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[04.1] With g(z) = f(z + x,), express § in terms of f, for f € L*(R™).

Discussion: For f € . (R"™), the literal integral computes the Fourier transform:

9(&) = /nefsz'”” g(z) dan = / e ImET f(x 4 1,) da

Replacing « by « — z, in the integral gives
:(]\(f) _ / 6727ri§.(a:7:p0) f(:L’) dr — 62771‘5.9:0/ e~ 2mikw f(fE) dr — e2mi€ o fA(f)

The precise corresponding statement for tempered distributions cannot refer to pointwise values. Write ¢,
for the function ¢ — €€ %o. Since 1,, is bounded, for a tempered distribution u, ¢, - u is the tempered
distribution described by

Yz, - u)(p) = (s, ¥) (for ¢ € .7)

This is compatible with multiplication of (integrate-against-) functions . C *. Also, let translation
u — Ty u be defined by (T u)(p) = u(T_s,¢p), again compatibly with integration against Schwartz
functions. In these terms, the above argument shows that

~

(Te, )™ = Vo, - f (for f € .7)
This formulation avoids reference to pointwise values, and thus could make sense for tempered distributions.

One argument is extension by continuity: Fourier transform is a continuous map .* — .*, as is translation
u — Ty, u, so the identity extends by continuity to all tempered distributions. ///

Another argument is by duality: first,
(T ) () = (To,0)(@) = (T, ?) = u((ta, - ¢)")
by applying the identity to ¢, p € .. Going back, this is

U(Yz, - p) = (Y, ) () (for all p € )

Altogether, (T, u)” = g, - U. ///

[04.2] Let {b,} be a sequence of complex numbers. Suppose that Y a,b, converges for every {a,} € (2.
Show that {b,} € ¢2.

Discussion: This is an example application of uniform boundedness, also known as the Banach-Steinhaus
theorem. Namely, here, for a collection {)\,, } of continuous linear functionals on ¢2, either the linear-functional
norms |A,| = supj, <1 [An(v)| are uniformly bounded, or there is v € 22 such that |\, (v)| = +o0.

Here, let A\,({an}) = >,<, anbn. Since the corresponding infinite sum converges, by assumption, the
absolute values do not go to infinity, so the |\, |’s are uniformly bounded, by some C' < +occ. Let

U(TL) = (517 527 BN bn—17 bn; 07 07 )

1



Paul Garrett: Examples discussion 04 (November 19, 2019)

and note that w(n) = v(n)/|v(n)]| is in the closed unit ball in £2. Thus, for every n,

ZL.(H < C

i<n ngn |bj|2

Simplifying, this gives >, [b;|*> < C? for all n. Thus, 3=, [b;|* converges, so {b;} € (*. ///

[04.3] Let g be a measurable [0,+oo]-value function on [a,b] such that, for every f € L2[a,b],
fab |f(z)g(z)| dz < co. Show that g € L?[a,b).

Discussion: This is another instance of application of uniform boundedness.

For g almost-everywhere 0, we’'re done. So we can suppose that g is not almost-everywhere 0. Let

g(x)  (for [g(x)] < n)
gn(z) =
0 (otherwise)

We apply uniform boundedness to the functionals A, (f) = f; gn - [, to conclude that there is a uniform
bound C' such that |\, (f)| < C for every f in L?[a,b] with |f|r> < 1.

Since g is not almost-everywhere 0, for sufficiently large n the functions g, are not almost-everywhere 0.
Thus, for large-enough n, we can let

o) = 228
VI lgal?

(with non-zero denominator). Then

b
]/ 9(z) - b (2) dm‘ < C
Since g(zx) - gn(x) = 0 when g(x) > n, this gives

f: gn(2)? dx -
\/f: gn(7)? dx

From this, f; |gn(2)|? dz < C? for all n, so g € L. ///

[04.4] Give a persuasive proof that the function

_ 0 (for x <0)
@) = {6_1/“ (for x > 0)

is infinitely differentiable at 0. Use this to make a smooth step function: 0 for x < 0 and 1 for z > 1, and goes
monotonically from 0 to 1 in the interval [0,1]. Use this to construct a family of smooth cut-off functions
{fn:m=1,2,3,...}: for each n, f,(z) =1 for x € [-n,n], frn(z) =0for z & [-(n+1),n+ 1], and f, goes
monotonically from 0 to 1 in [—(n + 1), —n] and monotonically from 1 to 0 in [n,n + 1].

