to derive from the fact that they offer a partial but useful generalization
of the fundamental L? space of square integrable functions.

In order of logical simplicity, the space L' comes first since it occurs
already in the description of functions integrable in the Lebesgue sense.
Connected to it via duality is the L space of bounded functions, whose
supremum norm carries over from the more familiar space of continuous
functions. Of independent interest is the L? space, whose origins are
tied up with basic issues in Fourier analysis. The intermediate LP spaces
are in this sense an artifice, although of a most inspired and fortuitous
kind. That this is the case will be illustrated by results in the next and
succeeding chapters.

In this chapter we will concentrate on the basic structural facts about
the LP spaces. Here part of the theory, in particular the study of their
linear functionals, is best formulated in the more general context of Ba-
nach spaces. An incidental benefit of this more abstract view-point is
that it leads us to the surprising discovery of a finitely additive measure
on all subsets, consistent with Lebesgue measure.



2 Chapter 1. L” SPACES AND BANACH SPACES

1 L? spaces

Throughout this chapter (X, F, ) denotes a o-finite measure space: X
denotes the underlying space, F the o-algebra of measurable sets, and p
the measure. If 1 < p < oo, the space LP (X, F, ) consists of all complex-
valued measurable functions on X that satisfy

1) /X F@P du(z) < oo.

To simplify the notation, we write LP(X,u), or LP(X), or simply LP
when the underlying measure space has been specified. Then, if f €
LP(X,F, ) we define the LP norm of f by

1 Fllarcraran = ( [ i dmm)w.

We also abbreviate this to || f||z»(x), [ fllze, or [|f][p-

When p = 1 the space L'(X,F, ) consists of all integrable functions
on X, and we have shown in Chapter 6 of Book I1I, that L! together with
| - |2 is a complete normed vector space. Also, the case p = 2 warrants
special attention: it is a Hilbert space.

We note here that we encounter the same technical point that we al-
ready discussed in Book III. The problem is that ||f||z» =0 does not
imply that f = 0, but merely f = 0 almost everywhere (for the measure
u). Therefore, the precise definition of LP requires introducing the equiv-
alence relation, in which f and g are equivalent if f = ¢ a.e. Then, LP
consists of all equivalence classes of functions which satisfy (1). However,
in practice there is little risk of error by thinking of elements in L? as
functions rather than equivalence classes of functions.

The following are some common examples of LP spaces.

(a) The case X = R? and p equals Lebesgue measure is often used in
practice. There, we have

1/p
1 flles = (/ If(x)lpdx> |

(b) Also, one can take X =7, and p equal to the counting measure.
Then, we get the “discrete” version of the LP spaces. Measurable
functions are simply sequences f = {ay }nez of complex numbers,
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oo 1/p
1l = ( ) |) .

n=—oo

and

When p = 2, we recover the familiar sequence space ¢2(Z).

The spaces LP are examples of normed vector spaces. The basic prop-
erty satisfied by the norm is the triangle inequality, which we shall prove
shortly.

The range of p which is of interest in most applications is 1 < p < oo,
and later also p = oco. There are at least two reasons why we restrict our
attention to these values of p: when 0 < p < 1, the function | - ||z» does
not satisfy the triangle inequality, and moreover, for such p, the space
LP has no non-trivial bounded linear functionals.! (See Exercise 2.)

When p = 1 the norm || - |1 satisfies the triangle inequality, and L*
is a complete normed vector space. When p = 2, this result continues to
hold, although one needs the Cauchy-Schwarz inequality to prove it. In
the same way, for 1 < p < oo the proof of the triangle inequality relies on
a generalized version of the Cauchy-Schwarz inequality. This is Holder’s
inequality, which is also the key in the duality of the LP spaces, as we
will see in Section 4.

1.1 The Holder and Minkowski inequalities
If the two exponents p and ¢ satisfy 1 < p,q < 0o, and the relation

,_|_,:1
p q

holds, we say that p and ¢ are conjugate or dual exponents. Here,
we use the convention 1/o0 =0. Later, we shall sometimes use p’ to
denote the conjugate exponent of p. Note that p = 2 is self-dual, that is,
p=gq=2;also p=1,00 corresponds to ¢ = 0o, 1 respectively.

Theorem 1.1 (Holder) Supposel <p < oo and1 < g < oo are conju-
gate exponents. If f € LP and g € L9, then fg € L' and

19l < 1 fllzellgllze-

Note. Once we have defined L™ (see Section 2) the corresponding in-
equality for the exponents 1 and oo will be seen to be essentially trivial.

'We will define what we mean by a bounded linear functional later in the chapter.
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The proof of the theorem relies on a simple generalized form of the
arithmetic-geometric mean inequality: if A, B > 0, and 0 < 6 < 1, then

(2) A'B'7Y <9A+(1-6)B.

Note that when # = 1/2, the inequality (2) states the familiar fact that
the geometric mean of two numbers is majorized by their arithmetic
mean.

To establish (2), we observe first that we may assume B # 0, and
replacing A by AB, we see that it suffices to prove that A% < A + (1 —
). If we let f(x) = 2% — 0z — (1 —0), then f'(z) = 6(x~1 —1). Thus
f(x) increases when 0 < z < 1 and decreases when 1 < x, and we see that
the continuous function f attains a maximum at z = 1, where f(1) = 0.
Therefore f(A) <0, as desired.

To prove Holder’s inequality we argue as follows. If either || f|z» =0
or ||fllze =0, then fg =0 a.e. and the inequality is obviously verified.
Therefore, we may assume that neither of these norms vanish, and after
replacing f by f/||fllL» and g by g/||g||Le, we may further assume that
/e = |lgll« = 1. We now need to prove that ||fg|/p: < 1.

If we set A= |f(z)?, B=|g(z)|? and 6 =1/p so that 1 — 6 =1/q,
then (2) gives

F@)g(@)] < ;f<a:>|p T §|g<a:>rq.

Integrating this inequality yields || fg|/z: < 1, and the proof of the Holder
inequality is complete.

For the case when the equality || fg|lz1 = || f|lL#|lg]|Ls holds, see Exer-
cise 3.

We are now ready to prove the triangle inequality for the LP norm.

Theorem 1.2 (Minkowski) If1 <p < oo and f,g € L, then f + g €
LP and || f + glle < |[flle + llgllze-

Proof.  The case p =1 is obtained by integrating |f(z) + g(x)| <
|f(x)] 4 |g(z)|. When p > 1, we may begin by verifying that f + g € L?,
when both f and g belong to LP. Indeed,

[f (@) + g(@)” <2°(|f ()" + [g(x)["),

as can be seen by considering separately the cases |f(x)| < |g(z)| and
lg(x)| < |f(xz)]. Next we note that

|f(2) + g(@)I” < |f(@)] |f(2) + g(@) """ +|g(@)] |f (@) + g(=)P~
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If ¢ denotes the conjugate exponent of p, then (p — 1)g = p, so we see
that (f + ¢g)?~! belongs to L4, and therefore Hélder’s inequality applied
to the two terms on the right-hand side of the above inequality gives

(3) I +allze S UAlzell(f + ) Hlze + Ngllzell(f + )~ lza-

However, using once again (p — 1)qg = p, we get

1(f + )P lpa = |If + gl5a

From (3), since p —p/q =1, and because we may suppose that ||f +
gllz» > 0, we find

If +gllze < 1 Fllze + llgllze,

so the proof is finished.

1.2 Completeness of LP

The triangle inequality makes LP into a metric space with distance
d(f,g) =||f — glltr. The basic analytic fact is that LP is complete
in the sense that every Cauchy sequence in the norm || - ||z» converges to
an element in LP.

Taking limits is a necessity in many problems, and the LP spaces would
be of little use if they were not complete. Fortunately, like L' and L2,
the general L? space does satisfy this desirable property.

Theorem 1.3 The space LP(X,F, pu) is complete in the norm | - || L».

Proof. The argument is essentially the same as for L' (or L?); see
Section 2, Chapter 2 and Section 1, Chapter 4 in Book IIL. Let {f,}72,
be a Cauchy sequence in LP, and consider a subsequence {fp, }3>; of
{fn} with the following property || fn,., — fu.llzr < 27F for all k> 1.
We now consider the series whose convergence will be seen below

F(@) = Fun @)+ (fais (2) = fu (@)
k=1
and

9(x) = | fu, ()] + Z | s (2) = fp ()],

k=1
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and the corresponding partial sums

K
Sk () @) = Fr () + Y (Frss (@) = f, ()
k=1
and

Sk(9) (@) = | fy (x |+Z|fnk+1 — ().

The triangle inequality for L? implies

K
1Sk (D ze < Ifasllze + Y I farss = Faellzo

k=1

K
< furllzr + 327"

k=1

Letting K tend to infinity, and applying the monotone convergence theo-
rem proves that f gP < 0o, and therefore the series defining g, and hence
the series defining f converges almost everywhere, and f € LP.

We now show that f is the desired limit of the sequence {f,}. Since
(by construction of the telescopic series) the (K — 1)%®
this series is precisely f,,, we find that

fox (@) = f(z)  ae .

To prove that f,,, — f in L? as well, we first observe that

(@) = S (£)(@)]” < [2max(|f (2)], |9k (f)(@))]
<27 (@) + 2°[Sk () ()"
< 2" g(x)?,

partial sum of

for all K. Then, we may apply the dominated convergence theorem to
get || fnx — fllzr — 0 as K tends to infinity.

Finally, the last step of the proof consists of recalling that {f,} is
Cauchy. Given € > 0, there exists N so that for all n,m > N we have
| fn — finllLe < €/2. If nk is chosen so that ng > N, and || fn,. — fllzr <
€/2, then the triangle inequality implies

1frn = Flle < W fn = Frxlloe + [ fax = flle <€

whenever n > N. This concludes the proof of the theorem.
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1.3 Further remarks

We begin by looking at some possible inclusion relations between the
various LP spaces. The matter is simple if the underlying space has
finite measure.

Proposition 1.4 If X has finite positive measure, and py < p1, then
LPr(X) C LPo(X) and

1 1
T N1 P < T ~~Na Pl .
p(X)1/o 1z < (X)L 11z

We may assume that p; > pg. Suppose f € LP', and set F = |f|Po,
G=1,p=pi/po>1,and 1/p+ 1/q = 1, in Holder’s inequality applied
to F' and G. This yields

Ppo/p1
1, < ( / |f|m) (X1

In particular, we find that || f|| -0 < 0o. Moreover, by taking the pg® root
of both sides of the above equation, we find that the inequality in the
proposition holds.

However, as is easily seen, such inclusion does not hold when X has
infinite measure. (See Exercise 1). Yet, in an interesting special case the
opposite inclusion does hold.

Proposition 1.5 If X = Z is equipped with counting measure, then the
reverse inclusion holds, namely LP°(Z) C LP*(Z) if po < p1. Moreover,

[fllzes < 1fllzro -

Indeed, if f = {f(n)}nez, then Y |f(n)[Po = || f[|}5,, and sup,, | f(n)| <
|| £l ro. However

SO =Y 1)l f(n)r e
< (sup |f (D™ 7 f
< 1 £ 1% -

Thus || fl|zer < || fllzeo-

2 The case p = o0

Finally, we also consider the limiting case p = oco. The space L will
be defined as all functions that are “essentially bounded” in the follow-
ing sense. We take the space L>°(X,F, 1) to consist of all (equivalence
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classes of) measurable functions on X, so that there exists a positive
number 0 < M < oo, with

lf(z)] <M ae x.

Then, we define || f|| o (x,#,,) to be the infimum of all possible values M
satisfying the above inequality. The quantity || f| L is sometimes called
the essential-supremum of f.

We note that with this definition, we have |f(x)| < || f| L~ for a.e. .
Indeed, if E={xz:|f(x)] > [[fllz=}, and En =A{z:[f(z)| > |[fll= +
1/n}, then we have u(E,) =0, and E = |J E,,, hence u(E) = 0.

Theorem 2.1 The vector space L™ equipped with || - ||p is a complete
vector space.

This assertion is easy to verify and is left to the reader. Moreover,
Holder’s inequality continues to hold for values of p and ¢ in the larger
range 1 < p,q < 0o, once we take p=1 and ¢ = co as conjugate expo-
nents, as we mentioned before.

The fact that L is a limiting case of LP when p tends to oo can be
understood as follows.

Proposition 2.2 Suppose f € L™ is supported on a set of finite mea-
sure. Then f € LP for all p < co, and

[fllze = [[fllzee asp— oo

Proof. Let E be a measurable subset of X with u(E) < oo, and so
that f vanishes in the complement of E. If p(E) =0, then | f|p~ =
|| fllz» = 0 and there is nothing to prove. Otherwise

1/p 1/p
|umm:(lgﬂmwm0 g(ﬁjﬂvwmo < o= n(E)P.

Since u(E)YP — 1 as p — oo, we find that limsup,_ . || f[lzr < || fllz=-
On the other hand, given € > 0, we have

p{a = [f@)] = [1fllze —€}) =6 for some 6 >0,

hence
/Wﬂmm>6mﬂuwd@
X

Therefore liminf, . [|f|lLr > || f|lz — €, and since € is arbitrary, we
have liminf, .o || fl|zr > || fl|zo=. Hence the limit lim, . || f||z» exists,
and equals || f|| L.
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3 Banach spaces

We introduce here a general notion which encompasses the L? spaces as
specific examples.

First, a normed vector space consists of an underlying vector space V'
over a field of scalars (the real or complex numbers), together with a
norm | -] : V — RT that satisfies:

e |[v]| =0 if and only if v = 0.
e ||av|| = |a|||v|, whenever « is a scalar and v € V.
o |lv+w| < |v| + |Jw| for all v,w € V.

The space V is said to be complete if whenever {v,} is a Cauchy
sequence in V, that is, ||v, — v || — 0 as n,m — oo, then there exists a
v € V such that |lv, —v|| — 0 as n — oo.

A complete normed vector space is called a Banach space. Here
again, we stress the importance of the fact that Cauchy sequences con-
verge to a limit in the space itself, hence the space is “closed” under
limiting operations.

3.1 Examples

The real numbers R with the usual absolute value form an initial example
of a Banach space. Other easy examples are R?, with the Euclidean norm,
and more generally a Hilbert space with its norm given in terms of its
inner product.

Several further relevant examples are as follows:

EXAMPLE 1. The family of LP spaces with 1 < p < oo which we have just
introduced are also important examples of Banach spaces (Theorem 1.3
and Theorem 2.1). Incidentally, L? is the only Hilbert space in the
family LP, where 1 < p < oo (Exercise 25) and this in part accounts for
the special flavor of the analysis carried out in L? as opposed to L' or
more generally LP for p # 2.

Finally, observe that since the triangle inequality fails in general when
0<p<1,| -|lzr is not a norm on LP for this range of p, hence it is not
a Banach space.

EXAMPLE 2. Another example of a Banach space is C([0,1]), or more
generally C'(X) with X a compact set in a metric space, as will be de-
fined in Section 7. By definition, C'(X) is the vector space of continuous
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functions on X equipped with the sup-norm || f|| = sup,cx | f(z)]. Com-
pleteness is guaranteed by the fact that the uniform limit of a sequence
of continuous functions is also continuous.

ExXaMPLE 3. Two further examples are important in various applications.
The first is the space A%(R) of all bounded functions on R which satisfy
a Holder (or Lipschitz) condition of exponent o with 0 < a <1,
that is,

[f(t1) = f(t2)]

sup —————"~ < oo.
t1#t2 |t1 - t2|a

Observe that f is then necessarily continuous; also the only interesting
case is when « < 1, since a function which satisfies a Holder condition of
exponent o with o > 1 is constant.?

More generally, this space can be defined on R?; it consists of contin-
uous functions f equipped with the norm

flz) = fly
[ fllAe(ray = sup |f(z)] + sup M
z€R? oty T =Yl
With this norm, A*(R?) is a Banach space (see also Exercise 29).

EXAMPLE 4. A function f € LP(R?) is said to have weak derivatives
in L? up to order k, if for every multi-index o = (g, . . ., aq) with |a| =
ay + -+ ag <k, there is a g, € LP with

() [ @etyde = (07! [ j@oze) ds

R4

for all smooth functions ¢ that have compact support in R?. Here, we
use the multi-index notation

g (2N (92N (2N
r\ox)  \or 0x4 ’

Clearly, the functions g, (when they exist) are unique, and we also write
0% f = go- This definition arises from the relationship (4) which holds
whenever f is itself smooth, and g equals the usual derivative 9% f, as
follows from an integration by parts (see also Section 3.1, Chapter 5 in
Book III).

2We have already encountered this space in Book I, Chapter 2 and Book III, Chapter 7.
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The space L7 (R?) is the subspace of LP(R?) of all functions that have
weak derivatives up to order k. (The concept of weak derivatives will
reappear in Chapter 3 in the setting of derivatives in the sense of distri-
butions.) This space is usually referred to as a Sobolev space. A norm
that turns LY (R?) into a Banach space is

I lp@ay = Y 1055 o) -

lee| <k

ExXAMPLE 5. In the case p = 2, we note in the above examAple that an
L? function f belongs to Li(Rid) if and only if (1 + [£]>)*/2f(¢) belongs
to L?, and that ||(1 + |£]2)*/2£(€)]| 1> is a Hilbert space norm equivalent
to ||fHL§(Rd)-

Therefore, if k is any positive number, it is natural to define Li as
those functions f in L? for which (1 + |¢]?)*/2f(¢) belongs to L?, and we
can equip L? with the norm 1122 may = [[(1 + 1EI2)E2F()| 2.

3.2 Linear functionals and the dual of a Banach space

For the sake of simplicity, we restrict ourselves in this and the following
two sections to Banach spaces over R; the reader will find in Section 6
the slight modifications necessary to extend the results to Banach spaces
over C.

Suppose that B is a Banach space over R equipped with a norm || - ||. A
linear functional is a linear mapping ¢ from B to R, that is, £ : B — R,
which satisfies

Uaf + Bg) = al(f)+ Bl(g), foralla,feR, and f, g€ B.

A linear functional ¢ is continuous if given € > 0 there exists § > 0 so
that |¢(f) — 4(g)| < € whenever ||f — g|| < J. Also we say that a linear
functional is bounded if there is M > 0 with |[¢(f)] < M||f|| for all f €
B. The linearity of ¢ shows that these two notions are in fact equivalent.

Proposition 3.1 A linear functional on a Banach space is continuous,
if and only if it is bounded.

Proof. The key is to observe that ¢ is continuous if and only if £ is
continuous at the origin.

Indeed, if ¢ is continuous, we choose ¢ =1 and g =0 in the above
definition so that |[¢(f)] < 1 whenever || f|| <, for some 6 > 0. Hence,
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given any non-zero h, an element of B, we see that 0h/||h|| has norm equal
to 0, and hence |£(5h/||h||)| < 1. Thus |¢(h)| < M|h|| with M = 1/4.

Conversely, if ¢ is bounded it is clearly continuous at the origin, hence
continuous.

The significance of continuous linear functionals in terms of closed
hyperplanes in B is a noteworthy geometric point to which we return
later on. Now we take up analytic aspects of linear functionals.

The set of all continuous linear functionals over B is a vector space
since we may add linear functionals and multiply them by scalars:

(lr +62)(f) = 6() +£2(f)  and  (af)(f) = al(f).

This vector space may be equipped with a norm as follows. The norm
|l4]| of a continuous linear functional ¢ is the infimum of all values M for
which [¢(f)| < M]|f]| for all f € B. From this definition and the linearity
of £ it is clear that

l
Il = sup [£(f)] = sup |[£(f)] :Sup| (f)|_
<1 IflI=1 0 £l

The vector space of all continuous linear functionals on B equipped
with || - || is called the dual space of B, and is denoted by B*.

Theorem 3.2 The vector space B* is a Banach space.

Proof. 1t is clear that || - || defines a norm, so we only check that B* is
complete. Suppose that {¢,} is a Cauchy sequence in B*. Then, for each
f € B, the sequence {/,,(f)} is Cauchy, hence converges to a limit, which
we denote by £(f). Clearly, the mapping ¢ : f +— £(f) is linear. If M is
so that ||¢,,]] < M for all n, we see that

[N <= L) (P + [en (N < 1 = ) (H)] + MIF],

so that in the limit as n — oo, we find [¢(f)| < M| f]| for all f € B.
Thus ¢ is bounded. Finally, we must show that ¢,, converges to ¢ in B*.
Given € > 0 choose N so that ||¢,, — {,,|| < €/2 for all n,m > N. Then,
if n > N, we see that for all m > N and any f

(€= L) (N < (€= Lm) (N + [l — £a) ()] <N = L) (F)] + %Hfll-

We can also choose m so large (and dependent on f) so that we also have
|(¢ = ) ()] <€llf]l/2. In the end, we find that for n > N,

(6= L) (NI < ell1]-
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This proves that ||[£ — £,|| — 0, as desired.

In general, given a Banach space B, it is interesting and very useful to
be able to describe its dual B*. This problem has an essentially complete
answer in the case of the LP spaces introduced before.

4 The dual space of L when 1 < p < o0

Suppose that 1 < p < oo and ¢ is the conjugate exponent of p, that is,
1/p+1/q=1. The key observation to make is the following: Hoélder’s
inequality shows that every function g € L? gives rise to a bounded linear
functional on L? by

(5) o) = /X £ (@)g() dp(z),

and that ||¢|| < ||g||zs. Therefore, if we associate g to £ above, then we
find that L? C (LP)* when 1 < p < co. The main result in this section
is to prove that when 1 < p < oo, every linear functional on LP is of
the form (5) for some g € L9. This implies that (L?)* = L9 whenever
1 < p < o0o. Weremark that this result is in general not true when p = oo;
the dual of L™ contains L', but it is larger. (See the end of Section 5.3
below.)

Theorem 4.1 Suppose 1 <p < oo, and 1/p+1/q=1. Then, with B =
LP we have

B* = L4,

in the following sense: For every bounded linear functional £ on LP there
is a unique g € L7 so that

() = /X f(@)g(@) du(z),  for all f € L7.

Moreover, |||+ = ||g]|La-

This theorem justifies the terminology whereby ¢ is usually called the
dual exponent of p.

The proof of the theorem is based on two ideas. The first, as already
seen, is Holder’s inequality; to which a converse is also needed. The
second is the fact that a linear functional £ on LP, 1 < p < oo, leads nat-
urally to a (signed) measure v. Because of the continuity of ¢ the measure
v is absolutely continuous with respect to the underlying measure p, and
our desired function g is then the density function of v in terms of p.

We begin with:
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Lemma 4.2 Suppose 1 < p,q < 00, are conjugate exponents.

[

(ii) Suppose g is integrable on all sets of finite measure, and

(i) Ifge€ LY, then ||g|lp« = sup
Ifllr <1

sup ‘/fg‘:M<oo.
11l <1
f simple

Then g € L1, and ||g||p« = M.

For the proof of the lemma, we recall the signum of a real number
defined by

ifz>0
sign(z) =¢ —1 ifzx<0
ifx=0.

Proof.  We start with (i). If g =0, there is nothing to prove, so

we may assume that g is not 0 a.e., and hence ||g||L« # 0. By Holder’s
inequality, we have that
/ fg‘~

To prove the reverse inequality we consider several cases.

lgllLs > sup
Ifllr <1

e First, if ¢ = 1 and p = oo, we may take f(z) = sign g(z). Then, we
have || f||L~ = 1, and clearly, [ fg=]g|z:.

© 1 < p,q < oo, then we set [(x) = g(a)|* signg(x)/[}gl|f". We
observe that [|f|}, = [ lg(z)[Pla—1) du/HgHi(qq*l) — 1 since p(q—
1) = ¢, and that [ fg = ||g| L.

e Finally, if ¢ = o0 and p=1, let € > 0, and F a set of finite posi-
tive measure, where |g(z)| > ||g|lL~ — €. (Such a set exists by the
definition of ||g||~ and the fact that the measure p is o-finite.)
Then, if we take f(z) = xg(x)signg(z)/u(F), where xg denotes
the characteristic function of the set E, we see that || f||z1 = 1, and

also
‘/f‘ o 1ol Lol
9| =—= [ lgl = llgle — €
M(E)E
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This completes the proof of part (i).

To prove (i) we recall® that we can find a sequence {g,} of simple
functions so that |g,(z)| < |g(x)| while g, (z) — g(x) for each . When
p>1 (0 g < 00), we take fu(z) = |gn(2)|" " signg(z)/llgnll7."- As be-
fore, || fn|/z» = 1. However

/fng— L@ e,

lgnllZe

and this does not exceed M. By Fatou’s lemma it follows that [ [g]? <
M1, so g € L? with ||g||p« < M. The direction ||g||r« > M is of course
implied by Hélder’s inequality.

When p = 1 the argument is parallel with the above but simpler. Here
we take f,(x) = (signg(x))xg, (x), where E, is an increasing sequence
of sets of finite measure whose union is X. The details may be left to
the reader.

With the lemma established we turn to the proof of the theorem. It
is simpler to consider first the case when the underlying space has finite
measure. In this case, with ¢ the given functional on L?, we can then
define a set function v by

v(E) = UxE),

where E is any measurable set. This definition makes sense because x g is
now automatically in LP since the space has finite measure. We observe
that

(6) W(E)| < c(u(E))Y?,

where c is the norm of the linear functional, taking into account the fact
that |[xelcr = (u(E))"/7.

Now the linearity of ¢ clearly implies that v is finitely-additive. More-
over, if { E,,} is a countable collection of disjoint measurable sets, and we

put £ =J,_, En, Ex = U, _ N1 En, then obviously

N
XE = XE} +ZXEH~

n=1

Thus v(E) =v(EY) + 25:1 v(E,). However v(E}) — 0, as N — oo,
because of (6) and the assumption p < co. This shows that v is countably

3See for instance Section 2 in Chapter 6 of Book III.
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additive and, moreover, (6) also shows us that v is absolutely continuous
with respect to pu.

We can now invoke the key result about absolutely continuous mea-
sures, the Lebesgue-Radon-Nykodim theorem. (See for example Theo-
rem 4.3, Chapter 6 in Book III.) It guarantees the existence of an in-
tegrable function g so that v(E) = f g du for every measurable set E.
Thus we have £(xg) = | Xggdp. The representation £(f) = [ fgdu then
extends immediately to simple functions f, and by a passage to the limit,
to all f € LP since the simple functions are dense in L?, 1 < p < oo. (See
Exercise 6.) Also by Lemma 4.2, we see that ||g||r« = [|¢]|-

To pass from the situation where the measure of X is finite to the
general case, we use an increasing sequence { E,, } of sets of finite measure
that exhaust X, that is, X = Uzozl E,. According to what we have just
proved, for each n there is an integrable function g, on E, (which we
can set to be zero in Ef) so that

(7) of) = /fgn dp

whenever f is supported in E,, and f € LP. Moreover by conclusion (ii)
of the lemma ||g,||zs < ||¢|-

Now it is easy to see because of (7) that g, = g, a.e. on F,,, whenever
n > m. Thus lim,_ . gn(z) = g(z) exists for almost every z, and by
Fatou’s lemma, ||g||z« < ||¢]]. As a result we have that ¢(f) = [ fgdpu for
each f € LP supported in F,, and then by a simple limiting argument, for
all f € LP. The fact that ||¢|| < ||g||re, is already contained in Holder’s
inequality, and therefore the proof of the theorem is complete.

5 More about linear functionals

First we turn to the study of certain geometric aspects of linear function-
als in terms of the hyperplanes that they define. This will also involve
understanding some elementary ideas about convexity.

5.1 Separation of convex sets

Although our ultimate focus will be on Banach spaces, we begin by con-
sidering an arbitrary vector space V over the reals. In this general setting
we can define the following notions.

First, a proper hyperplane is a linear subspace of V that arises as
the zero set of a (non-zero) linear functional on V. Alternatively, it is
a linear subspace of V' so that it, together with any vector not in V,
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spans V. Related to this notion is that of an affine hyperplane (which
for brevity we will always refer to as a hyperplane) defined to be a
translate of a proper hyperplane by a vector in V. To put it another
way: H is a hyperplane if there is a non-zero linear functional ¢, and a
real number a, so that

H={veV: ((v)=a}.

Another relevant notion is that of a convex set. The subset K C V is said
to be convex if whenever vy and vy are both in K then the straight-line
segment joining them

(8) v(t)=(1—thvg+tvy, 0<t<1

also lies entirely in K.

A key heuristic idea underlying our considerations can be enunciated
as the following general principle:

If K is a convex set and vg ¢ K, then K and vy can be sep-
arated by a hyperplane.

This principle is illustrated in Figure 1.

H
g

Lv)=a

Figure 1. Separation of a convex set and a point by a hyperplane

The sense in which this is meant is that there is a non-zero linear
functional ¢ and a real number a, so that

l(vg) > a, while L(v)<aifveK.

To give an idea of what is behind this principle we show why it holds in
a nice special case. (See also Section 5.2.)
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Proposition 5.1 The assertion above is valid if V = R¢ and K is con-
vexr and open.

Proof. Since we may assume that K is non-empty, we can also
suppose that (after a possible translation of K and vy) we have 0 € K.
The key construct used will be that of the Minkowski gauge function p
associated to K, which measures (the inverse of) how far we need to go,
starting from 0 in the direction of a vector v, to reach the exterior of K.
The precise definition of p is as follows:

p(v) = Tlgg{r : v/re K}

Observe that since we have assumed that the origin is an interior point
of K, for each v € R? there is an r > 0, so that v/r € K. Hence p(v) is
well-defined.

Figure 2 below gives an example of a gauge function in the special case
where V' =R and K = (a,b), an open interval that contains the origin.

M 0 b

Figure 2. The gauge function of the interval (a,b) in R

We note, for example, that if V' is normed and K is the unit ball
{llv]l < 1}, then p(v) = v].

In general, the non-negative function p completely characterizes K in
that

9) p(v) <1 ifand only if v € K.
Moreover p has an important sub-linear property:

(10) { p(av) = ap(v), ifa>0,andveV.

p(v1 +v2) < p(vy) +p(vg), if vy and ve € V.
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In fact, if v € K then v/(1 —€) € K for some € > 0, since K is open,
which gives that p(v) < 1. Conversely if p(v) < 1, then v = (1 — €)', for
some 0 < € < 1, and v € K. Then since v = (1 — €)v' + € - 0 this shows
v € K, because 0 € K and K is convex.

To verify (10) we merely note that (vq + v2)/(r1 + r2) belongs to K,
if both v1 /r1 and vy /re belong to K, in view of property (8) defining the
convexity of K with t =ry/(r1 +72) and 1 —t =ry/(r1 + ra2).

Now our proposition will be proved once we find a linear functional £,
so that

(11) l(vo) =1, and {L(v)<p(v), wveR™L

This is because ¢(v) < 1, for all v € K by (9). We shall construct ¢ in a
step-by-step manner.

First, such an /¢ is already determined in the one-dimensional sub-
space Vy spanned by wvg, Vo = {Rug}, since £(bvg) = bl(vy) = b, when
b € R, and this is consistent with (11). Indeed, if b > 0 then p(bvy) =
bp(vg) > bl(vg) = £(bug) by (10) and (9), while (11) is immediate when
b<0.

The next step is to choose any vector vy linearly independent from vg
and extend ¢ to the subspace V7 spanned by vg and v;. Thus we can
make a choice for the value of £ on vy, £(v1), so as to satisfy (11) if

al(vi) + b = l(avy + bug) < plavy + bug), for all a, b € R.
Setting a = 1 and bvg = w yields
l(v1) +(w) < p(vy +w) for all w € Vj,

while setting a = —1 implies

—l(v1) +L(w') < p(—v1 +w'), forall w € V.
Altogether then it is required that for all w, w’ € Vj
(12) —p(—v1 +w') +L(w') < L(v1) < p(or +w) — £(w).
Notice that there is a number that lies between the two extremes of the
above inequality. This is a consequence of the fact that —p(—v; + w’) +
L(w") never exceeds p(v; + w) — £(w), which itself follows from the fact

that £(w) + (w') < p(w +w') < p(—v; +w') + p(vy +w), by (11) on V;
and the sub-linearity of p. So a choice of ¢(v;) can be made that is



20 Chapter 1. L SPACES AND BANACH SPACES

consistent with (12) and this allows one to extend ¢ to V;. In the same
way we can proceed inductively to extend /£ to all of R?.

The argument just given here in this special context will now be car-
ried over in a general setting to give us an important theorem about
constructing linear functionals.

5.2 The Hahn-Banach Theorem

We return to the general situation where we deal with an arbitrary vector
space V over the reals. We assume that with V' we are given a real-valued
function p on V that satisfies the sub-linear property (10). However, as
opposed to the example of the gauge function considered above, which
by its nature is non-negative, here we do not assume that p has this
property. In fact, certain p’s which may take on negative values are
needed in some of our applications later.

Theorem 5.2 Suppose Vg is a linear subspace of V', and that we are
giwen a linear functional £y on Vy that satisfies

lo(v) < p(v), forallve V.
Then £y can be extended to a linear functional ¢ on V that satisfies
L) <p(v), forallveV.

Proof. Suppose Vy # V', and pick v; a vector not in V. We will first
extend £y to the subspace V; spanned by Vy and vy, as we did before.
We can do this by defining a putative extension ¢; of ¢y, defined on V;
by 41 (avy +w) = aly(v1) + Lo(w), whenever w € V and o € R, if ¢4 (v1)
is chosen so that

l1(v) < p(v), forallvel.
However, exactly as above, this happens when
—p(=v1 +w') + Lo(w') < £i(v1) < plvr +w) — Lo(w)

for all w, w’ € V.

The right-hand side exceeds the left-hand side because of fo(w’) +
Lo(w) < p(w’ + w) and the sub-linearity of p. Thus an appropriate choice
of ¢1(v1) is possible, giving the desired extension of ¢, from V, to V.

We can think of the extension we have constructed as the key step in
an inductive procedure. This induction, which in general is necessarily
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trans-finite, proceeds as follows. We well-order all vectors in V' that do
not belong to Vj, and denote this ordering by <. Among these vectors we
call a vector v “extendable” if the linear functional £y has an extension
of the kind desired to the subspace spanned by Vj, v, and all vectors
< wv. What we want to prove is in effect that all vectors not in Vj are
extendable. Assume the contrary, then because of the well-ordering we
can find the smallest v; that is not extendable. Now if Vj is the space
spanned by Vy and all the vectors < vy, then by assumption £, extends
to V{. The previous step, with Vj in place of Vj allows us then to extend
?y to the subspace spanned by V and vy, reaching a contradiction. This
proves the theorem.

5.3 Some consequences

The Hahn-Banach theorem has several direct consequences for Banach
spaces. Here B* denotes the dual of the Banach space B as defined in
Section 3.2, that is, the space of continuous linear functionals on B.

Proposition 5.3 Suppose fo is a given element of B with || fo| = M.
Then there exists a continuous linear functional £ on B so that £(fy) = M
and ||€||g = 1.

Proof. Define ¢y on the one-dimensional subspace {afo}acr by
lo(afo) = aM, for each a € R. Note that if we set p(f) = ||f|| for every
f € B, the function p satisfies the basic sub-linear property (10). We also
observe that

[bo(ecfo)l = el M = [of|[ foll = p(afo),

s0 £o(f) < p(f) on this subspace. By the extension theorem £y extends
to an ¢ defined on B with £(f) < p(f)=|f||, for all f € B. Since this
inequality also holds for —f in place of f we get [¢(f)] < |||, and thus
|¢llg= < 1. The fact that ||¢||z~ > 1 is implied by the defining property
L(fo) = || foll, thereby proving the proposition.

Another application is to the duality of linear transformations. Sup-
pose By and By are a pair of Banach spaces, and T is a bounded lin-
ear transformation from B; to By. By this we mean that 7" maps B;
to Bo; it satisfies T(afy + Bf2) = oT(f1) + BT(f2) whenever fi, fo € B
and o and (@ are real numbers; and that it has a bound M so that
\T(f)|lB, < M| flls, forall f € By. The least M for which this inequal-
ity holds is called the norm of T" and is denoted by ||T|.

Often a linear transformation is initially given on a dense subspace. In
this connection, the following proposition is very useful.
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Proposition 5.4 Let By, Bz be a pair of Banach spaces and S C B;
a dense linear subspace of Bi. Suppose Ty is a linear transformation
from S to By that satisfies || To(f)|lB, < M| flls, for all f € S. Then Ty
has a unique extension T to all of By so that |T'(f)|lg, < M||f|5, for all
febB;.

Proof. If f € By, let {f,} be a sequence in & which converges to
f- Then since || To(fn) — To(fim)llB, < M| fn — fimlls, it follows that
{TH(fn)} is a Cauchy sequence in Bs, and hence converges to a limit,
which we define to be T'(f). Note that the definition of T'(f) is indepen-
dent of the chosen sequence { f,}, and that the resulting transformation
T has all the required properties.

We now discuss duality of linear transformations. Whenever we have
a linear transformation 7' from a Banach space B; to another Banach
space Ba, it induces a dual transformation, 7" of B; to Bj, that can
be defined as follows.

Suppose f2 € B3, (a continuous linear functional on Bs), then ¢, =
T*(l2) € By, is defined by ¢1(f1) = ¢2(T(f1)), whenever f; € B;. More
succinctly

(13) T*(l2)(f1) = €2(T(f1))-

Theorem 5.5 The operator T* defined by (13) is a bounded linear trans-
formation from B3 to BY. Its norm ||T*|| satisfies ||T|| = ||T*|.

Proof. First, if || f1]|5, < 1, we have that

[ (Ol = [T < elIT)s, < (16T

Thus taking the supremum over all f; € By with || f1]|5, < 1, we see that
the mapping fo — T*({3) = {1 has norm < ||T|.

To prove the reverse inequality we can find for any € > 0 an f; € B;
with [|f1]|s, = 1 and [T (f1)[ls, > [|T]| — €. Next, with fo =T(f1) € B,
by Proposition 5.3 (with B = By) there is an £ in B3 so that [[(2]|z; = 1
but l2(f2) > ||T|| — e. Thus by (13) one has T*(¢2)(f1) > ||T|| — €, and
since || fil|s, = 1, we conclude ||T*(¢2)|[s= > ||T'|| — €. This gives ||T*|| >
||IT"|| — € for any € > 0, which proves the theorem.

A further quick application of the Hahn-Banach theorem is the obser-
vation that in general L' is not the dual of L™ (as opposed to the case
1 < p < oo considered in Theorem 4.1).
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Let us first recall that whenever g € L', the linear functional f — ¢(f)
given by

(14) 0f) = /fgdu

is bounded on L, and its norm ||€||(ec)« is [|g||z1. In this way L' can be
viewed as a subspace of (L>)*, with the L! norm of g being identical with
its norm as a linear functional. One can, however, produce a continuous
linear functional of L° not of this form. For simplicity we do this when
the underlying space is R with Lebesgue measure.

We let C denote the subspace of L (R) consisting of continuous
bounded functions on R. Define the linear function ¢y on C (the “Dirac
delta”) by

to(f) = 1(0), fec

Clearly [4o(f)| < ||fll>=, f € C. Thus by the extension theorem, with
p(f) = ||f]lLe, we see that there is a linear functional ¢ on L, extend-
ing /g, that satisfies [((f)| < || f]|Le, for all f € L.

Suppose for a moment that ¢ were of the form (14) for some g € L.
Since £(f) = €o(f) = 0 whenever f is a continuous trapezoidal function
that excludes the origin, we would have [ fgdz = 0 for such functions f;
by a simple limiting argument this gives f ;9dx =0 for all intervals ex-
cluding the origin, and from there for all intervals I. Hence the indefi-
nite integrals G(y) = foy g(z) dz vanish, and therefore G’ = g = 0 by the
differentiation theorem.* This gives a contradiction, hence the linear
functional ¢ is not representable as (14).

5.4 The problem of measure

We now consider an application of the Hahn-Banach theorem of a dif-
ferent kind. We present a rather stunning assertion, answering a basic
question of the “problem of measure.” The result states that there is a
finitely-additive® measure defined on all subsets of R? that agrees with
Lebesgue measure on the measurable sets, and is translation invariant.
We formulate the theorem in one dimension.

Theorem 5.6 There is an extended-valued non-negative function m, de-
fined on all subsets of R with the following properties:

(i) m(E1 U Eg) = m(E1) + m(E2) whenever Ev and Ey are disjoint
subsets of R.

4See for instance Theorem 3.11, in Chapter 3 of Book III.
5The qualifier “finitely-additive” is crucial.
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(ii) m(E) = m(E) if E is a measurable set and m denotes the Lebesgue
measure.

(iii) m(E 4+ h) = m(E) for every set E and real number h.

From (i) we see that 7 is finitely additive; however it cannot be countably
additive as the proof of the existence of non-measurable sets shows. (See
Section 3, Chapter 1 in Book III.)

This theorem is a consequence of another result of this kind, dealing
with an extension of the Lebesgue integral. Here the setting is the circle
R/Z, instead of R, with the former realized as (0,1]. Thus functions on
R/Z can be thought of as functions on (0, 1], extended to R by periodicity
with period 1. In the same way, translations on R induce corresponding
translations on R/Z. The assertion now is the existence of a generalized
integral (the “Banach integral”) defined on all bounded functions on the
circle.

Theorem 5.7 There is a linear functional f— I(f) defined on all
bounded functions f on R/Z so that:

(a) I(f) =0, if f(z) >0 for all x.
(b) I(afy + Bf2) = al(f1) + BI(f2) for all a and ( real.

fo x) dz, whenever f is measurable.

(d) I(fn)=1I(f), for all h € R where f(z) = f(z — h).

The right-hand side of (¢) denotes the usual Lebesgue integral.

Proof. The idea is to consider the vector space V of all (real-valued)
bounded functions on R/Z, with Vj the subspace of those functions that
are measurable. We let Iy denote the linear functional given by the
Lebesgue integral, Iy(f fo f(x)dx for f € V. The key is to find the
appropriate sub-linear p defined on V' so that

I(f) < p(f), forall f € Vi

Banach’s ingenious definition of p is as follows: We let A = {a1,...,an}
denote an arbitrary collection of N real numbers, with #(A) = N denot-
ing its cardinality. Given A, we define M(f) to be the real number

N
M4(f) =sup (NZ (x + a; >7

zeR
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and set
p(f) = inf{Ma(/)},

where the infimum is taken over all finite collections A.
It is clear that p(f) is well-defined, since f is assumed to be bounded;

also p(cf) = ep(f) if ¢ > 0. To prove p(f1 + f2) < p(f1) + p(f2), we find
for each e, finite collections A and B so that

Ma(f1) <p(fi)+e and Mg(f2) < p(fa) +e

Let C be the collection {a; + bj }<i<n,, 1<j<n, Where Ny = #(A), and
Ny = #(B). Now it is easy to see that

Mc(fi+ f2) < Mc(fr) + Mc(f2)-

Next, we note as a general matter that M(f) is the same as Ma/(f")
where f’ = fj, is a translate of f and A’ = A —h . Also the averages
corresponding to C' arise as averages of translates of the averages corre-
sponding to A and B, so it is easy to verify that

Mc(f1) < Ma(fi) andalso  Mc(f2) < Mp(f2).

Thus

p(f1+ f2) < Mco(f1+ f2) < Ma(f1) + Mp(f2) < p(f1) +p(f2) + 2¢.

Letting ¢ — 0 proves the sub-linearity of p.

Next if f is Lebesgue measurable (and hence integrable since it is
bounded), then for each A

wh -5 | (Zf<o:+aj>> o < [ Ma(g)ds = (),

and hence Iy(f) < p(f). Let therefore I be the linear functional extend-
ing Iy from Vj to V, whose existence is guaranteed by Theorem 5.2. It
is obvious from its definition that p(f) < 0if f < 0. From this it follows
that T(f) <0 when f <0, and replacing f by —f we see that conclu-
sion (a) holds.

Next we observe that for each real h

(15) p(f — fn) <0.
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In fact, for h fixed and N given, define the set Ay to be {h,2h,3h,..., Nh}.
Then the sum that enters in the definition of My, (f — fr) is

f@+jh) = flx+ (G —1h)),

uMz

and thus |Ma, (f — fn)| < 2M/N, where M is an upper bound for |f].
Since p(f — fn) < May(f — fn) — 0, as N — oo, we see that (15) is
proved. This shows that I(f — f) <0, for all f and h. However, replac-
ing f by fr and then h by —h, we see that I(f;, — f) < 0 and thus (d) is
also established, finishing the proof of Theorem 5.7.

As a direct consequence we have the following.

Corollary 5.8 There is a non-negative function m defined on all subsets
of R/Z so that:

(i) m(Eqy U Ey) = m(Ey) + m(Es) for all disjoint subsets Ey and Es.
(ii) m(E) = m(E) if E is measurable.
(iii) m(E + h) = m(FE) for every h in R.

We need only take m(E) = I(xg), with I as in Theorem 5.7, where xg
denotes the characteristic function of E.

We now turn to the proof of Theorem 5.6. Let Z; denote the interval
(4,7 + 1], where j € Z. Then we have a partition U;’;_OOI]- of R into
disjoint sets.

For clarity of exposition, we temporarily relabel the measure m on
(0,1] = Zy given by the corollary and call it 19. So whenever E C Zj we
defined m(E) to be mo(E). More generally, if E C Z; we set m(E) =
mho(E = j).

With these things said, for any set E define m(E) by

oo o

(16) mE)= Y m(ENT)= > mo((ENI)-j).

j:—oo j:*OO

Thus m(FE) is given as an extended non-negative number. Note that if
E, and Ej are disjoint so are (Ey NZ;) — j and (B2 NZ;) — j. It follows
that m(E1 U E2) = m(E7) + m(Es). Moreover if E is measurable then
m(ENZ;) =m(ENZ;) and so m(E) = m(E).

To prove m(E + h) = m(FE), consider first the case h = k € Z. This is
an immediate consequence of the definition (16) once one observes that
(E+kE)NZjtk) —(J+k)=(ENI;) —j, forall j, ke Z.
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Next suppose 0 < h < 1. We then decompose E'NZ; as £} U £, with
E;=EN(,j+1-h and B/ = EN(j+1—h,j+1). The point of
this decomposition is that E 4+ h remains in Z; but EY + h is placed
in Zj1q. In any case, £ = {J; E; UJ; £, and the union is disjoint.

Thus using the first additivity property proved above and then (16)
we see that

m(E) = Z ((E}) +1m(EY)) .
Similarly
m(E + h) = i (" (B} + h) + m(E] + h)) .

Now both E’ and E’ + h are in Z;, hence m(E}) = m(E’ + h) by the
translation invariance of Mg and the definition of 7 on subsets of Z;.
Also EY isin Z; and EY + h is in Z; 1, and their measures agree for the
same reasons. This establishes that 7 (E) = m(E + h), for 0 < h < 1.
Now combining this with the translation invariance with respect to Z
already proved, we obtain conclusion (iii) of Theorem 5.6 for all h, and
hence the theorem is completely proved.

For the corresponding extension of Lebesgue measure in R% and other
related results, see Exercise 36 and Problems 8* and 9*.

6 Complex [’ and Banach spaces

We have supposed in Section 3.2 onwards that our LP and Banach spaces
are taken over the reals. However, the statements and the proofs of
the corresponding theorems for those spaces taken with respect to the
complex scalars are for the most part routine adaptations of the real case.
There are nevertheless several instances that require further comment.
First, in the argument concerning the converse of Holder’s inequality
(Lemma 4.2), the definition of f should read

() = lg(a)je— LI
191l Ze
where now “sign” denotes the complex version of the signum function,
defined by signz = z/|z| if z # 0, and sign0 = 0. There are similar oc-
currences with g replaced by g,,.
Second, while the Hahn-Banach theorem is valid as stated only for real
vector spaces, a version of the complex case (sufficient for the applications

in Section 5.3 where p(f) = || f]|) can be found in Exercise 33 below.
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7 Appendix: The dual of C(X)

In this appendix, we describe the bounded linear functionals of the space C(X)
of continuous real-valued functions on X. To begin with, we assume that X is a
compact metric space. Our main result then states that if £ € C(X)*, then there
exists a finite signed Borel measure p (this measure is sometimes referred to as a
Radon measure) so that

L f) = /X f(z)dpu(xz)  for all f e C(X).

Before proceeding with the argument leading to this result, we collect some basic
facts and definitions.

Let X be a metric space with metric d, and assume that X is compact; that is,
every covering of X by open sets contains a finite sub-covering. The vector space
C(X) of real-valued continuous functions on X equipped with the sup-norm

IfIl = sup [f(x)], feC(X)
rzeX

is a Banach space over R. Given a continuous function f on X we define the
support of f, denoted supp(f), as the closure of the set {x € X : f(x) # 0}.°

We recall some simple facts about continuous functions and open and closed
sets in X that we shall use below.

(i) Separation. If A and B are two disjoint closed subsets of X, then there
exists a continuous function f with f =1on A, f =0on B, and 0 < f < 1 in the
complements of A and B.

Indeed, one can take for instance

_ __ dB)
0= e+ da By

where d(z, B) = infyecp d(z, y), with a similar definition for d(z, A).

(ii) Partition of unity. If K is a compact set which is covered by finitely many
open sets {Ox}Y_,, then there exist continuous functions n; for 1 <k < N so
that 0 < nx < 1, supp(nx) C Ok, and S0, mi(z) = 1 whenever z € K. Moreover,
0< 0 me(z) <1forallze X.

One can argue as follows. For each z € K, there exists a ball B(z) centered at =
and of positive radius such that B(x) C O; for some i. Since |J, ., B(x) covers K,

we can select a finite subcovering, say Ufil B(xj;). For each 1 <k < N, let Uk

be the union of all open balls B(z;) so that B(z;) C Oy; clearly K C Un_, U
By (i) above, there exists a continuous function 0 < ¢, < 1 so that ¢, =1 on Uy
and supp(pr) C Op. If we define

m=¢1, m=e2(l—1), ..., qn=pn(l—p1) (1 —¢pn-1)

6This is the common usage of the terminology “support.” In Book III, Chapter 2, we
used “support of f” to indicate the set where f(z) # 0, which is convenient when dealing
with measurable functions.
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then supp(nx) C O and
mt-tay =1=(1—¢1)---(1-en),

thus guaranteeing the desired properties.

Recall” that the Borel o-algebra of X, which is denoted by Bx, is the smallest
o-algebra of X that contains the open sets. Elements of Bx are called Borel sets,
and a measure defined on Bx is called a Borel measure. If a Borel measure is
finite, that is p(X) < oo, then it satisfies the following “regularity property”: for
any Borel set E and any € > 0, there are an open set O and a closed set F' such
that E C O and u(O — E) < ¢, while F C E and u(E — F) < e.

In general we shall be interested in finite signed Borel measures on X, that
is, measures which can take on negative values. If 4 is such a measure, and p™"
and i~ denote the positive and negative variations of p, then u = p* — p~, and
integration with respect to y is defined by [ fdu = [ f dp™ — J fdu~. Conversely,
if g1 and po are two finite Borel measures, then u = p1 — pe is a finite signed Borel
measure, and [ fdu = [ fdur — [ fdpo.

We denote by M(X) the space of finite signed Borel measures on X. Clearly,

M(X) is a vector space which can be equipped with the following norm

[l = 11 (X,

where || denotes the total variation of . It is a simple fact that M (X) with this
norm is a Banach space.

7.1 The case of positive linear functionals

We begin by considering only linear functionals £ : C'(X) — R which are positive,
that is, ¢(f) > 0 whenever f(z) >0 for all z € X. Observe that positive linear
functionals are automatically bounded and that ||| = ¢(1). Indeed, note that
|f(@)| < [If]l, hence [|f[| & f > 0, and therefore [¢(f)| < £(1)]|f]-

Our main result goes as follows.
Theorem 7.1 Suppose X is a compact metric space and ¢ a positive linear func-

tional on C(X). Then there exists a unique finite (positive) Borel measure p so
that

(17) €0) = [ f@dute)  for il f € CX).

Proof.  The existence of the measure p is proved as follows. Consider the
function p on the open subsets of X defined by

p(O) = sup {£(f), where supp(f) C O, and 0 < f <1},

"The definitions and results on measure theory needed in this section, in particular the
extension of a premeasure used in the proof of Theorem 7.1, can be found in Chapter 6
of Book III.
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and let the function u. be defined on all subsets of X by
px(E) = inf{p(O), where E C O and O is open}.

We contend that p. is a metric exterior measure on X.

Indeed, we clearly must have p.(E1) < p«(E2) whenever E1 C E». Also, if O is
open, then p.(O) = p(O). To show that p. is countably sub-additive on subsets
of X, we begin by proving that u. is in fact sub-additive on open sets {Og}, that
is,

(18) e (G m) <3 (0.

k=1

To do so, suppose {Ox }72, is a collection of open sets in X, and let O = | J;=; Ok.
If f is any continuous function that satisfies supp(f) C O and 0 < f <1, then
by compactness of K = supp(f) we can pick a sub-cover so that (after relabeling
the sets Oy, if necessary) K C U],C\]:1 Ok. Let {m}5_; be a partition of unity of
{O1,...,0n} (as discussed above in (ii)); this means that each 7 is continuous
with 0 < n, < 1, supp(ne) C Ok and chvzl ne(x) = 1for all x € K. Hence recalling
that p. = p on open sets, we get

N

) =D 0m) <D 1a(Ok) <Dl O),
k=1 k=1

k=1

where the first inequality follows because supp(fnr) C Ok and 0 < fn, < 1. Tak-
ing the supremum over f we find that p. (Upe; Or) < D00, s (Ok).

We now turn to the proof of the sub-additivity of u. on all sets. Suppose {Ex}
is a collection of subsets of X and let € > 0. For each k, pick an open set Oy
so that Ej C O and p.(Ok) < pa(Ex) + €27%. Since O = |J Oy covers | Ey,, we
must have by (18) that

N*(U Er) < ps(0) < ZN*(Ok) < ZN*(Ek) +e

and consequently p. (| Ex) < >, p«(Er) as desired.

The last property we must verify is that p. is metric, in the sense that if
d(E1, E2) > 0, then p.(F1 U E2) = py(E1) + p«(E2). Indeed, the separation con-
dition implies that there exist disjoint open sets O; and Oz so that E; C O
and Eo C Q2. Therefore, if O is any open subset which contains E; U F», then
O D (0ONO1)U(ONO2), where this union is disjoint. Hence the additivity of ju.
on disjoint open sets, and its monotonicity give

1 (O) 2 1 (O N O1) + ps (O N O2) > s (En) + s (E2),
since F1 C (ONO1) and E2 C (O N O2). So p«(E1 U E2) > psx(E1) + p«(E2), and

since the reverse inequality has already been shown above, this concludes the proof
that u. is a metric exterior measure.
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By Theorems 1.1 and 1.2 in Chapter 6 of Book III, there exists a Borel measure
u on Bx which extends p.. Clearly, u is finite with p(X) = £(1).

We now prove that this measure satisfies (17). Let f € C(X). Since f can be
written as the difference of two continuous non-negative functions, we can assume
after rescaling, that 0 < f(z) < 1 for all x € X. The idea now is to slice f, that is,
write f =Y fn where each f, is continuous and relatively small in the sup-norm.
More precisely, let N be a fixed positive integer, define Oy = X, and for every
integer n > 1, let

Op={zeX: f(z)>(n-1)/N}.

Thus O, D On41 and On41 = 0. Now if we define

]_/N ifl‘eon+1,
fa@ =4 f@)—(n-1)/N ifzeOn - Ou,
0 if x € Oy,

then the functions f,, are continuous and they “pile up” to yield f, that is, f
271:;1 fn. Since Nf, =1 on Onq1, supp(N frn) C On C Op_1,and also 0 < N fyp,
1 we have u(On+1) < (N fn) < p1(On-1), and therefore by linearity

IN

(19)

2\
s
2\

N N
g n+1 g n 1

The properties of N fr, also imply u(Ont1) < [ N fndp < p(Or), hence

(20) N Z On+1) /fdu < — (On).

Consequently, combining the inequalities (19) and (20) yields

‘f(f) */fdu‘ < 2”](\,X)-

In the limit as N — oo we conclude that ¢(f) = [ f du as desired.

Finally, we prove uniqueness. Suppose u’ is another finite positive Borel measure
on X that satisfies £(f) = [ fdu' for all f € C(X). If O is an open set, and
0 < f <1 with supp(f) C O, then

f(f):/fdu’:/ofdu'S/Old//:u'(o)-

Taking the supremum over f and recalling the definition of u yields p(O) < p'(O).
For the reverse inequality, recall the inner regularity condition satisfied by a finite
Borel measure: given € > 0, there exists a closed set K so that K C O, and u'(O —
K) < e. By the separation property (i) noted above applied to K and O°¢, we can
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pick a continuous function f so that 0 < f <1, supp(f) C O and f=1 on K.
Then

u’(O)Su’(KHeS/deu’+e§€(f)+e§u(0)+6-

Since € was arbitrary, we obtain the desired inequality, and therefore u(Q) = u'(O)
for all open sets 0. This implies that u = p’ on all Borel sets, and the proof of
the theorem is complete.

7.2 The main result

The main point is to write an arbitrary bounded linear functional on C'(X) as the
difference of two positive linear functionals.

Proposition 7.2 Suppose X is a compact metric space and let £ be a bounded
linear functional on C(X). Then there exist positive linear functionals £+ and £~
so that £ = £T — £~ . Moreover, ||£|| = £T(1) +£7(1).

Proof. For f € C(X) with f > 0, we define

C7(f) =sup{l() : 0 < o < [}

Clearly, we have 0 < £Y(f) < ||€|||lf]| and £(f) < £T(f). If @ >0 and f > 0, then
T (af) = alt(f). Now suppose that f,g > 0. On the one hand we have £¥(f) +
M (g) <L7(f +g), because if 0 < < fand 0< ¢ < g, then 0 <@+ < f+g.
On the other hand, suppose 0 < ¢ < f + g, and let ¢1 = min(yp, f) and p2 = ¢ —
@1. Then 0 < @1 < f and 0 < @2 < g, and £(p) = £(1) + £(p2) < L7 (f) + €7 (g).
Taking the supremum over o, we get £7(f +g) < LT (f) +£7(g). We conclude
from the above that £ (f 4+ g) = £7(f) + £ (g) whenever f,g > 0.

We can now extend £ to a positive linear functional on C(X) as follows. Given
an arbitrary function f in C(X) we can write f = f* — f~, where f, f~ >0,
and define £t on f by £Y(f) = £7(f*) — £7(f™). Using the linearity of £* on non-
negative functions, one checks easily that the definition of £ (f) is independent
of the decomposition of f into the difference of two non-negative functions. From
the definition we see that £ is positive, and it is easy to check that ¢T is linear
on C(X), and that [[£7] < /€]

Finally, we define £~ = ¢T — £, and see immediately that £~ is also a positive
linear functional on C'(X).
Now since ¢* and ¢~ are positive, we have ||| = ¢"(1) and ||¢~|| = £ (1),

therefore ||£|| < £%(1) + £~ (1). For the reverse inequality, suppose 0 < ¢ < 1. Then
|2¢p — 1] <1, hence ||¢|| > ¢(2¢p — 1). By linearity of ¢, and taking the supremum
over ¢ we obtain [|£|| > 2¢1(1) —£(1). Since £(1) = £7(1) — £~ (1) we get ||€]| >
27 (1) 4+ £~ (1), and the proof is complete.

We are now ready to state and prove the main result.

Theorem 7.3 Let X be a compact metric space and C(X) the Banach space of
continuous real-valued functions on X. Then, given any bounded linear functional ¢
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on C(X), there exists a unique finite signed Borel measure u on X so that

o) = /X f@)du(e)  for all | € C(X).

Moreover, ||€]| = ||u|| = |u|(X). In other words C(X)* is isometric to M(X).

Proof. By the proposition, there exist two positive linear functionals ¢+ and ¢~
so that £ = ¢T —¢~. Applying Theorem 7.1 to each of these positive linear func-
tionals yields two finite Borel measures 1 and po. If we define yu = 1 — peo, then
w is a finite signed Borel measure and £(f) = [ fdpu.

Now we have

e / Fldll < (£l (X)),

and thus ||¢|| < |u|(X). Since we also have |u|(X) < u1(X) + p2(X) = £1(1) +
£~ (1) = ||4]|, we conclude that ||£|| = |u|(X) as desired.

To prove uniqueness, suppose [ fdu = [ fdy' for some finite signed Borel mea-
sures p and ', and all f € C(X). Then if v =y — y, one has [ fdv =0, and
consequently, if v+ and v~ are the positive and negative variations of f, one finds
that the two positive linear functionals defined on C(X) by £*(f) = [ fdv" and
0=(f) = [ fdv™ are identical. By the uniqueness in Theorem 7.1, we conclude
that v =™, hence v = 0 and pu = p', as desired.

7.3 An extension

Because of its later application, it is useful to observe that Theorem 7.1 has an
extension when we drop the assumption that the space X is compact. Here we
define the space Cy(X) of continuous bounded functions f on X, with norm || f|| =

sup,cx | f(z)].

Theorem 7.4 Suppose X is a metric space and £ a positive linear functional on
Cv(X). For simplicity assume that £ is normalized so that £(1) = 1. Assume also
that for each € > 0, there is a compact set Ke C X so that

(21) ()l < sup lf@)+ellfll,  forall f € Cp(X).
Then there exists a unique finite (positive) Borel measure p so that

€)= | f@dut@).  for al f € CL(X).

The extra hypothesis (21) (which is vacuous when X is compact) is a “tightness”
assumption that will be relevant in Chapter 6. Note that as before [£(f)| < | f]|
since £(1) = 1, even without the assumption (21).

The proof of this theorem proceeds as that of Theorem 7.1, save for one key
aspect. First we define

p(O) = sup {£(f), where f € Cy(X), supp(f) C O, and 0 < f < 1}.
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The change that is required is in the proof of the countable sub-additivity of
p, in that the support of f’s (in the definition of p(Q)) are now not necessarily
compact. In fact, suppose O = [J;-; Oy is a countable union of open sets. Let C' be
the support of f, and given a fixed € > 0, set K = C' N K., with K. the compact
set arising in (21). Then K is compact and (JJ=, O covers K. Proceeding as
before, we obtain a partition of unity {n}h_,, with 7 supported in O} and
S me(z) =1, for z € K. Now f — 3S"r_, fni vanishes on K. Thus by (21)

N
()= )| <e
k=1
and hence
0 < p(00) +e.
k=1

Since this holds for each €, we obtain the required sub-additivity of p and thus
of p.. The proof of the theorem can then be concluded as before.

Theorem 7.4 did not require that the metric space X be either complete or
separable. However if we make these two further assumptions on X, then the
condition (21) is actually necessary.

Indeed, suppose £(f) = fx f du, where p is a positive finite Borel measure on X,
which we may assume is normalized, p(X) = 1. Under the assumption that X is
complete and separable, then for each fixed € > 0 there is a compact set K. so
that p(K¢) < e. Indeed, let {cx} be a dense sequence in X. Since for each m
the collection of balls {Bj/m(ck)}iz; covers X, there is a finite Ny, so that if
Om = Up™ Bijm(ck), then u(Opn) > 1 —¢/2™.

Take Kc={1)o_, Om. Then pu(K.) >1—¢ also, K. is closed and totally
bounded, in the sense that for every é > 0, the set K. can be covered by finitely
many balls of radius §. Since X is complete, K. must be compact. Now (21)
follows immediately.

8 Exercises

1. Consider L? = LP(R?) with Lebesgue measure. Let fo(z) = |z|~® if |z| < 1,
fo(z) =0 for |z| > 1; also let foo(z) = ||~ if |z| > 1, foo(z) =0 when |z| < 1.
Show that:

(a) fo € LP if and only if pa < d.

(b) fe € L? if and only if d < pa.

(¢) What happens if in the definitions of fy and foo we replace |z|™% by
||~/ (log(2/]x])) for |z| < 1, and |z[~ by [z|~*/(log(2|z])) for |z| > 17

2. Consider the spaces LP(R%), when 0 < p < oo.
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(a) Show that if ||f + gllze < ||fllze + ||gllzr for all f and g, then necessarily
p=1L

(b) Consider LP(R) where 0 < p < 1. Show that there are no bounded linear
functionals on this space. In other words, if £ is a linear function L?(R) — C
that satisfies

()] < M| fllLry  for all f € LP(R) and some M > 0,

then ¢ = 0.

[Hint: For (a), prove that if 0 < p <1 and z,y >0, then zF +y? > (z + y)*.
For (b), let F' be defined by F(x) = ¢(xz), where x. is the characteristic func-
tion of [0, z], and consider F(x) — F(y).]

3. If fe L? and g € LY, both not identically equal to zero, show that equality
holds in Holder’s inequality (Theorem 1.1) if and only if there exist two non-zero
constants a,b > 0 such that a|f(x)|” = b|g(z)|? for a.e. z.

4. Suppose X is a measure space and 0 < p < 1.

(a) Prove that || fgllz1 > ||fllzellgllLe. Note that g, the conjugate exponent of
P, is negative.

(b) Suppose f1 and fz are non-negative. Then ||f1 + f2|lze > ||fillze + || f2llze-

(¢) The function d(f,g) = ||f — gl|%s for f,g € LP defines a metric on LP(X).

5. Let X be a measure space. Using the argument to prove the completeness
of L?(X), show that if the sequence {f,} converges to f in the LP norm, then a
subsequence of {f.} converges to f almost everywhere.

6. Let (X, F, u) be a measure space. Show that:
(a) The simple functions are dense in L% (X) if u(X) < oo, and;
(b) The simple functions are dense in L”(X) for 1 < p < oo.

[Hint: For (a), use E¢; = {r € X : % < flz) < M} where —j < /¢ < j, and
M = ||f||ze. Then consider the functions f; that equal M{¢/j on Ey ;. For (b) use
a construction similar to that in (a).]

7. Consider the LP spaces, 1 < p < 0o, on R? with Lebesgue measure. Prove that:

(a) The family of continuous functions with compact support is dense in LP,
and in fact:

(b) The family of indefinitely differentiable functions with compact support is
dense in LP.
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The cases of L' and L? are in Theorem 2.4, Chapter 2 of Book ITI, and Lemma 3.1,
Chapter 5 of Book III.

8. Suppose 1 < p < oo, and that R? is equipped with Lebesgue measure. Show
that if f € LP(R?), then

Ilf(x+h)—f(@)|er =0 as|h| —0.

Prove that this fails when p = oco.

[Hint: By the previous exercise, the continuous functions with compact support
are dense in LP(R?) for 1 < p < co. See also Theorem 2.4 and Proposition 2.5 in
Chapter 2 of Book III.]

9. Suppose X is a measure space and 1 < py < p1 < 0.

(a) Consider LP° N LP' equipped with

Ifllzronrer = [ fllLro + || fllzps-

Show that || - ||Lronrr1 is a norm, and that LPO N LP' (with this norm) is a
Banach space.

(b) Suppose LP° + LP* is defined as the vector space of measurable functions f
on X that can be written as a sum f = fo + f1 with fo € LP° and f1 € LP*.
Consider

Il fllLro+rer = inf {|| follLro + [ fillLri},

where the infimum is taken over all decompositions f = fo + f1 with fo €
L?° and f; € LP'. Show that || - ||zro4rr1 is a norm, and that LP° 4 LP*
(with this norm) is a Banach space.

(¢) Show that LP C LP° + LP' if po < p < p1.

10. A measure space (X, i) is separable if there is a countable family of measur-
able subsets {Ej }7=; so that if FE is any measurable set of finite measure, then

wWEAE,,)—0 ask—0

for an appropriate subsequence {ny} which depends on E. Here AAB denotes the
symmetric difference of the sets A and B, that is,

AAB = (A— B)U (B — A).

(a) Verify that R? with the usual Lebesgue measure is separable.

(b) The space LP(X) is separable if there exists a countable collection of ele-
ments {fn}ney in LP that is dense. Prove that if the measure space X is
separable, then L? is separable when 1 < p < co.
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11. In light of the previous exercise, prove the following:

(a) Show that the space L°°(R) is not separable by constructing for each a € R
an fa € L, with || fo — foll > 1, if @ # b.

(b) Do the same for the dual space of L>°(R).

12. Suppose the measure space (X, i) is separable as defined in Exercise 10. Let
1<p<ooandl/p+1/g=1. A sequence {f,} with f, € L? is said to converge
to f € L? weakly if

(22) /fngdu — /fgdu for every g € L.

(a) Verify that if ||f — fn]lL» — 0O, then f,, converges to f weakly.

(b) Suppose sup,, || fn]lzr < co. Then, to verify weak convergence it suffices to
check (22) for a dense subset of functions g in L.

(c) Suppose 1 < p < co. Show that if sup,, || fn|lL» < oo, then there exists f €
L?, and a subsequence {n;} so that f,, converges weakly to f.

Part (c) is known as the “weak compactness” of LP for 1 < p < oo, which fails

when p =1 as is seen in the exercise below.
[Hint: For (b) use Exercise 10 (b).]

13. Below are some examples illustrating weak convergence.
(a) fn(x) =sin(2wnz) in LP([0,1]). Show that f, — 0 weakly.

(b) fa(z) = n'/Px(nz) in LP(R). Then f, — 0 weakly if p > 1, but not when
p = 1. Here x denotes the characteristic function of [0, 1].

(¢) fo(z) =1+ sin(2rnz) in L*([0,1]). Then f, — 1 weakly also in L*([0,1]),
Ifnllr =1, but || fn — 1|1 does not converge to zero. Compare with Prob-
lem 6 part (d).

14. Suppose X is a measure space, 1 < p < oo, and suppose {f»} is a sequence of
functions with || fnllzr < M < oco.

(a) Prove that if f, — f a.e. then f, — f weakly.
(b) Show that the above result may fail if p = 1.

(¢) Show that if f, — fi a.e. and f, — f2 weakly, then f1 = f2 a.e.

15. Minkowski’s inequality for integrals. Suppose (X1, u1) and (Xo,u2)
are two measure spaces, and 1 < p < co. Show that if f(x1,x2) is measurable on
X1 x X2 and non-negative, then

H/f(l’hxﬂduz

< / 1 1, 22)l| o ) dipia-
LP(X1)
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Extend this statement to the case when f is complex-valued and the right-hand
side of the inequality is finite.

[Hint: For 1 < p < oo, use a combination of Holder’s inequality, and its converse
in Lemma 4.2.]

16. Prove that if f; € L7 (X), where X is a measure space, j =1,..., N, and
Z;\;l 1/p; = 1 with p; > 1, then

N N
ITT £l < TTNAILrs -
i=1 =1

This is the multiple Holder inequality.

17. The convolution of f and g on R? equipped with the Lebesgue measure is
defined by

(f*g)(x) = /Rd flz—y)g(y)dy.

(a) If feLP, 1 <p< oo, and g € L', then show that for almost every x the
integrand f(z — y)g(y) is integrable in y, hence f * g is well defined. More-
over, f x g € LP with

I *gllee <I[fllzeligllzs

(b) A version of (a) applies when ¢ is replaced by a finite Borel measure p: if
f e LP, with 1 <p < oo, define

(Fem@ = [ Fe=w)duts).

and show that || f = pl|zr < Hf||LP|M|(Rd)-

(¢) Provethatif f € L? and g € L9, where p and ¢ are conjugate exponents, then
f*ge L with || f * gllze < || fllze|lg||Le. Moreover, the convolution f * g
is uniformly continuous on R, and if 1 < p < oo, then lim|;|—oo (f * g)(z) =
0.

[Hint: For (a) and (b) use the Minkowski inequality for integrals in Exercise 15.
For part (c), use Exercise 8.]

18. We consider the L? spaces with mixed norm, in a special case that is useful
is several contexts.

We take as our underlying space the product space {(z,t)} = R? x R, with the
product measure dzdt, where dz and dt are Lebesgue measures on R? and R
respectively. We define L (L) = LP", with 1 <p<oo, 1 <r < o0, to be the
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space of equivalence classes of jointly measurable functions f(z,t¢) for which the

norm
Ifllerr = </R </Rd |f(z, 1) dfﬁ) dt)

is finite (when p < 0o and r < 00), and an obvious variant when p = oo or r = co.
(a) Verify that LP" with this norm is complete, and hence is a Banach space.

(b) Prove the general form of Holder’s inequality in this context

/ (@, 0)g(@, )] dadt < || ]lor gl o
R4 xR

with 1/p+1/p’ =1and 1/r+1/r' = 1.

(c) Show that if f is integrable over all sets of finite measure, then

[fllze.r = sup

/ f(e, g, £) dudt]
Rd xR

with the sup taken over all g that are simple and ||g| /.~ < 1.

(d) Conclude that the dual space of LP" is Lp/’rl, ifl<p<oo,and1<r < oo.

19. Young’s inequality. Suppose 1 < p, ¢, < co. Prove the following on R%:
If*gllea < [Iflleellgll-  whenever 1/¢ =1/p+1/r —1.

Here, f * g denotes the convolution of f and g as defined in Exercise 17.

[Hint: Assume f,g > 0, and use the decomposition
FW)gx—y) = @) 9z — )W) gz —y)' "]
for appropriate a and b, together with Exercise 16 to find that
1
q

\ [ rsta-v) dy\ <1 ol ([ Plate =91 ay)

20. Suppose X is a measure space, 0 < po <p<p1 < oo, and f &€ LPO(X)N
LP'(X). Then f € L?(X) and

I fllze < IIflliwe I f]l%er,  if ¢ is chosen so that % = % + %.

21. Recall the definition of a convex function. (See Problem 4, Chapter 3, in
Book II1.) Suppose ¢ is a non-negative convex function on R and f is real-valued
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and integrable on a measure space X, with u(X) = 1. Then we have Jensen’s

inequality:
so(/xfdu> S/Xw(f)du-

Note that if p(t) = |¢|?, 1 < p, then ¢ is convex and the above can be obtained
from Holder’s inequality. Another interesting case is ¢(t) = e®".

[Hint: Since ¢ is convex, one has, <p(E;V:1 ajz;) < Z;V:l ajo(x;), whenever a;, z;

are real, a; > 0, and Z;\f:l a; =1.]

22. Another inequality of Young. Suppose ¢ and i are both continuous,
strictly increasing functions on [0,00) that are inverses of each other, that is,
(po)(xz) ==z for all z > 0. Let

O(x) = /01 p(u)ydu and ¥(z)= /Oz P(u) du.

(a) Prove: ab < ®(a) + ¥(b) for all a,b > 0.

In particular, if ¢(x) = 2P~ and 9 (y) = y?~ ! with 1 < p < oo and 1/p +
1/q =1, then we get ®(z) = 2P /p, ¥(y) = y?/q, and

A°B'"? <0A+(1-0)B forall AB>0and 0<6<1.

(b) Prove that we have equality in Young’s inequality only if b = ¢(a) (that is,
a=1(b)).

[Hint: Consider the area ab of the rectangle whose vertices are (0,0), (a,0), (0,b)
and (a,b), and compare it to areas “under” the curves y = ®(x) and z = ¥(y).]

23. Let (X, u) be a measure space and suppose ®(¢) is a continuous, convex, and
increasing function on [0, 00), with ®(0) = 0. Define

L® = {f measurable : / O(|f(x)|/M) dp < oo for some M > 0},
X

and
I£1e = jnf, [ @(s@IADdn <1,

Prove that:
(a) L® is a vector space.
(b) || -]lz® is a norm.

(c) L% is complete in this norm.
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The Banach spaces L? are called Orlicz spaces. Note that in the special case
O(t) =17, 1 < p < oo, then L® = LP.

[Hint: Observe that if f € L®, then limy—oo [ ®(|f|/N)dpu =0. Also, use the
fact that there exists A > 0 so that ®(¢) > At for all ¢ > 0.]

24. Let 1 < po < p1 < o0.

(a) Consider the Banach space LP° N LP! with norm ||f||Lronrrr = || fllzro +
I fllzer. (See Exercise 9.) Let

o f0<t<1,
q)(t)_{ 1 if 1<t < oo

Show that L% with its norm is equivalent to the space LP° N LP1. In other
words, there exist A, B > 0, so that

Al fllzronce < [Iflle < Bl fllzronzes .

(b) Similarly, consider the Banach space LP° 4+ LP! with its norm as defined in
Exercise 9. Let

t p1—1 s
u ifo<u<1,
U(t) = /0 Y(u)du  where P(u) = { Wl if1 < < oo,

Show that LY with its norm is equivalent to the space LP° 4+ LPt.

25. Show that a Banach space B is a Hilbert space if and only if the parallelogram
law holds

1 +gll* + 11f = glI* = 231 1* + lgl®)-

As a consequence, prove that if L? (Rd) with the Lebesgue measure is a Hilbert
space, then necessarily p = 2.

[Hint: For the first part, in the real case, let (f,g9) = $(|lf + gl + [If — g/*).]

26. Suppose 1 < po,p1 < oo and 1/po+ 1/go =1 and 1/p1 +1/¢1 = 1. Show that
the Banach spaces LP° N LP' and L% + L7 are duals of each other up to an
equivalence of norms. (See Exercise 9 for the relevant definitions of these spaces.
Also, Problem 5" gives a generalization of this result.)

27. The purpose of this exercise is to prove that the unit ball in LP is strictly
convex when 1 < p < oo, in the following sense. Here LP is the space of real-
valued functions whose p™ power are integrable. Suppose || follzr = || fillzr = 1,
and let

fe=1-=t)fo+thH

be the straight-line segment joining the points fo and fi. Then || f:||z» < 1 for all
t with 0 < ¢ < 1, unless fo = fi.
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(a) Let f € LPandg € L7, 1/p+1/qg =1, with || f||zr = 1 and ||g||z« = 1. Then

/fgdpc:l

only when f(z) = sign g(x)|g(z)|?"".

(b) Suppose ||fi||Lr =1 for some 0 < ¢’ < 1. Find g € L, ||g||z« = 1, so that

/fagdu =1

and let F(t) = [ figdu. Observe as a result that F(t) =1 forall 0 <t < 1.
Conclude that f; = fo forall 0 <t < 1.

(¢) Show that the strict convexity fails when p = 1 or p = co. What can be said
about these cases?

A stronger assertion is given in Problem 6*.

[Hint: To prove (a) show that the case of equality in A°B'~% <A + (1 — 6)B, for
A,B>0and 0 < 6 <1 holds only when A = B]

28. Verify the completeness of A*(R?) and L% (R?).

29. Consider further the spaces A*(R%).

(a) Show that when a > 1 the only functions in A*(R%) are the constants.

(b) Motivated by (a), one defines C**(R?) to be the class of functions f on R?
whose partial derivatives of order less than or equal to & belong to A“ (]Rd).
Here k is an integer and 0 < o < 1. Show that this space, endowed with the
norm

Ifllere = |

|BI<k

01|

Aa(Rrd)

is a Banach space.

30. Suppose B is a Banach space and S is a closed linear subspace of B. The
subspace S defines an equivalence relation f ~ g to mean f — g € S. If B/S denotes
the collection of these equivalence classes, then show that 5/S is a Banach space

with norm || f|ls/s = inf(|[f']ls, f' ~ f).

31. If Q is an open subset of R then one definition of L% (Q) can be taken to be the
quotient Banach space B/S, as defined in the previous exercise, with B = LZ(Rd)
and S the subspace of those functions which vanish a.e. on Q. Another possible
space, that we will denote by L} (Q%), consists of the closure in Li(Rd) of all f
that have compact support in €. Observe that the natural mapping of LQ(QO) to
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L?(£2) has norm equal to 1. However, this mapping is in general not surjective.
Prove this in the case when Q is the unit ball and £ > 1.

32. A Banach space is said to be separable if it contains a countable dense subset.
In Exercise 11 we saw an example of a Banach space B that is separable, but where
B* is not separable. Prove, however, that in general when B* is separable, then B
is separable. Note that this gives another proof that in general L' is not the dual
of L.

33. Let V be a vector space over the complex numbers C, and suppose there exists
a real-valued function p on V satisfying:

p(aw) = |alp(v), ifaeC,and v eV,
p(v1 +v2) < p(v1) + p(v2), if v1 and v2 € V.

Prove that if Vp is a subspace of V' and {y a linear functional on Vj which satisfies
[o(f)] < p(f) for all f € Vp, then £y can be extended to a linear functional £ on V'
that satisfies [¢(f)| < p(f) for all f € V.

[Hint: If w = Re(fo), then £o(v) = u(v) — itu(iv). Apply Theorem 5.2 to u.]

34. Suppose B is a Banach space and S a closed proper subspace, and assume
fo ¢ S. Show that there is a continuous linear functional ¢ on B, so that ¢(f) =0
for f € S, and £(fo) = 1. The linear functional £ can be chosen so that ||¢|| = 1/d
where d is the distance from fy to S.

35. A linear functional £ on a Banach space B is continuous if and only if {f € B :
L(f) = 0} is closed.

[Hint: This is a consequence of Exercise 34.]

36. The results in Section 5.4 can be extended to d-dimensions.

(a) Show that there exists an extended-valued non-negative function m defined
on all subsets of R? so that (i) 7 is finitely additive; (ii) m(E) = m(FE)
whenever E is Lebesgue measurable, where m is Lebesgue measure; and
m(E + h) = m(E) for all sets E and every h € R%. Prove this is as a conse-
quence of (b) below.

(b) Show that there is an “integral” I, defined on all bounded functions on
R¢/Z%, so that I(f) > 0 whenever f > 0; the map f +— I(f) is linear; I(f) =
fmd/zd f dx whenever f is measurable; and I(fx) = I(f) where fr(x) = f(z —

h), and h € R%.

9 Problems

1. The spaces L™ and L' play universal roles with respect to all Banach spaces
in the following sense.
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(a) If B is any separable Banach space, show that it can be realized without
change of norm as a linear subspace of L°°(Z). Precisely, prove that there
is a linear operator i of B into L°(Z) so that ||i(f)||zee(z) = ||f||5 for all
feB.

(b) Each such B can also be realized as a quotient space of L' (Z). That is, there
is a linear surjection P of L' (Z) onto B, so that if S = {x € L'(Z) : P(z) =
0}, then ||P(z)||s = infycs ||z + y||11(z), for each z € L'(Z). This gives an
identification of B (and its norm) with the quotient space L*(Z)/S (and its
norm), as defined in Exercise 30.

Note that similar conclusions hold for L°°(X) and L*(X) if X is a measure space
that contains a countable disjoint collection of measurable sets of positive and
finite measure.

[Hint: For (a), let {fn} be a dense set of non-zero vectors in B, and let ¢, €
B* be such that ||€,||s+ =1 and £,(fn) = ||frll- If f € B, set i(f) = {€n(f)} -
For (b), if # = {@n} € L'(Z), with 2% |zn| = [|z]|11(z) < 0o, define P by P(z) =
2 Znfn/Ifall]

2. There is a “generalized limit” L defined on the vector space V of all real
sequences {sn }n=; that are bounded, so that:

(i) L is a linear functional on V.
(i) L(
(iii) L({sn}) = limp— o Sn if the sequence {s,} has a limit.
(iii) L({sn}) = L({Sn+&}) for every k > 1.

(i) L({sn}) = L({sn’}) if sn — s}, # 0 for only finitely many n.
(51+"'+5n)

{sn}) > 0if s, >0, for all n.

[Hint: Let p({sn}) = limsup,,_, , and extend the linear functional L
defined by L({sn}) = limn—cc $n, defined on the subspace consisting of sequences
that have limits.]

3. Show that the closed unit ball in a Banach space B is compact (that is, if
fn € B, || fn]l <1, then there is a subsequence that converges in the norm) if and
only if B is finite dimensional.

[Hint: If S is a closed subspace of B, then there exists z € B with ||z|| = 1 and the
distance between = and S is greater than 1/2.]

4. Suppose X is a o-compact measurable metric space, and Cy(X) is separable,
where Cp(X) denotes the Banach space of bounded continuous functions on X
with the sup-norm.

(a) If {un}nz: is a bounded sequence in M (X), then there exists a u € M(X)
and a subsequence {unj }521, so that Un; converges to p in the following
(weak™) sense:

/x g(x) dpin,; (x) — /X g(z)du(z), for all g € Cp(X).
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(b) Start with a o € M(X) that is positive, and for each f € L'(uo) consider
the mapping f +— fduo. This mapping is an isometry of L'(uo) to the
subspace of M (X) consisting of signed measures which are absolutely con-
tinuous with respect to uo.

(c) Hence if {f.} is a bounded sequence of functions in L'(uo), then there
exist a u € M(X) and a subsequence { fn;} such that the measures f,;duo
converge to u in the above sense.

5. Let X be a measure space. Suppose ¢ and 1) are both continuous, strictly
increasing functions on [0, 0co) which are inverses of each other, that is, (p o ) (z) =
x for all x > 0. Let

¢ug=1£z¢undu and @@g:iézwugdw

Consider the Orlicz spaces L*(X) and LY (X) introduced in Exercise 23.

(a) In connection with Exercise 22 the following Hoélder-like inequality holds:

/|fg| < C|fllLellgll,e  for some C >0, and all f € L* and g € LY.

(b) Suppose there exists ¢ > 0 so that ®(2t) < ¢®(t) for all ¢ > 0. Then the dual
of L% is equivalent to LY.

6." There are generalizations of the parallelogram law for L? (see Exercise 25) that
hold for L?. These are the Clarkson inequalities:

(a) For 2 < p < oo the statement is that

p p
f—g
+5

<
Lp

2

H f+g (A1 + 9l2,) -

1
2

Lp

(b) For 1 < p < 2 the statement is that

q f _ q 1
g

552 < s+ oz,

LpP

Lp
where 1/p+1/g=1.

(¢c) As a result, L? is uniformly convex when 1 < p < oco. This means that
there is a function 6 = d(e) = dp(¢), with 0 < d < 1, (and d(e) — 0 as € —
0), so that whenever ||f||z» = ||g|lz» =1, then ||f — g||z» > € implies that
152 <1 -6

This is stronger than the conclusion of strict convexity in Exercise 27.
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(d) Using the result in (c), prove the following: suppose 1 < p < co, and the
sequence {fn}, fn € LP, converges weakly to f. If || fn|lzr — ||f|lzr, then
fn converges to f strongly, that is, || fn — f|lzr — 0 as n — oco.

7.* An important notion is that of the equivalence of Banach spaces. Suppose
Bi1 and B: are a pair of Banach spaces. We say that B and B2 are equivalent
(also said to be “isomorphic”) if there is a linear bijection T between B; and Bs
that is bounded and whose inverse is also bounded. Note that any pair of finite-
dimensional Banach spaces are equivalent if and only if their dimensions are the
same.

Suppose now we consider LP(X) for a general class of X (which contains for
instance, X = R? with Lebesgue measure). Then:

(a) LP and L7 are equivalent if and only if p = q.

(b) However, for any p with 1 < p < oo, L? is equivalent with a closed infinite-
dimensional subspace of L*.

8." There is no finitely-additive rotationally-invariant measure extending Lebesgue
measure to all subsets of the sphere S¢ when d > 2, in distinction to what happens
on the torus R%/Z% when d > 2. (See Exercise 36). This is due to a remarkable
construction of Hausdorff that uses the fact that the corresponding rotation group
of S% is non-commutative. In fact, one can decompose S? into four disjoint sets
A, B, C and Z so that (i) Z is denumerable, (ii) A~ B ~ C, but A ~ (BUC).

Here the notation A; ~ As means that A; can be transformed into As via a
rotation.

9." As a consequence of the previous problem one can show that it is not possible to
extend Lebesgue measure on R?, d > 3, as a finitely-additive measure on all subsets
of R? so that it is both translation and rotation invariant (that is, invariant under
Euclidean motions). This is graphically shown by the “Banach-Tarski paradox”:
There is a finite decomposition of the unit ball B; = U;.V:l E;, with the sets Ej

disjoint, and there are corresponding sets Ej that are each obtained from Ej; by
a Euclidean motion, with the E; also disjoint, so that U;VII E; = By the ball of
radius 2.



2 L? Spaces in Harmonic
Analysis

The important part played in Hilbert’s treatment of
Fredholm theory of integral equations by functions
whose squares are summable is well-known, and it was
inevitable that members of the Gottingen school of
mathematics should be led to set themselves the task
of proving the converse of Parseval’s theorem.... On
the other hand, efforts made to extend these isolated
results to embrace cases in which the known or un-
known index of summability is other than 2, appear
to have failed...

W. H. Young, 1912

...I have proved that two conjugate trigonometric se-
ries are at the same time the Fourier series of L? func-
tions, p > 1. That is, if one is, so is the other. My
proof is unrelated to the theorem of Young-Hausdorff...

M. Riesz, letter to G. H. Hardy, 1923

Some months ago you wrote “... I have proved that

two conjugate... LP functions, p > 17. [ want the
proof. Both I and my pupil Titchmarsh have tried
in vain to prove it...”

G. H. Hardy, letter to M. Riesz 1923

The fact that LP spaces were bound to play a significant role in har-
monic analysis was understood not long after their introduction. Viewed
from that early perspective, these spaces stood at the nexus between
Fourier series and complex analysis, this connection having been given
by the Cauchy integral and the related conjugate function. For this rea-
son methods of complex function theory predominated in the beginning
stages of the subject, but they had to give way to “real” methods so as
to allow the extension of much of the theory to higher dimensions.

It is the aim of this chapter to show the reader something about both
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of these methods. In fact, the real-variable ideas that will be introduced
here will also be further exploited in the next chapter, when studying
singular integral operators in R,

The present chapter is organized as follows. We begin with an initial
view of the role of L? in the context of Fourier series, together with a
related convexity theorem for operators acting on these spaces. Then we
pass to M. Riesz’s proof of the LP boundedness of the Hilbert transform,
an iconic example of the use of complex analysis in this setting.

Form this we turn to the real-variable methods, starting with the max-
imal function and its attendant “weak-type” estimate. The importance
of the weak-type space is that it provides a useful substitute for L' when,
as in many instances, L! estimates fail. We also study another significant
substitute for L', the “real” Hardy space H!. It has the advantage that
it is a Banach space and that its dual space (a substitute for L>°) is the
space of functions of bounded mean oscillation. This last function space
is itself of wide interest in analysis.

1 Early Motivations

An initial problem considered was that of formulating an LP analog of
the basic L? Parseval relation for functions on [0,27]. This theorem
states that if a, = 5 027T f(8)e~ dh denotes the Fourier coefficients of
a function f in L?([0,27]), usually written as

1) FO) ~ > e,
then the following fundamental identity holds:

o0

27
(2) > |an|2=217r/0 | £(0)|? de.

n=—oo

Conversely, if {a,} is a sequence for which the left-hand side of (2) is
finite, then there exists a unique f in L*([0, 27]) so that both (1) and (2)
hold. Notice, in particular, if f € L?([0,27]), then its Fourier coefficients
{a,} belong to L?(Z) = ¢*(Z).! The question that arose was: is there an
analog of this result for LP when p # 27

Here an important dichotomy between the case p > 2 and p < 2 occurs.
In the first case, when f € LP([0,2n]), although f is automatically in
L?([0,27]), examples show that no better conclusion than 3 |a,|? < oo

ISee for instance Section 3 in Chapter 4 of Book III.
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is possible. On the other hand, when p < 2 one can see that essentially
there can be no better conclusion than Y |a,|? < oo, with ¢ the dual
exponent of p. Analogous restrictions must be envisaged when the roles
of f and {a,} are reversed.

In fact, what does hold is the Hausdorff-Young inequality:

1/p

®) (i) "< (55 [ vropan)

and its “dual”

(@) (5 [ s a) ()

both valid when 1 <p <2 and 1/p+1/q¢=1. (The case ¢ = co corre-
sponds to the usual L norm.) These may be viewed as intermediate
results, between the case p = 2 corresponding to Parseval’s theorem, and
its “trivial” case p =1 and ¢ = oco.

A few words about how the inequalities (3) and (4) were first attacked
are in order, because they contain a useful insight about LP spaces: often,
the simplest case arises when p (or its dual) is an even integer. Indeed,
when, for example ¢ = 4, a function belonging to L* is the same as its
square belonging to L?, and this sometimes allows reduction to the easier
situation when p = 2. To see how this works in the present situation, let
us take ¢ =4 (and p = 4/3) in (3). With f given in LP, we denote by F
the convolution of f with itself,

FO) =5 [ 10-0r) s

By the multiplicative property of Fourier coefficients of convolutions we
have

F(0) ~ Z aieme,

n=—oo

with {a,,} the Fourier coefficients of f. Parseval’s identity applied to F
then yields

3 Jaalt = — / o) db,
2 0
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and Young’s inequality for convolutions (the periodic analog of Exer-
cise 19, Chapter 1) gives

1z < IflZass,

proving (3) when p =4/3 and ¢ = 4.

Once the case ¢ = 4 has been established, the cases corresponding to
q = 2k, where k is a positive integer, can be handled in a similar way.
However the general situation, 2 < ¢ < oo, corresponding to 1 < p < 2,
involves further ideas.

In contrast to the above ingenious but special argument, in turns out
that there is a general principle of great interest that underlies such
inequalities, which in fact leads to direct and abstract proofs of both (3)
and (4). This is the M. Riesz interpolation theorem. Stated succinctly,
it asserts that whenever a linear operator satisfies a pair of inequalities
(like (3) for p =2 and p = 1), then automatically the operator satisfies
the corresponding inequalities for the intermediate exponents: here all p
for 1 <p <2 and q with 1/p+ 1/¢ = 1. The formulation and proof of
this general theorem will be our first task in the next section.

Before we turn to that, we will describe briefly another initial source for
the role of L? in harmonic analysis, one which highlights its connection
with complex analysis.

