Cambridge University Press

978-0-521-88245-3 - Classical and Multilinear Harmonic Analysis: Volume I
Camil Muscalu and Wilhelm Schlag

Excerpt

More information

Fourier series: convergence and summability

1.1. The basics: partial sums and the Dirichlet kernel
1.1.1. Definitions

We begin with a basic object in analysis, namely the Fourier series associated
with a function or a measure on the circle. To be specific, let T = R/Z be the
one-dimensional torus (in other words, the circle). We will consider various
function spaces on the torus T, namely the space of continuous functions
C(T), the space of Holder continuous functions C*(T) where 0 < o < 1, and
the Lebesgue spaces L?(T) where 1 < p < oo. The space of complex Borel
measures on T will be denoted by M(T). Any u € M(T) has associated with
it a Fourier series

o0

w~ Y e (1.1

n=—0o0

2mix

where e(x) ;= ¢ and

1
an) :=/0 e(—nx)u(dx):Ae(—nx)u(dx).

The symbol ~ in (1.1) is formal and simply means that the series on the right-
hand side is associated with u. If u(dx) = f(x)dx where f € L'(T), then we
may write f (n) instead of fi(n).

The central question which we wish to explore in this chapter is the following:
when does © equal the right-hand side in (1.1), that is, when does it represent
f in a suitable sense? Note that if we start from a trigonometric polynomial

[ee]

f)=)" ape(nx)

n=—0o0
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2 Fourier series: convergence and summability

where all but finitely many @, are zero, then we see that
fn)=a, Vnecl. (1.2)

In other words, we have the pointwise equality

o0
f@ =" fme, ).
n=—00
with e,(x) := e(nx). Property (1.2) is equivalent to the basic orthogonality
relation

/en(x)em(x) dx = dp(n — m), (1.3)
T

where 8o(j) = 1if j = 0 and §y(j) = O otherwise.

It is therefore natural to explore the question of the convergence of the
Fourier series for more general functions. Of course, precise meaning of the
convergence of infinite series needs to be specified before this fundamental
question can be answered. It is fair to say that much modern analysis (including
functional analysis) arose out of the struggle with this question. For example,
the notion of the Lebesgue integral was developed in order to overcome the
deficiencies in the older Riemannian definition of the integral that had been
revealed through the study of Fourier series. The reader will note the recurring
theme of the convergence of Fourier series throughout both volumes of this
book.

1.1.2. Dirichlet kernel
It is natural to start from the most basic notion of convergence, namely that
of pointwise convergence, in the case where the measure u is of the form
u(dx) = f(x)dx with f(x) continuous or of even better regularity. The partial
sums of f € L'(T) are defined as

N N
Swfo =Y fmemn = Y /T e(—ny) f(3) dy e(n)
n=—N

n=—N
N
= / D eln(x — ) f(y)dy = / Dy(x — y)f(y)dy,
T, N T

where Dy(x) := 22\;7 y €(nx) is the Dirichlet kernel. In other words, we
have shown that the partial sum operator Sy is given by convolution with the

Dirichlet kernel Dy

Sy f(x) = (Dy * f)(x). (1.4)
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1.1 The basics: partial sums and the Dirichlet kernel 3

Figure 1.1. The Dirichlet kernel Dy and the upper envelope min(2N + 1, |7 x|™")
for N = 9. See Exercise 1.1.

In order to understand basic properties of this convolution, we first sum the geo-
metric series defining Dy(x) to obtain an explicit expression for the Dirichlet
kernel.

Exercise 1.1 Verify that, for each integer N > 0,

_ sin(2N + 1)z x)
Dy(x) = —sin(nx) (1.5)

and draw the graph of Dy for several different values of N, say N = 2 and
N =5; cf. Figure 1.1. Prove the bound

1
|Dy()| < C min (N, ﬁ) (1.6)
X
for all N > 1 and some absolute constant C. Finally, prove the bound
C'logN < | Dylipir) < Clog N (1.7)

for all N > 2, where C is another absolute constant.
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4 Fourier series: convergence and summability

The growth of the bound in (1.7), as well as the oscillatory nature of Dy as
given by (1.5), indicates that to understand the pointwise or almost everywhere
convergence properties of Sy f may be a very delicate matter. This will become
clearer as we develop the theory.