Discussion: In z > 0, by induction, the derivatives are finite linear linear combinations of functions of the
form z="e~Y/*. It suffices to show that lim, ,o+ z~"e~%/* = 0. Equivalently, that lim,_, . z"e* = 0,
which follows from e™* = 1/e*, and

o — T z"
rme—1l/T _ = = o < — — 0 (as © — +00)
¢ 2om>0 mr CESY)
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(This is perhaps a little better than appeals to L'Hospital’s Rule.) Thus, f is smooth at 0, with all derivatives
0 there. /1]

Next, we make a smooth bump function by

0 (for z < —1)

1

bx) = ¢ e*>1 (for -1 <z <1)
0 (for x > 1)
A similar argument to the previous shows that this is smooth. Renormalize it to have integral 1 by

_ b(=)
Bla) = I b(t) dt

Then [, B(t) dt is a smooth (monotone) step function that goes from 0 at —1 to 1 at 1. The minor
modification s(z) =2 [, B(2t — 1) dt gives a smooth (monotone) step function going from 0 at 0 to 1 at 1.

I

Then s(x+n+1) is a smooth, monotone step function going up from 0 to 1 in [-n—1, —n], and s(n+1—x)
for n € Z is a smooth, monotone step function going down from 1 to 0 in [n,n + 1]. Thus, the product
fo(x) =s(z+n+1)-s(n+1—x) is the desired smooth cut-off function. ///

[04.5] Give an explicit non-zero function f such that [p 2" f(z) dz =0, for all n =0,1,2,.. ..

Discussion: We choose to find a Schwartz function f meeting the condition, since success in finding such f
in such a relatively small class of nice functions will be a stronger result than find such f in a larger class of
less-nice functions.

For Schwartz (and other) functions g, f]R g(z) de = g(0). Thus, the requirement on f is that
0 = @NO) = (-2mi) ()" Flo)
dx

Thus, the requirement on f € .% is equivalent to the vanishing of all derivatives of J? at 0. Taking fto be a
smooth bump function with support not including 0 would suffice, for example,

e/ @=DE=3)  (for 1 < x < 3)

fla) =
0 (otherwise)

and then f is the inverse Fourier transform of f
3
fa) = / (2rie 1/ (E=1)(E=3) g
1

Note that f cannot be compactly supported and meet the requirement, because in that case fis an entire
(holomorphic) function (in the Paley-Wiener space), which cannot vanish to infinite order at any point
(without being identically 0). ///

[04.6] Show that {4 * X[c,q I8 & piecewise-linear function, and express it explicitly.
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Discussion: Once enunciated, this fact (and the explicit expression) should be just a matter of book-

keeping. We do assume that a < b and ¢ < d. Also, by symmetry, without loss of generality we can suppose
that |b — a| > |d — ¢|. This is used in the treatment of cases below.

d
(X[a,] * X[e,a))(x) = /Rxw(ﬂs—y)-xk,d}(y) dy = / Xia.b) (T —y) dy

d —c
= / X[afx,bfx](_y) dl/ = /(1 X[a—z,b—x] (y) dy = meas ([_d7 —C] N [a —z,b— .’IJ])
¢ _

Looking at the cases of overlap, using b — a > d — ¢, this is
0 (for b —x < —d, that is, [a — z,b — ] is to the left of [—d, —¢])

(b—z)—(=d) (fora—z<—-d<b—2z<—c)
(=¢) = (=d) (fora—z<-d< —c<b—u, thatis, [-d,—c] C [a—x,b— z])

(mo)—(a—z) (for —d<a—z<—-c<b—ux)

0 (for a — x > —c, that is, [a — z,b — ] is to the right of [—d, —¢])

0 (for x > b+d)
b+d—x (for max(a+d,b+c) <z <b+d)
= d—c (fora+d<z<b+c)

—a—c+z (fora+c<az<min(b+c,a+d))

0 (for x <a-+c)

We used the fact that b — a > d — ¢ implies a — ¢ < b — d. It is useful to consider the special configuration
[a,b] = [—A, A] and [¢,d] = [-B, B] with A > B > 0: the convolution is

0 (for x > A+ B)
A+B—-z (for A—B<zxz<A+B)
2B (for —A+B<xz<A-DB)

A+B+z (for —A-—B<z<-A+B)

0 (forx < —-A—B)

In particular, the convolution is supported inside [—A — B, A+ B]. Similarly, for f and g supported in [—a, a]
and [—b,b], the convolution is supported in [—a — b, a + b]. ///

sinx sinx
*

[04.7] Compute e ™ x e~ and

. (Be careful what you say: ®2Z is not in L'(R), so there
x
are potential problems with convolution.)