Together with the Fourier series (1) for f in L?, one considers its
“conjugate function” or “allied series”, defined by

@ foy~ Y T,

where sign(n) = 1if n > 0, sign(n) = —1 if n < 0, and sign(n) = 0 when
n=0.2
The significance of this definition is that

[o.]

1

SO +if(0) +a0) ~ D ane™ = F(e”),

n=0

where F(z) = Y7 a,2" is the analytic function in the unit disc |z] < 1
given as the Cauchy integral (projection) of f, namely:

F(z) = ! /027T 1) ie'? de.

et — 2
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Figure 1. The Cauchy integral F'(z) is defined for |z| < 1, while f(#) is

defined for z = e,

Moreover, if f is real-valued (that is a,, = a—y), so is f and thus f + ag
and f represent respectively the real and imaginary parts of the boundary
values of the analytic function 2F in the unit disc.

The key L? identity linking f and f is a simple consequence of Parse-
val’s relation:

1 27 B 1 27

(© = IOy IO
T Jo 2 J,

An early goal of the subject was the extension of this theory to LP, and

it was also achieved by M. Riesz.

As he tells it, he was led to the discovery of his result when preparing to
administer a “licenciat” exam to a rather mediocre student. One of the
problems on the exam was to prove (6). To quote Riesz: ¢
was quite obvious that my candidate did not know Parseval’s theorem.
Before giving him the problem, I had therefore to think if there was
another way for him to arrive at the required conclusion. I immediately
realized that it was Cauchy’s theorem that was at the source of the result,
and this observation led me quite directly to the solution of the general
problem, a question that had longtime occupied me.”

... However it

What Riesz had in mind was the following argument. If we assume for
simplicity that ag = 0, then under the (technical) assumption that the
analytic function F' is actually continuous in the closure of the unit disc,
one has by the mean-value theorem (as a simple consequence of Cauchy’s

2Incidentally the conjugate function is the “symmetry-breaking” operator relevant to
the divergence of Fourier series considered in Book I.
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theorem) applied to the analytic function F2, the identity

1 2

(7) (F(ei®))2db = 0.

27 Jo
If we suppose, as above, that f is real-valued, then by considering the
real part of 4(F(e?))2, which is (f(e??))2 — (f(e))2, we immediately
get (6). What became clear to Riesz is that when we replace F? by F2
in the above, with k a positive integer, and again consider its real part,
the boundedness of f — f in L?, where p = 2k follows. Similar but more
involved arguments worked for all p, 1 < p < co.

Here, once again, the Riesz interpolation theorem can play a crucial
role. We will present these ideas below in the context where the unit disc
is replaced by the upper half-plane.

2 The Riesz interpolation theorem

Suppose (po, qo) and (p1, 1) are two pairs of indices with 1 < p;,q; < oo,
and assume that

IT(H)lzeo < Mol fllzre  and [ T(f)llLar < Myl fl[Lr

where T is a linear operator. Does it follow that

1T

We shall see that this inequality will hold with values of p and ¢ de-
termined by a linear expression involving the reciprocals of the indexes
Po, P1, qo and ¢1. (Linearity in the reciprocals of the exponents already
arises in the relation 1/p+ 1/p’ =1 of dual exponents.)

ra < M| f|lr», for other pairs (p,q)?

The precise statement of the theorem requires that we fix some no-
tation. Let (X,u) and (Y,v) be a pair of measure spaces. We shall
abbreviate the L norm on (X, u) by writing || f|lzr = ||f|lLr(x,u), and
similarly for the L? norm for functions on (Y,dv). We will also con-
sider the space LP° + LP' that consists of functions on (X, u) that can
be written as fo + f1, with f; € LPi (X, ), with a similar definition for
Lo 4+ [91,

Theorem 2.1 Suppose T is a linear mapping from LPo + LP* to L9 +
L9, Assume that T is bounded from LPo to LY and from LP' to L1

IT(f)zao < Mol fllLro,

IT(F)l[La < M| fllzer-
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Then T is bounded from LP to L4,

IT(Hlle < M fl[zr,
whenever the pair (p,q) can be written as
1 1-—t t 11—t t
= +— and - = + —
p Po P1 q q0 q1

for somet with0 <t < 1. Moreover, the bound M satisfies M < Mg_th.

We should emphasize that the theorem holds for L? spaces of complex-
valued functions because the proof of it depends on complex analysis.
Starting with the strip 0 < Re(z) <1 in the complex plane, our oper-
ator T will lead us to an analytic function ®, so that the hypotheses
IT(f)lLao < Mol fllero and ||T(f)||par < Myl f||zer are encoded in the
boundedness of ® on the boundary lines Re(z) = 0 and Re(z) =1, re-
spectively. Moreover, the conclusion will follow from the boundedness of
® at the point ¢ on the real axis. (See Figure 2.)

N S
~~

Figure 2. The domain of the function ®

The analysis of the function ® will depend on the following lemma.

Lemma 2.2 (Three-lines lemma) Suppose ®(z) is a holomorphic func-
tion in the strip S ={z € C: 0<Re(z) <1}, that is also continuous
and bounded on the closure of S. If

My =sup|®(iy)] and M; =sup|®(1+ iy)|,
yeR yER

then

sup |®(t +iy)| < My~ 'Mf,  forall0<t<1.
yeR
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The term “three-lines” describes the fact that the size of ® on the line
Re(z) =t is controlled by its size on the two boundary lines Re(z) =0
and Re(z) = 1. The reader may note that this lemma belongs to the
family of results of the Phragmén-Lindelof type that were discussed in
Chapter 4, Book II. As with other assertions of this kind, it is deduced
from the more familiar maximum modulus principle, and it is here that
the global assumption that ® is bounded throughout the strip is used.
Notice, however, that the size of the assumed global bound of ® does
not occur in the conclusion. (That some condition on the growth of & is
necessary is shown in Exercise 5.)

Proof. 'We begin by proving the lemma under the assumption that
My = M; =1 and supg<,<; |®(z +iy)| — 0 as |y| — co. In this case,
let M = sup |®(z)| where the sup is taken over all z in the closure of
the strip S. We may clearly assume that M > 0, and let 2y, za,... be
a sequence of points in the strip with |®(z,)| — M as n — co. By the
decay condition imposed on ®, the points z, cannot go to infinity, hence
there exists zg in the closure of the strip, so that a subsequence of {z,}
converges to zg. By the maximum modulus principle, zy cannot be in the
interior of the strip, (unless ® is constant, in which case the conclusion is
trivial) hence zy must be on its boundary, where |®| < 1. Thus M <1,
and the result is proved in this special case.

If we only assume now that My = My = 1, we define

D (2) = @(z)ee(zz_l), for each € > 0.

Since ecl(@+®)’~1) — ¢e(@®~1-v*+2i2y) e find that |®.(z)| <1 on the
lines Re(z) = 0 and Re(z) = 1. Moreover,

sup |P.(z+iy)| — 0 as |y] — oo,
0<z<1

since ® is bounded. Therefore, by the first case, we know that |®.(z)] < 1
in the closure of the strip. Letting ¢ — 0, we see that |®| < 1 as desired.

Finally, for arbitrary positive values of My and M, we let ®(z) =
Mg ="My *®(z), and note that ® satisfies the condition of the previous

case, that is, ® is bounded by 1 on the lines Re(z) = 0 and Re(z) = 1.
Thus |®| < 1 in the strip, which completes the proof of the lemma.

To prove the interpolation theorem, we begin by establishing the in-
equality when f is a simple function, and it clearly suffices to do so with
£l = 1. Also, we recall that to show ||Tf||r« < M| f]|L» it suffices to
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prove, by Lemma 4.2 in Chapter 1, that

[@naa

where 1/¢+1/¢' =1, and g simple with ||g|| .+ = 1.

< Ml fllzeligll pars

For now, we also assume that p < co and ¢ > 1. Suppose f € L? is
simple with ||f||z» = 1, and define

]_ _
L= 1fPOL where A(2) —p< n ) |
Po P1

and

1—=2 z
o=l where o) = (1 E 4 2.
g dp T

with ¢/, ¢{, and ¢} denoting the duals of ¢, gy, and g1 respectively. Then,
we note that f; = f, while

|mmm:1ﬁm@:
£l =1 if Re(z) =

Similarly [|g.[|, = 1if Re(z) = 0 and ||g. ||
gt = g. The trick now is to consider

L =1 if Re(z) = 1, and also

D(z2) = /(sz)gz dv.

Since f is a finite sum, f = ) axx g, where the sets Ej are disjoint and
of finite measure, then f, is also simple with

Z |ak’7(z XEk

Since g = ) b;xF, is also simple, then

|b |5(Z)
=D by

With the above notation, we find

2 2) Ak b
0(:) = kot 2 ([ T, av).

Jik
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so that the function ® is a holomorphic function in the strip 0 < Re(z) <
1 that is bounded and continuous in its closure. After an application of
Holder’s inequality and using the fact that T is bounded on LP° with
bound My, we find that if Re(z) = 0, then

@) <NTf:llLaollgell oy < Mollfzllzro = Mo.

Similarly we find |®(z)| < M; on the line Re(z) = 1. Therefore, by the
three-lines lemma, we conclude that ® is bounded by My *M{ on the
line Re(z) = t. Since ®(t) = [(Tf)gdv, this gives the desired result, at
least when f is simple.

In general, when f € LP with 1 < p < oo, we may choose a sequence
{fn} of simple functions in LP so that || f,, — f||r» — 0 (as in Exercise 6,
Chapter 1). Since ||T(fpn)||Le < M| fullLr, we find that T(f,,) is a Cauchy
sequence in L9 and if we can show that lim, . T(f,) = T(f) almost
everywhere, it would follow that we also have ||T'(f)||re < M| f]|Le-

To do this, write f = fY + fL, where fY(z) = f(z) if |f(x)| > 1 and
0 elsewhere, while fX(x) = f(x) if |f(2)| <1 and 0 elsewhere. Simi-
larly, set f, = fU + fL. Now assume that py < p; (the case py > p; is
parallel). Then py < p < p1, and since f € LP, it follows that fU € LPo
and fL € LP1. Moreover, since f, — f in the L? norm, then fV — fY
in the LP* norm and f£ — f& in the LP* norm. By hypothesis, then
T(fY) — T(fY) in L® and T(fE) — T(fF) in L9, and selecting appro-
priate subsequences we see that T(f,) = T(fY) + T(fL) converges to
T(f) almost everywhere, which establishes the claim.

It remains to consider the cases ¢ =1 and p = co. In the latter case
then necessarily pg = p1 = 00, and the hypotheses | T(f)||ra0 < Mo||f ||z
and [|T(f)||lza < Mi||f| Lo imply the conclusion

IT(F)llee < My~ M| fl| =

by Holder’s inequality (as in Exercise 20 in Chapter 1).

Finally if p < oo and ¢ = 1, then qg = ¢1 = 1, then we may take g, = ¢
for all z, and argue as in the case when ¢ > 1. This completes the proof
of the theorem.

We shall now describe a slightly different but useful way of stating the
essence of the theorem. Here we assume that our linear operator T is
initially defined on simple functions of X, mapping these to functions
on Y that are integrable on sets of finite measure. We then ask: for
which (p, q) is the operator of type (p,q), in the sense that there is a
bound M so that

(8) I T(f)lle < M| f|lr, whenever f is simple?
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In this formulation of the question, the useful role of simple functions is
that they are at once common to all the L? spaces. Moreover, if (8) holds
then T has a unique extension to all of LP, with the same bound M in (8),
as long as either p < 0o; or p = 0o in the case X has finite measure. This
is a consequence of the density of the simple functions in LP, and the
extension argument in Proposition 5.4 of Chapter 1.

With these remarks in mind, we define the Riesz diagram of T to
consist of all all points in the unit square {(z,y): 0 <z <1, 0 <y <1}
that arise when we set = 1/p and y = 1/¢q whenever T is of type (p, q).
We then also define M, ,, as the least M for which (8) holds when x = 1/p
and y = 1/q.

Corollary 2.3 With T as before:
(a) The Riesz diagram of T is a convex set.

(b) log M, , is a convex function on this set.

Conclusion (a) means that if (x,y0) = (1/po,1/q0) and (z1,y1) =
(1/p1,1/q1) are points in the Riesz diagram of T, then so is the line seg-
ment joining them. This is an immediate consequence of Theorem 2.1.
Similarly the convexity of the function log M, , is its convexity on each
line segment, and this follows from the conclusion M < M&_th guar-
anteed also by Theorem 2.1.

In view of this corollary, the theorem is often referred to as the “Riesz
convexity theorem.”

2.1 Some examples

ExXAMPLE 1. The first application of Theorem 2.1 is the Hausdorff-Young
inequality (3). Here X is [0,27] with the normalized Lebesgue measure
df/(2m), and Y = Z with its usual counting measure. The mapping T is
defined by T'(f) = {a,}, with
1 2m
n=— )e~ "0 dg.
o

Corollary 2.4 If1<p<2and1/p+1/q=1, then

IT(F N Lazy < 1fllLeo,24))-

Note that since L?([0,2n]) C L'([0,27]) and L?*(Z) C L>=(Z) we have
L2([0,27]) + L*(]0, 27]) = L'([0,27]), and also L?(Z) + L>(Z) = L*>(Z).
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The inequality for pg = qo = 2 is a consequence of Parseval’s identity,
while the one for p; =1, ¢1 = oo follows from the observation that for

all n,
1 2m
o < 5= [ 15010

Thus Riesz’s theorem guarantees the conclusion when 1/p = (kt) +t,

1/q= U= for any t with 0 <t¢ < 1. This gives all p with 1 < p <2,
and ¢ related topby 1/p+1/q=1.

EXAMPLE 2. We next come to the dual Hausdorff-Young inequality (4).
Here we define the operator 7/ mapping functions on Z to functions on
[0, 27] by
oo
T'({an}) = Y ane™.

n=-—oo

Notice that since LP(Z) C L*(Z) when p < 2, then the above is a well-
defined function on L?([0,27]) when {a,} € LP(Z), by the unitary char-
acter of Parseval’s identity.

Corollary 2.5 If1<p<2and1/p+1/q=1, then

”Tl({an}) HL‘?([O,Qw]) < H{an}HLP(Z)'

The proof is parallel to that of the previous corollary. The case pg =
qo = 2 is, as has already been mentioned, a consequence of Parseval’s
identity, while the case p; = 1 and ¢; = oo follows directly from the fact
that

o

E anezng

n=—oo

oo

< Z |an|-

n=—oo

An alternative proof of this corollary uses Corollary 2.4 as well as The-
orem 4.1 and Theorem 5.5 in the previous chapter.

ExAMPLE 3. We consider the analog for the Fourier transform. Here
the setting is R? and the LP spaces are taken with respect to the usual
Lebesgue measure. We initially define the Fourier transform (denoted
here by T') on simple functions by

T(f) €)= [ [flx)e > du.

R4
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Then clearly, [|T(f)||z~ < ||f||z:, and T has an extension (by Proposi-
tion 5.4 in Chapter 1 for instance) to L*(R?) for which this inequality
continues to hold. Also, T has an extension to L?(R?) as a unitary
mapping. (This is essentially the content of Plancherel’s theorem. See
Section 1, Chapter 5 in Book III.) Thus in particular [|T°(f)|/z2 < || f] L2,
for f simple.

The same arguments as before then prove:

Corollary 2.6 If 1 <p<2and1/p+1/q=1, then the Fourier trans-
form T has a unique extension to a bounded map from LP to L1, with

IT(HllLe < 1 fllzo-

We summarize these results by describing in Figure 3 the Riesz dia-
grams for each of the above versions of the Hausdorff-Young theorem.
The three variants are as follows:

(i) The operator T in Corollary 2.4: the closed triangle I.
(ii) The operator T” in Corollary 2.5: the closed triangle II.

(iii) The operator T in Corollary 2.6: the line segment joining (1,0) to
(1/2,1/2), that is, the common boundary of these two triangles.

(1,1)
L,
1/q a2 I1
/// I

Figure 3. Riesz diagrams for the Hausdorff-Young theorem

More precisely, the results above guarantee the inequality for the seg-
ment joining (1,0) to (1/2,1/2) in each of the three cases. If we use the
trivial inequality || f]lzr < || f|lL= in Example 1 above, we get that the
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point (0,0) also belongs to the Riesz diagram of T, yielding the closed
triangle I. Similarly, because | T'({an})|r~ < |[{an}|lz1, we obtain the
triangle I for Example 2. Finally, we should note that in Example 3,
the Fourier transform, the Riesz diagram consists of no more than the
segment joining (1,0) to (1/2,1/2). (See Exercises 2 and 3.)

EXAMPLE 4. Our last illustration is Young’s inequality for convolutions
in R?. It states that whenever f and ¢ are a pair of functions in L? and
L™ respectively, then the convolution

(fxg)(z) = » flz—y)g(y)dy

is well-defined (that is, the function f(z — y)g(y) is integrable for almost
every z), and moreover

(9) If *gllze < fllzellglzr,

under the assumption that 1/¢ =1/p+1/r — 1, (with 1 < ¢ < 00). One
proof of this has been outlined in Exercise 19 of the previous chapter.
Here we point out that it is also a consequence of the similar special cases
corresponding to p = 1, and p the dual exponent of r. In fact it suffices to
prove (9) for simple functions f and g, and then pass to the general case
by an easy limiting argument. With this in mind, fix g, and consider
the map T defined by T(f) = f*xg. We know (see Exercise 17 (a) in
Chapter 1, where the role of f are g are interchanged) that || T(f)|| - <
M| fllpr, with M = ||g||r-. Also by Holder’s inequality, ||T(f)||r= <
M| fl|;~, where 1/r" +1/r = 1. Now applying the Riesz interpolation
theorem gives the desired result.

There is of course the parallel situation of the periodic case. For ex-
ample, in one dimension, taking the functions with period 2w, the con-
volution of f and ¢ is defined by

(00 =5 [ 10~ pale)d

If we set LP = LP([0, 2x]) with the underlying measure df/(27), then one
has again || f * g|lze < ||fllzellgllz~, but automatically in a larger range
because ||g]|;= < ||g||L-, whenever 7 < r.

The Riesz diagrams are described as follows (Figure 4):

The solid line segment joining (1 — 1/r,0) to (1,1/r) represents Young’s
inequality for R?. The closed (shaded) trapezoid represents the inequal-
ity in the periodic case.
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1/q

(030) (17%,0) 1/p (130)

Figure 4. Riesz diagrams for T'(f) = f* g, with g € L”

3 The L? theory of the Hilbert transform

We carry out the theory of the “conjugate function,” alluded to earlier
in Section 1, but we do it in the parallel framework where the unit circle
and the unit disc are replaced by R and the upper half-plane R2 =
{z=z+1iy, x €R, y > 0}, respectively. While the technical details of
the proofs are a little more involved in the latter context, the resulting
formulas are more elegant and their form leads more directly to important
generalizations in higher dimensions.

3.1 The L? formalism

We begin by setting down the basic formalism connecting the Hilbert
transform and the projection operator arising from the Cauchy integral.
Starting with an appropriate function f on R we define its Cauchy inte-
gral by

1) Fe =cne) == [ LD g e so.

T omi Co t— 2

For the moment we restrict ourselves to f in L?(R). Then of course the
integral converges for all z = x + iy with y > 0, (because 1/(t — z) is in
L?(R) as a function of t) and F(z) is holomorphic in the upper half-plane.
We can also represent the Cauchy integral F' in terms of the L? Fourier
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transform f of f as®
(11) F(z) = / h f(€)e2 ¢ dg,  Tm(z) > 0.
0

This integral converges because e~2"%¢ as a function of ¢ is in L?(0, c0),
for y > 0. The above representation comes about because of the formula

oo ) 1
(12) / 627mz£ dé - _
0

)
2miz

which holds for Im(z) > 0. (For more details about these assertions, and
their connection to the Hardy space H?, see Section 2, Chapter 5 in
Book III.)

As is clear from (11) and Plancherel’s theorem, one has F(x + iy) —
P(f)(z), as y — 0, in the L*(R) norm with

ﬂﬂ@=/§mﬂ@wmﬁ

and x the characteristic function of (0,00). Thus P is the orthogonal
projection of L2(R) to the subspace of those f for which f(£) =0 for
almost every £ < 0. So as in (5) of Section 1, one is led to define the
Hilbert transform H by

(13) Hmw_/gﬂﬁgmﬁwﬁ

— o v

Some elementary facts, following directly from the definitions of P and
H, are worth noting:

o P= %(I +iH), where I is the identity operator.
e H is unitary on L?, and Ho H = H? = —1.
In other words, |[H(f)||z: = || f||12, and H is invertible with H ! = —H.

We now come to the important realization of the Hilbert transform as
a “singular integral.” It can be stated as follows.

Proposition 3.1 If f € L?(R) then

(14) HP@ =lim L [ fa—n®

O jeize t

3The Fourier transforms in the definitions below are taken in the L2 sense, via
Plancherel’s theorem.
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That is, with H.(f) denoting the integral on the right-hand side above,
we have H.(f) € L*(R) for every ¢ >0, and the convergence asserted
n (14) is in the L*(R) norm.

First, we make a few observations. Note that with z = x + iy, then

(15) = Py(a) +iQy(x)
where
- Y r)=
PO =ty ™ 20T ey

are called the Poisson kernel and conjugate Poisson kernel, respec-
tively. Then because of (10), (11) and (15)

[(f + Py)() +i(f * Q) ()],

N =

(16) /Ooo F&)e?mi=¢ de =

where (f*Py)(z) = [ f(z —t)Py(t)dt = [ f(t)Py(x — t)dt, with simi-

lar formulas for f * Q.

Next define the reflection ¢ — ¢~ by ¢™~(x) = ¢(—z), and observe
that (f *Py)~ = f~ « Py, while (f x Q,)~ = —(f~ % Q,), since P, and
Q, are respectively even and odd functions of z. Also (f~) = ( .
Therefore using (16) with f and f~ we then obtain

(f*P)(@) =[5, f)erminte2mlel g

(17) ( % Qy)(x) _ f_oooo f(§)€27ri:cfe—27ry\§|Sigril(g) d§

As a result, we obtain that the Fourier transforms of P, and Q, (taken
in L?) are given by

Py(e) = el

(18) Qy (g) — e—27ry|§| Sigl;(g) .

With this we turn to the proof of the proposition. We note, by (13),
(17), (18), and Plancherel’s theorem, that f * Q. — H(f) in the L? norm,
as € — 0. Now consider

1 dt
a0 T (e 0@ = B~ (75 (@)

[t|>e
This difference equals f * A., where

Ac(z) = L —0.(2), for x| > €
= —Q(x), for |z| < e.
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It is important to observe that A (z) = ¢ 1A;(e71z), while |A;(z)] <
A/(1+2?), since 1/z —x/(2? + 1) = O(1/23), if |z| > 1.* In particular
A; is integrable over R and the family of kernels A.(z) satisfies the
usual size conditions for an approximation to the identity,> but not the
condition [ A(z)dz = 1. Instead [ A.(z)dz =0, for all € # 0, because
A (z) is an odd function of x. As a consequence

(19) f*A.— 0 inthe L? norm, as € — 0,

and this gives that H.(f) — H(f) in the L? norm, as ¢ — 0.
We recall briefly how (19) can be proved. First

(* A)(@) = / fz— A di = / (Flz— 1) — Fa))Ac(t) de
- / (e — ct) — F(2)A (1) d.

Then by Minkowski’s inequality

1 % Adle < / 1f(@ — et) — F(@) el A (0)] dr.

Now, the integral tends to zero with € by the dominated convergence
theorem. This is because || f(z — et) — f(2)||z2 < 2|/ f||z2, and || f(z —
et) — f(x)|lp2 — 0 as € — 0 for each ¢t. (For the continuity of the L?
norm used here, see Exercise 8 in Chapter 1.)

Remark. The above argument shows also that ||Hc(f)||z2 < Al f|l L2
with A independent of € and f.

3.2 The LP theorem

With the elementary properties of the Hilbert transform established we
can now turn to our goal: the theorem of M. Riesz. It states that the
Hilbert transform is bounded on LP, 1 < p < co. One way to formulate
this is as follows.

Theorem 3.2 Suppose 1 < p < oo. Then the Hilbert transform H, ini-
tially defined on L?> N LP by (13) or (14), satisfies the inequality

(20) NH (e < ApllfllLe,  whenever f € L? N LP,

4We remind the reader of the notation f(z) = O(g(z)), which means that |f(z)| <
Clg(z)| for some constant C' and all z in a given range.

5A discussion of approximations to the identity can be found, for instance, in Book III,
Section 2 and Exercise 2 of Chapter 3.
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with a bound A, independent of f. The Hilbert transform then has a
unique extension to all of LP satisfying the same bound.®

To have a better appreciation of the nature of this theorem it may
help to see why the conclusions fail for p =1 or p = co. For this, an
explicit calculation does the job. Let I denote the interval (—1,1), and
f = x1 be the characteristic function of that interval. Now f is an even
function, so its Hilbert transform is odd, and in fact a simple calcu-
lation gives H(f)(z) = lime_o Hc(f)(z) = L log ’i—ﬂ . Hence H(f) is
unbounded near x = —1 and « = 1, with mild (logarithmic) singularities
there. However H(f)(z) ~ 2 as |z| — oo, so it is obvious that H(f)
does not belong to L!.

It is also instructive to consider instead of f = xy, the odd function
g(z) = xs(x) — xs(—z), where J = (0,1). Then the Hilbert transform

of g equals H(g)(x) = * log z*

7 z2—1
is still unbounded (with mild logarithmic singularities at —1, 0 and 1),
it is integrable on R, since H(g)(z) ~ —L5, as |z| — co. (See Figure 5.)

and is an even function. While H(g)

f(@)
— H(P)@) ~ 2
! ! as |z] — oo
! ! . .
1 Y ) -1 1 2
g9(z)
1

Figure 5. Two examples of Hilbert transforms

6For the general extension principle used, see Proposition 5.4 in Chapter 1.
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There is a nice lesson here whose significance will be clear at several
stages later on: namely, if f is (say) a bounded function with compact
support on R, then H(f) is in L*(R) if and only if [ f(z)dxz = 0. (See
Exercise 7.)

3.3 Proof of Theorem 3.2

The main idea of the proof was already outlined at the end of Section 1 in
the context of Fourier series and the corresponding theorem for the con-
jugate function. While this proof, which depends on complex analysis,
is elegant, its approach is essentially limited to this operator and can-
not deal with the generalizations of the Hilbert transform in the setting
of R?. The “real-variable” theory of those operators will be described in
Section 3 of the next chapter.

We turn to the proof of the Theorem 3.2, and in preparation we invoke
two technical devices. The first is very simple and is the realization that
it suffices to prove the theorem for real-valued functions, from which
its extension to complex-valued functions is immediate (with a result-
ing bound which is not more than twice the bound A, for real-valued
functions).

The second device depends on the use of the space C§°(R) of indefi-
nitely differentiable functions of compact support. There are two useful
facts concerning this space. First, it is dense in LP(R), and more particu-
larly, if f € L? N LP, with p < oo, there is a sequence { f,,} with f,, € C§°,
and f, — f both in the L? and LP norms. (This follows from the argu-
ment to solve Exercise 7 in Chapter 1 as well as the references therein.)

For our purposes, a particularly helpful observation is that whenever
f € C§°(R) then its Cauchy integral F(z) = ﬁ fooo tf£t2 dt extends as a
continuous function on the closure of the upper half-plane, is bounded

there, and moreover satisfies the decay inequality

(21) [F(2)] <

, z=x+1y,y>0,
17 2] vy

for an appropriate constant M. The simplest way to prove this is to
use the Fourier transform representation (11). Then the rapid decrease
at infinity of f shows that F' is continuous and bounded in the closed
half-plane R%r. Moreover the smoothness of f lets us integrate by parts,
giving

— 1 Ood(627riz§) £ _ 1 - 2miz€ £/ £
P =g [ i 0a =g |- [ e o)
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As a result, |F(z)| < My/|z|, so together with the boundedness of F
the estimate (21) is established. Notice also that the continuity of F'
with (11), (16) and (17) yields

(22) 2F(x) :Q;iil%F(x—f—iy) = f(z)+iH(f)(x).

It is also important to remark here that if f is real-valued (as we have
assumed), then by (14) the Hilbert transform H(f) is also real-valued.

With these matters out of the way, the main conclusions can be ob-
tained in a few strokes.

Step 1: Cauchy’s theorem. We see first that

(23) / (F(z))*dx =0, whenever k is an integer, k > 2.

— 00

Indeed, if we integrate the analytic function (F(z))* over the contour
in the upper half-plane consisting of the rectangle (see Figure 6) whose
vertices are R+ ie, R+ iR, —R+tR, and —R + i¢, then by Cauchy’s
theorem f,y(F(z))k dz = 0. Letting ¢ — 0 and R — oo, also taking into
account the continuity of F' and the decay (21) then gives (23). (Note
also that by (21), we have H(f) € L? for all p > 1.)

—-R+iR R+1R

—R + ie R+ ie

Figure 6. The rectangle of integration ~y

We now exploit (23). Observe that when k = 2, if we take the real
parts of this identity (using that f and H(f) are real-valued), we have
ffooo(fz — (Hf)?)dx = 0. This is essentially the unitarity of H on L?
that we mentioned previously.

Next we consider other values of k > 2, those when k is even k = 2/.
(When £k is odd, the identity (23) does not have an immediately useful
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consequence.) Suppose, for example, that k£ = 4. Then the real part
of (23) gives us

/f4d:z:—6/f2(Hf)2das+/(Hf)4dx:
As a result,

/(Hf)4dx§6/f2(Hf)2dx§6</f4dx)l/2 (/(Hf)4dx)l/2,

the last majorization following by Schwarz’s inequality. Hence
1/2 1/2
(/(Hf)4 dw) <6 </ r* dx) :

IH(f)[ea < 672 f s

which means

In the same way, if we take p = 2¢, with £ an integer > 1, we obtain
(24) IH()lze < Apll fllze, — p=2C.

Indeed, the real part of (f +iH(f))? is

¢
Z f(HfF)* ¢,  where ¢, = (—l)l_r(gf), r=0,1,..., ¢

e
Jopitae <Y o, [ proan
r=1

with a, = ( ) Now Holder’s inequality (with dual exponents 2 2r’
shows that

20
20—2r )

/&”ww”wa<W|nHuw””

with p = 2¢. Thus

|W|W<ZAW|WMW%
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Note that this inequality is jointly homogeneous of degree 2¢ in || f||L»
and ||[H(f)||L». Moreover the right-hand side is of degree at most 2¢ —
2 in ||H(f)||lz»- Upon normalizing f so that | f|lL» =1, and setting
X = ||H(f)|lr» we have X2¢ < Zle a, X727 Now either X <1 or
X >1. In the second case, then X2¢ < (32°_ a,)X2"2. As a result

X< Zle a, < 2%, In either case X < 2¢, and therefore (24) is proved
with A, = 2P/2.

To carry out the next step we extend the basic inequality (24), proved
for f € C§°, to f that are simple functions. Recall that we have already
defined H(f) whenever f is in L?, and in particular if f is simple. Next,
since such f belongs to L? N LP, we can find a sequence {f,}, with f,, €
Cg°, so that f,, — f both in the L? and L? norms. As a result, {H(f,)}
are Cauchy sequences in both the L? and L? norms, while H(f,,) — H(f)
in the L? norm. Thus (24) is established when f is simple.

Step 2: Interpolation. Having proved (24) for simple functions and p
even, we can apply the Riesz interpolation theorem once we have ex-
tended H to complex-valued functions. But this is easily done by setting
H(fi +if2) = H(f1) +iH(f2), for f; and f, real-valued. Note that as a
result, the inequality (24) extends to this case, but with A, replaced by
24,. (By a further argument we can show that the original bound A4,
holds in this case also. See Exercise 8.)

With this in mind Riesz interpolation yields the inequality

IH (f)llr < Apl|fllLe

for all p such that 2 < p < 2¢, where /£ is any positive integer. This follows
by taking pg = qo = 2, p1 = ¢1 = 2¢ and noting that if 1/p = (1 —1¢)/2 +
t/(2¢), then p ranges over the interval 2 < p < 2¢, when t ranges over
0 <t < 1. Since £ may be taken to be arbitrarily large, we get (20) for
all 2 < p < oo and f simple.

Step 3: Duality. We pass from the case 2 < p < oo to the case 1 < p <
2 by duality. This passage is based on the simple identity

(25) / Z(Hf)gdx -/ Z (FTg) da

whenever f and g belong to L?(R) and are now allowed to be complex-
valued. In fact this follows immediately from Plancherel’s identity (f, g) =
(f,9), and the definition (13), which can be restated as

e = 848 e,

i
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One can invoke the abstract duality principle in Theorem 5.5 of Chap-
ter 1 or proceed directly as follows. Restricting attention to f and g
simple, one has by Lemma 4.2 in the previous chapter, with 1 < p < 2,

i

() = su ‘ [Huga:

where the supremum is taken over g simple, with ||g||z« < 1,1/p+1/q =
1. However, by (25) and Holder’s inequality, this is equal to

<sup||fllze[|H(g)l[La < [l Ag,
g9

/ fH(g)dzx

sup
g

using (20) for ¢ in place of p, and noting that 2 < ¢ < co.

Therefore (20) holds for all p, 1 < p < oo, for all simple functions f.
The passage to all f € L? N LP, and thus to the general result, is by now
a familiar limiting argument.

4 The maximal function and weak-type estimates

Another important illustration of the occurrence of LP spaces is in con-
nection with the maximal function f*. For appropriate functions f given
on R¢, the maximal function f* is defined by

* . 1
F(@) = sup s /B @) dy,

where the supremum is taken over all balls B containing x, and m (as
well as dy) denote the Lebesgue measure.”

It is a fact that f* plays a role in a wide variety of questions in analysis,
and it is there that its LP inequality

(26) 1 lr < ApllfllLe, 1 <p< oo,

is of crucial interest.

Before we come to the proof of (26) a few observations are in order.
First, the mapping f — f* is not linear, but does satisfy the sub-additive
property that f* < fi + f5, whenever f = fi + fo.

Next, while (26) obviously holds for p = co (with Ay = 1), the in-
equality for p =1 fails. This can be seen directly by taking f to be

7An introduction to f*, and a complete proof of (27) below can be found for instance
in Chapter 3 of Book III.
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the characteristic function of the unit ball B, and noticing that then
f*(x) > 1/(1 + |=|)¢. This function clearly fails to be integrable at infin-
ity. The asserted inequality follows immediately from the fact that for
each x € R? the ball of radius 1 + |z| centered at x contains B. There
are also simple examples where the integrability of f* fails locally. (See
Exercise 12.)

There is nevertheless a very useful substitute for L' boundedness
for f*. It is the weak-type inequality: there is a bound A (independent
of f), so that

(27) m({z: [*(x) > a}) <

g”f”Ll(Rd), for all o > 0.

We briefly recall the main steps in the proof of (27). If we denote by E, =
{z: f*(z) > a}, then to obtain the above majorization for m(E,) it
suffices to have the same for m(K), where K is any compact subset of F,.
Now, using the definition of f* we can cover K by a finite collection of
balls By, B, ..., By with [, [f(z)|dz > am(B;), for each i. If we then
apply a Vitali covering lemma, we can select a disjoint sub-collection of
these balls B;,, B,,, ..., B;, with Z?:l m(B;,) > 37%m(K). Adding the
above inequalities over the disjoint balls then gives m(K) < %Hf”Ll’
which leads to (27).

4.1 The L? inequality

We turn to the proof of the LP inequality for the maximal function. It
is formulated as follows.

Theorem 4.1 Suppose f € LP(R?) with1 < p < co. Then f* € LP(R?),
and (26) holds, namely

1f*]le < Apllfllze-
The bound A, depends on p but is independent of f.

Let us first see why f*(z) < oo, for a.e. z, whenever f € LP. Observe
that we can decompose f = fi + fo, where fi(x) = f(z) if |f(z)| > 1,
and f1(z) = 0 elsewhere; also foo(z) = f(z) if |[f(z)] <1 and fo(z) =0
elsewhere. Then f; € L' and fo, € L. But clearly f* < ff + f% <
fi +1, since |foo ()| < 1 everywhere. Now from (27) (with f; in place
of f), we see that f is finite almost everywhere. Thus the same is true

for f*.
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The proof that f* € LP relies on a more quantitative version of the
argument just given. We strengthen the weak-type inequality (27) by
incorporating in it the L°° boundedness of the mapping f +— f*. The
stronger version states

/

(28) m({x: f*(z) >a}) < AE /|f P |f|dz, for all @ > 0.
>a

Here A’ is a different constant; it can be taken to be 2A. The improve-
ment of (27), (except for a different constant, which is inessential), is
that here we only integrate over the set where |f(x)| > «/2, instead of
the whole of R,

To prove (28) we write f = f1 + foo, Where now f1(x) = f(z), if |f(x)| >
/2, and foo(z) = f(2) if |f(2)] < a/2. Then f* < fi + f < f7 +a/2,
since |foo(2)| < /2 for all x. Therefore {z: f*(x) >a} C{x: ff>
a/2}, and applying the weak-type inequality (27) to f1 in place of f
(and /2 in place of ) then immediately yields (28), with A’ = 2A.

Distribution function

We will next need an observation concerning the quantity occurring on
the left-hand side of the inequalities (27) and (28), which we formulate
more generally as follows. Suppose F' is any non-negative measurable
function. Then its distribution function, A\(a) = Ap(«) is defined for
positive a by

Ma)=m({z: F(z) > a}).

The key point here is that for any 0 < p < o0,

(29) /R (F(z))P do = /Ooo AMa/?) da,

and this holds in the extended sense (that is, both sides are simultane-
ously finite and equal, or both sides are infinite).

To see this, consider first the case p =1. Then the identity is an
immediate consequence of Fubini’s theorem, in the setting R? x R,
applied to the characteristic function of the set {(z,a): F(z)>a >
0}. Indeed, integrating the characteristic function first in « then in x

gives fRd ( F(z) da) dx, while integrating in the reverse order yields
J o m({z: F(z) > a})da, and this shows (29) for p=1. Finally, let
( )= (F(z))?, s0 {x: G(z) >a} = {z: F(z) > a'/P}. Using (29) for
=1 (and G instead of F') then gives the conclusion for general p.
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We also note that

(07

Ma) < X /R F()ds,

which is Tchebychev’s inequality. In fact,
/ F(:t)dxz/ F(z)de <am({z: F(z) > a}),
R4 F(z)>a

and this proves the assertion. One also sees, more generally, A(«) <
L [(F(z))? dx for p > 0.

We now apply (29) to F(x) = f*(x), utilizing (28). Then

()P dr = h o) da
[(rwyar= [ s

§A’/ /P </ |f|d:r> do.
0 |f1>at/?/2

We evaluate the integral on the right-hand side by interchanging the
order of integration. It then becomes

[2f (2)|”
A f(x)] / o VP da | da.
R 0

However, ifp > 1, fot a~ P da = ayt!=/P forallt > 0, (witha, = p/(p —
1)). So the double integral equals A'a, 2P~ [0, | f(x)||f(x)[P~! dz, which
is AP||f[1%,, with (AP = A’a,2P~ 1), and this gives (26), proving the the-
orem.

Note, as a result of the above proof, that the constant A, in (26)
satisfies A, = O(1/(p—1)) asp — 1.

Remark. The Hilbert transform H(f), like the maximal function f*,
also satisfies a weak-type L' inequality, a result we will prove in a more
general setting in the next chapter. In fact, this weak-type inequality
will then be used to prove LP inequalities for the generalizations of the
Hilbert transform to R, in much the same way as they are used above
for the maximal function.

5 The Hardy space H!

We now come to the real Hardy space H!(R?), which plays a significant
role as another substitute for L!'(R?), in the context where important
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LP inequalities for p > 1 break down at p = 1. This space is a Banach
space that is “near” L', and whose dual space also occurs naturally in
many applications. Moreover, H! stands in sharp contrast to the space of
weak-type functions considered above: the latter space cannot be made
into a Banach space, nor does it have any bounded linear functionals.
(See Exercise 15.)

The space H!(R?) arose first for d = 1 in the setting of complex analy-
sis as the “real parts” of the boundary values of functions of the complex
Hardy space HP, when p = 1. The Hardy space HP, in the version of the
upper half-plane, consists of holomorphic functions F' on R%r for which

o0
sup/ |F(z +iy)|P dz < oo,
y>0J o

and whose norm || F|| g», is defined as the p'"-root of the quantity on the
left-hand side of the above inequality.®

Now, it can be shown that whenever F' € H?, p < oo, then the limit
Fy(z) = lim, .o F'(z + iy) exists in the LP(R) norm and in fact || F|| gr =
| Foll z» ). Moreover, when 1 < p < oo, Riesz’s theorem can be reinter-
preted to say that 2Fy = f + iH(f) where f is a real-valued function in
LP(R). Conversely, every element F' € H? arises in this way. Thus, when
1 < p < 0o we see that the Banach space HP is the same, up to equiva-
lence of norms as (real) LP(R). The equivalence breaks down at p =1,
since the Hilbert transform H is not bounded on L. This situation led
to the original definition of H.(R): the space of real-valued functions f
that arise as 2Fy = f +iH(f) where F' € H'. Equivalently, f € H.(R)
if and only if f € LY(R) and H(f), defined in an appropriate “weak”
sense, also belongs to L'(R). (An outline of the proof of these assertions
can be found in Problems 2, 7*, and 8*.)

The notion of HY was later extended to R%, d > 1, and various equiv-
alent defining properties were ultimately found. It turns out that the
simplest of these to state, and the most useful in applications, is the
definition in terms of decompositions into “atoms.” To this we now turn.

5.1 Atomic decomposition of H}

A bounded measurable function a on R¢ is an atom associated to a ball
B C R4, if:

(i) a is supported in B, with |a(z)| < 1/m(B), for all z; and,

8The case p = 2 is treated in Section 2, Chapter 5 of Book III.
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(ii) Jpa a(z)dz = 0.
Note that (i) guarantees that for each atom a we have [|a[| 11 (gay < 1.

The space HL(R?) consists of all L! functions f that can be written as

(30) F=> M,
k=1

where the a; are atoms and the A\ are scalars with
oo

(31) Dkl < o0,
k=1

Observe that (31) insures that the sum (30) converges in the L' norm.
The infimum of the values ) |\x|, taken over all possible decompositions
of f of the form (30) is, by definition, the H. norm of f, written as

1 e -

One can then observe the following properties of H:

e With the above norm the space H! is complete, hence is a Banach
space. If f belongs to H then f belongs to L' and || f| 11 (ga) <
(| f |l gz ; also obviously [ f(z)dx = 0.

e However, the above necessary conditions are far from sufficient to
imply f € HL.

e The significance of the cancelation condition (ii) was already indi-
cated at the end of Section 3.2. Moreover, if one drops this can-
celation property for atoms, then sums of the kind (30) represent
arbitrary functions in L*(R%).

e However, in the opposite direction if f is any LP(R) function, 1 <
p, (say) of bounded support that satisfies the cancelation condition
J f(z)dz =0, then f belongs to H}.

Proofs of the first three assertions are outlined in Exercises 16, 17, and 18.
The fourth assertion is the deepest of these. Its proof, which follows
below, provides us with valuable insight into the nature of HZ, and its
ideas will be exploited in several circumstances later.

We state the result mentioned above.

Proposition 5.1 Suppose f € LP(R?), p > 1, and f has bounded sup-
port. Then f belongs to H:(R?) if and only if fRd f(z)dz =0.
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Note that f is automatically in L', by Hélder’s inequality (see Proposi-
tion 1.4 in Chapter 1), and the cancelation condition is necessary as has
been pointed out.

To prove the sufficiency we assume that f is supported in a ball B
of unit radius, and that [ 5, |f(z)|dz < 1. These normalizations can be
achieved by a simple change of scale and multiplication of f by an ap-
propriate constant. We next consider a truncated version of the maximal
function f*. We define f1 by

f(z) = su .
@) =sww s [ 1wy

where the supremum is taken over all balls B of radius < 1 that contain z.
We note that under our assumptions we have

(32) fH(z)de < oo.
Rd

Indeed, fT(z) = 0 if x ¢ B3, where B3 is the ball with same center as By,
but with radius 3. This is because « ¢ Bs and if x € B with the radius of

B less than or equal to 1, then B must be disjoint from Bj, the support
of f. Thus

[ H@ae= [ p@aese( [ o) "

by Hélder’s inequality. However the last integral is finite by Theorem 4.1,
since clearly ff(z) < f*(x).

Now for each e > 1, we consider a basic decomposition of f at “height”
a, carried out with respect to the set E, = {x : fT(z) > a}. Thisis a
variant of the important “Calderén-Zygmund decomposition.” It will be
a little simpler to carry out the steps when d = 1, and this we do first;
we return to the general case d > 2 immediately afterwards. The reader
who is impatient with the technicalities of the next few pages may want
to glance ahead to the lemma in Section 3.2 of the next chapter, where
a more streamlined version of the decomposition appears.

This decomposition allows us to write f = g + b where

(33) lg| < ca, for an appropriate constant c,

9Here we continue the practice of using ¢, c1, etc. to denote constants that may not
be the same in different places.
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and where b is supported in FE,. In fact, since, as is easily seen, the set
E, is open, we can write E, = |J I, where I; are disjoint open intervals,
and we will be able to construct b so that b =) b;, with b; supported
on I; and satisfying

(34) /bj(x) dx =0, for all j.

The key observation used in this construction is

1

(35) o) /1 |f(z)]dx <, for all j.

m(

When m(I;) > 1, the inequality (35) is automatic in view of our assump-
tions that [ |f(z)|dz <1 and a > 1. Otherwise, writing I; = (21, z2)
we note that (35) follows because 1 € ES, and hence fT(z1) < a while
[H(z1) > ﬁb) f[j |f(z)| dx.

As a result, if

1

"= () / flo) do

denotes the mean of f on I, then |m;| < a. Since 1= xpge + Zj X1,
we can write f = g 4+ b with

9= fxe: +ijXIj,
J

and
b= (f —m)xi, = Y by
J J
where the b;’s are defined by b; = (f — m;)x1,, and the x’s designate the
characteristic functions of the indicated sets. Note that on E¢ we have
fT(z) < a, so that |f(z)| < a for a.e. x on this set by the differentiation

theorem.'® Since the I; are disjoint, (35) then guarantees that (33) holds,
with ¢ = 1. The cancelation property (34) is also clear because

Ju@de= [ (1) = m;)dz = i1y = m) =0,

j
With the decomposition f = g 4+ b given for each «, we now consider
simultaneously all decompositions of this form for o = 2*, k = 0,1,2,....

10See for instance Theorem 1.3 in Chapter 3 of Book III.
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Thus for each k we can write f = g¥ + b*, with |g¥| < 2, bF = Z] i,
where bg? is supported on open intervals I; k which for fix k are disjoint,

and moreover For = {x: fT(z) > 2F} = U] I¥, while [ b} (x)dz = 0.

Now since b* is supported in the set Eqx, and the sets Eqx are decreas-
ing with m(Eqx) — 0, as k — oo, we have that b* — 0 almost everywhere,

as k — o0o. Thus f = lim,_ ¢* a.e., and

o0
F=¢"+Y (" ="
k=0
However,

g b = gkl = Zbk Zka ZA;?’
J

where AF =k — 37 0 bfT the last identity holds because each
i J
If“ is contained in exactly one [ ]k The Aé? are supported in the in-

tervals I; k and by the cancelation properties of b;? and bf“, we have
that fAk Ydz = 0. Also since |ghtt — gF| < 2F+1 4 2% = 3c2F, and
gFtl — g% = bF — bFH1 | the disjointness of the intervals {I]’?}j shows that
|A¥] < 3c2k. As a result we will see that the sum

(36) f=g"+) A}
-

will give us an atomic decomposition of f. In fact we set a’? = WAk ,

)\k = m(Ik)302k and f =g + Z,” )\k k Now the a are atoms (asso-
(nated to the intervals I f) while

-3 () <aexe (i)
k,j j k J
—3c22k {ff(z) > 2%1).

However, because m({fT(z) > a}) is decreasing in «,

2k

m({fl(x) > 2t)) < 2 / m({f(2) > a}) da

k—1
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and hence summing in k we find that ), j /\f < 00, because

/ m({f1(z) > a})da = / fH(z)dx < oo
0 R

as we saw by (29) and (32). Finally, ¢" is bounded and supported in Bs,
while [ ¢°(x) dz = 0 because of the cancelation properties of f and A¥.
Hence ¢° is a multiple of an atom, and this yields that (36) is an atomic
decomposition of f.

To extend the result to general d we need to modify the argument just
given in one point: the appropriate analog of the decomposition of the
open set F, = {x: ff(z) > a} into a disjoint union of open intervals
is its decomposition into a union of (closed) cubes whose interiors are
disjoint and so that the distance from each cube to ES is comparable to
the diameter of the cube.!! It is also helpful to take the cubes entering
in this union to be dyadic cubes. These cubes are defined as follows.

The dyadic cubes of the 0*'-generation are the closed cubes of side-
length 1, whose vertices are points with integral coordinates. The dyadic
cubes of the ktP-generation are the cubes of the form 27*Q, where Q is a
cube of the 0*"-generation. Notice that bisecting the edges of any dyadic
cube of the k'"-generation decomposes it into 2¢ cubes of the (k + 1)h-
generation whose interiors are disjoint. Observe also that if Q1 and Q-
are dyadic cubes (of possibly different generations), and their interiors
intersect, then either Q1 C @2, or Q2 C Q1.

The decomposition we need of an open set into a union of such cubes
is as follows.

Lemma 5.2 Suppose Q C R? is a non-trivial open set. Then there is
a collection {Q;} of dyadic cubes with disjoint interiors so that Q0 =

U;; Qj, and
(37) diam(Q;) < d(Q;,Q°) < 4 diam(Q;).

Proof. We claim first that every point T € {2 belongs to some dyadic
cube Qz for which (37) holds (with Qz in place of @Q;).

Let § = d(z,¢) > 0. Now the dyadic cubes containing Z have diam-
eters varying over {v/d27 %}, k € Z. Hence we can find a dyadic cube
@z which contains 7, with §/4 < diam(Qz) < §/2. Now d(Qz, Q) < <
4 diam(Qz), since T € Qz. Also

d(Qz, Q°) > § — diam(Qz) > §/2 > diam(Qz),

M This kind of decomposition already arose in Chapter 1 of Book III.
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thus (37) is proved for Qz. Now let Q be the collection of all cubes
@z obtained as T ranges over 2. Their union clearly covers € but their
interiors are far from disjoint. To achieve the desired disjointness select
from Q the mazimal cubes, that is, those cubes in Q not contained in
larger cubes of Q. Clearly, by what has been said above, each Q is
contained in a maximal cube and these maximal cubes necessarily have
disjoint interiors. The lemma is therefore proved.

With the above lemma, we can redo the decomposition of f in the
setting d > 2. The argument is essentially the same as before except for
some small changes. For a > 1, we apply the lemma to the open set E, =
{z: ff(z) > a}; therefore we have a decomposition f = g + b, with g =
fXEs + Z;il m;xqQ,, and b = Zjoil bj, with b; = (f —m;)xq,. Now as
in the case d =1 we see that |m;| < ca. In fact, fQ]- |fldx < [5|f|dx
for any ball B D @Q;. We choose B so that it contains a point = of Eg,.
We can do this with a ball whose radius is 5 diam(Q;), since d(Q, E,) <
4 diam(Q;). If we choose such a ball and it has radius <1 (that is,
diam(Q;) < 1/5), then

L T)|ax "z «Q
5 @l < fi@) <o

and hence |m;| < cia where m(B)/m(Q;) = c1. (The ratio ¢; is inde-
pendent of j). Otherwise, if diam(Q;) > 1/5, the inequality |m;| < cocr
is automatic (with ¢, independent of j), since [ |f(z)|dz < 1 by assump-
tion, and o > 1. In either case, therefore |m;| < ca. Next, since each
dyadic cube arising in the decomposition of {z : fT(x) > 28t} must be
a sub-cube of a dyadic cube arising for {x : fT(z) > 2*} we can proceed
as before to obtain

0 k
f=g"+> 4]
ki

with A% supported in the cube Q%, and {z: fT(z) > 2¢} =, QF.

As a result we can write A% = A\¥a¥ where A = ¢/2"m(Q¥) and af are
atoms associated to the balls B;? where the ball lep is defined to be,
for each k and j, the smallest ball containing the cube Q?. Note that
m(BY)/m(Q%) is independent of k and j. (See Figure 7.)

Finally, since

> 2m@) =) 2'm({z: fi(z) >2"}) < oo,
k,j k
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@

~_

Figure 7. The cube Q;‘? and the ball Bf

as above, we have established the atomic decomposition of f, concluding
the proof of the proposition.

5.2 An alternative definition of H}

A nearly immediate consequence of Proposition 5.1 allows us to recast
the atomic decomposition of H! in a more general form. For any p with
p > 1 we define a p-atom (associated to a ball B) to be a measurable
function a which satisfies:

(i) a is supported in B, and ||a||z» < m(B)~1+1/P,

(it') [pa a(z)dz = 0.

We reserve the terminology of “atom” for the atoms defined previously
in Section 5.1, which correspond to p-atoms for p = co. Note that any
atom is automatically a p-atom.

Corollary 5.3 Fizp > 1. Then any p-atom a is in H.. Moreover there
is a bound cp, independent of the atom a, so that

(38) lalla: < cp.

Note that the proof below yields that ¢, = O(1/(p — 1)) as p — 1. Also,
the requirement p > 1 for the conclusion of the corollary is necessary, as
can be seen by using the reasoning in Exercise 17.

Proof.  One can rescale a p-atom a, associated to a ball B of ra-

dius r, by replacing a by a,, with a.(z) = r%a(rz). Then clearly a,(x)

is supported where rz € B, that is, x € %B = B" and the latter ball has
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radius one. Also since m(B") = r~%m(B) and ||a,| > = 7P| a| 1», we
have ||a,||z» < m(B7")~'*1/P. Thus a, is a p-atom for the (unit) ball B".
Moreover, as has already been observed ||r¢f(rz)|lg: = || |l for every
r > 0. Thus (38) has been reduced to the case of p-atoms associated to
balls of unit radius. Observe that automatically for such p-atoms one
has [ |a(x)|dz <1, therefore we see that we find ourselves exactly in the
setting of the proof of Proposition 5.1 with f(z) = a(z). In fact one notes
that what is proved there amounts to (38), with the constant ¢, incor-
porating the bound A, in (26) for the maximal function, since the calcu-
lation for fRd fT(x) dx used to establish (32) shows that this quantity is
bounded by cA,| f||L». We have already noted that A, = O(1/(p — 1))
as p — 1. Because f = a, the proof of (38) is complete.

As aresult, if f =3 "7° | A\pa, with p-atoms ai, and Y [A\x| < oo, then
fis in H! and
o0

If Il < ep Y Il

k=1

Conversely, whenever f € H!, it has a decomposition with respect to
(p = o0) atoms and therefore has such a decomposition with respect to
p-atoms. We may summarize this as follows.

In defining HL via (30) and (31), we may replace atoms by
p-atoms, p > 1, and obtain an equivalent norm.

5.3 Application to the Hilbert transform

The result below exemplifies the role of the Hardy space H! as an im-
provement over the space L'. In contrast with the failure of the bound-
edness of the Hilbert transform on L', we have that it is bounded from
H! to L.

Theorem 5.4 If f belongs to the Hardy space HL(R), then H.(f) €
LY(R), for every e > 0. Moreover H.(f) (see (14)) converges in the L'
norm, as € — 0. Its limit, defined as H(f), satisfies

(Nl < Allflle -

Proof. The argument below illustrates a nice feature of HL(R): to
show the boundedness of an operator on H} it often suffices merely to
verify it for atoms, and this is usually a simple task.

Let us first see that for all atoms a, we have

(39) [He(a)l[Lr @) < A,
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with A independent of the atom a and e. Indeed, we can avail ourselves of
the translation-invariance and scale-invariance of the Hilbert transform
to simplify matters even further by restricting ourselves in proving (39)
for the case of atoms associated to the (unit) interval I =[—1/2,1/2].
This reduction proceeds, on the one hand, by recalling that if a,.(z) =
ra(rz), then H(a,)(z) = rH(a)(rz); that a, is an atom associated to the
interval I, = 11 whenever a is supported in I; and that |7 F(rz)|| 1 &) =
|F(2)||1(r), whenever F € L'. On the other hand, the translations
f@)— f(x+h), h € R, commute with the operator H, as is evident
from (14); also translation clearly preserves atoms and the radii of their
associated balls.

Thus in proving (39) we may assume that a is an atom associated to
the interval |z| < 1/2. We will estimate H,(a)(x) differently, according
to whether |z| <1, (z belongs to the “double” of the support of a), or
|z| > 1. In the first case, we have

1/2
[ @i <2 ( / |H<as><w>|2da:) < 22 H,(a)]|
lz]<1 lz|<1
<c|a|lzz = ¢,

using the Cauchy-Schwarz inequality and the L? theory studied earlier.
Next when |z| > 1 we write (for small ¢)

1
= / a(t) [ L _ 1] dt,
T Jjo—t|>e r—t =

(t)dt =0. Hence if |z| > 1, then |H(ac)(z)| < c¢/z? because
L — 1/ <& when |z] > 1 and [¢t| <1/2, and |a(t)] < 1. Therefore

f\z\>1 |He(a)(z)| dx < 2¢, and this proves (39) for atoms associated to

the interval [—1/2,1/2], and thus for all atoms.

At the same time, the inequality |H.(a)(z)| < ¢/2? when |z| > 1, and
the convergence in the L? norm, guaranteed by Proposition 3.1, shows
that H.(a) converges in the L' norm to H(a), as ¢ — 0, for every atom a.

since fa
11

Now if f = Zzozl Akar is an H,lﬂ function with the indicated atomic
decomposition, then by (39)

IHe ()l < A Al
k=1
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and if we take the infimum over atomic decompositions, we obtain

(40) [H(P)ller < Allfllmz,  for every f € Hy.

Next, let fy = Zgzl Ak, so that f = fy + (f — fn). Now since fy
is a finite linear combination of atoms, it is itself a constant multiple of
an atom. So we know that H.(fy) converges in the L! norm as € — 0.
Also,

||H61(f) - HEz(f)HLl < ||H61 (fN) - H62(fN)||L1 + 2A‘|f - fNHH}

However, | f — fn|f: — 0, as N — oo. Thus given ¢ > 0 and choosing
first IV sufficiently large, then with both ¢; and ey sufficiently small,
we get that | He, (f) — He,(f)||z1 < 0, which shows that H.(f) converges
in the L' norm. The conclusion asserted by the theorem then follows
from (40), and the proof is complete.

Remark. A more elaborate form of the argument given above shows that
in fact the Hilbert transform maps the Hardy space H} to itself. This is
outlined in a more general setting in Problem 2 of the next chapter.

6 The space H! and maximal functions

The real Hardy space H! also leads to interesting insights regarding
maximal functions. The fact that this might be the case was already
suggested by the use of f* (more precisely, its truncated version fT) in
the proof of Proposition 5.1. In parallel with what we saw for the Hilbert
transform, our goal will be to find a suitable maximal function that maps
H! to L'. In doing this we must keep in mind the following points.

First, neither f* nor fT can be used as such because by their definitions
both f* and f! involve f only through its absolute value, and therefore
cannot take into account the cancelation properties of f that enter to
exploit the fact that f € H..

Second, even if one removed the absolute values in the definitions of
these maximal functions this would not be enough, because the cut-off
functions involved (the characteristic functions of balls) are not smooth.

It is the notion of nice “approximations to the identity,” and the re-
sulting family of convolution operators that lead us to the version of the
maximal function relevant for H. Recall that if we fix a suitable func-
tion ® that, for example, is bounded and has compact support, then for
any f € L, if ®. = e 9®(x/e), then

(f*x®)(z) — f(z), ase—0,forae. z,
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under the assumption [ ®(z)dx = 1.
Given this ® we define the maximal function M corresponding to
the limit above by

(41) M(f)(z) = sup|(f x ®c)(z)|.

e>0

Note that by what we have said it is easy to observe that for every
feL'R?)

[f(@)] < M(f)(z) <cf*(z), forae. z,

where ¢ is a suitable constant.
We shall also want to assume that ® has some smoothness, as indicated
above. With this in mind we can state our result as follows.

Theorem 6.1 Suppose ® is a C* function with compact support on R<.
With M defined by (41) we have that M(f) € L*(R%), whenever f
H!(R?). Moreover

(42) IM ()@ < AllF Il ee)-

Before coming to the proof, which is very similar to that of the Hilbert
transform, we make some additional remarks.

e In the definition of M we have assumed that the function ® that
enters has one degree of smoothness. Less could be assumed with
the same result (for example a Holder condition of exponent

with 0 < o < 1), but some degree of smoothness is necessary. (See
Exercise 22.)

e In fact, the inequality (42) can be reversed. Thus there is a converse
theorem that gives the maximal characterization of H.. This is
formulated in Problem 6*.

Proof.  Suppose f is in H:(RY) and f = > A\zay is an atomic de-
composition. Then clearly M(f) <> |A\g|M(ax), and thus it suffices to
prove (42) when f is an atom a.

In fact, note that with a, defined as a,.(z) = r¢a(rz), r > 0, we have
(a, * ®)(x) = r¥(a* &) (rz), and hence M(a,)(z) = r¢M(a)(rz). Also
the mapping a — M (a) clearly commutes with translations. Therefore
in proving (42) we may assume that the atom a is associated to the unit
ball (centered at the origin).
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Now we consider two cases; when |z| < 2 and when |z| > 2. In the
first case clearly M (a)(x) < ¢ and hence f\w\<2 M(a)(z)dx < ¢. In the
second case, we write B

(0% ®)(x) = / e (TY) ay

= [ o [o () -2 (5)] o

since [ a(y)dy = 0. However since |z| > 2 and |y| < 1, we have that |z —
y| > \1:\/2 Moreover since ® € C' we have that ‘<I> (=) -2 (9)| <

cly|/e < ¢/e. In addition the fact that ® has compact support implies

x

that (a % ®.)(x) vanishes unless ‘—‘ < A for some bound A, which in
turn means that € > |z|/(2A4). Altogether then

—d ’@ <«’E*y> _$ <§>‘ < el < g0t
€ €

for those z. As a result f |2 M(a)(x) dx < ¢. Therefore (42) is estab-
lished and the theorem is proved.

6.1 The space BMO

In the same sense that the real Hardy space HL(R?) is a substitute for
L'(R?), the space BMO(RY) is the corresponding natural substitute for
the space L>°(R?).

A locally integrable function f on R¢ is said to be of bounded mean
oscillation (abbreviated by BMO) if

(43) up s / (@) = fl do < oo,

where the supremum is taken over all balls B. Here fp denotes the
mean-value of f over B, namely

1
fB:m(B)/Bﬂm)dx'

The quantity (43) is taken as the norm in the space BMO, and is denoted
by || fllBmo-
We first make some observations about the space of BMO functions.
e The null elements of the norm are the constant functions. Thus,

strictly speaking, elements of BMO should be thought of as equiv-
alence classes of functions, modulo constants.
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e Note that if (43) holds with possibly different constants cp instead
of fp, then f would still be in BMO. Indeed, if for all B

1
W/Bv@)—cmdxw

then necessarily |fp — cp| < A and hence || f|lsmo < 24. Tt is also
easy to verify that one would obtain the same space, (with an
equivalence of norms), if the balls appearing in (43), were replaced
by, say, the family of all cubes.

e If f € L then it is obvious that f is in BMO. A more typical
example of a BMO function is f(z) =log|z|. Like the general
BMO function it has the property that it belongs (locally) to every
L4 space, with ¢ < co. It also exemplifies a property shared by
BMO and the L* space: whenever f(z) belongs to one of these
spaces, then so does the scaled function f(rz), r >0, with the
norm remaining unchanged. (For more about the above remarks,
see Exercise 23, and Problems 3 and 4.)

e The space of real-valued BMO functions forms a lattice, that is, if
f and g belong to BMO then so do min(f, g) and max(f,g). This is
because | f| is in BMO whenever f is, which in turn follows from the
fact || f| — |f|lB| < |f — fB|. However, if f € BMO and |g| < |f], it
is not necessarily true that g belongs to BMO.

e From the above, we also deduce that if f € BMO is real-valued, and
f*) is the truncation of f defined by f*)(z) = f(x), if |f(z)| <
k; f®)(z) =k if f(x) > k; and f*)(2) = —k, if f(¥) < —k, then
{f®)} is a sequence of bounded BMO functions so that |f*)| < |f]
for all k, f*) — f for a.e z as k — oo, and hence | f®|pyo —
[fllemo as k — oo.

If f is complex-valued, one may apply this to both the real and
imaginary parts of f.

Our focus now will be on the key fact that BMO is the dual space of
the Hardy space H.. This assertion means that every continuous linear
functional £ on H! can be realized as

(44) () = Rdf(x)g(x)dx, feHy,

for some element g in BMO, when (44) is suitably defined. In fact, a little
care must be exercised when dealing with the pairing (44): for general
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f € HL, and g € BMO, the integral need not converge. See Exercise 24.
Thus we proceed indirectly, defining ¢ first on a dense subspace of H..
This will be H}, the subspace of finite linear combinations of atoms.
Note that every element of H} is itself a multiple of an atom. Also, if
f € H} the integral converges, and the ambiguity of the BMO element
g (that is, the additive constant) disappears because f fdx=0.

Our basic result then states:

Theorem 6.2 Suppose g € BMO. Then the linear functional ¢ defined
by (44), initially considered for f € HE, has a unique extension to H}
that satisfies

€] < cllgllBmoO-

Conwersely, every bounded linear functional £ on HY. can be written as (44)
with g € BMO and

lgllzymo < 4]

Here ||£|| stands for ||/]|(g1)+, the norm of £ as a linear functional on H}.

Proof. Let us first assume that g € BMO is bounded. Start with a
general f € H., and let f = Ezozl Arag be an atomic decomposition.
Then by the convergence of the sum in the L' norm we get /(f) =

Z)\kfakg. But
/ ax(2)g(z) dx = / 04 (@) 9(z) — g, ] de,

where ay, is supported in the ball By. However |ag(z)| < m and thus

1
l < | ——— ) — dx.
D1 < 3 Pl /. o) -9
Therefore considering all possible decompositions of f then gives

< [[fllaxllgllBmo,

' [ @) as

under the assumption that g is bounded. Next, if we restrict ourselves to
f € H} (in particular to f that are bounded) with a general g in BMO,
and let g(®) be the truncation of ¢ (as defined above), then the fact that

< Iflm g™ lsmo

‘ [ 1@ @) ds
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just proved, together with a passage to the limit as k — oo using the
dominated convergence theorem, shows that

0l =| [ r@rsto) e

whenever f € H} and g € BMO. Thus the direct conclusion of the the-
orem is established.
To prove the converse we will test the given linear functional ¢ on
atoms, and here it will be convenient to test £ on p-atoms, with p = 2.
For this purpose fix a ball B and consider the L? space on B with

norm
1/2
2 = z)|? dz ,
17l (/Bu( ) )

and let L  denote the subspace of those f € L% for which [ f(x)dx =
0. Note that the ball ”f”LzB,o <m(B)~Y/? of LQB’O consists of exactly the
2-atoms associated to B.

Let us assume our linear functional ¢ has been normalized so that its
norm is less than or equal to 1. Then restricting ourselves to f € LQB’O
we see that [0(f)| < || fllm: < cm(B)1/2||fHL%YO, the last inequality be-
ing a consequence of (38) in Corollary 5.3. Thus by the Riesz rep-
resentation theorem for L% 0 (or as a simple consequence of the self-
duality of L? spaces) there is a g® € LB 0» so that £(f) = [ fg? dz, for
fe LB’O. We also have that ||gB||Lg0 < em(B)Y/?, because ||€||L2}3,0 <
1/2

< el fllnzllgllsmo,

em(B)Y%, as we have seen above. Hence for each ball B we have
a function g? defined on B. What we want is a single function g
so that for each B, ¢ and ¢? differ by a constant on B. To con-
struct this ¢ note that if B; C By then ¢ — ¢52 is a constant on By,
since both g#* and g?2 give the same linear functional on L% . Now
replace each ¢ by §® = ¢ + cp, where the constant cp is so cho-

sen that fl |<1§B dr =0. As a result g8 =GP, on B if B; C Bs.

Therefore we can unambiguously define g on R by taking g(z) = §%(z),
for x € B and B any ball. Now observe that ﬁ I l9(x) — epldx <
m(B)~2|gP — cp|lLa, <m(B)1?||gP|| Lz, <. Therefore g € BMO,
with ||g|lemo < ¢. Since the representation has been established for
fe LzB’O and all B, it holds for the dense subspace Hg. The proof of the
theorem is therefore concluded.
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7 Exercises

1. Show that an inequality

HanHlze < Allfllze,  for all f € L7,

with an, = 5= 0277 F(8)e™? df, is possible only if 1/p+ 1/¢q < 1.

[Hint: Let Dy (0) = 3, <y €™ be the Dirichlet kernel. Then ||Dx||z» ~ Ni-1/p
as N — oo, if p> 1 and |[|[Dn||;1 = log N ]

2. The following are simple generalizations of the Hausdorff-Young inequalities.

(a) Suppose {¢,} is an orthonormal sequence on L?(X, ). Assume also that
lpn(z)| < M for all n. If an = [ f@n dp, then [lan|[re < MPP 71 fll 1o (x),
1<p<2,1/p+1/g=1.

(b) Suppose f € LP on the torus T% and a, = de flx)e ™o dy n e 74,
Then ||{an}||m(zd) < ”f”LP(Td)v where 1/¢ <1 —1/p.

3. Check that an inequality of the form ||f||Lq(Rd) < Allflle(ray (holding for all
simple functions f) is possible if and only if 1/p+1/¢ = 1.

[Hint: Let f.(z) = f(rz), r > 0. Then f.(&) = f(¢/r)r~%]

4. Prove that another necessary condition for the inequality in the previous exer-
cise is that p < 2. In fact the estimate

/ 7€) de < Allf]|1r
€<

can hold only if p < 2.
[Hint: Let f%(z) = s~ 2 e/s g — G it 0 >0. Then (fo)€) = e msIe’,
Note that [|f%]|zr < ct?/P71/2 when o = 1, and let ¢ — co.]

5. Let 9 be the conformal map of the strip 0 < Re(z) < 1 to the upper half-plane
defined by 1(z) = ¢™*. Check that ®(z) = e~ *¥(*) is continuous on the closure of
the strip, |®(z)| = 1 on the boundary lines, but ®(z) is unbounded in the strip.

6. Extend the Riesz convexity theorem (in Section 2) to the LP'" spaces discussed
in Exercise 18 of Chapter 1. We assume T is a linear transformation from simple
functions to locally integrable functions. Suppose

IT()lzao-s0 < Mol[fllzroro,  and  [|T(f)[|zarer < Maf|fllzrars

for all simple f. Prove that as a consequence ||T(f)|zas < Mgl f||zr.» where
1

1 1—6 0 1—-6 6 1 1-6 0 1 1—-6 %]
= = =7 —_ = _, = = — _— = = —_— T < <1
P p0+P1’ T0+T1’q llo+q1’s S0 +51’ad0—9—
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[Hint: Suppose f and g are a pair of simple functions with ||f||zr.» <1 and
| fll ar.sr < 1. Define

o = 180l L2 o

|f (2, t)| Lrtde)
where a(z) = 1p;0z + é, B(z) = 1r;0z + % Note that when z =60, then f. = f.
Also
| fi+itllzrin <1 and | fotit||Lrosro < 1.

Make an analogous definition for g. and consider [ T'(f.)g. dzdt.]

7. Suppose f is a bounded function on R with compact support. Then H(f) €
L'(R) if and only if [ fdx = 0.
[Hint: If a = [ fdx, then H(f)(z) = 2 + O(1/2°) as |z| — o0.]

T

8. Suppose T is a bounded linear transformation mapping the space of real-valued
L? functions into itself with

IT(N)lze < M f]lLe-

(a) Let 7" be the extension of T to complex-valued functions: T"(f1 +if2) =
T(f1) +iT(f2). Then T has the same bound: || T"(f)||zr < M||f]|Lr-

(b) More generally, fix any N, then

N

Q1GNP e < MU 1512 o

Jj=1 Jj=1

[Hint: For part (b), let & denote a unit vector in RY, and let Fy = Zjvzl & fi
€= (&,...,én). Then [|(TFe)(x)|P < MP [|Fe(z)|”. Integrate this inequality
for £ on the unit sphere.]

9. Show the identity of the following two classes of harmonic functions u in the
upper half-plane R = {z: = + iy, y > 0}.

(a) The harmonic functions u that are continuous in the closure @, and that
vanish at infinity (that is, u(z,y) — 0, if |z| + y — 00).

(b) The functions representable as u(z,y) = (f * Py)(x), where Py(x) is the

Poisson kernel %ﬁ, and f is a continuous function on R that vanishes
at infinity (that is, f(z) — 0, as |z] — 00).

[Hint: To show that (a) implies (b), let f(z) = u(z,0). Then D(z,y) = u(z,y) —

(f * Py)(x) is harmonic in @, continuous on @, vanishes at infinity, and moreover

D(z,0) = 0. Thus by the maximum principle, D(z,y) = 0.]

10. Suppose f € LP(R). Verify that:
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(@) [If *Pyllee@ < Ifllee, 1 <p < oo

(b) f*Py— f,as y — 0, in the L? norm, when 1 < p < oo.

11. Assume f € LP(R), 1 < p < co. Prove that:

(a) f=*Qy=H(f)* Py, where H, P, and Q, are respectively the Hilbert trans-
form, the Poisson kernel and the conjugate Poisson kernel.

(b) f*Qy — H(f) in the L? norm, as y — 0.
(¢) He(f) — H(f) in the L? norm, as € — 0.

[Hint: Verify (a) first for f € L? by noting that the Fourier transform of both sides
equals f(€) ng@ e 2mlely )

12. In R%, suppose f(z) = |z|"%(og1/|z|)~* 7% if |z| < 1/2, f(x) = 0 otherwise.
Then observe that f*(x) > c|lz|~%(log 1/|z|)~°, if |z| < 1/2. Hence if 0 < § < 1, we
have f € L*(R?%) but f*(z) is not integrable over the unit ball.

13. Prove that the basic distribution function inequality (28) for the maximal
function can essentially be reversed, that is, there is a constant A so that

m({z: [7(z) >a}) 2 (A/a)/ |f ()| de.

[f(@)|>a

[Hint: Write Eo = {z: f*(z) > a} as U;Z, Qj, with Q; closed cubes satisfy-
ing (37), with Q@ = Eq. For each Q; let B; be the smallest ball so that Q; C By,
and B; intersects ES. First m(B-) < em(Q;), then #Bj) S5 |fldz < . Thus
J
m(Q;) > <— fB |f(x)|dz > < fQ |f(z)]dz. Now add in j, and use the fact
that {z : \f( )\>0¢}C{m, ()>a}]

14. Deduce the following important consequence from (28) and the previous ex-
ercise. Suppose f is an integrable function on R?, and Bi, B; are a pair of balls
with B1 C Bs.

(a) f* is integrable on By if |f|log(1 + |f]) is integrable on Bs.

(b) In the converse direction, whenever f* is integrable on B then |f]log(1 +
|f]) is also integrable there.

[Hint: Integrate the inequalities in «, for oo > 1.]

15. Consider the weak-type space, consisting of all functions f for which m({z :
|f(z)] > a}) < 2 for some A and all > 0. One might hope to define a norm
on this space by taking the “norm” of f to be the least A for which the above
inequality holds. Denote this quantity by N(f).
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a) Show, however, that N is not a genuine norm; moreover there is no norm
g
|| - || on this space so that ||f|| is equivalent with N'(f).

(b) Prove also that this space has no non-trivial bounded linear functionals.

[Hint: Consider R. The function f(z)=1/|z| has N(f) =2. But if fy(z)=
%[f(m—i— )+ flx+2)+ -+ f(xz+ N)], then N(fn) > clog N

16. Prove that the space H! is complete as follows. Let {f,} be a Cauchy sequence
in H.. Then since {f,} is also Cauchy in L', there is an L' function f so that
f =limp— 00 frn in the L' norm. Now for an appropriate sub-sequence {ny}, write

f = fm + 2211(fnk+1 - fnk)

17. Consider the function f defined by f(x) = 1/(z(log)?) for 0 < x < 1/2 and
f(x) =01if z > 1/2, and extended to 2 < 0 by f(x) = —f(—z). Then f is inte-
grable on R, with [ f = 0, hence f is a multiple of a 1-atom in the terminology of
Section 5.2.

Verify that M(f) > ¢/(|z|log|z|) for |z| < 1/2, hence M(f) ¢ L*, thus by The-
orem 6.1 we know that f ¢ HL.

18. Show that there exists a ¢ > 1 so that every f € L'(R?) can be written as
flx) =300 Aeaw(z), with 3 [Ax| < ¢|| f||L1, where the ax are “faux” atoms: each
ay is supported in a ball By; |ax(z)| < 1/m(By) for all z; but ax does not necessarily
satisfy the cancelation condition [ ax(z)dz = 0.

[Hint: Let f, = E,(f), where E, replaces f by its average over each dyadic cube of
the n*"-generation. Then | fn — fllz1 — 0. Pick {nx} so that || fn, , — fu.llzr <

1/2’“, and write f = fy, +Z;°:1(fnk+1 — Jne)

19. The following illustrates two senses in which H} is near L*, but yet different.

(a) Suppose fo(x) is a positive decreasing function on (0, c0) that is integrable
on (0,00). Then show that there is a function f € Hy(R) so that |f(z)| >
Jo(|z).

(b) However if f € Hy(R%), and f is positive on an open set, then its size must
be “smaller” on that open set than a general integrable function. In fact,
prove that if f € Hy, and f >0 in a ball Bi, then flog(l+ f) must be
integrable over any proper sub-ball By C B;.

[Hint: For (a) take f(z) = sign(z) fo(|z|), and find an atomic decomposition for f.
For (b) use Exercise 14, together with the maximal theorem in Section 6, with ®
positive.]

20. When f € L'(R?) we know that its Fourier transform f is bounded and f(¢)
tends to 0 as || — oo (the Riemann-Lebesgue lemma), but no better assertion
about the “smallness” of f can be made. (For the analogous result for Fourier
series, see Chapter 3 in Book II1.) Show, however, that for f € H} we have

[ 1Ol < Al .
e T
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[Hint: Verify this for atoms.]

21. Prove that if |f(z)| < A(1 + |z|)~*"*, and Jga f(x)dz =0, then f € HI(RY).
[Hint: While this is elementary, it is a little tricky. Write f =>"7° | fx, where
fo(z) = f(x) if |x| <1, 0 elsewhere, and fi(x) = f(z) if 2°7' < |z| < 2F and 0
elsewhere, and £ > 1. Let ¢, = f frdx, s, = Zj>k ¢j, then sp = 0. Fix a bounded
function 1 supported in |z| < 1, with [ n(z) dz = 1. Now write f(z) = > oo (fx —
crnK) + Zzo:o cknr, where ng(z) = 27’”7](27’“3:) and fnk = 1. The first sum is
clearly a sum of multiples of atoms (which are O(27%)) supported on the balls |z| <
2%, That the second sum is similar can be seen by rewriting it as D oney Sk(me —
M-1)]

22. Let f be the atom on R supported in |z| < 1/2 given by f(z) = sign(z). Apply
to f the maximal function f§ defined by

jﬁ@ﬂziggKf*xJ@N,

where x is the characteristic function of |2| < 1/2 and x.(x) = ¢ 'x(x/¢).

Verify that |fg(x)] > 1/(2|z|) if |z| > 1/2 hence f§ ¢ L'. Thus the maximal
function fg, defined in terms of y, cannot be used to characterize the real Hardy
space Hf.

23. Verify the following examples related to BMO:
(a) log|z| € BMO(R?).
(b) If f(x) =logz, when z > 0, and = 0 when = < 0, then f ¢ BMO(R).
(c) It § >0, (log |z|)° € BMO(R?) if and only if § < 1.

[Hint: With f(z) = log |z|, note that f(rz) = f(x) 4 ¢, and so we may assume the
ball B has radius 1 in testing the condition (43). For (b), test f on small intervals
centered at the origin.]

24. Using Exercises 19 (a) and 23, give examples of f € HL and g € BMO so that
|f(z)g(z)| is not integrable over R,

8 Problems

1. Another way Hj is an improvement over L' is in its weak compactness of
the unit ball. The following can be proved. Suppose {f.} is a sequence in H}
with || fn|l1 < A. Then we can select a subsequence {fn, } and find an f € H} so
that [ fn, (z)¢(z)dz — [ f(z)p(z)dz, as k — oo, for every  that is a continuous
function of compact support.

This is to be compared with L', and the failure there of weak compactness as
described in Exercises 12 and 13 in the previous chapter.



8. Problems 95

[Hint: Apply the result in Problem 4 (c) of the previous chapter to obtain a
subsequence {fn,} and a finite measure p so that f,, — p in the weak® sense.
Next use the fact that if sup g |u* | € L', for an appropriate ¢, then p is
absolutely continuous.]

2. Suppose H? is the complex Hardy space defined in Section 5. For 1 < p < oo,
prove the following:

(a) If F € H?, then lim,_o F(z + iy) = Fo(x) exists in the L?(R) norm.
(b) [1Fllze = [|Fol e

(c) Onehas2Fy = f+iH(f), with f real-valued in L?(R), and || Fo||z» = || f]|z»-
Moreover, every Fy (and thus F') arises this way. This gives a linear isomor-
phism (over the reals) of H?, with L? with an equivalence of norms.

[Hint: Here is an outline of the proof. For each yi1 > 0, write Fy,(z) = F(z +
iy1) and Fy, (2) = Fy, (2)/(1 — iez), € > 0. One has that Fy, is bounded R% (see
Section 2, in Chapter 5, Book III). Thus by Exercise 9, Fy, (z) = (Fy, * Py)(x).
Now using the weak compactness of the unit ball in L?, (Exercise 12 in Chapter 1),
we can find Fy € L? so that Fy, () — Fo(z) weakly as € and y1 — 0. Observe that
this breaks down for p = 1. Conclusion (c) is then essentially a restatement of the
boundedness of the Hilbert transform for 1 < p < co.]

3. Let P be any non-zero polynomial of degree k in R?. Then f = log|P(x)] is in
BMO and ||f||emo < ¢k, where ¢ depends only on the degree k of the polynomial.

[Hint: Verify the result first when d = 1. Then use induction in the dimension and
the following assertion, stated for R%. Suppose f(z,y), (z,y) € R? is for each y a
BMO(R) function in x, uniformly in y. Assume also that this holds when the roles
of x and y are interchanged. Then f € BMO(R?).]

4. Prove the following John-Nirenberg inequalities for every f € BMO(R?):

(a) For every g < oo there is a bound b, so that
sup — o [ | = " di < Bl s
B m(B) B —"aq BMO
(b) There are positive constants p and A, so that

1 _
supi/ " =18l 4z < A, whenever ||f|/Bmo < 1.
B m(B) Jp

[Hint: For (a) test f against p-atoms, where p is dual to ¢. For (b) use the bound
cp=0(1/(p—1)) as p— 1 (in (38)) to obtain by = O(q), as ¢ — co. Then write
e = 32 ut /gl

5. The Hilbert transform of a bounded function is in BMO. Show this in two
different ways.
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(a) Directly: Suppose f is bounded (and belongs to some LP, 1 < p < co0). Then
H(f) € BMO with

I1H(F)llBvo < Al fllzee,
with A not depending on the L? norm of f.
(b) By duality, using Theorem 5.4.

[Hint: For (a), fix any ball B, and let B; be its double. Consider separately, fxs,
and fXBf }

6.* The following is the maximal characterization of Hy(R%). Suppose ® belongs
to the Schwartz space S and [ ®(z)dz # 0. Let M(f)(z) = sup. |(f * ®c)(z)],
for f € L*. Then

(a) fis in H} if and only if M(f) belongs to L*.

(b) The condition ® € S can be relaxed to require only

107 @ ()| < ea(l+Jz])~" 710

(c) Note two interesting examples, first ®,1/2(x) = (47Tt)7d/267|1|2/(4t>: then
u(z,t) = (f * ®,1/2)(x) is the solution of the Heat equation Azu = dyu, with
initial data u(w, 0) = f(x). Also, ®;(2) = —4L— with cq = P(%)/ﬂ'%

(t2+|x]2) 72
so that wu(z,t) = (f * ®¢)(z) is the solution to Laplace’s equation Agzu +
du = 0, with initial data u(z,0) = f(z). (Here I denotes the gamma func-

tion.)

7. H? when p = 1. The results in (a) and (b) of Problem 2 also hold for p =1,
but require a different proof. The analog of (c) is as follows. One has 2F =
f+4iH(f), where f belongs to the real Hardy space HL. Also ||Fo|| 1 = [l fllexz-
As a consequence, a necessary and sufficient condition that f € H! is that both f
and H(f) are in L.

The conclusions (a) and (b) may be proved by showing that any F € H' can
be written as F' = Fy - F» with F; € H? and ||Fj||%2 = ||F||g1, and then using the
corresponding results in H2.

8.* Suppose f € L'(R). Then we can define H(f) € L*(R) in the weak sense to
mean that there exists g € L*(R) so that

/gnp dr = / fH(p)dz, for all functions ¢ in the Schwartz space.
R R
Then we say g = H(f) in the weak sense.

As a consequence of Problem 7*, one has that f € HX(R) if and only if f € L' (R)
and H(f), taken in the weak sense, also belongs to L'(R).

9.* Let {f.} be a sequence of elements in H} so that [ frllar < M < oo for all n.
Assume that f,, converges to f almost everywhere. Then:
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(a) feH].
(b) [ fag — [ fg, as n — oo, for all g continuous with compact support.

A corresponding result holds for L?, p > 1, but fails for p = 1. See Exercise 14 in
Chapter 1.

10.* The following result illustrates the application of H; to the theory of com-
pensated compactness.

Suppose A = (Ay,...,Aq) and B = (By,...,By) are vector fields in R? with
Ay, B; € L* (Rd) for all 4. The divergence of A is defined by

d
div(4) = %A’“,
k=1 Tk

and the curl of B is the d x d matrix whose ij-entry is

dB: 0B,
a’Ej ox; '

(Cuﬂ(B))ij =

(The derivatives here are taken in the sense of distributions, as in the next chapter.)
If div(A) = 0 and curl(B) = 0 then 3¢_, AxBx € H}.

This is in contrast with the result that in general, if f,g € L%, then one only has
fgeL'.



3 Distributions: Generalized
Functions

The heart of analysis is the concept of function, and
functions “belong” to analysis, even if, nowadays, they
occur everywhere and anywhere, in and out of math-
ematics, in thought, cognition, even perception.
Functions came into being in “modern” mathe-
matics, that is, in mathematics since the Renaissance.
By a rough division into centuries, the 17th and 18th
centuries made preparations, the 19th century created
functions of one variable, real and complex, and the
20th century has turned to functions in several vari-
ables, real and complex.
S. Bochner, 1969

It was not accidental that the notion of function
generally accepted now was first formulated in the cel-
ebrated memoir of Dirichlet (1837) dealing with the
convergence of Fourier series; or that the definition
of Riemann’s integral in its general form appeared in
Riemann’s Habilitationsschrift devoted to trigonomet-
ric series; or that the theory of sets, one of the most
important developments of nineteenth-century mathe-
matics, was created by Cantor in his attempts to solve
the problem of the sets of uniqueness for trigonometric
series. In more recent times, the integral of Lebesgue
was developed in close connection with the theory of
Fourier series, and the theory of generalized functions
(distributions) with that of Fourier integrals.

A. Zygmund, 1959

The growth of analysis can be traced by the evolution of the idea
of what a function is. The formulation of the notion of “generalized
functions” (or “distributions” as they are commonly called) represents a
significant stage in that development with ramifications in many different
areas. Looking back, one can see that this concept had many antecedents.
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Among these were: Riemann’s formal integration and differentiation of
trigonometric series in his study of uniqueness; the necessity of using
weak solutions in the theory of partial differential equations; and the
possibility of realizing a function (say in L?) as a linear functional on an
appropriate dual space. The importance of distributions derives from the
ease with which this tool permits us to carry out formal manipulations,
finessing numerous technical issues. While as such it is not a panacea, it
allows us, in many instances, to arrive more quickly at the heart of the
matter.

We divide our treatment of distributions in two parts. First, we set
down the basic properties of general distributions and the rules of their
manipulation. Thus we see that an ordinary function has derivatives of
all orders in the sense of distributions. Also in that sense, any function
that does not increase too fast at infinity has a Fourier transform.

Next, we study specific distributions of particular importance, begin-
ning with the principal-value distribution defining the Hilbert transform,
and more general homogeneous distributions. We also consider distribu-
tions that arise as fundamental solutions of partial differential equations.
Finally, we take up the Calderén-Zygmund distributions that occur as
kernels of singular integrals generalizing the Hilbert transform, and for
these we obtain basic LP estimates.

1 Elementary properties

Classically a function f (defined on RY) assigns a definite value f(x)
for each z € R%. For many purposes, it is often convenient to relax this
requirement by allowing f to remain undefined at certain “exceptional”
points x. This is particularly so when dealing with integration and mea-
sure theory. Thus in that context a function can be unspecified on a set
of measure zero.!

In contrast to this, a distribution or generalized function F' will
not be given by assigning values of F' at “most” points, but will instead
be determined by its averages taken with respect to (smooth) functions.
Thus if we are to think of a function f as a distribution F', we determine
F' by the quantities

(1) F(p) = y f(@)e(x) de,

where the ¢’s range over an appropriate space of “test” functions. There-
fore, in keeping with (1), our starting point in defining a distribution F’

More precisely, a function is then really an equivalence class of functions that agree
almost everywhere.
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will be to think of F' as a linear functional on a suitable space of these
test functions.

Actually, there will be two classes of distributions (each with its space
of test functions) that we will consider: the broader class, which we deal
with first, and which can be defined on any open set  of R; also later,
a narrower class of distributions defined on R¢, those which are suitably
“tempered” at infinity, and that arise naturally in the context of Fourier
transforms.

1.1 Definitions

We fix an open set  in R%. The test functions for the larger class of
distributions will be the functions that belong to C§°(€2), the complex-
valued indefinitely differentiable functions of compact support in . In
keeping with a common notation used in this context we denote this
space of test functions as D (or more explicitly as D(2)). Now if {p,, } isa
sequence of elements in D, and also ¢ € D, we say that {¢,} converges to
@ in D, and write ¢, — @ in D, if the supports of the ¢, are contained in
a common compact set and for each multi-index ¢, one has 05, — 0S¢
uniformly in z as n — c0.2 With this in mind we come to our basic
definition. A distribution F on € is a complex-valued linear functional
o — F(y), defined for ¢ € D(), that is continuous in the sense that
F(pn) — F(p) whenever ¢, — @ in D. The vector space of distributions
on 2 is denoted by D*(Q2).

In what follows we shall tend to reserve the upper case letters I,
G, ... for distributions, and the lower case letters f, g,... for ordinary
functions. First, we look at a few quick examples of distributions.

EXAMPLE 1. Ordinary functions. Let f be any locally integrable func-
tion on Q.3 Then f defines a distribution F = F 't, according to the
formula (1). Distributions arising this way are of course referred to as
“functions.”

EXAMPLE 2. Let p be a (signed) Borel measure on € which is finite on
compact subsets of {2 (sometimes called a Radon measure). Then

F(o) = / () du(z)

2We recall the notation: 9% = (9/0z)® = (0/0z1)%1 -+ (0/0z4)%, |a| = a1 + -+
ag, and a! = ag - - ag, where a = (a1, ..., aq).

3By this we mean that f is measurable and Lebesgue integrable over any compact
subset of Q. (Compare this definition with the one in Chapter 3 of Book III, where it has
a slightly different meaning.)
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is a distribution which, in general, is not a function as above. The special
case, when p is the point-mass which assigns total mass of 1 to the origin,
gives the Dirac delta function 0, that is, 6(¢) = ¢(0). (Note, however,
that ¢ is not a function!)

Further examples arise from the above by differentiation. In fact, a
key feature of distributions is that, as opposed to ordinary functions,
these can be differentiated any number of times. The derivative 0% F
of a distribution generalizes that of a differentiable function. Indeed,
whenever f is a smooth function on Q and (say) ¢ € D(2), then an
integration by parts yields

J@zneds= 1) [ fozo)d
Hence in keeping with (1) we define 0 F' as the distribution given by
(09F)(p) = (=) F (8%¢), whenever ¢ € D(Q).

Thus in particular, if f is a locally integrable function, we can define its
partial derivatives as distributions. A few examples may be useful here.

e Suppose h is the Heaviside function on R, that is, h(z) = 1 for z >
0, and h(z) = 0, for z < 0. Then dh/dz, taken in the sense of distri-
butions equals the Dirac delta 6. This is because — fooo O (x)de =
©(0), whenever ¢ € D(R). Note however that the usual derivative
of h is zero when = # 0, and is undefined at x = 0. So we must be
careful to distinguish the distribution derivative of a function, from
its usual derivative (when it exists), if the function is not smooth.
(See also Exercises 1 and 2.)