1.1.3. Convolution

In order to study (1.4) we need to establish some basic properties of the con-
volution of two functions f, g on T. If f and g are continuous, say, then define

(f %)) = /T Fx — g dy = /T s —Nfdy.  (18)

It is helpful to think of f % g as an average of translates of f by the measure
g(y)dy (or the same statement but with f and g interchanged). In particular,
convolution commutes with the translation operator t,, which is defined for
any z € T by its action on functions, i.e., (7, f)(x) = f(x — z). Indeed, one
may immediately verify that

(f*xg)=(f*xg=f*(r8). (1.9

In passing, we mention the important relation between the Fourier transform
and translations:

(t;)(n) = e(—zn)(n) Vn € Z.
In what follows, we will abbreviate almost everywhere or almost every by a.e.

Lemma 1.1 The operation of convolution as defined in (1.8) satisfies the
following properties.

() Let f,g € L'(T). Then, for a.e. x € T, one has that f(x — y)g(y) is L'
in y. Thus, the integral in (1.8) is well defined for a.e. x € T (but not
necessarily for every x ), and the bound || f * g|l1 < || fll1lgll1 holds.

(ii) More generally, || f * gll, < I fl,lIglly forall 1 <r.p.q < o0,
1+1=l+l,feLP,geLq.
rp q

This is called Young’s inequality.
(i) If f € C(T), u € M(T) then f * u is well defined. For 1 < p < o0,

Il < I1FIp Nl
this allows one to extend f x  to arbitrary f € LP.
(iv) If f € LP(T) and g € LP(T), where 1 < p < 00, and
1 1

_+_/:1
p D
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1.1 The basics: partial sums and the Dirichlet kernel 5

then f x g, originally defined only a.e., extends to a continuous function
on T, and

If*glloo < I1fNplIgH - (1.10)
(v) For f, g € L'(T) one has, foralln € Z,

Fxgn) = fmzm).

Proof (i) is an immediate consequence of Fubini’s theorem since f(x — y)g(y)
is jointly measurable on T x T and belongs to L!(T x T). For (ii), first let
g = 1. Then (ii) can be obtained by interpolating between the case p = 1
covered in (i) and the easy bound for p = co. Alternatively, one can use
Minkowski’s inequality,

If*gllp S/Tllf(' = WlipleWldy < IIflplglh,

which also implies (iii). The other extreme is ¢ = p’, which is covered
by (iv). The remaining choices of g follow by interpolation relative to g. The
bound (1.10) is Holder’s inequality. Part (iv) follows from the fact that C(T)
is dense in L”(T) for 1 < p < oo and from the translation invariance (1.9).
Indeed, one may verify from the uniform continuity of functions in C(T)
and (1.9) that f x u € C(T) for any f € C(T) and u € M(T). Since uniform
limits of continuous functions are continuous, (iv) now follows from the afore-
mentioned denseness of C(T) and (1.10).

Finally, (v) is a consequence of Fubini’s theorem and the homomorphism
property of the exponentials e(n(x + y)) = e(nx)e(ny). O

The following exercise introduces the convolution as an operation acting on
the Fourier coefficients of functions, rather than on the functions themselves.
This is in the context of the largest class of functions where the respective
Fourier series are absolutely convergent. This class of functions is necessarily
a subalgebra of C(T), called the Wiener algebra.

Exercise 1.2 Let u € M(T) have the property that

> lam)| < oo (1.11)

nez
Show that u(dx) = f(x)dx, where f € C(T). Denote the space of all mea-
sures with this property by A(T) and identify these measure with their
respective densities. Show that A(T) is an algebra under multiplication and
that

femy=>" fmgn—m) V¥neL,

meZ
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6 Fourier series: convergence and summability

where the sum on the right-hand side is absolutely convergent for every
n € 7Z and indeed is absolutely convergent over all n. Moreover, show that
1/l < I fllallglla where || flla == Il ]l Finally, verify that if f, g €
L*(T) then f % g € A(T).