Discussion: The idea is to invoke f * g = (f - §)” for even functions f,g € L', since for even functions
the inverse Fourier transform is the same as the forward Fourier transform. Conveniently, Gaussians are in
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L' N L?, and, from above, have Fourier transforms which are again Gaussians:

— 1

e~mar?(¢) = ﬁe*"{“/a (for a > 0)

SO

— — 1
e—n-gcQ *e—ﬂ'mz(f) — e—mx? ,e—'rr:c2(§) — e—27rm2(§) — 76—7”52/2

V2

For the other example, the bound |f * g|;1 < |f|z» - |g|r« for conjugate exponents p, ¢ shows that fxg € L!
for f,g € ALQ. Thus, the same identity holds for f,g € L?, with the Plancherel extension of Fourier transform.
That is, f and g need not be the literal integrals for the Fourier transform, but its extension by continuity
to L?. Above, we computed the Fourier transform of characteristic functions of intervals:

— sin 2mwa&
X[Caaa(§) = T&
Thus,
- sin &
(T Xi=1/2m,1/27) ~ (§) = N
Then

(su;a: * s12x)(§) = ((W : X[—1/27r,1/27r]) (- X[—l/zw,1/27r]))/\(f)
=7 (r- X[71/2W,1/2w])A(5) = 7 Sizg

I

[04.8] Evaluate the Borwein integral

/sinx sinz/3 sinx/5
R T x/3 x/5

Discussion: View this as an inner product and invoke Plancherel:

/Rsi;a: ' sh;;c?)/ii ' six;;s5/5 dr — <sir;o:’ 811;73/3 ' 81275/5> _ <(SlI;:Z?) ’ (sir;;cg/?) . sir;;c5/5> >

Since Fourier transform converts pointwise multiplication to convolution, this is

(5 -G53 -5

We have computed that

sin2ral sin 2waé

X[ia\,a](g) = T = 2a Irat

That is, by linearity of Fourier transform,

(ricea) (@ = Su2ra

By Fourier inversion, noting that % is not in L', only in L?, so the inverse transform is not necessarily
the literal integral,

sin(2ma)¢ )A 1

——=) () = —X[—q.aq (T

( (27ra)§ ( ) QCLX[ a,a]( )
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Replacing a by a/27 gives

(%2%) @ = Txip 21

. The relevant convolution was also computed above, but all we need is the fact

[

We will use a = 1, 5, and

that the support of

3T X * DT X[

1 1
— % o 167> 107

L L1 Thus, the integral of three sinc functions is equal to

is inside the interval [~ &= — 10—, & + 0=

1/m
/Rﬂ'x[%},%](x) . (377)([_6%7(%] *57TX[_1TW71T77])(I) der = m-3m- 571'/1/7r (X[_TH AEX[ mw])(:c) dx

= 7r-37r-57r/R(x[,ﬁ,é] *X[fﬁ,ﬁ])(gﬂ) dx

since [—1/2m, 1/2x] contains the support of the convolution. Observing that (invoking Fubini-Tonelli as
necessary ),

[sowa = [ [ se-naaedy = [ [ s@ow) dzay = [ @) do- [ o) dy

the integral of the convolution is

11
O P Nl

Thus, the whole is

1 1
3m-5 =
L Rl 7r
Similarly, the integral of f1 ... f, is the product of the integrals [ f;. With the support of f; inside [—a;, a;],
the support of the convolution is inside [—a; —...—an, a1+ ...+ ay]. Thus, since % + % +...+ %3 < 1, the
same argument shows that
. . 3 . 5
/ sine sinz/3 - sinx/s (for 2n+1=3,5,7,9,11,13)
R % x/3  x/2n+1

but for 2n + 1 = 15, the support of the Fourier transform of % no longer contains the support of the

convolution. /]

[04.9] For f € .7, show that
—ma? /e

lim_f(x) *

S Je)x = = )

Discussion: It suffices to show that the functions @ (x) = e~™’/¢ form an approximate identity, in a
not-quite-strictest sense that their masses bunch up at 0, although their supports to do not shrink to {0}.

We know that f]R e ™ dy = 1, so the integrals of the ¢. are all 1. They are non-negative. Elementary
estimates do show that, for fixed 6 > 0, f‘w|>6 we — 0 as € — 0T. This verifies that the . form an

approximate identity in a slightly less-than-strictest sense, so the assertion holds. ///
Discussion: In contrast to the previous example, the functions ¢, (z) = “niig”x (related to the Fourier-

Dirichlet kernel) do not form an approximate identity in a straightforward sense, since they are not non-
negative. And they are not in L!(R), so the integrals for their Fourier transforms do not converge absolutely.
But they are in L?(R), so do have Fourier transforms in the extended Fourier-Plancherel sense, and the
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o~

identity f/*Tpn = f @y still holds. By Fourier inversion, @, = X[t In particular, f - x[_4 converges in
L2(R) to f (and f is certainly in L2, because it is in .%).

Plancherel shows that the Fourier(-Plancherel) map and inverse are isometric isomorphisms L?(R) — L?(R),

S0
F= ()Y = (@ =1imfx)” = 2=t ((F xen)”)
-~ sin 2rwtx
=L’ —hm((f) tt]) = [ g
as claimed. /]