A higher dimensional variant of the Heaviside function is given in
Exercise 15.

e Suppose the function f is of class C* on , that is, all the partial
derivatives 9% f with |a| < k, taken in the usual sense, are continu-
ous on §2. Then these derivatives of f agree with the corresponding
derivatives taken in the sense of distributions.

e More generally, suppose f and g are a pair of functions in L?(Q)
and 02 f = g in the “weak sense” as discussed in Section 3.1 of
Chapter 1, or in Section 3.1, Chapter 5 of Book III. If F' and G
are the distributions determined by f and g respectively, according
to (1), then 09F = G.
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1.2 Operations on distributions

As in the case of differentiation, one can carry over various operations on
distributions by transforming the corresponding actions on test functions.
We first give some simple examples.

e Whenever F' belongs to D* and ¢ is a C'*° function, then we can
define the product ¢ - F by (¢ - F)(¢) = F(1¢p), for every ¢ € D.
This agrees with the usual pointwise definition of the product when
F'is a function.

e For a distribution on R? the actions of translations, dilations and
more generally non-singular linear transformations can be defined
by the corresponding actions on test functions via “duality.” Thus
for the translation operator 7, defined for functions by 71, (f)(z) =
f(x —h), h € R the corresponding definition on distributions is:

Th(F)(p) = F(t_n(p)), for every test function ¢.

Similarly, for dilations given on functions f by the simple rela-
tion f,(z) = f(ax), a > 0, one defines F, by F,(p) = a 4F(p,-1).
More generally, if L is a non-singular linear transformation then
the extension of fr(z) = f(L(x)) to distributions is given by the
rule Fr(¢) = |det L| "1 F(¢p-1) for every ¢ € D.

It is important that one can also extend the notion of convolution,
defined for appropriate functions on R¢ by

(f*g)(w) = » flx—y)g(y)dy

to large classes of distributions.

To begin with, suppose that F' is a distribution on R? and 1 a test
function. Then there are two ways that we might define F' * ¢ (in keeping
with (1) when F is a function). The first is as a function (of z) given by

F(y), with ¢ (y) = ¢(x — y).
The second is that F' * 1 is the distribution determined by

(FxY)(p) =F@~*¢), with ¢y~ =¢f.
Proposition 1.1 Suppose F is a distribution and ¢ € D. Then
(a) The two definitions of F' %1 given above coincide.

(b) The distribution F %1 is a C*° function.
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Proof.  Let us observe first that F(¢7’) is continuous in x and in
fact indefinitely differentiable. Note that if xz, — xg as n — oo, then

o () = V(xn —y) — Y(xo —y) = ¥y, (y) uniformly in y, and the same
is true for all partial derivatives. Therefore ¥ — 97 in D (as func-
tions of y) as n — oo, and thus by the assumed continuity of F on D
we have that F'(¢7’) is continuous in z. Similarly, all corresponding dif-
ference quotients converge and the result is that F'()') is indefinitely
differentiable, with 0% F () = F (027 ).

It remains to prove conclusion (a), and for this it suffices to show that

(2) /F(w;)np(x) dx = F(¢~ %), for each ¢ € D.

However since ¥ € D, and of course ¢ is continuous with compact sup-
port, then it is easily seen that

(¥~ /1/1 T —y )dy—th()

where S(e) = ety a9~ (x — ne)p(ne). Here the convergence of the
Riemann sums S(e) to ¥~ % ¢ is in D. Clearly, S(e) is finite for each
€ >0, and thus F(S.) =€*Y" .. F(yn.)e(ne). Hence by the continu-
ity of x+— F(¢), a passage to the limit ¢ — 0 yields (2), proving the
proposition.

A simple application of the proposition is the observation that every
distribution F in R is the limit of C* functions. We say that a sequence
of distributions {F},} converges to a distribution F' in the weak sense
(or in the sense of distributions), if F},(¢) — F(p), for every ¢ € D.

Corollary 1.2 Suppose F is a distribution on R%. Then there exists a
sequence {fn}, with f, € C*, and f, — F in the weak sense.

Proof. Let {1,} be an approximation to the identity constructed as
follows. Fix a ¢ € D with [, ¢(2) dz = 1 and set ¢y, (z) = n%p(nz).

Form F,, = F % 1,. Then by the second conclusion of the proposition,
each F, is a C* function. However by the first conclusion

F,(p) = F(¢ @) for every p € D.

Moreover, as is easily verified, ¥, * ¢ — ¢ in D. Thus F,(p) — F(¢),
for each ¢ € D, and the corollary is established.



104 Chapter 3. DISTRIBUTIONS: GENERALIZED FUNCTIONS

1.3 Supports of distributions

We come next to the notion of the support of a distribution. If f is a con-
tinuous function its support is defined as the closure of the set where
f(z) # 0. Or put another way, it is the complement of the largest open
set on which f vanishes. For a distribution F' we say that F' vanishes
in an open set if F(p) = 0, for all test functions ¢ € D which have their
supports in that open set. Thus we define the support of a distribu-
tion F' as the complement of the largest open set on which F' vanishes.

This definition is unambiguous because if F' vanishes on any collection
of open sets {O;}ier, then F vanishes on the union O = Uiez 0;. In-
deed suppose @ is a test function supported in the compact set K C O.
Since O covers the compact set K, we may select a sub-cover which (af-
ter possibly relabeling the sets O;) we can write as K C U]kV:1 Ok. A
regularization applied to the partition of unity obtained in Section 7 in
Chapter 1 yields smooth functions n for 1 < k < N so that 0 < n <1,
supp(nr) C O, and sz\f:1 Nk(x) =1 whenever x € K. Then F(p) =
F(Z;ﬁ\]:1 ong) = Z;cv:l F(pni) =0, since F' vanishes on each Oy. Thus
F vanishes on O as claimed.*

Note the following simple facts about the supports of distributions.
The supports of 9%F and ¢ - F (with ¢ € C*) are contained in the
support of F. The support of the Dirac delta function (as well as its
derivatives) is the origin. Finally, F'(¢) = 0 whenever the supports of F'
and ¢ are disjoint

We observe next the additivity of the supports under convolution.

Proposition 1.3 Suppose F' is a distribution whose support is C1, and
¥ is in D and has support Co. Then the support of F * 1) is contained in
C1+ Cs.

Indeed for each x for which F'(1)}") # 0, we must have that the support
of F' intersects the support of ¢7". Since the support of 7" is the set x —
(5 this means that the set Cy, and x — C5 have a point, say y, in common.
Because z =y + x — y, while y € C; and z —y € C (since y € x — C5)
we have that x € C7 + (5, and thus our assertion is established. Note
that the set C7 + Cs is closed because C is closed and Cs is compact.

We can now extend the definition of convolution to a pair of distribu-
tions if one of them has compact support. Indeed, if F' and F; are given
distributions with F; having compact support, then we define F * F; as

40ne must take care that this notion of support does not coincide with the “sup-
port” defined in Chapter 2 of Book III for an integrable function, when such function is
considered as a distribution. A further clarification is in Exercise 5.
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the distribution (F * Fy)(p) = F(F] * ), where Fy” is the reflected dis-
tribution given by F[*(¢) = Fi(¢™). This extends the definition given
above when F; =1 € D. Notice that if C' is the support of F}y, then
—C is the support of F|”. Therefore by the previous proposition Fy~ * ¢
has compact support and is C'°°, hence it belongs to D. The fact that
the mapping ¢ — (F * F;)(¢) has the required continuity in D is then
straightforward and is left to the reader to verify.

Other properties of convolutions that are direct consequences of the
above reasoning are as follows:

e If F; and Fs have compact support, then F} % Fy = Fy « Fy. (For
this reason we shall sometimes also write Fy = F' for F' * F, when
only F; has compact support.)

e With § the Dirac delta function

Fxd=6xF=F.

e If | has compact support, then for every multi-index «

O%(F « Fy) = (0°F) « Fy = F * (0°F}).

e If F" and F; have supports C' and C; respectively, and C' is com-
pact, then the support of F * F} is contained in C' 4+ Cy. (This fol-
lows from the previous proposition and the approximation stated
in part (b) of Exercise 4.)

1.4 Tempered distributions

There are distributions on R? that, roughly speaking, are of at most poly-
nomial growth at infinity. The restricted growth of these distributions
is reflected in the space S of its test functions. This space S = S(RY)
of test functions (the Schwartz space®) consists of indefinitely differ-
entiable functions on R that are rapidly decreasing at infinity with all
their derivatives. More precisely, we consider the increasing sequence of
norms || - ||, with N ranging over the positive integers, defined by®

lelln = sup |27 (05¢)(x)] -
z€R, al,|B|<N

5The space S occurred already in Chapters 5 and 6 of Book I.
6We shall use the notation || - ||y throughout this chapter. This is not to be confused
with the LP norm, || - ||».
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We define S to consist of all smooth functions ¢ such that ||¢||y < oo for
every N. Moreover, one says that ¢ — ¢ in S, whenever ||pr — ¢||ny —
0, as k — oo, for every N.

With this in mind we say that F' is a tempered distribution if
it is a linear functional on & which is continuous in the sense that
F(¢r) — F(p) whenever ¢, — ¢ in S. We shall write S* for the vec-
tor space of tempered distributions. Since the test space D = D(RY) is
contained in S, and convergence in D implies convergence in S, we see
that any tempered distribution is automatically a distribution on R¢ in
the previous sense. However the converse is not true. (See Exercise 9).
It is worthwhile to note that D is dense in S in that for every function
@ € S, there exists a sequence of functions ¢y € D such that ¢ — ¢ in
S as k — oo. (See Exercise 10.)

It is also useful to observe that any tempered distribution is already
controlled by finitely many of the norms || - || n.

Proposition 1.4 Suppose F is a tempered distribution. Then there is a
positive integer N and a constant ¢ > 0, so that

[F(e)l <cllelln,  forallpeS.

Proof.  Assume otherwise. Then the conclusion fails and for each
positive integer n there is a ¢, € S with ||1),, ||, = 1, while |F(¢,)| > n.
Take @, = n/n'/?. Then ||¢n||n < ||¢nlln as soon as n > N, and thus
lenlln <n=t/2
ing the continuity of F'.

— 0 as n — oo, while |F(¢,)| > n'/? — oo, contradict-

The following are some simple examples of tempered distributions.

e A distribution F' of compact support is also tempered. This follows
from the fact that if C' is the support of F', there is an € D, with
n(xz) =1 for all z in a neighborhood of C, hence F(p) = F(ny) if
@ € D. Thus the linear functional F' defined on D has an obvious
extension to S given by ¢ — F(ny), and this gives the correspond-
ing distribution.

e Suppose f is locally integrable on R? and for some N > 0,
/ |f(2)|de = O(RY), as R — oo.
lz|<R

Then the distribution corresponding to f is tempered. Hence in
particular this holds if f € LP(R?) for some p with 1 < p < oo.
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e Whenever F is tempered so is 92F for all o; also 2P F(x) is tem-
pered for all multi-index 5 > 0.

The last assertion can be generalized as follows: let ¥ be any C*° function
on R¢ which is slowly increasing: this means that for each o, 9% (z) =
O(|z|N=) as |z| — oo, for some N, > 0. Then ¢ F defined by (¢/F)(p) =
F(y) is also a tempered distribution, whenever F' is tempered.

The properties of convolutions of distributions discussed in Sections 1.2
and 1.3 have modifications for tempered distributions. The proofs of the
assertions below are routine adaptations of previous arguments.

(a) If F' is tempered and ¢ € S, then F x 1, defined as the function
F(¢) is C* and slowly increasing. Moreover the alternate defini-
tion (F % ¢)(p) = F(¢™ *x ¢), for ¢ € S, continues to be valid here.
To verify this we need the fact that ™ * ¢ € S, whenever 1 and ¢
are in S. (See Exercise 11.)

(b) If F is a tempered distribution and F} is a distribution of compact
support, then F x Fy is also tempered. Note that (F * F})(p) =
F(F7 %), and to establish the claim we need the implication
that F7” xp € S, if F} has compact support and ¢ € S. (See Ex-
ercise 12.)

1.5 Fourier transform

The main interest of tempered distributions is that this class is mapped
into itself by the Fourier transform, and this is a reflection of the fact
that the space S is also closed under the Fourier transform.

Recall that whenever ¢ € S, its Fourier transform " (also sometimes
denoted by () is defined as the convergent integral”

o€ = [ el ean,
Rd

The mapping ¢ — ¢” is a continuous bijection of S to S whose inverse
is given by the mapping 1) — 1", where

PV(x) = [ (e dE.

R4

In this connection it is useful to keep in mind the simple norm estimates

Iy < Cnllellntdrs

"For the elementary facts about the Fourier transform on S that are used here, see for
example Chapters 5 and 6 of Book I.
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which holds for every ¢ € § and every N > 0. (This estimate is itself
immediate from the observation supe [¢(£)| < [pa lo(x)| dz < All@|lat1-)
The multiplication identity

b(@)p(r)de = | Y(@)p(x)de

Rd Rd

(which holds for all ¢, € S) suggests the definition of the Fourier
transform F (sometimes denoted by F') for a tempered distribution F.
It is

FMp)=F(¢"), forallpeS.

From this it follows that the mapping F' +— F” is a bijection of the space
of tempered distributions, with inverse the mapping F — FV, where 'V
is defined by FV(¢) = F(¢"). Indeed

(F™M)Y(p) = F@") = F((¢")") = F(p).

Moreover the mappings F' — F” and F' — FV are continuous with con-
vergence of distributions taken in the weak sense, that is, F,, — F if
F,(¢) — F(p), as n — oo for all ¢ € S. (This convergence is also said
to be in the sense of tempered distributions.)

Next it is worthwhile to point out that the definition of the Fourier
transform in the general context of tempered distributions is consistent
with (and generalizes) previous definitions given in various particular
settings. Let us take for example the L? definition via Plancherel’s theo-
rem.® Starting with an f € L?(R?), we write F' = F} for the correspond-
ing tempered distribution. Now f can be approximated (in the L? norm)
by a sequence {f,}, with f, € S. Thus taken as distributions, f, — F
in the weak sense above. Hence fn — F also in the weak sense, but
since fn converges in the L? norm to f , we see that F is the function f
Similar arguments hold for f € LP(R%), with 1 < p < 2, and f defined in
Li(R%), 1/p +1/q = 1, in accordance with the Hausdorff-Young theorem
in Section 2 of the previous chapter.

Let us next remark that the usual formal rules involving differentiation
and multiplication by monomials apply to the Fourier transform in this
general context. Thus, if F' € S*, we have

(00F)" = (2miz)*F",

8See Section 1, Chapter 5 in Book III.
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because

(02 F)" (p) = 07 F (")
= (D) F 05 (")
= F (((2miz)*p)")
= (2mix)*F"(p).

Similarly ((—2miz)*F)" = 9% (F”). One should also observe that if 1 is
the function that is identically equal to 1, then as tempered distributions

1=6 and 6= 1,
and by the above
(—=2miz)*)" =025  while (8;“5)A = (2miz)“.

The following additional properties elucidate the nature of the Fourier
transform in the context of tempered distributions.

Proposition 1.5 Suppose F' is a tempered distribution and ) € S. Then
F x1) is a slowly increasing C*° function, which when considered as a
tempered distribution satisfies (F % )" = Y F™.

Proof.  The fact that F(17) is slowly increasing follows from the
proposition in Section 1.4 together with the observation that for any
function ¢ € D and N, [|¥7 ||n < c(1 + |2)V||¢|| v, and more generally,

o595 Iy < (@ + 2D 1l 5 +al-

Since (F * 1) (¢) = F(¢™ * ), it follows that (F x )" () = F (™~ * ™).
On the other hand, Y"F"(p) = F (¢ ¢) = F((¢")"). Thus the de-
sired identity, (F * ) (@) = (" F")(p) is proved because, as is easily
verified, ()N =™ * .

Proposition 1.6 If F is a distribution of compact support then its Fourier
transform F” is a slowly increasing C*> function. In fact, as a func-
tion of &, one has F(§) = F(eg) where eg is the element of D given by
ee(x) = n(x)e=2¢ with n a function in D that equals 1 in a neighbor-
hood of the support of F.

Proof. If we invoke Proposition 1.4, we see immediately that |F'(e¢)| <
Clleelln < (1 +[€))N. By the same estimate, every difference quotient
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of F(eg) converges and |8§‘F(e§)‘ < co(1+ [€))NF1el Therefore F(eg)
is C>° and slowly increasing. To prove that the function F(e¢) is the
Fourier transform of F' it suffices to see that

3) / Fleg(€)de = F(§) for every p € 8.

We prove this first when ¢ € D.
Now by what we have already seen, the function g(§) = F(e¢)p(§) is
continuous and certainly has compact support. Thus

[ Feoseds= [ a@ae= s,

Rd

where for each € >0, S is the (finite) sum €Y, g(ne). However
Se = F(se), with sc = €Y 74 ene(x)p(ne). Clearly as € — 0, we have

sua) = (o) [ e(E) d = ()0

in the || - ||y norm. Thus, using Proposition 1.4 again, we get that S, —
F(ng). Now since n =1 in a neighborhood of the support of F, then
F(ng) = F(¢). Altogether we have (3) when ¢ € D, and to extend this
result to ¢ € § it suffices to recall that D is dense in S.

1.6 Distributions with point supports

Unlike continuous functions, distributions can have isolated points as
their support. This is the case of the Dirac delta function and each of its
derivatives. That these examples represent essentially the general case
of this phenomenon, is contained in the following theorem.

Theorem 1.7 Suppose F' is a distribution supported at the origin. Then
F is a finite sum
F= " a,02.
le| <N
That 1is,

Fp)= > (-D*las(95¢)(0), forpeD.

lo| <N

The argument is based on the following.
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Lemma 1.8 Suppose Fy is a distribution supported at the origin that
satisfies for some N the following two conditions:

(a) [Fi(p)] < cllellw, for all o € D.
(b) Fi(z*) =0, for all |a| < N.
Then F7 = 0.

In fact, let n € D, with n(z) = 0 for |x| > 1, and n(z) = 1 when |z| < 1/2,
and write n.(z) = n(xz/e). Then since F; is supported at the origin,
Fi(nep) = Fi(p). Moreover, by the same token Fi(n.x®) = Fy(z®) =0
for all |o| < N, and hence

(@) (o
¥ a
Fi(p) = Fi [ ne(p(@) — Y %x )]
la|<n
with (@) = 9%p(0). If R(x) ZIaI<N a!(O) is the remain-

der, then |R(z)| < ¢|z|¥+! and |8£R( )| < el T8I when |3] < N.
However |02n.(z)| < cge™ 18l and 92n.(x) = 0 if |z| > e. Thus by Leib-
nitz’s rule, ||nR||n < ce, and our assumption (a) gives |Fi(p)| < ce,
which yields the desired conclusion upon letting € — 0.

Proceeding with the proof of the theorem, we now apply the above
lemma to I} = F — ZIaISN 0,098 where N is the index that guaran-
tees the conclusion of Proposition 1.4, while the a, are chosen so that

=07 I)M F(2®). Then since 9¢(8)(z”) = (=1)l*lal, if a = 3, and zero
otherw1se we see that F; = 0, which proves the theorem.

2 Important examples of distributions

Having described the elementary properties of distributions, we now in-
tend to illustrate their occurrence in several areas of analysis.

8|~

2.1 The Hilbert transform and pv(;

)

We consider the function 1/, defined for real  with  # 0. As it stands,
this function is not a distribution on R because it is not integrable near
the origin. However, there is a distribution that can be naturally associ-
ated to the function 1/x. It is defined as the principal value

© — lim o(x) —.
O lz|ze v
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We observe first that the limit exists for every function ¢ € S. Assuming
e <1, we write

W [ e@T=  ewTe [ T

The right most integral clearly converges because of the (rapid) decay
of ¢ at infinity. As to the other integral on the right-hand side, we can

write it as
— (0
/ pl) —(0)
1>|z|>e z

because flzmze 4z — () due to the fact that 1/z is an odd function.

However |p(z) — ¢(0)| < c|z| (with ¢ = sup |¢/(x)]), thus the limit as e —
0 of the left-hand side of (4) clearly exists. We denote this limit as

o [ o) 5.

It is also evident from the above that

dx
pV/tﬂ(x)‘ < Il
]R x

(where the norm || - ||; is defined in Section 1.4), and thus

dx
e—=pv [ p(x)—
R x

is a tempered distribution. We denote this distribution by pv(2).
As the reader may have guessed, the distribution pv(%) is intimately
connected with the Hilbert transform H studied in the previous chapter.

‘We observe first that

1 1
(5) H(f)= Tpv(t)«f, Tor feS.
Indeed, according to the definition of pv(1) and the definition of the
convolution, we have

1 1 1
—pv(=)* f=lim— flz—y)—,
T TOT Jy|ze Y
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and this limit exists for every . However Proposition 3.1 of the previous
chapter asserts that the right-hand side also converges in the L?(IR) norm
to H(f) as € — 0, whenever f € L?(R). Thus the convolution pv (1) x
f equals the L? function H(f).

We now give several alternate formulations of pv(1). The meanings
of the abbreviations used will be explained in the proof of the theorem
below.

Theorem 2.1 The distribution pv(L) equals:
(a) % (og ).

Also, its Fourier transform equals % sign(x).

Regarding (a), note that log|z| is a locally integrable function. Here
%(log |z|) is its derivative taken as a distribution. Now in that sense

d o d
(log|x|> (p) = —/ (log|x|)£ dx, for every p € S.

dx e

However the integral is the limit as € — 0 of — fmze(log |:1c|)fl—‘;c7 dz, and
an integration by parts shows that this equals

/| ) 22) 4 4 1og(e) () — ().

X

Moreover, ¢(€) — ¢(—€) = O(e) since in particular ¢ is of class C'!. There-
fore log(e€)[¢(€) — ¢(—€)] — 0 as € — 0, and we have established (a).

We turn to conclusion (b) and consider for € > 0 the bounded function
1/(x —ie). We will see that as e — 0, the function 1/(z — i€) converges
to a limit in the sense of distributions, which we denote by 1/(z — i0).
We will also see that 1/(x — i0) = pv(2) + imd. Similarly, lime_o 1/(z +
i€) = 1/(z + i0) will exist and equals pv(1) — ind. To prove this, we are
thus lead to the function

LA S W N
2\z—ie ax+ie) x2+€2
We claim first that

1
(6) x%pv(), as e — 0
x

2 + €2
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in the sense of distributions.
We are dealing in effect with the conjugate Poisson kernel Q.(z) =
%ﬁ, defined in Section 3.1 of the previous chapter. The argument

there, after the identities (18), shows that

1 /Izego(g,;)df [ e@ou@yds = [ lw)aa)ds

T x R
- / (o) — @(0)] Ae(a) di + / (@)D (1) da,
|z|<1 |z|>1

since A.(z) is an odd function of z. This function satisfies the estimate
|Ac(7)] < Afe, and |A (7)| < Ae/x?. Moreover if ¢ € D, then |p(x) —
©(0)| < ¢|z| and ¢ is bounded on R. Therefore

SO{E_l/ |:c|dx+e/ dx—|—e/ di}
|z|<e e<|z|<1 |.%'| 1<|z| €

The expression on the right is clearly O(e|loge|) as € — 0, and hence
tends to zero. Therefore we have established (6). Next, recall the iden-
tity (15) in the previous chapter

/R o)A () d

1 . .
= Py(x)+1Qy(x), z=uaz+iy,

where P, (z) is the Poisson kernel 1
taking complex conjugates we see

1

T — i€

xzyTy% By letting y =€ > 0, and

=1Qc(x) + imPc(x).

Since the P, form an approximation to the identity (see Chapter 3 in
Book III) or by an argument very similar as the one just given for Q,,
we have that P. — § as ¢ — 0. Thus

1 1 .
peumir pV(E) + imd.

We may take complex conjugates of the above identity and also obtain,
as a limit in the sense of distributions,
1
z +10

1
= pv(=) — .
pv(-) —im

Adding these two gives conclusion (b). Notice that incidentally, we have
obtained the identity

11 1
o = — — .
=9\ z+i0
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To prove the last statement of the theorem we consider the Fourier
transform of x/(x? + €2) taken in the sense of distributions. By (17) in
Section 3.1 of the previous chapter we have that

/f T dx —W/f(f)e_%“lglsjglz(f) dé—
R

$2+2

for all f € L2(R), and this holds in particular for f € S. Substituting
for f, f = ¢, (and noting that (p™)" = p(—x)) we get

(L)A (p) = (L> () = WA@(S)@Q”GfS@;@dg.

2 4 €2 2+ €2

Letting € — 0, this yields

(v02) 0 =r [ et O,

which shows that (pv%)A is the function Zsign(), and the proof of the
theorem is concluded.

Let us remark that we have seen from the above that the distribu-
tions 1/(z —40), 1/(x +40), and pv(L), while different, all agree with
the function 1/z away from the origin.

2.2 Homogeneous distributions

We pass to the next topic by observing that pv(1) is a homogeneous
distribution. To define this notion, recall that a function f defined on

— {0} is said to be homogeneous of degree )\, if f, = a’f, for every
a > 0, where f,(z) = f(ax). Now the dilation F, of a distribution F' has
been defined by duality:

where ¢® is the dual dilation of ¢, that is, ¢* = a~%p,-1. We can in-
cidentally define the dual dilation F* by F%(p) = F(¢,), and note that
Fo=qa 9F, .

In view of the above, a distribution F' is said to be homogeneous of
degree \, if F, = a*F for all a > 0.

Now the function 1/z is clearly homogeneous of degree —1, but what
is significant for us is that the distribution pv(%) is homogenous of de-
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gree —1. In fact

1 1 1. dx
—a = — a) — l e
pv(-)alp) =pv(-)(9") =™ lim IzIZew(ﬂc/a) .
dx 1
=q ! lim x) — =a tpv(= .
t [ e = ()

The next to the last identity follows from making the change of vari-
ables  — ax and noting that dz/x remains unchanged. The reader may
also verify that the distributions 1/(x — i0), 1/(z +i0), and ¢ are also
homogenous of degree —1.

There is an important interplay between homogeneous distributions
and the Fourier transform. A hint that this may be so is the elementary
identity ()" = (¢")a, that holds for all ¢ € S, where p, and p* are
the dilations of ¢ defined earlier. The simplest proposition containing
this idea is the following.

Proposition 2.2 Suppose F is a tempered distribution on R that is
homogeneous of degree \. Then its Fourier transform F” is homogeneous
of degree —d — M.

Remark. The restriction that F' be tempered is unnecessary. It can
be shown that any homogeneous distribution is automatically tempered.
See Exercise 8 for this result.

To deal with (F), we write successively,

(FM)ale) = FMe") = F((¢")") = F((¢")a)
=F (") =a " F,-1(9") =a  TAF (") = a” T ().

Thus (F"), = a~4*F", as was to be proved.

A particularly interesting example arises if we consider the function
|z|* which is homogeneous of degree A and locally integrable if A > —d.
Let H)y denote the corresponding distribution (for A > —d); this is clearly
tempered.

The following identity holds.

Theorem 2.3 If —d < A <0, then

dta
(H\)" = cxH_g_r, withcy = Mfd/%x'

2
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Note that the assumption A < 0 guarantees that —d — A > —d so that
|z| =4~ which defines H_4_», is again locally integrable.

To prove the theorem we start with the fact that ¢ (z) = e~ is its
own Fourier transform. Then since (1,)" = (") we get (with a = t/?)

/ 6_“'“"2@(90) dx = t_d/Q/ e_”|x|2/tg0(q:) dz.

R4 R

We now multiply both sides by t~*/2~1 and integrate over (0,00), and
then interchange the order of integration. We note that

/ e A2 g = AN2D (=) /2),
0

if A>0 and A > 0, by making the indicated change of variables that
reduces the identity to the case A = 1. Thus using the above identity
with A = 7|z|?, we get

// e‘”f'w'an(x)t—A/?—ldtdx:wmr(—w)/ 2@ () da.
R JO R

Similarly, we deal with [ ¢~ %/2¢=*/271e=A/t 4t by making the change
of variables ¢t — 1/t which shows that this integral equals

> td/2+/\/2—1€—At dt = A—d/2—)\/21" g + é .
0 2 2

Inserting this in [o, [o° t=3/2e=me1/t o(2) dt da yields

wr(32) [l o) de -
a2 (d )2 +/\/2)/ 2|~ A () de,
Rd

and this is our theorem.

The principal value distribution pv(%) and the H, just considered
have in common the property that these distributions agree with C*
functions when tested away from the origin. We formulate this notion
in the following definition. We say that a distribution K is regular
if there exists a function k that is C> in RY — {0}, so that K(y¢) =
Jza k(x)@(x) dz for all ¢ € D whose supports are disjoint, from the origin.
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We also refer to this by saying that K is C'°° away from the origin,
and calling k the function associated to K. (Note that k is uniquely
determined by K.) One should remark that the function associated to
pv(L)is 1/z.

Returning to the general case one may observe that the function k is
automatically homogeneous of degree \ if the distribution K is homoge-

neous of degree A. In fact, if ¢ € D is supported away from the origin,
K(p) = [ k(z)p(x) dz, while

Kole) = K" = [ W@olo/ayde = [ k@)oo dn

/Rd (a k(z) — ko(x))p(z) dz =0

for all such ¢, which means that kq(z) = a*k(z).

The above considerations and examples raise the following two ques-
tions.

Question 1. Given a function k, homogeneous of degree A, and C'*°
away from the origin, when does there exist a regular homogeneous dis-
tribution K of degree A such that k is its associated function? If such a
distribution exists, to what extent is it uniquely determined by k7

Question 2. How do we characterize the Fourier transform of such K7

We answer first the second question.

Theorem 2.4 The Fourier transform of a regular homogeneous distri-
bution K of degree X\ is a reqular homogeneous distribution of degree
—d — A, and conversely.

Proof. We already know from Proposition 2.2 that K" is homoge-
neous of degree —d — \. To prove that K" agrees with a C* function
away from the origin, we decompose K = Ky + K7, with Ky supported
near the origin and K; supported away from the origin. To do this,
fix a cut-off function n that is C°°, is supported in |z| <1, and that
equals 1 on |z| < 1/2. Write Ky =nK, K1 = (1 —n)K. In particular
K, is the function (1 — n)k, since 1 — n vanishes near the origin. Also
K" = K§ + K.

Now by Proposition 1.6, K{' is an (everywhere) C*° function. To
prove that K7 is C* away from the origin we observe that by the usual
manipulations of the Fourier transform valid for tempered distributions,

(7) (—an?[¢)N o (KD) = (AN[(~2miz) K])" .
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Recall that A denotes the Laplacian, A = 9%/9x% + - - - + 0% /023,

Now when |z| > 1, K1 = k, so there 9?(K1) is a bounded homogeneous
function of degree A — |3| and thus is O(|z|*~1°1), for |z| > 1. Therefore
ANz K] is O(|z|M1el=2N) for |z| > 1 while it is certainly a bounded
function for |z| < 1. Hence for N sufficiently large (2N > X + |a| + d)
this function belongs to L'(RY). As a result its Fourier transform is
continuous. (See Chapter 2 in Book III.) This shows by (7) that 9%(K7")
agrees with a continuous function away from the origin. Since this holds
for every a, it follows from Exercise 2 that K{' is a C* function away
from the origin, as desired.

Note that since the inverse Fourier transform is the Fourier transform
followed by reflection, that is, KV = (K”)~, the converse is a conse-
quence of the direction we have just proved.

We now turn to the first question raised above.

Theorem 2.5 Suppose k is a given C™ function on R — {0} that is
homogeneous of degree .

(a) If A is not of the form —d — m, with m a non-negative integer, then
there exists a unique distribution K homogeneous of degree A that
agrees with k away from the origin.

(b) If A = —d — m, where m is a non-negative integer, then there exists
a distribution K as in (a) if and only if k satisfies the cancelation
condition

/ 2%k(x)do(x) =0,  for all |a] =m.
|z|=1

(¢) Every distribution arising in (b) is of the form

K+ ) cad?s.

le|=m

Proof.  We deal first with the question of constructing the distri-
bution K given by k. Note that the function k automatically satisfies
the bound |k(z)| < c[z|*. Indeed, k(x)/|z|* is homogeneous of degree 0
and is bounded on the unit sphere (by continuity of k there), thus it is
bounded throughout R? — {0}.

So if A > —d, the function k is locally integrable on R¢, and thus we
can take K to be the distribution defined by k. This local integrability
fails when \ < —d.
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In the general case we shall proceed by analytic continuation. Our
starting point is the integral

® 1) =10 = [ K@l ela) dn, with e S,

initially defined for complex s with Re(s) > —d, which we will see con-
tinues to a meromorphic function in the entire complex plane. We will
then ultimately set

K(p) = 1(8)] 4= -

In fact, for our given homogeneous function k, and ¢ any test function
in S, we note by the above bound on k, that the integral (8) converges
when Re(s) > —d, thus I is analytic in that half-plane. Moreover I
continues to the whole complex plane, with at most simple poles at s =

—d—d—1,....~d—m,....
To prove this, write I(s) = flx|<1 +f|ff»’|>1' Given the rapid decrease

of ¢ at infinity, the integral over || > 1 gives an entire function of s.
However, for every N > 0,

9)
(a)
/||<1k(x)|;v|_’\+sgo(:v)dx— 3 @afm/ k(@) 2|2 dat

la|<N ' |z[<1

+/ k(x)|z| " R(z) dz,
lz]<1

where R( Z|a|<N a' ) z Wlth Sp(a)( ) 6?90(0)
Now by the homogenelty of k and the use of polar coordinates, we see
that

1
/ k(a)|z| A2 de = </ k(z)z® da(x)>/ petlald=1 g,
o<1 " i

with the last integral equalling 1/(s + |a| + d). Moreover the remainder
R(x) satisfies |R(a:)| < c|z|V, and this together with |k(z)| < c|z|* im
plies that f (z)|z|~M* R(x) dz is analytic in the half-plane Re(s )
—d—

Asa result, for each non-negative integer N, we have that I(s) can be
continued in the half-plane Re(s) > —d — N and can be represented as

C,
I(s)= Y — % —+E
(5) ||<Ns+|a|+d+ n(s)

z|<1
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in that half-plane, with Ex(s) analytic there, and

Co = *"(Z(O) < /m_1 k(z)a do(a:)) |

Now for our given A with A # —d, —d — 1, ... we need only to take N so
large that A\ > —d — N, and define the distribution K by setting K(p) =
I()). (See Figure 1.) Moreover, by keeping track of the bounds that
arise, one sees that |K ()| < ¢||l¢llar, with M > max(N + 1, A +d + 1),

with the norm || - || s defined earlier. Thus K is a tempered distribution.
|
! Re(s) > —-d— N
|
|
:
|
1 s=2A
o
“d-N —d-N+1 d-1  —d

I
I
I
I
I
I
I
:
Figure 1. The half-plane Re(s) > —d — N, and the definition of I(\)

To verify that K agrees with the function k away from the origin, we
note that whenever ¢ vanishes near the origin, the integral I(s) converges
for every complex s and is an entire function. Therefore by (8)

K(g) = I(\) = / K@) da.

This proves the claim.
Next notice that for any a > 0, whenever Re(s) > —d,

I(s)(®) = | Kk(@)lz| " *a"%p(z/a) dz
Rd

= / K@l (@) dr = a1(5) ()

This follows by the homogeneity of k£, and the change of variables x — ax.
As a result, I(s)(¢*) = a®I(s) when Re(s) > —d, and thus by analytic
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continuation this continues to hold at all s at which I(s) is analytic, and
hence at s = \. Therefore the distribution K = I(\) has the asserted
homogeneity, and this proves the existence stated in part (a) of the theo-
rem. If we also note that under the cancelation conditions of part (b) of
the theorem one has C, = 0 whenever |«| = m, our argument also proves
the existence in that case.

We next come to the question of the uniqueness of the distribution K
when A\ # —d,—d —1,.... Suppose K and K; are a pair of regular dis-
tributions of degree A, each of which agrees with k away from the ori-
gin. Then D = K — K is supported at the origin and hence, by Theo-
rem 1.7, D = E|a|<M co 04 6 for some constants c,. Now on the one hand
D(¢%) = a*D(p), because K and K, are homogeneous of degree A. On
the other hand 926(p?%) = a=?121926(p), and as a result,

AD(p) = Y cad28(p)a~ 1l for alla > 0.
la| <M

We now invoke the following simple observation, which we state in a form
that will also be useful later.

Lemma 2.6 Suppose A1, Ao, ..., A\, are distinct real numbers and that
for constants a; and b;, 1 < j < n, we have

Z(ajx)‘j + bz logz) =0  for all x > 0.
j=1

Then aj =b; =0 for all1 < j < n.

For A # —d,—d—1,..., we apply the lemma to A\; =\, Ay = —d,
A3 =—d—1, and so on, and z =a, to obtain D(¢) =0 as desired.
If \=—d—m, we get D(p)= Z|a|:m ca0%0(p), proving the relative
uniqueness asserted in conclusion (c) of the theorem.

To prove the lemma we assume, as one may, that A, is the largest of
the A;’s. Then multiplying the identity by z=*» and letting x tend to
infinity we see that b,, as well as a,, must vanish. Thus we are reduced
to the case when n is replaced by n — 1, and this induction gives the
lemma.

Finally we show that when A = —d —m and flrlzl k(x)z®do(x) # 0,
for some «, with |a| = m, then there does not exist a homogeneous dis-

tribution of degree —d — m that agrees with k(x) away from the origin.
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We consider first the case m = 0, and examine I(s), given by (8), near
s = —d, in the special case k(z) = |z|~¢. In this case we use (9) with
N =1, which is valid for Re(s) > —d — 1. With R(z) = ¢(z) — ¢(0) this
yields
(10)
#(0) s s
1600 = 420+ [ o) o0l e [ ol

s+d |z>1

(Here Aq = 27%2/T'(d/2) denotes the area of the unit sphere in R%).
Since the two integrals are analytic when Re(s) > —d — 1, the factor
Aap(0) represents the residue of the pole of I(s)(¢) as s = —d, and in
particular, as distributions

(s+d)I(s) = Agd, ass— —d.

We will temporarily call J the distribution that arises as the next term

in the expression of I(s) as s — —d, I(s) = fjjfl + J + O(s+d), that is

J = ((s +d)(s))i=—g-

This distribution J, which we shall now write as [ﬁ] , is given, because

of (10), by

(11) [|m1|d] () :/|w|<1wd“/m>l ‘TQE]Z) da.

We observe the following facts about [ﬁ] :

(i) Tt is a tempered distribution. Indeed, it is easily verified that

|[Z] @) < el

(ii) |27 | agrees with the function 1/|z|? away from the origin; this is
|z
because when tested with ¢ that vanishes near the origin, the term
©(0) disappears from (11).

(iii) However, [ﬁ] is not homogeneous.

What holds is the identity
(12)

[Iﬂclld] (") =a™" [leld] () +a~"log(a) Aap(0),  for all a > 0.
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To prove this note that

LI =a ¢ x) — dr. a=? x dr
|:|x|d:| (SD ) /x<1/a[<’0( ) QP(O)] |x|d - /x>1/a SO( )‘x‘d

as a change of variable shows. A comparison of this with the case a =1
immediately yields (12). A consequence of this identity is contained in
the following.

Corollary 2.7 There is no distribution K that is homogeneous of de-
gree —d and that agrees with the function 1/|z|? away from the origin.

If such a K existed, then Ky — [ﬁ} would be supported at the

origin, and hence equal to Zlal < Ca0g 0. Applying this difference to
©® would yield that -

' Ko(g) — a~ LH () — a~"log(a) Aup(0)—

=3 caa T lazs(p) =0,

lal <M

for all a > 0. This leads to a contradiction with Lemma 2.6 if we take ¢
so that ¢(0) # 0.

The result of Corollary 2.7 can be restated as follows. If k is homo-
geneous of degree —d, and f\x|:1 k(x)do(z) # 0, then there is no distri-
bution K homogeneous of degree —d, that agrees with k£ away from the
origin.

Indeed, write k(z) = 77 + k1(x), where

C/m:l do(z) = /m:1 k(z)do (),

and ¢ # 0, while f|x\:1 ki(z)do(z) = 0. Now if K; is the distribution
whose associated function is k1, and whose existence is guaranteed by
conclusion (b), then 1(K — K;) would be a homogeneous distribution of
degree —d agreeing with 1/|z|¢ away from the origin. This we have seen

is precluded by Corollary 2.7.

Finally, turning to the general case, suppose K is a homogeneous dis-
tribution of degree —d — m, whose associated function is k(z). Let K’ =

z*K for some o with |o| = m and flﬂflzl k(x)z® do(z) # 0. Then clearly
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K’ is homogeneous of degree —d —m + |a| = —d, while ¥ (z) = x“k(x)
is its associated function. However now

/| » K (z)do(x) # 0,

which contradicts the special case A\ = —d considered above. The theo-
rem is therefore completely proved.

Remark 1. The results of the theorems continue to hold with minor
modifications if A, which was assumed to be real, is allowed to be com-
plex. In this situation the proof of Lemma 2.6 needs a slight additional
argument, which is indicated in Exercise 20.

Remark 2. When A\ = —d with k satisfying the cancelation condition
f\x\:l k(x)do(z) = 0, the resulting distribution K is then a natural gen-

eralization of pv(1) in R considered earlier. Indeed, as we have seen
K@) = [ kol - e)dr+ [ kw)pla)ds
lz|<1 || >1
and this equals the “principal value”
lim k(z)p(x)dx
0 e<lal

because fe<lml<1 k(z)dz =log(1/e€) flmlzl k(z)do(z) = 0. Distributions
of this kind, first studied by Mihlin, Calderén and Zygmund, are often
denoted by pv(k).

2.3 Fundamental solutions

Among the most significant examples of distributions are fundamental
solutions of partial differential equations and derivatives of these funda-
mental solutions. Suppose L is a partial differential operator

L= Z and¥ on RY,
laj<m

with a, complex constants. A fundamental solution of L is a distri-
bution F' so that

L(F) =,

where § is the Dirac delta function. The importance of a fundamental
solution? is that it implies that the operator f — T(f) = F * f, mapping

9Note that a fundamental solution is not unique since we can always add to it a solution
of the homogeneous equation L(u) = 0.
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D to C°, is an “inverse” to L. One way to interpret this is the statement
that

LT =TL=1

when acting on D. This holds because as we have seen earlier in this
chapter, 0% (F * f) = (0% F) « f = F % (02 f) for all «, hence L(F x f) =
(LF) x f = F % (Lf), while of course ¢ * f = f.

Now let

P = > aa(2mi)*,

lal<m

be the characteristic polynomial of the operator L. Since, for example
when f belongs to S, one has (L(f))" = P - f", we might hope to find
such an F by defining it via F'(§) = 1/P(§) or as

(13) F— /Rd ‘Pzg)e%rix{ de,

taken in an appropriate sense.

The main problem with this approach in the general case is due to the
zeros of P and the resulting difficulty of defining 1/P () as a distribution.
However in a number of interesting cases this can de done quite directly.

We consider first the Laplacian

d 52 )

A = Z @ in R¢.
j=1J

Here 1/P(¢) = 1/(—4m2|€]?), and when d > 3 this function is locally in-

tegrable, and the required calculation of a fundamental solution is given

by Theorem 2.3. This results in the following.

Theorem 2.8 For d > 3, the locally integrable function F defined by
F(z) = Cy|z|79*2 is a fundamental solution for the operator A\, with
C F(%*l)

d=— —— a

42

This follows by taking A = —d + 2 (in Theorem 2.3), then I' (%32) =
['(1) =1, while T'(d/2) = (d/2 — 1)T'(d/2 — 1). Therefore F(£) equals
1/(—47?(£]?), and hence

(AF)* =1, which means AF =§.

The case of two dimensions leads to the following variant.
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Theorem 2.9 When d = 2, the locally integrable function 5= log |z| is a
fundamental solution of /\.

This fundamental solution arises when considering the limiting case A —
—d + 2 =0 in Theorem 2.3. It can be given formally as

e S S R
LT d ,
/ T

but we need to assign a meaning to this non-convergent integral. In fact,
we shall be led to the distribution [ﬁ} considered in (11). We start
with the identity

(19 [ ol s = [ pele2ae

with —2 < A <0, and ¢, = 1;((1+>:\/22))7r_1_’\. We examine (14) near A =0
and use the fact that ¢y ~ —\/(27) + ¢’A\? as A — 0, for some constant
¢’. This follows from the fact that T'(1) = 1, the function T'(s) is smooth
near s = 1, and the identity T'(s + 1) = sI'(s) with s = —A/2. Looking
back at (10) (with s = —X — 2), we differentiate both sides of (14) with
respect to A, which is justified by the rapid decay of ¢ and ¢. After a

multiplication of 1/27 the result is, upon letting A — 0,

1
— p(x)l
— | ¢(@)loglal du

27 o
-1 (@) —(0) NN
_“%ﬁm P d+AMﬂMW} ©(0).

That is, if we take F' = 5= log ||, then

. 1 1
F=—— || ¢
i [W] ¢

Now it is clear that |z|?6 = 0, because |2|?(¢) = |z|?*¢(z)|z=0 = 0. Also,
forallp € S, |x|? [ﬁ} (¢) = Jg2 ¢(x) dx, which means |:c|2 [%] equals
the function 1. Thus (AF)" = —4x2%|z|?F =1, and so AF = §, proving

that F is a fundamental solution for A on RZ2.

We shall next give an explicit fundamental solution for the heat oper-
ator
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taken over R4l with (z,t) € RIT1 =RY x R, and A, the Laplacian
in the z-variables, z € R%. We do this by linking the inhomogeneous
equation L(u) = g with the homogeneous initial-value problem, L(u) = 0
for ¢ > 0 with u(x,t)|;=0 = f(x) given on RY.

Recall from Chapters 5 and 6 in Book I that the latter problem is
solved by the heat kernel

H () = e e

where the Fourier transform is taken only in the z-variables. This shows
that if f € S, then u(z,t) = (H¢ * f)(z) solves the equation L(u) =0,
while u(x,t) — f(z) in S as t — 0. Notice also that

oty = A, Hi(xz), and He(z)dx =1,
ot o

and H; is an “approximation to the identity.” (For these properties of Hy,
see Chapter 5, Book I and Chapter 3 in Book III.)

Now on R4*! define F by

_ Ht(iﬁ), ift>0,
F(x’t)_{o, if t <0.

It follows that F is locally integrable on R*! (and in fact one has
f|t‘<R fRd F(x,t)dxdt < R), and so F defines a tempered distribution

on R4+1,

Theorem 2.10 F' is a fundamental solution of L = % AV

Proof. Since LF(p) = F(L'¢) with L' = —% — A\, it suffices to see
that F(L'¢), which equals

: 0
ll_r% /t26 /Rd F(x,t) <_8t — Az> o(z,t) dz dt,

is () = ¢(0,0).
Now F(z,t) = H¢(x) when ¢ > 0, so an integration by parts in the
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x-variables gives

/tze /R F(x,t) <_§t - Ax> o(x,t)dodt =
/Rd < > Ht +(4 Ht)sﬁdt> dzx

8<p 8Ht
2 I d
/Rd<that+at ) .

He(z)p(z,€) dz.

R4

However, because ¢ € S, one has |¢(z,€) — ¢(x,0)] < O(e) uniformly
in 2. Therefore

He(x)p(z,€)de = | He(z)(p(x,0)+ O(e)) dz,

R4 R4

and this tends to ¢(0,0), since H; is an approximation to the identity.

An alternate proof can be given by computing the Fourier transform
of I, as in Exercise 21.

2.4 Fundamental solution to general partial differential equa-
tions with constant coefficients

We now tackle the general case of any constant coefficient partial dif-
ferential operator L on R? by addressing the convergence issues raised
by (13), where a candidate for a fundamental solution F' was written as

— L 27rix~§d
f g

with P the characteristic polynomial of the operator L. Ignoring for
a moment the problem of convergence, we note that if ¢ € D, then we

would have
1 .
F(p :/ oz / —e%”'gdfdm,
) R () ra P(§)

and hence after interchanging the order of integration,

(15) Fio = [ e
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To circumvent the obstacle that arises in (15) because of possible zeroes
of P, we shift the line of integration in the £;-variable to avoid any zeroes
of the polynomial p(z) = P(z,¢’), where ¢ = (&,...,&q) is fixed. The
result we obtain is as follows.

Theorem 2.11 Every constant coefficient (linear) partial differential
equation L on R? has a fundamental solution.

Proof. After a possible change of coordinates consisting of a rotation
and multiplication by a constant, we may assume that the characteristic
polynomial of L will be of the form

m—1
P(&) = P(&,8) =&+ ) €Q;(8),

Jj=0

where each @} is a polynomial of degree at most m — j. A proof that
a general polynomial P can be written in the above form, can be found
for instance in Section 3, Chapter 5, Book III, where an earlier version
of the “invertibility” of L appears.

For each &', the polynomial p(z) = P(z,&’) has m roots in C, which
can be ordered lexicographically, say a1(¢'), ..., am (). We claim that
we can pick an integer n(£’) so that:

(i) [n(&)] <m+1forall £.
(i) IfIm(&) =n(¢), then |& —a;(¢)| > 1forall j=1,...,m.
(iii) The function &' — n({’) is measurable.

Indeed, for each &’ the polynomial p has m zeroes, so at least one of the
m+ lintervals Iy = [-m — 1420, —m —1+2({ +1)) (for £ =0,...,m)
has the property that it does not contain any of the imaginary parts of
the zeroes of p. We can then set n(¢’) to be the mid-point of such
interval I, with the smallest ¢ having the above property. Condition (ii)
is then automatically satisfied. Finally, Rouché’s theorem!® applied to
small circles around the zeroes of p shows that a;(¢'),..., (&) are
continuous functions of &', and this implies (iii).

So, instead of (15) we now define

(16) F(p) = / / Sﬁ((_;)) dé d¢’,  whenever ¢ € D.
Rd=1 JIm(&1)=n(¢’)

10See for example Chapter 3 in Book II.
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In the above, the inner integral is taken over the line {Im(&;) = n(&)}
in the complex &;-space.

To see that F' is well defined as a distribution, recall first that since ¢
has compact support then ¢ is analytic with rapid decay on each line
parallel to the real axis, so it suffices to show that P is uniformly bounded
from below on the line of integration. To this end, fix £ on such line, and
consider the polynomial in one variable ¢(z) = P(&; + 2,£’). Then ¢ is a
polynomial of degree m with leading coefficient 1, so if A1, ..., A, denote
the roots of ¢, then ¢(z) = (z — A1) -+ (2 — A\p). By (ii) above we have
that |[A\;| > 1 for all j, hence |P(§)| = [q(0)] = |A1 -+ A| > 1, as desired.
Therefore F' defines a distribution.

Finally, the rapid decrease also allows us to differentiate under the in-
tegral sign, so if L' = Z|a|<m ao(—1)!%19%, then the characteristic poly-
nomial of L' is P(—¢) therefore (L'(¢))" = P(—£)@(£). Hence

woe=rwey= [ [ aceodad

We can now deform the contour of integration back to the real line, so
that

(LF)e) = [ 6(-6)de = (0) = Bl
R
which completes the proof of the theorem.

Remark. We obtain from this the following existence theorem: when-
ever f € C3°(RY), there exists a u € C*(R?) so that L(u) = f. This is
clear if we take u = F * f, with F the fundamental solution above.! It
should also be pointed out that an analogous solvability fails if L is not
constant-coefficient, as is seen in Section 8.3 of Chapter 7.

2.5 Parametrices and regularity for elliptic equations

In many instances it is convenient to replace the notion of a fundamental
solution by a more flexible variant, that of an “approximate fundamental
solution” or parametrix. Given a differential operator L with constant
coefficients, a parametrix for L is a distribution @), so that

LQ=6+r

where the “error” r is in (say) S. In this sense, the difference LQ — § is
small.

1 This result may be compared with Section 3 in Chapter 5 of Book III, where not-
necessarily smooth solutions are found by a different method.
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Of particular interest are parametrices that are smooth away from the
origin. Adopting the terminology used earlier, we say that @) is regular
if this distribution agrees with a C°° function away from the origin.

An important class of partial differential operators that have regu-
lar parametrices are the elliptic operators. A given partial differential
operator L = E|a|<m 6,05, of order m, is said to be elliptic if its char-
acteristic polynomial P satisfies the inequality |P(¢)] > ¢[¢]™, for some
¢ > 0, and all sufficiently large £. Note that this is the same as assuming
that P,,, the principal part of P (the part of P which is homogeneous of
degree m), has the property that P,,(§) = 0 only when & = 0.

Note, for example, that the Laplacian A is elliptic.

Theorem 2.12 FEvery elliptic operator has a regular parametrizx.

Proof.  Observe first by a straightforward inductive argument in k,
that whenever |a| = k and P is any polynomial

<8)a< 1 ) qe(§)
- 0417
o) \P@))~ 22, PO
where each ¢y is a polynomial of degree < fm — k.
Now suppose |P(&)| > ¢|¢|™, whenever |£] > ¢1, and let v be a C*

function which is equal to 1 for all large values of ¢ and is supported in
|€] > ¢1. Then observe from the above identity that

og (”@N < Agfglmlel

a7) o)

Now let Q be the tempered distribution whose Fourier transform is the
(bounded) function y(§)/P(£). Taking up the same argument as in the
proof of Theorem 2.4, we have

((—4x2[2|)N0lQ)" = AY[(2mi€)® (v/ P)].

Because of (17) and Leibnitz’s rule, the right-hand side above is clearly
dominated by A’ |¢|~™2N+Bl for [¢] > 1; it is also bounded when |¢] <
1. Thus as soon as 2N +m — |B| > d, this function is integrable, and
therefore |z|?V 85@, being its inverse Fourier transform up to a multi-
plicative constant, is continuous. Since this is true for each (3, we see
that @ agrees with a C°° function away from the origin.

Note moreover that (LQ)" = P(§)[v(€))/P(€)] = v(§) =1+ (+(§) -
1). By its definition, y(§) — 1 is in D, and hence y(§) — 1 = 7, for some
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r € S. Finally, (LQ)" =1+ 7, which means LQ = +r, as was to be
shown.

The following variant is useful.

Corollary 2.13 Given any € > 0, the elliptic operator L has a reqular
parametriz Q. that is supported in the ball {z : |x| < €}.

In fact, let n. be a cut-off function in D, that is 1 when |z| < €/2,
and that is supported where |z| <e. Set Q. =7.Q, and observe that
L(n.Q) — n.L(Q) involves only terms that are derivatives of 7. of posi-
tive order, and these vanish when |z| < ¢/2. The difference is therefore a
C* function. However, n.L(Q) =n.(6 +r) =0 + n.r. Altogether, this
gives L(Q¢) = § + r., where r. is a C*° function. Notice that r. is auto-
matically also supported in |z| < e.

Elliptic operators satisfy the following basic regularity property.

Theorem 2.14 Suppose the partial differential operator L has a regular
parametriz. Assume U is a distribution given in an open set Q C R% and
L(U) = f, with f a C* function in Q. Then U is also a C* function
on . In particular, this holds whenever L is elliptic.

Remark. The terminology hypo-elliptic is used to denote operators
for which the above regularity holds. The prefix “hypo” reflects the
fact that there are non-elliptic operators (for example the heat operator
% — /\,) that also have this property as a result of the fact that they
have a regular fundamental solution. However, it should be noted that
for general partial differential operators, hypo-ellipticity fails; a good

example is the wave operator. (See Exercise 22 and Problem 7*.)

Proof of the theorem. It suffices to show that U agrees with a C'*°
function on any ball B with B C Q. Fix such a ball (say of radius p),
and let By be the concentric ball having radius p + €, with € > 0 so small
that By C Q. Next, choose a cut-off function 1 in D, supported in ,
with n(x) = 1 in a neighborhood of B;. Define U; = nU. Then U; and
L(Uy) = F are distributions of compact support in R? and moreover Fy
agrees with a C°° function (that is, f) in a neighborhood of B;. Thus
F) agrees in a smaller neighborhood of By with a C* function f; that
has compact support.

We now apply the parametrix @, supported in {|z| < ¢} whose exis-
tence is guaranteed by Corollary 2.13. On the one hand,

Qe*L(Ul) :L(Qe)*Ul = (5+TE)*U1 = Ul +TE*U17
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and since r * U; = Uy *x r. by Proposition 1.1, we have that r. « U; is a
C> function in R?. On the other hand,

Qe+ L(U1) = Qe x F1 = Qc* f1 + Qe x (F1 — f1).

Now again, Q. * f1 is a C*° function, while by Proposition 1.3, Q. * (F; —
f1) is supported in the closure of the e-neighborhood of the support of
Fy — f1. Since Fy — f; vanishes in a neighborhood of B; it follows that
Qc * (F1 — f1) vanishes in B. Altogether then U; is a C* function on
B. Since U; = nU and 7 equals 1 in B, then U is a C*° function in B,
and the theorem is therefore proved.

3 Calderén-Zygmund distributions and L? estimates

We will now consider an important class of operators that generalize the
Hilbert transform and that have a corresponding LP theory. These arise
as “singular integrals,” that is, as convolution operators T given by

(18) T(f)=f*K,

with K that are appropriate distributions. Among kernels K of this kind
the first considered were homogeneous distributions of critical degree —d,
similar to those described in Remark 2 at the end of Section 2.2.12
Over time, various generalizations and extensions of these operators have
arisen. Here we want to restrict our attention to a narrow but partic-
ularly simple and useful class of such operators, which have the added
feature that they can be defined either in terms of (18) or in terms of
the Fourier transform via

(19) (T£)"(€) = m(&) (&)

The reciprocity of the resulting conditions on the kernel K and the mul-
tiplier m, with m = K”, can then be seen as a generalization of Theo-
rem 2.4 when A\ = —d.

3.1 Defining properties

We consider a distribution K that is “regular” in the terminology used
in Sections 2.2 and 2.5. This means that for such K there is a function &
that is C* away from the origin so that K agrees with k away from the
origin. Given a K of this kind, we consider the following differential
inequalities for its associated function k,

(20) 0%k(x)| < colz|@71el for all a.

12Without however requiring a high degree of smoothness of k.
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Notice that the above for & = 0, implies that the distribution K is tem-
pered.

In addition to (20) we formulate a cancelation condition as follows.
Given an integer n, we say that ¢ is a C(™-normalized bump function
if ¢ is a C*° function supported in the unit ball and

sup [05¢(x)] <1, all|a| <n.

We define ¢, by ¢,.(z) = ¢(rz), for r > 0. Our condition is then that for
some fixed n > 1, there is an A so that

(21) sup|K(p,)| < A, for all C™-normalized bump functions ¢.
o<r

Proposition 3.1 The following three properties of a distribution K are

equivalent.

(i) K is reqular and satisfies the differential inequalities (20) together
with the cancelation property (21).

(ii) K is tempered, and m = K" is a function that is C* away from
the origin that satisfies

(22) [0gm(§)] < culel™, for all a.

(iii) K is a regular distribution that satisfies the differential inequali-
ties (20) and K" is a bounded function.

We refer to kernels K that satisfy these equivalent properties as Calderén-
Zygmund distributions.!?

The proof will be facilitated by noting the dilation-invariance of the set
of all distributions that satisfy the above conditions. Recall the scaling
of a distribution K as defined in Section 2.1. For each a > 0, the scaled
distribution K® is given by K(¢) = K(¢,), with ¢4(z) = ¢(az). With
this we claim that whenever K satisfies (20) and (21), K* satisfies (20)
and (21) with the same bounds. In fact, the function associated to K®
is a=%k(x/a), while K%(¢,) = K(©ar), as the reader may easily verify.
Moreover, if m = K, then m, = (K*)", and m,(£) = m(a&), so m,
satisfies (22) with the same bounds.

Once this is observed, the proof of the proposition is in the same spirit
as that of Theorem 2.4, and so we will be correspondingly brief. Let us

13We should note that phrases like “Calderén-Zygmund operators” or “Calderén-
Zygmund kernels” have been used in many contexts to denote different but related objects
in the theory.
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begin by assuming condition (i). We first observe that m = K" is a C*°
function away from the origin. This is done by splitting K as K + Ki,
where Ky =nK and K; = (1 —n)K (with n a C* cut-off function that
is supported in the unit ball and is equal to 1 when |z| < 1/2), and
proceeding as in the proof of Theorem 2.4.

To show that the inequalities (22) are satisfied for m(£) = K, £ # 0,
we can reduce matters to the case |{| =1 by the dilation-invariance
pointed out above. Now by Proposition 1.6, K4 (¢) = K (ne™?™®¢) and
the latter is K () with ¢(z) = n(z)e27*¢. Now ¢ is a multiple (inde-
pendent of £, for |¢] = 1) of a C™-normalized bump function, so (20)
implies [Kq' (€)] < ¢/. The same argument gives [0¢ K¢ (§)| < ¢,

Next, since K7 = (1 —n)K = (1 —n)k is supported where |z| > 1/2,
we have by (7)

[€12¥10g K7 (§)] = (AN (2 K1)

Seon [l Y G < o
|z[>1/2

if 2N > |a. Thus [0g K{'(§)| < ¢, when [¢] = 1, and therefore combining
estimates for K and K7 implies (ii) in the proposition.

To prove that (ii) implies (i), we first assume that m satisfies (22)
and, in addition, has bounded support, but we will make our estimates
independent of the size of the support of m.

Define K(z) = [5, m(£)e*™*d¢. Then clearly K is a bounded C>
function on R%, and K" = m in the sense of distributions. In proving
the differential inequalities (20), it will be sufficient to do this for |z| = 1,
because of the dilation-invariance used earlier. Now write K = Ky + K1,
with K; defined like K with m replaced by m;, where mq (&) = m(&)n(§)
and mq(§) = m(§)(1 —n(§)). Now obviously |02 Ko (z)| < cq, since mg
is bounded and is supported in the unit ball. Also in analogy with (7)
and the previous argument,

|2 *N |05 Ky (2)] = ¢

// Zl?(ianh(ﬁ))dﬁ'
Rd

s%w/ 1€]°]¢] "2V de < oo
[]>1/2

if 2N — |a| > d. Since |z| = 1, these estimates for Ky and K; yield (20)
for |z| = 1, and thus for all z # 0.

To prove the cancelation condition, take n =d+ 1. Note first that
(27i€)* (&) = (05 )" (€), so this implies that supe (1 + €)1 2(§)] < e,
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whenever ¢ is a C'™-normalized bump function, and as a result

/Rd|¢<£>|d£§ /( Lo

for such a normalized bump functions
However, K (apr = [m.(=&)@(§) dE.  Therefore |K(p,)| <

supg [m(€)] [ o(¢ |d§ < A and the condltlon (21) is established.

To dispense with the hypothesis that m has compact support, consider
the family m¢(&) = m(&)n.(§), with € > 0. Observe that each m. has
compact support and (22) is satisfied uniformly in e. Set

Kc(x)= [ m(&)e’™ ¢ de.
Rd
Then since m. — m pointwise and boundedly as ¢ — 0, the convergence
is also in the sense of tempered distributions, and this implies the conver-
gence of K, to K in the sense of tempered distributions, with K" = m.
Now the differential inequalities (20) hold for = # 0, and K., uniformly
in €. Thus these estimates hold for K, (more precisely for its associated
function k). Similarly, since the cancelation conditions (21) hold for K.,
uniformly in €, these conditions hold for K, and thus altogether we see
that (ii) implies (i). We observe that the argument just given shows that
(iii) implies (i). Since (iii) is clearly a consequence of (i) and (ii) together,
all three conditions are equivalent, finishing the proof of the proposition.

The following points may help clarify the nature of the hypotheses
concerning Calderén-Zygmund distributions.

e It is clear that if the cancelation condition holds for C'(™-normalized
bump functions for a given n, then it also holds with n’ > n. In
the other direction, it can be shown that in the presence of (20),
the fact that (21) holds for some n implies that it holds for n = 1,
and thus for all n’ > 1. This is sketched in Exercise 32.

e Given a function k that satisfies the differential inequalities (20), we
may ask if there is a Calderén-Zygmund distribution K that has k
as its associated function. The necessary and sufficient condition

on k is that
/ k(x)dx| < oo
a<|z|<b

The proof of this fact is outlined in Exercise 33. Note however
that K is not uniquely determined by k.

sup
0<a<b
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o We make a last remark about the significance of Calderén-Zygmund
distributions in the theory of partial differential equations. It is
that, whenever @ is a parametrix for an elliptic operator L of or-
der m as in Section 2.5, then 09Q is a Calderén-Zygmund dis-
tribution, whenever || < m. This follows immediately from the
estimate (17) and the characterization of such distributions by the
Fourier transform given by assertion (ii) of the proposition.

3.2 The LP theory

The LP estimates for operators of the form (18) are given by the following
theorem.

Theorem 3.2 Let T be the operator T(f) = f % K, with K as in Propo-
sition 3.1. Then T initially defined for f in S extends to a bounded
operator on LP(RY), for 1 < p < cc.

This means that for each p, 1 < p < oo, there is a bound A, so that

(23) 1T £l Lr(ray < Apllfl Lr @)

for f € S. Thus by Proposition 5.4 in Chapter 1 we see that T has a
(unique) extension to all of LP that satisfies the bound (23) for f € LP.
We break the proof into five steps.

Step 1: L? estimate. The case p = 2 follows directly from the fact that
(Tf)" = fAK", (see Proposition 1.5) and that

ITflle> = I(TH > < (SlgpIKA(f)l) 1fllz2 < Allfllzz,

by Plancherel’s theorem. The inequality sup, [K"(£)] < A is of course a
consequence of Proposition 3.1.

Step 2: A wvariant of atoms. While our operator T' does not in general
map L' to itself (as the example in Section 3.2 of the previous chapter
already shows), its LP theory for 1 < p < oo is bound up with a “weak-
type” L' estimate, as was the case for the maximal function treated
in Section 4 of Chapter 2. Here we arrive at this kind of estimate by
studying the action of T" on variants of the atoms that are relevant for
the Hardy space theory. In the present situation we deal with “l-atoms,”
the case p =1 of the p-atoms (specifically excluded from Corollary 5.3
in the previous chapter!).

A l-atom a associated to a ball B is an L? function with:
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(i) ais supported in B, and [ |a(z)|dz < 1.
(i) [pa(z)dz=0.

Notice that the L? norm of a does not enter into the conditions (i) and
(ii) above; the requirement that a € L? is made only for technical conve-
nience.

For each ball B we will denote by B* its double, that is, the ball
with the same center as B but with twice its radius. The key estimate
involving our operator T and 1-atoms is that there is a bound A so that

(24) / |T(a)(z)|dx < A, for all 1-atoms a.
(B*)e

Now (24) will be a consequence of an inequality satisfied by the function
k associated to the distribution kernel K of the operator, namely that
for all r >0

(25) / |k(z —y) — k(z)|de < A,  whenever |y| <r.
|z|>2r

To see (25), note that by the mean-value theorem,
k(@ —y) = k(@)] < ly|sup [VE(2)],
ze

where L is the line segment joining z to © — y. Since |z| > 2r and |y| < r,
it follows that |z| > |z|/2, whenever z € L. Thus the differential inequal-
ities (20) for |z| =1 show that |k(z —y) — k(z)| < c|z|~%, and (25)

follows because r f\z|>2r |z| =9~ dz is independent of r (and is finite).

To deduce (24) from this, observe first that whenever f is in S and is
supported in the ball B, then for z ¢ B* we have

This is so because the distribution K agrees with the function k away
from the origin and here |x — y| > r. Since k(x — y) is bounded there, a
passage to the limit shows that the same identity holds if f is supported
in B and is assumed merely to be in L2. So if a is a 1-atom associated
to B and = ¢ B*, we have

T(a)(z) = /B k(z —y)aly) dy = /B(k‘(w —y) = k(x))a(y) dy,
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because [, a(y)dy = 0. Therefore,

[ r@@iars [{[ k- - sl i
x¢ B* B x¢ B*
and (24) is established if we invoke (25) with r the radius of the ball B.

Step 3: The decomposition. We exploit (24) by decomposing any in-
tegrable function f as a sum of a “good” function g, for which the L?
theory applies, and an infinite sum of multiples of atoms, for which the
estimate (24) is used.

Lemma 3.3 For each f in L'(R?) and o >0, we can find an open
set By and a decomposition f = g+ b so that:

(a) m(Ea) < S[1fllLr@ey-
(b) [g(z)| < ca, for all z.

(c) Eq is aunion | Qy of cubes Qi whose interiors are disjoint. More-
over b=, by, with each function by, supported in Q) and

/ |br ()| dx < cam(Qr),  while ka br(x)dx = 0.

Note that (c) implies that b is supported in FE, hence g(z) = f(z) if
x ¢ E,. Observe also that each by is of the form cam(Qy)ax, where ay,
is a 1-atom.

The proof of the lemma is a simplified version of the argument used to
prove Proposition 5.1 in the previous chapter; in particular, here we use
the full maximal function f* instead of the truncated version ff. The
guiding idea is to try to cut the domain of f into the set when |f(z)| > «
and its complement. However, as before, we must be more subtle and in
the present situation cut f according to where f*(z) > a. Thus we take
E, ={z: f*(z) > a}. The conclusion (a) is therefore the weak-type
estimate for f* given in (27) of the previous chapter.

Next, since E, is open we can write it as |J, Qx, where the Qj, are
closed cubes with disjoint interiors, with the distance of @y from EY
comparable to the diameter of Q. (This is Lemma 5.2 of the previous
chapter.) Now set

1
a m(Qr) Qr

fdx.

mg
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Thus if Ty is a point of ES closest to Qk, one has |my| < cf*(Ty) <
ca. We define g(z) = f(z) for z ¢ ES and g(x) = my, for © € Q. As a
result |f(z)| < a for z € ES, because f*(z) < « there. Altogether then
lg(z)| < ca, proving conclusion (b).
Finally, b(x) = f(x) — g(x) is supported in E, = |J,, Qx and hence b =
> & b, where each by, is supported in Qj and equals f(x) — my, there.
Thus

/ b)) dz = /Q (@) — ml de < /Q (@) de + [milm(Q).

Also as before

/ F(@)] do < em(Qu) f*(Tx) < com(Qy),

k

hence
[ @l < cam(@)

since |my| < ca. Clearly, [by(z)dz = ka(f(a;) —myg)dz =0, and so
the decomposition lemma is proved.

One observes that if we were also given that f was in L*(R?), then it
would follow that g, b, and each by would also be in L?(R?). Since the
supports of the by, are disjoint, the sum b =), by would converge not
only in the obvious pointwise sense, but also in the L? norm.

Step 4: Weak-type estimate. Here we show that
A
(26)  m{{z: [T(f)@)] >a}) < —|flr:, for each a >0

whenever f € L' N L2, with the bound A independent of f and a.. To do
this we decompose f = g + b according to the lemma and note that

m({z: [T(f)(@)] > a}) <m{z: |T(g)(x)] > /2})
+m({z: |TO)(2)] > /2}),

because T(f) = T(g) + T(b). Now by Tchebychev’s inequality and the
L? estimate for T,

2
o @)@ > o/2) < (2) 170l < ol



142 Chapter 3. DISTRIBUTIONS: GENERALIZED FUNCTIONS

However [ |g(z) |2d:c—fEc l9(x)|* dz + [ |g(x)]> dz. Now on Ef we

have g(z) = f(x) and |g(x )\ < ca, so the first integral on the right is
majorized by cal| f||p:. Also

[l do < ca?m(E,) < call .
Eo
by conclusion (a) of the lemma. As a result

c
m({z: |[T(g)(@)| > a/2}) < —[Ifllr2.
To deal with T'(b) =>_, T & (br), we let By denote the smallest ball that

contains Qy, and By the double of By. We define Ef =] Bj. Now,
again by Tchebychev’s inequality, for a bounded set S,

m({zx e S: |TD)(x) >a/2}) < — / |T(b)(x)| dx
25 /g (T(b0) (@) do

since T'(b) = >, T'(br), with convergence in the L? norm.
Now set S = (E¥)°N B, where B is a large ball. Letting the radius of
B tend to infinity then yields

| /\

mfe ¢ By [T0)(@)] > a/2}) < Z/* )| de,

because E} = |JBj implies that (E})¢ C (B;j)¢ for each k. However
as we have noted, by is of the form cam(Qg)ax, where ay is a 1-atom
associated to the ball By. Hence the estimate (24) gives

m({z € (E3)": [T(b)(x )\>a/2})<CZka = cm(E,) < *||f||L1
Finally,

(B2) < Som(BE) = e Y m(Qe) = em(Ea) < Sl
k

because m(Bj) = cm(Qy) for every k.
Gathering the inequalities for T'(g) and T'(b) together then shows that
the weak-type estimate (26) is established.
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Step 5: The LP inequalities. We now borrow the idea used in Chapter 2
in the proof of the LP estimates for the maximal function f* in which the
weak-type inequality is transformed to its more elaborate form, given in
equation (28) of that chapter. In our case the stronger version is

(27)
1 1
m({x: |T x « Al — dr + — 2dr ),
({z: [T(f)(@)] > a}) < ( /|f|>a|f| +a2/f|<a|f| )

«

whenever f belongs to both L! and L2. To prove this, we cut f (this time,
more simply) into two parts for each a > 0, according to the size of f.
Namely, we set f = f1 + fo where f1(z) = f(z)if |f(x)] > «, and fi(x) =
0 otherwise; also fo(z) = f(z) if |f(z)| < o, and fa(z) = 0 otherwise.
Then again

m({|T(f)(x)] > a}) < mE{T(f1)(2)] > a/2}) + m{[T(f2)(z)| > a/2}).
By the weak-type estimate just proved,

T @) > a/2) < 21Ale =5 [ Iflde
[fI>e

By the L?-boundedness of T' and Tchebychev’s inequality
27 A
(T > a2 < (2) I = 5 [ P
o " Jifl<a

proving (27).
Now (see (29) in Chapter 2)

[ [ AP doy,

where AM(a) = m{z: |T(f)(z)] > a}). Therefore, because of (27), the
above integrals are majorized by

A(/Ooa_l/p </ |fdx> da+/ooof2/p </ IfIde) da>.
0 \f1>at/r 0 |f1<al/r

We have

0 [£17
/ o~/ </ |f|d:v> da:/|f| (/ ofl/pda> dz
0 |f|>al/P 0
—a, [ IfP s
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if p > 1 where a, = p/(p — 1). Also,

/ a2 (/ |f|2dx> da_bp/mpdx
0 |f|<al/r

if p < 2, with b, = p/(2 — p). Thus we get

1T < Apll e,

with A, =A-p- (ﬁ + ﬁ) This takes care of the case 1 < p < 2 (the
case p = 2 having been settled before).

To pass to the case 2 < p < 0o, we use the duality of LP spaces set
forth in Section 4 of the first chapter.

We note that whenever f and g are in S then by Plancherel’s theorem

/T<f>gd:r= m(©f i@ de = | T7(g) da.
Rd Rd Rd

Here T*(g) = g * K*, where (K*)" = m, with m = K”. Now T satisfies
the same characterization (22) that m does, and hence the results above
apply to T*. In particular the identity

(29) [ ngds = [ [T

extends to f and ¢ in L2
Next with 2 <p < oo, let ¢ be its dual exponent (1/p+1/q=1),
where now 1 < ¢ < 2. Then, by Lemma 4.2 in Chapter 1,

)

I = s ‘ [rtngas

where the supremum is taken over all g that are simple with ||g|/z« < 1.
However

‘/T(f)gdx < fllze 1T (9) e < Agll fllze,

. ' [ i@

by Hoélder’s inequality and the boundedness of 7% on L7 (1 < ¢ < 2).
The result is now (23) for all f € S, for 1 < p < 0o, concluding the proof
of the theorem.

We make two closing comments about the theorem just proved.
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The result leads to “interior” estimates for solutions of elliptic equa-
tions in terms of LP based Sobolev spaces. As such, these may be
viewed as a quantitative version of Theorem 2.14. This is outlined
in Problem 3.

The essential properties of K that enter in the proof of the LP
theorem are, first, the L? boundedness via the Fourier transform,
and second, the use of inequality (25). This inequality has natu-
ral extensions to a variety of contexts that arise in applications,
in particular where the underlying structure of R is replaced by
another suitable “geometry.” However, obtaining L? boundedness
in other settings is more problematic, since in general the Fourier
transform may be unavailing. For this, further ideas have been
developed that use the almost-orthogonality principle in Proposi-
tion 7.4 of Chapter 8, but these will not be pursued here.

4 Exercises

1. Suppose F is a distribution on Q and F = f, with f a C* function in Q. Show
that 05 F, taken in the sense of distributions, agrees with 95 f for each |a| < k.

2. The following represent converses to the previous exercise.

(a)

(b)

[Hint:

Suppose f and g are continuous functions on (a,b) C R and % (taken in
the sense of distributions) agrees with g. Show that for every z € (a,b),
(F@+h) — F(@))/h — g(x) as h — 0.

If f and g are merely assumed to be in L'(a,b) with % = g in the sense
of distributions, then f is absolutely continuous and (f(z + h) — f(x))/h —
g(z) as h — 0 for a.e. x.

As a result, if f is a continuous but nowhere differentiable function on R,
then the distribution derivative of f is not a locally integrable function on
any sub-interval.

Generalize (a) as follows: Suppose k > 1 is an integer, and that f is a
continuous function on an open set Q. If for each multi-index o with |a| < k,
the distribution 8% f equals a continuous function ga, then f is of class C*
and 95 f = go as functions, for all |a] < k.

To see (a), let z¢ € (a,b), h > 0, and let 7 be a test function on (a,b) so

that [ = 1. With § > 0, define 1°(z) = 6~ *n(x/J) and

so<z>:/z 7 (@0 + h— ) — 1 (2o — v) dy.

—o0

Then [ f(z)-Lo(z)dr = — [ g(z)p(z) dz and let §,h — 0.
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For (b), show as a first step that, up to a constant, f equals the indefinite
integral of g, almost everywhere. Then use Theorem 3.8 in Chapter 3, Book III,
about the differentiability almost everywhere of an absolutely continuous function.]

3. Show that a bounded function f on R? satisfies a Lipschitz condition (also
known as a Holder condition of exponent 1)

[f(z) = f()] < Clz —yl, forallz,y € R,

if and only if f € L° and all the first order partial derivatives 0f/dz%, 1 < j < d,
belong to L™ in the sense of distributions.

[Hint: Let fn = f * ¢y, where ¢, is an approximation to the identity as in Corol-
lary 1.2. Then 9f,/dz; € L* uniformly in n.]

4. Suppose F is a distribution on €.

(a) There exist fn, € C*, each of compact support in €, so that f, — F in the
sense of distributions.

(b) If F is supported in the compact set C, then for every ¢ > 0 we can choose
the f,, so that their supports are in the e-neighborhood of C.

5. Let f be locally integrable on R%. Then the “support” of f in the measure-
theoretic sense is the set E = {x : f(z) # 0}. Note that E is essentially determined
only modulo sets of measure zero.

Show that the support of f, as a distribution, is equal to the intersection of all
closed sets C such that £ — C' has measure zero.

6. Assume that Q is a region in R? defined by Q = {z € R?: 4 > ¢(a)}, with
z=(2',zq) € R xR, and ¢ a C' function. Suppose f is a function that is
continuous in  and whose first derivatives are also continuous in Q, with f|aq = 0.

Let f be the extension of f to R defined by f(m) = f(z)if z € Q, and f(x) =0

if z ¢ Q. Then ng -, taken in the sense of distributions, is the function which is %
J J

in Q, and zero in Q°. (Note that it is not necessarily true that aan» is continuous.)
J

[Hint: Show that — [, f(2) 2% dx = [, 2L+ da for all C*™ functions ¢ of compact
J J

support in Rd.]

7. Show that the distribution F' is tempered if and only if there is an integer N,
and a constant A, so that for all R > 1,

|F(¢)| < AR sup |0z p()],

|z|<R, 0<[a|<N

for all ¢ € D supported in |z| < R.

8. Suppose F' is a homogeneous distribution of degree A. Show that F' is tempered.
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[Hint: Fix ne€ D, n(z) =1, for |z| <1, n supported in |z| < 2. Let ng(x)
n(z/R). Find N so that |[mF(¢)| <clle||nv. Then deduce that |(nrEF)(v)]
RN | ]

<

9. Check that on the real line, f(z) = e”, considered as a distribution, is not
tempered.

[Hint: Show that the criterion in Exercise 7 fails for every N.]

10. Verify that D is dense in S.
[Hint: Fix n € D so that n = 1 in a neighborhood of the origin. Let nx(x) = n(x/k)

and consider @i = nre.]
11. Suppose that 1,02 € S.
(a) Verify that ¢1 - p2 belongs to S.
(b) Using the Fourier transform, prove that p1 % p2 € S.

(c) Show directly from the definition of convolution that 1 * @2 € S.

12. Prove that if F} is a distribution of compact support and ¢ € S, then F} * ¢ €
S.

[Hint: For each N, there exists a constant cy so that

95 Nl < en (L +lyD ™Il ]

13. Use the previous exercise to prove that if F; and F' are distributions with F
having compact support and F' being tempered then:

(a) F x F is tempered, and;
(b) (Fx )" = F{\F", (F{" is C™ and slowly increasing.)

14. Check that f(z) = i|z| is a fundamental solution for (g%, on R.

15. A d-dimensional generalization of the identity for the Heaviside function is
the identity

5-3 (2 ),
_. 853] J
j=1

Ty

with hj(z) = A%zW’ and Ay = 27%2/T'(d/2) denotes the area of the unit sphere
in R?.
[Hint: When d > 2, write § = 3.7 -2 (%Cd|a:|_d+2).}

J

=1 Ba:j

16. Consider the complex plane C = R?, with z = = + iy.
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(a) Note that the Cauchy-Riemann operator

1/ 0 0
=3 (3 +iay)

is elliptic.

(b) Show that the locally integrable function 1/(7z) is a fundamental solution
for 0=.

(c) Suppose f is continuous in 2, and dzf = 0 in the sense of distributions.
Then f is analytic.

[Hint: For (b), use Theorem 2.9, and note that A = 40z0., where 9, = % (a% — z%) ]

17. Suppose f(z) is a meromorphic function on 2 C C. Prove:
(a) log|f(z)| is locally integrable.

(b) A(log|f(z)]) taken in the sense of distributions is equal to 2w > m;d; —
27 Y-, m}.0k. Here the §; are the delta functions placed at the distinct zeroes
of f, namely J;(¢) = ¢(2;), and the & are placed at the poles z;, of f; also
m;, and mj, are the respective multiplicities.

[Hint: 5t log|z| is a fundamental solution of A.]

18. Prove that a distribution F' is homogeneous of degree A if and only if

d
Z ]81’

[Hint: For the converse, consider ®(a) = F(¢®) for a > 0, ¢ € D. Then ®(a) is
C® for a > 0, and ‘m(a =20(a).]
19. Prove the following facts about distributions in R.

(a) Given a distribution F, there exists a distribution F} so that

d
— R =F.
dz’*

(b) Show that F} is unique modulo an additive constant.

[Hint: For (a) fix po € D, with [ o = 1, and note that each ¢ € D can be written
uniquely as ¢ = % + ago for some ¥ € D and a constant a. Then define Fi(p) =
F(v). For (b), use the fact that d/dz is elliptic.]

20. Show that if A1,..., s are distinct complex exponents and Z;;l(ajmkj +
bjz*i logz) =0 for all z > 0, then a;j =b; =0 forall 1 < j < n.
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[Hint: Proceed as in the proof of Lemma 2.6, and use the fact that flR M g
is equal to log R if p; = 0 and that this integral is O(1) if u; is real and # 0.]

21. Let F(z,t) = Hi(x), for t >0, and F(z,t) =0, when ¢ <0, as in Theo-
rem 2.10. Prove directly that

1

F =
(&7) 4m2|€)2 + 2miT

where (&,7) € R? x R, with ¢ dual to x, and 7 dual to t.
[Hint: Use the two identities

o —an?|¢|?t —2mitt dt = 1 £ 0
/0 ¢ € 42 |€|? + 2miT or [¢] >

and

/ He(z)e ™8 do = eI ot > 0.]
RrRd

22. Suppose f is a locally integrable function defined on R, and let u be the
function defined by u(w,t) = f(x —t), for (z,t) € R%. Verify that u, taken as a
distribution, satisfies the wave equation

o _ o
ox2 ~ o2’

More generally, let F' be any distribution on R. Construct U (in analogy to f(x —
t)) as follows. If ¢ is in D(R?), R* = {(z,t)}, set U(p) = [ (F * (z,"))(z) dz.
Then U satisfies

’U U

o2 o2’

Note that U is invariant under the translations (h, h), for h € R.

23. Show that in R® the function

—1 el
F = —
(@) 47|z
is a fundamental solution of the operator A — I. The function F' is the “Yukawa
potential” in the theory of elementary particles. In contrast to the “Newtonian
potential” —1/(4w|z|), the fundamental solution of A, the function F has a very
rapid decay at infinity and it thus accounts for the short-range forces in the theory.
[Hint: Let F be the inverse Fourier transform of —(1 + 472|¢|?)™!. Going to polar
coordinates in R3, one then uses the identity

/ 2TE G (£) = 251n(27r|x\)’
l€l=1

]
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together with the Fourier transform of the conjugate Poisson kernel, given by (18)
of the previous chapter.]

24. The following statements deal with the uniqueness of the fundamental solu-
tions of the Laplacian.

(a) Up to an additive constant, the unique fundamental solutions of A in R
d > 2, that are rotationally invariant, are the ones given in Theorems 2.8
and 2.9.

(b) The unique fundamental solution of A in R?, d > 3, that vanishes at infinity
is the one given in Theorem 2.8.

25. A distribution F' defined on Q2 C R is positive if F(¢) >0 for all ¢ € D
supported in , with ¢ > 0. Show that F is positive if and only if F(p) = [ ¢du
for some Borel measure dp on €2 that is finite on compact subsets.

26. Recall that a real-valued function on (a,b) is convex if f(zo(1 —1t) + z1t) <
(1=t f(xo) +tf(z1), for zo,z1 € (a,b), 0 <t < 1. (See also Problem 4 in Chap-
ter 3, Book III.) A function f on Q C R? is convex if the restriction of f to any
line segment in €2 is convex.

(a) Suppose f is continuous on (a,b). Then it is convex if and only if the

. . . d2r . el
distribution dl—g’ is positive.

(b) If f is continuous on 2 C R?, it is convex if and only if for each & =
2
(€1,...,€q) C R? the distribution E1§i,j,§d @@#afzj is positive.

[Hint: For (a), let ¢ € D, ¢ >0, [pdr =1 and set p(z) = ¢ '¢(z/e). Consider
fe=fx 906']

27. Every distribution F of compact support in R? is of finite order in the
following sense: for each such F', there exists an integer M and continuous functions
F, of compact support, so that

F= Y 0;Fa.

lal<M

Moreover if F' is supported in C, then for every € >0 we may take F, to be
supported in an e-neighborhood of C. Prove this by carrying out the following
three steps.

(a) Pick N so that |F ()| < c|l¢||n, for all ¢ € S, and choose My so that 2My >
d+ N. Let Q be the inverse Fourier transform of 1/(1 + 4x2|¢[*)™°, and

observe that @ is a fundamental solution of (1 — A)M and @ is of class
ch.
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(b) For each ¢, construct Q. corresponding to @, so that (1 — A)YMQ, =6 + r,
where Q. is supported in the e-neighborhood of the origin (as in Corol-
lary 2.13). Prove that F x Q. is a continuous function, using the fact that
[F ()] < cllolln-

(c) Hence F = (1 — A)YMo(Q. * F) — F % re, and the result is proved with M =
2Mp.

28. One can characterize tempered distributions F' whose Fourier transforms have
compact support.

We already know by Proposition 1.6 that such an F' must in fact be a function
f that is C*° and slowly increasing. A precise characterization when d = 1 is given
in the statement below.

The Fourier transform of a tempered distribution F' is supported in the interval
[ M, M] if and only F equals a function f that is C°°, slowly increasing, and having
an analytic extension to the complex plane as an entire function of exponential type
27 M; that is, for every € > 0, |f(2)| < Ace>™MTIIZl where 2z = 2 + iy.

(An analogous assertion holds in higher dimensions.)

[Hint: Assume F is supported in [—M, M]. Using Exercise 27 allows us to write
F= Z|a\N 0% (ga), where go are continuous and supported in [—M — e, M + €,
and thus reduce to the case when F is a continuous function

To prove the converse, consider f5 = fvys; where vs(z) = % fe*%“”E (&/6)dg
with n € C*°, supported in |¢| < 1 and such that [n= 1 Then v5(z) is of expo-
nential type 276 and is rapidly decreasing on the real axis. Thus apply the simpler
version of the result given in Theorem 3.3, Chapter 4 in Book II to the function
f5, and let 6 — 0.]

29. In this exercise, we consider the L? Sobolev spaces.

The space L2, consists of the functions f € L?(R%) whose derivatives 0% f taken
in the sense of distributions, are in L*(R?) for all |a| < m. This space is sometimes
denoted by Hm(]Rd). Note that this is the special case for p = 2 of the Sobolev
space given as an example in Section 3 of Chapter 1. However, here we use a
slightly different (but equivalent) norm, which makes L2, into a Hilbert space.

On L2, we define the inner product

(f,9)m = (95f,029),,

la]<m

with (f,9)o = [ya f(2)g(z) dz. Then, L7, with the norm 1flle2, = (f, fu?is a
Hilbert space.

(a) Verify that f € L2, if and only if f(£)(1+ |€))™ € L?, and that the norms
1fllzz, and [|f(£)(1 +[])™ [z are equivalent.

(b) If m > d/2, then f can be corrected on a set of measure zero, so that f
becomes continuous and is in fact in C*, for k < m — d/2. This is a version
of the Sobolev embedding theorem.
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[Hint: £ f € LY(RY) if || < m — d/2.]

30. The following observation is useful in connection with the L? theory of
Calderén-Zygmund distributions on R%.

(a) The Fourier transform of the distribution [%} equals ¢ log|¢] + c2, with

2|
C1 7& 0.

(b) Prove the following consequence of (a). Suppose k is a homogeneous function
of degree —d that is C°° away from the origin and with

/‘ o k(x)do(z) # 0.

If K is any distribution that agrees with k& away from the origin, then the
Fourier transform of K is not a bounded function. Another way of stating
this is that the operator T, defined by T(¢) = K * ¢ initially defined for
¢ € D, does not extend to a bounded operator on L*(R%).

31. Suppose k is a C*° function homogenenous of degree —d, not identically equal
to zero, and

/| - k(x)do(z) = 0.

If K is the principal value distribution defined by k, that is, K = pv(k), then K is
a Calder6n-Zygmund distribution but the operator T" given by T'f = f * K is not
bounded on L' or L.

The special case of the Hilbert transform is in Exercise 7, Chapter 2.

[Hint: If ¢ € D, then Tp(x) = ck(z) + O(|z|~*"!) as |z| — oo, where ¢ = [ ¢.]

32. The cancelation condition (21) for the Calderén-Zygmund distributions for
some n > 1 implies the condition for n = 1. Show this by first proving the following
fact: Whenever K satisfies (20) and (21) for some n > 1, then for every 1 < j < d,
the distribution z; - K equals the locally integrable function z;k.

[Hint: The distribution x;K — zjk is supported at the origin. Then use The-
orem 1.7 to test z; K — x;k against ¢, as r — 0 for suitable ¢, to conclude that
this difference vanishes. Next, write any C'")-normalized bump function as o(z) =
n(z) + Z;l:l x;;(x) where 5 and the ¢; are multiples of C™ and C'©)-normalized
bump functions respectively, and use the above fact.]

33. Suppose k is a C* function in R — {0}, that satisfies the differential inequal-
ities (20). Then there is a Calderén-Zygmund distribution K which has k as its

associated function if and only if supy., ., fa<m<b k(x) dx‘ < o0.

[Hint: In one direction, note that |K (m — na)| < 24, where n(z) =1 if |z| < 1/2,
and n(z) = 0 if |z| > 1, with n € C*°. In the other direction, define

K(p) = /| M@ e) —e(0) e+ / k() () da

[z|>1
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and verify that the conditions (20) and (21) hold for K]

34. Suppose H is a Calderén-Zygmund distribution and 7 belongs to S. Verify
that nK is a Calderén-Zygmund distribution.

5 Problems

1. We consider periodic distributions and their Fourier series.

(a) The notion of a periodic distribution on R? can be defined in two equivalent
ways:

First, one can consider distributions F on R? which are periodic in the sense
that 7,,(F) = F for all h € Z%;

Alternatively, one can consider the continuous linear functionals on D(']I"i),
the space of C*° periodic functions on R, (Here T¢ = R%/Z% denotes the
d-dimensional torus.)

(b) Note that if ¢ € D(T%), then ¢ has a Fourier series expansion
SO(ZE) — ZaneQ‘nin»z,

where the Fourier coefficients an = [14 f(x)e™>™" dz are rapidly decreas-
ing, that is, for every N > 0, |an| < O(|n|™V) as |n| — oco.

Similarly, if F is a periodic distribution, and a, = F(e ""*) denote its

Fourier coefficients, then a, are slowly increasing in the sense that for some
N >0, |an| < O(In|Y) as |n| — occ.

Moreover, the Fourier series > ane?™"®

tributions.

converges to F' in the sense of dis-

[Hint: To prove the equivalence in (a), consider the “periodization” operator P :
D(R?) — D(T),

P(p)(@) = Y m(@)(@) = Y wlz—h).

hezd hezd

Then find v € D(R?) so that P(y) = 1. This allows to prove that P is surjective,
and that, in the same way, its dual P* : D5 — D7 is also surjective. (Here D7
and D5 denote, respectively, the two spaces of distributions described in (a).) To
construct v, pick ¥ € D(R?) sothat 1) > 0and ¢ =1on {0 < z; <1, 1<j<d},
and let v = /P(¢).]