Note that the Wiener algebra has a unit, namely the constant function 1. It
is clear that if f has an inverse in A(T) then this is 1/f, which in particular
requires that f # 0 everywhere on T. A remarkable theorem due to Norbert
Wiener states that the converse holds, too; that is, if f € A(T) does not vanish
anywhere on T then 1/f € A(T). We present this result in Section 4.3 as
an easy corollary to Gelfand’s theory of commutative Banach algebras; see
Corollary 4.27.

One of the most basic as well as oldest results on the pointwise convergence
of Fourier series is the following theorem. We shall see later that it fails for
functions that are merely continuous.

Theorem 1.2 If f € C*(T) with 0 <a <1 then |Syf — flloo = 0 as
N — oo.

Proof One has, with § € (0, %) to be determined,
1
Snfx) — f(x) :/0 (f(x =y) = f)Dn(y)dy
=/| 8(f(x —¥)— f(x)Dn(y)dy (1.12)
yl=

+/ (f(xr —y) — F)Dy() dy.
1/2>]y|>6

Here we have exploited the fact that

/mww=L
T

We now use the bound from (1.6), i.e.,

1
|Dy(y)| < Cmin (N, ﬁ) .
y

Here and in what follows, C will denote a numerical constant that can change
from line to line. The first integral in (1.12) can be estimated as follows:

1
/ [f(x)— flx — y)||y—|dy < [f]a/ Iy tdy < C[f1a8%, (1.13)
[yl=é [yl<é
with the usual C* semi-norm
o sap L= FE =)
X,y [y]®
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1.1 The basics: partial sums and the Dirichlet kernel 7

To bound the second term in (1.12) one needs to invoke the oscillation of
Dy (y). In fact, we have

B.— / (f@ =) — F()Dy(y)dy
1/2>]y|>6

- / JE=N = O Go@n + Dry)dy
1/2>|y]>8 sin(y)

1
— h,(y)sin <(2N + D ( + )) d
/1/2>|y|>§ Y YToN +1 Y

fa=y) = fx)

sin(rry)

where
he(y) ==
Therefore, with all integrals understood to be in the interval (— %, %),

2B = / he(y)sin(2N + Dy)dy
|y|>é

1
— hely— ) sin(2N + Drmy)dy
/|y—l/(2N+l)|>5 ! ( 2N +1
1
= he(y)—h <y — >> sin(2N + Drmy)dy
/|y>(S ( * * 2N + 1
1
— hely— —) sin((2N + Dry)dy
/[—8,—8+1/(2N+l)] ! < 2N +1

1
+/ h (y - ) sin(2N + Drmy)dy.
[8.541/@N41] 2N +1

These integrals are estimated by putting absolute values inside. To do so we
use the bounds

()] < C%,

he(y) = h(y +T) < € ('T' ;f]“ + ”’;!‘” |r|) :

if |y| > 8 > 27.
In view of the preceding discussion, one obtains

NUfle | N7 lIfllo
e (YU Xy

providedthat§ > 1/N.Choosing § = N~%/3 one concludes from (1.12), (1.13),
and (1.14) that

Sy )x) — fF) < C (N‘“2/3 + N5y N—1+2“/3) (1.15)

(1.14)

for any function with || f||o + [ f]e < 1, which proves the theorem. ]
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8 Fourier series: convergence and summability

f T T T T T T T T 1
-0.4 -0.2 0 0.2 0.4
X

Figure 1.2. The Fejér kernel K and the upper envelope min(N, (N (7 x)*)~!) for
N =09.

The reader is invited to optimize the rate of decay derived in (1.15). In other
words, the challenge is to obtain the largest 8 > 0 in terms of « such that the
bound in (1.15) becomes CN—# for any f with || f|leo + [fle < 1.