2. Suppose T'f = f * K is a singular integral operator as in Theorem 3.2 of Sec-
tion 3. Then the mapping f — T'(f) is bounded on the Hardy space H!, and in
particular maps H} to L.
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[Hint: Consider first a 2-atom a associated to the unit ball B. Then for an appropri-
ate constant ¢ (bounded independently of a) we have T'(a) = c(a« + ®). Here a, is
a 2-atom for the ball B%st, the double of B, and & satisfies |®(z)| < (1 + |z[)~¢" 1,
fRd ®(z) de = 0. With this apply Exercise 21 in Chapter 2. Then obtain the analog
for 2-atoms a, after rescaling and translation.]

3. Prove the following interior estimates for an elliptic operator L of order m with
constant coefficients.

Suppose @ and O; are bounded subsets of R? with @ C ©;. Assume u and f
are LP functions in @7 with Lu = f in O; in the sense of distributions. Then if
1 < p < oo and k is a non-negative integer, we have

> Nosullieoy <c | D 110E fllzeon) + Il o)
|a|<m+k |1BI<k
where the derivatives are taken in the sense of distributions.

[Hint: Consider the parametrix Qe = 7.Q given in Corollary 2.13 which is sup-
ported in |z| < e. Here € is chosen so that O, C 01, where O, are the points of
distance < € from O.

Set U = tpu, with 1) a C function that is 1 near O, but vanishes outside O.
Then

LU) =¢Lu) + Y v,0]u,

[v]<m

and what is important is that the ., vanishes in O.. Now U + 7 * U = Q. * L(U),
where r. € §. This gives

Yu=Qcx (Yf) —re(u) + > Qe * (Y07 u).

As has been pointed out, 95 Q are Calderén-Zygmund distributions whenever |y| <
m, so the same is true for Q.. Then using Theorem 3.2, the result follows.]

4.* Let P(z) be any real polynomial in R?, and k a homogeneous function of
degree —d with f\z\:1 k(z)do(z) = 0.

(a) One can define the tempered distribution pv (eip(gc)k(:r)) = K by

K(p) = lim PO k(x)p(x) da.

0z 2e
(b) Then the Fourier transform of K is a bounded function (with bound inde-

pendent of the coefficients of P).

5. Let Q be a fixed real-valued polynomial on R%. Consider the distributions
initially defined for Re(s) > 0 by

1(5)() = /Q QN e s, vhere g €S
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Then I(s)(¢) has a meromorphic continuation to the whole complex s-plane, with
poles at most at s = —k/m, where m is a positive integer determined by @, and k
is any positive integer. The order of the poles do not exceed d.

6. As a consequence of the results in Problem 5%, one may prove the following.

(a) Suppose L = Z‘a|<m aa 0% is a non-zero partial differential operator on R?
with as complex constants. Then L has a tempered fundamental solution.
As an immediate corollary we also have:

(b) Suppose P is a complex-valued polynomial on R?. Then there exists a
tempered distribution F' that agrees with 1/P where P(z) # 0.

In fact, let P be the characteristic polynomial of L and apply the result of the
previous problem to @ = |P|?. Suppose I(s) has a pole of order r at s = 1, then
define the tempered distribution F' by

1a

F=P
rl ds”

(s +1)1(s)

s=—1
Consequently, PF' = 1, and the inverse Fourier transform of F' is the desired fun-

damental solution of L.

7.* Suppose L = Z|a\<m 1,02 is a partial differential operator on R?, with aq
complex constants. Then L is hypo-elliptic if and only if for each a # 0
%PE)
P(¢)

0 as ¢ — oo,

where P denotes the characteristic polynomial of L.

8." We describe several fundamental solutions of the wave operator

82
0= — — Afl)y
ot?
where (z,t) € R* x R and A, = 2?21 8872.
J
We let I'y be the forward open cone = {(z,t): ¢ > |z|}, and ' = —T'y, the

backward cone. For each s with Re(s) > —1 we define the function Fs by

o as(t* = |x)?)?, if (x,t) € T4
(29) Fy(w,t) = { 0 otherwise.

Here a;' = AR (1) T (s/2+ 1). Then s — F has an analytic continu-
ation in the complex s plane as an entire (tempered) distribution-valued function.
Moreover, one can prove that Fy = Fs|s=_4+1 is a fundamental solution of O.
Note that F_, obtained from Fy by mapping t — —t, is also a fundamental
solution, and Fy and F_ are supported in I'y and I'_ respectively. In addition,
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if d is odd and d > 3, then as vanishes for s = —d 4+ 1, so both Fy and F_ are
supported on the boundary of their cones, which is a reflection of the Huygens’
principle.

Finally, a third fundamental solution Fy of interest is given by

1 1
F)= lim —
0 = 0es0 42 (\5\2 -T2+ ie) ’

with the limit taken in the sense of distribution, and (&, 7) representing the dual
variables to (x,t). The fundamental solutions F, F_, and Fy are each homo-
geneous of degree —2, and invariant under the Lorentz group of linear transfor-
mations of determinant 1 that preserves I'y. Also each fundamental solution of
O with these invariance properties can be written as c1Fy + coF— + c3Fp, with
c1+co+c3=1.



4 Applications of the Baire
Category Theorem

We see the profound difference that lies between sets
of the two categories; this difference lies not within
denumerability, nor within density, since a set of the
first category can have the power of the continuum and
can also be dense in any interval one considers; but it
is in some sense a combination of these two preceding
notions.

R. Baire, 1899

In the late nineteenth century, Baire introduced in his doctoral disser-
tation a notion of size for subsets of the real line which has since provided
many fascinating results. In fact, his careful study of functions led him to
the definition of the first and second category of sets. Roughly speaking,
sets of the first category are “small,” while sets of the second category
are “large.” In this sense the complement of a set of the first category is
“generic.”

Over time the Baire category theorem has been applied to metric
spaces in different and more abstract settings. Its noteworthy use has
been to show that a number of phenomena in analysis, found first in
specific counter-examples, are in fact generic occurrences.

This chapter is organized as follows. We begin by stating and proving
the Baire category theorem, and then proceed with the presentation of
a variety of interesting applications. We start with the result about
continuous functions which Baire proved in his thesis: a pointwise limit
of continuous functions has itself “many” points of continuity. Also,
we shall prove the existence of a continuous but nowhere differentiable
function, as well as the existence of a continuous function with Fourier
series diverging at a point, by showing that the category theorem allows
us to see that such functions are indeed generic. We also deduce from
Baire’s theorem two further general results, the open mapping and closed
graph theorems, and provide in each case an example of their use. Finally,
we apply the category theorem to show that a Besicovitch-Kakeya set is
generic in a natural class of subsets of R2.
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1 The Baire category theorem

Although Baire proved his theorem on the real line, his result actually
holds in the more general setting of complete metric spaces. For the
purpose of the applications we have in mind it is better to have access to
this more general formulation right away. Fortunately, the proof of the
theorem remains very simple and elegant.

To state the main result, we begin with a list of definitions. Let X be
a metric space with metric d, carrying the natural topology induced by
d. In other words, a set O in X is open if for every x € O there exists
r > 0 so that B,(z) C O, where B, (x) denotes the open ball centered at
x and of radius r,

B.(z)={ye X : d(z,y) <r}.

By definition, a set is closed if its complement is open.

We define the interior E° of a set F C X to be the union of all open
sets contained in E. Also, the closure F of F is the intersection of all
closed sets containing E. Since one checks easily that the union of any
collection of open sets is open, and the intersection of any collection of
closed sets is closed, we see that E° is the “largest” open set contained
in E, and E is the “smallest” closed set containing E.

Suppose F is a subset of X. We say that the set F is dense in X if
E = X. Also, the set E is nowhere dense if the interior of its closure is
empty, (E)° = (). For instance, any point in R? is nowhere dense in R9.
Also, the Cantor set is nowhere dense in R, but the rationals Q are not
since Q = R. We note here that in general E is closed and nowhere dense
if and only O = E* is open and dense.

We now describe the central notion of category due to Baire, and the
dichotomy it introduces.

e Aset £ C X is of the first category in X if F is a countable union
of nowhere dense sets in X. A set of the first category is sometimes
said to be “meager.” A set F that is not of the first category in X
is referred to as being of the second category in X.

e A set £ C X is defined to be generic if its complement is of the
first category.

Thus the idea of category is to describe “smallness” in purely topological
terms (involving closures, interiors, etc.) It reflects the idea that elements
of a set of the first category are to be thought of as “exceptional,” while
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those of a generic set are to be considered “typical.” Connected with this
is the fact that a countable union of sets of the first category is of the
first category, while the countable intersection of generic sets is a generic
set. Also we record here the useful fact that any open dense set is generic
(this follows from our remark earlier).

In general relying on one’s intuition about the category of sets requires
a little caution. For instance, there is no link between this notion and
that of Lebesgue measure. Indeed, there are sets in [0,1] of the first
category that are of full measure, and hence uncountable and dense. By
the same token, there are generic sets of measure zero. (Some examples
are discussed in Exercise 1.)

The main result of Baire is that “the continuum is of the second cate-
gory.” The key ingredient used in his argument is the fact that the real
line is complete. This is the main reason why his theorem immediately
carries over to the case of a complete metric space.

Theorem 1.1 FEvery complete metric space X is of the second category
in itself, that is, X cannot be written as the countable union of nowhere
dense sets.

Corollary 1.2 In a complete metric space, a generic set is dense.

Proof of the theorem. We argue by contradiction, and assume that X
is a countable union of nowhere dense sets F,,

(1) X = G F,.

By replacing each F),, by its closure, we may assume that each F,, is
closed. It now suffices to find a point € X with = ¢ | J F,,.

Since F} is closed and nowhere dense, hence not all of X, there exists an
open ball By of some radius 71 > 0 whose closure B is entirely contained
in FY.

Since F3 is closed and nowhere dense, the ball By cannot be entirely
contained in Fy, otherwise F5 would have a non-empty interior. Since Fy
is also closed, there exists a ball By of some radius ro > 0 whose closure
By is contained in B; and also in F¥. Clearly, we may choose ry so that
ro < 711/2.

Continuing in this fashion, we obtain a sequence of balls {B,} with
the following properties:

(i) The radius of B,, tends to 0 as n — oo.
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(ii) B,4+1 C B,
(iii) F,, N B, is empty.

Choose any point z,, in B,,. Then, {z,}22 is a Cauchy sequence be-
cause of properties (i) and (ii) above. Since X is complete, this sequence
converges to a limit which we denote by z. By (ii) we see that z € B,
for each n, and hence x ¢ F,, for all n by (iii). This contradicts (1), and
the proof of the Baire category theorem is complete.

To prove the corollary, we argue by contradiction and assume that
E C X is generic but not dense. Then there exists a closed ball B entirely
contained in E°. Since E is generic we can write E¢ = |J)_, F,, where
each F), is nowhere dense, hence

B= O(anﬁ).

It is clear that F,, N B is nowhere dense, hence t}g above contradicts
Theorem 1.1 applied to the complete metric space B, and the corollary
is proved.

The theorem actually extends to certain cases of metric spaces that are
not complete, in particular to open subsets of a complete metric space.
To be precise, suppose we are given a subset Xy of a complete metric
space X. Then Xj is itself a metric space, inheriting its metric from X
by restricting the metric on X to Xy. The fact is that if X, is an open
subset of X, then the conclusion of the theorem holds for it; that is, X,
cannot be written as a countable union of sets that are nowhere dense
(in Xg). See Exercise 3. A simple example is given by the open interval
(0,1) with the usual metric.

1.1 Continuity of the limit of a sequence of continuous functions

Suppose X is a complete metric space, {f,} is a sequence of continuous
complex-valued functions on X, and that the limit

lim f,(z) = f(x)

n—oo
exists for each x € X. It is well known that if the limit is uniform in x,
then the limiting function f is also continuous. In general, when the limit
is just pointwise, we may ask: must f have at least one point of conti-
nuity? We answer this question affirmatively with a simple application
of the category theorem.
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Theorem 1.3 Suppose that {f,} is a sequence of continuous complex-
valued functions on a complete metric space X, and

lim f,(z) = f(z)

n—oo
exists for every x € X. Then, the set of points where f is continuous is
a generic set in X. In other words, the set of points where f is discon-
tinuous is of the first category.

Therefore f is in fact continuous at “most” points of X.

To show that the set D of discontinuities of f is of the first category,
we use a characterization of points of continuity of f in terms of its
oscillations. More precisely, we define the oscillation of the function f
at a point x by

osc(f)(z) = lim w(f)(r, x), where w(f)(r, ) = supy .ep, () [F(y) = F(2)].

The limit exists since the quantity w(f)(r,z) decreases with r. In par-
ticular, we see that osc(f)(x) < e if there exists a ball B centered at x
so that |f(y) — f(2)| < € whenever y, z € B. Two more observations are
in order:

(i) osc(f)(x) =0 if and only if f is continuous at z.
(ii) The set E. = {x € X : osc(f)(x) < €} is open.

Property (i) follows immediately from the definition of continuity. For (ii),
we note that if x € Ee, there is an r >0 so that sup, .cp () [f(y) —
f(z)| < e. Consequently, if * € B, 3(x), then * € E. because

sup  [f(y) = f(R) < sup [f(y) - f(2)] <e

Y,2€B, 2 (™) y,2E€ By ()

Lemma 1.4 Suppose {f,} is a sequence of continuous functions on a
complete metric space X, and fn(x) — f(z) for each x asn — oo. Then,
given an open ball B C X and € > 0, there exists an open ball By C B
and an integer m > 1 so that | f,(x) — f(z)| < € for all x € By.

Proof. Let Y denote a closed ball contained in B. Note that Y is
itself a complete metric space. Define

Ey={z €Y : sup |fj(z)— fu(z)] < €}
Jk>
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Then, since f,(x) converges for every x € X, we must have

(2) Y = U E,.
=1

Moreover, each Ey is closed since it is the intersection of sets of the
type {z € Y : |f;j(z) — fr(z)| < €} which are closed by the continuity of
f; and fi. Therefore, by Theorem 1.1 applied to the complete metric
space Y, some set in the union (2), say E,,, must contain an open ball
By. By construction,

sup |fj(x) — fu(z)| <€ whenever x € By,
Jikz2m

and letting k tend to infinity we find that |f,,(x) — f(z)| < e for all z €
Bg. This proves the lemma.

To finish the proof of Theorem 1.3, we define
F,={x € X : osc(f)(x) >1/n},

in other words, F,, = E¢ with € = 1/n in the notation of (ii) above.
Then, by our observation (i), we have

o ()r
n=1

where we recall that D is the set of discontinuities of f. The theorem
will be proved if we can show that each Fj, is nowhere dense.

Fix n > 1. Since F), is closed, we must show that it has empty interior.
Assume on the contrary, that B is an open ball with B C F,,. Then, if
we set € = 1/4n in the lemma, we find that there is an open ball By C B,
and an integer m > 1 so that

(3) |fm(x) — f(2)] <1/4n, for all z € By.

By the continuity of f,,, we may find a ball B’ C By so that
(4) |[fm(y) — fm(2)] < 1/4n, forall y,z € B'.
Then, the triangle inequality implies

1) = £ < 1f(y) = Fm )] + [ (y) = fn(2)] + [ [ (2) = F(2)]-
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If y,z € B’, the first and third terms are bounded by 1/4n because of
condition (3). The middle term is also bounded by 1/4n due to (4).
Therefore

1
|f(y) — ()|§R<— whenever y, z € B’.
Consequently, if 2’ denotes the center of B’, we have osc(f)(z') < 1/n
which contradicts the fact that ' € F,,. This concludes the proof of the
theorem.

1.2 Continuous functions that are nowhere differentiable

Our next application of the category theorem is to the problem of the
existence of a continuous function that is nowhere differentiable.

Our first answer to this question appeared in Chapter 4 of Book I where
we showed that the complex-valued function f given by the following
lacunary Fourier series

o0
= Z 9 negi2"r with 0 < o <1
n=0

is continuous but nowhere differentiable. Moreover, a slight change in
the proof shows that both the real and imaginary parts of f are also
nowhere differentiable. Other examples arose in Chapter 7 of Book III,
in the context of the von Koch and space-filling curves.

Here, we prove the existence of such functions by showing that they
are generic in an appropriate complete metric space. The space we have
in mind consists of all real-valued continuous functions on [0, 1], which
we denote by

X = ([0, 1).

This vector space is equipped with the sup-norm

Il = sup [f(x)].

z€]0,1]

Together with this norm, C([0,1]) is a complete normed vector space (a
Banach space). The completeness follows because the uniform limit of a
sequence of continuous functions is necessarily continuous. Finally, the
metric d on X is chosen to be d(f,g) = ||f — g/, and hence (X,d) is a
complete metric space.

Theorem 1.5 The set of functions in C([0,1]) that are nowhere differ-
entiable is generic.
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We must show that the set D, of continuous functions in [0, 1] that are
differentiable at least at one point, is of the first category. To this end,
we let Ey denote the set of all continuous functions so that there exists
0 <z* <1 with

(5) |f(z) — f(z*)] < N|z —z*|, forall ze]0,1].
These sets are related to D by the inclusion
Dc | En.
N=1

To prove the theorem it suffices to show that for each N, the set Ey is
nowhere dense. This will be achieved by showing successively:

(i) Ey is a closed set.
(ii) the interior of Fy is empty.
Thus | J E is of the first category, hence so is the set D.

Proof of property (i)

Suppose that {f,,} is a sequence of functions in Ey so that || f,, — f|| —
0. We must show that f € Ex. Let ¥ be a point in [0, 1] for which (5)
holds with f replaced by f,. We may choose a subsequence {z; } that
converges to a limit in [0, 1], which we denote by z*. Then,

[f (@) = f(@)] < [f (@) = for @) + [ fri (@) = for (@) + [ foi (27) = f(27)]-

On the one hand, since || f, — f|| — 0, we see that given € > 0, there
exists K > 0 so that whenever k > K the first and third terms together
are < €. On the other hand, we may estimate the middle term by

(i (@) = fri (@) < [ fi () = S @ )|+ [ fg (27,) = i (7).
Therefore, applying the fact that f,, € En twice yields
[fri (@) = fry (&) < Nl =y, |+ Nz, — 2",
Putting all these estimates together, we obtain
[f(z) = f(@")| < e+ Nlw —a;, | + Nz, — 27|

for all k > K. Letting k tend to infinity, and recalling that xj, — x* we
get

|f(z) = f(z")| < e+ Nz —27|.
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Since € is arbitrary, we conclude that f € En, and (i) is proved.

Proof of property (ii)

To show that Ex has no interior, let P denote the subspace of C([0, 1])
that consists of all continuous piecewise-linear functions. Also, for each
M > 0, let Pps C P denote the set of all continuous piecewise-linear func-
tions, each of whose line segments have slopes either > M or < —M.
Functions in Py, are naturally called “zig-zag” functions. Note the key
fact that Pj; is disjoint from Ey if M > N.

Lemma 1.6 For every M > 0, the set Py of zig-zag functions is dense
in C(]0,1]).

Proof. It is plain that given € > 0 and a continuous function f,
there exists a function g € P so that || f —g|| <e. Indeed, since f is
continuous on the compact set [0,1] it must be uniformly continuous,
and there exists 6 > 0 so that |f(x) — f(y)| < € whenever |z —y| < 0. If
we choose n so large that 1/n < ¢, and define g as a linear function on
each interval [k/n, (k+1)/n] for k =0,...,n — 1 with g(k/n) = f(k/n),
g((k+1)/n) = f((k+1)/n), we see at once that || f — g|| <e.

It now suffices to see how to approximate g on [0, 1] by zig-zag functions
in Pps. Indeed, if g is given by g(x) = ax + b for 0 < x < 1/n, consider
the two segments

() =g(x)+e and Y (z)=g(x)—e

Then, beginning at g(0), we travel on a line segment of slope +M until
we intersect .. Then, we reverse direction and travel on a line segment
of slope —M until we intersect . (see Figure 1).

We obtain h € Pjs so that

Ye(x) < h(x) < pe(x), forall0<z<1/n,

and therefore |h(z) — g(x)| < e in [0,1/n].

Then, we begin at h(1/n) and repeat this argument on the interval
[1/n,2/n]. Continuing in this fashion, we obtain a function h € Py with
|h — g|| <e. Hence ||f — h| < 2, and the lemma is proved.

We deduce at once from this lemma that Ex has no interior points.
Indeed, given any f € Ex and € > 0, we first choose a fixed M > N.
Then, there exists h € Py so that || f — k|| < e, and moreover h ¢ Ey
since M > N. Therefore, no open ball around f is entirely contained
in Ep, which is the desired conclusion. Theorem 1.5 is proved.
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Pe

Figure 1. Approximation by Py,

2 The uniform boundedness principle

Next, we turn to another corollary of Baire’s theorem, one that itself has
many applications. The main conclusion we find is that if a sequence of
continuous linear functionals is pointwise bounded on a “large” set, then
this sequence must in fact be bounded.

Theorem 2.1 Suppose that B is a Banach space, and L is a collection
of continuous linear functionals on B.

(i) If supger [€(f)] < oo for each f € B, then

sup ||¢|| < oo.
lel

(i) This conclusion also holds if we only assume that sup,c . [¢(f)] < oo
for all f in some set of the second category.

We note that the collection £ need not be countable.

Proof. Tt suffices to show (ii) since by Baire’s theorem, B is of the
second category. So suppose that sup,c, |[€(f)| < oo for all f € E, where
FE is of the second category.

For each positive integer M, define

Ey = {f €B: suple(f)] < M},
el
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Then, the hypothesis in the theorem guarantees that

oo

Moreover, each E); is closed, since it can be written as an intersection
Ent = (oep Ene, where Enre = {f < [€(f)] < M} is closed by the con-
tinuity of . Since E is of the second category, some Ej; must have
non-empty interior, say when M = M,. In other words, there exists
fo € B, and r > 0 so that B,(fy) C Ey,. Hence for all £ € £ we have

[0(f)] < My  whenever ||f — fol <.
As a result, for all ||g|| < r, and all £ € £ we have

1€ < 1€g + fo)ll + [16(=fo)ll < 2Mo,

and this implies the conclusion (ii) in the theorem.

2.1 Divergence of Fourier series

We now consider the problem of the existence of a continuous function
whose Fourier series diverges at a point.

In Book I we gave an explicit construction of a function with this
property. The main idea there was to break the symmetry inherent in
the Fourier series Z‘n‘ £0 e /n of the sawtooth function.

The solution we present here, which relies on a simple application
of the uniform boundedness principle, provides only the ezistence of a
continuous function with diverging Fourier series. However, we also learn
that, in fact, a generic set of continuous functions have this property.

Let B = C(]—m, 7]) be the Banach space of continuous complex-valued
functions on [—m, 7] with the usual sup-norm | f|| = sup,c(_n - [f(2)]-
The Fourier coefficients of f € B are defined by

1 T

Qn = f(n) =90 (x)e™"®dx, foralln € Z,

and the Fourier series of f is
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Also, the Nt partial sum of this Fourier series is defined by

N

SN(P)@)= ) ane™.

n=—N

We saw in Book I an elegant expression for these partial sums in terms
of convolutions, namely

Sn(f)(x) = (f * Dn)(x)

where

N
B inz sin[(NV + 1/2)x]
D () = nz__Ne T sin(z/2)

is the Dirichlet kernel, and

(fxg)(x) = % /_W fW)g(x —y)dy = L /« flx —y)g(y)dy

P
is the convolution on the circle.

Theorem 2.2 Let B denote the Banach space of continuous functions
on [—m, 7] with the sup-norm.

(i) Given any point xo € [—m, 7], there is a continuous function whose
Fourier series diverges at xg.

(ii) In fact, the set of continuous functions whose Fourier series diverge
on a dense set in [—m,m| is generic in B.

For a stronger version of these results, see Problem 3.

We begin with (i), and assume without loss of generality that zo = 0.
Let 5 denote the linear functional on B defined by

(1) = Sv(0) = 5 [ S-0DwG) o

If (i) were not true, then supy |[{n(f)| < oo for every f € B. Moreover, if
we knew that each ¢ is continuous, the uniform boundedness principle
would then imply that supy [[fn] < co. The proof of (i) will thus be
complete if we can show that each £y is continuous yet ||{x| — oo as N
tends to infinity.



2. The uniform boundedness principle 169

Now, ¢ is continuous for each NV, since

v < 5 [ 10 18] d
< Ln|fll,
where we have defined
Ly == [ IDy)ldy.
2r J_ .

In fact, the norm of the linear functional ¢y is precisely equal to the
integral Ly.

Lemma 2.3 ||{y|| = Ly for all N > 0.

Proof. We already know from the above that ||¢{x|| < Ly. To prove
the reverse inequality, it suffices to find a sequence of continuous functions
{fr} so that ||fx| <1, and {n(fx) — Ly as k — co. To do so, first let g
denote the function equal to 1 when Dy is positive and —1 when Dy is
negative. Then g is measurable, ||g|| < 1, and

1 ™

Ly=—
N 2m J_ .

9(=y)Dn(y) dy

where we used the fact that Dy is even, hence ¢g(y) = g(—y). Clearly,
there exists a sequence of continuous functions { fx} with —1 < fi(z) <1
for all —m < 2 <, and so that

/ Fely) —g() dy — 0 as k— oo,

As a result, we find that £y (frx) — Ly as k — oo, while || fx|| < 1, hence
N || > Ly, as desired.

The proof of part (i) in the theorem will be complete if we can show
that ||[¢n || = Ly tends to infinity as N — oco. This is precisely the content
of our final lemma.

Lemma 2.4 There is a constant ¢ > 0 so that Ly > clog N.

Proof.  Since |siny|/|y| <1 for all y, and siny is an odd function, we
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see that!

lyl

(N+1/2)m |Sin:U|
> c/ dx
0

T

LNZC/ |sin(N + 1/2)y] dy
0

N-1

(k4+1)m \Sinx\
C Z /kﬂ' Tdﬂﬁ

k=
N—

1 (k+1)m
>c / | sin x| dx.

= (k+1)m Jpr

vV
— o

However, for all k we have fk(fﬂ)ﬂ |sinz|dx = foﬂ | sin x| dz, so that

N-1

1
Ly >c E Pl > clog N,
k=0

as was to be shown.

The proof of (ii) in Theorem 2.2 is immediate. Indeed, part (ii) of the
uniform boundedness principle, together with what we have just shown,
guarantees that the set of continuous functions f for which
supy |[Sn(f)(0)] < oo is of the first category, and consequently, the set
of functions whose Fourier series converges at the origin is also of the
first category. Therefore the set of functions whose Fourier series di-
verges at the origin is generic. Similarly, if {1, z2,...} is any countable
collection of points in [—7, 7|, then for each j, the set F}; of continuous
functions whose Fourier series diverge at x; is also generic. Hence the
set ﬂ;’il F,, which consists of continuous functions whose Fourier series
diverge at every point x1,Zs,..., is also generic, and the proof of the
theorem is complete.

3 The open mapping theorem

Let X and Y be Banach spaces with norms || - ||x and || - ||y respectively,
and T : X — Y a mapping. Observe that T is continuous if and only if
{re X : T(z) € O} is open in X whenever O is open in Y. This holds
regardless of whether T is linear or not. In particular, if 7" has an inverse
S :Y — X that is also continuous, the above observation applied to S

n this calculation, the value of the constant ¢ may change from line to line.
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shows that the image by T of any open set in X is open in Y. A mapping
T that maps open sets to open sets is called an open mapping.

We recall that a mapping 7' : X — Y is surjective if T(X) =Y, and
injective if T'(x) = T(y) implies x = y. Also, T is bijective if it is both
surjective and injective.

A bijective mapping has an inverse T-! : Y — X defined as follows: if
y € Y, then T~1(y) is the unique element x € X so that T'(z) = y. This
definition is unambiguous precisely because T is surjective and injective.
In general, if T is linear, then the inverse 77! is also linear, but 7!
need not be continuous. However, by the previous observation, we see
that 7! will be continuous if 7" is an open mapping. The next result
says that surjectivity guarantees openness.

Theorem 3.1 Suppose X and Y are Banach spaces, andT : X — Y is
a continuous linear transformation. If T is surjective, then T is an open

mapping.

Proof. 'We denote by Bx (z,r) and By (y,r) the open balls of radius r
centered at z € X and y € Y respectively, and we write simply Bx(r)
and By (r) for the open balls centered at the origin. Since T is linear,
it suffices to show that T (Bx (1)) contains an open ball centered at the
origin.

First, we prove the weaker statement that T'(Bx (1)) contains an open
ball centered at the origin. To see this, note that since T is surjective,
we must have

Y = | T(Bx(n)).

By the Baire category theorem, not all the sets T(Bx (n)) can be nowhere
dense, so for some n, the set T(Bx(n)) must contain an interior point.
As a result of the fact that T is linear, this implies that

T(Bx(1)) > By (yo,€)

for some yo € Y, and € > 0. By definition of the closure, we may pick
a point y; = T'(x1) where 21 € Bx (1) and |ly1 — volly < €/2. Then, if
y € By (e/2), we find that y — y; belongs to T(Bx (1)), and writing y =
T(x1) +y — y1 we find that y € T(Bx(2)). Therefore, the ball By (€/2)
is contained in T'(Bx(2)). Using once again the fact that T" is linear, we
see that By (e/4) is contained in T'(Bx(1)), and this proves the weaker
claim. In fact, replacing T by (4/¢)T, we may assume that

(6) T(Bx(1)) > By (1),
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and consequently

(7) T(Bx(27%)) D By(27%),  for all k.
Next, we strengthen the result and show that in fact

(8) T(Bx(1)) O By (1/2).

Indeed, let y € By (1/2), and by (7) with k=1, select a point x; €
Bx(1/2) so that y — T'(z1) € By (1/2?). Then, by (7) again, applied with
k = 2, we may find 73 € Bx(1/22) so that y — T'(x1) — T'(x2) € B(1/23).
Continuing this process, we obtain a sequence of points {1, 2,...} so
that ||zx||x < 1/2*. Since X is complete, the sum z; 4+ x5 + --- con-
verges to a limit € X with ||z| < >";—, 1/2" = 1. Moreover, since we
have

y—T(xy) —---—T(xp) € By (1/2F1),
and T is continuous, we find in the limit that 7'(x) = y. This implies (8),

which then clearly implies that T'(Bx (1)) contains an open ball centered
at the origin.

We gather two interesting corollaries to this theorem.

Corollary 3.2 If X andY are Banach spaces, andT : X — Y is a con-
tinuous bijective linear transformation, then the inverse T—':Y — X
of T is also continuous. Hence there are constants ¢,C > 0 with

cfllx <ITH)lly <Clifllx  forall f e X.

This follows immediately from the discussion preceding Theorem 3.1.
Recall that two norms || - ||; and || - ||2 on a vector space V are said to
be equivalent, if there are constants ¢, C' > 0 so that

cllvllz < o]l < Cllv]|]2 for all v € V.

Corollary 3.3 Suppose the vector space V is equipped with two norms
|- 1llx and [ |[2- 1If

lv]l1 < Cllvlle for allv eV,

and V' is complete with respect to both norms, then || - |1 and || - ||2 are
equivalent.

Indeed, the hypothesis implies that the identity mapping I : (V.|| - ||2) —
(V)] - |l1) is continuous, and since it is clearly bijective, its inverse I :
Vo0 Ilh) — (V] - |l2) is also continuous. Hence ¢||v]|2 < ||v||1 for some
c>0andallveV.
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3.1 Decay of Fourier coefficients of L!-functions

We return to the Fourier series discussed in Section 2.1 for an interesting
application of the open mapping theorem. Recall the Riemann-Lebesgue
lemma, which states
lim |f(n)| =0,
[n|]—o0
if f e L*([—n,7]), where f(n) denotes the n'® Fourier coefficient of f.2
A natural question that arises is the following: given any sequence of

complex numbers {a, },ez that vanishes at infinity, that is, |a,| — 0 as
In| — oo, does there exist f € L'([—m,n]) with f(n) = a, for all n?

To reformulate this question in terms of Banach spaces, we let By =
LY([—m,7]) equipped with the L'-norm, and By denote the vector space
of all sequences {a,, } of complex numbers with |a,| — 0 as |n| — co. The
space By is equipped with the usual sup-norm |[[{an}||cc = sup,cz |an|
which clearly makes By into a Banach space.

Then, we ask whether the mapping 7T : By — B defined by

T(f) = {f(n)}nez

is surjective.
The answer to this is negative.

Theorem 3.4 The mapping T : By — Ba given by T(f) = {f(n)} is lin-
ear, continuous and injective, but not surjective.

Therefore, there are sequences of complex numbers that vanish at in-
finity and that are not the Fourier coefficients of L*-functions.

Proof.  We first note that T is clearly linear, and also continuous
with || T(f)|lco < || flL:. Moreover, T is injective since T'(f) = 0 implies
that f(n) = 0 for all n, which then implies® that f =0 in L. If T were
surjective, then Corollary 3.2 would imply that there is a constant ¢ > 0

that satisfies
9) clfllice <NT(f)llo, forall f € By.

However, if we set f = Dy the N*' Dirichlet kernel given by Dy =
> inj<n €77, and recall from Lemma 2.4 that |[Dy||rr = Ly — oo as
N — oo, we find that (9) is violated as N tends to infinity, which is our
desired contradiction.

2See for instance Problem 1 in Chapter 2 of Book III.
3This result can be found in Theorem 3.1 in Chapter 4 of Book III.



174 Chapter 4. APPLICATIONS OF THE BAIRE CATEGORY THEOREM

4 The closed graph theorem

Suppose X and Y are two Banach spaces, with norms || - [[x and || - ||y
respectively, and T : X — Y is a linear map. The graph of T is defined
as a subset of X XY by

Gr={(z,y) e X xY: y=T(x)}.

The linear map T is closed if its graph is a closed subset in X x Y. In
other words, T' is closed if whenever {z,} C X and {y,} C Y are two
converging sequences in X and Y respectively, say x,, — x and y, — ¥,
and if T'(z,) = yn, then T(z) = y.

Theorem 4.1 Suppose X and Y are two Banach spaces. If T : X —Y
s a closed linear map, then T is continuous.

Proof. Since the graph of T is a closed subspace of the Banach
space X x Y with the norm ||(z,y)||xxy = ||z||x + ||y||y, the graph G
is itself a Banach space. Consider the two projections Py : G(T) — X
and Py : G(T) — Y defined by

Px(z,T(x))=x and Py(z,T(z))=T(z).

The mappings Py and Py are continuous and linear. Moreover, Py is
bijective, hence its inverse P);l is continuous by Corollary 3.2. Since
T = Py o Py 1 we conclude that T is continuous, as was to be shown.

4.1 Grothendieck’s theorem on closed subspaces of L?

As an application of the closed graph theorem, we prove the following
result:

Theorem 4.2 Let (X, F,u) be a finite measure space, that is, u(X) <
00. Suppose that:

(i) E is a closed subspace of LP(X, i), for some 1 < p < oo, and
(ii) E is contained in L (X, u).
Then E is finite dimensional.

Since £ C L*, and X has finite measure, we find that £ C L? with

Ifllez < C||fllp  whenever f € E.
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The essential idea in the proof of the theorem is to reverse this inequality,
and then use the Hilbert space structure of L?.

Equipped with the LP-norm, FE is a Banach space since it is a closed
subspace of LP(X, ). Let

I:E— L>®(X,u)

denote the identity mapping I(f) = f. Then, E is linear and closed.
Indeed, suppose that f, — f in E and f, — ¢ in L°°. Then, there
exists a subsequence of { f,} that converges almost everywhere to f (see
Exercise 5 in Chapter 1), and therefore f = ¢ almost everywhere, as
desired. By the closed graph theorem there is an M > 0 so that

(10) [fllzee < M|[fllLs  forall f € E.

Lemma 4.3 Under the assumptions of the theorem, there exists A > 0
so that

[flle < AllfllL2 forall f € E.

Proof. If 1 <p <2, then Holder’s inequality with the conjugate
exponents r = 2/p and r* = 2/(2 — p) yields

e (/|f|2>p/2 (1)

Since X has finite measure, we see after taking p'™ roots in the above,
that there is some B > 0 so that || f||z» < B||f||12 forall f € E. Together
with (10), this proves the lemma when 1 < p < 2.

When 2 < p < 0o, we note first that |f(z)|? < ||f|[2-2]f(x)[?, and in-
tegrating this inequality gives

-2
LA < AN IF I

If we now use (10), and assume that ||f||z= # 0, we find that for some
A >0, we have || f||L~ < Al f]|L2 whenever f € E, and the proof of the
lemma is complete.

We now return to the proof of Theorem 4.2. Suppose fi,..., f, is an
orthonormal set in L? of functions in E, and let B denote the unit ball
in C™,

B={C=(C1,--,Gn) €C™: Y [GIP <1}

j=1
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For each ¢ € B, let fc(x)= Z;;l ¢jfj(z). By construction we have
|l felloz <1, and the lemma gives || f¢||~ < A. Hence for each (, there
exists a measurable set X of full measure in X (that is, u(X¢) = p(X)),
so that

(11) |fe(z)] <A forall z € X¢.

By first taking a countable dense subset of points in B, and then using
the continuity of the mapping ¢ — f¢(x), we see that (11) implies

(12) |fe(z)] <A forallz e X', and all ( € B

where X’ is a set of full measure in X. From this, we claim that
(13) Z |f](m)|2 < A?> forallze X'
j=1

Indeed, it suffices to establish this inequality when the left-hand side is
non-zero. Then, if we let o = (Z?:l |£;(x)[2)'/2, and set ¢; = fj(x)/0,
then by (12) we find that for all x € X’

1 n
U;Ifj(m)IQ <A,

that is, 0 < A, as we claimed.
Finally, integrating (13), and recalling that {f1,..., f,} is orthonor-
mal, we find n < A2, and therefore, the dimension of E must be finite.

Remark. Problem 6 shows that the space L in the theorem cannot
be replaced by any L7 for 1 < q < oo.

5 Besicovitch sets

In Section 4.4, Chapter 7 of Book III, we constructed an example of a
Besicovitch set (or “Kakeya set”) in R?, that is, a compact set with
two-dimensional Lebesgue measure zero that contains a unit line segment
in every direction. We recall that this set was obtained as a union of
finitely many rotations of a specific set: one that is given as a union of
line segments joining points from a Cantor-like set on the line {y = 0} to
another Cantor-like set on the line {y = 1}. Our goal here is to present
an ingenious idea of Korner that proves the existence of Besicovitch sets
using the Baire category theorem; in fact, it is shown that in the right
metric space, such sets are generic.
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The starting point of the analysis is an appropriate complete metric
space of sets in R?. Suppose A is a subset of R? and § > 0. We define
the d-neighborhood of A by

A® = {z:d(z,A) <8}, where d(z,A) =inf,ca |z —yl.

Then, if A and B are subsets of R? we define the Hausdorff distance?
between A and B by

dist(A, B) = inf{6: B C A° and A C B°}.

We shall restrict our attention to compact subsets of R?. The distance d
then satisfies the following properties.

Suppose A, B and C are non-empty compact subsets of R?:

(i) dist(A, B) =0 if and only if A = B.

(ii) dist(A, B) = dist(B, A).
(iii) dist(A,C) < dist(A, B) + dist(B, C).

)

(iv) The set of compact subsets of R? equipped with the Hausdorff
distance is a complete metric space.

Verification of (i), (ii), and (iii) can be left to the reader, while the proof
of (iv), which is a little more intricate, is deferred to the end of this
section.

We now restrict our attention to the compact subsets of the square
[—1/2,1/2] x [0, 1] which consist of a union of line segments joining points
from Lo ={-1/2<x<1/2, y=0} to points on L; ={-1/2<z <
1/2, y =1} and spanning all possible directions. More precisely, let K
denote the set of closed subsets K of the square Q = [—1/2,1/2] x [0, 1]
with the following properties:

i) K is a union of line segments ¢ joining a point of Ly to a point
g J g
of Ll.

(ii) For every angle 6 € [—7/4,m/4] there exists a line segment ¢ in K
making an oriented angle of 6 with the y-axis.

Simple limiting arguments then show that I is a closed subset of the
metric space of all compact subsets in R? with the metric d, and conse-
quently K with the Hausdorff distance is a complete metric space.

Our aim is to prove the following:

4Incidentally, this distance already arose in Chapter 7 of Book III.
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Theorem 5.1 The collection of sets in K of two-dimensional Lebesgue
measure zero 1S gemeric.

In particular, this collection is non-empty, and in fact dense.

Loosely stated, the key to the argument is to show that sets K in K
whose horizontal slices {z : (z,y) € K} have “small” Lebesgue measure
are generic. The argument is best carried out by using a “thickened”
version K" of K.

To this end, given 0 < yo < 1 and € > 0 we define K(yo, €) as the collec-
tion of all compact subsets K in IC with the property that there exists n >
0 so that the n-neighborhood K" satisfies: for every y € [yo — €, yo + €]
the horizontal slice {x : (z,y) € K"} has one-dimensional Lebesgue mea-
sure less than 10e, that is,

(14) my({z: (z,y) € K"}) < 10¢, for all y € [yo — €, yo + €.°

Lemma 5.2 For each fized yo and €, the collection of sets K(yo,€) is
open and dense in K.

To prove that K(yo,€) is open, suppose K € K(yq,€) and pick 1 so that
K" satisfies the condition above. Suppose K’ € K with dist(K, K') <
n/2. This means in particular that K’ C K /2 and the triangle inequal-
ity then shows that (K’)"/? ¢ K". Therefore

mi({z: (z,y) € (K)"?}) <mi({z: (z,y) € K"}) < 10¢,

and as a result K’ € K(yp, €), as was to be shown.

To establish the rest of the lemma, we need to show that if K € K and
0 > 0, there exists K’ € K(yo, €) so that dist(K, K') < §. The set K’ will
be given as the union of two sets A and A’. The set A will be constructed
by picking line segments ¢ in K, and looking at the corresponding angular
sector obtained by rotating the line segment ¢ by a small angle around
its intersection with y = yg. This will result in two solid triangles with a
vertex on y = ¥, and we shall try to control the length of the intersection
of these triangles with any line segment parallel to the z-axis (Figure 2).

More precisely, if N is a positive integer, we can consider the partition
of the interval [—7/4, /4] defined by

—T nm
b= "+

—— fi =0,...,.N—1.
1 N3 orn=20,...,

5The choice of 10 for the constant appearing in (14) is of no particular significance;
indeed, smaller constants would have done as well.



5. Besicovitch sets 179

y=1
7777777777777777777777777777777777777777777 Y =1
y=0

Figure 2. Rotation of /(z,0) around its intersection with y = yo

Then the angles 6,, are uniformly spaced in [—7 /4, 7/4] and the N inter-
vals defined by

I, = [0n,0, +7/(2N)],

cover [—m/4,m/4]. Moreover each of these sub-intervals has length equal
to m/(2N).

If we use £(z,0) to denote the line segment joining {y = 0} to {y =1}
that passes through the point (z, yo) and which makes an oriented angle 6
with the y-axis, then for each 6,, as defined above, by property (ii) of
the set K there exists a number —1/2 < z,, < 1/2 so that {(z,,0,) € K.

For each n =0,..., N consider the compact set
Sy = U U Xy, ).
Sﬂejn

Each S,, therefore consists of (at most) two closed triangles with vertex
at the point (z,,yo). Now let

If N> ¢/ (for a large enough constant c¢), then the sets S,, that are
not entirely contained in the square @) can be translated slightly to the
left or right so that the resulting set A belongs to @), and moreover so

that every point in A is at a distance less than 0 from a point in K; that
is Ac K°.
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However it is not necessarily true that every point of K is close to A,
since in defining A we have dealt only with some of the lines £(z,,, 6,,) that
make up K. To remedy this we add a finite set of lines to obtain a set A’
that is close to K in the Hausdorff metric. In more detail, recall that K
is itself a union of lines, K = (¢, and let % be the d-neighborhood of /.
Then | J#° is an open cover of K and thus we can select a finite subcover
U%zl 0 of K. We define A’ = [JV 1 U and set

K =AUA.

Observe first that K’ € K. Note next that by its definition, A’ C K, but
(A") 5 K. Therefore (K')’ D K. Also K° D K’, since K° D A as we
have seen, and K° D K D A’. This shows that dist(K’, K) < 6.

We next estimate mq({z : (z,y) € (K')"}) for yo — e <y < yo + €, by
adding the corresponding estimates with K’ replaced by A and A’. Note
that for fixed y the set {z: (z,y) € A} consists of N intervals arising
from the intersection of the horizontal line at height y, with the IV trian-
gles that have their vertices at height yy. By a simple trigonometric argu-
ment, since |y — yo| < € and the magnitudes of the angles at the vertices
are m/(2N), each corresponding interval of A" has length < 8¢/N + 2.
Thus

mi({a: (2,y) € (K')}) < 8¢+ 2N.

Next A’ consists of M line segments, so the set {z : (x,y) € A’} con-
sists of M points, and therefore the set {z : (x,y) € (A")"} is the union
of M intervals of length 27; this has measure < 2nM. Altogether then
mi({z: (x,y) € (K')"}) <8+ 2n(M + N) and we get estimate (14)
for K" if we take n < ¢/(M + N). This completes the proof of the lemma.

We can now proceed with the final argument in the proof of the theo-
rem. For each m, consider the set

M
Ky = (] K(m/M,1/M).

m=1

Each ICps is open and dense, and moreover if K € Ky, each slice of K
along any 0 <y <1 has one-dimensional Lebesgue measure that is
O(1/M). Since open dense sets are generic, and the countable inter-
section of generic sets is generic, the set
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is generic in K, and by the above observation if K € IC, then each slice
KY={z: (z,y) € K} (0 <y <1) has Lebesgue measure 0, hence Fu-
bini’s theorem implies that K has two-dimensional Lebesgue measure
equal to 0. This completes the proof of Theorem 5.1.

We conclude this section with the proof of property (iv) of the Haus-
dorff distance, the completeness of the metric.

Suppose {A,} is a sequence of (non-empty) compact subsets that is
Cauchy with respect to the Haussdorff distance; let A,, = U:o:n A and
A="_, A,. We claim that A is non-empty, compact, and 4,, — A.

Given € > 0 there exists Ny so that dist(A,,, A,,) < € for all n,m > Ny.
As a result, it is clear that whenever n > Ny, then (J;-  Ax C (A4,)C,
hence A, C (A,)?%". This implies

(15) AC (A,)*  whenever n > Nj.

Since each A,, is non-empty and compact, and since A,11 C A,, it fol-
lows that A is non-empty and compact, and moreover dist(A,,,.4) — 0.
Indeed, if dist(A,,.4) did not converge to zero, then there would ex-
ist €9 > 0, an increasing sequence nj of positive integers, and points
Tn, € Ap, so that d(z,,,A) > €. Since {x,, } C A;, which is compact,
we may assume (after picking a subsequence and relabeling if neces-
sary) that {x,, } converges to a limit, say x, which would clearly satisfy
d(xz, A) > €. But for every M, we have z,, € Ay for all sufficiently
large ny, and since Aj; is compact, we must have z € Ay, thus = € A.
This contradicts the fact that d(x,.A) > €y, hence dist(A,,,.A) — 0.

Returning to our proof of (iv), pick Ny so that dist(A,,.A) < € for all
n > Ny. This implies that A,, C A%¢ for n > N,, therefore

(16) A, C A*  whenever n > Ns.
Combining (15) and (16) yields the inequality dist(A4,,.A4) < 2¢ whenever
n > max(Np, Na), which implies A,, — A, and that concludes the proof.

6 Exercises

1. Below are some examples of generic sets and sets of the first category.

(a) Let {x;}72; denote an enumeration of the rational numbers in R, and con-
sider the sets

Un = JL;JI(Z'J — @, Zj + @), and U = ﬂ Un

Show that U is generic but has Lebesgue measure zero.
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(b) Use a Cantor-like set (as described, for example, in Exercise 4, Chapter 1
of Book III) to give an example of a subset of the first category that has
full Lebesgue measure in [0, 1]. Note that automatically this subset will be
uncountable and dense. Also, its complement is generic and has measure
zero, giving an alternative to the set U in (a).

2. Suppose F'is a closed subset and O an open subset of a complete metric space.

(a) Show that F is of the first category if and only if F' has empty interior.
(b) Show that O is of the first category if and only if O is empty.

(c) Consequently, prove that F' is generic if and only if F' = X; and O is generic
if and only if O° contains no interior.

[Hint: For (a), argue by contradiction, assuming that a closed ball B is contained
in F. Apply the category theorem to the complete metric space B.]

3. Show that the conclusion of the Baire category theorem continues to hold if X
is a metric space that arises as an open subset of a complete metric space X.

[Hint: Apply the Baire category theorem to the closure of Xo in X.]

4. Prove that every continuous function on [0, 1] can be approximated uniformly
by continuous nowhere differentiable functions. Do so by either:

(a) using Theorem 1.5.

(b) using only the fact that a continuous nowhere differentiable function exists.

5. Let X be a complete metric space. We recall that a set is a Gs in X if it is a
countable intersection of open sets. Also, a set is an F, in X if it is a countable
union of closed sets.

(a) Show that a dense Gs is generic.
(b) Hence a countable dense set is an F,, but not a Gs.

(¢) Prove the following partial converse to (a). If E is a generic set, then there
exists Fg C E with Ey a dense Gs.

6. The function

flz) = 0  if z is irrational
“ | 1/q if x =p/q is rational and expressed in lowest form

is continuous precisely at the irrationals. In contrast to this, prove that there is
no function on R that is continuous precisely at the rationals.
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[Hint: Show that the set of points where a function is continuous is a G5 (see the
proof of Theorem 1.3), and apply Exercise 5.]

7. Let E be a subset of [0,1], and let I be any closed non-trivial interval in [0, 1].

(a) Suppose E is of the first category in [0,1]. Show that for every I, the set
E N1 is of the first category in I.

(b) Suppose FE is generic in [0, 1]. Show that for every I, the set E N I is generic
in I.

(¢) Construct a set E in [0, 1] so that for all I, the set E NI is neither of the
first category nor generic in I.

[Hint: Consider the Cantor set in [0, 1]; then in each open interval of its complement
place a scaled copy of the Cantor set; continue this process indefinitely. For a
related measure theoretic result, see Exercise 36 in Chapter 1 of Book IIL.]

8. A Hamel basis for a vector space X is a collection H of vectors in X, such
that any « € X can be written as a unique finite linear combination of elements
in H.

Prove that a Banach space cannot have a countable Hamel basis.
[Hint: Show that otherwise the Banach space would be of the first category in
itself.]

9. Consider LP([0,1]) with Lebesgue measure. Note that if f € L? with p > 1,
then f € L. Show that the set of f € L' so that f ¢ LP, is generic.
A more general result can be found in Problem 1.

[Hint: Consider the set Ey = {f € L' : [,|f] < Nm(I)'~'/? for all intervals I}.
Note that each En is closed and that L? C UN FEn. Finally, show that En is
nowhere dense by considering fo + eg where g(z) = 2~3"% with0 < § < 1 —1/p)

10. Consider A®(R), with 0 < a < 1. Show that the set of nowhere differentiable
functions is a generic set in A*(R).

Note however that functions corresponding to the case a = 1, that is, Lipschitz
functions, are almost everywhere differentiable. (See Exercise 32 in Chapter 3 of
Book III.)

11. Consider the Banach space X = C([0,1]) over the reals, with the sup-norm
on X. Let M be the collection of functions that are not monotonic (increasing
or decreasing) in any interval [a,b], where 0 < a < b < 1. Prove that M is generic
in X.

[Hint: Let M|, denote the subset of X consisting of functions that are not
monotonic in [a,b]. Then M, 4 is dense in X, while M, 4 is closed.]

12. Suppose X, Y and Z are Banach spaces, and T': X X Y — Z is a mapping
such that:
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(i) For each z € X, the mapping y — T'(z,y) is linear and continuous on Y.
(ii) For each y € Y, the mapping = — T'(z,y) is linear and continuous on X.

Prove that T is (jointly) continuous on X x Y, and in fact,
IT(z,y)llz < Cll=llx lylly

for some C >0and allz € X and y € Y.

13. Let (X,F,u) be a measure space, and let {f,} a sequence of functions
in LP(X,u). We know from Exercise 12 in Chapter 1, that if 1 < p < oo, and
sup,, ||fr]lLr < 0o, then some subsequence of {f.} converges weakly in LP. In
other words, there exist a subsequence {fn, } of {fn}, and an f € L, so that if ¢
denotes the conjugate exponent of p, that is 1/p 4+ 1/¢ = 1, then

/ fr ()g(x) dp(z) — / f(x)g(x) dp(z)  for every g € L.
X X
More generally, we say that a sequence {f,} in L? is weakly bounded if

< oo forall ge LY.

/X Fa(@)g() dp()

sup
n

Prove that if 1 < p < oo, and {f»} is a sequence of functions in L? that is weakly
bounded, then

sup || fnllzr < oco.
n

In particular this holds if {f,} converges weakly in L”.
[Hint: Apply the uniform boundedness principle to £,(g) = [y fu(z)g(z) du(z).]

14. Suppose X is a complete metric space with respect to a metric d, and T :
X — X a continuous function. An element z* in X is universal for T if the orbit
set {T™(x*)}nZy is dense in X. Here T" =T o T o--- o T denotes n compositions
of T
Show that the set of universal elements for 7" in X is either empty or generic.

[Hint: Suppose z* is universal for T, let {z;} be a dense set of elements in X,
and let Fjpnv ={z € X: d(T"z,y;) < 1/k for some n > N}. Show that Fj n
is open and dense.]

15. Let B denote the closure of the unit ball in R?, and consider the metric space C
of compact subsets of B with the Hausdorff distance. (See Section 5.) Show that
the following two collections are generic.

(a) The subsets of Lebesgue measure zero.

(b) The subsets that are nowhere dense.
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[Hint: For (a) show that the collection of sets C' so that m(C) < 1/n is open and
dense. In fact for such a set, C° D UJNil Q;, where @Q; are disjoint open cubes so
that > |Q;| > 1 —1/n. Now shrink the Q;. For (b) fix an open set O and show
that the collection Co of sets in C that contain O is closed and nowhere dense.]

7 Problems

1. Let T : By — B2 be a bounded linear transformation of a Banach space B; to a
Banach space Bs.

(a) Prove that either T is surjective, or the image T'(81) is of the first category
in BQ.

(b) As a consequence, prove the following: Suppose (X, u) is a finite measure
space, and 1 < p; < p2 < o0o. One has of course LP?(X) C LP'(X). Show
that LP?(X) is a set of the first category in LP'(X) (except in the trivial
case for which each element of LP' belongs to LP?).

[Hint: For (a), assume that T'(B) is of the second category and use an argument
similar to the proof of Theorem 3.1 to show that the image under T of a ball
centered at the origin of B; contains a ball centered at the origin in BQ.]

2. For each integer n > 2, let A,, denote the set of real numbers = so that there
exists infinitely many distinct fractions p/q so that

|z —p/al <1/q".
Show that:
(a) Ay is a generic set in R.
(b) However, the Hausdorff dimension of A,, equals 2/n.
(¢) Hence m(Ay) =0, if n > 2, where m denotes the Lebesgue measure.

The elements of A = ﬂn>2 A,, are called the Liouville numbers. While it is not
difficult to see that every element of A is transcendental, it is a deeper fact that
the same holds for each element of A,, when n > 2. (Note that in the case n = 2,
the set A consists of the irrationals.)

3. Consider the Banach space B of continuous functions on the circle (with the
sup-norm). Prove that the set of f in B whose Fourier series diverges in a generic
set on the circle, is itself a generic set in B.

[Hint: Choose {z;} dense in [0,1], let E; = {f € B: supy |S~(f)(z;)| = oo}, and
E =nNE;. Then E is generic. For each f € E, define O, = {z: |Sn(f)(z)| >
n some N}. Show that NO,, is generic.]

4. Let D denote the open unit disc in the complex plane, and let A be the Banach
space of all continuous complex-valued functions on D that are holomorphic on D,



186 Chapter 4. APPLICATIONS OF THE BAIRE CATEGORY THEOREM

equipped with the sup-norm. Then, the space of functions in A which cannot be
extended analytically past any point of the boundary of D is generic. To prove
this statement establish the following:

(a) Theset Ay ={f € A: |f(e) = f(1)] < N6} is closed.
(b) A is nowhere dense.

[Hint: For (b) use the function fo(z) = (1 — z)'/2 and consider f + €fo.]

5. Let I = [0, 1] denote the unit interval, and C'°°(I) the vector space of all smooth
functions on I equipped with the metric d given by

oo

1 pu(f—9)
4(f.9) 22 L+ pn(f—9)

where pn(h) = sup,¢; |h™(x)|. A function f € C°(I) is analytic at a point zo €
I, if its Taylor series

< FM) (2 "
Zf ( )(QT*ZE())

n!
n=0

converges in a neighborhood of zg to the function f. The function f is said to be
singular at xo if its Taylor series diverges at xg.

(a) Show that (C*°(I),d) is a complete metric space.

(b) Prove that the set of functions in C'°°(I) that are singular at every point is
generic.

[Hint: For (b), consider the set Fix of smooth functions f that satisfy | f™ (z*)|/n! <
K™ for some z* and all n, and show that Fk is closed and nowhere dense.]

6. The space L™ in Theorem 4.2 cannot be replaced by any L?, with 1 < ¢ < co.
In fact there exists a closed infinite dimensional subspace of L'([0,1]) consisting
of functions that belong to L? for all 1 < g < co.

[Hint: One may use Exercise 19 in the next chapter.]

7.* As an application of Exercise 14, let H denote the vector space of entire func-
tions, that is, the set of functions that are holomorphic in all of C. Given a compact
subset K of the complex plane and f € H, let || f||x = sup,cx |f(2)]. If K, denotes
the closed disc centered at the origin and of radius n, define

1 lf —gllx

= ——=—="=" _ whenever f,g € H.
; 27 1+ |If = gllx.,

Then d is a metric, and H is a complete metric space with respect to d. Also,

d(fn, f) — 0 if and only if f, converges to f uniformly on every compact subset

of C.
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Birkhoff’s theorem (Problem 5, Chapter 2, Book II) states that there exists an
entire function F' so that the set {F(z+n)};2; is dense in H. Also, MacLane’s
theorem (see the end of the same problem in Book II) says that there is an entire
function G so that the set of its derivatives {G™ (2)}52, is dense in H.

By Exercise 14, the set of functions in H with either of these properties is generic
in H, hence the set of entire functions with both properties is also generic.



5 Rudiments of Probability
Theory

The whole of my work in probability theory together
with Khinchin, in general the whole first period of my
work in this theory was marked by the fact that we
employed methods worked out in the metric theory of
functions. Such topics as conditions for the applica-
bility of the law of large numbers or a condition for
convergence of a series of independent random vari-
ables essentially involved methods forged in the gen-
eral theory of trigonometric series...

A. N. Kolmogorov, ca. 1987

One owes to Steinhaus the definition of independent
functions, whether there are finitely or infinitely many.
It follows from this definition, first published here,
that certain systems of orthogonal functions... (in-
cluding) those of Rademacher, consist of independent
functions.

M. Kac, 1936

The simplest way to introduce the basic concepts of probability theory
is to begin by considering Bernoulli trials (for example, coin flips) and
inquire as to what happens in the limit as the number of trials tends to
infinity. Essential here is the idea of independent events that is subsumed
in the more elaborate notion of mutually independent random variables.!

The case of Bernoulli trials where each flip has probability 1/2 can
be translated as the study of the Rademacher functions. As we will
see, the properties of these mutually independent functions lead to some
remarkable consequences for random series. In particular, when a formal
Fourier series is randomized by the Rademacher functions there is then
the following striking instance of the “zero-one law”: either almost every

IWe prefer to use the terminology “function” instead of “random variable” in much of
what follows.
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resulting series corresponds to an LP function for every p < oo, or almost
none is the Fourier series of an L' function.

From this special set of independent functions we turn to the aspects
of the general theory, and our focus is on the behavior of sums of more
general independent functions. In the first instance, when these functions
are identically distributed (and square integrable) we obtain the “central
limit theorem” in this more extended setting. We also see that there is a
close link with the ergodic theorem, and this allows us to prove one form
of the “law of large numbers.”

Next we consider independent functions that are not necessarily iden-
tically distributed. Here the main property that is exploited is that the
corresponding sums form a “martingale sequence.” In fact, an interesting
case of this was seen in the analysis of sums involving Rademacher func-
tions. Of importance at this point is the maximal theorem for martingale
sequences, akin to the maximal theorem in Chapter 2.

We conclude this chapter by returning to Bernoulli trials, now inter-
preted as a random walk on the line. It is natural to consider the anal-
ogous random walks in d dimensions. For these we find some striking
differences between the cases d < 2 and d > 3, in terms of their recur-
rence properties.

1 Bernoulli trials

An examination of some questions related to coin flips give the easiest
examples of some of the concepts of probability theory.

1.1 Coin flips

We begin by considering the simplest gambling game. Two players, A
and B, decide to flip a fair coin N times. Each time the coin comes up
“heads” player A wins one dollar; each time the coin comes up “tails”
player A loses a dollar. Since each flip has two possible outcomes, there
are 2V possible sequences of outcomes for their game. If we take into
account the resulting possibilities, a question that arises is: what are
(say) player A’s chances of winning, and in particular, his chances of
winning k dollars, for some k7

To answer this question we first formalize the above situation and
introduce some terminology whose more general usage will occur later.
The 2V possible scenarios (or “outcomes”) under consideration can be
thought of as points in Z%, the N-fold product of the two-point space
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Zs = {0,1}, with 0 standing for heads and 1 for tails. That is,
Zy ={x = (x1,...,x), with zj=0or 1 foreach j, 1 <j <N}

If we assume that flipping heads or tails, at the n'" flip, is equally proba-
ble (and hence each has probability 1/2) for every n, we are then quickly
led to the following definitions: The space Z% is our underlying “prob-
ability space”; on it there is a measure m, the “probability measure”
which assigns measure 2= to each point of ZY, and m(Zy) =1. We
note that if E,, denotes the collection of events for which the n*" flip is
heads, E, = {z € ZY : x, = 0}, then m(E,) =1/2 for all 1 <n < N;
also m(E,, N E,,) = m(E,)m(E,,), for all n,m with n # m. The latter
identity reflects the fact that the outcomes of the n** and m!" flips are
“independent.”

We also need to consider certain functions on our probability space. (In
the parlance of probability theory, functions on probability spaces are of-
ten referred to as random variables; we prefer to retain the designation
“functions.”) We define the function r,, to be the amount player A wins
(or losses) at the n*! flip, that is, r,(z) = 1 if ,, = 0, and 7,,(z) = —1 if
xn =1, where x = (1, ...,2,). The sum

N
Sn(z) = 8(@) = ra(2)

n=1

gives the total winnings (or losses) of player A after N flips.

Next, let us get an idea of what is the probability that S(z) = k, for
a given integer k. If a given point z € Z5 has N; zeroes and Ny ones

among its coordinates, (that is, player A has N; wins and N> losses),
then of course S(x) = k means k = N; — Ny, while N3 + Ny = N. Thus

Ny=(N+k)/2 and Ny=(N—k)/2

and k has the same parity as N. To proceed further, we assume that N
is even; the case of N odd is similar. (See Exercise 1.)

Thus in our probability space one has as many points = for which
S(z) = k as ways one can choose Nj zeroes when making N choices
among either 0 or 1. This number is the binomial coefficient

Ny N A
<N1> CONI(N = Ny (AR (AR



1. Bernoulli trials 191

As a result, since each point carries measure 2~V we have that

N!

(1) m({z: S(z) =k}) =27"

What can we say about the relative size of these numbers as k varies
from —N to N, (with k even)? The smallest values of (1) are attained
at the end-points, k = —N or k = N, with m({z : S(z) =N}) =m({z:
S(z) = —=N}) =27N. As k varies from —N to 0 (with k even), m({z :
S(xz) = k}) increases, and then decreases as k increases from 0 to N.
This is because

m({z: S(x)=k+2}) N —k

m({z: S(x)=k})  N+k+2

and the right-hand side is greater than 1 or less than 1 according to
whether k < —2 or k > 0, respectively. Thus clearly (1) attains its max-
imum value at k = 0, and this is

v !
(N/2)1)2

By Stirling’s formula (more about this below), this quantity is approxi-
mately \/%N ~1/2 which is much larger than the minimum value 2=V,

With this, we leave these elementary considerations and begin to deal
with the questions of probability theory that arise when we pass to the
limiting situation N — oo.

1.2 The case N =

Here we take our probability space to be the infinite product of copies
of Zsy, which is written as Z$°, and which we denote more simply as X.
That is,

X ={z=(x1,...,%n,...), eachx, =0or1foraln>1}.

The space X inherits the natural product measure from each of the
measures of the partial products ZY (in turn from each of the factors
Z5) above as follows. A set F is a cylinder set in X whenever there is a
(finite) N and a set E’ € Z¥ | so that x € E if and only if (z1,...,2y) €
E’. With this definition the collection of cylinder sets together with their
finite unions and intersections, and complements, forms an algebra on X.
The main point now is that the function m defined first on these sets
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by m(E) = my(E'), (where my = m is the measure on Z% described
in the previous section) extends to a measure on the o-algebra of sets
generated by the cylinder sets. Clearly m(X) = 1. (In this connection,
the reader may consult Exercises 14 and 15 in Chapter 6 of Book III.)

More generally consider a pair (X, m), where we are given a o-algebra
of subsets of X (the “measurable” sets, or “events”) and a measure m
on this o-algebra, with m(X) = 1. Adopting the terminology used pre-
viously, we refer to X as a probability space and m as a probability
measure. In this context, one uses the terminology “almost surely” to
mean “almost everywhere.”

Returning to the case X = Z3° with the product measure defined
above, we can extend to it the functions r,, for all 1 <n < oco. This
means that we take r,(x) =1— 2z,, where =z = (x1,...,2,,...) and
x, =0 or 1, for each n. These functions may also be viewed as set-
ting up a correspondence between X and the interval [0, 1], with the
measure m then identified with Lebesgue measure on this interval. In
fact, consider the mapping D : X — [0, 1] given by

8

i_
s =te[0,1].

[N}

(2) Di(l’l,...,xn,...)HZ

The correspondence D becomes a bijection from X to [0, 1] if we remove
the denumerable sets Z; and Z respectively from X and [0, 1], with Z;
consisting of all points in X whose coordinates are all 0 or all 1 after a
finite number of places; and Zs consists of all dyadic rationals (points
in [0,1] of the form ¢/2™, with ¢ and m integers). Moreover, note that
if EC X is the cylinder set E={z: z; =a;j, 1 <j < N} where the
a; are a given finite set of 0’s and 1’s, then m(E) = 2N . Moreover,
D maps F to the dyadic interval [2%, ZQJF—NI], with ¢ = E;\; 2N_jaj. Of
course this interval has Lebesgue measure 27~. From this observation,
the assertions about the correspondence of X with [0, 1] follow easily.

The identification of X with [0, 1] allows us to write the functions 7,
also as functions of ¢ € [0, 1] (each undefined on a finite set); thus we shall
write 7, () or r, (t) interchangeably (with x € X, or ¢t € [0, 1]). Note that
ri(t) =1 for 0 <t <1/2, and ri(t) = —1, for 1/2 <t < 1. Also if we
extend 7, to R by making it periodic of period 1, then r,(t) = r1 (2" 1¢).
The functions {r,} on [0, 1) are the Rademacher functions.

The critical property enjoyed by these functions is their mutual inde-
pendence, defined as follows. Given a probability space (X, m), we say
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Figure 1. The Rademacher functions ry and ro

that a sequence {f,}°; of real-valued measurable? functions on X are
mutually independent if for any sequence of Borel sets B,, in R

®) (m{x s eB}) [l ntte: oo .

Similarly, we say that a collection of sets { E,,} are mutually independent
if their characteristic functions are mutually independent. There is of
course a similar definition of mutual independence if we are given only a
finite collection f1,..., fy of functions or a finite collection F1,..., En
of sets. Note that for a pair of sets E,, and FE,,, this notion coincides with
what has been previously encountered. However a collection of functions
(or sets) need not be mutually independent, even if they are pair-wise
so. (See Exercise 2.) Also, note that if f1,..., f, are (say) bounded and
mutually independent functions, then the integral of their product equals
the product of their integrals,

i () (] )

This follows by first verifying the identity directly when the f’s are finite
linear combinations of characteristic functions and then passing to the
limit.

A general way that independent functions arise is as follows. Suppose
our probability space (X, m) is a product of probability spaces (X,,, my,),

2All functions (and sets) that arise are henceforth assumed to be measurable. Also we
keep to the assumption that our functions (random variables) are real-valued, except in
Section 1.7 and Section 2.6 onwards.
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n=1,2,... with m equal to the product measure of the m,,. Assume
that the function f,(z), defined for z € X, depends only on the n*® co-
ordinate of x, that is f,(z) = F,,(x,), where each F, is given on X,,, and
x = (x1,Z2,...,Zn,...). Then the functions {f,} are mutually indepen-
dent. To see this set E, ={x: f,(x) € B,} with E, C X, similarly
E! ={z,: F,(z,) € B,} with E/, C X,,. Then E,, ={x: x, € E]} is
a cylinder set with m(E,) = m,(E]). Hence it is clear that for each N

N

m (ﬂ En> = [[mn(E;) = [] m(En).

Letting N — oo gives (3), proving our assertion. This obviously applies
to the Rademacher functions, showing their mutual independence.

Incidentally, this example of mutually independent random variables
in a way represents the general situation. (See Exercise 6.)

1.3 Behavior of Sy as N — oo, first results

After these preliminaries we are ready to consider the behavior of

Sn(z) = Zrn(x),

n=1

which represents player A’s winnings after N flips. It turns out that
the order of magnitude of Sy, as N — oo, is essentially much smaller
than N. A hint of what is to be expected comes from the following
observation.

Proposition 1.1 For each integer N > 1,
(5) ISn |z = N/,

This proposition follows from the fact that {r,(¢)} is an orthonormal
system on L?([0,1]). Indeed, we have that fol 7, (t) dt = 0 because each
Ty is equal to 1 on a set of measure 1/2, and equal to —1 on a set of
measure also 1/2. Moreover, by their mutual independence and (4), we
have

1
/ rn(E)rm(t)dt =0 if n#m.
0

In addition, we obviously have fol r2(t) dt = 1. Therefore

N 2

E AnTn

n=1

N

=2 lanf”

L2 n=1
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and the assertion follows by taking a, =1 for 1 <n < N.

Note: The sequence {r,} is far from complete in L2([0,1]). See Exer-
cises 13 and 16.

As an immediate consequence we have the convergence of the averages
Sn/N to 0 “in probability.” The relevant definition is as follows. One
says that a sequence of functions {f,} converges to f in probability,
if for every € > 0,

m({z: |fy(z) = f(z)] >€}) =0 as N — o0
Corollary 1.2 Sy /N converges to 0 in probability.

In fact,
1 2
m({|Sn(z)/N| > €}) = m({|Sn(z)| > eN}) < 6QNQ/SN(&U)I dm,

by Tchebychev’s inequality. Hence m({z : |Sy(z)/N| > €}) < 1/(e2N),
and the corollary is proved. It is to be noted that by the same argument
one gets the better result that Sy/N® — 0 in probability as N — oo,
as long as o> 1/2. A stronger version of this conclusion is given in
Corollary 1.5 below.

1.4 Central limit theorem

The identity (5) suggests that the way to look more carefully at Sy for
large N is to normalize it and consider instead Sy/N'/2. Studying the
limit of this quantity in the appropriate sense leads us to the central
limit theorem. This is expressed in terms of the notion of distribution
measure of a function, defined as follows. Whenever f is a (real-valued)
function on a probability space (X, m), its distribution measure is defined
to be the unique (Borel) measure = py on R that satisfies

w(B) =m({x: f(z) € B}) for all Borel sets B C R.

Note that a distribution measure is automatically a probability measure
on R, since p(R) = 1. Incidentally the distribution measure is closely
related to the distribution function A that appeared in Section 4.1 of
Chapter 2, because

Ap(@) =m({z: [f(2)] > a}) = pip((a; 00)).

3In measure theory, this notion is usually referred to as “convergence in measure.”



196 Chapter 5. RUDIMENTS OF PROBABILITY THEORY

The argument used there to prove (29) can also be applied to estab-
lish the following assertions. First, f is integrable on X precisely when
J75 |t du(t) < oo, and then [y f(x)dm = [ tdpu(t). Similarly, f is in
LP(X, m) exactly when ffoo [t|P d,u(t) is finite and this quantity equals
111

More generally, if G is a non-negative continuous function on R (or
continuous and bounded), then

(6) /X G(f) () dm = / G(t) du(t).

See Exercise 12.

We say (using the parlance of probability theory) that f has a mean if
f is integrable, and its mean mg (also called its expectation) is defined

mo—/xf(a:)dm—/::tdu(t).

If f is also square integrable on X, the we define its variance o2 by

o = /X (f(x) — mo)? dm.

In particular, if mg = 0, then

7 =3 = [ Eaue),

— 00

A measure p that arises naturally in this context is the Gaussian
(or normal distribution), the measure on R whose density function is
2 .
ﬁe‘t /2 that is,

b
v((a,b)) = / jz?e—tz/z .

More generally, the normal measure with variance o2 is the one given by

b
1 2 2
J2((a,b)) = / e g
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1.5 Statement and proof of the theorem

We can now come to De Moivre’s theorem, the central limit theorem in
the special context of coin flips. It states that the distribution measure
of Sy/N'/? converges to the normal distribution in the following sense.

Theorem 1.3 For each a < b, we have

o—t2/2

dt, as N — oo.

m({z: a < Sy(x)/NV? <b}) _>/

In proving this result we consider first the case when we restrict ourselves
to N even; the limit when N is restricted to be odd is, except for small
changes, treated the same way. Joining the two cases will give the desired
result.

Proof. According to (1), with & = 2r, r an integer, and o < 3,
-N
m({x OZ<SN( <ﬁ} Z Pr, where PT:W
a<2r<f

Hence
m({z: a< Sy(z)/NY? <b}) = > P,.
aN1/2<2r<bN1/2
With a and b fixed, this means that the r’s are restricted by r = O(N'/?).

We claim that under this restriction

2
7 P
@ VorN1/2

To verify this we use a version of Stirling’s formula,* which we state as

e 2N (14 0(1/NY?))  as N — .

N!=V2rNNH/2e"N (14 0(1/N'V?))  as N — o,

It follows from this that

2 1 1 1

P = V2r N1/2 (1 + 2T)N/2+r+1/2 (1— T)N/Q—r+1/2

(1+O0(1/NY?).

Now log(1 + x) =z — 22/2 + O(|z|?), as © — 0, so if

A, = (J;[ +r+ )log(l—i—Qr/N)

4See for instance Theorem 2.3 in Appendix A, Book II. The error terms O(1/N'/2)
can be improved; but even a weaker bound would suffice for our purpose.
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then

N 1\ [2r 2r? 1
= J— — - - /2 ] — 1/2
A, (2 +r+ 2) (N N2> +O(N~/%) since r = O(N'/?).

Hence A, + A_, = % 4+ O(N~1/2), and because

1+2l N/2+47+1/2 1_2l N/2—r+1/2 Al
N N - ¢ )

we have the asserted result (7).

T r+1
N1/2 N1/2

Figure 2. Approximating the integral of a Gaussian

Now e=2r"/N _ ¢=2* — O(¢=2" INV/2)if t € [r/NY/2, (r 4+ 1)/N/2], again
because r = O(N'/2). Therefore

1 > (re)/NYE L
N1/2e—2r /N :/ 6—2t dt(1+O(N_1/2)).
r/N1/2

Taking (7) into account we see that as a result

m({z: a < Sy(x)/NY? <b}) = > P,

aN1/2<2r<bN1/2

b/2 )
= —— e dt+ O(N/?)
/a/2 V2r

b
1 —t2/2 —1/2
= —c¢ dt + O(N ,
| % (N172)

upon making the change of variables ¢ — t/2. Letting N — oo gives our
desired conclusion.
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1.6 Random series

A striking illustration of randomness inherent in the Rademacher func-
tions is the observation that, although the series Zzo:l 1/n diverges, the
series Y | (£)1/n converges for “almost all” choices of + signs, where
the + signs for the different n’s are chosen independently and with equal
probability.

A precise and more general formulation is as follows.

Theorem 1.4

(a) Suppose Y 0 |an|* < 0o. Then for almost every t € [0,1], the se-
ries Yy oo anry(t) converges.

(b) However if Y~ |an|? diverges, then Y~ a,r,(t) diverges for
almost all t € [0, 1].

Note. The fact that these conclusions must hold almost everywhere (if
they hold on sets of positive measure) is a particular case of the “zero-one
law.” More about this in Section 2.3.

To prove the theorem, recall that {r,} is an orthonormal sequence
in L2([0,1]). Thus if 3.°° |a,|? < oo, the sequence {30 a,r,(t)}
converges in the L? norm, as N — oo, to a function f € L?([0,1]). For
this f it is convenient to write

~ N
fNZanTm and set SN(f):ZanTn-

n=1 n=1

To prove the almost everywhere convergence of the Sy, we bring in
averaging operators that average over dyadic intervals, which are defined
as follows. For each positive integer n the dyadic intervals of length 27"
are the 2" sub-intervals of [0,1] of the form (5% , 55| with 0 < ¢ < 2",
These obviously form a disjoint covering of [0, 1] (except for the origin).
Now for each f that is integrable over [0, 1], and every n, set

1
BN = o [ Fs)ds
m(I) J;
when t € I, and [ is a dyadic interval of length n. (Note that E,, (f)(t)
is not defined for ¢ = 0, but this is immaterial.)
For the functions f that arise as above (as L? limits of finite linear
combinations of the 7,), there is the basic identify

(8) Ex(f) = Sy(f) forall N.
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To prove this note first that Ey(r,) = r, if N > n. In fact, when N >
n, each r, is constant on every dyadic interval of length 2=%. Also
En(rp) =0if n > N, since the integral of r,, on each dyadic interval of
length 27 vanishes. These facts are easily reduced to the case n = 1 by
using the identity r,,(t) = r1(2"~'t). Thus we have shown that (8) holds
for any finite linear combination of the Rademacher functions. Hence
Sn(f) =En(Sn(f)), if n > N, and a passage to the limit, as n — oo,
establishes (8).

Now by the Lebesgue differentiation theorem® limy_, o En(f)(t) exists
and equals f(t) at all points of the Lebesgue set of f, and hence almost
everywhere. Thus by (8) the series converges almost everywhere, and
part (a) is proved.

Before we turn to the converse, part (b), we digress to strengthen
the conclusion obtained in Section 1.3. There we considered the sums
Sn(t) = ij:l r,(t) and showed that Sy/N — 0 in probability. This
initial conclusion is itself implied by the “strong law of large numbers,”

which in this case takes the following form.

Corollary 1.5 Let Sy(t) = ZN rn(t). Then Sy(t)/N — 0, as N —

n=1

oo for almost every t. In fact, if « > 1/2, then Sy (t)/N* — 0 for almost
every t.

Proof. Fix 1/2< 3 < a, and let a, = n~" and b, =n?. Clearly

S a2 < co. Set Sy(t) = Zfl\’:l anrn(t). Then, by summation by parts,
setting Sy = 0, we get

N N
SN(t - Z Tn = nrn n
n=1 n=1
N
= Z(Sn S )
n=1
N-1
= Snbn + (b — bpg1)-
n=1

However by, — byy1| = byt — by, and SN by —by) = by — 1=
O(NP) while the convergence of the series Y | a,7,(t) for almost all ¢
guarantees that | S, ()] = O(1) for almost every t. As a result, for those t,
Sy (t) = O(N?) and this implies Sy (t)/N® — 0 for almost all ¢, proving
the corollary.

5See for example Theorem 1.3 and its corollaries in Chapter 3, Book II1.
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We now turn to the proof of part (b) of the theorem. It is based on
the following lemma.

Lemma 1.6 Suppose E is a subset of [0, 1] with m(E) > 0. Then there
is a ¢ > 0 and a positive integer Ny so that if F' is any finite sum of the
form

F(t)= > anrn(t)

nZNo

then

/E|F<t)| dt>c > al.

nZNO

Besides the orthogonality of the {r,} already used, the proof requires a
stronger orthogonality, which again exploits the mutual independence of
the Rademacher functions.

For each ordered pair (n, m), with n < m, define @, p, (t) = 7 (t)rm (2).
Then the collection {¢,, »} is an orthonormal sequence in L?([0,1]). To
see this, consider fol On.m (£) o m () dt. When (n,m) = (n’,m’) the in-
tegral clearly equals 1. Now if (n,m) # (n/,m’), but n or m equals n’
or m' (in any order), then we see that the integral vanishes by the or-
thogonality of the {r,}. Finally, if neither n or m equals n’ or m/, then
we apply (4) to the four mutually independent functions 7, 7., 7, and
Tm/, establishing the assertion.

Assuming that F is any finite sum of the form )" a7, (t), we have

(F(t)? = Z azr2(t) + 2 Z Ay G T (1) T (1),

n nm

hence

(9) /E (F)?dt =m(E)Y a2 +2 ) tnmYnm,

n nm

with ynm = [ ra()rm(t) dt = fol XE(t)@n,m(t) dt. Thus by the orthog-
onality of the {¢n .} and Bessel’s inequality,® 3> ~; , <m(E) <1.
Hence for any fixed 6 > 0 (§ will be chosen momentarily), there is an Ny
so that > No<n<m 'yfhm < 8. We apply this with Schwarz’s inequality to
the last term on the right-hand side of (9), restricting ourselves to F’s of

6For Bessel’s inequality, see Section 2.1 in Chapter 4 of Book III.
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the form F/(t) = > - n. @nrn(t). The result is that this term is bounded
by -

1/2
2 ( Z (anam)2> 512 < 281/ Z ai.

No<n<m n>No

If we choose § so that 26'/2 < m(FE)/2, then from (9) we get

1
[P0 = gme) Y .

’nZN()
and the lemma is proved with ¢ = m(E)/2.

To conclude the proof of part (b) of Theorem 1.4 we suppose the
opposite, that {Sy(t)} converges in a set of positive measure. Then
this sequence is uniformly bounded on a set of positive measure, and
that means that there is an M and a set E, with m(E) > 0, so that
|Sn(t)| < M for all N if t € E. As a result there is an M’ so that, for

all N > Ng, one has ’ZNO<n<N anrn(t)‘ < M’ whenever t € E.

The lemma guarantees that -\ .y ap < ¢ '(M')? for all N, and
letting N — oo gives us that > a2 converges. This establishes the con-
tradiction and finishes the proof of the theorem.

1.7 Random Fourier series

The ideas above can also be used to obtain remarkable results about
random Fourier series, that is, Fourier series on [0, 27] of the form

To parametrize the choices of £ signs in terms of the Rademacher func-
tions, we need to re-index these functions so that their indices range
over Z. For this reason, it is convenient to change notation and write p,
for the functions defined by p,, (t) = rop+1(t), if n > 0, and p, (t) = r_a, (),
if n < 0, with n € Z. We allow the coeflicients ¢,, to be complex, so that
here we deal with complex-valued functions.

Theorem 1.7
(a) If Y°0°  lenl?® < oo, then for almost every t € [0, 1] the function

o

(10) £0) ~ D palt)ene™

n=—oo
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belongs to LP([0,27]) for every p < oco.

(b) If>07 |en|* = oo, then for almost every t € [0,1] the series (10)
is not the Fourier series of an integrable function.

The proof is based on Khinchin’s inequality, which like Lemma 1.6 is a
further exploitation of the independence of the Rademacher functions.

Suppose {a,} are complex numbers with Y >~ _ |a,|?> <oco. Let

F(t) =37 _ anpn(t), with F taken as the L? limit on L?([0,1]) of
the partial sums.

Lemma 1.8 For each p < oo there is a bound A, so that
[Eller < Apl[Fll L2,
for all F € LP([0,1]) of the form F(t) =3 >" __ anpn(t).

It clearly suffices to prove the corresponding statement when the a,, are

assumed real and have been normalized so that [|[F|3, = Y7 a2 = 1.

Now observe that the defining property (3) shows that whenever {f,}
is a sequence of mutually independent (real-valued) functions, so is the
sequence {®,,(f,)}, with {®,,} any sequence of continuous functions from
R to R. As a result the functions {e®*»(Y)} are mutually independent.
Thus if F(t) = 3, /<n @npn(t), then

(11)

1 1 N N 1
/ 6FN(t) dt — / H 6anpn (t) dt — H </ eanpn (t) dt) .
0 0 n=— 0

n=—N N

However, fol e Pn(t) dt = cosh(a,), since each p, takes values +1 or —1

on sets of measure 1/2 respectively. Also, cosh(z) < e*” for real , as a
comparison of their power series clearly shows. Hence

1 N
/ N gt < H e“igezaige.
0 n=—N

A similar inequality holds with the a,, replaced by —a,. Altogether then

1
/ el Nl gt < 9¢.
0

A simple passage to the limit, as N — oo, then gives that e/F®l ig in-

tegrable over [0, 1], and fol el FOldt < 2e. However for each p there is a
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constant ¢, so that u? < ¢pe* for all u > 0. Thus ||F||}, < 2ec,, and the
lemma is proved with A, = (2ec,)/?.

We turn now to the proof of part (a) of the theorem. We may assume
that > >° _ |en|> =1, and set F(t) = f;(0), with a, = c,e™?, and ¢

fixed. Now
1 1
[ irera= [ inopra<
0 0

by the lemma. Thus integrating over 6 € [0, 27| gives

27 1
/ / 1£,(0)[7 dt 6 < 27 AP,
0 0

and by Fubini’s theorem,

27
/ F(0)P 6 < o,
0

for almost every ¢ € [0, 1], and this is what was to be proved.

To prove the converse, part (b) in the theorem, suppose that for a
set 1 C [0,1] of positive measure we have f;(0) € L'(]0, 27]), whenever
t € Ey. Since every function in L!(]0,2n]) has a Fourier series that is
Cesaro summable almost everywhere, it then follows that there is a set
E C [0,1] x [0,27] of positive two-dimensional measure, and an M so
that

(12) sup lon(fe)(0)] < M for each (t,0) € E
N

Here o is the Cesaro sum given by oy (f;)(0 Z‘n|<N pn(t)cne™? (1 —
|n|/N). However, by Fubini’s theorem, (12) holds for at least one 6y, and
all t € E, where m(E) > 0. Now write ¢, e’ = a,, +i3,, with «,, and
Bn real, then apply Lemma 1.6. Thus there is an M’ and an Ny so that

sup Za < M,
No<|n|<N

and letting N — oo shows that Y > a2 converges. Similarly Y~ 32
converges and the theorem is proved
1.8 Bernoulli trials

Many of the results in Sections 1.1 to 1.5 that were proved above continue
to hold in modified form when the equal probabilities of heads and tails
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are replaced by probabilities p and ¢, with p4+¢=1and 0 < p < 1. This
more general situation is often referred to as that of Bernoulli trials.

To consider it we begin by replacing the probability measure on Z3° by
the measure m,, that arises as the product measure on Z3$° where for each
factor Zy = {0,1} the point 0 is assigned measure p and the point 1 is
assigned measure ¢. (Incidentally, when p # 1/2, then under the mapping
D :73° — [0, 1], the measure m,, now corresponds to a singular measure
dpp, on [0, 1]. For this, see Problem 1.)

In this setting the law of large numbers takes the form that Sy /N —
p — q as in Corollaries 1.2 and 1.5. The proof of the analog of the first
corollary can be carried out in much the same way as before. The variant
of the second corollary requires some further ideas and is dealt with in
a general context in the next section. In addition, a modification of the
proof of Theorem 1.3 gives its analog

Sn(z —Np—q 1 b _$2 /(2052
mpy({z: a< N )N1/2< ><b})_>0\/%/et/(2 ) dt

as N — oo, where 02 =1 — (p — q)*.

This result is subsumed in the general form of the central limit theorem
proved in the last part of the next section.

2 Sums of independent random variables

Our aim in this section is to put in a more general and abstract form
some of the results for coin flips and Bernoulli trials dealt with in the
first section. To begin with, we shall present a version of the law of large
numbers.

2.1 Law of large numbers and ergodic theorem

Here we deduce a general form of this law from the ergodic theorem.” An-
other version, derived from the theory of martingales, will be presented
in Section 2.2 below.

A sequence (fo, f1,..., fn,...) of functions is said to be identically
distributed if the distribution measures p, of f, (as defined in Sec-
tion 1.4) are independent of n, that is, the measures m({z : f,(z) € B})
are the same for all n for every Borel set B. If the sequence {f,} is

7A treatment of the ergodic theorem needed here can be found in Section 5* of Chap-
ter 6 in Book III.
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identically distributed and if fy has a mean (equal to my), then of course
all f, have a mean that equals mg. The first main theorem is as follows.

Theorem 2.1 Suppose {f,} is a sequence of functions that are mutually
independent, are identically distributed, and have mean mg. Then

1 N-1

N Z fu(x) = mg  for almost every x € X, as N — oc.

n=0

The possibility of reducing this theorem to the ergodic theorem depends
on the device of replacing the sequence { f,,} by another sequence that is
“equimeasurable” with the first, in the following sense.

Given functions fi,..., fn, their joint distribution measure is de-
fined as the measure on R¥Y that satisfies for all Borel sets B ¢ RY

pfrgn(B) =m{{z: (fi(2),..., fn(2)) € B}.

Now suppose {g,} is a sequence on a (possibly different) probability
space (Y,m*). Then we say that {f,} and {g,} have the same joint
distribution if for every NV, we have

Pfroofn(B) = g, . gn(B)  for all Borel sets B C RV,

With this definition in hand we come to the space Y that is relevant
here. It is the infinite product Y = R* = H;io R;, where each R; is R.
On each R; we consider the measure p, the common distribution measure
of the f,,. Define m* to be the corresponding product measure on Y.

We also consider the shift 7:Y — Y, given by 7(y) = (Yn+1)5ey, if
Y = (Yn)p2,- Finally we take for the {g,,} the coordinate functions on Y’
given by gn(y) = yn, if y = (yn)5Zo-

Everything will now be a consequence of the following four steps.
Observation 1. ¢,,(7(y)) = gn+1(y) for all n > 0; hence g, (y) = go(7"y).
Observation 2. 7 is measure-preserving and ergodic.

Conclusion 1. limy_ % 25;01 gn(y) = my, for almost every y € Y.

Conclusion 2. limy_, o % 25;01 fn(x) = my, for almost every z € X.

The first observation is immediate.
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That 7 is measure preserving means that m*(7=1(E)) = m*(E) for
every (measurable) set F C Y. Since Y is a product space, it suffices to
verify this for all cylinder sets E, and then a simple limiting argument
proves this for the general set E. If F is a cylinder set, F depends
only on the first IV coordinates, for some N. This means that F =
E' x H;‘;N R;, with E’ a subset of H;V:_Ol R;, and m*(E) = u\N)(E"),
where ©V) is the N-fold product of  on the first N factors. However

THE)=Ryx E x [] Ry
j=N+1

with (yy,...,yy) € E_ if and only if (yg,...,yy_,) € E , where y;;H =
Yy, for 0 <n < N —1. Thusm*(r~Y(E)) = p™N+D(Ry x E") = pnM)(E)
and the assertion m*(7=1(E)) = m*(E) is proved.

The ergodicity of 7 follows from the fact that 7 is mixing,® which
means

(13) lim m*(r~"(E) N F) = m*(E)m*(F)

n—oo

for all pairs of £, F C Y.

To prove the mixing property it suffices, as before, to assume that both
E and F are cylinder sets. So, for a sufficiently large N we have that
E=E x[[;2y Rj and F = F' x [[7Z \ R;, where both E’ and F' are
subsets of Hj.V:_Ol R;. Now, as above if n > 1,

HR x E" x H R;,
j=N+n

where E” is the subset of HN+n " R; that corresponds to E'. Thus if
n>N

n—1
TUE)NF=F x [[ Ry x E" x H R;.
j=N j=N+n

As a result m*(r~"(E) N F) = m*(E)m*(F) whenever n > N and (13)
is established.

It follows immediately from (13), when taking F' = F, that if E is an
invariant set, that is 771(F) = E almost everywhere, then m*(E) =

8 Also referred to as “strongly-mixing”; see Chapter 6 in Book III.
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(m*(E))?, so m*(E) =0 or m*(E) = 1. Thus there is no proper subset
of X invariant under 7, and this means that 7 is ergodic; so our second
observation is established.

Now the function gq is integrable on Y since

/Y 90 ()] dm* () = / ol duyo) = /X [fol)| dm(z) < oo

because u is the distribution measure of fy that is integrable. We can
now apply the ergodic theorem in Corollary 5.6 of Chapter 6, Book III,
which gives us the first conclusion with mg = [, go dm* = [ fo dm.

To deduce the second conclusion we need the following lemmas.

Lemma 2.2 If{fny} and {gn} have the same joint distribution, then so

do the sequences {®n(f)} and {Pn(g)}. Here On(f) = On(f1,-.-, [N),
dn(g) = Pn(91,...,9N), and each @y is a continuous function from RN

to R.

To see this, note that if B C RY is a Borel set, and ® = (®1,...,®y),

then B’ = ®~1(B) is also a Borel set in RY, so if f = (f1,... f ) and
9=1(91,---,9n), then pig(s)(B) = pys(B') and pag)(B) = pg(B'). Since
f and g have the same joint distribution we must have p f( ") = pg(B'),

and the lemma is proved.

Lemma 2.3 If {Fn} and {Gn} have the same joint distribution, then
Fy(x) — mo almost everywhere as N — oo if and only if Gn(y) — mo
almost everywhere as N — oo.

To prove this lemma, note that if we define En , = {x : sup,~ 5 |F(z) —
mo| < 1/k}, then Fy — mg almost everywhere if and only if m(Ey ;) —
1, as N — oo, for each k. If By, = {y:sup,>y |Gr(z) — mo| < 1/k},
then m(En x) = m*(EYy ), and this leads to our desired result.

Once we take <I>N(t1,.. tN = NZk Ltk Fn(z) = NZk 0 fk

and Gy (y) = w Z K0 gk , we see that the lemmas complete the proof
of the theorem

2.2 The role of martingales

We shall now look at sums of independent functions (random variables)
from a different angle and relate these sums to the notion of martingales.
The basic definition required is that of the conditional expectation of
a function f with respect to a o sub-algebra A of the o-algebra M of
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measurable sets of X. In fact, for the sake of brevity of terminology, in
what follows we drop the adjective “o” and use “algebra” and sub-algebra
to mean o-algebra and o sub-algebra, respectively.

Suppose A is a given such sub-algebra. We say that a function F on X
is measurable with respect to A (or A-measurable) if F~!(B) € A for
all Borel subsets B of R. The algebra A is said to be determined by F,
sometimes written A = Ap, if A is the smallest algebra with respect to
which F is measurable; that is, Ap = {F~'(B)}, as B ranges over the
Borel sets of R.

Given an integrable function f on X and a sub-algebra A, then E 4(f),
also sometimes written as E(f|.A), is the unique function F' described by
the proposition below. It is called the conditional expectation of f
with respect to A.

Proposition 2.4 Given an integrable function f and a sub-algebra A of
M, there is a unique® function F so that:

(i) F is A-measurable.
(i) [y Fdm= [, fdm for any set A€ A.

In general, one may think of the conditional expectation as the “best
guess” of the function f given the knowledge of A. A simple example to
keep in mind is E4(f) = E, (f) given in Section 1.6 above. In that case,
A is the (finite) algebra generated by the dyadic intervals of length 27"
on [0,1].

Proof. ~ We denote by m/ the restriction of the measure m to A.
Define a (o-finite) signed measure v on A by v(A) = [, fdm, for A € A.
Then since v is clearly absolutely continuous with respect to m/, the
Lebesgue-Radon-Nikodym theorem!® guarantees that there is a function
F that is A-measurable so that v(A) = fA Fdm' = fA Fdm. Given the
definition of v, the existence of the required F' is therefore established.
Its uniqueness is clear because if G is A-measurable and [ 4 Gdm =0 for
every A € A, then necessarily G = 0.

Once the algebra A is fixed, we shall not always indicate the depen-
dence of the conditional expectation on the algebra, but write it simply
as E instead of E 4.

There are a number of elementary observations about conditional ex-
pectations E that are direct consequences of the defining proposition for
F =E(f). We leave these for the reader to verify.

9Uniqueness, of course, means determined up to a set of measure zero.
10See for example Theorem 4.3 in Chapter 6 of Book II1.
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e The mapping f — E(f) is linear.

o [(E(f)dm = [ fdm, and E(1) =
E(f) = 0if f > 0, and [E(f1)| < E(f) if |fi] < .

e E2 =E, and in particular E(f) = f if f is A-measurable.

e E(gf) = gE(f), if g is bounded and .A-measurable.

Two other noteworthy properties of E are contained in the following.

Lemma 2.5
(a) If f € L?, then E(f) € L*and |E(f)||z2 < || fz=-
(b) If f,g € L?, then [ E(f)gdm = [, fE(g)dm

Note. The conclusion (b) of the lemma, together with the property
E? = E shows that E is an orthogonal projection on the Hilbert space
L?(X,m).

Proof. To establish (a) observe that if g is bounded and A-measurable,
then by the proposition above, fX gfdm = fX (9f)dm = fX gE(f) dm.
But

[E(f)l|z2 = sup
g9

/X gE(f)dm]

where g ranges over bounded .A-measurable functions with ||g||z2 < 1 (see
Lemma 4.2 in Chapter 1), because of the fact that E(f) is A-measurable.
Moreover ‘ Jx9f dm‘ < || f|| 12 for such g, gives conclusion (a)

Next observe that [ E(g)fdm = [ E f)dm = [ E(g)E(f)dm,
whenever g is bounded. By symmetry in f and g thls gives Conclusmn (b)
when both f and g are bounded, and by the continuity in (a) the result
extends to f and g in L2

After these preliminaries, we are ready for the task at hand. We now
assume we are given an increasing sequence of sub-algebras of M, that
is, we have

AcAC---CA, C---CM,
and to each sub-algebra we attach its conditional expectation,

E,=E4, forn=0,1,2,....
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The increasing character of the sequence A, implies that expectation
operators form an increasing sequence in the sense that

EnEm - Emin(nﬂn), fOI' all n,m.

Indeed, if m < n, then A,, C A,, so g =E,,(f) is A,-measurable, and
consequently E,,(g) = g. In the other case, if n < m, and A € A,,, then

/A]En(f)—/Af—/A]Em(f),

where the second equality follows from the fact that A is also A,,-
measurable. Therefore the definition of conditional expectation implies

that En(Em(f)) = ]En(f)

With this we arrive at the crucial definition. Having fixed our increas-
ing family of algebras {A,} and the resulting conditional expectations,
we say that a sequence {s,} of integrable functions on X forms a mar-
tingale sequence if for all £ and n,

(14) sk = Ek(sn), whenever k < n.

Note that by this definition, each sj is automatically Ag-measurable.

If the sequence is finite (and consists of sg, s1,..., Sy, ) then this is
equivalent with s = Eg(s,,), for all £ < m. An important class of mar-
tingale sequences are those that are complete. This means that there
is an integrable function s, so that sy = Ex(s«) for all k.

The fundamental connection between sums of independent random
variables and martingales is contained in the following assertion.

Proposition 2.6 Suppose {fi} is a sequence of integrable functions that
are mutually independent and each have mean zero. Then there is an
increasing family A, of sub-algebras so that with respect to these s, =
ZZ:O fr is a martingale sequence.

To see this, we require further terminology. Let {B,} be a sequence of
sub-algebras of M that are not assumed to be increasing. Then these
are said to be mutually independent if for every N,

N N
m(ﬂ Bj) = Hm(Bj) for all choices B; € B;.
=0 =0

Notice that if Af, are the sub-algebras determined by the f,,, then the
fact that {Ay, } are mutually independent is equivalent to the functions
{fn} being mutually independent, according to the definition given in (3).
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Now starting with our independent functions fo, f1,..., fn,... we de-
fine A,, to be the algebra generated by Az UAs U---U Ay, . It is use-
ful to have the short-hand \/;L:O B; to denote the algebra generated by

BoUByU---UDB,. Thus we have set A,, = \/;-L:0 Ay, . Our claim is that

\/;:g Ay, and Ay, are mutually independent. This is an immediate con-
sequence of the following lemma.

Lemma 2.7 Suppose By,...,B, are mutually independent algebras.
Then for each k < n, the algebras \/?:0 B; and B,, are mutually inde-
pendent.

See Exercise 7.

Now clearly {A,} is an increasing sequence of algebras and E(f) =
fe, if k> £, since each f; is also Ag-measurable. We next observe that
Er(fe) = 0if k < £. Indeed, recall first that F' = Ei(f,) is Ax-measurable
and

/ Fdm = fedm,  for every set Ay € Ay.

But

fedm = / XA, fedm = m(XAk)/ fedm =0,
Ap X X

by the independence of Aj, and Ay,, and the fact that the mean of f; is
zero. Hence F' = 0. Finally for k <n

Er(sn) =Br(fo+ fit -+ fi) + Eu(fosr + -+ fn)
=fo+ -+ fr = sk

Thus (14) holds and the proposition is proved.

Having reached this point, we are ready to use the ideas of martingales
to extend the results of Section 1.6.

Theorem 2.8 Suppose fo,..., fn,... are independent functions that are
square integrable, and that each has mean zero, and variance o2 = || fn||22.
Assume that

oo

}: 2
o, < 00.

n=0

Then s, =Y p_o [x converges (as n — oo) almost everywhere.
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A corollary of this where we only assume that the {o,} are bounded,
gives the strong law of large numbers in this setting.

Corollary 2.9 If sup,, 0, < oo, then for each o > 1/2

STL
— — 0 almost everywhere as n — oo.
n

Note that here, unlike in Theorem 2.1, we have not assumed that the
fn are identically distributed. On the other hand, we have made a more
restrictive assumption in requiring square integrability.

We begin the proof of the theorem by noting that under its assump-
tions the sequence s, = ZZ:O fi converges in the L? norm, as n — oo.
Indeed, since the f,, are mutually independent and f + Jndm =0, then
by (4) they are mutually orthogonal. Hence by Pythagoras’ theorem,
if m<n, |sp—smlie = ZZ:m+1 1 full* = Zzzmﬂ op =0, as n,m —
oo. Thus s, converges to a limit (call it so.) in the L? norm. Using (14)
and the fact that each E,, is continuous in the L? norm by Lemma 2.5,
we arrive at

Sn =En(se0), for all n.

Our desired result now follows from a basic maximal theorem for mar-
tingales and its corollary, which gives convergence almost everywhere.

Theorem 2.10 Suppose s is an integrable function, and s, = E,(So0),
where the E,, are conditional expectations for an increasing family { A, }
of sub-algebras of M. Then:

(a) m({z: sup, [s,(2)] > a}) < |sco||rr for every a > 0.

(b) If s, converges in the L' norm as n — oo, then it also converges
almost everywhere to the same limit.

Note. The assumption in part (b) is in reality redundant because if s,, =
E,(sc0) With so € L', then automatically s,, converges in the L' norm;
but in general this limit need not be so. (See Exercise 27.) However
in the situation in which we apply the theorem, we know already that
Spn — So in the L? norm, hence also in the L' norm.

For the proof of part (a) we may assume that s, is non-negative,
for otherwise we may proceed with |s.| instead of s, and then obtain
the result once we observe that |E,(s«)| < E,(|seo|). For fixed a, let
A={z: sup,s,(z) > a}. Then we can partition A =, A,, where
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A,, is the set where n is the first time that s, (z) > «. That is A,, = {z:
sn(z) > o, but sx(z) < a, for k < n}. Note that A,, € A,. Also,

/soodm Z/ Seo dm = Z/ n(500) dm 2/ Sn dm

= am(A).

The identity [ AL n(So0) dm = [ 4, Soodm follows from the definition of
the conditional expectatlon Ep(So0). Thus

1
(15) m(A) < / Soo dm,  with A = {x:sup, s,(z) > a},

@ JA
and part (a) is proved. (The reader might find it instructive to com-
pare (15) with a corresponding estimate for the Hardy-Littlewood max-
imal function in equation (28) of Chapter 2.)

To prove (b), assume first that s, — so in the L' norm. Remark
that we always have s, — Soo = En(Soo — Sk) + Sk — Soo if > k, because
then E, (sg) = sx. We will show that if A, = {x: limsup,,_, . [sn(z) —

oo()| > 2a}, then m(A,) =0 for every a > 0, and this assures our
conclusion about the existence of the limit. Now with « given, let ¢ > 0
be arbitrary. Then choose k so large that ||s; — seo|[z1 < €. Then

limsup [s,, — Soo| < sup IE, (Soo — Sk)| + |8k — Sool-
If AL = {z: sup,, |En(500 — sk)(z)] > a} and A2 = {z: |sx(x) — s0o(z)] >
a}, then

m(Aa) < m(AL) +m(A2).

By part (a) applied to so, — s, instead of s, we get m(AL) < e/a. Also
Tchebychev’s inequality gives m(A2) < e/a. Altogether then m(As) <
2¢/a, and since € was arbitrary we have m(A,)=0, which holds for ev-
ery «, proving the result under the additional hypothesis that s, con-
verges to So in the L' norm. Dropping that assumption we can define
s’ to be the limit of the sequence {s,} in the L' norm which was as-
sumed to exist. Then by (14) and the continuity of E; on the L' norm,
we get s = Eg(s),), and we are back to the previous situation with s/
in place to ss. The theorem is therefore completely proved.

The corollary then follows by the same argument used in the proof of
Corollary 1.5.
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2.3 The zero-one law

The kernel of the idea is the observation that if A; and Ay are two
independent algebras, and the set A belongs simultaneously to both A;
and Az, then necessarily m(A) =0 or m(A4) = 1.

Indeed, in this situation, m(A) = m(AN A) = m(A)m(A) by inde-
pendence, which proves the assertion. This idea is elaborated in Kol-
mogorov’s zero-one law that we now formulate.

Suppose Ag, A1, ..., An,... is a sequence of sub-algebras of M, that
are not necessarily increasing. With \/zo:n Ay, denoting the algebra!l
generated by A,,, A,11,..., we define the tail algebra to be

o0 oo
NV A
n=0k=n
Theorem 2.11 If the algebras Ag, A1, ..., An, ... are mutually indepen-
dent then every element of the tail algebra has either measure zero or one.

Proof. Let B denote the tail algebra. Note that A, is automatically
independent from \/zozr 41 Ak, by Lemma 2.7. Hence each A, is inde-
pendent of B, and thus the algebras B and B are mutually independent!
Therefore as observed above, every element of 5 has measure zero or one.

A simple consequence is the following.

Corollary 2.12 Suppose fo, fi,---, fn,... are mutually independent
functions. The set where 21210 fr converges has measure zero or one.

Proof.  Set A,, = Ay,. Then these algebras are independent. Now
with s, = ZZ:O fr, and a fixed positive integer ng, we have by the
Cauchy criterion that

{z: lim s, () exists} = Qruno{x D sn(x) — sm(x)] < %, all n,m > r}.

Since {z: |sp(x) —sp(z)] <1/¢, alln,m >r}e\/,Z, Ax whenever
r > ng we conclude that the set of convergence is a tail set, as desired.

2.4 The central limit theorem

We generalize the special case of this theorem given in Section 1.4, con-
necting its proof in an elegant way with the Fourier transform.

1 Recall that we are using “algebra” as a short-hand for “o-algebra.”
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The setting is as follows. On our probability space (X, m) we are given
a sequence f1, fo,..., of identically distributed, square integrable, and
mutually independent functions (random variables) that each have mean

mo and variance o2.

Theorem 2.13 Let Sy = 25:1 fn. Under the above conditions

SN—Nmo 1 b —t2/(202)
m({x:a<N1/2<b})Ham/ae dt

as N — oo, for each a < b.

In proving the theorem we can immediately reduce to the case where
the mean mg is zero, by replacing f,, by f, —mg for each n. Suppose
now that p is the common distribution measure of the f,,, that py is the
distribution measure of Sy /N 1/2 and v,= is the distribution measure of
the Gaussian with mean zero and variance o2. We consider the Fourier
transforms of these measures, called their characteristic functions. In
the case of u it is given by

o) = [ e au,

with similar formulas!'? for iy and 7.
Note first that 2,2 can be computed explicitly. It is given by the
formula!?

Poa(€) = 2T
The proof of the theorem can now be presented in three relatively easy
steps:
(i) The identity jin (&) = a(¢/NY?2)N | for each N.

(ii) The fact that fin(§) — Up2(E), for each &, as N — oo.

(iii) The resulting consequence that puy((a,b)) — v,2((a,b)), as N — oo
for all intervals (a, b).

12T6 be consistent with our previous usage of the Fourier transform, we have kept the
factor 27 in the exponential, which is not the usual practice in probability theory.
13See for instance Chapter 5 in Book I.
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Now if 1 is the common distribution of the f,,, then as we noted in (6),
for any G : R — R that is (say) continuous and bounded we have

[ @ an= [~ caau

In particular, taking G(t) = e~27¢ with & real, we have

/1(5)—/ e~ 2miEfn () g
X

Similarly iy (€) = [ e=2migSN (@)/N? g However Sy (z) = SN @),
thus by the mutual independence of the f,

N

[ eamessm dm:H< [ e dm) = (¢/NV).
X X

n=1

(Note here the similarity with equation (11).) The identity (i) is therefore
established.

To carry out the second step we prove the following.
Lemma 2.14 j(¢/N'V/?) =1 —20%72¢2/N + 0o(1/N), as N — co.
Proof. Indeed, when £ is fixed
e~ 2miSt/NY? 1 oniet N2 — 2n2¢242 N + En(t)

with En(t) = O(t?/N), but also Ex(t) = O(t3/N3/?). Integrating this
in t, we get

7T2 2 o0
e/NY) =1 = Tt [ B dute)

—0o0
because my = ffooo tdu(t) =0, and 0% = ffooo t2du(t). The lemma will
be proved as soon as we see that ffooo En(t)du(t) = o(1/N). However,
the integral in question can be divided into a part where t> < ey N, and
a complementary part where t2 > ey N. Here we choose ey to tend to
zero as N — oo, while ey N — 0o as N — oo; (for example, the choice
en = N~Y2 will do.) Now for the first part

/ En(t)dt =0 ( / t3/N3/? du(t)>
t2<en N t2<en N

61/2 0o
=0 <Xf /OotQ du(t)>

=o(1/N).
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In addition, for the second part we can estimate

1 9 _,
/tQZENN Ev(t)dt =0 <N /ﬂZeNNt du(t)) =o(1/N).

Having thus proved the lemma we see that

in(€) = ME/NYAN = (1 - 2027262 /N + o(1/N))" |

and this converges to 6_2‘72”252, completing step (ii).

To finish the proof of the theorem we need the following lemma. We
say that a measure is continuous if each point has measure zero.

Lemma 2.15 Suppose {un}, N =1,2,..., and v are non-negative fi-
nite Borel measures on R, and that v is continuous. Assume that fin(§) —
(), as N — oo, for each & € R. Then un((a,b)) — v(a,b) for alla < b.

Proof. We prove first that

(16) un(p) = v(p) as N — oo

for any ¢ that is C*° and has compact support, where we have used the
notation pn(p) = [7 @ (t) dpn(t) and v(p) = [7 @(t) du(t).
Notice that since fin(0) = ffooo dun(t), then the convergent sequence

fix;o dpy (t) must be bounded. As a result, for some M we have | iy (§)] <
M for all N and also |7(€)| < M.

Next, the function ¢ can be represented by its inverse Fourier trans-
form ¢(t) = f_ e 2TV (€) dE, where oV (€) = ¢(—£) is necessarily in
the Schwartz space S. ThlS shows that

/ (1) dpn (1) = / oV ()i (€) d,
R R

by applying Fubini’s theorem to [ [ ™27 xV (€) duy (t) d€, which is jus-
tified by the rapid decrease of ¢¥. Similarly, [@dv = [V (£)D(€)dE.
Then since fin(§) — v(€) pointwise and boundedly we obtain (16).

Now for (a, b) fixed, let . be a sequence of positive C*° functions with
Ve < X(a,b)s and pc(t) = X(ap)(t) for every t as € — 0. Then

~((a,0)) = pn(pe) = v(pe)  as N — oo.
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Figure 3. The functions ¢, and 1. in Lemma 2.15

As a result, iminfy_,o un(a,b) > v(pe), and letting € — 0 gives
lgninfuN((a, b)) > v((a,b)).

Similarly, let 1. be a sequence of C* functions so that 1 > X[q,)
and v(t) — X[q,5(t) for every t, as € — 0. Then by the same reason-
ing, limsupy_, . pn((a,b)) < v([a,b]) = v((a,b)), by the continuity of v.
Thus the lemma is proved, and with it the theorem is established, once
we take v = v, 2.

Another way to put the conclusion of the theorem is in terms of weak
convergence of measures. We say that a sequence of probability measures
{pun} converges weakly to the probability measure v, if (16) holds for
all continuous functions ¢ that are bounded on R.

Corollary 2.16 If uy is the distribution measure of (Sy — Nmg)/N'/2,
then pn converges weakly to v = v,2.

We note first that (16) holds for any function ¢ that is continuous and
has compact support. Indeed such a ¢ can be uniformly approximated
by a sequence {p.} of C* functions of compact support.'* Now

pn(p) = v(p) = un(p — @) = v(p — @) + (un — V) (@e)-

Now the sum of the first two terms on the right-hand side is majorized
by 2sup, [¢(t) — @e(t)], and this can be made small by choosing € con-
veniently. Once € is chosen we need only let N — oo and apply (16)
for ..

14See for example the proof of Lemma 4.10 in Chapter 5 of Book III.
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To pass to ¢ whose support is not compact, we note that

(17) lim sup pin (X (1)) < €(R),

N—o0

where €(R) — 0 as R — oo, and Iy is the interval |t| < R. In fact if ng is
continuous with 0 < ng < x1,, nr(t) =1 for [t| < R/2, then un(x1,) >
un(nr) — v(nr), as N — co. Hence liminfy oo un(xr,) > 1—v(1 —
nr), but v(1 —nr) = €¢(R) — 0, as R — oo so (17) holds.

Now suppose ¢ is a given continuous and bounded function on R.
We can assume that 0 < ¢ < 1. For each R, let ¢r be a continuous
function with @r(t) = ¢(t) for |t| < R, but pr(t) = 0 for |t| > 2R, while
0 < vgr(t) < ¢(t) everywhere.

Then ¢ < g + X(1z)e, SO

pn(0) < un(er) + 18 (X (1r)e)-

Therefore limsupy_, un(p) < v(p) + €(R), and letting R — oo gives
limsupy_, o un(p) < v(p). However

liminf pn (@) > A}im un(pr) =v(er) = v(p) as R— oo.

N —o0

Thus limy o v (¢) = v(g), proving the corollary.

2.5 Random variables with values in R¢

Up to this point, with the exception of Section 1.7, our functions have
been assumed to be real-valued. However, for many purposes it is useful
to extend the theory to the setting where the functions take their values
in R? (and in particular, to complex-valued functions, which corresponds
to the case d = 2). Often this extension is rather routine. In what follows,
we will limit ourselves to a formulation of the d-dimensional version of
the central limit theorem. First, some notation.

Suppose f is an R%valued function on (X, m). We write it in coor-
dinates as f = (fM, f® ..., f@), where each f*) is real-valued. The
distribution measure of f is the non-negative Borel measure ;. on R?
defined by

w(B) =m(f~*(B)) =m({z: f(zx) € B}), for each Borel set B C R%.

Of course u(R9) = 1, so p is a probability measure.

1/2
The function f is said to the integrable if |f| = (Zizl |f(k)|2>
is integrable. Square integrability of f is defined similarly. When
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f is integrable then its mean (or expectation) is defined as the vector
mo = (m(()k)), with m(()k) =[x f®) () dm.

If f is square integrable, the covariance matrix of f is the d x d
matrix {a;;} with

o= [ (9@ = ) a) = mE)dm.
X

Note that a;; = [g.(t; — mg))(tj - m(()j)) du(t), and this matrix is sym-
metric and non-negative. It has a (unique) square root o which is sym-
metric and non-negative, and thus we write o for the covariance matrix
of f.

Next, we say that the sequence of R%valued functions, fi,..., fn...
are mutually independent if the algebras

A, = A;, = {f;*(B), all Borel sets B in R?}

are mutually independent. Notice that this implies that for each vec-
tor &€ = (£1,...,&4) € R? the scalar-valued functions & - f1,...,& - fn,...
where £ - f, = &1 - 7(11) + &5 - f,(lz) 4+ 4 &g ,Sd), are mutually indepen-
dent.

Two other preliminary matters. Given an R%valued random variable
(function) f, its characteristic function is the d-dimensional Fourier
transform (§) = [p. e 2™ du(t), £ € RY, where p is the distribution
measure of f. Of course fi(¢) = [ e 2T 1 () dm,

Also adapting a previous terminology, if {ux} is a sequence of proba-
bility measures on R%, and v is another probability measure on R%, then
we say that uy — v weakly if

/ pduny — pdv as N — oo,
Rd Rd

for all continuous and bounded functions ¢ on R9.

We now come to the theorem. We suppose that our sequence {f,,} of
R?valued functions are mutually independent, that they are identically
distributed and are square integrable with mean zero. If 02 denotes the
common covariance matrix, we assume that o is invertible, and write
o~ for its inverse.

Let un be the distribution measure of ﬁ 22;1 fn, and v,2 be the
measure on R given by

1 o~ (@)|?
2(B)=—— [ e d
vo:(B) = oim (et o) /Be o
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for all Borel sets B C R<.

Theorem 2.17 Under the above conditions on {f,}, the measures py
converge weakly to vy2 as N — oo.

The proof proceeds essentially as in the case of real-valued functions,
showing first the analog of (16) for smooth functions with compact sup-
port, and then proceeding as in Corollary 2.16 for continuous functions.
The calculation of the characteristic function of the Gaussian is given in
Exercise 32.

Remark. The following generalization can be deduced by a slight mod-
ification of the proof of Theorem 2.17. Suppose {f,} satisfies the condi-
tions of the theorem, ¢ > 0, and define

1 [Nt]
SN,t = Wz.fn
n=1

(Here [z] denotes the integer part of z.) Then, the distribution measure
of Sy converges weakly to 14,2 as N — oo. In fact, if 0 < s < ¢, then
the distribution measure of Sn; — Sn,s converges weakly to v_s),2 as
N — oo.

2.6 Random walks

The coin tossing (or sums of Rademacher functions) considered in Sec-
tion 1.1 can be thought of as representing a random walk on the real
line. This walk can be described as follows.

One starts at the origin, then moves along a straight line with steps of
unit length; each step taken has equal probability of going to the right or
left, with different steps having independent probabilities. The position
after the n'® step is given by s, = Zzzl r,. Notice that the values of s,
are always integers.

In R? we will consider a particular version of a random walk, giving
the simplest generalization of the above. It starts at the origin, and the
position of the n'" step is obtained from the previous step by moving
a unit length in a direction of one of the coordinate axes, and doing
this with equal probability, (that is probability 1/(2d)). The passage at
each step will be assumed to be independent of the previous steps. We
formalize this situation as follows.

Let Zyq be the set of 2d points in R? labeled by {+ey, *es,...,+eq},
where e; = (0,...,0,1,0,...,0) with 1 in the 4t coordinate and 0 else-
where. Assign to Zog the measure that gives weight 1/(2d) to each of its
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points. Let X = Z be the infinite product of copies of Zjq, endowed
with the product measure, and call this measure m. Thus X consists
of points & = (x,)%2 1, where each x,, € Za4. Now define ¢, (x) = x,, for
each n. So v,(z) is one of the +e;, for each n, and therefore in fact
takes its values in the lattice Z? of RY. Also {t,} are mutually inde-
pendent functions, since t,(x) depends only on the n*!' coordinate of z.
Note finally that each v, has mean zero and the identity as its covariance

matrix.

The sums
sul@) = 3 wl@)
k=1

represent our random walk, in that x labels a possible path and s, (x)
gives the position of this path at the n*® step. It is convenient to set
so(z) = 0 for all .

Figure 4. The random walk s,, in dimension two

Here we examine only one of the interesting properties exhibited by
this random walk. It illustrates a significant dichotomy between the case
of dimension d < 2 and d > 3.

Theorem 2.18 For the above random walk:

(a) Ifd =1 or2, the random walk is recurrent in the sense that almost
all paths return to the origin for infinitely many n.
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(b) If d > 3, then almost every path returns to the origin at most a
finite number of times. Moreover, there is a positive probability
that the path never returns to the origin.

In fact, when d = 1 or 2, the random walk visits almost surely every point
of Z4 infinitely often. However, when d > 3, one has lim,, . |$,| = o0
almost surely. The proofs of these further conclusions are outlined in
Exercises 34 and 35.

Proof. Let pu be the common distribution measure of each of the t,.
Then 4 is the measure on R%, concentrated at the points +e;, +es, ...,
+eg, assigning measure 1/(2d) to each of these points. Let p, be the
distribution measure of s,. Like u, the measure u,, is clearly supported
on Z<.

If

kezd
is the characteristic function of u, and
(€ = S m({z: sa(a) = K}e2mike
kezd

that of p,, then [,(£) = (1(£))™ by the independence argument used
previously several times. (See for instance (11).) Moreover, as is easily
seen

a(g) = % (cos2m&y + - - 4 cos 2mEy) .

However fi,,(£), like fi(£), is periodic with periods ey, es, ..., eq, and thus
for each n

18)  m{e: su(x)=0}) = /Q 1 (€) dE = /Q ()" de,

where @ is the fundamental cube defined by Q@ = {£: —1/2 < ¢; <1/2,

j=1,...,d}.
As a result of all of this we assert that,

N LSpl) = = 7d£
(19) St su) =00 = [ =T

Note first that 1(£) < 1, so the integrand on the right-hand side is always
non-negative (or +00). The claim is that both sides are simultaneously
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infinite, or finite and equal. In fact multiplying both sides of (18) by 7",
for 0 < r < 1, and summing gives

o0

d§
r*m({z: sy(z)=0}) = / _
RZ:O Q L —ri(8)
and letting r — 1 then yields (19).

Now since

L—p(€) =1~ % (cos2m&y + - - - + cos 2mEy)

2 2
= P +o(el)  asg—o,

and 1 — (&) > ¢y if ea < [€], € € Q, for suitable positive constants ¢; and
ca, we can conclude that the integral

o=

diverges when d = 1 or d = 2, but converges when d > 3. This means that
Yooe om({z: sp(z) =0}) diverges or converges depending on whether
d<2ord>3.

The above has the following interpretation. Let A, = {z : s,(x) = 0},
and x4, its characteristic function. Then #(z) =>""" xa,(z) is the
number of times the path x visits the origin. Thus fX #(z) dm is the
expected number of times all paths visit the origin. However

/X #(x)dm =Y m{z: su(x) =0}) = m(4,),

so if d > 3 this expectation is finite, and therefore almost all paths return
to the origin only a finite number of times, proving the first part of
conclusion (b) of the theorem.

While the expectation is infinite when d < 2, this, by itself, does not
show that almost all paths return infinitely often to the origin. That
we will now see. To proceed we define Fj to be the set of paths where
si(x) = 0 for the first time

Fp, ={z: sg(z) =0,but sg(x) #0 for 1 < ¢ < k}.

(Here we set Fy = 0.) Since the F}, are disjoint, > - m(F)) < 1. We
shall see that for d =1 or 2 in fact Y, m(Fy) = 1, which means that
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almost all paths return to the origin at least once. This is in contrast
with d > 3 where >, m(F}) < 1 which means that for a set of positive
probability, the paths never return to the origin.

We prove these assertions by showing first

(20) m(A,) = Z m(F)m(Ap—g), foralln>1.

1<k<n

In fact, A, = U, <p<,, (Frx N Ay), where this union is disjoint. Therefore
m(A,) =3 cpe, M(Fir N A,). However

F.NnA,=F.n{z: sy(x)— sp(x) =0}.

Hence m(Fy N A,) = m(Fx)m({x : sn(x) — si(z) = 0}) since the sets F,
and {x: sp(x) — sp(x) =0} ={x: Zzzkﬂ to(x) = 0} are clearly inde-
pendent. However

m({z: sp(x) = sp(x) = 0}) =m({z: snp(2) = 0}) = m(Ans),

by the shift-invariance of the measure on the product space Z35. (We
have already observed this kind of invariance in Section 2.1 in a different
setting.) Thus m(Fj N A,) = m(Fr)m(A,—k), giving us (20).

If we set A(r) =>""" jr"m(Ay), F(r) =3 " r"m(F,), 0<r <1,
then (20) can be interpreted to say A(r) = A(r)F(r) + 1, that is F(r) =
1 —1/A(r). First, when d < 2, since the series Y - m(A,) diverges,
then A(r) — oo as r — 1, which gives F(1)=> > m(F,) =1, and
proves that almost all paths return to the origin at least once. Sec-
ondly, when d > 3, since the series >~ m(A,) converges, we deduce
that F(1) = Y7, m(F,) < 1, hence there is a set of positive probability
where paths never return to the origin.

For the case d < 2, to prove infinite recurrence we define for each ¢ > 1
FY ={z: s,(z) =0, but si(z) =0, £ — 1 times, for 1 < k < n}.

(Here we set Fl(é) =(.) Note that FY = F,, and S m(F,EZ)) =1
means that almost every path returns to the origin at least ¢ times.
Then by an argument very similar to that giving (20) we get when ¢ > 2

m(FEO) = 3" m(E)ym(ED,).
1<k<n

So if F®)(r) is defined by >"°7 rim(F"), then

FOr) = PO PO ()
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which by iteration yields F(©)(r) = (F()(r))¢. Letting r — 1 then gives
> m(Fy)) =1, so almost all paths return to the origin at least ¢
times. Since this holds for all £ > 1, conclusion (a) of the theorem is also
proved.

It is interesting to ask what happens to our random walk, when the
time interval between successive steps is taken to be 1/n, the paths are
re-scaled by a factor 1/n'/2, and we then pass to the limit n — oo in
accordance with the central limit theorem. The answer is that in this
way we are led to Brownian motion. This important topic will be our
next subject.

3 Exercises

1. Consider Sy (z) = SN 7, (z), with N odd.

n=1

(a) Calculate m({z : Sn(z) = k}), and show that as k varies over the integers,
the maximum is attained at k = —1 and k = 1.

(b) Adapt the proof when N is even to show that for odd N,

Sn(z)
N1/2

1 b7t22
m{x: a< <b H—/e /dt, as N — oo.
{ n-o= |

2. Find three functions fi, f2, and fs3, so that any pair are mutually independent,
but the three are not.

[Hint: Let fi =r1, fo = ro, and express f3 in terms of r1 and rs.]

3. The collection {r, } of mutually independent functions on [0, 1] cannot be much
enlarged and still remain mutually independent. In fact, prove that if we adjoin
a function f to the collection {r,}, then the resulting collection is also mutually
independent only when f is constant.

[Hint: See also Exercise 16.]

4. Suppose p and v are two finite measures on a space X that agree on a collection
of sets C. If C contains X and is closed under finite intersections, then show that
1 = v on the o-algebra generated by C.

[Hint: The equality p = v holds on finite unions of sets in C because

w(

J

k
C;j) IZM(CJ') — > u(CiNCy)+

i<j

1C -

k
+ > M(CiﬂcjﬂCz)+"'+(—1)k_1u(_ﬂ Ci)l

i<j<{l
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5. Prove that the R%valued functions fi,...,fn are mutually independent if
and only if their joint distribution measure equals the product of the individual
distribution measures:

Wfy o fn =gy X o+ X piy,  as measures on R™ = R? x ... x R%.

[Hint: Check the equality on cylinder sets in R™* and use the previous exercise.]

6. Suppose { fr} is a sequence of mutually independent functions on the probability
space (X, m). Prove that there exists a probability space (X',m’), with X’ an
infinite product, X’ = []>2, Xn, (Xn, mn) probability spaces, and m’ the product
measure of the my, so that the following holds: there are functions {g»} on ¢
so that {f.} and {g.} have the same joint distributions, but each function gy
depends only on the n** coordinate of X’.

[Hint: Take (X, mm) = (X, m) for each n and define g, in terms of the f, ac-
cordingly, and use the previous exercise.]

7. Show that if By, ..., B, are mutually independent algebras, then for each k < n,
the algebras \/5:0 B; and B,, are mutually independent.

Prove this by noting the following. First, use induction to show that if B; € B;,
then Bo N---N By is independent of B,,. Now fix B € B,, and consider the two
finite measures u(E) = m(E N B) and v(E) = m(E)m(B), and the collection C of
sets that are of the form £ = By N --- N By, where B; € B;. Then apply Exercise 4.

8. Verify the following further facts about probability distribution measures.

(a) Suppose f = (fi,..., fr) with each f; an R%valued function. Let u be the
probability distribution measure of f, and let L be a linear transformation
of R% to itself. Suppose that s is the probability distribution measure of f.
Then the distribution measure of L(f) is ur, where pr(A) = u(L™'A) for
every Borel set A C R,

(b) Suppose the distribution measure of f; is Gaussian with covariance matrix
(J'J2~I , 1 <j <k. Assume also that the {f;} are mutually independent. Then
the distribution measure of c¢if1 + - -+ + ck fr is Gaussian with covariance
matrix (ciof + -+ ciop)l.

[Hint: For (b), compute the Fourier transforms (the characteristic functions) of
the measures in question.]

9. Consider the space L2(Q7Rd) of square-integrable R%valued functions on the
probability space (2, P). A closed subspace G of this space is called a Gaus-
sian subspace if it is spanned by a sequence {f,} of mutually independent func-
tions, each having a Gaussian distribution measure with mean zero, and covari-
ance {021}

Prove that if Fi, Fs, ..., Fr are mutually orthogonal elements of G, then they
are mutually independent. Note that the converse of this is immediate.
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[Hint: Consider the case when G is finite-dimensional, and G is spanned by fi,. .., f~.
One may suppose, after multiplication by appropriate scalars, that the f; and Fj
each have L? norm equal to 1. So there exists an orthogonal linear transformation
L so that L(f;) = F;. Then apply Exercises 5 and 8.]

10. Consider the following two types of convergence of a sequence {f,} to a limit
f on a probability space:

(i) fn — f almost everywhere,
(ii) fn — f in terms of weak convergence of their distribution measures.

Prove that (i) implies (ii), but that this implication cannot be reversed.

[Hint: Recall that if ¢ is continuous and bounded, then [ o(f)dp = [ pdus, where
g is the distribution measure of f, and apply the dominated convergence theorem.]

11. On [0,1] with Lebesgue measure, construct a function f whose distribution
measure is normal.

[Hint: Consider the “error function” Erf(zx)

function.]

2
= \/% . e ¥ /24t and its inverse

12. Prove the identity (6), which says that if G is a non-negative continuous
function on R (or continuous and bounded), and f is a real-valued measurable
function (on a probability space (X, m)) with distribution measure p = uys, then

[ c@am = [ cwano.

[Hint: Note that if f is bounded, then Y, G(k/n) m({k/n < f < (k+1)/n}) con-
verges to both integrals as n — 0.

13. The Rademacher sequence {r,} is far from complete on L?([0,1]). In fact it
cannot be completed by adjoining any finite collection of functions. Prove this in
two ways.

(a) By considering the functions {rnrm} for n < m.

(b) By using the L? inequality of Lemma 1.8.

See also Exercise 16.

14. Consider the power series
Z ta,z" = Z rn(t)anz" = F(2,t),
n=1 n=1

where 3" |an|? = 0o and limsup |a, '™ < 1.
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Show that for almost every ¢, the function F(z,t) cannot be analytically con-
tinued outside the unit disc.
[Hint: Argue as in Theorem 1.7 part (b) using Abel summation rather than Cesaro
summation. |

15. Show that the L?([0,1]) span of {r,} can be characterized as the subspace
of L? consisting of those f for which

En(f) = Sn(f), forall N,

where Ex are the conditional expectations corresponding to the dyadic intervals
of length 277,

16. A natural completion of the collection of Rademacher functions are the Walsh-
Paley functions. One defines this collection on [0, 1], denoted by {wy}, in the
following way.

First one sets wo(t) =1, wi(t) =71(t), wa(t) =r2(t) and ws(t) = ri(t)ra2(t).
More generally, if n > 1, n =2 42%2 4 ... 4 2% where 0 < k1 < --- < ke, then
one defines

4
wn(t) = H Thy41(t).

In particular wor—1 = 7.
(a) Prove that {w,}3%, is a complete orthonormal system on L?([0, 1]).

(b) Verify the following additional interesting property of the Walsh-Paley func-
tions: they are the continuous characters of the compact abelian group Z5°
(thought of as the product of the two-point abelian groups Zs).

[Hint: Equip the group Z5° with the addition x 4+ y defined by (z + v); = z; + y;
mod 2 if x = (z;) and y = (y;). Then ri(xz +y) = re(x)re(y).

Consider also the “Dirichlet kernel” Ky (t) = Ziv:_ol wg(t), and show that if
N =27, then Kn(t) =[[j_,(1+r;(t)), hence Kon(t) =2"if 0<t<27" and 0
otherwise. As a result, using the convolution [ f(y)Kn(z + y)dy, note that if
f~ > arwg, then Y, ,n arwg = En(f), where E, was defined in Section 1.6.
See also Problem 2*.]

17. The inequality in Lemma 1.8 may be strengthened as follows. Let F(t) =
3% | anTn(t), with a, real and 3°°° | a2 = 1. Then

(a) fol eMF®O1 g < 26“2, for all 0 < p.
b) As a result, for some ¢ > 0, Ll FOPR gt < o0,
0

[Hint: Part (a) implies that m({t : |F(t)| > a}) < 2e"” e Choose ©=a/2, and
obtain (b) with ¢ < 1/4.]
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18. Prove that there exists an f in L?([0,2n]), for all p < oo, f ~ 3% cne™?,
so that 3 |c,.|? = oo, for all ¢ < 2. Hence the Hausdorfl-Young inequality in Sec-
tion 2.1 of Chapter 2 fails for p > 2.

[Hint: Use Theorem 1.7.]

19. Suppose F(t) = Y2 | anry(t) with 3" a? < co.

(a) Prove directly that there exists a constant A so that

IF[Ls < AllF| gz

(b) Show as a result that there is a constant A’ so that || F|| 2 < A'||F|p1.

(¢) Conclude that ||F||r < Ap||F |11, for 1 < p < co.
[Hint: For (a) write out fol F*(t) dt as a sum and use the orthogonality of r,, (£)7m (t).
For (b) use Holder’s inequality. For (c) use Lemma 1.8.]
20. Suppose {A,} is a sequence of subsets of the probability space X.

(a) If> m(Ayn) < oo, then m(limsup,,_, . An) =0, where limsup,,_, . A, is de-
fined as (72, Uze,, Ak-

(b) However if > m(A,) = oo, and the sets {A,} are mutually independent,
then m(limsup,,_, ., An) = 1.

This dichotomy is often referred to as the Borel-Cantelli lemma. (See also Book III.)
[Hint: In the case (b), m (Ny_, A%) = [Tr_,.(1 — m(Ax)).]

21. Except for a countable set (the dyadic rationals) it is possible to assign a
unique dyadic expansion to each real number « in [0, 1], that is,

a:Z% with z; =0 or 1.

Jj=1

Given such a number «a let #n(a) denote the number of 1’s that appear among
the first N terms in the dyadic expansion of a. We say that « is normal, if its
dyadic expansion contains a density of 1’s equal to the density of 0’s, that is,

lim #NT@‘) =1/2.

N —oo

(a) Prove that (with respect to the Lebesgue measure) almost every number in
[0, 1] is normal.

(b) More generally, given an integer ¢ > 2 consider the g-expansion of a real
number « in [0, 1],

(21) a=>"%  witha; =0,1,...,q— 1.
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Again, ignoring a countable subset, this expansion is unique. For a given real
number « and for each 0 < p < ¢ — 1, define #, v() to equal the number
of j’s with 0 < j < N for which x; = p in the g-expansion of a. A number
that satisfies

lim
N—o0

#p,N(a) _
N - 1/q,

for every 0 < p < ¢ — 1 is said to be normal to base q.

Show that almost all real numbers in [0, 1] satisfy this property.

[Hint: Consider the infinite product []Z, with each factor given the uniform mea-
sure. Under (21) the product measure corresponds to the Lebesgue measure on
[0,1]. Now apply the law of large numbers as in Theorem 2.1.]

22. A sequence {fn}nzo of functions on X is called a (discrete) stationary
process if for every N the joint probability distribution of fr, fr41,..., fren is
independent of 7.

Consider the probability space Y constructed as in the proof of Theorem 2.1.
Show that whenever the sequence { f,} is a stationary process, then it has the same
joint distribution as the sequence {go(7"(y))}, where go is a suitable function on Y
and 7 is the shift. Hence the ergodic theorem is equally applicable in this more
general situation.

23. Prove that the conditions in Theorem 2.1 are sharp in the following sense. If

{fn}nlo are mutually independent and identically distributed, but [ |fo(x)|dm =

0o, then for almost every z, the averages + Lyt _o [fn(2) fail to converge to a limit

as N — oo.

[Hint: Let A, ={z: |fa(z)] >n}. The sets A, are independent. However,
o om(An) =32 ym({z 2 [fo(x)| > n}) = [y |fo(x)]dm = oco. Then use Ex-

ercise 20.]

24. The following are examples of conditional expectations.

(a) Suppose X = J A, is a finite (or countable) partition of X, with m(A,) > 0
whenever A,, is non-empty. Let A be the algebra generated by the sets { A, }.
Then E4(f)(x) = m J4, fdm whenever z € Ay.

(b) Let X = X7 x X5, with the measure m on X being the product of the
measures m; on X;. Let A= {A x Xz}, where A ranges over arbitrary
measurable sets of Xi1. Then E4(f)(x1,x2) sz (z1,y) dma(y).

25. In the following four exercises {s,} will denote a martingale sequence corre-
sponding to the increasing sequence of algebras A,, and their conditional expecta-
tions E,.

Suppose sn = E,(so0) with s € L?. Then {sn} converges in L2

[Hint: Note that if f, = sn — sn—1 then the f,’s are mutually orthogonal and

Sn =80 = >y fr]
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26. Prove the following.

(a) If seo € LP, then s, = E,(so) € LP, and ||sn||r < ||Seo||zr for all p with
1<p< oo

(b) Conversely, if {s,} is martingale and sup,, ||sn|/zr < 0o, then there exists
Seo € LP, so that s, = Ep(se), when 1 < p < oo.

(c) Show, however, that the conclusion in (b) may fail when p = 1.

[Hint: For (a) argue as in the proof of Lemma 2.5(a). For (b), use Lemma 2.5 and
also the weak compactness of LP, p > 1, as in Exercise 12 in Chapter 1. For (c),
let X =[0,1] with Lebesgue measure, and consider s,(z) =2" for 0 <z <27",
sn(x) = 0 otherwise.]

27. Suppose that s, = E,(Sx), With so integrable on X.

(a) Show that s, converges in the L' norm as n — oo.

(b) Moreover s, — Soo in L' if and only if s is measurable with respect to the
algebra Ao = Voo An.

[Hint: For (a) use Exercises 25 and 26 (a). Then lim s, = E4_ (Ss), and use the
previous exercise.]

28. Suppose that s, = En(Sx), and s € L.

(a) Show that

m({a sgp|sn<x>|>a}>s§/‘ o @l

(b) Prove as a result ||sup,, |sn||lzr < Ap||Scc|lzr if Soo € LP and 1 < p < o0.

[Hint: For (a), note that when so, > 0 this is a consequence of (15). To deduce (b)
adapt the argument in the proof of Theorem 4.1 in Chapter 2 for the maximal
function f*.]

29. The results for real-valued martingale sequences {s,} discussed in Section 2.2
go through if we assume that the s, take their values in R?. Verify in particular
that the following consequences of identity (14) hold:

(a) |sk| < Ex(|sn]), if k& < n.
(b) m({x: sup,, |sn(z)| > a}) < if‘%c(z)ba |Soo ()] da.

Here | - | denotes the Euclidean norm in R<.

[Hint: To prove (a), note that (sk,v) = Ex((sn,v)), where (-, -) is the inner product
on R?, and v is any fixed vector in R%. Then take the supremum over unit vectors v.
The conclusion (b) is a consequence of (a) and part (a) of Exercise 28.]
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30. The ideas regarding conditional expectations extend to spaces (X, m) whose
total measures are not necessarily finite. Consider the following example: X = R9,
with m the Lebesgue measure. For each n € Z, let A,, be the algebra generated by
all dyadic cubes of side-length 27™. The dyadic cubes are the open cubes, whose
vertices are points of 27"Z?, and have side-length 27". Clearly A, C An41 for
all n. Let f be integrable on R?, and set E,(f) = E.4,, (f), with

Eo(f)(z) = @/Qfdm

whenever z € @, with @ a dyadic cube of length 27".
(a) Show that the maximal inequality in Theorem 2.10 extends to this case.

(b) If f >0, thensup, ¢z En(f)(x) < cf*(x) for an appropriate constant ¢, with f*
the Hardy-Littlewood maximal function discussed in Chapter 2.

(c) Show by example that the converse inequality f*(z) < ¢’ sup,,cz En(f)(z)
fails. Prove however that a substitute result holds

m({z: f*(z) > a}) < exm({o : supEn (f) (@) > caa)

nez

for all &« > 0. Here ¢; and co2 are appropriate constants.

31. Let {un}3_; and v be probability measures on R?. Prove the following are
equivalent as N — oo.

(a) An(§) — D(€), all € € RY.
(b) pun — v weakly.

(¢) In R, pun((a,b)) — v((a,b)) for all open intervals (a,b), if we assume the
measure v is continuous.

(d) In R, un(O) — v(O) for all open sets O, if we assume the measure v is
absolutely continuous with respect to Lebesgue measure.

[Hint: In R, the equivalence of (a), (b) and (c) is implicit in the argument given
in the proofs of Lemma 2.15 and Corollary 2.16. To show that (a) implies (d) in
the case when O is an open cube, generalize the argument given in the text to R%.
Then, prove that the analog of (d) holds for closed cubes. Finally, use the fact
that any open set is an almost disjoint union of closed cubes. To show that (d)
implies (b), approximate a continuous function ¢ of compact support uniformly
by step functions that are constant on cubes.]

32. The proof of Theorem 2.17 requires the following calculation. Suppose o is a

strictly positive definite symmetric matrix with ¢~! denoting its inverse. Let v,»
. . _leTl@?
be the measure on R? with density equal to ,x € R, Then

(€)= e 2 1017

1
(27)4/2 (det o) €
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[Hint: Verify this by making an orthogonal change of variables that puts o in a
diagonal form. This reduces the d-dimensional integral in question to a product of
corresponding 1-dimensional integrals.]

33. For the d-dimensional random walk {s,(z)} considered in Section 2.6, find
the limit of the distribution measures of s, (z)/n'/? as n — oo.

34. If k is a lattice point in Z% and d = 1 or 2, show that for almost every path,
the random walk visits k infinitely often, that is,

m({z: sn(x) =k for infinitely many n} = 1.

[Hint: There exists £y so that m({s¢, = —k}) > 0. If the conclusion fails, then
there exists ro so that m({s, # k, for all n > r9}) > 0. Then note that

{sn #0, allm > Lo + 10} D {see = —k} N {sn — sy # k,all n > o+ 10},

and that the sets on the right-hand side are independent.]

35. Prove that if d > 3, then the random walk s, satisfies limp—.oc |$n| = 00 almost
everywhere.

[Hint: It is sufficient to prove that for any fixed R > 0 the set
B={x: hnn_1>1013>f|sn(x)| < R}
has measure 0. To this end, for each lattice point k, define
B(k,£) ={z: s¢(x) =k, and sp(x) = k for infinitely many n}.

Clearly, B C U,, < B(k,£). But d > 3, so m(B(k,£)) = 0).]

4 Problems

1. In the context of Bernoulli trials with probabilities 0 < p,q < 1, where p+ q =
1, let D : Z$° — [0, 1], be given by

D(w)zZmnﬂn ifx=(x1,...,Tn,...).
n=1

Under this mapping the measure m, goes to the measure p, that can be written
symbolically as a “Riesz product,” p, = [[°,(1+ (p — ¢)rn(t)) dt. The meaning
of this is as follows. For each N, let

Put) = [ T0+ 0= ar()ds

Then one can show that:
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a) Each Fy is increasing on [0, 1].

(
(b) Fn(0) =0, Fy(1) =1.
(d
(e

)
)

(¢) Fn converges uniformly to a function F, as N — oo.
) tp = dF, in the sense that u,((a,b)) = F(b) — F(a).
)

If p # 1/2, then p, is completely singular (that is dF/dt = 0 almost every-
where.)

[Hint: Show that if I = (a,b) is a dyadic interval of length 27", a = ¢/2™ and
b=(£+1)/2", and N > n, then

Fn(b) — Fn(a) =p"°q",

where ng is the number of zeroes in the first n terms of the dyadic expansion of
£/2™, and n; is the number of 1’s, with ng +n1 = n.]

2." There is an analogy between the Walsh-Paley expansion (see Exercise 16) and
the Fourier expansion, that is, between {w,}3%, and {e"?}52__,. In this anal-
ogy the Rademacher functions r, = wyr—1 correspond to the lacunary frequencies

{eizkg}zozo. In fact, the following is known:

(a) If 322, cee’?"? is an L?([0, 27]) function, then it belongs to LP, for every
p < o0.

(b) If 322, cee'?"? is the Fourier series of an integrable function, it belongs to
L?, and hence to L? for every p < oo.

(c) This function belongs to L* if and only if > 72 |cx| < co.

(d) From (c) it follows that the conclusion (a) of Theorem 1.7 does not neces-
sarily extend to p = oco.

3. The following is a general form of the central limit theorem. Suppose f1,..., fn,...
are square integrable mutually independent functions on X, and assume for sim-
plicity that each has mean equal to 0. Let u, be the distribution measure of f,,
and o2 the variance. Set S2 = >y o2. The critical assumption is that for every
e>0

n

. 1 2
lim — / t“dun(t) = 0.
oo 53 ; |t|>eSn “

Under these conditions the distribution measures of ﬁ > h_y fr converge weakly
to the normal distribution v with variance 1.

4.” Suppose {fn} are identically distributed, square integrable, mutually indepen-
dent, have each mean 0 and variance 1. Let s, = »>_,/_, fx. Then for a.e.
Sn(x)

I 1) E—
l,?lsolip (2nloglogn)i/2
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This is the law of the “iterated logarithm.”

5. An interesting variant of the random walk in R? (often referred to as a “random
flight”) arises if the motion of unit distance at the n'® step is allowed to be in any
direction (of the unit sphere). More precisely

Sn:f1+"'+fn7

where the f, are mutually independent, and each f, is uniformly distributed on
the unit sphere S9! € R%. The underlying probability space is defined as the infi-
nite product X = [[]2, S;, where each S; = S with the usual surface measure
normalized to have integral 1.

(a) If p is the distribution measure of each f,, connect ji(£) with Bessel func-
tions.

(b) What is the covariance matrix?
(c) What is the limiting distribution of s, (x)/n'/2?

[Hint: Show that ji(€) = I'(d/2)(r|€])*~ /2T 4_a)/2(27|€]) by using the formulas
in Problem 2, Chapter 6 of Book 1]



6 An Introduction to Brownian
Motion

Norbert Wiener: a precocious genius... whose feeling
for physics and appreciation of Lebesgue integration
was so deep that he was the first to understand the
necessity of and the proper context for a rigorous def-
inition of Brownian motion, which he then devised,
going on to initiate the fundamentally important the-
ory of stochastic integrals; who, however, was so unfa-
miliar with the standard probability techniques even
at elementary levels that his methods were so clum-
sily indirect that some of his own doctoral students
did not realize that his Brownian motion process had
independent increments; who was the first to offer a
general definition of potential theoretic capacity; who,
however, published his probabilistic and potential the-
oretic triumphs in a little-known journal, with the re-
sult that this work remained unknown until too late
to have its deserved influence...

J. L. Doob, 1992

Between the 19" and 20*" centuries there was a change in the scientific
view of the natural world. The belief in the ultimate regularity and pre-
dictability of nature gave way to the recognition of a degree of inherent
irregularity, uncertainty, and randomness. No mathematical construct
better encompasses this idea of randomness, nor has wider general inter-
est, than the process of Brownian motion.

While there are different ways of constructing the Brownian motion
process, the approach we have chosen attempts to see the Brownian paths
in R? as limits of random walk paths, appropriately rescaled. The ana-
lytic problem that then must be dealt with is the question of convergence
of the measures induced by these random walks to the “Wiener measure”
on the space P of paths.

A remarkable application of Brownian motion is to the solution of
Dirichlet’s problem in a general setting.! It is based on the following

ISee also the previous discussion for the disc in terms of Fourier series in Book I, in
relation to conformal mappings in Book II, and the use of Dirichlet’s principle in Book III.
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insight that goes back to Kakutani. Namely, whenever R is a bounded
region in R%, 2 a fixed point in it, and E a subset of OR, then the
probability that a Brownian path starting at x exits R at FE, is the
“harmonic measure” of E/ with respect to x.

A key to understanding this approach is the notion of a “stopping
time.” The basic example here is the first time that the path starting
at x hits the boundary. Incidentally, stopping times were already used
implicitly in the proof of the martingale maximal theorem in the previous
chapter.

One also needs to come to grips with the “strong Markov” property of
Brownian motion, which essentially states that if the Brownian motion
process is restarted after a stopping time, the result is an equivalent
Brownian motion. The application of this Markov property is a little
intricate, and it is best understood in terms of an identity that involves
two stopping times.

1 The Framework

Here we begin by sketching the framework of our construction of Brown-
ian motion. At first we describe the situation somewhat imprecisely, and
postpone to Sections 2 and 3 below the exact definitions and statements.

We recall the random walk in R? studied in the previous chapter (in
Section 2.6). It is given by a sequence {s,}52; where

Sp = Sp(x) = Ztk(aj),
k=1

with s, (z) € 74 for each x in the probability space Zg. This probability
space carries the probability measure m, which is the product measure
on Zgy. In this random walk we visit points in Z¢ moving from a point
to one of its neighbors in steps of unit “time” and “distance.”

Next we consider the rectilinear paths obtained by joining these suc-
cessive points, and then rescale both time and distance, so that between
two consecutive steps the elapsed time is 1/N and the traversed distance
is 1/N'/2_ all in accordance with our experience with the central limit
theorem. That is, for each N we consider

1 Nt — [Nt
M M@= Y we s YD)
1<k<[Nt]

Now for each N, St(N) is a stochastic process, that is, for 0 <t < oo,
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St(N) is a function (random variable) on a fixed probability space (here,
(Z55.m)).

Our goal is the proper formulation and proof of the assertion that we
have the convergence

(2) SN B, as N — oo,
where B, is the Brownian motion process in R

So to proceed we need first to set down the properties that characterize
this process. Brownian motion B; is defined in terms of a probability
space (€, P), with P its probability measure and w denoting a typical
point in 2. We suppose that for each ¢, 0 <t < oo, the function B; is
defined on € and takes values in RY. The Brownian motion process
B; = B;(w) is then assumed to satisfy By(w) = 0 almost everywhere and:

B-1 The increments are independent, that is, if 0 <1 <ty < -+ < ty,
then By,, By, — By,, ..., By, — By, _, are mutually independent.

B-2 The increments By, — B; are Gaussian with covariance hl and
mean zero,? for each 0 < t < co. Here [ is the d x d identity matrix.

B-3 For almost every w € €, the path t — By(w) is continuous for 0 <
t < oo.

Note that in particular, B; is normally distributed with mean zero and
covariance t1.

Now it will turn out that this process can be realized in a canonical way
in terms of a natural choice of the probability space 2. This probability
space, denoted by P, is the space of continuous paths in R? starting at
the origin: it consists of the continuous functions ¢ — p(t) from [0, c0)
to R? with p(0) = 0.

Since, by assumption B-3, for almost every w € ) the function t —
Bi(w) is such a continuous path, we get an inclusion 4 : 2 — P and then
the probability measure P gives us, as we will see, a corresponding mea-
sure W (the “Wiener measure”) on P.3

One can in fact reverse the logic of these implications, starting with
the space P and a probability measure W given on it. From this, one
can define a process B, on P with

(3) By(p) = p(t).

2In the notation of the previous chapter the increments have distribution v,;.
3More precisely, the inclusion i is defined on a subset of Q of full measure.
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We then say that the measure W on P is a Wiener measure if the
process B, defined by (3) satisfies the properties of Brownian motion set
down in B-1, B-2 and B-3 above. Thus the existence of a Wiener measure
is tantamount to the existence of Brownian motion. In fact, we will focus
on constructing a Wiener measure and then relabel B, and designate it
by B:. Moreover we will see that such a Wiener measure on P is unique,
and so we speak of “the” Wiener measure.

Now returning to the random walks and their scalings given in (1), we
have defined for each x € Z3 a continuous path ¢ — St(N) (x) defined for
0 <t < 0co. Thus the probability measure m on Z35 induces a probability
measure gy on P via

un(A) =m({z € 235 : SOV (x) € A}),

where A is any Borel subset of paths in P. With this, our goal is the
following assertion:

The measures un converge weakly to the Wiener measure W
as N — oo.

Notice that it is not claimed that the convergence in (2) is anything like
pointwise almost everywhere, but only a statement essentially weaker in
appearance in terms of convergence of induced measures.*

2 Technical Preliminaries

With P denoting the collection of continuous paths ¢ — p(t) from [0, co)
to R such that p(0) = 0, we endow P with a metric with respect to which
convergence is equivalent to uniform convergence on compact subsets of
[0, 00).

For two such paths, p and p’ in P, we set

dn(p,p') = sup [p(t) —p'(t)],
0<t<n

and
oo

. 1 du(p,p)
d(p,P)*ZTnT(p,p’)'

n=1

Then it is easily verified that d is a metric on P. We record here some
simple properties of d, whose proofs may be left to the reader:

4Since S,EN) and B; are defined on different probability spaces, pointwise almost ev-

erywhere convergence would not be meaningful. It is also to be noted that the rectilinear

(N)
t

paths corresponding to S are a subset of zero W-measure of P.
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e We have d(pg,p) — 0, as k — oo, if and only if p; — p uniformly
on compact subsets of [0, 00).

e The space P is complete with respect to the metric d.
e P is separable.

(See also Exercise 2.)

We next consider the Borel sets B of P, defined as the o-algebra
of subsets of P generated by the open sets. Since P is separable, the
o-algebra B is the same as the o-algebra generated by the open balls
in P.

A useful class of elementary sets in B is that of the cylindrical sets,
defined as follows. For each sequence 0 < t; <ty < --- <1, and a Borel
set A in R¥* = R? x ... x R? (that is, k factors R?), then

{peP: (p(t1),p(t2),...,p(tx)) € A}

is called a cylindrical set.> We denote by C the o-algebra of P generated
by these sets (as k ranges over all positive integers and A over all Borel
sets in R7).

Lemma 2.1 The o-algebra C is the same as the o-algebra B of Borel
sets.

Proof. If O is an open set in R% then clearly

{peP: (p(t1),p(t2),---,p(tr)) € O}

is open in P, and hence this set belongs to B. As a result, cylindrical
sets are in B, thus C C B.

To see the reverse inclusion, note that for any fixed n and a and a given
path pg, the set {p € P : supy<;<, [P(t) — po(t)| < a} is the same as the
corresponding set where the supremum is restricted to the ¢ in [0,n] that
are rational, and hence this set is in C. It is then not too difficult to see
that for any ¢ > 0, the ball {p € P: d(p,po) < d} is in C. Since open
balls generate B we have B C C, and the lemma is established.

We will now consider probability measures on P, and in what follows
these will always be assumed to be Borel measures, that is, defined
on the Borel subsets B of P. For any such measure u, and any choice

5This terminology is used to distinguish it from “cylinder sets” that appear in product
spaces.
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0 <ty <ty <---<ty, we define the section p(t1:¥2t%) of 1 to be the
measure on R given by

(4)  pltvtzet)(A) = u({p € P: (p(t1),p(ta),...,p(tr)) € A})

for any Borel set A in R,

It follows from Lemma 2.1 and Exercise 4 in the previous chapter that
two measures u and v on P are identical if p(t1:t20tk) = p(tsta,sts) for
all 0 <ty <ty <--- <tyg, since they then agree on all cylindrical sets
(and the intersection of two cylindrical set is also a cylindrical set). The
converse, that if 4 = v then all their sections agree, is obviously true.

We will be concerned with a sequence {uy} of measures on P, and
the question whether this sequence converges weakly, that is, whether
there exists another probability measure p so that

(5) / fdun —>/ fdu as N — oo, for every f € Cp(P).
P P

Here Cy,(P) denotes the continuous bounded functions on P.

A particular feature of our metric space P that does not allow certain
compactness arguments to apply in regard to (5) is that P is not o-
compact. (See Exercise 3.) This is the reason for the significance of the
following lemma of Prokhorov.

Suppose X is a metric space. Assume that {ux} is a sequence of
probability measures on X, and that this sequence is tight in the sense
that for each € > 0, there is a compact set K. C X so that

(6) pun(KE) <e,  forall N.

In other words, the measures uy assign a probability of at least 1 — € to
K, for all N.

Lemma 2.2 If {un} is tight, then there is a subsequence {un,} that
converges weakly to a probability measure p on X.

Proof.  For each compact set K, arising in (6) with € = 1/m, we
construct a countable collection of functions D,, C Cp(X) so that:

(i) The functions g|k, ,,,, with g € Dy,, are dense in C (K ).

(11) SUPyex |g(£1?)| = SumeKl/m |g(13)|, lfg € Dm



244 Chapter 6. AN INTRODUCTION TO BROWNIAN MOTION

The Dy, can be obtained as follows. Since K/, is compact, K, and
C(K1/m) are both separable. (See Exercise 4.) Now if {g;} is a count-
able dense subset of C(K /), we can extend each g; defined on K,
to a function g, defined on X by the Tietze extension principle. (See
Exercise 5.) The resulting collection of functions is taken to be D,,.

Now since D =|J~_, D,, is a countable collection of functions in
Cy(X), we can use the usual diagonalization procedure to find a sub-
sequence of the measures {py}, which we relabel as {uy}, so that

pn(g) = /ngN

converges to a limit as N — oo, for each g € D.
Next we fix f € Cy(X), and write

pn(f) =un(f —g) +un(9).

Now given any m we can find g € D,,, so that |(f —¢g)(z)] < 1/m if
x € Ky/p,. Therefore, with || - || denoting the sup-norm on X, we have

xtr =gl < [ Ar—glduw+ [ 17 gldux

Kl/'nz 1/m

11
—+ —|If =4l
m m

1 1 1
1,1 (2||f|| ; ) |
m m m

where we have used (ii) above. From this it is clear that

IN

IN

limsup pn (f) —liminf uy (f) = O(1/m),

N—o0

and since m was arbitrary, the conclusion is that limy_,.c pn(f) exists.
This defines a linear functional ¢ on Cy(X) by

(f) = Jim_ ().

Now we note that ¢ satisfies the requirements of Theorem 7.4 in Chap-
ter 1. In fact, given € > 0, if we choose K as in the definition of tightness,
then

()] < / flduy + /K 1 du,

€
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so the inequality (6) implies

lun ()] < sup [f(2)] + €]l f],

rxeEK,

and thus the same estimate holds for ¢(f), satisfying the hypothesis (21)
of the relevant theorem in Chapter 1. This yields that the linear func-
tional £ is representable by a measure p, and since we then have py(f) —
wu(f) for all f e Cy(X), we see that uy — u weakly.

Corollary 2.3 Suppose the sequence of probability measures {un} is
tight, and for each 0 <ty <ty <--- <t the measures ug\tf"”’t’“) con-
verge weakly to a measure fi, ... 1., as N — co. Then the sequence {un}

converges weakly to a measure pu, and moreover p(ti-ts) = Pty g

Proof.  First, by Lemma 2.2, there is a subsequence {uy, } that
converges weakly to a measure p. Next, M%ILtk) — pltrtk) weakly.
In fact, if wtt-t2:-t is the continuous mapping from P to R¥? that as-
signs to p € P the point (p(t1),p(t2),...,p(tx)) € R* then, by defini-
tion, putte) (A) = p((wtt) "L A) for any Borel set A C R%*. As a

result

fdll/(tlwn,tk) _ / (foﬂ'tl"“’tk)du
Rdk P

for any f € Cp(R?%), with a similar identity with u replaced by pn

m*°

From this, and the weak convergence of jun, to j, it follows that p(f1ot) =
Mty oty

We now observe that the full sequence {uy} must converge weakly
to p. Suppose the contrary. Then there is another sequence uy, and a
bounded continuous function f on P, so that [ f dupy: converges to a
limit that is not equal to f fdu. Now using Lemma 2.2 again, there is
a further subsequence {xy»} and a measure v, so that puy» converges
weakly to v, while v # u. However by the previous argument we have
ptieate) = [ (t-te) for all choices of 0 <ty <ty < --- < t. Therefore
v = pu, and f fdu= f fdv. This contradiction completes the proof of
the corollary.

In applying the lemma and its corollary it will be necessary to prove
that appropriate subsets K of the path space P are compact. The fol-
lowing gives a sufficient condition for this when K is closed. (It can be
shown to be necessary. See Exercise 6.)
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Lemma 2.4 A closed set K C P is compact if for each positive T there
is a positive bounded function h— wr(h), defined for h € (0,1] with
wr(h) — 0 as h — 0, and so that

(7) sup sup |p(t+h) —p(t)] <wr(h), for h € (0,1].
peK 0<t<T

The condition (7) implies that the functions on K are equicontinuous on
each interval [0, T]. The lemma then essentially follows from the Arzela-
Ascoli criterion. (Recall, this criterion was used in a special setting in
Section 3, Chapter 8 of Book II.)

3 Construction of Brownian motion

We now prove the existence of the probability measure W on P that
satisfies the following: If we define the process B; on the probability
space (P, W) by

Bi(p) =p(t), forpeP,

then B, verifies the defining properties B-1, B-2 and B-3 of Brownian mo-
tion set down at the beginning of this chapter (with (P, W) playing the
role of (€2, P)). Note that if we are assured of the existence of such a W,
the measure W (tt:t2:t) ig the distribution measure of (By,, ..., By,).
Therefore, by Exercise 8 in Chapter 5, this distribution measure is de-
termined by properties B-1 and B-2, hence with this data the Wiener
measure W is uniquely determined, as in the remarks following the proof
of Lemma 2.1.

To construct W we return to the random walk {s,} discussed at the
beginning of this chapter, with its attached probability space (Z35, m).
Now for each = € Z35 there is a path ¢ — St(N) (x) given by (1). This
gives an injection iy : Z35 — P. If Py denotes the image of in (the
collection of random walk paths scaled by the factor N=/2) then Py
is clearly a closed subset of P. Now via iy, the product measure m on
Zsg induces a Borel probability measure pn on P, which is supported on
Py, by the identity un(A) =m(iy' (AN Py)). (Note that iy' (AN Py)
is a cylinder set in the product space Z3; whenever A is a cylindrical set

in P.)

Theorem 3.1 The measures pun on P converge weakly to a measure as
N — oco. This limit is the Wiener measure W .
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There are two steps in the proof. The first, that the sequence u satisfies
the tightness condition, is a little intricate. The second, that then un
converges to the Wiener measure, is more direct. The second step is
based on the central limit theorem.

For the first step, the following lemma is key. It is a consequence of
the martingale properties of sums of independent random variables dealt
with in the previous chapter. Consider the unscaled random walk

sn(z) = ) w(a).

1<k<n

This is S in (1) with N =1 and t = n.
Lemma 3.2 We have as A — oo,

(8) sup m({x : sup|si(z)| > Ant/?}) = O(A7P)

for every p > 2.

Remark. In the first application below it suffices to have the conclusion
for some p such that p > 2.

To prove the lemma we apply the martingale maximal theorem of the
previous chapter (Theorem 2.10, in the form that it takes in Exercise 29,
part (b)) to the stopped sequence {s} } defined as s}, = s;, if k <n, s}, =
sy if k>n, and s, =s,. With s}, =sup,, |sk| =sup, |s;| we then
have

(%

9) m({x: s, >a}) < 1/| N |sn| dm.

Multiplying both sides by pa?~! and integrating, using an argument
similar to the one used in Section 4.1 of Chapter 2 yields

/(s:;)P dm < pl/|sn|pdm.
-

Now, the Khinchin inequality of Lemma 1.8 in the previous chapter,
applied to the more general setting described in Exercise 10 gives

p/2
/|snpdm<A</|sn|2dm> .



248 Chapter 6. AN INTRODUCTION TO BROWNIAN MOTION

Thus
1 A
m({s; > a}) < —lshlf, < =lisala.

1/2 1/2

Setting o = An'/? and recalling that [|s,|/z =n

of the lemma.

completes the proof

Let us now prove that the sequence {uy} converges weakly to a mea-
sure p. For this we use Corollary 2.3, and begin by showing that the
sequence {uy} is tight, that is, for every € > 0 there is a compact subset
K, of P so that pun(KE) < e for all N.

To this end we will invoke Lemma 2.4 and first consider the situa-
tion for T'=1. We fix 0 < a < 1/2, throughout the rest of the proof of
the theorem. Then with our given ¢ we will see that we can select a
sufficiently large constant ¢; so that

(10) m({z: sup |S£iv,z - SLSN)| > ¢10° for some 0 < 1}) <e.
0<t<1, 0<h<s

Therefore if we define

KW = {z: sup |Sﬁrv}2 - St(N)| < ¢10% all 6 <1},
0<t<1, 0<h<s
and
KD —{p:  sup  |p(t+h)—p(t)] <16, all 6 < 1},

0<t<1, 0<h<$

then m((K™M)¢) = un((KM)¢) < e. Note also that then (7) is satisfied
for K = KM, T =1, and w;(8) = ¢16%, and hence K is compact.

In proving (10), let us first consider the analog of this set but with ¢
fixed, and § of the form § = 27%, with k a non-negative integer. We then
decompose the interval [0,1] via the 2¥ 4 1 partition points {t;}, where
t; =70 = j27% with 0 < j < 2%, Next, observe that for any function f
defined on [0, 1 + ¢], we have

sup  |f(t+h) = f(t)] < 2max{ sup [f(t; +h) — f(¢;)[}-
0<t<1, 0<h<s J 0<h<$

Thus with f(t) = St(N) and any fixed o > 0,

2k

N N N N g

m({swp IS =85> o)) <Y om({ sup |5, SV > 5.
0<t<1, 0<h<§ s 0<h<$
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However m({x : supy<p<s |St(jv+)h - ng)| > 0/2}) equals the same quan-
tity with ¢; replaced by 0, that is, it equals

m({z : sup |S}(LN)|>O'/2}),
0<h<s

and this itself equals m({x : sup, sy |sn(z)| > (0/2)N'/?}). These as-
sertions follow from the definition (1) and the “stationarity” of the ran-
dom walk: the fact that the joint probability distribution of (t,,, tm41,
.+ yUmtn) is independent of m, for all m > 1 and n > 0. (Recall that
{v,} are defined in Section 2.6 of the previous chapter.)

Thus by Lemma 3.2, if we take A = o7/(26%/2), then N1/22 = A\(6N)1/2,
and

1 o -p
m{z:  sup |5§f;3—55m|>0}>:0<5 (5572) )

0<t<1, 0<h<é

Here p is at our disposal. We now set o = ¢1%, with a fixed 0 < a < 1/2.
Then the O term becomes O(c; *6%), with b = —1 + (3 — a)p. Therefore,
since a < 1/2 we can make b strictly positive by choosing p large enough,
and then fix p. To summarize, with § = 27 we have proved

m({z : sup |St(i\2 — St(N)| > 10°}) = O (7727 .
0<t<1, 0<h<s

Now each 8, with 0 < § < 1, lies between 27**1 and 2% for some integer
k > 0. Thus when we take the union of the corresponding sets and add
their measures (summing over k) we get a total measure that is O(c¢; "),
and this is less than € if ¢; is large enough. So we have obtained our
desired conclusion (10).

In the same way we can prove the following analog of this conclusion:
for any T > 0, and ey > 0, there is a constant ¢y sufficiently large so
that m((K(1))¢) < ep, where

KO ={z:  sup SN =S| < eps®, all 6 < 1)
0<t<T, 0<h<§

This can be restated as follows. If

KD ={peP:  sw |p(t+h)=p(t)<ecrd® als<1},
0<t<T, 0<h<§

then p ((K1)%) = m((K7)) < er.
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Therefore, if we let T range over the positive integers, set €, = €/2",
and K = (>, K™, then we have uy(K¢) < ¢, and thus by the com-
pactness of K guaranteed by Lemma 2.4, the tightness of the sequence
{un} will be established.

Now to show that the measure converges weakly it suffices, by Corol-
lary 2.3, to show that for each 0 <t <ty <-..- <{, the measures
ugf,l’“"tk) converge weakly to the putative measure W(tt-t)  How-
ever the central limit theorem (Theorem 2.17 of the previous chapter

together with Exercise 1 below) shows that the distribution measures

of ng) — St(ﬁ)l converge weakly to the Gaussian measure v, 4, , (see

Exercise 1). Moreover, since
N N N N N N)
st =87+ (81" = S 4 (81 - ST,

Exercise 8 (a) in the previous chapter shows that the distribution mea-
sures of the vectors of random variables (St(fv), St(zN) e S,S:V )Y converge
weakly to the presumed measure W) as N — oo. Thus the se-
quence {uy} converges weakly to a measure and this measure is then
the desired Wiener measure W, and this completes the proof of the the-
orem.

Our construction of Brownian motion was done in terms of the limit of
scalings of the simple random walk treated in Section 2.6 of the previous
chapter. However the Brownian motion process can also be obtained as
a corresponding scaling limit of more general random walks, as follows.

Let fi,..., fn,... be a sequence of identically distributed mutually
independent square integrable R%-valued functions on a probability space
(X, m), each having mean zero and the identity as its covariance matrix.
Define, as in (1),

Nt

S(N) N1/2 Z fr+ Nl/[Q Df[Nt]—i—b
1<k<[Nt]

and let uy be the corresponding measures on P induced via the measure

m on X. The result is then that {ux} converges weakly to the Wiener

measure W as N — oo.

In this general setting the result is known as the Donsker invariance
principle. The modifications needed for a proof of this generalization
are outlined in Problem 2. A particularly striking example of the con-
vergence to the Brownian motion process then arises if we choose the
{fn} occurring in the process of “random flight” discussed in Problem 5
in the previous chapter.
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4 Some further properties of Brownian motion

We describe now several interesting properties enjoyed by the Brownian
motion process. In general it is useful to think of this process as either in
terms of an abstract realization B; on (£, P) satisfying conditions B-1,
B-2 and B-3, or its concrete realization on (P, W) with W the Wiener
measure, given in terms of By(w) = p(t), where w is identified with p.
More about this identification can be found in Exercises 8 and 9 below.
It will also be convenient to augment the Borel o-algebra of P by all
subsets of Borel sets of W-measure zero.’

We begin by observing three simple but significant invariance state-
ments. (Another symmetry of Brownian motion is described in Exer-
cise 13.)

Theorem 4.1 The following are also Brownian motion processes:
(a) 6=Y2Bys for every fized § > 0.

(b) o(B;) whenever o is an orthogonal linear transformation on RY.
(¢) Bit+o, — Bo, whenever oy > 0 is a constant.

We need only check that these new processes satisfy the conditions B-1,
B-2, and B-3 defining Brownian motion. Thus the assertion (a) of the
theorem is clear once we observe that for any function f, the covariance
matrix of 6 1/2f is 6! times the covariance matrix of f. The asser-
tion (b) is also obvious once we note that the covariance matrix of o(f)
is the same as that of f; and that if fi,..., f,,... are mutually indepen-
dent so are o(f1),0(f2),...,0(fn),.... Finally (c) is immediate from the
definition of Brownian motion.

The next result concerns the regularity of the paths of Brownian mo-
tion. The conclusion is that almost all paths satisfy a Hélder condition
of exponent a, with a < 1/2; this fails however when a > 1/2. (This fail-
ure extends to the critical case a = 1/2, but this is discussed separately
in Exercise 14.) Moreover, almost every path is nowhere differentiable.
The conclusions are subsumed in the theorem below.

Theorem 4.2 With W the Wiener measure on P we have:
(a) If 0 <a<1/2 and T > 0, then, with respect to W almost every
path p satisfies

sup pt+h) —pM] _

0<t<T, 0<h<l he

6This is the completion of the measure space as outlined in Exercise 2, Chapter 6 of
Book III.
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(b) On the other hand, if a > 1/2, then for almost every path p

o 22 1) = p(0)
h—0 he

=00, for everyt>0.

The first conclusion is implicit in our construction of Brownian motion.
Indeed, suppose KT) is the set arising in the proof of Theorem 3.1.
Then we have seen that py (K (™)) > 1 — € for every N. Thus the same
holds for the weak limit of the {uy}. Hence W(K(™)) > 1 —e. But by
the definition of K) we have the inequality in (a) for every p € K(T).
Since € is arbitrary, the first conclusion holds.

To prove the second conclusion we fix an a > 1/2, and a positive integer
k, so that dk(a —1/2) > 1.

Now, for any positive integer n, note that if there is a tg € [0,1] so
that

t h) — p(t
0<h<(k+1)/n he

S >\7
then there is an integer jo, 0 < jo < n — 1 so that

j /+1 ] Y4
p<]o+ + )_p(]o-i- >‘§Ck)\n“,
n n

where C, = 2(k 4+ 1)®. By renaming A, we may proceed assuming Cj =
1. Thus if we let E} denote the set of path p where (11) holds, then

E) C E) with
o+ L+1 o + ¢
p<30+ + >p<.70+ ) <,\n—a}.
n n

But the k sets {p eP: ‘p(%) —p(%)} < )\n_“}, 1</l<k are
mutually independent; also the measures of these sets are the same as ¢

and jo vary. Hence
Jo+l+1 Jo+ ¢
o(25)
n n

= (W{peP:|p(1/n)| < An~}F.

max
1<e<k

n—1
Eé‘: U {pEP: max

o 1<e<k
Jo=

WH{peP: Joax.

<At =

Thus W(E}) < W(E)) =n(W{peP:|p(1/n)| < An~?})*. However,
by the scaling property (a) of the previous theorem

W{peP:|p(l/n)| < I~} =W{peP:|pl)] < In'/?7}.
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However p(1) has a Gaussian as its distribution measure. Thus the last
quantity is O(A\n1/2=9)) as n — co. As a result

W(Eé) — O(}\dknndk(l/Q—a))

and this converges to zero as n — oco. Thus for every positive A, the set
of p where (11) holds has measure converging to zero as n — oo because
a > 1/2. This establishes conclusion (b) of the theorem.

At this point, it may be worthwhile to recall the variety of ways a
nowhere differentiable function has arisen in different settings in these
Volumes. First, as a specific example of a lacunary Fourier series in
Book I; next as a von Koch fractal, in Book III; further as the generic
continuous function via the Baire category theorem in Chapter 4; and
now lastly as almost every Brownian path.

One last remark. Given our construction it is intuitively tempting to
think of almost every Brownian path as the “limit” of an appropriate
collection of random walk paths (paths in Py with N — o0). However it
is not clear how to make such an idea precise. Despite this, the following
less satisfactory substitute is a direct consequence of Theorem 3.1.

Let q € P be any fixed path. Supposee > 0and 0 <t; <ty <---<t,
are given. We consider the open set

Oc={peP: |p(t;) —a(t;)| <e, 1<j<n}

of paths close to g, and set OEN) = O, N Py, the bundle of corresponding
random walk paths. Then

(12) m({z € Zsg : St(N)(a:) c O - W(0,), as N — oco.

In fact, (12) is merely a restatement of the assertion pn (O.) — W(O,) as
N — oco. This follows because uny — W weakly, using Exercise 7, since
it is easily checked that W (O, — O,) = 0.

5 Stopping times and the strong Markov property

The goal of the rest of this chapter is to exhibit the remarkable role of
Brownian motion in the solution of the Dirichlet problem. A general
setting for this problem is as follows.

We are given a bounded ~open set R in R? and a continuous function
f on the boundary OR = R — R. Then the issue is that of finding a
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function u, continuous on R, harmonic in R, that is Au = 0, and with
the boundary condition ulgr = f.

The connection of this question with Brownian motion arises when we
fix a point z € R and consider Brownian motion starting at x, that is,
the process BY =« + B;. Now for each w € € we consider the first time
t = 7(w) = 7"(w), when the Brownian motion path ¢ — By (w) exits R
(in particular, Bf(w)(w) = sz(w)(w) € OR).

T+ BT(w) (w)

R

Figure 1. Path w, exiting at time 7 = 7(w)

Then the resulting induced measure pu* = p on OR, given by
p(E) = P({w: Bf,)(w) € EY})

(also called “harmonic measure”) leads to the solution of the problem:
under appropriate restrictions on the set R

u(z) = fly)dp*(y), x€eR
OR

is the desired harmonic function.

Now the function w — 7(w) will be seen to be a “stopping time,” and
we begin by discussing this notion, which arose implicitly when we proved
the maximal theorem for martingale sequences in Theorem 2.10 of the
previous chapter.

5.1 Stopping times and the Blumenthal zero-one law

Suppose {s,}52, is a martingale sequence associated to the increasing
sequence {A, }>°, of g-algebras on the probability space (X, m). Then
an integer-valued function 7 :  — 7(z) is a stopping time if {z : 7(z) =
n} € A, for all n > 0, or equivalently if {x : 7(x) < n} € A, for all n.
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We note here the basic fact that if (say) 7(z) < N < oo for all z, then
(13) /ST(x)(m) dm = /sN(m) dm.

Indeed, the left-hand side is ij:o fAn Sp(x)dz, with A, ={z: 7(z) =
n}. However, by the martingale property (that is, (14) in the previous
chapter) fAn Sp(x)dx = fAn sy(x)dz, and summing over n gives (13)
above.

Similarly, for a subset A, we say that the integer-valued function x —
7(x) defined on A is a stopping time relative to Aif {x € A: 7(z) =
n} C A, for all n. In this case [, s-(4)(z)dz = [, sy(x)dr. When this
is applied to A = {z : sup,,« 5 $n(z) > a}, then this yields essentially the
maximal inequality (15) in the previous chapter.

Martingales are relevant to Brownian motion because that process is a
continuous version of a martingale in the following sense. For each ¢ > 0,
let A; be the o-algebra generated by all functions B, 0 < s < ¢, that is,
the smallest o-algebra containing the Apg, for all 0 < s < t.” Then we
have:

(a) For any sequence 0<ty<t; <---<t,<--- the sequence
{Bs, }°2, is a martingale relative to the o-algebras {A;, }°2 .

(b) For almost every w, the path B;(w) is continuous in ¢.

Now (a) follows immediately from the proof of Proposition 2.6 in the
previous chapter and the fact that the process B; has independent in-
crements, with each B, having mean zero. Also, (b) is the condition B-3
arising in the definition of Brownian motion.

At this point, because it will be useful below, we remark that the max-
imal inequality (9) immediately leads to the Brownian motion inequality:

1
(14) P({w: sup [By(w)| > a}) < —[ By
0<t<T &

forall T > 0 and a > 0.

In analogy with the discrete case above we say that a non-negative
function w — 7(w) is a stopping time if {w : 7(w) <t} € A; for every
t>0.

"To be precise, A; is the o-algebra generated by all functions Bs, 0 < s < t, together
with all subsets of sets of measure zero. See also the previous footnote.
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Now suppose R is a bounded open set of R? and define the first “exit
time” for the path Bf(w) = z + Bi(w) to be

T(w) = 7%(w) = inf{t > 0, Bf (w) ¢ R}.
Also define the “strict” exit time 7, = 7¥ by
7y (w) = inf{t > 0, Bf (w) ¢ R}.
Proposition 5.1 Both 7* and ¥ are stopping times.

We note that both 7 and 7, are well-defined, that is, finite almost ev-
erywhere, because almost every path ultimately exits the bounded open
set R. (See Exercise 14.)

Proof. For simplicity of notation we take z = 0; we can then recover
the general case by reducing to the situation where R is replaced by
R — 2. Now for any open set O in R? define 7o (w) = inf{t > 0, B;(w) €
O}. Then, up to a set of measure zero,

{ro(w) <t} = [ J{B,(w) € O},

r<t

where the union is taken over all the indicated rationals . This is because
a continuous path is in O before time ¢ if and only if it is in O at
some rational time r, with r <t¢. Thus {ro(w) < t} € A;. Next let
O, ={z: d(z,R¢) <1/n}. If t > 0, then

(15) {rw) <t} = {ro. () <},

because a path exits R by time ¢, if and only if it is in O,, before time t,
for every n. Therefore, for ¢ >0 we have {r(w) <t} € A;,. However
{7(w) = 0} is the empty set or €2, depending on whether x € R or not.
Thus 7 is a stopping time.

Note that 77 (w) = 7%(w) > 0 for all w if € R while 77 (w) = 7% (w) =
0, for z ¢ R. Therefore the only difference between 7¢ and 7% can occur
when z is on the boundary, 9R = R — R. We notice that as above, when
t>0,

{rf(w) <t} € A;.

But then {7¥(w) =0} € (), A:. Given the increasing character of the
o-algebra Ay, it is natural to denote (1), A¢ by Ag4. So the proposition
follows from the lemma below.
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Lemma 5.2 Ay = Ap.

The proof of this simple looking fact is however a little indirect. The
conclusion, that any set A € (1, Ay is trivial (is either of measure 0 or
1), is referred to as Blumenthal’s zero-one law. (A generalization is given
in Exercise 16.)

As a result, for each x in the boundary of R we have the dichotomy:
{7¥(w) = 0} has measure 1 or 0. In the former case, the point z is called
a regular point at the boundary. In brief, a boundary point is regular,
if almost all paths starting at that point are outside R for arbitrarily
small positive times. This property plays a crucial role in the Dirichlet
problem for R.

Proof of the lemma. Fix a bounded continuous function f on R¥¢, and
a sequence 0 < t; <t < --- < tg. For any § > 0, set

f5 - f(Bt1+(5 - B57Bt2+5 - Bt1+(57 e 7Btk+6 - Btk,1+6)'

If Ais any set in Agy, then A € As, for 6 > 0. Then by the independence
of the above increments from Bgs, we see that

/Af(;dP:P(A)/Qf(;dP.

Thus by continuity of the paths we can let § — 0 and obtain

/AdeP—P(A)/QdeP.

Now any bounded continuous function g on R*? can be written in the
form g(z1,...,zk) = f(x1,22 — 1,..., T — Tx—1) where [ is another
such function. As a result

/g(Btla7Btk)dP—P(A)/g(Bt1;uBtk)dP
A Q

Hence by a passage to the limit, this holds if ¢ is the characteristic
function of a Borel set of R¥4. Thus P(AN E) = P(A)P(E) whenever E
is a cylindrical set. From this, we deduce the same equality for any Borel
set E by using Exercise 4 in the previous chapter. Therefore P(A) =
P(A)?, which implies P(A) = 0 or P(A) = 1. Since A was an arbitrary
subset of Ay, the lemma, and also the proposition, are proved.

Note. Lastly, it will be important below to remark that the stopping
time 77 (w) is jointly measurable in x and w. This follows from

o0

(o) #@>p=) (] {w:o+BeR,

n=1 r<p,reQ
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where R,, = {z : d(z,R¢) > 1/n}.

5.2 The strong Markov property

Suppose o is a stopping time (relative to the o-algebras {A;}+>0). We
can define the collection A, to be the collection of sets A, such that
ANn{o(w) <t} € A, for all t > 0. One notes that in fact A, is a o-
algebra; that A, = Ay, if o(w) is constant and equals o¢; and that o is
measurable with respect to A,. (See also Exercise 18.)

In studying the Dirichlet problem we shall need, in addition to the
stopping time 7 (the first exit time from R), another stopping time o.
What happens when Brownian motion is restarted after time o is the
subject of the “strong Markov property,” one version of which is con-
tained in the following.

Theorem 5.3 Suppose B; is a Brownian motion and o is a stopping
time. Then the process B}, defined by

B: (W) = Bt+0(w) (W) - Ba(w) (w)
is also a Brownian motion. Moreover B} is independent of A,.

In other words, if a Brownian motion is stopped at time o(w), then the
process which is appropriately restarted is also a Brownian motion that
is now independent of the past A,.8

Proof. ~ We have already noted that if o(w) is a constant, o(w) =
00, then By, — By, is a Brownian motion (see Theorem 4.1), so the
assertion in the theorem holds in this case.

Next assume that o is discrete, that is, it takes on only a countable set
of values 01 < 09 < --- < op<.... Also suppose 0 < t] <ty < -+ <ty
are fixed. Let us use the temporary notation

B: (BtljBt27"'7Btk)
B* = (B}, Bj,....,B})
Bz = (Btl‘i'Ue - BU£7Bt2+U'Z - Baza .. 'aBtk—l—o’g - BO‘[)’

with all these bold-face vectors taking values in R*?. Now if E is a Borel
set in R¥? then

{w:B*GE}:U{w:B}fEE, and 0 = oy}.
14

8A corresponding independence when o is an arbitrary positive constant is character-
istic of a “Markov” process.
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So

{w:B e E}nA=J{w:Bj e BE}nAn{o=0}),
¢

with the union clearly disjoint.

However if A € A,, then AN{oc =0/} € A,,. By the special case
when o = oy is constant throughout, we see that the measure of {w :
B* € £} N A equals

> P(B; € E)ym(An{o =o}),
e

because AN {o =0y} € A,, and this set is independent of {Bj € E}.
However P(B; € E) = P(B € E), and we obtain that

(16) P({w:B* € E,we A}) = P({w: B e E})P(A).

Now using (16) when A = Q shows that B* satisfies the conditions B-1
and B-2 of Brownian motion. Also B-3 is obvious. Finally, using (16) for
any A C A, gives the desired independence of B* from A,.

Turning to the case of general stopping time o, we approximate it by
a sequence {J(")} of stopping times, so that each ¢(™ takes on only a
countable set of values as above, and

(i) o™ (w) \, o(w), as n — oo, for every w; and
(ii) Ay C Asem)-

For each n define o™ (w) = k27" if (k—1)27" < o(w) < k27" for k =
1,2,..., and 0™ (w) = 0 if o(w) = 0. Property (i) is obvious. Next, for
each t there is a k so that k27" <t < (k+1)27". Then {o(™ <t} =
{0 <k27"} € Apo-n C A;. Thus ¢ is a stopping time.

Also suppose that A C A, then AN{c™ <t} =An{oc <k2™"} ¢
Apa—n C Ag, and hence A € A, . Thus (ii) is established.

Now let B:(") be the analog of B}, with o replaced by o™ and let
B*(") = (B:l(")7 . B:k(")). Suppose A C A, (then A C A, m)). Then
by what we have proved in the discrete case

P{B*™ ¢ E, we A}) = P(B € E)P(A).