1.2. Approximate identities, Fejér kernel
1.2.1. Cesaro means of partial sums

The difficulties with the Dirichlet kernel (see Figure 1.1), such as its slow 1/|x|
decay, can be regarded as a result of the “discontinuity” in m = X[—n,nj: this
indicator function on the lattice Z jumps at +=N. Therefore we may hope to
obtain a kernel that is easier to analyze — in a sense that will be made precise
below by means of the notion of approximate identity — by substituting for Dy
a suitable average whose Fourier transform does not exhibit such jumps.

An elementary way of carrying this out is given by the Cesaro mean, i.e.,

R
= — Sy, f-
onf N ; S
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1.2 Approximate identities, Fejér kernel 9
Setting
| Nl
KN = N Dn,
n=0

where Ky is called the Fejér kernel, one therefore has oy f = Ky * f.

Exercise 1.3 Let Ky be a Fejér kernel with N a positive integer.
(a) Verify that Ky looks like a triangle (see Figure 1.3), i.e., for all n € Z,

ey = (1= : 1.16
v(n) = ( _W) . (1.16)
(b) Show that
K )_l (sin(Nrrx)>2 117
MOZN Csingo) ) '
(c¢) Conclude that
0 < Ky(x) < C N 'min(N?, x72). (1.18)

We remark that the square and thus the positivity in (1.17) are not entirely
surprising, since the triangle in (1.16) can be written as the convolution of two
rectangles (the convolution is now at the level of the Fourier coefficients on the
lattice Z). Therefore we should expect Ky to have the form of the square of a
version of Dy, where M is about half the size of N, suitably normalized.

The properties established in Exercise 1.3 ensure that the Ky form what is
called an approximate identity.

Definition 1.3 The family {®y}3%_, C L°(T) forms an approximate identity
provided that

(A1) [ ®y(x)dx =1forall N,

(A2) supy fi |®n(x)]dx < oo,

(A3) for all § > 0 one has f\x|>8 |Py(x)|dx - 0as N — oo.

The term “approximate identity” derives from the fact that ® x f — f as
N — oo in any reasonable sense; see Proposition 1.5. In other words, @y — §p
in the weak-x sense of measures. Clearly, the so-called box kernels

Dy(x) = Nxgxn<tja, N >1,

satisfy (A1)—(A3) and as a family consistitute the most basic example of an
approximate identity. Note that the set { Dy }y>; does not form an approximate
identity. Finally, we remark that Definition 1.3 applies not just to the torus T
but equally well to the line R, the tori T¢, or the Euclidean spaces R?.
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10 Fourier series: convergence and summability

-N N -N N

Figure 1.3. The Dirichlet and Fejér kernels as Fourier multipliers.

Next, we verify that the K belong to this class.

Lemma 1.4 The Fejér kernels {K n}%_, form an approximate identity.

Proof We clearly have fol Ky(x)dx = 1and Ky(x) > 0,sothat (Al) and (A2)
hold. Condition (A3) follows from the bound (1.18). O

1.2.2. Convergence properties of approximate identities

Now we establish the basic convergence property of families that form approx-
imate identities.

Proposition 1.5 For any approximate identity {® y}37_, one has the following.
1) If f € C(T) then | Py * f — flloo = 0as N — oo.
Gi) If f e LP(T), where 1<p<oo, then |®Pyx*f—fll,—0 as
N — oo.
(iii) For any measure u € M(T), one has

Oy xu — W, N — oo,
in the weak-* sense.

Proof We begin with the uniform convergence. Since T is compact, f is
uniformly continuous. Given ¢ > 0, let § > 0 be such that

sup sup | f(x —y) = f(x)| <e.

X |yl<s

Then, by Definition 1.3,

(Py * fHx) = f()] = ‘/T(f(x -y - f(X))CDN(y)dy‘
xeT |y|<é

< sup sup [f(x —y) — f(x)] /T | PN ()] dt +/| . 1PN DI2N flloc dy
yiz

< Ce,

provided that N is large.
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