A passage to the limit then shows that (16) holds for the general o. This
limiting argument is carried out in two steps using exercises from the
previous chapter. First, by Exercises 10 and 31 part (d), since B*(")
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converges pointwise to B*, we have that (16) holds whenever E is an
open set. To conclude that such equality holds for all Borel sets F, we
apply Exercise 4 in the previous chapter.

For any given stopping time o, let us write B, for the function w +—
By () (w). We note that the argument above, where we approximate the
stopping time, also shows that B, is A,-measurable. (See Exercise 18.)

5.3 Other forms of the strong Markov Property

Another version of the strong Markov property involves integration of
functions defined on all paths. To describe this we need a little additional
notation. We define P to be the space of all paths, that is, all continuous
functions from [0,00) to R%. The space P differs from the space P
considered earlier, in that in the latter all paths start at the origin.
We can write each p in P as a pair (p,z) with p € P, z € R? where
p=p—p(0), and z = p(0). So we have P = P x R%, and every function
f on P can be written as f(p) = fi1(p, ), with f; a function on the
product P x R%. Moreover, P inherits a metric from the metrics on P
and R?, and a corresponding class of Borel subsets.

We shall also use the short-hand that the path ¢ — By(w) will be des-
ignated by B.(w); similarly the path ¢ — By (,)4¢(w) will be written as
By (w)+-(w); also the paths ¢ — By(y,)4i(w) — Bo(w)(w) that appear in
Theorem 5.3 will be represented as B*(w). With these definitions our
result is as follows.

Theorem 5.4 Let f be a bounded Borel function on the space P of all
paths. Then

(17)
[ 1 (Bore @) aP@) = [[ 7 (B.0)+ Bao() aP() aP(),
Q QxN

Proof. We write f(p) = fi(p,z) as above; then (17) becomes

(18)
Aﬁwmaawwwmm—

// £1 (B(w), By (&) dP(w) dP(W),
QxQ

since Bg(w)th(w) = B (w) + B (w).
We consider first functions f1 of the product form f; = f5 - f3, with
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fi(p,x) = fa(p) f3(x). Then the right-hand side of (18) is
/ f2(B.(w)) dP(w) x / f3(Bg () (@) dP(w'").
Q Q

However [, fo(B.(w)) dP(w) = [, f2(B*(w)) dP(w), since by Theorem 5.3
Bj is also a Brownian motion and so has the same distribution measures
as Bi. Also, by the independence guaranteed by that theorem (and the
fact that By, (w') is As-measurable) we see that the product

/ f2(B (@) dP(w) x / Fa(Boory (@) dP()
Q Q
equals

/Q Jo(B* () f3(Bo oy () dP (),

which is the left-hand side of (18).

To pass to the case of general f we may argue as follows. Let pu
and v denote the measures on P defined by u(E), (respectively v(E)),
as the left-hand side, (respectively the right-hand side) of (18) whenever
f is the characteristic function of F, with F any Borel set in P. Then
what we have already proved implies that u(E) = v(E) for all Borel
sets of the form E = E5 x E5, with Fs C P and F3 C R?. According to
Exercise 4 in the previous chapter, this identity then extends to the o-
algebra generated by these sets, and hence to all Borel sets of P, because
this g-algebra contains the open sets. Finally, because any bounded Borel
function on P is the bounded pointwise limit of finite linear combinations
of characteristic functions of Borel sets, we see that (18) holds for all those
f1 = f, and the theorem is proved.

The final version of the strong Markov property we present is the
statement closest to the immediate application to the Dirichlet problem.
It involves two stopping times ¢ and 7, with ¢ < 7, where 7 is the exit
time for the bounded open set R. Let us recall that B} (w) = y + Bi(w),
and 7Y(w) = inf{t > 0, BY(w) ¢ R}. We define the stopped process

Bi’(w) =y+ Bt/\‘ry(w)(w)

where t A 7¥(w) = min(¢, 7¥(w)). If y = 0 we drop the subscript y in the
above definitions.
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Theorem 5.5 Suppose o and T are stopping times with o(w) < 7(w) for
all w. If F is a bounded Borel function on R?, then for every t > 0

(19) /Q F (Bg(w)+t(w>> dP(w) = / /ﬂ F (Bg'<“'>(w)) dP(w) dP ()

where y(W') = By (W').
Proof. Start with the left-hand side of (19). It equals

[ (B aP@)+ [ P (Brelo) dP)

(w)>o(w)+t (w)<o(w)+t
- / F (Bo(w)+t(w)) dP(w) + / F (B;(w)(w)) dP(w)
T(w)>o(w)+t T(w)<o(w)+t
=1 + Is.

We will first look at
L = / F(Ba(w)th(w)) X7(w)>o(w)+t dP(LU)
Q

Consider the following real-valued function on paths:

f(ls) =F (f’(t)) Xr(p)>t-
Here we define for any path p the quantity 7(p) = inf{s > 0: p(s) ¢ R}.
In particular, note that if p(-) = B.(w), then 7(p) = 7(w). Now, given w
set p(-) = By(w)+-(w). Then
F) = f (Bo(w)+() = F (Bow)+£(W)) Xr(w)-o(@)zt-
Indeed, note that

T(By(w)+-(w)) =inf{s > 0: B, )4s(w) € R} = 7(w) — o(w).

This is true because the path B.(w) exits at time 7(w), and therefore
the path B (). (w) exits at time 7(w) — o(w). Therefore

f (Ba'(w)—i--(w)) =F (Ba(w)—i-t) X1(w)>o(w)+t>

which is the integrand in I, so we can apply (17) to get

I = /Q /Q [ (Bo(n (@) + B.(w)) dP(w) dP(w').
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But now note that the integrand in the above equals
F (Ba(w’)(w/) + Bt(w)) XT(BU(W/)(UJ’)-Q—B.(W))Zt

To conclude the calculation of I it suffices to note that the quantity
T (Ba(w/)(w/) -+ B. (W)) equals Ty(w )(u))7 and so

Il // o’(w’) +Bt( )) X‘ry(“’/)(w)ztdp(w)dp(w/)
/ / P (BI)(0)) xpuio0y20 AP () dP()

/:/ B““ )Xﬂwgwﬁ%dp()dpgdy

We now look at the second integral I5 defined by

I, = / F(BT(w)(w)) X1(w)<o(w)+t dP(w>
Q
Here we define a real-valued function on paths
9() = F (p(m(P))) Xrp)<t-

Setting p(-) = Bo(w)+-(w) gives

Q(Ba(w)+~(w)) =F (B‘r(w) (w)) X7(w)<o(w)+t-
For the characteristic function y, the argument is the same as above.
For the first part (that is, the component F(---)), note that 7(p) gives
the time of exit of R of the path p, and p(7(p)) the value (in R?) where
the path exits. Since both B,(,)+.(w) and B.(w) exit at the same point

in space (although at different times, namely, 7(w) — o(w) and 7(w) re-
spectively) we get the above. Therefore by (17)

I = // By(w)(W') + B.(w)) dP(w) dP(w').
Now note that

Y (BU(W,)<w/) + B (w)) =F (BO'(W/)(WI> + BTy(“’/)(w) (QJ)> XTy(“’,)(w)<t'
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Hence
I, = // Bo(wh(w') + B.(w)) dP(w) dP(w')
// Bo(w) (@) + By () (W )) Xruh) ()<t AP (w) dP(w')

- [ [ F (5 )xwwwmczP( ) dP().
QJQ

Therefore, putting the two integrals for I; and I together yields

Ll — /ﬂ /Q F (B (@) dP(w) ()

which completes the proof of (19).

Final remark. With almost no change in the argument one can prove
generalizations of the two theorems above in which the left-hand side
of (17) and (19) are integrated over any set A in A,, instead of Q.
The result corresponding to (17) may then be rephrased in terms of
conditional expectations [E 4 to read:

E_A ( U(w)+ /f +$ dP( )

=B, (W)

The conclusion corresponding to (19) is

| F (Bao) apt) = [ [ P (B0 w)) dP@)ap),

whenever A € A,.

6 Solution of the Dirichlet problem

Recall the definitions given at the beginning of Section 5. Here R is a
bounded open set in R?, and for each x € R, we define y* as the measure
on the boundary dR of R, given by

p(E) = P({w: Bl.(,)(w) € E}),

with 7%(w) the first exit time of the path Bf(w). Here E ranges over the
Borels sets of R, which itself is a compact subset of R,
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For a continuous function f on R we defined
(20) u(x) = fly)du*(y), when z € R.
OR

Observe that u is measurable (and in fact Borel measurable) since

u(x) = / F(@ + Breg) (@) dP(w),

and 77 (w) is jointly measurable, as noted at the end of Section 5.1.
The main theorem is as follows.

Theorem 6.1 If u is defined by (20), then:
(a) u is a harmonic function in R.
(b) u(x) = f(y), as x — vy, for x € R, if y is a regular point of OR.

Proof.  To establish (a) we fix x € R and let S denote a sphere
centered at = together with its interior ball is contained in R. We will
prove the mean-value property

(21) ue) = [ uty) dmly)

s
where m is the standard measure on the sphere, normalized to have total
mass 1. To prove (21) let o be the stopping time defined as the first time
B (w) hits S.

B‘ix'(w) (CU)

OR

R

Figure 2. Brownian motion stopping on S and then OR

We claim that for any continuous function G on S we have

(22) /Q (B2 (1) dP(w)) = / Gly) dm(y).

S
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To see this, consider the case where x = 0, and note that the left-hand
side defines a continuous linear functional on the continuous functions
on S, and hence is of the form [¢ G(y) du(y), for some measure p on S.
By the rotation invariance of the Brownian motion it follows that pu is
rotation-invariant and hence by Problem 4 in Chapter 6, Book III, we
have p = m.

Suppose Bf = B}, . is the stopped process. Note that Bg(wl)(wl) =
Bg(wl)(wl) =y(w1) € S, because a path starting at = meets S before it
meets OR.

We now invoke (19). If we take F' to be any continuous bounded
extension of f to all of R, and let ¢ — oo we obtain

23)
[ P ) ap) apen) = [ F(BL ) dP).

The right-hand side of (23) above equals u(z), while the left-hand side
equals

/wmmmwwn
Q

Finally, since B7, \(w1) = y(w1) we can apply (22) with v = G and de-
duce that

Amemwwn—/mmmm»

S

This completes the proof of the mean-value identity (21), and from this it
follows that « is harmonic. The ideas behind the proof of this well-known
fact are summarized in Exercise 19.

To prove conclusion (b), we establish first that if y € OR, and y is
regular, then

(24) lim P({r*>d})=0, foralld>D0.
r—y, TER

In fact, P({B}y € R, all e <t <}), € >0, is continuous in z, because
at each w for which B; is continuous, the characteristic function of
{Bf € R, all e <t <4} at w converges to the characteristic function of
{B} € R, all e <t < ¢} at w, as x — y. However the functions P({B} €
R, all e <t < ¢§}) are decreasing as € \, 0. The limit is

P{w: Bf(w)eR, all0 <t <d})=P{{r* >d})
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and is thus upper semi-continuous in . Hence limsup,_,, P({7* > ¢}) <
P({r¥ > ¢}) =0, since y is a regular point. Thus (24) is established. As
a consequence we have for s > 0 and € > 0 given,

(25) P({w: |y~ Bloy(w)] > s}) <e

if z is sufficiently close to y € OR. In fact, by the maximal inequality (14)
we can find a § > 0, so that P({w : sup,«s |Bi(w)| > s/2}) < €/2, since
|Bs||L: = c0/2. Also by (24), if 2 is sufficiently close to y, P({r® >
0}) <€/2. As a result, if x is sufficiently close to y, (25) holds.

Now

ulw) - f(y) = /m(f(y) 7)) i ( /M /6722—11“2

Here OR; is the set of 3/ in OR so that |y —y| < s and IRs is the
complementary set in OR. Now the points 4’ € OR are of the form 3’ =
ij(w)( w), while p*(OR2) = P{w: |y — B | > s}). Thus by (25) we
see that p”(OR2) < € if x is sufficiently close to y. So the contribution
of Iy is majorized by 2sup |f|u*(0R2)e = O(e). Also |f(y) — f(¥)] < e
if [ly—19'| <s and s is small enough, so the contribution of I; can be
made less than e. Altogether this shows that u(z) — f(y) is majorized
by a multiple of € for x sufficiently close to y. Since € was arbitrary, the

second assertion of the theorem is proved.

Our final result is a very useful sufficient condition for the regularity
of a boundary point. A (truncated) cone I is the open set

I'={yeR’: |y <aly-7), |yl <d}.

Here v is a unit vector, o > 1, § > 0 are fixed, and y -+ is the inner
product between y and . The vector v determines the direction of the
cone, and the constant « gives the size of the aperture.

Proposition 6.2 Suppose © € IR and x+ T is disjoint from R, for
some truncated cone I'. Then x is a regular point.

Proof. We assume x = 0, and consider the set A of Brownian paths
starting at the origin that enter I" for an infinite sequence of times tending
to zero. Let A, =, o/, {w: By, (w) € I'} where ry, is an enumeration
of the positive rationals. Then A = ﬂf;l A,,. However A, € A, for
each n, and hence A € Ao = Ay, by the zero-one law. So m(A) =0 or
m(A) = 1, and we show that in fact m(A) = 1. Assume the contrary, that
is m(A) = 0. By the rotation invariance of Brownian motion, the same
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z+7T

OR

R

Figure 3. Truncated cone at x disjoint from R

result would hold for any rotation of our truncated cone, and finitely
many such rotations cover the ball of radius §, with the origin excluded,
while every path enters that ball at arbitrarily small times. This is a
contradiction.

Now returning to our boundary point z, if  +I' is disjoint from R,
then there are, for each w, arbitrarily small times for which By(w) € T,
and hence B (w) ¢ R. Thus x is regular.

In view of the above we say that a bounded open set R satisfies the
outside cone condition, if whenever x € R, there is a truncated
cone I', so that = 4+ T' is disjoint from R. Our final result generalizes
the theorem proved by very different methods in Chapter 5, Book III
only for the special case of two dimensions.

Corollary 6.3 Suppose the bounded open set R satisfies the outside cone
condition. Assume [ is a given continuous function on OR. Then there
is a unique function wu that is continuous in R, harmonic in R, and such
that ulor = f.

Proof.  Theorem 6.1 and Proposition 6.2 show that u is continuous
in R and ulspr = f. The uniqueness is a consequence of the well-known
maximum principle.’

7 Exercises

1. Show that if ¢ > 0, then the distribution measure of S§N) converges weakly
to the Gaussian v, with mean zero and variance t as N — oco. More generally, if
t > s > 0, then the distribution measure of St(N) — s converges weakly to the
Gaussian v¢—s with mean zero and covariance matrix (¢ — s)I.

[Hint: Using the notation in the remark following Theorem 2.17 in Chapter 5, and

setting fi = tx, one has SV — Sy, = %t[m]ﬂ.]

9See for example Corollary 4.4 in Chapter 5 of Book II1.
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2. Let (P, d) be the metric space defined in Section 2. Verify:
(a) The space is complete.
(b) The space is separable.

[Hint: For (b), let e1,...,eq be a basis for R?, and consider the polynomials
p(t) = eipi(t) + -+ - + eqpa(t), where the p; have rational coeflicients.]

3. Show that the metric space (P, d) is not o-compact.

[Hint: Assume the contrary. Then the Baire category theorem implies that there
exists a compact set that has a non-empty interior. As a result there exists an open
ball whose closure is compact. However, consider for example the ball of radius 1
centered at 0, and a sequence of continuous piecewise linear functions {f,} with
fn(0) =1, fa(z) =0, when = > 1/n.]

4. Suppose X is a compact metric space. Show that:
(a) X is separable.
(b) C(X) is separable.

[Hint: For each m, find a finite collection B,, of open balls, each of radius 1/m, so
that the collection B, covers X. For (a) take the centers of the balls in (J;~_, Bm.
For (b), consider {n,(cm)} the partition of unity corresponding to the covering of X
by B (as given, for example, in Chapter 1). Show that the finite linear combina-

tions of the 77,(:") with rational coefficients are dense in C(X).]

5. Let X be a metric space, K C X a compact subset, and f a continuous function
on K. There there is a continuous function F' on X, so that

Flg =f, and  sup |F(z)| = sup |f(z)].
reEX reK

[Hint: The argument given in Lemma 4.11, Chapter 5 of Book III for X = R? can

be copied over in this general setting.]

6. Suppose K is a compact subset of P. Show that for each T" > 0, there exists a
function wr(h), defined for h € (0, 1] with wr(h) — 0 as h — 0 and such that

sup sup |p(t+h)—p(t)| <wr(h), for he (0,1].

peK 0<t<T

[Hint: Fix "> 0 and € > 0. Each p is uniformly continuous on closed intervals,
so there exists § = §(p) > 0 so that supy<,<r |p(t + k) — p(t)| < € whenever 0 <
h <. Now use the fact that since K is compact, the covering K C Up{p' epP:
d(p’,p) < €} has a finite subcover.]

7. Suppose uny — p weakly. Show as a result:
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(a) Iminfy oo pn(O) > p(O) for any open set O.
(b) mpn—oo un(O) = u(O), O an open set, if u(O — O) = 0.
[Hint: p(O) = sup{ [ f du, where 0 < f <1 and supp(f) C O}.]

8. Given the Wiener measure W in P, we have a realization of Brownian motion
(satisfying B-1, B-2 and B-3) with B:(w) = p(t), @ = P, and P = W. Conversely,
suppose we start with { B} satisfying B-1, B-2 and B-3. For any cylindrical set C' =
{peP: (p(tr),...,p(tr)) € A} in P, define W°(C) = P{w : (Bt (w), ..., B, (w)) €
A}). Verify that W, initially defined on the cylindrical sets, extends to the Wiener
measure on P.

9. This exercise deals with the degree to which the Brownian motion process is
uniquely determined by the properties B-1, B-2 and B-3.

Let us say that such a process is “strict” if in addition to the above it satisfies
the following two conditions:

(i) Bt(wi) = B¢(w2) for all ¢ implies w1 = wo.

(ii) The collection of measurable sets of (€, P) is exactly A, which is the
o-algebra generated by the A, with ¢ < co.

Now given any Brownian motion process B; on (£, P) it induces a strict process B}
on (%, P*) as follows: Let Q% denote the collection of equivalence classes on
under the equivalence relation wi ~ ws if B(w1) = Bi(w2) for all t. We also denote
by {w} the equivalence class to which w belongs. On Q# define B ({w}) = B;(w),
and P#({A}) = P(A) if A € Ac. Verify:

(a) Bf is a strict Brownian motion on (Q%, P#).
(b) The process (P, W) constructed in Section 3 is a strict Brownian motion.

(c) If (B, Q' PY) and (B, Q% P?) are a pair of Brownian motion processes,
then up to subsets of sets of measure zero, there is a bijection ® : (Q")# —
(%)%, s0 that (P?)#(®(A)) = (P")#(A) and (BY)* (®(w)) = (B})* (w).

10. Prove the following version of Khinchin’s inequality (Lemma 1.8 in the pre-
vious chapter). Suppose {f»} are identically distributed R%-valued functions that
are bounded, have mean zero, and are mutually independent. Then for any p < oo,
we have

/
I anfallze < Ay (Clanl) .

[Hint: One can reduce to the case d = 1. Assuming 3" |a,|? < 1, write [ e>nfn =
I1, [e* ™ and use e* =1+ u+ O(u?) if |u| < M. The result is that the first
integral above is majorized by [[(1 4+ M?a2) if | fn| < M for all n.]

11. Prove the following variant of Lemma 3.2. Suppose {fx}re; is a sequence of
identically distributed, mutually independent, R%-valued functions on a probability
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space (X, m) each having mean zero and the identity as its covariance matrix. If
Sn = p_; fr, then

limsupm({z : sup [sk(z)| > An'/?}) =0\ P), forp>0.

n—oo 1<k<n

[Hint: If v, denotes the distribution measure of sn/nl/2 and o = )\nl/2, then the
right-hand side of (9) equals %f\t|>k [t| dvy(t). With A > 1 fix M > 1 and write

this last integral as the sum of two terms A\ ™' flt\>AM +271 fAMz\t|>/\' Using the
fact that [ % dm = 1, the first term is O(A™*~*). By the central limit theorem
limy—oo A1 f)\M>\t|>)\ [t| dvn(t) = O ()\71 f\t\>>\ |t|67‘t|2/2 dt) so the limit of the

second term is also O(A™17) ]

12. Prove that almost everywhere
|B,(w)| = O(t?*7),  ast — oo,

for every € > 0. This is the analog of the strong law of large numbers given in
Corollary 2.9 of the previous chapter.
[Hint: If B} (w) denotes supg<, < |Bt(w)|, then the maximal inequality (14) gives

W({Bt > a}) < LBl = T2 B = {Bjr > 2§<1+6)}, then we have

@

ko W(ER) =0 (Zkzo 27%6) < ool

13. If B; is a Brownian motion process then so is B’; = tB1;.

[Hint: Note the continuity of almost all paths of B; at the origin follows from the
previous exercise. To verify property B-2, use Exercise 29 in the previous chapter.]

14. Show that limsup,_,, IBttl(;;)‘ = 0o almost everywhere; hence almost all Brow-
nian paths are not Holder 1/2.
Also show that limsup,_, . “5;’1’% = oo almost everywhere; hence almost all

Brownian paths exit every ball.

[Hint: By the previous exercise it suffices to check the result when ¢ — 0. Consider
d=1. Then

u2
W({|Ba — Bs| >}) e 26 du, if B> o

B \/ﬁ/\ubw

Thus

_ 1 —u2/2 2
W ({|By—r — By—is1| > 272 }) > —/ e "2 du > cre”2Mh,
’ ’ V27 Sz p,

Now choose p1r, — oo so slowly that >, e~°2hk = o0 and apply the Borel-Cantelli
lemma (Exercise 20 in the previous chapter).]
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15. Calculate the (joint) probability distribution measure of (B, B,, ..., By,).

[Hint: Use Exercise 8 (a) in the previous chapter.]

16. Show that the following generalization of the fact that Aoy = Ao holds: if we
define A:4 to be (., As, then Ay = As.

17. The previous exercise gives the right-continuity of the collection {A}. Prove
the following left-continuity for every ¢ > 0, A; = A;—, where A;_ is the o-algebra
generated by all A for s < t.

[Hint: Consider first cylindrical sets in A;.]

18. Let o be a stopping time. Show that:
(a) o is Ay,-measurable.

(b) Bgy(w)(w) is As-measurable.

(¢) Ao is the o-algebra determined by the stopped process B, with Bt(w) =
Bt/\o‘(u) (w)

[Hint: For (a), note that {o(w) < a} N{o(w) <t} = {o(w) < min(e,t)}. For (b),
show first that for any Borel subset E of R? and ¢ >0, one has {B,(.,)(w) €
E}n{o <t} € A, whenever o takes on only discrete values. Then approximate o
by (™ as in the proof of Theorem 5.3.]

19. Let u be a bounded Borel measurable function on a bounded open set R C R<.
Suppose that u satisfies the mean-value property on spheres, that is, (21).

(a) Show that if B is a ball contained in R and centered at z, then

1
u(w) = s /B u(y) dy,

where m is the Lebesgue measure on R%.

(b) As a result, the function w is continuous in R and the argument in Sec-
tion 4.1, Chapter 5 of Book III shows that the function w is harmonic in R.

[Hint: For (b), show that locally, u(z) = (u * ¢)(x), where ¢ is a smooth radial
function supported on an appropriately small ball and with [ ¢ = 1.]

20. An bounded open set R has a Lipschitz boundary if 9R can be covered
by finitely many balls, so that for each such ball B, the set 9R N B can (possibly
after a rotation and translation) be written as x4 = ¢(x1,...,Z4—1), where ¢ is a
function that satisfies a Lipschitz condition.

Verify that if R has a Lipschitz boundary, then it satisfies the outside cone
condition. Thus, in particular, if R is of class C' (in the sense of Section 4 in
Chapter 7) then R satisfies the outside cone condition.
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So in these cases the Dirichlet problem is uniquely solvable.

21. Suppose R1 and Rz are two open and bounded sets in Rd7 with R1 C Ra. Let
17 and p3 denote the harmonic measures of Ry and Rz respectively, as defined at
the beginning of Section 5. Show that the following generalization of the mean-
value property (21) holds: whenever x € R1, then

7] :/ b dpt (y),
R

in the sense that u5(F) = faRl wY(E)dui(y) for any Borel set £ C ORo.

8 Problems

1. The condition of continuity of Brownian paths B-3 is in effect a consequence of
properties B-1 and B-2. This is implied by the following general theorem.

Suppose that for each ¢t > 0, we are given an LP function F; = F;(x) on the space
(X,m). Assume that ||Fy, — Fi,||r < c|t1 — t2|*, with @ > 1/p, and 1 < p < 0.
Then there is a “corrected” Ft, so that for each ¢, F; = 15,5 (almost everywhere with
respect to m), and so that t — Ft(a:) is continuous for all ¢ > 0, for almost every
x € X. Moreover the functions t — F(x) satisfy a Lipschitz condition of order ~
ify<a—1/p.

2. The proof of the Donsker invariance principle follows along the same lines as the
proof of Theorem 3.1. Let fi,..., fn,... be a sequence of identically distributed
mutually independent square integrable R%-valued functions on a probability space
(X,m), each having mean zero and the identity as its covariance matrix. Define

Ny _ (Nt — [Nt])
S = 1/2 Z fr + N1/2 Jive1,
1<k<[Nt]

and let {pun} be the corresponding measures on P induced via the measure m on
X.

(a) Instead of Lemma 3.2 use Exercise 11 to show that for 7'=1, n > 0 and
o > 0, there exists 0 < § < 1 and an integer Np so that for all 0 < ¢ < 1 one
has

m({z: sup |S§f})b St(N)| >o}) <dén, forall N> Ny.
0<h<s

(b) Deduce from the above that for all T'> 0, € > 0, and o > 0 there isa 6 > 0
so that

m({z: sup |S§1+V}>L —5M| >0l <e  forall N> 1.
0<t<T, 0<h<s

(c¢) Use the inequality in (b) to show that the sequence {un} is tight.
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(d) Conclude as before that {un} converges weakly to W.

3. There are a number of other constructions of Brownian motion besides the one
given in this chapter. A particularly elegant approach is based on simple Hilbert
space ideas.

On (2, P) consider a sequence {f,} of independent, identically distributed R
valued functions with Gaussian distribution of mean zero and covariance matrix
equal to the identity. Observe that the sequence {f,} is an orthonormal sequence
of L?(Q,R%). Let H denote the closed subspace of L?(€,R?) spanned by {f.}.

Observe that H is a separable infinite dimensional Hilbert space. Hence there
is a unitary correspondence U between L?([0,00),dz) and H. Let B; = U(x:)
where x; is the characteristic function of the interval [0,¢]. Then, each B, can be
corrected as in Problem 1, so that the process { B:} becomes Brownian motion. In
this connection see also Exercise 9 in Chapter 5.

Note that for instance, if By =Y ¢n(t) fn, then By — Bs = Y [en(t) — cn(s)]fn
with S |en(t) — cn(s)|? =t — s.

4." In the previous chapter, we noted that recurrence results for the (discrete)
random walks depend on the dimension d, and in particular, whether d < 2 or
d > 3 (see Theorem 2.18 in Chapter 5 and the remark that follows it).

One can establish the following results for the (continuous) Brownian motion
By in RY.

(a) If d =1, Brownian motion hits, almost surely, every point infinitely often,
in the sense that for each € R and for any to > 0,

P({w : By(w) = z for some t > to}) = 1.

Thus B; is pointwise recurrent in R.

(b) If d > 2, then for every point = € R%, Brownian motion almost surely never
hits that point, that is,

P({w : Bi(w) = z for some t > 0}) = 0.

So, in this case, Brownian motion is not pointwise recurrent.

(¢c) However if d = 2, then By is recurrent in every neighborhood of every point,
that is, if D is any open disc with positive radius, and ¢y > 0, then

P({w: Bi(w) € D for some t > to}) = 1.

(d) Finally, when d > 3, Brownian motion is transient, that is, it escapes to
infinity in the sense that

P({w: lim |Bi(w)| = oo}) = 1.
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5." The law of the iterated logarithm describes the amplitude of the oscillations
of Brownian motion as t — oo and ¢ — 0: if B; is an R-valued Brownian motion
process, then for almost all w

B
lim sup 1(w)

———F— — 1, liminf B:(w)
t—oo V/2tloglogt

t—oo +/2tloglogt o

By Exercise 13, time inversion implies that for almost all w

lim sup % — 1, lim inf %
t—0 2t loglog(1/t) t—0 2t loglog(1/t)

6." There is a converse to Theorem 6.1 when d > 2: if u(z) — f(y) as z — y with
x € R, for each continuous function f, then y is a regular point.

[Hint: If y is not regular, then, using Problem 4* (b), show that P({|BY, —y| >
0}) =1, hence P({|BY, — y| > 6}) > 1/2 for some § > 0. If S. denotes the sphere
centered at y of radius € < §, use the strong Markov property to prove that there
exists ze € Sc N'R so that P({|Bfs. —y| > 0}) > 1/2. Then, considering any con-

tinuous function 0 < f < 1on R with f(y) =1, and f(z) = 0 whenever |z — y| > 4,
leads to a contradiction.]

7. A simple example of a non-regular point arises when we remove from an open
ball its center, with the center then becoming a non-regular point. A more inter-
esting example of a non-regular point is given by Lebesgue’s thorn with its cusp
at the origin.

Suppose d > 3, and consider the ball B = {z € R? : |z| < 1} from which we re-
move the set

E={(x1,...,xq) €R": 0< 21 <1, 234+ < f(z1)}.
Here f is continuous and f(z) > 0 if 2 > 0. If f(z) decreases sufficiently rapidly

as ¢ — 0, then the origin is non-regular for the set R = B — E. Clearly, R can be
modified so that its boundary is smooth except at the origin.



7 A Glimpse into Several
Complex Variables

In dealing with the existence of solutions of partial dif-
ferential equations it was customary during the nine-
teenth century and it still is today in many applica-
tions, to appeal to the theorem of Cauchy-Kowalewski,
which guarantees the existence of analytic solutions
for analytic partial differential equations. On the other
hand a deeper understanding of the nature of solu-
tions requires the admission of non-analytic functions
in equations and solutions. For large classes of equa-
tions this extension of the range of equation and solu-
tion has been carried out since the beginning of this
century. In particular much attention has been given
to linear partial differential equations and systems of
such. Uniformly the experience of the investigated
types has shown that — speaking of existence in the
local sense — there always were solutions, indeed,
smooth solutions, provided the equations were smooth
enough. It was therefore a matter of considerable sur-
prise to this author, to discover that this inference is
in general erroneous.

H. Lewy, 1957

When we go beyond the introductory parts of the subject, what is
striking is the extent to which the study of complex analysis in several
variables differs from that of one variable. Among the new features
that arise are: the automatic analytic continuation of functions from
certain domains to larger domains; the crucial role of the tangential
Cauchy-Riemann operators; and the significance of (complex) convexity
properties of boundaries of domains.

Even though the subject has developed far exploiting these concepts,
it is our purpose here to give the reader only a first look at these ideas.

1 Elementary properties

The definition and elementary properties of analytic (or “holomorphic”)
functions in C" are straight-forward adaptations of the corresponding
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notions for the case n = 1. We start with a bit of notation. For any
20 =(20,...,20) € C" and r = (r1,...,r,) with r; >0, we denote by

1 n

P,.(z°) the polydisc given by the product
P.(2°) ={z=(21,...,20) €C": |z — z;-)\ <rj;, forall 0 < j <n}.

We will also set C,.(2") to be the corresponding product of boundary
circles

Cr(zo):{z:(zl,...,zn)e(cn: |Zj_Z;‘J|:Tj7 all 0 < j <n}.

We also write z* for the monomial 2{"* 252 - - - 2, where o = (a1, ..., o)
with a; non-negative integers.

We shall see below that for any continuous function f on an open set €2,
the following conditions, defining the analyticity of f, are equivalent:

(i) The function f satisfies the Cauchy-Riemann equations

(1) aajj:(), forj=1,...,n

(taken in the sense of distributions). Here

JERYLI

= i , and z; =x; + iy, with z;,y; € R.
82]- 2 890]- 8yj> J ]+ Yir» W i Yi

(ii) For each 2° € Q and 1 < k < n, the function

g(Zk) = f(Z?, S 7Z27172k722+17' .- 7Z'2)

is analytic in z; (in the one-variable sense) for zj in some neigh-
borhood of zJ.

(iii) For any polydisc P,.(2") whose closure lies in 2 we have the Cauchy
integral representation

zZ)= 1 - de or z ZO
@ 16 =g [ FOTL g2 ez mten

(iv) For each 20 € ©, the function f has a power series expansion f(z) =
S~ aa(z — %) that converges absolutely and uniformly in a neigh-
borhood of z°.
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Proposition 1.1 For a continuous function f given in an open set €0,
the conditions (i) to (iv) above are equivalent.

Proof. To see why (i) implies (ii), let A be the Laplacian on C™,
—~ (0 0
A= — + =
> (5 )
=1 J j

with z; = x; + iy;, and where C™ is thus identified with R*". Note that
then

_42 < 0z azj’

where %:% %—i—i%) and %z%(fgf] zgf>, so if f satis-
fies (i) (in the sense of distributions), then in fact Af = 0. From the
ellipticity of the operator A and its resulting regularity (see Section 2.5
of Chapter 3) we see that f is in C°°, and in particular in C*. Thus
the Cauchy-Riemann equations are satisfied in the usual sense and (ii)
is established.

Now suppose z € P,.(20), with P,.(20) C . Then if (ii) holds we can
apply the one-variable Cauchy integral formula in the first variable, with
29,23, ..,%p fixed, to obtain

fz) = G2y 2) =20

2mi |€1—z?|:r1 Cl —Z1

Next, using the Cauchy integral formula in the second variable to repre-
sent f(C1,22,...,2,) With (1, 23, ..., 2, fixed, gives

:# f(C17<2""7 ) dco d
f(Z) (27”)2 /41 29)=r ~/|C2 29|=r2 (C2 22)(41 —Z1 ) C Cl

Continuing this way yields assertion (iii).
To obtain (iv) as a consequence of (iii), note that

oo

1 . 1 Z Zk;—Zk
Ce—2r Ce—2p— (2 — 2D) - (Cp — 2Q)mHt”

This series converges for z € P,.(2°) and ¢ € C,.(2°), since then |z —
20| < |C — 20| = 7 for all k. So if we take P,.(2°) with P,.(20) C Q, and
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insert for each k the series in formula (2) we get f(2) =Y. an(z — 2°

with
1 - dg‘k
T @i /Cr(zo) U (G — zp)wtt’

As aresult |ao| < Mr~®, where r=® =7 “'r; 2.

M= sup [f(Q)I
CECT(ZO)

—Qn
- and

Thus the series converges uniformly and absolutely if z € P,/ (2") and
. <t forallk=1,...,n

To complete the proof of the proposition, note that (iv) implies (i)
as follows. If >~ aq(z — 2°)® converges absolutely for all z near 29, we
can choose a 2’ near 20, so that 2}, — 2) # 0 for each k with 1 <k <n,
and thus Y |aq|p® converges with p = (p1,...,pn), px = |2}, — 25| > 0.
Thus for any z € P,(z°) we can differentiate the series term by term and
see that in particular f is in C! in that polydisc and satisfies the usual
Cauchy-Riemann equations there. Since this is valid for each z° € Q, it
follows that f is of class C!' throughout  and satisfies (1) in the usual
sense. A fortiori property (i) holds, and the proof of the proposition is
concluded.

Two additional remarks are in order. First, the requirement in (i)
that f be continuous can be weakened. In particular, if f is merely
locally integrable and satisfies (i) in the sense of distributions then f can
be corrected on a set of measure zero so as to become continuous (and
thus by the above, analytic).

Second, a more difficult equivalence is that it suffices to have asser-
tion (ii) without the a priori assumption that f be (jointly) continuous.
See Problem 1*.

Another aspect of analysis in C™ that is essentially unchanged from
the case of one variable is the following feature of analytic identity.

Proposition 1.2 Suppose f and g are a pair of holomorphic functions
in a region' Q, and f and g agree in a neighborhood of a point z2° € Q.
Then f and g agree throughout Q.

Proof. We may assume that ¢ =0. If we fix any point 2’ € ,
it suffices to prove that f(z') =0. Using the pathwise connectedness
of Q we can find a sequence of points z!,..., 2" = 2’ in © and polydiscs

IE”,qk(z’“)7 for 0 < k < N, so that

1Recall that a region is defined to be an open and connected set.
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(a) P, (%) C Q,
(b) ML e P, (2F), for 0< k<N —1.

Now if f vanishes in a neighborhood of z*, it must necessarily vanish
in all of P, (2*). (This little fact is established in Exercise 1.) Thus f
vanishes in P, (z°), and by (b), it vanishes in P, ,, (") if it vanishes
in P, (2*). Hence, by an induction on k, we arrive at the conclusion
that the function f vanishes on P, (2"), and therefore f(z’) =0, and
the proposition is proved.

2 Hartogs’ phenomenon: an example

As soon as we get past the elementary properties of holomorphic func-
tions of several variables, we find new phenomena for which there are no
analogs in the case of one variable. This is highlighted by the following
striking example.

We let Q be the region in C", n > 2, lying between two concentric
spheres; take in particular Q = {z € C", p < |z| < 1}, for some fixed
0<p<l

Theorem 2.1 Suppose F is holomorphic in Q = {z € C", p < |z] < 1},
for some fixed p, 0 < p < 1. Then F can be analytically continued into
the ball {z € C™: |z] < 1}.

Here we give a simple and elementary proof of this. Using more sophis-
ticated arguments we shall see below that this property of “automatic”
continuation holds under very general circumstances.

The quick proof we have in mind is based on a primitive example of
this continuation, which we give in the case of C2. Suppose

K1 ={(z1,22) : |21] < a, and |22| = b1}
and
Ko ={(z1,22) : |21] = a, and by < |29| < b1}.
Lemma 2.2 If the function F is holomorphic in a region O that con-

tains the union Ky U Ky then F extends analytically to an open set @)
containing the product set

(3) {(21,22) ¢ |21 < @, b2 < |z2] < b1}
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|22
K

by

Ks

by f---mmmmmmmmmm -

a |21]

Figure 1. O contains the shaded region

See Figure 1 for an illustration of the sets K7, K2 and their product.
Proof. Consider the integral

[(21,22): L /I MdCh
¢

27r7/ 1|:a+5 Cl —Z1

which is well-defined for small positive €, when (21, 22) is in a neighbor-
hood O of the product set (3). In fact then the variable of integration
ranges over a neighborhood of K5, where F' is analytic and hence contin-
uous. Moreover I(z1, 22) is analytic in O, since it is visibly analytic in z;
for fixed z5 when |z1]| < a + €, and z5 is near the set by < |29| < by; also it
is analytic in 2o (for fixed z1) in that set, by virtue of the analyticity of F'.
Finally when (21, 22) is near the set K7, then I(z1,22) = F(21, 22) by the
Cauchy integral formula, and thus I provides the desired continuation
of F.

We give the proof of the theorem in the case n = 2, and start when
p < 1/v/2. Here we let Ki = {|z1] < a1, |z2| =b1} and Ky = {|z1]| =
ay, by < |2’2| < bl} with a1 = b1, p<ai, by < 1/\/5, and by = 0. (See
Figure 2.)

Then K7 and K5 both belong to 2, and according to the lemma, F
continues to the product {|z;| < 1/v2, |22 < 1/v/2}, which together
with € covers the entire unit ball.

When 1/v2 < p <1, we use the same idea, but now carry out the
argument by descending in a finite number of steps the staircase in the
(]z1], |22|) plane whose corners are denoted by (g, Sx). (See Figure 3.)

We take 1 = p, a1 = (1 —2)/2 = (1 — p*)/2, and more generally
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|22

p 1 |21

Figure 2. The case where p < 1/\/5

Bii=p—ai,0f  =1—0,,. Hence ff =1 —k(1—p?),ai = k(1 —
p°).

We start at k =1 and stop as soon as 1 — k(1 — p?) <0 for k=N,
with N the smallest integer > 1/(1 — p?). With this we choose (ax, b)
so that ap < ag, by > O with (ak,bk) near (ak,ﬁk), yvet ay =1, by = 0.

Now let Ry = {p < |2| < 1} U{|z| < 1; by < |22]}. Asabove, the lemma
gives a continuation of F' into a neighborhood of R;. Using the lemma
again (this time with a = ag, by = bg, ba = br11) gives a continuation
of F' from a neighborhood of Ry to a neighborhood of Ry41. Now
Ry ={|z] < 1}, and so we are done.

The corresponding argument in dimension > 3 is similar to that of
n = 2, and is left to the interested reader to work out.

We mention one immediate application of the previous theorem: a
holomorphic function in C", n > 1, cannot have an isolated singularity;
nor can it have an isolated zero. In fact we need only apply Theorem 2.1
to an appropriate pair of concentric balls, centered at the purported sin-
gularity. The fact that a zero of f cannot be isolated follows from the
previous conclusion applied to the function 1/f. A more extensive as-
sertion holds, namely if f is holomorphic in {2 and vanishes somewhere,
its zero set must reach the boundary of Q. (See Exercise 4.) Also the
nature of the zero set of f near a point where f vanishes can be de-
scribed quite precisely by the Weierstrass preparation theorem, discussed
in Problem 2*.

Finally, notice that holomorphic functions inside the unit ball {|z| < 1}
cannot necessarily be extended outside the ball, as the simple example
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|22

(g, Br)

p 1 |21]

Figure 3. Staircase

f(z) =1/(21 — 1) shows. In fact, we shall see later that the “convex-
ity” of the boundary of 2 plays a crucial role in determining whether a
function can be extended past its boundary.

3 Hartogs’ theorem: the inhomogeneous Cauchy-Riemann
equations

Having seen some simple examples of automatic analytic continuation,
we now come to the general situation. The method that will be used
here, and that turns out to be useful in a number of questions in com-
plex analysis, is the study of solutions of the system of inhomogeneous
Cauchy-Riemann equations

(4) ggj:fj forj=1,...,n,

where the f; are given functions.

The wide applicability of solutions of these equations results from the
following necessity. Often one wishes to construct a holomorphic func-
tion F' with certain desired properties. A first approximation F} can be
found that enjoys these properties, but with that function not usually
holomorphic. The extent to which it fails to satisfy that requirement is
given by the non-vanishing of 0F;/0z; = f;, for 1 < j <n. Now if we
could find an appropriately well-chosen u that solves Ou/0%z; = f;, then
we could correct our Fi by subtracting u from it. In the case below, the
“g00d” choice of u will be the one that has compact support (assuming
the f; have compact support).
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In considering (4), we look first at the one-dimensional case, which is

T

ou
(5) ﬁ(z)zf(z), Where%:%(@—i—ia@y) and z = x + iy € CL.
One can state right away a solution to this problem. It is given by

L[ 1) L[ fz=9
6 u(z) = — —=dm(() = — ——=dm(¢

(6) 0= [, ropam© = [ Fam©
with dm(¢) the Lebesgue measure in C!. Alternatively, we can write u =
f* ®, with ®(z) = 1/(wz). The precise statement regarding (5) and (6)
is the following assertion.

Proposition 3.1 Suppose f is continuous and has compact support on C.
Then:

(a) u given by (6) is also continuous and satisfies (5) in the sense of
distributions.

(b) If f is in the class C*, k > 1, then so is u, and u satisfies (5) in
the usual sense.

(c) Ifu is any C* function of compact support, then u is already of the
form (6); in fact
ou

u=—*®.

0z
Proof. Note first that

ac
C )

and that this tends to zero as h — 0, by the uniform continuity of f
and the fact that the function 1/¢ is integrable over compact sets in C!.
If f is in the class C*, k > 1, an easy elaboration of this shows that we
can differentiate under the integral sign in (6) and find that any partial
derivative of u of order < k is represented in the same way in terms of
partial derivatives of f.

Next we use the fact that ®(z) =1/(wz) is a fundamental solution
of the operator d/0z. This means that in the sense of distributions
%@ = Jp, with § the Dirac delta function at the origin. (See Exercise 16
in Chapter 3.) So using the formalism of distributions, as in Chapter 3,

we have
0 B oe\ [of
—az(f*q)) = fx* (82) = (82) * O,

uet ) =) = - [ feth=0 = 10
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The first set of equalities means that du/0z = f, since f * Jy = f, and so
assertions (a) and (b) are now proved. Using the equality of the second
and third members above (with u in place of f) gives u = u * §p = % * D,
and this is assertion (c).

When we turn to the inhomogeneous Cauchy-Riemann equations (5)
for n > 2, there is an immediate difference that is obvious: the f;’s cannot
be given “arbitrarily” but must satisfy a necessary consistency condition

ofi _ Ofk
7 = — == foralll1 <4,k <n.
Moreover, it turns out that now the assumption that the f; have compact
support implies the existence of a solution of compact support. The result
is contained in the following proposition.

Proposition 3.2 Supposen > 2. If f;, 1 < j < n, are functions of class
C* of compact support that satisfy (7), then there exists a function u
of class C* and of compact support that satisfies the inhomogeneous

Cauchy-Riemann equations (4).2
Proof. Write z = (2/,2,,), where 2/ = (21,...,2,_1) € C"~! and set
1 dm
) u = [ o™
™ Jet C

Then by the previous proposition du/0z, = f,. However by differenti-
ating under the integral sign (which is easily justified) we see that for
1<j<n-1

ou 1 [ Ofn,, dm(¢)

9z, Claizj(zazn—C)T
_ L rof, ., dm(Q)
- T cl azjl (Z ,Zn C) <
= fj('zlvzn)'

The next-to-last step results from the consistency condition (7), and the
last step is a consequence of part (c) of Proposition 3.1. Therefore u
solves (4).

Next, since the f; have compact support, there is a fixed R, so that
the f; vanish when |z| > R for all j. Thus by Proposition 1.1, u is
holomorphic in |2’| > R, so by (8), u also vanishes there. Since the latter

2In the case k = 0, the identities (7) and (4) are taken in the sense of distributions.
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is an open subset of the connected set |z| > R, Proposition 1.2 implies
that u vanishes when |z| > R, and all our assertions are proved.

A few remarks may help clarify the nature of the solutions provided
by the previous propositions.

e As opposed to the higher-dimensional case, when n =1 it is not
possible in general to solve (4) with a function u of compact sup-
port, given f of compact support. In fact it is easily seen that
a necessary condition for the existence of such a solution is that
Joi f(2) dm(z) = 0. The full necessary and sufficient conditions are
described in Exercise 7.

e When n > 2, the solution given by (8) is the unique solution which
has compact support. This is evident because the difference of
two solutions is a holomorphic function on all of C". Similarly,
when n = 1, the solution u given by (6) is the unique one for which
u(z) — 0, as |z| — oc.

The simple facts that we have proved about solutions of the inhomo-
geneous Cauchy-Riemann equations in the whole space C™ allow us to
obtain a general form of Hartog’s principle illustrated by Theorem 2.1.
This can be formulated as follows.

Theorem 3.3 Suppose ) is a bounded region in C", n > 2, and K is a
compact subset of Q2 such that Q — K is connected. Then any function Fy
analytic in Q — K has an analytic continuation into 2.

This means that there is an analytic function F' on €2, so that F' = Fj
on 2 — K.

To prove the theorem observe first that there exists € > 0, so that
the open set O, = {z: d(z,9Q°) < €} is at a positive distance from K.
Note that then (2N O,) C (2 — K). Next we can construct a C* cut-off
function® 7 so that 7(z) = 0 for z in a neighborhood of K, while (z) = 1
for z € O.. With this function we define F; in Q by

| n(z)Fo(2) forze Q- K
Fl(z)_{ 0 for 2 € K.

The function Fj is C*° in 2. While F} gives an extension to ) of Fp,
this extension is of course not analytic. But by how much does it fail to
have this property? To answer this, we define f; by

(9) fj:af, forj=1,...,n.

3Note that C? instead of C> would do for the rest of this proof.
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Note that the f; are C'° functions in (), and automatically satisfy
the consistency conditions (7) there. Moreover the f; vanish near the
boundary of © (in particular for z € O. N Q) because of the analyticity
of Fy. Thus the f; can be extended to be zero outside {2 so that now
the extended f; are C*° and satisfy (7) in the whole of C". We call the
extended f; by the same name. We now correct the error given by (9)
using Proposition 3.2 to find a function u of compact support so that
Ou/0%Z; = f; for all j, and take F' = F; — u.

Note that F' is holomorphic in € (since 0F/0z; = 0,1 < j < n, there).
We will next see that F' agrees with Fy in an appropriate open subset of
Q — K, which is the same as saying that u vanishes in that open set.

To describe the open set in question we find the smallest R so that
Q C {|z|] £ R}. Then clearly there is a z° € 9Q with 2| = R. We set
B = B(2°) = {2 : |z — 2°] < ¢}, and will see that N B, is an open set
in 2 — K where u vanishes. (See Figure 4.)

Figure 4. The function u vanishes in Q N B,

The fact that 2N B, is an open non-empty set in 2 — K is immedi-
ate since B, C O, and hence B, is disjoint from K; also if QN B, were
empty, 2° could not be a boundary point of 2. In addition, v is holomor-
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phic in B (more generally in O.), since the f; vanish there. Moreover,
w is zero in {|z| > R} since u is analytic there, this set is connected,
and u vanishes outside a compact set. Finally, B. N {|z| > R} is clearly
a non-empty open set of B.. Therefore u vanishes throughout B, and
in particular in £ N B.. This shows that F' and Fj agree on an open set
of 0 — K, and since the latter set is connected, they agree throughout
Q) — K. The theorem is therefore proved.

4 A boundary version: the tangential Cauchy-Riemann
equations

We have just seen that if a holomorphic function Fj is given in a (con-
nected) neighborhood of the boundary of a region  in C™, n > 2, then it
extends to the whole region. Since the neighborhood on which Fj is given
can in principle be arbitrarily narrow, it is natural to ask what happens
in the limiting situation where Fj is given only on the boundary 02 of (2.
To answer this we must answer the question: what functions Fj given
only on 02 extend to holomorphic functions in all of Q7

We shall formulate this problem precisely and solve it in the context of
regions with sufficiently smooth boundaries. We begin by reviewing the
relevant definitions and elementary background facts that are needed for
this.

We start in the setting of R? and later pass to C™ by identifying the
latter space with the former when d = 2n. Now suppose we are given a
region 2 in R?. A defining function p of Q is a real-valued function
on R? so that

p(x) <0, when z € Q,
p(x) =0, when z € 99,
p(z) >0, when z e Q'

For any integer k£ > 1 the boundary of Q is said to be of class C* if
has a defining function p which satisfies

o p € CHRY);
e |Vp(x)| > 0, whenever z € 99.

The boundary 95 is an example of a hypersurface of class C*. More
generally we shall say that M is a (local) hypersurface of class C* if
there is a real-valued C* function p, defined on a ball B C R%, so that
M ={xz € B: p(z) =0}, and |Vp(z)| > 0 whenever x € M.

For a region Q whose boundary is of class C* one knows that near
any boundary point 02 can be realized as a “graph.” More precisely,
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fixing any point of reference z° € 9Q and making an appropriate affine-

linear change of coordinates (in fact a translation and rotation of R%)

then, by the implicit function theorem, we can achieve the following:

With the new coordinate system written as x = (', z4) where 2/ € R4~1

and x4 € R, the initial reference point 2° corresponds to (0,0) and near
= (0,0) the region Q and its boundary are given by

(10 { o Dz o

Here ¢ is a C* function defined near the origin in R%~!. We can also ar-
range matters so that (in addition to ¢(0) = 0), one has V() (2)|zr=0 =
0, which means that the tangent plane to 92 at the origin is the hyper-
plane 24 = 0. (See Figure 5.)

Figure 5. The set Q and its boundary in the coordinate system (2/, x4)

In this coordinate system, because p(x’, p(z')) = 0, we have
p(x) = pla',xa) — p(a’, ("))
1
d
= [ gpotataa s (= Dt
0 at”
= (¢(2') — za)a(z),

with a(z) = 01 a’i”d (2, txg + (1 —t)p(z')) dt. In other words, p(z) =
a(z)(p(z") — z4), where a is a CF~! function Also a(z) > 0 if x is suffi-
ciently close to the reference point z°, since then Bar 90 <0, in view of the
fact that 9/0xz4 points “inwards” with respect to QO

Now suppose j is another C* defining function for . Then near x

we again have p(z) = a(x)(¢(2’') — xz4) and thus

0

(11) p=cp, wherec(z)>0
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and ¢ is of class C*— 1.

Next we recall that a vector field X on R can be viewed as a first-order
linear differential operator of the form

of
X(f) = Zaj(ﬂﬁ)aTCj
j=1
with (a1(x),a2(z),...,aq4(x)) the “vector” corresponding to the point

x € R?. This vector field is tangential at 0Q, if

d
X(p) = Z a; (x)aan =0, whenever z € 0.
J

Jj=1

Because of (11) and Leibnitz’s rule, this definition does not depend on
the choice of the defining function of €.

Next we fix an ¢ with £ < k. Then, any function fy defined on 92 is
said to be of class C if there is an extension f of fy to R? so that f is
of class C* on R?. Now if X is a tangential vector field and f and f’ are
any two extensions of fy, then as is easily seen X (f)|aq = X (f')]aq- (See
Exercise 8.) So in this sense we may speak of the action of a tangential
vector field on functions defined only on 0f2.

We now pass to the complex space C" that we identify with R%, d = 2n.
We do this by writing z € C", z = (21,...,2p), 2j = x; +1iy;, 1 <j <mn,
and then setting = = (z1,...,22,) € R* with x;, 1 <j <n, as before,
and x4, = y;, for 1 < j < n. Vector fields on C" can now be written as

. 0 0
Z <aj(2)azj + bj(z)@zj) :
j=1

(Here it is necessary to allow the coefficients to be complex-valued.) Such

a vector field is called a Cauchy-Riemann vector field, if b; = 0 for
all j, that is, X is of the form

Z" )
= 8,2]'

Equivalently, X is a Cauchy-Riemann vector field if it annihilates all
holomorphic functions.
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Given a region (2 (with C* boundary) then the above Cauchy-Riemann
vector field X is tangential if

n

Zaj(z)pj (2) =0, where p;(2) = %.
j=1

Now near any fixed z° € 9, at least one of the p;(2°), 1 < j < n, must
be non-zero, since |Vp(2°)| > 0; for simplicity we may assume j = n.
Then the n — 1 vector fields

0
12 — —pi—, 1<j<n-1
( ) Pn 85]‘ Pj 0z, S) >
are linearly independent and span the tangential Cauchy-Riemann vector
fields near z° (up to multiplication by functions).
Without making the particular choice j = n one notes that the n(n —

1)/2 vector fields

0 0
13 — —pi—, 1<j<k<n
(13) Pz e <j<k<
span the tangential Cauchy-Riemann vector fields (globally), but of course
are not linearly independent.
There is a way of expressing this neatly by using the language of dif-
ferential forms. Suppose u is a complex-valued function. Then we can

abbreviate the equations % = fj, for 1 < j <n, by
J

ou = f,

with Ou and f the “one-forms”* defined by >>"_, 2% dz; and Z;;l f;dz;,

7j=1 BEJ-
respectively. Now for any one-form w = 2721 w;dz;, we define the two-

form Ow by
ow = ZEU}] N dfj
j=1

ow; _
= > o5 dE A dz;

1<k j<n T5F
ow; Ow
= > —L - ) az A dz,
‘ 0zy, 07;
1<k<j<n

4More precisely, (0,1)-forms.
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since dzy A dz; = —dz; A dZ), in this formalism.

With this notation the inhomogeneous Cauchy-Riemann equations (4)
can be written as Ju = f, and the consistency condition (7) is the same as
df = 0. Moreover a function Fy is annihilated by the tangential Cauchy-
Riemann vector fields ((12) or (13)) exactly when

(14) OFy A 9plag = 0.

So whenever Fj is the restriction to 92 of a function of class C*(Q) that
is holomorphic in €, it must satisfy these tangential Cauchy-Riemann
equations. The remarkable fact is that, broadly speaking, the converse
of this holds. This is the thrust of Bochner’s theorem.

Theorem 4.1 Assume  is a bounded region in C™, whose boundary is
of class C3, and suppose the complement of Q is connected. If Fy is a
function of class C3 on OQ that satisfies the tangential Cauchy-Riemann
equations, then there is a holomorphic function F in ) that is continuous
in Q, so that F|pq = Fy.

The fact that some connectedness property is required for both this and
the previous theorem can be seen in Exercise 10.

The proof of this theorem is in the same spirit as the previous one,
but the details are different. The function Fy of class C2(9f2) can, by
definition, be thought of as a function of class C® on the whole space.
Now Fy satisfies the tangential Cauchy-Riemann equations, and we can
modify it (without changing its restriction to 92), so that the modified
function Fy is of class C? and

(15) OF1|sa = 0.

This modification is achieved by taking F} = Fy — ap, where a is a suit-
able C? function. Indeed, F; already satisfies the tangential Cauchy-
Riemann equations. An independent Cauchy-Riemann vector field (that
is not tangential) is given by N, with

n

0
NGED S -n

Jj=1
In fact, we note that
"] dp S
N(p)=) |7=| =7IVol>>0.
2 55| =1

j=1
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Thus if we set a = N(Fp)/N(p) near the boundary of Q and extend a
strictly away from the boundary to be zero, then (15) is achieved because
of (14).

We now define the one-form f in Q by f = 0F;. Then f is continuous
on Q, is of class C*(Q), vanishes on 99, and satisfies 9f = 0 in the inte-
rior of . We can now extend f to C" (keeping the same name) so that
f = 0 outside of Q. Then f satisfies f = 0 in C" (at least in the sense
of distributions). This would be evident if we supposed that Fy and 92
were of class C* instead of class C3. In the latter case an additional
argument is needed (see Exercise 6 in Chapter 3). We can now invoke
Proposition 3.2 to obtain a continuous function u so that du = f and
moreover v has compact support. Since u is holomorphic on Q° and this
set is connected, it follows that u vanishes throughout Q° and by conti-
nuity it vanishes on 0€2. Finally, take F' = F; — u, then F' is holomorphic
in Q, continuous in Q and F|pq = Fi|sq = Folsq, completing the proof
of the theorem.

In the case n = 1, there are no tangential Cauchy-Riemann equations
and the conditions on Fy are global in nature. See Exercise 12.

By a different argument one can reduce the degree of regularity in-
volved on Fj. See Problem 3*.

Given the nature of the conditions that are sufficient when n > 1, it
is natural to ask if there is in fact a “local” version of the extension
theorem just proved. For this to be possible, the formulation of such a
result must distinguish on which “side” of the boundary this continuation
holds. The example of the “inside” of the sphere, where continuation
takes place as opposed to the “outside” where it fails, suggests that a
convexity property might be involved. This is indeed the case because of
the complex structure of C", as we will see when we examine the local
nature of the boundary of a region.

5 The Levi form

Let us briefly glance back to the situation in RY. We will see that near
any boundary point 2° the region €2 can be put in a very simple canonical
form. We already noted earlier that near z°, in the appropriate coordi-
nates, we can represent Q as {xq > ¢(2')}. Now if we introduce new co-
ordinates (Z1,T2,...,Zq), by Tq =24 — @(2'), T; = zj, 1 < j < d (with
inverse x4 = Tq + ¢(T'), ; = T;, 1 < j < d) we obtain that locally € is
now represented by the half-space T, > 0, and 992 by the hyperplane
zq = 0.

However to be applicable to the study of holomorphic functions in
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C™, the new coordinates that we can allow (that is, the change of vari-
ables that is permissible) must be given by holomorphic functions, so
our choices are more restricted. The coordinates that result from such
changes of variables (starting with the standard coordinates about a fixed
point z°) will be called holomorphic coordinates. Here we assume
that 09 is of class C?, and use the notation z; = z; + iy;.

Proposition 5.1 Near any point z° € 9Q we can introduce holomorphic

coordinates (z1,...,2n) centered at 20 so that
n—1

(16) Q= {Im(z,) > Y Njlz* + E(2)}.
j=1

Here the \; are real numbers, and E(z) = x,0(z') + Dx2 + o(|2|?), as
2z — 0; 5 also £(2') is a linear function of T1,...,Tpn_1,Y1,--->Yn_1, and
D is a real number.

A few remarks may help to clarify the nature of the cannonical represen-
tation (16).

e By making a further change of scale z; — §;2;, 6; # 0, we can set
the A; to be either 1, —1 or 0.

e The number of \; that are positive, negative or zero (the signature
of the quadratic form) is a holomorphic invariant as we will see
below.

e It can be seen from (16) that it is natural to assign the variables
215+ 2n—1 “weight 1”7 and the variable z,, “weight 2,” which, dis-
regarding the error term, makes the expression homogeneous of
weight 2. This homogeneous version of (16) gives us the “half-
space” U that we consider further in the Appendix to this chapter.

e If we had assumed that O was of class C2, then the error estimate
o(|z|*) would be improved to O(|z[?), as z — 0.

Proof of the proposition. As in (10), we see that we can introduce
complex coordinates (with an affine complex linear change of variables)

so that near z° the set Q is given by

Im(z,) > @(2',2,)

5f(z) = o(|z|?) as z — 0 means that |f(2)|/|z|?> — 0, as |z| — 0.
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with z = (2/,2,), 2/ = (#21,...,2n-1), and z; = x; +iy;. We can also
arrange matters so that ¢(0,0) = 0 and
0 0 0 .
oz, ——¢l0.0) = ay, 0,0 = . —¢l0, 1<ji<n—1

Using Taylor’s expansion of ¢ at the origin up to order 2 we see that

p= Z (jpzjzi + 0jRZiZ,)+
1<j,k<n—1
+ Z BirnziZ + zol (2')+
1<j,k<n—1

+ D22 +o(|z]*), asz—0.

Here (3, = Bkj and ¢’ is a (real) linear function of the variables 1, ...,
Tp_1 and y1,...,Yn—1, with D a real number.

Next we introduce the (global) holomorphic change of coordinates
Cn = 2p — 2121<j p<n_1 QjkZ 2k, and C = 2z, for 1 <k <n —1. Then
Im(¢,,) = Im(z,) 21<] h<n— (ogzizr + @jiZiZ)), and thus in these
new coordinates (where we immediately relabel the (’s as z’s) the func-
tion ¢ becomes >, o, BjnziZr + xal'(2') + Daj + of|2[).

Next, a unitary mapping (in the z,...,2,_1 variables) allows us to
diagonalize the Hermitian form and ¢ becomes

(17) D Alzi P+ 2nl(2) + Dak + o(|2]?)

with A1,...,Au_1, the eigenvalues of the quadratic form. This proves
the proposition.

} that appears implicitly above,
1<j,k<n—1

or its diagonalized version the form in (16), Z;:ll Aj|zj]?, is referred to

The Hermitian matrix { 85‘285%

jY%k
as the Levi form of  (at the boundary point z°.) A more intrinsic def-
inition comes about by noticing that the vectors 0/0%z;, 1 < j <n—1,

are tangent to 9 at zo. If p(z) = p(2’,2n) — yn, then the corresponding
quadratic form is

?p _
(18) Z m%‘ak;

restricted to the vectors Z b1 a,d/0Zy, that are tangential at 29. Note
also that these tangent vectors form a complex subspace (of complex
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dimension n — 1) of the full tangent space (which has real dimension
2n —1).

Now let p’ be another defining function for Q. Then p’ = cp with ¢ > 0,
and we assume c is of class C2. Then by Leibniz’s rule,

0%p' 0%p
- Zka]ak CE - Zkajak on ,

since p = 0 there, and also Y ;_, ak% = 0 because Y ,_, ak% is tan-
gential. Thus the signature of the form (18) is independent of the choice
of defining function.

Finally let z — ®(z) = w be a biholomorphic mapping defined near the
origin (with ®(0) = 0), giving us a new holomorphic coordinate system
(wi,...,wy,) in the neighborhood of 2°. Then by holomorphicity the
differential of ® maps tangent vectors at 20 of the form Y )"} axz2- to
tangent vectors of the form ), a%%. Now if p’ is a defining function
of ®(2) then p/(®(z)) = p”’(2) is another defining function of Q near 2°
and we can conclude by the above that the signature of (18) is invariant
under holomorphic bijections.

With regard to the above, one says that a boundary point 20 € 9 is
pseudo-convex if the Levi form is non-negative, and strongly pseudo-
convex if that form is strictly positive definite. A region 2 is pseudo-
convex if every boundary point of €2 has this property.

A good illustration is given by the unit ball {|z] < 1}. If we take
p(z) = |z|*> — 1 to be its defining function, we see that at every boundary
point the Levi form corresponds to the identity matrix, and hence the
unit ball is strongly pseudo-convex.

Pseudo-convexity may be thought of as the complex analytic analog for
n > 1 of the standard (real) convexity in RY; for the latter see Exercise 26
in Chapter 3 and the problems in Chapter 3 of Book III. The nature of
the Levi form at 2° turns out to have important implications for the
behavior of holomorphic functions defined in €2 near z°. In particular,
we shall next see some interesting consequences that follow if one of the
eigenvalues of the Levi form is strictly positive.

6 A maximum principle

A noteworthy implication of the partial positivity of the Levi form is the
following “local” maximum principle in C", n > 2, which has no analog
in the case n = 1.
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Suppose we are given a region {2 with boundary of class C?, and B
is an open ball centered at some point 20 € 9. Assume that at each
z € 02N B at least one eigenvalue of the Levi form is strictly positive.

Theorem 6.1 In the above circumstances there exists a (smaller) ball
B' C B, centered at 2°, so that whenever F is a holomorphic function
on QN B that is continuous on QN B, then

(19) sup |F(2)| < sup |F(2).
2€QNB’ 2€0QNB

A counter-example of assertion (19) in the case n =1 is outlined in Ex-
ercise 16.

Proof.  We consider first the special situation when 2° = 0 and Q is
given in the canonical form (16). We may assume that A; > 0.

We write z = (21,2",2,,), where 2’ = (22,...,2,_1) € C" 2, and we
consider points of the form (0,0,iy,). We denote by B = B, the ball
of radius r centered at the origin and prove that whenever 0 < y, <
cr?, with r sufficiently small, then at these special points we have the
preliminary conclusion

(20) |F(0,0,iy,)| < sup |F(z)].
z€0QNB,.

Here c is a constant to be chosen below (¢ = min(1, A;/2) will do).

This will be proved by considering the complex one-dimensional slice
passing through the point (0,0, iy,). Indeed, let Q; = {21 : (21,0,iy,) €
QN B,}. It is obvious that €; is an open set containing the point
(0,0,4y,). We note the following key fact: if r is sufficiently small, then

(21) If z1 € 09 then (21,0,iy,) € 002N B,.

Indeed, if z; is on the boundary of the slice 1, then either (z1,0,y,) is
on the boundary of €, or (z1,0,4y,) is on the boundary of B, (or both
alternatives hold). In fact the second alternative is not possible, because
if it held, then it would imply that |21]? 4+ y2 = r2. Since y, < cr? this
yields |z1|? > r2 — c¢2r* > 3r2/4, if we take ¢ < 1 and r < 1/2. Moreover
since any such point must be in  we must have that y, > /\1]zl|2 +
0(|21]?) and therefore cr? > X\13r%/4 + o(r?), which is not possible if we
take ¢ < A1/2 and r is sufficiently small. Since now the second alternative
has been ruled out, we have established (21).

Now for y,, fixed, we define f(z1) = F(21,0,iy,). Then f is a holo-
morphic function in z; on the slice ©; and is continuous on ;. Since
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0 € Q1, the usual maximum principle implies

[F(0,0,iy,)| = [f(0)] < sup [f(z1)] = sup [f(z1)] < sup [F(2)],
21€Q 21 €001 2€00QNB,.

because of (21). Therefore the claim in (20) is established.

We will pass from this particular estimate to the general situation by
showing that for every point z €  sufficiently close to the boundary
of 2, we can find an appropriate coordinate system so that with respect
to it the point z is given by (0,0, iy, ), and thus the conclusion (20) holds
for z. This is done as follows.

First, for every point z € Q sufficiently close to 02 there is a (unique)
point 7(z) € 9 which is nearest to z and moreover, the vector from 7 (z)
to z is perpendicular to the tangent plane at (z2). Now at each m(z) € 9
we can introduce a coordinate system leading to the description (17) of 2
near m(z). We also observe that the mapping from the initial ambient
coordinates of C™ to those appearing in (17) is affine linear and preserves
Euclidean distances. Because of the orthgonality of the vector from 7(2)
to z to the tangent plane, the point z has coordinates (0,0, iy,) in this
coordinate system, and in fact |z — 7(z)| = yp.

With B the initial ball centered at 2", we will define B’ = Bs(z") to
be the ball of radius ¢ centered at z°. That radius will be determined by
another radius 7, so that § = c,r?, with the constant ¢, specified below.
We will have 0 < ¢, < 1, and ultimately take r (and hence ¢) sufficiently
small.

We can assume that \; is the largest eigenvalue appearing in (17) and
since 01 is of class C?, the quantity \; varies continuously with the base
point 7(z). We denote by A, the infimum of these A;, and in parallel
with the special case treated above we set ¢, = min(1, \./2).

We then note that if z € 0 N Bs and we take r sufficiently small, then:

o |z—7(z)| <4, and;
e B,.(7(z)) C B.

In fact if 2 € Bs(2%), then 2° € 9Q implies that d(z,9Q) < §, which
gives |z — 7(2)] < 6.
Secondly

¢ =2 < I¢ = m(2)| + [m(2) — 2| + |2 = 2°),
so if ¢ € By(m(z)), then | —7(2)| <r while |z —7n(2)| <4, and |z —

2% < 6 (since z € Bs). This means that |¢ — 2°| <r + 26, and hence
¢ € B, if r (and then § = c,7?) are sufficiently small.
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We can now return to the argument leading to the proof of the special
case (20). With the ball B,(n(z)) playing the role of B, above, we see
as before that we obtain (20) by the maximum principle, because for
z € QN B we have y,, > A\|21]? + 0(]z|?), 21 — 0 with an “0” term that
is uniform as z (and hence 7(2)) varies. (This uniformity is a consequence
of the fact that the corresponding “0” term in the Taylor development
of ¢ in (17) is uniform, by virtue of the fact that ¢ is of class C?.)

All this shows that if we take r sufficiently small, and § = c,r?, then
for z € Bs(z9) = B’ the conclusion of the theorem holds.

The implication of the theorem, and its proof, are valid in a more gen-
eral setting where the boundary 952 is replaced by a local hypersurface.
This can be formulated as follows.

Suppose M is a local C? hypersurface given in a ball B with a defining
function p, so that M = {z € B: p(z) =0}. Set Q_ ={z€ B: p(z) <
0}.

Corollary 6.2 Suppose the Levi form, as given by (18), has at least one
strictly positive eigenvalue for each z € M. Under these circumstances,
for every z2° € M there is a ball B’ centered at 2° so that whenever F is
holomorphic in Q_ and continuous in Q2 U M we have

(22) sup |F(z)| < sup |F(z)].
zeQ_NB’ zeM

The theorem we have just proved tells us that when an eigenvalue of
the Levi form is positive, the control of the restriction of a holomorphic
function to a small piece of the boundary gives us a corresponding control
of the function in an interior region. This is a strong hint that for such
boundaries a local version of Bochner’s theorem (Theorem 4.1) should
be valid. Our proof of this will be based on a remarkable extension of
the Weierstrass approximation theorem, to which we now turn.

7 Approximation and extension theorems

The classical Weierstrass approximation theorem can be restated to as-
sert: given a continuous function f on a compact segment of the real
axis in C!, then f can be uniformly approximated by polynomials in
z = x + 1y. The general question we will deal with is as follows. Suppose
M is a (local) hypersurface in C". Given a continuous function F on M,
can F' be approximated on M by polynomials P, in zq, z9,..., 2,7

Note that if n > 1, the restriction to M of each P, necessarily satisfies
the tangential Cauchy-Riemann equations, and so F would necessarily
have to satisfy these equations in at least some “weak” sense. We shall
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now see that this necessary condition is indeed sufficient. That is the
thrust of the Baouendi-Treves approximation theorem stated below.

We suppose we are given a C? local hypersurface M in C", defined
near z° € M, which after a complex affine-linear change of coordinates,
the point z° has been brought to the origin and M is represented near

2V as a graph

(23) M={z=(2,2,): Im(z,) = p(2',2,)}.

If we set p(z) = (2, 2) — Yn, with y,, = Im(z,,), the tangential Cauchy-
Riemann vector fields are spanned by

0
— —pi—, 1<j<n-—1,
P 0Z; bi 0z, =J ="
with p; = 8p/0%;, and in particular p, = 3(¢s, — 1), where we define
Yz, = Op/0x,. Thus we can write the corresponding tangential Cauchy-
Riemann equations as

with

_of _,9of o,
(24) Lj(f)—a—zj—aja—gn, where a; = p;/pn.

In the coordinates (2, z,) on M, these become L;(f) = % — %%.
J n

Next, we define the transpose of L;, namely, LE-, by

_ (9 10(a;¥)

so that

/ L;(f)vdz dx,, = / LS (Y) d2' day,
Cr—1xR

Cr—1xR

whenever both f and ¢ are C! functions, with one of them having com-
pact support. (We use the shorthand dz’dz,, to designate Lebesgue mea-
sure on C"~! x R.) In view of the above we say that a continuous func-
tion f satisfies the tangential Cauchy-Riemann equations in the weak
sense if

/ fL(¥)dz'de =0
Cr—1xR
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for all 1 that are in C' and whose support is sufficiently small. Our
theorem is then as follows:

Theorem 7.1 Suppose M C C" is a hypersurface of class C? as above.
G}'ven a point 2° € M, there are open balls B’ and B, centered at 2°, with
B C B, so that: if F' is a continuous function in M N B that satisfies
the tangential Cauchy-Riemann equations in the weak sense, then F can
be uniformly approximated on M N B by polynomials in z1,22,...,2p.

Two remarks may help to clarify the nature of the conclusion asserted
above.

e The theorem holds for all n > 1. In the case n = 1 there are of
course no tangential Cauchy-Riemann equations so the conclusion
is valid without further assumptions on F. Note however that
in general the scope of this theorem must be local in nature. A
simple illustration of this arises already when n = 1 and M is the
boundary of the unit disc. See also Exercise 12.

e Note that for n > 1, there are no requirements on a Levi form
related to M.

Proof.  We shall first take B small enough so that in B, the hy-
persurface M has been represented by M = {y,, = ¢(2',2,)} where 2°
corresponds to the origin. Besides ¢(0,0) = 0, we can also suppose that
the partial derivatives 8 , 1<j<n,and 3 ” , 1 <j<mn-—1, vanish at
the origin.

Now for each u € R"~!, sufficiently close to the origin we define the
slice M,, of M to be the n-dimensional sub-manifold given by

M, ={z: yn = p(2,x,), with 2/ =2’ +iu}.

We let ® = & be the mapping identifying the neighborhood of the
origin R” with M, given by ®(z) = (2’ + tu, z,, + ip(z’ + iu, x,)) with
z=(2',z,) € R"1 x R =R". Observe that M is fibered by the collec-
tion {M }u Now for fixed u, the Jacobian of the mapping x — ®(z),
that is, 8 , is the complex n X n matrix given by I + A(x), where the en-
tries of A(x) are zero, except in the last row, and in that row we have the

vector ( g; 7’593202 zaam‘p ) So A(0) =0, and det (22) =1 +i2e
We shall need to shrink the ball B further so that ||A(x)|| < 1/2, on this
ball, where || - || denotes the matrix-norm.

Now with u fixed, the map ® carries the Lebesgue measure on R" to
a measure (with complex density) dm,(z) = J(x) dz on M, defined by

/ f(z)dmy(z) = o [(®(x)) T (x)de, where J(x) = det (8@(@)
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for every continuous function f with sufficiently small support.

Next take B’ any ball with the same center as B but strictly interior
to it. Define x to be a smooth (say C!) cut-off function which is 1 on
a neighborhood of B’ and vanishes when x ¢ B. With this, define for
each u € R"! (close to the origin), and € > 0, the function F* by

. 1 e
(25) QO = [T F GG dmaa),
€ M.,
Here we use the shorthand w? = w? + -+ + w2 ifw = (w1, ..., w,) € C".

We should remark at this point that, like the classical approximation
theorem, the argument below comes down to the fact that the functions

—T

e "/2¢="7” form an “approximation to the identity” in R™.6
The F* have the following three properties:

(i) Each F*(¢) is an entire function of { € C™.

(ii) Whenever ¢ € M, and ¢ € B, the F*(¢) converge uniformly to
F((),as e — 0.
(iii) For each u, lim._o F*(¢) — F2(¢) = 0, uniformly for ¢ € B

The first property is clear, since e~ 2(:=9” is an entire function in ¢,
and the integration in z is taken over a compact set.

For the second property note that z € M,, and { =&+ in € M,, if
z = ®(z) and ¢ = (), with & = ®*. Therefore

o ?
(2= = @) = 20 = (GO -9) +0(o )
= (I +A©)(z —€)* + Oz — &)
Now making our initial ball B smaller if necessary (which of course de-
creases the size of B'), we can guarantee that whenever z and ( are
in B
(26) Re(z — ()% > cle — &P, e>0,
once we take into account that ||A(£)]| < 1/2. Thus the exponential ap-
2 ¢ a— 2
pearing in (25) can be written as e~ ¢ ((1+AE)(@=8)" L O (@6_%
Thus F*(¢) = I+ 11, with

I—e”/Q/ e FUTAO =) f() d

6For the classical theorem, see for instance Theorem 1.13 in Chapter 5 of Book I.
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3
IT=0 (e_”ﬂ/ me_c,‘”w6 dv> ;
n €

with f(z) = F(®(z))x(®(z)) det(I + A(z)), where 22 = I + A(z). Now
after a change of variables v = x — £, the first integral is handled by the
following observation.

and

Lemma 7.2 If A is an n X n compler matriz with constant coefficients
and ||Al| < 1 then for every e > 0

1 .
(27) 7z det(I +4) / e~ T (THA)* gy — 1.
E’I’l

Corollary 7.3 If f is a continuous function of compact support, then

det(I + A = ’
Gtin/—;—)/n e~ e (IHAT £ (& 4 v)dv — f(€)

uniformly in € as € — 0.

To prove the lemma note that Re(((I + A)v)?) > [v|> — ||A|||v|> > c|v|?,
with ¢ > 0, so that the integral in (27) converges. A change of scale
reduces the identity to the case e = 1. Now if A is real, a further change
of variables v' = (I + A)v (which is invertible since || A|| < 1) reduces this
case to the standard Gaussian integral. Finally, we pass to the general
situation by analytic continuation, noting that the left-hand side of (27)
is holomorphic in the entries of A, whenever ||A|| < 1. The corollary then
follows from the usual arguments about approximations of the identity as
in Section 4, Chapter 2 in Book I and Section 2 in Chapter 3 of Book III.

Now the term /7 is dominated by a multiple of [, /2pBe=c vl gy =

ce'/? as is seen by a change of scale. Thus property (ii) is proved.

Up to this point, we have not used the fact that F satisfies the tangen-
tial Cauchy-Riemann equations. It is in the proof of property (iii) that
this is crucial. We begin by considering the case where F' is assumed to
be in class C'. Later we will see how to lift this restriction. We recall
that the tangential Cauchy-Riemann vector field L; is given by (24).

Lemma 7.4 Suppose f is a C* function on M. Then

N e e G E!

forall1<j<n-—1.
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Proof. Recall that ®(z) = ®%(x) = (z' + iu, x,, + i(2’ + iu, x,)) and
from before we have that det (92) =1+ i¢p,,. Also, recall that p(z) =
©(2',2n) — yn, hence, for 1 < j < n — 1, one has

0
_ 0 k09 2 w0
0z pn 0z, 0zZ; i (14ip,,) 0%,
and therefore

2 2 .
L nname =3 [ @n@a e,

7
2 [ of 8o Of
== 1 wn) — 4 = A=
/Rn 82]( T ipz,) /Rn 0%; 0%y,

where we simplify the writing by sometimes omitting ® from the formu-
las. Now, starting from the left-hand side of (28)

0 9 .
90 (/ f(z) dmu(2)> = ( 5 F(@)(1 —i—chmn))
/ of . ‘ of af
/ <6UJ + u] ayn) (1 +Z¢In) _Z/quj <8xn +S0;pnayn) R

where we have used an integration by parts and the fact that f has
compact support to obtain the second integral on the right-hand side.
Using the fact that f has compact support again, we also note that

0= / 04 @)1 + i)

n 63:]-

(2 Y of o
o) 0o o ()

where once again we have integrated by parts to obtain the last integral.
Combining the two results above we find that

0
o ( /Mu £(:) dmu<z>> _
0 op O
:—22'/ <azfj +8:af>(1+wxn)
of of
2/nazj(a%+w ayn)

2 [ of e of
= — 1 —
/n oz, LT ) 4/Rn 9z, 0=,

2
=% [ g mage),
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which is (28).
Now set f(z) = e /2= £(=O"F(2)x(z). Then

F* -~ FY :/01 %F}Sds
:/Oliujf </M Lj(f)dmus(z)> ds,

]:1 us

because of Lemma 7.4. Now L,(f) = e_”/Qe_”(Z_C)Z/EFLj(X), since
e—(z=0)%/¢ g holomorphic in z, and L;(F) =0 by assumption. How-
ever L;(x) is supported at a positive distance from B’. So if ¢ € B’, the
inequality (26) guarantees that

|F* — FOl = O(e ™2 /) ase—0

for some ¢’ > 0, and the property (iii) is established, under the assump-
tion that F' € C!.

To complete the proof of the theorem note that a combination of (ii)
and (iii) shows that F° converges uniformly to F when ¢ € M N B'. Now
each F?, being an entire function of ¢, can be uniformly approximated
by polynomials in ¢ for ¢ in the compact set B. Altogether then, F' can
be uniformly approximated by polynomials on M N B and the theorem
is proved in that case.

To pass to the general case note that what we have shown in (28) is that
when f is of class C!, u = (0,...,0,u;,0,...,0), and v = (0,...,0,v;,
0,...,0) then

(20) R N G

To extend (29) to the case where f is merely continuous, and L;(f) (taken
in the sense of distributions) is also continuous, a limiting argument
with (29), as it stands, will not suffice. This is because the “weak”
definition of L;(f) requires an integration over R" x R"~!  while in (29)
we only integrate over R” x R. To get around this we observe first (still
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assuming f € C! and has compact support) that (28) implies

o

5, )T (@) dwdy =

@)~ )

—2/ F®Y () LE [ () T ()] dae dyf
n XR“’71

i

for any C! function ) on R”~! having compact support. Now at this
stage we can pass to an arbitrary continuous f of compact support (by
approximating such f uniformly by C! functions) and see that (30) holds
for f that are merely continuous and of compact support.

As a result we have that

a

g, ()T (@) drdf =

o) ~[ @@

::2/° Li(F)o )T () de dy,
R xR7—1

7
where L;(f) is taken in the sense of distributions (assuming that L;(f)
is continuous). )
Now set ¢(y') = ¥s(y;)¥s(7), where g is defined by § = (y1,...,9;-1,0,
Yjt1s---,Yn—1). Here 95(y;) =1 if v; <y; <wuy, and vanishes if y; <

vj — 6 or y; > u; + d; in addition ‘awgiy(z_“) < ¢§71. As a result note that
J

for any continuous function g

0
_/g(yj)azjdyj_g(“j>_g(“j) as d — 0,

g—f‘? is the difference of two approximations to the identity centered
J

at u; and vj, respectively. ) )

Also U5(7) = 6-"+2(7/6), where [, _, $(7) dj = 1, making {s} an
approximation to the identity in R"~2. Inserting these in (31) and let-
ting 6 — 0 shows that the left-hand side of (31) converges to F* — FY,
while the right-hand side converges to % fvujj fR" L;(f)dxdy;, and (29)

is proved. The rest of the argument then continues as before, and the
proof of the theorem is now complete.

since

The approximation theorem just proved, together with the maximum
principle in Section 6 lead directly to the famous Lewy extension theorem.
Here again M is a C? hypersurface given in a ball B, with M = {z €
B, p(z) = 0}. As before we set Q_ = {x € B, p(z) < 0}.
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Theorem 7.5 Suppose that the Levi form (18) has at least one strictly
positive eigenvalue for each z € M. Then for each 2 € M, there is a
ball B' centered at z° so that whenever Fy is a continuous function on
M that satisfies the tangential Cauchy-Riemann equations in the weak
sense, there exists an F which is holomorphic in Q_ N B’, continuous in
Q_N B and so that F(z) = Fy(z) forz € M N B'.

To prove the theorem we first use Theorem 7.1 to find a ball By cen-
tered at zo so that Fj can be uniformly approximated (on M N B;) by
polynomials {p,(z)}. Then we invoke the corollary to Theorem 6.1 to
find a ball B’ so that (22) holds (with B in place of B). Therefore the
pn also converge uniformly in Q_ N B’. The limit of this sequence, F,
is then holomorphic there, continuous in Q_ N B’, and gives the desired
extension of Fj.

8 Appendix: The upper half-space

In this appendix we want to illustrate some of the concepts discussed in the present
chapter, as viewed in terms of a special model region. We will only sketch the
proofs of the results, leaving the details to the interested reader, and providing
some further relevant ideas in Exercises 17 to 19.

The region we have in mind is the upper half-space U in C" given by
U={zeC": Tm(z,) > |2']*},
and its boundary
(32) U = {zeC", Im(z,) = |Z'|*},

with z = (2, z,), and 2’ = (21, ..., 2n—1). It is prompted by the canonical form (16).
The region U in C™, n > 1, plays a role similar to the upper half-plane in C'. The
definitions suggest that z, can be thought of as the “classical” variable, while 2’
is the “new” variable that comes about when n > 1. As in the case n =1, the
region U is holomorphically equivalent with the unit ball {w € C" : |w| < 1} via
a fractional linear transformation, namely
e T
i+ zn 14 Zn

as the reader may easily verify.

This mapping also extends to a correspondence of the boundaries, except that
the “south-pole” of the unit ball (0,...,0,—1) corresponds to the point at infinity
of OU. The analysis of the region U is enriched by a number of symmetries it
enjoys.

The boundary of U, which by (32) is parametrized by (2',z,) € C"™! x R, car-
ries a natural measure d3 = dm(z’, x,), with the latter being Lebesgue measure
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on C" ! x R. More precisely, if Fy is a function on 8, and FO1j designates the
corresponding function on C" 71 x R,

Fo(2,an +12'%) = F{ (2, 20),
then by definition

FodB = Fdm.
ou Cn—1xR

8.1 Hardy space

In analogy with C', we consider the Hardy space H?({{), which consists of all
functions F', holomorphic in U, that satisfy

sup/ |F (2, 2 +i€)|? dB < 0.
e>0 Jou

For those F' the number || F'|| 2 is defined as the square root of the above supre-
mum. It will be convenient to abbreviate F(z2',z, + i€) by Fc(z), and sometimes
also use the same symbol for the restriction of Fe to OU.

Theorem 8.1 Suppose F € H*(U). Then, when restricted to z € OU, the limit
lim F. = Fy
e—0

exists in the L*(0U, dB) norm. Also

HFHHQ(L{) = HFOHLZ(au)-
For several arguments below we use the following observation.

Lemma 8.2 Suppose By and By are two open balls in C* ™1, with B; C By. Then,
whenever f is holomorphic in C* !

sup |£(<)? < e /B |F (@) dm(w).

z'€By

Indeed for sufficiently small §, whenever z’ € By then Bs(z') C Bz, so since f is
harmonic in R?>"~2, the mean-value property and the Cauchy-Schwarz inequality
gives

SCO < gy [ 1@ dmiw

proving the claim.

The proof of the theorem can be given by the Fourier transform representation of
each F € H*(U) in analogy with the case n = 1 treated in Chapter 5 of Book III.



8. Appendix: The upper half-space 309

We define the space H of functions f(2’,)), with (z/,)) € C*~! x RT, that are
jointly measurable, holomorphic in z’ € C"~! for almost every X, and for which

IfHH—/ / (', N Pe T dm(2) dA < oo

One can show that with this norm the space H is complete and hence a Hilbert
space (see Exercises 18 and 19). With this, every F' € H?(U) can be represented
as

(33) F(,z,) = / F(Z N dx, with f € H.
0

Proposition 8.3 If f € H, then the integral in (33) converges absolutely and uni-
formly for (2, zn) lying in compact subsets of U, and F € H*(U). Conversely any
F € H*(U) can be written as (33) for some f € H.

In fact if (2',2,) belongs to a compact subset of U, we may suppose that
Im(z,) > |2'|* 4+ ¢, for some € > 0. We will also restrict 2’ to range in a ball
By, with By C Bz, and take the radius Bs so small that Im(w,) > |w’|? + €/2,
ifw' e Bs.

Now by the Cauchy-Schwarz inequality the absolute value of the integral in (33)
is estimated by

oo 1/2 o 1/2
([T e moma) ([T ez
(0] 0

Invoking the lemma we get as an estimate for this

/2
(/ / 1 'LU )\ 2 7471'/\‘11) | dm ( )d)\) C1671/2 _ c11671/2||f“H
cn—

This shows that the integral converges absolutely and uniformly when 2’ € B; and
Im(z,) > |2'|* + ¢, and thus uniformly on any compact subset of &. Thus F is
holomorphic in &. Observe next that for F given by (33), F.(z) = F (2, z,, + ie) is
given in terms of f., with f.(2', ) = f(2/, A)e™?™*¢. Now for fixed 2/, Plancherel’s
theorem in the z, variable shows that

/\Fe(Z'vwnJri\Z’IQ)\Qdfn :/ [fo(2, e P an,
R

0

Integrating in 2’ gives
/ F2dB = I3 < 112
ou

By the same token, [, |Fec— Fo|?dB=|fc— fo|lf — 0 as ¢, — 0. Thus F.
converges in L?(U, dB) to a limit Fy given by (33) with y, = \z |2. Moreover

(34) 1Follz2cauy = 1Fllm2@y = 1f 117
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Conversely, suppose F' € H> (U). One observes that whenever 2’ is restricted to a
compact subset of C*1,

. (&
|F(Z’7zn—|—lﬁ)‘ S ﬁ

1E 722

(Here we use Lemma 8.2 and also follow the reasoning used in the case n =1 to
study H?(R2) in Section 2 of Chapter 5 in Book II1.) We set F2(z) = F(2, 2, +
i€)(1 — i62,) 2. Then for each 2/, the function F?(z', z,) is in H? of the half-space
{Im(z,) > |2'|*}. So we may define f2(z',\) by

S = [ R ) da,
R

noting that the right-hand side is independent of v, if y, > |2/|?, by Cauchy’s
theorem. Also then F? is represented by (33) with f2 in place of f and fJ € H.
Now letting § — 0 and using (34) we see that Fi(z) is given by (33), with
fe= f§|5:0 in place of f, and that f. € H. Finally, since F.(z) = F(2', z» + i),
we have that fe(2/, ) = f(2',\)e”?™*¢, and using (34) again with € — 0 gives us
the representation (33) for our given F € H?(U). The theorem is thus proved.

Remark. By the completeness of H given in Exercise 19 we see that H> U) is
also a Hilbert space.

We now ask:
Which Fo € L*(0U) arise as lim.—o F. for F € H*(U) ?

When n > 1 the tangential Cauchy-Riemann operators provide the answer. If
Fp is given on U, recall that F2(2',2,) = Fo(z', &, +i|2'|?) is the corresponding
function on C"~! x R. In this setting the vector fields L;, given by

LjI j:l,.“,n—l,

B T E—
J )
oz, dzn

form a basis for the tangential Cauchy-Riemann vector fields, as is given by (24),
with p(z) = |#'|> — Im(2,). Note that in this case L = —L;. So here a function
G € L*(C™! x R) satisfies the tangential Cauchy-Riemann equations L;(G) = 0,
j=1,...,n—1, in the weak sense, if

65 [ OEa)LiO)E ) dn ) =0, 1£j<n-1,
Crn—1xR

for all ¢ that are (say) C*° and have compact support.

Proposition 8.4 An Fy in L*(0U) arises from an F € H*(U) as in Theorem 8.1
if and only if Fg satisfies the tangential Cauchy-Riemann equations in the weak
sense.

Proof.  First, assume that F' € H?(U). Then since F. is holomorphic in a
neighborhood of I/, the function FY satisfies L;(F?) = 0 in the usual sense. The fact
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that F. — Fp in the L?(AU) norm (which is the same as Ff — F! in L?(C"~! x R))
then implies that F! satisfies (35) with G = Fy.

Conversely, suppose G is in L*(C"™! x R), and set

(36) 9N = / e PN G 1) dn,
R

Also choose (2, ) = ¥1(2")2(x,). Then by Plancherel’s theorem in the x,
variable,

/G 2 ) (:cn) dz, = — / g(2', N)2mira(—N) dA
R

for almost every z’. Integrating in 2z’ then shows that

/ G2, zn) L5 (¢ (2, xn)) dm(2', 2y) =
Cn—1xR
awl ’ ’ N /
(z',\) ( ) = 2w Azj1(2") ) Ya(=N)dNdm(z").
Ccn—1

So if G satisfies (35) it follows that
[ o6 (B2 = 2masun () ) dm() =0
cn—1 (92:]'
for almost every A, and this means that

o 6727r|z/\2>\ , ,
/ f(z',N) G 292 )(z )Ydm(z') =0,
cn-1 j

where f(2/,\) = g(2/, \)e>™='I* | which itself implies that f(z’,)) satisfies the
Cauchy-Riemann equations in C"~! in the weak sense, for almost every X. But we
saw in Section 1 that this shows that the functions f(z’, \) are holomorphic in 2.
Now (36) and the Fourier inversion formula shows that

[ [ e Paneha= [ [ e ™ dm) ax
RJCn—1 R Jcn—1

are both finite. Also, with F given by (33), we have G(2/,z,) = F(2', zn +i|2'|?).
Finally, because [.,_, |f(z',)\)|26747’le|2 dm(z') < oo for almost every A, then
necessarily f(z’,\) = 0 for those A that are negative. Thus we have given G as Fg,
with F' as in (33), and f € H. The proposition is therefore proved.

8.2 Cauchy integral

The Cauchy integral” in I can be defined as follows. For each z,w € C" we set

r(z,w) = %(En —zn) =2 W

7Also referred to as the Cauchy-Szeg integral.
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with z = (2/, z), w = (W', w,) and
’

— — J—
Z W = 2Z1W1 4+ + Zpn—1Wn—1.

Note that r(z,w) is holomorphic in z, conjugate holomorphic in w, and r(z,z) =
Im(zy,) — |2'|* = —p(2), with p the defining function for I used earlier.
Next, we define

S(z,w) = cur(z,w)” "™,  where ¢, = ((Z;)l,l!.

Observe that S(z,w) = S(w, z), and that for each w € U, the function z — S(z,w)
is in H?(U). Also for each z € U, the function w ~— S(z,w) is in L?(9U). We define
the Cauchy integral C(f) of a function f on U by

(37) C(NHz) = WS(&w)f(w)dﬂ(w), zel.

The reproducing property of C' is what interests us here.

Theorem 8.5 Suppose F € H?(U), and let Fo = lim._o F. as in Theorem 8.1.
Then

(38) C(Fo)(z) = F(2).

The key lemma used is an observation giving a reproducing identity for a related
space of entire functions on C"~'. We consider the holomorphic functions f on
C"! for which

[ 1R () < oo,
Ccn—1

where A > 0 is fixed.

Lemma 8.6 For f as above, we have

(39) FE = [ K e @) dmw)

with Ky (2',w') = (4)\)”_164”/@/.

Proof. In fact, consider first the case when 4\ =1, and 2’ = 0. Then (39),
which states f(0) = [.._: f(u/)ef"lwl‘2 dm(w'), is a simple consequence of the
mean-value property of f (taken on spheres in C" ™! centered at the origin) and
the fact that [.,_, e~ dm(z') = 1.

We now apply this identity to w’ — f(2' + w’)eiﬂzl'“’/ for fixed z’. The result
is then (39) when 4\ = 1. A simple rescaling argument then gives (39) in general.

Turning to the proof of the theorem, we observe that

S(z,w) :/ )\71,7167477)\7“(2,11)) d)\,
0
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since [;° A lem AN N = (n — 1)!A™™, whenever Re(A) > 0. So, at least formally,

/ Sz, w) Fo(w) df =
ou

:/ Fo(w', un + ijw )N Le ™™ E) g (w uy) dA.
o Jou
But as we have seen

/ Fo(w', tn + ivg)e 27 A tvn) gy — f(w' ) N).
R

Now insert this in the above, recalling that r(z,w) = —% — 7' -w', and that
(AN [y 0 /\)6_4”’\'”/‘2 dm(w") = f(2',X). The result is that

S(z, w)Fo(w) dB(w) = /Ooo f(zlj)\)e2ﬂ'i)\z” A,

ou

which by (33) is what we want to obtain.

To make this argument rigorous, we proceed as in the proof of Theorem 8.1, with
the improved function F? in place of F.. Then all the integrals in question converge
absolutely, and therefore the interchanges of integration are justified. This gives
the reproducing property (38) for F? instead of F. Then we let § — 0, and next
e — 0, giving (38) for any F € H*(U).

8.3 Non-solvability

We will use the Cauchy integral C' to illuminate a basic example of Lewy of a
non-solvable partial differential equation.

Here we look at I in C?, with its boundary parametrized by C x R. We consider
the tangential Cauchy-Riemann vector field L = Ly = % — 121 8%2, and show that
in order for L(U) = f to be even locally solvable, the function f must satisfy a
stringent necessary condition. For purposes of the statement of the result, it will

be more convenient to deal with

- 0 _
L—8721+712167x2

instead of L. (To revert back to L then one needs only to replace f by its conju-
gate.)

We consider the Cauchy integral (37), written now as acting on functions on
C x R, identified with 6 in C2. If f is such a function then (37) takes the form

(40) S(z,uz +ilwi|*) f(wr, uz) dm(ws, uz).
CxR

We can extend (40) to define the Cauchy integral when f is a distribution (say of
compact support), by setting

C(f)(2) = (f,S(z,uz +ilun ), zeU.
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Here (-,-) is a pairing between the distribution f and the C* function (w1, u2) —
S(z,ug + i|lw1|?), with z fixed. The necessary condition is then:

(41) C(f)(2) has an analytic continuation to a neighborhood of 0.

Note that this property depends only on the behavior of f near the origin. Indeed,
if f1 agrees with f near the origin, then C(f — f1) is automatically holomorphic
near the origin, because visibly S(z,w) is holomorphic for z in a small neighborhood
of the origin, with w staying outside a given neighborhood of the origin in C".

Theorem 8.7 Suppose U is a distribution defined on C x R, so that L(U) = f in
a neighborhood of the origin. Then (41) must hold.

Proof. Assume first that U has compact support, and L(U) = f everywhere.
Then

C(f)(2) = (£, 8(z,uz + ilwn]*)) = (LU), S(z,uz + ifwn )
= —(U, L(S(2, u2 + ilwn]*)))
Oa

since L(S(z,u2 + ilw1]?)) = 0, because w — S(z,w) is conjugate holomorphic. Thus
trivially C'(f)(z) is holomorphic everywhere.

If U does not have compact support and L(U) = f only in a neighborhood of the
origin, then replace U by nU, with n a C°° cut-off function that is 1 near the origin.
With U’ = nU, then L(U") = f everywhere, so C(f’) = 0 but C(f — f’) is analytic
near the origin because f — f’ vanishes near the origin of C x R. Therefore (41)
holds.

We give a particular example. Take the function
_ 1/2 _ 1/2
F(z1,22) =e¢ (22/2)7/% = (i/22)7% _ F(z).

It is easy to verify that F' is holomorphic in the half-plane Im(z2) > 0, continuous
(in fact C*) in the closure, and rapidly decreasing as a function of (21, 22) € U.
However it is clearly not holomorphic in a neighborhood of the origin.

Now set f = F|au, that is, in the C x R coordinates, f(z1,x2) = F(x2 + i|z1|?).
However C(f) = F by Theorem 8.5.

Thus we have reached the conclusion that L(U) = f is not locally solvable near
the origin, even though this particular f is a C*° function.

9 Exercises

1. Suppose f is holomorphic in a polydisc P,(2°), and assume that f vanishes in
a neighborhood of 2°. Then f = 0 throughout P,(2°%).

[Hint: Expand f(z) = 3 aa(z — 2°)* in P,.(2°), using Proposition 1.1, and note
that all as are zero.]

2. Show that:



9. Exercises 315

(a) If f is holomorphic in a pair P, (z°) and P, (2°) of polydiscs centered at 2°
with o = (01,...,0,) and 7 = (71,...,7n), then f extends to be holomor-
phic in P.(z%), wherever r = (r1,...,7r,) and 7; < 0]1-797]‘-9, 1<j<n, for
some 0 <0 <1.

(b) If S={s=(s1,...,8,), s;=Ilogr;, where f is holomorphic in P,.(z°)},
then S is a convex set.

[Hint: Consider 3~ aa(z — 2°) that represents f both in P,(2°) and P, (2°).]

3. Given Q any open subset of C!, construct a holomorphic function f in Q that
cannot be continued analytically outside 2.

[Hint: Given any sequence of points {z;} in 2, which does not have a limit point
in €, there exists an analytic function in Q vanishing exactly at those z;.]

4. Suppose  is a bounded region in C", n > 1, and f is holomorphic in .
Suppose Z, the zero set of f, is non-empty. Then Z intersects 0%, that is, Z N 9N
is not empty.

[Hint: Let w be a point in Q°. Let 2° € Z be a point furthest from w. Define 7 to
be the unit vector in the direction from zp to w, and let v be another unit vector
so that both v and iv are perpendicular to . Consider the one-variable function
he(¢) given by he(¢) = f(2° — ey 4 ¢v). Then for € > 0, the function h.(¢) does
not vanish in a fixed neighborhood of ¢ = 0.]

5. Suppose f is continuous and has compact support in C!.

(a) Show that u = f % ® in Proposition 3.1 belongs to Lip(«), for every o < 1.

(b) Show that u is not necessarily in C*.

[Hint: For (b) consider f(z) = z(log(1/|#]))¢ but modified away from the origin to
have compact support.]

6. Verify the identity in C!

PO = [ P L [ OPTQ 4

T omi o0 C— 2 ™ (C—2)

for appropriate regions Q and C* functions F. Use this identity to give an alter-
native proof of Proposition 3.1.

7. Prove the following. The necessary and sufficient condition that the solution

u(z) = % %dm({) of u/0Z = f in C', have compact support when f has
compact support, is that

/ CH(C) dm(¢) =0, for all n > 0.
C
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[Hint: In one direction, note that -2 (z u(z )) "f(z ) For the converse, observe
that for large z, u(z) = > " anz % ! with a, = % m(¢).]

8. Suppose Q is a region in R? with a defining function p that is of class C*.

(a) If F is a C* function defined on R? and F = 0 on 99, show that F = ap,
with a € C*~1.

(b) Suppose F1 = F> on 9. Show that if X is any tangential vector field then
X (F1)|oa = X(F2)|oa.
[Hint: Write F1 — F> = ap.]

9. Verify that the extension F' given by Theorem 4.1 is the unique solution to the
Dirichlet problem for 2 with boundary data Fp.

10. Use the region {z € C": p < |z| < 1} to show that the connectedness hy-
potheses in Theorem 3.3 and Theorem 4.1 are necessary.

11. That the connectedness properties in the hypotheses of Theorems 3.3 and 4.1
are related can be seen as follows. Suppose Q is a bounded region with C*
boundary. For e > 0, let Q. be the “collar” defined by {z: d(z,9) < €}, and
let Q7 = Q. N Q. Then for sufficiently small € the following are equivalent:

(i) Q° is connected,
(ii) Q. is connected,
(iii) Q is connected.

[Hint: For instance to see why (ii) or (iii) implies (i), suppose P; and P, are two
points in Q°, and let I'; and T's denote the connected components of Q° which
contain P; and P, respectively. Connect P, to a point @, on Q2 NIy, and P> to
a point Q2 on AN NT2. Since Q7 is connected one can then connect Q; to Q2 by
a path in Q.

Conversely, to show that (i) implies (iii) for example, let A be a point in Q and
B a point in Q°. If Py and P, belong to 9%, let 7o be any path starting at A
traveling in €, passing through P, then traveling in Q¢ ending at B. Similarly, let
~1 be path connecting A to B passing through P;. These paths can be constructed
because both © and Q1 are connected. Then, since C” is simply-connected, deform
the path = into 71, and denote such transformation by s — s with 0 < s < 1. To
conclude, consider the intersection of v, with 9€Q.]

12. Let Q be a simply connected bounded region in C! with a boundary of class C*.
Suppose Fp is a given continuous function on 9. Show that a necessary and
sufficient condition that there is an F', holomorphic in 2, continuous on € so that
F = Fy on 8Q is that [, 2" Fo(z)dz =0, for n =0,1,2,... .
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[Hint: One direction is clear from Cauchy’s theorem. For the converse define
FE(z) = — Joa Izofi) d¢, accorﬂing to whether z € Q or z € Q°. Now the hypothe-
sis implies that F*(2) = 0, 2 € Q°. Also F~(2) — F*(2) — Fo(¢), z — ¢ if ¢ € 99,

z € Q, the segment [z, (] is normal to the tangent line of 9 at ¢, and Z is the re-

flection of z across that line. That is, 5‘2” =(, 2€Q°. The convergence asserted
is related to the expression of the delta function given by ind = % (z_lzo - ziw),

in Section 2 of Chapter 3.]

13. Show that with an additional change of variables, that is, introducing complex
coordinates, the canonical representations (16) and (17) of the boundary can be
simplified to state

n—1
Yn = Z)\j|2j|2+o(|z'\2), for 2’ — 0.
j=1

[Hint: Consider the change of variables z,, — zp, — zn(c121 + ++ + ¢n—12n—1 + Dzn),
zj — zj, 1 <j <n—1, for suitable constants c1,...,cn—1.]

14. The fact that when n = 1 there are no local holomorphic invariants at bound-
ary points is indicated by the following fact. Suppose v is a C* curve in C'.
Then for every z° € v, there is a holomorphic bijection ® of a neighborhood of
2° to a neighborhood of the origin, so that ®(y) is the curve {y = ¢(x)}, with
o(x) = o(z*) as x — 0.

[Hint: Suppose y = a2a® + --- + arz® + o(ack) as ¢ — 0, and consider ® ! defined

by @' (2) = 2+ (Z?:z ajzj).]

15. Consider the hypersurface M in C* given by M = {Im(z3) = |21]* — |22|*}.
Show that M has the remarkable property that any holomorphic function F' defined
in a neighborhood of M continues analytically into all of C3.

[Hint: Use Theorem 7.5 to find a fixed ball B centered at the origin so that F
continues into all of B. Then rescale.]

16. That the maximum principle of Theorem 6.1 does not hold in the case n =1
can be seen as follows. Start with f(e®) € C*°, so that f >0, f(e'%) = 0 for |4] <
7/2, f(e?) =1 for 37/4 < |0] < 7. Write f(e) = 3°2° ane™ + 3" ane™?,
G(z) = 3.0 janz", and Fy(z) = eV, Verify that Fy is continuous in the
closed disc |z| < 1, |Fn(e?)| =1, for |0] < /2 but |Fn(z)| > c1e2VE=12D in the
closed disc, for two positive constants c¢; and ca.

[Hint: G(z) = u + iv where u(r,0) = f * P., with P, the Poisson kernel.]

17. Verify the following:

(a) The inverse of the mapping of U to the unit ball given in the Appendix is

11—
zn:z(l+z;f),andzk:1_:”7£n,k:I,...,n—l.
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(b) For each (¢,t) € C"" x R consider the following “translation” on C", r(¢
given by

ren (2 2n) = (2 + ¢ zn + 1t +2i(2"- ) +4l¢]%).

Then r(¢ ;) maps U and OU to themselves, respectively. Composing these
mappings leads to the composition formula

(¢.1)- (¢, 1) = (¢+ ¢yt +1 +2Im(¢-T)).
Under this law C"~* x R becomes the “Heisenberg group.”

(c) U (as well as OU) is invariant under the “non-isotropic” dilations (z’, z,,) —
(62',8%2,), 6 > 0.

(d) Both U and OU are invariant under the mappings (2, zn) — (u(2'), zn),
where u is a unitary mapping of C"* 1.

18. Define H to be the space of functions f holomorphic in C*~!, for which

/Cn_l 1£(2)[Pe™ ™= dm(z) = || )12, < oo.

Show that:
(a) Hx is trivial if A <O0.
(b) M is complete in the indicated norm, so H is a Hilbert space.

(c) Define Px(f)(2) = [on-s f(u))K>\(z,w)e*‘l“‘“’l2 dm(w), where Ki(z,w) =
(4)\)n—le47rkz<ﬁ.

Then P, is the orthogonal projection of L2(674”|w‘2dm(w)) to Ha.

[Hint: Show that convergence in the norm H, implies uniform convergence on
compact subsets of C" ', using Lemma 8.2.]

19. Prove:
(a) The space H in Section 8.1, is complete, and hence is a Hilbert space.

(b) Show that the Cauchy integral f + C(f) gives the orthogonal projection
from L? (0U,dp) to the linear space of functions Fy that arise as lim._.o Ft,
for F € H*(U).

[Hint: For (a), use the previous exercise.]
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10 Problems

The problems below are not intended as exercises for the reader but are
meant instead as a guide to further results in the subject. Sources in
the literature for each of the problems can be found in the “Notes and
References” section.

1.” Suppose f = f(z1,...,2n) is defined in a region 2 C C", and for each j, 1 <
j < mn, the function f is holomorphic in z; with the other variables fixed. Then
f is holomorphic in €2. This was shown at the start of the chapter when f is
continuous, and the point of this problem is that no condition on f is required
besides the analyticity in each separate variable.

An important ingredient in the proof of this result is an application of the Baire
category theorem.

2." Assume f is holomorphic in a neighborhood of the origin and f(0) = 0. Let
f(2) =3 aaz® be the power series expansion of f valid near the origin. The order
of the zero (at z = 0) is the integer k that is the smallest |a|, for which aq # 0.
Then, after a linear change of variables, we can write f(z) = c(z)P(z) near the
origin, where P(z) = z& 4+ ar_1(2")zE" 4+ - + ao(2") with (2/,2,), and c(z) #0
while ax—1(0) =+ =ao(0) =0. This result is the Weierstrass preparation
theorem.

[Hint: Assume that our coordinate system (2', z,) € C™™! x Cis such that £(0, z,) =
z¥. Then by Rouché’s theorem we can choose ¢, > 0, so that z; — f(Z',2x) has k
zeroes inside the disc |z| < r, but is non-vanishing on the boundary, for all |2/| < e.
Let y1(2'), 72(2'), ..., 7(2’) be an arbitrary ordering of these zeroes. Then the
symmetric functions o1(2') = Y5_ ve(2'), 02(2') = Yoo V(2 )vm(2'), ..., are
holomorphic in 2’, for |2/| < e. This follows since the sums s, (') = 35_, (ve(2)™,
1 < m < k, have this property because they are given by the formula

w (OF[Ow)(w)
~/\w\:rw .f(zlvw) duw

1
sm(z) = 3.5

Now we need only take ay—;(2') = (=1)?0;(2’), and the result holds for P(z) =
2 +ap—1(2)2F T 4+ ao(2)]

3." The original proof of Theorem 4.1 represented F' in terms of Fy by Green’s
theorem via the “Bochner-Martinelli integral.” The result then held for Fy merely
of class C*.

4. We are concerned with the problem
(42) ou=f, onQ,

where 2 is a bounded region in C™ with C*° boundary and f is given in {2 with
df = 0 there.

(a) If Qis pseudo-convex, and f € C™(Q) then there is u € C*° () that solves (42).
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(b) The “normal” solution (if it exists) is defined as the (unique) solution w in
L2(Q) for which

/Q WFdm(z) = 0

for all F that are holomorphic in Q and are in L? there. For  that are
strongly pseudo-convex (and many other classes of Q) whenever f € C*(Q),
the normal solution u also belongs to C°°(Q2). This results from the study
of the “9-Neumann problem.”

5. Domains of holomorphy. A domain of holomorphy is a region 2 with the
property that there exists a holomorphic function F so that for every z° € 99,
the function F cannot be continued into some ball centered at 2°. If Q is a
domain of holomorphy and has boundary of class C?, then € is pseudo-convex, by
Theorem 7.5. Conversely, it can be shown that if Q is pseudo-convex, then it is a
domain of holomorphy.

6." The converse to Theorem 8.7 holds. If f is a distribution with compact support
so that C(f)(z) is analytic near z = 0 then L(U) = f is locally solvable near the
origin.

This is proved by finding a kernel K so that the convolution operator T'(f) =
f * K on the Heisenberg group is a relative inverse to L in the sense that LT(f) =
f—=C(f). Then write f=f—C(f)+C(f) = f1+ f2, with f1 = f —C(f) and
fa=C(f). We can solve L(U;) = fi by what has just been asserted, and we
can solve L(Uuz) = f2 locally by the Cauchy-Kowaleski theorem, since f> is real-
analytic at the origin.



8 Oscillatory Integrals in
Fourier Analysis

The origin of my devotion to these problems is after I
attended in 1839 Nichol’s Senior Natural Philosophy
class, I had become filled with the utmost admira-
tion for the splendor and poetry of Fourier... I asked
Nichol if he thought I could read Fourier. He replied
‘perhaps.” He thought the book a work of most tran-
scendent merit. So on the 1st of May... I took Fourier
out of the University Library; and in a fortnight I had
mastered it — gone right through it.

W. Thompson (Kelvin), 1840

This result might also have been obtained from the
integral U in its original shape, namely,
[ cos(z® — nx)dx ... If z1 be the positive value of

0
2z which renders z° — nx a minimum, we have x1 =

3-2n2. Let the integral U be divided into three parts,
by integrating separately from z =0 to x = z1 — a,
from x =x1 —a to x =21+ b, and from x =1 +b
to = oo; then make n infinite...

G. G. Stokes, 1850

The study of oscillatory integrals and their asymptotics has been a
vital part of harmonic analysis from the beginnings of the subject. The
Fourier transform and the attendant Bessel functions provided initial
examples of such oscillatory integrals. One should also note the study of
asymptotics in the early works of Airy, Lipschitz, Stokes, and Riemann.
In the work of the last two, the principle of stationary phase appears,
if only implicitly; for Stokes it was in a reexamination of Airy’s integral
and for Riemann it was in the calculation of certain Fourier series. This
principle was then used more generally by Kelvin in an 1887 paper on
water waves. The application of these ideas to number theory and lattice
point problems was initiated in the first quarter of the next century by
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Voronoi and van der Corput, among others.

Given this long history it is an interesting fact that only relatively re-
cently (1967) did one realize the possibility of restriction theorems for the
Fourier transform, and the relation of the above mentioned asymptotics
to differentiation theory and maximal functions had to wait another ten
years to come to light.

Here we present an introduction to the development of some of these
ideas. Of importance to us is the bearing of certain geometric consider-
ations (involving curvature) on the decay of the Fourier transform and
these are explained by the behavior of oscillatory integrals.

Two pillars of the theory are: averaging operators, and restriction
theorems for the Fourier transform. Once we have described some basic
facts about these, we apply the results of the restriction theorems to
partial differential equations of “dispersion” type. We also reexamine
the Radon transform, emphasizing its common traits with the averaging
operator. Finally, we turn to the problem of counting lattice points and
see what the ideas of oscillatory integrals teach us.

1 An illustration

We begin with a simple example that hints at the role of curvature in
harmonic analysis. The setting is R? with d = 3, and we consider the
averaging operator A that gives for each function f its average over
the sphere of radius 1 centered at z. It can be written as

1
_47[' g2

A(f)(x) flz —y)do(y),

with do the induced Lebesgue measure on the sphere S$? = {z € R3:
|z| = 1}. (See Book III, Chapter 6 for the definition and properties
of do.)

The unexpected fact about the operator A is that it smooths f in
several senses, the simplest one being that when f € L*(R3), then A(f)
will have first derivatives also in L?. This is expressed in the inequality

W Hf%w)

<clfllez, J7=1,2,3.
L2

More precisely, this estimate states that for f € L?, the convolution
ﬁ( f * do), which is itself an L? function (see for instance Exercise 17 in
Chapter 1), has first derivatives taken in the sense of distributions that
are L? functions and that satisfy (1).
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Now these assertions are a direct consequence of a corresponding esti-
mate for the Fourier transform do of the measure do, namely

do(¢) = / e 2mE 4o (1),
SZ

In the present case one knows do explicitly:

%(5) _ 2Sin(§2lﬂ'|€|)7

from which it is evident! that
(2) ldo(€)] < e(1+1¢)7"

Now simple manipulations of distributions and their Fourier transforms
(see Section 1.5 in Chapter 3) show that (f * do)" = fdo, and

G AU © = 3

™

2mi€; f(€)do(£),

so (1) follows from (2) and Plancherel’s theorem.

The results above have extensions to d dimensions for all d > 1. We
define the averaging operator A in R¢ by

Af) = ——— [ fa—y)doly),

o(S1) Jaurs

with do the induced measure on the unit sphere S4~!. We also recall
the Sobolev space L? described in Section 3.1 of Chapter 1.

Proposition 1.1 The mapping f — A(f) is bounded from L*(R?) to
L2(RY), with k = 451

Note that if d is odd (and hence k is integral), this means

D I0ZAS) e < el e

la| <k

The proof of that proposition relies on properties of Bessel functions
which we do not prove here. However, these may be found in Book I,

I This formula follows by integrating over S2, using polar coordinates; see Chapter 6
in Book III.
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Chapter 6, Problem 2, and Book II, Appendix A. In any case, we will see
below that these results can be deduced without the use of the theory of
Bessel functions.

Proof. 'The proposition is a consequence of the identity

(3) do(€) = 2m€| > 1 Ty 04 (2m€]),

where do (&) = Jgar 7?8 do(x), and J,, is the Bessel function of or-
der m. In turn this is just another version of the formula for the Fourier
transform of a radial function f(x)= fo(|z|), given by f(&) = F(|£]),
with

(4) Flp) = 27TP_d/2+1/ Jaja—1(2mpr) fo(r)r®/? dr,
0

from which (3) follows by a simple limiting argument. From (3) we obtain
the key decay estimate

(5) |do(€)] < O(E|~"F)  as |¢] — oo

Indeed, (5) is deducible from (3) and the asymptotic behavior of the
Bessel functions that guarantees that J,,(r) = O(r~'/2) as r — 0.

Once (5) is established the proof of the proposition is finished via
Plancherel’s theorem as in the case d = 3.

The following comments may help put the result in perspective.

e [t is natural to ask if it is some special feature of the sphere among
hypersurfaces (for instance, its symmetry with respect to rotations)
that guarantee the crucial decay estimate (5), or does that phe-
nomenon hold in more general circumstances for hypersurfaces M?
We will see below that the analog of (5) is true when an appropriate
“curvature” of M is non-vanishing.

e Moreover, simple examples show that anything like (5) fails com-
pletely when M is “flat” (Exercise 2), and more generally, whatever
decay one might hope for EE(& ) is linked to the degree to which the
curvature of M does not vanish.

e One can also observe that the degree of smoothing k= (d — 1)/2
asserted in Proposition 1.1 can only happen in the context of L?,
and not for LP, p # 2. (A result in this direction is outlined in
Exercise 7.)
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e Finally, it is interesting to remark that when d = 3 the averaging
operator furnishes the solution of the wave equation Aju(z,t) =
g—;u(m,t), (z,t) € R3 x R with u(z,0) =0 and 2%(z,0) = f(x).
The solution for time ¢ =1 is given by u(z,1) = A(f)(z), and for
other times it can be obtained by rescaling. (See Chapter 6 in
Book I, where A is denoted by M.)

2 Oscillatory integrals

Certain basic facts about oscillatory integrals will allow us to generalize
the decay estimate (5) we have obtained for the sphere. What we have
in mind are the integrals of the form

() 1) = [ ) da

and the question of their behavior for large A.

The function ® is called the phase and i the amplitude. In what
follows we assume that both the phase ® and the parameter A are real-
valued, but ¥ may be allowed to be complex-valued.?

There is a basic principle underlying the analysis, that of stationary
phase: in so far as the derivative (or gradient) of the phase is non-
vanishing, the integral is rapidly decreasing in A (and thus negligible);
thus the main contribution of (6) comes from those points = where the
gradient of ® vanishes; so when d = 1 these are the x for which ®'(z) = 0.

The first observation along these lines is merely an extension of a
simple estimate for the Fourier transform (effectively the case ®(z) =
277@—‘ -z, and A = |£]). We assume here that ® and ¢ are C* functions,
and that v has compact support.

Proposition 2.1 Suppose |[V®(x)| > ¢ > 0 for all x in the support of 1.
Then for every N >0

TN < enA™N,  whenever X > 0.

Proof. We consider the following vector field

d
1 0 1
D=3 2% ~ @ V)

2However in some circumstances it is of interest to allow ® or A to be complex valued.
This arises in particular when d =1 and ® (and ¢) are analytic and the integral (6) is
treated by deforming contours of integration, as in Appendix A of Book II.
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with a = (ay,...,aq) = vvg‘z' Then the transpose L! of L is given by

1< 9 1
= jzaiakf V- (af).
k=1

Because of our assumption on V®, the a; and all their partial derivatives
are each bounded on the support of .

Now observe that L(e?*?®) = ¢?*®  therefore LY (e*?) = ¢? for every
positive integer N. Thus

I()\)z/Rd LN(e“‘q’)z/Jd:z::/ A (LYN () da.

Rd

Taking absolute values in the last integral gives [I(A\)] < exA™ for pos-
itive A, thus proving the proposition.

The next two assertions are limited to dimension one, where we can ob-
tain more precise conclusions with simpler hypotheses. In this situation
it is appropriate to consider first the integral I; given by

b
) L) = / £ g,

where a and b are any real numbers. Thus in (7) there is no amplitude
1 present, (or put another way, ¥ (z) = X(a,p)(2)). Here we assume only
that @ is of class C?, and ®’(z) is monotonic (increasing or decreasing),
while |®'(x)| > 1 in the interval [a, b].

Proposition 2.2 In the above situation, |I;(\)| < cA™!, all A > 0, with
c=3.

What is important here is not the specific value of ¢, but that it is
independent of the length of the interval [a,b]. Note that the order of
decrease in A cannot be improved, as the simple example ®(z) = z, and
Li(A) = (e — ") shows.

Proof. The proof uses the operator L that occurred in the previous
proposition. We may assume &' > 0 on [a,b], because the case when
@’ < 0 follows by taking complex conjugates. So L = and

L/(f) = ~& & (£/@), hence

1 d
AP/ (z) dz?

b

b b
) ) ) 1
Il ()\) = / L(@l/\@) d.’L‘ = / @1/\®Lt(1) diU + |:€Z)\CI>Z,)\(D/:| s
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and now (because we do not have an amplitude ) that vanishes at the
end-points) there are boundary terms. Since |®’(z)| > 1, these two terms
contribute a total majorized by 2/\. But the integral on the right-hand

side is clearly bounded by
d (1
()|

/ ILY(1) |d:1:_/a

However ®' is monotonic and continuous while |®'(z)| > 1, so % (1/9")
does not change sign in the interval [a, b]. Therefore

b
d
/a d:r ‘/ dz <I>/ dx

Altogether then |I;(A)] < 3/ and the proposition is proved.

1
’(b) ®'(a) |

Remark. If in the above proposition we assumed that |®'(z)| > p (in-
stead of |®'(z)| > 1), then we could get |I;(\)] < ¢(Au)~t. This is obvi-
ous on replacing ® by ®/u, and A by Au in the proposition.

Next we ask what happens to I;(\) when ®'(z¢) =0 for some x, if
we make the assumption that the critical point x( is non-degenerate
in the sense that ®”(z) # 0. A good indication of what we may expect
comes from the case ®(x) = 22 (where the critical point is the origin).
Here one has

/ei’\zzw(m) dr = coA Y2+ O(IN7%/%),  as A — oo,

and more generally

N

(8) /e“‘ﬁw(az) do = ch)\_l/g_k +0 (|/\|_3/2_N) ,

k=0

for every N > 0. To see (8) we start with the formula for the Fourier
transform of the Gaussian that states

/ 67””521/1(:5) de = s~1/? / 67”52/81@(5) dg.
R R

Now since both sides have analytic continuations for Re(s) > 0, the pass-
ing to the limit, s = —i\/7 yields

1/2
[ twrdo - <7;> [emeric ae



328 Chapter 8. OSCILLATORY INTEGRALS IN FOURIER ANALYSIS
o i N ()" IN+2Y o : _
So the expansion e =) ";" 55— + O(|u] ) gives us (8) with ¢ =
(im)/? 2§:k! ¥(2)(0). This indicates that a decrease of order O(A~'/?) can
be expected when the phase has a critical point which is non-degenerate.
There is a version of Proposition 2.2 for the second derivative that
takes this observation into account: it is the following estimate of van
der Corput. Here ® is again supposed to be of class C? in the interval
[a, b], but now we assume that |®"(z)| > 1 throughout the interval.

Proposition 2.3 Under the above assumptions, and with I1(\) given
by (7) we have

(9) LA < EANY2 0 for all X > 0, with ¢ = 8.

Again, it is not the exact value of ¢’ that matters, but that it is indepen-
dent of [a, b].

Proof. We may assume that ®”(z) > 1 throughout the interval, be-
cause the case ®”(z) < —1 follows from this by taking complex conju-
gates. Now ®”(z) > 1 implies that ®’(z) is strictly increasing, so if ® has
a critical point in [a, b], it can have only one. Assume x is such a critical
point and break the interval [a, b] in three sub-intervals: the first is cen-
tered at z¢ and is [xg — d, 2o + 0] with § chosen momentarily. The other
two make up the complement and are [a,xg — d] and [xg + §, b]. Now the
first interval has length 24, so trivially the integral taken over that in-
terval contributes at most 26. On the interval [xzo + ¢, b] we observe that
®'(x) > § (because @’ > 1) and so by Proposition 2.2 and the remark
that follows it, the integral contributes at most 3/(d\); similarly for the
interval [a, 29 — ¢]. Thus altogether I7(\) is majorized by 26 + 6/(d)),
and upon choosing § = A™1/2 we get (9). Note that if & has no critical
points in [a, b] and/or one of the three intervals is smaller than indicated,
then each of the estimates holds a fortiori, and hence also the conclusion.

There is a similar conclusion when an amplitude v is present. We
suppose 1 is of class C! in the interval [a, b].

Corollary 2.4 Assume ® satisfies the hypotheses of Proposition 2.3.
Then

b
(10) /e“q)(z)d}(x)dw Scw)\fl/z,

where ¢y, = 8 (fab | (z)| dx + |1D(b)|>
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Proof. Let J(z) = [ e*®™) du. We integrate by parts, using J(a) =
0. Then
b b i
/ eM@y(z) do = — / J(z) 7 dz+ T () (b),

and the result follows, because |.J(x)| < 8\~1/2 for each z, by the propo-
sition.

As an illustration, we give a quick proof of the Bessel function estimate
(11) Jn(r) = 0@ 1?)  asr — oo

when m is a fixed integer. We have (see, for instance, Section 4 in
Chapter 6, Book T) that

1 [ .
Jm(,r.) — 27-‘—/ e'L'r’smwe—zmw dx'
0

Here A = r, ®(z) =sinz, and ¢ (x) = 5=e¢~"™7. Now break the interval
[0,27] into two parts, according to whether |sinz| > 1/1/2 or |cosz| >
1/4/2. The first part consists of two sub-intervals to which we may
apply the corollary, giving a contribution of O(r~'/2). The second part
is the sum of three sub-intervals to which one can apply a version of
Proposition 2.2 (analogous to the corollary), and this gives a contribution

of O(r=1) = O(r=%/?), as r — oco.

In dimension d greater than 1, the fact is that there are no analogs of
the strict estimates given by Propositions 2.2 and 2.3. However, there is
a workable version of the second derivative test of Proposition 2.3 that
can be established. We now take this up and then apply it below.

We consider phase and amplitude functions ® and 1 that are C* and
we suppose that 1 has compact support. We form the d x d Hessian

2 .
35.51; } , and abbreviated as V2®.
79 1<y k<d

The main assumption will be that

matrix of ®, given by {

(12) det{V2®} #0 on the support of 1.

Proposition 2.5 Suppose (12) holds. Then

(13) I(\) = / eN@ () de = ON"Y?),  as A — .
RA
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We estimate I(\) via |I(\)[? = I(A\)I(\). This simple trick allows us to
bring in the Hessian of ® (that is, second derivatives) in terms of first
derivatives of differences of ®, an idea that has many variants.

Before we exploit this artifice we must take a precaution: we will
assume that the support of v is sufficiently small, in particular, that it
lies in a ball of fixed radius €, where € will be chosen in terms of ®. Once
the estimate (13) has been proved for such v, we can obtain (13) for
general 1) as a finite sum of these estimates, by using a partition of unity
to cover the support of the original .

Now

T = [ [ el da dy

Here we make the change of variables y = x + u (with z fixed), that is,
u =y — x. Then the double integral becomes

/L/i 6i>\[<1>(ac+u)ffl>(;t)]w($7u) dz du,
R4 J R4

where ¥(x,u) = ¥(x + u)p(z) is a C*° function of compact support. No-
tice that ¢ (z,u) is supported where |u| < 2¢, since both z and y are
restricted to range in the same ball of radius e. Therefore we have
[T(\)]? = fRd Jx(u) du, where

J)\(u) — /d eiA[@(ac—l—u)—(b(m)]w(x’u) dr.
R

We claim that
(14) |Tn(u)] < eyAu)™,  for every N > 0.

This is in the spirit of Proposition 2.1, and the proof of (14) follows the
approach of that proposition.
We use the vector field

L=tV

i\
and its transpose L' given by L'(f) = -V - (af). Here

. Vi (®(x 4+ u) — ®(x)) :i
Vo (@(z +u) — @(2))2 [

with b = V. (®(x 4+ u) — ®(z)).
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We have
(15) 0] = [Va (®(z +u) — ®(2))| = |ul,

if |u| is sufficiently small, in particular if |u| < 2¢.3

The upper estimate |b| < |u| is clear since ® is smooth. For the
lower estimate observe that by Taylor’s theorem, V,(®(x + u) — ®(x)) =
V2®(x) - u + O(Jul?). However our assumption (12) means that the lin-
ear transformation represented by V2®(z) is invertible, so |V2®(z) - u| >
c|ul for some ¢ > 0. Therefore (15) is established if € has been taken small
enough. Observe also that |02b| < ¢4 |ul, for all «, and hence, using (15)
we see that

(16) |0%a| < cqlu|™"  for all o,

and as a result |(LY)Y (¢ (z,u))] < env(Mu|)™ for every positive inte-
ger N.
However,

() = / d LN (M@0 =2 @) (g ) dae
R
_ / eNREHO=® @I LN (42, u)) d,
Rd

and thus by (16), we have |Jy(u)| < ex(A|lu|)~%, proving (14).
With this estimate established we take N =0, and N = d + 1 in (14)
and see that

d
TP < [ 1@ du< / L)

R Re (14 AJuf)**
as is evident by rescaling the last integral. This proves (13) and the
proposition.

For later applications, it is of interest to elaborate some aspects of
Proposition 2.5.

(i) The conclusion requires only that ® is of class C%*2 and v of class
C*1 In fact, as the patient reader may verify, in the estimate |I(\)| <
AX~%2 the bound A depends only on the C%t2 norm of ®, the C¢t!
norm of v, the lower bound for |det{V?®}|, and the diameter of the
support of 1.

3Here we use the notation X <Y and X =Y to denote the fact that X < c¢Y and
¢~1Y < X < ¢Y respectively, for appropriate constants c.
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Similarly, the bound C appearing in Proposition 2.1 depends only on
the CN*1 norm of ®, the C norm of v, a lower bound for |V®|, and
the diameter of the support of .

(ii) There is a version of Proposition 2.5 in which we assume only that
the rank of the Hessian of ® is greater than or equal to m, 0 < m < d,
on the support of . In that case the conclusion is

(17) IN) =0\"™/2),  as A — .

This may be deduced from the case m = d, already established. One
proceeds as follows. For each z°, the symmetric matrix V2®(z") can
be diagonalized by introducing (via a rotation) a new coordinate sys-
tem z = (2/,2") € R™ x R™™ so that V2®(2°), when restricted to
R™, has a non-vanishing determinant. Hence for a small open ball B
centered at z°, the same is true for V?®(z) when z € B. Now for
each fixed 2" € R™™ we use the proposition (where d = m) to obtain
| Jam M@)o (2! 2 ) da'| < ANT™/2 ) with ¢ supported in B. Af-
ter integrating in z” and summing over finitely many such balls that
cover the support of ¥, we obtain (17).

3 Fourier transform of surface-carried measures

We will now study surface-carried measures and their Fourier transforms.
Our goal is a generalization of the estimate (5), which we had seen in
the case of the sphere.

Recall from Section 4 of the previous chapter that given a point z° on
a C™ hypersurface* M we dealt with a new coordinate system centered
at 2% (given via a translation and rotation of the initial coordinates),
written as z = (2, 74) € R9™! x R, so that in a ball centered at x°, the
surface M is represented as

(18) M = {(«',24) € B: za=p(2)}

where B is the corresponding ball centered at the origin. We can also
arrange matters so that the function ¢, which is C*°, satisfies ¢(0) = 0,
and Vyo(z')],_o-

Now this representation gives a defining function p; of M, with pi(z) =
¢(z") — r4. Among the various possible defining functions of M near x°,
we now choose one, p, which is normalized by the condition |Vp| =1

on M. This can be achieved by setting p = p1/|Vp1| near M. With such

“The thrust of the C*° requirement is that M is of class C* for sufficiently large k;
later we will be more specific about how large k must be taken.
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a normalized defining function, the curvature form of M at x € M
(also known as the second fundamental form) is the form

2
(19) ) gkfjaa”jm,

restricted to vectors ka% that are tangent to M at x. The reader
might note here the parallel between the curvature just described in terms
of a quadratic form given by the defining function, and its complex analog
(the Levi form) that was important in the previous chapter.

It is straightforward to verify that this form does not depend on the
choice of a normalized defining function.

Now reverting to (18) and using Vg ¢(z')|,,_, = 0 we see that

pla) =5 > gz +O('),

1<k,j<d—1

and the curvature form is represented by the (d —1) x (d — 1) matrix

{af:g’mj} ={ay;}, 1 <k,j <d—1. Now if we make an appropriate

rotation in the 2’ € R%~! space and relabel the coordinates accordingly
we have

/\jl’? + O(|£CI|3)

The eigenvalues \; are called the principal curvatures of M (at 2°) and
their product (the determinant of the matrix) is the total curvature or
Gauss curvature of M.5

Notice that there is an implicit choice of signs (or “orientation”) that
has been made. The signs of the principal curvatures can be reversed if
we use —p instead of p as the defining function of M.

We mention briefly several examples.

EXAMPLE 1. The unit sphere in R%. If we start with p; = |z|? — 1
as a defining function, then p = %pl is “normalized.” All the principal
curvatures are equal to 1.

EXAMPLE 2. The parabolic hyperboloid {x3 = 2 — 23} in R3. This
hypersurface has non-vanishing principal curvatures of opposite sign at
each point.

5There is a neat geometric interpretation of the Gauss curvature in terms of “Gauss
map,” see Problem 1.
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EXAMPLE 3. The circular cone {22 = [2/|?, z4 # 0} in R% This hy-
persurface has d — 2 identical non-vanishing principal curvatures at each
point. The calculations involved are outlined in Exercise 9.

Next we consider the induced Lebesgue measure on M, the measure do
that has the following property: for any continuous function f on M with
compact support

/fdo—hm/ Fdzx.
e—0 2¢ d(xz,M)<e

Here F' is a continuous extension of f into a neighborhood of M and
{z: d(xz,M) < €} is the “collar” of points at distance < € from M. Now,
as is well-known (see also Exercise 8), in our coordinate system do =
(1+|Vapl?)'/2da’, in the sense that

@) [ g [ el ()

With this we can say that a measure du is a surface-carried measure
on M with smooth density if du is of the form du = 1do, where ¥ is
a C'*° function of compact support.

We now have all the ingredients necessary to state the main result
concerning the Fourier transform of du defined by

() = [ e
M

Note that d//:(f ) is bounded on RY since the measure dy is finite.

Theorem 3.1 Suppose the hypersurface M has non-vanishing Gauss
curvature at each point of the support of du. Then

(21) |dp(€)] = O(J€]~@=172)  as |¢] — co.

Corollary 3.2 If M has at least m non-vanishing principal curvatures
at each point of the support of du, then

(&) = O(l¢™™)  as |¢| — oo

First some preliminary remarks. We can assume that the support
of ¢ is centered in a sufficiently small ball (so that in particular the
representation (18) of M holds in it), because we can always write a
given 9 as a finite sum of v; of that type. Next, all our estimates can
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be made in the coordinate system used in (18) since the transformations

of the z-space R? used in that change of coordinates involves only a

translation and a rotation. The Fourier transform du(€) then undergoes

a multiplication by a factor of absolute value 1 (a character) and the

same rotation in the £ variable. Thus the estimate (21) is unchanged.
Now because of (20) we have

(22) (&) = / ¢ € (o)
Rd—1

with &€ = (¢/,&4) € R? and ¢ the C°° function with compact support
given by

U(a) = v(a’, (@) (L +[Varol*)V2.

We divide the £ space into two parts: the “critical” region, the cone
|€q4] > ¢|¢'|, where ¢ can be taken to be any fixed positive constant; and
the subsidiary region, |£4] < ¢[¢’|, but here we need to assume that in
fact ¢ is small.

In the first region we may suppose that &; is positive, since the case
when £; is negative follows by complex conjugation, or can be done
similarly, and we write the exponent in the Fourier transform as

=2mi(z’ - & + p(a')€q) = iIAP(x'),

with the choice of A\ = 27y, and ®(z') = —p(2') — x;‘f/. Observe that

V2,® = —V?2,p, and hence if the support of ¢ is sufficiently small (which
means we are sufficiently close to 2°), the determinant of the Hessian of ®
is non-vanishing. This is because of the corresponding property of ¢ that
represents the non-vanishing of the curvature of M. Note also that ®
has, for any fixed N, a C norm that is uniformly bounded as & ranges
over the set [£4] > c[¢’|. We can now apply Proposition 2.5 (with R9~1
in place of R%) and get

du(€)| = O\ ) = 06, 7 ) = 0(l¢|~*7),

since here [£4] > ¢|¢’].
In the complementary region || < c|¢’| we write A = 27|¢’|, and ®(2') =

—p(a) & — € Note that |V, (ﬁ) | =1, while 17,0 <1/2
if ¢ is so small that ¢|V, ¢| < 1/2 throughout the support of 1. So if
we invoke Proposition 2.1, the fact that |V, ®| > 1/2 yields for each

positive N,

dp(€)| = 0NNy = 0(I¢'|N) = O(l¢| V)
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when £ is in the second region. Taking N > % completes the proof of
the theorem.

The corollary can be proved by the same argument if one uses the
estimate (17) instead of (13).

Suppose that €2 is a bounded region whose boundary M = 02 satisfies
the hypothesis of Theorem 3.1. If xq is the characteristic function of €2,
then its Fourier transform has a decay that is one order better than that
of the corresponding surface-carried measure on its boundary.

Corollary 3.3 If M = 092 has non-vanishing Gauss curvature at each
point, then

Xa(©) =0(E™),  as|é] — .

Proof. Using an appropriate partition of unity we can write

N
xe = Z ViXa;
=0

with each 9; a C* function of compact support; 1o is supported in
the interior of (), while each ;, 1 <j < N, is supported in a small
neighborhood of the boundary in which the boundary is given as (18).
Now since oxq = o, it is clear that (¢oxq)” is rapidly decreasing.
Next consider any (jxq)”" for 1 < j < N. In analogy with (22), this
has the form

/ e—27ri(q;/,£/+xd§d)¢j (ZL'/, gd) dz’ diUd,

za>p(z)

which is, after changing variables so that x4 = u + ¢(z’),

(23) / 6_2Wi(x/'§/+¢(x/)fd)\IJ(;L'/7 fd) dz’
Rd—1

where W(z',&q) = [ e ™8y (2! u + p(2’)) du. Note that W(2/, &)
is a C° function in =’ of compact support, uniformly in £;. When
4| < c|¢’|, the argument proceeds as before, giving an estimate O(|¢|~)
for each N > 0. To deal with the situation when |{4] > ¢|{’| write

1 >~ d ;
W) = g [ e T o) du

and integrate by parts, giving us an additional decay of O(1/|&q]) =
O(1/|€]) in (23). This proves the corollary.
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Remark. In view of the comments following the proof of Proposition 2.5,
we see that the results of this section hold if the C'*° assumption we made
about M is replaced by the requirement that M is only of class C4+2,

4 Return to the averaging operator

We consider here a more general averaging operator. Given a hyper-
surface M in R? and a surface-carried measure dy = 1pdo with smooth
density of compact support, we set

(24) A(f) () = /M f(@— ) du(y).9

We shall prove that under the proper assumptions on M, the operator A
regularizes f as a mapping from L*(R?) to L?(R?), and in addition that
it “improves” f in the sense that it takes LP(R%) to LI(R?), for some
qg>p,if 1 <p<oo.

Theorem 4.1 Suppose the Gauss curvature is non-vanishing at each
point x € M in the support of du. Then

(a) The map A given by (24) takes L?(R?) to L?(RY), with k = 45L.

2
(b) The map extends to a bounded linear transformation from LP(R9)

to LYRY) with p = %, and g =d+ 1.

Corollary 4.2 The Riesz diagram (see Section 2 in Chapter 2) of the
map A is the closed triangle in the (1/p,1/q) plane whose vertices are
(0,0), (1,1) and (3%, 747)-

In fact, the LP, L? boundedness asserted in this corollary is optimal, as
is seen in Exercise 6.

Corollary 4.3 If we only assume that M has at least m non-vanishing

principal curvatures, then the same conclusions hold with k = m/2, and

p="% g=m+2.

The proof of part (a) in the theorem is the same as that for the sphere
once we invoke the decay (21), which implies that (1 + |£[2)*/2du(€) is
bounded. Hence

HAGH |z = (1 + [E22AF(E)|

= |11 + &%) F(©)du(€)]| 12
< dl|fllze = | f]l e

SHere we have omitted a normalizing factor in the definition of A, since the density v
is not necessarily positive.
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1/q

d 1 X
(a1 @)

(0,0) 1/p

Figure 1. Riesz diagram of the map A in Corollary 4.2

The proof of part (b) combines two aspects of the operator A via in-
terpolation, somewhat akin to the proof of the Hausdorff-Young theorem
in Section 2 of Chapter 2. First, there is an L' — L* estimate. The in-
equality involved is merely one of size, involving only the absolute value
of our functions, but in order to get to it we have to “improve” the op-
erator A by “integrating” it (of order 1). This estimate does not depend
on the curvature of M.

Second, there is an L? — L? estimate. It comes, like part (a) of the
theorem, via Plancherel’s theorem together with Theorem 3.1, and it
allows us to “worsen” the operator A by essentially “differentiating” of
degree %. The operator intermediate between the improved and the
worsened operators is A itself, and the resulting intermediate estimate is
then conclusion (b).

The scheme of the proof we have outlined in fact occurs in a number
of situations. To carry it out we need a version of the Riesz interpola-
tion theorem in which the operator in question is allowed to vary. The
proper framework for this is an analytic family of operators defined
as follows.”

For each s in the strip S = {a < Re(s) < b} we assume we are given
a linear mapping 7T, taking simple functions on R? to functions on R?
that are locally integrable. We also suppose that for any pair of simple

"Here we state the results for the space R? with Lebesgue measure. The same ideas
can be carried over to the setting of more general measure spaces as in Theorem 2.1 in
Chapter 2.
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functions f and g, the function

¢o@>=1@dTAfde

is continuous and bounded in S and analytic in the interior of S. We
further assume the two boundary estimates

Sup [ Tayit (f)ll oo < Mol f]|ro
teR

and

sup || To4it (f)lnar < M| f[lzer-
teR

Proposition 4.4 With the above assumptions,
[TellLe < M| £l v,
for any ¢ with a < ¢ <b, where c= (1 —0)a+60b and 0 <6 < 1; and

1—-6 0

1 1-6 0 1
= 4+ —  and - .
p Po b1 q q0 q1

Once we have formulated this result, we in fact observe that we can prove
it by essentially the same argument as in Section 2 in Chapter 2.

We write s = a(l — 2) + bz, so z = ;=%, and the strip S is thereby
transformed into the strip 0 < Re(z) < 1. For f and g given simple
functions, we write fs = |f|7(s)% and gs = |g|5(s)|;%| where we define
v(s)=p (1_8 + 2 ), and §(s) = ¢ (1(;)8 + é) We then check that

Po p1

5s) = [ T)gde

is continuous and bounded in the strip S and analytic in the interior.
We then apply the three-lines lemma to ®(s) and obtain the desired
conclusion as in the proof of Theorem 2.1 in Chapter 2.

Returning to the averaging operator A, we shall assume (as we may)
that the support of du has been chosen to lie in a ball for which M is
given in coordinates by (18).

Now the operators T we will consider are convolution operators

T, = f* K,
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defined initially for Re(s) > 0, with

(25) K = slza — ()| o (@).
The following explains the several terms appearing in the definition of K.

e The factor v, equals s(s+1)--- (s + N)esz.

The purpose of the product s(s+1)---(s+ N) will be clear mo-
2

mentarily, and the factor e® is there to mitigate the growth of that

polynomial as Im(s) — oco. Here N is fixed with N > 41,

e The function |u[%"' equals u*~! when u > 0 and equals 0 when
u < 0.

e Yo(z) =v(x)(1+ \erap(ac’)|2)1/2, with 1) the density of du = do.

We note first that when Re(s) > 0, the function K is integrable over R9.
Our main claim is then the following.

Proposition 4.5 The Fourier transform f(g(f) s analytically continu-
able into the half-plane —% < Re(s) and satisfies

(26) sup | K (§)| < M in the strip —4=1 < Re(s) < 1.
£ERT

This is based on the following one-dimensional Fourier transform calcu-
lation. We suppose that F is a C*° function on R with compact support,
and let

(27) Is(p)=s(s+1)---(s+ N)/ u T R (u)e ™ P du,  p €R.
0
Lemma 4.6 I;(p) initially given above for Re(s) > 0, has an analytic
continuation into the half-space Re(s) > —N — 1. Also
(a) |Is(p)| < es(1+ |p))~RE), when —N —1 < Re(s) < 1.
(b) Io(p) = N'F(0).

Here cs is at most of polynomial growth in Im(s) and it depends only on
the CN*! norm of F' and the support of F.

The reader should note that when when p = 0, we are dealing with the
analytic continuation of a homogenous distribution, |x|i_1, much in the
same way as in Section 2.2 in Chapter 3.
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)N+1

Proof.  Write s(s+1)---(s+ N)u*"t = (& u**tN. Then an

du
(N + 1)-fold integration by parts yields

oo d N+1 '
L) = 0¥ [T () (Pge ) a
0 du

from which the analytic continuation of Iy to the half-space Re(s) >
—N — 1 is evident. It also proves the estimate (a) when p is bounded,
for example when |p| < 1.

The proof of the size estimate (a) when |p| > 1 is similar but requires
a little more care. We break the range of integration in (27) into two
parts, essentially according to u|p| < 1 or u|p| > 1. We suppose n is a C*>
cut-off function on R with n(u) = 1 if |u| < 1/2, and n(u) = 0 if |u| > 1,
and insert n(up) or 1 — n(up) in the integral (27).

When we insert n(up) we write the resulting integral as

0 N+1
0¥ [T () e ) d

and so it is dominated by a constant multiple of

(1+ |,0|)N+1/ u” N du,  with o = Re(s).
0<u<1/|p|

Since o + N > —1 this quantity is itself dominated by the product (1 +
PN+ p|=o~N=1 whichis < (14 |p|)~7, since we have assumed |p| > 1.
When we insert 1 — n(up) we write the resulting integral as

00 k
s(s+1)---(s+ N)(271rip)k /0 u* T F(u) (1 — n(up)) <(ZL> (e=2mur) dy,

where k is chosen so that Re(s) < k. Then, except for a factor that does
not depend on p (and is a polynomial in s), the integral equals

gk [ (i) " P (= ()] du

Since F' has support in some interval |u| < A, it is easily verified that

the above is dominated by a multiple of p=* fllj(2|p|) u®~F=1 du, which is

O(p~7), because o = Re(s) < k; that yields the bound required in (a).
Finally, the integration by parts we have used also shows that

d

Is(p) = _($+ 1) e (5+N)/O uS@(F(u)€72ﬂiup) du,
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so setting s = 0 gives conclusion (b), since F(0) is equal to the integral
— 57 4L (F(u)e=2™"F) du. The lemma is therefore proved.

We return to Proposition 4.5. Looking back at (25) we see that when
Re(s) > 0, making the change of variables u = x4 — p(z’) yields

K (&) = Vs/ |zg — (') f:lz/)o(x)e_zm(f”'f'-i-wd&d) dx
Rd

(28) =1 / sty / ¢~ 2mila’ € +o(a')6a)
0 Rd—1
Yo(2',u+ p(z')) dz’ du
2
=e’ Is<€d>v

with

F(u) — /d €—2ﬂi(x/_£/+¢(x/)§d)¢0(:L_/’u + (p(.’IJ/))d.T/,
Rd—1

in the formula (27) for I.

However, by Theorem 3.1 (essentially the estimates we have for the
integrals in (22)) it follows that |F(u)| < ¢(1 + [€])~ "=, with the same
order of decay in || for any derivative of F' with respect to u. Therefore
by conclusion (a) of the lemma we get that

_d—=1
2
’

IKo(€)] < esle’” | (1+ [€a) 7RO (1 + [¢))

which yields (26). Note that in the strip —95% < Re(s) < 1, we have
\632| < ce~m())* and ¢, is at most of polynomial growth in Im(s).
Proposition 4.5 is therefore proved.

We now return to the operators T and apply our analysis of the ker-
nels K.

Suppose f and g are a pair of simple functions on R%. The fact that
these are in L? allows us to use the Fourier transform and Plancherel’s
theorem. So if we set ®o(s) = [ Ti(f)gdx for Re(s) > 0, then

Do(s) = /R (7 K)gde = /R (7 K)o(-€) de

= [ K,(&)f(&)a(—¢)de.

Rd

So the proposition and Schwarz’s inequality show that ®¢(s) is contin-

uous and bounded on the strip —% < Re(s) <1 and analytic in the
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interior. It is also apparent by the proposition that

Sup 1T s ()2 < Mo

2

Next, clearly sup, |Ks(x)| < M, for Re(s) = 1. Thus

SlipHTl—t-it(f)HL‘x’ < M| f[|

However, by (28) and conclusion (b) of the lemma, Ko (£) = N!@(&) and
thus

To(f) = NYA(F).

We can therefore apply the interpolation theorem, Proposition 4.4. Here

we have a:—%,bzl, and ¢c=0. Also po=q =2, p1=1, @1 =
oco. However 0= (1 —60)a+6b so 6= %. Since 1/p = 1%9—1—9, we

get 1/p = %; similarly 1/q = ﬁ, giving us the desired result for the
operator A.

5 Restriction theorems

We come to a second significant application of oscillatory integrals. Here
we focus on the possibility of restricting the Fourier transform of a func-
tion to a lower dimensional surface. The background for this is as follows.

5.1 Radial functions

To start with, the Fourier transform f of an L' function is continuous
(see Section 4* in Chapter 2, Book III) while by the Hausdorfl-Young
theorem, f belongs to L9 if fe LP for 1<p<2, and 1/q+1/p=1.
Now L? functions are in general determined only almost everywhere.
Thus (without further examination) this suggests that the Fourier trans-
form of an LP function, 1 < p <2, cannot in general be meaningfully
defined on a lower dimensional subset, and this is indeed the case when
p=2.

The first hint that things might in fact be quite different is the obser-
vation that for certain p, 1 < p < 2, whenever f is radial and in L? and
d > 2, then its Fourier transform is continuous away from the origin.

Proposition 5.1 Suppose f € LP(RY) is a radial function. Then f 18
continuous for & # 0 whenever 1 <p < 2d/(d + 1).
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2d .
(d+1)° 1’

SN

Note the sequence of exponents
d — 0.

Proof.  Suppose f(z) = fo(|z|). Then f(£) = F(|¢]) with F defined
by (4), namely,

, %, %, ... that tends to 2 as

@) F(p) =2 [ ) ol
0

We can make the simplifying assumption that f vanishes in the unit
ball (thus the integral above is taken for r > 1) because an L? function
supported in a ball is automatically in L' and its Fourier transform is
then continuous.

We also restrict p = |£] to a bounded interval excluding the origin, and
note that then the integral in (29) converges absolutely and uniformly
in p. In fact the integral is dominated by a constant multiple of

(30) /OO | fo(r)[r®?=1/2 dr,
1

since [Jg/o—1(u)| < Au='2 if u > 0, as we have already seen. Now let ¢
be the exponent dual to p, (1/p+ 1/q = 1), and write

d—1 d—1 _ d—1
P22 = e T e

Then by Hélder’s inequality the integral (30) is majorized by the product
of an L? and an LY norm. The LP factor is

0o 1/p
( / o) Pré1 dr) — Cllf g,
1

while the second factor is

S 1/q
(/ Td_l-q(ﬁl)dr) 7
1

and this is finite if d — 1 — ¢ (%) < —1, which means ¢ > 2d/(d — 1),
and thus p < 2d/(d+1). The asserted convergence of (30) therefore
proves the continuity in p of F in (29) and establishes the proposition.

An examination of the proof shows the range 1 < p < 2d/(d + 1) can-
not be extended.

We now turn to the question of what happens when f is not assumed
to be radial.
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5.2 The problem

Let us fix a (local) hypersurface M in R%. One can then phrase the re-
striction problem for M as follows. Suppose du is a given surface-carried
measure, du = YPdo, with smooth non-negative density 1 of compact sup-
port. For a given 1 < p < 2, does there exist a ¢ (not necessarily the dual
exponent to p) so that the a priori inequality below

1/q
(31) ( / |f<§>|w<§>) < e llovan

holds?

By this we mean the inequality (31) is to be valid for an appropriate
dense class of functions f in L?, with the bound ¢ independent of f. If the
answer to the question is affirmative we say that the (L?, L?) restriction
holds for M.

Here is what we can assert about this problem.

1. Non-trivial results of the kind (31) are possible only if M has some
degree of curvature.

2. Suppose M has non-zero Gauss curvature at each point (in par-
ticular when M is the sphere). Then one is led to guess that
the correct range for (31) to be valid is 1 <p < 2d/(d+1) and
q < (%) p’ with 1/p’ 4+ 1/p = 1. Note the end-points of this rela-
tion, ¢ = co when p = 1, and ¢ — 2d/(d + 1) when p — 2d/(d + 1).
When d = 2 this guess is indeed correct; the proof is outlined in
Problem 4.

3. For d > 3 it is still not known whether the expected result holds,
but an interesting part, corresponding to ¢ = 2 (and hence for g >
2) is settled. This is what we now address.

5.3 The theorem

Here we prove the following result.

Theorem 5.2 Suppose M has non-zero Gauss curvature at each point
of the support of du. Then the restriction inequality (31) holds for ¢ = 2

_ 2d+42
andp—d—j_%.

2d+2. 1 6
)

d+3 ° 57

Note here that we have another sequence of exponents
4 10

375+ -, tending to 2.
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The proof starts with several quick observations. Let R denote the
restriction operator

)

R = f@), = [ s do

M

which is initially defined to map continuous functions f of compact sup-
port on R? to continuous functions on M. Consider also the “dual” R*,

mapping continuous functions F on M to continuous functions on R?,
defined by

R (E)) = [ AP auco)
M
We note that an interchange of integration proves the duality identity

(32) (R(f): F)m = (f, R*(F))ga

where (f, g)ra = [pa f( g(z)dz and (F,G)y = = [ F( 6)G(E) du(€).
Now we consider the compos1t10n R*R. We have

RR()(w) = [ e { [emsw dy} an(€).

Hence
(33) RR(f) = f+k, with k(z) = du(—z).
There is then the following relation between bounds for R, R* and R*R

Proposition 5.3 For a given p with p > 1, the three norm estimates
below are equivalent:

(1) 1R z2(ar,dpy < cllfllLe(may-
(i) [IR*(E) o ay < cllFllL2(ar,dp), where 1/p+1/p" = 1.
(iii) ||R*R(f)||LP'(Rd) < CQ||f||LP(Rd)~

The equivalence of (i) and (ii) follows directly from the duality of LP
spaces and the general duality theorem (Theorem 4.1 and Proposition 5.3
in Chapter 1).

We assume (i) (or (ii)) then this implies (iii) once we apply (ii) with
F=7R(f).
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Conversely, we know by (32) that

(R(f); R(f))ar = (R*R(f); f)ra-

Hence if (iii) holds, then (R(f),R(f))m < c2||f||Lp(Rd) by Hoélder’s in-
equality. This gives (i) and the proposition is proved.

From this proposition, we see that to establish the theorem we have
to show that the operator R*R is bounded from LP(R?) to LP'(RY),
with p = 2621%32. The argument is very much like that for the averaging
operator A, except here inverted via the Fourier transform.

In fact, here the analytic family of operators we consider is {Ss} given

by
Ss(f) = f* k37

where k: is defined by k: (z) = K (— ) and K is given initially by (25),
-1 < Re(s) <1 by Proposition 4.5.

Recall that Ko(€) :N!du(ﬁ), S0 So(f) = NIR*R(f) by (33). But
when Re(s) =1

15s(H)llz> < M| fllz>,

since K44t € L™, and sup, | K144t]|n~ < M, we have

I%l—i-it(g) = K1+it(5)~

Also, when Re(s) = f%, then ks € L™ by (26) in Proposition 4.5, since
ky(z) = Ky(—z). Thus

SUp |S_ s ()l < M £l

Finally, it is easily verified (again using Proposition 4.5) that ®q(s)
Jza Ss(f)g dz is continuous, and is bounded in the strip —4=L < Re(s)
1 and analytic in the interior, whenever f and g are in L'(R%) (an
in particular when f and g are simple). We therefore can apply the
interpolation theorem (Proposition 4.4) to Ss. In this case a = —d%,
b=1,and ¢=0, so 0= (1—0)a+ 6b implies that § = %. Also here
po =1, go =00, and p1 =2, g2 = 2.

So1/p= 1p09 + 5 ‘9 ,gives 1/p=1—0+6/2=1-6/2 and as a result

1/p= 2‘2132. Slmllarly 1/q= 1q09 (n =0/2,and 1/g=1-1/p=1/p'.

Therefore Sy = N'R*R maps L to L* and by the equivalence guaran-
teed by Proposition 5.3, the theorem is proved.

:LI/\ I

J
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Corollary 5.4 Under the assumptions of the theorem, the restriction

inequality (31) holds for 1 <p < 2dd:32 and q < (%) p.

This follows by combining the critical case p = Qdd—j??, q <2 (a conse-

quence of the theorem and Hélder’s inequality) with the trivial case
p =1, ¢ = oo via the Riesz interpolation theorem.

The key to the theorem is of course the decay of the Fourier transform
of the surface-carried measure dy. This is highlighted by the following
assertion which is clear upon reexamination of the proof of the theorem.

Here we deal with a hypersurface M, where we make no explicit as-
sumptions about its curvature. The measures du considered will be of
the form vdo as before.

Corollary 5.5 Suppose that for some 6 > 0, we have

|@(§)| =0(|¢]7%), as |€| — oo, for all measures of the above form.

Then the restriction property (31) holds for p = 256%22, q=2.

In particular, if we assume M has m non-vanishing principal curva-

tures, then using the corollary in Section 3, we get this conclusion for
_ 2m+44
~ m+4

6 Application to some dispersion equations

Dispersion equations have, broadly speaking, the property that as time
varies, their solutions conserve some form of mass or energy (for example,
the L? norm), yet these solutions disperse, in the sense that their sup-
norms decay as time increases. In what follows we will see how the ideas
we have discussed in this chapter apply to some equations of this kind,
both linear and non-linear.

6.1 The Schrodinger equation

Typical of linear equations of the dispersion kind is the imaginary-time
Schrodinger equation

1@—Au,

(34) it

for u(z,t), and (x,t) € R? x R = R4+ with its Cauchy problem of de-
termining a solution of (34) with initial data f, that is,

(35) u(x,0) = f(x).
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Here A = E?Zl 88% is the Laplacian on R
i

If we proceed formally, we are led to define the operators e’ by

(36) (€2 P)NE) = e M1 fey,

where * denotes the Fourier transform in the z-variable, and one expects
that u(z,t) = > (f)(z) is the solution of the problem (34) and (35).
That this is so can be seen in two different contexts, the first of which is
in the setting of the Schwartz space S of testing functions.

Proposition 6.1 For each t:
(i) e maps S to S.

(ii) If we set u(x,t) = e (f)(z), with f € S, then u is a C™ function
of (z,t) that satisfies (34) and (35).

(iii) €2(f) = f* Ky, if t #0, where Ky(x) = (4mit) =4/ 21/ (it)
(iv) e (Hllze < @alt) =2 flls.

Proof. That e**® maps S to S is clear because the multiplier e
has the property that each derivative in £ is of at most polynomial in-
crease. Next, the Fourier inversion formula gives

—itan?|¢|?

ant) = [ el s fg) e
Rd

The rapid decrease of f guarantees that the function u is C* in the x
and t variables. The fact that then w satisfies (34) is clear since the
action of %% brings down a factor of —472|£|?, which is the same factor
that results from the application of A.

The conclusion (iii) is a consequence of the identity

(37) KD (&) = e ™It 20

when both bounded functions Ky (z) = (4rit)~4/2e~ =1’/ (4it) apq ¢—it4m*I¢l”
are viewed as tempered distributions, and the usual relation between con-
volutions and Fourier transforms as in Chapter 3.

To prove (37) we start with the familiar identity for Gaussians

(ufd/zefﬂz‘z/“)/\(f) = eﬂ”T"E‘z, when u > 0.

Here we are dealing with rapidly decreasing functions and the Fourier
transform is taken in, say, the L' sense. We now write v = 47s, and we
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extend the above identity by analytic continuation to complex s = o + it,
with o > 0, since the functions in question are still rapidly decreasing.
Thus

((47rs)*d/2@*|1|2/(48)>A _ o—an?sle?

Finally, if ¢ is fixed, t # 0, then letting ¢ — 0, the functions on the left-
hand side and right-hand side converge pointwise and boundedly (and
hence in the sense of tempered distributions) to K;*(£) and e—itan e
respectively. Therefore (37) is established. Finally

1f * Killpoe < Kllzeellf 122 = @alt) =2 £z,

and the proposition is proved.

We look again at the operator e given by (36), but now in the
context of L?.

Proposition 6.2 For each t:

(i) The operator e™* is unitary on L?(R?).

(i) For every f, the mapping t — e™*>(f) is continuous in the L*(R%)
norm.

(iii) If f € L*(RY), then u(z,t) = e (f)(x) satisfies (34) in the sense
of distributions.

Proof.  Conclusion (i) is immediate from Plancherel’s theorem, since
the multiplier e~#47 61" has absolute value one. Now if f € L2(R%),
then clearly e~ 47" 1€1" f(¢) — ¢=ito47*E1” f(¢) in the L2(R?) norm when
t — to, so (ii) follows again from Plancherel’s theorem.

To prove the third conclusion we use the short-hand £ = %% AN
and £ = —1.2 — A for its transpose. Conclusion (iii) asserts that when-

ever ¢ is a C* function on R? x R of compact support, then

(38) //]Rd R[Z’((p)(x,t)(eimf)(x) dx dt = 0.

Now if f € S, then (38) holds for such f, because then u(z,t) = e (f)(z)
satisfies £(u) = 0 in the usual sense, as we have seen. For general f € L2,
approximate f in L?(RY) by a sequence {f,} with f, € S. Then be-
cause of conclusion (i) we may pass to the limit and obtain (38) for any
f € L*(RY), finishing the proof of the proposition.
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We remark that the decay estimate (iv) in the first proposition can be
extended to read

(39) le™*2 £]

if1/g+1/p=1,and 1 < p < 2, with ¢, = (47)~¥1/P=1/2) This in fact is
a direct consequence of the Riesz interpolation theorem (see Theorem 2.1
in Chapter 2) when we combine the cases corresponding to p =1 and p =
2, in the propositions above. Another way to see (39) is to realize that
the operator 2 is a disguised version of a rescaled Fourier transform,
and thus (39) is a restatement of the Hausdorff-Young theorem. This is
outlined in Exercise 12.

La(Rd) < Cp|t|7d(1/p71/2)||f“Lv(Rd),

Now the decay estimates (39) raise the question whether one can see
any decrease for large time, when the initial data is merely assumed to
be in L?. Given the unitarity of e®*, the best one can hope for is an
overall, or average, decay in both x and ¢. Thus one is led to ask whether
an estimate of the kind

(40) w(z, )| Laraxr) < cll fllL2(ray

is possible (say for ¢ < 00).

By a simple scaling argument we can see that (40) can hold only with
the exponent ¢ = 24+, Indeed, if u(z,t) = e"**(f)(x), replace f by fs
where f5(x) = f(dz), and u by us, with us(z,t) = u(dx,6t), and § > 0.
Then u; is a solution of (34) with corresponding initial data fs. That is,
us(z,t) = e (fs)(x). Thus if (40) held, we would have |us La(ma+ry <
cl| fsl| 2 (ray, for all 6 >0, with ¢ independent of 6. But ||fs]|L2mrey =

. _d+2 +2
5_d/2||f||L2(Rd), while ||u5||Lq(Rd+1) = ‘1 Hu||Lq(Rd+1), and S0 0~ <

6742 for all § > 0, which is possible only when d%;z = 2, that is, g =
2d+4

One should notice that ¢ = 24 is exactly the (dual) exponent arising

in the restriction result in Theorem 5.2 (that is, 1/p+1/¢ =1, with
D= ?%44) when we are in R4 instead of RY. This is no accident as we
will now see.

Theorem 6.3 If u(x,t) = e (f)(z) with f € L*(RY), then (40) holds

when q = %}L‘l.

Results of this kind are called Strichartz estimates. We will see that
in fact this theorem is a direct consequence of the results in Section 5.

We consider the Fourier transform now on the space R¥*! = R¢ x R =
x,Tqy1)}, relabeling the variable t as x411. In the corresponding dual
+ +
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space (also R9t1) the dual variables are denoted by (£,&441), with &
dual to x and £441 dual to z441. In this dual space we take M to be the
paraboloid given by

M ={(&€av1) 1 Earr = —2m[¢[?},

where [£]2 = 67 +--- + &3

On M we define the non-negative measure du = ¥do = ¥pd€, where
d¢ is the Lebesgue measure on R?, and v is a C°° function of compact
support that equals 1 for (£,£441) € M and [¢] < 1. (As a result ¢ =
o(1+16m3[¢[*)1/2.)

Since the paraboloid M has a non-zero Gauss curvature, we can apply
the restriction theorem, in particular its dual statement given in Proposi-
tion 5.3, with R?*! in place of R?. This assertion deals with the operator

R*(F)(x) = / e2ﬂi(r~€+md+1§d+1)p(§’ Eap1)dp
M

and then guarantees that
R*(F)|| Lara+ry < cl|FllL2(as,dp)-

Now let us take F'(§,£4+1) = f(ﬁ) Then we see that R*(F) = e"*(f1by),
because we have set x411 =t, du = od€, and on M we have {541 =
—2m|€|%. As a result

(41) ||€ZtA(f)||Lq(Rd+l) < || fll2®e),
whenever f is supported in the unit ball. This is the essence of the result
and from it the theorem follows easily.

In fact, if we replace f by fs(z) = f(6x), and u by us(x) = u(dz, §%t)
then, as we have seen above, (41) also holds with the same bound. How-
ever (f5)(€) = f(€/6)6~%, and now the support of (f5)” is the ball
|€] < 6. So allowing 0 to be arbitrarily large shows that (41) is valid
whenever f is in L? and f has compact support. Since such f are dense
in L?, a simple limiting argument establishes (41) for all f € L?(R9),
proving the theorem.

6.2 Another dispersion equation

We now digress briefly to touch on another dispersion equation and sketch
certain aspects that are parallel with the Schrédinger equation.
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We have in mind the cubic equation on R x R

ou_ 0%
ot 9x¥’
with its initial value problem u(zx,0) = f(z).

We can write the solution operator f +— e!(5) (f), with

(¢ () () = 79" fg).

Again this operator maps S to S for each ¢ and is unitary on L?(R).
Note one difference with the Schrédinger equation: Here we can en-
visage solutions u that are real-valued, which is not possible for the
equation (34), where the solutions need to be complex-valued because of
the coeflicient 1/i.
When t # 0, we can write

ME) (f) = f+ K, for feS,

where the kernel K, is given in terms of the Airy integral

1 (U
Ai(u) / el(;““’)dv.s
R

T o

In fact, since Kg(x):fR et(2mi6)” g2mial e the change of variables

—(27)3te% = v3/3, € = —v(3t)~1/3(21)~! shows that
K, (z) = (3t) /3 Ai(—z/(3t)Y/3).

Now one knows that

(42) {'Al(u)| <c

|Aiu)] < clu| 71

for all u. From the first of these inequalities we get the dispersion esti-
mate

e Y (Pl < et

There is also an analog of Theorem 6.3.

8The convergence of this integral and the estimates stated below can be found in
Appendix A of Book II. There these are carried out using complex analysis. The results
needed can also be obtained by the methods in Section 2 of this chapter, and are outlined
in Exercise 13.
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3
Theorem 6.4 The solution ¢'(#) (f) satisfies

llull Larey < cl| fllz2m), — with ¢ = 8.

The proof of this is result is parallel with that of the previous theorem
and reduces to a restriction theorem on R? for the cubic curve

I'={(&,&): &=—4n8Y.

According to Corollary 5.5, what is needed is an estimate for @(5),
where dy is a smooth measure carried on the cubic curve I'. The desired
estimate can be rephrased as follows.

Lemma 6.5 Let I(§) = [, e2mi(EtHE2) (1) dt, where ¥ is a C™° func-
tion of compact support. Then

I€) = O(l¢[7Y3),  as [¢] — oo.

Proof. First note that I(€) = O(|&|~/3). In fact

I(g):/ +/ .
[t1<|&al=1/8  Jt[>]62|~1/3

The first integral is obviously O(|&|~'/3). For the second term we use
the second derivative test (Proposition 2.3 and Corollary 2.4) noting that
the second derivative of the phase exceeds c|&||€2| 713 = ¢[&,|?/3, so this
term is also O(|&|~'/?), which pI"OVGb that 1(€) = O(|&|~1/3). We apply
this result when |&2| > /|€1|, where ¢ is a suitably small constant, giving
I(¢) = O(|¢]7Y/3) in this case.

In the case when [&1| > (1/¢)|&2|, we apply the first derivative test
(Proposition 2.1) noting that there the first derivative of the phase ex-
ceeds a multiple of |&|. Thus I(¢) = O(|&1]~1) = O(|¢]7/3). A combi-
nation of these two cases yields the lemma.

We can now invoke Corollary 5.5 with 6 = 1/3 and obtain

IR 2y < el fllLer2)
and
IR*(F)llLe2y < cllF|lz2(ry,

for p = 255:22 = 7, and 1/p+1/q =1, so ¢ = 8. The estimate for R* then

proves our theorem.

There are also corresponding space-time estimates for solutions of the
wave equation in terms of its initial data. See Problem 5.
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6.3 The non-homogeneous Schrodinger equation

We return to the imaginary-time Schrodinger equation and now consider
the non-homogeneous problem

(43) -— —Au=F
with F' given. Here we require
(44) u(z,0) = 0.

It is easy to write down a formal solution to this problem by integrating
the corresponding equation when A is replaced by a scalar. This leads
to the solution operator

(45) S(F)(x,1) —-ijgtei@8>ﬂzrc,s)ds

Here e!(*=%)2 F (., 5) indicates that for each ¢ and s the operator e!(*=%)%
has been applied to F(z,s) as a function of z. The use of formula (45)

can be justified in several different settings. The simplest is the following.

Proposition 6.6 Suppose F is a C™ function on R? x R of compact
support. Then S(F) is a C* function that satisfies (43) and (44).

Proof. Write F = e*2G(-,t) with G(x,t) = zfot e 8 F (-, s)ds. Now
F(-,s) is in the Schwartz space S(R?) for each s and depends smoothly
on s. Thus the same is true for G(-,s) and then for S(F)(:,s), so this
function is C'*°. Now differentiate both sides of the identity

t
e_“A(S(F))(-, t) = z/ e_iSAF(-, s)ds,
0
with respect to t.

The left-hand side gives e~#4 (—iA + %) S(F)(-,t). The right-hand
side yields ie"#*4 F(-,t). After composing with e~ we see that

(4A+;>am@w:m@m

as was to be proved. Note that it is obvious that S(F')(-,0) = 0.
The corresponding result in the L? setting is detailed in Exercise 14.
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We come to the key estimate for the operator S. It arises from the
question of proving an estimate of the form

(46) IS(F)| Larexry < cl|Fl e rdxr),

where ¢ = %. Here ¢ is the exponent for which v € LI(R? x R), when-

ever u(x,t) = e (f)(x), with f € L?. Again, a simple scaling argument
(which we leave to the reader) shows that (46) can hold only if p = Qdd—jf,
the dual exponent of q.

Theorem 6.7 The estimate (46) holds if ¢ = 2‘%4 and p = 2;%44.

This means that S, initially defined on C*° functions F' of compact sup-
port, satisfies (46) with ¢ independent of F, and hence has a unique
extension to a bounded operator from LP(R? x R) to LI(R? x R) for
which (46) is valid.

To prove the theorem we first make two simplifications. To begin with,
we replace the operator S by S, given by

t

Sy (F)(x,t) = z/ A PR(. ) ds,

— 00
and next, to avoid issues of convergence, we replace Sy by Se, where

t
Se(F)(z,t) = z/ =) e=<(=9) (. 5) ds.

— 00

We will prove that

(47) ”Se(F)HL‘?(Rde) < C”F”LP(Rde)

with ¢ independent of e. Once (47) is established then (46) will follow
easily.

The advantage of S; (and S¢) over S is that now we are dealing with
convolutions on the space R% x R. For S, the kernel K(z,t) is formally

2
me’%e’“ when ¢ > 0, and 0 when ¢ < 0.

We prove (47) by the same method used in Theorem 4.1 and in the
restriction theorem. We embed S, in an analytic family of operators,
{T.}, with the complex variable ranging over the half-plane —1 < Re(z).
The operator will be first given when d/2 — 1 < Re(z) as a convolution,

T.(f) = f = K., with the locally integrable kernel

_ 1=
e 4it

(48) K.(z,t) = ’Y(Z)W

—€tyz
e L.
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F(z-i-l)z’ and the

factor v(z) is bounded in any strip a < Re(z) < b, because T z+1)

Here t% = t* when t > 0 and 0 otherwise, while y(z) =

O(el*"og 21y as | 2| — oo, by Stirling’s formula. We note that the Fourier
transform of K, on R? x R (as a tempered distribution) is the function

o0
K2(& €av1) = 7(,2)/ e~ LIE gt o —2mitlarayz gy
0
= ie* (e + i(4n|€|? + 2m€qsr)) TN

This is because of (37) and the fact that
/ e A7 dt =T(2+1)A"*"1  whenever Re(4) > 0,
0

as is seen by verifying the formula first when A > 0.

Next, if € is fixed with € > 0, then K/ is, by the above, a bounded func-
tion of (£,€411) € R? x R as long as —1 < Re(z). This Fourier multiplier
defines T}, as a bounded operator on L?(R? x R) whenever —1 < Re(z),
and gives a continuation of 77, initially defined for d/2 — 1 < Re(z). We
also observe that K7 is bounded independently of € when Re(z) = —1,
and therefore

(49) ||Tz(F)||L2(Rd><R) < C||F||L2(Rdx]R) when Re(z) = —1,

with ¢ independent of e.
Now the kernel K, given by (48) is clearly a bounded function on
R? x R when Re(z) = d/2, with a bound independent of e. Thus

(50) IT.(F)||L~ < ¢||F|lr:, when Re(z) =d/2,

with ¢ again independent of e.

The interpolation theorem (Proposition 4.4) yields ||To(F)||Le < ¢||F||L»,
first for simple functions, and then by a passage to the limit for all F
that are C'°° of compact support. Again the bound is independent of e.
We also recognize that

(51) Ty = S,

when acting on C'°*° functions of compact support.
In fact, by taking the Fourier transform in the xz-variable we see that

t
Sd(F)Met) =i / eI me =) (e 5) ds.

— 00
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Then the Fourier transform in the t variable gives

Se/\(F)/\(f,gd_H) _ (/Oo e,it4ﬂ2|£‘2e,6t672ﬂit§d+1 dt) F(€7§d+l)
0
= i(e — i(Am°[¢]* + 27€ar1)) T F (€, Ean),

which establishes (51), and hence proves (47).
We now finish the proof by modifying F' so that F(z,s) =0 when
s < 0. Hence from (47), when we let € — 0, we get

00 1/q
([ [ isowrasa) < dflumpns,
R 0

Changing ¢ into —t (and s into —s) gives us a parallel inequality, but with
the integration in ¢ now taken over (—oco0,0). Adding these two finally
yields (46) and the theorem is proved.

A final fact about the action of the solving operator S on the space
LP(RY x R) is as follows.

Proposition 6.8 IfF € LP(R? x R) then S(F) can be corrected (that is,
redefined on a set of measure zero) so that for each t, S(F)(-,t) belongs
to L?(R%) and, moreover, the map t +— S(F)(-,t) is continuous in the
L?(R%) norm.

This is based on the inequality

B .
(52) || / =0 F () sl gty <l Flpogro .

with ¢ independent of the finite numbers o and (.

In fact, (52) is essentially the dual statement of (40) in Theorem 6.3.
We let g be any element of L?2(R?) with ||g||z2gae) < 1. Then by the
unitarity of e %%

/:1 </R,1, e~ Bz, s)g(x)dx> ds = /j </H§11F(x,8)1)(91:,(<s)dx> ds,

where v(z,s) = (e%*“g)(x). So by (40), ||v|
inequality gives

/Rd </j eSO (. 8) ds) 9@) do

we have

L4(R?xR) S ¢ and Holder’s

< CHFHLP(Rdx]R);
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and since g was arbitrary, this suffices to establish (52).

Next, since S(F)(z,t) = ie'® fot e A F (-, 5)ds, taking o = 0 and 3 =
tin (52), we see that for each ¢ the function S(F)(-, s) belongs to L?(R?),
and

(53) sup [S(E) (5 )l 2 ey < el Fl Lo re xr)-

Finally, approximate F' in the LP norm by a sequence {F),} of C*° func-
tions of compact support. Then for each n, S(F,)(-,t) is clearly contin-
uous in ¢ in the L2(R%) norm. Since by (53)

sup [S(F)(-,t) = S(Fn) (- t)ll2 < ¢l F = Fulzr — 0,
t
the continuity in ¢ carries over to S(F)(-, t) and the proposition is proved.

6.4 A critical non-linear dispersion equation

We now consider the non-linear problem

10u
S——Au = oulu
u(x,0) = f(=).

Here o is a non-zero real number and the exponent A is greater than 1.
Besides its relative simplicity, the interest of the equation (54) is that
its solution has two noteworthy conservation properties, namely that
the “mass” [o, [ul® dz, and the “energy” [o.(5|Vul® — Zx|ul*) dz are
conserved over time. (See Exercise 15.)

We shall deal in particular with the initial-value problem for f in
L*(R%). 1In this setting there is a “critical” exponent A, the one for
which the problem is scale-invariant. More precisely, suppose u is any
solution of (54) with initial data f. Then we seek an exponent a so that
§%u(dx, 62t) also solves the equation (54), (with initial data 6% f(dx)), for
all § > 0. For the linear case 0 = 0 of course any a will do, but in the
present situation this requires d + 2 = Aa. Now if we also want the L?
norm of the initial data to be invariant under these scalings then we need
a=d/2, and as a result A =1+ 4/d.

We should observe a related significant fact about the critical expo-
nent \: we have ¢ = Ap, where g and p are the dual exponents arising in

our estimates (Theorems 6.3 and 6.7). This is the case because ¢ = 2%%4

2d-+4 d+4
p= 27, and A = 44

7
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Incidentally, one notices that the exact value of the coefficient o in (54)
is not significant; what matters is its sign, since it can be replaced by +1
via the fixed scaling (z,t) — (|o|*/?z, |o|t).

After these preliminaries we can now state the main result. Given an
f € L?(R%), we will say that a function u in LY(R? x R) is a strong
solution of (54) if

(i) w satisfies the differential equation in the sense of distributions.

(i) For each t, the function u(-,t) belongs to L%(R?), the mapping
t + u(+,t) is continuous in the L%(R%) norm, and u(-,0) = f.

We can also envisage solutions u that are given only for time ¢ with
|t| < a, for some fixed 0 < a < co. In that case we assume u is in L (R? x
{|t| < a}) and consider u as a distribution on the open set R? x {|t| <
a} C R? x R, and define a strong solution in the same way as above.

The theorem below guarantees the solution of our problem under two
scenarios. First for all times #, if the initial data is small enough. Second,
for all initial data f, for a finite time interval.

Theorem 6.9 Suppose \, p and q are as above.

(i) There is an € > 0 so that whenever || f||12(ray < € then there exists
a strong solution of (54).

(i) Given any f € L?(R?), there is an a >0, (depending on f), so
that (54) has a strong solution for |t| < a.

The proof exemplifies the use of fixed-point arguments in non-linear prob-
lems.

Suppose ug = €2 (f). As will be seen, the problem reduces to find-
ing u so that

(55) u = oS (Jul1u) + uo.

The existence of u is obtained by a classical iteration argument, the
existence of a fixed point of a suitable contraction mapping M.

We consider first the alternative (i) of the theorem and here the map-
ping M will be defined on the underlying space

B ={uc LYR? x R), with |ju]

Le < 5}7

with § fixed below.
The mapping M will be given by

M(u) = aS(|ul* " u) + uo.
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For an appropriate choice of §, and then a choice of € implying || f|| L2 < e,
we will see that

(a) M maps B to itself.
(b) [M(u) = M(v)lLa < 5llu— ||z for u,v € B.

In fact, |[M(u)||za < |o|||S(Ju|* " u)||za + ||uol/za- To estimate the first
term we use Theorem 6.7, and this gives

ISl )z < clllullze = cllullZa,

since ¢ = pA. So if ||lul|pe <6, then |o|||S(|u|*tu)||z« < /2, as long as
|o|ed* < §/2, which is the case if § is small enough.

However by Theorem 6.3, ||ug||« < ce, since || f||z2 < €. Thus |lug|| e <
d/2, if ce < §/2, and with this choice of € in terms of §, property (a) is
proved.

Next

IM(w) = M()|[ze = loll|S(ul* " u — o] o) | Lo

< clo|l[[ul* T

u— o] | L.

However, as is easily verified
[l — oA ol < exfu — o] (Jul + o))
for any pair of complex numbers v and v. Thus

‘)\71

ul* ™ = ol ollze < exll(u = v)(Jul + [v])* |z

Disregarding the constant cy, the p'* power of the term on the right is
[ 1w —vP(Ju| + |v])A~YP. We estimate this by using Holder’s inequality

with exponents A and X = \/(A —1). Since \p =q and N'(A—1)p=g¢
we see that this integral is majorized by

1/ 1/
A—1
( / |uv|q) ( / (|u|+|v|>q> — Ju = ol + o] .

Taking p* root gives
A1
IM(w) = M) 10 < e llu— vl call|u] + o] 55,

and we only need to choose § so that ¢} (26)*~1 < 1/2 to obtain (b).
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Next define uy, usg, . .., ug, . . . successively according to ug+1 = M(ug),
k=0,1,2,.... Then, since uy € B, it follows from (a) that each uy €
B. Also by property (b) we have |[up1 — ug|Le < &|lup — up—1r« and

hence ||ug+1 — ugllpa < (%)k lur — uol|La-

Therefore the sequence {uy} converges in the L? norm to a v € B, and
hence u = M(u) = oS(Ju]>~1u) + ug, since up1 = M(uy). To see that
w is a distribution solution of (54) we must verify that

(56) / ul'(p)dxdt = o / |u|*Lugp dz dt,
R4 xR

RIxR

_1

for every ¢ that is C*° and has compact support, with £ = i% — A.

However, by Proposition 6.6,

(57) /S(F)E’(go) dx dt = /Fgodxdt

if F'is a C'*° function of compact support. We now approximate an arbi-
trary F in LP(R? x R) by a sequence {F,} of C* functions of compact
support. Since Theorem 6.7 implies that S(F,,) — S(F) in the LY norm,
the identity (57) for the F,, holds also for F' € LP. Thus we may ap-
ply (57) to F = o|u[*~1u and use Proposition 6.2 part (iii) to conclude
that (56) is valid, because u = S(F) 4 uo.

Next, applying Proposition 6.8 to F' = o|u|*~'u shows that for each ¢,
the function u(-, ) belongs to L?(R%) and ¢ ~— u(-,t) is continuous in the
L? norm. Obviously u(-,0) = f(-) so the proof that u is a strong solution
is complete.

In the second alternative, where we do not assume || f|| < €, we instead
choose a positive constant a so that

1/q
(// |eitA(f)(q:,t)qd1:dt> <4/2.
Rix{|t|<a}

Such a choice of a, which depends on f, is possible since e f € LY(R? x
R). We then proceed as in the previous alternative with the understand-
ing that now B consists of functions on R? x {|t| < a} (of norm < §).
Note that S(F)(-,t), for |[t| < a, depends only on F(-,s) for |s| < a, so
all inequalities used are still valid in this context, and the proof can be
carried out as before.

The uniqueness of the solution of (54) and its continuous dependence
on its initial data is outlined in Exercise 17.



7. A look back at the Radon transform 363

7 A look back at the Radon transform

We now link the averaging operator studied in Section 4 with the Radon
transform, pointing out certain striking affinities between these two, and
formulating a common generalization.

Some elementary properties of the Radon transform were set down
in Book I, where one can find an indication of its early interest. Of
further significance is its role in the theory of Besicovitch-Kakeya sets.
There, an L? smoothness property for d > 3, somewhat akin to that
of averaging operators, is responsible for the continuity of measures of
hyperplane sections asserted in Chapter 7 of Book III. Moreover the
existence of Besicovitch sets may be said to be possible because when
d = 2 the smoothing in L? is exactly of critical order 1/2; in addition,
this property of the Radon transform allowed one to see that Besicovitch
sets in R?, d = 2, must have Hausdorff dimension 2.

7.1 A variant of the Radon transform

Recall that in R? the Radon transform R is defined by

R(f)(E: ) = f

Pt,’v

where (¢,7) € R x S~ and P, is the affine hyperplane {z : x - vy = t}.
The smoothing property of R we have in mind can be stated most
easily when d = 3 as the identity

o [

This is a direct consequence of the observation that R(f)(A,7) = f(M\),
with R(f)(\,~) denoting the Fourier transform in ¢ of R(f)(t,~) (with
dual variable \), and f denoting the usual 3-dimensional Fourier trans-
form of f.

To pursue this point a little further we consider briefly a simple “lin-
earized” variant of the Radon transform that, unlike R, is directly given
as a mapping of functions of R¢ to functions of R?. This variant is deter-
mined once one fixes a non-degenerate bilinear form B on R?~1 x R4~1,
and is denoted by

2

SR drdo(e) =87 [ | ()P da
IR3

Ris(f)(x) = / F(4 2 — B ) dy,

Rd—1
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where we have set x = (z/,24) € R”! xR and y = (¢, yq) € R x R.
So Rp(f)(x) can be written as

%W@-Aﬁ

with M, denoting the affine hyperplane {(y',y4) : ya = x4 — B(2',y')}.
The integration measure on M, is taken to be dy’, the Lebesgue measure
on R4~1,

Note that the mapping x — M,, is an injective mapping from R? to the
set of affine hyperplanes on R?, and this mapping is surjective on the col-
lection of hyperplanes that are not perpendicular to the hyperplane Mj.
Since the excepted collection of hyperplanes is a lower-dimensional sub-
set, then, broadly speaking, Rp can be thought of as a substitute for R.

Now let us revert to the simplest case, d = 3, where an analog of (58)
is

5 [ |oeret] ar=co [ 0P

which we prove when f is (say) a smooth function with compact support.
To see (59) consider the Fourier transform in the x3-variable (with &3
its dual variable), that is, Rp(f)(z’,&3) is given by

/ 67271'1‘533(3’:,,y,)fA(y/7 53) dy/7
RQ

where here f denotes the Fourier transform in the zs-variable. Sim-
A
ilarly, (iRB(f)) (',&3) (also taking the Fourier transform in the

6323
xs-variable) is given by

2mié3 / e 2mGBE f(0f €3) dy .
R2

However, B(z',y") = C(2') - y' for some invertible linear transformation C
on R2. Therefore, introducing the new variable £&3C(2') = u, with u € R?,
we have &B(2',y') = u-y' and &2 |det(C)|dz’ = du. So an application
of Plancherel’s theorem in R? leads to

/.

Hence, integrating in &5 and applying Plancherel’s theorem again, but
this time in the zs-variable, yields (59).

2
8 A / / 47T2 Pl /
<8353R(f)> (2',&3)| dz' = [det(C)] /R2 f (&) dy'.
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If we consider an appropriately localized version R’ of R, then using
the above it is easy to see that

IR (HllLz@sy < cllfllzzs)-

Corresponding results for general d, when d is odd, giving L? smoothing
of order (d — 1)/2 can be obtained in the same way. The steps leading
to these conclusions are outlined in Exercises 18 and 19.

7.2 Rotational curvature

We have learned from the above considerations that there seems to be a
parallel between the averaging operator A and the Radon transform R g
in terms of their smoothing properties. Each of these operators is of the
form

[ /MI () dps(y),

where for each 2 € R? we have a manifold M, (that depends smoothly
on ) over which we integrate. In the case of A it is M, = x + M, and in
the case of Rp itis M, = {y = (3,24 — B(2',y')), 3 € R¥~1}. However,
paradoxically, the key feature of A was the curvature of M, while in the
case of Rp the corresponding manifolds M, are hyperplanes and have
no curvature. So how are we to see them as different manifestations
of the same phenomenon? Another issue is the question of having a
diffeomorphic-invariant formulation for the conclusions regarding these
operators. This question arises naturally, because the spaces L?, L?, and
Li, are (at least locally) invariant under diffeomorphism.

What unifies the above examples is a common rotational curvature
that takes into account not only the (possible) curvature of each fixed
M., but how the M, evolve (or “rotate”) as x varies. This concept can
be formulated as follows.

We start with a C° function p = p(x,%) given on a ball in R? x R (a
“double” defining function), and assign to it its rotational matrix M,
defined as the (d + 1) x (d 4+ 1) matrix given by

Op .. 9p
i oy1 0Ya
8;1?1
M= 0%p
O0y;0xy,
Op
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We define the rotational curvature of p, denoted by rotcurv(p), as the
determinant of the matrix M,

rotcurv(p) = det(M).

Our basic condition is that where p =0, then rotcurv(p) # 0. This
clearly implies Vyp(z,y) # 0 there. Henceif M, = {y : p(z,y) = 0}, each
M, is a C* hypersurface in R%, that in fact depends smoothly on z.
We then note the following properties of rotational curvature that are
straight-forward to verify.

1. If p(z,y) = p(x — y), the translation-invariant case, then M, = = +
My. Here one also has the condition that rotcurv(p) # 0 is equivalent
with the non-vanishing of the Gauss curvature of M.

2. In the case of Rp, we take p(z,y) = yq — x4 + B(2',y’), and then
rotcurv(p) # 0 is equivalent to B being non-degenerate.

3. It p'(z,y) = a(x,y)p(z,y), with a(z,y) # 0, then p’ is another defining
function for {M,} and rotcurv(p’) = a® 'rotcurv(p) whenever p = 0.

4. The invariance of rotational curvature under local diffeomorphisms
can be stated this way: Suppose x +— ¥y (z) and y — W5(y) are a pair of
(local) diffeomorphisms on R? and set p'(z,y) = p(¥1(z), ¥2(y)). Then
rotcurv(p’) = J1(2) J2(y)rotcurv(p) whenever p’(x,y) = 0, where J; and
Jo are the Jacobian determinants of ¥; and W5 respectively.

With these notions in hand we can come to the regularity theorem for
the general form of the Radon transform.

We assume we are given a double defining function p as above with
rotcurv(p) # 0. We set M, ={y: p(z,y) =0}. For each = we let
do,(y) be the induced Lebesgue measure on M,, and define du,(y) =
Yo(z,y)do,(y), where 1 is some fixed C°° function on R% x R? of com-
pact support. Given this, we define the general averaging operator A
by

(60) A(f)(z) = /M F () duay),

initially for functions f on R? that are (say) continuous with compact
support.

Theorem 7.1 The operator A extends to a bounded linear map of L*(RY)
to LE(RY), with k = 941,
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It should be pointed out that the averaging operator A of Section 4 is
translation-invariant, and the Radon transform R p is partially so; it is
translation-invariant with respect to the xs-variable. So in both cases
the Fourier transform can be used. However in the general situation the
Fourier transform is unavailable and we must proceed differently.

There will be two steps. The first will use an oscillatory integral op-
erator that partly substitutes for the Fourier transform and Plancherel’s
theorem. The second is an L? estimate, obtained via a dyadic decom-
position of “almost-orthogonal” parts, that further serves to implement
this approach.

7.3 Oscillatory integrals

We turn to the first idea. We consider an operator T (depending on a
positive parameter \) of the form

() = [ AP pla0) () dy

Here ® and 1) are a pair of C™ functions on R? x R%, the latter assumed
to have compact support. The phase ® is supposed to be real-valued,
and the key assumption is that its mixed Hessian

R
(61) det{VinI)} = det{@xkﬁyj M<kj<d

is non-vanishing on the support of .

Proposition 7.2 Under the above assumptions we have | Ty|| < cA=%42,
A >0, with || - || denoting the norm of the operator acting on L*(R?).

For us the importance of this proposition is the consequence it has for
a corresponding oscillatory integral that involves the defining function p.
We set

©) SN = [ i.0) 1) oy

Here the integration is over (yo,y) € R x R?. The function 1 is again a
C function with compact support in all variables, but the noteworthy
further assumption is that 1 is supported away from gy = 0.

Corollary 7.3 Assume that the double defining function p satisfies the
condition rotcurv(p) # 0 on the set where p = 0. Then

ENE
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1/2

Note. We have an extra gain of A™"/% over what can be said for T).

The proof of the proposition is in many ways like that of the scalar
version, Proposition 2.5 in Section 2, so we will be brief. As before, we
begin by taking the precaution that v is supported in a small ball. Now
if T is an operator on L2, then ||[T*T|| = ||T||?, where T* denotes the
adjoint of 7.7

However T is given by the kernel K (z,y) = e*®@¥) ) (x,y), that is,
Th(f)(z) = [ K(z,y)f(y) dy, so T is given by the kernel K(z,y) and
TT)y is given by the kernel

M) = [ Rea)K(epds= [ N0 elyy, ) de
R R

with ¥ (z,y,2) = ¥(2,2)¢(2,9). The crucial point will be like (14),
namely,

|M(z,y)| < exNz —y))™N  for every N > 0.
Here, with z = (21,...,24) € R%, we use the vector field
d
1 0
L=— i— =a-V,
i\ jz_:la] 82’]‘ @

and its transpose, L'(f) = — = ;1_1 ag;f), where
- J

) —a_ Te0G0) —2Cy)
: V.(8(z0) - ()P

Now because u = x — y is sufficiently small in view of the support as-
sumptions made on ), we see as before that |a| ~ |x — y|~! and |0%a| <
|z — y|~71, for all @. Thus

[M(x, y)| <

/LN (ei)\[@(z,y)fé(z,z)]) w(x,y7z) dz

< / (LN (e, y, =) de

< en(Alz =y

91In this connection, see for instance Exercise 19, in Chapter 4 of Book III.
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However, then
TITs ()] < / M (2, )1 (9)] dy
< /Mo(w‘ — )| f(y)ldy
— [ Mo wisa -yl
where MO (u) = ¢/ (1 + Au|) ™Y, and by Minkowski’s inequality
ITE T ()22 < [ ]1ze / MO(u) du.

However [ M°(u)du = cA™%, if in the estimate for M° the N is taken
to be greater than d. As a result || 75Ty < cA™¢, and the proposition is
proved.

We turn now to the corollary. The link between the rotational curva-
ture of p and the phase ® in the proposition occurs in passing from R¢
to R4 With T = (zg,2) € R x R? = R¥! and § = (yo,y) € R x R? =
R4+ we set

(7, ) = zoyop(z,y).
Then, as is evident,
det(V%@@) = (zoyo)rotcurv(p).

Now define F(zg,x) by

(63) Fi(zo,z) = Fx\(T) = / @Dy (2, 2,90, y) £ (y) dyo dy

Rd+1

= /d ) €i/\x0y0p(x’y)w1 (-’1707 T, Yo, y)f(y) dy() dy
Ra+

with ¥4 (1, 2, y0,y) = ¥(z,y0,y), and 1 having compact support that is
disjoint from zo = 0 or yg = 0.

This means that Sx(f)(z) = Fx(1,z).

To proceed we need the following little calculus lemma, valid for any
function g which is of class C! in an interval I of length one. Suppose
ug € I, then

(64 g(uo)]? <2 ( [t au+ [ |g'<u>|2du) .
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Indeed, for any u € I, one has g(ug) = g(u) + [ ¢'(r) dr. So by Schwarz’s
inequality

g(uo)? <2 (|g<u>|2 v |g'<r>|2dr) ,

and an integration in u ranging over I then yields (64).

We apply this inequality with I =[1,2], up =1 and g(u) = F)(u,x)
(that is, u is the variable xp). Since F)\(1,z) = SA(f)(x), we therefore
have after an integration in x € R?

/ 1S\(f)(z) > dx < 2 </ |Fx(z0,2)|? dzo da
R Rx R4

0
+ —F\(zg,2)|? dz dx).
/ﬂmdl&vo o, 2)[” dxo

The first term on the right-hand side of the inequality is dominated by a
multiple of A=+ [ | f(y)|? dy, as we see by applying the proposition
(with R4t in place of R?), since 11 has compact support in .

However the second term is more problematic, because differentiation
in 2y in (63) brings down an extra factor of A. We get around this by
observing that

9
8x0

3}

(ei)\:royop(:c,y)) _ aiyo (eikxoyop(ﬂcvy)) %Z

and then integrating by parts in the yo variable in (63). We note that
because of the support property of 1, the variable yq is bounded away
from 0, and the differentiation in yq falls only on the smooth functions
of the integrand, and not f(y) since it is independent of yp.

This shows that the second term also satisfies the desired estimate,
establishing the corollary.

7.4 Dyadic decomposition

We now come to the dyadic decomposition of the operators A. When we
fix any Schwartz function h on R that is normalized by [ h(p)dp =1,
then we know (see Exercise 8) that for any smooth hypersurface M in R?
with defining function p, and any continuous function f on R? of compact
support,

o _ do_

with do the induced Lebesgue measure on M.
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As a result (see (60))

AN = [ it = met [ (22D w6

where ¥ (z,y) is a C° function of compact support given by ¥ (x,y) =

Yol y)|Vypl and dpz(y) = Yo (@,y) dos(y).

Now choose y(u) to be a C* function on R with + supported in |u| <
1, and y(u) = 1 if |u| <1/2, and let h(p) = [ €™ ~(u) du. Then by
the Fourier inversion theorem [, h(p) dp = 1, and also [ e*™#~(eu) du =

e thip/e).
Next write e = 27", with r a positive integer, and v(27"u) = y(u) +
S ho (v(27Fu) — y(27% 1)), Letting r — oo we have

L=7(u)+ Y 12 "u)
k=1

with n(u) = y(u) — v(u/2), and 7 is supported in 1/2 < |u| < 2.
As a result of the above, we can write, whenever f is continuous,

AN)(@) =D Ac()(@) = lim - Au(f)(@),
where

(65)  Au(f)(a) = / RO (0 R, ) (y) du dy

RxR4

(with a similar formula for Ag, but with 7(2~*u) replaced by v(u)). The
limit here exists for each x.

We now make the following observations about the operators Ag(f),
the first of which is self-evident.

(a) Ax(f) is a C* function of compact support for each f € L%(R9).
(b) We have the estimates

(66) 1A ()22 < 27 * )| £l .

In fact, if we make the change of variables 27%u = yg, then

67)  An(f)(x) = 2* / 272000 (o) F(y) dyo dy,

RxR4
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with ¥(x, zo,y) = ¥(z, y)n(yo), which, in light of (62), equals

2855 (f) (),

where A = 272%. Thus the inequality (66) is an immediate consequence
of Corollary 7.3, since n is supported away from zero.

(c) We have the following strong “almost-orthogonality” of the collection
{A}: there is an integer m > 0 so that whenever |k — j| > m,

(68) [ARAL(f)l| 2 < en27 N max®a)| g 1o,

for each N > 0. A similar assertion holds for A;.A;.

To verify (c) we make a simple estimate of the size of the kernel of the
operator Ay Aj. A straight-forward calculation yields that its kernel is
given by
(69)

K(z,y) =22 TP 2Dy (0) d du do
RxRxR4

where ¥(z,x,y) = ¥(z,2)¥(z,y). Now assume j > k (the case k > j is
similar). Write the exponent in (69) as

omi(2vp(z,y) — 2Pup(z, x)) = iAD(2),

with A = 2727 and ®(2) = vp(z,y) — 28 Jup(z,z). Recall that because
of the support properties of n we have 1/2 < |v| <2 and 1/2 < |u| < 2.
Asaresult |V, ®(2)| > ¢ > 0if j — k > m, for some fixed m that is large
enough, (because |V.p(z,y)| > ¢, while |V, p(z,z)| < 1/c for a constant
¢ that is small enough).

We now can invoke Proposition 2.1 to estimate fRd ei’\q’(z)d)(z, x,y) dz,
and as a result obtain that for each N >0

K (z,y)| < en2v27277N
< ey 27 N max(kd) - with N' = N — 2.
Since K also has fixed compact support, the estimate (68) for Ax.Aj is

therefore established. Of course a parallel argument works for Aj.A;,
and property (c) is proved.

(d) Our last assertion concerns the operators (8%)& Ay = 0% Ay, which
we denote by .A,(ca). Note that A;a), like Ay, has a kernel that is C*° and
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has compact support. The {Agf)} satisfy estimates very similar to those
for {A}. In fact,

(70) AL < cq2blelak(55),

and

M) A A)] < a2 VDt = ] > m.

There is a parallel estimate for (A,(ca))*.Ag.a). Here of course || - || denotes

the operator norm on L?(R%).

Looking at (67) we see that carrying out the differentiation 9 on
A (f) yields a finite sum of terms like Ay (but with modified +’s) mul-
tiplied by factors that do not exceed 2*1¢. Thus (70) and (71) are direct
consequences of assertions (b) and (c) above.

7.5 Almost-orthogonal sums

Since we have appropriate control of the norms of the different pieces Ay
making up A, we now put these together by using a general almost-
orthogonality principle.

We consider a sequence {T}} of bounded operators on L*(R%) and we
assume we are given positive constants a(k), with —oco < k < 0o, so that
the sum is finite, that is, A= ",- _ a(k) < co.

Proposition 7.4 Assume that
LT < a®(k —j)  and || TRT; < a®(k — j).

Then for every r,

(72) 1> Tl < A
k=0

The thrust of this proposition is of course that the bound A is indepen-
dent of r.

Proof. We write T = %", _ T} and recall that ||T||* = ||TT*. Since
TT* is self-adjoint we may use this identity repeatedly to obtain ||T||*" =
|(TT*)™|, (at least when n is of the form n = 2% for some integer s). Now

(TT*)n = Z ,IVHTZ; o Zzn 1,‘1_?;n

11,82, ,92n
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We make two estimates for the norm of each term in the above sum.
First

T3, T; -+ Ty, Ty || < @?(in — d2)a® (is — ia) - - - a* (izn—1 — i2n),

which is obtained by associating the product as (73, 7;,) - - - (T4, _, T; )
Next

T, T - Ty T, || < A%a®(iy — i3)a®(ig — i5) - - - a*(ign—2 — f2n_1),

which is obtained by associating the product as T; (T} T;,) -
(T3 T, )T}, and using the fact that 73, and T}, are both bounded
by A. Taking the geometric mean of these estimates yields

T, 5, - Ty, T, || < Aalin —d2)aliz —i3) - - alizn—1 — d2n)-

Now we sum this first in 41, then s, and so on, until is, 1, obtaining
a further factor of A each time, because A =) a(k). When we sum
in 49, we use the fact that there are r + 1 terms in the sum. The result
is then ||T[|?" < A?"(r 4 1). Taking the (2n)" root and letting n — oo
gives (72) and the proposition.

7.6 Proof of Theorem 7.1

We consider first the case when the dimension d is odd, and thus the
fraction (d —1)/2 is integral. The case when d is even is slightly more
complicated, and will be dealt with separately.

In this first case we must show that whenever |a| < (d —1)/2, and
f € L3(RY), the derivative 92 A(f) exists in the sense of distributions, is
an L? function, and the mapping f +— 0% A(f) is bounded on L2.

For each r we consider

oy Z‘Ak = ZT"” where T}, = AECQ) =00 Ay.

Now because of (70) and (71) we see that the hypotheses in Proposi-
tion 7.4 are satisfied with in fact a(k) = cx27 ¥V, (and in particular for
N =1). Thus

(73) WZAk Aoz < Alflle, ol < &2
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However, by (70) for v = 0, the sum >, _, Ay converges in the L? norm
as r — oo to A(f), (since the latter also converges pointwise to A(f)),
and hence in the sense of distributions. Thus 9 >, _, Ax(f) also con-
verges in the sense of distributions as r — oo but since this sum is uni-
formly in L? as r varies, the limit is also in L2.

Finally then we have

107 A(H)lz2 < Allfll e,
whenever f is continuous and of compact support and |a| < (d —1)/2,
with d odd. Hence Theorem 7.1 is proved in this case.

Now we consider the case when d is even. Here we need to involve the
“fractional derivative” operator D*, defined on the Schwartz space S by
its action as a multiplier on the Fourier transform, namely

(D*)NE) = (1+ [€%)*/2 £ ().

Note that [[D*(f)|[z2 = [|f[|z2, where o = Re(s), whenever f isin S. We
also need to observe that if Re(s) = m is a positive integer, then

(74) ID* (> <e Y 1102 flle-

la]<m

Indeed, this follows directly from the inequality (1 + ]£]?)™/2 <
d ngm |€2], € € RY, and Plancherel’s theorem.

Now arguing as above for the case when d is odd, it will suffice to prove
that

(75) D=3 Ae()llze < cll e
k=0

with the bound ¢ independent of r. To this end, consider the family of
operators T, depending on the complex parameter s, defined by

(76) T(f) = D5 27 A(f),

k=0

for f € L?(R?) (in particular for simple f). As we have already noted, for
such f the A (f) are in S so (76) is well-defined and T*(f) is itself in S.
Moreover, whenever g € L2, (in particular, if it is a simple function) then
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by Plancherel’s theorem

O(s) = [ T*(f)gdx

d

s/2
2k [ (1 ) R©a(6) de

‘3%\

k=0

where each Fj, belongs to S. Hence ® is analytic (in fact entire) in s,
and by Schwarz’s inequality, bounded in any strip a < Re(s) < b.
Next

(77) sgpnT—%“t(f)an < M| fllz2-

In fact, by (74) and (76) it suffices to see that

1> 275208 Ae(£) g2 < Ml|fllge,  for |af < 452,
k=0

But this is proved like (73) by using estimates (70) and (71) for .Agx) =
(%)aAk together with the almost-orthogonality proposition in Sec-
tion 7.5.

Similarly, one shows that

(78) sup T2+ ()12 < MI|f] 2

Finally, we apply the analytic interpolation given by Proposition 4.4.
Here the strip is a < Re(s) < b, with a = =1/2, b =1/2 and ¢ = 0, while
Po = qo = p1 = q1 = 2. The result is then

IT°(F)llzz < MI|fllz2,

which in view of the definition (76) is the estimate (75). This completes
the proof of the theorem.

Remark. The L?, L9 boundedness result of Theorem 4.1 (b) and Corol-
lary 4.2 extends to this setting. The proof is outlined in Exercise 20.

8 Counting lattice points

In this last section we will see the relevance of oscillatory integrals to
some questions related to number theory.
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8.1 Averages of arithmetic functions

The arithmetic functions we have in mind are r5(k), the number of rep-
resentations of &k as the sum of two squares, and d(k), the number of
divisors of k. Even a cursory examination of the size of these functions
as k — oo reveals a high degree of irregularity, so that it is not possible
to capture by simple analytic expressions the essential behavior of these
functions for large k.

In fact, it is an elementary observation that ro(k) =0 and d(k) =
2, each for infinitely many k, while given any A > 0, one has ro(k) >
(log k)4 for infinitely many k, and the same is true for d(k).°

In this context an inspired idea was to inquire instead as to the average
behavior of these arithmetic functions. That this might be a fruitful
question is already indicated by the observation of Gauss: the average
value of ro(k) is m. This means that 1 by r2(k) = m, as p — oo.

In more detail, we have the followmg result.
Proposition 8.1 Y i_ ra(k) = mu + O(ut/?), as p — oc.

The proof depends on the realization that » i_,72(k) represents the
number of lattice points in the disc of radius R with R? = p. In fact,
with Z? denoting the lattice points in R?, that is, the points in R? with
integral coordinates, then ra(k) = #{(n1,n2) € Z* : k= n?} +n3}, and
hence

m

27“2 = #{(n1,n2) € Z*: ni +nj3 < R?}.

k=0
So if N(R) is the quantity above, then the proposition is equivalent to
(79) N(R) =7R*+ O(R), as R— cc.

To prove this we write Dg for the closed disc {x € R? : |z| < R}, and let
Dpg be the rectangular region that is the union of unit squares centered
at points n € Z? with n € Dp, that is,

DR: U (S‘FTL),

In|<R, nez?

with S = {x = (x1,22) : —1/2 < z; < 1/2, i=1,2}.

0For the elementary facts about 72(k) and d(k) stated here, including the asymptotic
formula (81), see, for example, Chapter 8 in Book I and Chapter 10 in Book II.
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~Dr ]

Figure 2. The region Dpr

Since the squares S + N are mutually disjoint and each has area 1, we
see that m(Dpr) = N(R). However

(80) DR,Q—l/Q C DR C DR+2—1/2-
In fact if x € S +n with |n| < R, then |2| <272+ |n] < R+27Y2 50

DrcC D Rra2-1/2. The reverse inclusion can be proved the same way. It
follows from (80) that

m(Dg_y-1/2) < m(Dpg) < m(Dpyo-1/2),
and hence
m(R — 2—1/2)2 < N(R) < W(R+2_1/2)2,

proving that N(R) = 7R? + O(R).

There is a similar but somewhat more intricate statement for the av-
erages of the divisor function. Dirichlet’s theorem asserts:

m
81) ) dlk) =plogu+ 2y = Du+O(u'/?)  as p— oo,
k=1

where v is Euler’s constant.
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Again this is a consequence of counting lattice points in the plane:
the left-hand side of (81) is the number of lattice points (n1,ng), with
n1,ne > 0 that lie on or below the hyperbola zz, = p.!!

Both (79) and (81) raise the question of what are the true sizes of
the error terms appearing in these asymptotic statements. Like other
important questions of this kind in number theory, these problems have
a long history involving much effort, but yet remain unsolved. It will be
our purpose here to show only how the first results that go beyond (79)
and (81) can be obtained by the help of ideas treated in this chapter.

8.2 Poisson summation formula

Indispensable for any further insight into these problems is the applica-
tion of the Poisson summation formula. We state this identity here in
the general context of R?, but with a restricted hypothesis sufficient for
our applications.'?

Proposition 8.2 Suppose f belongs to the Schwartz space S(R?). Then

(82) Y fmy= fn).

nezd nezd

Here Z% denotes the collection of lattice points in R, the points with
integral coordinates, and f is the Fourier transform of f.

For the proof consider two sums

Z f(x+n) and Z f(n)e?rine,

nezd nezd

Both are rapidly converging series (since f and f are in S(R%)), and hence
both these sums are continuous functions. Moreover each is periodic,
that is, each is unchanged when z is replaced by x + m, for any m € Z%.
For the sum ) .4 f(2 4 n) this is clear, because replacing = by = +m
merely reshuffles the sum. Also the second sum is unchanged, because
of the periodicity of 2™ for each n € Z%. Moreover both sums have
the same Fourier coefficients. To see this, let Q be the fundamental cube

' That there might be some connection between the averages r2(k) and d(k) is sug-
gested by the fact that ro(k) = 4(d1 (k) — dz(k)), for k > 1, where d; and d3 are respec-
tively the number of divisors of Kk =1 mod 4 or =3 mod 4.

120ther settings for the formula can be found in Chapter 5 in Book I, and Chapter 4
in Book II.
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Q={reR?: 0<uz; <1, j=1,...,d}, and fix any m € Z%. Then

/Q <Z f(x + ’I”L)) e 2mimeT g0 Z f(x)ef%m'm-x dz

n JQ+n
_ f(m)e—Qnim~m dax
Rd

since |J,,c74(Q + n) is a partition of R? into cubes {Q + n},cza. More-
over

/Q (Z f(n)e27rin-x> e~ 2mimeT g0 f(m)’

because fQ e2minTe=2mime dy — 1 if n = m, and is 0 otherwise. Since

_ ¢ 274 . .
Yo, fl@+n)=>" f(n)e*™* have the same Fourier coefficients, these
functions must be equal,’and setting = 0 gives us (82).

Next let us see what happens to the summation formula (82) when we
apply it first to the case of a radial function on R?, f(z) = fo(|z|), that
is in S, and then we try it with yg, the characteristic function of the
disc Dpg.

Using the formula (4) in Section 1 we obtain

) X foleh =25 [ e+ SR
k=1

nez?

once we gather together the terms for which |n|?> = k. Here Fy(p) =
27 fooo Jo(2mpr) fo(r)r dr, and we note that Jy(0) = 1.

If we could apply this formula to the case when f is x g, (the obstacle
is that of course ypg is not smooth), and use the fact that rJy(r) =
for oJo(o) do, which is outlined in Exercise 23, this would give us Hardy’s
identity

Tg(ki)

17 272 R).

N(R)=7R*+ R
k=1

Note that since J;(u) is of order u=1/2 as u — oo (see (11)), the series

does not converge absolutely, and this is the barrier in trying to ap-
ply (83), even if one is guaranteed the (conditional) convergence of the

13See, for instance, Exercise 16 in Chapter 6 of Book III.
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series. Nevertheless, since each term of the series is O(R~1/2), it might be
hoped that the error term, N(R) — 7 R?, is roughly of the order O(R'/?),
and this is what is conjectured.!

Here we prove the following weaker assertion that is, however, an im-
provement over (79).

Theorem 8.3 N(R) = nR? + O(R?*/?), as R — oo.

Proof.  We replace the characteristic function xr by a regularized
version as follows. We fix a non-negative “bump” function ¢ that is C°°,
is supported in the unit disc, and has [, p(z)dx = 1. We set p5(x) =
5 2¢p(z/6), and let

XR,5 = XR * ¥5-

Then clearly xr,s is a C*° function of compact support and hence the
summation formula (82) applies to it. Notice that xr (&) = xr(§)@s(§),
and Xr,s(0) = Xr(0)ps(0) = 7R>.

As a result, if we define Ns(R) =) ;> Xr.s(n), then the summation
formula yields

Ns(R) = R*+ > Xr(n)@(on).
n#0
We now estimate the sum above by breaking it into two parts as
> T
0<|n|<1/6  |n|>1/68

For the first sum we use the fact that

_ I
]

IXr(n)] |J1(27|n|R)| = O(R1/2|n|73/2)7

by what has been said above, and that |¢(nd)| = O(1). This gives

Z — 0| r/2 Z |n|—3/2

0<|n|<1/§ 0<|n|<1/8

=0 (RW/ || ~3/2 dx)
|2|<1/6

= O(R'?571/2%).

MMore precisely the guess is that the error term is O(Rl/z"'e) for every € > 0. See also
Problem 6.
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Similarly,

Z -0 R1/26_1 Z ‘n|—5/2 ’

[n|>1/6 |n|>1/8

since |p(nd)| = O(Jn|7161). (In fact $(€) is rapidly decreasing.) Thus
this sum is also O(RY/25~1/2). We conclude therefore that

(84) Ns(R) = ©R% + O(RY?57Y/2).

However there is a simple relation between Ns(R) and N(R), namely
(85) Ns(R—6) < N(R) < Ns(R+9).

This in turn follows from the observation that

XR—6,6 < XR < XR+6,6-

The inequality on the right-hand side, xg(z) < [ Xr+s(z — y)ps(y) dy,
is clear because z € Dg and |y| < ¢ implies x — y € Dg4s. Similarly for
the inequality on the left-hand side.

Finally by (84), we have Ns(R +0) = mR?> + O(R'/2571/2) + O(RY)
and analogously N3(R — 6) = mR? + O(R'/267/2) + O(R/). Altogether
then, (85) yields that

N(R) = nR* + O(RY?67Y/2) + O(R9).

~1/3

By choosing d = R we make both O terms above equal, and this

gives
N(R) = 7R% 4+ O(R?*/3).

The theorem is therefore proved.

The approach to Theorem 8.3, leads to a wide generalization in which
the disc in R? is replaced by an appropriate convex set in R,

Recall that a set €2 is convex if whenever x and 2’ are in 2, so is the line
segment joining them. Suppose in addition that €2 is a bounded set with
C? boundary (in the sense of Section 4 in Chapter 7). Then whenever p
is a defining function for 2, the second fundamental form (19) is positive
semi-definite. (In fact, assuming the contrary, we can find a point on
the boundary and coordinates (x1, ..., 24) centered at this point, so that
x4 is in the direction of the inward normal, and the quadratic form has
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an eigenvalue A\; < 0 in the direction ;. Hence near the origin in this
coordinate system, the intersection of €2 with the plane determined by
the z1 and x4 axes is then given by {z4 > A\12? + o(2?)}, which is clearly
not convex, contradicting the convexity of 2.)

With this in mind, we say that ) is strongly convex when the
quadratic form (19) is strictly positive definite at each point of the bound-
ary of Q. We denote by RQ the dilated set {Rx: = € Q} and write
Npr = #{lattice points in RQ}.

Theorem 8.4 Suppose ) is a bounded domain in R* with sufficiently
smooth boundary.'® Assume that Q is strongly convex and 0 € Q. Then

Ng = R%m(Q) + O(R*#7)  as R — oo.

The proof follows closely the argument for Theorem 8.3.

Proof.  Let x denote the characteristic function of 2 and yr that
of RQ, so xr(x) = x(z/R). With ¢ a non-negative C*° function sup-
ported in the unit ball that satisfies [p(z)dz =1, we set @s(z) =

dp(z/8). We let Xr.s = Xr * s, and set

Now, by the summation formula (82)
Nrs = RIm(@) + 3" ns(n)
n#0

since ¥r,5(0) = Xr(0)$(0), Xr(0) = RY(0) = R'm(R), and $(0) = 1.

However x(§) = <|§| d“) by Corollary 3.3. Thus

fnln) = RU(Bn) = O (BT |n| =% )

SO

Xrs(n) =0 (R =) (on).

Now we break the sum Zn#) XR,5(n) as Zl<|n|<1/5+21/5<|n| For

the first term we use the fact that Yps = O(R“T |n|=*"), and we es-

timate that sum by O(R% 5’d;) (for example by comparing it with
d—1 d+1

R= f |~ 72 dx).

l2|<1/6 |z

15The proof will show that C%+2 suffices. See the remark at the end of Section 3.
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d+1

The second term leads to R“Z" 2 inj>1/6 11~ 7= (In|0) ™" for any r > 0,

since ¢ is rapidly decreasing. Choosing r sufficiently large, say r = d/2
d—1

gives in the same way the estimate O (RT 5’%> for this part of the

sum. Hence

(86) Np.s = Rim(Q) + O (R% 5*%) .
Next we observe that for an appropriate ¢ > 0

(87) Np—cs,5 < Np < NRycs,s-
This inequality follows from

XR—c8,6 < XR < XR+¢6,6-

The inequality on the right-hand side,

Xr(z) < / XR+es(® —y)ps(y) dy,

is a consequence of the geometric observation that there is a ¢ > 0, so
that whenever R > 1, and § < 1,

(88) z in RQ and |y| < § imply that x —y € (R + ¢d)Q2.

The proof of this geometrical fact about the convexity of 2 is outlined
in Exercise 21.
The inequality Xr—cs,6 < XR is seen in the same way.

Now a combination of (86) and (87) show that

d—

Nr = Rim(Q) + O (R%(S*Tl) + O(R™16).

If we now choose § = R_%, then both O terms are O (Rd_%>, and

the theorem is proved.

8.3 Hyperbolic measure

We turn to the improvement of (81) for the divisor problem that is anal-
ogous to Theorem 8.3.
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Theorem 8.5
1%
(89) > d(k) = plogp+ (2y — D+ O(u'Plogp)  as p— 00.1°
k=1

Now as much as we might wish to follow the lines of the proof of The-
orem 8.3, there are serious obstacles that seem to stand in the way. In
fact, if x, is the characteristic function of the region

(90) {(z1,22) €ER?*: 2129 < p, a1 >0, and 29 > 0},

which consists of the area on or below the hyperbola z1x5 = p, then
indeed
n

D d(k) = > xu(n).

k=1 nez?

However the other side of the Poisson summation formula (82) for f = x,
is problematic as it stands. In fact, x,(0) = fRZ Xu dx = oo, and for the
same reason the integral giving each term x,(n) is not well-defined.

A further issue is that the main term in (89) is ulog p, while a simple
scaling of the region (90) would suggest rather a term linear in p. Con-
nected with this is the mysterious occurrence of Euler’s constant ~ in the
subsidiary term.

Now the essence of our analysis of lattice points in Dy (and formulas
like (83)) are the facts about Fourier transforms of radial functions in
two dimensions, which in turn depend on the Fourier transform of the
invariant measure of the circle. In parallel to this we seek the analog
where instead of radial functions we consider functions invariant under
“hyperbolic dilations” (x1,z2) — (61,0 'z3), § > 0, and a correspond-
ing invariant measure in R? supported on the hyperbola zz, = 1.

We begin with the hyperbolic measure on R?, denoted by db, and
which is defined by the integration formula

> du
[ 1@an= [

valid for every continuous function f of compact support. Alternatively

() = [ et/ 5

16Recall the correspondence p = R? when comparing this with the result for lattice
points in Dpg.
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for every Borel set E in R?, with the integral taken in the extended
sense. Note that the measure § is invariant under the scalings (x1, z2) —
(621,06 tag), for § > 0.

Now the linear functional f +— fooo flu,1/u) %“ is well-defined for f €
S in view of the rapid convergence of the integral, and moreover this
convergence shows that the measure §) can be considered by this formula
to be a tempered distribution. We seek to determine the Fourier trans-
form of this distribution, and matters will depend on a pair of oscillatory
integrals J* and J~. These are given formally by

. du
3ﬁ:<)\) — / ez)\(uil/u)i'
0 u

Since these integrals do not converge absolutely (either at 0 or at infinity)
they must be considered as appropriate limits after truncation.

For this purpose we pick 7 to be a non-negative C'*° function on [0, 00)
with n(u) = 0 for small u, and n(u) = 1if u > 1, and set 1, (u) = n(u/a).
We then define the convergent integral

du

)
u

30 = / A Wy (1/u)
0

)

with a similar definition for J_  (A). To begin with we take 0 < a,b < 1/2.

Proposition 8.6 For each X # 0, the limit 3™ (\) = lim, 50 3;6()\) ex-
ists. Moreover, uniformly in a and b, we have:
() 3550 = (S A V2 7H) 221 0 (IN32), for [ 2172

and for every N > 0, with cg,c1,...,Ck, ... appropriate constants.

(ii) Jg,(A) = O (log1/IA]), for [N < 1/2.

a,b

Proof. We divide the integral Sjb into three parts as follows. Let a be
a C'* function so that a(u) =1 when 3/4 <u <4/3, and « is supported
in [1/2,2]. Set 8 =1— « so 3 is supported where u < 3/4 or u > 4/3.
Then split Szb as I + 11+ 111, where

2 du 3/4 du
= [ a1 [ s, L,
1/2 u 0 u

and

111 = / 20 31y () 2.
4/3 u
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Here we have written ®(u) for u + 1/u.

Now we observe that ®’(1) = 0, while ®”(u) > 0 for all u, so that u =1
is the (only) critical point of ®. Also, since ®(1) = 2, we are led to make
the change of variables ®(u) = u + 1/u = 2 + x2. Solving the quadratic
equations involved gives

u—1 u:1+£+x(4+x2)1/2

Tz 2 2 ’

which shows that u — x is a smooth bijection of the intervals [1/2,2]
with [—271/2,21/2],

Making the indicated change of variables, we see that the integral I1
becomes

62“‘/@"”2&(1:) dz,

with & a C'°° function of compact support. We now invoke the asymptotic
formula (8) to obtain

N
I — (Z ck)\l/2k) 2 10 (|)\‘73/27N) ’

k=0

for every N > 0.
Next, to deal with the integral I, we write

1 d

iIND (1) du
Then L(e*?) = ¢?, and for every integer N > 1

3/4 »
(1) 1= / LN (™) 8(u)rga(u) 2.

u

Let us first consider the case N =1. Since ®'(u)=1-—1/u?, and
1/®'(u) = u?/(u? — 1), integration by parts shows

1 3/

I=-——
ix J,

; d
€02 (uhy (wa(u)) du

where 3;(u) = B(u)/(u? — 1), and 3 is smooth.
Carrying out the differentiation leads to two terms. First, if the deriva-
tive falls on (1 (u), the resulting contribution to I is certainly O(1/|A]).
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For the second, if the derivative falls on 7,(u) the contribution is also
O(1/|A]), since (ng(uw))’ = O(1/a), and 1), (u) is supported on [0, a]. This
shows that I = O(1/|A]).

For N > 1 we use (91) again, and carry out the integration by parts
N times. Now at each step we get a gain of a factor of u and a possible
loss of a factor of a=!, the latter occurring when 7, is differentiated.
So altogether this shows that I = O(|\|~") for each positive integer N.
The integral I11 is similar to that of I, as can be seen by transforming
it by the mapping u + 1/u. So we also have ITI = O(|]\|="), and hence
conclusion (i) of the proposition is proved.

Next, when |\ < 1/2, since II is obviously bounded, we need only
estimate I and III. Turning to I we write as before

1

3/4 ) d
I=-— /0 e (ufy (u)ga (u)) du

1 3
iNJo xSy

But the first term is majorized by a multiple of

[A]
|§| / (1 4l (w)]) du = O(1),

while the second term can be written

3/4 ) du
/ e Bua(u) = +0(1),
Al u

which is clearly O (fli/|4 %‘) + O(1) = O(log 1/|A|). The estimate for 1T

is similar, so conclusion (ii) is established.

To prove the convergence of (}Ib as a,b — 0, note that the integral I
is independent of a and b. Now consider I and recall that it depends
only on a. We have

Lo Ly — / N (1, () — 1 (0)) B () 22

u
and the integrand is supported only on (0, max(a,a’)). Now as before

1 d

—— (€)1 (u) = nar (w) )b (u) du

I‘”I“':E du
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and an integration by parts shows that this difference is O (ﬁ max(a, a’ )) .

Since M is fixed, A # 0, this tends to zero with a and a’, and so I, tends
to a limit as a — 0. The term II] is treated similarly, and hence fgb
tends to a limit, proving the proposition.

A similar result holds for J_,, except for one change.

Corollary 8.7 The conclusions for 3;1) are the same as those for sz
stated in Proposition 8.6, except that (i) should be modified to read that
uniformly in a, b,

({') Jap = O(IA|=N) for |\| > 1/2, for every N > 0.

The only change occurs in the treatment of 1, namely f AW o (u) %“,
where now ®(u) = u — 1/u. In this case ®(u) = 1 + 1/u? > 1, and there
is no critical point. So Proposition 2.1 implies that 1T = O(|A\|~%) for
every N > 0, and then conclusion (i’) follows by the arguments we have
used for I and I11 previously.

Remarks. Two further observations about 3;’b are straight-forward
consequences of the arguments given above.

1. 3* and J~ are both continuous in X if X # 0.

2. The uniformity of the estimates (i), (i') and (ii) holds in the wider
range 0 < a < 0o, 0 < b < oo, with the only change being that in the
asymptotic formula in (i) the constants ¢, may depend on a and b, but
are still uniformly bounded. For example, when a < 1/2 but now b is
unrestricted, then in the term I7, a(u) is replaced by a(u)n(1/(bu)),
which is still uniformly smooth when b > 1/2. In I, the function (31 (u) is
replaced by (1 (u)n(1/(bu)) with the same effect. This reasoning clearly
applies when both a and b are large.

8.4 Fourier transforms

We now come to the Fourier transform of §. It is convenient at this point
to change our notation slightly, so that a general point (x1, x2) of R? will
now be denoted instead by (z,y), and similarly the dual variable in R?
will be denoted by (&, n).17

We divide the plane R? into its four proper quadrants Q1, Q2, Q3 and
Q4, (together with the z and y axes) with @1 = {(z,y) : * >0 and y >
0}, Q2 = {(z,y): x <0 and y >0} and so on.

17This will reduce the burden of subscripts in some of our formulas.
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Proposition 8.8 The Fourier transform 6 (taken as a tempered distri-
bution) is a continuous function when &n # 0 and is given by

JH(=27lén]'/?) in Q.
I~ (=27l ) in Qa.
Jt@nlenl?)  in Qs.
I @2nlen]'?)  in Q.

Proof. We approximate h by the finite measures . given by

/ Fdb, = / s 1 /(1) 2
R2 0

Now clearly [ fdhe — [ fdh as € — 0, whenever f €S, so the mea-
sures b converge to b in the sense of tempered distributions. Now

(e = [ ey w1/
Suppose first (£,7) is in Q1 and therefore £ > 0 and n > 0. Keeping (£, 7)
fixed, we make the change of variables u +— (1/&)'/?u. Then &u + n/u
becomes (£n)Y/2(u + 1/u), while n.(u) = n(u/€) is transformed to 7, (u),
with a = €(¢/n)'/2, while 1.(1/u) becomes n,(1/u), with b = e(n/&)1/2.
Also, the measure ‘i—“ is unchanged. So

b =35, (—2nlén]'/?)

in the first quadrant, with analogous formulas in the other three quad-
rants.

Now the conclusions (i), (ii), and (i’) of Proposition 8.6 and its corollary
show that

&l < Algn|=2 for [¢n] > 1/2,
(& m)| < Alog(1/|&n|) for |En] < 1/2,

uniformly in e. Moreover, for each (£,7) with &y # 0, h(&,n) converges
to a limit as € — 0. This suffices to show that b converges in the sense of
tempered distributions to the function h given by lim._ o 66(5 ,m). This
is because the above estimates imply that

b,
be

by — /697 for any g € S,
R2

by the dominated convergence theorem. Thus the proposition is proved.
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We next study the Fourier transform of functions in R? that are in-
variant under the dilations (z,y) — (dz,6 1y), with § > 0. We state the
result for a restricted class of smooth functions of the type that is needed
below, although the main identities hold for broader classes of functions.
We will suppose that f is of the form f(z,y) = fo(zy) in the first quad-
rant, and vanishes in the other three quadrants. The function fy will be
assumed to be a C*° function with compact support on (0, c0). Functions
f of this form are never integrable on the whole of R? (unless fo = 0)
but since they are bounded, they are of course tempered distributions.

Theorem 8.9 Let f be the Fourier transform of f(z,y) = fo(zy). Then
f is a continuous function where £n # 0. It is given by

(92) flem =2 [ 3 (-2alenl ool do

0
for (&,m) € Q1. In Q2, Q3, and Q4 it is given by the analogous formulas,
with J*(—) replaced by 3~ (—-), I (+-) and I~ (+), respectively.

Proof.  We approximate f by f., with fe(z,y) = folzy)n.(z)n(y).
Then each f. is a C'* function of compact support, and clearly f. — f
in the sense of tempered distributions.

Now

Jem) = / 2 fo (e () () dady.

We introduce new variables (u,p) in the first quadrant with = = up,
y = £, and observe that

9(z,y) ( p
which has a determinant equal to 2p/u. Therefore dz dy = Zp%“dp and

B
gl

u2

~

f€<§7 77) = 2/0 /O e_zm(éup—mp/u)fO(PQ)ﬁe(pu)nE(p/u)p ?u dp.

Again, if (£,7n) is in the first quadrant and if we make the change of
variables u — (1/€)'/?u, then we have

(93) fe(&m) = 2/0 I (=2nlenl2p) folp®)pdp,

1/2 1/2
Withnowa:5(5> andbzf(ﬂ> )
o\ P\ €
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The analogous formulas for f(&,7) hold when (£,7) are in the second,
third and fourth quadrants. So the fact that f. converges in the sense of
tempered distributions to the limit f given by (92) then follows by the
same reasoning used in the proof of Proposition 8.8.

Corollary 8.10 The Fourier transforms f€ and f satisfy the following
estimate, uniformly in €:

(94) [fe&m)] < Anlén|™™  when |én] > 1/2,
for every N > 0.

This is a consequence of the asymptotic behavior of J*()\) for A as
given in Proposition 8.6 and its corollary together with the fact that
JoZ emtminlenl ™ £ (p2)pdp is O(1€n|~N) for every N > 0, since fo(p?)p is
a C'* function with compact support in (0, o).

8.5 A summation formula

Here we obtain the hyperbolic analog of the summation formula (83). It
will be convenient now to put together the oscillatory integrals for the
four quadrants and write J for

I =2FF N I TN +IT(=N) 0
Again fp is a C*° function with compact support in (0, co).

Theorem 8.11

@) Y fold) = [ owp-+ ) alo)do+ Y- Fok)alh),
k=1

k=1

where
Fo(w) = [ a(2mut2) ol
0
Proof. We apply the Poisson summation formula

D felmn) =Y fe(m,n),
ZZ Z2

to the approximating functions f., and then pass to the limit as € — 0.
Now the sum on the left-hand side is clearly taken over a bounded set of

18 The expression of J in terms of Bessel-like functions is given in Problem 7.
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lattice points since fo(u) has compact support in (0, 00). Thus, gathering
together the (m,n) for which mn =k gives the left-hand side of the
formula.

Now divide the sum on the right-hand side in two parts. One part
taken over those (m,n) for which mn # 0, and the other part taken over
those (m,n) where either m = 0, or n =0, or both, m =n = 0.

By the theorem and Corollary 8.10, we see first that

lim > femn) = > f(m,n),

mn#0 mn#0

since the series are dominated by the convergent series - £0 |mn|=2.
Next, gathering together those (m,n) for which |mn| = k, gives us

> fmn) =" Fo(k)d(k)
mn#0 k=1

because of formula (92).
It remains to evaluate the limit as € — 0 of

(96) > felm,n).

mn=0

Now, one part of (96) is > f<(m,0), which, by the Poisson summation
formula (this time in its one-dimensional form) equals

> /R fom, ) dy.

However f.(x,y) = fo(xy)n.(z)n.(y) and f. is supported in the first quad-
rant, so this sum is

S [ stmantmnto) do

Upon making the change of variables my — y in the integral and inter-
changing the summation and integration (which is easily justified), we
see that the sum becomes

/0 k) foly) dy,

with ke(y) = > oo ne(y/m) L, when we take 0 < € < 1. (Note that then
ne(m)=1if m > 1.)
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We claim that if ¢y = fol n(z) £, then
(97) ke(y) =log(y/e) +v+co+O(e/y) ase—0,

and this estimate is uniform as long as y ranges over a compact subset
of (0, ).

To see this we divide the sum k.(y) in two parts: where the sum-
mation is taken over m with m < y/e, and the complementary part.
Since ne(y/m) = n(y/(em)) = 1 when m < y/e, that part of the sum is
> 1<m<y/e 1/m which equals log(y/€) + v + O(e/y) by the defining prop-

erty of Euler’s v.19
On the other hand,

S atwfemn = [ e G =o( [ 5)=o(5).

m>y/e

because - (n (%) L) =0(1/u?), which in turn follows since 7'(u) is

compactly supported in (0,00). As a result (97) is established with

mafmwm?:Awa.

By symmetry we also get

700 = [kt st dn

with k. given by (97).
It remains to evaluate f.(0,0), which is the excess of 3 fc(m,0) +
Yo fe(O,m) over > f(m,n).
However,
Je(0,0)= [ fe(w,y) d dy

R2

fo(zy)ne(z)ne(y) dz dy

R2

=Awmwﬁ@m%

with k.(y) = fo (z/e)n(y/ (ex)) , as a simple change of variables shows.

19See, for instance, Proposition 3.10 in Chapter 8 of Book I.
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Now divide the integration in x into four parts: where both x/e and
y/(ex) are > 1; where one is > 1, but the other is < 1; and where both
are < 1. The first part gives fey/e 9z — logy — 2loge, since n(z/e) =
1 and n(y/(ex)) =1 there. Next if /e <1 but y/(ex) > 1 the inte-
gral is [ n(z/e) L = f01 n(z) 9% = ¢y. A similar evaluation holds when
y/(ex) <1 and xz/e > 1. Finally the last range of 2’s is empty when € is
sufficiently small since x < € implies y/(ex) > 1, whenever € < y and y is
bounded away from 0. Thus

(98) kL(y) = logy — log 2¢ + 2cy.

Altogether then

> futmen) = [ 2k~ K fo)

mn=0

and because of (97) and (98) this converges to fooo(log y+27) fo(y) dy as
€ — 0. Theorem 8.11 is therefore proved.

We come now to the proof of the main theorem, whose conclusion is
stated in (89). Here we would like to apply the sum formula (95) to
fo = Xxu, the characteristic function of the interval (0, x). However this
function does not have the smoothness required for the validity of (95).
We are guided instead by the reasoning used in the proofs of Theorems 8.3
and 8.4 that suggest we regularize ), in an appropriate way.

To proceed, let us note that in the sense that Theorem 8.3 and (89)
in Theorem 8.5 are parallel, we have to think of u as playing the role
of R?. Indeed, setting p = R? will lead us to the proper choices below.
With this in mind we want to replace x, by a function Y, s, which is
defined so that effectively x, s(t) =1 if 0 <t < p, that is, x,.s(p?) =1
if 0 < p < R = pu'/?; and moreover so that Xu,6(p?) decreases smoothly
to zeroin R < p < R+ 6. Here § is the quantity R~1/3 that arises in the
proof of Theorem 8.3.

To give the precise definition of x,, ; we fix a C* function v on [0, 1] so
that 0 < <1, with ¥» = 0 near the origin and ¥ = 1 near 1. We define

¥(p) for 0<p<1,
Xus(p?) =4 1 for 1< p <R,
1- ¢ (58) for R<p<R+6.

Now consider the sum formula (95) with fo(u) = x,,s(u). Then the in-
tegral term on the right-hand side is fooo(logp + 27)xu,5(p) dp, which is
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equal to

m ptcut/?
/ (logp+2v)dp+ O(1) + O / logpdp |,
1 H

because R? =y and (R+0)? = (R+ R7'/3)2 = i + O(u'/?). Thus the
integral equals

(99) plog i+ (2y — D+ O(u'*log p).

We now estimate each term fooo J(27kY2p) fo(p?)pdp that arises in the
sum on the right-hand side of (95) with fo(p?) = x,.,6(p*). We make two
estimates for this term, with R = p'/2:

(a) O(RY?/k3/*) and
(b) O(RY26=1/k5/).

To see this consider the main contribution to J(\) for large A as given
via (i) and (') in Proposition 8.6 and its corollary. This is the term
coN"1/2e%A Thus for its contribution we need to estimate

(o]
(100) ot/ / "X u.s(p*)p'* dp,
0
where we have set o = +2 - 27k!/2.
First since 7P = %d%(ei"p), we may integrate by parts in (100) and

see that (100) is majorized by a multiple of

R R+6
0_—3/2 / p—1/2 dp+/ p1/2 dp ,
0 R

because x,.s(p*) =1 for 1 < p <R, and d%xu,(;(pQ) =0(1/6) for R <
p < R+46. This gives us the estimate O(oc=%/2RY?) = O(k=3/*R'/?)
and this is (a) above. If instead we integrate by parts twice we see
that (100) is majorized by a multiple of

5—5/2 /Oo
0

2
However (%) (Xu.s(p?)p'/?) = O(1) when 0 < p < 1; it is ¢p~>/? when
1<p<R; and O(R1/25_2) when R<p < R+4J. So we obtain the

(;;) (Xus(p*)p*?)| dp.
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bound of the form 0=/2 (O(1) + RY/2671) = O(c=%/2RY/2571) for (100).
Thus we have established the bounds (a) and (b) for the main contri-
bution coming from the first term in (i) of Proposition 8.6. The other
terms in the asymptotic series give obviously smaller contributions, and
we need only go as far as N = 1 in the formula (i), because then the error
term will contribute less then either (a) or (b). Thus the estimates (a)

and (b) have been established for the individual terms of the series on
the right-hand side of (95).

Our conclusion is then that modulo an error term that is O (/3 log 1)
we have

(101) ) “xps(m,n) = plogp+ (2y — Dp+

+O [ RY2 ) d(k)k™3/* + RV Y d(k)k
1<k<1/52 k>1/62

Now it is a simple fact that

Z d(k)k* =0 (r““ logr) asr — o0, if a > —1,
1<k<r

and

Zd(k:)k:a =0 (r*t'logr) asr— oo, if a < —1.

r<k

(The proof of this is outlined in Exercise 22.) Taking r = 1/§% = R?/3
and o = —3/4 or a = —5/4, the above shows that the O term in (101)
is majorized by a multiple of

(R1/2R2/3~1/4 + R1/2R1/3R72/3.1/4) IOgR — 2R2/3 IOgR

Now if we set Ns(R) =Y, Xpus(m,n), with p = R?, then (101) states
that

(102) Ns(R) = R?log R? + (2y — 1)R? + O(R*?log R).

However by the way X, s has been defined it is clear that
X(R-8)2,6 < Xu < X(R+6)2,65

with = R?. Thus

Ns(R—68)< Y d(k) < Ns(R+9).

1<k<p
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If we look back at (102) we see this implies

> d(k) = plogp+ (27 — 1)+ O(p'/* log ),
1<h<p

since = R? and 6 = R~'/3. Therefore our main result is now estab-
lished.

9 Exercises

1. Use spherical coordinates to show that in R?

1
. . d—3
/ 6727r7,z-§ do — Cd/ e—27r7,\§|u(1 - ’LLZ)T du,
Sd—1 —1

with ¢4 the area of the unit sphere 5?2 in R*!. Then deduce formula (3) from
Problem 2 in Chapter 6, Book 1.

2. Let the hypersurface M contain a neighborhood of a hyperplane (for example
{zq = 0}). Show that in this case du(§) # O(|£|™°), as || — oo for any € > 0.

3. Principle of stationary phase when d = 1. Consider
1= [ ) d,
where 1 is a C°° function of compact support and = = 0 is the only critical point

of ® in the support of 1, while ®”(0) # 0. Then for every positive integer N,

£iIAR(0)

TN = =

(a0+a1)\71 +---+aN/\7N) +O(/\7N71/2), as A — oo.

The aj, are determined by ®”(0),...,®3*2(0), and ¢(0),...,1%>*(0). In par-
i o\/2
ticular ap = (%,,(0)) (0).
Prove this in two steps:
(a) Consider first the special case when ¢(2) = 22 dealt with by (8).

(b) Pass to the case of general ¢ by a change of variables that brings ¢(x) to
2 2
x® or —z°.

4. Suppose @ is of class C* in an interval [a, b] with k > 2. Assume that |®*) (z)] >
1 throughout the interval. Prove the following generalization of Proposition 2.3

b .
/ ez)\<1>(a:) dx

S Ck)\il/k.
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[Hint: Suppose CID(k_l)(:co) = 0, and argue by induction as in the proof of Propo-
sition 2.3.]

5. Consider the curve y(t) = (¢,t*) in R?, with k an integer > 2. Its curvature
vanishes nowhere when k = 2 and only at the origin, of order k — 2, when k > 2.
Let du be defined by [u. fdp = f]Rf(t,tk)w(t) dt, where 1 is a C°° function of
compact support, and ¥ (0) # 0. Then prove:

(a) |du(€)] = O(le]~1/*).

(b) However, this decay estimate is optimal, that is, |@(0,§2)| > cl&|7VE i &
is large.

[Hint: For (a) use Exercise 4. For (b) consider for example the case when k is even
and verify that ffooc ere =" gy — ea(l— i/\)*l/k.]

6. Show that the (LP,L7) results for the averaging operator A given by Corol-
lary 4.2 are optimal by proving the following (in, say, the case of the sphere in
R?):

(a) Suppose f(z) vanishes for small x and f(z) > |z|™", for |z| > 1. Then ob-
serve A(f)(z) > c|z|”" and thus we must always have ¢ > p. This restriction
corresponds to the side of the triangle joining (0,0) and (1,1).

(b) Next let f = xB;, where Bs is the ball of radius . Note that if ¢ is small
A(xs;) > ¢0? for |1 — |z|| < 6/2. So || f||rr ~ 6°/7 while |A(f)||ra 2 626"/,
Hence the inequality ||A(f)||ze < c||f||z» implies 2 + 1/q > 3/p, which cor-
responds to the side of the triangle joining (3/4,1/4) and (1,1).

(c¢) For the third inequality, use duality and (b).

7. By refining the argument given in Exercise 6 (b) one can show that the smooth-
ing of degree (d — 1)/2 asserted in Proposition 1.1 fails when p # 2.

In the case p < 2 and d = 3, this can be seen by taking § > 0 small and setting
f = ¢s, where ps = ¢(x/0) and ¢ is a non-negative smooth function of compact
support. Here ||ps]|zr ~ c¢0®/P, while ||VA(ps)||r = 66'/P. Hence the inequality
[ A(@s)ll L g3y < Cll@sllLo(rs) fails for small delta when p < 2.

[Hint: If ¢; > 0 is sufficiently small, then 62 < A(ps) and |V A(ps)| 2§, whenever
11— z|| < 16

8. Let M be a (local) hypersurface given in coordinates (z',z4) € R*™' x R as
{za = p(x’)}. Suppose F is any continuous function of small support defined in a
a neighborhood of M and set f = F|u.

(a) Show that lime_.o 5- Jateany<e F du exists and equals [, (2", o(z")) (1 +
|Var|?)/2da’. This limit defines the induced Lebesgue measure do and

equals [, fdo.
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(b) Suppose p is any defining function of M. Show that

1
lim —/ Fd f
=0 2€ J|,<e |VP|

(¢) Suppose h is a Schwartz function on R with [, h(u) du = 1. Then

hme / h(p/e)F dz = f
/ M |VP|

[Hint: For (c), assume h is even and let I(t) = [, F'(z) dz. Then

[ npjoras = [ThwolE ao= - [T wo (11 a

Now use the fact that — [ uh/(u) du =1/2 and f& — [, f&ipv as u — 0.]

9. Observe the following Euclidean-invariance properties of the principal curva-
tures of a hypersurface M in R?. For each h € R? consider the translate M + h of
M:; also for each rotation r of R?, the rotated surface r(M); and for each § € R,
0 # 0, the dilated surface éM. Denote by {\;(z)} the principal curvatures of M
at x.

(a) Show that {\;(x —h)}, {\;(r~!(x))}, and {§72\;(2/d)} are the principal
curvatures of M + h, r(M), 6M at the points = + h, r(z) and dz, respec-
tively.

(b) Consider the cone {23 = |2’|?, x # 0} with defining function p = |2/|* — 23
Using (a), show that at x there are d — 2 principal curvatures that equal
x,?, and one that vanishes.

10. Let fo(r) =7~ "?(logr)™%, 0 < § < 1, when 7 > 2, and fo(r) = 0 otherwise.
(a) Prove that [ |Jk(2mpr)|fo(r)dr = oo for every p > 0.

(b) Show as a result that, if p > 2d/(d + 1), then (31) cannot hold for any ¢
when M is the sphere.

11. One can prove that the conjectured condition g < (d+1> p’ for (LP, LY) re-

striction cannot hold in a larger range, by the following argument given in the case
d=2.

(a) Suppose the inequality (31) holds for some p and ¢. Show that as a result

/ . |F(6)|7de < 8| f|19,  for small 4.
1-6<|€|<1
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(b) Next choose f(&1,6) =n((&1 — 1)/6)n(€2/6) when n(u) = 1if |u| > 1. That
is, f(&) dominates the characteristic function of a rectangle of approximate
side lengths § and §'/2 that fits inside the annulus 1 — & < |¢] < 1. Use this

to obtain a contradiction q > (%) p’ by letting § — 0.

12. Connect the operator e*® and the Fourier transform as follows. Let m: be

ilz|?
the multiplication operator ms : f(x) — me*Tf(x).

(a) Show that €2 (f) = i~ %my(fms)" when ¢t = 1/4x.

(b) Generalize this identity to any ¢ # 0 by rescaling.

i uv
13. Let Al(u) =limy_—oo % fiVN el( Eg ) dv.
(a) Show that this limit exists for every u € R.
(b) Prove that |Ai(u)| < (1 + |u|)~Y/*.

(c) Moreover, show that Ai(u) is rapidly decreasing as u — oo, for u > 0.

[Hint: Write ®(r) = § + ru, and apply the estimates in Section 2. For (a) use the
fact that ®'(r) — oo as |r| — oco. For (b), use the fact that |®'(r)| > |u|/2, when
Ir| < (%|u|)1/2, while |®”(r)| > 2|r| when |r| > (%|u\)1/2]

14. Suppose F € L*(R% x R) and S(F)(z,t) = zfot et=)2 (. s)ds. Prove that:
(a) For each t, S(F)(-,t) € L*(R%), and
IS(E)Co )l 2 ey < 12 I1F | L2 (gt my-
(b) If F(-,t) = e*2G(-,t), then

IG(0,t1) = G0, t2) | 12y < [t1 = t2l (|Gl L2 e ) -

(c) As a result, t — F(0,t) is continuous in the L*(R%) norm.

[Hint: For (a) and (b) use the unitarity of e and Schwarz’s inequality. For (c),
approximate F' by C'*° functions of compact support, using (b) and (c).]

15. Suppose u is a smooth solution of (54) that decays sufficiently quickly as |z| —
0. Show that both [,, |u|®dz, and [, (3|Vul* — )\LH‘UP) dx are independent of
t.

[Hint: For the first, note that fRd NAuvdr = f]Rd u/Avdz. For the second, observe
that 2 [o. [Vul?de = — [, (3400 + G2 Au) da]
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16. The following is a converse of Propositions 6.6 and 6.8. Suppose u(:,t) is

in L?(R%) for each ¢, with ¢ — w(-,t) continuous in the L? norm, and u(-,0) = 0.

Assume that 2% — Ay = F as distributions, with F € L*(R? x R). Then show

that u = S(F).

[Hint: Use the following fact. If H(-,t) is in L*>(R?) for each t, with t — H(-,t)
oH

continuous in the L? norm, H(-,0) =0, and % = 0 in the sense of distributions,

then H = 0. Apply this to H(-,t) = e "**(u(-,t) — S(F)(-,1)).]

17. A solution u of the non-linear Schrodinger equation (54) is uniquely determined
by its initial data f. Moreover the solution depends continuously on this data.
These are two features of the “well-posedness” of the problem and can be stated
as follows. Assume \ = ‘%4 and ¢ = %.

(a) Suppose u and v are two strong solutions defined for |¢| < a, having the
same initial data f € L*(R?). Show that u = v.

(b) Given f € L*(R?), prove that there are € > 0 and a > 0 (depending on f) so
that if || f — g||p2 < €, and u and v are strong solutions of (54) with initial
data f and g respectively, then

lu—vllze <ellf — gllpzra)-
Here L = LY(R? x {|t| < a}).

[Hint: Adapt the argument in Theorem 6.9, and for (a) proceed as follows: note
that for small £ > 0

llull parasry <0 and  |[v]|za@xr) <6

for all intervals I of length < 2¢. Thus

lu—vllza <[M(u) = M(v)||lze <

1
LT
with L? = LY(R? x {|t| < £}), and sou = v for 0 < ¢t < £. Now use the ¢-translation
invariance to apply the same argument for u(-,t + ¢) and v(-,t 4 £), and so on.

For (b) note that by choosing a and e sufficiently small |[e”*“ f||rs < §/4 and
then ||e"®g|lre < §/2, where L? = LY(R? x {|t| < a}). Now the iteration argu-
ment shows that the solutions w and v satisfy |||/, ||v||e < . Also ||u — v||Le <
1S(ul 1 — [P~ ) [+ ellf — gllza But [S(ul*u — o 0)llze < b u—
v|| e, so this proves (b).]

18. Consider the Radon transform Rp defined by

Ro(f)(&2a) = / 1z — B o)) dy’

RA—1

= (z',z4) € R x R, where B is a fixed non-degenerate bilinear form on R~! x
R4 We write B(x',y’) = C(z') - ¥/, and assume that the dimension d is odd.

Verify that:
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£ S, h 2(2m)4 -1
BZd HLZ(]Rd) = cg||fll32 for every f € S, with cg = Tt OT -
(b) If (Rp)™ is the (formal) adjomt of Rp, then Rz = Rp+, with B*(z,y) =

—B(z,y). Also 7RB =Rpz— Doy

(¢) Deduce from (a) and (b) the inversion formula

5 \d4-1
<z—> RBRe(f) =cs/f.

8md

19. We take the Radon transform Rp as in the previous exercise (with the di-
mension d odd) and consider a localized version of it, Rz, given by

R =1"Re(nf)

where 1 and 1’ are a pair of C* functions of compact support. Show that:

@) IRE(Nlez < cllfllee-
(b) (%)aRﬁg(f) is a finite linear combination of terms of the form

(52)" (iR (ne())) with 0 < £ < ]

(c) Deduce from the above and part (a) of the previous exercise that f — Rz (f)

is a bounded linear transformation from L? to L%_,
2

20. The averaging operator from Section 7 satisfies the L, L? conclusions stated
for the operator A in Corollary 4.2. Prove this by proceeding according to the
following steps.

First, recall that A = >"77 ) Ak, with A, given by (65) in Section 7.4, with the
sum convergent in the L? norm. Now fix  and consider

T =(1-2"7)e" Y 27k,
k=0

Note that Ty = — ZZ:D Ak, and so it will suffice to make LP — L? estimates for Ty
that are independent of r. Now prove:

(@) I T:(Nllp2@ey < MIIflr2(gay if Re(s) = — 45+,
() NTs(Hllpoeray < M| fllpr(ray if Re(s) = 1.
Once (a) and (b) have been established, an interpolation via Proposition 4.4 yields

[To()llea < M| fllze,

with p = d“ and ¢ = d + 1, and this leads to the desired conclusion.
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[Hint: Part (a) follows from the estimates (70) and (71) for a = 0, and the almost-
orthogonality argument, Proposition 7.4. To prove (b) note that it suffices to

prove that (1 — 2175)652 > v 2 ®*n(27%u) has a bounded Fourier transform if
Re(s) = 1. Let v be the dual variable to u. We assume first |v| < 1. Let ko be the
integer for which 2% < 1/|v| < 2FF! Now

T

;27,63/ 2 u 27muvd Z Z
=1

k<ko k>ko

In the first sum, write e*™™¥ = 1 4 O(|u||v|), and recall that n(y) is supported in
1/2 < |v[ <2, thus

S=0(cd 22|10 > 2*’“/77(2*%) | |uldu |,

k<ko k<ko k<ko

where ¢ = ['7. However > k<ko 27k29F is O(1/]1 — 217°|) if Re(s) = 1, while the
second term above is (when Re(s) = 1)

O(lul) | D 27 /In @ "w)llul du | =O(lv]) Y 2" = 0(1).

k<kg k<ko

Finally for the second sum, Zk>k0, integrate by parts, writing e*™**¥ as

L_d (2muv) 6 obtain a sum that is O (ﬁ > sk 2*’@) =0(27% /|v]) = O(1).

27iv du

If |v| > 1, take ko = 0, and argue similarly.]

21. Suppose Q is a bounded open convex set with 0 € Q and with C? boundary.
Then there is a constant ¢ > 0 so that whenever R > 1 and 6 < 1, then x € RQ2
and |y| < ¢ implies z +y € (R + ¢d)2

[Hint: One may reduce to the case R =1 by rescaling. To see, for example, that
there is a u so that x + y = (1 + ud)Q whenever z € 9Q and |y| < ¢ for ¢ sufficiently
small, proceed as follows. By a Euclidean change of variables, introduce new
coordinates so that = has been moved to (0,0) € R4~ x R, and near that point
is given by x4 > ¢(z'), with ¢(0) = 0 and V,/¢(0) = 0. Then by convexity of €,
the point corresponding to the initial origin is given by (2',24) with zq > ¢1 > 0.
Also z +y € (1 4 pud)Q is equivalent with

Ya + pdza Yy + pdz
1+ po 14+upus )

Since |ya| < 4, the left-hand side is > - 1155, as soon as u > 2/ci. Fix such a p.

Now the right-hand side is dominated by

y +use|” (O (wo)?
- 14+us )’

14 po
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and we need only choose § < ¢a/p, for appropriately small cz.]

22. Prove the following two estimates for r — oo:
(@) icper d(k)k® =0 (rot? logr) if o > —1.
(b) > crdk)E* =0 (7““Jr1 logr) if a < —1.

[Hint: Write

Zd(k)ka = Z Z (mn)* = Zna Z m®

k>r mn>r m>r/n

=0 (Z n% min(1, (r/n)a+1)> .

23. Prove that rJi(r) = for oJo(o) do, by verifying the following:
(a) Ji(r) = 5 (Jo(r) — Ja(r)).
(b) Ji(r) = 5 (Jo(r) + J2(r)).

The above shows that rJi(r) + Ji(r) = rJo(r), so 4 (rJi(r)) = rJo(r), proving
the assertion.

[Hint: Recall that Jm (r) = 5= f02” ersinfe=iml 49 For (a), differentiate in r under

%i(e_w) and integrate by parts.]

. . e
the integral sign. For (b), write e’ = —2 £

10 Problems

The problems below are not intended as exercises for the reader but are
meant instead as a guide to further results in the subject. Sources in
the literature for each of the problems can be found in the “Notes and
References” section.

1.* Suppose M is a local hypersurface in R?. In a neighborhood of a point zo € M
one can choose a smooth vector field v, defined in this neighborhood restricted
to M, so that v(z) is a unit normal vector of M at each z € M. (There are two
choices of this vector field, determined up to a sign.) The map x — v(z) from M
to S%! (with S¢~! the unit sphere in R?) is called the Gauss map.

One can prove that the Gauss curvature of M near zo is non-vanishing if and
only if the Gauss map is a diffeomorphism near z¢. Moreover, if doy and doga—1
are the induced Lebesgue measures of M and S%!, and (doga—1)* the pull-back
of doga—1 to M defined by

f(dogas)" = / F (@) doga—s (),

M gd—1
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then Kdon = (doga-1)*, with K the absolute value of the Gauss curvature.
2." The spherical maximal function. Define
AN =~ [ Fla = t)doty)
o(S?) Jga
for each ¢ # 0, and A" (f)(z) = sup,, |A:(f)(z)]. Then

A" (Al < cpllfllee,  ifp>d/(d—1) and d > 2.

As a result, if f € L?, p>d/(d—1), then lim;—o A¢(f)(z) = f(z) a.e. Simple
examples show that this fails if p < d/(d — 1).

A hint that there may be estimates for sup, |A:(f)| (and in particular that the
result holds for p = 2 and d > 3) is the following simple observation for d > 3:

| sup [Ae(f)] [z < cllfllLe-
1<t<2

To establish this, one notes that

r

by using Theorem 3.1. However sup,<;<, [A:(f)] < ff )%S(f)‘ ds + |A1(f)(z)],

hence the assertion follows by using Schwartz’s inequality.

Refinements of this argument prove the result for sup,.,|A«(f)|, p =2 and
d > 3, and then also for p > d/(d —1). Further ideas are needed for the case
d=2.

0As(f)(x)

2
B deds < || f|32

3." There is a variant of Problem 2 that applies to the wave equation.

Suppose u solves Azu = ‘g% for (z,t) € R? x R, with u(z,0) = 0, and %(JJ, 0) =
f(z). If f € L* we observe that @ — f(x) in the L?*(R%) norm as t — 0. One

can show that lim;_¢ M exists and equals f(z) a.e. if f € L, p > 2d/(d + 1).

4.* The restriction phenomenon (inequality (31)) is valid in R?, for the full range
1<p<4/3.

[Hint: One may dualize the assertion as in the proof of Theorem 5.2. Consider the
operator R™ defined by

R*(F)(z) = / TR (E) dp(€).

M

The desired result then becomes the inequality

IR*(F)|lLa@zy < AllF || e (ap)
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when ¢ = 3p’ and 1 < p < 4. Now the key point is that if we consider the singular
measure dv = F'dyu, then the convolution v * v is actually an absolutely continuous
measure f dz with density f, a locally integrable function on R?. This fact reflects
the assumed curvature of M. Indeed, it can be shown that f € LP(R?), with
3=2 + 1, whenever F' € LP(dp) and 1 < p <4, and || f]|1r @2y < c||F||Lp(dH) and
1< p < 4. Now if this is so, then

R (F)? = (0(—2))* = (v ¥ )" (—2) = f(),
and by the Hausdorff-Young inequality,
IR (F) 72 < IR (EFN? o = 1 fll o < €llF 120,

and this proves the assertion since 2r’ = 3p'.]

5. An analog of Theorem 6.3 for the wave equation is as follows. Let u(z,t) be
the solution of the wave equation 2 8t2 = Au for (z,t) € R? x R, with initial data

{ uELO) = 0

3 (2,0) = f(2).

Then [[u(z,t)||pa@ixr) < cllfllr2@ay if ¢ = 25 and d > 3.

6.* The following further results are known about E(R) = N(R) — wR?, the error
term appearing in Theorem 8.3.

(a) The Hardy series R> ;- ; r28) J, (2rk'/2R) converges for each R > 0, and

k12
its sum equals E(R) whenever R # kl/Q, for any positive integer k.

(b) The error E(R) is on the average a multiple of R*/? in the sense that
/ E(R)’RdR = cr® + O(r*1°),
0
for some ¢ > 0 and every € > 0.

(c) However, E(R) is not exactly O(R'/?) since

lim su [E(R)| =00
R—>oop R1/2

(d) It has been proved that F(R) = O(R*"€), for certain o, 1/2 < a < 2/3. A
relatively recent result of this kind is for o = 131/208.

7." The oscillatory integral J(A) can be identified in terms of Bessel functions of
the second and third kind. One has that

I(A) = 4Ko(2)) — 27Yo(2)),
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where Y, and K,, are respectively Neumann and Macdonald functions.

8." Consider the error term in the divisor problem
I
Alp) = d(k) — plogu — (2y — 1)u — 1/4.
k=1

It is given for pu not an integer by the convergent series

-2 — d(k ™
7Ml/zz: k(1/2) [K1(47rk1/2,ul/2) + §Y1(47rk1/2,u1/2)] .
k=1

For A there are estimates, analogous to those for E in Problem 6, with A(u) =
O(pP*€) and 3 = /2.



Notes and References

Chapter 1

The first citation is taken from the article [40] by F. Riesz, while the second is
a translation from an excerpt of Banach’s book [3].

General sources for topics in this chapter are Hewitt and Stromberg [23],
Yosida [59], and Folland [18].

For Problem 7*, we refer, for instance, to the book [9] by Carothers, while
results related to the Clarkson inequalities in Problem 6* can be found in Chap-
ter 4 of Hewitt and Stromberg [23]. For a treatment of Orlicz spaces, see Rao
and Ren [39]. Finally, in Wagon [57] the reader will find further information on
the ideas described in Problems 8* and 9.

Chapter 2

The first citation is taken from Young’s article [60]. The second citation, trans-
lated from the French, is an extract of a letter from M. Riesz to Hardy. The last
citation is an extract from a letter from Hardy to M. Riesz. Both are cited in
Cartwright [10]. In addition, this reference also contains the M. Riesz citation
in the text in Section 1.

For the theory of the conjugate function on the circle, analogous to the Hilbert
transform on the real line, see Chapter VII of Zygmund [61], and Katznelson [31].
The theory of H! and BMO is treated in Stein [45] where other sources in the
literature can be found.

For Problem 6* see for example Chapter 11T in Stein [45].

The proof of the result in Problem 7 can be carried out by complex methods
using Blaschke products. For the details of this approach in the analogous sit-
uation when the upper half-plane is replaced by the unit disc, see Chapter VII
in Zygmund [61]. An alternate approach by real methods is, for example, in
Chapter IIT of Stein and Weiss [47].

Problem 9* is a result of Jones and Journé, which can be found in [28], while
the reader can consult Coifman et al. [38] for results related to Problem 10*.

Chapter 3

The first citation is taken from Bochner [7], while the second comes from the
preface of Zygmund [61].

The foundations of distribution theory can be found in the work of Schwartz [41].

A further in depth source for distribution theory is Gelfand and Shilov [20],
which is the first volume of a series of books on the topic.

Formulations of Theorem 3.2 that are more general, because they require less
regularity of the kernels of the operators, may be found in Stein [44], Chapter 2,
and Stein [45], Chapter 1.

For Problems 5* and 6* see Bernstein and Gelfand [4], and Atiyah [1]. In fact,
Hoérmander [26] is also relevant for Problems 6* and 7*.

Finally, for Problem 8*, see for instance Folland [17], where other references
may be found, in particular the original work of M. Riesz, Methée, and others.
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Chapter 4

The citation is a translation taken from the original work of Baire [2].

The proof of the existence of Besicovitch sets using the Baire category theorem
was originally given in Korner [34].

The concept of a universal element defined in Exercise 14 and also discussed in
Problem 7* comes originally from ergodic theory and the study of dynamical sys-
tems. For a good survey regarding universality, and also the related hypercyclic
operators see Grosse-Erdmann’s article [21].

Chapter 5

The first citation is taken from an article by Shiryaev on Kolmogorov that ap-
pears in Kolmogorov in Perspective, History of Mathematics, Volume 20, Amer-
ican Mathematical Society, 2000. The second citation is an excerpt of a transla-
tion from [29].

There are many good texts for general probability theory and stochastic pro-
cesses. For instance, the reader may consult Doob [13], Durrett [14] and Koralov
and Sinai [33].

For more information on the Walsh-Paley functions in Exercise 16 and Prob-
lem 2*, the reader may turn to Schipp et al. [42]. The reader will also find
some information on lacunary series relevant for Problem 2*, in Sections 6 to 8,
Chapter V in Volume 1 of Zygmund [61].

Chapter 6

Doobs’ citation is from a review of Masani’s book, Norbert Wiener. This review
appeared in the Bulletin of the American Mathematical Society, Volume 27,
Number 2, October 1992.

The following are general sources for material on Brownian motion: Billings-
ley [5] and [6], Durrett [14], Karatzas and Shreve [30], Stroock [52], Koralov and
Sinai [33], and Cinlar [11].

For problems 4* and 7*, see Durrett [14] or Karatzas and Shreve [30].

Chapter 7

Lewy’s citation is from [37].

Relevant references for the topics discussed in this chapter, as well as the gen-
eral theory of several complex variables, are Gunning and Rossi [22], Hormander [25],
and Krantz [35].

The approximation result in Theorem 7.1 can be found, for example in Boggess (8],
Baouendi et al. [15] or Treves [56].

For further information on the theory of Cauchy-Riemann equations and
extensions of some results discussed in this chapter, the reader may turn to
Boggess [8].

More about analysis on the upper half-space U treated in the Appendix and
its relation to the Heisenberg group can be found in Stein [45], Chapters XII
and XIII.

For Problems 1 and 2, see for instance Gunning and Rossi [22] or Krantz [35].

Problem 3* is in Chapter 2 of Chen and Shaw [12], while the theory of the
O-Neumann equation in Problem 4* can be found in Folland and Kohn [19], and
Chen and Shaw [12].
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Finally, for domains of holomorphy in Problem 5* see, for instance, Chap-
ter 2 in Hérmander [25], or Chapters 3 and 4 in Chen and Shaw [12], while for
Problem 6*, see for instance Chapter XIII in Stein [45].

Chapter 8

The epigraph (1840) from Kelvin is taken from [54], while the epigraph of Stokes
is taken from [48].

Some general references for topics covered in Sections 1 to 5 and 7 of this
chapter are Sogge [43] and Stein [45], Chapters 8-11. We have omitted any
discussion of the important topic of Fourier integral operators. An introduction
to this subject is in Sogge [43], Chapter 6, where further references may be found.

Early work on dispersion equations was by done by Segal, Strichartz [51],
Ginibre and Velo, and Strauss [49]. A systematic survey and exposition of the
subject is in Tao [53], where further references to the literature may be found.

Sources for the results on lattice points in Section 8 are Landau [36], Part 8;
Titchmarsh [55], Chapter 12; Hlawka [24]; and Iwaniec and Kowalski [27], Chap-
ter 4.

For more about the Gauss map discussed in Problem 1* see, for example,
Kobayashi and Nomizu [32], Sections 2 and 3.

A treatment of the spherical maximal function can be found in Stein and
Wainger [46] for d > 3 and Sogge [43] for d = 2.

For Problem 4*, the restriction theorem when d = 2, see Stein [45], Section 5
in Chapter 9.

The result in Problem 5*, in a more general form, is in Strichartz [51].

For the results (a)—(c) in Problem 6* concerning r5(k), see Landau [36]. The
exponent @ = 131/208 is due to M. N. Huxley.

The identification of J with Bessel-type functions in Problem 7* can be de-
duced from formulas (15) and (25) in Erdélyi [16], and Sections 6.21 and 6.22
in Watson [58]. With the aid of these formulas one can connect Proposition 8.8
and Theorem 8.9 in this chapter with Theorem 1 in Strichartz [50], and formulas
in Sections 2.6-2.9 in Gelfand and Shilov [20].

The identity for A(p) in Problem 8* goes back to Voronoi and in fact predates
Hardy’s identity for ro(k).
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B* Dual space of B 12
Bx Borel sets of X 29
M(X) Finite signed Borel measures on X 29
Cyp(X) Bounded functions in C(X) 33
Lpo 4 [P Sum of LP° and L™ 36
AAB Symmetric difference of A and B 36
LT - | e Mixed space and mixed norm 38
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Ar(a), AM«@) Distribution function of F' 72
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fi Truncated maximal function 76
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in 2, or test functions
0%, |af, a! Partial derivatives and related functions 100
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Space of distributions on 2
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Schwartz space, or test functions
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Wave operator
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Infinite product of Zo
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L? norm, 2
é-neighborhood, 177
O notation, 64; (IIT)12

affine hyperplane, 17
algebra, 209

tail, 215
allied series, 50
almost surely, 192
almost-orthogonality, 372
amplitude, 325; (I)3; (I1)323
analytic family of operators, 338
analytic identity, 279
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(1)49; (111)109
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“faux”, 93
averaging operator, 322, 323, 366

Banach integral, 24
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equivalent, 46
Banach-Tarski paradox, 46
Baouendi-Treves approximation
theorem, 300
Bernoulli trials, 205
Besicovitch set, 176; (II1)360, 362,
374
bijective mapping, 171
Blumenthal’s zero-one law, 257
BMO, 86
Bochner’s theorem, 292
Bochner-Martinelli integral, 319
Borel
o-algebra, 29; (II1)23, 267

measure, 29, 242; (II1)269

sets, 29, 242; (II1)23, 267
Borel-Cantelli lemma, 231; (IIT)42,

63

bounded mean oscillation, 86
Brownian motion, 227, 240

recurrent, 274

transient, 274

Calderén-Zygmund
decomposition, 76
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cancelation condition, 135
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first, 158
second, 158

Cauchy integral
representation, 277
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Cauchy-Riemann
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operator, 148
vector field, 290
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Cauchy-Szegé integral, 311

central limit theorem, 195, 220
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function, 216, 221; (I11)27
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Clarkson inequalities, 45
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function, 101, 290
hypersurface, 288
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complete normed vector space, 5

conditional expectation, 209
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backward, 155
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outside condition, 268
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exponents, 3

function, 50

Poisson kernel, 63; (II11)255
convergence in probability, 195
convex set, 17, 382; (I111)35
convolution; (I)44, 139, 239; (III)74,
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functions, 38, 60
covariance matrix, 221
critical point, 327; (11)326
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defining function, 288
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differential form, 291
Dirac delta function, 23, 101;
(II1)110, 285
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kernel, 90; (1)37; (II1)179
problem, 264; (1)20, 28, 64, 170;
(I1)212, 215, 216; (II1)230
dispersion equations, 348
non-linear, 359
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Hausdorff, 177; (I111)345
distribution, 99, 100
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finite order, 150
function, 72
fundamental solution, 125
Gaussian, 196
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joint, 206
measure, 195, 220
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periodic, 153
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regular, 117, 132
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tempered, 106
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ergodic, 208; (1)111; (111)294
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exponential type, 151; (I1I)112
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(Im171
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decay of coefficients, 173
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random, 202
Fourier transform; (1)134, 136, 181;
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surface-carried measure, 334
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fractional derivative, 375
function
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class C*, 101
convolution, 38, 60
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gauge, 18
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mean, 196
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(I11)154, 383
Rademacher, 192
slowly increasing, 107
support, 28, 104, 146; (I11)53
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Walsh-Paley, 230
zig-zag, 165
fundamental solution, 125

gauge function, 18

Gauss
curvature, 333
map, 405

Gaussian; (I)135, 181; (III)88
distribution, 196
subspace, 228

generalized function, 99

generic set, 158

graph of a linear map, 174

Hahn-Banach Theorem, 20, 43
Hamel basis, 183
Hardy space, 73, 308; (111)174, 203,
213
harmonic measure, 254
Hartog’s phenomenon, 280
Hausdorff distance, 177; (I11)345
Hausdorff-Young inequality, 49, 57,
90
heat
kernel, 128; (I)120, 146, 209;
(I11)111
operator, 127, 133
Heaviside function, 101; (I111)285
Heisenberg group, 318
Hessian matrix, 329
Hilbert transform, 62; (I111)220, 255
Holder
condition, 10; ()43
inequality, 3, 35, 38, 39
converse, 14
holomorphic coordinates, 294
Huygens’ principle, 156; (1)193
hyperbolic measure, 385
hyperplane, 17
affine, 17
proper, 16
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hypersurface, 288
class C*, 288
hypo-elliptic, 133

identically distributed functions, 205
injective mapping, 171

interior of a set, 158; (II1)3
invariance principle (Donsker), 250
invariant set, 207; (111)302

iterated logarithm, 237, 275

Jensen’s inequality, 40
John-Nirenberg inequalities, 95
joint distribution, 206

Khinchin’s inequality, 203

Laplacian, 119, 126; (I)20, 149, 185;
(I1)27; (111)230
lattice points, 377, 379
law of large numbers, 213
law of the iterated logarithm, 237,
275
Lebesgue’s thorn, 275
Levi form, 295
Lewy
example, 313
extension theorem, 306
linear functional, 11; (I11)181
bounded, 11
continuous, 11
linear transformation
bounded, 21
Liouville numbers, 185
Lipschitz
boundary, 272
condition, 10, 146; (I)82; (III)90,
147, 151, 330, 362

martingale sequence, 211
complete, 211
maximal function, 70, 76, 85;
(111)100, 261
spherical, 406
maximum principle, 296; (1)92;
(111)235
meager set, 158
mean, 196
measurable, 209
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measure
Borel, 29, 242
continuous, 218
harmonic, 254
hyperbolic, 385
Radon, 28, 100

Minkowski inequality, 4
for integrals, 37

mixed norm, 38

mixing, 207; (II1)305

multiplier, 134; (II1)220

mutual independence, 193
function, 193
sub-algebras, 211

non-linear dispersion equation, 359
norm, 9, 21
of a continuous linear functional,
12
normal
distribution, 196
number, 231; (III)318
normed vector space, 3, 9
nowhere dense set, 158
nowhere differentiable function, 163,
253; (I)113, 126; (111)154, 383

open mapping, 171

open mapping theorem, 171; (I1)92
Orlicz space, 41, 45

oscillation of a function, 161; (I)288
outside cone condition, 268

parallelogram law, 41, 45; (II1)176
parametrix, 131
partition of unity, 28
path, 223
periodization operator, 153
phase, 325; (I)3; (II)323
Poisson
kernel, 63; (1)37, 55, 149, 210;
(In67, 78, 109, 113, 216;
(IIm)111, 171, 217
conjugate, 63; (I)149; (II)78, 113;
(111)255
Poisson summation formula, 379;
(I)154-156, 165, 174; (11)118
polydisc, 277
principal

INDEX

curvatures, 333
value, 111
probability
convergence, 195
measure, 192, 195
weak convergence, 219
space, 192
process
stationary, 232
stochastic, 239
stopped, 261
Prokhorov’s lemma, 243
proper hyperplane, 16
pseudo-convex, 296
strongly, 296

Rademacher functions, 192
Radon
measure, 28, 100
transform, 363; (1)200, 203;
(I11)363
random
flight, 237
Fourier series, 202
variable, 190
walk, 222
recurrent, 223
recurrent
Brownian motion
neighborhood, 274
pointwise, 274
random walk, 223
reflection, 63
regular
distribution, 117, 132
point, 257
restriction (L?, L?), 345
Riemann-Lebesgue lemma, 93;
(1)80; (111)94
Riesz
convexity theorem, 57
diagram, 57
interpolation theorem, 52
product, 235
rotational
curvature, 366
matrix, 365

Schrodinger equation, 348
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Schwartz space, 105; (I)134, 180
second fundamental form, 333

section, 243
separable
LP space, 36
Banach space, 43
measure space, 36
set
Borel, 29, 242
closure, 158; (II)6
convex, 17, 382; (I11)107
cylinder, 191; (I11)316
cylindrical, 242
dense, 158
first category, 158
generic, 158
interior, 158; (II)6
invariant, 207
meager, 158
nowhere dense, 158
second category, 158
strongly convex, 383
signature, 294
signum, 14
singular integral, 62, 134
Sobolev
embedding, 151; (II1)257
space, 11, 151

spherical maximal function, 406

stationary
process, 232

stationary phase, 325, 398; (I1)326

stochastic process, 239
stopped process, 261
stopping time, 254, 255
Strichartz estimates, 351
strong Markov property, 258
strong solution, 360
strongly convex set, 383
strongly pseudo-convex, 296
sub-algebra, 209
support

distribution, 104

function, 104; (III)53

of a function, 28, 146
surface-carried measure, 334

smooth density, 334
surjective mapping, 171

tail algebra, 215
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tangential
Cauchy-Riemann vector field, 291
vector field, 290
Tchebychev inequality, 73; (II1)91
tempered distribution, 106
test functions, 100, 105
three-lines lemma, 53, 339; (11)133
Tietze extension principle, 269
tight, 33, 243
total curvature, 333
type (of an operator), 56

uniformly convex, 45
universal element, 184
upper
half-plane, 61
half-space, 307

van der Corput inequality, 328
variance, 196; (I)160
vector field, 290

Walsh-Paley functions, 230
wave operator, 155
weak
boundedness, 184
compactness of LP 37
convergence, 37, 221, 243;
(111)198
weak sense
continuity, 108
convergence, 103
derivative, 101
derivative in L?, 10
tangential Cauchy-Riemann
equations, 300
weak™ convergence, 44
weak-type, 92
weak-type inequality, 71; (I11)101
Weierstrass approximation theorem,
299; (1)54, 63, 144, 163
Weierstrass preparation theorem,
282, 319
Wiener measure, 240, 241

Young’s inequality, 39, 40, 60
Yukawa potential, 149

zero-one law, 199, 215
zig-zag function, 165
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